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FOREWORD

Oxidative stress 15 a cyloloxic process that occurs in cells
when antioxidant mechanisms are overwhelmed by reac-
tive oxveen species (ROS). This imbalance not only
causes damage o important biomolecules (lipds, pro-
teins, and nucleic acids) in cells, but also has an impact
on functional activities in both vertebrates and inverte-
brates. This new volume entitled “Oxidative Stress in
Vertebrates and Invertebrates: Molecular Aspects of
Cell Signaling” brings together mmportant mlormation
from expert researchers in the oxidative stress-mediated
cell signaling arca in both vertebrate and invertebrate
systems. Accumulation of high levels of ROS and
significant reduction in cellular redox systems are com-
maon processes associated with acute and chronic visceral
and neurodegenerative diseases, including hyperten-
sion, precclampsia. arteriosclerosis, acute renal failure,
dibetes, and Alzheimer and Parkinson diseases. This
well-organized book presents up-to-date and compre-
hensive information on oxidative stress-related signaling
evenls m vertebrates and invertebrates. The lext s clear.
concise, and easily accessible. Subject matter is divided
into a vertebrate section (17 chapters) and an inverte-
brate section (10 chapters). The editors are known for
their work on oxidative stress and neurodegeneration.
They have done g commendable job in putting together
this velume, and have contributed 5 chapters. These
cditors have taken great care in selecting the topics and
describing progress that has been recently made mn this
field. The authors of this book also tried to ensure
uniformity and mode of presentation in a simple and
clear manner.

Topics addressed in the vertebrate section include the
generation of ROS and their roles in cell survival and

suicide: ROS-induced signal transduction and human
diseases; biochemical and pathological consequences
and redox therapy; pathogenesis of neurotraumatic
and neurodegenerative diseases; oxidative siress medial-
ed by caloric restriction; the role of oxidative stress and
nevroinflammation m Alzheimer disease and Parkinson
disease: selenoproteins in cellular redox regulation and
signaling: antioxidant therapy and its effectiveness in
oxidative stress-mediated disorders; pharmacological
and therapeutic properties of propolis; comparison of
oxidative stress in aging between vertebrates and inver-
tebrates: and finally, oxidative stress-mediated signaling
pathways by environmental stressors. The invertebrate
section includes oxidative stress-induced signaling in
three important phyla. namely, arthropoda. annelida,
and mollusca. Topics addressed in this section include
effect of oxidanve stress on insect endocrine control; the
innate immune system in airway epithelial cells of
Drosophila; age-related memory impairment in C. efe-
gany; ollactory learming and memory i Apis mellifera;
Keapl/Nrf2 signaling in Drosophila; circadian rhythm in
Drasaphila; molecular antioxidant protective processes
in Apis mellifera; protective role of sestrins apainst
chronic TOR: and oxidative challenge and redox sensing
in mollusks.

The subject matter in this book develops logically and
progresses from one topic to another with an extensive
bibliography along with major primary references. These
references will help readers in pursuing their areas of
interest. In order to facilitate better understanding and
casier reading, this book also contains a large number of
figures and line diagrams of signal transduction path-
ways. This book fills the gap between basic science and

xiii
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SURVIVAL STRATEGY AND DISEASE PATHOGENESIS
ACCORDING TO THE Nrf2-SMALL Maf HETERODIMER

:
MasanoBU MoriTa' Anp HozuMi MOTOHASHI®

"Department of Medical Biochemisery, Tohaku University Graduate Sehoal of Medicine, Aoha-ku, Sendai, Japan
‘Center for Radioisotope Sciences, Tohoka University Graduate School of Medicine, Aoba-ku, Sendai, Japan

5.1 INTRODUCTION

Organisms, including mammals, are constantly exposed
to oxidative stress due o oxygen consumption during
acrobic respiration and xenobiotic chemicals in their diet
and/or the environment. Mammalian cells are equipped
with sophisticated machinery for cell protection against
oxidative and xenobiotic stress. NF-E2-related factor 2
(Nrl2) s a potent transcription activator that plays a
central role in regulating the expression of genes encoding
detoxifying enzymes and antioxidant proteins by binding
to the antioxidant response element (ARE)/electrophile
response clement (EpRE). Nrf2 is a member of the
Cap'n'Collar (CNC) transcription factor Tamily that
commonly contains a unigue stretch of amino acids,
designated the CNC domain, followed by a well-con-
served basic region-leucine zipper (bZ1P) motif. Linder
unstressed conditions, Nrf2 is ubiquitinated by kelch-like
ECH-associated protein | (Keapl) and degraded by the
proteasome in the cytoplasm. Upon exposure to oxidative
or xenobiotic stress, Nrf2 is stabilized, translocates into
the nucleus, heterodimerizes with small Mal, another
bZIP protein, binds to the ARE/EpRE, and activates
transcription. Recent studies have clarified the intricate
molecular mechanisms ol Nri2 activition in response (o
stress and revealed the involvement of Nrf2 in many
human diseases including neuradegencration, airway
disorders, cardiovascular disease, and cancer. This review
covers the historical aspects of the discovery of Nrf2,

recenl advances o molecular studies ol Nrl2 Tunction.
updated reports on the involvement of Nrf2 in various
puthologicul conditions, und perspectives ol Nri2 utiliza-
Lion for human welfare.

5.1.1  ldentification of Nri2

The antioxidant response element (ARE), also known as
an electrophile response element (EpRE) [TGA(G/C)
NNNGC), was first identified in analyses of induction
mechanisms of the detoxilying enzyme genes in response Lo
electrophilic chemicals [1-3]. ARE/EpREs are often found
in the promoter regions of cytoprotective genes and are
considered 1o be eritieal for the inducible expression of
these genes. Although the importance of this cis-regulatory
element was clearly shown, the rrans-acting lactor respon-
sible for inducible transcription activation remained
unknown,

During the search for the rrans-acting factor, an
interesting comncidence occurred i research on transcrip-
tional regulation. Nuclear factor erythroid 2 (NF-E2) is a
transeriptional activator important for erythroid-specific
gene expression through interaction with NF-E2 binding
sites [ATGAIG/OITCAGCA] [4. 5]. Nrf2 was originally
wentified as a homolog of NF-E2 and was Tound (o
associate with the NF-E2 binding site as expected [6, 7]
(Fig. 5.1). Similarities between the ARE/EpRE sequence
and the NF-E2 hinding site led to the discovery of Nrf2 as
the ARLE/EpRE binding factor [8] (Fig. 5.2A).

Crxicative Strexy in Vertebrates and Invertebreates: Maolecular Aspects of Cell Signaling, First Edition
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Wrl2 possesses u characteristic CNC domain followed
by a well-conserved bZIP motif (Fig. 5.1). The CNC
domain was defined based on the sequence homology of
43 amino acids to the Drasophila Cne protein (Y] In
addition to NI'-E2 and Nri2, four additional factors
were isolated as members of the CNC  family:
Nill, Nrf3. Bachl. and Bach2 [10, 11, 12]. NF-EZ,
Nrfl, Nrf2. and Nrf3 are considered to be activators
[4. 6.7, 10, 11]. while Bachl and Bach? possess charac-
teristic Broad complex-Tramtrack-Bric-a-brac (BTB)
domains at their N-terminal ends and are considered
to he repressors [12-14] (Fig. 5.28). Importantly, none
of the members of the CNC family binds elficiently to
DNA as monomer or homodimer, and each requires
small Mal, another bZIP protein, as an obligate hetero-
dimeric partner molecule [15] (Fig. 5.1 and Fig. 5.2B).

The CNC protein homolog in Caenarhabditis elegans
is SKN-1, and it binds to DNA as a monomer because it
docs not possess the leucine zipper structure [16]. The
SKN-1 recognition sequence is similar to half-sites of
ARL/CpRE and NI-L2 binding site (Fig. 5.2A). One

side of the site is recognized by ONC proteins, and
small Maf proteins recognize the other side of the site,
which contains a GC dinucleotide. Nrf2 shares a
heterndimeric partner molecule with other CNC pro-
teins, and all of the CNC-small Mal heterodimers
recognize a nearly identical DNA binding sequence.
This implicates cross talk between Nrf2 and other
members of the CNC and small Mal' transcription
factor families.

5.1.2  Susceptibility of Nef2-Null Mice to Oxidative
and Xenobiotic Stress

Analysis of Nrf2-null mice clearly demonstrated the sub-
stantial contribution of Nrf2 to the inducible regulation of
cytoprotective genes [8]. Nr/2-null mice display an
increased formation of DNA adducts in the lung following
exposure to diesel exhaust [17]. a more severe liver toxicity
alter administration of acctaminophen [18]. an increased
susceptibility to cigarette smoke-induced emphysema [19),
and an aggravated bleomycin-induced pulmonary fibrosis

CNC family Maf family
. 3 Small Maf \
-
; ht . 1560,
Ms (Chr 22)
I = 74 1a _
o W || e GO
[ III[ ] I]Sg?mu
| |
Nif3 (Chr e
] I3aa 1704 |
J23aa
N Tiaa MalB :
" Chr 20
st (e WG (Che 20)
237aa
\ |
s 359a.a
' Maf A
; !

{Chr8) |

Fig. 5.1 The structures of CNC and Maf family proteins. The CNC family contains four transeriptional activators, Nefl, Nrf2,
Nif3, and NF-E2, and two transcriptional repressors, Bachl and Bach2. The Mal family consists of three small Maf transcription
factors and four large Mal transcription factors, The bZIP motifs are a common structural feature of CNC and Mal family proteins.
The CNC and EHR domains are unigue to CNC and Mal Gumnily protemns, respectively. Bachl and Bach2 possess BTB domains in
their N-terminal regions. The amino acid number and chromosomal location of the human gene encoding each protein nre shown,
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A
Skn-1 v, G
ARE/EpRE GC nnn %/
NF-E2 binding site TGCTGA /.
T-MARE  TGCTGA ",
TRE TGA “I,
CMARE  TGCTGA %/,
CRE TGA %/,

TCAT
TCA T,
TCAT

TCA GCA

TCA GCA

Small Mat
. | Buch
Small Maf |

Large Mat

=

Ml

Small Maf

Fig. 5.2 DNA recognition sequences and the transcriptional activities of Mafl-containing dimers. (A) Various MARE-related

sequences are shown. The dinucleotide “GC™ (marked o red) 15 essential for recogmuon by Mal protems. The nucleotide “T7 or
“T/C™ (morked in blue) enhunces the binding of CNC proteins, Trinucleotides (boxed in groy) with the central G and GC sequence
consist of the TRE and CRE, respectively, which make up the core region of the MARE. (B) Nrfl, Nri2, Nrf3, and NF-E2 activate
transcription by forming heterodimers with small Maf, while Bachl and Bach2 repress transcription. A large Mal' homodimer,
possessing a frans-activation domain, activates transcription, while a small Maf homodimer, lacking a frans-activation domain,
represses transcription. All of these Maf-contaming dimers bind to T-MARL with hagh athmty. ( See color insert. )

[20]. Ntf2 confers resistance to xenobiotic stress through
activation of the genes encoding detoxifving enzymes,
including glutatluone S-transferases (GST). UDP glucur-
onate transferases (UGT), and NAD(P)H:quinone oxido-
reductuse | (NQOI) [8, 21-23]. The phenotypes observed
in NrfZ-null mice aller exposure Lo exogenous insults are
summarized in Table 5.1.

N2 also plays an imporiant role m response to oxida-
tive stress by activating antioxidant proteins and enzymes
for glutathione synthesis [21, 24]. Cellular capacities for
elimination ol reactive oxvgen species (ROS) are limited in
the absence of Nrf2 [25]. Nri2 regulates intracellular ROS
levels not only in pathological conditions but also during
the physiological cellular dilferentiation process of megi-
karyoeytic maturation [26]. With deereased capacitics to
eliminate ROS of endogenous origins, Nrf2-null mice tend
Lo spontaneously develop vanous inflammatory disorders,
including glomerulonephritis, immune-mediated hemolytic
anemii, and muolborgan autommume mflammation [27-
29], all of which appear to be due to a chronic increase in
ROS. The phenotypes observed in Nef2-null mice that
develop spontaneously or i response o endogenous
insults are summarized in Table 5.2

The Nrf2 gene is ubigquitously expressed in varous
cell lineages and at both the embryonic and adult stages.
The expression level is relatively higher in the lung,
kidney. and lhver m adults and n the intestine,
lung, and choroid plexus in embryos [30]. Chicken
Nrf2 is highly expressed in the kidney and intestine [7).

The expression level of the Nrf2 gene is regulated by
a positive feedback mechanism  dependent on an
ARE/EpRE in the promoter region of the Nr/2 gene
[31]. The Nrf2 gene is also transcriptionally induced by
the uryl hydrocarbon receptor [32].

Analysis of a single nucleotide polymorphism (SNP)
in the promoter region of the Nrf2 gene demonstrated
the sigmficance of the trunseniptional regulation of the
Nrf2 gene in the determination of Nrf2 activity. A SNP
in the promoter region of the mouse Nrf2 gene is linked
to the reduced expression ol the Nrf2 gene and suscepti-
bility to hyperoxic lung injury in the C57BL/6J mouse
strain [33]. Indeed, exposure to hyperoxia causes more
severe lung damage in Nrf2-null mice than in wild-Lype
mice [34]. SNDPs found in the promoter region of the
human NRF? gene [35] are linked to a higher risk of
acute lung injury [30]. These data demonstrale the
importance of transcriptional regulation of the Nref2
SENE I SITEss Tesponse.

5.2 THE KEAPI-NRFZ SYSTEM IN RESPONSE
TO ELECTROPHILES

Electrophiles have substantial impacts on biomolecules
including proteins and nucleic acids that are rich in
electron-dense parts. An atom with stronger electroneg-
ativity, such as oxygen, attracts pi electrons, and conse-
quently an electron-deficient part is generated. which
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TABLFE 5.1  Phenotypes ohserved in Nef2-null mice after exposure to exogenons insults

Organ  Reagent Phenotype(s) Inflammation-related Reference
genes affected in
Nrf2-null mice
Skin DMBA TPA Inereased weidence ol skin tumors and tuimor 119
numbers
Diesel exhaust Severe epithelinl hyperplasia and increased levels 17
of 8-0OHdG in the lung
Benzola]pyrene Increased somatic mutations of the Gpr gene in 121
lungs
Gustrnic - DSS Suscepltibihity to DSS-mmduced colitis IL-14. IL-6, iNOS, 156
COX-2, TNF-uy
AOM/DSS Susceptibility to AOM/DSS-indueced eolitis TNF-oy, 1L-14, 11-12p40 137
Benzola]pyvrene Inereased tumor numbers in the stomach 65, 158,
159
AOM/DSS Increased incidence of colonic tumors COX-2, 5-LOX 122
Liver 1Q Increased eidence of hver tumors and tumor 164)
numbers
DIT,.CHDDO-Im Reduced expression of deroxifving genes and 148, 161
antioxidant genes
Acetaminophen Acute hepatotoxicity 18
Bladder BBN Increased incidence of bladder tumors 23
Bram LPS Inereased mucreglial infiltration INOS, TL-6, TNF-« 16
Lung LPS, sepsis induced by cecal  Exacerbated lung mllanimation TNF-w, enhanced 163
ligation and puncture activation of NF-xB
Carrageenin Exacerbated lung inflammation, increased 133
neutrophil infiltration
Ovalbumin sensitization Exacerbated allergen-driven asthmatic IL-4, TL-13, enhanced 164
and challenge mllammation, hyperresponsiveness Lo activation of NF-xB
cholinergic challenge
Cigarelle smoke Susceptibility to cigaretie smoke-induced Activation of caspase-3, 19. 134
emphysema decreased SLPY
Elastase Susceptibility to elastase-induced lung Deereased SLPIL 135

inflammation and emphysema

DMBA TPA. 7.12-Dimethyibenz({a)anthracene: | 2-O-tetradecanoviphorbol- 1 3-acetate;

1255, dextran sulfate sodium; AOM, azoxvmethane; 1), 2-amino-3-methyhimidazo

[4.5-quinoline; DIT. 34-1.2.dithiole-3-thione; CDDO-Im, 1-[2-cyvano-3-,12-dioxooleana- 1,901 1)-dien-28-oyllimidazole; BBN, N-nitrosoburyli4
hydroxybutyhamine; LPS, lipopolysaccharide; SLPI, secretory leukoprotease inhibitor,

TABLE 5.2 Phenotypes observed in Nrf2-null mice that develop spontaneously or in response to endogenous insults

Organ Phenotype(s) Reference
Skin Prolonged imflammation 165
Bruin Astroghosis and vacuolar leukoencephalopathy alter 1 year of age 166
Fxacerbared leukoeyie infiltration, increased infaret size, and severe behavioral deficits after the 167, 168
intracerchral hemorrhage

Immune Autoimmune inflammation and lymphoproliferation in multiple organs 29

system Lupus-like autoimmune nephritis 27
Hematopowete  lnmune-mediated hemolyuc anenia 28
Craniofacial De-colorization ol incisors 169

attacks clectron-dense parts ol nucleic acids and pro-
teins. The protein adduet leads to acute toxieity due to
cellular dysfunction, and the DNA adduct formation
leads to carcinogenesis. The Keapl-Nrf2 system is a

mechanism of cytoprotection from such clectrophilic
insults. The extremely sensitive nature of several thiol
residues of Keapl to electrophiles enables the system to
respond to the stimuli in the first place.
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peroxyl radical isomers of ARA, which undergo
endocyclization to form PGGs-like compounds. These
compounds are reduced 1o PGF--like compounds.
I's-isoprostane (I'»-1soP) is subsequently released in free
form by the action of PLA, [56-38]. F>-1solP modulates
the p38 MAPK pathway during monocyte adhesion [59].
Isoprostane-mediated monocyte adhesion does not
depend on VCAM-1 bul involves protein kinases, such
as protein kinase A and mitogen-activated protein Kinase
kinase 1. Thus Fs-IsoP not only affects vascular and
bronchial smooth musele funciion but also modulaies
cellular proliferation [57]. In addition to the above
mctabolites, noncnzymic oxidation of ARA produces
isofurans and  woketals. Similarly, nonenzymie hpid
mediators of DIA oxidation include neuroprostanes,
neurofurans, and neuroketals. All these mediators are
reliable indices of oxidative stress in vivo [0, 30, 52].
Ceramide and sphingomyelin are major components
ol hipid ralts m neural membranes. In neurodegenerative
diseases, ceramide and ROS modulate intracellular ion
channcls, cell proliferation, and apoptotic cell death [52].
Ceramide triggers the peneration of ROS and increases
oxidative stress in many mammalian cells and animal
models of neuradegenerative diseases |30, 38] (Fig. 7.3).
Moreover. inhibition of ROS-generating enzymes or
treatment of antioxidants impairs sphingomyelinase

activation and generation of ceranude.  Ceramide-
enriched raft platforms are importam redox signaling
platforms that amplily activation ol ROS-generating
enzymes (¢.g., NADPH oxidase family enzymes) and
sphingomyelinascs [52].

The brain is the richest source of cholesterol in the
body. Most brain cholesterol is present in myelin sheets
and in cellulur membranes. The presence ol cholesterol
in neural membranes is necessary for optimal fluidity,
ncural plasticity, and synaptic transmission. The strue-
ture of cholesteral makes it susceptble o a varety of
radical attacks because ol the 5,6-double bond and the
concomitant vinvlic methylene group at C-7 in the B
nng. In addition, at C-17, cholesterol has an sooctyl
side chain, which undergoes enzymic oxidation largely
by cytochrome P450-dependent oxygenases, but this site
of oxidation is typically not a target for ROS relevant to
cellular biochemistry [60, 61]. ROS-mediated oxidation
ol cholesterol results 1 lformation ol three major
products, cholesta-4,6-dien-3-o0l, cholesta-4,6-dien-3-
one, and cholesta-3.3-dien-7-one. In brain cytochrome
F450-dependent  oxypenases  transform  cholesterol
into 24-hvdroxycholesterol, 25-hydroxycholesterol, and
27-hydroxycholesterol. Cholesterol is also oxidized to
cholesterol oxides and converted into cholesterol ester
via acvl-CoA:cholesterol acvliransferase [62, 63).



slutathione peroxidase, catalnse nand small molecules
such as vitamin € and E. Oxidative stress refers to the
pathological states in which increased ROS production
exceeds the antioxidant capacity of brain tissue to
neutralize ROS. Although low levels of ROS are needed
for normal neural cell function, high ROS levels damage
neurenal plasma membrane and membranes ol subcel-
lular organelles directly (e.g.. through peroxidation).
ROS react with metals, nitrogen. or carbon to form
intermediates that react with proteins (e.g.. through
nitration and nitrosylation). Oxidative stress  also
damages DNA or RNA, including miDNA . Neuroin-
flammation is a neuroprotective process. in which the
brain responds to infections, discases, and injuries.
Microghal cells play a major role in inducing and
maintaining the intensity and duration of neuroinflam-
mation through the release of glutamate. ROS, proin-
flammatory cytokines, and NO. Inhibition of microglial
activation leads to the amelioration of neurodegenera-
tion. It is becoming increasingly evident that inerease in
intensity and duration of interactions among excitotoxi-
city, oxidative stress and neuroinflammation, alterations
in calcium homeostasis, mitochondrnal and proteasomal
dysfunction, and ROS-mediated protein aggregation
play a crucial role in the development and progression
of many neurodegenerative diseases.
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biosynthetic pathways in nerve cells may therefore be
interesting i development ol neuroprotective stralegies.

8.2 EVIDENCE FOR A PATHOLOGICAL ROLE
FOR OXIDATIVE STRESS IN AD

Al 15 a neurodegenerative brain disease and the most
common form of dementia among the elderly. It is
characterized by clinical symptoms ol severe and pro-
gressive loss of memory, language skills, as well as
spatial and temporal orientation. The pathology of
AD s charactenved by extrocellular semle plagues.
composed of aggregated amyloid-3 peptide, and intra-
cellular neurofibrillary tangles, consisting of aggregates
ol abnormally hyperphosphorylated Tau protemn. and s
accompanied by mitochondrial dysfunction, but the
mechanisms underlying AD-related dystunction and
neurodegeneration are poorly understood.
Identification of factors that contribute to the pathol-
ogy of AD comes Itom epidemiological as well as genetic
studies: AD can be classified into two different forms,
rare familial forms (FAD), in which the disease onset is
al an age younger thien 60 vears, and the vast majority ol
sporadic AD cases, in which onset occurs at an age over
60. Both forms of AD show the same clinical symptoms
and neuropathology. Genetic studies in FAD patients
have identified mutations in the genes encoding for the
amyloid precursor protein (APP) and for the presenilins
PS1 and PS2 that cause an autosomal inherited form of
AD with 100% penctrance. These FAD mutations
consistently lead to mereased production ol A3 rom

its precursor protein APP, which prompted IHardy and
Higgins |3] to suggest a direct and pathologics] role for
Al accumulation in the development of AD. In the
sporadic form of the discase, several risk factors have
been (ound that merease the risk to develop the disease
but—unlike FAD mutations—do not necessarily lead to
development of AD. Aging is by far thc most important
risk factor for A, but the apolipoprotein E4 allele and
female sex also predispose to the development of AD.
Immunohistochemical studies of postmortem AD
brains have established that neurons undergo apoptotic
cell death. Since ROS can elicit apoptotic signaling, the
hypothesis that oxidative stress 1s involved m the patho-
genic steps that lead to the development of AD was
proposcd in the 19905 by several groups [6—9]. There is
a large body of evidence in support of tus hypothesis:
Oxidative stress has been repeatedly shown to be associ-
ated with A toxicity and with risk factors for sporadic
AD—mostly aging and the apolipoprotein E4 genotype.

8.2.1 Evidence for a Role for Oxidative Stress
in Sporadic AD

Oxidative siress has been associaled with Lhe nisk Taclors
for sporadic AD. most prominently with aging [10].
suggesting that an age-associated rise in accumulation
of ROS can render the brain more vulnerable to the
development of AD. Consequently. increased markers of
oxidative stress have been found in AD patients: Several
studies have reported elevated levels of lipid peroxida-
tion produets, oxidatively modified proteins, and oxi-
dized DNA and RNA bases in brains and cerebrospimal
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fluid from AT patients compared 1o nge-matched non-
demented control subjects [11-13]. Furthermore. tissue
samples rom AD brains display a higher susceptibility
to in vitro oxidation |[14], suggesting an impairment of
antioxidant defense in AD patients. Reports on antioxi-
dant parameters in AD brains have., however, been
contradictory so far. Several antioxidant enzymes have
been studied in AD brains with inconsistent results, but
the majoriiy of reports found clevations in antioxidant
enzymes, suggesting an upregulation of antioxidant
defense in response to increased ROS levels [15]. Inter-
estingly, upregulation of antoxidant defence was more
pronounced in female patients, and levels of 4-hydro-
xynonenal (HNE), a neurotoxic aldehyde derived from
lipid peroxidation reactions, were elevated in female
compared 1o male patients. These findings suggest that
brains from female AD patients are under higher oxida-
tive pressure [13], consistent with epidemiological find-
ings that AD is more frequent in postmenopausal
women compared (o age-matched men. This abservation
can possibly be linked to the lack of sexual hormones,
cspecially estrogens, that can modulate cognitive fune-
tion and nonreproductive behaviours m homans and
other mammalian species [16]. Potential sources of ROS
in AD brains include ROS derived from impaired
mitochondrial function [17, 18] and secondary ROS
formation due to inflammatory reactions. Furthermore,
increased monoamine oxidase B activity and increased
levels of potentially pro-oxidative heavy metals like iron
have been identified in AD brains [19, 20] and in patients
with mild cognitive mmpairment (MCI), the “climcal
precursor of AD,” suggesting that oxidative stress is an
carly event of the discase [21].

Apart from aging, the apolipoprotein E4 allele is the
second most important risk factor for the development
of AD. Apolipoprotein E seems to play a role in brain
lipid metabolism and neuronal and glial development,
It can exist in three different alleles, E2, E3, and E4,
which differ i only two amimo acids: The E2 isolorm
contains two and the E3 isoform one cysteine residue,
while the E4 isoform contains none. Carriers of the
apolipoprotemm B4 are al increased risk to develop
sporadic AD, especially when they are homozygous
carriers. The apolipoprotein E4 allele has been associ-
ated with increased oxidative damage in AD brains,
with the greatest impact in homozygotic carriers [22
and an mereased susceptibility Lo cell death in lympho-
cytes from carriers bearing at least one E4 allele [23]. In
vitro studics have cvidenced that apolipoprotcin E4
15 less elficient o bimding HNE, 1 cytotoxic hpud
peroxidation product, These findings suggest that the
Apo E4 isoform increases susceptibility to oxidative
damage, thereby possibly predisposing to the develop-
ment of AD,

8.2.2  Oxidative Stress and Toxieity of Mutam APP,
Presenilins, and Tau

Since the proposal of the amyloid hypothesis of AD,
toxic mechanisms caused by mutant APP and presenilins
related to an increased production of A3 have been
exlensively studied. Cells exposed to AR undergo apoplo-
tic cell death, and the toxicity of A3 has been shown to be
related to the production of ROS [24, 25]. Furthermore,
toxicity ol Al depends on s nggregaton state, which can
be influenced by oxidation. Thus oxidative stress
can cause formation of toxic A3 species. which in turn
can lurther exacerbatle accumulation of ROS in a vicious
cycle (Fig. 8.1). This could also explain why the preva-
lence of AD increases with advancing age due to rising
oxidative stress levels with aging favoring A} toxicity.
Toxicity of A3 is also evident in cell cultures over-
expressing APP/AR. PC12 cells translected with mulant
APP Swedish showed higher sensitivity to ROS-induced
cell death and increased mitachondrial impairment after
challenge with hydrogen peroxide [26]. Similar observa-
tions were obtained in human neuroblastoma cells (S11-
SY3Y) overexpressing human wild-type APP (wtAPP)
[27]. The study demonstrated that chromic exposure to
Al protein resulted in activity changes of complexes [ and
IV of the oxidative phosphorylation system (OXPHOS) in
mitochondria coupled with a drop of ATP levels and an
increase of ROS production, which may finally instigate
loss of synapses and neuronal cell death m AD. Further-
more, treatments of untransfected SH-SY S cells with AQ
or human amylin aggregates induced an increase of ROS
production and had a negative impact on mitochondrial
respiration by their action on OXPHOS svstem [25],
Toxicity ol A3 has also been evidenced in animal
models of the disease, Mice transgenic for mutant APP
have high levels of A3 in their brains and show an age-
dependent Tormation of AR plaques sumilar to the plagues
found in AD patients. Increased markers of oxidative
stress have been detected in brains of transgenic mice
bearing mutant APP. accompanied by markers [or milo-
chondrial damage [28], Furthermore, mutant APP trans-
genic mice show reduced levels of the antioxidant enzyme
copper/zinc superoxide dismutase [29]. In agreement,
increased markers of oxidative stress and reduced antiox-
want delense by catalase as well as o trend toward
reduced activity of SOD were found in brains from
FAD patients [30]. The results provide an important
link of studies on toxicity of mutant APP in cell culture
and animal models mimicking the pathogenesis of the
discase in FAD patients. all of them bearing mutations
finally causing an increased generation of Afl.
Mutations in the presenilins PS1 and PS2 account for
the majority ol FADD cases and have similarly been
linked with oxidative stress. Oxidative toxicity of mutant
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presenilins can be either (i) due (o incressed formuation
of toxic A, especially the Al | 45 isoform. or (ii) due to
direct toxic effects of mutant presenilins. Several muta-
tions in the preseniling have been found that consistently
lead to increased production of the long AG | from its
precursor protein APP [31], resulting in increased A
levels and toxicity via the above-mentioned mechanisms,
Expression of mutant preseniling in cell culture and
transgenic mice sensitizes cells to apoptotic stimuli by
increasing ROS production and mitochondrial damage
[32, 33). Furthermore, brains from PS1 mutant transgenic
mice dhsplay reduced sctivities ol antioxidant enzymes
[34]. and lymphocytes from these mice display increased
sensitivity to apoptosis accompanied by high intracellular
ROS and calcium levels [35]. Interestingly. mcreased ROS
accumulation, disturbed calcium homeostasis, and dimin-
ished levels of antioxidants have also been identified in
peripheral cells from FAD patients bearing APP or PS
mutations as well as in cells from sporadic AD patients
[36]. These results suggest that the oxidative toxicity
observed in transgenic animal models of the disease can
indeed play an important role to the pathogenesis of
sporadic as well as familial AID in humans,

The second main hallmark lesion of AD is intracellular
neurofibrillary tangles (NFTs) built up of hyperpho-
sphorylated Tau. This protein may block the transport
of mitochondria, leading to energy deprivation and
oxidative stress gl the synapse ns well as (o nenrodegen-
eration [37). Functional analysis showed mitochondrial
dysfunction in transgenic mice (pR3 mice) expressing
P301 L mutation of Tau, with a reduced complex [ activity
and, with age. impaired mitochondrial respiration and
ATP synthesis. Mitochondrial dysfunction was associat-
ed with higher levels of ROS in aged pRS mice. Increased
Tau pathology as in aged homozygous pR S mice revealed
modified lipid peroxidation levels and upregulution of
antioxidant enzyvmes in response to oxidative stress,
These findings demonstrated for the first time that not
only the Af but also the Tau pathology acts on the
enzyme metabolism of the brain and the oxidative con-
ditions in AD. However, more recently, the successful
development ol double, and even tniple. transgenic mouse
models has facilitated the investigation of pathogenic
mechanisms in AD and assisted in an understanding of
the interplay of A and Tau on bioenergetics processes in
vivo [37]. These findings support the idea that A and Tau
sl synergistically in amphfyving mitochondnial respirato-
ry deficits, mainly of complex I and IV activities [18].

8.2.3 Is Oxidative Stress an Early Event
in the Pathogenesis of AD?

From the above evidence it can be concluded that oxida-
tive stress is a feature of sporadic as well as familial forms

ol AD. However, 1t remains 1o be elucidaled whether
oxidative stress is a primary lactor in the pathogenesis ol
the discase or only a secondary contributing mechanism.
The tact that oxidative damage and mitochondrial dys-
function can be detected at early stages in animal models
[28] even before the presence of A plagues [38] and
that oxidative stress parameters have been detected at
highest levels in early stages of the disease in AD patients
[39] suggest that oxidative stress is n primary event in the
course of the disease. This is supported by studies that
reported a reduced risk of AD in users of antioxidant
vitaumin supplements [40]. Although [urther chineal trals
are needed, antioxidant therapeutic approaches seem to
be most effective at very carly stages ol AD and are even
better utilized to modulate disease risk.

8.3 NEUROSTEROIDS

Steroid hormones are now well-defined molecules that
are mainly produced by endocrine glands, such as adrenal
gland. gonads. and placenta. They are involved in the
control of a lot of physiological processes, from repro-
ductive behavior Lo siress responsiveness. With their
ability to cross cellular membranes, and thus the blood-
brain barrier, steroid hormones have also an important
role in the development, maturation. and differentiation
of the central and peripheral nervous systems.

Three decades ago, Baulieu and co-workers were the
first 10 show a steroid production within the nervous
system itself. They discovered that some steroids, such as
pregnenolone (PREG) and  dehydroepandrosterone
(DHEA), were more concentrated in the brain than in
the plasma [41]. In addition. they could show that the level
of these steroids remained elevated in the brain even after
adrenalectomy and castration. These molecules are now
wlled “neurosteroids™ and are defined as neurouactive
steroids that are synthesized within the nervous system,
independently of peripheral endocrine glands. Enzymatic
achivities ol protemns mvolved i sterodogenesis have been
shown in many regions of the central and peripheral
nervous systems, in neurons as well as in glial cells [42].
Pharmacological and behavioral studies showed thal
neurosteroids were implicated in several physiological
mechanisms, for example, cognition, anxiety, depression,
neuroprotection, and even nociception [43]. Thus the
conscrvation of the ability to produce necurostcroids
during vertebrates” evolution suggests that this category
of molecules is important for living beings,

8.3.1 Biosynthesis of Neurosteroids

Neurosteroids derive from cholesterol and other blood-
borne steroidal precursors. The first step of neurosteroi-
dogenesis is the transfer of molecules of cholesterol from
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the outer to the imner mitochondrinl membrane. Free PREG, precursor ol all steroid hormones, is then
cholesterol accumulates outside of mitochondria and binds transported to the endoplasmic reticulum. where it is
to the steroidogenic acute regulatory protein (StAR). a metabolized to form neuroactive steroids (Fig. 8.2). The
hormone-induced mitochondria-targeted protein  that next enzymatic step in neurosteroidogenesis is the conver-
initiates cholesterol transfer into mitochondria. Then, sion of PREG into DHEA by the cytochrome P450¢17
molecules are trunsported inside mitochondria by a protein enzyme (P430c17), also called 1 7o-hydroxylase/17.20 lyase.
complex including translocator protein (TSPO), a choles- This enzyme catalyzes the 1 7o-hydroxylation of PREG in
terol-binding mitochondrial protein also known under the a twosstep reaction that gives first 17-hydroxyPREG
name of peripheral-tvpe benzodinzepine receptor (PTBR), (17OH-PREG) and then the final product. DHEA. Each
which permits cholesterol transfer inte mitochondria and step requires the molecules NADPH and O,
subsequent steroid formation [44]. This translocation from PREG can also be catalyzed by another cnzyme
the outer membrane (o the inner membrane ol milochon- called 33-hydroxysterond dehyvdrogenase (33-HSD) into
dria is the rate-limiting step in the production of neuro- progesterone (PROG). In general, 33-HSD uses NAD'
steroids, In fact, the ability of cholesterol to enter into as a colactor to oxidize hydroxysteroids, such as PREG,
mitochondria to be available to cytochrome #4350 choles- 170H-PREG, and DHEA, into their respective ketos-
terol side chain cleavage enzvme (P450scc), located in the teroids, PROG. 170H-PROG, and androstenedione.
inner side of the mitochondrial membrane and responsible Then, neurosteroidogenesis follows two main pathways
for the conversion of cholesterol to PREG, will determine with PROG as precursor: the androgen/estrogen path-
the efficiency of steroidogencsis, way and the corticoid pathway.,
Mitochondria
—
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Fig. 8.2 Muain biochemical pathways for ncurosteroid biosynthesis and metabolism in the vertebrate brain, 170H-PREG,
| 7-hvdroxypregnenolone: 1TOI-PROG, 17-hydroxyprogesterone; DIIEA, dehydroepiandrosterone; DOC, deoxycorticosterone;
DHDOC, dihydroxydeoxveorticosterone, THDOC, tetrahydroxydeoxyeorticosterone;, DHP, dihydroprogesterone; ALLOPREG.
allopregnenolone; DHT, dihydrotestosterone, P430sce, cytochrome P450 cholesterol side chain cleavage, P450,,7, cytochrome
P450¢l7. 33-HSD, 3d-hydrosysterond dehydrogenase: 5o-R. Socreductase: Arom.. aromatase; 21-OHase, 21-hydroxylase;
36-HSOR, 3a-hydroxysteroid oxydoreduetnse:1 73-HSD, 173-hydroxysteroid dehydrogennse.



on the level ol oxidative siress within cells estrogens ean
have a protective effect or, on the contrary. show a
negative action on cell survival, On the other hand,
oxidative stress itsell can have an effect on neurosteroid
production within nerve cells,

8.4.1 Regulation of Neurosteroidogenesis by Oxidative
Stress and AQ3 Peptide

It is established that steroids can be synthesized by
nonglandular tissu¢ within the nervous sysiem. But the
regulation of their biosynthesis s sull poorly understood.
Recent findings showed that several glial cells, in particu-
lar oligodendrocytes, upregulated their production of
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DHEA under oxidative stress conditions induced by
treatment with A3 peptide or Fe*' [54]. Modulation
of neurosteroid production was also observed in neuro-
blastoma {(SH-S8Y3Y) cells overexpressing the key A
proteins, APP/AB or Tau (Fig. 8.3) [52]. Indeed. over-
expression of human wild-type Tau (hWTau 40) protein
induced an ncrease in production ol progesterone,
Jo-androstanediol, and 1 7-hydroxyprogesterone, in con-
trast to overexpression of the abnormally hyperpho-
sphorylated Tau bearing the P30IL mutation and
leading to a deerease in the production of these neuro-
steronds. In parallel, o decrease ol progesterone and
| 7-hydroxyprogesterone production was observed in cells
expressing human wild-type APP (wWtAPP), whereas
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Fig. 8.3 Effect of toxic concentrations of Ad peptides an

d abnormally hyperphosphorylated Tau protein on neurosteroid

biosynthesis. A3 induced a drop of the level of progesterone (PROG), estradiol. and 3a-androstanediol by acting on reactive
oxygen species (ROS) formation and mitochondnal function and/or directly on steroidogenesis. The presence of abonormally
hyperphosphorylated Tau protein had the same effect by inducing a decrease of progesterone, 17-hydroxyprogesterone (170H-
PROG), und 3c-androstunediol, On the other hand, it has been shown that nontosic coneentrations of A induced an increase in
estradiol and 3a-androsianediol levels (this pathway is marked by *). { See calor inserr. )
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Iov-undrostanediol and estradiol level were increased. The
latter finding was additionally confirmed with in vitro
treatment experiments [4]. APPwt SH-SYSY cells secrete
Al levels within the nanomolar concentration range.
Consistently, treatment of native SIH-SYS5Y cells with
“nontoxic,” that is, non-cell death-inducing, A3, con-
centrations in vitro revealed an increase in estradiol
production, whereas toxic A3 42 concentrations within
the micromolar range strongly reduced estradiol levels
revealing the exact opposite effect. O note, oxidative
stress was able to modify neogencsis of neurosteroids in
a similar pattern [35]. In [act, trentment with H20- Tor 24 b
or 48 h induced a decrease of estradiol synthesis that was
corrclated o a downregulation of the aromatase, the
enzvme responsible for estradiol formation from testos-
terone. [urthermore. an increase of cell death was
observed in the presence of letrozole, an inhibitor of
aromatase. This suggests that endogenous estradiol for-
mation is very important for human neuroblastoma cells
and plays o eritical role in cell survival. Interestingly, when
cells were pretreated with estradiol. it was possible to
rescue neuroblastoma cells from H»O» as well as [rom
letrozole-evoked death. In agreement, similar results were
also found in stress condition experiments using heavy
metals, such as cobalt and mercury, and once again
estradiol was able to reverse their deleterious effect by
reducing oxidative stress and 3-amyloid scerction [56].

8.4.2 Estrogens and Neuroprotection

Neuroprotective effects ol estrogens agamst 1 varely ol
brain injuries have been described for many vears,
Treatment with 173-estradiol was able to protect the
brain against excitotoxicity, A} peptide-induced toxici-
ty, free radical generators, and ischemia in animal
studies [53]. but the basis of these effects is still poorly
understood, It was recognized from former studies that
cstrogen depletion in postmenopausal women represents
i significant risk fetor for the development of AL and
that an estrogen replacement therapy may decrease this
risk and even delay disease progression [57, 58].
However, resulls from the “Woman's Health Tniha-
tive Memory Study™ (WIIMS) including 4532 postmen-
opausal woman aged over 68 years indicated a twofold
increase in dementia after 4.2 years ol treatment (p.o.
treatment with premaxin plus medroxyprogesterone). In
addition, it mdicated potential nisks for breast cancer,
pulmonary embolism, and stroke [39, 60]. Besides war-
rantable criticism with regard to the svnthetic hormones
used m the WHIMS Inal, the ontcome results were
unexpected and disappointing, One can ask the ques-
tion, “How could it be that so many scientific studies
before the WHIMS trial were wrong?” Thus the current-
ly prevailing view points about the “critical window

hypothesis™ [16] are asking about the critical period in
which one might expect a neuroprotective effect to
occur. The results of the WHIMS study also initiated a
discussion about a two-edged effect of estradiol. Thus
estradiol can possibly also exhibit a “prooxidant effect”
in the presence of ongoing oxidative stress [33]. Thereby,
estradiol can be hydroxylated 1o give catecholestrogens
that can enter a redox cycle generating superoxide
radical. In an oxidative environment, this redox cveling
can lead to a continuous formation of ROS that ampli-
fics cven more oxidative stress and inercases ncuronal
loss.

On the contrary, animal studies. especially in rodents
and transgenic mice models for AD, seem to confirm
positive effects of estrogen treatment on the pathophysi-
ology of the disease. It has been shown that treatment
with estrogen in mice expressing mutations in human
APP (Swedish and Indiana) had an impact on APP
processing, decreasing levels of AB and so its aggregation
into plagues [61]. In triple transgenic AD mice, depletion
of sex steroid hormones induced by ovariectomy in adult
females significantly increased AB accumulation and had
a4 negative impact on cognitive performance [62], Treut-
ment of these ovaricctomized mice with estrogens was
able to prevent these effects. Of note, when PROG was
administered in combination with estrogens, the benefi-
cial cffects on A3 accumulation were blocked but not
elfects on cognitive performance. Furthermore, PROG
reduced Tau hyperphosphorylation when administered
alone. This suggests that estrogen and PROG can interact
Lo regulate APP processing bul can also act mdependent-
ly on different AD pathways.

At the ccllular level. estrogen was able to activate
antioxidant defense systems by reducing ROS produc-
tion, limiting mitochondrial protein and DNA damage,
und improving the activity of the electron chain trans-
port during oxidative phosphorylation [53]. Thus estro-
gen can have direet antioxidant cffects by increasing
reduced glutnthione (GSH) levels and decreasing oxida-
tive DNA damage in mitochondria ol ovariectomized
female rats [63]. This is correlated with an upregulation
ol the expression ol two enzymes: manganese superoxide
dismutase (Mn-50D) and glutathione peroxidase, both
of them implicated in the antioxidant defense system. Of
note, estrogen can modulate the redox state of cells by
intervening in several signaling pathways, such as
MAPK. G protein-regulated signaling, NF-sB. c-lTos,
CREB, phosphatidylinositol-3-kinase, PKC, and Ca*'
influx [3. 64]. On the basis of this complex mode of
action, estrogen seems Lo be able 1o decrease oxulative
stress markers, including lipid peroxidation, protein
oxidation, and DNA damage.

Recently, it has been proposed that estrogens exert
their beneficial effects by acting directly on mitochondria



via estrogen receplor 3 (ER) [65]. In faet, incubation of
isolated mitochondria [rom rat brain with estradiol leads
to a decrease of Hs0s production by this organclle
coupled with an increase of the mitochondrial mem-
brane potential. Moreover, estradiol seems Lo prevent
the release of cytochrome ¢ hy mitochondria (4 mecha-
msm known to induce apoptosis ol cells by activating
the caspase cascade in the cytoplasm), which increases
the efficiency of the respirntory chain. In addition,
estrogens are able to bind to nuclear receptors, such as
estrogen receptor o and 3 (ER «/3), and to act
as transcription [actors. Thus estrogens enhanced the
expression of the antiapoptotic proteins, Bel-2 and Bel-
xL. preventing the initialization of the cell death pro-
gram by mitochondria [3]. They were also able to
increase the expression of I'l subunits of ATP synthase
and glucose transporter subunits and regulate enzvmes
involved in the tricarboxylic acid (TCA) cycle, which has
the effect of improving glucose utilization by cells.

As described recently. estrogens can have an effect on
the transcription of mitochondrial genes. especially
on the electron transport chain components [66]. Treat-
ment ol ovanectormzed Temale rats with  estradiol
induced an increase of mitochondrial respiratory function
translated into an enhancement of O consumption and
coupled to an increased expression and activity of cyto-
chrome ¢ oxidasc (clectron transport chain complex 1V).

Finally. another means lor estrogens (o avoid nega-
tive effects of oxidative stress is to regulate calcium
homeostasis by inducing mitochondrial sequestration
of cytosohe calcium [53]. In [act, an imbalance ol
calcium handling can lead to an increase of ROS
production by activating the enzyme nitric oxide
synthase, which can sensitize neural cells to oxidative
damage. It has been shown that estradiol treatment of
primary hippocampal neurons was able o polentiate
glutamatergic response via NMDA receptor, which
resulted in an inercased influx of ealcium in cells. This
elfect was coupled with an induction of mitochondrial
sequestration of cytosolic calcium and an increase of the
mitochondrial calcium load tolerability, to avoid calci-
um-induced exertotoxicity and to promote cell survival.

4.5 CONCLUSION

In summary, 1t 15 now clear that oxidative stress 15 an
important actor involved in AD pathophysiology and
intervenes already at an carly discase stage. Further-
maore, sood evidence 15 provided that nenrosterouds, such
as estrogens, are able to limit oxidative damage by
reducing lipid peroxidation, protwein oxidation, Ca™*
overload in cytosol, and DNA damage in mitochondria
as well as in the nucleus. These effects are mediated by
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severinl mechanisms, [rom transeription ol genes coding
for antioxidant enzymes to the regulation of antiapop-
totic pathways, by way of improvement of mitochondri-
al respiratory chain efficiency and glucose metaholism.
Thus, with their abilities to counter excess oxidative
stress, estrogens seem o be able to prevent AD-related
toxic mechanisms, such as All peptide aggregation, Tau
hyperphosphorylation, and neuronal loss. Better human
studies taking into account the eritical window hypothe-
sis are essential before drawing a final conclusion on
cfficacy of neurosteroids in prevention of AD.
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9.1 INTRODUCTION

Alzheimer disease (A1) 15 the most common lorm ol
dementia among the elderly, Tt is a neurodegencrative
disease that affects more than 26 million patients world-
wide and lor wineh there is stull no cure [1, 2|. AD s
characterized by memory and cognitive deficits. amyloid
deposits, neurofibrillary  tangles, neurodegencration,
aneuploidy, and genome damage [3]. Genetic mutations
and genetic, acquired, and environmental risk factors,
particularly neuromflammation and oxudative stress,
are the main causes of AD [4]. New research in adult
neurogenesis and neural stem cells (NSCs) suggests that
newly generated neuronal cells of the adult brain,
particularly of the hippocampus, may be involved in
AD uand may be affected by reactive oxvgen species
(ROS) and oxidative stress [3. 6].

ROS are free radical reactive substances lormed by
the incomplete reduction of oxygen. They inclhide super-
peroxide (0,° ), hydrogen peroxide (H.0;). hydroxyl
radical (OH®) and peroxynitrite anions (ONOO™). Free
radicals, such as ROS, are produced physiologically by
cells and are involved in cell signaling and metabolism
[7]. They are also damaging and toxic to the cells. They
oxidize cytoplasmic and membrane proteins, hpids, and
nucleic acids. Oxidation of proteins and nucleic acids
and peroxidation of lipids compromise cellular fune-
tions. Cells are protected against the toxicity of ROS by
enzvmes, such as superoxide dismutase, catalase, and
slutathione. These enzymes acl as natural antioxdants,

Under physiological conditions. the balance between the
generation and degradation of ROS by cells and organ-
1sms is highly regulated. Oxidative stress oceors when the
level of free radicals exceeds the antioxidant capacity of
the cells [8]. It results from an elevation of production
ol Iree radicals, rom a decrease in the scavenging ol [Tee
radicals, or from a decrease in the mechanisms used to
repair oxidized macromolecules. Oxidative stress and
the excessive production of ROS are deleterious condi-
tions leading to cellular dysfunction and cell death, via
apoptosis or necrosis [9]. Oxidative stress plays a key
role in the development of numerous pathologies, par-
ticularly neurodegenerative diseases such as AD [9].
In tlus chapter we review and discuss the involvement
and contribution of oxidative stress and ROS to adult
neurogenesis and to the puthogenesis of AD.

9.2 ALZHEIMER DISEASE

AD is a neurodegenerative discase characterized by
memory and cogmitive deficits and anosmia [10-12].
The disease is initially associated with the loss of nerve
cells in areas of the brain that are vital to memory and
cogmtion, such as the entorhinal cortex, luppocampus,
and ncocortex. As the discase progresses, other regions
of the brain are affected, leading to severe incapacity and
death. [I12]. AD is characterized in the brain by the
presence of amyloid plaques and neurofibrillary tangles,
the histopathological hallmarks ol the disease, and
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aneuploidy [13]. AD is the most commaon lorm of
dementia among the elderly. The discase affects 30%
of individuals over the age of 80 [14]. Age is the principal
risk factor for AD. The incidence of the disease doubles
every 5 years after age 65 [14]. AD affects more than 35
million patients worldwide, a number expected to qua-
druple by 2050 as the population ages [15]. Late-onset
AD (LOAD) refers to cases of AD diagnosed after the
age of 65, Early-onset AD (EOQOAD) refers to cases of AD
diagnosed before age 65. LOAD accounts for the vast
majority, over 93%,, of all cases of AD,

9.2.1 Inherited and Sporadic Forms of Alzheimer
Dvisease

The inherited form of AD. also known as familial
Alzheimer disease (FAD), is caused by mutations in
so-called familial Alzheimer genes, such as the gene of
d-amyloid precursor protein (APP), the presenilin-1
(PSEN-1) gene, and the presemibin-2 (PSEN-2) gene
[16]. It is a rare form of the disecase. affecting about
200 families in the world. The sporadic form of AD is
caused by a combinution of genetic, acquired, and
environmental risk factors [17]. These include the pres-
ence of the ApoE varepsilon 4 allele (ApokE4). the
presence ol variants in at least two different clusters of
intronie scquences in the neuronal sortilin-related recep-
tor (SORLT) gene, hypertension, dinhetes, neuroinflam-
mation, and oxidative stress [18-21]. The sporadic form
of AD is the most common form of the disease. It
accounts for most cases of LOAD, whereas the inhented
form of AD accounts for most cases of COAD.

9.2.2  Amyloid Plaques and Neurofibrillary Tangles

Amyloid plaques and neurofibrillury tangles ure deposits
of proteins distributed throughout the brain of patients
with AD, particularly in the regions of degeneration
such s the entorhinal cortex, hippocampus, and tempo-
ral, frontal, and inferior parietal lobes [22]. Amyloid
plagques are primarily composed of extracellular aggre-
pales ol protein d-amyloid or amylowd librils and of the
serine protease inhibitor al-antichymotrypsin [22]. Pro-
tein f-amyloid is a1 42-amino acid peptide that is derived
from the posttranscriptional maturation of APP |23].
The abnormal processing of APP results in the aggrega-
tion ol protem amyloid and the formation ol amyloid
plaques. Neurofibrillary tangles are intracellular aggre-
gates of hyperphosphorylated Tau protein. Tau protein
15 o microlubule-assocutted phosphoprotem |24, The
hyperphosphorylation of Tau protein by kinases results
in the aggregation of Tau protein and the breakdown ol
microtubules that are involved in cell structure, intracel-
lular transport, and cell division [25]. Amyloid plaques

and newrofibrillary langles are two of the probable
causes ol the pathogenesis of AD: amyloid plaques
and neurofibrillary tangles that would cause cell death
in the brain [26]. In support ol this contention, rat
embryonic cortical neurons cultured with toxic concen-
trations of protein 3-amyloid reenter the cell eyele and
die by apoptosis in vitro |27].

9.2.3  Ancuploidy and Expression of Proteins ol the

Cell Cyele

Aneuplondy 18 a landmark ol AD pathology. Prepara-
tions of lymphocytes from patients with AD, EOAD and
LOAD, reveal an increase of aneuploidy in cells, partie-
ularly for chromosomes 13, 18, and 21 [28, 29]. Since the
cells that are the most likely to develop aneuploidy are
dividing cells, the nondisjunction of chromosomes dur-
ing cell division in stem cells or somatic cells that retain
their ability to divide is at the origin of ancuploidy in
Iymphocytes ol patients with AD [30]. A substantial
number of neurons. 4% to 10%. in regions of degenera-
tion, such as the hippocampus, of the brain of AD
patients express protems ol the cell eyele and are anen-
ploid, Among the proteins of the cell cycle expressed by
nerve cells in regions of degeneration are the proliferat-
ing nuclear antigen, Ki-67, cyclin D, cyclin-dependent
kinasc 4, and cvelin B [31, 32]. Nerve cells are post-
mitolic. The foreed expression ol oncogenes in postmi-
totic nerve cells causes cell death rather than cell
proliferation. Hence, nerve cells in regions of degenera-
tion that express protemns of the cell cycle or are aneu-
ploid would originate from abortive cell cycle reentry,
leading to apoptosis, or cycle reentry and gene duplica-
tion, without cell division, leading to aneuploidy [33. 34].

The deregulation and/or reexpression of proteins
controlling the cell cycle and aneuploidy in nerve cells
would underlie the neurodegenerative process and path-
ogenesis of AD. In ancuploid cells, the genetic imbalance
results in the overexpression ol genes by the cells, This
has tremendous consequences for the development of
AD, as genes involved in the pathology of AD would
further contribute (o the pathogenesis of the disease, as a
result of their overexpression, The genes of Apol, APP,
PSEN-1. PSEN-2 and TALU are located on chromosomes
19, 21, 1, 14, and 17, respectively [35-38]. Aneuploidy lor
chromosomes 19, 21, I, 14, and/or 17 would result in the
overexpression ol ApoE and o oan meressed nsk [or
individuals who have ApoLd in their genetic make-up of
developing the sporadic form of AD, would result in
the overexpression of APP and promole the [ormation
of amyloid plaques, would promote the formation of
amyloid plagques in patients carrying FAD mutations
on PSEN genes and contribute to the pathogenesis of
EOAD. and/or would result in the overexpression of Tau



93 ADULT NEUROGENESIS AND ENHANCED NEURGGENESIS IN ALZHEIMER DISEASE 131

TARBLFE 9.1  Processes Associated with Neonrogenesis and Oxidative Stress in Alzheimer Disease

DNA damage
Cell cvele

17 carrying the FAU gene
Protein oxidation

Mutational events, modified base 8-hyvdroxvdeoxyguanosine, strand breaks, and large deletions
Activity in controlling the cell eyele, cell eycle reentry of nerve cells, ancuploidy, particularly for chromosoeme

Enzymatc and mitogenic pathways, such as EGF and VEGF pathways. the stress-actuvated protein Kinases

JNK und p38. JAK/STAT. protein kinase C puthways. und histone deaceryluse

Oxidative stress is o risk factor for developing Alzheimer discase (AD). Proteins, lipids, and nuelee acids elicit high rate of oxidation in patients with
AL, The nuclear nnd mitochondrial DNA in degenerated regions of the broin of patients with AT elicit lesions. Renctive oxygen species (ROS) and
oxidative stress promote cell evele reentry of nerve cells and aneuploidy, particularly for chromosome 17 carrying the TAU gene, Ancuplowdy For
chromosome 17 10 newly generated cells of the adult bramn would promote the expression of Fau proteins in the hippocampus and neurodegenerition.
ROS and oxidative siress contribute 1o the pathogenesis of AD by promoting cell denth and nenrodegenerntion.

protein and promote the formation of neurofibrillary
tangles. Cells of AD patients eheit an elevation of
ancuploidy, particularly for chromosomes 13, 18, and
21 [28, 29, 39]. Hence. ancuploid cells in AD patients are
likely to contribute to the pathogenesis ol the disease with
high probability as a result of the overexpression of
genes involved in AD. It is proposed that the genetic
imbalance in aneuploid nerve cells signifies that they are
fated to die [33]. Their relatively high percentage at any
one time m regions ol degeneration in AD brams suggests
that they will undergo a slow death process, unlike
apoptosis. These cells may live in this state for months,
possihly up to | year [33]. Hence, (he deregulation and/ or
reexpression of proteins controlling the cell cycle in nerve
cells would underlie the neurodegenerative process in AD.

9.2.4 DNA Damage

The nuclear and mitochondrial DNA in degenerated
regions of the brain of patients with AD elicit lesions and
mutational events, such as DNA oxidation, as evidenced
by the presence of the modified base 8-hydroxvdeoxy-
guanosine, strand breaks, and large deletions (Table 9.1)
[40]. Proteins, lipids, and nucleic acids ehiat a high
rate of oxidation in patients with AD, particularly in
regions containing amyloid plagues and neorofibrillary
tangles in the brain [41]. AD 15 a neurodegenerative
disease caused by an excessive rate of damage in the
genome [42].

9.3 ADULT NEFUROQGENESIS AND ENHANCED
NEUROGENESIS IN ALZHEIMER DISEASE

9.3.1  Adult Nenrogenesis and Neural Stem Cells in
Mammals

Neurogenesis occurs primarily in fwo regions ol the
adult mammalian brain, the dentate gyrus (DG) of
the hippocampus and the anterior region of the subven-
tricular zone (SVZ), m various species including m
humans [43-46]. Newly generated neuronal cells in the

subgranular zone of the DG migrate to the granule cell
layer, where they dilTerentiate into granulelike cells and
extend axonal projections to the CA3J region of the
Ammon's horn [47, 48]. Newly generated neuronal cells
in the SVZ migrate through the rostro-migratory stream
to the olfactory bulb, where they differentiate into
granule and periglomerular interneurons [49, 50]. Newly
generated neuronal cells in the DG establish synaptic
contacts and functional connections with neighboring
and target cells |48, 51 33| They estabhsh mossy liber-
like synapses with target cells of the CA3 region of the
Ammon's horn [53]. The number of ncuronal cells
generialed i the adull mammalian brain s relabively
low. In the DG, it is estimated that 9000 neuronal cells,
carresponding to about 00.1% of the granule ccll popu-
lation, are generated per day in young adult mice [54].
In higher primates. such as humans and monkeys, the
number of neuronal cells generated per day is lower than
in rodents. In adult macaque monkey, an estimated
0,004% of the granule cell population is generated per
day i the hippocampus [35]. Newly generaled neuromal
cells in the adult brain survive for an extended period
of time, at least 2 vears in the human hippocampus
[43]. Newly generated neuronal cells ol the adult bramn
may replace nerve cells born during development.
They may be involved in the physiology, pathology,
and plasticity of the nervous system, particularly of the
hippocampus and olfactory bulb.

Newly generaled neuronal cells i the adull brain
would originate from a pool of residual NSCs: the self-
renewing multipotent cells that generate, through a
transient amplifving population of cells. the man cell
types of the nervous system, nerve cells, astrocytes, and
oligodendroeytes [36, 37]. In support of this contention,
self-renewing multipotent NSCs have heen isolated and
characterized in vitro from various regions of the adult
brain of mammals, including from the hippocampus
and SVZ [58-00]. Neural progenitor and stem cells
cxpress molecular markers, such as the intermediate
{ilameni nestin, the transeription factors sox-2, oet-3/4,
and the RNA binding protein Musashi | [61-64]. Hence,
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neurogenesis oceurs in the adult broin and NSCs reside
in the adult central nervous system. This reveals that
the adult brain has the potential for self-repair and may
he amenable to repair. The stimulation of endogenous
neural progenitor or stem cells of the adult brain and the
transplantation of adult-derived neural progenitor and
stem cells are proposed to repair and restore the degen-
crated or injured nerve pathways. To this end,
the isolation and characterization of population of neural
progenitor and stem cells from human biopsies and
postmortem tissues provide a source of tissue for eellular
therapy [or the treatment of a broad range ol neurological
discases and injuries, including neurodegenerative dis-
cases such as AD and Parkinson discase. cerebral strokes,
and traumatic and spinal cord injuries [63, 60,

Neurogenesis occurs constitutively in the adult brain
and is modulated by a broad range of environmental
stimuli, physiological and pathological conditions and
processes, trophic factors/eytokines, neurotransmitters,
and drugs. This includes environmental enrichment,
learning and memory tasks. physical activity. AD. and
cpilepsy [67. 68]. The contribution of adult ncurogencsis
and 1ts modulation to the physiology and pathology ol
the nervous system remains 1o be determined.

9.3.2 Neurogenesis in Patients with Alzheimer Disease
and in Animal Models of Alzheimer Disease

The expression of markers of immature neuronal cells,
such as doublecortin and polysialylated nerve cell adhe-
sion molecule, 15 mereased o hippocampal  regions,
particularly the DG, of the brain of patients with clinical
diagnosis of AD [69]. Neurogenesis is enhanced in the
DG of adult transgenic mice that express the Swedish and
Indiana APP mutations, a mutant form of human APP
[70]. Tt is reduced in the DG of PDAPP adult trunsgenic
mice, a model of AD with age-dependent accumulation of
protein 3-amyloid, in the DG and SVZ of adult trans-
genic mice deficient for PSEN-1 and/or APP and in the
DG of adult transgenic mice overexpressing variants of
APP or PSEN-1 [71-75]. These results show that neuro-
penesis is enhanced in the hippocampus ol the bram ol
patients with AD, but they report conflicting data and
discrepancies in animal models of AD.

I'he apparent discrepancies in the modulation of adult
neurogenesis in humans and in animal models of AD
may ongmale [tom the vahdity ol ammal models as
representative of AD and from limitations and pitfalls
in the conducted studies. AD is a ncurodegencrative
thisease chaructenized by widespread neurodegeneration
and multiple and complex processes, including the
deposit of amyloid, the formation of neurofibrillary
tangles, and aneuploidy. Hence, transgenic mice models
of AD represent models to study the genes involved in

THE PATIHOGENESIS OF ALZHEIMER DISEASE

the disense rather than the disense itsellT. Trunsgenic mice
may be limited in their validity to study adult phenotype.
and particularly adult neurogenesis, as the mutated
genes may alter the animal’s development and this may
alfect the adult phenotype. Aggregation of protein
[F-amyloid during development in APP transgenic mice
may alter the development ol the nervous system and
therefore may have adverse consequences on adult
neurogenesis [76]. The apparent discrepancies in the
modulation of adult neurogenesis in human and animal
models of AD as well as discrepancics in studying adult
neurogenesis m human and anmal models m general,
may originate from the methods used for studying and
quantifving cell proliferation and neurogenesis. Bromo-
deoxyundine (BrdU) labeling has been the most used
method to study adult neurogenesis in vivo. BrdU is a
thymidine analog used for birthdating and monitoring
cell proliferation, as BrdU integrates into the DNA of
dividing cells [77]. In this paradigm, BrdU is generally
administered peripherally, intraperitoneally in rodents,
and the fate of the BrdU-labeled cells is followed
by immunohistochemistry [78]. Multiple immunohis-
tochemistry staining with markers ol neuronal hnenges
combined with confocal microscopy and stercology
allows qualitative and quantitative study of adult
neurogenesis [79-81], BrdU labeling as a method lor
studying adult necurogenesis, is not without limitations
and pitfalls, particularly For the study of adull newro-
penesis in AD. BrdU is not a marker lor cell proliferation
and neurogenesis, but a marker of DNA synthesis. As
i thymidine analog, BrdU integrates mio DNA of
dividing cells during the S-phase of the cell cycle. Hence.
studying cell proliferation and neurogenesis with the
BrdU-labeling paradigm requires discriminating  cell
proliferation and neurogenesis of other events involving
DNA synthesis, particularly abortive cell cyele reentry
leading to apoptosis and cell cyele reentry and pene
duplication without cell division, leading to ancuploidy
[82, 83]. Since aneuploidy n the region of neurodegen-
cration is a landmark of AD pathology. careful analysis
must be carried out when studying adult neurogenesis in
ammal models of A with the BrdU-labeling paradigm.
In addition, the permeability of the blood-brain barrier is
alfected in AD [84]. As consequence, an increase in BrdlI
labeling in the brain could originate [rom an increase in
BrdU uptake rather than an increase in cell proliferation
and neurogenesis. There are other considerations that
may affect the analysis of BrdU-labeling studies. Among
these considerations, there is no consensus on the term
“neuragenests.” Some studies only present proliferation
data, whereas others present only neuronal differenti-
ation or survival data, and in most studies, and in
particular in human postmortem studies. only one time
point along the pathology is analvzed. Therefore, careful
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analysis and discussion of the studies must be carried oul
when using BrdU labeling to study adult neurogenesis,
particularly in AD. Some of these limitations also apply
when studying adult neurogenesis by immunohisiology
against markers of the cell cycle. In particular, immuno-
histochemistry for proteins of the cell eyele does not
allow discrimination among cells reentering the cell eycle
as a prelude to apoptosis, cells undergoing DNA dupli-
cation without cell division, as part of their pathological
fate, and the genesis of neuronal cells [85].

Hence, these studies of adult ncurogencsis in the
hippocampus ol the bramm ol patients with A and in
animal models of AD remain to be confirmed and
validated. Indeed, neurogenesis might be differentially
regulated along the pathogenesis. Enhanced neurogenesis
in the DG of AD brain would contribute to a regenerative
attempt. to compensate for the neuronal loss. It would
result from damage or stimulation induction of neuro-
genesis and may be a consequence, rather than a cause, of
the disease [86]. In the SVZ, studies show a reduction in
the number of neural progenitor cells in patients with
AD, as revealed by immunohistology for the markers of
neuril progenitor and stem cells, nestin and Musashil
[87). The reduction in the number of neural progenitor
cells in the SVZ of AD brain may underlie the compro-
mised olfaction associated with the disease.

9.4 OXIDATIVE STRESS: A RISK FACTOR FOR
DEVELOPING ALZHEIMER DISEASE

Lipids, proteins, and nucleic acids elicit high rates of
oxidation. particularly in regions of degeneration in the
AD brain [41]. Oxidative stress is a risk factor Tor
developing AD [9].

9.4.1 ROS and Oxidative Stress Promote Cell Death
and Neurndegeneration

Protein d-amyloid promotes the generation of ROS in
the brain of AD patients [88). ROS. particularly gener-
ated by protein J-amylod, and oxidative stress in
the brain of patients with AD would contribute to the
pathogenesis of the disease by promoting cell death and
neurodegeneration. Abnormal mitotic signaling, such as
abortive cell cyele reentry leading to apoplosis and cycle
reentry and gene duplication, withoul cell division,
leading to aneuploidy, underlies the process of neurode-
generation and contributes to the pathogenesis of AD
[33, 34]. 11 1s proposed that oxidative stress and abnor-
mal mitotic signaling would both be necessary to pro-
pagate the disease. A “two-hit hypothesis™ has been
proposed to conciliate the activity of oxidative stress and
abnormal mitotic signaling, such as abortive cell cyele

b

reentry and gene duplication without cell division, ns
causative factors of AD: Oxidative stress and abnormal
mitotic signaling can act independently as initiators:
however, both processes are necessary to propagate the
pathogenesis of AD [89].

Abortive cell cycle reentry, cell eyele reentry and gene
duplication without cell division, and DNA damage are
underlying processes in the development of AD. ROS
and oxidative stress promote cell eycle reentry of nerve
cells and DNA damage [90]. The contribution of ROS
and oxidative stress 1o the process of cell eyele reentry of
nerve cells would support the “two-hit hypothesis”
conciliating the activity of oxidative stress and abnormal
mitotic signaling in the brain of AD patiemis. The
mechanism by which ROS and oxidative stress increase
the risk of developing AD, particularly through its
activity on abnormal mitotic signaling, remains mostly
unknown. ROS and oxidative stress would contribute to
the pathogenesis of AD through their activity in control-
ling the cell evele (Table 9.1). It would increase the risk of
developing AD. directly or indirectly, through their
oxidative activity on DNA and on various enzvmaltic
and mitogenic pathways, such as the EGF and VEGE
pathways, the stress-activated protein kinases JNK and
P38, JAK/STAT, protein kinase C pathways, and histone
deacetylase and through mutational events including
strand breaks and large deletions (Table 9.1) [921). Studies
show that whether ROS-exposed cells undergo prolifern-
tion, growth arrest, or apoptosis depends in part on where
the cell resides in the cell eyele when insulted [92]. This has
implications for the mechamisms by which oxidative stress
may affect neuronal cells in the adult brain, whether and
how it affects mature neurons or newly generated nearo-
nal cells in regions of neurodegeneration, such as the
hippocampus. ROS and oxidative stress would also
contribute to DNA damauge, il the oxidation of DNA
surpasses the DNA repair capacity of the cell, leading to
the accumulation of mutations and the loss of genome
stahility, a lnndmark of AD pathology.

9.4.2  Oxidative Stress Promotes the Generation of
Aneuploid Newly Generated Neuronal Cells in the
Adult Brain

Stem cells and somatic cells that retain the ability to
divide are the most likely to develop ancuploidy. Since
newly generaled neuronal cells of the adult bram ong-
nate from stem cells, they are most likely to develop
ancuploidy. The nondisjunction of chromosomes in the
process ol cell division ol adull neurogenesis would lead
to newly generated neuronal cells that are ancuploids
or Lo a population of ancuploid neural progenitor cells
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10.1 INTRODUCTION

Parkinson disease (PD) is the most common neurode-
generative movement disorder, currently affecting more
than 4 million predominantly elderly individuals world-
wide [1]. Ongmally described as “the shaking palsy™ m
1817 by the British physician James Parkinson, the
discase is attended by a constellation of motoric deficits
including bradykinesia (slowness in movements), postural
instability, rigidity, and tremor that ultimately result in
near total immobility. Although pathological changes
are distributed in the PD brain [2], the principal neuro-
pathology that underlics the characteristic motor phe-

notype of PD patients 15 unequivocally the loss of

midbrain dopaminergic neurons in the substantia nigra
pars compacta (SNpc), which results in a severe deple-
tion of striatal dopamine (DA) and thereby an impaired
nigrostriatal system that otherwise allows an individual
to execute proper, coordinated movements. This specific
pattern of neurodegeneration in PD is often accompa-
nied by the presence of eosinophilic intracytoplasmic
inclusions known as Lewy bodies (LBs) i surviving
neurons in the SN as well as in other affected brain areas
[2]. Accordingly, pharmacological replacement of brain
DA via 1-DOPA admmmistration represents an ellective
symptomatic recourse for the PD patient (especially
during the initial stages of the disease) and remains a
clinical pold standard  treatment for PI. However,
neither L-DOPA nor any currently available therapies

can slow or stop the msidious degenerative process in the
PD brain, Furthermore. the major drawbacks with cur-
rent therapies are the inevitable loss of effectiveness and
increasing drug-induced side effects as the disease pro-
gresses. Invariably, the debilitating nature and morbidity
ol the disease present sigmilicant socal, emouonal, and
economic problems. As the world population rapidly
ages. these problems undoubtedly will also inereasc.

Despite nesrly two centuries of research, the etiology of
PD remains elusive. However, a broad range of studies
conducted over the past lew decades, including epdemio-
logical, genetic and postmortem analysis, as well as
in vitro and in vivo modeling, have contributed signifi-
cantly o our understunding of the pathogenesis ol the
discase. In particular, the recent identification and func-
tional characterization of several genes. including a-synu-
clein, parkin, DJ-1, PINKI, and LRRKZ2, whose mutations
are causative of rare familial forms of PD have provided
tremendous insights into the molecular pathways under-
lyving dopaminergic neurodegeneration |3, 4], Collectively,
these studies implicate aberrant mitochondrial and pro-
tem homeostass as key contributors (o the development
of PD, with oxidative stress likely acting as an important
nexus between the two pathogenic events.

Notubly, the bramn 1s ollen thought to be particularly
susceptible to oxidation-induced damage because of its
high metabolic raie and its relatively reduced capacity to
replenish its postmitotic neuronal populations compared
with other organs. Moreover. the brain contains high
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levels of phospholipids and polyunsaturated [ree [ty
acids, both of which are prone to modifications by
oxidants. For SN dopaminergic neurons, the vulnerabil-
ity toward oxidative stress is further enhanced by the
abundance of redox-active iron in this region ol
the brain, as well as by the presence of DA, whose
oxidation products are potentially cytotoxic [3. 6]
Although attractive, the hypothesis that oxidative stress
plays a central role in PD pathogenesis continues io be
keenly debated. particularly in view of recent findings in
the clinie that antioxidant strategics have failed 10
produce convinemg protection i PI1 patients. Further-
more, a major question that remains unresolved to this
point is whether oxidative stress represents a cause or a
consequence of neurodegeneration. Here, we review and
discuss both historical evidence and current thoughts
about the relutionship between the oxidative stress and
PD. which include our own views on the topic. For the
benefit of the reader, we have also included a section on
YA chemistry and oxidation that summarizes the oxida-
tive pathways for catecholamines in the genesis of
cylotoxic quinoncs.

10.2 REACTIVE OXYGEN SPECIES
AND OXIDATIVE STRESS

It s perhaps parndoxical (o note that the production of
reactive oxygen species (ROS). often regarded as the
cellular “bad guys,” is an inevitable consequence of
aerobic (oxypen  dependent) respiralion—i  process
needed to keep all cells in our body. including post-
mitotic neurons. alive. During acrobic respiration. high-
energy products (NADH and FADH-) generated in the
mitochondria via the Krebs cycle donate electrons 1o a
series ol clectron carriers (complexes 1-1V) on the
electron transport chain (ETC) to produce a proton
gradient across the inner mitochondrial membrane that
15 utilized by ATP synthase 1o drive oxidative phosphor-
ylation of ADP to ATP (Fig. 10.1). Although molecular
oxvgen is typically reduced by clectrons from Krebs
cycle intermediates Dowing through the ETC to produce
1,0, partial reduction of molecular oxygen to superox-
ide anion (O, ) occurs when elecirons leak from the
ETC (particularly at complex 1). This free radical can be
converted to the highly reactive hydroxyl radical (OH")
via an wron-calalyzed reachon known as the Fenlon
reaction, or to peroxynitrite (ONOO') upon reaction
with nitric oxide (NO). Both hydroxyl radical and
peroxymirile are potent oxidants thal can cause marked
cellular damage by reacting with proteins. lipids, and
nucleic acids. Further, these reactive species may also
target the ETC, which results in a feedforward cycle of
increasing oxidative stress and injury. It is noteworthy to

mention that NO, which is generated by nitric oxide
synthase (NOS). can itsell contribute to oxidative dam-
age through S-nitrosylation, a reaction whereby the
cysteine residues of protein are modified to nitrasothiols,
often resulting in altered protein function [7]. (The
role of S-nitrosylation and nitrosative stress in PD has
been covered extensively in several excellent recent
reviews [8) and is only discussed briefly in this chapter.)

To protect against potential ROS-induced damage,
agrobically respiring cells have developed over the
course of evolution an cffective antioxidant defense
mechamsm that consists of 1 plethora ol antoxidant
enzymes [such as superoxide dismutase (SOD), glutathi-
one peroxidase, and catalase] as well as nonprotein
antioxidants (such as glutathione, w-tocopherol, and
ascorbic acid) to keep the levels of cellular free radicals
in check. For example, ROS by-products produced
by mitochondrial respiration are rapidly detoxified by
SOD2 (which converts superoxide 10 hydrogen perox-
ide) so that their basal levels are low and nontoxic. As
glutathione (GSI1) is a major antioxidant in cells. the
ratio between the reduced and oxidized form of gluta-
thione (1e., GEH/GSSG), 15 olten taken as an mdicator
of cellular redox status [9], When a state of imbalance
between the production of ROS and their clearance by
the antioxidant defense system occurs, oxidative stress
cnsues. However, it is important to highlight that
although the overproduction of ROS leading (o oxida-
tive stress is usually bad, ROS may be beneficial to cells
in some instances, For example, ROS generated by
phagocytes during inflammation helps o kil invading
pathogens [10]. Furthermore. by virtue of the reversibil-
ity of oxidation and reducton, ROS are also used as
secondary messengers in redox-based intracellular sig-
naling in response to internal and external cues. This
includes neuronal signaling processes that influence
svnaptic neurotransmission, synaptic plasticity, and
long-term potentiation [11, 12]. Likewise, the role of
WO as o signahing molecule in the brioin s well charne-
terized [13]. Thus ROS [or reactive nitrogen species
(RNS)] may act as signaling or stress molecules depend-
ing om their cellular levels.

10.3 OXIDATIVE STRESS AND PD

There s certinly ample support [rom postmortem studies
to suggest that the redox state in the PD brain is in
discquilibrium. For example. several groups have reported
that markers lor hipid peroxidation (includmg 4-hydro-
xynonenal and malondialdehyde), protein carbonyl mod-
ifications, and even DNA and RNA oxidation are
markedly elevated in the SN of postmortem PD brains
[14-17], and that these ROS-induced events are
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Fig., 10.1 Genesis ol reactive oxyeen and nitrogen species. NADH and FADH, produced via the Krebs cycle donate electrons to a
serigs of electron carriers on the electron transport chain (ETC) o produce a proton gradient needed to drive the oxidative
phospharylation of ADP 1o ATP by ATP synthase. Leakage of electrons from the ETC (especially from complex 1) aceurs, leading 1o
production of superoxide (*O57), which is typically detoxified into hvdrogen peroxide (H-Q-) by superoxide dismutases (SOD), H-O.
is then converted into -0 and oxygen by catalase (CAT) and peroxiredoxin (Prx). 11,05 can also be converted to highly reactive
hydroxyl radical (*OH) via the iron-catalyzed IFenton reaction, Activation of nitric oxide synthase (nNOS) as a result of N-methyl-1-
aspartate receplor (NMDAR) over-stimulation leads o the production of mitne oxide (NO) thatl can react with *05 o form the
reactive peroxynitrite (ONOC ). ONOO™ can react with H™ or €O, in the cytosol 1o generate nitrogen dioxide (N(),) and highly
renctive *OH or *CO; . Dendritic influx of Ca”, which apparently occurs vin Cavl.3 Ca” channels in 8N dopnminergic neurons
during pace-making, can be taken up hy the mitochondria via valtage-dependent anion channels (VDAC) and Ca®* uniporter (LIP),
Ca®' entering the mitochondrial matrix can stimulate enzymes of the Krebs cyele and thereby oxidative phosphorylation and
concomitantly "0, production. The Ca®’ that entered through Cavl.} channels is transported back across the plasma membrane at
the expense of cellular energy through either the Ca®"-ATPase (PMCA) or through a Na*/ Ca®" exchanger (NCX) that relies upon
the Na™ gradient mainuuned by the Na/K-ATPase,

divalent metal transporter 1 (DMT1) in the SN dopami-
nergic neurons of PD patients compared to age-matched

accompaned by a dramatic depletion ol reduced glutathi-
one (presumably leading to a considerably weakened

antioxidant defense system) [18]. Interestingly. the magni-
tude of GSH depletion appears (o correlate well with
disease progression, suggesting that GSH depletion may
be taken as an (early) indicator of nigral degeneration.
Changes in iron disposition also occur in the PD brain [ 19].
Notably, total iron is increased while ferritin is decreased
in the diseased state, n condition that is expecied (o
promote the availability of free iron capable of catalyzing
the formation of ROS via the Fenton reaction. Correlating
with the rise in iron content is an elevated expression ol the

control subjects [20]. DMT]1 is a major transport protein
responsible or the uplake ol iron and other divalent metal
ions into cells, and its expression has also been reported Lo
increase with age [21] Finally, these siudies also revealed o
significant reduction in the activity of mitochondrial
complex 1 as well as ubiquinone (coenzyme Qyy) in the
SN of PD brains |22 24],

The relevance of the above findings derived from
postmortem diseased tissues has been supported by several
toxin-induced models ol PD.  Indeed, parkinsonian
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neuroloxing such as MPTP, paraguat, and rotenone that
selectively destroy nigral dopaminergic neurons in experi-
mental models are often inhibitors of mitochondrial
complex 1 function, the impairment of which would
enhance superoxide production and thereby the formation
of highly reactive free radicals that can initiate neuronal
death |25]. Importantly, in these models, there is appar-
ently a temporal and causal relationship between oxidative
damage and degeneration in nigral dopaminergic neurons
[26. 27]. Interestingly, MPTP-induced dopaminergic neu-
rodegencration and associated motor deficits in treated
ammals can be mitigated by iron chelation either seneti-
cally via transgenic expression of ferritin or pharmacolog-
ically via administration of clioquinol [28]. Consistent with
this, newborn mice administered iron display progressive
midbrain neurodegeneration that is paralleled by an
increase in markers of oxidative damage ns they age [10].
Together, these studies suggest that iron accumulation is a
key accelerator of oxidative stress that is relevant to
dopaminergic cell loss.

Recent results generated from genetic models also
support a role for oxidative stress in PD pathogenesis
[25]. For example, several studies have hinked oxidative
stress to the aggregation of a-synuclein, a presynaptic
protein that is also a major component of LBs. Consis-
tent with this, LBs are enriched with nitrated o-synuclein
29], and the protein is similarly modified in MPTP-
treated mice [30]. Importantly, whereas o-synuclein
overexpression in mice leads to nigral mitochondrial
abnormalities [31]. its genetic ablation reduces ROS
production in these ammals and renders them markedly
resistant to degeneration when challenged by MPTP and
other mitochondrial toxins [32, 33]. These results suggest
that the PD-associated protein may induce oxidative
stress by promoting mitochondrial dysfunction. Related
to this, severul studies have also demonstrated the ability
of iron-mediated oxidative stress Lo promote a-synuclein
aggregation [34-36). Separatcly, we and others have
shown that purkin, a ubiguitin ligase associaled with
recessive parkinsonism that normally functions as a
potent neuroprotectant, is also susceptible to oxidative
maodifications [37, 38]. Alter its modilication by a wide
spectrum of oxidative stress-inducing agents such as
MPTP, paraquat, and iron, the protein exhibits altered
solubility properties and thereby impaired protective
function [37. 38]. It is now clear that parkin function is
also hinked Lo mitochondnal homeostasis, as s the case
with another recessive parkinsonism-associated protein,
PINK 1, suggesting that the loss of parkin or PINKI
(unction can precipitate oxlaiive stress [39). This notion
is certainly well supported by numerous studies per-
formed in dilferent experimental models. including
mouse models [40, 41]. Interestingly, parkin also helps
to regulate oxidation level in DA-containing cells by

limiting the expression of monoamine oxidases (MAQO)-
mitochondrial enzymes responsible for the oxidative
deamination of DA (see next section), apparently by
promoting the degradation of estrogen-related receptors
(ERR), orphan nuclear receptors that play critical roles
in the transeription regulation of many nuclear-encoded
mutochondnal proteins |42, 43]. Perhaps the most direct
genetic evidence supporting the role of oxidative stress in
PD pathogenesis is the finding that mutations in the
redox-sensitive protein DJ-1 cause an early-onset form
of PD. DJ-1 is thought to operate as an antioxidant
protem [44, 45], although a more recent study has
classified DJ-1 as an atypical peroxiredoxin-like peroxi-
dase that functions to scavenge mitochondrial H-0,
through oxidation of its cysteine at position 106
(a residue previously demonstrated by others via muta-
genesis and structural analyses to be modified by oxida-
tive stress) [45]. Notably, a pool of DJ-1 is known to be
localized to the mitochondria [45, 46], and increased
levels of HaOs in mitochondria can be isalated from 121-
| knockout mice [47]. Accordingly. the absence of DJ-I1
may predispose dopaminergic ncurons to oxidative
stress-induced degeneration. Indeed, DI-1-delicient ami-
mals are hypersensitive to pharmacological inducers of
oxidative stress [48-53]. Taken together, the evidence
[rom genetic studies supporting a relationship between
oxidative stress and PD is rather compelling. However, a
cavenl 15 that none ol these PD-associated genes exhibits
a selective pattern of expression that could explain the
vulnerability of SN dopaminergic neurons toward oxi-
dation-mected mnjury.

Why SN dopaminergic neurons are predisposed 1o
degeneration in PD remains unclear, although the pref-
erential accumulation of iron in this region of the brain
may contribute to their vulnerability to endogenous and,
or exogenous stress. Another obvious fuctor is DA itsell.
The sections below discuss the cytotoxic potential of DA
reactions and address whether SN dopaminergic neu-
rons are umguely susceptible (o degeneration by viriue
of the neurotransmitter they carry.

10.3.1 DA Chemistry and Oxidation

There are two distinet pathways by which reactive meta-
bolites can be generated from DA in the cell. The first
pathway is driven by the MAO enzymes (located on the
outer milochondnal membrane) and aldehyde dehydro-
genase where DA is converted to DOPAC (or dihydro-
phenylacetic acid) with the generation of H;Os in the
process. DOPAC can undergo further oxidation Lo form
DOPAC quinones and ROS. Normally, DOPAC qui-
nones will be conjugated to GEH. Those that fail to do so
may undergo conversion to 5-5-cys-DOPAC, which can
be further oxidized to other reactive species. The second
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pathway, which is described in detail below, involves the
oxidation of the catechol ring of DA to form ROS and the
electron-deficient quinone (Fig. 10.2).

It has been long appreciated that the neuromelanin
that necumulates i the lysosomes ol catecholaminergic
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neurons 15 the result of DA oxidation [54]. That this
accumulation begins early in life and is progressive has
been interpreted to mean that the process of oxidation of
catecholamines to their quinone oxidation producis 1s
continuous throughout one's lifetime. Unlike the oxida-
tion of L-3 4-dihydroxyphenylalanine (L-DOPA) by the
tyrosinase of melanosomes in melanocytes. the oxidation
of catecholamines in neurons is not tyrosinase dependent
and is termed “autooxidation.” a process initinted by
ROS as well as by molecular oxygen with transition
metal catalysis. (A recent report demonstrating the
presence of tyvrosimase m the bram [55] and thereby
supporting a role for tyrosinase in the oxidation of
catecholamines should be interpreted with caution. as
the observation may be a result of contamination by
leptominingeal melanocytes.) The autooxidation of cate-
cholamines is in addition to their oxidation by MAQ.
The process of autooxidation increases with increased
pH and is countered by reducing agents, such as
ascorbie acid. Thus the synaptic vesicle 15 an acidic
and reducing environment where catecholamines are
stable. whereas the higher pH of the eytosol enhances
antooxidation [56].

In 1978 Graham described for the first time in
complete form the autooxidative pathways for the
catecholamines to the quinone species that polymerize
to form neuromelanin [5]. As illustrated in Figure 10.2,
the one-electron oxidation by O, can convert DA (o 1ts
semiquinone radical (DASQ), which can be further
oxidized to DA orthoquinone (DAOQ), reactions that
senerale ROS m addition. The electron-withdrawing
carbonyls of DAOQ render the quinone ring ¢lectron-
deficient and thus a potent electrophile that can react
with external nucleophiles, such as the sulfhydryl func-
tions of proteins and reduced glutathione, The amino
function of DAOQ can then attack the quinone ring at
the G-position, an irreversible reaction that reduces
the carbonyls to hydroxyl functions and yields leukoa-
minochrome (LAC) Once formed, LAC 15 then also
vulnerable to autooxidation to yield the cyclized
quinone aminochrome (AC). AC can then undergo
tautomenzation  (an  intramolecular  rearrangement
that is neither oxidation nor reduction) to 5,6-dihy-
droxyindole (DHI), and DHI in turn can undergo
autooxidation to indole quinone (1Q) (Fig. 10.2). In
parallel to the formation of cumelanin in melanosomes,
it 1s likely that multiple species m this reaclion sequence
participate in the polymerization reactions that result in
neuromelanin,

As one would expect, other catecholamines are also
vulnerable to autooxidation to their corresponding
quinone species. However, DA is much more vulnerable
to autooxidation than either norepinephrine (NE) or
epinephrine (L) [5]. Furthermore, the orthoquinone
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products of NE and F evelize, respectively, 1o leuko-
noradrenochrome and leukoadrenochrome much faster
than the eyclization of DAOQ to LAC. The net result of
these two observations is that while DA, NE, and E can
all contribute to the neuromelanin polymer as the result
of autooxidation, DA stands out with its greater poten-
tial for cytotoxicity, through both generation of ROS
and its oxidation to DAOQ, with its greater availability
for reaction with external nucleophiles. It should be
appreciated that DAOQ., and especially the orthogqui-
nones derived from NE and E, are transicnt species that
cannol be observed durnng aulooxidation, as the oxida-
tions to the orthoquinones occur more slowly than the
subsequent eyvelization and oxidation steps. The only
methods by which the orthoquinones can be observed
are electrochemical oxidation [57] and through oxida-
tion with periodate. as first described by Graham and
Jefts [58]. Indeed. the latter paper and Graham (1978)
[5] established that catechols, like 1.2-glycols, form
eyelic iodate intermediates that are then hydrolyzed to
the orthoquinone. The use of periodate allows specific,
rapid oxidation of catecholamines that is not confound-
ed by additional products seen with other chemical
oxidants [5, 59]. It is noteworthy to mention that
orthoquinones have »,.. at 390 nm [5], not at 450 nm
as recently reported [00], as this is the A, of AC at
high pH through the dissociation of a proton (the h,,..
ol AC at neutral pH is 480 nm).

10.3.2 DA Oxidation and Neurotoxicity

Under normal conditions, DA is sequestered salely
within synaptic vesicle. However, vesicular DA storage
can be disrupted by vanous cellular stressors, resulting
in increased cytosolic DA that can become toxic. The
cytotoxicity of DA thought to play a role in neurode-
generation in PD is a product of ROS and reactive
quinones generated during oxidation. Being clectron
delicient, DDA quinones readily seek oul cellular nucleo-
philes such as the cysteine residues on proteins. Quinone
reactivity can thus deplete cellular stores ol reduced
plutathione. Indeed. elevated levels of 5-5-cys-1DA and
5-5-cys-DOPAC are observed in the SN of PD brains
[61]. Quinone reactivity can also result in the adduction
and cross-linking ol proteins, thereby altering their
normal functions. For example, the modification of
the PD-linked ubiguitin higase purkin by the guinones
derived from DA oxidation (DAQ) inactivates its enzy-
matic activity and promotcs its aggregation [62]. Consis-
lent with this, an merease i catecholamme-modihed
parkin was observed in the SNpc of postmortem PD
brains [62]. Furthermore, parkin appears to be uniquely
susceptible to DA-induced modifications compared to
several related E3 members such as HIHARI, Cbl, and

CHIP [38. 62, 63]. Given that [unctional parkin
plays an important neuroprotective role in the brain.
its modification by DAQ provides a mechanism for its
dysfunction that is relevant to the pathogenesis of
sporadic PD. Notably, a recent proteomic study per-
formed by the Hastings laboratory demonstrated that
DJ-1 can also be modilied by DA [64], although 1t is
not known whether DJ-1 function is compromised as a
result, In some cases, DA conjugates can be directly
toxic. For example, modification of n-synuclein by DAQ
stabilizes the PD-associated protein in its protofibrillar
lorm that can permenbihze synaptic IDA-contamng vesi-
cles [65]. The resulting vesicular DA leakage. in turn,
would augment the pathogenic process. Moreover, DAQ-
synuclemm adducts can seed the formation of oligomeric
complexes that not only inhibit the normal degradation
of the protein by chaperone-mediated autophagy (CMA)
but also block the degradation of other CMA substrates
in the process [66]. The net result is the accumulation of
oe-synuelein (and other proteins) and an impaired CMA
function. Interestingly. a-synuclein can also interact with
DA transporters and facilitate their clustering at the cell
surface, the consequence of which 15 an aeceleration of
DA uptake leading to increased ROS and sensitivity
toward DA-induced apoptosis [67]. Finally, several
groups have shown that DA oxidation products can
promote  mitochondrial  dysfunction through the
impairment ol the activity of ETC, as well as inducing
mitochondrial permeability transition pore (mPTP) open-
ing leading to organclic swelling [68-71]. Trreversible
opemng ol the mPTP is known Lo promole the release
of proapoptotic lactors into the cyvtosol,

Supporting a toxic role for DA, mice administered
with exogenous DA via intrastriatal imjection exhibit
degeneration of SN dopaminergic neurons that begins
in the terminal fields and progresses to eventual loss of
cell bodies, the extent of which appears to correlate
with the levels of quinone-modified proteins and can be
reduced by antioxidant trentment |72, 73], Furiher-
more, mice engineered to express a mere 5% of normal
VMAT?2, a transporter that normally scquesters cyto-
solic DA into vesicles, display progressive migrostriatal
dopamine dysfunction that ultimately results in neuro-
degeneration [74]. Alongside this, elevated cysteinyl
adducts to L-DOPA and DOPAC are seen early and
are followed by increased striatal protein carbonyl,
F-mitrolyrosine  [ormation. and the accumulabion ol
w-synuclein [74]. More recently, an elegant study in
mice performed by Chen and collcagues demonstrated
that strital neurons engmeered 1o take up extracellular
DA exhibit degeneration within weeks, a phenotype
that is accompanied by substantal oxidative protein
modifications and decrease in glutathione level [50].
That forced uptake of DA by a neighboring cell (that



is normally GABAergie in nature) can resull inoils
loss is a testimony to the cytotoxic role of DA,

10.3.3  Is DA Really the Culprit?

In view of the toxic potential of oxidative reactions
involving DA, and the experimental evidence supporting
the cytotoxic effects of DA oxidation products in vivo,
it is curious that a considerable regional variability
exists in the vulnerability of DA neurons toward degen-
cration in PD. Notably, the mesencephalon contains two
major dopaminergme neuronial populations, namely, the
A9 neurons of the SNpc that project to the striatum
along the nigrostriatal pathway and the A0 neurons of
the ventral tegmental area (VTA) that project to the
limbic and cortical areas along the mesolimbic and
mesocortical pathways [12]. Despite their anatomical
proximity and biochemical and electrophysiological sim-
ilarities, the A9 neurons are the ones that are selectively
lost in P, Furthermore, this subset of dopaminergic
neurons are also lost at a significantly faster rate com-
pared to other neuronal types under conditions of
normal aging in the apparent ahsence ol environmental
toxin exposure [75], Although the exact reason for this
selectivity remains unclear, Chung and colleagues have
recently demonstrated that the expression of antioxidant
genes is intrinsically higher in A9 ncurons than in Al0
neurons [76]. suggesting that A9 neurons may be con-
stantly experiencing a sustained heightened level of
oxidative stress. Given this, one would assume that the
ability of AY neurons Lo cope with sudden or chrome
increase in ROS production may be more limited than
that of their Al0 counterparts. Supporting this. treat-
ment of the two neuronal populations with ROS inducers
such as MPTP. 6-OHDA., and paraquat (all of which are
parkinsonian neurotoxins) results in the death of A9 but
not Al0D neurons [26, 77, 78]. Conversely, transgenic
mice with increased activity of SODI1 or glutathione
peroxidase, key ROS scuvenging enzymes, are resistani
to MPTP-induced dopaminergic neurodegeneration
[57, 79].

Why the AY neurons are in an apparent state ol
heightened oxidative stress is, however unclear,
although a recent study by Mosharov and colleagues
demonstrated that cytosolic DA concentrations in these
neurons are significantly (2- to 3-fold) higher than in the
more resistunt VTA neurons [B0]. Nol surpnsigly,
cytosolic DA-enriched A9 neurons are found to be
more sensitive than A 10 ncurons to the toxic effcets of
an acule 1-DOPA challenge [RO]. The difference m DA
levels between these two groups of neurons may be
attributed to differences in synthesis (as there is no
significant difference with regard to precursor uptake,
storage, or degradation of DA), which appears to be
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related 1o the use of distinet ealeium (Ca”™™) channels by
these neurons. Unlike the VTA neurons, AY dopami-
nergic neurons use L-type Ca™* channels to help main-
tain autonomous pacemaking [81]. By wvirtue of the
activity and thereby opening of this type of channel in
the absence of synaptic inputs, the AY neurons experi-
ence a significantly larger magnitude and spatial extent
of Ca®* influx [82). Importantly. antagonizing L-type
Ca”™ channel diminishes the differences in cytosolic DA
levels between A9 and A1D neurons and concomitantly
reduces the toxic effects of acute L-DOPA treatment in
the Tormer group ol neurons [80], suggesting a complex
interplay between calcium and DA in the degencration
of A9 neurons in PD.

The reliance of SN dopaminergic neurons on voltage-
dependent L-type Ca®* channels obviously comes with a
price. as intracellular Ca™ concentration is under very
tight homeostatic control by the actions of ATP-dependent
pumps whose operations are metabolically expensive,
A sustained entry of Ca’™ in these neurons would presum-
ably work the mitochondria machinery harder and con-
comitantly raise the level of ROS that would predispose
them to oxidative siress-induced degenerntion. Supporting
this, a recent clegant study conducted by Guzman et al, [83]
in transgenic mice showed that the basal oxidation of a
mutochondrially localized redox-sensitive form of GFP
(mito-roGFP)is indeed significantly higher in SN dopami-
nergic nearons relutive to their VTA  counterparts.
Furthermore, the level of mito-roGFP oxidation in SN
(but not VTA) dopaminergic neurons can simply be
lowered by the administration of L-type Ca’" channel
antagonists in these transgenic mice. Importantly. the
ablation of DJ-1 expression results in the amplification of
basal oxidant stress in SN dopaminergic neurons, Collec-
tively, the findings by Guzman et al. emphasize the intimate
relutionship between L-type Ca” " channels and mitochon-
drial oxidant stress. This “L-type Ca”' hypothesis™ [82] is
certainly an attractive proposition, as ncurons in the
locus ceruleus (1.C) that are also lost i the PI) hrain
are similarly autonomous pacemakers dependent on the
activity of L-type Ca’* channels [84]. Furthermore,
the majority of A10 neurons contain Ca” -hinding pro-
teins such as calbindin D-28K that are capable of buffering
intracellular Ca®* to prevent it from rising to damaging
levels within the cell [83]. Comparatively, the AY neurons
express calbindin D-28K at significantly lower levels [76].
However, it 1s noteworthy that PD pathology according (o
the neuropathological staging proposed by Braak is not
confined to the SN or LC but progressively extends
from the caudal 1o the rostral braim regions, mvolving
not just the dopaminergic system but also noradrenergic,
cholinergic, and serotonergic systems that may or may
not rely on L-type Ca®" channels |86). Thus. as attractive as
the “L-type Ca?t hypothesis” may seem, it does not
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adequately explain all the predilection sites in the PI) brain,
although it remains an extremely attractive factor underly-
ing the vulnerability of SN dopaminergic neurons to
degeneration

10.3.4  Extracellulur Oxidative Stress

It is important to recognize that in addition to intrinsic
factors, extrocellular oxidative stress mediated by acti-
vated glial cells may also accelerate the degeneration of
SN dopaminergic neurons in discase conditions, In their
normal state, ghal cells participate in the mamtenance ol
neuronal homeostasis in several ways, including provid-
ing trophic support to neurons and helping to clear
neurotransmitter released into synapses [87, 88]. Upon
their activation during neurcinflammation, reactive
astrocytes and microglia release various inflimmatory
cylokines and complement factors to repair or dispose of
damage cells and thereby reestablish the regional micro-
environment. Associated with this is the production of
ROS and RNS [8Y]. Although beneficial. excess or
chronic ncuroinflammation can obviously exert unin-
tended deleterious ellTects on neighboring dopaminergie
neurons and contribute 1o disease progression [90]. The
activation of glial cells is well documented in affected
regions of the PD brain, as well as in genetic and toxin-
induced models of PD [91]. Glial cell activation is
usually accompanied by the wpregulation of iINOS,
which is either absent or expressed at very low level in
the normal brain, Notably, INOS null mice are less
susceptible to MPTP-induced nearotoxicily compared
to their wild-type counterparts and. accordingly. display
reduced staining for markers ol oxidative stress [80)]
Similarly, mactivation of the inflammatory enzyme
NADPH-oxidase, which catalyzes the production of
superoxide [rom oxyvgen and NADPH. results in the
attenuation of MPTP-induced neurotoxicity in mice [92].
The expression of both iNOS and NADPH-oxidase are
elevated i the P1Y braim |92, 93] Activated microgha is
also known to upregulate the expression of cyclooxy-
genase-2 (Cox-2) and thereby the synthesis of prosta-
plandins that could, m tourn. kil neurons  directly
through the activation of caspase-3 or indirectly via
the excessive release of glutamate by astrocytes [94].
Interestingly, SN dopaminergic neurons express Cox-2,
suggesting that dysregulated Cox-2 levels may lead to
cell-uutonomous sweide [95). Inhibition of Cox-2 appar-
ently mitigates the formation of the deleterious DA-
quinone and reduced toxicity in a MPTP mouse model
[95]. Notwithstanding the obvious damage 1o neighbor-
ing cells that chronic neuroinflammation could bring,
the glial response is often taken 1o be a secondary cause
of the neurodegenerative process. Furthermore, neuroin-
flammation is not limited to PD but a consistent feature

ol neurodegenerative disenses in genernl. Nonetheless,
the role of non-cell-autonomous neuronal death is
regaining its prominence in the field as more and more
researchers are revisiting the cross talk between neurons
and glial ¢ells in neurodegenceration,

10,4 THERAPEUTIC IMPLICATIONS

Given the apparently compelling role of oxidative stress
in PD pathogenesis, strategics aimed at reducing oxida-
tive stress should m theory mitigate disense progression
and provide clinical benefits. Indeed, the success of such
strategies will provide the ultimate prool of concept that
oxidative stress 1s a key factor underlying neuronal death
in PD. The first controlled clinical trial to evaluate the
potential of antioxidants as neuroprotective agents was
the Deprenyl and Tocopherol Antioxidative Therapy of
Parkinsonism (DATATOP) study [96]. Deprenyl (selegi-
line) 1s an irreversible MAO-B inhibitor that is expected
to reduce the formation of DOPAC and hvdrogen
peroxide from oxidative deamination of DA. In so
doing, deprenyl would decrease the lTormation of oxyra-
dicals from hydrogen peroxide generated by DA metab-
olism. o-tocopherol is vitamin E. an established
antioxidant. However. this study together with several
other subsequent studies utilizing similar antioxidant
sirategies  [ailed 1o produce convincing  protection
against PD. I oxidative stress is indeed the primary
cause of PD pathogenesis, why have these trials appar-
ently lailed? There could be several explanations for the
generally disappointing outcomes of antioxidant clinical
trials in PD, including the smdy design involved, the
availability of administered compounds in the brain, and
the heterogeneity of PD patients. Furthermore, as much
us we like to believe that oxidative stress is a central
plaver in PD pathogenesis, it is obviously not the
only player but one important factor among several
others all interwoven in a tapestry of events underlying
the degeneration process. To expect a singular therapy
to work effectively for a complex disease like PD may
Just be too tall an order. Perhaps a combination of
therapies targeted at major problem centers in the
pathogenic cascade may be the way to go, although
getting adnunistrative approval for such cocktail drug
trials would invariably pose a challenge. A “druggable”
largel reluled to the oxadalive stress cascade 15 obviously
the L-type Ca®' channel, which can be antagonized by
dihydropyridines (DHPs). DHPs have been approved
for humuan use [or the trentment ol hyperlension.
Interestingly, a large Danish study conducted recently
demonstrated that reducing Ca®* influx in the brain via
the administration of DHPs decreases the risk for PD
[97]. Given the interplay between DA and calcium in



dopaminergic neurodegeneration, and the availability of

FDA-approved Ca®' channel antagonists, it may be
worthwhile to explore the clinical benefits of combining
antioxidants with Ca’" channel blockers for the PD
patient,

10.5 CONCLUSION

It is apparent from the discussion above that oxidative
stress has a definite rele in PD pathogenesis. Indeed,
virtually all the emidermological PD nisk Tctors identified
to date are directly or indirectly linked to oxidative stress.

Similarly, the majority of the genetic causative factors of

the disease are associated in one way or another with
oxidative stress. Lven normal aging. recognized as an
unequivocal risk factor for PD. is accompanied by
increased indices of oxidative stress. Coupling these
phenomena to the knowledge that intrinsic pro-oxidant
fuctors like iron, DA, and L-type Ca’" channel all can
confer neuronal vulnerability to degeneration. it is hard
not to be persuaded by the oxidative stress hypothesis in
P> pathogenesis. However, g nagging question that
constantly surfaces is whether oxidative stress represents
a cause or a consequence of PD. The “chicken and egg”
argument here is that oxidative stress can be as much a
promoter as it is a result of neuronal death. This is
i longstanding debale that s difficull 1o resolve.

As discussed above. several studies have highlighted
an unequal distribution of pro- and antioxidant factors
m dilferent regions ol the brain [98]. Notably, the basal
oxidant level in vulnerable ncurons is typically higher
than in neighboring ncurons that are unaffeeted, as in
the case between AY and A10 dopaminergic neurons,
even in seemingly healthy brain. The most logical
assumption to make here is thut neurons with high
intrinsic oxidant levels are predisposed to degeneration
but not neeessarily already exhibiting signs of degenera-
tion or pndergoing degeneration. The corollary 15 thal
oxidative stress is unlikely to be a mere passive conse-
quence of neuronal death. notwithstanding that dyving
neurons can further elevale pro-oxidative evenis. A
related question that many often ask is whether oxida-
tive stress represents a primary or secondary event in
PD. Perhaps a more pertinent question to ask here is
whether we should be taking a reductionist approach in
pmpomnting  causative [actors o PD. Muny  would
agree that the PD pathogenesis involves an intricate
nctwork of interacting pathways rather than a lincar
sequence ol events. For example, oxidative siress can
cause mitochondrial dysfunction and vice versa. Like-
wise, oxidative stress can damage the proteasome, and,
conversely, proteasome dysfunction can also lead to
oxidative stress [99]. In this circle of events, oxidative
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stress can therefore be a primary cause as much as i1 can
represent a secondary cause of the disease. The impor-
tant thing to recognize is that while oxidative stress is a
persuasive key player in PI) pathogenesis, it is likely to
be one among several other key players.
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1.1 INTRODUCTION

Cardiovascular diseases comprise several complex con-
ditions, such as inflammatory, cerebrovascular, ische-
mie, hypertensive, and rheumatic diseases. Collectively,
cardiovascular diseases contribute to 30% of all causes
of mortality around the world, whereas ischemic heart
diseases alone represent ~ 13% (Fig. 11.1). Besides the
invaluable loss of lives, cardiovascular diseases also
contribute to economic burden |1),.

As for all complex diseases. there 1s not a single cause
for cardiovascular discases. However, several lactors
have been described as nisk laclors lor the development
of cardiovascular diseases (2], Among these are high-fat
dict, smoking, alcohol consumption, age. sex, and race.
Interestingly, despite the broad range ol mamlestation,
atherosclerotic plaque formation could be considered
the common starting peint for all cardiovascular dis-
eases. It has a chromic mAammatory component, but its
effects may manifest acutely, as stroke or acute myocar-
dial mlarction.

Reactive oxygen species (ROS), reactive nitrogen spe-
cics (RNS), and oxidative stress are the basis of many
hypotheses nhoul the development ol cardiovascular dis-
gases, Both ROS and RNS have important physiological
functions as chemical weapons in immune cells, vascular
tonus regulators, and signaling molecules [3]. Conversely,
ROS and RNS can have roles as bad agents during the
onset and progression of cardiovascular diseases. Why
does this happen? Mainly because risk factors are sup-
posed to cause imbalance, cither favoring ROS/RNS

production or impairing antioxidant mechanisms. Thus
it 15 ensy to understand why smoking, which can decrease
antioxidant defenses and generate reactive aldehvdes,
represents a risk factor for cardiovascular discascs [4].

The discovery ol lhe imbalance between ROS/RNS
generation and its consumption in cardiovascular dis-
cascs led to the false belief that the Holy Grail was found
and that antioxidant therapy could be life saving. The
truth is that resecarchers have not found a common
ground and the evidence is still controversial, as we shall
see further in this chapter.

11.2 FREE RADICALS—ORIGINS AND FATES

Free radicals are molecules or aloms that are able Lo have a
free existence despite having one unpaired electron, which
confers a high reactivity. Among the most-studied free
radicals are superoxide (O37), hydroxyl (HO®), peroxyl
(RO3). and nitric oxide (NO®). Reactive oxygen species
(ROS) are a wide cluss ol reactive molecules thal mcludes
free radical and other nonradical molecules that are
also highly reactive. Also considered ROS are molecules
such us hydrogen peroxide (Hx():), hypochlorous aeud
(HOC), ozone (Os), and peroxynitrite (ONOO ) [3].
Superoxide is the most abundant free radical in eclls,
Despite this, itis not highly reactive. Even so, it canact asa
signaling molecule or as a substrate for 11;0; and perox-
ynitrite generation. Perhaps the main source ol superoxide
is the electron transport chain in mitochondria, since 1t has
been estimated that 1-3% of total oxygen is leaked as
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Fig. 11.1

superoxide in physiological processes. NAD(P)H oxidase
oxidizes the reducing agent NAD(PIH and transfers the
electron 1o the molecular oxygen. yielding superoxide. [1is
mainly employed as a chemical weapon by neutrophils and
macrophages, but it is highly important in endothelial
and myocardial dysfunction [5]. Xanthing oxidoreductase
is also an important source of superoxide that oxidizes
xanthine or hypoxanthine in uric acid and transfers the
electron to NAD ' rather than to Os. In some cases, such as
after myocardial infarction, this enzyme suffers spatial
modilications that make it an oxidase that translers the
¢lectron to oxygen rather than to NAD" (see Fig. 11.2).
Superoxide dismutase is the enzvmatic defense
against superoxide produced in cells and exists in three
isoforms; a manganese-dependent mitochondrial iso-
form (Mn-SOD), a copper- and zinc-dependent cytosolic
isoform (Cu.Zn-SOD), and an extracellular tetrameric

HOY | HO | Cu' (Fe'’

03_%- no,
saD CAT

GPx H,0 + O,

X
NADPH
vxidase
Fig. 11.2  The three main sources of superoxide radical in cells
are mitochondrin, xanthine oxidase (XO) and NAD(P)H
oxidose. After superoxide production, a chain of coupled
enzymatic reactions leads to the consumption of reactive
oxygen species Lo avoid oxidative stress. In the case of hydro-
gen peroxide accumulation, the reaction with transitional
melals generates the most harmlul radical. hydroxyl.

1
N - ®

% of all deaths

Estimated deaths by cause worldwide. Data from World Health Organization for 2004,

Cu.Zn-dependent isoform (EC-SOD). These enzymes
act on superoxide. and the produet is hydrogen perox-
wle, accordmg Lo reaction (1) 1in Figure 11.3.

Although hydrogen peroxide is not a free radical, it is
important as a signaling molecule, since it is highly
diffusible. Moreover, the reaction ol hydrogen peroxide
with transitional metals (e.g. Cu’, Fe*") yields the most
reactive and harmful radical in biological systems,
hydroxyl. To avoid hydroxyl generation, the antioxidant
enzymes such as catalase and glutathione peroxidase
(GPx) are able (0 use hydrogen peroxide lo generale
water and molecular oxygen, according to reactions (2)
and (3) in Figure 11.3, respectively. This chain of events
15 depicted in Figure 11.2.

MO is a diffusible gas that has important physiologi-
cal roles. The source of NO can be any of the three
isoforms of nitrie oxude synthase NOS): neuronal
(nNOS), endothelial (eNOS), or inducible (iINOS).
NOS converts the amino acid L-arginine into NO and
another amino acid, L-citrulline. Certain cofactors are
needed, such as FAD, FMN., and tetrahydrobiopterin

(BH ). NOS can also produce superoxide i the presence

(1) 20, +2H'  SOD_ H,y0,+ 0,

(2) 2H,0, CAT_ 2H,0+ 0,

(3) H,0,+2GSH GPx 21,0 + GSSG
= —_—b

Fig. 11.3 The main enzymalic antioxidunt system is shown.
Equation (1) represents the action of superoxide dismurase
{SOD) on superoxide radieal. Equation (2) represents the
action of enzyme catalase (CAT) on SOD product hydrogen
peroxide. Equation (3) represents the action of glutathione
peroxidase (GPx) on the same hydrogen peroxide. The differ-
ence 15 the necessity ol reduced glutathione (GSH) as colactor.



ol low levels ol BH,, which may contribute (o athero-
sclerosis generation, as we shall see. NO exerts its
signaling effects binding to iron-heme groups in guany-
late cyelase. The signaling effects are best comprehended
as antihypertensive, since NO can stimulate ¢cGMP
synthesis in smooth muscle of blood vessels and thus
induce relaxation and lower blood pressure. Besides its
physiological roles, NO can react with superoxide to give
peroxynitrite. This nonradical ROS is able to oxidize
reduced cysteine, lipids, and DNA. The most-studied
damage in proteins is the modification of tyrosine to 3-
nirolyrosine.

To summarize, in case of any disturbance between
free radical production and its consumption by the
antioxidant system, harmful species can anse. These
species are prone to react with any molecule, such as
DNA, protein, and lipids. which may lead to errors
in transcriptional activity, signaling, and membrane
permeability, When this damage overcomes the capabil-
ity of the organism for repairing it, oxidative stress
takes place.

113 CARDIOVASCULAR DISEASES

Although cardiovascular diseases might vary in their
symptoms, endothelial dysfunction, hypertension, and
atherosclerosis appear (o be at the core ol all cardiovas-
cular complications. The formation of atheromatous
plaques can increase blood pressure and vice versa.
Narrowmng of blood vessels may lead o ischemie evenls
that increase free radical production that damages cells,
contributing to endothelial and cardiac dysfunction.
From development to progression, redox imbalance
and subsequent oxidative stress play a crucial role in
all these diseases.

11.3.1 Atheroselerosis

Atherosclerosis is characterized by thickening of the
arterial wall due to macrophage infiltration, smooth
muscle migranon. and cholesterol deposition. Symploms
can occur late in the course of atherosclerotic plaque
formation and are mainly due to the narrowing of
vascular lumen or to the rupture ol plaque, which leads
to the obstruction of a small capillary. Regardless of the
type of manilestation, the linal event s the decrease ol
blood supply to the organ. Initiation and progression
of atherosclerosis involve complex mechanisms, and
many aspects are still not understood.

Again, the participation of free radical in atheroscle-
rotic plaque formation seems to be a unilying theory, since
all known risk factors contribute to ROS/ RNS generation.
For example, I's-isoprostanes, a well-accepted marker of

N
n
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lipid oxidation, nitrated proteins, and hipid hydroperox-
ides, are all associated with increased risk for developing
atherothrombotic diseases. Morcover. several stimuli that
In some way participate in atherosclerotic plaque forma-
tion also trigger NAD(P)I oxidase-mediated superoxide
production [6]. For instance, fluid shear stress, the fric-
tional lorce generated by blood flow over the vascular
endothelium, is a major factor in atherogenesis. Branched
and curved arteries are considered prone to lesion. where-
as straight arteries are less prone. Interestingly. cultured
endothelial cells subjected to shear stress in vitro produce
twice as much superoxide and monocyte bindmg than cells
subjected to laminar stress. Also, this effect does not occur
in cells deficient in p47 protein, a component of NAD(P)H
oxidase complex [7].

NO can be synthesized constitutively by endothelial
isoform of NOS (eNOS) or, after un induction, by the
inducible isoform (iINOS). The former participates in
vascular tonus regulation, antagonism of platelet aggrega-
tion, and leukoceyie binding, whereas the latier is mvolved
in the proinflammatory process [8]. The inducible isoform
15 detected in human atheroma as soon as monocyic
mfiltration and Toam cell differentiation starts [Y]. Also,
it was recently shown that iNOS colocalizes with other
proatherosclerotic luctors (ACE and AT,) whereas eNOS
vanishes in endothelial cells from autopsy [10].

Despite being considered essential as antiathero-
sclerotic, eNOS deletion in mice 15 nol enough (o induce
plague formation because nNOS compensatory activity
can keep NO production in a normal range [11]. Tt is
noleworthy that eNOS can undergo a process called
uncoupling in which the reduction of molecular oxvgen
is no longer coupled with L-arginine oxidation. Thus
eNOS generates superoxide rather than NO [12]. Among
several factors that could lead 1o ¢eNOS uncoupling, BH,
deficiency und presence of asymmetrical dimethyl argi-
nine (ADMA) appear to be the main factors. BH, acts by
improving L-arginine binding and donating the second
glectron 1o oxygen reduoction. Thus, n the absence of
BH,. eNOS still partially reduces oxvgen without oxidiz-
ing L-arginine, generating superoxide [12]. ADMA may
aet as an eNOS inhibitor by competitive inhibition of L-
arginine oxidation or may uncouple ¢NOS activity, In
fact, it has been found that coronary artery disease
patients carrving the low-activity form ol the rate-limiting
enzyme in BHy synthesis (GTP cyclohydrolase 1) produce
more superoxide and oxidized low-density hpoprotein
(oxLDL) and demonstrate diminished response to acetyl-
choline induced vasorclaxation [13], Plasma levels of
ADMA were mversely related 1o acetyleholme-mduoced
vasorelaxation in saphenous veins collected from patients
undergoing coronary bypass surgery, whereas it was
directly related to superoxide production by both saphe-
nous vein and internal mammary artery [14].
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Oxidative siress can have two main consequences:
First, after oxidizing catalytically active or structural
biomolecules, it can lead to a loss or gain of function and
thus precipitate some dysfunction. Second. oxidatively
modified molecules become a new class of molecules,
and some of them can bind to membrane receptors and
trigger signals. A good example is the increased level ol
oxidation of fibrinogen seen in patients with coronary
artery disease. Formation of NO-derived species can
lead to 3-nitrotyrosine formation in fibrinogen. The
conscquence is an aceelerated and aberrant fibrin poly-
merization that presents resistance (o lysig [15-17].

In addition to oxidative modification. a process called
glycation also occurs in diabetes and is believed 1o
contribute to the generation ol atherosclerotic plaque,
Briefly. glycation consists in a series of processes that
involve a nonenzymatic reaction between a reducing
sugar (e.g.. glucose) and amino groups of proteins to
form a reversible Schill base. This reaction is prone
to some arrangements, and Iree radieals are part of this
complex process. After that. a new and heterogencous
class of molecules called colleetively advanced glyeation
end-products (AGEs) anses [18]. Among the epitopes
generated are N'-(carboxymethyl)lysine (CML), pento-
sidine, and GA-pyridine. CML has been extensively
studied and has been associated with a variety of
inflammatory processes. Immunohistochemical studies
have already lound CML and GA-pynidine in human
atherosclerotic lesions both intracellularly in foam cells
and in the extracellular environment [19, 20].

Whether AGE lormation is a consequence o an
inflammatory process or it has any active role in athero-
sclerotic plaque generation scems not to be under debate
nowadays. AGEs constitute a class of signaling mole-
cules that exert their effects mainly through receptor for
AGE (RAGE). RAGE is a transmembrane receptor
belonging to the immunoglobulin superfamily that acts
as a multiligand receptor [21]. Among the RAGE ligands
are AGiEs, STO0/calgranulin proteins, high mobility box
group | protein (HMGBI), and oxLDL [22]. One of the
best characterized consequences of RAGE activation is
the stimulation of free radical-generating pathways,
which in turn will lead to the generation of additional
AGEs and oxLDL. Moreover, RAGE stimulation trig-
gers intracellular signaling that culminates with NF-sB
translocation to the nucleus. which is largely deseribed as
o transcriphonal factor associated with promllummatory
response [23]. In line with this, diabetic mice lacking
RAGE showed less incidence of atherosclerotic plaque
formation in aorta than mice expressing RAGE [24]. The
central role of RAGE in atherosclerosis development
suggests that this receptor should be seen as a therapeutic
target in that condition. In fact. this suggestion has
already been tested in animal models with good results

[25], but unfortunately there ure no current clinieal trinls
testing this approach.

Environmental factors are well-established risk fac-
tors for atherosclerosis development, and many of them
are linked to oxidative stress generation inside the body
or are themselves reactive species. Cigarette smoking is
one of the most important and moditiable nisk factors
associated with the generation and progression of car-
diovascular diseases [26]. Ciparetie smoke contains high
concentrations of free radicals. such as superoxide, NO,
carbon-centered radicals, and other toxic compounds,
such as acrolem and formaldehyde. Even passive smo-
kers have increased risks for cardiovascular diseases that
are mediated by inereased oxidative stress [27]. Guinea
pigs subjected to cigarette smoking for 28 days develop
atherosclerosis. which could be avoided with dietary
vitamin C supplementation [28]. This rationale indicates
that free radicals are important in the onset and pro-
gression of atherosclerotic plague.

However, antioxidant supplementation in humans
(smokers and nonsmokers) has yielded contradictory
results. Vitamin E supplementation (800 [U) scems to be
protective i @ cohort ol atherosclerotic patients, decrens-
ing the risk of nonfatal myocardial infarction by hall'[29].
Despite this, a study with a large cohort followed up for
6 years demonstrated that vitamin E alone has no effect on
atheroselerosis progression [30]. Even so, when associated
with vitamin €. the antioxidant therapy was able 1o
diminish the intima-media thickening in the common
carotid artery of smoker subjeets [30],

Diel 15 another source of toxie compounds that could
contribute to atherosclerosis development. AGEs can be
generated during the cooking process. and after inges-
tion they can reach the circulatory system and partici-
pate in some mechanisms. Diabetic patients with a poor
AGE diet presented decreased levels of circulutory
AGE. VCAM, and C-reactive protein compared with
a regular diet [31]. The relation between dictary AGEs
and atherosclerosis 1s better undersiood when looking
at preclinical models. For instance, mice subjected to
femoral artery injury and fed with low-AGE diet pre-
sented less neointima area and larger luminal area than
the high-AGE diet group, These data reinforce the
role of AGEs in neointima proliferation after vascular
lesion [32],

11.3.2 Heart Infarction and Hearl Failure

The hcart is a highly oxidative organ, and fatty acid
oxudation 15 responsible for 60-80% ol 1ls energy
requirement [33]. Because of this oxidative metabolism,
25-35% of total cardiomyocyte content is occupied by
mitochondria [34]. Even under physiological states (nor-
moxia), 1-3% of oxvgen is leaked as free radicals by



mitochondria, and this value can he mmerensed several-
fold during or alter infarction.

Acute myocardial infarction is defined as an interrup-
tion in the blood flow in myocardium. The most com-
mon cause is the occlusion of coronary artery lollowing
the rupture of an atherosclerotic plaque, and the obvious
consequence 15 the death ol starved cells. During the
infarction, oxidative stress is caused both by inflamma-
tory cells that infilirate and by cardiomyoceytes afier the
onset of necrosis. There is no doubt that the ischemic
process must be stopped and that the reestablishment of
blood Mow 1s necessary 1o avoud acute hearl Cailure, This
can be done through pharmacological thrombolytic
therapy or surgically, and these interventions help to
decrease the mortality rates after acute myocardial
infarction [35]. It turns out that this procedure is
considered u “double-edged sword™ since it is as harm[ul
as it is necessary and results in “ischemia-reperfusion
injury” (IRI). The clinical manifestation of IRT is seen as
myaocardial stunning, arrhythmia, myocyte death, and
endothelial/microvascular  dysfunction [36]. Several
intricate steps occur after IRI. and free radicals act
centrally in this process. Chronic treatment with [i-
blockers, aspirin, angiotensin-converting  enzyme
(ACE) inhibitors, and statins have improved the survival
and the quality of life in infarcted patients., However,
myocardial infarction remains a prevalent event with
devastnting consequences since 10 canse loss of cardio-
myocytes, which are terminally differentiated cells. With
few myoeytes remaining it is hard 1o sustain adequate
contractile function and heart Galure develops.

11.3.3  The Ischemic Phase

During the ischemic process low levels of oxygen and
nutrients arrive in the heart. The only way to keep the
levels of ATP for contractile Function is by increasing
the glyeolysis rate, which will lead to an overload of
lactate and aeidosis. As the glycogen vanishes, there will
be a fall in ATP levels and an increase in its degradation
products (hypoxanthine). These changes in energetic
halance are the mamn cause of mitochondnal permeabili-
ty transition (MPT) pore opening [37]. The MPT pore is
a voltage- and Cﬂ:"'—dependent high-conductance chan-
nel, whose opening leads to the increased permeability of
inner mitochondrial membrane with consequent dissipa-
tion ol the electrochemcal proton gradient that drives
mitochondrial functions. Also, MPT pore opening pro-
motes the release of free radicals and cytochrome ¢,
a4 proapoptonic [actor that, once m cylosol, Inggers
caspase-3 and the apoptotic process [38]. The increase
in permeability caused by MPT pore opening causes an
influx of water into the mitochondrion, which makes it
swell. The final step is the rupture of this organelle.
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When the msult 15 severe, there will be neither time nor
ATP for the cell to enter the apoptotic process, and
necrosis will occur. In fact, it was recently confirmed by
atomic force microscopy that mitochondrial swelling
happens in infarcted rat hearts [37].

11.3.4 The Reperfusion Phase

Prolonged periods of ischemia are related to necrosis,
whereas reperfusion is related to the start of apoptosis.
The recstablishment of glucose and oxygen restores the
ATP levels necessary [or apoptosis bul also restores
the levels of molecular oxygen needed to generate free
radicals. Then, as soon as the reestablishment of blood
flow takes place, the IRI starts. The ischemic process
that precedes reperfusion represents a priming phase in
oxidative stress. The ischemic process itself is not [ree
radical generating, since it causes the lack of the main
substrate, oxygen. However, as a priming phase, it
causes changes in xanthine oxidase (as discussed above),
in antioxidant enzymes and in several mitochondrial
proteins, which predisposes the cell to an oxidative burst
4% soom as oxygen enters the cell |39, 40,

All of the mechanisms involved in TRI are not well
known, but the overproduction of ROS, mainly by
mitochondra and xanthine oxidase, has been related
to IRI. During the ischemic process ATP levels fall and
the ADP lormed s also Turther oxidized 1o AMP,
adenosine, hypoxanthine, and xanthine, The enzyme
responsible for the last two steps is xanthine oxireduc-
tase that is presenl in the orgamism as the reductase
isoform. Xanthine reductase oxidizes xanthine and
transfers the electrons to NAD™ instcad of to O,
During an insult process, such as heart infarction, the
ion gradient disruption leads to Ca™ accumulation and
activation of Ca”“-stimulated proteinases. In the reoxy-
genation process, oxidation of —SH groups or limited
proteolysis of xanthine reductase converts it 10 an
oxidizing soform, and now the oxidation of xanthine
also leads to the monovalent reduction of molecular
oxygen, generating superoxide anion [3].

In laet. since 2003 a clear relationship has been recog-
nized between high serum uric acid and mortality in
patients with chronic heart failure [41]. Probably uric
acid in serum represents the increased xanthine oxidase
activity and, eventually, inercased oxidative stress in
those patients. In light ol these data, some studies have
attempted to link the use of allopurinol with decreased
mortality in heart failure patients. For instance, allopuri-
nol admimstration m patients enrolled [or revasculamza-
tion caused less cardiac damage. measured by creatine
phosphokinase and troponin I release. Moreover, patients
receiving allopurinol showed 13% less incidence of death,
infarction, or tachycardia in a 30-day follow-up [42].
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Perhaps a mujor role in IRI is developed by mito-
chondria. Besides being a source of [ree radicals in the
reperfusion phase. it is also a depository of proapoptotic
maolecules. Thus any dysfunction would lead to oxidative
damage and cell death. Isolated hearts subjected to IRI
have provided information about free radical generation
in a more confident way. since data [rom isolated
mitochondria may present some bias regarding the
isolation process and in vivo data are hard to obtain,
In this way. it was evidenced by electron paramagnetic
resonance (EPR) that ubisemiquinone, alkyl-peroxy
rachcal, and nitrogen-centered radical were generated
after the reperfusion [43]). The mitochondrial source of
ubisemiquinone and alkyl-peroxy radical could be con-
firmed in hearts perfused with sodium amobarbital, an
inhibitor of complex I of the mitochondrial electron
transport chain. The major consequence was a decreased
membrane lipid oxidation and high pressure developed
by hearts at the end of reperfusion [43].

An early target of mitochondrial free radicals is
cardiolipin. a phospholipid located inside the inner
mitochondrial membrane that is responsible for attach-
ing cytochrome ¢, The oxidation of this phosphohpid s
related to a decreased electron transport activity,
increased free radical generation, and cytochrome ¢
release with eventual caspase-Y activation [44]. Genetic
approaches and pharmacological studics confirm that
cardiomyocyte apoptosis plays o eruecial role in the
pathogenesis of many cardiac syndromes and patholo-
gies. For instance. the inhibition of cardiac myocyte
apoptosis reduces  imlarel size up o 50-70%  and
decreases cardiac dysfunction alter IR [45, 46].

The impairment of mitochondrial complex 1, 111, and
1V activity due to ROS-induced cardiolipin damage may
increase the electron leak from the electron transport
chain, generating more superoxide anion radical and
perpetuating a cycle of oxygen radical-induced damage,
which ultimately leads to a decrease in oxidative phos-
phorylation and 1o heart failure on reperfusion. Perhaps
a good strategy should be reperfuse with low pO, in
order to try to attenuate [ree radical gencration, as
demonstrated in asolated  rat hearts. This  siratepy
improved mitochondrial electron transport, decreased
H,0, production, and improved cardiolipin oxidation
compared with normoxic reperfused hearts [47).

Antioxidant enzyme modulation (¢.g.. SOD, catalase,
GiPx) seems nol o contnbule largely to the oxidative
damage in IRI. Some studies showed that Mn-S0OD
deereases after IRT [48], whereas other studics showed no
modulation m Mn-SO0D, EC-8O1Y, and Cu, Zn-SO0D con-
tent [49. 50]. Morcover, IR1 also promoted a decrease in
catalase and GPx in an in vivo model of transient ischemia
[51]. Taken together, these data suggest that the increase in
free radical production without a consistent compensation

ol the antioxidant muachinery contnbutes (o oxidative
damage in IRL Artificially increasing antioxidant enzymes
by transgenic overexpression or supplementing with exog-
enous enzymes/vitamins/antioxidants may contribute to
limit the damaged area. These data suggest that antioxi-
dant supplementation during reperfusion could avoid IRI
and render better results over the long term.

11.3.5 Cardiac Remodeling

Cardiac remodeling occurs in response to a variety of
stimuli, such as hypertension or myocardial infarction, I
represents functional and structural changes, and crucial
aspects are involved in remodeling: ventricular hyper-
traphy, development ol miterstitial ibrosis, loss ol con-
tractility, and chamber dilation. As the signs worsen,
heart failure takes place. These changes arc associated
with an extensive inflammatory process and are, Lo some
extent, necessary to replace the damaged myocardium,
As remodeling progresses, it becomes harmful by
compromising normal cardiac function [52],

11.3.6  Hypertrophy

ROS production is present in a variety of animal models of
cardiac hyperirophy (response to o-adrenergic agonists,
angiotensin 11 stimulation, and cychic stretch) [53). Free
radicals have an important part in coordinating the
cardine remodeling, and NAD(P)H oxidase seems 1o be
an important source, A study with mice lacking subunit
ap21P"* (Nox2) of NAD(P)H oxidase showed that there
was no hypertrophic response to angiotensin 11 in those
mice [S]. In contrast, mice lacking p91™™* were not
protected against hvpertrophy by aortic banding (a madel
of response Lo pressure overload), which seemed to be
compensated by an increase in expression of another
related subunit of NAD(PIH oxidase, Nox4, The role ol
free radicals in hypertrophy was further confirmed by
treating these mice with the antioxidant N-acetyleysteine,
which could prevent the hypertrophic response [54].
Superoxide anion appears to be central in the free radi-
cal-guided hypertrophy, since NADP)H oxidase madu-
lation can avoid hypertrophic response. The participation
of other ROS in cardiac hypertrophy can not be neglected,
since N-acetvleysteine 1s a nonspecific antioxidant.

11.3.7 Interstitial Fibrosis

The deposition of an excess of extracellular matrix con-
ponents between cardiomyocytes contributes to decrcased
cardiae elashieity and elecineal conduciance (see Section
11.3.10 Arrhythmia). The proliferation of myofibroblasts
is another key component of interstitial librosis.
NAD(P)H oxidase also participates in collagen | and
1T deposition in both perivascular space and left



ventricular (LV) tissue. Rats rendered hypertensive by
aldosterone treatment showed lower levels of collagen |
and TIT when treated with apocynin, an NAD(PMH
oxidase inhibitor [35]. Superoxide from other sources,
such as xanthine oxidase, could also participate in this
process. Infarcted mice develop extensive cardiac remo-
deling, but allopurinel. a xanthine oxidase inhibitor,
could reverse collagen deposition in myocardium and
preserve echocardiographic parameters, such as ejection
fraction and chamber diameter [56].

11.3.8  Contractility

Multiple mechanisms contribute to contractile dysfunc-
tion, including abnormalities of cardiomyocyte excitation-
contraction, mitochondrial dysfunction and energetic
deficit, loss of myocytes [rom the ventricular walls,
and alterations in the extracellular matrix. Interestingly,
NAD(P)H oxidase has a role in contractility of cardio-
myacytes independent of other effects that also interfere in
contractility (chamber dilation and fibrosis). Cardiomyo-
cytes isolated from mice lacking gp91™™* and wild-type
mice subjected to aortic banding clearly demonstrated
that NAD(P)H oxidase absence improved contractility
independent of other effects on the tissue [37]. Contractility
has been shown to preserved when another source of
supcroxide is blocked. Allopurinol, an inhibitor of xan-
thine oxidase, was ahle 1o preserve cordine contractility in
hearts from dogs with dilated cardiomyopathy [58].
The downstream effects of superoxide may involve the
wenerittion of other ROS and regulation ol sarcolemmal
ion channels, sarcoplasmic reticulum calcium release chan-
nel (the ryanodine receptor). sarcoplasmic retculum
calcium pump (SERCA 2a), and the contractile proteins
themselves [53, 59).

11.3.9 Chamber Dilation

Malrix metalloproteinases (MMPs), o family of enzymes
that catabolize collagen, elastin, and gelatin, and their
tissue inhibitors (TIMPs) are central during cardiac
remadehng. Several MMPs become activated in heart
failure [60]. In animal models, it has been demonstrated
that deletion of MMPs is accompanied by reduced LV
[61] dilation and inflammation after myocardial infarc-
tion. Conversely. deletion of TIMPs is accompanied by
mereased LY dilation alter myocardial mlarction (M)
[62]. Free radical participates in activation of MMPs.
Mice subjected to a model of pressure overload by aortic
constriction  present inereased  levels ol superoxide
and MMP-2 activation. Mice lacking iNOS did not
present MMP-2 activation or suffer all these adverse
remodeling effects on the heart. Such effects could also
be avoided by the selective iNOS inhibitor administered
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in wild-type mice subjected 1o aortic constriction [63], In
the same line, infarcted hearts from mice that were
treated with allopurinol presented attenuated chamber
dilation compared with those who were treated with
saline [56]. Morcover, other studies have demonstrated
that heart-specific deletion of Mn-SOD promoted a
progressive dilated cardiomyopathy [64]. Collectively,
these data suggest the importance of free radicals in the
progression of chamber dilation.

11.3.10  Arrhythmia

Arrhythmia is defined as any change in the electrical
activity in the heart. Tt is classified according to the
alteration produced. Tachycardia consists of accelerated
heartbeat, while bradycardia is characterized by a slower
pump rate. Although events of arrhythmia can result in
cardiac arrest and sudden death, some arrhythmias
oceur as sparse events and are not considered as threats,
The most important causes of arrhythmia are coronary
artery disease and atrial fibrillation (AT). the latter being
closely associated with postsurgery inflammation.

11.3.11  Atrial Fibrillation

AF is characterized by rapid electrical activity of the
atria that leads to abnormal ventricular activity [63].
Omne general canse of AF is heart [ailure (HF), although
intrinsic mechanisms vary and are not well understood.
Besides HF, diabetes mellitus and cardiac surgery
imerense the nisk of AF [66].

Animal models have shown that increased atrial
pacing is associated with inercased superoxide produc-
tion. In addition, most of this radical i1s produced by the
enzyme NAD(PIH oxidase [67]. In humans, NAD(P)H
oxidase activity is a strong predictor of postoperative
AF |68]. The process of atrial fibrosis itself is closely
related to the activation of the AT, receptor by angio-
tensin 11 and the subseguent mnerense in NAID(P)H
oxidase activity. Inhibition of AT, is known to prevent
superoxide production [69].

Along with Iree radical production, inflammation 1s
considered as a risk factor and also a component of A,
Postoperative high levels of interleukin 6 (IL-6) are
predictors of AF onset [70]. Moreover, serum levels ol
hydroperoxides are associated with atrial function and
predict AF o patients aller radiofrequency catheter
ablation [71].

Antioxidants have been proven as efficient in treat-
ment and prevention of AF and arrhythmias, although
their role is no more than that of coadjutants. The pool
of glutathione (GSH) is a major physiological defense
against oxidative stress in the myocardium. Indeed, its
precursor N-acetylcysteine was shown to decrease the
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incidence of postischemin arrhythmias [72, 73], The use
of drugs such as thiazolidinediones might act by reduc-
ing the activity of xanthine oxidase or by increasing NO
production. This NO is capable of reacting with the
overproduced superoxide radical, due to the increased
activity of NAD(P)H oxidase. Ascorbic acid also seems
to be an important antioxidant, as its levels were found
decreased in a dog model of atrial tachypacing [74], and
its administration to patients with persistent AF reduced
the recurrence of the condition after cardioversion [75].
NO precursors such as L-arginine and sodium nitroprus-
side have strong potential as therapeutics, stnee NO acls
as an antioxidant and anti-inflammatory [76, 77].

Although their origins might rely on other cardiovas-
cular complications such as heart failure and atheroscle-
rosis, A" and arrhythmias are strong life-threatening
conditions with specific mechanisms of development that
require specific interventions,

11.4 EXERCISE AND PROTECTION AGAINST
FREE RADICAL-MEDIATED CARDIOVASCULAR
DISEASES

As stated above, environmental factors contribute greatly
to increased risk of cardiovascular diseases. Among these
arc smoking and dictary habits (sce above). Another
important habit that contribules to cardiovascular dis-
cases is lack of physical activity. Physical activity can either
confer resistance to cardiovascular events, such as myo-
cardial infarction, or help during the recovery process.

11.4.1 Exercise as a Protector

There is a large amount of epidemiological evidence
showing that physicul activity hubit has a protective
effect for several cardiovascular complications, such as
atheroselerosis development and hypertension [78]. But
does exervise also work for mproving life afler the
myocardial infarction episode? The answer seems to be
positive, since men who had physical activity after an
episode of myocardial infarciion were more prong (o
survive [79, 80]. Unfortunately, direct evidence of pro-
tective effect of physical aetivity is hard to obtain, thus
we can rely on animal models to understand the mecha-
nism involved. From these models we can learn that
exercise precondilioning exerts ils effects by decreasing
the size of infarct [81], a parameter that is closely linked
with the mortality rate in humans [82]. But how does
exercise decrease mortahty ol cardiomyocyles afler an
infarction? The following effects are involved: first,
morphological changes concerning myocyte hypertro-
phy and increased coronary vascularization; second,
changes in metabolic efficiency: and third. increase in

the myocardium antioxidant potential aller a transien|
release ol free radicals.

ROS such as hydrogen peroxide and superoxide were
already described as important signaling molecules in a
variely of processes, including myocyte hypertrophy and
death. Isolated cardine myocvtes subjected to mechanical
stretch present increased levels of superoxide and develop
hypertrophy [83]. These events are mediated by mitogen
kinases, such as ERK1/2, which 1s implicated in cell
growth and can be stimulated by free radicals in cardiac
myocyies. When antioxidants are given to these cells,
not only superoxide s abobished, but also ERK1/2
activation and cell growth [83]. The participation of
ROS in myocyie hvpertrophy becomes clearer with the
demonstration that hydrogen peroxide delivery to cul-
tured adult cardiomyocytes has a biphasic response.
being proliferative in low doses and apoptotic/necrotic
at higher doses [84]. Lower doses of H.0. (10-30 pM)
induce activation of ERK1/2 and cell growth, whereas
higher doses (=100 pM) induce activation of ERK1/2,
JNK. and p38 MAPK. and JNK activation is related to
the deleterious effects of HAOn treatment [84).

From siudies with animals we can learn that high-
intensity exercises can increase MnSOD activity in both
yvoung and old rat hearts [85, 86], indicating that the heart
retains the ability to induce antioxidant defense despite
age. Interestingly, the eytoplasmic isoform of superoxide
dismutase (Co,ZnSO0D) 15, m genersl, not induced by
physical exercise [87]. The chemical product of SOD
action is hydrogen peroxide, and it serves as substrate
for catalase and glutathione peroxidase [3]. Thus these
hydrogen peroxide-consuming enzymes should be kept in
balance with the SOD increment to avoid an excess ol
peroxide and a possible start of oxidative stress. However,
it seems that the exercised heart proceeds otherwise, since
there is no compensutory increase in catulase or glutathi-
one peroxidase [87]. Thus, taken collectively, these data
indicate that the increase in H>O» in cardiac myocvies
during the exercise can lead 1o myocyte growth and thus
to cardioprotection against luture events.

Besides this, free radicals arc centrally involved
inangiogenesis.  Vascular endothehal growth  factor
(VEGT) is a family of key mediators of angiogenesis after
wound or exercise that exert their effects through VEGF
receptors (VEGFRL, VEGFR2, and VEGFR3) [88]. A
well-conducted study in animals showed that the delivery
ol low doses of HA0) Lo the wound can inerease VEGEF
mRNA and CD31" cells and accelerate wound healing
[89]. Morcover, cither NAD(P)H oxidase deficiency or
overexpression ol catalase abolished VEGE synthesis
and impaired wound healing [89]. These data are
consistent with the impaired wound healing seen in
chronic granulomatous disease patients. who also present
dysfunctional NAD(P)H oxidase [90]. In the same way,
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antioxidunt therapy is considered antinngiogenic, and
some studies have employed it as adjuvant therapy to
cancer treatment. Several compounds, such as glutathi-
one, selenium, and resveratral have been shown to impair
angiogenesis [91-93],

But how does hydrogen peroxide induce VEGF
synthesis? The pathway 1s not completely elucidated
yet, but some studies employing different cell types
have shown that the MAPK pathway, mainly involving
MEK. ERK /2. and p44/42 MAPK. seems to be impor-
tant [88], Morcover, VEGF signaling is further stimulat-
ed because hydrogen peroxide also triggers NF-gB
translocation to the nucleus and stimulates the tran-
scription of VEGF receptors [B8].

Finally, physical activity increases the antioxidant
potential in the heart in order to counterbalance the
permanent increase in free radical generated as a conse-
quence of heart work. Thus, in the case of a myocardial
infarction, the heart is more prone to buffer the oxida-
tive burst during the reperfusion process. However, (his
view is not fully elucidated. as we shall see below. irst,
there arc some studics with chronically exercised animals
that do not show any improvement n the heart antioxi-
dant profile [94]. SOD, for instance, appears to be
upregulated only after high-intensity exercise [87].
Also, exercise induced MnSOD activity in both young
and old rats [86]. Morcover, the systems responsible for
consuming hydrogen peroxide do not respond alter
exeicise in most studies [87]. Glutathione increase
after exercise is also under debate, and its role in heart
adaption s not fully elucidated. In Gict, becanse hydro-
gen peroxide acts as signaling molecule in heart adap-
tion, we should not to expect an increase in the svstems
responsible for consuming it.

11.4.2 Exercise as a Therapy

After the onset of myocardial infarction a lot of attention
15 devolted Lo decreasing the remodeling process that tnkes
place and leads to heart failure. The remodeling process
involves cardiomyocyte death, fibroblast proliferation.
and extracellular matnx deposition [52], all processes
coordinated in some way by free radicals, Besides the
classical therapies, exercise training may attenuate cardiac
remodeling and may even reverse tlus process [Y3].
Unfortunately, few studies have focused on the effect of
exercise on Iree radical alter myocardial mbarchon. In one
study, 17 patients were enrolled in a training program for
3 weceks. At the end, the paticnis presented better hemo-
dynamic performance and lesser hydrogen peroxide pro-
duction after the physical test [96]. Similar results were
found in another study that evaluated antioxidant
enzymes in skeletal muscle biopsies from chronic heart
failure patients who entered into a physical activity

program [97]. Despite these studies, which clearly showed
that physical activity performed after a myocardial insult
is efficient in restoring free radical/antioxidant balance.
there has been no evaluation of the effect of exercise on
survival rate in a long-term study.

11.5 ANTIOXIDANT THERAPIES FOR
CARDIOVASCULAR DISEASES

Atherosclerosis is one of the leading causes of morbidity
and mortahty m Western counines. 1is occurrence 15 1n
great part explained by the way of life in a technologically
advanced world. Lack ol exercise activities and high-fat
diet are major risk lactors Tor atherosclerosis, Indeed,
evidence suggests that diets low in saturated fat and rich
in vegetables contribute against the development and
progression of cardiovascular diseases [26]. I is clear
that antioxidants present in the diet play an important
role by acting against the intrinsic mechanisms of athero-
sclerosis and other cardiovascular diseases. but clinical
trials and follow-up studies are controversial [98].

Stuches with animals oflten support antioxudunt thera-
pics to prevent or attenuate atherosclerosis, A low-vitamin
C and E diet accelerated atherosclerosis in ApoE-deficient
muce [Y9]. In the same model of atherosclerosis, N-acet-
vleysteine., a precursor of glutathione. reduced plaque
formation and superoxide production [100]. Although 1
may seem fairly obvious that antioxidants can prevent
cardiovascular discases, tests in humans raise many ques-
tions about the specificity ol each antioxidant and of each
disease. ['urthermore, some clinical studies with vitamins
A and E report an increase in mortality and incidence of
cardiovascular disease [101-103].

On the other hand, some antioxidants have been
demonstrated to be effective. After infarction. administra-
tion of L-arginine has been proved to ameliorate the
response to the ischemic event by inereasing the levels of
N, which promotes vasodilation and can also neatralize
reactive species. Besides NO production, L-arginine also
increases the activity of SOD and the levels of thiols, and
both are beheved to act synergistically with the vasodila-
tion [104]. Potent free radical scavengers like edaravone
have also been tested in humans and proven toimprove LV
gjection lraction and reduce rehospitalization after infarc-
tion [105]. However, it is clear that no antioxidant will be
found to prevent all cardiovascolar disenses or reslore
cardiovascular function after any deleterious event.

Some success has been achieved using xanthine oxi-
dase mhibitors, such as allopurinol and  oxypurmnaol.
Patients with ST segment elevation myocardial infarction
who underwent reperfusion showed better recovery mar-
kers when treated with allopurinol than those treated
with placebo. Allopurinol was able to completely recover
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ST elevation in 76% of the patients, against only 58% in
placebo-treated subjects. Moreover. markers of myocyte
damage, such as cardiac troponin I and CK-MB, were
also lower in patients treated with allopurinol |42] Also,
congestive heart failure patients with ejection fraction
<40% receiving oxypurinol over a month demonstrated
7% ol improvement in ejection lraction compared with
the placebo group [106]. Thus xanthine oxidase indeed
seems to be impartant in the course of heart failure, and
superoxide may be a therapeutic target in the future,

In this sense, antioxidants are important agents in
prophvlaxis and treatment, regulatimg the mtra- and
extracellular redox status. Fine-tuning of the antioxidant
enzymes and production ol glutathione is associated
with lower incidence of cardiovascular diseases and
increase of life span. However, while the specific
mechanisms lying behind cardiovascular diseases are
still to be elucidated. the use of antioxidants in medicine
might remain underrated.

11.6 CONCLUSION

Oxidation of biomolecules accelerates cell senescence and
is closely associated with neurodegenerative and cardio-
vascular diseases. As the organism gels older, antioxidant
defenses and repair mechanisms become weaker and
cannol counteract the production ol reactive species
and accumulation of oxidative damage. Although this
scenario seems cruel, fine regulation of the oxidative
status of cells and tssues 15 4 key point in the mainte-
nance of homeostasis. Regarding the cardiovascular
system. oxidative stress shows up as a major culprit,
parbicipating - endothelial dysfunction, development
and progression of atherosclerosis, and cardiac dysfunc-
tiom. In any case. reducing the production of reactive
species or increasing the levels ol antioxidants has proven
to be important for prevention and treatment. Neverthe-
less, clinical trials are inconclusive and sometimes con-
troversial. From this perspective. better knowledge of the
mechanisms regulating oxidative stress generation, as
well as new therapeutic interventions, capable ol acting
more specifically in each disease, can be foreseen.
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12.1 INTRODUCTION

Aging and death, the two ubigquitous phenomena, have
always been an enigma for mankind, Except for certain
primitive organisms such as bacteria that propagate
through simple division, all orgamsms mcluding humans
must age and subsequently face death, vet their life span
can vary. Among major model organisms, the worm
Cuenorhabditis elegans lives for 2 weeks, the iy Drosoph-
ila melanogaster lives for 2 months, the mouse Mus
musendus ives for 2 years, and humans hive [or approxi-
mately 80 vears [1].

Old age in most species is associated with impaired
adaptive and homeostatic mechamsms leading to suscep-
tibility to environmental/internal stresses with increasing
rates of disease and death [2]. Since ancient times humans
have pondered over Lhe mysterious question: How do we
age? How do different organism/species show different
life spuns, and what are the [metors thatl delermine
longevity? Hippocrates (460—377 pc.) defined aging as
an irreversible and actual event dictated by the gradual
loss of heat, Darwin established the scientific background
to understand the process of aging: he explained aging as
the loss of excitability over time.

I'he term “aging” refers to the biological process of
growing older in a deleterious sense, which some authors
call “senescence™ [3. 4]. 1t 15 o unique feature of the life
cyele of all orgamsms. In scientific terms, aging may be
defined as an inevitable process of accumulation of
maolecular, cellular, and organ damage, leading 1o loss

of function and increased vulnerability to disease and

death [5].
12.2 THEORIES OF AGING

Aging 15 a multufactonal process caused by damage by a
variety of cellular components, followed by their accu-
mulation. It is characterized by progressive deterioration
of physiological functions and metabolic processes [6, 7].
Within an organism, manifestation of aging occurs at
genetic, molecular, cellular, organ, and system levels [§].
Long-term studies on numerous animal models (in vivo
and in vitro) have generated a number of theories that
attempt to elucidate the cause/mechanism(s) ol aging,
since it is doubtful that a single theory can explain all the
mechanism of aging. Presently more than 300 theories of
aging are in existence [9].

The evolutionary theory of aging states that aging
oceurs because the Torce of nutural selection dechnes
with age in populations, making it possible for hazardous
late-acting genes to exist [10, 11]. The life history principle
describes aging as an emergent phenomenon that takes
place primarily in the protected environment and that
allows survival beyond the natural life span that would
occur in the wild. The natural or essential life span (ELS)
of a species is the time required to fulfill the Darwinian
purpose of life, that is. successful reproduction. The period
of extended survival beyond the ELS is delined as
the period of aging [12]. The mutation accumulation
theory argues that detrimental, ale-acting mutations
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may accumitlate in the population and ultimately lead 1o
pathology and aging [13]. According to the energy con-
sumption hypothesis. animals are born with a limited
amount of potential energy ar physiological capacity, the
faster they use it. the faster they will die [14]. Later this
hypothesis became the rate of living theory: The
{aster the metabolic rate, the faster the biochemical activity,
the faster an organism will age. The protein error theory
also tried to explain the mechanism of aging. According to
this theory an induction and increase in protein errors can
accclerate aging in human eclls and bacteria [15-17].
Smmularly, the accnracy of protein synthess can slow agig
and increase the life span in fungi [I8, 19].

The cellular senescence/telomere theory explains that
cells have a hmited proliferative potential. After a finite
number of divisions, cells enter into a state of senes-
cence, and this process of cell senescence limits the
number of cell divisions [20]. The number of divisions
a cell can undergo in culture is known as the Hayflick
limit and has been postulated (o determine the maximum
life span of an organism [21. 22]. Furthermore. it was
claborated that this specific type of cellular senescence
resulls Irom the loss ol a small amount of DNA at the
¢nd of the chromosome, resulting in ever shorter telo-
meres. This limit in the replicative capacity results in
terminally arrested cells with altered cellular physiology
that might contribute to aging and cancer through
secondary elfects on neighboring cells in tissue [23, 24].

The role of genes in regulation of longevity has also
been put forward; this theory postulates that aging results
[rom changes in gene expression [25—27). The lree radical
theory of aging. developed by Denham Harman in 1956, is
onc of the most influential theories in describing the aging
mechanism. According to this theory free radicals, specifi-
cally hydroxyl and hydroperoxyl. are formed endogenously
from normal oxvgen-utilizing metabolic processes s
by-products that play a essential role in aging and age-
related processes, Mitochondria play a central role in
generntion of ree radicals through impaired funchon of
the electron transport chain, and these free radicals elicit
damaging properties. Aging results in accumulation of
Iree radical damapes as o function of tme [28—31]. Support
for the free radical theory of aging has increased progres-
sively over the years, and growing numbers of studies
imphcate [ree radical reactions in aging and the pathogen-
csis of specific discases such as diabetes, cancer, and heart
disenses [32- 34).

123 FREE RADICAL/OXIDATIVE STRESS
THEORY OF AGING

Among several theories that attempt to explain the aging
mechanism, the free radical/oxidative stress theory of

aging olTers the best mechanmistic elucidation of the nging
process and other age-related events [28, 35).

Interest in the {ree radical theory was at first very
limited because of persistent doubt about the existence
of oxygen free radicals in biological systems despite the
reports by Gerschman et al. [36] and the detection of
radicals by Commoner and co-workers |37]. The discovery
of superoxide dismutase (SOD) by McCord and Fridovich
[38] and the demaonstration of the existence of H204 in vivo
by Chance [39] gave credibility to and raised the profile
of the hypothesis. In 1972, Harman modified his free
radical theory, asenbimg a central role 1w mitochondna
[29] because mitochondria generate a disproportionately
large amount of free radicals/reactive oxvgen species
(ROS) in cells [39]. Later on, correlative evidence support-
ing the free radical theory of aging was published. Later on,
several reports substantiated Harman's hypothesis that free
radical oxidative damage increases during aging [40—42].

In the last few decades, Harman's hypothesis has been
refined: it is now accepted that not only free radicals but
also other forms of activated oxygen such as peroxides
and aldchvdes (which arc not technically {ree radicals)
play a role m oxidative damage i cells. A collective
term, “reactive oxygen species (ROS)™ has been intro-
duced 1o define these oxidants including free radicals.
This realization led to a modification of the free radical
theory, that is. the oxidative stress theory of aging [43].

Apart from respiratory chain in mitochondria, there
are other endogenous sources of ROS including immune
reactions, enzymes such as xanthine oxidase and nitric
oxide synthase, and transitton metal-mediated oxidation
[44]. A diverse range of exogenous sources of ROS are
reported, which incorporate ionizing and nonionizing
radiations, pollutants, natural toxic gases such as ozone,
drugs, and toxins including oxidizing disinfectants [34, 45).
ROS production and accumulation is a common denomi-
nator in many diseases and environmental insults and can
lead to severe cellular damage resulting physiological
dysfunction and cell death i virtually all nerobes. When
oxidative stress occurs, cells function to counteract the
oxidant effects and to restore redox balance by resetting
criticul homeostatic parameters. Such cellular activity
leads to activation or silencing of genes encoding defensive
enzymes, transcription factors, and structural proteins [34,
46). According to the free radical theory ol aging, oxida-
live stress increases with increasing age: this condition
leads to aceumulation of oxidation products ol hipuds,
nucleic acids, proteins, sugars, and sterols ultimately
causing cellular dysfunetion and making the body prone
to external deletenous agents (Fig. 121} In agreemenl
with the free radical/oxidative stress theory of aging, it was
investigated that miDNA deletions are induced by oxida-
tive stress and dramatically accumulate with age in organ-
isms ranging from worms to humans [40, 47].
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The role of oxidative stress in aging is clearly seen in
Podospora ansering, a fungus that belongs to the asco-
mycete family of fungi, The growth of hyphae in
P. anserina is not indeterminate; however, its growth
arrests on reachimg a certain length and hyphae evenlu-
ally wither and die. The period to onset of the condition
of senescence is referred to as the life span of P. anserina.
Tudzynskr and Esser in 1979 staled the central mvolve-
ment of mitochondria in determining the timing of
senescence [48]. Recently, Dufour et al [49] proved the
involvement of ROS in life span limitation of P, ansering
and demonstrated that elimination of the mitochondrial
electron transport chain extended the hyphal lile span of
Podospora by at least threefold. It has been proposed
that oxidative damage to mitochondrial DNA by the
mitochondral ROS inggers senescence [4). 50, 51].
Saccharomycees cerevisiae, the common veast, is the
other invertebrate whose life span is directly determined
by oxidative stress/ ROS. 8. cerevisiae also belongs to the
ascomycete family. This single-cell budding vyeast is a
good organism for studying the aging process. For
multiplication 5. cerevisiae uses asymmetric cell division,
which results in a small daughter cell; the process is
known as budding. Interestingly, a yeast cell (mother

cell) can only bud a finite number of times, after which it
loses its capacity to multiply and becomes sterile. This
budding period of the yeast cell 1s called the clonal life
span [40].

Studies have revealed oxidative damage accumulation
during clonal life span, Accumulation of oxidatively
damaged proteins has been reported in vyeast mother
cells durmg this period [52]. The attack by ROS against
proteins modifies amino acid residues generating car-
bonyl moictics. which has been identified as an carly
murker for protemn oxidation and 15 used as 1 measure of
protein damage [53]. In veast cells, protein carbonyls
have been shown to accumulate during chronological
aging, in a manner dependent on the rate of mitochon-
drial ROS production [54]. Besides overexpression of the
melhiomne oxadation repinr enzyme, MsrB and MnSOD
have been unambiguously shown to increase chronolog-
ical life span of veast cells [40, 55]. Collectively, these
data suggest that ROS hmat Wife span dunng aging
5. cerevisiae; however, the role of oxidative stress
in determining the clonal and chronological life span
in yeast cells is still not fully understood.

The nematode Caenorhabditis efegans 1s one of the
most frequently used invertebrate models for studying
the aging process because of its many interesting char-
acteristic features ideally required to study mechanism(s)
ol uging. Large numbers of oflspring, short generation
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time, and the ability to he stored [rozen have attracted
the attention of biogerontologists. Unlike the unicellular
yeast, it allows studies of different cell types and organs,
such as the nervous or digestive systems: it is also more
closely related to mammals [5]. During the past few
years, o large number of long-lived mutants of C. elegans
have been identified that are now [(requently used as
models in aging rescarch. The commonly used mutants
of C. elegans are daf-2 and age-1 [56, 37]. The daf-2 gene
encodes a protein with structural similarity to the
mammalian insulin and the insulin-like growth factor
receptors, while the age-1 gene encodes a catalyhe
subunit of phosphatidylinositol-2-OH kinase, which is
involved in a conserved signal transduction pathway
downstream of the insulin-like receptor [56]. Studies on
daf-2 reveal that these mutants show resistance to
oxidative stress, elevated antioxidative enzymes, and
expression of some antioxidant genes: all these strongly
support the oxidative stress hypothesis of aging [58, 59).
Several recent studies report that there is indeed slower
age-related accumulation of protein carbonyl groups in
long-lived €. elegans strains compared to wild type [60.
61] and Taster accumulation ina short-lhived stram [61],

In support of the free radical theory in the aging
process, Lithgow and co-workers showed that catalytic
antioxidants like catalase (CAT) and SOD markedly
cxtend the life span of C. elegans [62]. Although some
reports do contradiet the oxidative siress theory in
C. elegany aging. there is enough evidence for oxidative
stress as a life span determinant in €. elegans [40].

Ihe [ree radical theory of aging has also been
extensively studied in the fruit fly (Drosophila melano-
gaster ). The fly is important for establishing evolution-
ary conservation ol mechanisms and lor studying events
in different tissues that are more numerous and differ-
entiuted than in C. elegans. Early experiments have
indicated that there is a quasi-linear, inverse relationship
between life span and oxygen tension in Drosophila, and
il was seen thal increase in oxygen lension above 21%
shortened the life span [63. 64]. In 2004, Landis et al. [65]
in their microarray study compared gene expression
patterns mm old and young fhes by treating young Mies
with 100% oxygen. The results were interesting: Young
flies treated with 100% oxygen exhibited many gene
expression changes resembling those in old fhes. This
indicated that oxidative injury plays a prominent role in
normal [ly aging and suggests that the life span shorten-
ing under mild hyperoxia (40% O,) may be true acceler-
ated aging [40].

Cienetic manipulation ol the SO activity m Dro-
sophila emphasizes the direct association between oxida-

tive stress and life span. Increasing the activity ol

different forms of SOD by two- to fourfold suggests
that elevated antioxidant defense is necessary for

extended longevity in Drosaphila [66]. ITn 1995, Sohal
et al. reported that concomitant overexpression of SOD
and CAT increased both average and maximum life span
ot D. melanogasrer |67]. Parkes et al. also targeted the
overexpression of CuZnSOD in Drosophila and reported
that overexpression of CuZnSOD in motor neurons
resulted in an increase in life span as well as an increase
in resistance to paraquat and ~-irradiation [68]. Phillips
and co-workers in 2000 reported that MnSOD over-
expression increased lile span in Drosophila [69].

Some recent transgenie studies provide more evidence
lor the oxidative stress theory ol agmg in Drosophila sp.
Overexpression of the protein oxidative damage repair
enzyme  peptide-S-methionine  sulfoxide  reductase
{MsrA) was found to increase average life span in several
independent insertion lines [70]. Many contradictory
reports have been published that argue the role of
oxidative stress in the aging process of Drosephila sp.
Nevertheless, there is a fair amount of evidence to show
the involvement of ROS as a miting factor in determin-
ing the life span of D. melanogaster [40].

In additon to the above-discussed invericbrate mod-
els there are many other mvertebrile species such as
helminths in which the direct influence of oxygen radi-
cals in longevity determination has been reported [40].

125 AGING IN VERTEBRATES: ROLE OF
OXIDATIVE STRESS

Vertebrates are an evolved group of ammals that include
mammals and humans. Invertebrate model organisms
have been used for the discovery of genes and mechan-
isms involved in extension of life span, but the mouse is
the most practical mammal for establishing whether
homologous genes und processes can extend healthy life
span [5], In vertebrate models caloric restriction has been
shown to increase life span. Caloric restriction also
profects agamst nge-related dechne i function and dis-
case in rodents and monkeys, and in humans it reduces
risk factors for diabetes, cardiovascular discase. and
cancer [5]. The most accepled explanation behind calonie
restriction life extension is based on the [ree radical theory
of aging: The rate of mitochondrial free radical produc-
tion is directly proportional to the oxidative damage. A
decreased rate of operation of mitochondrial electron
transport cham leads Lo a lower oxidative burden and &
higher life span [71].

Studics on transgenic mice have been carried out to
understand the relation between free radical generation,
oxidative stress, and longevity., Takagi and co-workers
in 1999 reported an increase in life span of mice after
approximately threefold overexpression ol human thior-
edoxin | (iTrxl) in different tissues [72]. An increased



resistance (1o cerebral aschemin and (o0 UV-induoced
oxidative stress was also demonstrated in h¥Frx/] mice.
Mitsui et al. in 2002 documented that hTrx1 mice lived
ahout 35% longer than littermate control mice. In
addition, a 22% increase in maximal life span was also
observed [73]. In continuation, transgenic mice over-
expressing metallothionein have been shown to have an
increased mean life span of about 15% relative to
control mice. Metallothionein is a low-molecular-weight
protein rich in cysteine residues; it exhibits heavy metal
detoxification and free radical scavenging abilities [74].

Transgenic mice that overexpress human catalase
peroxisomes, nucleus, or mitochondria have also been
tested [76]. The mitochondrial overexpression of catalase
(MCAT) in mice caused significant delay in the develop-
ment of age-related cataracts. This was an interesting
finding in support of the Iree radicul theory of aging
since the development of age-related cataracts has been
shown to be inversely related to life span in humans, and
its incidence 15 reduced in mice that exhibit extended
longevity [40. 75]. It was seen that Ames dwarfl mice have
an increased life span compared to their wild-type
littermates |[76]. Further investigations revealed that
the dwarf mice have increased levels of CAT and SOD
[77, 78]. The Ames dwarl mice also showed reduced
levels of DNA and protein oxidation i hver [78].
Embryonic fibroblasts from these mice are resistant to
UV radiation, heat stress, paraguat, hvdrogen peroxide,
and cadmium [36, 79].

In addition, interspecies comparisons of the life span
m vertebrates show a very clear role of oxidative stress in
determining longevity, In 1999, Kapahi et al. performed
comparative experiments to measure the resistance of
fibroblasts and lymphocytes from hamster, rat, marmo-
set, rabbit, sheep. pig, cow. and human to various
oxidative stresses such us paraquat, sodium arsenite,
hvdrogen peroxide, and ‘terf-butyl hydro-peroxide
(tBHP). Interestingly, they observed that cells from
species with o longer life span had increased resistance
to oxidative stress and proposed that cellular defenses
that help cells to survive acute stresses are associated with
longevity [80]. These observations are consistent with the
free radical/oxidative stress theory of aging,

In humans there is an array of experimental evidence
in agreement with the free radical/oxidative stress theory
of aging [16, 34]. Over the past 10 years, major devel-
opments have been made m the assay ol oxidative
damage to lipids. DNA. and protein to measure specific
types of oxidative damage in specific tvpes of cells/
tissues during amng. Several reports document the age-
dependent increase in lipid peroxidation, protein oxida-
tion, and nucleic acid damage in humans, and there
exists a significant negative correlation with antioxidant
capacity of plasma [34, 81-83]. Overexpression of
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antioxidative enzymes/delense mechanisms during nging
in humans has also been reported in recent studies that
support the oxidative stress theory of aging [83—85].

12.6 CONCLUSION

The phenotype and the rate of progression of aging are
highly variable in different specics and in organisms
within a species. Although there is no doubt that agmg iy
a multifactorial process that is governed by more than
one factor, it is becoming increasingly clear that oxida-
tive stress and the resultant damage to biomolecules play
a vital role in several age-related pathologies. Despile
some contradiclory reports, there s sullicient exper-
mental evidence to conclude that oxidative stress. il not
alone. is one of the main limiting factors for aging and
life span m mmvertebrates and veriebrates under normal
atmospheric conditions,
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OXIDATIVE STRESS-MEDIATED SIGNALING
PATHWAYS BY ENVIRONMENTAL STRESSORS

HipeEko SONE AnD HIROMI AKANUMA

National Institee for Envivonmental Swudies, Tsukuha, haraki, Japan

13.1 INTRODUCTION

Oxidative siress in the form ol excess reactive oxygen
species (ROS) or reactive nitrogen species (RNS) can
affect cells deleteriously or beneficially. Such stress might
be generated by mtracellular or extracellular sources.
Furthermore, oxidative stress can cause various biologi-
cal effects. Environmental stress is a key contributor to
human disease. A number of substances such as metals,
particulate materials, smoke, pesticides, and physical
agents are environmental stressors |1] that contrnibute to
many diseases. Concerns related to environmental stress-
or-related diseases such as cancer, chronic lung disease,
diabetes mellitus, neurodegenerative diseases, and repro-
ductive disorders have been raised recently. Rescarch
efforts elucidating the modes by which environmental
stressors influence the development and progression of
diseases or exploring preventive approaches are expected
to engender further improvements in our knowledge.
Understanding environmental stressor-induced influences
at the molecular level will also provide a wealth of
information related to the exploration ol biomarkers
for environmental stressor-related discases [2-4].

The mechanisms of redox adaptation in living bodies
and cells might involve multiple influences on an active
redox-sensitive signaling pathway, such as ROS metabo-
lism and antioxidant defenses, p33 pathway signaling,
nitric oxide (NO) signaling pathway, hypoxa signaling,
transforming growth factor (TGF)-3-bone morphogenetic
protemn (BMP) signalng, tumor necrosis Gictor (TNE)

ligand-receptor signaling, and mitochondrial function
(Table 13.1). For example, transcription factors such as
nuclear [ctor-B (NF-kB), nuclear [actor eryvthroud
2-related factor 2 (Nrf2), ¢-Jun, and hypoxia-inducible
factor-1 (HIF-1) engender incrensed expression of antiox-
idant molecules such as superoxide dismutase (SOD).
catalase, thioredoxin, and the GSI antioxidant system.
Mctal ions such as arsenic (111/V) or copper (1) dircetly
influence expression levels of those transcription factors
and induce various oxidative stress events including thiol
malecule perturbation, generntion ol oxidatve DXNA
adducts, and induction of oxidative molecular biomarkers
[5-8]. Nonmetal chemicals such as retinoic acids and
2.3, 7.8 tetrachlorodibenzo-p-dioxin - (1TCDD) are also
known to influence the expression of oxidative stress-
reluted genes and proteins during carcinogenesis and
during embryomc development [9-12]. In relation Lo
cancer, a growing tumor might also produce intracellular
and extracellular oxidabive stress, which can modily s
malignant features. Endogenous sources of tumor ROS
or RNS include impaired intracellular genomes or pro-
teomes, metabolism pathways, and xenobiotic metaho-
lism. Consequently, the study of transcriptional regulation
of gene expression in the research ficld of oxidative stress
has been useful for identifying new transregulatory factors
or new biomarkers induced by exposure to environmental
SITessors.

Microarray technology has been used in environmen-
tal toxicology and biology studies and has led to the
establishment ol gene expression signatures proliling

Crxicative Strexy in Vertebrates and Invertebreates: Maolecular Aspects of Cell Signaling, First Edition
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TABLFE 131 Summary of oxidative stress-mediated signaling pathways

Categorical pathways

Canonical Pathway (orthology)

Reactive Oxygen Species (ROS)
Metabohsm and Antioxidant Defenses

Glutathione Peroxidases (GPx)
Peroxiredoxins (1Px)

Superoxide Dismutases (SOD)

Gienes Involved in Superoxide Metabolism

Genes Involved in ROS Metabaolism

Other Peroxidases and Antioxidant-Related Genes

P53 Signaling (including DNA damage)

Apoptosis-Related Genes

Cell Cyele Arrest and Checkpoint

Regulation of the Cell Cyele

Regulation of Cell Proliferation, Cell Growth, and Differentiation
Damaged DNA Binding

Mismatch. Base-Excision and Double-Strand Break Repair

Nitrie Oxide (NO) Signaling Pathway

Genes with NO Synthase and Regulators of NO Biosynthesis

Genes regulated by NO and NO Signaling Pathway

Genes Involved i Superoside Release

Antapoptosis Genes

Genes with Antioxidant and Superoxide Dismutase Acrivity

Genes with Glurathione Peroxidase, Oxidareductase, or Peroxidase Activity
Transeription Regulators

Hypoxia Signaling

Response to Hypoxia and Signal Transduction, Oxidative Stress

CGrenes Related to Stress and Immune Response
Hemoglobin Comples-Associated Genes

Peroxidase. Oxidoreductase-Related Genes

Transeription Factors and Regulators and Protein Binding
Antiapoptosis Induction of Apoptosis and Caspase Activity
Protein Biosynthesis, Phosphorylation, and Metabolism
Cyloskeleton and Other Extracellular Molecules

Cell Cycle, Cell Probleration. and Growth Faclors
Carbohydrate, Lipid, One-Carbon Compound Metabolism
RNA Metabolism

Cardiae Excitation-Contraction (E-C) Coupling

TGE-3-BMT Signaling

TGE-3 superfamily, bmp (bone morphogenetic protein) family members,

edf (growth differentiation factor), activin, and activin receptors

Smad fwmily members, TGEF-[/ucuvin-responsive genes, bmp-responsive genes,
molecules regulating signaling of the TGF-3 superfamily, adhesion molecules,
extracellular matrix structural constituents, other extracellular molecules,
transcription factors and regulators

Tumor Necrosis Factor (TNF) Ligand-
Receptor Signaling

Caspase activation, caspase inhibition, anti-apoptosis genes, induction of
apoptosis, other apoptosis-related genes. jnk signaling pathway. nisb

signaling pathway, ol superfamly members, tnlr]l and tnli2 signaling
puthwiuy, mbammatory response, lranscriplion regulialors

Mitachandria

Mitochondrial processing, mitochondrial transportation Fatty acid biosynihesis

the toxicity of environmental stressors [13, 14]. Statisti-
cal methods used for DNA microarray studies are
maostly multivariate approaches. Although basic meth-
ods treat genes as traits, which is consistent with the
rules of experimental design. several approaches have
been developed using expression ratio data sets. Such
approaches regard the genes as cases and the array
plates as variables. Most well-known methods based
on singular value decomposition have used principal
component analysis [15, 16]. In alternative approaches,
our previous reports have deseribed that o Bayesian

network technigue, which is a probabilistic graphical
model that represents a set of variable identitics, is
applicahle (o mvestigation of the gene expression imter-
action networks and the detection of differences arising
in them from exposure to different doses of chemicals
[17. 18]. Bayesian network techniques can provide pre-
dictive information related to the relations between
agents and gene expression signatures in the life science
fields [19-21].

This chapter addresses various environmental stress-
or-induced toxieities m experimental animals such as
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rals and humans o elucidate the molecular mechamsms
underlying toxicity-induced oxidative stress.

13.2 OXIDATIVE STRESS-MEDIATED
SIGNALING PATHWAYS

Cells respond and adapt to environmental signals such
as stressors [22-24] through multiple mechanisms that
involve communication pathways and signal transduc-
tion processes, The impact of oxidative stress on various
diseases and aging has been reviewed comprehensively.
In particular, free radical-induced oxidative stress plays
an important role in cancer development, metabolism-
related diseases like diabetes and hypertension, and
neurodegenerative disorders [4. 25-36]. Our survey of
microarray databases und many other published refer-
ences has revealed the categorical pathways induced by
oxidative stress presented in Table 13.2.

ROS metabolism and antioxidant defenses eenter
upon ROS. which are necessary for biological functions
and which regulate many signal transduction pathways
by directly reacting with and modilving the structure ol
proteins, transcription factors, and genes to modulate
their lfunctions. Actually, ROS induce expression levels of
genes associated with signaling cell growth and differen-
tiation, regulating the activity of enzymes (such as ribo-
nucleotide reductnse and peroxidase). Control of ROS
levels is achieved by balancing ROS generation with their
climination through ROS-scavenging systems such as
superoxide dismutases (SOD1, 8OD2, and 801)3), glu-
tathione peroxidase, peroxiredoxins, glutaredoxin, and
thioredoxin catalasc. The ROS can modulate the activi-
ties and expression ol many transcription lactors and
signaling proteins that are involved in stress response
und cell survival through multiple mechanisms. There-
fore, this category includes glutathione peroxidases
(GPx), peroxiredoxins (TPx), superoxide dismutascs
(85012), genes involved i superoxide metabolism such
as arachidonate 12-lipoxygenase (ALOXI12), and copper
chaperone for superoxide dismutase (CCS). In fact, p53
signaling plays a central role in coordinating the cellular
responses to a broad range of cellular stress factors;
p33 functions as a node for organizing whether the
cell responds to vanous types and levels ol stress with
apoptosis, cell cyele arrest. senescence, DNA repair,
cell metabohism, or autophagy. Moreover, p533 controls
transactivation of target genes, which is an essential
featurc of stress responsce pathways [37-39]. In other
words, p33 activation leads 1o a complicated network ol
responses Lo the various stress signals encountered by
cells [40-44]. The mitochondrial respiratory chain pro-
duces NO, which can generate other RNS when cells are
under hypoxic conditions. Although excess ROS and

RNS can engender oxidalive and nitrosalive siress,
moderaie to low levels of both function in cellular
signaling pathways. Especially important are the roles
of these mitochondrion-generated free radicals in hypox-
ic signaling pathways, which have important implications
for cancer, inflammation, and various other diseases
|25, 43]. Hypoxic signaling events include vasodilation,
modulation of mitochondrial respiration, and cytopro-
tection following ischemic insult. These phenomena are
attributed to the reduction of nitrite anions to NO if local
oxvgen levels in tissucs decrease [46], which activates
the expression ol genes through oxvoen-sensilive
transcription factors including HIT and NF-kB. Hypox-
ia-dependent  gene expression can  have important
physiological or pathophysiological consequences for
an organism, depending upon the cause of the hypoxic
insult [47]. These NO signaling and hypoxia signaling
pathways are linked to the p33 pathway [48], because
recent studies have shown that HIF2a inhibition pro-
motes p33-mediated responses by disrupting cellular
redox homeostasis, thereby permitting ROS accumula-
tion and DNA damage [49]). Reportedly. hypoxia acti-
vites the tumor suppressor protem p33 by upregulating
SemalL expression [50],

TGF-3-BMP signaling is involved in developmental
morphogenesis and cancer morphogenesis. Morphogens
such as those of the TGF-3 family inhibit and stimulate
basic cell proliferation, respectively, ol high and low
concentrations. A signaling gradient of declining TGF-)
concentration regulates the inhibition and stimulation of
cell proliferation [51]. ROS can activate TGE-3 either
directly or indircctly via the activation of proteases. In
addinon. TGF-3 itself induces ROS production as part of
its signal-transduction pathway. Pulmonary tissues are
vulnerable to the toxic effects of inhaled air, The oxidant
puthways are especially relevant in the lung, where TGF-3
is known to have a role in tissue repair and connective
tissue turnover, In pulmonary fibrosis and renal endothe-
lal cells, TGF-3 acovation s considered o hallmark of
disease progression [52, 53]. In ovarian cancer, overexpres-
sion of FOXG1 contributes to TGF-3 resistance through
inhibition  of p2IWAFI/CIP]  expression. which 1s
repressed by p53 [54]. Recent studies have revealed some
additional novel functions of the p33 pathway. These
include the downregulation of two central cell-growth
pathways. the IGF/AKT-1 and mTOR pathways, and
the upregulation ol the activities ol the endosomal com-
partment [55-57]. The mTOR pathway including the IGF-
I/AKT pathway plays critical roles in regulation of ccll
profileration, survival, and energy metabolism Lo shul
down cell growth and division Lo avoid the introduction
ofinfidelity into the process of cell growth and division [38,
59]. In response to stress, lGF-BP3, PTEN, TSC2, AMPK
betal, and Sestrinl/2 are transcribed by p53, play a critical
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rale as negutive regulators, and lead to the reduction in
the activities of these two pathways. Furthermore, p53
transcriptionally regulates TSAP6, Chmp4C, Caveolin-1,
and DRAM, which are critical genes in the endosomal
compartment, increases exosome secretion and the rate ol
endosomal removal of growth factor receptors from cell
surface, and enhances autophagy [60-63]. 1t is thought
that these pS3-mediated activities slow down cell growth
and division, conserve and recvele cellular resources,
communicate with adjacent cells and dendritic cells of
the immune system, and inform other tissucs of the stress
sigmily |55, 64, H3].

TNF ligand-receptor signaling occurs because TNF,
as a multifunctional cytokine, can induce cell death
through receptor-mediated caspase activation and mito-
chondrial dysfunction by a trigger of oxidative stress
induced in cardiovascular disease, neuronal disease. and
cancer [66]. Opposing these cell death-promoting signals,
binding of TNF receptors can also trigger survival signal
activation. A critical balance among various intracellu-
lar signaling pathways determines the predominant in
vivo hioactivity of TNF. as best exemplified by the
dilferentinl responses of viimons argans,

A major source of ROS in cells is the mitochondria,
Electron leakage from the mitochondrial respiratory
chain can react with molecular oxygen, resulting in the
formation of the superoxide anion radical, which can
subsequently be converted (o other ROS. In phagoeytes
and some cancer cells, ROS can be produced through a
reaction that is catalyzed by NADPH oxidase com-
plexes. When atlackers from the outside, such as envi-
ronmental stressors, damage mitochondria, electron
leakage is also induced: this dysfunction induces severe
problems in tissues [67-70]. Mitochondrial dysfunction
causes the onset of some discases [71-74]. Recent evi-
dence has shown that mitochondrial dysfunction is
related closely to insulin resistance and metabolic syn-
drome. The underlying mechanism of mitochondrial
dysfunction 15 very complex, including genetic actors
from both the nucleus and mitochondrial genome. with
numerous environmental factors also impacting [75].

Exposure (o air pollution, includimg partcles, metals,
and other organic compounds as environmental stressors,
15 associated with pulmonary diseases and cancer. The
mechanisms ol induced health effects are believed to
involve oxidative stress. Oxidative stress mediated by
airborne particles and/or fibers might anse from direcl
generation of ROS from the surfaces of particles and fibers,
soluble compounds such as transition metals or organic
compounds, and activation of mflammatory cells capable
of generating ROS and RNS, Generation of ROS/RNS
can cause covalent modifications to DNA directly, or they
can initiate the formation of genotoxic lipid hydroperox-
ides. The resulting oxidative DNA damage can engender

chunged gene expression such as upregulation of tumor
promoters and downregulation of tumor suppressor genes;
the DNA damage might therefore be implicated in cancer
development. This chapter describes the important role of
free radicals in particle- and fiber-induced cellular damage.
the interaction of ROS with target molecules, especially
with DNA, and the modulation of specific genes and
transcription factor caused by oxidative stress. Conse-
quently, various environmental stressors cause cellular
damage through oxidative stress induction and many
signaling pathways. However, what environmental stress-
or 15 dominant in which signahng pathway 15 not always
clear. Therefore, identifying gene expression signatures
extracted from microarray data can clarily how environ-
mental stressors may damage cells and engender diseases,

13.2.1  Cuase Studies in Tissues or Organs from Rals
Exposed to Environmental Stressors

Many ammal models have been studies to elucidate
mechanisms of action of oxidants or antioxidants.
Rescarch on oxidative stress and its defense has expand-
ed dramatically because ol 115 potential benefit in disense
prevention and health promotion, In particular, rats
exposed to stress-induced chemicals have been extensive-
ly studied in biological systems such as cell cultures,
animal models, and clinical trials [76-79]. Therefore, 33
independent studies in rats are focused on in this chapter
because these studies used microarrays for which geie
cxpression data are publicly available from the Gene
Expression Ommibus (GEO: htip://www.nchbinlm.nih
.gov/gds), Those microarray data with the same plat-
form GPL341 (Affymetrix) sets in rats were downloaded
for this study. All data sets were normalized across all
arrays by Z-score transformation methods after combi-
nation with respect to probe 1Ds. The normalized values
were filtered with oxidative-related genes listed in this
work (Table 13.2), and then the top 10 genes from the
upregulated and downregulated genes were chosen (o
analyze gene expression signatures (Table 13.3). The
sclected genes were classified by using principal compo-
nent analysis o creale gene expression signatures of
oxidative stress and were divided into six groups, Most
selected penes could be assigned 1o gene ontology (GO)
categories: DNA repair, oxygen and reactive oxygen
species metabolism, and response to stress, but cycling
and cychn dependent kinmuse contained i “Apoplosis
related genes, Cell Cycle Arrest and Checkpoint, Regu-
lation of the Cell Cyele, Regulation of Cell Proliferation,
Cell Growth and DilTerentiation™ ol “p53 signabng ™ and
“TGE-beta signaling™ were not observed. Experimental
conditions selected from GPL341 data sets in this work
were almost all of short-period exposure using in vivo
and in vitro culture systems of rats. It is noteworthy that
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186 OXIDATIVE STRESS-MEDIATED SIGNALING PATHWAYS BY ENVIRONMENTAL STRESSORS

microarrays caplure anly (ransient responses 1o oxida-
tive stimuli. However, we can predict the underlying
mechanism of environmental stressors through oxidative
signatures for gene expression, For example, methylpred-
nisolone [80, 81], streptozotocin [82], trimethyltin [83],
and octreatide [84] upregulate GPXs, NOS, and NOX,
suggesting that environmental stressors in cluster 1 can
activate the NO signaling that leads inflammation or
other cellular damage. Thioredoxin interacting protein,
Txnip, was identified as a unique gene in this category. In
cluster 2 (GDS696 [85]. GDS880 [86]. GDSI1518 [87].
GDS1A26 KR, GDS2ZI0T [R9], GIIS2372 [90], GIIS2457
[91]. GDS2688 [92]), Rad23, Rad50, and Rad5lc. which
are DNA repair and recombination proteins, and the
other DNA replication proteins DNA-directed DNA
polymerase delta (Pold)l and Pold3 were classified.
This classification suggests that environmental stressors
in cluster 2 such as fibronectin, protein restriction, here-
gulin, kainic acid, hypoxia, and ethanol harmed mito-
chondrin or damaged DNA more than the stressors in
cluster |. In cluster 3 (GDS1363 [93]. GDS1452 [94).
GDS1922 [95], GDS2037 [96). GDS2073 [97]. GDS2093
[98], GDS 2194 [99]. GDS2616 [100], GDS2639 [101],
GDS2774 [102], GDS2901 [103], GDMI038 [104]),
Gadd45a, Nthll, Mgmi, Mpp4, Chekl Cry2, and
Txnrdl were observed as upregulated genes. Since these
genes interact with DNA repair and are pS3 signaling
activiled, 11 15 possible thal environmentnl siressors in
cluster 3 cause DNA damage and remodeling. In cluster 4
(GDS902 [105), GDS2243 [106], GDS2361 [107]), DNA
replication protems Pmxl and Slk were delected as
unique genes, In particular, STE20-like kinase (SIk)
appears to influence eell survival and proliferation. In
fact, SIk has been suggested to have a central growth-
suppressive role for Mst orthologs, with intriguing possi-
ble links to other established tumor suppressors through
work in model organisms. A part of the genes in
cluster 5 (GDS1027 [108], GDS1273 [109], GDS1959
[110]) were overlapped n clusters 1 and 3. In cluster 6
(GDSI1354 [111]. GDS2231 [112]). a part of the genes
were overlapped in clusters 2 and 4. However, Vim was
detected as a unigue gene mm GISI1354, which is an
experiment in cirrhotic rats [L11], since upregulation of
this gene was also observed in renal cell carcinoma [113],
cerebral tumors [114]. and germ cell and trophoblastic
neoplasms [115].

13.2.2  Prediction of Biological Influences from
Gene Expression Signatures in Rats Exposed to
Environmental Stressors

These clusters were characterized by several biological
functions. Data of gene expression signatures in Table
13.3 were analyzed through the use of Ingenuity

Pathways Analysis (Ingenuity™ Systems, www.ingenuily
«com). The Functional Analysis identified the biological
functions that were most significant to the data set.
Molecules from the data set that met the expression
value associated with biological functions and/or discases
in Ingenuity’s Knowledge Base were considered for the
analysis, Right-tailed Fisher’s exact test was used to
calculate a P-value determining the probability that
cach biological function and/or disease assigned (o that
data set is due to chance alone. In Table 13.4, the highest
probability predictive function in cluster | showed “DNA
Replication, Recombimnation, and Repair™; that i eluster
2 showed “Small Molecule Biochemistry™; that in cluster
3 also showed “Small Molecule Biochemistry™; that in
cluster 4 showed “DNA Replication. Recombination,
and Repair”; that in cluster 5 showed “Cancer”; and
that in cluster 6 showed “Lipid Metabolism.™ In “Small
Molecule Biochemistry,” genes related with “degradation
or catabolism of hydrogen peroxide™ like CAT, GPX3,
and GPX4 and peroxidation of lipid were affected in
clusters 2. 3 and 6. In “Gene expression.” genes related
with “binding of p33 consensus binding site” like APEX1.
BRCATL, and PTTGT were alfected. For instance, the top-
rated network activated by retinoic X receptor ligand
LG100268 is shown in Figure 13.1. This network consists
of 33 molecules meet 14 molecules, which belong to
biological functions of DNA replication, recombination
and repair, cancer, and cell evele.

13.2.3  Oxidative Stress-Mediated pS3 Pathways
in Human Tissues

Among many oxidative responsive pathways. p33 sig-
naling has been studied extensively and has been thought
to play a main role in the orchestration of oxidative
events in cells. It coordinates the cellular responses to o
broad range of cellular stress factors. In fact, p53
functions as a node for organizing whether the cell
respands (o various types and levels ol stress with
apoptosis, cell cycle arrest, senescence, DNA repair,
cell metabolism, or autophagy, as described above in
this chapter [37-39]. To control and fine-tune responses
Lo various stress signals encountered by cells, as a
transcription factor that both activates and represses
a broad range of target genes, p33 demands an exqui-
sitely complicated regulatory network (Fig. 13.2). The
classical model lor activation ol p53 specifically exam-
ines three simple and rate-limiting steps: p33 stabiliza-
tion induced by ataxia telangicetasia mutated (ATM))
ataxia telangrectasia and Rad3 related (ATR )-mediated
phosphorylation, sequence-specific DNA binding, and
target gene activation through interaction with the
general transcriptional machinery [29]. Recent studies
with animal models describe that mouse double minute
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TABLE 134  Predicted hiological functions by gene expression signatures shawn in Tahle 13.3

Cluster Predictive Biological Functions I Value
1 DNA Replication, Recombination, and Repair 1.02E-07
Hematological Disease 133006
Cardiovascular System Development and Function 3.62E-06
Lipid Metaholism 3.62E-06
Organ Maorphology 362F-06
2 Small Molecule Biochemistry 2.34E-07
Cell Cycle J.B0E-06
DNA Replication, Recombination, and Repair 3.B0E-00
Cell-to-Cell Signaling and Inleraction 3.22E-05
Cell Deuth 6.18E-05
3 Small Molecule Biochemistry 241E-07
Gene Expression 7 30E-07
Cellular Compromise 1.93E-06
Cell Cyele 4.02E-06
DNA Replication, Recombination, and Repair 4.57E-U6
4 DNA Repheation. Recombimation, and Repair T.14E-11
Cell Cycle 1. 18E-05
Cell Death 2.52F-05
Respiratory System Development and Function 2.52E-05
Reproductive System Development and Function L. 10E-04
5 Cancer B.O9E-09
Gastromtestinal Disease H.O0DE-09
Cell Death 1.20E-07
Diermatological Diseases und Conditions SOIE-07
Organismal Funclions J.57E-06
0 Lipid Metabolism 1. 45E-04
Small Molecule Biochenustry 1.45E-04
Cell-lo-Cell signaling and Interaction 1. 26E-08
Nervous System Development and Function 1.26E-08
Cell Dearh 349E-08

(Mdm) 2 and MdmX might determine whether a cell
responds to p33 activation with growth arrest or apo-
ptosis, but the molecular mechanism of these differential
effects remains unknown. In fact, Mdm2 and MdmX
can both be recruited to p53 promoter regions. Via a
multitude of mechanisms, they can repress transcription
of p533 target genes [116-118]. p53 protein binds
sequence-specilic regions of DNA ol the targel gene (o
process sensing and removal of oxidative damage to
nuclear DNA and genetic instahility. Furthermore, p53
dacls as o ranseription factor Lo regulate the expression
of many prooxidant and antioxidant genes. A newly
refined model for p33 activation includes three key
steps: (1) p53 stabilization, (2) antirepression, and (3)
promoter-specific activation. Among the three steps,
maost environmental stressors contribute minnly (o p53
stabilization and prometer-specific activation, Several
reports describe that low-weight molecules engender
mduction of stress-imduced  genes such as NAD(PIH
dehydrogenase, quinone (NQO)I, and NQO2, which
stubilize and transiently activate p33 and downstream

genes leading to protection against adverse effects of
stressors [119-121].

Therefore. to understand how stress-induced genes
are downstream within the p33 pathway, we analyzed
gene expression of p33 signaling pathways in array data
sets GIDDS2780 [122] and GSE7967 [123] that had been
obtained from the GEO database. In the GDS2780
study. six heavy metals and three organie compounds
to which liver carcinoma HepG2 cells were exposed
responded dramatically 1o gene expression of CHKI,
CHK2, Cyclin B. Cde2 p2l, p53R2, Copl-l, and
Gadd4s [1]. Interestingly, expression levels of p33R2
and Gadd43 responded differently to the heavy metals:
p33R2 is likely to associate with mitochondrial DNA
and play a critical role in embryogenesis and neurogen-
esis [124 128]: m contrast, Gadd4s plays a vital role as a
cellular stress sensor in the modulation of cell signal
transduction in response to stress. Increasing Gadd4s
can stabilize p53 activation. leading (o cell cvele arrest
or progression 1o apoptosis [129-131]. Consequently,
exposure of cultured human cells to heavy metals
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dramatically altered the gene expression ol oxdative
stress-responsive  genes. However, in human  tissues
of the GSE7967 study, the p33 signaling pathway
differed from that of heavy metals o the GDS2780
study. Overall, the gene expression signals were weaker
than those examined m the GIDS2780 study. The
GSE7967 study examined cord blood collected at birth
from infants whose mothers were exposed or unexposed

to arsemic (0.1 68.63 mg/g). showing activation ol

inflammation and NF-kB signaling in infants born to
mothers exposed to arscnic at high concentration.
Therelore, alter downloading the data sets, we selected
four subjects according to blood concentrations of 0.1,
1.76, .66, and 68.63 mg/g; then gene expression ol the
arsenic exposure-induced responses were visualized in
the p53 signaling pathway map. The highest concentra-
tion subject showed Guadd43. p33-inducible ribonucleo-
tide reductase small subunit 2 (p53R2), spermatogenic
leucine zipper 1 (TSP1), eyelinB, Cde2, Fas, Noxa, and
ATR that were higher than those of the subject with the

low concentration. However, p53 was opposile: high
the low-exposure subject and low in the high-exposure
subject, suggesting that the downregolation of p53
facilitutes apoptosis and promotes cell proliferation.
Previous works described in our study showed
that GSS (glutathione synthetase) and PRIDX2 (perox-
iredoxin 2) regulated TRADD (TNIFRSI [ A-associated
via death domain), NUDTI (nucleoside diphosphate
linked moiety X-type moul 1), SOD1 (superoxide dis-
mutase I, soluble), and INSIGI (Insulin induced gene 1)
in the low-ecxposure group (mean blood concentration
0,042 pg/e) and that NUDTI! regulated TRADD,
TXNRD2 (thioredoxin reductase 2), and PRDX2 in
the high-exposure group (21.41 pg/g), using the theoret-
ical algorithm for identifying optimal gene expression
networks (TAO-Gen). which is a Bayesian network
algorithm uwsed to describe gene interaction networks
[18, 132-134] (Fig. 13.3). In fact, NUDTI is a DNA
repair and recombination protein, The H,O- treatment
signilicantly increased this gene and other oxidative
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stress genes involved in cell evele arrest [135] Results of

our analyses suggest that anti-oxidative stress-related
genes play key roles in protection against cellular dam-
age in the low-exposure group. but a DNA damage-
related gene was dominant in the high-exposure group,
in which cell damage would progress. Data sets used in
this chapter are [rom fundamental exposure Lo environ-
mental stressors in normal tissues and cell lines, There-
fore, this discrepancy indicates that gene expression
signatures in human clinical tissues or epidemiological
studies apparently refleet more inflammation than those
ol experimental materals, which show acute toxieity in
animals alter short exposure Lo oxidants in cell cultures.

13.3 CONCLUSION

In this chapter, we have reviewed gene expression signi-
tures of oxidative stress-mediated signaling pathways by
environmental stressors and proposed categorical path-
ways and canonical pathways ol oxidative stress in rat
and human systems. Analyses of gene expression signa-
tures in environment-related disease such as neuronul
disorders, cancer. and diabetes is an important approach
in ctiology and risk assessment for human health to
elucidate ithe underlymg mechamsms ol mduced health
effects, This will take many more genetic and reverse
genetic analyses, combined with functional analvsis stud-
1es. Furthermore, we have shown that oxidative stress has
been associated with many signaling pathways and dif-
ferent environmental stressors impacting different maole-
cules, but they are all connected to the same goals like
apoptosis or cell eyele. From a therapeutic point of view,
researchers must consider that the best biomarker and/or
therapy for oxidative stress-related disease may rely on a
combination of several different agents, cach specifically
targeting one aspect ol the oxidative stress machinery.

ACKNOWLEDGMENTS

The authors declare that there 1s no conflict ol interest that
would prejudice the impartality of this scientific work.

REFERENCES

l. Sone H, Akanuma I, Fukuda T. Oxyvgenomics in envi-
ronmental stress, Redox Rep 2010; 15 98114,
. Gibb S, Toxicly testing m the 21st century: a vision and a
strutlegy. Reprod Toxicol 2008: 25: 136-138.
3. Woods CG. Heuvel JP. Rusyn I. Genomic profiling in
nuclear receptor-mediated toxicity. Tavicol Pachol 2007,
35: 474494,

ked

4

Franco R, Panaviotidis M1 Environmenral toxicity,
oxidative stress, human discase and the “black box™ of
their synergism: how much have we revealed? Mutar Res
2009; 674 1-2,

. Hansen JM. Zhang H. Jones DP. Difterential oxidation

ol thioredoxin- 1, thioredoxin-2, and glutathione by metal
ions. Free Radic Biol Med 2006; 40: 138 145,

Valke M, Rhodes CJ, Moncol 1., lzakovie M, Mazur M.
Free radicals, metals and antioxidants in oxidative stress-
induced cancer. Chem Biol Interact 2000, 160; 1-40.

Bau DT, Wang TS, Chung CH. Wang AS, Wang AS, Jan
KY, Oxdative DNA adducts and DNA-protein cross-
links are the major DNA lesions induced by arsenite.
Envirean Healtl Perspecr 20020 110 Suppl 5: 753-756.

. Kawai Y, Furuhata A, Toyokuni §, Aratani Y, Uchida

K. Formation of acrolein-derived 2'-deoxvadenosine
adduct in an iron-induced carcinogenesis model. J Biof
Chem 2003; 278; 50346-30354,

. Cluu HI, Fischman DA, Hammerling U, Vitamin A

depletion causes oxidative stress, mitochondnal dyslunc-
tion. and PARP-1-dependent energy deprivation. FASER
J 2008; 22: 38783887,

. Knott L, Hartridge T. Brown NL, Mansell JP, Sandy JR.

Homocystemne oxidation and apoptosis: a potential cause of
cleft palate. fn Vitre Cell Dev Bivd Anim 2003; 39, 98-1035.
Nebert DW, Petersen DD, Fornace A, Jr. Cellular
responses Lo oxidative stress: the [Ah] gene baltery as a
paradigm. Enviran Health Perspecr 1990; 88: 13 25,
Cheng Y. Chang LW, Cheng 1.C, Tsai MH, Lin P.
4-Methoxyestradiol-induced oxidative injuries in human
lung epithelial cells. Toxicol Appl Pharmacol 2007: 220:
271=-277,

Mendnck DL. Genomie and genetic biomarkers ol loxie-
iy, Toxicology 2008; 245: 175 181,

- Luhe A, Suter 1, Ruepp 8, Singer T, Weiser T, Alberiini

S. Toxicogenomics in the pharmaceutical industry:
hollow promises or real benefit? Mutar Res 2005; 575
102-115.

. Wall ME, Dyck PA, Brettin TS. SYDMAN-singular

value decomposition analysis ol microaray Jdata. Hioin-
farmaries 20001 17: 566-568.

. Yeung KY, Ruzzo WL. Principal component analysis for

clustering gene expression data, Bioinformatics 2001 17:
T63-774.

. Portier CJ, Toyoshiba H, Sone H, Parham F. Irwin RD,

Boorman GA. Comparative analysis of gene networks at
muliiple doses and (ime points in livers ol rats exposed (o
ucetaminophen. Aftex 2006; 23 Suppl: 380 384,

. Toyoshiba H, Yamanaka T, Sone H, et al. Gene interuc-

tion network suggests dioxin induces a significant linkage
between aryl hydrocarbon receptor and retinoic acid
receptor  beta. Luviron Health Perspect 2004; 112:
1217-1224,

. Bumgarner RE, Yeung KY. Methods lor the inference ol

biological puthways and networks. Methods Mol Biol
2009; 541: 225-245.



. Huang IC, Babak T, Corson TW, et al. Using expression

profiling data to identify human microRNA targets. Nat
Methods 2007; 4: 1045-1049,

. Li H, Lu L, Manly KF. et al. Inferring gene transcrip-

tional modulatory relations: a  genetical genomics
approach. Hum Mol Gened 2005; 14: 1119 1125,

. Kuliz D, Molecular and evolutionary basis of the cellular

stress response. Anmy Rev Physiol 2005; 67: 225237,

23, Hamilton ML, Van Remmen H, Drake JA, et al. Does

25.

26

34,

i

6.

it

38

39,

40.

covon Aghnicki T,

oxidative damage to DNA increase with age? Froc Natl
Acad Sei USA 2001; 98 10469-10474.

Saretzki &, Ladhoft J, d’Adda di
Fagugnu F. Jackson SP. Human cell senesvence us a
DNA damage response. Meeh Ageing Dev 2005; 126:
11-117.

Lambeth J D, Nox enzyvmes. ROS, and chronic disease:
an example of antagonistic pleiotropy. Free Radic Biol
Med 2007; 43: 332-347.

Collado M. Blasco MA, Serrane M. Cellular senescence
in cancer and aging. Cell 2007; 130; 223233,

. Trachootham I, Alexandre J, Huang P. Targeting cancer

cells by ROS-mediated mechanisms: a radical therapeutic
approach”? Nat Rev Drug Discov 2009; §: 5793591

. Kimbro KS, Simons JW. Hypoxia-inducible factor-1 in

human breast and prostate cancer. Endocr Relat Cancer
20006, 13: 739-749,

Kruse JP. Gu W. Modes of p33 regulation. Cell 2009;
137: 609 622,

Benz CC, Yau C. Ageing, oxidative stress and cancer:
paradigms in parallax. Nar Rev Cancer 2008: 8: 875-879

. Vousden KH, Ryan KM. p33 and metabolism, Nar Rev

Cancer 2009; 9: 691700,

. Capn M., Salvioli §, Sevim I, et al. The genetics of human

longevity. Ann NY Acad Sei 2006; 1067: 252-263.

. Sanchez-Capelo A. Dual role tor TGF-betal in apopto-

sis. Crtokine Growth Factor Rev 2005: 16: 15 34.
Chalmers L, Kaskel FJ, Bamghola O The role of obesity
and its bioclinical correlates in the progression of chronie
kidney disease. Adv Chronic Kidney s 20060 13
352-304.

Eleuteri E, Magno F, Gnemmi I, ¢t al. Role of oxidative

and mitrosative stress biomarkers in chronie heart Llure.
Fromi Biose! 2000: 14: 2230-2237.

Albano E. Oxidative mechanisms in the pathogenesis of
aleoholic liver disease. Mol Aspects Med 2008: 20: 916,

Vogelstein B, Lane D. Levine Al Surfing the p53
network. Neature 2000; 408: 307-310,

Vousden KH, Lane DP, p33 in health and disease, Nt
Rev Mol Cell Biol 2007; 8: 275283,

Marchenko ND. Moll UM. The role of ubiguitmation mn
the direct mitochondrial death program of p33. Cell Crele
2007; 6: 1718-1723.

Chao C, Wu Z, Mazur 81, ¢t al. Acetylation of mouse p53
at lysine 317 negatively regulates p33 apoptotic activities
atter DNA damage. Mol Cell Biod 2000; 26; 0R59-086Y.

41

43

46,

47

8.

35.

Sh.

2, Blattner €, Tobiasch

REFERENCES 1M

Chao C, Herr 13, Chun I, Xuo Y. Serl 8 and 23 phosphor-
ylation is required for p3i-dependent apoptosis and
tumor suppression. LM BO J 2006; 25: 2615-2622.

E, Litfen M. Rahmsdorf HJ,
Herrlich P. DNA damage mduced p53 stabilization: no
indication lor un involvement of p33 phosphorylation.
ncagene 1999; 18: 1723-1732.

Chuao €. Hergenhahn M. Kaeser MD, et al. Cell type- and
promaoter-specific roles of Serl8 phosphorylation in
regulating p53 responses. J Biol Chem 2003; 278;
4102841033,

Brooks CL, Gu W, Ulnguitmation, phosphorylation and
acerylation: the molecular basis for p33 regulation. Curr
Opin Cell Biol 2003; 15: 164-171.

. Poyton RO, Ball KA, Castello PR. Mitochondrial gener-

ation of frec radicals and hypoxic signaling. Trends
Endocringl Merah 2009; 20: 332-340.

van Faassen LE. Bahram 5, Feelisch M. et al. Nitrite as
regulator of hypoxic signaling in mammalian physiology.
Med Res Rev 2008; 29: 683741,

Taylor CT, Cummins EP. The role of NF-kappuB in
hypoxia-induced gene expression. Ane NY Adcad Sci 2009;
1177: 1768-184.

Maziere C, Maziere JC. Activation of transcription
factors and gene expression by oxidized low-density
lipoproiein, Free Radic Biol Med 2009; 46; 127-137.
Bertout JA, Majmundar AJ, Gordan JD, et al. HIF2-
alphn inhibition promaotes p33 pathway activity, tumor
cell death, and radiation responses. Prac Natl Acad Sei
L84 2009; 106: 1439114396,

Moriya J, Minamino T, Tateno K, et al, Inhibition of
semaphorin as a novel strategy for therapeutic angiogen-
esis, Cire Res 20010; 106: 391-398,

. Fosshen E. Cuncer morphogenesis: role o mitochondrial

failure. Ann Clin Lab Sei 2008; 38: 307 329,

Koli K, Myllarniemi M, Keski-Oja J, Kinnula VI
Transforming growth factor-beta activation in the lung:
focus on fibrosis and reactive oxygen species. Antroxid
Redox Signal 2008; 10: 333-342.

Zhang H, hang £. Chang J. et al. Role of NAD(P)H
oxidase 1 tanslormung  growth  lactor-betal-induced
monocyte chemouttractant protein-1 and interleukin-6
expression in rat renal tubular epithelial cells. Nephralogy
( Carlton) 2009; 14: 302-310,

Chan DW, Liu VW, To RM. et al. Overexpression of
FOXGL contnbutes to TGE-beta resistance through
mhibition of p2IWAF1/CIP] expression in ovaran can-
cer. BrJ Cancer 2009; 101: 1433 1443,

Yu X, Riley T, Levine Al. The regulation of the endo-
somal compariment by p33 the wmor suppressor gene.
FEBS J2009; 276: 2201-2212,

Feng Z, Zhang 11, Levine AJ, Jin 5. The coordinate
regulation of the p33 and mTOR pathways in cells. Proc
Natl Acad Sci USA 2005; 102 B204-8209.

7. Levine Al. Feng Z, Mak TW, You H. Jin 8. Coordination

and communication herween the p33 and IGF-1-AKT-TOR



192

58.

6l

Ol.

6.

il

iy

67

6E.

oY,

70,

Tl.

72

OXIDATIVE STRESS-MEDIATED SIGNALING PATHWAYS BY ENVIRONMENTAL STRESSORS

signal  rransduction  pathways, Genes ey 2006;  20¢
267-275.

Budanoy AV, Karin M. p53 target genes sestrinl and
sestrin connect genotoxic stress and mTOR signaling.

Cell 2008; 134 451400,

. Levine AJ, Hu W, Feng Z. The P53 pathway: whal

questions remain 10 be explored? Cell Death  Differ
2006; 13: 1027-1036.

Crighton D, Wilkinson S, O'Prey J, et ul. DRAM, a p53-
induced modulator of autophagy, is critical for apoptosis.
Cell 2000; 126 121-134.

Morselli E, Tasdemir E, Maiuni MC, et al. Mutant p33
protem localized i the eytoplusm mmhibits sutophagy.
Cell Crele 2008; 7: 3056-3061.

. Tasdemir E, Chiara Maiuri M, Morselli E, et al. A duonl

rale of p33 in the control of autophagy. Anraphagy 2008:
4: 810-814.

Tasdemir E, Maiuri MC, Galluzzi L. et al. Regulation of
autophuagy by cyloplasmic pa3. Ner Cell Biol 2008: 10
676687,

Lespagnol A, Duflaut D, Beekman €, et al. Exosome
secretion.  including the DNA  damage-induced p33-
dependent scerctory pathway, is severely compromised
in TSAPo/Steapd-null mice. Cell Death Differ 2008; 15:
17231733,

. Schorey JS. Bhatnagar 8. Exosome [unction. [rom tumor

immunology Lo pathogen biology. Traffic 2008; 9: 871-881.
Tezel G. TNF-ulpha signaling in glaucomatous neurode-
generation. Prog RBrain Res 2008; 173: 409 421,
Agpuilera-Aguirre 1. Bacsi A, Saavedra-Molina A, Kur-
osky A, Sur 5, Boldogh . Mitochondrial dysfunction
mereases allergic arway inflammation. J bomenol 2008;
183; 53795347,

Bertrum KM, Baglole CJ, Plupps RP, Libby RT. Molec-
ular regulation of cigarette smoke imduced-oxidative
stress in human retinal pigment epithelial cells: implica-
tions for age-related macular degeneration, Am J Physiol
Cell Physiof 2009; 297; C1200-C1210.

Lal N, Kumar J, Erdahl WE, et al. Differential effects of
non-steroidal anti-infammatory drugs on mutochondrial
dysfunction during oxwdative stress. Arelt Biochem Biv-
Py 2000; 490: 1-8.

Nelson GM. Ahlborn G, Allen IW_ et al. Transeription-
al changes associated with reduced spontancous liver
tumor incidence in mice chronically exposed to high
dose arsenic, Toxicology 2008; 266; 615,

Bailey SM. A review ol the role ol reactive oxygen and
nitrogen species - alcohol-induced mitochondrial dys-
function. Free Radic Res 2003; 37: 585 396.

Kim GJ, Chandrasekaran K, Margan WF. Mitochondri-
al dysfunction, persistently clevated levels of reactive
oxyegen species and radiation-induced genomic instability:
a review. Mufagenesiy 20006; 21: 361-367.

. Protu A, Singer M. Bench-lo-bedside review. potential

strategies to protect or reverse mitochondnal dysfunction
in sepsis-induced organ failure. Crir Care 2006; 10: 228,

74

76,

17

v

TR.

19,

50

]|

83

84,

83,

86,

87

LhE

Shulis C W. Mitochondrial dysfunction and possible
treatments in Parkinson’s discase—a review. Mitachon-
drion 2004; 4 641648,

. Lee HK., Cho YM, Kwak SH, Lim S, Park KS. Shim EB.

Mitochondrial dystunction and metabolic syndrome—
looking lor environmental fuclors. Biechim  Bioplys
Aeta 2000; 1800: 282-289.

Williamson G, Manach C. Bioavailability and bicefficacy
of polvphenols in humans, [T Review of 93 intervention
studies. Am J Clin Nuir 2005; 81: 2435-2555.

Manach C. Williamson G, Morand C, Scalbert A.
Remesy C. Broavalability and roellicacy ol polyphenols
in humans. I. Review of 97 hioavailahility studies. Am J
Clin Nurr 2005; 81: 23082428,

Zhou C. Huang Y. Przedborski S. Oxidative stress in
Parkinson's discase: a mechanism of pathogenic and
therapeutic significance. Ann NY Acad Scr 2008; 1147:
Y3-10,

Direchsel DA, Patel M. Role of reactive oxygen species in the
neurotoxicity of environmental agents implicated in Parkin-
son's disease. Free Radie Bied Med 2008 44: 1873 1886,
Almon RR. Lai W, DuBaois DC, Juska W1, Corticoste-
roid-regulated genes in rat kidney: mining time scrics
array data. Am J Physiol Endocrmol Metab 2005; 289:
E&70-EB82,

Jin JY, Almon RR, DuBois DC, Jusko W, Modeling of
corticosterond pharmacogenomics in rat liver using gene
microarravs, J Pharmaeal Exp Ther 2003: 307: 93 109,

2. Sullivan C1, Teal TH, Lutrell TP, Tran KB, Perers MA,

Wessells 11, Microarrav analysis reveals novel gene
expression changes associated with erectile dysfunction
in diabetic rats, Plysiol Genomics 2005; 23; 192-205,
Lattana W, Bernardim €, Gangilano O, Michetti F,
Hypoxia-like trmmseriptional activation in TMTandugeed
degeneration: microarrity espression analysis on PC12
cells. J Newrachem 2007: 100: 1688-1702

Erlandsen SE, Fykse ¥V, Waldum HL, Sandvik AK.
Octreotide induces apoptosis in the oxyntic mucosa.
Mol Celt Endoeringd 2007; 264: 188146,

Chen H, Huang XN, Stewart AF, Sepulveda JL. Gene
expression changes associated with fibronectin-induced
cardine myocyte hypertrophy. Physiol Genamics 2004; 18:
273283,

Guan H, Arany E, Van Beek JP, et al. Adipose tissue gene
expression profiling reveals distinet molecular pathways
that define visceral adiposity i offspring of maternal
protem-resineled rats. Am J Physiol Endocringl Merah
2005; 288 E663 FaT3.

Sakurai H, Bush KT, Nigam SK. Heregulin induces glial
cell line-derived neurotrophic growth factor-independent,
non-branching growth and differentiation of ureteric bud
epithelia. J Biol Chem 2005; 280: 42181-42187.

Koh 8, Chung H, Xia H, Mahadevia A, Song Y.
Environmental ennchment reverses the mnpared explor-

atory hehavior and altered gene expression induced by
carly-life scizures. J Chifd Newrol 2005; 20: 796-802,



89,

.

91.

e
P

94.

93.

96.

7.

98,

99.

100,

101.

102

Kuhisch CH, Gukovsky 1, Lugea A, et al. Long-term
cthanol consumption alters pancreatic gene expression in
rats: a possible connection to pancreatic injury. Pancreas
2006, 33 6876,

Kodavanti UP, Schladweiler MC. Ledbetter AD, et al.
The spontuneously hypertensive rul: an experimental
model of sulfur dioxide-induced airways disease. Toxicaol
Sei 2006: 94: 193205,

Bruder ED, Lee 11, Widmaier EP, Rall I1. Microarray
and real-time PCR analysis of adrenal gland gene expres-
sion 1 the 7-day-old rat: effects of hypoxia from birth.
Physiol Genomics 2007; 29; 193-200.

2. Almon RR, DuBois DC, Yao Z, Hoffman EP, Ghim-

hovschi S, Jusko W1, Microarray nnalysis of the temporal
response of skeletal musele to methylprednisolone: com-
parative analysis of two dosing regimens. Physiol Geno-
mivs 2007; 30: 282-299,

Chan MM, Lu X, Merchant FM, lglelart JD. Miron PL.
Gene expression profiling of NMU-induced rat mamma-
ry lumors: cross species comparison with human breast
cancer. Carcinogenesis 2005; 26! 13431353

Kendziorski C, Irizarry RA, Chen K8, Haag JD, Gould
MN. On the utility of pooling biological samples in
microarray experiments. Proc Natl Acad Sei USA 2005,
102: 4252-4257.

Aphn AC, Gelati M, Fogel E, Carnevale E, Nicosia RF.
Angiopnietin-1 and vascular endothelial growrh factor
induce expression of inflammatory eytokines hefore
angiogenesis, Mhysiol Genomics 2006; 27: 20-28,

Rampil 1J, Moller DH, Bell AH. Isoflurane modulates
genomic expression in rat amygdala. Anesth Analg 2006;
102; 1431-1438.

Collins JE. Gene chip analyses reveul dillereniial genetc
responses 1o fron deficiency in rat duodenum and jeju-
num. Binl Res 2006; 39: 25 37

Guzelian J, Barwick JL, Hunter L, Phang TL. Quattrochi
LC, Guzelian PS. Identification of genes controlled by the
pregnane X receptor by microarray analysis of mENAs
from  pregnenolone  Tealpha-carbomtnle-treated  ruts,
Toxicol Sei 2006; 94: 379-387.

Giebel 8, Gerstmayer B, Kuhl P, Borluk 1. Meurrens K,
Muller T. The kinetics of transcriptomic changes induced
by cigarette smoke in rat lungs reveals a specific program
of defense, inflammation, and circadian clock gene
expression, Tovicol Ser 2006, 93, 422-43],

Su Y, summen FA, Xiao R, Simmen RC. Expression
profiling of rat mammary epitheliol cells reveals candidate
signaling pathways in dietary protection from mammary
wmors. Physiol Genomics 2007; 30: 816,

Rowe WD, Blalock EM. Chen KC, et al. Hippocampal
expression analyses reveal selective association of imme-
diate-carly, neuroenergetic, and my¢linogenic pathways
with cogmbve unpamrment m aged ruls, J Newroser 2000;
27 3098-3110.

Volpicelli F, Caiazzo M. Greeo 1), et ul. Bdnf gene is
downstream target of Nurrl transcription factor in rat

103,

104

106.

107,

108,

109,

(RIIN

1L

113

115,

L16.

REFERENCES 193

102-

midhrain neurons in vitre, S Newrochem 2007:
441453,

Stemmer K, Cllinger-Ziegelbauer 1. Ahr HJ, Dietrich
DR.. Carcinogen-specific gene expression profiles in short-
term treated Eker and wild-type rats indicative of path-
ways involved in renul tumorngenesis. Cancer Res 2007;
6H7: 40524168,

Impey 8, McCorkle SR, Cha-Molstad H, et al. Defining
the CREB regulon: a genome-wide analysis of tran-
scription  factor regulatory regions. Cell 2004, 119;
10411054,

Bush EW, Hood DB, Papst PJ, et al. Canomeal transient
receptor  potential channels promote cardiomyocyte
hypertrophy through activation of calcineurin signaling.
J Biol Chem 2006; 281: 33487-334946

Zhou 7, Cornclius CP, Eichner M, Bornemann A,
Reinnervation-induced alterations in rat skeletal muscle.
Newrobiof Dis 2006; 23: 395-602,

Bursztyn M, Gross ML, Goltser-Dubner T, et al. Adult
hypertension 1 intrauterine growth-restricted olfspring
of hyperinsulinemie rats: evidence of subtle renal damage.
Hypertension 2006; 48; T17-723.

Thomas H. Senkel S, Erdmann S, et al. Pattern of genes
influenced by conditional expression ol the transcription
factors HNF6, HNF4alpha and HNFlbeta in a pancre-
atic beta-cell line. Nucleie Acids Res 2004; 32: el 50,
Schumann A, Nulten 8, Donnicola D, et al. Neonutal
antibiatic rreatment alters gastrointestinal tract develop-
mental gene expression and intestinal barrier transcrip-
tome. Physiol Genomics 2005; 23: 235-245,

Roy S, Khanna S, Kuhn DE, et al, Transcriptome
analysis of the ischemia-reperfused remodeling myocar-
thum: temporal changes o mllummation and extracellu-
lar matrix. Physiol Genomics 2006; 25: 364-374.

Tugues 8, Morales-Ruiz M, Fernandez-Varo G, et al
Microarray analysis  of  endothelial  differentially
expressed genes in liver of cirrhotic rats. Gastroenterology
2005; 129: 16861695,

2. Akavia UL, Shur | Rechavi G, Benayahu D, Transcrip-

tiomal profiling of mesenchyml stromal cells from young
und old rats in response to Dexamethasone. BMC Geno-
mies 2006: 7: 95

Zhou M, Roma A, Magi-Galluzei C. The usefulness
of immunohistochemical markers in the differential
diagnosis of renal neoplasms. Clin Lah Med 2005; 25:
247-1257.

Schilfer I, (nordana MT, Mauro A, Mighel A, Ger-
mana |, Giaccone G Immunohistochemien] demonsiri-
tion of vimentin in human cerebral wmaors. Acra
Newrapathol 1986; 70: 209-219.

Niehans GA. Manivel 1C, Copland GT. Scheithauer BW,
Wick MR. Immunohistochemistry of germ cell and
trophoblastic neoplasms, Cancer |988; 62: 1113-1123.
Iwakuma T, Lozano G. Crnipphng p53 aclivilies via
knock-in mutations in mouse maodels. Oneagens 2007;
26: 2177-2184.



194

7.

I 18,

119,

120,

122,

123.

124.

126.

127.

OXIDATIVE STRESS-MEDIATED SIGNALING PATHWAYS BY ENVIRONMENTAL STRESSORS

Marine IC, Jochemsen AG. Mdmx as an essennial regu-
lator of p33 activity. Biochem Biophys Res Compmn 2005;
331 7507060,

Tang Y. Zhao W, Chen Y, Zhao Y. Gu W, Acetylation is
indispensable for p53 activation. Celf 2008; 133: 612-626.
Gong X. Kole L, Iskander K. Jaswal AK. NRH:quinong
oxidoreduetase 2 and NAD(PYH:quinone oxidoreduciase
| protect tumor suppressor p33 against 20s proteasomal
degradation leading to stabilization and activation of
P33, Cancer Res 2007, 67 5380-5388.

Lai Z. Yang T. Kim YB. et al. Differentiation of Hdm2-
mediated pd3 ubiquitination and Hdm2 autoubiguitina-
tion activity by small molecular weight inhibitors, Prae
Narl Aead Sei USA 2002; 99: 1473414739,

. Wang W, Ho WC, Dicker DT, et al. Acridine derivatives

activate p53 and induce tumor cell death through Bax.
Cancer Biof Ther 2005; 4: 893-898.

Kawata K. Yokoo H, Shimazaki R, Okabe 5. Classifica-
tion of heavy-metal toxicity by human DNA nucroarray
analysis. Environ Sei Technol 2007; 41: 3769-3774.

Fry RC. Navasumrit P, Valiathan C. et ul. Activation of
inflammation/NF-kappaB signaling in infants born to
arsenic-cxposed mothers. PLoS Genet 2007; 3: €207,
Chang L, Zhou B, Hu S, et al. ATM-mediated serine 72
phosphorylation stabilizes ribonucleotide reductase small
subumit p33R2 protein agamst MDM2 to DNA damage,
Proc Natl Acad Sei USA 2008; 105; 18519 18524,
Kollberg G, Darin N, Benan K, et al. A novel homozygous
RRM2B misscnse murmarion in association with severe
mtDNA depletion. Newramuscul Disord 2009; 19: 147-150.
Liu X, Xue L, Yen Y. Redox property of ribonucleotide
reductase small subunit M2 and p53R2. Methods Mol
Biol 2008; 477: 195-206.

Spinuzzola Al Invermza F, Currara F, et al. Chmeal and
malecular features of mitochondrial DNA  depletion
syndromes. J Iiherit Metab Dis 2009: 32: 143 158,

128

129,

131.

134

Tyynismaan H, Suomaliinen A Mouse madels of mino-
chondrial DNA defeets and their relevance for human
disease. EMBO Rep 2009; 10: 137-143.

Ceryak S, Zingariello €. O'Brien T. Patierno SR.
Induction of pre-apeptotic and cell cycle-inhibiting
genes in chromium (V1-treated human lung libroblasts:
lack of effect of ERK. Mal Cell Biochem 2004: 2355:
139149,

. Fanzo 1C, Reaves SK, Cui L, e1 al. Zinc status affects

P53, gadd4s, and c-fos expression and caspase-3 activity
in human bronchial epithehal cells. Am J Physiol Cell
Physiol 2001: 281: C751-C757.

Shih RS. Wong SH. Schoene NW. Lei KY. Suppression
of Gudd4s alleviates the G2/M  hlockage and the
enhanced phosphorylation of p33 and p3& in zine supple-
mented normal human bronchial epithelial cells. Exp Biol
Med ( Mayvwood ) 2008; 233 317-327,

Toyosluba H, Sone H. Yamanaka T, et al. Gene interae-
ton network analysis suggests dilTerences between lugh
und low doses of ucetuminophen. Toxicol Appl Pharmacaol
2006; 215: 306-316

. Yamanaka T. Toyoshiba H. Sonc H, Parham FM,

Portier CJ. The TAO-Gen algorithm for identifving
gene interaction networks with application to SOS
repair in £, coli. Enviren Health Perspect 2004; 112:
1614-1621.

Sone H, Imanishi 8§, Akanuma H, er al. Gene expression
signarures of environmental chemieals in eancer and in
developmental disorders. In: Zhao BDM, Cadeans [, ed.
The Roles of Free Ruadicals wm Biology and Medicine.
Beyying: Medimond; 2009, p, 45-52,

Chua P1, Yip GW, Bay BH. Cell cyele arrest induced by
hydrogen peroxide b5 associated with modulation of
oxidutive stress related genes in breast cancer cells. Exp
Biol Med ( Maywoad) 2009: 234: 1086-1094.



14

SELENOPROTEINS IN CELLULAR REDOX
REGULATION AND SIGNALING

ARJUN V. RaMan AND MarLA J. BERRY

Depgatmeint of Cell and Maleewlar Biology, Universive of Hawali, Biomedical Scfences Building, Honalule, HI, {7854

14.1 INTRODUCTION

In 1817 the Swedish chemst Iéns Jacob Berzehus
discovered selenium (Se), a chemical element with the
atomic number 34 and an atomic weight of 78.96 g/mol.
It 15 a wace nonmetal ol the chalcogen group that
includes oxygen and sulfur and is present in the Earth’s
crust and in ocean water at abundances ranging from
0.05 to 2.0 ppm. Sulfur has physical and chemical
properties similar to those of Se; however, their nonin-
terchangeable nature in hiological systems highlights the
substantial differences between these two elements. Se
exists naturally as structural analogs of sulfurous mole-
cules, including inorganic selenides (Se” ), selenites
(5¢04*"), and selenates (Se047 ), and the organic amino
ucids selenocysteine and selenomethionine. Although Se
15 a dietary antioxidant and 1s required m nanomolar
concentrations by organisms in all three domains of life,
it 15 simultaneounsly toxic, having @ median lethal dose in
humans of 1.5-6.0 mg/kg body weight with the inorganic
salts being more acutely toxic than organic forms [1]. In
vertehrates, Se is obtained almost exclusively by inges-
tion of plants and animals, and the amount of 5S¢ in
dietary sources depends on the coneentration of envi-
ronmental Se. Currently, the recommended daily allow-
ance of dietary Se for healthy adults is 55 ug/day and the
upper tolerable intake level s 400 pg/day [2].
Low-molecular-weight selenocompounds are bioactive,
but most cellular biological functions of Se are attributed
Lo genetically encoded selenoprotemns. Selenoprotemns are

defined by incorporation of the 21st amino acid seleno-
cysteine (Sec). which is an analog of cysteine with the
sulfur-containing side chain replaced by a Se-containming
side chain, Although Se and sulfur have similar chemical
and physical properties, key differences generate divergent
character between Sec and cysteine, with Sec bemg a much
more efficient catalyst, The cause of the higher catalytic
capacity of Sec is uncertain, but a few ideas have been
proposed. For example, Sec has been described as having
stronger nucleophilic and clectrophilic character than
cysteine, potentially aiding i catalysis. Additionally, the
selenol of Sec has a lower acid dissociation constant than
the thiol of cysteine (pKa of 3.2 vs. 8.3}, rendering the
selenol a superior leaving group because of its higher
acidity. This also means that at physiological pH. Sec
tends toward ionization whereas cysteine tends toward
protonation, and at low pH Sec retains much higher
reactivity than cysteine. The biological rationale for Sec
utilization 1% emgmeatic, but rapid recyeling ol oxidized
Sec to the reduced form as well as resisting irreversible
oxidation to selenonic acid could potentially explain the
hological pressure to use Sec over cysieine In proieins
during evolution [3].

Sec is synthesized from serine after aminoacylation to a
Sec-specific tRNA (IRNAY) that recognizes the UGA
“stop” codon, which typically signals to terminate mRNA
translation. Recognition of the UGA codon as a Sec
insertion site. as opposed Lo a lermination site. requires a
Sec insertion sequence (SECIS) element in selenoprotein
mRNA molecules, which 15 2 stem-loop structure that 1y
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typically downstream ol the UGA codon [4]. Although
selenoproteins are present in eukarya. archaea, and bacte-
ria, the mechanism of Sec incorporation differs between
domains in several respects. For example, the bacterial
SECIS element is located immediately following the Sec
UGA codon, whereas the eukaryotic and archaeal SECIS
elements are typically located much farther downstream
in the 3’ untranslated region (UTR). Additionally, the
archacal genus Methanococeus has a 5 UTR SECIS
¢lement, while eukaryotes have two distinet forms of 3
UTR SECIS elements [5. 6]. An clongation factor specific
to Sec-IRNA® has been idennified ns selB in bhacieria,
whereas the coordinated function of a SECIS binding
protein (SBP2) and the eukaryotic Sec-tRNAS™ clonga-
tion factor (EFSec) allows the cotranslational incorpo-
ration of Sec instead of termination [7]. Biosynthesis of Sec
in eukarva and archaea is accomplished by the sequential
actions of O-phosphoseryl-tRNA kinase (PSTK) and
O-phosphoserine-tIRNA:See-IRNA synthase (SEPSECS,
SLA), which converl seryl-IRNA™ 1o sclenocysteinyl-
tRNAS with a phosphoseryl-tRNA® intermediate.
Thus Sce formation in archaca and cukarya is a two-step
process, whereas hacterial selenocysteine synthase (selA)
can synthesize Sec directly from seryl-tRNA, The Se
donor utilized by both SEPSECS and selA is selenopho-
sphate, which i1s generated [rom selemuide (H-Se) by seleno-
phosphate synthetase (SPS) enzymes. Sclenophosphate is
first transferred to O-phosphoseryl-tRN A by SEPSECS
while displacing the phosphoseryl moiety, and subsequent
hydrolysis of the phosphate group vields See charged to its
cogmite IRNA [8]. Buctera have one SPS enzyme lermed
selD, while two (SPS1, SPS2) have been identified in
cukarya. of which SPS82 is itsell’ a sclenoprotein. Scleno-
cysteine lyase (SCLY), a putative Se recycling enzyme, is
able to catalyze the hydrolysis of Sec into selenide and
alanine and potentially delivers Se to 8PS enzvmes lor
phosphorylation and subsequent reinsertion into nascent
sclenoproteins [9]. Pyridoxal phosphate is a prosthetic
eroup derived from vitemin B6 and is required by enzymes
involved in metabolism of amino acids, glucose, lipids. and
neurotransmitters. The enzymatic activity of both SCLY
and SEPSECS is pyridoxal phosphate dependent. imply-
ing that Sec synthesis shares regulatory elements with
standard metabolic pathways [8, 10, 11].

Several steps in selenoprotein synthesis are regulated
by Sc availability (dictary or environmental depending
on the orgamsm), as well as hy the level ol oxdative
stress. For example, in addition to being a limiting
substrate for SPS$2, Se levels affeet different SECIS
glements differentally, potentially rezulaiing selenopro-
tein synthesis efficiency at the level of translation [7].

Oxidation ol the cysteine-rich, redox-sensitive domain ol

SBP2 masks the nuclear-export signal {(NES), causing
importation into the nucleus. Subsequently, it is either

sequestered there during high oxidative burden or else
reduced by nuclear-specific isoforms of selenoproteins.
unmasking the NES for binding and exportation by the
nuclear export receptor CRM-1 [12]. As discussed
below, individual selenoprotein expression also responds
differentially to Se availability and oxidative stress,
providing another level of regulatory control for seleno-
protein synthesis. Thus there is a complex, nonlinear
interaction between Se status and oxidative burden that
coordinates the synthesis of the numerous selenopro-
teins. Despite a low environmental availability of Se and
the vanous elaborate mechanisms for Sec incorporation,
sclenoproteins are widespread in organisms, with certain
plants and lungi being the only major exceptions that
lack selenoproteins and an essential biological function
for Se [13].

14.2 OXIDATIVE STRESS
AND SELENOPROTEINS

Oxidative stress is a broadly used term, but it generally
signifies an imbalance in prooxidants and antioxidants
in cells and their environment, causing disruption of
redox control and macromolecular damage. Here we
consider [ree radicals and nonradical oxidants separa-
tely as prooxidants, and distinguish macromolecular
damage ns a mechanistically dilferent oulcome rom
disrupted redox control. Macromolecular damage to
DNA, proteins, and lipids is caused by redox reactions
with [ree radicals, which contaim an unpaired electron
and are scarce in biological systems because of enzymes
and chemicals that rapidly scavenge them and typically
generate nonradical oxidants [14]. For example the
superoxide radical (0, 7) is rapidly converted by superox-
ide dismutase to the nonradical oxidant hydrogen perox-
ide (H20:). Superoxide can also react with nitric oxide
(NO), another free radical, 1o produce the nonradical
oxidant peroxynitrite (ONO- ) Although Tree radical-
mediated macromolecular damage is a common end point
observed in aging and disease, the rest of this chapter
focuses on the role ol selenoproleins in redox systems
control and signaling.

Because of such rapid conversion in organisms,
Iree radicals are quantitatively miniscule compared to
nonradical two-clectron oxidants such as hydrogen per-
oxide, fatty acd hydroperoxides. disullides, peroxynitrite,
aldehydes, and quinones. In a prototypical redox control
svstem, these nonradical oxidants reversibly react with
proten thiols to eheit o redox signal that Muncetions
in physiological regulation. Details on the mechanisms
of reversible thiol oxidation as a biological control
system are bevond the scope of this chapter. but they
generally include reaction with an active site cysteine,



maodilication of a distal allostenic cysteine, and alterntion
of macromolecular interactions [15]. IT the relevant cyste-
ine is in an active site such modifications may serve as a
simple binary on-oft “switch™ to activate or inactivate the
protein. Another scenario in which the cysteine residue
is not in the active site allows for allosteric regulation,
which can throttle protemn function along a continuous
gradient, akin to a “dimmer.” Finally, oxidation of
cysteine thiols is known to control intra- and intermolec-
ular protein interactions by formation of disulfides,
Among other things, disulfide cross-linking is well estab-
lished in mantming proper protem structure, regulating
the viscosity of mucus, and connecting actin filaments
and tethering proteins to the eytoskeleton [16, 17].

Selenoproteins are closely linked with the cellular thiol-
disulfide couples, particularly the glutathione (GSH) and
thioredoxin (TXN) couples. GSH is a tripeptide made of
elycine, cysteing, and glutamate and is the most abundant
thiol in cells, present at millimolar concentrations, Oxida-
tion of the cysteine thiol links two molecules ol GSH to
form glutathione disulfide (GSSG). This reaction can be
spontancous in the presence of ¢leetrophiles or, alterna-
tively, can be catalyzed by a number ol enzymes that utihze
GSH as an electron donor, including glutathione peroxi-
dase (GPX). glutaredoxin, and glutathione S-transferase
enzymes, Reduction of GSSG, producing two molecules
of GSH, is performed by the homodimeric lavoenzyme
glutnthione reductase.

All of the characterized selenoproteins that function
as enzymes are oxidoreductases that catalyze thiol-
thsullide oxidation-reduction  (redox) reactions  and
contain Sec in the active site. In the early 1970s the first
Se-dependent enzyme discovered was glutathione perox-
wdase 1 (GPX1), which catalyzes the reduction of hydro-
gen peroxide (H204) by oxidation of two molecules of
GSH to GSSG [18]. Cytosolic and mitochondrial forms
of the GPXI1 enzyme are transcribed from the same
gene containing one Scc-encoding TGA. The enzvme
functions as @ homotetromer utilizing four 8¢ atoms per
active enzyme [19]. GPXI is the most abundant gluta-
thione peroxidase and the most abundant selenoprotein
in rals, representing a significant fraction of the total
circulating Se pool [20].

Four homologous GPX selenoproteins have subse-
quently been identilied in humans. GPX2. also known as
gastrointestinal GPX, is a cytosolic enzyme that is
specilic to epithehal cells und s abundant m the gul
[21]. The extracellular GPX3 has broad substrate speci-
ficity and is found in most cxtraccllular compartments
but 1 abundant m kidney and blood plasma [22). GPX6
is closely related to GPX3 but is only expressed in
the olfactory system and exists as a cysteine homolog
in rodents [23]. GPX4 is structurally and functionally
different from the other GPX enzymes because it is
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active as o monomer rather than o letramer and can
directly reduce membrane lipid hydroperoxides and free
fatty acid hydroperoxides. Alternative splicing and tran-
scription imitiation generates three distinet isoforms of
GPX4 that localize to the cytosol, mitochondria, and
nucleus. Additionally, GPX4 translation is regulated
by the mRNA binding protemn guanine-rich sequence-
binding factor 1 [24]. Genetic deletion of GPX4 in mice
causes embryonic lethality, and knockdown of GPX4
in cells leads to rapid lipoxygenase-mediated lipid per-
oxidation and subscquent apoptosis, suggesting that
removal ol ipd hydroperoxides by GPX4 s essential
for cell viability [25, 26]. There are three additional
GPX enzymes (GPXS5, GPX7. and GPXE) that are not
selenoproteins in humans.

TXN is a small protein of ~12kDa and is present at
concentrations several orders of magnitude below GSH.
It contains an active site dithiol that is highly conserved
in evolution and widely distributed among the TXN
supertamily. Through oxidation of the dithiol ta a disol-
fide. TXN can directly reduce cysteine sulfenic acids
and control the state of dithiol-disulfide motifs in target
proteins, and can also serve as an electron-donating
cofactor for enzymes such as ribonucleotide reductase,
peroxiredoxins, and methionine sulfoxide reductases [27).
In turn, reducing oxidized TXN i1s mediated exclusively
by the thioredoxin reductase (TXNRD) family of scleno-
proteins [28]. At least four selenoproteins (GPX3, GPX4,
SEPPI, SEPX1) can utilize TXN as a cofactor for enzy-
matic reduction, and it is possible that others do as well
[29. 30]. There are also numerous tnoredoxin-like protems
that may depend on TXN or act in parallel to provide
addiuonal substrate speeificity beyond that provided by
TXN. Several selenoproteins contain a TXN-like fold,
which is a well-described secondary/tertiary structure
pattern with a conserved Cys-X-X-Cys or Cys-X-X-Ser/
Thr active-site motif characteristic of oxidoreductases [31],
where X is any amino acid, While it is tempting to
speculate that these selenoproleins operate similarly
to TXN, namely. by controlling the redox state of cysteine
residucs and dithiol motifs, there is at present little
evidence to support or deny this notion.

Three mammalian thioredoxin reductases are sele-
noenzymes encoded by individual genes. TXNRDI,
TXNRD2, and TXNRD3 encode homodimeric flavo-
proteins that localize to the cytosol, mitochondria, and
testes, respectively. They are members ol the pyndine
nucleotide-disulfide oxidoreductase family and contain
two redox-sensitive sites in the N- and C-termini that
mteract i a head ol dimer conformation of the achive
enzyme. These enzymes are capable of reducing a number
of substrates, but they depend on NADPH for donating
electrons, which are first transferred to the FAD group,
then passed to the N-terminal dithiol of one subunit and
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subsequently o the C-lerminal selenenvl-sulfide ol the
other subunit. The highly conserved Sec-containing
C-terminal motif is absolutely critical for catalytic fune-
tion of TXNRD enzymes |27, 32| The main substrate for
TXNRDs is the small redox-sensitive protein TXN,
which is integral to physiological processes such as cell
communication, metabolism, proliferation, and apopto-
sis. In general, the reactive dithiol of TXN will become
oxidized to a disulfide during reduction of an oxidized
targetl protein. Regeneration of reduced TXN proteins
requires TXNRD, and thus the TXN/TXNRD system is
completely dependent on Se in mammals. The impaor-
tance of this system is highlighted by the fact that
knockout of either TXNRDI1 or TXNRD2 is embryonic
lethal in mice [33, 34]. 1t is worth noting that TXNRDs
from mammals differ from the Se-independent enzymes
of archaea, bacteria, veast, and plants.

Reactions between target proteins and TXN can be
spentancous, but several enzymes can catalyze the
reduction of target proteins using TXN as an electron-
donating cofactor. The human genome codes for four
mcthionine sulfoxide reductase (MSR) ecnzymes that
reduce oxidized methionine residues i protemns utilizing
TXN as a cofactor. There is now considerable evidence
that, like eysteine, reversible methionine oxidation can
regulate protein function [35]). For example, calcium/
calmodulin-dependent protein kinase I and the phos-
phatase caleineurin, among many other profeins, are
regulated by methionine redox status [36, 37]. A single
MSRA and three MSRB cnzymes stereospecifically
reduce 8- and R-sulloxidated methionmes, respectively.
MSRBI is a selenoprotein also known as Selenoprotein
R and SEPXI1, while MSRA as well as MSRB2 and
MSRB3 are Se-independent enzymes, SEPX1 is a zinc-
conlaining protein present in the cytosol and nucleus and
exhibits the highest methionine-R-sulfoxide reductase
activity because of the presence of Sec in its active site
[38]. Intercstingly, redox status of the cysteine-rich
metallothionein/thionein couple dictiles zine loading in
that reduced thionein binds zinc and oxidation of metal-
lothionein releases it. Moreover, thionein can reduce
nonselenoprotein. MSRB3 in the presence ol TXN,
TXNRD, and NADPII more efficiently than without
thionein [39]. Therefore regulation of specific kinases,
phosphatases, and other proteins by methionine-R-
sulfoxide reduction is mediated by two selenoproteins
(MSREI, TXNRDI) and NADPH.

143 SELENOPROTEINS AND REDOX
SYSTEMS

The GSH and TXN couples are central to a global system
of connected redox elements involving reversible

oxidation ol proleins containing eysieine, methionine,
and Sec residues. GPX and TXNRD sclenoproteins,
being critical effectors of peroxide and thioredoxin reduc-
tion, have a direct role in the redox systems biochemistry
of organisms (Fig. 14.1A). Oxidative stress in the form of
disrupted redox control arises when cysteine (or methio-
mine) residues become abnormally oxidized or irrevers-
ibly modified, stripping the reversible redox reactivity
that is required for physiological processes. Several
covalent and noncovalent modifications to distal or
active site cysteine residucs modify protein structure
and [unction. A redox-achve cystene residue can become
reversibly oxidized to sulfenic acid, which can be reduced
stepwise by two molecules of reduced GSH. Additionally,
cysteinyl-S-glutathione conjugates are semistable in
certain proteins, and S-glutathionylation can lead to
ultered protein function as observed with glyceraldehvde
3-phosphate dehvdrogenase (GAPDH) and caspase 3
[40, 41]. If two neighboring reduced cysteine residues
{dithiol) are reactive, the pair can be reversibly oxidized
to a form a cysteine disulfide bridge, as with TXN. The
gascous molecules NO and hydrogen sulfide (H,S)
dlso react with cysteme residues to produce modified
derivatives that are functionally relevant, For example,
S-nitrosylation of Cys118 in Ras activates the protein by
stimulating guanine nucleotide exchange, while sullhy-
dration, or the addition of a sulfhydryl group [rom
hydrogen sullide gas (o a cysteine thiol, has recently
been demonstrated to augment the activity of GAPDH
[42. 43]. Proteins often contain multiple cysteine residues
that can be reversibly modified (e.g.. dithiol-chsulfide,
S-glutathionylation, S-nitrosylation, S-sulfhydration,
cte.) 1o affeet protein function and/or interactions.
From a systems perspective. cellular redox status
is best understood in terms of redox potential. The
redox potential (E), or electron motive force, for an
oxidation/reduction couple depends on the inherent
tendency of the molecule to accept/donate clectrons
relative (o the standard hydrogen electrode and the
concentrations of the acceptor and donor (oxidized
and reduced species of the couple). In biological systems
the redox potential of the major thiol/disullide couples
(GSH and TXN) is maintained at stable nonequilibrium
conditions, or in other words, the mean E, of the GSH
and TXN couples in subcellular compartments is nonzero.
These redox couples, along with the Cys/CySS (cysteine/
cysting) couple and protemn Cys residues involved in
redox signaling, are in equilibrium neither with each
other nor with the NADPH/NADP™ couple. In addition
to nonequilibrated redox potentials between couples
within a subcellular compartment, redox potential is
also not equilibrated across subceellular and extracellular
compartments. The mitochondria and nucleus tend to
be highly reduced (redox potential farther from zero),
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mechamsms are able o control renction rates. Under
acrobic conditions peroxide and oxygen are always
present in cells: therefore coupling of electron transfer
to peroxidase (e.g., GPX) or oxidase reactions can
provide an additional energetic driving force to maintain
function of low-current redox control circuits. Kinetic
and spatial insulation of reactive thiol couples allows
biosystems to be highly responsive and dynamic, and
concurrently provides specificity because noneatalyzed
oxidation-reduction and thiol-disulfide exchange reac-
tions are slow in the cellular environment [44].

S-glutathrionylated Sec and diselemide bridges have
not been described in vivo, but transient and stable
selenenyl-sulfide linkages are observed in sclenoproteins
as either active intermediates or structural features,
respectively. For example, the reaction mechanisms for
GPX and TXNRD enzvmes involve a transient mixed
selenenyl-sulfide bond, while rat selenoprotein P
(SEPPI) has twe such linkages that appear 1o be a
structural leature [32, 46). Transient nitrosylation and
sulfhydration of Sec is thermodynamically possible. but
its cxistence is speculative at present. Free Sce is virtually
ahsent Irom cells, making a selenocysteme/selenocystine
couple unlikely, but s¢lenoproteins are present and could
be maintained in a nonequilibrium steady state favoring
the reduced lorm. Kinetic (reaction rate and substrate
specificity) and spatial (subcellular and tissue distribu-
tion) insulation of the selenoproteins has been deseribed;
however. whether selenoproteins represent Kinetically
limiting sites of redox control remains an important
guestion. The standard redoction potental (E,) of
selenoproteins is unexplored. and determining whether
the mean E;, of selenoproteins, particularly the TXN-like
selenoproteins, is maintained in a nonequilibrium steady
state will help determine whether they are central redox
control points. Given the known kinetic advantuges
of the Sec amine acid compared to cysteine in catalysis,
as well as the pivotal positions of GPX and TXNRD
selenoprofeins in respect 1o redox arcuiry (Figo 14.0A),
it seems possible that one or more selenoproteins could
be identified as kinetically limiting redox control points
that are rapidly  disrupted  during  oxidative  stress.
Additionally, several selenoproteins have unknown
funetion, but, given the unique reactivity of Sec, they
are well suited to transduce oxidant signals by formation
of disulfide bonds in downstream targets even in the
reducing cellular environment.

14.4 SELENOPROTEINS IN VERTEBRATE
SIGNALING

Specific selenoproteins function at the intersection of
cellular and organism metabolism by modulating insulin

and thyroid hormone signaling. The iodothyronine
deiodinases (DI10) lunction in activation and deactiva-
tion of thyroid hormone and were the second family of
enzymes determined to be Sec-containing selenoproteins
in the early 1990s [47], Thyroid hormone metabolism at
the level of both production in the thyroid and local
hormone activity in the periphery is reliant on the DIO
family of selenoenzymes. Most vertebrates have three
DIO enzymes that can deiodinate thyroid hormones to
control local availability. These integral membrane pro-
tein enzymes are thiol-requiring oxidoreductases that
remaove indine atoms [rom the aromatic rings of thyroxine
(Ty), triiodothyronine (T3), and reverse triiodothyronine
(rTs) [48]. DIOIT is a plasma membrane prowin found
mainly in cells of the liver and Kidney, is capable of
deiodinating both the inner and outer rings, and produces
most of the circulating T, DIO2 is found in the endo-
plasmic reticulum of cells in several tissues including the
thyroid, heart, skeletal muscle, fat, and the central nervous
system and selectively removes the outer ring iodine,
making it the primary tissue activator of thyroid hormone
by converting T, to Ty DIO3 is also a plasma membrane
protein; however, 1t 15 mainly Tound in letal tissue and
the placenta, selectively removes the inner ring iodine,
and thus contributes to thyroid hormone inactivation,

A specific role for a selenoprotein in redox regulation of
insulin signaling was cstablished when it was found that
overexpression ol GPX1 causes hypernnsulinemia and
insulin resistance in mice [49]. Moreover, genetic deletion
of GPX1 promotes glucose tolerance and insulin sensitivity
in mice on i high-fat diet by enhancement of insulin-
induced PISK/ Akt signaling [50]. Dietary studies in
humans have further suggested that supranutritional
levels of Se are associated with type 2 diabetes, while
amimal studies confirm that both excessive dietary Se
und GPX1 overexpression lead (o hyperinsulinemia and
insulin resistance [51-54]. Peroxide-induced oxidation
of PTEN and S-glutathionylation of protein tyrosine
phosphatase TH are affecied by GPX1 activity, which
thereby modulates insulin receptor activation and insulin
resistance [55).

Selenoprotemn P (SEPP1) s a umgue selenoproten that
contains multiple Sec residues and is also implicated in
insulin resistance. Diabetic patients display an increase
in hepatic SEPP1 mRNA and serum SEPP1 protein. and
purificd SEPP'l administered to mice is able to induce
msulin resistanee and glucose mtolerance. Furthermore,
knockdown or knockout of SEPPI in mice improves
glucose tolerance and insulin sensitivity, and SEPPI
knockout mice are protected agamst slucose imtolerance
and insulin resistance even when on an obesity-inducing
diet [36]. Since SEPP1 expression can dictate expression off
other selenoproteins including GPX1, its effect on insulin
resistance may be direct or indirect. Primate and rodent



SEPPI1 contains up to 1) Sec residuoes, while as muny as 17
Sec residues are present in zebrafish. SEPPI is the most
abundant selenoprotein in blood and accounts for as
much as 63% of plasma Se in rats |57, Aside from the
multiple Sec residues and high Se content, SEPPI is also
distinet in that it is one of only two extracellular seleno-
protems (the other being GPX3 mentioned above). and 1t
appears o be a vertebrate adaptation as it has not been
found in the genome of Caenarhabditis elegans or Drao-
sophile melunegaster. SEPPI is abundantly produced by
the liver and scereted into blood; however, local produc-
tion and secrenion in nearly all tssue systemns has been
described [58]. Bodily transport of Se¢ to extrahepatic
tissues, particularly the brain. testes, and kidneys, appears
to be facilitated by receptor-mediated uptake of SEPPI by
the low-density lipoprotein receptor family members
ApoER2 (LRPE) und Megalin (LRP2) [59]. The abundant
Sec residues of SEPPI are divided into two regions, with
the bulk being located in the C-terminal domain that is
required for the Se transport function. SEPP1 also con-
tains an N-terminus Cys-X-X-5¢c motil and catalyzes the
reduction of lipid hydroperoxides in vitro, utilizing TXN
asa colactor |30, 60]. Inaddition to a Se trunsport [unction
and peroxidase activity, SEPP1 exhibits pH-dependent
heparin binding and heavy metal binding that likely also
function in redox-dependent processes.

The examples of GPXI1, SEPPI, and the DIO enzymes
maodulating insulin and thyroid hormone signaling high-
light the fact that vertebrate metabolism is tightly inte-
grated with selenoprotein function, This connection
between Se and metabolism m multicellular organmisms
suggests that cell-autonomous regulation of redox systems
and signaling may similarly depend on one or more
selenoproteins., The regulatory control ol cellular redox
signaling by Selenoprotein W is discussed next as an
exumple. bearing in mind that several selenoproteins
with uncertain functions could similarly have a role in
regulating target protein oxidation state.

Selenoprotein W (SEPW 1) was purified in the early
1990s but putatively identified much earlier because of its
absence in Se-deficient lambs suffering a myopathy called
white muscle disease [61]. Mammahan SEPW 15 a highly
conserved cytosolic protein of just 87 amino acids, and
SEPWI1 orthologs are among the most widely distributed
selenoproteins in all species including prokaryotes |6, 62].
The expression level of SEPWI in vertebrates is very
sensitive o dietary Se intoke as well as the expression
level of SEPPL [63-65]. Abundant SEPW I expression is
observed in muscle, and SEPWI1 transcription during
myocyle differentiation s mamtaned by binding ol the
myogenic transcription factor MyoD to the SEPWI
promoter [66]. A putative metal-response element in
the promoter of the SEPWI! gene was probed in vitro
with the use of a luciferase reporter fusion construct, and
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lucifernse specific netivity was found (o be stimulated by
copper and zine but not cadmium [67]. Although a bona
fide enzymatic activity has not been attributed 1o SEPWI,
the presence of o Cys-X-X-Sec motif in a thiaredoxin-like
fold may indicate thioredoxin-like redox activity [31].

Recently, SEPWI was shown to pull down and
conmmunoprecipitate with the 3 and ~ isoforms ol
14-3-3 protein. This interaction was further confirmed
by NMR spectroscopy and extended to identify three
loops of SEPWI that interact with 14-3-3 proteins [68].
14-3-3 3 and ~ proteins are scaffolding proteins derived
from the Y WHAR and YWHAG genes, respectively, and
bind a diverse assortment of proteins including kinases,
phosphatases, and receptors. In this way 14-3-3 proteins
coordinate molecular interactions and participate in cell
cycle regulation, metabolism, apoptosis, protein traffick-
ing, and gene transcription [69]. A computational study
of SEPW1/14-3-3 interaction suggests that a conserved
cysteine of 14-3-3 3 and ~ (Cysl91 and Cys195, respee-
tively) can be reversihly oxidized, with SEPW 1 acting asa
reducing agent [70]. The oxidized cysteine sulfenic acid of
14-3-3 can putatively react with Sce of SEPW . produce-
mg 4 mixed complex. Subsequently, the formation of an
intramolecular selenenyl-sulfide within SEPW1 would
result in 14-3-3 being fully reduced. Oxidized SEPW|
can then migrate away and likely be reduced to its parent
state by GSH. which is supported by evidence that a
SEPWI cysleme ressdue conserved from rodenis 1o
primates can be S-glutathionylated [71. 72]. Redox regu-
lation of 14-3-3 proteins by SEPW1 could serve several
cellular Munctions, but an mtriguing possibility 1s pre-
sented by the in vitro finding that SEPW I expression is
regulated by the eell eyele and knockdown of SEPW
induces cell cycle arrest [73]. Therefore SEPWI, through
redox regulation of 14-3-3 proteins, may coordinate Se
availability und oxidative burden with cellular prolifera-
tion, differentiation, and death. This redox-regulated
functionality may serve as the basis for the association
of SEPWI with myvopathies in hvestock and multiple
myeloma in humans [74].

The example of SEPW1 is meant to highlight the fact
that selenoproteins with unknown roles can impact the
cellular response to environmental changes, particularly
in relation to growth and stress. In the following section
a briel summary of what s known ol the remaining
sclenoproteins is presented. with the biological functions
described possibly owing (o the activity ol the seleno-
proteins in undefined redox circuits.

145 THE SELENOPROTEIN FAMILY

I'he human genome codes for 23 selenoproteins, most of
which have been identified recently by bioinformatics
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approaches looking for SECIS elements downstream of
in-frame UGA codons [23]. The various members dis-
play wide subcellular and tissue distribution, and several
are known to have multiple transcript varianis and
protein isoforms. Selenophosphate-synthetase 2 (SPS2)
is a4 eukaryotic selenoprotein that is required for the
synthesis ol all selenoproteins including itsell. Seleno-
phosphate is generated by SPS2 in the presence of
selenide and ATP [75]. A related protein called SPSI
contains a cysteine residue in place of Sec, but its
involvement in Sce and selenoprotein biosynthesis is
uncertain [76]. 1t has been snggested that SPS2 assim-
ilates selenite. whereas SPSI recycles Sec in a Se-salvage
pathway [77]. Intriguingly SPS2, but not SPSI, is
required for selenoprotein synthesis in NIH31T3 mouse
fibroblasts [78]. However, an in vivo requirement of
SP82 and specificity of SPS1 and SPS2 with different
Se substrates have not been reported.

Oxidative stress can trigger dysfunction of organelles
including the mitochondria, nucleus, and endoplasmic
reticulum. A subset of selenoproteins is observed in
mitochondrion e combat against clectron leak during oxi-
dative respirntion and phosphorylation. Mitochondrion-
specific isoforms of GPXI1, GPX4, and TXNRD2
regulate peroxide metabolism and oxidative tone within
this organelle. The selenoproteins GPX4, TXNRDI,
MSRBI, and SELH have been shown to exhibit varying
degrees of nuoclear localization (Fig. 14.1B). Apari
from SELH. the other three selenoproteins are presum-
ably involved in reduction of lipid peroxides, oxidized
TXN, and sulfoxidized methionine residues within the
nuclear envelope,

SELH is the only DNA-binding seclenoprotein
described and has a role in regulation of gene expression,
Similar to SEPW1, Selenoprotein H (SELH) is a small
selenoprotein that is highly expressed during development
and is sensitive to dietary Se intake [79, 80). Like several
sclenoproteins, it contains a Cys-X-X-Sec sequence within
i thioredoxin-like (old, but unlike any other selenoprotein
described to date, it is a DNA-binding protein of the
AT-hook family. SELH is primarily located in the nucleus
and s immphoited i oredox-sensitive  transenption of
genes whose products are involved in de novo glutathione
synthesis and phase 11 detoxification [81]. Muliiple metal-
response elements are present in the SELH gene [82]. and
one group has confirmed in vivo that SELH mRNA
and protemn are upregulaled under conditions ol elevated
copper in mouse liver [83]. Although it is a nuclear protein,
mitochondrial biogenesis and function are also linked
with SELH. Overexpression ol SELH m a transformed
neuronal cell line attenuates the UVB-induced increase
of p33 protein and caspase-mediated apoptosis [84].
Additionally, SELH overexpression increases mitochon-
drial size, cytochrome ¢ content, and expression of

mitochondrial hiogenesis prateins while hoosting respira-
tion [83]. Collectively these findings suggest that SELH is
a Se- and metal-regulated selenoprotein that is able to
transduce oxidant signals by modulating gene expression
in conjunction with other redox-sensitive transcription
factors. Further investigation is warranted to determine
whether SELH modifies cysteine S-glutathionylation
or disulfide formation in target proteins such as p33 to
regulate gene expression,

The endoplasmic reticulum (ER) regulates the syn-
thesis, folding, and transport of proteins and addition-
ally constitutes the mamn intracellular store lor calcium
ions, which are integral in cell signaling. Seven seleno-
proteins are enriched in the ER (Fig. 14.1B). and some
are postulated to have a role in protein lolding and ER
calcium handling. since oxidative mechanisms within the
ER are known to regulate these processes [86]. The ER is
a relatively oxidizing environment compared to other
intracellular organelles and contains oxidase enzymes to
facilitate the lormation of disulfide bonds in proteins
destined for export. Simultaneously. GSII and TXN
system components are transported into the ER, pro-
vitdhing hoth oxidation and reduction mechanisms Tor
dynamic redox regulation associated with protein pro-
cessing and secretion. Redox state affects caleium
homeostasis by modulating ER calcium channels and
chaperones, and oxidative stress and ER stress are
intimately related in signaling for apoptosis [87]. Similar
to the ER, the secretory and endosomal/lysosomal path-
ways are also more oxidized than other subcellular
compartments [88, 89]. Ligand binding to various recep-
tors stimulates endocytosis of redox-active endosomes
whose luminal redox acuvity directs spatiotemporally
regulated signaling and prevents nonspecific redox reac-
tions [90, 91]). Therefore redox-mediated processes are
vital lor secretory und endocytic function, and the ability
of selenoproteins o transmit oxidative signals from
reactive intermediates 1o disulfide bonds of target pro-
tems may help 1o explain the ennchment ol selenopro-
teins in the ER.

Selenoprotein T (SELT) is an ER- and Golgi-localized
selenoprotemn that s ubiquitously expressed rom devel-
opment through adulthood and shares some sequence
similarity with SEPWI1 and SELH including the
thioredoxin-like fTold containing a Cys-X-X-Sec motil
[31]. Deficiency of SELT in murine fibroblasts causes an
upregulation ol SEPW I, mn addition 1o altering cell adhe-
sion and redox regulation [92]. A biological role for SELT
in neurocndocrine seeretion and caleium mobilization in
vitto has also been presented. SELT was identified as
a target gene of the neuropeptide pituitary adenylate
cyclase-activating polypeptide (PACAP), and manipula-
tion of SELT expression altered PACAP-induced intra-
cellular Ca>* changes and growth hormone secretion [93].



Two  of the more abundant and  uabiguitous
LR selenoproteins. Selenoprotein M (SELM) and 15-kDa
sclenoprotein (SEPIS), are both 15-kDa proteins that
share 31% sequence homology and have Cys-X-X-
Sec and Cys-X-S¢c redox motils, respectively, SCLM
and SEP13 have thioredoxin-like tertiary structure and
homelogy to protein disulfide 1somerases that suggest
oxidoreductase activity, but direct evidence in support
of this notion is lacking [94]. SEP15 associates with LIDP-
glucose:glycoprotein - glucosyltransferase (UGTR). a
protein involved in protein conformation quality control,
and has been suggested o faolitate proper protein [oldmyg
[95]. A role for SELM in protein folding has been
proposed, and recent evidence suggests that SELM may
also be involved in regulating the Hux of calcium ions,
Overexpression of SELM in a neuronal cell line in vitro
reduced peroxide-induced caleium influx, whereas knock-
down of SELM increased the baseline intracellular
calcium concentration [96].

Selenoprotein N (SEPNI) is a large (70 kDa) single-
spanning transmembrane protein localized to the ER
membrane with two known isoforms generated by
alternative splicing of exon 3 [97]. Several congenmital
muscular dystrophy syndromes such as multiminicore
disease, rigid spine muscular dystrophy. and desmin-
related myopathy with Mallory body-like inclusions are
dircetly associated with mutations in the SEPNI gene
and have been clussified as SEPNI-relnted myopathies
[98]. Interestingly. mutations in SEPNI leading to con-
genital fiber tvpe disproportion are associated with
msulin resistance [99]. To date, SEPNI 15 the only
selenoprotein gene in which mutations are directly and
causatively linked to human disease. An in vivo study
using zebrafish determined that SEPN1 associates with
ER/SR ryanodine receptors, and that this interaction is
necessary [or the calcium-induced releuse of calcium
from intracellular stores [100], Ryvanodine receptor chan-
nels are homotetramers with several redox-regulated
cysteme residues, und SEPNT contains a Cys-Sec-Cily-
Ser motif, suggesting that SEPNI regulates ryanodine
receptor-mediated calcium Aux in muscle by redox-
dependent signaling. Finally, SEPNT is integral to the
generation and/or maintenance of skeletal muscle satel-
lite cells, which are an adult stem cell population
involved in muscle growth and regeneration [101],

Selenoprotein K (SELK) and Selenoprotein S (SELS)
are also predominuntly ER-localized smgle-spanning
transmembrane proteins; however, they are much smaller
than SEPNI and also show some localization to the
plasma membrane [23. 102, 103]. Hoth are widely
expressed in a variety of tissues and have been implicated
in the cellular response 1w ER stress. Specifically, ER
stress agents regulated the expression of SELK in Hep(G2
hepatoma cells, and knockdown of SELK exacerbated
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cell death when challenged with ER siress [104]. Genetic
deletion of SELK in mice decreases receptor-mediated
calcium flux in immune cells, impairs calcivm-dependent
immune cell fonction, and increases West Nile virus-
induced lethality [105]. An interesting link between
metabolism and inflammation is presented in the case
of SELS. which was orginally identified as a glucose-
regulated protein in a rodent model of diabetes [106]. The
relationship between SELS and tvpe 2 diabetes was
confirmed in humans, and there is evidence that SELS
can be seereted from liver and identified in blood sera,
where 11 associates with LDL 107, 108]. SELS 1 now
known to also be regulated by inflammatory cytokines
[109]. and reciprocally, reduced expression of SELS. due
to polymorphisms in the gene promoter, influences the
levels of IL-1, TNF-q, and 1L-6 [110]. SELS participates
in removal of misfolded proteins from the ER lumen
[103, 111]and was demonstrated to prevent ER stress and
have antiapoptotic function in macrophages and astro-
cytes [112, 113).

Three selenoproteins remain largely unexplored. with
very little published data currently available. The
seqquences ol Selenoprotein 1 (SELL), Selenoprotem ()
(SELO), and Selenoprotein V (SELV) were identified in
the human genome several vears ago: however, almost
no information is available on the cellular localizations
or physiological functions of these selenoproteins. SELI
mRNA is known (o be expressed in severa] lissues, and 11
s a putative transmembrane protein hypothesized to
function in phospholipid biosynthesis based on the
presence ol 2 CDP-alcohol phosphatidyliransferase
moltif that is conserved in phospholipid synthases [23,
114]. SELO is predicted to be a 669-amino acid scleno-
protein containing a Cys-X-X-Sec motif, but experimen-
tal data demonstrating a redox function are unavailable
[23]. SELV appeurs to be a testes-restricted protein with
a predicted thioredoxin-like fold housing a Cys-X-X-Sec
motil and also has some sequence homology with
SEPWI, SELH, and SELT 23],

14.6 CONCLUSION AND FUTLRE
PERSPECTIVES

The implications ol selenoprotemns functioning as part ol
the circuits mediated by central couples for redox signal-
ing are widespread. These crremits control networks that
integrate and coordinate cellular processes through a
serics of parallel redox clements, and sclenoproteins are
positoned m key places 1o drastically alTect aircmnl
function. The GPX ¢nzymes rapidly consume peroxide
to limit the distance of locally generated oxidant signals,
and in doing so impact the redox potential of the GSH)
GS55G couple. TXNRD selenoproteins reduce TXN to
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maintain the nonequilibrivm steady-state redox potential
of the couple and thus are the basis of a lunctionally
diverse array of signaling processes mediated by TXN.
Reducing sulfoxidized methionines is one such process
that is partially realized by another selenoprotein,
MSRBI. DIO enzymes and SEPP] modulate vertebrate
metabolism, while SEPW1 and SELH modulate cellular
metabolism. At least four ER-localized sclenoproteins
(SELT. SELM, SEPNI, SELK) are involved in regulat-
ing intracellular calcium flux and consequent cellular
signaling, and another two (SEP13, SELS) participate
in protem [olding. SPS2 15 a selenoprotein that regulates
synthesis of all sclenoproteins including itsell, while
SELL SELO, and SELV still have unknown lunctions.
The interaction of selenoproteins with  thiol-chsulfide
pools in humans highlights their importance in redox
regulation and signaling, particularly under conditions of
oxidative stress. Oxidative stress is associated with diverse
discase processes, and redox-sensing selenoproteins may
provide a mechanistic link between sources ol oxidative
stress and the fundamental cell signaling that contributes
to disease pathology. Specific selenoproteins could opti-
mize target protemn [unction by modifying reversible
reactions (i.¢., oxidation, nitrosylation, acylation, sulfhy-
dration or metal binding) that affect macromolecular
structure, activity, interactions, and trafficking. Elucida-
tion of specific targets and circuits for sclenoprotein
aelivity will erente new strategies for targeting relevani
redox systems that go awry during disease pathology.
Almost two hundred years since Berzelius named Se after
the Greek moon goddess Selene, this unique trace ele-
ment is poised to illuminate a world of redox systems
biology.
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15.1 INTRODUCTION

Antioxidants are chemical compounds that give an
electron to free radical molecules and convert them
into a harmless configuration. This prevents damage to
chain reaction and can involve lipids, proteins, enzymes,
carbohydrates. DNA. cell. and nuclear membranes up to
the death of the cell. When the body’s scavenging ability
is not able to deal with free radical species, that is,
reactive oxygen species (ROS) and reactive nitrogen
specics (RNS), they cause oxidative damage in all the
body’s nssues, lending 1o disesse. The elTect of oxdative
stress at the cellular level is illustrated in Figure 15.1.
This oxidation-induced damage may be prevented by
exogenous or endogenous antioxidants. ROS seem to be
an important factor involved in endothelial dysfunction.
diabetes, atherosclerosis, and ischemin, while RNS have
been associated with arthritis. diabetes, degenerative
neurenal diseases, cancer, and atherosclerosis. Under
physiological conditions, the overproduction of ROS
and RNS and their neutralization are prevented by the
activity of the endogenous antioxidative defense system
(AQS). It includes enzymes like superoxide dismutase,
catalase, glutathione peroxidase, and other antioxidant
regenerating enzymes such as glutathione reductase,
dehydroascorbate reductase, and glucose-0 phosphate
dehvdrogenase that maintains reduced NADPH, hydro-
philic scavengers like urnte ascorbale glutathione,

flavonoids, and hipophilic scavengers, like tocopherols,
carotenoids. and ubiquinone. Antioxidants are generally
supplied in the diet and include polyphenols, lipoic and
ascorbic acid, carotenoids, resveratrol, epigallocathe-
chin-3-0-gallate, lvcopene, quercetin, genistein, ellagic
acid, ubiguinone, and indole-3 carbinole. The properties
of these compounds are mvolved in the physiological
redox balance as they can prevent damage to the tissues
due to the oxidation typical of all the hiological systems
and characterized by the production of highly reactive
free radicals [1]. There is growing evidence that ROS
play a key role in several pathologeal condinons and in
the aging process. No final conclusion about possible
therapy protocols based on the administration of anti-
oxidant compounds has been reached yet, but it can be
hypothesized that, in the near future, biochemical inves-
tigutions, able to deteet an oxidative imbulance, muy
become routine Lests necessary 1o restore the antioxidant
natural protective barrier, avoiding irreversible damage.
An example of the power of antioxidant supplementa-
tion to prevent excessive oxidative stress is given by a
study conducted in 400 healthy subjects 1o assess the
elfect of physical activity combined with antioxidani
treatment (330 ml/day of Funciona™), This study shows
that, after 10 months, the oxidative stress caused by
exercise was prevented by the antioxidant treatment [2].
There is also a lack of agreement concerning the para-
meters of oxudative siress or antioxidant state in specilic
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Mormal cell

Cell artacked by free radicals

Effect of oxidative stress on a cell

Fig. 15.1 Elffect of oxidative siress ai cellular level.

patients or diseases. and researchers are trying to find
new lechniques to monitor oxidative stress in humans.,
Among other techmgues are lugh-perlormance hguid
chromatography (HPLC) and immunochemical deter-
minations, which have become the common standard,
The number of centers using Pomnis ol Care 1s growimg
among the scientific community because of their low
invasiveness, reduced costs, practicality, and case of use.
In particular. Free Oxygen Radicals Testing (FORT)
and Free Oxvgen Radicals Defence (FORD) have prov-
en their reliability and ease of vse [3]. Among the main
technigues for lree detection is electron spin resonance
(ESR). which can provide valuable information on free
radicals i solution  chemustry,  while o examine
free radicals in biological materials, spin trapping is
the most appropriate technique. which may allow inves-
tigators (o detect radicals that are normally present al
very low concentrations or whose lifetime is too short to
be detected by direct ESR analvsis, Specific products of
DNA oxidation have been proposed as potential general
markers of this process. For example Bruce Ames's
lnboratory, al the Berkeley campus ol the University
of California (USA). has proposed that thymine glycol
and B-hydroxydeoxyguanosine might be appropriate
markers of DNA base oxidation. Analysis of 8-hydroxy-
deoxvzuanosine in extracted DNA is a straightforward
method of studying DNA base oxidation in hiological
tissues, and this substance 1s also excreted in urine and
hence might provide a noninvasive means ol assessing
whole-body DNA base oxidation. GSH 1s the major
intracellular reductant, and analysis of GS5G:GSH can
provide a valid index of cellular oxidative stress. Assays
relying on the ahility ol bleomyain (o bind Fe, lacilitating
the oxidation of DNA (the bleomycin-Fe assay), and of
phenanthroline to undertake the same role with Cu (the
phenanthroline-Cu assay) have also been developed.
Data indicate that small amounts of this “free” or
“catalytic” Fe or Cu may be found in biological Auids
such as cerebrospmal Aud (CSF) and that these levels
increase in some disease states (e.g.. Cu or Fe overload).

They provide strong support, as increased free radical
production may occur in these situations [4]. An evalua-
ton ol 67 mndomized tnals ncluding  parhapants
who were either healthy (primary prevention trials) or
affeeted by different discases (sccondary prevention
trials; gastromiestinal, cardiovascular, neurological, ocu-
lar. dermatological. rheumatoid, renal, endocrinological,
or unspecified) analyzed the effect of several antioxidant
supplements. such as beta-carotene. vitamin A. vitamin
C, vitamin E. and selenium versus placebo or no inter-
vention, concluding that only vitamin A, beta-carotene,
and vitamin E seem to increase mortality [5]. a-Lipoic
acid (ALA). also named |.2-dithiolane-3-pentanoic acid
or thioctic acid, is synthesized m humans by the liver,
heart, and kidney and has also been widely studied for its
antioxidative propertics. It is water- and fat soluble and is
widely disiributed in both cellular membranes and cylo-
sol. A number of experimental and clinical studies point
to the usefulness of ALA as a therapeutic agent for
several medical conditions, namely, diabetes, atheroscle-
rosis, insulin resistance, neuropathy. neurodegenerative
dhiseases, and scherma-reperfusion injury [6]. ALA exerts
an antioxidant effect in biological systems through direct
ROS quenching and via transition metal chelation [7],
Carpal tunnel syndrome (CTS) 15 the most common
peripheral mononeuropathy. One study [8] has compared
the efficacy of ALA (600 mg/day) and ~-linolenic acid
(GLA; 360 mg/day) to that of a multivitamin B prepara-
tion (Vit B6 150 mg. Vit B1 100 mg, Vit B12 500 pg daily)
administered for Y0 days in 112 subjects with moderately
severe CTS. The following results were observed:

1. A significant reduction in both symplom scores
and functional impairment in the ALA/GLA
group, while the multivitamin group experienced
a slight improvement in symploms and a deterio-
ration in functional scores.

Electromyography showed a statistically signifi-
cant mmprovement in the ALA/GLA group, but
not in the multivitamin group.

Foad
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Viw lipid metabolism,
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Fig. 15.2 Dietary anbioxidants’ mam [unctions.

{ Dietary Approaches o Stop Hypertension) diet share
many characteristics with the Okinawan diet. Features
such as the low levels of saturated Tal, hgh antoxidani
intake, and low glycemic load in these diets are likely to
contribute to a decreased risk of cardiovascular discase,
some caneers, and other chronie diseases through multi-
ple mechanisms, including reduced oxidative stress. A
comparison of the nutrient profiles of the three dietary
patterns shows that the traditional Okinawan diet is the
lowest in fat intake. particularly in terms of saturated
fut, and the highest in carbohydrute intuke, in keeping
with the very high intake ol antioxidant-rich yet calorie-
poor orange-yellow root vegetables, such as sweet pota-
toes, and green lealy vegelables. The migh longevity thai
characterizes this population is thought to be related Lo a
healthy lifestyle, particularly to the traditional diet that
15 low in calories but rich in nutrients, especially with
regard to phytonutrients in the form of antioxidants and
flavonoids [33]. The main function of dietary antiox-
idants are summarized in Figure 15.2, while the main
antioxidants. their mechanisms of action, and their
main dietary sources are summarized in Table 151,

15.3 CARDIOVASCULAR DISEASE, RISK,
AND ISCHEMIA-REPERFUSION INJURY

Coronary heart disease and stroke have been associated
to several risk factors, namely, tobacco use, alcohol use
(having 1-2 alcohol drnks a day may lead o a 30%
reduction in heart disease, but above this level alcohol
consumption will damage the heart muscle), high blood
pressure (hypertension), obesity and related comord-
ities (metabolic syndrome, diabetes, and so on), physical
inactivity (increases the risk of heart discase and stroke

by 50%). and unhealthy diet (excessive consumption of
saturated fat increases the risk of heart disease and
stroke: 11 1s estimated 1o cause about 31% ol coronary
heart disease and 1% of stroke worldwide). Generally it
has been pointed out that abnormal blood lipid levels
(hyperlipemia), i the form ol high total cholesterol,
high levels of triglycerides, and high levels of low-density
lipoprotein or low levels of high-density lipoprotein
(HDL) cholesterol, ncrease the risk of heart disease
and stroke. Moreover, the contraceptive pill and hor-
mone replacement therapy (HRT) may increase the risk
of heart disease [56]. Nowadays. oxidalive species seem
to play a key role in these pathological conditions.
Relevant evidence has supporied the theory that [ree
radical-mediated oxidative processes and specific related
products play a key role in atherogenesis [3].

Aging has also been related 1o an mereased risk ol
stroke, in fact the latter doubles every decade after the age
of 55. Family history of cardiovascular disease is also a
risk indicator. A man is at greater risk of heart disease
than a premenopausal woman. Ethnic origin plays a role.
too. People with African or Asian ancestry are al higher
risk ol developing cardiovascular disease than other
racial groups [56]. Several studies have linked a high
consumption of plant polyphenols with & decreased risk
of cardiovascular disease and hypertension [57-61]. Vita-
min C (500 mg twice a day) and vitamin E (400 TU twice a
day), admimstered Tor | year. reduce the progression of
cardiac transplant-associated arteriosclerosis (TxAA) in
pulients with normal or abnormal endothelal function,
with a particular benefit in patients with endothelial
dysfunction [62]. Antioxidant vitamin intake [vitamins
A C. and E, 1683 mg (=1245), 371 mg (= 375). and 97 mg
(=165) respectively] does not seem to be significantly
related to coronary artery calcification, implving that
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TARLFE 151  Common antioxidants, their action, and main dietary sources

Antioxidant Action

Foods containing antioxidant

Vitamin A (beta-carotene)

Vitamin C (ascorbic acid)

by LI -ox

Vitamin E (o-1ocopherol) Protection of membrane

polyunsaturated fatry neids LD1

peroxidation

Cu, Zn. Mn, Se

glutathione peroxidase

Other carotenoids (lycopenc)

Protection against lipid oxidation

Inhibition of reactive oxygen species.
Stimulation of the vitamin E
antioxidant power and selenium.
Protection against damages caused

Cofactors of antioxidant enzymes
SOD-Cu/Zn, SOD-Mn and

Protection against lipid oxidation,
LDL. proteins. and DNA;

Variety of dark orange, red. yellow, and green
vegetables and fruits such as broccoh, kale,
spinach. sweel potatoes, carrots, red and yellow
peppers, apricots. cantaloupe, and mangos

Citrus fruits and their juices, berries, dark green
vegetables (spinach, asparagus, green peppers,
brussels sprouts. broceoli, witercress). red and
vellow peppers. tomatoes and tomato juice,
pincapple, canmaloupe, mangos, papaya, and
guava

WVepetuble oils such as olive, sovbean. corn.
cottonseed and saMower, nuts and nut butters,
sceds, whole erains, wheat, wheat germ, brown
rice, oatmeal, soybeans, sweet potatoes, legumes
(beans, lentils, split peas). and dark leafy green
vegetables

Brazil nuts, brewer’s veast, oatmeal, brown rice.
chicken, eggs, dairv products, garlic, molasses,
onions, salmon, seafood, tuna, wheat germ,
whole grams. and most vegelable.

Tomato, ketchup, hot pepper, fishes, watermelon,
grapefiruit

climination and inactivation ol

ree radicals
Resveratrol, catechin,
guercetin, phenolic acid
{phytochemics)

oxidation

Protection against lipid and DNA

Grapes, berries, peanuts. pine nuts

there is no effect on the development of early coronary
atherosclerosis. Vitwmin E. according o this study, 15
positively associated with an increased risk of calcified
atherosclerosis [63]. Intravenous infusion of Edaravone,
a powerful neuroprotective free radical scavenger. has
been investigated in 141 patients with cardioembolic
stroke, and it was concluded that it may be only effective
in patients with mild cardioembolic stroke [64]. Supple-
mentation with antioxidant vitamins and B-group vita-
mins, separalely or logether [96 acule scheme stroke
patients randomized to receive either daily oral 727 mg
vitamin E and 300mg vitamin C (n=24), B-group
vitamimns (5 mg folic acid, 5 mg vitamin B2, 50 mg vitamin
B6. and 0.4mg vitamin BI12: »n 24). both vitamins
together (n=24), or no supplementation (n=24) for
14 days], enhance antioxidant capacity, mitigate oxida-
tive damage, and may have an antiinflammatory efTect
immediately aller an acute ischemic stroke [65] Admin-
istration of 15 g N-acetylcysteine (NAC) infused over 24
h. in combination with streptokinase, significantly
dimimishes oxidative stress and improves lell ventricular
(LV) function in patients with acute myocardial infarc-
tion (MI) [66]. In addition, serum carotenoids have been

associated, some interactively with smoking, with some
benefits such as markers of mflammaton, oxidative
stress, and endothelial dysfunction [67]. It has also been
proposcd that antioxidant supplementation (vitamins E
and C) may be able to counteract the progressive oxida-
tive stress associated with Chagas disease, underlining
that tuture perspectives for trentment of Chagas disease
might include an antioxidant therapy in order to attenu-
ate the consequences of oxidative insult related to this
tisease [68]. Admimstration ol vitumin C (1 g) and
vitamin E (400 IU) for & weeks in untreated essential
hypertensive patients improves flow-mediated dilation
(FMD), significantly reduces central pulse wave velocily
(PWV), and decreases augmentation index (Aix). This
treatment also increases plasma vitamin levels and anti-
oxidant capacity and levels of oxidative stress. The
decrease and changes in central PWV have been related
to changes in levels ol oxidative stress. Therelore tns
treatment has beneficial effects on endothelium-dependent
vasodilation and arterial stiffness in these particular
patients [69]. In a study mvolving 19 patients with
heart failure (HF) after MI, administration of vitamin
€ has proven to enhance the contractile response to



dobutamine and improve myvocardinl efficiency [70]. A
double-blind parallel study. consisting of five weeks of
100 mg/day or 200mg/day gamma-T supplementation,
has shown that gamma-T supplementation seems to have
a permissive role in decreasing the risk of thrombotic
evenls by improving lipid profile and reducing platelet
activity [71]. Interestingly, it has been reported that
cdaravone can salvage the boundary zone of the infarct
and is a useful eyloproicctive anticdema ageni, as shown
by magnetic resonance imaging in six patients with
cxtensive hemispheric ischemic stroke [72], Three months
of hpow ackl supplementation seems Lo relieve exercise
pain according to a randomized, double-blind controlled
study in 28 participants with peripheral arterial disease
(PAD) [73]. Vitamuin E (400 U/day) supplementation
appears to reduce cardiovascular events in individuals
with diabetes mellitus (DM) and Haptaglobulin (Hp) 2-2
genotype. a subgroup that comprises 2-3% of the general
population [74], A randomized placebo-controlled study
in 26 healthy male subjects and eight male patients with
PAD has shown that ischemia-reperfusion (IR )-induced
vascular injury can be prevented by administration of
vitumin ' |75]. A randomized double-blind placebo-
controlled clinical trial conducted in 110 men with grade
| essential hypertension (EH) (35-60 years ol age without
obesity, dyslipidemia, and diabetes mellitus, nonsmo-
kers, not undergoing vigorous physical exercise, without
the use of any medication and/or high consumption of
fruit and vegetables) who were randomly assigned to
receive either vitamins C+ E [vitamin C (1 g/day) plus
vitamin E (400 [U/day)] or placebo [or 8 weeks has
shown that enhancement of antioxidant status by sup-
plementation with vitamins C and E in patients with EH
15 associated with lower blood pressure [76]. 'The effects of
AGI-1067 on coronary atherosclerosis has been investi-
gauted in u placebo-controlled, randomized trial. Athero-
sclerosis regression was observed, although it was not
significantly different from placebo. The antiinflamma-
tory ellect of AGI-1067 was supported by reduced levels
of myeloperoxidase [77]. An extensive review [78]
has shown that dietary advice reduces total serum
cholesterol and LI cholesterol alter 3-24 months. 1
also reduces blood pressure and 24-hour urinary sodium
excretion after 3 36 months. Furthermore, dietary advice
increases [ruit and vegetable intake by 1.25 servings/day.
Dietary fiber intake increases with advice by 5.99 g/day,
while total dietary Tal, us o percentuge ol lotal energy
intake, falls by 4.49% with dietary advice. In addition,
saturated fat intake falls by 2.36%,. This study points out
that dietary advice may be an ellfective tool (o achieve
modest beneficial changes in diet and cardiovascular risk
factors over approximately 10 months. Melatonin has
significant protective action against the cardiac damage
and altered physiology that occur during IR injury
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[79-81]. Furthermore, it has been demonstrated that
melatonin, at pharmacological concentrations. strongly
protects against IR myocardial damage [82]. This protec-
tive effect of melatonin may be explained through its
action at the mitochondrial level.

154 ROS AND NEURODEGENERATIVE
DISORDERS

Oxidative stress is involved in the pathogenesis of
neurodegenerative disenses and, i particular, the cen-
tral nervous system (CNS) can be targeted by free
radicals because of its high metal content, leading 1o
the formation of ROS and to the relatively low content
of antioxidant defenses. The brain seems to be particu-
larly targeted by ROS since it consumes approximately
20% of total body oxygen. It contains high levels
of PUFA and may contain low proportions of endoge-
nous antioxidants, Maoreover, iron accumulales in
brain-specific regions. and iron-binding proteins, such
as ferritin, may be relatively deficient in them [83].
Spectfically, PUFA are easily targeted by hipid peroxi-
dation because of the ROS interaction with them. This
can be explained by the fact that the increase in the
number of the molecule double bonds is related to the
case of the hydrogen atom removal, It is not ¢lear yet
whether oxidative damage causes neurodegeneration or
whalt its consequences are.

Unregulated metal metabolism may lead 1o oxidative
stress thal, m turn, leads 1o neuronal cell death, bul
metals play a key role in cellular metabolism and cell
signaling. Mutations in miDNA or metal overload in
aged brain lead to oxidative stress and free radical-
mediated pathological changes in neurons. Neuronal
proteins and structural components are modified because
of oxidative stress in different neurological disorders,
leading to neuroinflammation and loss of cognitive
function i Alzheimer disease (A1), Parkinson disense
(PD), multiple sclerosis (MS), and amyotrophic lateral
sclerosis (ALS) [84]. Increased oxidative stress has been
hnked to A, MS, Batten disease, PD. and bramm tumors
[85]. In particular, AD is characterized by memory loss
with age, a symptom that is linked to ROS-induced
neuron damage. AD has been first reported by Alois
Alzheimer, a German psychiatrist and neuropathologist,
i hundred years ago, and 11 15 the most common course
of dementia in the elderly above 65 years of age. It is
characterized by wwo distinct pathological featurces,

amely, mtracellular neurofibrillary tangles (NFTs) and
extracellular amyloid plaques in the brain., which are
both related 1o neuronal demise and consequential
onset of dementia symptoms, NFTs contain abnormally
hyperphosphorylated forms of the microtubule-binding
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protein tnu. Amylowd plagues are made up of insoluble
aggregates of amyloid 3 (A) peptides [86]. Clinical
characteristics are memory dysfunction. loss of lexical
aceess, spatial and temporal disorientation, and impair-
ment of judgment. The neurotransmitier acetylcholing,
necessary for cognition and memory, and oxidative stress
may play an important role in AD development |87]. The
complex nature and genesis of oxidative damage in AD
can be partly due to mitochondrial and redox-active metal
anomalies. AD is essentially an acceleration of the aging
mechanism in affected brain regions that progressively
become more damaged by Iree rudicals. Neurodegenera-
tion, occurring in specific brain arcas, namely, substantia
nigra and striatum, plus dopamine depletion is considered
the key feature. In addition, increased oxidative stress,
abnormal mitochondrial function, and excitotoxicity are
among the most relevant initintors or mediators of
neuronal damage. The disease is inherited and Familiar
(FALS) in 10% of all ALS cases, About 20% of FALS
cases are associated with mutations and lowered activity
of CuZnSOD. which is known to catalyze the formation

ol hydrogen peroxide through the dismutation of super-
oxide radical anions. playing a relevant role in regulating
oxidative damage to cells. Oxidative damage 1o DNA,
protein, and lipids has been observed [£3]. The oxidation
of arachidonic and docosahexanoic acids, which are the
muain constituents of the brain membrane phospholipids,
leads to the production of malondhaldehyde (MDA) and
4-hydroxynonenal, which increase in autopsied specimens
from multiple brain regions and in CSF in AD subjects
[88-90]. Advanced glycation end products have been
found present in AD brains and closely associated with
the senile plagues [91].

Vitamin E is a lipid-soluble. chain-breaking. natural
antioxidant that is able 1o cross the blood-brain barrier
and accumulate in the CNS, where it reduces markers of
oxidative stress [92: see Iig. 15.3 for other properties and
its interaction with vitamin C]. A study performed in
more than 4000 elderly patients has shown that decreased
circulating levels of vitamin E are consistently associated
with decreasing memory levels, while the same associa-
tion has not been observed for plasma levels of vitamins
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Fig. 15.3  Vitamin C and vitamin E main characteristies and funetions [227-229].



A and C and B-carotene [93]. The Honololo-Asin Aging
Study has shown that supplementary intake of vitamins £
and C are both associated with better cognitive perfor-
mance [94]. The Chicago Health and Aging Project,
which has analyzed almost 3000 subjects aged 65 1o 102

years, has shown that supplementary or dietary intake of

vitamin E, but not C, is iversely correlated with cogni-
tive decline [95]. In addition, the Nurses™ Health Study,
which includes almost 15,000 women aged 70-79 vears,
has shown that long-term use of vitamin € and E
supplements results in a better cognitive status [96]. A
lower sk ol developmg AL [97] has been associated with
dietary intake of vitamin E. Another study found that
dietary and not supplement-derived vitamin E intake is
associated with a lower risk of AD only in individuals
who were not carriers of apolipoprotein L4 [98], Another
report showed no association between dietary or supple-
mentary vitamin E intake and a decrease in the risk for
AD [99]. The Cache County study also reported no
henefit or significant reduction in the risk of AD from
supplementation of vitamin L alone. [However, the bene-
ficial effect of a reduced risk of developing AD is scen in
the combmation of vitamin E and vitamin C [100]. A
subgroup of the Honolulu-Asia Aging Study, which

examined dietary intake of antioxidants and risk of

late-life dementia, showed that vitamm C, vitamin E,
3-carotene, and flavonoids are not associated with a
reduced risk of dementia [101]. In 1997 the results of »
double-blind.  placebo-controlled 2-year randomized
multicenter trial in 341 patients with moderate AD who
received the selective monoamine oxidase inhibitor selegi-
line (10 mg,/day), a-tocopherol (vitamin L, 2000 TU /day),
both sclegiline and wa-tocopherol. or placcbo were
reported. This study shows that treatment with selegiline
or a-tocopherol slows the progression of discase [102].
Recently, in a double-blind 3-year-follow-up study, the
same high doses of vitamin E had no benefit in subjects
with a clinical diagnosis of mild cognitive impairment
(MCT). Consequently, the subjects receiving the anti-
oxidants did not show any difference from placebo in
preventing the progression of MCT to AD[103]. The same
authors have also shown that o oa subgroup ol these
patients the MRI-annualized percent changes of the
volumes lor some areas of the brain (hippocampus,
enthorinal cortex) are less evident in the group receiving
the vitamin E than in the placebo group [104].

Among other antoxidants, selenum (Se) seems Lo be
involved in the maintenance of brain function and is
particularly present in the brain, cspecially in the gray
mutler (area responsible for chermical synaptic commu-
nication), even with prolonged Se dietary deficiency
[105]. Cognitive impairment. depression, anxiety, and
hostility have been associated with low body levels of Se
in humans [106]. Levels of Se are elevated in amygdala
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[107] and microsomes in the temporal lobe of patienis
with AD [108]. Selenoproteins, such as GPX1. GPX4,
Sell’, thioredoxin reductases, selenoproteinW (SelW),
and selenoprotein M (SelM), have been implicated in
brain maintenance and may play a protective role in
several neurodegenerative conditions [109]. Patients
allected by AD have shown a significant age-dependent
decrease in the Se-dependent glutathione peroxidase
activity in plasma and red blood cells [110], while another
study has shown an increase in thioredoxin reductase
activity in patients affected by the same discase [111].
Interestingly, another study has shown that the levels ol
Se in plasma and CSF from patients affected by AD are
comparable to normal individuals [112]. In the future it
would be interesting to investigate the role of selenopro-
teins in neurological aging and their potential interaction
with telomeres. In lact, the length of the telomeres in
cells, derived from the hippocampus, has been proven to
be longer in AD patients than in control individuals,
while in buceal and white blood cells from the same AD
patients the telomere lengths are significantly shorter
than those of the control groups [113]. This shows that
Al patients have evolved a unigue mechanism for
telomere maintenance, Tanaka and colleagues [114]
have shown that age-dependent telomere shortening in
human brain microvascular endotheliocytes is negated by
phosphorylated a-tocopherol. possibly through a-loco-
pherol’s ability to decrense intracellular oxudative stress.
Se. in the form of selenite, prevents telomere length
shortening during cellular aging in the normal human
L-02 hepalocyte [1135].

PD is a chronic, progressive neurodegenerative disor-
der that affeets at least 1% of people by the age of 70.
This disease was first described by James Parkinson in his
817 monograph “An Essay on the Shaking Palsy.” After
that, Charcot described the cardinal clinical features of
PD. namely, rest tremor, rigidity, balance impairment,
and slowness of movement [116]. The majority of the
movemeni-relaled symploms of PD are caused by o lack
of dopamine due to the loss of dopamine-producing cells
in the substantia nigra. As a consequence. communica-
tion between the substantia migra and corpus sirintum
becomes impaired, and so does movement. Among
others, flavonoids possess potential neuroprotective
mechanisms, Their antinfammatory properties added to
their ability to act as scavengers for ROS to maintain the
correct glutathione levels and 1o mhibit Ca® influx,
which represents the end of the cell death cascade,
make them important candidates for treatment of AD
and P [117. 118].

We have previously described melatonin’s antioxi-
dant properties. PD, together with other age-related
neurodegenerative disorders, have been associated with
a malfunction of mitochondrial complex 1 [119, 120],



218 ANTIOXIDANT THERAPY AND ITS EFFECTIVENESS IN OXIDATIVE STRESS-MEDIATED DISORDERS

stromgly suggesting that melntonin, through the preven-
tion of complex 1 deficiency, may improve mitochondrial
physiology in brain aging and age-associated brain
diseases. The effects of melatonin in the field of cognitive
impairment or dementia have been summarized in a
review that collected all randomized controlled trials
involving the use of orally administered melatonin in
any dosage compared with a control group. Unfortu-
natelv, the conclusion was that there is insufficient
evidence to support the effectiveness of melatonin in
managing the cognitive and noncognitive scquelac of
dementin [121]. Expermmental studies have snggested
that mitochondrial decay is a major contributor to brain
lissue alterations associated with aging [122], and a
potential role of melatonin in mitigation of changes
associated with brain  aging has been observed
[123, 124], but conclusive clinical data are not available
yel. A randomized controlled trial involving 16 patients
receiving 1 hour of morning light exposure Monday to
Friday lor 10 weeks and Smg melatonin (LM) compared
to a placebo group receiving usual indoor light has been
performed. The following results were reported: signifi-
cant improvement in daytime somnolence consisting in a
reduction in daytime sleep duration, an increase in
dayvtime activity, an improvement in day-night sleep
ratio, and a significant increase in rest-activity rhythm
amplitude. Unfortunately. this study does not confirm
that the improvements can be atiributed 1o melatonin
[125]. A large study has shown that the use of vitamins E
and C, alone or in combination, did not reduce the risk
of AD or overall dementie over 5.5 years ol [ollow-up,
and therefore their use is not recommended for preven-
tion of dementia in older adulis [126]. Tocopherol.
CoQg. and glutathione have been used in the prevention
or treatment of PD, and their effectiveness has been
reluted 1o their potentinl to alter the course of two
common theories of PD pathogenesis, namely, free
radical generation and mitochondrial complex 1 defi-
ciency. A collection of three large chimeal studies involv-
ing the use of tocopherol, four trials of CoQyy and a
study of glutathione for the prevention and treatment of
P> has shown that antioxidant supplementation, in
particular tocopherol, does not alter the course of PD,
CoQ)y, and glutathione, according to the siudies ana-
lyzed, have shown a statstically sigmficant improvement
in PD symptoms [127]. A randomized, double blind,
placebo-controlled study evaluated the effect of melato-
nin on sleep and motor dysfunction in PD. This study
involved 18 patients with motor dysfunction randomized
Lo recerve melalonm (3mg) or placebo 1 hour helore
bedtime, for 4 weeks. Melatonin significantly improved
the subjective quality ol sleep, but polysomnography
(PSG) abnormalities were not changed. Motor dysfunc-
tion was not improved by the use of melatonin [128].

155 COMPLEX REGIONAL PAIN SYNDROME

Complex regional pain syndrome (CRPS) was described
for the first time more than a hundred years ago, and it is
characterized by chronicity and relapses that can resull
in significant disability over time. Fractures and surgical
insult are considered the main triggers lor CRPS. but it
can also develop after a seemingly benign trauma, We
still do not fully understand how this condition works. Tt
goes by many names. “reflex Sympathetic Dystrophy.”
“causalgia,” “Sudeck atrophy.” “algodystrophy.” “neu-
rodystrophy,” and “postiraumatic dystrophy.” The term
CRPS was adopted in 1995 by the International Associ-
ation for the Study of Pain (IASP) 10 standardize the
taxonomy [129-131]. On the basis of signs and symp-
toms of CRPS, four subgroups have been created: (1) a
unique set of signs and symptoms indicating abnormali-
ties in pain processing, for example, allodynia and
hyperalgesia: (2) a dilTerent set of clinical signs charac-
terized by skin color and temperature changes, which are
indicative of vasomotor dysfunction: (3) a third group
characterized by edema and sudomotor dysfunction, for
example, swealing changes; and (4) a Tourth subgroup
including motor and trophic signs and symptoms [132].
The progression of CRPS involves three stages: (1)
acute, warm, or inflammatory; (2) dystrophic: and (3)
atrophic. MR findings of diffuse bone marrow cdema
on both sides of the joint. accompanied by periarticular
soft tissue edema, with or without a joint effusion, are
present in about half of all patients in CPRS stage |
[133]. It has been hypothesized that ROS may contribule
to CRPS. Lxperimental studies have shown that N-
acetyl-L-cysteine and 4-hydroxy-2.2.6.6-tetramethylpi-
peridine reduce the signs of hyperalgesia and allodynia
in animal models of CRPS [134]. In addition, topical
treatment with 50% dimethyl sulfoxide cream can be
effective in decreasing the hypoxia-related production of
free oxygen radicals [135], The use of vitamin C in CRPS
has heen widely mvestignied. A double-blind, prospec-
tive multicenter trial involving 416 patients with 427
wrist [ractures randomly allocated to placebo or treat-
ment with 200, 500, or 1500mg of vitamin O daly Tor
50 days showed that vitamin C reduces the prevalence of
CRPS after wrist fractures, and a daily dose of 500 mg
lor 50 days 1s recommended [136]. 1t has been reported
that a S-ycar-old girl with clinical and radiographic
evidence ol scurvy who developed [eatures of CRPS
2 years after a left ankle fracture improved with the
administration of vitamin C [137].

Zollinger and colleagues [138] perlormed 32 arthro-
plastics for first carpometacarpal arthritis in 27 patients,
using a cementless total trapeziometacarpal joint pros-
thesis that may be complicated by CRPS. All their
patients took vitamin C 500mg/day starting 2 days

"o



hefore surgery and continuing for 50 days. There were
no cases of CRPS under vitamin C prophylaxis. Besse
et al. [139] studied a group of patients having surgery on
the foot or ankle with the exception of dinbetic foot
cases. Four hundred and twenty feet were included in
this study: 185 in Group 1{no Vitamin C treatment), and
235 in Group 11 (1 g/day ol preventative oral vitamin C
treatment), CRPS T occurred in 18 cases in Group |
(9.6%) and 4 cases in Group 11 (1.7%) (537). The authors
conclude that vitamin C is effective in preventing CRPS
I of the foot and ankle since it was not an infrequent
complication i their control group (9.6%). 11 has been
hypothesized that both inflammatory and neural
mechanisms may contribute to CRPS type 1 (CRPS-I).
The levels of antioxidants in the serum and saliva of
31 patients with CRPS-1 and in a control group of
21 healthy volunteers have been investigated, showing
that serum lipid peroxidation products (MDA) and all
antioxidative parameters analyzed were significantly
clevated in CRPS-1 patients. Median salivary peroxidase
and superoxide dismutase (SOD) activity values. uric
acid (UA) concentration. and total antioxidant status
(TAS) values were higher in CRPS 1 patients by 150%,
280%, 60%, and 200%, respectively, as compared with
control subjects. Oxidative changes were also found in
the serum, namely, mean serum UA and MDA concen-
trations, and TAS valuc in the CRPS-I patients were
higher hy 16%, 25%. and 22%, respectively, than in the
control group. Median salivary albumin concentration
and median salivary LDH activities in the patients were
2.5 nmes and 3.1 times higher than in the control group.
The accumulated data show that free radicals are
involved in the pathophysiology of CRPS 1, which is
reflected both in serum and salivary analyses [140].

15.6 CANCER

The Hippocratic “corpus™ consists of 70 hooks writlen
by Hippocrates of Cos (460 BCE-370 BCE) and other
physicians. It was the first text to use the words karkinos
and karkinoma (o describe 1 nonhealing swelling or
ulceration and a malignant nonhealing tumor, respec-
tively. Hippocrates also introduced the word sefrrhus to
describe hard tumors [141]. The word “tumor™ derives
from the Latin word fumere meaning “to swell.” It is
synonymous with the term “peoplasm”™ and can be
defined as a lesion resulting from the autonomous or
relatively autonomous abnormal growth of cells that
persists aller the miatmge simulos has been removed
[142]. ROS lormed in vivo are powerful oxidizing agents,
capable of damaging DNA and other biomolecules. An
increased formation of the molecules can promote
the development of malignancy [143]. Histone deacetylase
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inhibitors are important regulators of many oxidative
stress pathways, including those involved in the cellular
response 1o oxidative stress. Aberrant regulation of these
pathways hy histone deacetylases may play a critical
role in cancer progression [144]. The relationship among
lipid soluble antioxidant vitamins, lipid peroxidation,
disease stage, and systemic inflammatory response has
been studied in 14 healthy subjects, 20 patients with
benign prostate hyperplasia (BPH), and patienis with
localized (1= 40) and metastatic (n = 38) prostate cancer.
This study suggests that in patients with prostate cancer
lower concentrations ol carolenowds, in particular, lyeo-
pene, reflect a discase progression rather than a systemic
inflammatory response [143].

An interesting study evaluated the association
between the intake of antioxidants from foods and
supplements and the risk ol prostate cancer among
men in the screening arm of the Prostate, Lung. Colo-
rectal, and Ovarian Cancer Screening Trial. This study
does not provide strong support for population-wide
increase of high-dose antioxidant supplementation for
the prevention ol prostate cancer. However, vitamin E
supplementation m male smokers and heta-caroleng sup-
plementation in men with low dietary beta-carotene
intake are associated with a reduced risk of this disease
[146). The relationship between Se supplementation
and prevalent and incident colorectal adenomas and
colorectul cancer (CRC), detected during the Nutritional
Prevention of Cancer trial follow-up, has been studied
in 1312 recipients randomized to 200 meg of selenized
yeust [only 598 underwent endoscopie screening ([lexible
sigmoidoscopy or colonoscopy) for CRC sometime
during the follow-up period]. This study suggests that
Se supplementation is associated with a significantly
reduced risk of prevalent adenomas, but only among
subjects with u low baseline Se level or among current
smokers [147]. A study performed in French adults (78760
women and 5141 men) who were randomized to take an
oral dmly capsule of antioxudants (120 mg vitamin (0,
J0mg vitamin L. 6 mg beta-carotene, 100pug Se, and
20mg zinc) or a matching placebo has shown that
antioxidant supplementation aflfects the nadence of
skin cancer (5C) differentally in men and women. In
fact, in women the incidence of SC was higher in the
antioxidant group, while in men the incidence did not
differ between the two treatment groups [148]. A study
i 1732 Finmish male smokers who were dingnosed with
incident prostate cancer has evidenced that higher pre-
diagnostic serum concentrations of a-tocopherol. but
nol dietary vitamin E, are associmled with o lower nsk
of developing prostate cancer, particularly advanced
prostate cancer [149]. A systematic review, searching
multiple electronic databases from their dates of incep-
tion until August 2005, has evidenced that beta-carotene
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play a key role in this conditton. The antioxidani
depletion or deficiency in antioxidants may contribute
to oxidative stress. Futhermore, airflow limitation seems
to be related to dietary deficiency of antioxidants
The effects of antioxidant polyphenol-rich pomegranate
juice (PJ) supplementation for 5 weeks on patients with
stable COPD has been ivestigated, but no benefit has
been reported [178]. The association between antioxi-
dant nutrients and markers of oxidative stress with
pulmonary function in patients with chronic airflow
limitation has been also investigated, showing that serum
beta-cryptoxanthin, lutem/zeaxanthim, and retinol and
dietary beta-carotene, beta-cryptoxanthin, lutein/zea-
xanthin, vitamin C, and lycopene were positively associ-
ated with FEVI1% (0.05, all assoctations). In addition,
serum vitamins beta-cryptoxanthin, lutein/zeaxanthin,
Iycopene, adietary beta-cryptoxanthin. beta-carotene,
and vitamin C were positively associated with FVC%.
Erythroeytic glutathione was negatively associated with
FEV1Y%, while plasma thiocharbiturie acid-reactive sub-
stances { TBARS) were negatively associated with FVC%
[179]. It has been observed that erdosteine treatment in
current smaokers with mild COPID leads to a sigmificant
drop in blood ROS and IL-8 in bronchial secretions
(observed after day 4 from the beginning of treatment),
while ¥-1soprostane drop was significant only after day
10. An ¢-NO deerease was also reported. but it was not
sigmificant [180].

1511 DIABETES TYPE 1 AND TYPE 2

Diabetes 1s a blood glucose metabolism impairment
subdivided into type 1, which is due to the mability of
the body to produce insulin, and type 2, when the body
produces the insulin needed but the cells ure not able to
respond to it, making it ineffectual. Type 2 diabetes has
been associated with obesity, and it is a condition that
can lend to severe illness and even denth. In the periph-
eral nervous system. diabetes causes a progressive dete-
rioration of primarily sensory nerves. and the damage
also extends to motor nerves. Approximately 50% ol
diabetics experience some degree of neuropathy, which is
ultimately the leading cause of lower-extremity amputa-
tion [181]. In addition, varatons in blood sugar level,
namely, hypoglycemia or hyperglycemia can lead to
atherosclerosis. neuropathy, retinopathy. and nephro-
pathy. The hyperglycemic state that characterizes the
diabetic patient is responsible for the high oxidative
stress (hat accompanies this condinon. In particular,
this scems Lo be due to superoxide anion production by
the cell glucose metabolism, which. in turn, is able 1o
damage oxidative blood balance, leading to protein
glycation and Os and H-0, release. It has been shown

that high s-tocopherol levels, samong patients with renal
disease and in those using vitamin supplements are
associated with lower coronary artery disease (CAD)
risk in type | diabetes [182]. A randomized and open
study [183] has been performed on a total of 36 patients
with type 2 diabetes and hypercholesterolemia. They were
randomly assigned to a probucol group (500 mg/day,
n=18) or an atorvastatin group (10mg/day, n= 18).
Over 3 months, toial and LD L-cholesterol decreased
significantly in both groups. LDL-cholesterol was signifi-
cantly lower in the atorvastatin group than in the pro-
bucol group. HDL-C decressed significantly i the
probucol group and did not change in the atorvastatin
group. Urinary 8-hydroxy-2'-deoxyguanosine (8-OHdAG)
decreased significantly in both groups alter 3 months.
Urinary 8-OHdG was significantly lower in the probucol
group than in the atorvastatin group after the second and
third months of administration.

A swudy involving 12 patients who were treated with
oral ALA, 600mg twice daily, over u period of 4 weeks
has shown that short-term oral ALA treatment increases
peripheral insulin sensitivity in patients  with type
2 dinbetes melhtus [184]. Cilostazol (100mg) was admin-
istered 1o hypertensive type 2 diabetic patients twice daily.
At | month follow-up the Cilostazol group (26 patients)
showed significant decrease in hsCRP, erythrocyte sedi-
mentation rate (38.7%). total leukocyie count, plasma
MDA, HbAle, and an merease 1 serum albumin and
blood reduced glutathione from baseline, The cardiovas-
cular risk assessment in terms of 10-year risk of cardio-
vascular hearl disease (%), calculited vsimg the Umited
Kingdom Prospective Diabetes Study (UKPDS) guide-
lines, decrcased by 6%, Therefore inflammatory and
oxidative stress is high in hypertensive type 2 diabetic
patients, and Cilostazol reduces those factors as well as
coronary heart disease risk in dinbetes mellitus [185].

A study involving 30 type | diabetic patients showed
that neither normalization of glyeemia nor vitamin C
tresttment alone was able to normalize endothelinl dys-
function or oxidative stress; when insulin and vitamin €
were combined, endothelial dysfunction and decreased
oxidative stress normahzed (o normal levels. Telmisarian
significantly improved basal endothelial function and
decreased nitrotyrosine plasma level, In patients treated
with telmisartan, a near-normalization ol both How-medi-
ated vasodilation and oxidative stress was achieved when
glycermia was normahzed. Instead. adding vitamin ¢
infusion did not show further effect on endothelial func-
tion or nitrotyrosine plasma levels [186]. A double-blind
placebo-controlled chimeal tnal, conducted for 2 months
and involving 35 patients with type 2 diabetes mellitus, has
shown that lycopene, probably by increasing TAC
and inhibiting MDA-LDL Fformation. may attenuate
T cell-dependent adaptive (proatherogenic) immune



response. With enhancement ol innate immunity and
hence prevention of ox-LDL uptake by macrophage and
foam cell formation, lycopene should be effective in
prevention of long-term diabetic complications, notably
cardiovascular disease [187). One thousand two hundred
and two people seen in dermatology clinics who did not
have type 2 diabetes at baseline were studied in a random-
ized, double-blind, placebo-controlled trial to receive oral
administration of Se (200 pg/d) or placebo. The average
follow-up was 7.7 years. According to this study, Se
supplementation does not seem to prevent type 2 diabetes,
and 11 may mcrease the nsk lor the disease [ 188]. Vitamin C
has a dose-dependent effect on the cellular contents of
antioxidants and on vitamin E content of LDL in elderly
patients with type 2 diabetes mellitus, but these changes
are not sufficient to decrease the LDL susceptibility to
peroxidation [189]. DEX (dexlipotam: R-lipoic acid) ther-
apy appears 1o reduce endothelial dysfunction in type
2 diabetes mellitus, especially in men with long history of
type 2 dinbetes mellitus and having poor glucose control
(study involving 114 diabetic recipients). DEX is safe and
well tolerated, and dyspepsia appears to be the most
relevant side effect of DEX trentment [190]. Oxidative
stress plays a key role in long-term b-cell dysfunction in
type 2 diabetes. It has been shown that treatment with
ALA improves [unctional outcomes, like insulin sensitivi-
ty in type 2 diabetic subjeets [191]. Supplementation with
vitnmin E appears (o lower plasma glicose in type
2 diabetic subjects [192], but 900 mg vitamin E/day lowers
plasma glucose but may not Improve pancreatic response
Lo glucose. In humans no relationship between vitamin B
intake and severity of retinopathy in type 2 diabetics has
been observed [193. 194]. It has also been observed that
there is no association between risk of retinopathy and
intake of vitamins C and E from foods and supplements
[195]. Plasma vitamin E-to-lipid ratio is lower in diabetic
stubjects than control subjects, and this effect is even more
pronounced in diabetic subjects with neuropathy [196],
The same study has also shown that plasma vitamin
E-to-lipid ratio is also inversely related to an assessed
score of neuropathy, suggesting that diabetic subjects with
neuropathy have higher levels of oxidative stress (han
those without this complication,

15.12 LIVER DISEASES

The liver is the largest organ in the body, weighing
approximately 1.36 kg, and excrts several vital functions.
It metabolizes substances present in blood, preparing
them for excretion, synthesizes many e¢ssential proteins,
produces bile, and regulates some key nutrients such as
glucose, cholesterol, and amino acids. An increase in
liver free radicals can lead to inflammation. Normally
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the liver uses internally generated antioxidants (o neu-
tralize the toxin-derived free radicals. but when the liver
antioxidants are low because of alcohol or chronic drug
use damage trom free radicals increases, resulting in
inflammation and lormation of scar tissue (fibrosis).
Therefore it is important to maintain a constant supply
of antioxidants and a healthy lifestyle (abstaning [rom
all alcohol and avoiding environmental toxins) o reduce
the strain on the liver. Aleohol lowers liver antioxidant
levels, including vitamin E and S-adenosyl-L-methionine,
making the liver vulnerable. In addition, alcohol lowers
glutathione, an important mternal antioxidant. Because
heavy drinkers consume a substantial number of calories
as alcohol, they consume less vitamin- and mineral-rich
food, exacerbating alcohol-induced nutritional deficien-
cies that include low levels of vitamin C. riboflavin. zinc,
pyridoxine (vitamin B6), and vitamins. A randomized
clinical trial has compared antioxidant and corticoste-
roid treatments, showing that coerticosteroids, in the
form of prednisolone 30mg daily, are superior (o a
broad antioxidant cocktail in treatment of severe alco-
holic hepatitis [197]. A combination of seven different
antioxidants admimistered  orally (glyeyrrhiza capsules,
500 mg, bid; schizandrae capsules, 500 mg, tid; ascorbate
capsules, 2000 me, tid; L-glutathione capsules, 150 mg, bid;
silymarin capsules, 250mg. ud: lipoic acid capsules,
150mg, bid: d-o-tocopherol. 800 IU/day) in paticnts
with chromie hepatitis C virus (HCV) infection has been
associated with a significant decline in ALT levels in 52%
of patients versus 20% of patients who received placebo,
Histology activity index (HAT) score at the end ol treal-
ment was reduced in 48% of patients versus 26% of
patients who reeeived placebo. HCV-RNA  levels
decreased by 1 log or more in 28% of patients who received
antioxidant therapy versus 12% of patients who received
plucebo (not significant) [198]. Antioxidant therupy, ulone
or in combination with corticosteroids, does not improve
6-month survival in severe aleoholic hepatitis patients
[199]. An analysis of mine randomized chimeal (rals imelud-
ing 434 patients with alcoholic liver diseases and the
supplementation of SAMe has shown no significant effects
on all-cause morlality, hver-related mortality, hver trans-
plantation, or complications [200],

15.13 PANCREATITIS

Acute pancreatitis (AP) is an acute inflammatory condi-
tion probably duc to the activation of enzymes in the
pancrealic acmar cells. Chrome pancreatins (CP) 1y a
progressive inflammatory disorder that is characterized
by recurrent episodes of severe abdominal pain. There is
evidence that the pathogenesis of both AP and CP can
be associated with oxidative stress. In fact. it has been
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hetter define optimal protocols, in terms ol scheduling,
timing, and synergy with the emerging drugs (especially
biologicals), in order to reduce their side effects and
enhance their ahility to heal,
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THE PROTECTIVE ROLE OF GRAPE SEED
POLYPHENOLS AGAINST OXIDATIVE STRESS
IN TREATING NEURODEGENERATIVE DISEASES

GruLio Maria PASINETTI

Department of Newrology, The Mount Singi Scheol of Medicing, New York, USA

16.1 INTRODUCTION

Alzheimer disease (AD) is the most common type of
dementia m the United States. Victims ol AD commonly
display a loss of memory, inability to learn new things,
loss of language Munction, deranged perception of space,
mability to do caleulations, depression, delusions, and
other cognitive deficiencies, AD is ultimately fatal within
5-10 vears of its onset. It is estimated thar approximately
5 million people in the United States currently have AD
[1]. with an estimated cost to society of more than 5100
hillion per year. Up to 14 million people in the United
States are projected to be affected by AD by the middle
of this century if effective therapies are not developed [1].
To date, there 15 no cure for AD; thus researchers
are continually exploring novel avenues for the preven-
tion and treatment of this condition. It is important o
note that even delaying AD onset by a lew years would
lead to significant reductions in disease prevalence and,
consequently, its burden on health care systems. The lfew
agents that are approved by the FDA for the treatment
of AD have only modest efficacy in modifving clinical
symptoms, and none appears Lo alfect disease progres-
sion or prevention [2]. Historically, the majority of
candidate therapeutics have been dirceted toward cho-
linergie neurons, which are especially vulnerable in A
and cognitive alterations [2, 3]. More recently. agents are
being developed to interfere with the B-amvloid (AJ)
protein precursor pathway., which is thought to be

responsible for AB-mediated neuronal dyslunction and
death [4, 5].

16.2 ALZHEIMER DISEASE
NEUROPATHOLOGY FEATURES:
IMPLICATIONS FOR THERAPEUTIC
DEVELOPMENTS

While the classification and diagnosis of A are based
on the cognitive behavior of an mdividual. the roots of
the disease lie in the neurological pathology ol its victims
[6]. The two defining neuropathology features of AD are
abnormal aggregation and deposition of A3 peptides
und tu profein in the brain as, respectively, extracellular
neuritic plaque (NP) and intracellular neurofibrillary
tangles (NFT) [7].

AR species with different amino and carboxyl termini
are generated from the ubiquitously expressed amyloid
precursor protein (APP) through sequential proteolysis
by - and “proamyloidogenic”™ ~-secretases [8, 4, 5). A 40-
amino acid form of AG (A31-40) is the major secreted
species. However, a 42-amino acid lorm ol AS (AR1-42),
which contains two additional residues at its carboxyl
terminus, is thought to initiate AD pathogenesis [9].
A[1-42 apprepates much more readily than A31-40
vitro and is also deposited earlier and more consistently
in AD brain. In humans, AD-causing mutations elevate
plasma AJ1-42 levels by approximately 30-100% [10].
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Fven mutations showing small increases in A{1-42
levels are associated with the onset of dementia in the
fourth or fifth decade of life. In the Tg2576 transgenic
mouse model of ADD, the same mutations produce
increases in AG1-42 levels and markedly accelerate A
deposition [11]. In light of this evidence, a major effort
from both academia and industry 1s presently [ocused on
developing pharmacological strategies that would delay
the initiation and/or slow the progression of AD-type
All neuropathology in the brain. Recent evidence [rom
experimental AD mouse models indicates that accumu-
lntion ol soluble high-molecular-weight oligomenc Al
species in the brain, rather than deposition of NP per se,
may be specifically related o spatial memory reference
deficits. In particular, experimental evidence demon-
strated that high-molecular-weight oligomeric  AS
species may disrupt hippocampal long-term potentiation
and synaptic plasticity and induce synaptic deficits [12-
15]. Consistent with the hypothesis that soluble high-
malecular-weight oligomeric A species play 4 key role
in AD memory dysfunction. experimental therapeutic
cvidence demonstrated that neutralization of soluble
high-molecular-weight A oligomenic species from the
brain causally improves spatial memory functions in a
mouse model of AD [16].

Despite strong genetic data arguing that Al neuropa-
thology is sufficient to cause AD [17], progressive
cognilive decline and neuron and synapse loss in AD
are best correlated with tau neuropathology [18]. In the
AD brain, tau proteins, particularly hyperphosphory-
lated tau, are found aggregated into progressively larger
polymeric species that are ultimately deposited as insol-
uble NFTs [19]. NFTs themselves are not necessarily the
tau species inducing neurotoxicity, as evidence in exper-
imental mouse models suggests that neuronal loss and
memory impairment may oceur before NFT formation
in the brain [20, 21]. Instead, evidence indicates that
accumulation of multimeric tau aggregates may play a
maore important role in A memory dysfunction [21]
Consistent with this hypothesis, in transgenic mouse
models levels of tau multimers are significantly correlat-
ed with memory index [21]. Moreover, neuronal loss and
memory impairment in a mouse model of tavopathy can
be mitigated by reducing tau expression without affect-
ing the number of NF1s [20]. Aggregation of tau is a
sced-nucleation  process. Formations of hyperpho-
sphoryluted ohgomers serve as nucleation sites that
sequester additional hyperphosphorylated tau as well
as normal nonphosphorylated tau [22]. Thus a predomi-
nant theory ol tiu-mediated neurodegeneraiion s based
on a “toxic gain of lunction™ model, in which abnor-
mally phosphorylated tau promotes sequestration of
both hyperphosphorylated and normal tau from micro-
tubules, leading to microtubule instability and alteration

ol microtubule-medinted processes, including abnormal-
ities in axon transport among others [22].

These considerations strongly suggest that reducing the
accumulation of soluble ohigomernie Al peptides and tau
species in the brain, as opposed to dissociating or prevent-
ing NP and/or NFT formation or deposition, may be a
more productive approach to AD therapy. Conceptually, it
might be possible to reduce brain accumulation of oligo-
merie tan species by reducing tau aggregation and/or by
promoting tau clearance. Similarly, it might be possible to
reduce oligomeric A3 peptides in the brain by reducing A3
seneration, reducmg AF ageresation, and/or promoting
A clearance. As discussed in more detail below, we
recently demonstrated for the first time that dietary sup-
plementation with red wines that is equivalent to moderate
wine consumption in humans effectively attenuated the
development of Ad-mediated AD-type neuropathology
and cognitive dysfunction in a mouse model of AD,
Moreover, our evidence demonstrated the polyphenolics
in the red wines as principle bioactive components that may
modulate neuropathology A3 phenotypes by reducing Aj
generation as well as AS aggregation.

16.3 POTENTIAL ROLES OF RED WINES
AND WINE-DERIVED POLYPHENOLS IN
ALZHEIMER DISEASE PREVENTION
ANDJOR THERAPY

While genetic factors are highly relevant in early-onset
AD cases, their significance dimimishes in late-onset
sporadic AD cases, which is the most common form of
AD [2]. Nongenctie factors. including modifiable life-
style dietary regimens such as moderate consumption of
alcoholic beverages, are receiving increasing atiention in
AD research, especially in light of the recent epidemio-
logical studies indicating that moderate wine consunip-
tion may influence the relative risk for AD clinical
dementin (23], For example, while little 15 known aboul
the beneficial role of red wine in AD dementia onset,
recent studies suggested that the neuroprotective efficacy
ol red wine may be mediated. in part. by the antioxidant
activities of polyphenols in the wine, Wine-derived
polvphenols are known to have strong inhibitory effects
on lipid peroxidation. Moreover, evidence indicates that
several types of natural polyphenols may have neuro-
protective elfects both in vivo and in vitro. possibly
through their abilities o scavenge reactive oxvgen
specics, which may have profound implications for the
overall protective ellects ol red wine m neurodegener:-
tive disorders and stroke outcomes [24].

Presently, little is known about the potential role of
red wine in AD, Recent prospective studies showed that
moderate intake of red wine may decrease the relative
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risk for AD [23], We therefore explored whether red
wines may beneficially modulate AD phenotypes in the
Tg2576 AD mouse model.

16.4 THE Tg2576 AD MOUSE MODEL

Tg2576 mice are transgenic mice engineered to express a
mutant form of the human APP harhoring the Swedish
[Lys670— Asn, Met671 — Leu] mutation that is found in
a subset of familial AD patients. Recapitulating select
leatures of AD, the Tg2576 mouse model 15 character-
ized by progressive development of A neuropathology
and cognitive decline. Originally generated by Dr. Karen
Hsiao [25], 12576 is the most commonly used animal
model for studving the mechanisms underlving Aj-
mediated AD neuroputhology and cognitive deteriora-
tion. This animal model is also commonly used for
testing novel AD therapeutic strategics,

165 EXPLORING THE POTENTIAL BENEFITS
OF MODERATE RED WINE CONSUMPTION
IN Tg2576 MICE

In our intial studies, we treated Tg2576 mice with a
dictary supplement of a red Cabernet Sauvignon wine to
explore the impaetl ol wine consumption on A neuro-
pathology and cognitive functions [26]. This was gener-
ated from Vitis vinifera by our collaborators at the
University of Florda as previously deseribed [27]. Our
Cabernet Sauvignon contained ~12% alcohol, as deter-
mined by ebulliometry. and had a titratable acidity (as
tartaric acid) of 6 g/l and a pH of 3.6 [26]. The wine was
delivered to the mice by dilution into the drinking
witer to a final ethunol concentration ol 6% [26]. In u
parallel control study, Tg2576 mice were provided with
drinking water containing 6% ecthanol [26]. Wine (or
ethanol control) trestment was nitiated ol 3 months
of age before animals developed AP neuropathology
or cognitive impairment, and continued to about 10.5
maonths of age when Te2576 mice are typically charace-
terized by moderate AJ neuropathology and cognitive
dysfunction.

In our Cabernet Sauvignon study, we observed that
cach mouse consumed ~4ml of wine-adulterated water
per day. We caleulated thut ~7% ol the total dmly
energy consumption in Cabernet Sauvignon-treated
Tg2576 mice was derived from wine, This is cquivalent
Lo wine-derved energy mtake mn the human lollowing
moderate wine consumption of one 5-oz glass of red
wine for a woman (accounting for 6.2% of energy
intake) and two 5-oz glasses of red wine for a man
(accounting for 10% energy intake) [26]. We also used

an FDA-recommended  criterion  that  incorporates
body surface area for calculating equivalent drug doses
across species [human  equivalent dose in mg/kg =
animal dose in mg/kg X (amimal wt m kg/human wi
in kg)] [27] as an independent means of estimaling
human wine consumption that is equivalent to what
muce recerved in our study. We calculated that Cabernet
Sauvignon-treated mice consumed ~8g of aleohol kg
bhody wt/day, which is equivalent 1o a human daily
intake of 39.5 g of alcohol per day. or daily consumption
of 2.3 5-0z glasses (329.2ml) of Cabernet Sauvignon.
Thus, on the basis ol two independent calculations,
we determined that mice in our study consumed an
amount of Cabernet Sauvignon considered moderate
by the U.5. Departments of Agriculture and Health
and Human Services [26].

16.6 MODERATE CONSUMPTION OF A RED
CABERNET SAUVIGNON WINE ATTENUATES
AD-TYPE NEUROPATHOLOGY AND
COGNITIVE DETERIORATION IN Tg2576 MICE

At the end of the Cabernet Sauvignon treatment, we
assessed cognitive functions in Tg2576 mice with the
Barnes maze protocol. We found that moderate con-
sumption of Cabernet Sauvignon attenuated the onsct of
cognitive deterioration m the Te2576 trunsgemic AD
mouse model (Fig. [6.1A). In parallel control studies
we found that moderate Cabernet Sauvignon consump-
tion had no detectable impact on cognitive behavioral
performance in age-, sex-, and strain-matched wild-type
(WT) mice [26]. We found that cognitive benetits of wine
treatment were associated with significant reduction of
AD amyloid neuropathology in the brains of Tg2576
mice (Fig. 16.1B). Moreover, we lound that Cabernet
Sauvignon treatment might modulate A} neuropatholo-
gv, in part, by promoting brain activity of a-secretase
that interferes with generation hy cleaving the APP
within the AD sequence [26].

In light of evidence that natural polyphenols may
exerl neuroprotective elfects, we explored whether poly-
phenolic components in Cabernet Sauvignon may be
responsible, in part, for the efficacy of this red wine
to modulate Ad-mediated neuropathology responses.
We extracted total polyphenolic components from the
Cabernet Sauvignon with acetomirde-butanol {1:1, v/v),
followed by vacuum centrifugation. to concentrate the
cxtracted polyphenol compounds and remove volatile
organic components, meluding ethanol from the wine as
well as organic solvents used in the extraction [26].
HPLC analysis confirmed that the contents of polyphe-
nol components in the extract were comparable to
Cabernet Sauvignon (data not shown).
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Fig. 16.3 Chemical analysis of Cabernet Sauvignon and muscadine wines. Constituent polyphenolic components in Cabernet
Sauvignon (A,C.E) and muscadine (B,D.F) wines were analyzed by reverse phase HPLC using a C18 column, (A.B) Detection of
phenolic acid compounds at 280 nm. (C.D) Detection of flavonoids at 370 nm. (E.F) Detection ol anthocyanins at 520 nm.
((3) Idenrifieation of polyphenols correspanding 1o peaks dereeted in panel (A-F) hased on spectroscopic interpretations,

composition (as gallic acid and measured by the Folin
Coicalteau method) was 1.731 mg/l [27].

We analyzed chemical compositions of muscadine
and Cabernet Sauvignon by reverse-phase chromatogra-
phy using HPC and an octadecyl silane column [29].
Different classes of polyphenolic compounds rom the
wines were detected al 280nm (phenolic acuds) (Fig.
16.3A,B). 370 nm (Ravonoids) (Fig., 16.3C,D), and 520
nm (anthocyanins) (Fig. 16.3E.F), with select com-
pounds identified based on spectroscopic interpretations
from 200-600 nm (Fig. 16,3G) [29]. Our analysis demon-
strated that the two wines are characterized by distinet
component compositions of phenolic acid (Fig. 16.3A,
B). lavenoid (Fig. 16.3C, D), and anthocyanin polyene-
nolic compaunds (Fig. 16.3E,F).

16.8 MODERATE CONSUMPTION OF RED
MUSCADINE WINE ATTENUATES AD-TYPE
NEUROPATHOLOGY AND COGNITIVE
DETERIORATION IN Tg2576 MICE

We treated Tg2576 mice with the red muscadine wine at
a4 dosage equvalent to moderale wine consumphion,
using a procedure comparable to that we used with
our Cabernet Sauvignon studies [29]. Similar to our
abservation with Cabernet Sanvignon, we found that
moderate consumption of the muscadine wine signifi-
cantly attenuated the development of spatial memory
decline (Fig. 16.4A.B) and AD-type AJ neuropathology
(Fig. 16.4C) in the Tg2576 AD mouse model. However,
in contrast to our previous ohservation with Cabernet
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Fig. 16.4 Muscadine treatment improves spatial memory function and A3 newropathology in Tg2576 mice. (A.B) Assessments of
spatial memory behavioral functions of 14 month old muscadine-treated (Tg-muscadine) and control. gender- and age-matched non-
treated (Tg-control) Tg2576 muce usimyg the Morms waler maze protocol. (A) Learning tnal hidden-platform acquisiiion curves,
Te-muscadine group perlormed signilicantly better than the control, non-treated group (Teg-control) [2-way ANOVA analysis ol
Teg-muscadine vs. Tg-control groups for muscadine treatment (p < 0.03, F=4.24, DFn= 1, DFd = 84) and for training days (p < 0.03.
F=643, DFn =6, Dfd = 84)] (B) Probe trial conducted 24 hours after completion of hidden-platform training. Muscadine-treated
Teg2576 mice exhibited a significantly higher preference for the target platform compared to control, non-treated Tg2576 mice
(p<-0.05, 2-tailed Student ¢ test), In (A,B) Values represent group mean (+SEM): n 7-9 muce per group. (C) Assessments of Aj
neuropathology reflected by amylod neuritic plague density in cerebral cortex and in the hippocampal Formation of brain specimens
(rom muscadime-treated and control, non-treated Te2576 muce. Representative micrograph ol brain specimen stained lor amylowd
neuriric plaques in muscadine-rreated (Tg-muse.) ar in control, non-treated (Tg-cont.) Tg2376 mice. [ See calor insert. )

Sauvignon [26], we lound that muscadine treatment did potential health benelits of wine consumption are gener-
not modulate w-secretase activity or activities of othe ally ascribed to the polyphenol compounds that are
cnzymes known to be involved in gencration of Aj present in high abundance, particularly in red wines
peplides in (he bram from APP [29]. Instead, we found [30, 31]. Siee many of the wine-derived polyphenols are
that muscadine treatment reduced the accumulation of strong antioxidants, it is thought that red wine poly-
soluble high-molecular-weight oligomeric Af species in phenols may benefit AD (and other neurodegenerative
the brann, suggesting that muscadine treatment interferes disarders) by reducing the content ol reactive oxygen
with Al oligomerization (Fig. 16.5A). In parallel studies, species in the brain [32]. Aside from potential antioxi-
we confirmed the efficacy ol muscadine polyphenolics dant activities, our accumulating preclinical evidence
to interfere with the assembly of AJ peptides into suggests that red wine polyphenols may also benefit
neurotoxic, high-molecular-weight oligomeric species AD by direetly modulating AB-related mechanisms in
(Fig. 16.5B). As illustrated by using o gel electrophoresis the brain, Results from our studies demonstrated thal
to assess steady-state Al aggregates, we demonstrated polyphenolic components rom the Cabernet Sauvignon
that polyphenolic components from the muscadine winc may protect against the onset of AD-type Af-
wine potently interfere with the formation ol a synthetic neuropiathology and copmtive detertoration by promaot-
Al peptide into high-molecular-weight aggregates (Fig. ing o-secretase activity in the brain. In contrast, our
16.5B). Collectively, our in vivo and in vitro evidence studies suggest that polyphenolic compounds from a red
suggests that muscadine polyphenol may have benefited muscadine wine may modulate AD phenotypes by
AD phenotypes in the Tg2576 mouse model of the interfering with aggregation of A3 peptides into neuro-
disense by inhibiting the assembly o Al peptides into toxic high-molecular-weight oligomeriec A species in the
neurotoxic high-molecular-weight aggregates. brain. Because the two red wines are characterized by

distinet polyphenolic component compositions, our evi-
dence soggests that selechive bioactive polyphenolic

16,9 DIETARY GRAPE-DERIVED BIOACTIVE compounds may be responsible for AP-lowering and
POLYPHENOLIC COMPONENTS: anti-AS agercpation aecuvities. More studies will be
IMPLICATIONS IN AD THERAPY necessary to identify and characterize specific polyphe-
AND PREVENTION nolic components from red wines capable of exerting

Afi-lowering and/or anti-A} aggregation activity in the
The evidence from our studies with two independent red brain, Collectively, our evidence suggests the possibility
wines summarized above strongly supports the hypothe- of developing a “combination™ of dictary polyphenolic
sis that moderate red wine consumpiion might provide compounds lor AD preveniion and/or therapy hy mod-

preventive and/or therapeutic value in AD. The ulating multiple Ad-related mechanisms (Fig. 16.6).
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Fig. 16,8 Museadine treatment reduces aggregation of A peptides into neorotoxic high molecolar weight aggregates. (A) Muscadine
treatment significantly attenuated the sceumulation soluble high molecular weight A3 species in the brain of Tg2576 mice. The
contents of soluble high molecular weight A alipomeric species in the cerehral cortex and hippocampal formation of museadine-
treated or control, non-treated 14 month old Tg2576 mice were assessed by an immunological dot-blot (A) Immunodetection of high
molecular weight A3 oligomeric species in the cerebral using the olipomer-specific antibody All antibody (A, inset) Representative
Al l-immunoreactive dot-blot analysis of cortical and luppocampal formation brain specimens, Bar graphs represent means =
SEM., n=6—8 per group: *P<2(L03 vs. non-treated control Tg25376 group (2-tuled Student’s ¢ test). (B) Muscadine wine interferes
with ageregation of synthetic Aj71-42 peprides into high molecolar weight oligomer A species, in vireo. Synthetic A 1-42 peptides
were ageregated in the absence or in the presence of muscadine wine. A3 species were then resolved by molecular size, transblotted
onto a nitrocellulose membrane, followed by immunodetection of AR peptides using and the 6E10 antibody. Lane 1 represents non-
aggregated AG1-42 peptides; Lane 2, aggregated ARI-42 peplides: Lane 3. A 142 peptides aggregated in the presence ol 1.2%
ethanol (the same amount of ethanol presented in the aggregation assay n the presence of muscading i Lane 4): Lane 4, Aj1-42
pephides aggregated o the presence of 1 pl muscadine wine. In tos assay, aggregation ol A without 1o the absence or presence ol
elhunol in lunes 2 and 3. respectively. lead o generation of high molecular weight A3 species that migrated slowly in the assay. In
contract, addirion ol muscadine completely eliminate the generation of high molecular weight Al nggregates.
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Fig, 16,6 Schematic of how grape-derived polyphenolics may benefit AD by modulating A-mediated mechamsms, AD pepudes are
generaled rom amylowd precursor protem. Therealler, monomerie Ad peplides can be assembled mto neurotoxie, soluble high-
maolecular-weight aggregates that may direcily induce neuronal dysfunction thar lends 1o cognitive deterioration. Further
ageregation of soluble high-molecular-weight AR aggregates leads to deposition of insoluble AR aggregates as neurotic plagque in
the brain that also induces neuronal dysfunction, in part, by promoting brain inflammatory responses. Bioactive polyphenols from
grape-derived polyphenolics from red wine or other dietary products may improve interfere with Ad-mediated pathological
mechanisms by interfering with the generation (synthesis) of Al peptides from amylowd precursor protein and/or by interfering with
assembly (aggregauon) of A peptides into neurotosie, soluble high-molecular-weight species. This raises the possibality ol
mmproving AD dementia with a “combination™ of dietary bioactive polyphenolic compounds.
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In additional 1o the Cabernet Sauvignon and the
muscadine wine. we recently demonstrated that other
grape-derived products, namely. a grape seed polyphenolic
extract [33] and a purple grape juice (Ho et al., unpublished
observation), also exert bioactivity at the organism level
and significantly interfere with the development of Afi-
related phenotypes in AD mouse models. In light of our
observation that multiple dietary grape products with
distinet polyphenolic component composition effectively
protect against the onset and progression of AD pheno-
types, we hypothesize that additional grape-derived pro-
duets, mcludmg other red wines, might also provide
beneficial discase-modifying activities in AD.

There is an urgent need for additional studies 1o
identity specific bioactive polyphenolics Irom red wines
or other grape-derived dietary products and to charac-
terize the mechanisms of action of these bioactive paly-
phenolics. Information generated will provide the
rational basis for developing selective bioactive dietary
polyphenol(s) as lead compounds for clinical testing in
AD. Moreover. this information will promote selection
of food sources enriched in targeted bioactive polyphe-
nals that ultmately could be incorporated as key com-
ponents in the development of potential dietary
guidelines for AD prevention and/or management.
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used in o variety of natural health care products (eg.,
lozenges. tinctures, ointments, drinks).

17.2.1 History

Propolis, bee glue, a gum gathered by bees from various
plants, has been used by humans since early times for
various purposes, and especially as a medicine because
of its antimicrobial properties [3]. Ancient Greek texis
refer to the substance as a “cure for bruises and
suppurating sore,” and in Rome propolis was used by
physicians i making poultices. The Hebrew word [or
propolis is 7zers, and the therapeutic properties of tzori
are mentioned throughout the Old Testament. Records
from twelfth-century Europe describe medical prepara-
tions using propolis for the treatment of mouth and
throat infections and dental care [4].

One of the nonmedical uses of propolis is as a varnish,
and it has been suggested that the special properties of
Stradivarius violins may he partly due to the type
of propolis used. although the claim cannot be
substantiated.

17.2.2  Composition

At least 180 different compounds have been identified so
far in propolis. The class of compounds present in
propolis imcludes resins, waxes and Tatly acids. essential
oils, pollen, and minerals. The resins comprise Aavo-
noids. phenolic acids. and esters (45—55%) whereas the
essentils oil contain 10% volatiles. There are nearly 12
free amino acids in pollen and 14 trace minerals, iron
and zinc being the most common. The other organics
present are ketones, lactones, quinines, steroids, benzoic
acid. vitamins, and sugars. The most important pharma-
cologically active constituents in propolis are the fla-
vones. flavonols, and flavanones (collectively called
flavonoids) and various phenolics and aromatics, Fla-
vonoids play @ major role in plani pigmentation. How-
ever, the favonoids present in propolis are not
glycosides (they do not have sugar molecules attached
to their chemical structure). The majority ol Havonoids
found in plants are glycosides,

Flavonoids are thought to account for much of the
biological activity in propolis [53], although other pheno-
lic compounds are also involved. At least 38 flavonoids
have been found in propohs, including galangin, kanemp-
ferol, quercetin, pinocembrin, pinostrobin, and pino-
banksin [6]. Other phenolics include einnamic alcohol,
cmnamic acid, vanilling benzyl aleohol, benzoic acid, and
caffeic and ferulic acid. The chemical composition of
propolis is highly variable because of the broad range
of plants visited by honeybees when collecting the
substance [7).

Al least 67 plamt species have been reported 1o
provide propolis material. Important sources include
poplars, alders and birches, chestnut, ash, and willows.
Variations in the beeswax content of raw propolis also
alfect the chemical composition. Studies indicate that
the plant resins collected by bees are at least partially
altered by honeybees before use in the hive.

17.3 HUMAN NUTRITION

Propohs also has nutntive valoe, because ol the presence
of small amounts of proteins, amino acids, minerals, and
sugars. Vitamins include small amounts of’ A, By, B, C.
and E [8]. Dihydroflavonoids, like those found in prop-
olis, have been shown to aid the human body in
absorbing vitamin C [9]. Propolis and a number of its
components exhibit a wide vanety of biological and
pharmacological activities [6].

17.4 THERAPEUTIC PROPERTIES

Because of its strong antimicrobial activity, propolis is
often known as a “natural antibiotic.™ Propolis is
reported to possess anticancer, apoptotic, wound heal-
ing. antiinflammatory, antiulcer, antiviral, ancsthetic,
and immunomodulatory properties.

17.4.1 Antimicrobial Properties

A large number of studies have shown an inhibitory
effect on a wvaricty of microorganisms (Table 17.1).
Active components of propolis showing an antibacterial
effect include pinocembrin, galangin. caffeic acid, and
ferulic acid, whereus antifungal components include
pinocembrin, pinobanksin, caffeic acid, benzyl ester,
sakuranetin, and pterostilbene and antiviral components
include caffeine. Propohs has been found (o imhobit the
synthesis of protein by bacteria, which may account for
at least some of its antimicrobial effects [16].

17.4.2  Synergistic Properties

Most studies on the therapeutic properties ol propolis
have centered on the phenolic constituents (Aavonoids
and other phenolic compounds such as calleic neid esters).
Research has tended to isolate and test single substances
in propolis. However, it is likely that the presence of
a large number of compounds in propols may produce a
synergistic effect greater than the sum of the effects of
individual components [31]. Studies have shown that the
flavonoids in propolis exert significant antimicrobial
activity compared to whole product extracts.
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propolis modulated cell evele distribution, increasing
p53 levels. without the induced HSPs being able to
rescue DUI4S from death. Hence chemotherapy based
on propohis, alone or in combination with vinorelbine, as
a potential useful tool for prostate cancer therapy as it
effects increase in cell cyele control and the modulation
of HSPs expression, reinforced this suggestion.

17.4.4.2  Propolis-Induced Apaprasis of Carcinoma Cells
The treatment of laryngeal cancer is comprehensive,
based on surgery, Chemotherapy is an important ¢com-
ponent ol the treatment lor laryngeal cancer, which
lacks ideal selectivity. The anticancer active ingredients
contained in propolis have been identified as flavonoids,
terpenes. sugars, esters. and other compounds, such as a
natural combination. their mutual coordination role,
given the anticancer effect of propolis [41]. Experimental
results show that propolis inhibited chemical carcinogen-
induced mutations [42]. Because radiotherapy and
chemotherapy kill tumor cells, these would also damuge
the body’s immune and hematopoietic cells. and therefore
strengthening the immunity against radiation and che-
maotherapy-induced side elTects, 1s the important task ol
cancer prevention and treatment, The results show that
propolis on Hep-2 cells significantly inhibited cell prolif-
eration and can induce apoptosis and the cell cycle to a
certain extent. It can affect the cell eyele Gy phase to §
phase trunsition, but also aflect the § phase ol the
transition to the G4/M leading to tumor cell apoptosis
and cell eyele non-specific blocking the whole process.
With merease ol the coneentration of propols. the killing
elfect on cancer cells was also enhanced, The study
revealed that propolis inhibited the growth of laryngeal
cancer cells, and the inhibitory action was through the
mechanism of apoptosis [43—45).

In a study two new prenyl flavanones, propalin A and
propolin B, isolated and characterized from Taiwanese
propolis, induced eytotoxicity in human melanoma A2058
cells and showed a strong capability 1o scavenge [ree
radicals. In this study, propolin A effectively induced a
cytotoxic effect on five different cancer cell lines. The levels
ol procaspase-8, Bud. procaspase-3, DFF45, and PARP
were decreased in dose- and time course-dependent man-
ners. Propolin A and propolin B were also capable of
releasing cytochrome ¢ from mitochondria to cytosol. The
findings suggest that propolin A and propolin B may
setivate 1 mitochondrn-mediated apoptosis pathway. All
these results indicated that propolin A and propolin B may
trigger apoptosis of A2058 cells through mitochondria-
tependent pathways and also showed that propolin A and
propolin B were strong antioxidants [46).

It was demonstrated that the prenyl flavanones pro-
polin A and propolin B, isolated and characterized
from Taiwanese propolis, induced apoptosis in human

melunama cells and significantly inhihited xanthine oxi-
dase activity. Furthermore. it the isolation of a third
compound called propolin C was reported [47]. The
chemical structure of propalin C has been characterized
by NMR and IHRMS spectra and was identical to
nymphaeol-A. Propolin C was found to effectively
induce cytotoxic effect on human melanoma cells, with
an ICs of about 8.5 pM. In a study to address the
mechanism of the apoptosis effect of propolin C, the
eifect of propelin € on induction of apoptosis-related
proteins in human melanoma cells was evaluared. The
linddings suggested that propolin C may activate a
mitochondrion-mediated apoptosis pathway [47].

17.4.5 Antioxidant Properties

The flavonoids concentrated in propolis are powerful
antioxidants. Antioxidants have been shown to be
capable of scavenging [ree radicals and thereby protect-
ing lipids and other compounds such as vitamin C from
being oxidized or destroyed. The polyphenolic-rich
cxtracts of beeswax have been reported to cxhibit
antioxidant property in vivo [48—50]. In this study, the
extracts were able to reduce CCly- and paracetamol-
induced oxidative stress in rats, as evidenced by the
changes in hepatic antioxidant and detoxifving enzymes.

Propolin C is also a potential antioxidant agent and
shows a strong capahility (o scavenge [ree radicals and
inhibit on xanthine oxidase activity with ICs, of about
17.0 pM [47].

17.4.6 Wound Healing Properties

Propolis has been shown to stimulate various enzyme
systems, cell metabolism, circulation, and collagen forma-
tion, as well as improving the healing of burn wounds [51,
52]. These effects have been shown to be the result of the
presence of arginine in propolis [53], Patients with tibial
skin uleers, aged from 23 o 98 venrs, were trented with
propolis tincture in an ointment. The ointment was applied
daily to the uleerated arca, which was also treated on the
periphery with antibiotic ointments [34]. The treatment
lasted for 4—12 weeks. Atthe end of treatment, 19 of the 84
treated patients exhibited no clinical signs of the condition,
and 1Y exhibited an improved condition [34].

Propolis was used in a trial of hospital patients with
imlected wounds. The propolis improved wound healing
rates, while at the same time reducing infection. Over
hall of infective bacteria were climinated within 4 days,
Propohs dil not produce antibiofic-resistant  strains
of the bacteria [55]. A study of topical application of
propolis on wounds, burns, and uleers showed up 1o an
80% increase in healing rate compared to control sub-
jects using routine healing regimes.
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combination of the propolis, Esheritox N and calcium-
magnesium resulted in good improvements in the state
of the immune system and the clinical condition of both
patients |63,

17.4.12  Antiviral Properties

A clinical trial has shown a prophylactic effect against
influenza infection in humans [69], and another clinical
trial showed that infections of the common cold were
shorter in duration and completely recovered within 3
days m patients treated with propolis, compared 1o 5
days for recovery for patients not given propolis [70]. A
clinical trial conducted on dermatology patients showed
that a propolis cream had significant therapeutic effects
against recurrent herpes (Herpes simplex type 1) and
Herpes zona zoster (shingles). The propolis cream
reduced duration of lesions and pain and increased
interval between lesion episodes,

Perhaps the most broadly mvestigated and widely
accepted attribute of bee propolis is its immune-boosting
activity. It is a natural. broad-spectrum  antibiotic
that activates the thymus glind. Bee propohs nol only
prevents infectious discases but clears them from the system
aswell. As demonstrated in numerous experiments, propo-
lis has the ability to directly destroy bacteria. viruses, and
fungi. even penicillin-resistant Staphylococeus.

17.4.13  Dental Care Properties

In rats inoculited with sobrinus, about hall ol lissures
were carious, while dental caries were significantly less in
rats given water containing propolis extract. No toxic
effects ol propolis on the growth of rats were observed
under experimental conditions in this study [17]. Propo-
lis has also been shown to be effective as a subsidiary
treatment for gingivitis (gum infections) and plaque [71].
A 50% propolis extract was found to be antiseptic
ngainst pulp gangrene [72]. Propolis has also been shown
to inhibit the growth of a range of bacterial organisms
found in dental caries [73].

I'he diverse use ol propolis mm chimeal tnals showed
that its therapeutic efficiency lies mainly in diseases
caused by microbial contamination [74]. The resulis
suggest that a propolis preparation can be a uselul
subsidiary treatment in oral hygiene.

A double-bhind chnical trnal showed that a propohs
mouthwash (10% tincture diluted 1:5 with water) pro-
duced significant improvements in patients with gingivi-
ts and pernodontal disease. Patients were evaluated [or
plaque formation and inflammation of the gums. A
clinical study used propolis extract and zine oxide on
160 teeth with indirect capping or deep cavities and
teeth with direct capping. The results showed that the

paste with propolis exerted effects similar (o those of
zinc cugenate and were superior for healing compared to
pastes based on calcium hydroxide.

A chinical study found propolis useful for the treat-
ment of gum inflammation and oral mucosa and also
showed antiscarring effects [75]. Another study showed
similar results for periodontiis and suggested that
propolis be used in root canal fillings because of its
hone regencration and anesthetic properties.

17.4.14  Respiratory and Ear Infections

A total of 260 steel workers suffering from bronchitis were
treated for 24 days by various methods including local and
systemic regulation of the immune system and local treat-
ment with an ethanol extract of propolis (EEP) in a
physiological salt solution [67]. Promising results were
obtained with inhalation of the extract, together with
propolis tablets. Propolis has also shown positive elfects
in other otorhinolaryngologic diseases, such as pharyngi-
tis chronic bronchitis [67], rhinopharyngolaryngitis [76].
pharyngolarynits [77]. catarrh [78], and rhimitis.

Patients (126) suffering from external otitis, chronic
mesotympanic otitis, and tympan perforation were (rea-
ted with propolis solutions (5—10%). A positive thera-
peutic result was reported in most cases. Propolis has
also shown positive results in the trealment ol acute
inflammations of the ear [79].

17.4.15  ElTects on Milosis

Medical researchers (N, Popoviciand N, Qita of Rumania)
published a report on the elTects ol bee propohs on mitosts
(the process of cell division). They reported that a tissue
never becomes entirely malignant: it always contains some
normil eells, but the activity of the normal cells s afTected
and even repressed by malignant cells, Propolis lavors
the activity of normal cells by repressing malignant cells,
which helps the tissue to reestablish its normal condition,
Constituents of propolis have a mitodepressive effect
(depression ol the proliferation of cancerous cells) on cells
deranged by malignancy.,

17.5 ROLE IN CELLULAR SIGNAL
TRANSDUCTION

Signal transducthion ol the cellular level relers lo the
movement of signals from outside to inside the cell.
The movement of signals can be simple, like that associ-
ated with receptor molecules ol the ncelylcholme class,
receptors that constitute channels that, upon ligand
interaction, allow signals 1o be passed in the form of
small ion movement either into or out of the cell. These
ion movements result in changes in the electrical potential



reported in the liternture over the last 70 vears [114].
Initial reports were made by beekeepers, who came into
daily contact with the raw product. Allergic reactions
are now ilso reported in the general population, because
of the more widespread use of products containing
propolis. Dermatitis can be produced by skin contact
with raw propolis as well as propolis extracts. and
products containing caffeic acid and its derivatives
have been identified as the major allergenic agent [115].
Cinnamic acid derivatives have also been implicated [63].

Dermatitis is relieved onee the skin is no longer in
contact with the propolis product. 1t 1s therefore recom-
mended that with all preparations intended for human
use, usage should be ceased whenever there is an allergic
reaction, Very few other adverse reactions to propolis
have been documented in the literature, and the product
is generally considered not 1o be harmful [6]. Rare cases
of oral inflammation and uleceration, mouth edema
(swelling), and stomatitis have been reported as a result
ol oral ingestion of propohs [116, 117)].

17.7 COMMERCIAL USE

Raw propolis is collected by beekeepers and sold in bulk
to companies that refine the product and turn it into
usible extracts. The mamn commeraial uses of propolis
are as a dietary supplement and therapeutic. Propolis is
sold in tablets (singularly or in combination with other
substances such as pollen, royal jelly and nonhive
products), In Japan, the use of propolis is permitted as
a preservative in frozen fish.

Finctures and lozenges are popular treatment for sore
throats. and tinctures are often used to treat cuts. mouth
sores, and skin rashes. For internal use, a 1- 1o 3-ml dose
three times daily of a 1:10 tincture is typical, but higher
doses can be used if necessary, Propolis tincture is
normally diluted 0 water, producing a cloudy Tiguid.
[For external use. the 1:10 tincture is diluted in water and
used as a lotion.

Propolis is a stable product but should nevertheless be
stored in airtight containers in the dark, preferably away
from excessive and direct heat. Propolis does not lose
much of its antibiotic activity, even when stored lor 12
months or longer. Propolis and its extract function as a
mild preservative because of therr antioxadant and anb-
microbial activities and thus may actually prolong the
shelf life of some products.

17.8  FOOD SAFETY

Because of its antioxidant and antimicrobial activities.
microbial contamination is not considered to be a
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problem with propolis, either in the raw [orm or ns
extracts. Concentrations of lead above maximum allow-
able levels for food products have been found in propo-
lis. Studies have shown that lead levels may be reduced
by placing the hives away [rom areas with heavy air
pollution and the use ol oil-based paints on hive parts
[118]. Propolis destined [or commercial use should be
routinely tested for lead concentration, Brazilian propo-
lis is of the highest quality available, whereas Chinese
propolis has been noted lor excessive lead.

17.9 CONCLUSION

Propolis, bee glue gathered by bees from various plants,
has been used by humans since early times for varous
purposes, and especially as a medicine because ol its
antimicrobial prapertics. At least 67 plant species have
been reported o provide propolis material. Important
sources include poplars, alders and birches, chestnut,
ash. and willows. The class of compounds present in
propohs mcludes resins, waxes and latty acids, essential
oils, pollen, and minerals. The resins comprise flavo-
noids, phenolic acids, and esters (45—55%), whereas
essentials oils contain 10% volatiles. There are nearly
12 free amino acids in pollen and 14 trace minerals, iron
and zine bemnyg the most commaon. The other organics
present are ketones, lactones, quinines, steroids, benzoic
acid. vitamins, and sugars. Propolis also has nutritive
value because of the presence of small amounts of
proteins, amino acids, minerals, and sugars. Vitamins
include smull amounts ol A, By, By, C, und E. Because ol
its strong antimicrobial activity. propolis is often known
as a “natural antibiotic.” Propolis is reported o possess
anticancer, apoplotic, wound healing, antinflammatory,
antiuleer, antiviral, anesthetic, and immunomodulatory
propertics. Artepillin C. a major component of Brazilian
propolis, was reported to act as a neurolropie-like factor
and to suppress angiogenesis by inducing apoplosis.
With regard to toxicity, propolis has been shown not
to be toxic to humans or mammals unless very large
quantitics arc administered.
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18.1 INTRODUCTION

The implications lor the toxic properties of oxygen were
unknown until Gershman’s seminal proposal of the Iree
radical theory of oxygen toxicity in 1954, which sug-
gested that the poisonous nature of oxygen is due to the
partially reduced lorms of oxygen |1]. In the same vear
Commeoner et al. [2] reported weak but detectable
electran paramagnetic resonance (EPR) signal in lvaph-
ilized biological materials, and this was attributed to the
presence of [ree radicals, These discoveries triggered
intense research mto the role of Mree radicals i hologieal
systems. Since then, a large body of evidence has been
accumulated that living systems have not only adapted
to a coexistence with [ree radicals but have also devel-
oped various mechanisms for advantageous use of free
rudicals in various physiologicul [unctions. Oxygen
free radicals generally termed as reactive oxygen species
(ROS) as well as reactive nitrogen specics are products

of normal cellular metabholism. The harmful effect of

ROS causing potential biological damage is called oxi-
dative stress. This occurs in biological systems when
there is an overproduction of ROS on one side and a
deficiency of enzymatic and nonenzymatic antioxidants
on the other. In other words, oxidative stress results
from metabolic reactions that use oxygen and represents
a disturbance in the equilibrium status of prooxidant
and antioxadant reactions mm hiving organisms.

18.2 ENDOGENOUS SOURCES OF OXIDATIVE
STRESS

Oxidative stress in msects 15 an unavoidable by-product
of the aerobic lifestyle, because the superoxide anion
(O3 ) and H;0, are formed whenever molecular oxygen
chemically oxidizes electron carriers. The superoxide
anion (0% ) radical is generated by the one-¢lectron
reduction of (.. Cellular sources of ROS production
include plasma membrane NADPH oxidase and intracel-
lular eytosolic xanthine oxidase. peroxisomal oxidascs,
endoplasmic rencular oxidases, and milochondnal elec-
tron transport components, (0% ) production can also be
due to autoxidization of catecholamines, ubithydrogqui-
none, hemoproteins, and Aavin enzymes [3]. Other endog-
enous sources of ROS include stress and starvation. In all
these cases the generution ol [ree rudicals is implied. A
free radical is unstable and highly reactive and contains
one or more unpaired electrons. It can be formed by any
of the processes outhned helow:

a. Homolysis of covalent bonds
A:B=A"+B"
b. Addition of & single clectron to a neutral atom

A+c—A"

Crxicative Strexy in Vertebrates and Invertebreates: Maolecular Aspects of Cell Signaling, First Edition

Ldited by Tahira Farooguw and Akhlag A. Farooqui.
0 2002 Wiley-Blackwell, Published 2012 by John Wiley & Sons, Ine,

261



scavengers designed (o remove ree radicals genernted
during reductive processes or during deleterious reac-
tions between excess ROS and cellular macromolecules.

18.4.1 Enzymatic Antioxidative Mechanisms

Insects, like other animals, possess o suile of enzymes thal
aredirected toward the removal of various radicals[12—17],
These include superoxide dismutase, catalase, ascorbate
peroxidase. glutathione S-transferase peroxidase, etc.
Superoxide dismutase (SOD): Superoxide dismutases
aremainly of two main types— the Cu/Zn SOD (located in
the cytosol) and the MnSOD (localized in the mitochon-
dria). These enzymes catalyzes the following reaction:

205 +2H - H;0: + O

Caralase (CAT): Catalase is a 24-kDa homotetra-
meric enzyme with a heme-iron active center, whose
main function is to decompose toxic hydrogen peroxide
[18]. This enzyme is localized notably in organclles such
as peroxisomes. Hydrogen peroxide s eliminated by
catalase as follows:

2H,0,—2H,0 + O

Ascorbate peroxidase (APOX): This enzyme cata-
lyrzes the oxidation ol ascorbic acid with the concurrent
reduction of hydrogen peroxide and could serve an
important function in removal of hydrogen peroxide in
msects [19]. Regeneration of reduced ascorbate s
achieved by the enzvme dehydroascorbate reductase.
Ascorbate by 1tsell 1s known to scavenge singlet oxygen,
superoxide, and hypochlorite as well as water-soluble
radicals such as peroxyl. hydroxyl. thiyl. suphenvl. and
nitroxide radicals [13.20-25]. Thus, mn addition 1o ils
peroxidase actuivity, the efficient recycling of ascorbate
itsell gives it a4 powerful antioxidant role.

Crlutathione S-transferase peroxidase (GSTPx): Ver-
tebrates contain a selenium-dependent glutathione per-
oxidase (GPOX) that removes both hydrogen peroxide
and lipid peroxides [12]. Insects have a glutathione S-
transferase with peroxidase activity (GST-px). This
eneyme can melabolize hpid peroxides but s unreactive
toward hydrogen peroxide [12. 15, 26, 27].

Thioredoxin/thioreduetase system| Trx/ Tra R ): To main-
tain its preferred redox state, the insect cells activate the
NADPH-dependent  thioredoxin/thioreductase  enzyme
system, which rapidly restores the maodified thiols to their
unmaodified reduced state [235, 28).

18.4.2 Nonenzyvmatic Antioxidative Mechanisms

In addition to the classical antioxidant enzyme systems,
a number of small molecules also play a significant role

184 DEFENSES AGAINST OXIDATIVE STRESS 263

in seavenging ROS and curhing the deleterious effects of
oxidative stress. Specifically in insects some of these
small molecules are plant derived, while others can be
synthesized hy insects:

Carotenoids: The carotenoids constitute a family of
conjugated polvenes. Carotenoids could be vitamin A
precursors and are able to quench singlet oxygen. They
may also directly react with peroxyl radicals. In plants
their role has been well documented as a free radical
scavenger. but the specific role in insect systems remains
a speculation,

o-Tocopherol: The natural  o-tocopherol s the
2R A'R.8'R-a-tocopherol. This lipid-soluble vitamin is
very reactive in membranes and can react with lipid
peroxyl radical LOO to form the relatively stable radical
that probably does not react.

o-tocopherol + LOO® - LOO — a-tocopherol

Ascorhic aeid: Insects cannot synthesize ascorbic acid
and depend on dietary sources for thewr supply of this
essential antioxidant. In the presence of reactive species,
ascorbic acid (or its conjugated base, ascorbate) 1s a one-
electron donor and is oxidized in semidehydroascorbate
radical, a molecule stabilized by the delocalization of the
glecirons beiween the three oxyezen aloms. The semide-
hydroascorbate is converted back into ascorbic acid in
the presence of glitathione and dehvdroascorbate redue-
Letsee:

Asce + radhien] = semidehydroascorbate
+ reduced radical

Asc + IOCL — semidehydroascorbate + H-0 + 11CI

Glutathione (GSH): Glutathione is a very impor-
tant [ree rudical scavenger. This is a tripeptide ~-
glutamyl-cysteine-glycine and is one of the most
abundant low-molecular-weight thiols present in the
cell. Reduced GSH 15 characienized by ils reactive
thiol group, and as an effective reductant it plays an
important role in a variety of detoxification processes.
GiSH readily interacts with Iree rudieals and oxiudizng
compounds such as 11,0,, 057, OII, and carbon
radicals including protection against lipid peroxide
damage [14, 25, 29]. In the presence ol the radicals
the reduced form (GSH) is oxidized (GS55G) and can
then be recycled back i o NADPH-dependent reac-
tion catalyzed by glutathione reductase or by the
thioredoxin reductase systems [30].

In additon to the anttoxidant mechamsms and sys-
tems described above, insccts also possess several water-
soluble molecules (urie acid, carbohvdrates. polyols) and
iron binding proteins (ferritin and transferrin) that also
serve crucial antioxidant functions [14].
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18.5 REGULATION OF DEFENSES AGAINST
OXIDATIVE STRESS

Oxidative stress triggers a range of physiological, path-
ological, and adaptive responses in insect cells either as a
result of cellular damage or through specific signaling
molecules. These responses ultimately modulate tran-
scriptional outputs to influence and induce antioxidant
systems, In the past couple of decades. a1 number of
transcription factors and signaling pathways have been
identified and delincated to mediate eritical transerip-
tional responses (o oxidative stress. These signaling
pathways include mitogen-activated protein kinases
(MAPKs) PI3K Akt protein kinase C (PKC), proteind3
(p53), nuclear factor kB (NF-rB), activator protein-|
(AP-1). and redox regulation by redox factor-1 (Ref-1)
and the Nrf2-mediated antioxidant response. Nri2
(nuclear factor erythroid 2 related factor 2) belongs to
a group of specialized transcription [actors termed
xenobiotic-uctivaied receptors (XA Rs), These recognize
specific xenobiotics and coordinate the transcription of
batteries of genes. The specifies of activation at the gene
level of these signaling pathways are heyond the scope ol
this particular chapter. Here, we focus on the role that
insect hormones play in the regulation of defenses
against oxidative stress.

I18.6 INSECT HORMONES AND THEIR ROLE IN
THE CONTROL OF OXIDATIVE STRESS

The insect endocrine system produces various hormones
and biologically aective factors that can be divided into
three main groups [31] including (a) ecdysteroids, steroid
hormones, produced primarily by prothoracic glands
and partially also by several other tissues. They control
mainly molting, development, metamorphosis, and
reproduction and are also involved in a number of
diverse processes. (b) Juvenile hormones (1Hs), o Tamily
of acyclic sesquiterpenoids, the principal products of the
corpora allata—a retrocerebral gland—are involved in
the regulation of metamorphosis and reproductive pro-
cesses such as control of gonadal development and
vitellogenin synthesis. Additionally, the roles of JH
have expanded to include caste determination, behavior,
diapause, and various polyphenisms [32]. And finally,
mnsects also produce (¢) neurohormones. a large group ol
peptidergic conmpounds produced by specialized secreto-
ry neurons, which are most abundant in the brain but do
occur throughout the whole nervous system. They con-
trol a number of biochemical, physiological, and behav-
ioral events in the insect body including those mentioned
above for ecdysteroids and JHs [33]. The classification of
neurchormones is not uniform, but they are ordinarily

calegorized according (o their lunctions. One ol the hest-
defined groups of neurohormones associated with stress
responses are metabolic neuropeptides belonging to
the AKH/RPCH family (adipokinetic hormane/red pig-
menl concentrating hormone lamily). A major function
of these small peptides (octa-. nona-, or decapeptides).
which are synthesized and released [rom an endocrine
retrocerebral gland corpora cardiaca, is the control of
inscet metabolism. However, they are pleiotropic, with a
number of actions in addition to their metabolic role.
Generally, they behave as typical suress hormones by
stimulating catabolic reschions (mobilize hpds, carbo-
hydrates, and/or certain amino acids), making ¢nergy
more available, while inhibiting synthetic reactions.
I'hey mobilize entire energy reserves to combat the
immediate stress problems and suppress processes that
are momentarily less important and could, if allowed to
continue, even draw on the mobilized energy. These
biochemical stress reactions are accompanied by activa-
tion of physiological stress response that includes siimu-
lation of heart beat [34]. increase of muscle tonus [35],
stimulation of general locomotion [36], enhancement of
immune response [37, 38]. and some others. Recently i
has been found that AKHs are also involved in the
control of oxidative stress (085) in insects [see 39).

18.7 ROLE OF ADIPOKINETIC HORMONES IN
INSECT OXIDATIVE STRESS

An active tole of AKHs m protection ol insects against
08 was deduced from results of a set of papers published
recently (see below). These results reveal that oxidative
stressors increase the level of AKHs and, additionally,
that exogenous AKHs mitigate OS biomarkers in insect
body experimentally enhanced by application of the
stressors. These facts indicate that there is a feedback
regulation between an oxidative stressor and AKH
actions, and that AKHs are mvolved in the achvalion
of an antioxidant protection mechanism in insects.
Application of the oxidative stressors clevates the titer
ol AKHs in hemolymph. The elfect s reported [or
paraquat  (1,1"-dimethyl-4.4'-bipyridylium  dichloride
hydrate) [40, 41] a redox cvcling herbicide that is com-
monly used to create conditions of O8 in insect body, and
also for Galanthus nivalis agglutinin and Bacillus thur-
ingiensiy toxm [40] and for endosullan and malathon
[42]—insecticides with an OS effect. The intensity of
AKH level clevation varics depending on inscet specics,
type ol oxidalive stressor, or ime ol the stressor mei-
dence. Tor example, feeding of genetically modified
potatoes containing the Cry 3Aa Bacilfus thuringiensis
toxin elevates the AKH level in hemolymph of the
Colorado potato beetles Leptinotarsa decemlineata up
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to 6-fold and trestment hy paraguat about 2.7-fold
within 4 hours after the treatment [40]. Similarly in the
bug Pyrrhocoris aprerus paraquat increases the AKH
level in hemalymph about 5 times (again 4 hours after the
treatment) [41] and insecticides endosulfan and malathi-
on about 1.5 times 24 hours after the treatment [42].

Even larger vanability was recorded when level of
AKH was measured in the corpora cardiaca or the
whole CNS (including the corpora cardiaca). In L.
decemilineata feeding of both the Cry 3Aa toxin and
Galanthus nivalis agglutinin elevates the level up to 10
times and appheation of paraguat just 1.9 times [40]. In
P. apterus the same application has no effect on the
AKH level in the CNS (4 hours after the treatment) [41],
and treatment with the insecticides endosulfan and
malathion elicits only a slight increase in the CNS [42].
On the other hand, the differences between the stress-
evoked AKH levels in NS and hemolymph are not so
surprising, because the whole amount of AKH secems to
be substantially distinet in those two body parts, It s
reported there is about 200 times lower AKH amount in
hemolymph than in CNS of P.aprerus [43]. In addition,
no positive correlation 1s shown for the same species
between the AKH level in hemolymph and CNS [44].
This result is in good agreement with the suggestion that
a coupling between release and biosynthesis of the
AKHs in adipokinetic cells of the corpora cardiaca is
very loose or does nol even exisi [45].

Questions arise on the possible mode of the feedback
action on the biochemical pathways by which the
enhanced AKH  level mtigates the OS5, While
the mechanisms of AKH action leading to energy
mobilization have been documented by a number of
publications [46—48, etc.]. almost nothing s known
about the stress-evoked AKH actions that do not
include rapid production and subsequent consumption
of energy. Other than OS, stress-induced elevation of
AKH titer was demonstrated in the locust Schistocerca
agregaria and P. aprerns challenged with an insecticide
[42, 49-51], excessive KCI [49], and photophase inter-
ruption and exposure to constant darkness [52].

I'he suggestion that AKHs are involved in the activa-
tion of protective antioxidative mechanisms derived
from the effect of oxidative siressors on AKH level in
the insect body is supported by a series ol experiments
demonstrating direct involvement of AKHs in the mod-
ulation ol O8 homarker levels. Only o lew biomarkers
have been studied in the relationship to AKH actions so
far. One of the most convenient is glutathione. It is a
low-molecular-weight thiol (see Section 15.4.2) [ound m
the cytosol and other aqueous phases of various living
systems [33, 54]. The level of GSH in insect hemolymph
is significantly increased (about twice) after AKH injec-
tion but significantly depressed (about 2—3 times) after

paraquat trentment hoth in L. decemilineara [40] and
P. apterus [41] hemolymph. On the other hand. coinjec-
tion of AKH together with paraquat results in enhanced
(SH content back to the control level. A very similar
picture is obtained when the insecticides endosulfan and
malathion are used [42]. It appears that AKH is able to
directly or indirectly enhance efflux of reduced GSH into
the insect hemolymph as demonstrated for the pancre-
atic vertebrate hormone glucagon that stimulates mas-
sive GSH efflux from the liver into the bloodstream [55].
However, it is quite possible that GSH alone (induced by
AKH) could not be the one 1o conler enhanced antiox-
dant capacity to the hemolymph.

Another important marker of OS is protein carbon-
vlation, whose level illustrates the oxidative damage of
the system. Carbonyls are formed from amino groups
in the side chain of certain amino acids that are exposed
to ROS [536]. Application of paraguat into both
L. decemlineata and P. apterus body, as well as applica-
tion of Cry 3Aa and Galanihus nivalis 1oxins in the food
of L. decemlineata. significantly enhance carbonyl con-
tents in hemolymph. but coinjection of paraquat with
AKH decreases their levels (o those found m control
groups [40, 41]. Tt is interesting that AKH injection
alone does not change the carbonyl contents to those
below control values. This indicates that possibly a
stressor action is needed for AKH to potentiate the
response, as in case of phenoloxidase netivity [37], lipid
store mobilization rate after injection and/or topical
application of external AKH [57], and modulation of
catalase activity [42] (see also below). 1L seems that the
adipokinetic response is enhanced and or to some extent
modificd primarily in the presence of stress, caused by
an injection or by an application of msecticides as in
the two latler cases.

A lowering of the carbonyl contents also supports the
suggestion of an operative role of AKHs in antioxidant
action to counter OS in insects. The complex strategy of
this action is soll unclear; however, 11 15 quile possible
that more players, besides GSH, are involved. This
suggestion is supported by measurement of the total
antioxidant activity in cell-Iree plasma ol P, apterus
against Trolox (an analog of vitamin [) standards,
This procedure relies on antioxidant activity of low-
molecular-weight compounds. The results show that
paraqual injection alone potentiates an antioxidant
response thal s significantly enhanced npon comnjection
of paraguat with AKH. However, AKH injection alone
is not capable ol inducing antioxidant activity to the
levels produoced by paraguat alone or by commjection with
paraquat, although it is more enhanced compared to
control groups [41]. Hence, this supports the suggestion
that there must be some other additional mechanism(s)
by which AKIH acts to enhance antioxidant response,
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The hst of AKH actvities myvolved in the OS control
also imcludes the modulation of activity of catalase that is
responsible for decomposition of toxic hvdrogen peroxide
into water and oxygen [18]. Application of msecticides
endosulfan and malathion causes a significant increase in
catalase activity in the whole body of P. aprerus but when
coapplied with AKH a sigmificant decrease 15 recorded
compared with insecticides alone. The catalase activity
after the conpplication is still significantly higher than that
after AKH treatment alone: however, the fall ascompared
to application of the insecticides is substantial. achieving
2.3 1o 3. 7-lold lower values. Since [ree radical-scavenging
cnzyme complexes like superoxide dismutase, catalase,
and glutathione peroxidase are in the first line of cellular
defense against oxidative injury [58—00], the induction of
catalase after insecticide application is not surprising.
Possibly, AKH reduces the production of hvdrogen
peroxide by an unknown mechanism, and therefore the
activity of catalase necessary for reduction of hydrogen
peroxide 15 lower,

AKTI activities in the stress elicited by insecticides are
also linked to one interesting phenomenon: an enhance-
ment ol the insecticide activity hy AKH coapplication,
This phenomenon is probably not directly connected with
08, because it was first reported for the insecticide
permethrin [51], which does not possess the ability to
generate OS, but a certain relationship to OS cannot be
completely excluded when endosulfan or malathion,
kinown to promote formation of fiee radicals, is used
[61—63]. The coapplication of the insecticides with AKH
moreases Pooapterny mortality up to 3-fold [42]. Almost
nothing is known about the mechanism of the phenome-
non. but it has been suggested that the AKH stimulation
ol metabolism [33] could enhance the insecticide action.
This suggestion is supported by the AKH-induced signifi-
cunt increase of carbon dioxide production [42,51]—an
indicator of metabolic rate in the experimental bugs. The
increased metabolic rate could intensify the insecticide
netion by faster penetration ol the insecticude inlo tssues
and by a more intensive exchange of metabolites affecting
the biochemical pathways. including also the OS reac-
lions. However, m the absence ol direct data this state-
ment remains a speculation.

18.8 ROLE OF OTHER INSECT HORMONES IN
OXIDATIVE STRESS

Not only have AKHs been implicated to be involved in
hormonal control ol antoxidative protective reachions
in insects, but other hormones such as glucagon, cedys-
teroids and JHs have also been suggested 1o be involved.

Glucagon: 1L is a 29-amino acid peptide well-known
as a vertebrate hyperglycemic hormone. In insects,

immumochemically similar gluengon-like peptides were
reported in hemolymph [64], midgut [65. 66]. and ner-
vous system [66—69] of several insect species. On the
other hand, a role for the glucagon-like peptides in insect
body has not been explained satisfactorily. They could
play a role in the brain-gurt axis [70] and participate also
in the control ol digestive or other metabolic processes,
but direct evidence is still missing. There are some
indications that glucagon-like peptides play a role in
regulation of insect glycemia. as was shown in the honey
bee Apis mellifera [T1], but this effect is most likely not
common in olther insects [72]. Analogous o verlebrates
[55.73]. Alquicer ¢t al. [66] suggested for insects that
glucagon could play a role in defense against OS,
because injection of porcine glucagon into the P, apterus
body elicits the antioxidant response by significantly
increasing GSH und decreasing protein carbonyl levels
in hemolymph, and decreasing both protein carbonyl
and protein nitrotyrosine levels in CNS, Morcover,
similarly as reported for the AKHs (see Section 18.7
for details). when coinjected with paraquat. glucagon
partially eliminates OS markers clicited by this oxidative
stressor and returns them (o the control levels. Never-
theless, the lack of significant changes of AKH titer in P,
aprerus body alter the injection of glucagon suggests that
glucagon action is AKH independent.

Ecdysteroids: These are well-known insect steroid
hormones playing a erocial role m msect developmental
and reproductive events (see also Section 18.6). In
vertebrates steroid hormones, namely, estrogens and
reluted compounds possessing a phenolic A-ning, were
shown to be involved in the control of OS, They inhibit
the oxidation of cholesterol and the peroxidation of
polyunsaturated fatty acids (diene conjugation or mal-
ondialdehyde formation) in the lipoproteins, micro-
somes, und other components of biological svstems
[74]. 20-Hydroxyecdysone, one of the most important
member of inseet steroid hormones, shows similar (ca-
tures. 1 has been proven that 20-hydroxyecdysone 15 o
potent antioxidant able to minimize the OS impact of
paraquat to P. apterus [17]. This ecdysteroid restrains
himd peroxidation and the formation ol protein carbo-
nyls, ameliorates changes in microsomal membrane
fluidity, enhances the level of reduced glutathione, and
upregulates the activity of ~-glutamyl transpeptidase in
the brain. However, the protective effeet of 20-hydro-
wyvecdysone agumnst the OF has also orgamsmal dimen-
sions. Certain hemolymph proteins, very sensitive to
the paraquat treatment, arc consistently present in the
bugs heme mjected with 20-hydroxyecdysone despite the
paraquat presence. The same injection ameliorates
the suppressive paraquat effect on female fertility and
in both sexes improves the survival rate curtailed
by paraquat.



A similar function of 20-hydroxyecdysone is reported
by Roesijadi et al. [75]. who show that ecdysone induced
methionine sulfoxide reductase A in the fruit fly Dro-
saphilta melanogasier is associated with enhanced resis-
tance to hydrogen peroxide. Methionine residues in
proteins are susceptible to oxidation when subjected 1o
reactive oxygen or nitrogen species [76). The reduction
of the oxidized methionine form is catalyzed by methio-
nine sulfoxide reductase [77]. Expression of the enzyme
is regulated via the ecdysone receptor (EcR-UPS) com-
plex [78] controlled by eedysone. Overexpression of the
enzyme 15 associaled with enhanced protection agamst
08, while its knockdown results in hypersensitivity to
0S8 [79, 80].

I'he mechanisms of action of these effects are
unknown, but their existence indicates the importance
of ecdysteroids for the management of OS in the insect
body [17].

Juvenile hormones: These are insect terpenoid hor-
mones with two main funetions in insect life. As devel-
opmental hormones, they prevent premature initiation
of inscet metamorphosis in juvenile stadia and support
reproduction by hormonally controlled gene expression
of vitellogenins in adult females, Their role in OS seems

to be indirectly mediated through the regulation of

biologically active proteins like vitellogenins [81] and/
or transferrin [82, §3).

Vitellogenins primarily serve as energetic and build-
ing components for a developing embryo in the insect
egg. They are synthesized in specialized cells in the fat
body or rarely in ovariols by a compheated hormonally
controlled process (see 84) in which the JI1s in most
inscet species play a crucial role. In the bee worker
vitellogenins protect the organism against the oxidative
damage of paraquat [81]. The results of the authors
show that vitellogenins are u preferred target of oxidu-
tive carbonylation in comparison with other hemo-
lymph proteins, which is a property that is indicative
of antioxidant funciion [85]. There s a direct imphea-
tion of this finding for bee aging: Treatment of low- and
high-vitellogenin level bee phenotypes with paraquat
showed that survival was significantly lower Tor the
former group, The data show that vitellogenin activity
15 causally linked to OS resistance of the bee, and
further, they can explain why vitellogenins are synthe-
sized at high levels in honeybee queens and are abun-
dant i long-hived workers [81].

Insect transferrin is known as an iron transporter,
regulated by vitellogenin and JH activities, Its essential
function 15 transport ol ron that 1 required for a wide
variety of metabolic processes including oxygen trans-
port and eleetron transfer; iron also participates in the
Fenton reaction (see Section 18. 2). in which the
very reactive hydroxyl radical is generated [86]. Insect
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transferrin is regulated by a lot of diverse processes (87)
including hormonal processes. As transferrin is sug-
gested to be a vitellogenic protein, an involvement of
the JHs is not surprising. Jamroz et al. [¥2] showed a
strong suppression of the transferrin gene in the [at body
by JH treatment of the cockroach Blaberus discoidalis.
Harizanova et al. [83] demonstrated m the mosquito
Aedes aegypri that the JH analog methoprene suppresses
the increase of transferrin message after blood feeding.
The reasons for the suppression are not properly under-
stood: Transferrin gene could be a target of transeription
lactors ol ecdvsterod-mduced mosquito homologoes,
and a negative effect of JH on them could play some role
[83].

18.9 CONCLUSION

The past couple of decades have vielded a plethora of
literature advancing our understanding of the signal
transduction pathways in response to oxidative stress.
While these are important in mediating transeriptional
response 1o oxidants a1t the molecular level, major
players in stress response pathways such as stress-
responsive hormones are only beginning to be implicated
especially in insects. With this has also come an appre-
ciation for the complexity of the endocrine-mediated
responses and the awareness that these hormones may
not be acting in isolation but intersecting with oie
another to mediate a myriad of the physiological
and adaptive responses 1o oxidative stress in dose- and
cellular context-dependent manners, Emerging (rom the
survey of endocrine actions in stress responses (particu-
larly oxidative stress) is a picture of extraordinary
diversity and complexity, whether viewed in terms of
the targel cells, the metabolic puthways, or the physio-
logical functions that the neurchormones regulate.
Although we have tried not to be oo claborate, within
our mited goal, we have discussed 1o the best of our
available knowledge the role of insect stress hormones in
oxidative stress. Molecular understanding of the inter-
actions between the endocrine system and  oxudative
stress will continue to vield important insights into
mechanisms that trigger such responses. We hope that
the present review will stimulate further research within
a framework of inscct hormone actions to oxidative
stress constituting a coherent, albeil complex and het-
erogencous, physiological whole.

ACKNOWLEDGMENTS

Supported by Grant No. P501/10/1215 from the
Czech Science Foundation (DK} and by Institute of



268

ENDOCRINE CONTROL OF OXIDATIVE STRESS IN INSECTS

Entomology Project No. Z50070508 obtamed from the

Academy

of Sciences of the Czech Republic.

The authors thank Dr. R. Socha for critical reading
of the manuscript.

REFERENCES

)

Gerschman R, Gilbert DL, Nye SW er al. Oxygen poison-
ing and x-irradiation—a mechanism in common. Science
1954; 119: 623-626.

. Commoner B, Townsend J. Parke GE. Free radicals in

brological matenals, Nature 1954, 174, 689091,

. Ahmad S, Pardim RS, Mechamisms lor regulating oxygen

toxicity in phytophagous insects. Free Radie Binl Med
1990; 8: 401 —413.

- Ahmad S. Oxidative stress from environmental pollutants.

Arch Insect Brochem Physiofl 1995; 29: 135-157,

. Sakihama Y, Cohen MF, Grace 5C et al. Plant phenolic

antioxidant and prooxidant activities: phenolics-induced
oxidutive damuge mediated by metals in plants, Toxicology
2002: 177: 67—80.

. Appel H M. Phenolics in ecological internctions: the impor-

tance of oxidation. J Chem Ecal 1993: 19 1521-1522.

. Cohen MF, Sakihama Y, Yamasaki 11. Roles of plant

Aavanoids in interactions with microbes: from protection
agamst pathogens o the mediation of mutuabism. 1o
Pandalm, 8G, editor, Recent Research Developments in
Plant Physiolagy. 2. Researeh Signpost. Trivandrum, 2001,
p 137-17%

. Summers CB, Felton GW. Prooxidant effects of phenolie

acids on the generalist herbivore Helicoverpa zea (Lepi-
doptera: Nocturdae): potential mode of action for phenulic
compounds m plant-herbivore chemistry, fnsect Biochem
Mol Biol 1994: 9: 943 953,

Krishnan N, Sehnal, F. Compartmentalization of oxidative
stress and antioxidant defense in the larval gut of Spodop-
tera fittoralis. Arch Insecr Biochem Physiol 2006; 63: 1-10,
CEhbing DD, General Chemistry, New York: Houghton-
Mifflin, 1987.

. Halliwell B, Guttendge JMC. Free Rudicals in Biology and

Medicine. Oxlord University Press, 1989,

. Ahmad 8. Biochemical defence of pro-oxidant plant alle

lochemicals by herbivorons inscets. Biachem Svse Feol
1992; 20: 269—296.

Felton GW. Antioxidant defenses of vertebrates and
invertebrates, In: Ahmad S, editor, Qxidative Stress and
Antioxiduni Defenses in Bivlogy. New York: Chapman &
Hall, 1995, p 356434

. Felton GW, Summers CB. Antioxidant systems in insects.

Areh Insect Biochem Physiol 1995; 29- 187197

. Krishnan N, Kodrik D). Antioxidant enzymes in Spodap-

tera littoraliy {Boisduval): are they enhanced to protect gut
tissues during oxidative stress? J fusect Plysiol 2006; 52:
1120,

16

27

Lk
3% ]

fad
ik

Krishnan N, Kadrik D, Toranhi F ¢er al. Stage-specifie
distribution of oxidative radicals and antioxidant enzymes
in the midgut of Leptinotarsa decemlineata. J Insect Physiol
2007. 53, 67-74,

. Knshnan N. Veceia J. Kodrik D et al. 20-Hydroxyecdy-

sone prevents oxidutive stress damage in adull Preehocoris
amerus. Arch Insecr Bioclhem Physiol 2007; 65: 114124,

. Warner BB, Wispe JR. Transgenic models for the study of

lung injury and repair. In: Clerch LB, Massaro DI editors,
Oxygen, Gene Expression, and Cellular  Function. New

York: Marcel Dekker, 1997, p 75-97,

. Clavaron-Mathews M, Summers CB, Fellon GW, Ascor-

bate peroxidase: 8 novel antioxidant enzyme in insects.
Areh Insecr Biochem Physiol 1997; 34: 37-68.

. Lino M-L, Seib P A. Chemistry of L-ascorbie acid related

to foods. Food Chem 1988; 30: 289-312,

. Cadenas E. Biochemistry of oxvgen toxicity. Amnu Rev

Biochem 1989, 38 79110,

c Njus DL Kelley PM. Vitanuns C© and E donate sigle

hydrogen atoms in vivo, FEBS Let 1991; 284; 147151,

. Gecha OM, Fagan JM. Protective effect of ascorbic acid

on the breakdown of proteins exposed 1o hydrogen perox-
ide in chicken skeletal muscle. J Nure 1992 122
2087—2093.

. Barbehenn RV, Bumgarner 5L, Roosen EF et al. Antioxi-

dant defenses in caterpillars: role of the ascorbate-recycling
system in the midgut lumen. J fusecr Physiol 2000 47:
349.-357.

. Krishnan N, Kodrik 1, Kludkiewicz B et al. Glutathione-

ascorbic acid redox cyele and thioredoxin reductase aetivity
in the digestive tract of Leptmotarsa decemlineata (Say),
Insect Biochem Mol Biol 2009; 39; 80— |88,

. Ahmad 5, Duval DI, Weinhold LC et al. Cabbage looper

unboxidunt enzymes: bssue speailicity. fusect Biochem
1991; 21: 563 5372

Kono ¥, Shishido T. Distribution of glurathione-S-trans-
ferase activity in insect tissues. Appl Entomal Zool 1992:
27: 391-397.

. Wolin MS, Mohazzab-H KM. Mediation of signal trans-

duction by oxidants. In: Scandalios JG. editor. Oxidative
Stress and the Moleealar Bivdogy of Antioxidant Defenses.
Cold Spring Harhor, NY: Cold Spring Harbor Laboratory
Press, 1997 p 2] —48,

29. Yu BP. Cellular defenses against damage from reactive

oxygen species. Physiol Rev 1994; 74: 139162,

. Kanzok SM, Fechner A, Bauer H ¢t al, Substitution of the

Unoredoxin system Tor plutatiiione reductase in Drosophila
mefanoeaster. Science 2000 26: 643—6.

. Gilbert LI Yatrou K, Gill 88, Comprehensive Malecular

fseer Seience. Oxford: Elsevier, 2008,

. Nijhout HE. fuseer Hormanes. Princeton: Princeton Uni-

versity Press, 1994,

. Gade G, Hoffmann KH, Spring JH. Hormonal regulation

in insects: facts, gaps, and Tuture directions. Physiol Kev
1997; 77: 963— 1032,



34

30,

3.

38

40.

41.

43,

45,

46

47.

Searborough RM, Iamicson GC, Kalisz F et al. Isolation
and primary structure of two peptides with cardio aceel-
eratory and hyperglycaemic activity from the corpora
cardiaca of Periplancta americana. Proc Natl Acad Sci
US4 1984; 81: 5575—5579.

. O'Shea M, Wilten J, SchalTer M. Isolution and characlen-

wtion of two myoactive neuropetides: further evidence for
an invertchrate peptide family. J Newrosei 1984: 4:
521-529.

Socha R. Kodrik D, Zemek R. Adipokinetic hormone
stimulates nsect locomotor activity, Naturwissenschaften
1999; 88: 8586,

Goldsworthy GI, Opoku-Ware K. Mullen LM. Adipoki-
netic hormone enhances laminarin and bacterial lipopoly-
saccharide-induced activation of the prophenoloxidase
cascade in the African migratory locust, Locusta migra-
foria, J Insect Plysiol 2002; 48: 601-008.

Goldsworthy Gl Mullen LM, Opoku-Ware K et al.
Interactions between the endocrine and immune systems
in locusts. Physiol Entomaol 2003; 28: 54 61.

- Kodrik D. Adipokinetic hormone funetions that are not

associated with inscet flight. Physiol Entomol 2008; 33:
171-180.

Kodrik D, Krishnan N, Ilabustova O. Is the titer of
adipokinetic peptides in Leptinefursa decermlineara fed on
genetcally modified potttoes increased by oxidative stress?
Poprides 2007: 28: 974 -980

Vecefa 1, Krishnan N, Alquicer G et al. Adipokinetic
hormone-induced enhancement of antioxidant capacity of
Pyrehocoris apterus hemolymph in response to oxidative
stress. Comp Biochem Physiol € 2007 146: 336342,

. Velki M, Kodrik D, Vecera J et al. Oxidative stress ehicited

by msecticides: A role lor the adipokinetc hormone. Gen
Camp Encloerinel. 20012 172: 77—84.

Kodrik I, Sochn R, Syrovi Z. AKH content fluctuates in
Pyrchacoris apterus (L) body. In: Keller R, Dircksen H.
Sedlmeier D, Vaundrey H, editors. Procecdimgs of the 21st
Conference of Luropean Comparative  Endecrinologists.
2002 Aug 26—30,; Bonn, Germany. Bologna, Naly: Mon-
duzzi Editore; 20024, p. 175175,

Kodrik D, Socha R, Syrova Z. Developmental and diel
changes of adipokinetic harmone in CNS and haemo-
lymph of the flightless wing-polymorphic bug, Prrrfiocors
apterus. J Insect Phyvsiol 2003; 49: 53—61.

Diederen JHB, Oudejans RCHM, Harthoorn LE et al.
Cell biology of the adipokinetic hormone-producing neu-
rosecretory cells i the locust corpus cardiacum. Microse
Res Technigue 2002; 56: 227236,

Vroenen SF, Van Marrewijk WIA, De Meijer | e al
Differential induction of inosital phosphate metabolism by
three adipokinetic hormones. Mol Cell Endocrinol 1997;
130; 131139,

Van der Horst DJ, Van Marrewik WIA, Diederen HB.
Adipokinetic hormones o mnsect: release, signul transdue-
tion, and responses. fnr Rev Cyral 20005 2112 179240,

48

49,

30

34

335,

7.

5.

6l.

62,

63

REFERENCES 269

Giide G, Auerswald, 1. Mode of action of neurapeptides
from the adipokinetic hormone family, Gen Comp Endo-
crmol 2003; 132: 10-20.

Candy D J, Adipokinetic hormones concentrations in the
haemolymph of Schistocerca gregaria, measured by radioim-
munoussiy. fnsect Biochem Mol Biof 2002; 32: 1361 1367,
Kaodrik D, Socha R. The effect of insecticide treatment an

adipokinetic hormone titre in insect body. Pesr Manag Sei
2005: 61: 1077-1082.

. Kodrik D, Bartd 1, Socha R. Adipokinetic hormone

(Pyrap-AKH) enhances the effect of a pyrethroid insecti-
cide agamst the lirebug Prrrhocoris apterus. Pesi Manag
Sel 2000; 66: 425431

. Kodrik D, Socha R, Syrovi Z et al. The effect of constant

darkness on the content ol adipokinetic hormone, adipo-
kinctic response and walking activity in macropterous
females of Pyrrhiocoris apterus (L), Physiol  Entomol
2005; 30; 2481255,

. Kosower NS, Kosower EM. The glutathione status of

cells. fmt Rev Cyrol 1978 54 109—56.

Lomuesiro BM. Malone M. Glutathione in health and
disease: pharmacotherapeutic issues. Ann Pharmacather
1995; 29; 1263-73.

Lu SC, Garcia-Ruiz C, Ookhtens M et al. Hormonal
regulation of glutathione effux. J Biol Chem 1990, 2065:
16088 — 16095,

. Chevion M. Berenhstein E, Stadtman ER. Humun studies

reluted to protein oxidation: protein carbonyl content as a
marker of damage. Free Radic Res 2000; 33: 99—108.
Kodrik D, Socha R, Zemek R. Topical application of Pya-
AKIH stimulates lipid mobilization and locomotion in the
flightless bug, Pyrrfocors apierus (L.) (Heteroptera). Phy-
siol Entomol 2002b; 27: 15-20,

. Seoll MD, Lubin BH. Zuo L el al. Erythrocyle delense

against hydrogen peroxide - preeminent imporiance of
catalnse. J Lab Clin Med 118; 1991: 7- 16.

Mendis E. Rajapakse N, Kim SK_ Antioxidant properties
of a radical-scavenging peptide purified from enzymatical-
ly prepared fish skin gelatin hydrolysate. J Agric Food
Chem 53; 2005, 581587,

. Burlakova EB, Zluzhing GP, Gurevich SM el al. Biomar-

kers of oxidative stress and smoking in cancer patients. J
Cancer Res Therapeur 2010; 6: 4753,

Banerjee BD. The influence of various factors on immune
toxicity assessment of pesticide chemicals. Toxicol Lett
1999; 107: 21-31.

Kannman K, Holcombe RE, Jam SK el al, Evidence Tor the
induction of apoplosis by endosullan in o human T-cell
leukemic line. Mol Cell Biochem 2000; 205,53 66,
Fortunate 1), Feier G, Vitali AM et al. Malathion-induced
oxidative stress in ratl brain regions, Newrochem Res 2006;
3l: 671-678.

. Kramer KJ, Tager HS, Childs CN. Insulin-like and gluca-

gon-like peptides in insect hemolymph. fusect Biochem
1980: 10; 179—182.



270

fS5,

O,

67

68,

(9.

70,

71

73,

74.

719

16

ENDOCRINE CONTROL OF OXIDATIVE STRESS IN INSECTS

Zithan D, Sauman 1, Schnal F. Peptidergic innervation
and endoerine cells of inscet midgut. Arch Insect Biochem
FPhysiol 1993; 22: 13-132.

Alquicer G. Kodrik D, Krishnan N et al. Activation of
insect anti-oxidative mechamsms by mammalian glucagon.
Comp Bivchem Physiol B 2009; 152: 226 227,

Howard 8, Tager HS, Markese 1. Glueagon-like and
insulin-like hormones of the insect neurosecretory system
Biochem J 1976; 156: 515—-520.

El-Salhy M, Falkmer S, Kramer KJ et al. Immunohisto-
chemical investigation of neuropeptides in the brain, corpora
cardiaca, and corpora allata ol an adull leprdopleran msect,
Manduca sexra (L), Cell Tissue Res 1983; 232: 295-317.
Ranhe M. Comparative immunocytochemical study of
relense sites on insulin, glucagon and AKH-like products
in Locusta migratoria, Periplaneta americana and Caran-
sikes morosus. Cell Tissue Res 1985; 245: 267271,

Fupta T, Yuw K, Iwanaga T et al. Evolutionary aspects of
“brain-gul peptides™; an immunohistochemical study, Pep-
tides 1981; 2: 123-131.

Muaier V, Fuchs 1. Pfeiffer EF et al. Glucagon us u specific
regulator of the glycemia in honevbee (Apis mellifice)
Diabetes Metah 1990; 16: 428434,

2, Ziegler R. Hyperglycaemic factor from the corpora cardi-

aca of Munduca sexta (L) (Lepidoptera: Sphingidae). Gen
Comp Endocrinel 1979; 39; 350-357,

Lu 8C, Kuhlenkamp J, Garcia-Ruwz C et al. Hormone-
medinted down regulation of hepatic glutathione synthesis
in the rav. J Clin Invesr 1991 88: 260—269,

Lacort M, Leal AM, Liva M et al. Protective effect of
estrogens and catecholetrogens against peroxidative mem-
brane damage in vitro. Lipidy 1995; 30: 1411406,
Roesyjadi G, Rezvankhah S, Binninger DM et al
Ecdysone mduction ol MsrA protects agamst oxidative
stress. Rinehem Riaphys Res Commun 2007; 354: 511 516
RBrot N, Weisshach H. Biochemistry of methionine sulfox-
ide residues in proteins. Biofactars 1991 3: 91 -96.

77

8.

79,

&0,

81,

B,

L

. Andrus PK. Fleck TI, Gurney ME e al

Weisshach H, Resnick 1., Brot N, Methionine sulfoxide
reductases: history and cellular role in protecting against
oxidative damage. Biochem Biophvs Acta Proteins Proteo-
miics 2005, 1703 203-312,

Hu X. Cherbas L. Cherbas P. Transcniption activation
by the ecdysone receptor (EcR/USP): identification
of activation functions. Mal Endocrinal 2003; 17: 716-731.
Maoskovitz J, Bar-Noy S. Williams WM et al. Methionine
sulfoxide reductase (MsrA) is a regulator of antioxidant
defense and lifespan in mammals. Proc Notf Acad Sei USA
2001; 98; 1292012925,

Kantorow M, Hawse JR, Cowell TL el al. Metluomne
sulfoxide reductase A is important for lens cell viahility
und resistance to oxidative stress. Proe Natl Acad Sei /84
2004; 101 96549659

Sechuus SC, Norberg K, Gimsa U ¢t al. Reproductive
protein protects functionally sterile honey bee workers
[rom oxidative stress, Proc Nail dcad Sci UsA 2006;
1032; 962—-967.

2. Jamroz R, Gasdaska JR, Bradbeld JY et al. Translferrin in

a eockroach: molecular cloning, characterization, and
suppression by juvenile hormone. Proc Nal Acad Sei
L/SA 1993; 90; 13201324,

. Harizanova N, Georgieva T, Dunkov BC et al. Aedes

aegypdt transferrin, Gene structure, expression pattern,
and regulation. fisect Mol Biol 2005; 14: T9—88,

. Chapman NF. The Insects. Structure and Function, Cam

hridge: Cambridge University Press, 1998

Protcin
oxidative damage in a transgenic mouse model of familial
amyotrophic lateral sclerosis. J Newrochem 1998; 71:
2041 = 2044,

Meneghim R. Iron homeostasis, oxidative stress, and
DINA damage. Free Radic Biol Med 1997; 23: 783 792,
Kim BY. Tee K8 Choo YM et al Insect transferrin
functions as an antioxidant protein in a beetle larva.
Comp Biochem Physiol B 2008; 150: 161—169.



19

OXIDATIVE STRESS IN THE AIRWAY SYSTEM
OF THE FRUIT FLY DROSOPHILA MELANOGASTER

THOMAS ROEDER

Christian Alhrechts Universitaer =u Kiel, Zoaphysiolagy 1T, Kiel, Germany

19.1 INTRODUCTION

Omidative stress 1s a major threat Tor all orgamsms hiving
in a high-oxygen atmosphere, Reactive oxygen species
(ROS) can be produced either exogenously or endo-
genously. The major exogenous source of ROS s the
atmosphere, which implies that especially those organs
or parts of the body that come into close contact with
large amounts of air are at risk. This would mean that
the airway epithelium is prone 1o be damaged by ROS
and thus needs specialized mechanisms to cope with this
situation. Endogenous production of ROS is highest in
those tissues with the greatest energy consumption, as it
15 an inevitable by-product of mitochondrial activity. To
cope with this ROS confrontation, animals employ
different sets ol enzymatic as well as nonenzymatic
antioxidants. ROS-mediated damage of tissues and cells
is believed Lo be one major reason for changes associated
with aging. The oxidative siress theory ol aging thal was
introduced more than 50 years ago [l] predicts that
cffective scavenging of ROS may delay aging and thus
should increase life span. Free radicals and other ROS
induce molecular damage at different levels, leading to
increased incidences of mortality as a function of time,
These ROS-mediated damages that can occur in all
major groups of macromolecules accumulate over
time, and, ai a certain time-point, the organism is unable
to repair all of them. Accumulation ol these damapes
interferes with the normal physiological function of the
cells, which may end up i reduced overall performance

of the organism and finally in mortality. A great num-
ber of studies have supported this theory, especially
those performed with model orgamsms such as the frot
fly Drosophila melanogaster, In general, increasing the
antioxidant repertoire of these model organisms tends Lo
icrease lile span. In particular, lwo enzymalic anliox-
idants, superoxide dismutase (5OD) and catalase, tend
to mediate life-prolonging effeets in Drosaphila or
Caenorhabditiy elegans, an observation that is still matter
of debate,

19.2 OXIDATIVE STRESS SYSTEMS
IN DROSOPHILA

A number of different tissues show a higher sensitivity
toward oxidative stress than others. Among these are the
nervous system. but also the airway epithelium, as this
structure is constantly exposed 1o high oxygen flow rales
and therefore to ROS. Regarding nonenzymatic antiox-
idants that are employed by the fly, our knowledge is
limited. Interestingly, chronic food supplementation
with compounds having antioxidant properties has the
potential to increase life span. indicating that nonenzy-
matic antioxidants are ol relevance for various aspects ol
the fly’s biology [2). In addition to these nonenzymatic
antioxidants, a very comprehensive armamentarium of
enzymatic antioxidants can scavenge these compounds,
thus protecting the organism. Among these compounds
are superoxide dismutases, catalase, peroxiredoxims,
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thioredoxins, and the plethora of enzymes involved in
glutathione metabolism. These enzymes are either con-
stitutively present in different organs of the fly or the
expression of the corresponding genes 1s induced after
eXposure 1o various stressors,

A large number of signaling pathways are involved in
the response Lo oxidative stress and are therefore neces-
sary to mount an adequate antioxidative response. In
maost of these cases, these cellular responses comprise not
only oxidative stress resistance bul also a general stress
resistance. Among these signaling pathways that arc of
central mportance [or a proper response o oxidative
stress is the Pl3-kinase pathway, which converges
onto activation of the transcription factor FoxO [3].
FoxO activation leads to expression ol for example, 4E-
BP. which is required for a proper and efficient expression
of other target genes, mainly those associated with an
increase in oxidative stress resistance, An alternative way
of signaling 1s represented by the Nif2/Keapl-pathway
(Fig. 19.1). This is a system that appears (o be tailored to
sense oxidative stress and to induce an adequate cellular
reaction. In unstressed conditions, Nrl2 is kept in the
cyloplasm by its inhibitor Keapl. Keapl has also the
potential 1o act as a sensor lor oxidants, by reacting with
these compounds via redox-sensitive eysteine residues [4].

SITCSFOrS
| |
. INK Keapl

Fip. 19.1 The two transeription factors FoxO and Nef2 (CneC)
are activated by stressors and induce a cyloprotective transcrip-
tional program operative in the airway epithelial cell. FoxQ can
be activated by a vanety of stressors via the JNK pathway,
whereas 1Uis inhibited by the insulin-like signaling pathway (ILS).
Alter activation, FoxO translocates into the nucleus. where it
initintes transeription of various genes, e.g., those coding for
enzymatic antioxidants. On the other hand, Nrf2 (CneC in
Drasaphila) is usually inhibited by Keapl and held back in the
cyvtoplasin. After stress application, Keapl is inhibited, thus
releasing CneC” and allowing it to translocate into the nucleus,
where 1L also starls o eyloprotective lranserniplional program
(c.g., transeription of glutarhione-S-transferases).

Thus oxidants lead to dissocintion of the complex
between Nif2 (CneC in Drosophila) and Keapl. allowing
Nrf2 to translocate into the nucleus. where it binds to the
antioxidant response element (ARE), an enhancer
sequence present in the target genes of Nri2 activation.
Expression of these target genes represents the so-called
electrophile counterattack comprising a whole battery of
enzymatic antioxidants of all flavors. Among these are
thioredoxins, enzymes of the glutathione metabolism, but
also chaperones and parts of the proteasome [5]. In the
fly, the Nrf2/Keapl system fulfils all the tasks described
above, and persistent activation ol Nrf2 signaling vin
depletion of Keapl increases resistance against oxidative
stress and life span.

Other signaling systems known to be relevant for the
resistance against stressors in general are also known to
have an impact on the resistance against oxidative stress.
The Drosophila p38 ortholog, which is an essential part of
the p38 mitogen-activated protein kinase (MAPK) cas-
cade, 1s essentinl for a reaction and the resistance againsi
oxidative stress. but also for the resistances against heat
stress and starvation [6]. p38, as one of the major parts of
the MAPK pathway, has a high potential as a target lor
intervention in chronic inflammatory diseases including
rheumatoid arthritis or asthma, but the side effects
caused by chronic interference with its normal function
are still not well understood.

19.3 REACTIVE OXYGEN SPECIES AND AGING

A direct connection between aging and oxidative stress
induced damages was the idea behind one of the first
theories of aging [1]. Accumulation of these damages
over time leads to impairment of cellular function and
finally to death of the organism. Studies from different
fields show a connection between aging and ROS-
mediated impairments of various different features,
Aging and the reaction (o oxudative siress share o
number of identical transcript signatures. In particular,
genes coding for enzymatic antioxidants and immune
relevant genes are upregulated under these two different
conditions [7]. Nevertheless, it must be kept in mind that
the correlation beiween oxidative stress-mediated
mnpairments and the physiological decline of various
abilities during aging is not necessarily direct [8]. Decline
- sensory perceplion oceurs al the saume rate m control
flies and those showing a high oxidative stress resistance.
Although the contribution of single parts of the anti-
oxidant armamentarium Lo life span is hard 1o gquantly,
it is common sense that a highly effective antioxidant
response is beneficial. A relatively large number ol
enzymatic antioxidants appear to have a positive effect
on longevity if present in the organism. Among these



are, for example, the thioredoxins:  corresponding
knockout flies lacking a functional Thioredoxin-2 have
a shortened life span [9]. A comparable effect on life
span has been attributed to a peroxiredoxin of type I1,
named Jafracl, whose overexpression in the nervous
system appears to increase life span whereas its down-
regulation has the opposite effect [10]. Interestingly,
Jafracl is a target gene of the INK pathway that is
activated after stress and cellular damage to restore the
cellular homeostasis. Other peroxiredoxins, especially
those present in mitochondria, are also relevant for life
span, as therr downregulation has a sigmificant impact on
this aspect of life [11].

Regarding the role of enzymes involved in glutathione
metabolism, the picture is relatively complex because of
the large number of gene products being part of this
muachinery. Glutathione reductase increnses resisiance
under hyperoxic conditions, whereas no effects on life
span could be observed at normoxia [12], The hypothesis
that glutathione metabolism s involved in life span
regulation was further supported by the observation that
overexpression of the glutamate-cysteine ligase, which is
the rate-imiting enzyme in glutathione de novo synthesis,
increases life span by more than 20% [13].

Two ather sets of enzymatic antioxidants have been
implhicated in life span extension. the SODs and catalase,
In particular, the role of SODs in this context is still a
muatter of debale. Overexpression of o human SODI in
motoneurons only was showin to be sufficient for a 40%
life span extension [14]. As mentioned above, overexpres-
s10m ol SODs was shown Lo inerease life span significantly,
but this effect appeared to be restricted to short-living
strains of Drasophifa mefanogasrer [15]. A combined over-
expression of SOD and catalase appears to represent a
more robust way of life span extension compared with
overexpression of either of the two components [15, 16].
This observation is in line with the enzymaltic activities of
both ¢nzymes that act in common,

Hyperoxia 1s o relatively simple way Lo induoce oxida-
tive stress. Although very high oxvgen concentrations
are lethal to naive flies. it was possible to sclect for
survivors under these hostile conditions. These es show
phenotypical differences compared with control flies,
and their gene expression profile was altered according-
ly. Very interestingly. genes belonging to the family of
antimicrobial peptide genes are obviously relevant for
this adaptation lo extreme oxygen concentrations and
therewith to higher levels of oxidative stress [17. 18].

The plethora of signaling and effector molecules
imvolved i the response to oxidative stress mdicales
that this response is of vital importance for the organ-
ism. Apparently, this response is tightly controlled and
obviously of vital importance, especially regarding life
span-associated aspects,

19.5 OXIDATIVE STRESS IN THE DIGESTIVE SYSTEM 273

19.4 OXIDATIVE STRESS IN THE NERVOLUS
SYSTEM

Most important among these is abviously the nervous
system, where ROS-mediated decline of neuron surviv-
al can be observed. As could have been expected, one
class of neurons shows lighest sensitivity to oxidative
stress, namely, the dopamine-producing cells. Obvious-
ly. the dopamine production machinery is inevitably
linked to an endogenous production of relatively high
amounts of ROS, thus making these cclls prone to
damages caused by “extra doses™ ol ROS. This high
sensitivity is the major reason why dopamine-produc-
ing necurons die whereas other neurons are almost
unaltered [19]. This highly interesting observation
enables us to link high ROS concentration with the
development of Parkinson disease-like phenotypes. One
major reason for the development of this disease is
believed to be chronic confrontation with very high
ROS concentration in conjunction with the sensitivity
of dopamine-producing cells in general [19]. Conse-
quently, confrontation with ROS doses is a suitable
mechanism to mduce neurodegenerative processes as
typically seen in Parkinson disease., One of the most
reproducible ways to do this is hyperoxia, which
consequently is able to induce these phenotypes [20].
Especially based on these approaches. it was possible to
verily hypotheses that ROS-scavenging enzymes should
reduce the sensitivity to these high ROS levels
in corresponding Drosophila models. SOD overexpres-
sion was sullicient o protect the dopaminergic cells,
whereas catalase was not [20]. In addition, increasing
the glutathione-S-transferase aectivity in the nervous
system protects these dopaminergic neurons in another
Drosophila model of Parkinson discase [21].

[n an Alzheimer disease model based on tau-activation
in the nervous system, ROS have been shown to
modulate the sensitivity of the animals, thus demon-
sirating that oxidative stress plays o major role in the
development of Alzheimer disease [22]. The positive
cffects of enzymatic and nonenzymatic antioxidants
on disease progression appear not o hold true Tor all
neurodegenerative diseases. In a well-established model
for Huntington disease, neither overexpression ol enzy-
matic antioxidants nor supplementation with nonenzy-
matic antioxidants decreased the lethality in  this
maodel [23].

195 OXIDATIVE STRESS IN THE
DIGESTIVE SYSTEM

I'he intestinal immune system is characterized by a
very special situation. It faces one of the most dense
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Fig. 19.3 Schematic drawing of reactive oxygen species (ROS)-producing enzymes and those protecting from ROS in the airway

epithehal cells of the fly.

A recent study was performed with the aim of
determining the relationship between oxygen concentra-
tion, oxidative stress, and hife span [33]. Counterintui-
tively, the relation between these parameters is not
linear, and reduced life spans were observed at maximal
and minimal oxygen concentrations in the atmosphere.

It has been shown that all major enzymalic antiox-
idants are expressed in the mirway epithelium. Among
these. superoxide dismutase (SOD), catalase (cat), and all
molecules involved in glutathione metabolism are of
eredlest importance. These enzymalic antioxidants are
not only expressed in the airway epithelium but are also
part of the reaction to stresstul situations. The only well-
studied situation is the reaction to airway infection [34].
In addition to classical aspects of an antibacterial
response including ol antmicrobil pepiide genes, some
of these enzymatic antioxidants are strongly upregulated,

The complex armamentarium ol enzymatic antioxi-
tants comprises both SODs (SOD and SO132), the sole
catalase, four different peroxiredoxins (Jafrac | and
Jafrac 2, Prx 6005 and Prx 3037), a big consortinom of
slutathione-S-trunslerases (GST DI, 20 37, 9, 10, GR1
L1, 3, 5.7, 8,9, 10), the glutathione-peroxidase PHGPx,
and molecules involved in protection such as PINK/ and
SelR (Fig. 19.3). A very potent producer ol reactive
oxygen species, the dual oxidase Duox, which is known
to be very elfective agmmst mvading bactena, supple-
ments this armamentarium. Thus the antioxidant system
of the airway epithelium contains both producers of
ROS and protectors agamst them. This architecture ol
oxidant and antioxidant systems allows the organism to
cope with the very peculiar system in the airway, namely,
that very high ROS concentrations have to be tolerated
by these very peculiar cells.

19.8 CONCLUSION

ROS are an omnipresent threat for almost all cells in the
body. In particular, those organs with highest metabolic
rates and those directly exposed to the atmaosphere are
in danger. Thus the airway epithelium especially has
to cope with this situation. To overcome problems
nssocinted with ROS-mediated damage. correspond-
ing cytoprotective systems must be nstalled. In particu-
lar, enzymatic antioxidants including SOD, catalase,
peroxiredoxins, thioredoxms, and those involved
glutathione metabolism are relevant. Although the vast
majority of the corrcsponding genes are transcribed
constitutively, different stressors can induce their expres-
sion further via the JNK-FoxO axis or the Nrf2 system.
Our knowledge regarding their physiological role under
different conditions is limited, although we know the
almost complete armamentarium of antioxidants in the
airway epithelium. With the experimental advantages of
the Drosophila system, it should be possible to obtain an
in-depth understanding of this very important regulato-
ry syslem,
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other phylogenetic groups, genes encoding glitathione
reductase (GR) and glutathione peroxidase (GPX) are
absent, Their functions are performed by homologous
genes encoding thioredoxin reductase (TrxR) |2] and
thioredoxin peroxidase (TPX) [3]. In addition, insccts
have genes that encode enzvmes of antioxidant defense
that act as peroxidases: phospholipid-hydroperoxide
GPX homologs with TPX activity (GTPX) [4] and
glutathione S-transferases (GST) [3. 6]. Thus the group
of secondary antioxidant enzyme in insects acting on
ROS indirectly includes TrxR. which converts both
TRX and GSH, and also methiommne sulloxide reduc-
tases (MsrA and MsrB), which are involved in protein
reparation by catalyzing the TRX-dependent conversion
of methionine sulfoxide to methionine [7, 8].

Insects have an open circulatory system, so a free flow
of ROS in the body can not only lead to foreign agent
destruction but also can be very dangerous lor the insect
organism. Simultancous functioning of the systems
producing and neutralizing ROS allows on the one
hand stopping the development of infection and on the
other hand preventing the inscet organism [rom total
mtoxicaiion.

20.2.2 Honevbee as Species

Coding of the complete genomes of several specics of
insects allows us (o make a preliminary comparison.
The honeybee genome has been found to evolve more
slowly than the genomes of the fruit fly and mosquito. In
this case, the honeybee senome with respect (o penes

TABLE 20.1 Antioxidant proteins of the honeybee

invalved in cireadian rhythm, RNA interference, and
DNA methylation has more similarities to the genomes
of vertebrates than to the genomes of the fruit flv and
mosgquito. At the same time, compared to Drasaphila
melanogaster and Anopheles gambiae, there are fewer
genes presented in the genome of Apis meflifera assoei-
ated with innate immunity, detoxification proteins, and
gustatory receptors but more genes associated with the
odorous substance receptors [9-11]. There are absolutely
unique genes responsible for collecting and processing
neetar and pollen. New microRNAs have been discov-
ered that are expressed depending on the stage ol
development and specialization of bees: this means
that these microRNAs participate in the honeybee social
diversification [12]. To date, 39 genes coding 10 groups
of antioxidant proteins have been identified in the
honeybee genome (Tuble 20.1).

Special attention is paid to vitellogenin, the glycoli-
poprotein egg yolk precursor, involved in the develop-
ment of reproductive functions of an insect female and «
nutrient of the bee brood. which performs an antioxi-
dant function in the honeybee organism [23-26]. Anti-
oxidant properties ol vitellogenin are stipulated hy 11s
Zn-binding capacity [22] and preferential oxidative car-
bonylation under oxidative stress in bees [23]. With
respect to these properties. vitellogenin is compared to
Cu/ZnSOD, key metal binding antioxidant enzymes also
undergoing preferential carbonylation [27], and serum
albumin, metal binding proteins that can function as [ree
radical acceptors and reduce levels of oxidative markers
such as protein carbonylation [28].

Antioxidant proteins Antioxidant Funetions References
Superoxide dismutase: mitochondrial ~ Reduction of OF formed in mitochondria to Osand 11,0, 1. 13, 14
MnS50D cytoplasmic Cu/Zn5S0D
Catalase: cytoplasmic Reduction of OF to Osand H-0-4 1 1315
extrucyloplasmic {in honey)
TPX (peroxiredoxin) Reduction of H.0, with the use extracytoplasmic (in homey)of 1, 3, 16, 17
TRX as o donor of &
GTPX Reduetion of H-05 and organic hyvdroperoxides 1.4
TrxR Transfer of reducing equivalents from NADPH to TRX and 1,2. 18
GSH disulfide with formation of powerful intracellular
antroxidants—thiol-based reductants
TRX Preservation of redox homeostasis homologs of TRX of the 1,2, 18
ecll
Glutaredoxin (GRX) homologs Preservation of redox homeostasis of the cell 1,218
GST Metabolism of xenobiotics and protection against peroxidative 1, 5.6, 13, 15, 17, 19-21
damage
MsrA and MsrB I'EX-dependent reduction ol methiomne sulloxide to 1.7. 8

methionme, paricipialion m protemn repair

Vitellogenin

Predominant carbonylution




2.3 ROS AS COSTS OF AN AEROBIC
METABOLISM

The main sources of ROS in any organism are the
mitechondria (respiratory chain), microsomal oxidation
of xenobiotics, and phagocytosis.

20.3.1  Mitochondria

ROS as by-products of aerobic metabolism are being
continuously formed in the cells of honeybees under
normal physiologieal conditions, and they necessitale
constant monitoring of the antioxidant system, Two
main reactions take place with the formation of ROS
in the mitochondrial respiratory chain: the formation of
O3 from O, and its dismutation (disproportination)
under the influence of MnSOD with the formation of
H-0s. In addition to the reactions occurring in the
clectron transport network of the inner mitochondrial
membrane, the source of ROS is the oxidative deami-
nation of biogenic amines with the formation of 11,0,
under the influence of monoamine oxidascs localized in
the outer membrane ol mitochondrie. This reacthion
contributes significantly to the creation of a stable
concentration gradient of ROS between the mitochon-
drial matrix and cytosol [29, 30]: The concentration of
0% in the mitochondria in the norm is 5-10 times higher
than in the eylosol and nuclens. Exceeding this level, and
hyperproduction of H50s. being relatively a long-lived
molecule that casily diffuses through the mitochondrial
membranes, creates the preconditions lor the oxidative
damage to mitochondrial matrix. According to some
rescarchers, the intensive formation of H-0, in mito-
chondra leads to disruption of intermolecular interac-
tions and damage of the mitochondria inner membrane,
us hus been shown in studies of mitochondria isolated
from muscle tissue of synanthropic flies in model systems
generating ROS [31, 32]. Mitochondrial DNA is the
maost vilnerable 1o the damuaging elfect of ROS because
itis in close proximity to the ROS-generating sites and is
not protected, like the nuclear DNA, by histone pro-
teins. The extreme sensilivity ol the mitochondrial DNA
to the damaging effect of ROS may lead to an increase in
the number of mutations and the consequent suppres-
sion of aerobic respiration. since mitochondrial DNA
encodes carrier proteins of the electron transport
nelwork.

20.3.2  Microsomes

Another source of ROS in the honeybee organism is the
microsomal oxidation ol xenobiotics. Microsomes con-
tain enzymes of the system of cytochrome P450 (CYP),
which catalvze polyvalent oxidation of xenobiotics with
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simultaneous generation of O and other ROS. Two
phases are distinguished in the process of xenobiotic
clearance: the introduction of polar groups with the help
of the CYP hydroxylase system and the conjugation of
molecules with water-soluble ligands. Both processes are
used to eliminate foreign components from the internal
environment of an orgamsm. The CYP hydroxylase
system includes flavoproteins and a family of hemopro-
teins, which are localized on the cvioplasmic side of
membranes of the endoplasmic reticulum. Different
isoforms of CYP are involved in metabolism of various
xenobotics [33, 34]. Two groups of CYP are distin-
guished: The first is involved in the metabolism of
endogenous substances: the second is induced by exoge-
nous agents. The conjugation processes are often cata-
lyzed by UDP-glucosidase, sulfotransferase, and GST.
Glucuronidation is the major form of conjugation for
agent detoxification. Sulfation usually provides a lower-
ing of toxicity and acceleration of xenobiotic clearance.
The GST reaction is important for neutralization of
unstable electrophilic molecules. Microsomal GST is
closely linked with the CYP svstem, which contributes
to rapid machivistion ol active metabaolites produced
during the metabolism of xenobiotics,

20.3.3 GST of Honeybee

The genome ol the honeybee, in conirast (o other
insects, contains significantly fewer genes of xenobiotic
detoxification protein. This may be due to the evelution
ol the hormonal and chemosensory processes and 15 a
genetic payment for the highly organized cusociality of
the honeybee. The most notable features of the honevbee
are manifested in the coding of three important families
of xenobiotic detoxification enzymes: Honeybees have
only about half the genes of GST, CYP, and carboxyl/
cholinesterases as other insects [35-37]. In particular
delta and epsilon GST and CYP4, which contribute
significantly to the binding ol nsecticides i other
species, are insufficient. This deficit can contribute not
only to honeybees’ increased sensitivity to insecticides
but to msulficient resistance to oxidative stress coused by
incomplete microsomal oxidation of xenobiotics [38],
Foragers suffer from it more, because other members of
the colony are relatively 1solated [rom external influence
in the hive.

Other msect GSTs have been assumed (o play a minor
role in protection against insecticides, only attenuating
the effects of oxidative stress. However, lately it has been
shown that GST, belonging Lo the Delta and Epsilon
classes. are directly involved in the disposal of insecti-
cides. The complete absence of class Epsilon enzymes in
the honeybee and the presence of only one enzyme of
class Delta GSTDI [19, 39] may partly explain the
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extreme sensitivity of this species 1o certain insecticides.
Perhaps GSTD| can serve as a universal mechanism for
the protection of bees against harmful xenobiotic action.
This enzyme is also involved in protection against
oxidative stress. It is available in the spermatheca of
the queen bee, and it is assumed to protect the sperm
[rom oxidants.

In contrast to the lack of genes Delta and Epsilon
GST. the honeyvbee has more genes of class Sigma. These
enzymes were initially assumed to play an important role
in the structural organization of muscle tissue [20], but
enzymes ol class Sigma GS'T turned out (o have a high
affinity to the products of lipid peroxidation and are
localized in metabolically active tissues, such as those in
the thorax muscle of flies. They are hypothesized to play
an important role in protecting these tissues against
oxidative siress by-products [21]. Omega, Theta, and
Zela classes of GS, are presented in bees as well as in
other organisms. Probably, they play a key role in
metaholic processes, in contrast to @ predominantly
detoxifying role of the Delta and Epsilon GST. This
hypothesis is supported by the participation of the first
in the degradation of products of tyrosime and phenylal-
anine metabolism and the importance of Omega GST in
removing of S-thiol adducts rom proteins [36]. Despite
the fact that microsomal GST and cytosolic enzymes
may play a similar role in the overall reaction of
detoxification and protection [rom oxidotive siress,
they do not have structural similarities and are different
in genetic origin [40].

Increase ol activity ol microsomal mixed-Tunction
oxidases and GST is recorded as the initial response of
foragers to the action of pesticides and allelochemicals
contained in toxic nectar, and the increase of the
detoxifying activity depends on the age of worker bees
[41, 42].

Thus the features of the cytochrome oxidase spectrum
in the honeybee are mostly connected with the limitation
of their function in xenobiotics metabolism and o greal
accentuation on hormones metabolism. As noted above,
this aspect has a particular evolutionary significance for
the honeyhee.

20.3.4  ROS as Component of lmmunily

Protection of inseets against pathogenic microorganisms
15 carried oul by phagoeytic cells of hemolymph. The
unlocked type of circulatory system promotes develop-
ment of rapid gencralized response to any influence.
Metaholic activity, the so-called respiratory burst ol
phagocytic cells, is a source of formation in the NADPH
oxidase reaction of O3, triggering a cascade mechanism
of ROS generation (Fig. 20.1), The latter have expressed
microbicidal activity and are part of the cytotoxic
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Fig. 20.1 Immune processes ol the honeybee with ROS
generation and neutralization. POS, phenoloxidase system;
AOS, antioxidant system.

arsenal of the humoral immune system of honeybees
[43. 44]. ROS uare generated in the insect hemocytes with
the participation of several enzyme systems—a pheno-
loxidase system (POS), a respiratory cascade. and a
complex ol dehydrogenases.

20.3.5 ROS and Phenoloxidase Cascade

Phenoloxidase (PO) 15 one of the oxidases responsible
for the main part of the oxygen uptake during initiation
of immune responses.as well as in morphogenetic pro-
cesses of insects. The defeat of the honeybee by patho-
gens is accompanied by an increase of levels of proPO
gene expression and PO activity [45 48], In general, the
power of the honeybee imumune response and its ability
to resist infection direetly depend on the level of PO
activity [49]. Quimone intermedintes of melamn, OF ",
H>0s, hydroxyl radical (*OH), nitric oxide (*NO), and
peroxynitrite (ONOO™), involved in the cytotoxic reac-
tions of msects i granule formation and encapsulation,
are formed in large numbers during the realization of the
PO eascade and melanogenesis in the hemolymph of
insects [30-32).

From the immunological point of view it should be
noled thal biogeme amines (as medinlors ol siress
reaction), as well as quinones, melanin, and other highly
reactive metabolites formed during the activation of PO
thirectly or imdirectly participate m such delense renc-
tions of insects as hemolymph coagulation and wound
healing, encapsulation, granule formation, and destrue-
tion of the pathogen penetrated into the body by ROS.
Components of the POS are also involved in the process



ol immune recognition, carrying oul cross-links ol the
foreign cell surface with the corresponding phagocyte
receptors [53]. Uptake of foreign material by phagocytes
is accompanied in both imsects and vertebrates by
an increase in oxygen consumplion with active forma-
tion of ROS, which is analogous to the oxidative
explosion |54, 55].

In addition, ROS generated during activation of PO
and phagocytosis act as mediators of signal transduc-
tion, inducing gene expression of antimicrobial peptides
(AMP) [51, 56, 57]. The presence of genes encoding
proteins ol the Toll-pathway ol signal transduction in
A, mellifera [58] suggests the existence of the same
process in the honeybee.

However, il killer mechanisms of AMP are directed
exclusively against bacterial and fungal cells, ROS have
cytotoxic effects on all living cells, including cells of the
insect organism itsell. To reduce the cytotoxicity of ROS
o the insect organism itself, its level is regulated by
inhibitors of the proPO cascade, such as serine protease
inhibitors [58] and components of the antioxidant sys-
tem (AOS) [59, 60].

20.3.6 Interaction of Phenoloxidase and Antioxidant
Systems

Correlation between functioning of the POS and antiox-
idant mechanisms in the defensive response ol insecis
has been shown in a number of studies. The initial stage
of infection in the honeybee has been established to be
accompanied by activation ol a PO cascade and imhibi-
tion of antioxidant enzymes activity [61]. The activity
level of PO, catalase, and peroxidase in the honeyhee
imago changes under the action of the immunomodula-
tor chitosan [62]. An analogous reaction of PO and AOS
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has heen found under bacteriosis in lepidoplerons larvae
[52] and adults of Colorado potato beetle [63].

In the above-mentioned papers it is assumed that the
temporary inhibition of the orgamism’s own AOS may
play an important role in antimicrobial immunity of
insects through the production of ROS generated in the
unplementation ol the PO cascade (see Fig. 20.2).
However, a different explanation of these changes in
enzymatic activity can be supposed. The PO cascade
may act mainly on the pathways of the formation of
quinoncs, serving as a trap for oxygen radicals and
reducing the concentration ol ROS in hemolymph and,
therefore, the activity of enzymes neutralizing them [64].

Study of the interaction between different antioxidant
enzymes under the action of honeybee pathogens has
revealed a similar pattern. A marked differentiation
between catalase and peroxidase [unctions has been
shown in the hemolyvmph and gut [63, 66]. Utilization
of HaO, at the early stage of infection development is
carried out by catalase, whereas in the later stages of
pathogenesis peroxidase gets involved. An inverse corre-
lation is observed in the development of these reactions.

20.3.7 Social Immunity

The above defense responses are components of individ-
ual immunity of the honeybee and are encoded by genes,
being only one-third of the number ol immune genes of
nonsocial insects [58]). This payment for eusociality is
compensated by effective social immunity, including
health behavior and the secretion of antiseplic sub-
stances in the larval food and honey, as well as in the
internal environment of the hive.

Glucose oxidase. catalyzing the oxidation of [i-p-
glucose to p-glucose with the formation of H,0; and

Fig. 20.2 Carrelation of phenoloxidase and oxidative sysiems in honeyhee defensive responses.
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heing # hiochemical indicator of the level ol social
immunity of honeybees, plays an important role in
providing of antiseptic properties of bee products [67].
Its activity is inhibited by the reaction product. The
presence of this enzyme in honey with a large amount of
substrate creates a relatively constant and self-regulating
bactericidal system [68]. Importance of glucose oxidase
in the group protection of honeybees is accentuated by
the direct dependence of the colony strength on the level
of this enzyme activity: H20; stipulates the antiseptic
properties of the larval food and honey, inhibiting
pathogen development |69, 70].

However. catalase activity, supporting H;05 concen-
trations less toxic to the honeybee are found in honey. It
15 noteworthy that the genome ol the honevbee contains
only the gene of the intracellular catalase. The fact that
the gene of catalase contained in honey is not integrated
into the genome of the honevbee and extracellular
catalase is found only in some bacteria and fungi
suggests the expression ol extracellular catalnse of honey
by endosymbiotic organisms [1].

Another component of the larval food—royal jelly—
also containg highly actve antioxidant substances that
can reduce cadmium-induced genotoxicity and oxidative
stress in mice significantly [71].

20,4 ONTOGENESIS AND LIFE SPAN

Oxidartive stress and the molecular mechanisms of anti-
oxidant protection ol the honeybee motvate o particular
research interest in connection with aging and longevity
of animal organisms. The honeybee, because of the caste
subdivision of the family, age-related functional special-
ization, and different life spans of the castes, is a natural
model lor gerontological research. According to the free
radical theory of aging, the main reason for this process
is the accumulation of ROS, oxidizing proteins [72],
lipids, and 1IXNA [73] and thus leading (o DNA damage,
degradation of membrane proteins, disruption of signal-
ing pathways, and ultimately necrotic or apoptotic cell
death [74].

Ontogenesis of the honeybee, which is a holometabo-
lous insect. is characterized by a change of stages that
are significantly different in morphology, physiology,
and functioning. The transition from one stage to
another s provided by major morphogenetic trunslor-
mations occurring during metamorphosis and accompa-
nicd by the development of cellular and humoral
reactions charactenistic ol anticontagious response [75].
Change in hormonal balance during periods of meta-
morphosis of the larvae and pupae. the appearance ol
the macrophagocytes in the hemolymph which are
involved in the processes of histolysis, is also

accompanied by the nanalog of the oxidative explosion
and the induction of molecular mechanisms to restrain
it. Changes in the activity of SOD, catalase.and GST in
the development of different insects implies that the
cellular antioxidants are involved in protecting cells
against damage and regulation of redox levels in the
process ol insect morphogenesis and are hormone
dependent [76-78]. In honeybees during the first 3 days
of embryvonic development the level of thioredoxin
peroxidase and GST expression significantly increases,
which indircetly confirms the assumption of an active
generation of ROS due 1o the mgh oxvgen demand in the
developing embryo [17]. Catalase activity reaches its
highest values in the intestine of fertilized queens, which
15 assoctated with their more active feeding and signili-
cantly greater life span [13].

Ontogenetic changes in the activity of immune factors
of the honeybee are under hormonal control [22, 25, 79]
and can be related to the varying ability of the honeybee
lor antinfective protection at different stages ol devel-
opment. Evolutionarily established social relationships
in a colony of honeybees exhibit age-related features of
cellular protection i individuals. In the honeybee the
total number of functionally active hemocyles increases
at the larval and pupal stages of development [49], which
confirms their active involvement in morphogenetic
processes. During the maturation of adults immunocom-
petence ol the hemocyles decreases regardless ol bees’
sexual and caste identity [80], and levels of POS and
AOS activity increase [15, 49].

Relatively low resistance o pathogen action amd
short duration of life are beneficial in terms of viability
of the bee colony. In accordance with the “law of
40 days,” bees of the second summer generation (May-
June) are grown in large quantities on a relatively poor
diet for mass participation in the honey harvest. Accord-
ing to the Institute of Beekeeping in Russia, from June
20 to August | bees colleet 90% of all feed stocks [81]. At
the end ol the mam honey harvest the existence ol worn-
out “unemployed™ foragers becomes unprofitable for the
colony. Drone removal from the colony takes place at
the same period.

In the period when worker bees start forage conser-
vation, the intensive death of hemocytes is accompanied
by increase of juvenile hormone tters and a simulta-
neous decrease in the vitellogenin level [23, 79] (see
Fig. 20.3). It 15 remarkable that an active cell prohlera-
tion, accompanied by a fall in titer of endogenous
juvenile hormone and increasing of vitellogenin levels,
sturts m the hemolymph ol loragers that are loreed Lo
return to hive work [82].

In general, an increase in ROS generation and
enhancement of antioxidant protection is associated
with aging and transition of worker bees to foraging.
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mactivated and INK and SIRTI is induced. Depho-
sphorylated transcription factor FOXO moves from the
cytoplasm to the nucleus, which stops cell growth and. in
turn, leads to increase of resistance to oxidative stress
(FOXO-regulated genes include genes encoding SOD
and catalase) and life expectancy [85, 88].

I'he molecular bases of complex social behavior of
social insects are still vague. The gene encoding vitello-
genin required for the formation of insect eggs performs
a number of other functions in the honevbee that are
related to social labor organization. Vitellogenin protein
alfects the age at which a worker bee stops working
inside the colony and starts foraging, when it will collect
nectar or pollen, as well as its duration of life [79]. Tv is
possible that such behavior could occur because of
desynchronization of the work of genes responsible for
reproduction and care lor the brood. Thus parental
instincts of worker bees appear before their reproduc-
tion period starts. With no brood of their own, such
insects have heen forced (o take care of closely relnted
members of the colony [91].

Gene regulators initially associated with reproductive
hunction, for example, influencing the production ol
gonadal hormones, can be expected to play an important
role in the regulation of labor organization in the
honeybee [92]. Vitellogenin gene in insects, both social
and nonsocial, is closely linked to female reproductive
function: Protein encoded by this gene is necessary for
the formation of eggs in the ovaries of females, However,
this gene is also active in worker bees that do not oviposit,
Moreover. ils activity in worker bees has been observed
to decline with age. This means that vitellogenin serves as
a singular behavioral “switch™ Decercase of its concen-
tration forces a bee to leave household chores and to start
foraging outside the hive at some moment of life, Thus
the sume gene that was originally associated with female
reproductive function started to perform a nuwmber of
new functions in the honeybee such as regulation of labor
orgamzalion and socil stroctore.

It has been found that in worker bees a wide range of
cnzymes involved in the processes of glyeolysis, ATP
synthesis, and generation ol Iree radicals depends on the
changes of tasks performed by the bees: from lunctions
inside the hive to collecting of nectar or pollen [14, 93]
Evolution of the insect social castes with different repro-
ductive potential is also associated with changes in
metabolism that alTect the lile span [94]. From this point
of view, evolutionary development of the honeylbee sup-
poses a positive connection of vitellogenesis and life span,
which 15 not regulated only lor the queen bee. This
occurred because the fertility and longevity of the queen
bee determines the viability and development of the
colony [95]. Thereby. the honeybee is an example of
how socialization in the process of evolution and changes

in the scheme ol reproduoctive potential control in the
colony may be interrelated with life prolongation [94, 96-

98]. This assumption is based on analysis of the interde-
pendence of vitellogenin levels and life expectancy of the
queen bee, as well as the dynamics of reproductive protein
and structure of longevity in worker bees.

In addition, use ol vitellogenin for stress resistance
management of worker bees has been evolutionary
confirmed. In worker bees vitellogenin begins to synthe-
size when health functions in the nest are performed
prior to the function of feeding [99]. However. the level
ol synthesis of vitellogemin in worker bees 15 lower 1n
comparison with that of the queen [100]. The protein
content is depleted in the period from the performance
of health functions by the working bee to larvae feeding
[24]. Thus the absence of brood is a necessary but not
sufficient condition for the emergence of long-living
worker bees [79, 82]. Modulation of regulatory mechan-
isms of vitellogenin on the reproduction and mainte-
nance of homeostasis may be recombined in queens and
worker bees during the migration of the species to
temperate regions [101. 102]. This recombination of
functions hetween longevity inerease and siress resis-
tance contributed to the emergence of the phenotype of
long-living worker bees, which promoted the maximum
survival of the colony during the winter. when the
worker bees could not be replaced because of environ-
menial resirichons on brood rising.

0.5 WINTER GENERATION OF HONEYBEE

Before human intervention the species A. melflifera.
having mastered West Asia, Africa, and Europe, was
scattered so widely that its further evolution was in
rudically different natural climatic conditions. This [ac-
tor led to the formation of 25-30 subspecies [103],
differing in a number of features, having a specific
reaction (o the external environment, and olien nol
cven able to exist under artificial latitudinal displace-
ment within the species area [104].

It 1 known that honeybee defensive reactions are
characterized by clear interspecific dilferences [65, 66].
Honevbee subspecies differ in expression of antimicrobial
peptide genes, the dynamics of PO activity, and hemocyte
response [67. 105-107). Interspecific differences are man-
ilested e the reactions ol the delensive systems ol the
honeybee to  bacterial contamination, expressed in
increased phagocytic reaction and an ecarlier activation
ol redox provesses in A. m. mellifera in comparison with
A. m. caucasica [108]. These results confirm that during
the honeybee’s evolution modification ol adaptive prop-
erties did not concern individuals, but a colony in general
as an integral biological unit [91].



A phenomenon ol the winter generation ol bees,
which appeared (or was preserved) in the evolution in
the subspecies living in conditions of pronounced change
of seasons, winter to summer, is of particular interest in
the issue of interspecific differentiation. This leature is
characteristic of subspecies of temperate climates, such
as A, m. mellifera and A, m. carnica, but 1s absent in the
subtropical subspecies A. m. scureffata and others [79,
95]. It was established that worker bees can accumulaie
levels of vitellogenin up to 50-60% of the hemolymph
protein fraction because of limited brood raising [99,
110] and hve for 610 months [87, T11].

Winter generation is characterized by a high life span
and delayed organism aging, which is associated with
influence of the protein vitelloogenin and hormonal
balance on the process of free radical oxidation. This
feature allows the bee colony to survive the harsh long
winter and to cope with many pathogens. An additional
tension in the honeybee organism occurs during the long
winiter season in conditions of the northern part of the
species habitat. for example, in Russia where the non-
flight winter period lasts 5-7 months. During this time
the intestines of the honeyhee collect from 20 to Tl mg ol
undigested food residues. In this situation, the balance in
the system ROS-antioxidants is especially important for
the survival of the colony. First of all it relates to
neutralizing putrefactive processes in the intestine. Oth-
erwise, Lhese residues are allocated by the hee mside the
hive and can lead to the outbreak of nosemosis and
other discases,

I'he Furopean dark honeybee subspecies (4. m.
mellifera) is the most evolutionarily adapted to northern
conditions. Intensive studies of features of the honevbee
adaptation to a long, cold winter conducted by MV
Zherebkin (1979) [112] showed that life span varies
between bees uppearing by (belore) the warm scason
and focused on honey gathering during the entire plant
vegetative period and bees appearing in the colony by
the cold sesson for winlering provision. These differ-
ences are associated with the larval diet. The most
winter-hardy subspecies. the European dark honeybee
s characterized hy a relatively large body mass of
individuals and a greater volume of stored reserve
nutrients, as well as a significant number of high-quality
[ood stocks in the nest lor successful wintering of the
colony. The latter aspect largely determines the potential
ahility of dilferent strimns (Lypes) ol the honevbee 1o
produce the total volume of honey in beekeeping. In the
body of winter bees the amount of unstructured water
gradually decreases and pharyngeal glands, ovaries, and
fat body remain developed for a long time. Thus
MV Zherebkin showed that in the process of winter
preparation the majority of bees in the colony acquired
characteristics of physiologically voung bees with
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well-developed pharyngeal glands that produced large
amounts of protein.

Subspecific differences include the specific function-
ing of the antioxidant detense systems in the gut and
hemolymph of the honeybee and its distinctions in
adaptation to climatic factors and exposure 1o the
pathogens [66]. Comparative analysis in the climatic
conditions of the Southern Urals revealed significant
differences in the character of the stress reaction of bees
of native subspecies 4. m. mellifera and subspecies
A. m. caucasica, introduced from the Black Sca coast.
A. m. mellifera s charactenized by a lower level ol redox
processes in the norm, a higher reactivity of the antioxi-
dant enzymes, glucose-6-phosphate dehydrogenase and
enzymes of PO cascade under the action of pathogens,
but high and stable levels of glycosaminoglycans. This
level ol metabolic processes is justified in these natural
climatic conditions, since a higher level ol protective
system response is necessary in case of threatened breach
of homeostasis, ensuring response adequacy. A higher
metabolic rate is constantly observed in introduced
honeybees. which negatively affeets the viability of the
mdwviduals 1 there appears excessive functional stress
associated with any negative factor, These and other
features of the protective reactions of A. m. mellifera
reflect the stability of the European dark honeybee
to climatic factors of the northern part of the specics
runge [66].

Experimental data showed exhibition of normal per-
oxidase activity in A, m. mellifera honeybees predomi-
nantly in brain tssues, [l body, and the thorax muscles
and mainly in the tissues of the midgut and large
intestineg in A, m. caucasica bees. Catalase activity in
A, m.omellifera is much higher in the bramn and hemo-
lymph in comparison with other organs and tissues, and
in the large intestine catalase uctivity increases only at
the end of winter (prolonged nonflight period) in order
Lo protect the bee organism [rom putrefactive processes
in the miestine. This feature 5 also functionally Gor for
A m. mellifera. In A, m. caucasica catalase activity is
localized mainly in the tissues of the fat body and gut,
organs that provide the highest level of metabolism
[108]. This creates the conditions for maximum antioxi-
dant protection. in particular, the catalase-peroxidase
system [113, 114]. The high metabolic rate that is a
characteristic of the southern subspecies as a whole will
contribute to the emergence ol stronger pathogenetic
processes during development of stress reaction and
reduce viability under the natural climatic conditions
ol the northern part of the species aren.

During wintering not only behavior and metabolic
rates of the honeybee individuals but also similar char-
acteristics ol the whole colony change, which is associ-
ated with changes in both external environmental factors
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and the microclimate in the nest. Increase in the temper-
ature in the nest during the winter 1s accompanied by a
change in the ratio of COs and Qs In winter there is a
transition of bees from aerobic to predominant anaero-
bic respiration in conditions ol a high CO; content.

In conditions of reduced oxygenation, when the
intensity of the Krebs cycle is reduced, in the mitochon-
drial respiratory chain substrates supplied by AOS
(GSH, TRX. ascorbate) can be oxidized. Production of
the alternative substrates of oxidation by AOS is conju-
gated with NADPH,-generating mechanisms that are
resistant 1o hypoxia and anoxia. A high actvity ol
MnSOD is noted in the mitochondria. In intact cells in
situ significant concentration of O is not detected and
leakage of electrons cannot serve as a sufficient ground
for the destructive changes in mitochondria [115. 117].
In addition. in mitochondrial c¢ycles the main constric-
tion factors are catalase and enzymes with functions of
GPX. Still-unknown functions of mitochondrial catalase
and GPX-like enzymes have been proposed. These
functions can be reduced to the transformation of
H,05 1o O, and the subscquent intensification of respi-
ration and A'TP synthesis. Therelore, imhibition ol cata-
lase leads to a sharp decrease in the rate of respiration
and oxidative phosphorylation in the mitochondria in
vitro and in vivo, Flavoproteins possessing peroxidase
activity play a major role in the process of linked
oxidative phosphorylation [117]. TPX may alsa be
such a flavoprotein, exhibiting peroxidase activity. The
enzyme 1s multifunctional: It is involved in the peroxide
metabolism of oxygen, restoring TRX and ascorbic acud
and formation of deoxyribonucleotides in the metabo-
lism of sclenium-containing compounds. An important
characteristic of the enzyme s its high resistance to
respiratory toxins, which greatly distinguishes it from
catalase and GPX [118].

20.5.1  Regulation of ROS in Honevbee Intestine

FFeatures of climatic zones potentially affect honevbee
behavior, physiology, and metabolism, as well as the
development ol mteraction hetween the honeybee and
pathogens [119]. In this regard, the intesting of the
honeybee, which is one of the key points of the honey-
bee’s interaction with its environment, 1s of great inter-
est. In the first place, the intestine is the main organ of
digestion, where nulnents and loxms, as well as enteric
pathogens first come. The intestine of the honeybee in
many respects determings resistance to discase at the
level of mdividuals and the colony as o whole [120, 121].
The intestine was not randomly chosen as the main
object for studying of the gene expression of different
nature in the search for the causes of the Colony
Collapse Disorder phenomenon [122].

TLR 3, Vanin-1, Ferretin 2, and chitinnse expressed
in the intestine and forming the basis of innate immunity
in the honeybee differ in activity in different subspecies
of the honeybee and determine the features of the
confrontation of pathogenic microorganisms in different
climatic conditions. Tool-like receptors are involved in
the recogmtion ol viral pathogens and also activate
necrosis of the intestinal tissue under inflammatory
reactions [123, 124]. Vanin-1 mediates oxidative burst
in the intestinal epithelium. which occurs through the
activation of the Tool/eytokine signaling pathway [1235,
126]. Ferretin 2 also participates o the oxidative siress
reactions: in this case it sequesters the excess ferric iron,
reduces the generation of HaO», and decreases the effects
of oxidative stress in response to the activity of such
proteins as Vanin-1 [127]. Chitinases are involved in the
inflammatory response in the intestine induced by cyto-
kines [128]. In addition, insect chitinases modulate the
peritrophic membrane thickness, which ferms a strue-
ture that separates the undigested nutrients from the
intestinal epithelial cells [129].

The functioning of the basic biochemical mechanisms
ol the honeyhee has been lound to express caste and
subspecific differences. Differential expression of the
proteins involved in response to pathogens proves that
various subspecies of the honeybee may have different
levels of susceptibility to discase. These local adaptive
responses may luke place in the levels ol protective
protein expression, which may occur because of genetic
or epigenetic changes in different subspecies of the
honeybee. Metabolism in the honeybee subspecies is
adapted to conditions in the place of their origin. so
that the same climatic conditions have different effeets
on the biosynthesis, stability, and activity of proteins.
All this contributes to the adaptation and conservation
of the ecotypes. Therelore, measures should be tuken for
the study and preservation of species diversity of bees to
prevent the loss of this rich genetic material that is so
vitlunble 1o the world's bindiversity.

206 CONCLUSION AND PERSPECTIVES

The development of a unique ecological niche in the
evolution of the honevbee defined a special role of
oxidative stress in the vitality of the species.

One of the leading factors i the progressive evolution
in the number of Hymenopteran species is the develop-
ment of social instincts. In cusocial species there is a
close contact with grown ollspring, constant care ol 1l al
all stages of development, Communication means, main-
tenance of the optimal conditions of microclimate in the
colony, and protection against enemies and adverse
conditions have been significantly improved. Within



the colony there is o morphological and Minctional
differentiation of individuals. In the individual actions
of each individual the hereditary program that activates
the mechanisms of organism alteration at certain times,
physiological processes, and certain types of behavior
plays a major role.

In the genome of the honeybee there are relatively lew
genes associated with innate immunity and detoxifica-
tion proteins. In the evolution of the honeybee adapta-
tion did not change the attributes of individuals but
features of the bee colony as an integral biological unit,
In accordance with this, the lunctioning ol a large parl
of the genome is refocused on solving problems related
1o ensuring eusociality. Nevertheless, the reaction of
phagocytosis in the hemolymph to pathogen introduc-
tion, the effect of a toxicant or other negative environ-
mental impact, is accompanied by oxidative burst. [t is
traditionally appeared in the ROS generation and
changes in antioxidant enzyme activity. Oxidative stress
is o universal high-performance reaction of the honeyhee
organism to the impact of negative factors. I'unctional
cxpression of hemocyte activation is the formation of
quinone intermediates of melanin, O™, H2O,, and other
ROS with high cytotoxic activity, Change in hormonal
balance during the metamorphosis of the honeybee
larvae and pupae and the appearance ol macrophago-
cyles participating in processes of histolysis in the
hemolymph are also accompanied by oxidative bursi
and induction of the molecular mechanisms to restrain
it. Hormone-dependent changing of the functions per-
formed by the working beg in the colony and control
over longevity are also worthy of thorough study,
including gerontology. Thus the honeybee is not only a
subject economically and socially important to the
human but also a very interesting model for studying
of the mechanisms of memory, behavior, immunity, eic.
In a complex system of protective reactions of the
honevbee, oxidative stress and molecular mechanisms
ol 115 regulation demonsirate o high efliciency in solving
a wide range of tasks with strictly limited resources. The
honeybee genome [12] and the interpretation of its
operating principles are expected to give a better under-
standing of the features of A, mellifera species.
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MOLECULAR BASIS OF IRON-INDUCED OXIDATIVE
STRESS IN THE HONEYBEE BRAIN: A POTENTIAL
MODEL SYSTEM OF OLFACTORY DYSFUNCTION
IN NEUROLOGICAL DISEASES

Tanra Faroooui

Depariment of Entamalagy/Center of Moleewlar Neurohiolagy, The Ohio Stare University, Calumbus, Qhin, USA

21.1  INTRODUCTION

It 15 well known that all living organisms are exposed Lo
environmental stress. Many organisms are exposed
to harsh environmental conditions such as cxtreme
temperatures (freezing and heating), anoxia, desiccation,
cross-tolerance, and oxidative stress, which may impair
the operation ol vital neuronal circuits and put animals
in danger before these conditions directly cause cell and
tissue death. Oxidative stress is defined as a condition
that i1s produced by a disturbance in the cellular proox-
idant-to-antioxidant ratio [1]. Reactive oxygen species
(ROS) is # collective term that includes both oxvgen
radicals (such as superoxide. hydroxyl, peroxyl, and
hydroperoxyl radicals) and nonradical oxidizing agents
stuch s hydrogen peroxide (H.05), hypochlorous acid,
and ozone that can be converted into radicals. ROS are
mainly produced by the mitochondrial electron trans-
port chain and oxidation of polyunsaturated fatty acid
(PUFA) [2].

In cukaryotic systems, reduction of molecular oxveaen
by one electron yields superoxide radical that has limited
reactivity with some proteins but is not reactive with
lipids or DNA (Fig. 21.1). Under the influence of super-
oxide dismutase (30D), H20s 1s formed by the addition
of le and 2H™. H>0-is not a free radical because it does

not have an unpaired electron, but it is an effective
nonradical oxidizing agent for many biological molecules
because reduction ol Hx(: yields hydroxyl radicals
(OI1%) [2]. Both superoxide (O} ) and hydroxyl (OI17)
radicals are continuously generated during oxidative
metabolism in biological systems. 05 reacts with sone
proteins: however, OH® radicals react with carbohy-
drates, proteins, lipids, and DNA (Fig. 21.1),

The level of oxidative stress is determined by the
balance between the rate of induction of oxidative
damage {(depending on how fast ROS are generated)
and the rate of efficient repair and/or removal processes
(endogenous defense system including levels ol repair
enzymes and antioxidants) lor such damage (Fig. 21.2).
In response to low levels of ROS, the nuclear factor-
erylhroid-2-related Tacior 2 (Nrl2) translocates 1o the
nucleus and regulates expression of genes involved in cell
survival. At higher ROS concentrations, reaction
between ROS and proteins or unsaturated lipids in the
plasma membrane leads to a chemical cross-linking of
membrane proteins and lipids and a reduction in mem-
brane unsaturation, resulting in reduction of membrane
fluidity and decreased activity of membrane-bound
enzymes, ion channels, and receptors [3]. Furithermore,
high ROS level prevents translocation of Nif2 to the
nucleus but stimulates nuclear factor-xB (NF-xB). a
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with proteins, lipids, DNA/RNA, which promotes neurodegeneration. [ See color insert. )

transcription factor that, after translocating into the
nucleus, mduces expression of many genes involved in
inflammation and oxidative stress and therefore promot-
ing cell death (Fig. 21.2) [3]. The imbalance between

ROS production and cellular defense mechanism is also
mmplicaied i destruction of neural cells in a wide variety
of pathological conditions such as abnormal functions,
aging, and discascs.



Trom, & transition metal ion, plays o crucial role in
oxygen transport. Iron is a basic requirement for elec-
tron transport and cellular respiration and serves as a
key element in most of the cytochrome enzymes involved
in the oxidative phosphorylation of the Krebs cycle, Its
overloading is potentially deleterious because of its
involvement with lipid peroxidation in ological sys-
tems. Iron can induce generation of ROS through
reduction of H.O, to OH® wvia the iron-catalyzed
Haber-Weiss/Fenton reactions [4, 5.

Haber-Weiss reaction:

H:0: + OH*—=H,0+05 +H" (1)
0y + H.0, -0, +OH + OH"* (2)

The Haber-Weiss cycle consists of the above two
reactions. The Haber-Weiss reaction can lorm the
hydroxyl radical (OH®) in an interaction between super-
oxide radical (O3) and H-0s in the presence of ferrous
iron (Fe™™) or lerric iron (Fe').

Fenton reaction:

Fe’t + H,0:—Fe*t + OH" + OH® (1)
Fe'* + H,0,—Fe™ + *OHH + H* (2)

Fe'" is oxidized by H.0O. to Fe'" and produces the
OH"® and a hydroxyl anion in the Fenton reaction. Fe''
is reduced back to Fe* ™, a peroxide radical ("OHH), and
a proton, The OH® is highly reactive, 1t can abstract a
hydrogen atom from PUFA to initiate lipid peroxida-
tion [6]. Increased Fe'™ direetly initiates additional lipid
peroxidation with accumulated hpid  hydroperoxides,
resulting in changes in membrane structure and fune-
tional damage [6]. The OH® attacks and damages every
category of macromolecules such as lipids. proteins,
carbohydrates, and DNA [7).

Brain is highly susceptible to oxidative damage. High
rate of oxygen consumption, high lipid content. and
relative scarcity in antioxidant enzymes compared to
other tssues may account lor the vulnerability i brain
[8]. Several studies have demonstrated altered iron
metabolism  participating in the generation of ROS,
resulling i marked increase o protemn oxidation [9,
10]. lipid peroxidation [11, 12], and DNA/RNA oxida-
tiom [13, 14] m the Alzhemmer disease (A1)} bran.
Because of the excess of ferrous iron, oxidative stress
has been shown to play a significant role in neurotoxicity
associaled with o vanely ol neorodegeneralive and
neuropsychiatric diseases (Table 21.1), affecting olfacto-
ry neuroepithelial cells at an early stage [I5 33].
Increased oxidative stress is a prominent feature of
vulnerable neurons in AD, Oxidative damage is shown
to he increased in olfactory epithelium in  hiopsy
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TABLE 21.1  Olfactory dysfunction frequently ahserved in
patients suffering from brain diseases

Disease Reference
Alzheimer discase 1416
Alheimer disease, ldiopathic Parkinson  14-16, 18-21, 24,
disease, purkinsonism-dementin 29, 30
complex of Guam
Huntington discasce 22,2
Amyotrophic lateral sclerosis 24, 25
Multiple sclerosis 20
Neuropsychntrne disorders 17
Schizophrenia 27, 28
Idiopathic REM sleep behavior disorder 30
Tauopathies )|
Open-angle glaucoma 32

specimens of AD [15]. ROS-mediated oxidative damage
is markedly increased in olfactory epithelium from
biopsy specimens of AD [15]. PAN-811 (3-aminopyri-
dine-2-carboxaldehyde thiosemicarbazone, or Triapinel,
i novel neuroprotectant, not only ellectively suppresses
intracellular ROS accumulation but also reduces ROS-
mediated oxidative damage in both AD-derived and age-
milched olfactory nearoepithelial cells [16]. 11 has also
been shown that ROS-mediated olfactory deficit may be
a characteristic feature of several neurological disorders
including AD [I15-17, 23], idiopathic Parkinson disease
(PD), parkinsonism-dementia complex (PDC) of Guam
[19, 20, 25], Huntington disease (HD) [23, 24], Guuma-
nian amyotrophic lateral sclerosis (G-ALS). several
forms of dementia [25, 30, 31], multiple sclerosis (MS)
[27]. schizophrenmia [28. 29]. diopathic REM  sleep
behavior disorder [31]. tauopathies [32], and open-angle
glaucoma [33], supporting the view that there is a link
among ROS, olfactory dysfunction, and neurodegener-
ative and neuropsychiatric discases (Table 21.1).

Very little information is available on ROS-mediated
oxidative stress in the insect brain, Although honeybees
arc a well-known model system for behavioral studies
lor ollactory learming and memaory because they can be
conditioned to respond with feeding movements of the
mouthparts (proboscis) to a varicty of foral odors,
which is called proboscis extension refllex (PER) condi-
tioning [34-37]. only a few studies have been attempted
to demonstrate a correlation between ROS-mediated
oxidative stress in the brain and its effect on the learning
behavior in individual restrained honeybees [38-40].

The purpose of the present averview is Lo discuss our
iron-induced oxidative stress model system in honeyvbee
Apis mellifera brain, created by injecting ferrous ammo-
mium citrate (FAC) in the antennal lobes, which resulls
in impairment ol olfactory learning and memory [40]
suggesting that oxidative stress plays a1 major role in
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olfactory  dyslunction. Olfactory  deficits have  been
reported in many neurological disorders (Table 21.1).
A similar mechanism has been proposed for olfactory
ahnormalities in patients of A and PD. Because of the
similarities in cellular and molecular processes that
govern neuronal plasticity in humans and honeybees
[38], the author proposes that the honeybee can be used
as a potential and relatively simple model system for
understanding human olfactory dysfunction in neuro-
logical diseases.

21.2 A COMPARISION BETWEEN GENERAL
PHYSIOLOGY OF OLFACTORY PROCESSING
IN HONEYBEES AND HUMANS

The honevbee Apis mellifera olfactory sysiem is well
adapted to detect and discriminate a diverse array of odors
[41). The perceptual qualities of odors vary depending on
several factors such as carbon chain length in the druog,
shape. functional group, as well as concentration [42-49].
The honeybee olfactory system possesses olfactory senso-
ry neurons inside the cuticle-covered sensillae along the
antennae, which are equivalent to olfactory epithelia
within the nasal cavity in vertebrates [38, 50]. The olfacto-
ry receptors are located on the olfactory sensory neurons
in antennac. The recognition and discrimination of odor
molecules starts at the antenna via binding ol odor with
olfactory receptor. From the antenna, information is
carried directly to the antennal lobe via axons of olfactory
sensory neurons. The antennal lobe is the structural and
functional analog of the olfactory bulb in vertebrates that
1s subdivided into identified glomeruli. It processes incom-
ing signals from broadly tuned olfactory sensory neurons
[51, 52]. The axons of olfactory sensory neurons converge
on two types of antennal lobe neurons: (1) locul interneur-
ons communicate within the antennal lobe, and (2) outgo-
ing projection neurons mediate the signal information
from the antennal lobe 1o the protocerebrum [53). The
synaptic contact between olfactory sensory neurons, local
interncurons, and outgoing projection neurons takes place
within the glomeruh arranged in a single layer around the
antennal lobe [54, 55]. The glomerular layer in the anten-
nal lobe probably contains the summarized representation
of the receptlor types activated by a given odorant. 'Thus
olfactory information received from the antennac is pro-
cessed i the antennal lobe and relaved 1o the mushroom
body and the lateral protocerebrum via projection neu-
rons, leaving the antennal lobe in three different antenno-
cerebral tracts. The small mediolateral antenno-cerebral
tract contains pluriglomerular cells, whereas lateral and
median antenno-cerebral tracts contain axons of uniglo-
merular projection neurons [55, 56]. A synaptic response
to focal electrical stimulation recorded in the mushroom

hoddy ol the honeybee brain suggests involvement of the
mushroom body in memory consolidation [57]. The syn-
aptic plasticity exhibited in the mushroom body of the
honeyhee brain is similar to the synaptic plasticity occur-
ring in the mammalian hippocampus [58]. Neuroplasticity
in the honeybee brain, existing in the o lobe of the
mushroom body, contributes to the assocative long-
term potentiation linked with olfactory learning and
memaory |59, 60], This is in agreement with findings in
Drosephifu that all forms of olfactory learning (such as
aversive, appetitive, and extinetion) confined to the output
sties ol the mushroom body [61]. Moreover, GABAermc
inhibitory interncurons in the antennal lobe of the honey-
bee brain modulate the overall activity and compue
olfactory information by forming an odor-specific topo-
graphic map, relaying information from the antennal lobe
to other brain regions via projection neurons [62- 64].

Similar to the antennal lobe in honeybees, each glomer-
ulus of the olfactory bulb in humans contains the axons of
severnl thousands ol olfactory sensory neurons, cach
expressing the same odorant receptor and the dendrites
of mitral and tufted cells, which are the main input and
output neuromns ol the olfactory bulb [63]. These neurons
are activated by ollactory sensory neurons, but odorant
information is further processed by lateral and feedback
inhibitory pathways via activity of inhibitory interneur-
ons, periglomerular cells, and granule cells [64-66]. During
air imhalation, many volatile molecules reach the nasal
cavity and interact with the odorant receptors located on
the cilia of olfactory sensory neurons in the olfactory
epithelium, elicitmg an electrical signal that s transmitiecd
to the second-order neurons in the olfactory bulb, which is
then projected o pyramidal neurons in the olfactory
cortex and to other brain regions such as thalamus and
neocortex of the brain [38, 65). Thus itis suggested that the
peripheral olfuctory systems involved in sensory transduc-
tion and early synaptic processing in the antenna and the
antennal lobe of honeybees show a vast array of similari-
ties (o the olfactory epitheliuvm and the olfuctory bulb of
humans [38, 68, 69].

21.3 OLFACTORY NEURONAL NETWORK IN
HONEYBEES

In honeybees, the olfactory system is comprised of three
mijor components: (1) antennae. (2) antennal lobes, and
(3) mushroom bodies [38]. Honeybees use antennae to
deteet odors by making use of olfactory receptors that
are located on ollactory sensory neurons in the anten-
nae. Olfactory sensory neurons project their axons into
the antennal lobes. The pathway involving olfactory
sensory neurons is called the conditioned stimulus (C§)
pathway, where CS represents an odor. Honeybees have
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taste receptors located on olluctory sensory neurons in
the antennae that project their axons into the antennal
lobes. This pathway is called the unconditioned stimulus
(US) pathway, where US represents nectar or sucrose
The primary sensory alferents (CS and US pathways)
converge into the glomeruli of the antennal lobe.

In the honeybee Apis mellifera. an dentified ventral
unpaired medial cell (VUMmxI; an octopaminergic
neuron) produces an associative link between US and
CS pathways in the antennal lobe. The VUM interncu-
ron releases octopamine into most if not all glomeruli of
the antennal lobe mnervating antennal lobe, mushroom
body, and lateral protocerebrum, Electrical stimulation
of VUM neuron substitutes for the unconditioned stim-
ulus (sucrose) in an associative olfactory learning para-
dign, supporting its role in olfactory learning and
memory [70]. Local injection of octopamine into defined
areas of brain increases honeybee's learning ability
as well as recall, suggesting that octopamine is involved
in regulation of learning and memory [71]. Actually,
exactly how VUM interneuron couples the CS and US
pathways is not clear except that this ncuron has a
reinforeing property. The convergence ol two types ol
stimuli suggests that the antennal lobe is a site where
part of olfactory memory consolidates [72]. The release
of octopamine from VUM neuron or acetylcholine from
olfactory sensory ncuron in the synaptic cleft may
induce GABA release Irom GABAergic local iterneu-
ron in the antennal lobe [38]. GABA-mediated inlubito-
ry response is considered 10 be important for shaping
and tunimg the outpul from the antennal lobe [73].

21.4 ROS, OLFACTORY DYSFUNCTION,
AND AGING

Increased oxidative stress is a prominent and early feature
of aging and neurodegenerative discases: therefore, oxi-
dative damage has been considered an important factor
in the progression of pathological and nonpatho-
logical age-related functional declines including olfac-
tion. Again, this harmlul condition occurs when there s
either an excess of [ree radicals or a decrease in antioxi-
dant levels, resulting in variety of changes in cells and
tissues. Free radicals cause oxidative damage by attack-
ing PUFA in neural cell membranes and generate
metabohe waste products that mterlere with cell-cell
communication, damaging cellular proteins, lipids, and
DNA. lowering energy levels and vitally impeding bio-
chemical processes. |The source of the devastating achons
of ROS is mainly the oxygen molecule’s unpaired elec-
tron, which makes it unstable and eleetrically charged
[74]. Although sufficient ROS accumulation makes an
organ system unable to function, endogenous defense

mechanisms can bring ROS levels back down o n normal
level consistent with organ function. Increased levels of
oxidative stress markers have been observed in cultured
human olfactory neurons in AL} patients compared to
control subjects [75]. Oxidative stress in the aging murine
olfactory bulb has shown significant changes in steady-
state levels in ollactory bulbs of 20- versus 1.5-month-old
mice, demonstrating greater carbonylation and nitration
of specific proteins with aging [76]. Niiric oxide (NO) and
derived nitrogen species in CNS may interact with cate-
cholamines, thus modifying not only NO regulatory
actions but also producimg oxidants and free radicals
that are likely to trigger toxic effects. Peroxynitrite, a
potent oxidizing agent formed by the interaction between
superoxide anion and nitric oxide, produces nitration of
tyrosine groups present in the proteins and inactivates
several enzymes [77]. Peroxynitrite appears to be involved
in the pathophysiology of many neurodegenerative dis-
eases, Increased oxidative stress in olfactory epithelium
ol A patients causes maodification in olfactory receptor
proteins. resulting in olfactory impairment [78]. More-
over, abnormal processing ol the proteins in AD supports
contribution of RNA oxidation [14]. In humans, olfacto-
ry function deteriorates progressively with increasing age,
even in the absence of overt medical problems [79].
Similarly, a marked deficit has been observed in olfactory
learning and recall in healthy caged aged honeybee work-
ers (30 days old) compared 1o yvoung workers (4 days old),
indicating that olfactory learning and memory processing
in the honeybee brain appear to be vulnerable to aging
[38]. Collective evidence supports the notion that ROS-
mediated oxidative stress may have a strong impact on
olfactory dysfunction with aging.

21.5 TRON INDUCES OXIDATIVE STRESS
IN THE HONEYBEE BRAIN

Iron, unimportant ion used for biological electron transfer
in aerobic systems, also exhibits a chemical dark side with
side reactions that form ROS, resulting in oxidative stress.
RO5-meduted hpid peroxidation has been suggested 1o be
an important factor in posttraumatic neuronal degenera-
tion [80]. Addition of FAC allows evaluation ol a quick
onset ol oxidative stress that is [ree from other conditions,
such as neuroinflammation, which are produced by chron-
ic levels ol tron impury durmmg neurodegeneration |8, 81).
By applving in vivo injections of FAC into the antennal
lobes of the honeybee brain to produce OH® radical, and
maomilorng the subject’s responses Lo odorants by prohos-
cis extension reflex conditioning assay, we have examined
whether oxidative stress can be induced into the antennal
lobes of the honeybee brain and whether or not ROS-
associated alterations in brain can modulate olfactory
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response ol honeybees [40]. We have nsed different con-
centrations of FAC in each antennal lobe to evaluate its
dose-dependent response and showed that the level of
acquisition response in FAC-treated groups (0.5 mM to
5 mM range) significantly decreases with increasing dose
(Fig. 21.3A), suggesting that iron interferes with olfactory
learning in a dose-dependent manner. Testing of subjects
in each group with conditioned odor (C), molecularly
similar odor (8), and molecularly dissimilar ador (13) for
retention and generalization responses show that iron
interferes with retention in a dose-dependent manner but
impairs generahzabon gradient at all FAC concentrations
tested (Fig. 21.3B).

Reduced glutathione (GSH), an intracellular antioxi-
dant, is known to prevent the oxidation ol protein
sulfhydryl groups and to help in maintaining cellular
thiols in reduced state (-SH) [82]. To evaluate the reversal
of FAC-mediated ihibitory effect on olfactory learning
and memory, we injected GSH in each antennal lobe
before injecting FAC, with an assumption that presence
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ol excess thiol compound in the brain may efficiently
protect honeybees against toxic effects of ROS on olfac-
tory learning and memory. We observed that the FAC-
mediated inhibitory effect on acquisition response is fully
reversed in presence of GSH (Fig. 21.4A). Pretreatment
of antennal lobes with GSH belore injection of FAC also
results in complete reversal of iron-mediated inhibition of
retention response as well as showing a characteristic
generalization gradient (Fig. 21.4B). This suggests that
increased concentration of antioxidant forms an impor-
tant component of the defense by reversing the oxidative
stress created by free radicals [40].

Several novel brain-permeant and multifunctional ion
chelators (such as HLA20, M30, VK-28_ and M32) have
been tested for their ability to inhibit iron-dependent lipid
peroxidation in rat brain homogenates [83]. The brain-
permeant iron chelator VK-28 has been shown to prevent
N-methyl-4-phenyl-1,2.3.6-tertahydropyridine (MPTP)-
induced neurotoxicity in mice [84] and 6-hydroxydopa-
mine (6-OHIDIA) lesion in rats [85], without showing
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any appreciable inhibitory effect on monoamine oxidase
(MAQO)[B6]. VIK-28 inlubits both basal and Fe/ascorbate-
induced mitochondrial membrane lipid peroxidation [85].
To confirm that FAC-mediated inhibitory cffect on
learning and memory 15 due to the addition of a high
concentration of iron. we injected VK-28 into the anten-
nal lobes of the honeybee brain belore injecting
FAC. We observed that the combination of FAC and
VK-28 treatment restores learning response to 100%
(Fig. 21.4C), implying that the FAC-mediated mhibitory
effect on learning is due to increased ferrous iron. Subjects
in the FAC-treated group show 40-50% reduction in
retention response compared to controls and do not show
a characteristic generalization gradient (Fig. 21.4D).
However, FAC+ VK-28-trcated group  overcomes

these inhibitory responses due to iron-chelating effect
(Fig. 21.4D). Collectively, FAC-induced oxidative stress
in the antennal lobes of the honeybee brain markedly
inhihits olfactory learning and memory, supporting a
major role of iron in olfactory dysfunction [40].

The inhibitory patterns of olfactory learning have also
been observed by disruption of octopamine receptor
function by either receptor antagonism or gene silencing
[72]. However, addition of GSH into the antennal lobes
prior Lo mnserm/dsRNAC treatment does nol reverse
octopamine receptor disruption-mediated  inhibitory
responses of olfactory learning and memory [40], suggest-
ing that octopamine receptor disruption and iron-medi-
ated oxidative stress conler two independent mechanisms
that impair alfactory learning and memaory in honeybees.
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2.6 MOLECULAR BASIS OF IRON-INDUCED
OXIDATIVE STRESS

The brain is susceptible to iron-induced oxidative stressin
both vertebrates and invertebrates, Oxidative stress in the
olfactory system is a major factor associated with age- or
disease-related olfactory impairment. Patients of AD at
the early stage of the disease exhibit perceptual deficits in
odor identification, although the molecular mechanisms
are not completely understood. Protein oxidative modifi-
cation in aging murine olfactory bulb has shown the
presence ol the specilic carbonylated proteins m astro-
cytes and mitral/tufted neurons but nitrated proteins in
the vasculature, as molecular substrates ol age-related
olfactory dysfunction [87]. Studies on redox-competent
copper and iron indicate that redox activity in AD resides
exclusively within the cytosol of vulnerable neurons, and
chelation with deferoxamine or diethylenetriaminepen-
taacetic acid (DTPA) removes this activity [88],

The role of mitochondria as a potential source of
redox-active metals and oxygen radical production is
assuming more prominence. Increcascd mitochondrial
DNA and eytochrome ¢ oxidase activity but reduction
in the number of mitochondria in AD brain indicates
accelerated mitochondria turnover [15]. Neurons, and
also the surrounding epithehial cells, in biopsy specimens
have been observed with increased lipid peroxidation
and heme oxygennse-1. whereas no inerease in nucleic
acid or protein oxidation was observed in vulnerable
neurons in AD [15], suggesting that the abnormality in
array of oxidative stress markers may oceur depending
on different cell types in AD.,

A hypothetical scheme is shown in Fig. 21.5 to present
molecular mechanmsm(s) involved with olfactory dysfunc-
tion in the honeybee brain. In the iron-induced oxidative
stress model, phospholipase A» (PLA-) peroxidizes PUFA
that are present in phospholipids into peroxidized phos-
pholipids, which are better substrates for phospholipase
As than native phospholipids in the honeybee bram
(Fig. 21.5). This process results in the formation of free
peroxidized arachidonic acid (ARA). The oxidation of
ARA pltimately results in the generation ol 4-hydroxyno-
nenal, which impairs mitochondrial electron transport
and produces ROS. Incrensed ROS production causes
oxidative stress that damages proteins, DNA/RNA, and
lipids, causing olfactory dysfunction (Fig. 21.5). Reduced
glutathione protects brin against oxidalive stress hy
modulating the redox state of specific thiol residues of
target proteins, whercas VK-28 chelates iron from the
system and  therelore slows down the [ormation of
ROS. Oxidation of catecholamines may form quinones,
which can form ROS, leading to olfactory dysfunction
(Fig. 21.5). Furthermore, octopamine receptor function is
disrupted by mianserin (octopamine receptor antagonist),

which competes with octopamine in hinding to actopa-
mine receptors and therefore blocks receptor lunction,
resulting in olfactory dysfunction (Fig. 21.5). Octopamine
receptor function disruption by octopamine recepior
dsRNA (AmOA1-dsRNA) silences octopamine receptor
gene expression, which inhibits its protein synthesis,
resulting in olfactory dysfunction (Fig. 21.5). The receptor
functional disruption mechanisms (mianserin/ AmOA|1-
dsRNA) seem to be independent of ROS formation. The
receptor Tunctional disruption is also not a random
process but appears to be associated with increased
oxidanon ol speafic protems |89]. Similarly, disruption
of noradrenergic receptor or production of dopamine
quinones in the olfactory bulb of vertebrates (including
humans) may contribute to increased levels ol oxidative
stress, resulting in olfactory dysfunction.

21.7 HONEYBEE MODEL SYSTEM FOR
OLFACTORY DYSFUNCTION

The olfactory system is phylogenctically highly conserved
among invertebrates and veriebriates. Honeyhees have the
ability to learn about the association of odor with rein-
forcement. There are well-established behavioral para-
digms, such as proboscis extension reflex, for monitoring
olfactory lcarning in honeybees. They have a short life
span, which mukes them suitable for study of aging. They
are straightforward to propagate and easy to manipulate
in the lab, They have short gestation periods that produce
large numbers of offspring. and their genome sequence 1y
available. Their brains can be casily dissected out to focus
on the relevant ncurons in a specific region such as antennal
lobe from the honeybee brain because of its larger brain
size compared to other insect models such as Drosophila.
Finally, the antennal lobe of the honeybee bruin is a
functional analog to the mammalian olfactory bulb,

Oxidative damage has been demonstrated to be
imereased o the ollactory system (including neurons
and the surrounding epithelial cells) in the brains of
AD patients [15]. Neuropathological studies in the
brains of P patients also suggest neuronal damage
the olfactory system (including olfactory bulb and the
anterior olfactory nucleus) [90]. These findings support
our lindings in the honeybee brain, where oxidative
stress induced in the antennal lobe of the brain results
i ollactory dyslunction |40 All ol the cnitena men-
tioned above for a better model system for olfactory
rescarch, ncuropathological studies performed in AD
and P bruins [15.90], and our lindings associaling
oxidative stress and olfactory dysfunction in the honey-
bee brain [38, 40] support the honeybee brain as a
potential model system for olfactory dysfunction during
aging and neurodegenerative diseases.
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21.8 CONCLUSION AND FUTURE
PERSPECTIVE

Ironis not regarded as the underlving cause of olfactory
dyslfunction in neurodegenerative diseases, but it does play
an important role in progression of neurodegencrative

Iron plays a role as a catalyst in free radical generation.
Increase in ferrous iron catalyzes OH® radical production
in the antennal Jobes of the honeybee brain, which causes
impairment in learning and memory, The inhibitory elTect
of iron-induced oxidative stress on learning and memory
can be reversed by antioxidant as well as iron chelator in
the antennal lobes. suggesting that the honeybee brain is
highly susceptible to iron-induced oxidative damage and
cun be used as a model of olfactory dysfunction.

tiseases, such as A and P, by participating i redox
reactions that catalyze the formation of ROS that pro-
duces increased oxidative stress, leading to olfactory
abnormalities. Thus newly developed antioxidants and
brain-permeant iron chelators (such as VK-28, HLAZ20,
M 30, and M32) can be screened For their rescuing effect on
olfactory dysfunction in honeybees during aging and iron-
induced oxidative stress, The cfficacy of these drugs may
depend on their ability to penetrate the subcellular
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22.1 INTRODUCTION

The signaling module comprising the transcription factor
Nrf2 (NFE2-related factor 2) and its evtoplasmic inhibi-
tor Keap! (Kelch ECH-assoctated protein 1) 15 a master
mediator of ubiquitous antioxidant and detoxification
responses to cellular stressors as well as of various cell
type-specific homeostatic functions. Nrf2 belongs to the
cap'n'eollar (¢ne) family of leucine zipper transcription
lactors named aller the ene locus ol Drosaphila melano-
gaster, which was originally characterized as a regulator
of flv development. Even though the sequence similarity
between N2 und Cne was evident early ong it took no less
than a decade after Nrf2 was cloned to demonstrate
cxperimentally its functional homology with a proiein
product of ene (isoform C, CneC). This chapter recounts
the story of these recent discoveries and discusses ongoing
and luture studies thereby mude possible in flies on the
Keapl/Nrf2 system as well as their implications for
understanding and combating human discases.

22.1.1 The Keapl/Nrf2 System Safeguards Homeostasis
and Mediates Antioxidant Defense with Implications for
Preventing and Treating Human Discases

To defend themselves against the deleterious effects of

oxidative stress, cells possess antioxidant defense networks
that can sensc prooxidant and eclectrophilic reactive

species and launch adaptive responses [1]. Since it was
cloned m the mud-1990s |2], the vertebratle transcriplion
factor Nrf2 has been established as a ubiquitously
cxpressed master regulator of the cellular redox status
and mediator of cell-protective antioxidant and detoxifi-
cation responses [3—8]. Numerous studies have shown
that in mice and in human cultured cells the expression of
many protective genes increases in an Nrf2-dependent
manner in response to oxidative and cleetrophilie chemical
challenges [reviewed in 3, 4]. Target genes of Nri2 include
those encoding a broad range of redox regulators and so-
called phase 11 detoxification enzymes, such as glutathione
S-trunslerases, glutathione-synthesiang enzymes, thiore-
doxins, peroxyredoxins, NAD(P)I quinone oxidase
I (NQO1), heme oxygenase 1 (HOI), and many others
[9—12]. This battery of antioxidant and detoxilfying genes
are transcriptionally induced in a coordinated manner
through the binding ol Nrl2 (o antoxidant response
element (ARE) sequences in their regulatory regions
(Fig. 22.1). The predominant dimerization partners of
ARE-bound Nrl2 are the members ol (he small Mal
{musculo-aponeurotic fibrosarcoma oncogene) family of
proteins, which are themselves devoid of transcriptional
activalion potential [13—15].

The abundance and transcriptional activity of Nrf2
increase markedly when cells are exposed to oxidative
stressors or electrophilic chemicals, and several of the
mechanisms involved have been elucidated over the last
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This figure 15 adapted from Svkiotis GP and Bohmann D,
Keapl/Nrl2 signaling regulates oxidative stress tolerance and
lifespun in Drosophila, Dev Cell, vol. 14, p. 76 85, Copynight
2008, with permission from Elsevier. ¢ See color insert. )

decade [reviewed in 16—19]. Notably, the activation of
Nrf2 requires its postiranslational stabilization, because
in nonstressed conditions Nri2 undergoes rapd protea-
somal degradation in the cytoplasm. This proteolysis
is effected by a Cul3-based ubiguitin ligase system
and facilitated by an interaction between Nrf2 and its
cognale substrate adaptor., Keapl (Kelch-like ECH-
associating protein 1), a protein tethered to the actin
cytoskeleton (Fig. 22.1) [3. 20-=26]. The inhibitory
clfect on Nrf2 is abolished when specific redox-sensitive
cysteine  sule chans ol Keapl undergo  oxidative

maodifications in response (0 oxidants and electrophiles,
which likely triggers a conformational change in Keapl
structure  that interferes with Nrf2  ubiguitination
|27-32]. Additional mechanisms involved in Nrf2 acti-
vation include its phosphorylation by stress-activated
kinases and the redox-sensitive regulation of its nuclear
import and export [reviewed in 8, 16—8]. In addition to
regulating adaptation to acute cellular stress via the
induction of ubiguitous antioxidant and detoxification
genes, the Keapl /Nrf2 system contributes to the homeo-
stasis of diverse tissues by regulating the expression of
corresponding sets of tssue-specific largel penes with
distinct roles in the specialized function of the respective
cell tvpes [reviewed in 4] Its generic and ussue-specific
homeostatic properties have established Nrf2 as an
important “multiorgan protector” [4] and a mediator
of “programmed cell life™ [33].

By damaging proteins. lipids, and DNA. oxidative
stress causes or exacerbates various diseases in model
organisms and i humans [34, 35]. Conversely, by
ameliorating oxidative stress or reversing its sequelae.
Nrf2 protects against such pathologics. In mice, a
protective tole of N2 has been demonstrated i diverse
models of disease, including chemically induced cancers
[3, 4, 6, 8, 36—39]: pulmonary diseases, such as asthma
[40]. emphysema [9], pulmonary fibrosis [41], hyperoxia
[42]. and acute lung injury [43]; ncurodegencrative dis-
orders, such as Parkinson disense [44], Alzheimer disease
[45]. and amyotrophic lateral sclerosis [46], inflaminato-
ry disorders, such as inflammatory bowel discase [47];
liver toxicity, including toxin- and alecohol-induced liver
damage [48. 49]; atherosclerosis [50]; and insulin resis-
tance [51], among others [4. 6]. Importantly, compounds
that activate Nrf2 have been shown to be effective in
several of these disease models, highlighting Nrf2 as a
promising target in preventing and (treating various
disorders [36, 52—357]. In humans. inherited DNA poly-
morphisms that reduce the expression of Nrf2 [58, 59]
have been associuted with disenses such ns skin vililigo
[60]. chronic gastritis [01], peptic ulcer [62]. ulcerative
colitis [63]. and adult respiratory distress syndrome [59].
Moreover, impaired Nrl2 signahng has been imphicated
in human respiratory and neurodegenerative disorders
[64 - 69]. Thus there is intense interest in elucidating the
mechamsms by which Nrf2 activity is induced or
impaired during the pathogenesis and progression of
various human diseases, with the goal ol dentilying
pharmacological or nutritional strategies to safely
activate Nrf2 signaling for discase prevention and treat-
ment. Although the model orgamsm Drosophila melana-
gaster (commonly known as [ruit fly) could help to
obtain new insights relevant to these pursuits, it had
not been utilized in the study of Nrf2 signaling until
quite recently.



22.1.2  Cne as a Developmental Loeus of Drosophila
melanogaster

Nrf2? is a member of the cap'n’collar (enc) family of

transcription factors, which are conserved lrom worms
to mammals. Cnc factors are defined by the presence of a
conserved 43-umuoo acd Coe doman located amino-
terminally to the DNA binding domain. In addition to
Nrf2, the Cne family comprisces the vertebrate p45 NFE2
(nuclear factor eryvithrowd-denved 2). which 15 present
only in hematopoietic progenitor, erythroid, megakar-
voeytic. and mast cells and is required for proper
development of platelets [70—-72]; the NFE2-related
factors Nrfl and Nrf3 [73. 74]. which have broad
expression patterns partly overlapping that of Nri2
and also function as stress-activated transcription fac-
tors [2, 73-75); the Caenorhabditis elegans SKN-1
(Skinhead Family member 1) |76], which is critical Tor
the formation of the digestive svstem during worm
embryogenesis [76] and also regulates a phase 2 detoxifi-
cation response mn the digestive tract [77]; and the
Drosophila Cnc [78], after which the family was named.

The Drasophila ene locus was originally identified 20
years ago as a gene expressed in the primordia of three
segments of the developing fly embryo’s head: the labral
sepment, where ene expression 1s detectable us an anler-
or “cap.” and the intercalary and mandibular primordia,
where ene expression is detectable as a more posterior
3-4 cell-wide “collar”™  hence the name ol the locus and
of the gene family [78]), The anterior domain of cne
cxpression (corresponding to the labral segment primor-
dium) was found to be activated by the hicoid and torso
maternal pathways, independently of known zygotic gap
genes, and sequentially constricted to its hnal size hy
repression from neighboring region-specific genes [79].
Control of the posterior domain (corresponding to the
intercalary and mandibular segment primordia) involved
combinatorial regulation by zygotic gap genes: activation
by burranhead and repression by arthodenticle anteriorly
and swaill ventrally [79]. Thus eae s expressed and
regulated as is typical for a second-tier region-specific
gene. It was lurther shown that ene is a homeotic gene
that defines labral and mandibular segment identity; cac
mutants show absence of labral and mandibular head
structures, and therr mandibular hssues are (ranslormed
to a maxillary fate, which is a clear example of classical
homecosis [80],

The cne locus was subsequently found Lo give rise Lo
three RNA isoforms, designated cnecd. eneB, and cncC,
cach of which encodes a different protein [81]. CneA.,
CncB, and CneC share their carboxy-terminal regions,
which include the DNA-binding domain, but have
distinet amino-termini. CneC s the longest protein and
encompasses CncB, which in turn encompasses the
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shortest, CncA [81]. The isoform that medintes the role
of cne in embryonic head development was shown to be
CneB: In mandibular cells, CneB antagonizes the ability
of Deformed (IDfd), another homeotic transcription
lactor, to transcriptionally activale response elements
of its downstream genes [81]. In the absence of CneB,
unchecked DId activity transforms mandibular segment
cells to cells of a maxillary fate [81]. A genetic interaction
between dfd and ene had been previously discovered in
penetic screen for modifiers of Dfd function [82], and
these two genes were also found later to jointly regulate
the il embryome expression pattern ol the gene
proboscipedia, a member of the Antennapedia complex
that is required for the proper specification of the adult
mouthparts of Drosophila [83].

In the specification of embryonic head structures,
the CneB-mediated suppression of Dfd was found to
require the Drosophila homolog of the mammalian small
musculo-aponeurotic fibrosarcoma (Maf) proteins, named
Mal-5 |84]. In fly embryos, multimers of simple CneB/
Maf-§ heterodimer sites were transcriptionally activated
in response to CneB, and in tissuc culture cclls the
amimo-terminal domam of CneR showed properties of
a strong transcriptional activation domain [84], Because
the known elements that are activated in response to
Did and are repressed in a CncB-dependent fashion do
not match the CneB/Maf binding consensus sites, the
suppressive effect of CneB/Maf-8 proteins on DI activ-
ity must be exerted either indirectly or via direct binding
to as yet uncharacterized Dfd response elements [84).
Similar 1o Drosophila CneB, the worm SKN-1 18
required for the developmental specification of the
pharynx. indicating phylogenetic conservation of this
role of cne transcription factors [76]. In contrast 1o cncB
mutants, flies harboring mutations that selectively
uffect the encC isoform develop normal larval head
structures, indicating that CncC is not required for this
developmental process [84]. However, ¢neC mutant flies
are unuhle 1o complete larval development, suggesting
a later developmental requirement for CncC [84]. The
precise developmental role of CneC is an issue of
substantial biological interest that awaits eluaidation.

In addition o its role in head development, ene is
important lor establishing the darsoventral (DV) polari-
ty of the oocyte’s follicular epithelium during cogenesis
[85]. Body axis establishment in Drosophila requires an
ordered progression ol evenls with determmination of
oocyte polarity, establishment of the anterior-posterior
(AP) axis through localization of bicold ( bed) and oskar
(osk) mRNA at the anterior and postenior poles, respec-
tively. and asymmetric movement and positioning of the
oocyle nucleus in the anterior cortex, which defines the
dorsal side of the egg chamber and initiates the DV
patterning of the eggshell and the embryo. In developing



gatD-GFP reporter activity was imduced when the flies
were exposed to various oxidants. including hydrogen
peroxide, the free radical generator Paraquat. the gluta-
thione-depleting agent diethyl-maleate, and the heavy
metal arsenic. In addition. the reporter was activated by
the known Nri2-activating compounds oltpraz and
tert-butylhydroguinone. The knockdown of CneC sup-
pressed gstD-GFP reporter inducibility by such condi-
tions, and no induction was detected in transgenic
reporter flies bearing a version of the enhancer in which
the ARE had been mutated (gstDAARE-GFP) [88].

To test whether an ARE sequence 1s sulficient 1o
mediate  transcriptional  activation downstream  of
Keapl/CneC. we employed reporter flies containing a
lacZ transgene driven by a synthetic sequence compris-
ing a concatamer of binding sites that conformed to the
consensus ARE and had been shown to respond to CncB
(which has the same DNA binding site as CncC) [84].
Indeed. lacZ was markedly induced in CneC gain-of-
function or Keapl loss-of-function conditions, further
supporting the functional conservation of ARE-mediat-
cd transcriptional responses in Drosophila [88]. Finally,
we examined the contribution of Keapl and CneC 1o
oxidative stress resistance at the level of the intact
organism. The conditional overexpression of CneC sig-
nificantly increased the survival of flies that had been
cxposed to a semilethal dose of Paraquat: in conltrast,
CneC knockdown significantly decrensed survival (Fig.
22.2) [88]. Taken together, these results demonstrated
the functional homology of Drosophila Keapl and CneC
Lo vertebrate Keapl and Nrf2, respectively. Much like
their mammalian counterparts. Drosophila CncC and
Keapl regulate ARE-mediated transeription and detox-
ification gene expression and are crucial for the organ-
ism's defense against oxidative stress. Thus this work
established Drosophila ns a new genetically uccessible
model system for the study of this important homeostat-
ic and cell survival pathway.

22.1.4 Advantages and Limitations of Drosophila
as a Model Organism to Study the Nrf2 Pathway

22.1.4.1 Advantages Tor a century Drosophila has
been one of the workhorses of genetic research [94,
95|, Therefore. the characterization of Keapl and Nri2
in this organism offers the possibility to use flics as a
genelic platform lor denving new msights on the regula-
tion and functions of this pathway. Before specific
opportunitics for such endeavors are presented. it is
important 1o note that as a model orgamism Drosophila
has several advantages over other models like worms,
zebrafish, and mice. Naturally. it also has certain limita-
tions. Although a general comparison of flies to other
model systems is beyond the scope of this chapter. it is
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Fig. 22.2 CncC regulates oxidative stress resistance in Dvo-
sophifa. (Top) Conditional ubiguitous overexpression of CneC
belore eaxposure Lo the Tree radical generalor Paragual signili-
cantly increases the flies” survival rate compared to genetically
identical contrals. Data are shown as means + SE of three
experiments performed in triplicate. (Bouom) RNAi-mediated
conditional ubiquitous knockdown of CncC before exposure
to Paraquat significantly decreases the flies” survival rate, This
figure is adapted from Sykiotis GP and Bohmann D, Keapl)
Nrl2 signaling regulates oxidative stress tolerunce and lifespan
in Drosaphila, Dev Cell, vol. 14, p. 7685, Copyright 2008,
with permission {rom Elsevier.

uscful to highlight those advantages and limitaiions of
flies that are relevant for the study of the Nrf2 pathway.
Some of these features may be specific to the study
subject. For example, the relatively short life span of the
fly compared to mice makes it a very useful model for
investigations of the genetic mechanisms that regulate
agng amd longevily, especially since such mechamsms
are known to involve increased resistance to oxidative
SLress (see next section),

Other leatures of Drosophifa that nnpact on its utihity
as a model organism for studies on Nrfl signaling are
directly related to its genetic properties. One major
genetic feature of Drosophila is its low degree of genetic
redundancy. Whereas higher organisms can have multi-
ple genes encoding funchionally related and even redun-
dant proteins, this is rather uncommon in flies. At the
same time, the large majority of human genes have
known or presumed homologs in the My genome. Thus
flics strike a very useful balance of good conservation
and low redundancy. This is true also in the case of the
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Nrf2 pathway: Since CneB and CneA lack the Kenpl-
binding domain. CncC is assumed to be the only Nri2
homolog. Flies, like mice and humans, have a single
locus encoding Keapl, whereas worms have none and
zebrafish have two [96]. Notably, the fly genome also
carries only a single gene encoding a small Maf
(CGY954), while none has been wdentified in worms;
and anyway Skn-1 lacks the leucine zipper domain that
mediates the dimerization of Nr2f homologs in higher
organisms with Mafs, and thus this aspect of Nrf2
function docs not appear to be conserved in the worm
[97]. Conversely, the small mal gene family 15 repre-
sented by no fewer than three members in vertebrates
[98]. The genes encoding components of the Nri2 ubi-
quitination and degradation machinery (Cul3, Rbxl,
Candl. and others) are also well conserved in Drosophi-
la. This combination of conservation with little genetic
redundancy greatly facilitates investigations of Nri2
signaling in flies, including studies that might be impos-
sthle or very difficull v orgamisms with cither an
incomplete Nrf2 module or a high degree of redundancy.
At the same time. this property of Drosophila suggests
that the resulis of Ny stodies might be readily extrupo-
lated 1o higher organisms, in which the pathway is
similarly constructed, to form the basis for experimental
validation of insights derived from flies.

Another major advantage ol Drosophila is 115 exqui-
site amenability to genetic manipulation. Various genetic
technologies have been developed that allow the up- or
downregulation, inactivation, or ectopic expression of o
chosen gene either ubiquitously or in a lissue-specific
and/or temporally controlled manner. With these meth-
ods. Drosophila offers increased efficiency, higher speed.
and lower cost of experimentation compared lo verle-
brates. Thus, now that the principal role of CneC in
oxidative stress protection of Dresopltila has been estab-
lished. flics can be used to investigate the tissue-specific
requirement [or Nrl2 signaling i defending various
organs and sustaining their specialized functions [4].
Moreover, the phylogenetic conservation of Nrf2 signal-
ing in flies offers the opportunity to wdentify new genes
that regulate the pathway through unbiased genetic
screens. The critical requirement for conducting such
screens is 1o establish an appropriately sensitive in vivo
or cell-based assay reflecting the activity status ol the
pathway, such as the one shown in Fig. 22.3 It then
becomes possible to identify pathway components and
modulators cither in vivo—by utilizing available large
collections of flies harboring chemieally mduced muta-
tions, transposable elements disrupting gene function, or
transgenes  expressing  gene-specific  double-stranded
RNAs (dsKMNAs) that trigger gene knockdown via
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Fig. 22.3 A genetically sensitized in viva Drasophifa assay of Keapl/Nri2 system activity. (A) The compound eye of Drosophila
comprises about 800 individual ommatidia (meaning “small eyes™) arranged in a regular pattern. This pattern can be disrupted by the
genctic manipulation of cell signaling during eve development, penerally without causing lethality, Thus the Drasophila eve is a
convenient system for the analysis of regulatory interactions between genes. (B) The wild-tvpe pattern is unaffected by the eye-
specific overexpression of Keapl, (C) In contrast, eye-specific overexpression of CneC results in a rough-appearing eye due to loss
and disrupted arrangement ol ommatidia, (D) Coexpression of Keapl and CneC results in wild-type eve appearance. The complete
suppression ol the CneC-induced phenotype by Keapl 1s consistent with its role as an inhibitor off Nrl2 signaling. Thus the
interaction of overexpressed Keapl and CneC in the Drasaphila eye is an in vivo assay reflecting Nrf2 pathway acrivity. (E) The eye
interaction of Keapl and Cne( is sensitive 1o genetic manipulation, as demonstrated by the reemergence of the rough eye phenotype
in the presence of either one of two cufd alleles (the chemically induced mutation en/3”, and the transposable element-induced
mutation culd"**™). Therefore. this eye interaction assay. or other similarly sensitized in vivo or cell-based readouts, could be used to
test whether specific candidate genes are regulators or components of the Nri2 pathway. as well as to identify new such genes through
unbiased genetic screens, This ligure is adapted Trom Sykiotis GP and Bohmann D, Keapl/Nri2 signaling regulates oxidalive stress
tolerance and lifespun in Drasaphila, Dev Cell, vol. 14, p. 76 -85, Copyright 2008, with permission from Elsevier.
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Fig. 22.4 The commonly used solvent DMSO can alTect Nri2
pathway activity in Dreosaplila. (A) In addition to missing and
disarranged ommatidia, the eyes of flies overexpressing CneC
show black spots (indicated by arrows) that probably represent
necrotic and/or melanotic ommatidia, The number of these
spots per eve pair correlates with the severty of the phenotype.
(B) When Keapl is coexpressed with CneC in the eye and the
flics develop in normal food, the presence of black spots in the
eve is suppressed, consistent with the inhibitory function of
Keapl. (C) When flics coexpressing CneC and Keapl in the eve
develop in food contaiming DMSO, which is an oxidant, black
spots are detected, and their number correlates positively with
the concentration ol DM30. More than 300 fies were scored
ui ench DMSO concentration.

TABLE 22.1

MODULATION OF OXIDATIVE STRESS BY KEAPI/NRF2 SIGNALING IN DROSOPHILA

FEthanol may be & maore appropriate solvent in such
cases. at least in cultured cells, as it most likely evapo-
rates from the medium that flies grow infon. We have
also found lipid-based solvents to be problematic
because of their high viscosity: As they are excreted
from the flies’ guts on the container walls, they tend to
trap adult Nies—such solvents may, however, be suitable
for studies on larvae.

Finally, there is no escaping the fact that Drasophila is
a latecomer to the Nrf2 arena, in which mammalian
studies have been ongoing for more than a decade and
worm studies Tor several vears. Thus the cost-benefil
ratio of investing in flies to address a research question
on the Nri2 system should be carefully weighed. The
study topics ought to be carefully selected to take
advantage of Drosophila’s unique assets and relative
strengths. so as to focilitate real breakthroughs and
nolt mere replications or extensions of mammalian
studies. Thus a high degree of strategic planning will
be required over the short term to “catch up”™ with
worms and vertebrates in characterizing the pathway.
while at the same time proving the value of the fly system
for Nri2 research by derving unigque insights not readily
available from these historically leading experimental
platforms. Table 22.1 lists some of the fundamental
questions that should be addressed as soon as possible
to better characterize the pathway in flies, and highlights
research directions that should be pursued in parallel
because they have the potential to lead to contributions
of major impact in the field of Nrf2 biology.

22.1.5 New Insights Derived from Dvosophila
on the Funetions of the Nrf2 System

By establishing the phylogenetic conservation of Nrf2
signaling in Drosophila and exploiting the experimental

Prospects for Nrif2-related research in the Dvosophila system.

Fundamental questions that need to be addressed to better
characterize the Keapl/Nrf2 system in Drosophila

Questions of Nrf2 biology for which Drosaphifa could be used 1o
derive novel insights of potentially major impact

® Is the single small Mal of Dresophifa the interaction pariner
of Cnel m activating transenplion via the ARE?

® Do CneA and CneB have roles in regulating AR E-mediated
protective responses? Is CneA, which lacks transeriptional
activity, an ARE repressor? 18 CneB, which lacks a Keapl-
binding domamn, a constitutive ARL activator?

s s CneC degraded via the action of Cul3, similarly 1o
vertebrate Nrf2?

® Which s the sel ol CneC targel genes, and does il imclude genes
with tissue-specific homeostatic roles like vertehrate Nrl2?

s Which are the naturally-occurring oxidative siressors that
CneC has evolved to protect flies against?

& What are the reasons for the developmental lethality of flies
homozygous lor eneC and keap! mutant alleles?

Which genes are required for the activation of Nif2 signaling
by oxidants and other inducers?

Which genes encode targets for the pharmacological activation
or inhibition of Nrf2 signaling?

By which mechanism(s) docs the relative abundanee of ARE-
binding factors determine the transcriptional status of Nrf2
targel genes?

How 1s N2 signaling mvolved i promotng longevity and
extending the healthy hile spun’

How does Nrl2 prevent the degenerution ol dopaminergic
neurons in vivo?

What are the mechanisms by which Nrif2 affects and is affected
by the metabolism of sugars and lipids?




advantages ol flies, new insights have alrendy been
gleaned on the functions of the Nrf2 system: albeit few
in number, these advances are of substantial impact, as
they pertain to the roles of Nri2 in the regulation of
longevity [88], the degeneration of dopaminergic neu-
rons in Parkinson disease [104], and the resistance to the
environmental pollutant methylmercury [105].

22.1.5.1 The Keapl[Nvf2 Pathway as a System Conrrol-
ling Lengevity One of the most interesting biological
questions is whether and how the aging process is
regulated and how longevity and youthfulness might
be extended. According to the oxidative stress theory of
aging, oxidative damage 1o biological macromolecules is
a key driver of aging: conversely, delaying the accumu-
lation of oxidation products in the cells and tissues of an
organism could promote longevity [106]. Studies in
model organisms have supported this hypothesis by
showing that life span extension by various genetic or
dietary manipulations correlates with increased oxida-
tive stress resistance. as well as that the overexpression
ol antioxidant genes can not only augment oxidative
stress  tolerunce  but  can also  promote longevity
[107—110]. As a master regulator of antioxidant and
detoxification responses, Nri2 was a plausible regulator
of the aging process. Indeed, SKN-1 was shown to be
required not only for normal life span in C.elegans [T7]
but also for the life spun-extending [unetion of calorice
restriction through its function in a pair of specialized
neuroendocrine cells in the worms' brain [111]. Having
characterized the Nrf2 system in flies, we undertook o
study to address whether activation of Nrf2 signaling
could promotc longevity under normal laboratory
erowth conditions [B].

For this test we employed flies heterozygous for either
of two independent keapl wlleles. These flies showed
elevated mRNA levels of the CncC target gene psrD/
(Fig. 22.5), suggesting that loss of one copy of the keapl
gene can resull in o gain of CneC function in vivo [88].
Male heterozygous keap/ mutant flies showed increased
resistance to Paraquat and also had a median life span
significantly longer than that ol their otherwise geneti-
cally identical siblings (Iig. 22.5) [88]. These findings
demonstrated that partial loss of function of the Nri2
pathway’s negative regulator can have significant bene-
ficial effects on the oxidative stress tolerance and lon-
gevily ol male Drosophila. This was consistenl with the
oxidative stress hypothesis of aging and also provided
the first cvidence for a role of Kcapl in lifc span
reculation.  Interestingly, lemale keapl helerozygoles
did not show significant differences in cither Paraguat
resistance or longevity (Fig. 22.5). Although we have not
vet thoroughly investigated the underlying reasons for
this sexual dimorphism, we suspect that it reflects
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hormonal or metabolic dilfferences between the sexes.
A subsequently published study in C. elegans showed
that SKN-1 mediates the life span extension associated
with reduced insulin/lGF-like signaling and that s
transgenic overexpression at certain levels can also
confer longevity [112]. Taken together. these studies in
invertebrates revealed a new role for Nrl2 signaling as an
antiaging and life span-extending factor that warrants
detailed characterization in inveriebrate and vertebrate
models [further discussed in 8],

22.1.5.2 Protective Kole of Nrefl Against Parkinson
Disease Oxidative stress in the nervous system is asso-
ciated with neuronal cell death during the pathogenesis
of multiple neurodegenerative disorders, including Par-
kinson disease (PD) [113, 114]). PD is an age-related
disorder in which severe oxidative damage occurs in the
substantia nigra, resulting in the degeneration and loss
of dopaminergic (DA) neurons [115]: this manifests
chimically as progressive functional impairment with
ultimate mortality. Cffective treatments for PD are
lacking, and thus a better understanding of the mechan-
1sms regulating DA neuron survival and death 15 urgent-
ly warranted, A series of recent studies have implicated
the Nrf2 signaling pathway as an important factor
for DA neuron survival during PD pathogenesis.
Notably, compounds that are approved treatments for
PD). such as bromocryptine and selegiline, were [ound
to activate Nif2 [116, 117]. Genetic and pharmaco-
logical studies also documented the importance of
N2 as a protective [actor agamst PD im mouse models
of the disease in which DA neuronal toxicity is elicited
through administration of the prooxidant compounds
I-methyl-4-phenyl-1.2.3.0-tetrahydropyridine  (MPTP)
and 6-hydroxydopamine (6-OHDA) [44, 118-120]
Furthermore, a recent human study documented that
the few surviving DA neurons of postmortem brains
from PD paticnts showed increased abundance and
nuclear localization of Nrl2 [68]. Consisiently, other
studies have shown that the expression or function of
p62 and DJ-1, which are both proteins modulating Nrf2,
is compromised in neurodegeneration, likely leading 1o
impaired antioxidant response. p62 is a cytoplasmic
protein that mediates the formation of ubiguitinated
aggregates that are removed by autophagy [121, 122],
and it is localized to intracellular aggregates in various
neurodegenerative diseases [123]. p62 binds directly 1o
Keapl and increases the protein stability of Nrf2
[124—127]: moreover, Nrf2 upregulates the transeription
ol pa2[126, 128—130]. The pa? promoter shows increased
oxidation in PD leading to reduced p62 gene transcrip-
tion, which may account for Nrf2 dysfunction [I131].
Regarding DJ-1, inherited loss-of-function mutations in
its gene (PARKT) are associated with earlyv-onset
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Fig. 22.5 Heterozyposity for keapl is associated with incrensed oxidative siress resistance and extended longevity in male
Drosaphila. (A) The keap!®*" and keap!®" alleles were created by the reinsertions of mobilized transposable clements in the
coding sequence of the keap! gene. Both alleles cause larval lethality and are presumed nulls. One-dav-old male and female keap!
heterozygous flies have significantly elevated gor0f mRENA expression levels (normalized to geri mRNA levels) as quantified by
real-time RT-PCR. Control Mes were siblings of the keapd helerozygotes and were genetically identical with them except thal they
were homaozygous wild-type for keapl. Data are shown as means L SE of three expeniments performed i duplicate. (B) Male, but
not female, heterozygous keap! flies show a significantly higher survival rate after exposure to Paraguat than their otherwise
genetically identical wild-tvpe sibling controls. Data are shown as means + SE of Tour experiments performed in triplicate. (C) Under
standard culture conditions, male heterozygous keap/ flics live significantly longer than their otherwise genetically identical wild-type
sibling controls, Data are shown as percentage of flies alive at each age: 500—700 flies of cach genotype and sex were assayed, This
figure is adapted from Sykiotis GP and Bohmann D, Keapl/Nrf2 signaling regulates oxidative stress tolerance and lifespan in

Drosophila. Dev Cell, vol. 14, p. T6—835, Copyright 2008, with permussion [rom Elsevier.

Parkinsonism [132, 133]. DJ-1 protects neurons from
oxidative stress. but its functionality is lost upon oxida-
tion [134]. Because DJ-1 stabilizes Nrf2 by preventing
its association with Kcapl, the oxidation of DIJ-1 in
PD could compromse Nrl2 signaling and precaimtate
the collapse of the antioxidant response system [133].
In summary, multiple independent lines of evidence
highlight Nrf2 as an important Tactor that protects
against D,

In an effort to elucidate PD pathogenesis, several
Drosophila models of the disease have been created
by manipulating genes implicated in rare hereditary
lorms ol early-onsel parkmsomsm. These mclude fhes
harboring loss-of-function mutations in the genes encod-
ing parkin or transgenically overexpressing human
ce-synuclen m the DA neurons [136—138]. The resulting
phenotypes are reminiscent of human PD and include
premature loss of DA neurons, locomotor deficits, and

increased sensitivity 1o oxidative stress [136—143]. As
genetic models of PD), these flies facilitate the in vivo
discovery of genes, pathways, and compounds that may
be useful for the prevention and/or treatment of this
deblitating disorder. Loss-ol-Tunchon parkin mutations
lead to the degeneration of a cluster of DA neurons
termed protocerchral posterior lateral | (PPL1). This
neuronal loss was exacerbated by a loss-ol-Tunction
allele of the detoxification gene gst5/; conversely, over-
expression of gstS1 specifically in DA neurons reduced
parkin-associated DA neuronal loss [139]. Significant
neuronal loss in the PPLI cluster is also observed
when human o-synuoclem s expressed m DA neurons
[138]. Loss-of-function mutations in gstS7 or in gefm,
which encodes the rate-limiting enzyme in the synthesis
ol the major antioxidant glutathione, Turther exacerbale
the loss of DA neurons due to a-synuclein toxicity [138],
Caonversely, overexpression of either of these enzymes
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organisms are idenlly svited. The protective role of
SKN-1 against MeHg toxicity to DA neurons [156]
also prompts testing whether CneC has a similar role
in flies. which would be consistent with the recent
findings in the fly PD models reviewed in the previous
section.

222 CONCLUSION

Because Nrf2 has emerged as a critical transeription
factor lor the maintenance ol tssue homeostasis; the
protection from oxidative and electrophilic stressors;
and the prevention of diverse pathologies, it holds
substantial promise as a therapeulic target for human
disecases. To date, most progress in the Nrf2 field has
resulted from studies in mice and cultured mammalian
cells. Flies have recently been established as an inverte-
brate genetic model organism in which Nrf2 signaling is
lunctionally conserved [88]. Thus, together with worms,
they have the potential to complement vertebrates in this
exciting rescarch area. Through their unique experimen-
Lal strengths, hes could also Tachtate breakthroughs ol
potentially major impact on human health issues, such
as the extension of the healthy life span, the prevention
of neuronal degeneration, and the treatment of meta-
bolic disorders [157]. which are also generally accompa-
nied by elevated levels of oxidative stress.
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existing motifs in the froit Iy motl database FLYREG
database-Bergman and Pollard v2 with TOMTOM. The
motifs were compared by using the Sandelin-Wasserman
similarity Function, and only statistically significant
matches (P <0.001) with a low false discovery rate
(¢ value) less than 50% were obtained.

Ihree ol the four novel mouls had sigmificant
alignments with existing motifs in the database. Motif 1
aligned with the existing b motif (£ value = 0.00012,
g value = 0.018) (Fig. 23.5A). No significant match was
obtained for motif 2. Motf 3 produced significant align-
ments with three existimg motils mm the database, Med
(P value=0.0038, ¢ value=0.021), Mad (P value=
0.0038, ¢ value=0.021), and bArk (P value =0.0096,
g value=0.035) (Fig. 23.5B). Motil' 4 aligned to the
Med (P value=0.0014, ¢ value=0.041) and Mad
(P value =0.0021, g value = 0.3) motifs (Fig. 23.3C).

23.3.3  Predicting Functions of Novel Maotifs

GO terms and functions associated with the novel motifs
in the promoter regions were searched with GOMO
vd.3.0. Interestingly, motil 4 was predicted to be a
transcription factor binding site for the regulation of
transcription, locomotor rhythms, and the entrainment
of the circadian clock (Table 23.2). Further, motil 2 was
identified to be a potential site for the binding of casein
kinase 2 (CK2), a serine/threonine protein kinase that is
Known to phosphorylate clock proteins, resulting in their
circadian rhythmicity [22, 23). Motifs | and 3 were
predicted 1o have general housekeeping [unctiions like
triplet codon-amino acid adaptor activity and regulation
of biosynthetic processes, respectively (Table 23.2).

23.4 DISCUSSION

The consensus E-box bHLH transcription factor bind-
g site has been shown (o mediate thythmic expression
of several core clock genes [7, 11]. The presence of this
consensus sequence in the promoter regions of six
antioxidant genes in Drosophile suggests hikely circadian
control in their regulation,

Keapl and ene both reveuled the presence of the
typical E-box in their promoters. Members ol the CNC
(cap 'n" collar)-basic leucine zipper family of tran-
seriphion [actors are principal medintors ol defensive
responses to redox stress [24]. The cneC isoform tran-
scribed off the Drosophila cne locus has been suggested o
be the counterpart of mammahan Nrf2 (NF-E2-related
factor 2), which contains the KEAPI binding ETGE
motif’ and an upstream hydrophobic region [25, 26]. The
Drosophila genome also harbors a homolog of vertebrate
Keapl genes. This gene (CGl962) and its protein
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product (dKenpl) have heen shown to have striking
similarity with mammalian and zebrafish homologs. The
physical association between dKeapl and CneC has
previously been suggested by a genomewide veast two-
hybrid (Y2I1) experiment [27]. This interaction predicts
that dkeapl should act as a negative regulator of CneC
in vivo. It has been demonstrated that dKeapl/CncC
signaling regulates oxidative stress responses in Drosoph-
ila [26] and could also function in xenobiotic stress
responses. Chrcadian expression profiling of drug-pro-
cessing genes and transcription factors in mouse has
reveiled that both Keap! and Nrf2 are rhythmic with a
50% increase in Nrf2 expression at 2 pu., whereas the
expression of its cvioplasmic repressor Keapl was
shown to be higher (40%) during the dark phase than
during the light phase [28]. A similar rhythmic pattern
of these genes remains to be identified in the case of
Drosoplula because of circadian binding elements in their
promoters.

While diurnal rhythms in the activity ol various
antioxidant enzymes have been described from various
phylogenctically distant organisms [29]. not many stud-
ies have actually been able to demonsirate rhythms at
the mRNA level. In this study, the canonical E-box was
not detected in any of the classical antioxidant enzyme
genes. |he circadian clock has been reported to gate the
cxpression of two Catalase genes (CAT2 and CAT3) in
Arahidapsis 1o distinet opposite cireadinn phases [30].
Rhiythins in catalase activity has been reported in mouse
brain, kidney, and liver [31], while epigenetic inactiva-
ton ol circadian clock gene BMALD m hematologie
malignancies in human cell lines has been reported 1o
disrupt circadian expression pattern of carafase [32].
However, we have not discerned any circadian expres-
sion pattern in Caf gene expression in Drosephila [15].
Neither Cu/Zn Superoxide dismurase (Sod) nor Mn
Superoxide dismutase (Sed2) revealed any of the putative
circadian binding elements in their promoter regions,

Snmiffer protemn (encoded by sui) 15 an NAIDPH-
dependent carbonyl reductase belonging to the enzyme
family of short-chain dehydrogenases/reductases (SDRs).
sii has been directly implicated in the cellular defense
mechanism against oxidative stress in Drosophila [33],
and not much is known about its circadian regulation.
Trxrd has been reported to substitute for the glutathione
reductase system in Drosophila and plays a crucial role in
the thiol-based glutathione recychng system [34], which
is essential to combat oxidative stress. Similarly, Tra2,
msrA, msrB. and GstS1 have also been reported to
participate m oxidative stress responses im Drosaphifa
[35-37). While some of these genes participate directly in
claborating an antioxidant defense response, there are
others such as methione sulfoxide reductases (msr) that
perform a role in repair of oxidatively damaged proteins.
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Additonally, the inpepide L--glulamyl-L-cysleimnyl-
glycine, that is. glutathione (GSH). is the most abundant
cellular non-protein thiol and has multiple physiological
roles in vivo, acting as o cellular redox bulfer, & polent
nucleophile, and an antioxidant against ROS, and recent
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evidence also suggests that intracellular GSH s 0 key
regulator of stress-activated signal transduction path-
ways [38]. GSH is synthesized by glutamyleysteine ligase
(GCL), which is the primary rate-limiting reaction in
the pathway. GCL is heterodimeric, having a catalytic
subunit {Gele) and the modulatory subunit (Gelm). Both
of these genes showed the canomcal E-box consensus
sequence.

The E-box is a widely used DNA control element. Tt
alfects many different genetic programs, including pro-
liferation. differentiation., tissue specific responses, and
cell death. The orcadman clock 1s also one among many
pathways that employ the E-box for establishing the
robust waves ol gene expression characteristic of eirca-
dian transcription. However, presence or absence of
C-box alone in the promoter regions of genes may not
be sufficient to guarantee conirol by the clock. The
regulatory fexibility of the E-box hinges on the sequence
ambiguity allowed at its core, the strong influence of the
surrounding sequences, and the recruitment of spatially
and temporally regulated L-box binding factors [39].
However, lack of an E-box in the promoter region of a
gene does nol necessurily mean that the gene may not he
under circadian control. Hence, other motifs that are
conserved in the promoter regions of genes under likely
circadian control may serve as binding sites for clock
transcription factors (TFs).

TF hinding sites in the promoters ol clock genes and
oxidative stress responsive genes used in this study
revealed novel conserved motifs that had significant
milches with existing Droasophila motils in the database
(Fig, 23.4, Fig. 23.5). One of these motifs (motif 4) had a
predicted functional role in the entrainment of circadian
chythms and locomotor function, while another (motif
2}y was a predicted binding site for casein kinase 2 (CK2),
known to phosphorylate clock proteins [23, 40], playing
an important role in their stability and function (Table
23.2). However, the presence of a variety of circadian
elements that suggest contral of promoler activity is
not the only manner of control of rhythmic activity. In

TABLE 23.2  Gene Ontology (GO) functions associated with the novel MEME motifs in the promofer regions of candidate genes

using GOMO v4.3.0

Moull  GOMO Score P Value @ Value  Accession No. GO Delinition
| 2.09e-10 14206 1.73e-03  GO:0000499 modecular_ funeiion: base pairing with mRNA
2.01%e-10 1. 4206 1.73e-03  GO:0030533 molecwlar funetion: triplet eodon-amino acid adapior activity
2 2.30¢-08 1.42¢-06 9.44¢-03 GO:0005956 cellidar _componeni: protein kinase CK2 complex
3 5. 16e-04 1.37e-04  2.57e-02  GO:0034984 Fiological _process: cellular response to DNA damage stimulus
5.20e-04 1.42e-04  2.57e-02 GO:0009889 hiological_ process: regulation of biosynthetic process
4 Y. 82e-05 3305 44702 GOOD4544Y biological_ process: regulation ol transeription
2.02e-04 5.55e-05 44702 GO:0045475 bological _process: locomotor rhythm
3 58e-04 FL0e-04  4.70e-02  GO:0009649 hiolagical _process: entrainment of circadian clock
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24.1 INTRODUCTION

Oxidative stress s an undesirable consequence of
oxidative respiration, which our cells utilize to produce
the required levels of energy for life processes. Reactive
oxyegen species (ROS), a side product of mitochondrial
respiration, can damage many important macromaole-
cules, mcluding DNA, hipids. and proteins. Therefore,
complex mechanisms have cvolved to defend cellular
architeciure and genomic imlormation against damuage
produced by ROS. One well-characterized defense mech-
anism is performed by redox regulating enzvmes, includ-
g catalase, peroxidase, and superoxide dismultase, which
can directly scavenge or eliminate ROS [1]. Another
defense mechanism is the stress-induced signal transduc-
tion pathway, which can block cell growth and promote
repair of damaged macromolecules such as DNA under
conditions ol vxadative stress |2, 3] Durning oxadative
stress, ROS-induced damage of mitochondrial DNA,
lipids, and proteins can decrease respiration efficiency,
provokimg milochondna (o compensate and produce
maore ROS. To avoid this destructive eycle, cells eliminate
their damaged mitochondria through a mechanism called
mitophagy—mitochondria-specific autophagy [4. 5].

In this chapter. we discuss a unique family of pro-
teins, the Sestrins, that is critically mvolved in the
cellular defense system against ROS (Fig. 24.1) [0, 7].
Sestrins  are induced by oxidative stress-induced

signaling pathways. and they protect cells and organisms
I'rom the detrimental consequences (tom oxidalive stress
by several means [B], One activity of Sestrins is promo-
tion of reeyeling of peroxiredoxins, which are important
ROS-scavenging small proteins [1]. This effect of Sestring
contributes to elimination of ROS during oxidative stress
[9]. A separate activity of Sestrins is inhibition of signaling
mediated by the target of rapamycin complex | (TORC1),
This activity of Sestrins can stop cell growth and funnel
the suved energy expendiiure into macromaolecular repair
machinery [10]. In addition, by inducing autophagy that
climinates damaged mitochondria. Scstrins contribute to
mitochondnal quahty control [11]. Sestrin dehiciency
therefore leads to cellular ROS accumulation, which can
cause diverse ROS-associated pathologics such as muscle
degeneration and cardiac dysfunction [12].

24.2 SESTRIN—A UNIQUE GENE FAMILY

The lirst discovered Sestrn [amily protemn was Sesirm |
(Sesnl), which was identified as a p33 target gene in
a differential display screen using a cell line expressing a
temperalure-sensilive mutant of p33 [13] and was origi-
nally named PA26 (p53-activated gene 26). The cis-
regulatory sequences in the Sesi! genomic locus contain
p53 binding sites, and Sesnl 15 induced by virtually
every pSi3-activating stimulus. However, the function of
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phosphorylates the autophagy-initinting protein kinose
complex [74-77], composed of ATGI/ULKI, ATGI3.
and ATGIT7/FIP200, ATGI is the catalytic subunit of
the complex, which is inhibited by TORC1-mediated
phosphorylation [78-83]. ATGI activity is also critical
for mitophagy [84]. Therefore, TORC1 hyperactivation
can cause chronic downregulation ol ATGI activity,
subsequently reducing mitophagy, which then leads to
the accumulation of damaged, ROS-producing mito-
chondria. Conversely, inhibition of TORCI by starva-
tion or rapamycin treatment induees autophagy
including mitophagy [85, 86| and improves mitochon-
drial quality and hence energy conservation [4].

Autophagic defects cause mitochondrial dysfunction
and oxidative stress in diverse model organisms. Deple-
tion of ATGI, as well as ATG6, ATGS. or ATGI2,
causes accumulation of dvsfunctional mitochondria and
oxidative stress in the veast Succharomyees cerevisiae
[87]. Depletion of ATGS or ATGT in mouse cardiac
cells, skeletal muscle, and insulin-producing pancreatic
beta cells induces accumulation of damaged mitochon-
dria. which ultimartely leads 1o oxidative stress and then
organ dysfunction [B8-Y2]. In Drosaphila, ATG ahla-
tion causes severe degeneration of cardiac and skeletal
muscles, which is associated with accumulation of dam-
aged mitochondria and oxidative stress [12]. The neuro-
degenerative  phenotypes  observed  in mice  with
autophagy-deficient neurons [93, 94] may be also associ-
ated with mitochondrial dysfunction and oxidative stress
commonly observed in brains of Alzheimer and Parkin-
son disease patients [95]. Such chrome TORCI activa-
tion and reduced autophagy can resull in degenerative
phenotypes [4]. Indeed, obesity. which is associated with
chronic TORC activation, is also associated with car-
diac dysfunction and neurodegeneration [50, 96-99].
Conversely, inhibition of TORC| by caloric restriction
or rapamycin reduced the incidence and severity of
cardiac and neuronal dysfunetion upon aging and stres-
ses in various model orgamsms [ 100- 103].

24.7 SESTRIN AS A SUPPRESSOR OF TORC1

Sestrins were identified as an inhibitor of TORCL, which
can suppress [ORC1-dependent cell growth [10] and
anabolic processes [12]. Upon induction, Sesnl/2
completely blocked the TORCI-dependent phosphory-
lation of S6K and 4E-BP in cells and caused cell size
reduction [10]. Sesnl/2 is a part of large protein complex
that contains AMPK and T8C2. In the complex, Sesnl /2
induces activating phosphorylation of AMPK and
potentiates AMPK-induced phosphorylation of TSC2,
which in combination silence TORCI activity [10].
Sesn2-mediated inhibition of TORCI can also induce

auntophagy [11]. Given thal Sestrins are induoced upon
diverse stresses, including genotoxic and oxidative stres-
ses as well as hypoxia, they may mediate the stress-
dependent silencing of TORC1 activity, which eventuates
in inhibiting cell growth and induction of autophagy
under more extreme conditions [8, 12, 104].

There 15 ample documentation of the TORCI-
suppressing role of Sestrins in diverse cell lines, as well
as in animal models [6]. Both in cells and in Drasaphila
tissues, overexpression of Sestrins caused cell size reduc-
tion mediated via inhibition of TORCI [10, 12]. Since
Sestrin s mnduced upon chrome TORCT activation,
Sestrin acts as a feedback inhibitor of TORC| signaling.
Indeed, loss ol Sestrins enhanced clonogenic growth of
cancer cells [10] or hyperplastic growth of Drosephilu
wing tissue caused by TORC! hyperactivation [12].
Sesn2-dependent TORCI silencing was also observed
in the mouse lung [105], while in the liver it mediated
DNA damage-induced silencing of TORCI [10]. Simi-
larly, in fibrohlasts, Sesn3 mediated oxidative siress-
induced silencing of TORCI [106]. Collectively. Sestrins
can mediate stress-induced silencing of TORCI, ulti-
mately attenuating cell growth and Tunneling the saved
cnergy into cellular repair and protecting cells [rom
damage-induced apoptotic or necrotic cell death.

24.8 SFSTRIN DEFICIENCY RESULTS IN
AGE-ASSOCIATED PATHOLOGIES

Although TORCIT 15 a cnitical regulator ol cell srowth
[47] and Sestrin potently inhibits TORC] activity when
overexpressed [10. 12], we were unable to deteet any
gross developmental defects in cell size and growth
regulation in Sestrim-null mutant flies [12], implying
that Sestrin-dependent control of TORCI is not
critical for normal development and cell growth under
standard laboratory conditions, Therefore, the role
of Sestrins may only be important in the context of
homeostatic regulation rather than developmental cell
growth, although there may combinations of circums-
stances m nature m which developmental events are
also dependent on Sestrin regulation, Supporting a
primarily homeostatic role for Sesirins, expression
of Drosophile Sestrin increases with maturation and
aging [12].

Sesirin-null mutant adult Thes showed significant
elevation of triglyceride level in the fat body [12], which
provides functions similar to the mammalian liver [107].
In the lat body, Sestrin deficiency reduced AMPK
activity while increasing that of TORCI [12]. Fat accu-
mulation was found to be dependent on AMPK-TORCI
regulation, since pharmacological activation of AMPK
or inhibition of TORC1 relieved the accumulation
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25.1 INTRODUCTION

Memory impairment is one of the diverse manifestations
of the aging process. It can occur cither asa part of normal
aming or n association with a pathologic process. Ape-
related memory impairment (AMI) is a normal result of
aging, which is observed in a wide varietv of species Irom
the nematode Caenorfiabditis elegans to human. Recent
studics suggest that aging causes heterogencous cffects:
Some types of learming and memory are decreased, hui
other tvpes are increased or show no change. AMIisnota
gradual decay but rather an aspect of age-related altera-
tions in the nervous Tunchons. Recently, the studies of
AMIin C. ¢legans have been emerging. However, there are
misconceptions that remain o be clarified. The mecha-
nism of AMI is thought to be related, at least i part, to
oxidative stress, which is caused by an imbalance between
the generation and removal ol reactive oxygen species
(ROS) and reactive nitrogen oxygen species (RNOS),
Oxidative stress damages intracellular and extracellular
components, meluding protemns, hpuds, and DNA, and
therefore it is predicted that aging and oxidative stress
interfere with normal function of learning and memory.
Detailing the mechanism of AMI will allow development
of methods for identifving, delaving. and preventing both
AMI and disease-associated memory impairment. It
requires rigorous analysis of both aging neurons and
the aging processes that affeet learning and memory,

This chapter describes the emerging ficld of cognitive
agmg and discusses current understandmg ol oxidabive
stress and AMI. while referencing the insights from
mammalian systems.

25.2 MEMORY IMPAIRMENT DURING AGING

Age-related changes in learning and memory can be seen
as a form of “forgetfulness™ in our daily life. This section
provides basic information about AMI that is applicable
from . efegany to humans, We define terms and clarify
major misconceplions.

25.2.1 Terminology

Age-related memory impairment (AMI), also called age-
associated memory impairment (AAMI), includes nuld
impairment of the ability to learn new information and
to recall previously learned mlormation. The term age-
associated cognitive impairment (AACI). is also used
to deseribe memory impairment during aging. Similar to
humans. wedefine AMI (or AAMI)as memory impairment
in comparison with young normal controls and AACI as
in comparison with age-matched normal counterparts, In
this chapter. we use AMI hut not AAMI, since AAMI is
often confused with the transition state, MCL

There is also confusion about the definition of short-
term memory (SST), long-term memory (LTM), and
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working memory, The conlusion is mainly due to various
definitions from different investigators [1]. Tn this chap-
ter, we define the terms as follows: Short-term memory
(88T) 1= a transient memory, which lasts for a short time
(ranging from seconds to hours) and decays rapidly; long-
term memory (LTM) lasts days to decades. How long do
S5T and L'TM last in €. efegans’ In a typcal associative
learning assay, 85T typically lasts for several hours. LTM
lasts more than a day in €. elegans. Additionally, 88T
is sensitive to cold shock and other conditions. More
details arc described in Scetion 25.3.2, “Associative
Learning and Memory ™ Importantly, 88T and working
memory are not totally different [I]. Working memory
uses SST as a buffer of memory for maintaining and
manipulating memory or for using to affect behavioral
outputs [1, 2]. Typically, working memory uses multiple
S8T bufters. Working memory is more complex than S§T
as working memory assumes more [unctions. The term
working memory was originally deseribed in Miller er o/,
(196() [3]. An early model ol working memory has been
developed in order to describe STM more accurately [4]
than the classical modal model [5].

Memory can he classilied into two classical Torms,
including explicit memory (or declarative memory) and
implicit memory (or nondeclarative memory) [summa-
rized in Ref. 2], When vou can determine whether yvou
remember or not, memory is called “explicit™ (you know
that you know) [2]. Explicit memory includes memory
for event (episodic memory) and memory for fact
(semantic memory). In contrast, memory other than
explicit memory 15 generally classified as implicit memory.
Implicit memory includes memory for skills, habits,
and behaviors (procedural memory) and classical condi-
tioning. Classical conditioning associates a stimulus to

predict important events, and therefore it is a form of

associative learning und memory. Recent studies suggest
that associative learning and memory are vulnerable to
aging from C, elegans to humans (sec below),

25.2.2  Age-Related Memory Impairment

AMI creates an increasing number of concerns in elderly
patients [6, 7]. AMI is the first step toward mild cognitive
impairment (MCL: transition state) and dementia (dis-
case state) [8]. Alzheimer disease (AD) is the major type
of dementia. Progression to dementia occurs at a high
rate in patients with AMI (42% within 3 years) [Y]. In
humans, it appears likely that memory impairment
occurs in the order ol:

AMI] - MCI = Dementia

The current understanding of AMI is that a wide
variety of associative learning and memory are altered
(impaired or increased) during aging from C. elegans to

humans [7, 10-14] (also see Sechon 25.3.2). Aging
selectively affects working memory and some tasks ol
short-term memory and long-term memory [10. 13, and
this Chapier|. It seems to be generally agreed that
implicit memory is reduced in learning new information
and procedures (procedural learning) and remains intact
in old memory and well-learned procedures (procedural
memory for long term) during aging [2]. Other types of
implicit memory, including classical conditioning, are
differentially reduced in a wide variety of species, includ-
ing C. elegans [reviewed in Ref. 13; also sce this chaprer].
in frunt flies [15], i bees [16], in smnls [17]. m rodents
[18-20] and in humans [21]. Similar to implicit memory,
explicit memory shows a decline in learning new infor-
mation but retains existing memory well, It appears that
plasticity to new environments is reduced. Our current
model is that aging causes a reduced ability (o refresh the
memory previously formed. More details of mammalian
AMI are deseribed elsewhere [2, 22). Cognitive aging in
C. elegans is deseribed below,

A key question in cognitive aging is how aging
alfeets cognitive functions. It has been suspected that
aging does not occur at the same speed [2] (also see
Section 25.7.1). Cognitive aging is presumably caused
by age-related processes and by the results of aging (i.¢.,
age-related changes) in neurons and by modifiers of
learning and memory, The model systems, including
. elegans, ure vselul to reveal the mechamsms underly-
ing cognitive aging. Excitingly, the study of cognitive
aging has recently begun in C. elegans.

25.2.3 Common Misconceptions

In the field of AMI, it 15 uselul to know misconceptions
that remain to be or have been clarified, We list up some
examples we have encountered through communication
with the experts. First, AMI is not a simple decrease in
learning and memory. Recent studies suggest that aging
causes nol only declimes bul also merenses m lenrning
and memory [e.g.. Refs. 10, 23]. AMI is not a gradual
decay but rather an aspect of age-related alierations in
the nervous Munctions. A pood example 15 seen in visual
memory, Older patients require briefer stimulus time
than younger patients in motion discrimination [23].
Aging may reduce the function of the interneurons,
which is inhibitory to motion discrimination, and
improve motion discrimination o senescenl neurons
[23]. In humans, some but not all forms of short-term
memory and procedural memory show age-related
dechnes [10]. Therelore, 1t 1% essential to deseribe which
type of learning and memory is altered and how it is
altered.

Secondly, AMI is not a disease. AMI is a normal state
prior to the disease state. What distinguishes AMI from



tdementin besides copnitive deficits? A lew lines of
evidence from functional magnetic resonance imaging
(MMRI) analysis suggest that reduced metabolic activity
may be a hallmark of AMI in two hippocampal sub-
regions (the subiculum and the dentate gyrus) [24]. More
detailed analysis of aging neurons and aging processes is
essential for the understanding the mechanism, preven-
tion, and treatment of AMI.

Finallv. AMI cannot be independent of aging. There
is an argument that aging should be separated [rom
AMI. However, aging affccis learning and memory,
which results m AMI. More precisely, AMI 1s caused
by age-related processes that affect learning and memory.
The age-related processes should include age-related
changes in neurons as well as elsewhere, including
modifiers and pathways for learning and memory. In
fuct, a type of AMI can be suppressed by serotonin
inhibitors [25], which are good examples of such modi-
fiers, It is unlikely that aging neurons are the sole
cause of AMI. Thus, focusing only on neurons would
miss important aspects of the mechanisms for AMIL
Although the study of aging neurons has been empha-
sizedd. 11 s equally essential {o investigate the aging
processes,

253 COGNITIVE AGING IN C. ELEGANS

C. elewans shows non-associative and associative learn-
ing and memory, Both forms of memory show altera-
tions durmg aging. This section overviews Lhe studies ol
aging of learning and memory that have been emerging
reeently.

25.3.1 Non-associative Learning and Sensory Functions

Several studies have investigated aging of learning and
memory in C. elegans. Similar to mammals, not all
functions of learming und memory decline with increns-
ing age. A form of non-associative learning, habituation
{i.c.. a simple reduced response after a repeated stimulus)
[26]. mereased o oold amimals, while recovery [rom
habituation was slower in the old compared to the young
[27]. Glenn ¢r af. (2004) showed that chemotaxis, includ-
ing attraction to benzaldehyde and avoidance of octa-
nol, declines during aging [28]. However, it is not clear
whether the declines were caused by reduced motor
activity or by reduced sensory functions,.

25.3.2  Associative Learning and Memory

C. elegany shows implicit memory that includes classical
conditioning. By classical conditioning, non-associative
can learn to associate food [unconditional stimulus(US)]
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with u stimulos [conditional stimulus(CS)] and use the
stimulus to look for food. The stimulus is associated
with food (US), forming US-CS association. Thus it is a
form of associative learning and memory. CS can be
temperature or a chemical stimulus (i.e.. smell and taste):
US can be starvation (absence of food) or noxious
stimulus (e.g., electrie shock, heat, some chenuncals and
heavy metals). There are three types of associative
learning behaviors known in & efegans. They include
thermotaxis, chemotaxis (with conditioning). and basal/
enhanced slowing response.

25.3.3 Thermotaxis Learning and Memory

I'he study of thermotaxis has provided the first evidence
for aging of associative learning and memory in
C. elegans [11]. In thermotaxis, C. elegans can learn to
associate a temperature with food (food-temperature
association) [29, 30], Food-temperature association
leads to the tracking of the given temperature, using
short-term memory (STM). It has been shown that peak
performance of temperature-food association declines
with increasing age [11]. I s likely that STM Tor
temperature-food association is declined during aging,
since old animals that have normal locomotion show
umpaired thermotaxis.

Thermotaxis can be assessed cither in a single-animal
nssay (1sothermal tracking) or in a thermotaxis popula-
tion assay. The single-animal assay uses a thermal
gradient as shown in Figure 25.1A, Worms can learn
Lo move loward a given temperature (16°C) when
conditioned with food (temperature-food association).
When a worm is placed in a thermal gradient ereated
on an assay plate, it moves toward the given temperature
and tracks the isotherm. Thermotaxis can also be
ussessed with multiple worms. In this cuse. conditioned
worms are placed on a thermal gradient plate. The
fraction of worms in the arca that covers the given
temperature 15 assessed. In contrast, when worms are
conditioned with no food (starvation), they avoid the
temperature  (temperature-starvation  association).
Worms conditioned with starvation are placed on ther-
mal gradient near the area of the given temperature,

25.3.4 Chemotaxis/Olfactory Learning and Memory

Nmve . elegany moves o an allraclanl odor. When
C. elegany 1s conditioned with the attractant, such as
benzaldehyde, in the absenee of food. it is no longer
attracted by the ador and exhibits avoidance behaviors
(starvation-odor association). The type of chemotaxis
avoidance is a function of associative learning and is
not related to exhaustion of sensory or motor functions
[31]. STM and LTM can be assessed with a single
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Fig. 25.1 Assay for learning and memory in C. efegans. A, Assay for thermotaxis learning and memory. The diagram represents an
assay plate with a thermal gradient. A learning animal moves to and tracks the given temperature (16°C) ereated on the plate.
B. Assay for chemotaxis kearning and memory, Shown is a classical assay system for chemotaxis assay. Animals are placed in B and
allowed to crawl, The chemotaxis index (C1) s calculated as follows;

Cl=(A=-C)(A+B+0C)

where A, B, and C are Uhe numbers of the anumals o each area. The learmng mdes (L1 Tor avoidance assay is caleulated as follows.

L1 = (Cl nave = Cl conditioned )/Cl naive

When CI conditioned is less than (). LI becomes more than 1. To avoid this overestimation, CI conditioned = (} when CI conditioned

has a negalive value Bene, benzaldehyde.

conditioning and repeated conditionings, respectively
It has been shown that starvation-odor association
declines during aging |32, 33] (Murakami er af.. unpub-
lished). Although both STM and LTM decline. it
appears that age-related decline in LTM occurs slightly
eurlier than that of 8STM (Murakami ¢r al., unpuh-
lished). Since LTM uses repeated conditioning with
starvation, LTM may be more sensitive 1o age-related
changes in starvation response than 8TM. Therefore, the
results should carefully be validated.

There are several systems for chemosensory avoid-
ance and attraction using different combinations ol odor
and taste [e.g., Refs. 11, 33-35]. Figure 25.18 describes a
typical exumple of the assay system. Naive animals move
to the attractant (benzaldehyde) (Figure 25.1B, left).
When animals experience starvation with benzaldehyde,
they avoud and move away rom benzaldehvde (Figure
25,18, right). The chemotaxis index (CI) and the learn-
ing Index (LI) are defined in the Figure 2518 legend.

2535 Experience-Dependent Modulation
of Locomotory Rate

The carliest change in associative learning behavior has
been ohserved in another type of associative learning

and  memory, called  basal and  enhanced  slowing
response [25]. Basal and enhanced slowing responses
ure experience-dependent locomotion behavior with
associative learning properties [36]. When well-fed ani-
mals enter the presence of food, their movements slow to
minimize the risk of moving away from the food area.
This is called basal slowing response, and is regulated by
dopamine signal [37]. Starved animals have a ercater
slowmg response, called enhanced slowing response,
than that of well-fed animals. This response is dependent
on serotonergic signal [37. 38]. In normal aging. basal
slowing response 15 increased. leading to a diminished
difference between basal and slowing response [25]. It
has been shown that the age-related change in slowing
response is regulated by the serotonin pathway [25].

25.3.0  Neurons and Genes Relevant to Associative
Learning and Memory

The neuronal circuits for thermotaxis associative learn-
ing consist of several types of neurons (Fig. 25.2). A pair
of interneurons, ATY and AlZ, mediate thermal inputs
from the thermosensory neuron AFD. These ALY and
AlZ interncurons are required for associative learning;
the thermosensory circuil shows conservalion with the
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visual sensory circuil in vertebrates [39] Thermotaxis
learning requires the nes-! neuronal calcium sensor
gene [40] and the genes in the insulin/IGF-1 pathway
(Fig. 25.3). A few madulators of thermotaxis learning
are known., Serotonin mediates food responses associated
with thermotaxis and olfactory associative learning
[41. 42]. The nes-1 gene encodes an BEF hand-containing
calcium sensor protein, which is well conserved in a
variety of species [40]. Expression of a neuronal ealcium
sensol protein gene, #es-1, in ATY can increase isother-
mal tracking performance. while nes-/ knockout
reduces the performance [40]. Anolther modulator,
hen-1, encodes a secretory protein with an LDL receptor
motil’ gene and is expressed in ATY and a chemosensory
neuron ASE [43]. Mutations in fen-1 abolish thermo-
taxis and chemotaxis learning behavior,

Olfactory learning requires sensory neurons for odors
and some genes including glr-/ (AMPA-like glutamate
receptor gene). Benzaldehyde is primarily sensed by the
AWC sensory neurons, which are chemosensory neurons
forvolatile odors (Fig. 25.2). Also of interest. mutations in
efr-1 impair ollactory associative learning when diacetyl is
parred with acetic aod [44]; AMPA-type glutamate recep-

tor mediates last excitatory neurotransmission in the
vertebrate brain, The hen-1 LDL receptor gene is also
involved in chemotaxis learning behavior when Cu=" and
diacetyl are paired [43]. There are four mutants that affect
chemotaxis associative learming, imcluding frn-1, lrn-2,

NuCl avoidance 77
(chemotaxis learning )

,
-
b

4

Starvation re SN s

Fig. 253 A model lor memory regulation by the insulin/IGF-1 pathway. It appears likely that the eflects ol hife extension,
or improved neuronal maintenance, lead 1o an increase in wemperature-food association. [ See calor fnserr. )
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INGO3, and IN683 [34, 35]. Assoctive learning and
memory are known to involve cAMP. calcium signaling
and CREB in model systems including fruit flics,
Aplvsia, and rodents [45 47| Locomotory associative-
learning behaviors require dopaminergic neurons and
serotonin-secreting neurons [37]. Basal slowing response
uses the dopamunergic neurons, including CEP, ADE,
and PDEL. to sense mechanosensory stimuli. In contrast,
enhanced slowing response uses serotonin-secreting neu-
rons. including NSM.

2537 C. elegans AD Models

The field is rapidly growing (196 publications by NCBI
search, 2010) [reviewed in Refs. 48, 49]. Genes similar to
those involved in human AD have been identified in
C. elegans. They include App (apl-7), presenilin (se/-12),
and Tau (pel-1). C. elegans models of AD have been
available as a form of transgenics expressing amyloid-
A1-42 in muscle |50] Recently an improved version has
been generated that express A-3 in neurons [51]. Impor-
tantly, the life-extending mutants of the insulin/IGF-1
pathway can delay behavioral deficits in €. elegans and
mouse models of AD [52, 53], AD appears to be caused
by proteotoxicity rather than aggregation of the proteins.

25.4 WHAT CAUSES AMI?

This section and the next section sunimarize age-related
changes (and processes) that affect AMIL Important
questions are how the changes are related to AMI and
which changes are causes of AMI. This area of the study
still remains to be explored rigorously.

25.4.1 Functional Alterations in Normal Aging

Apc-related changes that affect AMI include (but arc not
limited to) increased oxidative stress. physiological
alterations, neuroinflammation, reduced metabolic func-
tions, and changes in endocrine function. Interestingly,
microarray analysis has revealed two well-conserved
processes. including reduced mitochondria metabolism
(see Section 25,53, Reduced Mitochondrnal Functions)
and stress response in mice, monkeys and humans
[reviewed in Ref. 34]. Stress response may be triggered
by increased oxidative stress. which is consistent with
the multiplex stress resistance model of aging [55]. Since
microarray analysis determines relative abundance of
mRNA, functional analysis should be performed to
confirm the results. In addition. a large-scale functional
analysis should be performed in order to overview the
genetic basis of AMI.

25.4.2 Limited Neoral Loss in Normal Aging

It was thought that cognitive aging is caused by a loss
of neurons. However, it is becoming clear that a loss of
neurons plays a relatively minor role. The number
of principal neurons remains relatively intact during aging
in . elegans, rodents, and humans |56, 57). €. elegans hasa
simple nervous system with a small number of neurons
compared to other model animals [58], providing an ideal
system Lo keep track ol the late of neurons. The structures
of C. elegans neurons are relatively well preserved during
aging. including the number of synapses [39].

In humans and monkeys. there is redoced brain
volume that may be linked to cognitive aging [60. 61].
MRI studies suggest that healthy brains show a shrink-
age in volume in humans [e.g.. Ref. 61] and in monkeys
[62, 63]. Neuronal loss plays a limited role in the
shrinkage of the briaun. The brian shrinkage 15 probably
caused by shrinkage of neurons. reductions of synaptic
spines, and lower numbers of svnapses [61]. It seems
consistent that brain shrinkage is observed in the region
called white matter, which is rich in myelinated nerve
fibers |64]. The integrity of myelin may be important for
cognitive aging. The most affected areas m the brain
include the frontal cortex and the temporal cortex. The
[rontul cortex is required lor working memory, which 1s
sensitive to aging. In contrast, the hippocampus remains
relatively intact in the numbers of neurons and synapses.
The hppocampus s erbical Tor slormg memory m
classical conditioning: neural loss in the hippocampus
is a warning sign of a diseasc state, including carly AD
[65]. Although the volumetric variable has been fre-
quently linked to cognitive aging. there is little evidence
lor volume-cognition relations hecause ol technical diffi-
culties [22].

It is known that spatial memory can be impaired
without neural loss [66]. In primates, neural loss occurs
in the frontal cortex and in the cerebellum. including
Purkinje ncurons [67]. Purkinje neuron loss is well corre-
lated with eye-blink conditioning deficits [66]. However,
Purkinje neuron loss can be induced by various factors not
necessarily specific to aging, including development, tox-
ins, and autoimmune diseases [06, 68, 69]. Taken together,
neural loss appears to play a limited role in AMI.

25.4.3 Oxidative Stress in Normal Aging

Oxidative stress occurs in vive when ROS generated by
normal metabolism are not fully scavenged. The [ree
radical theory of aging, also called the oxidative stress
theory of aging. assumes that there is an accumulation of
oxidative damage in macromolecules during aging,
which eventually results in dystunction of biological
functions [70, 71]. Although the role of oxidative stress



in life spun specification has been challenged (see Section
25.8. Role of Oxidative Stress in Aging and AMI). it
remains convincing that increased oxidative stress has an
impact on age-related functional declines in binlogical
processes, It has been shown that an indicator of
oxidative damage on DNA [B-oxo-2-deoxynucleotide
(oxo8d ()] increases with aging in rodent strauns includ-
ing 344 rats, B6D2F1 mice, and C57BL/6 mice [72].
Anaother indicaior of oxidative damage, protein carbonyl,
increases sharply in the last third of life span in a variety
of species from €. elegans 10 humans [73, 74].

The central nervous system consumes o greal deal ol
oxygen and is rich with components susceptible to
oxidative stress. such as polyvunsaturated fatty acids
(PUFA, often referred to as “fish oil™) [75, 76]. In the
rodent strains, brain is one of the tissues that show the
greatest increases in oxo8dG levels (ranging from 167%
to 340%) in 24-month-old compared to 6-month-old
animals [72]. The increases in oxo8dG may be caused by
increased sensitivity 1o oxidative stress.

In humans. gene expression is reduced in the frontal
cortex. including the genes involved in synaptic plasticity.
including NMDA and AMPA receptor lunction, ealei-
um-mediated signal, and synaptic vesicle release and
recycling [77]. The reduced expression occurs in the
relatively early phase of normal aging (after the age of
40: mid-preproduction period).

25.4.4 Oxidative Stress in Neurodegenerative Diseases

There are extensive studies thal suggest an associbion
between increased oxidative stress and neurodegenerative
discases, including AD, Parkinson discase, and Hunting-
ton disease [e.g.. Rels, 78-80]. Although the mechanism is
to be determined, oxidative stress has been implied as a
factor thut promotes the initinl phase of neurodegeneru-
tive diseases. other factors include glutamate signaling,
altered calcium homeostasis, decreased growth factors,
and genetic mutation [81]. For example, A1) patients
show increased levels of protein carbonyls, oxo8dG, and
lipid peroxidation, especially in the brain area with
amylowd plagues and newrofibnllary tangles [82]. In
cultured neurons and in rat synapses, lipid peroxidation
has been observed alter exposure to amyloid-3, a compo-
nent of amylowd plagues |e.g., Rels, 81, 83].

25.4.5 Mutations with Increased Oxidative Stress
in C. elegans

Expermmental evidence [or the role ol oxidative siress in
AMI comes from a study using two mutational defects
in the mitochondrial respiratory chain. The mev-1 muta-
tion has a defect in a cytochrome 5 large subunit
(SDHC) in complex Il in the mitochondrial electron
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transport chain) [84]. The gas-7 mutation has a deflec
in a subunit of the mitochondrial NADH:ubiguinone-
oxidoreductase in complex I of the respiratory chain
|83]. Both the mev-1 SDHC mutation and the gas-/
mutation cause overproduction of superoxide (05 ) and
precocious aging [reviewed in Ref. 84].

It has been shown that thermotaxis 15 impaired by
mev-] and gas-1 mutations with increased oxidative
stress [B6]. Treatment of a natural pro-antioxidant,
lipoic acid. can partially restore impaired thermotaxis
in the mev-/ mutant. It is plausible that oxidative stress
plays a role in the performance ol thermotaxis. Perhaps
more convincing evidence for the role of oxidative stress
has been provided by the studies of mutants and drugs
that can reduce oxidative stress or oxidative metabolism
(see Section 25.6.2).

25.5 OTHER FACTORS THAT MAY CAUSE AMI

This section continues on [rom Section 254, which
describes potential causes of AMI. Listed below here
are the lactors that may allect AMI i . elegans and
mammals.

25.5.1 Physiological Alterations

AMI isin part caused by physiological changes in normal
aging of the nervous system im mammals |7, 14]. 1t seems
that AMI is caused by impairment of the ability to renew
recent acquired information [87; this chapter]. Although
neural loss is minimal. there is disruption of myelinated
fibers, which may affect physiology of synapsis and
communication among the brain regions in normal aging
[88]. IMRI studies suggest that coordination between
brain regions is significantly weakened in normal aging
|88]. The elderly use a broader region of the brain
(i.e., delocalization) than younger counterparts, which
may be a compensatory response in the clderly.

25.5.2 Neuroinflammation

In normal aging, there 1s an imbalance between mflam-
mation and antiinflammation, shifting toward a proin-
flammatory state. In humans and rodents, there is
an increase n reactivity of microglia and astrocytes,
which is indicative of increased innate immunity [89].
However. in humauns, upregulation ol genes immvolved in
inflammatory is seen in the disease state, AD, while
upregulation is weak in normal patients [90]. It is known
that neuromllammation 15 mmvolved m an early phase
toward AD and the discases of aging [91] rather than
AMIL. It appears that patients with AMI are in a reactive
but pre-inflammation state. Upon exposure to an inflam-
matory stimulus, including infection and stress. the
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reactive state should trigger an overreaction of inflam-
mation, leading to increased decrements in learning
and memory  [92]. Interestingly. anti-inflammatory
drugs, including nonsteroidal anti-inflammatory drugs
(NSAIDs). can reduce age-related cognitive decline in
the elderly [93].

25.5.3 Reduced Mitochondrial Functions

The central nervous system relies on mitochondrial
metabolism for cnergy production. Organismal aging
in (. elegans shows reduced metabolic Tunction [94],
although energy production is uncoupled from life span
extension in the Clk mutations that reduce oxidative
metabolism [Rel. 94; also see Section 25.6.2, “Update”].
Microarray analysis has shown that mitochondrial genes
show progressive declines during aging in humans,
monkeys, and rats [reviewed in Refl. 95]. Importantly,
proteomics analysis identified oxidatively modified pro-
teins involved in energy metabolism and ATP produc-
tion [96]. The modified proteins showed reduced activity.
Oxidative stress also modifics the promoters of the
mitochondrial genes |95], possibly leading 1o reduced
expression of the genes, More detailed discussion about
energy metabolism is available elsewhere [95].

25.6 IMPROVED LEARNING AND MEMORY

An exciting aspeet for the studies of AMI is to identify
wenelic and pharmacological manipulations thal rescue
deficits in learning and memory. This section explores
possibilitics from previous findings.

25.6.1 Exploring Genetic and Pharmacological
Interventions

Understanding of AMI will include neurological vari-
ables: (1) vanables that cause AMI (e.g.. modifiers) and
(2) variables that are secondary or compensatory
changes in response to the factors that causes AMI.
The varubles thuat cause AMI are reasonable targets for
intervention, which is being explored. In C, elegans; such
intervention includes mutations and drugs that reduce
oxidative stress, alter neuroendocrine function (the insu-
lin/IGF-1 pathway and the serotonin/octopamine path-
way), and cause calore restriction.

25.6.2 Mutants and Drugs that Can Reduce Oxidative
Stress or Oxidative Metabolism

Mutants with deficits in mitochondrial transport chains
are known to alter oxidative metabolism. The isp-/ (iron
sulfur protein gene) mutant decreases oxygen consumption

by hall and therefore reduces oxidative metabolism [97).
Mutations in efk-/ (mitochondrial di-iron carboxylase
gene) lack an endogenous isoform of a redox-active lipid,
coenzyme () () [98. 99| The ¢/k-7 mutant accumulates a
biosynthetic intermediate, demethoxy-Qs (DMQq) [99],
that has a strong ROS scavenging activity, The mutants
are Clk mutants and show ncreased longevity [100],
stress resistance [101], delayed development, and extended
rhythmic behavior eyeles [97, 98]

A metabolic antioxidant, lipoic acid (LA), can
improve the performance of thermotaxis [86]. LA is
reduced 1o a potent antioxdant, dihydrolipoe aed,
which can recycle other antioxidants such as vitamins €
and E [103]. LA can decrease oxidative damage in the
brains of older rats and partly restore age-related declines
in nervous functions [104]. LA, along with statins (inhi-
bitors of HMG-CoA reductase). can reduce LDL oxida-
tion, which is also a risk lactor of neurodegenerative
discase and cardiovascular discase [105]. In mice, SOD/
catalase mimetics (EUK-189 and EUK-207) can reduce
oxidative damage (lipid peroxidation. nucleic acid oxida-
tion, and ROS levels) and improve age-related decline in
performance in the fear-conditioning task [106].

Update: During the review process of this chapter, a
manuscript has been published that reverses the original
claim that the edk-1 and isp-/ mutations reduce oxidative
stress [97, 98, 100] to a new claim that the mutants
maodestly  inerense  mitochondral  soperoxide  [102].
Importantly, the mutants show reduced mitochondrial
functions. including oxidative metabolism, and, there-
lore, il 1s sull reasonable to clim that the efk-1 and isp-/
mutations show reduced oxidative metabolism. Although
the manuseript provides an interesting model that mito-
chondrial superoxide plays a role as a protective signal
to mediate life extension [102], no data are presented to
support the model, which remains (o be tested.

25.6.3  Serotonin Pathway

Increased serotonin appears to alter behaviors during aging
[25]. Tt is suggested that mRNA and expression of the
serotomn biosynthesis gene, ph-7 (iryptophan hydroxy-
lase-1), are increased during aging [Ref. 25 and Murakami
er al. unpublished]. Consequently, reducing serotonin
signal by serotonergic inhibitors and by the serotonmn/
octopamine pathway genes rescues age-related changes
in hasul/slowing  response and  chemotuxis  avordance
[Refs. 25, 107, and Murakami ef al., unpublished]. Impor-
tantly. scrotonin pathways also regulate life span [108].

25.6.4  Insulin/IGF-1 Pathway

It has been shown that the insulin/lGF-1 pathway
modulates the late phase of age-related changes in
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thermaotaxis (tempernture-food associntion) [11]. Figure
25.3 summarizes the current model: alternative models
have been discussed elsewhere [13]. The insulin/IGF-1
pathway includes daf-2 (insulin-like receptor gene) and
age-1 (phosphatidylinositol-3 OIl kinase gene), which
negatively regulate the Forkhead transcription factor,
encoded by daf-16 (Fig. 25.3). The age-1 gene lunctions
in the ALY, A1Z, or RIA interneurons [11, 109], suggest-
ing that interneurons may be the core site of modulation
by the insulin/IGF-1 pathway. Of note is the fact that
proteotoxicity in the AD models is also suppressed by
the mutations in the imsulim/IGE-1 pathway (See Section
25.3.7, C. elegans AD Models),

Update: Several groups have confirmed that the insu-
lin/IGF-1 pathway controls associative learning and
memory in various C. elegany systems in young adults
and during aging [33, 110 [12].

25.6.5 Calorie Restriction

Interpretation of previous studies on calorie restriction
(CR) requires carcful consideration. CR can improve
assoctative learning and memory in thermotaxis (food-
temperature association) [86] and in chemotaxis avoid-
ance (starvation-odor association) [33] in C. elegans. In
contrast, CR in fruit flies does not: CR extends life span
but does not suppress aging of an aversive learning task
(odor-mechanical shock associntion) [113]. This may
suggest a difference between the species. Alternatively,
it may suggest a difference in experimental assay systems,
The €. elegany studies use food (absence or presence ol
food) as a UC, while the fruit Ay study uses mechanical
shock as a UC. Thus an alternative model is that CR
umproves responses to food or starvation.

25.7 WHEN DOES COGNITIVE AGING BEGIN?

Although each lorm of learning and memory shows
alterations at a different speed. current studies indicate
two major time points that alter learning and memory in
. elegans. These mclude the early-mid reproduction
period and around the end of the preproduction period,
which appear consistent with human studies.

25.7.1 Multiple Phases of AMI

The studies of C. efegany suggest at least two phases of
AMI. The carly phase of AMI includes age-related
teclme m basal and slowing response and ollaclory
learning and memory (STM and LTM) [33, 86, 112].
The timing is at the early 1o mid-reproduction period. The
late phase. in contrast, is around the end of the reproduc-
tion period. In the late phase, AMI includes disturbances

ol various bhehaviors, including reduced  (hermotaxis
associative learning behaviors and locomotion. It is
unlikely that reduced locomotion at the late phase
alfects thermotaxis, as there is no correlation between
reduced locomotion (by up to 40%) and thermotaxis in
some mutations [86]. For example, the clk-1 and isp-1
mutations with reduced mitochondrial metabolism show
reduced locomotion but an increased performance of
thermotaxis [86].

Similarly. there are intriguing observations in
humans. The cross-scctional studies suggest that some
aspects ol age-related cognitive dechine begin in healthy,
educated adults when they are in their 20s and 30s [1 14].
In contrast, the longitudinal data suggest around 60
vears of age [115]. Although there seems to be a
discrepancy, the two methods may be effective 1o reveal
different phases of AMI in humans. It is notable that the
standard cognitive tests use age-related adjustment,
which artificially minimizes age-related changes [22].
The timing of the two AMI phases in humans is
relatively similar to C. elegans. It is worth noting that
there is an incrcasc in oxidative damage around 40 years
ol age [77]. 11 15 also possible that there are more than
two phases of AMI, This line of experiments will be
promising and should be performed for luture studies.

25.8 ROLE OF OXIDATIVE STRESS IN AGING
AND AMI: A THEORY

Oxidiative stress increases with agmg. However, the (ree
radical theory of aging does not appear to explain aspects
of aging. In this section. we propose a theory that
incorporates evolutionary and biological aspects ol'aging.

25.8.1 Midlife Crisis Theory

Oxidative stress increases during aging and can damage
muacromolecules. The [ree radieal theory ol aging
assumes that oxidative stress causes aging of biological
functions [70]. Recent studies suggest that mutants in the
superoxide dismutase (sod) genes show increased oxida-
tive damage but fail to accelerate aging, providing
evidence against the theory [116 118].

It 15 puzzling that ROS scavenging aclivities are
relatively well retained, although oxidative damage
mereases during aging [73, 119]. In O elegans. enzymalic
activities of SOD (superoxide dismutase) and catalase do
not decline until late in the life span (summarized in Fig.
25.4) [120]. This 1 consistent with mRNA levels ol sod
and cff (catalase) genes, except for sod-2, declines with
aging at mRNA levels [121].

Our midlife crisis theory assumes that oxidative stress
is a part of an age-related crisis that occur in the middle
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Fig. 25.4 A summury of C. elegans ROS and oxidative damage results during life span. Days are adjusted to the growth a1 20°C.

of the lile spun. It has been thought that normal
metabolism in mitochondria is the primary source of
oxidative stress [70]. Previous studies suggest that activi-
ties of mitochondna gradually change durning aging
[121]). If normal mitochondrial metabolism is the primary
site of ROS generation during, ROS levels should
gradually change during aging. However, an indicator
of oxidative damage, protcin carbonyl formation,
mereases 10 the middle of the life span [73]. The mecha-
nism that causes age-related oxidative stress may be
more complex than originally predicted by Harman
(1956) |70].

The timing ol increased oxidative stress is similar to
that in which mortality inerease, altered learning behu-
viors. and deteriorations of reproductive tissues are
observed. We are inclined to propose a “midlife crisis”
theory in which age-related incrense in ROS s associnted
with the age-related deteriorations. In this theory, age-
related ROS is associated with a wide variety of crises
runging [rom mimaor (o major deficits. The midhfe deficns
occur around the end of reproduction, at which thereisa
diminishing force of natural selection. The deficits are
unlikely to alfect litness of the species since they have a
low impact on prosperity of the species. Therefore, the
Ltheory has an aspect ol evolutionary and biological
theory of aging. Importantly, in the theory. the sod
mutations should have a limited impact on aging.

25.9 CONCLUSION AND PERSPECTIVE

AMI and ncurodegenerative diseases impact more than
6.9 million people in the US [8, 123, 124]. Oxidative
stress increases during aging and is a major risk factor
for AMI and neurodegenerative disenses. Increased
oxidative stress reduces expression of a specific set of
neural genes during human brain aging [77] and is a

component of the (ransition state prior to the onset ol
neurodegenerative discases such as AD [81], It appears
that aging neurons are sensitive to stress. including
infections, oxidative stress, and environmental toxins.
Such intrinsic and environmental stress may be partially
rescued by nutritional approaches that include Toods
rich in antioxidants or anti-inflammatory compounds
(c.g.. berries, nuts, and grapes) [125, 126].

Despite the recent investigantions, the genetic buasiy off
AMI still remains to be determined. How does aging
cause AMI? Can genceral aging be genctically delincated
from tissue-specific aging that occur in neurons? Model
systems, such as O, elegans, will provide useful systems
to overview the mechamsms of AMI. Current vnder-
standing of AMI and oxidative stress appears to point
out that oxidative stress and other age-related deteriora-
tions occur in the mid to late phase ol AMI. In the early
phase of AMI, il scems that there is endocrine distur-
bance, as mutations in the insulin/IGF-1 pathway and
serotonmn pathway can rescue early markers ol AMILL
The emerging field of AMI is waiting to reveal its
mechuanisms.
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The nature of the hypoxia response elemenlt (riggered by
HIT in anoxia-tolerant mollusks is probably partly spe-
cific to these organisms. but the relative similarity in
sequence and Tunctional domains of oyster HIF-o with
those of mammals suggests that some comparable genic
responses such as NO synthase (NOS) expression could
also be expected |7).

Second Messengers  NOS activity has been detected in
several groups of mollusks and has been particularly
studied in the nervous system, where NO acts as a
neuromaodulator [34]. As an ancient and general biolog-
cal regulator, NO is nonetheless involved in several
functions of which are mediation of O» sensing and redox
balance [34, 35]. NO is able to inhibit mitochondrial
functions, and regulation of NO production is an impor-
tant feature of hypoxic response [26, 35, 36]. However,
there is a paradox in the fact that NO synthesis by NOS
requires molecular oxygen and is consequently limited in
severe hypoxia |35]. NOQ is a radical that s alternatively
considered as a pro- or antioxidant according to the
reaction in which it is involved and consequent produets
[38]. Hence, 1t can react with superoxide anion to form
peroxynitrite (ONOO™), a highly cytotoxic radical, which
is probably the major way of NO disappearance. This
oxidation depends on O, production and consequently
on O coneentration. It has been shown that at low pO;
NO half-life 15 longer than at physiological pOa: hence,
during hypoxia, NO degradation is lowered [36]. NO can
also form nitrites NO, ™ /NOy ., which could constitute a
form ol storage of NO molecules. Mitochondra are siles
of NO production, and this could be achieved by the
reduction of nitrites when hypoxia occurs. probably
thanks to cytochrome ¢ oxidase |39, 40]. It is intriguing
to note that cytochrome oxidase can both generate NO (at
low pO-,) and have its oxidase activity inhibited by NO
(particularly at phosphorylating and active state 3).

NO is also involved in hypoxia response through its
role as activilor of guanylyl cyelase and consequent
influence on the production of ¢cGMP [41], which most
probably mediates O» sensing in anoxia-tolerant mol-
lusks [26, 37]. Recent expenments suggest that guanylyl
cyclases may actually not be activated by NO itself but
rather by a complex of NO with glutathione, called
S-nitrosoglutathione (GSNO). Indeed. it has been shown
that GSNO, which has a hypoxia-mimetic activity, can
petivile guanylyl cyclase and that GSNO reductase,
which reduces GSNO to restore reduced glutathione
(GSH) and degrade NO in NH." form. affects signifi-
cantly NO-mediated hypoxic response [35]. Regulation
of the GSNO pool could constitute a link between
cellular redox status and signal transduction insofar as
GSMNO can generate nitrosothiols by transnitrosylation
of protein sulfhydryl groups that may participate in cell

signaling, In addition, a relationship bhetween  the
phosphorylation state of glycolytic enzymes and GSH
content and synthesis was found in Myrifus galloprovin-
clalis |42] that may be due to GSNO-induced cGMP
production and subsequent activation of metabolic
regulators. Indeed, the involvement of ¢cGMP during
hypoxia in mollusks seems to be linked to the cGMP-
dependant protein kinase PKG, a key signaling protein
thai is known to mediaic both phosphorylation of
metabolic enzymes and anoxia genic response [20. 43).
Among numerous substrates, PKG activates the stress-
activated kimase p38 MAPK that regulates the activity ol
transcription and translation factors, these functions
being highly modulated in anoxia-tolerant animals [44].
In Mytilus galloprovincialis, p38 MAPK activation is
apparently involved in response to different stresses
(oxidative stress, osmotic stress, hyperthermia, exposure
to diverse pollutants) [45-47). Such stimuli  also
activate other stress-activated kinases (SAPK/INK) at
the same time as p38 MAPKs [47-48); however, this is
not the case for ischemia/reperfusion phenomenon in rat
heart, where p38 MAPKs are activated during both
anoxia and recovery bul SAPKs only at reoxygenation
[49]. This suggests that p38 MAPK could be a specific
contributor to the response to anoxia-reoxygenation.
Gaitanaki and co-workers lound that anoxia exposure
induced biphasic changes in phosphorylated rate of p38
MAPK in M. galloprovineialis: maximal values ocenrred
at 1h and 8 h of anoxia [45]. Interestingly, levels of
phosphorylated p38 MAPK also inereased transiently in
the first 5 min of recovery alter 2 15-min ar exposure.
In Littorina litterea. an increase in phosphorylated
p38 MAPK as well as phosphorylated 27-kDa stress
protein (HSP27), which is regulated by the p38 MAPK
downstream element MAPK-activated kinase 2 [51], was
found in heputopancreas after 12 h of aerial exposure
[50]. HSP27 is a chaperone-like protein that increases
cell resistance to heat shock or osmotic stress as well as
short-term oxygen deprivation and myocardial ischemua-
reperfusion, providing this protection in the latter
situations by a role of the phosphorylated form in
F-aetin stabilization [32, 53] Interestingly, 2-DE analysis
on Mytilus edulis gills showed a downregulation of
gelsolin, an efficient actin filament-severing factor, after
2 hof emersion on the shore [54), which 1s consistent with
the idea of a reinforcement of the polymerization rate
and stubilization ol the cytoskeleton dunng hypoxie
stress. However, activation of the p38 MAPK pathway
is also involved in mediating apoptosis or necrosis
turmyg schemua-reperfusion in myocardium and kidney
[55, 56]: further experiments should help us to understand
whether its role in the tolerance of mollusks to anoxia-
reoxygenation is related to an enhanced cell resistance
or an elimination of insulted cells.
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26.2.3.2 Cellular  Response o Oxygen  Decline—
Preparation for Oxidative Stress  In addition to meta-
bolic adjustments. signaling cascades and transcription
factors activiited by hypoxia most probably contral the
regulation of actors invelved in the fight against oxidative
stress. Evidence ol such anticipated regulation is provided
at the genomic level and through the modulation of
antioxidant enzymatic activities during hypoxic stress.

Gene Transeeiption  Contrary to mechanisms observed
in anoxia-sensitive species, which consist mainly of com-
pensatory mechanisms (expression ol glyveolylic enzymes
and proteins involved in oxygen transport and vascular-
ization), the genic response triggered in hypoxia-tolerant
animals like certain mollusks generates products that are
rather involved in altering metabolism. which allows
them to withstand long-term oxygen deprivation [58].
Upregulation of certain transcripts has been shown in
Littorina littorea during hypoxia, but most of them
remain as latent mRNAs during this stressing period
[37. 57]. These transcripts. which probably correspond
to functions that are important for recovery, accumulate
in the course ol metabolic depression untl normal
conditions enable their translation, ¢cDNA microarrays
performed in hepatopancreas and foot of L. linorea
allowed identification ol a metallothionein [59] and a
ferritin heavy chain [37] as upregulated genes. Both

trunseripts showed guick and important inerease ol

expression and a maintenance of high levels throughout
the hypoxia stress before declining at recovery, Resulting
proteins are able 1o sequester metals and presumably
participate in antioxidant defenses when free radical
production is enhanced at recovery. Indeed. metallothio-
neins are shown to provide protection against oxidative
stress in vertebrates [60. 61] and in invertebrates [62] due
to metul binding but also to an inherent antioxidant
function as ROS scavenger. Ferritin regulates Fe storage
when its translation is not prevented by the binding to
iron-regulatory protems (1RP) thal oceurs when iron s
low. This interaction is regulated by oxygen concentra-
tion [63]: in L. lirrorea, hypoxia probably triggers the
dissociation ol IRP-lerntin mRNA complexes, allowing
ferritin translation. Management of the Te pool and
especially sequestration of free iron ions is a crucial aspect
of coping with oxidative stress lor mollusks [64]. In
similar experiments in C. gigas, upregulation of glutathi-
one peroxidase (GPx) and metallothionemn transernipls
were also observed in gills and mantle, which is consistent
with the results described above [63]. At the proteic level,
2-DFE experiments showed that a decrease ol a thiore-
doxin peroxidase and Cu/Zn superoxide dimutase (Cuj
Zn S0D) occurred between the end of emersion and 2 h of
recovery in gills of M. edulis [54]. Both of these are
antioxidants, and these decreases may indicate that they

are partially degraded alter having contributed (o the
protection against oxidative stress at immediate recovery.
Surprisingly. measurement of Cu/Zn SOD activity in
the same study showed that it remained stable during
hypoxia and increased after 2 h of recovery [54].
This discrepancy between expression and activity under-
lines that enzymatic antioxidant activities are regulated to
a great extent at the posttranslational level. In this way,
specific revelation of mussel Cu/Zn SOD  activity
after iscelectrofocusing reveals that the total activity
visible on gel results from the contribution of three
isoforms with dilferent isoelectnie pomts. The relative
contribution of isoforms to total activity is different
according to the tidal height of animals and reversibly
modulated during the tidal cycle and by the pollution
status of the environment [66, 67]. Authors suggest
that these changes, which are clearly linked to cellular
redox status, could correspond to interconversion of
isoforms through oxidative modifications, perhaps as
a functional response,

Regularion of Amtioxidant Acrivities  Earlicr studics on
the antioxidant response in mollusks exposed to air
showed that antioxidant activities are modulated during
hypoxia as well as at recovery according to species and
tissue [6]. Most observations suggest that a spread strategy
is an increase of certain antioxidant forces during hypox-
1 s o preparation lo recovery, considering the probable
adaptation to cyclic emersion or aestivation ol anoxia-
tolerant mollusks [68-70). In L. litterea, antioxidant
activities dimimshed during a 6-day exposure Lo N, and
increased at recovery in hepatopancreas and foot muscle,
but total glutathione increased during anoxia [69]. These
changes in molecular antioxidant that are attributed to an
anticipated adaptation to ROS generation seem efficient,
since @ decrease in lipid hvdroperoxides was observed in
hepatopancreas throughout the experiment, Almeida and
co-workers exposed Perna perna mussels to air for 24 h
and found that only glutathione transferase activily
increased at the end of the anoxia period and remained
high after recovery; on the other hand. increase in
oxidative damages on lipids and DNA was reported
during air exposure, with a return to basal values at
recovery [29]. This suggests that oxidative stress occurs
also during emersion [or aquatic mollusks. Inaddition to
the ROS generation by mitochondria due to electron flow
lowering, another possible cause 1s gaping behavior. This
consists in opening briefly the shell in order to extract
acrial oxygen and incrcase pOs in water of the palleal
cavity [71]. This behavior that significantly participates in
energy production during emersion implies a sudden
exposure to air ol tissues that are oxygen depleted and
consequently the generation of oxidative stress [29, 30].
In another experiment where mussels were exposed to air



exposed 1o o mixture of potentially toxic substances.
Oxidative stress is a common consequence ol xenobiotic
presence responsible for biomolecule alteration. Some of
these alterations constitute prohable links with signaling
processes that bring about cell death or, conversely,
increase of resistance capacities.

26.3.1 Free Radical Production by Pollutants
in Mollusks

As soft-bodicd organisms, xcnobiotics can enter in
maolluscan orgamsms through different ways (digestive
tract by ingestion of water and food, respiratory sur-
faces. and across integumentary system) and accumulate
because of low degradation capacities. Many com-
pounds are implicated in the production of free radicals
in mollusks, the main compounds being metals, polyey-
clic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs). and other organohalogenated mole-
cules [38]. This toxicity is either due 1o the metabaliza-
tion of xenobiotics in the case of organic molecules,
although such capacitics are limited in invertebrates [4],
or the catalysis ol redox renctions in the case of transi-
tion metals and depletion of thiol-containing antioxi-
dants for other metals [75]. The ROS produced as @
result of Haber—Weiss reactions or incomplete redox
cyele, as well as organic peroxides that can be generated
by evtochromes, can interact with hiomolecules such as
lipids, proteins, and DNA and, as in other organisms,
generate damage that can be irreversible. Measurement
of this damage (muinly produocts ol lipiel peroxidation
and. to a lesser extent, DNA oxidation and fragmenta-
tion and protein damage) as well as induetion of defense
and repair mechanisms are used as biomarkers of
oxidative insult in ecotoxicology [76]. Among the diverse
oxidative attucks, protein and glutathione oxidations as
well as DNA alteration probably play a role in the
activation of pathways controlling cell response.

26.3.2  Oxidation of Proteins: Sensing Redox Changes?

Free radicals induce different kinds ol oxidative mod-
ifications on proteins that can be reversible—and possi-
bly involved in regulatory functions or not [77]. A
dramatic modification i1s the carbonylation of proteins,
which consists of irreversible modifications of lateral
chains mlo ketones or aldehydes and leads (o protein
aggregation and consequent inactivation and degrada-
tion. Measurement of carbonyl groups in soluble pro-
temns 15 1 lool used noecotoxicology lor evalualing
oxidative damages to proteins induced by contamination
[78]: new approaches now allow study of the specific
patterns of proteins that are affected by these modifica-
tions [79]. In 2-DE experiments coupled with blotting
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and specific immunorevelntion of carbonylated groups,
it was shown that levels of carbonylation increased in
parallel to the intensity of oxidative stress in M., edulis
and in Ruditapes decussatus but with tissue-specific and
pollutant-specific patterns [80, 81]. In particular, these
studies revealed that a major target of such oxidation in
M. edufiy i1s actin, which is known as one ol the most
sensitive cytoskeletal component to oxidant attacks [82].
Interestingly, revelation of ubiquitinated proteins in
similar experiments done in M. edulis and R. decussatuy
showed that the print is different from that of carbony-
lated protems, suggesting that the latter are degraded
independently from ubiquitin-proteasome pathway [83-
85]. Other modifications generally involve alteration of
sullhydryl groups, which are preferential targets of free
radicals; oxidation of thiol functions gives rise to cleav-
age or formation of disulfide bonds that can be intra- or
interproteins or occur between proteins and cysteines,
glutathione, or even lipids. Disulfide bonds were thought
to lead to the loss of protein function and inactivation of
enzymes [86). but these bonds are reversible and could
play regulatory roles in mild stress situations [87)].
Cilutathionylation ol proteins, lor instance, 15 a posi-
translational modification whose level increases in
response to prooxidant treatment in diverse models, It
allows the regulation of protein function and consequent
modulation of cellular processes. protects cysteines dur-
ing oxidative stress by preventing irreversible oxidation,
and could play an essential role in diverse signaling
pathways [88, 89]. It notably regulates the ubiquitin-
conjueating activity and therefore controls the protease
activity in mammalian cells [90]. An equivalent role of
glutathionylation in the modulation ol signal transduc-
tion can be expected in mollusks, but no evidence has
been provided until now, Study of the glutathionylated
protcome in gills and digestive gland of M. edulis showed
that actin is again a preferential target of this modifica-
tion [80]. This protein was slightly affeeted by inter- or
intraprotemn disullide hond formation m redox proteo-
mics experiments performed on tissues of mussels
cxposed to H-O5 [91]. A modified protocol helped o
wdentily proteins touched by sulfhydryl oxidation
response 1o menadione treatment and revealed that
proteic response to oxidative stress in M. edulis princi-
pally involves disulfide isomerases and cytoskeletal and
chaperone proteins [92], The role and mechanisms of
these speailic proteic modilications i cellular signaling
and processes of mollusks have yet to be elucidated.

26.3.3  Pollutant-Induced Apoptosis

There is a correlation between apoptosis levels in
mollusks and environmental stresses (salinity or temper-
ature changes. pollution) whose common denominator is



response (o Cu’ " exposure [46]. Stress-induced HSPT0
overexpression is generally observed at the same time as
P38 MAPK activation in bivalves, probably because of
induction of HSPs hy MAPK prosurvival pathways in
addition to protein damage. but it is notable that HSPs
could themselves regulate signaling cascades [115].
Hence, tssues present a dilferential sensitivity to
chemical stress. as suggested by the higher levels of
chaperones in gills than in mantle [116], the diverse p3s
MAPK pathways apparently activated by oxidant sti-
muli [46], and the differences in global phosphorylation
levels observed in response 1o pollutant exposure [110].
This divergence of vulnerability could be due to a higher
level of oxidative stress undergone by mantle cells, since
mantle is more sensitive to lipid peroxidation [117] and
gills possess higher levels of enzymatic antioxidant
defenses [4]. The disparity in the response between tissues
may also be due to a different “threshold” of stress level
that activates proapoptotic pathways; indeed. it has been
shown that MAPK activation involves different path-
ways and responses according to the severity of oxidative
insult [118]. For instance, in human lymphoeid cells, a
high level ol oxidative stress induced apoplosis, whereas
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# low level induced mitotic arrest and  probable
transcription of antioxidant actors to balance redox
status. Gills are the first tissue exposed to adverse factors,
to which they probahly exhibit greater tolerance than
other tissues because of differential sensitivity and capac-
ities to cope with a higher level of insult. Effects
of diverse pr-oxidant contaminants on MAPKs in
M. galloprovincialis gills were studied recently [47].
Low concentrations of TBT activated p38 MAPK and
JNK but not ERK. and higher doses activated only p3g
MAPK. in both cases DNA damages decreased, suggest-
ing that the concentrations used in this study imduoeed
protective pathways of MAPKs, which contrasts with
previous results obtained with very high doses of TBT
directly introduced in the palleal cavity of mussels [100].
p38 MAPK/INK activation and reduction of DNA
damage were also observed in gills of mussels exposed
to soluble fraction of diesel oil, indicating a probable
role of MAPK activation in DNA repair [47].

Figure 26.2 proposes a schematic view ol the hypo-
thetical induction of apoptotic or resistance responses to
oxidative stress in mollusks according 1o the severity of
the insult, with p38 MAPK as a central regulator,
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Fig. 26.2 A hypothetical model of the induction of apoptotic or resistance responscs to oxidative stress according Lo the severity of
insult. Oxidative stress induces the oxidation of thiel groups of protemns. Resulting disulfide bridges could play a role in signaling,
while oxidation ol free thiol 15 generally deleterious except in some cases (metal binding protein) where it allows scavenging ol ROS,
Glutathtone is also oxidized or conjugates Lo proteins (glutathionylation), protecting them [rom irreversible modifications: in
addition, glutathionylated proteins are also probably invalved in signal transduction. Stress kinases, namely, p38 MAPK and 1o a
lesser extent INK, arc activated probably in correlation with GSH levels. p38 MAPK induces the expression of HSP70 that protects
proteins from damages and misfolding. These features allow enhancement of cell tolerance, which becomes capable of resisting
oxidative stress il not too high. 17 oxidative stress is too severe, which is a relative notion depending on cell type sensitivity, p3g
MAPK activates proapoptotic pathways by the cleavage of caspases, perhaps through p53 activation. Activation of p53 could also
be regulated by GSH level more direetly and by proteins or DNA damage. p38 MAPK plays a central role in the modulation of eell

response to oxidative stress in mollusks.
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26.4 IMMIUNE SYSTEM

The molluscan immune system is less complex than that
of mammals and nvolves humaoral (lectins., hydrolytic
cnzymes, anlimicrobial peptides) and cellular (hemo-
cytes) mechanisms that recognize invaders and destroy
them by various means [11]. Hemocyles are crucial
components of this system and capable of migration,
phagocytosis, ageregation, and sceretion of antibacterial
substances and ROS. One of the common features of
molluscan host reaction against pathogen infection is
the generation ol an oxidative burst by hemocyles 1o
kill microbes [119]. NADPH oxidase catalyzes the
production ol singlet oxygen, superoxide Os , hvdroxyl
radical OH ™, as well as hydrogen peroxide H.O, that
forms hypochlorous acid in a reaction with chloride
cutalyzed by myeloperoxidase. then enhancing antibae-
terial activity. It is nonetheless proposed that H-0s
could also originate from the Fenton reaction and
hvdroxyls result from interaction of H.0. and super-
oxides. In addition. the amount of the different ROS
produced depends on the ccllular subtype as well as
the stimulation [119, 120]. Oxidative burst s rigeered
by exposure to pathogens [119] but alse carbohy-
drates [121], bacterial extracellular products [122], and
cytokines [123]. Then, whereas it was thought that
the phagocytosis itsell activates a ROS-forming system
associaled with NADPH oxidase [119], it seems probahle
that ROS production is mediated by cGMP-dependent
protein kinase PKC [124] and stress-activated MAPKs
like p38 MAPK. as observed in M. galloprovincialis
challenged with strains of Vibrie sp [120]. However,
pathways triggered by a bacterial challenge depend on
the pathogen as well as the extent and duration of the
stimulation [125].

ROS production by hemocytes s u delensive reaction
has the disadvantage of potentially inducing cytotoxicity
to the host itself, which exhibits antioxidant forces to
counteract this deleterious aspect of microbial killing.
In addition to cellular antioxidants, circulating antiox-
idants are detected that could help to protect host cells
Irom ROS msults. For instance, an extracellular super-
oxide dismutase has been characterized in oyster plasma
[126]. This Cu/Zn form is exclusively expressed by
hemocytes and 1s able to bind lipopolysacchandes
(LPS) exhibited by bacteria such as Escherichia coli as
well as mtegrin-hike receplors on the surluce ol the
ovster’'s hemocytes. In addition to putative roles in
oxidative burst modulation and host protection against
oxtdative myury, this extracellular SO could thus be
involved in the recognition of LPS and subsequent
triggering ol the immune response by interacting with
integrin receptors [126]. In the bay scallop Argepecten
irradians, an extracellular SOD that does not possess

the LPS-hinding motils has heen characterized, whose
expression was enhanced in hemocytes when animals
underwent Fibrio anguillarum challenge. probably as a
consequence of ROS accumulation during oxidative
burst [127].

If not balanced, ROS surproduced for bacterial
killing may generate irreversible damage to host cells,
even death. Apoptosis is observed as an important
component of molluscan immune reaction to degrade
infected or phagoeytic cells [10. 128]. The mechanisms
ruling this immunomodulatory process are still unclear,
but oxidative burst probably participates i its activa-
tion, as observed for other environmental stress involy-
ing ROS formation [I11, 95]. Hence, C. gigas hemocyles
challenged in vitro with the Gram-positive marine bac-
terium Planococcus citrews phagocytized and  killed
invading cells within a few hours; then phagocytizing
hemocytes, mainly hyalinocytes, underwent cell death
that probably corresponds to apoptosis as suggested by
preceding membrane blehbing, cell shrinkage, and chro-
matin condensation [l1]. Besides. treatment with anti-
oxidant agents suppressed phagoeytizing-hyalinoeyte
death, whereas trentment ol nonchallenged hemocytes
with a prooxidant [ailed (o induce apoptosis, suggesting
that hyalinocyte apoptosis triggered by P. efrreuns expo-
sure is actually induced by ROS produced within cells,
Curiously, other experiments showed that granulocytes
senerally present higher levels of apoptosis than hyali-
nocytes, possibly due to higher phagocytic and respira-
tory burst activities [10].

In addition o ROS sensu sevicto themselves, NO 15
also produced as a defense mechanism by molluscan
hemoeytes, where NO  synthase actvity has been
detected, and dilferent isoforms of NOS, some of them
unique to mollusks, have been characterized [11]. NO
synthesis occurs apparently aflter phagocytosis und
would be involved in bacterial clumping [34, 123]. In
the clam R, decussatus, NO synthesis scems to be
independent Irom phagocytosis and constitutes an aller-
native method to kill pathogens [129). In C. virginica,
infection by the protozoan parasite Perkinsus marinus
dlso imduoced NO production that was correlated with a
decrease in parasite loads at early time points after
infection [130]. In parallel, it has been shown that
P. marinus increased hemocyte apoptosis at early and
later stages of infection, with differential profiles accord-
g o the virulence ol the strain [128]. Hence, the role of
NO in the triggering of hemocyte apoptosis in mollusks
i3 under question [10, 11]. Outside the immunc system,
the roles of NOn cell death are investigated m only one
study that suggests an antiapoptotic role of NO in larval
development [131]: on the other hand, data on mamma-
lian macrophages show that stimulated NO production
is associated with apoptosis of host cells [132, 133].
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a5 Iree radicals or ROS. Brain not only possesses high
levels of polyunsaturated fatty acids but also contains
transition metals such as iron and copper, which are
sapable of generating hydroxyl radical [Y]. In addition,
brain contains low levels of cyvtosolic antioxidants
compared to liver and other visceral tissues [10. 11].
Thus brain 1s unable to protect itsell [rom toxic effects
of high levels of ROS. Superoxide radical reacts with
miiric oxide (NO®) to produce the peroxyniiriie anion
(ONOO ). a nonradical product. which is as toxic as *OH
in terms of its ability 10 oxidize and destroy by standard
maolecules. NO® and ONOO™ are olten relerred (o as
reactive nitrogen species (RNS). Like ROS, RNS oxidize
lipids and protein components. Studies on ROS and RNS
indicate that ROS/RNS are highly reactive and short-
lived species that do not accumulate to significant levels,
and it is not possible to measure them directly: rather, one
must measure either the accumulation of biomolecules or
the exogenously added indicators that are modified by
ROS and RNS. In other words, generation of ROS and
RIS leaves its footprint in the cell in the form of different
oxidatively modified componenis.

27.2  ENDOGENOUS ANTIOXIDANT DEFENSE
MECHANISMS IN VERTEBRATES
AND INVERTEBRATES

Under physiological conditions, the antioxidant defense
system within veriebrate and invertebrate bodies can
easily neutralize the amount of ROS produced through
ROS generaling systems [2], The antioxidant systems
include low-molecular-weight antoxidants like glutathi-
one and vitamin C, antioxidant enzymes such as super-
oxide dismutase, catalase. transferrin, and glutathione
peroxide. and the ROS defense system involving the
participation of enzymes associated with DNA and
membrane repair. These enzymes repair ROS-mediated
oxidative damage to cellular structures 2], Thus during
normal aerobic metabolism ROS generation remains
under tight control through the activities of the above-
listed antioxidant defense systems. Low levels of ROS
are needed for fundamental cellular functions such as
srowth and adaptation responses and for optimal fune-
tioning of the immune system. Oxidative stress induces a
number of biochemical changes in vertebrate and inver-
lebrute systems. The extent ol these chunges depends on
the severity of the oxidative stress. In vertebrate and
invertebrate sysiems, low levels of ROS promote cell
prohileration, while ntermediate ROS levels produce
growth arrests [2, 8] Under a sustained environmental
stress, ROS are produced over a long time. and thus
significant damage may occur to cell structure and func-
tions. This damage has been implicated in a wide variety

ol chromic disenses, mehding nenrodegenerative disenses
(Alzheimer disease. Parkinson disease, amyotrophic lat-
cral sclerosis); arteriosclerosis and heart discase; strokes
and ischemia/reperfusion injury: chronic iflammatory
diseases (rheumatoid arthritis, lupus ervthematosus, and
psoriatic arthritis); and mutagenesis, cell transformation,
and cancer |12, 13].

To counteract ROS-mediated damage, vertebrate and
inverichraic systems have evolved several mechanisms,
These mechanisms include (a) termination of the ROS
using free radical scavengers and antioxidant enzymes,
(b) mduction ol endogenous signahng  systems  thal
protect cells from toxic effects of ROS, and (c) repair
of damaged cellular components. These mechanisms
may also involve the activation of redox-sensitive tran-
scription factors and increased expression of antioxidant
enzymes und antiapoptotic proteins. One of the major
cellular antioxidant responses in vertebrate and inverte-
brate systems is the induction of detoxification enzymes
through the cytoplasmic  oxidative  stress  system
(Nrf2-Keapl). It is activated by ROS (Fig. 27.1). The
transeription factor Nrf2 is constitutively expressed in
all tssues ol vertebrates and invertebrutes, although
amounts may vary among various cells and organs [14,
15]. The detoxification organs (kidney and liver) have
the highest levels of Nrf2, Nrf2 may be [urther induced
by ccllular stressors including endogenous ROS or
exogenous electrophiles [16]. Under normal conditions,
Keapl forms a complex with Nrf2 and keeps it within
the cytoplasm, targeting it for ubiquitination and pro-
teasomal degradation. This results in the mamtenanee ol
low levels of Nrf2 that mediate the constitutive expres-
sion of Nri2 downstream genes. When vertebrate and
invertebrate cells are exposed to oxidative stress, a signal
involving phosphorylation and;or redox modification of
critical cysteine residues in Keapl inhibits the enzymic
activity of the Keapl-Cul3-Rbxl E3 ubiquitin ligase
complex, leading to reduction in Nrf2 ubiquitination
and degradation. As a resull, free Nri2 iranslocates
from the cytosol into nucleus, where it forms a hetero-
dimer with members of the small musculo-aponcurotic
fibrosarcoma (Mal) transeription [actor Tamaly [15].
These Nrf2/Maf heterodimers bind to antioxidant
response elements present in the promoters of numerous
antioxidant genes. including NQO-1. glutatluione &-
transferase, glutathione peroxidase (GPx). catalase,
and HO-1 [14, 17 18] Upon recovery ol cellular redox
homeostasis, Keapl travels into the nucleus to dissociate
Nrf2 from the ARE. Subsequently, the Nrf2-Keapl
complex 15 exported oul of the nucleus by the nuclear
export sequence (NES) in Keapl. Once in the cyloplasm,
the Nr2-Keapl complex associates with the Cul3-Rbx|
core ubiquitin machinery, resulting in degradation of
Nrf2 and termination of the Nrf2/ARE signaling
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group ol lysine} but also mlubnts DNA and protemn
synthesis and inactivates enzymes, modifies low-density
lipoproteins, und modulates gene expression [36]. Milo-
chondrial proteins are targets of 4-HNE adduct formation
following oxidative stress in vivo and in vitro, In addition,
4-HNE also inactivates the 2-oxoglutarate dehydrogenase
and pyruvate dehydrogenase complexes, cytochrome ¢
oxidase, and NADH-linked respiration in isolated mito-
chondma [37, 38]. 4-HNE produces o varety of cyloloxie
cffects such as the inhibition of DNA, RNA, and protein
synthesis, cell eyele arrest, mitochondrial dysfunction, and
apaptosis in verlebrate and inverlebrate systems [39].
Thus 4-HNE is a good biomarker lor oxidative stress,
4-HNE has been detected by gas chromatography-mass
spectroscopy and liquid chromatography-mass spectros-
copy in vertebrate systems, and studies on the use of
A4-HNE as a hiomarker for oxidative stress in inveriehrates
are beginming to appear [25].

S-Oxodeoxyguanosine (8-oxod() s another important
biomarker for oxidative stress in vertebrate and inverte-
brate systems [40 42 It 1s syvnthesized in vivo by the
attack of ROS on DNA. It is highly mutagenic, resulting
in GC to TA transversions. After cleavage from DNA asa
result of DNA repair, 8-oxodG s excreted in body fluids
including blood. urine. and CSF of vertebrates. Another
significant source of extracellular 8-oxodG may be oxida-
tion of the nueleotide pool [43]. Urninary B-oxodG levels
are therefore considered a general biomarker of oxidative
stress. Methods used for S-oxodG detection include
high-performance liquid chromatography, tandem mass
spectroscopy, and a recently developed competitive
ELISA [44]. These methods can be used Tor the determi-
nation of oxidative stress-mediated DNA damage in
invertebrate systems.

Proteomics can be used for determining levels ol not
only oxidative/nitrosative protein modifications but also
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protein-hound methionine oxidation [45, 46]. Tt is con-
troversial whether ROS- and RNS-mediated protein
modifications and oxidized methionines have a signifi-
cant direct physiological and pathological impact on
cellular injury, The generation of these proteins may be
a secondary phenomenon. A clear delineation of the
causal connections cannot be provided at present, but it
is becoming increasingly evident that high levels of ROS/
RNS produce distinct pathological cell consequences that
greatly amplify and propagate injury, leading to irrevers-
ible cell and tissuc degeneration [45, 46]. It is tempting 1o
speculiate that redox proteomies can be vsed o define
redox molecular mechanisms associated with oxidative
stress in vertebrate and invertebrate systems.

27.4 OXIDATIVE STRESS AND AGING

Although information on the effect of oxidative stress in
vertebrate and invertehrate systems has been discussed
by Rizvi and Pandey in this book. it is important to
cmphasize that production of ROS has a major impact
on cell aging and tssue damage [47, 48], particularly
cardiovascular and nervous systems [49]. Levels of ROS
are elevated with age, as biomarkers of lipid peroxida-
tion (isoprostanes) are increased and antioxidant activity
is deercased. However, in clderly individuals who are
still healthy, the ROS level has been reported (o be
similar to that of young adults [50], or at least comparable
to antioxidant defenses [51]. supporting the view that
markers of oxidative stress are nol influenced by old age
when good health and nutritional status are preserved. In
addition. psychological stress and lifestyle factors such as
smoking, lack of exercise. and status ol n-3 latty acids in
the body have an impact on the level of ROS [52-54].
ROS ure not only responsible for whole body aceelerated
aging but also for decline in cognitive functional. Thus in
an ¢lderly population (>80 years old), free radicals are
mvolved in poarer cognibive function, loss of aulonomy,
loss of ability to perform daily activities, and institution-
alization, as well as depressive symptoms [35].

27.5 CONCLUSION

Oxidative stress is defined as an imbalance between ROS
production and their removal by anbioxidant systems
with increased accumulation of free radicals. Major
production of ROS occurs in mitochondria during oxy-
gen utilization. In addition, ROS may be synthesized i
phagocytic cells, as well as in vascular wall and various
other tissues by enzymes such as NADPH oxidase,
myeloperoxidase, xanthine oxidase, cyclooxygenase,
and lipoxygenase. At low concentrations, ROS are

associnted with a vast array ol physiological functions,
such as gene expression and immune responses. At high
levels, ROS react with lipids, carbohydrates, proteins,
and DNA, altering their structure and function and
resulting in inflammation, apoptosis, and mutagenesis.

These days, we have been empowered by lipidomics,
proteonics, and genomics. These procedures can be used
not only for identifying and determining levels of bio-
markers for oxidative stress in various tissues of verte-
brate animals and invertebrate organisms but also for
detecting biomarkers levels in biological fluid samples.
Identification ol biomarkers Tor oxidative stress may
lead not only to carly diagnosis and follow-up of the
progression ol neurodegenerative and chronic visceral
diseases but also to monitoring of therapeutic responses,
Identification of ROS/RNS-modified proteins by prote-
omics in vertebrates and invertebrates can provide
important information on cellular function of modified
proteins, Another important challenge for future studies
will he to incarporate this knowledge into o framewaork
whereby these complex functional and regulatory altera-
tions in the cellular protcome can be used to increasc our
understanding ol and improve the treatment ol disenses
with the component of oxidative stress in vertebrate and
invertebrate systems.

REFERENCES

Durackova Z, Some current insights nto oxidative stress,

Physiol Res 2010; 59: 459169,

. Halliwell B, Oxidative stress and neurodegeneration:

where arc we now? J Newrochem 2006; 97 16341658,

3. Davies K.J, Oxidative stress, antioxidant defenses, and
damage removal, repair, and replacement  systems.
HUBMB Life 2000; 30; 279-289,

4. Pieczenik S.R. and Neustadt J, Mitochondrnial dysfunction
and molecular pathways of disease. Exp Mol Parfal 2007;
83: 84 92

5. Dworakowski R, Anilkumar N, Zhang M, and Shah A
M. Redox signalling involving NADPH oxidase-derived
reactive oxygen species. Hiochem Soc Trans 2006; 34
960904,

6. Sun G.Y., Horrocks L.A., and Farooqui A.A. The roles
of NADPH oxiduse and phospholipases Au in oxidative
and inflammatory responses in nenrodegenerative diseases
J Newrachem 2006; 103: 1-16.

7. Li X and Stark G R. NFkappaB-dependent signaling
pathways. Exp. Hemaiol 2002; 30; 285-296.

8. Halliwell B. Biochemistry of oxidative stress. Biochem Soc
Trans 2007; 35: 1147-1150.

Y. Floyd R.A. and Hensley K. Oxidative siress o brun

aging. Implications for therapeutics of neurodegenerative

diseases. Neurobiol. Aging 2002: 23: T95-807.

[§3



384

40.

41

43,

44,

45

46.

PERSPECTIVE AND DIRECTIONS FOR FUTURE STUDIES

4-hydroxynonenal, a key maolecule in stress mediated
signaling. Acta Biochim Pol 2003; 50: 319-336.

Machella N., Regoli ., Cambria A., and Santella R.M.
Oxidative damage to DNA: an immunohistochemical
approach for detection of 7.8-dihydro-$-oxodeoxyguanosine
i murime organisms. Mar Environ Res 2004; 58: 725 729,
Machelln M., Regoli F., Cambrin A, and Santella R.M
Application of an immunoperoxidase staining method
for detection of 7 8-dihydro-8-oxodeoxyguanosine as a
biomarker of chemical-induced oxidative stress in marine
organisms. Aquat Toxicel 2004; 67: 23-32,

. Machella N., Regoh F., and Santella R.M, lnmunelluo-

rescent detection of ¥-oxo0-dG and PAH bulky adduocts in
fish liver and mussel digestive glund. Aguar Taxicol 2005;
71335343,

Haghdoost 8., Czene 5., Naslund 1., Skog 5., and Harms-
Ringdahi M. Extracellular 8-0x0-dG as a sensitive param-
eler [or oxdative siress i vivo and o vitro, Free Radie Rey
2005; 39: 153-162.

Chiou C.C., Chang P.Y., Chan E.C., Wu T.L., Tsao K.C.,
and Wu LT Urinary 8-hydroxydeoxyguanosine and s
analogs as DNA marker of oxidative stress: development
of an LLISA and measurement in both bladder and
prostate cancers, Clin Chim Avta 2003, 334, 57-94,
Lindahl M., Mata-Cabana A, and Kieselbach T. The
disulfide proteome and other reactive cysteine proteomes:
analysis and functional significance. Anriovid Redox Signal
2001 14: 2581-2642

Ghesquiere B., Jonckheere V., Colaert N., Van Durme 1.,
Timmerman E., Goethals M., Schymkowitz J., Rousseau F.,
Vandekerckhove 1., and Gevaert K. Redox proteomics of
protein-bound methiomne oxulation Mol Cell Proieomics
2001, 14: 2581-2642,

47

48.

49,

50

51:

Lh
12

'_h
Lt

Beckman K B, and Ames BN, The free radical theary of
aging maturcs. Physiol Rev 1998; 78: 547-581,

Finkel T., and Holbrook N.J. Oxidants, oxidative stress
and the biology of ageing. Nature 2000; 408; 239-247,
McEwen B.S. Sex. stress and the hippocampus; allostasis,
dllostatic load and the agpng process. Newrobiof Aging
2002: 23: 921 939,

Cals M., Suceari M., Mencguzzer E., Ponteriere C.,
Bories PN, Devanlay M., Desveaux N, Gatey M.,
Luciani L., Blonde-Cynober ., and Coudray-Lucas C.
Markers of oxidative stress in fit. health-conscious elderly
people lving i the Pans area, The Research Group on
Ageing (GERBAP). Nutririon 1997; 13: 319-326.

Kostka T., Drai 1., Berthouze S.E.. Lacour LR. and
Bonnefoy M. Physical activity, acrobic ecapacity and
selected markers of oxidative stress and the anti-oxidant
defence system in healthy active elderly men. Clin Physiol
2000: 20: 185-1%90,

. Gidron Y., Russ K., Tissarchondou H., and Warner J. The

relation beiween psychological factors and DMNA-damage:
a eritical review. Bial Psyehal 2006; 72: 291 304,
Maoller P, Wallin H., and Knudsen L E. Oxidative stress

associated with exercisc. psychological stress and life-style
factors. Chem Bied Interact 1996; 102: 17-36.

34, Farooqui AAL (2009), Benehcal effects of fish ol on

human braim, Springer, New York,

. Maugen D.. Santngelo A., Bonanno M.R., Tesun M.,

Abhute 8., Lo Giudice F., Mamuzza C., Puglls N,
Panchianco P. Oxidative stress and aging: sindies on
an East-Sicilian, ultraoctagenarian population living in
institutes or at home. Arch Gerontol Geriatr Supp 2004;
u: 271=271,

andd



INDEX

Acetaminophen, b
Acerylcholine, 216, 231, 200
Acidoss, melubolic, 221
Aconitase, 37-39
Acralein, 9
Actlivator protem-1 (AP-1), 7-§, 12, 20,
2223, 73, 105, 107, 378
Activin, 176, 181
Acylation, 204
Acyl-CoA cholesterol acyltranslerase, 104
Adduct formation, 9
Adenoma, 220
Adenomyosis, 220
Adenosine diphosphate (ALDP), 24, 84,
140, 157, 211
Adenosine monophosphates (AMP), 157
Adenosine triphosphate (ATH)
antioxidants and, 212, 286, 288
binding cissetle proteins (ABCAL
ABCG), 56
calorie restriction and, B4—K5
cardiovascular disease. 157
cellular redox regulation and signaling,
02
depletion, 104
functions of, 9, 24
mitochondrial diseases, 34—35, 37, 40
nenratrnumitic and neurodegenerntive
diseases, 32, 54, 39, 112, 11%. 1325
Parkimson disease, PL, 140
redox sensing, 363
synthase, 34
synthesis, 120
Adenylation, 9
Adhesion molecules, 106, 176, 181, 377
Adipose tissue, 87, 122
Adrenalectomy, 120

Orxicdative Strexs in Vertebrates and Inverfebeates: Molecular Aspects of Cell Signaling, First Edition

Adrenal glands, 122, 154

Adult respirntory distress syndrome, 310

Advaneed glycated end products (AGEs),

2627, 84, 8O, 150

Aedes aegypti, 267

Aerobic metubolism, 37

Age=related memory impaiiment (AR

studics)

commaon misconceptions, 348—349
delined, 347348
influential factors, 347— 349, 353—354
inlerventions, types of, 354 355
multiple phases of, 335

AGL-1067, 215

Aging process
diet and. 212-213
environmental stressors, 1HS
honeybees, 283
influences on, 20, 93
memory impaiiment, 347-349
mitochondrial dysfunction and, 8586
neurodegenerative diseases und. 302
ollactory dyslunction, 2949, 302, 382
oxidative stress rale in, 355-356
preventive effects on. 90
reactive oxyeen species (ROS), 272273

vertebrates compared with inverfebrates,

169170
Aping theories
free radical/oxidative stress, 168—169
overview of, 167168
AhpD protein, 339
AlDS dementiz complex, LLL
Adr pollution, 183
AKH/RPCH (adipokinetic hormone red
mement concentration hormone),
264260

Edited by Tatlira Farooqu and Akhlag A, Farooqu.
O 2002 Wiley-Bluckwell, Published 20012 by John Wiley & Sons, Ine.

Akt 252, 264, 339
Alanine, 72
Albwimnim, 94
Alcohol, generally
consumption, 213, 123
dehvdrogenase, 122
Aldehydes
antioxidants and, 216, 219-220
caloric restriction and. 92, 96
cellubar redox regulition and
signaling, 196
endocrine control and, 266
functions generally, 25-27
i neurotraumatic and neurodegenerative
disenses, 54108
reactive oxygen species (ROS)
generaton, 4
Alkoxyl radicals, 3, 52, 104, 377
Allelochemicals, 262
Allopurinol, 157, 159, 161=162, 224
a-Amina--hydroxy-S-methyl-4-
isoxazolepropionic acid (AMPA), 353
a-Lipeic acid (ALA) 210-211, 222
c=-Svnuclein, 28, 119, 142, |44, 319
a-Tocopherol
antioxidants and, 214, 217, 220, 222
caloric restriction and, $4—-96
functions of, 18, 28 9496, 263
Parkinson disease, PD, 140
Alternative oxidase (ADX) pathway, 363
Alzheimer disease (ADD)
aging process and, 356
amyloid plagues, 129132, 116
ancuploidy, 130-134
antioxidant treatment, 213 216
brain dysfunction, 6, 12, 341
caloric restriction and, 8S

385



386 INDEX

Alzheimer disease (AT (continmed)
cell eyele, 130131
€, elegans model of, 352
characteristics of, generally, 2628
development of, 215 216
DNA damage, 131
_[Ir(l.u'ra_plrlifn n:ehumgu_trrr studics, 110
early-onset (FOAD), 131
evidence of, 118119
farmbial (FALY), 1 18=120, 130
furure research directions, 379
incidence of, 223
inhersted, 130
late=omset (1LOAD), 130
memory impairment, 333 354
mitochondnal DNA (miDNA), 34, 38, 41
neurafibrillary tangles (NFTs), 130-132,
134,218, 236
neurogenesis i, 131134
neuropathology features, 235230
neurosteraids in oxidative stress-mediated
injury. 120123
neurotoxicity, 55, 5§
olfactory dysfunction, 297, 299, 303
oxidative stress and, 133-134, 273
pathogenesis, 103, 105, 107, 110-112,
129-131
proteins, of cell cycle, 130 131
red wines/ wine-derived polyphenols Tor
prevention and treatment of,
236242
sporadic, 118120, 130
treatment of, 235
Ames test, 252
Amino acids
Alzheimer disease and, 117
antioxidants and, 223, 22§
cardiovascular disease, 154
mitechondnal diseases, 41
neurodegenerative diseases, |17, 235
in propolis, 246, 251
sestrins and, 340
Amoxicillin, 185
AMP-uctivated protein kinase (AMPK), 89,
338, 341
Amylaid, generally
-3 (A3) peptide, 117119, 123125,
216, 235236, 238, 240
characterized, 20-27
plagques, 129-132, 216
precursor protein (APP), 37, 118-120,
123—124, 130, 132, 134, 240
Amyvolrophic lateral selerosis (ALS), 6, 34,
41, 103, 105, 107, 111, 215,221, 297,
310, 379
Androstanediol, 121, 123
Androstenenedione, 121122
Anesthelics, 249, 253
Ancuplowdy, 130—134
Ang 11, 7
Angiogenesis, 89, 252
Angiopoietin-1, 184
Angiotensin-converting cnzyme

(ACE). 157

Animal models
Alzheimer Disease. 132133
environmental stressors, 186
mitochondral mutations, 41—-42
AD/ALO neurons, 145, 147
Anapheles gambiae, 280
Anoxia
effects of, 284
sreoaygemthion, 364
Anthropic sensors, 301 =3
Antinpoptosis genes, 179, 181182
Antibiotics, 247, 233
Antibodies, 110, 249
Anticancer drogs, 23, 74, 247, 253
Antiedema substances, 213
Antigens, 56, 130
Antiinflammatory substances, 249
Anti-inflammatory signaling, 111
Antmucrobal peptides (AMP), 233
Antuncrobial substances. 273, See also
Propalis
Antioxidant(s)
cveling of, 95
environmental stressors and, 178
enzymutic, 272, 276
enzymes tarpeted to mitochondra, 41
functions of 6710, 18— 19 22-23 2524
28 29, 84, 103, 112, 136, 161 162
delense mechamsim/response, 89, 119, 140,
160, 170—=171, 176, 311, 378
defense system (AOS), 39 40, 90, 117,
209, 284, 366
dietary, 212213, 215
enzynttic mechanisms, 263, 331
neurogenesis and, 134
nonenzymatic mechanisms, 261, 263
propolis, 248
carregulation of, 40
response element (ARE), 7-8, 63-04,
272, IR3—284, 28R 309, 313, 316, 319
supplementation of, 120, 200-210, 218
targel strategy, in mitochondria, 41
therapies, see Antioxidant therapy
Antioxidant therapy
aging and, 212-213
asthma, 22|
henefits of, 161—162, 209—212, 225-224
cancer, 219-220
cardiovascular disease, 213215
chronie obstructive pulmonary discase
(COPD), 221-222
complex rewional pamn sydrome, 218-214
diabetes, 222223
ischemia-reperfusion injury. 213215
kKidney disease, 225
liver discase, 223
neurndegenerntive disenses, 215 218
pancreatitis, 223225
pregnancy and preeclampsia, 221
rheumatoid arthritis, 223
Antitumor substances, 249250
Antiviral substances, 250, 253
Apis mellifera
antioxidant system, 279 280, 289

hrain, iron in, 299-301
olfactory dysfunction, 297298, 302304
ollactory newronal network i, 29524949
ontgenesis and life span, 266, 284286
ROS regulation in, 288 289
winter generation of, 286288
Aplysia spp., 352
Apoliprotein F (ApoE), 56, 130, 217
Apuolipoprotein E4, 118119
Apoplosis
Alzheimer disease, 119, 125, 130, 133
antioxidunis and, 285
caloric restriction and, 90
environmental stressors, impact of, 176,
182, 187, 190
ree radicals, 19=20, 22-23, 25
future research directions, 382
in mollusks. 368, 370371
neurodegenerative diseases, 105
Parkinson disease, 144
in propolis, 248, 252
reactive oxygen species {ROS) generation.
6, 810, 12
Apoplotic prolease activating luctor-|
{APAF-1), 11
Apoptotic genes, 180-181
Arabdapsis, 331
Aruchidonic acid (ARA)
antioxidants and, 216
futre research directions, 377-378, 380
neurodegenerative diseases, 104, 106 111
neurolosiciiy, 52-53, 58
alfactory dvsfunction and, 302304
regetive oxygen species (ROS) gencration,
4,2, 16
Arctica isfundia, 362
Arginine, 1011, 41, 54, 106, 160
Argopecten trradians, 370
Aromatics, 25, 41, 246
Arrhythmias, 159 See afso Cardiovascular
disease
Arsenic, 2021, 175, 188, 313
Arsenite, 74, 171
Artepillin C, 247, 251 - 233
Ascorbate, 1819, 27
Ascorhate peraxidase (APOX), 263
Ascorhic acid, 23, 39—40, 84 94—95, 143,
209, 214, 220, 263, Sev ulso
Vitamn €
Aseasplaera spp., 247
Aspergfilug spp.. 247
Aspitin, 137
Associative learning, 349352, 355
Asthma, 221, 272, 310
Astrocytes, 10, 52, 56, 107, 110=111, 146
Asymmetrical dimethyl arginine
(ADMA), 155
Ataxia, 36
ATG, 340341
Atherosclerosis. etiology of, 12, 20, 23,
25-26, 83, 88, 155156, 162, 210,
310, A79
Atrial fibrillation, 156157
ATPases, 107 - 108, 368



Autoantibodies, 12, 92

Autoimmune diseases/disorders. 12, 380,
Ser afso Lupus ervthemalous;
Multiple sclerosis

Autoimmune inflammation. 65

Autooxidation, 142144, 380

Autophagy, 90, 176, 186, 189, 341

Autophosphorylation, 251

Azoxymethane/dextran sodium sullate
(AOM/DSS), b

Baccharis dracuncwlifoolia, 252

Hacillus pp., 247, 264

Bacterial meningitis, 111

Bacreroides spp.. 247

Basic libroblast growth laclor (bFGE), 252

Basic helix-loop-helix (hITLIT) transcription
factor. 327, 331

Butten disease, 215

Bax gene, 106

Rayesian network techniques, 176

Bel-2, 11, 106, 125

Beeswax. See 'ropohs

Benz-starvation association. 350

Benzuldehyde, 350

Benzofa)pyrene, 0h

Benzoie acid, 246 233

Beryliium, 20

Beta-blocker therapy, 157

Beta-caratene, health eMects of, 23, 210, 214,

417, 219, 222, 324225
Hepalactosidase (lueZ), 312-313
A=Naphthalene, 74
Big MAPK (BMK1), 24
Bilirubin, 84, 94
4E-binding protein (4E-BP), 340
Bingenesis, 90
Bioinformarics, 328, 338
Biomarkers, types of, 12, 91-96, 175,

380-381
Biomuolecules, 17, 24
Biopsy, 132, 297
Biosynthesis, 176, 178
Blaberus discoldalfs, 267
Bladder

cancer, 2

tumaors, G
BLASTn, 328
Bleomycin-induced pulmonary fibrosis,

hd—H5

Blood-brain barrier (BBB), 35, 105, 111
Blood pressure, 18, See aiso Hypertension
Bane morphogenctic protem (BMP), 175
Bowryils spp.. 247
Brain

aging process, 105

amygdala, 217

amyloid plagues, 130

cancer, 12

cerebelium, 122, 352

cholesterol and, 36

dentate gyrus (DG), 131134

dorsal root ganglia, 122

environmental stressors, 183

frontal cortex, 352
mammalian, 378379
medulli oblongata, 74
neurodegenerative discase and, 03— 105,
109 110, 130 131
Nri2 gene and, 66
ROS generated in, 3-12
strigtum, 216217
substantia mgra, 216-217
substantia migra pars compacta
(SNpe), 139
subventriculur zone (SVZ), 131134
temporal lobe, 207
tumors, 20
Breast cancer. 21, 23. 74, 247 248
Bromodeoxyurihne { BrdU) Labeling,
132=133
Bronchits, 250
bZIP protemn, 63-064, 72

Cadminm, 74, 171, 368
Caenovhabdinis elegans
age-related memory imparrment (ARMI)
studies. 347— 349
aging research. 167—170
anrway svstem, 271
Alzhcimer disease (AD) in, 352
cognitive aging in. 349 33|
Keapl/Nil2 signaling, 311, 315, 317, 319
locomaotory rate, 350
neurodegencrative disease and, 333
Nl 2-small Mal heleroduners, 64
sestrins, 338
Caffeic acid, 249, 253
Calbindin proteins, 143
Calcium/calcium channels
Alzheimer disease, 117118, 122,
124—125
antioxidant therapy and, 217
in Caenorhahditis elegans studics, 351-352
culbindin proteins, 145
in Drosophily melunogaster studies, 274
free radicals, 22, 24
neurotraumatic and neurodegenerutive
diseases, 52, 54-535, 58, 104-105, L1
Parkinson discase, 143, 145—147
reactive oxygen specics (ROS) generation,
4,6, 8-9
Calmodulin, 22
Calorie restriction (CR), oxidative stress
modulation
Fasting, Y4, Y6
maoleeular differences biomarkers, 91—%
overview of, 8990, 96, 335
physical activity, 90-91
ROS gencrated by food, 86—88, Y6
sex differences, 91
sirtuins role, R3—89
Cancer, sve specific types of cancer
antioxidants and, 23, 219220
wtrcinogenesis, 22-23, 173
cellular signaling dysregulation in, 20-22
chematherapy, 74, 220. 247248
luture research directions, 380

INDEX 87

implications of. 168, 187, 190, 310
initintion-promotion-progression model
ol carcimogeneis, 22
metastasis, 74
Nrf2 functions in, 74
Carcinoma cells, propolis-induced
apoplosis carcinoma cells, 248
redox environment of cell and
carcinugeness, 22-23
ROS-mediated, 12
Candida athicans, 247
Cap'n'Collur (CNC), See CNC protein
Carbohvdrates
in aging process, 176
untioxidonts and, 213
calone restniction and, Y, 92
endocrine svstem and, 263
environmental stressors, 180
Tuture research studies, 352
honeybee research, 296297
neuradegenerative diseases, 107
Carbon dioxide levels. 18
Carbonylaton, 280
Carbonyl groups, 367
Curboplatin, 74
Cardiac conduction block. 36
Cardiomyoeytes. 156
Cardiomvoputhy, 34, 88, 211
Curdiovascular disease (CVD)
aging and, 168
untioxidunt therupies, 161 162,
213215
arrhythmia, 159
atheriosclernsis, 12, 200, 23, 25-26,
83, BB, 155156, 162, 210,
10, 379
ntrial fibrillation, 156157
cardine remodeling, 158
development of, 2021, 88, 91, 153,
223, 380
environmental stressors, 183
future research directions, 379
heart failure, 156—157
heart infarction, 41, 156 137, 214
hypercholesterolemia, 25-26, 222
hypertropy, 158
interstitial fibrosis, 158—159
ischernic phase, 1537
mitechondrial dysfunction and, 24-25
prevention strategies, 23, 160— 161
reperfusion phase, 157158
risk lactors, 213
Cardiovascular svstem, |87, 382 See afsa
Hean
Carnitine, 40
Carotenoids, 22—-233_ 209, 263, See afvo Beta-
curoteng
Carotid arteries, 25
Carpal tunnel syndrome (C15), 210
Currageenin, 66
Casein kinase 2 (CK2), 331, 333
Caspases, 10,57, 66 106, 110, 176, 181-182,
252, 369
Catabolism, 340



388 INDEX

Catalase (CAT)
aging process and, 170
anboxidants and, 283284, 288
caloric restriction, ¥4, 86, 93-94
cardiovascular disease, 154, 160
Drosaphifa melanagasrer research, 271,
273=274, 276, 329, 341
endoerine system and, 263, 266
free radicals, 17, 23
mitochondnal DNA (mtDNA) mutations,
34, 3941
neurodegenerutive diseases, 113
Parkinson discase, 143
reactive oxygen species (ROS)
generation, 5, 8
sesstins and, 337
Catalysis, 195, IpT
Cotecholamines, 117 118, 142 144,
261, 302
Catechins, 214
Catechols, 142, 144
Cations, lipophilic, 41
Cell adhesion, 20
Cell eyele
Alzheimer discase, 130131
antioxidants and, 285
environmental stressors, 176, 178—180,
187, 189
Free radicals, 22
future research directions, 80-381
Nrf2-small Maf heterodimers, 73
i propolis, 247248
reactive axyveen species (ROS), 67, 12
Cell death. See Apoptosis
Cell differentiation, 21, 178, 283
Cell growth, 177-178
Cell proliferation, 2122, 75, 176, 178, 180,
248, 377
Cell signaling pathways, 19
Cell viability, 10
Central nervous system (CNS), 28, 122, 216,
299, 153
Ceramides, &, 11, 55, 5738, 105, 109-]110
Cerebrospinal fluid (CSF), 210, 216- 217,
380381
Cerulaplasmin, 94
c-Fos proteins, 8, 7273, 111, 124
Chagas disease, 214
Chaperone-mediated autophagy
(CMA), 144
Chaperone proteins. £ 94, 272, 367, 369
Chelation, 23, 2¥-24, 110
Chemokines, 8, 106, 110, 112, 251, 377
Chemoprevention strategies, 75, 211
Chemotaxis, 349-350
Chemotherapy, 74, 2200 247248
Chicago Henlth nnd Aging Study, 217
Chloramphenical, 32
Chelesterol levels
Alzheimer disease. 121, 123
antoxidants and, 211, 213-2135, 222223
endocrine system and, 266
free radicals and, 25-26
Teactive species oxygen (ROS), 12, 2526

nenrotraumatic and nenrodegenerative
diseases, 52, 3657, 103, 105,
108%—110
Chromatin immunoprecipitation
(ChIP), 334
Chromium( 111}, 21
Chrome inflammatory diseases, 12
Chronie ahstructive pulmonary disease
(COPD), 221-222
Chromic progressive external
aphthalmaoplegin (CPEO) syndrome.
34, 36-37. 3940
Chronic renal failure, 225
Cigarette smoking, health effects of, 66, 156,
186, 214, 220
Cilstazol, 222
Cinnamic acid, 253
CIPI protein, 23
Cireadian regulatory mouls, 327
Circadian transcriptional control, 334
Cisplatin, 74
Citrulline, 1011, 34
c-Jum. |1, 72=73, 111
e-Jun N-terminal kinase (INK), 6. 21, 23,
133, 160, 182, 339, 360
Clieguinel, 141
CLK-CYC pathway, 327-328
Clk mutations, 354
Clock proteins, 331
CNC protein, 64, 72, 311=317, 319=320,
EE]
Codons, 195196
Coenzyme Qyy (Coldyp), 40-42_ 94-95,
21K, 354
Cognition, 8§
Cognitive aging, 352, 355
Cognitive impairment, in Alzheimer disense
characterized, 107
muld (MCI), 119, 134, 217
Colitis, 249, 310
Collagen, 158159
Colon cancer, 21, 23, 247. Sve alwo
Colorectal cancer
Colony Collapse Disorder, 288
Colorectal cancer, 219
Complementary DNA (cDINA), microarray
analysis, 42
Complex regional pain sydrome, 218-219
Consensus E-box (CACGTG) E-box, 327,
329
Consensus sequences, ¥
Copper, health impact of, 4, 12, 27-28, 34,
105, 119, 175, 210, 214, 351, 368360
Coronary artery disease (CAD), 222
Corticoids, 121
Corticosteroids, 123
Craniofacinl organs, 66
Crassoxtrea spp,, 363, 368, 371
C-reactive protem (CRP), 212, 224
Creatine phosphokinose. 157
CREB, 124
Crohn disease (CLy), 211, 249
Cross-linkage, 9
Crosstalk, 38

Cuorcnmin, 75, 211
2-Cyano-3.12-dioxooleana-1,9-dien-28-
mdazolide (CDDO-Lm), 66, 73
Cyclooxygenase -2 (COX-2)
antioxidant therapy and. 211
future research directions. 378
neurotraumatic and neurodegencrative
diseases, 57,5455, 58, 106, 111112
Nil2-small Mal heterodimers, 66, 74
Parkinson discase, 146
reactive oxygen species (ROS) generation,
Ltu
Cycloserine, 55
Cysteine
in uging process, 171
antioxdants and, 221, 225
cardiovascular disease and, 159- 160
cellular redox regulation and signaling.
195198
future research directions, 350
neuradegenerative diseases, 108
MNrf2-small Mal heterodimers, 70
reactive oxygen species (ROS), 6.9, 20, 22
sestrins and_ 339
Cylochromes
¢, 10, 34, 39, 107, 125, 248, 302, 364, 366
¢ oxidase (COX), 4, 12, 3637, 90, 104,
108, 110, 117 118, 382
PA50, 3, 12, 109110, 121-122, 281
Cvlokines
Alzheimer disease. role in, 132
caloric restnction and, 87
environmental stressors, 183
free radicals and, 20, 25, 27
generation of reactive oxygen species
(ROS), 5, 8
in neurotraumatic and neuradegenerative
diseases, 32, 104—106, 110-113
Parkinson discase, role in, 146
n propolis, 251
Cyloprotective genes, 68
Cyloskeleton, |80
Cytosol, 210, 302, 377, 379
Cytotoxicity, 23, 88, 119, 220, 247, 282

Deafness, 34
Deamination, 281
Dehydroepiandrosterone (DHEA), 120-123
Dehydrogenases, 381
Deindinases (D), 200-201, 204
Deletions, 36, 67
Dementia, 217-218, 236, 297
Demyvelination, 104
Dental care, 246, 250
Deoxycorticosterone {DOC), 122
Deoxyvpuanosine, 9, 12
Deaxyribonucleic acid. See DNA
Deplirenyl and Tocopherol Antioxidative
Therapy of Parkinsonsm
(DATATOP), 146
Detoxilicution
enrymes, 312
Phase 11 detoxification response, 8
of proteins, 280



Pexamethasone, 18
Dexlipotum (DEX), 223
Diubetes, etiology, 26, 83, 85, 88, Y2, Y5, 168,
190, 2{0=211, 213, 272-223
Diahetes mellitus, 20, 34, 36, 175, 215
Diacylglyeerol (DAG), 87
Diclofenac, 225
Miesel exhaust, health effects of, A6
Dihydroprogesterone (DHP), 122
Dihydropyndines { DHPs), 146
Dihydrotestosterone (DHT), 121122
Dimethyl sulfoxide (DMSO), 313 316
Dimethvityrosine, 41
Mismutation reaction, 17
Disulfide isomerase. 107
Disullides, 96, 107, 196197
Dithiolethiones, 75
Divalent metal transporter L {DMT1), 141
D=1 provem, I8, 142, 317-318
DMBATPA, GO
DNA
Alzheimer Disease und. 131
charactensucs of, generally, 91, 113
estrogen and. 124
frugmentation, 18, 252. 368
methyvlation, 74, 2ZR0
microarray analysis. 176
oxidution, 103, I8 119, 140, 297
repair, 177-179, 186187, 189
replication, |2, 186187
ROS-mediated damage, 11 12
sequences, 72-73
svnthesis, 53—54, 108, 132
transeription, 12
DNA polymerase gamma (POLG)
deficiency, 41
Daobutnmine, 115
Docosahexaenoic acid (DHA), 4. 104,
107~ 108, 216
Doeosanoids, 5, 104, [OE, 111
Docoirienes, 18
DOPAC, 142, 144, 146
Dopamine (DA), B, 141146, 251, 273, 302,
317-319
Dopaminergic neurons, 139-146, 317
Dorsal oot ganglion (DRG), 111
Dase-response relationship, 26
Down-genes, environmenta] siressors,
IHd— 180
Downregulation, §-9, 22, 124, 273, 342
Drosophita melanogaster
age-associited pathologies, 341-342
airway system, oxidalive stress in,
275-276
digestive systems, 273-274
Cne in development of, 311-312
endocrine control, 267
genome, 280
immune system, 274—275
modulation of oxidative stress by Keapl
Nri2 signaling, 309320
nervous system, 2775
Nrf2 system, 310, 316—320
neurodegeneration, 341

promater analysis stidy of crcadian
regulatory motifs, 327-334
reactive oxyeen species (ROS) 167,
170, 271
DSS, 6
D3T, &b
Dual oxidase (DLUOX), 274, 276

Ear infection. 250
Early-onset Alzheimer Discase (EQALDY, 130
E-box, promoter analysis study, 328330,
33
Eodysteroids, 204, 260207
Feataxicology, 37, 171
Ectothermy, 363
EGF receplor (EGFR), 20
Ficosanoids, 5, 52, 104, 108, 111
Elnsiase, no
Elusun, 159
Electromyographic stucies. 210
Electron parnmagnetic resonanee (EPR). 261
Electron spin resonance (ESR)
analysis, 210
Electron transpart chain {ETC), 34,
140, 144
Electrophilicity/electrophiles, 6771
ELISA, 380—2381
Embryogenesis, 187
Emphyseima, 64, 310
Encephalomyopathies, mitochondral, 34,
37. 39
Endoenne diseases, 24
Endocrine svstem
endoerine glands, peripheral, 120
functions of, 352
in insects, 264267

Endoeytosis, 56

Endometriosis, 220

Endoplasmic reticulum (ER), &, 107,

121122, 202—-203
Endorphins, 251
Endosultan, 266
Energy consumption hypothesis, 168
Enolases. 107
Environmentul siressors

toxicity of, 176

types of, 130, 175
Enzyme activities, see specific tvpes of

enzvmes

activation of, 7—8, 52

maodulation of, 6
Epdenuological studies, 23, 18
Epidermal growth factor (EGF), 20, 133,

199, 251
Epigallocatechin gallate (EGCy), 209, 252
Epileptic seizurcs, LLL
Epinephrine, 251
Epoxyeenase (EPOX), 104
Esclierichio cofi, 247, 370
Essential life span (ELS), 167 168
Esters, 246247, 233
Estradiols, 85, 117=118, 121=122, 124
Estrogens, 91, 123125, 142, 220
Ethunol, 184, 186

INDEX 389

Fthnicity, as predisposition factor,
213-214

Etoposide. 74

EUK proteins, 41, 354

Excitotoxicity, 55 56, 59, 103, 106 107,
I1-113, 125

Exercise, health effects of, 86, 90-91, 43,
160—161

Exocytloss, 57

Extracellular acihification rate
(EDCAR), 37

Extrucellulur oxidative siress, 173

Extracellular signal-regulated kinase (ERK),
f, 21, 2425, 75, 160, 262

Extracorporeal shock wave hithotripsy
(ESWL), 225

Extract of Brazilian propolis (EERP), 252

Famihul adenomatous polyposis, 211
Famihial Alzheimer discase (FALY),
118 120, 130
Fatv acid coenzvme A (FA-CoA). 87
Fany acids
biosynthesis, 176
calore restriction. 196
tree (FFA). 86
future research dircetions, 382
in neurotraumatic and neurodegenerative
diseases, 54, 57
omega-3, 221
polyunsaturated (PUFAs), 34, 105, 107,
211, 215, 221, 266, 297, 299, 1032, 353,
377378
unsaturaied | 107, 117
Fenton reaction, 17—18, 20, 25, 38, 247, 297,
370, 377
Ferritin, 141, 263, 288, 3635
Ferrous ammonium citrate (FAC), 297,
209301, 304
Fibrinogen, 156
Fibroblast growth factor, 20, 39
Fibronectin, 184
Fibrosis, types of, 20, 64—-65, |58—159, 310
Flavanones. 248
Flavin adenine dinucleotide (FADH-), 34,
B4, 40, 143
Flavoenzymes, 19
FlyBuse, 328329
FLY REG database, 331332
Flavonaids, 23, 209, 212213, 217, 239, 24h,
249, 253
S-Fluorouragil, 14
Fly studies. See Drasophifa melanogeasier
Food and diet
aging provess and, 212-213
ROS generated by, 86—88
safery, 233
Forskolin, 184
HoxO
activation, 272, 275276, 283 - 286
signaling pathway, 338339, 380
Free Oxvgen Radicals Defence
(FORDY), 210
Free Oxygen Radical Testing (FORT), 210



100 INDEX

Free radicals, see (_m‘ri'ﬂ'r tpets r:fﬁ'm‘
radicals
delense aguinst, 18
health impact of, 153=150, 161, 68— |69,
271, 304, 361, 367, 380
liver disease and, 223
overproduction of, 1), 42
oxidation, 1§
oxidative stress effects, 210
pancreatiis and, 224
reduction of, %
selenoproteins und, 196
thermodvnamics of, 18
Friedrich ataxia (FRIDA), 37
Fructose-1.6-biphosphate aldolase, 107
Fasisoprostanes, 92493, 46, 108104, 1535,
380 Sewe also lsoprostanes
Fungi infection. 249
Furanocoumanns, 262

GABRA, 122
Galanthus nivalis. 264—263
Gallbladder cancer, 74
=-linolenie acid (GLA), 210-211
Gamma radiation, 22
Gamma-T supplementation, 213
Gas chromatography-mass spectroseopic
studies, 380 381
Gastrie carcinogenesis, 220
Gasliritis, 23, 220221, 310
Gustrointestinal disease, 187
Gelutin, 159
Gender difTferences, 91 See ofsoe Women's
health
Gene expression, see specific senes
environmental stressors and, 176190
induction of, 283
signatures, 186187
stimulation of, 32
Gene Expression Omnibus (GEO),
183, 187
Gene Ontology (GO), 183, 328329, 333
Gene Ontalogy for Motifs (GOMQ),
328329
Gene therapy, 41-42
Gene transcription, 365—366. See also
Transeription factors
Genes, moduliation of, 6-8
Gienetic disorders, 34
Cienistein, 209
Genotoxic stresses/ genotoxicity, 138-339,
68
Germ cells, 186
Giardiasis, 249
Giardin spp., 247
Gilavcoma, 297
Gilinl cells, 36, 111, 130, 146
Glioblastoma multiforme, 20
Glomerulonephritis, 225
Glucagon, 266
Gluconeagenesis, 29
Glucose levels, 26, 36, 40, 105, |23, |21
223, 283
Glutamate, 104, 107, 110, 112, 118

Glutamine, 224
Glutaredoxin (GRX), 280
Gilutatlione (GSH)
antioxidants and, 224, 279, 288
cardiovascular disease, role in, 159, 162
in cellular redox regulation and signaling,
197199, 201, 203
endoerine system, 263, 263
enviromnenlal stressors, 175
free radicals and, 18, 23, 24
maollusk research, 364, 368
in neurological disease, 200 301, 303
Nrf2-small Mat heterodimers, 75, 89,
=91, 94-90
Parkinson disease. role in, 140 144
m promotor anlysis, 331, 333
in reactive oxvgen species {ROS)
generation § 6, X 9
Glutathione disullide (G38G ), 19, W4, 140,
197, 23
Gilutathione peraxidase (Gpx)
antioxidant therapy and. 217, 280, 288
calone restriction effects, B4, 90-91, 94
cardiovascular disease, role in, 154, 158
cellular redox regulution and signaling.
197203
endoerine svstem and, 266
environmental stressors, |76, 178
ree radicals and, 17, 23, 26
future research directions, 179
in mitochondrial diseases, 34, 39 41
mollusk research, 365-3066
in neurodegenerative diseases, 113
Parkinson discase, role in, 140
in reactive oxvgen species (ROS)
generalion, 5—0
Glutathione reductase (GR), 5, 39, 84, 94,
273, 280
Glutathione S-transferase (GST), 6O, 65, 199,
272, 280282, 2R4—285_ 309, 329
Glutthione S-transferuse peroxidise
(GSTPx), 263, 273
Glutathione synthetase (GSS), 188
Glutathionylation, 198, 200, 367
Glyeution, 110, 216, 222
Glyeeraldehyde-3-phosphate dehydrogenase
(GEPTD, 10
Glycerophosphates, 55-56
Gilycerophospholipids, 5254, 107, 110
Gilveolysis, 286
Gonyaulax polvedra, 334
i protem
=coupled receplors (GPCRs), 111, 274
functions of, 251
-regulated signaling, 124
Girape seed polyphenals, treatment of
Alzheimer disense, 233242
Graves disease, 220
Girowth differentiation factor (gdi),
176, 181
Growth lactors, 20, 110111, 180, 251
Guamanian amytrophic lateral sclerosis
(G-ALS), 297
Guanylite cyclases, 251

Haber-Weiss reaction, 17—18, 297, 367
Haliotis diversivalor, 371
Huyllick luut, 168
Head and neck cancer, 74
Heart, see Cardiovascular disease
cardiue degeneration, age-related, 342
cardiac muscle, 341
enrdine remodeling, 158
chamber dilution, 159
contractibility, [5Y9
failure, 23—24, 156—157
infurction, 156 157
Heat shock proteins (HSPs), 3649, 380
Heavy metals, 188, 313, 319, 368
HEK cells, 107
Helicebacter pylori mlection, 220221, 247
Helicoverpo zea, 262
Heliv spp.. 366, 368
Hematologieal disease, 187, See afse
Leukenua
Hematologic malignoneies, 331
Hematopoietic system. Nri2 gene and. 66
Heme
axygenase (HO-1), 27, 302, 309
synthesis, 1738
Hemocytes, 370
Hemaodialysis. 225
Hemoglobin, 176
Hepatitis, 223
Hepatocyies, 75
HepG2 cells, 187
Herbades, 262
Herepuling 184, 186
Heterndimerization, &, 72—74
Heteroplasmy, 33, 3536
High-performance ligquid chromatographic
(HPLC) studies, 92, 210, 237, 381
Hippocampus
environmental stressors, [H4— 185
functions of, 6, 51, 53—54, 56—57, 131,
134, 352
Hippocrates, 167, 245
Ihstidines, 9, 108, 380
Histolysis, 284
Histones, 133, 28]
Homeostasis, influential factors, 8=9 17 19,
23, 28, 38, 56, 107, 110, 113, 320
Homolysis, 261
Honeybee, See Apis mellifern
Homolulu-Asia Aging Study, 217
Hormones, health effects of, 20, 251, 264.
Sew also specific Dvpes of hormnes
HSPT0, 368
Human genome, 198, 201202
Huntington disease (HID), 103, 105, 111, 117,
273, 297
Hydrogen peroxide (H 0,
nsiging process, 171
Alzheimer disease, role n, 117, 125126,
129
untioxidunts and, 222, 281, 283, 288289
caloric restriction and, 83, 85, 89-92
cardiovascular disease, role in,

153154, 1681



cellular redox regulition and
signaling, 196
Drosophife melanogasier vesearch, 274
endocrine system, impact on,
262 263, 266
free radicals and, 17, 19-20, 22, 25, 27
honevbee rescarch, 2962497
mitochondrinl diseases, role in, 14, 39
mollusk research, 367, 3170
in neurotraumatic and newrodegenerative
disenses, 82, 104—105
NriZ-small Maf heterodimers, 74
Parkinson discase, role i, |40, 142, [46
reactive oxygen species (ROS) geperation
£ 5811
Hydrolysis, 34
Iydroperoxides, 5
Hydroperoxyl radicals, 168, 295
Hydroxycholesierol, 5637, 103,
109-110
E-Hydroxydeoxy-guanosine, 93
Hydroxvecdysone. 266
d-Hydroxyhexenal (4-111TE), 5 108-109
4-Hydroxynonenal (4-HNE)
Alzhemmer disease. role in. 119
antioxidants and, 216
free radicals and, 25, 28
future research directions, 380 38]
e neurolrumatic and peurodegenerative
diseases, S31—55, 57, 105—109
Nri2Z-small Mafl heterodimers and, 74
reactive oxypen species (ROS) generation,
8—10, 12
Hydroxylase system, 281
Hydroxvlation, 363
Hydroxyl radicals
in nging process, 168
calorie restriction and, 83, 104—105
characteristics of, 17—1¥, 20, 25
endocrine system, impact on, 262
honeyhee research, 295296
mitochondrial diseases, role in, 38
mollusk research, 377
neurotroumutic und neurodegenerutive
diseuse, role in, 52
Farkinson disease, role in, 140
reactive oxygen species (ROS) generation,
310
I7-Hydioxyprogesterone (1 TOH-PROCGH,
123%
Hydroxysteroid dehydrogenase (HSD),
121-122
8-Hydroxy-2-deoxyguanosine (8-0HdG),
9,12
Hypercholesterolemia, 25-26, 222
Hyperglycemia, 26, 222
Hyperinsulinemin, 183
Hyperoxia, 310
Lyperphosphorylation, 118, 123
Hypertension. 12, 23, 88, 213 215, 122
Hypertropy, 158
Hypochlorous acid (HOCT), 153, 295
Hypoglyeemia, 222
Hypothalamus-pituitary axis (HPA), 122

Hypoxanthine, |54

Hypoxia, 22, 175176, 184, 186, 284, 338,
363365

Hypoxia-induced factor-1 (HIEF-1), 8,
12, 20, 22, 105 107, 175, 177,
363. 378

Hypoxia-reoxygenation, 363

Idiopatlie REM sleep behavior disorder,
47
IGE-1 pathway, 351
1-B protein, &
Inudazole, 380
Immune-regulated catalase (1RC), 274
Immune response, 2(. 88
Linmune system, 18, 66, 170-371
Immunity, social, 283284
Immunehistochemisiry, 56
Immunelogical response, 42
Immunoreactivity, 52
Indoles, 141, 143, 252
Inflammation, 7475, 3, 110—111, 182. See
afse Inflammatory diseases/disorders;
Neuroinflammation
Inflammatory bowel disease, 310
Inflammatory diseases/disorders, 111, 272,
30, 379
Ingenunty Pathwiys Analysis Systems, 186
Insecticides, 28, 262, 266, 281-282
Insects, endacrine coniral of oxidative stress
adipokinetic hormones, 264 266
environmental lactors, 166—267
glutatione S-transferase, 281
hormaones, gencrally, 264, 266—267
Insulin
levels, 20, 82, 89, 201, 222, 251, 285, 317,
341, 351
resistance, 210-211
Losulin1CiF-1 pathway, 354355
Insulin-like growth factor, 20, 23
Interferon, 211, 251
Interleukins
antioxidants and, 211, 222, 224
cellular redox regulation and signaling,
03
free radicals and, 20, 22, 27
future research directions, 377
in neuretraumatic and neurodegenerative
disease, 34, 106, 110, 112
Nrf2-small Maf heterodimers and, (6
reactive oxygen species (ROS)
weneratwon, 1
International Associition for the Study of
Pain (LASP), 218
Interstitial fibrosis, 158159
Intracellular adhesion molecule-1 (1CAM-1),
.54 111-112
Intracellular oxidative stress, 173
Invertebrutes
aging in, 169170
Apia mellifera, 279289, 295304
biomarkers of oxidative stress,
3B0-—382
Caenorhahdivis clegans. 347 336

INDEX i

Dragaphila melanogaster studies, 271276,
309320, 327-33
endocrine control, 2601 -267
future research directions, 377-382
mollusks, 361 37|
olfactory dyvsfunction, 304
sestrins, 337—342
lans/inn transporters, b, 56
Tron, generally
deficiency, 37-3¥, 185
-induced oxidative stress, 302
levels, 4. 12, 27, 34, 105, 123, 141 142,
210, 297, 299301
regulatory proteins (IRPs), 38, 365
Irradiation, 23, 74
Irrntable bowel syodrome, 211
Ischemia, 185
lschemin-reperfusion mjury (IR, 12,
1571358, 210, 212-215, 340, 379
Ischemic brain mjury, 41
Ischemic heart disease. 23
Ischemic injury, generally, 20, 24
Isofuorane, 185
Isoforms, S8—59
Isolurans, 5 109
Isoketals, 5 109
Isoprostancs
caloric restriction and, 92 93, 96
cardiovascular disease, role of, 155
free radicals and, 26
future resenrch directions, 380
in neurelrumate and neurodegenerative
discases, 54, 57105, 108109
in reactive oxygen species (ROS)
generation, 5, 8

Janus kinose (JAK), 21, 133

JNK protein, 176, 272-276, 286, 364
Jun-2 proteins, §

Tuvenile hormones (JHs), 264, 267, 284

Kainic acid newrotoxiity

characteristics of, overview of, 5152

cholesterol metabolism alierations in,
56—57

enviranmental stressors, 184, 186

glveerophospholipid metaholism
alterations in, 52-354

lipid mediators, interaction consequences,
5T—5R

modulation of neurochemicul activities
m, i1

neuratraumatic and neurodegencrative
diseases and, 5839

sphingolipid metabolism allerations in, 51,
54—56

Kenpl

Drosophila melanoeasier vesearch,
272, 331

future research directions, 379

identification of, 6768

reactive oxyeen species (ROS)
generation, 7

us sensor molecules for electrophiles, 70



an INDEX

Keapl /Nrf? system
characierized, 6566, 6870
controllng longevity, 317
functional conservation in frosophifa,

312-36

preventing human disease, 309—310
signaling, i1h

Kearns-Sayre syndrome (KSS), 34, 37,

3940

KEGG database, 18Y

Keto groups, 57

Ketonemia, &

Ketones, 94, 240, 253

Kidneys
caloric restriction and, 24
envirommental stressors, Y3, 184185
nephropathy, B8
renal eareinoma, |86, 247
remal diseases, 20, 24, 125
renal dysfunction, 30
wibulointerstitial nephritis. 225

Kiebsiella spp.. 247

Krebs cycle, 143, 288

krox-24, LLI

Lactones, 2406, 253
Laryngeal cancer, 248
Lurvngitis, 250
Late-onset Alcheimer Disvase (LOAD), 130
L-Dapa, 139, 145
Leber's hereditury optic neuropathy
(LHON}, 34, 3637, 39, 41
Leigh svndrome, 34 3G
Leptinatarsa decemlineata, 264—265
Leptominingeal melanocyies, 142
Lesions, implications of, 23, 131, 211
Letrozale, 124
Leucine. 188
Leukernii, myloid, 39
Levkoaminochrome (LAC), 143— (44
Leokotrienes, 32, 104, 108, 110
Lewy bodies (LBs), 26, 28, 139, 141
Life span, 169170
Ligand-receptor signaling. 173
Ligands, functions of, 20
Lignans, 212
Lipidi(s)
functions ol 4, 9, 24, 5758, 83, 88, 92,
131, 168, 176, 213, 382
hydraperoxides, 365
metabolism, 122, 180, 187
newrodegeneration and, 105
oxidation of, I#
peroxidation. 9, 20, 25-26. 90, 93, 93,
117120, 124, 140, 171, 186, 297,
304, 354
unsnturnied, 33
Lipuic acid (LA), 9. 94, 209, 354
Lipepolysacchandes (LPS), 66, 370
Lipoproteins, 25, 201, 266
Lipotoxiaty, 211
Lipoxins, 108, 110-111
Lipoxygenase (LOX), 4-5, 7, 11-12, 66,
104, 106, 110, 117118, 382

Figuid chromatography-mass spectroscopic
studies, 380381
Littoring litiorea, 363
Liver
aging process, 171
diseases of, 223
environmental stressors, [84—185
hepatic oxygen, 90
mjury, 74
nonaleohohe fatty lver discase
(NAFLID, 211
toxicity, 310
tumors, b
LLRKZ gene, 28, 139
Long-term memory (LTM). 347 348, 350
Long-term potentiation (LTP), 8
Lovastatin, 225
Low-density cholesierol, 25
Low-density hpoprotwens (LDLs), Y2, 203
Letype Ca®' hypothesis, 145147
Lueiferase, 201
Luciferin binding protein (LBP), 334
Lung(s)
asthma, 221, 272, 310
cancers, 20, 23, 74
disease, 175
environmental stressors, 185
functions of, generally, 220
injury, 310, 380
pleurisy, 74
pulmonary disease, 310
pulmonary librosis, 310
Lupus ervthematous, 379
Lymphocytes, 21, 40
Lymphomas, 220, 339
Lysine, 41, 108, 381
Lysaphosphatidylcholine
(Iyso-PtdCho), 108

Macromolecules, 129, 196, 352
Macrophages, 3, 74, 203, 223, 338-339
Macrophugocytes, 284
Mafl proteins
functions of, 7. 311, 314, 379
recognition clements (MAREs), 72-73
regulation of, 73—74
transeription factor network, 71-74
Magnesiumn, 214
Magnetic resonance imaging (MRI) studies,
215, 352
Malathion. 266
Malondialaldehyde (MIDIA), 9, 2627 92,
96, 216, 219220, 266
Manunalian studies
neurogenesis, 131
stress response signaling, 78
Manganese, 221
Manganese-dependent superoxide dismutise
(Mn-SGD), 34, 3942, 91, 93,
159161
Manganese superoxide dismutase (MnSOD),
A4, 89, 93, 124, 154, 158, 169-=170,
280281, 284

Manganese(111) tetrakis( -methyl-d=pyridyl)
prophyrin (MaTMPyP), 41
Mantle cells, 369
Maresins, 108, 111
Matrix metalloproteinases (MMPs), 54, 159
MEK| protein, 23
MLEKK. 2|
Melanin, 275
Melmoma, 247-248, See alve Skin canver
Melatomn, 212, 214, 251
Memory, see Alzheimer discase: Dementin
formanon of, &
imparment, 236, 299
loss, 57
Metabolic diseases disorders. 20, 320
Metals, see specilic trpex of metaly
chelation, 28=29, 210
health effects of. 2223, 27, 183, 262
wnas, 17, 173
redon-active, 4, 12
Metalloids, 262
Metalloproteinases (MMPs). 39—40, 111
Metallothwoneins, 94, 171
Methicillin-resistant Staphyvlococeus
anrens. 247
Methiomne. 90, 221, 223224, 267, 280
Methionine sulfoxide reductase (MSR). 198
Methionine33 (Met33), 27
Methylene group, 109
Methyvimereury toxicity, 319-320
Methylprednisolone, 184, 186
Mev-1 pene, 353
Mianserin, 302
Michacl addition, 108
Michael adducts, 9, 12
Microarray analyses, 42, 175, 183, 334, 352,
354
Microglin/microglial cells. 10, 52, 107,
HO=111, 113
MicroRMNA, 280
Microsomes, 3. 266, 281
Midlife crisis theory, 355-356
Miller-Diicker lissencephaly, 1LL
Mismatches, 176
Mito-NAC, 42
Milo-TEMPL, 42
Mito-vitamin E. 42
Mitochondia
age-related memory imparment, 354
Alrheimer disease hrain and, 302
dysfunctional, 24-235, 147
envirommental imfluences, 179180, 183,
340-341
functions of, 6, 9, 11, 24, 28, $1—86, 157,
176, 281
neurosteraids and, 121
Mitochondrinl disenses
alteration of antiosidant defense system,
Ju—40
biochemical consequences of mIDNA,
3639
free radicals, 20
characteristics of, 33—34
genetics based gene therapy, 41 -42



heteraplazmy of mtNINA mutations,
35-36
mtDNA mulationsreluted, 36
redox therapy, 40-41
Mitochondrial DNA (mIDNA)
aging process and, 212
deletions, 168
functions of, 2425
mitochondmal oxidative stress cycle,
34-35
neurodegenerative diseases, 107,
13125
ROS generation, 34, 80
Mitachondrial encephalomyapathy lactic
acidosis and strokelike episodes
syndrovovoooome (MELAS), 33,
6=37, 3940
Mitochondrial permeahility rransition
(MPT), 157
Mitogen-activated protein kinase (MAPK)
Alzheimer disease, role in, 124
cardiovascular disease. role in. 160161
Drosaphifa melmogaster vesearch, 272
endocrine system, impact on, 2b4
free radicals and. 20-22, 24
mollusk research, 364, 366, 368371
in neurodegencrative discases. 105, 109
MNrf2-small Maf heterodimer and, 73
i reactive oaygen species (ROS)
generation &
M]‘lUQm. 41
Mitosis, 133, 250
Malecular biology, 334
Maolecular hiomarkers, 175
Molecular genetics, 33
Molecular oxygen, 84, 262, 295240, 377
Mollusks, free radical production, 367
Mollusks, redox sensing
characteristics of, 361-362
immune system, 370—37]
oxygen availability, 362366
pollutant-induced oxidative stress,
Aob- 369
Monoamine oxiduses (MAOs), generally
B (MAO-B), 119
functions of, 142, 281
inhibitors (MAQT), 217, 303
Monoeyte chemotaclic protein L (MCP-1), 7,
106, 112
Matifs, 8. See specific tvpes of motifs
Mouse studies
aging process, 170—171
Alzheimer disease, 119—120, 124, 302
cardiovaseular disease, 158
environmental stressors, 40-41, 186
neurogenesis, 132
Nrf2 signals, 320
Nel2-small Mafl heterodimers, 64-74
ollactory dysfunction, 2949
Parkinson disease, 141142, 145,
317-318
selenoproteins, 200201
seastrin homologs, 338339
wine consumption benefits, 237 240

MPTP, 14]1=142, 145=14h

Mucosa-associated lymphoid tissue (MALT)
lymphoma, 220

Multiple Elm for Motif Elicitation {MEME)
motifs, 329 330, 132 333

Multiple sclerosis (MS), 111, 215, 221, 297

Musashil, 113

Musculapneurotic fibrosarcoma
unoRenes, 7

Muscular dvstrophy syndromes, 203

Mutagenesis, 19, 382

Mya avenaria, 368

Mycobacierimn spp., 247

Myetoperoxidase, 3, 12, 104, 370, 3182

Myocardial infarction. 41, 214

Myocardl schemm-reperlusion, 364

Myocardinm, 157

Myoclonic epitepsy with ragged red fibers
(MERRF), 34, 3637, 39-40

Myvocytes, 160, 184

Mytilus spp., 364, 368 370

Neacetylcysteine (NAC), 3940,
224225
NADPH
environmental stressors and, 183, 187
functions of, 154—155_ 158— (60
neurosteroids und, 121
oxidase, 4—5, 7, 10, 12, 20, 24, 26, 35,
57—58, 104—106, 109, 112, 183, 377
oxidation of, 288, 302
guinone oxidoreductase 1 (NQOL), 65,
309
redox sensing, 370
ROS production, 261, 274
selenoproteins and, 198
NASH, 220
National Center for Biotechnologty
Informaton (NUBI), 328-329
Neerosts, 12, 19-20, 23
Neoepitopes, 12
Neogenesis, 124
Nephropathy, 88
Nerve growth factor, 251
Nervous systems, influences on, 187, 273, See
afse Central nervous svstem (CNS)
Nestin, 133
Neural cells, ROS role in
cell death, -9
cognition, &
enzyme activities, 6
gene modulation, 6—8
long-term potentintion (LTP), 8
memory formation, §
overview of, 4=6
transeription factors, b
Neurn] Inss, 332
Newral membrane, osidative stress-mediated
damage to, 107110
Neural stem cells (NSCs). 129, 131
Neuroblastoma cells, 119, 124, 319
Neurodegeneration
Alzhecimer Mhscase (A and, 131
dopaminergic, 143

INDEX 303

influential factors, generally, 3,9, 11,103,
133, 341
Parkinson disease (PD), 139-140
Neurodegenerative diseases, see specific fypes
of neuradegencrative diseases
antioxidant therapy, 210212, 215-21I8
Caenorhabditis c'ft'gan_\' rescarch, 353, 156
nrﬂ,mpfufu m('fﬂimgﬂ.\*h'r research,
273,217
environmental factors, 104, 175
future research directions, 379— 380
genetic fuctors, 104
inflammation, 10-111
interplay among excitotoxicity, oxidative
stress, and neuroinflummation,
Ii1=112
kainic acid neurotoxicity, S8-59
mitochondrial diseases. 34
oxidative ad nrosauve stress m, 104-110
regctive oxveen species {ROS) generation,
12
types of, 6, 103104, 112113, 317-318
Neurodegenerative disorders, 85, 215218,
3
Neurolibrillary twngles (NFTs), 118, 120,
130132, 134, 215=-2106, 236
Meurofurans, §
Neurogenesis, 112, 187
Newrogeme muscle weakness, alaxia,
retinitis pigmentosa (NARPY, 34
MNeurohormones, 28, 264
Mevroimflammeation, 103-103, 110-113,
352-354
Meuroketals, §
Newrological diseases, 24
Newrological disorders, development of, 26,
See alio Alzheimer disense (AD);
Parkinson disease (PD)
Neurological disorders, 20
Mevwromelanin, 143
Meuronal disorders. 190
Neuwronal injury, 6
Meuronal loss, 317318
Neuropathic pain, 122
MNeuropathy, 36, 210
Neuropeptides, 264
Neuroplasticity, 112
Newropolypeptide h3, 107
Newroprostanes, 5, 104
Meuroprotecting, 111
Neuroprotection. 106, 108, 122, 124—123,
Sew ulso Neurosteronds
Nevropsyehiatrie diserders, 297
Meurosketal system, 109
Newrosteroidogenesis. 117, 123-124
Neurosteroids
hiosynthesis, 117, 120122
characteristics of, 120
mechanmisms of action, 122
oxidartive stress and, 122123
Neurotoxicity, 107, 144145, 236
Meurotoxins, parkinsoman, (4]
Meurotransmitters, 28, 52, 57, 122, 132,
216, 251



a4 INDEX

Nenrotranmatic diseases, 10=11, S8=59,
111-112
Newrotrophins, 251
Neutrophils, 3
Nickel, health effects of, 20, 22
MNicotinamide adenine dinucleotide
(NALML), 854, 140
Micotinamide adenine dinucleatide
(NADH ubiguinone
oxidoreductase, 34
Nitrie oxide (NG
in uging process, 154 - 153, 160
caloric restriction, effect on, 92
environmental stressors, 175-176,
178179
[ree radicals and, 18, 20, 22, 25-26, 2§-19
future research directions, 379
honeyhee research, 294
muollusk research, 363, 368, 370-371
n newrodegenerative diseases, 107, 113
Parkinson disense, role in, 140
Mitric oxide synthase (NOS)
Alzheimer disease, role in, 140
antioxidants and. 220
calone restniclion amd. 85—86
cardiovascular disease, role in, 154
moforms (INGS), 93, 111, 146, 159
mollusk research, 364
e neurolrumatic and peurodegenerative
diseases, 54, 5758, 106107, 112
MNrf2-small Maf heterodimer. 66
reactive oxyeen species (ROS) generation,
4-5 7-8, 11
Nitrogen levels, B3, 221
Nitrooleic acids, 107
Nitrosative stress, L1, [04—110
Nitrosylation, 910, 107, 140, 198, 200, 204
Nitrotyrosine, 10, 26, 92, 103
N-methyl-D-aspartate receptor (NMDAR),
52, 122, 125, 143, 199, 353
MNonenzynuilic scuvengers, 9496
Non-small-cell lung cancers, 20
MNonsteroidal antinflammatory drugs
(NSAIDs), 154
Nonviral vectors, 43
Norepinephrine (NE) levels, 143, 25]
Normal aging, 12, 352353
Movel motils, 329, 331
NeI2, see Keapl (N2 system, Nif2Z-small
Maf heterodimer survival strategy
and disease pathogenesis
degradation of, 69-70
Dirasaphifa a5 model organism for study
of, 313-320
dysfunctional, 74-75
electrophile-independent activation of, 71
future resenrch directions, 179380
functivns of, generally, 7—8, 105, 175, 264
heterodimenzation, 72
in honeybees, 293
identfication of, 6364
inducers, 67
inhihitors of, 75
methylmercury toxicity, 319320

mutations, 71
neurodegenerative disease and, 106107
promoter analysis study of circadian
regulatory motifs, 331
in protection from Parkinson disease
aPDy, 317-319
post=translational modification of, 11
as target of Keapl, 68—69
Nil2-small Mal heterodimer survival
strategy and disease pathogenesis
CNC-small Maf transeription factor
network, 71- 74
DMNA sequences, 72-73
dysfunctional Nrf? in pathology, 74-75
identification of Nrfl. 63 o4
Keapl-nrl2 system m response o
electrophiles, 6571, 272
phenotypes. 66
susceplibilny of Mol-2 null mice w oxidative
and xenobwotic stress, 64064
Nuelear DNA (nDNA), 24, 13
Nugclear factor of activated T-cells (NFAT.
22
Nuclear factar erythroid 2 related factor
See Nil2
Nuclear factor kappa B (NF-xB)
Alzheimer disease, role in, 124
antioxidants and, 211
calone restriction and, 84, 86
cardiovascular disease, role in, 161
Drasaphifa melanogasier research, 274
endoenne system, elfect on, 264
environmental stressors, 175—177,
I81—182
free radicals and, 20, 22-23, 26
future research divections, 377, 380
honeyvhee research, 295
in neurotraumatic and neurodegenerative
discases, 53, 55, 105~ 107, 111
Nrf2-small Maf heterodimer, 66
reactive oxygen species (ROS) generution,
58 11-12
Nuclear magnetic resonance (NMR)
spectroscopic studies, 201
Nucleiv acids, 107, 131, 168
Nucleophiles, |44
Nurses” Health Stody, 217
Nutrition, See Food and diet; Parenteraul
nutntion: Total parenteral nutrition
(TPMN)
Nutritional Prevention of Cancer, 219

Obesity, 86, 211, 213, 341
Octadecenoic acid, 107
Octapine, 301
Oetopamine, 299, 302
Ouetreatide, |84, 186
Oleic acids, 107
Ollactory dysfunction, 297—248, 302—303
Olfactory learning
honeybee research, 298299, 301
memory and, 349350
Olfactory processing. honeyhees and
humuns compared, 298

Oltipraz, 75
Organ fibrosis, 20
Ormithine, 11
Osteoartheins (COA), 225
Ovalbumin, 66
rariun cancer, 20
Ohadative metabolism, 354
Oxidative phosphorylation system
{OXPHOS) system
Alzheimer disease (AD) and, 11Y
defects in, 3637
deficiency, 42
honeybee research, 297
mitochondrial diseases, 34, 37, 40
Oxidanive strength. 112
Oxdative stress, wenerally
autocatalytic cyele, KR
hasic characteristics of, 83 84
delenses awansi, 262-264
defined, 3
endogenous sources of. 261 262
exogenous sources of, 262
Osadoreductase, 19
4-Oxo-trans-2-noncnal (4-0NE), 28
Oxycholesterols, 56—57
Oxveonformity, 363
Oxypen
functions of, generally, X, 2
consumption rate (OCRY, 37
hepatic, 90
molecular, §4, 262, 295 296, 377
0 sensing, 363-164
reactive, see Reaclive oxygen species
(ROS)
redox sensing, mollusk research,
302306
Oxyradicnls, §5
OXY-SCORE index, 95
Oxysterols, 37

Puncreas, 184, 211
Pancreatic cancer, 21-23
Pancreatitis, 223225
Parnoxonase [ (PONI), 91, 94
Paraguat, 141-142, 145, 171, 262, 265-267,
313, 317-318
Parasitoids, 275
Parenteral nutrition (PN), 221
Parking, 28, 319
Parkinson disense (P1)
antioxidant therapy, 215, 217
by dyslunction, 341
calorie restriction and, 85
Drasophifa melanogaster research,
273, 310
free radicals and, 26, 28
future resenrch directions, 379
huneybee research, 297
mitochondmal DNA (mtDMNA), role in,
34, 38, 41
neuresteroids and, 117
alfactory dysfunction, 297, 302-303
overview, 139-140
oxidative stress and, 139146



pathogenesis, S8, 103, 105, 107, 111, 132,
317-318
protective substunces, 317-318
reactive oxygen species (ROS), 6, 140
therapeutic implications, 146 147
Parkinsonism, 318
Parkinsomsm-complex discase
(PO, 297
PC12 cells, 119
PDGE receptor (PDGEFR), 20
phs. 22
Pepuides, lunctions of, 27, 41 See alse
specific types of peptides
PER-ARNT-SIM (PAS) protein, 3127
Peripheral arterial disease (PAD), 213
Penpheral mononeuropathy, 210
Peripheral-type benzadiazepine receptor
(PTBR), 121
Perkin, 107
Permeability transition pores (PTPs), 11
Permethrin, 266
Peroxidases (POs). 142, 283, 337
Peroxidation, 5 5. 10, 108, 113, 266
Peroxiredoxin (Prx), 2. 41, 107, 143,
176-178. 271, 273, 337, 339
Peroxisome proliferator-activated receptor
(PPAR), 89
Peroxisomes, 3
Pereayl radicals, 3, 32, 83, 104—105, 263,
295, 377
Peroxynitrate, 83
Peroxyminte (ONOOT)
Alzheimer disease, role in, 117, 129
caloric restriction, effeet on, 85
cardiovascular disease, role in, 133
cellular redox regulation and signaling,
196
free radicals and, 18, 24-27
future research directions, 379380
honeybee rescarch, 299
mitochondrial DNA (miDNA) and, 34
mellusk research, 364
in newrotraumatic and neurodegenerative
diseases, 34. 107
Parkinson diseuse, role m, 140, 1423
reactive oxyeen species (ROS) generation,
7,12
Peroxyredoxins, 3049
pad gene
environmental stressors, 175-176, 178,
186190
free radicals and, 20, 22
maollusk rescarch, 368
in neurodegencrative disease. 103
sestrins and, 337339
pH, significance of, 18—19
Phagoeytes, 140, 283, 370)
Phagocvtosis, 281, 283, 370
Phenolic acids, 212, 214, 237234,
246, 233
Phenol oxidases (POs), 275
Phenoloxidase system (POS), in insects,
282284
Phenoxyl radicals, 262

Phenylalanine, 41
Phenylephrine, 74
Phospliitases, 8
Phosphatidylcholines, 104
Phosphatidylinositol-3, 335
Phosphatidylinositol-3 kinase, 124
I"hosphoglycerate mutasel, 107
Phospholipase A (PLA)
Aleheumer disease, role wn, 117
future rescarch direcgtions, 378, 380
honeybec rescarch, 302—303%
in neurotraumatic und neurodegenerative
discases, 52-55, S8—59, |06— 104,
=12
reactive oxygen species (ROS)
generaton, 4
Phospholipases
C(PLO), 8, 274
C (PLO) diaeylelyeerol (DAG) hipase
pathway, 52
functions of. 4 5. 8, 111
Phospholipids. 5—6. 12, 58, 103, 140, 203,
216, 377
Phosphorylation
Alzheimer disease. role . 124
environmental stressors and, 176
free radicals and, 21-22
mollusk research, 366, 368
i neurodegenerative diseases, 108
MNrf2-small Mafl heterodimers, T1, 75
in propolis, 251
in reactive oxyeen species (ROS)
peneration 6—8§
sestring and, 340341
Phytochemicals, 212, 214
Phytoestrogen, 89
Planacacens citreus, 370
Plaques, in Alzheimer discase
amyloid, 129132, 216
A, 120
semle, 112, 118
Platelet-activating lactor (PAF), 4, 7. 104,
108, 111
Platelet-derived growth fuctor (PDGF), 7.
20, 24
Poddospera spp., 169
Paint mutations, 36
Points ol Care, 210
Pollution, health effects of, 314,
366—1369
Poly{ ADP-ribose) polymerase (PARP),
11—=12, 88, 107, 252
Polychlorinated biphenvls (MCHs), 367
Polyeyelic aromatic hydrocarbons (PAHs),
67
Polymaorphonuelear cells (PMMNs), 220
Palyols, 263
Pulypeptlides, 34, 42
Palyphenalics, 240—241
Polyphenols, 2223, 84, 209, 213
Postirunslational modification, 71, 367
Potassium (K™ ), 4
Prednisolone, 223
Pregnancy, preeclampsia and, 221

INDEX 305

Pregnenolons (PREG), 120—122, 185
Preseniling (PSEN), 118119, 130, 132, 134,
52
Primate studics
aging process, 352
caloric restriciion, &8, 92
neurogenesis, 111
selenoproteins, 200201
Privn diseases, 103, 111
Proboscis extension reflex (PER)
conditioning, 297
Probucol, 222
Progenitor cells, 133
Progesterone (PROG), 117, 121122, 1724
Proinflammatory cytokinases, 110
Promllammatory cylokines. 3, 27, 104, 106,
103, 210, 224,377
Proinflammatory enzymes, 5, 106
Proliferator-activated receplor
(PPARP), 107
Promoter analyses, 74, 328 334
Prooxidam efTect. 124
Pro-phenol oxidases (1'1M0s), 275
Praphyrin (P), 41
Prupolis (bee plue)
cellular signal transduction, 250252
commiercial use of, 2353
composition, 246
Tood salety, 246
historical perspective, 246
human nutrition, 246
overview, 245246
therapeutic propertics, 246—250
toxic effects, 252253
Prostaglandins (PGs)
calone restriction, effect on, 92-93
in neurotraumatic and neuradegenerntive
diseases, 52, 37, 104, 108, 110
NriZ-small Mal heterodimers and, 74
PGC-1a, 40
PGD., 111
PGF., 109
PGG, 109
PG, 111
Prostale cuncer, 20, 23, 219,
247248, 339
Prostate, Lung, Coloreetal, and Ovarian
Cancer Sereeming Tool, 219
Proteasomes, 104, 107
Proteinases, 110
Protwein error theory, 168
Protemm Kinases
A (PEA), 109
B. see Akt
C (PKC). 24, 26, 86-87. 124, 133, 370
functions of, &
Protein phosphatases, 6
Proteins, sev specific fvpes of proteing
acute-phase, 112
Alzheimer Disease and. 131
deficiency, 72
detoxification, 280
environmental stressors, 179, 184, 186
functions of, generally, 83, 88, 168, 176



396 INDEX

Proteins, see specific tepes af proteins
(eantined)
hemolyimph, 266
misfolded, 103, 107, 112
oxidation, 90, 124
redox-responsive, G
redox sensing, a7
redux environment, 19
sealloldimg. 7
stress-responsive, O
synthesis, 34, 107
Protein tyrosing
kinases (PTKs), &, 20-2]
phosphatases (MTPs), 20-21
Proteomes. 88, 173
Proteonnes, 381382
pa2 pene, 317
Psoriatic arthrits, 3179
FTEN-mduced putative kiase 1 (PINK-1)

28139, 142

pl3. 20, 264

p38 gene, 6, 21, 24. 133, 160, 272, 364,
JhE- 364

P2X receplors, 122

p21 gene. 23

Purkinje neurons, 352

Pyrefiacris aprerus, 265—266

Pyruvate, 40

Pyruvate dehydrogenase
complex (PDIIC), 40
kinase (PDK). 40

Quercetin, 23, 209, 214, 252
Quinacrine, 53

Quinines, 246, 253

Quinones, 141142, 144, 158, 196, 302

Radiotherapy, 74. 220, 248
RAF, 21
Ragged red fibers (RRF3), 37, 39
RANTES, 23]
Rapamyein, 341-342
Raspherries, antioxidant studies, 211-212
Raur studies
calone restrction, 90-93, 95
environmental stressors, 183— 186
neuratoxicity, 5154
peroxidation in brain, 300
propolis properties, 230
Renetive nitrogen species (RNS)
cardiovascular disease and, 133
cellular metabolsm and, 261
environmental stressors and, 140, 175
free radicals and, 1718, 20, 22-24, 26, 28
future research directions, 182
neurodegenerative discases, (07
Reactive oxygen metnholites (ROMs),
220-221
Reactive oxygen species (ROS)
aging process und, 336
aging theones, 168169
Alzheimer discase and, (29, 133
association with disease, 220-221
in brain

chemical reactivity of, 3
production of. 34
role i neural cells, 449
charactenstics of, 83
cellular sources of, 2nl
dual character of, 28-29
environmental stressors and, 175, 177
formation, generntion of, 4488
future research divections, 377382
human disease and, 20-26
hypoxia and, 362—363
in member rufis, 38
mitechondnal, 42
mitochondrinl DNA (mtDNA), 14
neurodegenerative diseases und, 140,
215-218
Nrf2 and, 65
oxidative siress-mediated signaling
pathways, 176
redox sensing, 3601371
Rencylation, 5 6
Recepror for AGE (RAGE). 8788, 136
Rectal cancer, 13, See alvo Colorectal cancer
Redox [actor-1 (Rel-1), 264
Redox potential. 198-200
Redux environment, 18—20
Reperfusion injury, 24, 41
Reproductive disorders, 173
Reproductive system, 187
Resolving, 108, 111
Respiratory infection, 230
Respirulory system, 187
Resveratrol, 84, 89 209, 214 252
Retinoic acids, 175
Retinoic X receptor ligand, |84, 186
Retinopathy, 223
Rheumatoid nrthrivs, 211, 225, 372, 379
Rhinitis, 250
RiboHavin, 223
Ribonucleic acid. See RNA
RNA
double-stranded (dsRNA), 314-315
functions of, 91, 113, 176
import complex (RIC), 42
imterference (RNAD, 280, 312, 315, 319
messenger (mRNA), 195, 202, 312, 315,
318, 327, 331, 334, 352, 155, 363, 365
metabolism, 18]
oxidation, 140, 297, 299
axidized, 118=119
synthesis, 34, 108
transler RNA (IRNA), 33, 36, 42, 195-196
Rodent studies, see Mouse studics; Rat
studies
novmal aging, 353
selenoproteins, 200201
significnnee of, &8
Rosightaeone, 339
Rotenone, 141
Ruditapes decussatus. 367

Saccharides, 83, 88
Saccliaramyees cereviviae, 169, 247, 274,
338, 341

Salmanefla, 247
SAMe supplements, 223234
Sundelin=-Wassermaun sumlanty funcuon, 329
Sarcolemma, 24
Scavenger enzymes, 84, 93 94112, 145, 196
Schizophrenia, 297
See msertion sequence (SECIS), 195- 196,
02
Sevoudary radicals, 17
Secunn, 338
Selecting 111
Selegiline, 217
Sclenium (Se), 39, 217, 214, 220,
224225, 288
Selenoproteins
defined, 195
families, 2001203
functions of. 6, 195 196. 217
Tuture research directions, 203204
oxidative stress and, [Y0— 198
redox systems, 195 200
synthesis. 196
in vertebrate signaling, 200201, 204
Senescenee, 167
Sepeis. 66
Serine
functions of, 22
kinases, 231
palmitoyltransferase (SPT), 55
[threonine phosphatases (PP2A), R
/threonine protein kinase, 331
Serolonm levels, 251, 351-1352, 354
Sestrins
characteristics of, 337-338
chemical induction of. 339
deficiency and age-related pathologies,
341342
homaologs, 338339, 342
nervous system effects, 339
as redox regulator, 339340
regulution of expression by stresses,
338-339
as TORC suppressor, 341
SH-8Y-3Y cells, 119, 123124
Shurk liver wil (SLO). 211
Short-term memory (STM), 347348, 350
Signaling networks, intracellular, 6
Signaling puthways, oxidative
stress-mediated
environmental siressors, sl studies,
183—186
overview of, 177-1483
P33 pathways in human tissues, |86—190
Signal transduction
functions of, 176, 180, 367
human disease and, 20-24
pathways, 170
receplors, see Signal tansduction
receplors
ROS generation and, §-10, 12
Signul trunsduction receptors
classification of, 251
signaling molecules, 251-252
Single nucleotide polymorphisms (SNPs), 63



Sirtuing, RE—89
Skeletal muscle, 122, 184, 339, 341-342
Skin
cancer, 219
eontact dermatitis, 252 253
infection, 249
Nrf2 gene and, 66
vitiligo, 310
SKEN-1 tramseription factor, 317, 319-321
SMAD protemn, 151
Small molecule biochemistry, 187
Smooth muscle, 18, 109
Snitfer protein, 329, 3131
S-nitrozoglutathione (GSNO), 164 366
SNO-Dirpl, 107
Sodium barbitol, 158
Sortilin, 130
Spatial memory, 352
Sphingelipds, 12, 51-52, 34-56.
103, L0
Sphingomyelinases (SMases). 100 11,
109—110
Sphimgosine kinase L (SPHKT), 5556
Spinal cord
functions of. 122
imjury (SCI). 58, 111, 132
trauma,
Spinogenesis, 122
Spodvpiera ltroraliy, 262
Squalene, 211
Staining
cholesterol, 36
immunocyviochemical, 53
immunohistochemical, 132
Staphylococens spp.. 247, 250
Starvation-odor association, sl
STAT proteins
functions of, 133
Stat3, 75
Statins, 55, 157
Stem cells, mesenchymul, 89
Stereology, 132
Steroid hormones, 264, 266
Steroidogenesis, 120121
Sterouds, 121, 246, 251, 253
Steral regulatory element binding proteins
(SRERPs), 105
Sterol-responsive binding protein
(SREBP), 340
Sterols, 168
Stomach cancer, 23
Sireprovovens spp.., 247
Streptokinase, 214
Strepromyees lividan plasmid 1
(SLPI1}, 66
Streptozotocin, |84, 186
Stress-netivated /e-Jun MH-terminal kinnses
(SAPK /INKs), 24
Stroke(s)
antioxidant trentment, 214
cerebral, 132
etiology, 6 58, L1
risk factors, 213
Substantia nigra pars compaeta (Sne), 28

Succinate
dehydrogenase (SDH), 37-38
=ubiguinone oxidoreductases, 34
Sucrose, 92, See afso Sugars
Sugars, 168, 246. 253
Sulfate, 225
Sulfation, 251
Sulfenic acid, 198
Sulliydration, 198, 204
Sulthydryl groups, 20, 24, 107, 380
Sulforaphanc, 78
Sulfotrunsferuse, 281
Sulfur, 195
Sulfur dioxide, 154, 156
Superfomilies. 1 76
Superoxule amons
catoric restriction, effect on, 83
cardiovascular disease, role in. 138
endoerme system ellects, 261-262
free radicals and, 24, 27
furure research directions, 377
honeybee research, 299
mitochondrial diseases. 34
in neurotravmatic and neurodegenerative
diseases, 52, 104, 107
reactive oxyeen species (ROS)
generation, 3
radicul. 261, 279, 295
Superonde dismutase (S0OD)
in aging process, 168, 170
Alzheimer disease. role in, 117, 119, 129
antioxidants and, 284
calorie restriction, effect on, 84,
BA, 90, 95
cardiovascular disease, role in, 134
Drosophifa melonogayier research, 271,
273, 276, 331
endocrine system effects on, 263, 266
environmental stressors, 175177, 188
free radicals and, 17, 23, 2526
honeybee research, 284, 293
in mitochondrial discases, 34, 39-4]
mollusk rescarch, 370
in neurotraumatic and neurodegenerative
diseuses, 54, 59, 102, 112
Parkinson disease, role in, 140, 143
reactive oxgen species | ROS) generation 3,
5=6. 8-10
sestiins and, 337, 335
Superoxide radieals, 17, 24-26, 83, 95
Synapses
sviaplic dysfunction, L3
synaplogenesis, 122
Svstemic lupus erythematous (SLE), 12
Sazeto-Schiller (55) peptides. 41

Tuchycardin, 157

TAK. 21

Iandem miss spectrometnc studies, 54

Tannins. 212

Tapes phillipinaram, 168

Target of rapamyvein (TOR), 340, See afso
TOR complexes (TORCHTORC?)

Tauoputhies, 297

INDEX 307

Tau protein, TIS=120, 123, 130=131, 134,
236
Tehmsartan, 222
Testosterone, 121
2,378 Tetrachlorodibenzo-p-dioxin
(TCDD). 175
TGE-3-BMP signaling, 176—177, 141
Thermadynamics, 18
Thermotaxs
Caenorabditis elegans research, 353—354
lenrming and memory, 349351
Thiobarbituric ucid (TBA), 92
Thiols, 11, 19, 22, 196, 204, 367
Thionein, |98
Thioredoxin (TAN)
antioxidants and, 217, 279
cellular redox regulation and signaling,
197 -203
Drosophifu melanegaster research, 309, 329
endocrine system cffects, 203, 272
free radicals and, 19
honeyvbee research, 279
in mitochondral diseases, 41
peroxidase (TPX). 280, 288
reaclive oxygen species (ROS)
generation, {
thioredoxin reductase svstem, 380
Threonine
Tunetions of, 21-22
kinases, 251
Thrombolytic therapy, 157
Thromboxanes, 52, 54, 104, 108, 110
Thyrowd hormanes, 200—201
Tin (Sn), health effects of, 195
Tinidazole, 249
Lissue{s)
oxidative damage 1o, 37, 4243
regeneration, 13
THNF-u
antioxidants and, 211, 224
cellubar redox regulation and
signaling, 203
environmental stressors, 176
future research directions, 377
i neurotrumtic and neurodegenerutive
diseases, 52, 54, 106, 110-112
Nrif2-small Mal heterodimer, 66
reactive oxyeen species (ROS) generation,
T=8
Tocopherals, 209, 218 See afso
ai-Tocopherols
Toll-hike receptor 3 (TLR3), 288
TOR complexes (TORC| TORC2)
defined. 340
functions of, 337-338
hyperactivation, 342
induction of stress-nssocinted pathologies,
340-341
signahng, 340
suppression of, 341
Total body mass, §-9
Total internal reflection fluorescence
microscopy (TIRFM), 57
Total purenteral nutrition (TPN), 224



398 INDEX

Toxins
environmental, 28
neurotoxins, 141
Transcription factors (TF)
activation of, 52
cellular redox regulation and signaling,
19y
wLa
environmental stressors, 175176,
180—181,183
free rudicals und, 22 23
honevbee research, 290
Mal network, 71-74
neurodegeneration and, 103 107
neurogengsis, 131

reactive oxygen species (ROS) generation,

[
Transenipuon regulators, 1749, 182
Transcription start site (155), 328-329
Transferrin, 94, 263, 267
Transferrin receptor (TTR1}, 3839
Transformung growth factor, 175
Transient receplor potential
(TRPAT). 107
Transition metals, 25, 168
Translation, cotranslational, 42
Translocation, 8. 106, 179, 199
Translocator protein (TSPO), 121
Transnitrosviation, 364
Transporters, modulation of, 52
Trauwmatic brain injury (TBI), 6, 58, 132
Traumatic head injury, 111
Tricarboxylic acid (TCA), 38, 54, 125
Trimethylin, 184, 186
Lriose phosphate isomerase, 107
Triphenylphosphonium (TPP), 41
Triterpenoids, 73
Troponin L 157, 162
Tryptophan, 2
Tumerie, health ellecis of, 211
Tunmer(s)
caloric restriction, effects of, 83, 88
cerebral, 186
free radicals and, 19
mammary, 184
Nrf2-small Maf heterodimers ad, 66, 75
promoters, 23, 183
suppressors, 150
Tumaor growth factor (TGF), 21, 176
Tumor necrosis factor (TNF), see TNF-a
environmental stressors, 175, 183
free radieals and, 20, 22, 26
ligand-receptor signaling, 176, 183
Two-hit hypothesis, 133
Type 2 dinbetes, 85, 92 See alse Diabetes:
Insulin levels
Tyrosinase, 142
Tyrosine
functions of, 21, 27, 41, 72
kinase inhibitors (TKIs), 20

kinases, 251
methionine. %
phosphatases, 251

Uhiquinol-cytochrome ¢ oxidoreduciase, 34

Ubiquinone, 34, 93, 209, See also
Coenzyme 1)

Uhiguirin, 142, 317

Ubnguitination, 314

UDP glucuronate transferases (UGT), 65

UDP-glucose:glyeoprotein
glucosyltransferase (UGTR), 203

UDP-glucosidase, 281

Neerative colitis (1L1C), 211, 249

Uleers. 211, 220, 310

Uncouplhng proteins (UCPs), 23, 84385, 40,
362-1363

Untranslated region (UTR), 196

UP-EK.'I'IL"H. envirommental slressors,
I84— 180

Upregulation, 5, 22, 42, 52, 106, 112, 123,
183, 272, 3381339, 363

Urie acid. B4, 94. 263

UV-B irradinted cells, 23

UV radiation. 21-22

Vaccines, 249
Vunin-1, 288
Vascular adhesion molecule-1
(VCAM-1), 54109, 111=112,
156, 378
Vaseular endothehial growth Lctor (VEGEF),
20, 22, 133, 160—161, 252
Vascular smooth muscle cells (VSMCs), 7
VEGF receptor (VEGFR), 20
Vertebrates
aging in, 167171
Alzheimer disease, 117—125, 129—134
antioxidant therapy, 208226
hiomirkers of oxidative stress, 380—382
calorie restrictions, 8306
cardiovascular disease, 153162
environmental stressors, 175—190
free rudicals, 17-29
future research directions, 3177382
kainie acid neuratoxicity, §1—59
mitochondrial DNA mutations, 33—43
newrodegeerutive diseases, 103113,
235-242
Nrf2-small Maf heterodimers, A3—75
ollactory dysfunction, 304
Parkinson disease, 139147
propolis rescarch studices, 245-253
reactive oxygen species (ROS),
3-12, 283
redox regulation and signaling,
195 204
selenoproteins w, 200-201
signal transduction, 17-24
Fibrio spp.. 370
Viral vectors, 43

Virnses
herpes virus, 247, 250
huiman mnmunodehcency virus (HIV),
111, 220
influenza virus, 247
Newcasile disease virus, 247
potato virus, 247
proplis trentment of, 247
Vilagenes, 380
Yitanunds), functions ol
A, 200, 213214, 217, 253
B. 40, 210, 2533
Bb, 223
C, 1819, 23, 28, 40, 42, 113, 156,
212--225, 253,179
verview ol, 8d, 246, 253
E. 6.9, I8, 22-=23, 25, 28, 42, 113, 2190,
212.-317, 219.-22§, 253 342
K, 40, 42
Vitamun supplementation, 120
Vitellogenins, 267, 284 285
Voltage-dependent anion channels
(VDACs), 37, 143

WAFI, 23
Wild-type APP (wtAPP). 119, 123124
Wilson discase. 34
Wine, treatment of Alzheimer disease,
236242
Waomen's health
breuast cancer, 21, 23, 74, 247 248
conlraveption, 213
endomelriosis, 220
cstrogens, 91, 123—125, 142, 220
hormone replacement therapy, 213
menopause, 220
ovarinn enncer, 2
pregnancy and preeclampsia, 220-22]
Woman's Health Initative Memory Study
(WHIMS), 124
Working memory, 348, 352
Wound healing, 2482489, 253

Xunthine
dehydrogenase, 24
functions of, 3, 12, 154
oxidase (XOID2), 3, 12, 24, 26, 104, |68,
220, 261, 382
Xenobiotic(s)
-netivated receptors (XARS), 264
functions of, 175, 281, 367
stress, 64—05, 67
Xenopux, 339

Yeasl, see Succharomyves verevisuiv
cells, 169
infection, 249
mitochondial diseases, 41

Zebrafish studies. 203
Zimnc{Zn), 27,74, 119, 214, 220, 223, 280, 368



A B
Skn-1 WoH Y G [EGAT Small Maf |

ARF/EpRE GCnnn%, TCAY,

NF-E2 binding site TGCTGA %/, TCAT
T-MARE TGCTGA %, TCAGCA Small Maf. el
TRE TGA Y. TCA Ut
C-MARE  TGCTGA %/, TCAGCA Large Maf
CRE TGA %/, TCA W:@@

Small Maf

EM

Fig. 5.2 DNA recognition sequences and the transcriptional activities of Maf-containing dimers. (A) Various MARL-related
sequences are shown, The dinucleotide “GC™ {(marked in red) is essential for recognition by Maf proteins. The nucleotide “T™ or
“1T/CT tmarked m blue) enhances the binding of CNC protems. Trnucleoudes (boxed m gray) with the central G and GC sequence
comsist of the TRE and CRE, respectively. which make up the core region of the MARE. (B) Nrll, N2, Nef3, and NF-E2 activaie
transcription by forming heterodimers with small Mal, while Bachl and Bach2 repress transcription. A large Mal homodimer,
possessing a frens-activation domain, activates transeription, while a small Maf homadimer, lacking a frams-activation domain,
represses transeription. All of these Maf-containing dimers bind to T-MARE with high affinity.
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Fig. 8.3 Effect of toxic concentrations of A3 peptides and abnormally hyperphosphorylated Tau protein on neurosteroid
biosynthesis. Al induced a drop of the level of progesterone (PROG), estradiol, and 3o-androstanediol by acting on reactive
oxygen species (ROS) formation and mitochondrial function and/or directly on steroidogenesis. The presence of abnormally
hyperphosphorylated Tau protein had the same effect by inducing a decrease of progesterone, |7-hydroxyprogesterone (170H-
PROG), und 3o-androstanediol, On the other hand, 10 has been shown that nontoxic concentrations of AR induced an merease in
estradiol and 3a-androstanediol levels (this pathway s marked by *).
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Fig. 16.4 Muscadine treatment improves spatial memory function and A3 newropathology in Tg2576 mice. (A.B) Assessments of
spatial memory behavioral functions of 14 month old muscadine-treated (Tg-muscadine) and control, gender- and age-matched non-
treated (Tg-control) Tel576 muee usmyg the Morms waler maze protocol. (A) Learmmg trial hdden-platiorm acgusiiion curves,
Te-muscadine group performed signilicantly better than the control, non-treated group (Tg-control) [2-way ANOVA analysis ol
Tg-muscadine vs. Tg-control groups for muscadine treatment (p<0.05, F=4.24, DFn=1, DFd=8&4) and for truining duays
(p<0.05 F=643, DFn =6, Dfd=284)]. (B) Probc trial conducted 24 hours after completion of hidden-platform training
Muscadine-treated Te2576 mice exhibited a significantly higher preference for the target platform compared to control. non-treated

Tg2576 mice (p=0.05, 2-tailed Student ¢ test), In (AB) Values represent group mean (+5EM); n— 7-9 mice per group.
(C) Assessments of Al neuropathology reflected by amyvloid neuritic plague density in cerebral cortex and in the hippocampal
lormation ol bruin specimens [rom muscadie-trealed and control, non-treated Te2376 mice. Representative micrograph ol bramn
specimen stained for amyloid neuritic plaques in muscadine-treated (Tg-musc.) or in control, non-treated (Tg-cont.) Tg2576 mice

Fig. 19.2  Structure of the airway system of Drosophila. The airway system (trachea) of a larval fly is made up ol interconnected
tubes that deliver oxygen Lo almost every cell in the body (A). Upon stimulation with ditTerent stressors including infection, the
airway epithelium liunches a very ellective response, comprising the expression ol antimicrobial peptide genes (B and C, the latter al
higher magnification).
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Fig. 21.3 Dose-response effect of ferrous ammaonium citrate (FAC) on olfactory learning and memory. (A) Acquisition of
the conditioned odor C: In this experiment, honeyhbees received 4 nl of saline (SAL), ammonium eitrate (AC), or FAC at 0.2 mM,
0.5 mM, | mM, and 5 mM in cach antennal lobe. Twenty-four hours later, subjects in cach group were conditioned with 1-octanol
{odor C). (B) Test with odors C, S, D Ninety minutes after conditioning, subjects in cach group were tested with C, molecularly
similar (5), and molecularly dissimilar (D) odors in randomized order, ns, Not significantly different from controls (SAL, 5 mM AC),
Asterisks indicate significant differences of respective pomints [rom control group: *P = (L0535, **P = (0.003, 0.001, *** P =0.0001). This
figure is modified lrom reference [40].
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Fig. 21.4 Glutathione and VEK-28 can reverse ferrous ammonium citrate (FAC)-mediated oxidative stress. (A) Acquisition of the
conditioned odor C: In this experiment, subjects received 4 nl of either saline (SAL) or 2.5 mM reduced glutathione (GSH) in cach
antennal lobe, P'wo hours later, 4 nl of 300 junol/l ammomum atrate (AC) or 500 pmol/l FAC were mgected o each antennal lobe.
Twenty-tour hours later, subjects were conditioned with T-octanol. (B) Test with oders C. 5. D: Ninety minutes alter conditioning,
subjects m each group were lested with difTferent odors (1-octanol, C; l-hexanol, 8: and geraniol. D) in randomized order. (C)
Acquisition of the conditioned odor C: In this experiment, suhjects received 4 nl of either dimethy! sulfoxide (DMSO) or VK-28
or DMSO + VK-28 in cach antennal lobe 30 min before injection of FAC. Twenty-four hours later, subjects were conditioned with
l-octanol. (D) Test with odors C. S, D: Ninety minutes after conditioning, subjects in each group were tested with C, S, and D odors
in randomized order. Asterisks indicate significant differences of respective points [rom control group (*£ = 0,05, ***P=0.001).
ay, Mol sigmbcant. This hgore is modilied From relerence [40].
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Fig. 21.5 Hypothetical molecular mechanism underlyving reactive oxygen species (ROS)-mediated olfactory dysfunction in the
honeybee brain. Iron-induced oxidative stress: Iron peroxidizes polyunsaturated fatty acids into peroxidized phospholipids, which
are considered better substrates for phospholipase A, (PLAS) than native phospholipids. PLA, catalyzes this reaction, forming
aracludonic acid (ARA). The nonenzymatic oxidation of ARA results in the generation of 4-hydroxynonenal (4-HNE) that impairs
milochondrial electron transport, producing ROS. Increased ROS produces oxidative stress that damages proteins, DNA/RNA, and
lipids, impairing olfactory processes (encoding, consolidation, and/or retricval processes). Both octopaming receptor antagonism hy
mianserin (MAS) and octopamine receptor protein depletion by octopamine receptor double-strunded RNA (AmOA I-dsRNA)
result in functional disruption of octopamine receptor, which leads to olfactory dysfunction. Oxidation of catecholamines forms
quinones, which results in formation of ROS, leading to olfactory dysfunction. GSH protects brain against oxidative stress by
modulating the redox state of specilic thiol residues of targel proteins. VE-28 chelates excess won lrom the system. Monoamine
oxidase inhihitor (MAOT) inhihits monamine oxidase enzyme and therefore prevents oxidation of catecholamines. ROS can also he
produced by activation of NADPH oxidase.
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Fig. 22.1 Conservation and simplified illustration of the Keapl/Nri2 pathway i Drosophile. (A) Nri2 and Keapl homologs are
presenl m Drosophila, The Oy keap! gene is predicted o encode a protein with ligh sequence similunty Lo its vertebrate Keapl
counterparts. Conserved domains include the BTB/POZ domain required for dimerization and 6 Keleh repeats for hinding 1o Nrf2
nnd anchoring to actin. The ene loeus encodes three protein products, which all contain the bZ1P region that medintes dimerization
and DNA binding. The Nrf2 homolog is the longest 1soform. CneC. which contains domains predicted to bind Keapl such as the
ETGE moulf, (B) In basal conditions, Keapl binds to CneC and inhibits its activity, likely through Cul3-mediated ubiquitination and
proteasomal degradation, Oxidative stressors, electrophilic xenobiotics, and cancer chemopreventive agents relieve this inhibition,
Stabthzed CneC then accumulates in the nuelens and trunseripiionally activates o battery of cell-protective genes, likely oo dimer
with the single small Mal protein of Drosophila, This ligure 1s adapted from Sykiotis GP and RBohmann D, Keapl /Nrf2 signaling
regulares oxidative siress toleranee and lifespan in Dvosaphila, Dev Cell, vol, 14, p. T6—835, Copyright 2008, with permission from
Clsevier.
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Fig. 23.4  Sequence LOGOS ol the MEME motls 1 -4 displaying the probability of each base appeanng at every possible position
i the motil The total beight of the stack 1s the mlonuation content ol that position i the motil m bits. The height of the individual
letters moa stack is the probability of the letter at thal position multiphed by the total mlormation content ol the stuck.
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Fig. 25.3 A maodel for memory regulation by the insulin/IGF-1 pathway. It appears likely that the effeeis of life exiension,
or improved neuronal maintenance, lead 1o an increase in temperature-food association.
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Fig. 27.2  Generation of biomarkers lor oxidative stress in vertebrates, PM, plasma membrane, NMDA-R, N-methyl-p-aspartate
receptor; Glu, glutumate; PldCho, phosphatidyleholine: lyso-PidCho, lyso-phosphatidyleholine; ¢€PLA ;. eviosolic phospholipuse Ao
COX-2, ecyclooxygenase: ARA; arachidonic acid: PAF, platelet-activating factor; ROS, reactive oxygen specics



