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Preface

Alzheimer’s disease (AD) has no racial, socioeconomic, or geographic boundaries,
since it is the most common cause of dementia in elderly individuals throughout the
world.

As people worldwide live to an older age, AD has become a serious ever-grow-
ing public health problem. The importance and the scientific challenges of this dis-
ease have been well recognized by the neuroscience research community.
Approximately 5 % of AD is caused by missense mutations in the gene for either the
amyloid P precursor protein (APP) or some of the enzymes (i.e., presenilin-1)
involved in its metabolism. However, in its sporadic form, which is the most fre-
quent, the cause(s) remains unknown.

Among different potential mechanisms, the combination of genetic risk factors
with abnormal metabolic oxidative reactions in the central nervous system has been
consistently implicated in the pathogenesis of the disease, and represents the bio-
logical basis for the “oxidative stress hypothesis of AD”” which was originally for-
mulated by Markesbery in his article of 1997.

Since then, many studies, ranging from basic research to clinical and epidemio-
logical observations, strongly support what moved from a hypothesis to a certainty:
the core role of the slight unbalance between oxidants and antioxidants (redox sta-
tus) that represents an input for life and, in the meantime, a risk for dysfunction and
disease when uncontrolled (oxidative stress). So, after several years from its pro-
posal, it seems appropriate to look and consider all the remarkable advances
achieved in understanding the biological complexity and mechanistic relationship
between oxidative stress and AD.

In constructing this book, we have tried to draw upon our own experiences and
those of our colleagues in order to present the current status of both basic and clini-
cal science research in this specific area.

The authors are expert scientists who are directly involved in the laboratory and
clinical research in the field of oxidative metabolism and neurodegenerative dis-
eases with special focus on AD.

The book is divided into three main sections. The first section focuses on new
working hypotheses implicating oxidative stress and AD. Its chapters will provide
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the reader with insights into the impact that the oxidative stress hypothesis had in
neuroscience research (Chap. 1), an overview on the general phenomenon of oxida-
tive stress (Chap. 2), its intricate connection with inflammation (Chap. 3), new
experimental evidence involving an old enzyme such as GADPH (Chap. 4), the
relationship between mitochondria and AP (Chap. 5), and the new role that plasma
membrane plays in controlling the cellular redox system (Chap. 6).

The second section reviews some of the cellular and metabolic oxidative mecha-
nisms that have been involved in AD pathogenesis. After focusing on metal dysho-
meostasis (Chap. 7) and oxidative posttranslational modification of proteins (Chap. 8),
it continues with the analysis of cholesterol oxidative metabolism (Chap. 9), and the
provocative theme of brain hypometabolism, oxidative stress, and maternal transmis-
sion of AD (Chap. 10), finishing with the role on HPA dysfunction and AD (Chap. 11).

The third section describes the clinical aspects and implications of the oxidative
stress hypothesis in the AD neurobiology. In these final chapters the attention is
shifted towards the translational aspects of the oxidative stress hypothesis, with the
main goal to apply the knowledge accumulated so far into a clinical scenario by
looking at preventative as well as therapeutic opportunities derived from it.

The role that diabetes plays in AD pathophysiology will be considered (Chap.
12), and the clinical topics will expand on the current state of the art on peripheral
biological measure of oxidative stress in AD (Chap. 13). These two chapters will be
followed by the analysis of modifiable environmental risk factors such as nutrition
and lifestyle and the risk of AD (Chap. 14), and the intriguing question of the use-
fulness of nutrients as an important source for antioxidants in preventing cognitive
decline (Chap. 15). This section will conclude our editorial effort with an analytical
review of the clinical trials that have used antioxidants in mild cognitive impair-
ments and AD (Chap. 16).

No introduction would be complete without a grateful acknowledgement of
many friends and colleagues who did the work and wrote the chapters. They are not
just experts in their fields but also extraordinary individuals. Thus, without any
shadow of doubt this endeavor was enabled by the contributions of many friends,
collaborators, and colleagues, without whose enthusiasm and engagement this work
could have never been born. An extraordinary link of science and friendship that
was really supportive in constructing this book.

While we largely underestimated the devotion and effort necessary on our side at
the beginning, we strongly believe that it ultimately yielded an excellent product
which fully achieves our original plans. Despite the fact that we confront a continu-
ously evolving topic, where frequent updates would be desirable, if not necessary,
we believe in the value of a book like ours that attempts to organize in a snapshot-
picture type of work, the enormous amount of literature available in a comprehen-
sive and fulfilling fashion. We are aware of possible gaps, some emerging materials
not included, and the ever-rapid evolution of some of the themes highlighted in the
book. It is our hope that our colleagues, neurobiologists, neurologists, internists,
geriatricians, and other physicians alike will find this compendium a useful guide to
this most exciting time in the neurobiology of AD.

Philadelphia, PA, USA Domenico Pratico
Perugia, Italy Patrizia Mecocci
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Chapter 1
Oxidative Stress: Impact in Neuroscience
Research

Helmut Sies

Abstract “Oxidative Stress” denotes an imbalance between oxidants and
antioxidants in favor of the oxidants, leading to a disruption of redox signaling and
control and/or molecular damage. It is fascinating to note the development of the
general concept of “oxidative stress” from basic chemistry of biomolecules to
detailed ramifications in neurodegenerative diseases. This brief introduction to the
book, “Oxidative Stress and Alzheimer’s Disease,” intends to delineate this
development which extends over more than a quarter-century. One exemplary field
of research in neuroscience, namely that of selenium, selenocompounds and
selenoproteins, will be presented in some detail.

1.1 Definition of Oxidative Stress

In 1985, the term “oxidative stress” was initially defined to denote a disturbance in
the prooxidant/antioxidant balance in favor of the prooxidants, resulting in potential
damage [1], and knowledge on the biochemistry of oxidative stress was described in
a review [2]. Since then, an enormous amount of research has expanded our grasp
of free radicals and reactive oxygen and nitrogen species in biology and medicine.
In particular, the field has advanced to appreciate that fundamental processes in
biology and medicine involve redox processes (apart from oxidative phosphoryla-
tion), leading to exciting discoveries in “redox regulation” and “redox signaling.”
Accommodating these new insights, the definition was updated: “‘Oxidative Stress’
denotes an imbalance between oxidants and antioxidants in favor of the oxidants,

H. Sies, M.D., Ph.D.(hon) (><)

Institute of Biochemistry and Molecular Biology I, Heinrich-Heine-University Diisseldorf,
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4 H. Sies

leading to a disruption of redox signaling and control and/or molecular damage”
[3]. This definition is intentionally global, to cover a large scope, and it needs to be
filled with detail as specific biological or medical problems are being considered.

1.2 Relation to Neurodegenerative Disorders

A highly cited article from 1993, entitled “Oxidative stress, glutamate, and
neurodegenerative disorders,” states that “there is an increasing amount of experimental
evidence that oxidative stress is a causal, or at least ancillary, factor in the neuropathol-
ogy of several adult neurodegenerative disorders, as well as in stroke, trauma, and sei-
zures” [4]. This statement can probably rightly be upheld at present in view of much new
information on the underlying biochemistry [5]. Hydrogen peroxide was recognized
early on as being a mediator of amyloid-beta protein toxicity [6]. However, results from
intervention studies attempting to translate such knowledge into clinical benefit were
less than promising, e.g., results from a recent randomized clinical trial with cerebrospi-
nal fluid biomarker measures employing antioxidants for Alzheimer’s disease [7].

So, where are the research issues regarding oxidative stress in this context? One
major issue relates to the molecular targets and their accessibility. The important
prooxidant enzymes which generate superoxide anions and hydrogen peroxide are
being controlled in their gene expression, subcellular localization and activity and,
in disease processes, may be dysregulated/overstimulated. One major group of such
enzymes is the group of NADPH oxidases, which are being addressed as therapeutic
targets for neurodegenerative diseases [8]. Other prooxidant enzymes such as lipox-
ygenases of different type are important to consider as well. Similarly, mechanisms
keeping in check the amounts of unliganded iron have again come into focus [9, 10].

Particularly sensitive molecular targets and subcellular sites in oxidation reac-
tions deserve continuing attention. This refers, for example, to the aspects of nuclear
and mitochondrial DNA oxidation in Alzheimer’s disease [11]. Interest currently
seems to focus to a great extent on the role of mitochondria, our energy powerhouse
[11-17]. There are strategies to target molecules to mitochondria, which potentially
could counteract excessive prooxidative activity [18]. However, intervention studies
in humans have been performed with micronutrients, not with such targeted com-
pounds yet [19]. Treatment with the latter may be confronted with considerable
obstacles, particularly in long-term studies.

1.3 Research Lines in Oxidative Stress: Selenium,
Selenocompounds and Selenoproteins

These introductory remarks do not attempt to cover the many advances which have
emerged in recent times, e.g., the redox control of ion channels and its fundamental
implications to neurobiology. Coming from the author’s ongoing research interest
in micronutrients, one aspect will be briefly mentioned here as an example: the role
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of selenium, selenocompounds and selenoproteins. Following the finding that a
selenoorganic compound, ebselen (then called PZ 51), is capable of serving as an
enzyme mimic which catalyzes the glutathione peroxidase reaction [20], it was
noted that there could be interest in prospective therapy for cerebral ischemia [21]
and that ebselen lowers plasma interleukin-6 levels and glial heme oxygenase-1
expression after focal photothrombotic brain ischemia [22]. We turned our attention
to selenoprotein P, which not only is considered as a selenium transporter protein in
plasma [23] but also as being capable of protecting against oxidation and nitration
reactions [24]. Selenoprotein P was also found in the cerebrospinal fluid [25].
Recent work in our group addressed the protection afforded by selenoprotein P in
astrocytes as well as in a broader context [26-28].

A novel level in selenoprotein research was opened when a multisystem selenopro-
tein deficiency disorder was described in humans [29]. The spectrum of diseases
related to inborn defects of selenium biology is expanding [30]. There are relation-
ships between selenium and cognitive impairment [31]. Regarding neuroscience
research, deletion of selenoprotein P results in impaired function of parvalbumin (PV)
interneurons and alterations in fear learning and sensorimotor gating in mice [32].
Furthermore, the absence of selenoprotein P but not selenocysteine lyase results in
neurological dysfunction [33]. Neuronal and axonal degeneration was detected in
selenoprotein P-deleted mice [34]. These latter publications unravel further avenues of
more refined research for better understanding of one micronutrient’s potential role in
distinctive neurobiological functions. Similar breakthrough studies in oxidative stress
research may be anticipated as additional components of the multifaceted redox realm
are being examined using the newly available methods in cell biology and genetics
[35]. The implications of selenium homeostasis and antioxidant selenoproteins in
brains for disorders in the central nervous system have been discussed recently [36].

1.4 Outlook

Thus, a refined analysis of genetic and cell-biological control of prooxidative reac-
tions at specific cellular and subcellular targets can well be expected to shed new
light on the biological impact of oxidative stress in long-term neurodegenerative
and other diseases. The interest is shifting from externally supplied small-molecule
antioxidants in the form of dietary supplements at high doses towards a focus on
highly distinct roles of redox reactions in cellular functions and their potential phar-
macological control.
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Chapter 2
Oxidative Stress and Alzheimer’s Disease

Rudy J. Castellani, Bei-Xu Li, Amna Farshori, and Georgy Perry

Abstract Oxidative stress is the inevitable result of life’s requirement to reduce
molecular oxygen to water for cellular respiration and energy metabolism. For a
number of reasons, the human brain appears particularly vulnerable to oxidative
stress, which has necessitated elaboration of complex antioxidant defenses in order
to maintain oxidative balance. With advanced age, oxidative balance wanes in favor
of oxidative stress, which sometimes results in disease, in particularly age associ-
ated sporadic or environmentally driven diseases such as Alzheimer’s disease, car-
diovascular disease, and cancer. Over the last 20 years, our laboratory has investigated
oxidative stress by numerous in situ techniques and have identified oxidative stress-
associated adducts, redox active transition metals, and metal associated proteins, not
only within pathological lesions of the AD brain, but also unaffected brain prior to
the onset of overt structural pathology. We have further demonstrated that oxidative
stress decreases with increasing pathology, especially amyloid, suggesting that hall-
mark lesions in AD are more likely a productive response than a deleterious event.
These and other findings continue to indicate the need to examine oxidative stress in
greater detail, as well as expand the universe of antioxidant therapies, particularly
as classical lesion-based therapies continue to fail.
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2.1 Oxidative Stress

The reduction of molecular oxygen to water during the process of cellular respiration
drives both the ATP synthesis necessary to sustain life, as well as the production of
free radicals which can potentially destroy life [1]. The latter no doubt precipitated
the evolution of elaborate antioxidant defenses, such that the pro-oxidant tendency
of molecular oxygen in the intact organisms is balanced somewhere near the organ-
ism’s ability to neutralize free radicals with near 100 % efficiency. Such is the nature
of life for much of the lifespan of the organism.

Commensurate with the aging process, however, is a slow diminution in antioxi-
dant defenses, and the “slow burn” of oxidative stress as a gradual but steady destruc-
tive force. Among the antioxidant mechanisms are vitamins A, C, and E, glutathione,
and a number of enzymes that facilitate electron transfer to a nontoxic species, such
as catalase, superoxide dismutase, and glutathione peroxidase, and each has been
shown to decrease with age. It is therefore not surprising that virtually all sporadic
or environmentally driven chronic diseases (cancer, cardiovascular disease, neuro-
degeneration) are both age-related and associated with oxidative stress [2].

The brain appears to be vulnerable to oxidative stress via a number of mecha-
nisms. Glutathione and vitamin E have been shown to be in limited supply in the
brain, in the face of an inherently high metabolic activity, dominated by oxidative
metabolism [3]. Iron content is increased in some brain regions (e.g., substantia
nigra), which is a potent source of free radicals via the Fenton reaction (ferrous iron
plus hydrogen peroxide yielding ferric iron and an hydroxyl radical, the latter being
a potent, nonselective oxidant species).

2.2 Involvement of Oxidative Stress in Alzheimer’s Disease

Heme oxygenase. Once the steady state is breached in favor of oxidative stress, the
deleterious effects are far-reaching. Indeed, every category of biomacromolecule,
e.g., carbohydrates, protein, lipid, nucleic acids, is a potential target [2]. Among the
earliest in vivo studies indicating the presence of oxidative stress in brain tissue was
the pioneering study by Mark Smith in the 1990s on the role of heme oxygenase in
the AD brain [4]. Heme oxygenase is an endogenous antioxidant that exists in mul-
tiple isoforms. Most notable is Heme oxygenase-1 (HO-1), which is inducible in the
presence of oxidative stress, and processes heme to biliverdin, while generating
redox-active iron and carbon monoxide. Carbon monoxide then may have a neu-
rotransmitter function, and it is further of note that recent studies have shown a
neuroprotective effect of carbon monoxide. Heme oxygenase was shown to be
markedly upregulated in the AD brain within lesional as well as unaffected tissue,
which laid the groundwork for subsequent studies and an expansion of our knowl-
edge of oxidative stress in human brain in vivo, prior to which oxidative stress was
only studied in highly artificial experimental constructs.
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Advanced glycation and lipid peroxidation. In previous studies, we have since
shown that protein adducts pentosidine and pyralline, formed via the Maillard reac-
tion and advanced glycation, a process accelerated by molecular oxygen, are abun-
dant in AD brains, not only within pathological lesions, but within pre-pathological
vulnerable neurons [5]. We have also demonstrated lipid peroxidation end products
hydroxynonenal and malondialdehyde in AD, both within lesions and within patho-
logically normal tissue. Both sets of adducts, advanced glycation end products and
advanced lipid peroxidation end products, lead to the formation of intramolecular
and intermolecular cross-links which render otherwise soluble proteins insoluble
and resistant to degradation [6]. Carboxymethyllysine, an adduct associated both
with advanced glycation and lipid peroxidation, has similarly been shown by us to
be intimately associated with the AD brain [7]. In a recent study, we have also
shown that hydroxynonenal in particular may accumulate less within lesions as they
do within neurofilaments of axons [8]. The lysine-rich nature of neurofilaments, and
lysine-lysine adducts may therefore contribute to the aging and disease process by
disrupted slow axonal transport.

Nitration. In another study, we examined the brain for nitration of tyrosine resi-
dues, as peroxynitrite is a source of hydroxyl radical-like reactivity, and it directly
oxidizes proteins and other macromolecules with resultant carbonyl formation from
side-chain and peptide-bond cleavage [9]. Indeed, we found increased protein nitra-
tion in neurons, including but not restricted to neurofibrillary pathology, while con-
trol brains showed no such involvement. These data not only supported oxidative
damage in AD, but that it was not necessarily limited to poorly soluble fibrils such
as neurofibrillary tangles, but much like other indicators of oxidative stress such as
AGE and lipid peroxidation adducts, reflects a broad and early event.

Damage to nucleic acids. DNA modification intuitively speaking appears more rel-
evant to cancer biology than neurodegeneration, given the importance of acquired
genetic alterations in cancer and the fact that the vast majority of neurons, including
vulnerable neurons in AD, are post mitotic. Nevertheless, 8-hydroxyguanosine mod-
ification has been shown to be increased in AD brain tissue. Additionally, and per-
haps more importantly, oxidation of RNA has been linked to AD in recent studies.
There is of interest given the single stranded nature of RNA. It may be that oxidative
stress induced damage to RNA results in sublethal cellular injury, altering protein
translation, and disrupted cellular metabolism in favor of neurodegeneration [10].

Heavy metals. Transition metals, and in particular copper, iron, and zinc, are potent
catalysts of free radicals [11-14]. Evidence suggests that metals may accumulate in
the brain with age and disease, accelerating oxidative damage and possibly contrib-
uting to amyloidosis [15]. Using a modification of the Prussian blue reaction to
select for redox state, we have demonstrated specifically redox-active iron in the AD
as well as Parkinson disease. Moreover, the accumulation within lesions suggests
that insoluble proteinaceous accumulations may be a “sink” for free radicals within
the brain, suggesting that lesions themselves are more in line with Darwinian theory,
or adaptation to the environment, than a priori indicators of toxicity [3, 16—18].
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Are hallmark lesions a response to oxidative stress? The selective nature of the
neurodegenerative process in the AD brain is difficult to explain in the face of a rela-
tively selective disease process, affecting certain brain regions and certain neuronal
subsets during the course of the disease. Whether the overall level of free radical
production differs in vulnerable areas, or whether antioxidant defenses are deficient
in those same areas for one reason or another, is difficult to discern precisely,
although evidence for both mechanisms has been offered in the literature [19, 20].
It may further be worth noting that the major pathogenic hypothesis, or the putative
amyloid cascade, has shown little region selectivity aside from “cortex” and is in
fact less selective than phospho-tau accumulation, which is manifestly a down-
stream event [16]. It is also of some interest that oxidative stress precedes all types
of pathological lesions, and that in one study, the magnitude of oxidative stress
decreased with increasing amyloid, suggestive of a neuroprotective effect of amy-
loid production [21]. Clinical trials investigating the efficacy of antioxidant therapy
in AD have been disappointing (although no less disappointing that all of the trials
targeting amyloid-p (AP)), and it may be that the complexity of redox biology and
approaching and altering brain chemistry in this regard, exceeds both understanding
and therapeutic strategies available to date. Nevertheless, as the scientific commu-
nity comes to realize more and more that lesion targeting is based on rare Mendelian
amyloidosis and not strict age-related sporadic conditions, continued study of oxi-
dative stress in vitro, in vivo, and as a therapeutic approach, is certainly warranted.

2.3 Conclusion

Oxidative stress is intimately intertwined with chronic, age-related disease processes,
including AD. The specific vulnerability of the brain to oxidative stress may in part
explain the abundance of evidence for its existence within both lesional and non-
lesion tissue. Moreover, the existence of specific adducts of oxidative stress has,
since the 1990s facilitated the production of antisera against those adducts, which has
in turn allowed in-situ examination for oxidative stress hallmarks in humans, rather
than through highly artificial experimental constructs prior to this time. The data have
generally furthered the evidence for oxidative stress and provided a temporal dynamic
that precedes traditional hallmark lesions. As lesion targeting continues to fail, a
more substantial investment in oxidative biology as it pertains to AD is warranted.

References

1. Castellani R, Hirai K, Aliev G, et al. Role of mitochondrial dysfunction in Alzheimer’s dis-
ease. J Neurosci Res. 2002;70(3):357-60.

2. Perry G, Nunomura A, Hirai K, et al. Is oxidative damage the fundamental pathogenic mecha-
nism of Alzheimer’s and other neurodegenerative diseases? Free Radic Biol Med. 2002;
33(11):1475-9.



10.

11.

13.

14.

16.

17.

19.

20.
21.

Oxidative Stress and Alzheimer’s Disease 13

. Castellani RJ, Siedlak SL, Perry G, Smith MA. Sequestration of iron by Lewy bodies in

Parkinson's disease. Acta Neuropathol. 2000;100(2):111-4.

. Smith MA, Kutty RK, Richey PL, et al. Heme oxygenase-1 is associated with the neurofibril-

lary pathology of Alzheimer’s disease. Am J Pathol. 1994;145(1):42-7.

. Smith MA, Sayre LM, Monnier VM, Perry G. Radical AGEing in Alzheimer’s disease. Trends

Neurosci. 1995;18(4):172-6.

. Sayre LM, Zelasko DA, Harris PL, Perry G, Salomon RG, Smith MA. 4-Hydroxynonenal-

derived advanced lipid peroxidation end products are increased in Alzheimer’s disease.
J Neurochem. 1997;68(5):2092-7.

. Castellani RJ, Harris PL, Sayre LM, et al. Active glycation in neurofibrillary pathology of

Alzheimer disease: N(epsilon)-(carboxymethyl) lysine and hexitol-lysine. Free Radic Biol
Med. 2001;31(2):175-80.

. Zhu X, Castellani RJ, Moreira PI, et al. Hydroxynonenal-generated crosslinking fluorophore

accumulation in Alzheimer disease reveals a dichotomy of protein turnover. Free Radic Biol
Med. 2012;52(3):699-704.

. Smith MA, Richey Harris PL, Sayre LM, Beckman JS, Perry G. Widespread peroxynitrite-

mediated damage in Alzheimer’s disease. J Neurosci. 1997;17(8):2653-7.

Castellani RJ, Nunomura A, Rolston RK, et al. Sublethal RNA oxidation as a mechanism for
neurodegenerative disease. Int J Mol Sci. 2008;9(5):789-806.

Perry G, Taddeo MA, Petersen RB, et al. Adventiously-bound redox active iron and copper are
at the center of oxidative damage in Alzheimer disease. Biometals. 2003;16(1):77-81.

. Perry G, Sayre LM, Atwood CS, et al. The role of iron and copper in the aetiology of neurode-

generative disorders: therapeutic implications. CNS Drugs. 2002;16(5):339-52.

Castellani RJ, Moreira PI, Liu G, et al. Iron: the Redox-active center of oxidative stress in
Alzheimer disease. Neurochem Res. 2007;32(10):1640-5.

Castellani RJ, Moreira PI, Perry G, Zhu X. The role of iron as a mediator of oxidative stress in
Alzheimer disease. Biofactors. 2012;38(2):133-8.

. Bush Al The metal theory of Alzheimer’s disease. J Alzheimers Dis. 2013;33 Suppl 1:

S277-81.

Castellani RJ, Perry G. Pathogenesis and disease-modifying therapy in Alzheimer’s disease:
the flat line of progress. Arch Med Res. 2012;43(8):694-8.

Castellani RJ, Lee HG, Zhu X, Nunomura A, Perry G, Smith MA. Neuropathology of
Alzheimer disease: pathognomonic but not pathogenic. Acta Neuropathol. 2006;111(6):503-9.

. Castellani RJ, Lee HG, Zhu X, Perry G, Smith MA. Alzheimer disease pathology as a host

response. J Neuropathol Exp Neurol. 2008;67(6):523-31.

Smith MA, Perry G, Richey PL, et al. Oxidative damage in Alzheimer’s. Nature. 1996;
382(6587):120-1.

Beal MF. Less stress, longer life. Nat Med. 2005;11(6):598-9.

Nunomura A, Castellani RJ, Zhu X, Moreira PI, Perry G, Smith MA. Involvement of oxidative
stress in Alzheimer disease. J Neuropathol Exp Neurol. 2006;65(7):631-41.



Chapter 3
Inflammation and Oxidation: A Link
in Alzheimer’s Disease Pathogenesis

Kenneth Hensley

Abstract Over the past three decades, two paradigms have been developing that
largely describe the difference between normal and pathological brain aging:
Namely, the twin paradigms of neural oxidative stress and neuroinflammation.
These two concepts both emerged amidst an intellectual environment of either
casual neglect or antipathy but have come to permeate much basic and applied neu-
roscience research. Current science has come to understand that these two phenom-
ena are mutually but subtly linked to such an extent as to be practically inseparable.
In Alzheimer’s disease (AD) both neural oxidative stress and neuroinflammatory
events are crucial components of the neurodegenerative landscape. Both appear to
arise, in part, as consequences of the classic features of AD pathology namely amy-
loid peptide (Ap)-containing senile plaques and neurofibrillary tangles (NFTs).
Viewed from a different perspective, however, oxidative stress and neuroinflamma-
tion also contribute fundamentally to cell biological changes that predispose the AD
brain to these classic histopathologies. This review will attempt to summarize the
current state of knowledge regarding neural oxidative stress in AD, with emphasis
on mechanistic connections between the two phenomena, and their joint relation-
ship to both plaques and tangles.

3.1 Introduction

Alzheimer’s disease (AD) is an exigent medical, humanitarian, and economic
problem that affects almost five million Americans [1], a number that certainly will
rise in the developed world due to its aging demography. In 2010, 5.1 % of the US
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population was older than 65 years and 454,000 new AD cases were diagnosed; this
was roughly 10 % increase over 2,000 numbers [1]. Worldwide, AD and similar
dementias may afflict 35 million people (0.5 % of the world population) [1]. There
are no cures, effective treatments, or robust preventive measures for AD. For some
people in early stage AD, the drugs tacrine (Cognex), donepezil (Aricept), rivastig-
mine (Exelon), or galantamine (Razadyne) are prescribed to improve the choliner-
gic system [2]. The strategy of attempting to boost the cholinergic system is
predicated on scientific understanding that was essentially established prior to 1980,
namely, that AD impact on cognition is largely manifest through loss of cholinergic
neurons. Current cholinergic agonists do provide partial, limited relief of cognitive
symptoms but carry significant adverse effects such as gastrointestinal irritation.
Another drug, Memantine (Namenda), an NMDA antagonist thought to combat
excitotoxic neuronal stress, has been approved to treat moderate to severe AD with
limited success [2]. Thus, there is an urgent but chronically unmet need to better
understand AD etiology in order to develop more effective treatments or preventive
measures for the disease.

This review will systematically examine AD from four distinct but complemen-
tary perspectives that have been each intensively explored in the past but which,
perhaps, have never been completely unified into a cohesive intellectual framework.
First, we will briefly recapitulate the cardinal histological description of AD as a
manifestation of brain region-specific deposition of amyloid p-peptide (AP) rich
plaques and neurofibrillary tangles (NFTs). Second, we will focus upon the “degen-
eration” part of AD neurodegeneration by considering AD primarily as a disease of
neural atrophy, which logically forces one to consider AD as a fundamental pathol-
ogy of neuronal cytoskeletons. Third, we will consider why AD neurodegeneration
can be viewed as an exacerbation of normal, age-associated oxidative stress. Fourth,
we will consider how the preceding components of AD biology can be described
within the emerging rubric of neuroinflammation theory. The goal of this exercise is
to find common, unifying links amongst disparate sub-specialties of AD research
that might suggest new therapeutic approaches to slow AD clinical progression.

3.2 A Histological Consideration of AD: Plaques
and Tangles Are Only Part of the Story

AD is formally defined and diagnosed by the presence of both abundant dense (neu-
ritic) amyloid beta peptide (Ap)-rich plaques and abundant neurofibrillary tangles
(NFTs) in areas including the entorhinal cortex, hippocampus and isocortex; com-
bined with synapse loss and clinical dementia [3]. AP plaques have been intensively
studied for almost three decades and have been thoroughly reviewed elsewhere [4,
5]. For the purposes of the present manuscript, it is sufficient to summarize that
40—42 amino acid A peptides derived from a classic single-pass type 1 transmem-
brane protein (amyloid precursor protein, APP) form neurotoxic oligomers and ulti-
mately collect in very hydrophobic extracellular deposits called plaques. Initially
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diffuse, these plaques condense over time to become dense-core or neuritic structures
in more advanced AD [4, 5]. These plaques are typically surrounded and infiltrated
by reactive microglia, and by hypertrophic astrocytes that can be recognized by
their upregulation of homotypic substances such as glial fibrillary acidic protein
(GFAP) and S100 [4, 5]. In recent years the dogma of Alzheimer’s disease research
is that pathological alterations of amyloid precursor protein processing result in run-
away accumulation of AP in various forms, which precipitates downstream pro-
cesses including neuroinflammatory activation of microglia, neuritic pathology
(e.g., tangles), and cell death. This “Amyloid Cascade Hypothesis,” which places
AP first and foremost as a trigger for the initiation of other AD pathophenomena,
has resulted in a number of clinical trials of anti-amyloidogenic therapies, none of
which has succeeded and several of which have done harm [5]. Thus, the preemi-
nence of amyloid peptide biology as a guiding light for therapy development has
been called sharply into question recently [5].

NFTs are located throughout the neocortical grey matter parenchyma, but dys-
trophic neurites (axons) form in a distinctive corona about the plaques [3]. NFTs are
composed of hyperphosphorylated microtubule associated proteins (MAPs) and
many other components which have been identified by immunohistochemistry,
immunoprecipitation, and laser capture microdissection-mass spectrometry studies
[6]. The principle and most-studied NFT component is the MAP tau, which adopts
a characteristic paired helical filament conformation in the tangles (PHF-tau) [7].
Tau functions to bind and stabilize microtubules (MTs), which give length and
rigidity to axons [7]. Phosphorylation of tau by cyclin dependent kinase 5 (CDKS5)
and glycogen synthase kinase-3f (GSK3p) contributes to MT destabilization [7].

Notable amongst other cytoskeletal proteins that co-aggregate with PHF-tau in
NFTs is collapsin response protein-2 (CRMP2) [6, 8, 9]. CRMP2 is a member of a
separate class of microtubule-associated proteins that is phylogenetically distinct
from tau and which serve additional adaptor functions not directly related to MT
stabilization [10, 11]. CRMP2 is hyperphosphorylated in NFTs by the same CDK5
and GSK3p enzymes implicated in tau hyperphosphorylation [10, 11]. Thus, CRMPs
are likely to share importance with tau in causing NFT deposition or contributing to
NFT-related neuron damage. This is a rapidly evolving, relatively new area of
research investigation that is likely to gain more attention in coming years [10, 11].

Although AD diagnosis formally requires a burden of plaques plus tangles, the
mere presence of abundant plaques and tangles does not always coincide with neu-
ron loss or clinical dementia status prior to death and autopsy [12, 13]. For instance,
in a study of octa- and nonagenarians who did not present with clinical AD, post-
mortem analysis revealed that 20-40 % of the subjects met neuropathological crite-
ria for AD depending on the exact scoring criteria employed [13]. Such
clinico-histological discrepancies may be because some individuals have more
functional cognitive reserve capacity than others, hence, can endure a greater neu-
ropathological burden (plaques and tangles) before suffering downstream conse-
quences including neuron death and clinically evident dementia [12]. In any event,
NFTs are better correlate than amyloid plaques to synapse loss and clinical demen-
tia in formally demented AD patients [14].
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3.3 Alzheimer’s Disease Is, Fundamentally, a Disease of
Neural Atrophy and Hence, Cytoskeletal Failure

While plaques and tangles are histologically dramatic, and are a necessary feature
for confirmation of an AD diagnosis, these phenomena are not the only (or, neces-
sarily, the best) correlates of cognitive decline. Structural neural atrophy and accom-
panying synapse loss also have been correlated significantly and consistently to
clinical dementia, generally exceeding plaque or tangle counts as a predictor of
cognitive dysfunction [15-19]. Neurons in AD are frankly atrophic with loss of
dendritic arborization in human AD: For instance, manifesting as decreased average
length per cell of Golgi-stainable branches and numbers of branches in particular
amygdaloid and hippocampal neurons [15, 16] and by measurable synapse loss [17,
18]. Synapse loss is evident even in mild cognitive impairment (MCI), a prodromal
state of AD [18]. Ultrastructural stereology indicates a 20 % loss of synapses in hip-
pocampal CA1 of MCI patients progressing to 55 % loss in mild-moderate AD [18],
with a generally consistent correlation to local NFT density [17]. The most striking
synaptic changes occur in close apposition to Af plaques where loss of dendritic
spines (orthogonal presynaptic termini) is remarkable [18]. While frank synaptic
neuropathology is subtle in some AD models, synaptic deficits are a feature of the
3x Tg-AD mouse [19-21].

If plaques and NFTs are characteristic of AD, frank neuron loss and gross corti-
cal atrophy is even more obvious even upon cursory examination. AD brain suffers
severe loss of neurons with particular carnage amongst certain subsets, for instance,
cholinergic circuits projecting from the basal forebrain into the cortex and hippo-
campus [22]. It is understandable therefore that much AD research has focused on
the mechanisms of neuron death in efforts to protect the neurons against death.
Unfortunately, focus on neuron death has largely led the AD community and espe-
cially potential therapy developers away from consideration of the processes that
precede death, i.e., what pathways drive neural atrophy (degeneration)?
Understanding the dynamic processes of synapse loss, neuritic de-aborization and
axonal contraction might suggest new strategies for making “sick” neurons more
healthful. This is a subtle but fundamentally different approach than trying to block
end-stage death mechanisms, which thus far has been remarkably unsuccessful at
producing new clinical tools.

Having logically turned the focus of AD neurodegeneration in the direction of
understanding the processes leading to axonal dystrophy, neuritic dearborization
and synaptic paring, it becomes apparent that one should focus upon the cytoskele-
ton in order to understand these features. A neuron has a very complex and dynamic
structure which gives each neuron its own particular functional characteristics, and
this structure is dependent upon a sophisticated cytoskeletal framework. As dis-
cussed in the remainder of this review, AD brain suffers oxidative stress and cyto-
skeletal proteins are particularly vulnerable. Neuroinflammatory processes engender
much of this oxidative stress while redox-sensitive signal transduction also can lead
to posttranslational alterations of cytoskeletal proteins or cytoskeletal regulatory
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pathways. Hence, a deeper understanding of cytoskeletal restructuring could help
identify pathogenic pathways in AD that are amenable to therapeutic manipulation
in order to slow the atrophic features of neurodegeneration.

3.4 Exacerbated Oxidative Stress Is a Confirmed
Component of AD Pathology and a Plausible Factor
Contributing to Cytoskeletal Degeneration

Protein oxidative lesions naturally occur in the brain and increase with age in a
nonlinear fashion that appears exacerbated in AD and other age-associated neurode-
generative pathologies [23-26]. As early as 1991, Earl Stadtman and colleagues
assessed an approximate 25 % increase in total protein carbonyls, indexing protein
oxidative modifications, through the use of protein carbonyl derivatization tech-
niques [23]. This work has been widely reproduced and extended upon by other
measurement methods [24-26].

In recent years, immunostaining and instrumental analyses studies have mea-
sured specific protein oxidative modifications such as nitration. These studies gener-
ally find that specific oxidative modifications in AD brain can far exceed the relative
disease-associated burden of general protein carbonyls. For instance, high perfor-
mance liquid chromatography with electrochemical array detection (HPLC-ECD)
has been used to demonstrate that 3-nitrotyrosine and 3,3’-dityrosine are increased
at least twofold in affected regions of the AD brain relative to age-matched control
brain [25]. Interestingly, lipid-phase nitration in the AD brain correlates well with
protein nitration on a brain region-by-region pattern [26] but may be quantitatively
more severe. For instance, the amount of protein tyrosine nitration in AD brain is
typically on the order of 1:1,000 or less. Contrastingly, in an HPLC-ECD study of
the lipid-phase nitration marker5-nitro-gamma-tocopherol (5-NO2-yT) in AD brain,
we found that the 5-NO2-yT/yT ratio may reach 30 %, and mean quantities present
in AD brain exceeded those in control brain by twofold [26].

A variety of oxidation-sensitive enzyme systems are also significantly compro-
mised in AD brain [24]. Of particular note in this regard, at least one study assessed
cytoskeletal protein structural correlates of oxidative stress in AD brain using spe-
cialized techniques of electron paramagnetic resonance (EPR) spin-labeling applied
to synaptosomal preparations from rapid postmortem-derived human brain tissue
[24]. This study found a collapse of protein structure in AD synaptosomes, similar
to that observed with in vitro synaptosomal oxidation [24]. Thus, there is ample
empirical reason to postulate that oxidative stress occurs in AD and creates a mea-
surable alteration in cytoskeletal structure, particularly within neurites and synaptic
compartments.

When specific proteins are assessed on a case-by-case basis, the degree of oxida-
tive modification difference between AD and age-matched normal brain can become
even more apparent and, perhaps, may shed mechanistic light on fundamental



20 K. Hensley

pathways of cytoskeletal disruption. Recent proteomics studies by Sultana,
Butterfield and colleagues [27-31] go far toward such elucidation. These research-
ers discovered that global protein adduction by the lipid oxidation product
4-hydroxynonenal (HNE) is not particularly severe in AD, although particular pro-
teins including CRMP?2 (discussed above) are HNE-adducted to a degree 2—-3 times
that of normal brain CRMP2 [30, 31]. Given the importance of CMRP2 in maintain-
ing neurite and synaptic structure/function, and the physical association of phos-
phorylated CRMP2 with NFTs, this recent data suggests that focus of research upon
consequences of specific protein oxidation events may be more important than look-
ing at brain oxidative stress as a global and stochastic process.

The discussion about oxidative stress in AD has moved from asking “what and
where” type questions to assessing the “why and how.” Why does oxidative stress
increase in AD brain, how might this stress contribute to neurodegeneration, and
how might these pathological pathways be pharmacologically mitigated?

3.5 Relationship of AD Pathophenomena as Viewed
Through the Lens of Neuroinflammation Theory

The topics of neuroinflammation as a driving force in AD pathogenesis and the his-
tory of neuroinflammation as a sub-discipline of neuroscience research have been
thoroughly reviewed recently [32] and therefore will be discussed here in an abbre-
viated fashion. In the late 1980s-early 1990s several neuropathologists and epidemi-
ologists began noting that (1) immune-signaling substances such as interleukins
were elaborate in the AD brain, concomitant with proliferation of apparently reac-
tive microglia and (2) long-term use of nonsteroidal anti-inflammatory drugs for
arthritic conditions seemed to reduce the risk for onset of AD (reviewed in ref. 32).
Other work in the 1990s revealed that activation of neuro-inflammatory pathways,
such as microglial NADPH oxidase and iNOS recruitment, can cause a pronounced
local increase in oxidizing species [33].

Moreover, contemporaneous studies revealed that reactive oxygen species such
as H,0O, and *NO can activate redox-sensitive signal transduction machinery linked
to microglial activation, cytokine elaboration, and a host of biochemical pathways
with possible relevance to AD pathogenesis (reviewed in ref. 33). As a case in point,
the redox-sensitive p38 mitogen-activated protein kinase (p38 MAPK) pathway was
documented to be hyper-activated in AD brain, in neurons juxtaposed with amyloid
plaques and in plaque-associated microglia [34]. This stress-activated kinase is
exquisitely sensitive to redox activation, and works together with other similar path-
ways to induce nitric oxide synthase expression in inflammatory states [35, 36].
Mechanistically, these redox signaling pathways are probably triggered mostly by
transient, reversible oxidation of thiol active sites in sensitive phosphatases, fol-
lowed by glutathionylation of the oxidized thiol [33, 37, 38]. Stress-activated kinase
systems could plausibly contribute to posttranslational modifications of microtubule-
associated proteins such as lead to the deposition of paired-helical filament tau in
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AD [36]. Thus, p38 MAPK and its relatives are still receiving significant attention
as potential therapeutic targets in AD [36]. Combined with other forms of direct
cytoskeletal protein oxidative lesioning, the net result likely would be to the detri-
ment of the neuron’s structure, function and ultimately viability [36, 37].

Thus, neuroinflammation provides a guiding and unifying perspective that unites
the phenomena of oxidative stress with AD pathophenomena. In this perspective,
neuro-immune pathways produce oxidants that affect both neurons and ambient glia
through redox signaling pathways. The result is a combination of pressure on cyto-
skeletal networks through direct oxidative lesions and indirectly via phosphorylation-
driven modifications. The aberrant function of these cells results in release of
various paracrine factors, including but not restricted to A peptides, lipid oxidation
products and “damage associated molecular patterns” (DAMPs) from dead or dying
cells [32]. These paracrine factors then exacerbate the neuroinflammatory forces
and accelerate disease progression.

3.6 Conclusions

Current knowledge and theory about Alzheimer’s disease pathogenesis assumes a
significant component of both oxidative stress and neuroinflammatory activation,
though there is still much uncertainty about the causal (rather than mere associative)
relationships amongst inflammation, oxidative stress, and AD neuropathology. It
seems clear that relatively simplistic models of AD pathogenesis that rely solely on
consideration of amyloid cascades are grossly inadequate at either explaining the
clinical presentation of AD or informing therapeutic development efforts. Taking a
broader perspective of the disease by integrating amyloid catabolism in a larger
rubric, including components of neuroinflammation and oxidative stress, might
yield better predictive models.

Regarding oxidative stress, 20 years of study have revealed that the AD brain is
hyperoxidized but perhaps by only 10-25 % beyond typical age-matched bulk brain
tissue. On the other hand, individual proteins in the aging brain may be oxidatively
damaged far in excess of bulk protein oxidative load, and this damage may be nota-
bly exacerbated by AD. Moreover, specific types of oxidative damage (e.g., nitra-
tion or dityrosyl cross-linking) may be more severe than general carbonylation. If
oxidative stress plays a role in triggering or accelerating AD, the likely proximal
targets would include cytoskeletal proteins or proteins that regulate cytoskeletal
dynamics.

While there is still much debate over the proper temporal placement and etiologi-
cal prioritization of inflammation, oxidative stress and classic AD pathological fea-
tures (plaques and tangles) it appears clear that oxidative stress and neuroinflammation
are not separate phenomena but rather represent antipodes of a single “vicious cycle.”
Neuroinflammatory activation, particularly of microglia and to a lesser extent of
astrocytes, results in profligate local production of ROS/RNS and possibly severe
focus of these oxidants on ambient neurons. ROS/RNS in turn trigger redox
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signaling processes, especially through oxidation/glutathionylation cycles in
sensitive protein phosphatases that ultimately up-regulate further neuroinflammatory
gene expression. This neuroinflammatory gene expression in turn results in further
ROS/RNS and aggravating cytokine elaboration, completing a feed-forward cycle.

The degree to which neuroinflammation (and, by extent, redox stress) is damag-
ing vs. protective in AD is still debatable. There are obvious reasons why these
phenomena should be deleterious but less obvious reasons why they may be benefi-
cial. Activated microglia phagocytose nascent amyloid plaques and may play a role
in structural remodeling of damaged neural circuitry, while low levels of oxidative
stress may act as a priming mechanism to induce antioxidant and other cellular
defense programs.

Thus far, no conceptualization of AD has resulted in a clinical approach that
slows AD degeneration (though there have been several drugs developed that mod-
erate cholinergic symptoms). There is evidence that early and prolonged dosage
with nonsteroidal anti-inflammatory drugs, perhaps combined with habitual con-
sumption of natural antioxidants, may reduce AD risk; however, intervention trials
have been quite disappointing. It is likely that neuroinflammation theory could be
used as a guiding principle to identify specific, novel molecular pathways that are
specifically activated or oxidatively damaged and which might be rationally modu-
lated for pharmacological intervention against Alzheimer’s disease. Such research
efforts would be advised to avoid generalizing oxidative stress concepts but instead
focusing on key mediators of oxidative damage, such as redox-sensitive signaling
kinases and perhaps cytoskeletal structure-regulating proteins like CRMP2/
DPYSL2 and its homologs. Future work in this area likely will benefit from inter-
disciplinary approaches combining proteomic techniques with protein biology and
classical pharmacology approaches once promising lead chemical structures have
been identified.
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Chapter 4

GAPDH: f-Amyloid Mediated Iron
Accumulation in Alzheimer’s Disease:

A New Paradigm for Oxidative Stress
Induction in Neurodegenerative Disorders

Michael A. Sirover

Abstract Alzheimer’s disease (AD) is an age-related neurodegenerative disorder
characterized clinically by dementia, loss of memory, and cognitive dysfunction.
Although a number of molecular, biochemical, and cellular defects have been iden-
tified, the exact molecular mechanism(s) which underlie this disease are unknown.
Of particular interest may be aberrant protein—protein interactions, especially with
the amyloid protein which may lead not only to plaque development but also to
alterations in cell function due to protein depletion. In that regard, recent evidence
suggests a specific interaction of the B-amyloid precursor protein (B-APP) and the
B-amyloid protein (B-AP) with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The latter was thought to be a classical glycolytic protein of seemingly
little interest. However, recent studies suggest that it is a multifunctional protein
with diverse activities independent of its role in energy production. Further, it exhibits
a diverse subcellular localization in the nucleus, membrane, and cytosol which may
be not only directly related to its functional diversity but also may represent an
intracellular equilibrium in the regulation of GAPDH expression. Accordingly,
we shall consider the hypothesis that the formation of B-APP or p-AP-GAPDH
protein—protein complexes alters both GAPDH function and its subcellular distribu-
tion. In particular, as recent studies indicate a fundamental role for membrane
GAPDH in cellular iron uptake, transport, and metabolism, the formation of either
-APP-GAPDH or f-AP-GAPDH complexes may facilitate iron accumulation
(a known characteristic of Alzheimer’s disease), thereby increasing oxidative stress
as a consequence of an intracellular Fenton reaction. This pleiotropic effect of
GAPDH binding could serve as a unifying hypothesis providing an initiating
event in AD.
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4.1 Introduction

“How does one separate the wheat from the chaff?”
An English idiom

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12) was long
considered a classical housekeeping gene and protein of little interest. It was
relegated to the laboratory shelf, considered useful as an enzymatic or crystallo-
graphic reagent or as the obligatory loading control for RNA and protein analyses.
That being said, recent evidence indicates that GAPDH is in reality a multifunc-
tional protein with separate activities involving dynamic changes in its subcellular
location, is a unique target for oxidative stress and may fulfill a fundamental role in
cellular iron uptake, transport, and metabolism [rev. in refs. 1-5].

Recent studies also indicate an association not only between GAPDH and major
age-related neurodegenerative disease proteins but also with the structures associated
with each disease [rev. in ref. [6]]. These include f-amyloid protein—~GAPDH binding
in relation to plaque formation in Alzheimer’s disease [7—10]; binding to huntingtin
[11] facilitating its nuclear translocation in Huntington’s disease cells [12] as well as
GAPDH binding to other triplet repeat proteins (atrophin, ataxin-1, and the androgen
receptor) implicated in DRLPA, spinocerebellar ataxia type-1 and spinobulbar mus-
cular atrophy, respectively [11, 13]. Further, synuclein and GAPDH co-localize in
Lewy bodies in Parkinson’s disease [14] and drugs which may be used to treat
Parkinson’s disease bind to and inhibit GAPDH [15, 16].

Plaque formation due in part to GAPDH—f-amyloid protein binding (along
with a potential synergy with oxidative stress induced GAPDH modification) repre-
sents a now classical mechanism proposed as a foundation for the pathogenesis of
Alzheimer’s disease [rev. in refs. [17-19]]. However, it is still unclear whether
plaque formation is an initiating event in AD development or a characteristic of its
clinical progression. In contrast, new data suggests an alternative possibility: a
pleiotropic process in which it is possible to interrelate GAPDH—f-AP binding, iron
accumulation in Alzheimer’s disease [20-22] and the induction of oxidative stress
through the Fenton reaction [23, 24] resulting in structural alterations in critical
cellular macromolecules. This pleiotropic process has the potential to provide a
unifying hypothesis as a key molecular foundation underlying the temporal sequence
of cellular perturbations resulting in the development of Alzheimer’s disease.

4.2 Functional Diversity of GAPDH

As illustrated in Fig. 4.1, GAPDH functions in the control of gene expression [25],
membrane trafficking [26-29], receptor mediated cell signaling [30, 31], the main-
tenance of DNA integrity [32—34], the control of mRNA stability [35-38], and iron
uptake, transport, and metabolism [31]. The complexity of GAPDH structure and
function is indicated by its role in the posttranscriptional control of gene expression
in which it displays three separate activities: stabilization of a mRNA to increase
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Fig. 4.1 Functional diversity of GAPDH

protein synthesis [35, 36]; destabilization of an mRNA to promote its decay [37];
and translational inhibition of an mRNA sans degradation solely by its binding [38].

For such purposes, GAPDH displays a diverse subcellular distribution not only
as a cytosolic protein but also it is localized in the ER, the Golgi, polysomes, the
nucleus and in the cell membrane [rev. in refs. [4, 5]]. However, its intracellular posi-
tion is not static in time but is ever changing, perhaps depending on changes in the
intracellular environment. Three classes of GAPDH subcellular translocations have
been identified: termed constitutive, inducible, and semi-constitutive as defined by the
temporal sequence of GAPDH intracellular movement in relation to its acquisition
of a new activity [rev. in ref. [4]]. It was suggested that posttranslational modification
provides the signaling mechanism for GAPDH subcellular transport.

4.2.1 GAPDH and Iron Metabolism

As shown in Fig. 4.2, perhaps of particular relevance to the etiology of Alzheimer’s
disease, may be a newly discovered property of membrane bound GAPDH, i.e., its
role in iron uptake, transport, and metabolism. Iron in vivo represents a now classi-
cal intracellular “two edged sword,” i.e., it is an essential element required for
numerous normal cell functions [39] yet, through the Fenton reaction, may contribute
to the pathology of oxidative stress [40]. At low iron concentrations, it is presumed
that the former predominate, while at higher iron concentrations the latter may
become physiologically significant, providing a source of reactive oxygen species
capable of damaging cellular macromolecules.

Previous studies indicated transferrin as the major iron binding protein as well as
the the role of transferrin/TfR1 and transferrin/TfR2 receptor binding which
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function to facilitate iron uptake and transfer [41, 42] In contrast, recent studies
identified membrane GAPDH as an alternative cell receptor transferrin binding
protein [31, 43]; that the GAPDH—-transferrin—Fe** protein complex was trans-
ported, possibly by endocytosis [44], to the early endosome as was the transferrin—
Fe**/TfR1 and transferrin—Fe**/TfR2 protein complexes; and that GAPDH
transport to the membrane was dependent on extracellular iron concentration. The
latter suggests the possibility that the cell has an iron-mediated signal transduction
pathway which regulates GAPDH transport and inclusion into the cell membrane.

4.3 GAPDH: Neurodegenerative Protein Interactions

As the functional diversity of GADPH was being characterized, other studies indi-
cated the potential involvement of GAPDH in the development of age-related neu-
rodegenerative disorders (Fig. 4.3). Both in vitro and in vivo, GAPDH was identified
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as a binding protein for each of the mutant proteins implicated as causative factors
in the development of Alzheimer’s disease (B-amyloid precursor protein and the
-amyloid protein, 4,), Parkinson’s disease (a-synuclein and Parkin); Huntington’s
disease (huntingtin) as well as other triplet repeat disorders: DRLPA, spinocerebel-
lar ataxia type-1, and spinobulbar muscular atrophy,(atrophin, ataxin-1, and the
androgen receptor, respectively). The significance of GAPDH binding was indi-
cated by its presence in lesions characteristic of each disease, i.e., senile plaques in
Alzheimer’s disease or Lewy bodies in Parkinson’s disease, or by a disease-related
GAPDH activity, i.e., nuclear transport of mutant huntingtin.

4.3.1 GAPDH-p-APP and GAPDH-B-AP binding

The B-amyloid precursor protein could be considered as a classical transmembrane
protein in view of its extracellular, membrane, and cytosolic domains. Its pathologi-
cal significance in the development of Alzheimer’s disease relates not only to its
structure but also to the physiological consequences of its proteolysis to the
-amyloid protein [rev. in refs. [17—19]]. The latter forms fibril structures in vitro
and in vivo. Its induction of oxidative stress is considered in section 4.4.3.

Initial studies identified GAPDH as a $-APP binding protein as defined by affin-
ity chromatography utilizing recombinant constructs containing the p-APP
C-terminal domain [7]. No diminution in GAPDH catalytic activity was detected as
a consequence of 3-APP C-terminal domain binding. This lack of effect on GAPDH
activity as a function of protein interactions is not unusual, with a similar result
observed in studies which defined its multidimensional activities [rev. in refs. 1-5].
Other studies identified the binding of GAPDH to the B-AP. Initial investigations used
affinity chromatography with bound B-AP demonstrating the specific retention of
GAPDH [8], while subsequent studies defined f-AP-GAPDH interaction by co-
immunoprecipitation [9]. Intriguingly, further analysis demonstrated that the 3-AP
co-precipitated GAPDH from a synaptosomal protein preparation [10]. The signifi-
cance of the latter is considered below.

4.3.2 Functional Consequences of GAPDH-f-APP
and GAPDH-f-AP Binding in Alzheimer’s Disease

The studies described above indicate the specificity of GAPDH interactions with
the B-APP and with the f-AP. The significance of those changes in neuronal cell
protein structure could be indicated by subsequent perturbations in neuronal cell
function. Two such mechanisms can be identified. The first may be considered as “pre-
dictable,” while the second may be categorized as “unexpected.”
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4.3.2.1 Diminution of Glucose Utilization

GAPDH catalyzes one of the most critical reactions in the glycolytic pathway,
i.e., the conversion of glyceraldehyde-3- phosphate to 1,3-bisphosphoglycerate.
As such, it provides the biochemical starting point not only for the glycolytic syn-
thesis of ATP but also for reducing equivalents available for oxidative phosphoryla-
tion. For that reason, catalytic inhibition by p-APP and -AP binding to GAPDH
could result in a reduced level of glycolysis and thus of glucose utilization. Several
studies indicate that such is indeed the case using PET analyses of brain metabolism
in affected individuals [45]; glucose uptake in transgenic animals [46]; as well as
cholinergic deficits due to diminished turnover of glucose [47].

This reduction in glucose utilization would suggest that GAPDH activity could
be decreased in Alzheimer’s disease which would provide a biochemical foundation
for the reduction in glucose utilization. Findings from our laboratory indicated a
specific decrease in GAPDH catalysis as a property of AD cells [48—50]. Although
normal activity was observed in whole cell extracts, subcellular differences were
detected. Cytosolic AD GAPDH activity was decreased, while that observed in the
perinuclear and nuclear fractions were equivalent to that observed in normal human
cells. Further, in the AD cytosol, a high molecular weight GAPDH species was
detected by gradient analysis. No such species was observed in normal cells. It was
suggested that this new species resulted from the formation of a f-APP or 3-AP-
GAPDH protein complex. Alternatively, reductions in GAPDH activity may arise
from the formation of disulfide bonds and aggregation induced by p-AP [51].

Subsequent analysis of GAPDH in transgenic models of AD indicated also that
GAPDH activity was diminished as part of the phenotype characteristic of animal
AD [52]. Perhaps of particular importance was the observation that, although
GAPDH activity was decreased; there was no change in GAPDH expression as
defined by immunoblot analysis. That finding is consistent with the aforementioned
formation of a 3-APP or f-AP-GAPDH protein complex. Further analysis demon-
strated that different GAPDH isoforms may comprise a portion of the protein com-
plex [53]. Intriguingly, with respect to the latter, two forms of membrane bound
GAPDH have been identified [54]. The first has catalytic activity, while the second
is enzymatically inactive. Differences in isoelectric point have been also detected.

4.3.2.2 Synapse Dysfunction

Recent evidence suggests that perturbations in synaptic function may be an early
characteristic of Alzheimer’s disease resulting in the loss of cognition characteristic
of this neurodegenerative disorder [rev. in ref. [55]]. This has been ascribed to
actions of the f-amyloid protein on synaptic transmission. However, the exact
mechanism through which that occurs is unclear. In that regard, other investigations
demonstrated the significance of GAPDH in synaptic specific energy production
[56]. The latter is considered an a priori functional requirement. ATP synthesis was
GAPDH dependent as evidenced by its diminution as a function of GAPDH
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inhibition. Accordingly, it may be of interest to determine the effect of f-AP on this
neuronal source of ATP, i.e., does the formation of f-AP—-GAPDH protein complexes
diminish this mechanism of localized energy production as a foundation for syn-
aptic dysfunction in Alzheimer’s disease?

It has also been suggested that effects on synaptic neurotransmitters may also be
of significance as a foundation of AD development [rev. in ref. [55]]. As such, stud-
ies indicating the role of GAPDH as a GABA, receptor phosphorylating agent and
the effect of that specific posttranslational modification on neurotransmission [57]
suggest an alternative mechanism through which the formation of f-AP-GAPDH
protein complexes may underlie AD initiation or progression. In those studies (as
with many other investigations identifying the functional diversity of GAPDH), an
unknown 38 kDa protein was identified as an endogenous kinase which phosphory-
lated the GABA, receptor.

Unexpectedly, that unknown protein was identified as GAPDH which had been
previously characterized as a phosphotransferase [rev. in ref. [1]]. The sequential
nature of GAPDH-mediated GABA, receptor phosphorylation, i.e., GAPDH auto-
phosphorylation followed by phosphate group transfer, is consistent with known
instances of GAPDH phosphotransferase activity [1] as well as the recently identi-
fied transnitrosylase activity of GAPDH, i.e., S-nitrosylation of GAPDH followed
by nitroso group transfer to an acceptor protein [58, 59]. With respect to Alzheimer’s
disease, these findings indicate the possibility of an unexpected effect of 3-APP or
B-AP binding to GAPDH, i.e., a reduction in neurotransmission arising from inhibi-
tion of GAPDH phosphorylating activity. En toto, the findings that indicate -AP
binding to synaptosomal GAPDH may have a dual effect on both ATP production
and on neurotransmission. This may be tested experimentally.

4.4 GAPDH as a Target of Oxidative Stress:
Relationship to AD Progression

The formation of reactive oxygen species (ROS) in vivo represents a classical
“double-edge sword” with respect to cell function and to cell pathology. With
respect to the former, reactive oxygen species are required for diverse cell activities
yet, with respect to the latter, their presence may threaten cell viability. For example,
recent evidence demonstrates that nitric oxide is a cellular messenger capable of
transmitting critical cell information yet it may affect cell viability by functioning
as an apoptotic signal.

This duality of function is illustrated in its specific modification of GAPDH at its
active site cysteine, forming SNO-GAPDH. The latter may be required for normal
cell function (Fig. 4.4, left) affecting vasodilation/vasoconstriction equilibrium [37]
and may be necessary for the regulation of heme metabolism [60]. Yet, as indicated
in Fig. 4.4, right, SNO-GAPDH may act to initiate programmed cell death which
may be linked to the pathogenesis of Alzheimer’s disease [61]. Specifically, induc-
tion of oxidative stress has long been considered a unique hazard in AD
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Fig. 4.4 Pleiotropic effects of oxidative GAPDH modification

development as a foundation for neuronal cell death and the subsequent loss of
cognitive function which it underlies [61]. Of particular interest may be those stud-
ies which indicate oxidative GAPDH modification by the B-AP [62] as well as its
protection by drugs which inhibit 3-AP oxidative activity [63].

4.4.1 Role of Oxidative Damaged GAPDH in Neuronal
Apoptosis and Alzheimer’s Disease

Nitric oxide modification of GAPDH®*'*° is an apriori requirement for the initiation
of programmed cell death [64]. As comprehensively described [65—68], this involves
its cytosolic binding to the E3 ubiquitin ligase Siahl, nuclear translocation of the
SNO-GAPDH-Siahl complex, initiation of nuclear protein degradation, down-
stream gene regulation and, most recently, the observation that SNO-GAPDH can
act as a transnitrosylase [58, 59] further demonstrating the pleiotropic effects of the
initial oxidative GAPDH modification. En toto, this sequential apoptotic program in
neuronal cells would provide a requisite molecular foundation for AD progression.
Of further interest are recent observations that the identical pathways appear to exist
in endothelial cells, suggesting their physiological relevance to diabetic pathogen-
esis as well [69, 70]. In contrast, GAPDH may function in a protective capacity
during autophagic-related cell survival [71, 72]. However, in this instance, the role
of SNO-GAPDH is unknown.
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4.4.2 Role of SNO-GAPDH in GAPDH: Neuronal Protein
Interactions

As indicated, recent studies defined the specific interaction of GAPDH with neuro-
degenerative disease proteins. As such interactions could be correlated with the
pathological features of each disease, it was reasonable to suggest a causative
relationship may exist. That being said, although the role of SNO-GAPDH in
neuronal apoptosis was in the process of both identification and characterization,
the potential interrelationship of that oxidative posttranslational modification with
respect to those protein—protein interactions appears to remain uncertain.

Thus, it remains unclear whether such modifications may also be directly rele-
vant to the role of GAPDH as a $-APP/B-AP binding partner (as well as its binding
to huntingtin, synuclein and other neurodegenerative disease proteins). Differences
may exist in the binding constants of GAPDH vs. oxidatively modified GAPDH to
the B-APP or to B-AP. Further, as GAPDH exists as a tetramer, oxidation of a single
active site cysteine in one of the 37 kDa monomers may facilitate binding. As high
molecular weight B-APP or f-AP/GAPDH species may exist; there may be a pref-
erential deposition of oxidatively modified GAPDH into senile plaques. En toto, such
analyses may indicate a previously unknown role of oxidative GAPDH modification
as a determinant not only for GAPDH: neuronal disease protein binding but also for
the development of the physiological structures characteristic of each disorder.

4.4.3 p-AP Induced Oxidative GAPDH Modification
in Alzheimer’s Disease: Dysregulation of Normal
Cell Function

As indicated, recent studies demonstrate the apoptotic significance of SNO-GAPDH
as a cell signaling molecule to initiate programmed cell death. Accordingly, p-AP
induced oxidative GAPDH modification may be readily considered as a mechanism
for Alzheimer’s disease pathogenesis. In contrast, it may be more difficult to con-
ceptualize how subtle changes in normal cell activity as a function of $-AP induced
oxidative GAPDH modification may also provide a significant contribution to either
the initiation or to the progression of this neurodegenerative disease.

4.4.3.1 pB-AP Dysregulation of Vasodilation/Vasoconstriction
Equilibrium by Oxidative Modification of GAPDH

Cerebral vascular dysfunction has been implicated in the development of Alzheimer’s
disease [rev. in refs. [73, 74]]. The supposition is that interruption in normal blood
supply as a function of -AP activity represents a severe threat to neuronal viability
potentially leading to loss of cognitive function. Accordingly, any such effect on cell
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molecules which are involved in the regulation of the equilibrium which exists
between vasodilation and vasoconstriction would be of significance.

Endothelin-1 (ET-1) is an endothelial vasoconstrictor whose posttranscriptional
expression is regulated by GAPDH [37]. GAPDH is a negative regulator of ET-1,
i.e., as GAPDH activity is diminished, ET-1 expression persists shifting the vasodi-
lation/vasoconstriction equilibrium to the latter. Accordingly, cellular mediators
that diminish GAPDH activity would by definition increase vasoconstriction with
the attendant physiological consequences.

In that regard, previous studies demonstrated that both glutathione and S- nitroso-
glutathione bind to the Rossman fold of GAPDH [37, 75]. The binding of the latter
inhibits GAPDH activity thereby increasing ET-1 activity facilitating vasocon-
striction. [37]. These new findings suggest the possibility that p-AP induced
GAPDH oxidative modification could provide a foundation for cerebral vascular
constriction as an element of AD pathogenesis.

4.4.3.2 B-AP Induced Dysregulation of Heme Metabolism by Oxidative
Modification of GAPDH

Heme is yet another example of a “two edged sword” cellular molecule. On the one
hand, it is perhaps the quintessential functional group required for any number of
critical cell activities. In contrast, heme, through its iron moiety may be involved in
the induction of oxidative stress. For that reason, “free” cellular heme may be a
contradiction in terms with heme distribution under strict regulatory control.

Inducible nitric oxide synthetase (iNOS) is a well established, now classical,
protein which functions in the regulation of NO homeostasis. Previous studies indi-
cated that NO itself could function as a feedback inhibitor of iNOS function, i.e.,
given a sufficient concentration of NO, excess nitric oxide could bind to an iNOS
regulatory site thereby inhibiting activity [76]. This role for NO would not be
unusual as this type of inhibition is a well established mechanism through which
cellular metabolic pathways may be regulated.

As a heme protein, iNOS requires the insertion of that metal moiety for activity.
What may be unusual, and which may have relevance to the role of oxidative stress
in AD pathogenesis, is not only the recent finding that GAPDH functions as an
iNOS heme insertion protein thereby regulating iNOS activity but also that SNO
modification of GAPDH prevents heme insertion thereby reducing iNOS function
[60, 77]. The basis for each effect is that the GAPDH active site cysteine'> is required
for heme insertion. The latter’s modification by NO would eliminate this new GAPDH
function. By definition, this formation of SNO-GAPDH would result not only in the
diminution of iNOS activity but also would increase in the concentration of “free”
heme in vivo.

It is thus possible to suggest that $-AP may not only perturb iNOS regulation by its
formation of SNO-GAPDH but also may be able to utilize the “free” heme produced
for the further production of reactive oxygen species. Although this hypothesis is
quite speculative at the present time, these new findings suggest a possible new effect
of B-AP/GAPDH interactions as a contributory process for AD pathogenesis.
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4.5 Discussion

The development of unifying theories for multifaceted diseases such as Alzheimer’s
disease and other age-related neurodegenerative disorders is, at a minimum
challenging, and, at its maximum, perhaps impossible. It may be compared to the
proverbial field of cut grain in which a mechanism is required to separate the
wheat from the chaff. For example, a now classical feature of age-related neurode-
generative disorders is the formation of protein aggregates which characterize each
disease. Each aggregate is based on specific protein—protein interactions unique to
each disease, i.e., senile plaques in Alzheimer’s disease, Lewy bodies in Parkinson’s
disease, huntingtin aggregates in Huntington’s disease as well as high molecular
weight structures in other triplet repeat disorders. Yet, their contribution to each
respective disorder remains uncertain. Do these protein—protein interactions precede or
succeed the fundamental changes in cell structure which ultimately lead to clinical
presentation? Are they causal in nature or subsequent effects of other, perhaps more
subtle changes which occur far earlier and represent seminal initiating events?

GAPDH is recognized as a contributory protein in Alzheimer’s disease based
primarily on its localization in senile plaques, its binding to the 3-APP and to f-AP
as well as its oxidative modification by the f-amyloid protein [rev. in refs. [6, 61]].
Each has the potential to provide a basis for multiple clinical manifestations of
Alzheimer’s disease including diminution of glucose utilization [45-47], decrease
in energy production [56], effects on synaptic transmission [57] and the induction of
programmed cell death [65-68]. Each may be explained by the loss of GAPDH
function due to f-amyloid protein binding or a gain of function as it pertains to the
formation of SNO-GAPDH.

That being said, it is possible to suggest that there is an alternative, or perhaps
complementary, pathway through which GAPDH may have the potential to provide
a unifying hypothesis for the initiation of AD pathogenesis (Fig. 4.5). In this model,
binding of GAPDH to the C-terminal domain of the B-APP [7] facilitates its
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membrane association in concentrations far greater than normal. In its newly identified
capacity as a transferrin receptor binding protein [31, 43] cellular iron uptake would
be increased far above that needed for normal metabolism [20—22]. The excess iron
would be transported by GAPDH to the endosome, a location in which the B-AP is
formed [78]. The reactive oxygen species produced by the latter would now have an
excess iron concentration to accelerate the Fenton reaction thereby increasing oxi-
dative modification of critical cellular molecules [23, 40].

Is this model feasible? Current studies indicating the role of GAPDH in iron
transfer may present an opportunity to propose this quite simple pathway to pro-
vide an initiating event for the pleiotropic cascade which is usually associated with
AD pathogenesis. It encompasses the special nature of GAPDH—p-amyloid protein
binding, the unique membrane localization of that protein complex, and the postu-
lated increase in iron transfer. Further, each of the four to five steps were not only
independently reported but also, when taken in sequence, provide a well-defined
cellular pathway.

In its disfavor, it is not unreasonable to question whether, given the added
increase in iron concentration in vivo, the resultant increase in oxidative stress
would be of sufficient magnitude to initiate the pattern of pathological changes
which result in AD development. However, the increase in iron uptake and the
resultant increase in oxidative stress need not be dramatic. It may occur at a con-
stant rate which over time may become physiologically significant, in accord with
a disease which takes decades to present. In either instance, this may be tested
experimentally.

Acknowledgment Work in the author’s laboratory was funded by a grant from the National
Institutes of Health (CA 119285).

Note Added in Proof A recent study reported the intriguing finding that GAPDH may be secreted
externally to “search and locate” Fe** for intracellular transport and metabolism. (Sheokand et al.,
Secreted glyceraldehyde-3-phosphate dehydrogenase is a multifunctional autocrine transferrin
receptor for cellular iron acquisition, Biochim Biophys Acta, 1830, 3818-3827, 2013). The latter
emphasizes further the role of GAPDH in cellular Fe** function.
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Chapter 5
AP in Mitochondria—One Piece
in the Alzheimer’s Disease Puzzle

Maria Ankarcrona

Abstract Although great advances have been made in our understanding of the
neurodegenerative process in Alzheimer’s disease (AD), the complete picture has not
emerged and there are still pieces missing. One attractive hypothesis is that mitochon-
drial failure is a cause of synapse loss and cognitive impairment in AD. ATP genera-
tion by mitochondria is crucial for proper synaptic function and therefore neurons are
highly sensitive to mitochondrial damage potentially leading to synapse loss and cog-
nitive dysfunction. Several evidences indicate that mitochondria are indeed damaged
and dysfunctional in the AD brain; these include mitochondrial accumulation of amy-
loid B-peptide (AP), impaired brain glucose metabolism, impaired mitochondrial
fusion/fission, and increased generation of reactive oxygen species (ROS). In this
chapter we will focus on the role of Ap in mitochondria and discuss mitochondrial
uptake mechanisms and interactions with mitochondrial proteins. Several evidences
point towards a central role of Ap initiating mitochondrial damage and generation of
ROS in turn leading to synaptic and neuronal degeneration. Therefore, it would be of
high importance to develop drugs that maintain mitochondrial integrity and prevent
mitochondrial failure otherwise leading neuronal dysfunction.

5.1 Introduction

Alzheimer’s disease (AD) is a multifactor disorder resulting in neuronal degenera-
tion and memory loss. The current lack of disease modifying drugs for this detri-
mental disorder is an increasing problem which leaves patients, relatives, caregivers,
and society with an enormous burden. In order to develop such drugs it is mandatory
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to elucidate the underlying disease mechanisms and one hypothesis that has been
put forward is that mitochondrial failure is the cause of synapse loss and cognitive
impairment in AD [1]. The amyloid B-peptide (Ap) is one of the pathological
hallmarks in AD and has been suggested to exert its toxicity both extra- and intra-
cellulary [2]. Oligomeric forms of AP secreted from cells has for example been
shown to bind to synapses and inhibit long-term potentiation [3], while intracellular
AP accumulate in mitochondria and negatively affect mitochondrial function [4].
AP has been detected in mitochondria both in humans and animals [4-7]. In vitro
studies show that Ap is transported into mitochondria via the translocase of the
outer membrane (TOM) machinery and localize to the mitochondrial cristae [7].
Interestingly, it has also been shown that Af is accumulating specifically in synaptic
mitochondria in young tg AD mice [8]. In addition, a thorough study on synaptic
mitochondria isolated from different brain regions from wt or AD tg mice show that
hippocampal and cortical mitochondria show the highest levels of mitochondrial
dysfunction (including increased ROS production and complex IV activity and
decreased mitochondrial membrane potential) [9]. Together these data further sup-
port the mitochondrial hypothesis and suggest that synaptic failure detected early in
the AD disease process may be caused by mitochondrial Af. In this chapter this
hypothesis is further reviewed and mitochondrial targeting possibilities discussed.
It is becoming evident that we have to treat AD early on in the disease process in
order to prevent/decrease synapse loss and neurodegeneration and mitochondria
emerge as one important drug target.

5.2 The y-Secretase Complex, APP, and A} Are Localized
to Mitochondria and Mitochondria-Associated ER
Membranes

AB is cleaved out from the amyloid p-precursor protein (APP) by the subsequent
cleavage by f3- and y-secretases. f-Secretase cleavage of APP results in the formation
of a C-terminal membrane bound fragment referred to as C99. C99 is one of many
substrates for the y-secretase complex. The y-secretase complex is membrane bound
and consists of at least four different proteins, i.e., presenilin (PS1 or PS2), Nicastrin,
anterior pharynx defective 1 (Aph-1), and presenilin enhancer-2 (Pen-2) [10].
APP is a type I transmembrane protein located at the plasma membrane, endo-
somes, Golgi network and ER with its C-terminus facing the cytosol. Depending on
the exact cleavage site on the APP molecule y-secretase complex cleavage results in
different lengths of the AP peptide. In addition to A y-secretase cleavage of APP
also generates APP intracellular domain (AICD). In the non-amyloidogenic pathway
a-secretase cleaves APP within the A sequence leading to generation of C83.
Subsequent cleavage of C83 by y-secretase results in production of AICD and a
non-amyloidogenic p3-fragment. AP, is most abundant while the longer forms,
APy, 45 are more prone to aggregate and form fibrils and plaques. The longer species
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are also more neurotoxic as compared to Af4. Mutations linked to familiar forms of
AD have been identified in APP, PS1, and PS2 and are associated with an increased
AP/ APy ratio resulting in neurotoxicity and extensive plaque formation [11]. AP is
generated at the plasma membrane and in the ER, Golgi, endosomal/lysosomal
system following the pattern of intracellular localization of APP. Interestingly, Ap
is accumulating inside mitochondria both in human AD brain and in animal models
indicating that Af is either produced inside mitochondria and/or taken up from the
outside. In transgenic mice overexpressing mutant APP (V717/F, K670M, N671L
from L Mucke) A, and APy, start to accumulate in mitochondria from 4 months
old animals before formation of plaques [5, 8]. Of particular interest is that Ap
accumulation starts in synaptic mitochondria where it causes mitochondrial dys-
function by interfering with respiratory function, mitochondrial permeability tran-
sition (mPT), and mitochondrial trafficking and transport [8]. Neurons heavily rely
on oxidative phosphorylation (OXPHOS) for ATP production and a large part of
this ATP is used during propagation of signals at synapses and required to drive
Na*/K*- and Ca**-pumps. Therefore, proper mitochondrial function including ATP
production is essential for synaptic function and signaling.

Whether Ap is produced inside mitochondria or taken up from the outside is not
yet fully clarified. Since both APP [12] and active y-secretase complexes [13] have
been detected in mitochondria it is theoretically possible that Af is produced locally
in mitochondria. APP has been shown to accumulate in AD brain mitochondria via
arrested import leaving a large C-terminal part outside [12, 14]. Under these cir-
cumstances APP is stuck in the mitochondrial protein import pore, consisting of the
translocases of the outer (TOM) and inner membrane (TIM), causing impairment of
mitochondrial function and eventually cell toxicity. The import of APP is arrested
due to an acidic domain at amino acids 220-290 leaving the Ap-region outside the
import pore (Fig. 5.1). Recent data from our laboratory show that the C-terminal
part of APP can be inserted into the outer mitochondrial membrane (OMM) and that
the mitochondrial y-secretase cleaves APP to generate AICD which was detected
in the inter membrane space [15]. However, we detected only C83 (generated by
a-secretase cleavage) and not C99 (generated by p-secretase cleavage) in the mito-
chondrial membrane. Subsequent y-secretase cleavage of C83 results in formation
of the p3-fragment and not AP formation. Thus, it is more likely that Af is taken
up from the outside of mitochondria rather than produced inside mitochondria. Ap
coming from the outside of mitochondria could either be transported to mitochon-
dria via vesicles [16] or produced at mitochondria-associated ER membranes
MAM) [17].

MAM is a specialized region of the endoplasmatic reticulum (ER) enriched
in cholesterol and the membrane composition thus similar to lipid rafts. MAM is in
contact with mitochondria and connects ER and mitochondria both physically
and biochemically (Fig. 5.1). MAM has a central role in phospholipid, glucose,
sphingolipid, ganglioside, cholesterol, and fatty acid metabolism and also regulates
calcium homeostasis and apoptosis [18]. Interestingly, all four components in the
y-secretase as well as APP has been detected in MAM. y-Secretase activity was
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Fig. 5.1 Schematic illustration of the current knowledge of Ap in mitochondria. APP is partly
imported via the TOM complex and then stuck in the import pore causing impairment of mito-
chondrial function [14]. Ap is also imported via the TOM complex and accumulate in the inner
membrane where it interacts with proteins of for example the electron transport chain and mito-
chondrial membrane transition pore [7]. AP might be generated in mitochondria-associated ER
membranes (MAM), where both APP and the y-secretase complex have been detected [17], and
then transported into mitochondria via TOM

detected using both a fluorescence based energy transfer-based assay and Western
blotting to detect AICD [17]. The results showed that the highest y-secretase activity
were detected in MAM as compared to plasma membrane, ER and mitochondrial
fractions. We have previously detected active y-secretase complexes in mitochon-
dria [13] and calculated that a few percent of the total y-secretase activity in tissue
is executed by the mitochondrial y-secretase (Ankarcrona M unpublished data).
As described above we do not have data supporting local AP production in
mitochondria; however, we have detected AICD formation in mitochondria [15].
The function of AICD in mitochondria is presently unknown. Since rather high
levels of y-secretase activity were detected in MAM [17] it is tempting to speculate
that AP produced at MAM can reach mitochondria via the TOM import machinery
in the outer mitochondrial membrane (Fig. 5.1). This uptake mechanism was shown
by in vitro import studies in isolated mitochondria performed in our laboratory [7]
and further described below.
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5.3 Mitochondrial Ap Uptake Mechanisms
and Submitochondrial Localization

As discussed above many studies have shown the accumulation of Af in mitochondria
both from human AD brain and tg mutant APP mice. Several studies have also
shown that AP cause mitochondrial toxicity and it would be presumably beneficial
to block mitochondrial AP uptake as a treatment strategy for AD. Therefore, we
undertook a study investigating the mechanisms for mitochondrial Af uptake
(Fig. 5.1). The rationale was to use purified rat liver mitochondria treated with 0.1
pM AP, or AP,_4, in the absence or presence of antibodies or inhibitors directed
to various mitochondrial translocases, pores and channels [7]. Both AB,_ and AB;_4,
were taken up by mitochondria during the 30 min incubation period. The A uptake
was not affected by the presence of antibodies directed towards the voltage-
dependent anion channel (VDAC) nor in the presence of Cyclosporine A, which is
an inhibitor of the mitochondrial permeability transition pore (mPTP). In contrast,
import of both Af, 4 and Af, 4, was prevented when import competent mitochon-
dria were pre-incubated with antibodies directed towards proteins of the TOM com-
plex, i.e., TOM20, TOM40, TOM70. Ap import was not affected by the addition of
valinomycin, an ionophore which cause depolarization of the mitochondrial inner
membrane, indicating that the AP import was not dependent on the ;. After
import AP was mostly localized to mitochondrial cristae and associated with the
inner membrane fraction. It may be a hydrophobic interaction between AP and the
TOM receptors leading to import over the outer mitochondrial membrane (OMM).
Since AP has no classical import signaling sequence A is not further imported into
the matrix via the translocase of the inner membrane (TIM). It was previously reported
that AP co-localizes with the mitochondrial matrix protein Hsp60 in mouse and
human samples [5]. One explanation to the discrepancy between this and our study
might be that in our in vitro assay we studied A localization after 30 min of import,
whereas Caspersen et al. report data from postmortem AD brains and 8-months-old
transgenic APP mice. However, our data from human brain biopsies obtained from
living subjects, displaying AP aggregates in the neuropil, show AP immuno-gold
labeling in association with mitochondrial inner membranes [7]. Moreover, Singh
et al. have in a bioinformatic study predicted that Ap is localized to the inner mem-
brane and rule out the presence of A in the matrix [19]. Still we cannot exclude that
a fraction of AP can be released or escapes from the membrane and into the matrix.
In summary, these data show that Ap is imported via the TOM complex where TOM
20 and TOMT70 are receptors and TOM40 forms a pore in the OMM.

Recently Roses and colleagues reported that a polymorphic poly-T variant in
the TOMM40 gene (rs10524523) can be used to estimate the age of LOAD onset for
APOEe3 carriers. APOEe3/4 carriers with very long/long poly-T repeats linked to
APOEe3 had an age of onset 7 years earlier as compared to individuals with shorter
repeats [20]. TOMM40 and APOE genes are separated by only ~2 kb on chromo-
some 19. In a novel study we investigated the effect of different poly-T lengths in
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TOMM40 on the mRNA, protein and mitochondrial levels using fibroblasts from
healthy APOEe3/4 individuals carrying either short/long poly-T or very long/long
poly-T (APOEe4 always brings a long poly-T in TOMM40) [21]. A modified pro-
tein with potentially impaired function could for example negatively influence
protein import into mitochondria which in turn would lead to mitochondrial defi-
ciency and neuronal death explaining the earlier age of onset in APOEe3/4 carriers
with very long/long poly-T repeats. However, in our study we detected no differ-
ences in any of the parameters measured (e.g., mRNA splicing/exon skipping, TOM40
expression levels, mitochondrial membrane potential, mitochondrial area and
morphology) [21]. Thus, these data, obtained from a rather limited sample set, do
not support the hypothesis that the polymorphism rs10524523 directly influence
the function of Tom40 and mitochondria. So far we have not investigated if the
rate of mitochondrial AP import is affected in cells carrying this polymorphism.
This may be worthwhile pursuing both for rs10524523 and other polymorphisms
in TOMM40 linked to AD.

To interfere with the TOM import machinery as a treatment strategy for AD is
not trivial since this machinery cannot be blocked for import of proteins required for
mitochondrial function. One possibility would be to identify the binding site for
AP on for example TOM20 or TOM70 receptors and screen for compounds that
specifically blocks this interaction without affecting import of other proteins.

5.4 Ap Interaction with Mitochondrial Proteins

Within mitochondria AP has been shown to interact with several different proteins
causing mitochondrial dysfunction and cell toxicity (Fig. 5.1). Here some examples of
Ap-protein interactions will be discussed (for an additional review see ref. [22]).

5.4.1 Electron Transport Chain Enzyme Complexes

Analyses of AD postmortem brain have shown decreased activity of cytochrome ¢
oxidase (COX) also known as complex IV [23-25]. Also platelets from AD patients
and AD cybrid cells have a complex IV deficiency [26, 27]. In vitro studies with
mitochondria isolated from human leukocytes suggest that Ap;_4, inhibits complex
IV activity in a copper-dependent manner [4]. The complex IV was specifically
damaged in line with other studies [28-30] reporting that A,s_;5 selective damage
complex IV and not complex I, II, or III. Crouch et al. [4] showed that low molecular
weight oligomers were the toxic APy, species responsible for complex IV inhibition.
As mentioned above complex IV activity was also shown to be decreased in mito-
chondria isolated from tg APPy,. and tg APPy,./PS1y4v mice [9]. Further evidence
for AP induced inhibition of complex IV activity also comes from 3x Tg-AD mice
expressing mutations in APP, PS1 and Tau. In this model compromised energy pro-
duction including decreased complex IV activity preceded plaque formation [31].
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In another study complex IV activity was decreased in 2x APP/PS2 and 3x APP/
PS2/Tau Tg AD cortices but not in mice with a Tau mutation. Instead the tau mice
(pRS5) had impairments in complex I activity [32]. These data confirm that it is
mainly Af pathology that affects complex IV activity.

5.4.2 The Mitochondrial Permeability Transition Pore

Opening of the mitochondrial permeability transition pore (mPTP) results in loss of
mitochondrial membrane potential, swelling of mitochondria and the release of pro-
apoptotic proteins from the intermembrane space (IMS). The protein composition
of mPTP has not been fully elucidated and different models have been proposed.
One model is that the voltage-dependent anion channel (VDAC) in the OMM forms
the pore together with adenine nucleotide translocase (ANT) and inorganic phos-
phate carrier (PiC) in the IMM [33]. AP has been shown to specifically interact with
cyclophilin D (CypD), a mitochondrial matrix protein that associates with the inner
membrane during opening of the mitochondrial permeability transition pore (mPTP)
[34]. Translocation of matrix Cyclophilin D (CypD) to the inner membrane and
CypD binding to PiC has also been proposed to trigger opening of calcium-sensitive
nonspecific channels [19]. Cortical mitochondria from CypD deficient mice are
resistant to Afp- and calcium-induced mitochondrial swelling and permeability tran-
sition. Moreover, Tg mAPBPP/CypD-null mice had improved learning and memory
and synaptic function both in 12 and 24 months old animals [34, 35]. AP has also
been predicted to interact with ANT in the inner membrane [19]. Simulation of
protein-protein interactions suggested that the ANT-Af interaction is stronger that
the CypD-Af interaction. At present it is not known what function the ANT-Af
interaction has; however, it may affect the normal physiological function of ANT
which is transport of ATP and ADP.

5.4.3 Mitochondrial Ap-Binding Alcohol Dehydrogenase
and Presequence Protease

Two different AB-binding proteins have been identified in the mitochondrial matrix,
i.e., mitochondrial AB-binding alcohol dehydrogenase (ABAD) and Presequence
Protease (PreP). Our data as described above show that AP is located to the inner
membrane after import via the TOM40 pore. To what extent this AP fraction is
available for ABAD and Prep P interactions in the matrix is not clear at present.
ABAD has been found to be up-regulated in neurons from AD patients [36] and Ap
has been shown to interact with ABAD resulting in free radical production and
neuronal apoptosis. ABAD was identified as an Ap-binding protein in a yeast
two-hybrid screen [36]. ABAD is localized to the mitochondrial matrix and has an
essential physiological role in mitochondria. ABAD-A complexes were detected
in AD brain and in Tg mutant ABPP/ABAD (Tg mABPP/ABAD) mice. Cortical
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neurons cultured from Tg mAPPP/ABAD mice show increased production of ROS
and decreased mitochondrial membrane potential, ATP levels, and activity of respi-
ratory chain complex I'V. Consistently, these neurons displayed DNA-fragmentation
and caspase-3 activity resulting in cell death by day 5—6 in culture [37]. ABAD uses
NAD* and/or NADH as its cofactor and catalyzes the reversible oxidation and/or
reduction of alcohol group in its substrates [38]. The crystal structure of ABAD-Ap
complexes has been determined showing that the NAD" binding pocket is distorted,
hindering NAD" from binding to ABAD in the presence of A [36, 38]. Thus, Ap
blocks ABAD activity causing mitochondrial dysfunction and ultimately cell death.
Two stretches of ABAD residues in the L loop region (amino acids 95—113) have
been shown to be important for Ap binding. Cell permeable peptides ABAD-DP
(ABAD-decoy peptide fused to the Tat protein and a mitochondrial targeting signal)
administrated to transgenic APP mice blocked formation of ABAD-AP complexes
in mitochondria, attenuated oxidative stress, increased mitochondrial respiration,
and also importantly improved spatial memory [39]. Thus, the use of inhibitors of
ABAD-ASR interaction emerges as a novel therapeutic strategy for AD.

PreP is also localized to the mitochondrial matrix and putatively responsible for
the degradation of the accumulated AP in mitochondria [40]. PreP was originally
found and characterized in Arabidopsis thaliana [41] as a protease degrading target-
ing peptides that are cleaved off in mitochondria after completed protein import as
well as other unstructured peptides up to 65 amino acid residues in length, but not
small proteins [42, 43]. Recombinant hPreP completely degrades both Ap40 and
AP42 as well as AP Arctic protein (42, E22G) at unique cleavage sites including
several sites in a very hydrophobic C-terminal Af (29—42) segment that is prone to
aggregation. Interestingly, PreP is an organellar functional analogue of the human
Insulin Degrading Enzyme (IDE), implicated in AD as it cleaves Af before insoluble
amyloid fibers are formed [44-46]. A recent study using human and transgenic
mouse brain show that PreP activity is reduced in human postmortem AD brain
(temporal lobe) and in mice overexpressing mutant ABPP (m APPP, J-20 line) or
mutant APPP together with ABAD (APPP/ABAD) [47] Enhanced production of
ROS may cause the decreased PreP proteolytic activity resulting in mitochondrial
AP accumulation and in turn leading to toxicity and neuronal degeneration.
Interestingly, it has also been shown that the Ap degrading enzymes neprilysin and
IDE are subject to oxidative inactivation [48]. Decreased degradation of AP in com-
bination with ROS induced BACEI activity [49], as discussed below, would result
in increased AP generation and accumulation.

5.5 The Vicious Cycle of Af and ROS Generation:
A Putative Target?

So far we have discussed data showing that Af can enter mitochondria, bind to
various proteins and thus induce for example ROS production or disruption of
mitochondrial integrity. However, in a recent publication Leuner et al. [49] show
that cells treated with toxins (i.e., rotenone and antimycin) inhibiting respiratory
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complex I and III respectively and subsequently inducing ROS production trigger
upregulation of BACELI activity and increased secretion of Af. Also animals with
deficiency in complex I (Ndufs3 KO mice) show high production of ROS and
increased levels of secreted AP. These data suggest that dysfunction in the respiratory
chain trigger an increased generation of Af. The secreted A may then be toxic by
binding to synapses or internalized and for example transported into mitochondria
where it further impairs respiratory function initiating a vicious cycle of ROS
and A generation (Fig. 5.1). Mitochondria are the main source of ROS in the cell and
these free radicals can affect targets (proteins, lipids, RNA, DNA) both inside and
outside mitochondria. The study by Leuner et al. [49] reinforces the importance of
controlling ROS production in cells as one possible treatment for AD. Indeed it was
recently published that MitoQ a mitochondria targeted antioxidant had positive
effects on cognition in mice after 4-5 months treatment [50]. MitoQ is accumulating
500-1,000x inside mitochondria and efficiently scavenging ROS at the spot of its
production. MitoQ has been through two phase II trials for Parkinson’s disease [51].
For an extended review of other antioxidants tested as AD treatment [52]. No matter
what is “the hen or the egg” selective modulation of BACEI and/or y-secretase
activity and antioxidants targeted to mitochondria are two treatment strategies worth
pursuing in order to maintain proper mitochondrial function and synapse activity.

At present Alzheimer’s disease researchers are questioning what went wrong when
the clinical trials of different compounds and antibodies designed to interfere with
AP production/aggregation/clearance failed. The common sense is that (a) inhibitors
of y-secretase are not useful; instead we need molecules that modulates y-secretase
activity specifically towards APP (b) BACEI is a difficult target (c) we need to enrol
patients who are in early stages of the disease. The last point put high demands on
reliable diagnosis with a combination of validated biochemical biomarkers, brain
imaging and neuropsychological testing. Most clinical trials conducted so far have
enrolled patients with mild to moderate or even severe AD and no consistent
improvement of cognition has been reported. Probably these patient’s neurons have
already started to degenerate in high degree and even though data show a decreased
plaque burden the neurons cannot be rescued at this late stage. Our own experience
from the Latrepidine (Dimebon) study points in the same direction: to be efficient
treatment has to be given before mitochondria and other cell functions are damaged.

Dimebon was originally approved in the former Soviet Union as a nonselective
antihistamine for skin allergy and allergic rhinitis [53], but was withdrawn from the
market with the advent of more selective treatments. Dimebon attracted renewed
interest due to findings suggesting a neuroprotective effect [54-56]. In a Phase II
AD trial, dimebon treatment was associated with benefits on cognition, global func-
tion, activities of daily living, and behavior [57]. Several Phase III clinical trials
were then performed for both AD and Huntington’s disease [58]. However, all clinical
trials with dimebon have now been terminated since no positive effects of the drug
treatment were obtained.

Dimebon exhibits a rich pharmacological profile and binds to histamine-,
adrenergic-, dopamine-, and serotonin-receptors [56, 59]. It is known to be a weak
inhibitor of: acetylcholinesterase (IC5,=8-42 pM) [55], N-methyl-D-aspartate
(NMDA) receptors (ICso=10 uM) [56, 60], and voltage-gated calcium channels
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(ICs5y=50 pM) [56, 61]. In addition, pM concentrations of dimebon have previously
been shown to protect against neuronal cell death induced by Af,s3s [S5] and to
modulate the mitochondrial permeability transition pore (10200 pM) [62]. In a
study from our laboratory [63] we show that nM concentrations of dimebon (1-5
days incubation) results in an increase of mitochondrial membrane potential (hyper-
polarization) and cellular ATP levels both in mouse cortical neurons and human
neuroblastoma cells. Moreover, dimebon pretreatment made cells more resistant to
depolarization of mitochondrial membrane potential induced by high intracellular
calcium concentrations. Cells were also protected from undergoing cell death
induced either by calcium stress or withdrawal of growth factors. Our study
suggests that dimebon directly or indirectly affects mitochondria making cells more
resistant to cell death stimuli. Based on our in vitro data it is still possible that dime-
bon might work more efficiently if given to patients early in the disease process.

5.6 Conclusions

Accumulating evidence both from human brain as well as AD animal and cell models
show that A is imported into mitochondria where it accumulates in the inner mem-
brane and bind to various proteins causing mitochondrial failure and cell toxicity.
The consistent inhibition of complex IV (COX) in the respiratory chain by AP has
been shown by several laboratories. Interestingly, in a recent study [49] it was shown
that complex I inhibition or deficiency resulting in increased generation of ROS
leads to activation of BACEI and increased secretion of Af,,. Together the data sug-
gests a vicious cycle of ROS and Af generation, mitochondrial failure and neuronal
degeneration. Importantly, accumulation of A appears to be an early event during
the disease process, as AP for example has been shown to first accumulate in synaptic
mitochondria in young AD tg mice [8]. It is therefore possible that mitochondrial
AP accumulation is one cause of synaptic failure correlating with cognitive impair-
ment in AD. Future treatment strategies should take this into account and drugs
targeting mitochondria developed.

Note added in proof For a recent publication about the role of ER-mitochondria interplay in
AD see: Modulation of the endoplasmic reticulum-mitochondria interface in Alzheimer’s disease
and related models. Hedskog L, Pinho CM, Filadi R, Ronnbéck A, Hertwig L, Wiehager B, Larssen
P, Gellhaar S, Sandebring A, Westerlund M, Graft C, Winblad B, Galter D, Behbahani H, Pizzo P,
Glaser E and Ankarcrona M. Proc Natl Acad Sci USA. 2013;110:7916-21.
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Chapter 6
The Role of the Plasma Membrane Redox

System in the Pathogenesis of Alzheimer’s
Disease

Sara M. Hancock, David I. Finkelstein, Ashley I. Bush, and Paul A. Adlard

Abstract Biological ageing is characterised by prolonged cellular damage over
the lifespan, which results from oxidative stress processes that are implicated in
both the initiation and progression of age-related disorders such as Alzheimer’s
disease (AD). Recently, the role of the plasma membrane redox system, which
consists of at least three major components: the lipophilic antioxidants (Coenzyme
Q (CoQ) and a-tocopherol), the intracellular cytosolic electron donor (NAD(P)H)
and membrane-associated quinone reductases (cytochrome b5 reductase and
NADH-quinone), in protecting against oxidative stress has come into focus.
Research shows that this redox system plays a protective role during mitochon-
drial dysfunction by aiding in the alternative glycolytic ATP production pathway
and reducing oxidative stress. The different aspects of the plasma membrane
operate in tandem to protect the membrane from lipid peroxidation, preventing
the formation of semiquinone free radicals and reactive oxygen species, and to
ultimately limit oxidative stress while still maintaining cellular levels of each
component. Past studies have made a link between the plasma membrane redox
system and AD and have revealed that each aspect is affected during the disease.
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Moreover, research has revealed that manipulating the system components
can protect cells from amyloid-p toxicity, suggesting a key role in cell survival.
To date, the relationship of the plasma membrane redox system to the brain
changes seen in AD has yet to be fully elucidated, and we will review the current
literature here.

6.1 Introduction

Ageing is an inevitable process that leads to a build-up of cellular damage over the
lifespan of all living organisms. This cellular damage is usually the result of oxida-
tive stress, which occurs when the balance between reactive oxygen species (ROS)
and antioxidant molecules is no longer in equilibrium [22]. Within the brain,
neurons and astrocytes utilise antioxidant pathways such as the glutathione cycle in
which both glutathione and ascorbate (vitamin C) are able to detoxify free radicals.
However, neurons are more susceptible to damage as astrocytes have a higher glu-
tathione concentration and are capable of coping with a higher oxidative load [40].
While there remains some controversy as to which brain areas and cell populations
are the most vulnerable, regions that have been repeatedly shown to be particularly
vulnerable include the hippocampus, association areas of the cortex and the tempo-
ral lobe [97]. Of these, the most vulnerable neuronal population is the CA1 region
of the hippocampus, with other neuronal populations in the subiculum and pyramidal
neurons in layer II of the entorhinal cortex also particularly at risk [97]. This dif-
ferential capacity for enduring oxidative stress, which is heavily cited as a potential
catalyst behind the development and progression of Alzheimer’s disease (AD)
(discussed in other chapters in this book), may help explain the hierarchy of neu-
rodegeneration seen in AD. Recently, another antioxidant defence system that
may participate in the pathogenesis of AD has been suggested. The plasma
membrane redox system (PMRS) appears to allay oxidative stress, perhaps as a
compensatory mechanism, during the ageing process [32]. Hyun and colleagues
[34] have also shown that when certain aspects of the PMRS are overexpressed in
vitro, cells are better protected from amyloid-f (AP) toxicity, suggesting an impor-
tant role in cell survival and providing a tangible link to AD. Thus far there has
been little research into if and how the PMRS is altered in AD. This chapter will
discuss the current literature and the potential role of the PMRS in AD and will
also highlight the potential implications of this system as a therapeutic target.

6.1.1 PMRS

Recently, the PMRS has been implicated in neuronal survival [32]. Research has
shown that multiple enzymes of the PMRS are expressed in neural cells and are
up-regulated during mitochondrial dysfunction to preserve energy metabolism and
hence, protect cells from oxidative stress [33, 81]. Here we discuss the structure and
function of the PMRS.
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6.1.1.1 Structure of PMRS

The PMRS consists of at least three major components: (1) the lipophilic antioxi-
dants, Coenzyme Q (CoQ) and a-tocopherol, (2) the intracellular cytosolic electron
donor NAD(P)H and (3) the membrane-associated quinone reductases, cytochrome
b5 reductase and NADH-quinone oxidoreductase [31, 34]. Coenzyme Q (CoQ) is a
redox-active quinone found in the phospholipid bilayer of cell membranes [6].
It participates as a carrier in membrane-based electron transport chains [20]. Alone
or in association with a-tocopherol, CoQ scavenges lipid free radicals thereby
inhibiting oxidative stress [32]. Alpha-tocopherol is the only lipid-soluble, chain-
breaking antioxidant present in biological membranes [14, 35, 96]. Cytochrome b5
reductase (also called ascorbate free radical reductase) is a monomeric flavoprotein
which acts by transferring one electron to CoQ. The other membrane-associated
quinine reductase, NADH-quinone oxidoreductase (NQOI1) is a cytosolic protein
that is translated to the inner surface of the cell membrane during oxidative stress [70].
Collectively these components maintain cellular redox status by maintaining the
NAD(P)+/NAD(P)H ratio [51]. The involvement of these components in AD has pre-
viously been raised in the literature and has been the focus of past research. A sche-
matic representation of the PMRS can be seen in Fig. 6.1.

6.1.1.2 Function of the PMRS

The PMRS has been shown to play a protective role during mitochondrial dysfunc-
tion. This is achieved by production of NAD* for alternative ATP production via the
glycolytic pathway. This transfer of electrons from intracellular reducing equiva-
lents to extracellular acceptors reduces oxidative stress [32, 34].

CoQ

CoQ is the only lipid-soluble antioxidant and is synthesised by living organisms [8,
29]. CoQ operates physiologically by maintaining the membrane levels of the
reduced form of CoQ (ubiquinol) and a-tocopherol to protect the membrane from
lipid peroxidation [5]. CoQ also functions to remove the excess reducing power
caused by the glycolytic pathway during decreased mitochondrial respiration [29].
Ubiquinol, the fully reduced form of CoQ, inhibits the peroxidation of membrane
lipids by reacting with lipid peroxyl radicals and by reducing tocopheroxyl radicals
[12, 27, 39, 44]. Cytochrome b5 reductase reduces CoQ through a one-electron
reaction mechanism, thereby fostering the antioxidant potential of the membrane by
maintaining ascorbate and a-tocopherol in their reduced states [80, 81] (Fig. 6.2).
In addition to being the only lipid soluble chain breaking protein present in the
plasma membrane and the most abundant antioxidant agent [96], a-tocopherol is
considered essential for normal neurological function. It has also been suggested
that a-tocopherol may act as an anti-inflammatory agent that is both neuroprotective
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Fig. 6.1 Simplified schematic showing the different aspects of the plasma membrane redox system
and potential protective effects against free radicals and oxidative stress

Fig. 6.2 Cyclic structure of
Coenzyme Q. Adapted from
Turunen et al [79] 1.2.2.2
Alpha-tocopherol

and which can regulate particular enzymes to alter specific membrane properties [48].
The chemical structure of a-tocopherol is shown in Fig. 6.3.

NADH-Quinone Oxidoreductase

The cytosolic reductase, NQO1 (also known as DT-diaphorase [94]) uses two
electrons and NAD(P)H to catalyse the reduction of quinones [32]. The key to this
capability is the structure of NQO1 as it consists of two domains; a major catalytic
domain and a smaller domain forming part of the binding site for the hydrophilic
regions of NAD(P)H [93]. This structure is shown in Fig. 6.4. NQO1 is responsible
for reduction of both exogenous and endogenous CoQ [29], thereby preventing the
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Fig. 6.3 Structure of (o]
a-tocopherol. Adapted
from [95] CH,0 CH;
CH,0 R
o]

Fig. 6.4 Ribbon diagram of
NQOTI structure (imaged with
X-ray) showing the two
domains. Adapted from [16]

generation of semiquinone free radicals and ROS, thereby limiting oxidative stress
[13, 66]. It also acts to both generate and maintain the reduced form of CoQ in the
plasma membrane [9].

6.1.2 How Is the PMRS Affected in AD

The effects of oxidative stress on cells in AD are well-known and widely researched
with a multitude of studies analysing the various cellular markers of oxidative stress.
These markers have been, and are still being tested for their potential diagnostic
validity, while also suggesting targets for potential therapies. A marker for lipid
peroxidation, 4-hydroxy-nonenal (HNE) has been shown to be elevated in both
plasma and ventricular fluid [50]. Similarly, markers of damage to nucleic acids
such as DNA and RNA have also been examined in multiple regions of AD brains.
Research by Nunomura and colleagues [56, 57] has shown a significant neuronal
increase in a marker for RNA damage; 8-hydroxyguanosine (8-OHG), which
appears to lessen as the disease progresses and these changes are consistent with the
changes in 8-OHG levels in the CSF of AD patients. Interestingly, there is a significant
increase in oxidative damage to RNA in the brains of individuals with mild cogni-
tive impairment (MCI), suggesting that oxidative damage may be one of the earliest
symptoms of AD [46]. Corresponding DNA changes have also been shown in vul-
nerable regions of the AD brain [46]. This oxidative stress has been linked to a
dyshomeostasis in key transition metals (iron, copper and zinc) in the AD brain,
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which we have previously reviewed [2]. Moreover, because the precursor for the
3-amyloid (AP) protein (AR is the principal component of the extracellular plaques
that characterise the AD brain), is capable of moving into the plasma membrane
as part of its role in maintaining cellular iron homeostasis, the PMRS may be
crucial in AD.

6.1.2.1 CoQ

The mitochondrial CoQ content decreases across various tissues in the body during
both normal ageing and in disease [24]. A study by Mariani and colleagues [49],
which took muscle biopsies from both AD patients and controls, reported a decrease
in CoQ10 levels of approximately 50 %. However, there does not appear to be any
differences between AD and controls in plasma levels of CoQ10 [92], moreover,
these plasma levels do not seem to correlate to any clinical parameters [19]. In con-
trast to these findings, more recent studies have revealed that there is a significant
increase in the percentage of oxidised/total CoQ10 in the CSF of AD patients
compared to healthy controls, and, that this measure has a significant negative
correlation with illness duration [36]. Similarly, there is also evidence for increased
brain levels of CoQ of between 30 and 100 % when compared to controls in most
regions of the AD brain [21, 74]. These conflicting results highlight the need for
further research, particularly as technology and scientific techniques improve, in
order to fully elucidate the role of CoQ in AD. Moreover, further studies have
shown that high levels of CoQ are maintained within the brain throughout the
ageing process

6.1.2.2 Alpha-Tocopherol

The levels of a-tocopherol in different brain regions have also been measured in AD
patients and compared to controls. Alpha-tocopherol and its oxidised form
“a-tocopherol quinone” were measured in the CSF of AD and vascular dementia
patients as well as controls in a study by Toghi and colleagues [78]. They showed a
significant increase of a-tocopherol quinone in the vascular dementia cases, as com-
pared to controls. These levels also correlated with the observed changes in cognitive
scores, assessed using the mini-mental state examination (MMSE). However, in the
CSF of the AD patients they found a significant decrease in the level of a-tocopherol
with no changes in its” oxidised form. Serum and CSF levels of a-tocopherol were
again measured in a study by Jimenez-Jimenez and colleagues [38], where they
showed a significant decrease of a-tocopherol in the AD patients, although these did
not correlate with any other parameters that were measured including MMSE score,
age, age of onset or duration of disease. Likewise the concentration of a-tocopherol
in the plasma has also been shown to be significantly reduced in AD patients
[11,37,62,89]. This is consistent with research that shows decreases in a-tocopherol
in AD [30]. Cortical samples of AD patients have also been examined as a measure
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of the brain levels of a-tocopherol; these have shown no differences in AD tissue
compared to control subjects [52]. However, it should be noted that research exam-
ining the lipid nitration product, 5-nitro-gamma-tocopherol, demonstrated an
increase in particular affected regions of the AD brain, when compared to that of
controls [84]. This suggests a possible role of gamma-tocopherol in AD.

6.1.2.3 NADH-Quinone Oxidoreductase

There are a number of studies that have examined both the levels and the distribution
of NQO1 in AD. In the first study of its kind, Raina and colleagues [65] examined
NQOL levels in the brains of AD individuals and compared the results to both age-
matched and young controls. NQO1 was localised to neurofibrillary tangles (NFTs)
and to the cytoplasm of hippocampal neurons in AD cases, but there was signifi-
cantly less NQO1 in the same neuronal populations in both age-matched and young
controls, suggesting a specific increase in the AD brain. This finding was supported
by a study by Wang and colleagues [83], who demonstrated that NQO1 protein and
activity levels were increased in hippocampal pyramidal neurons in tangle-bearing
regions of the AD brain, whereas in control cases the hippocampal neurons were
devoid of both NQO1 enzyme activity and protein. Finally, SantaCruz and colleagues
[73] examined NQOI1 enzymatic activity and protein levels in regions of the brain
commonly affected in AD, and compared this to regions typically unaffected in AD.
They demonstrated a significant increase in the ratio of frontal cortex to cerebellar
NQOI activity in AD. NQO1 protein was localised to astrocytes and neurites
surrounding senile plaques, and the extent of staining correlated with the extent of
AD pathology within each region examined. Neuronal NQO1 staining in the frontal
cortex was absent in the control population; but was found to the same extent in
neurons in the substantia nigra of both AD and controls, suggesting a region-
specific alteration of NQOI activity and protein in the AD brain.

6.1.3 Research Models

Thus far, the mechanisms by which the PMRS functions are still not well understood,
nor are the ways in which these could be exploited to possibly treat or prevent ageing
and AD. It is important to study the PMRS in a variety of different models, but it is
vital that future research is well designed, reliable and valid. In this section we will
discuss what researchers can learn from the different models presently in use.
Increased amounts of membrane associated oxidative stress have been shown in
cells in vulnerable brain regions of AD patients, as well as in both animal and cell
culture models of AD [34]. Currently, there is strong evidence for the presence of
oxidative stress in transgenic (Tg) models of AD [1, 4, 63, 67, 86, 87], however, few
studies examining the discrete aspects of the PMRS have been carried out. At pres-
ent there is only one report of decreased a-tocopherol in a triple transgenic mouse
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model of AD [67]. Despite this lack of research, other studies have assessed the
efficacy of augmenting the different aspects of the PMRS on slowing the progression
of AD-like symptoms in Tg models of the disease, particularly with CoQ and
a-tocopherol. Similarly, in vitro studies examining the effect of CoQ and a-tocopherol
have also been carried out.

6.1.3.1 CoQ

Recently, two studies examined the effect of dietary supplementation with coenzyme
Q10 [45, 85]; a form of CoQ. Li and colleagues [45] examined the neuroprotective
effect of CoQ10 supplements across both wildtype and Tg mice (APP/PS1 double
Tg mice as well as single Tg APP and PS1 mice). Using magnetic resonance imag-
ing (MRI) the researchers determined that animals given CoQI10 displayed less
brain atrophy; this effect of CoQ10 on brain volume was most pronounced in APP/
PS1 animals, and less so in APP and PS1 transgenics and wild type. In support of
this finding, Yang and colleagues [85] used immunohistochemistry in addition to
MRI to investigate the effect of supplementing APP/PS1 mice with CoQ10 on amy-
loid load. They found that the supplemented mice had a reduced amyloid plaque
burden and also a decreased intracellular deposition of AP. Similarly, a study by
Ono and colleagues [58] used an in vitro model to show that CoQ is capable of
inhibiting both the formation and extension of Ap fibrils, as well as destabilising
preformed Ap fibrils in a dose-dependent manner. Moreover, CoQ has been shown
to inhibit AP-induced mitochondrial deficits in aged diabetic rats [53]. More
recently, researchers demonstrated a protective effect of CoQ against amyloid pre-
cursor protein C-terminal fragment-induced neurotoxicity in MC65 neuroblastoma
cells, also in a dose-dependent manner [82]. It has been suggested that CoQ
impacts tau pathology as CoQ has been shown to facilitate tau aggregation and
induce the formation of fibrillar tau polymers [71, 72]. Furthermore, CoQ has also
been shown to facilitate the interaction of tau with actin to form structures similar
to the Hirano bodies found in the AD brain, which also cross-react with antibodies
specific to CoQ [71].

6.1.3.2 Alpha-Tocopherol

Transgenic studies have highlighted the relevance of a-tocopherol in the pathogenesis
of AD by crossing Tg2576 mice with mice that lack a-tocopherol (a-tocopherol
transfer protein knockout mice). These crossed transgenic mice display relatively
advanced cognitive dysfunction as well as increased Ap deposits in the brain [55].
A study by Sung and colleagues [77] investigated the effects of supplementing
Tg2576 mice with a-tocopherol and demonstrated that it significantly reduced Ap
load and was associated with a decrease in lipid peroxidation markers, but this
decrease only occurred when a-tocopherol was administered prior to AP plaque
deposition. In another model of AD, the administration of a-tocopherol to APP/PS1
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mice was shown to reduce the levels of oxidative stress and to partially reverse the
AP plaque-associated toxicity [28]. These findings are supported by in vitro studies
with a study by Qi and colleagues [64] demonstrating that the exogenous administra-
tion of a-tocopherol to SH-SY5Y cells treated with AP can partially prevent the
neurotoxicity, oxidative stress and alterations in membrane lipid composition caused
by AP. Likewise, when PC12 cells are treated with A they accumulate ROS and have
a subsequent decrease in both redox activity and ATP levels that can be blocked with
a-tocopherol [60]. Similarly in cultured neurons, a-tocopherol can both decrease and
delay the impairments resulting from exposure to Ap [7, 10, 15, 41, 88, 90]. Indeed,
research has suggested that a-tocopherol may be capable of increasing lifespan in
model organisms via this increase in antioxidant protection against ROS [3].

These findings support a role for multiple aspects of the PMRS in the pathogenesis
of AD. From these studies, it seems that the PMRS provides particular protection
against lipid peroxidation and membrane associated oxidative damage, while other
oxidative stress events (damage to nucleic acids and protein oxidation) are tar-
geted by other antioxidant pathways. Further research is essential to determining
both the molecular mechanisms of this role and whether it is then possible to
manipulate these mechanisms and up-regulate the PMRS and possibly delay the
ageing process.

6.1.4 How Is the PMRS Clinically Relevant?

The aspects of the PMRS previously discussed have been shown to be of high clinical
relevance to a number of disorders other than AD. For example, CoQ levels can
increase in a variety of different tissues, such as heart, muscle and brain, after as little
as 14 weeks of treatment [42, 43, 47] and can ameliorate conditions such as hyperten-
sion [69] and heart failure [68], as well as be protective in neurodegenerative diseases
such as Parkinson’s disease (PD) and Huntington’s disease (HD) [26, 75, 76].

Given the nature of AD and the potentially key role that the PMRS may have in
facilitating multiple aspects of AD symptomatology and pathology, it is clear that the
PMRS represents a key therapeutic target. Two main aspects of the PMRS, NQOI1
and CoQ currently have not been studied to any great extent. There is very little in
the literature regarding the possible antioxidant role of NQO1 in AD and though
much has been written about the potential of CoQ as a therapeutic for multiple CNS
disorders, there have been no published studies that have tested CoQ in AD as yet.
In comparison, a-tocopherol has been quite rigorously studied as an antioxidant
treatment in both AD and MCI. Indeed, association studies have shown that low
serum levels of a-tocopherol are associated with poorer cognitive performance in
the elderly [61], and that supplementing a-tocopherol is associated with less cogni-
tive decline with age [54]. Similarly, data from a prospective cohort study among
the elderly (the Rotterdam study), demonstrated that a high dietary intake of
a-tocopherol was associated with a lower risk of AD [23]. Despite these findings,
intervention trials of a-tocopherol in the clinic have been less than convincing. It is
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clear that there is a great potential for future research in the possible antioxidant
treatment of AD.

6.1.5 Conclusion

It is clear that oxidative stress plays a role in AD, and the literature supports the
notion that the plasma membrane may represent a key site for both the development
of AD pathology and the occurrence of oxidative stress through the dysfunction of
a number of systems. To date, only a limited number of studies have specifically
examined the plasma membrane redox system in AD, or experimentally manipulated
it in transgenic models of the disease. As these studies have demonstrated that aspects
of the system can be manipulated with positive, neuroprotective results, there is the
opportunity for future research to potentially find an exciting new treatment for AD.
Therefore, there is a real need for further research in order to determine the role
of the PMRS in AD and indeed, to ascertain whether it represents a logical and
viable therapeutic target for preventing or limiting the progression of AD.
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Chapter 7
Metal Dysfunction in Alzheimer’s Disease

Rosanna Squitti, Mariacristina Siotto, Carlo Salustri, and Renato Polimanti

Abstract It has been recently established that oxidative stress plays a key role in
neurodegeneration. Consequently, researchers have focused their attention on
transition metals, as they are known to participate in biochemical reactions that
produce free radicals. In Alzheimer’s disease (AD), in particular, in vitro and animal
studies have uncovered the role of iron and copper in the disease’s pathogenesis,
recently confirmed in clinical studies. However, the link between AD and metals has
been mostly investigated with a focus on local accumulations in brain areas critical
for AD. More recently, a wider view has emerged proposing a relationship between
AD and systemic changes of metal metabolism, upon genetic variability. In this
chapter, we describe the major functions of iron and copper in the body and sum-
marize the reasons why we should closely monitor their dyshomeostases in AD.
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7.1 Introduction

About 90-95 % of Alzheimer’s disease (AD) patients suffer from the sporadic form,
which results from a complex interaction of genetic and nongenetic factors and
normally has a late onset (after age 65). In this form, inheritance of the €4 allele of
the apolipoprotein E (APOE) has been established to be a major risk factor.

Recently, oxidative stress has been found to be responsible for major cellular
damage, and AD researchers have uncovered the neurodegenerative role of transi-
tion metals. Iron and copper, for example, are essential for life but also participate
in Fenton-type reactions that generate uncontrollable ROS capable of damaging
cells. Iron is a fundamental constituent of hemoglobin, the protein that delivers
oxygen to cells, and of myoglobin, which delivers oxygen to muscles. It participates
in making myelin and neurotransmitters and plays a role in the immune system and
in the production of energy. Copper is a cofactor of many enzymes that contribute
to energy generation, oxygen transport, cellular metabolism, signal transduction,
and many other processes.

In this chapter, we describe the major functions of the two metals in the body and
summarize the reasons why we should closely monitor their dyshomeostases.

7.2 Metal Absorption and Distribution:
From the Intestine to Circulation

7.2.1 Iron

Iron absorption is highly regulated, since our body does not have a physiological
mechanism to excrete it. We lose some iron only via indirect events (e.g., death of
enterocytes, sloughing of skin) or occasional situations (e.g., minor hemorrhages,
menstruation in women), but in very modest amounts (about 1-2 mg/day). Thus, a
healthy body absorbs only as much iron as it needs, and the intake is recycled
multiple times. On average, we absorb as little as 1-2 mg/day. The majority enters
as heme iron, and the remaining as inorganic, non-heme iron. At any time, 4-5 g of
iron is present in our body. Of this amount, about 2.5 g is contained in hemoglobin
and 600 mg in reticuloendothelial macrophages, 300 mg is used by proteins for
cellular processes or energy production, and 3—4 mg binds to transferrin. The rest is
stored in ferritin.

Virtually all food iron is in the ferric oxidation state (ferric iron) Fe* and must
be first reduced to Fe?* (ferrous iron) to be transported through the apical membrane
of the duodenum’s enterocyte. The reduction is completed by reductases such as the
cytochrome b558, Steap 2, and CYBRDI1 [1]. This transport is provided by the
divalent metal transporter 1 (DMT-1), which accepts only ferrous iron [2].

Absorption levels are regulated by hepcidin, a hormone synthesized in the liver
when it detects an excess of iron [3]. Hepcidin is responsible for the internalization
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and degradation of ferroportin, which exports iron across the enterocyte membrane
and thus controls the rate of iron transfer to the blood [4]. After reaching the blood,
iron is carried by transferrin into circulation. Normal mean levels of serum iron are
37-164 pg/dL.

Table 7.1 and Fig. 7.1 describe the details of iron absorption and distribution.

7.2.2 Copper

We ingest between 0.6 and 1.6 mg of copper per day, and altogether a healthy 70 kg
human body contains no more than 110 mg [5]. About 10 mg are found in the liver,
8.8 mg in the brain, 6 mg in the blood, 46 mg in the skeleton (including bone mar-
row), and 26 mg in the skeletal muscles. The status of our body copper is regulated
by duodenal absorption (intestine) and biliary excretion (liver). Food is the main
source, but it has been recently proposed that a non-negligible contribution comes
from drinking water piped through copper plumbing [6]. Food copper is in the Cu*?
oxidation state. In order to be transported across the enterocyte’s apical membrane,
Cu*? must be first reduced to Cu!* by reductases such as the cytochrome b558,
Steap 2, and CYBRDI1 [1]. Cu'* is then imported into the enterocyte by hCTR-1 [7]
(Table 7.1 and Fig. 7.1). Another protein that is believed to be implicated in copper
absorption is the same DMT1 that supervises iron uptake [8].

Once inside the enterocyte, copper is loaded onto copper-dependent enzymes via
chaperone proteins, such as the cytochrome C oxidase assembly homolog (COX17),
which delivers copper to mitochondria, antioxidant protein 1 homolog (ATOX1)
and ATP7A protein, which transport copper to the trans-Golgi network, and the
copper chaperone (CCS) which delivers copper to superoxide dismutase (SOD1) in
the cytosol [7]. The system also includes MT proteins, which trap excess metals.
Copper is then pumped out of the enterocyte’s basolateral membrane by ATP7A and
then transported to the liver by albumin or a2-macroglobulin via the portal vein
(Table 7.1 and Fig. 7.1). In the liver, copper is partly stored and partly redistributed
to other organs. Absorption and excretion interplay in such a way that an occasional
over-ingestion in healthy adults normally results in a downregulation of copper
uptake in the duodenum and an upregulation of biliary excretion. Normal mean
levels of serum copper are 11-24.4 pmol/L [9].

7.3 Liver: The Metabolic Control Unit

7.3.1 Iron

The portion of iron that does not participate in erythropoiesis is sent to the liver,
where it joins hepatocytes and reticuloendothelial cells. The latter are essential for iron
recycling as they ingest old red cells, break down their hemoglobin, and liberate



R. Squitti et al.

76

SpIOE ouruy
urnqo[3oIoew-7o

sisorodoryiArg

«2d JO

uIqo[3owsH

(J1-oroy/ode)

1oddoo jo yrodsuery, urunqry swoje ¢ Jo yodsuen pue Surpurg ULLIQJSUBL], uone[nII)
93e10)s uoII pue uoNEpEIFOP
unrodo11oy soje[n3ar 31 :uodr Jo sseoxyg  urprodoy suowioy opndeg uone[n3oy
+¢ 9] 01 .79 JO UONEPIXQ unsoeydoy  ooejIns 19no [e1oje[oseq
UoIIR[NOI
ojur 10ddoo jo 11odxe Uuone[noIo
pue uoneISTwsue1], VLIV 0} [05014 woIj ;9 Jo Wodsuel], unrodorro,g QUBIqUISW [eIdJe[oSey
IIN
VLIV

SO0 9SeUASAXO QWO

IXOLV Qway jo jred jo a3eae9) QUI]

LIXOD UNLIIQ,{
j1odsuel], sauodadpyd 4addo) a3e101§ 2UIY-UON [0S0IKD

1-do4

uoar oway jo Joduwy QUI]

[-LNd JuQIpeIS [BOTAYD I-LNd
LD Jo woduy 1-91DY -0I)99]9 BIA .2 JO Surpouuey) QUY-UON QUEBIqUISIA

1dIdAD

1QYgAD cdearg

7dearg asejonpar oudno

asejonpar orxdno /OTIIY §GGQq QWOIYI0IAD)
sND 01 ,.nD Jo uonINpay JOLII9) 8GGq QWOIYI0ILD) +z 9 01 ¢,9 JO uononpay 2UY-UON soejans [edldy
uonoun,j PIAJOAUT UI)OI] uonoung PIAJOAUT SUI)OI] 9Ko0199ug

1addop uoIy

uonnqrnsip pue uondiosqe 1oddoo pue uoI] °Z I[qeL



7 Metal Dysfunction in Alzheimer’s Disease 77

Ra:i'uc.tase DMT1

CTR1 l Y

=

compart
peTTopoTin Basolateral

Blood

Fig. 7.1 Absorption of iron and copper through the enterocyte. Cu?* and Fe** are reduced from
reductases before entering the enterocyte. Iron: The divalent iron transporter DMT-1 channels Fe?*
thanks to an electrochemical gradient (not shown); in a secondary mechanism, iron enters as part
of heme (thus as Fe?*) via the heme carrier protein 1 (HCP-1), also present on the enterocyte’s api-
cal surface. The heme is then cleaved by a heme oxygenase and releases its iron. Iron then is stored
into ferritin. On the basolateral outer surface, ferroportin transfers a controlled amount of iron to
the portal plasma, and the ferroxidase hephaestin (HP) reoxidizes Fe?* into Fe**, which binds apo-
transferrin (apo-Tf) to form holo-transferrin (Tf), which transports iron in the circulation. The
hormone hepcidin regulates the iron export from the intestine, via a mechanism of internalization
and degradation of ferroportin in case of iron excess. Copper: The integral membrane protein
hCtr-1 imports Cu* which is loaded onto copper-dependent enzymes, via chaperone proteins: cyto-
chrome C oxidase assembly homolog (COX17), which delivers copper to mitochondrion; antioxi-
dant protein 1 homolog (ATOX1) and ATP7A that transport copper to the trans-Golgi network;
and the copper chaperone (CCS) which delivers copper to superoxide dismutase (SOD1) in the
cytosol. The chaperone system also includes the family of metallothioneins (MT). Copper is then
pumped out of the enterocyte’s basolateral membrane by ATP7A (via vesicular compartment) and
then transported to the liver bound to albumin (Alb) or a2-macroglobulin (2m) or amino acids
(AA) via the portal vein

their iron for reuse [10]. The hepatocytes absorb iron through an endocytosis mediated
by the transferrin receptor 1 (TfR1) located on the cell surface [11] (Table 7.2
and Fig. 7.2).
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After endocytosis, an ATP proton pump acidifies the endosome, causing the
release of Fe™ from the holo-transferrin. The ferric ions are then reduced to ferrous
ones by a reductase, which are hence able to pass through DMT 1. In the hepatocyte,
iron forms labile bonds with citrate, ATP, AMP, or other peptides. In this form, it
reaches the mitochondrion for the biosynthesis of heme and of iron—sulfur clusters
or is enclosed in ferritin stores [12] (Table 7.2 and Fig. 7.2). Excess iron travels as
Fe*? through ferroportin to the blood, where it is oxidized into Fe** by ceruloplas-
min, a 132 kDa oxidase, and then loaded into transferrin.

Regulation of iron metabolism is complex and strictly controlled by
post-trascriptional mechanisms involving the iron-responsive element/iron-
regulatory protein (IRE/IRP) system. This system is essential for life as regulates
iron uptake, utilization, storage, and transport [13] (Table 7.2).

7.3.2 Copper

The liver is the main storage organ for copper. Copper intake in the hepatocytes
resembles the one in the enterocytes, following the same mechanism of reduction,
hCTR-1-mediated absorption, and transfer to chaperones (Table 7.2 and Fig. 7.2).
In the liver, ATP7B, the homolog of enterocytes’ ATP7A, incorporates copper into
ceruloplasmin (Table 7.2 and Fig. 7.2). The liver releases copper into general cir-
culation. About 85-95 % of circulating copper is tightly bound to ceruloplasmin,
whereas the remainder loosely binds to and is exchanged among albumin,
a2-macroglobulin, amino acids, peptides, and several micronutrients. We will
refer to the portion that is bound to ceruloplasmin as “ceruloplasmin-bound” cop-
per and to the labile portion that binds to the loose compounds as “free copper.”
Within the hepatocytes, an excess of copper induces the translocation of ATP7B
from the frans-Golgi network to the canalicular membrane, where the metal is
secreted in the bile (Table 7.2 and Fig. 7.2).

7.4 From General Circulation to the Brain

7.4.1 Iron

Transported by transferrin in the blood, Fe** reaches the brain capillaries, whose
endothelial cells, named BCEC, constitute the BBB. On the BCEC’s luminal side,
iron-loaded transferrin is captured by a TfR1 (Fig. 7.3a), and the complex is inter-
nalized into an endosome. Iron remains inside the endosome, while the latter travels
through the intracellular space. When the endosome reaches the BCEC’s abluminal
side, it fuses with the membrane, exposing and then releasing Fe** to the extracel-
lular interstitial space. Apo-transferrin (i.e., transferrin without iron) remains
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Fig. 7.2 Iron and copper metabolization in the hepatocyte. Iron: The hepatocytes absorb iron
through a receptor-mediated endocytosis: the transferrin receptor 1 (TfR1) located on the cell
surface binds a holo-transferrin (Fe-Tf). After endocytosis, an ATPase proton pump acidifies the
endosome, allowing the release of Fe** from the holo-Tf. Fe** is then reduced by a reductase to Fe?*
and passes through DMT-1. Once inside, iron is believed to form labile bonds with citrate, ATP,
AMP, or other peptides (labile pool) and reaches the mitochondrion for the biosynthesis of heme
and of iron—sulfur clusters or is stored in ferritin (the main source of reserve iron). The excess of
iron, as Fe*?, travels through ferroportin to the blood, where it is oxidized into Fe*? by ceruloplas-
min (holo-Cp) and is loaded into transferrin (Tf). Copper: The liver is the main storage organ for
copper. Copper intake in the hepatocytes resembles the one in the enterocytes, following the same
mechanism of reduction by reductase, hCTR-1-mediated absorption and delivery to chaperones. In
addition, the amyloid precursor protein (APP) has been shown to be involved in liver as well as
neuron copper metabolism. In the liver, ATP7B, the homolog of enterocytes’ ATP7A, incorporates
copper into ceruloplasmin (Cp). About 85-95 % of copper tightly binds Cp, whereas the remainder
(free copper) loosely binds to and is exchanged among albumin (Alb), a2-macroglobulin («2m),
amino acids (AA), peptides, and several micronutrients. An excess of copper induces the transloca-

tion of ATP7B from the trans-Golgi network to the canalicular membrane (via vesicular compart-
ment), where the metal is secreted in the bile

attached to the receptor, and the two undergo again an endocytosis to travel back to
the BCEC luminal side, where apo-transferrin is released into the capillary blood
ready to bind again Fe** ions [14].

This is the mechanism most used by iron to enter the brain. The BCEC luminal
side does not normally communicate directly with neurons but rather faces
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astrocytes. In the BCEC—astrocyte gap, the released Fe** finds again apo-transferrin
and several low-weight elements able to bind it, such as ATP and citrate. They are
ubiquitous in the brain’s extracellular fluid, but they appear particularly concen-
trated in the BCEC—-astrocyte gap. Traveling through the extracellular space bound
to transferrin, iron can easily reach the vicinity of a neuron, which expresses trans-
ferrin receptors on its surface. Moreover, both ferroportin and a GPI-anchored form
of ceruloplasmin are strongly expressed on the astrocytic foot in the vicinity of
neurons: thus, iron can be internalized into the astrocyte, possibly as Fe** bound to
ATP or citrate, transported through the astrocyte, reduced at some point by a yet
unidentified ferrireductase and released from the end foot via ferroportin.

On the outside of the astrocyte foot, ceruloplasmin catalyzes the oxidation of
Fe?* into Fe*, making iron ready to bind apo-transferrin. The extracellular and
intracellular mechanisms are not mutually exclusive and can certainly work in syn-
ergy to deliver iron to the neuron (Fig. 7.3b). As for the BCEC, the neuron’s mem-
brane displays transferrin receptors, and an endocytosis is again initiated. The key
difference between BCEC and the neuronal membrane lies in the fact that the latter
displays DMT-1, which becomes engulfed in the endosome and sinks with it [14]
(Fig. 7.3b). Interestingly, ferroportin has been also found in neuronal presynaptic
vesicles [15], suggesting that ferrous iron may be transported via vesicles to the
synaptic cleft, where it is released upon vesicle fusion. This presence of free iron in
the synapse cleft could potentially expose pre- and postsynaptic membranes to iron-
mediated oxidation and damage.

7.4.2 Copper

Another barrier to consider is the BCB, between blood and CSF. CSF is produced
from arterial blood by the choroid plexuses and plays an important function in CNS
homeostasis and metabolism. Since CSF composition is similar to the one of extra-
cellular brain fluids to which CSF is connected without a barrier, the amount of
elements in CSF closely reflects the situation in neighboring regions [16]. The
mechanism by which copper passes in and out of CSF is not fully understood and
could be an active transport or a passive diffusion. Normal CSF copper levels range
between 0.5 and 2.5 pmol/L as reviewed in Bucossi et al. [17].

Also the role of BBB and BCB in regulating brain copper absorption is still
unclear. A recent study in a rat model tested the hypothesis that blood, BBB, and
BCB play different roles in transport and homeostasis of free, ceruloplasmin-bound,
and albumin-bound copper present in the brain capillaries, parenchyma, and CSF
[18]. Perfusion of three species of radioactive **Cu into the rat brain via the internal
carotid artery revealed that free copper is the main species transported in the brain.
This evidence fits very well with previous results obtained from a mouse model of
brain uptake of radio-copper #’Cu*?, in which a net brain copper uptake occurs and
parallels the free copper increase in the injectate starting from a concentration of
Cu*? of 3.2 ng/ml (0.05 pmol/L). The highest copper accumulations are in BBB
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Fig. 7.3 Iron metabolism in the CNS. (a) Transported by transferrin in the blood, Fe** reaches the
brain’s capillaries, whose endothelial cells (BCEC) constitute the blood—brain barrier (BBB). On
the BCEC’s luminal side, iron-loaded transferrin is captured by the transferrin receptor 1(TfR1),
and the complex is internalized into an endosome which travels through the intracellular space
until it reaches the BCEC’s abluminal side; here it fuses with the external membrane, exposing and
then releasing Fe** to the extracellular interstitial space. Apo-transferrin (apo-Tf) remains attached
to the receptor undergoing again an endocytosis to travel back to the BCEC luminal side, where
apo-Tf is released. (b) Traveling through the extracellular space bound to transferrin, iron reaches
a neuron, whose membrane displays transferrin receptors, and endocytosis is initiated. The key
difference between the BCEC and the neuronal membrane lies in the fact that the latter displays
DMT-1 which becomes engulfed in the endosome and sinks with it. Interestingly, ferroportin has
been also found in neuronal presynaptic vesicles (not shown), suggesting that ferrous iron may be
transported via vesicles to the synaptic cleft, where it is released upon vesicle fusion. This presence
of free iron in the synapse cleft could potentially expose pre- and postsynaptic membranes to iron-
mediated oxidation and damage. On the outside of the astrocyte end foot, GPI-anchored cerulo-
plasmin (Cp-GPI) catalyzes the oxidation of Fe?* into Fe**, making iron ready to bind apo-transferrin.
The extracellular and intracellular mechanisms are not mutually exclusive and can certainly work
in synergy to deliver iron to the neuron
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tissues (choroid plexus and cerebral capillaries), brain parenchyma and, to a lesser
extent, in CSF. The BBB is the principal gate of copper into the brain parenchyma,
whereas the BCB appears more involved in the regulation of copper homeostasis in
CSF. Copper uptake into brain cells requires the reduction from Cu?* to Cu'*, which
is performed by still unidentified reductases. Compared to other cell types, the brain
presents an overcontrol on copper uptake. In fact, in addition to the hHCTRI1, two
further proteins, the APP and the prion protein (PrP), are located on the surface of
brain cells (Fig. 7.4).

After entering the brain, Cu'* is delivered to the intracellular compartments by
the copper chaperones ATOX1 (or HAH1), CCS, COX17, or metallothioneins
(Fig. 7.4). Copper secretion is assigned principally to ATP7A, and its role has been
demonstrated in pumping copper into synaptic vesicles at the glutamatergic
synapse, where this metal acts as a neuromodulator of neurotransmission [19].
Conversely, ATP7B is expressed in some isolated region of the brain [20].

7.4.3 The Key Role of Ceruloplasmin

Ceruloplasmin is mainly synthesized in the hepatocytes, where the ATP7B protein
loads six copper atoms into apo-ceruloplasmin, generating an active holo-
ceruloplasmin that is then transferred to the blood. Ceruloplasmin is also expressed
endogenously by the CNS and is strongly present on astrocytes close to neurons.
A key process catalyzed by ceruloplasmin is the oxidation of Fe?* to Fe** via the
following chemical reaction:

4Fe’ +4H" +0, — 4Fe’ +2H,0 (7.1)

This reaction reduces the availability of Fe?*, promoting instead iron bussing to
various organs by transferrin, which accepts only Fe*". Not insignificantly, the
by-product of (7.1) is simply water.

Another important role of ceruloplasmin is to scavenge H,O, [21]. This prevents
production of dangerous oxygen radicals, since oxidation of Fe?*—which takes
place at physiological pH—can trigger Fenton or Haber—Weiss reactions. Moreover,
it prevents lipid peroxidation. The synthesis of holo-ceruloplasmin strictly depends
on the amount of copper available in the liver. Consequently, reduced copper
availability results in the production of apo-ceruloplasmin, which has no ferroxi-
dase capability and is rapidly degraded in plasma.

A reduction of ferroxidase activity due to a decreased presence of ceruloplasmin
results in more Fe?* available for Fenton reactions. This is why aceruloplasminemia,
which is an autosomal recessive trait causing a drop in ceruloplasmin activity,
results in severe iron overload and is often misdiagnosed as hemochromatosis. In
this case, measurement of transferrin saturation may help reaching a correct diagno-
sis, as transferrin saturation decreases in aceruloplasminemia and increases hemo-
chromatosis. Patients with aceruloplasminemia show evidence of increased lipid
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Fig.7.4 Copper metabolism in the neuron. Uptake of copper into brain cells requires the reduction
from Cu?* to Cu'*. This reaction is performed by unidentified reductases probably analogue to
those present in other organs. In comparison to other cell types, the brain presents an overcontrol
on copper uptake; in fact, in addition to the hCTRI1, there are two other proteins located on the
surface of brain cells: the APP and the prion protein (PrP). Once Cu'* enters the brain, it is delivered
to the intracellular compartments by the abovementioned copper chaperones: ATOX1, which
delivers copper to ATP7A; CCS, which deliver copper to SOD; Cox17, to mitochondrion; or
metallothioneins (MT). The secretion of copper is assigned principally to ATP7A, via vesicular
compartment which secrete copper into the synapse

peroxidation and impaired fatty acid oxidation. Low holo-ceruloplasmin levels can
be also caused by genetic mutations of the ATP7B gene, as it happens in Wilson’s
disease which is the paradigmatic disease of free copper toxicosis or accumulation
in both liver and brain [22].

Ceruloplasmin affects the rate of serum iron oxidation, which is required for
iron mobilization and iron release from tissue storage [23]. Experiments made in
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Fig. 7.5 The cross-talking role of ceruloplasmin between copper and iron metabolisms. Holo-
ceruloplasmin (holo-Cp) is schematically depicted in blue as cross-talking protein between copper
and iron metabolism. ATP7B in the hepatocyte is the protein which incorporates six atoms of copper
into apo-ceruloplasmin (apo-Cp), thus allowing the formation of the holo-Cp; only the holo form
has a ferroxidase activity, oxidizing Fe?* into Fe** which can be loaded into transferrin (Tf)

the 1960s showed that addition of ceruloplasmin (and apo-transferrin) markedly
stimulates iron efflux in general circulation, suggesting that ceruloplasmin is crucial
for iron mobilization.

In summary, ceruloplasmin is a protein essential for iron metabolism and for
antioxidant defense and is implicated in the molecular mechanisms of hepatic dis-
ease and neurodegenerative disorders [24] (Fig. 7.5).

7.5 Iron and Copper Toxicity

The body undergoes sophisticated processes to regulate iron and copper absorption, as
any physiological unbalance can easily generate free radicals causing tissue damage.

7.5.1 The Role of Iron and Copper in Alzheimer’s Disease

It is well known that the hallmark of the AD brain is the presence of amyloidal
plaques and neurofibrillary tangles, respectively outside and inside the neuronal
space. The major constituent of the plaques is amyloid-beta (Af), a 39-43 amino
acid peptide, generated from the cleavage of the transmembrane protein APP
(Fig. 7.6). APP has selective copper binding sites, which mediate redox activity
causing precipitation of Ap even at low concentrations.

Enhanced concentrations of iron and copper have been reported within both
amyloid plaques and neurofibrillary tangles (although these findings have been
recently questioned [25]). The fact that AP deposition in plaques is an age-dependent
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phenomenon but AP production does not increase with age suggests that changes in
metal homeostasis, which are age-dependent, may play a key role in Ap transforma-
tion and neurotoxicity. Metal deposits have been found also in other brain areas
known to be affected by AD, such as for example, the basal ganglia [26]. All the
above-described findings led to hypothesizing a synergic involvement of iron and
copper in AD. The hypothesis, subsequently enriched by further findings, was even-
tually proposed as the metal hypothesis of AD [27], which proposes that it is the
interaction of AP with zinc, iron, and copper in the glutamatergic synapse that

~ Membrane

APP
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beta al;;ha 40 . . 42
secretase secretase gamma
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Fig. 7.6 Amyloidogenic pathway: A formation and its interaction with metals. The major con-
stituent of the amyloidal aggregations is AP, a 39—43 amino acid peptide, generated from the cleav-
age of the transmembrane APP. Specifically, APP can be cleaved in two different pathways. In one,
it is first cleaved by p-secretase at a site outside the membrane, leaving a C-terminal fragment
which is subsequently cleaved by y-secretase at a site within the transmembrane section. The prod-
uct of this process is AP. Alternatively, APP is initially cleaved by a-secretase at a different site and
then by y-secretase, resulting in a truncated P3 fragment. It was observed that APP has selective
copper and zinc binding sites, which mediate redox activity causing precipitation of Ap even at low
concentrations. AP too shows selective copper and zinc sites that in normal conditions bind equi-
molar amounts of the two metals (Me**). However, in conditions of acidosis, copper completely
displaces zinc from Af
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promotes the aggregation of AP in insoluble plaques, short-circuiting the entire
neuronal network to which the synapses belong and thus driving AD pathogenesis
[27]. In this view, systemic metal abnormalities, even if not severe but over a long
period of time, may disturb the processes devoted to regulate protection against
oxidative stress, especially at the glutamatergic synapse. Support to the metal
hypothesis of AD [27] comes from numerous clinical studies, including some of
ours, recently reviewed in Squitti (2012) [28].

7.5.2 Metals and Ap

The interaction between transition metals and AP can be described by the following
reactions [29]:

(AB), +Me™ — AB: AB* +Me" (7.2)

where Me stands for metal. This reaction has two negative effects: the first is the
production of an insoluble A peptide, and the second the production of a superox-
ide anion via the following reaction:

Fe** +0, > Fe’* +0," (7.3)

The generated superoxide can now participate in a Haber—Weiss reaction with
peroxide

O, +H,0, »" OH+OH +0, (7.4)

which produces ROS. The only way the superoxide anion can be depleted is by a
dismutation:

0, +0, +2H" > H,0, +0, (7.5)
which is generally, but not exclusively, accelerated by superoxide dismutases, as,

for example, SOD1. For a review on the role of metallobiology and AP in AD, see
also [30].

7.6 Genetics of Biometals in AD

7.6.1 Iron

The brain proteins mostly involved in iron homeostasis are HFE, ferritin, transferrin,
TfR1, IRP, DMT-1, and ceruloplasmin. However, numerous rarer LoF variants have
been discovered in gene encoding for proteins regulating metal metabolism [31],
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and numerous studies have explored their role in neurodegenerative disorders in
general and in AD in particular. Mutations in the gene of HFE (HFE gene) have
been particularly investigated, since HFE controls iron absorption and mutations in
HFE gene are known to cause hemochromatosis, i.e., increased absorption of
dietary iron and over-deposition in tissues and organs. The first study on the rela-
tionship between HFE gene mutations and AD risk [32] showed that the mutation
frequencies, both in men affected by familial AD and among noncarriers of APOE
€4 allele, were significantly higher than in healthy elderly men. Subsequently, other
studies [33] have reported significant associations of HFE gene mutations with
specific AD clinical traits, such as disease onset, cognitive symptoms, severity of
neuropsychological deficits, CSF marker, and the rate of progression from MCI to
AD. However, these diverse studies did not produce univocal results probably due
to interethnic differences in HFE gene allele frequencies and to interaction with
genetic, environmental, and demographic factors. Associations with AD phenotypes
were also found in studies investigating the genes of TfR1, DMT-1, and IREB2.

7.6.2 Copper

Copper homeostasis is regulated instead by ATP7A, ATP7B, SOD1, and the chap-
erones CCS, ATOX1, COX17, and COMMDI. Manipulations of ATP7A and
ATP7B have been tested in diverse AD models. For example, a significant reduction
in APP concentration and a downregulation of its expression were observed after
generating high intracellular copper levels by ATP7A overexpression in fibroblast
[34]. An AD mouse model also showed that ATP7A is significantly expressed in
microglial cells activated around AP plaques, suggesting that changes in copper
homeostasis in AD may be strongly related to inflammatory processes.

7.7 Systemic View: Our Contribution

7.7.1 Iron

In a recent AD study [35], we evaluated the activation of the main plasma antioxi-
dant system: the Cp—Tf system. As a measure of the Cp—Tf system’s functionality,
we took the Cp/Tf ratio, which is known to reflect the combined antioxidant activity
of ceruloplasmin-bound copper in the oxidized state (Cu?**) and of apo-transferrin.
Results showed a significant activation of the Cp—Tf system, suggesting the pres-
ence of extensive oxidative stress in AD, afflicting patients as a systemic condition
[35], correlating with MMSE and the MTA [35].

In another recent AD study [33], we evaluated whether and how all the above
listed iron markers are related to liver status. Results revealed that AD patients
have lower albumin, longer prothrombin time, and higher transaminases ratios
(aspartate/alanine transaminases, AST/ALT) than controls, clearly indicating a liver
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hypofunction. AD patients also showed decreased transferrin and increased ferritin
levels. Healthy control carriers of a single copy of the HFE gene’s H63D mutation
showed a normal iron status, whereas AD carriers of the same mutation had higher
levels of iron and lower levels of transferrin and ceruloplasmin. The latter panel
resembles hemochromatosis and was not found in noncarrier patients, suggesting
that H63D mutation is not itself sufficient to increase the risk of AD; rather, it is a
synergy of at least a single copy H63D mutation together with liver dysfunction that
increases the probability of developing AD.

7.7.2  Copper Bound to Ceruloplasmin and Free Copper

In the systemic view of copper metabolism and homeostasis, it is fundamental to
distinguish between bound and non-ceruloplasmin or free copper. The key differ-
ence between them lies in the fact that both the limited size of the low molecular
weight transporters and the labile nature of their binding allow free copper to easily
cross the BBB. Consequently, free copper represents the bulk of copper trans-
ported into the brain [18], whereas ceruloplasmin-bound copper, which is up to
95 % of serum copper, represents less than 1 % of the copper present in the brain
(see Sect. 7.2.2). We measured free copper concentrations up to 3.7 times higher in
AD patients than in controls correlating with CSF AD markers [36], AD main cog-
nitive deficits [28], neuroanatomical and electroencephalographic (EEG) changes
[37], and known genetic risk factors, such as APOE &4 [28, 37]. Also, ceruloplas-
min appeared fragmented, suggesting that the higher-than-normal levels of free
copper might be due to some impairment in the incorporation of copper into that
protein during biosynthesis [28]. Ceruloplasmin fragmentation could be the cause
or the result of a disturbed hepatocyte function, possibly resulting in liver hypome-
tabolism [38].

Since published reports on systemic copper dysfunctions are not univocal [25], we
ran meta-analyses encompassing all data on AD serum, plasma, and CSF studies
published between 1983 and 2012 [39]. Our analyses concluded that AD patients
actually have significant higher levels of serum copper than healthy controls. Even
though modest, the assessed copper increase is high enough to distinguish AD from
healthy controls on the basis of the increase in the free copper fraction, which is a
metabolic error of copper metabolism, and it is increased in a large percentage of
AD patients [28]. The evidence of increased serum concentrations of free copper in
AD has been reported by most of the studies published from 1983 to January 2013
(Table 7.3). Only the recent AIBL study [40] seems to be substantially different
from the others. In this study the mean value of free (non-ceruloplasmin in [40])
copper for healthy controls was in the negative range, differently from all the other
studies (Table 7.3). Twomey et al. [41] proposed 6.6 as the theoretical optimal mean
value of the copper-to-ceruloplasmin (Cu:Cp) ratio in healthy subjects. This ratio is
an index of the accordance of copper and ceruloplasmin pair for each serum mea-
surement to be in a physiological range. As reported in Table 7.3, the Cu:Cp ratio
for the Rembach et al. study [40] was lower than 6.6 and even lower than 6.0 which
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indicates an underestimation of copper with respect to ceruloplasmin values, pointing
out that in the AIBL study ceruloplasmin values were not in line with the other
studies. Ethnicity may account for this result. In fact, as described by AIBL group,
Australia is a geographically isolated country with a different ethnic mix and AIBL
participants reflected this admixture [42]. Serum ceruloplasmin levels are affected
by genetics [43], and several studies have demonstrated that genetic variation among
human populations is associated with significant functional differences in health-
related aspects [44]. Among human populations, Australians showed a very com-
plex genetic structure [45], which, thereby, may explain the differences between
AIBL results and those from the other studies.

We tested the hypothesis that free copper increase may allow distinguishing indi-
viduals affected by MCI from healthy individuals [35]. That study revealed that free
copper and the APOE genotype differentiate MCI from healthy subjects, while free
copper and APOEFEe4 differentiate MCI individuals also from AD patients and asso-
ciate to MMSE worsening, as do age and sex [28]. This is in agreement with recent
data demonstrating that an increase in the ratio of serum copper to non-heme iron
can predict MCI conversion to AD [46, 47].

An interesting insight into this issue came out of a study of ours on normal women
over age 50 [28]. We measured their levels of free and ceruloplasmin-bound copper
and studied the latter’s relationship with MMSE scores and with a battery of 19
neuropsychological tests. We found that free (but not ceruloplasmin-bound) copper
levels correlated inversely with MMSE scores and with all memory-related tests.

Furthermore, since homocysteine is an accepted risk factor for atherosclerosis
and has been reported to be linked to AD risk, we studied its levels in patients with
cognitive impairment both in relation to carotid intima-media thickness and C677T
methylenetetrahydrofolate reductase (MTHFR) polymorphism [48] and to EEG
rhythms in awake resting subjects [28]. We found homocysteine to be higher in
cognitively disturbed subjects and to be associated with the typical slowing of EEG
rhythms, which characterize AD. The increased levels of plasma homocysteine
appeared to be promoted by the TT677 MTHFR genotype and to affect the thicken-
ing of the carotid intima-media. Homocysteine may disturb brain function through
diverse pathways, including microvascular damage, and direct or indirect toxic
interaction with copper. A direct interaction of homocysteine with copper has been
already demonstrated in cell cultures where homocysteine selectively potentiated
toxicity even at low copper concentration [49].

7.7.3 ATP7B as a New Potential Genetic Risk Factor for AD

Maintenance of body copper homeostasis requires copper transporters intensingly
working in the liver to supply copper to cuproproteins. P-type ATPases, and in
particular ATP7B, are copper efflux pumps that regulate the amount of copper leav-
ing the hepatocyte via bile canaliculi and copper supply to nascent ceruloplasmin.
Defects in copper packing into ceruloplasmin increase the amount of free copper
released into blood circulation. We demonstrated increased apo-ceruloplasmin in the
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serum of AD patients [28] and signs of liver hypofunction ascribable to disturbing
effects of free copper on hepatocytes [38]. Moreover, the free copper increase was
tightly related to the AD clinical picture, revealing direct effects on brain functions
[35, 37, 50], which imply increased free copper levels inside the brain [51]. We also
found signs of free copper moving from serum to CSF through the BBB [28] and of
free copper correlations with CSF markers of AD [28]. It is well known from WD
studies that ATP7B failure causes serum free copper to increase beyond the normal
reference range (>1.6 pmol/L). Thus we hypothesized that LoF variants in ATP7B
gene may cause the increased free copper that we observed in AD previously,
strongly supporting free copper as a causative risk factor for AD, accelerating
pathogenic processes.

Our first study on this topic analyzed the ATP7B sequence changes in 2, 5, 8, 10,
14, and 16 exons of the ATP7B gene, where most of the Mediterranean mutations
causing WD are located [17].

In a group of mild—-moderate AD patients, we found high frequencies of the
minor allele in two SNPs causing non-synonymous substitutions in the protein: the
rs1801243 (c.1216T>G) associated with amino acid change serine to alanine in
position 406 and the rs1061472 (c.2495A>G) that cause the amino acid substitution
of lysine to arginine in position 832. Subsequently, we studied another non-
synonymous change arginine in lysine in position 952 (rs732774).

In alarger study population, we confirmed the significant association of rs1061472
genotypes and AD risk and revealed an association for the rs772774 [52].

No other genetic association studies explored the ATP7B hypothesis, and no
GWAS found significant SNPs in the chromosomal region where ATP7B is located.
The GWAS outcome may be due to some limitations of this approach and to com-
plex structure of ATP7B gene. The linear modeling framework often used for
GWASSs usually considers only one SNP at a time, thus ignoring the genomic and
environmental context of each SNP.

Thus GWAS success depends critically on the assumptions made about disease
complexity [53].

Furthermore, the GWASs hardly detect rare variants, which are instead supposed
to account for the missing hereditability of complex diseases [53].

The genetic studies on ATP7B gene revealed a great heterogeneity in this locus,
in which a number of common, uncommon, and rare variants are present [53].

On these items, we hypothesized that ATP7B gene may hide multiple rare variants
associated with large effect sizes for AD [53], and we are currently working to verify
this hypothesis and to test the interaction between these genetic variants and copper-
related biochemical variables in AD patients and in elderly healthy controls.

7.8 Conclusions

The above-described work shows that a systemic metal disarrangement occurs in AD
and that even though copper dysfunctions cannot be assumed as the cause of the
disease, a causative rather than associative role can be claimed in terms of risk factor.



94

R. Squitti et al.

This conclusion is supported by solid clinical, epidemiological, experimental,
meta-analytical, and genetic [28] data. However, further research is needed to
understand the role of ATP7B as a potential harbor of rare variants which could
account for a percentage of the missing hereditability of AD [53].
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Chapter 8
Brain Oxidative Stress in the Pathogenesis
and Progression of Alzheimer’s Disease

Rukhsana Sultana, Aaron M. Swomley, and D. Allan Butterfield

Abstract Alzheimer’s disease is an age-related neurodegenerative disease and is
characterized by the presence of senile plaques (SP), neurofibrillary tangles, and
synapse loss. Amyloid-beta, one of the main components of SP, has been known to
induce oxidative stress and is highly toxic. Using redox proteomics approaches a
number of oxidatively modified proteins were identified in AD and mild cognitive
impairment (MCI) brain that are consistent with the clinical presentation, pathology,
and biochemistry. The identification of key proteins that are highly susceptible to
amyloid-beta-mediated oxidation might serve as biomarkers for use in diagnosing
and also in the identification of therapeutic targets to prevent or delay this devastating
disorder.

Abbreviation

3-NT 3-nitro tyrosine

AD Alzheimer’s disease

ADDL B-amyloid-derived-diffusible ligands
AGEs Advance glycation end products
AICD APPs intracellular c-terminal domain
APC Anaphase promoting complex
APOE 4 Apolipoprotein E allele 4

APP Amyloid precursor protein

Ap Amyloid beta-peptide

APPP -amyloid precursor protein
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BR Bilirubin-IX-alpha

BRCA 1 Breast cancer type-1 susceptibility protein
BV Biliverdin-IX-alpha

BVR-A Biliverdin reductase-A

CBP Creb response binding protein

CDKs Cyclin-dependent kinases

CEL N-carboxyethyl-lysine

CML Ne-(carboxymethyl) lysine

c-MYC Cellular-myelocytomatosis

CR Carbonyl reductase

CSF Cerebral spinal fluid

DMDMAH-1 Dimethylarginine dimethylaminohydrolase 1
DRP-2 Dihydropyrimidinase-related protein 2
EOAD Early onset-AD

F,-IsoP F,-isoprostane

F,-NP F,-Neuroprostane

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Glycer-AGE Glyceraldehyde-derived AGEs

GPX Glutathione peroxidase

GRD Glutathione reductase

GRP Glucose regulated protein precursor

GSH Glutathione

GSK3p Glycogen synthase kinase 3-f3

GSTM Glutathione-S-transferase Mu

HNE 4-hydroxy 2-trans-nonenal

HNE-GSH HNE-glutathione

HO-1 Heme oxygenase-1

HO-2 Heme oxygenase-2

HSPAS Heat shock protein A8

iASPP Inhibitor of apoptosis-stimulating protein of p5S3 (1IASPP)
IDE Insulin degrading enzyme

IGF-1 Insulin growth factor-1 (IGF-1)

IKKp IkB kinase type f

iNOS Inducible nitric oxide synthase

IPL Inferior parietal lobule

LDH Lactate dehydrogenase

LOAD Late onset-AD

MAPK Mitogen-activated protein kinase
MCl/aMCI Non-amnestic/amnestic mild-cognitive impairment
MDA Malondialdehyde

MDH Malate dehydrogenase 1 (MDH)

Mdm-2 Murine double minute-2

MMSE Mini-mental state examination

MnSOD Manganese superoxide dismutase

MRP3 Multidrug resistant protein-3

mtDNA Mitochondrial DNA
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nDNA

NF-E2

NFT

NF-xB
NINCDS-ADRDA

NMDA
NO
NOS
NPrG
Nrf-2
PDI
PICALM
Pinl
PLK
PP2A
PPIase
PRVI
PS-1
PS-2

Rb

RNS
ROS
rRNA
RSNO
SBP1
SCFsk»?
SOD
SOD1/SOD2
Thio-1
TNF-a
TPI
tRNA
UCH -1
UPR
VDAC

Nuclear DNA

Nuclear factor-erythroid 2
Neurofibrillary tangles

Nuclear factor kappa-B

National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association
N-methyl-p-aspartate

Nitric oxide

Nitric oxide synthase
1-N2-propanodeoxyguanosine

Nuclear factor related factor 2

Protein disulfide isomerase
Phosphatidylinositol-binding clathrin assembly protein
Peptidyl prolyl cis-trans isomerase
Polo-like kinase

Protein phosphatase 2-A

Peptidyl-prolyl cis/trans isomerase
Peroxiredoxin 6

Presenilin-1

presenilin-2

Retinoblastoma protein

Reactive nitrogen species

Reactive oxygen species

Ribosomal RNA

S-nitrosothiols

Syntaxin binding protein I

Skp cullin, F-box containing complex
Superoxide dismutase

Superoxide dismutase1/2

Thioredoxin-1

Tumor necrosis factor-o

Triose phosphate isomerase (TPI)
transfer RNA

Ubiquitin carboxy-terminal hydrolase L-1
Unfolded protein response
Voltage-dependent anion channel

8.1 Introduction

Alzheimer’s disease (AD) is the sixth leading cause of death in the USA and is the
most common form of dementia. This disease currently is estimated to affect 5.1
million people aged 65 and older in the USA. With approximately 80 million people
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Fig. 8.1 Presented above are important pathways in the production (names represented in blue)
and breakdown (names of antioxidant enzymes in green) of ROS/RNS (compounds represented in
red) that lead to damaging posttranslational modifications of biomolecules

in the “Baby Boom” population, it is expected that the number of AD patients will
increase to as many as 20 million by 2050 unless means to delay the onset or pro-
gression of the disease are developed [41] (Fig. 8.1).

8.2 Alzheimer’s Disease

AD is histopathologically characterized by the presence of abnormal protein deposits,
including senile plaques (rich in amyloid p-peptide [Af]) and neurofibrillary tangles
(NFT, rich in hyperphosphoryalted tau) [71], and synaptic loss. Structural MRI
studies demonstrate early brain atrophy in AD that is predominant in hippocam-
pus, precuneus, temporal and parietal lobes, parts of the frontal cortex and cingu-
late gyrus. In contrast, the cerebellum typically displays minor, if any, changes in
AD brain compared to controls [37]. FDG-PET analysis demonstrates a character-
istic pattern of decreased glucose metabolism in parietal-temporal association
cortices [62].

Diagnosis of AD is established by criteria outlined by the National Institute of
Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease
and Related Disorders Association (NINCDS-ADRDA) in which both possible and
probable AD is diagnosed using cognitive examinations with the exclusion of other
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possible causes, while definite diagnosis is obtained postmortem or via biopsy.
Within the realm of possible and probable AD, there are also subclassifications that
have been recognized such as non-amnestic/amnestic mild-cognitive impairment
(MCI/aMCI), early onset-AD (EOAD), and late onset-AD (LOAD).

8.3 Mild Cognitive Impairment

MCI is arguably the earliest form of AD. Patients who have developed aMCI have
an increased probability of developing clinical AD [58], yet it remains a challenge
to identify which patients with MCI will proceed to clinical AD and which patients
will not [43]. In this stage of the disease, patients are found to have decreased
hippocampal volume based on MRI measurements [42], decreased energy metabo-
lism, increased number of NFTs and subsequent Braak staging (Stage II-IIT) [11],
lowered MMSE scores, increased levels of amyloid deposition correlated with both
non-amnestic MCI as well as amnestic MCI, as well as cell cycle protein oxidation
and general cycle aberrations [35, 76].

The exact molecular mechanisms that lead to the loss of neurons and develop-
ment of AD pathology are still unclear. Mutations of presenilin-1 (PS-1), preseni-
lin-2 (PS-2), and APP genes have been reported to cause familial AD (FAD). In
addition, other genes, such as apolipoprotein E allele 4 (APOE 4), clusterin (CLU
aka APOJ), phosphatidylinositol-binding clathrin assembly protein (PICALM),
endothelial nitric oxide synthase-3, and alpha-2-macroglobulin, have been sug-
gested as risk factors for AD.

A number of hypotheses have been proposed to link the pathologic lesions,
neuronal histopathology, biochemistry, and clinical symptoms of AD, including
the amyloid cascade, excitotoxicity, oxidative stress, and inflammation hypotheses.
All these hypotheses are based, to some extent, on the role of Ap. The oxidative
stress hypothesis for the pathogenesis and progression of AD [14, 18, 55] is based
on the observations of increased cellular free radical production in AD. Such pro-
duction is proposed to exceed the capacity to scavenge or otherwise neutralize these
damaging moieties, leading to neuronal dysfunction and death that is mediated by
protein oxidation, lipid peroxidation, and nucleic acid oxidation [20].

8.4 Amyloid Beta-Peptide (Af), Oxidative Stress,
and AD Pathogenesis

The Ap-induced oxidative stress hypothesis in AD [14, 55] is supported by
Ap-induced elevation of oxidative stress markers in brain, and subsequent neuronal
degeneration [38]. Senile plaques are composed of a core of AP surrounded by
degenerating neurites. A is derived by the proteolytic cleavage of amyloid precursor
protein (APP) by - and y-secretases. Both Af(1-40) and AB(1-42) peptides, among
other AP peptides, are found in human brain and the former two are the most
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abundant forms of this peptide. AP exists in at least four aggregated states: monomers,
oligomers, protofibrils, and fibrils. Recent data suggest that oligomeric Ap is the
toxic species of this peptide rather than A fibrils themselves [39].

Previous studies [13, 18] have identified the single methionine residue at position
35 of AP(1-42) as a critical mediator of increased oxidative stress and neurotoxic
properties of this peptide. Recent in vivo from our laboratory showed for the first the
time methionine is critical to induce oxidative stress and consequently, a key player
in amyloid pB-induced oxidative stress and AD pathogenesis [81].

8.5 Evidence of Oxidative Stress in Brain of Subjects
with AD and MCI

The atrophy, indicative of neuronal loss, observed in AD and MCI brain by MRI
studies correlates well with increased levels of oxidative stress markers in AD and
MCI brain. Further, the specific targets of oxidative damage reported to date are
linked to the biochemical, clinical, and pathological development of MCI and AD,
and are discussed further below.

8.5.1 Protein Carbonyls

Brain protein carbonyls are increased in AD [28, 31, 74]. In the frontal cortex of
Swedish APP670/671 FAD mutation, increased levels of protein carbonyls, diene
conjugates, and lipid peroxides were found [8]. Further, the levels of carbonyl
reductase (CR) are increased in brain of AD and Down syndrome subjects [3], sug-
gesting enzyme induction due to increased levels of protein carbonyls. The authors
of this report hypothesized a possible role of Af in this observed induction; how-
ever, the activity of CR was not measured, and the mechanism(s) accounting for
increased CR levels were not identified. Since the 20S proteasome is known to
degrade oxidized proteins normally, it is conceivable that oxidative inhibition of the
20S proteasome, similar to the case for the 26S proteasome in AD [47], may occur.
Reduced degradation of protein carbonyls by the proteasome complex may contribute
to the elevated protein carbonyls found in AD brain.

Beta-actin and creatine kinase BB have been identified as specifically oxidized
proteins in AD brain using 2D electrophoresis and 2D Western blots [1]. These
techniques form the basis of the methodology needed to further examine the role of
oxidative modifications of specific brain proteins in AD pathogenesis and have led to
the development and use of redox proteomic [32] techniques to identify carbonyl-
ated brain proteins in AD [23]. 2D gel electrophoresis coupled to mass spectrometry
[32, 77] have allowed the discovery of increased carbonylation of creatine kinase
BB, glutamine synthase, ubiquitin carboxy-terminal hydrolase L-1 (UCH L-1),
dihydropyrimidinase-related protein 2 (DRP-2, also called CRMP2), alpha-enolase,
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and heat shock cognate 71 in AD inferior parietal lobule (IPL) compared to
age-matched controls [23]. Subsequent studies of AD hippocampus demonstrated
specific carbonylation of peptidyl prolyl cis—trans isomerase (Pinl), phosphoglyc-
erate mutase 1, UCH L-1, DRP-2, carbonic anhydrase II, triose phosphate isomerase
(TPI), alpha-enolase, and gamma-SNAP compared to age-matched controls [74].
Consistent with the notion that oxidative modification of proteins leads to dysfunc-
tion of normal cellular processes in AD, the activities of Pinl, enolase, and carbonic
anhydrase II were significantly lower in AD hippocampus compared to matched
tissue samples from control subjects [74]. Others [49] using redox proteomics
showed significant decreased protein carbonyls in malate dehydrogenase 1 (MDH),
glutamate dehydrogenase, 14-3-3 protein zeta/delta, aldolases A and C and increased
oxidation of carbonic anhydrase 1. The sample processing in this study did not use
detergents, and may have led to identification of fewer oxidized proteins than that
seen in other studies as a result of decreased exposure of protein carbonyls. In the
IPL of FAD subjects, increased carbonylation of UCH-L1, gamma-enolase, actin,
and dimethylarginine dimethylaminohydrolase 1 (DMDMAH-1) have been reported
[17]. Others also reported oxidation and accumulation of proteins like UCH L1,
ATP synthase, and Cu,Zn-superoxide dismutase in AD brain [28, 82], confirming
our prior results.

MCI brain also demonstrates increased levels of protein carbonyls [17, 48].
Redox proteomics studies in MCI hippocampus led to the identification of alpha-
enolase, glutamine synthetase, pyruvate kinase M2, and Pin1 as specifically carbon-
ylated proteins recapitulating many of the findings seen in fulminate AD brain
tissue [17]. Recent reports have also identified increased specific carbonylation of
carbonic anhydrase II, heat shock protein 70, mitogen activated protein kinase I,
and syntaxin binding protein I (SBP1) in MCI [78].

8.5.2 Protein Nitration

Increased protein nitration has been reported in AD brain [72], and correlates with
increased nitric oxide synthase (NOS) levels, suggesting a role of nitration in AD
pathophysiology [36]. Redox proteomics studies identified a large number of pro-
teins that are specifically nitrated in AD hippocampal and IPL compared to control
brain, including alpha- and gamma-enolase, lactate dehydrogenase (LDH), neu-
ropolypeptide h3, TPI, and alpha-actin in AD IPL [24], and alpha-enolase,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ATP synthase alpha-chain,
carbonic anhydrase-II, and voltage-dependent anion channel (VDAC) protein in AD
hippocampus [79]. These nitrated proteins are involved in various cellular functions
such as energy metabolism, structural maintenance, pH regulation, and mitochon-
drial function. Oxidative modification (i.e., nitration, carbonylation, etc.) may alter
protein functionality [79]. Excess nitration of TPI was recently confirmed [40] in
hippocampus and frontal cortex of AD subjects, suggesting a link among decreased
glucose metabolism via an impaired glycolytic pathway, nitrosylation of TPI, and
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the formation of AP and paired helical filaments. However, it is not clear why, in
spite of oxidative modification, its activity remains unchanged in AD brain. It is
possible that this nitrosylation is a nonspecific marker of increased oxidative stress
rather than a direct contributor to the development of AD. In contrast, Reyes et al.
demonstrated nitration of Tyr 18 followed by Tyr 29 of tau, which is mostly associ-
ated with or in close proximity to amyloid plaques [64]. Hence, nitration of proteins
may reflect underlying posttranslational modification of proteins in AD.

Consistent with this notion, increased levels of 3-NT in MCI hippocampus and
IPL using immunochemistry were reported [80]. There is also evidence for
AD-specific nitration of MDH, a enolase, glucose regulated protein precursor
(GRP), aldolase, glutathione-S-transferase Mu (GST M), multidrug resistant
protein-3 (MRP3), and 14-3-3 protein gamma in MCI IPL [80]. In MCI hippocampus,
a enolase, MDH, peroxiredoxin 6 (PR VI), DRP-2, fascin 1, and heat shock protein
A8 (HSPAS) were identified as specifically nitrated compared to age-matched con-
trols [80]. A recent study [65] reported S-nitrosyl-cysteine modification of DRP-2,
alpha-internexin, glutamate dehydrogenase 1, alpha-enolase, GFAP, MDH, ProSAAS
precursor protein, proopiomelanocortin, proenkephalin, and septin in the entorhinal
cortex of AD, and suggested that AP activation of glial cells surrounding the SP
might have led to increased nitrosylation of GFAP contributing to the pathogenesis
of AD. Protein disulfide isomerase (PDI), an enzyme that catalyzes thiol-disulphide
exchange, has been reported to be S-nitrosylated in AD brain [84]. Increased nitro-
sylation and decreased activity of this protein in AD may lead to alteration in its
ability to facilitate disulfide bond formation and rearrangement reactions, increased
accumulation of polyubiquitinated proteins, and activation of the ER-resident
unfolded protein response (UPR). Recently Cho et al. [27] reported increased levels
of S-nitrosylation of dynamin-related protein 1 in brains of subjects with AD and
suggested that S-nitrosylation of this protein may trigger mitochondrial fission, con-
sequently adding to known mitochondrial damage in AD, which could contribute to
synapse loss and neuronal damage in this disorder.

8.5.3 Lipid Peroxidation

Increased lipid peroxidation in AD brain has been identified by measuring elevated
levels of free and protein-bound HNE, acrolein, F,-isoprostane (F,-IsoP), F,-
neuroprostane (F,-NP), and isoprostane 8,12-iso-iPF,a-VI [56, 86]. Further, the
increased levels of another marker of lipid peroxidation, malondialdehyde (MDA), in
AD brain have been correlated with the decreased activity of superoxide dismutase
(SOD) [22].

Increased levels of adducts of HNE and glutathione (HNE-GSH) were found in
AD [85]. In normal cells the HNE-GSH adducts are removed by the combined
action of GST, GSH, and MRP-1. However, in AD brain all these detoxification
components were targets of HNE modification themselves, leading to decreased
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clearance of HNE and subsequent accumulation of HNE protein adducts [50, 75].
Further, the proteasome, which removes damaged proteins from the cells, has
elevated HNE- and neuroprostane-conjugation in brain in both MCI and AD [25].
Further, increased levels of lipid peroxidation markers such as thiobarbituric acid
reactive substances, MDA, F,-IsoP, F,-NP, and protein-bound HNE also were
reported in subjects with MCI [19, 48, 56].

Proteomics studies identified regionally specific HNE modification of proteins,
i.e., ATP synthase, GS, MnSOD, DRP-2 in AD hippocampus and a-enolase, aconi-
tase, aldolase, peroxiredoxin 6, and a-tubulin in AD cortex [60]. Some of these
proteins were previously found to either nitrated or carbonylated in AD [24, 74, 79].
The appearance of different oxidative modifications in common target proteins
supports the role of oxidative stress in AD and is consistent with the notion that
these specific proteins may be involved in AD.

In MCI hippocampus and cortex, increased levels of protein-bound HNE in neu-
ropolypeptide h3, carbonyl reductase (NADPH), a-enolase, lactate dehydrogenase B,
phosphoglycerate kinase, heat shock protein 70, ATP synthase alpha chain, pyru-
vate kinase, actin, elongation factor Tu, and translation initiation factor alpha were
identified by proteomics [63]. Increased lipid peroxidation in AD and MCI brain
and arole for AP(1-42) in this process were further supported by studies that showed
loss of apoptosis-related phospholipid asymmetry in AD and MCI [2]. Noting that
the high reactivity of free radicals requires that the initiator of lipid peroxidation
must reside in the lipids, the findings above suggest that, in AD and MCI brain,
oligomeric and hydrophobic Ap (1-42) inserts into the membrane of brain cells to
cause lipid peroxidation and that such changes are an early event in the pathogenesis
and progression of AD.

The proteomics studies suggest that oxidation of proteins is an integral part of the
progression and pathophysiology of AD [57]. The appearance of common targets of
oxidation of proteins between MCI and AD implies their important roles in loss
of cellular energetics, alterations in neurotransmission and cell signaling pathways,
as well as SP and NFT formation. In the following section we discussed about some
the proteins that critical in the progression and pathogenesis of AD.

8.6 Glucose Metabolism and AD

Enolase, an oxidatively modified protein in AD and MCI brain, is important for
regulating glucose metabolism. However, a number of recent studies showed that
enolase also plays important roles in cell signaling, AP clearance, and activation
of cell survival pathways [16]. Oxidative dysfunction of one protein may alter
several cellular pathways implicated in the pathogenesis of AD. This point is fur-
ther illustrated by GAPDH, which is also selectively oxidized in AD [79]. GAPDH
is a key enzyme in the glycolytic pathway; oxidation of GAPDH increases the
levels of the glycolytic intermediates that are upstream to GAPDH such as
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glyceraldehyde-3-phosphate, which can activate the glycation pathway leading to
increased formation of methylglyoxal that can react with the biomolecules, causing
further damage and altered cellular function. Further, the increased levels of
glyceraldehyde-3-phosphate can also lead to activation of protein kinase C pathway
[21]. In addition, to up regulation of other pathways the decreased activity of
GADPH increases influx of glucose through polyol pathway during which NADPH
is consumed, which leads to reduced availability of GSH [29].

GAPDH has recently been shown to play key roles in transcription regulation,
cell signaling, and vesicular transportation in addition to binding to other small
molecules such as nitric oxide (NO), glutathione (GSH), tumor necrosis factor
(TNF)-a. GAPDH also interacts with f-amyloid precursor protein (ABPP) [70].
Hence, oxidative dysfunction of enolase and GAPDH can lead to multiple changes
consistent with pathology, biochemistry, and clinical presentations of AD and
MCI [15]. Modulation of the cellular pathways altered by the selective oxidation
of both GADPH and enolase could prove to be fertile ground for the development
of novel therapeutic agents for AD [15, 16].

Recent longitudinal studies have shown a relationship between AD and glucose
metabolism disorders [10]. One of the key proteins in regulation of glucose levels is
insulin. The regulation of brain levels of insulin is important for proper cognitive
function. For example, insulin is known to regulate the expression of N-methyl-
p-aspartate (NMDA) receptors, one of the calcium (Ca**) regulating protein [33],
that regulates the functions of other proteins that are important in learning and
memory process. Further, the levels of insulin also influences the acetylcholine
transferase, an enzyme involved in the synthesis of acetylcholine which has been
reported to be altered in AD brain and is consequently a key in the etiology of
AD [66].

Interestingly, a recent study showed that insulin protects the neuron against
-amyloid-derived-diffusible ligands (ADDL), important for synaptic deterioration,
induced oxidative stress [10]. Insulin protects the neuron not by simply binding to
ADDL but rather via an insulin dependent signaling mechanism. A pilot study
showed that intranasal insulin administration improves memory and attention in
patients AD patients without affecting the glucose levels [30]. Interestingly, the
enzyme that regulates the insulin levels i.e., insulin degrading enzyme (IDE), is also
important in the degradation of AP [61]. The reduced levels of insulin may also
induce GSK-3beta activity which might lead to increased phosphorylation of tau
protein and consequently NFT formations [69]. Hence, the decrease in insulin as
reported in diabetes might lead to increased accumulation of AP in brain, cognitive
impairment, and eventually AD pathogenesis.

In addition to decreasing the IDE levels, decreased activity of the enzymes
involved in glucose metabolism by oxidation leads to increased glucose accumula-
tion, which may have toxic effects on neurons through osmotic insults and oxidative
stress subsequent to AGE formation. In addition to the effect on neurons, AGEs can
also activate the microglia in the CNS, which can promote more free radicals and
other inflammatory markers. The role of microglia has been proposed to be one of
the underlying mechanism(s) of AD pathogenesis.
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8.7 Pinl and Canonical AD

Proline is an amino acid that may adopt one of two spatial conformations within a
peptide. These two conformations are referred to as cis and trans orientations,
of which the isomerization between the two is known to be a slow step in protein
folding. Pinl, or Protein Interacting with NIMA (never in mitosis-A), is a PPlase
(peptidyl-prolyl cis/trans isomerase) of the parvulin subfamily that specifically acts
upon protein substrates with the motif of phosphorylated Ser/Thr on the amino-
terminal side of an adjacent Pro (pSer/Thr-Pro) [51].

We have recently demonstrated that not only was Pinl oxidatively modified in
age matched control AD hippocampus, but that the activity as well as the protein
expression of Pinl were both found to be significantly reduced [73]. The implica-
tions of this finding are vast when considering the large amount of literature that
links Pinl as a crucial regulator of intracellular processes. When considering AD,
Pinl has been shown to regulate both directly and indirectly amyloid precursor
protein (APP) and Tau, the proteins of which constitute the primary components of
the neuropathological hallmarks B-amyloid plaques and NFTs, respectively. Pinl
has been shown to induce dephosphorylation of Tau at key sites via regulation of
protein phosphatase 2-A (PP2A) and the knock down of Pinl leads to hyperphos-
phorylation and aggregation of Tau positive NFTs [52].

Interestingly, Pinl has been shown to act on the intracellular c-terminal domain
(AICD) pT668-P of APP to direct processing of this protein toward the non-
amyloidogenic pathway [59]. More recently, it has been found that Pinl interacts
with and inhibits the kinase activity of glycogen synthase kinase 3-f (GSK3p)
which has been implicated in both Tau hyperphosphorylation as well as directing
APP toward the amyloidogenic pathway [52]. The discovery that Pinl both directly
associates with the protein precursors to the classical AD pathological hallmarks as
well as the protein kinase systems that contribute to this pathology, illustrates not
only the complex and integral control that Pinl exerts over this system, but also the
potential ramifications that an oxidized and dysfunctional Pinl could have.

8.8 Implications of an Oxidized Pinl in Context
of the Cell Cycle in MCI/AD

In normal non-neuronal cells, the means in which cells divide is through the induction
of the cell cycle creating two daughter cells from one parental cell. This process may
be broken down into four distinct segments (G, S, G,, M); two growth phases G, and
G, which themselves are built around an S phase during which DNA is replicated,
followed by the M phase, or mitosis, which consists of chromosomal as well as cel-
lular separation into two distinct daughter cells. In an effort to control abnormal
proliferation of cells through the different phases of the cell cycle, regulatory points
exist that the cell must fulfill for division to proceed. These checkpoints exist
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between the phases and are maintained by numerous control proteins. Neurons in a
typical non-disease brain of an adult remain in what is called a quiescent state
(the G, phase) wherein the cell cycle has been halted. Neurodegenerative diseases
in which the protein Tau is key demonstrate aberrant cell cycle reentry of quiescent
neurons and has been shown to proceed through multiple cell cycle check points,
yet ultimately failing to complete mitosis and proceeds to apoptosis.

To date, a large number of control proteins important to the cell cycle have been
identified as having aberrant expression, localization, or posttranslational modifica-
tions in AD [9, 46]. Moreover, cell cycle proteins have been found to have irregular
expression in earlier stages of AD. We have reported that levels of CDK2, CDKS,
and cyclin G1 were elevated in both the hippocampus IPL in brains of subjects with
aMCI, demonstrating that cell cycle changes may appear prior to the classical AD
diagnosis [45, 76].

While induction of neurons into the cell cycle by ambiguous means has been shown
to be characteristic of AD, the progression and ultimate failure of the neuron to complete
the cell cycle remains to be clarified in its own right, possibly due to the vast complexity
of cell cycle control. Interestingly, not only does Pinl interact with and promote cell
cycle entry, but Pinl has also been found to be associated with a number of proteins
fundamental to the progression and completion of the cell cycle; associations that could
have disastrous effects in vivo due to deficient expression or oxidized Pinl.

Pin1 has been found to regulate the tumor suppressor p53, a protein of significance
in controlling cell proliferation, through multiple mechanisms including increasing
p53 stability through the interaction of p53 with the E3 ubiquitin ligase murine double
minute-2 (Mdm-2), facilitating the DNA binding of p53 to a number of pro-apoptotic
promoter sites under conditions of cellular stress, enhancing p53 acetylation by p300
or creb response binding protein (CBP) acetylases, and the dissociation of p53 from
the inhibitor of apoptosis-stimulating protein of p53 (iASPP) which is a key inhibitor
of p53 [54]. In addition to p53, Pinl has been implicated as a crucial player in the
regulation of phosphorylated retinoblastoma protein (pRb), a key mediator of the G1/S
phase transition. Evidence demonstrates that Pinl plays a crucial role in the associa-
tion of pRb with CDK/Cyclin complexes and release of E2F transcription factors
important for entry into the S-phase [67]. Pinl has been shown to directly affect the
stability of the cell cycle inhibitor p27"F! via interaction with the SCF**? (skp, cul-
lin, F-box containing complex) E3 ubiquitin ligase complex [87].

The finding of an oxidized and dysfunctional Pinl makes a significant contribu-
tion to the two-hit hypothesis proposed by Zhu et al., providing a direct link in
which increased oxidative stress in conjunction with cell cycle abnormalities play
vital roles in AD pathogenesis [88].

8.8.1 Heme Oxygenase-1/Biliverdin Reductase-A

HO is an enzyme that oxidizes the heme moiety of heme-associated proteins and
exists in two major isoforms arising from different genes: constitutively expressed
heme oxygenase-2 (HO-2) and inducible HO-1, also known as heat shock protein-32
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(Hsp-32). Using NADPH and oxygen, HO-1 produces ferrous iron, carbon monox-
ide, and biliverdin-IX-alpha (BV) through the hydrolysis of the tetrapyrrolic ring of
heme moieties. Working with BVR-A, HO-1 provides the substrate, BV, for the
production of the antioxidant bilirubin-IX-alpha (BR), which has been hypothe-
sized to redox cycle between BR and BV in the presence of BVR-A and ROS,
thereby protecting the cell from cytotoxicity [4, 53]. Notably, BVR has also been
shown to function as a dual-specificity Ser/Thr and Tyr kinase plugging into the
insulin growth factor-1 (IGF-1) and MAPK pathways as well as regulates the
expression of various oxidative stress adaptive responsive genes [44, 83]. Research
conducted by our laboratory revealed a significant elevation in HO-1, the inducible
isoform, in AD hippocampus as well as increased posttranslational modifications
including global protein phosphorylation and protein/lipid oxidation in both AD
and MCI hippocampus and the classically unaffected AD region of the brain, the
cerebellum [5].

We also found that BVR-A expression is significantly increased, has a significant
reduction of phosphorylation on Ser/Thr as well as Tyr residues, and displays a sig-
nificant reduction in both AD and MCI hippocampus [6]. In addition to these findings,
it was demonstrated that in AD and MCI hippocampus, BVR-A had significant nitro-
sative modifications in the form of 3-NT, while simultaneously displaying a marked
decrease in both protein bound carbonyls and HNE. Protein bound 3-NT levels
correlated with a significant increase in inducible nitric oxide synthase (iNOS),
which produces the radical NO, in both AD and MCI hippocampus and which, in the
presence of superoxide, produces the peroxynitrite anion shown to be a precursor to
protein-bound 3-NT [6]. Because BVR-A has been shown to plug into several impor-
tant metabolic pathways, including upstream insulin signaling, the effects of impaired
or aberrant BVR-A activity could prove disastrous for the neuron in AD.

8.8.2 Altered p53 and Cellular Redox Status

p53 is a multifunctional protein that plays a major role in monitoring the state of cell
proliferation and stress response through the transcription of key proteins in an
effort to prevent damaged DNA from progressing to the next cellular generation [7].
The activity and stability of p53 as a transcription factor is regulated by many inde-
pendent mechanisms [34, 54]. It is not clear exactly how p53 influences or is influ-
enced by the redox state of the cell, research has shown that p53 plays a dual role,
either increasing or decreasing ROS/RNS generation dependent on the cell type
involved [7]. It has been hypothesized that p53 activity is dependent upon a threshold
level of oxidative stress, having a number of key residues that are redox sensitive,
as well as a possible altered or “mutant” 3D conformation upon posttranslational
modification that may change the type of genes transactivated by p53. Importantly,
we showed that such oxidative/nitrosative posttranslational modifications of p53 do
occur in both MCI and AD inferior parietal lobule [26].

Buizza et al. immortalized lymphocytes collected from patients of controls, early
onset AD (EOAD), and AD to determine if progression of the disease correlated
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with increased oxidative stress, decreased oxidative stress responsive enzyme
expression or activity, and altered conformation of p53 [12]. The researchers found
that protein bound HNE and 3-NT were significantly elevated (p <0.05) in lympho-
cytes of AD patients, while the difference in oxidative parameters measured in
EOAD compared to controls were elevated but not statistically significant. To deter-
mine the state of cellular machinery designed to regulate proper cellular redox status,
the key proteins superoxide dismutasel/2 (SOD1/SOD2), glutathione peroxidase
(GPX), glutathione reductase (GR) had their expression levels and activity measured.
It was found that while the expression of these enzymes was not statistically altered,
the activity of SOD and GR were found to be significantly decreased while GPX
activity was found to be simply decreased. Most interestingly, using conformation-
ally specific anti-p53 antibodies, it was found that an unfolded or altered p53 confor-
mation correlated with an increasingly oxidized/nitrated p53 and diminished SOD
activity indicating that the redox status of the cell influences the structural composi-
tion of p53 in lymphocytes. This finding gives rise to the potential of a peripheral
diagnostic marker for the progression of AD [12].

As discussed, p53 has been found to play a dual role in both increasing and
decreasing ROS/RNS dependent on the cell type, as demonstrated in non-neuronal
cells by the ability of p53 to induce expression of antioxidant genes beneficial to
cellular homeostasis in the absence of exogenous stress; while an increase in oxidative
stress may lead to a pro-oxidant and pro-apoptotic p53 [68]. In neurons the thresh-
old level discussed appears to be lower than in non-neuronal cells leading to a pro-
oxidant p53 under basal conditions. For this reason, we used p53 knockout [p53©/7]
mice to determine the basal oxidative and nitrosative stress levels as well as antioxi-
dant defense system activation in various neuronal compartments in the absence of
p53 [7]. It was found that the oxidative/nitrosative stress was statistically decreased
in the p53 null mice, the most drastic changes occurring in the nucleus and mitochon-
dria. The expression levels of the redox protective entities thioredoxin-1 (Thio-1),
BVR-A, manganese superoxide dismutase (MnSOD), IkB kinase type § (IKKf), and
nuclear factor kappa-B (NF-kB) were all found to have significantly increased levels,
while a significant decrease in nuclear factor-erythroid 2 (NF-E2) related factor 2
(Nrf-2) was observed in the nuclear fraction [7]. The explanation given by the
authors was that a loss of p53 appears to perturb the normal cellular homeostasis,
resulting in the activation of protective machinery to avoid cellular damage or death.
While the overall findings support their conclusions, it is evident that the intricacies
of the mechanisms induced upon loss of p53 require further evaluation.

8.9 Conclusion

The oxidative stress elevation at different stages of AD and the appearance of
specific protein targets of oxidation such as enolase and Pinl suggest that specific
proteins might be key players in AD pathogenesis (Fig. 8.2). As discussed above,
most of the targets of protein oxidation have multiple functions, and suggest a link
between metabolic disorders and the initiation and progression of AD (Fig. 8.2).
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DRP-2 Tau
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Fig. 8.2 Venn diagram representing selected key proteins implicated in the different dysfunctional
systems found within Alzheimer and MCI diseased brains/model systems. Protein names colored
red represent a direct or indirect regulation by Pinl

There have been many studies tasked with finding ways to use biomarkers in the
cerebral spinal fluid (CSF), oxidative stress biomarkers (OSBs) in blood and
plasma [89], and protein and lipid oxidation of mitochondria [90] in order to
correlate pathology with cognition obtained from examinations such as MMSE.
The importance of identifying biomarkers for use in diagnosing the stages of pro-
gressing AD is underscored by the fact that known pathological markers such as
B-amyloid deposition occur prior to cognitive deficits which could allow for earlier
and potentially more effective treatments.
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Chapter 9
Cholesterol Metabolism and Oxidative Stress
in Alzheimer’s Disease

Luigi Iuliano and Valerio Leoni

Abstract Cholesterol has a prominent role in cell structure and function, in the
brain, including signal transduction, neurotransmitter release, synaptogenesis, and
membrane trafficking. Perturbation of cholesterol trafficking in the brain is poten-
tially linked to the pathogenesis of Alzheimer’s disease (AD). Cholesterol is unable
to pass the blood—brain barrier, and its level in the brain depends exclusively on
de novo synthesis and elimination, which rely on local transcription of ApoE and
cassette transporters (ABCA1, ABCG1, and ABCG4) involved in the lipid trans-
fer across membranes. These pathways are controlled by oxysterols. In order to
maintain homeostasis, cholesterol is converted into 24-hydroxycholesterol by
the neuronal specific cholesterol 24-hydroxylase, which is located in the endo-
plasmic reticulum. The putative role of upregulated oxidative stress in AD has
raised interest in nonenzymatic oxysterols, which are generated by free radical
species, such as those arising from the superoxide/hydrogen peroxide/hydroxyl
radical system and by non-radical highly reactive oxygen species such as singlet
oxygen, HOCI, and ozone. The analysis of oxysterols is a valuable tool to nonin-
vasively investigating the role of cholesterol metabolism in the pathogenesis of
neurodegeneration.
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9.1 Body Cholesterol Metabolism

Cholesterol, b-hydroxycholest-5-ene, is a structural element of the eukaryotic
membranes regarded to be the most prominent “fluidity buffer” supporting the
structure and function of lipid bilayers, is involved in varied cellular processes.
Cholesterol metabolism—which is tightly regulated and depends on absorption,
synthesis and biotransformation—is involved in a variety of metabolic pathways
(Fig. 9.1), including those of bile acids, hormones, vitamin D, and oxysterols, which
are compounds generated by the addition of oxygen into the cholesterol structure.
Our coverage concentrates on cholesterol and oxysterols in the attempt to give a
summary of their action in brain, while bile acids, hormones, and vitamin D are out
of the scope of this review.

9.1.1 Cholesterol Absorption and Synthesis

Cholesterol pool in the body results from dietary sources and de-novo synthesis;
except for the brain that has no access to cholesterol of the blood compartment due
to blood-brain barrier constraints. Under normal conditions, about 60 % of body’s
cholesterol is synthesized (about 700 mg/day), and the remaining is of dietary origin.
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Cholesterol is absorbed from the intestinal lumen and is transported by chylomicrons
to the liver where it can be esterified, converted into bile acids or loaded into very
low density lipoproteins (VLDL) to be delivered to extrahepatic tissues. In the cir-
culation, VLDL are remodelled by lipoprotein lipase to form low-density lipopro-
teins LDL. Cells fulfill their needs of cholesterol by de-novo synthesis or by taking
up cholesterol from the LDL that circulate in the blood. LDL uptake, except in
macrophages, is strictly regulated via the LDL receptors that bind Apolipoprotein B
[1]. The influx of cholesterol inhibits HMG-CoA reductase and LDL receptor
expression, and stimulates cholesterol esterification by acylCoA:cholesterol acyl-
transferase. Eventually, cholesterol is extruded by the cell to be transported back
to the liver by HDL that acquire cholesterol directly from the plasma membrane
through the action of proteins of the ABC-transporter cassette family. About 1 g of
cholesterol is eliminated into the feces every day as it is or after conversion into
bile acids, which have a decisive role in the solubilization and absorption of lipids,
vitamins, and drugs.

9.1.2 Cholesterol Biotransformation into Oxysterols

Enzymatic and nonenzymatic addition of oxygen to the cholesterol molecule generate
a class of derivatives, namely, oxysterols.

There are numerous cholesterol metabolizing enzymes (Fig. 9.2), many of which
belong to the cytochrome P450 family [2], involved in the production of oxysterols.
Cholesterol 7a-hydroxylase (CYP7AL1) is a hepatic enzyme that converts cholesterol
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into 7a-hydroxycholesterol (7a-OHC), a starting intermediate in the biosynthesis
of bile acids [3]; 7a-OHC is next converted into 7alpha-hydroxy-4-cholesten-3-one,
by a microsomal 3f-hydroxy-A’-C,;-steroid oxidoreductase (C27 3p-HSD) that can
be used as a marker of bile acid synthesis [4]. A portion of 7a-OHC formed in the
liver leaks out into the circulatory system: the concentration of 7a-OHC in blood
plasma correlates with the activity of CYP7AL1 [5]. The drug-metabolizing enzyme
CYP3A4 has been shown to convert cholesterol into 43-hydroxycholesterol [6], an
oxysterol that can be used as an endogenous marker of CYP3A4 and CYP3AS
activity [7]. 24(S),25-epoxycholesterol (24,25EC) is synthesized in a shunt in the
mevalonate pathway, parallel to cholesterol and utilizing the same enzymes, and is
not derived from preformed cholesterol [8] (Fig. 9.3).

Oxysterols can be formed in the absence of enzymatic catalysis, in a pathway
termed “autoxidation” produced by free radical species, i.e., the superoxide/hydrogen
peroxide/hydroxyl radical system, and by non-radical reactive oxygen species such
as singlet oxygen, HOCI, and ozone [9] (Fig. 9.4). Cholesterol autoxidation falls
into the field of lipid peroxidation, a field that can be traced back to the 1930s when
studies related to the deterioration of foods, mostly due to susceptibility to oxidation of
polyunsaturated fatty acids (PUFA), were carried out [10]. Lipid peroxidation
causes alterations in fluidity and permeability, and the damage can be transferred a
distance away from the initial site through reactive intermediates to damage other
cellular constituents, such as proteins, sugars and nucleic acids, accounting for the
putative pathophysiological role of lipid peroxidation in several conditions such as
cardiovascular diseases, neurological diseases, aging and cancer. The unique double
bond at position 5,6 makes cholesterol susceptible to nonenzymatic oxidation via
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free radical and non-free radical reactions, which lead to an array of oxysterols [9].
The preferential site of oxidation of cholesterol by free radicals is at carbon-7 where
the carbon—hydrogen bond is relatively weak; the dissociation energy of this bond
is 88 kcal/mol [11] The resulting 7p-hydroxycholesterol (7p-OCH), for which
there is no specific enzyme detected in vivo [12] is relatively stable and suitable for
analytical purposes as surrogate marker of oxidative stress [13].

Oxysterols are known to exert a multitude of biological effects of potential
pathophysiological relevance, which are mediated by biophysical effects on mem-
branes and/or stereospecific interactions with proteins. Oxysterols are part of the
cellular machinery governing the metabolic function and integrity of the cell acting
as signals or translational/posttranslational-gene expression regulators. Key pro-
teins in the control of metabolism reportedly targets for oxysterols include: recep-
tors transcription factors such as are the liver X receptors (LXRs) [14], which exert
a key role in lipid metabolism, the sterol regulatory element binding proteins
(SBREPs) [15], or the estrogen receptor (ER) and other proteins involved in choles-
terol homeostasis such as the HMGCoA reductase, the oxysterol-binding proteins
(OSBP), the estrogen receptor, the Nieman Pick disease proteins (NCP1, NCP2)
[16], and the Hedgehog system [17]. The discovery in oxysterols area is expanding
dramatically and reveals more and more oxysterols of valuable potential importance
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in biological systems. For instance, 5,6-secosterol and its carboxaldehyde are likely
biomarkers in inflammation-oxidative stress processes [18]; 24-cholest-5-ene-
3B,7a-triol (a metabolic transformation product of 24-OHC [19]) (Fig. 9.5), and
7Ta-hydroxy-3-oxo-4-cholestanoic acid 3p-hydroxy-5-cholestanoic acid (transfor-
mation products of 27-OH-cholesterol) (Fig. 9.6)[20] impact on brain control of
cholesterol metabolism with potential relevance in neurodegenerative diseases,
including in aging.

9.2 Brain Cholesterol

In the brain, cholesterol is about tenfold higher than in any other organ—about
25 % of the total body cholesterol is located in the brain—and has a remarkably
long half-life, turning over some 250-300 times slower than that in the circulation.
Cholesterol is involved in synaptogenesis, turnover, maintenance, stabilization and
restoring of synapses and is a limiting factor for outgrowth of neuritis being involved
in vesicle transport and exocytosis at synaptic levels (for reviews see [21]).
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Within the brain, about 70 % of cholesterol is present in myelin, 20 % in glial
cells, and 10 % in neurons. According to various in vitro studies with cultured cells,
astrocytes synthesize at least five- to tenfold more cholesterol than neurons, while
oligodendrocytes have an even higher capacity for cholesterol synthesis, at least
during periods of active myelination [22]. After brain maturation, i.e., in the adult-
hood, neurons down-regulate their cholesterol synthesis and use at least partly cho-
lesterol from astrocytes (the “outsourcing’ hypothesis of brain cholesterol metabolism
[21]). ApoE is the main lipid carrier protein in the CNS and is released by astrocytes
in order to supply neurons and synaptogenesis with lipids and cholesterol [23-25].
Due to the efficiency of blood—brain barrier, there is no passage of lipoprotein-bound
cholesterol from the circulation into the brain [22]. Almost all (at least 99 %)
cholesterol in the nervous system is unesterified.

9.3 Oxysterols and Brain Cholesterol Homeostasis

In the adult brain, most of the synthesis of cholesterol is balanced by the formation
of 240HC, which is able to cross the blood-brain barrier and enter the circulation
[22, 26]. The addition of hydrophilic moieties allows oxysterols to transfer
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between membranes with several orders of magnitude faster than cholesterol.
About 6-8 mg/24 h of cholesterol is released as 240OHC by the brain into the circu-
lation [26]. In parallel, ApoE mediates a small efflux of cholesterol from the brain
into the cerebrospinal fluid [27].

Under normal conditions, cholesterol 24-hydroxylase (CYP46A1), the enzyme
forming 240HC, is only expressed in neuronal cells associated with grey matter,
mainly in cerebral cortex, hippocampus, dentate gyrus, amygdala, putamen, and
thalamus [28].

CYP46A1 knockout mice show alteration in synaptic maturation associated
with severe deficiencies in spatial, associative and motor learning associated with a
delay of long lasting potential, but a modest reduction of HMCoA-reductase activity
and cholesterol synthesis rate unaffecting the total brain cholesterol content [29].

Biotransformation of 240OHChol should also be considered. CYP39A1, which is
highly expressed in the liver and specifically transform 24-hydroxycholesterol into
(24R)-cholest-5-ene 3-b,7-a,24-triol [19] (Fig. 9.5) to be eliminated through the
bile acid system, is also expressed in the brain [30]. Such a biotransformation of
240HC may play an additional role in cholesterol trafficking in the brain.

In most cells outside the brain, cholesterol is eliminated by side chain oxidation of
carbon-27 by the enzyme sterol 27-hydroxylase (CYP27A1), which is located in the
inner membrane of the mitochondria and is abundantly expressed in macrophages.
270HC is able to pass the blood-brain barrier and its levels in the cerebrospinal
fluid (CSF) are significantly correlated with the corresponding levels in the circu-
lation [31]. A putative highly efficient mechanism for eliminating 270HC from
the brain, is the metabolic transformation of 270HC to its metabolites 7-a-hydroxy-
cholestanoic acid and 7a-hydroxy-3-oxo-4-cholestanoic acid, which are able to rapidly
cross the blood—brain barrier [20] (Fig. 9.6).

Recently, Wong et al. [32] reported that 24,25-epoxycholesterol is synthesized in
primary human brain cells, specifically in astrocytes and neurons, and is able to
modulate the expression of LXR and SREBP target genes.

9.4 Cholesterol Metabolism and Alzheimer’s Disease

9.4.1 AD Pathophysiology

Cholesterol influences a number of processes involved in the generation of the neuritic
plaques and neurofibrillary tangles [33].

AD begins with abnormal processing of amyloid precursor protein (APP) that
leads to excess of production and/or reduction in clearance of Ap in the brain. APP,
a transmembrane protein with a large extracellular domain, can go through an initial
a- or B-cleavage, followed by a further y-cleavage, to yield aAPP and P3 peptides
or the PAPP and AP peptides, respectively. The increased amount of AP oligomers
turns in AP aggregates and fibrils that progressively increase the number and
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dimension of plaques. Thus, several mechanisms (i.e., toxic effect of p oligomers,
perturbation of brain metabolism, presence of ApoE &4 allele, oxidative stress, inflam-
matory response, and impaired cholesterol metabolism) contribute to abnormal tau
aggregation, synaptic dysfunction, cell death, and brain atrophy and shrinkage [34].

AP plaques and NFT are associated with neurodegeneration characterized by
atrophy, neuron loss and gliosis. Neurodegeneration and NFT deposition are neuro-
nal processes with a similar topographic distribution; AP plaques are extracellular
and occur with a different but somehow overlapping distribution to NFT and neuro-
degenerative pathological changes. The cognitive impairment and other clinical
symptoms are related to neurodegeneration and especially to loss of synapses.
Cerebral atrophy and not AP or NFT burden is the pathological substrate of cognitive
impairment [34].

9.4.2 Cholesterol and Neurodegeneration

High plasma cholesterol at midlife [35] and the &4 allele of Apolipoprotein E
(ApoE) [36] are significant risk factors for sporadic AD. Cholesterol influences a
number of processes involved in the generation of the neuritic plaques and neurofi-
brillary tangles [37]. Increased membrane cholesterol favors the activity of the
[B-secretase pathway, accumulation of Af1-40 and Ap1-42 peptides, and increase in
amyloid deposits [38]. Conflicting results are, however, reported in the literature by
other studies [39]. In AD patients, but not in MCI or control individuals, lower
plasma total cholesterol and LDL-C were found associated to lower brain volumes/
higher CSF volumes [40]. A large 21-year follow-up study presented an association
between serum total cholesterol changes from midlife to late-life and late-life cog-
nitive status. A moderate decrease in serum cholesterol is associated with increased
risk of a most impaired late-life cognitive status [40]. It is likely that, while high
midlife cholesterol is a risk factor for AD, decreased cholesterol later in life instead
reflects an ongoing pathological process in the brain and should be considered as a
frailty marker, predictive of worse cognitive functioning [41].

The study of oxysterols may help to explain the apparently contrasting observations
about higher levels of cholesterol as a risk factor, and impaired cholesterol metabolism
in patients with neurodegenerative diseases.

9.4.3 Oxysterols and Neurodegeneration

Under in vitro conditions, 240OHC is an efficient inhibitor of the formation of A
[25,42], while 270HC shows a much lower capacity to inhibit this reaction. 240HC
was shown reduced and 270HC increased in brain samples from AD patient [43].
27-OHC-challenged SH-SYSY cells release high amounts of Ap42, beta-amyloid
precursor protein (APP), and fB-secretase (BACEL). These effects are not observed
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with 240HC that, in contrast, increases the levels of sAPPalpha, suggesting that
24-OHC favors the processing of APP towards a non-amyloidogenic pathway [42].
It is likely that the reduced levels of 240OHC may accelerate the progress of the
disease and the increased levels of 270HC may not be able to compensate for this
[44]. In hypercholesterolemia plasma levels of 270HC are higher compared to
normal individuals, and may account for an accelerated deleterious brain uptake
that antagonize the protective effect of 240HC [44].

The biochemical function of APP and the mechanism of the toxicity of f-amyloid
are still unclear. It has been show that f-amyloid can oxidize cholesterol to form
7p-hydroxycholesterol (73-OHC) in a highly efficient mechanism [45]. The rate of
reaction between cholesterol and p-amyloid was comparable to the rates of choles-
terol metabolizing enzymes (kcat~0.211 min™'). In turn, 78-OHC was able to inhibit
secretion of soluble APP from cultured rat hippocampal H19—7/IGF-IR neuronal
cells, as well as to inhibit tumor necrosis factor-a-converting enzyme [-secretase
activity. 7p-OHC causes rearrangement of the liquid-ordered phase [46], which
results in the creation of lipid rafts, and is a potent inhibitor of a-protein kinase C,
an enzyme critical for memory consolidation and synaptic plasticity and implicated
in AD [45].

Recently, cholesterol ozonization has attracted the attention for the putative for-
mation of ozone within the body. In a series of studies, Wentworth provided evi-
dence that ozone may be produced inside the body at sites of inflammatory reactions
by the superoxide-hydrogen peroxide/HOCI system and of a newly discovered
catalytic domain on the antibody molecules [47]. Concomitantly, the putative spe-
cific cholesterol ozonization product 5,6-secosterol was described within the ath-
erosclerotic plaques [48] and in brain tissue extracts obtained from patients with
AD [49].

On the one hand, the relevance of these reports is limited by some controversy
concerning the identification of the products and the mechanism of formation of
ozone [50] along with the pathway of cholesterol autoxidation that does not support
the fingerprint molecules of cholesterol ozonation. On the other hand, the isolation
of 5,6-secosterol, from pathologic tissue specimens of blood vessels and from the
brain, is of great importance to further explore the role of oxysterols in disease
mechanism. Cholesterol ozonolysis products, including 5,6-secosterol and its car-
boxaldehyde, may participate in neurodegenerative disease mechanisms at the amy-
loid peptide level. From a chemical perspective, this group of oxysterols is highly
reactive in that they contain an aldehyde group, which in Af may condense with
amine at the N-terminus and with e-amino groups of Lys-16 and Lys-28. This modi-
fication would increase the hydrophobicity of the peptide, possibly increasing its
propensity to misfold and assemble into the quaternary structures associated with
AD. Zhang et al. [49] demonstrated that 5,6-secosterol and its carboxaldehyde
covalently modify Af, dramatically accelerating its amyloidogenesis in vitro. These
results, validated by the detection of ozonolysis products in the brain [49], provide
a possible chemical link between hypercholesterolemia, inflammation, atheroscle-
rosis, and sporadic AD.
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7-dehydrocholesterol, a precursor of cholesterol and vitamin D, is extremely
reactive and has been found to have the highest propagation rate constant known for
any lipid toward free radical chain oxidation [51]. The rate constant for autoxidation
of 7-dehydrocholesterol (kp~ 2,200 M~! s7!) is ten times higher than that of arachi-
donic acid (kp~200 M~! s7)[51]. Elevated levels of 7-DHC and reduced levels of
cholesterol are observed in tissues and fluids of patients with Smith—Lemli—Opitz
syndrome (SLOS), which is a metabolic disorder resulting from mutations in the
gene encoding 7-dehydrocholesterol reductase (DHCR7), the enzyme that catalyzes
the reduction of 7-dehydrocholesterol (7-DHC) to cholesterol [52]. SLOS is charac-
terized by a broad spectrum of phenotypes including multiple congenital malforma-
tions and mental retardation. Oxysterols derivatives of 7-DHC oxidation are
biologically active towards Neuro2a cells [53], and at sub-pM to pM concentrations
trigger changes in expression of genes involved in lipid biosynthesis and cell prolif-
eration [53]. Among these oxysterols, the compound 3f,5a,dihydroxycholest-7-
ene-6-one has been identified in fibroblasts from patients with Smith—Lemli—Optiz
syndrome [51], with a proposed mechanism of formation based on transformation
of 7DHC into the intermediates Sa,6a-epoxycholest-7-en-3p-ol and 7-cholesten-
3B,5a,6p-triol. These oxysterols, derived from autoxidation processes, may be
useful biomarkers to investigate the pathological mechanisms in SLOS and could be
exported to other clinical settings of neurodegenerative disorders.

9.5 Plasma Oxysterols in Alzheimer’s Disease

Almost all the plasma 240HC in humans seems to have a cerebral origin, and to
reflect the number of metabolically active neuronal cells in the brain. In line with
the hypothesis that the number of metabolically active neuronal cells are decreased
in the brain of patients with neurodegenerative diseases, plasma levels of 240OHC
have been reported to be decreased in AD, Vascular Dementia, Multiple Sclerosis
and Huntington’s Disease in relation to the disease burden and the loss of metaboli-
cally active neuronal cells [54-61]. The progressive, extensive, atrophy in AD
would be expected to be associated to a progressive reduction of plasma 240OHC
[62—-64]. In support of this concept, a significant correlation between 240HC and
hippocampal volume [59] was found in aged individuals referring episodes of cog-
nitive impairment [60]. Higher plasma 240HC was described in AD patients in
agreement with the hypothesis that neuronal damage could be associated to a higher
turnover of neuronal membranes, which provides higher levels of cholesterol to be
converted into 24OHC [65]. Recently, plasma 240HC was found significantly
increased in AD patients [63]. However, in about 50 % of controls evidence of brain
atrophy was detected and CSF biomarker definition was missing. Levels of 240OHC
were found to correlate with C reactive protein, providing a link between 240OHC
metabolism and systemic inflammation [63]. Difference in patients’ selection might
partially explain these conflicting data. Other studies reported that plasma levels of



130 L. Iuliano and V. Leoni

240HC and 27-OCH in AD patients were not significantly different than in control
subjects [66]. In this study, a high positive correlation was observed between
24S-OHC and 27-OHC in the whole patient group, suggesting that the two oxysterols
share the mechanism contributing to their plasma level [66].

Plasma levels of oxidative stress-driven oxysterols, including 78-OCH and
7-0x0C, and a-tocopherol were investigated in AD patients and two amnestic MCI
subtypes, amnestic single-domain MCI and multi-domain MCI, compared to
healthy control subjects [66]. 7-OHC and 7-oxoC, which are validated markers of
lipid peroxidation, have been described as elevated in several conditions associated
with increased oxidative stress, such as the vascular disorders [67]. Unlike previous
studies in other disease settings [12, 68—70], this study did not detect any significant
increase in blood 78-OCH or 7-oxoC levels of patients, compared to healthy controls.
This neutral result could limit the usefulness of these cholesterol oxidation markers
in this specific disease. However, an upregulated oxidative stress was reported in
this study inasmuch it was found a progressive reduction of the a-tocopherol/
cholesterol ratio from HC, throughout MCI, to AD patients. Consumption of
vitamin E in the presence of unaltered concentrations of plasma 7p-OHC and
7-oxoC is consistent with an increased flux of free radicals in the brain of dementia
patients with consumption of the antioxidant, which is reflected back into the
plasmatic vitamin E pool.

Taken together, these results suggest that plasma 24OHC should not be used to
discriminate aging from AD patients [31, 66, 71]. A bias in patient selection or in
the analytical methods used by different laboratories could account for the discrep-
ancies in blood oxysterol levels in these studies. Because these potential biases limit
the usefulness of oxysterols as molecular probes of disease, the standardization of
analytical methods is mandatory.

9.6 Oxysterols in Cerebrospinal Fluid

About 99 % of the flux of 240OHC from the brain goes directly into the blood-stream
and less than 1 % goes first to the CSF. The small fraction in CSF seems to reflect
the rate of neuronal degeneration rather than the mass of metabolically active neu-
ronal cells [72]. Also 270HC could be detected in CSF and its levels were found to
correlate with the function of the blood-brain barrier and the albumin ratio [72].
Increased CSF levels of side-chain oxysterols were described in some neurodegen-
erative disorders such as MS and AD, with a relative higher 24OHC/270HC ratio
[31, 72-75]. In active demyelinating processes, significantly higher levels of both
oxysterols were found [31, 72].

Hereditary spastic paresis is a genetically, and clinically, heterogeneous group of
degenerative diseases that involve the upper motor neuron, and is characterized by
selective axonal loss in the corticospinal tracts and dorsal columns. In Hereditary
spastic paresis, in which a SPG5 mutation in CYP7BI1 is described, high levels of
270HC are reported, both in plasma (up to 5-9-fold) and CSF (up to 30-fold) [76].
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9.7 Conclusions

There is increasing need to understand mechanisms of neurodegenerative disorders,
and to identify reliable biomarkers that may allow for less invasive and more accu-
rate diagnosis, as well as serve as a predictor of disease progression and treatment
response. Cholesterol and its oxygenated products, oxysterols, play prominent roles
in brain functions and in the pathophysiology of amyloidogenesis and neurodegen-
eration and are subjects of intense investigation. The increasing number of oxyster-
ols, formed by enzymatic catalysis and/or oxidative stress mechanisms, have
potential biological importance and require further characterization at the chemical,
biological and clinical level. Cholesterol metabolism in the brain may provide novel
therapeutic target for management of neurodegenerative disorders.
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Chapter 10

Brain Hypometabolism, Oxidative Stress,
Maternal Transmission, and Risk of Late-
Onset Alzheimer’s Disease

Lisa Mosconi, John Murray, Pauline McHugh, and Mony de Leon

Abstract Alzheimer’s disease (AD) is an age-dependent neurodegenerative disorder
associated with progressive loss of cognitive function. Positron emission tomogra-
phy (PET) imaging with 2-['®F]fluoro-2-deoxy-D-glucose (FDG) as the tracer has
long been used to measure resting-state cerebral metabolic rates of glucose, a proxy
for neuronal activity. Several FDG-PET studies have shown that metabolic reduc-
tions occur decades before onset of AD symptoms, suggesting that metabolic defi-
cits may be an upstream event in at least some late-onset AD cases. This review
explores this possibility, initially by discussing the link between AD pathology and
neurodegeneration, with a focus on the metabolic pathways involved in neuronal
function and bioenergetics, and the relationship between glucose metabolism,
oxidative stress, and AD. This will be followed by a summary of the FDG-PET
method, ranging from physics to kinetic modeling, and PET findings in AD. We will
then discuss recent findings of progressive FDG-PET hypometabolism in adult chil-
dren of mothers, but not fathers, affected by late-onset AD. Given the connection
between glucose metabolism and mitochondria and the fact that mitochondrial
DNA is maternally inherited in humans, it will be argued that altered bioenergetics
may be an upstream event in individuals with a maternal family history of AD.
Biomarkers of AD have great potential for identifying AD endophenotypes in
cognitively intact individuals at risk for AD, which may help direct investigation of
potential susceptibility genes.
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10.1 Alzheimer’s Disease: Clinical Features, Prevalence,
and Pathology

Alzheimer’s disease (AD), the leading cause of dementia in the elderly, is a
neurodegenerative disorder with insidious onset and progressive declines in memory,
attention, and language. At present, AD affects approximately 10 % of individuals
65 years of age, with the prevalence doubling every 5 years up to age 80, above
which the prevalence exceeds 40 % [1].

Longitudinal studies of normal individuals who go on to develop AD show that
there is a somewhat abrupt transition in cognitive symptom decline between the
preclinical stage and the early stage of AD. Gradual cognitive decline in the pre-
clinical stage reaches an inflection point that gives way to a comparatively steep loss
of cognitive abilities, which is the hallmark of clinical AD. Typically, the relatively
rapid loss of cognitive abilities following the inflection point is what leads family
members or caregivers to bring patients in for evaluation. However, this kind of
“tipping point” suggests that by the time patients come in for diagnosis, too much
irreversible brain damage may have already occurred for any treatments to be effec-
tive. Interventions, once they are developed, ideally would be implemented long
before symptoms occur. While risk factors such as apolipoprotein E (ApoE) &4
genotype and family history have been identified, their predictive value remains to
be established, and its presence may not be enough to justify the potential risks of
medical interventions (as they become available) in non-symptomatic individuals.
Therefore, another major goal in AD research is the identification of diagnostic
markers, especially for the preclinical stages of disease when symptoms are not yet
apparent.

Currently, a definite diagnosis of AD can only be made by neuropathology,
which is regarded as the gold standard, and is based on postmortem detection of
specific pathological lesions: amyloid-beta (Af) plaques in the extracellular space
and blood vessels, intracellular neurofibrillary tangles (NFT), and neuronal and syn-
aptic loss in specific brain regions [2—4]. Changes in brain histopathology, and
consequently in brain structure and function, are known to precede the signs and
symptoms of disease by many years. Neurodegeneration in AD is estimated to begin
20-30 years before any clinical manifestations of disease become evident [2—4].

Some decades ago the largely accepted paradigm was that people with AD
pathology had dementia and people without AD pathology did not. This simple
division started blurring when pathology studies revealed plaques and tangles in a
sizable fraction of elders who had died with their cognition intact and that the num-
ber, density, and location of amyloid plaques were not particularly correlated with
either AD symptoms or severity [4, 5]. Biomarker and longitudinal aging studies of
the past 20 years swept aside this old binary view in favor of a more complex and
dynamic picture. At present, the majority view holds that both pathologic and clini-
cal changes occur gradually over time, and that, while there can be no clinical symp-
toms without AD pathology, there may be AD pathology without clinical symptoms.
Presence of neurodegeneration, rather than plaques and tangles, is best associated
with the onset of cognitive deficits in AD [6]. It has become increasingly clear that
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AD is a polygenic and multifactorial disease, which may include different pathogenetic
mechanisms that nonetheless result in similar clinical outcomes. The following
paragraphs explore this possibility, initially by discussing the link between AD
pathology and neurodegeneration, with a focus on the metabolic pathways involved
in neuronal function and bioenergetics. We will then discuss the relationship
between glucose metabolism, oxidative stress, and AD. This will be followed by a
summary of positron emission tomography (PET) imaging of brain glucose metabo-
lism, ranging from physics to kinetic modeling, and PET findings in AD. We will
then discuss recent findings of selective reductions of PET brain glucose metabo-
lism in adult children of mothers, but not fathers, affected by late-onset AD (LOAD).
These data led to discovery of a maternally inherited AD endophenotype character-
ized by progressive brain hypometabolism, increased amyloid load, atrophy, and
oxidative stress. Finally, given the connection between glucose metabolism and
mitochondria, and the fact that mitochondrial DNA is maternally inherited in
humans, it will be argued that altered bioenergetics may be an upstream event
in individuals with a maternal family history of AD.

10.2 Alzheimer’s Disease and Bioenergetics

10.2.1 Highly Metabolic Neurons Are Affected Early
in Alzheimer’s Disease

The brain regions experiencing the earliest changes in AD are the medial temporal
lobes (entorhinal cortex, hippocampus) [2, 3, 7]. In the neocortex, the pyramidal
cells anatomically connected to the entorhinal cortex and the CA1 and subiculum
regions of the hippocampus are particularly prone to NFT formation and degenera-
tion, whereas primary sensorimotor and occipital areas and cerebellum exhibit min-
imal pathology and neuronal loss [2, 3, 7]. Disruption of the pyramidal neurons in
the perforant path is thought to disconnect the hippocampus from the rest of the
cortex, strongly contributing to the decline in memory observed in early AD [6].
Despite a predilection for the neocortex early on, Ap depositions are also found in
the medial temporal lobes at later stages of disease [7]. Soluble A oligomers dis-
rupt long-term potentiation and reduce synaptic plasticity in the hippocampus early
in the course of the disease [8]. The medial temporal regions and functionally con-
nected neocortex are most affected in AD, but the pathology is not uniform nor does
it affect all cell types. Despite recent advances in our understanding of the molecular
basis and pathophysiology of neurodegenerative disorders, the problem of selective
neuronal vulnerability has proved difficult to solve. Why is the hippocampus initially
affected in AD? Why and how does neuronal death spread to other brain regions as
the disease progresses?

Recent progress has begun to show how cellular and molecular changes that
occur during normal aging render neurons vulnerable to degeneration, and how dis-
ease specific genetic and environmental factors determine which neurons succumb
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and which are resistant to advancing pathology. The physical and molecular
characteristics of neurons, their functional properties, and their location in neural
circuits are all likely to influence their fate during aging (for review see [6, 9]). Large
projection neurons with relatively long axons are most damaged in AD. These neurons
have three main characteristics:

1. Have high-energy requirements. These neurons have high metabolic rates. As such,
their functionality is directly dependent on glucose availability and utilization.

2. Rely primarily on axonal transport for functional support (anterograde and
retrograde). The axons of cortico-cortical projection neurons travel long distances,
which makes these neurons more prone to receiving multiple insults and more
sensitive to cytoskeletal dysfunction [6, 9].

3. Have a large cell surface area. This increases exposure of the cells to toxic
environmental conditions.

Normal synapse function requires a multitude of coordinated mechanisms,
including generation of gene products responsible for formation and maintenance of
membrane complexes, synthesis and delivery of mRNAs, proteins, and transmitters,
regulation of vesicle trafficking, release and reuptake, and many more. It is implied
that, for all these actions to be performed efficiently, sufficient energetic substrates
must be supplied and utilized. Under normal physiological conditions, the brain
relies almost exclusively on glucose as its main substrate for energy production. As
there are only minor glycogen stores in brain, a permanent supply of glucose from
the blood stream is necessary to maintain brain function [10, 11]. In the brain, the
free energy necessary to drive most cellular reactions is derived from phosphoryla-
tion of ATP, which is mostly produced in the mitochondria from the oxidation of
glucose under aerobic conditions. This also dictates that any interruption of glucose
supply causes an almost immediate failure of brain function, as can be seen from the
rapid loss of consciousness after interruption of blood supply to brain. Disruptions
in glucose metabolism are a direct determinant of synaptic dysfunction [10, 11].
In keeping with this observation, recent evidence suggests that altered neuronal
energy metabolism is a very early change and a strong correlate of clinical impair-
ment in AD, as reviewed below.

10.2.2 Brain Glucose Metabolism

10.2.2.1 Molecular Basis of Glucose Metabolism

Brain glucose metabolism is comprised of a series of processes by which glucose is
converted into ATP to be used for cellular energy. This is accomplished in two steps:
glycolysis in the cytoplasm and Krebs cycle and oxidative phosphorylation in the
mitochondria. As shown in Fig. 10.1, under aerobic conditions, glucose is trans-
ported from blood to tissue by glucose transporters where it is phosphorylated into
glucose-6-phosphate (G-6-P) by the hexokinase and glucokinase enzymes and is
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Fig. 10.1 Aerobic cell respiration: glucose metabolism and the electron transport chain in mito-
chondria. During respiration, glucose is oxidized to pyruvate down the glycolytic pathway in the
cytoplasm. Pyruvate enters the mitochondria and enters the Krebs cycle. Each time the fuel mole-
cule is oxidized, the released electrons are collected by electron carriers and then delivered to the
electron transport chain (ETC). The electrons are transferred from protein to protein down the ETC
chain (oxidative phosphorylation), which results in production of CO,, water and ATP: C¢H;,06+
60,= 6CO,+6H,0+30ATP

then further metabolized down the glycolytic pathway until it is reduced to pyruvate.
Pyruvate then enters the mitochondria to undergo further enzymatic degradation
under oxidative phosphorylation (OXPHOS). OXPHOS is the process that accounts
for the high ATP yield by the cells and is essential to the maintenance of cellular
homeostasis and function. Pyruvate combines with oxygen to form an acetyl group,
releasing carbon dioxide. The acetyl group (CH;CO) is then combined with coen-
zyme A as acetyl coenzyme A and enters the Krebs cycle. During this series of
reactions, each acetyl group is oxidized to form two molecules of carbon dioxide,
and the energy released is transferred to four electron carrier molecules that form
the electron transport chain (ETC, i.e., mitochondrial respiration). Although elec-
tron transport occurs with great efficiency, a small percentage of electrons are
prematurely leaked to oxygen at the ETC complex I and III steps, resulting in the
formation of reactive oxygen species (ROS), including free radicals and peroxides.
Oxidative stress is caused by an imbalance between ROS production and the cell’s
ability to detoxify them [12]. Due to their reactions with macromolecules, the
generation of ROS can lead to immediate oxidative damage of cell lipids, proteins,
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and DNA, which eventually results in neuronal damage and death [9, 12, 13].
Therefore, reduced activity of one or more of the ETC enzymes could compromise
ATP synthesis and increase production of ROS, with damage to neurons.

10.2.2.2 Ocxidative Stress and Altered Glucose Metabolism
in Alzheimer’s Disease

Several studies confirmed the presence of severe oxidative stress in brain tissue,
blood platelets, and fibroblasts in AD. At postmortem, there is evidence for exten-
sive oxidative stress in AD brains, in which basically all cellular macromolecules
(protein, DNA, lipids) are found in an oxidized form [14-16]. Oxidative stress is
most prominent in the brain regions showing degeneration in AD, particularly in
the form of reduced COX activity in parietotemporal, frontal, and posterior
cingulated cortices and hippocampus [14—16]. Several in vivo studies of periph-
eral markers have shown that levels of ETC enzymes, particularly COX activity,
are severely reduced in blood platelets and fibroblasts in AD and in patients
with mild cognitive impairment (MCI), often a prodrome to AD, compared to
controls [16-19].

Lipid membrane peroxidation is another early event following ROS increases
and derives from oxidative degradation of polyunsaturated fatty acids in cell
membranes. Lipid peroxidation products of arachidonic acid and DHA are most
prominent in hippocampus and association cortex in AD. Increases in isoprostane
levels, a marker of lipid membrane peroxidation, are found in brain regions vul-
nerable to NFT formation. Isoprostanes correlate with the extent of neurodegen-
eration in AD, and increases in this biomarker precede Af deposition in transgenic
animals [20].

Overall, these studies provide evidence for peripheral oxidative stress, such as
in blood platelets and fibroblasts that are non-degenerating tissue and should not
be affected by CNS pathology. This suggests that COX reductions may not be
simply a secondary, or epiphenomenal, consequence of neurodegeneration but
may instead represent a systemic damage in AD. These findings support an alter-
native to the long held amyloid cascade hypothesis that has dominated AD
research. The central role for AP in AD is strongly supported by studies of the rare
early-onset (<60 years) forms of familial AD (EOFAD), which are caused by
mutations in the amyloid precursor protein (APP), presenilin 1 and presenilin 2
genes, and are found in large multigenerational families with an autosomal domi-
nant pattern of disease inheritance. However, it is less clear whether A dysmetab-
olism is an upstream event also for the more common, late-onset form of AD,
which accounts for almost 99 % of all AD cases. It is plausible that mitochondria
and cell bioenergetics regulate A, and changes in mitochondrial function and cell
bioenergetics occur upstream to AP changes in sporadic AD, at least in some cases
[21]. Investigations of oxidative stress and brain glucose metabolism are particu-
larly suited to test this hypothesis in vivo, particularly by means of neuroimaging
techniques.
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10.3 Positron Emission Tomography Imaging
of Brain Glucose Metabolism

Imaging techniques are invaluable in diagnosing AD, as they are generally noninvasive
and relatively easy for patients to tolerate. Among these, positron emission tomog-
raphy (PET) has long been used in the diagnosis of neurodegenerative diseases.
PET is a nuclear medicine technique that produces a three-dimensional image or
picture of functional processes in the body. The system detects pairs of gamma rays
emitted by a positron-emitting radionuclide, which is introduced into the body on a
biologically active molecule (i.e., tracer). PET uses unique isotopes (particularly
those of carbon, nitrogen, oxygen, and fluorine) to study processes in the body that
would be hardly possible to demonstrate by other means. In particular, the develop-
ment of 2-["®F]fluoro-2-deoxy-D-glucose (FDG) in the late 1970s was a major factor
in expanding the scope of PET imaging [22]. The FDG tracer is an analog of glucose
that couples "*fluorine (110 min half-life) to glucose. Metabolically active tissues
within the body, such as tumors, the brain, and heart, are easily visualized with FDG
as these take up more glucose than other tissues. The concentrations of imaged
tracer reflect tissue metabolic activity, in terms of regional glucose uptake. FDG-
PET offers the unique capability to both visualize and quantitate resting-state cere-
bral metabolic rates of glucose (CMRglc), which is a proxy for neuronal activity
[10, 23] and a direct index of synaptic function and density [24, 25]. The FDG-PET
method was developed based on Sokoloff’s landmark autoradiographic studies over
25 years ago [22, 23, 26] and was validated for human brain by Michael Phelps in
1979 [27]. FDG-PET has since been used to track AD-related changes in brain
metabolism. Oftentimes, PET researchers are asked by molecular and cell biologists
what exactly is reflected in the FDG signal. This is a very important question, as the
term “glucose metabolism” is used to describe somehow different substrates in
nuclear medicine and biology. In biology, glucose metabolism is the process by
which the carbohydrate is broken down via multiple enzymatic pathways to produce
ATP during oxidative phosphorylation or lactate during anaerobic metabolism.
FDG shares a similar beginning but not the same fate.

FDG-PET imaging begins with the intravenous injection of FDG into the
subject’s arm (Fig. 10.2). Within minutes, the isotope accumulates in the brain,
where glucose is used as the primary source of energy. As the radioisotope under-
goes positron emission decay (i.e., positive beta decay), it emits positrons, which
are antiparticles of the electrons with opposite charge. The emitted positron travels
in tissue for a short distance (less than 1 mm), while losing kinetic energy until it
decelerates to a point where it collides with a free electron. The collision annihi-
lates both electron and positron, resulting in the conversion of matter to energy in
the form of two 511 keV photons (i.e., gamma rays) that are shot at almost 180° to
each other. The photons are detected by an array of detectors which surround the
patient when they reach the scintillator in the scanning device. As the gamma rays
are emitted in opposite directions, it is possible to localize their source along a
straight line of coincidence that connects the detectors (i.e., line of response, LOR).
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Fig. 10.2 Schematic representation of FDG-PET imaging: acquisition and analysis

During the scan, a record of tissue concentration is made as the tracer decays.
Using statistics collected from tens of thousands of coincidence events, tomo-
graphic reconstruction procedures are used to compute the total activity along
many LORs and to derive a map of radioactivity concentration in tissue. As some
photons are scattered and the signal from tissues deep inside the brain will be atten-
uated as compared to that from brain structures closer to the detectors, algorithms
are applied to correct the images for scatter, attenuation, and decay. Image recon-
struction transforms the corrected data back to spatial representation in order to
create a visual image. Emission scans are often reconstructed as a two-dimensional
image. Three-dimensional reconstructions can also be done using 2D projections
from multiple angles. The FDG-PET signal is modeled using either absolute quan-
titation or by means of “relative” measurements. Absolute quantitation of CMRglc
is based on measurement of the accumulation of phosphorylated 2-deoxyglucose in
brain relative to the rate of exposure (the input function) while taking into account
the effect of the radiolabeled derivative. The method was first developed with
carbon-14-labeled deoxyglucose (*#¢PS) and was designed specifically to take
advantage of the localization made possible by quantitative autoradiography [23, 28].
FDG is an '8F-labeled analog of glucose. Its molecular composition is similar to
that of glucose except for a missing oxygen at the second carbon position which is
replaced by ®F (Fig. 10.3). After a bolus injection into the blood, FDG is trans-
ported bidirectionally by the same carriers that transport glucose across the blood—
brain barrier (BBB), enters brain tissue, and is phosphorylated into FDG-6-phosphate
(FDG-6-P) by the hexokinase enzyme. However, because of the missing oxygen,
the following enzyme, glucose-P-isomerase, does not recognize the molecule, and
FDG-6-P cannot be converted to fructose-6-phosphate. FDG-6-phospate, once formed,
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Fig. 10.3 Theoretical basis of FDG method for measurement of local cerebral glucose utilization
using a compartmental model. FDG and glucose (Glc) compete for the carriers that transport both
between plasma and tissue (GLU1 and GLU3) across the blood-brain barrier (BBB) and for the
hexokinase enzyme that phosphorylates them to their respective hexose 6-phosphates (Glc-6-P and
8F-2DG-6-P). The dashed arrow represents the possibility of glucose-6-phosphate (Glc-6-P)
hydrolysis by glucose-6-idromerase activity, in which case the molecule proceeds down the glyco-
lytic pathway to pyruvate. '8 F-2DG-6-P is not further oxidized and remains trapped in tissue. In
the theoretical model, Cr represents the total concentration of glucose in arterial plasma, Cy, repre-
sents glucose concentration in the precursor tissue pool that serves as substrate for hexokinase, and
Cy represents glucose concentration in tissue. The constants K, k,, and k3 represent the rate con-
stants for carrier-mediated transport of glucose from plasma to tissue, for carrier-mediated trans-
port of glucose back from tissue to plasma, and for phosphorylation by hexokinase, respectively.
The same model is applied to FDG. The metabolic rate of glucose (R;) is estimated as a function of
FDG concentration in plasma (Cy’), the lumped constant (LC), and the metabolic rate of FDG
[(K\ X k3)/ka + k3)]

remains essentially “trapped” in tissue. There is no direct information on whether
glucose is eventually converted to ATP in mitochondria, turned into glycogen or lactate,
or taken up in the pentose shunt.

Image data can be acquired in different ways, and finding the best model to
describe the tracer kinetics continues to be a lively area of research. The two principal
FDG-PET measurements are:

(a) Quantitative measurements. These measurements are called “quantitative” or
“absolute” as they are expressed as glucose metabolism units, i.e., micromoles
of glucose taken up by 100 g of tissue per minute (pmol/100 g/min). Quantitative
methods yield reliable estimates of CMRglc, as defined above.

(b) Semiquantitative and nonquantitative measurements. As an alternative to invasive
kinetic modeling, simplified reference-tissue techniques have been developed
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which do not require blood sampling and yield so-called relative metabolic
measures. These measures are “relative” in nature since metabolic activity in a
target region is expressed as a ratio to that in a reference region. Relative mea-
sures are helpful for visualization of hypometabolic regions but do not provide
reliable information on the magnitude of the deficit.

Regardless of how it is measured, the FDG-PET signal has always been regarded as
a measure of neuronal activity at the tissue level. The resolution of modern PET scan-
ners varies between 2 and 7 mm. Therefore, the technique does not provide information
of metabolic activity at the molecular level but rather at the tissue level. From a physi-
ological standpoint, FDG-PET is best suited to visualize changes in brain metabolism
in anatomically and functionally defined regions, for several reasons. First, under
normal physiological conditions, regional cerebral glucose utilization (rCMRglc) is
coupled to regional cerebral blood flow (rCBF). Using a double-tracer autoradio-
graphic technique with 2-deoxyglucose to rCMRglc and radiolabeled iodoantipyrine to
measure rCBF, several studies demonstrated a close relationship between the two
measures in preclinical studies [11, 29, 30]. Similar results were obtained in humans
using PET with oxygen-15-labeled water (H,O,s) for measurement of rCBF. Second,
any increase in neuronal activity leads to an increase in rCBF, and the adjustment of
rCBF to changes in neuronal activity occurs within a few seconds [31, 32]. Changes in
rCBF are thought to be neurogenically mediated vascular responses in preparation for
an altered metabolic demand. Third, a multitude of activation studies have shown that
rCBF and rCMRglc increase in response to external stimulation in the brain regions
responsible for the execution of a specific cognitive process. For example, rCBF and
rCMRglc increase in the auditory cortex of individuals listening to music or sounds and
in the visual cortex after exposure to visual stimuli [33, 34].

Finally, although it is widely accepted that CNS energy production is based
almost exclusively upon the oxidation of glucose, there is a debate over exactly
which cells, neurons, and glia are consuming the carbohydrate and what work the
energy is being used to support [25, 35, 36]. While glial cells outnumber neurons
ten to one, most ATP is probably used by neurons to reverse ion fluxes associated
with action potentials and excitatory postsynaptic currents. It has been estimated
that as much as 70 % of the energy derived from glucose oxidation is required to
convert glutamate, the major neurotransmitter in the brain, to glutamine during
glutamatergic transmission [25]. Therefore, glucose utilization as measured with
FDG-PET reflects mostly excitatory neuronal activity in brain tissue.

10.4 The Search for Endophenotypes of AD

10.4.1 FDG-PET Studies of AD

FDG-PET studies proved quite successful in diagnosing AD. On FDG-PET, AD is
characterized by a specific regional pattern of CMRglc reductions in the parietotem-
poral areas, posterior cingulate cortex, and medial temporal regions [37-40] (Fig. 10.4).
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Fig. 10.4 FDG-PET scans in normal aging and AD. Three representative cases are shown: a
70-year-old cognitively normal individual (top), a 70-year-old AD patient with mild dementia
(middle), and a 75-year-old AD patient with severe AD (bottom). FDG-PET scans are standardized
uptake value ratios (SUVR) to whole brain metabolism (range 0.5-2). Darker colors reflect lower
metabolism. Regional hypometabolism is evident in the parietotemporal regions of both AD
patients compared to the control subject and is more pronounced in the severe AD than in the mild
AD case

As the disease progresses, frontal association cortices become involved, while
cerebellum, striatum, basal ganglia, and primary visual and sensorimotor cortices
remain preserved [37, 41]. This in vivo pattern of hypometabolism is found in the vast
majority of clinically diagnosed AD patients and in over 85 % pathologically con-
firmed AD cases [39]. An interesting finding is that clinical AD symptoms essentially
never occur without CMRglc decreases, the extent of which is related to the severity
of cognitive impairment [42, 43]. Moreover, despite some overlap, the characteristic
AD pattern of CMRglc reductions yields high sensitivity in distinguishing AD from
controls and from other neurodegenerative dementias [39, 40, 44]. The method yields
high discrimination accuracy in patients with mild dementia as well as moderate-
to-severe dementia [39, 40, 44].

Additionally, FDG-PET has been used to detect regional hypometabolism
consistent with AD in non-demented individuals who would go on to develop AD.
A few longitudinal FDG-PET studies of cognitively normal (NL) elderly monitored
the progression of some to AD and to mild cognitive impairment (MCI), often a
prodrome to AD [45] compared with those who remained normal. These studies
showed that CMRglc reductions in hippocampal and parietal regions precede the
onset of dementia by many years [46—50] and predict decline from normal cognition
to MCI and AD with over 80 % accuracy [47, 48]. Progressive CMRglc reductions
were observed years in advance of clinical symptoms in a clinicopathological series
of subjects followed with longitudinal in vivo FDG-PET scans from normal cogni-
tion to the clinical diagnosis and to postmortem confirmation of AD [49]. More
work is needed to establish how early FDG-PET deficits become detectable in the
course of disease. Nonetheless, published studies support the use of FDG-PET in
the early detection of AD, and, thanks to the method’s high sensitivity, regional
hypometabolism in AD-vulnerable brain regions has been proposed as an endophe-
notype of AD. As discussed by Swerdlow [21], when a particular trait or biomarker
typically found in conjunction with a disease is detected in persons who do not
have the disease, the presence of that trait or biomarker is said to constitute an
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endophenotype. An endophenotype state does not indicate a carrier will develop the
full-blown disease, although it infers that compared to persons without the endophe-
notype, those with the endophenotype carry an increased risk [21].

10.4.2 FDG-PET Endophenotypes and Maternal
Transmission of AD

FDG-PET studies led to identification of an AD endophenotype in yet asymptomatic
individuals at risk for developing the disease by virtue of having an AD-affected
parent, especially those whose mothers had the disease. Evidence for a maternal
link to LOAD further promotes the notion that mitochondria-induced oxidative
stress may be a primary promoter of neurodegeneration in at least some forms of
LOAD, as reviewed below.

Having a first-degree family history of LOAD is a major risk factor for developing
the disease [51, 52]. However, the biological mechanisms through which a family
history of LOAD confers risk to offspring are largely unknown. Clinical and epide-
miology studies show that maternally inherited AD may account for over 20 % of
all LOAD cases, and children of AD mothers are at higher risk for developing AD
than children of AD fathers [53]. Recent FDG-PET studies revealed that adult chil-
dren of AD-affected mothers are more likely to express an AD endophenotype than
adult children of AD-affected fathers. As parent gender effects on brain function
had not been explored prior to publication of FDG-PET reports, these findings set
the stage for the exploration of a newly identified risk factor for AD (Fig. 10.5).
Main results are summarized in Table 10.1.

The first FDG-PET study to show a “maternal effect” in AD used state-of-the-art
full dynamic modeling with arterial input functions and showed that CMRglc was
significantly lower in NL elderly with a maternal family history of AD (FHm) com-
pared to those with a paternal family history (FHp) and to controls with negative
family history of AD (FH-) [54]. CMRglc reductions in FHm individuals involved
the brain regions typically affected in clinical AD patients and ranged from 8 % in
frontal cortex to 27 % in PCC. No CMRglc differences were found between FHp
and FH—- groups [54]. A subsequent 2-year longitudinal FDG-PET study showed
that CMRglc reductions over time are more severe in NL FHm than in FHp and
FH- [55].

A further FDG-PET study investigated whether CMRglc deficits in NL FHm
are associated with advancing maternal age at birth [56]. The study included a large
sample of 96 NL individuals (36 FHm, 24 FHp, and 36 FH-) with quantitative
FDG-PET scans. After replicating previous findings of selectively reduced CMRglc
in NL FHm, the study showed that CMRglc in AD-vulnerable regions was nega-
tively correlated with maternal age at birth only in the FHm group [56]. In contrast,
CMRglc was not influenced by maternal age at birth for FHp and FH— subjects.
Advanced paternal age was not significantly associated with metabolism in any
group [56]. Importantly, in all above studies, no differences were observed between
FHm males and females as well as in ApoE €4 carriers and noncarriers [54-56].
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Fig. 10.5 Summary of biomarkers studies in maternal transmission of AD, in chronological order.
From left to right, top to bottom: in the 1990s, some epidemiology studies showed that approxi-
mately 30 % of all late-onset AD cases are associated with a maternal family history of AD (FHm)
compared to <10 % cases with a paternal family history (FHp). About 3 % of cases have both
parents affected (FHmp) while the majority have no parental family history of AD (FH-, i.e.,
sporadic AD). Starting in 2007, biomarker studies began to provide increasing evidence of
biomarker abnormalities associated with FHm in cognitively normal elderly (NL). As compared to
FHp and FH—, FHm shows progressive CMRglc reductions on FDG-PET, increased amyloid-beta
load on PiB-PET, an abnormal CSF biomarker profile characterized by amyloid pathology and
increased oxidative stress, and progressive brain atrophy on MRI. These findings suggest presence
of genetic transmission not following Mendelian inheritance patterns

Approximately 40 % of all LOAD patients have at least one ApoE &4 allele [57].
Despite its well-established association with AD, the ApoE &4 genotype has no clear
familial pattern of transmission and appears to act as a risk modifier by lowering the
age at onset of clinical symptoms rather than as a casual determinant [58]. CMRglc
reductions were observed in NL. FHm independent of their ApoE genotype, indicating
that other factors contribute to the etiology and phenotypic expression of disease in
FHm. While LOAD does not follow classical Mendelian inheritance, the fact that FHm
individuals have an increased risk of developing the disease suggests a genetic compo-
nent. With all that is known about the genetic and molecular basis of glucose metabo-
lism, FDG-PET findings of selectively reduced metabolic activity in NL with AD
mothers suggest involvement of mitochondrial DNA (mtDNA). mtDNA is exclusively
maternally inherited in humans and is transmitted equally to siblings, and mitochon-
drial genes are tightly involved with glucose metabolism [59].
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10.4.3 Maternal Family History of LOAD
and Other Altered Biomarkers

One explanation for CMRglc reductions in NL FHm is that these deficits may result
in part from mitochondrial dysfunction. Several studies have reported selective
reductions cytochrome oxidase activity (COX, complex IV of the mitochondria
ETC) in brain tissue, fibroblasts, and platelets in AD [14-16, 60-66]. Based on
these reports, we examined COX activity in platelet mitochondria from NL with and
without a parental family history of LOAD [67]. While groups were comparable for
clinical and neuropsychological measures, COX activity was reduced by 30 % in
FHm compared to FHp and to FH— , with and without correcting for citrate synthase
activity (i.e., an index of mitochondrial mass) as a reference. There were no differ-
ences in COX activity between FHp and FH-. Although COX is encoded by both
the mitochondrial and nuclear genomes, its three most catalytically important sub-
units are on mitochondrial DNA (mtDNA) [59]. This connection to maternal inheri-
tance may help explain the increased risk for AD associated with FHm.

Amyloid PET and cerebrospinal fluid (CSF) studies have shown an association
between maternal history of LOAD and increased Af levels. Among PET tracers for
AP plaques, N-methyl-[''C]2-(4'-methylaminophenyl)-6-hydroxybenzothiazole, aka
Pittsburgh compound B (PiB) [68], has become the most widely utilized and best char-
acterized in terms of tracer kinetics, modeling, and analytic methods. On !'C-PiB PET,
NL FHm showed increased and more widespread PiB retention, reflecting higher Ap
burden, in brain regions typically affected in clinical AD patients as compared with NL
FHp and FH- [69]. NL FHp subjects also displayed increased PiB retention in PCC
and medial frontal cortex, which was intermediate between FHm and FH- [69].
Therefore, although both FHm and FHp groups showed PiB uptake retention in medial
brain region (PCC and medial frontal gyrus) compared with controls, only the FHm
group showed PiB retention in lateral neocortex. Braak’s pathologic studies showed
that deposition of A plaques begins in the inferior frontal and inferior temporal cortex,
spreads to PCC and medial frontal regions, and then to the lateral parietal, prefrontal,
and temporal regions along with disease progression [2]. According to this postmortem
staging, NL. FHm subjects appear to be at a more advanced stage of brain amyloidosis
than FHp. Longitudinal studies mapping the spreading of AP deposits are needed to
determine whether FHm subjects develop amyloidosis at an earlier age than FHp
subjects or show faster Ap accumulation after middle age.

CSF studies showed increased F,-isoprostanes (IsoP; a marker of lipid membrane
peroxidation produced by oxidative stress) and reduced A, CSF levels (reflecting
increased A sequestration in brain) in NL FHm vs. FHp and FH—- [70]. In contrast,
no differences were found between FHp and FH-. No group differences were found
for markers of tau pathology. Lack of FHm effects on tau CSF markers is consistent
with the view that AB-associated oxidative damage may precede NFT pathology
and neuronal degeneration in the course of AD [8, 71], at least in individuals with a
maternal history of LOAD.
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Brain tissue loss (i.e., atrophy) on MRI is a well-established early imaging marker
of AD [71]. Recent MRI studies found evidence of gray matter volume (GMV)
reductions in middle-aged NL FHm when compared to FH- and FHp [72-74].
A longitudinal study examined hippocampal volume using radial distance mapping
and conventional volumetric analyses in a large set of NL, MCI, and AD patients
with and without a maternal history of dementia, including AD [75]. Results showed
that MCI FHm had smaller hippocampal volumes at baseline and at follow-up and
greater 12-month atrophy rates than FHp and FH- subjects [75].

Overall, these results indicate that NL. FHm express a pathobiological phenotype
characterized by Af-associated oxidative stress consistent with AD, which might
reflect increased risk for developing the disease.

10.5 Conclusions

AD is characterized by progressive declines in memory, attention, and language.
Often by the time patients express symptoms that warrant evaluation, too much
irreversible brain damage has occurred for treatments to be effective. Therefore, it
is of paramount importance to identify diagnostic markers as well as disease mech-
anisms for the preclinical stages of disease when symptoms are not yet apparent.
Changes in brain structure and function have been estimated to occur as many as
20-30 years before symptoms onset in AD. Oxidative stress and increased ROS,
which damages cell lipids and can eventually lead to neuronal death, are a natural
by-product of oxidative phosphorylation, which the brain relies on for energy pro-
duction. As metabolic changes appear to be an early event in AD pathophysiology,
FDG-PET imaging is an invaluable tool in diagnosing AD thanks to the technique’s
capability to measure metabolic activity through regional glucose uptake and
phosphorylation. Recent FDG-PET findings have shown that adult children of
AD-affected mothers are more likely to express an AD endophenotype than adult
children with a paternal or negative family history of AD. As glucose metabolism
is highly regulated by mitochondria and mitochondrial DNA is maternally inher-
ited, a possible upstream event in AD may be impaired bioenergetics in these
maternal cases. Biomarker deficits in NL FHm and other at risk populations repre-
sent a unique opportunity for initiation of AD therapies and general preventive
methods years, and possibly decades, prior to the onset of the clinical disease,
presumably well before significant neuronal loss occurs. The combination of
imaging and custom-tailored genetics may help clarify whether changes in the
nuclear or mitochondrial genome and transcriptome account for pathogenic aging
and AD.
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Chapter 11
Stress and HPA Axis Dysfunction
in Alzheimer’s Disease

Yash B. Joshi and Domenico Pratico

Abstract Memory loss is the most prominent clinical aspect of Alzheimer’s
disease (AD) but, as recent clinical evidence has been revealed, intervening when
memory difficulties are already apparent does little to alter the morbidity and mor-
tality of the disease. Therefore, risk factors that accelerate the development of AD
have recently received tremendous interest. Among those risk factors, interrogation of
stress hormones/glucocorticoids have been particularly impactful because stress is an
inherent aspect of life and unavoidable. Heightened indices of stress in mid-life predict
greater risk for AD in late-life, stress hormone dysregulation in the aged increases AD
vulnerability and higher levels of circulating glucocorticoid in AD patients correlates
with faster cognitive decline. However, despite this evidence, the precise mechanism
linking glucocorticoids and stress hormone to AD remain elusive.

In this chapter, we provide an overview of the hypothalamus—pituitary—adrenal
(HPA) axis, and how stress, dysregulation of stress hormones and HPA axis dys-
function are currently thought to play a role in AD pathogenesis.

11.1 Introduction

The past several decades have dramatically improved understanding about the
molecular pathogenesis of Alzheimer’s disease (AD), especially its characteristic
brain pathologies: plaques composed of amyloid beta (Ap) peptides and neurofibril-
lary tangles composed of the microtubule-associated tau protein. In parallel, knowl-
edge about the underlying genetic mutations found in patients with inherited,
early-onset AD, have also lead to fruitful investigation of the AP precursor protein
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(APPP), and the proteases that cleave ABPP to form Af peptides, which include the
[-secretase and the y-secretase complex composed of the presenillin, presenillin
enhancer-2, anterior pharynx-defective-1, and nicastrin proteins. However, well
over 95 % of all AD cases are sporadic, without mutation in any of the above targets.
Because of this evidence, environmental factors are thought to play a significant role
in AD vulnerability, progression and severity. Of those environmental factors, recent
attention has been placed on the role of stress and dysfunction of the hypothalamus—
pituitary—adrenal (HPA) axis in AD. Because stress is an unavoidable aspect of life,
understanding of how stress modulates AD vulnerability is useful both for the
development of clinical preventative and therapeutic strategies as well as investigation
of AD pathobiology.

11.2 Overview of the HPA Axis

In response to psychological or physiological stress, corticotrophin-releasing factor
(CREF; also called corticotrophin-releasing hormone) is secreted from the paraven-
tricular nucleus of the hypothalamus. CRF acts on the neuroendocrine cells of the
anterior pituitary gland to release adrenocorticotropic hormone (ACTH; also called
corticotropic hormone), which enters circulation induces secretion of stress hor-
mones, such as glucocorticoids, from the adrenal glands (for a review on the HPA
axis see [1]). The primary glucocorticoid in humans is cortisol which binds to min-
eralocorticoid (MRs) as well as glucocorticoid receptors (GRs), forming complexes
that translocate to the nucleus to modulate patterns of gene expression. Emerging
evidence also indicates that in the brain there exist membrane-associated receptors
sensitive to corticosteroids which may explain rapid changes in cell physiology too
fast for genomic modulation [2]. Glucocorticoids feedback at the level of paraven-
tricular nucleus and anterior pituitary through GRs, with the GR-cortisol complex
binding to CRF and ACTH, which suppress the HPA axis and is critical in maintaining
a normal homeostasis. The vast majority of circulating endogenous glucocorticoids
is bound by corticosteroid binding globulin (CBG) while a small portion is bound to
serum albumin, with only the free steroids acting on tissues. Under basal physiolog-
ical conditions, glucocorticoid levels follow patterns of discrete pulsatile release,
approximately hourly, punctuated by low levels between release, with the highest
circulating levels occurring in the early morning and the lowest levels occurring in
the evening. However, this periodicity and circadian cycle of glucocorticoid release
is plastic and can be greatly influenced by different physiological contexts, environ-
mental factors or disease states.

11.3 The Glucocorticoid Hypothesis of Brain Aging

Decades of investigation have revealed that glucocorticoids and stress are critical
modulators of memory, with significant attention being paid to the effects gluco-
corticoid on the hippocampus, a limbic system structure essential to memory.
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Because aging is the strongest non-modifiable non-genomic risk factor for AD,
Landfield and colleagues originally posited the hypothesis that glucocorticoids pro-
mote brain aging based on studies in rodents that suggested corticosteroids produce
aging-associated neurodegenerative changes in hippocampus, a brain locus wherein
GRs are richly expressed [3]. Since hippocampal neurons are important negative
feedback regulators of the HPA axis, it was conjectured that extended stress or
glucocorticoid exposure and aging acted cooperatively to produce cognitive decline.
Animal and human studies initially provided support for this hypothesis, with eleva-
tions in circulating stress hormones correlating with cognitive decline, and longitu-
dinal studies linking cortisol with loss of hippocampal volume. Extended activation
of the HPA axis and elevation of stress hormones also structurally change the
hippocampus, resulting in atrophy and altered metabolism. Positron emission
tomography (PET) and functional magnetic resonance imaging have revealed,
respectively, that stress/glucocorticoid administration reduces blood flow and
decreases hippocampal activation during memory retrieval tasks [4—7]. However,
these phenomena are influenced greatly by the magnitude and type of stressor as
well as the length of exposure. Similarly, studies involving both humans as well as
other model organisms show performance on memory tasks vary greatly and depend
heavily on glucocorticoid dose and treatment duration. While glucocorticoids
impair memory retrieval, they have been shown to enhance hippocampal-dependent
memory consolidation [8]. In parallel with these behavioral findings, analysis of
synapses in the hippocampus have revealed that acute exposure to low or moderate
levels glucocorticoids strengthen and functionally enhance synaptic function, while
chronic exposure reduces dendritic spine morphology [9]. Due to these observa-
tions, Landfield and colleagues have since reformulated this hypothesis to include
molecular feedback between neuron and non-neuronal cells as well as context-
dependent competing genomic actions of glucocorticoids. Regardless, to appropri-
ately investigate the link between stress, aging, and hippocampal functioning, future
human studies must use a combined approach that includes new imaging modalities,
memory testing, and sensitive biomarkers of aging and stress. In particular, animal
and in vitro studies must explore both genomic and non-genomic actions of gluco-
corticoids on not only neurons and other cell types in the hippocampus, but other
brain areas known to be involved in learning and memory (e.g., cortex, other limbic
structures such as the amygdala and fornix).

11.4 Stress and AD

Several human studies have been carried out suggesting that stress and stress
hormones may be involved in AD pathogenesis. AD patients display higher basal
salivary cortisol levels than controls and higher HPA activity, as measured by plasma
cortisol, correlates with more severe disease progression in mild and moderate cases
of AD [10-12]. Postmortem analyses of cerebrospinal fluid (CSF) cortisol levels
also show a similar trend between AD and age-matched controls [13]. In elderly
patients without detectable dementia, higher levels of chronic distress are associated
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with greater risk for development of mild cognitive impairment, which is considered
by many in the field to be a prodrome for AD, as well as AD itself [14]. Higher urinary
cortisol excretion is also associated with greater incidence of cognitive impairment
[15]. In AD patients, hyperactivity of the HPA axis also correlates to hippocampal
volume, with lower volume being associated with lower scores on neuropsycho-
logical batteries of episodic and visuospatial memory [16]. Administration of
exogenous glucocorticoids, such as prednisone has also been reported to cause
behavioral decline in AD patients [17].

Many of these observations have been recapitulated in several animal studies. In
rodents, suppression of glucocorticoids from mid- to late-life increases neurogen-
esis in the hippocampi of aged animals while chronic long-term activation of the
HPA axis results in cognitive dysfunction and reduction in neurogenesis [18, 19].
Work by multiple investigators has shown that behavioral stress, across a variety of
paradigms (including restraint, isolation and/or immobilization stress), worsens
AD-like pathology and exacerbates memory impairments in various rodent models
of AD [20, 21]. Pharmacologic administration of synthetic glucocorticoids as
well as endogenous corticosteroids also exacerbates the AD-like phenotype, while
corticosteroid antagonists are protective [22—24]. In wild-type animals, behavioral
stress also augments the detrimental cognitive effects of A peptide infusions in
the brain.

Despite these observations, the mechanism of how stress and glucocorticoids
modulate the AD phenotype is elusive. In human trials, this issue is complicated
because sensitive tests (i.e., PET labeling and CSF assays for Af and tau, and neu-
ropsychiatric battery/examination) have not yet been widely adopted that would
allow researchers to diagnose AD, and accurate biomarkers have not been devel-
oped that can track the trajectory and timeframe of cognitive decline from normal to
mild cognitive impairment and full dementia. In animal models of the disease, there
are also subtle idiosyncrasies in pathologic glucocorticoid-mediated Ap and tau
production. For example, in the 3xTg animal model of AD developed by LaFerla
and colleagues, which expresses the human APPP Swedish mutation, presenilin-1,
and tau, administration of glucocorticoids results in an elevation of ABPP and
[B-secretase expression [24]. This suggests that glucocorticoids exacerbate the
symptomatology of AD through an elevation of starting substrate and its cleavage
product, AP. While elevations in AP peptides are found in the Tg2576 model of AD
developed by Hsiao and colleagues upon glucocorticoid administration (which
expresses only human APPP Swedish mutation), such changes in ABPP metabolism
are not seen. This is an intriguing observation, likely attributable to the differences
in promoters of the knock-in ABPP transgenes in different animal models (Thy1
with the 3xTg, and hamster prion promoter with the Tg2576). However, given that
there is a glucocorticoid response element in the promoter region of human ABPP a
complete analysis of HPA axis dysfunction using these two animal models may not
be possible. Similarly, differences in the phosphorylation of tau, a crucial step in
the development of neurofibrillary tangle pathology, have also been reported that
are not consistent and depend greatly on the stress paradigm used. For example,
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Lee and colleagues have reported that restraint stress for 2 h/day for 16 days results
in higher levels of ser199, thr231 and ser296 phosphorylated tau but not the ser202
tau phosphoepitope in the Tg2576 mice [25]. However, Jeong and colleagues have
reported that transgenic mice expressing the ABPP London mutation displayed
memory impairment and increased tau phosphorylation at the ser202/thr205 site
after 8 months of immobilization and isolation stress, starting at 3 months, for 6 h/day
for 4 day/week [20].

In addition to stress and glucocorticoids, a role for CRF has emerged in the
pathogenesis of AD, despite earlier work that indicated CRF was protective in vitro.
CREF acutely elevates brain AP levels and phosphorylated tau in transgenic AD
animals which is prevented by using CRF antagonists [26]. Overexpression of
CRF in an AD mouse also results in faster progression of the AD phenotype,
while disruption of the CRF receptor results in normalization of pathology [27].
These early results seem to indicate that stress, in addition to elevating glucocor-
ticoids, facilitates neurodegeneration through CRF. Other important aspects of the
HPA axis, including the neuroactive properties of the mineralocorticoid receptor
and ACTH, are less well studied and may also play a role in AD. Additionally, since
the HPA axis can also be modulated by circulating catecholamines such as epineph-
rine and norepinephrine, further investigation of these in the context of stress may
prove fruitful.

11.5 HPA Axis, Major Depressive Disorder,
and Alzheimer’s Disease

A recent body of work shows that potential links may exist between major depressive
disorder (MDD) and AD [28]. MDD is characterized by a majority of the following
symptoms for at least 2 weeks: depressed mood, anhedonia, weight loss or weight
gain, insomnia or hypersomnia, psychomotor agitation or retardation, fatigue or
loss of energy, feelings of worthlessness, diminished ability to concentrate, and
suicidal ideation. HPA axis dysfunction, including an elevation of circulating gluco-
corticoids and CREF, is known to occur in patients with major depressive disorder.
Interestingly, MDD that occurs early in life is correlated with the development of
AD in later life, and the risk for developing symptoms of dementia increase by over
10 % per MDD-related hospitalization [29, 30]. Additionally, persons who develop
MDD after the age of 50, termed late-life depression, many times also develop cog-
nitive impairments [31]. In patients with mild cognitive impairment, co-incident MDD
increases risk for development of AD, and MMD occurs in over 30 % of AD patients
[32]. As with AD, in patients with MDD, there is volume loss in the hippocampus [33].
While at the present time it is unclear whether MDD is directly related to the devel-
opment of AD, this relationship appears to be significant, and, given similar HPA
axis dysfunction in both MDD and AD, further work must be done to understand
how these diseases are related.



164 Y.B. Joshi and D. Pratico
11.6 Conclusion

In summary, stress and HPA axis dysfunction appears to be a significant component
of AD pathogenesis. Stress and stress hormones modulate important brain regions
known to be crucial for learning and memory, such as the hippocampus. Stress
increases the risk for the development of cognitive decline and many AD patient
display dysregulation of the HPA axis. In AD animal models, stress leads to an
increase in AP and tau pathology as well as cognitive decline. Finally, emerging
data suggests that in other disease states where there is HPA axis dysfunction,
including at least MDD, there is a greater risk for AD. While further work must be
carried out to sufficiently dissect the pathological molecular mechanisms involved,
current understanding of stress in the AD context suggests that behavioral or phar-
macological management of stress should be a significant priority in researchers
and clinicians who work not only with AD patients, but also with individuals bearing
this risk to develop the disease.
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Chapter 12
Diabetes Mellitus and Its Impact on Sporadic
Alzheimer’s Disease

Weili Xu

Abstract The prevalence of type 2 diabetes mellitus (T2DM) is increasing, and it
affects 338 million people worldwide. Approximately 36 million people worldwide
have dementia. Alzheimer’s disease (AD) is the most common form of dementia in
elderly people. There is convincing evidence from epidemiology, neuropathology
and neuroimaging showing an increased risk of AD in people with T2DM. The pos-
sible mechanisms linking T2DM and AD include vascular pathways, hyperglyce-
mia, insulin resistance, inflammation, oxidative stress, and mitochondrial dysfunction
as well as genetic factors. T2DM may lead to AD through a mixed pathology invov-
ing both vascual and nonvascular changes in the brain. Among diabetic patients,
diabetic treatment may play an imprtant role in the development of AD, and effec-
tive glyceamic control may attenuate the risk of AD, while hypoglycemia may
increase the risk of dementia. Although T2DM and AD may share common patho-
logical process, the two disorders may not be directly linked. A better understanding
of the key mechanisms underlying diabetes and AD is needed for the design of
preventive and therapeutic strategies.
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12.1 Introduction

12.1.1 Diabetes Mellitus

Diabetes mellitus is a group of metabolic disorders with the common manifestation
of hyperglycemia caused by defective insulin secretion, defective insulin action, or
both. The World Health Organization (WHO) recognizes three main forms of diabe-
tes: type 1, type 2, and gestational diabetes [1]. Type 1 diabetes is usually due to the
autoimmune destruction of the pancreatic -cells and accounts for 5-10 % of diabe-
tes in the population. The prevalence of type 1 diabetes is higher in younger than
in older age groups. Type 2 diabetes mellitus (T2DM) is characterized by insulin
resistance in target tissues, and accounts for 90-95 % of all diabetes cases in the
population.

T2DM is frequently undiagnosed for many years because the hyperglycemia is
often not severe enough to provoke noticeable symptoms of diabetes. Approximately
one-third of all people with diabetes may be undiagnosed [2]. Nevertheless, such
patients are at increased risk of developing microvascular and macrovascular com-
plications, and related disorders. In addition, T2DM is a slow onset disease, and
preceded by impaired glucose regulation (impaired fasting glucose and impaired
glucose tolerance), which refers to a metabolic state intermediate between normal
glucose homeostasis and diabetes. Thus, two other categories of glucose intoler-
ance, namely impaired glucose tolerance (IGT) and impaired fasting glucose (IFG)
have been introduced. Impaired glucose regulation has been termed “prediabetes”
or “borderline diabetes”. Prediabetes often progresses to full-blown diabetes and
increases the risk of cardiovascular disease [2]. Although many different diagnos-
tic criteria for diabetes have previously been defined, they were rationalized in
1979/1980 in reports from the National Diabetes Data Group (NDDG) and the
WHO (Table 12.1). An HbAlc of 6.5 % has been recently recommended as the cut

Table 12.1 The World Health Organization criteria (1999) for the diagnosis of diabetes

Diagnostic Plasma glucose (values/mmol) Whole-blood glucose (values/mmol)
category Venous Capillary Venous Capillary
Diabetes

Fasting or >7.0 >7.0 >6.1 >6.1

2-h post load >11.1 >12.2 >10.1 >11.1

IGT

Fasting and <7.0 <7.0 <6.1 <6.1

2-h post load 7.8-11.0 (incl.) 8.9-12.1 (incl.) 6.7-9.9 (incl.) 7.8-11.0 (incl.)
IFG

Fasting and 6.1-6.9 (incl.) 6.1-6.9 (incl.) 5.6-6.0 (incl.) 5.6-6.0 (incl.)
2-h post load <7.8 <8.9 <6.7 <7.8

Note: mmol/0.0555=mg dl
IGT impaired glucose tolerance, /FG impaired fasting glucose
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point for diagnosing diabetes from the WHO, but a value less than 6.5 % does not
exclude diabetes diagnosed using glucose tests [3].

The number of people with diabetes is increasing due to population growth,
aging, urbanization and the increasing prevalence of obesity and physical inactivity.
The prevalence of diabetes for all age groups worldwide is estimated to be 2.8 % in
2000 and predicted to be 4.4 % in 2030 [4]. Diabetes occurs throughout the world,
but is more common (especially type 2) in the more developed countries than in
developing nations. The total number of people with diabetes is projected to rise
from 171 million in 2000 to 366 million in 2030. Currently, T2DM affects 338 mil-
lion people worldwide, with 6 million new cases each year. The incidence of diabe-
tes increases with age. The annual incidence rates are 0.3-0.5 % in people aged
50-60 years, 0.5-1.0 % for 60-70 years, and 1 % above 70 years. In addition to
diabetes, prediabetes also constitutes a major public health problem. In 2003,
around 314 million people worldwide, or 8.2 %, in the age group 20—79 years had
impaired glucose tolerance; by 2025 the number is projected to increase to 472
million, or 9.0 % in the adult population [4].

Diabetes is ranked among the leading causes of blindness, renal failure and lower
limb amputation, and 70-80 % of people with diabetes die of cardiovascular
disease. In fact, diabetes is one of the leading causes of death through its effects on
the cardiovascular system. Chronic elevation of blood glucose, even when no symp-
toms are present to alert the individual to the presence of diabetes, will eventually
lead to tissue damage, with consequent, and often serious disease [5]. Whilst evi-
dence of tissue damage can be found in many organ systems, it is the kidneys, eyes,
peripheral nerves and vascular tree that manifest the most significant, and some-
times fatal, diabetic complications due to microvascular and macrovascular damage
[6, 7]. The mechanism by which diabetes leads to these complications is complex,
and not yet fully understood, but involves the direct toxic effects of high glucose
levels, along with the impact of elevated blood pressure, abnormal lipid levels and
both functional and structural abnormalities of small blood vessels [6]. Diabetes and
old age come together to increase the frequency and severity of vascular disease [8].
In the last decade, it has become increasingly evident that diabetes may also affect
the central nervous system, a complication referred to as “diabetic encephalopathy”
[9]. This complication is reflected in impaired cognitive functioning, and it is also
associated with an increased risk of dementia.

12.1.2 Dementia and Sporadic Alzheimer’s Disease

Approximately 36 million people worldwide have dementia. Dementia is defined as
a clinical syndrome, and characterized by the development of multiple cognitive
deficits that are severe enough to interfere with daily functioning, including social
and professional functioning. The cognitive deficits include memory impairment
and at least one of the other cognitive domains, such as aphasia, apraxia, agnosia, or
disturbances in executive functioning according to Diagnostic and Statistical
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Manual of Mental Disorders, Fourth Edition (DSM-1V). Alzheimer’s disease (AD)
is the most common cause of dementia in the elderly, accounting for 60—70 % of all
demented cases [10]. AD is strictly a neuropathological diagnosis determined by
the presence of neurofibrillary tangles and senile plaques in the brain of patients
with dementia. The disease frequently starts with memory impairment, but is invari-
ably followed by a progressive global cognitive impairment. Vascular dementia
(VaD) is the second most common cause of dementia in the elderly after AD, and
defined as loss of cognitive function resulting from ischemic, hypoperfusive, or
haemorrhagic brain lesions due to cerebrovascular disease or cardiovascular
pathology. Diagnosis of VaD requires cognitive impairment; vascular brain lesions,
often predominantly subcortical, as demonstrated by brain imaging; a temporal
link between stroke and dementia; and exclusion of other causes of dementia [11].
The combination of AD and VaD pathological changes in the brains of older people
are extremely common, making mixed dementia probably the most common type
of dementia [12].

The etiology of dementia and AD has been extensively studied trying to find
efficacious prevention and treatment strategies. As described above, dementia is a
multifactorial disorder caused by complex interaction between environmental and
genetic factors. It has been estimated that 1-5 % of AD cases are due to genetic
mutations, while the most part are ascribable to modifiable environmental factors
and their interaction with genetic susceptibility [12]. Age is the most powerful
determinant of dementia, suggesting that aging-related biological process may be
involved in the pathogenesis of AD [13]. In actuality, the association between age
and AD is mediated by the cumulative effect of other risk and protective factors over
the lifespan. The major risk and protective factors for AD can be summarized
basing on the different etiological hypotheses including genetic susceptibility
hypothesis, vascular pathway hypothesis, psychosocial hypothesis, nutrition and
dietary hypothesis, and others (e.g., toxic or inflammatory factors). While the role of
genetic, vascular and psychosocial factors in the AD onset is supported by strong to
moderate epidemiological, neuroimaging and neuropathological researches, the evi-
dences for the other factors are controversial and insufficient. Following age, the
presence of Apolipoprotein E €4 allele (APOE €4) is the most established genetic
risk factor for developing late-onset AD [14].

12.2 Impact of Diabetes on Alzheimer’s Disease

12.2.1 Epidemiological Evidence

A potential link between diabetes and cognitive impairment was first reported more
than 80 years ago. The association of diabetes with these cognitive changes is now
well established [15—17]. Over the last decade, many population-based longitudinal
studies have revealed a relationship between diabetes and an increased risk of
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Fig. 12.1 The impact of type 2 diabetes on Alzheimer’s disease (findings from 20 population-
based longitudinal studies)

dementia and VaD, although the results concerning the association of diabetes with
the Alzheimer type of dementia are inconsistent. In fact, some prospective studies
showed the association between diabetes and an increased risk of AD, or observed
such an association only in specific subgroups, and others did not. Since 2000, 20
population-based studies have examined the longitudinal relation of diabetes and
prediabetes to AD, and the incidence of AD was approximately 1.4-3.0-fold higher
in people with diabetes or prediabetes than in those without the conditions in 13 stud-
ies (Fig. 12.1) [18-37]. In a recent meta-analysis the aggregate relative risk of AD for
people with diabetes was 1.57 (95 % CI 1.41-1.75) based on 14 cohorts [38].

T2DM is a complex metabolic disorder that is closely associated with other estab-
lished risk factors for dementia, such as hypertension and atherosclerotic vascular
disease. These and other risk factors, such as demographic factors (e.g., age, educa-
tion), diabetes-specific factors (e.g., diabetes duration, glycemic control), medication
use, and genetic factors may be involved in the association between T2DM and
dementia. The epidemiological studies on the association between T2DM and demen-
tia took the potential confounding effects of age, gender and generally also ethnicity
and education into account. However, the risk of dementia among those with T2DM
is seldom reported separately for men and women. Only one study found a slightly
increased risk in men, whereas others reported no difference [24]. There is no data
on the influence of education and ethnicity on the risk of dementia specifically
among those with T2DM, but comparisons of the relative risk of dementia associated
with T2DM across different study populations, does not suggest major effects of
ethnic background.
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The association between diabetes and AD is largely independent of hypertension
and hypercholesterolemia. The majority of studies assessed these vascular risk fac-
tors at old age and it is well known that the association between these factors and
dementia is modulated by age, and that hypertension at midlife is a strong predictor
for late life dementia while late-life hypertension is not. The limitation of clinical
diagnostic criteria in the classification of dementia by pathological subtypes should
be considered, especially in a complex disorder such as diabetes. Among these studies,
detailed data on modulating or mediating effects of glycemic control, microvascular
complications, and comorbidities were generally absent.

Genetic predisposition may contribute to the increased AD risk in people with
diabetes. The APOE ¢4 allele is the most widely examined genetic risk factor for
dementia and is related to late-onset AD in the general population. Several studies
have shown interactive effects between diabetes and the APOE €4 allele on the risk
of AD suggesting further increased risk of AD due to diabetes among €4 carriers
[18, 26, 27,29, 32].

However, some points need to be considered, when drawing any conclusion from
these studies addressing the association betweeen diabetes and AD. First, the charac-
teristics of the study populations are different from study to study, especially regard-
ing age and gender. Mortality risk is elevated in diabetes and diabetes-associated
diseases. In a higher age range, selected survival might result in milder forms of dia-
betes being examined with respect to potential dementia. Therefore, it should be
emphasized that these results from elderly populations cannot be generalized to
younger persons. Second, different methods of assessment have been used in different
studies to identify diabetic patients. A number of studies defined diabetes only based
on the information from self-reports, medical records, or the use of antidiabetic medi-
cations, and they did not assess blood glucose concentration. As diabetes is often
undiagnosed among elderly people, in these studies, a substantial proportion of people
with diabetes might have been erroneously assigned to the nondiabetic group, which
might have led to an underestimation of the disease risk attributable to diabetes.
In addition, the diabetes-related cognitive deterioration may be attenuated by effective
glycemic control, but studies that addressed the relation of diabetes to dementia gen-
erally did not take into account the effect of glycemic control and diabetes duration.
Third, different criteria used in the diagnosis of dementia and its subtypes can have
a large impact on the frequency of dementia. Within individual studies the reliability
of these diagnostic criteria will be affected by the nature of the diagnostic work-up.
The diagnosis of VaD is difficult in epidemiological studies, and the boundaries
between AD and VaD remain controversial. Finally, an in-depth analysis of the
modulating effect of comorbid disorders was generally not provided.

12.2.2 Neuropathological Evidence

Although epidemiological studies also link diabetes to an increased risk of AD, this
cannot be taken as definite proof of accelerated AD-type pathology in T2DM
patients, because a clinical diagnosis of AD does not always match with the underlying
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neuropathology (i.e., AD- or vascular-type) [39]. Moreover, particularly in the
oldest old, the neuropathology of dementia is most commonly a combination of
AD-type and vascular lesions [40].

12.2.2.1 Neuroimaging

A meta-analysis of studies on brain Magnetic Resonance Imaging (MRI) in patients
with T2DM showed that there was a significant association between diabetes and
lacunar infarcts (Odds Ratio 1.3, 95 % CI 1.1-1.6) [41]. However, most of these
studies have been performed in non-demented populations. Case-control studies
that used semiquantitative measures of white matter hyperintensities (WMH)
observed a modest increase in WMH severity in T2DM patients compared to con-
trols [42]. When it comes to effects of T2DM on the white matter, diffusion tensor
imaging (DTI) is also of interest. This noninvasive technique provides quantitative
measures of the microstructural integrity of the white matter. Recent studies with
DTI report abnormalities in T2DM patients relative to controls [43]. In addition to
vascular lesions, cross-sectional studies consistently report modest degrees of
global atrophy in patients with T2DM [44]. Atrophy of the medial temporal lobe
structures, including the hippocampus and amygdala, may also be relatively more
pronounced [45, 46]. The pathological basis for this DM-associated global and
regional atrophy needs to be resolved. It probably reflects microscopic neurode-
generation (loss of synapses, dendritic processes, and neurons) [47], which may
occur as a result of AD-type pathologies, but it may also be secondary to vascular
damage. Future studies, for example using amyloid Positron Emission Tomography
(PET), or high resolution MRI of microvascular lesions, may provide more insight
in these issues.

12.2.2.2 Neuropathology

Several autopsy studies have addressed the relation between T2DM, cerebrovascu-
lar lesions and AD-type pathology. These studies found that T2DM patients were
more likely to have small infarcts [21, 22, 48]. But a relation between the presence
of T2DM and the severity of amyloid plaques and neurofibrillary tangles was found
only in one study [18]. If anything, some autopsy studies reported that T2DM
patients were even less likely to present these AD-pathologies [49].

Based on the current evidence, T2DM is associated with more pronounced vascu-
lar pathology in the brain. In some patients this vascular damage may lead to a clini-
cal syndrome that matches clinical diagnostic criteria for VaD. However, in the
majority of patients the clinical diagnosis will be AD, despite the fact that neuro-
pathological studies thus far do not support a link between T2DM and accelerated
AD-type pathology. A possible explanation is that these latter patients will generally
have mixed pathologies, where DM-associated vascular damage lowers the thresh-
old at which AD pathology becomes clinically manifest. This makes prevention of
vascular damage the key target in the prevention of dementia in T2DM.
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12.2.3 Diabetes Treatment and AD

The role of diabetes in increasing risk for cognitive decline and dementia leads to
the exploration of the effect of antidiabetic medications on this association. To our
knowledge, there are no published studies that have analyzed the association of the
long-term effect of antidiabetic medications or long-term glucose control on cognitive
function/dementia. Moreover, if antidiabetic medications are efficacious in demen-
tia or AD prevention, it is unknown whether this effect is through diabetes control
or other mechanisms. However, there is preclinical and clinical evidence demon-
strating the potential beneficial effects of certain antidiabetic treatments in AD.
In epidemiological studies, the role of antidiabetic medications in altering risk for
dementia is controversial [50]. The apparent discrepancies among epidemiological
studies are not necessarily contradictory from the mechanistic point of view. The type
and number of prescribed antidiabetic medications may reflect difficulties in achieving
glucose control, and therefore higher susceptibility to diabetes-related complications
with cognitive compromise being an additional complication.

The importance of glucose control in dementia prevention was exemplified in
studies showing that uncontrolled diabetes was associated with higher risk for AD,
while better glucose control attenuated cognitive deterioration [27]. Moreover, even
in subjects with HbAlc levels within the range considered to be normal, higher
HbA 1c is associated with higher risk for cognitive deterioration. On the other hand,
certain antidiabetic medications, or combination of medications, may have a beneficial
effect on cognition that is not necessarily related to glucose control.

The effect of antidiabetic medications on dementia has been assessed in several
clinical trials of AD patients. When mild-to-moderate AD patients were random-
ized to rosiglitazone, an insulin sensitizer or placebo, rosiglitazone treatment was
associated with improvement in cognition [51]. Intranasal insulin administration
was associated with better performance in memory, attention and functional status
compared with placebo in another trial [51]. In an observational follow-up study of
subjects diagnosed at baseline as suffering from both AD and diabetes, participants
were divided according to their baseline antidiabetic medication regimen (either oral
hypoglycemic medications or a combination with insulin). At 12-month follow-up,
the group treated with oral medications only performed significantly worse than the
group treated with a combination of insulin and oral medication [51].

An additional consideration in the association of diabetes and antidiabetic
treatment with dementia is hypoglycemia. Diabetic subjects, especially those
treated with medications, are at increased risk for hypoglycemic episodes. Severe
hypoglycemic episodes in subjects who were not demented at baseline were dem-
onstrated by some, but not all to be associated with increased risk for dementia.
Self-management of diabetes is complicated, probably requiring complex cognitive
abilities. Therefore, it is not easy to distinguish whether severe hypoglycemia
induces permanent brain damage, or, as demonstrated by some, dementia is a risk
factor for hypoglycemic episodes [51]. There are several possible explanations for
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the discrepancies between different studies, particularly the different strategies used
to ascertain hypoglycemic episodes. An additional complexity in research on the
association between hypoglycemia and cognition is that the majority of hypoglycemic
episodes is not considered to be severe and is difficult to record, thus, understanding
of their role in cognition is limited.

12.3 Potential Mechanisms Liking Diabetes and AD

There are many pathophysiological mechanisms through which diabetes might
affect the initiation and promotion of the many underlying pathologies associated
with dementia. These mechanisms include those which are common to both AD and
VaD, as well as aging itself. It is increasingly recognized that the brains of people
with dementia, particularly in the very old, are likely to show a mixture of patholo-
gies, particularly Alzheimer type and vascular changes. Figure 12.2 presents a
simplified scheme, in which some of the endocrinologic, metabolic, and vascular
abnormalities that are associated with diabetes and can lead to these different pathol-
ogies are indicated [16, 52]. T2DM and its comorbid conditions are associated with
and increased risk of macrovascular and microvascular changes, leading to vascular
pathology in the brain. Insulin resistance can cause complex changes in cerebral
energy metabolism, induce inflammation and can substantially impact the vascula-
ture. It can also directly interfere with amyloid and tau metabolism, giving rise to
Alzheimer’s type pathology (Fig. 12.2). Hyperglycemia can cause glucose toxicity
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Fig. 12.2 Mechanisms that may link diabetes and dementia [16, 52]. Af amyloid beta
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leading to mitochondrial dysfunction and oxidative stress, giving rise to Alzheimer’s
type pathology.

These combined mechanisms can lead to mixed pathology. In some people with
diabetes vascular damage will predominate, leading to a form of dementia that will be
clinically classified as “pure vascular dementia”. In other patients amyloid-related
mechanisms may predominate leading to a clinical picture of “pure Alzheimer’s
disease”. Most patients will present with intermediates between these two dementia
syndromes.

12.3.1 Vascular Pathway

T2DM and associated vascular risk factors predispose to microvascular and macro-
vascular complications throughout the body and T2DM is an established risk factor
for cerebral small vessel disease, as well as thromboembolic stroke. Stroke and
vascular comorbidity are likely to be important determinants of the risk of dementia
in individuals with diabetes. Diabetes is a known risk factor for stroke. This risk
might not only be attributable to diabetes, but also to associated risk factors for
vascular disease. T2DM may develop in the context of a cluster of these risk factors,
including obesity, insulin resistance, atherogenic dyslipidaemia, hypertension, and
prothrombotic and proinflammatory states. Together these factors constitute the
metabolic syndrome, or insulin resistance syndrome. Several factors from the meta-
bolic syndrome might be predictors of cerebrovascular disease, ischemic stroke, and
accelerated cognitive decline and dementia. The combination of these risk factors in
the metabolic syndrome and T2DM might reinforce these effects. Additionally,
chronic exposure to hyperglycemia in diabetes might lead to abnormalities in cerebral
capillaries, such as basement membrane thickening. These microvascular changes
might also lead to chronic and insidious ischemia of the brain [52].

12.3.2 Hpyperglycemia

Several lines of evidence suggest that “toxic” effects of hyperglycemia can lead to
slowly progressive functional and structural abnormalities in the brain [52]. Chronic
hyperglycemia could thus be one of the determinants of cognitive changes in people
with diabetes. Rodents with chronic hyperglycemia express cognitive impairments
and abnormalities in synaptic plasticity. Toxic effects of high glucose concentrations
are mediated through an increased flux of glucose through the polyol and hexosamine
pathways, disturbances of intracellular second messenger pathways, an imbalance in
the generation and scavenging of reactive oxygen species, and by advanced glyca-
tion of important functional and structural proteins. These processes can affect brain
tissue directly, but can also lead to microvascular changes. So, unlike causing cir-
cumscript vascular lesions, diabetes might evoke more generalized and widespread
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microvascular changes in the brain by this process, causing microinfarcts, probably
leading to generalized atrophy and white-matter changes. The occurrence of micro-
infarcts and their relation to brain atrophy and cognitive decline in elderly people is
an evolving concept in the area of dementia research.

These global-glucose mediated effects on cognition and brain structure might be
referred to as “accelerated brain aging” [52]. Although this term is rather nonspecific,
it might have importance from a conceptual point of view. Several of the above
mechanisms that mediate the toxic effects of hyperglycemia, such as oxidative stress,
the accumulation of advanced glycation end-products, and microvascular pathology,
are also implicated in the aging process of the brain. In fact, the pattern of cognitive
changes and brain atrophy in patients with diabetes without dementia mimics certain
aspects of brain aging. Although this glucose-mediated “accelerated brain aging” in
diabetes is unlikely to lead to frank dementia in itself, it could certainly reduce the
threshold for dementia in combination with other pathological changes.

12.3.3 Insulin Resistance

Insulin resistance, at least in the early stages of T2DM, is associated with compen-
satory hyperinsulinemia. Several studies have identified hyperinsulinemia as a risk
factor for accelerated cognitive decline and dementia. Part of this association is
likely to be mediated through vascular disease because insulin has vasoactive
effects. Several population-based studies in participants without diabetes have
reported an increased risk of stroke in those with the highest insulin concentrations,
an effect that persisted after adjustment for associated other vascular risk factors
from the metabolic syndrome.

Additionally, insulin might have direct effects on the brain. Insulin is transported
actively across the blood—brain barrier, and might even be produced locally in the
brain. Insulin receptors are distributed throughout the brain, with particular abun-
dance in the hippocampus and the cortex. Within the brain, insulin is a modulator of
food intake and energy homoeostasis, and could also be associated with learning
and memory. Aging is associated with changes in insulin and its receptor in the
brain, and these changes might be even more pronounced in patients with AD.
Observation that activation of the insulin receptor was impaired in brain autopsy
samples of patients, has given rise to the notion that Alzheimer’s disease could be
qualified as “an insulin resistant brain state” [52].

12.3.4 Oxidative Stress and Mitochondrial Dysfunction:
Common Pathological Process

There is strong epidemiological evidence that oxidative stress and mitochondrial
dysfunction are involved in AD pathogenesis. Indeed, several key components of
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the tricarboxylic acid cycle, as well as enzymes of the mitochondrial electron trans-
port chain, including cytochrome oxidase (COX), have been shown to be function-
ally impaired in AD brains. COX controls the final step of oxidative phosphorylation
within the respiratory chain, where it catalyzes the reduction of molecular oxygen
to water. Impaired COX function leads to an increase in the production of reactive
oxygen species (ROS) and, subsequently, to oxidative stress.

ROS play a critical role in the defense against pathogens under physiological
conditions; they may instead contribute to the severe neuronal damage in the AD
setting by impairing mitochondrial function and energy metabolism [53]. A similar
impairment of mitochondrial activity has been described in diabetic patients [54]. In
fact, a reduction of mitochondrial function was found to be responsible for skeletal
muscle insulin-resistance in diabetic subjects. Experiments with mouse models
showed that diet-induced diabetes altered mitochondrial biogenesis, structure and
function in muscle tissue. When lipids start to accumulate ectopically in muscle tis-
sue, an impaired ability to oxidize fatty acids plays an important role in the develop-
ment of diabetes, as reduced mitochondrial oxidative phosphorylation is directly
associated with insulin resistance. In addition, a number of genes involved in oxida-
tive phosphorylation, such as nuclear receptor co-activator PPARy co-activator-1
(PGC-1) have been shown to be expressed to a lower extent in muscle tissue of
T2DM patients, underlining the importance of mitochondrial dysfunction for T2DM
pathophysiology [53]. Therefore, antioxidant treatment might, prove a promising
tool for the treatment of T2DM and AD.

12.3.5 Inflammation

Neurotoxic inflammatory processes seem to be linked to AD pathogenesis. In
accordance, individuals who regularly consume nonsteroidal anti-inflammatory
drugs (NSAIDs), as is the case for arthritis patients, have less severe Af pathology
and consequently a reduced risk of developing AD [55]. Activated microglia and
astrocytes in the AD brain emit several pro-inflammatory signals. Cytokines as
well as components of the complement system can be detected whereby the inter-
leukins seem to play a paramount role in the deleterious processes linked to AD.
IL-1 plays a crucial part in AD-associated inflammation. Microglia and astrocytes
also secrete IL-6, a cytokine whose effect is context-dependent, ranging from pro-
to anti-inflammatory. IL-6 directly modulates tau phosphorylation status. Another
pro-inflammatory cytokine connected to AD is tumor necrosis factor alpha (TNF),
again linking inflammation to oxidative stress. Pharmacological inhibition of
TNFa leads to a reversal of formation of senile plaques after intra-cerebroven-
tricular injection of AP. As in AD, T2DM has been characterized as a chronic,
sub-acute inflammatory state. Inflammation factors such as C-reactive protein,
IL-6 and TNFa are also elevated in diabetes. Taken together, there is substantial
evidence that inflammation is more than only a peripheral factor in AD and it is not
unlikely that inflammatory processes and alterations in the regulation and activity
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of pro-inflammatory molecules may play a crucial role in T2DM and AD patho-
genesis [55].

12.3.6 Genetic Factors

It is well accepted that the APOE ¢ 4 allele is associated with an increased risk of
AD. APOE €4 may also modify the effect of insulin resistance in AD, but not all
studies have supported this idea. Hyperinsulinemia might increase AD risk more in
individuals with the € 4 allele than those without the allele [56]. IDE (insulin degrad-
ing enzyme) is a metalloprotease that is ubiquitously expressed throughout the body
and localizes primarily to the cytoplasm and peroxisomes of cells. IDE degrades
insulin following internalization of insulin and its receptor, thus preventing over-
accumulation of serum insulin levels [57]. Another major substrate of IDE is Ap
peptide. IDE is secreted to the extracellular space by microglial cells in the brain,
where it degrades monomeric but not oligomeric Af peptide. This leads to reduced
Ap peptide concentration in the brain, thus reducing aggregation and plaque forma-
tion. IDE levels have been reported to be decreased in the brains of AD patients,
especially in the hippocampus. Genome-wide association studies have shown that
the IDE gene links both AD and T2DM [57]. It has been hypothesized that increased
serum concentrations of insulin during prediabetes effectively sequesters IDE,
reducing Ap peptide degradation. This would increase levels of Ap peptide, and
promote many of the pathological features of AD (including plaque formation).
Alternatively, inactivation of IDE by or reduced expression could also lead to accu-
mulation of Ap peptide and plaque formation.

12.3.7 Can Alzheimer’s Disease Be a Form of Type 3 Diabetes?

Growing evidence that Alzheimer’s is primarily a metabolic disease has led some
researchers to propose reclassifying it as type 3 diabetes. As several pathological
and histological features have been identified as common denominators of diabetic
and Alzheimer’s patients, such as insulin resistance, inflammation, and oxidative
stress, there is a rapid growth in the literature pointing toword insulin deficiency and
insulin resistance as mediators of AD-type nurodegeneration, but this view is riddled
with conflicting andunsolved conccepts rergarding the potential contribution of
T2DM to AD pathology. The term of “type 3 diabetes” accurately reflects the fact
that AD represnets a form of diabetes that selectively involves the brain and has
molecular and biochemical features that overlap with both type 1 and type 2 diabe-
tes. T2DM and AD may not be directly linked, but may share common histological
and pathological characteristics, which may at least partially explain the increased
risk of AD in elderly diabetic patients and hold promiseas new therapeutic targets in
the potentially combined treatment of T2DM and AD in the furture.



182 W. Xu
12.4 Conclusion and Implication

There is convincing evidence showing an increased risk of AD in people with
T2DM. This relationship is so close that some authors have defined AD as type 3
diabetes [58]. Prevention and treatment of T2DM are important clinical and public
health issues. AD is clearly a multifactorial disease that might be linked to several
pathways, and increased understanding of the roles of T2DM, insulin, oxidative
stress, inflammation, and IDE are important development. T2DM patients are at risk
of AD through vascular and nonvascular mechanisms. Some evidence indicates that
better control of T2DM might help to prevent cognitive decline. AD patients are
not, however, routinely screened for T2DM or its correlates; nor are T2DM patients
evaluated for cognitive deficits. Early detection of cognitive impairment in T2DM
patients could help to prevent AD. Although treatment of AD patients with diabetic
drugs cannot yet be supported by existing evidence, the benefits of T2DM treatment
for prevention of AD in patients with diabetes are supportable in themselves. For a
better understanding of risk factors for dementia in T2DM, a life-course perspective
is needed for the design of preventive and therapeutic strategies.
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Chapter 13
Peripheral Biomarkers of Oxidative Stress
in Alzheimer’s Disease

Fabio Di Domenico and Marzia Perluigi

Abstract Alzheimer’s disease is a multifactorial dementing disorder with a com-
plex etiology affecting millions of people worldwide. One of the major challenges
of both researchers and clinicians is to identify putative peripheral biomarkers
which may facilitate disease diagnosis at early stages, monitor disease progression,
and assesses the response to treatments by the time that disease-modifying treat-
ments become available in clinical practice. Among proposed candidates, particular
attention has been devoted to peripheral markers of oxidative stress (OS). Indeed,
several studies have demonstrated the accumulation of consistent oxidative damage
in specific brain regions of both MCI and AD patients. These findings support the
view that OS is an early event in the pathogenesis of AD and thus assessment of the
presence of peripheral oxidative damage that correlates with the occurrence of the
disease is intriguing. Biological fluids, such as CSF and plasma/serum, represent
the best potential source for biomarker discovery. However, the complexity of their
composition and wide variability among population has led to limited results. This
chapter summarizes the current knowledge on peripheral biomarkers of oxidative
stress in biological fluids and their relevance for Alzheimer research. Further efforts
are needed to improve and widen such knowledge, which is fundamental for a better
understanding, diagnosis and treatment of AD.
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13.1 From the Brain to the Periphery: Do Body Fluids
Reflect CNS Pathology?

Though a definite diagnosis of AD is obtained by postmortem neuropathological
examination, brain tissue cannot be used for early diagnosis of cognitive decline.
Thus, in recent years growing studies have been focused in establishing a direct link
between tissue specific damage and systemic alteration, as well as in identifying
biochemical markers of brain dysfunction that can be measured in body fluids such
as cerebrospinal fluid (CSF), plasma, and urine (Fig. 13.1). Biomarkers detected in
body fluids could contribute to increase the accuracy of diagnosis and prediction of
progression to AD (Table 13.1).

CSF among other extracellular fluids represents the closest approximation to
CNS for its direct contact with brain parenchyma. The CSF is a clear and colorless
ultrafiltrate of plasma produced from arterial blood by the choroid plexuses (CP).
Ependymal cells also produce a small amount of CSF. Albumin is the most abun-
dant protein in the CSF (50-70 %), and normally y-globulin levels are very low
(5-12 %). Among multiple functions, CSF protects the brain during blood pressure
fluctuations associated with posture, respiration, and exertion, regulates the chemi-
cal environment of the CNS, playing an important role in the homeostasis and
metabolism, and assures the excretion of the potentially toxic by-products, and it is
a vehicle for intracerebral transport. The brain’s ability to turn over or renew CSF is
crucially important in maintaining metabolic balance in the CNS.

Peripheral sources
of AD Biomarker

¢ 1

CSF Plasmalserum Urine Saliva

-

AB levels; hyperphosphorylated Tau levels; proteome composition;
lipid peroxidation; protein oxidation; protein glycation; etc...

Fig. 13.1 Peripheral sources and main types of AD biomarkers. The arrow thickness indicates the
importance of the biofluid as a diagnostic marker
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Table 13.1 OS markers measured in different fluids from AD patients

Levels of total 1 [12]~[69, 31] ~[31, 56] 1 [1]=[31] /
carbonylated
proteins
Levels of total ~ / 1 [56] 1[1,65] /
nitrated
proteins
Lipid ~ F-2,F-4 1T MDA [46] 1 F-2 isoprostanes 1 F-2
peroxidation isoprostanes [50, 40-42, 21] isoprostanes
[26, 44] [49, 66])~F-2,
F-4 isopros-
tanes [43]
Oxidazed LDL | [4] 1 [56] / /
Redox Fibrinogen y chain / A Chain /
proteomics precursor and precursor [32]
alpha 1
antitrypsin [10]
Hemopexin,
transferrin [68]
DNA oxidation 1 Lymphocyte 8-OHdG 1 8-OHdG [19,37]  |8-OHdG [35]

1 =increased oxidation; | =decreased oxidation; ~=no difference

Accurate analysis of CSF provides a wide range of information about the neu-
rological health of the patient. Moreover its relative availability make possible to
conduct longitudinal molecular analyses of changes in CSF during the course of
diseases. Historically, CSF compositional analyses have been used widely to
monitor distortions in brain metabolism, evaluate disruptions of barrier transport
and permeability functions, obtain pharmacokinetic parameters for drugs target-
ing the brain parenchyma, and identify biomarkers for aiding the diagnosis and
prognosis of CNS diseases [27]. Thus, the CSF contains valuable biochemical and
cellular information that can be advantageous for more effective clinical manage-
ment of brain complications. Aging- or disease-induced alterations in CSF turn-
over rate adversely impact neuronal performance with deleterious consequences
for the brain. The BBB separates circulating blood from the interstitial space of
the CNS and affects in a critical way the traffic of molecules in and out of the
brain. When the BBB is damaged, protein leaks from the blood into the CSF.
Toxic catabolites in CSF, generated especially by peroxidative phenomena,
increase with age and neurodegeneration. Oxidized and glycated proteins in CSF
are elevated in AD. A vicious cycle ensues as toxic neuronal products (e.g., Ap)
enter CSF from brain and inflict further harm to the CP already debilitated by
aging. CSF biomarkers reflecting the amyloid cascade (AP40, AB42) and cyto-
skeletal degeneration (total tau, and phosphorylated-tau) have been studied exten-
sively and these biochemical markers have been established as reliable biomarkers
for AD pathology [15].
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Blood-related body fluids analysis being less invasive that CSF, represent an
ideal tool in prognosis and in monitoring therapeutic interventions, especially for
large scale studies and for repeated measures.

Blood is a convoluted body fluid containing proteins, peptides, lipids and metab-
olites that reflect physiological activity and pathology in numerous body organs,
including the central nervous system (CNS). In humans about 500 mL of CSF is
absorbed into blood daily, making blood an appropriate source of neurodegenera-
tive disease biomarkers [58]. Plasma is the straw-colored liquid component of blood
in which the blood cells in whole blood are normally suspended. It makes up about
55 % of the total blood volume. It is the intravascular fluid part of extracellular fluid
(all body fluid outside of cells). It is mostly water (93 % by volume) and contains
dissolved proteins, glucose, clotting factors, mineral ions, hormones and carbon
dioxide (plasma being the main medium for excretory product transportation).
Plasma also serves as the protein reserve of the human body. It plays a vital role in
intravascular osmotic effect that keeps electrolyte in balance form and protects the
body from infection and other blood disorders. Serum is made up of non-clotting
proteins, glucose, nutrients, electrolytes, hormones, antigens, antibodies and other
particles. The components of plasma are same as that of serum, except for fibrino-
gens and clotting factors.

A variety of potential blood-related biomarkers for AD have been identified,
however, the application of these candidate biomarkers have yet to achieve the diag-
nostic power, sensitivity, and reproducibility necessary for widespread use in a
clinical setting. Among other biological fluid of human body, the analysis of urine
and saliva captioned some interest in the search of AD biomarker. Urine is an aque-
ous solution of greater than 95 % water, with the remaining constituents, in order of
decreasing concentration urea 9.3 g/L, chloride 1.87 g/L, sodium 1.17 g/L, potas-
sium 0.750 g/L, creatinine 0.670 g/L and other dissolved ions, inorganic and organic
compound. Urine, produced by the kidneys, contains the byproducts of metabo-
lism—salts, toxins, and water—that end up in the blood. The nephrons in the kid-
neys filter and eliminate waste substances from blood avoiding their buildup to
dangerous levels. Biochemical testing of urine composition for AD prediction is
currently an ongoing issue and several biomarker of the pathology has been pro-
posed; however, the real suitability of urine for AD diagnosis is still under debate.
Indeed the accuracy and relevance of a urinary analyte about brain status, given that
it need to pass the BBB, enter the circulation, reach the kidney, be filtered through
the glomeruli, and be stored in the bladder at body temperature for unknown time
periods, is questionable.

Saliva is produced from salivary glands and mucous membranes. Salivary fluid
is an exocrine secretion consisting of approximately 99 % water, containing a vari-
ety of electrolytes (sodium, potassium, calcium, chloride, magnesium, bicarbonate,
phosphate) and proteins, represented by enzymes, immunoglobulins, and other anti-
microbial factors, mucosal glycoproteins, traces of albumin and some polypeptides
and oligopeptides of importance to oral health. Saliva is not considered an ultrafil-
trate of plasma. Salivary proteins concentration is dependent by several factors like
stress, inflammation or infection [24]. In humans, in addition to the classical
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accumulation in the brain, AP protein deposits are found in peripheral regions,
including lingual glands. Salivary alterations may reflect changes in CSF and recent
studies showed association of activity and levels of salivary acetylcholinesterase
with AD [5].

13.2 Peripheral Biomarkers: Limits and Prospective

Identification of biomarkers for AD is challenging and complicated by diagnostic
imprecision, long asymptomatic prodromal stages, variability in clinical features
and rates of progression, and complex disease genetics.

At present, diagnostic criteria for AD and MCI are based on clinical features
allowing a “probabilistic” diagnosis and exclusion of other types of dementia. This
low specificity also is a major limit for the therapeutical management of these sub-
jects to test the efficacy of disease-modifying drugs [14].

Body fluids from living subjects are without any doubt the best potential source
of information on healthy and diseased subjects. So far, CSF biomarkers have been
focused on the amyloid cascade hypothesis and cytoskeletal degeneration, measur-
ing the levels of total tau and phosphorylated-tau. Results obtained were found to be
promising and reliable biomarkers of AD pathology. Indeed, increase in total tau
and p-tau, and decrease in AB42 level and AP42/Ap40 ratio have been documented
in CSF from AD patients and from MCI subjects [6,20,23]. However, the sensitivity
of these markers is still unsatisfactory and they are not useful for monitoring the
progression of the disease.

The lumbar punctures used to obtain CSF, still remains an invasive procedure
followed by several side effects. Further, patient consent is very low and this aspect
remains the major limit for clinical routine analysis. Thus, the majority of research
aimed to identify biochemical changes in blood, which is relatively easy to collect
and may reflect those occurring in diseased brain regions. Nevertheless, only few
studies were well correlated with the disease state and the development of methods
for measuring biomarkers in blood is complicated by the potential influence of the
blood brain barrier which affects the dynamics of release of these proteins into
blood.

A major difference between CSF and plasma is that protein concentration in CSF
is about 200-fold less than that in plasma. This could be due to the exposure to some
plasma proteins that might modulate properties of both neuronal and non-neuronal
components of the CNS, or following injuries that result in increased permeability
of the blood-brain barrier. For example, ischemic stroke is associated with patho-
physiological changes affecting both glial and neuronal brain tissue. These changes
are mirrored in the release of specific proteins into peripheral blood. Neuron-specific
enolase, protein S100B and glial fibrillary acidic protein are those proteins investi-
gated most often as peripheral surrogate markers of brain damage after stroke in
humans [8,17]. Other limitations are the influence of other pathologies at systemic
level, the standardization of the methods and the reproducibility of the results.
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Studies evaluating the diagnostic performance of a biomarker for AD should set up
the molecule’s sensitivity (the ability of a biomarker to identify patients who have
disease), specificity (the ability of a biomarker to identify patients who do not have
disease) and reproducibility (variation in biomarker levels between different centers
probably resulting from variations in clinical procedures—such as the protocols for
sample processing and other laboratory practices—as well as batch-to-batch varia-
tion in the biomarker assays). These types of variations are well known in clinical
chemistry, and are routinely controlled by external control programs. Standardized
protocols should minimize variation caused by differences in pre-analytical and
laboratory procedures and, thus, allow direct comparisons of biomarker levels
between laboratories and between publications [7]. Increased markers of protein,
lipid and nucleic acid oxidation and reduced activities of antioxidant enzymes in
AD brain support a role of OS in neurodegeneration in AD. OS is present in AD
since the early stages [38,49] of the disease and the search for altered levels of free
radical by-products or oxidatively modified molecules might facilitate the selection
of biomarkers of early AD diagnosis. Indeed, redox modifications of proteins can
significantly alter their biological activity even in cases where the relative abun-
dance may not, necessarily change. Several studies have shown that free radical
products are present in the CSF, serum, and plasma of AD patients [43,48,61].

Recently NIH has supported a coordinated study, the Biomarker of Oxidative
Stress Study (BOSS), to assess which biochemical products of oxidative damage
represent a valuable in vivo biomarker in an experimental model of oxidative injury
to rat liver [28]. Of these, MDA, F2-IsoPs, and 8-OHdG were acceptable quantita-
tive in vivo biomarkers of oxidative damage.

In the past years the analysis of body fluid composition by proteomics and redox
proteomics has been performed by different groups [2,10,32,63]. However, as previ-
ously stated, the discovery and validation of protein biomarkers from body fluids is
complicated by the enormous difference in quantity between the high and the low
abundant proteins with a dynamic range of about 12 orders of magnitude. Some
proteins are present at high concentration, while others at very low concentration,
thus making their detection highly challenging.

Serum albumin, the most abundant circulating protein, represents about two-
thirds of the entire protein content of plasma, and with IgGs and few other high-
abundance proteins constitute greater than 90 % of total protein mass, interfering
with the detection of lower abundance proteins that might represent the biologically
interesting population [59]. To increase the number of proteins that can be identified
by MS, depletion of abundant plasma proteins is a common strategy, which however
can affect also detection of the low abundant fraction that might interacts/binds the
high abundant one [3]. This strategy takes advantage of different biochemical and
biophysical features of proteins, such as molecular weight, hydrophobicity and iso-
electric point. Among different techniques commonly utilized, the most common
rely on antibody-based retention of a chosen set of the most abundant proteins.
Commercial removal kits are available, and depletion of high-abundant proteins—
ranging from 2 to 20—allow the removal of about 85-95 % of the total protein
content. Several studies have been carried out to validate this strategy by also
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comparing the various depletion approaches. Overall, improved quality of
proteomics separation and quantitation is achieved after removal of high-abundant
proteins [47].

13.3 Markers of Oxidative Damage in Body Fluids

In an effort to give insight into the mechanism of oxidative stress-induced neuronal
loss growing studies are focused on the search for circulating biomarkers of oxida-
tive stress in patients with a clinical diagnosis of AD. Indeed, postmortem investiga-
tions cannot easily address the question of whether oxidative stress is an early event
in the pathogenesis of the disease, or a common final step of the neurodegenerative
process. Lipid peroxidation products are the most broadly analyzed molecules in
the search of oxidative stress markers in biofluids and their presence was often cor-
related with the progression of the pathology. Protein oxidation, indexed as protein
carbonyls, was extensively studied in CSF while few reports are present in plasma
and none in urine. The investigation of peripheral oxidative stress biomarker, even
if potentially precious in AD diagnosis, meets several conceptual and experimental
limitations. The paucity of data on oxidized proteins in body fluids is perhaps due
to the difficulty of finding oxidized proteins in complex matrices, the multiplicity of
possible oxidative modifications, and low abundance [33].

13.3.1 CSF

As previously stated, CSF is the most proximal biofluids to CNS and therefore the
logical source to find any biomarker directly related to AD pathology.

The most reliable CSF markers in AD are AB42 and tau. Low CSF AB42 is asso-
ciated with amyloid pathology in the brain and high Tau is linked with neurofibril-
lary pathology [18]. Most subjects with decreased CSF AfB42 and high tau develop
AD during the follow-up [22]. Therefore, these CSF markers may reflect brain
pathology and identify preclinical AD.

Since the involvement of OS was largely investigated in the brain much effort
was done to parallel brain OS with CSF in order to find a molecular markers able to
reveal the ongoing oxidation in the brain.

The first report on increased presence of oxidative stress markers in CSF concern
the products of lipid peroxidation, indeed increased levels of HNE and elevated
levels of F2-isoprostane (F2-IsoP), formed by free radical-mediated peroxidation of
polyunsaturated fatty acid has been observed in CSF of AD and MCI subjects com-
pared to CTR [36,40—42,50]. In a longitudinal study, levels of CSF F2-IsoPs in AD
patients were significantly increased during the follow-up period, and also signifi-
cantly declined in patients accepting anti-oxidant treatment [53]. Following studies
on protein oxidation by Tohgi et al. [65] demonstrated that 3-nitrotyrosine
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moderately but significantly increased with advancing aging CSF showing a remark-
able increase in patients with AD. The increased 3-nitrotyrosine was likely due to
an increase in nitrated tyrosines in proteins or increased degradation of
3-nitrotyrosine-containing proteins, which are highly vulnerable to degradation.

Ahmed et al. [1] measured in CSF the levels of protein glycation, oxidation, and
nitration. Finding that these were all increased in subjects with AD, a combination
of nitration and glycation adduct estimates of CSF may conceivably provide an
indicator for the diagnosis of AD.

Previous studies on CSF nitrite and nitrate levels in patients with AD have pro-
vided contradictory results, with some showing decreased nitrate levels [34], others
showing unaltered nitrite/nitrate levels [25], and still others increased nitrate levels
[64]. However, it was reported that nitrite/nitrate levels in AD were stage-dependent,
being elevated only in the early phase of AD and decreasing to control levels with
disease progression [64]. This finding was interpreted to reflect progressive reduc-
tion of neurons. In contrast, free 3-nitrotyrosine levels increased significantly in
parallel with the severity of AD, suggesting that protein degradation increases with
disease progression, resulting in increased release of free 3-nitrotyrosine from tyro-
sine residues that have been nitrated. 3-nitrotyrosine and the 3-nitrotyrosine/tyro-
sine ratios in the CSF, both of which are believed to reflect degradation of nitrated
tyrosine-containing proteins, increased significantly with age and were remarkably
higher in patients with AD than in controls.

Interestingly, the levels of CSF AB42 showed a tendency to correlate positively
with serum oxidative markers in the whole study population and with plasma nitro-
tyrosines in AD patients. The correlation between CSF AD markers and blood oxi-
dative markers may suggest that oxidative metabolism is changed in AD. This
hypothesis is further supported by the finding of decreased CSF protein carbonyl-
ation in APOE &4 carriers, which is considered an important risk factor for develop-
ing AD [54] and correlates with redox proteomics studies that identified metabolic
proteins as oxidatively modified and dysfunctional [11].

A few previous studies measuring total levels of protein carbonyls or nitrated
proteins in CSF and plasma have yielded contradictory results [1,9,69]. Korolainen
et al. [31,43,44] found that protein carbonyl levels did not differ in CSF between
AD patients and controls. However, by using 2-D oxyblot, an increased degree of
carbonylation for one single protein, lambda-chain, in CSF of AD patients as com-
pared with controls [32] was showed. Further studies are needed to replicate this
finding and also to add new information in this topic. Yet the analysis of CSF oxi-
dized proteome present a number of challenges and it is likely that additional
changes in protein carbonylation will be revealed by using more sensitive
methods.

Studies by Lovell et al. demonstrated an elevation of 8-OHdG in DNA and a
decrease in free 8-OHdG in ventricular CSF in AD that correlate with disease sever-
ity [37]. These studies support the concept, already expressed by other studies,
about increased oxidative stress in AD brain, proposing DNA damage as a more
reliable biomarker than protein oxidation, and suggest for the first time that AD
brain might present deficiencies in essential DNA repair mechanisms.
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A similar result was obtained by Gackowski et al. that demonstrated increased
DNA damage in CSF of mixed dementia subjects, which comprises, among others,
also AD patients [19].

13.3.2 Plasma/Serum

Increasing number of studies demonstrate that oxidative damage in AD patients also
occurs outside the brain and can be detected in different body fluids. Conrad et al.
[12] were the first to measure the levels of oxidized proteins in plasma from AD
patients compared with controls. The levels of total oxidized proteins were mea-
sured by HPLC, while specific protein oxidation was assayed by western blot using
anti-DNP antibody. The results showed a statistically significant increase of total
carbonyl groups in plasma proteins while a specific increased oxidation of a 78 KDa
protein appeared to be differentially oxidized in subjects with AD.

Yu et al. [68] focused attention on plasma glycoproteins to evaluate both native
and oxidized fraction in plasma from AD patients. The glycoprotein fraction was
firstly isolated by affinity chromatography on heparin-agarose and concanavalin
A-agarose columns, followed by separation on one/two-dimensional polyacryl-
amide gels. In-strip derivatization with DNPH and anti-DNP immunoblotting was
performed to detected carbonylated glycoproteins. The results demonstrated
increased levels of carbonylation for glycosylated hemopexin and transferrin in the
AD subjects as compared to controls. This finding suggested that systemic perturba-
tion in the heme/iron/redox homeostasis and activation of the acute phase response
occurred in sporadic AD [68].

Choi et al. [10] firstly applied 2DE and immunochemical detection to identify
carbonylated proteins in AD plasma and non-AD controls. They found that the
increased oxidation was not a generalized phenomenon. Though more than 300
spots were detected, less than 20 spots were positive by immunostaining with anti-
DNP antibody and among the most intensively oxidized proteins, their relative lev-
els of oxidation differed. The most significant increase of carbonyl levels in AD
compared with controls was restricted to fibrinogen gamma chain precursor and
alpha-1-antitrypsin precursor. Though fibrinogen comprised six different chains
(a2; b2; c2), the alteration of only one of these as a result of its oxidative modifica-
tion may result in increased activation of plasminogen thereby contributing to fibri-
nolysis and proteolysis in areas of inflammation [60]. Similarly, alpha-1-antitrypsin
oxidation may be particularly relevant to the disease. Alpha-1-antitrypsin is one of
the major serine proteinase inhibitors (serpins) in human plasma, functions to inhibit
overexpressed proteinases during inflammation [29]. These inhibitors tightly regu-
late proteinase activity, under normal physiological conditions. However, under
some pathological conditions, proteinase activity may exceed the capacity of such
proteinase inhibitors as alpha-1-antitrypsin. This could be caused by oxidation inac-
tivation of the inhibitor [67]. Recently, plasma carbonyl content has been found to
be unchanged in AD patients as compared with age-matched controls [69].
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In the same study, total antioxidant activity in plasma and the activity of
endogenous antioxidant enzymes such as glutathione peroxidase, glutathione reduc-
tase and superoxide dismutase were also evaluated. The total antioxidant plasmatic
status of the patients with AD both in light-moderate phase and in advanced phase
was lower than in the controls. No significant differences of protein oxidation levels
were observed between the different stages of the disease. Peroxidation was higher
in patients in the advanced stage of the disease than in the control group. However,
no significant differences were observed between different stages.

The most recent study is the one published by Korolainein et al. in 2009 that
reported total levels of protein oxidation (carbonyl and 3-NT) in CSF, plasma, and
serum in AD. Protein carbonyls were found not differing in CSF between AD
patients and controls and corroborate previous findings from the same group [31].
Accordingly, no differences were found in plasma while the levels of serum protein
carbonyls were decreased in AD subjects when compared with controls. The reli-
ability of these results is limited by the fact that most values measured in blood
samples were under the detection limit. Nevertheless, these data agree with the
study by Zafrilla and collaborators [69] of similar plasma carbonyl concentrations
among AD patients and controls. Overall, it seems that levels of protein carbonyls
may vary in different compartments; or alternatively, the separation of serum and
plasma from whole blood may result in differences in measurable carbonyls.
Reasons for the tendency of decreased levels of serum protein carbonyls remain
unclear. Decreased serum carbonyls may thus be an epiphenomenon and not linked
to AD per se. On the other hand, also previous studies have reported decreased lev-
els of oxidative stress markers such as nitric oxide and oxidized high-density lipo-
protein in blood from AD patients [4,13]. Bergt et al. [4] found significantly lower
oxHDL levels in plasma of AD patients compared to age-matched, cognitive healthy
individuals. The decrease was statistically significant in males (32 % reduction) and
it followed the same tendency in females (34 % reduction), however, without reach-
ing statistical significance. However, they did not observe a marked decrease in Apo
A-I plasma levels as reported by others [30]. These results are in contrast with the
findings of Sinem et al. [56] and Dildar et al. [16] that demonstrated that serum NO
and oxLDL levels in patients with AD were significantly higher than in both con-
trols and patients with vascular dementia (VaD). However, no significant differ-
ences in plasma NO and ox-LDL levels were found between VaD and controls. On
the other hand, they did not find any significant difference in serum 3-NT values of
both AD and VaD patients when compared with controls. Although it has been sug-
gested that nitrotyrosine levels were increased in the brain of AD patients, several
factors might be responsible for these results, for example 3-NT is not stable in
serum or protein nitration occurs at undetectable levels. Some previous studies
[1,65] reported evidence of increased CSF nitrotyrosine concentrations in AD
patients as compared with controls, whereas another study revealed no differences
[55]. Overall, these results point to the fact that the concentrations of nitrotyrosines
in individuals may vary greatly. However, further studies with more sensitive meth-
ods are needed to assess nitrotyrosine levels in AD plasma or serum.
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As well as in the CSF, F-2 and F-4 isoprostane levels were also investigated in
plasma of patients with AD and subjects with MCI. The results showed were some-
how controversial, however, in most of the cases no differences in F-2 and F-4 iso-
prostane, between AD and control subjects, were showed [26,44,45,52].

Studies from Padurario et al. demonstrated a progressive increase of the periph-
eral levels of MDA in patients with MCI and AD [46]. The end products of lipid
peroxidation, so called lipofuscin-like pigments (LFP), were also found increased in
erythrocytes of AD patients compared to controls. The specific fraction of LFP in
AD patients, which was isolated, might represent a disease-specific product in the
blood [57].

Recently, markers of oxidative damage have been found to be elevated in mito-
chondria isolated from lymphocytes from AD patients compared with their age-
matched controls [62]. Indeed, mitochondrial dysfunction has been widely
implicated in the etiology of AD. This is the first report to show mitochondrial
alteration in peripheral lymphocytes, thus suggesting that the oxidative stress indi-
ces could potentially be used as putative biomarkers for AD. Very few studies inves-
tigated the extent of oxidative damage to DNA at peripheral levels. Mecocci et al.
showed that levels of DNA 8-OHdG content in lymphocytes were significantly
higher and plasma levels of antioxidants (with the exception of lutein) were signifi-
cantly lower in patients with AD compared with controls [39]. In patients with AD,
a significant inverse relationship between lymphocyte DNA 8-OHdG content and
plasma levels of lycopene, lutein, alpha-carotene, and beta-carotene, respectively,
was observed. Previous work from the same group work and others showed
increased amounts of 8-OHdG in mitochondrial and nuclear DNA from AD-affected
brains compared with controls [70]. In the same study, an inverse trend between
plasma antioxidants and the content of 8-OHdG was observed. These findings sug-
gest that lymphocyte DNA 8-OHdG content in patients with AD reflects a condition
of increased oxidative stress related to a poor antioxidant status.

13.3.3 Urine and Saliva

Their easy way of collection, made urine samples an interesting source of AD bio-
marker and several studies on A, tau protein, NBT protein as well as OS markers
has been performed. Increased oxidative damage in the brain is thought to drive the
presence of increased OS markers at peripheral level, and the search of these has
been the main focus of several AD studies. However, the production of oxidized
molecule in all other tissues contributes to peripheral OS masking the brain produc-
tion. Data about lipid peroxidation products, F2-IsoPs, are indeed quite controver-
sial in urine. Pratico et al. showed that F2-IsoP levels were increased in AD patients
urine compared to controls [51]. In addition, Tuppo et al. demonstrate a significant
increase of isoprostanes in urine of patients assessed to have mild to moderate
dementia as compared to non-demented patients, suggesting that patients with mild
to moderate dementia associated with probable AD are experiencing significant
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oxidative stress even at peripheral level [66]. In contrast, Montine et al. showed no
difference of lipid peroxidation marker in urine of AD patients and age-matched
controls or definite AD patients and probable AD patients supporting the model of
oxidative damage restricted to brain only [44]. A further step, in the study of urine
as a source of oxidative stress biomarker, was given by analyses on DNA oxidative
damage. A study of free 8-OHG in urine indicated that excretion decreases with age
whereas in the brain the levels of 8-OHG in intact DNA increases with age raising
additional doubts about the use of urine as in the search of oxidative stress bio-
markers [35].

None of the OS biomarkers in peripheral fluids has been analyzed in saliva,
which has been only considered, until now, only a good source for A levels and
acetylcholinesterase levels investigations that apparently reflect changes in the
CSF [5].

13.4 Concluding Remarks

Most of the above reported results demonstrated the presence of peripheral oxida-
tive damage that correlates with the occurrence of the disease. However, some
these findings are controversial and do not fully elucidate the complex cascade of
reactions involved. On the one hand, it is reasonable to hypothesize that oxidative
stress first develops in the periphery as a result of different causes, and then it con-
tributes to perturb neuronal homeostasis, either by increasing the production of
ROS or by depleting antioxidant defense. On the other hand, it is also possible that
oxidative stress starts in the CNS and several different metabolic end products are
released into the blood stream. Understanding the timing of appearance of such
products, or their derivatives, at systemic level could allow correlating with the
onset of AD.

The development of more sensitive methods to detect a biochemical marker in
AD are highly desirable to increase diagnostic accuracy, to identify MCI subjects
who will progress to clinical AD, to monitor pharmacological and biological effects
of drugs. So far important steps have been accomplished, through the evolution of
modern techniques and advanced proteomics platforms, but there is still a lot of
effort to be directed towards the discovery, testing, and validation of a panel of
assays that could serve all the requirements for an ideal biomarker.

Nevertheless, the major limitation is represented is the wide variability among
different studies that led to contrasting results. Thus, there is an urgent need to stan-
dardize protocols for replicate experiments on large population, which may allow to
better understand the effect of systemic oxidative damage in the pathogenesis and
progression of AD. The essential goal in biomarker discovery studies is the identi-
fication of “preclinical marker”, which facilitates disease diagnosis at early stages,
monitors disease progression and assesses the response to treatments by the time
that disease-modifying treatments become available in clinical practice.
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Chapter 14
Nutrition, Lifestyle and Oxidative Stress:
Prevention of Alzheimer’s Disease

M. Cristina Polidori and Ludger Pientka

Abstract The debate emerging from the frustrating results obtained while pursuing
the search of a single curative compound, a single preventive drug or lifestyle strat-
egy against dementia onset and progression has highlighted the importance of a
comprehensive preventive strategy implementing vascular risk control and healthy
lifestyle. In this respect, nutritional interventions aimed at keeping a condition of
oxidative stress as low as possible in the aging organism play a particularly impor-
tant role. The consumption of higher amounts of fruits and vegetables and the
adherence to Mediterranean diet are strongly encouraged to maintain cognitive
health.

14.1 Introduction

As the Western population ages and so-called “civilization” diseases including
cognitive impairment become more and more prevalent in the developing countries
[16], the use of a homogeneous term to describe and diagnose severe cognitive
impairment and the search for a homogeneous preventive and therapeutic approach
against it remain a public health priority. Nevertheless, dementia and especially its
most common cause, Alzheimer’s disease (AD), have been proven to be mostly
heterogeneous and age-related conditions against which no individual preventive
strategy and no single curative drug have been found to date. The identification of
a single antidementia strategy is hindered by a problematic combination of several
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factors, mostly related to the difficulty of applying an in vitro well-working chemi-
cal substance targeted toward a single system to patients with a multi-systemic
disease who are usually of advanced age and have several other diseases, each
treated with various medications. Despite the amount of progress on knowledge of
AD pathophysiology achieved in the past decades, a commentary stating that “no
agent used thus far has been able to reduce, reverse or abolish the progressive
pathology of this dementia” and that “medicines [...] have largely addressed a
fully developed stage of AD when mild to severe cognitive dysfunction is unravel-
ling the mind and when cerebral tissue is already irreparably damaged.” is still
appropriate [7].

In the present work, the traditional terminology will be used for the sake of
concept accessibility. Therefore, the acronym “AD” will be used to describe a
progressive neurodegenerative alteration that gradually reduces cognitive and
functional abilities of the affected subject. In this context, loss of synapses and
neurons as well as accumulation of extracellular f-amyloid plaques and intraneu-
ronal neurofibrillary tangles will be further on considered as the main hallmarks of
AD brain and aging the major risk factor for AD. As demographics show 35.6
million people living with dementia worldwide in 2010, a projection to 65.7 mil-
lion by 2030 and 115.4 million by 2050 (http://www.alz.co.uk/research/statistics)
and as AD is also a highly disabling disorder [16], the remarkable progress in
understanding AD pathogenesis and the troublesome search for a cure against the
disease leave slowly but inexorably an unsubstitutable place to multifaceted pre-
ventive strategies. Fortunately, there are factors with a large potential to be modi-
fied before the onset or during the course of the disease. These include vascular
and lifestyle factors, which of course are strictly connected to each other.
Unfortunately, clinical efforts to improve lifestyle and vascular function at any age
with the scope of maintaining cognitive health are largely insufficient to produce
evident results, and the complete avoidance of about 23 million of the globally
expected AD cases by 2050 if it had been possible to delay AD onset by 2 years
starting in 2010 [37] remains a goal.

The aim of this work is to present the state of knowledge of the preventive
effects of selected lifestyle habits—cognitive, social, and leisure activities as well
as physical activity and nutrition—with particular attention to those aspects of
nutrition and diet related to the potential of lowering oxidative stress status.
Interestingly, most of the protective substances mentioned in this chapter constitute
a substantial part of the Mediterranean diet, recently inscribed on the Representative
List of the Intangible Cultural Heritage of Humanity (http://www.unesco.org/cul-
ture/ich/en/RL/00394). They are integrative part of a healthy lifestyle, which in fact
was called “diaeta” by the Romans referring to the word “81& fita”” with which the
ancient Greeks intended the “way of living”. Ultimately, we hope to provide the
reader with some hints of the great potential of immediate preventive strategies
against cognitive impairment as well as of specific needs for designing future
experiments and trials.
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14.2 Modifiable Risk Factors for AD

14.2.1 Considerations on Lifestyle, Vascular Risk Factors,
and Oxidative Stress

Although most of the risk factors for AD are not modifiable, modifiable ones include
type 2 diabetes, atherosclerosis, hyperlipidemia, hypertension, hypercholesterol-
emia, cardiac disorders, cerebrovascular pathology, body mass index, and several
unhealthy lifestyle conditions ([8], third issue of the 20th volume of the Journal of
Alzheimer’s disease; [26]). It is intended to mention them here as each one of them
has been shown to be related not only to dementia risk but also, probably primarily
and mainly —in light of the primacy of free radical-related damage in AD develop-
ment [35]—, to oxidative stress [7, 20-23, 27, 33]. While social, cognitive and lei-
sure activities appear to act beneficially against cognitive deterioration mainly
through improvement of cognitive reserve [14], other lifestyle-related healthy hab-
its are likely to positively affect dementia risk mainly through their effect on mini-
mizing oxidative damage, improving vascular tone and endothelial function as well
as decreasing vascular pathology [2, 6, 28, 38].

Lifestyle components such as cognitive and leisure activities have been associ-
ated with the concept of “cognitive reserve” [36] and have been shown to strongly
influence the risk of cognitive impairment with and without dementia [8, 9, 36].
Engagement in leisure activities of intellectual and social nature is indeed associ-
ated with slower cognitive decline in the healthy elderly and may reduce the risk of
incident dementia, being the evidence from functional imaging studies that subjects
engaging in such leisure activities can clinically tolerate more AD pathology [8].
Intellectual challenge and life experience through leisure may result in functionally
more efficient cognitive networks and therefore provide a cognitive reserve that
delays the onset of clinical manifestations of dementia. The interpretation of the
results of studies on cognitive and leisure activities in dementia prevention is, unfor-
tunately, strongly hindered by the poor comparability of studies using different
activity measures as well as by the frequent inclusion of physical activity among
leisure activities and by difficulties in measuring cognitive reserve. Despite this, and
similarly to the preventive aspects of physical exercise against dementia, there are
still a number of reasons that should motivate physicians to encourage continuous
cognitive stimulation and moderate and constant physical exercise in healthy and
cognitively impaired subjects [10], above all the “use it or lose it” concept. As far as
physical exercise in dementia prevention is concerned, the self-addressed nature of
cognitive performance and performed physical activity as well as to the populations
studied, compliance, time-window of applied physical intervention, and dyshomo-
geneity of the training frequency applied hinders clear and definitive guidelines.
Although the comparability of studies on physical activity and dementia prevention
(either primary or secondary) in the elderly is poor—and guidelines for the primary
and secondary prevention of dementia cannot be drafted—, there is a wealth of
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relevant articles on the best-designed and performed recent studies confirming
longitudinal and short-term RCT evidence that physical activity improves cognitive
function in older subjects (reviewed in [10]). Therefore, the current recommenda-
tions of regular physical activity as a key component of successful aging can be
given to both healthy adults and elderly subjects with and without cognitive impair-
ment. While awaiting for the results of large ongoing randomized controlled trials
in the coming decade, it is to recommend that persons with cognitive impairment
with and without dementia pursue a moderate but regular, variable exercise program
consisting of at least 30 min three times weekly of walking alternating with aerobi-
cally challenging exercise and group sports [4].

14.2.2 Nutrition: An Example of Oxidative Stress-Related
Modifiable Risk Factor for AD

There is strong epidemiologic evidence that a poor diet is one of the leading causes
of death for Americans [18] and Europeans (http://ec.europa.eu/health/reports/
european). Decreased food intakes, eating behavior disturbances, and loss of body
weight are particularly significant problems among AD patients [34]. While nutri-
tion is a wide and complex field including the concepts of caloric restriction, fat and
alcohol consumption as well as fiber and cereal intake and weight maintenance, the
discussion of these topics goes beyond the scope of this chapter which focuses on
antioxidant strategies related to natural nutrition.

Several epidemiological studies confirmed a reduced risk of AD in antioxidant
vitamin supplement users, such as the Rotterdam study [12] and the Cache County
Study [39], although data on supplemental intake and antioxidant plasma levels
seemed to become contradictory at some point [13, 17]. The prospective evaluation
of 36 community-dwelling patients in early stages of AD and 58 age-matched cog-
nitively intact community-based controls over a 18-months period led to the obser-
vation that nutrient intakes from diet and supplements were higher in control
subjects, with significant differences in energy, the micronutrients calcium, iron,
zinc, vitamin K, vitamin A, and dietary fiber as well as n-3 and n-6 fatty acids [34].
The authors suggested that suboptimal diet is early in the onset of the disease and
that AD patients would benefit from systematic dietary assessment and intervention
to prevent further deterioration in food consumption and increased nutritional risk
[34]. Nutritional problems in the elderly in general and in aged subjects with demen-
tia in particular, together with the knowledge of the critical role played by oxidative
stress in the onset and progression of neurodegeneration have prompted the design
of several studies using mostly individual substances with direct or indirect antioxi-
dant effect in the last years.

The main base for the rationale of nutritional interventions for the prevention of
cognitive impairment resides in the modulation of oxidative stress. Interestingly, if
on one side it is rather obvious to connect oxidative stress with the concept of anti-
oxidant defense, it is known to date that several substances that cannot be defined as
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antioxidants also may influence redox reactions. They are therefore able to diminish
a condition of oxidative stress which, in the presence of unfavorable circumstances
such as preclinical pathology, may trigger the onset and/or worsening of cognitive
impairment, thereby delaying it.

As mentioned above, single molecules with strong antioxidant activity have
proven to be markedly consumed in the presence of oxidative stress and in the com-
plex neurodegeneration-redox imbalance in several experimental models and human
studies (reviewed in the whole 38th issue of BioFactors, [29]), so that most of the
RCT and prospective cohort studies have focussed on dietary restriction, single anti-
oxidants, fish oil, omega-3 fatty acid and other individual supplements. As probably
in general expected, due to the fact that antioxidant nutrients alone cannot account
for the preventive effects of whole healthy nutrition and fruit and vegetable intake
against dementia, most of the RCTs on antioxidants in dementia prevention and
treatment led to inconsistent results [29].

14.2.2.1 Fruits and Vegetables, Mediterranean Diet, and Antioxidants

Fruits and vegetables are thought to represent the best source of antioxidant micro-
nutrients due to synergisms of their components, because they may allow a better
bioavailability of protective compounds than single vitamins and due to their low
content in saturated fats, but it is only in the last two decades that fruits and vegeta-
bles are considered the best polypharmacy against diseases and have been related to
oxidative stress for their effects (reviewed in [11]). Interestingly and accordingly,
the strongest evidence for antioxidant protection against AD from a single com-
pound remains in favor of vitamin E, whose food sources are vegetable oils, nuts,
seeds, fruits (avocado, melon, apple) and vegetables such as collard greens. One key
point which favors the discrepancy between (1) epidemiological studies on fruit/
vegetable intake and resistance against disease, (2) observational studies on antioxi-
dant levels in demented subjects and (3) RCTs of antioxidant supplements against
dementia is the largely unexplored relationship between intake of fruits and vegeta-
bles, antioxidant micronutrient status, a condition of oxidative stress and cognitive
performance in healthy subjects. There are indeed some hints of biological interac-
tions between these components after evaluation of independent measurements in
healthy subjects [1, 25], and it is likely that when the clinical symptoms of AD
appear a large proportion of neuronal cells is already destroyed and the intervention
with antioxidants, particularly that with a single compound, comes too late.

In an observational case—control study, 39 community-dwelling healthy subjects
aged 65 years and older consuming high intakes of fruits and vegetables as over
400 g daily and 48 healthy age-matched subjects consuming low intakes of fruit and
vegetables daily (less than 100 g) were enrolled and plasma levels of retinol, tocoph-
erols, carotenoids and malondialdehyde (MDA) as well as content of protein car-
bonyls in Ig G were measured [1]. Plasma levels of retinol, tocopherols and
carotenoids were found to be significantly higher in healthy subjects with a high
intake of fruits and vegetables compared to individuals consuming less than one
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portion per day [1]. Being the results independent of age and gender [1], it is possible
to hypothesize that the antioxidant profiles observed in several diseases [22] and in
centenarians [24] reflect the role of fruit and vegetable intake as one major determi-
nant of antioxidant micronutrient status. This study strongly highlighted the modi-
fication of nutritional habits as a tool to lower prevalence of oxidative stress-related
disease in later life and prompted the performance of an interventional study aimed
to modify nutritional habits in healthy subjects. Indeed, dietary counseling influ-
ences fruit and vegetable intake and improves levels of circulating antioxidants and
biomarkers of oxidative stress, as shown in a sample of 129 employees of the
Heinrich-Heine University hospital [25]. Subjects followed a diet consisting of at
least five portions of fruits and vegetables per day over 3 months. During this time,
fruit and vegetable intake was monitored by means of a self-administered, 2-week
based food-frequency questionnaire, counseling sessions were offered every
4 weeks and blood samples were obtained on the day of the counseling. A signifi-
cant increase in several plasma antioxidant micronutrients was observed at the end
of the 3-month period in comparison to baseline even in this population of mostly
females, relatively young and well educated [25]. However, there were no changes
of biomarkers of oxidative stress, supporting the knowledge that optimal antioxi-
dant intake may vary substantially from population to population, and that health-
conscious subjects may present oxidative stress at levels difficult to further lower.
Overall, these results suggested that a nutritional counseling program can lead to
improvement in plasma antioxidant status even in a health conscious population in
which a relevant decrease in biomarkers of oxidative stress is not to be expected.
Another study published in 2009 aimed at considering the evaluation of cognitive
performance as a third parameter in addition to fruit and vegetable intake and oxi-
dant-antioxidant balance of the organism in healthy subjects [24]. In this study
including 193 healthy subjects aged 45-102 years, individuals of any age assuming
400 g of fruit and vegetables per day and over had significantly higher cognitive test
scores, higher levels of carotenoids, a- and y-tocopherol as well as lower levels of
F2a isoprostanes than individuals with an intake of fruits and vegetables less than
one daily portion [24]. Cognitive scores were directly correlated with blood levels
of a-tocopherol and lycopene and negatively correlated with F2a isoprostanes and
protein carbonyls independent of age, gender, body mass index, education, total
cholesterol, LDL- and HDL-cholesterol, triglycerides, and albumin [24]. A targeted
nutritional intervention aimed at increasing plasma antioxidant levels and at decreas-
ing the ongoing condition of oxidative stress might prove beneficial in addition to
standard therapeutic options in patients with AD showing increased circulating lev-
els of biomarkers of oxidative stress. In a prospective cohort study of over 3,700
older participants of the Chicago Health and Age Project, high vegetable consump-
tion was associated with a slower rate of cognitive decline over 6 years after adjust-
ing for age, gender, race, education, cardiovascular-related conditions and risk
factors [19]. In this study the consumption of green leafy vegetables, rich in antioxi-
dant micronutrients like carotenoids, showed the strongest inverse linear association
with the rate of cognitive decline. The specific protection shown by vegetables and
particularly by the green leafy ones appears to be in disagreement with the concept
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that fruit and vegetable consumption might be beneficial in the frame of a generally
healthy lifestyle, as health-conscious individuals tend to consume both fruits and
vegetables. In the Three-City Cohort Study fruit and vegetable consumption fre-
quently but also consumption of fish and omega-3 fat was associated with a lowered
risk of dementia and of AD especially among ApoE &4 noncarriers [3].

Healthy diet in general and the Mediterranean (a diet characterized by high
intake of fish, vegetables, legumes, fruits, cereals, and unsaturated fatty acids mostly
in the form of olive oil, low intake of dairy products, meat, and saturated fatty acids
and a regular but moderate intake of alcohol) regimen in particular have been
recently shown to affect risk for and mortality from AD ([3, 30-32]). The existing
evidence does not support the recommendation of specific supplements, foods, or
diets for the prevention of AD. However, a review of 34 studies in the areas of
dietary restriction, antioxidants and Mediterranean diet provided evidence that
nutritional interventions against dementia and AD have a great potential of influenc-
ing dementia development [5].

14.3 Conclusive Remarks

In their recent article on the evolving classification of dementia, George, Whitehouse
and Ballenger [15] state that “if the history of AD [Alzheimer’s Disease] tells us
anything, it is that the quest for scientific truth is an ongoing process that is surely
subject to the vicissitudes of historical and cultural circumstance. With the DSM-V
due for publication in 2 years, the culturally salient question remains: To what
extent ought Western culture continue medicalizing the continuum of brain aging
and creating specific thresholds of disease given both the heterogeneity and the
attendant social meanings of conditions such as AD and other forms of cognitive
and functional loss? The publication of the DSM-V in 2013 will be revealing not
only of the evolution of our psychiatric classifications, but also of our values as a
culture. Once again, we will bear witness to how the Western biomedical system
reflects Western society at large” [15]. Indeed, the need for preventing cognitive
impairment with and without dementia is clearly overcoming that of waiting for a
cure. Together with the absence of a cure, the longevity-related prevalence increase
of dementia is its major feature currently; far from the intention of neglecting the
enormous advance permitted by Dr. Alzheimer in the field of neurodegeneration, it
is time that health practitioners in the field awake from the comfort of giving obso-
lete diagnoses and therapies to get actively and convincingly engaged in the battle
against cognitive impairment. The control of specific bioclinical conditions whose
presence is associated to increased risk for cognitive impairment is the first step in
this process and will save an enormous amount of time and money to every society.
The debate emerging from the frustrating results obtained while pursuing the search
of a single curative compound, a single preventive drug or lifestyle strategy against
dementia onset and progression has highlighted the importance of a comprehensive
preventive strategy implementing vascular risk control and healthy lifestyle. In this
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respect, nutritional interventions aimed at keeping a condition of oxidative stress as
low as possible in the aging organism play a particularly important role. The con-
sumption of higher amounts of fruits and vegetables and the adherence to
Mediterranean diet are strongly encouraged to maintain cognitive health.
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Chapter 15
Are Antioxidant Food and Nutrients Useful
in Preventing Cognitive Decline?

Luc Letenneur, Catherine Feart, and Pascale Barberger-Gateau

Abstract With the aging of the population, cognitive impairment is increasingly
common, and dementia, the most common disorder that affects the brain of elderly
adults, is increasing worldwide. At present, no cure is available against dementia
and prevention strategies to delay cognitive decline are sought. Epidemiological
studies have reported several risk factors and a consensus emerged that low educa-
tional level, vascular factors and dietary habits may be important factors. Among
the latter, intake of dietary antioxidants could contribute to limit oxidative damage
associated with brain aging and neurodegenerative disease. The aim of this chapter
is to critically review evidence from observational and intervention studies regarding
the link between intake of antioxidants and cognitive function in older adults.

15.1 Background

The free radical theory of aging states that organisms age because cells accumulate
free radical damage over time [1]. Free radicals such as reactive oxygen species
(ROS) are produced during normal metabolism: a certain amount of ROS produc-
tion is, in fact, necessary for good health. For instance, it helps the body’s immune
system to kill microorganisms. ROS are mainly produced in mitochondria [2] and
are oxidants, i.e., molecules or atoms which can oxidize a substrate and are reduced
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in this reaction. They are able to damage several key cellular components like mem-
brane lipids, nucleic acids, carbohydrates and proteins, thereby severely disturbing
major cellular and organic physiologic functions. This type of damage occurs when
the host defenses against oxidants are quantitatively and/or qualitatively unable to
counteract the production and effects of oxidants themselves. This state is called
oxidative stress.

The antioxidant defense system provides protection against oxidative reactions.
A network of endogenous antioxidant enzymes is available to scavenge ROS once
they are generated. Superoxide dismutase, catalase, glutathione and glutathione-
dependent enzymes as well as other sulfur- or selenium-containing proteins and low
molecular weight compounds are synthesized by the organism for defense.

Natural dietary antioxidants are exogenous molecules and include vitamins A, C,
and E, carotenoids, flavonoids and other polyphenols and selenium. Vitamin C is
rapidly distributed to all tissues, whereas vitamin E is incorporated into lipoproteins
in the liver, and is then secreted together with them into plasma [3]. Vitamin C can
scavenge many reactive species and may stabilize catecholamine from forming
ROS. Vitamin E is a family of several fat soluble compounds including tocopherols
and tocotrienols. Vitamin E is a powerful antioxidant that inhibits lipid peroxi-
dation [4]. Carotenoids can scavenge singlet oxygen and a range of other ROS in
vitro, but there is still little evidence that they contribute significantly to the antioxi-
dant defense system in the central nervous system [3]. Flavonoids belong to a group
of natural substances with variable phenolic structures and are found in fruits, veg-
etables, grains, flowers, tea, and wine [5]. Selenium is a cofactor associated with the
antioxidant enzyme activity of glutathione peroxidase. These dietary antioxidants
are an essential component of the antioxidant defense network.

The brain is particularly sensitive to oxidative stress [6]. Weighing about 2 % of
the body mass, the brain utilizes 20 % of the total oxygen consumption. It is enriched
with readily peroxidizable polyunsaturated fatty acids. In addition, the brain is not
particularly rich in antioxidant defenses: it has a very low level of catalase activity
and only moderate amounts of the endogenous antioxidant enzymes, superoxide
dismutase and glutathione peroxidase. Additionally, the brain has high levels of iron
and vitamin C, which are the key catalysts for lipid peroxidation.

15.2 Data from Observational Epidemiological Studies

15.2.1 Association Between Biomarkers of Antioxidant
Status and Cognition

The association between plasmatic concentration of antioxidants and cognitive per-
formance was assessed in normal subjects. Goodwin et al. found a correlation
between memory test scores and plasma levels of vitamin C in 260 healthy individuals
aged 60 years and older [7]. In a population based sample of 885 individuals aged
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74-79 years from the SENECA study, higher cognitive performance measured
by the Mini Mental State Examination (MMSE) was positively correlated with
higher plasmatic concentrations of lycopene, alpha-carotene, beta-carotene, total
carotene, beta-cryptoxanthin, and alpha-tocopherol [8]. In 1,389 elderly volunteers
from the EVA study, low levels of carotenoids were associated with poor cognitive
performance in tests assessing visual attention (Odds ratio (OR)=1.34, p=0.055)
or logical reasoning (OR=1.38, p=0.04) but low levels of other antioxidants were
not related to poor cognitive functioning [9]. In the third National Health and
Nutrition Examination Survey, Perkins et al. measured serum antioxidant concen-
trations and administered two tests of verbal memory to 4,809 multiethnic men
and women sampled from the US general population [10]. They found that the risk
of a low score on their two tests was significantly lower among subjects with the
highest vitamin E concentrations than among those with the lowest concentrations
(Relative risk (RR)=0.48; 95 % Confidence Interval (CI) [0.34:0.98]) but that
vitamin C had no effect.

When analyzing a pathological state such as dementia, cross-sectional analyses,
based mainly on case—control studies, have shown conflicting results. Riviére et al.
reported that patients with Alzheimer’s disease (AD) had lower plasma vitamin C
concentrations (despite similar intakes) as compared to control subjects [11].
Indeed, in Alzheimer subjects, vitamin C plasma levels decreased in proportion to
the severity of the cognitive impairment despite similar vitamin C intakes. In the
group of hospitalized Alzheimer, patients had normal vitamin C intakes, but their
plasma vitamin C was lower than that of controls. Institutionalized Alzheimer
patients had normal vitamin C level and vitamin C intakes compared with
community-dwelling subjects of similar degree of cognitive impairment.
Interestingly, in these patients, vitamin E levels did not correlate with the degree of
cognitive impairment.

Sinclair et al. reported that plasma concentrations of vitamin C and beta-carotene
were not different in AD vs. controls. On the opposite, plasma vitamin E was lower
in AD versus controls [12]. Plasma lipid peroxides and total antioxidant capacity
were not different across groups.

However, Rinaldi et al. reported that the plasma concentrations of several antioxi-
dant micronutrients, including vitamins A, C, E, and carotenoids, were lower in AD
patients and in individuals affected by Mild cognitive impairment (MCI) as compared
to control subjects, independently of the apolipoprotein E (ApoE) genotype [13].

Few studies have investigated the relationship between selenium (Se) status and
cognitive function. In a population-based sample of 1,389 volunteers aged
59-71 years included in the EVA study, levels of selenium, carotenoids, and thio-
barbituric reactive substances in plasma, and of vitamin E, glutathione peroxidase
and Cu—Zn superoxide dismutase in red blood cells were measured [14]. Cognitive
functioning was evaluated through several psychometric tests. Low levels of total
carotenoids were associated with poor performance in two tests (visual attention
and executive functioning). After controlling for demographic factors, alcohol and
tobacco intake and history of cardiovascular diseases, low levels of selenium are no
longer associated with poor performance in visual attention.
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Cardoso et al. measured selenium levels in plasma, erythrocytes, and nail samples
of 28 AD subjects and 29 healthy elderly controls. Se levels in plasma (50.99 pg/1)
and erythrocytes (76.19 pg/l) were significantly higher in the control group than in
AD subjects (32.59 and 43.74 pg/l in plasma and erythrocytes respectively) [15].
In nails, higher values in the control group were also observed when compared with
the AD group (0.400 vs. 0.302 pg/l).

A cross-sectional study performed in a large population-based sample of elderly
Chinese also used selenium levels measured in nail samples as a biomarker of sele-
nium status [16]. Lower selenium levels were significantly associated with lower
cognitive score (p<0.0087 for all tests).

The main difficulty in interpreting cross-sectional study results lies in the fact
that it is impossible to assess whether the lower plasma concentrations of antioxi-
dant, micronutrients, including vitamins A, C, E, and carotenoids in AD vs. controls
are due to their lower intake or to increased demand.

Several studies aimed at investigating the occurrence of dementia according to
antioxidant biomarkers. In a nested case—control study, Helmer et al. matched 46
incident cases of dementia with 136 controls and measured plasmatic vitamin A and
E levels as well as Malondialdehyde level (MDA, a lipoperoxidation product and
therefore a marker of the oxidative stress level) [17]. The risk of dementia was sig-
nificantly increased in the lowest vitamin E tertile (<21.0 mmol/l) (OR=3.12,
p=0.033) compared to the highest one (>25.5 mmol/l). The risk of Alzheimer’s
disease was also increased, with borderline significance (OR=3.06, p=0.053).
Similarly, there was a trend to an increased risk of dementia in the highest tertile of
MDA (OR=2.44, p=0.13).

In a dementia free sample of 232 subjects aged 80+years and followed for
6 years, higher level of plasma vitamin E were associated with a reduced risk of
developing AD (HR=0.55, 95 % CI [0.32:0.94]) [18]. According to the several
isoforms of vitamin E, the risk of developing AD was reduced only in association
with high plasma levels of beta-tocopherol (HR =0.62, 95 % CI [0.39:0.99]).

In the EVA cohort, a sample of 1,389 subjects followed for 9 years, cognitive
decline was correlated with plasma selenium change [19]. Cognitive decline was
associated with decrease of plasma selenium over time. Among subjects who had a
decrease in their plasma selenium levels, the greater the decrease in plasma sele-
nium, the higher the probability of cognitive decline. Among subjects who had an
increase in their plasma selenium levels, cognitive decline was greater in subjects
with the smallest selenium increase. However, there was no association between
short-term (2-year) selenium change and cognitive changes.

15.2.2 Cross-sectional Association Between Dietary
Antioxidants and Cognition

Dietary intake of antioxidants may better reflect the actual exposure since some
vitamins are highly regulated in the body. In a sample of 5,182 subjects aged
55-95 years living in Rotterdam (Netherlands), Jama et al. showed that lower
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dietary intake of beta-carotene was associated with a lower cognitive performance,
but no association was found with dietary intake of vitamin C and vitamin E [20].
Cross-sectional studies have also shown an association between fruit and vegetable
consumption and cognitive impairment. In a sample of 260 non institutionalized
elderly aged 65-90 years, Ortega et al. showed that better cognitive functioning
(characterized by good performance to the MMSE) was associated with higher
intake of fruits [21]. Subjects with poorer performance tended to have poorer fruit
intake (388 g/d (sd=194 g/d) in men and 318 g/d (sd=188 g/d) in women) than did
those who performed better on the MMSE (398 g/d (sd=214 g/d) in men and
331 g/d (sd=225 g/d) in women). As expected, subject with better cognitive perfor-
mance had higher intake of fiber and vitamin C. However, no association was found
with beta-carotene or vitamin E.

Dietary intake of selenium was assessed in AD 28 subjects compared to 29
elderly controls, both aged between 60 and 89 years [15]. Se intake was evaluated
by using a 3 day dietary food record and deficient Se intake was largely observed in
the AD group.

The major problem in cross-sectional studies is that dietary intake and cognition
are recorded at the same time. Therefore, people who have poorer cognitive func-
tioning may have changed their dietary intake because of cognitive impairment. In
such studies, it is not possible to assess whether dietary intake caused poor cognitive
functioning or cognitive impairment caused bad dietary habits. Longitudinal studies
are more powerful in this respect as dietary intake is recorded some time prior to the
occurrence of a cognitive deficit.

15.2.3 Longitudinal Association Between Dietary
Antioxidants and Cognition

In Zutphen (Netherlands), 342 men were followed for 3 years [22]. The decline of
more than two points to the MMSE was not associated with dietary intake of vita-
min C (p<0.9), vitamin E (p<0.7), beta-carotene (p<0.6) or flavonoids (p <0.06).
However, the follow-up was probably too short to capture a big decline of cognitive
performance.

In South—West of France, a sample of 1,642 subjects aged 65 years and older was
followed for 10 years [23]. At the initial visit, individuals in the higher quartile of
flavonoid intake had better MMSE score than those in the lower quartiles. In addi-
tion, after 10 years of follow-up, subjects of the highest quartile tended to have
lower decline than the others. Moreover, a gradient in cognitive decline was observed
according to flavonoid intake since MMSE decline increased as dietary flavonoid
intake decreased.

Fruits and vegetables are major providers of combinations of antioxidant nutri-
ents, including vitamin C, carotenoids and polyphenols, and to a lesser extent, vita-
min E. In the US, 13,388 nurses were followed for 2 years and cognitive functioning
was assessed using psychometric tests [24]. The authors showed that vegetable
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intake was associated with the decline in cognitive functioning. In a dose-dependent
manner, women who consumed more green leafy vegetables experienced a lower
decline. Apparent benefits generally increased linearly with each level of intake.
For cruciferous vegetables, significantly less memory decline was found in those at
the highest quintile of intake. No linear dose-response relations were observed;
instead a threshold effect at the fourth quartile was seen.

In Manhattan, 980 subjects were followed for 4 years and 242 incident cases of
dementia were diagnosed [25]. Luchsinger et al. found no association between
developing dementia and dietary intake of beta-carotene, vitamin C, or vitamin E.
In Rotterdam, 5,395 subjects were followed for 6 years and 197 incident cases of
dementia were identified. A lower risk of dementia was observed with higher intake
of vitamin C (HR=0.82, p<0.05) and vitamin E (Hazard Ratio (HR)=0.82,
p<0.04), but no association was found with beta-carotene (HR =0.87) or flavonoids
(HR=0.99). When the analyses were stratified for smoking habits, the risk of AD
associated with higher intake of vitamin C and vitamin E was lower in current
smokers than in former or nonsmokers (HR=0.65 vs. 0.91 and 0.83 respectively).
High intake of flavonoids and beta-carotene was also associated with reduced risk
of AD in current smokers (HR=0.54 and HR =0.49 respectively).

In Chicago, 815 elderly aged 65 years and older were followed for 4 years.
Although 131 incident cases were identified [26], total vitamin E intake (from foods
and supplements) did not predict the incidence of the disorder. Vitamin E intake
from foods had a statistically significant dose—response protective effect in the age-
adjusted model (p=0.04). The risk for persons in the top fifth of intake was lower
by 67 % compared with that of persons in the lowest fifth of intake. Among persons
who were ApoE €4 negative, vitamin E from foods showed a strong linear protective
association with AD. Vitamin C intake from foods appeared to have an inverse rela-
tionship with AD but was statistically significant in the fourth quintile only, and no
dose-response relationship was seen. Therefore, intake of vitamin E from food was
inversely associated with incident AD. There was no association with the use of
vitamin E as a supplement. Vitamin C and beta-carotene also had no statistically
significant association with AD. The linear protective association of vitamin E was
found only among persons who were ApoE €4 negative.

Occurrence of dementia has also been associated with fruit and vegetable intake.
In King County (US), 1,589 Japanese American were followed for 6 years [27].
During this period, 81 new cases of dementia were diagnosed. Compared to subjects
with a low fruit and vegetable juice intake (less than one per week), subjects with
high intake (three or more juices per week) had a lower risk of developing dementia
(HR=0.24, 95 % CI [0.09:0.61]). Subjects with moderate intake (1 or 2 times per
week) had a nonsignificant reduced risk (HR=0.84, 95 % CI [0.31:2.29]). The
inverse association between fruit and vegetable juices and AD appeared in all strata
of education, smoking status, tea drinking, regular physical activity, ApoE geno-
type, and total fat intake. However, the association tended to be stronger among
those who were former or current smokers, drank tea less often, were positive for
the ApoE €4 allele, and were less physically active.
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In the Three City study, 8,085 elderly were followed for 4 years, and 281 incident
cases of dementia were diagnosed [28]. A lower risk of developing dementia was
observed (HR=0.72, p<0.02) in subjects with frequent (every day) fruit and vege-
table intake. The strength of the association remained almost unchanged after con-
trolling for ApoE genotype, body mass index and diabetes.

15.3 Results from Clinical Trials

Few clinical trials have studied the effect of antioxidant components on cognition
[29]. We shall first review the evolution of cognition in random clinical trials
designed initially for investigating the effect of vitamin supplementation on preven-
tion of major health conditions. A cognitive sub-study was performed in the
Women’s Health study. This study was a randomized double-blind placebo-
controlled supplementation with vitamin E (600 IU) and low dose aspirin (100 mg)
for the prevention of cardiovascular disease and cancer [30]. A total of 39,876
women were enrolled in 1992-1995. In 1998, 5.6 years after randomization, 6,377
women performed cognitive tests and were followed on average 4 years with a con-
tact every 2 years. Whatever the type of measure considered (mean performance,
mean cognitive change over time, risk of substantial decline), there were no differ-
ence in global performance between vitamin E and placebo groups. However, the
vitamin E group experienced less adverse cognitive change compared with the pla-
cebo group among women with dietary intake below the median of 6.1 mg/day. In
contrast, among women with high intakes of dietary vitamin E, the two groups were
similar in their change.

In the Physicians’ Health Study II (an extension of the Physicians’ Health Study
(PHS) which began in 1982 when 22,071 physicians were randomized in a trial for
prevention of cardiovascular disease and cancer), 4,052 subjects from PHS agreed in
1997 to participate to PHS II and 4,052 new physicians were included from 1998 to
2001 [31]. Half were included in the treatment group (50 mg beta-carotene, alternate
days) and the others in the placebo group. Mean duration of treatment ranged from
2 months to 20 years. Cognitive functioning was evaluated using psychometric tests
administered on telephone at baseline in 1998 and at follow-up in 2002. In newly
recruited participants, there was no evidence of cognitive benefits with short-term
beta-carotene supplementation. In participants with long-term treatment, those
assigned to beta carotene performed significantly better on the global score compared
with the placebo group (mean difference in z scores, 0.047 standard units; p=0.03).
Although beta-carotene supplementation was associated with higher mortality [32],
long term beta-carotene supplementation may provide cognitive benefits.

An ancillary study of the SU.VL.MAX trial was designed to assess the long term
effects of antioxidant nutrient supplementation on the cognitive performance of the
participants, 6 years after the end of the trial [33]. The SU.VL.MAX study is a
double-blind, placebo-controlled, randomized trial that enrolled 5,583 subjects aged
45-60 years. From 1994 to 2003, participants received daily vitamin C (120 mg),
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beta-carotene (6 mg), vitamin E (45 IU), selenium (100 pg), and zinc (20 mg) in
combination or a placebo. In 2007-2009, the cognitive performance of 4,447 par-
ticipants was assessed with 4 neuropsychological tests. Subjects receiving active
antioxidant supplementation showed better episodic memory scores. Verbal mem-
ory scores were better only in supplemented subjects who were nonsmokers or who
had low serum vitamin C concentrations at baseline. Although this study showed
that supplemented subjects have better performance on specific cognitive domains,
the study did not assessed cognition at baseline and initial comparability of the
groups was not assured.

Other trials have investigated the effect of vitamin supplement in a secondary
prevention perspective. Petersen et al. treated 769 subjects with MCI which is con-
sidered to be a prodromal state of AD [34]. Three arms of the study were consti-
tuted: Donepezil, vitamin E (2,000 IU), or placebo and the main outcome was to
delay the conversion to dementia. After 3 years of follow-up, no difference was
observed between treatments and placebo. However, in a more recent follow-up
publication, the same authors reported that brain imaging showed that changes in
the volumes of some areas of the brain (hippocampus, enthorinal cortex) were lower
in the group that received vitamin E rather than placebo [35].

Finally, trials were also designed to evaluate the effect of supplements in dis-
eased subjects. Sano et al. conducted a double-blind placebo controlled trial in
patients with AD [36]. A total of 341 AD patients were divided into four arms:
Vitamin E (2,000 IU a day), Selegiline (a selective monoamine oxidase inhibitor),
both, and no treatment. The primary outcome was the time to the occurrence of any
of the following: death, institutionalization, loss of the ability to perform basic
activities of daily living, or severe dementia. After a follow-up of 2 years, high
doses of vitamin E resulted in a longer time to institutionalization and a delayed
time to deterioration of activities of daily living although cognitive function did not
appear to be improved.

More recently, Lloret et al. treated 57 AD patients with 800 IU of vitamin E and
assessed responsiveness to the antioxidant treatment [37]. The authors checked the
blood oxidative status of the patients using the blood total glutathione levels and
oxidized glutathione (GSSG). They found that not all patients respond equally to
antioxidant treatment and identified “responders” (vitamin E treatment resulted in a
reduction of the GSSG levels) and “nonresponders.” In responders to vitamin E,
cognitive performance measured by the MMSE was maintained, whereas in nonre-
sponders, cognition decreased sharply, to levels even lower than those of patients
taking placebo. Although the number of subjects is low, this result highlights that
giving vitamin E to AD patients may be harmful, especially if the oxidative stress
status of the patients is not carefully monitored.

This aspect of differential response to supplementation is probably a key factor
that is underestimated. Indeed, another clinical trial showed cognitive difference
according to the response to a formulation of six vitamins and nutraceuticals (30 IU
of vitamin E, 6 pg of vitamin B12, 400 pg of folic acid, 400 mg of S-adenosyl methi-
onine, 600 mg of N-acetyl cysteine, 500 mg of Acetyl L-carnitine) [38]. Adults (age
18-86 years) of both genders without dementia received the treatment or a placebo.
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After 3 months of follow-up, participants who received the treatment had improved
to the Trail making test that evaluated executive function (p<0.03), while those
receiving placebo did not improve. However, unlike younger participants, partici-
pants >74 years of age receiving treatment did not on an average demonstrate
improvement versus placebo. The percentage of responders (i.e., subjects that
showed an improvement to the test after 3 months of treatment) tended to decrease
with age. Nonresponders within all age groups up to 74 years of age displayed simi-
lar performance but lower than responders, while those >74 years of age displayed
substantially poorer scores at 3 months than did all other age groups. Therefore, elder
non responders showed poorer performance than younger non responders. This age-
related decline may be due to decreased absorption of nutrients, and/or decreased
basal vitamin levels due to suboptimal nutrition. This result may explain why clinical
trials performed on elderly individuals did not show a beneficial effect of antioxidant
vitamins since it may be too late and/or the supplement may not be adapted to the
physiology of the older adult.

In view of these results, one may wonder if antioxidants reduce oxidative stress
in the brain and have any influence on the pathological pathway of AD. Galasko
et al. enrolled 78 AD patients and looked for change in potential CSF biomarkers
(Ap42, tau, and phospho-tau) and oxidative stress (F2-isoprostane) as well as cogni-
tion (Mini-Mental State Examination) and daily function (ADCS Activities of Daily
Living Scale) at the end of a 16-week treatment period [39]. One-third of the partici-
pants were randomized into a placebo group. The others received either a daily
supplement of 800 IU vitamin E, 500 mg vitamin C, and 900 mg «-lipoic acid (E/C/
ALA group) or 400 mg coenzyme Q (CoQ group). None of the AD biomarkers
changed whatever the treatment, leading to the conclusion that supplements did not
alter the pathological pathway. CSF levels of F2-isoprostane fell about 19 % in the
E/C/ALA group, suggesting that this antioxidant combination lowered oxidative
stress in the brain. In contrast, CoQ did not change CSF F2-isoprostane levels. From
the cognitive point of view, the E/C/ALA group seemed to decline faster with a 2.8
point change on MMSE scores from baseline, compared to 0.9—1.0 point change in
the placebo and CoQ groups.

15.4 Discussion

Clinical trials have found that antioxidant supplementation does not delay or avoid
cognitive decline. It however reduces oxidative stress as measured by GSSG or F2
isoprostanes. The increased decline in cognitive performance observed in some tri-
als suggests that higher dose of vitamin E may be harmful in subjects that are non-
responders. Even observational studies have produced inconsistent results with
anti-oxidant micronutrients. In contrast, fruit and vegetable intake has tended to be
more consistently associated with a lower risk of developing dementia, although
the number of available studies is small. This indicates that specific antioxidant
nutrients such as vitamin E are not sufficient to protect against cognitive deficit.
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This is also consistent with studies that have shown that people consuming a
Mediterranean diet have a lower risk of developing cognitive impairment. The tra-
ditional Mediterranean diet is characterized by high consumption of plant foods
(vegetables, fruits, legumes, and cereals), high intake of olive oil as the principal
source of monounsaturated fat but low intake of saturated fat, moderate intake of
fish, low to moderate intake of dairy products, low consumption of meat and poul-
try, and wine consumed in low to moderate amounts, normally with meals. In a
cohort study of a large community-based population without dementia in New
York, higher Mediterranean diet adherence was associated with a reduced risk for
mild cognitive impairment and AD [40]. A cohort study in France also showed less
cognitive decline in subjects who adhered to a Mediterranean diet [41]. The bio-
logical basis for the apparent health benefits of a Mediterranean diet involves a
decrease in oxidative stress, inflammation, and vascular disease, which also partici-
pate in the pathophysiology of neurodegenerative diseases. The Mediterranean diet
pattern probably does not fully explain the better health of persons who adhere to
it, but it may contribute directly. A Mediterranean diet also may indirectly consti-
tute an indicator of a complex set of favorable social and lifestyle factors that con-
tribute to better health.

Do these observations mean that the oxidative-stress hypothesis of AD is not
valid anymore? First, considering the complexity of the redox system in vivo, we
may probably need better antioxidant drugs and, in certain cases, a combinatory
approach would be preferable to a single antioxidant. Second, before starting any
antioxidant therapy trial, it will be extremely important to have clear information on
the endogenous antioxidant levels of the participating subjects. This aspect is impor-
tant for patient selection in order to identify potential responders versus nonre-
sponders to a drug with antioxidant properties.

In conclusion, fruits and vegetables are associated with a better cognitive evolu-
tion. It has not been possible to demonstrate that specific antioxidant nutrients such
as vitamin E were at the origin of the protection. Fruit and vegetable intake is more
complex than the addition of specific nutrients. Dietary behavior may also be
involved, and Mediterranean diet is an illustration of a combination of several foods
that may be beneficial. In a preventive point of view, rather than recommending
antioxidant nutrients intake in the form of vitamins, it would be wiser to promote
fruits and vegetables consumption that may bring benefit not only on cognitive
aging but also on other pathologies like cardiovascular disease and cancer.
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Chapter 16
Antioxidant Clinical Trials in Mild Cognitive
Impairment and Alzheimer’s Disease

Patrizia Mecocci, M. Cristina Polidori, and Domenico Pratic6

Abstract Many studies have been published so far showing the significant role of
oxidative stress in the pathogenesis of Alzheimer’s disease (AD), and the role of
antioxidants as protective factors have been also shown in epidemiological survey.
On this basis, clinical trials have been conducted in AD as well as in mild cognitive
impairment (MCI) with different antioxidants, alone or in combination. In this
chapter we review results or protocols of completed or ongoing studies with differ-
ent molecules. Briefly, most of these studies are characterized by extremely poor
comparability and the absence of a substantial clinical benefit but many aspects in
their design and lack of fundamental prerequisites, such as pretreatment antioxidant
status, cause several biases and do not offer a possibility to really understand if an
antioxidant therapy can be effective both in preventing MCI conversion to dementia
or in treating AD. Since oxidative stress is undoubtedly involved in AD, new RCTs
with better defined rationale, quality of design, and clear outcomes are needed.

Since the time at which Alois Alzheimer described what for many years has been a
“simple” case report, several steps have been taken in the past few decades to under-
stand the pathophysiological mechanisms of the disease but, despite remarkable
progresses, the cure against the disease is troublesome and frustrating, especially in
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light of its epidemiologic growing. Most of the research on therapy for AD transfers
one chemical substance targeted on a single biological system to subjects with age-
modified biology, suffering from multimorbidity and under polypharmacy: a single
answer to a multifaceted puzzling problem, but the “one alteration, one disease, one
drug” strategy does not seem to work well in AD, a typical example of a complex
multifactorial disease. This is clearly shown by the approved acetylcholinesterase
inhibitors (donepezil, rivastigmine, galantamine) as anti-AD therapy. The rationale
of their use is supported by the decrease of cholinergic transmission in the basal
forebrain cholinergic neurons, but they have mainly, if not only, symptomatic
effects, with large interindividual responses. Symptomatic is also the effect of the
approved NMDA receptor antagonist memantine. Several anti-AD strategies such
as anti-amyloid and anti-tau therapies, anti-mitochondrial dysfunction drugs and
neurotrophins, are under evaluation in RCTs of safety and efficacy [27].

The free radical and oxidative stress theory of aging ([16, 40]; Sies, this book)
suggests that oxidative damage is a major player in neuronal degeneration and sev-
eral studies have demonstrated that oxidative stress is an early occurring condition
in AD (reviewed in [26, 29]). On these bases, a number of trials have been per-
formed in the last few years aimed at exploring the efficacy of antioxidants in AD.
Since the confirmation of the chronological primacy of oxidative stress in AD
development [41] through its demonstration in mild cognitive impairment (MCI)
[36, 37], antioxidant trials have been also prompted in MCI. Based on data derived
from several observational and epidemiological studies, compounds with antioxi-
dant activity have been proposed for prevention of cognitive decline and treatment
of MCI or AD. Rationale for their use in these conditions as well the main results of
relative clinical trials are presented hereafter.

Flavonoids, the most common group of polyphenolic compounds in the human
diet, are found ubiquitously in plants and seeds like cocoa beans and grape seeds.
These compounds may be divided into several subclasses, of which catechins are
found in high concentration in the tea plant leaves. The major tea catechins include
(—)-epicatechin (EC), (—)-epigallocatechin (EGC), (-)-EC gallate (ECG), and (-)-
EGC gallate (EGCG). Their antioxidant activity is multifactorial but is mainly rep-
resented by the scavenging effect of superoxide anions and hydroxyl radicals by the
C-ring gallate group and the A ring [53]. Plasma concentration of polyphenols is
very low compared to other antioxidants, but they effectively act as modulators of
cell-signaling pathways and of inflammatory responses rather than to a direct anti-
oxidant activity [23]. In addition, since high blood levels of homocysteine may be
increased in AD and hyperhomocysteinemia may contribute to disease pathophysi-
ology by vascular and direct neurotoxic mechanisms [17], the effect of an antioxi-
dant beverage rich in polyphenols on the plasmatic levels of homocysteine in
patients with AD has been recently evaluated [31]. The antioxidant drink versus
placebo drink attenuated homocysteine increase in the control group and AD, espe-
cially in the moderate phase, but no other effects where achieved [31].

Prospective cohort studies on flavonoids intake and risk of developing dementia
led to inconsistent results [6, 7, 10, 20, 22, 49]. There is an ongoing phase II/IIl RCT
on patients with early AD already under donepezil treated with EGCG versus
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placebo for 18 months recruitment phase. The primary endpoint of the study is the
ADAS-cog score at study end [clinicaltrials.gov NCT00951834].

Resveratrol is a polyphenolic compound of the family of stilbenes found in
grapes and red wine. Due to the observation of antioxidant and anti-inflammatory
properties in vitro as well as cardioprotective and longevity effects in animal models
[8], it has been tested in a double-blind, placebo-controlled, crossover investigation
on young healthy subjects which showed an increase in cerebral blood flow in
treated subjects but no short term effect in cognitive performances [19]. Resveratrol
is under investigation versus placebo in a RCT using liquid resveratrol with glucose
and malate as a dietary supplement delivered in grape juice in patients with AD with
the primary endpoint of assessing ADAS-cog scores at regular intervals up to 1 year
after study commencement [clinicaltrials.gov NCT00678431]. Another multi-
interventional clinical trial in MCI proposed resveratrol in one arm of intervention
to proof any modification of ADAS-Cog scores [clinicaltrials.gov NCT01219244].

Vitamin E belongs to a group of eight structurally related lipophilic chromanol
congeners. Vitamin E found in natural food includes both four tocopherols and four
tocotrienols all of which have saturated and three double bonds in their phytyl tails
respectively. The tocopherols and tocotrienols are further subdivided into a-, f3-, y-,
and 8- based on the hydroxyl and methyl substitution in their phenolic rings. Low
plasma tocopherols and tocotrienols levels are associated with increased odds of
MCI and AD [28].

The most studied congener of vitamin E molecule is a-tocopherol, which shows
the most potent biological activity and corrects human vitamin E deficiency symp-
toms [44]. The most abundant sources of vitamin E are vegetable oils, which typi-
cally contain all four tocopherol congeners in varying proportions. Other important
sources are nuts and seeds such as sunflower seeds. Vitamin E has been shown to
cross the blood—brain barrier and to accumulate at therapeutic levels in the central
nervous system, where it is able to lower lipid peroxidation and p-amyloid deposi-
tion [46]. It also rescues neuronal damage and -amyloid deposition in the brain by
reducing isoprostane levels [36].

Observational studies on dietary or supplemented vitamin E such as the Cache
County Study, the Washington-Heights-Inwood Columbia Aging study, the Age-
Related Eye Disease Study and the Women’s Health Study led to conflicting results
[24, 50, 51]. In a prospective study of 633 persons 65 years and older, and after an
average follow-up period of 4.3 years, 91 of the sample participants were diagnosed
with AD, but none of the 27 vitamin E supplement users had AD (3.9 predicted) and
none of the 23 vitamin C supplement users had AD (3.3 predicted), while there was
no relation between Alzheimer’s disease and use of multivitamins [32]. Other posi-
tive results were obtained in the Honolulu—Asia Aging Study [30], the Chicago
Health and Aging Project [30], the Nurses’ Health Study [12], and the Rotterdam
Study [10]. Vitamin E was the first antioxidant to have been tested in a large placebo-
controlled trial, performed on subjects with moderate to severe AD [39]. Those
treated with a daily dose of 2,000 IU of vitamin E for 2 years showed a significant
delay in AD progression and in nursing home placement but no effect was observed
on Mini-Mental State Examination score at the end of the study.
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In a recent study, 769 subjects with MCI were randomly assigned to receive
2,000 IU of vitamin E daily or 10 mg of donepezil or placebo for 3 years. At the end
of the study 212 developed AD, with 16 % conversion rate per year. The hazard
ratio indicating the probability of progression to AD in the vitamin E group was
1.02, not significantly different from that of donepezil (0.80). There were no signifi-
cant differences in the rate of progression to AD between vitamin E and placebo
groups at any point, either considering all patients or the apolipoprotein E €4 carri-
ers. The secondary outcome measures of the study included changes of cognition as
assessed by MMSE, CDR sum of boxes, Global Deterioration Scale, and modified
ADAS-Cog which showed few weak significant differences in the vitamin E group
compared with the placebo group [35].

The PREADVISE is a phase III RCT expected to enroll 10,400 subjects among
men previously involved in the prostate cancer prevention SELECT study. Subjects
will be either assigned to a-tocopherol plus selenium, a-tocopherol plus placebo,
selenium plus placebo or placebo only, with the primary endpoint of assessing the
effects of the treatment on AD incidence within 7—-12 years after study commence-
ment [clinicaltrials.gov NCT00040378].

The TEAM-AD clinical trial [clinicaltrials.gov NCT00235716] on patients with
mild to moderate AD under stable treatment with acetylcholinesterase inhibitors,
assigned to either a-tocopherol, memantine, a-tocopherol plus memantine or match-
ing placebo, has been recently completed but results have been not published yet.
Patients have been treated for 3 years with a follow-up period ranging from a mini-
mum of 1 year to a maximum of 4 years. This phase III trial has the ADCS-ADL
inventory as primary endpoint and, as secondary outcome measures, the ADAS-
cog, the MMSE, and the NPI (Neuropsychiatric inventory).

Curcumin is the principal curcuminoid in turmeric, a yellow spice derived from
Curcuma longa, member of the ginger family indigenous to South Asia. It has sev-
eral beneficial properties—including anti-inflammatory, antioxidant, and chemo-
therapeutic—and it was shown to dose-dependently inhibit the formation of
-amyloid fibrils from AB40 and Ap42 [33]. Due to its antioxidant properties, its
positive safety results as well as its benefits on cognitive performances shown in
animal models of AD [15] the effects of curcumin have been tested in a RCT versus
placebo on 34 patients with AD treated with two doses of curcumin per day or pla-
cebo, though no differences in MMSE scores or in $-amyloid plasma levels were
shown after 6 months [3]. In a preliminary analysis of the results of a RCT versus
placebo of phase II type using curcumin in mild and moderate AD for 24 weeks, no
significant changes in cognitive performance or in plasma CSF biomarkers among
groups were shown [38]. A clinical trial in subjects with MCI treated or not with
curcumin for 18 months with the aim of evaluating amyloid deposition in the brain
with FDDNP-PET scan is ongoing [clinicaltrials.gov NCT01383161].

The development of latrepirdine (Dimebon) as an anti-AD strategy was based on
its safety data as anti-histaminic and on his beneficial effects on mitochondria [52]
whose damage increases a status of oxidative stress. Latrepirdine has been shown to
modulate mitochondrial function in cells at nanomolar concentration, to stabilize
mitochondria membrane potential and to improve neuron survival under oxidative
stress condition, supporting its role as a mitochondrion-targeted drug [45]. In the
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Connection phase III RCT conducted in mild to moderate AD patients treated with
up to 20 mg latrepirdine versus placebo, no effect of latrepirdine was shown after
26 weeks on the ADAS-cog, on the MMSE scores or on the ADCS-ADL [18].
A phase III multicenter, randomized, placebo-controlled, double-blind, 12-month
safety and efficacy study with latrepirdine versus placebo is ongoing in patients
with mild-to-moderate AD on donepezil (Concert study) with ADAS-cog and
ADCS-ADL as primary endpoints [clinicaltrials.gov NCT00829374]. More
recently, studies showing pro-autophagic properties of this molecule have opened
new scenarios for therapeutical proposals as well as for prevention of AD [43].

Another mitochondrial targeted antioxidant is coenzyme Q10 or ubiquinone, a
critical subunit of the mitochondrial respiratory chain that transports electrons from
complex I (NADH-ubiquinone reductase) and II (succinate-ubiquinone reductase)
and from the oxidation of fatty acid and branched-chain amino acids to complex III
(ubiquinol-cytochrome c reductase). Ubiquinone is the only lipophilic antioxidant
endogenously synthesized and is able to efficiently prevent protein oxidation, lipid
peroxidation and the oxidation of DNA, especially of mitochondrial DNA. Also, the
reduced form of coenzyme Q10 regenerates a-tocopherol from the a-tocopheroxyl
radical by interfering with the initiation and propagation step of lipid peroxidation.
It preserves mitochondrial membrane potential during oxidative stress and protects
neuronal cells against f-amyloid toxicity through inhibition of the opening of the
mitochondrial membrane transition pore. The Alzheimer’s Disease Cooperative
Study started in 2006 a phase I investigation to evaluate the safety, tolerability and
impact on biomarkers of antioxidant treatment of mild to moderate AD. Seventy-
five patients with AD underwent treatment with either coenzyme Q or vitamin E
plus vitamin C plus a-lipoic acid or placebo three times a day [clinicaltrials.gov
NCTO00117403]. The primary endpoint were changes in CSF biomarkers after
4 months therapy and secondary outcome measures were the CSF levels of
-amyloid 42, tau and P-tau 181. At the end of the study the authors reported that
changes in the CSF biomarkers did not differ among the three groups enrolled.
However CSF F2-isoprostane levels decreased on average 19 % from baseline to
week 16 in the vitamin E, vitamin C and a-lipoic acid group, but were unchanged in
the other groups [11].

Lipoic acid is the coenzyme of mitochondrial pyruvate dehydrogenase and
a-ketoglutarate dehydrogenase. It exerts powerful antioxidant activity in mitochon-
dria by recycling other antioxidants such as vitamin E, vitamin C and glutathione,
scavenging lipid peroxidation products and ROS and by chelating redox-active tran-
sition metals [25]. As lipoic acid supplementation has been shown to reduce mem-
ory loss and to stabilize cognitive function [14], a phase I/Il RCT is ongoing with
the aim of treating patients with AD with lipoic acid plus fish oil concentrate versus
placebo for 18 months [clinicaltrials.gov NCT01058941].

Idebenone is a synthetic analog of coenzyme Q10 with neuronal protective activ-
ity against B-amyloid toxicity [5]. Treatment with idebenone in AD in RCTs showed
significant improvement in behavior, memory and attention and dose-dependent
slowing of disease progression for up to 2 years with a statistical improvement of
ADAS-cog scores after 6 months [13]. The last published results on idebenone
treatment in AD are available from a 1-year multicentre, double-blind,
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placebo-controlled RCT conducted on subjects with mild to moderate AD. Patients
were randomized to receive either 120 mg, 240 mg, 360 mg idebenone or placebo
t.i.d., with the primary endpoint of changes on the ADAS-cog and the Clinical
Global Impression of Change (CGIC) scales. No changes were observed among
groups in the primary endpoints or in the secondary outcome measures that included
activities of daily living and MMSE [47].

Pramipexole and other dopamine agonists have been demonstrated neuroprotective
effects in vitro and in vivo possibly through antioxidant effects, increasing glutathi-
one (GSH) levels as well as glutathione peroxidase (GSH-Px) and catalase activities
[21]. A phase II trial is now ongoing in patients with AD with R-pramipexole twice
a day for a total dose of 100 mg per day. After 4 weeks, the dose will be doubled and
after another 4 weeks patients will be treated with 300 mg R-pramipexole per day
that will be maintained for the subsequent 16 weeks. There is no placebo arm and
the primary endpoints are safety issues and effects on cognitive performance, while
secondary outcome measures are lowering of oxidative stress as assessed by CSF
isoprostanes levels before and after treatment as well as changes in cerebral glucose
metabolism as assessed by PET scan before and after treatment [clinicaltrials.gov
NCTO01388478].

N-acetyl cysteine (NAC) is a thiol-containing compound which modulates redox
signaling, interferes with redox transition of thiols, inhibits lipid peroxidation, and
acts as a substrate for the synthesis of GSH [34]. The NAC-003 P.L.U.S. Program
(Progress through Learning Understanding and Support) planned to enroll 800 sub-
jects with early memory impairment who have been prescribed daily CerefolinNAC,
an orally administered capsule containing NAC plus methycobalamin and L-
METHYLFOLATE calcium. The primary objective of the study is to evaluate the effect
of CerefolinNAC on quality of life as assessed by the Quality of Life Alzheimer’s
disease scale (QOL-AD) after 12 weeks of treatment and should end in May 2012
[clinicaltrials.gov  NCT01370954]. A study with a nutriceutical formulation
(Memory XL) containing NAC plus to folic acid, vitamin B12, a-tocopherol,
S-adenosylmethionine, and acetyl-L-carnitine versus placebo in subjects with MCI
treated for 1 year [clinicaltrials.gov NCT00903695] did not find any differences in
all cognitive and functional tests between groups. Another large multi-site placebo-
controlled clinical trial with Memory XL is recruiting patients with AD or subjects
with MCI to determine whether or not this formulation can be protective and delay
MCI conversion to AD [clinicaltrials.gov NCT01320527].

Extracts of the leaves of the maidenhair tree, Ginkgo biloba, have long been used
in China as a traditional medicine for various disorders. Due to its effect on vasodi-
lation, improvement of neurotransmission and antioxidant activity [1], its standard-
ized extract EGb 761® has been widely used in Europe to improve memory and
concentration problems. A recent Cochrane review of 36 randomized clinical trials
on the effects of Ginkgo biloba in dementia and cognitive impairment judged most
of them not valuable because of low quality, conducted in too small population or
too short in time of intervention. Nine trials of 6 months duration on a total of 2,016
patients were selected which tested EGb 761 at different doses and showed
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inconsistent results for cognition, activities of daily living, mood, depression, and
carer burden [4]. The Ginkgo Evaluation of Memory Study (GEMS), a randomized
controlled trial of Ginkgo biloba in 3,069 elderly persons aged >75 years designed
to determine whether Ginkgo biloba slows the rates of global or domain-specific
cognitive decline in older adults [9] showed no effects on all-cause dementia, on AD
or on the rate of progression to dementia in elderly persons with mild cognitive
impairment [42]. 4,066 subjects aged 70 years or older and reporting memory com-
plaints were screened for participation in the GuidAge study, 2,854 of which ful-
filled the eligibility criteria to be treated with 120 mg EGb twice a day or placebo
for 5 years with the primary endpoint of determining the rate of conversion from
memory complaints to AD using survival analysis [2]. Results showed that a long-
term use of standardized ginkgo biloba extract did not reduce the risk of progression
to Alzheimer’s disease compared with placebo [48].

16.1 Concluding Remarks

Abundant human data consistently support the idea that oxidative stress occurs and
is a constant feature of the AD brain pathology. Some recent evidence even indi-
cates that this phenomenon is an early event and might have a functional role in the
pathogenesis of the disease. Human observational epidemiological studies are, in
general, consistent with the hypothesis that there is an inverse relationship between
antioxidant levels and intake, cognitive function, and ultimately the risk to develop
AD. However, randomized clinical trials with antioxidants do not fulfill the prom-
ises of those studies. Does this fact mean that the oxidative stress hypothesis of AD
is not valid anymore? Does it mean that oxidative stress does not play a functional
part and is a simple secondary event in the pathogenesis of this complex disease?
Based on the current knowledge, we do not have enough information to clearly
answer those important questions. Below we will try to summarize some important
aspects that need to be taken into account.

If we look at the negative clinical trials it is curious that they all lack some impor-
tant information required when an antioxidant therapy is administered, such as
drug-levels monitoring and/or a surrogate marker for an in vivo therapeutic effect of
the drug of interest. Furthermore, the human studies with antioxidants have used
different preparations (natural versus synthetic), a wide range of dosages and for a
variable length of time. Taken together, these aspects make a comparison of the
obtained results at least difficult, if not impossible. Therefore, the negative trials
should be considered inconclusive and these examples unbalanced, and in conse-
quence should not be used to rule out the oxidative stress hypothesis of AD.

Finally, no data are available about the antioxidant status of subjects before and
after treatment, so it is still unclear if its efficacy is or is not related to this aspect,
with a population more or less sensitive according to the redox status.

In conclusion, the oxidative stress hypothesis of AD is still very much alive, but
a great deal of work needs to be done to design future studies and appropriate clini-
cal trials that will conclusively establish the role of oxidative stress in AD.
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