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Preface 

Aging carries inherent risk upon which distinct diseases are superimposed. Normal 
physiological processes tend to develop pathological aspects, which further disrupt 
declining tissue function. These age-related diseases often exaggerate the typical 
cellular changes accumulating with time, which are associated with senescence. For 
this reason, there has been a gradual merging of concepts regarding normal aging 
and specific disorders.

The aim of this book is to describe this interface, emphasizing two components 
(tissue damage by oxidant free radicals and chronic inflammation) which are associ-
ated with both aging and, more pronouncedly, age-related disease. It is remarkable 
how these processes appear to represent a commonality between apparently unre-
lated diseases. Oxidant and inflammatory phenomena often represent aberrations of 
the common effective functioning of reactive oxygen species and the immune sys-
tem, in signaling and bactericidal events and in dispersal of materials of exogenous 
origin. In this book, we have emphasized cardiovascular and neurodegenerative 
disorders. The chapters that have been assembled are focused on oxidative stress 
and inflammatory events in both normal and aberrant aging, and how these may 
interact. Several chapters describe the underlying mechanistic basis of oxidative 
stress and inflammation. The promotion of these events by environmental factors is 
considered in other chapters.

The oxidant and inflammatory phenomena discussed appear to be inescapable 
components of the aging process and lay a foundation for many diseases which are 
present only in the elderly. The last section of this book provides several chapters 
that discuss the alleviation of these inevitable changes. These include lifestyle 
changes such as dietary, behavioral, and exercise-based strategies. Such measures 
can improve the length and quality of life for the elderly and are also likely to 
impact the incidence of specific age-linked diseases.

The last two of Shakespeare’s “Seven Ages of Man” read as follows: “The sixth 
age shifts into the lean and slippered pantaloons, with spectacles on nose and pouch 
on side… and his big manly voice, turning again toward childish treble, pipes and 
whistles in his sound,” followed by “Last scene of all, that ends this strange eventful 
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history, is second childishness and mere oblivion, sans teeth, sans eyes, sans taste, 
sans everything.”

These stages, while undesirable, are obviously inescapable. By appropriate envi-
ronmental and dietary means, it is hoped that the earlier stages can be prolonged 
while these last phases can be collapsed into a relatively short time.

Irvine, CA, USA Stephen C. Bondy 
Pomona, CA, USA Arezoo Campbell 

Preface 



vii

Part I Age-Related Cellular Events

Metal Toxicity, Inflammation and Oxidative Stress ..................................... 3
Stephen C. Bondy

Exosomes in the Preservation of Cellular Homeostasis ............................... 17
Francesc Baixauli and Maria Mittelbrunn

Microglia: Features of Polarization and Aging ............................................ 47
G. Jean Harry and Christopher A. McPherson

Modifiable Factors Influencing Telomere Length and Aging ..................... 67
Frej Y. Fyhrquist and Outi J. Saijonmaa

Tyrosine Kinase Inhibitors and Neurodegenerative Disorders .................. 81
Syed Jafar Mehdi, Steven W. Barger, Merle G. Paule, Syed F. Ali,  
and Syed Z. Imam

Part II Role of Inflammatory and Oxidative Processes  
in Age Related Diseases

Oxidative and Inflammatory Pathways in Age- Related  
Chronic Disease Processes .............................................................................. 95
Arezoo Campbell and Parrisa Solaimani

Aging and Microglial Activation in Neurodegenerative Diseases ............... 107
Esteban A. Oyarzabal, Yen-Yu Ian Shih, and Jau-Shyong Hong

Ambient Particles and Cerebrovascular Disease ......................................... 133
Mark R. Miller and Anoop S.V. Shah

Particle-Induced Inflammation and Cardiovascular Diseases.................... 161
Jesus A. Araujo and Gajalakshmi Ramanathan

Contents



viii

Oxidative Stress and Alzheimer’s Disease .................................................... 189
Sandeep Kumar Singh, Rudy Castellani, and George Perry

Reactive Oxygen Species and Protein Oxidation  
in Neurodegenerative Disease ........................................................................ 199
Edward H. Sharman

Oxidative Stress Is a Driver of Normal and Pathological  
Ovarian Aging ................................................................................................. 213
Ulrike Luderer

Part III Retardation of Cellular Aging

Anti-Oxidants, the Aging Brain and Age- Related Brain Disorders ........... 241
Michel Baudry and Bernard Malfroy-Camine

Antioxidants and Redox-Based Therapeutics in Parkinson’s Disease ....... 261
Dilshan S. Harischandra, Huajun Jin, Anamitra Ghosh,  
Vellareddy Anantharam, Arthi Kanthasamy,  
and Anumantha G. Kanthasamy

Simultaneous Activation of Nrf2 and Elevation of Dietary  
and Endogenous Antioxidants for Prevention and Improved  
Management of Parkinson’s Disease ............................................................. 277
Kedar N. Prasad

Modulation of Hallmarks of Brain Aging by Environmental  
Enrichment ...................................................................................................... 303
Nancy Bartolotti and Orly Lazarov

Protective Effect of Exercise on Age-Related Oxidant  
and Inflammatory Events ............................................................................... 321
Nada Sallam and Ismail Laher

Deacceleration of Brain Aging by Melatonin ............................................... 345
Rüdiger Hardeland

Redox Based-Peripheral Biomarkers in Alzheimer’s Disease:  
Challenges, Limits and Prospects .................................................................. 377
Morgane Perrotte, Joel Pincemail, Mohammed Haddad,  
and Charles Ramassamy

Index ................................................................................................................. 399

Contents



ix

Contributors

Syed F. Ali Division of Neurotoxicology, National Center for Toxicological 
Research/US FDA, Jefferson, AR, USA

Vellareddy Anantharam Parkinson’s Disorder Research Laboratory, Iowa Center 
for Advanced Neurotoxicology, Department of Biomedical Sciences, Iowa State 
University, Ames, IA, USA

Jesus A. Araujo Division of Cardiology, Department of Medicine, David Geffen 
School of Medicine at UCLA, Los Angeles, CA, USA

Department of Environmental Health Sciences, Fielding School of Public Health, 
UCLA, Los Angeles, CA, USA

Francesc Baixauli Signaling and Inflammation Program, Spanish National Center 
for Cardiovascular Research Carlos III (CNIC), Madrid, Spain

Immunology, La Princesa Health Research Institute, Madrid, Spain

Steven W. Barger Geriatric Research Education and Clinical Center, Central 
Arkansas Veterans Healthcare System, Little Rock, AR, USA

Department of Geriatrics, University of Arkansas for Medical Sciences, Little Rock, 
AR, USA

Nancy Bartolotti Department of Anatomy and Cell Biology, College of Medicine, 
The University of Illinois at Chicago, Chicago, IL, USA

Michel Baudry Graduate College of Biomedical Sciences, Western University of 
Health Sciences, Pomona, CA, USA

Stephen C. Bondy Department of Medicine, Center for Occupational and Environ-
mental Health, University of California, Irvine, CA, USA

Arezoo Campbell Department of Pharmaceutical Sciences, College of Pharmacy, 
Western University of Health Sciences, Pomona, CA, USA

Rudy Castellani Department of Pathology, School of Medicine, University of 
Maryland, Baltimore, MD, USA



x

Frej Y. Fyhrquist Minerva Institute for Medical Research, Helsinki, Finland

Anamitra Ghosh Parkinson’s Disorder Research Laboratory, Iowa Center for 
Advanced Neurotoxicology, Department of Biomedical Sciences, Iowa State 
University, Ames, IA, USA

Mohammed Haddad National Institute of Scientific Research- Armand Frappier 
Institute, Laval, QC, Canada

Institute of Nutrition and Functional Foods, Laval University, Laval, QC, Canada

Rüdiger Hardeland Johann Friedrich Blumenbach Institute of Zoology and 
Anthropology, University of Göttingen, Göttingen, Germany

Dilshan S. Harischandra Parkinson’s Disorder Research Laboratory, Iowa Center 
for Advanced Neurotoxicology, Department of Biomedical Sciences, Iowa State 
University, Ames, IA, USA

G. Jean Harry National Toxicology Program Laboratory, National Institute of 
Environmental Health Sciences, National Institutes of Health, Neurotoxicology 
Group, Research Triangle Park, NC, USA

Jau-Shyong Hong Neuropharmacology Section, Neurobiology Laboratory, National 
Institute of Environmental Health Sciences, National Institutes of Health, Research 
Triangle Park, NC, USA

Syed Z. Imam Division of Neurotoxicology, National Center for Toxicological 
Research/US FDA, Jefferson, AR, USA

Huajun Jin Parkinson’s Disorder Research Laboratory, Iowa Center for Advanced 
Neurotoxicology, Department of Biomedical Sciences, Iowa State University, 
Ames, IA, USA

Arthi Kanthasamy Parkinson’s Disorder Research Laboratory, Iowa Center for 
Advanced Neurotoxicology, Department of Biomedical Sciences, Iowa State 
University, Ames, IA, USA

Anumantha G. Kanthasamy Parkinson’s Disorder Research Laboratory, Iowa 
Center for Advanced Neurotoxicology, Department of Biomedical Sciences, Iowa 
State University, Ames, IA, USA

Ismail Laher Department of Pharmacology and Therapeutics, Faculty of Medicine, 
The University of British Columbia, Vancouver, BC, Canada

Orly Lazarov Department of Anatomy and Cell Biology, College of Medicine, 
The University of Illinois at Chicago, Chicago, IL, USA

Ulrike Luderer Division of Occupational and Environmental Medicine, Department 
of Medicine, University of California Irvine, Irvine, CA, USA

Department of Developmental and Cell Biology, University of California Irvine, 
Irvine, CA, USA

Program in Public Health, University of California Irvine, Irvine, CA, USA

Contributors



xi

Bernard Malfroy-Camine MindSet Rx, Inc., Arlington, MA, USA

Christopher A. McPherson National Toxicology Program Laboratory, National 
Institute of Environmental Health Sciences, National Institutes of Health, 
Neurotoxicology Group, Research Triangle Park, NC, USA

Syed Jafar Mehdi Department of Geriatrics, University of Arkansas for Medical 
Sciences, Little Rock, AR, USA

Mark R. Miller Queens Medical Research Institute, University/BHF Centre of 
Cardiovascular Science, University of Edinburgh, Edinburgh, UK

Maria Mittelbrunn Instituto de Investigación Sanitaria Hospital 12 de Octubre 
(i+12), Madrid, Spain

Esteban A. Oyarzabal Neuropharmacology Section, Neurobiology Laboratory, 
National Institute of Environmental Health Sciences, National Institutes of Health, 
Research Triangle Park, NC, USA

Department of Neurology, University of North Carolina at Chapel Hill, Chapel Hill, 
NC, USA

Department of Biomedical Research Imaging Center, University of North Carolina 
at Chapel Hill, Chapel Hill, NC, USA

Merle G. Paule Division of Neurotoxicology, National Center for Toxicological 
Research/US FDA, Jefferson, AR, USA

Morgane Perrotte National Institute of Scientific Research- Armand Frappier 
Institute, Laval, QC, Canada

Institute of Nutrition and Functional Foods, Laval University, Laval, QC, Canada

George Perry College of Sciences, The University of Texas at San Antonio, San 
Antonio, TX, USA

Joel Pincemail Liège CHU Department of Cardiovascular Surgery and Antioxidant 
Nutrition and Health Platform, Liège, Belgium

Kedar N. Prasad Antioxidant Research Institute, Premier Micronutrient 
Corporation, Novato, CA, USA

Gajalakshmi Ramanathan Division of Cardiology, Department of Medicine, 
David Geffen School of Medicine at UCLA, Los Angeles, CA, USA

Charles Ramassamy National Institute of Scientific Research- Armand Frappier 
Institute, Laval, QC, Canada

Institute of Nutrition and Functional Foods, Laval University, Laval, QC, Canada

Outi J. Saijonmaa Minerva Institute for Medical Research, Helsinki, Finland

Nada Sallam Department of Pharmacology and Toxicology, Faculty of Pharmacy, 
Cairo University, Cairo, Egypt

Contributors



xii

Anoop S.V. Shah Queens Medical Research Institute, University/BHF Centre of 
Cardiovascular Science, University of Edinburgh, Edinburgh, UK

Edward H. Sharman Department of Neurology, University of California, Irvine, 
Irvine, CA, USA

Yen-Yu Ian Shih Department of Neurology, University of North Carolina at Chapel 
Hill, Chapel Hill, NC, USA

Department of Biomedical Research Imaging Center, University of North Carolina 
at Chapel Hill, Chapel Hill, NC, USA

Department of Biomedical Engineering, University of North Carolina at Chapel 
Hill, Chapel Hill, NC, USA

Sandeep Kumar Singh Department of Biochemistry, Faculty of Science, Banaras 
Hindu University, Varanasi, UP, India

Parrisa Solaimani Department of Pharmaceutical Sciences, College of Pharmacy, 
Western University of Health Sciences, Pomona, CA, USA

Contributors



xiii

About the Authors

Stephen C. Bondy received an M.A. in biochemistry from Cambridge University, 
in Cambridge, England, and his Ph.D. in neurochemistry from Birmingham 
University, in Birmingham, England. He subsequently held appointments at 
Columbia University, University of California Los Angeles, University of Colorado, 
and the National Institutes of Environmental Health Sciences. He is currently a 
Professor in the Center for Occupational and Environmental Medicine at the 
University of California, Irvine. His research focuses on identifying environmental 
factors which may accelerate brain aging, with emphasis on understanding the 
mechanisms that may underlie these events. In addition, Dr. Bondy is pursuing the 
development of therapeutic approaches with the potential to slow neurodegenera-
tive processes.

Arezoo Campbell received a B.A. in philosophy, a B.S. in biological sciences, and 
a Ph.D. in environmental toxicology from the University of California, Irvine (UCI) 
in Irvine, California. She is currently an Associate Professor in the Department of 
Pharmaceutical Sciences at Western University of Health Sciences. Dr. Campbell’s 
research emphasizes the means by which environmental exposures induce aberrant 
innate immune responses, which may accelerate the appearance of age-related neu-
rodegenerative disease. Dr. Campbell also investigates the importance of inflamma-
tory and oxidative stress in contributing to adverse changes within the brain.



Part I
Age-Related Cellular Events



3© Springer International Publishing Switzerland 2016 
S.C. Bondy, A. Campbell (eds.), Inflammation, Aging, and Oxidative Stress, 
Oxidative Stress in Applied Basic Research and Clinical Practice, 
DOI 10.1007/978-3-319-33486-8_1

Metal Toxicity, Inflammation  
and Oxidative Stress

Stephen C. Bondy

1  Introduction

This review aims to show that many unrelated adverse neurological health condi-
tions are caused by neurotoxic metals or by inappropriate disposition of biologi-
cally essential metals. The toxicity of these metals is commonly associated with 
excess levels of reactive oxygen and nitrogen radicals, together with heightened 
indices of inflammation. This is especially true in the case of age-related neurode-
generative disease.

Both oxidative stress and excess inflammatory activity characterize cells that are 
in not in an optimal health state. They may be regarded as non-specific indices of 
pressures that cause an organism to depart from an ideal state of well-being. A wide 
range of challenges to organismic homeostasis can lead to such a common outcome. 
This reflection of an unhealthy cell is in itself injurious and can lead to further 
departure from normal cellular vigor. Excessive levels of oxidant radicals and 
inflammation together can thus lead to a progressively damaging intracellular 
milieu. Two major potential triggers of this cascade will be considered in relation to 
nervous function; namely the process of cellular senescence and the impact of 
harmful environmental agents. When these factors act in concert, an especially 
challenging situation is presented to the organism.

S.C. Bondy (*) 
Department of Medicine, Center for Occupational and Environmental Health,  
University of California, Irvine, CA 92697-1830, USA 
e-mail: scbondy@uci.edu

mailto:scbondy@uci.edu
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2  Age: Related Events

2.1  Inflammation

Brain aging is characterized by relatively high levels of inflammatory activity which 
cannot be attributed to provocation by obvious responses to bacterial infection or 
other exogenous agents [1–3]. This unprovoked elevated basal activity increase with 
aging. While the underlying cause of this is unclear, it has been attributed to a per-
sistence of responses to earlier immune challenges. This inability of the brain to 
down-regulate reactivity following immune activation is distinctive and not found in 
other tissues [4]. It may reflect either some memorial function of the CNS or its 
limited ability to interact with the peripheral immune system. Another possibility is 
that it represents a continuous yet futile response to intracellular proteinaceous 
materials found to acccumulate in specific neurodegenerative diseases, such as 
amyloid peptide aggregates, neurofibrillary tangles in the case of Alzheimer’s dis-
ease, AD, or Lewy bodies in the case of Parkinson’s disease, PD and Lewy body 
dementia. These cannot be resolved by normal chaperone-directed protein folding 
and proteolytic events [5]. This is further suggested by the finding that aged brain of 
AD and PD victims have an even greater elevation of inflammatory activity than 
corresponding aged controls not suffering from neurological disease [6].

2.2  Oxidative Stress

In addition to evidence of apparently non-productive inflammation within the aging 
brain, there is also indication of a parallel elevation of the rate of free radical pro-
duction with senescence. This can be detected by the increasing levels of oxida-
tively modified macromolecules with age. Both nucleic acids and proteins show 
such progressive changes [7–9]. This may represent the gradual accumulation of 
free radical-induced damage with time. In addition, the dynamic production of 
short-lived reactive oxidizing radicals can is elevated with senescence [10]. The 
reasons underlying these changes are uncertain but they may in part reflect the 
growing number of mitochondria that are less effective in the older animal [11]. 
Mitochondrial DNA is not subject to the repair process found with nuclear 
DNA. Those mitochondria which have a growing number of DNA deletions with 
time, may have a less efficient electron transport chain. However, they may be able 
to divide more rapidly than healthy mitochondria and thus the overall mitochondrial 
population can gradually diminish in effectiveness in handling the electron transport 
chain without outflow of noxious reactive species. Such mitochondria are more 
likely to leak oxidant radicals whose presence is minimal in younger organisms 
[12]. As is discussed in the next section, the tendency to an elevatedthe rate of pro-
duction of reactive oxygen species (ROS) with age can also be due to the gradual 
onset of non-productive inflammation.

S.C. Bondy
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2.3  The Relation Between Oxidative Stress and Inflammation

There is considerable overlap between oxidant and inflammatory processes. 
Immune-related cells that respond to bacterial infection often possess the ability to 
approach or phagocytose microorganisms and kill them with a burst of oxidative 
activity. Thus generation of free radicals constitutes part of the normal inflamma-
tory response. When such responses are excessively prolonged, the result can be 
self-inflicted oxidative damage to an organism. Since the relationship between oxi-
dative stress and inflammation in nervous tissue is very close, the issue of causality 
can be difficult to address. While inflammatory events can lead to production of 
oxidative and nitrosylative species, conversely, the presence of such reactive moi-
eties, some of which serve as signaling molecules, can also lead to microglial and 
astroglial activation, and thus initiate immune and further oxidant responses within 
the brain [13, 14]. This occurs largely by expression of glial NADPH oxidase and 
nitric oxide synthase (NOX-1), leading to elevated levels of oxidative and nitrosyla-
tive species [15]. NADPH oxidase is the major driver of ROS-production, leading 
both to direct neuronal damage and also to expression of inflammatory genes within 
microglia [10].

Induction of the Nrf-2/ARE system, which initiates the formation of several 
enzymes capable in inactivating oxidant radicals [16] is protective against neurotox-
icity [17], but can also lead to suppression of inflammatory events [18]. Thus there 
is a reciprocal relation between inflammatory and oxidant processes and this inter-
action can potentiate either beneficial or adverse events. A large number of neuro-
toxic agents are known to lead to oxidative and inflammatory damage within the 
nervous system. What is relevant to this review are those low level yet continuing 
exposures that can gradually enhance the slow onset of age-related alterations in the 
redox status and immune responses of the cell.

2.4  Neurotoxic and Essential Metals That Increase  
Pro- Oxidant Conditions Within the Cell

Rather than exhaustively listing metals known to promote elevated free-radical pro-
duction or impair anti-oxidant defense processes, this review seeks to identify com-
mon events within the cell that are targeted by various metal-containing compounds. 
Metal neurotoxicity falls into a few major categories in which a specific cell process 
is interfered with. There is much overlap between groupings as some metals may be 
active in more than one of these. However each of these classes illustrates a distinc-
tive toxic route by which the milieu of the cell is shifted to a harmful pro-oxidant 
equilibrium.

 A. VALENCE FLUX UNDER NORMAL PHYSIOLOGICAL CONDITIONS 
PROMOTING REDOX CYCLING OF PHENOLS/QUINONES AND 
OTHER ORGANIC SPECIES

Metal Toxicity, Inflammation and Oxidative Stress
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Several essential metals constitute a key constituent of enzymes involved in 
redox regulation. These are largely the transition metals, Fe, Cu, Cr and Mn. Both 
Fe and Cu are found in the cytochromes of the respiratory chain, Fe is present in 
cytochrome P450 mixed function oxidases, while Cu and Mn are present in super-
oxide dismutases, permitting catabolism and ultimately detoxification of the super-
oxide anion. Peroxidases and catalases, which are involved in detoxification of 
reactive oxygen species, also contain Fe in the form of a heme group. The redox 
reactions effected by these systems are generally well-controlled with minimal 
leakage of oxidatively damaging molecules into the cytosol.

Iron, copper and manganese are transition metals whose atom has an incomplete 
inner valence d-sub-shell and which can adopt multiple valence states. The elec-
trons of the inner 3d orbital can be available for chemical bonding. This allows all 
of these metals to form more than one valence state under physiological conditions 
and the flux between these valences constitutes much of the basis for their biologi-
cal importance.

3  Iron

For Fe and Cu, the lower valence state (Fe2+, Cu+) has greater reactivity and readiness 
to catalyze free radical-generating reactions [19–21]. The low molecular weight ionic 
forms of Fe and Cu exist in very low cytosolic levels ([22]). Any elevation can rapidly 
become a basis for initiation of free radical production by the cycling of the Fenton 
reaction together with the Haber-Weiss reaction (Fig. 1). The essential outcome of this 
redox flux is the conversion of relatively stable species with little direct oxidizing 
potential such as hydrogen peroxide, superoxide and nitric oxide, to more reactive 
peroxynitrite anion and the very short- lived and highly reactive hydroxyl radical 
(Fig. 1). However, hydrogen peroxide and nitric oxide, precursors to highly oxidant 
species, while in themselves relatively inert, their very stability and lack of charge 
allows diffusion across cell membranes. In this way the focus of oxidation damage 
can be broadened beyond an original lesion.

The need for maintenance of the unchelated forms of these metals at very low 
levels is underscored by the existence of specific proteins, ferritin and ceruloplas-
min, to sequester their ions. The presence of these protective proteins, together with 
regulation of uptake, makes the neurotoxicity of transition metals only able to mani-
fest itself under unusual conditions. Iron neurotoxicity can be seen in cerebral hem-
orrhage where the hemoglobin from extravasated blood can be subjected to 
proteolysis with consequent liberation of Fe [23].

4  Copper

Copper uptake and disposition is also firmly regulated and copper neurotoxicity is 
confined to Wilson’s disease, a genetic disorder involving copper toxicosis due to 
inability to effectively link copper to ceruloplasmin and to excrete copper [24]. 

S.C. Bondy
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Aceruloplasminemia is another genetic disorder where ceruloplasmin is present in 
an abnormal form [71]. This leads to iron accumulation in the brain, as ceruloplas-
min is critical for the complexing of iron by ferritin where it is present in a relatively 
harmless ferric form. There is conflicting evidence concerning whether ceruloplas-
min may stimulate various inflammatory and oxidant processes in microglia [25] or 
be protective against cerebral iron toxicity [26].

5  Manganese

Manganese is the only transition metal of this family where excess absorption 
from an exogenous source can lead to oxidative damage in the brain. The damage 
incurred is focused on the dopaminergic system but not confined to it and there 
are major clinical differences seen between Parkinson’s disease and manganism. 
Dopaminergergic damage may in part due to the manganese –catalyzed ability cat-
echolamines to undergo redox cycling between quinone and aromatic ring struc-
tures leading to a catalytic production of superoxide [27]. However manganese can 
facilitate oxidation of thiol groups of cysteine-containing enzymes [28].

H2O2

O 2

Fe2+

Fenton

NADPH oxidase

OH - + OH.

O2.’Fe3+

Haber-Weiss 

Oxidative damage to macromolecules

ONOO- NO.

Fig. 1 Generation of reactive hydroxyl radicals (OH•). Iron (Fe2+) in the form of low molecular 
weight salts, which can result from degradation of haem and other iron-containing species, reacts 
with hydrogen peroxide. This leads to the generation of very short-lived and powerfully oxidant 
hydroxyl radicals (OH•) while iron is simultaneously oxidized to Fe3+. Superoxide (O2

•−) can then 
react with Fe3+ in the Haber-Weiss reaction leading to reduction to Fe2+. This forms the basis of 
catalytic redox cycling. Hydroxyl radicals can damage macromolecules ultimately disrupting neu-
ronal functioning. Superoxide and nitric oxide (NO•) form peroxynitrite (ONOO-), which also 
takes up a proton and forms to OH• and NO2

Metal Toxicity, Inflammation and Oxidative Stress
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Unlike Fe or Cu, Mn is most stable in its lower valence form (Mn2+) and this may 
account for its ability to act either in a pro- or anti-oxidant manner. Mn3+ is likely to 
be present in the cytosol as a n insoluble colloidal material. The presence of traces 
of Fe or Cu on surfaces of such nanoparticles may powerfully catalyze free radical 
production (see Sect. 4). There are indications that he neurotoxicity of manganic 
salts may be due to their insolubility and resulting colloidal nature, providing a 
surface on which low molecular weight iron can bind to and thus become redox 
active [20, 21].

6  Transition Metals and Protein Configuration

Imbalance of redox-active metals within the brain and the resulting oxidative stress 
is an important basis of neurotoxic damage in several neurodegenerative conditions. 
In prion disorders, the early evidence of oxidative stress suggests a role in the patho-
genesis of these disorders [29]. The main cause of pathology in prion disorders is 
PrP-scrapie (PrPSc ), a β -sheet–rich the alteration of the configuration of the nor-
mal the prion protein (PrPC ) from an α-helix to a β-pleated sheet. This has been 
attributed to disruption of manganese sequestration processes [30] and normal prion 
protein has been reported as protective of manganese toxicity while the aberrant 
prion form leads to manganese accumulation [31]. Evidence for the ability of prion 
protein to regulate copper and iron uptake has also been presented [29]. The produc-
tion of reactive oxygen species by beta-amyloid peptide is much enhanced in the 
presence of traces of copper or iron [32].

 B. ATTRACTION TO SULFHYDRYL GROUPS OF AMINO ACID RESI-
DUES IN PROTEINS AND OF SOLUBLE ANTIOXIDANTS LIKE 
GLUTATHIONE

Another group of metals and metalloids can derange the redox balance of the cell 
primarily by their ability to react with sulfhydryl groups of amino acids within pro-
teins, and gluthathione and lipoic acid ([33]). Toxic metals in this class include Hg, 
Pb, Cd and As, all of which can have an adverse effect on the functioning of the 
brain [34].

In addition to their redox-disrupting properties, many of this class of metals are 
able to mimic essential metal elements. By this means they can enter the cell through 
ion-selective channels and disrupt metabolic events by taking the place of physiologi-
cal metals within key binding sites of enzymes. This entry and attachment to distinct 
proteins allows the concentration and expression of toxicity of xenobiotic metals.

7  Mercury

Not only is the valence of several metals an important variable but also the nature 
of the anion of metals salts can be an important determinant of their toxicity 
Inorganic mercury is much less neurotoxic than organic mercurials such as 

S.C. Bondy



9

monomethyl mercury. This is largely due to the inability of ionic compounds to 
traverse the blood brain barrier. This distinction is less pronounced in the fetus 
since it lacks a developed blood brain barrier [72]. However, the long latency 
period between ingestion of methyl or dimethyl mercury before the onset of 
symptoms of toxicity suggests that redistribution and/or conversion to a more 
toxic metabolite takes place [35]. There is evidence that this metabolite is in fact 
inorganic Hg [36, 37].

The potential neurotoxicity of the organic mercury in fish following their human 
consumption is an active issue and fish consumption has frequently been discour-
aged. However, many fish containing organomercurials also have a high selenide 
content generally in molar excess with respect to mercury [38]. Selenium can bind 
and thereby detoxify mercury [39] and thus the hazard posed by these fish may be 
overestimated [40]. Furthermore, any cost-benefit evaluation of fish consumption 
should take into account the known highly beneficial qualities of omega fatty acids, 
whose content is rich in salmon, herring and trout [41].

Glutathione peroxidase is a key enzyme in the maintenance of adequate levels of 
glutathione, a major antioxidant species present in the cell in millimolar concentra-
tion. It is one of the few selenium-dependent enzymes and in view of the great affin-
ity of mercury for selenium, especially vulnerable to mercurials. Lipoic acid, a 
co-factor for several enzymes of the citric acid cycle, is an important lipophilic 
organosulfur compound with potent anti-oxidant properties. Such binding of metals 
to sulfur or selenium atoms can lead to inactivation of enzymes and also diminish 
the cell’s ability to inactivate free radicals.

8  Arsenic

Arsenic exhibits a wide range of toxic effects, notably as a carcinogen. Much of its 
toxicity is likely to be underlain by its ability to complex sulfydryl group, thus ini-
tiating oxidative stress [42].

In contrast to mercurials, ingested inorganic arsenic is more toxic than organic 
arsenic. Within the cell it is methylated to toxic derivatives of arsenous acid where 
the As is trivalent [43]. Trivalent inorganic As is much more toxic than the than 
pentavalent form. Glutathione is vital for preventing chronic arsenic toxicity. 
However extracellular glutathione can also facilitate the reduction of non-toxic 
pentavalent arsenic to its highly toxic trivalent form [44]. The extent to which 
As3+ compounds form a stable conjugate with glutathione may be an important 
determinant of the toxicity of arsenicals [45]. The neurotoxicity of most of the met-
als in this class, including arsenic, can be attenuated by zinc or calcium or by 
chelating agents [46] or by anti-oxidants [47] suggesting that their toxicity resides 
in the combination of competition with essential metals together with in their pro-
oxidant properties.
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9  Lead

Lead (Pb) competes with calcium and thus is deposited in bones with a long resi-
dence period [48]. Pb can also mimic Zn and displacement of Zn from enzymes of 
the heme synthetic pathway, especially d-aminolevulinic acid dehydratase (ALAD) 
accounts for the anemia characterizing lead poisoning [49]. The capacity of lead salts 
to enhance free radical production lies largely in its ability to bind to –SH groups 
leading to pronounced depletion of brain GSH and superoxide dismutase [50]. These 
multiple attributes make lead an especially potent developmental neurotoxin.

Part of the ability of lead to promote conditions of oxidative stress may result 
from its inhibition of δ -amino-levulinic acid dehydratase which can lead to elevated 
levels of the pro-oxidant δ-amino levulinic acid [51].

The toxicity of many xenobiotic metals often involves several aspects, not all of 
which relate to pro-oxidant events. This is especially true of Pb, which has a large 
range of individual toxic effects. The superimposing of oxidative stress upon other 
adverse biochemical changes can enhance the overall toxicity of such metals.

 C. COMPETITION WITH ESSENTIAL MONOVALENT METALS

Thallium and lithium salts gain entry into the cell by mimicking potassium and 
sodium respectively and entering through specific channels. Once within the cell, 
the toxicity of these metals can be manifested and this injuriousness often includes 
a significant ability to promote pro-oxidant events.

10  Thallium

Although it can exist in the monovalent or a trivalent form, thallium, Tl has an ionic 
radius resembling that of K+ and can enter the cell through K+ channels. Once 
within the cell, Tl3+ can form an insoluble complex with riboflavin. This causes the 
metal to be retained within the cell. As little as 1.7 g can be a lethal dose in humans. 
The inactivation of riboflavin leads to its deficiency and causes some aspects of Tl 
poisoning to resemble beri-beri. Tl3+ also has an affinity for sulfhydryl groups and 
thus reduces antioxidant protection by lipoate and glutathione [52, 53]. This is illus-
trated by the finding that selenium can be protective against Tl toxicity. Tl salts have 
been used as a rodenticide, fungicide (ringworm treatment), bacteriocide (tubercu-
losis treatment), and in the manufacture of corrosion-resistant alloys, fireworks, 
cement and dyes. Radioactive Tl may be emitted during nuclear reactor mishaps.

11  Lithium

Lithium, Li is in current use as a neuroleptic as it is especially useful in therapy of 
manic-depressive disorder. Li enters the cell through sodium channels. However it 
is not well-recognized by the sodium pump and can thus accumulate within the cell. 
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Undesirable iatrogenic effects of Li include Parkinsonian tremor, muscle weakness, 
slurred speech and blurred vision. The therapeutic and toxic mechanisms are unclear 
but Li certainly enhances lipid peroxidative mechanisms [54].

 D. PRESENCE OF COLLOIDAL NANOPARTICLES WHICH CAN PRO-
VOKE IMMUNE RESPONSES AND SERVES AS A SURFACE FOR 
IRON-BASED GENERATION OF FREE RADICALS

12  Aluminum

Some metals and metalloids are relatively insoluble under physiological conditions.
Aluminum (Al) is largely in colloidal form at biological pH. Mineral micelles 

have a very large surface area and there is evidence that ionic iron and copper can 
be loosely bound on the surface of such colloids [55, 56]. This appears to promote 
the redox flux potential of these transition metal. The Fenton reaction can catalyze 
free radical formation especially rapidly on such surfaces [57].

13  Other Particulates

Similar promotion of iron-based free radical formation has been reported for col-
loidal manganic salts, as these are very insoluble in biological media. The ability of 
colloidal surfaces to bind redox-active metals has been clearly shown for silica 
nanoparticles. When washed with deferoxamine in order to remove superficial iron, 
such particles lose all ability to promote redox cycling [73]. Since a variety of 
inhaled or ingested nanoparticulate and colloidal species have been shown able to 
enter the brain, such findings, often in isolated systems have direct biological rele-
vance. Inhaled or intranasally instilled silica nanoparticles have been found able to 
enter the central nervous system [58]. The ability of these insoluble materials to 
promote oxidant events is enhanced by their activation of glia and the induction of 
an inflammatory and phagocytic response [59]. Particles within the brain that are of 
biological origin such as melanin can also interact with transition metals to increase 
oxidant events [60, 61] but the sequestration of iron by melanin has also been 
reported to be protective against iron-induced oxidative damage [62]. It has been 
suggested that the increased tissue iron found in the melanin of the parkinsonian 
substantia nigra may saturate iron-chelating sites. This may result in a looser asso-
ciation between iron and melanin leading to increased, rather than decreased, pro-
duction of free radical species [63]. Thus the distinction between effective and 
ineffective metal chelation can be very critical.

The relationships between the different means by which metals can act in a neu-
rotoxic manner are summarized in a Venn diagram (Fig. 2). This suggests a break-
down into two major groups, namely inappropriate disposition of essential metals 
with redox potential, and xenobiotic metals with attraction to –SH groups or ability 
to compete with physiological metals.

Metal Toxicity, Inflammation and Oxidative Stress



12

14  Remediation of Metal-Induced Oxidative Stress

The interaction with low levels of metals enhancing oxidant conditions within the 
nervous system interacts with the increasing propensity of the aging brain to express 
an ever-increasing inflammatory and oxidative milieu. This suggests that a degree 
of protection against neurotoxic effects can be achieved by use of antioxidant or 
anti-inflammatory agents. Antioxidant administration can substantially reduce the 
development of learning deficits in aged animals [64] and anti-inflammatory agents 
such as COX-2 inhibitors, melatonin and various plant extracts, also slow down 
rates of neural aging [65–67]. However, whether increased ROS production is 
causal to aging (the “mitochondrial oxidative stress theory of aging”) is not estab-
lished. There is recent evidence that the slow increase in ROS production with age 
may act as a protective signal that can trigger changes of gene expression and thus 
attenuate the effects of aging [68]. This may account for the general failure to extend 
lifespan with dietary supplements, and apparent potential of several antioxidants, 
notably α-tocopherol, and anti-inflammatory agents (poly-unsaturated fatty acids), 
to be harmful [69, 70].

Pb, Tl

Hg, Cd, As

Al

Fe, Cu, Mn , Cr

Colloidal and 
particle surfaces

Interaction 
with -SH groups

Simulation of essential 
metals 

Valence -fluid transition
metals promoting redox 
cycling

Redox 
activation
on surfaces

Incomplete sequestration
of low molecular weight 
salts

Li,                 

Fig. 2 Classification of means by which metals can induce production of reactive oxygen species. 
A Venn diagram illustrates the multiple means by which several metals promote ROS generation

S.C. Bondy



13

References

 1. Bondy SC, Sharman EH. Melatonin and the aging brain. Neurochem Int. 2007;50:571–80.
 2. Norden DM, Godbout JP. Review: microglia of the aged brain: primed to be activated and 

resistant to regulation. Neuropathol Appl Neurobiol. 2013;39:19–34.
 3. Singhal G, Jaehne EJ, Corrigan F, Toben C, Baune BT. Inflammasomes in neuroinflammation 

and changes in brain function: a focused review. Front Neurosci. 2014;8:315.
 4. Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong JS, Knapp DJ, Crews FT. Systemic LPS 

causes chronic neuroinflammation and progressive neurodegeneration. Glia. 2007;55:453–62.
 5. Bolshette NB, Thakur KK, Bidkar AP, Trandafir C, Kumar P, Gogoi R. Protein folding and 

misfolding in the neurodegenerative disorders: a review. Rev Neurol (Paris). 2014;170:151–61.
 6. Sardi F, Fassina L, Venturini L, Inguscio M, Guerriero F, Rolfo E, Ricevuti G. Alzheimer’s 

disease, autoimmunity and inflammation. The good, the bad and the ugly. Autoimmun Rev. 
2011;11:149–53.

 7. Nunomura A, Moreira PI, Castellani RJ, Lee HG, Zhu X, Smith MA, Perry G. Oxidative dam-
age to RNA in aging and neurodegenerative disorders. Neurotox Res. 2012;22:231–48.

 8. Santos RX, Correia SC, Zhu X, Smith MA, Moreira PI, Castellani RJ, Nunomura A, Perry 
G. Mitochondrial DNA oxidative damage and repair in aging and Alzheimer’s disease. 
Antioxid Redox Signal. 2013;18:2444–57.

 9. Sultana R, Butterfield DA. Oxidative modification of brain proteins in Alzheimer’s disease: 
perspective on future studies based on results of redox proteomics studies. J Alzheimers Dis. 
2013;33 Suppl 1:S243–51.

 10. Qin L, Liu Y, Hong JS, Crews FT. NADPH oxidase and aging drive microglial activation, 
oxidative stress, and dopaminergic neurodegeneration following systemic LPS administration. 
Glia. 2013;61:855–68.

 11. Vanitallie TB. Parkinson disease: primacy of age as a risk factor for mitochondrial dysfunc-
tion. Metabolism. 2008;57 Suppl 2:S50–5.

 12. Holt IJ, Speijer D, Kirkwood TB. The road to rack and ruin: selecting deleterious mitochon-
drial DNA variants. Philos Trans R Soc Lond B Biol Sci. 2014;369(1646):20130451.

 13. Niranjan R. The role of inflammatory and oxidative stress mechanisms in the pathogenesis of 
Parkinson’s disease: focus on astrocytes. Mol Neurobiol. 2014;49:28–38.

 14. Ortiz GG, Pacheco-Moisés FP, Bitzer-Quintero OK, Ramírez-Anguiano AC, Flores-Alvarado 
LJ, Ramírez-Ramírez V, Macias-Islas MA, Torres-Sánchez ED. Immunology and oxidative 
stress in multiple sclerosis: clinical and basic approach. Clin Dev Immunol. 2013;2013:708659.

 15. Chéret C, Gervais A, Lelli A, Colin C, Amar L, Ravassard P, Mallet J, Cumano A, Krause KH, 
Mallat M. Neurotoxic activation of microglia is promoted by a nox1-dependent NADPH oxi-
dase. J Neurosci. 2008;28:12039–51.

 16. Sandberg M, Patil J, D’Angelo B, Weber SG, Mallard C. NRF2-regulation in brain health and 
disease: implication of cerebral inflammation. Neuropharmacology. 2014;79:298-306. Toxicol 
Appl Pharmacol. 2004;195:129–41.

 17. Miller DM, Singh IN, Wang JA, Hall ED. Administration of the Nrf2-ARE activators sulfora-
phane and carnosic acid attenuates 4-hydroxy-2-nonenal-induced mitochondrial dysfunction 
ex vivo. Free Radic Biol Med. 2013;57:1–9.

 18. Ye M, Wang Q, Zhang W, Li Z, Wang Y, Hu R. Oroxylin A exerts anti-inflammatory activity 
on lipopolysaccharide-induced mouse macrophage via Nrf2/ARE activation. Biochem Cell 
Biol. 2014;92:337–48.

 19. Greenough MA, Camakaris J, Bush AI. Metal dyshomeostasis and oxidative stress in 
Alzheimer’s disease. Neurochem Int. 2013;62:540–55.

 20. Hamai D, Bondy SC, Becaria A, Campbell A. The chemistry of transition metals in relation to 
their potential role in neurodegenerative processes. Curr Top Med Chem. 2001;1:541–51.

 21. HaMai D, Campbell A, Bondy SC. Modulation of oxidative events by multivalent manganese 
complexes in brain tissue. Free Radicol Biol Med. 2001;31:763–8.

 22. Gutteridge JM. Iron and oxygen radicals in brain. Ann Neurol. 1992;32(Suppl):S16–21.

Metal Toxicity, Inflammation and Oxidative Stress



14

 23. Xiong XY, Wang J, Qian ZM, Yang QW. Iron and intracerebral hemorrhage: from mechanism 
to translation. Transl Stroke Res. 2014;5:429–41.

 24. Dusek P, Roos PM, Litwin T, Schneider SA, Flaten TP, Aaseth J. The neurotoxicity of iron, 
copper and manganese in Parkinson’s and Wilson’s diseases. J Trace Elem Med Biol. 
2015;31:193–203.

 25. Lee KH, Yun SJ, Nam KN, Gho YS, Lee EH. Activation of microglial cells by ceruloplasmin. 
Brain Res. 2007;1171:1–18.

 26. Ayton S, Lei P, Adlard PA, Volitakis I, Cherny RA, Bush AI, Finkelstein DI. Iron accumulation 
confers neurotoxicity to a vulnerable population of nigral neurons: implications for Parkinson’s 
disease. Mol Neurodegener. 2014;9:27.

 27. Bisaglia M, Filograna R, Beltramini M, Bubacco L. Are dopamine derivatives implicated in 
the pathogenesis of Parkinson’s disease? Ageing Res Rev. 2014;13:107–14.

 28. Herszage J, dos Santos AM, Luther 3rd GW. Oxidation of cysteine and glutathione by soluble 
polymeric MnO2.v. Environ Sci Technol. 2003;37:3332–8.

 29. Singh N, Singh A, Das D, Mohan ML. Redox control of prion and disease pathogenesis. 
Antioxid Redox Signal. 2010;12:1271–94.

 30. Kralovicova S, Fontaine SN, Alderton A, Alderman J, Ragnarsdottir KV, Collins SJ, Brown 
DR. The effects of prion protein expression on metal metabolism. Mol Cell Neurosci. 
2009;41:135–47.

 31. Choi CJ, Anantharam V, Saetveit NJ, Houk RS, Kanthasamy A, Kanthasamy AG. Normal cel-
lular prion protein protects against manganese-induced oxidative stress and apoptotic cell 
death. Toxicol Sci. 2007;98:495–509.

 32. Choi DY, Lee YJ, Hong JT, Lee HJ. Antioxidant properties of natural polyphenols and their 
therapeutic potentials for Alzheimer’s disease. Brain Res Bull. 2012;87:144–53.

 33. Shanker G, Aschner M. Identification and characterization of uptake systems for cystine and 
cysteine in cultured astrocytes and neurons: evidence for methylmercury-targeted disruption of 
astrocyte transport. J Neurosci Res. 2001;66:998–1002.

 34. Järup L. Hazards of heavy metal contamination. Br Med Bull. 2003;68:167–82.
 35. Weiss B, Clarkson TW, Simon W. Silent latency periods in methylmercury poisoning and in 

neurodegenerative disease. Environ Health Perspect. 2002;110 Suppl 5:851–4.
 36. Friberg L, Mottet NK. Accumulation of methylmercury and inorganic mercury in the brain. 

Biol Trace Elem Res. 1989;21:201–6.
 37. Vahter ME, Mottet NK, Friberg LT, Lind SB, Charleston JS, Burbacher TM. Demethylation of 

methyl mercury in different brain sites of Macaca fascicularis monkeys during long-term sub-
clinical methyl mercury exposure. Toxicol Appl Pharmacol. 1995;134:273–84.

 38. Copat C, Vinceti M, D’Agati MG, Arena G, Mauceri V, Grasso A, Fallico R, Sciacca S, 
Ferrante M. Mercury and selenium intake by seafood from the Ionian Sea: A risk evaluation. 
Ecotoxicol Environ Saf. 2014;100:87–92.

 39. Heath JC, Banna KM, Reed MN, Pesek EF, Cole N, Li J, Newland MC. Dietary selenium 
protects against selected signs of aging and methylmercury exposure. Neurotoxicology. 
2010;31:169–79.

 40. Khan MAK, Wang F. Mercury–selenium compounds and their toxicological significance: 
toward a molecular understanding of the mercury–selenium antagonism. Environ Toxicol 
Chem. 2009;28:1567–77.

 41. Xun P, Hou N, Daviglus M, Liu K, Morris JS, Shikany JM, Sidney S, Jacobs DR, He K. Fish 
oil, selenium and mercury in relation to incidence of hypertension: a 20-year follow-up study. 
J Intern Med. 2011;270:175–86.

 42. Lantz RC, Hays AM. Role of oxidative stress in arsenic-induced toxicity. Drug Metab Rev. 
2006;38:791–804.

 43. Xi S, Jin Y, Lv X, Sun G. Distribution and speciation of arsenic by transplacental and early life 
exposure to inorganic arsenic in offspring rats. Biol Trace Elem Res. 2010;134:84–97.

 44. Sakurai T, Kojima C, Ochiai M, Ohta T, Sakurai MH, Waalkes MP, Fujiwara K. Cellular glu-
tathione prevents cytolethality of monomethylarsonic acid. Toxicol Appl Pharmacol. 
2004;195(2):129–41.

S.C. Bondy



15

 45. Watanabe T, Hirano S. Metabolism of arsenic and its toxicological relevance. Arch Toxicol. 
2013;87:969-979. Environ Health Perspect. 1994;102(3):215–9.

 46. Kadeyala PK, Sannadi S, Gottipolu RR. Alterations in apoptotic caspases and antioxidant 
enzymes in arsenic exposed rat brain regions: reversal effect of essential metals and a chelating 
agent. Environ Toxicol Pharmacol. 2013;36:1150–66.

 47. Flora SJ, Bhadauria S, Kannan GM, Singh N. Arsenic induced oxidative stress and the 
role of antioxidant supplementation during chelation: a review. J Environ Biol. 2007;28 
(2 Suppl):333–47.

 48. Rabinowitz MB. Toxicokinetics of bone lead. Environ Health Perspect. 1991;91:33–7.
 49. Wetmur JG. Influence of the common human delta-aminolevulinate dehydratase polymor-

phism on lead body burden. Environ Health Perspect. 1994;102(3):215–9.
 50. Baranowska-Bosiacka I, Gutowska I, Marchlewicz M, Marchetti C, Kurzawski M, Dziedziejko 

V, Kolasa A, Olszewska M, Rybicka M, Safranow K, Nowacki P, Wiszniewska B, Chlubek 
D. Disrupted pro- and antioxidative balance as a mechanism of neurotoxicity induced by peri-
natal exposure to lead. Brain Res. 2012;1435:56–71.

 51. Whittaker MH, Wang G, Chen XQ, Lipsky M, Smith D, Gwiazda R, Fowler BA. Exposure 
to Pb, Cd, and As mixtures potentiates the production of oxidative stress precursors: 30-day, 
90-day, and 180-day drinking water studies in rats. Toxicol Appl Pharmacol. 2011;254:154–66.

 52. Galván-Arzate S, Pedraza-Chaverrí J, Medina-Campos ON, Maldonado PD, Vázquez-Román 
B, Ríos C, Santamaría A. Delayed effects of thallium in the rat brain: regional changes in lipid 
peroxidation and behavioral markers, but moderate alterations in antioxidants, after a single 
administration. Food Chem Toxicol. 2005;43:1037–45.

 53. Hanzel CE, Verstraeten SV. Thallium induces hydrogen peroxide generation by impairing 
mitochondrial function. Toxicol Appl Pharmacol. 2006;216:485–92.

 54. Bhalla P, Chadha VD, Dhar R, Dhawan DK. Neuroprotective effects of zinc on antioxidant 
defense system in lithium treated rat brain. Indian J Exp Biol. 2007;45:954–8.

 55. Bondy SC, Kirstein S. The promotion of iron-induced generation of reactive oxygen species in 
nerve tissue by aluminum. Mol Chem Neuropathol. 1996;27:185–94.

 56. Wu Z, Du Y, Xue H, Wu Y, Zhou B. Aluminum induces neurodegeneration and its toxicity 
arises from increased iron accumulation and reactive oxygen species (ROS) production. 
Neurobiol Aging. 2012;33:199. e1–12.

 57. Bondy SC. Nanoparticles and colloids as contributing factors in neurodegenerative disease. Int 
J Env Res Public Health. 2012;8:2200–11.

 58. Wu J, Wang C, Sun J, Xue Y. Neurotoxicity of silica nanoparticles: brain localization and 
dopaminergic neurons damage pathways. ACS Nano. 2011;5:4476–89.

 59. Xue Y, Wu J, Sun J. Four types of inorganic nanoparticles stimulate the inflammatory reaction 
in brain microglia and damage neurons in vitro. Toxicol Lett. 2012;214:91–8.

 60. Double KL, Halliday GM. New face of neuromelanin. J Neural Transm Suppl. 
2006;70:119–23.

 61. Faucheux BA, Martin ME, Beaumont C, Hauw JJ, Agid Y, Hirsch EC. Neuromelanin associ-
ated redox-active iron is increased in the substantia nigra of patients with Parkinson’s disease. 
J Neurochem. 2003;86:1142–8.

 62. Zecca L, Casella L, Albertini A, Bellei C, Zucca FA, Engelen M, Zadlo A, Szewczyk G, 
Zareba M, Sarna T. Neuromelanin can protect against iron-mediated oxidative damage in sys-
tem modelingiron overload of brain aging and Parkinson’s disease. J Neurochem. 
2008;106:1866–75.

 63. Gerlach M, Double KL, Ben-Shachar D, Zecca L, Youdim MB, Riederer P. Neuromelanin and 
its interaction with iron as a potential risk factor for dopaminergic neurodegeneration underly-
ing Parkinson’s disease. Neurotox Res. 2003;5:35–44.

 64. Thakurta IG, Banerjee P, Bagh MB, Ghosh A, Sahoo A, Chattopadhyay S, Chakrabarti 
S. Combination of N-acetylcysteine, α-lipoic acid and α-tocopherol substantially prevents the 
brain synaptosomal alterations and memory and learning deficits of aged rats. Exp Gerontol. 
2014;50:19–25.

Metal Toxicity, Inflammation and Oxidative Stress



16

 65. Miller MG, Shukitt-Hale B. Berry fruit enhances beneficial signaling in the brain. J Agric 
Food Chem. 2012;60:5709–15.

 66. Strauss KI. Antiinflammatory and neuroprotective actions of COX2 inhibitors in the injured 
brain. Brain Behav Immun. 2008;22:285–98.

 67. Zhou J, Yang F, Zhou L, Wang JG, Wen P, Luo H, Li W, Song Z, Sharman EH, Bondy 
SC. Dietary melatonin attenuates age-related changes in morphology and in levels of key pro-
teins in globus pallidus of mouse brain. Brain Res. 2014;1546:1–8.

 68. Yang W, Hekimi S. A mitochondrial superoxide signal triggers increased longevity in 
Caenorhabditis elegans. PLoS Biol. 2010;8, e1000556.

 69. Bjelakovic G, Nikolova D, Gluud C. Meta-regression analyses, meta-analyses, and trial 
sequential analyses of the effects of supplementation with beta-carotene, vitamin A, and vita-
min E singly or in different combinations on all-cause mortality: do we have evidence for lack 
of harm? PLoS One. 2013;8(9), e74558.

 70. Mendelsohn AR, Larrick JW. Trade-offs between anti-aging dietary supplementation and 
exercise. Rejuvenation Res. 2013;16:419–26.

 71. Xu X, Pin S, Gathinji M, Fuchs R, Harris ZL. Aceruloplasminemia: an inherited neurode-
generative disease with impairment of iron homeostasis. Ann N Y Acad Sci. 2004;1012: 
299–305.

 72. Feng W, Wang M, Li B, Liu J, Chai Z, Zhao J, Deng G. Mercury and trace element distribution 
in organic tissues and regional brain of fetal rat after in utero and weaning exposure to low 
dose of inorganic mercury. Toxicol Lett. 2004;152:223–34.

 73. Fubini B, Fenoglio I, Elias Z, Poirot O. Variability of biological responses to silicas: effect of 
origin, crystallinity, and state of surface on generation of reactive oxygen species and morpho-
logical transformation of mammalian cells. J Environ Pathol Toxicol Oncol. 2001;20 Suppl 
1:95–108.

S.C. Bondy



17© Springer International Publishing Switzerland 2016 
S.C. Bondy, A. Campbell (eds.), Inflammation, Aging, and Oxidative Stress, 
Oxidative Stress in Applied Basic Research and Clinical Practice, 
DOI 10.1007/978-3-319-33486-8_2

Exosomes in the Preservation of Cellular 
Homeostasis

Francesc Baixauli and Maria Mittelbrunn

1  Introduction: Integration of Quality‐Control Mechanisms 
in the Endolysosomal System

Cells are exposed to a variety of stress conditions throughout their lifetime. 
Surveillance systems inside cells detect altered proteins and coordinate their repair 
or elimination in order to maintain intracellular homeostasis. Defective functioning 
of the cellular surveillance mechanisms disrupts cellular homeostasis and survival, 
and may be the main cause of cumulative cellular damage during disease and aging.

Preserving protein homeostasis (proteostasis), involves an exquisite network of 
mechanisms that serve either to refold, degrade, sequester misfolded polypeptides 
or to secrete toxic protein products to the extracellular environment [1, 2]. A net-
work of molecular chaperones recognizes misfolded proteins and promotes their 
refolding [3] or assists in their degradation via the ubiquitin‐proteasome (UPS) or 
autophagy‐lysosomal pathways. An additional cellular quality‐control strategy to 
cope with misfolded proteins is sequestration into specialized compartments [4, 5]. 
When load of proteins destined for degradation saturates the capacity of the proteo-
lytic systems, cells can defend themselves against proteotoxicity through secretion 
of toxic protein products to the extracellular environment in small vesicles called 
exosomes [6–11].
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These cellular clearance mechanisms share essential steps and components that 
are required for their proper function: cargo selection and tagging, recognition and 
delivery to the proteolytic core, and recycling of the constituents. Although cargo 
selection was thought to be required only for the UPS, growing evidence supports 
the existence of highly specific mechanisms regulating cargo selection and sorting 
in each degradative compartment. The UPS and autophagy‐lysosome systems 
involve catalytic degradation of cargo in a confined compartment, the proteasomal 
catalytic chamber or the lysosomal lumen, followed by recycling of the constitu-
ents. In contrast, secretion of components in exosomes clears intracellular compo-
nents without recycling. Recent studies illustrate the intricate mechanisms of sorting 
and clearance mediated through exosomes, and the consequences of the transmis-
sion of their content to receptor cells. Exosome secretion adds an additional layer of 
complexity to the understanding of how quality control mechanisms contribute to 
overall organismal fitness.

1.1  The Endolysosomal System

Two quality‐control mechanisms for dealing with damaged, unwanted or toxic 
intracellular components converge at the endolysosomal compartment: degradation 
and recycling through the autophagy‐lysosome catabolic and recycling pathway, 
and sequestration and secretion through exosomes. The endolysosomal system is a 
highly dynamic compartment in which membrane rearrangements modulate protein 
and lipid trafficking and degradation and also mediate the internalization of nutri-
ents and growth factors to ensure cell survival, growth and differentiation. The for-
mation and maturation of the endocytic and autophagic compartments involves a 
gradual structural and molecular remodelling of intermediate stages through 
continuous exchange of membranes and proteins through specific vesicular carriers, 
tubular connections or kiss‐and‐run fusion events [12].

The endocytic pathway starts at the plasma membrane and terminates in lyso-
somes, after moving through a series of endosomal intermediates that are distin-
guished by their content, morphology or pH. Vesicles formed from the plasma 
membrane by clathrin‐dependent or –independent mechanisms fuse and deliver 
their membrane and protein content to Rab5‐ and EEA1‐positive early endosomes, 
which undergo conversion from Rab5‐ to Rab7‐positive endosomes [13]. During 
this conversion, a significant amount of the internalized content is recycled back to 
the plasma membrane through Rab11‐positive recycling endosomes, while the 
remaining material is moved from the early endosome to the Golgi complex by the 
retromer complex or is transported and sequestered in intraluminal vesicles (ILVs) 
in late endosomes, also known as multivesicular bodies (MVBs) [14]. Fusion of 
MVBs with the plasma membrane releases the ILVs, eliminating the incorporated 
components through secretion to the extracellular environment. These extracellular 
vesicles, now termed exosomes, can be taken up by receptor cells and participate in 
cell‐to‐cell communication [15]. Alternatively, late endosomes and MVBs can 
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degrade their cargo by fusing with lysosomes, the main catalytic compartment in 
the cell [16]. The three types of autophagy described to date—microautophagy, 
macroautophagy and chaperone‐mediated autophagy—deliver intracellular mate-
rial destined for degradation to lysosomes; this material can include portions of 
cytosol, proteins, aggregates and damaged organelles or invading pathogens. 
Autophagosomes must undergo a series of maturation steps in part by fusing with 
endocytic vesicles, including early and late endosomes and MVBs [17, 18].

Here, we discuss current knowledge on the quality‐control mechanisms arising 
from the endolysosomal compartment. We outline the evidence that selective incor-
poration and release of cellular compounds in exosomes is a quality‐control strategy 
to alleviate intracellular stress. Finally, we describe the molecular and functional 
crosstalk between exosomes and the lysosome‐autophagy degradative compartment, 
and the impact of dysregulation of these processes in human disease and aging.

2  Exosomes: Clearance Through Secretion

Exosomes are small vesicles of endosomal origin, ranging from 50 to 150 nm, that 
are secreted to the extracellular environment by almost every cell type. They were 
first described in the 1980s as a cellular mechanism to eliminate unwanted, toxic or 
damaged material. Studying the maturation of reticulocytes into erythrocytes, the 
groups of Stahl and Johnstone described a new mechanism by which reticulocytes 
get rid of the transferrin receptor (TfR). These authors observed the presence of TfR 
molecules in vesicles inside endosomal compartments, which were released to the 
extracellular medium upon exocytosis of these endosomes [19, 20].

Since that time, molecular characterization of exosomes from different cell 
types and body fluids has revealed that these vesicles contain specific set of lipids, 
proteins and genetic material in the form of RNA and DNA [21]. The membranes 
of exosomes are enriched in ceramides, sphingolipids, cholesterol and glicero-
phospholipids, which support transmembrane proteins such as the tetraspanins 
CD63 and CD81, as well as associated proteins such as integrins and immuno-
globulins. The luminal protein cargo of exosomes consists mostly of cytoskeletal 
proteins (tubulin, actin), heat‐shock proteins (hsp70, hsp90), and molecules 
involved in exosome biogenesis (Alix, Tsg101) or vesicle trafficking (Rab GTPases, 
annexins and flotillins). Exosomes also contain RNA species, including mRNAs, 
miRNAs, and other regulatory non‐coding RNAs [22]. The enrichment of a spe-
cific set of molecules in exosomes indicates the existence of specialized mecha-
nisms that regulate their sorting, and reveals exosome biology to be much more 
complex than originally suspected [23]. Exosomes and their cargo can modulate 
the activity of receptor cells that take them up, and they are therefore increasingly 
recognized as important vehicles for cell‐to‐ cell communication [15]. This novel 
role of exosomes seems to be involved in many physiological and pathological 
situations, including immune response regulation, cancer progression and 
metastasis, neuronal survival and  communication, and the progression of neurode-
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generative diseases [7, 24–28]. Deciphering the regulation of exosome biogenesis, 
composition, cargo sorting and secretion is thus critical to understanding the roles 
of these vesicles in health and disease.

2.1  Exosome Biogenesis and Sorting Mechanisms

The biogenesis of exosomes is coordinated with the sorting of specific molecules 
during the formation of ILVs in the MVB compartment [29]. A single MVB con-
tains distinct ILV subpopulations that can be distinguished by their size and mecha-
nisms of formation [30]. ILV formation, including the sorting of ubiquitinated 
membrane proteins, requires the ESCRT (endosomal sorting complexes required 
for transport) machinery [31]. ESCRT is composed of four multimeric complexes, 
ESCRT‐0 to III, and the Vps4 ATPase, which function sequentially to mediate cargo 
recognition, ILV formation, and final ESCRT disassembly and ILV budding. 
ESCRT‐0 is recruited to MVB by one of its subunits, Vps27, which contains a 
FYVE domain that specifically binds phosphatidyl inositol 3‐phosphate (PtdIns(3)
P), produced exclusively in MVB by endosomal class II PtdIns 3‐kinase (PI3K) [32, 
33]. Another ESCRT‐0 subunit, HRS (hepatocyte growth factor–regulated tyrosine 
kinase substrate), recognizes and sequesters ubiquitinated transmembrane proteins 
in the endosomal membrane [14] and recruits and activates the ESCRT‐I machinery 
through interaction with Tsg101 (tumor susceptibility gene 101). ESCRT‐I then 
recruits ESCRT‐II and mediates vesicle budding and recruitment of the adaptor 
protein Alix (ALG‐2 interacting protein X), which stabilizes ESCRT‐III assembly 
and promotes membrane curvature and vesicle abscission. Finally, dissociation and 
recycling of the ESCRT machinery require interaction with the ATPase Vps4 (vacu-
olar protein sorting 4), which drives ATP‐dependent vesicle abscission. ESCRT‐
dependent exosome biogenesis involves interaction of syndecans with syntenin, 
which in turn interact with CD63 and Alix [34]. Silencing of syndecan and syntenin 
decreases the number of exosomes and impairs the exosomal accumulation of Alix, 
hsp70 and CD63, whereas it has no effect on flotillin‐positive extracellular vesicles. 
Recently, systematic silencing of ESCRT machinery components by small interfer-
ing RNA in MHC‐II expressing Hela cells has shed light on the heterogeneity and 
complexity of the regulation of exosome biogenesis and composition [35]. For 
instance, silencing of HRS induces the formation of uniformly small ILVs that con-
tain and require CD63 [30], suggesting that ILV size is influenced by the cargo and 
mechanism of formation and pointing to the existence of ESCRT‐dependent and ‐
independent mechanisms of ILV formation within single MVBs.

The protein SIMPLE (small integral membrane protein of lysosomes and late 
endosomes), was recently shown to be secreted in association with exosomes. 
Fibroblasts expressing the mutant form found in Charcot‐Marie‐Tooth disease, 
CMT1C, showed altered MVB formation and secreted less CD63‐ and Alix‐con-
taining exosomes, although flotillin secretion was unaffected [36]. Mutation of 
SIMPLE in the PPxY motif, which mediates binding to E3 ubiquitin ligases, 
enhances its secretion in exosomes [36], possibly by impairing lysosomal targeting 
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of these vesicles. Interaction of secreted proteins with E3 ubiquitin ligases is poten-
tially relevant to their loading into exosomes. For instance, the export of the tumor 
suppressor PTEN into exosomes requires its binding to Ndfip1 [37], an adaptor 
protein for members of the Nedd4 family of E3 ubiquitin ligases.

Depletion of components of all four ESCRT complexes does not abolish MVB 
formation in mammalian cells [38], and an ESCRT‐independent mechanism of ILV 
formation depending on lipids and tetraspanins has been reported. Sorting of pre-
melanosomal protein requires the tetraspanin CD63 [39], which accumulates in 
ILVs even in the absence of ESCRT function [30, 38]. Consistently, CD63 was 
recently shown to be essential in the formation of small (<40 nm) ILVs, indepen-
dently of HRS, in MVBs of HeLa cells [30]. CD81‐enriched domains have been 
proposed recently as sorting platforms for exosomal proteins [40] and certainly 
might account for ESCRT‐independent sorting of some cargoes and the formation 
of a population of ILVs: proteins that are known to interact with certain tetraspanins 
were found in exosomes via mass spectrometry, and in CD81‐deficient animals, 
exosomes were found to be devoid of CD81‐interacting molecules, which are nor-
mally loaded onto exosomes.

The lipid composition of the limiting membrane of MVBs could induce the 
inward budding and the formation of ILVs in an ESCRT‐independent manner. 
Lipid metabolism enzymes such as neutral sphingomyelinase (nSMase), that con-
trol the hydrolysis of sphingomyelin into ceramide [41], and phospholipase D2, 
that hydrolyses phosphatidylcholine into phosphatidic acid [42] are involved in 
ILVs formation.

The mechanisms of inclusion of soluble cytosolic proteins into ILVs are still not 
very well understood, but a role for heat shock cognate chaperone of 70 kDa (Hsc70) 
has been proposed recently [43]. Hsc70 binds to soluble cytosolic proteins contain-
ing a KFERQ sequence and to phosphatidylserine (PS) on the MVB outer mem-
brane, thus entering ILVs formed in a Tsg101‐ and VPS4‐ dependent manner. In 
addition, binding of Hsc70 to the cytosolic tail of the TfR has been shown to allow 
targeting of this transmembrane protein to exosomes [44].

Posttranslational modifications in proteins such as ubiquitination, sumoylation, 
phosphorylation and acetylation have been detected in exosomal preparations, 
which suggests that these modifications can in part regulate the sorting of specific 
molecules into exosomes [45]. Poly‐ and mono‐ubiquitinated proteins have been 
detected in exosomes by mass spectrometry [46, 47]. Myeloid‐derived suppressor 
cells release ubiquitinated proteins in exosomes associated with endosomal traffick-
ing, along with pro‐inflammatory high mobility group protein B1 and pro‐inflam-
matory histones. Phosphorylated proteins have been also detected by mass 
spectrometry in exosomes. Phosphorylation and ubiquitination appear to co‐regu-
late the sorting of Fas ligand into secretory lysosomes by controlling its entry into 
MVBs [48]. Phosphorylation is involved in incorporation of Annexin A2 into exo-
somal membranes [49]. In addition, aberrant phosphorylation of the protein tau pro-
motes its incorporation into exosomes, resulting in the spreading of this abnormally 
 processed protein in Alzheimer’s disease patients [50]. Oxidation of gamma-synu-
clein confers prion‐like properties and causes the formation of toxic aggregates that 
can be exported in exosomes [51].
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Exosomes contain RNAs that can be incorporated into recipient cells. The RNA 
profile of exosomes is enriched in small RNA species, including miRNAs and 
mRNAs, but also small ribosomal RNA, tRNAs and structural RNAs such as vRNA, 
Y‐RNA and SRP‐RNA [22]. Some miRNAs are enriched in exosomes while others 
are barely present, which suggests the existence of mechanisms that regulate the 
active sorting of specific sets of miRNAs into exosomes. It was recently demon-
strated that the loading of miRNAs into exosomes depends on the heterogeneous 
ribonucleoprotein hnRNPA2B1, which binds to specific sequences found in exo-
somal miRNAs (EXOmotifs) that are not found among cellular miRNAs [52]. 
Interestingly, hnRNPA2B1 is sumoylated in exosomes and this modification is 
required for efficient loading of miRNAs into exosomes [52]. In addition, microR-
NAs found in exosomes are frequently posttranslationally modified by the addition 
of uridines [53].

2.2  Signals That Promote Exosome Release

Depending on the cell type or cell status, specific sets of protein and genetic 
material can be secreted in exosomes, reflecting the adaptability of this system to 
respond to changing circumstances. Cells secrete exosomes in a constitutive  manner, 
but environmental challenges, stress signals or activation stimuli increase exosome 
release and affect exosome composition [23].

Cellular activation stimuli, such as dendritic‐cell activation by Toll‐like receptor 
stimulation, T‐ cell activation by T‐cell receptor engagement‐ or B‐cell activation 
by α‐IgM, induce exosome secretion [54, 55]. In macrophages, activation of P2X7R 
purinergic receptors induces the release of IL‐1β in exosomes [56]. Calcium signal-
ing also triggers exosome release in many cell types, including lymphocytes, neu-
rons and oligodendrocytes [57]. Calcium entry through NMDA and AMPA receptors 
triggers oligodendroglial exosome secretion, which improves viability of the recipi-
ent neuronal cells upon exposure to conditions of cell stress [24].

Exosome release is also increased in stress situations, which are frequent in the 
tumor microenvironment and which cancer cells need to overcome to enable tumor 
progression. A number of studies indicate that hypoxia promotes exosome release 
in different tumor types [58]. Hypoxia enhances the secretion of exosomes contain-
ing proteins that facilitate angiogenesis and metastasis of cancer cells, including 
those associated with cell migration, extracellular matrix (ECM) remodeling, 
growth hormone signaling, clathrin‐mediated endocytosis, and VGEF signaling 
[58, 59]. Hypoxia induces the HIF pathway, which in turn promotes RAB22A 
expression and microvesicle formation [60]. Hypoxic exosomes contain hypoxia‐
related microRNAs that can induce angiogenesis upon uptake by endothelial cells 
[59, 61]. Acidic conditions are also characteristic of tumor microenvironments, and 
increase exosome release and change the membranes lipid composition of exo-
somes modulating their fusion proprieties [62].

Thermal and oxidative stress can enhance the release and modify the composition 
of immunosuppressive exosomes from T and B cells [63], thus influencing the 
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response to stress in receptor cells. Irradiation therapy can induce a senescent 
phenotype and increase exosome secretion in a p53‐dependent manner [64]. Ischemic 
preconditioning of the heart is a process whereby repeated short episodes of isch-
emia/ reperfusion (I/R) protect the myocardium against subsequent ischemic insult. 
This protection can result from ischemia in a remote region, and a very recent report 
described that exosome secretion during preconditioning might induce cardioprotec-
tion [65, 66]. In this regard, heat stress induces the release of exosomes bearing heat 
shock proteins that improve proteostasis responses in receptor cells ([67]). Thus, 
molecular chaperones maintain proteostasis not only in a cell‐autonomous manner 
but also in a non‐cell‐autonomous manner through exosomes, supporting the physi-
ological role of exosomes in the regulation of organismal proteostasis.

3  Lysosomes: Clearance Through Degradation

3.1  Form and Function

Lysosomes are the main degradative compartment of the cell. First described by the 
Nobel laureate Christian de Duve in the 1950s, lysosomes are responsible for pro-
teolytic degradation and recycling of functional and damaged proteins and organ-
elles, and ensure continuous renewal and recycling of cellular constituents, thus 
avoiding accumulation of harmful components. In addition to their catabolic func-
tion, lysosomes participate in a range of physiological processes such as plasma 
membrane repair, bone and tissue remodeling, cell signaling, energy metabolism, 
immune responses, and cell death [68].

Lysosomes contain a single lipid bilayer membrane containing proteins involved 
in the acidification of the lysosomal lumen, fusion of the lysosome with other cel-
lular structures such as late endosomes, autophagosomes and the plasma membrane, 
and transport of degradation products into and out of lysosomes [16]. The lyso-
somal membrane segregates and protects the cell from the acidic environment of the 
lumen by means of an internal thick glycocalyx that prevents lysosomal membrane 
degradation by luminal acid hydrolases. About 50 different acid hydrolases have 
been identified, and include members of the sulphatase, glycosidase, peptidase, 
phosphatase, lipase and nuclease protein families; this repertoire allows hydrolysis 
of a vast repertoire of biological substrates including proteins, nucleic acids, carbo-
hydrates and lipids [69].

The most important biochemical feature of the lysosome is its acidic lumen 
(pH 4.5–5.0), which allows higher enzymatic activity of the resident acidic 
 hydrolases, and facilitates partial unfolding of the substrate proteins, allowing endo-
proteases to access internal peptide bonds. The lysosomal pH gradient is maintained 
by the lysosomal membrane [70, 71], which contains more than 20 lysosomal 
membrane proteins, including lysosome‐associated membrane protein 1 (LAMP1) 
and LAMP2, and more importantly, the vacuolar‐type H(+)‐ATPases (V‐ATPases). 
The proton‐pumping V‐ATPase uses the energy of ATP hydrolysis to pump protons 
from the cytosol to the lumen, creating a H+ concentration in the lysosome about 
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100‐fold higher than that of cytosol. Lysosomal acidification also involves addi-
tional lysosomal membrane channels, such as the anion transporter chloride channel 
7 (ClC7) [72–74], the cation transporter mucolipin 1 (MCOLN1; also known as 
TRPML1), and two‐pore calcium channel 1 (TPC1) and TCP2, which mediate Ca2+ 
and Na+ release from the lysosome [75–78].

3.2  Lysosome Biogenesis

Lysosome formation involves an intersection between the endocytic and biosyn-
thetic pathways of the cell. The complex events involved in the formation of a 
mature lysosome depend on the coordinated action of adaptor molecules such as 
clathrin, membrane‐associated RAB GTPases, SNARE proteins, and components 
of the retromer complex SNX1, SNX2 or Vps26. These molecules mediate tether-
ing and docking processes important for endolysosomal membrane trafficking, 
lysosome–endosome fusion, or homotypic fusion between endosomes [16].

Newly synthesized proteins can be targeted to lysosomes directly from the trans‐
Golgi network via the endosomal system, or indirectly, through transport to the 
plasma membrane and subsequent endocytosis. Resident lysosomal proteins are 
synthesized at the rough ER and targeted to the lysosome by specific sorting mecha-
nisms [79]. Most lysosomal hydrolases are modified by mannose 6‐phosphate 
(M6P) residues within their oligosaccharide chains. These modifications are recog-
nized by two different mannose‐ 6‐phosphate receptors (M6PRs) that cycle between 
the trans‐Golgi network (TGN) and endosomes. Dissociation of bound lysosomal 
hydrolases from M6PRs occurs in the acidic interior of endosomes. The absence of 
M6PRs in lysosomes distinguishes these organelles from endosomal compartments. 
Other luminal lysosomal proteins utilize alternative sorting mechanisms [80]. 
Sortilin was identified as a sorting receptor of sphingolipid activator proteins (pro-
saposin and GM2 activator protein), acid sphingomyelinase and cathepsins D and 
H, whereas lysosome‐integral membrane protein 2 (LIMP2) was found to mediate 
the lysosomal targeting of β‐glucocerebrosidase [81–84].

Lysosomal biogenesis and function are subject to transcriptional regulation of 
essential genes by activation of the transcription factor EB [85]. TFEB maintains 
cellular homeostasis by coordinating the cellular responses to various stresses, 
including nutrient sensing starvations, metabolic stress, and lysosomal stress [68]. 
The activity of TFEB is regulated via protein phosphorylation and subcellular local-
ization. TFEB is sequestered in the cytoplasm in resting cells, but upon activation, 
it translocates to the nucleus and binds to the CLEAR consensus sequence to 
activate de novo gene transcription. Of the more than 400 direct TFEB target genes 
identified, most are related to the lysosome and autophagy, including lysosomal 
hydrolases and accessory proteins, lysosomal V‐ATPase pumps, and regulators of 
lysosomal biogenesis and autophagy. TFEB is negatively regulated by MTOR 
(mechanistic target of rapamycin complex), which forms a critical signaling axis 
linking TFEB, the lysosome, and control of autophagy [86, 87]. In the presence of 
amino acids, MTORC1 localizes to the lysosomal cytoplasmic surface via Rag 
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GTPases and interacts with a protein complex at the lysosomal surface called 
Ragulator, which is required for MTORC1 activation [88]. TFEB binds Ragulator at 
the lysosomal membrane, which allows MTORC1‐mediated phosphorylation of 
TFEB at both Ser142 and Ser211 to control TFEB cytoplasmic and nuclear localiza-
tion [89, 90]. The regulation of TFEB was recently shown to depend on the activity 
of the phosphatase calcineurin. Upon activation by calcium released from the lyso-
some via mucolipin 1 (MCOLN1), calcineurin binds and dephosphorylates TFEB, 
promoting its nuclear translocation and induction of autophagy and lysosomal bio-
genesis [91]. These data indicate that the lysosome is a hub for signaling pathways 
that regulate cellular homeostasis by linking lysosomal calcium signaling to both 
calcineurin regulation and autophagy induction.

3.3  Lysosomal Degradation

Lysosomes receive extracellular and intracellular material to be degraded via sev-
eral pathways. Extracellular material and integral membrane proteins destined for 
degradation reach the lysosome mainly via the endocytic pathway. Depending on 
the nature of the cargo, the capture of extracellular material and integral membrane 
proteins and their incorporation in endosomes is regulated by specific endocytic 
mechanisms, such as phagocytosis, macropinocytosis, clathrin‐mediated endocyto-
sis, caveolin‐mediated endocytosis and clathrin‐ and caveolin‐independent endocy-
tosis. The incorporated material can then be recycled back to the plasma membrane 
or targeted for degradation by fusion of the endosomes with lysosomes. Intracellular 
components are transported to the lysosome by the process of autophagy, a ‘self‐
eating’ catabolic pathway that is used by cells to capture their own cytoplasmic 
components destined for degradation and recycling.

4  Autophagy

4.1  Types of Autophagy

To date, three types of autophagy have been identified in mammalian cells: micro-
autophagy, chaperone‐mediated autophagy (CMA), and macroautophagy [92–94]. 
The role of all three types of autophagy in degradation and recycling processes is 
strictly dependent on lysosomal function.

In macroautophagy, here referred to as autophagy, a whole portion of the cyto-
sol, that can include organelles and soluble proteins, is sequestered inside double‐
membraned organelles called autophagosomes that subsequently fuse with lysosomes 
to promote the bulk degradation of their cargo [93, 94]. Autophagy initiates when 
double‐membraned structures called phagophores engulf portions of cytoplasm. 
After fusion of the isolation membranes, these autophagosomes distribute randomly 
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throughout the cytoplasm and then traffic along microtubules towards the microtu-
bule‐organizing centre, where lysosomes are concentrated, enabling fusion and deg-
radation of the contents by lysosomal hydrolases. In yeast, autophagosomes directly 
fuse with a single large acidic vacuole for degradation. In contrast, in higher eukary-
otes, nascent autophagosomes must undergo a series of maturation steps in part by 
fusing with endocytic vesicles, including early and late endosomes and MVBs [17, 
18]. The resulting hybrid organelles, called amphisomes, are more acidic and fuse 
with lysosomes to form degradative autolysosomes. Proper maturation of the 
autophagosome requires an intact endocytic trafficking pathway, components of the 
ESCRT pathway, and components involved in endocytic vesicle fusion [95, 96].

Chaperone‐mediated autophagy (CMA) is a selective degradation process in 
which cytosolic proteins are directly translocated across the lysosomal membrane 
through chaperone‐ and receptor‐ mediated internalization, unfolding, and transloca-
tion via lysosome‐associated membrane protein 2A (LAMP‐2A) [92, 97]. All CMA 
substrates contain a specific KFERQ‐like pentapeptide sequence [98]. This motif is 
selectively recognized in the cytoplasm by Hsc70 [99], which targets the substrate‐
chaperone complex to the lysosomal surface where it interacts with the receptor pro-
tein LAMP‐2A [97]. Once unfolded, the substrate translocates across the membrane 
and is then rapidly degraded. Although basal CMA can be detected in almost all cell 
types, CMA is maximally activated in response to stress (starvation, oxidative stress 
and conditions that cause protein damage) [100, 101]. Alterations in CMA underlie 
the pathogenesis of various neurodegenerative disorders such as Parkinson’s disease 
and certain tauopathies [102, 103]. A decrease in CMA activity, induced by the 
pathogenic protein that accumulates in the affected neurons, renders these cells sus-
ceptible to numerous stressors and often precipitates cell death. In addition, CMA 
contributes to the removal of some pathogenic forms of huntingtin, the protein that 
accumulates in Huntington’s disease [104].

In microautophagy, cytosolic proteins or whole regions of the cytosol are 
engulfed in the lysosome through the direct invagination of lysosomal or endosomal 
membranes [105]. Recently, endosomal microautophagy has been found to trans-
port cytosolic proteins into ILVs through a process dependent on the ESCRT 
machinery and electrostatic binding of Hsc70 to endosomal acidic phospholipids, 
and independent of substrate unfolding or LAMP‐2A [43].

4.2  Insights into Autophagosome Biogenesis

The main protein components involved in autophagosome formation and autophagy 
degradation were initially described in the 1990s by yeast genetics, which provided 
powerful genetic and molecular tools to investigate autophagy [106]. These con-
served autophagy‐related genes are collectively known as ATG [107] and function 
sequentially in phagophore formation, extension, cargo recognition, and autophagosome 
fusion with the lysosome.

The core autophagy machinery includes two ubiquitin‐like conjugation systems, 
for protein‐to‐protein and protein‐to‐lipid conjugation. The combined action of 
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these conjugation cascades and a kinase nucleation complex induces the formation 
of a limiting membrane or phagophore, which elongates and fuses to form the 
autophagosome [108].

The ubiquitin‐like molecule Atg12 is conjugated to Atg5 by Atg7 and Atg10, 
forming a complex that interacts with Atg16L1 and associates with phagophores, 
but that dissociates from completed autophagosomes. The formation of phagophore 
requires the class III phosphoinositide 3‐kinase (PI3K) Vps34, which acts in a large 
macromolecular complex, together with Beclin‐1 (mammalian atg6), atg14 and 
Vps15, to form PtIns(3)P [109, 110]. The activity of this complex is dependent on 
upstream autophagy regulators, including the mammalian Atg1 orthologs ULK1 
and ULK2, atg13, and FIP2000 (focal adhesion kinase (FAK)‐family interacting 
protein of 200 KDa), which functions as the scaffold for the recruitment of down-
stream Atg proteins. Under fed conditions, the ULK complex is bound to MTORC1 
and is thus inactive. Upon amino acid starvation, MTORC1 is inactivated and dis-
sociates from the ULK complex, which results in increased ULK1 and ULK2 kinase 
activity. The carboxy‐terminal domain of ULK1 and ULK2 binds to membranes, 
and this property might mediate the recruitment of the complex to the site of 
autophagosome initiation [111]. Once activated and targeted to the site of autopha-
gosome initiation, the ULK and PI3K complexes phosphorylate a specific set of 
proteins and produce a specific pool of PdIns(3)P that drives the nucleation of the 
isolation membrane and the recruitment of additional ATG proteins and autophagy‐
specific PtdIns(3)P effectors, such as DFCP1 and WIPI.

Following nucleation, the Atg5‐Atg12‐ATg16L complex is recruited to the 
membrane, where it functions as an E3‐like ligase to mediate the second of the 
ubiquitin‐like reactions and promote the lipid conjugation of phosphatidylethanol-
amine (PE) to LC3 and its family members GATE16 and GARABAP. This modifi-
cation enables GATE16 and GARABAP to associate with the autophagosomal 
membrane while the isolation membrane is expanding [112]. Before closure of the 
isolation membrane, which creates the autophagosome, the ATG proteins bound to 
the membrane dissociate, whereas LC3 and its family members found inside autoly-
sosomes remain attached.

Autophagy culminates in the maturation step, when nascent autophagosomes 
fuse with the endolysosomal system to create a fully functional degradative com-
partment, the autolysosome. The Atg16L complex was found to be required for 
specific recruitment of LC3 to sites of autophagosome formation [113]. However, 
fusion of autophagosomes with endosomes appears to require loss of Atg16L com-
plex and LC3‐II from the surface of the autophagosome.

The origin of the membrane that forms the autophagosome is diverse and may 
include multiple sources, including the endoplasmic reticulum, the ER‐Golgi inter-
mediate compartment (ERGIC), the Golgi apparatus, recycling endosomes, the 
plasma membrane, and mitochondria. Although incompletely understood, the inclu-
sion of membranes from distinct locations may contribute essential lipids and pro-
teins to the forming autophagosome [18]. Several autophagic proteins localize to 
the ER, suggesting that it might play a role in autophagosome formation [114]. The 
double FYVE domain containing protein 1 (DFCP1), Atg14L, and ULK1 localize 
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to the ER in resting conditions, but upon starvation they form punctate structures on 
the ER and recruit a subset of class III PI3‐kinase that promotes the formation of 
PtIns(3)P in the ER, turning this organelle into the platform for autophagosome 
formation [115]. The outer mitochondrial membrane has been proposed to contrib-
ute to autophagosome biogenesis in starved mammalian cells [116]. During starva-
tion, components of the core autophagy machinery relocate to contact sites between 
mitochondria and the ER and promote autophagosome biogenesis [117]. In addi-
tion, autophagosome expansion includes a contribution from membrane‐vesicles 
trafficked from the Golgi and endosomes by coat protein complex II (COPII) [118–120]. 
The plasma membrane is another important source of membrane involved in the 
formation of early autophagosomal structures under basal and induced conditions 
[121]. The ability of the plasma membrane to contribute to autophagosome forma-
tion is associated with the localization of Atg16L1 at the plasma membrane via 
Atg16L1‐AP‐2‐clathrin heavy chain interactions and homotypic and heterotypic 
fusion between these vesicles [122–126].

4.3  Regulation of Autophagy

Autophagy is critical to the maintenance of proteostasis and to the preservation of 
proper organelle function by selective removal of damaged organelles, particularly 
of mitochondria. Basal and inducible macroautophagy are essential for cellular 
homeostasis in many different tissues [127–130]. A broad range of cell‐stress‐ 
inducing conditions activate autophagy‐mediated degradation of protein aggregates, 
oxidized lipids, damaged organelles and intracellular pathogens [131]. Autophagy 
is also essential for defense against exogenous and endogenous aggressors and in 
circumstances requiring extensive cellular remodeling [132]. The breakdown prod-
ucts generated during autophagy degradation are used to generate new cellular com-
ponents and energy in response to the nutritional needs of the cell. The importance 
of this pathway is reflected in the several human diseases in which macroautophagy 
malfunction is observed, which include cancer, neurodegenerative and metabolic 
diseases, cardiac hypertrophy, diabetes, and pathogen infection, as well as aberrant 
differentiation of many cell lineages [93, 94].

The signals that regulate autophagy are diverse. Induction of autophagy in 
response to starvation is mediated in part via inactivation of MTOR and activation 
of Jun N‐terminal kinase (JNK), while energy loss induces autophagy by activation 
of AMP kinase (AMPK) [133, 134]. Following amino‐acid starvation or MTOR 
inhibition, activated ULK1 phosphorylates Beclin‐1 on Ser 14, thereby enhancing 
the activity of the ATG14L‐containing VPS34 complexes for full autophagic induc-
tion [135]. The metabolic sensor AMPK plays a key role in regulating different 
Vps34 complexes. AMPK directly phosphorylates Vps34 and Beclin‐1 to regulate 
non‐ and pro‐ autophagic Vps34 complexes, which are involved in intracellular 
vesicle trafficking and autophagy induction, respectively [136].
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4.4  Selective Autophagy

Several types of autophagy have been described, with the type depending on the 
nature of the substrate eliminated: protein aggregate‐prone or misfolded proteins 
(aggregophagy), damaged mitochondria (mitophagy), excessive peroxisomes 
(pexophagy), lipid droplets (lipophagy), and bacteria and virus (xeophagy), 
among others.

The molecular mechanisms underlying cargo selection and regulation of selec-
tive types of autophagy are still largely unknown. These pathways appear to rely on 
specific cargo‐recognizing autophagy receptors and adaptors, which connect the 
cargo to the autophagic membrane to allow specific sequestration of the substrate 
[137]. The autophagy receptors p62 and NBR1 (neighbour of BRCA1 gene 1) bind 
ubiquitinated protein aggregates through a ubiquitin‐associated (UBA) domain and 
LC3 via their LIR (LC3‐interacting region) motifs and thereby promote the specific 
degradation of ubiquitinated proteins [138–140]. p62 has also been implicated in 
autophagic degradation of other ubiquitinated substrates such as intracellular bacte-
ria, viral capsid proteins, the midbody after cytokinesis, peroxisomes, damaged 
mitochondria, and bacteriocidal precursor proteins. Defects in these pathways dis-
rupt tissue homeostasis, accompanied by extensive accumulation of p62‐containing 
aggregates, which deregulates its function as a scaffold protein in several signaling 
cascades such as NF‐kB signaling, apoptosis and Nrf2 activation.

Posttranslational protein modifications contribute to the regulation of the autoph-
agy pathway. Protein phosphorylation regulates the activity of proteins involved in 
autophagy, whereas ubiquination regulates proteins involved in the degradation of 
the autophagic cargo. Phosphorylation of autophagy receptors might be a general 
mechanism for the regulation of selective autophagy. For instance, phosphorylation 
close to the LIR motif of the autophagy receptor optineurin enhances the LC3 bind-
ing affinity of optineurin and promotes selective autophagy of ubiquitinated cyto-
solic Salmonella enterica [141]. In relation to autophagy, ubiquitin has so far been 
ascribed as a signal for cargo degradation. Ubiquitination of aggregated prone pro-
teins, as well as bacteria and mitochondria, serves as a signal for recognition by 
autophagy receptors like p62 and NRB1. However, the role in autophagy of the 
ubiquitin‐like proteins SUMO and Nedd is so far unexplored. A role in selective 
autophagy has recently been reported for protein acetylation. Histone deacetylase 6 
(HDAC6), initially identified as a mediator of the transport of misfolded proteins to 
the aggresome, is also implicated in the maturation of ubiquitin‐positive autophago-
somes [142] and the Parkin‐mediated clearance of damaged mitochondria [143]. 
Furthermore, the acetylation of an aggregophagy cargo protein, mutant huntingtin, 
is important for its degradation by autophagy [144].

Analysis of autophagy‐deficient mice reveals marked accumulation of aberrant 
organelles, including mitochondria, which appear swollen and deformed, and 
increased numbers of peroxisomes and lipid droplets. In addition, these mice accu-
mulate polyubiquitinated proteins in almost all tissues, forming inclusion bodies 
whose size and number increase with aging [129].
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Macroautophagy maintains mitochondrial quality control by selectively degrading 
dysfunctional mitochondria via a process known as mitophagy [145]. The autoph-
agy receptor Nix/bnip3L is an outer mitochondrial membrane protein that interacts 
with GABARAP and plays an important role during erythroid differentiation by 
controlling mitochondrial elimination [146, 147]. PINK1, a mitochondrial kinase, 
and Parkin, an E3 ubiquitin ligase, have been genetically linked to Parkinson’s dis-
ease (PD) and a pathway that prevents progressive mitochondrial damage and 
 dysfunction [148]. Upon mitochondrial membrane depolarization, PINK becomes 
stabilized and recruits Parkin to the damaged mitochondria, where it ubiquitinates 
various outer mitochondrial membrane substrates and induces mitochondrial degra-
dation. Although p62 has been implicated in the recognition of ubiquitinated 
 mitochondria, p62‐deficient cells do not show alteration in mitochondrial degrada-
tion [149–151].

When specific bacteria invade host cells, they are engulfed by a selective type of 
autophagy called xenophagy, restricting their growth. Invading bacteria such as 
Salmonella enterica and Listeria monocytogenesis become positive for ubiquitin 
when they access the cytosol after rupturing the limiting membrane of the endo-
some/phagosome. p62, NDP52, and optineurin have been proposed to be autophagy 
receptors that link ubiquitinated bacteria to LC3 [141]. Additionally, bacterial clear-
ance through autophagy can lead to the production of antimicrobial peptides that 
kill invading bacteria [152].

Lipophagy has been implicated in the degradation of lipid droplets, where esteri-
fied triglycerides are stored, providing a mechanism to generate endogenous free 
fatty acids for energy production through beta‐oxidation. Liver‐specific  Atg7‐defi-
cient mice display massive accumulation of triglycerides and cholesterol in the form 
of lipid droplets [130].

5  Crosstalk Between Endolysosomal Compartments 
in the Regulation of Cellular Proteostasis

To ensure efficient function in the regulation of intracellular homeostasis, the vari-
ous proteolytic pathways need to maintain a constant communication. In recent 
years, it has become evident that the different autophagy routes act in coordination. 
Cells respond to blockade of CMA by activating macroautophagy and to blockade 
of macroautophagy by activating CMA. Despite this compensatory activation, the 
maintenance of cellular proteostasis involves interactions between the autophagy 
and endocytic degradation pathways. Induction of autophagy promotes autophagic 
flux by increased convergence with the endosomal pathway [153]. Both pathways 
intersect when autophagosomes fuse with MVBs, forming an amphisome. A func-
tional endocytic pathway is critical for maintaining an efficient degradation process, 
and loss of trafficking complexes that control endosomes promote accumulation of 
autophagosomes and amphisomes.
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Early endosomes are required for functional autophagy. In fact, loss of COPI 
function impairs transport into and through early endosomes and blocks autopha-
gosome maturation and autophagic flux [154, 155]. Phagophore formation and 
expansion requires vesicles derived from Rab11‐positive recycling endosomes and 
from the plasma membrane, coated with the clathrin adaptor protein AP2 and 
Atg16L1 [123].

Small GTP binding proteins are essential for endocytic trafficking and autoph-
agy. Rab7 is involved in transport to late endosomes and in the biogenesis of the 
perinuclear lysosome compartment. In addition, Rab7 participates in the final matu-
ration of late autophagic vacuoles [156] through the fusion of late endosomes and 
autophagosomes with the lysosome [157]. Similarly, the Rab5‐related yeast endo-
cytic module Vps21 has been implicated in early‐to late‐endosome transport and 
autophagy [158], whereas Rab11 facilitates crosstalk between autophagy and the 
endosomal pathway by regulating Hook localization [153].

This crosstalk is also displayed by molecular complexes common to the autoph-
agy and endocytic pathways. For example, the UVRAG‐containing class III PI3K 
complex regulates not only autophagosome formation and maturation but also 
endosomal fusion [159], and favors transport of autophagic and endocytic cargo to 
the degradative compartments. Under nutrient‐enriched conditions, the UVRAG 
negative regulator Rubicon blocks the maturation of both the autophagosomal and 
endocytic pathways [160, 161]. Nutrient deprivation induces the release of UVRAG 
from Rubicon and promotes its association with the HOPS complex, enhancing 
autophagosome and endosome maturation [162].

The relationship between autophagy and MVB biogenesis modulates the secre-
tion of exosomes [6]. The loss or mutation of several components of the ESCRT 
machinery, involved in the formation of ILVs in late endosomes, results in abnormal 
autophagic maturation and neurodegeneration due to impaired autophagosome 
fusion with the endolysosomal system and accumulation of ubiquitinated intracel-
lular aggregates [163–166]. Induction of autophagy or overexpression of LC3 
blocks exosome secretion, indicating that under conditions promoting autophagy, 
such as starvation, MVBs fuse with autophagosomes, with consequent inhibition of 
exosome release [167]. This finding supports the notion that the balance between 
autophagy and exosome release might be regulated by the cellular metabolic state. 
Recently, a functional interconnection has been described between the core autoph-
agy machinery and ESCRT components that facilitates basal autophagic flux and 
Alix‐associated activities in late endosomes [168]. The study shows that interaction 
between ATG12–ATG3 and the ESCRT‐associated protein Alix regulates MVB dis-
tribution, exosome biogenesis, viral budding and trafficking of the late endosome to 
lysosomes. Additionally, Alix silencing impairs basal autophagy, similarly to 
ATG12–ATG3 deficiency. Interaction of Alix with the actin‐binding protein cortac-
tin is proposed to be required for autophagosome maturation through regulation of 
actin remodeling [168]. These studies further support the existence of molecular 
crosstalk between these different quality control mechanisms arising from the 
endolysosomal system in the control of intracellular proteostasis.
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6  Endolysosomal Dysfunction and Aging

Aging is characterized by progressive deterioration of cells and organs due to 
accumulation of macromolecular and organelle damage [169]. Recycling of dam-
aged components and replacement with newly synthesized ones ensures cellular 
homeostasis and delays the aging process. However, overall proteolytic activity of 
cellular clearance mechanisms declines with aging, and their dysfunction is associ-
ated with neurodegenerative disease.

Accumulating evidence implicates dysfunction of the autophagic‐lysosomal 
pathway as a key feature of aging [170, 171]. Decreased macroautophagic activity 
with age has been described in different mammalian tissues [92, 172]. In addition, 
incomplete digestion of engulfed cargo inside lysosomes leads to the accumulation 
of undegraded products that through further modification and cross‐linking give rise 
to the autofluorescent pigment known as lipofuscin, a marker of aging. Accumulation 
of lipofuscin reduces the degradative capacity of lysosomes and their ability to fuse 
with autophagic structures, which in turn results in further accumulation of waste 
material inside the lysosome [173]. Interestingly, leupeptin infusion in a transgenic 
mouse model of Alzheimer’s disease (AD) results in the onset of neurodegenerative 
defects [174], providing evidence that lysosome dysfunction is involved in age‐
related diseases.

The activity of CMA decreases in almost all tissues of aged rodents and in senes-
cent human fibroblasts in culture due to a decrease in the lysosomal levels of 
LAMP‐2A, thus reducing binding and lysosomal translocation of substrate [175]. 
Restoring the levels of LAMP‐2A in aged mice not only increased CMA but also 
upregulated the macroautophagic and proteasomal degradative pathways, increased 
the levels of intracellular ATP, and reduced the levels of cytosolic waste (oxidized 
and polyubiquitinated aggregated proteins) [176]. Interestingly, these changes coin-
cided with a sharp increase in the number of autophagosomes, indicating the impor-
tance of autophagy in the aging process. Thus, preventing the decline in autophagic 
activity slows down cellular aging and preserves organ function, linking the integrity 
of the autophagosomal‐lysosomal network to the progression of aging [176].

6.1  Exosome Secretion During Aging

Although the study of exosomes in aging is still in its infancy, there is evidence that 
senescent cells undergo specific changes in exosome composition and trafficking 
[177]. Insufficient digestion of damaged molecules might promote the release of 
partially digested or undigested materials through exosomes. This is important, for 
example, during age‐related macular degeneration (AMD), where increased autoph-
agy and the release of exosomes can contribute to the formation of drusen [178]. 
Senescence induced by DNA damage is characterized by an increase in exosome 
secretion dependent on the activation of p53. In addition, exosome release also 

F. Baixauli and M. Mittelbrunn



33

increases during proliferative senescence in normal human diploid fibroblasts. 
These data support the hypothesis that senescence, initiated either by telomere attri-
tion (e.g., aging) or DNA damage (e.g., radiotherapy), can induce a p53‐dependent 
increase in the biogenesis of exosome‐like vesicles [179]. p53 regulates the tran-
scription of a set of genes encoding proteins that regulate the endosomal compart-
ment and enhance exosome production, for example TSAP6 and CHMP4C [180]. 
Senescent cells secrete a plethora of soluble proteins, including various cytokines, 
chemokines, growth factors, and proteases, thereby generating a strong proinflam-
matory environment. This feature of senescent cells has been termed the senescence 
associated‐secretory phenotype (SASP). How the autophagic‐lysosomal pathway 
and exosome secretion are coordinated during organismal aging and how they mod-
ulate SASP are a largely unexplored questions.

Exosomes isolated from elderly people contain higher amounts of cytokine 
mRNAs than exosomes from younger people [181]. Also, the abundance of 5´tRNA 
halves changes in mouse serum during aging [182]. Endothelial cells secrete 
miR‐214–enriched exosomes, which promote endothelial cell migration and angio-
genesis. These exosomes repress the expression of ataxia telangiectasia mutated 
(ATM) in recipient cells in a miR‐214–dependent manner, thereby avoiding senes-
cence and stimulating blood vessel formation [183]. Parabiotic exposure of aged 
animals to a youthful systemic milieu can promote oligodendrocyte differentiation 
and improve remyelination [184]. This promyelinating effect is mediated by serum 
exosomes, and may involve peripheral exosome‐mediated delivery of miRNAs. 
Moreover, in the brains of APP transgenic mice, intracerebral infusion of neuronal 
exosomes results in decreases in Aβ levels and amyloid deposition [185].

6.2  Endolysosomal Dysfunction in Neurodegenerative 
Diseases

The connection between these clearance mechanisms and their impact on cellular 
proteostasis is mostly reflected in aged‐associated brain diseases. Endolysosomal 
dysfunction is increasingly recognized as a major pathogenic event in several neu-
rodegenerative disorders, including Parkinson’s disease (PD), Alzheimer’s disease 
(AD) and related synucleinopathies characterized by accumulations of α‐synuclein 
in Lewy bodies [186, 187]. AD and PD are characterized by the expression of sev-
eral effector genes involved in the regulation of early endosomes (rab4 and rab5), 
late endosomes (rab7), exosome secretion (rab27), autophagy (Pink1 or Parkin), 
endosomal vesicle recycling (VPS35, LRRK2), and lysosome‐related genes (GBA, 
ATP13A2), suggesting a mechanistic link between endolysosomal impairment and 
neurodegenerative disorders [188]. Functional MVBs are required to prevent accu-
mulation of abnormal proteins that can lead to neurodegeneration. Depletion of 
ESCRT subunits (Tsg101, Vps24) or overexpression of a CHMP2B mutant associ-
ated with frontotemporal dementia inhibits autophagic degradation and leads to 
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accumulation of ubiquitin‐positive aggregates containing aggregate‐prone proteins 
associated with neurodegenerative diseases [163, 164].

Neurological disorders include a group of inherited metabolic diseases collec-
tively known as lysosomal storage disorders (LSDs), which show perturbations in 
lysosomal homeostasis caused by defects in enzymes and proteins required for lyso-
somal catabolism [189]. A common feature of all LSDs is the accumulation of mac-
romolecules inside organelles of the endolysosomal system, which perturbs the 
homeostasis of other organelles and intracellular regulatory systems, highlighting 
the complexity of the maintenance of cellular clearance mechanisms and its conse-
quences for pathogenesis. Abnormal storage of lipids promotes redistribution within 
cells via membrane trafficking, fusion, or altered trafficking pathways characteristic 
of these diseases. Endolysosomal molecules can also be disseminated via mem-
brane contact sites between endolysosomes and the ER [190, 191], and by extracel-
lular secretion of endolysosomal content, including exosome release. For example, 
Niemann‐Pick type C1 (NPC1) disease is an autosomal‐recessive lysosomal storage 
disorder that leads to the abnormal accumulation of free cholesterol and sphingolip-
ids within the late endosomal and lysosomal compartments, resulting in progressive 
neurodegeneration and demyelination. NPC1 patients show upregulation of exo-
somal cholesterol release, which may be a compensatory mechanism to maintain 
cellular cholesterol homeostasis by bypassing the traffic block in this disease that 
results in toxic lysosomal cholesterol accumulation [192, 193]. In addition, primary 
kidney cells from arylsulfatase A‐deficient mice secrete the accumulating lipids into 
the culture medium [194].

PD has been linked to mutations in lysosomal‐related genes, such as glucocere-
brosidase (GBA) and lysosomal type 5 P‐type ATPase (ATP13A2). PD‐related 
GBA deficiency and mutations reduce lysosomal function and lead to α‐synuclein 
accumulation. PD‐related mutations/deficiency in the ATP13A2 gene lead to a gen-
eral lysosomal impairment characterized by lysosomal membrane instability, 
impaired lysosomal acidification, decreased processing of lysosomal enzymes, 
reduced degradation of lysosomal substrates, and diminished clearance of autopha-
gosomes, collectively contributing to α‐synuclein accumulation and cell death 
[195]. ATP13A2 localizes in MVBs, where it regulates zinc homeostasis and pro-
motes α‐synuclein externalization via exosomes [196, 197]. Reduced ATP13A2 
function impairs delivery of endocytosed proteins/autophagy cargo to the lysosome, 
and decreases the release of exosomes and α‐synuclein; in contrast, elevated 
ATP13A2 expression increases α‐synuclein clearance through exosomes. These 
data suggest that ATP13A2 is a PD‐associated gene involved in exosome biogene-
sis, and suggest a potential neuroprotective role of exosomes in PD. The contribu-
tion of disruption of the endolysosomal pathways to disease pathogenesis 
underscores the importance of regulating lysosomal function and exosome secretion 
as a therapeutic strategy for these disorders [198].

Because exosomes remove unwanted or damaged material to the extracellular 
environment, their release can be beneficial for the regulation of intracellular pro-
teostasis. However, exosomes can be transferred from one cell to another, and 
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their secretion can have a beneficial or pathological impact on neighbouring cells. 
Exosomes are involved in the spread of toxic proteins in neurodegenerative dis-
eases such as AD, PD, Huntington’s, and prion diseases [199]. For example, beta‐
amyloid peptides are released in association with exosomes [200]. Exosomes 
might provide catalytic environments that favor nucleation and aggregation of α‐
synuclein and beta‐amyloid peptides [201]. For instance, exosomes can stimulate 
aggregation of beta‐amyloid peptides, and preventing their secretion reduces 
amyloid plaque formation in vivo [202]. In addition, exosomes have been found 
containing misfolded proteins involved in ALS, such as SOD, TDP‐43, and 
hnRNPA2B1 [52, 203–205].

Autophagy prevents aggregation of proteins associated with neurodegenerative 
diseases, such as hungtintin, tau, and alpha‐synuclein [121, 206]. Impairment of 
autophagy is accompanied by accumulation of p62 (sequestosome 1/SQSTM1), 
which leads to the formation of large protein aggregates containing p62 and polyu-
biquitinated proteins in neurodegenerative pathologies [207]. It is thus possible 
that protein aggregates, which are not properly cleared by autophagy, may spread 
to neighboring neurons in a prion‐like manner. In this regard, there is accumulating 
evidence that extracellular protein aggregates can be taken up by cells [208], thus 
promoting the formation of new protein aggregates in the recipient cell. Recent 
studies on α‐synuclein oligomers indicate that these oligomers can be secreted 
either directly or associated with exosomes, with the secretion route being strongly 
influenced by autophagic activity [209]. These findings suggest that  exosome‐
mediated release of α‐synuclein oligomers is a mechanism through which cells 
clear toxic α‐synuclein oligomers when autophagic mechanisms fail. 
Pharmacological activation of autophagy can attenuate accumulation of aggre-
gated pathological proteins and prevent cell death, indicating that autophagy can 
attenuate proteotoxicity [210].

7  Concluding Remarks

The research findings discussed here support the complex contribution of exosome 
secretion and autophagy to the control of proteostasis during cellular fitness and 
aging. The numerous intersections between the diverse quality‐control mechanisms 
originating at the endolysosomal system range from autophagy to exosome secre-
tion, and expand the array of physiological and pathological roles of these pro-
cesses. It is becoming clear that the autophagic machinery affects the secretion of 
exosomes, and that modulating autophagy and endolysosomal function, including 
the loading and secretion of exosomes, represents an attractive avenue for future 
therapeutic intervention in age‐associated diseases, including neurodegenerative 
diseases and inflammation. It is important now to understand how these mecha-
nisms are coordinated and regulated in order to identify the optimum therapeutic 
targets for treating disease.
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Microglia: Features of Polarization and Aging
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1  Introduction

Resident macrophages can be found in virtually all tissues, representing approxi-
mately 10–15 % of the total cells. These cells display different transcriptional pro-
files possibly representing distinct classes of macrophages [1]. In the central nervous 
system (CNS), microglia were described by Virchow as early as the mid-nineteenth 
century. These cells were morphologically classified as distinct from neurons and 
astrocytes [2] and further classified as distinct from oligodendrocytes [3]. In addi-
tion, rather than sharing a similar neuroepithelial origin as other CNS-specific cells, 
microglia originate from a primitive monocyte population derived from the yolk 
sack [4–8]. By the 1980s, their distinct macrophage-like features were established 
including their role in immune defense within the CNS parenchyma [9]. These mor-
phologically heterogeneous cells [10–12] comprise approximately 20 % of the total 
cells in the brain [13] performing crucial physiological functions for tissue develop-
ment, architecture refinement, and remodeling/repairing tissue.

Under normal conditions, microglia assume a neural specific phenotype due to 
the CNS environment [14] and retain a relative quiescent surveillance phenotype 
with fine processes extending into the surrounding microenvironment. This allows 
the cells to maintain constant surveillance of the brain parenchyma for tissue 
changes [15, 16]. When microglia sense a change in their surrounding microenvi-
ronment (injury, disease, pathology) they can rapidly change their morphology by 

G.J. Harry, Ph.D. (*) • C.A. McPherson 
National Toxicology Program Laboratory, National Institute of Environmental Health 
Sciences, National Institutes of Health, Neurotoxicology Group,  
111 T.W. Alexander Drive, MD E1-07, Research Triangle Park, NC 27709, USA
e-mail: harry@niehs.nih.gov

mailto:harry@niehs.nih.gov


48

increasing soma size and retracting their normal elongated fine processes to shorter, 
coarser cytoplasmic processes displaying a bushy appearance. This can continue to 
progress to a fully amoeboid morphology depending on the nature and severity of 
the signal [17, 18]. They serve to mount an immune response to pathogens, contrib-
ute to cell-cell interactions that serve to trigger or facilitate programmed cell death 
during the development of various brain regions [19, 20], and maintain tissue 
homeostasis by clearing dying cells, debris, or aberrant proteins [21–28]. Upon 
removal of the stimulating factor, microglia can then downregulate and return to a 
more ramified phenotype. The question remains however, as to whether this down-
regulated cell is representative of the “normal” cells or whether the cell has been 
altered in some manner that may manifest in subsequent activation scenarios.

Maintenance and expansion of the resident microglia population is considered to 
result from local self-renewal rather than from the recruitment of circulating mono-
cytes [29–31]. The limited replication and turnover of microglia make them a rela-
tively stable population that is maintained throughout life. With injury to the 
blood-brain-barrier, blood-borne monocytes can enter the brain parenchyma and 
assume a brain macrophage phenotype [32–35]. The blood-brain-barrier undergoes 
several changes over the course of aging [36–38] that may contribute to the reported 
changes in microglia-related factors occurring with aging or with age-related neu-
rodegenerative diseases. It is suggested that infiltrating cells would be more involved 
in severe inflammatory injuries as compared to a predominant focus of resident 
microglia on maintaining tissue homeostasis [39]. When compared, non-activated 
microglia and peritoneal macrophages show similar but also distinct profiles. In 
steady state conditions, microglia and other CNS-associated myeloid cells express 
surface markers CD11b, F4/80, Fc-gamma receptor 1 (CD64), and CD115 (Csf-1R), 
ionized calcium-binding adapter molecule 1 (Iba-1) and proto-oncogene tyrosine- 
protein kinase MER (MerTK) [1]. In a recent study conducted by Hickman et al., 
[40] several highly enriched genes classified as “sensome” genes were identified in 
microglia, which allowed the cells to sense and interact with their local environ-
ment. These sensome genes included those for putative purinergic receptors, P2ry12 
and P2ry13, transmembrane protein 119 (Tmem119), G-protein coupled receptor 34 
(Gpr34), the 1-type lectin receptor, sialic acid-binding immunogloubulin-type lec-
tin H (Siglec-h), triggering receptor expressed on myeloid cells 2 (Trem2), and the 
fractalkine receptor, Cx3cr1. Chiu et al. [41] and Butovsky et al. [42] reported many 
of these same genes as well as Sal-like 1 (Sall1) and Fc receptor-like S (Fcrls) spe-
cifically in quiescent microglia. In comparison, peripheral macrophages have been 
shown to express a significantly fewer number of these “sensome” genes suggesting 
a less complex response network outside of the CNS [40].

2  Cell Polarization

Macrophages can respond to endogenous stimuli generated following infection or 
injury. This represents a product of a cell-mediated immune response that is essen-
tial for a host defense but also one that requires tight regulation. In the absence of 
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microorganisms, a similar but sterile inflammatory response occurs often as a result 
of trauma, ischemia-reperfusion injury, or chemical exposure [43–45]. In general 
the macrophage response is characterized based on the nature of the activating stim-
ulus and the resulting production of factors [46]. A conceptual framework for such 
activation identifies two polar extremes of signals computed by macrophages, clas-
sical (M1) or alternative (M2) [47]. This characterization has been beneficial for 
describing immune responses occurring during acute infections, allergies, asthma, 
and even to obesity [48]. This conceptual framework has more recently been applied 
to characterize the microglial response [49, 50]. Lipopolysaccharide (LPS) and 
interferon gamma (IFNγ) are classic inducers of M1 activation [51]. LPS is recog-
nized by toll-like receptor 4 (TLR4) upon which activation induces myeloid differ-
entiation primary response gene 88 (MyD88) and MaL/Tirap (Toll-interleukin 1 
receptor domain containing adaptor protein)-dependent pathways. These pathways 
lead to production of pro-inflammatory cytokines (e.g. IFNγ, interleukin (IL)-12, 
tumor necrosis factor (TNF)α, IL-6, and IL-1β), chemokines (e.g. chemokine [C-C 
motif] ligand 2 CCL2, chemokine [C-X-C motif] ligand 10 [CXCL10], and 
CXCL11), and antigen presentation molecules, such as major histocompatibility 
complex (MHC). Regulators of these profiles include nuclear factor of kappa light 
polypeptide gene enhancer (NF- kB), activator protein 1 (AP-1), interferon regula-
tory factors, signal transducers and activators of transcription 1 (STAT1), and early 
growth response (EGR) family members [52]. IFNγ signals through the IFNγ recep-
tors (IFNγR1 and IFNγR2) for gene expression of cytokine receptors (IL-15R, 
IL-2RA, and IL-6R) and cell activation factors (CD36, CD38, CD69, and CD97). 
IFNγ also regulates inducible SH2- containing protein (CISH), N-myc-interactor 
(NMI), protein tyrosine phosphatase, receptor type, C (PTPRC), protein tyrosine 
phosphatase, receptor type, O (PTPRO), and suppressor of cytokine signaling 1 
(SOCS1) [53, 54]. Mediators of IFNγ- induced signaling include STAT1, JAK2, and 
IRF1. There are similarities between gene expression after IFNγ and LPS stimula-
tion of macrophages; however, these M1 responses are not considered homolgous 
[55]. Gene expression profiles following stimulation with a combination of the 
cytokines are different from LPS or profiles alone, as are those from stimuli other 
than LPS or IFNγ [52].

While the initial response of macrophages to injury has been known for some 
time, positive influences of the response to facilitate resolution of inflammation 
through anti-inflammatory factors to deactivate pro-inflammatory cell phenotypes 
and reestablish homeostasis [56–59] for tissue remodeling have been recognized 
more recently [60–63]. In the early 1990s, the concept of macrophage alternative 
activation was developed largely based on work showing a role for IL-4 in the 
induction of an alternative (M2) activation state [64]. Under this state expression of 
the anti-inflammatory cytokines (IL-4, IL-10, IL-13, and transforming growth fac-
tor beta (Tgfβ)) as well as, arginase-1 (Arg-1), CD206, and Chitinase-3-like-3 (Ym-
1 in rodents) was induced [50, 65]. Upon further study, subclasses of M2 activation 
have been identified and as with the M1 phenotype, they are dependent upon the 
inducting stimuli. The M2a activation state is induced by parasitic products or asso-
ciated signals (IL-4 and IL-13) providing a longer-term function for resolution and 
repair [56, 66–69]. In this case, signaling occurs through IL-4 receptor alpha 
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(IL-4Rα) leading to inhibition of NF-kB signaling induced by M1 activation. M2b 
 polarization is observed with triggering of Fc gamma receptors, TLRs, and immune 
complexes [51]. M2c polarization occurs in response to specific anti-inflammatory 
factors such as, IL-10, TGFβ, and glucocorticoids [56, 67, 70–72]. In addition, cells 
do not appear to be committed to one phenotype but rather can shift from M2b phe-
notype to a mixture of M1 and M2a/b [73]. M2 polarization of microglia is similar 
to peripheral macrophages [74–77] displaying different mRNA profiles for IL-4 and 
IL-10 stimulation including arginase 1 (Arg1), mannose receptor 1 (Mrc1), chitinase- 
like 3 (Ym1), found in inflammatory zone 1 (Fizz1), and peroxisome proliferator- 
activated receptor (Ppar) [78]. In addition, the specificity of such markers remains 
in question. For example the primary “marker” for M2, Arg1, is also induced in M1 
macrophages and expressed in some resident and mycobacteria-infected macro-
phages [79]. While these associations have been demonstrated in vitro, a number of 
the M2 related products can be induced in vivo in sterile wounds in the absence IL-4 
or IL-13 [80] suggesting an alternative stimulus.

2.1  Macrophage Versus Microglia

Recent work examining macrophage activation demonstrated that the environment 
within which the macrophage resides drives the selection and tissue specific func-
tions [81]. A comparison between microglia and peripheral macrophages showed 
that peripheral macrophages displayed a more robust level of induction of phenotype- 
specific genes [82]. In addition, both cell types showed a greater induction of gene 
expression in response to M1 vs. M2 polarization [82]. Of interest was the observa-
tion that, in comparison to macrophages, M2 stimulated microglia increased expres-
sion of multiple genes that, with the exception of CD64, were also elevated in M1 
microglia. Michelucci et al. [78] were the first to publish a wide-ranging transcrip-
tion and functional profile using the M1/M2 differentiation spectrum in microglia. 
In this study they characterized the inflammatory and functional phenotype in the 
murine microglia cell line, MMGT12, and in murine primary microglia upon stimu-
lation with LPS, IFN-γ, IL-4 or, IL-10. Transcription profile analysis showed that 
MMGT12 and primary microglial cells exposed to LPS or IFN-γ were characterized 
by a classical M1 phenotype (Il1b, Il6, Tnfα, NosII, Cox2, Ccl2, Ccl20, Ccr2) and 
those stimulated with IL-10 or IL-4 were characterized by M2-related mRNA 
expression (Arg1, Cd206, Ym1, Fizz1, Ppar). They also demonstrated a decreased 
phagocytic activity under M1 polarization and enhanced activity with IL-10 stimu-
lation [78]. Upon further examination of an association between phenotype and 
Notch 1 and Hes1 signaling pathways, Michelucci et al. [78] demonstrated phago-
cytic activity suggesting that the heterogeneous microglia response is determined 
largely by the nature of the stimulus and intracellular signal transduction pathways 
activated. Additional work in monocyte populations supports the existence of mul-
tiple activation phenotypes [83] and that the roles may vary depending on the tissue 
environment [84]. For example, exposure of microglia to branched-chain amino 
acids results in an intermediate M1/M2 phenotype of an enhanced IL-10 expression 
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and phagocytic activity but an increase in free radical production [85]. CNS biopsies 
obtained from multiple sclerosis patients synergistically displayed markers for both 
M1 and M2 macrophage populations including CD40, CD64, CD86, and CD32, 
mannose receptor, and CD163 [86]. Recently, work suggested that rather than a 
marker for M2, the induction of arginase 1 could be related to neurotoxicity based 
on arginine deprivation [87]. From work assessing transcriptional regulation during 
human macrophage activation, an extended version of the current M1 versus M2 
polarization model has been proposed. This spectrum model contains nine distinct 
activation programs [88]. A distinct axis of response was demonstrated upon stimu-
lation with IFNγ or IL-4, with a similar axis demonstrated between LPS and IL-13 
polarization. With stimuli not directly linked to M1 or M2 polarization such as, free 
fatty acids, high-density lipoprotein, or combinations associated with chronic 
inflammation, a spectrum of signatures was displayed. In addition to immune related 
factors, the spectrum recruited clusters associated with cell death, biosynthetic pro-
cesses of small molecules, and metabolic and catabolic process as critical aspects of 
macrophage activation.

2.2  Polarization and Bioenergetics

In their normal surveillance state, microglia are likely to rely on oxidative phos-
phorylation metabolism [89] similar to what is observed in M2 macrophages [90, 
91]. In M2 macrophages, glucose consumption is significantly lower as compared 
to M1 [92] and the sedoheptulose kinase carbohydrate kinase-like protein is critical 
for regulating the pentose phosphate pathway [93]. Upon stimulation with TLR 
agonists, microglia switch from oxidative metabolism towards glycolytic metabo-
lism to maintain mitochondrial function and ensure cell survival [94–96]. It has 
been proposed that a two-stage process occurs with M1 activation with cells in the 
initial stage capable of utilizing both oxidative and glycolytic metabolism then 
shifting to rely on glycolytic metabolism for survival. Under both stages activation 
of the pentose phosphate pathway occurs [96].

A key feature of M1 macrophages is their ROS production to facilitate killing of 
phagocytized bacteria [97]. Intracellular damage from ROS is limited due to the 
increased generation of nicotinamide adenine dinucleotide phosphate (NADPH) 
required for maintenance of reduced glutathione [98, 99] and also NO production 
[100, 101]; however, they can also cause extensive damage to surrounding tissue. 
While these inflammatory factors serve in the host defense process they can also 
lead to the creation of a toxic microenvironment can be created with the production 
and release of pro-inflammatory cytokines, chemokines, redox molecules (NOX, 
PHOX, iNOS), scavenger receptors (macrophage receptor with collagenous struc-
ture (MARCO), co-stimulatory proteins (CD40), and MHC-II [18, 46, 49, 51, 57, 
65, 71, 102–104]. The outcome of a M1 polarizing event is dependent upon a num-
ber of features, not the least of which is the severity or length of the response and 
whether it includes production of iNOS, reactive oxygen species (ROS), or  activation 
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of NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome 
complex [105, 106]. NLRP3 facilitates caspase-1 activation for proteolytic process-
ing and secretion of pro-inflammatory cytokines, IL-1β and IL-18 [107–110]. 
A role for inflammasome activation in CNS injury has recently being identified 
[106, 111–113]. However, the complexity of the induction state is also demonstrated 
as an alternative activation of NLRP3 inflammasome can come from the classical 
M2-inducer in microglia [114, 115].

3  Microglia During Aging

Macrophages responding to endogenous stimuli generated following infection or in 
a sterile inflammatory response following injury [43–45], represents a product of a 
cell-mediated immune response essential for a host defense but also one that requires 
tight regulation. Maintaining the normal functional capacity of microglia to rapidly 
return an injured tissue back to normal homeostasis is a critical component for a 
healthy tissue environment. This involves the ability of cells to rapidly respond in a 
manner that will allow for clearance of aberrant proteins, invading pathogens, syn-
aptic remodeling, and providing appropriate signaling to extend these processes and 
provide trophic support. It has been hypothesized that changes in the aging microg-
lia drive pathogenic progression of diseases or injury through a diminution of neu-
roprotective functions, increase in neurotoxicity, and dysregulation of responses to 
signals and perturbations [116–120]. It has been suggested that microglia may not 
only chronologically age but also as a result of cumulative activation in response to 
systemic infections, microbiome characterization, or mild CNS injuries over a life-
time [121–123]. One hypothesis for neurodegeneration is based upon the idea that 
interactions with Aβ peptide or other inflammatory stimuli in the disease brain 
drives the cells to an early and maintained alternative activation state that shifts the 
ability of the cells to respond in a normal manner [124]. It has also been considered 
that such age related changes could be exacerbated not only with genetic back-
ground such as apolipoprotein E [125] but also with predisposing factors such as 
cigarette smoking, high blood pressure, type 2 diabetes, and obesity [126–129]. 
Changes that occur with aging may also be associated with changes that occur in the 
periphery that could contribute to local CNS perturbations [121, 123, 130, 131]. 
These changes and shifts in susceptibility are considered relevant for with regards 
to neurodegenerative processes associated with diseases and injury [132, 133].

3.1  Senescence

Microglia exhibit telomere shortening and decreased telomerase activity with aging, 
lending support for the hypothesized occurrence of microglial replicative senes-
cence in normal and pathological aging [118, 134]. Microglia from Alzheimer’s 
disease brains are reported to have shorter telomeres, as compared to control brains 
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[118] contributing to the speculation that amyloid β promotes microglial deterioration 
and accelerates senescence [135]. If microglia were functionally impaired by senes-
cence, they would likely demonstrate decreased production of neurotrophic factors, 
impaired phagocytosis, and impaired protein clearance cumulatively, resulting in 
increased neurotoxicity. While it has not been examined, it is also possible that the 
presence of senescent microglia could in and of itself contribute to brain aging. 
Baker et al. [136] demonstrated delayed onset of age-related pathologies with life-
time removal of p16Ink4a-positive senescent cells in the adipose tissue, skeletal mus-
cle, and eye. Furthermore, they demonstrated that late-life clearance of senescent 
cells attenuated the progression of already established age-related disorders. While 
this work was not conducted in the nervous system, one could envision that the 
increased presence of senescent or dysfunctional cells, regardless of type, would 
result in a potentially adverse “disease-related” environment.

Age-related neurodegeneration might not only be due to a loss of neuroprotec-
tive properties, but also the actual loss of microglia [137]. Microglia retain an ability 
to proliferate and self-renew in adulthood; however, this is primarily in response to 
injury signals and even then it is relatively infrequent [138, 139]. Whether or not 
this capability is retained with aging is not clear however, data suggests that the 
capacity is not lost but rather, may be increased under specific conditions [140, 
141]. A number of studies have reported an age-related increase in number and 
density of immunoreactive microglia across various brain regions [142–145]. These 
cells also appear to become less evenly distributed within the tissue [144, 146]. 
Aging would shift the population toward dysfunctional and away from healthy pro-
tective immune cells and thus diminish the ability of the system to mount a defen-
sive immune response when required. One hypothesis for a gradual increase in 
microglia with age is based on a compensatory mechanism to maintain a required or 
minimal level of cells to provide protection in the face of diminished functional 
microglial capability [147].

3.2  Morphology

It has been proposed that, with aging, microglia assume a more reactive/activated 
phenotype with cytoplasmic structures showing excessive beading and spheroid 
swellings may be reflective of dystrophy and senescence [134, 137, 141]. In rodents, 
microglia arborization is reduced in size and complexity [144–146] coupled with a 
higher variability in soma size [144] Surveillance features of microglia require that 
the cell’s processes are highly motile [16] and this motility is decreased with age 
[144, 146]. Whether this is secondary to the decrease in process arborization or a 
direct change has not been determined. In the aged brain, microglia co-localization 
around degenerating neurons is similar to that seen at any age however, there is a 
higher incidence of clumping, irregular distribution, and accumulation of phago-
cytic debris such as, lysosomal lipopigments, cellular elements, vacuoles, and large 
vesicles [116, 144, 146, 148]. Age-related changes in the retina show smaller and 
less branched processes and slower process motility of surveillance microglia [145]. 
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In addition, the dynamic microglia response to injury or to ATP was altered in that 
microglia demonstrated a slower acute response to injury as compared to microglia 
in the younger retina [145]. Of additional interest was the observation that these 
responses were maintained for longer in the aged retina, suggesting a deficit in the 
down-regulatory signaling for resolution of the injury response.

3.3  Migration

Amyloid β peptides can directly stimulate chemotaxic responses of microglia 
[149, 150]. In vivo, a rapid appearance of microglia occurs at sites of newly 
formed amyloid plaques [151] and in older mice, these localized cells show less 
movement of processes as compared to younger mice [152]. While morphological 
and migration differences are observed in the aged brain, how they relate to 
impaired functional changes in the cells and adverse outcome has not been clearly 
determined [153–155].

3.4  Phagocytic Activation

The process of recognizing, attaching, engulfing, and internalizing extracellular 
material for clearance and degradation is orchestrated in the CNS primarily by 
microglia. Early work of Vaughan and Peters [143] suggested that the accumula-
tion of non-cellular inclusions and condensed debris within microglia was the 
result of an impaired ability to degrade the ingested material. The ability of microg-
lia to recognize material for clearance is dependent upon receptor signaling. For 
example, receptors that recognize apoptotic cellular material such as, phosphati-
dylserine on the inner membrane leaflet, are important for phagocyte clearance 
processes and may stimulate an anti-inflammatory response [156]. Recent identifi-
cation of such receptors included T-cell immunoglobulin-and mucin-domain-con-
taining molecule- 1 (TIM4) [157], the metabotropic P2Y6 receptor that recognizes 
the nucleotide UDP released from injured neurons [158], and TREM-2. TREM2 is 
a member of the immmunoreceptor tyrosine-based activation motif (ITAM) recep-
tors and plays a role in inflammation and microglia phagocytic activity to facilitate 
debris clearance [159–161]. When microglial cells are isolated from aged brains a 
blunted phagocytic response is observed [124]. A dysfunction in microglia cata-
bolic autophagy occurs during aging altering the ability of the cell to degrade 
unnecessary or dysfunctional proteins thru the lysosome [162]. An efficient 
removal of amyloid β by microglia is observed in early stages of Alzheimer’s dis-
ease that declines in later disease stages [163, 164]. This occurred with no defi-
cit in generalized phagocytic capability with equivalent clearance of bacteria 
observed in cells derived from both ages. In addition, aged microglia showed a 
diminished ability to degrade amyloid β [124, 165]. In vivo, microglia appear to 
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engulf amyloid; however, subsequent degradation of the protein is not as clearly 
established [166]. This could lead to the overloading of the cells and an inability to 
continue to clear the protein. Additionally, microglia can use macropinocytosis 
[167] and various Aβ degrading enzymes [168–170] to clear soluble forms of Aβ. 
Thus, in the absence of clear data it is speculative to consider the hypothesis that, 
with aging, the inability of microglia to degrade and clear aberrantly formed pro-
teins leads to an intracellular accumulation and diminished ability of the cells to 
clear further amounts of protein from the extracellular space. A critical role for 
microglia in Aβ clearance has been questioned by recent work showing that plaque 
deposition and amyloid-associated neuritic dystrophy in an amyloid precursor pro-
tein transgenic mouse model was not influenced by the ablation of microglia [171]. 
This work also called into question the role of microglia and microglia-mediated 
neuroinflammatory responses in Alzheimer’s disease neurodegeneration.

3.5  Polarization

Within the framework of M1/M2 polarization, many studies report that both M1 and 
M2 markers are elevated in aged mice as compared to young [74, 172–174]. Aging 
of microglia is associated with an increase in a number of inflammatory markers 
such as MHC II antigens (HLA-DR) and CD68, CD11b/CR3, CD14, pattern recog-
nition receptors, and Toll like receptors suggesting the potential for dysregulation 
[116, 117, 141, 148, 172, 175–179]. The elevated basal levels also translated to a 
shift in response to LPS challenge as compared to young animals [179]. These 
observations of an exaggerated response raised the possibility that microglia shift to 
a primed state in the aged brain [180] however, other studies have raised questions 
on the simplicity of changes that occur in in the microglia phenotype [181, 182]. 
Minogue et al. [182] found that microglia were not less active with age but rather 
the cells alter their phenotype and the changes occur in the deactivation state. With 
a peripheral LPS administration, mRNA levels of IL-4Rα as a marker of M2 were 
elevated in aged mice [74]. Microglia extracted from the brain by gradient and flow 
cytometry demonstrated a lower sensitivity to IL-4 than that observed in microglia 
extracted from young adult mice [74]. With traumatic brain injury, I4a mRNA lev-
els are lower in the aged mouse [174]. With a cocktail of polarizing cytokines and 
under conditions of an intracerebral hemorrhage, elevations in mRNA levels for M2 
factors were found blunted in aged animals [183, 184]. For cytokine secretion, the 
increase normally observed in aged microglia is dependent upon the nature of the 
stimulation [185–188]. In addition, with aging a decrease is observed in factors 
which downregulate microglia pro-inflammatory responses such as, fractalkine, 
fractalkine receptor CX3CR1 [189, 190] and CD200 [112, 191]. Effects of aging, 
on the microglial transcriptome were reported by Orre et al. [192]. Microglia iso-
lated from 2.5 and 15–18 months old mice showed a decrease in the gene ontology 
(GO) category of “cytoskeletal protein binding” likely reflecting a decrease in 
motility of microglia with age. The distribution across categories was not as distinct 
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for cytokine related factors in that genes in the GO category of inflammatory 
response were most enriched in young microglia while those associated with cyto-
kine activity were enriched in the aged microglia. In 5-month-old and 24-month-old 
mice, sequencing of the microglia transcriptome found a prominent gene profile 
representative of pathways associated with neuroprotection and M2 alternative acti-
vation, as well as genes encoding receptors to sense bacterial and fungal ligands. 
Rather than an elevation in genes associated with pro-inflammatory responses, gene 
pathways associated with toxicity and sensing endogenous ligands from apoptotic 
cells were predominantly downregulated with aging [42]. These tdata suggest that 
microglia within the aging brain environment are actively shifting their phenotype 
to promote a protective environment. In comparison, in the retina, progressive 
changes in the expression profile of microglia were noted as a function of aging 
[193]. These genes were related to microglia supportive functions and immune acti-
vation with a notable increase in the expression of complement genes C3 and Cfb. 
The authors speculated that the profile represented an age related decrease in neuro-
nal support and dysregulation of complement signaling. In general, the detailed 
transcriptome data of microglia across aging and as compared to peripheral tissue 
macrophages identifies microglia as a unique population of cells and that these cells 
express functions beyond immune responses that may be more relevant in under-
standing the role of these cells in age related disorders [194].

4  Summary

Gaining a better understanding of microglia resident to the CNS and their functions 
will contribute to our understanding of the critical and necessary actions taken by 
the brain to maintain a healthy environment. If however, continuing to force the 
biological functions of microglia into discrete modes for experimental expediency 
will only serve to hinder and potentially blind us from such understanding.
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1  Introduction

Telomere length is considered a potential biomarker of biological aging, although 
telomere length does not fulfill strict criteria [1]. Thus, telomere length is positively 
related to longevity [2, 3] and healthy lifestyle [2–4], and inversely associated with 
harmful lifestyle [2–4] and age-related diseases, including cardiovascular disease, 
diabetes, and dementia [2–6].

Telomere shortening is one of several factors driving cellular senescence which, 
in turn, promotes tissue oxidative stress and inflammation [7, 8]. While a causal 
relation between telomere attrition and aging and age-related disease has been sug-
gested [9], evidence of causality is still incomplete. Regardless of causality, both 
telomere attrition and aging can be modified, both positively and negatively, by 
principally similar factors, mainly connected with lifestyle and, to a lesser extent, 
with certain drugs. This chapter will discuss modification of telomere length in con-
nection with aging.

1.1  Telomere Structure and Function

Telomeres are protective structures at the ends of chromosomal DNA comprising 
thousands of tandem repeats of the TTAGGG sequence (9–18 kb in humans) and 
associated nucleoproteins. Telomeres participate in the maintenance of genomic 
and cellular stability and replication. They protect the genome from degradation, 
unwanted recombination, and chromosomal fusion [10]. Telomeres shorten by 
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30–150 base pairs with each cell division [11, 12] because of insufficient mainte-
nance of the 3’ overhang (single-stranded DNA). When a critical telomere length is 
reached, the protective nucleotide T-loop cannot function adequately, which leads to 
activation of the DNA damage repair system and cell-cycle inhibitors, including 
p16Ink4a, p21Cip1, and p53 (Fig. 1). The cell then enters replicative senescence, 
which is followed by apoptosis. Telomeres are considered to be a mitotic clock. 
Notably, not only shortening of the telomere, but also disruption of components and 
interactions within the shelterin complex can initiate telomere dysfunction and 
genomic instability [12, 13]. Consequently, telomere shortening is not necessarily a 
prerequisite for telomere dysfunction.

Telomere shortening

Inhibition

Nontelomeric
DNA damage

Altered cell morphology

Senescent
cell

Senescence-associated secretory phenotype
Growth factors, IL-1 and IL-8, matrix metalloproteinase,

plasminogen activator inhibitor 1, vascular endothelial growth factor,
proliferation, inflammation, thrombosis, angiogenesis, and apoptosis

Chk2
and other
pathways

p53
p21clp1 p16Ink4a

Mitotic arrest

Markers of senescence
β-Galactosidase

Mitogenic signals
e.g. active oncogenes

Nongenotoxic stress,
e.g. chromatic changes

Normal
mitotic

cell

Telomere dysfunction

Telomerase
Longevity genes
Insulin-like growth factor I
hSIRT1
Oestrogen
Antioxidants

Induction

Genetic factors
Cell division
DNA damage and response
Oxidative stress
Inflammation
Ultraviolet irradiation

Fig. 1 The pathway from a normal mitotic cell to the senescent, aged cell. Factors affecting the rate 
of telomere shortening and telomere dysfunction are depicted. Other factors that induce progression 
of mitotic cells to senescence include strong mitogenic signals from oncogenes, nontelomeric DNA 
damage, and structural chromatin alterations. All these influences trigger the tumor suppressor path-
ways p16, p21Cip1, and p53. Characteristics of senescent cells include mitotic arrest, altered mor-
phology, and—in the senescence-associated secretory phenotype—many autocrine and endocrine 
activities potentially involved in tissue repair, proliferation, inflammation, and apoptosis. Chk2 is 
activated in response to DNA damage and is involved in cell-cycle arrest. Chk2 checkpoint signaling 
kinase 2, hSIRT1 NAD-dependent protein deacetylase sirtuin-1. With permission from [4]
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Telomerase is associated with the telomere complex, and promotes DNA synthesis 
to maintain telomere length. Germ cells, stem cells, and most cancer cells have a 
high level of telomerase activity to avoid senescence, whereas somatic cells have a 
low or undetectable level of telomerase activity. Telomerase consists of an RNA 
(TERC) component forming a template, and a catalytic subunit, telomerase reverse 
transcriptase (TERT), together generating new telomeric DNA repeats. Like telo-
mere length, telomerase is under both genetic [14] and environmental control [15]. 
Epigenetic modifications have also been implicated in the transcriptional regulation 
of TERT [16].

1.2  Telomere Function and Cellular Senescense

Cellular senescence implies proliferative arrest. Two types of cellular senescence 
are recognized: stress-induced premature senescence and replicative senescence. 
Stress-induced premature senescence is promoted by oxidative stress, oncogenes, 
and irradiation [17, 18] and is not usually associated with telomere shortening. 
Replicative senescence is mainly a consequence of cell division leading to shorten-
ing and dysfunction of the telomeres. Thus, replicative senescence is driven by fac-
tors that accelerate telomere shortening, including genes, cell division, DNA 
damage, and oxidative stress. These factors elicit DNA damage response signals 
that arise from detectable nuclear foci or ‘DNA-SCARS’ (DNA segments with 
chromatin alterations reinforcing senescence, 7,19), and trigger the tumor- 
suppressor pathways p16 and p53 [15]. Senescent cells display irreversible prolif-
erative arrest and altered morphology, including cellular enlargement, flattening, 
and vacuolization. Cells of the senescence-associated secretory phenotype (SASP) 
(Fig. 1) display autocrine and paracrine activities [7, 19]. They secrete IL-6 and 
IL-8, intercellular adhesion molecule 1, metalloproteases, monocyte attractants, 
plasminogen activator inhibitor 1, and vascular endothelial growth factor [7, 20]. 
Via these secretory activities, cells with the senescence-associated secretory pheno-
type contribute to both degenerative and proliferative age-related alterations by 
causing a chronic state of inflammation and oxidative stress, remodeling, and tissue 
repair [7, 21].

1.3  Measurement of Telomere Length

In human studies, telomere length is usually measured in DNA from leukocytes 
(leukocyte telomere length, LTL) from blood because they are easily obtainable. 
Measurement by Southern blot is considered the gold standard assay [22]. Another 
widely used method to assess telomere length is the quantitative polymerase 
chain reaction [23]. This method is well suited for the study of large populations. 
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When comparing LTL and telomere length in somatic cells within individuals a 
substantial synchrony is usually reported [24] which implies that LTL may serve as 
a proxy for telomere length in various tissues.

2  Regulation of Telomere Length

Telomere length is regulated by a large number of factors, including genetic and 
DNA damage, cell division, aging, oxidative stress, inflammation, and ultraviolet 
irradiation (Table 1). These factors are essentially non-modifiable, while modifiable 
factors are of vital interest for man in the pursuit for longevity and healthy aging. 
Modifiable factors affecting both telomere length, longevity, and health are mainly 
related to lifestyle and possibly to some drugs, hormones, and vitamins (Table 2). 
Modifiable factors affecting are mostly well recognized risk factors for age related 
disease, notably cardiovascular disease [1–6]. Certain drugs extending lifespan in 
animals such as worms and mice are under intense investigation [25] and offer 
promise in the hunt for means of achieving healthy aging.

2.1  Non-modifiable (Endogenous) Factors Regulating 
Telomere Length

Telomere length and function is strongly influenced by genetic factors [26] and is 
partly hereditable [26]. Genome wide association studies (GWAS) have identified 
loci associated with LTL located near TERC and a component of the telomere- 
maintenance complex [27–29]. However, GWAS have explained only about 1.6 % 
of inter individual variation in LTL.

Table 1 Endogenous (non-modifiable) factors affecting LTLa and aging

A. Shortening/aging
Factor LTL Aging
– Genetic Yes [26–30, 33] Yes [25, 32]
– Male gender Yes [1–5] Yes
– Cell division Yes [10, 11] Yes [2]
– Age Yes [1–5]
– Oxidative stress Yes [7, 19, 35, 36] Yes [25]
– Inflammation Yes [7, 8, 35, 36] Yes [20]

B. Inhibition of shortening/ageing
– Telomerase Yes [2, 14, 17, 77] Yes [50, 77]
– Estrogen Yes [69]

aLTL leukocyte telomere length
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Mutations in the telomerase components TERT and TERC are associated with 
short telomeres and premature aging in dyskeratosis congenita [30]. Mutations in 
the WRN gene, related to telomere maintenance, are found in Werner syndrome, 
which is characterized by premature aging and short telomeres [30]. Major clinical 
symptoms of Werner syndrome include common age- associated diseases, such as 
insulin-resistant diabetes mellitus, and atherosclerosis. Recent studies have reported 
the generation of induced pluripotent stem cells (iPSCs) from cells of patients with 
Werner syndrome, and they have concluded that reprogramming represses prema-
ture senescence phenotypes in these cells, [31]. These observations offer potential 
promises of treatment of telomeric dysfunction in cells from Werner syndrome 
patients by genetic reprogramming.

Sirtuins. The NAD-dependent protein deacetylase sirtuin (SIRT) 1–7 family of pro-
teins promotes survival, stress resistance, and longevity. [32]. The presence of 
SIRT6 in human endothelial cells was reported to confer protection from telomere 
and genomic DNA damage thus preventing a decrease in replicative capacity and 
premature senescence and delay vascular aging [33]. Interestingly, the SIRT1 locus 
was positively associated with both LTL and longevity in individuals from the 
Louisiana Healthy Aging Study [34], which suggests a link between telomere length 
and longevity.

Cell division.
Division of somatic cells with no or little active telomerase leads to telomere 

shortening by 30–150 base pairs per cell division because of the inability to main-
tain the length of the 3’ overhang (single-stranded DNA). Thus, aging is the main 
cause of telomere shortening in somatic cells. Germ and stem cells, and most cancer 
cells have active telomerase and preserved telomere length through cell division 
[10, 11].

Table 2 Environmental (modifiable) factors affecting LTLa and aging

A. Shortening/aging
Factor LTL Aging
– Smoking Yes [37, 38] Yes [44]
– Alcohol abuse Yes [48] Yes [48]
– Obesity Yes [37–39] Yes [43]
– Sedentary lifestyle Yes [40, 54] Yes [25, 57]
– UV irradiation Yes [50] Yes [50]
– Mental stress Yes [51, 52]

B. Inhibition of shortening/ageing
– Healthy lifestyle Yes [40, 54–59, 62] Yes [25, 57, 58, 61]
– Vitamins C, D, and E Yes [66–68] Yes [61]
– Ω-3 fatty acids Yes [65] Yes [65]
– Healthy diet Yes [71–73] Yes [71]
– Caloric restriction (animals) Yes [78–80] Yes [78–80]
– Statin treatment Yes [70] Yes

aLTL leukocyte telomere length
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Oxidative stress, and inflammation are important causes of telomere shortening,and 
also implicated in cellular senescence and aging [35, 36]. Studies in mice with low-
grade inflammation induced by knockout of the nfkb1 subunit of NF-kappa-ß indi-
cated that systemic chronic inflammation can accelerate ageing via ROS-mediated 
exacerbation of telomere dysfunction and cell senescence [36]. Reactive oxygen 
species (ROS) are probably involved in both the induction and stabilisation of cel-
lular senescence. Senescent cells of the secretory phenotype induce tissue inflam-
mation (SASP) by secreting inflammatory molecules and inducing increases ROS 
generation, which in turn can accelerate telomere shortening [35, 36]. Accordingly, 
endogenous antioxidants, such as superoxide dismutase, inhibit ageing processes 
and telomere shortening [35].

2.2  Modifiable (Environmental) Factors Regulating Telomere 
Length and Aging

2.2.1  Associated with Telomere Shortening

Obesity is associated with short LTL [37–39]. Accordingly, short LTL is also related 
to sedentary lifestyle [40]. Further, short LTL was related to the metabolic syn-
drome, and associated with a higher metabolic risk profile and with less favorable 
trajectories of metabolic biomarkers over an observational period of 6 years [41]. 
Telomere attrition in obesity and related conditions (metabolic syndrome, sedentary 
lifestyle) is likely to be triggered by inflammation and oxidative stress [42], which 
also are major factors driving cellular and organismal aging [43].

Smoking is associated with short telomeres [37, 38], cardiovascular and pulmonary 
disease and cancer. A meta-analysis of 17 studies on the impact of smoking on all-
cause mortality in people ≥60 years found that mortality was 83 % and 34 % higher 
in current and former smokers, respectively, than in never-smokers [44]. Telomere 
attrition in smokers is thought to be related to increased oxidative stress. Thus acti-
vation of NDPH and resultant reactive oxygen species production by cigarette 
smoke have been observed in isolated blood vessels and cultured vascular cells, 
including endothelial and smooth muscle cells [45]. However, in one study on cul-
tured endothelial cells isolated from the internal mammary artery of smoking or 
nonsmoking patients with coronary artery disease (CAD), cellular senescence was 
independent of telomere length, but was related to oxidative damage and markers of 
inflammation [46]. In smokers, therefore, endothelial senescence might be both 
stress-induced and replicative. Importantly, in a recent large Danish population 
study on 55,568 individuals, employing a Mendelian randomization study and 
observational, genetic and mediation analysis, high tobacco consumption was caus-
ally associated with mortality but not with short telomeres [47]. The Authors con-
cluded that “the pathway from high tobacco consumption to increased mortality is 
not likely to be mediated through telomere shortening”.
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Alcohol abuse has been related to short telomeres in a dose-dependent manner [48], 
possibly triggered by oxidative stress [49]. Obesity, sedentary life style, and alcohol 
abuse are well known to be associated with shortened lifespan and increased risk of 
age-related diseases. However, association does not prove causality.

UV irradiation by sunlight is known to promote cutaneous inflammation and oxida-
tive stress, and skin aging and can also lead to telomere damage [50] Thus, avoiding 
excess sunlight can be expected to reduce both the rate of telomere shortening, 
aging, and cancer in human skin. However, while suggestive, this does not prove a 
causal relation.

Mental stress was reported to be associated with short LTL and reduction in leuko-
cyte telomerase activity [51]. The hypothetical mechanisms whereby mental stress 
may explain telomere attrition have been reviewed elsewhere [52]. However, no 
association between LTL and life stress was found in a fairly large (n = 677) 30 year 
birth cohort, monitored for stressful events until age 25 and LTL measured at the 
age of 28–30 years [53]. Thus, the relation between life stress and telomere length 
justifies further studies, e.g. investigating telomere length both before and after 
stressful life experiences.

2.2.2  Associated with Maintenance of Telomere Length

Healthy lifestyle is associated with long telomeres [54–56], and also with reduced 
risk of age-related diseases and longevity [25, 57]. Healthy lifestyle implies positive 
modification of both aging and telomere length in a nutshell. Optimal body weight 
maintained through diet and physical activity remains a cornerstone in the preven-
tion of chronic diseases and promoting healthy aging [58]. The factors driving telo-
mere attrition in obesity are largely considered similar to factors promoting aging, 
e.g. oxidative stress and inflammation [25, 57, 58].

Rather few studies have reported on the impact of lifestyle intervention on telo-
mere length. In a 5 years follow-up small-sized pilot study in men with prostatic 
cancer, with 10 men in the intervention group who followed a program of compre-
hensive lifestyle changes (diet, activity, stress management, and social support) an 
increase in LTL was noticed [59]. In the larger longitudinal Finnish Diabetes 
Prevention Study, comprising >300 subjects LTL increased in about two thirds of 
subjects, but LTL was not associated with development of diabetes and lifestyle 
intervention did not affect LTL [60]. The beneficial effect of life style intervention 
in terms of reduced mortality and age-related disease is well acknowledged [61]. 
This includes weight loss, physical activity, smoking, excessive alcohol consump-
tion and notably their combination.

Physical activity is related to maintenance of telomere length. Thus, in a large study 
involving 2401 white twins (249 men and 2152 women), higher-intensity physical 
activity was associated with longer LTL [40]. Physical training was related to 
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increased telomerase activity in the aorta and in circulating leukocytes of mice [62] 
and in leukocytes from track and field athletes compared with control subjects. 
Physical training is generally related to improved health and to longevity [25, 40, 
54, 55, 58]. However, extreme physical training may not reduce mortality compared 
to modest physical activity [63]. Interestingly, in the Helsinki Business Men study 
[64] we observed that modest physical activity was associated with the longest LTL 
compared with low or high physical activity.

Dietary additives and vitamins. An increased level of marine ω-3 fatty acid was 
associated with a decreased rate of LTL shortening over 5 years in patient with CAD 
[65]. Furthermore, increased blood concentrations of vitamin C, 25-hydroxyvitamin 
D, and vitamin E were related to long LTL [66–68].

Estrogen activates telomerase and thereby inhibits telomere shortening [69], which 
is believed to explain that females have longer telomeres than age-matched males.

Statin treatment was associated with long LTL in a small observational study on 
patients with acute myocardial infarction [70]. However, this observation has not 
been confirmed. Intervention studies in humans on effects of drugs on telomere 
length are lacking, somewhat surprisingly.

Diet may influence telomere length [71]. Reports of dietary modification of telo-
mere length are scanty. Adherence to Mediterranean diet in 217 elderly subjects 
was associated with longer LTL and higher telomerase activity in circulating leu-
kocytes [72]. In a large study, comprising a subset of 32,825 women in the Nurses’ 
Health Study [73], LTL was also positively associated with adherence to 
Mediterranean diet.

2.3  Modification of Telomere Length and Aging in Animal 
Studies

Genetically modified animal models have suggested causal links between telomere 
attrition, cellular senescence and organismal aging. Thus, mice with genetically 
shortened or lengthened telomeres exhibit decreased or increased lifespan, respec-
tively [74, 75]. Recent evidence also indicates that aging can be partially reverted by 
telomerase activation. Thus, the premature aging of telomerase- deficient mice can 
be reverted when telomerase is genetically reactivated in these aged mice [76]. 
Moreover, normal physiological aging can be delayed without increasing the inci-
dence of cancer in adult wild-type mice by pharmacological activation or systemic 
viral transduction of telomerase [77].

Caloric restriction (CR) without malnutrition can prolong life in e.g. worms, mice, 
and rats [25], and even in primates [78]. CR reduces the release of growth factors 
like growth hormone, insulin, and insulin-like growth factor 1 (IGF1), which have 
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been shown to accelerate aging and increase mortality in many organisms [25]. 
Studies in mice show that CR attenuates age-associated telomere erosion in leuko-
cytes and various tissues including lung, kidney-cortex and muscle fiber, and this 
effect synergizes with the increase in health span and longevity [79]. However, CR 
did not affect telomere dynamics in muscle biopsies from rhesus monkeys [80] sug-
gesting that the anti-aging effect of CR may not be dependent on telomere attrition 
in primates. Drugs extending lifespan in mice, including resveratrol, rapamycin, 
spermidine, and metformin reviewed elsewhere [25], have not reportedly been 
tested for modification of telomere length.

2.4  Telomere Length and Age-Related Diseases

Clinical and epidemiological studies have shown that short LTL is associated with 
age-related diseases, including atherosclerosis, coronary artery disease, heart fail-
ure, and Alzheimer’s disease [2–5]. Short LTL is also related to diabetes, both type 
1 [81] and type 2 [82]. In a follow-up study on subjects with type 1 diabetes, pro-
gression of diabetic nephropathy was predicted by short LTL [83]. Further, short 
LTL is related to increased mortality in most studies [84, 85]. Telomere attrition is 
also related to cardiovascular risk factors (Table 2) and to aging itself. Again, 
whether telomere shortening is causally related to or caused by age-related diseases 
and risk factors is presently unclear.

3  Conclusions

Both telomere attrition and aging can be negatively modified by an unhealthy life 
style and positively affected by healthy life style and possibly by certain ‘healthy’ 
diets and drugs. The connection between aging and telomere biology is complex. 
While telomere attrition and dysfunction is considered one of several ‘hallmarks of 
aging’ [86], age by itself is the main cause of telomere shortening by each cell divi-
sion. On the other hand, telomere attrition and dysfunction is affected by a number 
of factors independently of age (Fig. 1, Tables 1 and 2). Of these factors, some are 
modifiable, e.g. oxidative stress or inflammation, via improved life style and possi-
bly certain diets and drugs, while most factors are non-modifiable. Research on 
aging and telomere biology is currently intense and will hopefully elucidate mecha-
nisms of aging and its connections to telomere functions. Eventually, improved 
knowledge may be translated into more effective targeting of life style and develop-
ment of new drugs promoting successful aging.
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1  Introduction

Cellular signaling is important for many biological processes including growth, 
differentiation, adhesion, motility and apoptosis. Signal transduction pathways play 
a major role in coordinating the complex functions of human body. Protein phos-
phorylation is one of the important mechanisms in signal transduction pathways, 
which is carried out by protein kinases. These kinases regulate the fundamental 
processes of proliferation, differentiation, migration, metabolism and anti-apoptotic 
signaling of the cell. Protein kinases fall into two major classes: the serine/threonine 
kinases and tyrosine kinases; respectively, they catalyze the phosphorylation of ser-
ine/threonine or tyrosine amino acid residues in intact proteins.
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Tyrosine kinases can be further divided into receptor tyrosine kinases and 
cellular tyrosine kinases. Receptor tyrosine kinases contain an extracellular 
ligand- binding domain, a transmembrane domain and an intracellular catalytic 
domain. Dimerization of two receptor tyrosine kinases upon ligand binding 
results in autophosphorylation of the tyrosine residues of either the intracellular 
domains of the receptor or of an accessory protein [1–3]. This leads to activa-
tion of the signal transduction cascade within the cell. On the other hand, non-
receptor tyrosine kinases relay intracellular signals; they reside in the cytoplasm 
or in the nucleus rather than as transmembrane proteins and are typically acti-
vated by interaction with a protein that is not an extracellular ligand [4]. Tyrosine 
kinases catalyze the transfer of the γ phosphate group from adenosine triphos-
phate to the hydroxylated phenolic carbon of a tyrosine in target proteins.

Dysregulation of kinase activity has been reported in various diseases such as 
vascular disorders, neurological disorders, inflammatory diseases and cancer [5, 6]. 
This has generated an intense interest of researchers in the pursuit of protein kinases 
as drug targets. Because all these disorders are associated with receptor tyrosine 
kinase activation, they are considered to be the key targets for inhibitors. Therefore, 
researches have been focused on the design or identification of inhibitors that can 
affect a wide range of targeted kinases. Yaish et al. [7] originally coined the term 
“tyrosine phosphorylation inhibitor” in their initial description of compounds inhib-
iting the catalytic activity of the epidermal growth factor receptor (EGFR), but 
“tyrosine kinase inhibitor” (TKI) finds more common usage now. Due to the preva-
lent role that tyrosine kinases play in mitogenic signaling, TKIs are often useful as 
anti-cancer drugs. Several TKIs targeting various tyrosine kinases have been gener-
ated and proven to be effective as anti-tumor agents and anti-leukemic agents [8, 9]. 
Imatinib was developed against chronic myeloid leukemia (CML), and later gefi-
tinib and erlotinib was generated aiming at the EGF receptor [10, 11]. The identifi-
cation of sunitinib as an inhibitor of the receptors for FGF, PDGF and VEGF is also 
based on early studies on TKIs targeted at VEGF receptors [12]. About 30 % of the 
current pharmaceutical industry’s effort is engaged in the development of protein 
kinase inhibitors, especially TKIs.

Most of the kinase-targeted drugs and their potential kinase targets have been 
investigated mainly for non-central nervous system (CNS) disorders. Kinase- 
targeted drugs have seen less utility for CNS disease indications in comparison to 
other diseases such as cancer. About half of the oncology pipelines target protein 
kinases; but few, if any, of CNS drugs in current usage are protein kinase inhibitors. 
In recent years, researchers have shown a greater interest in the development of 
kinase-targeted therapeutics for CNS indications [13–21]. Also, the established suc-
cesses in other disease indications have encouraged the researchers to develop 
small-molecule kinase modulators for CNS disorders such as Alzheimer’s and 
Parkinson’s diseases. A growing number of studies have aimed to develop inhibitors 
of protein kinases as therapeutic strategies to regulate the pathology of neurological 
disorders. In this chapter, we will mostly focus on the role of tyrosine-kinases inhib-
itors in neurodegenerative diseases as a potential therapeutic agent.
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2  Tyrosine Kinase Inhibitors and Parkinson’s Disease

Parkinson’s disease (PD) is the second most common movement disorder. It is 
characterized by the progressive loss of dopaminergic neurons due to neuronal 
apoptosis in the substantia nigra pars compacta and depletion of dopamine (DA) in 
the striatum, which lead to pathological and clinical abnormalities [22]. The neuro-
pathology of PD includes the appearance of Lewy bodies, neuronal inclusions of 
protein aggregates comprising primarily α-synuclein. Indeed, mutations in the 
α-synuclein gene causes a small number of hereditary PD cases. Demographically, 
mutations in other genes make more significant contributions to familial PD; nota-
ble are parkin, an ubiquitin E3 ligase, and PINK1, a still enigmatic protein that 
probably participates in mitophagy and perhaps other aspects of autophagy. 
Nevertheless, the vast majorities of PD cases are sporadic and show risk assess-
ments more likely to reflect environmental exposures and/or the risks associated 
with advanced age.

The tyrosine kinase c-Abl is involved in the regulation of several cellular pro-
cesses that may be relevant to PD. c-Abl also plays a major role in the development 
of the CNS [23] by controling neurogenesis, neurite outgrowth and neuronal plastic-
ity. It is a 120-kDa protein that belongs to the cytoplasmic tyrosine-kinase family. 
c-Abl possesses sequential SH3 and SH2 domains followed by a core catalytic 
domain with tyrosine-kinase activity [24, 25]. Moreover, c-Abl has been detected in 
the nucleus and has a unique myristoylated N-terminal region that negatively regu-
lates its kinase activity [24]. Recently, several studies using various experimental 
model systems have shown that c-Abl is activated in neurodegenerative diseases such 
as PD [26, 27]. Researchers have found that (a) the c-Abl protein level is upregulated 
in the postmortem striatum of PD patients [28], and c-Abl phosphorylation at Y412 
is also increased in the substantia nigra [26, 28] and striatum [26] of PD patients; (b) 
c-Abl phosphorylates parkin and impairs its E3 ligase activity, leading to loss of 
dopaminergic neurons in the substantia nigra [26, 27]; (c) the inhibition of c-Abl 
activity by imatinib/Gleevec [29], nilotinib/Tasigna [30] or bafetinib/INNO-406 [31] 
restores the level of DA and protects against the loss of dopaminergic neurons in the 
substantia nigra of WT mice [26, 28]. More recently, Hebron et al. [28] showed that 
c-Abl also regulates the clearance of α-synuclein (α-syn) (Fig. 1).

Issues related to PD are often investigated in animal models that utilize either i) 
manipulation of genes mutated in familial PD, ii) toxins specific for PD-affected 
brain regions, or iii) a combination of genetic and toxin-triggered stresses. The most 
extensively used toxin in such models is 1-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine (MPTP), which is metabolized by astrocytes to 1-methyl-4- 
phenylpyridinium (MPP+); the latter has preferential toxicity for DA neurons and 
therefore compromises the function and survival of the substantia nigra. MPP+ is 
also applied directly to cultured neurons to study neurotoxicity in vitro. Imatinib, a 
specific c-Abl inhibitor has been applied to these toxin models with promising 
results [26, 27]. MPTP and MPP+ lead to impairment of parkin's E3 ligase activity 
and accumulation of parkin substrates, and these effects were mitigated by imatinib. 
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MPTP-induced DA neuronal loss was also reduced in c-Abl conditional-knockout 
mice. Consistent with the implicated role of parkin regulation, the protective effects 
of imatinib were lost in parkin-knockout mice [26].

PD-related progress has also been achieved with a pair of second-generation 
c-Abl tyrosine kinase inhibitors, compounds that are more selective and potent—
with moderate brain penetration—in comparison to the other c-Abl inhibitors [32]. 
One of these newer drugs, nilotinib, inhibited α-synuclein accumulation in genetic 
animal models involving either viral induction of wild-type α-synuclein or trans-
genesis of α-synuclein bearing a familial PD mutation [28]. Nilotinib was also 
reported to protect against MPTP-induced loss of DA neurons, prevent the MPTP- 
induced reduction in DA levels and its metabolites, inhibit the MPTP-induced 
reduction in striatal DA terminal density and restore the behavioural deficits induced 
by MPTP [33]. INNO-406, an irreversible second-generation Abl-kinase inhibitor, 
has been reported capable of preventing the progression of DA neuronal damage in 
an MPTP-induced mouse model of PD [31]. That study showed that INNO-406 
penetrates into the brain of mice PD and prevents MPTP-induced activation of 
c-Abl and tyrosine phosphorylation of parkin in a significant manner. In addition, 
INNO-406 prevents dopaminergic neuronal and terminal damage and preserves 
dopamine content in the MPTP-mouse model of PD very efficiently.

Fig. 1 Schematic representation of imatinib mode of action. During sporadic PD, activated c-Abl 
tyrosine phosphorylates parkin, resulting in loss of ubiquitin-ligase activity and leading to accumu-
lation of toxic parkin substrates and neuronal death. Imatinib prevents parkin tyrosine phosphory-
lation by binding to c-Abl, restoring parkin’s E3 ligase activity and cytoprotective function, thus 
protecting from cell death and PD
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Another tyrosine kinase associated with the pathology of PD is Src. Src protein 
tyrosine kinases comprise a group of non-receptor membrane-associated tyrosine 
kinases which contribute to a vast range of physiological functions, including main-
tenance of cell homeostasis, intercellular contacts, regulation of cell shape, cell 
migration and manipulation of acute inflammatory responses-related signal trans-
duction [34, 35]. The role of Src protein tyrosine kinases in inflammatory responses 
has been demonstrated convincingly [36]. This may present a therapeutic opportu-
nity in PD and other neurodegenerative disease, most of which include inflammation- 
related events such as the production of superoxide by nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase in microglia [37]. FLZ is a novel syn-
thetic derivative of squamosamide from a Chinese herb. Studies have shown that 
FLZ has strong protective effects in an MPTP-induced PD mouse model [38] and 
remarkably protects against apoptosis of dopaminergic neurons poisoned with 
6-hydroxydopamine (6-OHDA) [39] or MPP+ [40], indicating potent neuroprotec-
tive effects of FLZ in both in vivo and in vitro PD models. Tai et al. [41] investigated 
the neuroprotective and anti-inflammatory properties of FLZ in in vivo and in vitro 
PD models, focusing on the specific anti-inflammatory mechanism by which FLZ 
provided relief in an inflammation-induced animal PD model. In that study, FLZ 
significantly improved the movement disorders of rats, reduced dopaminergic neu-
ronal loss and inhibited microglial over-activation in PD model rats. Mechanistic 
analysis indicated that those neuroprotective effects were at least partially due to 
inhibition of Src activity.

3  Tyrosine Kinase Inhibitors and Alzheimer’s Disease

Alzheimer's disease (AD) is a neurodegenerative condition that is characterized 
clinically by mnemestic dementia and pathologically by β-amyloid deposits, neuro-
fibrillary tangles (NFT) of the microtubule protein Tau, and cerebrocortical atrophy 
[42, 43]. The amyloid cascade hypothesis for AD states that brain accumulation of 
Aβ triggers a cascade of pathogenic events leading to alterations in the microtubule- 
associated protein Tau and neuronal death and dysfunction [42]. Recent autopsy 
reports from AD patients who underwent experimental Aβ immunization have 
shown a significant decrease in amyloid deposition in certain brain areas without 
meaningful amelioration of Tau pathology or loss of synapses and neurons [44, 45]. 
These observations may indicate that therapies aimed exclusively at Aβ will not 
work, at least in symptomatic stages of the disease process, and highlight the need 
for therapeutic strategies that tackle both amyloid and Tau alterations to success-
fully halt and/or reverse the pathology and cognitive decline in AD.

Recent studies have indicated a role for c-Abl in AD pathogenesis. Alvarez et al. 
[46] reported that upon treatment of primary neurons with amyloid-β peptide (Aβ) 
fibrils, c-Abl is activated and forms a protein complex with p73 prior to cell death. 
The study also revealed that pharmacologic inhibition of c-Abl prevents the neuro-
nal cell death induced by Aβ [46]. Recent studies have also suggested a role for 
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c-Abl in NFT formation by direct phosphorylation of Tau [47]. Moreover, c-Abl 
may induce Tau phosphorylation indirectly through activation of the kinase’s down-
stream targets, cdk5 and GSK-3, which have been shown to phosphorylate Tau [48].

A role for c-Abl in AD pathogenesis is also implied by studies in which c-Abl 
activity or levels were diminished. Inhibition of c-Abl with imatinib reduced neuro-
nal loss, cognitive impairments, and Aβ deposition and prevented tau phosphoryla-
tion in a transgenic mouse model of AD [49]. That study also showed that the 
Aβ-induced pathology in vivo is associated with changes in the levels of c-Abl, as 
well as levels and phosphorylation state of p73, a c-Abl substrate that is also a struc-
tural and functional homologue of the p53 tumour-suppressor protein. Cancino 
et al. [49] showed that imatinib protects against the toxicity of Aβ fibrils both at the 
behavioural and morphological levels. In addition, that study also demonstrated that 
an increase in a particular form of p73 induced by Aβ depends on c-Abl activity and 
is associated with the induction of apoptosis in neurons. These researchers provided 
evidence that the c-Abl/p73 signal is activated by Aβ deposits in vivo and suggested 
that this signaling pathway has a pathogenic role in AD. In another study, they dem-
onstrated that imatinib reduces tau phosphorylation and phospho-Cdk5 levels in a 
transgenic mouse model of AD [50]. This finding supports a role for c-Abl in Cdk5 
activation and tau phosphorylation induced by Aβ in AD mouse models. It may also 
participate in perturbation of epigenetic mechanisms contributing to AD. Evidence 
shows that histone deacetylase 2 (HDAC2) is increased in AD and that its activation 
worsens neuronal and synaptic function. A study conducted by Gonzalez-Zuňiga 
[51] demonstrated that c-Abl tyrosine phosphorylation of HDAC2 stabilizes the lat-
ter and enhances its activity. The study showed that c-Abl knockdown cells show a 
decrease in HDAC2 levels, while c-Abl overexpression increases them. Moreover, 
c-Abl inhibition with imatinib prevented the Aβ-induced increase in HDAC2 levels 
in a transgenic mouse model of AD (Fig. 2).

Recent studies have also indicated a role in AD for Fyn, a member of the Src 
family of non-receptor tyrosine kinases (SFKs). Earlier, Shirazi and Wood [52] 
reported that a subset of neurons from AD brain exhibited strong Fyn immunoreac-
tivity compared with control brains and that these neurons were also positive for 
abnormally phosphorylated Tau protein. Though controversial, some evidence indi-
cates that oligomeric aggregates of Aβ bind cellular prion protein (PrPc), which then 
mediates AD-related cellular pathology. PrPc is enriched in post-synaptic densities, 
and Aβ-PrPc interaction leads to Fyn kinase activation; this was even demonstrated 
with soluble Aβ assemblies derived from human AD brain. In addition to its role in 
Aβ signaling, Fyn is involved in Tau phosphorylation. Fyn physically associates 
with Tau and can phosphorylate tyrosine residues, including Tyr18, near the amino 
terminus [53]. These findings implicate Fyn in the pathogenesis of AD, and its inter-
action with both Aβ and Tau renders Fyn a unique therapeutic target that addresses 
both of the major pathologic hallmarks of AD. Saracatinib (AZD0530), a small 
molecule tyrosine kinase inhibitor with high potency for Src and Fyn, has been 
identified as a potential therapeutic compound and is currently under clinical trials 
for the treatment of AD [54].
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4  Tyrosine Kinase Inhibitors and Down Syndrome

Down syndrome (DS), the most common genetic cause of intellectual disability, 
is a manifestation of trisomy of Chromosome 21. MNB/DYRK1A (Minibrain/
dual specificity tyrosine phosphorylation-regulated kinase 1A) has possibly been 
the most extensively studied Chr21 gene during the last decade due to the remark-
able correlation of its functions in the brain with important DS neuropathologies, 
such as neuronal deficits, dendrite atrophy, spine dysgenesis, precocious 
Alzheimer-like neurodegeneration, and cognitive deficits [55]. The flavonol epi-
gallocatechin gallate (EGCG) is a potent and selective inhibitor of DYRK1A 
activity [56]. Studies have shown that prenatal EGCG treatment could partially 
rescue brain alterations in neonatal transgenic mice overexpressing Dyrk1A. It 
also normalizes the levels of some synaptic plasticity-related proteins in the hip-
pocampus of adult Dyrk1A transgenic mice, suggesting possible cognitive effects 
[57]. It was recently reported that EGCG significantly restores cognitive function 
both in DS mouse models and in humans [58]. It also significantly reversed cog-
nitive deficits in a pilot study in DS individuals with effects on memory recogni-
tion, working memory and quality of life.

Fig. 2 Schematic representation of imatinib mode of action. Aβ accumulation induces p73 phos-
phorylation, increases levels of the latter’s full-length isoform (TAp73) and thus enhances its pro- 
apoptotic function. Imatinib binds to the ATP- binding sites of c-Abl, reduces tau phosphorylation 
and produces a marked decline in phosphorylated p73 and prevents cell death and AD pathology
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5  Concluding Remarks

Since the prevalence, morbidity, and mortality of age-related neurological disorders 
increase dramatically with age, the ongoing expansion of the population of elderly 
signals continuing major increases in its impact. Current therapies control symp-
toms for only a limited time and fail completely to impact on progression of the 
disease. Neuronal cell death pathway mediated by activated tyrosine kinases lead-
ing to neuronal cell death can therapeutically be targeted by various tyrosine kinase 
inhibitors. Such inhibitor molecules, some of them already in clinic for other indica-
tions, can be repositioned for ameliorating cellular injury in age-related neurologi-
cal disorders. Successful use of these inhibitors may open the way for a new 
therapeutic approach that would be broadly applicable to age-related neurological 
disorders.
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1  Introduction

Aging during the lifespan of mammalian organisms is known as senescence. Due to 
the advent of antibiotics, therapeutic interventions, and other healthcare improve-
ments, the lifespan of humans has substantially improved (Fig. 1). While advances 
in science and technology have increased longevity, these improvements have also 
had negative consequences. An increased prevalence of age-related disorders poses 
a significant financial burden on society. According to the American Heart 
Association, the 2011 estimated annual cost of cardiovascular disease and stroke 
amounted to approximately $320.1 billion [2], while the 2015 cost of Alzheimer’s 
disease and other dementias are estimated at $226 billion [3].

One major contributor to the underlying cause of age-related chronic disorders is 
a complex set of pathophysiological abnormalities referred to as the metabolic syn-
drome. It is characterized by abdominal obesity, elevated triglycerides, high blood 
pressure, elevated fasting glucose, and low levels of the good cholesterol, high den-
sity lipoprotein [4]. In today’s society in particular, a sedentary life-style and high 
calorie diet has led to a higher prevalence of this syndrome. Two factors which are 
associated with the metabolic syndrome are a proinflammatory state [5] and an 
increase in oxidative stress [6]; both of which have been associated with the aging 
process and are the subject of this chapter.
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2  Oxidative Stress and Aging

Senescence is accompanied by an increase in oxidative stress which results in 
modifications to macromolecules such as lipids (lipid peroxidation), proteins (pro-
tein oxidation), and DNA [7]. In 1956, Dr. Denham Harman proposed the ‘free radi-
cal theory of aging’ in which he indicated that the accumulation of damage by 
oxidative mediators throughout the lifespan of an organism brings about the aging 
phenomenon [8]. Free radical refers to a molecule with an unpaired valence electron 
in its atomic orbital which makes it unstable and chemically reactive. Examples of 
reactive oxygen species (ROS) include the hydroxyl radical (OH•) and superoxide 
(O2

-) [9]. Although not a free radical, hydrogen peroxide (H2O2) is also considered 
a reactive oxygen species because it readily forms hydroxyl free radicals by the 
Fenton reaction [10]. Free radicals are naturally detoxified by endogenous antioxi-
dants such as glutathione (GSH), catalase, and superoxide dismutase (SOD).

The free radical theory of aging was tested as part of a ZENITH study sponsored 
by the European Commission on ‘Quality of Life and Management of Living 
Resources’. Oxidative stress markers were evaluated in late-middle-aged (55–70 
years) compared to aged (70–85 years) free-living individuals. A decrease in plasma 
antioxidant levels was observed in the aged population, which may be a result of 
heightened free radical formation sequestering the antioxidants. However, lipid per-
oxidation and protein oxidation were also decreased in the older population indicat-
ing less oxidative damage had occurred in this group [11]. The fact that the older 
group had survived and were ‘free-living’ (did not need institutionalization), may 
have selected for a healthier subpopulation of aged individuals. Furthermore, the 
proximity of the age range between the two groups may have masked overt 
senescence- associated changes in oxidative markers.

In a cross-sectional study a wider age-gap was compared. When healthy young 
(25–29 years) individuals were compared to healthy old (>70 years) subjects, a 

Fig. 1 Global average life expectancy between the years of 1820–2012. Data from Max Roser [1]
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marker for oxidative damage to lipids was shown to be increased in the healthy old 
population. These results contrasted what was observed in the ZENITH study. 
However, similar to the ZENITH study, the total antioxidant status was diminished 
in the older group [12]. The question from these studies arose as to whether the 
increase in ROS is contributing to aging or is merely a consequence of the aging 
process [13]. The answer may not be so straightforward. Not only do free radicals 
and their byproducts contribute to tissue damage, but impaired tissue can also gen-
erate oxidative intermediates. Thus senescence-associated tissue damage may lead 
to a positive feedback loop that augments free radical formation [14–17].

2.1  Contribution of Mitochondrion to Oxidative Stress

Mitochondria provide chemical energy for the cell via oxidative phosphorylation 
(OXPHOS). Within the inner membrane of the mitochondria there is an electron 
transport chain which consists of four complexes; three of the complexes (I, III, & 
IV) pump protons into the intermembrane space to form a gradient. This proton 
gradient allows conversion of ADP to ATP, the cells chemical energy unit, by the 
enzyme ATP synthase [18]. An endogenous by-product of the electron transport 
chain is the production of H2O2 (hydrogen peroxide), which may mediate the activa-
tion of a number of kinases involved in other mitochondrial processes [19]. These 
processes include cell proliferation, differentiation, apoptosis, and adaption to stress 
[20–22]. Thus, even though oxidative damage occurs as a result of excessive free 
radical production, the formation of reactive oxygen species is a consequence of 
normal mitochondrion function and aerobic respiration.

Although hydrogen peroxide can generate the highly reactive hydroxyl radical, 
the molecule regulates receptor tyrosine kinases and as such has an important func-
tion in cell signaling cascades [19]. As an example, H2O2 is an insulinomimetic 
agent and this activity was associated with enhanced phosphorylation of protein 
tyrosine [23]. Hydrogen peroxide also plays an important role in the regulation of 
the stress-related mitogen activated protein (MAP) kinase pathway [19]. The activa-
tion of MAP kinases leads to the translocation of the transcription factor nuclear 
factor kB (NF-kB). This transcription factor not only mediates immune responses, 
but also functions in cellular survival [24].

ROS also plays an important physiological role in the innate immune response. 
The respiratory burst (also referred to as the oxidative burst) is an important mecha-
nism by which immune competent cells, such as neutrophils and macrophages, 
destroy pathogens [25]. The respiratory burst relies on the enzyme NADPH oxidase 
(NOX) which reduces the oxygen molecule to yield superoxide (O2

-):

 NADPH O NADP O H+ + +® + - +2 22 2  

The superoxide can then be converted to hydrogen peroxide by the function of 
superoxide dismutase:
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 2 2 2 2 2 2H O H O O+ + +®  

Although superoxide and hydrogen peroxide may not have direct antimicrobial 
action, they do give rise to other more potent oxygen metabolites that do have anti- 
microbial function which play an important role in the respiratory burst [26].

Normally, excess levels of potentially damaging ROS are detoxified by endoge-
nous sources of antioxidants. Exogenous sources of antioxidants, such as vitamin E, 
vitamin C and beta-carotene, can also detoxify oxidative mediators. However, as 
noted above, reactive oxygen species have normal biological roles and as such their 
modulation should be carefully determined. For example, in clinical studies supple-
mentation with exogenous antioxidants has not always shown to be protective 
against heart disease or cancer [27–31]. In some cases, antioxidant supplementation 
has actually been connected to adverse outcomes. For instance, vitamin E supple-
mentation was associated with an increased risk for heart failure [30]. Furthermore, 
fatal coronary heart disease was enhanced in men who received beta carotene or a 
combination of beta carotene and vitamin E [32]. In another study, it was observed 
that supplementation with beta carotene may actually increase lung cancer in ciga-
rette smokers [33]. Thus, nonspecific antioxidant therapy may not necessarily be 
protective against chronic diseases which have been linked to heightened oxidative 
stress. More research is needed to understand how to achieve the necessary balance 
between minimizing the damaging effects of ROS without compromising the bio-
logical roles of these molecules.

3  Inflammation in Aging

The immune system consists of an interconnected system of cellular and molecu-
lar factors that provide a means of protecting an organism against both exogenous 
and endogenous stressors. The first line of defense is the innate or natural immu-
nity which involves the inflammatory response. The function of inflammation is 
to recruit immune competent cells to an area that has been exposed to potentially 
damaging substances or pathogens. Recognition of foreign molecules (antigens) 
initiates the innate immune response. This allows the recruitment of immune-
competent cells which can then eliminate the foreign antigen. The key partici-
pants in the innate inflammatory response are a plethora of cytokines and 
chemokines which work together to orchestrate a response appropriate for the 
type of danger stimuli encountered [25]. The main proinflammatory cytokines, 
Interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), and interleukin-1 (IL-
1) have been shown to be elevated with aging [34–38].

The innate inflammatory response is necessary to protect against potentially 
pathogenic conditions. It is of short duration and once the stress factor is eliminated, 
or the more specific adaptive immune response has been triggered, the process is 
stopped. Transient inflammation is natural and protects an organism against a 
 variety of exogenous and endogenous stressors [25]. However, it appears that as an 
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organism ages, the capability to heal and fix damaged tissue declines. This may be 
due to the decrease in tissue regeneration capability of the organism which has been 
associated with a decline in the adult stem cell niche [39]. The lack of the ability to 
replace damaged tissue may also be partially due to the inability of an aging immune 
system to properly coordinate a protective response. This process is referred to as 
Immunosenescence.

Immunosenescence is characterized by a number of changes. The adaptive 
immune response is characterized by the functions of B and T cells [25]. T cell 
development occurs in the thymus. As an individual ages, the thymus gland 
shrinks (thymic involution) which then leads to production of fewer T cells [40]. 
Amongst the affected cell population are regulatory T cells which play an 
important role in controlling immune responses. It has been shown that the sup-
pressive function of T cells decline as an organism ages [41]. Changes in T cell 
population also underlie the inability to properly resist infections and decreased 
response to immunizations [42, 43].

The decline in the adaptive immune response in the elderly may shift the response 
more towards innate immunity [44]. The result is an enhanced baseline inflamma-
tion which has been coined “inflammaging” [45]. This increase in proinflammatory 
cytokines in the elderly is thought to be involved in chronic age- associated diseases 
[36]. The overall tendency for the lack of appropriate immune response may predis-
pose the elderly to heightened damage.

3.1  Association Between Oxidative Stress and Inflammatory 
Pathways

An increase in oxidative stress causes damage to macromolecules which, if not 
fixed, can cause cellular damage. Thus, it is not surprising that heightened oxi-
dative stress, if sufficient to cause damage, may elicit an inflammatory response. 
Not only does free radical mediated damage have the capability to initiate an 
inflammatory response, but as described above, phagocyte associated respira-
tory burst is an important oxidative mechanism used by the innate immune 
response to clear pathogenic stimuli. Thus oxidative stress and inflammatory 
responses are intricately interconnected and both processes have the ability to 
activate and propagate each other.

4  Oxidative Stress and Inflammation in Age-Related 
Chronic Diseases

As described above, mitochondria are an important source of ROS. Mitochondria are 
unique organelles within the cell because they contain their own specific DNA which 
is maternally inherited [46]. The genetics of cellular bioenergetics is complex because 
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it utilizes not only the maternally inherited mitochondrial DNA (mtDNA), but also the 
biparentally inherited nuclear DNA (nDNA) [47]. Compared to nDNA, mtDNA has a 
high mutation rate that accumulates over time and disrupts the ability of mitochondria 
to function efficiently, which may lead to an enhanced ROS production [48, 49]. It has 
been proposed that the maternal ovarian system has a method of obliterating the gam-
etes with the most deleterious mtDNA mutations. The mutations that are not dangerous 
to the organism are allowed to pass to the next generation. In this manner, non-lethal, 
potentially beneficial mutations are introduced into the general population. It has been 
hypothesized that these mutations allow for physiological changes appropriate for the 
survival of an organism in a constantly changing environment [50].

Although these mutations may allow an organism to adapt to its ever changing 
environment, there may also be negative consequences. For example, predisposition 
to age-related disease may be a consequence of inappropriate changes in the 
mtDNA. This may occur more often in today’s society where access to rapid trans-
portation has allowed humans to migrate to new environments that do not favorably 
select for the same mtDNA and epigenomic factors which were beneficial in the 
previous surrounding [51]. As the organism ages, there is an increase in the number 
of mtDNA mutations which tend to accumulate over time and disrupt the ability of 
cellular mitochondria to function efficiently, leading to enhanced ROS formation 
and oxidative stress [50]. The tissue with the greatest demand for energy production 
is most vulnerable. These include the heart and the brain, predisposing an organism 
to cardiovascular and neurodegenerative diseases respectively.

4.1  Cardiovascular Diseases

According to the American Heart Association, cardiovascular disease is a complex 
set of abnormalities that results mainly from an accumulation of “plaque” on the 
arterial walls. This process is referred to as atherosclerosis. An increase in circulat-
ing levels of low density lipoprotein (LDL) cholesterol initiates the response. 
Recruitment of many cell types to the arterial wall, including monocytes, macro-
phages, lymphocytes, smooth muscle cells, and endothelial cells, leads to an inflam-
matory response that contributes to the formation of the atherosclerotic plaque [52]. 
The plaque reduces the diameter of the vessels and impedes blood flow. A fibrous 
cap stabilizes the plaque, but if it ruptures, it can form a thrombosis (blood clot). If 
the clot occludes heart vessels, this leads to a heart attack. If the arteries in the brain 
are blocked, the result is an ischemic stroke. The lack of oxygen to the area will 
result in cell death and tissue damage.

Other than age and gender, underlying conditions such as high blood pressure, 
dyslipidemia, and diabetes mellitus predispose individuals to cardiovascular dis-
ease. Lifestyle risk factors include a history of cigarette smoking, obesity, sedentary 
life style, and a high fat diet. These risk factors influence inflammatory/oxidative 
stress pathways in a manner that contributes to disease pathogenesis [53]. Obese 
female mice show accelerated aging and a higher mortality rate that correlates with 
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an increase in markers of oxidative stress and vascular abnormalities [54]. In aged 
mice, cellular senescence has been associated with vascular dysfunction. 
Antioxidants were shown to be protective against vascular dysfunction, which sug-
gests that oxidative stress mediates the endothelial impairment that characterizes 
cardiovascular disease [55]. Evidence for the correlation between oxidative stress 
and cardiovascular abnormalities is further demonstrated by the finding that antioxi-
dant status is significantly diminished in hypertensive patients, especially if they are 
also diabetic [56].

There is a strong proinflammatory and pro-thrombotic state in patients with car-
diovascular disorders [5]. This is not surprising considering the pathophysiology of 
atherosclerosis. LDL is retained in vascular walls by binding to artery wall proteo-
glycans [57]. Accumulation and modification of LDL to oxidized LDL (ox-LDL) 
leads to endothelial activation and expression of vascular cell adhesion molecules 
which allow migration of immune cells into the vascular wall endothelium. 
Monocytes differentiate into macrophages that engulf ox-LDL and transform into 
foam cells. T cells are also recruited and differentiate into proinflammatory cyto-
kine producing T helper 1 (TH1) cells. The self-propagating inflammatory response 
and factors released by immune cells eventually weaken the plaque, leading to rup-
ture and thrombosis [58]. As previously discussed, the immune response is crucial 
to the survival of organisms. Although large scale clinical trials are in place to deter-
mine the protective effect of anti-inflammatory therapy in cardiovascular disease, 
the potential risk versus benefits need to be carefully determined [59].

4.2  Neurodegenerative Diseases

The brain is an organ which is highly protected by the presence of the blood brain 
barrier (BBB). As such, historically it was thought that this organ was immunologi-
cally privileged. However, many studies provide clear evidence that the brain is 
capable of mounting an immune response and defending itself against foreign anti-
gens and cellular debris resulting from normal age-related deterioration [60]. 
Microglial cells are the main immune-competent cells in the brain but both astro-
cytes and oligodendrocytes have also been shown to be important participants in 
protecting the brain by mounting a proinflammatory response. Although the immune 
response in the brain is protective, chronic inflammation can be particularly hazard-
ous to the brain as a consequence of BBB dysfunction.

In neurodegenerative diseases, such as Alzhiemer’s disease (AD), chronic neuro-
inflammation induced by cytokines has been recognized as one of the major mecha-
nisms of disease pathology. This neuroinflammation, which is primarily driven by 
the brain’s microglia, escalates with disease progression [61, 62]. The most potent 
inflammatory cytokines are Interleukin-1-alpha (IL-1α), interleukin-1-beta (IL-1β), 
and interleukin-6 (IL-6). These cytokines are the products of activated microglia 
and astrocytes and are up-regulated in AD brains [63]. Inflammatory cytokines such 
as these are involved in loosening tight junctions which leads to a loss of BBB integ-
rity [64].
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Mitochondrial dysfunction and oxidative stress are commonly observed in 
patients with neurodegenerative diseases, specifically with defects in mitochondrial 
oxidative phosphorylation (OXPHOS) in complex IV leading to reduced membrane 
potential, reduced ATP production, and increased ROS production [65]. In addition, 
patients with AD have been shown to have an accumulation of specific mutations in 
the mitochondrial DNA which leads to a decline in mitochondrial copy number and 
function. This decline in mitochondrial function is also correlated with an accumu-
lation of the disease marker amyloid beta Aβ peptide. Elevated Aβ levels facilitate 
the entry of the peptide into the mitochondrion where it inhibits specific enzymes 
during OXPHOS [66–70]. This results in an increase in ROS production which can 
then lead to extensive oxidative damage that leaves neurons vulnerable to cell death 
[71]. Enhancement in both oxidative and inflammatory pathways appears to con-
tribute to the pathogenesis of neurodegenerative diseases.

5  Summary and Conclusions

The formation of free radicals is a natural process which forms redox active mol-
ecules that normally function in different cellular pathways, such as the response 
to stress. However, over time, the accrual of environmental insults and genetic 
susceptibility factors may not only exhaust antioxidant capacity, but also lead to 
abnormal mitochondrial bioenergetics. The subsequent enhancement in free radi-
cal formation may lead to age-related accumulation of cell damage. This in turn 
may trigger an innate immune response that initially promotes cell survival and 
protection. However, if free radical-mediated damage cannot be adequately 
repaired, the initial innate immune response may not be resolved and this may 
lead to a chronic inflammatory state. Chronic inflammation has been associated 
with age-related chronic disorders.

Mitochondrial dysfunction has been implicated in a number of age related disor-
ders including neurodegenerative and cardiovascular diseases [18]. While many 
factors appear to contribute to pathogenesis of these age-related diseases, markers 
of oxidative stress and inflammation are consistently shown to be upregulated. 
Whether these two events contribute to, or are a consequence, of the aging phenom-
enon is not well understood. In this review we have discussed the interrelationship 
of ROS formation and inflammation. Although both events are heightened in aging, 
inflammation may be a protective mechanism and excess ROS formation just a nat-
ural consequence of the aging process that leads to changes in cellular bioenerget-
ics. There is a fine balance between the potential of inflammatory and oxidative 
events to be either protective or deleterious. A combination of genetic predisposi-
tion, high calorie diet, sedentary lifestyle, and environmental insults can tilt the 
scale to deleterious pathways while exercise and a diet rich in antioxidants can shift 
the balance to more protective avenues.
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Biological aging describes the gradual degradation of physiological function which is 
a consequence of accumulating spontaneous and environmentally derived  mutations 
and adducts. Aging lowers cellular fitness and drives senescence in the later years of 
life. Some hallmarks associated with aging include genomic  instability; increased 
protein aggregates with reduced proteolytic capabilities;  hypometabolism; and primed 
inflammatory responses—together increasing the vulnerability of aged cells to insults, 
disease and death. According to the World Health Organization, better living and 
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working conditions, improved access to healthcare, and trends to reduce harmful 
 habits (e.g. improper hygiene, poor nutrition, smoking and  sedentary lifestyles) have 
contributed to shifting the world average life expectancy from 31 to 71.5 years of age 
within the century. Consequently, with greater longevity the  prevalence of late-onset 
neurodegenerative disorders is on the rise—particularly among developed countries. 
As population trends project the world average life expectancy to reach 87 years by 
2030 with an elderly population (>65 years of age) growing from 6 to 12 % of the total 
population, understanding how aging increases the risk of developing a late-onset 
neurodegenerative disorder is paramount. This chapter will describe the current state 
of research regarding the risk of aging-related oxidative stress and neuroinflammation 
on the development of neurodegenerative diseases.

1  Biological Aging in the Brain: An Introduction

Cellular senescence in the brain is primarily attributed to age-related shifts towards 
hypometabolic states (rate-of-living theory [1]) and redox status (oxidative stress 
theory [2]). These conditions are interrelated since aging results in mitochondrial 
dysfunction that decreases cellular energy production and leads to increasing levels 
of intracellular reactive oxidative species (ROS). Overtime this gradual shift results 
in the development of oxidative stress, senescence and inevitably death. Variability 
in life expectancies across cultures, races and individuals are attributed to a graded 
combinations of environmental exposures—that accelerate the generation of ROS 
promoting states of redox/hypometabolism (e.g., alcohol consumption, cigarette 
smoking, diet, radiation, toxicant and microbial exposures, stress and physical 
trauma)—and the fidelity and function of the endogenous damage repair  mechanisms 
(DNA repair complexes, anti-oxidant scavenger enzymes, anti-inflammatory  factors 
and regulators).

In the aging brain, the gradual shift towards hypometabolism occurs sporadi-
cally and diffusely, resulting in microclusters of neurons with insufficient energy to 
 maintain their physiological status and as a consequence of this undergo stress and 
release Danger Associated Molecular Patterns (DAMPs) to activate local microglia 
and subsequently astrocytes to provide trophic support. When neurons are 
 transiently stressed, neuroinflammation is acute and protective; yet if stress is 
 sustained, it can become detrimental by promoting chronic neuroinflammation that 
accelerates the shift towards states of hypometabolism and redox, thus accelerating 
aging (see inflamm-aging review [3]). Furthermore, this shift can be further 
 accelerated with additional environmental hits (see multiple-hit hypothesis [4]) 
that can exacerbate the inflammatory response—resulting in even faster aging 
(Fig. 1). To survive, stressed neurons activate survival signaling that direct their 
energy use to vital  processes while limiting energy expenditure on non-essential 
processes such as  synaptic maintenance and remodeling. These adaptive changes, 
along with minor age-related neurodegeneration, are thought to result in the distinct 
behavioral  phenotypes observed during aging.
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2  Mitochondrial Dysfunction and Hypometabolism  
in Aging and Neurodegenerative Diseases

The brain requires tremendous expenditures of energy to maintain and restore the ion 
gradients and to synthesize, transport and reuptake neurotransmitters [5, 6]. Glucose 
is the primary source of fuel for the brain, entering through glucose transporter on 
endothelial cells and astrocyte endfeet, where the bulk of it is converted within 
 astrocytes to pyruvate through glycolysis. This pyruvate is catalyzed by lactate 
 dehydrogenase to lactate and shuttled through monocarboxylic acid transporters 
from astrocytes to neurons where it is reconverted to pyruvate and broken down 
through the TCA and oxidative phosphorylation (OXPHOS) cycles to generate the 
energy required for neuronal survival. The rate of this neurometabolism—as 
 measured by glucose and oxygen utilization—is tightly coupled with changes in local 
cerebral blood flow and blood volume [7–9]. During aging the brain undergoes a 
gradual decline in glucose and oxygen utilization [10, 11] becoming more prone to 
metabolic syndrome [12]—which together pathologically impact neuronal function.

The proton-motive forces of OXPHOS, that generate the bulk of the energy in 
the brain, leak superoxide anion radicals (O2

−·) as a by-product of mitochondrial 
respiration from complexes I and III into the mitochondrial matrix and the 
 intermembrane space, respectively. Since the brain accounts for 20 % of body’s total 
metabolism, neuronal mitochondria are thought to produce tenfold more oxidative 
by-products than other mitochondria found throughout the body [13]. Though 
 mitochondrial superoxide can directly attack mitochondrial DNA (mtDNA) or form 

Fig. 1 A depiction of the relationship between inflammation, oxidative stress and mitochondrial 
dysfunction with respect to aging. Exposures, that increase the levels of inflammation, oxidative 
stress and mitochondrial dysfunction, are thought to accelerate the rate at which cells undergo 
senescence—thus accelerate aging
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the potent oxidant peroxynitrite when bound to nitric oxide [14], it is largely reduced 
into hydrogen peroxide through spontaneous dismutation or through scavenger 
enzymes known as superoxide dismutase (Mn-SOD within the mitochondrial 
matrix and Cu, Zn-SOD within the intermembrane space) and reduced to water by 
 glutathione (GSH) and thioredoxin (Trx). Hydrogen peroxide is innocuous at the 
low to moderate levels produced during neural activity in healthy adults and is 
thought to dose-dependently trigger gene transcription of redox protective 
 mechanism in neurons when concentrations become deregulated. Aging 
 mitochondria are known to produce high concentrations of hydrogen peroxide, 
resulting in severe oxidative damage by interacting with enzymatic co-factors such 
as Fe2+ and Cu+ to generate hydroxyl radical (OH·) through Fenton chemistry—
directly attacking mtDNA and peroxidizing membrane lipids to produce 
4-hydroxynonenal aldehydes or arachidonic acid to produce isoprostane.

Aged neurons, particularly their mitochondria, are vulnerable to oxidative 
 damage due to their markedly reduced levels of antioxidant defenses resulting in 
DNA damage (i.e., adduct formation, double-strand breaks) and oxidative damage to 
the mitochondria resulting in the loss of their membrane potential—further  driving 
the cells into oxidative stress. Oxidative attacks on mtDNA occur ten-times more 
frequently than nuclear DNA [15] due its proximity to the source of  mitochondrial 
ROS and lack introns, histones and efficient DNA repair systems to protect and 
repair DNA [16]. As mtDNA damage accumulates with aging, afflicting the coding 
regions for the electron transfer complexes I, III, and IV [17–20]—leading to 
 functional reductions in ATP generation by decreasing mitochondrial inner 
 membrane potential and impairing calcium buffering required for turnover  efficiency 
in the citric acid cycle [21] to produce an “electron bottleneck” leading to 4 to 5-fold 
greater levels of ROS [22]. ROS accumulation in mitochondria spills into the  cytosol 
through voltage-dependent anion channels [23], attacking biomolecules such as 
 lipids, nuclear DNA (nDNA) and post-translated proteins and enzymes. Beyond just 
accumulating with aging, damage to nDNA of post-mitotic neurons is also neuronal 
activity-driven [24]. Though age-related peroxidation of nDNA consistently afflicts 
only 1–2 % of neuronal genes, the affected genes are required for neuronal functions 
such as calcium regulation, neurotransmitter and neurotropic factor synthesis and 
synapse integrity [25, 26]. To support this, aged gerbils administered the free‐radical 
spin‐trap reagent N‐tert‐butyl‐a‐phenylnitrone (PBN) showed reduced biomolecule 
oxidation and aging-related behavioral defects [27].

Mitochondrial dysfunction occurs more frequently in neurodegenerative 
 diseases, resulting in hypometabolic shifts being among the earliest clinically 
detectable hallmark of neurodegeneration [28]. Glucose metabolism is impaired in 
the hippocampus and frontal cortices in Alzheimer’s disease patients [29] and in the 
striatum of Parkinson’s disease patients [30] compared to healthy individuals of the 
same age. These patients have significantly greater losses in respiratory chain 
 complex activities and higher levels of mtDNA mutations [31]. For instance, 
 compared to healthy brains, brains from patients with Parkinson’s disease or 
Alzheimer’s disease have 17 times more mtDNA deletions in striatal neurons [32] 
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and 12 times more mtDNA deletions in frontal cortex neurons [33], respectively. 
The importance of mitochondrial dysfunction in neurodegenerative models is best 
highlighted in that toxicant-induced inhibition of the electron transport chain 
 complex I by MPTP or rotenone are widely used to induce Parkinsonianism in 
 primates and rodents. While α-synuclein and β-amyloid deposition is accelerated 
with mitochondrial failure, recent findings have shown that they can directly impair 
mitochondrial function and produce ROS [34–36]. Though a direct link between 
bioenergetic failure and neurodegeneration is implicated, it is difficult to tease out 
the additional contributions of oxidative stress and inflammation—since all three 
are interrelated.

3  Mitochondrial Dysfunction and Oxidative Stress  
in Aging and Neurodegenerative Diseases

Oxidative stress is thought to occur gradually with aging when the intracellular 
production/accumulation of ROS supersedes the antioxidant capacity of the cell.

Despite neurons being extremely vulnerable to oxidative stress, the defense 
mechanisms to neutralize ROS are heterogeneous among neuronal populations 
through enzymatic (e.g., glutathione peroxidase, glutathione reductase, superoxide 
dismutases and catalase) and non-enzymatic pathways (e.g., glutathione, ubiquinol, 
uric acid) [37]. This, as well as tonic firing [38], is thought to explain why 
 dopaminergic, noradrenergic and serotonergic neuronal populations are selectively 
degenerated with aging [39, 40]. During oxidative stress, mitochondrial function is 
regulated by an energy-redox loop, whereby complex I becomes glutathionylated 
resulting in lower energy-transducing efficiency, increased generation of ROS and 
greater mitochondrial fragmentation [41]. These changes gradually prevent the 
autophagy of dysfunctional mitochondria [42, 43] leading to their continued 
 utilization and inevitably to oxidative stress-driven neurodegeneration known as the 
mitochondrial- lysosomal axis theory of aging [44].

Stressed neurons prioritize their energy to upregulate a gamut of ROS  sequestering 
genes and release DAMPs such a α-synuclein [45], β-amyloid [46], μ-calpain [47], 
neuromelanin [48], HSP-70 [49], HMGB-1 [50] to activate and recruit local  microglia 
and astrocytes to assist them with anti-oxidative buffering and if needed phagocyto-
sis of dying neurons. Though neuroinflammation can rescue neurons undergoing 
oxidative stress, it becomes less probable with aging. Aged microglia, as will be 
described in greater detail below, display lower activation thresholds and constitu-
tively generate basal levels of inflammatory mediators and oxidative  products that 
can themselves result in collateral damage of injured neurons leading to even greater 
levels of intracellular ROS. Higher basal levels of ROS were detected in the  substantia 
nigra pars compacta of 22 months old mice than that of 2-month old mice. Unlike 
typical aging, when 2-month old mice were treated with a systemic injection of the 
inflammagen lipopolysaccharide (LPS) showed marked  acceleration in the 
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 accumulation of intracellular ROS—reaching greater levels than that observed in 22 
month old aged mice by 24 h after the immunological challenge (Fig. 2; [51]). To 
determine the levels of intracellular ROS, mice were injected with  dihydroethidium—a 
 compound that becomes oxidized in vivo into fluorescent ethidium in a superoxide 
concentration-dependent manner. Together these findings further support the 
 multiple-hit hypothesis of accelerated aging. In situ evaluation of the major DNA 
peroxidation adduct 8-oxo-deoxyguanosine, a quantitative marker of oxidative 
stress, showed aged microglia and neurons had greater levels of DNA peroxidation 
[52]—and that peroxidation occurred more frequently in mtDNA rather than nDNA.

The oxidative stress theory of aging suggests that aging is a result of (1) increased 
production of oxidative species (e.g., through increased rates of or dysfunction in 
mitochondrial respiration, heavy metal accumulation, presence of inflammation) 
while (2) reducing endogenous anti-oxidant defenses (e.g., through persistent 
 oxidative stress, reduced transcription, epigenetic modifications, reduced presence 
of required co-factor to donate electrons) resulting in redox-induced cellular 
 senescence and death. This theory has been supported by epidemiological data and 
experimental evidence in laboratory animals by achieving significant improvements 
in longevity with:

Fig. 2 As mice age from 2 months of age to 22 months of age, they have elevated basal levels of 
intracellular superoxide within the substantia nigra pars compacta, as assessed with  dihydroethidium 
in the untreated control group. Yet, when 2 month old mice were administered a systemic injection 
of lipopolysaccharide, the basal levels of intracellular superoxide within the substantia nigra pars 
compacta were significantly augmented and the accumulation rate was also accelerated. The data 
from this figure was modified with permission from [51]
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 (i) antioxidant rich diets [53], overexpression of the antioxidant enzymes SOD1, 
SOD2 and catalase [54] and pharmacological suppression of enzymes that 
generate oxidative species known to participate in cellular senescence [55] that 
are inversely correlated with the rates of mitochondrial superoxide and 
 hydrogen peroxide production;

 (ii) caloric restriction [56] and endocrine regulation of metabolism through 
 insulin- like signaling [57] or gonadotropin-releasing hormone [58] that 
decreases metabolic rate and production of mitochondrial superoxide and 
hydrogen peroxide;

 (iii) anti-inflammatory minocycline, IL1 receptor antagonists, exogenous CX3CL1, 
CD200 fusion protein FGL and IKK/NF-kB inhibitors [59];

 (iv) proper functioning nucleotide repair proteins [60]; and
 (v) exercise [61].

The shift towards oxidative stress is exacerbated in a variety of  neurodegenerative 
disease, such as Alzheimer’s disease since many of the free radical scavenging 
enzymes that provide antioxidant defense—namely SOD1, catalase, glutathione 
peroxidase and glutathione reductase—have age-related reductions in activity in 
hippocampus and cortex [16, 62]. Heme oxygenase-1 (HO-1), a microsomal enzyme 
that degrades heme into the antioxidant bilirubin, is commonly used as a marker of 
oxidative stress since it is rapidly expressed in response to oxidative and nitrosative 
stresses. In Alzheimer’s disease, the expression of HO-1 is upregulated in response 
to pathological alterations in amyloid precursor protein (APP) and the generation of 
neurofibrillary tangles [63, 64]. Likewise, the expression of 8-oxo-deoxyguanosine 
was significantly elevated in post-mortem brains from patients with Alzheimer’s 
disease and Parkinson’s disease as compared to age-matched controls [65, 66]—
suggesting that beyond accelerating the rate of mitochondrial dysfunction, 
 neurodegenerative diseases also have greater oxidative stress in nuclei with 
 degenerating neurons.

Neurons undergoing oxidative stress alter APP, tau and α-synuclein  processing—
resulting in the aberrant amyloidopathies, tauopathies and synucleopathies  hallmarks 
associated with both Alzheimer’s disease and Parkinson’s disease. This partly occurs 
through c-Jun and p38-MAPK mediated increase in β-secretase that cleaves APP 
into amyloidgenic peptide β-amyloid 40–42 [67] and GSK-3β  mediated 
 phosphorylation of tau [67]—three signaling pathways that are active in neurons 
during oxidative stress. Oxidative stress also leads to greater lipid peroxidation end 
products such as isoprostanes and 4‐hydroxy‐trans‐nonenal that directly oxidize 
proteins into difficult to digest aggregates. Since aged mice have impaired  proteolytic 
degradation attributed to a loss in lysosome acidification [68] and a decline in 
 proteostasis due to the accumulation of undigestable proteins [69], protein  aggregates 
may interact with mitochondrial function generating ROS that can  stimulate the 
redox-sensitive transcription factor NF-kB generating a vicious cycle of oxidative 
stress within aged neurons. Interestingly, the threshold at which the vicious cycle is 
induced could only be achieved in aged neurons, since a study found that an 
 intracranial injection of fibrillar β-amyloid triggered sustained  inflammation, 
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 neurofibrillary tangle formation and neuronal loss in aged rhesus monkeys but not in 
young adults [70]. This supports that oxidative stress and aging-related lysosomal 
dysfunctions are required for neurodegenerative progression and pathogenesis.

4  Uncontrolled Neuroinflammation in Aging 
and Neurodegenerative Diseases

Neuroinflammation generally serves to protect and restore homeostasis to the brain 
following an insult. This is achieved by endogenous innate immune cells of the 
brain known as microglia, that detect distress and injury signals through pattern 
recognition receptors (PRRs) resulting in their activation and recruitment to the 
insult. Upon activation, microglia serve as housekeepers to clear the insult (e.g., 
oxidative burst for microbial infections, phagocytosis for cellular debris, 
 environmental exposures and ‘prion-like’ protein aggregates, and glial scar 
 formation for stroke and head trauma) and subsequently self-regulate their own 
inactivation by releasing pro-resolution factors to quench the inflammation once the 
distress signals are no longer detected. Factors such as the severity and distribution 
of the insult, genetic and environmental predisposition to alter the inflammatory 
responses and age dictate the extent and duration of the staged neuroinflammatory 
response. Deregulated immune resolution can occur when a severe enough insult is 
coupled with preexisting susceptibilities that limit an appropriate response to 
resolve the insult, resulting in pathological chronic neuroinflammation that 
 contributes to collateral neurodegeneration near ‘dysfunctional microglia’ 
 persistently undergoing oxidative bursts [71].

Aging microglia share many similar features to pathological microglia found in 
brain injuries and diseases—displaying amoeboid morphologies with enlarged somas 
and thick, shortened processes that lose their arbor-like complexity [72, 73] with 
severe alterations in their abilities to host an adequate response to insults. Yet, detailed 
evaluations of aged microglia have characterized them as senescent or  dystrophic 
rather than pathologically activated due to their greater density of cytoplasmic 
 vacuoles and inclusions, deramified dendritic arbors with fragmented processes, 
enlarged peri-nuclear cytoplasms with beading suggesting cytorrhexis, membrane 
blebbing, and excessive accumulation of ferratin and neuromelanin [74, 75]. As 
microglia age, one notable feature is that they accumulate undegradable lipofuscin, 
polymeric chains of cross-linked proteins that form intracellularly during oxidative 
stress [76] or accumulated from phagocytized dysfunctional neurons within their 
lysosomes. Together, the morphological changes observed in dystrophic microglia 
impair the dynamic nature of microglial processes utilized in immune surveillance 
[77] and synaptic remodeling [78–80] and thus likely influence their function.

Functionally, aged microglia display delayed response times, slower rates of 
motility, low phagocytic activity, exaggerated inflammatory responses and greater 
proliferative capacity to insults compared to younger microglia [81–91]. This was 
verified in vivo by examining how aged microglia respond to exogenous ATP to 
simulate cell lysis or laser injury using two-photon imaging. Prior to injury, aged 
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microglia display slower process dynamics, which were maintained even after 
insult. Aged microglia responded to the injuries with delayed ramification and 
motility and lingered at the site of insult far longer than microglial responding to the 
same insult in younger animals [82]. Age also impaired the rate and degree of 
microglial phagocytosis of β-amyloid in a model of Alzeihmer’s disease [92, 93] 
and of myelin in an experimental autoimmune encephalomyelitis model of multiple 
sclerosis [94]. These findings suggest that the functional changes in aging microglia 
afflict both the ability to detect and respond to the initial immunoactivating stimuli, 
but also may alter their ability to resolve insults.

Gene expression levels of the PRRs TLR1, TLR2, TLR4, TLR5, TLR7, and 
CD14—used to detect insults—are up-regulated with age and support the  exaggerated 
inflammatory responses observed in aged microglia [95, 96]. Paradoxically, the 
expression levels of microglial P2 purinergic receptors [82, 97], integrins CD11b and 
CD11c [88], scavenger receptors CD68 [84, 98] and RAGE [88], TREM2 [99] and 
FcγRs [100] involved in ATP-mediated chemotaxis, adhesion and phagocytosis of 
opsonised debris and pathological protein aggregates are up-regulated, rather than 
down-regulated, with aging. Age-related hypometabolism could partly explain this 
contradiction between gene expression and altered function in microglia, since even 
though the microglial machinery for motility and phagocytosis are present, they are 
highly energy-intensive processes [101]. Another explanation is that repeated insults 
generate large amounts of debris, many of which are undigestable with age, that 
 overwhelm microglia and render them dysfunctional over time [102]. However, the 
expression of degrading enzymes such as IDE, neprilysin, and matrix metalloprotease 
9 (MMP9) [92] and the rate of authophagy in aging microglia [101] are consistently 
decreased with the functional impairment of phagocytosis by aged microglia.

Aged microglia express increased levels of effector molecules associated with 
their activated states, including elevated basal levels of the pro-inflammatory 
 cytokines IL-1β, IL-6 and TNF-α [84, 103–109] coupled with a minor decrease in 
the expression of anti-inflammatory cytokines IL-10 [104, 110, 111]. Likewise, 
healthy elderly individuals show increased basal levels of inflammation as detected 
on positron emission tomography (PET) using [11C]-PK11195 [112]. This  imbalance 
between inflammatory and anti-inflammatory factors potentiate age-related 
 neuroinflammatory responses [113–116], more importantly this study suggests that 
many aged microglia displaying graded yet chronic states of ‘semi-activation’ or 
‘para- inflammation’ within the brain due to the aging process [117]. In support of 
this theory, many studies found aged brains to be leakier to environmental factors 
circulating in the blood and more abundant in persistent inflammagens within the 
 parenchyma, thus capable of being chronically stimulated into a maladaptive 
 activated phenotype [118–120].

Aged microglia in ‘semi-activated’ states have reduced activation thresholds, a 
phenomenon known as priming, resulting in exaggerated inflammatory responses to 
additional insults [105]. In situ hybridization for MHC II, a marker of primed 
microglia, showed ~2 % of adult microglia in mice were MHC II positive, whereas 
~25 % of aged microglia were MHC II positive in the absent of an insult [121]. 
Priming was confirmed in aged microglia to generate larger, more sustained immune 
responses to insults resulting in more collateral degeneration and dysfunction 
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 compared to similar lesions on younger animals. Insults ranging from infectious 
agents and their cellular components [105, 107, 121–127]; hemorrhagic stroke 
[128, 129], physiological stress [130, 131], and mechanical- or toxicant-induced 
neurological injury [132–134] all significant potentiated the release of IL-1β, IL-6, 
and TNF-α in aged rodent brains. Suppressing inflammation with minocycline in 
aged mice prior to LPS stimulation attenuated the priming-induced amplification of 
pro- inflammatory factors released by microglia [135].

Though the age-related shift of microglia into primed states can explain the 
altered sensitization and reactivity to immune challenges, the theory of replicative 
senescence suggests that since quiescent microglia are rarely thought to replicate 
compared to activated microglia [136, 137], it is only microglia in chronic states of 
activation that may reach their lifetime replication limits (as defined by telomere 
attrition with each replication; [138]). To accommodate for the age-related loss in 
microglial turnover, the resident brain macrophage population can be steadily 
replaced with infiltrating monocytes that adapt to the brain environment yet express 
slightly altered phenotypes that could be perceived as priming [139]. Though 
monocyte- derived microglia-like macrophages can be identified as CD11b+ CD45high 
cells through flow cytometry, it is nearly impossible to differentiate these two 
 distinct populations through conventional histological methods due to the similarity 
in expression of markers, thus more work needs to be done to verify this theory.

The pathway by which IL-1β is released in its active form from microglia has 
recently been determined to require two environmental cues [140]—a priming  signal 
usually initiated that activate the NF-kB pathway to transcribe immature  Pro- IL- 1β 
and a second signal to activate NLRP3 inflammasome (e.g., ATP through P2X7/
Pannexin, Cathepsin B released from phagolysosome rupture from  indigestible lipid 
crystals and misfolded proteins and direct stimulation by cytosolic viral vectors) to 
activate caspase-1 to catalyze Pro-IL-1β into its active form [141]. Though 
 inflammasome activation within microglia has been associated with  cognitive 
impairment and dementia [142, 143], recent findings support that aging is associated 
with increases in the phosphorylation of NF-kB signaling and the increased 
 expression of inflammasome assembly genes and activation of caspase 1 [144]. 
Evolutionarily, the two-step activation process required to generate active IL-1β in 
the brain likely served as an additional checkpoint to regulate  neuroinflammation 
from becoming pathogenic. Yet, since aging shifts microglia into primed, dystrophic 
state associated with basal levels of NF-kB signaling  (produced by distress signals 
or ROS from dysfunctional mitochondria), only the second signal is required for 
NLRP3 inflammasome formation and signaling in aging brains [145]. Since a large 
population of aging microglia release autocrine pro-inflammatory mediators such as 
ATP and TNF-α and store α-synuclein  aggregates and β-amyloid fibrils that are 
implicated in lysosomal damage that release cathepsins, the secondary signals to 
form the inflammasome may also be present in aged microglia [146, 147]. 
Interestingly, 95 % of the isolated of primed microglia (MHC II positive) showed 
co-expression of IL-1β once stimulated with LPS, compared to 31 % of the 
 non- primed microglia [121]. Since the release of IL-1β requires inflammasome 
 formation, this finding suggesting that the population of primed aged microglia have 
sufficient secondary signals to induce inflammasome assembly.
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Several soluble and membrane bound ligands interacting with microglial 
 receptors may modulate the activation state of microglia [148]. For instance, 
 astrocytes and neurons are thought to possess immunosuppressive functions within 
the brain to regulate microglia and infiltrating leukocytes [149]—limiting the 
 collateral damage they may cause during inflammation on the brain’s network of 
non- regenerating, post-mitotic neurons that are highly vulnerable to lipid 
 peroxidation. Age-related modifications (e.g., loss of immunosuppressive factor 
expression on astrocytes and neurons, loss of expression of their respective 
 receptors on microglia) are also thought partake in the exaggerated inflammatory 
responses observed in primed, aged microglia. Though astrocytes secrete S100β, 
TGFβ and neurotrophins that suppress microglial activation [150], their expression 
in aged astrocyte seems to be either unaltered or overexpressed compared to 
younger astrocytes—and thus are negligible with regards to aging-related shifts in 
modulating activation. Neurons, on the other hand, gradually lose many of the 
secreted and cell-to-cell contact factors that  suppress microglial activation with 
aging (see Table 1; [110, 151–173]). Though activated adult microglia can undergo 
immunosuppression through M1/M2 polarization in the presence of IL-4 or IL-10, 
one nuance of activated aged microglia is that they remain in the M1 activation 
state upon treatment with either of these anti- inflammatory  factors—suggesting 
that aging impairs the microglial response to IL-4 and IL-10 regardless of the 
expression of levels of either the ligand or receptor.

Aged microglia have enhanced leukocyte transmigration into the brain, most 
likely a result of age-related increased IL-1β- and TNF-α-mediated upregulation of 
endothelial cell adhesion molecules [174] and secretion of the chemokines  monocyte 
chemotactic protein (MCP)-1 and macrophage inflammatory protein-1 (MIP)-1α by 
reactive astrocytes [175, 176]. In support of this, aged microglia express more MHC 
class II complexes that bind to T cell receptor (TCR) on naive CD4+ T cells and co-
stimulatory molecule CD80 and CD86 that bind to T-cell CD28 [177]. Though T 
cells are rarely found in the brain parenchyma of young adults [178], observation in 
mice indicate that lymphocyte extravasation in brain increases after 12 months of 
age and accumulate near activated microglia and astrocytes that secrete IL-1β and 
TNF-α [179]. Likewise, dendritic cells, which are rarely found within the brain 
parenchyma in young adults, accumulate within the brain in an age- dependent 
 manner [179]. The adaptive immune cells are active participants in amplification of 
the brain immune response that has been observed with advanced age.

Neuroinflammation serves as a primary pathological hallmark of  neurodegenerative 
diseases such as Alzheimer’s disease, Parkinson’s disease and multiple sclerosis. 
Despite their different etiologies and specific nuclei of  degeneration, many of the 
immunologically-active endogenous factors released by aged, degenerating neurons 
that maintain chronic neuoinflammation are shared among many diseases. Our group 
has previously reported how chronically activated microglia may participate in 
 exacerbating neurodegeneration through collateral damage. For instance, 
 anti-inflammatory interventions that inhibit the formation of superoxide by NOX2 
inhibition [169, 180–191] and through antioxidant natural compounds [192–195] have 
been shown to be effective at preventing dopaminergic degenerations by  reducing 
inflammation and oxidative stress in in vitro models of Parkinson’s disease.
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5  Behavioral Deficits in Aging and Neurodegeneration

Aging is associated with cognitive decline, anxiety, depression, reduced sociability 
and locomotor retardation. Though changes to neurons including their loss in 
 neurocircuit, Long-term potentiation/long-term depression-mediated synaptic 
 plasticity and alterations in neurotransmission and firing rates can modulate 
 behavior, aging-related neuronal dysfunction and degeneration is thought to be 
almost entirely attributed to hypometabolism, neuroinflammation and oxidative 
stress. Microbial infections [196, 197] and inflammatory cytokines [198, 199] can 
induce transient and protective sickness behavior with cognitive deficits, lethargy, 
locomotor retardation, reduced appetite, loss of pleasure from rewarding activities, 
sleep disturbances and increased pain sensitivity that together prioritize the body’s 
energy consumption to fend infectious pathogens. At the cellular and molecular 
level, sickness behavior occurs in response to central or systemic inflammation 
resulting in central production of IL-1β and subsequent hyperactivation of the 
hypothalamic- pituitary- adrenal (HPA) axis involved in modulatory changes of 
 glucocorticoid levels in the blood to suppress systemic inflammation [200].

In the elderly, systemic inflammation can be linked prolonged deficits in  cognitive 
function with faster rates of decline [201, 202], functional disability [203], frailty 
[204], and mortality [205]. These findings are strikingly similar to the prolonged 
behaviors observed in adult mice with primed microglia that received repeated 
exposures to LPS [206] or had a chronic bacterial infection [207]— showing 
 sustained altered cognition, disrupted in food intake and reward, retarded  exploration 
and social interactions, increased pain sensitivity, and disrupted sleep patterns. 
Repeated/chronic release of IL-1β by aged microglia with activated inflammasomes 
can sustain a prolonged state of sickness behavior. Repeated hyperactivation of the 
HPA axis produces activity-dependent concentration of extracellular ATP [208, 
209], further attracting and polarizing nearby microglia to release IL-1β through an 
inflammasome-dependent manner to generate a feed-forward loop.

Beyond the extended sickness behavior, the prolonged secretion of the 
 pro- inflammatory cytokines IL-1β, IL-6 and TNF-α by aged microglia is also 
 associated with depressive behaviors and impaired cognition [103, 122, 210]. 
Aging-related depressive behaviors are a result of TNF-α-mediated loss of 
 serotonergic neurons [211] observed with aging and persistent neuroinflammation 
that result in a drastic decline in blood tryptophan required for serotonin production 
in the brain [212]. Neuroinflammation-mediates increased enzymatic activity by 
indoleamine 2,3-dioxygenase (IDO), that reduces the bioavailability of serotonin in 
brain [213]. Aged mice injected with LPS show amplified IDO expression with 
prolonged depressive phenotypes compared to similarly treated adult as measured 
by resignation behavior in trail suspension test and forced swim test. In support of 
this, inhibition of IDO reversed insult-mediated depressive behavior in aged mice.

Beyond upregulation of genes associated with inflammation and oxidative stress, 
aged brains have a decreased expression in genes associated with synaptic function 
and neurotropic support [84, 103, 122, 210]. Though all aging-related behavioral 
deficits are partly attributed to inflammation-driven demyelination [214] and 
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 synaptic [215] and dendritic [216] stripping of stressed neurons. These features are 
salient in cognitive impairments association with persistent IL-1β and IL-6 release 
by aged microglia, which alter synaptic integrity and function in the hippocampus 
impairing spatial learning and memory [215] and can be reversed through  suppressing 
microglial activation or antagonizing the receptors for IL-1β and IL-6 [217–222]. To 
further support this, the degree of cognitive impairment was  associated with the 
extent of microglial activation, as determined by immunoreactivity to MHCII and 
iNOS, in white matter [223]. Aged microglia also impair synaptoplasticity by 
 inhibiting LTP [224] through AMPA receptor endocytosis [225], eventually resulting 
in dendritic atrophy in the hippocampus [216]. Furthermore, aging and chronic 
 neuroinflammation are associated with loss of trophic factors such as BDNF and 
NGF [170, 171, 226] that alter the development of synaptic LTP [225], adult 
 neurogenesis [227, 228] and contribute to altered learning and memory.

Recently, inflammation within the hypothalamus—thought to modulate many of 
the features of metabolic syndrome—has been implicated in aging throughout the 
body. Dystrophic hypothalamic microglia are thought to drive the cognitive decline 
and muscle weakness with age-related increases in basal NF-kB signaling resulting 
in the generation of pro-inflammatory factors that can stimulate neurons to activate 
upstream IKK-β and subsequently NF-kB signaling. In support of this, IKK-β 
knockout mice showed less dystrophy in aged hypothalamic microglia and had not 
only improved spatial memory, muscle strength, bone mass, skin thickness but also 
had increased their life expectancy by 10 % compared to age-matched wild-type 
mice [59]. Inflammation-driven increases in neuronal IKK-β signaling within the 
hypothalamus can accelerate aging by suppressing the release of gonadotropin- 
releasing hormone (GnRH), a factor that regulates sex hormones, reproduction and 
stimulates adult neurogenesis that was shown to gradually lose expression within 
the hypothalamus with age. Recovery studies show that GnRH replacement therapy 
in aged mice improved physical and cognitive deficits observed with typical aging 
in age-match control mice [59].

As expected, neurodegenerative diseases not only display accelerated behavioral 
changes associated with typical aging, but they also display additional phenotypes 
associated with their respective degenerating neurocircuits. In the case of 
Alzheimer’s disease, though environment, lifestyle and genetics may vary from case 
to case, progression between the earliest recognizable symptoms of memory loss 
typically occur 3–10 years before dementia and the health complication that lead to 
death. The symptoms of Alzheimer’s disease rapidly progress with advanced aging 
and as of yet studies have shown improved cognitive function in patients and animal 
models of Alzheimer’s disease with mild and moderate stages using organic 
 anti- inflammatory compounds such as reservatrol, propolis, ratanasampil and 
 curcumin [229–231], high dietary levels of anti-oxidants such as Vitamin E and 
exercise [232]. Furthermore, these compounds reduce oxidative damage, 
 amyloidopathy, and the expression of proinflammatory cytokines.

Parkinson’s disease patients experience resting tremors, spine rigidity, loss of 
fine motor control and irregular changes to gate. Although genetic (e.g., A53T, 
Parkin) and direct toxicant models (e.g., MPTP, 6-OHDA, Roteone) of Parkinson’s 
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disease in animal models recapitulate the motor deficits as evaluated by 
methamphetamine- induced circling behavior, rotorod, open-field studies and gait 
analysis, low-grade chronic neuroinflammation resulting from a single systemic 
injection of LPS results in the development of many of the early non-motor 
 symptoms associated with Parkinson’s diseases. Preliminary data from a battery of 
behavioral tests conducted on LPS treated mice show that these mice develop many 
of these pre-motor symptoms including constipation, changes in behavior towards a 
more stoic nature with greater anhedonia and impulsivity toward riskier behavior, 
reduced spatial memory and a greater propensity to startle. Interestingly,  suppressing 
the generation of superoxide by NOX2 with DPI [233, 234] was shown to improve 
many of these behaviors. Additionally, exercise [235] and caloric restrictions [236] 
have also been shown to improve motor deficits in MPTP-induced models of 
Parkinson’s disease as well.

6  Conclusion

Aging increases the probability of mitochondrial dysfunction, oxidative stress and 
neuroinflammation resulting in neuronal and microglial senescence and  inevitably 
in altered behavior. The role of microglia in aging is paramount, since 
 immunologically activated aged microglia are the central source of ROS in the 
brain, leading to collateral damage of neighboring neurons. The repeated on slot of 
cytotoxic factors released by these microglia increase neuronal intracellular ROS, 
impacting the functions of mitochondria and authophagy and impairing their 
 plasticity and function. Therapeutically targeting either the release of 
 proinflammatory factors or oxidative products improve longevity by reducing 
mtDNA damage, increased anti-oxidant buffering and reducing inflammation. 
Determining how aging contributes to the development of age-associated 
 neurodegenerative disorders will be important in the upcoming years, since better 
designed therapies that treat these diseases as a series of interrelated dysfunctions 
will be required to halt neurodegeneration.
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t-PA Tissue plasminogen activator
TRPV1 Transient receptor potential cation channel subfamily V member 1
UFP Ultrafine particle
VCAM-1 Vascular adhesion molecule-1

1  Introduction

The health effects of air pollution are striking, with estimates suggesting that it 
may be responsible for up to seven million deaths worldwide per year [1–3]. Over 
the last decade it is becoming clear that the cardiovascular effects of air pollution 
are  especially important to both mortality and long-term morbidity. Perhaps this 
is unsurprising given the high prevalence of cardiovascular disease in many dif-
ferent socioeconomic settings, and the broad physicochemical similarities 
between many sources air pollution and smoking, which is an undeniably impor-
tant risk factor for cardiovascular disease. Our understanding of the biological 
mechanisms of air  pollution are rapidly growing, however, the emphasis of much 
of this research has surrounded the cardiac effects and systemic vasculature with 
particular relation to the coronary circulation. Nevertheless, there is now a wealth 
of epidemiological  evidence linking air pollution and stoke. However, the bio-
logical mechanisms for how air pollution affects the cerebral vasculature have 
received much less attention.

Air pollution is an expansive term to cover a wide range of different sources and 
types of pollutants. Urban air pollution consists of solid matter (‘particles’),  volatile 
liquids and gases. Levels of gaseous pollutants, such as nitrogen dioxide and ozone, 
in urban environments do represent a risk to human health, however, it is the parti-
cles in air pollution that are most consistently associated with  cardiovascular dis-
ease. This review will look at the evidence for the link between ambient particles in 
the air and cerebrovascular disease. It will provide an overview of the epidemiologi-
cal evidence for airborne particulate matter (PM) and the incidence of stroke, before 
moving onto possible biological mechanisms for these associations.

2  Background

2.1  Cerebrovascular Disease: What Is Stroke?

Stroke, (also referred to as cerebrovascular accident or cerebrovascular insult) is the 
neurological response to a region of damage of the brain due to an interruption in 
blood flow. The majority of strokes are ischemic in nature associated with a sudden 
arrest of the blood supply to the brain primarily due to a thromboembolic event. A 
smaller proportion (30 %) of strokes occur due to an intracranial bleed leading to a 
haemorrhagic stroke.
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Stroke accounts for five million deaths per annum [4]. In 2013, stroke was the 
second most frequent cause of death after coronary artery disease, accounting for 
6.4 million deaths (12 % of the total) [5]. Overall two thirds of strokes occurred in 
those over 65 years old [5, 6]. The epidemiology of strokes is changing, with an 
increasing incidence in the low- and middle-income nations accounting for 
 two- thirds of all strokes [6]. The global burden of stroke-related mortality and 
 disability is therefore high and continues to rise especially in nations where health 
systems are not well established. This has been primarily attributed to a change in 
risk factors associated with stroke, including an ageing population compounded by 
the accumulation of risk factors such as increased smoking, hypertension and 
 obesity, especially in low- and middle-income countries [7, 8]. While there is 
increasing recognition of the association of air pollution with stroke, pollution is not 
 considered as a classical ‘risk factor’ in terms of patient care.

Importantly, stroke is the most common cause of major disability [4]. Symptoms 
and severity of the stroke vary considerable depending on the region of the brain 
affected by ischaemia/haemorrhage, the length of the ischaemic period, extent of 
haemorrhage, degree of reperfusion should it occur, health status of the individual, 
etc. Thus symptoms can range from small degrees of sensory deprivation/abnormali-
ties, e.g. dizziness, impaired vision, and severe headache, to more debilitating con-
sequences such as loss of sensation/movement in one side of the body/face, loss of 
control of bodily functions, impaired ability to reason or speak, as well as coma or 
death. Prognosis is similarly variable, however, a broad assessment of the  condition 
as a whole suggests that approximately 50 % of those who suffer stroke live less than 
one year afterwards [9]. Rapidity of diagnosis and treatment is important, however, 
therapies are limited. For ischaemic stroke aspirin is used to prevent further blood 
clotting, and in some causes infusion of recombinant tissue plasminogen activator 
(t-PA) can be used to attempt to remove existing clots. Surgical intervention can also 
be used in some scenarios. Otherwise, reducing risk factors (lifestyle and pharmaco-
logically, e.g. anticoagulents, aspirin, clopidogrel, statins, blood pressure lowering 
drugs) with rehabilitation (both within a stroke unit and long-term as an out-patient) 
to overcome the symptoms of the stroke remain the foremost therapeutic option.

2.2  Particulate Matter in the Air

Particulate matter in air pollution is categorised according to size: PM10 (or “coarse” 
particles) are particles with a diameter of 10 micrometers or less, PM2.5 (“fine  particles”) 
cover diameters of less than 2.5 μm, and PM0.1 (“ultrafine” particles or “nanoparticles”) 
are restricted to particles with a diameter less than 100 nm [10]. In urban environments, 
coarse particles principally derive from airborne crustal  elements, road dust/brake 
wear, construction dusts or mechanical abrasion, e.g. breakwear. Fine fractions in 
urban environments chiefly arise from the combustion of fossil fuels, e.g. from power 
stations and vehicle emissions. Combustion-derived nanoparticles (CDNPs) from 
vehicle exhausts dominate the source of ultrafine particles, and certain fuel types such 
as diesel exhaust are especially rich in nanoparticles.
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The ability of the particle to cause harm depends on numerous factors: con-
centration, the dose and period of exposure, where in the body the particle has 
access to, the ability of the body to clear/defend against the particle, and the par-
ticle composition and reactivity. For a given particle, the a general rule is that the 
smaller the particle the more potential harm it may cause due to the greater reac-
tive surface area for a given mass, and ability to penetrate deep into lung. 
Accordingly, associations with cardiovascular disease tend to be more consistent 
for PM2.5 than PM10. Ultrafine particles readily penetrate the alveolar spaces of 
the lung, and their small size may mean that they have the capacity to cross the 
alveolar-capillary wall and gain access to the bloodstream to reach systemic 
organs. Discussion of other factors influencing particle toxicity are beyond the 
scope of this review, however, it is important to emphasis the composition of the 
particle is key to its biological actions once it accesses the biological system of 
interest. CDNPs can be viewed as having a largely elemental carbon core, onto 
which other chemical species adhere to - in particular a vast cocktail of surface 
chemicals that are rich in organic carbon species and reactive transition metals. 
Both of these constituents, as well as the general electrochemical properties of 
the carbon surface, are believed to be major drivers of inflammation and oxidative 
stress that are hallmarks of the detrimental actions of CDNPs. This will be dis-
cussed in Sect. 4.5.

Finally, although this review concentrates on the particulate components on air 
pollution, we do not wish to overlook gaseous co-pollutants. Indeed epidemio-
logical studies frequently link cerebrovascular events with gases such as nitrogen 
dioxide (NO2) and ozone (O3). The consistency of these associations and 
 underlying biology is less understood, and as such will not be discussed in any 
depth here. However, it should be mentioned that that these two constituents of 
air  pollution cannot be entirely separated, and the chemical interaction between 
 particles and gases may synergistically increase the oxidative reactivity of the 
particle exposure [11–14].

3  Air Pollution and Cerebrovascular Disease

3.1  Epidemiological and Clinical Evidence

Clinical and epidemiological evidence gathered over the last six decades have estab-
lished a long-standing and close temporal relationship with adverse health effects. 
These include the extreme episodes of the Meuse Valley fog in 1930 [15] and the 
London fog incident in 1952 [16], to recent studies implicating ambient air pollu-
tion as a major perpetrator of adverse health effects [17–19]. Globally cardiovascu-
lar disease including coronary disease and cerebrovascular disease remain the 
primary cause of mortality and morbidity, and ambient particulate pollution alone is 
responsible for approximately 3.2 million deaths worldwide [4, 20].
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3.1.1  Long-Term Exposure to Ambient Air Pollution  
and Cardiovascular Events

Many elegant longitudinal studies have evaluated the association between  long- term 
exposure to fine particulate pollution and cardiovascular disease. Miller et al. inves-
tigated post-menopausal women and showed a 35 % increased risk of cerebrovascu-
lar event (RR 1.35, 95 % CI 1.08–1.68) for every 10 μg/m3 increment in PM2.5 
concentrations, compared to 21 % increased risk for coronary disease. Futhermore, 
there was a striking 83 % increased risk of death caused by a cerebrovascular event 
(RR 1.83, 95 % CI 1.11–3.00) per 10 μg/m3 increment of PM2.5. Several other large 
cohort studies in Europe have shown similar positive associations between long-
term exposure to ambient air pollution and coronary and cerebrovascular events 
[21–23]. Staffogia et al. showed that even in high- income nations where fine par-
ticulate pollutant concentrations meet international standards, small increases in 
PM2.5 were associated with a 19 % increase in the risk of cerebrovascular disease 
[23]. A few studies have compared both exposure to PM2.5 and PM10 have shown 
stronger associations with exposure to smaller particulates [24].

3.1.2  Short-Term Exposure to Ambient Air Pollution  
and Cardiovascular Events

Patients with cardiovascular disease share many modifiable and non-modifiable risk 
factors including ethnicity, family history, hypertension and smoking [25–27]. One 
of the key differences between these risk factors and environmental air pollution is 
that exposure to pollutants is, for many, unavoidable. Therefore whist the individual 
risk estimates for exposure to ambient air pollution are relatively small compared to 
other cardiovascular risk factors, since the exposure can be assumed to be 100 %, 
the overall population attributable risk is significant [25].

In the early 1980s, Knox et al. proposed that air pollution was a means by which 
weather conditions could contribute to the relationship between weather conditions 
and stroke [28]. Later that decade, indoor coal fumes were highlighted as a risk 
 factor for stroke, independent of age, blood pressure and cigarette smoking [29]. 
Schwartz et al. (1994) looked at the relationship daily PM recordings and cause of 
death in the US between 1973 and 1980. They noticed an weak, but sizeable 
(RR = 1.19) association between PM and stroke, discussing the findings in relation 
to those of the London smog episode in 1952 [30]. Subsequently, there has been a 
plethora of studies considering these associations with more recent data; these are 
reviewed in detail elsewhere [31]. Of note, though, Dominici et al. investigated the 
effect of short-term increases in particulate pollution and risk of admission from 
cardiopulmonary disease across one of the largest cohorts, involving 204 US 
 counties [19]. The study showed that a reduction of 10 μg/m3 of PM2.5  concentrations 
would reduce approximately 1 in 10 stroke admissions. Diesel exhaust is likely to be 
a prominent contributor to the effects of urban PM on stroke in Europe [32].
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Meta-analysis of ecological studies has already shown a consistent effect of both 
gaseous and particulate air pollution and adverse cardiac events [17, 23, 33, 34]. A 
recent meta-analysis has now shown that both incident stroke and mortality form 
stroke is associated with both gaseous and particulate pollutants [18] (Fig. 1). 
Across 103 studies evaluating short-term exposure to air pollution involving 6.2 
million incident strokes or stroke deaths, there was a 1.1 % increment in the risk of 
stroke per 10 μg/m3 increment in PM2.5 levels. The associations were strongest on 
the day of the event and showed a close temporal relationship between exposure and 
outcome [18]. Interestingly, exposure to PM10 showed weaker associations with 
stroke hospitalisation and mortality compared to PM2.5 consistent with observations 
from other meta-analyses for stroke [35] and long-term exposure studies [24]. The 
underlying reasons explaining these differences remain unclear,  especially when 
compared to associations with other pathologies like heart failure where the adverse 
effects of the larger particles was more striking. These differences in  particle size 
and adverse stroke events likely reflect differences in particle  composition. However, 

Fig. 1 Meta-analysis of the association of air pollutants and stroke worldwide, stratified by time 
lag (days). Adapted from Shah et al. 2015 [18]
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mechanistic pathways will also be an influence, with larger particles exerting local 
pulmonary effects, whereas fine or ultra-fine particles cause  additional systemic 
cardiovascular effects through alternative means [10]. The adverse effect of larger 
particles in patients with heart failure was more striking, possibly  reflecting indirect 
biological pathways such as the adverse effect of sympathetic nervous  activation on 
the failing heart [10, 33]. The effect estimates noticed for particulate matter were 
consistent with meta-estimates observed for coronary artery disease [17], although 
a recent study in Germany suggests that the effect size of PM could be greater for 
stroke than coronary artery disease [36]. Of concern, a recent study performed in 
Stockholm found associations for both PM10 and NOx with stroke that, while the 
effect size was small, occurred at low levels of these pollutants [37], confirming 
previous studies demonstrating these associations at PM levels below that suggested 
by the US Environmental Protection Agency [38, 39].

3.1.3  Clinical Studies in Humans Exploring the Link Between Air 
Pollution and Stroke

Unlike in cardiac pathologies [40, 41], controlled exposure studies in patients with 
stroke remain sparse. However a few longitudinal studies do reveal potential mecha-
nisms linking exposure to air pollution and stroke. Wellenius et al. showed that 
sub-acute exposure to PM2.5 over a few weeks was associated with alteration in 
cerebral haemodynamics including increased cerebrovascular  resistance and 
reduced cerebral blood flow [42]. In a further cross-sectional analysis Newman 
et al. showed a positive association between presence of carotid artery stenosis and 
exposure to PM2.5, with a twofold increased risk of stenosis per 10 μg/m3 of PM2.5. 
This association was persistent despite adjustment for known risk factors for 
 atherosclerosis including age, sex, ethnicity, body mass index, cholesterol levels 
and hypertension [43]. Biological mechanisms which could account for these 
 observations are discussed in [44] and below.

3.2  Studies in Cells and Animals

There are limited options to perform insightful controlled exposure studies to 
 examine the relationship between air pollution in stroke in man. Thus it falls to 
preclinical studies to dissect mechanisms more precisely (for reviews of various 
experimental models of stroke, see [45–47]). Yet there are surprisingly few cellular 
or animal studies that explore the mechanistic actions of PM in stroke, largely due 
to the difficulty of recreating the multiple pathophysiological processes of stroke 
with ‘simple’ experimental models. Cell culture studies are a key means to 
 investigate the specific cellular processes of particle toxicology. Cultures of 
 astrocytes, neurons, microglia can be used to investigate the cellular response to 
ischaemia, with additional levels of complexity provided through co-cultures, 
 conditioned media or slices of brain tissue bathed in physiological, hypoxic or 
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 glucose-depleted buffers. In vivo models of stroke clearly have a greater  physiological 
relevance, whereby a cerebroarterial insult is provided through surgical means, 
pharmacological tools or genetic modifications. Although the insult itself will not 
necessarily reflect the stimuli that induces stroke physiologically, these models have 
been employed to provide useful insight into the action of PM on the response to 
cerebrovascular injury.

3.2.1  Cell Studies

The ultimate consequence of stroke is the loss of blood flow to an area of the brain, 
causing ischaemic damage to the cells downstream. Ischaemia causes a series of bio-
molecular cascades that can culminate in neuropathological changes: alterations in 
glutamatergic activity, cellular calcium redistribution, changes in neuronal  excitability, 
neuroinflammation, ionic imbalance, oedema, oxidative stress, changes to mitochon-
drial function, neuronal apoptosis, upregulation of matrix  metalloproteinases, cell 
death, etc. CDNPs have been shown to promote many of these pathways of ischaemic 
damage. For example, cortical neurons were shown to be especially susceptible to 
oxygen and glucose deprivation in the presence of PM10 from a Chinese city [48]. 
Particle toxicity varied with season, suggesting  differences in particle source and/or 
composition across the year. Davis et al. 2013 tested the ultrafine fraction of PM on 
hippocampal slices in vitro, demonstrating a number of alterations in synaptic  function 
mediated via glutamatergic transmission and  nitrosylation of N-methyl-d-aspartate 
(NMDA) channels [49]. Inflammation and oxidative stress are key drivers of particle-
induced changes in neuronal preparations in vitro, which coincides with the inflam-
matory responses in the blood to PM10 exposure in man (see Sect. 4.5). The 
glutamatergic effects of ultrafine PM in cultured neuronal and glial cells were closely 
associated with inflammatory cytokines and the ability of the PM itself to generate 
free radicals [50]. Diesel exhaust particulate (DEP) altered the levels of dopamine and 
its metabolites in PC-12 cells via, and potentially contributing to, reactive oxygen 
species generation [51]. Both oxidative stress and inflammation are key pathways in 
the response to urban nanoparticles in (co-)cultured brain cells, although the balance 
of molecular pathways depends on the interaction between cells and the species origin 
of the cells [52]. Primary cultures of microvascular cells can also be used to model 
cerebral arteries. In particular the endothelial cells that line the inner surface of  arteries 
that are crucial to vascular health, and an early target in the disease processes 
 underlying cerebrovascular disease. Reactive oxygen species once again are a 
 prominent mechanism of DEP action in this cell type [53, 54].

3.2.2  Animal Studies

Several animal models are used to investigate stroke. Focal or global ischaemia can 
be generated by permanent or temporary surgical ligation, or advancement of an 
intravascular filament/emboli into the cerebral artery. Injury can be produced 
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through electrothrombosis or photochemical injury. Alternatively, stroke-prone 
spontaneously hypertensive rats (SPSHR) or infusion of potent vasoconstrictors can 
be also used. Infusion of collagenase provides a model of haemorrhagic stroke. The 
endpoint studied is usually infarct (or haemotoma) size or neurological defect (e.g. 
sensorimotor/behavioural). Histochemical staining of the brain or changes in blood 
brain barrier function leucocyte infiltration or platelet adhesion provide additional 
mechanistic insight.

In relation to air pollution, several groups have studied the effect of inhaled 
 particles on the central actions (e.g. neurotoxicity and neurodegeneration) of  exposure 
(see [55, 56] for review). However, these models reflect downstream actions of stroke 
as opposed the vascular effects that instigate them. Nevertheless, many investigate 
mechanisms that provide a closer link between the vasculature and downstream 
pathology induced by PM. Guo et al. repeatedly instilled rats with PM10 from a coal-
burning China city [48]. Electron microscopy analysis of brain slices from the ani-
mals demonstrated morphological changes in synapses that  correlated with 
dysregulation of the vascular endothelium and inflammation of the cortex. The bio-
logical actions were associated with carbon content and levels polyaromatic hydro-
carbons in the brain. Parallel in vitro models of brain slices in deoxygenated buffers 
showed a similar susceptibility to PM. Morgan et al. [50] collected urban ultrafine 
particles (UFPs) and demonstrated they had the capacity to generate free radicals in 
the absence of cells. The UFPs were resuspended and given to rats by aerosolisation 
or directly to brain slices in vitro. In vivo exposure changed  glutamatergic function in 
neuronal and glial cells, and increased levels of inflammatory cytokines. Similar 
pathways were activated in embryonic neuron cultures in vitro, leading the authors to 
conclude that urban nanoparticles have the capacity to detrimentally affect the 
response to cerebral ischaemia via both direct and indirect means.

Intratracheal instillation of animals with a suspension of PM is a useful way to 
explore specifically the particulate components of air pollutants in a manner that 
resembles inhalation exposure. Walleborn et al. made a comparison of the response 
to instillation of oil-combustion PM in healthy versus SPSHR [57]. While stroke 
itself was not explored, the SPSHR showed a greater increase in cardiac ferritin and 
expression of genes linked to oxidative stress. Interestingly, the levels of lung 
inflammation were similar in both strains. Further evidence of the role of oxidative 
stress is the upregulation of haemoxygenase expression (a key antioxidant pathway) 
in the brain after instillation of PM10 in mice [58]. The content of transition metals 
in inhaled PM from urban environments correlated with biological action,  suggesting 
a role for metal-derived free radical generation [56, 59].

PM has also been shown to affect blood-brain barrier (BBB) function [60]. DEP 
upregulates the efflux transporter P-glycoprotein in isolated cerebral arteries [61]. 
The effect could be prevented through inhibition of NAD(P)H oxidase or TNFα 
blockade, again indicating a causative role for both oxidative stress and  inflammation. 
In a detailed study, Oppenheim et al. (2013) used Apolipoprotein-E knockout mice 
to show that mixed vehicle exhaust altered BBB function in vivo [62]. Exposure 
was associated with decreased levels of tight junction proteins (occludin and 
 claudin- 5), increased matrix metalloproteinase activity in cerebral microvessels, 
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and various indications of inflammation were evident in the parenchyma. 
Interestingly serum from these animals had similar effects on an in vitro model. 
Taken as a whole, the study provides strong evidence for a mode of action; PM 
inhalation leads to a blood-borne mediator, that disrupts the integrity of the 
 vasculature in the blood brain barrier, resulting in increased sensitivity to a 
 proinflammatory/pro-oxidative insult within the brain.

4  Biological Mechanisms: How Could Particles Affect 
the Cerebral Circulation?

The epidemiological studies clearly show that airborne PM increases the risk of stroke, 
and preclinical studies have shed light on the possible means through which particles 
can exacerbate the response to injury. But there is a missing link: what is(/are) the 
mechanism(s) by which ambient PM causes stroke? Essentially, what needs to be 
established is how inhalation of particles promotes the blockage or rupture of cerebral 
arteries? The link from lung to artery is a reoccurring question in the field of particle 
toxicology and a block that we have only chipped slowly away at over the last few 
decades. While the cerebral circulation is a challenging vascular bed to address, many 
inferences can be drawn based on our knowledge of how inhaled particles affect other 
systemic arteries (see Fig. 2 for an overview).

4.1  From the Lung to the Artery

The means in which inhaled particles enter and deposit in the alveoli of the lungs 
have been well characterised. But how then do inhaled particles have cardiovascu-
lar actions: what is the ‘signal’ that links the lung to the heart and blood vessels? 
This question has hindered research in this field for many years, although three 
 hypotheses have emerged. The traditional (‘inflammation’) hypothesis is that 
inhaled particles are ingested by alveolar macrophages, activating these cells to an 
extent that induces a significant pulmonary inflammation. Inflammatory mediators 
then ‘spill- over’ into the circulation and alter cardiovascular function ‘indirectly’ 
[63]. Alternatively,  particles can stimulate sensory receptors on the alveolar surface 
providing a neural stimulus that results in changes in autonomic function, altering 
cardiovascular homeostasis, particularly that of the heart [64, 65]. More recently it 
has been hypothesised that the minute size of nanoparticles allows them to cross 
 (“translocate”) into the blood themselves and directly interact with the vasculature 
[66]. There is evidence for and against each hypothesis, and it is likely that all three 
pathways, and others, play a role to some extent; the degree of which will depend 
on which facet of the  cardiovascular system is being investigated [67]. None of 
these pathways is specifically tailored to the  subject of cerebrovascular disease, 
yet all three clearly have relevance. Specific examples of these linking mechanisms 
are discussed in the sections below.
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4.2  Before the Lung

The translocation hypothesis for the cardiovascular effects of nanoparticles is 
 rapidly gaining ground. Undoubtedly particle translocation between organ systems 
can occur, what remains to be established is the exact mechanism for these  processes 
and their fate of particles once they enter the systemic circulation. The bulk of 
 attention has been the transit of particles across the alveolar wall, however, for 
many years the possibility of particle translocation to central regions has been 
 postulated to occur prior to the lung, at levels of the nasal passage, particularly the 
olfactory bulb. The olfactory bulb is a multi-layered structure that allows a neural 
network to transmit the sense of smell from the nasal cavity to the brain. The 
 structure has a blood capillary network and the presence of several channel  structures 
is such that there is a means by which molecules can be delivered to the brain that 
would not otherwise cross the blood brain barrier; a feature which has been exploited 
for intranasal delivery of pharmaceuticals [68]. Due to the high dose of particles in 
the nasal cavities and the route of air-flow, a proportion of particles with a low 

Fig. 2 Schematic of the multiple mechanisms through which inhaled particles may predispose or 
cause stroke. Note, the many interactions between these pathways, of which the diagram shows 
only a small selection
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 nanometer size will deposit in this area and potentially could pass through this 
structure [69–71]. Furthermore, particles have been identified in the olfactory bulbs 
of a small number of autopsies from individuals living in areas of very high air 
 pollution [72]. Indeed, evidence from animal studies demonstrates a clear 
 inflammatory response in specific brain regions following inhalation/intranasal 
exposure to ultrafine PM [73–78]. Inflammation may disrupt the structure of the 
nasal respiratory-epithelium, allowing greater access of particle/cytokines across 
this region [60]. The degree of penetration after this barrier is less clear, in particular 
to what extent particles may enter blood vessels at this juncture to allow them to be 
carried to other central structures (although there is good evidence of penetration of 
some constituents of PM at the very least; [79]). Regardless, the direct detrimental 
effects of particles on neuronal cells, discussed above, suggests that changes in cell 
excitability could be transmitted to other brain structures. Several reviews have 
been written on the role of this potential route in age-related diseases such as 
Alzheimer’s and Parkinson’s disease [60, 80–82], but the relevance of this pathway 
for stroke has not been determined.

4.3  Arrhythmia

Activation of the autonomic nervous system by inhaled particles is probably the 
most clearly defined of the three hypotheses for the cardiovascular effects of inhaled 
particles. Particles are known to induce cardiac effects which can be blocked using 
pharmacological inhibitors of alveolar sensory receptors (such as TRPV1 receptors) 
or blockade of the autonomic nervous system [83, 84]. There is an extensive 
 literature showing that inhaled urban particles reduces several parameters of heart 
rate variability [65, 85]; a parameter that is heavily regulated by the autonomic 
nervous system and a predictor of acute coronary events, and to some extent stroke 
itself [86]. Furthermore, several studies have demonstrated that particles change the 
sensitivity of baroreceptors that regulate reflex responses to vasodilation to  maintain 
blood pressure homeostasis [87–89]. Some areas of the cerebral circulation have a 
form of autonomic innervation [90], but at present it is not known if this pathway 
contributes to the association of ambient particles with stroke.

Of immediate relevance to stroke, though, is the ability of ambient PM to induce 
arrhythmias—irregular heart beating/contraction. Atrial fibrillation, in particular, 
has been estimated to increase the risk of stroke by fivefold [91]. Several factors are 
likely to contribute to this association, however, thrombotic disturbances are 
 especially important [92], e.g. increased blood coagulability and/or embolization of 
static thrombus, resulting in obstruction of downstream cerebral arteries. Urban PM 
and DEP have been shown to increase the frequency and duration of arrhythmia in 
various animal models of susceptibility (e.g. [83, 93–96]). However, there is limited 
evidence for a link between arrhythmia and acute exposure to air pollution in man, 
based on controlled exposures of a number of different particle types [97]. Whether 
such effects impact the prevalence of stroke requires further investigation.
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4.4  Blood Pressure and Arterial Stiffness

Urban air pollution has been shown to be associated with an increase in blood  pressure. 
Several mechanisms contribute to this, including loss of endogenous endothelium- 
derived vasodilator function, changes to baroreceptor autoregulation and increasing 
the synthesis and sensitivity to blood-borne vasoconstrictors such as endothelin and 
angiotensin II [98–101]. The acute increases in blood pressure are generally of a low 
magnitude (<5 mmHg) following controlled exposures in man, although there is 
clearly potential for much larger changes (up to 30 mmHg, or even greater) in animal 
studies that typical employ a higher dose of particulate (see [102, 103]). Nevertheless 
the prevalence of cardiovascular disease around the world, means that even a small 
increase in blood pressure will be associated a vast increase in the incidence of cardio-
vascular morbidity and mortality. Raised blood pressure is also a known risk factor for 
stroke, especially haemorrhage stroke, by increasing the propensity for susceptible 
vessels to rupture. Disentangling the direct and indirect mechanisms in which raised 
blood pressure increases the incidence and severity of stroke remains  challenging 
[104], and beyond the scope of the current review. Nevertheless, despite controversy 
in regards to its effectiveness, lowering of blood pressure remains one of the main 
therapeutic strategies once a stroke has occurred [105–109].

Similarly, blood vessel fragility is also influenced by the distensibility (or lack of 
plasticity) of arteries that is evident with increasing age and cardiovascular disease. 
Arterial stiffness is a term for vascular ‘aging’ due to alterations in smooth muscle cell 
phenotype and wall structure. Arterial stiffness can be measured in peripheral arteries 
(e.g. brachial, ankle, carotid, femoral) through tonometry, measuring changes in the 
blood pulse wave propagation that provides a surrogate of the arterial stiffness in 
other vascular beds. In particular, peripheral measures of arterial  stiffness have been 
shown to correlation with white matter hyperintensities, lacunar infarcts and cogni-
tive decline [110]. Measures of arterial stiffness using ambulatory blood pressure 
have also been shown to be associated with stroke [111]. Although it is not possible 
to directly measure arterial stiffness in cerebral arteries, air pollution has been shown 
to increase indices of peripheral arterial stiffness. Mehta et al. (2014) demonstrated 
that short-term exposure to air pollution (PM2.5 and sulphate within emissions) was 
associated with arterial stiffness in elderly men living in the city [112]. There is also 
an increase in arterial stiffness in children when stratified by the distance of their resi-
dence from a major road [113]. Controlled exposures to PM from vehicle exhaust 
[114] and wood smoke [115] have also been shown to increase arterial stiffness.

4.5  Blood-Borne Mediators

Inflammatory processes, as well as a range of other candidate blood-borne  mediators, 
will have a wide-ranging effects on the cardiovascular system, many of which will 
reach and affect the cerebral circulation. Some are known to be directly linked to 
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atherothrombotic disease that underlies the majority of ischaemic vessel disease, as 
well as being risk factors for aneurysm or exacerbation of the haemorrhagic stroke. 
Examples of these pathways are discussed below.

4.5.1  Inflammation

Inflammation plays a role in many diseases/conditions, and stroke is no different 
[116]. Inflammation of the cerebral arteries will lead to inflammatory cell  infiltration 
into the vessel wall, impairing endothelial cell function and contribute to 
 pathophysiology, e.g. risk of thrombosis, exacerbation of atherosclerosis and sus-
ceptibility to aneurysm. Similarly, exposure to urban PM has been shown to increase 
levels of circulating leucocytes and cytokines such as tumour necrosis  factor alpha 
(TNFα), interleukin-6, as well as acute-phase response proteins such as C-reactive 
protein (CRP), serum amyloid A and fibrinogen [117–120]. Other  inflammatory 
molecules are also frequently upregulated, including adhesion  molecules (ICAM-1, 
VCAM-1, P-selectin). Pulmonary exposure to PM in animals increases similar 
markers of inflammation in lung and the brain parenchyma [121]. Interestingly, 
intracerebral administration of pharmacological agents to block inflammatory path-
ways decreases the effects of inhaled PM2.5 in a mouse model of diabetes [122]. 
Although causality cannot be implied, inflammatory mediators and oxidative stress 
provide plausible mechanisms to link particle exposure and  cardiovascular disease 
[58]. Whether inflammation alone can account for the diverse cardiovascular actions 
of inhaled PM is uncertain [67], however, inflammation will undoubtedly be associ-
ated with a worsening of cardiovascular function and disease [123]. This will also 
be true of cerebrovascular disease where inflammation is  considered to be a risk 
factor for both prevalence and severity of stroke.

4.5.2  Oxidative Stress

Inflammation and oxidative stress go hand-in-hand in most disease processes, often 
in a synergistic manner. This is especially true of ambient particles which have the 
capacity to generate oxygen-derived free radicals from the particle surface itself, 
and a propensity for inflammatory cell activation following engulfment of particles. 
The sources and biological actions of particle-derived oxidative stress have been 
reviewed previously [67, 102]. Oxidative stress itself plays many and varied roles in 
several stages of the pathophysiological actions of stroke, in response to both isch-
aemia and reperfusion, should it occur (see [124–126]). Blood vessel function is 
notably affected by oxidative stress, through the scavenging of nitric oxide (NO); a 
mediator produced by the vascular endothelium that controls blood vessel tone. NO 
is a key mediator of homeostasis in cerebral blood vessels, as well as having a func-
tional role in other cells within the central nervous system (CNS) [127]. Cells within 
the CNS have antioxidant protection mechanisms like all other cells, however, the 
cellular reserves of these are considered to be lower than many other cell types 
[128]. Furthermore, the brain has high levels of oxygen consumption and contains 
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high levels of various fatty acids that are highly susceptible to oxidative stress. 
Oxidised lipids and arachidonic acid metabolites (such as isoprostanes), among 
 others, are carried by the blood and there is the increasing evidence that these 
 molecules are active species (as opposed to just biomarkers of oxidative stress) 
[129]. Certainly there appears to be a close relationship between oxidative stress 
and lipid modification in the brain and systemic organs of PM10-exposed mice [58]. 
Accordingly the depletion of antioxidants is a frequent observation in cellular 
 models of cerebrovascular damage. Interestingly deficiency of antioxidants is also 
associated with atrial arrhythmia, another risk factor for stroke [130]. The role of 
oxidative stress is key to many of processes of stroke, however, at present  antioxidant 
therapies have proved relatively unsuccessful, most likely due to the delay in 
 starting therapy after critical oxidative damage has occurred [125, 126].

4.5.3  Lipids

The oxidation of blood-borne lipoproteins is a key step in the initiation of 
 atherosclerosis (see below). DEP has been shown to oxidised low-density  lipoprotein 
and potentiate atherosclerosis [54]. Indeed there is a synergistic effect of PM and low 
density lipoproteins in terms of regulating the gene expression of multiple  pathways 
associated with cardiovascular disease. Furthermore, ambient particles are associ-
ated with an increase in plasma lipoprotein-associated phospholipase A2 (an enzyme 
that generates various lipid products that can trigger an inflammatory  cascade); an 
independent risk factor for stroke [131]. Interestingly, there is  increasing recognition 
of the influence of blood lipid profile on age-related conditions such as Alzheimer’s 
disease ([132]; see also previous chapters). Accordingly, statins have been shown to 
reduce the risk of stroke; the efficacy of which will undoubtedly reflect their pleio-
tropic effects (e.g. anti-inflammatory, anti-platelet, dampening oxidative damage, 
atherosclerotic plaque stabilisation) in addition to being lipid lowering [104, 133]. 
Finally there is the possibility that lipid modification may also affect the structural 
integrity of the blood brain barrier [134], granting better access to the brain for 
unwanted blood-borne mediators, and perhaps particles themselves.

4.6  Thrombosis

High levels of PM are also associated with a change in the balance of thrombosis/
thrombolysis to augment clotting. This possibility was first raised from the 
 observation that PM was associated with increased levels of fibrinogen [135]. 
Subsequently, a variety of factors in the coagulation cascade, platelet aggregability, 
or other aspects of hemostasis solidified this observation [136, 137]. Raised blood 
coagulability will increase the likelihood of occlusive thrombus and embolization 
that underlies ischaemic stroke. Similarly, platelet activation interacts with a num-
ber of other risk factors/causes of stroke, and antiplatelet drugs reduce the risk of 
ischaemic stroke (although counter-indicated in haemorrhagic stroke). Exposure to 
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urban air pollution is associated with platelet hyperactivity [119, 138–140], and 
controlled exposure to vehicle exhaust increases the extent of platelet-rich 
 thrombosis [141]. In an elegant study, Nemmar et al. demonstrated that pulmonary 
exposure to DEP exacerbated the extent of photochemical-induced thrombosis 
within  cerebral microvessels in vivo [142]. Administration of an antioxidant  cysteine 
pro-drug prevented the action of DEP.

One of the main therapeutic treatments for ischaemic stroke is administration of 
the recombinant t-PA. Controlled exposures to diesel exhaust have shown that there 
is not only a loss of vascular endothelium-derived NO (which inhibits platelet aggre-
gability and platelet-leucocyte interactions, as well as controlling vascular tone) but 
also a loss of the release of endogenous t-PA from endothelial cells [143]. Since t-PA 
is far more effective at removing thrombosis if present at the  initiation of the clot 
[144], as opposed to later on, exposure to air pollution in the early onset of  ischaemic 
stroke may have significant effects on the severity of the stroke and  effectiveness of 
other treatments.

4.7  From Car to Carotid

Atherosclerosis is the build up of lipid- and inflammatory cell-rich plaques at the 
bifurcations/curvature of large arteries. Atherosclerotic plaques are not uncommon 
in arteries leading to the CNS, e.g. the carotid and vertebral arteries. However, large 
vessel disease can also extend to the cerebral circulation itself, such as the middle 
cerebral artery or other major branches from the Circle of Willis [145]. Erosion of 
atherosclerotic plaques may result in the build up of thrombus on their surface, or 
immobilisation of the clot to block smaller arteries downstream in the cerebral 
 circulation [146]. There is now a wealth of evidence linking long-term exposure to 
air pollutants to the prevalence of atherosclerosis. Animal studies have  demonstrated 
that the particles in vehicle emissions increase both the size of atherosclerotic 
plaques and indicators of plaque vulnerability to rupture [147, 148]. This topic is 
reviewed in detail in Chap. “Jesus Araujo, on particles and atherosclerosis” of this 
book and [149].

Of interest, the early evidence for the proatherosclerotic effects of air pollution 
in man were demonstrated through measurement of plaques in the carotid artery in 
 residents of high pollution areas or adjacent to major roads, [150–152]. The acces-
sibility of the carotid artery to non-invasive imaging by ultrasound is ultimately the 
reason for this, although since the carotid is the major artery leading the cerebral 
circulation there is a clear relevance for stroke. While occlusion of the major carotid 
arteries is rarer than that of occlusion of the smaller downstream arteries [153], 
partial  occlusion of the carotid arteries can be symptomatic, and its presence 
increases the likelihood of embolism from carotid plaque erosion.

For further discussion of the experimental models and mechanisms underlying 
the CNS effects of air pollution, see the excellent reviews by Genc et al. [79] and 
Calderon-Garciduenas and colleagues [82, 154].
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5  Summary and Conclusions

Stroke remains the second most common cause of death and third most impor-
tant cause of disability worldwide. Over the last 20 years many environmental 
studies have evaluated the association between outdoor air pollution and stroke 
with  varying conclusions. Long-term and recent meta-analysis of short-term 
ecological studies have shown that both acute and chronic exposure to ambient 
pollutants are associated with cerebrovascular disease. Additionally, the diver-
sity of location of studies provides insight into commonalities and highlights 
potentially susceptible populations in countries of varying socioeconomic status 
[18, 155]. Overall, air  pollution is now a recognized risk factor for cardiorespira-
tory mortality—indeed several types of air pollutants are listed in the top-ten 
risk factors for all cause  mortality worldwide [20]. On the evidence presented 
above, can we be even more implicit, and classify airborne PM as a risk factor 
for stroke?

Epidemiological studies have consistently highlighted small particulate matter 
in air pollution as a major risk factor for stroke. That is not to say that other 
 constituents of air pollution are not detrimental, and human and animal studies have 
suggested an  association for gases such as NO2 [156], SO2 [157] and O3 [158], as 
well as less well-recognised larger particles in Asian dust storms [159, 160]. However, 
meta-analyses  emphasis PM2.5 as the major constituent of urban air pollution both in 
terms of  consistency and magnitude of the relative risk of stroke. Ultrafine particles 
 cannot currently be measured on a population level, however, evidence suggests that 
this  proportion of PM could be especially likely to pose a risk of cerebrovascular 
events [161].

The exact mechanisms and biological plausibility on how exposure relates to 
outcome remains unclear. Identification of biological mechanisms would be 
greatly aided by more accurate models to assess the vascular events that precede 
stroke, and through the use of in vivo models of co-morbidity such as hyperten-
sion, atherosclerosis and lipid imbalance. However, we can gather much insight 
from what we know of how inhaled particles affect other arterial beds. Mechanistic 
pathways are likely to be many and act in concert [162]. They include particle 
translocation (into the blood stream and possibly across barriers to the CNS), 
changes in autonomic function, inflammation, oxidative stress, changes to blood 
coagulability, increased blood pressure and exacerbation of atherosclerosis to 
name but a few.

On a positive note, air quality is undoubtedly improving. While there is a long-
way to go, there is an ever-increasing activity on the control of emissions, and also 
identifying which ones are harmful and why. With better techniques, biological 
models and predictive toxicological assays our understanding of particle toxicology 
is rapidly increasing. And accordingly, new interventions and initiatives to reduce 
these emissions will undoubtedly improve cardiovascular health, and hopefully 
reduce the incidence and severity of cerebrovascular disease.
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1  Exposure to Air Pollutants Lead to Enhanced 
Cardiovascular Diseases

1.1  Particulate Matter and Cardiovascular Effects: General 
Concepts

Numerous epidemiological studies support the association of air pollution with 
adverse health effects leading to increased morbidity and mortality of worldwide 
significance [1–3]. Air pollution-related deaths are mostly due to cardiovascular and 
cerebrovascular diseases [4], which together accounted for 80 % of all deaths 
 worldwide (40 % each) attributed to ambient air pollution in 2012 [5]. This is quite 
significant since heart disease remained as the top leading cause of death in the US 
[6] and in the world [7] in 2011. Exposure to air pollution is recognized as a relevant 
cardiovascular risk factor given its potential to affect large numbers of people 
around the globe, but it is frequently overlooked. The nature of the cardiovascular 
effects of air pollution and potential mechanisms involved have been the focus of 
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two Concensus Statements from the American Heart Association in 2004 [1] and 
2010 [3], and an Expert Consensus document from the European Society of 
Cardiology in 2015 [8] targeted to the healthcare professionals and researchers, 
which underline the importance of this topic for the general community.

Air pollutants are within a complex mixture of compounds with gaseous (ozone, 
carbon monoxide, sulfur and nitrogen oxides) and particle phases, although the 
 cardiovascular effects have been mostly ascribed to the particulate matter (PM) com-
ponents [2, 3, 9]. Indeed, ambient PM pollution ranked within the top ten  leading 
risk factors associated with the global burden of disease worldwide,  resulting in 
3.0 % of the global disability-adjusted life-years [10]. Ambient particles can be clas-
sified according to their aerodynamic diameter in size fractions such as PM10 
 (“thoracic” particles, <10 μm), PM2.5-10 (“coarse” particles, 2.5–10 μm), PM2.5 (fine 
particles, <2.5 μm) and UFP (ultrafine particles, <0.1 μm) that are derived from 
 various sources and by a variety of processes characteristic of each size fraction [11]. 
Interestingly, although the associations appear to be stronger with PM  components, 
two meta-analyses, one with 34 studies (with 17 time-series and 17 case-crossover 
designs) and the other with 35 studies, revealed that with the exception of ozone, all 
the main air pollutants that were studied (PM10, PM2.5, carbon monoxide, nitrogen 
dioxide and sulfur dioxide) were significantly associated with an increased risk for 
myocardial infarction (MI) [12] and heart failure hospitalizations [13].

Air pollution-mediated cardiovascular actions include a large range of effects on 
various processes such as atherosclerosis, platelet aggregability and thrombosis, 
vasoreactivity, arrhythmias and possibly cardiac systolic function that are likely 
responsible for the association with increased risk for myocardial infarction [12], 
cerebrovascular events [14] and heart failure hospitalizations [13]. Three main 
mechanisms have been proposed to explain how inhalation of ambient pollutants 
could result in systemic cardiovascular effects such as: (1) activation of pulmonary 
receptors resulting in autonomic nervous system imbalance and the development of 
dysrhythmias, (2) induction of pulmonary and systemic inflammation, (3) access of 
particles, gases or their chemical constituents to the systemic circulation. This 
 chapter focuses on the inflammatory effects induced by particulate matter that lead 
to promotion of atherosclerosis and ischemic heart disease.

1.2  Exposure to Particulate Matter Associates 
with Atherosclerosis in Human Studies

Exposure to ambient PM positively associates with various measures of subclinical 
atherosclerosis in humans (Table 1). The first study was reported in 2005, where 
Kunzli et al. reported that the degree of carotid intima-medial thickness (CIMT) 
 correlated with an increase of 5.9 % per every 10 μg/m3 rise in PM2.5 levels [15] in 
798 individuals studied with a cross-sectional design (Table 1). Data from the 
 Multi- Ethnic Study of Atherosclerosis (MESA) further supports the association 
between PM and atherosclerosis [16]. Diez Roux et al. reported that PM10 exposures 
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assessed over long-term (20-year means and 2001 mean) and 20-year PM2.5  exposures 
correlated with a 1–3 % increase in CIMT per 21 μg/m3 increase in PM10 or 12.5 μg/
m3 increase in PM2.5, respectively [16]. In addition, Allen et al. reported that PM2.5 
exposures were correlated with an increased risk for aortic calcification in a related 
study [17] (Table 1). Data from the Heinz Nixdorf Recall (HNR) study is also sup-
portive, a population-based cohort of 4814 participants where exposure to PM2.5, 
PM10 and distance to a major road and high traffic were associated with an increase 
in coronary artery calcium scores (CACS) and/or CIMT [18, 19]. Thus, subjects 
 living within 101 to 200 m, 51 to 100 or less than 50 m showed an increase of 8 %, 
34 % and 63 % in the probability of having a high CACS, respectively, as compared 
with subjects living >200 meters away from a major road (Table 1). While there were 
also small associations between noise and subclinical atherosclerosis, the  associations 
were much stronger with PM2.5 exposure [20] (Table 1). In addition, the association 
between CIMT and one-year exposure to PM2.5 was robust to the inclusion of all 
major known risk factors for atherosclerosis and stronger than for larger PM10 
 particles [18]. This is consistent with the greater effects of the PM2.5 fraction on 
 long-term cardiovascular mortality [21] and the notion that the cardiovascular effects 
are favored by a smaller particle size [9]. However, using a standardized exposure 
and analytical protocol in four European cohorts that included the European Study 
of Cohorts for Air Pollution Effects (ESCAPE Study) in Sweden, the Ausburg and 
Ruhr areas in Germany, and the Girona area in Spain, Perez et al. found that 
 cross-sectional associations between CIMT and eight ESCAPE markers of  long-term 
residential air pollution exposure were mostly positive but did not reach significance 
[22] (Table 1). A meta-analysis with 9183 individuals also showed positive but not 
significant associations [22]. However, a meta-analysis of eight published studies, 
including 18,340 participants for cross-sectional associations between CIMT and 
PM exposure, found a robust increase of 5 μg/m3 PM2.5 associated with a 1.66 % 
thicker CIMT (average increase of 12.1 μm) [23]. Importantly, this metanalysis 
included the four European cohorts where no significant associations had been 
found. These positive associations replicated in Asia where long-term exposures to 
air pollution associated with CIMT in 689 middle- aged adults in Taiwan [24].

PM exposure levels also associate with the progression of atherosclerotic  disease. 
Kunzli et al. reported that the annual rate of CIMT progression among individuals 
living within 100 m of a highway was accelerated and more than twice the  population 
mean rate of progression [25]. Wilker et al. reported data from the Normative Aging 
study where 380 participants were followed-up between 2004 and 2008, with two 
or three CIMT measurements, which showed a positive association between a 
 one-interquartile range increase in 1-year average levels of black carbon and 1.1 % 
higher CMT, based on a fully adjusted model [26]. A 5-year follow-up of the MESA 
study also showed that among 5362 participants, with a mean annual progression of 
14 μm/year, subjects exposed to 2.5 μg/m3 exhibited a greater rate of CIMT 
 progression over 5 years (increase of 5.0 μm/year). Importantly, reductions in PM2.5 
exposure from a fixed baseline were associated with a slower progression in the 
CIMT (−2.8 μm/year per each 1 μg/m3 reduction in PM2.5) [27], suggesting a causal 
link between PM exposure and atherogenesis.
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Table 1 Human studies linking air pollution exposure with subclinical measures of atherosclerosis

Study Air pollutant
Evaluation of 
atherosclerosis Major findings Reference

Kunzli 
et al. 
(2005)

PM2.5 CIMT 5.9 % increase in CIMT per every 
10 μg PM2.5/m3

[15]
Ozone

Hoffman 
et al. 
(2007)

PM2.5 CACS Increased CACS with shorter 
distances to a major road

[19]
Distance to 
major road

Diez Roux 
et al. 
(2008)

PM10 CIMT 1–3 % increase in CIMT per every 
increase in 21 and 12.5 μg/m3 of 
PM10 and PM2.5 respectively

[16]
PM2.5 CACS

BAI
Allen et al. 
(2009)

PM 2.5 Aortic 
calcification

6 % increase in the risk of aortic 
calcification with a 10 μg/m3 
increase in PM2.5

[17]
Distance to 
major road

Bauer 
et al. 
(2010)

PM2.5 CIMT 4.3 %, 1.7 % and 1.2 % increases 
in CIMT per interdecile range 
increases in PM2.5 (4.2 μg/m3), 
PM10 (6.7 μg/m3) and distance to 
traffic (1939 m), respectively

[130]
PM10

Distance to 
high traffic

Kunzli 
et al. 
(2010)

PM2.5 CIMT Greater annual progression of 
CIMT among individuals 
living < 100 m from a highway

[25]
Distance to 
highway or 
major road

Wilker 
et al. 
(2013)

Black Carbon CIMT 1.1 % higher CIMT was associated 
with a one- interquartile range 
increase in 1-year average black 
carbon (0.26 μg/ m3)

[26]

Adar et al. 
(2013)

PM2.5 CIMT 2.5 μg/ m3 higher PM2.5 levels 
associated with greater CIMT 
progression over 5 years (increase 
of 5.0 μm/year) while greater 
reductions in PM2.5 over a fixed 
baseline PM2.5 associated with 
slowed CIMT progression

[27]

Kälsch 
et al. 
(2014)

PM2.5 TACS 18.1 % and 3.9 % increases in 
burden of thoracic aortic 
calcification per increases of 
2.4 μg/ m3 PM2.5 and 5 dB(A) Lnight

[131]
PM10

Lden CACS
Lnight

J.A. Araujo and G. Ramanathan
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Table 1 (continued)

Study Air pollutant
Evaluation of 
atherosclerosis Major findings Reference

Perez et al. 
(2015)

PM2.5 and 
PM2.5abs

CIMT Positive but not statistically 
significant associations between 
CIMT and PM2.5, PM2.5 abs, traffic 
load within 100 m of home, and 
traffic intensity at the nearest road. 
No significant inverse associations 
between CIMT and NO2, NOx, 
PM10 or PMcoarse

[132]

PM10

PMcoarse

NO2, NOx

Proximity to 
high traffic
Traffic 
intensity

Su et al. 
(2015)

PM2.5abs CIMT Average percentage increases in 
maximum left CIMT of 4.23 % 
per 1.0x10−5 μg/m increase in 
PM2.5abs, 3.72 % per 10 μg/m3 
increase in PM10, 2.81 % or 0.74 % 
per 20 μg/m3 or 10 μg/m3 increase 
in NO2 or NOx

[24]
PM10

NO2

NOx

Studies are listed in chronological order based on the year of publication. BAI = Brachial artery 
index, CIMT = Carotid intima-media thickness, CACS = coronary artery calcification score, 
Lden = weighted 24 h mean of road traffic noise, Lnight = mean of night-noise (22-6 h), 
TACS = Thoracic aorta calcification score, PM2.5abs = absorbance levels of PM2.5

1.3  Particulate Matter Enhances Atherogenesis  
in Animal Studies

While the epidemiological studies support associations between ambient PM expo-
sure mass and subclinical measures of atherosclerosis in humans, studies with 
experimental animals indicate that these associations are causal. Table 2 summa-
rizes several of these studies using various animal models.

Exposures to air pollutants have been performed using intra-tracheal instillations 
(I.T.) of PM as well as inhalation of polluted air, concentrated ambient particles 
(CAPs) or motor vehicle emissions such as diesel exhaust (DE), gasoline exhaust 
(GE) and mixed vehicular emissions (MVE). Both I.T. and inhalatory studies are 
informative in understanding and dissecting relevant pathological events.

I.T. administration of PM10 or carbon black have been shown to stimulate athero-
genesis in Watanabe hyperlipidemic rabbits [28, 29] and low density lipoprotein 
receptor deficient (LDL-R−/−) mice [30], respectively. In those studies, atherosclero-
sis was assessed both in the coronary arteries [29] and in the aorta [28–30]. The 
effects of concentrated PM2.5 have been evaluated with long-term inhalation 
 exposures. Seven studies have been reported where concentrated PM2.5 led to 
enhanced atherosclerosis in apolipoprotein E null (Apo E−/−) and low-density lipo-
protein receptor null (LDL-R−/−) mice. Thus, animals were exposed to fine CAPs in 
suburban Sterling Forest, New York [31–35], urban Manhattan, New York [36] or 

Particle-Induced Inflammation and Cardiovascular Diseases



Ta
bl

e 
2 

A
ni

m
al

 s
tu

di
es

 o
n 

th
e 

ef
fe

ct
s 

of
 a

ir
 p

ol
lu

ta
nt

s 
on

 li
pi

ds
 a

nd
 a

th
er

os
cl

er
os

is

St
ud

y
A

ir
 p

ol
lu

ta
nt

A
ni

m
al

 m
od

el
D

ie
t

M
aj

or
 fi

nd
in

gs
 (

in
du

ce
d 

by
 th

e 
ex

po
su

re
 to

 a
ir

 p
ol

lu
ta

nt
 v

s.
 F

A
 

co
nt

ro
ls

)
R

ef
er

en
ce

Su
w

a 
et

 a
l. 

(2
00

2)
I.

T.
 P

M
10

 , 
2 

da
ys

/w
ee

k 
 

X
 4

 w
ee

ks
W

at
an

ab
e 

ra
bb

its
C

ho
w

In
cr

ea
se

 in
 %

 le
si

on
al

 v
ol

um
e 

in
 c

or
on

ar
y 

ar
te

ri
es

 a
nd

 a
or

ta
[2

9]

In
cr

ea
se

 in
 c

ir
cu

la
tin

g 
po

ly
m

or
ph

on
uc

le
ar

 le
uk

oc
yt

es

N
o 

ef
fe

ct
s 

on
 p

la
sm

a 
lip

id
s

C
he

n 
an

d 
N

ad
zi

ej
ko

 
(2

00
5)

In
ha

le
d 

C
A

Ps
(P

M
2.

5)
A

po
E

−
/−

, L
D

L
−

/−
  

m
ic

e 
an

d 
 

A
po

E
−

/−
 m

ic
e

C
ho

w
In

cr
ea

se
 in

 %
 le

si
on

al
 a

re
a 

in
 w

ho
le

 a
or

ta
 in

 A
po

E
−/

−  
m

ic
e 

bu
t  

no
t i

n 
A

po
E

−/
− ,

 L
D

L
−/

−  
m

ic
e

[3
1]

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
 

X
 5

 m
on

th
s

C
ho

w

Su
n 

et
 a

l. 
(2

00
5)

In
ha

le
d 

C
A

Ps
(P

M
2.

5)
A

po
E

−
/−

 m
ic

e
C

ho
w

 o
r 

C
E

D
In

cr
ea

se
 in

 %
 le

si
on

al
 a

re
a 

in
 c

ro
ss

-s
ec

tio
ns

 o
f 

ao
rt

a 
in

  
C

E
D

-f
ed

 m
ic

e 
an

d 
N

.S
. i

nc
re

as
e 

in
 c

ho
w

-f
ed

 m
ic

e
[3

3]

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
X

 
6 

m
on

th
s

Sm
al

l i
nc

re
as

e 
in

 to
ta

l p
la

sm
a 

ch
ol

es
te

ro
l i

n 
C

E
D

-f
ed

 m
ic

e 
 

bu
t s

m
al

l d
ec

re
as

e 
in

 c
ho

w
-f

ed
 m

ic
e.

N
iw

a 
et

 a
l. 

(2
00

7)
I.

T.
 C

ar
bo

n 
bl

ac
k

L
D

L
-R

−
/−

 m
ic

e
C

E
D

In
cr

ea
se

 in
 %

 le
si

on
al

 a
re

a 
in

 w
ho

le
 a

or
ta

[3
0]

1x
/w

ee
k 

X
 1

0 
w

ee
ks

In
cr

ea
se

 in
 C

-r
ea

ct
iv

e 
pr

ot
ei

n

Su
n 

et
 a

l. 
(2

00
8)

In
ha

le
d 

C
A

Ps
(P

M
2.

5)
A

po
E

−
/−

 m
ic

e
C

ho
w

  
or

 C
E

D
In

cr
ea

se
 in

 %
 le

si
on

al
 a

re
a 

in
 a

or
ta

 in
 C

E
D

-f
ed

 m
ic

e 
an

d 
N

.S
  

in
cr

ea
se

 in
 c

ho
w

-r
ed

 m
ic

e,
 a

ss
es

se
d 

by
 u

ltr
as

ou
nd

[3
4]

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
X

 
6 

m
on

th
s

Pl
aq

ue
s 

ha
d 

a 
gr

ea
te

r 
co

nt
en

t o
f 

tis
su

e 
fa

ct
or

 p
ro

te
in

Y
at

er
a 

et
 a

l. 
 

(2
00

8)
I.

T.
 P

M
10

W
at

an
ab

e 
ra

bb
its

C
ho

w
In

cr
ea

se
 in

 %
 le

si
on

al
 v

ol
um

e 
an

d 
%

 le
si

on
al

 a
re

a 
in

 th
e 

ao
rt

a
[2

8]

2 
da

ys
/w

 X
 4

 w
ee

ks
In

cr
ea

se
 in

 c
ir

cu
la

tin
g 

m
on

oc
yt

es
 2

4 
ho

ur
s 

af
te

r 
fir

st
 I

.T
  

tr
ea

tm
en

t

A
ra

uj
o 

et
 a

l. 
 

(2
00

8)
In

ha
le

d 
C

A
Ps

(P
M

2.
5 a

nd
  

U
FP

)
A

po
E

−
/−

 m
ic

e
C

ho
w

In
cr

ea
se

 in
 le

si
on

al
 a

re
a 

in
 a

or
tic

 r
oo

t o
f 

U
FP

-e
xp

os
ed

 m
ic

e 
 

N
.S

 in
cr

ea
se

 in
 P

M
2.

5-
 ex

po
se

d 
m

ic
e

[4
5]

Sm
al

l i
nc

re
as

e 
in

 p
la

sm
a 

to
ta

l c
ho

le
st

er
ol

 in
 th

e 
PM

2.
5 g

ro
up

3x
/w

ee
k 

X
 5

 w
ee

ks
In

cr
ea

se
 in

 li
ve

r 
M

D
A

 in
 P

M
2.

5 a
nd

 U
FP

-e
xp

os
ed

 m
ic

e

D
ys

fu
nc

tio
na

l p
la

sm
a 

H
D

L
 in

 m
ic

e 
ex

po
se

d 
to

 P
M

2.
5 a

nd
  

U
FP

, m
or

e 
pr

om
in

en
t i

n 
U

FP
 (

H
D

L
 b

ec
am

e 
pr

oi
nfl

am
m

at
or

y)



(c
on

tin
ue

d)

C
as

tr
o-

 So
ar

es
  

et
 a

l. 
(2

00
9)

In
ha

le
d 

po
llu

te
d 

am
bi

en
t  

ai
r

L
D

L
R

−
/−

 m
ic

e
C

E
D

In
cr

ea
se

 in
 a

or
tic

 w
al

l t
hi

ck
ne

ss
 in

 th
e 

C
E

D
-f

ed
 m

ic
e 

bu
t  

no
t i

n 
%

 le
si

on
al

 a
re

a
[1

01
]

C
ho

w
In

cr
ea

se
 in

 L
D

L
 s

us
ce

pt
ib

ili
ty

 to
 o

xi
da

tio
n,

 p
la

sm
a 

an
ti-

 
ox

L
D

L
 a

nd
 a

nt
i-

ap
oB

 a
nt

ib
od

ie
s,

 w
hi

ch
 w

as
 m

or
e 

 
pr

on
ou

nc
ed

 in
 C

E
D

-f
ed

 m
ic

e

Y
in

g 
et

 a
l. 

(2
00

9)
In

ha
le

d 
C

A
Ps

(P
M

2.
5)

A
po

E
−

/−
 m

ic
e

C
E

D
In

cr
ea

se
 in

 %
 le

si
on

al
 a

re
a 

in
 c

ro
ss

-s
ec

tio
ns

 o
f 

ao
rt

a
[6

1]

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
X

 
4 

m
on

th
s

In
cr

ea
se

 in
 iN

O
S 

an
d 

N
itr

ot
yr

os
in

e 
in

 th
e 

ao
rt

a

L
un

d 
et

 a
l. 

(2
00

9)
In

ha
le

d 
G

E
A

po
E

−
/−

 m
ic

e
C

E
D

In
cr

ea
se

 in
 a

or
tic

 T
B

A
R

S 
an

d 
M

M
P-

9,
 in

hi
bi

te
d 

by
 T

em
po

l
[9

9]

6 
h/

da
y 

X
 1

 o
r 

7 
da

ys

+
/−

 T
em

po
l

In
cr

ea
se

 in
 a

or
tic

 E
T-

1,
 in

hi
bi

te
d 

by
 B

Q
-1

23
 (

E
T A

 r
ec

ep
to

r 
 

an
ta

go
ni

st
)

+
/−

 B
Q

-1
23

C
am

pe
n 

et
 a

l. 
 

(2
01

0)
In

ha
le

d 
D

E
A

po
E

−
/−

 m
ic

e
C

E
D

In
cr

ea
se

 in
 m

ac
ro

ph
ag

e 
co

nt
en

t b
ut

 n
ot

 %
 le

si
on

al
 a

re
a 

in
  

bo
th

 D
E

 a
nd

 fi
lte

re
d 

D
E

-e
xp

os
ed

 m
ic

e
[4

2]

In
ha

le
d 

D
E

G
In

cr
ea

se
 in

 a
or

tic
 T

B
A

R
S 

in
 b

ot
h 

D
E

 a
nd

 fi
lte

re
d-

D
E

 m
ic

e

N
o 

ef
fe

ct
s 

on
 p

la
sm

a 
ox

L
D

L

C
he

n 
et

 a
l. 

(2
01

0)
In

ha
le

d 
C

A
Ps

(P
M

2.
5)

A
po

E
−

/−
 m

ic
e

C
ho

w
In

cr
ea

se
 in

 %
 le

si
on

al
 a

re
a 

 
in

 b
ra

ch
io

ce
ph

al
ic

 a
nd

 le
ft

 c
om

m
on

 a
rt

er
ie

s 
by

 u
ltr

as
ou

nd
.  

In
cr

ea
se

 w
as

 s
im

ila
r 

to
 th

at
 in

du
ce

d 
by

 s
ec

on
d 

ha
nd

 s
m

ok
e 

 
w

ith
 a

 c
on

ce
nt

ra
tio

n 
3 

tim
es

 h
ig

he
r

[1
33

]

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
X

 
6 

m
on

th
s

Q
ua

n 
et

 a
l. 

(2
01

0)
In

ha
le

d 
C

A
Ps

(P
M

2.
5)

, D
E

,  
fil

te
re

d-
D

E
, C

A
Ps

 +
  

fil
te

re
d-

D
E

A
po

E
−

/−
 m

ic
e

C
ho

w
In

cr
ea

se
 in

 %
 le

si
on

al
 a

re
a 

in
 a

or
ta

 a
nd

 b
ra

ch
io

ce
ph

al
ic

 

ar
te

ry
, l

ar
ge

st
 in

 C
A

Ps
 o

r 
C

A
Ps

 +
 D

E
G

 o
n 

ea
ch

 lo
ca

tio
n,

 
re

sp
ec

tiv
el

y

[3
5]

5 
h/

da
y,

 4
 d

ay
s/

w
ee

k 
 

X
3 

an
d 

5 
m

on
th

s
N

o 
ef

fe
ct

s 
on

 p
la

sm
a 

lip
id

s

K
am

pf
ra

th
 e

t a
l. 

(2
01

1)
In

ha
le

d 
C

A
Ps

(P
M

2.
5)

C
57

B
L

/6
 m

ic
e

C
ho

w
In

cr
ea

se
 in

 s
up

er
ox

id
e 

pr
od

uc
tio

n 
in

 p
er

iv
as

cu
la

r 
fa

t a
nd

  
ao

rt
a,

 I
nc

re
as

e 
in

 T
N

Fα
 a

nd
 M

C
P-

1 
in

 th
e 

lu
ng

s 
an

d 
pl

as
m

a,
  

th
at

 w
as

 T
lr

4-
de

pe
nd

en
t

[3
9]

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
X

 2
0 

w
ee

ks
N

ox
2−

/−
 m

ic
e

In
cr

ea
se

 in
 o

xP
A

PC
 in

 th
e 

B
A

L
F

T
lr

4L
ps

-d
 m

ic
e

N
o 

ef
fe

ct
s 

on
 p

la
sm

a 
lip

id
s



B
ai

 e
t a

l. 
(2

01
1)

In
ha

le
d 

D
E

A
po

E
−

/−
 m

ic
e

C
ho

w
In

cr
ea

se
 in

 p
la

qu
e 

lip
id

 c
on

te
nt

, c
el

lu
la

ri
ty

, f
oa

m
 c

el
l  

fo
rm

at
io

n 
an

d 
sm

oo
th

 m
us

cl
e 

ce
ll 

co
nt

en
t

[4
3]

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
X

 7
 w

ee
ks

In
cr

ea
se

 in
 s

ys
te

m
ic

 li
pi

d 
an

d 
D

N
A

 o
xi

da
tio

n 
(8

-i
so

pr
os

ta
ne

  
an

d 
8-

O
H

-d
G

 in
 u

ri
ne

)

N
o 

ef
fe

ct
s 

on
 p

la
sm

a 
lip

id
s

L
un

d 
et

 a
l. 

(2
01

1)
In

ha
le

d 
G

E
, D

E
 a

nd
 M

V
E

A
po

E
−

/−
 m

ic
e

C
E

D
M

V
E

 in
cr

ea
se

d 
ao

rt
ic

 T
B

A
R

S 
an

d 
ox

id
iz

ed
  

pl
as

m
a 

lip
op

ro
te

in
, i

nh
ib

ite
d 

by
 L

O
X

-1
 r

ec
ep

to
r A

b
[1

00
]

+
/−

 A
b 
αL

O
X

-1
 r

ec
ep

to
r

M
V

E
 le

d 
to

 u
pr

eg
ul

at
io

n 
of

 a
or

tic
 L

O
X

-1
, E

T-
1 

an
d 

M
M

P-
9

6 
h/

da
y 

X
 7

 d
ay

s

Y
in

 e
t a

l. 
(2

01
3)

In
ha

le
d 

D
E

A
po

E
−

/−
 m

ic
e

C
ho

w
D

ev
el

op
m

en
t o

f 
pr

oo
xi

da
tiv

e 
an

d 
pr

oi
nfl

am
m

at
or

y 
H

D
L

.  
N

o 
ef

fe
ct

s 
on

 c
ho

le
st

er
ol

 e
ffl

ux
 c

ap
ac

ity
[6

3]

In
cr

ea
se

 in
 o

xi
di

ze
d 

lip
id

s 
in

 th
e 

bl
oo

d 
(8

-i
so

pr
os

ta
ne

s,
  

12
-H

E
T

E
, 1

3-
H

O
D

E
),

 B
A

L
F 

(1
2-

 a
nd

 1
5-

H
E

T
E

s,
 1

3-
H

O
D

E
) 

an
d 

liv
er

 (
5-

H
E

T
E

s)

6 
h/

da
y,

 5
 d

ay
s/

w
ee

k 
X

 2
 w

ee
ks

D
ec

re
as

ed
 p

la
sm

a 
PO

N
-1

 a
ct

iv
ity

A
ct

iv
at

io
n 

of
 5

-l
ip

oo
xy

ge
na

se
 in

 th
e 

liv
er

L
i e

t a
l. 

(2
01

3)
In

ha
le

d 
re

ae
ro

so
liz

ed
 U

FP
 +

/−
 D

-4
 F

L
D

L
-R

−
/−

 m
ic

e
C

E
D

In
cr

ea
se

 in
 le

si
on

al
 a

re
a 

in
 th

e 
ao

rt
ic

 r
oo

t
[9

8]

5 
h/

da
y,

 3
 d

ay
s/

w
ee

k 
X

 1
0 

w
ee

ks
D

ev
el

op
m

en
t o

f 
H

D
L

 a
nt

io
xi

da
nt

 d
ys

fu
nc

tio
n,

  
de

gr
ee

 o
f 

w
hi

ch
 w

as
 a

ss
oc

ia
te

d 
w

ith
 a

or
tic

 a
th

er
os

cl
er

os
is

 a
nd

 
im

pr
ov

ed
 b

y 
D

-4
 F

In
cr

ea
se

 in
 p

la
sm

a 
ox

id
iz

ed
 li

pi
ds

 (
5-

,1
2-

 a
nd

 1
5-

H
E

T
E

s,
 9

- 
an

d 
13

-H
O

D
E

s)

In
cr

ea
se

 p
la

sm
a 

se
ru

m
 a

m
yl

oi
d 

pr
ot

ei
n 

an
d 

T
N

F-
α

N
o 

ef
fe

ct
s 

on
 p

la
sm

a 
le

ve
ls

 o
f 

to
ta

l c
ho

le
st

er
ol

, d
ec

re
as

e 
 

in
 H

D
L

 a
nd

 in
cr

ea
se

 in
 tr

ig
ly

ce
ri

de
s

St
ud

y
A

ir
 p

ol
lu

ta
nt

A
ni

m
al

 m
od

el
D

ie
t

M
aj

or
 fi

nd
in

gs
 (

in
du

ce
d 

by
 th

e 
ex

po
su

re
 to

 a
ir

 p
ol

lu
ta

nt
 v

s.
 F

A
 

co
nt

ro
ls

)
R

ef
er

en
ce

Ta
bl

e 
2 

(c
on

tin
ue

d)



C
he

n 
et

 a
l. 

(2
01

3)
In

ha
le

d 
po

llu
te

d 
am

bi
en

t a
ir

A
po

E
−

/−
 m

ic
e

C
E

D
In

cr
ea

se
 in

 le
si

on
al

 a
re

a 
in

 a
sc

en
di

ng
 a

or
ta

[4
0]

In
cr

ea
se

 in
 p

la
sm

a 
le

ve
ls

 o
f 

to
ta

l a
nd

 L
D

L
 c

ho
le

st
er

ol

24
 h

/d
ay

, 7
 d

ay
s/

w
ee

k 
x 

2 
m

D
ec

re
as

e 
in

 s
er

um
 to

ta
l a

nt
io

xi
da

nt
 c

ap
ac

ity

In
cr

ea
se

 in
 T

N
F-
α 

in
 B

A
L

F 
an

d 
se

ru
m

W
an

 e
t a

l. 
(2

01
4)

In
ha

le
d 

po
llu

te
d 

am
bi

en
t a

ir
A

po
E

−
/−

 m
ic

e
C

E
D

In
cr

ea
se

 in
 le

si
on

al
 a

re
a 

in
 a

sc
en

di
ng

 a
or

ta
[4

1]

In
cr

ea
se

 in
 s

er
um

 le
ve

ls
 o

f 
to

ta
l a

nd
 L

D
L

 c
ho

le
st

er
ol

24
 h

/d
ay

, 7
 d

ay
s/

w
ee

k 
x 

2 
m

on
th

s
In

cr
ea

se
 in

 T
N

F-
α 

an
d 

IL
-6

 in
 B

A
L

F 
an

d 
se

ru
m

In
cr

ea
se

 in
 p

la
sm

a 
le

ve
ls

 o
f 

vi
sf

at
in

R
ao

 e
t a

l. 
(2

01
4)

A
po

E
−

/−
 m

ic
e

In
cr

ea
se

 in
 le

si
on

al
 a

re
a 

in
 th

e 
ao

rt
ic

 r
oo

t
[3

7]

L
D

L
-R

−
/−

 B
M

T
x 

w
ith

 C
D

36
+

/+
 v

s.
 

C
D

36
−

/−
 d

on
or

 c
el

ls

In
cr

ea
se

 in
 7

-k
et

oc
ho

le
st

er
ol

 in
 p

la
sm

a 
ID

L
/L

D
L

 a
nd

 a
or

ta

B
M

T
x 

w
ith

 C
D

36
−

/−
 c

c  i
nh

ib
it 

PM
-i

nd
uc

ed
 a

th
er

og
en

es
is

St
ud

ie
s 

ar
e 

sh
ow

n 
in

 c
hr

on
ol

og
ic

al
 o

rd
er

 b
as

ed
 o

n 
th

e 
ye

ar
 o

f 
pu

bl
ic

at
io

n.
 I

.T
. =

 I
nt

ra
tr

ac
he

al
, B

A
L

F 
=

 B
ro

nc
ho

al
ve

ol
ar

 la
va

ge
 fl

ui
d,

 B
M

T
x 

=
 b

on
e 

m
ar

ro
w

 tr
an

sp
la

n-
ta

tio
n,

 C
A

Ps
 =

 c
on

ce
nt

ra
te

d 
am

bi
en

t p
ar

tic
le

s,
 D

E
 =

 d
ie

se
l e

m
is

si
on

s,
 D

E
G

 =
 D

E
 g

as
es

 a
ch

ie
ve

d 
by

 fi
lte

ri
ng

 o
f 

w
ho

le
 D

E
, G

E
 =

 g
as

ol
in

e 
ex

ha
us

t, 
M

V
E

 =
 m

ix
ed

 m
ot

or
 

ve
hi

cl
e 

em
is

si
on

s 
(D

E
 +

 G
E

),
 F

A
 =

 fi
lte

re
d 

ai
r, 

C
E

D
 =

 c
ho

le
st

er
ol

 e
nr

ic
he

d 
di

et
, N

.S
. =

 n
ot

 s
ig

ni
fic

an
t.



170

Columbus, Ohio [37]. In all these studies, fine CAPs had accelerating effects on 
atherosclerosis. Chen and Nadziejko first reported that 39–41 week-old ApoE−/− 
mice fed a chow diet and exposed to 10× ambient concentrations of PM2.5 for 6 h per 
day, 5 days per week for 5 months, led to a 57 % increase in the percentage of ath-
erosclerotic plaque area in the aortic root [38] (Table 2). Sun et al. showed that 
younger 6-week-old ApoE−/− mice, fed a chow diet and exposed to similar condi-
tions for 6 months, displayed an upward trend in the percentage of aortic atheroscle-
rotic plaque area (45 % increase), that was not statistically significant [33]. However, 
the feeding of a high fat diet, resulted in a statistically significant 58 % increase in 
aortic root plaque area, following exposure to PM2.5 (Sun, Wang et al. 2005). In 
another study, Sun et al. reported that ApoE−/− mice fed a high fat diet and exposed 
to concentrated PM2.5 also resulted in enhancement of the plaque area in the aortic 
arch as assessed by ultrasound bio-microscopy [34]. The PM2.5 exposures also led 
to atherosclerotic plaques that were enriched in tissue factor, a pro-thrombotic fac-
tor that may play a causative role or may simply indicate greater atherosclerotic 
plaque burden. In addition, PM2.5 exposures led to pro-oxidative effects that were 
NADPH oxidase and Toll Like Receptor-4-dependent (TLR-4) [39]. Interestingly, 
PM2.5 exposures also led to an increase in 7-ketocholesterol (7-KCh) in the aorta, 
together with an increase in CD36 expression in plaque macrophages. Deletion of 
CD36 in bone marrow-derived cells abolished PM2.5-mediated atherosclerosis [37].

Five to six month-exposures to concentrated PM2.5, for a few hours per day, were 
required to induce atherosclerosis in all these studies. However, only 2 months were 
sufficient when the exposures were continuous, as shown by two studies where 
ApoE null mice were subjected to high concentrations of ambient polluted air in 
Beijing (~60 μg/m3 PM2.5) [40, 41]. Inhalatory exposures to whole diesel exhaust 
emissions results in changes in plaque composition when performed during 7–8 
weeks [42, 43], and enhanced atherosclerotic lesion size after 5-month exposures 
[35]. However, I.T. administration of diesel exhaust particles (DEP) for only 2 
months was sufficient to enhance plaque size [44]. The various studies show 
 differences in the magnitude of atherosclerotic plaque enhancement which could be 
due to the length of the exposures, the type of experimental diet, the PM  composition 
and the gender and age of the mice, and thus the extent of atherosclerosis already 
existing at the time of exposure.

Particle size is an important determinant in PM cardiovascular toxicity. Thus, 
Araujo et al. reported that 5-week exposures to concentrated ultrafine particles, with 
PM < 0.18 μm, promoted atherosclerosis to a larger degree than PM2.5 in ApoE null 
mice [45]. UFP-exposed mice developed 25 % and 55 % more aortic  atherosclerosis, 
assessed by the mean atherosclerotic lesional area in the aortic root, compared to 
PM2.5 or filtered air-exposed control mice, respectively [45], in spite of an exposure 
mass that was ~4 times less. However, the exposure aerosols overlapped in particle 
sizes since PM2.5 included ultrafines, which makes straight comparisons very 
 difficult given that particle mass in the PM2.5 aerosol was mostly determined by the 
accumulation mode particles (0.18–2.5 μm), while the more abundant ultrafine 
 particles contributed to less than a fifth of the PM2.5 aerosol’s total mass. It is 
 possible that ultrafine particles are more proatherogenic likely due to their smaller 
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size, which confer greater lung penetrability, greater number per mass and/or high 
content in redox cycling chemicals such as polycyclic aromatic hydrocarbons 
(PAHs) [9]. Indeed, removal of Volatile Organic Compounds (VOCs), rich in PAHs, 
resulted in decreased lesion development in ApoE null mice exposed to  concentrated 
ultrafines [46]. Importantly, in all these studies, PM exposures also induced 
 prooxidant and proinflammatory effects in systemic tissues, which are likely 
 mediators in the enhanced atherosclerotic lesions that were observed in the 
 vasculature, as it is discussed below.

2  Proatherogenic Effects Induced by Air Pollutants Are 
Likely Due to Systemic Prooxidant and Proinflammatory 
Actions

Ischemic cardiovascular and cerebrovascular diseases share a major pathogenic 
 substrate, the development of atherosclerotic plaques and subsequent  thromboembolic 
events. Plaques develop in the large and medium-sized elastic muscular arteries, as 
a result of atherosclerosis, an inflammatory process  characterized by the  accumulation 
of lipids and fibrous elements in the vascular wall [47]. Infiltrating lipids come from 
circulating low-density lipoprotein (LDL) particles that are retained in the vascular 
wall. This retention is favored by oxidative modifications and lead to activation of 
endothelial cells, monocyte recruitment with internalization into the vasculature, 
differentiation into macrophages and generation of foam cells by increased lipid 
uptake. Vascular infiltration of lipids and  inflammatory cells further enhances 
 oxidative stress and a vicious cycle of inflammation.

The interplay between prooxidant and antioxidant factors in the vessels may 
determine the degree of reactive oxygen species (ROS) generation and plaque 
 formation [48]. Exposure to PM may shift this balance by promoting systemic 
 pro- oxidant effects [48]. Indeed, multiple in vitro studies support the ability of PM 
to trigger and/or enhance ROS generation in vascular cells such as endothelial cells 
[49–53], macrophages [54–60] and possibly smooth muscle cells [34]. Experiments 
with animals are also supportive. Thus, long-term exposure to PM2.5 activates 
NADPH oxidase via upregulation of the NADPH oxidase subunits p47phox and 
Rac1 [61], resulting in increased production of superoxide in monocytes, aortic 
 tissue and perivascular fat [39]. Enhanced ROS generation leads to oxidative 
 alteration of proteins, lipids and/or DNA. Thus, we have shown that exposure to 
concentrated ambient particles (CAPs) in the PM2.5 and ultrafine particle (UFP) size 
ranges lead to increased hepatic lipid peroxidation that was accompanied by 
increased expression of Nrf2-regulated antioxidant genes in the UFP-exposed mouse 
livers [45, 62], while PM2.5 exposure led to enhanced formation of  3-nitrotyrosine 
residues in other studies [33, 36]. In addition, PM can also induce lipid peroxidation 
by activating lipoxygenase pathways in systemic tissues. Indeed, we have observed 
that hyperlipidemic ApoE null mice exposed to diesel exhaust for 2 weeks [63], led 
to activation of the 5-lipooxygenase (5-LO) pathway in the liver, evidenced by 
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upregulation of Alox-5 mRNA and protein levels and glutathione  peroxidase 6 
(GPx6), which resulted in increased hepatic levels of  5-hydroxyeicosatetraenoic 
acid (5-HETE) and malondialdehyde (MDA) [63].

Prooxidative effects can lead to proinflammatory effects in cells in culture, 
experimental animals and humans, as previously reviewed by Araujo [64]. These 
include the activation of the NF-kB [51, 52], p38 MAPK [65, 66] and ERK1/2 
 pathways [65] with subsequent upregulation of pro-inflammatory factors such as 
TNF- α, IL-8, and monocyte chemotactic protein-1 (MCP-1), [51, 52], and adhesion 
molecules such as VCAM [51], E-selectin, P-selectin [67] in endothelial cells. Air 
pollution also induces production of TNF-α, IL-6 [68–73], IL-8 [74, 75], IL1-α [76], 
IL1-β [77], granulocyte macrophage colony-stimulating factor (GM-CSF) [69, 78] 
and macrophage-inflammatory protein-2 (MIP-2) [79] in macrophages. In  animals, 
prooxidative effects can also trigger proinflammatory cascades in the  vasculature 
[28, 80, 81] and enhanced atherogenesis [64]. PM-activation of 5-LO is emerging as 
an attractive linker between prooxidative and proinflammatory effects since lipoxy-
genases (LO) are important contributors to lipid peroxidation,  inflammation and 
atherosclerosis. Thus, Alox-5 is known to interact with a  “scaffold-like” protein 
designated 5-LO-activating protein (FLAP) that facilitates transfer of arachidonic 
acid to 5-LO to oxygenate its 5th carbon and generate a hydroperoxide acid 
[5-hydroperoxyeicosatetraenoic acid (5-HPETE)], and  subsequently, the unstable 
leukotriene (LT) A4 (LTA4) [82–86]. 5-HPETE is  immediately reduced to the 
5-HETE in the cells by peroxidases such as glutathione peroxidase [87], and then 
5-oxo-ETE, a proinflammatory eicosanoid [88]. LTA4 can be converted to LTB4 by 
the LTA4 hydrolase. LTA4 can also be converted to LTC4, which can then be con-
verted to LTD4 and this into LTDE4 [87]. As a group, leukotrienes show powerful 
proinflammatory effects in Asthma and various inflammatory disorders, including 
atherosclerosis. Further studies are required to evaluate the importance of 5-LO 
activation in PM-mediated cardiovascular effects. Importantly, studies in humans 
also support the association between PM exposures and systemic prooxidative and 
proinflammatory effects [89–94].

Although various pathways have been proposed to explain how inhalation of air 
pollutants can lead to all these systemic prooxidant and proinflammatory effects, we 
still don’t know how this occurs [9, 95]. While intratracheal (I.T) administration of 
PM leads to obvious pulmonary inflammation, evidenced by increased total cell 
counts in the bronchoalveolar lavage fluid (BALF), modification of the BALF cell 
differential and infiltration of the lungs by inflammatory cells [29, 96, 97], we have 
not observed evidence of histologically-defined pulmonary inflammation in our 
studies with CAPs or diesel exhaust (DE) [45, 63]. However, both fine CAPs 
(PM < 2.5 μm) [39] and DE [63] lead to enhanced lipid peroxidation in the lungs as 
judged by increased levels of oxidized phospholipids [39] and oxidized fatty acids 
[63] in the BALF, respectively. To understand pathogenesis induced by a toxin, it is 
important to determine its travel path and track the effects that it triggers throughout 
the body. Upon inhalation, PM induces in the BALF, enhanced levels of hydroxye-
icosatetraenoic acids (HETEs) and hydroxyoctadecadienoic acids (HODEs), which 
are oxidative products of arachidonic (C20:4) and linoleic acid (C18:2),  respectively 
[63]. In the blood and in the liver, DE [63] and/or UFP [98] lead to enhanced plasma 
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levels of these products, malondialdehyde (MDA) and/or 8-isoprostanes. DE 
 exposures for 7 weeks resulted in increased levels of 8-isoprostanes in the urine as 
well which suggests their possible clearance by the kidneys. Altogether, PM induces 
lipid oxidative products in the lungs and systemic tissues that could participate in 
the pathogenesis and be used as tracking signals.

3   Air Pollutants Induce Lipid Oxidation:  
Effects on Plasma LDL and HDL

Exposures to PM may result in modest elevations of plasma lipids depending on the 
experimental design. Thus, Sun et al. observed that ApoE−/− mice exposed to fine 
CAPs for 6 months exhibited a small decrease in total plasma cholesterol on a chow 
diet but a small increase in total cholesterol when animals were fed a high-fat diet 
[33]. Araujo et al. noted that chow-fed ApoE−/− mice exposed for 5 weeks to fine but 
not to ultrafine CAPs showed a small increase in total plasma cholesterol without 
any effects on HDL cholesterol levels [45]. Likewise, Li et al. reported that 
 inhalation of re-aerosolized UFP for 10 weeks did not affect plasma levels of total 
cholesterol but led to decreased HDL cholesterol and higher plasma triglyceride 
levels [98] in LDL-R−/− mice fed a high fat diet (Table 2). However, other studies 
have not observed any effects on the quantitative levels of plasma lipids in 
 normolipidemic [39] or hyperlipidemic animals, either following I.T.  administration 
[29], inhalation of CAPs [35] or inhalation of motor vehicle emissions [49]. 
Altogether, it appears that effects on plasma lipids are highly dependent on the 
genetic background, type of diet and length of exposure. In addition, the effects on 
total plasma cholesterol have been relatively small [33, 45] and unlikely to be a 
major driver of the overall pro-atherosclerotic effects. For instance, while 5-week 
exposure to fine CAPs did lead to a small increase in total plasma cholesterol levels, 
this only resulted in a trend towards larger plaques [45]. In contrast, exposure to 
ultrafine CAPs for a similar length of time did not influence total plasma cholesterol 
levels but significantly promoted atherosclerosis [45].

PM also induces qualitative effects on plasma lipoproteins that could be even 
more important than the effects of the levels of plasma lipids. Campen et al. [42] and 
Lund et al. [99] have shown that exposure of ApoE null mice to DE or GE  respectively, 
led to increased oxidized lipids in the aorta as judged by increased levels thiobarbi-
turic reactive substances (TBARS). Although DE exposure alone did not increase 
TBARS levels in the plasma, exposure to mixed vehicular  emissions (MVE), con-
sisting in a combination of gasoline and diesel exhaust, did result in enhanced plasma 
levels of TBARS [100], a measure of reactive aldehydes derived from the oxidation 
of fatty acids, suggesting a greater toxicity for MVE in  comparison to DE alone. We 
have recently shown that ApoE−/− mice exposed to DE for 2 weeks led to increased 
plasma levels of 8-isoprostanes,  12-hydroxyeicosatetraenoic  (12-HETE) and 
13-hydroxyoctadecadienoic (13-HODE) acids [63]. We also found that diesel 
exhaust led to increased susceptibility to oxidation by air of a plasma lipoprotein 
fraction enriched in VLDL and LDL [63]. This is consistent with the study of Castro-
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Soares et al. which indicated that 4-month exposure to ambient levels of urban air 
pollution in Sao Paulo, Brazil led to enhanced susceptibility of LDL to oxidation in 
hyperlipidemic LDL-R−/− mice fed a high cholesterol diet [101]. Likewise, two stud-
ies where ApoE null mice were exposed for 2 months to ambient levels of air pollu-
tion in Beijing, China, led to increased oxidative stress in the blood [40, 41], as 
evidenced by decreased total antioxidant capacity [40] or increased MDA [41], 
increased levels of oxidized LDL (oxLDL) [40, 41], serum IL-6, TNF-α [40, 41] and 
visfatin [40, 41], together with enhanced aortic atherosclerosis [40, 41]. PM-induced 
oxidized LDL has also been demonstrated by increased HETEs and HODEs in the 
LDL  fraction of LDL-R−/− mice exposed to inhaled re-aerosolized UFP for 10 weeks 
[102]. Altogether, this indicates that ambient PM and motor vehicle emissions can 
increase lipid peroxidation in the plasma, resulting in LDL particles that are either 
more  oxidized or more susceptible to oxidation than filtered air controls.

Qualitative effects on plasma lipoproteins include functional alteration of the 
HDL particles. There are a number of protective functions of HDL that are  negatively 
correlated with atherosclerosis and CAD. Thus, HDL’s reverse cholesterol transport 
function inversely associates with carotid intima-media thickness and the likelihood 
of angiographic coronary artery disease (CAD) [103] while HDL’s anti- oxidant 
function is significantly impaired in subjects with acute coronary syndrome, as 
compared with healthy subjects or those with stable CAD [104]. In addition, 
 pro- inflammatory HDL is predictive of the susceptibility to atherosclerosis in 
humans [105] and in rabbits [106]. We have shown that exposure of ApoE−/− mice 
to fine and ultrafine CAPs for 5 weeks led to the development of dysfunctional 
 pro- inflammatory HDL [45]. The degree of HDL dysfunction was particle 
 size- dependent since UFP exposures led to a greater degree of dysfunction than did 
PM2.5 [45]. The anti-inflammatory properties of HDL were measured using an LDL- 
induced monocyte chemotactic assay in a co-culture of endothelial cells and smooth 
muscle cells. In comparison to PM2.5, exposure to UFP not only failed to inhibit the 
LDL-mediated inflammatory effects but promoted more monocyte migration. The 
more severe degree of HDL dysfunction mimicked the bigger extent of atheroscle-
rosis and larger Nrf2-regulated antioxidant response in the liver. We have also 
reported that inhalation of diesel exhaust for as short as 2 weeks not only led to the 
development of pro-inflammatory HDL but also induced the loss of HDL’s anti- 
oxidant properties, turning the HDL particles from anti-oxidant into pro-oxidant 
lipoproteins. The anti-oxidant dysfunction correlated with markers of lipid peroxi-
dation in the blood suggesting that it may be related to lipid peroxidation within the 
HDL particles [63]. Of interest, the kinetics of recovery of the anti-oxidant and 
anti-inflammatory capacities was different, indicating that they may be affected in a 
different manner. In addition, there were strong associations between hepatic and 
plasma levels of HETEs, HODEs and/or MDA, with the degree of HDL antioxidant/
antiinflammatory dysfunction [63], and between the latter and atherosclerotic lesion 
formation [98], suggesting that PM-induced lipid peroxidation could lead to 
enhanced atherogenesis through the development of a proatherogenic plasma lipid 
profile consisting of qualitative modifications of the HDL and LDL.
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Controlled exposure studies, as well as panel and cross-sectional studies in 
humans also support the association of exposure to PM with increased systemic 
oxidative stress, via the detection of biomarkers of oxidative alteration of proteins, 
lipids and/or DNA in the circulating blood or in products excreted in the urine, as 
reviewed by Moller and Loft [107]. For example, Liu et al. reported the association 
of increases in exposure to black carbon and PM2.5 with an elevation in plasma lev-
els of TBARS in 28 nonsmoking seniors [108]. This is in agreement with earlier 
reports of increased serum TBARS in association with PM2.5 exposures [109] or 
after moving or living in a polluted urban location such as Mexico city [110, 111]. 
Measures of oxidation in circulating blood are highly relevant since they may imply 
the involvement of oxidatively modified plasma lipoproteins such as LDL and/or 
HDL. Thus, subjects exposed to biomass fuel, who were exposed to three times 
more particulate pollution in the kitchen than control subjects who cooked with 
liquefied petroleum gas, exhibited elevated oxidized LDL, platelet aggregation and 
higher prevalence of hypertension [112]. Interestingly, the concentration of oxLDL 
has been positively associated with the carbon load of airway macrophages, a 
marker of chonic exposure to carbon particles derived from fossil fuel burning 
[113], consistent with animal data where rabbits receiving I.T. PM10 or ApoE null 
mice exposed to inhaled diesel exhaust exhibited correlations between the percent-
age of particle-laden alveolar macrophages and the volume of atherosclerotic lesions 
[29] or plaque foam cell formation [43]. PM exposures have also been associated 
with increased blood levels of GM-CSF, IL-6, IL-1, sTNF-RII, CRP and CD40 
ligand (sCD40L) [89–93], suggesting a connection between prooxidative effects in 
lipoproteins and proinflammatory effects in the vasculature. Thus, exposure to PM 
is associated with plasma lipoproteins that are functionally pro- atherogenic, consist-
ing in LDL particles that are more oxidized and/or more susceptible to oxidation as 
shown in both animal and human studies, and the development of dysfunctional 
prooxidant and proinflammatory HDL as shown by animal studies.

4  Air Pollutants, Carbohydrate and Lipid Metabolism

The environment is increasingly being appreciated as an important risk factor in the 
etiology of cardiometabolic diseases such as type 2 diabetes mellitus (T2DM), obe-
sity and liver steatosis, all of which are occurring with increasing prevalence in 
Western and Asian societies. Thus, persistent organic pollutants such as dioxins are 
known obesogens, also associated with insulin resistance, T2DM and metabolic 
syndrome [114]. Epidemiological and experimental studies support a causal asso-
ciation between exposure to air pollutants and cardiometabolic diseases. All of 
these diseases include a chronic inflammatory component in the vasculature and the 
subsequent development of atherosclerosis. This suggests that PM could also pro-
mote cardiovascular diseases via the induction of systemic metabolic effects.
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4.1  Epidemiological Studies Reveal Associations Between Air 
Pollution and Diabetes

Several epidemiological studies provide compelling evidence for the association 
between exposure to ambient air pollution and incidence and/or prevalence of 
 diabetes, diabetes-related morbidity and mortality, obesity and insulin resistance. 
Almost all the epidemiological studies have been conducted in North America or in 
Europe where exposure levels to air pollutants are relatively low. In 2008, Brook et al. 
reported that each 1 ppb increase in nitrogen dioxide (NO2), a marker of traffic- related 
air pollutants, was associated with a significantly increased risk of  developing diabe-
tes mellitus (DM) in women attending two respiratory clinics in Hamilton and 
Toronto, Canada (OR = 1.04, 95 % CI = 1.00–1.08) [115]. A large cross-sectional study 
with 6392 participants of the Swiss cohort Study on Air Pollution and Lung and Heart 
Diseases (SAPALDIA) found that both PM10 and NO2 were associated with the prev-
alence of diabetes with odds ratios of 1.40 (95 % CI = 1.17–1.67) and 1.19 (95 % 
CI = 1.03–1.38), respectively, per 10 μg/m3 increase in the average home outdoor 
level [116]. Long-term exposure to NO2 and nitrogen oxides (NOx) associated signifi-
cantly with impaired glucose metabolism in 363 women from the Study on the influ-
ence of Air pollution on Lung function, Inflammation and Aging (SALIA) in Germany, 
with odds ratio of 1.465 (95 % CI = 1.049–2.046) and 1.409 (95 % CI = 1.010–1.967), 
per increased interquartile range of NO2 (14.65 μg/m3) and NOx (43.16 μg/m3), 
respectively, although they lost statistical significance after adjustment for multiple 
comparisons [117]. A large ecological study assessing the relationship between PM2.5 
and diabetes prevalence in all the US counties used data from the National Diabetes 
Surveillance System from the Centers for Disease Control and Prevention (CDC) and 
annual mean PM2.5 levels that were calculated using air quality monitors. In this study, 
there was a 1 % increase in diabetes prevalence for every 10 μg/m3 increase in PM2.5, 
even in counties with acceptable standards of PM2.5 and after controlling for diabetes 
risk factors [118]. Follow-up prospective studies have also shown a positive associa-
tion between traffic-related air pollution and incidence of T2DM. Non-diabetic 
women in the SALIA study in Germany were followed up to assess the 16-year 
(1990–2006) incidence of T2DM and the levels of complement factor C3c as a marker 
of subclinical inflammation [119]. The authors reported 87 new cases of diabetes dur-
ing the 16-year period with hazard ratios for developing diabetes that increased by 
15 % (95 % CI = 4–27) per interquartile range increase in traffic-related PM and NO2 
exposures. They also found that only women with high C3c levels at baseline had an 
elevated risk for T2DM whereas there was no association for women with low C3c at 
baseline, suggesting that air pollutants may increase the risk of T2DM by promoting 
subclinical inflammation. In another prospective study that included a total of 62,012 
participants in Ontario, Canada, with a mean follow-up time of 8 ± 3.2 years [120], 
Chen et al. reported that the adjusted hazard ratio for incident diabetes was 1.11 (95 % 
CI = 1.02–1.21) for every 10 μg/m3 increase of PM2.5., after adjusting for all covariates 
and comorbid conditions. Likewise, Coogan et al. reported a incidence rate ratio 
(IRR) for diabetes of 1.63 (95 % CI = 0.78–3.44) with PM2.5 and 1.25 (95 % CI 1.07–
1.46) with NOx, for every 10 μg/m3 increase in each pollutant, in a cohort of 4204 
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African American women who lived in Los Angeles at baseline in 1995, followed- up 
over 10 years. [121]. Two prospective cohorts, the Nurses’ Health Study (NHS) and 
the Health Professionals Follow-Up Study (HPFS), were used to investigate the rela-
tionship between chronic exposure to fine (<2.5 μm), quasi fine (10–2.5 μm) and 
coarse (>10 μm) particulate matter with incident T2DM [122]. The fully-adjusted 
hazards ratio for inter quartile range increases in PM2.5, PM10-2.5 and PM10 were not 
significant at 1.07 (95 % CI = 0.92–1.24); 1.06 (95 % CI = 0.94–1.20); and 1.04 (95 % 
CI = 0.93–1.16), respectively. However, there was a significantly strong association 
with DM for NHS women living <50 m versus >200 m from the nearest road, 
HR = 1.14 (95 % CI = 1.03–1.27) thus suggesting an association between traffic-
related air pollutants and incident DM among women.

4.2  Animal Studies Suggest Mechanisms How Air Pollution 
Induces Metabolic Effects

The increasing number of epidemiological studies that has suggested associa-
tions between low levels of air pollution and the propensity for developing 
T2DM prompted studies on animal models to investigate the potential biologi-
cal mechanisms mediating these effects. Sun et al. reported one of the first stud-
ies describing the effects of air pollution on diabetes in 6-week old C57BL/6 
mice fed a high-fat diet, exposed to concentrated PM2.5 for 24 weeks. PM2.5-
exposed animals displayed elevated fasting glucose, insulin and Homeostatic 
model assessment  (HOMA)-Insulin resistance (IR) [123]. These effects were 
accompanied by  vascular endothelial dysfunction, increased levels of circulat-
ing inflammatory  biomarkers, adipose tissue inflammation and increased vis-
ceral adiposity. Ensuing studies have uncovered a multitude of systemic effects 
induced by air pollutants on various organs, extending from the endothelium to 
adipose tissue, liver and  intestines. To investigate the effects of early-life inha-
lation exposure to fine PM, 3-week old C57BL/6 mice were exposed to concen-
trated PM2.5 for a duration of 10 weeks. PM2.5 induced whole-body insulin 
resistance, increased abdominal fat with inflammation and defective vasomotor 
responses to insulin, characteristic of  insulin resistance [124]. Exposure of 
C57BL/6 mice to PM2.5 for 10 months also lead to pronounced insulin resistance 
and glucose intolerance [125], accompanied by reduced Akt phosphorylation in 
the liver, macrophage infiltration and inflammation in the lungs and adipose tis-
sue. PM2.5-exposed mice also exhibited decreased  mitochondrial count and size, 
together with reduced uncoupling protein 1 (UCP1) protein in the adipose tissue 
indicating mitochondrial dysfunction. It seems that NADPH oxidases may play 
a critical role in PM2.5-induced development of T2DM/IR since p47phox null 
mice, lacking the p47phox cytosolic subunit, which is  critical for the function of 
NADPH oxidase displayed similar glucose tolerance, HOMA-IR indexes, vis-
ceral and adipose fat accumulation in both filtered air and PM2.5 groups, which 
indicates a significant role for oxidative stress in PM2.5-mediated metabolic 
abnormalities.
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Interestingly, PM systemic effects involve carbohydrate and lipid metabolism 
concurrently. Thus, C57BL/6 mice exposed to concentrated PM2.5 for 10 weeks 
exhibited not only resulted in glucose intolerance and impaired glycogen storage in 
the liver likely due to insulin resistance but also, increased plasma tryglycerides, 
larger content of cholesterol and triglycerides in the liver together with increased fat 
accumulation [126]. Staining for collagen deposition and macrophage activation 
indicated increased fibrosis and inflammation in the PM2.5 group, consistent with a 
non-alcoholic steatohepatitis (NASH) phenotype [126]. Likewise, C57BL/6 mice 
fed a high fat diet and exposed to PM2.5 for 17 weeks displayed insulin resistance 
and hepatic lipid accumulation as well [127]. This was likely due to increased 
 lipogenesis as PM2.5-exposed mice showed increased mRNA expression of 
SREBP-1 in the liver, a key transcription factor involved in the activation of 
 lipogenic genes. Thus, important lipid synthetic enzymes such as acetyl-CoA 
 carboxylase 2 (ACC2), fatty acid synthase (FAS), and diacylglycerol acyl  transferase 
(DGAT2) were  significantly upregulated in the liver of PM exposed mice in a 
CC-chemokine receptor- 2 (CCR2)-dependent manner since CCR2 deficient mice 
exposed to the same protocol displayed reduced SREBP-1-dependent gene 
 activation and hepatic triglyceride accumulation [127].

Exposures to PM via I.T. administration also result in the induction of systemic 
metabolic effects. Thus, diabetic obese db/db mice that received intratracheal DEP 
every 2 weeks for 18 weeks displayed increased hepatic levels of hexanoyl-lysine 
(HEL) adduct, indicative of increased oxidative stress together with enhanced liver 
steatosis [128]. Interestingly, I.T. administration of PM10 to BALB/c mice has also 
been shown to affect lipid metabolism in the liver resulting in increased levels of 
phospholipids, specifically phosphatidylcholine, as well as composition of total 
fatty acids with a more pronounced level of unsaturated fatty acids, in particular 
docosahexaenoic acid (DHA), and an increase of unsaturation index [129], which 
suggests that PM effects in lipid metabolism may lead and/or couple with systemic 
inflammatory effects.

5  Perspectives

Multiple epidemiological studies strongly support the associations of exposure to 
air pollutants and adverse health effects. For a long time, the focus was placed in the 
triggering and/or exacerbation of respiratory diseases such as bronchospastic 
 disorders including asthma and chronic pulmonary obstructive disease, allergic 
 disorders or lung cancer. However, work over the last 2 decades has put in manifest 
the development of cardiovascular and cerebrovascular diseases, mostly of  ischemic 
nature, together with a variety of systemic metabolic effects resulting in insulin 
resistance, type 2 diabetes mellitus, liver steatosis and obesity. It appears that the 
ability of air pollutants to enhance ROS generation and promote oxidative stress in 
the lungs and systemic tissues underlie their potential to induce proinflammatory, 
metabolic and vascular effects. Although different pathways have been proposed to 
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explain how their inhalation results in the induction of various systemic effects, it is 
still not clear how this occurs. Air pollutant effects on lipid peroxidation, leading to 
alteration of plasma lipoproteins, and the generation of a functionally  proatherogenic 
plasma lipid profile, may explain at least in part, PM effects on the vasculature and 
the development of atherosclerosis. At the same time, air pollutant effects on lipid 
and carbohydrate metabolism may also predispose for the infiltration of lipids and 
inflammatory cells in the vasculature, with the subsequent formation of 
 atherosclerotic lesions. Future studies are required to elucidate the precise 
mechanism(s) how pulmonary effects are translated into the systemic tissues, the 
identification of biomarkers that can provide early signals for the induction of 
 deleterious vascular effects, and a better understanding of the potential interaction 
of air pollutant exposures with predisposing conditions and/or factors that may 
 confer genetic susceptibility. Prevention of air pollution toxicity should largely be 
focused on reducing the levels of air pollution and avoidance of exposure. However, 
pharmacological developments aimed at reducing air pollution effects may be 
 necessary, especially for populations that are predisposed, at higher risk or unable 
to avoid significant exposures.

Acknowledgments Writing of this article was supported by the National Institute of 
Environmental Health Sciences, National Institutes of Health (R56 ES016959 to Jesus A. Araujo).

References

 1. Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M, Luepker R, Mittleman M, 
Samet J, Smith Jr SC, Tager I, Expert Panel on Population and Prevention Science of the 
American Heart Association. Air pollution and cardiovascular disease: a statement for health-
care professionals from the Expert Panel on Population and Prevention Science of the 
American Heart Association. Circulation. 2004;109(21):2655–71.

 2. Bhatnagar A. Environmental cardiology: studying mechanistic links between pollution and 
heart disease. Circ Res. 2006;99(7):692–705.

 3. Brook RD, Rajagopalan S, Pope CA III, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin F, 
Hong Y, Luepker RV, Mittleman MA, Peters A, Siscovick D, Smith SC Jr, Whitsel L, 
Kaufman JD, Council on the Kidney in Cardiovascular Disease, and Council on Nutrition, 
Physical Activity and Metabolism on Behalf of the American Heart Association Council on 
Epidemiology and Prevention. Particulate matter air pollution and cardiovascular disease. An 
update to the scientific statement from the American Heart Association. Circulation 
2010;121:2331–78.

 4. Pope 3rd CA, Burnett RT, Thurston GD, Thun MJ, Calle EE, Krewski D, Godleski 
JJ. Cardiovascular mortality and long-term exposure to particulate air pollution: epidemio-
logical evidence of general pathophysiological pathways of disease. Circulation. 
2004;109(1):71–7.

 5. World Health Organization. Burden of disease from Ambient Air Pollution for 2012. Geneva: 
Public Health Social and Environmental Determinants of Health Department, World Health 
Organization; 2014.

 6. Hoyert DL, Xu J. Deaths: preliminary data for 2011. Natl Vital Stat Rep. 2012;61(6):1–52.
 7. World Health Organization. World Health Statistics. Geneva: World Health Organization; 

2013. p. 1–172.

Particle-Induced Inflammation and Cardiovascular Diseases

http://www.ncbi.nlm.nih.gov/pubmed/?term=Expert Panel on Population and Prevention Science of the American Heart Association[Corporate Author]
http://www.ncbi.nlm.nih.gov/pubmed/?term=Expert Panel on Population and Prevention Science of the American Heart Association[Corporate Author]


180

 8. Newby DE, Mannucci PM, Tell GS, Baccarelli AA, Brook RD, Donaldson K, Forastiere F, 
Franchini M, Franco OH, Graham I, Hoek G, Hoffmann B, Hoylaerts MF, Kunzli N, Mills N, 
Pekkanen J, Peters A, Piepoli MF, Rajagopalan S, Storey RF, ESC Working Group on 
Thrombosis, European Association for Cardiovascular Prevention and Rehabilitation; ESC 
Heart Failure Association. Expert position paper on air pollution and cardiovascular disease. 
Eur Heart J. 2015;36(2):83–93b.

 9. Araujo JA, Nel AE. Particulate matter and atherosclerosis: role of particle size, composition 
and oxidative stress. Part Fibre Toxicol. 2009;6:24. 2761850.

 10. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H, Amann M, Anderson 
HR, Andrews KG, Aryee M, Atkinson C, Bacchus LJ, Bahalim AN, Balakrishnan K, Balmes 
J, Barker-Collo S, Baxter A, Bell ML, Blore JD, Blyth F, Bonner C, Borges G, Bourne R, 
Boussinesq M, Brauer M, Brooks P, Bruce NG, Brunekreef B, Bryan-Hancock C, Bucello C, 
Buchbinder R, Bull F, Burnett RT, Byers TE, Calabria B, Carapetis J, Carnahan E, Chafe Z, 
Charlson F, Chen H, Chen JS, Cheng AT, Child JC, Cohen A, Colson KE, Cowie BC, Darby 
S, Darling S, Davis A, Degenhardt L, Dentener F, Des Jarlais DC, Devries K, Dherani M, 
Ding EL, Dorsey ER, Driscoll T, Edmond K, Ali SE, Engell RE, Erwin PJ, Fahimi S, Falder 
G, Farzadfar F, Ferrari A, Finucane MM, Flaxman S, Fowkes FG, Freedman G, Freeman MK, 
Gakidou E, Ghosh S, Giovannucci E, Gmel G, Graham K, Grainger R, Grant B, Gunnell D, 
Gutierrez HR, Hall W, Hoek HW, Hogan A, Hosgood HD 3rd, Hoy D, Hu H, Hubbell BJ, 
Hutchings SJ, Ibeanusi SE, Jacklyn GL, Jasrasaria R, Jonas JB, Kan H, Kanis JA, Kassebaum 
N, Kawakami N, Khang YH, Khatibzadeh S, Khoo JP, Kok C, Laden F, Lalloo R, Lan Q, 
Lathlean T, Leasher JL, Leigh J, Li Y, Lin JK, Lipshultz SE, London S, Lozano R, Lu Y, Mak 
J, Malekzadeh R, Mallinger L, Marcenes W, March L, Marks R, Martin R, McGale P, 
McGrath J, Mehta S, Mensah GA, Merriman TR, Micha R, Michaud C, Mishra V, Mohd 
Hanafiah K, Mokdad AA, Morawska L, Mozaffarian D, Murphy T, Naghavi M, Neal B, 
Nelson PK, Nolla JM, Norman R, Olives C, Omer SB, Orchard J, Osborne R, Ostro B, Page 
A, Pandey KD, Parry CD, Passmore E, Patra J, Pearce N, Pelizzari PM, Petzold M, Phillips 
MR, Pope D, Pope CA 3rd, Powles J, Rao M, Razavi H, Rehfuess EA, Rehm JT, Ritz B, 
Rivara FP, Roberts T, Robinson C, Rodriguez-Portales JA, Romieu I, Room R, Rosenfeld LC, 
Roy A, Rushton L, Salomon JA, Sampson U, Sanchez-Riera L, Sanman E, Sapkota A, Seedat 
S, Shi P, Shield K, Shivakoti R, Singh GM, Sleet DA, Smith E, Smith KR, Stapelberg NJ, 
Steenland K, Stöckl H, Stovner LJ, Straif K, Straney L, Thurston GD, Tran JH, Van Dingenen 
R, van Donkelaar A, Veerman JL, Vijayakumar L, Weintraub R, Weissman MM, White RA, 
Whiteford H, Wiersma ST, Wilkinson JD, Williams HC, Williams W, Wilson N, Woolf AD, 
Yip P, Zielinski JM, Lopez AD, Murray CJ, Ezzati M, AlMazroa MA, Memish ZA. A com-
parative risk assessment of burden of disease and injury attributable to 67 risk factors and risk 
factor clusters in 21 regions, 1990–2010: a systematic analysis for the Global Burden of 
Disease Study 2010. Lancet 2012;380(9859):2224–60.

 11. U.S. EPA. Air quality criteria for particulate matter (Final Report, Oct 2004). Washington, 
DC: U.S. Environmental Protection Agency; 2004. EPA 600/P-99/002aF-bF.

 12. Mustafic H, Jabre P, Caussin C, Murad MH, Escolano S, Tafflet M, Perier MC, Marijon E, 
Vernerey D, Empana JP, Jouven X. Main air pollutants and myocardial infarction: a system-
atic review and meta-analysis. JAMA. 2012;307(7):713–21.

 13. Shah ASV, Langrish JP, Nair H, McAllister DA, Hunter AL, Donaldson K, Newby DE, Mills 
NL. Global association of air pollution and heart failure: a systematic review and meta- 
analysis. 2013. The Lancet.

 14. Miller KA, Siscovick DS, Sheppard L, Shepherd K, Sullivan JH, Anderson GL, Kaufman 
JD. Long-term exposure to air pollution and incidence of cardiovascular events in women. N 
Engl J Med. 2007;356(5):447–58.

 15. Kunzli N, Jerrett M, Mack WJ, Beckerman B, LaBree L, Gilliland F, Thomas D, Peters J, 
Hodis HN. Ambient air pollution and atherosclerosis in Los Angeles. Environ Health 
Perspect. 2005;113(2):201–6. 1277865.

 16. Diez Roux AV, Auchincloss AH, Franklin TG, Raghunathan T, Barr RG, Kaufman J, Astor B, 
Keeler J. Long-term exposure to ambient particulate matter and prevalence of subclinical 
atherosclerosis in the Multi-Ethnic Study of Atherosclerosis. Am J Epidemiol. 2008;167(6): 
667–75.

J.A. Araujo and G. Ramanathan

http://www.ncbi.nlm.nih.gov/pubmed/?term=ESC Heart Failure Association[Corporate Author]
http://www.ncbi.nlm.nih.gov/pubmed/?term=ESC Heart Failure Association[Corporate Author]


181

 17. Allen RW, Criqui MH, Diez Roux AV, Allison M, Shea S, Detrano R, Sheppard L, Wong ND, 
Stukovsky KH, Kaufman JD. Fine particulate matter air pollution, proximity to traffic, and 
aortic atherosclerosis. Epidemiology. 2009;20(2):254–64.

 18. Bauer M, Moebus S, Mohlenkamp S, Dragano N, Nonnemacher M, Fuchsluger M, Kessler 
C, Jakobs H, Memmesheimer M, Erbel R, Jockel KH, Hoffmann B, H.N.R.S.I. Group. Urban 
particulate matter air pollution is associated with subclinical atherosclerosis: results from the 
HNR (Heinz Nixdorf Recall) study. J Am Coll Cardiol. 2010;56(22):1803–8.

 19. Hoffmann B, Moebus S, Mohlenkamp S, Stang A, Lehmann N, Dragano N, Schmermund A, 
Memmesheimer M, Mann K, Erbel R, Jockel KH. Residential exposure to traffic is associ-
ated with coronary atherosclerosis. Circulation. 2007;116(5):489–96.

 20. Kalsch H, Hennig F, Moebus S, Mohlenkamp S, Dragano N, Jakobs H, Memmesheimer M, 
Erbel R, Jockel KH, Hoffmann B, G. Heinz Nixdorf Recall Study Investigative. Are air pol-
lution and traffic noise independently associated with atherosclerosis: the Heinz Nixdorf 
Recall Study. Eur Heart J. 2014;35(13):853–60.

 21. Pope 3rd CA, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thurston GD. Lung cancer, 
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. JAMA. 
2002;287(9):1132–41.

 22. Perez L, Wolf K, Hennig F, Penell J, Basagaña X, Foraster M, Aguilera I, Agis D, Beelen R, 
Brunekreef B, Cyrys J, Fuks KB, Adam M, Baldassarre D, Cirach M, Elosua R, Dratva J, 
Hampel R, Koenig W, Marrugat J, de Faire U, Pershagen G, Probst-Hensch NM, de Nazelle A, 
Nieuwenhuijsen MJ, Rathmann W, Rivera M, Seissler J, Schindler C, Thiery J, Hoffmann B, 
Peters A, Künzli N. Air pollution and atherosclerosis: a cross-sectional analysis of four European 
cohort studies in the ESCAPE study. Environ Health Perspect. 2015;123(6):597–605, 4455580.

 23. Provost EB, Madhloum N, Int Panis L, De Boever P, Nawrot TS. Carotid intima-media thick-
ness, a marker of subclinical atherosclerosis, and particulate air pollution exposure: the meta- 
analytical evidence. PLoS One. 2015;10(5):e0127014. 4430520

 24. Su TC, Hwang JJ, Shen YC, Chan CC. Carotid intima-media thickness and long-term expo-
sure to traffic-related air pollution in middle-aged residents of Taiwan: a cross-sectional 
study. Environ Health Perspect. 2015;123(8):773–8. 4529007.

 25. Kunzli N, Jerrett M, Garcia-Esteban R, Basagana X, Beckermann B, Gilliland F, Medina M, 
Peters J, Hodis HN, Mack WJ. Ambient air pollution and the progression of atherosclerosis 
in adults. PLoS One. 2010;5(2), e9096. 2817007.

 26. Wilker EH, Mittleman MA, Coull BA, Gryparis A, Bots ML, Schwartz J, Sparrow D. Long- 
term exposure to black carbon and carotid intima-media thickness: the normative aging study. 
Environ Health Perspect. 2013;121(9):1061–7. 3764069.

 27. Adar SD, Sheppard L, Vedal S, Polak JF, Sampson PD, Diez Roux AV, Budoff M, Jacobs Jr DR, 
Barr RG, Watson K, Kaufman JD. Fine particulate air pollution and the progression of carotid 
intima-medial thickness: a prospective cohort study from the multi-ethnic study of 
 atherosclerosis and air pollution. PLoS Med. 2013;10(4), e1001430. 3637008.

 28. Yatera K, Hsieh J, Hogg JC, Tranfield E, Suzuki H, Shih CH, Behzad AR, Vincent R, van 
Eeden SF. Particulate matter air pollution exposure promotes recruitment of monocytes into 
atherosclerotic plaques. Am J Physiol Heart Circ Physiol. 2008;294(2):H944–53.

 29. Suwa T, Hogg JC, Quinlan KB, Ohgami A, Vincent R, van Eeden SF. Particulate air pollution 
induces progression of atherosclerosis. J Am Coll Cardiol. 2002;39(6):935–42.

 30. Niwa Y, Hiura Y, Murayama T, Yokode M, Iwai N. Nano-sized carbon black exposure 
 exacerbates atherosclerosis in LDL-receptor knockout mice. Circ J. 2007;71(7):1157–61.

 31. Chen LC, Nadziejko C. Effects of subchronic exposures to concentrated ambient particles 
(CAPs) in mice. V. CAPs exacerbate aortic plaque development in hyperlipidemic mice. 
Inhal Toxicol. 2005;17(4-5):217–24.

 32. Pan B, Ma Y, Ren H, He Y, Wang Y, Lv X, Liu D, Ji L, Yu B, Wang Y, Chen YE, Pennathur 
S, Smith JD, Liu G, Zheng L. Diabetic HDL is dysfunctional in stimulating endothelial cell 
migration and proliferation due to down regulation of SR-BI expression. PLoS One. 
2012;7(11), e48530. 3487724.

 33. Sun Q, Wang A, Jin X, Natanzon A, Duquaine D, Brook RD, Aguinaldo JG, Fayad ZA, Fuster 
V, Lippmann M, Chen LC, Rajagopalan S. Long-term air pollution exposure and acceleration of 
atherosclerosis and vascular inflammation in an animal model. JAMA. 2005;294(23):3003–10.

Particle-Induced Inflammation and Cardiovascular Diseases



182

 34. Sun Q, Yue P, Kirk RI, Wang A, Moatti D, Jin X, Lu B, Schecter AD, Lippmann M, Gordon 
T, Chen LC, Rajagopalan S. Ambient air particulate matter exposure and tissue factor 
 expression in atherosclerosis. Inhal Toxicol. 2008;20(2):127–37.

 35. Quan C, Sun Q, Lippmann M, Chen LC. Comparative effects of inhaled diesel exhaust and 
ambient fine particles on inflammation, atherosclerosis, and vascular dysfunction. Inhal 
Toxicol. 2010;22(9):738–53. 3073494.

 36. Ying Z, Yue P, Xu X, Zhong M, Sun Q, Mikolaj M, Wang A, Brook RD, Chen LC, Rajagopalan 
S. Air pollution and cardiac remodeling: a role for RhoA/Rho-kinase. Am J Physiol Heart 
Circ Physiol. 2009;296(5):H1540–50.

 37. Rao X, Zhong J, Maiseyeu A, Gopalakrishnan B, Villamena FA, Chen LC, Harkema JR, Sun 
Q, Rajagopalan S. CD36-dependent 7-ketocholesterol accumulation in macrophages medi-
ates progression of atherosclerosis in response to chronic air pollution exposure. Circ Res. 
2014;115(9):770–80. 4275116.

 38. Gunnison A, Chen LC. Effects of subchronic exposures to concentrated ambient particles 
(CAPs) in mice. VI. Gene expression in heart and lung tissue. Inhal Toxicol. 2005;17(4-5): 
225–33.

 39. Kampfrath T, Maiseyeu A, Ying Z, Shah Z, Deiuliis JA, Xu X, Kherada N, Brook RD, Reddy 
KM, Padture NP, Parthasarathy S, Chen LC, Moffatt-Bruce S, Sun Q, Morawietz H, 
Rajagopalan S. Chronic fine particulate matter exposure induces systemic vascular dysfunc-
tion via NADPH oxidase and TLR4 pathways. Circ Res. 2011;108(6):716–26. 3085907.

 40. Chen T, Jia G, Wei Y, Li J. Beijing ambient particle exposure accelerates atherosclerosis in 
ApoE knockout mice. Toxicol Lett. 2013;223(2):146–53.

 41. Wan Q, Cui X, Shao J, Zhou F, Jia Y, Sun X, Zhao X, Chen Y, Diao J, Zhang L. Beijing ambi-
ent particle exposure accelerates atherosclerosis in ApoE knockout mice by upregulating vis-
fatin expression. Cell Stress Chaperones. 2014;19(5):715–24. 4147068.

 42. Campen MJ, Lund AK, Knuckles TL, Conklin DJ, Bishop B, Young D, Seilkop S, Seagrave 
J, Reed MD, McDonald JD. Inhaled diesel emissions alter atherosclerotic plaque composi-
tion in ApoE(-/-) mice. Toxicol Appl Pharmacol. 2010;242(3):310–7.

 43. Bai N, Kido T, Suzuki H, Yang G, Kavanagh TJ, Kaufman JD, Rosenfeld ME, van Breemen 
C, Eeden SF. Changes in atherosclerotic plaques induced by inhalation of diesel exhaust. 
Atherosclerosis. 2011;216(2):299–306.

 44. Miller MR, McLean SG, Duffin R, Lawal AO, Araujo JA, Shaw CA, Mills NL, Donaldson 
K, Newby DE, Hadoke PW. Diesel exhaust particulate increases the size and complexity of 
lesions in atherosclerotic mice. Part Fibre Toxicol. 2013;10:61. 3907045.

 45. Araujo JA, Barajas B, Kleinman M, Wang X, Bennett BJ, Gong KW, Navab M, Harkema J, 
Sioutas C, Lusis AJ, Nel AE. Ambient particulate pollutants in the ultrafine range promote 
early atherosclerosis and systemic oxidative stress. Circ Res. 2008;102(5):589–96. 
3014059.

 46. Keebaugh AJ, Sioutas C, Pakbin P, Schauer JJ, Mendez LB, Kleinman MT. Is atherosclerotic 
disease associated with organic components of ambient fine particles? Sci Total Environ. 
2015;533:69–75.

 47. Lusis AJ. Atherosclerosis. Nature. 2000;407(6801):233–41. 2826222.
 48. Araujo JA. Nrf2 and the promotion of atherosclerosis: lessons to be learned. Clin Lipidol. 

2011;7(2):123–6.
 49. Bai Y, Suzuki AK, Sagai M. The cytotoxic effects of diesel exhaust particles on human 

 pulmonary artery endothelial cells in vitro: role of active oxygen species. Free Radic Biol 
Med. 2001;30(5):555–62.

 50. Hirano S, Furuyama A, Koike E, Kobayashi T. Oxidative-stress potency of organic extracts 
of diesel exhaust and urban fine particles in rat heart microvessel endothelial cells. Toxicology. 
2003;187(2-3):161–70.

 51. Li R, Ning Z, Majumdar R, Cui J, Takabe W, Jen N, Sioutas C, Hsiai T. Ultrafine particles 
from diesel vehicle emissions at different driving cycles induce differential vascular pro- 
inflammatory responses: implication of chemical components and NF-kappaB signaling. Part 
Fibre Toxicol. 2010;7:6.

J.A. Araujo and G. Ramanathan



183

 52. Montiel-Davalos A, Ibarra-Sanchez Mde J, Ventura-Gallegos JL, Alfaro-Moreno E, Lopez- 
Marure R. Oxidative stress and apoptosis are induced in human endothelial cells exposed to 
urban particulate matter. Toxicol In Vitro. 2010;24(1):135–41.

 53. Li Z, Hyseni X, Carter JD, Soukup JM, Dailey LA, Huang YC. Pollutant particles enhanced 
H2O2 production from NAD(P)H oxidase and mitochondria in human pulmonary artery 
endothelial cells. Am J Physiol Cell Physiol. 2006;291(2):C357–65.

 54. Soukup JM, Ghio AJ, Becker S. Soluble components of Utah Valley particulate pollution 
alter alveolar macrophage function in vivo and in vitro. Inhal Toxicol. 2000;12(5):401–14.

 55. Hiura TS, Kaszubowski MP, Li N, Nel AE. Chemicals in diesel exhaust particles generate reac-
tive oxygen radicals and induce apoptosis in macrophages. J Immunol. 1999;163(10):5582–91.

 56. Li N, Alam J, Venkatesan MI, Eiguren-Fernandez A, Schmitz D, Di Stefano E, Slaughter N, 
Killeen E, Wang X, Huang A, Wang M, Miguel AH, Cho A, Sioutas C, Nel AE. Nrf2 is a key 
transcription factor that regulates antioxidant defense in macrophages and epithelial cells: 
protecting against the proinflammatory and oxidizing effects of diesel exhaust chemicals. 
J Immunol. 2004;173(5):3467–81.

 57. Ohyama M, Otake T, Adachi S, Kobayashi T, Morinaga K. A comparison of the production 
of reactive oxygen species by suspended particulate matter and diesel exhaust particles with 
macrophages. Inhal Toxicol. 2007;19 Suppl 1:157–60.

 58. Lee CC, Kang JJ. Extract of motorcycle exhaust particles induced macrophages apoptosis by 
calcium-dependent manner. Chem Res Toxicol. 2002;15(12):1534–42.

 59. Chio C-P, Chen S-C, Chiang K-C, Chou W-C, Liao C-M. Oxidative stress risk analysis for 
exposure to diesel exhaust particle-induced reactive oxygen species. Sci Total Environ. 
2007;387(1-3):113–27.

 60. Goldsmith CA, Imrich A, Danaee H, Ning YY, Kobzik L. Analysis of air pollution particulate- 
mediated oxidant stress in alveolar macrophages. J Toxicol Environ Health A. 1998;54(7): 
529–45.

 61. Ying Z, Kampfrath T, Thurston G, Farrar B, Lippmann M, Wang A, Sun Q, Chen LC, 
Rajagopalan S. Ambient particulates alter vascular function through induction of reactive 
oxygen and nitrogen species. Toxicol Sci. 2009;111(1):80–8. 2726294.

 62. Gong KW, Zhao W, Li N, Barajas B, Kleinman M, Sioutas C, Horvath S, Lusis AJ, Nel A, 
Araujo JA. Air-pollutant chemicals and oxidized lipids exhibit genome-wide synergistic 
effects on endothelial cells. Genome Biol. 2007;8(7):R149. PMC2323217.

 63. Yin F, Lawal A, Ricks J, Fox JR, Larson T, Navab M, Fogelman AM, Rosenfeld ME, Araujo 
JA. Diesel exhaust induces systemic lipid peroxidation and development of dysfunctional 
pro-oxidant and pro-inflammatory high-density lipoprotein. Arterioscler Thromb Vasc Biol. 
2013;33(6):1153–61.

 64. Araujo J. Particulate air pollution, systemic oxidative stress, inflammation, and atherosclero-
sis. Air Qual Atmos Health. 2011;4(1):79–93.

 65. Mo Y, Wan R, Chien S, Tollerud DJ, Zhang Q. Activation of endothelial cells after exposure 
to ambient ultrafine particles: the role of NADPH oxidase. Toxicol Appl Pharmacol. 
2009;236(2):183–93.

 66. Sumanasekera WK, Ivanova MM, Johnston BJ, Dougherty SM, Sumanasekera GU, Myers 
SR, Ali Y, Kizu R, Klinge CM. Rapid effects of diesel exhaust particulate extracts on intracel-
lular signaling in human endothelial cells. Toxicol Lett. 2007;174(1-3):61–73.

 67. Montiel-Davalos A, Alfaro-Moreno E, Lopez-Marure R. PM2.5 and PM10 induce the expres-
sion of adhesion molecules and the adhesion of monocytic cells to human umbilical vein 
endothelial cells. Inhal Toxicol. 2007;19 Suppl 1:91–8.

 68. Alfaro-Moreno E, Martinez L, Garcia-Cuellar C, Bonner JC, Murray JC, Rosas I, Rosales SP, 
Osornio-Vargas AR. Biologic effects induced in vitro by PM10 from three different zones of 
Mexico City. Environ Health Perspect. 2002;110(7):715–20.

 69. Fujii T, Hayashi S, Hogg JC, Mukae H, Suwa T, Goto Y, Vincent R, van Eeden SF. Interaction 
of alveolar macrophages and airway epithelial cells following exposure to particulate matter 
produces mediators that stimulate the bone marrow. Am J Respir Cell Mol Biol. 
2002;27(1):34–41.

Particle-Induced Inflammation and Cardiovascular Diseases



184

 70. Osornio-Vargas AR, Bonner JC, Alfaro-Moreno E, Martinez L, Garcia-Cuellar C, 
 Ponce-de- Leon Rosales S, Miranda J, Rosas I. Proinflammatory and cytotoxic effects of 
Mexico City air pollution particulate matter in vitro are dependent on particle size and com-
position. Environ Health Perspect. 2003;111(10):1289–93.

 71. Pozzi R, De Berardis B, Paoletti L, Guastadisegni C. Inflammatory mediators induced by 
coarse (PM2.5-10) and fine (PM2.5) urban air particles in RAW 264.7 cells. Toxicology. 
2003;183(1-3):243–54.

 72. Becker S, Mundandhara S, Devlin RB, Madden M. Regulation of cytokine production in 
human alveolar macrophages and airway epithelial cells in response to ambient air pollution 
particles: further mechanistic studies. Toxicol Appl Pharmacol. 2005;207(2 Suppl):269–75.

 73. Amakawa K, Terashima T, Matsuzaki T, Matsumaru A, Sagai M, Yamaguchi K. Suppressive 
effects of diesel exhaust particles on cytokine release from human and murine alveolar mac-
rophages. Exp Lung Res. 2003;29(3):149–64.

 74. Becker S, Dailey L, Soukup JM, Silbajoris R, Devlin RB. TLR-2 is involved in airway epi-
thelial cell response to air pollution particles. Toxicol Appl Pharmacol. 2005;203(1):45–52.

 75. Monn C, Becker S. Cytotoxicity and induction of proinflammatory cytokines from human 
monocytes exposed to fine (PM2.5) and coarse particles (PM10-2.5) in outdoor and indoor 
air. Toxicol Appl Pharmacol. 1999;155(3):245–52.

 76. Brown DM, Donaldson K, Stone V. Effects of PM10 in human peripheral blood monocytes 
and J774 macrophages. Respir Res. 2004;5:29.

 77. Jimenez LA, Drost EM, Gilmour PS, Rahman I, Antonicelli F, Ritchie H, MacNee W, 
Donaldson K. PM(10)-exposed macrophages stimulate a proinflammatory response in lung 
epithelial cells via TNF-alpha. Am J Physiol Lung Cell Mol Physiol. 2002;282(2):L237–48.

 78. Ishii H, Hayashi S, Hogg JC, Fujii T, Goto Y, Sakamoto N, Mukae H, Vincent R, van Eeden 
SF. Alveolar macrophage-epithelial cell interaction following exposure to atmospheric par-
ticles induces the release of mediators involved in monocyte mobilization and recruitment. 
Respir Res. 2005;6:87.

 79. Imrich A, Ning Y, Lawrence J, Coull B, Gitin E, Knutson M, Kobzik L. Alveolar macrophage 
cytokine response to air pollution particles: oxidant mechanisms. Toxicol Appl Pharmacol. 
2007;218(3):256–64.

 80. Tamagawa E, Bai N, Morimoto K, Gray C, Mui T, Yatera K, Zhang X, Xing L, Li Y, Laher I, 
Sin DD, Man SF, van Eeden SF. Particulate matter exposure induces persistent lung inflam-
mation and endothelial dysfunction. Am J Physiol Lung Cell Mol Physiol. 2008;295(1):L79–
85. 2494798.

 81. Mutlu GM, Green D, Bellmeyer A, Baker CM, Burgess Z, Rajamannan N, Christman JW, 
Foiles N, Kamp DW, Ghio AJ, Chandel NS, Dean DA, Sznajder JI, Budinger GR. Ambient 
particulate matter accelerates coagulation via an IL-6-dependent pathway. J Clin Invest. 
2007;117(10):2952–61. 1978421.

 82. Brash AR. Lipoxygenases: occurrence, functions, catalysis, and acquisition of substrate. 
J Biol Chem. 1999;274(34):23679–82.

 83. Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid biology. Science. 
2001;294(5548):1871–5.

 84. Kuhn H, Thiele BJ. The diversity of the lipoxygenase family. Many sequence data but little 
information on biological significance. FEBS Lett. 1999;449(1):7–11.

 85. Yoshimoto T, Takahashi Y. Arachidonate 12-lipoxygenases. Prostaglandins Other Lipid 
Mediat. 2002;68–69:245–62.

 86. Yamamoto S. Mammalian lipoxygenases: molecular structures and functions. Biochim 
Biophys Acta. 1992;1128(2-3):117–31.

 87. Poeckel D, Funk CD. The 5-lipoxygenase/leukotriene pathway in preclinical models of 
 cardiovascular disease. Cardiovasc Res. 2010;86(2):243–53.

 88. Powell WS, Rokach J. Biochemistry, biology and chemistry of the 5-lipoxygenase product 
5-oxo-ETE. Prog Lipid Res. 2005;44(2-3):154–83.

 89. van Eeden SF, Tan WC, Suwa T, Mukae H, Terashima T, Fujii T, Qui D, Vincent R, Hogg 
JC. Cytokines involved in the systemic inflammatory response induced by exposure to par-
ticulate matter air pollutants (PM(10)). Am J Respir Crit Care Med. 2001;164(5):826–30.

J.A. Araujo and G. Ramanathan



185

 90. Delfino RJ, Staimer N, Tjoa T, Polidori A, Arhami M, Gillen DL, Kleinman MT, Vaziri ND, 
Longhurst J, Zaldivar F, Sioutas C. Circulating biomarkers of inflammation, antioxidant 
activity, and platelet activation are associated with primary combustion aerosols in subjects 
with coronary artery disease. Environ Health Perspect. 2008;116(7):898–906. 2453158.

 91. Ruckerl R, Phipps RP, Schneider A, Frampton M, Cyrys J, Oberdorster G, Wichmann HE, 
Peters A. Ultrafine particles and platelet activation in patients with coronary heart disease—
results from a prospective panel study. Part Fibre Toxicol. 2007;4:1. 1790903.

 92. Chuang KJ, Chan CC, Su TC, Lee CT, Tang CS. The effect of urban air pollution on inflam-
mation, oxidative stress, coagulation, and autonomic dysfunction in young adults. Am 
J Respir Crit Care Med. 2007;176(4):370–6.

 93. Dubowsky SD, Suh H, Schwartz J, Coull BA, Gold DR. Diabetes, obesity, and hypertension 
may enhance associations between air pollution and markers of systemic inflammation. 
Environ Health Perspect. 2006;114(7):992–8. 1513328.

 94. Moller P, Loft S. Oxidative damage to DNA and lipids as biomarkers of exposure to air pol-
lution. Environ Health Perspect. 2010;118(8):1126–36. PMC2920082.

 95. Brook RD, Rajagopalan S, Pope 3rd CA, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin F, 
Hong Y, Luepker RV, Mittleman MA, Peters A, Siscovick D, Smith Jr SC, Whitsel L, 
Kaufman JD, E. American Heart Association Council on, C.o.t.K.i.C.D. Prevention, 
P.A. Council on Nutrition, and Metabolism. Particulate matter air pollution and cardiovascu-
lar disease: an update to the scientific statement from the American Heart Association. 
Circulation. 2010;121(21):2331–78.

 96. Kooter IM, Pennings JLA, Opperhuizen A, Cassee FR. Gene expression pattern in spontane-
ously hypertensive rats exposed to urban particulate matter (EHC-93). Inhal Toxicol. 
2005;17(1):53–65.

 97. Wise H, Balharry D, Reynolds LJ, Sexton K, Richards RJ. Conventional and toxicogenomic 
assessment of the acute pulmonary damage induced by the instillation of Cardiff PM10 into 
the rat lung. Sci Total Environ. 2006;360(1-3):60–7.

 98. Li R, Navab M, Pakbin P, Ning Z, Navab K, Hough G, Morgan TE, Finch CE, Araujo JA, 
Fogelman AM, Sioutas C, Hsiai T. Ambient ultrafine particles alter lipid metabolism and 
HDL anti-oxidant capacity in LDLR-null mice. J Lipid Res. 2013;54(6):1608–15. 3646462.

 99. Lund AK, Lucero J, Lucas S, Madden MC, McDonald JD, Seagrave JC, Knuckles TL, 
Campen MJ. Vehicular emissions induce vascular MMP-9 expression and activity associated 
with endothelin-1-mediated pathways. Arterioscler Thromb Vasc Biol. 2009;29(4):511–7.

 100. Lund AK, Lucero J, Harman M, Madden MC, McDonald JD, Seagrave JC, Campen MJ. The 
oxidized low-density lipoprotein receptor mediates vascular effects of inhaled vehicle emis-
sions. Am J Respir Crit Care Med. 2011;184(1):82–91.

 101. Soares SR, Carvalho-Oliveira R, Ramos-Sanchez E, Catanozi S, da Silva LF, Mauad T, 
Gidlund M, Goto H, Garcia ML. Air pollution and antibodies against modified lipoproteins 
are associated with atherosclerosis and vascular remodeling in hyperlipemic mice. 
Atherosclerosis. 2009;207(2):368–73.

 102. Li N, Sioutas C, Cho A, Schmitz D, Misra C, Sempf J, Wang M, Oberley T, Froines J, Nel 
A. Ultrafine particulate pollutants induce oxidative stress and mitochondrial damage. Environ 
Health Perspect. 2003;111(4):455–60.

 103. Khera AV, Cuchel M, de la Llera-Moya M, Rodrigues A, Burke MF, Jafri K, French BC, 
Phillips JA, Mucksavage ML, Wilensky RL, Mohler ER, Rothblat GH, Rader DJ. Cholesterol 
efflux capacity, high-density lipoprotein function, and atherosclerosis. N Engl J Med. 
2011;364(2):127–35. 3030449.

 104. Patel PJ, Khera AV, Jafri K, Wilensky RL, Rader DJ. The anti-oxidative capacity of high- 
density lipoprotein is reduced in acute coronary syndrome but not in stable coronary artery 
disease. J Am Coll Cardiol. 2011;58(20):2068–75.

 105. Ansell BJ, Navab M, Hama S, Kamranpour N, Fonarow G, Hough G, Rahmani S, Mottahedeh 
R, Dave R, Reddy ST, Fogelman AM. Inflammatory/antiinflammatory properties of high- 
density lipoprotein distinguish patients from control subjects better than high-density lipo-
protein cholesterol levels and are favorably affected by simvastatin treatment. Circulation. 
2003;108(22):2751–6.

Particle-Induced Inflammation and Cardiovascular Diseases



186

 106. Van Lenten BJ, Wagner AC, Navab M, Anantharamaiah GM, Hama S, Reddy ST, Fogelman 
AM. Lipoprotein inflammatory properties and serum amyloid A levels but not cholesterol 
levels predict lesion area in cholesterol-fed rabbits. J Lipid Res. 2007;48(11):2344–53.

 107. Moller P, Loft S. Oxidative damage to DNA and lipids as biomarkers of exposure to air 
 pollution. 2010. Environ Health Perspect.

 108. Liu L, Ruddy T, Dalipaj M, Poon R, Szyszkowicz M, You H, Dales RE, Wheeler AJ. Effects 
of indoor, outdoor, and personal exposure to particulate air pollution on cardiovascular 
 physiology and systemic mediators in seniors. J Occup Environ Med. 2009;51(9):1088–98.

 109. Sorensen M, Daneshvar B, Hansen M, Dragsted LO, Hertel O, Knudsen L, Loft S. Personal 
PM2.5 exposure and markers of oxidative stress in blood. Environ Health Perspect. 
2003;111(2):161–6.

 110. Medina-Navarro R, Lifshitz A, Wacher N, Hicks JJ. Changes in human serum antioxidant 
capacity and peroxidation after four months of exposure to air pollutants. Arch Med Res. 
1997;28(2):205–8.

 111. Sanchez-Rodriguez MA, Retana-Ugalde R, Ruiz-Ramos M, Munoz-Sanchez JL, Vargas- 
Guadarrama LA, Mendoza-Nunez VM. Efficient antioxidant capacity against lipid peroxide 
levels in healthy elderly of Mexico City. Environ Res. 2005;97(3):322–9.

 112. Dutta A, Mukherjee B, Das D, Banerjee A, Ray MR. Hypertension with elevated levels of 
oxidized low-density lipoprotein and anticardiolipin antibody in the circulation of premeno-
pausal Indian women chronically exposed to biomass smoke during cooking. Indoor Air. 
2011;21(2):165–76.

 113. Jacobs L, Emmerechts J, Hoylaerts MF, Mathieu C, Hoet PH, Nemery B, Nawrot TS. Traffic 
air pollution and oxidized LDL. PLoS One. 2011;6(1), e16200. 3023773.

 114. Taylor KW, Novak RF, Anderson HA, Birnbaum LS, Blystone C, Devito M, Jacobs D, 
Kohrle J, Lee DH, Rylander L, Rignell-Hydbom A, Tornero-Velez R, Turyk ME, Boyles AL, 
Thayer KA, Lind L. Evaluation of the association between persistent organic pollutants 
(POPs) and diabetes in epidemiological studies: a national toxicology program workshop 
review. Environ Health Perspect. 2013;121(7):774–83. 3701910.

 115. Brook RD, Jerrett M, Brook JR, Bard RL, Finkelstein MM. The relationship between  diabetes 
mellitus and traffic-related air pollution. J Occup Environ Med. 2008;50(1):32–8.

 116. Eze IC, Schaffner E, Fischer E, Schikowski T, Adam M, Imboden M, Tsai M, Carballo D, von 
Eckardstein A, Kunzli N, Schindler C, Probst-Hensch N. Long-term air pollution exposure 
and diabetes in a population-based Swiss cohort. Environ Int. 2014;70:95–105.

 117. Teichert T, Vossoughi M, Vierkotter A, Sugiri D, Schikowski T, Schulte T, Roden M, 
Luckhaus C, Herder C, Kramer U. Association between traffic-related air pollution, 
 subclinical inflammation and impaired glucose metabolism: results from the SALIA study. 
PLoS One. 2013;8(12), e83042. 3858363.

 118. Pearson JF, Bachireddy C, Shyamprasad S, Goldfine AB, Brownstein JS. Association 
between fine particulate matter and diabetes prevalence in the U.S. Diabetes Care. 
2010;33(10):2196–201. 2945160.

 119. Kramer U, Herder C, Sugiri D, Strassburger K, Schikowski T, Ranft U, Rathmann W. Traffic- 
related air pollution and incident type 2 diabetes: results from the SALIA cohort study. 
Environ Health Perspect. 2010;118(9):1273–9. 2944089.

 120. Chen H, Burnett RT, Kwong JC, Villeneuve PJ, Goldberg MS, Brook RD, van Donkelaar A, 
Jerrett M, Martin RV, Brook JR, Copes R. Risk of incident diabetes in relation to long-term 
exposure to fine particulate matter in Ontario. Canada Environ Health Perspect. 
2013;121(7):804–10. 3701997.

 121. Coogan PF, White LF, Jerrett M, Brook RD, Su JG, Seto E, Burnett R, Palmer JR, Rosenberg 
L. Air pollution and incidence of hypertension and diabetes mellitus in black women living 
in Los Angeles. Circulation. 2012;125(6):767–72. 3326581.

 122. Puett RC, Hart JE, Schwartz J, Hu FB, Liese AD, Laden F. Are particulate matter exposures 
associated with risk of type 2 diabetes? Environ Health Perspect. 2011;119(3):384–9. 
3060003.

 123. Sun Q, Yue P, Deiuliis JA, Lumeng CN, Kampfrath T, Mikolaj MB, Cai Y, Ostrowski MC, Lu 
B, Parthasarathy S, Brook RD, Moffatt-Bruce SD, Chen LC, Rajagopalan S. Ambient air pol-

J.A. Araujo and G. Ramanathan



187

lution exaggerates adipose inflammation and insulin resistance in a mouse model of diet- 
induced obesity. Circulation. 2009;119(4):538–46. 3845676.

 124. Xu X, Yavar Z, Verdin M, Ying Z, Mihai G, Kampfrath T, Wang A, Zhong M, Lippmann M, 
Chen LC, Rajagopalan S, Sun Q. Effect of early particulate air pollution exposure on obesity 
in mice: role of p47phox. Arterioscler Thromb Vasc Biol. 2010;30(12):2518–27. 3065931.

 125. Xu X, Liu C, Xu Z, Tzan K, Zhong M, Wang A, Lippmann M, Chen LC, Rajagopalan S, Sun 
Q. Long-term exposure to ambient fine particulate pollution induces insulin resistance and 
mitochondrial alteration in adipose tissue. Toxicol Sci. 2011;124(1):88–98. 3196653.

 126. Zheng Z, Xu X, Zhang X, Wang A, Zhang C, Huttemann M, Grossman LI, Chen LC, 
Rajagopalan S, Sun Q, Zhang K. Exposure to ambient particulate matter induces a NASH- 
like phenotype and impairs hepatic glucose metabolism in an animal model. J Hepatol. 
2013;58(1):148–54. 3527686.

 127. Liu C, Xu X, Bai Y, Wang TY, Rao X, Wang A, Sun L, Ying Z, Gushchina L, Maiseyeu A, 
Morishita M, Sun Q, Harkema JR, Rajagopalan S. Air pollution-mediated susceptibility to 
inflammation and insulin resistance: influence of CCR2 pathways in mice. Environ Health 
Perspect. 2014;122(1):17–26. 3888572.

 128. Tomaru M, Takano H, Inoue K, Yanagisawa R, Osakabe N, Yasuda A, Shimada A, Kato Y, 
Uematsu H. Pulmonary exposure to diesel exhaust particles enhances fatty change of the liver 
in obese diabetic mice. Int J Mol Med. 2007;19(1):17–22.

 129. Rizzo AM, Corsetto PA, Farina F, Montorfano G, Pani G, Battaglia C, Sancini G, Palestini 
P. Repeated intratracheal instillation of PM10 induces lipid reshaping in lung parenchyma 
and in extra-pulmonary tissues. PLoS One. 2014;9(9), e106855. 4178018.

 130. Bauer M, et al. Urban particulate matter air pollution is associated with subclinical athero-
sclerosis: results from the HNR (Heinz Nixdorf Recall) study. J Am Coll Cardiol. 2010;56(22): 
1803–8.

 131. Kalsch H, et al. Coronary artery calcification outperforms thoracic aortic calcification for the 
prediction of myocardial infarction and all-cause mortality: the Heinz Nixdorf Recall Study. 
Eur J Prev Cardiol. 2014;21(9):1163–70.

 132. Perez L, et al. Air pollution and atherosclerosis: a cross-sectional analysis of four European 
cohort studies in the ESCAPE study. Environ Health Perspect. 2015;123(6):597–605.

 133. Chen LC, et al. Atherosclerosis lesion progression during inhalation exposure to  environmental 
tobacco smoke: a comparison to concentrated ambient air fine particles exposure. Inhal 
Toxicol. 2010;22(6):449–59.

Particle-Induced Inflammation and Cardiovascular Diseases



189© Springer International Publishing Switzerland 2016 
S.C. Bondy, A. Campbell (eds.), Inflammation, Aging, and Oxidative Stress, 
Oxidative Stress in Applied Basic Research and Clinical Practice, 
DOI 10.1007/978-3-319-33486-8_10

Oxidative Stress and Alzheimer’s Disease

Sandeep Kumar Singh, Rudy Castellani, and George Perry

S.K. Singh 
Department of Biochemistry, Faculty of Science, Banaras Hindu University,  
Varanasi, UP 221 005, India 

R. Castellani 
Department of Pathology, School of Medicine, University of Maryland,  
Baltimore, MD, USA 

G. Perry, Ph.D. (*) 
College of Sciences, The University of Texas at San Antonio,  
One UTSA Circle, San Antonio, TX 78249, USA
e-mail: george.perry@utsa.edu

1  Introduction

The human brain, which constitutes only 2 % of body weight, consumes  approximate 
20 % of total oxygen supplied by the respiratory system [1]. Neurons, the basic 
functional unit of the brain, are susceptible to oxidative damage because of a high 
metabolic rate compared to other cells [2]. The oxidation of proteins,  lipids and 
nucleic acids in neuronal cells is a common pathological feature of AD [3]. 
Polyunsaturated fatty acids (PUFAs) are more abundant in neurons and can interact 
with reactive oxygen species (ROS), leading to a self-propagating cascade of lipid 
peroxidation and molecular destruction [4]. Furthermore, glutathione, an essential 
antioxidant, is present in very low amounts in neurons [5]. Therefore,  neurons are 
highly susceptible to oxidative stress.

Oxidative stress implies a situation where reactive oxygen species (ROS), like 
superoxide (O-2), hydroxyl (OH.), free radicals and its products are in excess 
 compared to the antioxidant defense system. Oxygen free radicals and ROS are a 
common product of different biochemical processes in aerobic cellular metabolism 
[6, 7]. Free radicals are very reactive and unstable molecules with unpaired  electrons 
in outer orbit. Superoxide (O2-.), hydroxyl (OH.), nitric monoxide (NO), hydrogen 
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peroxide (H2O2), and peroxynitrite (ONOO–) are well known free radicals and 
ROS in aerobic cellular metabolism. Hydrogen peroxide and peroxynitrite do not 
readily cause toxicity to biomolecules; these must undergo further reactions to 
 generate free radicals. For instance, hydrogen peroxide may degrade into highly 
reactive hydroxyl radical via Fenton chemistry or a Haber-Weiss reaction [8, 9]. 
Overproduction of free radicals can cause extreme damage to biomolecules like 
proteins, unsaturated fatty acids and mitochondrial DNA, inflammation, aging, 
 tissue damage and subsequent cellular apoptosis [10]. Apart from their high reactive 
toxicity, free radicals have biological activities such as signal transduction, defense 
against invading pathogens, gene transcription, and regulation of soluble guanylate 
cyclase activity. The aerobic biological antioxidant defense system coevolved with 
oxidative free radicals to counteract [11]. Antioxidants are  scavengers of ROS and 
its precursors. The biological antioxidant defense system comprises two groups; 
enzymatic and non-enzymatic antioxidants. Enzymatic  antioxidants are catalase, 
superoxide dismutase (SOD), glutathione reductase and peroxidase. and other sup-
porting enzymes. Non-enzymatic antioxidants like  ascorbic acid, vitamin-A, vita-
min-E, carotenoids and polyphenolic compounds, are derived from dietary sources 
which directly scavenge free radicals; in some cases our system itself synthesizes 
chelating agents to trap redox metals, preventing free radical production [12]. The 
brain is one of the famously metabolically active organs in human body, whose sole 
carbon energy source is glucose. It accounts for 2 % of total body mass and con-
sumes 20 % of total oxygen in a resting individual. Therefore it is highly prone to 
electron leakage in oxidative phosphorylation and reaction of redox active metals 
like Cu and Fe with molecular oxygen [13] which cause subsequent reactive oxygen 
species (ROS) generation. Over production of these highly reactive species cause 
abnormal protein aggregation and leads to  neurodegeneration. Apart from several 
other genetic and environmental factors, oxidative stress is the leading factor in 
most neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s 
disease.

2  Amyloid-β (Aβ) Induced Toxicity and Oxidative Stress

Aβ is produced via proteolytic processing of Amyloid-β precursor protein (AβPP) by 
two membrane-bound proteases, β and γ-secretase, which are also known as β-site 
AβPP cleaving enzyme1(BACE-1), and a multi-protein complex consisting of 
 presenilin (PS), nicastrin (NCT), anterior pharynx defective-1(APH-1), and 
 presenilin enhancer protein-2 (PEN-2) respectively [14, 15]. β-secretase acts at 
N-terminal end of AβPP and produces a C-terminal fragment of 99 amino acid which 
is later cleaved transmembranely by γ-secretase and produces Aβ-peptides [14, 16]. 
After AβPP processing through β and γ-secretases, there occurs a  generation of 
 peptides of variable lengths, among them the 42-amino acid form of Aβ (Aβ42), more 
toxic than the more abundantly produced 40-amino acid form of Aβ (Aβ40),  possibly 
because of its faster self-aggregation into oligomers [14, 16, 17]. The above process 
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which results in Aβ production is called the amyloidogenic pathway. Cleavage of 
AβPP by α-secretase instead of β-secretase produces a non-toxic small fragment, 
sAβPPα, which is required for normal function of neurons. This process is called 
non-amyloidogenic pathway of AβPP processing [18]. Increased generation and/or 
decreased clearance of Aβ-peptides leads to Aβ accumulation outside the neurons, 
which stimulates diverse cell signaling pathways, eventually resulting in synaptic 
degeneration, neuronal loss, and decline in cognitive function [16, 17, 19–21].

Currently, some researchers are focusing on elucidating the relationship between 
oxidative stress and Aβ toxicity [22]. The level of hydrogen peroxide and lipid 
 peroxidase was found significantly increased after Aβ treatment in-vitro [23]. Further 
evidence from in-vivo studies, using AD transgenic mouse model carrying mutants of 
APP and PS-1, showed increased nitric oxide production and hydrogen peroxide as 
well as elevated oxidative modifications of lipids and proteins associated with  age-linked 
Aβ accumulation, confirming that Aβ promotes oxidative stress [24–28]. It has been 
demonstrated consistently in AD cell and animal models that natural antioxidants, such 
as EGb 761, curcumin, and green tea catechins, can exert neuroprotective functions by 
attenuating Aβ-induced ROS generation and neuronal apoptosis [29–32].

3  Tau Pathology and Oxidative Stress

Another hallmark of AD pathology is hyperphosphorylated tau protein, a major 
component of neurofibrillary tangles (NFT) that correlates with neurodegeneration 
and cognitive decline [33]. In normal conditions, tau binds with tubulin and  maintains 
cell integrity, but in AD, tau hyperphosphorylates and promotes  microtubule 
 assembly, resulting in formation of neurofibrillary tangles [34]. There is involvement 
of a number of protein kinases and protein phosphatases in the abnormal phosphory-
lation of tau, including glycogen synthase kinase-3 beta (GSK-3 beta), mitogen-
activated protein kinase (MAPK), calcium-calmodulin kinase, cyclin- dependent 
kinase 5, and protein kinase C [35]. It has been suggested that the accumulation of 
Aβ may appear before the tau pathology and that Aβ  aggregates may be one of a 
cascade of molecular events leading to tau  hyperphosphorylation [36–38]. On the 
other hand, it was reported that overexpression of tau inhibited kinesin- dependent 
transport of neurofilaments, peroxisomes, and Golgi-derived vesicles into neurites, 
causing transport discrepancies in primary neuronal cells including the AβPP traf-
ficking [39]. In particular, the transport of AβPP into axons and dendrites was 
blocked, resulting in its accumulation in the cell body [39].

There is less evidence that oxidative stress is interlinked with tau pathology. It 
has also been shown that the cells overexpressing tau protein have increased suscep-
tibility to oxidative stress, perhaps due to the reduction of peroxisomes [39]. In a 
drosophila model of human tauopathies expressing a disease related mutant form of 
human tau (tauR406W), reduction of gene dosage of mitochondrial sod2 or thiore-
doxin reductase (trxr) enhanced tau-induced neurodegenerative histological abnor-
malities and neuronal apoptosis [40]. In contrast, overexpression of these antioxidant 
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enzymes or treatment with vitamin E attenuated tau-induced neuronal cell death 
[40]. Moreover, in cortical neurons derived from a transgenic rat model expressing 
a human truncated variant form of tau protein, it was observed that the levels of 
ROS were elevated when compared to control non-transgenic neurons, while 
 antioxidants such as vitamin C significantly abolished the ROS elevation [41, 42]. 
These observations clearly suggest that tau-induced neurotoxicity is at least  partially 
mediated by oxidative stress [40]. The linkage between tau pathology and oxidative 
stress was further elucidated in P301S and P301L transgenic mouse models  carrying 
the human tau gene with P301S or P301L mutations, which exhibit an aggregation 
and deposition of hyperphosphorylated tau and develop NFT [43]. Mitochondrial 
dysfunction together with reduced NADH-ubiquinone oxidoreductase activity was 
found in P301L tau transgenic mice, which was associated with increased ROS 
production, impaired mitochondrial respiration, and ATP synthesis in aged animals 
[44]. Similarly, the brains of P301S transgenic mice showed signs of raised  oxidative 
stress comprising elevated protein carbonyl levels in mitochondria cortex and 
changes in the activity and content of mitochondrial enzymes involved in ROS 
 formation and energy metabolism, suggesting that oxidative stress and  mitochondrial 
dysfunction might play an important role in tau pathology [45]. Consistently, 
administration of P301S mice with coenzyme Q10, an antioxidant and a key 
 component of the electron transport chain, significantly increased complex I  activity 
and reduced lipid peroxidation while improving survival and behavioural deficits of 
the mice [46]. Furthermore, the junction of Aβ and tau pathologies on mitochondria 
dysfunction was clearly established in a triple transgenic mouse model [pR5/APP/
PS2], which exhibits both Aβ and tau pathologic features of the disease in animals’ 
brains [47]. Proteomic studies of samples from the triple AD mice brain  demonstrated 
a substantial deregulation of 24 proteins, of which one third were mitochondrial 
proteins mostly related to complexes I and IV of the oxidative phosphorylation 
system [48]. Notably, deregulation of mitochondrial complex I and complex IV was 
shown to be tau and Aβ dependent respectively [48]. The effects of Aβ and tau on 
mitochondrial function were found to be synergistic and age-associated, resulting in 
reduced mitochondrial respiratory capacity and the decline of ATP synthesis, which 
led to synaptic loss and neuronal cell death [48].

Growing evidence has also shown that oxidative stress may have an important 
role in the hyperphosphorylation and polymerization of tau. Oxidation of fatty 
acids, found to be higher in AD brains, was reported to facilitate the polymerization 
of tau, and thus might serve as a link between oxidative stress and tau pathology in 
AD [49]. In Tg2576 AD transgenic mice, reduction of cytoplasmic SOD1 or 
 deficiency in mitochondrial SOD2 [50] induced tau phosphorylation, suggesting 
that ROS may play a crucial role in tau hyperphosphorylation [51]. Oxidative stress 
activates p38 MAPK which is further responsible for phosphorylating tau protein 
in-vitro [52]. In hippocampal and cortical brain regions of AD patients, activated 
p38 is found exclusively localized to NFT and co-immunoprecipitated with  PHF- tau, 
suggesting it might be involved in the phosphorylation of tau in-vivo [53]. Thus, 
p38 may play a role as an important candidate which links the phosphorylation of 
tau with increased oxidative stress in case of AD.
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4  Mitochondrial Dysfunction and Alzheimer’s Disease

Mitochondria are very important organelles of the human body. They play a very 
important role in normal cellular metabolism and energy production. There is ample 
literature supporting a relation between oxidative damage and mitochondrial dys-
function in relation to the pathogenesis of AD. Oxidative damage occurs early in the 
brain of AD patients, before the onset of significant Aβ induced pathology [54]. 
Oxidative damage also leads deposition of Aβ in transgenic AβPP mutant mice [55], 
with changes in gene expression related to mitochondrial metabolism and apoptosis 
taking place even earlier in neuronal cells undergoing oxidative damage [56]. 
Several results from experimental studies provide insight for oxidative damage and 
mitochondrial dysfunction in relation to AD. In fetal guinea pig neurons,  intracellular 
Aβ level was found significantly increased after hydrogen peroxide (H2O2) treatment 
[57]. In a transgenic AβPP-mutant mouse, hemizygous deficiency of the 
 mitochondrial antioxidant enzyme MnSOD markedly increased brain Aβ levels and 
their deposition [58]. In another transgenic AβPP-mutant mouse, elevated β-secretase 
activity and hence increased Aβ levels were found by the action of energy  metabolism 
inhibitors (insulin, 2-deoxyglucose, 3-nitropropionic acid and kainic acid) [59].

Several pathways related to oxidative stress, mitochondrial dysfunction, and AD 
pathology have recently been uncovered. Oxidative stress may activate different 
signalling pathways that alter the processing of AβPP or tau. For example,  activation 
of glycogen synthase kinase increases tremendous tau hyperphosphorylation [60], 
and oxidative stress up-regulates the expression of β-secretase through activation of 
c-Jun amino-terminal kinase and p38 mitogen-activated protein kinase (MAPK) 
[61]. There is some evidence that mtDNA may play a very important role in the 
mitochondrial dysfunction seen in AD. When AD patient mtDNA is transferred into 
mtDNA-deficient cell lines, the resulting ‘cybrids’ reproduce the respiratory enzyme 
deficiency seen in the brain and other tissues in AD, suggesting that the defect is 
carried at least in part by mtDNA abnormalities [62]. However, it has been a 
 challenge to identify AD-specific mtDNA mutations. 145 AD patients and 128 
 controls were studied and no significant association was found with mitochondrial 
haplogroup or with inherited mtDNA mutations [63]. Also there was no relationship 
with acquired mtDNA mutations when a coding region (for CO1) was examined 
[64]. However, in the same way that promoter appeared more subtle to damage than 
coding regions in nuclear genes15, the mtDNA control region showed an elevation 
in acquired mutations in AD [65]. AD brains had on average a 63 % increase in 
heteroplasmic mtDNA control-region mutations, and in individuals older than 80 
years there was a 130 % increase in mutations. These mutations preferentially 
 suppressed mitochondrial transcription and replication and altered known mtDNA 
regulatory elements. Lastly, several recent studies support that many proteins impli-
cated in AD pathogenesis have direct physical association with mitochondrial 
 proteins or mitochondria directly. AβPP has a dual endoplasmic reticulum/mito-
chondrial-targeting sequence, and in transgenic mice overexpressing AβPP and 
transfected cells, it clogged the mitochondrial protein importation machinery, 
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 causing mitochondrial dysfunction and diminished energy metabolism [66]. Aβ 
binds to a mitochondrial-matrix protein called Aβ-binding alcohol dehydrogenase 
(ABAD) [67]. A decoy peptide blocks the interaction of Aβ and ABAD and 
 suppresses free radical generation in neurons and Aβ-induced apoptosis. Conversely, 
ABAD overexpressed transgenic AβPP-mutant mice promoting neuronal oxidative 
stress and loss of memory. Other groups have also found that interaction of Aβ with 
mitochondria inhibits cytochrome oxidase activity and increases ROS generation 
[27, 68]. In addition, Aβ also hinders α-ketoglutarate dehydrogenase activity in 
 isolated mitochondria [69], causes shortage of α- cytochrome oxidase activities [70] 
and ketoglutarate dehydrogenase [71], and has previously been found in the brain 
and other tissues of AD patients. Different components of γ-secretase complex such 
as Presenilin have also been localized to mitochondria, where they form an active 
γ-secretase complex [72].

5  Metal Homeostasis and Oxidative Stress in Alzheimer’s 
Disease

In most biological systems, redox-active transition metals such as copper and iron are 
required in very trace amounts for normal metabolism and functioning. The excess 
deposition of these metals as well as metalloproteins in the body can produce higher 
amounts of free metal ions inside the body. These ions are needed in trace amounts to 
catalyse “redox cycling” and mediate oxidative stress reaction [73, 74]. Redox cycling 
is the process whereby cellular reductants such as vitamin C or thiols reduce the oxi-
dized transition metal ions. This superoxide radical is chemically unreactive, but 
works as the reductant of oxidized metal ions, which are available to generate hydroxyl 
radical (OH˙) from H2O2 through the Haber–Weiss reaction. The OH˙ reacts with all 
biomacromolecules at diffusion-controlled rates, i.e., acts away from its site of pro-
duction. It is normally generated by the Fenton reaction between reduced transition 
metals ions and H2O2. Under normal conditions, the antioxidant cascade is responsible 
for preventing ROS damage. This antioxidant protection is provided by two different 
methods: (a) converting superoxide to O2− and H2O2 through mitochondrial  manganese 
superoxide dismutase (MnSOD) and cytosolic copper–zinc  superoxide dismutase 
(CuZnSOD), and (b) elimination of by-products of oxygen reduction by oxidase (i.e. 
monoamine oxidase) by enzymes (catalases and peroxidases). In AD, a link between 
metals and oxidative stress modifications is well established [75–77] .

6  Conclusions

In summary, evidence exists that oxidative stress is inextricably linked with several 
major pathological processes in AD including Aβ-induced neurotoxicity, tau 
 pathology, mitochondria dysfunction, and metal dyshomeostasis. Abundant ROS 
may be generated due to mitochondrial dysfunction and/or aberrant accumulation of 
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transition metals, possibly caused by a combination of abnormal Aβ accumulation 
and tau pathology, eventually resulting in oxidative stress. Oxidative stress, which 
facilitates the neurotoxicity induced by abnormal Aβ aggregation and hyperphos-
phorylation of tau proteins, may augment Aβ aggregation as well as facilitate tau 
phosphorylation and polymerization, further enhancing a variety of neurotoxic 
events including ROS production, thus promoting the initiation and progression of 
AD. Under controlled conditions, oxidative stress can readily induce apoptosis and 
antioxidants can defend and extend a cell’s lifespan under pressure. On the other 
hand, in complex disease conditions, it is difficult to show the relationship of oxida-
tive stress to AD. The studies are unclear, complex, and open-ended, with narrow 
conclusions being promoted. Oxidative stress is an important factor contributing to 
the development of AD. Scavenging of ROS or inhibition of their formation may 
delay the onset or slow the progression of AD through various mechanisms includ-
ing, but not limited to, inhibiting ions of Aβ production and aggregation, reduction 
of oxidative stress-mediated neuronal toxicity, decrease of tau hyperphosphoryla-
tion and polymerization, and restoration of metal homeostasis and mitochondria 
dysfunction. Therefore, AD prevention or treatment using antioxidant therapeutic 
approaches may be one way to target a number of different molecular events related 
to oxidative stress and AD pathogenesis.
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1  Introduction

As humans age, they become increasingly susceptible to a number of neurological 
diseases. In contrast to birth defects arising from specific genetic mutations, most neu-
rodegenerative diseases and age-related cognitive decline are not associated with a 
single mutation of high penetrance, and symptoms typically develop slowly starting in 
middle age or later. Thus environmental and nutritive factors, in addition to  differences 
in genetic background, are likely to be important causes of these conditions.

An association between an increased presence of reactive oxygen species (ROS) 
and neurodegenerative diseases has been acknowledged for quite some time. More 
generally, it formed the basis for the free radical theory of aging [1]. In this view, ROS 
were judged to be the unavoidable and deleterious byproducts of aerobic metabolism 
that slowly damaged biomolecules and overwhelmed endogenous antioxidant repair 
mechanisms, resulting in gradual loss of biological function, increased incidence of 
degenerative disease, and ultimately death. With respect to neurodegeneration in par-
ticular, as the amounts of these byproducts increase with aging, the efficiency of the 
associated triage processes is reduced, allowing buildup of the toxic proteinaceous 
inclusions and aggregates that are universally associated with degenerative disease.

As a corollary, administration of substances or genetic manipulation that could 
either quench free radical ROS or raise the activity of antioxidant enzymes were 
anticipated to slow or reverse the course of degenerative diseases and lengthen 
healthy lifespan. Despite a very substantial amount of both animal and clinical 
research directed along these lines, only modest or nonexistent benefits have been 
demonstrated up to this point, suggesting that the mere occurrence of increased 
ROS is not directly causative of degeneration. At most, since not all toxic  aggregates 
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are oxidized, increased ROS and protein oxidation should be considered as 
 contributors to, rather than the driving force of degenerative pathology.

Indeed, just as evidence was accumulating that there was little to gain by the 
direct suppression of free radical levels, it became increasingly clear that both ROS 
and the sites of oxidation on biomolecules—particularly proteins—were integral 
parts of signaling pathways key to maintaining cellular homeostasis. Thus the focus 
of research has shifted to understanding how these pathways become dysfunctional 
during the induction and progression of neurodegeneration and during the ‘normal’ 
aging process itself.

2  Characteristics of Neurodegenerative Diseases  
Associated with Aging

While heritable genetic mutations have been identified as the cause of many 
 neurological diseases, the focus of this chapter is on age-associated ‘sporadic’ forms of 
high-incidence diseases not associated with any specific genetic defect. These include 
most cases of Alzheimer’s disease, Parkinson’s disease and non-familial cases of ALS.

 1. Alzheimer’s disease (AD) is the most common neurodegenerative disorder—
accounting for 60–70 % of dementia cases—and is the third leading cause of 
death in the United States. As of 2010, it was estimated that 26 million people 
worldwide were living with AD and by 2050 the number of people with this 
disorder may reach 100 million [2]. AD is characterized by progressive cognitive 
deficits that typically manifest slowly and gradually worsen with time. Later, 
control of critical bodily functions is lost, so that following diagnosis, the  average 
life expectancy of patients is 3–9 years. The single most important risk factor for 
AD is aging; otherwise, nearly all (~95 %) of AD cases are sporadic and of 
unknown etiology. Histologically, AD is associated with the increased  deposition 
of amyloid-β-containing plaques and neurofibrillary tangles [3].

 2. Parkinson’s disease (PD) is a degenerative disorder affecting the central nervous 
system. Its symptoms, particularly early in its course, reflect a decline in motor 
function and consist of resting tremors, muscle rigidity, akinesia, and  bradykinesia. 
Later, dementia, depression and sleep difficulties may develop. As the second 
most common neurodegenerative disorder after Alzheimer’s disease, most cases 
occur after the age of 50 years of age and it affects more than 1 % of the popula-
tion over 60. Nearly all cases (90 %) are sporadic, while about 10 % are inherited 
[4]. Sufficient loss of dopaminergic neurons in the midbrain  substantia nigra 
results in the motor symptoms of PD. Accompanying the loss of these neurons is 
the formation of dysfunctional aggregates of α-synuclein, a  neuroprotective pro-
tein highly expressed in CNS and normally involved in proper mitochondrial 
function and synaptic vesicle formation. These aggregates comprise the bulk of 
Lewy bodies, the hallmark lesions of PD located in the substantia nigra and 
 putamen—regions involved in motor control and learning [5].
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 3. Amyotrophic lateral sclerosis (ALS; otherwise known as motor neuron disease 
(MND) and sometimes referred to as Lou Gehrig’s disease) is a fatal disorder 
involving the degeneration and death of lower motor neurons in the ventral 
 (anterior) horn of the spinal cord and upper motor neurons in the brainstem and 
motor cortex. Ensuing symptoms include overactive tendon reflexes and clonus 
resulting from upper motor neuron dysfunction, and progressive muscular 
 weakness and fasciculation in the hands or legs and/or slurred speech or 
 dysphagia consequent to lower motor neuron dysfunction [6]. In approximately 
10 % of cases the cause of disease can be attributed to a specific genetic mutation 
inherited in a family. Regardless of family heritability, several hundred  mutations 
in ~40 genes are associated with ALS, yet only some 15 % of cases can be 
 associated with a specific genetic mutation regardless of family heritability [7]. 
The remaining 85 % of cases are apparently sporadic, at present without 
 identifiable genetic influence. The only clearly identifiable risk factor is age, 
while a number of environmental risk factors—including dietary fat, strenuous 
exercise, trauma, mercury, selenium, agriculture, and smoking—have been 
implicated, but not confirmed, in studies typically involving small populations in 
specific localities, or larger studies that could not be replicated [8, 9].

3  ROS, Protein Oxidation, and Oxidative Signaling

Classical ROS include superoxide (O2˙ˉ), hydrogen peroxide (H2O2), nitric oxide 
(NO˙) and hydroxyl OH˙. Of these, O2˙ˉ, NO˙ and H2O2 are less reactive and are 
thus able to interact at greater distances, and often react at specific sites on target 
biomolecules. Sites so modified on target proteins can induce well-defined changes 
in protein functionality, thus constituting one component of a signaling pathway 
that communicates cellular redox status or other information.

NO˙ has well-known roles as a signaling molecule. NO˙ is produced under tight 
control enzymatically by the several isoforms of nitric oxide synthase, or alterna-
tively by reduction of NO2ˉ or NO3ˉ, and is involved in numerous signaling  pathways 
in the CNS and elsewhere (for reviews, see [10] and [11]). Targets include cysteine 
thiols, iron in heme and iron-sulfur prosthetic groups, and the phenolic hydroxyl 
groups of tyrosine residues. While NO˙ reacts directly with heme iron, it must first 
react with superoxide or another radical species before cysteine thiols or phenolic 
hydroxyl groups can be nitrated [12]. While production of nitrotyrosines is more 
likely indicative of excessive levels of NO˙ and nitrosative stress, there are a  number 
of indications that nitrosylation of cysteine thiols is utilized in signaling pathways 
under normal physiological conditions (reviewed in [13]). First off, thiol  nitrosylation 
is found to be selective rather than indiscriminate. Selectivity due to source  adjacency 
can occur on proteins associated with—and thus close to—nitric oxide synthase 
(NOS), a key site of NO˙ production. Thiols are also more readily  nitrosylated—and 
thus preferentially modified—when found within motifs  containing amino acids 
with acidic or basic side chains that facilitate the thiol  deprotonation involved in 
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nitrosylation. Finally, hydrophobicity facilitates  nitrosylation, with the consequence 
that thiols of membrane-associated proteins are more readily attacked by NO˙.

In contrast, OH˙ is so highly reactive that it is thought typically to oxidize the 
first biomolecular site it encounters, and so is thought unlikely to be a useful 
 signaling molecule.

The high reactivity of some ROS, particularly hydroxyl and peroxynitrite, has 
led to the idea that they oxidize the first target they encounter, and consequently that 
the locations of their oxidative lesions are random. The assumption embedded in 
this ‘random oxidative damage’ model is that the sites where these ROS are 
 generated are also random. However, large quantities of ROS are generated by 
membrane- bound enzymes at well-defined organellar and cellular sites, suggesting 
that rather than being generated randomly, most ROS are produced at well defined 
locations. Furthermore, as techniques have been developed that enable  identification 
of the specific sites of oxidation, it is becoming increasingly clear that specific sites 
on a limited set of molecules are much more frequently oxidized than others. Some 
of these sites can be linked readily to signaling pathways found to be sensitive to 
cellular redox status. Consistent with this is that the observed sites of oxidation are 
more reactive, are more exposed to ROS, and/or are on molecules nearby where 
ROS are generated, so that less random oxidation actually occurs than might be 
expected. Nevertheless, organisms possess both effective processes for repairing 
nearly all ROS-induced damage, and the ability to degrade damaged molecules that 
cannot be repaired.

Hypochlorite (OClˉ) is a reactive species generated by myeloperoxidase in 
 activated microglia; since such cells and associated chronic inflammation are found 
in most neurodegenerative diseases, this species of ROS may be of some 
significance.

Proteins can be modified oxidatively not only by ROS and NO˙, but by the 
 end- products of lipid peroxidation and the cyclooxygenase pathway, by cysteine 
thiol oxidation to form disulfide adducts with glutathione, and by chlorine and 
 bromine. The most abundant of these oxidative modifications are protein 
 carbonylation, 3-nitrotyrosine, binding of HNE, and glutathionylation.

ROS, particularly H2O2, have often been used as reagents for inducing oxidative 
stress in vitro. However, other evidence points to increases in their in vivo  production 
as being under regulatory control, and not necessarily as a stochastic causative 
agent of stress. Regulated production of superoxide is critical to mitochondrial 
functioning. In mitochondria, eleven potential sources of O2˙ˉ have been identified 
and once generated superoxide is rapidly converted to H2O2 by superoxide 
 dismutase. So long as the O2˙ˉ and H2O2 concentrations are low, these species are 
essential not only for normal function, but also for communication between 
 mitochondria and the rest of the cell; only at higher concentrations do these species 
become toxic [14]. Mitochondrial H2O2 production is modulated by NO˙ levels, 
mediated by interaction of NO˙ with cytochrome oxidase [15]. Just as for 
 mitochondria, different cellular ROS concentrations may have specific biological 
consequences. For example, the basal cytosolic concentration of H2O2 is controlled 
at a steady state of ~10 nM under normal conditions; at 1 μM, it provides  proliferative 
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signaling in human breast cancer cells, and induces apoptosis and necrosis at levels 
of 3 μM and above [15]. As a more specific case, in cardiomyocyte slices, increased 
amounts of O2˙ˉ are produced dose-dependently by aldosterone, mediated by the 
mineralocorticoid receptor, the mitochondrial respiratory complex, and NADPH 
oxidase [16].

Oxidation of protein cysteine thiols by H2O2 is an important redox signaling 
pathway and one in which only thiols with low pKas in specific locations of redox 
sensitive proteins are susceptible to attack; in this pathway, varying levels of H2O2 
are likely involved [17]. Initial oxidation of cysteine thiols typically results in 
sulfenic acids (–SOH) and changes to protein conformation and activity; further 
oxidation produces sulfinic (–SO2H) acids. Enzymes exist to reduce both sulfenic 
and sulfinic forms, so these modifications are effectively reversible and can be used 
for signaling. Sulfonic acids (–SO3H) are generated by more drastic oxidation, but 
no enzymes to reduce these have been found to date [17].

Lipids constitute a substantial part of cellular membranes. Polyunsaturated fatty 
acid (PUFA) components of membrane lipids are readily susceptible to oxidation, 
while the saturated and mono-unsaturated components are much less so. Even so, not 
all oxidative species are capable of oxidizing PUFAs. Notably NO˙ and O2˙ˉ are 
unreactive, while the protonated form of superoxide, HO2˙, is capable of PUFA 
 oxidation. Initiation of lipid oxidation appears to involve reaction of labile iron and 
H2O2 to produce HO˙, which then abstracts a hydrogen atom or adds across a double 
bond, in either case generating a carbon-centered radical. Such radicals then most 
often initiate a chain reaction by reacting with molecular oxygen to produce a peroxyl 
radical, which then abstracts hydrogen from a neighboring lipid PUFA, thus propa-
gating the chain reaction by producing another carbon radical, etc. [12]. The chain 
reaction can be broken by reaction with antioxidants such as α-tocopherol, or other 
free radicals such as NO˙. As uncovered in studies of purified compounds, fatty acid 
peroxyls can react with additional oxygen molecules by several different routes that 
result in carbon chain scission or cyclization. Scission results in the  generation of a 
variety of reactive shorter-chained unsaturated aldehydes or ketones [18]. One such 
aldehyde, 4-hydroxy-trans-2-nonenal (HNE), is the oxidative  scission product of ω-6 
fatty acids and is produced in a wide variety of systems subjected to oxidative stress. 
4-hydroxy-trans-2-hexenal (HHE) is the analogous scission product from ω-3 fatty 
acids. Other reactive aldehydes that occur in  neurodegeneration and aging include 
malondialdehyde (MDA), glyoxal, methyl glyoxal, acrolein, and  4-oxo-2-nonenal 
(ONE), a close, more-oxidized relative of HNE.

If carbon chain cyclization rather than scission occurs, compounds with several 
ring structures including isofurans and F2 isoprostanes are produced. Human cerebro-
spinal fluid (CSF) levels of F2 isoprostanes increase with age [19]. Increased levels 
are also found in CSF of AD patients [19] and plasma of PD patients [20], but levels 
in CSF of ALS patients were unchanged [21]. Moreover, increased levels also are 
associated with poorer performance on at least one test of cognitive ability in non-
demented adults [22], suggesting that higher oxidative levels in CNS may not only be 
associated with neurodegenerative diseases but may also impact cognition generally 
and be associated with the reduced cognitive ability associated with normal aging.
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Under normal intracellular oxygen tension, isoprostanes are favored, but as local 
oxygen tension increases isoprostane production is suppressed and isofuran generation 
predominates. Notably, increased levels of isofurans, but not isoprostanes, are mea-
sured in the substantia nigra of Parkinson’s patients, which could be ascribed to an 
elevated oxygen tension resulting from mitochondrial dysfunction in this  disease; 
unsurprisingly, levels of both are normal in substantia nigral tissues of AD patients [23].

Levels of several products of lipid peroxidation and their protein adducts are 
increased in relevant tissues of patients suffering from a number of neurodegenera-
tive diseases, compared to those of individuals of similar age (Table 1). Levels of 
free HNE are increased in brains of Alzheimer’s disease patients [24], as are levels 
of acrolein [31]. HNE reacts with cysteine, histidine or lysine residues to form 
 protein adducts that can cause changes in protein conformation and function [46]. 
HNE protein adducts are increased in brains of patients afflicted with Alzheimer’s 
disease [24, 27], Parkinson’s disease [26], and ALS [28].

Table 1 Regions showing increased levels of protein oxidative products in human aging and 
neurodegenerative disease, versus healthy controls

Oxidative product

Neurodegenerative condition/affected region

Normal cognitive 
aging, ≥60 year 
vs. 20 year AD ALS PD

Free HNE Amygdala, 
hippocampus, 
parahippocampal  
gyrus [24]

Serum, CSF [25]

HNE adduct Oculomotor 
nucleus [26]

Hippocampus, 
frontal cortex [27]

Ventral horn 
motor neurons 
[28]

SN [26]

4-HHE adduct Hippocampus [29] Spinal cord [30]
Acrolein adduct Cortex [31] SN αSYN 

[32]
F2 isoprostanes CSF [19] Hippocampus [29] CSF nc [21] Plasma 

[20]
Protein carbonyl Frontal pole [33] Hippocampus, 

inferior parietal 
lobule [34]

Lumbar spinal 
cord [35]

SN [36]

Protein
3-nitrotyrosine

Hippocampus [37] Hippocampus [27] Spinal cord 
motor neurons 
[38]

SN [39]

Protein
3-chlorotyrosine

Ebc, ffa’s [40] Hippocampus [41]

AGEs Collagen [42] Hippocampal 
plaques, tangles [43]

Spinal cord 
motor neurons 
[44]

SN [45]

AGEs advanced glycation end-products, Ebc exhaled breath condensate, ffa’s free amino acids, 
HNE 4-hydroxy-trans-2-nonenal, HHE hydroxyhexenal, nc no change, SN substantia nigra

E.H. Sharman



205

HNE adducts may play a particularly crucial role in the development of ALS. The 
motor neurons that are decimated by this disease are especially vulnerable to the 
excitotoxic stress elicited by excessive concentrations of synaptic glutamate. 
Neighboring astrocytes normally act to maintain healthy levels of this neurotrans-
mitter by secreting its transporter EAAT2 into the synaptic cleft. However, EAAT2 
is one of the proteins targeted by HNE [28], and levels of this transporter are drasti-
cally reduced in ALS spinal cord tissue [47] leading to glutamate excitotoxicity and 
motor neuron death.

Protein adducts of HHE, the unsaturated aldehyde analogous to HNE that results 
from oxidation of ω-3 fatty acids, are also elevated in hippocampus of AD patients 
[29] and spinal cord tissue of ALS patients [30].

Adducts of acrolein, an aldehyde more reactive than either HNE or HHE, are 
also found in brain (Table 1). These occur in hippocampal tissue of AD patients [31] 
and an acrolein adduct of α-synuclein has been identified in neurons in substantia 
nigra of PD patients [32]. Such adducts of α-synuclein may well be importantly 
involved in the mechanism of PD since (1) α-synuclein aggregates are a PD 
 hallmark, (2) α-synuclein plays a role in protecting neurons from oxidative stress 
and in preventing PUFA oxidation, and (3) oxidative protein adducts often  inactivate 
the protein’s function [5].

When activated, microglia in the brain increase levels of myeloperoxidase, an 
enzyme capable of generating HOCl, which then reacts with proteins to produce 
3-chlorotyrosine residues. Hippocampal chlorotyrosine levels are elevated some 
3-fold in the brains of AD patients compared with normal similarly-aged subjects [41].

A preliminary indication that the reversal of protein carbonylation may be  mediated 
enzymatically is the observation that levels of carbonylated proteins are lowered when 
β-mercaptoethanol—a thiol chemically incapable of carbonyl  reduction—is added to 
cell or tissue homogenates; moreover, in muscle cell homogenates this effect is 
 abrogated by knockdown of glutaredoxin 1 by siRNA transfection [48].

4  Redox Signaling Proteins Important in Neurodegenerative 
Diseases and Aging

Surveys of ROS adducts to specific proteins have been conducted, resulting in 
identification of a relatively small number of affected proteins in neurological 
tissues of either human patients in the case of AD [46], or of mouse models of 
ALS or PD [46, 49]. Many of the adducts present in mild cognitive impairment 
(MCI), a disease precursor to Alzheimer’s, also occur in AD; as degeneration 
progresses from MCI to AD, many more adduct proteins appear once AD has 
been diagnosed (Table 2). Significantly, adducts of many proteins are found in 
more than one disease, and nearly all proteins fall into classes that are notably 
dysfunctional during neurodegeneration (Table 2). The actual or putative 
 involvement of each of these proteins in neurodegenerative disease has been 
 critically discussed [46].
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The number of redox signaling proteins continues to grow; several ones recently 
identified are worthy of discussion.

DJ-1 (Park7) is a multifunctional protein that was originally identified as an 
oncogene [50]. Mutations in DJ-1 are associated with early onset PD. In addition to 
its involvement in chaperone activity, transcriptional regulation, and oncogenesis, 
DJ-1 has shown protection against oxidative stress, involving at least three different 
functions. In the first, it acts as an atypical peroxidase involved in scavenging mito-
chondrial H2O2, while in the second, it interacts with and activates SOD1 [50]. In 
the third, it acts as a deglycase to reverse the protein glycation lesions generated by 
the lipid peroxide product glyoxal [51]. Moreover, knockout of DJ-1 in the SOD1G93A 
mutant mouse model of ALS increases disease severity and shortens survival [52].

Table 2 Oxidation of specific proteins is detected in affected CNS tissues from Alzheimer’s disease 
patients, or in Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS) model mice

Function Protein

Neurodegenerative condition

Amnestic 
MCI AD PD ALS

Energy dysfunction α-ATP synthase ✓
β-ATP synthase NOa

creatine kinase BB ✓
α-enolase (Eno1) ✓ ✓ ✓ HNE, 

NOa

Triosephosphate isomerase ✓
Phosphoglycerate mutase 1 ✓
Pyruvate kinase M2 ✓
Lactate dehydrogenase ✓

Excitotoxicity Glutamine synthase ✓ ✓
Proteasomal 
dysfunction

Ubiquitin carboxy-terminal 
hydrolase 1

✓

Neuritic abnormalities Dihydropyrimidinase-
related protein 2 (CRMP2)

✓ HNE

Phosphorylation 
regulation

Mitogen-activated protein 
kinase 1

✓

Peptidyl prolyl cis-trans 
isomerase 1

✓ ✓

Synaptic 
abnormalities

γ-N-ethylmaleimide-
sensitive factor attachment 
protein (γ-SNAP)

✓

Syntaxin-binding protein 1 ✓
pH maintenance Carbonic anhydrase 2 ✓ ✓ ✓
Protein quality control Heat shock protein 70 ✓ HNE

Heat shock cognate 71 ✓ NOa

Park7 (DJ-1) C106- SOH

✓ carbonylated protein, HNE HNE protein adduct, NO nitrotyrosine-containing protein, MCI mild 
cognitive impairment, a precursor condition to AD. Data from [46], except ALS NO data labeled 
aare from [49]
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Cysteine C106 in DJ-1 is located in a pocket lined with polar residues that makes 
its thiol moiety especially susceptible to oxidation by H2O2, concentrations of which 
are elevated in the dopaminergic neurons at risk of loss in PD. Oxidation of this 
thiol is necessary for DJ-1 to be translocated to mitochondria, where it must be 
located to carry out many of its neuroprotective functions [53]. One likely  protective 
function is the prevention of α-synuclein fibril formation and only the doubly 
 oxidized (sulfinic acid) form of DJ-1 is capable of carrying this out [54].

Oxidative resistance-1 (OXR1) is an intriguing signaling protein that lacks the 
enzymatic ability to directly quench ROS, but rather suppresses complement and 
STAT3 activation in response to oxidative stress [55]. As a possible defensive 
response to the increased oxidative stress associated with ALS, OXR1 levels are 
increased in the spinal cords of late-stage ALS patients, and in presymptomatic 
ALS-mutant mice; its cysteine 753 is uniquely oxidized by H2O2, providing a 
 possible mechanism for its oxidative stress response [56]. Notably, when OXR1 is 
overexpressed in the SOD1G93A mouse model of ALS, it lengthens survival, improves 
motor deficits, and delays pathology [55]. Moreover, its effects extend to models of 
ALS involving ALS-linked mutations in FUS and TDP43; in cellular systems Oxr1 
overexpression corrects mitochondrial defects, cytoplasmic mis-localization, 
 protein aggregation, and splicing changes associated with the ALS-linked mutations 
in these proteins [57]. This is in contrast to the ineffectiveness of a number of 
 antioxidant enzymes that directly quench ROS.

Nitrosylation of the metabolic enzyme glyceraldehyde-3-phosphate 
 dehydrogenase (GAPDH) can act as an apoptotic switch in response to neuronal 
excitotoxicity. On the one hand, nitrosylation to form SNO-GAPDH abolishes 
catalytic activity and can result in initiation of apoptosis by facilitating binding 
to Siah1, an apoptotic ligase. Counter to this, nitrosylation of the associated 
protein GOSPEL (GAPDH’s competitor of Siah Protein Enhances Life) induces 
competitive binding to GAPDH and thus inhibits formation of the pro-apoptotic 
SNO-GAPDH-Siah complex [58]. The neuroprotective power of abrogating this 
complex is indicated by the effects of R-(–)-deprenyl. At subnanomolar 
 concentrations, this monoamine oxidase inhibitor blocks formation of the 
 SNO-GAPDH-Siah complex [59]; this may be the mechanism by which it slows 
the progression of early PD [60], and lengthens the lifespan of rats [61].

The prominence of increased amounts of oxidative products and protein adducts 
in aging and neurodegenerative diseases (Table 1) underscores the need to better 
understand the functioning of agents that normally scavenge them, and how these 
agents become dysfunctional in neurodegenerative disease. A recent study serves as 
an example.

As noted above, high levels of HNE and HNE protein adducts are observed in 
brains of AD patients, as well as in those of AD mouse models. Aldehyde dehydro-
genase 2 (ALDH2) detoxifies reactive aldehydes including HNE. This enzyme 
occurs at increased levels in the temporal cortex and putamen of AD brains, in an 
apparent attempt to cope with the increased levels of oxidants such as HNE. Transgenic 
mice lacking ALDH2 exhibit many of the behavioral symptoms of AD as they age 
and thus have recently have been proposed as a model for AD [62].
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5  Protein Quality Control and Neurodegenerative Diseases

The action of enzymes to reverse or repair oxidative modifications to biomolecules 
can only go so far to maintain homeostasis. Degradative processes, carried out by 
proteasomes or via autophagy, are critical for recycling biomolecules including 
 oxidized proteins that would otherwise accumulate with lethal results. Indeed these 
processes appear to be gradually overwhelmed in many neurodegenerative diseases, 
resulting in the appearance of aberrant protein aggregates—frequently  substantially 
oxidized—that are the distinguishing hallmarks of these diseases.

When young, neurons appear to have substantial proteasomal processing  capacity 
over and above normal requirements: only 20 % of proteasomes at 190 nM 
 concentration in hippocampal neurons from 2-day-old rats were observed to be 
actively processing substrate proteins in situ, indicating that 80 % may be available 
to respond to the occurrence of stress conditions [63]. The new technique of 
 cryoelectrotomography was used to obtain these results. It is reasonable to suppose 
that this substantial reserve in degradative capacity may be dissipated with aging or 
the occurrence of neurodegenerative disease. Of interest in the future would be to 
use this or other comparable methods to measure changes in proteasomal numbers 
and proportions of proteasomes actively performing degradation in aged and/or 
 diseased cells. Observing over time increased numbers of proteasomes in neuronal 
cells—and saturation of actively processing organelles—prior to or after onset of 
symptoms would provide mechanistic support for the ‘incremental damage 
 accumulation’ hypothesis of neurodegenerative disease.

 Conclusion

ROS generation is an inescapable consequence of living in an aerobic environment 
and utilizing aerobic metabolism. ROS do react with and cause damage to biomol-
ecules. Products of oxidized lipids and protein adducts increase in the nervous 
 system with age, and are prominent characteristics of virtually all  neurodegenerative 
diseases. High levels of many of the same protein oxidative adducts are found in the 
most affected tissues of a number of neurodegenerative diseases, pointing to the 
likelihood that they all share a common inability to completely repair the same 
types of protein oxidative stress.

While aerobic organisms have developed effective, but apparently imperfect, 
repair mechanisms to cope with this damage, they appear to tolerate and indeed 
endeavor to maintain low levels of ROS. To do so they must sense ROS levels in 
order to regulate them and to modulate the damage response as oxidative levels 
change. Regulation and maintenance of optimal repair processes is of particular 
importance to the nervous system due to its high levels of ROS generation and 
extremely low rates of cell turnover. ROS sensing appears to be accomplished by 
enhancing the reactivity of redox-sensitive groups in proteins often located close to 
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sources of ROS. The degree of oxidation of a number of these proteins is increased in 
neurodegenerative disease. The functions of many of these same proteins are  critical 
to processes that become dysfunctional during disease progression, thus linking 
mechanisms of disease progression with sensing of aberrantly high oxidant levels.

Ever since the connection between increased oxidative levels and neurodegenera-
tive disease was established, numerous attempts have been made to treat these dis-
eases by suppressing ROS levels with antioxidants, essentially without success. One 
hopes that improved understanding of ROS sensing pathways, and of their  ability to 
modulate processes essential to healthy nervous system functioning, will provide the 
tools to develop effective treatments for these presently incurable conditions.
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Ulrike Luderer

1  Normal Ovarian Development and Ovarian Aging

Primordial germ cells (PGCs), the germline stem cells, are formed in the yolk sac 
and migrate via the hindgut to the urogenital ridge on the mesonephros during 
embryonic development. In female embryos PGCs are called oogonia, and these 
mitotically self-renewing cells are present only during prenatal life. At gestational 
day (GD) 13.5 in mice or gestational week 11 in humans, oogonia initiate meiosis 
and then arrest in the diplotene stage of the first meiotic prophase until meiosis 
resumes at the time of ovulation [1–3]. Once they enter meiosis, the ovarian germ 
cells are called oocytes, and they initially exist in syncytial clones, called oocyte 
nests or cysts, which are derived from a single PGC. During the first postnatal week 
in mice and gestational week 18–19 in humans, oocyte nest breakdown and forma-
tion of primordial follicles occurs [2–4]. During this process about one third of 
oocytes are lost via apoptosis [5].

Ovarian follicles are the functional unit of the mammalian ovary. They consist of 
oocytes surrounded by and communicating via gap junctions with specialized 
somatic cells called granulosa cells. Primordial follicles, the least mature folllicles, 
contain only a single partial layer of flattened granulosa cells. Primordial follicles 
are continuously recruited into the growing pool throughout life by paracrine 
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signals [6–8]. During recruitment, granulosa cells differentiate, assuming a cuboidal 
morphology, and proliferate. Follicles with a single layer of cuboidal granulosa 
cells are called primary follicles and those with more than one layer of granulosa 
cells are called secondary follicles. As the follicle continues to grow, fluid-filled 
vesicles appear in the granulosa cell layer and these eventually coalesce to form a 
single vesicle, the antrum, and these are called antral follicles. In larger follicles a 
basement membrane separates the nonvascularized granulosa cell layers from the 
outer cell layers, the vascularized theca cells. It is generally accepted that women 
and other female mammals are born with a finite number of germ cells that continu-
ously declines throughout life due to ovulation and an apoptotic process called fol-
licular atresia. In recent years this dogma has been challenged, with some studies 
providing evidence for germline stem cells and oogenesis in the adult ovary [9–11]. 
Nonetheless, aging in mammalian females is characterized by a decline in ovarian 
follicle numbers, culminating in reproductive senescence, which in most species 
occurs long before death [12–17]. Only about one percent of follicles mature to 
ovulation, the rest undergo atresia, which in the postnatal ovary occurs predomi-
nantly at the early antral stage of follicular development [18].

In addition to declining oocyte numbers, ovarian aging is characterized by 
decreased oocyte quality. Ovulated oocytes from older compared to younger females 
have increased aneuploidy, shorter telomeres, decreased mitochondrial fraction, and 
increased endoplasmic reticulum and Golgi fractions [19–25]. Double strand DNA 
breaks are increased in primordial and antral follicle oocytes from older women and 
older mice compared to those of younger females, while expression of DNA repair 
genes is decreased [26]. Consistent with decreased oocyte quality, older women 
undergoing assisted reproduction have higher percentages of aneuploid and mosaic 
blastocysts, decreased pregnancy rates and increased pre- and post-implantation 
mortality compared to younger women [21, 27].

2  Oxidative Stress and Normal Ovarian Aging

Ovarian aging is accelerated compared to aging of other tissues and organs. 
Complete cessation of ovarian function or menopause occurs at 50 ± 4 years, typi-
cally several decades before death [28]. Normal aging in women is associated with 
increased markers of systemic oxidative stress, such as urinary F2-isoprostanes, 
which are products of free-radical catalyzed lipid peroxidation of arachidonic acid. 
15-F2t-isoprostane (15-F2t-IsoP) is one of the most common F2-IsoPs and converts to 
2,3-dinor-5,6-dihydro-15-F2t-IsoP (15-F2t-IsoP-M), which may be a better bio-
marker of oxidative stress because it is not subject to autoxidation and is not pro-
duced by the kidneys [29]. These authors showed that urinary 15-F2t-IsoP-M 
increased with age, menopausal status, body mass index (BMI), and smoking in 
middle aged and older women [29]. The association of systemic biomarkers of oxi-
dative stress with menopausal status suggests that oxidative stress may play a role 
in ovarian aging, and several studies have attempted to examine this more directly.
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Multiple studies have examined the hypothesis that oxidative stress is associated 
with ovarian aging in women undergoing assisted reproduction (ART). Conflicting 
results have been obtained in studies that attempted to measure reactive oxygen spe-
cies (ROS) or oxidative damage in follicular fluid, but many of these studies utilized 
assays that are not appropriate for cell-free fluids or have poor specificity, sensitivity 
and/or reproducibility (e.g. luminol chemiluminescence for ROS or malondialde-
hyde for lipid peroxidation) ([30, 31], reviewed in [32]). Studies that utilized more 
robust methods have found evidence for increased oxidative damage in follicular 
fluid of older compared to younger women. Wiener-Megnazi et al utilized a thermo-
chemiluminescence assay that measures the oxidation of molecules in biological 
fluids to unstable electrically excited species such as carbonyls and observed 
increasing oxidative activity in follicular fluid with increasing age of the woman 
[33]. Moreover, increased oxidative activity was associated with decreased numbers 
of oocytes ovulated and fertilized eggs progressing to cleaved embryos. Using 
another sensitive method, measurement of loss of reduced thiols, Tatone and 
coworkers demonstrated decreased levels of reduced thiols in follicular fluid of 
older women [32]. The latter group also reported that enzymatic activities of anti-
oxidant enzymes in follicular fluid differed in older compared to younger women, 
with decreased activities of glutathione-S-transferase (GST) and catalase and 
increased activity of superoxide dismutase (SOD)[34].

Other studies have measured similar endpoints in oocytes and cumulus cells 
(specialized granulosa cells surrounding the oocyte) of women undergoing 
ART. Protein levels of cytosolic SOD1 and mitochondrial SOD2 and enzymatic 
SOD activity decreased with age in cumulus cells, and higher SOD activity was 
associated with greater likelihood of successful ART outcome [35]. Similarly in 
another study, cumulus cells from older compared to younger women had decreased 
mRNA and protein expression of catalase, SOD1, and SOD2 [36]. In contrast to 
rodent studies described below, single oocyte transcriptomics did not show a strong 
difference in the expression of oxidative stress or other stress response genes in 
oocytes from older compared to younger women [37]. This lack of observed differ-
ences may have to do with the study design in which the young group 
(women < =35 years, with a mean age of 31.1) did not differ greatly in age from the 
“old” group (37–39 years, with mean of 37.8).

Multiple lines of evidence from rodent models support a role for ROS and oxida-
tive damage in ovarian aging. Oxidative lipid, protein, and DNA damage, detected 
by 4-hydroxynonenal (4-HNE), nitrotyrosine (NTY), and 8-hydroxy-2′-
deoxyguanosine (8-OH-dG) immunostaining, respectively, increased in ovarian fol-
licles, and the accumulation of a product of protein and lipid oxidation, lipofuscin 
[38], increased in the ovaries of mice with increasing age [39]. Ovarian expression 
of the mitochondrial antioxidant genes peroxiredoxin 3 and thioredoxin 2 (Txn2), 
and the cytosolic antioxidants glutaredoxin 1 (Glrx1) and glutathione-S-transferase 
mu 2 (Gstm2), decreased with increasing age in mice, suggesting that declining 
antioxidant defenses may be contributing to oxidative damage in the aging ovary 
[39]. In another study, vitamin E levels were increased and glutathione reductase 
(GSR) enzymatic activity was decreased in ovaries of 8–9 month old rats compared 
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to 26 day old prepubertal rats, while catalase and GPX activities, and TBARS were 
unchanged [40]. Decreased expression of the glutathione (GSH)-related genes 
Glrx1, glutamate cysteine ligase modifier subunit (Gclm), Gsr, GLRX-related pro-
tein, as well as of Sod1, and Txn1 was measured in oocytes from aged compared to 
young mice [41, 42]. GSH concentrations and the ratio of GSH to GSSG were 
decreased in oocytes from aged compared to young mice [25]. 4-HNE was recently 
shown to covalently modify the succinate dehydrogenase protein of complex II of 
the mitochondrial electron transport chain in oocytes, increasing ROS production 
and lipid peroxidation, causing loss of mitochondrial membrane potential, and 
inducing apoptosis [43]. Consistent with decreased antioxidant capacity, oocytes 
from 11 to 12 month old mice cultured with 250 μM hydrogen peroxide had 
decreased survival compared to oocytes from 1 month old mice [26].

If oxidative stress drives ovarian aging, then antioxidant supplementation should 
slow ovarian aging. However, few studies have attempted to test this hypothesis. In 
a model of ovarian aging induced by repeated superovulation cycles in rapid succes-
sion, ovarian levels of oxidative protein damage (protein carbonyls) and DNA dam-
age (8-OH-dG) increased, while protein levels of SOD1 and SOD2, number of 
oocytes ovulated, the percentage of oocytes with normal mitochondrial distribution, 
and the percentage of fertilized oocytes progressing to the blastocyst stage decreased 
with successive superovulation cycles [44]. All of these effects were partially miti-
gated by supplementation with L-carnitine, but not by supplementation with the 
GSH precursor N-acetylcysteine or ascorbate, consistent with a key role of mito-
chondrial dysfunction [44]. Administration of pharmacological doses of the antioxi-
dant vitamins C (10 g/kg diet) and E (0.6 g/kg diet) to female mice from the age of 
weaning or from the age of 32 weeks prevented the age-related declines in numbers 
of oocytes ovulated with hormonal stimulation and in the percentage of oocytes 
with normal distributions of chromosomes on the metaphase II plate during meiosis 
II [24]. Despite these beneficial effects on oocyte quantity and quality, this dietary 
regimen actually decreased the litter frequency, litter size, and total number of off-
spring [45]. Supplementation of mice with 0.1 mM NAC in drinking water from 2 
months of age for up to 12 months delayed the age-related decline in litter size and 
partially mitigated the age-related increased percentage of fragmented and lysed 
oocytes and decrease in ovarian telomere length [46]. Supplementation with 1 mM 
NAC was less protective for all of these endpoints. The same group also examined 
the ability of supplementation with 30 mg/L resveratrol in the drinking water from 
2 to 3 months of age for 6 or 12 months on ovarian aging [47]. They observed partial 
mitigation of the age-related declines in litter size, ovarian follicle numbers, per-
centage of oocytes with normal meiotic spindles and chromosome alignment, ovar-
ian expression of Sirtuin 1 (Sirt1), and ovarian telomere length in the 
resveratrol-treated mice, with the beneficial effects more pronounced after 12 
months of treatment [47]. These beneficial ovarian effects of resveratrol may be 
mediated in part by modulation of antioxidant pathways and improvement of mito-
chondrial function, as well as by its well-known ability to activate SIRT1 and 
increase telomerase activity [48, 49]. In vitro supplementation with 1 mM melatonin 
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during oocyte maturation was able to mitigate the ROS increase, caspase activation, 
and oocyte fragmentation that characterize postovulatory oocyte aging, and improve 
IVF success measured as development to the blastocyst stage [50].

3  Oxidative Stress and Pathological Ovarian Aging, 
Evidence from Genetically Modified Mouse Models

Premature ovarian failure (POF) or primary ovarian insufficiency (POI) is clinically 
defined as cessation of ovarian function prior to the age of 40 [51, 52]. POF occurs 
in 1 % of all women, but the cause is unknown in the large majority of cases. 
Chromosomal abnormalities, including disorders of the X chromosome, are thought 
to be responsible for about 10 % of cases, while single gene mutations and multi-
genic variants are thought to be responsible for another 10–15 % of cases [53]. 
Menopause before the age of 45 years is often called early menopause, and recent 
genomewide association studies have identified a few common genetic variants that 
are associated with early menopause [54]. Other known causes of POF include ion-
izing radiation to the pelvis and treatment with antineoplastic agents for cancer 
[55–60]. Oxidative stress has been implicated in the causal pathways by which these 
and other toxic agents cause POF, and genetically modified mouse models further 
implicate oxidative stress in the pathophysiology of POF.

If oxidative stress drives ovarian aging then mice deficient in antioxidant genes 
might be expected to have accelerated ovarian aging and POF. Although knockout 
mouse models of many of the major antioxidant genes have been generated in 
recent years, detailed analyses of ovarian aging have been conducted in only a few 
of these.

Mice null for the modifier subunit of glutamate cysteine ligase (GCLM), the rate- 
limiting enzyme in the synthesis of GSH, have globally decreased GSH levels, but 
survive to old age in the absence of exposure to exogenous stressors. Compared to 
Gclm+/+ mice, total ovarian GSH concentrations are decreased by about 75 %, 
ovarian GSH:GSSG ratios are decreased by about half, and the GSH:GSSG Nernst 
potential is oxidized in Gclm−/− mice, consistent with chronic ovarian oxidative 
stress [61]. Total GSH concentrations in the oocytes are decreased by more than 
80 % in Gclm−/− mice [62]. Consistent with chronic oxidative stress, Gclm−/− 
ovaries have increased oxidative lipid damage, detected by 4-HNE immunostaining, 
and oxidative protein damage, detected by NTY immunostaining, compared to 
Gclm+/+ ovaries [61]. Gclm−/− mice have similar numbers of oocytes and ovarian 
follicles at birth and weaning as Gclm+/+ mice, but the subsequent age-related 
decline in ovarian follicle numbers is accelerated in Gclm−/− mice [61]. Gclm−/− 
mice also show evidence of poor oocyte quality, with delayed development of the 
male pronucleus, low rates of development to the blastocyst stage, and fewer 
implantations of embryos derived from oocytes of Gclm−/− females whether fertil-
ized in vivo or in vitro [62]. The accelerated decline in ovarian follicles in Gclm−/− 
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mice is driven by accelerated decline in the primordial follicles, but there is no 
evidence for increased apoptosis of primordial follicles. Instead, there is evidence 
for increased activation of primordial follicles into the growing pool, followed by 
increased apoptosis of the recruited follicles at secondary and antral stages of devel-
opment [61]. These in vivo data from GSH deficient mice are supported by a study 
using cultured neonatal (PND 4) rat ovaries, which are enriched in primordial 
 follicles, and biochemical depletion of GSH using buthionine sulfoximine (BSO), a 
competitive inhibitor of Gclm. Treatment of cultured ovaries for 4 days with BSO 
significantly decreases both primordial and primary follicle numbers [63].

The transcription factor nuclear factor-erythroid 2-related factor 2 (Nrf2) regu-
lates the transcription of multiple antioxidant genes, including GSH synthesis 
genes, various GSTs, Sod2, and NAD(P)H quinone oxidoreductase [64–66]. 
Nrf2−/− mice have decreased ovarian GCLM and GCLC protein levels and mod-
estly decreased ovarian GSH concentrations [67]. Similar to Gclm−/− mice, ovar-
ian follicle numbers early in life do not differ between Nrf2−/− and Nrf2+/+ mice, 
but by middle age, the numbers of primordial follicles are significantly decreased in 
Nrf2−/− compared to Nrf2+/+ ovaries [67]. Nrf2−/− mice also have smaller litters 
than Nrf2+/+ mice, suggesting decreased oocyte quality, but the cause of the small 
litter size has not been further elucidated [68].

Oxidative stress may play a role in POF caused by deletion of several other genes 
that are important in ovarian follicular development. The forkhead box transcription 
factor FOXL2 is highly expressed in pre-granulosa cells during ovarian develop-
ment and in granulosa cells throughout reproductive life and is necessary for normal 
ovarian development. Foxl2−/− mice have premature activation of primordial fol-
licles without subsequent formation of primary follicles due to failure of granulosa 
cell differentiation, massive follicular atresia, and POF [69, 70]. Humans with 
germline mutations in FOXL2 have Blepharophimosis Ptosis Epicanthus Inversus 
Syndrome, in which craniofacial abnormalities occur in association with POF [71]. 
FOXL2 promoter activity and mRNA and protein expression in KGN human granu-
losa cells increase rapidly in response to oxidative stress (150 μM H2O2 for 2 h) 
[72]. This is partially due to transactivation by FOXL2 of its own promoter, as well 
as post-translational modifications that increase FOXL2 activity [72]. Collectively, 
these result in increased expression of oxidative stress response genes that are tar-
gets of FOXL2, including SOD2 and immediate early response protein 3 (IER3) 
[72, 73] and increased cellular concentrations of GSH [74]. FOXL2 also partici-
pates in its own eventual downregulation by transactivating SIRT1, which decreases 
FOXL2 activity via deacetylation [72]. Several of the disease-causing mutations of 
FOXL2 are predicted to impair activation of the stress response by FOXL2 [72], 
suggesting that oxidative stress may play a central role in POF caused by FOXL2 
mutations or deletion. Another forkhead box transcription factor, Foxo3a, is local-
ized to oocytes in the ovary, and its deletion also causes premature primordial fol-
licle activation and POF [75, 76]. In mouse oocytes, Sirt1, Foxo3a, and Sod2 
expression increase in response to oxidative stress (25 μM H2O2 for 30 min), and 
inhibition of SIRT1 prevents the oxidative stress-induced increase in Sod2 expres-
sion [77], suggesting a role for oxidative stress in POF caused by deletion of Foxo3a.
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4  Evidence for a Role of Oxidative Stress in Pathological 
Ovarian Aging from Toxicological Models

4.1  Ionizing Radiation

The ovary is highly sensitive to ionizing radiation, causing temporary cessation of 
ovarian cycles and in many cases POF [55–57, 78, 79]. The ED50 for oocyte destruc-
tion by γ-radiation in young women is estimated to be less than 2 Gy [55, 56]. 
Although ionizing radiation directly ionizes cellular macromolecules such as DNA, 
the majority of ionizing radiation–induced damage is thought to be indirect, due to 
ROS generation from the ionization of water [80–82]. Gamma radiation destroys 
follicles at all stages of development [78, 79, 83]; however, primordial follicles 
appear to be most sensitive [84]. Degeneration of primordial and primary follicles 
was observed as early as 2 h after γ-irradiation of postnatal day (PND) 21 mice with 
a dose of 8.3 Gray [78, 83].

Interestingly, oocytes are relatively resistant to γ-radiation prior to their arrest in 
the diplotene stage of the first meiotic prophase, which occurs at GD 18.5–19.5 in 
the mouse [85–87]. Using a late fetal, GD 18.5 mouse ovary culture model, which 
is enriched in primordial follicles, irradiation with 0.5 Gy γ-rays at day 2 of culture 
(the equivalent of PND 1) resulted in phosphorylation of the Trp53 (also known as 
p53) homolog, Trp63 (also known as p63), and activation of caspases 9 and 3 in 
oocytes by 6 h post-irradiation, with few follicles remaining by 7 days after irradia-
tion [85]. Trp63−/− ovaries were protected against γ-irradiation-induced oocyte 
destruction [85]. Exposure of wild type C57BL/6 mice at PND 5 to 0.45 or 4.5 Gy 
γ-rays led to increases protein and mRNA expression of the BH3-only proapoptotic 
BCL2 family members PUMA and NOXA in primordial follicle oocytes, while 
ovarian PUMA and NOXA are not induced after irradiation of Trp63−/− mice [88]. 
Complete destruction of primordial follicles occurs after exposure to 0.45 or 4.5 Gy 
γ-radiation at PND 5 in wild type, p53−/−, and NOXA−/− C57BL/6 mice, while 
PUMA−/− and PUMA−/−;NOXA−/− double knockout mice are protected, despite 
induction of equivalent levels of double strand DNA breaks [88].

Several lines of evidence point to oxidative stress as a driver of γ-radiation- 
induced follicle depletion. Pretreatment of mice with 100 μg of the antioxidant 
melatonin significantly protected against 8.3 Gy γ-radiation-induced primordial fol-
licle destruction at all time points, while 10 μg was less protective; beneficial effects 
of melatonin were less consistent for primary and larger growing follicles [83]. 
Rapid, sustained increases in ROS occurred in human COV434 granulosa cells 
within 30 min after 1 or 5 Gy γ-irradiation, followed by apoptotic death at 6 h [89]. 
Stable overexpression of one or both subunits of the rate-limiting enzyme in GSH 
synthesis, Gclc and Gclm, increased GSH synthesis, prevented the radiation-induced 
rise in ROS, and prevented apoptotic death of the cells [89].

Compared to low linear energy transfer (LET) γ-radiation, neutrons and charged 
particles typical of space radiation have high LET and are generally thought to be 
more damaging to cells than γ-radiation at equivalent doses, but few studies have 
examined their effects on ovarian follicles. Exposure of PND 7 C57BL/6 N mice to 

Oxidative Stress Is a Driver of Normal and Pathological Ovarian Aging



220

1 Gy of neutrons at energies of 0.525 or 2.13 MeV or 1 Gy γ-rays, induces apoptosis 
in 78, 66, and 43 % of oocytes, respectively, and in granulosa cells of 53, 18, and 
29 % of follicles, respectively [90]. Exposure of 3 month old C57BL/6 J mice to 0.05, 
0.3 or 0.5 Gy charged iron particles (LET = 179 keV/μm) causes nonsignificant 11 % 
and statistically significant 68 % and 79 % declines, respectively, in primordial folli-
cle numbers at 1 week after irradiation compared to controls; by 8 weeks after irra-
diation, primordial follicle numbers are depleted by 57 % and 99 % at the 0.05 and 
0.5 Gy doses, respectively [91]. Primary follicle numbers are similarly decreased, 
while secondary and antral follicles are decreased to a lesser extent. The decline in 
follicle numbers is preceded by increases in oocyte and/or granulosa cell double 
strand DNA breaks (phosphorylated H2AFX), as well as 4-HNE, NTY, PUMA, and 
activated caspase 3 immunostaining at 6 h after irradiation [91]. Dietary supplemen-
tation with the thiol antioxidant α-lipoic acid (150 mg/kg diet) significantly mitigates 
the effects of 0.5 Gy charged iron on all of these endpoints, consistent with oxidative 
stress playing a mechanistic role in the depletion of ovarian follicles by charged iron 
particles [91].

4.2  Antineoplastic Agents

Anticancer treatment with alkylating agents such as cyclophosphamide (CP) or 
anthracyclines such as doxorubicin can cause temporary loss of menstrual cycles and 
POF [60, 92–95]. Both of these classes of drugs exert their therapeutic effects by 
causing DNA damage and resultant death of cancer cells, but the same mechanism is 
also responsible for many of their adverse side effects. These drugs destroy follicles 
at all stages of development in humans and experimental animals [96–101]. Mice are 
more sensitive than rats to the primordial follicle toxicity of CP [100, 102], but rats 
are highly sensitive to destruction of secondary and antral follicles by CP [103, 104].

CP requires metabolic activation to exert its anticancer activity, undergoing oxi-
dation by cytochrome P450 enzymes to 4-hydroxycyclophosphamide, which under-
goes ring-opening to aldophosphamide, which spontaneously decomposes to 
phosphoramide mustard (PM), which can in turn decompose to chloroethylaziridine 
(CEZ) [105–107]. PM is thought to be the active metabolite of CP, both in terms of 
its anticancer activity and its ovarian toxicity [99, 106]. Treatment of cultured neo-
natal mouse and rat ovaries with PM depletes primordial follicles at concentrations 
≥3 and 30 μM, respectively [108, 109]. The primordial follicle toxicity of PM is 
partially due to the volatile metabolite CEZ [63]. Depletion of primordial follicles 
by PM does not involve caspase activation [108]. However, immunostaining for 
phosphorylated histone H2AX, a marker of double-stranded DNA breaks, is 
increased in oocytes of primordial follicles at concentrations that cause follicle 
depletion and at time points prior to the onset of follicle degeneration, suggesting 
that the DNA strand breaks initiate follicular destruction [109]. Double-strand DNA 
breaks can be caused by oxidative DNA lesions [110]. Consistent with a role for 
oxidative stress in CP-induced follicle destruction, supplementation with GEE par-
tially rescues the depletion of primordial, primary, and secondary follicles by 

U. Luderer



221

60 μM PM in cultured neonatal rat ovaries [63]. Surprisingly, depletion of GSH 
with BSO pretreatment does not exacerbate the destruction of primordial and pri-
mary follicles by PM treatment [63]. It is possible that the concentration of PM used 
maximally depletes cellular GSH so that addition of BSO does not result in any 
further GSH depletion, but GSH concentrations were not measured in the study by 
Madden and coworkers.

As noted above, CP treatment also destroys secondary and antral follicles. A 
single i.p. injection of 50 mg/kg CP in adult rats significantly increases activation of 
caspases 3 and 9 and TUNEL in granulosa cells of secondary and antral follicles 
24 h later [104, 111]. These data suggest that destruction of these larger follicles 
involves caspase-dependent apoptosis of granulosa cells, in contrast to destruction 
of small follicles by PM described above. The role of oxidative stress in CP-induced 
granulosa cell apoptosis was studied using a human granulosa cell tumor line, 
COV434 cells, which possess many characteristics of normal granulosa cells, and a 
preactivated form of CP, 4-hydroperoxycyclophosphamide (4HC), which spontane-
ously decomposes in solution to 4-hydroxycyclophosphamide [106, 112]. Treatment 
with 4HC (1–50 μM) rapidly and concentration-dependently decreases GSH con-
centrations and increases ROS (dichlorofluorescein fluorescence), followed at 12 
and 24 h by oxidative DNA damage (8-OHdG immunofluorescence), activation of 
caspase 3, and DNA fragmentation (TUNEL) [113]. Supplementation with GEE or 
with the antioxidants ascorbate or dithiothreitol protects against the induction of 
apoptosis by 4HC, while depletion of GSH with BSO enhances the induction of 
apoptosis by 4HC [113]. These data show that an early rise in ROS initiates the 
induction of apoptosis in granulosa cells by 4HC.

Treatment with doxorubicin causes dose-dependent increases in primordial fol-
licle double strand DNA breaks (phosphorylated histone H2AX) and caspase 3 acti-
vation in cultured human ovary cortical fragments (1–100 μg/mL) and in human 
cortical fragments xenografted into SCID mice and in the native ovaries of the mice 
(10 mg/kg dose) [114]. Mice null for eEF2 kinase, which phosphorylates eukaryotic 
elongation factor 2 (eEF2) have persistent ovarian follicles and corpora lutea well 
into advanced age, when wild type ovaries are devoid of follicles [115]. Moreover, 
eEF2K−/− oocytes were resistant to doxorubicin-induced apoptosis and this was 
suggested to be due to downregulation of the endoplasmic reticulum response to 
oxidative stress induced by doxorubicin [115] .

Overall, the studies summarized above provide strong evidence that depletion of 
ovarian follicles by CP and doxorubicin is caused by oxidative stress-induced DNA 
damage and apoptosis induction in granulosa cells and oocytes of follicles at all 
stages of development.

4.3  Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs are ubiquitous environmental pollutants formed during the incomplete com-
bustion of organic materials such as wood, fossil fuels, tobacco, and foods [116]. 
Major routes of exposure to PAHs include consumption of grilled, roasted, or smoked 

Oxidative Stress Is a Driver of Normal and Pathological Ovarian Aging



222

foods, smoking or exposure to environmental tobacco smoke, and exposure to par-
ticulate matter air pollution [116–120]. Metabolic activation of PAHs generates reac-
tive metabolites that can form DNA adducts, as well as metabolites that can undergo 
redox cycling, generating ROS and leading to oxidative DNA damage [121].

Epidemiological studies show that women who smoke have decreased fecundity 
[122–125] and earlier onset of menopause [28, 126, 127] than women who do not 
smoke. Exposure to cigarette smoke depletes primordial follicles in mice [128]. The 
ovotoxicity of cigarette smoke is likely due to its high PAH content. Experimental 
studies show that the PAHs benzo[a]pyrene (BaP), 9,10-dimethyl-1,2- benzanthracene 
(DMBA), and 3-methylcholanthrene (3-MC) destroy primordial and primary folli-
cles in peripubertal mice and rats after single high doses [129–131] or repeated 
lower doses [132]. Primordial follicles in human ovarian explants are also sensitive 
to destruction by DMBA [133]. More mature secondary and antral follicles are also 
sensitive to destruction by PAHs [132, 134]. Culture of large antral rat follicles with 
DMBA causes concentration-dependent increases in ROS (dichlorofluorescein and 
dihydrorhodamine fluorescence) at 12 h, followed by increased BAX protein at 
24 h, and caspase 3 activation and DNA fragmentation at 48 h [135]. Biochemical 
depletion of GSH using buthionine sulfoximine enhances these effects of DMBA, 
and supplementation with the cell permeable GSH analog GSH ethyl ester (GEE) is 
protective, suggesting that the rise in ROS initiates granulosa cell apoptosis caused 
by exposure of antral follicles to DMBA [135].

In addition to causing ovotoxicity after ovarian development is complete, in vivo 
and in vitro studies show that the developing ovary is highly sensitive to PAH expo-
sure. Oral treatment of pregnant mice with 10, 40, or 160 mg/kg BaP daily from GD 
7–16 causes dose-dependent declines in the fertility of their F1 female offspring, 
with complete infertility and nearly complete lack of ovarian follicles on histology 
in the highest dose group [136]. A more recent study utilizing mice deficient in GSH 
due to lack of Gclm provides evidence that these developmental ovarian effects of 
BaP are mediated by oxidative stress. Oral treatment of pregnant Gclm+/− dams 
with 2 or 10 mg/kg/day BaP from GD 7–16 dose-dependently depleted germ cells, 
manifested as decreased primordial and growing follicle numbers and decreased 
fertility, in their F1 female offspring, and the effects were significantly more severe 
in Gclm−/− F1 females than in their Gclm+/+ littermates [137].

In mice, the neonatal period is a critical developmental window when primordial 
follicles are forming from oocyte nests [4]. Culture of neonatal (PND 4) rat ovaries 
with DMBA concentration- and time-dependently depletes primordial and small 
primary follicles, with the former being more sensitive (ED50 about 250 nM) [138]. 
Using the same experimental system with 1 μM DMBA, GSTP protein and mRNA 
expression were increased prior to any observable decrease in follicle numbers 
[139]. Single exposures to 12.5 or 75 nM DMBA, which did not decrease primor-
dial or primary follicle numbers, significantly increased mRNA expression of Gstm, 
Sod1, Sod2, as well as Gstp [140]. Taken together, the early upregulation of antioxi-
dant gene expression in response to exposure to DMBA is consistent with a response 
to oxidative stress induction by DMBA.

DMBA treatment of neonatal mice (1 mg/kg/day for 7 days) or cultured neo-
natal mouse ovaries (50 nM) increased activation of primordial follicles (PCNA, 
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phosphorylated Akt immunostaining), while increasing apoptosis in primary and 
secondary follicles (activation of caspases 2 and 3 and TUNEL) [141]. ROS have 
been implicated in phosphorylation of AKT [142–144]. In addition, upregulation of 
genes in the methionine metabolism pathway was interpreted by the authors as sug-
gesting a role for DMBA-induced oxidative stress in the neonatal ovarian toxicity of 
DMBA. The same group subsequently reported similar results for the PAHs BaP 
and 3-MC [145, 146]. In addition, they reported that neonatal treatment with BaP 
(1.5 or 3.0 mg/kg/day for 7 days) leads to increased mitochondrial O2−• generation 
measured using the fluorophore MitoSOX, increased lipid peroxidation measured 
using the fluorophore BODIBY, and decreased in vitro sperm binding and sperm 
fusion in oocytes ovulated at 6 weeks of age [145]. The latter result shows that a 
transient neonatal exposure to BaP causes persistent oxidative stress and decreased 
oocyte quality later in life.

4.4  Chromium (Cr)

Cr is a heavy metal that exists in several oxidation states. CrVI is a known carcino-
gen, which is rapidly reduced to the more stable CrIII in biological systems by 
GSH, ascorbic acid, and cysteine with concomitant generation of reactive Cr spe-
cies and ROS [147]. Cr is used in numerous industrial processes including electro-
plating, leather tanning, steel production, and wood preservative manufacturing 
[148]. Exposure to the general population occurs due to contamination of drinking 
water supplies with Cr from industrial and natural sources in many parts of the 
world, including the United States [149]. During lactation, CrIII is excreted in 
breast milk, exposing the nursing offspring to CrIII.

Adult, lactational, and prenatal exposure to CrVI in drinking water all cause fol-
licular atresia and deplete ovarian follicles in rats [150–153]. Administration of 50, 
100, or 200 mg/L potassium dichromate (CrVI) via drinking water from the day of 
birth until weaning at PND 21 dose-dependently decreases primordial and primary 
follicle numbers in the ovaries of F1 offspring at PND 21, 45, and 65 and decreases 
secondary and antral follicle numbers at PND 21 and 45, with recovery of second-
ary and antral follicle numbers at PND 65 [150, 153]. Co-administration of 500 mg/L 
ascorbic acid in drinking water [153] or oral gavage with 500 mg/kg/day ascorbic 
acid [150] are protective against CrVI-induced follicle depletion and apoptosis. 
Plasma and ovarian hydrogen peroxide and lipid peroxidation product  concentrations 
increase, enzymatic activities of GPX, GSR, SOD, and catalase, and concentrations 
of ascorbic acid decrease with CrVI dose, and ascorbic acid supplementation par-
tially prevents these effects at PND 21, 45, and 65 [150]. In a similar study, treat-
ment of lactating dams with 50 mg/L CrVI during the same window increased 
immunostaining for apoptosis markers, hydrogen peroxide, and lipid peroxidation 
products, and decreased enzymatic activity of antioxidant enzymes catalase, SOD, 
GPX, and GSR in ovaries of F1 females at PND 25, and co-treatment with the free 
radical scavenger edaravone mitigated these effects [154]. These results show that 
lactational plus direct exposure of the pups to CrVI in the drinking water induces 
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systemic and ovarian oxidative stress and support a mechanistic role for oxidative 
stress in ovarian follicle depletion by CrVI during this developmental window.

Treatment of pregnant rat dams with 25 mg/L CrVI via the drinking water from 
GD 9.5 to 14.5 results in decreased germ cell numbers and increased percentages of 
germ cells remaining in nests at GD 15.5 and 17.5 and at PND 1, 4, and 25, and 
induces accelerated declines in fertility of the F1 female offspring [151, 155]. The 
decline in germ cell numbers is associated with increased ovarian immunostaining 
for proapoptotic markers TUNEL, cleaved caspase 3, BAX, and p53/p27 and 
decreased immunostaining for the antiapoptotic marker XIAP [151, 155]. Culture 
of GD 13.5 fetal rat ovaries for up to 12 days with 0.1 mg/L CrVI similarly leads to 
germ cell apoptosis, as well as inhibition of germ cell nest breakdown and primor-
dial follicle formation [156]. In addition, products of lipid peroxidation increase and 
enzymatic activities of SOD, catalase, and GPX decrease in the culture media dur-
ing the 12 days of culture in ovaries treated with CrVI compared to control ovaries, 
supporting a role for oxidative stress in the effects of CrVI on germ cell numbers 
and follicle formation during the fetal-neonatal window of development [156].

These ovary culture and in vivo studies are supported by studies of the effects of 
CrVI on apoptosis, cell proliferation, and oxidative stress in primary cultures of 
granulosa and theca cells from prepubertal rats and spontaneously immortalized 
granulosa cells (SIGC). Culture of rat granulosa cells with 10 μM (520 mg/L) potas-
sium dichromate for 12 and 24 h induces apoptosis via the mitochondrial apoptotic 
pathway, induces cell cycle arrest, and inhibits proliferation, and these effects are 
largely prevented by co-treatment with ascorbic acid [157, 158]. Culture of primary 
granulosa cells, theca cells, and SIGCs with 10 μM (520 mg/L) CrVI for 12 or 24 h 
decreases intracellular ascorbic acid concentrations, increases hydrogen peroxide 
and lipid peroxidation product concentrations, decreases mRNA expression of the 
antioxidant genes Sod1, Sod2, catalase, Glrx1, Gsr, Gstm1, Gstm2, Gsta4, Txn1, 
Txn2, Txnrd2, and Prdx3, and enzymatic activity of GPX, GSR, and GST, and all of 
these effects are largely prevented by ascorbic acid pretreatment [150].

Overall, this body of work shows that prenatal or lactational exposure of rat dams 
to CrVI depletes ovarian germ cells and/or follicles in the F1 offspring by increasing 
ROS generation and decreasing antioxidant mRNA expression and enzymatic activ-
ities, resulting in oxidative stress, which induces apoptosis, inhibits proliferation, 
interferes with oocyte nest breakdown, and eventually results in premature ovarian 
failure. The ability of the antioxidant vitamin ascorbic acid and the free radical 
scavenger edavarone to prevent these effects further supports oxidative stress as the 
driver of CrVI-induced premature ovarian failure.

4.5  Methoxychlor

Methoxychlor is an organochlorine insecticide that was widely used as a replace-
ment for DDT because it is more rapidly metabolized and less persistent. 
Although concern about its toxicity led to the banning of methoxychlor in the United 
States and European Union in 2002 [159], it is still widely used in other countries. 
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In vivo dosing of adult female mice with methoxychlor daily for 20 days at 
32 mg/kg/day, but not lower doses, does not affect primordial, primary, or sec-
ondary follicle numbers, but induces atresia of antral follicles and significantly 
decreases the number of antral follicles in the ovaries [160]. The same methoxy-
chlor dosing regimen increases ovarian hydrogen peroxide concentrations, 
 oxidative DNA damage (8-OHdG immunostaining), and oxidative protein dam-
age (NTY immunostaining), and decreased ovarian enzymatic activity and 
mRNA expression of the antioxidant enzymes GPX, catalase, and SOD1 [161]. 
In isolated, cultured mouse antral follicles, methoxychlor induces atresia and 
inhibits growth in a concentration- (1–100 μg/mL) and time- (0–96 h) dependent 
manner [162]. Expression of the antioxidant genes Gpx1 and catalase increases 
at 48 h of exposure before atresia is evident, and declines, along with expression 
of Sod2 by 96 h when the follicles display prominent signs of atresia [162]. 
Consistent with a role for oxidative stress in mediating the induction of atresia by 
methoxychlor in antral follicles, co-treatment of follicles with 1, 5 or 10 mM 
NAC prevents all of these aforementioned effects [162].

In mice, the neonatal period is a critical developmental window when primordial 
follicles are forming from oocyte nests [4]. The effects of methoxychlor on the 
ovary have been studied during this critical window in neonatal mice dosed with 50 
or 100 mg/kg/day for 7 days [163]. The proportion of primordial follicles is 
decreased and the proportions of transitional and primary follicles are increased fol-
lowing treatment with the higher dose only [163]. These changes in follicle numbers 
are associated with upregulation of genes in pathways known to be involved in pri-
mordial follicle recruitment, in particular the phosphatidylinositol-3-kinase (PI3K)/
AKT pathway [163]. Moreover, culture of neonatal mouse ovaries with methoxy-
chlor for 96 h increases oxidative DNA damage [163], and ROS are known to 
increase AKT signaling [143, 144, 164]. These data suggest that methoxychlor 
accelerates recruitment of primordial follicles into the growing pool and that this 
involves upregulation of PI3K/AKT signaling by ROS. The same study also showed 
that neonatal in vivo dosing with methoxychlor dose-dependently decreases oocyte 
quality at 6 weeks of age, measured by decreased in vitro sperm binding and sperm 
fusion with zona pellucida-free oocytes and that incubation of superovulated 
oocytes with an ovotoxic methoxychlor metabolite increases lipid peroxidation 
measured by decreased ratio of red:green BODIPY fluorescence [163]. The latter 
results suggest that neonatal methoxychlor causes long-lasting oxidative damage to 
the oocyte plasma membrane that adversely affects sperm binding and fusion.

4.6  Phthalates

Phthalates are commonly used as plasticizers to impart flexibility and in cosmetics 
and other personal care products. Phthalates are diesters of o-phthalic acid contain-
ing hydrocarbon side chains of various lengths. Phthalates are metabolized to mono-
esters, which are generally thought to be the toxicologically active metabolites.
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High doses (1 or 2 g/kg) of di(2-ethylhexyl) phthalate (DEHP) or dibutyl 
phthalate (DBP) in vivo decrease serum concentrations of 17β-estradiol, disrupt 
estrous cycling, and prevent ovulation in adult female rats [165]. In cultured rat 
granulosa cells DEHP and its monoester metabolite, mono(2-ethylhexyl) phthal-
ate (MEHP, 50 μM) decrease mRNA and protein expression of aromatase, which 
is required to convert testosterone to 17β-estradiol [166]. Suppression of aroma-
tase by MEHP occurs via activation of peroxisome proliferator activated receptors 
γ and α (PPARγ and PPARα), which are nuclear receptors and transcription fac-
tors [166]. Interestingly, other phthalates and their metabolites do not suppress 
aromatase expression, but do share another mechanism with DEHP/MEHP by 
which serum 17β-estradiol concentrations are decreased: they induce hepatic 
17β-hydroxysteroid dehydrogenase Type IV activity, which metabolizes 
17β-estradiol to its less active metabolite estrone [165]. MEHP induction of 
17β-hydroxysteroid dehydrogenase Type IV appears to be mediated by activation 
of PPARα, but not PPARγ [166].

More recent studies have examined the ovarian effects of lower doses of DEHP 
and MEHP in mice. In vivo oral treatment of adult mice with 2 μg/kg/day to 750 mg/
kg/day DEHP for 10 or 30 days decreased the percentage of primordial follicles and 
increased the percentage of primary follicles in a non-monotonic fashion, with the 
greatest alterations in follicle percentages observed at the 20 and 200 mg/kg doses 
at 10 days and the 200 μg/kg and 20 mg/kg doses after 30 days of dosing [167]. 
These effects suggest increased recruitment of primordial follicles into the growing 
pool, and this conclusion is supported by upregulation of PI3K/AKT signaling in 
the whole ovaries and in primordial and primary follicles [167]. Both DEHP 
(≥1.0 μg/mL, 2.6 μM) and MEHP (≥0.1 μg/mL, 0.4 μM) concentration- and time- 
dependently inhibit growth and induce atresia in cultured mouse antral follicles 
[168–170]. Growth inhibition is preceded by increased generation of ROS (dichlo-
rofluorescein fluorescence), and co-treatment with NAC prevents the increase in 
ROS and growth inhibition, strongly supporting oxidative stress as an initiator of the 
adverse effects of DEHP and MEHP on antral follicle growth and survival [168, 
169]. Although the role of oxidative stress in mediating the effects of in vivo DEHP 
treatment on primordial follicle recruitment have not been directly examined, acti-
vation of AKT signaling by ROS has been demonstrated in other systems. Taken 
together these studies in mice suggest that DEHP/MEHP increase primordial  follicle 
recruitment into the growing pool and induce atresia in follicles at the antral stage 
of development.

5  Evidence From Maternal Adverse Nutrition Models

In recent years, a growing number of studies have shown that maternal under- or 
over-nutrition during pregnancy and/or lactation have myriad adverse develop-
mental effects on the offspring, but relatively few studies have examined the 
effects on the ovary.
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5.1  Maternal Under-Nutrition

Maternal protein restriction (10 % casein) during gestation and lactation reportedly 
did not affect F1 offspring secondary and antral follicle numbers at 21 days of age, 
while gestational or lactational only restriction significantly decreased both second-
ary and antral follicle numbers compared to females fed normal, 20 % casein diets 
(primordial and primary follicle counts were not reported) [171]. Maternal protein 
restriction (8 %) during lactation in another study reportedly decreased primordial 
and primary follicle numbers, and non-significantly decreased secondary and antral 
follicle numbers at 3 months of age compared to 23 % protein diet controls [172]. 
Pregnant Wistar rats were fed low (8 %) protein diet or normal, isocaloric 20 % pro-
tein diet during gestation only; pups were culled to 4 females and cross-fostered to 
normal calorie dams on PND 3, while control female offspring were also cross- 
fostered to control dams. Low protein F1 females had increased ovarian and oviduc-
tal lipid peroxidation, increased mtDNA copy number, and decreased ovarian and 
oviductal telomere length, and these were associated with lower primordial follicle 
density at 6 months of age and lower AMH (a serum marker of ovarian reserve that 
declines with age) at 3 months that was similar to control AMH at 6 months [173]. 
Overall, these studies suggest that maternal protein restriction during gestation and/
or lactation decreases the ovarian reserve of primordial follicles and subsequent fol-
licular development and induces ovarian oxidative stress, which may lead to more 
rapid onset of ovarian senescence.

5.2  Maternal Over-Nutrition During Gestation

Feeding 6 weeks old female mice a high fat diet with 22 % fat (0.15 % cholesterol), 
19 % protein, and 49.5 % carbohydrates for 4 weeks causes lipid accumulation, oxi-
dative and endoplasmic reticulum stress, and mitochondrial damage in the oocytes 
compared to mice fed a matched diet with 6 % fat and 64.7 % carbohydrate [174]. 
These effects are associated with significantly increased rates of anovulation and 
decreased rate of fertilization in the high fat diet fed mice [174]. The high fat diet 
fed mice also gained more weight and had higher serum glucose and cholesterol 
concentrations than mice fed the control diet.

Alms1 mutant mice (“Blobby” mice) develop obesity and insulin resistance on 
normal chow diets by 14 weeks of age due to hyperphagia. They have decreased 
ovulation rates in response to exogenous gonadotropins due to failure to release 
oocytes from preovulatory follicles. ER stress inhibitors salubrinal or BGP-15 res-
cue this decreased ovulation and also increase ovulation rate in normal mice [175]. 
The oocyte-cumulus complexes of these mice have increased expression of ER 
stress markers Atf4, Hspa1a and 1b, increased lipid accumulation, decreased secre-
tion of the ER product PTX3 (essential for ovulation), increased oocyte meiotic 
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spindle abnormalities, decreased mitochondrial membrane potential, increased 
autophagy, and decreased percentages of normal ovulated oocytes and of early 
embryonic development of normal oocytes, and all of these effects were mitigated 
by salubrinal or BGP-15 treatment [175]. Fetuses from obese Blobby mothers trans-
ferred into uteri of normal mice were heavier and had decreased mtDNA copy num-
bers in liver and kidney and increased mtDNA mutations and these were also 
mitigated by salubrinal or BGP-15 treatment of mothers [175].

The data from these two models of maternal over-nutrition with increased weight 
gain, glucose intolerance and hyperlipidemia provide strong evidence that oxidative 
stress causes decreased oocyte quality and diminished fertility. It would be interest-
ing for future studies to examine the impact of these diets on the age-related decline 
in ovarian follicle numbers in both the F0 and F1 generations.

6  Conclusions

As women have increasingly joined the work force in the past half century, delay-
ing child-bearing until after the age of 35 has become more common. This has 
made understanding the normal process of ovarian aging, and especially mecha-
nisms underlying accelerated ovarian aging, more urgent. Accelerated ovarian 
aging and premature ovarian failure also increase the risk for cardiovascular dis-
ease, osteoporosis, and Alzheimer’s disease. Therefore, improved understanding 
of the pathophysiology of these conditions and developing interventions is impor-
tant for overall health. This chapter has reviewed the accumulating evidence that 
oxidative stress is an important driver of both normal and pathological ovarian 
aging. While the cause of premature ovarian failure is not determined in the 
majority of clinical cases, research in animal models clearly demonstrates that 
diverse chemical, physical, and nutritional exposures are capable of accelerating 
the age-related decline in ovarian follicles and decreased oocyte quality that char-
acterize premature ovarian failure. Moreover, multiple lines of research now dem-
onstrate the importance of the prenatal and early postnatal environment on 
subsequent ovarian aging. Importantly, various antioxidants have demonstrated 
efficacy in preventing or mitigating the adverse ovarian effects of chemical toxi-
cants, ionizing radiation, and adverse maternal nutrition in animal models. Public 
health interventions to reduce exposures that accelerate ovarian aging and chemo-
prevention studies in women at increased risk of premature ovarian failure are 
clearly warranted.
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1  Introduction

Oxidative stress affects all cells, tissues and organs, and the brain is no exception. 
It has long been recognized, through post mortem analysis of rodent, primate and 
human brains, that aged brains from all mammalian species exhibit hallmarks of 
oxidative stress, including lipid peroxidation and nucleic acid and protein oxidation. 
In addition, a number of studies have shown that oxidative damage to the brain 
increases with age. Accumulation of cellular damage over time due to oxidative 
stress may lead to impairments in higher brain function, including memory and 
cognition. An age-associated decline in learning and memory has been well docu-
mented in humans [1]. While in its mild form, age-related decline in memory func-
tion is not life-threatening, it becomes much more dramatic in the pathological form 
exhibited in patients with Alzheimer’s disease. In addition, individuals presenting 
with mild cognitive impairment have a greater chance of developing Alzheimer’s 
disease compared to the general population [2]. Such age-related loss of memory is 
not unique to humans, and is present in a variety of mammals, including rats and 
mice [3, 4]. While there is still no consensus regarding the nature of the biological 
process(es) that underlie(s) age-related decline in cognitive function, it has been 
frequently proposed that age-related accumulation of oxidative damage in neurons 
is the main culprit. In addition, oxidative stress has now been firmly implicated in 
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various chronic neurodegenerative diseases, many of which associated with aging, 
including age-related mild cognitive impairment, Alzheimer’s disease, Parkinson’s 
disease, Huntington’s disease, Friedreich’s ataxia, ataxia telangiectasia, and prion-
related disease, as all these diseases are associated with mitochondrial dysfunction 
[5]. Oxidative stress has also been shown to play a critical role in acute neurodegen-
eration, such as in stroke or traumatic brain injury [6]. Finally, oxidative stress may 
also be involved in the etiology of certain psychiatric diseases, namely schizophre-
nia [7] and autism [8]. As many excellent reviews have been devoted to the topic of 
age-related oxidative stress and neurodegenerative disorders, this review will first 
focus on the use of antioxidants to reduce oxidative stress associated with normal 
aging. We will then discuss how the same strategies could apply to the treatment of 
age-related disorders where enhanced oxidative stress has also been implicated. 
Finally, we will discuss potential reasons for the failure of the majority of clinical 
trials attempting to use antioxidants for the treatment of age-related neurodegenera-
tive disorders, and propose the idea that the use of small catalytic scavengers could 
offer a promising alternative to that of small antioxidant molecules.

2  Age-Associated Increase in Oxidative Stress and Effects 
of Antioxidants

Aging is associated with increased free radical levels and damage associated with 
oxidative stress in mammalian brain, including lipid peroxidation, protein oxida-
tion, and oxidized nucleic acids [9–14]. The reason for this age-related increase in 
oxidative stress in the brains of aged mammals is still unclear, although mitochon-
dria preparations from the brains of aged rodents exhibit a significant age-dependent 
increase in superoxide and hydrogen peroxide production [14, 15] and several stud-
ies have reported age-associated decreases in superoxide dismutase activity and 
catalase activity in rat brain [16]. Supplementing diets of aging mammals with anti-
oxidants or free radical scavengers has generally been shown to attenuate age- 
related cognitive decline and oxidative stress [17–19]. Such findings support the 
idea that free radical accumulation might indeed impair memory function. The 
decline in learning and memory aged mice exhibit when tested with the spatial 
swim maze has been correlated with an increase in protein carbonyl content in cere-
bral cortex [4]. Lipid peroxidation is also significantly much higher in hippocampus 
and inferior parietal lobule of elderly individuals who exhibit mild cognitive impair-
ment [20]. Aged rats that perform just as well as young rats in spatial learning tasks 
do not show the increased levels of nucleic acid and protein oxidation in hippocam-
pus that aged cognitively impaired rats do. Furthermore, age-dependent cognitive 
decline in rodents can be attenuated by treating them with antioxidants and free 
radical scavengers, such as N-tert-butyl-alpha-phenylnitrone [17], melatonin [18] 
and alpha-lipoic acid [19]. More recent studies have further evaluated the effects of 
several classes of antioxidants on cognitive processes in aging. Antioxidants have 
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generally been categorized into several different classes (Table 1). Enzymatic 
antioxidants are the typical enzymes that eliminate the oxygen free radicals 
(Superoxide dismutase, SOD) hydrogen peroxide (Catalase, CAT), and the enzymes 
producing and regenerating glutathione (Glutathione peroxidase (GSHpx) and 
Glutathione Reductase (RH). A large number of small molecule scavengers, either 
naturally occurring as well as synthetic, have been shown to eliminate reactive oxy-
gen species (ROS) in a stoichiometric manner, which means that large amount of 
these molecules are required to decrease oxidative stress under conditions of 
increased ROS production. In addition, a small number of large proteins, such as 
albumin, are capable of scavenging ROS. Finally, several small catalytic scavengers 
of ROS and nitrogen oxygen species (NOS) have been evaluated for their effects on 
cognitive decline in aging.

As previously mentioned, Vitamin C has been repeatedly tested on age-related 
cognitive decline based on its antioxidant properties. In general, animal studies have 
all found that Vitamin C can reduce age-related cognitive deficits [21]. These results 
have prompted numerous clinical trials to test the effects of Vitamin C in cognitive 
decline associated with Alzheimer’s disease or other conditions presenting cogni-
tive impairment (see [22] and [23] for recent reviews). It is clear that in humans, the 
results have not been as conclusive as in animal studies, and, while it is possible that 
Vitamin C deficiency contributes to age-related cognitive decline, the effects of 
dietary intake of large doses of Vitamin C remain questionable.

Similarly Vitamin E is considered to be a powerful antioxidant, and has been 
directly or indirectly, through its presence in numerous dietary elements, tested for 
its beneficial effects on age-related cognitive decline. Like for Vitamin C, the con-
clusions from many studies is that it is not clear that Vitamin E has a clear signifi-
cant effect on age-related cognitive decline and age-related dementia, including 
MCI and AD [24].

While selenium (Se) is not directly an antioxidant, it is an essential element of 
selenoproteins, in particular GSHpx, which are involved in ROS production and 
elimination. A recent French study, “Etude du Vieillissement Arteriel (EVA)” con-
sisted in a 9-year longitudinal study to determine the relationship between cognitive 
decline, vascular disease and oxidative stress in the elderly [25]. The results sug-
gested that decrease in plasma Se levels was associated with cognitive decline inde-
pendently of vascular factors. The results of the clinical trial combining Vitamin E 

Table 1 Classification of antioxidants

Different classes of antioxidants

• Enzymatic antioxidants: superoxide dismutase (SOD), catalase (CAT), and glutathione 
peroxidase (GSHpx) and glutathione reductase (GR)

• Small molecule scavengers: Vitamin E, Vitamin C, carotenoids, flavonoids, glutathioned, 
DHEA, CoQ10, resveratrol, etc.

• Large protein antioxidants: albumin, etc.
• Small catalytic scavengers: Mn-TBAP, EUKn

Anti-Oxidants, the Aging Brain and Age-Related Brain Disorders



244

and Se (PRE-ADVISE trial) for the treatment of dementia are not yet available and 
more data are needed to support the beneficial effects of Se alone or in combination 
with other antioxidants on age-related decline in cognitive function.

Over the past many years we have been developing a class of compounds, usu-
ally referred to as Salen-Mn complexes, which have SOD-like [26] and catalase-
like [27] activity. Previous work done using SOD2 knock-out mice provided 
indirect evidence that salen-manganese compounds such as EUK-8, EUK-134, or 
EUK-189 are able to cross the blood brain barrier and to be mito-protective [28]. 
Based on structure-activity studies [27], we designed another, cyclized analog, 
EUK-207 [29]. EUK-207 was found to have a significantly longer half-life than 
EUK-189 in mice, and was amongst the most effective compounds in extending the 
lifespan of SOD2 knock-out mice [27]. We used two of these Salen-Mn complexes, 
EUK-189 and EUK-207, to study the role of oxidative stress in normal aging of the 
brain [29]. As they age, mice develop deficits in learning and cognitive function 
which can be monitored by using fear conditioning. We found that there was a 
dramatic decrease in cognitive function from 8 to 11 months of age. Chronic treat-
ment with EUK-189 and EUK-207 initiated at 8 months of age almost fully pre-
vented this cognitive deficit. We also found that between 8 and 11 months of age 
the brain showed a significant increase in markers for oxidative stress, including 
lipid peroxidation and protein and nucleic acid oxidation. Chronic treatment with 
EUK-189 and EUK-207 significantly decreased all three markers for oxidative 
stress. Interestingly, there was a significant negative correlation between cognitive 
function and lipid peroxidation.

These data were confirmed and expanded in another study using older mice [30]. 
A 6 months treatment with low doses of EUK-189 and EUK-207 (approximately 15 
and 150 μg/kg/day through Alzed minipumps implanted subcutaneously) dramati-
cally reduced the cognitive deficit that occurs from 16 to 20 or 23 months of age and 
significantly decreased oxidative stress. In addition, again we found significant 
negative correlations between cognitive function and oxidative stress (Fig. 1).

Earlier work with a carboxyfullerene SOD mimetic showed a dramatic decrease 
in age-dependent learning and memory deficits and oxidative stress in mice [31]. 
The multiple catalytic activities of EUK-189 and EUK-207 might prove to be even 
more beneficial, and could account for the very low efficacious doses, as compared 
to that of the carboxyfullerene tested. Thus, a dose of the EUK compounds of about 
15 μg/kg/day was as potent as a dose of 10 mg/kg/day of carboxyfullerene. In addi-
tion, it is important to note that the carboxyfullerene is only an SOD mimetic 
whereas the EUK compounds tested can also protect against damage caused by 
hydrogen peroxide, and through catalase-like mechanisms [27, 32], reactive nitro-
gen species.

These data fully support the notion that accumulation of oxidative stress-related 
damage plays a key role in brain aging, and in particular in age-related decline in 
cognitive function.
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3  Role of Oxidative Stress in Age-Related Disorders

The mechanisms linking age-related increase in oxidative stress are intimately 
related to those associated with neurodegeneration (Fig. 2). Under both conditions, 
the first step appears to be mitochondrial dysfunction, resulting in the increased 
production of ROS and reactive nitrogen species (RNS). The resulting oxidative 
stress then produces synaptic dysfunction and neuronal damage through pathways 
that are not yet completely elucidated. The background in which these events take 
place, such as age, genetic mutations, environmental factors, imposes additional 
constraints and determines the particular features of the neuronal damage. In this 
section, we will focus on three particular neurodegenerative disorders for which a 
role of oxidative stress and therefore the effects of antioxidants have been specifi-
cally determined.
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Fig. 1 Multiple correlations between markers of oxidative stress and learning performance in 
24-month old mice. (a) Correlation between ROS content and lipid peroxidation. (b) Correlation 
between ROS content and oxidized DNA. (c) Correlation between ROS content and learning per-
formance in the fear conditioning paradigm. (d) Correlation between lipid peroxidation and learn-
ing performance in the fear conditioning paradigm. Markers of oxidative stress in hippocampus of 
24-month old mice (ROS content, Oxidized guanine, and MDA levels) were expressed as percent 
of their means values measured in 16-month old mice
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3.1  Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized 
by memory loss and cognitive deficits that ultimately lead to severe dementia [33]. 
AD is the most prominent form of dementia found in the elderly and the number of 
Americans inflicted with the disease is expected to reach nearly 15 million over the 
next several decades [34, 35]. AD pathology is characterized by the presence of 
senile plaques made up of aggregated extracellular amyloid β (Aβ) peptides and 
intracellular neurofibrillary tangles mainly composed of phosphorylated tau protein 
[33]. In addition, AD also results in synapse loss and neuronal death in hippocam-
pus, entorhinal cortex, basal forebrain, and neocortical association cortices [36].

Over the past decade, a number of studies have revealed that oxidative stress 
might play a critical part in AD. Protein oxidation [37–39], lipid peroxidation [40–
42], and DNA and RNA oxidation [43–46] are significantly elevated in AD brains. 
In addition, the Aβ peptide may be responsible for AD-associated oxidative stress, 
as it induces production of reactive oxygen species (ROS) in both neuronal [47, 48] 
and astrocyte cell cultures [47]. Protein oxidation is also significantly elevated in 
cultured hippocampal neurons incubated with a number of different Aβ peptides 
(see [49] for a review), and treating rat synaptic plasma membranes with Aβ1–40 

Fig. 2 Potential links between oxidative stress and neurodegeneration. A number of risk factors 
(aging, genetic mutations, ischemia, etc.) are postulated to produce mitochondrial dysfunction 
resulting in increased ROS/RNS formation. In turn, oxidative stress results in neuronal damage/
death associated with many neurodegenerative disorders
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increased lipid peroxidation [50]. Oxidative stress could also potentially be 
 responsible for the neurodegeneration observed in AD because ROS production 
accompanies Aβ-induced neuronal apoptosis and the antioxidants α-tocopherol and 
N-acetylcysteine inhibit Aβ-induced neuronal apoptosis [51]. Consistent with these 
studies, early on we had also found that the catalytic antioxidant EUK-8 could pre-
vent Aβ-induced lipid peroxidation and neuronal death in organotypic hippocampal 
slice cultures [52].

While there is strong evidence linking AD with oxidative stress, whether or not 
oxidative stress is the initiator or a product and mediator of its pathogenesis remains 
unclear. Mitochondrial abnormalities have been shown to precede the development 
of neurofibrillary tangles in AD [53, 54], and in mouse models of AD [55]. Moreover, 
recent reports indicate that superoxide might play a causal role in several manifesta-
tions of AD [56, 57]. Part of the difficulty to test the role of oxidative stress in AD 
originates from the lack of quantitative information regarding the levels of free radi-
cals that are continuously generated under physiological as well as pathological 
conditions, the low levels of antioxidants that can be administered, and their limited 
brain penetration [58]. Because signs of oxidative stress appear before the develop-
ment of neurofibrillary tangles in AD and in mouse models of AD, it has been sug-
gested that oxidative stress contributes to the initiation of the disease. In addition, 
recent evidence indicate that the amyloid ß peptides directly interact with mitochon-
dria [59, 60], and it has also been proposed that continuous mitochondrial dysfunc-
tion and increased ROS production participate in the progression of AD pathology 
[61, 62]. In support of this mechanism, several reports have indicated that antioxi-
dants ameliorate mitochondrial function [63–67]. However, very few studies have 
convincingly demonstrated the usefulness of antioxidant treatment in mouse models 
of AD or in human AD [58, 68–70].

Thus, while a relationship between AD and brain oxidative stress is clear, whether 
or not oxidative stress initiates AD pathogenesis or is a product/mediator of AD 
remains an open question. We recently published the results of a study designed to 
address this question [71]. As EUK-207 had previously been shown to significantly 
reduce age-associated cognitive impairment and oxidative stress in middle-aged and 
aged wild-type mice [29, 30], we used this compound as a tool to elucidate the rela-
tionship between oxidative stress and AD. In the first study, chronic treatment with 
EUK-207 was initiated at 4 months of age before the appearance of cognitive defi-
cits and AD pathology in 3xTg-AD mice, and was maintained until cognitive defi-
cits became apparent in vehicle-treated 3xTg-AD mice. Chronic EUK-207 treatment 
significantly reduced intraneuronal accumulation of ß-amyloid peptide, as well as 
tau and hyperphosphorlated tau levels in hippocampus and amygdala of 9 month- 
old 3xTg-AD mice. In addition, EUK-207 treatment reversed the increased levels of 
brain lipid peroxidation and oxidized guanine in hippocampus and amygdala of 
3xTg-AD mice to values close to those found in wild-type animals. EUK-207 also 
reversed deficits in performance of 9 month-old 3xTg-AD mice in both the context 
and cue fear conditioning tests. The treatment also significantly decreased brain 
Aβ1–42 levels. In addition, our results revealed high correlations between learning 
and memory performance and levels of lipid peroxidation and between levels of 
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detergent-soluble Aß1–42 and lipid peroxidation. Our results therefore clearly 
 demonstrated that oxidative stress is a critical mediator in the development of 
AD-like pathology and cognitive impairment.

In the second study, chronic treatment with EUK-207 initiated at 9 months of age 
and continued for 3 months significantly reduced brain levels of lipid peroxidation 
assessed in 12 month-old mice, whether Non-Tg or 3xTg-AD. Interestingly, the 
levels of brain lipid peroxidation determined at 12 month of age in the 3xTg-AD 
mice were significantly higher than the values determined at 9 month, and EUK-207 
treatment reversed them to those found in the 9 month-old vehicle-treated Non-Tg 
mice. These results indicated that this regimen of EUK-207 treatment almost com-
pletely prevented the increased in lipid peroxidation taking place in the 3xTg-AD 
between 9 and 12 months. Similarly, EUK-207 treatment significantly reduced the 
levels of DNA oxidation in various brain structures in both Non-Tg and 3xTg-
 AD. We particularly analyzed these changes in hippocampus and amygdala, as both 
structures are implicated in fear conditioning. Although it was difficult to compare 
the levels of oxidized DNA observed in the two studies, it is worth noting that the 
percent increase between the 3xTg-AD and the Non-Tg was higher in the second 
study, suggesting that the increase in DNA oxidation follows a similar pattern to 
that of lipid peroxidation. These results clearly indicate that EUK-207 treatment 
was effective in reducing oxidative stress in both Non-Tg and in 3xTg-AD. As in the 
first study, this reduction in oxidative load was associated with decreased intraneu-
ronal accumulation of ß-amyloid peptide, as well as tau and hyperphosphorylated 
tau levels in hippocampus and amygdala of 12 month-old 3xTg-AD mice, as com-
pared to vehicle-treated 3xTg-AD mice. From previous published studies with these 
mice, accumulation of ß-amyloid peptide and hyperphosphorylated tau is a continu-
ous process once it is initiated, and older animals exhibit larger increases than 
younger ones. While it is difficult to assess the absolute degree of changes in 
ß- amyloid peptide and hyperphosphorylated tau in our two studies, it is interesting 
to note that the effect of EUK-207 appeared to be somewhat larger at 12 month than 
at 9 month, suggesting that the treatment does result in a slowing down of the accu-
mulation of both ß-amyloid peptide and hyperphosphorylated tau. It is thus tempt-
ing to conclude that continuous production of reactive oxygen species is causally 
related to accumulation of ß-amyloid peptide and hyperphosphorylated tau. One 
study reported that ß-amyloid accumulation increased between 9 and 12 months of 
age in the same mouse model of AD [72], strongly supporting the idea that the 
development of this pathology is indeed a continuous process in this mouse model. 
Finally, EUK-207 treatment almost completely reversed the deficits in performance 
of 12 month-old 3xTg-AD mice in both the context and cue fear conditioning tests 
to values close to those found in vehicle-treated Non-Tg mice. Our results therefore 
clearly demonstrated that oxidative stress is a critical mediator in the development 
of cognitive impairment and suggested that the Aβ-amyloid plaques and hyperphos-
phorylated tau tangles, which are the hallmarks of AD, might be, at least in part, a 
consequence of oxidative stress rather than its direct cause.

Studies performed in the Tg2576 mouse model of AD also support our results. 
Like the 3xTg-AD mice, the Tg2576 mice develop cognitive impairments and 
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Aß-associated pathology in an age-dependent manner. In addition, these mice as 
well as AD patients develop cataract due to aggregation of Aβ in the lens [73, 74]. 
Chronic treatment with the catalytic antioxidant EUK-189 was found to signifi-
cantly decrease lens opacification that occurs over time in these mice [74]. 
Overexpressing the mitochondrial form of superoxide dismutase in Tg2756 mice 
protects against learning and memory impairments observed in the Morris water 
maze and in contextual and cued fear conditioning, and significantly reduces the 
number of Aß plaques in brain [57]. In addition, supplementing the diets of Tg2576 
mice with the antioxidant Vitamin E beginning at 4 months of age significantly 
reduced lipid peroxidation, levels of Aβ1–40 and Aβ1–42, and the number of amyloid 
plaques in the brain of 13 month-old Tg2576 mice [75]. However, the relationship 
between oxidative stress and the development of AD-associated tau pathology was 
not evaluated in these two reports because Tg2576 mice do not express mutant tau 
protein and therefore do not exhibit any neurofibrillary alterations.

EUK-207 treatment in 3xTg-AD mice reversed brain oxidative stress to levels 
that were similar to those found in Non-Tg mice. On the other hand, levels of Aβ 
peptides, tau, and hyperphosphorylated tau, while significantly reduced compared 
to those in 9 or 12 month-old vehicle-treated 3xTg-AD mice, were still elevated. 
This suggests that accumulation of these proteins is only partially due to oxidative 
stress, and that other factors might contribute to their accumulation. Nevertheless, 
although intraneuronal Aβ and hyperphosphorylated tau were still present in hip-
pocampus and amygdala of EUK-207-treated mice, they still performed as well as 
the Non-Tg vehicle mice in both the context and cue test. These results suggest that 
Aβ and hyperphosphorylated tau can reach significant levels within neurons before 
synaptic function and plasticity is impaired.

3.2  Parkinson’s Disease and Other Neurodegenerative 
Disorders

Parkinson’s disease (PD) is a common neurodegenerative disorder that is pathologi-
cally characterized by the selective degeneration of dopaminergic (DAergic) neu-
rons of the substantia nigra [76, 77]. A growing body of evidence suggests that 
oxidative stress induced by reactive oxygen species (ROS) is involved in this selec-
tive nigral cell degeneration [78–82]. Postmortem studies of PD patients have pro-
vided evidence for chemical changes that are indicative of oxidative stress in the 
substantia nigra. Such changes include increased levels of lipid peroxidation, pro-
tein oxidation, 3-nitrotyrosine formation, DNA oxidation and breaks, and decreased 
levels of ROS scavenging enzymes such as glutathione peroxidase (GSHpx) and 
catalase [83–86].

A number of neurotoxins that selectively damage DAergic neurons have been 
used to create animal models of PD. Injections of either 1-methyl-4- phenylpyridinium 
(MPP+), the active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), or 6-hydroxydopamine (6-OHDA) have been shown to produce some of 
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the biochemical and pathological changes that occur in PD [87, 88]. MPP+ and 
6-OHDA are selectively taken up by the plasma membrane dopamine (DA) trans-
porters and subsequently accumulate within mitochondria. Both neurotoxins are 
presumed to increase the formation of ROS, e.g. hydrogen peroxide (H2O2), super-
oxide (O2

•−), and hydroxyl radicals (•OH). However, there are still a number of 
unanswered questions regarding the similarities and differences between the modes 
of actions of these two DAergic neuron toxins.

The free radical nitric oxide (NO•) readily interacts with O2
•− to produce per-

oxynitrite (ONOO−), a potent oxidant and nitrating agent [89, 90]. One consequence 
of increased ONOO− formation is protein nitration on tyrosine residues, and analy-
sis of protein nitration has thus been used as a marker of oxidative stress under vari-
ous experimental conditions [91–94]. ONOO− has been proposed as a mediator of 
nigrostriatal damage in PD [95–98], an idea supported by its effects on DA synthe-
sis in mouse striatum [99].

We showed that the catalytic antioxidant EUK-134 completely blocked TH nitra-
tion and the subsequent decreases in DA uptake, number of THir neurons, and mor-
phological alterations of DAergic neurons produced by MPP+ and 6-OHDA, 
suggesting a potential therapeutic role for EUK-134 in the treatment of PD [100].

Environmental factors such as the herbicide paraquat and neonatal iron exposure 
are known risk factors for sporadic PD. In mice degeneration of the nigrostriatal 
pathway can be induced by both paraquat and iron, yielding a model for PD. The 
catalytic antioxidant EUK-189 was found to significantly protect dopaminergic 
neurons, both in in vitro experiments and in vivo [101].

Since 1997, several new animal models for Parkinson’s disease have been devel-
oped, in part based on the discovery that certain protein aggregations and gene 
mutations lead to the development of PD in human patients [102]. These include 
a-synucleopathies, linked to abnormal accumulation of a-synuclein, and mutations 
in PTEN-induced kinase 1 (PINK1), parkin, DJ-1 and leucine-rich repeat kinase 2 
(LRRK2). Interestingly, several of these mutations result in mitochondrial dysfunc-
tion/mitophagy and ROS accumulation has been shown to be correlated to the neu-
rodegeneration associated with PD [103–105]. The potential links between oxidative 
stress and PD-related neurodegeneration, several studies have attempted to prevent 
or to treat PD patients with a variety of antioxidants, and in particular, the so-called 
mitochondria-targeted antioxidants. While these compounds have shown promising 
effects in experimental models of PD, the results from clinical studies have not been 
conclusive [106]. Other treatments included Vitamin E in conjunction with MAO 
inhibitors, such as selegiline or rasigiline. Again, clinical results were not over-
whelmingly convincing [107].

3.3  Amyotrophic Lateral Sclerosis (ALS)

Another neurodegenerative disease in which mitochondrial dysfunction has been 
implicated is amyotrophic lateral sclerosis (ALS) [108]. The existing experimental 
model for the disease uses mice expressing certain sod1 mutations identified as 
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causative in some forms of inherited ALS. Mutations in Cu, Zn superoxide 
dismutase (SOD1) cause a subset of amyotrophic lateral sclerosis (ALS). Well- 
documented evidence indicates that a gain of toxic activity by the mutant SOD1 
kills motoneurons [109]. The nature of this toxic activity is unknown but an 
enhanced reactive oxidative species (ROS) generation has been suspected [109]. 
Mutant SOD1 can produce enhanced oxidative damage to cells. Expression of 
mutant SOD1 causes an elevated hydroxyl radical production [110, 111] and 
increasing levels of markers for oxidative damage in proteins, nucleic acids, and 
lipids in ALS patients and in mice [112–114]. In cultured cells, mutant SOD1 causes 
oxidative damage and neuronal death that is inhibited by antioxidative agents, sug-
gesting that oxidative damage plays a role in causing this neuronal death [115–117]. 
However, whether such a role exists in vivo, and whether antioxidative treatments 
can both reduce oxidative damage and slow disease progression has been unclear. 
The ALS mice exhibit symptoms analogous to those of ALS patients, motor weak-
ness progressing to total paralysis and death. Jung et al. [118] treated an ALS mouse 
line, G93A “low expressors”, with EUK-8 and EUK-134 (30 mg/kg, ip) from the 
age of 60 days until their death. Mean survival of the G93A mice was increased by 
17 and 23 days in groups treated with EUK-8 and EUK-134, respectively. Survival 
after disease onset, as detected by an abrupt loss of muscle strength, was increased 
by 22 % and 68 %, respectively. In spinal cord samples, collected at death, indicators 
of oxidative stress, malonyldialdehyde and protein carbonyl content, were decreased 
in treated groups. In addition, treated groups had decreased staining for protein 
tyrosine-nitration in the motorneurons.

3.4  Other Neurodegenerative Diseases

Oxidative stress has been implicated in several other neurodegenerative diseases. 
These diseases include Friedreich’s ataxia (FA), a genetic disease due to a decreased 
synthesis of mitochondrial frataxin caused by impaired gene transcription. While 
low frataxin affects several organs, including most importantly the heart, it also 
leads to a debilitating ataxia. Frataxin is involved in iron homeostasis in mitochon-
dria, which could conceivably lead to increased oxidative stress through the Fenton 
reaction that releases the highly damaging hydroxyl radicals from the interaction of 
free iron with hydrogen peroxide. Links between oxidative stress and FA have been 
reviewed in Armstrong et al. [119]. However, while the rationale for using antioxi-
dants to prevent heart hypertrophy and ataxia that develops in FA is strong, results 
with stoichiometric antioxidants had little success [120].

Ataxia Telangiectasia (AT) is a rare autosomal recessive disorder linked to muta-
tions in the ATM gene. ATM is a protein kinase that functions as an intracellular 
redox sensor [121], thus suggesting a critical involvement of oxidative stress in the 
many manifestations of this disease, including ataxia. Chronic treatment of ATM 
null mice with EUK-189 improved locomotor activity and decreased lipid peroxida-
tion in the brain [122]. Interestingly, overexpression of mitochondrial catalase in 
ATM null mice improved a number of the phenotypes associated with AT [123].
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Transmissible spongiform encephalopathies, also known as prion diseases, 
affect both humans (e.g. Creutzfeldt-Jakob disease) and animals (bovine spongi-
form encephalopathy). The pathogenesis of these diseases involves the conver-
sion of the prion protein (PrPc) into an insoluble isoform (PrPres). Post mortem 
analysis of the brain demonstrates clear-cut signs of oxidative stress. In a mouse 
model for prion disease EUK-189 demonstrated modest but significant efficacy 
as shown by an increased survival and a decrease in markers for oxidative stress 
in the brain [124].

4  Potential Therapeutic Applications of Small Catalytic 
Scavengers in Age-Related Neurodegenerative Disorders

A number of molecules claimed to have antioxidant properties have been tested in 
animal models for neurodegenerative diseases such as stroke, ALS, Alzheimer’s 
disease, Friedreich’s ataxia, Huntington’s disease and Parkinson’s disease, and were 
found to be highly protective. They include in particular lazaroids, ascorbate, 
N-acetyl cysteine (NAC), PBN, idebenone and MitoQ. It would therefore seem that 
such antioxidant molecules should be beneficial for treating age-associated decline 
in learning and memory and neurodegenerative diseases in humans. However, in 
general efficacy in animal models consistently failed to translate into efficacy in 
human clinical trials and to-date no antioxidant therapeutic has been approved for 
cognitive impairment or neurodegenerative diseases. We conclude this review by a 
discussion of potential reasons explaining these failures, and by a suggestion to 
move forward in further exploring the potential of antioxidants in these diseases.

There are several possible explanations for such disappointing human data. 
The first one is that most compounds touted as antioxidants target only oxygen 
free radicals. While oxygen free radicals undoubtedly play a role in oxidative 
stress, they might not be the primary cause for oxidative damage. Indeed there is 
evidence pointing to hydrogen peroxide playing a more significant role. For 
example overexpression of mitochondrial catalase in mice was found to increase 
lifespan [125]. Thus, oxygen free radical-targeting antioxidants might not be the 
most appropriate compounds to alleviate the deleterious effects of oxidative stress 
in human disease.

A second explanation lies in the fact that antioxidants such as ascorbate, NAC, 
PBN, idebenone or MitoQ are themselves oxidized as they exert their antioxidant 
activities. In other words they can act once and are either inactivated or need to be 
recycled to continue to be efficacious, while oxidative stress is a continuously 
 ongoing process, particularly in chronic diseases. Thus, they may be seen as stoi-
chiometric antioxidants. It has been estimated that approximately 4 % of the oxygen 
that humans breathe is transformed into ROS. This translates into approximately 
25–30 g a day. To inactivate even a small fraction of this amount would require daily 
intake of tens of grams of antioxidants, which have molecular weights much higher 
than that of ROS, even assuming 100 % of bioavailability.
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Finally, it is possible that the level of oxidative and nitrosative stress in the human 
brain is higher than in mice. While it is extremely difficult to study this in a quantita-
tive way, it can be noted that the human brain, which accounts for an average 2 % of 
body weight, consumes 20 % of the oxygen we breathe. It is thus possible that in 
order to significantly decrease oxidative and nitrosative stress in the human brain, 
even higher doses of antioxidants might be needed. For these reasons one may con-
sider that the hypothesis of the involvement of oxidative stress in aging and age- 
related diseases in humans has not been properly tested yet.

In 1991 we proposed that, in order to be optimally effective, antioxidants had to 
act catalytically on mediators for oxidative stress. Indeed, in an early work we 
reported that a prototype catalytic antioxidant formed by complexing manganese to 
desferrioxamine was efficacious in preventing kainic acid neurodegeneration in 
mice [126]. We subsequently discovered that a class of compounds usually referred 
to as salen-Mn complexes, had catalytic antioxidant properties, being able to effi-
ciently dismute oxygen free radicals, and to hydrolyze hydrogen peroxide into oxy-
gen and water. These compounds have proven to be efficacious in a number of 
animal models for oxidative stress-related diseases, including neurodegenerative 
diseases as described above. Their ability to catalytically inactivate both oxygen 
free radicals and hydrogen peroxide, and RNS [32] most likely explains their versa-
tility and potency. For example, as described above, doses as low as 15 μg/kg/day 
were sufficient to prevent age-related cognitive impairment in mice [30].

No human data on their efficacy after systemic administration is available yet. 
However, interestingly, topical application of EUK-134 in humans was shown to 
potently prevent UV-induced skin lipid peroxidation even when applied after irra-
diation, under conditions where the stoichiometric antioxidant α-tocopherol was 
ineffective [127]. We propose that such compounds, which can be described as 
broad-spectrum catalytic antioxidants, might prove efficacious in humans in a num-
ber of diseases associated with oxidative stress, including age-related neurodegen-
erative diseases.
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1  Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting more 
than one million individuals over the age of 60 within the United States [1]. 
According to one recent article, the number of new cases increased by about 50,000 
annually [2]. Although PD is an age-related disorder affecting nearly 3 % of people 
over 60 years and 4–5 % of those over age 85, nearly 10 % of PD patients are under 
40 years of age [3]. Epidemiological studies suggest that sporadic PD cases (90 %) 
are predominantly late onset, whereas the remainder (10 %) is characterized by 
early onset occurring mainly in familial clusters [3, 4]. Familial or early onset PD 
has been linked with mutations in several genes such as parkin, ubiquitin C-terminal 
hydrolase L1, α-synuclein, leucine-rich repeat kinase 2 (LRRK2), PINK-1 or DJ1 
[5–8]. The cause of sporadic or non-familial PD is not known, but several reports 
suggest environmental toxins, genetic factors, mitochondrial dysfunction, apopto-
sis, oxidative stress and neuroinflammation to be among the possible factors behind 
PD’s neurodegeneration [9–12]. Among the environmental toxins implicated in the 
pathogenesis and progression of the disease, the list includes infectious agents, pes-
ticides, herbicides and heavy metals [3]. Recent investigations have focused on 
inflammation and oxidative stress as the central players in the pathogenesis of PD.

In both idiopathic and genetic cases of PD, oxidative stress appears to be the 
common underlying mechanism contributing to the cascade leading to selective 
neurodegeneration in substantia nigra (SN) neurons and their terminals in the striatum. 
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An imbalance between reactive oxygen species (ROS) generation and elimination 
mechanisms, such as impaired cellular antioxidant machinery, contributes to the 
pathogenesis of PD and other neurodegenerative disorders. The resulting oxidative 
stress is intimately linked to the other aspects of the degenerative process such as 
mitochondrial dysfunction, inflammation, protein misfolding and DNA damage.

2  Oxidative Stress in PD

Oxidative stress in PD is supported by post-mortem studies on the SN of PD patients 
showing increased levels of oxidized lipids [13], proteins, nucleic acids [14, 15] and 
impaired antioxidant mechanisms such as a reduced glutathione (GSH) and oxidized 
glutathione (GSSG) ratio [16]. Therefore, oxidative stress appears to play a major role 
in the cascade of biological changes culminating in dopaminergic cell death even 
though the precise mechanisms involving oxidative stress-mediated nigral cell degen-
eration in PD are not clear. However, accumulating evidence indicates that dopamine 
(DA), a neurotransmitter under physiological conditions, may also serve as a neuro-
toxin and thereby participate in the neurodegenerative process. The mechanism of 
dopamine neurotoxicity is strongly linked to oxidative metabolism. Under physiolog-
ical conditions, dopamine can be oxidized enzymatically through monoamine oxi-
dases (MAO) to dihydroxyphenylacetic acid (DOPAC) and subsequently methylated 
by catechol-O-methyltransferase (COMT) to homovanillic acid (HVA), or from dopa-
mine to 3-methoxytyramine (3-MT) via COMT and further oxidized to HVA through 
MOA. During this MAO-mediated DA turnover process, hydrogen peroxide (H2O2) 
is produced as a byproduct of DA deamination, a process serving as an inherent source 
of oxidative stress in the nigrostriatal system. Dopamine can also be non-enzymati-
cally oxidized by O2 yielding quinones and H2O2. These quinones also undergo intra-
molecular cyclization immediately followed by cascading oxidative reactions ending 
in the formation of a black, insoluble polymeric pigment known as neuromelanin [17, 
18]. Neuromelanin renders dopaminergic neurons more susceptible to auto-oxidation 
through quinone modification of dopamine, which increases basal levels of oxidative 
stress in SN [17]. What is becoming clear is that degrading dopamine either enzymati-
cally or non- enzymatically generates H2O2, which is easily converted through the 
Fenton’s reaction to highly toxic hydroxyl radicals (•OH) when in the presence of the 
high levels of ferrous iron (Fe2+) normally found in the SN [19].

3  Hydroxyl Radicals, Superoxide and Hydrogen Peroxide 
in PD

As mentioned above, DA oxidation plays an important role in generating hydroxyl 
radical in the central nervous system, including the degeneration of dopaminergic 
neurons. Dopamine, like many catecholamines (dihydroquinones, QH2), can eas-
ily be oxidized by O2 under physiological conditions. During this oxidation 
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process, both semiquinones (•QH) and quinones (Q) are generated, resulting in 
•OH (via Fenton’s reaction), the most toxic free radical in living cells [20]. The 
resulting DA quinones also exert further neurotoxicity by covalently binding to 
cellular nucleophiles such as GSH and protein cysteinyl residues, which normally 
function as antioxidants important for cell survival [21, 22]. Moreover, DA qui-
nones bind and modify several proteins implicated in PD pathophysiology such as 
α-synuclein, DJ-1 and parkin [23–25]. However, among the various types of oxida-
tive damage in cellular macromolecules, damage to nucleic acids is particularly 
hazardous as it could alter the genetic information. Among the five nucleobases—
uracil, thymine, cytosine, adenine and guanine - guanine is most susceptible to 
nucleic acid oxidation through hydroxyl radicals [26, 27]. Hydroxyl radical-medi-
ated lesioning of the DNA strand produces 8-hydroxyguanosine (8OHG), the most 
studied oxidized DNA product. Moreover, DNA damage in PD also appears to be 
at the level of 8OHG and 8-hydroxyl-2-deoxyguanosine (8-OHdG) as elevated 
8OHG and reduced 8-OHdG have been observed in the SN and cerebrospinal fluid 
(CSF) of PD patients [15, 28].

Although the human brain comprises only 2 % of the total body weight, it is 
especially prone to oxidative stress as it receives 15 % of the cardiac output and 
20 % of total O2 consumption of the body, making it highly metabolically active tis-
sue that critically relies on oxidative phosphorylation to meet energy demands. 
Oxidative phosphorylation also produces potentially damaging radicals such as the 
superoxide anion O2

− as a result of a one-electron reduction of O2. Superoxide 
occurs widely in nature through a variety of enzymatic processes including xanthine 
oxidase and NADPH oxidase, a multimeric enzyme that generates both O2− and 
H2O2 [29]. Superoxide has the capacity to damage components of the electron trans-
port chain and other cellular constituents. Superoxides are also produced at micro-
somal membranes, with electron transport systems dependent on NADH or NADPH, 
via detoxification of toxic compounds and the catalyzed oxidation of fatty acids 
[30]. NADPH oxidase (also known as PHOX) is a membrane-bound enzyme that 
contributes to the production of O2

− from O2 in microglial cells leading to dopami-
nergic neuron damage [31, 32]. NADPH oxidase is a multimeric enzyme composed 
of plasma membrane bound gp91phox and p22phox subunits and cytosolic p40phox, 
p47phox and p67phox subunits. Upon activation, the cytosolic subunits undergo 
phosphorylation and translocate to the membrane, where together with small G pro-
teins they associate with the membrane-bound subunits. The assembled and active 
enzyme complex then catalyzes the transfer of a single electron from NADPH to O2 
to release superoxide. Moreover, O2

− is generated as a normal byproduct of the 
mitochondrial electron transfer chain. Depending on the availability of substrates 
and cofactors, O2

− can react as a one-electron oxidant, oxidizing hydroquinones to 
semiquinone radicals, ascorbate, or epinephrine with the concomitant production of 
H2O2 or a one-electron reductant, e.g., quinones or peroxides in the presence of 
transition metals [30]. The flux of O2

− is a function of the concentration of potential 
electron donors, the local concentration of O2 and the second-order rate constants 
for the reactions between them. Two modes of operation by isolated mitochondria 
result in significant O2

− production, predominantly from complex I, when (1) the 
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mitochondria are not making ATP and consequently have a high Δp (proton motive 
force) and a reduced CoQ (coenzyme Q) pool, and when (2) a high NADH/NAD+ 
ratio exists in the mitochondrial matrix. For mitochondria that are actively making 
ATP, and consequently have a lower Δp and NADH/NAD+ ratio, the extent of O2

− 
production is far lower.

Given the ability of mitochondria to produce superoxides and hamper a neuron’s 
ability to produce ATP, which subsequently lead to apoptosis, several toxin-based 
models are employed to study PD and related molecular mechanisms. For instance, 
to mimic oxidative stress mechanisms in PD, researchers use rotenone, a complex I 
inhibitor, as well as other chemical inhibitors of electron flow that act further down-
stream in the electron transport chain because they increase ROS production and 
subsequent mitochondria-dependent apoptosis. Rotenone binds to the ubiquinone 
binding site of complex I and disrupts the electron transfer between the terminal 
iron-sulfur (FeS) cluster N2 and ubiquinone [33]. This process interferes with 
NADH’s ability to produce ATP and pass electrons to CoQ, creating excess elec-
trons within the mitochondrial matrix [34]. This complex I inhibition causes elec-
trons to react with O2 prematurely, incompletely reducing it to superoxide radicals 
instead of water. Therefore, rotenone-induced oxidative stress activates a down-
stream apoptotic cascade in dopaminergic cells, which helps explain the observed 
systemic reduction in complex I activity and oxidative stress in PD brains [35–37]. 
Another highly lipophilic, selective neurotoxicant similar to rotenone is 1-methyl- 
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which induces clinical features very 
similar to human PD [38]. In the brain, MPTP is quickly metabolized to 1-methyl- 
4-phenyl-2,3-dihydropyridinium (MPDP+) via monoamine oxidase B (MAO-B) in 
astroglial cells and serotonergic cells [39, 40]. MPDP+ is an unstable molecule that 
undergoes spontaneous oxidation to its active metabolite 1-methyl-4- 
phenylpyridinium (MPP+). MPP+ is selectively taken up by dopaminergic neurons 
via dopaminergic transporter (DAT) where it exerts its neurotoxicity by inhibiting 
mitochondrial complex I, thereby leading to ATP reduction and superoxide genera-
tion [41]. Oxidopamine or 6-hydroxydopamine (6-OHDA) is another synthetic neu-
rotoxicant that selectively destroys dopaminergic neurons by generating ROS such 
as superoxide radicals [42, 43]. Like MPP+, 6-OHDA enters neurons via DAT [44]. 
It activates cell death pathways by generating intracellular free radicals and mito-
chondrial inhibition [45]. Therefore, 6-OHDA, like DA, could generate hydroxyl 
radicals and superoxide radicals by the deamination process via MAO or auto- 
oxidation, and iron-catalyzed via the Fenton reaction, thus further strengthening the 
free radical hypothesis of PD. However, 6-OHDA’s exact mechanism of ROS pro-
duction and neurotoxicity remains unclear.

4  Alkoxy Radicals (RO•) and Peroxy Radicals (ROO•) in PD

The most favorable biological substrates for peroxidation are the polyunsaturated 
fatty acid (PUFA) components of cell and subcellular membranes. Lipid peroxides 
result from the addition of double bonds or hydrogen abstraction in the presence of 
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oxygen. Since PUFAs are more sensitive than saturated fatty acids, it is apparent 
that the activated methylene (RH) bridge represents a critical target site. The double 
bond adjacent to a methylene group weakens the methylene C-H bond, thereby 
rendering the hydrogen more susceptible to abstraction [46]. Like many radical 
reactions, lipid peroxidation is a multi-step process with initiation, propagation and 
termination. At the initiation step, ROS such as hydroperoxyl radicals or hydroxyl 
radicals react with PUFA to produce unstable fatty acid radicals that continue react-
ing with O2 to produce unstable, intermediate fatty acid peroxy radicals. These fatty 
acid peroxy radicals and fatty acid radicals undergo chain reactions that produce 
organic hydroperoxides, which in turn can remove hydrogen from another PUFA 
[47]. This chain reaction is termed propagation, implying that one initiating hit can 
result in the conversion of numerous PUFAs to lipid hydroperoxides. Since most 
biological membranes are composed of PUFA, lipid peroxidation is considered the 
main molecular mechanism underlying oxidative damage to cell structures and in 
toxicity-induced cell death. The end products of lipid peroxidation are reactive alde-
hydes such as 4-hydroxy-trans-2-nonenal (4-HNE), 4-oxo-trans-2-nonenal 
(4-ONE), malondialdehyde (MDA), acrolein, isoprostanes, and isofurans [48, 49]. 
These markers are derived from arachidonic acid (ARA), which is released from 
neural membrane glycerophospholipids through the activation of cytosolic phos-
pholipase A2 (cPLA2), an enzyme coupled with NMDA receptors through a G 
protein- independent mechanism [50, 51].

The primary end product of lipid peroxidation, 4-HNE, is a highly reactive lipo-
philic α,β-alkenal that forms stable adducts with nucleophilic groups on proteins 
such as thiols and amines [52], and it chemically modifies cellular macromolecules 
and DNA. Moreover, 4-HNE shows time- and dose-dependent activation of cas-
pase- 8, caspase-9 and caspase-3 as well as apoptotic cell death accompanied by 
DNA fragmentation [53]. Mechanistically, 4-HNE reduces glutathione (GSH) inhi-
bition [54] of the NFkB signaling pathway [55], disinhibits mitochondrial com-
plexes I and II, and it deactivates p53 [56] and poly-(ADP-ribose) polymerase 
(PARP) [57]. The increased levels of 4-HNE immunopositive neurons in the brain 
tissue and cerebrospinal fluid of PD patients indicate not only a pathophysiological 
role for oxidative stress in these diseases, but also a role for 4-HNE in neuronal 
apoptosis [53, 58, 59].

5  Nitric Oxide (NO) in PD

Nitric oxide (NO) is another potential source of oxidative stress. NO is produced 
by nitric oxide synthase (NOS) through converting L-arginine to L-citrulline uti-
lizing NADPH oxidase and O2 as cofactors [60, 61]. There are three isoforms of 
NOS: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS 
(eNOS), of which nNOS is expressed in several neuronal subtypes except dopa-
minergic neurons. In contrast to nNOS, iNOS is not normally expressed in the 
brain; however, under pathological conditions, iNOS can be induced. Activated 
glial cells produce iNOS, which leads to increased production of NO. Indeed, 
elevated iNOS levels mediated by CD23 have been reported in the SN of patients 
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with PD [62]. MPTP administration in mice also produces glial cell-mediated 
increases in iNOS expression and NO production [63]. Consequently, mice lack-
ing the iNOS gene are less susceptible to MPTP-induced losses of SN DA neurons 
[64]. The MPTP-induced striatal dopamine depletion, however, remains intact in 
iNOS null mice, as does MPTP-induced microglial activation [63, 65]. Although 
poorly reactive, NO and O2

− free radicals can combine to form the highly reactive 
nitrogen species peroxynitrite (ONOO−), which can cause oxidative damage to 
various proteins such as tyrosine hydroxylase (TH) and α-synuclein [66, 67]. Iron 
content increases in the SN of PD patients and in animal models of the disease 
[68]. Through a superoxide-driven Fenton’s reaction between hydrogen peroxide 
and the free ferrous iron catalyst, a substantial amount of highly reactive hydroxyl 
radicals (OH) can be produced. Reactive astrocytes produce myeloperoxidase 
(MPO), which oxidizes non-reactive nitrites (NO2

−) that contribute to protein 
nitrosylation [69]. MPO is also implicated in the production of the non-radical 
oxidant hypochlorous acid (HOCl), which can damage macromolecules directly 
[70]. Altogether, an inflammatory, oxidative environment can be produced by 
activated glial cells in the SN region.

6  Antioxidants as Therapeutics for PD

PD is a multifactorial disease wherein glial activation, inflammation, oxidative stress 
and mitochondrial dysfunction play central roles in dopaminergic neurodegeneration, 
specifically in the nigrostriatum. Increasing efforts are being devoted to searching for 
neuroprotective agents that will protect against the irreversible loss of neurons. 
Administration of a dopamine agonist or levodopa has been widely used to treat PD 
symptoms, but does not alter disease pathogenesis. Dopaminergic neuroprotection in 
animal models of PD has been demonstrated with various substances including glial 
cell line-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor 
(BDNF) and TGF-β. Additionally, various anti-inflammatory agents, such as NSAIDs, 
COX inhibitors, statins, pioglitazone and minocycline, have been used in different 
animal models of PD. However, most of these compounds failed in either preclinical 
trials or in human phase I trials due to their inability to cross the blood-brain barrier or 
to limited bioavailability. Moreover, they also cause side effects and toxicity in ani-
mals. Hence, developing successful neuroprotective therapeutic approaches to halt 
progression of PD requires a better understanding of the disease mechanism.

7  Vitamin Antioxidant Therapy

Oxidative stress is closely linked to other components of the degenerative process, 
such as mitochondrial dysfunction, excitotoxicity, nitric oxide toxicity and inflam-
mation. That is, neuronal injury and cell death in both acute and chronic 
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pathological conditions can result from oxidative damage, for example, through 
superoxide (O2

−), hydroxyl (OH−), peroxyl (RO2
−), hydrogen peroxide (H2O2), and 

peroxynitrite (ONOO−). Therefore, various vitamin antioxidants have been tested 
for their efficacy as scavengers of oxygen radicals and their potential as neuropro-
tective agents. Naturally, dietary sources supply many antioxidants. Vitamins C 
and E, β-carotene and coenzyme Q are the best known dietary antioxidants, of 
which Vitamin E is present in vegetable oils and found abundantly in wheat germ 
[71]. This fat soluble vitamin is absorbed in the gut and carried in the plasma by 
lipoproteins. Of eight natural isomeric forms of vitamin E, α-tocopherol is the 
most common and potent isomer. Being lipid soluble, vitamin E can effectively 
prevent lipid peroxidation of plasma membranes [71]. In the MPTP mouse model 
of PD, vitamin E inhibited the iron accumulation and thus reversed the MPTP-
induced increase in oxidized glutathione (GSSG) and lipid peroxidation levels in 
brain tissues [72]. Moreover, in the 6-OHDA-induced rat model of PD, vitamin E 
significantly attenuated the effects of 6-OHDA on GSH and SOD in most brain 
regions [73], indicating that vitamin antioxidants may serve as potential therapeu-
tic agents in retarding the progression of neurodegeneration. However, epidemio-
logical evidence regarding the associations between antioxidant vitamin intake and 
PD is limited and inconsistent. Observational data from humans suggest that the 
combined administration of high-dose α-tocopherol (vitamin E) and ascorbate 
(vitamin C) supplementation slows the progression of PD [74] and that the dietary 
intake of vitamin E and β-carotene lowers the risk of developing PD [75]. In con-
trast, results from double- blind, randomized controlled trials found vitamin E to 
have no benefits in PD patients [76, 77].

8  Other Plant-Based Antioxidants

Plants contain a wide variety of endogenous, free radical-scavenging antioxidants 
such as phenolic compounds (e.g., phenolic acids, flavonoids, quinones, coumarins, 
lignans, stilbenes, tannins), nitrogen compounds (e.g., alkaloids, amines, betalains), 
terpenoids (including carotenoids) and some other endogenous metabolites rich in 
antioxidant activity. Many of these have shown protective effects against oxidative- 
induced neuronal death [71]. Although consumer demand for phytotherapeutic 
agents is growing, they need scientific validation before plant-derived extracts gain 
wider acceptance and use.

Apocynin (4-hydroxy-3-methoxyacetophenone) is a non-toxic plant-derived 
molecule that has been well-studied in cell culture and animals models of PD in 
our lab and elsewhere [78, 79]. Apocynin can effectively block NADPH oxidase 
and reduce ROS generation during neuronal injury or stress. Recently, we demon-
strated that the apocynin dimer diapocynin is also neuroprotective and anti- 
neuroinflammatory in the MPTP animal model as well as in the progressively 
degenerative LRRK2R1441G transgenic mouse model [80, 81]. Importantly, we 
were able to demonstrate that diapocynin crosses the blood brain barrier, which is 
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one of the main limitations for antioxidant therapies. Upon reaching the midbrain 
of MPTP-treated mice, it attenuates the nigral activation of microglial and astro-
glial cells, inhibits the proinflammatory molecule iNOS and the production of 
NADPH oxidase-mediated superoxide formation and decreases oxidative stress, 
thereby protecting the nigrostriatum and improving neurobehavioral performance, 
suggesting its potential as a therapeutic candidate for clinical trials of human PD 
patients. In these studies, both apocynin and diapocynin were orally administered 
at 300 mg/kg body weight. Although these high doses were not toxic to animals, 
there is a need for more efficacious apocynin analogs that will translate into 
human clinical trials.

In recent years resveratrol has gained much attention as a therapeutic for preven-
tion and treatment of neurodegeneration disorders. Resveratrol is present in a vari-
ety of vegetables, fruits, grains, teas, and wines. It is protective against a number of 
cardiovascular and neurodegenerative diseases and cancer. Although the mecha-
nisms behind resveratrol’s health benefits have not yet been clearly elucidated, a 
number of studies have reported on its antioxidant, anti-inflammatory, and metal- 
chelating properties [82, 83], as well as its ability to activate Sirtuin 1 (SIRT1) and 
vitagenes, which can prevent the deleterious effects triggered by oxidative stress 
[84]. In fact, SIRT1 activation by resveratrol is gaining importance in the develop-
ment of innovative treatment strategies for stroke and other neurodegenerative 
disorders [84].

Quercetin, found abundantly in vegetables and fruits, is another natural antioxi-
dant flavonoid capable of protecting cells against oxidative damage, and thus has 
therapeutic potential for the prevention and treatment of cardiovascular disease, 
cancer, and neurodegenerative disease. Importantly, there is now compelling 
evidence of its neuroprotective role in various neurodegenerative diseases [85–88]. 
In nature, quercetin mainly occurs as glycosides, ethers, and to a lesser extent, sul-
fates. When tested in PC12 cells in a cell culture model of AD, a glycoside form of 
quercetin, quercetin-3’-glucoside, reduced H2O2-induced ROS generation and also 
protected against Aβ-induced cell death [89]. Isoquercitrin, another glycoside form 
of quercetin, was neuroprotective against 6-OHDA-induced neurotoxicity in a PC12 
cell model of PD [90]. When the 6-OHDA-treated PC12 cells were pre-treated with 
isoquercitrin, the levels of ROS-scavenging enzymes (SOD, catalase, and GPx) 
increased and lipid peroxidation decreased. Similarly, quercetin treatment reduced 
protein carbonyl content and lipid hydroperoxide (LPO) levels in the striatum of 
6-OHDA-treated rats [91].

9  Mitochondria-Targeted Antioxidant Therapy

Mitochondrial oxidative stress, mitochondrial DNA deletions, altered mitochon-
drial morphology and mitochondrial interactions with pathogenic proteins increase 
oxidative damage leading to dopaminergic neurodegeneration in PD. Therefore, 
therapeutic approaches targeting mitochondrial dysfunction and related oxidative 
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stress hold great promise as potential cures for PD. MPTP and other complex-I 
inhibitors such as rotenone, maneb, paraquat, fenzaquin and trichloroethylene 
result in the loss of nigral dopaminergic neurons in mouse models of PD, implicat-
ing mitochondrial dysfunction in PD pathogenesis. Moreover, reduced complex-I 
activity and an increased susceptibility to MPP+, the toxic metabolite of MPTP, 
were also observed in mitochondrial DNA from PD patients, clearly demonstrating 
the mtDNA-encoded defects in PD. Based on all the evidence, it could be inferred 
that intervening in one or more of these processes could alleviate the harmful 
effects of mitochondrial dysfunction. During the past decade, numerous antioxi-
dant analogs have been developed to specifically target mitochondria and have 
been shown to improve mitochondrial function in experimental models of PD. To 
target small- molecule antioxidants to mitochondria, two general strategies have so 
far been shown to be safe and effective in pre-clinical studies: conjugations to lipo-
philic cations or incorporation into mitochondria-targeted peptides. Since lipo-
philic cations can easily pass through the lipid bilayers of plasma membranes and 
the mitochondrial inner membrane, they accumulate in the mitochondrial matrix in 
response to the large mitochondrial membrane potential (from outer positive to 
inner negative) [92]. The best characterized and most widely used lipophilic cation 
for conjugating small molecules is triphenylphosphonium (TPP), which has tradi-
tionally been used to determine mitochondrial inner membrane potential. Using 
TPP chemistry, Murphy and colleagues [92] developed a series of orally bioavail-
able mitochondria- targeted antioxidants, including MitoQ10, MitoVitE and 
MitoTEMPOL [93].

Mito-Q10 (Mito-quinone), the most studied mitochondria-targeted antioxidant, 
protects dopaminergic neurons from 6-OHDA in a cell model [94] and from MPTP- 
induced toxicity in a mouse model of PD [95]. Mito-Q10 consists of TPP covalently 
attached to the ubiquinone moiety of Coenzyme Q (CoQ10) through a ten-carbon 
alkyl chain. CoQ10 is a component of the electron transport chain enabling cel-
lular respiration and it works as a strong endogenous antioxidant. Like its parent 
CoQ10, MitoQ continually scavenges peroxyl, peroxynitrite and superoxide, thereby 
protecting mitochondria against lipid peroxidation. MitoVitE is a TPP-conjugated 
mitochondria-targeted antioxidant, which by coupling the antioxidant phenolic moi-
ety of α-tocopherol, gets taken up by mitochondria about 80 times more  effectively 
than vitamin E itself and thus affords better protection against oxidative damage 
[96]. MitoVitE also reduces H2O2-induced caspase activity and can prevent cell 
death in fibroblasts in patients with Friedrich ataxia, an inherited nervous system 
disease associated with decreased frataxin and increased iron-catalyzed oxidative 
damage [97]. In a study targeting cerebellar granule cells, MitoVitE diminished 
the ethanol-induced accumulation of intracellular oxidants and counteracted the 
suppression of not only glutathione peroxidase/glutathione reductase functions, 
but also the protein expression of γ-glutamylcysteine synthetase and total cellu-
lar glutathione levels [98]. MitoTEMPOL is another TPP derivative, but one with 
the stable piperidine nitroxide radical TEMPOL (4-hydroxy-2,2,6,6-tetramethylpi-
peridine-1-oxy). MitoTEMPOL also acts as a cytosolic SOD mimetic, converting 
superoxide molecules into water, and is able to detoxify ferrous iron by oxidizing 
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it to ferric iron. Although MitoTEMPOL has not yet been tested in experimental 
models of PD, it reduced protein oxidation and mitochondrial and cytosolic ROS 
production in rat models of breast cancer [99] and diabetes [100], respectively. In 
an LRRK2R1441G mouse model of PD, the novel mitochondria- targeted antioxidant 
MitoApo developed with apocynin, a plant- derived antioxidant and NADPH oxi-
dase inhibitor, markedly improved coordinated motor skills and olfactory function 
[101]. The authors also showed that the presence of a highly lipophilic and delocal-
ized cationic moiety in MitoApo-C11 makes it more cell-permeable and bioavailable 
[101]. In our own MitoApo studies, we have observed significant neuroprotection 
against MPP+-induced loss of dopaminergic neurons in primary mesencephalic 
culture wherein MitoApo reduced glial cell- mediated inflammatory reactions. 
Moreover, administration of MitoApo in mice protects dopaminergic neurons and 
terminals from MPTP toxicity by reducing inflammatory reactions and oxidative 
stress (unpublished data). MitoPBN is a TPP derivative of phenoxy-butyl-nitrone. 
The spin trap PBN was chosen based on PBN’s well-known reactivity with car-
bon-centered radicals [102]. MitoPBN is rapidly taken up by mitochondria and can 
block the oxygen-induced activation of uncoupled proteins [102].

Another major alternative approach to targeting antioxidants to mitochondria is 
through the use of small positively charged peptides call Szeto-Schiller (SS)-
peptides [103]. SS-peptides contain an aromatic cationic sequence that facilitates 
the delivery of small molecules directly to mitochondria where they localize in the 
inner mitochondrial membrane with an approximately 1000–5000 fold accumula-
tion [103, 104]. These SS-peptides can scavenge H2O2 and peroxynitrite and inhibit 
lipid peroxidation. Their antioxidant action can be attributed to the tyrosine or 
dimethyltyrosine residue [105]. By reducing mitochondrial ROS, these peptides 
inhibit mitochondrial permeability transition and cytochrome c release, thus pre-
venting oxidant-induced neuronal apoptosis. Among the SS-peptides recently 
developed, SS-31 (D-Arg-(2′6′-dimethyltyrosine)-Lys-Phe-NH2) and SS-20 (Phe- 
D- Arg-Phe-Lys-NH2) have been studied most and both comprise a dimethyltyrosine 
residue, which reacts with a variety of free radicals and inhibits lipid peroxidation 
[106]. Studies with isolated mitochondria showed that both SS-31 and SS-20 pre-
vented MPP+-induced inhibition of oxygen consumption and ATP production and 
mitochondrial swelling, indicating their protective effect in cell culture models of 
PD [107]. Furthermore, SS-31 exhibited complete dose-dependent protection 
against the MPTP-induced loss of dopamine and its metabolites in the striatum, as 
well as against the loss of tyrosine hydroxylase immunoreactive neurons in the 
SN. These findings provide strong evidence that these neuroprotective peptides, 
which target both mitochondrial dysfunction and oxidative damage, are a promising 
approach for the treatment of PD [107].

10  Conclusions

PD is a complex, multifactorial disease condition strongly influenced by environ-
mental factors. Exposure to different environmental conditions including pesticides, 
heavy metals, solvents (trichloroethylene), polychlorinated biphenols (PCBs) and 
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repeated head injury increases the risk of developing sporadic PD later in life. 
Although the exact mechanisms underlying neurodegeneration in PD is not well 
understood, substantial evidence has implicated mitochondrial dysfunction and oxi-
dative damage as important components of PD pathogenesis. Since the brain is par-
ticularly vulnerable to the effects of ROS due to its high demand for oxygen and its 
abundance of highly peroxidisable substrates, mitochondria-targeted interventions 
have emerged as a tool for modulating oxidative stress in the prevention and treat-
ment of PD. As described above, a series of mitochondria-targeted antioxidants 
have been developed over the past few years showing great results in in vitro and in 
vivo models of PD. Despite their efficacy in animal studies, similar outcomes for 
these novel antioxidant therapies have not been borne out in clinical studies of neu-
rodegenerative diseases. Therefore, research on effective strategies targeting mito-
chondria with bioactive molecules capable of penetrating the blood brain barrier is 
essential. Moreover, increasing the innate cellular antioxidant defense through other 
mitochondrial drug targets may be as important. PGC-1α, a master regulator of 
mitochondrial biogenesis, and Nrf2, a natural antioxidant and inflammation fighter, 
are possible therapeutic targets for PD, with important roles in the function and 
survival of dopaminergic neurons in the SN. However, at present, antioxidants and 
mitochondria- targeted therapeutics have seen very limited success in the prevention 
or treatment of PD, and randomized clinical trials in humans, as well as animal stud-
ies, are urgently needed to identify and understand the effects of mitochondria-tar-
geted therapeutics in the treatment of PD.
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1  Introduction

Parkinson’s disease (PD) is a slow progressive neurological disorder associated 
with defects in the function of extrapyramidal system which controls voluntary 
movements. This disease is also associated with non-motor deficits and neurologi-
cal symptoms, including impaired olfaction, autonomic failure, cognitive impair-
ment, and psychiatric symptoms. PD is the commonest form of neurodegenerative 
disease after Alzheimer’s disease. It is estimated that in normal individuals about 
3–5 % of DA neurons are lost every decade; however, in PD patients, the rate of loss 
is greater than that found in normal individuals [1]. The analysis of autopsied sam-
ples of PD brain revealed that about 70–75 of DA neurons are lost at the time the 
disease becomes detectable. This suggests that the brain possesses a high degree of 
plasticity with respect to DA neuron function.

About one million people suffer from Parkinson Disease and about 60,000 new 
cases are diagnosed annually in the USA (Parkinson Disease Foundation, 2013). 
About 3–4 million people remained undiagnosed. Average age of individuals for 
developing PD is around 60 years. Incidence rate of PD increases with age. Men are 
one and half time more likely to develop PD than women.

Despite extensive laboratory and clinical research, it has hitherto not been possi-
ble to significantly reduce the incidence or the rate of progression of PD. The current 
used drugs improve some symptoms for a limited period of time. At present, there 
are no effective strategies to reduce the incidence or the progression of this disease. 
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The currently drug treatment strategies are based on the symptoms rather than the 
causes of the disease. These drugs improve some symptoms of PD for a certain 
period of time. Therefore, additional approaches are needed for reducing the inci-
dence, progression and improved management of PD. In order to accomplish this 
goal, it is essential to identify external and internal agents that enhance the risk of PD 
and agents that reduce oxidative stress and chronic inflammation simultaneously.

External agents: Some external agents, such as exposure to manganese (Mn) [2], 
pesticide, herbicides and solvents, such as trichloroethylene (TCE), perchloroethy-
lene (PERC) and carbon tetrachloride (CCl) [3, 4] or accumulation of free iron in 
the substantia nigra [5] have been associated with the increased risk of PD. In 1980, 
increased incidence of PD-like disease was seen among users of the designer drug, 
meperidene, which contains 1-methyl-4-phenyl 1,2,3,6 tetrahydropyridine (MPTP), 
a neurotoxic byproduct formed during the synthesis of this drug [6]. At least one of 
the mechanisms of action of damage produced by above neurotoxins on DA neurons 
is mediated by free radicals.

Internal factors: Several laboratory and human studies have identified major bio-
chemical and genetic defects which play a central role in the initiation and progres-
sion of PD. These defects include increased chronic oxidative stress [7–13], chronic 
inflammation [14, 15] and glutamate [16–18]. Mutated alpha-synuclein, DJ-1, 
Parkin, Pten-induced kinase-1 (Pink-1) or leucine-rich repeat kinase-2 (LRRK2) 
associated with familial PD [19–22], increased the sensitivity of DA neurons to 
oxidative stress [23–26]. It appears that increased oxidative stress is one of the earli-
est biochemical defects which initiate chronic inflammation and together they par-
ticipate in the initiation and progression of PD. The levels of glutamate increase late 
on, and it participates in the progression of symptoms of the disease. Therefore, 
reducing oxidative stress, chronic inflammation and glutamate levels appears to be 
one of the rational choices for reducing the incidence, progression, and in combina-
tion with drug therapy, improving management of this disease.

An activation of a nuclear transcriptional factor Nrf2 (nuclear factor-erythroid 
2-related factor-2), which increases the expression of target genes coding for anti-
oxidant enzymes and phase-2-detoxifying enzymes, is being used as a target for 
developing new therapeutic agents that reduce oxidative stress in chronic neurologi-
cal diseases. However, this strategy alone may not be sufficient to reduce the levels 
of oxidative stress and chronic inflammation optimally, because the levels of dietary 
and endogenous antioxidants also decrease in a high oxidative environment of PD; 
therefore, their levels must also be increased simultaneously. Antioxidants are 
known to reduce oxidative stress by scavenging free radicals, but their role in reduc-
ing inflammation [27–34], and glutamate release [35–40] and its neurotoxicity [17, 
18], are not widely appreciated. The role of B-vitamins in reducing the release of 
glutamate [41, 42] is also not widely known. The antioxidant enzymes reduce oxi-
dative stress in part by a mechanism that is different from that of antioxidant chemi-
cals; they destroy free radicals by catalysis, whereas antioxidant chemicals remove 
them by scavenging. On the other hand, phase-2-detoxifying enzymes remove dam-
aged proteins that could interfere with neuronal function from the brain. Therefore, 
the levels of antioxidant enzymes and phase-2-detoxifying enzymes, and dietary 
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and endogenous antioxidants must be elevated simultaneously in order to reduce 
oxidative stress and chronic inflammation optimally. The levels of dietary and 
endogenous antioxidants can easily be increased by supplementation; however, 
increasing the levels of antioxidant enzymes and detoxifying enzymes is complex 
requiring an activation of Nrf2 and it’s binding with antioxidant response elements 
(AREs) in the nucleus.

Normally, in response to increased reactive oxygen species (ROS), Nrf2 is acti-
vated and translocated from the cytoplasm to the nucleus where it binds with the 
AREs which then increased the expression of target genes coding for antioxidant 
enzymes and phase-2-detoxifying enzymes [43, 44]. During chronic oxidative stress 
which is found in patients with PD, Nrf2 may become resistant to ROS. This is 
evidenced by the fact that increased oxidative continues to occur in the presence of 
Nrf2 in PD. The question arises as to how to activate ROS-resistant Nrf2.

Although most laboratory studies showed that treatment with individual antioxi-
dants and certain phytochemicals decreased neurotoxin-induced elevated levels of 
oxidative damage and loss of DA neurons in animal models of PD. Laboratory stud-
ies also revealed that the neuroprotective effects of these agents require the presence 
of Nrf2. In contrast to the effects of individual antioxidants on animal models of PD, 
supplementation with vitamin E and coenzyme Q10 in patients with PD have pro-
duced no effect in case with vitamin E [45, 46] and limited beneficial effects on 
some symptoms in case with coenzyme Q10 [47]. Supplementation with individual 
antioxidants in human PD is unlikely to increase the levels of antioxidant enzymes 
and detoxifying enzymes as well as dietary and endogenous chemicals simultane-
ously. A review on the effect of individual agents on the progression and symptoms 
of PD topic was published earlier [48].

This chapter describes the evidence to show that increased oxidative stress and 
chronic inflammation play an important role in the initiation and progression of PD, 
and that an elevation of the levels of antioxidant enzymes and phase-2-detoxifying 
enzymes, and dietary and endogenous antioxidant chemicals simultaneously may 
be necessary for reducing these biochemical defects optimally. In addition, the reg-
ulation of activation of Nrf2 which is essential for increasing the levels of antioxi-
dant enzymes and phase-2-detoxifying enzymes is briefly discussed, and agents that 
can activate Nrf2 are identified. Laboratory and clinical studies with the individual 
agents on the prevention and improved management of PD are reviewed in order to 
emphasize that supplementation with a single agent may not be sufficient to activate 
Nrf2 and enhance the levels of multiple dietary and endogenous antioxidant simul-
taneously. This review proposes a mixture of micronutrients that may accomplish 
the above goal.

2  Evidence for Increased Oxidative Stress in PD

Human autopsied brain tissue: Evidence for increased oxidative stress has been 
documented by increased levels of markers of oxidative damage in brain tissue 
[7, 8], decreased levels of antioxidants enzymes [9, 10], and antioxidants [11, 12]. 
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In addition, the NADOH oxidases (NOXs) are the major source of reactive oxygen 
species (ROS). Elevated levels of NOX-1 were found in the dopaminergic neurons 
of the substantia nigra in the autopsied brain tissues [13].

Animal studies: 6-hydroxydopamine (6-OHDA) and MPTP are commonly used 
as chemical animal models for PD, because they selective damage DA neurons 
and induce behavioral changes similar to those observed in human PD. The effects 
of these neurotoxins are mediated via free radicals [49, 50]. In addition, the levels 
of NOX-1 in the rat dopaminergic cells (N27 neuron) were increased after treat-
ment with 6-hydroxydopamine. Injection of 6-hydroxydopamine directly into the 
striatum increased the levels of NOX-1 in dopaminergic neurons of the rat sub-
stantia nigra.

Mitochondria are the major site for producing free radicals and at the same time 
they are most sensitive to free radical damage. Mitochondrial dysfunction induced 
by free radicals plays a central role in most neurodegenerative diseases including 
PD [51, 52]. Mitochondrial dysfunction can be induced by diverse groups of exter-
nal and internal agents. External agents include MPTP, insecticides and pesticides, 
whereas internal agents include increased oxidative stress and chronic inflamma-
tion, and mutated or aggregated alpha-synuclein, mutated PINK1, DJ-1 and 
PARKIN genes [22, 53, 54]. Importance of mitochondrial dysfunction in the patho-
genesis of PD is further suggested by the fact that rotenone, an inhibitor of mito-
chondrial complex-1, induces clinical and biochemical features of human PD in 
animal models.

3  Evidence for Increased Chronic Inflammation in PD

Studies on chronic inflammation in human and animal PD models: Microglia 
initiated chronic inflammation responses also play an important role in the mecha-
nism of degeneration of DA neurons in PD [14, 15]. Aggregated or nitrated alpha- 
synuclein activates microglia which release pro-inflammatory cytokines and other 
neurotoxic factors that contribute to the degeneration of DA neurons [55, 56]. 
Activated microglia also release nitric oxide and superoxide that promote inflam-
mation as well as formation of abnormal alpha-synuclein (excessive amount or 
mutated form) that cause degeneration of DA neurons in transgenic mice model of 
PD [57].

In the autopsied brain samples of PD brains, the number of activated microglia 
cells increased in the substantia nigra during the progression of PD. The levels of 
pro-inflammatory cytokines IL-6 and TNF-alpha increased in both PD and Lewy 
body disease [58]. The presence of extracellular neuromelanin serves as a source of 
chronic inflammation that aggravates the rate of degeneration of DA neurons. 
Activated microglia may produce excessive amounts of pro-inflammatory cyto-
kines, complement proteins, prostaglandins, adhesion molecules and reactive oxy-
gen species (ROS) all of which are neurotoxic.
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Cyclooxygenase (COX) is the rate-limiting enzyme in the synthesis of prosta-
glandins that are neurotoxic in excessive amounts [59]. The inducible isoforms 
COX-2 is up-regulated in the DA neurons of the autopsied brain samples of PD 
patients. The levels of COX-2 are also increased in DA neurons of chemical-
induced animal PD models. The studies presented in this section clearly show that 
chronic inflammation plays an important role in degeneration and apoptosis of DA 
neurons in PD.

Neuromelanin granules accumulate in the substantia nigra of PD patients. 
Neuromelanin can cause degeneration in DA neurons by generating H2O2 when it is 
intact, or by releasing redox active metals such as iron, if it is disintegrated. In addi-
tion, dying DA neurons can release melanin that can initiate chronic inflammatory 
responses by activating microglia cells.

4  Evidence for Increased Glutamate

Glutamate is a major excitatory transmitter in the mammalian central nervous sys-
tem, and is neurotoxic when present in excess at the synapses. With the depletion of 
nigrostriatal DA neurons, the glutamatergic projections from subthalamic nucleus 
to the basal ganglia output nuclei become overactive [16]. The glutamatergic activ-
ity also increased in the striatal region of the PD brain. One of the neurotoxic effects 
of glutamate is mediated via free radicals [17, 18].

Increased glutamate signaling in the substantia nigra played an important role in 
the mechanisms of neuronal death induced by chronic treatment of mice with MPTP 
[60]. This is substantiated by the fact that inhibitors of glutamate receptors amelio-
rated abnormality in motor movements in the animal model of PD [61, 62]. 
Antioxidants also block the toxic effects of glutamate [17, 18] confirming that neu-
rotoxic effect of glutamate is mediated via free radicals.

5  Mutations or Over-expression of Certain Genes in PD

Mutations in certain genes, such as DJ-1, alpha-synuclein, PINK-1and PARKIN, 
have been identified in familial PD [19–22], and account for about 2–3 % of all 
cases of PD. The transgenic animal models confirm the role of these mutations in 
the pathology of PD [63, 64].

6  DJ-1 Gene

The wild-type DJ-1 acts as a stress sensor and increases its level in response to 
elevated oxidative stress [65]. Over expression of the wild-type DJ-1gene protects 
DA neurons against oxidative stress induced by H2O2 [66], dopamine and 
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6- hydroxydopamine [67, 68]. DJ-1 is very sensitive to oxidative stress and oxidized 
form of DJ-1 is considered as a biomarker for neurodegenerative diseases including 
sporadic PD [69]. Indeed, increased levels of oxidized DJ-1 have been found in the 
autopsied brain tissues of sporadic as well as in familial PD [70]. Treatment of DA 
neurons with 6-hydroxydopamine (6-OHDA) caused a translocation of DJ-1 from 
the cytoplasm to the nucleus [71]. Treatment of DA neurons with n-acetylcysteine 
blocked the above effect of 6-OHDA. This suggests that increased oxidative stress 
may be involved in translocation of wild-type DJ-1 from the cytoplasm to the 
nucleus. In contrast to the effect of 6-OHDA treatment on the wild-type DJ-1; how-
ever, 6-OHDA treatment of DA neurons failed to translocate mutated DJ-1 to the 
nucleus. Thus, the wild-type DJ-1 response to oxidative stress is analogous to Nrf2 
which in response to increased ROS translocates itself from the cytoplasm to the 
nucleus.

Mutated DJ-1 makes DA neurons more vulnerable to oxidative stress-induced 
apoptosis [72]. It also promotes aggregation of alpha-synuclein that impairs mito-
chondrial function causing DA neurons to degenerate slowly [23].

7  Alpha-Synuclein Gene

The over-expression of wild-type alpha-synuclein caused degenerative changes in 
human DA neurons [73], and in transgenic rat DA neurons [74, 75] by inducing 
mitochondrial dysfunction which increased oxidative stress [76, 77]. The over- 
expression of human wild-type alpha-synuclein in differentiated neuroblastoma 
cells decreased their viability and increased their sensitivity to oxidative stress and 
neurotoxins such as H2O2, nitric oxide and prostaglandin E2 [78]. Increased oxida-
tive stress also causes aggregation of alpha-synuclein that is toxic to DA neurons. It 
has been shown that not only insoluble aggregated alpha-synuclein but also soluble 
oligomer aggregates of alpha-synuclein are toxic to DA neurons [79].

Over-expression of wild type alpha-synuclein or mutated alpha-synuclein 
(A53T) increased the sensitivity of DA neurons to MPP+ which induced mitochon-
drial dysfunction, and 6-hydroxydopamine which increased oxidative stress in 
human neuroblastoma cells in culture [24]. Antioxidants such as Edaravone pro-
tected only against MPP + -induced toxicity, and epigallocatechin-3-o-gallate 
protected only against 6-hydroxydopamine-induced neurodegeneration [24]. This 
study suggests that one type of antioxidant is not sufficient to reduce neurodegen-
eration induced by diverse groups of toxins.

8  PINK1 Gene

One of the functions of wild-type PINK1 is to protect mitochondria against a variety 
of stress signaling pathways. Genetic ablation of wild-type PINK1caused loss of 
mitochondrial membrane potential, decrease in ATP synthesis, complex IV activity 
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and mitochondrial electron transport chain function [25]. Impairment of mitochondrial 
electron transport chain and increased frequency of deletions of mitochondrial DNA 
which codes some of the subunits of mitochondrial electron transport chain have 
been found in the autopsied samples of the substantia nigra of PD brains. Like 
mutated alpha-synuclein, mutated PINK1 also impairs mitochondrial function.

9  PARKIN Gene

The wild-type PARKIN improves mitochondrial function [80]. Mutations in this 
gene can impair mitochondrial function and dynamics [26]. Nitric oxide and oxida-
tive stress inhibits PARKIN function which can lead to degeneration of DA neurons. 
Loss of PARKIN gene in human midbrain DA neurons increases the transcription of 
monoamine oxidases, and oxidative stress reduces DA uptake and enhances sponta-
neous release of DA. Insertion of a wild-type PARKIN gene into these DA neurons 
prevents the above changes [81].

10  Regulation of Activation of Nrf2

Nrf2: The nuclear transcriptional factor, Nrf2 (nuclear factor-erythroid-2-related 
factor 2) belongs to the Cap´N´Collar (CNC) family that contains a conserved basic 
leucine zipper (bZIP) transcriptional factor [82]. Normally, Nrf2 is associated with 
Kelch-like ECH associated protein 1 (Keap1) which acts as an inhibitor of Nrf2 
[83]. Keap1 protein serves as an adaptor to link Nrf2 to the ubiquitin ligase CuI- 
Rbx1 complex for degradation by proteasomes and maintains the steady levels of 
Nrf2 in the cytoplasm. Nrf2-keap1 complex is primarily located in the cytoplasm, 
Keap1 acts as a sensor for ROS/electrophilic stress.

Activation of Nrf2 by a ROS-dependent mechanism: Normally, increased ROS 
activates Nrf2 which dissociates itself from Keap1-CuI-Rbx1 complex in the cyto-
plasm and translocates itself in the nucleus where it heterodimerizes with a small Maf 
protein, binds with antioxidant response elements (AREs) leading to increased expres-
sion of target genes coding for antioxidant enzymes and phase- 2- detoxyfying enzymes 
[43, 44, 84]. Acute oxidative stress such as observed during exercise activates Nrf2 by 
a ROS-dependent mechanism [85]. Pretreatment with n-acetylcysteine (NAC) pre-
vented the ROS-induced activation of Nrf2 [86]. Since NAC scavenged all ROS, ROS 
was not available for activating the Nrf2/ARE  pathway. This observation should not 
be interpreted to mean that antioxidant impairs the normal response of activating Nrf2 
by ROS. This result suggests that during acute oxidative stress, supplementation with 
a single antioxidant may not be needed for reducing oxidative damage. As a matter of 
fact, repeated administration of a single antioxidant before strenuous exercise could 
be harmful because a single antioxidant would be oxidized in a high oxidative envi-
ronment and would act as a pro-oxidant rather than as an antioxidant.
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Activation of Nrf2 by a ROS-independent mechanism: In contrast to acute 
oxidative stress, Nrf2 becomes resistant to ROS during chronic oxidative stress 
[87–89], suggesting that activation of Nrf2 by a ROS-independent mechanism 
exists. This is evidenced by the fact that increased chronic oxidative stress occurs in 
neurodegenerative diseases such as PD. Therefore, identification of agents which 
can activate Nrf2 by a ROS-independent mechanism would be useful in reducing 
the incidence and progression of PD.

11  Binding of Nrf2 with ARE

An activation of Nrf2 alone is not sufficient to increase the levels of antioxidant 
enzymes and phase-2-detoxifying enzymes. Activated Nrf2 must bind with ARE in 
the nucleus for increasing the expression of target genes for antioxidant enzymes 
and phase-2-detoxyfying enzymes. This binding ability of Nrf2 with ARE was 
impaired in aged rats and this defect was restored by supplementation with alpha- 
lipoic acid [90]. It is unknown whether the binding ability of Nrf2 with ARE is 
impaired in PD.

12  Regulation of the Levels and Activity of Nrf2

Nrf2 regulates Keap1 levels by controlling its transcription, whereas Keap1 regu-
lates Nrf2 levels by controlling its degradation by proteasome [91]. Immediate early 
response-3 (IER-3) gene, a multifunctional stress response gene, also regulates Nrf2 
activity. Deletion of IER-3 gene increases Nrf2 activity, whereas overexpression of 
IER-3 decreases it [92].

13  Epigenetically Regulation of the Levels of Nrf2

The levels of Nrf2 are regulated epigenetically by methylation of CpG (cytosine- 
phosphate- guanosine) and acetylation of histone3. Hypermethylation of CpG [93] 
and hyperacetylation of histone3 [94] increase the expression of Nrf2, whereas 
hypomethylation of CpG and hypoacetylation of histone3 decrease it. Therefore, 
any agent that can cause hypermethylation of CpG or hyperacetylation of histone3 
could be useful in prevention and improved management of PD.
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14  Antioxidants Regulating Nrf2 Activation and Free 
Radicals Levels

Antioxidants scavenge free radicals directly at varying levels; however, some can acti-
vate Nrf2 by a ROS-independent mechanism as well as scavenge free radicals, while 
others can activate Nrf2 by a ROS-dependent mechanism. They are described here.

Increased oxidative stress, chronic inflammation and glutamate play an impor-
tant role in the initiation and progression of Parkinson disease (PD). Mutations in 
DJ-1, alpah-synuclein, PINK-1 or PARKIN gene associated with the familial PD 
impairs mitochondrial function that increases oxiadtive stress.Thus, attenuation of 
these biochemical defects may reduce the incidnce, progression, and in combination 
with standard therapy, improve the management of this disease. I propose that an 
elevation of the levels of antioxidant enzymes, phase-2-detoxifying enzymes, and 
dietary and antioxidant compounds simultaneously may be needed to optimally 
reduce oxidative stress, chronic inflammation and glutamate. A mixture of micronu-
rients is proposed to attain this goal.

 1. Antioxidants scavenge Free radicals: All dietary and endogenous antioxidant 
chemicals reduce varying levels of oxidative stress by directly scavenging free 
radicals.

 2. Antioxidants which activate Nrf2 by a ROS-independent mechanism and 
scavenge free radicals: Some examples are vitamin E and genistein [95], alpha- 
lipoic acid,[90], curcumin [96], resveratrol [97, 98], omega-3-fatty acids,[99, 
100], glutathione [101], NAC [102], and coenzyme Q10 [103]. Several plant- 
derived phytochemicals, such as epigallocatechin-3-gallate, carestol, kahweol, 
cinnamonyl-based compounds, zerumbone, lycopene and carnosol [82, 104, 
105], genistein [95], allicin, a major organosulfur compound found in garlic 
[106], sulforaphane, a organosulfur compound, found in cruciferous vegeta-
bles,[107], and kavalactones (methysticin, kavain and yangonin) [108] can acti-
vate Nrf2 by a ROS-independent mechanism.

 3. Antioxidant which activates Nrf2 by a ROS-dependent mechanism: 
L- carnitine activates Nrf2 by a ROS-dependent mechanism [109] probably by 
generating transient ROS.

15  Reducing Oxidative Stress Optimally

From the above groups of agents, a mixture of selected micronutrients containing 
multiple dietary antioxidants (vitamins A, C and E, beta-carotene and selenium), 
polyphenolic compounds (curcumin and resveratrol), endogenous antioxidants 
(alpha-lipoic acid, L-carnitine, and coenzyme Q10), a synthetic antioxidant 
N-acetylcysteine (NAC), and omega-3-fatty acids is proposed for reducing oxidative 
stress optimally by enhancing the levels of antioxidant enzymes and phase- 2- 
detoxifying enzymes through activating the Nrf2/ARE pathway, and multiple dietary 
and endogenous antioxidant chemicals simultaneously. Animal and limited human 

Simultaneous Activation of Nrf2 and Elevation of Dietary and Endogenous…



286

studies suggest that the proposed micronutrients in the mixture can cross blood-brain 
barrier at varying levels. This is supported by the observation in which supplementa-
tion with individual antioxidants improved neurological symptoms.

16  Reducing Chronic Inflammation Optimally

Activation of Nrf2 also suppresses inflammation [110, 111]. Some individual anti-
oxidant chemicals from the above groups reduce chronic inflammation [27–34]. 
Therefore, the proposed mixture of micronutrients for reducing oxidative stress may 
also decrease chronic inflammation optimally.

17  Reducing Glutamate Release Optimally

Increased pro-inflammatory stimuli and oxidative stress following TBI cause microg-
lia to release excessive amounts of glutamate, which contributes to loss of neurons 
[35]. Release of glutamate was blocked by antioxidants, such as vitamin E [35], 
tempol, a superoxide dismutase mimetic, and edaravone, a synthetic antioxidant 
[36], quercetin [37], glutathione and vitamin E [38], alpha-lipoic acid [39] and coen-
zyme Q10 [40]. In addition to antioxidants, Vitamin B-6 [41], vitamin B12 [42] and 
vitamin B2 (riboflavin) [112] also reduce release of glutamate. Antioxidants such as 
vitamin E [17] and coenzyme Q10 [18] also protected neurons against glutamate- 
induced degeneration and death. Therefore, the proposed mixture of micronutrients 
in combination with B-vitamins may decrease the levels of glutamate optimally.

18  Nrf2 in Parkinson Disease

6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1, 2, 3, 6- tetrahydropyridine 
(MPT) are neurotoxins commonly used for inducing Parkinson disease-like symp-
toms in animals and degeneration and death of dopaminergic neurons in cell culture 
models. These neurotoxins produced above effects by increasing the levels of chronic 
oxidative stress and inflammation. . Pre-treatment of human neuroblastoma cells in 
culture and mice with naringenin, a natural flavonoid, protected neurons against 
6-OHDA-induced toxicity. The protective effect of naringenin was dependent upon 
the presence of Nrf2, because deletion of Nrf2 blocked its protective effect [113]. 
Puerarin treatment reduced neurodegeneration in the substantia nigra of rats follow-
ing injection with 6-OHDA by activating the Nrf2/ARE pathway and elevating the 
levels of brain-derived neurotrophic factor (BDNF) [114]. Licochalcone E (Lico-E), 
a Glycyrrhiza inflate-derived chaocone, reduced inflammation in microglia cells and 
protected human neuroblastoma cells against 6-OHDA- and MPTP-induced neuro-
toxicity by activating the Nrf2/ARE pathway [115]. Resveratrol reduced paraquat-
induced ROS and inflammation by activating the Nrf2/ARE pathway [116]. Several 
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other phytochemicals, such as gastrodin, a main constituent of Chinese herbal medi-
cine Gastrodia elata [117], tetramethylpyrazine, an extract of Ligusticum wallichii 
Franchat (ChuanXiong) [118], Mangiferin, a polyphenolic compound [119] pro-
tected against MPTP-induced oxidative stress, neurodegenerative changes and motor 
deficits by activating the Nrf2/ARE pathway.

Importance of Nrf2 in neuroprotection is demonstrated by the fact that deficiency 
of Nrf2 enhanced alpha-synuclein aggregation and chronic inflammation that con-
tribute to the degeneration of DA neurons in PD [89]. Nrf2 deficiency also increased 
the sensitivity of mice to MPTP-induced behavior and biochemical changes. Over- 
expression of Nrf2 in astrocyte was sufficient to provide neuroprotection in MPTP 
mouse model of PD [88].

The above studies suggest that activation Nrf2 is essential for neuroprotection in 
laboratory experiments; however, in human PD, activation of Nrf2 alone may not be 
sufficient for prevention or improved management, because the levels of dietary and 
endogenous antioxidants decrease in a high oxidative environment; and therefore, 
they must also be elevated simultaneously.

19  Studies with Antioxidants, Polyphenolic Compounds 
and Nicotinamide in PD

In vitro studies with antioxidants and nicotinamide: Certain antioxidants such as 
vitamin A, beta-carotene and coenzyme Q10 inhibited formation of alpha-synuclein 
fibrils and destabilized preformed alpha-synuclein fibrils in a dose-dependent man-
ner, whereas vitamin B2, vitamin B6, vitamin C and vitamin E were ineffective 
in vitro [120]. Melatonin, deprenyl and vitamin E inhibited auto-oxidation of DA in 
a dose-dependent manner, whereas vitamin C was ineffective [121]. Glutamate- 
induced degeneration of DA neurons was blocked by an analog of NAC 
(N-acetylcysteine amide) [122], vitamin E [17] and coenzyme Q10 [18]. Treatment 
of human neuroblastoma cells in culture with a relatively high dose of nicotinamide 
(vitamin B3) protected from MPP + -induced toxicity by decreasing the activities of 
complex I and alpha-ketoglutarate dehydrogenase, and the levels of reactive oxygen 
specie (ROS), and oxidation products of DNA and protein [123].

Studies with vitamin E in animal models of PD: Pre-treatment of rats with d-alpha 
tocopherol or dl-alpha-tocopherol significantly reduced 6-OHDA-induced behavior 
and biochemical abnormalities [124, 125]. Intramuscular administration of d-alpha-
tocopheryl succinate, the most effective form of vitamin E [126], protected 
6-OHDA-induced death of locus coeruleus neurons as well as behavioral and bio-
chemical defects in rats [127, 128].

Studies with L-carnitine in animal models of PD: Quinolinic acid, an excitotoxin 
and free radical generator, and 3-nitropropionic acid and rotenone (mitochondrial 
toxins) induced oxidative damage to DA neurons, and behavioral alterations in ani-
mals similar to those observed in PD patients. Administration of L-carnitine, coen-
zyme Q10, vitamin E, alpha-lipoic acid or resveratrol reduced oxidative damage 
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and behavior abnormalities in animal model of PD induced by these diverse groups 
of neurotoxins [129, 130].

Studies with N-acetylcysteine (NAC) in animal models of PD: Supplementation 
with NAC decreased the levels of alpha-synuclein in mice overexpressing wild-type 
human alpha-synuclein in the brain, and partially prevented the loss of dopaminer-
gic terminals in these mice [131].

Studies with nicotinamide in animal models of PD: Nicotinamide, an inhibitor of 
histone deacetylase, preserves the activity of silent information regulator-1 (SIRT-
1), a regulator of mitochondrial biogenesis [132]. This vitamin inhibits oxidative 
damage and improves mitochondrial function and thus can protect neurodegenera-
tion and improve motor functions. In addition, in Drosophila melanogaster model 
of PD (an alpha-synuclein transgenic fly), nicotinamide treatment significantly 
improved the motor function (climbing ability) [123].

Studies with fish oil, melatonin or vitamin E in animal models of PD: Pre- 
treatment treatment of mice with fish oil, melatonin or vitamin E decreased the 
levels of MPTP-induced elevation of the activity of COX-2 and lipid peroxides in 
the homogenates of midbrain. Treatment with fish oil was more effective in reduc-
ing MPTP-induced rise in COX-2 activity than vitamin E or melatonin, whereas 
melatonin was more effective in reducing MPTP-induced rise in lipid peroxides 
than fish oil or vitamin E [133]. These results suggest that different antioxidants 
affect markers of increased oxidative stress and chronic inflammation differently.

Studies with omega-3-fatty acids in animal models of PD: Omega-3-fatty acids 
restricted diet increased the levels of NO in the striatum of young and adult rats but 
not in the substantia nigra; however, increased lipoperoxidation and decreased 
catalase activity were found in both regions of the brain, while total SOD activity 
was lowered in the striatum. In addition, fewer tyrosine hydroxylase- and brain-
derived nerve growth factor-positive cells present in the substantia nigra compared 
to the controls

Studies with resveratrol in animal models of PD: Resveratrol is also an activator 
of SIRT1, and thus, stimulated mitochondrial biogenesis in mice and reduces pro-
duction of reactive oxygen species [134]. Pretreatment of fibroblasts obtained from 
patients with early-onset PD carrying mutated Park2 gene with resveratrol enhanced 
mitochondrial oxidative function by activating Peroxisome proliferator- activated 
receptor-gamma coactivator-1α (PGC-1α) [135].

Studies with curcumin and a mixture of antioxidants in animal models of PD: 
Both curcumin and a mixture of dietary and endogenous antioxidants (a gift from 
Premier Micronutrient Corporation, Nashville, TN) reduced the incidence of death 
and hypokinesia induced by MPTP treatment in mice. Although both curcumin and 
an antioxidant mixture markedly blocked MPTP-induced depletion of tyrosine 
hydroxylase (TH) activity, only the antioxidant mixture enhanced the TH activity 
[136]. This suggested that an antioxidant mixture treatment was more effective than 
the curcumin treatment in preventing MPTP-induced depletion of TH in mice. 
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Treatment of neuroblastoma cells (PC-12derived from the rat and SH-SY5Y derived 
from the human) with curcumin prevented mutated alpha-synuclein (A53T)-induced 
cell death, by inhibiting oxidative stress, mitochondrial depolarization, cytochrome 
c release, and caspase-9 and caspase-3 activation [137, 138]

Studies with quercetin and an iron chelator in animal models of PD: Pre- 
treatment of rats with a flavonoid quercetin and a chelator of iron desferrioxamine 
reduced 6-OHDA-induced increase in the levels of protein carbonyl, glutathione, 
dopamine, and SOD in the striatum [139].

Studies with certain phytochemicals in animal models of PD: Treatment with 
some phytochemicals such as methanol extract of Garcinia indica fruits [140], sily-
marin, derived from the seeds of the plant Silyburn marianum [141], and silibinin, a 
major constituent of silymarin [142] reduced MPTP- and 6-OHDA-induced toxicity 
on dopaminergic neurons in the substantia nigra of rats. These agents exhibit anti-
oxidant and anti-inflammation activities.

20  Antioxidant Studies on Human PD

Epidemiological studies with vitamin E: Several epidemiologic studies suggested 
that diet rich in vitamin E may reduce the risk of PD [143, 144].

Intervention studies with vitamin E or coenzyme Q10: The results of epidemio-
logic study on the benefit of vitamin E in reducing the risk of PD could not be con-
firmed by an intervention study. For example, Deprenyl and Tocopherol Antioxidative 
Therapy of Parkinsonism (DATATOP), a randomized, double-blind, placebo-con-
trolled, multi-center clinical trial, was initiated in 1989 in order to evaluate the effi-
cacy of deprenyl (10 mg per day) and dl-tocopherol (2000 IU per day) individually 
and in combination in patients with early stage of PD when no therapy was required. 
The primary outcome was prolongation of the time needed for levodopa therapy. 
After a follow-up period of 8.2 years, deprenyl significantly delay the time when 
levodopa therapy was needed, but alpha tocopherol was ineffective [45, 46].

In another clinical study, supplementation with coenzyme Q10 at the highest 
dose of 1200 mg per day that was safe and well-tolerated by patients revealed that 
the incidence of disability in patients receiving coenzyme Q10 was less than in pla-
cebo controls; the benefit was greater in patients receiving the highest dosage [47]. 
Reviews of several open and controlled clinical studies revealed that daily supple-
mentation with coenzyme Q10 either had no effect or had minimal benefit in early 
stage PD patients [145, 146].

In an Open-labeled clinical trial, the efficacy of high doses of alpha-tocopherol 
and ascorbate was tested in early phase PD patients who were not taking levodopa. 
The primary outcome was delay of the time when levodopa therapy was needed. 
The results showed that these antioxidants delayed the time when levodopa therapy 
was needed by 2.5 years [147].
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21  Problems Associated with a Single Antioxidant  
in Human PD Studies

(1) High risk populations of PD have high levels of oxidative stress and chronic 
inflammation. Individual antioxidants are easily oxidized; therefore, administered 
antioxidant would be oxidized under such an oxidative environment and then may 
act as a pro-oxidant rather than as an antioxidant; (2); individual antioxidants cannot 
elevate the levels of antioxidant enzymes and phase-2-detoxifying enzymes by acti-
vating Nrf2 and dietary and endogenous antioxidant chemicals simultaneously; (3) 
distribution of dietary and endogenous antioxidant chemicals differs from one organ 
to another; they differ from one cell to another within the same organ; they also dif-
fer from one compartment to another within the same cell. Therefore, supplement 
with one may not reduce oxidative stress and inflammation in the brain optimally; 
(4) a single antioxidant cannot reduce oxidative stress in both lipid and aqueous 
environments of the cells.

22  Proposed Criteria to be included in the Experimental 
Designs of Clinical Studies on Antioxidants in PD

(1) High risk populations, such as individuals 50 years or older or with a family his-
tory of PD can be used for the prevention study. Patients with an early phase of PD 
not requiring medications can be used for reducing the progression study, and those 
PD patients receiving medications can be utilized for the improved management 
study; (2) experimental designs should be randomized, double-blinded and placebo- 
controlled; (3) number of participants in the study should be high, generally in hun-
dreds, for a meaningful statistical analysis and conclusions; (4) levels of markers of 
oxidative stress and chronic inflammation in subset population of smaller sample 
size before and after treatments with antioxidants should be measured; (5) daily oral 
supplementation with the proposed mixture of micronutrients that can enhance the 
levels of antioxidant enzymes and phase-2-detoxifying enzymes through activation 
of Nrf2, and the levels of dietary and endogenous antioxidant chemicals simultane-
ously should be included; (6) doses of antioxidants (high, but safe) and dose- 
schedules of twice-a-day should be adopted; (7) primary end-points, such as 
incidence of PD (for the prevention study) and time interval between micronutrient 
treatment and the need for levodopa therapy (for the progression study), and 
improvement in tremor and rigidity (for the management study) are appropriate; and 
(8) treatment and observation periods of generally 5 years (for the prevention study) 
and 2–3 years for the progression study and observation period of 3–5 years (for the 
improved management study,) are adequate.

The experimental designs of most previous clinical studies on antioxidants and 
PD have taken into consideration only criteria 1,2, 3, 7 and 8, but the criteria 4, 5, 
and 6 were not included which may account for the inconsistent results.
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23  Proposed Prevention Strategies for PD

Primary prevention: The major objective of primary prevention is to protect 
healthy individuals from developing PD. Individuals 50 years or older, and indi-
viduals with a family history of PD who have not developed any clinical symptoms 
of PD are suitable for the primary prevention study. The proposed mixture of micro-
nutrients is recommended for the study of primary prevention. This recommenda-
tion is based on the hypothesis that increased oxidative stress and chronic 
inflammation play a key role in the initiation of neurodegenerative changes in the 
brain that lead to PD, and that this mixture may enhance the levels of antioxidant 
enzymes and phase-2-detoxifying enzymes through the activation of the Nrf2/ARE 
pathway, and dietary and endogenous antioxidants simultaneously.

The gene HOP (TUM-1) is essential for the development of Drosophila melano-
gaster (fruit fly). A mutation in this gene markedly increases the risk of developing 
a leukemia-like tumor in female flies. In collaboration with Dr Bhattacharya of 
NASA Moffat Field, CA, we observed that whole-body irradiation of these flies 
with proton radiation dramatically increased the incidence of cancer compared to 
that in un-irradiated flies. Treatment with a mixture of antioxidants before and after 
irradiation blocked the proton radiation-induced cancer in fruit flies [148]. This 
finding is of particular interest, because it suggests that heritable genetic basis of the 
disease can be prevented by antioxidant treatment.

Secondary prevention: The purpose of secondary prevention is to stop or slow the 
progression of PD. Individuals who exhibit early sign of PD, but are not taking any 
medication, can be included in the secondary prevention study. The mixture of 
micronutrients recommended for the primary prevention study is also recommended 
for the secondary prevention study.

24  Proposed Strategies for Improving the Management 
of PD

Current drug and surgical treatments of PD: The major objective of treatment is 
to slow down the progression of disease and improve the symptoms of the disease. 
The treatment of PD includes medications that elevate dopamine in the surviving DA 
neurons. Levodopa therapy that increased the levels of DA in DA neurons is consid-
ered a gold standard for the treatment of PD, but its toxicity becomes a limiting fac-
tor, and the treatment is discontinued after about 5 years. The reasons for this effect 
of levodopa are unknown. In vitro studies have suggested that treatment of neuronal 
cells in culture with L-dopa is very toxic. This is due to the fact that L-dopa generates 
excessive amounts of free radicals during auto-oxidation as well as during oxidative 
metabolism of its product, DA; however, from animal studies it appears that there is 
no evidence of similar effects of L-dopa in vivo [149]. In a randomized, double-
blind, placebo-controlled trial involving 361 patients with an early stage PD, the 
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effects of various doses of levodopa for a period of 40 weeks were investigated [150]. 
The results showed that the patients receiving the highest dose of levodopa had sig-
nificantly more dyskinesia, hypertonia, infection, headache, and nausea than those 
receiving placebo. The clinical data showed that levodopa treatment either slowed 
the progression of PD or has improved the symptoms of the disease. However, neu-
roimaging data suggested that levodopa treatment increased the rate of loss of nigros-
triatal DA nerve terminals or it reduced the levels of DA transporter more than that 
produced by placebo treatment. A further investigation on this issue revealed that 
dose of levodopa is a factor in producing motor complications of dyskinesia and 
wearing-off, and these can develop as early as 5–6 months at high levodopa doses 
[151]. After about 5 years, L-dopa has a potential to cause increased oxidative dam-
age peripherally and/or centrally; therefore, it appears rational to propose that reduc-
ing oxidative damage during levodopa therapy may improve the efficacy of this 
therapy by reducing the side-effects of levodopa. This would then allow levodopa 
treatment to be effective for a period longer than that currently expected. Furthermore, 
if the oxidation of L-dopa is reduced by decreasing oxidative stress; it would then be 
possible to reduce the dosage of levodopa without sacrificing its efficacy.

In some cases, surgery may be appropriate, if the disease doesn’t respond to a 
standard drug therapy. A therapy called deep brain stimulation (DBS) has now been 
approved by the U.S. Food and Drug Administration. Current drugs used in the 
treatment of PD or surgical intervention do not reduce oxidative stress or chronic 
inflammation; and therefore DA neurons continue to die despite drug or surgical 
treatment.

In a rat PD model (induced by rotenone), the efficacy of oral L-dopa therapy with 
or without various doses of coenzyme Q10 was evaluated [152]. The results showed 
that L-dopa therapy improved the symptoms and restored striatal DA levels, but it 
did not show any significant effect on striatal mitochondrial complex I activity, ATP 
levels or the expression of Bcl2. Administration of coenzyme Q10 at a high dose 
with L-dopa increased striatal complex I activity, ATP levels, DA levels and Bcl2 
expression compared to coenzyme Q10 treatment at low doses with L-dopa.

Proposed mixture of micronutrients in combination with drug therapy: The 
mixture of micronutrients recommended for primary prevention can be used in 
combination with standard drug therapy. This strategy may reduce the progression 
and prolong the beneficial effects of current drugs in patients with PD by protecting 
surviving DA neurons from damage produced by increased oxidative stress and 
chronic inflammation.

25  Safety of Ingredients in the Proposed Mixture

All ingredients in the proposed mixture of micronutrients are safe and come under 
category of “Food Supplement”, and therefore, do not require FDA approval for 
their use. However, a few of them could produce harmful effects at higher doses in 
some individuals when consumed daily over an extended period. Vitamin A at doses 
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of 10,000 IU or more per day can cause birth defects in pregnant women, and beta- 
carotene at doses 50 mg or more can produce bronzing of the skin that is reversible 
on discontinuation. Vitamin C as ascorbic acid at high doses (10 g or more per day) 
can cause diarrhea in some individuals. Vitamin E at high doses (2000 IU or more 
per day) can induce defects in blood clotting after long-term consumption. Vitamin 
B6 at high doses (50 mg or more per day) may produce peripheral neuropathy, and 
selenium at doses 400 μg or more per day can cause skin and liver toxicity after 
long-term consumption. Coenzyme Q10 at daily doses are 30–400 mg has no known 
toxicity. N-acetylcysteine doses of 250–1500 mg and alpha-lipoic acid doses of 
600 mg are used in humans without reported toxicity.

In conclusion, increased oxidative stress and chronic inflammation play a central 
role in the initiation and progression of PD in humans. An accumulation of excess 
levels of glutamate participates in the progression of PD. A mixture of micronutri-
ents containing dietary and endogenous antioxidant chemicals, curcumin, resvera-
trol, and nicotinamide and omega-3-fatty acids may increase the levels of antioxidant 
enzymes and phase-2-detoxifying enzymes by activating a nuclear transcriptional 
factor Nrf2 and dietary and endogenous antioxidants simultaneously. This mixture 
of micronutrients may reduce the incidence of PD and the progression in patients 
with early phase PD. The same mixture of micronutrients, in combination with the 
levodopa therapy, may prolong the efficacy of this drug for a longer period of time, 
and reduce long-term side effects which appear to be due to increased oxidative 
damage to neurons.

Financial Conflict The author is an independent consultant to nutrition industries.
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1  Introduction

The dogma that the brain is immutable has been significantly challenged during the 
last 100 years. We now know that the brain has a remarkable level of plasticity, i.e., 
the ability to change in response to a stimulus. This change could be either short or 
long-term. The neuropsychologist Donald Hebb was the first to show that rats raised 
as pets were better able to perform complex tasks requiring learning and memory 
compared to standard housed lab rats [1, 2]. The difference in the pet rats’ environ-
ment included a wider area of habituation and exploration, increased physical activ-
ity and novel experiences. The superior performance of the pet rats in the learning 
and memory task was the first evidence that the environment can modulate brain 
function. Later on, Hebb’s successors and others discovered that experience in a 
complex environment enhanced synaptic formation, hippocampal neurogenesis, 
and number of dendrites and dendritic branching, as well as increased the weight of 
the cortex and induced neurotrophic factor expression and more [3–7]. These criti-
cal elements of the environment were then modeled in a lab setting by housing 
rodents in a large cage with opportunities for social interaction, toys and novel 
exploration, as well as access to running wheels for physical exercise. The set up 
was termed “environmental enrichment” or “complex environment”. This raises the 
intriguing question of whether the aging process can be counteracted by environ-
mental enrichment. We will review the evidence that suggests that the application of 
environmental enrichment protects the brain against aging related decline. While 
most of the available information comes from experiments in rodents, it is worth 
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noting the increasing number of human studies examining the therapeutic effect of 
exercise and cognitive stimulation for the elderly and those suffering from aging-
related neurodegenerative disease and cognitive impairments like Alzheimer’s dis-
ease. For example, some studies have shown that increased physical activity 
enhances cognitive function in the elderly [8–11]. Similarly, the role of cognitively 
complex experiences such as bilingualism, advanced education, and cognitively 
stimulating leisure activities like reading, puzzle solving, and playing a musical 
instrument has received substantial interest, and current evidence suggests that cog-
nitively complex experiences may have profound effects on the human brain as well 
[12–15]. One challenge in human studies is separating out and identifying individ-
ual lifestyle factors that are responsible for preserving cognitive function. Human 
studies often rely on correlative experimental designs and it can be unclear whether 
greater participation in an active and complex lifestyle in old age is a cause or effect 
of greater cognitive functioning. However, in rodents the lifestyle factors can be 
more carefully controlled and the neuroanatomical effects more rigorously mea-
sured. Therefore, studies in rodents are useful for identifying the key mechanisms 
and pathways responsible for the effects of complex experience on cognition during 
aging. Once identified, therapies targeting these pathways can be developed. In the 
following sections, we discuss the research concerning the effects of environmental 
enrichment (EE) on brain plasticity during aging in rodents. EE may modulate cog-
nitive function in aging through a variety of pathways. Here, we discuss the evi-
dence for how EE modulates oxidative stress, inflammation, neurotrophic factor 
signaling, neurogenesis, and synaptic plasticity.

2  Oxidative Stress

Regulation of free radical species is a critical physiological process. The dysfunc-
tion of this regulation is thought to be an important characteristic of aging and may 
be one of the determining factors in the longevity of an organism [16]. Reactive 
oxygen species (ROS) are free radicals produced in the brain by microglia as a 
means of defense against pathogens [17], and by mitochondria as a result of energy 
generation [18]. Though ROS perform critical physiological functions, in excess 
they can also be highly toxic, and so endogenous mechanisms such as antioxidants 
exist in the body to regulate ROS [19]. Oxidative stress due to increased ROS may 
lead to several negative effects such as alterations in gene expression and cell dys-
function (for a more detailed discussion of ROS in cell dysfunction see [20]). The 
brain is thought to be particularly susceptible to change in oxidative state due the 
high concentration of lipids and high demand for oxygen [22]. During aging, 
 production of ROS is increased, concomitantly with diminished production of anti-
oxidants and mitochondrial homeostasis [24]. ROS can also directly disrupt mito-
chondrial function [26]. While ROS can be produced by the cell itself, they can also 
result from exposure to external factors like radiation or ultraviolet light adding to 
the accumulation of oxidative stress during aging [28, 29]. It is thought that because 
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evolutionary pressure prioritizes the survival of an organism during its reproductive 
ages, the production of ROS is more tightly regulated compared to old age [30].

Another possible mechanism for mitochondrial dysfunction during aging is a 
reduction in neurotrophic factor production, for example, BDNF, GDNF, and IGF-1 
[21, 31, 32]. Neurotrophic factors are implicated in the maintenance of brain func-
tion on several levels. First, they regulate neuronal survival and neurotransmission. 
Second, they play a role in regulation of ROS. While ROS are able to disrupt cal-
cium homeostasis in neurons and interrupt critical calcium signaling, exposure to 
growth factors like BDNF, bFGF and NGF prevents this interruption, evidently 
through activation of the antioxidants superoxide dismutase (SOD) and glutathione 
peroxidase [33, 34]. In addition, BDNF is thought to enhance mitochondrial func-
tion in the brain by regulating oxygen usage efficiency [35].

How, though, does an increase in oxidative stress during aging lead to cognitive 
decline? One mechanism may be by interfering with cellular function. Some studies 
suggest that at certain level, ROS are toxic to cells and may lead to increased cell 
dysfunction, leading to cognitive decline [36]. Other studies suggest that the ROS- 
induced pro-survival signaling ERK, PI3K, Akt pathways are less effective during 
aging [29, 37, 38].

Another way oxidative stress may be contributing to cognitive decline may be by 
altering brain plasticity. “Plasticity” typically refers to structural changes in the 
brain such as dendritic branching and arborization, synaptic formation and strength-
ening, long-term potentiation (LTP) or formation of new connective pathways (for 
a more in-depth discussion of plasticity see [39]). It is thought that decreased plas-
ticity may bear more responsibility for cognitive decline during aging than outright 
loss of neurons [40]. Mitochondrial function may be a critical component of plastic-
ity by promoting release of neurotransmitters, dendritic branching, and LTP [41–46]. 
Indeed, mitochondria have been shown to respond to synaptic signaling in the brain 
and increased energy production from mitochondria may be a critical component of 
LTP maintenance [48]. Therefore, inappropriate mitochondrial function due to dam-
age from ROS could have profound effects on brain plasticity and thus cognitive 
function.

Reduced CREB signaling with age is another proposed mechanism for the cog-
nitive decline during aging [49, 50]. The CREB signaling complex, consisting of 
pCREB and transcription cofactors such as CBP and p300, initiate the transcription 
of genes thought to be important for synaptic plasticity and learning and memory 
such as c-fos, BDNF, and Egr-1 [51]. CREB activation is known to be important for 
learning and memory, and this includes activation in mitochondrial associated 
CREB [52]. ROS may also directly reduce expression of the CREB protein via pro-
tein kinase D, and reduce the availability of this critical component for learning 
processes [53, 54]. In support of the role of ROS and CREB signaling, antioxidants 
have been shown to increase CREB phosphorylation via mitochondrial PKA [55].

A large body of studies suggests that EE reduces oxidative stress and enhances 
the production of endogenous antioxidants such as SOD in a mouse model of the 
aging-related disorder Alzheimer’s disease [56, 57]. Experience in an EE has been 
shown to act upon several of the pro-oxidative stress pathways mentioned above. 
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Specifically, EE protects mitochondria from aging related defects and, in turn, 
improvement in mitochondrial activity in aged rodents has been correlated with 
enhanced memory performance [58, 59]. In addition, ERK and PI3K pathways are 
more active following EE [60, 61]. EE can enhance BDNF signaling, which may in 
turn promote proper mitochondrial function and may allow for retention of the 
machinery necessary for plasticity [61–63]. In aged rodents, access to a running 
wheel improved hippocampal function and learning and memory [64]. In rats, run-
ning on a wheel enhanced expression of BDNF mRNA [65]. Experience of rodents 
in EE increases the phosphorylation and activation of CREB (pCREB) [61], a criti-
cal signal for the formation of memories. Therefore, EE acts on many of the path-
ways that are impaired by aging, offering the intriguing possibility of a non-invasive 
therapy to counteract aging-related cognitive decline (Fig. 1).
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Fig. 1 Aging and environmental enrichment have inverse effects on many processes important for 
cognitive function. During aging, ROS and inflammation are increased, impacting critical aspects 
of brain plasticity, such as neurogenesis, dendritic branching, LTP, and neurotrophic support, lead-
ing to decreased cognitive function. EE, on the other hand, leads to decreased levels of ROS and 
inflammation, and also increases neurogenesis, dendritic branching, LTP, and neurotrophic sup-
port, leading to increased cognitive function
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3  Inflammation

The term “inflammaging” is meant to describe the fundamental role of inflamma-
tion in the aging process [66]. This hypothesis proposes that a robust inflammatory 
response is useful when fighting off infections when the organism is younger, but 
becomes pathological in old age when both the pro-inflammatory response is more 
active and the anti-inflammatory response is attenuated, leading to an overall higher 
levels of inflammation [66]. In the aging brain, ROS can disrupt microglia function 
and lead to their activation. In turn, activated microglia will produce higher levels 
of proinflammatory cytokines [67–70]. Evidence for increased inflammation in the 
aged brain shows increased levels of pro-inflammatory chemokines and cytokines 
like tumor necrosis factor α (TNFα), interleukin-1β (IL-1β) and interleukin-6 (IL- 6), 
as well as a decrease in anti-inflammatory cytokines like interleukin-2 (IL-2, for 
review see [71]). The increased presence of ROS during aging is thought to contrib-
ute to cell damage and lead to chronic inflammation via NF-kappa-B [72]. Recent 
studies show that adults with higher levels of circulating pro-inflammatory cyto-
kines such as IL-6 were more likely to exhibit impairments in memory and reduced 
volume of white and gray matter in the cortex and hippocampus, a brain structure 
critical for learning and memory [74]. Therefore, increased neuroinflammation may 
in part underlie the cognitive decline associated with aging [75] (Fig. 2).

Inflammation may underlie attenuation of neurogenesis in aging. Neurogenesis 
in the adult brain occurs in the subgranular zone of the dentate gyrus in the hippo-
campus and in the subventricular zone [76, 77]. The generation of new neurons is 
thought to be an important part of cognitive function. A large body of studies sug-
gests that neurogenesis decreases during adulthood and aging [76]. Microglia play 
a role in the regulation of neurogenesis. Thus, their activation during aging may 
compromise neurogenesis. In that regard, TNF-α, IL-6, and IL-1β have all been 
shown to decrease neurogenesis in the hippocampus, although the mechanism is yet 
to be elucidated [78–80]. Interestingly, anti-inflammatory cytokines like interferon 
γ (IFN-γ) and interleukin-4 (IL-4) may promote neurogenesis in the hippocampus 
by stimulating neurotrophin release from microglia [82]. One recent study showed 
that exposing old mice to young blood enhanced neurogenesis in the old mice [83], 
suggesting an important role for systemic blood factors in the regulation of neuro-
genesis and brain plasticity. In a follow up study, exposure of older mice to young 
blood increased pCREB expression in the hippocampus of these mice [84]. These 
observations raise the intriguing possibility that modulation of systemic inflamma-
tion during aging may enhance cognitive function.

EE and exercise have a profound effect on neuroinflammation [85]. First, numer-
ous studies suggest that EE or physical activity enhance neurogenesis in older mice 
and improve memory performance [86, 87]. Cognitively complex tasks that enhance 
neurogenesis and neuronal density may help to mitigate the effects of aging [88], 
possibly by preventing age-related alterations in the immune system via oxidative 
stress regulation [89]. Cytokine and chemokine expression is altered by EE [90]. 
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Emerging evidence suggests that a powerful environmental modulator of 
 inflammation may be physical activity. Physical activity may directly modulate the 
immune system through regulation of NF-kappa-B and release of anti-inflammatory 
cytokines following muscle contractions, as well as lead to a decrease in pro-inflam-
matory factors [92–94]. Participation of older adults in aerobic exercise reduced 
circulating levels of pro-inflammatory cytokines such as IL-6 and IL-18 [95]. In 
aged rodents, physical activity led to an increase in anti-inflammatory factors in the 
hippocampus [91]. Exercise also rescues the ERK and Akt pathways, which are 
impaired during aging [93], and in humans exercise is associated with greater oxy-
gen consumption in addition to greater hippocampal volume [96]. One possible mech-
anism under lying the effect of physical activity on inflammation is increased oxygen 
consumption, which may facilitate angiogenesis (the generation of blood vessels). In 
turn, angiogenesis may enhance plasticity by supporting neurogenesis [97]. Another 
inte resting possibility is the role of systemic factors. Recent evidence suggests that 
exer cise may mitigate the effects of aging by altering systemic inflammation of the gut. 

Fig. 2 Reactive oxygen species and inflammation are important regulators of plasticity. 
Mitochondria may aid in many aspects of plasticity including neurotransmitter release. Activation 
of signaling pathways such as PI3K, ERK and Akt can result from neurotransmission, or via 
Reactive oxygen species (ROS) release from mitochondria. Activation of these pathways can lead 
to transcription of immediate early genes and neurotrophins, such as BDNF, that are important for 
learning and memory. These processes can then lead to LTP and dendritic branching. Similarly, 
inflammatory cytokines and ROS released by microglia can also impact neuronal function, such as 
via NF-kappa-B
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Inflammation of the intestines correlates with increased  circulating proinflamma-
tory cytokines such as IL-6 and TNF-α and reduces hippocampal neurogenesis in 
adult rodents [98]. Early studies have also demonstrated that the microbiome is 
altered with inflammation and these changes are correlated with changes in cogni-
tion, suggesting a destructive cycle may be present during aging [99, 100] (Fig. 3). 
Oxidative stress, which increases during aging, may also alter the microbiome 
[101–103], and even laboratory mice raised in controlled environments exhibit 
changes in microbiota composition with age [104]. Taken together, recent evidence 
suggests that the microbiome is altered with aging and inflammatory state, and this 
may further increase inflammation and contribute to cognitive decline during aging. 
The mechanism underlying the communication between the gut microbiome and 
the brain is yet to be elucidated, but proposed mechanisms include communication 
via the enteric nervous system and vagus nerve, cells of the immune system, the 
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Fig. 3 Speculative mechanism for the systemic effects of exercise on cognitive function. Exercise 
enhances circulation, which can increase oxygen consumption, leading to an increase in angiogen-
esis, neurogenesis and neuronal function. In addition, enhanced circulation may result in better 
clearance of ROS, pro-inflammatory cytokines and compost. Physical activity can also lead to 
increased lactic acid, which promotes cultivation of lactic acid bacteria (LAB) in the gut. A healthy 
microbiome can have many positive effects on the brain such as reduced ROS via increased anti- 
oxidant production, and increased levels of anti-inflammatory cytokines. This may allow for 
greater brain plasticity and production of neurotrophic factors, which in may then propagate 
reduced inflammation back to the gut, allowing continued microbiome health
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endocrine system, and bacterial metabolites [105, 106]. Further support for the role 
of the microbiome in aging related inflammation and cognitive decline comes from 
preliminary studies in rodents which suggest that treatment with probiotics may 
reverse some of the inflammatory effects from the aging microbiome and perhaps 
enhance diminished antioxidant production [107–110]. Treatment with probiotics 
was also shown to rescue age-related impairments in LTP [111]. In the SAMP8 
mouse model of accelerated aging, ingestion of saccharides intended to promote 
microflora health improved performance on memory tasks and reduced levels of 
proinflammatory cytokines such as IL-6 [112]. Additional evidence from mice sug-
gests that treatment with probiotics may be particularly beneficial for enhancing 
cognitive functioning when the microbiome is disrupted [113]. Interestingly, recent 
studies indicate that exercise may be a modifier of microbiota [114–116]. One pro-
posed mechanism is that exercise increases lactic acid, which may promote the 
cultivation of lactic acid bacteria (LAB) [117]. In one recent study, aged rodents 
treated with Lactobacillus pentosus, a LAB, showed improvements in memory as 
well as rescue of age-related decline in BDNF, neurogenesis, and activation of the 
CREB and Akt signaling pathways via NF-kappa-B and reduction of pro- 
inflammatory factors like TNF-α and IL-6 and ROS in the hippocampus [107, 118–
121]. In addition, LAB may promote activity of antioxidants like SOD, thereby 
reducing oxidative stress [109]. Therefore, the microbiome may change with age, 
possibly due to changes in the inflammation and oxidative stress. EE, and particu-
larly physical exercise, may reverse this process. However, these observations 
require further mechanistic support.

4  Implications for Human Aging

Translating the effects of environmental enrichment into human activity and life-
style should require the consideration of the evolutionary difference between 
rodents and humans. Some of the environmental factors, such as odor, may have a 
different level of effect in humans compared to rodents. However, it would be rea-
sonable to assume that factors that support brain plasticity and counteract the aging 
processes, such as exercise, would have beneficial effects on cognitive function in 
humans as well. Studies investigating the role of environmental factors and cogni-
tive functioning during aging are more complex compared to the experimental 
rodent. However, there is some promising evidence from studies focusing on 
humans. For example, greater levels of physical activity have been repeatedly 
observed to enhance hippocampal volume and function in older individuals [8–10] 
and longitudinal studies have shown that greater participation in physical activity 
correlates with greater cognitive function in the elderly [11]. While brain volume 
deteriorates with age, individuals with greater aerobic fitness exhibit greater brain 
volume, suggesting that physical activity may exert a protective effect against 
aging- related brain degeneration [122]. One recent study also showed that physical 
activity is correlated with better cognitive performance in the elderly when 
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compared to individuals with primarily sedentary activities [123]. Furthermore, 
greater physical activity may also result in a reduced risk for Alzheimer’s disease 
(AD), brain disorder characterized by progressive memory loss and cognitive 
decline and for which age is the greatest risk factor [124, 125].

Some studies have also been done on the impact of socialization on aging. 
Socialization is thought to be a key aspect of the EE paradigm [126]. A healthy 
social life may also be a factor in slowing cognitive decline during aging in humans 
[11] and these benefits may include protection against dementia, either directly or 
by promoting overall health [127]. Similarly, infrequent participation in social 
activities later in life, as well as living alone may increase dementia risk [128, 129]. 
Interestingly, feelings of loneliness due to reduced social connections may be the 
driving force behind this phenomenon [130]. Individuals who report feelings of 
loneliness had double the risk for AD in a longitudinal study, and also experienced 
a faster rate of cognitive decline [131]. Social interactions that accompany partici-
pation in religious activities may be one way in which elderly people can increase 
socialization and help to slow cognitive decline [132–137]. The availability of com-
munity areas and activities for the elderly may improve frequency of socialization 
and improve cognitive function [138].

While decreasing inflammation and other facets of aging may be one way of 
promoting healthy aging and reducing risk of dementia, individuals may also be 
able to maintain brain function even in the presence of brain pathology. Individuals 
who have experienced cognitively complex environments during their life time may 
be able to cultivate a “reserve” of additional brain matter or processing efficiency 
allowing their brains to function longer even in the presence of inflammation or 
neuropathology [139]. Thus, it is hypothesized that cognitively complex experi-
ences may protect against aging by strengthening and/or building up additional 
brain matter, such as synapses and dendritic spines [140]. Higher levels of education 
have previously been associated with greater grey matter density, particularly in 
areas that are usually most vulnerable to aging related degeneration such as the hip-
pocampus and entorhinal cortex [141]. In a study of religious order members, a 
population with relatively fewer variables in lifestyle, individuals with lower levels 
of education experienced cognitive impairments at an earlier age [142]. Likewise, 
education can offer a protective effect in diverse populations [143, 144]. While the 
hippocampus degenerates with age, individuals who report a life time of greater 
involvement in cognitively complex activities exhibit reduced rates of hippocampal 
degeneration during aging [145]. It has been hypothesized that proper hippocampal 
functioning may be the difference between elderly individuals who remain cogni-
tively intact and those who succumb to dementia [146].

Several cognitively complex tasks have been shown to increase gray matter den-
sity such as learning a second language or a musical instrument [147, 148]. Speaking 
two or more languages may be another form of cognitive complexity that may offer 
protection against degeneration and lifetime bilinguals appear to retain white matter 
volume and integrity and gray matter during aging [149–153]. Interestingly, bilin-
gual individuals seem to exhibit signs of dementia approximately 4 years later than 
monolinguals [154]. Even when white matter begins to degenerate bilinguals are 
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able to preserve cognitive functioning longer than monolinguals [155]. Learning a 
second language in adulthood may also provide a protective effect against dementia 
[156]. However, the extent of the protection from bilingualism remains controver-
sial and requires further study and careful consideration of study design [157, 158]. 
Cognitive training has been shown to increase myelination in older adults, which 
results in enhanced connectivity [159–161]. These observations are all in line with 
observations from animal studies of EE, in which greater brain mass and density are 
observed [5–7].

Taken together, these studies suggest that the brain retains plasticity even into old 
age, and cognitively stimulating tasks may enhance cognitive function in the elderly 
[162]. More studies are warranted for the understanding of the mechanisms under-
lying the benefits of cognitively complex experiences and physical activity for the 
diminution of aging processes, and cognitive decline in particular. In addition, it 
will be important to determine the effective “dose” and duration of different envi-
ronmental factors for an optimal effect on brain function.

5  Conclusion

Environmental factors have a clear and meaningful effect on many aspects of aging 
and on cognitive function specifically. Data from mouse models indicate that 
reduced oxidative stress and preserved homeostasis of oxygen species, proper regu-
lation of inflammation, increased neurogenesis, increased expression of neuro-
trophic factors, and enhanced brain size, density and connectivity, are part of the 
processes that are modulated by the environment. Future challenges include identi-
fying targets in signaling pathways that play a role in these processes for developing 
therapeutics to preserve cognitive function in the elderly.
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Protective Effect of Exercise on Age-Related 
Oxidant and Inflammatory Events
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1  Exercise and Ageing

There is much evidence indicating that regular exercise counteracts the negative 
effects of ageing. For example, regular exercise is associated with reduced risks of 
all-cause and cardiovascular mortality [1–3], and also with increased longevity [4–7]. 
Furthermore, exercise reduces the risk of cardiovascular diseases [8], type 2 diabe-
tes [9], metabolic syndrome [10], colon cancer [11], obesity [12], osteoporosis 
(Kelley 1998; Marques et al. 2012), sarcopenia [13], anxiety (Wipfli et al. 2008), 
and cognitive impairment [14]. Most importantly, exercise improves the quality of 
life of elderly people [15].

2  Ageing and Oxidative Stress

Ageing is associated with oxidative stress that is mainly due to defective (leaky) 
mitochondria [16], probably resulting from lower cytochrome C oxidase (complex 
IV) activity (Navarro et al. 2003) and peroxidative damage of mitochondrial mem-
brane lipids [17]. Hence more electrons escape from the mitochondria, generating a 
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long trail of reactive oxygen species (ROS) [18, 19] leading to progressive mito-
chondrial dysfunction and further exacerbating ROS generation, thus creating a 
vicious cycle of oxidative damage. Age-associated increases in ROS production 
occur in skeletal muscles [20] and other organs such as the heart, liver, brain, and 
kidney [5, 18, 21].

Reduced protein synthesis limits antioxidant defense mechanisms and repair 
capacity in aged individuals, which further contributes to the state of oxidative 
stress. The free radicals theory of aging hypothesizes that oxidative stress causes 
damage to macromolecules, including lipids, proteins and nucleic acids that over-
whelms cellular antioxidant defense and repair mechanisms, leading to progressive 
deleterious changes over time [22, 23].

3  Aging and Inflammation

Age-associated progressive loss of muscle mass and strength, known as sarcopenia 
[24, 25], increases the incidence of muscle injury [6] and subsequently increases the 
infiltration of immune cells into the injured muscles. Activated immune cells release 
ROS, reactive nitrogen species (RNS) and proinflammatory mediators during the 
respiratory burst [26]. Similarly, the injured muscles generate and release proin-
flammatory mediators, which bind with membrane receptors and activate specific 
ROS-generating enzymes such as lipooxygenase, NADPH oxidase, and xanthine 
oxidase [27–32].

Sarcopenia can also lead to reduced physical activity and increased adiposity. 
Accumulation of excess adipose tissues induces a state of low-grade but chronic 
inflammation through the release of a multitude of pro-inflammatory cytokines 
including tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and interleukin- 
1beta (IL-1β) [33–35]. Indeed, ageing is associated with increased levels of circulat-
ing pro-inflammatory cytokines such as TNF-α, IL-6, and interleukin-1 receptor 
agonist (IL-1ra) and systemic inflammatory biomarkers such as C-reactive protein 
(CRP) as well as higher count of inflammatory cells (neutrophil and monocytes) 
[36–38]. Hence, aging is associated with a state of oxidative stress and chronic 
inflammation. The major events related to age-associated oxidative stress and 
inflammation is shown in Fig. 1.

4  Oxidative Stress and Inflammation Overlapping Signaling 
Pathways

Oxidative stress and inflammation share common and overlapping signaling path-
ways. ROS initiate and augment inflammation, and are also products of inflamma-
tion. During the inflammatory response, particularly during the respiratory burst, 
immune cells generate ROS and RNS via NADPH oxidase and nitric oxide synthase 
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(NOS), and also release proinflammatory cytokines such as TNF-α, IL-1β and IL-6 
[26, 39, 40]. Similarly, the injured tissues release proinflammatory cytokines. These 
cytokines/proinflammatory mediators bind to membrane receptors and activate spe-
cific ROS-generating enzymes, such as lipooxygenase, NADPH oxidase, myeloper-
oxidase and xanthine oxidase [27–32] and specific RNS generating pathways such 
as NOS, protein kinase B (Akt) and Sph1P (sphingosine-1-phosphate) [41–43].

ROS overproduction activates redox-sensitive transcription factors, namely 
nuclear factor kappa B (NF-kB) and activator protein-1 (AP-1) via stress kinases 
such as extracellular signal regulated kinases (ERKs), c-jun N-terminal kinases 
(JNKs), mitogen activated protein kinase p38 (MAPK p38), protein kinase C (PKC), 
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt, Src family kinases 
(SFKs) leading to increased expression of inflammatory target proteins genes such 
as matrix metalloproteinase-9 (MMP-9), intercellular adhesion molecule-1 (ICAM- 
1), vascular cell adhesion molecule-1 (VCAM-1), inducible nitric oxide synthase 
(iNOS), cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2) and cytosolic phos-
pholipase A2 (cPLA2) (Kim et al. 2008, 2014; Lee et al. 2012) [44–50].

Interestingly, NF-kB has been shown to regulate the transcription of TNF-α gene 
[51] as well as other proinflammatory mediators such as IL-1, and interleukin 8 (IL-
8) [50]. Furthermore, many of NF-kB-induced proteins such as NOS, COX and 
PGE2 are prominent sources of ROS and RNS [52] forming an auto-activating loop 
which feeds the vicious cycle of inflammation and oxidative stress. In short, proin-
flammatory mediators such as TNF-α, IL-1, IL-6 activate redox-sensitive transcrip-
tion factors such as NF-kB and AP-1 through redox signaling, resulting in the 
generation of large amounts of these proinflammatory mediators and ROS (Fig. 2). 
Indeed, aging is associated with adverse health conditions characterized by elevated 
levels of both oxidative stress and inflammatory markers such as atherosclerosis, 
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metabolic syndrome, sarcopenia, arthritis, and chronic obstructive pulmonary dis-
ease [53].

Not surprisingly, ROS can also induce proteins such as heat-shock proteins 
(HSPs), HSP70 in particular [54] and heme oxygenate 1 oxygenase (HO-1) (Lee 
et al. 2012) that can protect cells and tissues from the deleterious effects of inflam-
mation. However, in aging the balance of antioxidant/anti-inflammatory to oxidant/
inflammatory proteins is tilted towards the latter

5  Exercise: Anti-inflammatory and Antioxidant Effects

Regular exercise reduces the risk of a wide range of oxidative stress and inflamma-
tion associated diseases including cardiovascular diseases [8], type 2 diabetes [9], 
metabolic syndrome [10], cancer [11], obesity [12], and sarcopenia [13].

5.1  Anti-inflammatory Effects of Exercise

Acute bouts of exercise cause transient damage to the contracting skeletal muscles, 
so triggering an inflammatory response that increases the levels of pro- inflammatory 
cytokines and acute-phase reactants in the blood [55, 56]. However, regular exercise 
is associated with reduced levels of systemic inflammatory markers such as CRP, 
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IL-6 and TNF-α that occur independently of weight loss in young and middle aged 
adults [57–62], as well as in the elderly [57, 63–70]. Also, many interventional stud-
ies report that exercise reduces inflammatory markers, particularly CRP, TNF-α, 
monocyte chemoattractant protein-1 (MCP-1) and (IL-8), soluble TNF-α receptor 2 
(sTNFR2) and soluble IL-6 receptor (sIL-6R), and increases the anti-inflammatory 
mediators interleukin-10 (IL-10), interleukin-4 (IL-4), and transforming growth 
factor beta 1 (TGFβ1) [71–80]. However, only a few randomized controlled trials 
were conducted to confirm that [81–84]. These benefits of exercise were also evi-
dent in the elderly [81, 85–89]. It is likely that exercise causes the most significant 
anti-inflammatory effects in patients with high baseline inflammatory biomarkers, 
particularly when exercise is associated with weight loss.

However, it is worth noting that some interventional and randomized controlled 
trials studies did not detect a significant effect of regular exercise on systemic 
inflammatory biomarkers in adults [59, 90–92], or in aged adults [93–96]. A meta- 
analysis conducted in 2006 found only five randomized controlled trials that exam-
ined the effects of regular aerobic exercise (at least 4 weeks duration) in adults and 
concluded that aerobic exercise did not reduce CRP levels [97]. It is likely that 
these discrepancies may be attributed to the smaller sample size used in the clinical 
trials examined.

On the other hand, the effects of resistance exercise on inflammatory media-
tors are mostly negative [98–100], although Brooks et al. [101] reported that 
16-week resistance training reduced CRP and increased adiponectin levels in 
older diabetic patients. Clearly, the effects of exercise depends on the type (aero-
bic/resistance), intensity (mild/moderate/intense/exhaustive), and frequency 
(sessions per day/week/month) of exercise, and also on the subject’s basic condi-
tion and endurance capacity.

5.1.1  Anti-inflammatory Signaling Pathways of Exercise

The signaling pathways underlying the anti-inflammatory effects of exercise are 
complex and not completely understood but for the sake of convenience, can be 
divided into three main pathways according to the site of action. The main sites of 
action are the adipose tissue, the immune system and skeletal muscles.

• Anti-inflammatory effects of exercise on adipose tissue

Obesity is associated with chronic inflammation. Adipose tissue, particularly 
visceral fat depots, and macrophages trapped in the adipose tissue release pro- 
inflammatory cytokines such as IL-6 and TNF-α [33–35, 102]. Exercise increases 
energy expenditure and burns off some of the body fat, which can result in weight 
loss, particularly visceral fat loss [12, 103, 104]. Subsequently, the production and 
release of pro-inflammatory adipokines such as IL-6 and TNF-α are reduced [79, 
105–107]. Exercise also induces the release of adiponectin from adipose tissues 
[108, 109]. Adiponectin exerts anti-apoptotic, anti-inflammatory and anti-oxidative 
activities [110, 111]. Exercise inhibits the infiltration of M1-type macrophages into 
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adipose tissue and also induces the switch of macrophages from the more 
 inflammatory phenotype M1-type to the less inflammatory phenotype M2-type in 
obese mice [112].

• Anti-inflammatory effects of exercise on the immune system

Aerobic exercise downregulates the innate immune response and activates the 
adaptive immune system with consequent suppression of inflammation. Exercise 
modulates the immune system by reducing the number of inflammatory 
CD14+CD16+ monocytes [113], increasing the number of CD4CD25 regulatory T 
cells [114, 115], increasing the dominance of Type 2 helper T cell over Type 1 
helper T cell [116–118], and reducing the expression of toll like receptor-4 (TLR4) 
on monocyte surfaces [119, 120]. TLR4 signaling participates in several innate 
immunity and inflammatory processes [121]. Exercise also reduces the production 
of proinflammatory cytokines such as interferon gamma (INFγ), TNFα, IL-1α, 
IL-8, MCP-1 and the receptors for TNF-α (sTNFR2) and IL-6 (sIL-6R). In addition, 
exercise releases anti-inflammatory cytokines such as IL-10, IL-4, TGFβ1 and adi-
ponectin [71–76, 78–81, 85–89, 108, 122].

Exercise is a positive stressor to the body; it stimulates the sympathetic nervous 
system and the hypothalamic–pituitary–adrenal axis. Therefore, exercise increases 
serum glucocorticoid levels [123] to cause a subsequent inhibition of the immune 
system [124].

• Anti-inflammatory effects of exercise on skeletal muscles

By improving muscle mass and strength, exercise renders skeletal muscles less 
vulnerable to acute injury and the associated inflammatory responses [125–129]. 
Also, by stimulating mitochondrial biogenesis [130] and enhancing mitochondrial 
oxidative capacity [131], exercise mitigates mitochondrial aging and interrupts the 
vicious cycle of oxidative damage.

Exercise induces the release of several cytokines (myokines) from skeletal mus-
cle, most notably IL-6 [132, 133]. IL-6 triggers the release of several anti- 
inflammatory cytokines such as IL-1 receptor antagonist (IL-1ra) and IL-10, in 
addition to cortisol [134, 135]. IL-10 inhibits the synthesis of several pro- 
inflammatory cytokines such as TNF-α and IL-1β [136]. Exercise also reduces 
TNF-α and IL-1β production in skeletal muscles [137–141], and upregulates the 
expression of the anabolic myokine IL-15 [136, 142] and HSPs in skeletal muscles 
[143–145]. The mechanisms underlying the anti- inflammatory actions of exer-
cise are summarized in Fig. 3.

5.2  Anti-oxidant Effects of Exercise

There is little doubt that generation of ROS is increased acutely during exercise. 
However, the incidence of diseases associated with oxidative stress is reduced by 
regular exercise. Exercise training attenuates oxidative damage in the brain [5, 
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146–149], liver [5, 150–152] (Radak et al. 2004), kidney [5], skeletal muscles [153] 
and heart [5, 154].

Importantly, regular exercise ameliorates age-associated oxidative stress in the 
heart [154, 155], liver (Radak et al. 2004), and skeletal muscle [156] (Radak et al. 
2002). In the study of Navarro et al. [5], exercise reduced age-associated mitochon-
drial oxidative damage and upregulated mitochondrial NADH-cytochrome-c reduc-
tase and cytochrome oxidase activities in brain, heart, liver, and kidney of 52 week 
old rats. However, exercise caused an increase in oxidative damage in skeletal mus-
cles [157] and hearts [158] of aged rats.

In elderly people, exercise reduced serum levels of myeloperoxidase, a marker of 
inflammation and oxidative stress [125] and thiobarbituric-reactive acid substances, 
a marker of lipid peroxidation [159]. However, de Gonzalo-Calvo et al. [160] 
reported that although regular exercise increased protein carbonyl content and lipid 
peroxidation levels in the plasma and erythrocytes of long-term trained elderly men, 
their overall health condition was markedly improved. Another clinical study 
showed that 8 weeks of walking exercise did not significantly change low density 
lipoprotein (LDL) oxidation or nitration in the elderly [161].
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5.2.1  Anti-oxidant Signaling Pathways of Exercise

By suppressing inflammatory pathways, exercise inhibits prominent sources of ROS 
and RNS generation and thus exerts beneficial antioxidant effects. Exercise also 
upregulates the antioxidant defense mechanisms and repair proteins in the body via 
redox-sensitive transcription factors, mainly NF-kB, AP-1 and peroxisome prolifer-
ator-activated receptor gamma coactivator 1-alpha (PGC-1α).

The energy demand of contracting muscles increases during exercise and the 
body responds by increasing oxygen uptake and delivery to muscles. The increased 
metabolic rate results in greater ROS production not only in muscles [20, 148, 149], 
but in other organs as well [21, 162]. Sources other than the mitochondrial electron 
transport chain enzymes, such as xanthine oxidase [163–165] and NADPH oxidase 
[20, 166] contribute to ROS generation during exercise.

• Effects of exercise on NF-kB and AP-1 signaling

Exercise-induced increase in ROS levels preconditions the body against oxida-
tive damage by evoking an adaptive process that is mediated via mitogen-activated 
protein kinases (MAPK p38, ERK 1 and ERK 2) [163, 167–169], cAMP-response- 
element binding (CREB) [170, 171], and synapsin [170, 171]. These effects lead to 
activation of redox-sensitive transcription factors such as NF-kB [163, 172, 173] 
and AP-1 [169, 173], resulting in increased expression of antioxidant enzymes 
[174] such as superoxide dismutase [163, 173] and catalase [173], repair proteins 
such as heat shock proteins HSP25, HSP60, HSP72, HSP70, heat shock cognate 70 
HSC70 [157, 173–176], proteasomes complex and NOS [150, 163]. These signal-
ing cascades were demonstrated in skeletal muscles [163, 172], brain [170, 171], 
leukocytes [177] and hearts [169] of experimental animals as well as in humans 
[167, 177] and in aged animals [173, 176, 178] and humans [177]. However, other 
studies reported that exercise-induced activation of NF-kB and AP-1 [173] and 
upregulation of HSP70 were attenuated in fast skeletal muscles of old rats [179]. 
Interestingly, ageing also increased ROS production and NF-KB activity in the liv-
ers of aged rats; these effects were attenuated by exercise (Radak et al. 2004) [150].

• Effects of exercise on PGC-1α signaling

Exercise stimulates mitochondrial biogenesis [130] and ameliorates the age- 
associated decline in mitochondrial oxidative capacity in skeletal muscles [131], 
and other organs [180] (Navarro et al. 2003) via PGC-1α signaling [181, 182]. 
PGC-1α is a redox-sensitive transcription factor that is activated by 5′-AMP- 
activated protein kinase (AMPK), [168, 183–185] to trigger the transcription of 
nuclear respiratory factor 1 (NRF-1) and expression of mitochondrial transcription 
factor A (mtTFA), a key regulator of mitochondrial DNA replication [186]. PGC-1α 
also increases the expression of antioxidant proteins such as glutathione peroxidase 
(GPX) and SOD-2 [187]. Safdar et al. [188] reported that exercise reversed most of 
the multisystem pathology and premature mortality in mice which were genetically 
modified to accumulate mitochondrial mutations. The effects of exercise on AMPK, 
and PGC-1α were preserved in the hippocampus of aging rats. However, results 
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from Derbré et al. [181] suggest a blunted effect of exercise response in PGC-1α, 
NRF-1 in skeletal muscles of aged rats.

• Effects of exercise on antioxidant enzymes expression and activity

The NF-kB and PGC-1α signaling cascades converge to upregulate antioxidant 
defense mechanisms in cells to counteract and interrupt the vicious cycle of inflam-
mation and oxidative stress associated with ageing. The most studied antioxidant 
enzymes systems in laboratory animals and in humans are SOD, catalase, GPX and 
glutathione reductase.

Regular exercise increases the activities of SOD in the brain [189, 190], erythro-
cytes [191–193], heart [154, 158, 194–196], tissues from the lung [197], and liver 
[197]. Exercise increases the protein expression of SOD in blood vessels [195, 198, 
199, 200] (Lee et al. 2001), liver [201] and blood [202].

The activity of GPX was increased by exercise in the brain [189, 190], erythro-
cytes [191, 192, 203], blood (Elosua et al. 2008), liver, heart, lung [18, 197] and 
skeletal muscles containing a high percentage of type I or type IIa fibers of old rats 
[156]. Similarly, exercise increases the activities of plasma glutathione reductase 
(Elosua et al. 2008) and catalase in erythrocytes [193], heart [154, 158, 204] and 
liver [18]. Some studies reported no changes in the activities of SOD, CAT, or GPX 
in the brain [205] or skeletal muscle [153].

Several studies investigated the effects of exercise on antioxidant enzymes at old 
age. For example, exercise enhances the activities of SOD in the heart [154, 158, 
195, 197], brain [189], and lung [197] and increases GPX activities in the brain, 
liver, heart, lung and skeletal muscles of old rats [156, 189, 197, 206] and in eryth-
rocytes of elderly people [203]. Catalase activity is upregulated by exercise in the 
liver [197] and heart [154, 158] of aged rats. In the study of Navarro et al. [5], exer-
cise reduced the extent of age-associated decline in SOD and catalase activities in 
brain, heart, liver, and kidney of 52 week old but not older mice (72 week old). 
Exercise also up-regulated the protein expression of SOD-1 and GPX in the hippo-
campus of aged rats [147].

Exercise-induced adaptation of antioxidant enzymes is highly isoform, tissue 
and time course specific. Exercise modulates the three SOD isoforms differently 
[195, 199, 201, 202, 207, 208] as the promoter region of SOD-2 contains more 
ROS-sensitive binding sites [209]. Exercise-induced protein expression of SOD is 
time dependent (Navarro et al. 2003); SOD-1 protein expression was increased in 
rat skeletal muscles 48 h post exercise, whereas SOD-2 protein content was 
increased after 10 and 24 h, but not 48 h [208].

• Effects of exercise on repair mechanisms

Exercise can also stimulate the proteasome complex, which is responsible for the 
degradation of oxidatively damaged proteins [150, 210, 211] (Radak et al. 2000), 
and therefore enhances the cellular repair processes. Exercise also modulates the 
activity of DNA repair enzymes, particularly oxoguanine DNA glycosylase (OGG1) 
and uracil DNA glycosylase (UDG), and thus reduces the accumulation of nuclear 
8-hydroxydeoxyguanosine (8-OHdG) and mutations in skeletal muscles (Radak 
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et al. 2002) [212, 213], but not brains of aged rats [214]. Exercise increased thiore-
doxin reductase 1 (TrxR1), one of the thioredoxin system enzymes with direct and 
indirect antioxidant effects, in peripheral blood mononuclear cells in humans [125] 
(Wadley et al. 2015).

Exercise increases the content of the brain-derived neurotrophic factor (BDNF), 
a critically important neurotrophic factor that is involved in higher cognitive func-
tion [170, 171].

Telomeres are considered ‘the guardians of the genome’. Telomere dysfunction 
activates p53, leading to suppression of PGC-1α and PGC-1β promoters with con-
sequent metabolic and organ failure [215]. The leukocyte telomere was 200 nucleo-
tides longer in people who exercise regularly, which roughly corresponds to a 
10-year increase in longevity [216]. Exercise increases the activity of telomerase, 
and induces the expression of telomere repeat-binding factor 2 and Ku70 in the 
thoracic aorta and in leukocytes from mice and humans [217]. The signaling path-
ways underlying the antioxidant actions of exercise is summarized in Fig. 4.
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Deacceleration of Brain Aging by Melatonin

Rüdiger Hardeland

1  Introduction

Aging is a multifaceted process that involves numerous mechanisms. It seems 
important to distinguish between basal, lingering, steadily ongoing changes and 
other events preferably occurring at advanced age that cause new pathophysiologi-
cally relevant alterations and often strongly or even dramatically accelerate aging. 
The first category of changes is, surprisingly, poorly understood, although some 
pertinent theories consider these in terms of accumulating damage, which is not 
always easily demonstrable in early stages. Notably, the processes with an early 
onset are, phenomenologically but not necessarily mechanistically, already evident 
in relatively young individuals. For instance, a decline in physical fitness is obvious 
in many individuals over 30 years, also in the absence of unfavorable lifestyle hab-
its. This will certainly not be explained by a number of mechanisms discussed in 
gerontology, such as thymic involution, immune remodeling, inflammaging, or telo-
mere attrition. Whether or not these changes that steadily continue as a basal aging 
process can be attenuated and, thus, aging be decelerated, remains largely unknown. 
This statement is not ruled out by studies on mutations leading to senescence accel-
eration, because it is usually uncertain or even unlikely that the accelerated process 
is identical with basal aging in wild-type animals or normal human individuals. For 
instance, a laminopathy such as progeria, which causes a dramatic acceleration of 
aging in children, cannot be taken as a model of normal aging, in which there is no 
evidence for a progressing instability of the nuclear envelope. Much more 
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information is available about the stronger changes typically occurring later in life, 
including the various smaller or larger individual catastrophes that especially affect 
the brain and, indeed, accelerate aging. Beyond the relatively uncertain deceleration 
of normal aging, the question arising is, therefore, whether and to what extent the 
accelerating processes can be attenuated, in other words, whether deaccelerating 
treatments are possible.

Numerous ideas have been forwarded and numerous studies conducted concern-
ing the possibility of life extension by pharmacological or nutraceutical means. One 
of the compounds that have been frequently discussed in this context is melatonin 
(N-acetyl-5-methoxytryptamine). This indoleamine has become known as a hor-
mone of the pineal gland, but it is meanwhile known to be produced by many 
extrapineal tissues, in which it sometimes attains considerably higher concentra-
tions than in the pineal or in the circulation [1, 2]. With regard to this distribution 
and the presence of its receptors in many organs and cell types, melatonin is relevant 
to almost the entire body. Moreover, intracellular actions are facilitated by its capa-
bility of crossing membranes. The systemic role of melatonin also extends to the 
control of other hormones, modulation of the immune system, multiple antioxidant 
effects, and a substantial role in the circadian multioscillator system, which in turn 
regulates a plethora of functions [2, 3] (Fig. 1).

The influence of melatonin is particularly apparent in the brain, in which mela-
tonin participates, by virtue of multiple mechanisms, in the regulation of excitation 
levels, secretion of neurotrophic factors, and cerebrovascular blood flow [2, 4]. The 
central nervous system (CNS) is not only supplied with melatonin via the circulation, 
but also receives this hormone directly via the pineal recess, from where it enters 
the third ventricle in much higher concentrations than present in the blood [5–7]. 
Moreover, melatonin seems to be synthesized in several CNS areas other than pineal 
gland and retina [2, 4, 8]. These conclusions have not only been based on elevated 
levels and upregulation of the usually rate-limiting enzyme of melatonin biosyn-
thesis, aralkylamine N-acetyltransferase (alias arylalkylamine N-acetyltransferase, 
AANAT). Recently, melatonin formation has been reported to be directly stimulated 
in the cerebellum [9]. Cultured cortical astrocytes from neonatal rats have also been 
shown to synthesize melatonin, at rates attaining about one third of those of pine-
alocytes under same conditions [10]. Moreover, melatonin biosynthesis has been 
demonstrated in the prenatal, developing brain, including stages at which the pineal 
gland is not yet functional [11]. However, it is still uncertain whether these findings 
are partially applicable to the adult CNS. Unfortunately, the reported levels of brain 
melatonin are highly divergent and urgently require clarification [4]. Nevertheless, 
there is good reason to assume that melatonin is an important regulator molecule in 
the brain, as a hormone and also as an intrinsic compound.

The relevance of melatonin to the CNS is also supported by numerous publica-
tions on neuroprotection, which have been multiply reviewed [12–19]. Although 
many of the reported findings have been obtained using supraphysiological concen-
trations, various findings summarized in those papers indicate that natural levels of 
melatonin are, in fact, involved in natural neuroprotective mechanisms. As a conse-
quence, reductions of circulating melatonin levels that have been repeatedly 
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described in the context of aging and various diseases [20–22] would imply a 
 gradual loss of neuroprotection, with consequences to enhanced vulnerability and 
accelerated deterioration of the CNS.

Attempts have been made to counteract these processes related to aging and 
age- associated diseases by melatonin supplementation, also in the hope of thereby 
extending the lifespan. However, as summarized elsewhere [23], convincing life- 
prolonging effects were mainly obtained in non-vertebrate organisms, whereas 

Fig. 1 The pleiotropy of melatonin within a functional network involved in the maintenance of the 
health state (overview based on selected aspects)
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most findings in mammals either remained marginal or were questionable because 
of methodological reasons. Moreover, an extension of lifespan by slowing aging 
processes has to be distinguished from chemopreventive actions, which especially 
prolong life in strains of rodents that predominantly die from cancer [1, 20, 23]. A 
reliable extension of lifespan by melatonin was demonstrated in the senescence- 
accelerated SAMP8 mouse strain [24]. These mice are known to be more vulner-
able to oxidative stress. Although the idea of life extension by reducing oxidative 
damage is highly suggestive, it remains to be clarified, also in this context, whether 
the processes driving accelerated senescence are identical with the normal causes 
of aging.

However, focusing exclusively on life extension may be strongly misleading 
with regard to the real value of a geroprotector. A typical observation made in 
rodents treated during aging with melatonin is that of maintenance of a better health 
state, referred to as the “Methuselah syndrome” [23]. Compared to untreated age- 
matched controls, these old animals display a higher mobility, a glossy fur, absence 
of skin inflammation and low osteoporosis [23]. These findings are strongly in favor 
of a particular value of melatonin in healthy aging. Taking into account that the 
progression of aging differs between tissues, deacceleration of brain aging may be 
specifically supported by melatonin and contribute to the maintenance of cognitive, 
behavioral, sensory and motor functions, even in the absence of major lifespan- 
extending effects. This assumption is supported by a number of findings which will 
be subsequently discussed in this chapter.

2  Reductions of Melatonin Secretion in Aging and Aging- 
Associated Diseases

In the course of aging, the nocturnal maximum of melatonin has been reported to 
substantially decrease [25–28]. This reduction is usually observed in the blood 
plasma, but can be also detected in the pineal gland and in other body fluids, such as 
saliva [29] and cerebrospinal fluid [30, 31], and also in the urinary metabolite, 
6-sulfatoxymelatonin [32, 33]. However, these changes are interindividually highly 
variable. At advanced age, several subjects exhibit low nighttime values close to 
those found during daytime, whereas others show only moderate reductions and 
have maintained a fairly well pronounced rhythm of plasma melatonin. These dif-
ferences have to be mainly seen under two aspects. First, a breakdown of the mela-
tonin biosynthetic capacity in the pineal gland can reflect a progressive 
dysfunctionality of the circadian master clock, the suprachiasmatic nucleus (SCN), 
because of ongoing degenerative processes in the SCN or reduced retinal input, e.g., 
because of pupillary miosis or reduced crystalline lens transmission of blue light, 
which is absorbed by melanopsin of retinal ganglion cells that are mainly respon-
sible for the photic input to the SCN [3, 21]. Disturbances in the neural connection 
between SCN and pineal gland may lead to a similar result. The importance of age- 
dependent deviations in the central circadian system is further supported by the 
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observation that the nocturnal maximum of plasma melatonin is frequently phase- 
advanced relative to young subjects [28]. A second cause of reduced melatonin dur-
ing senescence and even earlier in life may be sought in changes caused by various 
age-associated diseases [20–22]. Among these, diabetes type 2 and related meta-
bolic disorders with insulin resistance, heart diseases, some types of cancer, painful 
conditions, macular degeneration and, most importantly, neurodegeneration because 
of Alzheimer’s disease (AD) or frontotemporal dementia (Pick’s disease) have to be 
mentioned. From this point of view, it is necessary to clarify in the individual case 
whether reduced melatonin levels are really due to normal aging or rather caused by 
some of these aging-related disorders or diseases. As a third possible cause of 
impaired melatonin secretion, pineal calcification has been identified [34, 35], but 
this does not seem to represent a general phenomenon.

Although neurodegenerative diseases differ in many pathological and patho-
physiological details from normal aging, they nevertheless do exhibit traits of a 
brain-specific advanced and accelerated aging. This becomes especially obvious 
under the viewpoint of brain inflammaging, in which inflammation is initiated and 
fueled by intertwined processes of microglia activation, Ca2+ overload, nitroxidative 
stress, mitochondrial malfunction, fibrillogenesis, cytoskeletal disorganization, 
enhanced release of proinflammatory mediators because of both an age-related 
immune remodeling and the senescence-associated secretory phenotype (SASP), as 
exhibited by DNA-damaged astrocytes and endothelial cells [36]. These deteriorat-
ing and multiply interacting processes tend to form vicious cycles that can aggra-
vate the condition of the CNS and accelerate brain aging. Notably, several of these 
pathological deviations can be counteracted or gradually normalized by melatonin 
[36, 37]. Even though it would be speculative to assume a causality between the 
age-related reduction of melatonin release and the onset of a brain inflammatory 
pathology, a decline in melatonin availability seems to represent an aggravating fac-
tor. This may be especially the case in AD and other senile dementias, in which the 
levels of melatonin are frequently more strongly decreased than in age-matched 
controls [21, 26, 28, 31, 38–44].

3  Brain Inflammaging

Inflammatory processes can be initiated in the aging brain by a number of patho-
physiologically relevant changes or events, which are assumed the drive CNS senes-
cence. In a nondiseased subject, the progression of inflammaging may remain 
moderate for quite a number of years. However, as soon as additional proinflamma-
tory alterations take place, both brain inflammation and resulting neurodegeneration 
can be substantially accelerated and aggravated. This concerns especially the for-
mation of clinically relevant amounts of Aβ peptides and tau hyperphosphorylation 
with its numerous consequences for peripheral mitochondrial function, energy sup-
ply and neuronal connectivity.
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Under subclinical conditions of solely age-related low-grade brain inflammation, 
the following processes deserve particular attention. The inevitable age-associated 
remodeling of the immune system, which is a consequence of progressive thymic 
involution, life-long repeated exposure to foreign antigens and exhaustion of several 
subtypes of leukocytes [36, 37, 45–51] can lead to a proinflammatory phenotype 
that makes the brain more susceptible to inflammation initiation. In the case of such 
an immune risk profile (IRP), elevated levels of proinflammatory cytokines and 
other inflammatory mediators are typically observed.

Low-grade brain inflammation can be enhanced by various mechanisms. The 
inflammatory state may still remain in a subclinical range, but contribute to the 
progression of aging. Moreover, the same processes can be involved in the develop-
ment of pathological changes of clinical relevance. One of the inflammation- 
promoting mechanisms is SASP, which has turned out to be a sustained source of 
inflammatory signals and elevated formation of free radicals [52–55]. SASP repre-
sents the potentially problematic side of an otherwise favorable mechanism that 
serves the mitotic arrest of DNA-damaged cells, a way of keeping these cells alive 
and metabolically active but preventing them from entering a neoplastic develop-
ment. However, these arrested cells which display the so-called DNA damage 
response (DDR) steadily release proinflammatory cytokines. Importantly, SASP is 
a feature of many nonimmune cells, which, however, stimulate and attract immune 
cells, thereby contributing to an increased formation of inflammation-induced reac-
tive oxygen and nitrogen species. With regard to the CNS, SASP has been shown to 
occur in aging astrocytes [56]. Moreover, SASP was demonstrated in endothelial 
cells from vessels outside the brain [57, 58], but the existence of this mechanism in 
CNS circulation system appears highly likely.

A process central to brain inflammation is microglia activation. Microglia- 
associated inflammation can occur at different degrees of severity and is relevant 
already at low-grade. This variability should be seen on the background of basal 
microglia activities. Contrary to earlier belief, these cells are not generally inactive 
nor do they behave as a uniformly responding entity. Even ramified microglia is 
known to be continuously active in terms of movement and safeguarding the CNS 
microenvironment [59]. Moreover, microglia activation can lead to different pheno-
types, which may be either neurodestructive and phagocytically active or, alter-
nately, primarily neuroprotective and also growth promoting [59]. Various 
mechanisms and signals can lead to the stimulation of microglia and are based on a 
complex network of, sometimes mutual, interactions with astrocytes and neurons. 
For instance, glutamate excitotoxicity can cause microglia activation [60–63], 
whereas, on the other hand, primary immune responses that activate microglia may 
initiate excitotoxicity [64–66]. A further complexity results from the frequently 
occurring coactivation of microglial cells and astrocytes. The involvement of astro-
cytes may not only further stimulate the microglia, e.g., by nitroxidative stress or 
inflammatory signals such as NO or SASP-associated cytokines, but also promote 
neuronal excitation, by impaired glutamate uptake and enhanced NO release with 
consequences to Ca2+ uptake and mitochondrial function [56, 65, 67, 68]. From a 
certain level on, proinflammatory processes in different cell types can lead to vicious 
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cycles based on positive feedback loops between neurons, astrocytes and microglia. 
This may expand the grade and area of inflammation and become further aggravated 
by recruitment of other immune cells. A particular role can be attributed to the 
assembly of inflammasomes formed as different subtypes in neurons (NLRP1 and 
AIM2), astrocytes (NLRP2) and microglia (NLRP3), which are known to cause the 
release of proinflammatory cytokines such as IL-1β and IL-18 and to induce apop-
totic or pyroptotic cell death [69]. As soon as cells are dying, they liberate histone 
H1, which acts as an additional pro-inflammatory signal to microglial cells and also 
as a chemoattractant [70].

Brain inflammation and neuronal overexcitation are connected in several ways, 
among which the enhanced formation of free radicals seems to be of particular 
importance. The role of oxidative stress has been demonstrated in this context in 
neurological diseases [71], but may be likewise applicable to respective subclinical 
changes. There are mainly three sources for enhanced production of reactive oxygen 
species, (i) leukocytes including microglial cells that are activated in the course of 
inflammation and primarily form superoxide by NADPH oxidase (Nox) and hypo-
chlorite by myeloperoxidase, (ii) other Nox subforms expressed in astrocytes, neu-
rons and endothelial cells, and (iii) mitochondria. In addition to leukocytes, neurons 
have also been shown to express myeloperoxidase and, although their contribution 
to oxidant formation under basal and subclinical inflammatory conditions is uncer-
tain, neurons were reported to upregulate this enzyme in AD [72]. Mitochondria 
seem to play an additional crucial part in brain inflammation. Notably, several theo-
ries of aging have focused on these organelles, with regard to oxidant formation, but 
also under various additional aspects such as apoptotic cell death, mitophagy with 
its consequences to peripheral mitochondrial depletion, interconnections with meta-
bolic sensing and the role of aging suppressors, as summarized elsewhere [37, 73, 
74]. These considerations have been also specifically discussed in the context of the 
aging brain [36, 75]. Instead of repeating all these details in full length, only find-
ings that are critical to brain inflammaging and neurodegeneration shall be addressed. 
Free radicals are generated in mitochondria by electron dissipation from the elec-
tron transport chain (ETC), a process that is reinforced by damage to the respira-
somes as it particularly occurs under conditions of enhanced NO formation. Details 
on actions of the NO radical, •NO, on peroxynitrite-derived free radicals (•OH, 
CO3

•–, •NO2) and nitrosating metabolites such as N2O3, other NO congeners or nitro-
sothiols have been summarized elsewhere [37, 73, 76–78]. These changes can lead 
to a vicious cycle of free radical formation and may end up in apoptosis or mitoph-
agy. Notably, some frequently discussed consequences may not be as relevant to 
damage and aging as formerly believed. First, a breakdown of the mitochondrial 
membrane potential (ΔΨmt), as it occurs during a superoxide flash, does not neces-
sarily result in an immediate initiation of apoptosis or mitophagy, but only does this 
after prolonged duration [36, 79]. Second, the crucial step of cardiolipin peroxida-
tion is not mainly caused by free radicals directly, but is typically catalyzed by the 
peroxidase activity of the cytochrome c/cardiolipin complex [80–83]. However, 
decreases in mitochondrial levels of reduced glutathione (GSH), which can be 
caused by excess of free radicals, favor this process and have been shown to be 
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counteracted by overexpression of the mitochondrial subform of glutathione peroxidase, 
GPx4 [84]. Therefore, free radicals may act upstream of cardiolipin peroxidation. 
Third, the damage of mitochondrial DNA (mtDNA) by free radicals has been over-
rated. Apart from the fact that mitochondrial chromosomes are not naked, but rather 
densely associated with proteins different from histones (cf. ref. [37]), mtDNA 
mutator mice showed an age-related accumulation of mitochondrial mutations, but 
no substantial increase in free radical formation [85]. Subforms of NADPH oxidase 
as another relevant source of free radicals are associated with processes of normal 
and pathological types of aging, with neuroinflammation and are subject to activa-
tion by various proinflammatory signals and factors known to induce neurodegen-
eration [86–92]. Accumulating evidence speaks for a crucial role of Nox isoenzymes 
in oxidative damage as a consequence of microglia activation und also directs atten-
tion to the multiple links between microglia, astrocytes and neurons in aging and 
neurodegeneration.

4  Prevention of Inflammation Initiation by Melatonin

Melatonin has been shown to possess several properties that antagonize stimuli 
which may lead to the initiation of brain inflammation. These effects of the pineal 
hormone are exerted in microglial cells, astrocytes and neurons as well (Fig. 2). 
They also concern the major sources of free radicals as outlined in the preceding 
section. Moreover, they extend to the counteraction of proinflammatory pathologi-
cal changes observed in neurodegenerative diseases.

In neurons, melatonin displays several antiexcitatory and antiexcitotoxic actions 
that are based on multiple mechanisms. These effects have been mainly studied in the 
context of sedation and are, at least partially, also related to melatonin’s anticonvulsive 
[93–98], anxiolytic, antihyperalgesic and antinociceptive properties [99–106]. 
However, they have to be clearly distinguished from the sleep-inducing effects [36] 
mediated by melatonin receptors in the SCN and in the thalamus (cf. refs. [107, 108]). 
The antiexcitatory actions of melatonin, which are also observed in nocturnally active 
animals, in which the pineal hormone is not sleep-related but associated with elevated 
physical and neuronal activity, seem to serve the prevention of overexcitation, with all 
its negative consequences of nitroxidative stress, mitochondrial impairments and 
microglia activation. In mechanistic terms, the following antiexcitatory effects in the 
CNS have been described, which are, however, differently relevant to its various parts 
and areas: (i) modulation of GABA and glutamate receptors [97, 109], including sec-
ondary decreases in cytosolic Ca2+ via GABAc [110] or metabotropic glutamate mGlu3 
receptors [111]; (ii) inhibition of high voltage-gated Ca2+ channels [112]; (iii) upregu-
lation of GABAa receptors [113]; (iv) reduction of free cytosolic Ca2+ by upregulation 
of Ca2+-buffering proteins [114, 115]; (v) increases in outward K+ currents [116–118]; 
(vi) potentiation of glycine receptor- mediated inhibitory post-synaptic currents, to 
date observed in retinal ganglion cells [119–121]; (vii) modulation of the opioid sys-
tem [99, 104–106]; (viii) inhibition of neuronal nitric oxide synthase (nNOS), with a 
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possible contribution by its metabolite, N1-acetyl-5-methoxykynuramine (AMK) 
[122–126]; (ix) with regard to the excitatory action of the diffusible NO released from 
other cells, downregulation of astrocytic and microglial inducible NOS (iNOS), again 
with a possible contribution by AMK [125–127]. Some of the summarized actions are 
presumably region- specific, whereas other seem to be relevant to most parts of the 
CNS. Nevertheless, all these effects collectively indicate a primarily antiexcitatory 
role of melatonin, which may be important for the avoidance of proinflammatory 
signaling toward the microglia.

Fig. 2 Overview of the proinflammatory network in the CNS and protective actions by melatonin 
with relevance to the avoidance of accelerated brain aging. The relative contribution of processes 
are, according to current knowledge, indicated by variations in thickness of arrows. *With further 
consequences to apoptosome formation/apoptosis or mitophagy/mitochondrial depletion/periph-
eral energy depletion and, in neurons, losses of connectivity. Bold asterisk This symbol indicates 
processes known to be blocked or attenuated by melatonin. RNS reactive nitrogen species, ROS 
reactive oxygen species
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A prevention of inflammation initiation by melatonin may be deduced from various 
effects on the inhibition or reduction of microglia activation. However, a discussion 
on this issue should always take into account the Janus-headed properties of 
melatonin in the immune system, in which it may behave in either a pro- or an 
antiinflammatory way [36, 37, 128]. These differences depend on dosage, time 
course, proinflammatory interventions and experimental models. In the context of 
aging, including the aging brain, the majority of findings indicate a rather antiin-
flammatory action, although this may be surprising with regard to usually lower 
doses applied, which lead under other conditions preferably to proinflammatory 
responses [36, 37]. Direct effects on microglia have, however, been usually studied 
using rather strong insults. Oxidative stress induced by fluoride in the BV-2 microg-
lial cell line caused increases in the activities of iNOS and NADPH oxidase, release 
of TNFα and IL-1β and downstream effects on c-Jun N-terminal kinase (JNK) phos-
phorylation, effects that were all antagonized by melatonin [129]. In another 
microglial cell line, HAPI, melatonin inhibited amphetamine- or methamphetamine- 
induced upregulations of iNOS [130], TNFα, IL-1β and IL-6 [131], findings that are 
in line with similar results obtained in nonmicroglial cells [36]. Various other data 
exist for high-grade inflammation induced by infection, transient focal ischemia, 
traumatic brain injury, or endotoxemia, i.e., in models that may be fundamentally 
different from processes of aging, as summarized elsewhere [36]. In BV-2 cells, 
expression of the chemokines CCL2, CCL5, and CCL9 in response to bacterial lipo-
polysaccharide (LPS) was reduced by melatonin [132]. In traumatic brain injury, 
melatonin inhibited microglia activation, upregulation of TNFα and IL-1β and 
favored dephosphorylation in the mTOR pathway [133]. In Klebsiella pneumoniae 
meningitis, melatonin strongly inhibited hippocampal microglia activation and a 
rise in cytosolic Ca2+ [134]. Various other findings on the prevention of proinflam-
matory responses, by inhibiting upregulation of iNOS, TNFα, IL-1β and IL-6, have 
been obtained in CNS tissues, but may mainly reflect the suppression of local 
microglia activation (further details in refs. [36, 135–137]). Collectively, the major-
ity of findings seem to indicate an inhibition of microglia activation by melatonin. 
However, the counteractions observed upon treatments leading to high-grade 
inflammation usually require supraphysiological doses of melatonin. In a recent 
study on aging mice, dietary melatonin failed to reduce LPS-induced rises of TNFα 
in the brain [137]. In conclusion, more studies on the role of melatonin in microglia 
are required in the future and have to be carried out under conditions of low-grade 
inflammation.

The prevention of inflammation initiation comprises the maintenance of low 
rates of free radical formation, an aspect that is also valid for the limitation of sus-
tained inflammation. The information on melatonin effects on Nox enzymes is still 
relatively limited, especially with regard to the CNS. In a study on bile duct ligation 
in rats, Nox expression and superoxide formation were shown to be upregulated in 
prefrontal cortex and hippocampus, effects that were reduced by melatonin [138]. 
Treatment with Aβ1-42 peptide causes an activation of microglial Nox, which was, 
again, inhibited by melatonin. The mechanism was based on a reduced phosphory-
lation of the Nox subunit p47phox via the phosphatidylinositol 3-kinase (PI3K)/Akt 
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cascade, which prevents its translocation to the plasma membrane and, thus, its 
association with the subunits gp91phox and p67phox [139]. Although these brain- 
related effects have not been studied under basal conditions in normal aging, they 
demonstrate, at least, the capacity of melatonin to limit Nox activation and, thereby, 
to avoid enhanced superoxide formation by this enzyme. Therefore, this type of 
action by melatonin should considered in the future as possible contribution to the 
prevention of low-grade brain inflammation, too. A contribution of Nox activation 
to brain inflammaging may be even important under basal conditions, since mild, 
diet-related changes have been demonstrated [87].

Much more is known about the protective and free radical-reducing effects of 
melatonin in mitochondria. Because these actions have been multiply reviewed 
(e.g., in refs. [1, 2, 36, 37, 75–77, 140–144]), the pertinent findings shall not be 
repeated here in all details, but rather summarized with regard to the key features. 
As outlined in these reviews, melatonin improves the electron flux through the ETC 
and, thus, decreases superoxide (O2

•–) formed by electron dissipation at Complexes 
I and III. A high-affinity melatonin binding site detected in the amphipathic ramp of 
Complex I may participate in the regulation of electron flow. Enhanced activities of 
Complexes I, III and IV have been repeatedly demonstrated upon melatonin treat-
ment, in some studies at physiological or near-physiological concentrations. The 
improvements seem to also comprise protection from •NO binding to iron/sulfur 
clusters and heme irons, from nitrosation, nitration and oxidation of respirasomal 
subunits. Melatonin also enhanced the expression of some respirasomal proteins, 
such as subunits ND1 and ND4 of Complex I and subunits 1–3 of Complex IV. The 
reduction of electron overflow and backflow does not only cause lower formation 
rates of superoxide and, also, peroxynitrite (ONOO−) that derives from the combi-
nation of O2

•– and •NO. Thereby, the vicious cycle of self-stimulating free radical 
generation is interrupted, but, additionally, respiratory efficiency and ATP synthesis 
are improved. The protection from oxidative damage is also supported by enhanced 
synthesis of reduced glutathione (GSH). This leads to an increased ratio of reduced/
oxidized glutathione (GSH/GSSG) and is further associated with an upregulation of 
the mitochondrial subform of glutathione peroxidase, GPx4, as well as protection of 
glutathione peroxidase and glutathione reductase from oxidative inactivation. 
Sometimes, upregulations of other mitochondrial antioxidant enzymes have been 
also described. At least under conditions of high-grade inflammation, the down-
regulation of iNOS as a source of ETC-blocking and -damaging intermediates con-
tributes significantly to the ameliorating properties of melatonin. Reduction of NO 
formation, whether intra- or extramitochondrial, by melatonin also avoids dysfunc-
tion and damage of this organelle by Ca2+ overload. Another potentially crucial 
effect of melatonin concerns the inhibition of cardiolipin peroxidation. Contrary to 
earlier belief, this does not seem to be based on a reduction of free radical attack to 
cardiolipin, but may be related to redox processes upstream of the cytochrome c/
cardiolipin interaction that leads to the cardiolipin peroxidase properties (cf. pre-
ceding section). This may be concluded from the prevention of cardiolipin peroxi-
dation by upregulation of GPx4 and its exacerbation by GPx4 knockout. Whether 
melatonin additionally inhibits the cardiolipin peroxidase directly, as shown for 
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other low molecular weight antioxidants, or indirectly via modulation of the cyto-
chrome c-deacetylating sirtuin isoform SIRT5 is not yet known. With regard to the 
initiation of apoptosis by cytochrome c release in the course of cardiolipin peroxida-
tion, its inhibition represents an early antiapoptotic action of melatonin. Another 
early step concerns the ΔΨmt breakdown. Melatonin was shown to directly inhibit 
the mitochondrial permeability transition pore (mtPTP), with an IC50 of 0.8 μM 
[145], a concentration that would require mitochondrial accumulation of melatonin, 
which has, in fact, been observed in other, differently designed studies. More 
recently, melatonin was reported to reduce the duration of the ΔΨmt breakdown, in 
astrocytic mitochondria, down to times not yet inducing apoptosis [79]. The anti-
apoptotic actions of melatonin further extend to the balance between anti- and pro-
apoptotic intramitochondrial factors, such as Bcl-2 and Bax, as demonstrated in 
numerous studies. Collectively, the numerous mitochondrial effects observed are, at 
least, in nontumor cells, protective to these organelles and prevent proinflammatory 
processes by enhanced formation of free oxygen and nitrogen radicals.

5  Counteraction of Progression of Brain Aging

In principle, all antiexcitatory, antiinflammatory and mitochondria protecting 
actions that have been discussed in the preceding section are not only relevant to 
the initiation, but also to the progression of brain inflammaging. However, addi-
tional aspects are arising concerning the sustained inflammatory condition, which 
leads to a steadily aggravating progression of aging and to more severe pathologi-
cal changes in neurodegenerative diseases. The attenuation of neurodegenerative 
processes by melatonin has been studied in numerous model systems and was mul-
tiply reviewed [12–19, 42, 146–148], whereas in humans only a few symptomatic 
improvements have been described. A weakness of several models has to be seen 
in necessity of using extremely high doses of melatonin to efficiently antagonize 
the severe insults caused by neurotrauma, ischemia/reperfusion or use of powerful 
neurotoxins including Aβ peptides and prion proteins. Therefore, the applicability 
of melatonin at reasonable, pharmacologically meaningful concentrations some-
times remains uncertain under the real pathological conditions in humans. 
Nevertheless, the entire body of evidence is strongly indicative of a protective 
potential of melatonin by reducing directly or indirectly brain inflammation and 
cellular or mitochondrial damage.

Improvements by melatonin have been studied in the brain of normally aging 
animals and in senescence-accelerated SAMP8 mice. Several data on normal aging 
in otherwise noncompromized animals refer to changes in oxidative damage, mito-
chondrial function and the antioxidant status. In the frontal and occipital rat cortex, 
an age-related increase in lipid peroxidation was reduced by melatonin, while cor-
responding losses in GSH levels were reversed [149]. Likewise, oxidative and nitro-
sylative protein damage in the aged mouse brain was also decreased by the pineal 
hormone [137]. In brain mitochondria of aging mice, an increase of Complex IV 
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activity was described that was restored to normal by melatonin [150]. In aged rat 
mitochondria, melatonin counteracted Complex I dysfunction, reduced H2O2 for-
mation from superoxide produced by electron leakage and prevented cardiolipin 
peroxidation [151]. In a comparable setting, an upregulation of superoxide dis-
mutase was described [152]. However, a corresponding result was not observed by 
comparing neuronal cultures from young and aged rats, but, in this case, an age- 
related decrease of catalase was reversed by melatonin [153]. In the aging murine 
cortex, increases in nNOS expression and nitrotyrosine content of proteins were 
reduced by the pineal hormone [154]. More direct evidence for changes in 
inflammation- related parameters has also been reported, apart from additional stud-
ies in which animals were challenged by LPS, which would, however, cause high- 
grade inflammation not necessarily typical for normal aging. Importantly, 
age-dependent rises in the murine cortical expression of TNFα and IL-6 were 
strongly suppressed by dietary melatonin [154]. Under same conditions, a consider-
able increase in the expression of glial fibrillary acidic protein (GFAP) was widely 
reversed, indicating that a presumably inflammation-induced activation of astro-
cytes was efficiently blocked. In addition, various other immunity-related proteins 
of different function that showed age-dependent up- or downregulations were par-
tially normalized by melatonin in their levels of expression [154]. Secretion of Aβ 
peptides also increases, more moderately, in the aging non-AD brain, a process that 
is otherwise stronger and crucial in AD in which it induces, besides other effects, a 
more pronounced stimulation of inflammation. In the cortex of non-AD mice, 
dietary melatonin reduced the levels of both Aβx-40 and Aβx-42 (x = 1 or higher) pep-
tides [155]. Therefore, this potentially aggravating cause of brain inflammaging is 
efficiently counteracted in the normal brain, but may be also effective in early stages 
of AD, whereas, in advanced AD, neither melatonin nor any other approved treat-
ment can halt the disease progression, as will be discussed later.

In the senescence-accelerated mouse strain SAMP8, age-related mitochondrial 
malfunction is a typical feature that comprises downregulation of several respira-
somal subunits, decreased Complex I and IV activities, increased electron dissipa-
tion, reduced efficiency of ATP synthesis, and changes in other respiratory 
parameters. These observations have been predominantly made in peripheral organs, 
but corresponding data also exist for the CNS (summarized in ref. [37]). In the 
brains of 10 months-old SAMP8 mice, melatonin, when administered via the drink-
ing water from weaning on, strongly enhanced Complex I activity, which was sub-
stantially reduced in the controls [156]. Similar but less pronounced effects were 
found in Complex II and III activities, whereas a rise in Complex IV activity was 
only observed in females, in the absence of a reduction in controls. These investiga-
tors also demonstrated improvements in ATP synthesis as well as GPx and glutathi-
one reductase activities [156]. Moreover, another study revealed a decreased 
mitochondrial membrane fluidity in the brains of old SAMP8 mice, which was 
reversed by melatonin [157]. Further results that involve changes in sirtuin expres-
sion will be discussed in the next section. Another important aspect of the mito-
chondrial role in accelerated aging concerns the number and, even more, the 
intraneuronal distribution of these organelles. In the CA1 hippocampal layer of 
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SAMP8 mice, mitochondria were found to be reduced with regard to their amount 
and presence in the periphery. These impairments were, again, corrected by long- 
term treatment with melatonin [158]. The reductions observed without melatonin 
treatment are indicative of dysfunction-related mitophagy, perhaps associated with 
changes in the fusion/fission balance, and the loss of mitochondrial surface density 
can be expected to result in peripheral ATP deficiency with the further consequence 
of reduced neuronal connectivity [2].

Mitochondrial changes as observed in senescence-accelerated animals are even 
more pronounced in neurodegenerative diseases, mostly studied in AD and respec-
tive model systems. Apart from the classic hallmarks of AD, such as enhanced 
secretion of toxic Aβ peptides, formation of amyloid deposits, tau hyperphosphory-
lation and tangle formation, mitochondrial malfunction is another characteristic of 
this disease and, again, connected to inflammatory processes (Fig. 3). Increased 
oxidative damage to lipids, proteins and DNA, elevated levels of 3,3′-dityrosine and 
3-nitrotyrosine residues in proteins can be interpreted as the result of interrelated 
neuroinflammation and mitochondrial malfunction (summarized in ref. [14]). At the 
mitochondrial level, reductions in ΔΨm and ATP production along with increased 
electron dissipation are associated with downregulation of fusion-promoting pro-
teins and increases in the fission-promoting Fis1, changes that lead to mitochondrial 
shortening, mitophagy, progressive peripheral mitochondrial depletion with local 
ATP deficiency, losses of spines at neurites and, thus, to reduced neuronal connec-
tivity [2]. Aβ peptides and its oligomers are a main source of toxicity, whereas 
amyloid plaques may especially cause damage to cells by direct contact and by 
binding of copper and zinc, which become intracellularly depleted and thereby 
reduce the formation of functionally active Cu,Zn-superoxide dismutase [159]. The 
disease-promoting effects of Aβ peptides are multiple and also comprise (i) excito-
toxicity [159], (ii) copper binding that leads to hydroxyl radical formation via redox 
cycling in a Fenton-like reaction, (iii) activation of microglia with upregulation of 
iNOS, TNFα and IL-6, of IL-18, a key regulator of neuroinflammation and impor-
tant player in neurodegeneration, which in turn also promotes Aβ formation, and of 
IL-15, which stimulates the activities and proliferation of cytotoxic T-cells, NK-cells 
and B-cells, which further enhance microglia activation (summarized in ref. [37]). 
Various additional changes in AD pathology have been described that extend, e.g., 
to impaired actions of neurotrophins and alterations in tyrosine kinase receptors 
[14]. Mitochondria from AD patients seem to be more vulnerable to Aβ, as shown 
in cybrid cells (cytoplasmic hybrid cells: mitochondrial DNA-depleted recipients of 
mitochondria from other sources) containing mitochondria from individuals suffer-
ing from AD [160]. Moreover, cybrids from a sporadic AD with reduced cytochrome 
c oxidase activity showed various signs of mitochondrial dysfunction (summarized 
in ref. [14]). In human SK-N-SH neuroblastoma cells, oxidative damage of mito-
chondrial DNA by exposure to Aβ1-42 peptide was reportedly prevented by melato-
nin in a study based on radioautography of gels, but without complete documentation 
of quantitative data, whereas the restoration of cell viability was convincingly dem-
onstrated [161]. After intrahippocampal injection of Aβ1-42, dietary melatonin was 
shown to reverse the decrease in membrane fluidity and to restore the membrane 
lipid composition in mitochondria isolated from this region [162].
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With regard to the multiple processes affected in AD, the combination of numer-
ous properties exhibited by the highly pleiotropic regulator molecule, melatonin, 
are of particular interest. These actions exceed by far the multiply reviewed 
 antioxidant actions which comprise, apart from free radical scavenging, modulation 
of various redox-relevant enzymes and various effects that reduce free-radical 

Fig. 3 Overview of protective actions by melatonin that are assumed to attenuate the progression 
of Alzheimer’s disease, at least, under conditions of early onset of treatment. Encircled plus sign: 
upregulation. Bold asterisk Processes known to be blocked or attenuated by melatonin. # Reduction 
of Aβ peptide formation by competition with melatonin-induced α-secretase. IL interleukin, •OH 
hydroxyl radical, SOD superoxide dismutase, TNF tumor necrosis factor, other abbreviations as in 
Fig. 2
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formation (e.g., ref. [2, 12–14, 18, 163]). In addition to the mitochondrial effects 
discussed above and their consequences for decreasing apoptotic cell death [15, 16, 
18, 145, 146, 164], several reports have demonstrated additional AD-specific ame-
liorations. In vitro, melatonin behaved as an antifibrillogenic agent [147, 165], and 
also counteracted the profibrillogenic action of apolipoprotein E4 [166]. These 
effects were frequently related to findings on protection of cultured neurons and 
animals against Aβ peptide toxicity (summarized in ref. [14]). However, this inter-
pretation does not consider the higher toxicity of Aβ peptides and oligomers com-
pared to plaque fibrils. Nevertheless, reduced fibrillogenesis was also observed in 
transgenic AD mice treated with dietary melatonin [167–169]. In the animals, these 
changes may not only reflect the inhibition of fibril formation from Aβ peptides 
already present, but also reductions in the secretion of Aβ peptides and improved 
elimination of amyloid deposits. This conclusion is supported by substantially 
decreased Aβ peptide levels in the brains of melatonin-treated animals [155, 170]. 
Effects of melatonin on β- and γ-secretase had been hypothesized in the context of 
the Ca2+ hypothesis of AD, in conjunction with the known prevention of Ca2+ over-
load by melatonin [148]. More recently, a direct effect of melatonin on α-secretase 
activity has been described, which leads to the formation of the nonamyloidogenic 
and neuroprotective fragment sAPPα [171]. This action, which was studied in 
human βAPP overexpressing HEK293 or N2a cells, was transmitted by melatonin 
membrane receptors via ERK1/2 activation and induction of the sheddases, 
ADAM10 or ADAM17.

Additional data concern another hallmark of AD, tau hyperphosphorylation, 
which was also reduced by melatonin [14, 170, 172]. In cultured hippocampal 
slices, this effect was associated with the prevention of the tau-phosphorylating 
protein kinase GSK-3β (glycogen synthase kinase 3β) [172]. These effects are well 
compatible with similar findings on the prevention of hyperphosphorylation induced 
by other agents such as wortmannin [14, 173] or haloperidol [174]. The latter com-
pound, otherwise known as a neuroleptic, suppresses melatonin biosynthesis and, 
thereby, favors cdk-5 activation and neurofilament hyperphosphorylation, which is 
reversed by exogenous melatonin [174]. Other AD-related effects of melatonin 
observed after intrahippocampal injection of Aβ1-42 consisted in the reversal of the 
upregulation of the calcium-binding protein S-100β and the oxidative stress-related 
transcription factor NF-kB as well as an increase in synaptophysin expression [175]. 
Moreover, with regard to approved AD therapies with cholinesterase inhibitors 
[159], a further observation may be of interest, which describes the supportive 
action of melatonin for the expression of nicotinic α-bungarotoxin-sensitive ACh 
receptors [176], a finding that should be associated with numerous downstream 
effects. Finally, melatonin was also shown to antagonize elevations of proinflamma-
tory cytokines such as TNFα and IL-6, as induced by Aβ administration [172] or 
resulting from APP transgene expression [169], results that support the mainly anti-
inflammatory action of the pineal hormone under otherwise proinflammatory condi-
tions in the brain, as discussed above.

A recently emerged relationship connects AD and the associated neuroinflam-
mation with insulin resistance [177, 178] (further literature in ref. [36]). This new 
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information may, again, indicate a role of melatonin, which has been repeatedly 
shown to suppress insulin resistance and other symptoms of metabolic syndrome 
under various experimental conditions [21, 37] including pancreatic senescence 
acceleration in SAMP8 mice [179]. Notably, insulin resistance was also induced by 
pinealectomy and by impaired melatonergic signaling. Therefore, an age-related 
decrease in nocturnal melatonin levels may favor neuroinflammation and the devel-
opment of AD. It would be of utmost importance to analyze whether melatonin’s 
counteraction of insulin resistance is relevant to an attenuation of symptoms and, 
perhaps, reduced disease progression in AD. Even if this is not successful in 
advanced AD, it may be worth to be studied in earlier stages and, perhaps, mild 
subclinical alterations that occur in normal aging, which can be associated with 
moderate, but clearly demonstrable Aβ secretion, amyloid deposits and low-grade 
inflammatory processes [155].

6  The Multifaceted Relationship of Melatonin and Aging 
Suppressor Genes

The idea that melatonin may exert antiaging effects via upregulation of aging sup-
pressor genes has been discussed in particular with regard to sirtuins, klothos and 
FoxOs, especially FoxO3a [73]. The sirtuin subform SIRT3 and klotho (α-klotho) 
are known to modulate the FoxO pathway and to cooperate in the regulation of 
mitochondrial mass, which can be of greatest importance to both metabolic signal-
ing and avoidance of age- or inflammation-associated mitochondrial depletion [37]. 
With regard to klothos and FoxOs, most of the evidence is rather indirect or not 
brain-related. Concerning klotho, brain-specific effects of melatonin have been only 
studied in klotho-deficient mutant mice, in which the pineal hormone attenuated, 
via the MT2 receptor, prooxidant effects and changes in redox-related signaling in 
the hippocampus as well as memory deficits [180].

With regard to sirtuins, melatonin-related effects were focused on the subform 
SIRT1. Findings were highly divergent and appeared, at first glance, contradictory. 
However, the decisive difference seems to be that between tumor and nontumor 
cells. In various tumor cell lines studied, melatonin strongly decreased SIRT1 
expression and also promoted apoptosis, contrary to the otherwise antiapoptotic 
actions in other cells including neurons. The discrepancy can be solved on the basis 
of the chronobiological role of SIRT1, which acts as an accessory component of the 
cellular circadian core oscillator (notably including peripheral oscillators), some of 
whose genes display the property of tumor suppressors and are epigenetically 
downregulated in transformed cells to allow tumor cell proliferation. This leads to 
substantially dysregulated oscillators that keep SIRT1 strongly and steadily upregu-
lated, an effect reversed by melatonin. The fundamental difference in SIRT1 
 expression between tumor and oscillating nontumor cells has been recently 
described in a model [181].
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Contrary to the findings in tumor cells, melatonin upregulated SIRT1 expression 
in a number of studies related to the aging CNS. This was first observed in the brain 
of senescence-accelerated SAMP8 mice [182] and later also in the hippocampus of 
sleep-deprived rats [183]. More detailed information was obtained in a comparison 
of young and aged neurons [153], in which SIRT1 upregulation by melatonin was 
associated with enhanced deacetylation of various SIRT1 substrates, such as 
PGC-1α, FoxO1, NFkB, and p53, changes that were largely reversed by the SIRT1 
inhibitor sirtinol. The melatonin-induced deacetylation of PGC-1α may also be 
indicative of a stimulation of mitochondrial proliferation. Corresponding effects by 
melatonin and counteraction by sirtinol were obtained in cultured neurons from 
SAMP8 mice, in which the pineal hormone also attenuated actions of prooxidant 
agents and mitochondrial toxins [184]. Upregulations of SIRT1 were also observed 
in the dentate gyrus of male [185] and old, ovariectomized female rats, along with 
antiinflammatory and antiapoptotic actions [186]. Recently, increased SIRT1 
expression by melatonin was described in a murine ischemia-reperfusion model 
[187]. Another observation concerning vascular protection by melatonin may be, 
again, relevant to the brain. In this study, the pineal hormone also prevented an age- 
related decrease in SIRT1 [188]. Several additional findings on melatonin-induced 
upregulation of SIRT1 have been obtained in peripheral organs such as heart, liver 
and pancreas, but shall not be discussed here in detail. Collectively, all the aging- 
associated findings in nontumor cells are in favor of a positive relationship between 
melatonin and SIRT1 expression.

7  Conditions and Limits of Efficacy

An aging-decelerating agent should be expected to extend the lifespan. In fact, 
substantial increases by melatonin were observed in several non-vertebrate organ-
isms [23], up to 50 % in the rotifer Philodina acuticornis [1], a gerontological 
model organism. However, the outcome in normally aging mammals has been 
rather moderate and was not always convincingly demonstrable [23]. In the nor-
mally aging mouse strain SAMR1, melatonin extended the mean lifespan from 
about 20 to 23 months and the maximal lifespan from about 25 to 26 months [24]. 
For fundamental reasons, such findings have to be distinguished from comparable 
data obtained in mouse strains that predominantly die from cancer [23]. In these 
animals, a longer survival seems to mainly reflect, according to more recent data, 
the oncostatic and proapoptotic actions of the pineal hormone in cancer cells [37]. 
Notably, such observations strongly contrast with findings on anti-cancer effects 
in cancer-prone C3H/He mice [189]. More profound life-extending effects of 
melatonin were described in the senescence-accelerated mouse strain SAMP8, in 
which the mean lifespan was increased from about 16 to 22 months and the maxi-
mal lifespan from about 23 to 27 months [24]. These findings indicate that mela-
tonin interferes with the processes causing an acceleration of aging and, thus, 
displays deaccelerating properties, whereas the effects in SAMR1 were much less 
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expressed and do not support a profound aging-decelerating capacity. However, in 
SAMR1 mice, the extension of the mean, but not so much the maximal lifespan 
may be interpreted in terms of healthy aging. This would be well in accordance 
with the observations of a healthier appearance, lower tendency to inflammation 
and low osteoporosis in melatonin- treated animals [23, 154], as already men-
tioned in the introductory section.

The numerous beneficial effects reported for melatonin in neurodegenerative dis-
eases, especially in experimental models, indicate profound neuroprotective proper-
ties. This was confirmed in transgenic AD mice treated with melatonin, starting at 
the age of 4 months, i.e., 2 months before the rise in Aβ levels and 5–6 months 
before appearance of amyloid deposits [167]. Marked reductions of protein nitra-
tion, Aβx-40 and Aβx-42 peptide concentrations were accompanied by a significantly 
improved survival (around 16 months about 93 % survivors in the treated vs. about 
70 % in the untreated group). However, in a comparable study in which melatonin 
treatment was started at 14 months, no reductions of Aβ peptides were observed 
[190]. Several insights may be deduced from these results. First, melatonin is capa-
ble of counteracting the development of AD symptoms in vivo, which is in good 
agreement with other studies [168–170, 191, 192]. Second, by interference with the 
pathological mechanisms of AD, melatonin attenuates the acceleration of aging and, 
thus, acts in a deaccelerating way. Again, this property should not be confused with 
a deceleration of basal aging processes, even though there may be a certain overlap 
between normal and disease-related aging mechanisms. Third, there seems to be a 
point of no return, from which on a treatment with melatonin is no longer promis-
ing. In mechanistic terms, this may be a stage in which damage to neurons and 
astrocytes including mitochondrial malfunction with all its further consequences, 
and also activated microglia and high levels of Aβ peptides will continue to promote 
inflammatory signaling and further Aβ formation in a vicious cycle. With regard to 
the treatment of AD patients, this conclusion has a pessimistic aspect insofar as 
treatments usually start after symptoms have already become severe. Earlier and, 
therefore, more promising treatments may, however, be possible on the basis of 
screening for combinations of genetic and other risk factors.

8  A Brief Outlook at Aging-Relevant Melatonin Effects 
Beyond Brain Inflammaging

Losses of neurons that contribute to aging may be corrected to a limited and site- 
specific degree by neurotrophic factors. The respective actions of melatonin on the 
expression of neurotrophins have been recently summarized [4]. At first glance, 
some of these findings appear contradictory. In experiments using neurotoxins such 
as 3-nitropropionic acid, MPTP or Aβ, neurotrophins like GDNF (glial cell line-
derived neurotrophic factor) or BDNF (brain-derived neurotrophic factor) were 
upregulated and these effects counteracted by melatonin. However, other studies 
showed upregulations of these factors and also of CDNF (conserved dopamine 
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neurotrophic factor), persephin and MANF (mesencephalic astrocyte-derived neu-
rotrophic factor) by melatonin. Decreases in NGF (nerve growth factor) secretion 
were induced by Aβ or H2O2, but reversed by melatonin. The apparent inconsistency 
of these findings may, however, be resolved. Increased neurotrophin secretion in 
response to neurotoxins may reflect attempts of repair and reductions by melatonin 
might be interpreted as a return to normal. Otherwise, melatonin seems to be rather 
a neurotrophin-promoting agent. In this way, it may contribute to the maintenance 
of neuronal functionality and favor interneuronal connectivity. Whether or not addi-
tional effects on stem cells may be of importance, as in various peripheral organs 
[2], is still uncertain and, if existing, seems to be widely limited to certain regions 
with low, but not negligible neurogenesis, such as the hippocampus.

Another potentially important aspect of melatonin’s actions concerns its chrono-
biological role. For quite some time, this has been rarely seen in its connection to 
health. However, there is increasing evidence for its relevance. Mutations of core 
oscillator proteins are associated with various diseases and these changes are also 
affecting the numerous peripheral circadian oscillators [3]. Melatonin seems to 
coordinate the phasing of central and various peripheral oscillators, as far as they 
are not already directly steered by the SCN [3]. Moreover, factors such as the aging 
suppressor SIRT1, the aging-, mitochondria- and inflammation-related metabolic 
sensors AMPK, GSK-3β (also known as a hyperphosphorylating kinase) and per-
oxisome proliferator-activated receptor-γ (PPARγ) are meanwhile classified as 
accessory components of core oscillators and are all modulated by melatonin [36, 
37]. A further relationship to chronobiology became apparent in comparisons of 
SAMR1 and SAMP8 mice, which exhibit different free-running circadian periods 
and respond differently to melatonin in the adaptation to the light/dark cycle [193]. 
Another strong hint for the relevance of the circadian system concerns the deteriora-
tion and functional decomposition of overt circadian rhythms at advanced age [44, 
194]. These deteriorations are even more pronounced in AD [39, 44]. The role of the 
circadian system in aging became also apparent by comparing lifespans of wild-
type, homo- and heterozygous Syrian hamsters carrying the short-period mutation 
tau. Homozygous tau/tau hamsters had either a moderately reduced [195] or slightly 
extended [196] mean lifespan. However, an obviously disturbed circadian machin-
ery in heterozygous tau/+ hamsters shorted the mean survival down to only 10.9 
months, compared to 17.5 months in homozygous wild-type animals [195]. The 
progressive breakdown of the circadian system, with its countless consequences for 
the coordination of physiological functions may be regarded as another aging-accel-
erating process. At least in the earlier phases of rhythmic malfunction, when in 
humans the signs of frequent sleep disturbances and nocturia become apparent, 
well-timed melatonin may have a beneficial effect by enhancing circadian ampli-
tudes and harmonizing the phase relationships between, at least, the melatonin- 
sensitive oscillators. The importance of the circadian system in antagonizing aging 
is underlined by one of the most convincing findings on demonstrable rejuvenation 
by transplantation of juvenile SCN tissue to old Syrian hamsters [195], which does 
not only restore various overt circadian rhythms, as also shown in other studies 
(cf. ref. [3]), but leads to a more juvenile physical appearance and to an expanded 
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lifespan in the recipient old hamsters [195]. However, an eventual contribution of 
melatonin to the restoration of rhythms and life extension after SCN transplantation 
remains to be elucidated.

9  Conclusion

Melatonin counteracts various processes that can promote aging, in particular, 
supracritical neuronal, astrocytic and microglial activations that have the potential 
of causing overexcitation and brain inflammaging. It displays beneficial properties 
concerning the improvement of mitochondrial function, reduction of free radical 
formation and limitation of aging-related increases of proinflammatory cytokines. 
In addition, Aβ formation, fibrillogenesis and tau hyperphosphorylation are inhib-
ited by melatonin. On the background of age- and disease-associated decreases of 
the pineal secretory capacity, the more or less pronounced partial deficiency of mel-
atonin may substantially contribute to an acceleration of normal and, even more, 
disease-promoted aging. Whether or not melatonin already decelerates basal aging 
that occurs already earlier in life remains uncertain in the present state of our knowl-
edge. With regard to the processes of brain inflammaging, the potential of melatonin 
is amply documented. However, the efficacy of the pineal hormone in terms of life 
extension seems to be limited, since increases in lifespan of laboratory mammals 
have frequently remained at borderline and are only in a few studies convincingly 
demonstrated. Whether such findings can be translated to humans, remains uncer-
tain on chronobiological grounds. Successful investigations have been conducted 
using nocturnally active rodents, in which melatonin can be easily administered via 
the drinking water. However, this procedure is not practicable in the diurnally active 
human. The use of controlled-release preparations of melatonin or of synthetic, lon-
ger acting melatonergic agonists appears to be insufficient with regard persistent 
effects overnight, as judged from sleep data, in which the improvements by melato-
nin remained marginal, even when they were statistically demonstrable [107]. 
Moreover, a fundamental uncertainty results from the differences in the relationship 
between melatonin secretion and phases of activity. While in nocturnal rodents high 
melatonin levels are associated with enhanced locomotor and behavioral activities, 
their brains may respond differently to the pineal hormone compared to the diur-
nally active human, in whom melatonin is associated with rest. Therefore, in many 
functions controlled by circadian oscillators, melatonin should exert opposite effects 
in laboratory rodents and humans. On the other hand, similarities in melatonin’s 
action have to be expected as far as the stimulation of the circadian system is con-
cerned, such as favoring of high rhythm amplitudes and coordination between 
rhythms in the multioscillator machinery. With regard to neurodegenerative dis-
eases, in particular, AD, another limitation of melatonin’s efficacy has become 
apparent, concerning the onset of treatment. At least in the transgenic AD mice, a 
successful treatment was possible when the administration of melatonin started 
before AD-typic alterations such as increased Aβ secretion [167], but a later onset, 
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after the development of symptoms, remained unsuccessful [190]. However, the 
results of early-beginning treatment indicate that melatonin may be able to counter-
act the initiation of brain inflammaging and also to gradually inhibit the progression 
of AD. It would be of importance to elucidate whether this can be interpreted in 
terms of a more general capacity of deaccelerating aging, which usually proceeds at 
increasing velocity in the course of senescence.

At the present state of our knowledge, life extension by melatonin may be pos-
sible, but only in a marginal range. It may be more important to support healthy 
aging instead of speculating on a prolonged lifespan. In humans, more pronounced 
extensions of lifespan have anyway been achieved during the last decades by 
improvements in nutrition, lifestyle and medical care. The numerous physiological 
actions of melatonin including those in the CNS, as well as the associations of mela-
tonergic dysfunction with numerous diseases [20–22] seem to be favorable for 
maintaining good health conditions during aging. This is clearly supported, at least 
in rodents, by the physical appearance of melatonin-treated animals [23, 154]. 
Whether or not these findings can be translated to humans, in which melatonin is 
administered shortly before sleep, would also depend on the contribution of the 
melatonin-modulated circadian system to health. The role of circadian oscillators in 
health maintenance and their disturbance in diseases is meanwhile becoming more 
and more apparent [3]. If melatonin—and other treatments supporting the circadian 
system, such as appropriately timed light exposure—will be demonstrated to favor 
healthy aging, a moderately longer average lifespan may result as kind of a side 
effect that reduces early deaths by age-associated diseases.
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1  Introduction

Alzheimer’s disease (AD) is the most common form of dementia in the elderly. The 
World Health Organization currently estimates that more than 35 million people are 
afflicted by AD worldwide and this number is expected to dramatically triple by 
2050 [1]. In the United States, approximately 7 million people older than 65 years 
are known to suffer from AD. According to the 2013 Alzheimer’s Association (AA) 
report [1], the number of deaths related to AD has increased by 68 % during the 
2000–2010 period [2]. The social and psychological burden associated with caring 
AD patients remains difficult to quantify but in the United States, but in the United 
States it was estimated to surpass $170 billion in 2010 and projected to exceed $1 
trillion by 2050 [3]. A hypothetical intervention that could delay the onset of AD 
dementia by 5 years would result in a 57 % reduction in the number of patients with 
AD dementia, and reduce consequently the projected Medicare costs of AD from 
$627 to $344 billion dollars [4].

AD is characterized by a progressive neurodegeneration and loss of cognitive 
functions. AD is often difficult to differentiate from other forms of dementia, espe-
cially in the early clinical stages. Although the pathogenesis of AD is not yet fully 
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known, it is clear that the disease is caused by a combination of genetic and risk 
factors with complex etiology. The pathophysiological hallmarks of AD are 
 extracellular fibrillary amyloid-β deposition and intraneuronal hyperphosphory-
lated tau (p- tau) protein aggregation particularly in the hippocampus, amygdala and 
frontal cortex. In AD, cognitive decline closely correlates to neurofibrillary tangles 
(NFTs), synapse loss, and neurodegeneration.

Clinically, AD can be divided into different phases: (1) a preclinical phase in 
which subjects are cognitively normal but have mild AD pathology, (2) a prodromal 
phase known as mild cognitive impairment (MCI), and (3) a phase when patients 
display dementia with impairments in multiple domains and loss of function in 
activities of daily living [5].

Thus, MCI can be considered the intermediate phase between normal aging and 
the early form of AD [6]. Persons with amnestic MCI show objective cognitive 
problems, involving memory, with no or low functional impairment in activities of 
daily living and very often evolves to AD [7]. Consequently MCI may be a useful 
AD’s or prodromal phase of AD in which to analyze biomarkers for early and accu-
rate disease detection.

In 2011, the National Institute on Aging (NIA) and the AA recognized the new 
guideline on the preclinical stages of AD [4] i.e. the pathophysiology of AD begins 
years to decades before the apparent clinical picture. The new guideline recognizes 
that the asymptomatic (preclinical) state consists of three distinct stages: stage 1 is 
characterized by asymptomatic amyloidosis in the brain evidenced by increased 
positron emission tomography (PET) Aß ligand binding that may begin as early as 
young adulthood and evolves slowly through midlife into old age. This amyloidosis 
is associated to low CSF Aβ42 levels. In addition to amyloidosis, the stage 2 includes 
early neurodegeneration as evidenced by (1) neuronal dysfunction based on neuro-
imaging with PET or MRI analysis, (2) cellular indicators of neurodegeneration, 
including high CSF tau or p-tau concentrations, or (3) structural brain changes 
based on MRI with cortical thinning and hippocampal atrophy. Finally, the stage 3 
corresponds to amyloidosis, neurodegeneration, and subtle cognitive decline. The 
cognitive deficits in stage 3 do not significantly affect functional capacities and 
activities of daily living. Thus, the three preclinical stages are without the cognitive 
impairment that defines MCI and the cognitive and functional impairments that 
determines AD. This recognition of a preclinical state represents a major advance-
ment because this stage represents a window of opportunity for the determination of 
valid and reliable biomarkers to define the disease stage and to monitor the progres-
sion of the underlying pathophysiology. Moreover, this or this slot is a timely 
disease- modifying or preventive therapies.

The aim of this chapter is to review the current state of knowledge on peripheral 
oxidative biomarkers for AD or MCI patients, their limits and prospects as well as 
the challenges for their standardisation and validation. This review will determine 
whether biomarkers related to oxidative stress can play an important role for early 
diagnosis and prognosis.
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2  Current Clinical Biomarkers for AD and Their Limits

Currently, a definite diagnosis of AD can be made only by post-mortem neuropatho-
logical examination. Neuroimaging, genetic testing and chemical analysis from flu-
ids, CSF, represent the current diagnostic markers used.

Valid biomarkers should be paralleled with the hypothetical pathophysiological 
sequence of AD and should be relevant to track the preclinical stages of AD. The 
biomarkers model proposed by Jack et al.[8], expands the preclinical phase with 
the following features: (1) Aβ accumulation become abnormal first and a substantial 
Aβ load accumulates before the appearance of clinical symptoms. The lag phase 
between Aβ accumulation and clinical symptoms may be for more than a decade. 
Brain Aβ accumulation is necessary but not sufficient to produce the clinical symp-
toms of MCI and dementia; (2) biomarkers of synaptic dysfunction, including func-
tional MRI (fMRI), may demonstrate abnormalities very early, particularly in 
APOE gene ε4 allele carriers, who may manifest functional abnormalities before 
detectable Aβ deposition. The severity and change over time in these synaptic mark-
ers correlate with clinical symptoms during MCI and AD dementia, (3) structural 
MRI is thought to become abnormal a bit later, as a marker of neuronal loss, and 
MRI retains a close relationship with cognitive performance through the clinical 
phases of MCI and dementia, (4) none of the biomarkers are static and rates of 
change over time  follow a nonlinear time course, which is hypothesized to be in 
sigmoid shape, and (5) anatomic information from imaging biomarkers provides 
useful disease staging information with disease progression. Several multicenter 
biomarker initiatives, including the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI); the Australian Imaging, Biomarkers and Lifestyle Flagship Study of 
Aging; as well as major biomarker studies in preclinical populations at several aca-
demic centers, are ongoing. These studies have already provided preliminary evi-
dence that biomarker variations are consistent with AD pathophysiological process 
and are detectable before the emergence of clinical symptomatology and are predic-
tive of subsequent cognitive decline.

The diagnostic markers currently used include increase in total tau and p-tau, and 
decrease in Aβ42 level and Aβ42/Aβ40 ratio in CSF from AD patients and from 
MCI subjects. The variations of these four biomarkers have been confirmed with 
large prospective studies, including the ADNI project [9] and are considered as 
reliable biomarkers of AD [10]. Therefore, a decline in Aß42 levels in combina-
tion with levels of the p-tau in the CSF has been advocated for use in the diagnosis 
of AD [11].

Neuroimaging is currently gaining high interest for the possibility to test several 
promising markers, as suggested by the ADNI project through the use of MRI or 
PET to analyze hippocampal volumetry, brain flow, decrease [18F]fluoro-2-deoxy- 
d-glucose uptake (FDG) or increased binding of amyloid-targeting PET trace in the 
living human brain [9, 12–14]. However, these diagnostic methods are limited  
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by the cost and availability of the equipments, limiting the routinely use of these 
 technique for the diagnosis of the asymptomatic early stages of AD. In addition, 
amyloid imaging and Aβ measurements in CSF are associated with a significant 
number of false-positive and false negative findings, with as many as 30 % of cog-
nitively normal elderly showing signs of Aβ accumulation, and a substantial number 
of AD patients who present no signs of Aβ accumulation in CSF [15]. Moreover, 
there are some reports with inconsistent normal CSF biomarkers pattern but patho-
logical amyloid-targeting PET or vice versa [16, 17]. Recently, in a study with 40 
AD cases, the number of biomarkers was consistent in only 32.5 % [18]. Thus the 
accumulation of Aß is necessary but not sufficient to produce the clinical symptoms 
of MCI and dementia.

Despite major advances in clinical chemistry, brain imaging, and genomic analy-
sis, the lack of highly specific diagnostic tools for early diagnosis in AD research 
represented a challenge. There is an urgent need for the identification of accurate 
biosignatures for preclinical AD, which will differentiate subjects at risk for devel-
oping prodromal or AD from those without risk of progression to dementia.

3  Peripheral Antioxidant Levels-Based Biomarkers

Although CSF represents the most suitable biological fluid to study neurodegene-
rative diseases since it can reflect the biochemical changes occurring in brain, its 
analysis is not always easily feasible for a large scale screening, because the proce-
dures are invasive, uncomfortable and that can be followed by several side effects 
including headache, back pain, nausea and vomiting and still carry a small risk of 
infection and damage to the spinal cord. Compared with CSF, blood or serum–based 
biomarkers are minimally invasive, could increase diagnostic accuracy, and could 
be useful for prognosis and in monitoring therapeutic interventions, especially for 
large scale studies and for repeated measures. One of the earliest blood-based 
 biomarker studies were conducted by Ray et al. [19] with the identification of  
18 plasma proteins among the 120 known signaling proteins. Overall, these studies 
suggest consistent alteration of the blood proteome in AD patients. There is a grow-
ing body of evidence, however, that preclinical AD may have a biosignature that can 
be deduced from peripheral blood [19–26].

Although the amyloid cascade hypothesis represents the underlying pathogenesis 
for the familial form of AD, increasing evidence indicates that oxidative stress plays 
a key role in the pathophysiology of AD [27, 28]. Strong evidence supports the role 
of oxidative damage in MCI and AD [29] and recent studies extensively demon-
strated the specific oxidative modification of selected macromolecules in the brain 
of AD patients, in the CSF and blood stream [30, 31] and how their dysfunction 
possibly correlates with the pathology. These observations strengthen the notion 
that oxidative stress can precede the development of the neuropathological hall-
marks of AD [32]. Therefore, oxidative stress markers have been studied in several 
matrices, in brain tissue, CSF and in blood compartment (for a review see [33–35]). 
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However, the in vivo evaluation of oxidative stress always remains a great  challenge. 
Indeed, it is very difficult to detect reactive oxygen species (ROS) since their short-
living time renders them not amenable for direct assay. Therefore, most assays to 
identify in vivo oxidative stress are based on indirect methods. They can be divided 
in four categories: analysis of small molecular weight non enzymatic and enzymatic 
antioxidants, determination of trace elements (selenium, copper, zinc) and evidence 
of oxidative damage to lipids, DNA and proteins and identification of sources 
 producing ROS.

Although the determination of antioxidants levels and oxidative markers in the 
brain reflects the direct redox status and the oxidative metabolism in different cell 
types within the brain, they cannot be used as biomarkers. As described above, 
blood analysis is more accurate than CSF for population-based disease screening.

The major contributors to antioxidant capacity of serum are uric acid, plasma 
proteins (particularly albumin, transferrin and ceruloplasmin), and vitamins C, E, 
vitamin A/carotenoids and polyphenols but their peripheral levels are controversial.

Several studies have found a reduction (25 %) in uric acid and (53 %) in ascorbic 
acid in serum/plasma from AD [36–42] while others do not observe this difference 
[43, 44]. High plasma urate was also related to a slower rate of cognitive decline 
[45]. Vitamin E represents an important lipophilic antioxidant and has been investi-
gated in relation to cognitive impairment. Most of studies have reported a decrease 
in plasma and serum vitamin E in AD [30, 39, 46–51]. More recently, plasma levels 
of tocopherols and tocotrienols together with automated MRI measures can help to 
differentiate AD and MCI patients from control subjects, and to prospectively pre-
dict MCI conversion into AD [52]. The AddNeuroMed-Project with in 168 AD 
cases, 166 MCI, and 187 cognitively normal people shows that plasma tocopherols, 
tocotrienols, α-tocopherylquinone, and 5-nitro-γ-tocopherol in AD and MCI had 
lower levels of total tocopherols, total tocotrienols, and total vitamin E [53]. The 
measurement of plasma levels of vitamin E (alpha-, beta-, gamma, and delta- 
tocopherol; alpha-, beta-, gamma-, and delta-tocotrienol) from 232 subjects aged 80 
years and over, from the Kungsholmen Project, with a follow-up of  
6 years indicates that high plasma levels of vitamin E are associated with a reduced 
risk of AD in advanced age [54]. However, vitamin E supplementation alone does 
not seem to improve the course of AD [55, 56] likely because the contribution of 
vitamin E to serum antioxidant capacity is quite small, accounting for less than 10 % 
[57, 58]. However, dietary intakes of the three antioxidants (vitamin E, vitamin C, 
and β-carotene) can lower the risk of AD, with vitamin E exhibiting the most pro-
nounced protective effects [59, 60]. The CAIDE (Cardiovascular Risk Factors, 
Aging, and Dementia) study showed lower risk of cognitive impairment in subjects 
with higher levels of γ-tocopherol, β-tocotrienol, and total tocotrienols [61].

Vitamin C concentration in plasma or serum is also decreased in plasma or serum 
from AD [36, 37, 39, 49, 62] with lower level being observed especially in moderate 
and severe AD [62]. Plasma vitamin C was positively associated with MMSE  
score [63]. In the critical review of the role of vitamin C on the prevention of 
cognitive decline and AD, the authors conclude that maintaining healthy vitamin C 
levels can have a protective function against age-related cognitive decline and AD 
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and avoiding  vitamin C deficiency is likely to be more beneficial than taking 
supplements [64]. The analysis of the level of vitamin A on serum and plasma indi-
cate a controversial effect with significant reduction in AD [37, 39, 47, 51] while 
five studies reported no difference [49, 65]. For reduced GSH, some studies shown 
no difference between AD and controls [44, 66, 67] while others found lower levels 
of reduced GSH with a balance towards GSSG in AD [30, 68–70].

Plasma thiols represent a measure of the exposure of the plasma to oxidative stress 
causing oxidation of the –SH groups to –S–S– disulphide linkages or to species such 
as sulphuric acids (–SO3–). Only proteins containing reactive –SH groups will be 
exposed to this particular process protein sulphydryl groups (–SH) also are indicative 
of altered redox status as well as altered capacity to maintain correct structures of  
the proteins during stress condition. Plasma thiol levels were not different between 
the AD group and the normal control group and no correlation was found between 
plasma thiol level and overall cognitive function. However, a very significant nega-
tive correlation was found between age and plasma thiol concentrations [71].

With respect to non enzymatic antioxidants, their concentration can, however, be 
largely modulated by the diet. Therefore, the AD patients have to be imperatively 
fasted during at least 6–12 h before the blood collection. Moreover, it is very impor-
tant to use a food frequency questionnaire (FFQ) to check if the antioxidant decrease 
cannot be attributed to possible malnutrition in AD patients. As an example, we 
have demonstrated that a daily intake of less than two fruits was associated with low 
plasma levels in vitamin C and ß-carotene [72]. Unfortunately in most of clinical 
studies poor information is given about their nutritional status.

Large discrepancies have been reported for antioxidant enzymes involving super-
oxide dismutase enzyme (SOD) and glutathione peroxidase. SOD activity has been 
described in both plasma/serum and erythrocytes. In these cells, SOD is primarily 
SOD1 while in plasma/serum the main isoform is SOD3 or eSOD which uses Cu/
Zn as a cofactor. In plasma, SOD3 level in AD is controversial with no difference 
between controls and MCI [73] or AD groups [40, 48, 74–76]. Lustig et al. were the 
first to demonstrate elevated levels of Cu, Zn SOD in erythrocytes of patients with 
AD [77, 78] but when considering overall studies there is no significant difference 
between AD and controls [30, 39, 66, 79–84]. In plasma/serum, most of studies 
found no significant difference [28, 39, 66, 85, 86]. These controversial findings 
may be due to the difference in sample size or different inclusion criteria. The activ-
ity of eSOD was measured in plasma and was found to be correlated with glucose 
metabolism in a large area of the left temporal lobe including the superior, middle 
and inferior temporal gyrus and the fusiform gyrus [87]. Overall, in plasma/serum, 
there was no significant association of SOD activity with AD across different 
studies.

The activity of glutathione peroxidase was also determined in plasma, serum and 
erythrocytes from control and AD patients and data remain controversial [30, 39, 44, 
48, 66, 70, 79, 82, 88–92]. Glutathione peroxidase activity was higher in AD 
 compared to MCI and healthy control patients while no difference was observed 
between controls and MCI [89]. Recently, low baseline glutathione peroxidase activ-
ity was associated with an average loss of 1.19 MMSE points per 6 months [93]. 
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Oxidized GSH (GSSG) is reduced back to GSH by glutathione reductase (GR). In 
erythrocytes, its activity was lower in AD and in MCI as compared to control patients 
but it is not different between MCI and AD [89]. In blood compartment, GR activity 
was decreased in AD as compared to control healthy patients [91].

Regarding catalase enzyme, its activity was conducted in erythrocytes in seven 
studies and overall, no significant variation was observed [30, 79, 89, 94, 95].

Some studies have also investigated the total antioxidant capacity (TAC) of blood 
from AD. The most popular of them being the Oxygen Radical Antioxidant Capacity 
(ORAC assay) and the Total Antioxidant Status (TAS assay) as the reflect of the 
balance between antioxidants and oxidants or the redox status [96, 97]. The princi-
ple is to generate in vitro an artificial source of oxidants and to evaluate the ability 
of a plasma sample to quench oxidative reactions using suitable colorimetric or 
fluorimetric probes. Decrease of TAS has been regularly described in peripheral 
fluids from AD patients [33, 34]. According to Wayner et al. [57], the contribution 
of plasma antioxidants to total ORAC value is, in decreasing order, protein, uric 
acid, vitamin C, vitamin E, bilirubin, and carotenoids. Moreover, the proteins, and 
more particularly albumin, account for 80–95 % of the antioxidant capacity of 
plasma. Because of this high contribution of proteins, results of the whole plasma 
are hard to interpret due to the many variables such as nutrition status (very variable 
in older persons), osmotic pressure, metabolism, catabolism and extracellular body 
fluid status. Moreover, it is well known that the ORAC value is strongly correlated 
with the plasma concentration of uric acid [57, 88], the value of which can be modu-
lated by some diseases such as gout or renal dysfunction. At least, the ORAC value 
can also be influenced by some drugs known that have antioxidant capacity. For all 
these reasons, the determination of plasma ORAC value or TAS assay should also 
be considered with great caution in order to evidence the presence of an in vivo 
oxidative stress in pathologies such as AD [98].

4  Peripheral Oxidized Macromolecules-Based Biomarkers

As lipids (polyunsatured fatty acids or PUFA’s), proteins and DNA are the primary 
targets for ROS, the detection of oxidized biological material in plasma or urine is 
another tool for evidencing in vivo oxidative stress. Common markers of protein 
oxidation are indexed by protein carbonyls, 3-nitrotyrosine and protein glutathio-
nylation [99], lipid peroxidation indexed by thiobarbituric acid-reactive substances 
(TBARS), free fatty acid release, iso- and neuro-prostane formation, 2-propen-1-al 
(acrolein), and 4-hydroxy-2-trans-nonenal (HNE) [100] and DNA oxidation by 
8-hydroxy-2-deoxyguanosine (8-OHdG) [37].

For nucleic acids, 8-hydroxy-2-deoxyguanosine (8-OHdG) is one of the most 
commonly used markers of oxidative nucleic acid damage and can be measured in 
lymphocytes, leukocytes, and the brain.

Most studies found higher levels of 8-OHdG in AD [37, 101]. Protein carbonyl 
groups are generated by direct oxidation of several amino acid side chains (i.e., Lys, 
Arg, Pro, Thr, His and others). His, Lys, and Cys residues could also react by 
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Michael addition reactions by hydrogen atom abstraction at alpha carbons with 
products of lipid peroxidation [102]. Protein carbonyls are also produced by glyca-
tion/glycoxidation of Lys or arginine amino groups, forming advanced glycation 
end products (AGEs) [103].

Protein carbonyls are chemically stable compared with the other products of 
oxidative stress, they are generally used as markers to determine the extent of oxida-
tive modification both in vivo and in vitro conditions. The most common way to 
measure carbonylated proteins is the DNPH-based detection method, where sam-
ples are derivatized with 2,4-dinitrophenylhydrazine (DNPH), and are immu-
nochemically detected with an antibody against the resulting protein hydrazone  
adduct; however spectrophotometric and HPLC quantitation of the DNPH adduct 
also could be used. Cysteine, methionine, phenylalanine, and tyrosine residues of 
proteins are particularly susceptible to reactive nitrogen species (RNS). Thus, pro-
tein nitration is another widely recognized marker of protein oxidation and numer-
ous studies support the idea that nitrosative stress contributes to neurodegeneration 
in AD [104]. Several methods of analysis are available to measure levels of protein 
nitration including chemical analysis using HPLC and GC coupled to a mass spec-
trometer, the immunochemical detection of 3-nitrotyrosine. From a technical point 
of view, the procedure is time analysis with a great risk of auto-oxidation of proteins 
in the biological sample.

Protein carbonyls and nitrated protein can be measured in plasma, serum, CSF, 
and brain tissue. Conrad et al. were the first to measure the levels of oxidized pro-
teins in plasma from AD patients compared to controls. They found that a signifi-
cant increase of total carbonyl groups in plasma proteins with specific oxidation of 
a 78 kDa protein in subject with AD [105]. Several studies have described higher 
serum/plasma protein carbonyls level in AD despite varying patient selection crite-
ria [28, 30, 31, 69, 105–107] while a few showed no significant difference between 
AD and controls [106, 108]. However, oxidation of low density lipoproteins is con-
siderably increased (increased by 55 % compared to controls across five studies), 
reflecting the pro-oxidative environment in the lipid fraction rather than a pattern of 
protein-targeted oxidation [108, 109].

Protein glutathionylation is the formation of a mixed disulfide between protein 
cysteinyl residues and a small-molecular-weight thiol [110]. Glutathionylation can 
protect cysteine thiols against irreversible oxidation but can also modify the activity 
of proteins. Glutathionylation could represent an important redox signaling mecha-
nism, allowing cells to sense and signal harmful stress conditions and activate 
appropriate responses [111]. Peripheral levels of S-glutathionylated protein in MCI 
and AD remain to be determined.

Non-enzymatic glycosylation is a common post translational modification of 
proteins in vivo, resulting from reactions between reducing sugar and amino groups 
on proteins; this process is called the “Maillard reaction” and results in the forma-
tion of AGEs. Measurement of AGEs can be performed by ELISA or by quantitative 
fluorescence spectroscopy [112]. In AD brain, AGEs have been shown to be colo-
calized with neurofibrillary tangles, senile plaques, microglia, and astrocytes but 
have been also measured in plasma.
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In plasma, the Aβ peptide can reenter the CNS via the receptor for advanced 
glycation end products (RAGE) [113]. The soluble isoform of RAGE, sRAGE, 
lacks the transmembrane domain, and is present in plasma, binds Aβ in plasma and 
prevent the neurotoxic or proinflammatory responses of RAGE–Aβ interaction 
[114] or intracellular oxidative stress [115]. Levels of sRAGE were not different 
between AD and non-AD neurodegenerative dementia [116].

Advanced oxidation protein products are defined as dityrosine-containing cross- 
linked protein products, and are also considered as reliable markers to estimate the 
degree of oxidant-mediated protein damage [117]. They are formed during oxida-
tive stress by the action of chlorinated oxidants, mainly hypochlorous acid and chlo-
ramines (produced by myeloperoxidase in activated neutrophils). They are supposed 
to be structurally similar to AGE-proteins and to exert similar biological activities 
as AGEs, The levels of  AOPP (advanced oxidation protein products) were found to 
be significantly higher in plasma from AD patients than in the control group [118]. 
High AOPP levels are indicative of oxidative stress.

The reaction of PUFA’s with ROS leads to the formation of lipoperoxides (lipid 
peroxidation) which can break down in a variety of secondary products that are 
aldehydes (malondialdehydes, MDA) usually expressed as TBARS, conjugated 
diene hydroperoxides, F2, F4-isoprostanes, 4-hydroxynonenal and acrolein [100].  
It causes changes in the fluidity and permeability of cell membranes, impairs the 
activity of membrane-bound enzymes and modified the activity of neuronal survival 
and redox pathways [119, 120]. Results of TBARS on serum, plasma or blood cells 
from MCI [89, 90] and AD [28, 30, 38, 48, 66–68, 75, 76, 79, 86, 89, 90, 108, 121] 
are controversial and the link between the TBARS levels and the MMSE score is 
lacking.

The detection of MDA with the thiobarbituric test (TBAR’s assay) was incon-
testably the favorite assay for most lipid peroxidation studies in AD patients [35]. 
However, the TBAR test is a great matter of controversy due to its low specificity 
and sensibility. Indeed, a large number of substances not related to lipid peroxida-
tion such as glucose or hemoglobin strongly interfere with TBAR leading to the 
overestimation in addition to an extreme wide variation of the MDA levels [122]. 
Actually, most investigators recognized that it is scientifically unsound to equate 
increased plasma or serum TBARS levels (as often observed in AD patients) with 
the occurrence of a free radical disease. Instead of the TBAR’s assay, it has been 
proposed to evaluate in plasma the “free” MDA by using high pressure liquid chro-
matography (HPLC). Even if it is more specific, we have to keep in mind that MDA 
is just a by—product of lipid peroxides and that it only reflects less than 1 % of the 
lipid peroxidation phenomenon. For all these reasons, the determination of MDA 
should be discouraged as a marker of oxidative stress in AD patients.

Since a few years, the measurement of isoprostanes has clearly emerged as “gold 
standard” reliable marker of in vivo lipid peroxidation [123]. Numerous studies demon-
strated that isoprostane levels are elevated in plasma or urine AD patients and in animal 
models of the disease [124]. In a very nice work, Pratico et al. [125] found higher 
 isoprostane levels in cerebrospinal fluid (CSF), plasma and urine of subjects with  
mild cognitive impairment (MCI) compared with cognitively normal elderly subjects. 

Redox Based-Peripheral Biomarkers in Alzheimer’s Disease: Challenges, Limits…



386

Interestingly, isoprostane levels were more elevated in AD patients than in subjects 
 having MCI. As AD is preceded by a prodromal phase characterized by MCI, these 
authors assume that the measurement of isoprostanes could be, therefore, a possible 
predictor for AD. Of great interest is also this recent observation showing that mice 
receiving isoprostane showed significant memory deficits, increase in tau phosphoryla-
tion, activation of the cyclin kinase 5 pathway and neuroinflammation [126]. Actually, 
the method of choice for measuring isoprostanes in biological fluid is the gas or liquid 
chromatography coupled with mass spectrometry (GC-MS and LC-MS).

4-hydroxynonenal (4-HNE), another marker of lipid peroxidation in serum was 
found to be markedly elevated in AD compared to controls [127, 128]. However, its 
application in a routine way is not easy because that requires a long purification 
procedure of the sample (chromatographic steps, extraction) that is critical and 
time-consuming with substantial loss of target compounds. To limit these inconve-
niences, several authors have proposed to evaluate isoprostanes in exhaled breath 
condensate (EBC) samples but such an interesting technology is far to be validated 
[129]. Some companies have also developed immunoassay methods for routinely 
use but they are still lacking in specificity [130]. 4-HNE can react with lysine, his-
tidine, and cysteine residues in proteins to form Michael adducts and Schiff base 
products.

Acrolein is an α,β-unsaturated aldehyde with two functional groups that can par-
ticipate in chemical reactions: the aldehyde group and the carbon-carbon double 
bond. Acrolein is the strongest electrophile among the unsaturated aldehydes and 
therefore displays strong reactivity with nucleophilic compounds and can form 
adducts with amino acids residues such as lysine, histidine and cysteine (see review 
by [131]). Several studies have demonstrated that acrolein levels are elevated in 
brain tissue such as in hippocampus from AD or MCI patients (see review by [100]). 
We have demonstrated that acrolein can also induced the depletion of glutathion, the 
generation of 4-HNE and protein carbonylation [119, 120]. Recently, we have dem-
onstrated that the administration of acrolein could induce AD-like pathologies in 
vitro and in vivo [132].

5  Peripheral Biomarkers: Limits and Prospects

Currently, there are no fully validated blood-based biomarkers of AD. The develop-
ment of a blood- based biomarker for AD represents a great challenge because 
blood profile represents an accumulation of the alterations in all tissues, and for non 
brain-specific markers, there is a substantial contribution that is not related to brain 
pathology. Also, blood comprises a liquid component (serum or plasma) and 
 different types of cells, including the mononuclear leukocytes, which contain the 
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), erythrocytes, and plate-
lets. Each blood component has its advantages for delineation of different biomarker 
species. Therefore, blood-based biomarkers are less specific to the brain activity 
compared to CSF biosignatures.
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For instance, increase in tau and Aβ ratio in CSF from AD patients and from MCI 
subjects are considered as reliable biomarkers of AD [10]. However, the determi-
nation of peripheral Aβ and tau levels should be interpreted with caution when used 
for diagnosis because peripheral Aß is from nonneuronal tissues and, more impor-
tantly, Aβ is bound to a variety of proteins in blood [133]. In serum/plasma, using 
classic systems, tau is virtually undetectable in MCI and/or AD but plasma tau 
 levels are elevated in a series of pathologies, such as ischemic stroke, Creutzfeldt- 
Jacobs disease [134, 135], and traumatic brain injury [136]. Consequently, to have 
strong impact, the identification of blood-based biomarker profiles should be com-
bined with clinical informations.

Another challenge is the extent of the loss of BBB integrity remains unknown 
because in addition to reducing entry into the brain, the BBB also reduces exit  
of molecules from the brain [137]. However, in AD, there is some degree of loss of 
integrity of the BBB, potentially allowing the crossing of additional molecules into 
the blood [138].

The progression of the disease with different preclinical and clinical stages is 
another challenge to identify biomarker. This means that an optimal biosignature for 
one stage of preclinical disease may not be best for other stages. A single biomarker 
may not be sensitive to the underlying pathology at multiple stages of the preclinical 
disease.

Another challenging factor for studies biomarkers in AD as for other diseases is 
the validation of healthy control subjects for comparison with AD patients who, by 
their advancing age, are also at risk for AD and may have underlying pathology 
without clinical signs. The variation of antioxidants or oxidative markers in refer-
ence group consisted of healthy populations could be an issue [139] due to non- 
standardized criteria (medication, diet, physical activity…).

6  Importance of the Pre-analytical Procedure 
and Standardisation of Methods

The most important issues are the adoption of standardized protocols during sample 
collection and other pre-analytical processes, method validation including estab-
lishing prospective quality control protocols. Up to now, the determination for reli-
able biomarkers for AD in peripheral blood is very challenging due to difficulties  
of the standardization of the methods of analysis. To validate plasma or serum bio-
markers, assays should be run using validated and standardized protocols because 
the determination of all oxidative stress biomarkers requires a rigorous pre- analytical 
procedure in order to avoid artefacts. The blood sample must be drawn very care-
fully in order to avoid haemolysis which can interfere in some assay (e.g. determi-
nation of oxidized LDL). Once drawn, the blood has to be immediately centrifuged 
at 3000 rpm during 15 min if possible at 4 °C. Indeed, the concentration of some 
antioxidants such as vitamin C, β-carotene and reduced glutathione may rapidly 
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decrease within 30 min if the whole blood is kept at room temperature before 
 centrifugation. For both vitamin C, isoprostanes and oxidized glutathione, it is also 
necessary to mix the plasma respectively with metaphosphoric acid, butylhydroxy-
toluene (BHT) and N-ethylmaleimide in order to prevent spontaneous oxidation of 
the markers in the tube. At least, plasma or serum must be immediately frozen on 
dry ice and then kept at −80 °C until analysis which must be performed as soon as 
possible. Lack of standardization of procedures for blood collection, processing, 
and storage (time in storage, number of subsequent freeze-thaw cycles) leads to 
preanalytical variability (incubation times before separating plasma (or serum) from 
cells, type of blood collection tubes, temperature for collection and storage) causing 
inconsistencies in downstream analysis and results [140, 141].

In 2014, the international working group of the Standards for Alzheimer’s 
Research in Blood biomarkers (STAR-B) and Blood-Based Biomarker Interest 
Group (BBBIG) have published the first set of guidelines in order to standardize 
preanalytical variables for blood-based biomarker studies [142, 143]. The principle 
of the guidelines for preanalytical methods for blood-based AD biomarker by 
BBBIG/STAR-B working group follows the regulatory good laboratory practice as 
defined by Clinical Laboratory Improvement Amendment in United States or inter-
national standards of Clinical Laboratory Standards Initiative. For the progress of 
blood-based biomarker studies in AD, the adoption of guidelines to standardize 
preanalytical methods across cohorts and laboratories is required. Therefore, the 
BBBIG/STAR-B guidelines are a good starting point toward standardized methods 
that will be essential to move putative blood-based biomarkers forward in future 
studies.

The downstream analytical methods should be validated on the same matrix 
(e.g., serum, plasma, urine…). Analytical validation should include calibration 
curves, intra- and interprecision and accuracy. Serum and plasma contain high 
amounts of albumin and immunoglobulins, successful protein biomarker discovery 
requires enrichment techniques for low abundance proteins and sensitive techno-
logical platforms to facilitate detection and quantification of protein biomarkers. 
Sample size for controls and AD groups should be large enough. The identification 
of new biomarkers should be validated, replicated and compared with existing  
gold standards and validated in larger studies and validated in different groups. 
Demographic information (age, gender, education…), APOE status should be 
included. Further complications in the interpretation of plasma profiles then arise 
from the use of different types of medication for patients with AD. For instance, a 
study with limited number of patients (10 controls and 21 AD) showed that  
the medication including Rivastigmine and Donepezil-Memantin could modify the 
 pattern of oxidative markers [144]. Patients with AD have impaired systemic avail-
ability of several nutrients which could impact on peripheral antioxidant levels. 
Finally, the potential issue is the variability in results depending on the statistical or 
computational methods used to identify these biomarkers.
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7  Conclusion

AD pathology could begin approximately 10–15 years before the appearance of 
cognitive impairment, thus, the identification of biomarkers that can detect AD 
pathology in its early stages would be valuable for monitoring the efficacy of dis-
ease interventions during clinical trials. In this regards, there is an intensive search 
for novel biomarker candidates using a plethora of approaches. Current CSF 
 biomarkers and neuroimaging data are accurate for disease detection. However, for 
large scale studies and for repeated measures, peripheral biomarkers present more 
advantages. Thus, there is a concerted research effort toward the development of 
biomarker panels using blood as matrix.

Alterations of peripheral antioxidants balance and elevation of by-product of 
oxidation were evidenced in numerous studies with controversial results in AD and 
in mild cognitive patients (MCI) in both the brain and the blood stream.

More longitudinal and cross-validation studies with larger and more diverse eth-
nic cohorts are required to validate biomarker panels that could be used clinically.

Finally, the criteria used for the selection of controls, the standardisation of  
the pre-analytical procedure, and of the downstream of the analytical methods are 
necessary.

Support: Chaire Louise & André Charron Fondation universitaire sur la maladie 
d’Alzheimer,

INRS-Armand-Frappier, INAF, Univ.Laval
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