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Over the years, the idea of a contrasting dual role played by
free radicals in living organisms has become increasingly val-
idated. On the one hand, a look at the recent literature con-
firms that free radicals are oxidizing agents implicated in
tissue damage and that uncontrolled oxidative activity
underlies various pathological conditions and can be coun-
tered by antioxidant treatment. On the other hand, research
shows that oxidants exert beneficial effects by regulating cell
signaling cascades. Further support for the idea of harmful
and beneficial roles of free radicals is provided by the articles
in the present special issue.

One paper examines extracellular thioredoxins, small
oxidoreductase enzymes that control redox homeostasis in
the cell via NADPH, which is generated by the pentose phos-
phate pathway as a cofactor of thioredoxin reductase. T.
Léveillard and N. Aït-Ali chronologically reviewed key find-
ings concerning extracellular thioredoxins. Starting with the
discovery of human thioredoxin (TXN1), first identified as
the adult T-cell leukemia-derived factor (ADF), a secreted
protein, they go on to examine the extracellular truncated
thioredoxin RdCVF encoded by the NXNL1 gene, a unique
example of a complete extracellular thioredoxin signaling
system.

Several papers deal with the damaging effects of ROS and,
in some cases, the protective effects of antioxidant interven-
tion. The work by M. Cebova et al. shows that the
polyphenol-rich extract of Aronia melanocarpa has a positive
effect onbloodpressure,NO-synthase activity, andproinflam-
matory processes in experimentally induced hypertension, a

condition normally associated with endothelial dysfunction
and oxidative stress.

I. V. Chestkov et al. show that the leukocytes of male
paranoid schizophrenia patients contain more mitochondrial
DNA (mtDNA) than those of both male patients treated with
antipsychotic medication and healthy controls. Furthermore,
the mtDNA content of unmedicated patients positively
correlates with the level of 8-oxodG, a marker of DNA
oxidation.

M. Herbet et al. studied biochemical and molecular
changes associated with ROS generation in the brains of rats
submitted to variable levels of chronic environmental stress.
Their results show that this stress causes lipid andDNAoxida-
tive damage and disruption of the antioxidant defense system,
including decreased expression of gene encoding antioxida-
tive transcriptional factors. Furthermore, theydetected activa-
tion of oxidative stress-responsive genes such as 8-oxoguanine
glycosylase1 and methionine sulfoxide reductase A, which
play a role in triggering the oxidative DNA repair system.

L. Subedi et al. evaluated the efficacy of the antiaging
compound resveratrol contained in genetically modified nor-
mal edible rice as a treatment for skin aging caused by
chronic exposure to ultraviolet radiation. They found that
this resveratrol-enriched rice overcomes the usual drawbacks
of resveratrol and enhances its antiaging potential by control-
ling major pathways of skin aging.

H. Liu et al. investigated whether decreased AChE activity
during sepsis is related to oxidative stress by observing AChE
activity in different grades of sepsis induced by caecal ligation
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and puncture. Their results show that AChE activity at the
neuromuscular junction of the diaphragmdecreasesmore sig-
nificantly during severe sepsis. Furthermore, this activity is
significantly and negatively correlated with the level of oxida-
tive stress during sepsis.

The review by B. P. Mihalas et al. explores the reduced
capacity of the aging oocyte to mitigate macromolecular
damage arising from oxidative insults and highlights the dra-
matic consequences for oocyte quality and female fertility. It
discusses how impaired ROS metabolism, decreased DNA
repair, reduced sensitivity of the spindle assembly check-
point, and decreased capacity for protein repair and degrada-
tion collectively render the aged oocyte acutely vulnerable to
oxidative stress.

G. Pizzino et al. studied glycemic control and oxidative
stress markers in male adolescents with increased urinary
levels of cadmium. Their results indicate that cadmium bur-
den alters glycemic control in adolescents and that oxidative
stress plays a key role in cadmium-induced insulin resistance,
thus increasing the risk of developing metabolic disorders.

G. Rowicka et al. evaluated the presence of oxidative
stress in obese prepubertal children. They found a significant
negative correlation between total antioxidant capacity and
ox-LDL concentrations. Furthermore, obesity duration was
positively correlated with total oxidative capacity level, which
suggests that obesity-related oxidative stress already occurs
in prepubescence.

The review by G. Scutiero et al. focuses on how a disrup-
tion of the balance between ROS production and antioxidant
defenses and the oxidative stress, occuring as a consequence,
affects the development and progression of endometriosis.
The study of aspects such as iron metabolism, oxidative stress
markers, genes involved in oxidative stress, endometriosis-
associated infertility, and cancer development supports the
role of oxidative stress in the development and progression
of endometriosis.

A. N. Onyango reviews the literature which suggests that
insulin-responsive cells such as endothelial cells, hepatocytes,
adipocytes, and myocytes also produce singlet oxygen, thus
contributing to insulin resistance, for example, by generating
bioactive aldehydes, inducing endoplasmic reticulum (ER)
stress, and modifying mitochondrial DNA.

One paper by N. Cichoń et al. examines the beneficial
effect of nitrogen radicals such as nitric oxide (NO•). Indeed,
it investigated the effect of an extremely low-frequency elec-
tromagnetic field (ELF-EMF) on the generation and metabo-
lism of NO• as a neurotransmitter on the rehabilitation of
poststroke patients. They observed that the application of
ELF-EMF significantly increased 3-nitrotyrosine and
nitrate/nitrite levels, while NOS2 expression was insignifi-
cantly decreased. Their results showed that ELF-EMF treat-
ments also improve functional and mental status. The
authors conclude that ELF-EMF therapy can promote recov-
ery in poststroke patients.

Two other reviews deal with harmful and beneficial
roles of ROS. A. L. Santos et al. summarize recent
advances in research in the field and show that this dual
role is found across species, from bacteria to humans,
and in various aspects of cellular physiology. They also

highlight the utility of bacterial models to elucidate the
molecular pathways by which ROS mediate aging and
aging-related diseases. G. Pizzino et al. describe recent
findings regarding oxidative stress, highlighting both its
positive and negative influence on human health. The
authors show that oxidative stress and free radicals are
generally detrimental to human health, contributing to
the initiation and progression of several pathologies rang-
ing from cardiovascular disease to cancer. On the other
hand, they discuss how some prooxidant compounds or
agents can benefit human health, particularly regarding
cancer treatment.

Sergio Di Meo
Tanea T. Reed
Paola Venditti

Victor M. Victor
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Review Article
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Aging is associated with the accumulation of cellular damage over the course of a lifetime. This process is promoted in large part by
reactive oxygen species (ROS) generated via cellular metabolic and respiratory pathways. Pharmacological, nonpharmacological,
and genetic interventions have been used to target cellular and mitochondrial networks in an effort to decipher aging and age-
related disorders. While ROS historically have been viewed as a detrimental byproduct of normal metabolism and associated
with several pathologies, recent research has revealed a more complex and beneficial role of ROS in regulating metabolism,
development, and lifespan. In this review, we summarize the recent advances in ROS research, focusing on both the
beneficial and harmful roles of ROS, many of which are conserved across species from bacteria to humans, in various aspects of
cellular physiology. These studies provide a new context for our understanding of the parts ROS play in health and disease.
Moreover, we highlight the utility of bacterial models to elucidate the molecular pathways by which ROS mediate aging and
aging-related diseases.

1. Introduction

Aging is characterized by a gradual loss of fitness over time.
Aging is manifested as a series of dynamic changes at the
molecular and macromolecular level over the course of a life-
time [1]. Faulty regulation of cellular processes can damage
the cell’s physiological integrity and subsequently lead to
accumulation of damaged byproducts. Mankind has been
fascinated with obtaining a better understanding of aging
for many centuries, yet the exact mechanisms underlying
the human aging process remain largely unclear. The aging
process itself is complex due to several confounders, such as
environmental factors, socioeconomic status, physical char-
acteristics, and lifestyle [2].

Over the past few decades, life expectancy has increased
linearly worldwide to an average of 60 years. The world’s
population over 60 is expected to increase from approxi-
mately 900 million people (12%) in 2015 to approximately
2 billion people (22%) in 2050 [3]. This increased life

expectancy is associated with a reduced rate of child mortal-
ity, improved standards of living, and medical advancements,
among others. Despite an increase in overall lifespan, aging
and age-related diseases are major causes of mortality and
morbidity worldwide [4]. Moreover, age-related disorders,
such as Alzheimer’s disease, dementia, cardiopulmonary
disorders, diabetes, neurodegenerative and cognitive impair-
ments, fragile physical condition, and psychosomatic dis-
orders, are major causes of disability worldwide. These
disorders account for over 20% of years lived with a disability
[5]. Understanding the molecular mechanisms of aging is
critical for developing therapeutic interventions that pro-
mote healthy aging.

Mitochondria often termed “the powerhouse of the
cell,” metabolize carbohydrates and fatty acids via oxida-
tive phosphorylation. Through this process, the mitochon-
dria can generate 32 to 34 adenosine triphosphate (ATP)
molecules per molecule of glucose. The protein complexes
in the inner mitochondrial membrane collectively form the
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mitochondrial electron transport chain (ETC), which
releases free radicals as byproducts of energy metabolism
[6]. Harman originally proposed the free radical theory of
aging in 1956 [7], according to which reactive oxygen species
(ROS) are the primary mediators of the aging process. A brief
overview of the sources of ROS and subsequent cellular
responses is provided in Figure 1. The sources of ROS, anti-
oxidant defenses, and subsequent biological effects have
been reviewed elsewhere (e.g., [8]) and will not be cov-
ered in depth in this review. While extensive evidence
indicates that enhanced ROS production and decreased
ROS-scavenging ability shortens lifespan [9, 10], the free
radical theory of aging has faced opposition, undermining
the idea that ROS alone are responsible for the aging pro-
cess. For instance, organisms can live a healthy lifespan in
the absence of ROS scavengers [11–14]. Further, nutri-
tional, pharmacological, and genetic interventions that
increase production of ROS can promote longevity by
activating mitochondrial oxidative phosphorylation and
triggering downstream signaling pathways that promote an
adaptive response [11, 15, 16], while pharmacological inter-
ventions that limit ROS production have been shown to
shorten lifespan [11, 15].

While ROS and ROS-induced oxidative damage may not
be the sole cause of the aging process, it is fairly consensual
that ROS do play an important role in the molecular mecha-
nisms that influence longevity. Thus, bridging the gap
between the free radical theory and the current aging knowl-
edge can help us to better understand how the interaction
between ROS-induced oxidative damage and cellular metab-
olism affects aging and uncover genetic and pharmaceutical
interventions that could modulate this interaction.

2. The Free Radical Theory of Aging and Beyond

Over the last few decades, the dominant aging model has
been the free radical theory of aging. This theory states that
organisms age because they accumulate oxidative damage
produced by ROS. ROS are partially reduced metabolites of
molecular oxygen generated by various metabolic reactions
and cellular processes, such as respiration [11, 15]. Several
studies support the free radical theory of aging. For instance,
the garlic-derived thioallyl compounds S-allyl cysteine and
S-allylmercaptocysteine have been shown to reduce ROS
accumulation and increase C. elegans lifespan [17]. Similarly,
treatment of C. elegans with four synthetic stilbene deriva-
tives extended longevity by reducing ROS accumulation
and oxidative stress [18].

However, recent research indicates that ROS play a more
complex role in determining longevity than previously
thought. For instance, C. elegans mutants lacking superoxide
dismutase (SOD)—an enzyme that neutralizes the superox-
ide radical—while being more susceptible to multiple
stressors, retain a normal lifespan [12]. In another study,
deletion of the mitochondrial superoxide dismutase sod-2
was actually found to extend the lifespan of C. elegans [19].
Furthermore, C. elegans lacking functional genes for subunits
of the mitochondrial respiratory chain complexes I and III
produce higher levels of superoxide, but they also have an

extended lifespan. The extended lifespan of these knockouts
can be completely abolished by treating them with the
superoxide scavenger N-acetylcysteine [20]. Additionally,
when wild-type C. elegans and the long-lived clk-1 mito-
chondrial mutant were treated with paraquat, a superoxide
generator, both the mean and maximum lifespan increased
significantly [20].

2.1. Antioxidant Enzymes: Good or Bad? Antioxidant
enzymes play a key role in the neutralization of various
ROS. However, the relationship between antioxidant enzyme
levels and lifespan is not straightforward.

Several studies investigating the role of the antioxidant
defense system in regulating longevity have shown that
increased resistance to oxidative stress can improve longevity
in mice [21, 22]. For instance, Cu/Zn superoxide dismutase 1
knockout (Sod1−/−) mice have significantly decreased life-
spans. This reduced lifespan was associated with increased
cellular senescence based on the increased expression of the
senescence markers p16 and p21 [23]. Further, mitochon-
drial catalase overexpression has been connected to the
increased median and maximum lifespan in transgenic mice
overexpressing peroxisomal, nuclear, and mitochondrial
catalases [24]. Mitochondrial catalase overexpression has
also been shown to reduce various age-related pathological
conditions, such as cardiac problems, inflammation-related
disorders, and cancer [25].

However, other studies have found that increased antiox-
idant enzyme activity does not contribute to extended life-
span in rodents [26]. For instance, a study of transgenic
mice overexpressing Cu/Zn SOD, Mn-SOD, and catalase,
either alone or in combination, showed that overexpression
of these enzymes did not significantly improve longevity
compared with wild-type (WT) mice [27].

Glutathione peroxidase 1 (GPX1), the main isoform of
the GPX protein family, is an important antioxidant enzyme
that is ubiquitous in cells and plays an important role in
the neutralization of hydrogen peroxides. While GPX1
expression has a protective effect against ROS-mediated cel-
lular damage, Gpx1-knockout mice showed no evidence of
increased oxidative damage to proteins and lipids, compared
with their WT littermates [28]. By contrast, mice lacking
both Mn-SOD and Gpx1 had a higher level of oxidative
DNA and protein damage, but their lifespan was not reduced
compared with WT littermates [29]. Moreover, single-
nucleotide polymorphisms of Mn-SOD and Gpx1genes have
been shown to impact aging and longevity [30].

Another GPX family protein, GPX4, plays a major role in
protecting the plasma membrane from peroxide-induced
lipid damage. Null mutations of the Gpx4 gene are lethal in
mice. Ablation of GPX4 in a transgenic mice line (C57BL/6
background) resulted in increased oxidative damage in the
brain as well as neuronal loss compared with WT mice
[31]. Transgenic overexpression of GPX4 was shown to pro-
tect mice from the lethal null-mutation phenotype and pre-
vented oxidative-stress-induced liver damage and cell death
[32]. However, mice with reduced GPX4 expression and
activity showed no significant differences in mean, median,
and maximal lifespan compared with WT mice [33].

2 Oxidative Medicine and Cellular Longevity



Thioredoxin (Trx) is a redox protein that acts as a hydro-
gen donor in many reductive reactions in cells. It has two
forms: cytoplasmic (Trx1) and mitochondrial (Trx2). Similar
to Gpx4, Trx2 null mutations are lethal in mice [34], and
Trx2 knockout impairs mitochondrial function by decreasing
ATP production; increasing ROS production; inducing oxi-
dative DNA, protein, and lipid damage in the liver; and
increasing oxidative-stress-induced apoptosis of liver cells
[35]. Trx1 overexpression (Tg(TRX1)+/0) has been shown to
protect against oxidative damage of cellular macromolecules
and extend the earlier part of the lifespan in male mice; how-
ever, neither male nor female Tg(TRX1)+/0 mice showed
changes in maximum lifespan [36].

The cellular location of ROS production may determine
whether ROS play a beneficial or detrimental role. For
instance, deletion of mitochondrial sod-2 in C. elegans has
been shown to promote longevity, whereas deletion of cyto-
plasmic sod-1 and sod-5 limits lifespan [37]. ROS produced
by mitochondrial respiratory complex I reverse electron
transport have been shown to improve lifespan in Drosophila
[38]. Moreover, respiration inhibition appears to activate the

hypoxia-inducible factor-1 (HIF-1) by elevating ROS
levels. This activation has been shown to increase longevity
[17, 18]. Studies in genetically modified mice have shown
that a moderately impaired mitochondrial function can
result in healthier aging, whereas severely altered mitochon-
drial homeostasis can be detrimental [39, 40]. Based on these
observations, it is clear that both the level and location of
ROS production contribute to determining the role of ROS
in regulating longevity [41].

3. Role of ROS in Nuclear and Mitochondrial
DNA Damage

Nuclear and mitochondrial DNA damage caused by ROS
contributes significantly to the aging process. Under nor-
mal physiological conditions, a myriad of DNA repair
mechanisms work in harmony to keep damage contained.
Base excision repair, mismatch repair, nucleotide excision
repair, and double-strand-break repair all work rigorously
to mend DNA damage induced by ROS, X-rays, UV and ion-
izing radiation, alkaline agents, replication errors, antitumor

Endogenous
sources

Exogenous
sources

Antioxidant
defences

Mitochondria
Peroxisomes
Lipoxygenases
NADPH oxidase
Cytochrome P450

Enzymatic systems
CAT, SOD, GPx
Nonenzymatic systems
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Vitamins (A, C, and E)
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Ionizing radiation
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Figure 1: The sources and cellular responses to reactive oxygen species (ROS). Oxidants are generated as a result of normal intracellular
metabolism in mitochondria and peroxisomes, as well as from a variety of cytosolic enzyme systems. In addition, a number of external
agents can trigger ROS production. A sophisticated enzymatic and nonenzymatic antioxidant defense system including catalase (CAT),
superoxide dismutase (SOD), and glutathione peroxidase (GPx) counteracts and regulates overall ROS levels to maintain physiological
homeostasis. Lowering ROS levels below the homeostatic set point may interrupt the physiological role of oxidants in cellular proliferation
and host defense. Similarly, increased ROS may also be detrimental and lead to cell death or to an acceleration in aging and age-related
diseases. Traditionally, the impairment caused by increased ROS is thought to result from random damage to proteins, lipids, and DNA.
In addition to these effects, a rise in ROS levels may also constitute a stress signal that activates specific redox-sensitive signaling pathways.
Once activated, these diverse signaling pathways may have either damaging or potentially protective functions. Reproduced with
permission from T. Finkel and N.J. Holbrook: Oxidants, oxidative stress and the biology of aging.Nature, vol. 408, no. 6809, pp.239-247, 2000.
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agents, and various chemical agents [42]. Deficiencies in
any of these repair mechanisms can accelerate the onset
of aging [43].

The DNA theory of aging, first postulated by Szilard in
1959 [44], correlates the steady accumulation of DNA dam-
age with imbalances in cellular function, ultimately leading
to cell and organismal aging. Vilenchik and Knudson [45]
calculated that the mammalian genome can sustain as many
as 1000 lesions per hour per cell. These lesions include oxida-
tive damage to bases, cross-linkages, and single-/double-
strand breaks. Endogenous ROS usually cause the formation
of abasic sites by breaking the glycosidic bonds between
nucleotide bases and deoxyribose residues [46, 47]. Environ-
mental agents like UV rays and chemical mutagens cause
strand breaks through base modifications and intercalations
[48, 49]. When unrepaired damage accumulates, it triggers
the DNA damage response (DDR) [50, 51], which activates
DNA repair systems [43]. Despite the number of lesions from
which the genome suffers, the frequency of actual mutations
is much lower, precisely because of these well-coordinated
sensing and repair systems. However, when DNA repair
mechanisms are overwhelmed or become dysfunctional, the
DDR triggers senescence or apoptosis to suspend or elimi-
nate the damaged cells, respectively. The accumulation of
senescent cells in aging tissues [32] has been implicated as
the driving force in the aging process, primarily through
inflammatory pathways [33].

DNA repair can be divided into three types: base excision
repair (BER), nucleotide excision repair (NER), and nonho-
mologous end joining (NHEJ). These processes have been
reviewed exhaustively in the literature [52–54]. BER typically
repairs oxidative DNA damage, most commonly the 8-
oxoguanine lesion [55]. Briefly, DNA glycosylases excise
the damaged base and a polymerase inserts the correct
nucleotide in its place [56]. NER corrects more complex
lesions not associated with oxidative damage, such as adduct
formation between bases and UV-ray-induced cross-linkages
[57]. While excision repairs primarily occur during replica-
tion, NHEJ can repair DNA double-strand breaks during
the resting state as well [58]. NHEJ is a 3-step process that
starts with the binding of the broken strand end to the Ku
protein. The damaged and/or mismatched nucleotides are
then removed, and the correct sequence is synthesized by
DNA polymerase [59].

Unsurprisingly, studies have observed an age-related
decline in DNA repair protein levels and activities [55].
Reduced BER activity has been reported in different tissues
in older humans [60] and in mice lacking sirtuin 6, a histone
deacetylase that is active during DNA repair [61]. Decreased
levels of Ku protein and other NHEJ mediators are seen dur-
ing normal human aging and in cases of Alzheimer’s disease
[62]. Similarly, NHEJ activity also decreases in aged rats that
have accumulated DNA strand breaks in their neurons [63].

The strongest evidence for the DNA theory of aging
comes from human progeroid (i.e., premature aging) syn-
dromes, such as Werner syndrome (WS), Bloom’s syndrome
(BS), and xeroderma pigmentosum (XP). These syndromes
are caused by genomic instability and an underlying defect
in DNA repair. WS and BS are caused by loss-of-function

mutations in the WRN and BLM genes, respectively
[64, 65]. These genes encode RecQ helicases, which are
involved in both DNA replication and repair and are known
to interact with the Ku protein [66, 67]. Murine knockouts of
WRN and BLM have significant genomic instability and
impaired DNA repair mechanisms compared with WT mice
[68, 69]. XP is characterized by a mutation in the excision
repair cross-complementation group 1 xeroderma pigmento-
sum group F (ERCC1-XPF) nuclease, which plays an impor-
tant role in both NER and NHEJ repairs [70]. Mice lacking
ERCC1 show accelerated skin aging and increased DNA
damage and cellular senescence compared with WT mice
[71]. Replicative telomere shortening has been implicated in
aging based on studies in the telomerase-knockout mouse
model. This mouse model exhibits progeria and accumulates
extensive DNA damage (reviewed by [72]). Telomere short-
ening also accompanies human progeria syndromes, such
asWS and BS. More recent studies have directly linked defec-
tive DNA repair—specifically BER and NER—to the sites of
telomere-uncapping-induced DDR [73, 74]. Examples of
specific DNA damage repair and response defects that lead
to genetic disorders in humans are shown in Figure 2. Thus,
there is substantial evidence linking impaired DNA repair
with aging syndromes; however, further studies are needed
to provide a direct mechanistic link.

Since mitochondria are the main sites of ROS produc-
tion, mitochondrial DNA (mtDNA) contains higher levels
of oxidative damage and its mutation rate is significantly
greater than that of the nuclear DNA [75]. In addition to
their proximity to the sites of ROS generation, it is likely that
the mitochondrial genomes are more prone to oxidative
damage because histones and other chromatin-associated
proteins, present in nuclear genomes where they act as scav-
engers of oxygen radicals, are absent in the mitochondria.
The existence of repair of oxidative damage to mtDNA, orig-
inally reported in the early '90s, is well established [76–78].
BER appears to be the only excision repair process active in
the mitochondrial genomes. All mtDNA repair proteins are
encoded by the nuclear genome and imported into the mito-
chondrial matrix. Most mtDNA repair proteins discovered
so far are isoforms of the nuclear BER proteins arising from
differential splicing or truncation of the terminal sequences
[79, 80]. The mitochondrial DNA polymerase γ (Polγ) and
mtDNA ligase (Lig IIIα), involved in mtDNA replication,
appear to also be functional in mitochondrial BER [79, 80].

Accumulation of somatic mtDNA mutations has been
found to accelerate normal aging [81–84], leading to oxida-
tive damage, energy failure, increased production of ROS,
and accumulation of amyloid-beta peptide (Abeta) [85, 86],
a key molecule in Alzheimer disease (AD) [83]. A vicious
cycle ensues which reinforces mtDNA damage, the impair-
ment of the mitochondrial respiration, and oxidative stress.

4. Role of ROS in Protein Homeostasis

Similar to DNA damage, age-related protein damage and
the accumulation of damaged protein products contribute
to aging. Therefore, it is critical to understand how ROS
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Figure 2: Examples of distinct DNA damage repair and response defects leading to genetic disorders in humans. Various damage types,
including DNA double-strand breaks, bulky lesions, and base lesions, require nonhomologous end joining (NHEJ), nucleotide excision
repair (NER), and base excision repair (BER), respectively. Defects in DNA-damage-response pathways lead to genome instability and,
consequently, to complex syndromes characterized by tissue degeneration, cancer susceptibility, developmental defects, and premature
aging. AD: Alzheimer’s disease; PD: Parkinson’s disease; HD: Huntington’s disease.
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contribute to an imbalance in cellular protein homeostasis
and alter the aging process.

Free radicals can “attack” proteins, causing oxidative
damage. Oxidative damage can alter protein function. Fur-
ther, it can produce carbon-oxygen double bonds at argi-
nine, lysine, proline, and threonine side chains, forming
reactive ketones or aldehydes, known as protein carbonyls
[87], normally considered to reflect the overall levels of cel-
lular oxidative stress [88]. Protein carbonyls are associated
with the production of aberrant protein isoforms [89, 90].
Unlike other oxidative modifications, such as disulfide bond
formation, protein carbonylation is irreversible. Thus, the
only means of limiting the damage caused by the affected
proteins is their degradation. As more oxidative damage
accumulates, proteins are more likely to misfold. Moder-
ately oxidized proteins undergo degradation by the protea-
some, the highly sophisticated protease complex designed
to carry out selective, efficient, and processive degradation
of short-lived, damaged, misfolded, or otherwise obsolete
proteins [53]. However, heavily oxidized proteins can cross-
link with other proteins, which prevents their degradation
[54]. As a consequence, heavily damaged proteins accumu-
late within the cell, affecting its proper functioning.
Accordingly, impaired proteostasis is a hallmark of many
age-related diseases, including Alzheimer’s and Parkinson’s
disease [91, 92].

Many studies have shown links between protein
homeostasis, ROS, and oxidative stress. For instance, reduc-
ing insulin/IGF-1 signaling or inhibiting downstream
mTOR signaling has been shown to improve the homeostasis
of Alzheimer’s disease-associated proteins, promoting lon-
gevity and protecting cognitive function in animal models
[93]. Several studies in C. elegans have also shown that
the heat shock factor 1 (HSF-1) works with the FOXO-like
transcription factor, daf-16, to improve protein homeostasis
and increase lifespan [94, 95]. Treating C. elegans with the
amyloid-binding dye thioflavin T has been shown to reduce
protein aggregation and extend lifespan via HSF-1- and
SKN-1-/Nrf-mediated signaling [96]. Another study com-
paring the role of small heat shock proteins in Drosophila
identified two proteins—CG14207 and HSP67BC—involved
in proteostasis which mildly improved longevity when over-
expressed in Drosophila [97].

Two important proteolytic pathways are the ubiquitin-
proteasome pathway (UPP) and autophagy [98]. The UPP
is a proteolytic system responsible for the majority of intra-
cellular protein degradation. A key aspect of UPP-mediated
proteolysis is the selective targeting of proteins for degrada-
tion via posttranslational modifications, particularly ubiqui-
tination and sumoylation [77, 78]. Aging is associated with
increased levels of ubiquitinated and sumoylated protein in
various tissues [99–103], potentially as a result of age-
dependent UPP malfunctioning [104, 105].

Ubiquitination pathways have been shown to play a sig-
nificant role in regulating lifespan [106, 107]. In Drosophila,
a loss-of-function mutation in the ubiquitin-activating
enzyme Uba1 significantly reduced lifespan and weakened
motor function [108]. In C. elegans, overexpression of
the E3 ubiquitin ligase, WWP-1, increased lifespan via

signaling mediated by the forkhead box A (FoxA) tran-
scription factor [109].

Enhanced expression of the proteasome assembly protein
Ump1 has also been associated with enhanced viability
following exposure to various oxidative stress factors
(e.g., menadione, hydrogen peroxide, and 4-hydroxynonenal)
in S. cerevisiae [89]. This increased viability was associated
with an enhanced preservation of proteasome-mediated
protein degradation. Interestingly, cells expressing elevated
levels of Ump1 also exhibited an enhanced preservation of
proteasome-mediated protein degradation and enhanced
viability during stationary-phase aging. Taken together,
these data strongly support a key role of the proteasome
during oxidative stress and aging [89].

Autophagy is also essential for maintaining protein
homeostasis, as both cellular autophagy and mitophagy
(autophagy of an entire mitochondrion) impact lifespan
[90, 110]. Three autophagy proteins (LC3B, ATG5, and
ATG12) play an important role in preserving mitochondrial
integrity and lifespan [111]. In human umbilical vein endo-
thelial cells, targeted mitochondrial damage was found to ini-
tiate a cascade of events involving a short-term increase in
ROS production, followed by mitochondrial fragmentation
and upregulation of LC3B, ATG5, and ATG12. This cascade
significantly enhanced the replicative lifespan up to 150%
and the number of population doublings up to 200% [111].
Additionally, in normal aging and during the progression
of age-related pathologies, autophagy is responsible for the
removal of proteins damaged by oxidation, for instance, from
the brain to restore its proper function [112, 113].

During aging, mitochondria—the primary source of
ROS—are often subjected to oxidative damage at a level that
supersedes the protective capacity of the antioxidant
response. In such cases, removal of damaged mitochondria
through mitophagy is crucial to mitigate the detrimental
effects on the organism [114]. Furthermore, in C. elegans,
tight coupling between mitophagy and mitochondrial bio-
genesis is important for promoting longevity under stress
conditions [115]. Also, in flies, overexpression of the mito-
phagy protein PARKIN has been shown to extend lifespan
by enhancing mitochondrial turnover [116]. Therefore,
mitophagy acts as a major marker of ROS-induced damage
and plays a significant role in aging and various age-related
disorders [117].

5. The Nucleus-Mitochondria Connection and
the Importance of Mitochondrial
Proteostasis

Nuclear DNA damage induces nuclear-to-mitochondrial
signaling (NM signaling). This process plays a vital role
in mitochondrial homeostasis and aging. Nuclear proteins
(e.g., HIF-1α, proliferator-activated receptor gamma coacti-
vator-1α (PGC-1α), forkhead box protein O (FOXO), and
the sirtuin family) together with nuclear DNA damage repair
proteins can affect mitochondrial integrity and contribute to
age-related pathologies [118]. Recent studies have established
an important connection between nicotinamide adenine
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dinucleotide (NAD+) and DNA repair proteins in maintain-
ing mitochondrial metabolism and increasing lifespan [119].

Sirtuins, NAD+-dependent deacetylases, act as metabolic
sensors that perceive imbalances in the NAD+/NADH ratio.
The inhibition of DNA repair proteins, specifically NAD+-
consuming poly (ADP-ribose) polymerase proteins (PARP-
1 and PARP-2), increases cellular NAD+ levels [119]. High
NAD+ levels subsequently activate sirtuins, which in turn
promote higher mitochondrial content, increased energy
expenditure, and protection against metabolic disease [119],
ultimately extending longevity [120]. Furthermore, sirtuin
activators, such as resveratrol, have been shown to promote
longevity [121, 122] by inducing calorie restriction- (CR-)
like effects in C. elegans [123].

However, both PARP and sirtuins must consume NAD+

to be functional. Large amounts of PARP and sirtuins can
deplete cellular NAD+ levels. Depleted NAD+ levels lead to
sirtuin inactivation and excessive ROS production, which
alters mitochondrial integrity [124]. Moreover, perturbations
in the activity of sirtuins deactivate several enzymes includ-
ing PGC-1α (peroxisome proliferator-activated receptor
gamma coactivator 1α), forkhead box O (FOXO) transcrip-
tion factors, hypoxia-inducible factor-1α (HIF-1α), and
AMP-activated protein kinase (AMPK), which modulates
the production of various antioxidative enzymes, affecting
oxidative defense mechanisms [125].

DNA-damage-induced NM signaling through the
PARP-NAD+-sirtuin axis can accelerate the onset of aging
by disrupting mitochondrial integrity. Thus, genetic or phar-
macological interventions targeting proteins or metabolites
involved in NM signaling can potentially promote longevity.
For instance, in aging rats, treatment with the PARP
inhibitor INO-1001 reduces cardiovascular disorders [126],
and treatment with the PARP inhibitor PJ34 improves

myocardial contractile function and restores endothelial
function [127]. Furthermore, PARP-1 inhibition may pro-
tect against age-dependent endothelial dysfunction, poten-
tially by regulating NO bioavailability via iNOS [128].

However, the beneficial role of PARP-1 inhibition in
aging has been questioned [129]. For instance, PARP-1-null
mice have a reduced lifespan, an earlier onset of aging, and
an increased rate of spontaneous carcinogenesis compared
with WT mice [130]. One explanation for discrepancies
among studies is the dual role of PARP: while PARP contrib-
utes to maintain genomic stability and promote longevity,
excessive PARP activity depletes cellular NAD+ and triggers
nuclear factor-κB- (NF-κB-) induced inflammation, leading
to the rapid onset of aging and age-related disorders [131].

Aging is accompanied by decreased NAD+ synthesis and
increased NAD+ consumption, resulting in a net decrease in
the pool of available NAD+ (Figure 3). Reduced NAD+ levels
lead to an age-related reduction of sirtuin 1 (SIRT1) activity.
Reduced SIRT1 activity impacts mitochondrial function
through at least two mechanisms: (1) reduced biogenesis sec-
ondary to a reduction in PGC1-α activity and (2) impaired
mitochondrial function due to a reduction in mitochondrial
DNA replication and transcription [132, 133]. Therefore,
supplementation with NAD+ or its precursors is hypothe-
sized to promote healthy aging and longevity [134–136].

Experimental models have shown that NAD+ supple-
mentation is beneficial for maintaining carbohydrate me-
tabolism, cardiovascular function, stem cell function, and
longevity [137]. Moreover, nicotinamide prevents cellular
senescence by reducing excessive ROS production [138,
139]. Several human clinical studies testing the efficacy of
this compound are ongoing [140].

The NAD+-mediated improvement in C. elegans lifespan
was shown to involve a series of interconnected mechanisms
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Figure 3: Age-dependent decline in NAD+. Decreased NAD+ synthesis and increased NAD+ consumption with age may both contribute to a
decrease in the NAD+ pool. A reduction in NAD+ levels leads to an age-related reduction of SIRT1 activity. Reduced SIRT1 activity impacts
mitochondrial function through at least two mechanisms: (1) a reduction in biogenesis secondary due to a reduction in PGC1-α activity and
(2) an impairment of mitochondrial function due to a reduction in mtDNA replication and transcription. Reproduced with permission from
Prolla, T.A. and Denu, J.M., 2014. NAD+ deficiency in age-related mitochondrial dysfunction. Cell Metabolism, 19(2), pp.178-180.
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that include (1) activation of the worm sirtuin homolog
Sir-2.1, (2) nuclear translocation and activation of the FOXO
transcription factor daf-16, and (3) increased expression of
antioxidative enzymes [141].

In a mouse model, treatment with the NAD+ precursor
nicotinamide riboside (NR) delayed muscle and neural stem
cell senescence and increased longevity. This effect seemed to
be mediated by the induction of the mitochondrial unfolded
protein response (UPRmt) [142]. Involvement of the UPRmt
in the lifespan-extending effect of NAD+ has also been pro-
posed in C. elegans [143].

The UPRmt is a form of retrograde signaling that con-
tributes to ensuring the maintenance and functional integ-
rity of the mitochondrial proteome [144]. Accumulation of
misfolded proteins or unassembled complexes in the mito-
chondria beyond a certain threshold leads to altered proteos-
tasis that can result in organelle/cell dysfunction [145].
Mitochondria relay this distress message to the cytosol
and nucleus through various types of signals, and in
response, the cell elicits a set of responses, including the
production of mitochondrial localized molecular chaper-
ones and proteases to promote the recovery of organellar
protein homeostasis [91, 92, 146, 147].

An adaptive pathway triggered by a sirtuin-dependent
UPRmt, which results in increased mitochondrial complex
content and activity [143, 148], has been shown to lead to
increased lifespan, at least in mice and flies [143, 142, 146].
Mitochondrial retrograde signaling to the nucleus via the
mTOR pathway has also been found to extend normal
human fibroblast lifespan, increase the mitochondrial mem-
brane potential, reduce ROS level, and enhance autophagic
flux [149]. ROS can exert an additional burden on the protein
quality control system since protein chaperones themselves
are susceptible to oxidative damage resulting in further dam-
age accumulation and accelerated aging [4, 65].

Collectively, these studies establish a ROS-mediated
connection between the mitochondria, the nucleus, and
proteostasis.

6. Role of ROS in Nonpharmacological
Strategies to Extend Lifespan

6.1. Calorie Restriction (CR). The term “caloric restriction”
designates reduced energy intake without malnutrition,
and it represents the most effective and reproducible dietary
intervention known to promote healthy aging and slow
down the manifestation of age-related disorders in various
model organisms including yeast [150–153], nematodes
[154, 155], fruit flies [156], mice [157–159], and primates
[160]. CR regulates numerous physiological processes asso-
ciated with aging, including metabolism [161–165], oxida-
tive stress [166, 167], genomic stability [168], and growth
signals [169–171].

Four major theories have been proposed to account
for the beneficial effects of caloric restriction. According
to the “oxidative damage attenuation” hypothesis, oxida-
tive damage is decreased during caloric restriction (CR),
through the decreased production of reactive oxygen spe-
cies and the upregulation of protective enzymes, resulting

in a decrease in DNA damage and increase in genomic
stability [168, 172, 173]. The “glucose-insulin” hypothesis
suggests that the decreased levels of circulating insulin and
glucose that accompany CR lead to decreased cell growth
and division, shifting the resources of the cell towards main-
tenance and repair [172, 173]. The related “insulin-like
growth factor (IGF) 1” hypothesis suggests that decreased
levels of growth hormone and IGF-1 in response to CR pro-
mote maintenance and repair activities [172, 173]. Finally,
the “stress-adaptation” (or hormesis) hypothesis suggests
that CR promotes a low level of stress which induces cross-
adaptation to other stress factors by increasing the levels of
antioxidant and DNA repair proteins [174].

Several molecular explanations for the lifespan-
extending effects of CR have been proposed. However, much
is still unknown about the precise contribution of each path-
way to the lifespan-extension effect of CR. This understand-
ing is further complicated by the extensive crosstalk between
the different pathways and by the fact that some pathways
are present in some model organisms but not in others.
The complex network of pathways that are involved in the
lifespan-extending effects of caloric restriction is depicted
in Figure 4.

Two of the most studied pathways purportedly involved
in the lifespan-mediated extension conferred by CR are those
mediated by inhibition of insulin/IGF-1 signaling and inacti-
vation of mTOR (mechanistic target of rapamycin). Both are
considered nutrient-sensing pathways (insulin for glucose
and mTOR for amino acids). Decreases in circulating levels
of nutrients (amino acids, glucose, and even cholesterol)—all
of which are also sensed by mTOR—contribute to decreased
mTOR activity during CR [175]. mTOR inhibition leads to
SKN-1-/Nrf- and daf-16-/FOXO-mediated activation of pro-
tective genes, resulting in an increase in stress resistance and
longevity [176]. Additionally, inhibition of mTOR is known
to induce autophagy, which has an important role in proteos-
tasis during aging [177, 178]. The lifespan-extending effect
of mTOR inhibition, either genetically or chemically, seems
to be very conserved across different model organisms [159,
179–181]. The insulin pathway is mediated via several addi-
tional enzymes including PI3K/Akt/Ras and the forkhead O
(FOXO) transcriptional factor [182–184].

The pathway mediated by adenosine monophosphate-
activated protein kinase (AMPK) is a third possible CR-
relevant pathway that can, in some organisms, crosstalk with
the mTOR pathway. AMPK is a highly conserved sensor of
increased levels of AMP and ADP originating from ATP
depletion [185–187]. In general, activation of AMPK acts to
maintain cellular energy stores, switching on catabolic path-
ways that produce ATP, mostly by enhancing oxidative
metabolism and mitochondrial biogenesis, while switching
off anabolic pathways that consume ATP. The importance
of AMPK in determining lifespan is demonstrated by the fact
that treatment with metformin, an AMPK activator, extends
the lifespan of C. elegans and short-lived, cancer-prone mice
strains [188–190].

One additional important pathway is that directed by sir-
tuins, the activity of which increases with CR. Association of
sirtuins with decreased oxidative stress levels and increased
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antioxidative defense has been proposed for several model
organisms [191, 192], as well as humans, but the exact molec-
ular mechanisms behind this association remain unclear.
SIRT3 has been suggested as an essential player in enhancing
the mitochondrial glutathione antioxidant defense system
during caloric restriction [193]. SIRT3-dependent mitochon-
drial adaptation may also contribute to delaying aging in
mammals [193].

Their role as mediators in the beneficial effects exerted by
caloric restriction have made sirtuins promising pharmaco-
logical targets to delay aging and age-related diseases [194].
Resveratrol is a polyphenol antioxidant found in red wine
and shown to activate sirtuins in several organisms, including
humans [195, 196]. Resveratrol is also an AMPK activator,
and this activity can also contribute to the beneficial effects
of this polyphenol [197]. Purportedly, resveratrol upregulates
antioxidant defense mechanisms and attenuates mitochon-
drial ROS production via sirtuin activation. Significant
reduction of cellular hydrogen peroxide [198–200], upregu-
lated MnSOD expression [195, 196], and increased cellular
glutathione content [201] have been observed after resvera-
trol administration. The therapeutic potential of resveratrol

has been the subject of intense research over the last decade
(e.g., [195–198]).

CR has also been shown to reduce age-related accumu-
lation of oxidative damage by decreasing mitochondrial
respiration, membrane potential, and the rate of ROS pro-
duction [166, 167], although CR seems to have only a minor
effect on age-related changes in the mitochondrial proteome
[202]. CR also increases mitochondrial biogenesis through
the PGC-1α signaling pathway [203]. Moreover, other
studies have also shown that CR protects from age-related
vascular malfunctioning by increasing nitric oxide (NO)
bioavailability, reducing ROS production, triggering anti-
inflammatory responses, and preventing oxidative damage
by activating the NRF-antioxidant response element (ARE)
signaling pathway [204, 205].

Caloric restriction typically involves a 20–40% reduction
of food consumption relative to normal intake. This is a
rather severe intervention that can have detrimental effects
[191]. Intermittent or periodic dietary restrictions without
chronic caloric restriction have the potential to provide a sig-
nificant health span increase while minimizing adverse
effects. In fact, studies in rodents have shown that even a

IGF-1
Calorie

restriction

Mitochondrial turnover,
biogenesis, and

metabolism

Oxidative
metabolism

Autophagy

Inflammation

Proliferation

Rapalogs

Autophagy

Antioxidants

IIS

P13K

PDK1

Akt

daf-16/FOXO

HIF-1

SKN-1/Nrf2

S6K

ATG

SIRTAMPK
NF-�휅B

PGC1�훼 CREB

Growth
factors

mTORC2

Oxygen

Nutrients

mTORC1

Figure 4: Crosstalk between mTOR and other longevity pathways. mTORC1 responds to a variety of environmental cues, including oxygen
and nutrients, and communicates with several other known longevity factors in a complex network of interactions. Rapalogs inhibit mTORC
and decrease its activity. Sensing of low oxygen levels stimulates mTORC1 to activate the hypoxic response by enhancing translation of HIF-1,
which inhibits FOXO family members and increases longevity. mTORC1 inhibits the stress response transcription factor SKN-1/Nfr2,
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AMPK, resulting in enhanced longevity, potentially via PGC1α-mediated increase in mitochondrial metabolism. Calorie restriction also
inhibits IGF1-dependent signaling via PI3K/PDK1/Akt which inhibits FOXO, blocking the expression of antioxidants and autophagy.
Calorie restriction leads to increased NAD+/NADH ratio, which activates sirtuins, that in turn induce mechanisms to enhance cell
protection, including enhanced antioxidant production and autophagy. Calorie restriction can also block inflammation via the effects of
sirtuins on NF-κB. cAMP response element binding proteins (CREB) can also upregulate the transcription of sirtuins, slowing aging.
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10% decrease in food consumption can substantially affect
lifespan [206]. Sod−/− mice show increased levels of oxidative
stress, which in turn results in reduced lifespan. Dietary
restriction (60% of ad libitum fed diet) was shown to increase
the lifespan of Sod−/− mice by 30%, making it similar to that
of wild-type, control mice fed ad libitum [207], by reducing
lipid peroxidation in the liver and brain. The same dietary
intervention was found to attenuate age-associated muscle
atrophy by lowering oxidative stress in mice even in complete
absence of the key antioxidant enzyme CuZnSOD [208].

6.2. Exercise. Exercise is another effective nonpharmacologi-
cal means of delaying the negative effects of aging. Several
studies reported elevated O2 load in skeletal muscle fibers
[209, 210] and increased ROS levels [209, 211] during exer-
cise as a result of increased mitochondrial respiration
required to generate ATP for muscle contractions. While
mitochondrial oxidative phosphorylation is the primary
source of exercise-induced ROS, xanthine oxidase and endo-
thelial nitric oxide synthase (eNOS) also contribute to ROS
generation during endurance training [212] and stretching
exercises [40, 41]. Regular exercise has been associated with
lowered mortality and incidence of age-related diseases
[213–215]. Therefore, exercise interventions potentially
could have benefits for older individuals through modulation
of inflammatory and redox status, which can influence pro-
teostasis, insulin sensitivity, body composition (e.g., adipose
tissue), and hormone levels [216].

An aging-associated increase in ROS production in
skeletal and cardiac muscle cells during rest and in a postex-
ercise state has been reported [211, 217]. At the muscular
level, age-related increases in ROS levels have been associated
with various mechanisms, such as ETC dysregulation due
to decreased activity of cytochrome c oxidase and other
enzymes [218] and mitochondrial membrane disruption
due to lipid peroxidation and unsaturation [44, 45].

However, conflicting results also have been reported. A
study of the skeletal and cardiac muscle tissues of aged
rats showed a significant increase in antioxidant enzymes,
such as SOD, catalase, GPX [47–50], and glutathione
(GSH) [51, 132]. Additionally, muscles that undergo chronic
exercise show lower oxidative stress in terms of lipid, protein,
and DNA damage in both humans and model organisms [38,
49, 133]. Accordingly, mitochondria isolated from trained
muscle cells showed higher oxidative resistance in vitro [55,
219]. Studies also show an increase in SOD, GPX, and GSH
levels following endurance training in both young and old
individuals [56, 57]. These results suggest that regular physi-
cal exercise is accompanied by an adaptation of the cells to
deal with oxidative stress, which in turn elicits beneficial
effects, for example, in the immune system [220]. This idea
is summarized by the concept of hormesis. Hormesis can
be defined as the adaptive response seen in organisms contin-
uously exposed to low to moderate levels of stress. Under
these conditions, cells develop an adaptive response, includ-
ing increased expression of antioxidant genes, which in turn
makes them resistant to multiple stressors [221, 222].

The induction of hormesis is controlled by redox sensor
pathways which, upon activation by oxidants, upregulate

the antioxidant enzymatic system [223]. For example, intense
physical exercise activates the mitogen-activated protein
kinase (MAPK) and the NF-κB redox signaling pathways in
both humans and rodents [60, 61]. The major targets of these
pathways are antioxidant enzymes, including SOD, GPX, and
GSH which contain NF-κB and activator protein-1 (AP-1)
binding sites in their promoters [62–65] as well as responsive
elements to various stimuli like proinflammatory cytokines,
oxygen tension, and ROS [66–68]. In skeletal muscles,
another crucial hormetic adaptation to oxidative stress is
the increase in mitochondrial mass and protein content
[69, 70], particularly the level of cytochrome c oxidase. Cyto-
chrome c oxidase controls electron flow and the superoxide
formation in the ETC [224]. These changes upregulate the
expression of PGC-1, which drives mitochondrial biogenesis
in skeletal muscles during exercise [225]. PGC-1 is also
linked with reduced oxidative stress [226].

It has been hypothesized that this hormetic response to
oxidative stress becomes impaired as skeletal muscles age
[218, 227]. This hypothesis is supported by several studies
reporting significantly lower NF-κB expression and activity
in aged muscles [217, 228, 229]. By contrast, other studies
have reported unchanged [230] or even higher [231] NF-κB
levels at a resting state and decreased MAPK pathway activa-
tion postexercise in aged muscles of rodents and humans.

While exercise interventions have been proposed as effec-
tive, nonpharmacological means of delaying the negative
effects of aging on functional and metabolic parameters
[216], it is also well known that regular vigorous exercise
can have detrimental effects, as evidenced by the enhanced
susceptibility of elite athletes to infections [232]. This effect
seems to be at least partly due to the detrimental effects of
long-term exposure to the enhanced ROS production asso-
ciated with intense exercise practice. For instance, chronic
muscle injury, a common affliction of not only athletes
but also older individuals, increases the production of pro-
inflammatory cytokines, such as tumor necrosis factor-α
(TNF-α) and interleukin-6 (IL-6), which further contribute
to oxidative stress that, in turn, exacerbates muscle inflam-
mation, creating a vicious cycle of inflammation and oxida-
tive damage [233].

Additional studies are needed to resolve the conflicting
results regarding the effects of exercise and exercise-
induced hormesis on the oxidative stress status skeletal mus-
cles and its progression throughout the lifespan.

7. ROS versus Aging: May Bacteria Take
the Stand

Until recently, dogma held that bacteria do not undergo any
events that are equivalent to the aging process [234]. How-
ever, this viewpoint has changed over the last decade. Bacte-
rial aging was first reported in the asymmetrically dividing
Caulobacter crescentus [235, 236]. In this α-Proteobacteria,
cell division is both morphologically and functionally asym-
metric. This asymmetry produces a clear distinction between
mother and daughter cells. Ackermann et al. [162] reported
that, over multiple divisions, the time required for a mother
cell to yield a new daughter cell doubled from 2.6 h to 5 h
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per division cycle, a process similar to replicative aging in
eukaryotes [235, 236]. Later, Stewart et al. [237] demon-
strated that Escherichia coli also displayed features of replica-
tive aging despite dividing by symmetrical, binary fission.
Using automated time-lapse microscopy to image 8–10
reproduction cycles of individual cells, the authors observed
that the old-pole (mother) cells showed a decreased growth
fitness (e.g., growth rate) over successive generations, com-
pared with their new-pole (sister) cells. The old-pole cells
had reduced offspring formation and increased incidence of
cell death. After approximately 100 divisions, the old-pole
cells ceased to grow [237].

Subsequent research demonstrated that similar processes
occur in Bacillus subtilis [238] andMycobacterium spp. [239]
(Figure 5). These observations confirm that aging in bacteria
is a more general phenomenon than once thought, which
affects not only microbes with distinct morphologies within
the mother-to-daughter lineage but also those in which
growth asymmetry is seen in the progeny at the functional/
molecular level.

7.1. Aging and Conditional Senescence. During the stationary
phase, as a result of nutrient limitation, E. coli cells enter a
unique state known as conditional senescence [240]. Once
rendered senescent, bacteria continuously lose their cultur-
ability and are unable to resume growth even when nutrients
become available again. This feature makes conditional
senescence very similar to human somatic cell senescence
[100–103], and the replicative lifespan of yeast (S. cerevisiae),
which is commonly used to model the aging process of
mitotic tissues in higher organisms [241].

The observed functional asymmetry in bacterial division,
initially reported by Stewart et al. [237], has been associated
with asymmetric segregation of damaged cell components
(e.g., protein aggregates) [242, 243], a process also present
in eukaryotes [244–246]. Asymmetric protein damage
aggregation seems to be an active process in yeast [87]. In
bacteria, this process seems to be mainly passive and driven
by molecular crowding [247].

Batch cultures of E. coli subjected to starvation-induced
growth arrest exhibit markedly higher loads of damaged
(carbonylated) proteins [248], a feature also present in aging
eukaryotes [249, 250]. However, this load does not seem
to be uniformly distributed in the population. Interestingly,
low-carbonyl-load cells remained reproductively competent,
whereas high-carbonyl-load cells were genetically dead (i.e.,
unable to be cultured). Whether this starvation-induced het-
erogeneity in carbonylation and fitness is programmed and
whether it is the result of damage segregation during cytoki-
nesis has not been elucidated. Bacterial cell senescence
induced by other external stimuli, including UVA radiation,
is also associated to the accumulation of protein carbonyls
as a result of oxidative damage [251–253] (Figure 6).

Time-dependent accumulation of protein carbonyls has
been observed during the stationary phase in E. coli [254].
The activities that contribute to protein oxidation during
the stationary phase are shown in Figure 7. Given that one
of the criteria for aging is an increase in mortality rate over
time [255], this time-dependent accumulation of protein

carbonyls provides a compelling argument that prokaryotes,
such as E. coli, age. Some proteins, such as tricarboxylic acid
(TCA) cycle enzymes, seem to be particularly susceptible to
carbonylation [256]. Interestingly, cells lacking SOD-1 activ-
ity display higher amounts of protein carbonylation and lose
viability more rapidly in the stationary phase [248]. Further-
more, stationary-phase populations incubated in the absence
of oxygen have significantly extended lifespans compared to
counterparts grown in the presence of oxygen [254]. These
observations highlight the involvement of ROS and oxidative
stress in stationary phase-associated senescence.

During the stationary phase and under stressful condi-
tions, the oxidation of specific proteins in E. coli takes
place. These proteins include DnaK (an Hsp70 chaperone),
DNA-binding protein H-NS, universal stress protein A
(UspA), the elongation factors EF-Tu and EF-G, glutamine
synthetase, glutamate synthase, and aconitase [254, 256,
257]. Interestingly, some of these proteins are also carbo-
nylated in yeast cells under oxidative stress [258], in aging
flies [259, 260], and in the human brain of individuals
with Alzheimer’s disease [261]. These observations suggest
that unchecked oxidative damage in the form of protein
carbonylation could be the proximal cause of aging among
stationary-phase E. coli populations [248]. However, there
is no direct proof of this hypothesis.

Growth-arrested, stationary-phase E. coli develop resis-
tance to heat and oxidative stress, a phenomenon known
as stasis-induced cross-protection [262]. Cells starved of car-
bon or nitrogen are markedly more resistant to heat shock
and oxidative stress than proliferating cells [262, 263]. An
association between stress resistance and lifespan has been
described in several eukaryotic model organisms [264–267].
These observations indicate that there might be an evolu-
tionarily conserved mechanism channeling resources away
from reproduction and toward maintenance and protective
functions [268]. Similar to eukaryotes, the ability of cells
to quench ROS may play a role in determining the bacte-
rial lifespan [248].

However, as with eukaryotes, there are conflicting results
regarding the contribution of ROS to bacterial senescence.
For instance, reproductively arrested populations of E. coli
have increased levels of oxidative defense proteins and
increased population resistance to external oxidative stresses
[138, 139]. However, these populations also display higher
levels of damaged proteins [254, 256]. Additionally, no strict
correlation has been observed between respiratory activity,
protein oxidation, and the lifespan of growth-arrested E. coli
[269]. Similar results have been observed in G0-growth-
arrested yeast cells [270].

The first genes induced following growth arrest in bacte-
ria play roles in countering stasis-induced senescence and
death [262, 271]. Many of these genes encode proteins that
protect the cell from external stresses, such as heat, oxidants,
and osmotic challenge, which could account for stasis-
induced cross-protection [262]. Cross-protection relies on
the sigma factor Sigma-S [272]. Under not only starvation
but also general stress conditions, the Sigma-S transcription
factor accumulates, binds, and directs RNA polymerases
toward more than 50 specific genes [272]. E. coli mutants
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lacking Sigma-S have elevated levels of proteins with oxida-
tive damage [254, 256] and accelerated senescence during
growth arrest [272]. In Salmonella sp., both Sigma-S and
Sigma-E are required for protection against oxidative damage
in the stationary phase and mutants lacking Sigma-E have
reduced survival and increased susceptibility to oxidative
stress [273]. However, under anaerobic stationary-phase
conditions, survival is completely preserved [273], indicating
that oxidative injury is a major mechanism by which
microbial viability is reduced during nutrient deprivation.
Interestingly, members of the Sigma-S regulon include a

diverse set of proteins with functions that overlap those
of FOXO-/daf-16-regulated longevity genes in C. elegans
[142, 147, 148]. Thus, functionally similar signaling path-
ways seem to regulate stress resistance, protein damage
protection, and longevity in eukaryotes and prokaryotes.
These pathways are pivotal for survival during periods of
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starvation. They may have been evolutionarily conserved
across different branches of the tree of life because they
enhanced the maintenance capacity of the cell. Over time,
they also may have become crucial for retarding aging in
multicellular organisms [143, 149].

7.2. Genetic Determinants of Senescence and Aging in
Bacteria. Literature investigating the genes that extend
stationary-phase survival in bacteria is scarce. However, a
few mutant strains that survive longer than WT have been
reported. RssB, which regulates the stability of the sigma fac-
tor Sigma-S, has been found to play a key role in the survival
of E. coli, potentially by increasing the cell’s resistance to
spontaneous, endogenous stresses [274].

More recently, a genome-wide screen for E. coli mutants
with a prolonged stationary-phase survival phenotype iden-
tified three strains that lived longer than WT [275]. One of
the strains, ΔsdhA (succinate dehydrogenase subunit A), dis-
played increased stress resistance and extended lifespan.
Succinate dehydrogenase is a tetrameric protein complex
that catalyzes the conversion of succinate to fumarate in
the TCA cycle [276]. Subunit A, the enzymatically active
part of the complex, is a well-established source of superox-
ide in the ETC of E. coli [277]. Purportedly, when this
enzyme is absent, the rate of superoxide production is
reduced, extending stationary-phase survival [275].

The two other mutants displaying extended stationary-
phase survival were ΔlipA (lipoyl synthase) and ΔlpdA
(dihydrolipoyl dehydrogenase) [275]. The authors attributed
the enhanced lifespan of these two mutants to their reduced
consumption of oxygen, compared to WT, which in turn
increased the expression of the hypoxia transcription factor
ArcA [278]. ArcA suppresses the expression of TCA cycle
genes, such as citrate synthase (gltA), and activates the
expression of genes required to generate energy under
oxygen-limited conditions, extending stationary-phase sur-
vival [279]. These observations suggest that the extended
lifespan observed in these mutants is associated with the
induction of a physiological state typically associated with
hypoxic conditions. These results are consistent with the
lifespan-modulating role of HIF-1α in higher organisms
[37, 162, 163]. In fact, ArcA could be considered a functional
homolog of HIF-1α, although the two proteins do not share
significant sequence similarity. This functional similarity
points toward the adaptive response to oxygen-limited
conditions as an evolutionarily conserved mechanism that
can extend lifespan.

Given the conservation of key phenotypes associ-
ated with age-dependent macromolecular damage and the
lifespan-extending role of genes that control the hypoxic
response in both bacteria and higher eukaryotes, it is rea-
sonable to hypothesize that the most fundamental mecha-
nisms of aging might be conserved at all levels of life.
Future studies will help to clarify what molecular processes
underlying aging are similar between bacteria and eukary-
otes. The results of these studies could open the possibility
of using E. coli as a model organism of aging on which
specific molecular mechanisms and evolutionary theories
can be easily tested.

8. Conclusions and Future Perspectives

The progressive loss of mitochondrial function is a consis-
tent and conserved hallmark of aging that impacts both
cellular homeostasis and organismal health [134, 135]. While
ROS contribute to aging, they also play a crucial role in cell
signaling and development, thus serving a beneficial role.
The mitochondrial theory of aging offers a conciliatory
perspective of the dual role of ROS in the aging process
by incorporating two important adaptive responses: (1)
UPRmt-mediated retrograde signaling from the mitochon-
dria to the nucleus to regulate aging and (2) ROS-mediated
adaptive response to activate the antioxidant defense system
of the cell. Interventions targeting either of these two
adaptive pathways could be considered potential targets for
antiaging and lifespan-promoting therapies.

Because the accumulation of oxidative damage through-
out life is a major cause of aging, genetic or pharmacological
interventions targeting oxidative damage repair or damage
removal pathways themselves also have significant therapeu-
tic potential. However, further research in humans and non-
human primates is needed to gain insights into the clinical
significance of potential genetic, pharmacological, and non-
pharmacological interventions.

The observation that several of the processes that charac-
terize eukaryotic aging can also be seen in bacteria highlights
the potential of bacteria to serve as a simple model organism
to study aging and age-related mechanisms. These tractable
models might provide crucial assistance in the quest to
uncover the genetic, molecular, and biochemical processes
underlying aging and age-related diseases.
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Objective. The aim of this study was (1) to examine the leukocyte mtDNA copy number (CN) in unmedicated (SZ (m−)) and
medicated (SZ (m+)) male patients with paranoid schizophrenia (SZ) in comparison with the healthy male controls (HC) and
(2) to compare the leukocyte mtDNA CN with the content of an oxidation marker 8-oxodG in lymphocytes of the SZ (m−)
patients. Methods. We evaluated leukocyte mtDNA CN of 110 subjects with SZ in comparison with 60 male HC by the method
qPCR (ratio mtDNA/nDNA (gene B2M) was detected). SZ patients were divided into two subgroups. The patients of the
subgroups SZ (m+) (N = 55) were treated with standard antipsychotic medications in the hospital. The patients of the subgroup
SZ (m−) (N = 55) were not treated before venous blood was sampled. To evaluate oxidative DNA damage, we quantified the
levels of 8-oxodG in lymphocytes (flow cytometry) of SZ (m−) patients (N = 55) and HC (N = 30). Results. The leukocyte
mtDNA CN showed no significant difference in SZ (m+) patients and HC. The mtDNA CN in the unmedicated subgroup SZ
(m−) was significantly higher than that in the SZ (m+) subgroup or in HC group. The level of 8-oxodG in the subgroup SZ
(m−) was significantly higher than that in HC group. Conclusion. The leukocytes of the unmedicated SZ male patients with
acute psychosis contain more mtDNA than the leukocytes of the male SZ patients treated with antipsychotic medications or the
healthy controls. MtDNA content positively correlates with the level of 8-oxodG in the unmedicated SZ patients.

1. Introduction

Approximately 1% of the world’s population suffer from
schizophrenia (SZ). Schizophrenia is a highly heritable
neuropsychiatric disorder of complex genetic etiology.
Mitochondrion (mt) is a cellular organelle involved in the
regulation of a variety of complex cellular processes. Mito-
chondria, the cell energy source, have a crucial role in intra-
cellular calcium homeostasis, producing ROS and activating
the apoptotic pathway. MtDNA copy number (CN) variation

has been suggested as a sensitive index of cellular oxidative
stress, inflammation, and mitochondrial dysfunction [1, 2].

The accumulating morphological, genetic, and imaging
data delineates mitochondrial multifaceted dysfunction as a
pathological factor in schizophrenia [3]. Several studies have
evaluated the influence of schizophrenia on mtDNA copy
number. Results are controversial to each other. Some
authors show lower mtDNA copy number in brain tissues
and peripheral lymphocytes of schizophrenia patients com-
pared with healthy controls (HC) [4–7]. Some studies
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reported no anomalous mtDNA copy number in the tissues
of schizophrenia patients [8, 9]. The reason for the observed
contradictions may be the lack of sufficient data on the effect
of antipsychotic therapy on mtDNA copy number. It is
known that administration of antipsychotics involved mito-
chondrial functions, especially OXPHOS. The antipsychotics
inhibit the mitochondrial respiratory chain [3]. However,
there are few studies on the impact of antipsychotics on
mtDNA content in schizophrenia patients. Li et al. recently
had showed that antipsychotic risperidone causes a decrease
in the number of mtDNA copies in leukocytes of patients
with the first-episode antipsychotic-naïve schizophrenia
[4]. Thus, the first objective of our work was to determine
the effects of the standard antipsychotic therapy on the
number of mtDNA copies in the cells of male patients with
paranoid schizophrenia.

Systemic oxidative stress is associated with schizophre-
nia. Elevated reactive oxygen species (ROS) levels and
declined antioxidant statuses have been reported in the brain
and peripheral tissues of the patients with schizophrenia
[10–12]. However, it is known that oxidative stress in the
body is associated with the changes in mtDNA copy number.
For example, oxidative stress caused by environmental expo-
sure, for example, ionizing radiation, induces ROS-caused
increase of the amount of mtDNA in the human and animal
cells and organisms [13–15].

Thus, we can assume that a high level of ROS in the body
of some schizophrenia patients should correlate with an
increased mtDNA copy number. So, the second objective of
our work was to test this hypothesis. We quantified mtDNA
content and the levels of oxidative stress marker 8-oxodG
in the white blood cells of male patients with untreated
paranoid schizophrenia.

2. Methods

2.1. Subjects. This investigation was approved by the Regional
Ethics Committee of RCMG. It was carried out in accordance
with the latest version of the Declaration of Helsinki. One
hundred ten male paranoid SZ patients with acute psychotic
disorders were recruited from the general psychiatric units
for treatment of acute forms of mental disorders (Psychiatric
Hospital #14 of Moscow City Health Department andMental
Health Research Center, Moscow). All participants signed an
informed written consent to participate in this investigation.
Age of the patients: 38± 13 (19–62). Clinical symptoms have
been measured using the positive and negative syndromes
scale (PANSS) (Kay et al. [16]), a widespread instrument
proven to be valid and suitable for evaluation of positive,
negative, and general psychopathological items. It includes
three subscales, totally 30 items: 7 for positive symptoms,
7 for negative, and 16 for general psychopathological ones.
Each symptom has 7 ratings (1—absent, 2—questionable,
3—mild, 4—moderate, 5—severe, 6—markedly severe,
and 7—extremely severe). The PANSS interviews, completed
by a trained researcher, were conducted one week before the
patient’s discharge from the hospital. Patients were diag-
nosed with paranoid schizophrenia (F20.00 and F20.01 in
the International Classification of Diseases 10th Revision

(ICD-10)) using structured mini international neuropsychi-
atric interview (MINI). Diagnoses were also confirmed pur-
suant to DSM-IV criteria. The paranoid SZ duration was
less than 3 years (n = 24, 22%), 3–10 years (n = 20, 18%),
and more than 10 years (n = 66, 60%). No subjects suffered
from any relevant disease.

SZ patients were divided into groups: SZ (m+) (N = 55)
and SZ (m−) (N = 55). The patients in group SZ (m+)
received standard antipsychotic therapy in the hospital for
at least six weeks before the venous blood was sampled. They
were clinically stable and their medications had not changed
for at least one month. For the treatment of the acute dis-
orders, standard antipsychotics were used: haloperidol,
chlorpromazine, clozapine, risperidone, quetiapine, and
olanzapine. Most of the patients of the group SZ (m−)
refused to take antipsychotics in the home despite of the
chronic course of the disease. These patients did not take
antipsychotics for 3 to 8 months until a new hospitaliza-
tion with acute psychosis. Some patients of the group SZ
(m−) (N = 12, 21.8%) were diagnosed as the first-episode
SZ and were never treated with antipsychotic medications.

From the SZ (m−) patients, the venous blood was col-
lected on the day of hospitalization before starting any
antipsychotic therapy. 20mL of blood was collected from
a peripheral vein of the subject using a syringe flushed
with heparin under strict aseptic conditions. The control
group consisted of 60 healthy males with no history of any
psychiatric disorder, correlating with the patient group by
age (37± 12 (17–73)) and by their smoking habits.

2.2. Isolating of DNA from the Blood. The leukocytes were
isolated from 5mL of blood by the method of Boyum [17].
5mL of the solution containing 2% sodium lauryl sarcosylate,
0.04M EDTA, and 150μg/mL RNAse A (Sigma, USA) was
added to the fresh leucocytes for 45min (37°C) and then
was treated with proteinase K (200μg/mL, Promega, USA)
for 24 h at 37°C. The lysate samples were extracted with an
equal volume of phenol, phenol/chloroform/isoamyl alcohol
(25 : 24 : 1), and chloroform/isoamyl alcohol (24 : 1), respec-
tively. DNA was precipitated by adding 1/10 volume of 3M
sodium acetate (pH5.2) and 2.5 volume of ice-cold ethanol.
For the extraction procedure, only freshly distilled solvents
were used. Phenol was stabilized with 8-hydroxyquinoline.
Finally, the DNA was collected by centrifugation at 10,000g
for 15min at 4°C, washed with 70% ethanol (v/v), dried,
and dissolved in water. The quantitation of the purified
genomic DNA is performed using the PicoGreen dsDNA
quantitation reagent from Molecular Probes (Invitrogen,
CA, USA). The assay displays a linear correlation between
dsDNA quantity and fluorescence over a wide range. The
DNA concentration of the samples is calculated according
to a DNA standard curve. We use EnSpire equipment
(Finland) with the following parameters: excitation and
emission wavelengths 488 and 528nm, respectively.

2.3. Quantitative Real-Time PCR (qPCR). Serial qPCR assay
was established using the StepOnePlus (Applied Biosystems).
QPCR efficiencies for ten samples were determined by
serially diluted genomic DNA. MtDNA copy number
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determinations in the other samples were obtained using a
calculated average efficiency (E+ 1) of 2.0± 0.05 for gene
B2M and 1.95± 0.03 for mtDNA. Each reaction contained
10μL 2хSYBR Premix Ex Taq (PerfectRealTime™, Takara
Bio), 2μL primers (10μM), and 8μL of DNA (5ng/μL)
for a final volume of 20μL. All reactions were performed
in duplicates. PCR conditions were 6min at 95°C initial
denaturation, followed by 40 cycles of 30 s of denatur-
ation at 95°C, 15 s of primer annealing at 60°C, and 10 s at
72°C of extension. The presence of unspecific amplicons
was excluded by melting curve analysis and gel electropho-
resis. The following primers (Malik et al. [18]) were used
(Sintol, Russia):

Human mitochondrial genome NC_012920 (D-loop)
hmito (65) F CTTCTGGCCACAGCACTTAAAC; R
GCTGGTGTTAGGGTTCTTTGTTTT
Human B2M (accession number M17987)
hB2M (95) F GCTGGGTAGCTCTAAACAATGTAT
TCA; R CCATGTACTAACAAATGTCTAAAATGG

2.4. Flow Cytometry Analysis (FCA) of 8-oxodG. Method is
described in detail earlier [19]. Briefly, lymphocytes were
isolated from 15mL of the fresh blood. To fix the cells,
2% paraformaldehyde (Sigma) was used (37°C, 10min).
Cells were permeabilized with 0.1% Triton X-100 (Sigma)
in PBS (15min, 25°C). Cells were stained with FITC-8-
oxodG Abcam antibody (1μg/mL, 4 h, 4°C). We stained a
portion of the cells with secondary FITC-conjugated anti-
bodies to determine the level of the background fluorescence.
Cells were analyzed at CyFlow Space (Partec, Germany).
Primary data are presented as median values of the signal
FL1 (8-oxodG). Index 8-oxodG= (I−Ib)/Ib, where I and Ib
are the experienced and the background signal.

2.5. Statistics. All reported results were reproduced at least
two times as independent biological replicates.

The significance of the observed differences was ana-
lyzed using the nonparametric Mann–Whitney U-tests. All
p values were two-sided and considered statistically signifi-
cant at α< 0.05.

For the statistical analysis was used Professional software
StatPlus2007 (http://www.analystsoft.com/).

3. Results

3.1. Quantification of mtDNA in Leukocytes of HC and SZ
Groups. The mtDNA CN in the leukocytes of SZ patients
and HC detected by qPCR (mtDNA to nDNA (gene B2M)
ratio was measured) is given in Figure 1. Comparison of the
samples by the Mann–Whitney test is given in the table in
Figure 1. In 12 patients of 55 (21.8%) from SZ (m−) group
and only in 1 patients of 55 (1.7%) from SZ (m+) group, a
considerable increase in mtDNA CN compared to the HC
was found (Figure 1). Median mtDNA CN for the leukocytes
of the unmedicated SZ (m−) patients was 2.8 or 2.2 times
higher than the median mtDNA CN for the leukocytes of
the medicated SZ (m+) or HC. The samples of HC and SZ
(m+) did not differ among themselves in the content of
mtDNA in leukocytes.

We did not find any significant correlation between the
clinical symptoms (indexes of the scale PANSS) and the
number of copies of mtDNA for the medicated SZ patients
(k < 0 2; p > 0 1, linear regression method).

3.2. Quantification of 8-oxodG in Lymphocytes of HC and
SZ (m−) Groups. FCA was employed in order to evaluate
8-oxodG content in the lymphocytes (Figure 2). Staining
of the fixed cells with 8-oxodG antibodies was performed
[19]. Figure 2 shows the mean values of the signal against
the baseline values (8-oxodG index) for the groups HC
and SZ (m−) (see table in Figure 2 for descriptive statistics).
The 8-oxodG content in SZ (m−) lymphocytes was higher
than in the control group (p = 10−6). The patients from
the SZ (m−) group were divided into subgroups: SZ-1(m−)
(N = 31) with normal 8-oxodG content and SZ-2 (m−)
(N = 24) with increased 8-oxodG content compared to con-
trol. These groups differ in the level of cellular DNA oxida-
tion (p = 10−10) (Figure 2).

3.3. The Dependence of mtDNA CN on 8-oxodG in HC and
SZ (m−) Groups. Figure 3(a) presents dependence of
mtDNA CN in the leukocytes on logarithm of the 8-
oxodG content in the lymphocytes for control and SZ
(m−) groups. In the control group (N = 30), correlation
between the two parameters was found (k = 0 47; p < 0 01).
In the total SZ (m−) group (N = 55), linear correlation
between lg (8-oxodG) and mtDNA CN content was also
found (k = 0 44; p < 0 001). The correlation between the ana-
lyzed parameters was detected for the total sample of healthy
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Figure 1: Leukocytes from unmedicated SZ patients with acute
psychosis are enriched with mtDNA. Graph—Quantification of
mtDNA in leukocytes of HC (green), SZ (m−) (red), and SZ (m+)
(yellow) groups. The data in each group is ranked by the value of
mtDNA CN. The mean and standard deviation for each DNA
sample is given (the data of two independent experiments, three
measurements in each experiment, n = 6). Table contains
statistical data.
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and schizophrenic people (N = 85, k = 0 53, p < 0 0001).
Thus, the greater the level of DNA oxidation in the human
cells, the greater the content of mtDNA.

The ratio (8-oxodG/mtDNA CN) indicates the amount of
8-oxodG per one copy of mtDNA (Figure 3(b)). This ratio
was significantly higher in the SZ-2 group than in the group
SZ-1 or HC. For 11 patients of 55, this index reached very
high values in comparison with the rest of the SZ (m−) sam-
ple. All these patients were sick with schizophrenia for more
than 10 years and smoked more than 40 cigarettes a day.
However, for the whole group SZ (m−), we did not find a
pronounced dependence of the indices 8-oxodG, mtDNA
CN, and (8-oxodG/mtDNA CN) on the duration of schizo-
phrenia or on the intensity of smoking.

We also analyzed the indices 8-oxodG, mtDNA CN, and
(8-oxodG/mtDNA CN) in connection with the 29 indices of
standard biochemical analysis of venous blood. We did not
find any significant correlations.

4. Discussion

SZ is increasingly considered as a systemic disorder, which is
associated with biochemical disturbances not only in the
CNS/brain cells [20]. In recent years, there has been an inten-
sive search for blood-based biomarkers for SZ [21]. The
study of white blood cells can give an understanding of how
the whole body responds to disturbances that eventually lead
to the disorders of a brain function.

4.1. Abundance of the mtDNA CN in Leucocytes of the
Unmedicated SZ Patients. The first finding of this study is
higher mtDNA CN in the unmedicated SZ patients than in
the medicated patients and the healthy controls (Figure 1).
We have shown that acute psychosis of the unmedicated SZ
(m−) patients is accompanied by a significant increase in
the mtDNA CN in leucocytes (Figure 1). The leukocytes of
SZ (m+) patients with the antipsychotic medication contain
the amount of mtDNA comparable to the control. There
are few studies on the impact of antipsychotics on mtDNA
content in SZ patients. Li et al. recently also demonstrated
that antipsychotic risperidone causes a decrease in the
mtDNA CN in leukocytes of patients with the first-episode
antipsychotic-naïve schizophrenia [4].

The reason for reduction of mtDNA CN in the medicated
SZ patients remains unknown. The patients in this study
were treated with various typical and atypical antipsychotics.
In a state of acute psychosis, patients usually were treated
with typical antipsychotics. After improving the mental state
of the patient, he was treated with atypical antipsychotics.
This fact did not allow us to form large enough groups to
analyze the effect of specific antipsychotics on mtDNA CN.
Recent studies have suggested that some antipsychotic drugs
have a useful therapeutic effect by reducing oxidative stress in
schizophrenic patients [22, 23]. Perhaps these drugs cause a
decrease in the mtDNA CN through the antioxidant effects.
It is also possible that antipsychotics change mitophagy in
the cells of SZ patients. Mitophagy is a highly specific quality
control process which eliminates dysfunctional mitochon-
dria and promotes mitochondrial turnover [24]. Further
studies are needed to understand the reasons for reducing
the number of copies of mtDNA in the treated patients.

4.2. Abundance of mtDNA in the SZ (m−) Patients Associates
with Oxidative DNA Damage. The lymphocytes of some
unmedicated SZ patients contain more 8-oxodG than the
lymphocytes of healthy controls (Figure 2). 8-oxodG repre-
sents major oxidative DNA damage products. An elevated
level of 8-oxodG in the blood and urine has been reported
in SZ patients [25, 26]. Postmortem studies have revealed a
higher level of 8-oxodG in the brains of SZ patients com-
pared to the controls [27, 28]. So our findings are consistent
with those of other author who showed a high level of ROS in
the SZ patient’s body.

An internal source of ROS is present in the body of a
patient with SZ [10–12]. The main cause of oxidative
stress in schizophrenia has not yet been found. Different
mechanisms of oxidative stress in schizophrenia have been
postulated: dopamine metabolism, NO metabolism, abnor-
malities in the mitochondrial electron transport chain
patients with schizophrenia, mutations in the genes responsi-
ble for maintaining the required level of ROS in cells, and so
on. However, regardless of the cause, the result is important:
in the cells of some SZ patients, the level of ROS is signifi-
cantly increased. We can compare this situation with the
effect on the cells of an external source of ionizing radiation,
which induces oxidative stress in human. This model is
attractive because it is well studied [13–15, 29–32]. More-
over, some authors hypothesized that ionizing radiation
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Figure 2: Lymphocytes from the unmedicated SZ patients with
acute psychosis are enriched with 8-oxodG. Flow cytometry
analysis of 8-oxodG. Index 8-oxodG (arb.un) is the ratio of the
difference between the experienced and the background signal to
the magnitude of the background signal. Graph—Quantification of
8-oxodG in lymphocytes of HC (green) and SZ (m−) (red) groups.
The data in each group is ranked by the value of 8-oxodG. The
mean and standard deviation for each cell sample is given (the
data of three independent experiments, two measurements in each
experiment, n = 6). Table contains statistical data.
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may be an environmental trigger that can actualize a
predisposition to human schizophrenia or indeed cause
schizophrenia-like disorders [33, 34]. Technogenic catastro-
phes (Chernobyl and Fukushima), atomic explosions (Japan
and the region of the Kazakhstan nuclear weapon testing
area), and areas with high natural background radiation
(in India) several times increase the risk of schizophrenia
in the population. The recent SZ model study suggests that
irradiation of rats in adulthood caused behavioral abnor-
malities relevant to schizophrenia [35].

In response to the oxidative stress, the cells of the unmed-
icated SZ patient (Figure 4) as well as cells of exposed to ion-
izing radiation human increase the amount of mtDNA.
There is extensive literature on the increase in the number
of mtDNA copies in response to ionizing radiation [13–15].
It is interesting to note that the effect of increasing mtDNA
CN in untreated SZ-2 (m−) patients (average 2.8-fold
compared with the control) is comparable to the effect of
increasing mtDNA CN in leukemia patients undergoing
total body irradiation therapy with a dose of 9Gy (average
2.3-fold [36]). This may indicate that the levels of oxidative
stress in some schizophrenia patient are comparable to the
level of oxidative stress induced by sufficiently high doses of
ionizing radiation.

It is currently unclear functional significance of an
increased mitochondrial content induced by ROS. Some
authors suggest that ROS could result in an adaptive response
through enhanced production of mitochondria [15]. In con-
ditions of oxidative stress, the transcriptional and replication
machinery of mitochondrial biogenesis will be upregulated

resulting in increased mitochondrial biogenesis [15, 37, 38].
Some authors proposed that the stress response of cells in
terms of mitochondrial copy numbers could be a key for
the life or death of the cell under oxidative stress [4, 39–
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Figure 3: (a) The dependence of mtDNA CN on 8-oxodG (logarithmic scale) for unmedicated SZ (m−) and control groups. The SZ (m−)
group was divided into two subgroups (SZ-1 and SZ-2). SZ-1 contains patients with normal content of 8-oxodG. Healthy donors belong
to the same category. SZ-2 contains patients with high level of 8-oxodG. The graph shows the trend line and the linear regression
equation. (b) Ratio 8-oxodG/mtDNA CN (logarithmic scale) is defined for three groups. Short lines denote medians. The comparison
ratio 8-oxodG/mtDNA CN in the groups by the U-test is given.
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Figure 4: The scheme illustrates the choice of the parameters in the
work. Schizophrenia is associated with elevated levels of ROS.
Oxidative stress is known to cause the DNA damage. 8-oxodG is a
marker of oxidative stress. (1) In response to increased levels of
ROS and DNA damage, the cell increases the number of
mitochondria. This response of the SZ patient’s cells is similar to
the response of healthy control’s cells to oxidative stress induced
by ionizing radiation [15]. (2) Hospitalization of the SZ patient
and its treatment with antipsychotics leads to a decrease in the
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41]. According to this hypothesis, an increase in mtDNA
content may precede mitochondrial dysfunction as an adap-
tive response and could therefore be a predictive biomarker.

The above-mentioned hypothesis is confirmed by the
data obtained in this study. Analyzing the oxidation marker
8-oxodG in SZ patients, we found that the unmedicated SZ
patients can be distinctively divided into subgroups with
different levels of 8-oxodG (Figure 2). MtDNA CN was
much higher in the subgroup SZ-2 (m−) with a high level
of 8-oxodG (Figure 3). On the one hand, the correlation
between lg (8-oxodG) and mtDNA CN (Figure 3(a)) for
HC and SZ(m−) can be explained by the preferential oxida-
tion of mtDNA compared to nuclear DNA. MtDNA is highly
susceptible to oxidative damage due to lack of protective his-
tones and limited DNA repair capacity [42]. It can be
assumed that the more copies of oxidized mtDNA in the cell,
the higher the index 8-oxodG. However, very high values of
the ratio 8-oxodG/mtDNA CN (Figure 3(b)) may indicate
significant damage of the nuclear DNA. In the future, it is
interesting to compare the ratio of 8-oxodG/mtDNA CN
with the content of 8-oxodG in mtDNA and nuclear DNA
using the PCR method.

It is still unclear whether peripheral findings reflect alter-
ations in the brain of SZ patients at the time of an acute psy-
chotic disorder. Nevertheless, we can suggest that enhanced
copy number of mtDNA in the brain under the middle oxi-
dative stress can contribute to abnormal behavioral symp-
toms in paranoid SZ. To answer the question about the
role of an increased amount of mtDNA in patients with
unmedicated acute psychosis, further studies are required.

Additional Points

Highlights. (i) Unmedicated SZmen contain more mtDNA in
leukocytes than medicated ones and control. (ii) Unmedi-
cated SZ men contain more 8-oxodG in lymphocytes than
healthy control. (iii) MtDNA content positively correlates
with the level of 8-oxodG in unmedicated SZ patients.
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Experimental evidence suggests that cadmium (Cd) boosts oxidative stress that may result in toxicity on the endocrine system also
in humans. The aim of this study was to investigate the glycemic control and oxidative stress markers in male adolescents
with increased urinary levels of cadmium. We investigated 111 males, aged 12–14 years, living in a polluted area of Sicily
and a control age-matched population (n = 60) living 28–45 km far from the polluted site. Malondialdehyde (MDA), total
antioxidant activity (TAC), metallothionein-1A (MT-1A) gene expression, insulin resistance by the homeostatic model
assessment (HOMA-IR), and urinary cadmium were investigated. Cd levels were significantly higher in adolescents living
in the polluted area than in control age-matched subjects. Adolescents with elevated Cd levels had a significant increase in
MDA, MT-1A, and HOMA-IR and reduced TAC compared to the control group. A robust correlation was found between
urinary cadmium and MT-1A, HOMA-IR, and MDA whereas an inverse correlation was identified between urinary
cadmium and TAC. This study indicates that cadmium burden alters glycemic control in adolescents and suggests that
oxidative stress plays a key role in cadmium-induced insulin resistance, increasing the risk of developing metabolic disorders.

1. Introduction

Air pollution represents an important risk factor for the
development of diabetes and obesity. Air pollution, in fact,
boosts a robust oxidative stress and a sustained activation
of the inflammatory cascade that in turn causes lipogenesis,
adipose tissue inflammation, and insulin resistance [1, 2].
Interestingly, ambient air pollution is also associated with
predisposing conditions for diabetes and insulin resistance.
Particulate matter (PM), a complex mixture of small particles
of various sizes (ranging from 10μm to 0.2μm) formed by
both numerous components (including nitrates, sulfates,
organic chemicals, and heavy metals) and liquid droplets, is
used currently to monitor outdoor air pollution. It has
been shown that higher PM10 (particulate matter of 10

micrometers or less) levels were correlated with higher
concentration of HbA1c in Germans affected by type 2 dia-
betes (T2D), which may be considered as a read-out of the
average glycemia during the previous 30–120 days [3].
Several pollutants were also reported to display negative
effects on HbA1c and fasting glucose levels in an elderly
Taiwanese population [4]. A Korean study showed that
subjects with a history of diabetes or with diabetes,
exposed to nitric oxide (NO2), had augmented homeostatic
model assessment of insulin resistance (HOMA-IR) [5]. In
agreement with these findings, it has been reported that
healthy adults living in a nonpolluted area showed decreased
insulin sensitivity after they were exposed to air pollution in a
heavy-traffic urban area for 4-5 hours each day for five
consecutive days [6]. Ambient air pollution also alters insulin
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resistance in healthy children and adolescents: exposure
to NO2 and PM10 was, in fact, correlated with increased
HOMA-IR in German adolescents [7]. Furthermore,
HOMA-IR was augmented in 374 Iranian children aged
10–18 years following short-term coexposure to carbon
monoxide (CO) and PM10 [8].

Generally speaking, there are poor data concerning chil-
dren; this generates concerns. Indeed, children may absorb
heavy metals, including Cd, more readily than adults and
they are more susceptible to its toxicity because of biologic
and developmental reasons. Cadmium (Cd) is an endocrine
disruptor that interferes with metabolic homeostasis and
normal development [9–11]. It is produced by the emission
of the industrial plants, and it is taken up by the ecosystem
components, entering the food chain. This explains why,
besides the industrial workers, people living near polluted
areas may be at enhanced risk of human exposure [12, 13].

The urban area of Milazzo-Valle del Mela (Sicily, Italy)
has been indicated to be at high risk of environmental crisis
by local government authorities because of the presence of
several industrial plants nearby the residential area. We have
previously shown that male adolescents living and residing in
this area have enhanced urinary Cd levels and show delayed
puberty and testis growth [14].

The aim of this study was to investigate insulin resistance
by the means of HOMA-IR, a well-known predictor of T2D,
and the possible correlation with oxidative stress markers in
adolescents living in polluted areas.

2. Materials and Methods

2.1. Study Design and Population. This study was a part of a
cross-sectional investigation aimed to evaluate the correla-
tion between cadmium and pubertal development in adoles-
cents. A population of 111 male children, aged 12–14 years of
Caucasian origin, was recruited in the industrial area of
Milazzo-Valle del Mela.

A control population (n = 60) race, sex, and age matched
living 28–45 km far from the industrial site was also enrolled
in a volunteer base. The study protocol was adherent with the
principles of the Declaration of Helsinki, and all parents or
legal tutor participants gave written informed consent. Only
subjects of Sicilian origin, healthy and nonsmokers, living
in the selected areas from at least 10 years were included in
the study.

A medical visit was performed at enrollment, and all
children were evaluated by specifically trained nurses and
doctors that evaluated the height, weight, body mass index
(BMI), and scored pubertal development, according to
Tanner classification, as previously reported [14]. Testicular
volume was assessed by ultrasound evaluation, and testoster-
one levels were determined as previously described [14]. A
complete family history was obtained and routine evalua-
tions were performed.

2.2. Cadmium Urine Levels. All children received urine
collection containers for 24 h specimens, and their parents
were tutored for apposite procedure and storage. Urines
were collected 1 or 2 days before the medical visit and

stored at 2–6°C to avoid contamination. Blinded techni-
cians analyzed cadmium urine samples on coded samples
using an atomic absorption spectrometer procedure, as
previously reported [14].

2.3. Determination of Prooxidant Markers, Antioxidant
Markers, and HOMA-IR. To assess oxidative stress, concen-
tration of malondialdehyde (MDA), used as a marker of lipid
peroxidation index, was measured in plasma using a colori-
metric commercial kit (ab118970, Abcam plc, Cambridge,
UK). MDA concentration was calculated from a standard
curve and expressed as μmol/l.

The total antioxidant capacity (TAC) was determined by
the ferric reducing ability of plasma (FRAP) method in which
a colourless ferric tripyridyltriazine complex is reduced to a
blue ferrous complex by the antioxidants in the serum [15].
Briefly, a mixed solution of 50μl of serum and 50μl of
distilled water was added to 900μl of FRAP reagent and incu-
bated at 37°C for 25min. The change in absorbance at
593 nm is directly related to the total reducing power of
electron-donating antioxidants present in the serum. The
results were expressed in μmol/dl.

Insulin resistance was assessed using the homeostasis
model assessment for insulin resistance (HOMA-IR).
HOMA-IR was calculated using the following formula: fast-
ing glucose (mg/dl)× fasting insulin (μIU/ml)/22.5.

2.4. Metallothionein (MT-1A) Gene Expression. Total RNA
was extracted from whole blood samples (250 μl) using TRI-
zol reagent (Thermo Fisher Scientific, Waltham, MA, USA),
following the manufacturer’s protocol, and was quantified
with a spectrophotometer (NanoDrop Lite; Thermo Fisher
Scientific). Reverse transcription was carried out using 1μg
of RNA by using the SuperScript® VILO™ cDNA synthesis
kit (Thermo Fisher Scientific) and random primers, follow-
ing the manufacturer’s protocol. 1μl of total cDNA was used
to quantify MT-1A (catalogue number: Hs00831826_s1), by
real-time qPCR, using β-actin (catalogue number:
4310881E; Life Technologies) as reference gene. Reactions
have been carried out in Singleplex in 96-well plates using
the TaqMan Universal PCR master mix and premade hydro-
lysis probes (Thermo Fisher Scientific). PCR reaction was
monitored by using the QuantStudio 6 Flex (Thermo Fisher
Scientific), and results were quantified by the 2−ΔΔCt method
for both target and reference genes. As calibrator, a nonex-
posed volunteer was used.

2.5. Outcomes. Changes in HOMA-IR, plasmaMDA, MT-1A
gene expression, and TAC and their dependence to cadmium
levels were evaluated.

2.6. Statistical Analysis. Standard descriptive statistical analy-
ses were performed to evaluate basal demographic and
clinical characteristics. All results were expressed as median
with an interquartile range for continue variables, absolute
and percentage frequencies for categorical variables.

The Kolmogorov-Smirnov test for normality was used to
check data distribution. Because of some not-normal numer-
ical variable, a nonparametric approach was used. The
Mann–Whitney U test was applied to compare adolescents
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living in the polluted area and controls with reference to
quantitative characteristics.

The nonparametric two-tailed Spearman Rho test was
estimated to assess possible associations between all covari-
ates of interest.

Univariate linear regression models were used to assess
the possible dependence of HOMA-IR, MDA, MT-1A, and
TAC levels by cadmium exposition levels and by each
covariate of interest. Moreover, predictors that emerged as
significant using the univariate model were included in a
multivariate linear regression model.

The nonparametric two-tailed Spearman Rho test was
also used to estimate possible interdependence between
all the predictors that emerged as significant using the
univariate models. This has been done to avoid multicolli-
nearity and, consequently, to better identify the key
predictors to include in the multivariate model. Beta coef-
ficient with 95% confidence interval (CI) was calculated
for each covariate of interest.

Two-tailed p value was set at 0.05 to be considered statis-
tically significant. Statistical analysis was performed by using
Statistical Package for Social Science (SPSS Statistics 17.0,
Chicago, IL) software.

3. Results

The characteristics of population included in the study are
reported in Table 1. There were no statistical differences
between adolescents living in the polluted area and controls
regarding weight, height, and BMI, whereas tanner score,
testicular volume, and testosterone were significantly lower
in adolescents living in the polluted area. Cadmium urinary
levels HOMA-IR and MDA resulted higher in exposed
subjects, while TAC was significantly lower with respect to
controls (Table 1).

Cadmium directly influenced HOMA-IR (β=2.48 (95%
CI 2.08–2.88); p < 0 001; Figure 1(a)) and MDA (β=2.37
(95% CI 2.00–2.74); p < 0 001; Figure 1(b)), as assessed by
the univariate linear regression models. On the contrary,
TAC was inversely related to urinary cadmium levels
(β=−17.8 (95% CI −23.85/−11.81); p < 0 001; Figure 1(c)).

Instead, HOMA-IR was inversely related to Tanner stage
(β=−0.90 (95% CI −1.40/−0.40); p = 0 001), as well as testic-
ular volume (β=−0.19 (95% CI −0.28/−0.09); p < 0 001),
and testosterone levels (β=−0.13 (95% CI −0.20/−0.06);
p < 0 001). On the contrary, TAC was directly influenced
by testicular volume (β=1.22 (95% CI 0.10–2.35); p = 0 033)
and testosterone levels (β=1.18 (95% CI 0.41–1.96);
p = 0 003).

MDA was inversely related to Tanner stage (β=−1.09
(95% CI −1.47/−0.71); p < 0 001), testicular volume (β=
−0.25 (95% CI −0.33/−0.17); p < 0 001), and testosterone
levels (β=−0.18 (95% CI −0.23/−0.13); p < 0 001). On the
contrary, age directly influenced MDA (β=0.99 [95% CI
0.38–1.61]; p = 0 002).

The expression of the MT-1A gene coding for metallo-
thionein (isoform 1A) was directly related to cadmium levels
(β=1.12 (95% CI 0.99/1.24); p < 0 001; Figure 1(d)) and
inversely related to testis volume (β=−0.04 (95% CI
−0.07/−0.01); p = 0 005), in the univariate model.

Because of interdependence between cadmium and
Tanner stage (rs −346; p < 0 001), testicular volume (rs
−456; p < 0 001), and testosterone levels (rs −635; p < 0 001);
and testicular volume and age (rs 243; p < 0 001), Tanner stage
(rs 914; p < 0 001), and testosterone levels (rs 755; p < 0 001),
only cadmiumand testicular volumewere included in themul-
tivariate linear regression model

Cadmium urinary levels resulted the only key predic-
tors influencing HOMA-IR (β=2.41 (95% CI 1.97–2.85);
p < 0 001), TAC (β=−17.81 (95% CI −4.5/−11.12);
p < 0 001), and MT-1A (β=1.16 (95% CI 1.03/1.29); p <
0 001); whereas, cadmium urinary levels (β=2.03 (95% CI
1.65–2.41); p< 0.001) and testicular volume (β=−0.12
(95% CI −0.17/−0.06); p < 0 001) are independent key
predictors influencing MDA.

4. Discussion

The hyperglycemic potential of Cd has been demonstrated in
both animal models and humans. Systemic cadmium expo-
sure causes marked changes on several parameters of

Table 1: Characteristics of the study population.

Exposed Controls
Median IQ range Median IQ range p

Age (yrs) 13.1 12.7–13.8 13.0 12.5–13.6 0.326

Weight (kg) 51.0 44.0–63.0 52.0 48.6–56.5 0.623

Height (cm) 158.0 153.5–164.5 158.0 150.0–163.0 0.127

BMI 20.2 18.1–24.6 21.2 19.4–22.9 0.474

Tanner (stage) 3.0 2.0–3.0 3.0 3.0–4.0 <0.001
Testicular volume (ml) 6.2 3.9–8.7 11.3 9.4–15.2 <0.001
Testosterone (nmol/l) 1.0 0.2–1.7 9.5 6.7–15.9 <0.001
Cadmium (μg/L) 0.7 0.3–1.0 0.2 0.0–0.2 <0.001
HOMA-IR 2.3 1.0–4.6 0.9 0.4–1.2 <0.001
TAC μmol/dl 149.6 131.5–160.5 167.4 161.9–171.3 <0.001
MDA μmol/l 7.0 6.0–8.0 3.7 3.1–4.0 <0.001
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glycemic metabolism that are abated by the administration of
estradiol [16] and most interestingly by antioxidants [17].

In vitro, Cd also impairs insulin secretion by pancreatic
beta cells and this is associated with an increase in metal-
lothioneins, the most important cadmium-binding proteins
[18]. As a matter of fact, the gene expression of metallothio-
neins increases following Cd exposure in adults and it has
been related to renal toxicity [19]. The present data support
these previous findings; in fact, the gene expression of MT-
1A was significantly increased in Cd-exposed adolescents as
compared to controls. In addition, this increase was related
to a reduced testicular volume suggesting that cadmium not
only reduces testis growth in adolescents but is also responsi-
ble for an increase in MT-1A as a compensatory detoxifica-
tion mechanism.

An epidemiological study confirmed the Cd-disrupting
effect on glycemic control: in fact, enhanced blood glucose
level and reduced serum insulin levels were reported in
smelter workers exposed to cadmium [20]. All these findings,
taken together, strongly support the potential of Cd to cause
insulin resistance, a predisposing condition for developing
diabetes. Indeed, the adolescents exposed to cadmium
revealed an altered insulin resistance that may actually pre-
dispose to diabetes. In addition, HOMA-IR also correlated
with MDA and TAC variations that strongly indicates some
level of Cd-induced systemic toxicity. However, as far as we
know, no study has investigated the mechanisms underlying
this Cd effect in humans and especially in adolescents.

Taking in consideration the results obtained so far, mon-
itoring the internal exposure to chemicals in biological fluids
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Figure 1: HOMA-IR (a), TAC (b), MDA (c), and MT-1A (d) dependence to cadmium urinary levels in subjects living or not in polluted area:
univariate linear regression models.
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(human biomonitoring (HBM)) may be useful to study the
possible effects of chronic low environmental exposure to
pollutants in the general population of industrialized
countries, especially those particularly susceptible such as
adolescents. Using this methodology, we have shown that
adolescents, living in the industrialized area of Milazzo-
Valle del Mela in the north of Sicily, have increased urinary
cadmium levels [21] that are robustly associated to a marked
oxidative stress [22] and to a delayed puberty onset and tes-
ticular weight in males [14].

Considering the ability of cadmium to generate insulin
resistance and reactive oxygen species, we investigated on a
possible correlation between the heavy metal and these two
variables. Our results suggest that adolescents with higher
urinary levels of Cd had increased HOMA-IR and plasma
malondialdehyde together with reduced total antioxidant
activity. A robust correlation was also found between urinary
cadmium and both HOMA-IR andMDA, whereas an inverse
correlation was identified between urinary cadmium and
TAC. As far as we know, this is the first study demonstrating
a correlation between increased internal exposure of Cd and
elevated insulin resistance. Furthermore, this study confirms
the mechanistic role of oxidative stress in mediating the dis-
rupting effect on glycemic control. More specifically, the
results of the present data led us to speculate that cadmium
causes, as suggested in experimental studies, insulin resis-
tance by boosting the production of oxygen free radicals.
However, our study has some limits such as this cross-
sectional investigation has been carried out only in male
adolescents and, at the present, we do not know whether
the same conclusion can be extended to the female gender
characterized by a different hormonal status. Furthermore,
we lack information on the history of T2D in the family of
enrolled adolescents. However, the presence of a control
population that suffers from the same bias mitigates these
methodological weaknesses.

5. Conclusion

This study, for the first time, indicates that cadmium burden
alters glycemic control in adolescents and suggests that oxi-
dative stress plays a key role in cadmium-induced insulin
resistance that may augment at an older age, the risk of devel-
oping metabolic disorder.
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Aronia melanocarpa has attracted scientific interest due to its dense contents of different polyphenols. We aimed to analyse effects
of Aronia melanocarpa (AME) extract on blood pressure (BP), lipid peroxidation, cytokine level, total NOS activity in the left
ventricle (LV), and aorta of L-NAME-induced hypertensive rats. 12-week-old male WKY rats were assigned to the control
group and groups treated with AME extract (57.90mg/kg/day), L-NAME (40mg/kg/day), or combination of L-NAME
(40mg/kg/day) and AME (57.90mg/kg/day) in tap water for 3 weeks. NOS activity, eNOS protein expression, and
conjugated diene (CD) concentration were determined in the LV and aorta. After 3 weeks of L-NAME treatment, BP was
increased by 28% and concomitant treatment with AME reduced it by 21%. NOS activity of the LV and aorta in the L-NAME
group was decreased by about 40%, while AME increased it almost on the control level. AME-induced eNOS upregulation
may contribute to increase NOS activity. Moreover, AME decreased CD concentration in the LV and aorta and TNF-α and
IL-6 production in the plasma were increased by L-NAME treatment. In conclusion, our results showed that active
substances of Aronia melanocarpa may have a positive effect on blood pressure, NOS activity, and proinflammatory processes
in L-NAME-induced hypertension.

1. Introduction

Hypertension is a cardiovascular risk factor associated with
endothelial dysfunction and oxidative stress as well. This
can lead to a reduction of NO availability and vasodilatation.
Those processes participate in increasing systemic blood
pressure and myocardial remodelling and in the develop-
ment of cardiac hypertrophy [1, 2]. Inhibition of nitric oxide
synthase by NG-nitro-L-arginine methyl ester (L-NAME) is a
well-established rat model of experimental hypertension with
increased blood pressure and contractility in different parts
of the vasculature, attenuated vascular relaxation, and
decreased heart rate [3, 4]. The structural changes after
long-term NO synthase inhibition in the cardiovascular sys-
tem included left ventricle hypertrophy, remodelling of coro-
nary arteries and aorta, as well as extensive areas of fibrosis
and necrosis [4–6]. In hypertension, the increased produc-
tion of oxygen-free radicals is a generally accepted fact.

Usually, there is a balance between the antioxidants and the
prooxidants in vivo, but several factors like stress, radiation,
and nutrition may lead to the so-called oxidative stress,
which imposes the necessity to contribute exogenous antiox-
idants with the diet. The injury caused by oxidative stress can
affect all organ systems. Therefore, many studies are oriented
on antioxidant treatment that may prevent the hypertension
and associated organ alterations.

Increasing consumption of polyphenol-rich foods is a
promising strategy to reduce cardiovascular risk. Increased
flavonoid consumption correlated with positive effect on
low-density lipoproteins, blood pressure, and flow-
mediated dilation [7]. Polyphenols with numerous biological
activities are used for their ability to act as an antioxidant
either by scavenging reactive oxygen species (ROS) or inhi-
biting enzymes involved in the ROS production [1, 8, 9].

Aronia melanocarpa, also known as black chokeberry,
belongs to the Rosaceae family, originally coming from
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North America. Nowadays, it is commonly used also in
Europe due to a high content of nutrients being beneficial
for the health. The components of the aronia are dependent
on many factors such as cultivar, fertilization, maturation
of the berries, harvest date, or habitat/location [10, 11]. The
most abundant components are anthocyanins and flavonoids
[12]. Chokeberries with high resistance to frost and mecha-
nized harvesting are widely used in processed and derived
products including juices, wines, jellies, and tea [13, 14].
The protective role of the main components from aronia
against cardiovascular diseases came up from clinical trials
[15, 16] and animal studies [17–19]. Attention has been also
focused on chokeberries due to their antioxidant properties
related to the high polyphenolic content [20, 21].

The aim of our study was to determine the effect of non-
alcohol Aronia melanocarpa extract on NO synthase activity,
particularly NO synthase isoform protein expressions in the
aorta and left ventricle, as well as their immunohistochemis-
try and on cytokine and conjugated diene levels on L-NAME-
induced experimental model of arterial hypertension.

2. Materials and Methods

2.1. Chemicals. Most of the chemicals and reagents were
obtained from Sigma-Aldrich; when not, the company is
indicated.

2.2. Aronia melanocarpa Extract. Samples of Aronia melano-
carpa wine (Winery Pereg Ltd.) were subjected to the
process of dealcoholisation and concentration, producing
an alcohol-free Aronia melanocarpa extract (AME) (previ-
ously described by Kondrashov [22]). The total phenolic con-
tent of AME was assessed according to the Folin-Ciocalteu
method. Briefly, 1mL of AME, 1mL of Folin-Ciocalteu’s
reagent, and 5mL of distilled water were mixed together.
The solution was incubated for 5min at a room temperature
in the darkness. Then, 1mL of 20% Na2CO3 was added. The
solution was made up to 10mL, mixed, and incubated for
1 h at a room temperature in the darkness. The absorbance
of AME sample was measured at 765nm against a blank
(corresponding extraction mixture was used instead of algal
extract) on UV/VIS spectrometer Lambda 25 (PerkinElmer,
Waltham, MA, USA). Gallic acid was used as a standard to
construct the calibration curve (20, 40, 60, 80, and
100mg·L−1). The total phenolic content of AME is expressed
in mg·g−1 of gallic acid equivalent (GAE).

2.3. Animal Study

2.3.1. Animals and Treatment. All procedures and experi-
mental protocols were approved by the Ethical Committee
of the Institute of Normal and Pathological Physiology
SAS and conform to the European Convention on Animal
Protection and Guidelines on Research Animal Use.

12-week-old male Wistar Kyoto rats were divided into
the control group, the group treated with AME in the dose
57.90mg/kg/day, the group treated with NG-nitro-L-arginine
methyl ester (L-NAME) in the dose 40mg/kg/day, and the
group treated with L-NAME in the dose 40mg/kg/day
+AME 57.90mg/kg/day. Each group obtained 6 animals.

L-NAME and AME were administered via the drinking
water from the 12th week of age for 3 weeks. Daily water
consumption was estimated individually for every animal
and adjusted, if necessary. All animals were housed at a
temperature of 22–24°C and fed with a regular pellet diet
ad libitum. Blood pressure (BP) was measured noninva-
sively, using tail-cuff plethysmography weekly. At the end
of treatment, the animals were sacrificed; body weight
(BW) and heart weight (HW) were determined. The
HW/BW ratio was calculated. Samples of the left ventricle
and aorta were used to determine NO synthase activity,
eNOS and iNOS protein expressions (Western blot and
immunohistochemistry), and conjugated diene level. Cyto-
kine levels were measured in the plasma.

2.3.2. Total NOS Activity and Protein Expression. Total NO
synthase activity was determined in crude homogenates of
the left ventricle and aorta by measuring the formation of
[3H]-L-citrulline from [3H]-L-arginine (ARC, Montana,
USA) as previously described and slightly modified by
Pechanova [23]. [3H]-L-citrulline was measured with the
Quanta Smart TriCarb Liquid ScintillationAnalyzer (Packard
Instrument Company, Meriden, CT).

Protein expressions of eNOS and iNOS were deter-
mined in the aorta and left ventricle by Western blot
analysis. The samples were probed with polyclonal rab-
bit, anti-eNOS, anti-iNOS, and anti-GAPDH antibodies
(Abcam, Cambridge, UK). The intensity of bands was visual-
ized using the enhanced chemiluminescence system (ECL,
Amersham, UK), quantified by using ChemiDoc™ Touch
Imagine System (Image Lab™ Touch software, Bio-Rad),
and normalized to GAPDH bands.

2.3.3. Cytokine Level and CD Determination. Cytokine levels
were determined by Bio-Plex Pro™ rat cytokine, chemokine,
and growth factor assays in plasma.

The concentration of conjugated dienes (CD) was mea-
sured in lipid extracts of the left ventricle homogenates
[24]. After chloroform evaporation under inert atmosphere
and addition of cyclohexane, conjugated diene concentra-
tions were determined spectrophotometrically (λ=233 nm,
GBC 911A, Bio-Rad Laboratories).

2.3.4. Immunohistochemical Analysis of eNOS and iNOS in
LV. The tissue samples were processed in a standard manner,
embedded in paraffin, and sectioned; 3μm thick slices were
deparaffinized and rehydrated in phosphate-buffered physio-
logical saline solution (10mM, pH7.2). The tissue epitopes
were damasked using the automated water bath heating
process in Dako PT Link (Agilent, Santa Clara, California);
the slides were incubated in citrate retrieval solution
(10mM citrate, pH6.0) at 98°C for 20 minutes. The slides
were subsequently incubated 2 hours at room temperature
with the primary mouse monoclonal IgG2a antibody
against eNOS or iNOS (Santa Cruz Biotechnology, Dallas,
USA, sc-376751) diluted 1 : 100. The samples were immuno-
stained using anti-mouse anti-rabbit immune-peroxidase
polymer (Histofine, Nichirei Biosciences, Tokyo, Japan)
for 30 minutes at a room temperature according to the

2 Oxidative Medicine and Cellular Longevity



manufacturer’s instructions. For visualization, the diami-
nobenzidine substrate-chromogen solution was used
(DAB, Agilent, Santa Clara, California) for 5 minutes.
The slides were counterstained with hematoxylin. The
DAB positivity was evaluated by light microscopy and
measured by histomorphometry using the Fiji morphomet-
ric software [25] based on ImageJ 1.51n platform [26].
The final results are expressed as proportional ratio com-
paring to the mean DAB positivity of evaluated marker
in WKY controls (expressed as 1.00).

2.4. Statistics. The results are expressed as mean± SEM.
One-way analysis of variance and Duncan test were used
for statistical analysis. Values were considered significant
with a probability value p < 0 05.

3. Results

3.1. AME Content. The total content of nonalcohol extract of
Aronia melanocarpa is shown in Table 1. The total
phenolic content adjusted on gallic acid equivalent was
57,870mg/L.

The most predominant mineral elements detected in
AME were ferrum (Fe), zinc (Zn), and cuprum (Cu). The
results are visualized in Table 2.

3.2. Animal Studies

3.2.1. Cardiovascular Parameters and Plasma Cytokine Level.
After three weeks of L-NAME treatment, BP was increased
by 28% in comparison to the control group. Concomitant
treatment by AME reduced BP by 21% (Table 3). At the
end of the experiment, HW/BW ratio (mg/g) was 2.72±
0.05 in the control group. This ratio was increased in
L-NAME group (2.95± 0.10) versus control rats. AME was
able to decrease this value on the control level (2.77± 0.02)
(Table 3).

3.2.2. Cytokine and CD Concentration. AME was able to
inhibit TNFα, and IL-6 production increased in the L-
NAME group (Table 3). L-NAME administration increased
the level of CD in both investigated tissues. Furthermore,
AME was able to decrease the level of CD almost on the
level of controls (Figures 1(a) and 1(b)).

3.2.3. Total NO Synthase Activity and Protein Expression. The
total NO synthase activity was decreased after 3 weeks of
L-NAME treatment in both the left ventricle and aorta. How-
ever, AME was able to increase NO synthase activity in the
left ventricle on 90% of the control value (Figure 2(a)) and
on control value in the aorta (Figure 2(b)).

Endothelial NOS protein expression was upregulated
only in LV of AME group (Figure 3). The L-NAME adminis-
tration alone and concomitant treatment with AME had the
tendency to increase eNOS expression as well. We did not
observe any changes of eNOS expression in the aorta.

Inducible NOS protein expression was not changed in
any investigated tissue and group (data are not shown).

3.2.4. Immunohistochemical Analysis of eNOS and iNOS
in LV. The eNOS showed diffuse and regular cytoplasmic

positivity in cardiomyocytes of all experimental animals.
Only the AME treatment without the L-NAME adminis-
tration significantly increased the eNOS expression
(Figures 4(a)–4(d)). Positivity of eNOS is well correlated
with its protein expression analysed by Western blot.
Similarly, as Western blot, immunohistochemistry did
not show any changes in iNOS protein expression between
the groups (data are not shown).

4. Discussion

Long-lasting inhibition of NO synthase induces hyperten-
sion, endothelial and contractile dysfunction, inflammation,
and fibrosis enlargement [27]. Chronic inhibition of NO
synthase by L-NAME causes increase of blood pressure asso-
ciated with vascular structural changes [4, 28]. It has been
also shown that L-NAME increased fibrosis and left ventric-
ular hypertrophy [3, 29]. Thus, L-NAME-induced hyperten-
sion represents a useful tool for studying increase of blood
pressure associated with inflammatory processes and fibrosis.
Lowering blood pressure is one of the most important means
to reduce cardiovascular morbidity and mortality. Our study
showed that Aronia melanocarpa extract resulted in signifi-
cant reduction of blood pressure in L-NAME-treated rats
that may be due to high polyphenolic content. In our previ-
ous study, we have shown that polyphenols can act as antiox-
idants, due to their functional groups and aromatic structure
[30]. Our finding is in agreement with Ciocoiu [31] in exper-
imental hypertension in rats. They found reduction of
systolic and diastolic pressures after treatment with Aronia
melanocarpa extract. Other authors showed decreased blood

Table 1: Components of Aronia melanocarpa extract (in μg/g).

Component (μg·g−1)
Gallic acid 2.24± 0.01
Protocatechuic acid 340.86± 7.70
4-Hydroxybenzoic acid 21.44± 0.31
Epigallocatechin 354.81± 11.19
Catechin 149.68± 1.91
Chlorogenic acid 1948.60± 0.59
Vanillic acid 14.61± 0.11
Caffeic acid 4.78± 0.09
Syringic acid 4.32± 0.29
Epicatechin 29.24± 0.52
Trans-p-coum acid 19.37± 1.32
Ferulic acid 173.90± 1.94
Ellagic acid 42.78± 0.14
Rutin 17.44± 0.00
T-2-hydroxycinnamic acid 1.18± 0.12
Protocatechuic acid etylester 11.55± 0.39
Resveratrol 16.65± 0.32
Cinnamic acid 2.35± 0.00
Kaempferol 23.09± 0.79
Quercetin 0.00± 0.00
Data are expressed as mean values (n = 3) ±SD.
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pressure in SHR after the commercial Aronia melanocarpa
extract Aronox treatment [32]. The hypotensive effect was
revealed also by Naruszewicz [33] in patients after myocar-
dial infarction with statin therapy and by Tjelle [34] in hyper-
tensive volunteers.

Several studies showed that hypertension may lead to
overproduction of free radicals, which could be the rea-
son of biochemical, molecular, and behavioural changes
[35, 36]. In this study, concentration of conjugated dienes
(CD) was determined as a marker of oxidative damage and
lipid peroxidation. Our previous results observed increased
production of free radicals in the L-NAME model of hyper-
tension [37]. We confirmed increased concentration of CD
in the aorta and left ventricle after L-NAME treatment.

AME extract was able to decrease the CD on the control level.
Similarly, improved plasma and hepatic antioxidant function
were found in apo E−/− mice after chokeberry extract treat-
ment [38]. In the same pattern, IL-6 and TNF- α levels were
decreased in the hypertensive group treated with AME. Han
and Nicholson [39] showed significant drop of IL-6 as well as
reduction in the level of oxidative stress in cardiac patients
after chokeberry treatment. Nowadays, chokeberry con-
sumption is in good relation with human immune system.
Mechanisms of action are mediated by inhibition of cytokine
IL-6, IL-8, and TNF-α in humanmonocytes as well as by acti-
vation of NFκB and prostaglandin E2 [40].

The antioxidant activity of Aronia melanocarpa is mostly
contributed by the phenolic compounds [40] and depends on

Table 2: Elemental profile of Aronia melanocarpa extract (in ng/mL).

Sample K Mg P Fe Cu Pb Zn Na

AME 12.12± 0.09 85.41± 0.82 14.47± 0.12 1960.71± 11.05 405.14± 2.87 28.62± 2.15 950.34± 4.35 12.19± 0.13
Data are expressed as mean values (n = 3) ± SD.

Table 3: Blood pressure (BP), relative heart weight (HW/BW), TNFα (pg/mL), and IL-6 level (pg/mL) ofWistar Kyoto rats treated with AME
(57.90mg/kg/day), with L-NAME (40mg/kg/day), and with L-NAME (40mg/kg/day) +AME (57.90mg/kg/day) for 3 weeks and age-
matched controls.

Group BP (mmHg) Hw/Bw (mg/g) TNFα (pg/mL) IL-6 (pg/mL)

WKY 118.39± 4.29 2.72± 0.05 12.11± 2.41 23.41± 3.78
WKY+AME 122.04± 1.81 2.55± 0.05 7.32± 2.12 22.14± 5.22
WKY+L-NAME 155.11± 3.71∗ 2.95± 0.10∗ 18.19± 1.38∗ 36.43± 3.08∗

WKY+L-NAME+AME 129.22± 2.51 2.77± 0.02# 13.89± 1.29# 25.13± 2.11#

Data are means ± SEM, significant differences: ∗P < 0 05 compared to age-matched controls; #P < 0 05 compared to L-NAME group.
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Figure 1: Conjugate diene (CD) level of the left ventricle (a) and aorta (b) of Wistar Kyoto rats treated with AME (57.90mg/kg/day), with L-
NAME (40mg/kg/day), and with L-NAME (40mg/kg/day) +AME (57.90mg/kg/day) for 3 weeks and age-matched controls. Data are means
± SEM, significant differences: ∗P < 0 05 compared to age-matched controls; #P < 0 05 compared to L-NAME group.
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the structure of polyphenol functional groups [41]. It is also
known from the literature that an increased level of free rad-
icals leads to uncoupling of the NOS dimer to a monomer
form, and an activity of this enzyme as well as production
of NO is decreased. Moreover, under conditions of oxidative
stress, NO synthase synthesizes rather superoxide radical
than NO [37, 42]. This, besides direct L-NAME inhibition,
may be one of the reasons of decreased NO synthase activity

in our experiment. AME treatment in our experiment
directly increased NO synthase activity probably by both
decreasing oxidative stress by polyphenolic group function
and stabilizing NO synthase dimer by addition of Zn.

This study provides also the evidence that active com-
pounds of AME are likely to stimulate the expression of
eNOS in myocardium; however, in combination with L-
NAME, this stimulation is not significant. Those results
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Figure 2: Nitric oxide synthase (NOS) activity of the left ventricle (a) and aorta (b) of Wistar Kyoto rats treated with AME (57.90mg/kg/day),
with L-NAME (40mg/kg/day), and with L-NAME (40mg/kg/day) +AME (57.90mg/kg/day) for 3 weeks and age-matched controls. Data are
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Figure 3: Endothelial NOS (eNOS) expression of the left ventricle (a) and aorta (b) ofWistar Kyoto rats treated with AME (57.90mg/kg/day),
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are in good agreement with Wallerath [43] who found
increased eNOS expression in humans after polyphenol
treatment. The positive effect on endothelial formation of
NO in coronary arteries was observed also by Kim [38].
Authors showed that phosphorylation of eNOS via redox-
sensitive activation of Src/PI3/Akt pathway is mostly by
conjugated cyanidins and chlorogenic acids, which are also
the most, represented content of our extract.

5. Conclusions

In conclusion, AME treatment was able to reduce blood
pressure in L-NAME-induced hypertension by decreasing
oxidative stress and increasing NO production. Both
direct contribution of polyphenolic groups and Zn addi-
tion may be responsible for NO synthase upregulation
in LV. Moreover, in the same tissue, AME alone was able
to increase eNOS protein expression and had a tendency
to increase it during the concomitant treatment with L-
NAME which may further contribute to NO synthase
activity increase.
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Our recent study demonstrated that acetylcholinesterase (AChE) activity at the neuromuscular junction (NMJ) of the
diaphragm decreased during sepsis. However, the mechanisms were not clearly identified. In this study, we aimed to
investigate whether the decreased AChE activity was related to oxidative stress by observing AChE activity in different
grades of sepsis induced by caecal ligation and puncture (CLP). At 24 h after surgery, an assay of thiobarbituric acid
reactive species (TBARS) and protein carbonyls, as well as the myeloperoxidase (MPO), superoxide dismutase (SOD), and
catalase (CAT) activity, was conducted. AChE activity was measured by biochemical and histological detection. AChE and CAT
activity in the diaphragm decreased, while the contents of TBARS and protein carbonyls, the activity of MPO and SOD, and
the SOD/CAT ratios increased. The above changes were much more significant in the mid-grade septic group than in the
low-grade septic group. The colour of the AChE activity staining at the NMJ gradually lightened from the sham surgery
group to the mid-grade septic group. AChE activity was significantly negatively correlated with the levels of TBARS and
protein carbonyls. We consider that oxidative stress might be responsible for decreased AChE activity in the diaphragms of
rats induced with sepsis.

1. Introduction

Sepsis is a clinical syndrome caused by severe infection,
leading to multiple organ dysfunction [1, 2]. Our recent
study has reported that acetylcholinesterase (AChE) activity
at the neuromuscular junction (NMJ) of the diaphragm was
inhibited during sepsis [3]. However, the effects of differ-
ent grades of sepsis on the activity of AChE were not illus-
trated in that study. Moreover, the mechanisms through
which AChE activity was inhibited during sepsis were not
clearly identified.

Previous studies have demonstrated that several factors,
including inflammatory, immune, hormonal, metabolic, and
bioenergetic responses, were involved in the pathogenesis of

sepsis [4–6]. One of the crucial factors in these processes
is the loss of balance between the reactive species (ROS)
and antioxidant systems, leading to a state of irreversible
oxidative stress [7]. ROS contain a series of active oxy-
gen free radical or molecule, including superoxide (O2

•−),
hydrogen peroxide (H2O2), hydroxyl radicals (•OH), and
hypochlorous acid (HOCl) [8, 9], which can attack proteins,
carbohydrates, nucleic acids, and unsaturated lipids, subse-
quently causing tissue and organism injury [10]. Several
previous studies have found that ROS can inhibit AChE in
various tissues [11–17].

These findings raise the possibility that oxidative stress
might be a vital contributor to the inhibition of AChE activity
during sepsis. In the current study, we detected AChE activity
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in two different grades of sepsis to more intensively deter-
mine the effects of sepsis on AChE activity. Meanwhile, we
measured the indicators of oxidative injury (thiobarbituric
acid reactive species (TBARS) and protein carbonyl) to
observe the correlation between AChE activity and oxidative
stress during sepsis. We aimed to clarify the role of oxidative
stress in the decreased AChE activity at the NMJ of dia-
phragm during sepsis.

2. Materials and Methods

2.1. Animals and Experimental Protocol. Our study was
approved by the Animal Care and Use Committee of
Shanghai General Hospital Affiliated to Shanghai Jiao Tong
University (Grant number 2017DW001). Experiments were
performed using a total of 28 adult male Sprague-Dawley rats
weighing between 220 and 260 g. The animals were allowed
unrestrained access to food and water and housed at an
ambient temperature of 23–25°C with 12h light-dark cycles
throughout the study. The rats were randomly divided into
three groups: (1) the sham group (S group, n = 8), (2) the
low-grade sepsis group (L group, n = 8), and (3) the midgrade
sepsis group (M group, n = 12 due to an expected mortality
rate of approximately 25% within the first 24 h in our previ-
ous study). The rats were anaesthetized with intraperitoneal
injection of pentobarbital (50mg/kg). In the L and M groups,
sepsis was surgically induced using the CLP method, as it is
widely used and known to closely mimic the pathophysiology
of septic patients [18]. Under aseptic conditions, a 3 cm mid-
line abdominal incision was performed to expose the caecum,
with adjoining intestine. The caecum in the L group was
ligated near the distal pole comprising 10% of the caecum,
whereas the caecum in the M group was ligated in the
middle portion [19]. Then, the caecum was perforated once
with an 18-gauge needle. Faecal droplets were squeezed out
of the caecum through penetration holes. The caecum
was then relocated into the abdominal cavity, and the lap-
arotomy was closed with 3-0 silk sutures. In the S group, a
midline abdominal incision was made, and the caecum
was exposed but not ligated or perforated. All rats were
immediately resuscitated with prewarmed (37°C) normal
saline (50ml/kg subcutaneous). All animals were allowed
to return to their cages, with free access to food and water
after surgery.

At 24 h after surgery, the surviving rats were eutha-
nized through intraperitoneal injection of pentobarbital
(100mg/kg), and their diaphragms were harvested. The right
hemidiaphragm was removed and immediately stored at
−80°C until being assayed for AChE activity, as well as the
contents of TBARS formation and protein carbonyls, and
MPO, SOD, and CAT activities. The ventral costal region
of the left hemidiaphragm was immediately removed for
histological detection of AChE activity at the NMJ.

2.2. Histological Detection of AChE Activity at the NMJ. The
AChE activity at the NMJ of the diaphragm was detected
through a modified Karnovsky and Roots method by referen-
cing our previous study [3]. The brown insoluble products on
the muscle fibres indicated AChE activity [20].

2.3. Biochemical Measurement of AChE Activity. The method
is based on the fact that AChE can hydrolyse acetylcholine
to form acetic acid and choline. The latter can react with
a mercapto colour reagent to form a yellow symmetrical
trinitrobenzene compound. Measuring the colour depth
of the compound can reflect the activity of AChE. The AChE
activity assay test was carried out using an AChE assay kit
from the Nanjing Jiancheng Bioengineering Institute (A024,
Nanjing, China) according to the manufacturer’s instructions
[21]. The results were determined by measuring the absor-
bance at 412nm and expressed as units of AChE activity
per milligram of protein.

2.4. TBARS Measurement. As an indicator of lipid peroxida-
tion in oxidative stress, we determined the formation of
TBARS during an acid-heating reaction, as previously
described [22]. Briefly, the samples were mixed with 1ml of
trichloroacetic acid 10% purchased from Sigma Chemical
(St. Louis, MO, USA) and 1ml thiobarbituric acid 0.67%,
and then, the mixture was heated in a boiling water bath
for 15 mins. TBARS was determined by measuring the absor-
bance at 535nm, and the results are expressed as malondial-
dehyde (MDA) equivalents per milligram of protein.

2.5. Measurement of Protein Carbonyls. As a marker of the
oxidative damage to proteins, protein carbonyl groups were
measured based on the reaction with dinitrophenyl hydra-
zine, as previously described [23]. Briefly, the proteins were
precipitated by adding 20% trichloroacetic acid and redis-
solved in dinitrophenyl hydrazine. Eventually, the protein
carbonyls were determined by reading the absorbance at
375 nm, and the results were expressed as nmols of protein
carbonyls per milligram of protein.

2.6. MPO Activity Assay. MPO activity in homogenates of
diaphragm tissue was determined using a test kit from
Nanjing Jiancheng Bioengineering Institute (A044, Nanjing,
China). Activity was measured spectrophotometrically as
the change in absorbance at 412nm, using a Spectramax
microplate reader. The results are expressed as units of
MPO activity per gram of tissue wet weight.

2.7. Measurement of CAT and SOD Activities. The above-
prepared supernatant was used for CAT and SOD activity
assay according to the instructions of their corresponding
test kit purchased from Nanjing Jiancheng Bioengineering
Institute (CAT: A007-1; SOD: A001-1, Nanjing, China). Both
results were expressed as units of enzyme activity per gram
of tissue wet weight. Finally, the ratio of SOD/CAT was
calculated and recorded.

2.8. Statistical Analyses. SPSS (version 19.0; SPSS Inc.,
Chicago, Illinois, USA) was used for the statistical analysis.
Values are expressed as the mean± standard deviation
(SD). The data were tested for normality and equality of
variance. Between-group comparisons for each dependent
variable were assessed using analysis of variance (ANOVA)
with the least significant difference (LSD) test. Pearson’s
correlation analysis was used to determine the association
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between AChE activity and TBARS or protein carbonyls,
and P < 0 05 was considered to be statistically significant.

3. Results

3.1. Mortality within 24 h. Four of the 12 rats in the M group
died within 24h, and all other rats survived during the first
24 h. In addition, the rats in midgrade septic group developed
more severe septic symptoms, such as shortness of breath,
hair erection, subconjunctival haemorrhage, diarrhoea, and
loss of movement, than those in low-grade septic group.

3.2. AChE Activity Staining at the NMJ.As shown in Figure 1,
AChE staining was detected at motor endplate regions in rat
diaphragms from all three groups. Observed from the slices,
the brown insoluble products of AChE staining in the S
group were deepest, while the brown in M group was lightest
(Figures 1(a), 1(b), and 1(c)).

3.3. AChE Activity in the Diaphragm. Compared with the
S group, AChE activity decreased significantly in both the
L and M groups (P < 0 01). Furthermore, the decline of
AChE activity in the M group was much more significant
than that in the L group (P < 0 01) (Figure 1(d)).

3.4. Oxidative Parameters at the Diaphragm

3.4.1. TBARS and Protein Carbonyls in the Diaphragm.
Twenty-four hours after CLP (in both the L and M groups),
TBARS and protein carbonyls increased significantly in the

diaphragm (P < 0 01). Additionally, the levels of TBARS
and protein carbonyls were higher in the M group than those
in the L group (P < 0 01) (Figures 2(a) and 2(b)).

3.4.2. MPO Activity in the Diaphragm. As illustrated in
Figure 2(c), MPO activity was significantly elevated in rats
in both the L and M groups compared to rats in the S group
(P < 0 01). Moreover, MPO activity was higher in the M
group than that in the L group (P < 0 01) (Figure 2(c)).

3.5. Antioxidant Enzyme Activities

3.5.1. SOD and CAT Activities and SOD/CAT Ratios. SOD
activity increased in both the L and M groups (P < 0 01),
and the increase of SOD activity was higher in the M group
than that in the L group (Figure 3(a)). In contrast, a
significant decrease was observed in CAT activity in the L
(P < 0 05) and M groups (P < 0 01). CAT activity decreased
more in the M group than in the L group (Figure 3(b)). The
ratio of SOD and CAT increased significantly in the L group
(P < 0 05) and M group (P < 0 01). Meanwhile, this ratio was
higher in the M group than that in the L group (P < 0 01)
(Figure 3(c)).

3.6. Correlation between AChE Activity and TBARS or
Protein Carbonyls. AChE activity was significantly and
negatively correlated with the levels of TBARS (r = −0 839,
P < 0 01) (Figure 4(a)) and protein carbonyls (r = −0 857,
P < 0 01) (Figure 4(b)).
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Figure 1: AChE staining at neuromuscular junction in sham group (a), low-grade septic group (b), and midgrade septic group (c).
Bars = 50μm. Comparison of AChE activity through biochemical measurement in three groups of rat diaphragm (d). The values are
expressed as means± SD. n = 8, ∗P < 0 01. S: sham group; L: low-grade septic group; M: midgrade septic group; SD: standard deviation.
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Figure 2: Comparison of thiobarbituric acid reactive species (a), protein carbonyls (b), and MPO activity (c) in three groups of rat
diaphragm. The values are expressed as means± SD. n = 8, ∗P < 0 01. S: sham group; L: low-grade septic group; M: midgrade septic group;
SD: standard deviation.
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4. Discussion

Using low-grade and midgrade models of sepsis in rats, this
study found that the AChE and CAT activities in the dia-
phragm decreased, while the contents of TBARS and protein
carbonyls, the activity of MPO and SOD, and the SOD/CAT
ratios increased at 24 h after CLP surgery. Furthermore, the
above changes were much more significant in the midgrade
septic group than those in the low-grade septic group. Strik-
ingly, we found that AChE activity was significantly and neg-
atively correlated with the levels of TBARS and protein
carbonyls in rats.

In this study, low-grade and midgrade sepsis was estab-
lished by ligating different caecum lengths, as described in
previous studies [19]. The rats in the midgrade septic group
had a higher mortality rate and developed more severe septic
symptoms than those in the low-grade septic group. More-
over, TBARS and protein carbonyls, which represent the lipid
and protein injury, respectively, in oxidative stress increased
more in the midgrade septic group than in the low-grade sep-
tic group. These results illustrated that our sepsis models of
different severity grades were successfully created.

AChE activity was found to be significantly and nega-
tively correlated with the levels of TBARS and protein car-
bonyls, which indicated that oxidative stress may contribute

to the decreased AChE activity during sepsis. It is
believed that ROS plays an important role in the oxida-
tive stress to cause cellular injury during sepsis. ROS in
the diaphragm may primarily be derived from mitochon-
drial respiration chain impairment and infiltrating inflam-
matory cells [24, 25]. O2

•− produced through the above
two manners can be converted to H2O2 by SOD. H2O2 will
be converted to harmless H2O and O2 through the action of
CAT. Otherwise, it will allow neutrophils to oxidize chloride
ions into HOCl through MPO [26]. SOD and CAT are two
oxidative enzymes that play vital roles in eliminating ROS.
Some research has revealed that SOD activity increased
without a proportional increase in CAT activity during
sepsis [27, 28]. In our study, the imbalance also existed,
and it was much more serious in midgrade sepsis than in
low-grade sepsis. The different modulation of SOD and
CAT during sepsis may rise from some reasons below. SOD
activity increased in the CLP surgery probably as a response
to oxidative stress induced by sepsis. SOD activation during
sepsis could be a compensatory response to the overpro-
duction of mitochondrial O2

•− so as to eliminate excessive
O2

•−[28]. Additionally, the increase of interleukin-1 (IL-1),
tumor necrosis factor (TNF), and lipopolysaccharide (LPS)
during sepsis could also activate SOD [29, 30]. Unlike SOD,
the previous study demonstrated that excessive O2

•− or
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H2O2 could oxidize CAT active site leading to enzymatic
inactivation [31]. The imbalance between SOD and CAT
may result in the accumulation of excessive H2O2 in the
diaphragm [27, 32]. Additionally, our results indicated that
MPO activity increased in both septic groups, and the activity
increased higher in midgrade sepsis than in low-grade sepsis.
MPO, synthesized and secreted by neutrophils, is a marker of
inflammation and neutrophil infiltration in tissues [33]. As
described above, increased MPO can further convert exces-
sive H2O2 into HOCl. Moreover, excessive H2O2 will react
with iron to generate •OH through Fenton chemistry [28].

Early in 1966, O’Malley et al. found that both H2O2 and
peroxides could inhibit erythrocyte AChE [11]. A study from
Danylovych reported that AChE of myometrium sarco-
lemma could be inhibited by H2O2 [12]. Accumulation of
H2O2 in the mM range can decrease epidermal AChE expres-
sion and inhibit human recombinant AChE activity [13, 14].
Additionally, it has been verified that •OH inhibits rat brain
AChE and human recombinant AChE activity [15, 16]. In
addition, HOCl has been found to be a strong inhibitor of
AChE [17]. A kinetic analysis using pure recombinant
human AChE and a molecular modelling based on the
established 3D structure of human AChE supported that
ROS-mediated oxidation of Trp432, Trp435, and Met436
moves and disorients the active site His440 of AChE, leading
to deactivation of the protein [13, 14]. Moreover, TBARS can
decrease membrane fluidity and decrease AChE activity
through lipid-protein interactions [15]. These results pro-
vided a molecular basis through which oxidative stress
inhibits AChE activity during sepsis.

However, our study has two limitations. First, we failed to
observe the conformation change of AChE induced by ROS
directly because of the limitations of the experimental
methods. Second, we did not detect the quantity of AChE
expression simultaneously, although recent data from
another study in our laboratory revealed that such data
may be another factor affecting the decrease of AChE activity
(unpublished data).

5. Conclusions

We believe that there were at least two highlights in the
present study. First, we found that AChE activity at the
NMJ of diaphragm decreased more significantly during
severe sepsis for the first time. Second, AChE activity at the
NMJ of diaphragm is found to be significantly and negatively
correlated with level of oxidative stress during sepsis.

In conclusion, our study verified that oxidative stress
might be responsible for the decreased activity of the AChE
at the NMJ in the diaphragm. Furthermore, the effects of
antioxidant measurements on AChE activity during sepsis
should be investigated in the future.
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In their midthirties, women experience a decline in fertility, coupled to a pronounced increase in the risk of aneuploidy,
miscarriage, and birth defects. Although the aetiology of such pathologies are complex, a causative relationship between the
age-related decline in oocyte quality and oxidative stress (OS) is now well established. What remains less certain are the
molecular mechanisms governing the increased vulnerability of the aged oocyte to oxidative damage. In this review, we
explore the reduced capacity of the ageing oocyte to mitigate macromolecular damage arising from oxidative insults and
highlight the dramatic consequences for oocyte quality and female fertility. Indeed, while oocytes are typically endowed with a
comprehensive suite of molecular mechanisms to moderate oxidative damage and thus ensure the fidelity of the germline,
there is increasing recognition that the efficacy of such protective mechanisms undergoes an age-related decline. For instance,
impaired reactive oxygen species metabolism, decreased DNA repair, reduced sensitivity of the spindle assembly checkpoint,
and decreased capacity for protein repair and degradation collectively render the aged oocyte acutely vulnerable to OS and
limits their capacity to recover from exposure to such insults. We also highlight the inadequacies of our current armoury of
assisted reproductive technologies to combat age-related female infertility, emphasising the need for further research into
mechanisms underpinning the functional deterioration of the ageing oocyte.

1. Introduction

The developmental potential of the mammalian oocyte
markedly decreases with increasing maternal age, culmi-
nating in elevated rates of miscarriage, birth defects, and
ultimately reduced fertility [1–4]. This loss of fecundity
becomes evident when a woman reaches her midthirties.
In particular, the incidence of chromosome abnormalities
increases from approximately 2% for women in their
twenties to 35% and 50% in their forties and fifties, respec-
tively [3, 4]. Despite public misconceptions, current IVF
technologies are unable to recover the fertility of older
women with the live birthrate per oocyte steadily decreas-
ing from 26% in younger women (<35) to just 1% for
women at 42 [5]. The need to elucidate the mechanisms

by which advanced maternal age negatively affects oocyte
quality has become particularly pressing owing to the
recent trend for women in developed countries to delay
child bearing several years beyond that of their peak repro-
ductive capacity. For example, in Australia, the average
childbearing age increased from 27.7 years in 1987 to
30.7 years in 2008 [6]. In addition, the percentage of
women having children later in life has also risen, with
8.5% of mothers being ≥35 in 1987 increasing to 24.4%
in 2008 in Australia. Similar trends have also been
observed in other developed countries including the UK,
US, and Japan [6, 7].

More than two decades after being first proposed, the free
radical theory of ageing remains a leading hypothesis to
explain the deterioration of the ageing oocyte [8–11]. Indeed,
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an increase in intraovarian reactive oxygen species (ROS) has
been convincingly correlated with increasing maternal age
[12–15]. Moreover, several studies have drawn a compelling
link between oxidative stress (OS) and the decline in oocyte
quality [16–21] as well as in vitro fertilisation (IVF) and preg-
nancy success rates [15, 21–25]. The devastating conse-
quences of OS on oocyte quality and female fertility have
been comprehensively reviewed [9, 26–29]. Despite this, the
molecular mechanisms that underpin the increased vulnera-
bility of the aged oocyte to oxidative insults are still being
elucidated. In this review, we provide a new perspective on
reproductive ageing by exploring the underlying mechanisms
behind the increased vulnerability of the ageing mammalian
oocyte to OS. We consider the origin of elevated ROS in age-
ing oocytes but focus on the simultaneous decrease in the
capacity of the oocyte to mitigate the detrimental impact of
such oxidative insults. We also discuss the current means
by which OS can be prevented or delayed in older mothers.

2. Overview of Oocyte and
Follicular Development

The synergetic processes of folliculogenesis and oocyte
maturation are required to produce oocytes capable of

fertilisation. Primordial germ cells (PGCs) undergo mitotic
proliferation to form a finite number of oogonia during pre-
natal life. In humans, folliculogenesis commences in utero in
the second trimester with the recruitment of pregranulosa
cells to the germ cells forming the primary functional unit
of the ovary, the ovarian follicle [30] (Figure 1). These pri-
mordial follicles remain meiotically arrested in an extended
prophase I, also known as germinal vesicle (GV) arrest, until
they are recruited into the growing follicle pool for matura-
tion and subsequent ovulation [31]. Upon activation, the pri-
mordial follicle experiences a period of follicle stimulating
hormone- (FSH-) mediated follicular growth through pri-
mary, secondary, and antral follicle stages. This growth is
accompanied by an accumulation of granulosa cell layers sur-
rounding the oocyte, formation of the zona pellucida (ZP),
and the differentiation of steroid-secreting theca cells at the
basement membrane [30, 31]. Continual follicular growth
sees the formation of the preovulatory follicle with the pres-
ence of an antral cavity containing plasma fluid and steroid
hormones that are excreted by the granulosa cells, adjacent
to the oocyte [32]. The oocytes populating preovulatory
follicles remain in prophase I arrest yet have experienced sig-
nificant growth, completed nuclear and cytoplasmic matura-
tion, and are now surrounded by cumulus cells—a granulosa
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Antral cavityCumulus
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Germinal vesicle
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Figure 1: Stages of folliculogenesis and oocyte maturation. Primordial follicles consist of an immature GV oocyte arrested at prophase I,
which is encapsulated by pregranulosa cells. Activation of primordial follicles to primary follicles is marked by a morphological change of
pregranulosa cells from squamous to cuboidal. The development of the secondary follicle is marked by the acquisition of two or more
layers of granulosa cells and the presence of a theca layer and contains an oocyte with a completely formed zona pellucida. The antral or
Graafian follicle is the last stage of follicular development. This stage is marked by the presence of a follicular fluid-filled antral cavity
adjacent to the oocyte. In the final stage of folliculogenesis, the oocyte achieves meiotic resumption, undergoing germinal vesical
breakdown, and progresses through anaphase I and telophase I to complete meiosis I. At the completion of the first meiotic division, the
first polar body is extruded and the ovulated oocyte becomes arrested once more at metaphase II until after fertilisation. Once the follicle
is ruptured to release the mature oocyte, the remaining granulosa and theca cells differentiate into the corpus luteum.
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cell subtype [31]. A subsequent surge of luteinising hormone
(LH) is responsible for initiating meiotic resumption and
ovulation. During ovulation, the basement membrane of
the follicle ruptures releasing a mature oocyte equipped
for fertilisation [32]. The remaining granulosa and theca
cells differentiate into the corpus luteum, which produces
progesterone for pregnancy maintenance, or alternatively
undergoes luteolysis [33]. Meanwhile, in the preovulatory
follicle, the oocyte undergoes germinal vesicle breakdown
(GVBD) and entry into the first meiotic division (MI)
[34], during which chromosomes attach to the meiotic
spindle and line up on the metaphase plate. Chromosomes
then separate, with one pair of sister chromatids retained
within the oocyte and the other extruded in the first polar
body [35]. Following the first meiotic division, the oocyte
becomes arrested once more, at metaphase II of meiosis
(MII), whereupon transcription is temporarily repressed
until after fertilisation at the 2-cell stage in mice or 4-cell
stage in humans [33].

3. Aetiology of Elevated Cytosolic ROS in
Ageing Oocytes

Traditional paradigms hold that the primary mechanism
behind the age-related decline in oocyte quality is the accu-
mulation of spontaneous damage to the mitochondria arising
from ROS produced by the mitochondria themselves during
daily biological metabolism [36]. Furthermore, there are sev-
eral additional sources of ROS, attributed to either exogenous
(i.e., lifestyle, stress conditions, and environmental factors)
[37, 38] and/or endogenous factors (i.e., inflammation, cell
proliferation, and apoptosis) [39], that can impact the ovarian
environment and contribute to cellular ageing. While each of
these factors have featured in elegant reviews [28, 40, 41], it
has also recently been shown that the ovarian specific surges
in ROS that accompany ovulation and luteolysis can act as a
potent source of intraovarian OS with the potential to
contribute to age-related decline in oocyte quality [20, 42].
Moreover, additional age-associated sources of ovarian ROS
have been suggested to arise from the accelerated production
of advanced glycation end-products (AGEs) and an accom-
panying decrease in the efficiency of perifollicular vascular-
isation [43, 44].

3.1. Ovulation-Induced ROS. Following FSH-mediated follic-
ular maturation, an LH surge stimulates LH receptors on
granulosa and cumulus cells, resulting in the generation of
ROS and the concomitant depletion of antioxidant defences.
This response is essential for promotion of granulosa cell
apoptosis and breakdown of the follicular wall to permit
oocyte release during ovulation [45–48]. The ROS generated
have also been linked to integral roles in meiotic resumption
via activation of the maturation-promoting factor (MPF) [48,
49]. Additionally, progesterone-induced OS is required for
the induction of luteal cell apoptosis; a prerequisite for luteo-
lysis with in vitro exposure of corpus luteum to ROS scaven-
gers and antioxidants leading to a potent inhibition of this
process [45, 50]. The potential damage arising from chronic
exposure of oocytes to OS generated during recurrent cycles

of stimulated ovulation has been highlighted in mouse
models. Indeed, the induction of as few as three to six con-
current stimulated ovulatory cycles has been shown to elicit
increased mitochondrial aggregation and mitochondrial
DNA (mtDNA) mutations in oocytes, as well as oxidative
damage to nuclear DNA, lipids, and proteins—lesions that
collectively result in degenerative embryos and failure to
reach blastulation [42]. Comparable phenotypes have also
been documented after the induction of five sequential stim-
ulated ovulation cycles in mice. In this study, it was deter-
mined that oocytes were of poorer functional quality and
possessed significantly more mitochondrial defects, resulting
in an accentuation of the level of intracellular OS [20]. Nota-
bly, these defects were ameliorated upon administration of
the antioxidant L-carnitine throughout the repetitive ovula-
tion cycles, indicating that repeated exposure to elevated
ROS generated via folliculogenesis can certainly stimulate
OS and precipitate a decline in oocyte quality [20]. In
addition, repeated ovarian stimulation has been linked to
progressive increases in spindle abnormalities, detached
chromosomes, and cytoplasmic asters. Interestingly, these
data were only observed after in vivo maturation (IVO),
indicative of a compromised intrafollicular milieu [51]. In
contrast, after four weeks of stimulation, an alternative
mouse study reported a decline in meiotic competence dur-
ing in vitro maturation (IVM), but not IVO. The latter was
however associated with decreased ATP content in GV and
IVO MII oocytes. Despite this, the authors failed to record
any observable impact on implantation or reabsorption rates
upon mating [52].

The injurious effects of repeated ovarian stimulation have
also been demonstrated in several human studies of ovarian
hyperstimulation, with consequential decreases in the fre-
quency of implantation and pregnancy rates having been
reported [53–55]. However, this evidence must be considered
against that of other studies, which have failed to document
any significant decline in ovarian response to repeated stim-
ulation, including reports of no difference in the number of
oocytes retrieved, embryo morphology, fertilisation and
implantation, or pregnancy rates [56–59]. Despite the con-
flicting evidence emerging from human studies, it remains
possible that oocytes from women of advanced maternal
age, who will likely have experienced monthly ovulatory
cycles for anywhere between three to four decades as well
as a concomitant decrease in antioxidant defences (detailed
below), are placed at heightened vulnerability upon exposure
to additional source(s) of ROS.

3.2. Advanced Glycation End Products and Altered
Vascularisation. An age-related increase in the levels of
advanced glycation end products (AGEs) in the ovarian
microenvironment has been newly postulated to contribute
to ovarian ageing through the induction of elevated ROS
[43, 44]. AGEs act to induce the generation of intracellular
ROS by binding and activating ligand transmembrane recep-
tors, known as RAGE (receptor for advanced glycation end
products). Indeed, upon binding, RAGE triggers the down-
stream activation of NAD(P)H oxidase, mitogen-activated
protein kinases (MAPKs), and the transcription factor
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nuclear factor kappa B (NF-κB) [60–62]. This leads to an
increase in intracellular ROS as well as upregulated expres-
sion of growth factors, cell-adhesion molecules, and proin-
flammatory cytokines and RAGE [63–67]. This positive
feedback cycle ultimately culminates in a proinflammatory
response and an increase in OS [64, 65, 68].

In support of the contribution of AGEs in ovarian age-
ing, Takeo et al. have recently reported significantly higher
levels of AGEs in follicular fluid derived from aged cows
when compared to their younger counterparts [14]. Further-
more, elevated levels of AGEs were associated with increased
ROS as well as additional age-associated events including
accelerated nuclear maturation, abnormal fertilisation, and
decreased blastulation rates [14]. A corroborative study also
reported an age-associated accumulation of AGEs and
RAGE in human ovarian granulosa-lutein and monocytes
[69]. Moreover, Tatone et al. documented reduced expres-
sion and activity of detoxifying methylglyoxal (an AGE pre-
cursor) in the ovaries of aged mice compared to those of
young mice [70]. Taken together, these studies implicate
AGEs as a contributor to the accelerating ROS generation
observed in the ageing ovary.

Notably, AGEs have also been implicated in propagating
age-related cellular damage in a more direct manner, inde-
pendent of ROS induction, by inducing protein crosslinking
[71]. Proteins with long half-lives such as collagen are the
most vulnerable to this type of modification, leading to col-
lateral damage in the form of altered vascular structure and
function [72, 73]. Accordingly, it been suggested that the
weakened efficiency of perifollicular vascularisation can be
attributed to collagen damage induced by AGEs [43, 44].
Normal perifollicular vascularisation is essential to meet the
demand for oxygen supply to the oocyte. This is particularly
the case in advanced phases of follicular development where
the oocyte relies on an ingrowth of capillaries into the
surrounding theca cells [74]. It follows that impaired
vascularisation resulting from inadequate capillary ingrowth
can lead to a state of hypoxia, which in itself can trigger the
generation of ROS and contribute to the pathology of age-
related ovarian dysfunction [75]. The implications of
inefficient vascularisation have been clinically demonstrated
as oocytes derived from such follicles have reduced oxygen
content (<3%) and lower fertilisation and developmental
potential [76]. Accordingly, a negative correlation has been
established between a woman’s age and the degree of
vascularisation observed in her late-stage ovarian follicles
[77]. The converse is also true, whereby a positive correlation
exists between highly vascularised oocytes and live birth
rates resulting from IVF procedures [78, 79]. Further
highlighting the potential significance of insufficient vascu-
larisation in the aged ovary is the demonstration that
oocytes retrieved from Graafian follicles with reduced
vascularisation commonly present with spindle and chro-
mosomal alterations similar to those witnessed in aged
MII oocytes [80, 81].

3.3. Mitochondrial Defects. Several studies have converged
on the notion that dysfunctional mitochondria represent
the main source of elevated ROS within the ageing oocyte

[36, 82]. Mitochondria hold central roles in calcium
homeostasis, initiation of apoptosis, and cellular energetic
metabolism within oocytes [83]. A key element of this
metabolic strategy is the electron transport chain (ETC)
that resides in the mitochondria and is responsible for
the bulk of ATP generation within the oocyte; energy that
is essential for the successful completion of meiosis [84].
Indeed, during spindle assembly in the MI and MII phases
of oocyte maturation, mitochondria relocalise in dense
clusters around the spindles in order to meet the enhanced
demand for ATP [85]. This redistribution of mitochondria
results in a burst of ATP production during oocyte matu-
ration [86], the importance of which is highlighted by the
fact that mitochondrial damage potently comprises GVBD,
formation of the meiotic spindles, chromosome segrega-
tion, and polar body extrusion [87].

Mitochondria possess their own maternally transmitted
multicopy genome (mtDNA) that acts independently of
nuclear DNA. Oxidative damage to mtDNA is of particu-
lar importance as, unlike genomic DNA, these organelles
lack protective histones and encompass limited mtDNA
repair enzymes [88]. This underpins the hypothesis for
why mtDNA have a 10- to 25-fold increased mutation
and deletion rate relative to their nuclear DNA counter-
parts [89–91]. Accordingly, unfertilised oocytes retrieved
from older women present with a higher incidence of
chromosomal deletions and mtDNA point mutations
[92, 93]. Such an increase in mtDNA mutations poses a
significant threat to the health of the oocyte as it could
lead to impairment of several mitochondrial encoded
components of the ETC.

Maternal ageing has also been linked to mitochondrial
dysfunction resulting in decreased oxidative phosphorylation
and ATP generation [94, 95]. Indeed, global transcript anal-
yses of human and mouse oocytes have revealed that a large
proportion of age-related changes in transcript expression
are associated with mitochondrial activity, including the
downregulation of succinate dehydrogenase complex flavo-
protein subunit A (Sdha) and genes coding for proteins
associated with ATP production [3, 96, 97].

Additionally, Ben-Meir et al. demonstrated that genera-
tion of the coenzyme Q10 (CoQ10), which fulfils an essential
role in the transport of electrons within the ETC, is com-
promised in the oocytes of ageing humans and mice.
Furthermore, disruption of CoQ10 production elicits phe-
notypic changes that mimic the ageing effect in ovaries,
with reduced ovarian reserve, decreased ATP production,
and increased spindle abnormities resulting in infertility.
Interestingly, oral administration of CoQ10 can reportedly
reduce the level of the age-related decline in oocyte quality
and quantity [98].

Similarly, Wilding et al. also reported that altered
mitochondrial morphology and lower electron potential at
the inner mitochondrial membrane in aged human oocytes
was negatively correlated with the rate of embryo develop-
ment [99]. Moreover, a decrease in mtDNA copy number
has been recorded in bovine, mouse, hamster, and human
oocytes with increasing maternal age and has been
associated with a concomitant decrease in ATP production

4 Oxidative Medicine and Cellular Longevity



[93, 94, 100, 101]. In addition, oocyte mitochondria in
aged mice and hamsters also exhibit altered morphology
with vacuolisation, cristae alterations, and changes in
cytoplasmic lamellae [94].

Among the most insidious consequences of mitochon-
drial dysfunction is an increase in ROS leakage from the
ETC. Such elevated concentrations of ROS have the potential
to set in train a cascade of events that culminate in a state of
auto-oxidation whereby the mitochondria are unable to reg-
ulate the events of the ETC, thus exacerbating damage to
mtDNA and proteins. During mitochondrial ATP produc-
tion, ROS are released locally as a by-product, becoming a
major source of intracellular ROS. Under normal physiolog-
ical conditions, the mitochondria only reduce 0.1% of all oxy-
gen entering the ETC into the prooxidant O2

·−, which serves
as a precursor to the majority of biological ROS [18, 102].
However, damage to the ETC has the potential to elevate
O2
·− generation, leading to increased cellular oxidation.

Studies from our research group have also established that
in MII mouse oocytes, OS-catalyzed lipid peroxidation is
capable of initiating cyclic ROS propagation via direct dam-
age to mitochondrial components [103]. Specifically, we
have shown that covalent modification of SDHA by the lipid
aldehyde 4-hydroxynonenal (4-HNE) results in the auto-
oxidation and subsequent transference of electrons to oxy-
gen rather than reduction via CoQ10. This, in turn, leads
to a decrease in mitochondrial membrane potential, an
increase in OS, and the propagation of the lipid peroxida-
tion cycle. As a consequence, oocytes experience DNA frag-
mentation and increased apoptosis [103]. Independent
research has also established that exposure of mouse oocytes
to exogenous H2O2 leads to the dissipation of mitochondrial
membrane potential and a concomitant decrease in cyto-
plasmic ATP levels and the disassembly of MII spindles
[104]. However, supplementation of the antioxidant N-acet-
ylcysteine is able to ameliorate such damage [104].

Table 1: Alterations in gene expression of pathways involved in mitigating oxidative damage in the aged oocyte.

Category Genes Cellular compartment References

Antioxidants

↓Sod1, ↓Sod2, and ↓Cat Human granulosa cells [112]

↑Gpx1, ↓Gstm2, ↓Prdx3, and ↓Txn2 Mouse ovaries [13]

↓Sod1, ↓Txn1, ↓Txndc9, and ↓Apacd Mouse MII oocytes [97]

↓Apacd, ↓Glrx, ↓N33, ↓Pdcl, ↓Grp58, and ↓Pdia6 Human MII oocytes [96]

↓Txnrd1 and ↓ Sod1 Mouse GV oocytes [3]

↓Txnrd1, ↓Txnrd3, and ↑Sod2 Mouse MII oocytes [3]

Sirtuin proteins

↑Sirt1 Mouse GV oocyte [127]

↓Sirt3 Human granulosa and cumulus cells [133]

↓Sirt2 and ↓Sirt6 Mouse cumulus cells [136]

DNA
repair/checkpoint

↓Brca1, ↓Mre11, ↓ATM, and ↓Rad51
Mice and human primordial follicles

and GV oocytes
[142]

↓Brca1 Mouse MII oocytes [3]

↓Atr, ↓ Chek1, ↓Nbs1, and ↓Rad17 Human MII oocytes [96]

↓Tert Mouse MII oocytes [148]

Ubiquitin
proteasome
system

↓Psmb2, ↓Psmb5, ↓Psmc2, ↓Psmd4, ↓Psmd8, ↓Ubap1,
↑Ube2h, ↑Usp15, ↓Usp2, ↓Usp31, ↑Usp7, and ↑Usp8

Mouse GV oocytes [3]

↑Psma4, ↑Psmb4, ↑Psmc2, ↓Psmc5, ↓Psmd9, ↑Psmd11, ↓Psme3,
↓Psmf1, ↑Ubap1, ↓Ube1c, ↑Ubc, ↑Ube2a, ↓Ube2d1, ↓Ube2d2,

↓Ube2h, ↓Ube3a, ↑Usp15, and ↑Usp8
Mouse MII oocytes [3]

↓Anapc4, ↓Hip2, ↓Ubc, ↓Ube1c, ↓Ube2a, ↓Ube2e3,
↓Ube2g1, ↓Usp1, ↓Usp30,

↓Psma6, ↓Psmb1, ↓Psmb4, ↓Psmc2, ↓Psmc3, ↓Psmd12,
and ↓Siah2

Mouse MII oocytes [97]

↓Hip2, ↓Psmc2, ↓Psmc6, ↑Psmd2, ↑Psmd5, ↑Psmd1, ↑Psmd9,
↑Ubch9, ↓Ube2n, ↓Ube2e, ↓Ube2g1, ↑Ube2h, ↑Ube2v, ↑Ube3a,

↓Usp1, ↓Usp8, and ↓Usp9x
Human MII oocytes [96]

Chaperones

↓Cct2, ↓Cct3, ↓Cct5, ↓Tra1, ↓Dnaj1, ↓Hsp86-1, ↓Hspa4, ↓Hsp70-4,
↓Hspa8, ↓Vbp1, ↓Mmp2, ↓Skt25, ↓Map4k5, and ↓Ndr4

Mouse MII oocytes [97]

↓Cct2, ↓Dnajb1, ↓Dnajb6, ↓Dnajc5, ↓Hspa14, ↓Hspa1b,
↓Hspa8, and ↓Hspcb

Mouse GV oocytes [3]

↑Cct2, ↓Cct7, ↑Dnaja1, ↓Dnaja2, ↓Dnaja4, ↓Dnajb10,
↓Dnajb11, ↓Dnajc3,

↓Dnajc8, ↓Hspa1b, ↓Hspa1b, ↓Hspa9a, ↑Hspb1,
↓Hspcb, and ↓Mmp2

Mouse MII oocytes [3]
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4. Increased Vulnerability of the Ageing
Oocyte to Oxidative Damage

4.1. Reduced Antioxidant Capacity and ROS Metabolism.
Mammalian cells are endowed with a wide array of antiox-
idants with the ability to scavenge ROS, including nonen-
zymatic antioxidants such as vitamins A, C, and E and
glutathione (GSH) as well as several enzymatic antioxi-
dants including superoxide dismutase (SOD), glutathione
peroxidase (GPX), catalase (CAT), glutathione S-transferase
(GST), peroxiredoxin (PRDX), and thioredoxin (TXN)
[105–110]. Enhanced levels of cellular OS with ageing have
been, at least partially, attributed to the weakening of the
antioxidant enzymatic defences present within the cell [111].
In combination with age-associated increases in prooxidants,
it is likely that this scenario may enable free radicals to evade
cellular defences and subsequently cause damage to a suite
of macromolecules that are required to maintain oocyte via-
bility. While reports of the impact of ageing on the expression
and activity of various antioxidants are plagued by consider-
able variability, there is a general consensus amongst these
studies that dysregulation of ROS metabolism is a feature of
the ageing ovary and oocyte (Tables 1 and 2).

Antioxidant enzymes within granulosa cells, cumulus
cells, and follicular fluid each play a critical role in the protec-
tion of the oocyte, owing to their ability to facilitate the
scavenging of ROS, particularly during steroid hormone syn-
thesis. Of concern, however, is that age-dependent dysregula-
tion of antioxidant enzyme activity and/or expression has
been reported in every one of these cellular compartments.
For instance, a study of patients undergoing IVF reported
lower gene and protein expression of SOD1, SOD2, and
CAT in cultured granulosa cells from 38- to 42-year-old
IVF patients compared to equivalent cells obtained from a
younger patient cohort aged between 27 and 32 years [112]
(Tables 1 and 2). Total SOD activity, as well as SOD1 protein

expression, has also been shown to decrease within the
cumulus cells surrounding ovulated oocytes from IVF
patients of advanced maternal age. Moreover, such changes
have been correlated with unsuccessful IVF outcomes
[113]. In human follicular fluid, Carbone et al. observed a
decrease in the levels of GST and CAT activities, higher
SOD activity, and a decrease in GST protein expression in
IVF patients aged between 39 and 45 years compared to
younger patients aged between 27 and 32 years [114].
Decreased activity of GST, glutathione reductase (GR),
and GPX is also characteristic of the follicular fluid recov-
ered from poor IVF responders and has, in turn, been
positivity correlated with elevated nitric oxide and the
lipid peroxidation products of malondialdehyde (MDA)
and 4-HNE [24].

Differing ovarian gene expression levels of critical antiox-
idant enzymes have also been documented in aged versus
young mice and attributed to notable increases in lipid, pro-
tein, and DNA oxidation. This ageing phenomenon is true
for both ovarian interstitial cells and the follicles themselves
[13]. For instance, the expression of the cytosolic antioxidant
Gpx1 has been documented to increase in aged mouse ova-
ries, while the expression of glutathione S-transferase mu 2
(Gstm2) apparently decreases in this tissue. Additionally,
the mitochondrial antioxidants Prdx3 and Txn2 also experi-
ence decreased expression in such models [13]. Similarly, sig-
nificant attenuation of the activity of both SOD and GPX has
been recorded in ovarian homogenates from premenopausal
to menopausal women [115].

Global gene expression analysis of aged oocytes also
revealed reduced expression of Sod1 and Txn family mem-
bers in ovulated mouse and human oocytes [3, 96, 97]. At
the protein level, only modest decreases have been detected
in the expression of GSTM5 and TXN1 in MII oocytes recov-
ered from mature versus aged mice [116]. Additionally, the
activities of GST and thiols have been reported to decrease

Table 2: Alterations in protein expression and activity of pathways involved in mitigating oxidative damage in the aged oocyte.

Category Proteins/hormones Cellular compartment References

Antioxidants

↓SOD1, ↓SOD2, and ↓CAT Human granulosa cells [112]

↓SOD1 and ↓SOD (activity) Human cumulus cells [113]

↓GST (activity and expression), ↓CAT (activity), and ↑SOD (activity) Human follicular fluid [114]

↓GST (activity), ↓GR (activity), and ↓GPX (activity) Human follicular fluid [24]

↓SOD and ↓GPX Human ovaries [115]

↓TXN1 and ↓GSTM5 Mouse MII oocytes [116]

↓GST (activity) Mouse MII oocytes [117]

↓Melatonin Human follicular fluid [121]

Sirtuin proteins

↓SIRT1 Mouse GV oocyte [127]

↓SIRT2 Mouse MII oocyte [137]

↓SIRT3
Human granulosa and

cumulus
[133]

DNA repair/
checkpoint

↓Telomerase (activity) Human ovary [147]

↓Telomerase (activity) and ↓TERT Mouse MII oocytes [148]

UPS ↓PSMD12 and ↓USP15 Mouse MII oocytes [116]

Chaperones ↑Dnajc19 and ↑Dnajc11 Mouse MII oocytes [116]
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in aged MII mouse oocytes [117]. In alternative model spe-
cies such as the pig, chemical inhibition of SOD activity in
oocytes has been shown to elicit a reduction in meiotic pro-
gression, decreased GSH levels, and diminished rates of
cleavage and blastocyst formation [118]. Such defects have
also been documented in the hamster and bovine, where
the depletion of GSH has been associated with altered spindle
morphology, disturbed microtubule function, and chromo-
some clumping in MII oocytes [119, 120].

More recently, the hormone melatonin, which has strong
antioxidant capacity, has also been shown to be downregu-
lated upon ageing. Indeed, reduced levels of melatonin have
been recorded in the follicular fluid of women of advanced
maternal age [121]. The authors of these studies also reported
a positive correlation between melatonin levels and IVF
outcomes, with higher ovarian reserves, numbers of collected
oocytes, fertilised oocytes, cleaved zygotes, high-quality
embryos, blastocysts, and embryos suitable for transplanta-
tion all being documented in parallel with elevated melatonin.
Accordingly, an inverse correlation has been established
between lower levels of melatonin and higher levels of the lipid
peroxidation product MDA in the serum obtained from
infertile female patients [122].

4.2. Downregulation of Sirtuin Proteins. The sirtuin (SIRT)
family of proteins have been newly established as having
strong antioxidant capacity, an important biochemical
property in the context of the protection they afford to
oocytes from oxidative insults [123]. SIRT proteins pos-
sess either NAD+-dependent deacetylases or mono-ADP-
ribosyltransferase activity and have been shown to modulate
ageing and cell metabolism, primarily by guarding cells
against the damaging impact of oxidative insults [123–125].
SIRT proteins have proven to be essential in oocytes, with
inhibition of total SIRT activity resulting in the disruption
of meiotic maturation, the formation of the actin cap and
the cortical granule-free domain, and induced spindle defects
and chromosome misalignments [126].

A decrease in SIRT1 protein expression and an increase
in Sirt1 gene expression have been observed in GV oocytes
of aged mice [127]. Di Emidio et al. also detected a relocalisa-
tion of SIRT1 and the upregulation of Sirt1 expression in
response to the induction of OS in mouse GV oocytes. These
changes occurred commensurate with a decrease inmiR-132,
a microRNA implicated in the posttranscriptional regulation
of the Sirt1 transcript. Interestingly, aged oocytes were found
to be characterised by a lower basal expression of miR-132
and, upon exposure to oxidative insults, did not experience
a further reduction in miR-132 or concomitant increase in
Sirt1, equivalent to the response recorded in the oocytes of
younger females. Together, these data suggest that this stress
response mechanism is compromised during maternal
ageing. The authors of this study also reported a dose-
dependent increase in intracellular ROS and a decrease in
the number of oocytes reaching the MII phase of develop-
ment, upon inhibition of SIRT1 activity [127]. SIRT1 inhibi-
tion also prevented the upregulation of the antioxidant Sod2,
in response to OS, indicating that the protein likely acts
upstream to mediate Sod2 gene expression. In additional

studies, an age-dependent decrease in SIRT1 protein expres-
sion has been linked to chromatin disorganisation in the GV
oocyte, a defect possibly arising from an inability to modulate
the activity of histone methyl-transferase and subsequent
trimethylation of histones [128, 129].

Remarkably, transgenic mice engineered to overexpress
SIRT1 presented with a pronounced delay in reproductive
ageing accompanied by a decreased time to conception com-
pared to that of wild-type control mice [130]. Similarly,
resveratrol-mediated upregulation of SIRT1 in IVM bovine
oocytes has resulted in an improved fertilisation rate and
blastocyst numbers and increased mtDNA copy number,
membrane potential, and ATP content in the mature oocyte
[131]. Furthermore, a rapamycin-mediated elevation of
SIRT1 and SIRT6 expression in rat ovaries has also been
associated with preservation of the primordial follicle pool
[132]. Overall, these studies suggest that a SIRT1-mediated
decrease in ROS may contribute to the preservation of fertil-
ity under conditions of ageing and oxidative stress.

In addition to SIRT1, the SIRT3 isoform also has distinct
roles in the deacetylation and activation of diverse mitochon-
drial enzymes involved in antioxidant protection (e.g., gluta-
mate dehydrogenase 1), the metabolism of amino acids and
fatty acids, and in the electron transport chain [133, 134].
Indeed, an age-dependent decrease in SIRT3 gene and pro-
tein expression in human granulosa and cumulus cells of
IVF patients has been associated with attenuation of GSH
deacetylation, mitochondrial activation, and altered ROS
metabolism, thus contributing to a depleted ovarian reserve
[133]. Moreover, pan SIRT inhibition, siRNA-induced
knockdown of Sirt3 in fertilised eggs, and the targeted abla-
tion of Sirt3 in global knockout mouse models have each
been shown to increase mitochondrial ROS production and
repress blastulation and postimplantation development in
mouse embryos generated via IVF [135]. Interestingly, the
same study also reported an upregulation of SIRT3 protein
and Sirt3 mRNA expression in response to OS. Moreover,
under conditions of low oxygen, 2-cell embryo and blastocyst
formation were unaffected by siRNA knock down, with ROS
levels also remaining low [135]. These findings highlight the
importance of SIRT3 activity under conditions that lead to an
induction of OS.

In terms of alternative isoforms of the sirtuin family, the
expression of both Sirt2 and Sirt6 has also been shown to
decrease in the cumulus cells of aged mice, suggesting they
too may contribute to the hierarchy of mechanisms that pro-
tect the quality of oocytes in young animals [136]. Accord-
ingly, SIRT2 depletion in mouse oocytes has been linked to
spindle defects, chromosome disorganisation, and impaired
microtubule-kinetochore interactions [137]. A similar spec-
trum of lesions (i.e., spindle defects, chromosome misalign-
ment, impaired kinetochore-microtubule interactions, and
aneuploidy during meiosis) has also been reported in the
oocytes of mice targeted for Sirt6 knockdown [138]. Con-
versely, a range of age-related oocyte pathologies can be mit-
igated via the overexpression of SIRT2 in these cells [137].
Taken together, these data highlight the important role that
several members of the SIRT family of proteins hold in
protecting the oocyte from oxidative stress and regulating
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oocyte meiotic events, and the detrimental pathologies that
develop if these proteins are downregulated during the
ageing process.

4.3. Compromised Oxidative DNA Damage Repair Pathways.
An additional characteristic of the aged oocyte that renders
them particularly vulnerable to oxidative attack is the
downregulation of genes involved in DNA damage repair.
DNA damage can result in alterations in gene expression
mediated through epigenetic modifications and mutagene-
sis [139–141]. Oocytes are acutely susceptible to accumulat-
ing DNA damage due to their extended prophase arrest.
Indeed, an increase in DNA double stand breaks (DSBs)
has been detected in aged mouse and human primordial fol-
licles as well as in GV oocytes [142–144]. Alternatively, the
interstitial tissue of ageing mouse ovaries has also been
shown to accumulate a higher proportion of oxidative DNA
damage, detected via measurement of the DNA oxidation
marker 8-hydroxy-2′-deoxyguanosine (8-OHdG), than that
of an equivalent tissue in young animals [13]. This is partic-
ularly concerning as elevated intrafollicular levels of 8-OHdG
lesions positively correlate with high rates of degenerative
oocytes in women [21]. The causative nature of these pheno-
types is suggested by evidence that antioxidant treatments
aimed at ameliorating 8-OHdG concentrations can enhance
a woman’s chances of conceiving and maintaining preg-
nancy, as has been documented amongst a cohort of women
that had previously experienced failed pregnancies arising
from IVF embryo transfers [21]. In rat models, it has been
shown that GV oocytes subjected to exogenous H2O2 experi-
ence an increase in DNA fragmentation and eventually suc-
cumb to apoptosis [17]. Studies of this nature serve to
illustrate the pervasive nature OS and the capacity of this
insult to elicit DNA damage and compromise the fidelity of
the ageing oocyte.

Such findings take on added significance in view of the
fact that the efficacy of DNADSB repair mechanisms become
attenuated in aged oocytes. Indeed, an increase in the expres-
sion of the DNA DSB damage maker γH2AX in the primor-
dial follicles and GV oocytes from aged mice and humans
correlates with a decline in the expression of several DNA
DSB repair genes including, Brca1, Mre11, ATM, and
Rad51 [142]. The decrease in Brca1 expression in the MII
oocytes of aged mice was also observed by Pan et al. with
the RNAi-mediated reduction of Brca1 resulting in abnormal
spindle formation, chromosome misalignment, and a signif-
icant increase in hyperploid oocytes [3]. Interestingly, micro-
array analysis of human MII oocytes recovered from aged
versus young donors has also revealed that the former are
characterised by an apparent decrease in several genes associ-
ated with the DNA damage checkpoint, including Atr, Chek1,
Nbs1, and Rad17 [96]. The importance of oxidative DNA
damage repair during ageing has been further highlighted
in senescence-accelerated mice (SAM) models. Using this
mouse strain, it has been demonstrated that increased oxida-
tive damage brought about by mutations in mtDNA and the
oxidative DNA repair enzyme OGG1 leads to accelerated
ageing phenotypes including spindle and chromosomal
abnormalities [145, 146]. While the consequential reduction

in DNA repair capacity argues that oxidative insults could
elicit a higher level of DNA damage in an aged oocyte, this
has yet to be experimentally confirmed.

Aside from DNA damage, telomere shortening has also
been documented as a consequence of both ageing and OS
in the ovarian environment [147, 148]. Telomeres are
comprised of repetitive DNA nucleotide sequences and associ-
ated proteins localised to the end of eukaryotic chromosomes.
These entities serve a predominantly protective function to
maintain chromosomal integrity and prevent end-to-end
chromosome binding [149]. During ageing, telomere length
gradually shortens due to repeated cycles of DNA replication
and the adverse effects of a variety of genotoxic agents includ-
ing OS [150]. Although oocytes and their surrounding granu-
losa cells are among a limited number of normal adult cell
populations endowed with telomerase enzymes to counteract
telomere shortening and ensure genetic stability, the telome-
rase activity of these ovarian cells is reduced in women of
advanced maternal age [147, 151]. Similarly, in aged mouse
models, oocytes experience a reduction in gene and protein
expression of telomerase reverse transcriptase (TERT), a cata-
lytic subunit of telomerase, as well as a consequential attenu-
ation of telomerase activity [148]. Telomeres are a primary
target of DNA damage in ageing human somatic cells, and
severely shortened or uncapped telomeres result in genetic
instability and cellular senescence [152]. By analogy, telomere
shortening in oocytes during reproductive ageing may also
predict developmental competence.

4.4. Reduced Fidelity of the Spindle Assembly Checkpoint.
Stringent molecular mechanisms exist to prevent oocytes
with significant DNA damage from progressing through
meiosis and/or embryo development. Damage to genomic
content of primordial and primary follicles ultimately leads
to the induction of an apoptotic cascade via activation of
the transcription factor transformation-related protein 63
(TAP63). However, oocytes that have proceeded to second-
ary and more advanced stages of development fail to express
TAP63 and are therefore reliant on the meiotic spindle
assembly checkpoint (SAC) to halt the development of any
cells compromised by DNA damage and/or chromosomal
abnormalities [153, 154]. In oocytes harbouring DNA dam-
age induced by chemical agents and UV radiation, SAC activ-
ity increases resulting in MI arrest [155–157].

Despite this checkpoint, in ageing mothers, an increase in
DNA damage and abnormalMII oocytes and embryos is more
likely to occur than in their younger counterparts. This is con-
sistent with evidence that the fidelity of SAC is compromised
in aged oocytes, leading to a situation in which aged oocytes
harbouring DNA damage are able to more readily evade MI
arrest [3, 155]. This suggests that SAC failure is a likely
contributor to the increased incidence of chromosome
abnormalities documented in oocytes and embryos from older
women. Concomitantly, there is mounting evidence from
somatic cells that even modest concentrations of H2O2 can
compromise the stringency of the SAC [158]. By analogy, it
is tempting to speculate that oxidative induced DNA damage,
which escapes the SAC in aged mothers, could increase the
incidence of chromosomal defects in oocytes and embryos.
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4.5. Downregulation of Reversible Protein Oxidation Repair.
Oocytes are also equipped with stringent repair and proteo-
lytic pathways to mitigate the impact of oxidatively damaged
proteins. Upon oxidation, targeted proteins are subject to
repair or, in the event that the damage is too great to mount
complete repair, they are selectively degraded [159, 160].
Unfortunately, only limited oxidative-based modifications
of the sulfur-containing amino acids, cysteine, and methi-
onine possess the capacity for reversibility via reduction
back to their native form [161, 162]. For instance, oxidation
of the sulfhydryl groups in cysteine can be reduced by the
thioredoxin-thioredoxin reductase system and glutaredoxin-
glutathione-glutathione reductase system. Glutaredoxin and
thioredoxin reduce disulfide bonds of cysteine by acting
as electron doners and are subsequently reduced by
glutathione-glutathione reductase and thioredoxin reductase,
respectively, in an NADPH-dependent manner. An alterna-
tive class of enzymes, the methionine sulfoxide reductases
(MSRS), are responsible for the conversion of methionine
sulfoxides back to methionine, with the resulting sulfenic
acid intermediate being reduced by the thioredoxin-
thioredoxin reductase system [162, 163].

The importance of a fully functioning thioredoxin-
thioredoxin reductase system is further emphasised by the
fact that homozygous KO of either Txn1 or Txn2 is embryon-
ically lethal, with cells derived from the inner cell mass of
Txn1 KO animals unable to proliferate [164, 165]. It is there-
fore of concern that the gene expression of the thioredoxin
family has been shown to decease in the ovaries and oocytes
of aged mice. Indeed, members of the thioredoxin family
such as Txn1 and thioredoxin domain-containing protein 9
(Txndc9) are each characterised by decreased expression in
the MII oocytes of 42- to 45-week-old mice compared to that
of younger, 5- to 6-week-old animals [97]. Similar reduced
expression profiles have also been reported for thioredoxin
reductase 1 (Txnrd1) and Txnrd3 in the GV and MII oocytes
of 66-week-old mice versus that of 6-week-old animals [3].
This trend also applies to Txn2, which experiences a notable
decrease in ovarian expression between 2- and 12-month-old
mice [13]. Consequently, a marked decrease in reduced sulf-
hydryl groups, indicative of an elevated level of protein oxi-
dation, has been observed in follicular fluid recovered from
aged women [43]. Taken together, these data indicate that
the capacity to repair reversibly oxidised proteins may be
compromised in the aged oocyte owing to the downregula-
tion of the reductase systems tasked with this role, which
could manifest in catastrophic consequences for the oocyte.

4.6. Compromised Degradation of Irreversible Protein
Oxidation. In contrast to the situation described in the previ-
ous section, the majority of nonenzymatic oxidative protein
modifications are actually irreversible, a situation that pre-
vents their repair and instead targets the damaged proteins
for proteolysis [166, 167]. In terms of the nature of these
modifying agents, it is well-established that they include a
variety of highly reactive aldehyde species that are formed
as secondary products of the lipid peroxidation cycle, includ-
ing 4-HNE (Figure 2) [168–172]. Indeed, an elevation in the
levels of 4-HNE has been demonstrated in whole ovary and

the interstitial tissue of aged mice ovaries [13, 173]. Similarly,
in recent work conducted in our laboratory, this oxidative
lesion also appeared to be concentrated in the vicinity of
the oocyte [174]. Accordingly, we identified a significant
increase in the level of 4-HNE-modified proteins in GV and
MII stage mouse oocytes between 4–6 weeks and 14 months
of age [174]. Moreover, direct exposure of oocytes from these
young mice to exogenous 4-HNE resulted in a range of
defects that mirrored those witnessed in aged oocytes. Such
changes included decreased meiotic completion, increased
spindle abnormities, chromosome misalignments, and ele-
vated aneuploidy rates. Our study also identified α-, β-, and
γ-tubulin as major targets for 4-HNE modifications in both
aged oocytes as well as young oocytes exposed to exogenous
oxidative insult in the form of either H2O2 or 4-HNE. On
the basis of these data, we infer that the susceptibility of key
meiotic proteins, such as tubulins, to 4-HNE modification
contributes to the increased aneuploidy rates recorded in
aged oocytes.

In addition to tubulin, several other functionally impor-
tant proteins have also been shown to be vulnerable to oxida-
tive adduction by reactive aldehyde species. In the case of
mouse oocytes, previous work from our laboratory has iden-
tified SDHA, a component of complex II of the mitochon-
drial electron transport chain, as a proven target for
adduction by 4-HNE, and possibly MDA and acrolein, thus
further implicating these reactive aldehydes in the deteriorat-
ing quality of the postovulatory aged eggs [103] (Figure 2).
Interestingly, both alpha-tubulin and SDHA appear to be
conserved targets for 4-HNE adduction in alternative cell
types such as the male gamete [175, 176]. However,
additional targets in these cells are known to include the
molecular chaperone, HSPA2, which facilitates ZP binding,
as well as dynein heavy chain, cAMP-dependent protein
kinase, alpha-catalytic subunit (PRKACA), and tubulin
polymerisation-promoting protein family member 2 (TPPP2),
each of which are each important for sperm functionally
[175–177]. The detrimental impact of each of these phe-
nomena on cellular proteostasis highlights the impetus for
rapid clearance of the recipients of oxidative damage.

The degradation of irreversibly damaged protein is most
often mediated by the ubiquitin-proteasome system (UPS)
[178–180]. In the UPS, proteins are covalently modified with
multiubiquitin chains for targeted degradation by the 26S pro-
teasome holoenzyme. This enzyme comprises a 19S regulatory
subunit and a 20S catalytic core, each of which are composed
of multiple subunits. In its regulatory capacity, the 19S subunit
is responsible for controlling the entrance of ubiquitin-tagged
proteins into the 20S core as well as the removal of the ubiqui-
tinated chains thereby permitting target protein degradation
by the 20S core. Despite this gate-keeper role, there is accumu-
lating evidence to suggest that the predominant pathway
utilised for the removal of oxidatively damaged proteins is
via the 20S proteasome alone, independent of the 19S subunit,
ATP, and/or ubiquitin [179, 180] (Figure 3).

In cells functioning under normal physiological param-
eters, the activity of the proteasome is upregulated in
response to OS in order to resolve concomitant increases
in dysfunctional and/or misfolded proteins [181–184].
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Nevertheless, it has been convincingly demonstrated that
the proteasomal system is generally less active in ageing
somatic cells, thus decreasing the rate of oxidised protein
resolution and creating an imbalance between ROS produc-
tion and ROS clearance, factors that ultimately contribute
to increased aggregate formation and accentuation of cellu-
lar damage [185–187]. Furthermore, this imbalance leads to
a decrease in the ability of the ageing cell to prevail through
oxidative attack.

Though it has yet to be proven directly, the activity of the
proteasome is also likely to be downregulated in ageing
oocytes owing to a decrease in transcript expression of sev-
eral constituents of the UPS as detected via global compara-
tive transcript analyses conducted on young versus aged
mouse oocytes (GV and MII). Candidate genes identified in
these studies included those encoding ubiquitin-activating
enzymes (Ube1c), ubiquitin-conjugating enzymes (Hip2,
Ube2a, Ube2e3, and Ube2g1), ubiquitin-ligases (Siah2), and
ubiquitin itself (Ubc), as well other ubiquitination promoting

enzymes (Anapc4). Proteasomal components appear to be
equally susceptible to age-dependent decline, with documen-
tation of a downregulation of transcripts encoding for 20S
proteasome subunits (Psma6, Psmb1, Psmb2, Psmb4, and
Psmb5), ATPase (Psmc2, Psmc3, and Psmc5), as well as the
non-ATPase subunits of the 19S regulator (Psmd4, Psmd8,
Psmd9, and Psmd12) [3, 97] (Table 1). Moreover, several of
these transcripts appear to be similarly dysregulated in the
MII oocytes of aged human donors [96] (Table 1). Although
not as comprehensive, an equivalent decrease in the levels of
proteasomal proteins, such as PMSD12, has also been
detected in the MII oocytes of aged mice [116].

In contrast to this hypothesis, Tsakiri et al. demonstrated
that the gonads and maturing oocytes of naturally aged D.
melanogaster retain relatively high activity of the 26S protea-
some and consequently accumulate less oxidatively damaged
proteins than those of equivalently aged somatic tissues
[187]. In addition, a study in C. elegans revealed that carbo-
nylated proteins are abruptly eliminated by the proteasome

4-HNE
generation

Adduction to key 
meiotic proteins

Adduction to SHDA

Electron 

ROS

ROS
ROS

leakage

Lipid peroxidation

ROS
ROS
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Figure 2: Cyclic propagation OS via lipid peroxidation impacts oocyte quality. Upon the induction of OS, ROS can instigate the peroxidation
of lipids and the subsequent generation of highly electrophilic lipid aldehyde by-products such as 4-HNE. 4-HNE has the capacity to
covalently modify and damage a wide array of proteins, including those essential for meiosis [174]. Additionally, adduction of
mitochondrial SDHA impairs the ETC chain leading to electron leakage and the initiation of a positive feedback loop resulting in the
generation of more ROS and lipid aldehydes [103].
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in maturing oocytes, irrespective of the age of the mother
[188]. While it is difficult to refute the possibility that such
conflicting data may simply reflect species-specific responses,
it must also be considered that the influence of ageing on
proteasome activity does vary between distinct cell types.
Indeed, the maintenance of proteasome activity within the
oocyte may very well act as a compensatory mechanism to
repair and protect against damage to the germline. Consid-
ering this, investigation into the existence of such potential
compensatory mechanisms in mammalian ovarian tissue is
clearly required.

Notwithstanding the obvious importance of the UPS, it
has been suggested that the proteasome is only capable of
degrading mildly oxidised proteins stemming from the fact

that proteins must have the capacity to be unfolded prior to
entering the relatively narrow 20S catalytic core [189]. Thus,
the degradation of moderately to severely oxidised proteins
that are unable to be sufficiently linearized rests with alterna-
tive lysosomal-dependent pathways [189]. Indeed, through
the use of inhibitors capable of selectively, and independently,
targeting the proteasomal or lysosomal pathways, it has been
demonstrated in somatic systems that proteins bearing more
extensive modifications are preferentially directed away from
the proteasome and toward lysosomal degradation pathways
whereupon they are recycled via the action of acidic lyso-
somal hydrolases [190]. This pathway has been demonstrated
inXenopus oocytes wherein lysosomal activity was stimulated
upon intracellular accumulation of damaged proteins [191].
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lipids and (b) the generation of lipid aldehyde by-products such as 4-HNE. (c) During OS, native proteins can be oxidised directly by ROS or
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protein can be degraded into peptides directly by the proteasomes 20S catalytic core, or (e) can be modified by ubiquitin and
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protein can also be recognised by HSP70s. (f) In the case of revisable oxidation, HSP70s, in combination with cochaperones, mediate
protein reduction and refolding back to their native form. (g) Where HSP70 recognition occurs and the oxidative modification is
irreversible, such as 4-HNE adduction, the HSP70 and an alternate subset of cochaperones act to facilitate protein degradation via
mediating polyubiquitination via K63 (recognised by the autophagy machinery) or K48 (recognised by the 26 proteasome).
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The lysosomal pathways can, in turn, act via direct
engulfment of the substrate by the lysosomal membrane, or
alternatively, substrates can be delivered to the lysosome by
either molecular chaperone proteins or by a double mem-
braned autophagosome that forms around cytoplasmic mate-
rial [192, 193]. The latter catabolic mechanism, also known
as autophagy, serves to compensate for the impairment of
UPS activity under high oxidative burden [194, 195]. Inter-
estingly, autophagy was shown to be upregulated in oocytes
obtained from cows aged between 25 and 167 months, poten-
tially suggesting that autophagic compensation may indeed
be occurring in the context of the ageing oocyte. Curiously,
chemical stimulation of autophagy in aged oocytes has been
associated with an increase in oocyte quality [196].

Ubiquitination has also been implicated in coordinating
the catabolism of proteins via selective autophagy, thus act-
ing as a unifying factor linking the UPS, autophagy, and lyso-
somal pathways of degradation [197]. Accordingly, linker
molecules exist with the capacity for interaction between
both ubiquitin and components of the autophagy machinery.
Indeed, under situations in which a cell’s proteasomal
capacity is overwhelmed by an accumulation of misfolded
proteins, polyubiquitinated proteins tend to aggregate into
large-scale aggresomes, which are subsequently degraded by
autophagy. The formation of these aggresomes is critical for
cell survival owing to their ability to mitigate the cytotoxic
effects of free-floating misfolded proteins [198]. Illustrative
of this process, the adaptor molecules HDAC6 and p62
have the capacity to bind mono and polyubiquitinated pro-
teins and subsequently translocate them to aggresomes and
to autophagic machinery, respectively [199–202]. Taken
together, it is tempting to speculate that the dysregulation
of ubiquitin and ubiquitin-related enzymes in the ageing
oocyte might also compromise the efficiency of aggresome
formation and the selective autophagy of oxidised proteins
in oocytes.

4.7. The Role of Molecular Chaperones. Molecular chaper-
ones are defined by their ability to confer resistance to envi-
ronmental stressors and as such are often referred to the cell
stress response or heat shock proteins (HSPs) [203, 204].
HSPs act by transiently associating with client proteins to
mediate conformational stabilisation and aggregate preven-
tion, relocalisation, or degradation [205]. The decision as
to whether a protein will undergo protein repair and refold-
ing or proteolysis is regulated in part by HSPs and their
cochaperones. Indeed, it has been suggested that the
HSP70 and HSP90 chaperone families and ubiquitin com-
pete for the binding of a substrate, with those interactions
favouring substrate-ubiquitin adhesion resulting in proteol-
ysis [206]. In contrast, substrate-chaperone interactions can
direct proteins towards either refolding and repair or prote-
olysis, with the protein’s fate being largely arbitrated by
cochaperones. Interactions with cochaperones that promote
client binding and/or ATPase activity often facilitate protein
repair and refolding [206, 207]. However, in situations
where the substrate is unable to resume its folded conforma-
tion, chaperones can maintain the folded intermediate in a
soluble form for recognition and catabolism by proteolytic

machinery [208]. Conversely, interaction between the
HSP70-HSP90 complex and the cochaperones BAG1 and
CHIP, which can also act as an E3 ubiquitin ligase to catal-
yse the transfer of ubiquitin to the protein substrate, results
in the inactivation of the HSPs ATPase folding activity,
leading to client proteins being ubiquitinated and directed
towards proteasomal degradation [206, 209].

The importance of HSPs in maintaining proteostasis
within oocytes takes on added significance in light of evi-
dence that oocytes obtained from aged mice exhibit a marked
decrease in the gene expression of Hsp40s (Dnaja2, Dnaja4,
Dnajb1, Dnajb6, Dnajb10, Dnajb11, Dnajc3, Dnajc5, Dnajc8,
and Dnajc21), Hsp70s (Hspa1b, Hspa4, Hspa8, Hspa9a,
Hspa14, and Hsp70–3), Hsp90s (Hspcb), and components
of the chaperonin containing TCP1 complex (Cct1–3 and
Cct5) (Table 1) [3, 97]. Such reductions are particularly con-
cerning given the vital role that HSPs play in survival and
recovery from oxidative stress. Accordingly, several studies
have reported an increase in gene and protein expression of
HSPs in response to oxidative stress [207, 210, 211]. Con-
versely, it has also been shown that oxidative stress can
impair the heat shock response, thus delaying resolution of
unfolded proteins [212]. HSP70-mediated autophagy has
also been demonstrated to be induced during oxidative stress
and shown to accelerate the degradation of specific oxidized
proteins [213, 214]. Moreover, HSP70 proteins have been
shown to mediate dissociation and reassociation of the 26S
proteasome during adaptation to oxidative stress [215].
Furthermore, HSP70 and HSP90 are known to interact with
misfolded proteins to avert aggregation and initiate substrate
refolding in an ATP- and cochaperone-dependent manner
[216] with an elevation of HSP70 resulting in reduced aggre-
gate formation via proteasome stimulation [217]. Ultimately,
an age-related deterioration in the capacity of the oocyte to
produce active heat shock proteins could contribute to an
accumulation of oxidatively damaged proteins and their
aggregation in ageing oocytes.

5. Therapeutic Interventions to Combat
Age-Associated Decline in Oocyte Quality

5.1. Antioxidant Treatments. In recognition of the funda-
mental role that OS holds in the aetiology of ageing, in the
following studies, the administration of antioxidant therapies
has proven successful in improving both the quality and
quantity of oocytes recovered from aged mice. In this con-
text, potent antioxidants such as resveratrol have been suc-
cessful in counteracting the ageing phenotype in mouse
ovaries. Indeed, 12 months of resveratrol treatment, initiated
at the time of weaning, resulted in an elevated follicle pool,
decreased spindle aberrations, and decreased chromosome
misalignments, which together culminated in increased litter
sizes when compared to nontreated females of the same age
[19]. Notably, telomerase activity was elevated and telomere
length was also preserved in resveratrol-treated mice [19].
Liu et al. were also able to delay ovarian ageing with short-
term treatment (2 months) of the antioxidant N-acetyl-L-
cysteine (NAC), reporting an increase in zygote quality and
early embryo development as well as increased telomerase

12 Oxidative Medicine and Cellular Longevity



activity and longer telomere length. Furthermore, long-term
(12 month) administration of low doses of NAC also resulted
in increased litter size [218]. Complementing these promis-
ing data, mice fed a diet supplemented with antioxidants,
vitamins C and E, from weaning onwards also experienced
a significant decrease in age-related aneuploidy in their
oocytes [219]. Two additional studies from this group also
served to demonstrate that either early-onset (from weaning)
or late-onset (from 22 to 33 weeks) oral administration of a
combinatorial treatment of pharmacological doses of vita-
mins C and E was successful in ameliorating age-associated
decrease in oocyte quantity and quality. Indeed, both timing
regimens resulted in increase in ovulated eggs and normal
chromosomal alignment atMII [220, 221]. Conversely, exper-
imental mouse models of accelerated ageing (e.g., achieved
through the administration of D-galactose) have also shown
improvement upon treatment with radical-scavenging agents
such as the biliprotein C-phycocyanin [222]. In this context,
phycocyanin treatment led to decreased oocyte fragmentation
and aneuploidy relative to that of females receiving D-
galactose only. The phycocyanin-treated animals also
responded with elevating levels of SOD in oocytes such
that they were indistinguishable from those levels found
untreated control females [222].

In a clinical context, supplementation of the antioxidant
melatonin during ovarian stimulation in women undergoing
IVF resulted in efficient accumulation into follicular fluid and
improved oocyte and embryo quality in aged women [223].
In mice, the long-term dietary supplementation of melato-
nin, between 10 and 43 weeks of age, was also able to mitigate
the phenotype of the ageing oocyte with the restoration of
oocyte numbers, fertilisation rate, and blastulation rate. At
a molecular level, melatonin largely preserved the mRNA
reserve of aged oocytes and stimulated SIRT expression, anti-
oxidant capacity, and ribosome function and maintained
telomere length [224]. Similar beneficial effects have also
been demonstrated in a bovine model, with the addition of
melatonin during bovine IVF and embryo culture promoting
blastocyst quality and yield [225].

Notwithstanding these positive outcomes, it is important
to note that high doses of antioxidant therapy can have neg-
ative effects on female fertility. For instance, Tarin et al.
revealed the risks associated with the pharmacological doses
of antioxidant required to ameliorate the effects of ageing
on oocyte quality. In this study, administration of vitamins
C and E had a negative impact on uterine function and
resulted in decreased litter sizes, reduced frequency of litters,
and poor survival of male pups. The authors attributed these
adverse outcomes to an inability of the corpus luteum to
support pregnancy, thus leading to an increase in foetal
resorption [226]. Additionally, high concentrations of eicosa-
tetraynoic and eicosatriynoic acids, as well as lipoxygenase
inhibitors, can reversibly block GVBD in mouse oocytes
through their antioxidant action [227, 228]. Furthermore,
administration of broad-spectrum ROS scavengers into the
ovarian bursa have been shown to significantly decrease ovu-
lation rates in hormonally stimulated mice. This response is
apparently mediated by inhibition of LH driven upregulation
of ovulation related genes [46]. This collective evidence

showcases the delicate balance of pro- and antioxidants
required for normal ovarian function and highlights the need
for careful screening of safe and efficient antioxidant treat-
ments before such a strategy can be reasonably transferred
into a clinical setting.

5.2. Mitochondrial Replacement Therapy. In recent years,
several groups have advocated for age-related infertility to
be treated with mitochondrial replacement therapy (MRT).
MRT has, as recently as December 2016, been legally
approved in the UK for the treatment of mitochondrial dis-
ease [229]. The two most well-studied techniques include
maternal spindle transfer (MST) and pronuclear transfer
(PNT) [229, 230]. Briefly, MST involves the removal of the
spindle-chromosome complex of a donor MII stage oocyte
and its replacement with the spindle contents of the intended
mother prior to fertilisation. In contrast, PNT involves the
removal of the female and male pronuclei from the donor
oocyte following fertilisation and before pronuclei fusion
has occurred. The pronuclei are then replaced with those of
the intended parents.

Considering that aneuploidy at the MII phase of oocyte
development is a primary source of age-related infertility, it
is apparent that MRT using already segregated nuclear mate-
rial from oocytes at MII or beyond would not be sufficient in
overcoming this obstacle. As such, the benefit of similar tech-
niques for the treatment of age-related infertility remains an
active area of research. Indeed, germinal vesicle transfer
(GVT) is one promising development whereby the cytoplas-
mic contents of the oocyte are replaced before the onset of
chromosome segregation. GVT involves the removal and
replacement of the entire nuclear content including diploid
chromosome sets as well as the surrounding nuclear material
from GV stage oocytes [231]. A recent study by Nakagawa
and FitzHarris was able to demonstrate the value of this
technique with the restoration of spindle dynamics in the
aged oocyte following reciprocal transfer of nuclei between
young and aged GV mouse oocytes [232]. Encouragingly,
the efficacy of this technique appears to be conserved in
human oocytes as demonstrated in a preclinical study where
reconstructed oocytes successfully overcome age associated
aneuploidy with a euploidy rate of 80% [233]. However, the
authors of this study did offer the cautionary note that the
results were based on small oocyte numbers and thus argued
for more research in this field. In an alternative study, the GV
from young and aged human oocytes were reciprocally trans-
planted into ooplasts from the opposing age group [234].
Remarkably, 71% of aged GV to young ooplast transfers dis-
played a normal karyotype compared to only 25% of young
GV to aged ooplast transfers [234]. Such findings indicate
that the cytoplasmic content of the young oocyte contains
the factors necessary to reduce damage in aged oocytes.
Furthermore, developmental and fertilisation potential can
be restored when the GV of mitochondrially damaged
oocytes are transferred into donor ooplasts [87]. Given the
electron leakage associated with mitochondrial damage, it
could be assumed that the oxidative burden is reduced
upon GVT of aged oocytes into young ooplasts and leads
us to once again highlight the contribution of OS to the
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age-related deterioration of the oocyte. Despite these
encouraging results, considerable research is still required
before MRT is likely to receive widespread adoption as a
therapeutic intervention of choice to treat age-related
female infertility.

5.3. Calorie Restriction. Dietary caloric restriction (CR) in
adult life could be an alternate mechanism to reduce OS
within the oocytes of older women. Calorie restriction has
been linked to a decrease in free radical production by the
mitochondria [1, 235–237]. After as little as 6 weeks of 40%
CR in rats, ROS production was reduced by 45% andmtDNA
damage by 30% in cardiac cells [238]. While translation into
nonhuman primates has been controversial, there is evidence
to suggest that CR also delays the onset of age-related disor-
ders in rhesus monkeys [239]. Moreover, the application of
the same CR regimen for an extended period of 7.5 months
was shown to maintain oocyte quality in 12-month-old mice.
Indeed, oocytes from the 12-month-old CR mice presented
with significantly decreased aneuploidy, meiotic spindle
abnormalities, mitochondrial dysfunction, and chromo-
somal misalignment compared to noncalorie-restricted
age-matched control animals [1]. In seeking to account for
this positive effect, the authors posited that it was likely
attributed to a decrease in the expression of peroxisome
proliferator-activated receptor γ coactivator-1α (PGC-1α),
a transcriptional regulator of several genes associated with
mitochondrial respiration. It is therefore possible that
reduction in mitochondrial-derived ROS mediated by CR
in adult life could be an effective means of improving the
fertility of women of advancing maternal age. However, this
study was performed for over 40% of the animal’s lifetime
and therefore a more practical model would need to be
developed for human use.

6. Concluding Remarks

The causative relationship between the age-related decline in
oocyte quality and increases in oxidative stress (OS) is well
accepted. A concomitant decline in the fidelity of the protec-
tive mechanisms that oocytes are capable of mounting to
mitigate oxidative insults only acts to perpetuate the intensity
of the oxidative damage. Indeed, an attenuation of the
efficacy of ROS metabolism, DNA repair, spindle assembly
checkpoint, capacity for protein repair, and/or degradation
collectively render the aged oocyte acutely vulnerable to oxi-
dative insult. While antioxidant treatments, mitochondrial
replacement therapy, and calorie restriction offer the
potential for therapeutic intervention for the treatment of
age-related infertility in women of advanced maternal age,
it is clear that each of these strategies would benefit from
further refinement before their full potential can be realised.
In this review, we conclude that the accumulation of
oxidative damage in the maternally aged oocyte likely results
from the convergence of an increase in ROS production as
well as a decreased capacity of the oocyte to mitigate
oxidative damage. We also urge further basic research into
therapeutic interventions to enhance the activity of

oxidative repair pathways in the oocyte or otherwise
ameliorate the damaging impact of OS lesions in these cells.
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Endometriosis is one of the most common gynaecologic diseases in women of reproductive age. It is characterized by the presence
of endometrial tissue outside the uterine cavity. The women affected suffer from pelvic pain and infertility. The complex etiology is
still unclear and it is based on three main theories: retrograde menstruation, coelomic metaplasia, and induction theory. Genetics
and epigenetics also play a role in the development of endometriosis. Recent studies have put the attention on the role of oxidative
stress, defined as an imbalance between reactive oxygen species (ROS) and antioxidants, which may be implicated in the
pathophysiology of endometriosis causing a general inflammatory response in the peritoneal cavity. Reactive oxygen species are
intermediaries produced by normal oxygen metabolism and are inflammatory mediators known to modulate cell proliferation
and to have deleterious effects. A systematic review was performed in order to clarify the different roles of oxidative stress and
its role in the development of endometriosis. Several issues have been investigated: iron metabolism, oxidative stress markers (in
the serum, peritoneal fluid, follicular fluid, peritoneal environment, ovarian cortex, and eutopic and ectopic endometrial tissue),
genes involved in oxidative stress, endometriosis-associated infertility, and cancer development.

1. Introduction

Endometriosis is an estrogen-dependent pelvic inflammatory
disease characterized by implantation and growth of endo-
metrial tissue (glands and stroma) outside the uterine cavity
[1]. It affects about 10–15% of women of reproductive age
[2, 3]. The most common symptoms of the disease are pelvic
pain and infertility [1]. In fact, the prevalence of endometri-
osis in women with pelvic pain ranges from 30 to 45% of
infertile population [4]. However, endometriosis can be also
asymptomatic or accompanied by symptoms such as
dysmenorrhea and dyspareunia [3, 5, 6]. The etiology of
endometriosis is still unclear: the implantation theory of
Sampson, the coelomic metaplasia theory of Mayer, and the

theory of induction are the three classic theories that have
tried to designate the definitive pathogenetic mechanism of
endometriosis but they have failed to establish it [7, 8].
Recent studies have addressed the role of other factors in
the development of endometriotic lesions such as familiar
tendency and genetic predisposition [9]. It is now widely
accepted that oxidative stress, defined as an imbalance
between reactive oxygen species (ROS) and antioxidants,
may be implicated in the pathophysiology of endometriosis
causing a general inflammatory response in the peritoneal
cavity [10–12]. Reactive oxygen species are intermediaries
produced by normal oxygen metabolism and are inflamma-
tory mediators known to modulate cell proliferation and to
have deleterious effects [13]. Indeed, cells have developed a
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wide range of antioxidant system, such as superoxide dismut-
ase, catalase and glutathione peroxidase, and vitamin E and
vitamin C, to limit ROS production, inactivate them, and
repair cell damage; however, oxidative stress may occur when
the balance between ROS production and antioxidant
defence is disrupted [14]. Macrophages, erythrocytes, and
apoptotic endometrial tissue that transplant into the perito-
neal cavity through retrograde menstruation are well known
inducers of oxidative stress; therefore, peritoneal production
of ROS may be involved in endometriosis. Indeed, activated
macrophages play an important role in the degradation of
erythrocytes that release prooxidant and proinflammatory
factors such as heme and iron, implicated in the formation
of deleterious ROS [15].

2. Materials and Methods

A review of the literature was conducted in order to identify
the most relevant studies reported in the English language.
We searched PubMed MEDLINE electronic database
(https://www.ncbi.nlm.nih.gov/pubmed) published until
March 2017. The keywords used were as follows: “endome-
triosis,” “oxidative stress,” “oxidative stress markers,”
“reactive oxygen species,” “inflammation,” and “iron.”
Different combinations of the terms were used. Moreover,
references in each article were searched to identify potentially
missed studies.

3. Results and Discussion

3.1. Role of Iron. Recent findings have put the attention on
the role of altered iron metabolism in the endometriosis
development [16]. The presence of iron overload in the dif-
ferent components of the peritoneal cavity of endometriosis
patients has been widely studied; however, it remains
strongly localized in the pelvic cavity and does not affect body
iron content [16].

Higher levels of iron, ferritin, and haemoglobin have
been found in the peritoneal fluid of affected women than
controls [17]. The stroma of endometriotic lesions and peri-
toneum also revealed the presence of iron conglomerates.
Peritoneal iron overload may be a consequence of
increased influx caused by erythrocyte degradation, result-
ing either from more abundant menstrual reflux or
bleeding lesions or from a deficiency in the peritoneal iron
metabolism system [14].

Iron metabolism by macrophages appears to be enhanced
in endometriosis. In fact, siderophages, macrophages storing
iron, are heavily laden with hemosiderin inside the pelvic
cavity [17]. Moreover, macrophages express more transferrin
receptors and are more haptoglobin-saturated [14].

Overwhelming iron can act as a catalyst in the Fenton
reaction (Fe2+ +H2O2→Fe3++OH−+OH) to potentiate
oxygen and nitrogen toxicity by the generation of a wide
range of ROS, inducing oxidative injury to cells [17].

Oxidative stress is responsible for local destruction of
the peritoneal mesothelium, producing adhesions for
ectopic endometrial cells. Iron-binding protein haemoglo-
bin has been identified as one of the menstrual effluent

factors potentially harmful to mesothelium, leading to
adhesion formation [14].

Defrere et al. showed that epithelial cells in endometriotic
lesions increase the proliferative activity after erythrocyte
injection in murine model, whereas desferrioxamine admin-
istration, an iron chelator, inhibits this process, suggesting
that iron may contribute to endometriotic lesion growth [18].

Nuclear factor-kappa B (NF-kappa B) is a transcriptional
factor that plays a role in the immune and inflammatory
response. In vivo and in vitro studies have demonstrated its
inflammatory activation in endometriotic cells. ROS produc-
tion by iron overload induces an increase of NF-kappa B in
peritoneal macrophages, leading to proinflammatory,
growth, and angiogenic factors in endometriosis women than
healthy controls [14].

3.2. Oxidative Stress Markers. The progression of endometri-
osis is clearly related to oxidative stress. The connection
between endometriosis and the ROS production is widely
accepted and deeply studied [19].

In endometriotic cells as in tumor cells, the increased
production of ROS is associated with an increase in the pro-
liferation rate [20]. For twenty years, researchers have paid
attention to the oxidative stress markers in endometriotic
disease. These markers studied have been collected from
different samples, which can be divided in 5 main groups:

(i) Serum

(ii) Peritoneal fluid

(iii) Follicular fluid

(iv) Ovarian cortex and endometrial tissue (ectopic and
eutopic)

3.2.1. Serum. Women affected by endometriosis show a
higher level of oxidative stress markers than women who
are not affected.

Heat shock proteins (HSPs) are intracellular proteins
induced to protect cells from various insults during stress
status caused by infection or inflammation. HSP70 is a
stress-inducible member of HSP family. HSP70 is a chaper-
one protein which prevents abnormal interactions during
protein synthesis. Lambrinoudaki et al. showed that women
with endometriosis have a higher serum level of HSP70
[21]. The expression increase is also present in the eutopic
endometrium of women affected [22].

Lipid metabolism and its connections with inflammation
factors might play a role in the genesis of oxidative stress.
Lipid levels have been evaluated in women with endometri-
osis resulting in a higher level of triglyceride, total choles-
terol, and low-density lipoprotein (LDL) in serum of
affected women. On the other side, lower levels of high-
density lipoprotein (HDL) have been observed [23].

The increase of lipid peroxides can be considered as an
oxidative stress marker. Malondialdehyde (MDA) has been
evaluated as an index of lipid peroxides. Nasiri et al. observed
a higher level of MDA in the serum of women with endome-
triosis than healthy controls [24].
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Lipid peroxidation leads also to the generation of lipid
hydroperoxides (LOOHs). These compounds derive from
unsaturated phospholipids, glycolipids, and cholesterol.
Women with endometriosis show a higher level of LOOHs
than controls [23].

The concentration of vitamin E, which is a natural anti-
oxidant, is higher in endometriosis women serum, but this
finding has not been clearly explained [25, 26].

Catalase is described as an intracellular antioxidant
enzyme in hepatic pathogenesis; its concentration is found
to be higher in endometriosis women than healthy
controls [27].

Paraoxonase-1 (PON-1) is a HDL-associated antioxidant
enzyme, which is considered as a strong predictor of coro-
nary artery disease (CAD). PON-1 shows a significant
decreased activity in the serum of women with endometriosis
[23, 25]. Though its activity is decreased, there is no correla-
tion between PON-1 and the stage of the disease [28].

Another enzyme involved in oxidative stress is superox-
ide dismutase (SOD). SOD is an important antioxidant sys-
tem. It catalyzes the dismutation of superoxide into
hydrogen peroxide and oxygen. SDO shows a decreased
activity in the plasma of women of endometriosis, suggesting
a decreased antioxidant capacity in these women [26].

Another oxidative stress marker which appears to be
diminished in the serum of women with endometriosis is 8-
F2-isoprostane [25]. Thiols are molecules, which can react
with oxidizing agents and mediate the formation of reversible
disulphide bonds. Turgut et al. studied the antioxidant sys-
tem in women with endometriosis and showed that the total
antioxidant system (TAS) and the native thiol levels in the
serum of women with endometriosis are significantly lower
than those of controls [27, 29]. They also described higher
levels of copper and ceruloplasmin in the serum of women
with endometriosis, although Turkyilmaz found lower levels
in contrast to the previous finding [27]. These findings
support the hypothesis that low antioxidant levels are linked
to the pathogenesis of endometriosis.

Andrisani et al. examined the possible involvement of
carbonic anhydrase activation in response to oxidative stress
in red blood cells of women with endometriosis. They found
an increased enzyme activity together with a membrane
increase of glutathionylated protein and a cytosolic decrease
of glutathione content than control serum. The oxidation-
induced activation of carbonic anhydrase is also positively
correlated to glutathione content in red blood cells of women
with endometriosis [30]. Most of these studies are either
observational or case-control studies; moreover, measure-
ment of biomarkers is subject to interlaboratory variations
and interobserver differences. A uniform method should be
used so that the results can be compared across studies.

3.2.2. Peritoneal Fluid. Peritoneal oxidative stress is currently
thought to be a major constituent of the endometriosis-
associated inflammation. The development of peritoneal
endometriotic lesions involve multiple factors based on
immunological and inflammatory etiology. Peritoneal oxida-
tive stress regulates expression of numerous genes encoding
immunoregulators, cytokines, and cell adhesion molecules.

Peritoneal concentration of macrophages appears to be
higher in women with endometriosis and they may release
prostaglandins, cytockines, growth factors, and other
enzymes. It has been theorized that macrophages play an
important role in the initiation, maintenance, and progres-
sion of endometriotic disease [14, 31].

Santulli et al. explored the peritoneal fluid protein oxida-
tive status in women with endometriosis. They found higher
levels of advanced oxidation protein products (AOPP) than
controls. In the same way, concentrations of nitrates and
nitrites are higher in affected patients than controls. More-
over, AOPP and nitrates/nitrites are higher in patients with
deep infiltrating endometriosis, especially those with intesti-
nal involvement [32]. The higher concentration of nitrates
probably derives from the augmented nitric oxide (NO)
activity of the peritoneal macrophages, as already described
by Osborn, who observed also a higher activity of nitric oxide
synthase 2 (NOS 2) [33]. Interestingly, they also observed a
significant correlation between pelvic pain symptom scores
and peritoneal protein oxidative stress markers in women
with endometriosis [32]. Oxidative mechanisms involving
LDL are higher in women with endometriosis. It consists in
the oxidation of polyunsaturated fatty acid containing lipids
of the lipoprotein. Murphy et al. showed higher levels of oxi-
dized LDL (ox-LDL) than controls in peritoneal fluid [34].
Polak et al. noted that ox-LDL concentrations are higher in
women with severe endometriosis [35].

MDA and LOOHs peritoneal levels are higher in
women with endometriosis [36]. As a confirmation of this
hypothesis, Mier-Cabrera et al. observed a decrease in the
concentrations of MDA and LOOHs in women with endo-
metriosis both in serum and peritoneal fluid after the sup-
plementation of vitamins C and E, natural antioxidants,
whose levels are low in affected women. These findings
support the hypothesis of decreased antioxidant activity
in peritoneal fluid of women with endometriosis [36–38].
Other oxidative stress markers found higher in peritoneal
fluid of women with endometriosis are 8-hydroxy-2-deox-
yguanosine, 8-isoprostane, 8-iso prostaglandin F2α, and
25-hydroxycholesterol [35, 39].

3.2.3. Follicular Fluid. Follicular fluid (FF) plays a crucial role
in the reproductive performance of oocyte. An imbalance
between ROS and antioxidant systems in the FF could be
responsible for abnormal oocyte development, causing
DNA, cytoskeleton, and cell membrane damage, which
would result in lower egg quality and endometriosis-
associated infertility [24, 26].

Women with endometriosis show higher levels of lipid
peroxide (LPO) and lower levels of total antioxidant capacity
(TAC) than controls [24].

Singh et al. widely evaluated the FF oxidative stress of
women with endometriosis. They found higher levels of
ROS, MDA, and NO in the affected women FF. High concen-
trations of ROS and NO were found to be corresponding to
immature oocytes and poor-quality embryos. The antioxi-
dant system is less active in women with endometriosis.
Antioxidant enzymatic activity, such as SOD, catalase, gluta-
thione peroxidase, and glutathione reductase are found to be
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lower in studied FF. Also, nonenzymatic activity is less
expressed. Vitamins A, C, and E concentration in FF of endo-
metriosis women are significantly decreased than controls
[26, 40]. Interestingly, however, the oxidative stress and
antioxidant system in FF in patients with unilateral
endometrioma is similar to those who do not have
endometrioma [41].

3.2.4. Ovarian Cortex and Endometrial Tissue. Oxidative
stress induces ovarian damage. In fact, granulosa cells in
patients with endometriosis show more signs of oxidative
DNA damage than controls. Granulosa cells of women with
endometriosis exhibit higher incidence of apoptotic bodies
and nytrotyrosine than controls [42]. Ovarian cortex of
women affected is also damaged by oxidative stress.
Matsuzaki et al. demonstrated that ovarian cortex of women
with endometriosis express higher levels of 8-hydroxy-2-
deoxyguanosine than those of women with dermoid and
serous cysts [43].

Oxidative stress activity and ROS levels are high in
endometriosis, and their main effects on cells are translated
into damage and proliferation [44]. Ngô et al. have evaluated
oxidative stress level from biopsies of eutopic endometrium
and endometriotic lesions. They observed a higher concen-
tration of superoxide anions in both samples, whereas
hydrogen peroxide is higher in endometriotic cells than in
controls and endometrial cells. The detoxification of hydro-
gen peroxide is achieved through two different enzymatic
systems: glutathione peroxidase and catalase. Glutathione
peroxidase expression is higher in endometriotic cells than
in controls, whereas catalase concentration is lower in
endometriotic cells than in controls. Also SDO activity
appears augmented in endometriotic lesions than healthy
controls [45]. These findings show the role of oxidative stress
in the control of endometriotic cell proliferation [20].

Oxidative stress plays its role through mitogen-activated
protein (MAP) kinase/extracellular signal-regulated kinase
(ERK) pathway for survival and proliferation of endometrio-
tic lesions through expression and action of c-Fos and c-Jun.
The ERK signalling pathway is involved in the proliferative
response induced by endogenous ROS [44, 46]. Activation
of ERK pathway and its connection to deep infiltrating endo-
metriosis (DIE) is established through a specific inhibitor of
phosphorylation of the protein tyrosine kinase ERK [47].
The endogenous activation of the mammalian target of
rapamycin (mTOR)/AKT pathways is also involved in the
development of DIE [44]. Among oxidative stress markers,
8-hydroxy-2-deoxyguanosine and MDA are higher in endo-
metriotic lesions than healthy controls [48]. MDA levels are
also positively correlated with plasma 17β-estradiol (E2)
concentrations in the ectopic endometrioma [45]. The endo-
metrial cells of endometriosis women subjected to both E2
and hydrogen peroxide show increased ERK phosphoryla-
tion. These results show the connection between E2 and apo-
ptosis resistance and endometriotic lesion progression [46].

Toll-like receptors (TLR) are endogenous ligands of
endometrium. TLR3 and TLR 4 are predominantly expressed
in healthy endometrium and in endometriotic tissue; TLR 4
seems to promote cell growth in endometriosis [49].

3.3. Oxidative Stress and Endometriosis-Associated Infertility.
The association between endometriosis and infertility is well
established in literature. The monthly fecundity rate in infer-
tile women with endometriosis is from 2 to 10%, whereas in
healthy women, the rate is between 15 and 20% [50]. In the
literature, it is well explained how ROS might affect a variety
of physiologic functions such as oocyte maturation, ovarian
steroidogenesis, ovulation, implantation, formation of blas-
tocyst, luteolysis, and luteal maintenance in pregnancy. Oxi-
dative stress affects fertility in women with endometriosis in
either natural or assisted conception [11]. The imbalance
between ROS and antioxidant mechanisms leads to oxidative
stress status in peritoneal environment, follicular fluid, and
ovary surrounding, which can partly explain the infertility
status associated to endometriosis.

3.4. Oxidative Stress and Genes. The roles of molecular alter-
ation such as genomic instability and cell survival are debated
aspects of the pathogenesis of endometriosis. Recent genetic
studies have put the attention on several elements which
can be related to oxidative stress, such as cell cycle checkpoint
sensors, hepatocyte nuclear factor (HNF), forkhead tran-
scription factor (FOX), and microRNAs [51].

The role of ROS, iron, and superoxide might be an epige-
netic modulation. Superoxide plays an important role in
epigenetic process under physiologic and pathologic condi-
tions and regulates main epigenetic processes of DNA meth-
ylation, histone methylation, and histone acetylation [52].

Recent studies have observed aberrant histone modifica-
tions in the promoter regions of the cell cycle checkpoint
kinase genes. Thus, oxidative stress stimulates cell cycle pro-
gression and enhances cellular transformation [51].

Ito et al. suggested that iron, heme, and hemoglobin
accumulation leads to oxidative stress causing DNA hyper-
methylation and histone modifications. DNA hypermethyla-
tion is linked to defective endometrium development in
endometriosis patient [52].

HFN overexpression is linked to endometriotic cell
survival probably through detoxification and antiapoptotic
activated pathways [53].

FOX activity is controlled by ROS-induced posttransla-
tional modifications. Loss of FOX disables the ability of cells
to arrest at checkpoint, thereby facilitating lesion develop-
ment. FOX levels are lower in endometriosis women than
in controls [51].

MicroRNAs are a class of noncoding small RNAs that
regulates hundreds of gene expression via both posttransla-
tional inhibition and mRNA degradation. MicroRNAs con-
trol development, differentiation, apoptosis, proliferation,
and cell survival. MicroRNAs have been studied in endome-
triosis with up- and downregulated levels in women affected.
MicroRNA dysfunction results in immune alterations and
inflammatory cytokine production [51].

Moreover, microRNAs responsible for targeting nocicep-
tive and inflammatory molecules are downregulated in
women with endometriosis, thus playing a role in the
etiology of endometriotic pain [54].

Hevir et al. evaluated several genes expression involved in
oxidative metabolism of estrogens. Increased expression of
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CYP1A1, CYP3A7, and COMT was observed in endometri-
osis. Expression of SULT1E1, SULT2B1, UGT2B7, NQO1,
and GSTP1 was decreased. These findings exhibit a disturbed
balance between phase I and II metabolizing enzymes in
endometriosis, leading to excessive hydroxy-estrogen and
altered ROS formation, and stimulation of ectopic endome-
trium proliferation [55].

3.5. Oxidative Stress and Endometriosis-Associated Cancer
Development. Oxidative stress within endometriosis is likely
to contribute to the malignant transformation process. Data
from literature show at least a two-step explanation which
might lead to cancer. The first step is as follows: the genera-
tion of oxidative stress-induced DNA damage evokes
enhanced cell apoptosis and survival in endometriotic cells.
The second step is as follows: cancer progression may be
associated with persistent antioxidant production favouring
a protumoral microenvironment [56]. Oxidant/antioxidant
balance function is a double-edged sword, promoting cell
death or carcinogenesis. Upregulation of antioxidant
functions in endometriosis may result in restoration of cell
survival and subsequent malignant transformation [57].

4. Conclusions

Reactive oxygen species have an important role in modulat-
ing many physiological functions in reproduction as well as
in conditions such as endometriosis and infertility; a delicate
balance exists between ROS and antioxidants in the female
reproductive process that maintains redox homeostasis
[58]. Oxidative stress occurs when this balance between
ROS production and antioxidant defence is disrupted, and
it may be due to either inadequate antioxidant protection
or excess production of ROS.

Various lines of evidence support the role of oxidative
stress in the development and progression of endometriosis
[12, 14, 15, 59, 60]. This observation may open the way to
evaluation of therapeutic approaches targeting oxidative
imbalance: the oxidative stress status may represent the key
to treat and, eventually, to prevent endometriosis. In
particular, in the future, clinical trials will help to better clar-
ify the efficacy of antioxidants as potential therapies of
endometriosis.
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Nitric oxide (NO) is one of the most important signal molecules, involved in both physiological and pathological processes. As a
neurotransmitter in the central nervous system, NO regulates cerebral blood flow, neurogenesis, and synaptic plasticity. The aim
of our study was to investigate the effect of the extremely low-frequency electromagnetic field (ELF-EMF) on generation and
metabolism of NO, as a neurotransmitter, in the rehabilitation of poststroke patients. Forty-eight patients were divided into
two groups: ELF-EMF and non-ELF-EMF. Both groups underwent the same 4-week rehabilitation program. Additionally, the
ELF-EMF group was exposed to an extremely low-frequency electromagnetic field of 40Hz, 7mT, for 15min/day. Levels of
3-nitrotyrosine, nitrate/nitrite, and TNFα in plasma samples were measured, and NOS2 expression was determined in whole
blood samples. Functional status was evaluated before and after a series of treatments, using the Activity Daily Living,
Geriatric Depression Scale, and Mini-Mental State Examination. We observed that application of ELF-EMF significantly
increased 3-nitrotyrosine and nitrate/nitrite levels, while expression of NOS2 was insignificantly decreased in both groups.
The results also show that ELF-EMF treatments improved functional and mental status. We conclude that ELF-EMF therapy
is capable of promoting recovery in poststroke patients.

1. Introduction

Cardiovascular diseases, including ischemic stroke (IS), are a
serious problem of the modern age, killing 4 million people
each year in Europe [1]. Stroke is caused by ischemia of brain
tissue. Brain structure damage occurring during ischemia/
reperfusion is due to the generation of significant amounts
of reactive oxygen species and inflammatory mediators [2].
Damage to brain tissue as a result of a stroke cannot be

undone. However, the most important part of poststroke
therapy is immediate and long-term rehabilitation, consider-
ing the enormous plasticity of the brain [3]. Although
extremely low-frequency electromagnetic field (ELF-EMF)
therapy is not a standard treatment in the poststroke rehabil-
itation, some authors suggest its increased positive effect on
patients [4]. ELF-EMF treatment is based on regeneration,
osteogenesis, analgesics, and anti-inflammatory action. Its
biological effect is related to processes of ion transport, cell
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proliferation, apoptosis, protein synthesis, and changes in the
transmission of cellular signals [5]. The regenerative and
cytoprotective effect of ELF-EMF is based on mechanism
associated with nitric oxide induction, collateral blood flow,
opioids, and heat shock proteins [6].

Nitric oxide (NO) is an unstable, colourless, water-soluble
gas with a short half-life (3–6 sec). The compound has one
unpaired electron,whichmakes it ahighly reactive free radical.
It is characterized by the multiplicity of action in the body, in
both physiological and pathological conditions [7]. Synthesis
of NO in the organism is catalysed by nitric oxide synthase
(NOS), occurring in three isoforms: neuronal (nNOS), induc-
ible (iNOS), and endothelial (eNOS), encoded by different
genes whose expression is subject to varying regulation. The
constituent isoforms of NOS are eNOS and nNOS, whose
activity is associated with concentration of calcium ions and
the level of calmodulin in a cell, as well as with hypoxia,
physical activity, and the level of certain hormones, that is,
oestrogens [8]. In contrast, because it is closely related with
the calmodulin, iNOS does not require a high concentration
of calcium ions but is regulated by various endogenous and
exogenous proinflammatory factors [9].

The two-stage synthesis of NO consists of the oxidation
of L-arginine to Nω-hydroxy-L-arginine and, under the
influence of NOS and oxygen, formation of L-citrulline and
release ofNO.All isoforms ofNOS require the same cofactors:
nicotinamide adenine dinucleotide phosphate (NADPH),
flavin mononucleotide (FMN), flavin adenine dinucleotide
(FAD), tetrahydrobiopterin (BH4), iron protoporphyrin IX
(heme), and O2 [7].

Nitric oxide is one of themost important signalmolecules,
involved in both physiological and pathological processes.
One of the major functions of NO is as a potent vasodilation,
increasing the blood flow and regulation of blood pressure,
which has been used in clinical practice for many years. Defi-
ciency of this compound is observed in various disorders of
many systems: cardiovascular, gastrointestinal, respiratory,
and genitourinary [10]. The beneficial effects of NO lie in its
platelet inhibition, macrophage cytotoxicity (antibacterial,
antiviral, and antiparasitic), and protection of the mucosal
lining of the digestive system. On the other hand, excessive
expression of iNOS can be disadvantageous, for example,
during sepsis. The adverse action of NO is associated with
the production of superoxide anions and subsequent gener-
ation of peroxynitrite and hydroxyl radicals, which are
highly toxic [11].

In the central nervous system, NO as a neurotransmitter
regulates cerebral blood flow, as well as neurogenesis and
synaptic plasticity. Furthermore, neuronal death is caused
by high concentrations of NO by caspase-dependent apopto-
sis process and promotion of inflammation. Elevated levels of
nitric oxide promote necrosis by energy depletion. On the
basis of these mechanisms, NO is involved in the etiology
of many neurological diseases, such as major depression,
schizophrenia, epilepsy, anxiety, and drug addiction [12].

Our study was designed to investigate the effect of
ELF-EMF on the metabolism of NO, as a signal molecule
in the central nervous system, in the rehabilitation of acute
poststroke patients.

2. Materials and Methods

2.1. Blood Sample Collection. Blood samples were collected into
CPDA1-containing tubes (Sarstedt, Nümbrecht, Germany).
Immediately upon doing so, a portion of the sample was frozen
at −80°C and the rest of the samples centrifuged to isolate
the plasma (15min, 1500g) at 25°C. Blood samples were
collected twice, at an interval of 14 days before and after a
standard 10 sessions of therapy. For additional analysis of
3-nitrotyrosine levels, the blood samples were collected three
times, at an interval of 28 days: before treatment, after 10
treatments, and after 20 treatments. All blood samples were
taken in the morning (between 7am and 9am) under patient
fasting condition and stored using the same protocol.

2.2. Subject Presentation. Forty-eight poststroke patients
were enrolled in the study. Participants were randomly
divided into two groups: ELF-EMF (n = 25) and non-ELF-
EMF (n = 23). Patients with metal and/or electronic implants
(pacemakers, etc.) were excluded from the ELF-EMF group,
for safety reasons. The ELF-EMF group had already under-
gone ELF-EMF therapy with specific parameters (40Hz
frequency, magnetic induction of 5mT (ΔB), rectangular
and bipolar waveforms) (Figure 1), which was conducted
using a Magnetronic MF10 generator (EiE Elektronika i
Elektromedycyna, Otwock, Poland). The parameters were
selected on the basis of the fact that low-intensity stimuli
improve the vital functions of the body. In addition, rectan-
gular pulses are more intense than sinusoidal and trapezoid,
while bipolar pulses showmore range of changes than unipo-
lar pulses [13]. The ELF-EMF and non-ELF-EMF groups
were treated for the same amount of time (15minutes). The
non-ELF-EMF subjects were given only sham exposure.
The pelvic girdle of the patients was exposed to the electro-
magnetic field, because exposure of the head to ELF-EMF
can affect the activation of the epilepsy focus in the brain.
The same therapeutic program was used for both subject
groups. This consisted of aerobic exercise (30min), neuro-
physiological routines (60min), and psychological therapy
(15min). Poststroke patients with moderate stroke severity
according to NIHSS scores of 4.9± 3.1 in the ELF-EMF group
(aged 48.8± 7.7) and 5.4± 2.9 (aged 44.8± 8.0) in the non-
ELF-EMF group were enrolled in the study. Table 1 shows
the clinical and demographic characteristics. Participants
with haemorrhagic stroke, dementia, chronic or significant
acute inflammatory factors, decreased consciousness, and/

t (s)

B (mT)

T
ΔB

Figure 1: ELF-EMF description. ΔB= 5mT; T = 1 3 sec.
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or neurological illness other than stroke in their medical
prestroke history were excluded. The subjects had undergone
neurorehabilitation for 4 weeks in Neurorehabilitation Ward
III of the General Hospital in Lodz, Poland, as well as internal
and neurological examinations. The Bioethics Committee of
the Faculty of Biology and Environmental Protection of
The University of Lodz, Poland, approved the protocol with
resolution numbers 28/KBBN-UŁ/II/2015 and 13/KBBN-
UŁ/II/2016. All participants provided written informed
consent prior to participation. Depression was screened in
both groups using the Geriatric Depression Scale (GDS).
Cognitive status was estimated in a Mini-Mental State Exam-
ination (MMSE), and functional status using the Barthel
Index of Activities of Daily Living (ADL). The GDS, ADL,
and MMSE were administered either on the same day as
the blood sampling or on the afternoon before.

2.3. Magnetronic MF10 Devices. ELF-EMF therapy was
performed by a Magnetronic MF10 generator as per accepted
guidelines. This device is able to produce pulses in rectangu-
lar, trapezoid, and sinusoidal shapes. The pulses were applied
using an AS-550 applicator (EiE, Otwock, Poland), which has
the following properties: 550mm in diameter, 270mm in
length, and 5 layers of 187 turns of 1.45mm twin-parallel
wires. Magnetic induction was set at 5mT. The electromag-
netic field intensity was not uniformed; its distribution is
vertical, while the induction coils are set horizontally. Induc-
tion of the electromagnetic field of 5mT is present at the
geometric center of the applicator, and the value increases
in the proximity to the surface about 7mT. Other factors
that could affect EMF were eliminated (electronic measuring
instruments occurring in rehabilitation room and other
electronic equipment).

2.4. Immunodetection of 3-Nitrotyrosine by c-ELISA. Levels of
3-NT-containing proteins in plasma were determined using a
modified c-ELISA method, as described by Khan et al. [14].
96-well microtiter plates were coated with nitro-fibrinogen
(nitro-Fg) (1mg/mL) and kept overnight at 4°C. Concentra-
tions of nitrated proteins inhibiting the binding of anti-
nitrotyrosine antibodies were assessed from the standard
curve (10–100nM nitro-Fg equivalents) and expressed as
nitro-Fg equivalents [15].

2.5. Nitrate/Nitrite Estimation. Plasma samples were diluted
twice before the measurement of nitrate/nitrite concentra-
tion using a Nitrate/Nitrite Colorimetric Assay Kit (Cayman
Chemical Company, USA), based on the two-step Griess
method. In the first step, the nitrate is converted to nitrite
with nitrate reductase, while in the second step, after addition
of the Griess reagent, the nitrite is converted to a deep purple
azo compound. The absorbance measurement was per-
formed at 540nm in a 96-well microplate reader (SPECTRO-
starNano, BMG Labtech, Ortenberg, Germany) [16].

2.6. Determination of NOS2 Expression in Whole Blood
Samples. RNA was isolated from the frozen whole blood
samples (−80°C), in accordance with the manufacturer’s
protocol using TRI Reagent® (Sigma-Aldrich, USA). The
aqueous phase was purified in accordance with the manu-
facturer’s protocol using an InviTrap Spin Universal RNA
Mini Kit (Stratec Biomedical Systems, Germany). The purity
and quantity of isolated RNA were assessed using a Synergy
HTX Multi-Mode Microplate Reader equipped with a Take3
Micro-Volume Plate and connected to a PC running Gen5
Software (BioTek Instruments Inc., Winooski, VT, USA).
Isolated RNA (20 ng/μL) was transcribed onto cDNA with

Table 1: Clinical demographic characteristics.

Control
n = 23

Study group
n = 25 p

Demographics

Age (mean± SD) 44.8± 7.7 48.0± 8.0 0.84

Sex: man versus female (%) 48 versus 52 60 versus 40 0.27

Living alone (%) 32.1 34.2 0.59

Vascular risk

Hypertension (%) 97.3 98.5 0.07

Diabetes (%) 31.4 39.2 0.21

Dyslipidemia (%) 78.8 72.2 0.7

BMI≥ 30 (%) 21 34 0.78

Concomitant medications

Antidepressants (%) 29 34 0.5

ASA (%) 70 65 0.42

NSAID (%) 25 27 0.8

Stroke characteristics

Weeks since stroke (mean± SD) 3.9± 0.6 3.2± 0.4
NIHSS scores (mean± SD) 5.4± 2.9 4.9± 3.1

ADL (mean± SD) 8.89± 2.87 9.95± 2.35 0.22

Lesion location

Anterior (n) 3 5

Posterior (n) 7 6

Intermediate (n) 13 14

Lesion side
Left (n) 15 13

Right (n) 8 12
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a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems™, Waltham, MA, USA). Quantitative assays
were executed using a TaqMan Hs01075529_m1 probe for
human NOS2 genes and an Hs02786624_g1 for endogenous
control, which was GAPDH (Life Technologies). Reactions
were carried out using a TaqMan Universal Master Mix II,
without UNG (Life Technologies) in a BioRad CFX96 real-
time PCR system (BioRad Laboratories, Hercules, CA,
USA), all in accordance with the manufacturers’ protocols.
Relative expression of NOS2 was obtained using the equation
2−ΔCt, whereΔCt is the threshold cycle (Ct) value for the target
gene minus Ct values obtained for the housekeeping gene
GAPDH [17].

2.7. Determination of TNFα. Measurements of human
tumour necrosis factor alpha (TNFα) in plasma samples
were made with a Human TNFα ELISA development kit
(MABTECH, Cincinnati, OH, USA), in accordance with the
manufacturer’s protocol. The combination of two coating
antibodies (TNF3 and TNF4) were used for the analysis. The
absorbancewasmeasuredat450 nm, andTNFα concentration
was expressed as pg/mL [18].

2.8. Data Analysis. Biochemical and clinical data were
expressed as mean± SD. All measurements were executed
in duplicate. Output value (100%) was determined for each
measured parameter of each patient before treatment. Data
from tests performed on the same study subjects after therapy
constituted apercentage of the output value. Percentage values
were presented as mean± SD. Statistical analyses were per-
formed using the Statistica 12 statistical software (StaftSoft
Inc.). A Shapiro-Wilk test was used to analyse for normality.
A paired Student t-test was used to the calculate differences
between the values obtained for subjects before and after ther-
apy, whereas unpaired Student t-test or Mann–Whitney U
tests were used to determine differences between the ELF-
EMF and non-ELF-EMF groups. p values of 0.05 were
accepted as statistically significant for all analyses.

3. Results

Our comparative analysis demonstrated an increased level of
3-nitrotyrosine (3-NT) (p < 0 05) (Figure 2) and an elevated

nitrate/nitrite concentration (p < 0 01) (Figure 3) in the
plasma of patients from the ELF-EMF group. The gain in the
3-NT level was significantly higher with an increased amount
of sessions (Figure 2). In thenon-ELF-EMFgroup,we saw that
theeffectof rehabilitationonnitrative stresswas largelyweaker
and not statistically significant (p > 0 05) (Figures 2 and 3).
The 3-NT level increased more in the ELF-EMF group than
in the non-ELF-EMF after 10 treatments (68% versus 17%,
p < 0 05) (Figure 2). The level of nitrate/nitrite in the non-
ELF-EMF group even decreased after 10 treatments (although
not statistically significantly) (Figure 3).

In the next set of experiments, we determined the effect of
magnetotherapy on gene expression in the whole blood sam-
ples of NOS2 mRNA. Its expression was unmeasurable in
35% of subjects from both the ELF-EMF and non-ELF-EMF
groups. We observed a statistically insignificant decrease in
the level of NOS2 mRNA expression after treatment in both
the ELF-EMF and non-ELF-EMF groups (Figure 4).

Subsequently, we determined the concentration of proin-
flammatory cytokine TNFα. We found that the concentration
of TNFα was comparable before treatment in both the ELF-
EMF and non-ELF-EMF-groups. The cytokine level did not
change in either groups after rehabilitation (Figure 5).

The ADL, MMSE, and GDS were used to evaluate the
functional and mental status of poststroke patients undergo-
ing rehabilitation. We demonstrated that treatment using
ELF-EMF improves their clinical parameters, particularly in
cognitive and psychosomatic functions.

Motor abilities estimated by ADL score changed at simi-
lar levels in both groups, with the observed improvement
being statistically significant in all rehabilitated patients
(p < 0 001) (Table 2).

The baseline MMSE values before treatment in both
groups were comparable, but statistically different (p < 0 05)
after rehabilitation. After 2 weeks of rehabilitation, MMSE
parameters improved markedly in the ELF-EMF group
(p = 0 002), while a small increase in the non-ELF-EMF
group was not statistically significant (p = 0 2) (Table 2).

Depression syndrome expressed by GDS improved
significantly in both groups after rehabilitation. However,
the ΔGDS value reached about a 60% lower result in
the ELF-EMF group than in the non-ELF-EMF group
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Figure 2: The comparison of 3-NT levels in plasma proteins obtained from the ELF-EMF group versus those from the non-ELF-EMF group.
Statistical significance between the ELF-EMF and non-ELF-EMF groups: B versus D (p < 0 05).
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(p = 0 018), starting from a similar base level in both groups
(p > 0 05) (Table 2).

4. Discussion

In this study, we provide the evidence that application of
extremely low-frequency electromagneticfield increases nitric
oxide generation and its metabolism, as well as improving the
effectiveness of poststroke ischemic patients’ treatments.

Ischemic stroke is one of the major causes of morbidity
and mortality in the world’s population and is one of the
main causes of long-term disability. The mechanisms of neu-
rological function recovery after brain injury associated with
neuroplasticity (cortical reorganization) are still insufficiently
understood. Poststroke neurorehabilitation is designed to
provide external stimuli, improving the effectiveness of
compensatory plasticity [19].

In the central nervous system, NO is both a pre- and
postsynaptic signal molecule. The activity of NO is associated
with a cGMP-mediated signalling cascade. The presynaptic
excitatory action of NO is related to the phosphorylation

of synaptophysin by the cGMP-dependent protein kinase
G (PKG) pathway and the subsequent potentates of gluta-
matergic neurotransmission [20]. On the other hand, NO
causes a neurotransmission inhibition through gamma-
aminobutyric acid- (GABA-) ergic synaptic communication.
It is associatedwith ion exchange and regulation ofmembrane
excitation [21, 22]. Moreover, NO as an important vasodila-
tion factormediates neurovascular coupling.The enlargement
of vessel diameter is caused by increasingmetabolic consump-
tion as a result of neuronal activity. Neurovascular coupling
maintains functional and structural brain integrity [23].

This study was designed to investigate the impact of ELF-
EMF on the metabolism of nitric oxide in the rehabilitation
of acute poststroke patients.

In our study, we demonstrate that poststroke rehabilita-
tion increases the level of 3-NT and nitrate/nitrite concentra-
tions. Due to its vasodilating and proangiogenic effects, NO
serves as a protective function during cerebral ischemia. Su
et al. investigated the role of simvastatin-regulated TRPV1
receptors (transient receptor potential vanilloid type 1) in
NO bioavailability, activation of eNOS, and angiogenesis in
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mice. They demonstrated that simvastatin causes an influx of
calcium ions through the TRPV1-TRPA1 (transient receptor
potential ankyrin 1) pathway, which then causes activation of
CaMKII (Ca2+/calmodulin-dependent protein kinase II).
This then enhances the formation of the TRPV1-eNOS com-
plex, which also includes CaMKII, AMPK (5′AMP-activated
protein kinase), and Akt (protein kinase B), which leads to
activation of eNOS, production of NO, and thus the promo-
tion of endothelial angiogenesis [24]. There have been
numerous reports of the protective effects of NO against
inflammation and oxidative stress [25]. Transgenic eNOS-
deficient mice demonstrated a more extensive infarct of the
middle cerebral artery (MCA), compared to controls [26].

NO effects on the regulation of endothelial integrity,
anti-inflammatory and anti-apoptotic effects, as well as
maintenance of cerebral blood flow, inhibition of platelet
aggregation, and reduction of leukocyte adhesion [25, 27].
Khan et al. studied structurally different NO donors as agents
of cerebrovascular protection in experimentally induced
stroke in rats. They showed that NO donors promote cerebral
blood flow through S-nitrosylation and may be an effective
drug for acute stroke [28, 29].

Furthermore, Greco et al. proved the protective effect of
nitroglycerin (donors of NO) on cerebral damage induced
by MCA occlusion inWistar rats. They observed a significant
reduction in stroke volume in preinjected rats compared to
their control group, which confirms the protective effect of
nitroglycerin in vivo. They speculated that the mechanism
of action is associated with the generation of a complex chain
of phenomena, triggering activation of apoptosis and subse-
quent activation of antiapoptotic responses [30].

The biological action of ELF-EMF is still being investi-
gated. It is suggested thatELF-EMFhas an impact on the phys-
icochemical properties of water, the liquid crystal structure
generated by cholesterol, and its derivatives [31, 32]. Changes
in ion balance caused by ELF-EMF appeal to the structure of
tissue with piezoelectric and magnetostrictive properties, free
radicals, diamagnetic molecules, and uncompensated mag-
netic spins of paramagnetic elements [33]. Therefore, ELF-
EMF causes depolarization of cells having the ability to
spontaneously depolarize, predominantly throughCa2+ influx
[34]. In our previous study, we investigated the effect of ELF-
EMF on oxidative stress in patients after ischemic stroke. We
demonstrated that ELF-EMF causes activation of antioxidant
enzymes [35], which leads to reduction of the oxidative
modification of plasma protein (this is detailed in an article
published in Advances in Clinical and Experimental Medi-
cine). As a highly reactive molecule, NO can also regulate the
level of oxidative stress. Through the covalent interaction,
NO influences the activity of various enzymes. Mechanisms
of this modulation can be varied: NO reacts with coenzymes
and active centers containing metal ions and interacts with
cysteine residues of proteins [36].
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Figure 5: The comparison of TNFα levels in plasma proteins obtained from the ELF-EMF group versus those from the non-ELF-EMF group.

Table 2: Clinical parameters: ADL, MMSE, and GDS measured in
the ELF-EMF and non-ELF-EMF groups. Data presented as the
delta of a clinimetric scale before and after the standard series of
treatments (ΔADL= the increase of ADL; ΔMMSE= the increase
of MMSE; and ΔGDS= the decrease of GDS).

Non-ELF-EMF
group

ELF-EMF
group

p

ADL

Before
treatment

8.99 9.95 0.378

After treatment 14.3 16.12 0.429

Δ 5.31 6.17 0.194

p <0.001 <0.001

MMSE

Before
treatment

22.75 23.00 0.873

After treatment 23.94 26.28 0.047

Δ 1.19 3.28 0.036

p 0.204 0.002

GDS

Before
treatment

11.38 13.00 0.054

After treatment 9.13 6.72 0.049

Δ 2.25 6.28 0.018

p 0.009 0.001
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In the current study, we observed that in the ELF-EMF
group, the level of plasma 3-NT was increased (Figure 2).
The formation of 3-NT in protein molecules occurs in vivo
by the action of nitrating agents on the polypeptide chain.
The formation of 3-NT is mainly attributed to NO and
superoxide anions (O2

−˙), which react rapidly to form perox-
ynitrite (ONOO−). This is one of the major oxidizing and
nitrating agents produced in vivo in acute and chronic
inflammation, as well as in ischemia/reperfusion. Endothelial
cells, macrophages, and neutrophils release large amounts of
NO and O2

−. Thus, increased amounts of NO contribute to
the creation of 3-NT [37].

To investigate the effect of ELF-EMF on NOmetabolism,
we determined nitrate/nitrite concentrations in plasma. We
showed that in the ELF-EMF group, the level of nitrate/
nitrite compounds in plasma increased after treatment
(Figure 3), and these results correspond with the data
presented by Chung et al. [38]. The authors investigated the
effects of ELF-EMF (60Hz, 2mT) on the level of NO,
biogenic amines, and amino acid neurotransmitters in the
hippocampus, cortex, thalamus, cerebellum, and striatum in
rats. They found a significant increase in NO concentration
in the hippocampus, thalamus, and striatum. Moreover,
ELF-EMF also caused a change in the level of biogenic
amines and amino acid neurotransmitters in the brain. How-
ever, the observed effect and range were different, depending
on the brain area. Balind et al. determined the effect of ELF-
EMF (50Hz, 0.5mT) on oxidative stress in gerbils with
induced cerebral ischemia. They measured the level of NO
using the Griess reagent and showed an increased level of
NO, provoked by electromagnetic fields. Moreover, ELF-
EMF reduces oxidative stress generated during cerebral
ischemia, thus leading to a decrease in the damaged brain
tissue [39].

NO is produced from L-arginine with the involvement of
nitric oxide synthase. Three NOS isoforms are expressed in
different tissues. Although, in the blood, only NOS2 is
expressed, in 35% of the subjects in both the ELF-EMF and
non-ELF-EMF groups, mRNA expression of NOS2 was
under detection. In the remaining patients, the expression
of NOS2 had not significantly changed after treatment. The
NOS2 gene in fact encodes for iNOS, which is primarily acti-
vated during inflammation. In order to exclude deeper
inflammation, we measured the concentration of TNFα,
one of the main proinflammatory cytokines. TNFα is a pleio-
tropic cytokine that is involved in nearly all phenomena of
inflammatory responses: initiating chemokine synthesis, pro-
moting the expression of adhesion molecules, promoting the
maturation of dendritic cells, and inducing the production of
inflammatory mediators and other proinflammatory cyto-
kines [40]. TNFα stimulates collagenase synthesis in synovial
fibroblasts and synovial cartilage chondrocytes and activates
osteoclasts, leading to joint cartilage damage, hypertrophy,
bone resorption and erosion, and angiogenesis. It also acti-
vates monocytes and macrophages, enhancing their cytotox-
icity and stimulating cytokine production. Chemokines and
growth factors are responsible for T cell proliferation, prolif-
eration and differentiation of B lymphocytes, and the release
of inflammatory cytokines by the lymphocytes. Moreover, in

the hypothalamus, TNFα stimulates prostaglandin E and
IL-1 synthesis [41]. Pena-Philippides et al. investigated the
effect of pulsed electromagnetic fields on injury size and
neuroinflammation in mice after middle cerebral artery
occlusion (MCAO). They found, using magnetic resonance
imaging (MRI), that EMF reduced infarct size, as well as
changed expression of genes encoding pro- and anti-
inflammatory cytokines in the hemisphere with ischemic
injury. After EMF exposure, genes encoding IL-1α and
TNF superfamily were downregulated, while IL-10 expres-
sion was upregulated. Thus, the authors suggested that
application of EMF to poststroke patients could have been
beneficial through anti-inflammatory effect and reduction
of injury size [42].

On the basis of our results, we suggest that the observed
increase in NO level is associated with nNOS and/or eNOS
activities, but not with iNOS expression. Our research is con-
sistent with evidence shown by Cho et al., who established
that ELF-EMF (60Hz, 2mT) increased the expression and
activation of nNOS in rat brains [43].

The activities of nNOS and eNOS depend on calcium
ions. There are many reports that the biological effect of
ELF-EMF is related to the control of calcium channels
[44–48]. In view of these findings, the observed mechanism
of increased NO generation and metabolism may be associ-
ated with calcium-ion flux.

Additionally, we noticed that ELF-EMF treatment
enhances the effectiveness of poststroke rehabilitation
(Table 2). Some researchers suggest that electromagnetic
fields have a beneficial effect on ischemic/reperfusion
injury, and in some places, therapeutic programs using
ELF-EMF are considered to be standard therapy for post-
stroke patients [49, 50]. The beneficial effects of ELF-
EMF include the following: improvement in the transport
of cellular and mitochondrial membranes; normalization
of blood rheological values; counteraction of tissue oxida-
tion; intensification of regenerative processes; stimulation
of axon growth in undamaged neurons; intensification
of neuronal dissociation and differentiation; reduction of
stress-induced emotional reactions and free radicals;
acceleration of the return of fibre function in functional
disorders; reduction of periapical scarring; and increase
of the level of energetic substances in the brain tissue
and erythrocytes [48–53]. Grant et al. estimated the impact
of low-frequency pulsed electromagnetic field on cerebral
ischemia in rabbit. They observed using MRI that exposure
to electromagnetic field caused extenuation of cortical ische-
mia oedema and reduction of neuronal injury in cortical
area [54].

In conclusion, ELF-EMF therapy increases the metabo-
lism and generation of NO, which has both neuroprotec-
tive and cytotoxic properties. An increase in NO level is
probably associated with nNOS and/or eNOS activities,
but not with iNOS expression, which increases mainly
during inflammation. We suggested that in poststroke
patients, NO demonstrated a protective effect due to signif-
icant improvement in patient functional status. Thus, our
studies promote the validity of this method in poststroke
rehabilitation therapy.
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Thioredoxins are small thiol-oxidoreductase enzymes that control cellular redox homeostasis. Paradoxically, human thioredoxin
(TXN1) was first identified as the adult T cell leukemia-derived factor (ADF), a secreted protein. ADF has been implicated in a
wide variety of cell-to-cell communication systems acting as a cytokine or a chemokine. TRX80 is a truncated TXN1 protein
with cytokine activity. The unconventional secretion mechanism of these extracellular thioredoxins is unknown. The
thioredoxin system is relying on glucose metabolism through the pentose phosphate pathway that provides reducing power in
the form of NADPH, the cofactor of thioredoxin reductase (TXNRD). While a complete extracellular TXN system is present in
the blood in the form of circulating TXN1 and TXNDR1, the source of extracellular NADPH remains a mystery. In the absence
of redox regenerating capacity, extracellular thioredoxins may rather be prooxidant agents. Rod-derived cone viability factor
(RdCVF) is the product of intron retention of the nucleoredoxin-like 1 (NXNL1) gene, a secreted truncated thioredoxin-like
protein. The other product encoded by the gene, RdCVFL, is an enzymatically active thioredoxin. This is a very singular
example of positive feedback of a superthioredoxin system encoded by a single gene likely emerging during evolution from
metabolic constraints on redox signaling.

1. Introduction

The inverse correlation between the life-span and the rate of
oxygen consumption of mammals has directed research on
aging into the field of oxygen metabolism. Reactive oxygen
species (ROS), which are too reactive to exist in biological
systems, are formed in situ by leakage from the mitochon-
drial respiratory chain generating cumulative cellular dys-
functions. ROS are continuously produced in the cell as a
product of aerobic life. In order to avoid or to reverse the
damage to macromolecules by ROS, proper redox conditions
must be maintained within the intracellular environment.
Therefore, aerobic organisms have several antioxidant sys-
tems including superoxide dismutase, catalase, and thiore-
doxin (TXN) systems to compensate for this inherent
fragility. The prototype of the thioredoxin proteins, TXN1,
is a 12 kDa protein with the redox-active disulfide/dithiol

group within the conserved active-site sequence CGPC.
Reduced TXN1 catalyses the reduction of disulfide bonds in
many cytoplasmic and nuclear proteins, and oxidized
TXN1 is reversibly reduced by the action of the thioredoxin
reductase using electron transfer from nicotinamide adenine
dinucleotide phosphate (NADPH) [1]. The TXN system is
compartmentalized into distinct steady-state redox poten-
tials within each cellular organelle.

Cysteine is a rarely used amino acid that accounts for
about 2% of the amino acids in eukaryotic proteins. ROS,
as well as reactive nitrogen species (RNS), can induce redox
signals by means of oxidative modifications of cysteine resi-
dues in targeted proteins. ROS and RNS, including hydrogen
peroxide (H2O2), superoxide ion (O2

•−), nitric oxide (NO•),
and hydroxyl radical (OH•), can be produced in vivo from
a wide range of cellular processes. The large, polarizable
sulfur atom in a thiol group is electron rich and highly
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nucleophilic; hence, cysteines can undergo a broad range of
chemical reactions [2]. C-SH is in equilibrium with C-S-

and to the disulfide S-S, which can be oxidized by ROS
to C-SOH, -SO2H, and SO3H, or S-nitrosylated by RNS
to C-SNO and finally, in the presence of glutathione
(GSH), S-thiolated to -S-SG. Cysteines differ in their reactiv-
ity properties depending of the protein microenvironment
[3]. As many of these modifications are reversible through
reduction catalyzed by oxidoreductases, such as thioredoxins
(TXNs), glutaredoxins (GRXs), sulfiredoxin (SRX), and
sestrins (SESs), protein thiol redox state can respond to the
redox environment.

Originally, human TXN1 was identified as an extracellu-
lar protein which is extending the field of redox biology to
the functions of thioredoxins in a compartment that may
not be under the control of the cellular TXN reducing system
[4]. In order to develop this question in a comprehensive
manner, we have chronologically reviewed key findings on
extracellular thioredoxins.

2. Adult T Cell Leukemia-Derived Factor at the
Origin of Extracellular Thioredoxins

Adult T cell leukemia (ATL) is the first human cancer found
to be caused by a retrovirus [5]. ATL arises in ~1% of human
T cell lymphotropic virus type 1- (HTLV1-) infected individ-
uals after a latent period of 10 to 20 years [6]. ATL cell lines
produce a soluble factor that stimulates the expression of
interleukin-2 receptor alpha chain (IL2RA) by HTLV1-posi-
tive/ATL-negative cells, the ATL-derived factor (ADF) [7].
The activity was purified to homogeneity by four successive
chromatographic steps from the conditioned medium of an
ATL cell line (ATL-2). The N-terminal sequence obtained
by Edman degradation was used to isolate a cDNA encoding
a 105 amino acid protein by screening a cDNA library con-
structed with ATL-2 cells [4]. ADF is homologous to the bac-
terial thioredoxin TXN1 and identical to human TXN1. The
same extracellular thioredoxin was identified in the condi-
tioned medium of 3B6 cells from an Epstein-Barr virus-
(EBV-) infected B-lymphoblastoid cell line [8]. Recombinant
ADF/TXN1 enhances the cytokine effect of interleukin (IL) 1
and IL2, suggesting that ADF might sensitize these cells to a
specific subset of interleukins. The potentiation of ADF/
TXN1 biological activity by 2-mercaptoethanol, a reducing
agent, suggests that cell signaling involves the reduction of
an unknown ADF/TXN1 cell surface protein. The authors
proposed at that time (1989) that using radiolabeled recom-
binant ADF/TXN1 could clarify the nature of the cell
surface-binding molecules. Twenty-eight years later, the
result of such experiment is still awaited [9]. Protein purifica-
tion, while conducted to homogeneity, is not a guarantee that
the identified peptide is necessarily carrying the biological
activity. Current proteomic methods might have revealed
the existence of many other proteins in the most purified
ADF/TXN1 fraction. This remark emphasizes that even
experts in protein purification are not immune to overinter-
pretations. The conditioned medium of COS cells transfected
with ADF/TXN1 cDNA replicates the growth-promoting
activity of that of ATL-2 cells, but COS cells might also

secrete IL1, IL2, or other cytokines whose action may be
enhanced by oxidoreduction of their cysteines. In fact, fol-
lowing the purification of ADF/TXN1 by four chromato-
graphic steps, two peptides A and B were identified.
Peptide A was used to identify ADF/TXN1, and later on,
peptide B led to the identification of macrophage migra-
tion inhibitory factor (MIF) [10]. MIF binds to ADF/
TXN1, and both form a complex in the conditioned
medium of ATL-2 cells [11]. Internalization of extracellu-
lar MIF in ATL-2 cells is facilitated by ADF/TXN1. The
activity of ADF/TXN1 could theoretically be relayed by
CD74, C-X-C chemokine receptor type 2 (CXCR2), or
CXCR4, one of the cell surface receptors of MIF [12, 13].
MIF is a cytokine with two distinct catalytic activities, tauto-
merase/isomerase and thiol-oxidoreductase activities [14].
The cytokine activity of MIF requires the formation of a
homotrimeric complex through interdisulfide bond forma-
tion [15]. Ebselen, a MIF inhibitor, forms a covalent bond
with MIF cysteine 80, which led to dissociation of trimers
to monomers and the loss of cytokine activity [16]. Overall,
these results suggest an alternative mechanism for which,
besides the existence of a TXN1 cell surface receptor, TXN1
might regulate enzymatically the trimerisation of MIF and
thus its biological activity through one of the MIF cell surface
receptors (Figure 1).

Notwithstanding, a bona fide TXN1 cell surface receptor,
the tumor necrosis factor receptor superfamily member 8
(TNFRSF8/CD30), was identified [17]. A mutant TXN1
protein lacking the resolving cysteine of the catalytic site
(CXXC > CXXS), resulting in the formation of a stable inter-
mediate between mutant TXN1 and its substrate, was used
as a probe. This mutant trapped cell surface proteins from
the EBV-transformed lymphoblastoid B-cell line, a previ-
ously identified target of ADF/TXN1 [8]. Competition anal-
ysis with TNFRSF8 antibodies suggested that ADF/TXN1
induces a redox-dependent conformational change within
the extracellular domain of TNFRSF8. Only a partial confor-
mation rearrangement was observed when reduced TXN1/
ADF was applied in the absence of thioredoxin reductase
and NADPH confirming that the enzymatic reaction
requires the regeneration of reduced ADF/TXN1, oxidized
after TNFRSF8 thiol-oxidoreductase reaction [18]. Surpris-
ingly, proliferation assays mediated by TNFRSF8 of the
EBV-transformed lymphoblastoid B-cell line have not been
reported since 2007 [8]. Recombinant ADF/TXN1 also
activates the short transient receptor potential channel 5
(TRPC5) by means of a similar thiol-oxidoreductase
mechanism [19].

3. The Paradox of the Redox Power of
Extracellular Thioredoxins

Deoxyribonucleotides are all made from a ribonucleotide
precursor by the action of ribonucleotide reductase (RNR),
a tetramer of two subunits, R1 and R2 (Figure 2(a)). During
ribonucleotide reductase catalysis, a cysteinyl radical is
formed. After the completion of one turnover cycle, a
disulfide bond is formed between the conserved cysteine
pairs at the R1 active site which is transferred at a C-
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terminal dithiol through disulfide exchange. Then, the
resulting disulfide bond at the C-terminal tail is reduced
by the thioredoxin (TXN) system reactivating R1 for the
next cycle of RNR catalysis [20] (Figure 2(b)). So the

reduction of ribonucleotides, the rate-limiting step of the
DNA synthesis, depends on the reducing power provided
by NADPH through thioredoxin enzymes. TXN is ubiqui-
tously distributed from archaea, bacteria, plants, and
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animals [21]. E. coli thioredoxin 1 (TRXA) was originally
identified in 1964 by the group of Laurent et al. as a
protein required for ribonucleotide reduction by ribonucle-
otide reductase [22]. The term thioredoxin refers to the
biological function of a protein that depends on the cyclic
reduction-oxidation of a single S-S group of the com-
pound. Holmgren then disclosed the 109-amino acid
sequence of TRXA and characterized the two cysteine res-
idues (C32 and C35) of the catalytic site [23]. Years of
intense research in this field revealed the dependence of
the thioredoxin system on glucose metabolism through
the pentose phosphate pathway that provides reducing
power in the form of NADPH, the cofactor of thioredoxin
reductase (TXNRD) [24]. How are oxidized extracellular
thioredoxins regenerated in the rather oxidized extracellu-
lar compartment? [25]. A complete extracellular TXN sys-
tem is present in the blood in the form of circulating
TXN1 and TXNDR1. The procoagulant activity of cell sur-
face tissue factor (F3), a member of the cytokine receptor
family involved in the onset of coagulation, is negatively
regulated by the TXN1 system that reduces F3 cysteines
186 and 209 [26]. Interestingly, the process is sensitive
to change in the ratio NADPH/NADP+ which dictates
the redox states and activity of TXN1/TXNRD1. The
origin of extracellular NADPH was not revealed by that
study and remains mysterious since NADPH is not
transported across intracellular membranes [27]. In the
absence of NADPH and TXNRD, extracellular thioredox-
ins will not act as enzymes [28]. The catalytic site of
reduced thioredoxins could become oxidized (SH, SH >
S-S) while oxidized thioredoxins could become reduced
(S-S > SH, SH), but those reactions are irreversible.
The exchanged electrons would play here the role of a
one-shot biological signal.

4. TRX80, a Proteolytic Product of Thioredoxin
1 Involved in Cell-to-Cell Communication

In addition to its cytokine activity, TXN1 is a chemoattrac-
tant for granulocytes, monocytes, and T-lymphocytes with
a range of activities similar to other classical chemokines
[29]. TXN1/ADF released from HTLV-1-infected cells
carries this chemotactic activity. The mutant TXN1/ADF
protein lacking the resolving cysteine of the catalytic site
(CXXC > CXXS) is not active as a chemokine, showing that
the redox function of TXN1/ADF is involved. It is presently
not yet known if the chemokine and the cytokine activities
of TXN1/ADF rely broadly or partly on the same down-
stream signaling molecules [9]. Through an independent
research direction, a heterogeneous cytotoxic activity for
the subclass of eosinophilic granulocytes was isolated from
the conditioned medium of monocytes. It comprises two dis-
tinct forms of TXN1, a 14 and a 10 kDa peptide [30]. TXN1
(10 kDa) is 20-fold more active than TXN1 (14 kDa) in bio-
logical assays. The 10 kDa protein corresponds to the 80–84
N-terminal amino acids of TXN1 and was then named
TRX80 accordingly [31]. TRX80 cannot be reduced by
TXNRD and NADPH most likely because the missing C-
terminal sequence is required for the interaction with

TXNRD1 or alternatively because the truncation within the
thioredoxin fold in TRX80, removing one strand (84–92)
and one alpha helix (93–105), impairs with the overall
3D structure involved in the interaction [32]. Without
the regenerative action of the TXNRD and NADPH,
TRX80 cannot sustain thiol-oxidoreductase enzymatic activ-
ity. Interestingly, TRX80 catalytic cysteines can be reduced
by TXN1 in a TXNRD1/NADPH-dependent manner. In
that configuration, TRX80 is a target of TXN1. TRX80 is a
truncated thioredoxin that shares similarities with another
truncated thioredoxin, the rod-derived cone viability factor
(RdCVF) [33] (Figure 3). The correlation between the
induction of expression of TRX80 and that of metallopro-
teinases ADAM10 and ADAM17 by phorbol 12-myristate
13-acetate (PMA) [30, 34] led to the discovery that
TRX80 is produced from TXN1 by cleavage in monocytes
by the alpha-secretases ADAM10 and ADAM17 [35]. The
biological functions of extracellular TRX80 is quite diverse;
originally cytotoxic, it was shown to act as a cytokine for
monocytes, to promote proinflammatory macrophage phe-
notype, to inhibit beta-amyloid peptide aggregation, and to
activate the classical and alternative pathways of comple-
ment activation [35–38]. Importantly, here, the mitogenic
cytokine effect on peripheral blood mononuclear cells does
not involve any thiol-oxidoreductase activity provided by
TRX80 [39]. It seems that the TXN1 sequence correspond-
ing to TRX80 was recruited by the immune system to
exert cell communication functions that lost their relation
to redox biology.

5. Thioredoxin Secretion, a Long
Lasting Mystery

Thioredoxins are secreted but have no N-terminal signal
sequence and consequently are not secreted through the
endoplasmic reticulum and Golgi pathway but by mecha-
nisms that are referred to as unconventional protein secre-
tion pathways [40]. The mechanism of secretion of
thioredoxins has remained a mystery for more than 25
years after its first observation and is even currently
ignored [41]. The four principal types of unconventional
protein secretion can be divided into nonvesicular and
vesicular pathways. The nonvesicular pathways encompass
self-sustained protein translocation across plasma mem-
branes (type I, FGF2) and ABC-transporter-based secretion
(type II, yeast pheromone a-factor). Vesicular pathways are
characterized by autophagy-based secretion and secretory
lysosomes (type III, IL1β or IL1B) and proteins that bypass
the Golgi complex for trafficking to the plasma membrane
(type IV, CFTR). The type of secretory mechanism of thior-
edoxins remains unknown [4, 40]. TXN1 secretion in vitro
is temperature sensitive and inhibited by unknown factors
present in serum [42]. Its secretion appears to be mediated
by a pathway distinct from IL1B as TXN1 could be detected
neither in intracellular vesicles nor in its secretion blocked
by ABC transporter inhibitors. However, even if controver-
sial, secretion of thioredoxin is inhibited by methylamine, a
lysosome inhibitor, as for that of IL1B [42]. Surprisingly,
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the redox state of TXN1 does not influence its unconven-
tional export [42].

6. The Truncated Thioredoxin Rod-Derived
Cone Viability Factor Links Redox
Homeostasis to Glucose Metabolism

The retina of vertebrates is dual with rod photoreceptors for
dim-light vision and cone photoreceptor for color and day-
light vision [43]. They differentiate by the morphology of
the outer segment made of stacks of membranal disks or
invaginations containing the light-sensitive molecule as orig-
inally observed by Schultze in 1866 [44]. The truncated thior-
edoxin rod-derived cone viability factor (RdCVF) was
identified by high content screening. A retinal cDNA library
from a wild-type mouse was used as pools of 100 plasmids to
transfect COS-1 cells. Conditioned media harvested from
these cells were incubating with a cone-enriched culture pre-
pared from the retina of chicken embryos in the absence of
serum [45]. In this culture, progenitor cells isolated from
chicken embryos at embryonic day 6 [stage 29] were platted
at low density and differentiated into cones. The viability of
cells after 7 days in vitro was used as the readout of the assay.
The set-up of the screening implies that the active polypep-
tide would be secreted by COS-1 cells. One pool out of the
2100 screened was diluted and led to a unique clone encoding
for an open reading frame of a putative polypeptide of 109
amino acids, the RdCVF protein [46]. RdCVF was further
shown to protect cones from the mouse. Retrospectively,
the thought that the RdCVF factor could not have been
identified if we had realized the cone-enriched cultures in
the presence of serum gives vertigo. RdCVF, an alternative
splicing product of nucleoredoxin-like 1 (NXNL1) gene, is
secreted by rods that also encodes for an active thioredoxin
enzyme RdCVFL with an entire thioredoxin fold and a

CXXC catalytic domain [33]. RdCVFL protects photorecep-
tors, rods, and cones, against oxidative damage [47–49].
Since RdCVF is truncated within the thioredoxin fold, like
TRX80, it does not have enzymatic activity and consequently
must signal through a cell surface receptor on cones. A far-
western blotting approach using the cone-dominated retina
of chicken embryos was used to identify cell surface proteins
interacting with GST-RdCVF after the transfer of the pro-
teins resolved by electrophoresis on a nitrocellulose mem-
brane. Proteins migrating along with the specific signal that
was detected were identified by mass spectrometry [50].
Among the identified proteins, basigin 1 (BSG1) is a trans-
membrane protein representing a splice variant with an addi-
tional third extracellular immunoglobulin domain (Ig0) of
the basigin gene (Bsg) expressed specifically by photorecep-
tors. This interaction was validated in a cellular context using
transiently transfected BSG1 cDNA with RdCVF-alkaline
phosphatase fusion protein and a colorimetric assay. Silenc-
ing Bsg in chicken cone-enriched cultures reduced cell sur-
vival mediated by RdCVF indicating that the BSG1 is the
RdCVF transducing cell surface receptor. Unfortunately,
BSG1 was not previously known as a cell surface receptor
but rather as a protein involved in cell adhesion [51]. Its
intracellular domain is short and does not carry any informa-
tive motifs such as a tyrosine phosphorylation site. Therefore,
we used a BSG1 antibody to coimmunoprecipitate BSG1-
interacting proteins from membrane fraction of the retina
of chicken embryos and identified these proteins by mass
spectrometry [50]. BSG1 interacts with the glucose trans-
porter GLUT1/SLC2A1. The formation of the complex
RdCVF/BSG1/GLUT1 on cone surface stimulates glucose
entry into the cones. The mechanism that leads to an acceler-
ated glucose entry into cones via GLUT1/SLC2A1 after
RdCVF binding to BSG1 is presently unknown. Considering
that the catalytic site of extracellular thioredoxins could
become oxidized (SH, SH > S-S), RdCVF could act as a

TRX80 RdCVF

Figure 3: Structure models of TRX80 and RdCVF based on the X-ray structure of human TXN1 for TRX80 and on that of the tryparedoxin
TRYX of Crithidia fasciculata.
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prooxidant that triggers the conversion of homodimeric and
reduced form of GLUT1/SLC2A1 to its homotetrameric and
oxidized form that is known to transport glucose more effi-
ciently [52]. RdCVF would be a positive allosteric heterotro-
phic effector of the glucose transporter GLUT1/SLC2A1 [53].
Notice that TXN1/ADF is also acting as a prooxidant for MIF
in the hypothetical model proposed above (Figure 1). Glu-
cose is used by cones to produce lactate by aerobic glycolysis.
The idea that cones use this particular metabolism of glucose
where the pyruvate produced by glycolysis is not transported
to the mitochondria, but rather metabolized to lactate by lac-
tate dehydrogenase, is usually restricted to cancer cells and
named the Warburg effect [54, 55]. This peculiar use of glu-
cose by cones was demonstrated by measuring the oxygen
consumption and extracellular acidification resulting from
lactate secretion. Inhibition of pyruvate transport to the
mitochondria or pentose phosphate pathway does not affect
the activity of RdCVF, while, oxamate, a lactate dehydroge-
nase inhibitor, abolishes RdCVF effects on cones. Quite
interestingly, in 1924, Otto Warburg established that aerobic
glycolysis is specific of cancer cells, he also reported that

avian retina metabolizes glucose by aerobic glycolysis, but
he suspected at this time that this was an artifact. So 91 years
have been necessary to resolve the enigma of aerobic glycol-
ysis in the retina of cone-dominated species such as the
chicken and pigeon [56]. Glucose is partially metabolized to
glycerol-3-phosphate, a molecule entering the composition
of phospholipids forming the membranes of cone outer seg-
ments. Phospholipids are composed of two fatty acids, a glyc-
erol unit and a phosphate group. Fatty acids derived from
food are activated in the form of acyl-CoA intermediates
and esterified with glycerol-3-phosphate into phospholipids
through the Kennedy pathway [57]. Glycerol-3-phosphate
is made from a glycolytic metabolite, dihydroxyacetone
phosphate (DHAP), the breakdown of one molecule of fruc-
tose-1,6-bisphosphate (C6) by aldolase A. Aldolase pro-
duces one molecule of glyceraldehyde-3-phosphate (C3)
and one molecule of DHAP (C3). Phosphatidic acid is
synthesized through multiple enzymatic steps from
glycerol-3-phosphate and fatty acyl-CoA. Phospholipid
synthesis is taking place on the cytoplasmic face of the endo-
plasmic reticulum where the membrane-bound choline/
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ethanolamine phosphotransferase enzyme (CEPT1) is
located. This reaction produces the phospholipids, phospha-
tidylcholine, or phosphatidylethanolamine.

7. The Nucleoredoxin-Like 1 Gene Encodes for a
Superthioredoxin System

The retina of the mouse with a disruption of the Nxnl1 gene
shows signs of oxidative and photooxidative damages [47].
Using adeno-associated viral vector delivery through a ubiq-
uitous promoter, we found that RdCVF (109 residues) pro-
tects the cones of the mouse retina but not RdCVFL (217
residues) [58]. The 109 residues of RdCVF are identical to
the N-terminal region of the 217 amino acid-long RdCVFL
protein since RdCVF is truncated within the thioredoxin
fold. The fact that the full-length RdCVF sequence does not
protect cones when delivered through a ubiquitous promoter
suggests that the structure of the thioredoxin fold of RdCVF
is altered by the truncation. The bifunctional gene NXNL1,
whose expression is restricted to the retina, is composed by
two coding exons framing one intron. RdCVF is produced
by alternative splicing. When the intron is spliced, the gene
encodes for a long product coding for the thioredoxin
enzyme RdCVFL, whereas when the intron is retained and
due to the presence of a conserved stop codon in the reading
frame, the gene encodes for a short product coding for the
truncated thioredoxin RdCVF [33]. Alternative splicing is
cell specific as it occurs only in rods but not in cones of the
mouse retina that express only RdCVFL [49]. When using
adeno-associated viral vector delivery through a cone-
specific promoter, RdCVFL (217 residues) protects the cones
of the mouse retina against oxidative damage. RdCVF
expressed by rods stimulates cone outer segment growth.
Downstream of that metabolic signaling, RdCVFL is
involved in redox homeostasis. Hence, in that sense, both
products of the NXNL1 are acting toward the same goal
and have a complementary activity: protecting cones [59].

In an evolutionary perspective, the selection pressure acts
first on the thioredoxin fold of RdCVFL before acting on the
truncated thioredoxin RdCVF (Figure 4). This is correlated
to the fact that cones precede rods [60]. What could have
been the driving force leading to the emergence of the trophic
factor RdCVF? An accidental splicing leading to an extracel-
lular truncated thioredoxin as RdCVF would not work with-
out the expression of BSG in the form of the splicing variant
having a third extracellular domain Ig0, produced by photo-
receptors by alternative splicing. Are there temporal links
between the appearance of the inhibition of the NXNL1
gene’s splicing leading to its intron retention and the rod
appearance during evolution? Regardless of the evolution
history of RdCVF signaling, it is quite reasonable to propose
that the thioredoxin activity of RdCVFL precedes that of
RdCVF but that conjunction of both proteins is acting as a
positive feedback loop for redox homeostasis in the cones
and defines a superthioredoxin system (Figure 5). Meaning
that the ancestral NXNL1 gene originally encodes for a
thioredoxin enzyme and then after for another protein
RdCVF boosting the activity of the first one. Whatever the

details, the identification of the molecular mechanisms lead-
ing to intron retention will certainly be very informative.

8. A Truncated Extracellular Thioredoxin as a
Therapeutic Agent for Blinding Diseases

Opsin activation by photon capture requires the sensing mol-
ecule to be embedded in a lipid bilayer of optimal fluidity
made of phospholipids rich in polyunsaturated fatty acids
(PUFA) [61]. PUFA have the tendency to oxidize and must
be removed daily for maintenance of the visual system [62].
Consequently, since cones are postmitotic neurons, 10% of
their outer segment is removed daily by phagocytosis of the
retinal pigment epithelium and renewed from the inner seg-
ment where glucose metabolism is very active. With a preva-
lence of 1/5000, retinitis pigmentosa is the most common
form of inherited retinal degeneration. In patients suffering
from retinitis pigmentosa, the vision loss develops in two
successive steps. The first clinical sign of this disease is night
blindness, which is the consequence of rod degeneration due
to the direct action of mutations in any of the 60 distinct
genes presently known to cause the disease. This is felt
as a minor handicap, and these people retain an almost
normal way of life [63]. Rod degeneration leads to the loss
of expression of RdCVF [64]. The subsequent loss of func-
tion of cones at the centre of the retina results in reduced
central vision leading ultimately to untreatable blindness.
As patients usually visit ophthalmologists when their day-
light vision decreases which corresponds to the moment
when cones start to be affected, preventing the death of rods
will not be medically effective [65]. Treating patients by
restoring the expression of the superthioredoxin system
made of RdCVF and RdCVFL, while not correcting the caus-
ative gene defect, should maintain cone-mediated central
vision, potentially benefiting an estimated 1.5 million people
worldwide [66, 67].

9. Conclusion

Extracellular thioredoxins have been implicated in intercellu-
lar communication early on from the discovery of TXN1/
ADF. Meanwhile, in a detailed description of its mode of
action and that of the truncated form of TXN1, TRX80
remains incomplete. The extracellular truncated thioredoxin
RdCVF encoded by the NXNL1 gene is to our knowledge
a unique example of a complete extracellular thioredoxin
signaling system.
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Chronic environmental stress is associated with reactive oxygen species (ROS) overproduction and the pathogenesis of depression.
The purpose of this study was to evaluate biochemical and molecular changes associated with ROS generation in the brains of rats
submitted to chronic variable stress. Male Wistar rats (50–55 days old, weighing 200–250 g) were divided in two groups (n = 10):
control and stressed. Rats in the stressed group were exposed to stress conditions for 40 days. The animals were decapitated and the
brain samples were collected. In prefrontal cortex, we measured the following biochemical parameters: lipid peroxidation and
concentration of glutathione—GSH, GSSG, GSH/GSSG ratio, glutathione peroxidase, and glutathione reductase activities. In the
hippocampus marker of DNA, oxidative damage and expression of DNA-repairing genes (Ogg1, MsrA) and gene-encoding
antioxidative transcriptional factor (Nrf2) were determined. The results demonstrate indirect evidence of ROS overproduction
and presence of oxidative stress. They also reveal disruption of oxidative defense systems (decreased GR activity, diminished
GSH/GSSG ratio, and decreased Nrf2 expression) and activation of the oxidative DNA repair system (increased Ogg1 and MsrA
expression). Together, the presented data suggest that independent activation of oxidative stress response genes occurs in
chronic variable stress conditions.

1. Introduction

Depression is currently the most common affective disorder.
It is estimated to affect over 120 million people worldwide
and the number of cases is steadily increasing [1]. Fore-
casts indicate that by 2020, it will rank second in lifestyle
diseases that reduce the capacity to work [2]. Known causes
of depression do not provide sufficient explanation of patho-
physiology, despite extensive research in this area. It is
believed that the process is multifactorial and has many
subtypes with more than one etiology. Studies have shown
that chronic stress is directly implicated in the pathogenesis

of depression [3, 4]. Stressful events may induce multiple
behavioral, neurochemical, and biological alterations, pre-
sumably as an adaptive response to meet environmental
demands. It has been described that a prolonged and
sustained stimulation, caused by stress exceeding the body’s
capacity to maintain homeostasis, can result in psychopatho-
logical events [5].

It is postulated that chronic environmental stressors may
have a significant impact on reactive oxygen species (ROS)
generation in the brain [6, 7]. Studies have consistently
reported an increase of ROS in the blood of patients with
major depression [8]. The mechanism underlying the ROS
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increase remains unclear and is likely mediated in part by
stress-related hormones such as cortisol [9]. A stress-
induced increase in cortisol levels has been reported to accel-
erate glucose metabolism and the production of ROS [10].
ROS, such as superoxide anion (O2

−), hydrogen peroxide
(H2O2), and hydroxyl radicals (HO•), are extremely reactive,
due to unpaired electrons. Hydrogen peroxide is particularly
damaging the DNA as it is less reactive than other radicals
and able to travel into the cell nucleus, subsequently reacting
with macromolecules such as DNA. In well-functioning cen-
tral nervous system (CNS) cells, there is a balance between
the formation of free radicals and their scavenging. The shift
in this equilibrium toward the formation of ROS generates
oxidative stress, which is defined as an increase in oxidation
potential to the level leading to macromolecular oxidation
(e.g., lipids, DNA, and protein), despite adaptive activation
of antioxidative defense system [11, 12]. Oxidative stress
leads to the formation of lipid peroxidation products, result-
ing in the loss of cell membrane fluidity, reduced membrane
potential and possible rupture. Upon rupture, cell and organ-
elle contents are released into the extracellular space, includ-
ing neurotransmitters (serotonin and noradrenaline) related
to major depression [13]. Subjecting cells to oxidative stress
can result in cell membrane modifications and leads to
disruption of receptor functions and enzyme and gene
activity [14]. Oxidation-modified compounds and molecules
that disturb cellular homeostasis can lead to apoptosis or
necrosis [15, 16]. These events are related to various neuro-
degenerative diseases [3, 14, 17]. Neuronal cells in the brain
are highly sensitive to oxidative stress due to a large depen-
dence on oxidative phosphorylation for energy compared to
other cell types. Normal brain function is dependent on a
continuous and efficient use of oxygen. Although the brain
represents only 2% of human body weight, it consumes
20% of the total body oxygen with 1-2% of the oxygen being
converted into superoxide anion radicals and hydrogen per-
oxide. Increased O2

∗− production in the mitochondria
inhibits the Krebs cycle through temporary aconitase inacti-
vation. The Krebs cycle is inhibited by lipid peroxidation
products—MDA and 4HNE [18, 19]. Moreover, MDA and
4HNE can cause DNA damage [20]. It is worth mentioning
that the brain as an organ is a major metabolizer of oxygen
(20% of the body consumption) and yet has relatively feeble
protective antioxidant mechanisms [21].

One of the most important consequences of ROS over-
production and chronic oxidative damage is DNA modifica-
tion, which can become permanent via the formation of
mutations and other types of genomic instabilities [22–25].
Studies have shown that modulation of gene expression
under oxidative stress conditions is an important mechanism
in depression [24–27]. Among various types of DNA base
modification induced by ROS, 7, 8-dihydro-8-oxoguanine
(8-oxoG) is the most widely studied and is considered to be
a key biomarker of oxidative DNA damage [14, 27, 28]. Stud-
ies have revealed significantly elevated levels of 8-OxoG in
urine of depressed patients in comparison to healthy controls
[29]. The 8-oxoguanine glycosylase1 (OGG1) gene is a key
component of the base excision repair pathway, because
OGG1 encodes the enzyme responsible for the excision

of 8-oxoguanine, a mutagenic base byproduct that occurs
as a result of exposure to reactive oxygen [22]. Methionine
sulfoxide reductase A (MSRA) also plays an important
role in the repair of oxidatively damaged proteins toward
restoration of biological activity [23]. MSRA reduces
methionine sulfoxide (MetO) to methionine. Because
methionine residues are particularly susceptible to oxida-
tion by ROS, MSRA has important functions in cellular
metabolism: as an antioxidant enzyme that scavenges
ROS by facilitating the cyclic interconversion of methio-
nine between oxidized and reduced forms and as a repair
enzyme by keeping critical methionine residues in their
reduced form [30, 31]. Several studies have demonstrated
high levels of MsrA expression in brain neurons and con-
firmed that MsrA overexpression results in an extension of
lifespan in mice and in human T cells under conditions of
oxidative stress [23, 31]. An emerging regulator of cellular
resistance to oxidants is nuclear factor erythroid 2-related
factor 2 (NRF2). NRF2, beyond its regulatory role in anti-
oxidant enzyme expression, has been recognized as a key
factor in the regulation of an array of genes that defend
cells against the deleterious effects of environmental insults
[32]. An important mechanism of cellular defense against
oxidative or electrophilic stress is achieved through activa-
tion of the Nrf2-antioxidant response element signaling
pathway. The pathway controls the expression of genes
whose protein products are involved in the detoxification
and elimination of reactive oxidants through enhancing
cellular antioxidant capacity [33–35]. By regulating oxidant
levels and oxidant signaling, NRF2 participates in the con-
trol of mitochondrial biogenesis [36]. Moreover, NRF2
likely also affects mitochondrial ROS production [37].
Increased expression of Nrf2 is an important preventative
component in neurodegenerative diseases [38]. Lowering
NRF2 activation may reduce antioxidative responses [39].

The role of oxidative stress in depression appears to be
associated with neurogenesis and cell survival, but whether
oxidative stress is a cause or merely a downstream conse-
quence of the neurodegenerative process still remains
unexplained [23]. It has been hypothesized that chronic envi-
ronmental stress-induced oxidative stress may contribute to
changes at the molecular level. The molecular studies seem
to be crucial in this regard. Chronic oxidative damage can
be indirectly assessed by measuring changes in the expression
of genes involved in protection and repair systems.

In consideration of these findings, the main objective of
our study was the assessment of oxidative DNA damage in
the brain of rats submitted to chronic variable stress. The
extent of AP sites (one of the major types of damage gener-
ated by ROS) andOgg1,MsrA, andNrf2 genes was measured.
In the present study, we also investigated the effect of chronic
environmental stress on lipid peroxidation, glutathione
redox status, and antioxidant enzyme activities (glutathione
peroxidase and reductase). We used the prefrontal cortex to
determine biochemical parameters and hippocampus for
molecular tests because depressed patients present alter-
ations in these cerebral structures and relevant research most
often relates to these regions of the brain [40–42]. The
chronic variable stress (CVS) paradigm is a well-validated
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animal model of depression, as recent publications have
confirmed that CVS can induce behavioral and neuro-
chemical changes in animals that are similar to the symp-
toms and presumed neurochemical changes accompanying
depression in humans [43–45]. Similarly, clinical evidence
describes that stressful life events, which significantly
increase the risk of depressive episodes, are generally of a
chronic nature [46, 47].

2. Materials and Methods

2.1. Animals. Male Wistar rats, weighing 200–250 g, approx-
imately 50–55 days old at the time of arrival, purchased from
a licensed breeder (Brwinów, Poland) were used as test
subjects. The animals were housed in standard rectangular
polypropylene cages with standard diet and water available
ad libitum. The colony room was maintained at a constant
temperature (20± 2°C) under a 12 h day/12 h night cycle in
constant environmental conditions (humidity, noise). All
experimental procedures were approved by the Local Ethics
Committee on Animal Experimentation of the Medical
University of Lublin (number 12/2015) and were performed
in accordance with obligatory European standards related
to the experimental studies on animal models.

2.2. Chronic Variable Stress Procedure. A chronic variable
stress protocol was carried out as described by Gamaro
et al. with slight modifications [5, 43]. The animals were
divided in two groups: control (CTL) and stressed (CVS);
each group consisted of 10 animals. Rats in the control group
were kept undisturbed in their home cages (5 rats in each
cage of dimensions 65× 25 cm, 18 cm high), while rats in
the stressed group were exposed to various stress conditions
for 40 days. In the experiment, the following stressors
were used: 24 h of food deprivation, 24 h of water depriva-
tion, 1–3h of restraint, 1.5–2h of restraint at 4°C, forced
swimming for 10 or 15min, flashing light for 120–210min,
and isolation (2-3 days). Specific stressors and length of
time applied each day are listed in Table 1. To avoid pre-
dictability, rats were exposed to these stressors at different
times each day.

The rat was placed inside a 26× 6 cm plastic tube in order
to restrain it, followed by plaster tape adjustments on the out-
side to prevent it from moving. Breathing was enabled
through a 1 cm hole at the far end of the tube. Forced swim-
ming was performed by placing the rat in a round glass tank
(50 cm radius) filled with 23°C water. In order to expose the
animal to the flashing light, we put the rat inside a 50 cm-
high open-field container (40× 60 cm) made of brown ply-
wood with a frontal glass wall. A flashing light was delivered
from a 40W lamp, set at 60 flashes/min.

After 40 days of stress procedures and 24 h after the last
stressor, the animals were decapitated and individual brain
samples were washed with 20mL of saline and stored at
−75°C until the time of analysis.

2.3. Determination of Biochemical Parameters. Homogenates
of the prefrontal cortex were prepared from frozen brain
samples, using extraction buffer. All biochemical

measurements were conducted from these homogenates.
The experimental procedures were performed according to
the instructions supplied with each respective kit. In this
experiment, the following analysis was performed: lipid
peroxidation (LPO), which was based on malondialdehyde
and 4-hydroxyalkenals concentration (MDA+4HAE) (Oxi-
sResearch, USA) and concentration of glutathione—GSH,
GSSG, GSH/GSSG ratio (Calbiochem, Germany), glutathi-
one peroxidase (GPX), and glutathione reductase (GR)

Table 1: Stressor agents used during the chronic variable stress.

Day of treatment Stressor Duration Start time

1 Water deprivation 24 h 8:00 a.m.

2 Food deprivation 24 h 9:00 a.m.

3 Isolation 24 h 10:00 a.m.

4 Isolation 24 h 10:00 a.m.

5 Isolation 24 h 10:00 a.m.

6 Flashing light 3 h 12:00 a.m.

7 Food deprivation 24 h 8:00 a.m.

8 Forced swimming 10min 9:00 a.m.

9 Restraint 1 h 11:00 a.m.

10 Water deprivation 24 h 9:00 a.m.

11 No stressor — —

12 No stressor — —

13 Restraint and cold 2 h 10:00 a.m.

14 Flashing light 2.5 h 9:00 a.m.

15 Food deprivation 24 h 8:00 a.m.

16 Forced swimming 15min 12:00 a.m.

17 Isolation 24 h 8:00 a.m.

18 Isolation 24 h 8:00 a.m.

19 Isolation 24 h 8:00 a.m.

20 Water deprivation 24 h 10:00 a.m.

21 Food deprivation 24 h 9:00 a.m.

22 Flashing light 3 h 13:00 a.m.

23 Restraint 2 h 12:00 a.m.

24 Isolation 24 h 8:00 a.m.

25 Isolation 24 h 8:00 a.m.

26 Restraint and cold 1.5 h 12:00 a.m.

27 Forced swimming 10min 10:00 a.m.

28 Flashing light 3.5 h 12:00 a.m.

29 No stressor — —

30 Food deprivation 24 h 8:00 a.m.

31 Restraint 3 h 9:00 a.m.

32 Flashing light 2 h 10:00 a.m.

33 Water deprivation 24 h 8:00 a.m.

34 Restraint and cold 2 h 10:00 a.m.

35 Forced swimming 15min 11:00 a.m.

36 Isolation 24 h 8:00 a.m.

37 Isolation 24 h 8:00 a.m.

38 No stressor — —

39 Flashing light 3 h 13:00 a.m.

40 Forced swimming 10min 8:00 a.m.
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activities (Cayman Chemical, USA). In short, the princi-
ple underlying lipid peroxidation assessment was based
on the reaction of a chromogenic reagent R1 (N-methyl-
2-phenylindole) with malondialdehyde (MDA) and 4-
hydroxyalkenals (4HAE) at 45°C. Two molecules of R1 react
with one molecule of MDA or 4-hydroxyalkenals to form a
chromophore with an absorbance maximum at 586nm.
Measuring the concentration of MDA in combination with
4-hydroxyalkenals in methane sulfonic acid was used as an
indicatorof lipidperoxidation.GSHandGSSGconcentrations
were determined by an enzymatic reaction using Ellman’s
reagent (5,5′-dithiobis-2-nitrobenzoic acid) and reagent
M2VP (1-methyl-2-vinyl-pyridine-trifluoro-methanesulfo-
namide sulfonate). In this method, GSH reacts with Ellman’s
reagent to form a product identified spectrophotometrically
at a wavelength of λ = 412 nm. Oxidized glutathione (GSSG),
produced upon reduction of an organic hydroperoxide by
GPX, is recycled to its reduced state by GR and NADPH. The
oxidation ofNADPH toNADP+ is accompanied by a decrease
in absorbance at 340nm. GPX activity was measured by the
kinetic method, using the aforementioned kit. In this method,
GPX catalyzes the oxidation of glutathione by cumene hydro-
peroxide, and in the presence ofGRandNADPH, the oxidized
glutathione (GSSG) is immediately converted to a reduced
form with a concomitant oxidation of NADPH to NADP+.
The GR activity assay is based on the reduction of GSSG
catalyzed by GR in the presence of NADPH, which is oxi-
dized to NADP+. The reduction in absorbance was measured
at 340nm.

2.4. Determination of DNA Oxidative Damage.DNAwas iso-
lated with a Syngen DNA Mini Kit (Syngen, Poland) accord-
ing to the manufacturer’s protocol. The concentration and
purity of the genomic DNA were measured using a
NanoDrop MaestroNano Micro-Volume Spectrophotometer
(Maestrogen Inc., Taiwan) and adjusted to 100μg/mL in TE
buffer. Oxidative DNA damage was evaluated by measuring
the amount of basic sites (the so-called AP) with a DNA
Damage Quantification Kit (Dojindo, Japan). Oxidative
attacks by ROS on the deoxyribose moiety lead to the release
of free bases from DNA, generating strand breaks with vari-
ous sugar modifications and simple abasic sites (AP sites).
Aldehyde-reactive probe (ARP; N′-aminooxymethylcarbo-
nylhydrazin-D-biotin) reacts specifically with an aldehyde
group present on the open ring form of AP sites, making it
possible to detect DNA modifications that result in the for-
mation of an aldehyde group. Biotin-avidin-specific connec-
tion and horseradish peroxidase were used for colorimetric
detection at 650 nm. AP sites were measured in DNA isolated
from the hippocampus of the rats.

2.5. mRNA Expression Analysis. The isolated hippocampus
was rinsed with 20μL of the solution used for injections
and stored at −75°C until isolation of RNA was carried out.
A quantitative real-time PCR (qPCR) method was used to
evaluate expression of selected genes (Ogg1, MsrA, and
Nrf2). RNA was isolated from 30mg of tissue according to
the manufacturer’s instructions using Syngen Tissue RNA
Mini Kit (Syngen Biotech, Poland). Reverse transcription

was performed using NG dART RT-PCR kit (EURx, Poland)
according to the manufacturer’s instructions. The relative
expression of genes was measured with the ΔΔCt method,
using Hprt (Mn00446968_m1) as an endogenous control.
The reaction was carried out in octuplicate by qPCR using
the SmartChip Real-Time PCR System (WaferGen Bio-
systems) and TaqMan Fast Universal PCR Master Mix (2x)
(Applied BioSystems, USA) according to manufacturer’s
instructions. Sample quality screening based on amplifica-
tion, Tm, and Ct values was performed to remove any outlier
data points before ΔΔCt calculation and to determine fold
change in mRNA levels. The data were presented as RQ value
(RQ=2−ΔΔCt).

2.6. Statistical Analysis. The results were analysed statistically
in the STATISTICA versus 10 application (StaftSoft, Cracow,
Poland). Data was calculated as mean± SEM and expressed
as percentage of control group. The statistical significance
among the groups was determined by a Student’s t-test. All
parameters were considered statistically significantly differ-
ent if p values were less than 0.05.

3. Results

3.1. Lipid Peroxidation. In this experiment, we evaluated lipid
peroxidation by measuring malondialdehyde (MDA) and 4-
hydroxyalkenals (4HAE) concentration in the prefrontal cor-
tex of rats. MDA+4HAE levels were significantly higher in
the group of rats exposed to stress in comparison to the con-
trol group (Figure 1).

3.2. GSH and GSSG Levels.We noticed that the levels of GSH
and GSSG in rats exposed to CVS did not change substan-
tially. However, we also evaluated the GSH/GSSG ratio, since
it is considered to be a sensitive indicator of the cellular redox
state. Data obtained from the prefrontal cortex of rats sub-
mitted to chronic stress did show a statistically significant
decrease in the GSH/GSSG ratio (Figures 2 and 3).

3.3. Glutathione Peroxidase and Glutathione Reductase
Activity. No statistically significant changes were observed
in glutathione peroxidase activity in rats subjected to CVS
in comparison to the control group (Figure 4). However,
the results indicate that stressors caused a decrease in gluta-
thione reductase activity in the brain of rats exposed to
CVS compared to the brain of control rats (Figure 5).

3.4. Oxidative DNA Damage. Assessment of oxidative DNA
damage showed a threefold increase of AP site accumulation
in DNA isolated from the hippocampus of rats subjected to
CVS in comparison to the control group. This result demon-
strates that the amount of oxidative damage in stressed rats
rose significantly compared to controls (Figure 6).

3.5. The Level of mRNA Expression for Ogg1, MsrA, and Nrf2.
The expression levels of genes involved in oxidative stress
were examined. Sample variation was accounted for by com-
parison to the expression levels of Hprt, which is a house-
keeping gene responsible for nucleotide metabolism.
Expression of mRNA was measured in reference to the
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Figure 3: The effect of chronic variable stress on the GSH/GSSH
ratio in the prefrontal cortex of rats. Data is displayed as mean
± SEM and expressed as percentage of control group. Significance:
∗p < 0 05 by Student’s t-test; p = 0 0489; t = 2 320 with 8 degrees
of freedom.
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Figure 4: The effect of chronic variable stress on GPX activity in the
prefrontal cortex of rats. The GPX activity was measured by a
kinetic method based on the oxidation of NADPH to NADP+

which is accompanied by a decrease in absorbance at 340 nm.
Data is displayed as mean± SEM and expressed as percentage of
control group.
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Figure 1: The effect of chronic variable stress on LPO (MDA+ 4
HAE concentration) in the prefrontal cortex of rats. The method
is based on the measurement of the following products of lipid
peroxidation: malondialdehyde (MDA) and 4-hydroxyalkenals
(4HAE), which react with a chromogenic reagent N-methyl-2-
phenylindole. Data is displayed as mean± SEM and expressed as
percentage of control group. Significance: ∗p < 0 05 by Student’s
t-test; p = 0 0222; t = 2 503 with 18 degrees of freedom.
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Figure 2: The effect of chronic variable stress on GSH and
GSSG concentrations in the prefrontal cortex of rats. The
concentrations were determined spectrophotometrically in an
enzymatic reaction using the following reagents: 5,5′-dithiobis-
2-nitrobenzoic acid and 1-methyl-2-vinyl-pyridine-trifluoro-
methanesulfonamide sulfonate. Data is displayed as mean± SEM
and expressed as percentage of control group.
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control group, where the expression level is estimated as
RQ=1. In the hippocampus of rats submitted to CVS, the
mRNA levels of Ogg1 andMsrA were significantly increased,
while a decrease in the expression of the Nrf2 gene was
noticed in comparison to the control. The results of qRT-
PCR experiments are shown in Figure 7.

4. Discussion

It is postulated that environmental stress, at least partially, is
related to oxidative stress. The main source of ROS formation
is mitochondrial failure, that is, associated with neurodegen-
eration [48]. In stressogenic-related depressive disorders, the
rate of conversion of the oxygen to ROS may increase and
can result in severe metabolic dysfunction and oxidative
damages to subcellular and cellular membrane lipids and
enzymes [8, 12–14]. However, one of the most important
consequences of ROS overproduction is modification of
DNA. For these reasons, the objective of our study was to
evaluate oxidative DNA damage in the brain of rats submit-
ted to chronic variable stress. We also measured the bio-
chemical changes associated with ROS generation, which
can confirm the occurrence of oxidative stress.

The current study revealed an increase in lipid peroxida-
tion in the prefrontal cortex of rats exposed to stress, which
indicates oxidative stress. It is coherent with the results of
the clinical tests, which indicate that the pathological stress
causing a huge depression is accompanied by an increase of
lipid peroxidation in the brain [8, 11, 17]. Highly reactive
oxygen metabolites act on unsaturated fatty acids of phos-
pholipid components of membranes to produce malondial-
dehyde, a lipid peroxidation product. Reactivity of MDA
and 4-HNE may cause damage to DNA [20]. In the brain,
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Figure 5: The effect of chronic variable stress on GR activity in the
prefrontal cortex of rats. The GR activity was measured by kinetic
method based on the oxidation of NADPH to NADP+ which is
accompanied by a decrease in absorbance at 340 nm. Data is
displayed as mean± SEM and expressed as percentage of control
group. Significance: ∗p < 0 05 by Student’s t-test; p = 0 0189;
t = 2 932 with 8 degrees of freedom.
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Figure 6: The effect of chronic variable stress on oxidative
damages of DNA in the hippocampus of rats. The method is
based on the measurement of simple abasic sites (AP sites) in
DNA. Data is displayed as mean± SEM and expressed as
percentage of control group. Significance: ∗p < 0 05 by Student’s
t-test; p = 0 0391; t = 2 194 with 22 degrees of freedom.
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Figure 7: The effect of chronic variable stress on the level of mRNA
expression for OGG1, MsrA, and Nrf2 genes in the hippocampus of
rats. The mRNA’s expression was assayed in regard to the control
group, where the expression level is estimated at 1. Data is
displayed as mean± SEM. Significance: ∗p < 0 05; ∗∗∗p < 0 001 by
Student’s t-test; OGG1: p < 0 0001 and t = 8 408 with 18 degrees
of freedom; MsrA: p < 0 0001 and t = 7 155 with 18 degrees of
freedom; Nrf2: p = 0 0422 and t = 2 091 with 45 degrees of freedom.
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there is a significant amount of unsaturated fatty acids, which
are susceptible to peroxidation. Moreover, in the brain, there
is a relatively poor antioxidant defense system. This creates a
risk of DNA damage and disturbances in secondary electron
transport and cellular damage [49]. Lipid peroxidation
decreases the life span of neurons, affects neurotransmitter
release, and was reported as a major contributor to the loss
of cell function under oxidative stress conditions in depres-
sion [26, 50].

In our study, exposure to stress caused a decrease of the
GSH/GSSG ratio in the prefrontal cortex of rats in compari-
son to control. Glutathione plays an important role in a mul-
titude of cellular processes, including cell differentiation,
proliferation, and apoptosis. GSH is critical for protecting
the brain from oxidative stress, acting as a free radical scaven-
ger and inhibitor of lipid peroxidation. The GSH/GSSG ratio
is reduced in neurodegenerative diseases [51]. The brain is
particularly susceptible to alterations in GSH homeostasis,
probably due to the fact that GSH may be a neuromodulator
or neurotransmitter and may thus be essential for central
nervous system activities [48]. The oxidation of glutathione
is considered to be one of the first and most important events
leading to a change in the overall cellular redox state. The
resulting damage is thought to be involved in neurodegener-
ative diseases [48, 52]. Thus, the GSH/GSSG ratio is consid-
ered to be a sensitive indicator of the cellular redox state
[53, 54]. Taking this into account, the increase in LPO
accompanied by the decrease in the GSH/GSSG ratio may
suggest that the antioxidative adaptation is not sufficient. A
decrease in the GSH/GSSG ratio manifests itself largely
through an increased susceptibility to oxidative stress, and
the resulting damage is thought to be involved in neurode-
generative diseases [48].

In addition to the GSH/GSSG ratio, the relative activities
of the enzymes responsible for glutathione metabolism are an
important factor for assessing the redox potential of tissues
and cells. For this reason, glutathione peroxidase and gluta-
thione reductase activities were measured. They are enzy-
matic antioxidant system chains and provide protection
against the damaging effects of free radicals [52, 55]. In this
system, glutathione peroxidase provides detoxification of
organic and inorganic peroxides by using reduced glutathi-
one. Glutathione reductase regenerates GSH and protects cell
from death caused by oxidative stress, probably through
maintaining a high GSH/GSSG ratio [54, 56]. This exper-
iment showed that GR activity is decreased in the prefron-
tal cortex of stressed rats. The decrease in GR activity,
observed in our work, may result in impairment of GSH
regeneration. This statement is confirmed by the decrease
in the GSH/GSSG ratio. Perhaps, regulation of GR is associ-
ated with cortisol, which is secreted in response to stress.
Becerril-Chavez et al. recently showed that the activity levels
of glutathione-related enzymes (GPX, GST) are disrupted in
the prefrontal cortex of rats subjected to chronic stress.
Their research proved that downregulation of glutathione
S-transferase (GST) occurred [57]. This enzyme catalyzes
deactivation of many harmful substances and requires
reduced glutathione as a cofactor. In turn, glutathione
reductase is responsible for the restoration of GSH. The

decrease in GR activity may result in insufficient GSH
regeneration and can adversely affect GST activity. The
GST dysfunction was accompanied by a high cortisol level,
which increases in response to an acutely stressful event
[57]. Hence, chronic stress mounts a stronger corresponding
cortisol response [9]. Importantly, the elevated cortisol level
was decreased by application of an antioxidant, which also
attenuated the GST activity level. However, further studies
are required to confirm these correlations. So far, the above
results are indirect evidence of ROS overproduction and
presence of disrupted oxidative defense systems.

In stress-induced depressive disorders affecting the brain,
DNA damage induced by oxidative stress is a major factor
leading to neuronal dysfunction and cell death. Studies have
shown a relationship between DNA damage and cortisol,
especially during prolonged exposure to high levels of corti-
sol, in brain structures such as the hippocampus and frontal
cortex [10]. Oxidant-induced DNA damage may be a useful
biomarker for chronic oxidative stress determination [58].
Oxidative damage of DNA results from an interaction of
DNA with reactive oxygen species, in particular the hydroxyl
radical. Oxidative damage is believed to contribute
substantially to the decline in cellular functions that are asso-
ciated with nervous system diseases [59]. Moreover, studies
have shown that oxidative DNA damage is linked to the onset
of specific human diseases such as neuronal degeneration
[58–60]. One of the major types of damage generated by
ROS is the AP site, the most common DNA damage resulting
from loss of a DNA base [61]. The current study revealed a
statistically significant increase of AP site accumulation in
DNA isolated from the hippocampus of rats subjected to
CVS compared to that of the control group, an indicator of
considerable oxidative DNA damage. An important role in
the repair of oxidatively damaged proteins is to restore bio-
logical activity through specific gene activation. The Ogg1
gene is induced by oxidative stress and its mRNA levels are
correlated with base excision capacity. OGG1 is ubiquitously
expressed in the brain and is considered a cellular marker for
both oxidative stress and oxidative DNA damage [23].
Protein-bound methionine residues are the most susceptible
to oxidation by ROS. However, this modification can be
repaired by MsrA, which catalyzes the thioredoxin-
dependent reduction of free and protein-bound MetO to
methionine [31].

The current study revealed that, in the hippocampus of
rats subjected to CVS, the mRNA levels of Ogg1 and MsrA
were significantly increased. Taking into consideration the
results of related biochemical research, we can assume that
overexpression of DNA repair enzymes, important for main-
tenance of mitochondrial functions, may result out of neces-
sity to rescue cells from ROS. Disruption of antioxidant and
DNA repair mechanisms in the cell by ROSmay result in oxi-
dative stress and oxidative damage to the cell. Moskovitz
et al. showed that loss of antioxidant capacity is associated
with a decrease in total OGG1 and MSRA activities [31];
thus, the significant increase in expression of these genes
shown in our study suggests that they play an important role
in the protection against ROS-related oxidative DNA dam-
age. The results presented above confirm that chronic
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environmental stress-induced oxidative stress causes DNA
oxidative damage. At the same time, upregulation of Ogg1
and MsrA increases efficiency of DNA repair.

Studies have determined that NRF2 is a regulator of anti-
oxidant response and is a factor that regulates the transcrip-
tion of oxidative DNA damage repair genes [62]. Oxidative
stress can lead to NRF2 activation, which in turn acts as an
autoregulatory feed-forward loop to dampen the increased
ROS levels, thereby maintaining homeostasis following tissue
or cellular injury. NRF2 activation would be expected in the
presence of an increase in ROS. However, in our study, a
decrease in Nrf2 gene expression was observed in the brain
of rats submitted to chronic stress in comparison to the
control group. One explanation for these findings may be
that NRF2 is not properly responding to oxidative stress
under conditions of chronic stress. Disturbed NRF2 signaling
in the brain may contribute to neurodegeneration via
decreased antioxidative defense as documented in depressed
patients [32, 63]. This phenomenon has also been confirmed
by studies that reported decreasedNrf2 expression in the hip-
pocampus of rats submitted to chronic stressors [64, 65]. The
increase in Ogg1 and MsrA expression observed in our work
seems to be independent from Nrf2 expression levels. The
obtained data suggest that oxidative stress directly activates
the oxidative stress response genes but not the NRF2 path-
way. These results support the theory that oxidative stress
responses do not always involve a coordinated regulation of
genes and their activities are regulated by different factors.
The second explanation for the decrease in activity of Nrf2
gene is its exceptional sensitivity for oxidative products
(ROS) and byproducts (MDA and 4-HNE), but this assump-
tion should be supported by future studies.

The redox-sensitive transcription factor NRF2 also regu-
lates the rate of GSH synthesis [66]. GSH-metabolizing
enzymes are induced at the transcriptional level by mild oxi-
dative stress, which involves binding of the NRF2 transcrip-
tion factor to the antioxidant response element [67]. Taking
into account the above results, downregulation of Nrf2 may
be correlated with decreased GR activity and, consequently,
could lead to a decrease in the GSH/GSSG ratio, as recorded
in our study. The decrease of Nrf2 is corresponding with the
data from biochemical studies and points on disorders in
defense of oxidative system.

5. Conclusions

The current study confirmed that chronic variable stress
causes oxidative stress in part of the brain involved in depres-
sion development, that is, the prefrontal cortex and hippo-
campus. In the hippocampus, an increase in oxidative
damages of DNA was noticed. Our finding ofOgg1 andMsrA
upregulation indicates that the oxidative DNA repair system
has been activated. The decrease ofNrf2may suggest an inde-
pendent activation of oxidative stress response genes. Future
studies are required to explain if oxidative damage of DNA
originates from mitochondria or nucleus and if the decrease
in important antioxidativeNrf2 gene activity is related to spe-
cial susceptibility for oxidative stress byproducts. This may

help in clarifying whether oxidative stress is the cause or a
downstream consequence of depression.
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Insulin resistance contributes to the development of diabetes and cardiovascular dysfunctions. Recent studies showed that elevated
singlet oxygen-mediated lipid peroxidation precedes and predicts diet-induced insulin resistance (IR), and neutrophils were
suggested to be responsible for such singlet oxygen production. This review highlights literature suggesting that insulin-
responsive cells such as endothelial cells, hepatocytes, adipocytes, and myocytes also produce singlet oxygen, which contributes
to insulin resistance, for example, by generating bioactive aldehydes, inducing endoplasmic reticulum (ER) stress, and modifying
mitochondrial DNA. In these cells, nutrient overload leads to the activation of Toll-like receptor 4 and other receptors, leading
to the production of both peroxynitrite and hydrogen peroxide, which react to produce singlet oxygen. Cytochrome P450 2E1
and cytochrome c also contribute to singlet oxygen formation in the ER and mitochondria, respectively. Endothelial cell-derived
singlet oxygen is suggested to mediate the formation of oxidized low-density lipoprotein which perpetuates IR, partly through
neutrophil recruitment to adipose tissue. New singlet oxygen-involving pathways for the formation of IR-inducing bioactive
aldehydes such as 4-hydroperoxy-(or hydroxy or oxo)-2-nonenal, malondialdehyde, and cholesterol secosterol A are proposed.
Strategies against IR should target the singlet oxygen-producing pathways, singlet oxygen quenching, and singlet oxygen-induced
cellular responses.

1. Introduction

Insulin resistance is a condition in which a given concentra-
tion of insulin produces a less than expected effect on target
cells, and this may lead to impaired glucose tolerance ahead
of overt type II diabetes mellitus [1]. It was recently reported
that elevated plasma levels of products formed by singlet
oxygen-mediated lipid oxidation precede and predicts the
development of insulin resistance and diabetes in both
humans and mice [2, 3]. Neutrophils recruited to adipose
tissue as a result of high-fat feeding were speculated to be
responsible for generating the singlet oxygen-modified lipids
[2, 3]. On the contrary, the present article highlights literature
consistent with (i) a primary role of insulin-responsive cells
such as endothelial cells, adipocytes, hepatocytes, and skeletal
muscle cells in singlet oxygen formation even prior to the
activation of neutrophils and (ii) an important role of singlet
oxygen in decreased insulin signaling by the insulin-
responsive cells. Key insulin resistance-associated singlet
oxygen-producingpathways in these cells areproposed, aswell

as mechanisms by which this ROS induces insulin resistance.
New pathways are proposed for the singlet oxygen-mediated
formation of bioactive aldehydes, including cholesterol
secosterol aldehyde A, which was previously considered to
be exclusively generated by cholesterol ozonolysis and to be
a key piece of evidence for endogenous ozone formation.

2. Insulin Signaling

As reviewed by Siddle [4], insulin signaling begins with insu-
lin binding to its receptor, a receptor tyrosine kinase, and this
results in the sequential activation of (i) an insulin receptor
substrate (IRS), typically IRS-1 or IRS-2, (ii) phosphatidyl
inositol 3 kinase (PI3K), (iii) protein kinase B (PKB/Akt),
and (iv) various Akt substrates such as the Akt substrate of
160 kDa, whose phosphorylation facilitates translocation of
glucose transporter 4 (GLUT 4) from cytoplasmic storage
vesicles to the plasma membrane of adipocytes and skeletal
muscle cells. Akt-mediated phosphorylation of glycogen syn-
thase kinase 3 results in the activation of glycogen synthase
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and enhanced glycogen synthesis, while Akt-mediated phos-
phorylation of the forkhead transcription factor (FOXO 1)
prevents translocation of the latter to the nucleus and inhibits
expression of enzymes responsible for hepatocyte gluconeo-
genesis and glycogenolysis [4]. In endothelial cells, Akt
phosphorylates and activates endothelial nitric oxide syn-
thase, leading to nitric oxide synthesis [5].

3. Obesity, Adipose-Derived Inflammation, and
Insulin Resistance

Chronic adipose tissue inflammation during obesity pro-
motes both adipose tissue and systemic insulin resistance,
mainly through the release of proinflammatory compounds
by various adipose tissue cells including adipocytes and mac-
rophages, as well as neutrophils that were shown to infiltrate
adipose tissue at an early stage of diet-induced obesity in
mice [6, 7]. Nevertheless, there is evidence that such adipose
tissue-derived inflammation is not essential for the initiation
of systemic insulin resistance [8]. In a mouse model of diet-
induced obesity, cellular inflammation and insulin resistance
occurred first in arterial tissue, within the first week, followed
by skeletal muscle and liver between weeks 4 and 8, and these
changes were not detected in adipose tissue until week 14 [9].
Likewise, there was absence of systemic inflammation in
grade 1 obese women, who displayed IR in skeletal muscle
but not in adipose tissue [10]. At the cellular level, cultured
endothelial cells, hepatocytes, or skeletal muscle cells treated
with palmitate developed insulin resistance in the absence of
neutrophils or macrophages [5, 11–14]. On the other hand,
palmitate does not directly activate neutrophils, and it even
reduces hydrogen peroxide production by these cells [15].

4. Toll-Like Receptor 4 or 2 (TLR4 or TLR2)
Signaling in Response to High Fat, High
Sugar, and Lipopolysaccharide Promotes
Insulin Resistance through Oxidative Stress
and the Activation of Serine Kinases

Oxidative stress refers to an imbalance between cellular
reactive oxygen species (ROS) and antioxidants, in favor of
the former [16]. Examples of ROS include superoxide anion
(∙−O2), hydrogen peroxide (H2O2), hydroxyl radical (∙OH),
singlet oxygen (1O2), and ozone (O3). There is mounting evi-
dence that oxidative stress has a causative role in insulin
resistance. For example, attenuating mitochondrial hydrogen
peroxide emission by treating rats with a mitochondrial-
targeted antioxidant or by overexpressing catalase in mouse
skeletal muscle mitochondria preserved insulin sensitivity
[17]. Excessive caloric intake by healthy men for 1 week
acutely induced weight gain, oxidative stress, and insulin
resistance in adipocytes prior to the onset of inflammatory
stress [18].

Toll-like receptor 4 (TLR4) signaling is responsible for
much of the proinflammatory cytokine production by innate
cells [19]. It is also expressed in other cells including
endothelial cells, skeletal muscle cells, hepatocytes, and
adipocytes, where it contributes to insulin resistance by

promoting the formation of ROS and reactive nitrogen
species such as nitric oxide (NO), as well as the activation
of serine kinases which catalyze serine rather than tyrosine
phosphorylation of IRS (Figure 1) [19, 20]. Such serine
kinases include protein kinase C (PKC) isoforms, IκB kinase
(IKK) complex, and mitogen-activated protein kinases
(MAPKs) such as c-Jun N-terminal kinase (JNK) and p38
MAPK [19]. p38 MAPK also activates phosphatase and
tensin homolog (PTEN) which reduces phosphorylation of
P13K and Akt [11].

Enterobacterial lipopolysaccharide (LPS), whose plasma
levels are increased by a high-fat diet, is a direct ligand and
activator of TLR4 through its lipid A component which
partly consists of palmitic, lauric, or myristic acids [19, 20].
On the other hand, fatty acids and sugars may interact
indirectly with TLR via diacylglycerol (DAG) synthesis and
subsequent PKC and NADPH oxidase (Nox) activation
(Figure 1), as discussed shortly. TLR signaling requires adap-
tors such as myeloid differentiation primary response protein
88 (myD88) and TIR-domain-containing adapter-inducing
interferon-β (TRIF) [19, 21]. Both TLR2 and TLR4 signal
via the myD88 pathway whereby myD88 leads to activation
of TAK 1, a member of the MAPK kinase family, which acti-
vates both the IKK complex-nuclear factor kappa B (NF-kB)
pathway and MAPKs such as ERK1/2, JNK, and p38 [21].
IKK activation leads to phosphorylation of the NF-kB
inhibitor, IkBα, whose subsequent proteosomal degradation
frees NF-kB to translocate to the nucleus and activate the
expression of proinflammatory cytokines as well as inducible
nitric oxide synthase (iNOS) and Nox components such as
p91phox and p22phox [19–22].

An increase in intracellular diacylglycerol (DAG) was
suggested as a unifying hypothesis that could explain most
forms of insulin resistance [8]. During hyperglycemia, de
novo DAG synthesis occurs via the polyol pathway [23].
During fatty acid overload, DAGs are synthesized as interme-
diates in triacylglycerol synthesis [24]. DAG is an essential
cofactor and activator of PKC isoforms such as PKC-α,
PKC-δ, PKC-ε, PKC-ζ, and PKC-θ which catalyze serine
phosphorylation of IRS-1 [25]. These PKC isoforms also
interactwithTLR andother components of theTLR4pathway
such as myD88 to promote NF-kB activation [26]. PKCs also
activate Nox by promoting p47phox translocation to the
membrane [27]. Nox isoforms such as Nox2, Nox3, and
Nox4haveacritical role inhepatocyte, endothelial cell, skeletal
muscle cell, and adipocyte insulin resistance [11, 12, 28–30],
and Nox-derived ROS contribute to TLR4 activation and
signaling [31].

iNOS plays a key role in skeletal muscle, adipose tissue,
and hepatic insulin resistance [32–34]. Nox-derived superox-
ide anion (∙−O2) and iNOS-derived nitric oxide (NO)
undergo a diffusion-controlled reaction to form the peroxy-
nitrite anion (ONOO−) (Figure 1), and this is the only
reaction that occurs at comparable or even higher rate than
superoxide dismutase- (SOD-) catalyzed conversion of
superoxide anion to hydrogen peroxide [35]. Peroxynitrite
is a major contributor to insulin resistance. For example,
treatment of cultured adipocytes with hypochlorous acid
(HOCl) resulted in adipocyte peroxynitrite production,
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PKC-θ, IKK, JNK phosphorylation, IRS-1 serine 307
phosphorylation, and insulin resistance, and peroxynitrite
inhibitors abolished the rest of these events [36]. The biolog-
ical effects of peroxynitrite have largely been attributed to its
direct oxidation of thiol groups, or its involvement in the
formation of radicals that participate in reactions such as
lipid oxidation and protein tyrosine nitration [33, 35].
However, the mechanism by which peroxynitrite induces
PKC-θ, IKK, JNK, and IRS-1 serine 307 phosphorylation
may at least partly involve singlet oxygen-mediated ER stress
because (i) peroxynitrite is involved in singlet oxygen forma-
tion (Sections 7 and 8), (ii) singlet oxygen induces ER stress
(Section 10), and (iii) ER stress activates PKC-θ, IKK, and
JNK [34, 37, 38].

5. The Receptor for Advanced Glycation End
Products (RAGE) Mediates Similar Effects
as TLR4

Serum advanced glycation end products (AGEs) are an inde-
pendent determinant of insulin resistance as determined by
the homeostatic model assessment method (HOMA-IR) in
both males and females [39]. AGEs signal via the RAGE
receptor, which, like TLR4, induces the recruitment of
myD88 and TIRAP, and downstream signaling via NF-kB

upon phosphorylation of the cytoplasmic domain of RAGE
by PKC-ζ [40]. RAGE signaling is associated with a positive
autoregulatory loop that perpetuates NF-kB activation, since
NF-kB increases the expression of RAGE [41] and the
RAGE-ligand, high mobility box protein [42]. Thus, AGE-
RAGE signaling is a key player in endothelial cell dysfunction
and adipocyte insulin resistance [40, 41]. Apart from AGEs, a
high concentration of uric acid also induces endothelial
dysfunction through the RAGE receptor [42].

6. Elevated Singlet Oxygen Production Precedes
Insulin Resistance and Diabetes

According to recent reports, plasma levels of two hydroxy-
octadecadienes (HODES) specifically derived from singlet
oxygen-mediated linoleic acid (LA) oxidation, namely,
10-hydroxy-8(E), 12(Z)-octadecadienoic acid and 12-
hydroxy-9(Z),13(E)-octadecadienoic acid, rather than two
HODES specifically derived from free radical LA oxida-
tion, namely, 13-hydroxy-9(E),11(E)-octadecadienoic acid
and 9-hydroxy-10(E),12(E)-octadecadienoic acid, are suit-
able biomarkers for predicting insulin resistance and type 2
diabetes in humans [2, 43]. Further, Tsumura Suzuki obese
diabetes (TSOD) mice on a high-fat diet had significantly
higher singlet oxygen-associated fatty acid oxidation prod-
ucts than control mice at week 5, ahead of significant
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Figure 1: TLR4-dependent pathways for the development of insulin resistance via (i) the activation of serine kinases such as PKC isoforms,
IKK, JNK, and p38MAPK that induce serine phosphorylation of insulin receptor substrate (IRS) and (ii) the formation of reactive oxygen and
nitrogen species such as hydrogen peroxide (H2O2), nitric oxide (NO), peroxynitrite (ONOO−), and singlet oxygen (1O2). Enteric
lipopolysaccharide (LPS) is a direct ligand of TLR4, while fatty acids and sugars such as fructose activate this pathway via DAG, PKC, and
Nox-derived ROS.
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differences in free radical oxidation-derived products and
insulin resistance at week 8 [3]. Thus, it was suggested that
excessive singlet-oxygen formation occurs as an early event
in the pathogenesis of insulin resistance and type 2 diabetes
and that singlet oxygen may be directly or indirectly involved
in initiating these disorders [3].

7. Diverse Cell Types, Including Insulin-
Responsive Cells, Produce Singlet Oxygen

Murotomi et al. [3] suggested that activated neutrophils
were responsible for the elevated plasma levels of singlet
oxygen-associated LPO products in TSOD mice, through the
myeloperoxidase-HOCl-H2O2 system. However, as recently
reviewed, singlet oxygen can be generated through many
types of reactions involving molecules that are found in
virtually all cell types [44], which is not consistent with this
ROS being produced just by leukocytes. Interestingly, singlet
oxygen is now recognized as an important signaling mole-
cule in plant cells, as a result not only of its photodynamic
formation in chloroplasts but also by dark reactions in
nonphotosynthetic cells, even in roots, in response to
wounding and other stresses [45]. Peroxisomes, mitochon-
dria, and the nucleus are major intracellular regions of such
plant cell singlet oxygen formation in the dark [45].
Although the mechanism of formation of singlet oxygen
under such conditions is unknown, this may at least partly
involve the reaction of peroxynitrite and hydrogen peroxide,
because this reaction produces singlet oxygen [46] and
peroxisomes are a site for both hydrogen peroxide and
peroxynitrite formation in plant cells [47]. Singlet oxygen
was also reported to be generated not only by cultured
tumor cells but also by the cell-free culture medium upon
the addition of hydrogen peroxide, by a process involving
the formation of excited carbonyls [48]. Singlet oxygen
formation has been demonstrated in enterocytes [49], endo-
thelial cells [50], and hepatocytes [49, 51]. During liver
ischemia-reperfusion injury, acute hepatocyte oxidative
stress can occur independently of Kupffer cells, the resident
macrophages [52], and hepatocyte oxidative stress produces
cytokines and chemokines that activate the latter [53], which
is a major source of singlet oxygen prior to neutrophil
activation [54]. Such a sequence of hepatocyte-Kupffer cell-
neutrophil oxidative stress and singlet oxygen formation
might occur during nutrient overload and the development
of hepatic insulin resistance. Cytochrome P450 2E1, whose
protein levels are 10 times higher in hepatocytes than in
Kupffer cells [55] and whose expression is induced by xenobi-
otics aswell lipidoverload [55, 56], is an important contributor
to singlet oxygen formation by liver microsomes [57].

8. The Importance of Peroxynitrite Anion in
Singlet Oxygen Formation during the
Pathogenesis of Insulin Resistance

The reaction between peroxynitrite and hydrogen peroxide
may produce more singlet oxygen than the neutrophil-
associated reaction between hypochlorous acid and hydrogen

peroxide in vivo because hypochlorous acid is very reactive
with other biomolecules [58]. The related reaction between
nitric oxide and hydrogen peroxide was also found to release
large amounts of chemiluminescence due to singlet oxygen,
and this reaction was suggested to be involved in nitric
oxide-mediated cell killing [59]. Since insulin-responsive
cells upregulate Nox and iNOS expression and the resultant
formation of nitric oxide, peroxynitrite, and hydrogen perox-
ide under conditions relevant to insulin resistance (Sections 4
and 5), singlet oxygen should be generated under such
circumstances. Peroxynitrite also reacts with various other
molecules to generate singlet oxygen, as recently reviewed
[44]. For example, as illustrated in Figure 2, the reaction of
peroxynitrite (1) with CO2 forms nitrosoperoxycarbonate
(2) which decomposes to reactive carbonate and nitrogen
dioxide radicals ((3) and (4), resp.) that readily convert gluta-
thione (5) to glutathyl radical (6) [35, 60]. Glutathyl radicals
reacts with oxygen to generate peroxysulphenyl radical (7)
which, via tetroxide species (8) and peroxide (9), generates
1O2 and glutathione disulfide (10) [61]. Since glutathione is
one of the major peroxynitrite sinks [60], such reactions limit
peroxynitrite-dependent free radical reactions while promot-
ing singlet oxygen production.

9. Singlet Oxygen Generated near the Plasma
Membrane May Induce Peroxynitrite
Formation and Further Singlet Oxygen
Formation in Insulin-Responsive Cells via the
Death Receptor Fas

When tumor cells are exposed to a low dose of extracellular
photodynamically generated singlet oxygen, the latter acti-
vates the death receptor Fas, which signals to upregulate Nox
and NOS, resulting in peroxynitrite and H2O2 formation,
and a “massive increase in secondary singlet oxygen” [62]. A
similar phenomenon may contribute to endothelial cell dys-
function, because (i) endothelial cells express the Fas receptor
[63]; (ii) endothelial cells may generate extracellular singlet
oxygen because hydrogen peroxide and peroxynitrite formed
in them can cross the plasma membrane [35]; (iii) treatment
of endothelial cells with 3-morpholinosydnonimine (SIN-1),
a peroxynitrite donor, increased iNOS expression via NF-kB
and thus established a positive feedback loop for peroxynitrite
formation [64]; (iv) high glucose-induced, Nox-mediated
endothelial cell dysfunction is exacerbated by myeloperoxi-
dase, which utilizes endothelial cell-derived hydrogen perox-
ide to generate hypochlorous acid [65], and should thus
produce extracellular singlet oxygen by the reaction of the
latter with hydrogen peroxide; and (v) apart from a direct
effect of singlet oxygen on the endothelial cell Fas receptor,
singlet oxygen may oxidize LDL to produce oxidized LDL,
which signals via the Fas receptor to induce endothelial cell
apoptosis accompanied by activation ofMAP and Jun kinases
[63]. In fact, the already mentioned (Section 4) hypochlorous
acid-mediated, peroxynitrite-dependent induction of insulin
resistance in cultured adipocytes [36] may involve a similar
mechanism, whereby adipocyte-derived H2O2 reacts with
HOCl to generate singlet oxygen, which then activates Fas.
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The latter, which has been shown to induce adipocyte insulin
resistance [66], will then induce iNOS andNox. The induction
of iNOS activity in response to Fas activation in hepatocytes
was shown to be a mechanism to reduce apoptosis and
enhance survival [67]. Although the foregoing examples
assume the activation of Fas by extracellular singlet oxygen,
the same effects might generally result from singlet oxygen
generated on either side of the plasmamembrane, since singlet
oxygen photodynamically generated near the plasma mem-
brane was found to induce endothelial cell apoptosis [68]. In
hepatocytes, Fas activation also promotes CYP2E1 activity
[69], which is an important source of singlet oxygen [57].

10. Singlet Oxygen Formation in the
Endoplasmic Reticulum Induces ER Stress

Endoplasmic reticulum stress is an important contributor to
adipose tissue and hepatic insulin resistance, through multi-
ple mechanisms including (i) activating JNK and p38, (ii)
inducing the pseudokinase tribble 3 (TRB3), which prevents
insulin-induced Akt phosphorylation, and (iii) upregulating
protein tyrosine phosphatase B (PTPB), a negative regulator
of the insulin receptor [34, 70, 71]. The ER stress-inhibiting
chaperone tauroursodeoxycholic acid (TUDCA) has been
shown to improve insulin signaling in both mice and
humans [72, 73].

Singlet oxygen photodynamically generated within the
ER induces calcium efflux and ER stress [74]. Cytochrome
P450 2E1 (CYP2E1), which is mainly located in the ER, is a
strong producer of superoxide [56] and also produces perox-
ynitrite even in the absence of iNOS [75]. Since the ER
constantly produces H2O2 during protein folding [76], the
reaction of CYP2E1-derived peroxynitrite with H2O2 to

generate singlet oxygen and thereby induce ER stress is
highly likely. CYP2E1 also generates singlet oxygen by a
mechanism independent of peroxynitrite [57]. This protein
also promotes lipid peroxidation, and its expression corre-
lates with lipid peroxidation in obese patients [56, 77].
CYP2E1 expression is induced by JNK [78], which may be
activated by pathways such as TLR4 or Fas [Sections 4
and 9], and CYP2E1 in turn strongly activates JNK [78].
Interestingly, adipocytes and hepatocytes strongly express
CYP2E1 [78] and are prone to ER stress [34], while skeletal
muscle cells only weakly express this protein [79, 80] and are
less prone to ER stress [34]. There are both iNOS-dependent
and iNOS-independent pathways for ER stress in the adipose
tissue and liver, and silencing iNOSandabolishing the residual
ER stress completely abolishes insulin resistance in these
organs [34]. The iNOS-independent ER stress can be well
explained by CYP2EI in hepatocytes and adipocytes. Whole
body CYP2E1 knockout protected mice from HFD-induced
obesity and insulin resistance, and it especially improved
insulin sensitivity in hepatic and adipose tissues but not
skeletal muscle tissue [81].

11. Mitochondrial Singlet Oxygen Formation
Damages Mitochondrial DNA

Mitochondria are a key site for peroxynitrite formation due
to NO easily diffusing into them and reacting with superox-
ide formed as a result of electron leakage from the electron
transport chain [35]. Peroxynitrite further promotes such
electron leakage, resulting in the elevation of mitochondrial
H2O2 [35, 82], thus setting the right conditions for singlet
oxygen formation by these two reactive species. Hence, mito-
chondria should be a major site for peroxynitrite-dependent
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Figure 2: Formation of singlet oxygen (1O2) as a result of the facile conversion of peroxynitrite (1) to nitrosoperoxycarbonate (2),
decomposition of the latter into carbonate and nitrogen dioxide radicals ((3) and (4), resp.) that convert glutathione (5) to glutathyl radical
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combination of two glutathyl radicals (6).
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singlet oxygen formation. This is consistent with the findings
that, in skeletal muscle cells, mitochondrial ROS and the
resultant DNA damage and apoptosis contribute to insulin
resistance [13], attenuating mitochondrial hydrogen perox-
ide emission prevents skeletal muscle insulin resistance
[17], deletion of iNOS or addition of a peroxynitrite inhibitor
prevents such mitochondrial DNA damage and insulin resis-
tance [14, 34], and skeletal muscles from rats injected with
LPS produced singlet oxygen, which was associated with
increased Nox and iNOS activity, hydrogen peroxide and
peroxynitrite formation, and enhanced mitochondrial lipid
oxidation [83].

ER calcium efflux is another major contributor to mito-
chondrial ROS, since it causes mitochondrial calcium influx,
which greatly enhances mitochondrial superoxide produc-
tion, for example, in cardiomyocytes [76]. In hepatocytes,
uric acid-induced activation of Nox preceded ER stress,
which further induced mitochondrial ROS [84].

Increased mitochondrial H2O2 either as a result of perox-
ynitrite production or calcium influx may promote singlet
oxygen formation by an additional pathway involving cardi-
olipin oxidation. In the presence of H2O2, cytochrome c acts
as a cardiolipin-specific oxygenase, converting cardiolipin
(11) to a cardiolipin hydroperoxide such as (12) (Figure 3)
[85]. The decomposition of cardiolipin hydroperoxide gener-
ates triplet carbonyls that transfer energy to triplet oxygen
and thus form singlet oxygen [86]. Formation of such triplet
carbonyls from cardiolipin hydroperoxide (12) may partly
involve the amine- (RNH2-) catalyzed conversion of the
latter to dioxetane (13), whose decomposition affords an
aldehydic cardiolipin (14) and 3(Z)-nonenal (15), either of
which could be in the excited triplet state (Figure 3). The
amine (RNH2) could be a lysine residue or the amino group
of phosphatidylethanolamine or phosphatidylserine. Such
amine-catalyzed conversion of the 13-hydroperoxide of
linoleic acid (13-hydroperoxy-9Z, 11E-octadecadienoic acid,
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Figure 3: Proposed mechanisms for the mitochondrial formation of 1O2 and 4-hydroperoxy-2-nonenal (17) during the oxidation of a
cardiolipin (11) (which bears an n-6 fatty acid). In the presence of H2O2, cytochrome c converts the latter to cardiolipin hydroperoxide
(12) [85], followed by lysine-catalyzed rearrangement of the latter into dioxetane (13) [44] which decomposes into aldehyde (14)
(oxononanoyl-cardiolipin in case the fatty acid moiety being oxidized is linoleic acid) and 3-Z-nonenal (15). The asterisk on carbonyl (14)
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converts the latter to 1O2 and the former to its ground state form (16), whose reaction with hydrogen peroxide regenerates (14) and forms
singlet oxygen [44, 88, 90].
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HPODE) to a dioxetane that yields hexanal was recently
suggested [44] to explain the known reaction of lysine with
HPODE to form Nε-(hexanoyl)lysine (HEL), which does
not form by reaction of preformed hexanal with lysine in
the absence of HPODE [87]. The Schiff base between hexanal
and lysine was suggested to react with a second HPODEmol-
ecule to form HEL [44]. Formyl-lysine, a product analogous
to HEL, is formed in a system containing formaldehyde,
lysine, and H2O2 [88], where H2O2 (rather than a lipid
hydroperoxide) reacts with the corresponding Schiff base.
The fact that plasma HEL levels were significantly and
positively correlated with fasting plasma glucose, serum
insulin, and HOMA-IR in obese males [89] indicates that this
kind of reaction is important in vivo.

Amines also catalyze a reaction between hydrogen perox-
ide and carbonyls (including sugars) to form singlet oxygen
and excited carbonyls [44, 88, 90]. Such reactions might be
responsible for the already-mentioned formation of singlet
oxygen upon addition of hydrogen peroxide to a cell-free cul-
ture medium (Section 7) [48]. Accordingly, aldehyde (16), the
nonexcited form of (14), may react with H2O2 to form singlet
oxygen and to regenerate (14), thus amplifying singlet oxygen
formation. In this way, any other aldehydes formed in the
mitochondrion may participate in singlet oxygen formation.
This aldehyde-amine-hydrogen peroxide-dependent mecha-
nism of singlet oxygen formation may be equally important
in the ER since it has been demonstrated in liver microsomes
[88, 90], whereCYP2E1 induces lipid oxidation in an environ-
ment favoring H2O2 formation [77].

12. Singlet Oxygen Oxidizes Low-Density
Lipoprotein

Oxidized low-density lipoproteins (oxLDLs) were positively
associated with HOMA-IR in young human adults indepen-
dently of obesity in a longitudinal study [91]. Similar strong
association between oxLDL levels and insulin resistance was
obtained in a weight reduction study [92]. Endothelial cells
mediate oxLDL formation by a peroxynitrite-dependent
mechanism [93], indicating the potential involvement of
singlet oxygen, since both singlet oxygen and oxLDL are
strong precursors of insulin resistance [3, 92]. oxLDL can
perpetuate the effects of HFD on endothelial cells, because its
signaling via the lectin-like oxidized low-density lipoprotein
receptor-1 (Lox-1 receptor) and TLR4 receptors initiates a
positive autoregulatory loop for NF-kB activation and
upregulation of Lox-1 receptor expression [94]. This also
induces the expression of vascular cell adhesion molecule 1
(VCAM 1) and monocyte chemoattractant protein (MCP-1),
which promote the recruitment of immune cells [94]. OxLDL
signaling in adipocytes induces adipocyte insulin resistance
through the activation of IKK, JNK, andNF-kB, even indepen-
dently of further ROS formation [95], and thismay involve the
interaction of oxLDL receptor with CD36, resulting in CD36
association with the Src family tyrosine kinases Fyn and Lyn
upstream of JNK [96]. oxLDL also reduces adiponectin secre-
tion [97], and this affects systemic insulin resistance because
adiponectin improves insulin sensitivity in endothelial cells,
hepatocytes, and skeletal muscle cells [98].

As already discussed (Section 3), palmitate induces insu-
lin resistance in insulin-responsive cells independently of
neutrophils, but the latter are recruited to adipose tissue
and promote diet-induced insulin resistance by producing
myeloperoxidase and other proinflammatory substances.
While palmitate lowers ROS formation by neutrophils [15],
oxLDL induces neutrophil transmigration across microvas-
cular endothelial cell monolayers and their subsequent
degranulation especially after endothelial cell activation
[99]. Extracellular hydrogen peroxide mediates the paracrine
recruitment of neutrophils to wounded tissue [100]. There-
fore, H2O2 produced by adipocytes, together with endothelial
cell-derived oxLDL, may contribute to neutrophil infiltration
and activation in adipose tissue.

13. Singlet Oxygen Increases Intracellular
Ceramide Levels

Ceramide is a key contributor to insulin resistance by several
mechanisms including, but not limited to, (i) activation of
protein phosphatase 2A (PP2A) which dephosphorylates
Akt, (ii) activation of the atypical PKC isoform ζ which
inhibits Akt, and (iii) JNK activation [101].

Singlet oxygen induces the nonenzymatic conversion of
sphingomyelin to ceramide in tumor cells, and there is an
autocrine loop linking such ceramide increase to de novo
ceramide biosynthesis [102]. There is a possibility that, at
least the nonenzymatic mechanism, may be involved in
ceramide formation in insulin-responsive cells such as skele-
tal muscle cells and adipocytes. Singlet oxygen may also
contribute indirectly to ceramide accumulation via oxLDL-
mediated decrease in adiponectin, since the latter has cerami-
dase activity [101], or by oxLDL-mediated sphingomyelinase
activation [103]. Besides, ER stress and ceramide accumula-
tion induce each other in a vicious cycle [101].

14. Singlet Oxygen Contributes to the
Formation of Insulin Resistance-Promoting
Reactive Carbonyl Species

The decomposition of lipid hydroperoxides affords highly
reactive aldehydic products such as malondialdehyde
(MDA), glyoxal, acrolein, 4-hydroperoxy-2-nonenal (HPNE),
4-hydroxy-2-nonenal (HNE), and 4-oxo-2-nonenal (ONE),
which contribute to insulin resistance in various ways. Plasma
MDA concentration positively correlates with insulin resis-
tance [104]. ONE induces primary hepatocyte apoptosis
through increased xanthine oxidase (XO) activity [105].
By promoting XO activity, ONE potentially contributes to
the formation of uric acid, which induces endothelial dys-
function as well as hepatocyte ER stress [42, 84]. ONE reacts
with lysine to form Nε-(4-oxononanoyl)lysine, an important
ligand of Lox-1 receptor [106] and may thus make a major
contribution to oxLDL-mediated insulin resistance. Protein-
HNE adducts but not protein carbonyl levels were found to
be related to intramyocellular lipid content and the severity
of insulin resistance in humans [107].
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Various mechanisms for the formation of some of the
above-named aldehydes during free radical lipid oxidation
have been proposed [108–110]. However, such purely free
radical mechanisms do not adequately explain the genera-
tion of some lipid oxidation products in vivo. Notably,
according to the free radical-dependent reactions, linoleic
acid is not expected to be an important precursor of MDA
[109], while, on the contrary, plasma linoleic acid was found
to be an important precursor of this aldehyde [111]. Further-
more, the reaction of lysine with HPNE, a derivative of
linoleic acid, was found to generate MDA by an unknown
mechanism [112].

HPNE(17)maybe formedby the reactionof 3(Z)-nonenal
(15)with singlet oxygen (Figure 3). Similarly to the conversion
of hydroperoxide (12) to dioxetane (13) (Figure 3),HPNE (17)
may be converted by an amine (RNH2) via dioxetane (18) to
MDA (19) and hexanal (20) (Figure 4), thus explaining the
previously reported, lysine-mediated conversion of HPNE to
MDA [112]. Inorganic ferrous ion (Fe2+) or organic ferric ions
such as in cytochrome c (Cy-Fe3+) may alternatively convert
HPNE (17) to the corresponding alkoxyl radical (21), which
can abstract or lose a hydrogen to form HNE (22) or ONE
(23), respectively, or cyclize to form epoxyalkyl radical (24),
which rearranges to oxygen-stabilized vinyl ether radical
(25) [113, 114]. The latter may react with oxygen and be
converted via hydroperoxy-ether (26) and oxygen-centered
radical (27) to hemiacetal (28). Vinyl ether radicals such
as (25) also undergo direct conversion to hemiacetals
such as (28) by oxygen rebound from the Cy-Fe4+ −OH
(or Fe3+ −OH) pair, and the hemiacetals easily cleave to
aldehydes such as MDA (19) and hexanal (20) [113–114].

Cholesterol oxidation generates two main aldehydic
products, namely, cholesterol secosterol A and secosterol B
[115]. Secosterol A potently inhibits endothelial nitric oxide
synthase (eNOS) and neuronal nitric oxide synthase (nNOS),
but not iNOS [116], and should therefore make an important
contribution to endothelial dysfunction and insulin resis-
tance, since eNOS promotes insulin sensitivity while iNOS
promotes insulin resistance in humans [117].

Singlet oxygen but not free radical oxidation readily
converts cholesterol to cholesterol-5-hydroperoxide (29),
which, under acidic conditions, undergoes Hock cleavage to
form cholesterol secosterol aldehyde A (30), followed by
rapid acid-catalyzed aldolization of the latter to form secos-
terol B (31) (Figure 5), so that secosterol A is only detected
as a minor product under such conditions [115, 118]. On
the other hand, ozonolysis of cholesterol affords secosterol
A as the main product [115, 118, 119]. Both secosterol alde-
hydes A and B have been isolated in significant quantities
from various human tissues and LDL, confirming the impor-
tance of singlet oxygen, ozone, and/or an ozone-like oxidant
in in vivo lipid oxidation [115, 118, 119]. These aldehydes
were also detected in the plasma and other tissues of normal
mice, further supporting the formation of singlet oxygen in
endothelial cells and other cell types independently of
leukocyte activation and inflammation [120]. The fact that
secosterol A is a major product in vivo was interpreted as
evidence for endogenous ozone formation [115, 118, 119].
Potential mechanisms for the antibody- or amino acid-
catalyzed endogenous ozone formation in the presence of
singlet oxygen have been proposed [119, 121]. However,
Tomono et al. [122] reported that almost equal amounts of
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secosterols A and -B were formed in vitro from cholesterol
oxidation by human myeloperoxidase (MPO) independently
of antibody involvement and concluded that, in this case,
singlet oxygen and possibly another oxidant, but not ozone,
mediated the formation of both secosterols A and B.

As suggested in Figure 5, the amine-catalyzed decompo-
sition of cholesterol 5-hydroperoxide (29) affords dioxetane
(32) whose decomposition generates secosterol A (30) under
nonacidic conditions. Moreover, cytochrome c-mediated
conversion of cholesterol 5-hydroperoxide (29) to the corre-
sponding alkoxyl radical and epoxyalkyl radicals was recently
reported [123]. The said epoxyalkyl radical (not shown) may
be converted to secosterol A (30) analogously to the conver-
sion of epoxylakyl radical (24) to aldehydes (19) and (20) in
Figure 4. It would not be unreasonable to postulate that
hydroperoxyvinyl ether (33) (formed analogously to (26) in

Figure 4) may undergo amine-catalyzed conversion to
secondary ozonide (34), analogously to the amine-catalyzed
formation of dioxetanes such as (32). Hydrolysis of second-
ary ozonide (34) then affords secosterol A (30) [124]. Thus,
a combination of singlet oxygen, a metal ion, triplet oxygen,
and an amine might act as an ozone-like oxidant.

15. Conclusion

Insulin resistance is a major precursor of diabetes and
cardiovascular diseases, whose etiological pathways deserve
attention. This review has highlighted the pathways of
formation of singlet oxygen in insulin-responsive cells and
how this ROS contributes to insulin resistance through ER
stress, mitochondrial DNA damage, and the formation of
oxLDL and bioactive aldehydes such as MDA, HNE, ONE,
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and cholesterol secosterol aldehydes A and B. Strategies for
the prevention or management of insulin resistance may
need to include dietary singlet oxygen quenching antioxi-
dants but only as part of a multipronged approach that also
targets events both upstream and downstream of singlet
oxygen formation, such as inhibitingTLR4 signaling, detoxifi-
cation of bioactive aldehydes, and inhibiting ER stress.
Nevertheless, there is a need formore studies to directly deter-
mine the relative contribution of singlet oxygen to insulin
resistance vis a vis other reactive oxygen and nitrogen species.
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Aims. Obesity is accompanied by the formation of oxygen free radicals, whose intensified activity without effective defense
mechanisms can lead to oxidative stress and related complications. We evaluated the presence of oxidative stress in obese
prepubertal children. Methods. The study included 83 healthy children aged 2–10 years (62 with obesity and 21 nonobese
controls). Total oxidant capacity (TOC), total antioxidant capacity (TAC), oxidized low-density lipoprotein (ox-LDL), lipid
parameters, glucose, and C-reactive protein (CRP) were measured in serum. Oxidative stress index (OSI) was calculated.
Results. Serum TOC concentration was significantly higher (p < 0 05) and TAC concentration was lower (p < 0 05) in obese
children. OSI was higher (p < 0 01) in obese subjects compared with controls. CRP levels were normal in all children, but
median CRP value was higher (p < 0 01) and HDL cholesterol levels were lower (p < 0 05) in the obese group. We found a
significant negative correlation between TAC and ox-LDL concentrations (r = −0 27, p < 0 05) in obese children. Furthermore,
obesity duration was positively correlated with TOC level (r = 0 32, p < 0 05) in this group. Conclusions. Obesity-related
oxidative stress already occurs in prepubescence. Early obesity diagnosis and the necessary therapeutic activity implementation
is a vital strategy for the prophylaxis of free radical damage and related multiorgan complications.

1. Introduction

Over the last few decades, we have observed a steady growth
in the frequency of obesity occurrence, not only among
adults but also in children and adolescents. The global inci-
dence of childhood obesity varies depending on the country
and the year; however, there is an overall increase [1–4].
Studies show that approximately 40% of overweight children
will continue to have increased weight during adolescence,
and 75–80% of obese adolescents will become obese adults.
A child with a high BMI has a high risk of being overweight
or obese at 35 years old, and this risk increases with age [5, 6].
The majority of obesity in adulthood has its origins in
childhood, which makes obesity a pediatric concern and the
period when interventions should be undertaken [4].

Energy imbalances lead to the storage of excess energy in
adipocytes, resulting in both hypertrophy and hyperplasia.

These processes are associated with abnormalities in adipo-
cyte functioning. Obesity alters the metabolic and endocrine
functions of adipose tissue and leads to increased release of
hormones, fatty acids, and proinflammatory molecules that
contribute to obesity-related complications [7]. Proinflam-
matory mediators released from adipose tissue cannot only
cause direct endothelial damage but also generate excess free
radical formation. Such activities are exhibited by, for exam-
ple, TNF-α (tumor necrosis factor alpha), Il-6 (interleukin 6),
CRP (C-reactive protein), leptin, and resistin [8].

The formation of reactive oxygen (ROS) and nitric oxide
(NOS) species is an intrinsic phenomenon accompanying
biochemical changes occurring in the human body, which
has developed mechanisms to protect biomolecules from
the deleterious effects of free radicals [9]. These include the
enzymes superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx) and water and lipid-soluble
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antioxidants, such as glutathione, ascorbate (vitamin C), α-
tocopherol (vitamin E), and β-carotene, and also endogenous
antioxidant, for example, albumin, bilirubin, and uric acid
[10, 11]. Much evidence indicates that white adipose tissue
mitochondria, particularly in people with obesity, are the
main site of ROS generation, accompanied by augmented
expression of NDPH (nicotinamide adenine dinucleotide
phosphate) oxidase and decreased expression of antioxida-
tive enzymes [12].

An imbalance between the formation of ROS in cells and
antioxidant defense causes oxidative stress, which is respon-
sible for oxidative damage to lipids, proteins, and nucleic
acids, and modifies their structure as well as functioning [13].

Oxidative damage to important cellular structures is one
of the factors responsible for the development of obesity-
related complications, such as atherosclerosis, hypertension,
ischemic heart disease, insulin resistance, and type 2 diabetes
[9, 14]. Obesity significantly increases the risk of developing
these diseases and early death as a result [5, 15].

Many markers are currently used to assess oxidant and
antioxidant status. They include total oxidant capacity
(TOC), total antioxidant capacity (TAC), oxidative stress
index (OSI), which expresses the TOC/TAC ratio, and oxi-
dized low-density lipoproteins (ox-LDL), which are lipid
peroxidation metabolites [16–19]. There are many studies
on oxidative stress in adults with obesity, whereas knowledge
about the body’s reaction to oxidative stress caused by obesity
in children, particularly the younger ones, is limited.

The aim of our study was to assess the severity of oxi-
dative processes (TOC, ox-LDL, and OSI) as well as total
antioxidant capacity (TAC) in children with obesity aged
2–10 years.

2. Materials and Methods

The study was performed in accordance with the Helsinki
Declaration for Human Research, and the study protocol
was approved by the Ethics Committee of the Institute of
Mother and Child in Warsaw, Poland. All parents of the
participating children were informed of the study’s objec-
tives, and written consent was obtained for blood sample
analysis before participation in the study.

2.1. Subjects. The study was conducted at the Institute of
Mother and Child inWarsaw between January 2014 and June
2016. The study included 83 healthy children aged 2–10
years. Group I (n = 62) consisted of children with obesity,
wherein the criterion for obesity diagnosis in children up to
5 years old was BMI z-score≥ 3SD, and in children over 5
years old BMI z-score≥ 2SD [20]. Group II (n = 21) included
nonobese children whose BMI z-score was <−1+1>. Exclu-
sion criteria included infections of various etiologies and
localizations as well as intake of prescription medications
and food supplements with antioxidant properties.

2.2. Anthropometric Measurements. Height and weight were
assessed using a standard stadiometer and electronic scale,
respectively. Anthropometric measurements were taken
using calibrated instruments. The same team examined all

the study participants. Weight (kg) and height (m) were used
to calculate BMI (body mass index). Body mass index (BMI)
was calculated as body weight (kg) divided by height squared
(m2). BMI values were compared with BMI norms for age
and sex according to WHO criteria, thus obtaining a BMI
z-score, which is a normalized relative weight indicator
independent of age and sex.

2.3. Blood Sampling and Biochemical Analysis. For biochem-
ical measurements, peripheral blood (3mL) was taken in the
morning after an overnight fast. Serum samples were
obtained after centrifugation (2,500g at 4°C for 10min) and
were used for lipid profile, glucose, and C-reactive protein
determination. Residual serum was stored in small portions
at −70°C until analyses of TOC, TAC (max 4 weeks), and
ox-LDL (max 6 months) were performed.

Total oxidant capacity (TOC) and total antioxidant
capacity (TAC) values were measured by colorimetric assay
(Labor Diagnostica Nord GmbH & Co. KG, Nordhorn,
Germany). The method is based on the enzymatic reaction
of peroxides and peroxidases. Oxygen produced by this
reaction oxidizes the chromogenic substrate tetramethylben-
zidine (TMB), which changes its colour from colourless to
blue. By addition of sulfuric acid, the reaction cascade is
stopped and the colour of the mixture changed to yellow
and can be detected at 450nm. Serum peroxide levels were
calculated as the difference of the absorbance readings
relating to the hydrogen peroxide standard curve. Antioxi-
dants inhibit this reaction and can be detected analogously
on the basis of the indirect proportionality of this inhibition
reaction. The limit of detection was 0.06mmol/L for TOC
and 0.08mmol/L for TAC. The intra- and interassay coeffi-
cients of variation (CV) were less than 4.9% and 7.33% for
TOC and 2.5% and 3.33% for TAC, respectively. Oxidative
stress index (OSI) was defined as the percentage ratio of
TOC levels to TAC levels [21].

Oxidized-LDL (Ox-LDL) levels were determined by
enzyme-linked immunosorbent assay (ELISA) (Immundiag-
nostik AG, Bensheim, Germany). The intra- and interassay
coefficients of variability were found less than 5.7% and
9.0%, respectively. The detection limit was 4.13 ng/mL.

Total cholesterol (TC), HDL cholesterol (HDL-C), LDL
cholesterol (LDL-C), and triglyceride (TG) concentrations
as well as glucose and C-reactive protein (CRP) were
determined by standard methods on Integra Cobas 400 plus
analyzer (Roche Diagnostics, Basel, Switzerland).

2.4. Statistical Analysis. All of the statistical analyses were
performed using Statistica 12 software. The Shapiro-Wilk
test was used to evaluate the normality of variable distribu-
tion. The results are presented as means and standard devia-
tions (SD) for normally distributed variables or medians and
interquartile ranges for nonnormally distributed variables.
Differences in baseline characteristics and biochemical
parameters of obese and nonobese children were assessed
using the Student t-test for normally distributed data and
the Mann–Whitney U test for nonnormally distributed data.
Pearson’s correlation coefficients (r) were calculated to eval-
uate correlations between biochemical parameters, age, and
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BMI z-score was used for statistical analysis. A p value < 0.05
was considered statistically significant.

3. Results

Children in both studied groups did not differ in terms of age.
The percentage of boys and girls was 35.5% (n = 22) and
64.5% (n = 40) in the obese group, and 47.6% (n = 10) and
52.4% (n = 11) in the nonobese group, respectively. BMI
and BMI z-score were significantly higher (p < 0 001) in
children with obesity compared with control peers. Average
obesity duration was 3.5 (2.6–4.5) years. Characteristics of
the studied children are presented in Table 1.

Serum TOC concentration was significantly (p < 0 05)
higher, and TAC concentration was lower (p < 0 05) in chil-
dren with obesity than in nonobese ones. The ox-LDL serum
value was lower in children with obesity, but this difference
was not statistically significant. Additionally, we observed
significantly higher (p < 0 01) OSI in subjects with obesity
compared with nonobese ones. Concentrations of glucose,
total cholesterol, LDL cholesterol, and triglycerides did not
differ statistically between both groups of children; however,
serum HDL cholesterol levels were lower (p < 0 05) in
children with obesity. CRP concentrations were low in all
children, but the median value of this parameter was
higher (p < 0 01) in the obese group. Serum concentrations
of biochemical parameters in the studied children are
presented in Table 2.

We found a significant negative correlation between
serum TAC and ox-LDL concentrations (r = −0 27, p < 0 05)
(Figure 1) and positive correlation between CRP and TAC
concentrations (r = 0 36, p < 0 05) in children with obesity.
We also observed that obesity duration was positively
correlated with TOC level (r = 0 32, p < 0 05) in the obese
group (Table 3).

4. Discussion

In people with obesity, the source of reactive oxygen species
(ROS) responsible for oxidative stress could be the obesity

Table 1: Characteristics of the studied children.

Variable Obese children (n = 62) Nonobese children (n = 21) p value

Age (years)+ 7.5 (6.3–8.8) 6.4 (5.5–8.6) 0.130

Weight (kg)++ 40.2± 9.3 22.2± 6.6 <0.001∗

Height (cm)+ 130.5 (121.0–141.0) 116.0 (102.5–129.0) 0.001∗

BMI (kg/m2)+ 23.5 (21.9–24.6) 15.5 (15.2–16.3) <0.001∗

BMI z-score+ 3.0 (2.5–3.5) −0.03 (−0.5–0.7) <0.001∗
+Data are presented as median value and interquartile ranges (1Q–3Q); ++data are presented as mean value and standard deviation (SD); ∗p < 0 05; BMI: body
mass index; BMI z-score: a normalized relative weight indicator independent of age and sex.

Table 2: Biochemical parameters in obese and nonobese children.

Variable Obese children (n = 62) Nonobese children (n = 21) p value

TOC (mmol/L)+ 0.22 (0.15–0.28) 0.15 (0.14–0.23) 0.03∗

TAC (mmol/L)++ 1.22± 0.44 1.47± 0.52 0.03∗

Ox-LDL (ng/mL)+ 283.8 (114.9–633.9) 363.8 (133.9–611.6) 0.60

OSI+ 0.18 (0.12–0.27) 0.11 (0.08–0.18) 0.006∗

CRP (mg/L)+ 0.66 (0.43–1.66) 0.24 (0.10–0.59) 0.008∗

Glucose (mg/dL)+ 86.0 (83.0–90.0) 91.0 (83.0–92.0) 0.50

Cholesterol total (mg/dL)+ 164.0 (150.0–194.5) 164.5 (157.0–186.0) 0.90

Cholesterol HDL (mg/dL)+ 51.0 (43.5–59.5) 63.0 (58.0–73.0) 0.04∗

Cholesterol LDL (mg/dL)+ 109.0 (94.0–129.0) 116.0 (88.0–120.0) 0.90

Triglycerides (mg/dL)+ 72.5 (58.5–86.0) 55.0 (48.0–91.0) 0.40
+Data are presented as median value and interquartile ranges (1Q–3Q); ++data are presented as mean value and standard deviation (SD); ∗p < 0 05; TOC: total
oxidant capacity; TAC: total antioxidant capacity; ox-LDL: oxidized low-density lipoprotein; OSI: oxidative stress index; CRP: C-reactive protein.
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Figure 1: Correlations between serum TAC and ox-LDL
concentrations in children with obesity (N = 62). ∗p < 0 05
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itself and obesity-related accumulation of fat in the body as
an independent factor of ROS formation, the generated
chronic low-grade inflammatory state by obesity, and com-
plications resulting from obesity [17, 18, 22].

Our study indicates that prepubertal children with
obesity already have a greater intensification of oxidative
processes measured by TOC concentrations and OSI values,
while simultaneously lowered antioxidant defense measured
by TAC concentrations compared with nonobese children.
For total oxidant capacity determination, we used the
method described by Tatzber et al. [23] based on oxidation
of TMB by horseradish peroxidase (HRP)/H2O2. This type
of reaction is the basic mechanism for detecting both perox-
ide levels and peroxidase activity in blood serum. In the case
of measurement of total peroxides, HRP was added, while
excess hydrogen peroxide was added for determination of
enzyme activity [23]. Most previous studies on oxidative
stress in children with obesity were conducted in children
over 6 years old and adolescents. They provide evidence
of the existence of a dependence between obesity and oxida-
tive stress. Codoñer-Franch et al. [24] studying a group of
children with obesity (6–14 years) with SDS-BMI≥ 3 found
significantly higher concentrations of free radical damage
markers, such as malondialdehyde (MDA) and plasma
carbonyl groups (CG) compared in nonobese children.
Similarly, Albuali [25] showed that children with noncom-
plicated obesity aged 6–12 years with BMI> 35 kg/m2 had
higher concentrations of lipid oxidation products, such as
malonodialdehyde (MDA), ox-LDL, or advanced oxidation
protein products (AOPPs), and lower concentrations of
enzymes with antioxidative activities, such as superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GSH-Px), glutathione reductase (GSSG-R), and glutathione
(GSH), than the nonobese. Simultaneously, the authors
found increased antioxidant enzyme activity in overweight
children, which suggests that this may be a response to
increased oxygen free radical production. This is concor-
dant with previous findings, on the basis of which it
was determined that in the early stages of obesity devel-
opment, there is initially increased antioxidant enzyme

activity, the aim of which is to prevent the effects of oxidative
stress [26, 27].

This also pertains to TAC concentrations, which in the
study of Kilic et al. [28] were significantly higher in the
group of children with obesity compared with normal
weight children. However, the authors demonstrated that
increased TAC was the result of elevated TOC levels in
an attempt to balance oxidation. They also suggest that
the cause of greater TAC concentrations could be more
active antioxidant systems in young people. However,
reduced antioxidative activities in adults as well as children
with obesity could be caused by considerable ROS produc-
tion, which could be responsible for the depletion of anti-
oxidant enzymes and a secondary reduction in the body’s
antioxidative capability. This seems to explain the observed
increased as well as decreased TAC concentrations in
people with obesity.

These discrepancies, according to Brown et al. [29], could
be related to obesity duration. The positive correlation we
found between obesity duration and TOC concentration
may confirm the intensification of oxidative processes along
with the duration of obesity occurrence not only in adults
but also in children. Taking into account that our study
included children up to 10 years old, with a relatively short
obesity duration—median obesity duration in this group of
children was 3.5 (2.6–4.5) years—one should expect elevated
TAC levels in accordance with the concept of Brown et al.
as well as other authors’ observations. All the more so that
CRP concentration as a marker of low-grade inflammation
was significantly higher in the group of children with
obesity and HDL cholesterol, a fraction that shows anti-
inflammatory and antioxidative activity was lower in this
group; however, both parameters were in the reference
value range. Furthermore, CRP showed a positive correla-
tion with TAC, and ox-LDL concentrations were similar
in both groups. All this could mean the onset of an ele-
vated response of antioxidant mechanisms of the body to
oxidative stress.

We observed not only lower TAC concentrations in
children with obesity but also elevated OSI levels compared

Table 3: Correlations between serum concentrations of oxidative status markers and clinical/biochemical parameters in children with
obesity (N = 62).

TOC TAC OSI ox-LDL
r p value r p value r p value r p value

Duration of obesity 0.32 0.01∗ 0.15 0.2 0.17 0.2 −0.16 0.2

Age 0.12 0.4 0.09 0.5 0.03 0.8 −0.09 0.5

BMI z-score 0.03 0.8 0.15 0.2 −0.09 0.4 −0.15 0.2

CRP 0.20 0.2 0.36 0.009∗ −0.04 0.8 0.05 0.7

Glucose 0.06 0.7 0.10 0.5 0.06 0.6 −0.14 0.3

Cholesterol total −0.08 0.6 −0.06 0.6 −0.01 0.9 0.01 0.9

HDL cholesterol 0.01 0.9 −0.04 0.7 −0.04 0.8 0.10 0.5

LDL cholesterol −0.12 0.4 −0.03 0.8 −0.06 0.7 0.01 0.9

Triglycerides −0.03 0.8 −0.07 0.6 0.09 0.5 0.07 0.6

r: Pearson’s correlation coefficient; ∗p < 0 05; TOC: total oxidant capacity; TAC: total antioxidant capacity; ox-LDL: oxidized low-density lipoprotein;
OSI: oxidative stress index; CRP: C-reactive protein.
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with nonobese ones. Additionally, TAC exhibited a negative
correlation with ox-LDL. This is all the more interesting
because the studied children with obesity did not have
markers of metabolic syndrome, which would explain not
only the increased TOC but also decreased TAC and higher
OSI in such small children.

Vehapoglu et al. [30], in a study of similarly-aged
children (2–11 years) to our studied groups, also found
significantly lowered TAC concentrations but did not dem-
onstrate a difference in TOC or OSI levels in children with
obesity compared with children of normal weight or
underweight. On the other hand, Eren et al. [31] found
that increased TOC and OSI levels can be accompanied
by elevated TAC concentration in children with obesity
with metabolic syndrome compared with children with
obesity without metabolic syndrome and children of nor-
mal weight. With so many different observations and
dependencies established between oxidative stress markers
and BMI, it can be assumed that excess adipose tissue is
the main factor responsible for increased oxidative stress
[32]. This is supported by an intervention study (a 4-
week diet and exercise regimen) conducted among teen-
agers with obesity, which showed that a reduction in body
mass positively affected oxidative stress parameters [33].
This claim could also be supported by the observation of
Santoro et al. who demonstrated that in obese adolescents,
free oxygen radicals are responsible for oxidation of not
only LDL but also fatty acids derived from the linoleic
acid (LA). This results in generation of oxidized deriva-
tives of LA (oxidized LA metabolites: OXLAMs), which
are deleterious for the hepatocyte and may cause liver
injury, while the diet with a lower intake of n = 6 PUFAs
may help reduce the damage, as observed, for example,
in people suffering from NAFLD (nonalcoholic fatty liver
disease) [34].

Although obesity increases oxidative stress even during
childhood, it is difficult to identify a typical oxidative stress-
related response, because most studies include different oxi-
dative stress markers. ROS are produced during metabolic
reactions, but it is largely unknown which factors modulate
their production [22].

Due to the fact that our study is one of a few concerning
prepubertal children, we are treating it as a pilot investiga-
tion. It is possible that including a larger group of younger
children with obesity or use of other methods to assess oxida-
tive stress would provide more important information on the
oxidant and antioxidant status in this group.

The present study had several limitations. First, our
sample size was relatively small, particularly the control
group. However, both studied groups were similar in age,
which may be an important factor for oxidative stress
marker levels. Second, both groups differed in terms of sex
distribution. There is, however, no unequivocal evidence
that sex affects the intensification of oxidative stress in chil-
dren with obesity. Although Sobieska et al. [35] suggest that
girls are more resistant to the negative effects of increased
adiposity status compared with boys, Kilic et al. [28] did
not confirm such a dependence. It should also be taken into
account that these observations concerned children over

6 years old and teenagers, while all children included in our
study were prepubertal.

In summary, obesity-related oxidative stress already
occurs in early childhood; elevated TOC and OSI levels as
well as lowered TAC in the blood serum of prepubertal
children may be evidence of this. Early obesity diagnosis
and the necessary therapeutic activity implementation is a
vital strategy for the prophylaxis of free radical damage and
related multiorgan complications.
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The skin is the outermost protective barrier between the internal and external environments in humans. Chronic exposure to
ultraviolet (UV) radiation is a major cause of skin aging. UVB radiation penetrates the skin and induces ROS production that
activates three major skin aging cascades: matrix metalloproteinase- (MMP-) 1-mediated aging; MAPK-AP-1/NF-κB-TNF-α/IL-
6, iNOS, and COX-2-mediated inflammation-induced aging; and p53-Bax-cleaved caspase-3-cytochrome C-mediated apoptosis-
induced aging. These mechanisms are collectively responsible for the wrinkling and photoaging characteristic of UVB-induced
skin aging. There is an urgent requirement for a treatment that not only controls these pathways to prevent skin aging but also
avoids the adverse effects often encountered when applying bioactive compounds in concentrated doses. In this study, we
investigated the efficacy of genetically modified normal edible rice (NR) that produces the antiaging compound resveratrol (R)
as a treatment for skin aging. This resveratrol-enriched rice (RR) overcomes the drawbacks of R and enhances its antiaging
potential by controlling the abovementioned three major pathways of skin aging. RR does not exhibit the toxicity of R alone and
promisingly downregulates the pathways underlying UVB-ROS-induced skin aging. These findings advocate the use of RR as a
nutraceutical for antiaging purposes.

1. Introduction

In humans, the skin is the outermost barrier between the
internal and external environments [1]. Internal factors, such
as genetic changes, can cause intrinsic aging while external
factors, such as UVB and environmental toxins, can result
in extrinsic aging [2]. Long-term exposure to ultraviolet
(UV) radiation is a major cause of skin aging [3]. Histologi-
cally, wrinkled skin is characterized by the accumulation of
altered elastic fibers and degradation or degeneration of col-
lagen bundles in the dermis [4, 5]. UVB-induced ROS pro-
duction activates mitogen-activated protein kinase (MAPK)
signaling and the transcription factors activator protein-1
(AP-1) and nuclear factor-κB (NF-κB), which further induce
the inflammaging and apoptosis in cells and cause skin aging.

UVB can induce an imbalance in mitochondrial fusion
and fission that itself causes mitochondrial dysfunction,
oxidative stress, prolonged inflammation, and increased apo-
ptosis, which are the major hallmarks of skin aging [6].
Hence, the mechanisms underlying skin photoaging and
wrinkling are closely associated with the inflammaging, apo-
ptosis, and ROS-induced damage that occurs as part of the
normal homeostatic processes in the skin [7, 8–11]. Aging-
associated inflammation, otherwise known as inflammaging,
is a major consequence of immunosenescence. Most aging-
associated diseases share inflammation-related characteris-
tics, such as upregulated tumor necrosis factor-α (TNF-α)
and interleukin-6 (IL-6) levels, which further complicate
such conditions [12]. Inflammaging is responsible for the
activation of transcription factors such as NF-κB and
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sirtuins, which propagate inflammation-induced signals and
aggravate skin aging by inducing apoptosis and increased
ROS production [13]. The production of ROS and matrix
metalloproteinases is common in both intrinsic and extrinsic
aging. It has been reported that the accumulation of ROS
induces the activation of MAPK pathways. The activation
of extracellular signal-regulated kinases (ERKs), c-Jun N-
terminal kinases (JNKs), and p38 MAPKs induces the activa-
tion of the transcription factors AP-1 and NF-κB. Addition-
ally, there is upregulated transcription of inflammatory
mediators such as NO, iNOS, COX-2, and proinflammatory
cytokines (including TNF-α and IL-6) [14]. Such inflamma-
tory mediators will further induce collagen degradation by
promoting apoptosis in dermal fibroblasts, enhancing the
expression of the matrix metalloproteinases MMP-1, MMP-
3, and MMP-9, and preventing the expression of procollagen
[15]. In particular, UVB- or ROS-induced MMP-1, known as
interstitial collagenase, initiates the degradation of TGF-β,
elastin, and collagen types I, II, and III, especially procollagen
type I (PIP-1) [16, 17]. These cascades have also been shown
to induce inflammation and apoptosis in cultured cells,
further hastening the skin aging process [18]. Apoptosis
can result from direct DNA damage (intrinsic), the clustering
of death receptors on the cell surface (extrinsic), and the
generation of ROS and activation of tumor suppressor gene
p53-mediated modulation of Bcl2 family proteins [19].

Natural products are often used in the cosmetics
industry because of the consumers’ growing preference
for environment-friendly items [20]. Resveratrol (R) is a
trihydroxy derivative of stilbene (3,5,4′-trihydroxystilbene)
that is present in grapes, berries, peanuts, and red wine
[21]. It has been widely used in the cosmetics and
pharmaceutical industries for its antitumor, anti-inflamma-
tory, antiaging, and antimelanogenic effects [21–23]. R is
particularly well suited to addressing inflammatory pro-
cesses in the skin, because its antioxidant properties work
well against the high levels of oxidative stress frequently
encountered by skin cells. However, there are several
impediments to applying this promising agent as a treat-
ment, such as its poor bioavailability and fast metabolism
[24]. Most of the adverse effects associated with R occur
at higher doses and relate primarily to nephrotoxicity.
Such limitations have attracted attention from researchers
seeking to design a derivative, nanoparticle, or genetically
engineered vehicle for R, so that its therapeutic effect can
be elicited in a safer, more effective, and more promising
way. In the case of designing a genetically engineered vehi-
cle for R, it is necessary to select a foodstuff that can be
easily consumed or applied. These conditions led us to
consider using rice (Oryza sativa L. var. japonica) as the
vehicle for a genetically engineered R product. Rice has
been used in folk medicine and the cosmetics industry in
Korea, China, and Japan for many years [25]. It has been
used for the treatment of various allergic disorders, such
as dermatitis and bronchitis, as well as skin aging and
other conditions [26–28]. Because of the demonstrated
biological efficacy of R and normal rice (NR) in various
skin disorders, we hypothesized that resveratrol-enriched
rice (RR) may exhibit synergistic or additive effects. The

transgenic cereal crop, called RR, was designed to overex-
press the stilbene synthase gene isolated from the peanut
(Arachis hypogaea var. Palkwang) and therefore contains
high levels of R. The excellent antiobesity and antimelano-
genic effects of RR have previously been demonstrated
[29]. We have previously reported that the effects of NR
and R combine synergistically in RR, when used to treat
obesity in mice fed on a high-fat diet or to control meta-
bolic syndrome and its related disorders [29, 30]. How-
ever, the efficacy of RR in a UVB-induced skin aging
model has not been reported thus far. Hence, we investi-
gated the antiwrinkle properties of RR relative to those
of R or NR. In order to evaluate the antiwrinkle properties
of RR, we used a cellular model of photoaging (UVB-
induced damage to dermal fibroblasts) and determined
the effects of RR, R, and NR on aging-related parameters.

The search for improved cosmetic products has
prompted the development of multifunctional cosmetic for-
mulations. Those formulations that harness the synergistic
effects of different active substances and maintain integrity
against UVB-induced toxicity could be better candidates for
the prevention and treatment of UVB-induced skin aging
and skin disorders. Three of the major molecular pathways
that can be downregulated to reduce skin aging (character-
ized by skin wrinkles and photoaging) include MMP-
mediated aging, inflammaging, and apoptosis-induced aging.
This study demonstrated that NR, R, and RR have good
potential for protecting the skin against UVB-induced toxic-
ity. The additive effect elicited by RR renders it a potential
candidate for the preparation of safe and effective cosmeceu-
ticals in the future. This study found that genetically
engineered natural products can not only be better for skin
protection but also safer and of greater potential utility as a
cosmetic preparation.

2. Methods

2.1. Materials and Chemicals. Dulbecco’s modified eagle’s
medium (DMEM), fetal bovine serum (FBS), and penicillin
streptomycin were purchased from Gibco BRL (Grand
Island, NY, USA). Dimethyl sulfoxide (DMSO) and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). An enzyme-linked immunosorbent assay
(ELISA) kit for PIP-1 was obtained from Takara (Procolla-
gen Type I C-Peptide enzyme immunoassay (EIA) Kit;
Takara, Shiga, Japan). The ELISA kit for MMP-1, TNF-
α, and IL-6 was purchased from R&D Systems (Human
Total MMP-1, TNF-α, and IL-6 kit R&D Systems Inc.,
Minneapolis, MN, USA). Transfer membrane was pur-
chased from the Millipore Corporation (Bedford, MA,
USA). Materials for the enhanced chemiluminescence
(ECL) detection and lysis buffer for skin cells and tissues
were purchased from Intron (Sungnam, Korea). The
antibodies against α-tubulin, MMP-1, type I procollagen,
iNOS, COX-2, ERK, JNK, p38, Bax, Bcl2, cleaved cas-
pase-3, p53, TGF-β, and elastin were purchased from
Santa Cruz (Dallas, TX, USA), Cell Science (Canton, MA,
USA), and Cell Signaling (Beverly, MA, USA). Secondary
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antibodies conjugated to horseradish peroxidase were pur-
chased from Santa Cruz. Resveratrol was purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). Rice (NR) (Oryza
sativa var. japonica) and resveratrol-enriched rice (RR) were
supplied by the Rural Development Administration (RDA)
of South Korea.

2.2. Extract Preparation. NR and RR obtained from RDA
were undergone for extraction in methanol. Firstly, each
sample weighed 10 g. 100mL MeOH was added in both
crude drugs and then placed in an ultrasonic bath for
60min with sonication. After 60min incubation for extrac-
tion, the mixture was filtered and evaporated using rotary
evaporator followed by freeze drying for complete evapora-
tion. The obtained yield was dissolved in MeOH in order to
make a stock of 10mg/mL concentration. This stock was
diluted and used for the treatment of cells as well as recon-
structed skin tissue during experiment.

2.3. Cell Culturing. Normal human dermal fibroblast cells
(NHDFs) were obtained by skin biopsy from a healthy young
male donor (MCTT Core Inc., Seoul, Korea). The cells were
plated in 100mm tissue culture dishes and cultured in
DMEM supplemented with 10% heat-inactivated FBS and
1% penicillin-streptomycin at 37°C in a humidified atmo-
sphere with 5% CO2. Cells were cultured in 100mm culture
dishes and seeded in 60mm culture dishes (1.2× 105 cells/
well) when they reached more than 80% confluence. All
experiments were performed using cells between passages 6
and 10.

2.4. UVB Irradiation and Sample Treatments. UVB irradia-
tion and treatment with the samples were performed accord-
ing to a method previously reported by Hwang et al. [5].
When NHDFs seeded in 60mm culture dishes covered more
than 80% of the dish, the cells were washed twice with
phosphate-buffered saline (PBS). The cells were suspended
in a small amount of PBS and exposed to UVB (144mJ/
cm2) using a UVB irradiation machine (Bio-Link BLX-312;
Vilber Lourmat GmbH, Marne-la-Vallée, France). After
UVB irradiation, the cells were washed with warm PBS three
times. The cells were immediately treated with the samples
NR, RR, and R (10 and 100 μg/mL) under serum-freemedium
conditions. Nonirradiated control cells were maintained
under the same culture conditions without UVB exposure.

2.5. Measurement of Cell Viability (MTT Assay). The MTT
assay measures cell viability by monitoring color change dur-
ing the reduction of MTT to formazan dye, which is purple in
color. MTT assay was performed as described previously [31]
with slight modification. NHDF cells were treated with UVB
followed by sample treatment and incubated for total 72 h.
After 72h of incubation, the volume of the medium was
reduced to 1mL, and 100μL of 1mg/mL MTT was added
to each well. Next, the cells were incubated in the presence
of 5% CO2 at 37

°C for 2 h. The substrate-containing medium
was removed, and 800μL of DMSO was added to each well to
dissolve the formazan crystals. The plates were shaken on an
orbital shaker for 10min at room temperature. The absor-
bance of 100μL aliquots of formazan dissolved in DMSO

was quantified by measuring the optical density (OD) at
570 nm using an ELISA reader (Molecular Devices E09090;
San Francisco, CA, USA).

2.6. Measurement of ROS Production. After 24 h of UVB
irradiation (144mJ/cm2) and sample treatment, NHDFs
were stained with 30μM 2′,7′-dichlorofluorescein diacetate
(DCFH-DA; Sigma-Aldrich) for 30min at 37°C in a CO2
incubator. The cells were then analyzed using flow cytometry
(FACSCalibur™; Becton-Dickinson, San Jose, CA, USA).

2.7. Measurement of MMP-1, Type I Procollagen, TNF-α, and
IL-6. After 72h of incubation, cell medium was collected
from each well. The concentrations of MMP-1, type I procol-
lagen, TNF-α, and IL-6 were analyzed from conditioned
medium using commercially available ELISA kits (Human
Total MMP-1, TNF-α, and IL-6 kit; R&D Systems Inc.; Pro-
collagen Type I C-Peptide EIA Kit, Takara) in accordance
with the manufacturers’ instructions. Each sample was ana-
lyzed in triplicate.

2.8. Western Blot Analysis. For theWestern blot analysis, cells
were lysed with lysis buffer (50mM Tris-Cl, pH8.0, 0.1%
sodium dodecyl sulfate (SDS), 150mM NaCl, 1% NP-40,
0.02% sodium azide, 0.5% sodium deoxycholate, 100μg/mL
phenylmethylsulfonyl fluoride, 1μg/mL aprotinin, and phos-
phatase inhibitor) and centrifuged at 12,000×g for 20min at
4°C temperature. Cell and skin lysates were then homoge-
nized to yield equivalent amounts of protein based on protein
concentration measurements carried out with Bradford
reagent (Bio-Rad, Hercules, CA, USA). Homogenized pro-
teins were resolved using 6% or 10% SDS polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocel-
lulose membranes (Amersham Pharmacia Biotech, Bucking-
hamshire, UK). The membranes were then blocked with 5%
nonfat milk in Tris-buffered saline with tween (TBST)
(50mmol/L Tris-HCl, pH7.5, 150mmol/L NaCl, and 0.1%
Tween 20) for 1 h at room temperature to block nonspecific
interactions. The membranes were incubated in primary
antibodies overnight at 4°C, washed with TBST three times,
and incubated with secondary antibody (Santa Cruz Biotech-
nology Inc.) for 1 h at room temperature. Protein levels were
determined using ECL reagents (Fujifilm, LAS-4000, Tokyo,
Japan) and Image Master TM 17 2D Elite software, version
3.1 (Amersham Pharmacia Biotech, NJ, USA).

2.9. Reconstructed Human Skin Tissue Model. Reconstructed
human skin (Keraskin™ FT) was purchased from Modern
Cell & Tissue Technologies Inc. (Seoul, Korea). The recon-
structed skin model is composed of multilayered keratino-
cytes and fibroblasts. To evaluate the effects of NR, RR, and
R on UVB-induced photoaging, the reconstructed skin was
topically treated with the samples. The samples were dis-
solved at a concentration of 1% (w/v) in 10% propylene gly-
col with phosphate-buffered saline (PBS) to form the
treatment solution, 20μL of which was applied to the recon-
structed skin. After 24h, the skin tissue was exposed to
100mJ/cm2 UVB radiation. The UV source, which generated
radiation at a wavelength of 310nm, was supplied by Sankyo
Denki sunlamps (Kanagawa, Japan). After 24h, the skin
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tissue was collected and fixed in 10% formalin and processed
for histological analysis. Paraffin sections (4μm) were stained
with hematoxylin-eosin (H&E) and Masson’s trichrome
(MT) and immunohistochemically analyzed. To carry out
the immunohistochemical analysis, the sections were incu-
bated in 0.1% protease in PBS for antigen retrieval and were
then incubated in 3% H2O2 in PBS for 10–15min. The sec-
tions were incubated with 2% normal horse serum in PBS.
After 1 h, the sections were incubated with primary antibody
procollagen type I (Santa Cruz Biotechnology Inc.) and
MMP-1 (Abcam, Cambridge, MA, USA). After washing with
PBS, the slides were incubated in Vectastain ABC reagent
(Vector Laboratory, Piscataway, NJ, USA) for 1 h. The color
was developed with 3,3′-diaminobenzidine (DAB).

2.10. Statistical Analysis. The results were evaluated using
the Statistical Analysis System (GraphPad Prism 5, La Jolla,
CA, USA). The results are presented as mean± standard
error of the mean (SEM), and all results are the mean of at
least three independent experiments. A statistical comparison
of different treatment groups was determined by one-way
analysis of variance (ANOVA) followed by Newman-Keuls
multiple comparison test. A value of p < 0 05 was considered
statistically significant.

3. Results

3.1. RR Protects against UVB-Induced Toxicity in NHDF
Cells. UVB exposure induces cell death in dermal fibroblasts,
as well as various inflammatory cascades, resulting in skin
aging, skin wrinkling, and skin pigmentation. In order to
evaluate the cytotoxicity of the samples, after 72 h of UVB
(144mJ/cm2) and sample treatment, the viability of NHDF
cells was measured using an MTT assay (as described in
the Methods). We photographed the cells to show their
morphology with or without UVB and sample treatment.
In the UVB-exposed cells, NR and RR were not toxic and
did not affect the normal morphology of NHDF cells until
the concentration reached 100μg/mL. However, R alone
showed significant toxicity, causing cell death at the higher
concentration of 100μg/mL and a completely altered,
shrunken cell morphology. Using a lower concentration
(10μg/mL) of R induced the level of cell death, but its signif-
icant toxicity was still revealed at this dose by comparing the
morphology of the treated cells with that of the cells in the
UVB-treated control group (Figure 1).

3.2. RR Downregulated UVB-Induced ROS Production in
NHDF Cells. ROS are the major toxic substances generated
by UVB exposure in the skin and dermal fibroblast cells. To
measure ROS production in NHDFs, we treated cells with
UVB and the samples for 24 h. The change in intracellular
ROS compared with the nonirradiated controls was deter-
mined using 2′,7′-dichlorofluorescein diacetate (DCF-DA),
which is oxidized by ROS in cells to DCF. The cells were
stained with 30μM of DCF-DA and incubated for 30min,
after which the fluorescence level was measured. The
UVB-induced ROS production in dermal fibroblast cells
was significantly reduced following treatment with NR,

RR, and R. RR demonstrated a greater reduction in ROS
production at concentrations of 10 and 100μg/mL than
NR or R alone. While all of the samples were capable of
reducing UVB-induced ROS production, RR was found
to be the most effective one (Figure 2).

3.3. NR, RR, and R Control the Level of MMP-1, TGF-β, and
PIP-1 in NHDF Cells. To evaluate the effects of the samples
on MMP-1 and PIP production in UVB-exposed NHDF
cells, the levels of protein expression and MMP-1 and PIP-
1 secretion were measured by using Western blotting and
an ELISA, respectively (Figures 3(a), 3(b), 3(c), 3(d), and
3(e)). According to both the protein expression measure-
ments and secreted protein assay, NR, RR, and R all reduced
UVB-induced MMP-1 production and increased PIP pro-
duction. The RR-mediated downregulation of MMP-1 and
upregulation of PIP appear to have been caused by the addi-
tive effect of NR and R. This is because, despite R showing the
most potent activity in reducing MMP-1 and increasing PIP
levels (even at only 10μg/mL), the activity of RR seems to be
better than that of NR and R alone in terms of the levels of
secreted MMP-1 and PIP when tested using the ELISA kit.
NR, RR, and R play significant roles in reducing MMP-1,
but RR exhibits significantly greater (and concentration-
dependent) activity against UVB-induced MMP-1 produc-
tion. Only RR demonstrated the ability to increase PIP pro-
duction almost two- and threefold at concentrations of 10
and 100μg/mL, respectively, in comparison with the UVB-
treated control group, whereas NR and R were unable to
affect a significant increase. This result stimulated our inter-
est in elucidating the mechanism by which RR increases
PIP levels to this extent. We therefore evaluated the protein
expression of TGF-β, as the TGF-β/Smad pathway is a major
pathway controlling PIP production. We found that RR sig-
nificantly induced TGF-β protein expression in UVB-
irradiated NHDF cells and thereby stimulated PIP produc-
tion. This has the concomitant effect of preventing UVB-
induced skin wrinkle formation, as upregulating TGF-β
and PIP levels also results in increased elastin production.
Similar result was obtained here in the RR and UVB-
treated group. RR increased elastin production to a greater
extent than NR and R alone (Figures 3(f), 3(g), and 3(h)).
This result suggests that RR can protect NHDF cells against
UVB-ROS-MMP-1-induced skin aging, particularly skin
wrinkle formation.

3.4. RR Protects Human Reconstructed Skin Tissue against
UVB-Induced Toxicity. To investigate the histological effects
of RR on photoaging, UVB-exposed reconstructed human
skin tissue was stained with H&E and MT. According to
the H&E staining results, NR, RR, and R had no toxicity,
although NR showed a mildly toxic effect in the epidermal
layer. Staining with MT revealed the disruption and decom-
position of collagen fibers in skin tissues exposed to UVB
and that RR treatment in UVB-exposed skin tissue increased
the abundance and density of collagen fibers (Figure 4). This
indicates that RR protects skin tissue against UVB-induced
collagen degradation in reconstructed human skin tissue.
Furthermore, to investigate the effects of NR, RR, and R on
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type I procollagen and MMP-1 expression in reconstructed
human skin tissue, we carried out immunohistochemical
analysis on the sections. After UVB irradiation, the expres-
sion of MMP-1 increased and that of PIP-1 decreased. This
effect was reversed with NR, RR, and R treatments especially
for 10μg/mL for all samples and 10μg/mL for NR and RR
samples, without any toxicity. Among these treatments,
RR demonstrated the greatest efficacy (Figure 4). Hence,
RR increased the expression of type I procollagen and
decreased that of MMP-1 in reconstructed human skin, with
the effect of protecting against UVB-induced skin aging or
wrinkle formation.

3.5. RR Regulates the MAPK and AP-1-Mediated Signaling
and Transcription in UVB-Irradiated NHDF Cells.

Inflammation-mediated skin aging is a major factor in
UVB-induced skin aging and therefore a good target for con-
trolling photoaging in dermal fibroblasts and skin more gen-
erally. Inflammation-mediated skin aging is initiated by the
huge production of ROS that arises from UVB-induced oxi-
dative stress in the skin. The excessive ROS production
brought about by UVB activates MAPK signaling proteins
to induce the AP-1- and NF-κB-mediated transcription
and translation of inflammatory proteins. To reproduce
these conditions, we treated NHDF cells with UVB and
the samples for 3 h, and the MAPK signaling proteins
were evaluated. RR exhibited additive effects in this case,
with NR, RR, and R downregulating the protein expres-
sion of pERK and pJNK but upregulating p38 expression
(Figures 5(a), 5(b), 5(c), and 5(d)). Additionally, NR, RR,
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Figure 1: Normal human dermal fibroblast (NHDF). (a) Cell morphology and (b) cell viability after 72 h of treatment with or without 144mJ/
cm2 ultraviolet B (UVB) and 10 or 100 μg/mL of the following samples: normal rice (NR), resveratrol-enriched rice (RR), and resveratrol (R).
All data are presented as the mean± SEM of three independent experiments. #p < 0 05 versus the normal control. $$$p < 0 001 indicates the
significant toxicity versus a UVB-irradiated control. NC is normal control, Ctl is UVB control, NR is normal rice, RR is resveratrol-enriched
rice, and R is resveratrol. NR and RR were treated in μg/mL, and R was treated in μM.
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and R significantly downregulated p-c-Fos and p-c-Jun,
which indicates that they inhibited the AP-1-mediated
transcription of the inflammatory proteins responsible for
inflammaging (Figures 5(e), 5(f), and 5(g)).

3.6. RR Inhibits the Inflammatory Cascades in UVB-Treated
Dermal Fibroblast Cells Preventing Inflammaging. AP-1,
activated by MAPK signaling, induces the transcription
and translation of inflammatory proteins, which further
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Figure 2: The levels of ROS in NHDFs treated as indicated for 24 h were measured using flow cytometry with DCFH-DA dye. The number of
cells is plotted against the dichlorofluorescein fluorescence detected by the FL-1 channel (a). The relative ROS production of the cells is shown
in each histogram (b). Values are mean ± SEM. The labels # and ∗ indicate significant differences (p < 0 05) when compared with the normal
control and UV (+) control, respectively. ###p < 0 001 versus the normal control, ∗∗p < 0 01 versus the UVB-irradiated control. NC is normal
control, Ctl is UVB control, NR is normal rice, RR is resveratrol-enriched rice, and R is resveratrol. NR and RR were treated in μg/mL, and R
was treated in μM.
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aggravates inflammation and makes the skin and cells more
prone to aging, as well as cancer. To evaluate the production
of proinflammatory cytokines, we performed an ELISA using
the cell supernatants, following treatment with or without
UVB and the samples, and the iNOS and COX-2 protein
expression in those cells was evaluated. NR, RR, and R
affected the concentration-dependent downregulation of
TNF-α and IL-6 production in the conditioned medium with
or without UVB treatment (Figures 6(a), 6(b), 6(c), and
6(d)). NR, RR, and R appear equally capable of reducing
TNF-α secretion in the cells without UVB treatment.

However, RR is more potent in this regard than NR and R
alone when UVB treatment is applied. R elicited a marked
reduction in IL-6 in both cases, but RR seems to be equally
capable of reducing IL-6 levels in the cells treated with
UVB. As R is a pure compound and NR and RR are merely
extracts, we can clearly infer that the similarity in the efficacy
of RR and R indicates the higher potency of RR in protecting
cells against UVB-induced skin aging. Additionally, NR, RR,
and R significantly downregulated the expression of iNOS
and COX-2 in the dermal fibroblast cells (Figures 6(e), 6(f),
and 6(g)). When applied at the higher concentration of
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Figure 3: UVB-MMP1-mediated protein expression and the secretion of MMP-1 and PIP were measured using Western blot analysis and an
ELISA kit, respectively. NHDF cells were incubated for 72 h with or without UVB exposure and treated with or without NR, RR, and R. (a)
MMP-1 and PIP expression, accompanied by the corresponding (b, c) densitometric analysis results (d, e) and the quantities MMP-1 and PIP
secreted into the treated medium supernatant. (f) TGF-β and elastin expression, accompanied by the corresponding (g, h) densitometric
analysis results, taking the UVB-treated control as 100%. All data are presented as the mean ± SEM of three independent experiments.
#p < 0 05, ##p < 0 01, ###p < 0 001 versus the NC and ∗∗p < 0 01, ∗∗∗p < 0 001 versus the UVB control. NC is normal control, Ctl is UVB
control, NR is normal rice, RR is resveratrol-enriched rice, and R is resveratrol. $$$p< 0.001 versus UVB control represents the inhibition
of elastin expression by resveratrol treatment. NR and RR were treated in μg/mL, and R was treated in μM.
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100μg/mL, the samples reduced the iNOS and COX-2
expression levels to below those observed in the normal con-
trol. The samples also caused the significant downregulation
of iNOS and COX-2 when applied at 10μg/mL; RR exhibited
greater potency than NR, but 10μg/mL of R was more potent
than 100μg/mL of NR or RR.

3.7. RR Ameliorates UVB-Induced Apoptosis in Dermal
Fibroblast Cells. Apoptosis-induced skin aging can be
induced by various aging processes, such as the excessive
production of proinflammatory cytokines and inflammatory
mediators, or the UVB-induced production of ROS. We
observed that UVB-mediated ROS induced the expression
of p53, Bax, Cytochrome C, and cleaved caspase-3 while
reducing the expression of the antiapoptotic protein Bcl2 in
dermal fibroblast. NR, RR, and R significantly reduced the
production of proapoptotic proteins, such as p53, Bax,
cleaved caspase-3, and cytochrome C, in UVB-treated der-
mal fibroblasts (Figure 7). RR and R were equally effective
in downregulating the expression of p53, but RR reduced
the expression of Bax, cleaved caspase-3, and cytochrome C
more effectively. On the other hand, RR and R did not alter
the expression of antiapoptotic protein Bcl2. In summary,
RR can reduce the apoptosis arising from UVB-induced
ROS production and inflammation but does not play a role
in increasing antiapoptotic protein expression (Figure 7).
Hence, RR promisingly inhibit the UVB-ROS mediated skin

aging via various pathways such as MMP-1-mediated colla-
gen degradation, inflammaging, and apoptosis-mediated
aging as shown in (Figure 8).

4. Discussion

The changes in physical appearance brought on by aging,
such as the development of wrinkles, can detrimentally affect
the quality of life by impairing personal interactions, occupa-
tional functioning, and self-esteem. The prevention of skin
aging and improvement of fine and coarse wrinkling in
adults with minimal adverse effects are the main goals of skin
care treatments [32, 33]. In this study, we examined the anti-
aging potential of normal rice (NR), resveratrol-enriched rice
(RR), and resveratrol (R). Genetically engineered RR pro-
vided a similar biological effect to R, while avoiding its cellu-
lar toxicity even at 100μg/mL. RR was shown to control
UVB-induced aging through downstream mechanisms in
all the major pathways involved in skin aging and wrinkle
formation. NR, RR, and R were found to control UVB-
induced skin aging via downregulating oxidative stress-
mediated aging, inflammation-induced skin aging, and
apoptosis-mediated skin aging and wrinkle formation.

Photoaging is the hallmark of prolonged UV exposure.
Exposing the skin to UVB activates oxidative stress in the
normal rheostat of the dermis and epidermis or the respec-
tive cells that induce cell death, as well as altering cellular
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Figure 4: Photomicrographs of Masson’s trichrome-stained sections and PIP-1 andMMP-1 production in reconstructed skin after treatment
with UVB and samples (NR, RR, and R) at a concentration of 1% (w/v). NC is normal control, Ctl is UVB control, NR is normal rice, RR is
resveratrol-enriched rice, and R is resveratrol. NR and RR were treated in μg/mL, and R was treated in μM.
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morphology [34–36]. In this study, we found that NR and RR
do not have cellular toxicity, while 100μg/mL of R was toxic
to NHDF cells. Although 10μg/mL of R was found not to be
toxic in terms of cell viability, measured using an MTT assay,
its toxicity was still evident through its adverse effects on cell
morphology. These results demonstrate that, although it has

promising biological activity, R has various toxic effects on
the cells in vitro, which manifest as changes to NHDF cell
morphology at the lower concentration (leading to shrunken
cells, but not cell death) and cell death at the higher concen-
tration. Furthermore, we found that NR, RR, and R promis-
ingly reduced the UVB-induced production of reactive
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Figure 5: Protein expression levels of MAPKs and AP-1. (a) MAPK signal intensities from multiple experiments. (b, c, d) Bar graphs
represent quantitative densitometric results of upper bands. (e) AP-1 protein intensities from multiple experiments. (f, g) Bar graphs
represent quantitative densitometric results of upper bands. All data are presented as the mean ± SEM of three independent experiments.
##p < 0 01, ###p < 0 001 versus the NC and ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001 versus the UVB-irradiated control. NC is normal control, Ctl
is UVB control, NR is normal rice, RR is resveratrol-enriched rice, and R is resveratrol. $$$p< 0.001 versus UVB control represents the
resveratrol-induced pJNK expression. NR and RR were treated in μg/mL, and R was treated in μM.

9Oxidative Medicine and Cellular Longevity



oxygen species (ROS) in normal human dermal fibroblasts.
The UVB-induced production of ROS and free radicals upre-
gulates the production of MMPs, particularly MMP-1, which
is responsible for the degradation of the collagen network in
tissue. This will result in the reduced secretion of TGF-β and
subsequently procollagen, especially procollagen type II
(PIP-II) [37, 38]. Furthermore, the downregulation of elastin
and TGF-β in UVB-irradiated dermal fibroblast cells has
been shown to further worsen the complications of the oxida-
tive stress-induced aging process in the skin [39]. As elastin
also plays an important role in the ECM of the dermis, its

degradation leads to line and wrinkle formation in the skin.
Therefore, agents that inhibit elastase activity are ideal candi-
dates for the treatment or prevention of skin photoaging [40].
All of the samples described herein downregulated MMP-1
significantly, but the activity of RR appeared to be more
potent than that of NR or R alone. Interestingly, a higher
concentration of R (100μg/mL) resulted in increased
MMP-1 production, whereas a lower concentration of R
(10μg/mL) downregulated MMP-1 production more effec-
tively than 100μg/mL of RR. This indicates that R is better
able to reduce the level of MMP-1 than RR, even at a lower
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Figure 6: Proinflammatory cytokines (TNF-α and IL-6) secretion and inflammatory markers (iNOS and COX-2) expression. NHDF cells
were treated with or without UVB (144mJ/cm2) and with NR, RR, and R for 72 h. Proinflammatory cytokines were measured in cell
supernatant using an ELISA kit, and protein expression of iNOS and COX-2 was measured using Western blot analysis. (a, b) TNF-α
secretion in NHDF cells without UVB-conditioned medium and with UVB-conditioned medium. (c, d) IL-6 secretion in NHDF cells
without UVB-conditioned medium and with UVB-conditioned medium. (e) iNOS and COX-2 protein expression from multiple
experiments. (f, g) Bar graphs represent quantitative densitometric results of upper bands. All data are presented as the mean ± SEM of
three independent experiments. ###p < 0 001 versus the NC and ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001 versus the UVB-irradiated control. NC
is normal control, Ctl is UVB control, NR is normal rice, RR is resveratrol-enriched rice, and R is resveratrol. NR and RR were treated in
μg/mL, and R was treated in μM.
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concentration. Additionally, a reduction in the protein
expression for MMP-1 and increase in that for PIP were
observed in the cells, as well as the treated cell supernatants.
The effect of RR was found to be more promising than that of
NR or R alone. UVB induced MMP-1 production and
reduced the level of collagen in the dermis of the skin, but
treatment with RR significantly decreased this toxicity and
maintained homeostasis. Hence, the additive effect of NR
and R, in the form of RR, was successfully demonstrated in
NHDFs and reconstructed tissue. Only RR demonstrated

an ability to increase PIP production almost two- and
three-fold at doses of 10 and 100μg/mL, respectively, in
comparison with the UVB-treated control group, whereas
NR and R were unable to affect a significant increase. This
result led us to investigate the mechanism by which RR so
greatly increases PIP levels. We therefore measured the
protein expression of TGF-β, as the TGF-β/Smad pathway
is a major pathway controlling PIP production. We found
that RR significantly induced TGF-β protein expression in
UVB-irradiated NHDF cells and thereby stimulated PIP
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Figure 7: Apoptosis-induced skin aging and related protein expression in NHDF cells. NHDF cells were treated with or without UVB
(144mJ/cm2) and with NR, RR, and R for 72 h. Protein expression was measured using Western blot analysis. (a) p53, Bax, and Bcl2
protein expression from multiple experiments. (b, c, d) Bar graphs represent quantitative densitometric results of upper bands. (e)
Cytosolic cytochrome C and cleaved caspase-3 protein expression from multiple experiments. (f, g) Bar graphs represent quantitative
densitometric results of upper bands. Tubulin was used as a loading control. All data are presented as the mean ± SEM of three
independent experiments. ##p < 0 01, ###p < 0 001 versus the NC and ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001 versus the UVB-irradiated control.
NC is normal control, Ctl is UVB control, NR is normal rice, RR is resveratrol-enriched rice, and R is resveratrol. NR and RR were treated
in μg/mL, and R was treated in μM.
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production. This can simultaneously prevent UVB-induced
skin wrinkle formation, as upregulating TGF-β and PIP
levels also results in increased elastin production. RR was
shown to increase elastin production to a greater extent than
NR and R alone. To confirm this in vitro finding, we con-
ducted the same experiment in reconstructed tissue and
obtained very similar results. Even in the reconstructed tis-
sue, NR, RR, and R had no toxicity, although NR showed a
mildly toxic effect in the epidermal layer. The disruption
and decomposition of collagen fibers were observed in skin
tissues exposed to UVB using Masson’s trichrome (MT)
staining, hematoxylin and eosin (H&E) staining, and staining
for the determination of PIP and MMP-1. RR treatment
increased the abundance and density of collagen fibers in
UVB-exposed skin tissue. NR and RR treatment reduced
the level of MMP-1 and increased that of type I procollagen
in cells exposed to UVB. Of all the tested samples, RR most
effectively increased the expression of type I procollagen
and decreased that of MMP-1 in reconstructed human
skin, thereby protecting against UVB-induced skin aging
or wrinkle formation. These data collectively indicate that
RR downregulates UVB-induced oxidative stress more
potently than NR or R alone and therefore reduces its
contribution to skin aging.

UVB irradiation induces ROS production. ROS-
mediated oxidative stress activates MAPK signaling by
increasing the phosphorylation of p38, JNK, and ERK
(pp38, pJNK, and pERK) to induce inflammaging. Inflam-
maging is closely associated with many aging-associated dis-
eases, such as Alzheimer’s disease, as well as atherosclerosis,
heart disease, type II diabetes, and cancer. One factor that

exacerbates UVB-induced ROS-mediated inflammaging is
immunosenescence [41]. Inflammaging is initiated after
the activation of MAPK signaling, AP-1 (c-Fos and c-
Jun) activation and the increased transcription of inflam-
matory mediators. Through the MAPK signaling path-
ways, AP-1 controls the expression of MMPs, especially
MMP-1, MMP-2, and MMP-9, in inflammation-induced
skin aging. Heterodimer complexes made between c-Jun
and c-Fos, with various growth factors, cytokines, and
UV exposure, can cause aggressive inflammation and skin
aging [42]. In this study, we found that irradiating NHDF
cells with UVB activates MAPK signaling, which activates
the AP-1- and NF-κB-mediated transcription of MMPs,
proinflammatory cytokines, inflammatory mediators, and
so forth, while simultaneously downregulating PIP, TGF-
β, and elastin production [43]. Inflammatory mediators,
such as iNOS, COX-2, and cytokines, as well as IL-6, IL-1β,
and TNF-α produced by innate immune cells, will cause
chronic inflammation and thus initiate inflammaging [44].
In this study, we demonstrated that treatment with NR, RR,
and R can significantly modulate MAPK and AP-1 signaling,
by inhibiting NF-κB-mediated transcription. This was evi-
denced by the activation of PIP and the inhibition of TNF-
α, IL-6, and MMP-1 in the treated dermal fibroblast cells.
RR most effectively reduced TNF-α and IL-6 production
in UVB-irradiated NHDF cells, but its ability to reduce
iNOS and COX-2 levels, while still superior to that of
NR, was inferior to that of R alone. This result further
demonstrates the anti-inflammatory properties of these
treatments and their great potential for protecting against
UVB-induced inflammaging.
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Figure 8: Scheme of the UVB-ROS-mediated skin aging and the protective role of resveratrol rice against its toxicity to prevent skin aging.
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Oxidative stress and inflammaging together induce
apoptosis, which is another key factor in skin aging,
photoaging, wrinkling, and related disorders [45]. UVB-
induced ROS cause further oxidative stress in the cellular
environment, with the MAPK- and NF-κB-mediated tran-
scription of proinflammatory cytokines, particularly TNF-
α, being the major cause of cell apoptosis and aging by
apoptosis in the skin [46]. UVB, ROS, proinflammatory
cytokines, and other toxins produced by UVB will induce
the expression of apoptotic protein p53. This subsequently
activates the expression of Bax, Bad, PUMA, and cleaved
caspase-3, while simultaneously downregulating the
expression of antiapoptotic proteins such as Bcl2 [47].
Activated cleaved caspase-3 translocates mitochondrial
cytochrome C to the cytosol, which further induces apo-
ptosis and contributes to skin aging by further activating
factors that aggravate skin aging and wrinkle formation
[19]. In this study, we confirmed that NR, RR, and R
promisingly downregulate the levels of p53, Bax, cleaved
caspase-3, and cytochrome C and that RR and R did not
simultaneously alter the expression of the antiapoptotic
protein Bcl2. RR downregulated the expression of Bax
and cleaved caspase-3 more effectively than the other
treatments and was as potent as R for the inhibition of
p53 in the UVB-treated fibroblast cells. The RR-mediated
reduction in p53 lowered the transcription of Bax and
cleaved caspase-3. Bax and cleaved caspase-3 were conse-
quently unable to translocate mitochondrial cytochrome
C to the cytosol, thereby protecting fibroblasts from mito-
chondrial apoptosis and apoptosis-induced skin aging. In
this way, and considering that RR (an extract) is generally
at least as effective as R (a pure compound) or NR alone,
we conclude that the pure compounds or standard com-
pound in RR might have better synergistic biological activ-
ity than R alone for every considered aging pathway.

In conclusion, NR, R, and particularly RR have been
shown to control MMP-1-mediated UVB-induced skin
aging, apoptosis-induced skin aging, and inflammation-
mediated complications called inflammaging in dermal
fibroblasts. A schematic explanation for the UVB-ROS-
mediated aging and the role of NR, RR, and R has been
shown in Figure 8. In this way, our study has demon-
strated the potential of RR as an antiaging product for
the prevention of UVB-induced complications in vitro
and ex vivo.
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Oxidative stress is a phenomenon caused by an imbalance between production and accumulation of oxygen reactive species (ROS)
in cells and tissues and the ability of a biological system to detoxify these reactive products. ROS can play, and in fact they do it,
several physiological roles (i.e., cell signaling), and they are normally generated as by-products of oxygen metabolism; despite
this, environmental stressors (i.e., UV, ionizing radiations, pollutants, and heavy metals) and xenobiotics (i.e., antiblastic drugs)
contribute to greatly increase ROS production, therefore causing the imbalance that leads to cell and tissue damage (oxidative
stress). Several antioxidants have been exploited in recent years for their actual or supposed beneficial effect against oxidative
stress, such as vitamin E, flavonoids, and polyphenols. While we tend to describe oxidative stress just as harmful for human
body, it is true as well that it is exploited as a therapeutic approach to treat clinical conditions such as cancer, with a certain
degree of clinical success. In this review, we will describe the most recent findings in the oxidative stress field, highlighting both
its bad and good sides for human health.

1. Introduction

Superoxide radicals (O2
•−), hydrogen peroxide (H2O2),

hydroxyl radicals (•OH), and singlet oxygen (1O2) are com-
monly defined reactive oxygen species (ROS); they are gener-
ated as metabolic by-products by biological systems [1, 2].
Processes, like protein phosphorylation, activation of several
transcriptional factors, apoptosis, immunity, and differentia-
tion, are all dependent on a proper ROS production and pres-
ence inside cells that need to be kept at a low level [3]. When
ROS production increases, they start showing harmful effects
on important cellular structures like proteins, lipids, and
nucleic acids [4]. A large body of evidences shows that oxida-
tive stress can be responsible, with different degrees of impor-
tance, in the onset and/or progression of several diseases (i.e.,
cancer, diabetes, metabolic disorders, atherosclerosis, and
cardiovascular diseases) [5].

ROS are mainly produced by mitochondria, during both
physiological and pathological conditions, that is, O2

•− can

be formed by cellular respiration, by lipoxygenases (LOX)
and cyclooxygenases (COX) during the arachidonic acid
metabolism, and by endothelial and inflammatory cells [6].
Despite the fact that these organelles have an intrinsic ROS
scavenging capacity [7], it is worth to note that this is not
enough to address the cellular need to clear the amount of
ROS produced by mitochondria [8].

Cells deploy an antioxidant defensive system based
mainly on enzymatic components, such as superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx), to protect themselves from ROS-induced cellular
damage [9].

2. Oxidants and Free Radical Production

ROS production basically relies on enzymatic and nonenzy-
matic reactions. Enzymatic reactions able to generate ROS
are those involved in respiratory chain, prostaglandin syn-
thesis, phagocytosis, and cytochrome P450 system [10–20].
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Superoxide radical (O2
•−) is generated by NADPH oxidase,

xanthine oxidase, and peroxidases. Once formed, it is
involved in several reactions that in turn generate hydrogen
peroxide, hydroxyl radical (OH•), peroxynitrite (ONOO−),
hypochlorous acid (HOCl), and so on. H2O2 (a nonradical)
is produced by multiple oxidase enzymes, that is, amino acid
oxidase and xanthine oxidase. Hydroxyl radical (OH•), the
most reactive among all the free radical species in vivo, is
generated by reaction of O2

•− with H2O2, with Fe2+ or Cu+

as a reaction catalyst (Fenton reaction) [12–19]. Nitric oxide
radical (NO•), which plays some important physiological
roles, is synthesized from arginine-to-citrulline oxidation by
nitric oxide synthase (NOS) [12–19].

Even nonenzymatic reactions can be responsible for free
radical production, that is, when oxygen reacts with organic
compounds or when cells are exposed to ionizing radiations.
Nonenzymatic free radical production can occur as well
during mitochondrial respiration [15, 16, 19].

Free radicals are generated from both endogenous and
exogenous sources. Immune cell activation, inflammation,
ischemia, infection, cancer, excessive exercise, mental stress,
and aging are all responsible for endogenous free radical
production. Exogenous free radical production can occur as
a result from exposure to environmental pollutants, heavy
metals (Cd, Hg, Pb, Fe, and As), certain drugs (cyclosporine,
tacrolimus, gentamycin, and bleomycin), chemical solvents,
cooking (smoked meat, used oil, and fat), cigarette smoke,
alcohol, and radiations [15–25]. When these exogenous
compounds penetrate the body, they are degraded or
metabolized, and free radicals are generated as by-products.

3. Physiological Activities of Free Radicals

When maintained at low or moderate concentrations, free
radicals play several beneficial roles for the organism. For
example, they are needed to synthesize some cellular struc-
tures and to be used by the host defense system to fight path-
ogens. In fact, phagocytes synthesize and store free radicals,
in order to be able to release them when invading pathogenic
microbes have to be destroyed [16, 21]. The pivotal role of
ROS for the immune system is well exemplified by patients
with granulomatous disease. These individuals are unable
to produce O2

•− because of a defective NADPH oxidase sys-
tem, so they are prone to multiple and in most of the cases
persistent infections [15, 16]. Free radicals are also involved
in a number of cellular signaling pathways [18–20]. They
can be produced by nonphagocytic NADPH oxidase iso-
forms; in this case, free radicals play a key regulatory role in
intracellular signaling cascades, in several cell types such as
fibroblasts, endothelial cells, vascular smooth muscle cells,
cardiac myocytes, and thyroid tissue. Probably, the most
well-known free radical acting as a signaling molecule is
nitric oxide (NO). It is an important cell-to-cell messenger
required for a proper blood flow modulation, involved in
thrombosis, and is crucial for the normal neural activity
[18]. NO is also involved in nonspecific host defense,
required to eliminate intracellular pathogens and tumor cells.
Another physiological activity of free radicals is the induction
of a mitogenic response [18, 19]. Summarizing, free radicals,

when maintained at low or moderate levels, are of crucial
importance to human health.

4. Detrimental Effects of Free Radicals on
Human Health

As stated before, if in excess, free radicals and oxidants give
rise to a phenomenon known as oxidative stress; this is a
harmful process that can negatively affect several cellular
structures, such as membranes, lipids, proteins, lipoproteins,
and deoxyribonucleic acid (DNA) [16–21]. Oxidative stress
emerges when an imbalance exists between free radical for-
mation and the capability of cells to clear them. For instance,
an excess of hydroxyl radical and peroxynitrite can cause
lipid peroxidation, thus damaging cell membranes and lipo-
proteins. This in turn will lead to malondialdehyde (MDA)
and conjugated diene compound formation, which are
known to be cytotoxic as well as mutagenic. Being a radical
chain reaction, lipid peroxidation spreads very quickly
affecting a large amount of lipidic molecules [25]. Proteins
may as well being damaged by oxidative stress, undergoing
to conformational modifications that could determine a loss,
or an impairment, of their enzymatic activity [20, 25].

Even DNA is prone to oxidative stress-related lesions, the
most representative of which is the 8-oxo-2′-deoxyguanosine
(8-OHdG) formation; this is a particularly pernicious DNA
lesion, which can be responsible for both mutagenesis, as
pointed out by Nishida et al. [26]. It can also cause a loss in
the epigenetic information, probably due to an impairment
in CpG island methylation asset in gene promoters [27]. It
is worth to note that Valavanidis and colleagues [28] have
already proposed 8-OHdG levels in a tissue as biomarker of
oxidative stress. Of course cells can put in place several mech-
anisms, such as the base excision repair (BER) or antioxi-
dants, as defense response against DNA lesions [17–20].

If not strictly controlled, oxidative stress can be responsi-
ble for the induction of several diseases, both chronic and
degenerative, as well as speeding up body aging process and
cause acute pathologies (i.e., trauma and stroke).

4.1. Cancer and Oxidative Stress. Cancer onset in humans is a
complex process, which requires both cellular and molecular
alterations mediated by endogenous and/or exogenous trig-
gers. It is already well known that oxidative DNA damage is
one of those stimuli responsible for cancer development
[14, 15, 22]. Cancer can be driven and/or promoted by chro-
mosomal abnormalities and oncogene activation determined
by oxidative stress. Hydrolyzed DNA bases are common by-
products of DNA oxidation and are considered one of the
most relevant events in chemical carcinogenesis [14, 22].
The formation of such kind of adducts impairs normal cell
growth by altering the physiological transcriptomic profile
and causing gene mutations. Oxidative stress can also cause
a variegated amount of modifications against DNA structure,
for example, base and sugar lesions, DNA-protein cross-
links, strand breaks, and base-free sites. For instance, tobacco
smoking, environmental pollutants, and chronic inflamma-
tion are sources of oxidative DNA damage that could
contribute to tumor onset [14, 17, 29]. Oxidative stress
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resulting from lifestyle reasons can also play an important
role in cancer development, as suggested by the strong corre-
lation between dietary fat consumption (a factor that exposes
the organism at greater risk of lipid peroxidation) and death
rates from different types of cancer [16, 21].

4.2. Cardiovascular Disease and Oxidative Stress. Cardiovas-
cular diseases (CVDs) are clinical entities with a multifacto-
rial etiology, generally associated with a very large amount
of risk factors, the most broadly recognized of which are
hypercholesterolaemia, hypertension, smoking habit, diabe-
tes, unbalanced diet, stress, and sedentary life [11, 30, 31].
During the last years, research data pointed out that oxidative
stress should be considered either a primary or a secondary
cause for many CVDs [18]. Oxidative stress acts mainly as
a trigger of atherosclerosis. It is well known that atheroma-
tous plaque formation results from an early endothelial
inflammation, which in turn leads to ROS generation by
macrophages recruited in situ. Circulating LDL are then
oxidized by reactive oxygen species, thus leading to foam cell
formation and lipid accumulation. The result of these events
is the formation of an atherosclerotic plaque. Both in vivo
and ex vivo studies provided evidences supporting the role
of oxidative stress in atherosclerosis, ischemia, hypertension,
cardiomyopathy, cardiac hypertrophy, and congestive heart
failure [11, 16, 30, 31].

4.3. Neurological Disease and Oxidative Stress. Oxidative
stress has been linked to several neurological diseases (i.e.,
Parkinson’s disease, Alzheimer’s disease (AD), amyotrophic
lateral sclerosis (ALS), multiple sclerosis, depression, and
memory loss) [32–35]. In AD, several experimental and
clinical researches showed that oxidative damage plays a
pivotal role in neuron loss and progression to dementia
[34]. β-amyloid, a toxic peptide often found present in AD
patients’ brain, is produced by free radical action and it is
known to be at least in part responsible for neurodegenera-
tion observed during AD onset and progression [35].

4.4. Respiratory Disease and Oxidative Stress. Several
researches pointed out that lung diseases such as asthma
and chronic obstructive pulmonary disease (COPD), deter-
mined by systemic and local chronic inflammation, are
linked to oxidative stress [36–39]. Oxidants are known to
enhance inflammation via the activation of different kinases
involving pathways and transcription factors like NF-kappa
B and AP-1 [38, 39].

4.5. Rheumatoid Arthritis and Oxidative Stress. Rheumatoid
arthritis is a chronic inflammatory disorder affecting the
joints and surrounding tissues, characterized by macro-
phages and activated T cell infiltration [15, 40, 41]. Free rad-
icals at the site of inflammation play a relevant role in both
initiation and progression of this syndrome, as demonstrated
by the increased isoprostane and prostaglandin levels in
synovial fluid of affected patients [41].

4.6. Kidney Diseases and Oxidative Stress. Oxidative stress is
involved in a plethora of diseases affecting renal apparatus
such as glomerulo- and tubule-interstitial nephritis, renal

failure, proteinuria, and uremia [16, 42]. The kidneys are
negatively affected by oxidative stress mainly because of the
fact that ROS production induces the recruitment of inflam-
matory cells and proinflammatory cytokine production,
leading to an initial inflammatory stage. In this early phase,
a predominant role is played by TNF-alpha and IL-1b, as
proinflammatory mediators, as well as by NF-κB as tran-
scriptional factor required to sustain the inflammatory pro-
cess. The latter stage is characterized by an increase in
TGF-beta production, which orchestrates the extracellular
matrix synthesis. So, when the oxidative stress stimuli act
chronically on kidney tissues, the results will be an initial
stage of inflammation and later the formation of abundant
fibrotic tissue that impairs organ function potentially leading
to renal failure. Certain drugs, such as cyclosporine, tacroli-
mus, gentamycin, and bleomycin, are known to be nephro-
toxics mainly because of the fact that they increase free
radical levels and oxidative stress via lipid peroxidation
[42–45]. Heavy (Cd, Hg, Pb, and As) and transition metals
(Fe, Cu, Co, and Cr), acting as powerful oxidative stress
inducers, are responsible for various forms of nephropathy,
as well as for some types of cancers [22, 23].

4.7. Sexual Maturation and Oxidative Stress. Several authors
pointed out that oxidative stress could be responsible for a
delayed sexual maturation and puberty onset [46, 47]. This
seems to be true when children in prepubertal age are
exposed to Cd, a well known responsible for an increase in
free radicals and oxidative stress, as well as when pregnant
women are exposed to the same metallic element.

Summarizing, we can affirm that oxidative stress and free
radicals are confirmed to be responsible for several patholog-
ical conditions affecting different tissues and systems, thus
being one of the most important and pervasive harms to
human health.

5. Exogenous Antioxidants and Human Health

Human body put in place several strategies to counteract
the effects of free radicals and oxidative stress, based on
enzymatic (e.g., SOD, CAT, and GPx) and nonenzymatic
(e.g., lipoic acid, glutathione, ʟ-arginine, and coenzyme
Q10) antioxidant molecules, all of them being endogenous
antioxidants. Beside these, there are several exogenous
antioxidant molecules of animal or vegetal origin, mainly
introduced by diet or by nutritional supplementation.

Here, we will discuss the most relevant nutritional
antioxidants and their protective effects for human health.

5.1. Vitamin E. The term vitamin E encompasses a constella-
tion of lipophilic molecules (α-, β-, γ-, and δ-tocopherol and
α-, β-, γ-, and δ-tocotrienol) synthesized by vegetal organ-
isms [48] and contained in edible oils and seeds, as well as
in food artificially enriched in α-tocopherol [49, 50].

The most active form of vitamin E, RRR-α-tocopherol,
showed in vitro an antiproliferative activity against vascular
smooth muscle cells via PKC modulation [51], even when
under stimulation from low-density lipoproteins (LDL)
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[52]. These results were confirmed in vivo, both in mouse
and rabbit models of atherosclerosis [53–55].

Macrophage transition to foam cells is one of the earlier
and important steps in atherosclerotic lesion formation;
CD36 receptor is one of the key players involved, being a
scavenger receptor responsible for oxidized-LDL (oxLDL)
uptake from bloodstream [56, 57].

Several studies described that vitamin E is able to prevent
CD36 mRNA expression induced by cholesterol, thus play-
ing a beneficial role in preventing foam cell formation. This
was true in vivo, as well as in vitro on human macrophages
and vascular smooth muscle cells [58, 59]; vitamin E supple-
mentation was also useful to upregulate PPARγ, LXRα, and
ABCA1, in ApoE knockout mice, ameliorating early (but
not advanced) atherosclerotic lesions [60].

Vitamin E modulates the oxidative stress-induced NF-κB
pathway and oxLDL-induced foam cell formation, decreases
c-Jun phosphorylation (thus inhibiting inflammation and
monocyte invasion), and matrix metalloprotease (MMP)
expression [61–65].

A degree of CD36 mRNA reduction was also observed in
animals undergoing to vitamin E supplementation under a
regimen of high-fat diet [66–68].

RRR-γ-tocopherol (the most abundant after RRR-α-
tocopherol) showed a potent proinflammatory function
during allergic inflammation [69–77].

Each form of vitamin E seems to have different regulatory
effects when it comes to recruit leukocytes to allergic inflam-
mation site, which is however strictly dependent on vascular
cell adhesion molecule-1 (VCAM-1) [78]. VCAM-1 is
responsible also for the activation of several signals in endo-
thelial cells which are causative of ROS generation, such as
NOX2 complex activation that generates ROS which lead to
PKCα activation [79]. This rapid and transient PKCα activa-
tion is consistent with a leukocyte migration across endothe-
lia required in a timeframe of minutes, consistent with the
rapid migration of leukocytes across endothelial cells in
minutes at sites of migration.

Endothelial cells pretreated with α-tocopherol are less
prone to let the lymphocytes and eosinophils migrate, while
the opposite is true when pretreated with γ-tocopherol, this
is due to the fact that the first strategy decreases VCAM-1
expression, while the latter increases it [80]. This phenome-
non was observed even in vivo, in a mouse model of allergic
lung inflammation [80, 81].

Interestingly, a research found a correlation between the
prevalence of asthma and the average plasma tocopherol in
several countries, based on nutritional consumption of foods
and oils rich in tocopherol. Briefly, countries with an average
plasma γ-tocopherol concentration of 2–7μmol/L had the
highest asthma prevalence compared to those with a concen-
tration of 1-2μmol/L, independently from α-tocopherol
plasma levels [74].

Olive and sunflower oils, which have little or not at all
γ-tocopherol [74], seem to have to be preferred to soybean
oil, because the latter one seems responsible for an increase
in plasma γ-tocopherol [82].

A large prospective study, covering 4500 individuals
and spanning 20 years, demonstrated an association between

α- or γ-tocopherol serum concentrations and lung function
[72]. The results highlighted as in those individuals with
higher γ-tocopherol serum levels (>10μmol/L) demon-
strated significantly lower FEV1/FVC (10–17%); it is relevant
to point out that similar degrees of lung function impair-
ments were observed in individuals exposed to other respira-
tory stressors (e.g., particulate matter) [83–87]. These
observations suggest that γ-tocopherol could negatively
affect pulmonary function.

It has been also observed, from in vivo experiments, that
α- and γ-tocopherol supplementation of allergic and nonal-
lergic pregnant mice can alter the allergic responsiveness
development in offspring of mice.

It is known that (i) proper dendritic cell development and
responsiveness are crucial for an optimal allergen sensitiza-
tion, (ii) it relies on PKC isoforms activity, and (iii) all of
the PKCs include a C1A regulatory domain, which is targeted
by both α- and γ-tocopherol [88–107].

In mice prone to allergic disease, supplementing allergic
mothers (at the time of mating) with α-tocopherol was
enough to inhibit the pup allergic responses [67], while
γ-tocopherol supplementation amplified pup responses to
allergens [70].

These differences in allergic response development
exerted by α- or γ-tocopherol supplementation are depen-
dent from their modulation of eosinophils and CD11c+

CD11b+ dendritic cell numbers in the lungs; α-tocopherol
reduced both the cellular species, without affecting the
number of CD11c+ CD11b− regulatory dendritic cells, while
γ-tocopherol increased both eosinophils and CD11c+

CD11b+ dendritic cells [69, 70].
Summarizing, α-and γ-tocopherol forms of vitamin E

exert a differential set of biological effects, which cannot be
always regarded as positive to human health; this is some-
thing that needs to be taken in account when considering
to enrich the content of vitamin E into a diet with antioxi-
dant purposes.

5.2. Flavonoids. Flavonoids are a class of polyphenolic com-
pounds with a benzo-γ-pyrone structure largely represented
in plants, responsible for several pharmacological activities
[108, 109]. These substances have been investigated because
of their potential health benefits as antioxidants, action medi-
ated by their functional hydroxyl groups, which are able to
scavenge free radicals and/or chelate metal ions [109–116].

Their antioxidant activity relies on the conformational
disposition of functional groups; configuration, substitution,
and total number of hydroxyl groups are important factors
in determining mechanisms of antioxidant activity like
ROS/RNS scavenging and metal chelation [111, 117].

Flavonoid determines (i) ROS synthesis suppression,
inhibition of enzymes, or chelation of trace elements respon-
sible for free radical generation; (ii) scavenging ROS; and
(iii) improvement of antioxidant defenses [118, 119].

Genistein is a soy isoflavone that is probably the most
interesting and well-studied flavonoid compound, due to its
broad pharmacological activities.

Genistein has been extensively employed as antioxidant
in a plethora of studies, showing the potential to scavenge
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ROS and RNS with a high degree of efficacy. This flavonoid
compound is able to improve the antioxidant defenses of a
cell, thus prevents apoptotic process through the modulation
of several genes and proteins [120]. In nonhuman primates
and rabbits [121, 122], dietary-supplemented genistein
delayed atherogenesis. An additional study observed an
increase in antioxidant protection of LDL and an atheropro-
tective effect [123]. In general, soy isoflavones confer protec-
tion against lipoprotein oxidation [124–126], as well as
against oxidative DNA damage in postmenopausal women
[127], but the point is still debated [128–130]. There are other
mechanism that genistein can be used to suppress oxidative
stress and related inflammation in the vascular intima layer.
Genistein inhibits NF-κB activation (inducible by oxidative
stress) and regulates the expression of genes relevant to
immune and inflammatory processes [131]. Genistein
increases the expression of antioxidant enzymes in human
prostate cancer cells conferring protection against oxidative
DNA damage [132, 133].

Briefly, flavonoids are a class of natural compounds
extensively present in foods of vegetal origin (fruits, oils,
seeds, etc.) showing a good potential in terms of usefulness
for human health, as antioxidant molecules but also because
of some ancillary yet pharmacologically interesting proper-
ties. Nonetheless, they need to be managed carefully, and
their supplementation into the diet (as diet enrichment or
as nutraceuticals) have to take in account also some potential
drawback concerning human health and wellness.

6. Prooxidant Agents in Therapy

Prooxidant agents, beside their well-known detrimental
effects on human health, have been investigated and, in some
cases, actually used, as therapeutic agents mainly against
cancer diseases.

Here, we will briefly discuss two emerging prooxidant
compounds showing interesting pharmacological activities,
such as ascorbic acid (AA) and polyphenols, and the
most well-known and employed prooxidant in therapy,
ionizing radiation.

6.1. Ascorbic Acid. Ascorbic acid (vitamin C) is a water-
soluble compound classified under the group of natural anti-
oxidants. Ascorbate reacts with ROS, quenching them and
promoting the conversion into semihydroascorbate radical,
which is a poorly reactive chemical species, thus efficiently
reducing the risk of cancer by suppressing free radicals and
oxidative stress [134].

Apart from this, ascorbate also reduces metal ions like
Fe3+ and Cu3+, thus promoting a reaction that gives rise to
highly reactive free radical (by the so-called Fenton reaction)
[135, 136]; these radicals have been reported to be able to
induce cytotoxicity by causing DNA backbone breaks and
base modifications [134].

This effect seems to be more relevant on cancer cells, in
fact while normal cells take advantage from redundant mech-
anisms for H2O2 clearing and/or repair of H2O2-induced
damage, to counteract the effects of pro-oxidant concentra-
tions of AA; cancer cells lacking of these compensatory

mechanisms (e.g., catalase deficiency, mutated DNA repair,
and tumor suppressor genes) are more susceptible to phar-
macologic ascorbate concentrations [132]. The authors
reported that 10mM AA induces apoptosis in leukemia cell
lines; the authors proposed that AA-induced O2

•−/H2O2 pro-
duction led to NF-κB-p53-caspase 3 signaling axis, by which
this proapoptotic effect is exerted [137–139]. Another study
pointed out that AA was able to inhibit Raji cell proliferation,
apparently by downregulating the set of genes needed for S-
phase progression in actively proliferating cells [140]. In an
in vivo study, guinea pigs supplemented with AA at various
doses showed a complete regression of fibrosarcoma and
liposarcoma tumors [141]. In general, there have been several
studies assessing the antiblastic activities of AA, mostly
in vitro on different cell lines [142–156].

Despite these somehow surprising but still very interest-
ing results, there is the urge of conducting more researches,
both in vitro and in vivo, to definitely assess the mode of
action and efficacy of AA as prooxidative anticancer agent.

6.2. Polyphenols. Under conditions like high concentrations,
high pH, and the presence of redox-active metals, phenolic
compounds can acquire a prooxidant behavior [157, 158],
mainly based on the generation of an aroxyl radical or a labile
complex with a metal cation exerting redox activity. Aroxyl
radical can lead the formation of O2

•- or of ternary com-
pound between DNA, copper, and flavonoids [159]. Poly-
phenols, like caffeic acid, ferulic acid, and apigenin, can
exert a prooxidant effect through the increased intracellular
production of ROS by NOX [160, 161].

Polyphenols can as well induce oxidative stress via transi-
tion metals, promoting the generation of hydroxyl radicals
through Fenton and Fenton-like reactions; it is important
to note that transition metal ions are more represented into
cancer than into normal cells [162].

Prooxidant polyphenols seem to exert their cytotoxic
activity by inducing apoptosis and cell cycle arrest via several
pathways. Anthocyanins, pigments present in red wine and
berry (Aronia melanocarpa, Rosaceae, Vaccinium myrtillus,
and Ericaceae) fruits, cause apoptosis in cancer cells by
increasing intracellular ROS formation [162–164].

Esculetin, a coumarin derivative present in plants such
as chicory (Cichorium intybus and Asteraceae), showed both
in vivo and in vitro antiproliferative activity against hepato-
cellular carcinoma. Esculetin delay Hepa 1–6 cell growth
inoculated subcutaneously in C57BL/6J mice in a time-
and dose-dependent manner [165]. Human hepatocellular
carcinoma SMMC-7721 cells incubated with esculetin
undergo to mitochondrial membrane potential collapse,
with Bcl-2, caspase-9-, and caspase-3-mediated apoptosis
[165]. In addition, esculetin also exerted a cytotoxic effect
on HeLa cells inducing redox-dependent apoptosis, even
in this case by causing the disruption of mitochondrial
membrane potential, cytochrome C release, and caspase
activation [166].

Curcumin, a compound extracted from Curcuma longa,
induced ROS-mediated apoptosis in human gastric BGC-
823 cells by activating the apoptosis signal-regulating kinase
1 (ASK1) signaling cascade (ASK1/MKK4/JNK) [167].
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During the last years, a very large amount of in vitro stud-
ies investigated the prooxidative effects of polyphenols
against cancer cell proliferation and survival, all of them
presenting interesting results that nonetheless need to be
confirmed by more in-depth researches [168–190].

Although polyphenols showed the pharmacological
potential to inhibit tumorigenesis and arrest cancer cell pro-
liferation in animal models, the role of ROS generation is still
poorly understood, mainly because a large majority of the
in vivo studies are limited to cancer growth arrest and
apoptosis evaluation, and rarely or not at all they go deeper
in the mechanistic explanation of a potential prooxidant
action in vivo [191, 192].

6.3. Radiation Therapy. The ability of ionizing radiation to
counteract proliferation of cancer cells is well explained
[193–195] and widely used in clinical practice. In the last
decades, there has been an extensive effort to understand
the physical and molecular cellular response that follow the
exposure to ionizing radiation. It is well recognized that dam-
age to DNA operated by generation of radicals that indirectly
cause DNA double-strand beaks (DSBs) is the most severe
kind of damage induced by this prooxidant physical agent
[196, 197]. These lesions are promptly repaired, as the results
of the rapid activation of DSB damage repair mechanism,
most importantly nonhomologous end joining or homolo-
gous recombination and the execution of a complex and
finely tuned sequelae of those cellular signaling pathways
belonging to the DNA damage response (DDR) [194, 198].
These responses span from posttranslational modifications
and/or differential gene expression of proteins to start cell
cycle reprogramming (e.g., radiation-induced arrest) or to
execute cell death by mitotic catastrophe, apoptosis, autoph-
agy, or induction of senescence [194, 195, 198].

Radiotherapy plays a key role in cancer treatment, so that
almost 40% of cancer patients have been treated with this
approach at least once [199]. In the last 2 decades, several
technological advancements, like intensity-modulated radio-
therapy (IMRT), image-guided radiotherapy (IGRT), and
stereotactic radiotherapy (SRT), were put in place to address
the need to reach that level of precision required to take
advantage from radiation prooxidant activity avoiding, as
much as possible, the side effects in terms of oxidative
stress-induced cellular damage on healthy cells and tissues.

7. Conclusions

Oxidative stress and free radicals are generally known to be
detrimental to human health. A large amount of studies
demonstrates that in fact free radicals contribute to initiation
and progression of several pathologies, ranging from CVD
to cancer.

Antioxidants, as class of compounds able to counteract
oxidative stress and mitigate its effects on individuals’ health,
gained enormous attention from the biomedical research
community, because these compounds not only showed a
good degree of efficacy in terms of disease prevention and/
or treatment but also because of the general perception that
they are free from important side effects. If it is true that

antioxidants can be very useful in preventing, managing, or
treating human pathologies, it is true as well that they are
not immune to generating adverse effects. On the other hand,
some prooxidant compounds or agents can be as well useful
to human health, particularly regarding cancer treatment.

We can reach to the conclusion that oxidative stress, as
phenomenon, although being one of the major harms to
individuals’ wellness and health, it can also be exploited as
a treatment tool when and if we will be able to operate a fine
tuning of this process inside human organism.
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