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In the article titled “Antioxidant and Anti-Inflammatory
Properties of Anthocyanins Extracted from Oryza sativa
L. in Primary Dermal Fibroblasts” [1], the Western Blots
in Figure 8(a) were duplicated in Figure 8(c) during the
production process. The correct Figure 8(c) is shown below.
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FIGURE 8
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Age-related macular degeneration (AMD) is a common cause of visual impairment in the elderly. There are very limited
therapeutic options for AMD with the predominant therapies targeting vascular endothelial growth factor (VEGF) in the retina
of patients afflicted with wet AMD. Hence, it is important to remind readers, especially those interested in AMD, about current
studies that may help to develop novel therapies for other stages of AMD. This study, therefore, provides a comprehensive
review of studies on human specimens as well as rodent models of the disease, to identify and analyze the molecular
mechanisms behind AMD development and progression. The evaluation of this information highlights the central role that
oxidative damage in the retina plays in contributing to major pathways, including inflammation and angiogenesis, found in the
AMD phenotype. Following on the debate of oxidative stress as the earliest injury in the AMD pathogenesis, we demonstrated
how the targeting of oxidative stress-associated pathways, such as autophagy and nuclear factor erythroid 2-related factor 2
(Nrf2) signaling, might be the futuristic direction to explore in the search of an effective treatment for AMD, as the
dysregulation of these mechanisms is crucial to oxidative injury in the retina. In addition, animal models of AMD have been
discussed in great detail, with their strengths and pitfalls included, to assist inform in the selection of suitable models for

investigating any of the molecular mechanisms.

1. Introduction

Age-related macular degeneration (AMD) is a neurodegener-
ative disease that affects the central retina of an aging eye,
resulting in a progressive loss of vision and a common cause
of visual impairment and disability in the aging population
[1]. The global burden of AMD is estimated at 8.7% and
dry AMD accounts for approximately 90% of the total
number of people with this vision-threatening condition
[2]. Currently, anti-vascular endothelial growth factor (anti-
VEGF) therapy is approved only for the treatment of the
wet form of AMD and involves the inhibition of VEGF from
binding to VEGF receptors in the retina. The search for an
effective treatment for dry AMD is still ongoing and depends
on the understanding of the sequence of molecular mecha-
nisms that are involved in the pathogenesis of this eye disease.

Studies in human populations and donor eyes from
AMD patients have provided significant insight into the
understanding of the pathogenesis of AMD. Evidence indi-
cates that AMD is a multifactorial disease, having both
genetic and environmental risk factors [3]. The risk of
AMD is greater in persons with a family history of the disease
than those without [4]. Observational studies have identified
major environmental risk factors such as cigarette smoking,
obesity, nutritional factors, and alcoholism [3]. However,
investigation of the pathogenesis of AMD is limited by the
inability to study the molecular mechanisms involved as they
might have happened long before the diagnosis of the con-
dition. Also, it is challenging to study this condition
because of the complex nature of AMD which may arise
from interactions among those risk factors involved. Hence,
the use of animal models of retinal degeneration under
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controlled conditions in studying AMD provides crucial
insight into the disease. In addition, the inducement of ret-
inal degeneration in animals takes a relatively shorter time
and provides prompt information than studying AMD in
humans. As a result, studies on animal models have played
a pivotal role in the preclinical evaluations of interventions,
such as anti-VEGF treatments in neovascular AMD, before
trials P of such treatments in human [5].

Experimental models of AMD have been established in
many species including drosophila, mice, rats, guinea pigs,
and monkeys. While the primate models may be preferable
due to their similarities in retina structure and drusen forma-
tion and composition with humans [6], the longer time
required for inducement and challenge in breeding them make
the murine models much preferred for studying AMD because
of lower cost, faster disease progression, and ease of genetic
engineering. However, no existing animal model yet fully reca-
pitulates the retinal changes found in human AMD. Notwith-
standing, the rodent (murine) models show retinal changes
including subretinal deposits, thickening of the Bruch’s
membrane (BrM), loss of retinal pigment epithelium
(RPE) and photoreceptors, and choroidal neovascularization
(CNV), which are the characteristics of AMD [7].

The objective of this review was to evaluate evidence in
support of the involvement of oxidative stress, inflamma-
tion, dysregulated lipid metabolism, and dysregulated
angiogenesis in the pathogenesis of AMD, relying on the
information from human studies and existing animal
models of AMD, to help illustrate the roles of these mech-
anisms. The strengths and pitfalls of each animal model
were reviewed to assist inform in the selection of suitable
models for investigating any of the molecular mecha-
nisms. We demonstrated the primary role that oxidative
stress may play in triggering each of the mechanisms
and illustrated why the targeting of mechanisms including
autophagy, Nrf2, and lipid metabolism in the retina
might be the futuristic research direction to explore in
the search of treatment for a AMD.

1.1. Overview of AMD Pathobiology. The histopathology of
the AMD retina reveals that this ocular disease is charac-
terized by localized destruction of the retinal layers at
the macular region. Retinal changes observed in the
AMD eyes are varied and include (1) loss of the RPE
and photoreceptor layer, (2) accumulation of lipids and
protein deposits beneath the RPE or in the BrM, and (3)
choriocapillaris dropout, CNV, and disciform scarring [8,
9]. In addition to these is inflammation response through
the recruitment of macrophages and microglia, and com-
plement activation [10, 11].

Although controversial, most studies have proposed the
RPE as the primary site of injury in AMD [8, 12]. The RPE
in situ performs several functions to maintain retinal homeo-
stasis, some of which include (1) regulating the transport of
nutrients and metabolites, (2) absorption of light, (3) recy-
cling of the retinal visual pigment for the continuity of
phototransduction, and (4) phagocytosis of shed photorecep-
tor outer segments. Experimental data support that a mal-
function of the RPE leads to retinal degeneration in animal
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models [13]. One of the early molecular event believed to
be associated with RPE malfunction in AMD is the age-
related accumulation of lipofuscin, a remnant from poorly
degraded phagocytosed photoreceptor outer segments [14,
15]. Lipofuscin in the RPE may contribute to oxidative dam-
age through the generation of free radicals, as well as inhibi-
tion of phagocytotic degradation of damaged biomolecules
and organelles [16-19].

Adjacent to the RPE pathological changes in AMD eyes
are extracellular deposits, which include the basal lamina
deposit, basal linear deposits, and drusen. Drusen and other
basal deposits in the BrM are important risk factors in the
development of AMD [20]. Generally, two processes are
believed to contribute in the formation of the subretinal
lipid/protein deposits: (1) inefficient RPE metabolism, ineffi-
cient degradation of substrate, and/or damaged RPE cells
give rise to debris, and (2) local chronic inflammation due
to complement activation as activated microglia are recruited
to the site of debris [6, 11, 21, 22]. Apart from the immuno-
genic properties, these lipid deposits become easily oxidized
contributing to oxidative stress [23, 24]. In addition, the
BrM serves as a semipermeable membrane facilitating the
diffusion of nutrients and metabolites between the outer ret-
ina and the choriocapillaris; hence, accumulation of deposits
within the BrM impairs the transportation of molecules
and lead to damage of the RPE and photoreceptor layers
[24, 25]. While pathological changes in the RPE may be
widely accepted to be the earliest damage in AMD, it was
argued by some researchers that the pathophysiology in
AMD may differ between the dry AMD and wet AMD
[9, 26]. Mcleod and coworkers reported that in dry AMD,
regions of complete RPE atrophy in the AMD retina preceded
the adjacent areas of loss in the choriocapillaris, indicating the
RPE as the primary site of insult. In contrast, they observed
that in wet AMD or choroidal neovascularization (CNV),
choriocapillaris loss preceded RPE atrophy, implicating the
choriocapillaris as the focus of injury in wet AMD, which in
turn could induce hypoxia in the adjacent RPE, upregulating
vascular endothelial growth factor (VEGF), and promoting
CNV [9].

2. Molecular Mechanisms and Models of AMD

Evidence suggests that AMD is a complex disease having
multiple risk factors and molecular mechanisms. The studies
on experimental models of AMD suggest that these molecu-
lar mechanisms involved in AMD could be categorized
broadly into (1) oxidative stress-mediated [27, 28], (2)
dysregulated antioxidant mechanisms, (3) inflammation
[29, 30], (4) dysregulated lipid metabolism [31-33], and
(5) dysregulated angiogenesis [34, 35]. This review focuses
on recent developments that explain each of these mecha-
nisms in AMD and in particular describes the various
murine models employed in these studies.

3. Oxidative Stress and AMD

Oxidative stress appears to be central in the development of
AMD due to its relationship with other molecular
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mechanisms found in AMD. Generally, oxidative stress is
characterized by increased levels of reactive oxygen species
(ROS) resulting in the damage or modification of cellular
proteins, lipids, and DNA, thereby impairing their physiolog-
ical roles [36]. Several physiologic conditions favor the gen-
eration of ROS and oxidative stress in the retina, which
includes higher oxygen metabolism, higher polyunsatu-
rated fatty acid content (PFA), and presence of photosensi-
tive molecules (rhodopsin and lipofuscin) and retinal
illumination [28].

A huge body of literature supports the involvement of
oxidative stress in AMD. Blood serum from AMD subjects
showed increased levels of oxidative stress indicated by
increased levels of malondialdehyde (MDA), protein car-
bonyls, and 8-hydroxy-2-deoxyguanosine (8-OHdG) com-
pared to normal non-AMD cohorts [37], thus suggesting
that systemic oxidative stress is related to AMD [37]. Con-
currently, studies have shown increased oxidative stress in
the retina from donors’ eyes with AMD [38-41]. Cultured
RPE cells from AMD donors’ eyes revealed higher ROS
production and malfunctioning of the mitochondria [41].
Oxidative damage to mitochondrial and nuclear DNAs was
observed in the RPE of AMD subjects [39, 42]. Donor eyes
with AMD showed a higher level of the carboxyethylpyrrole
(CEP) in the BrM compared to normal eyes [43]. CEP is a
lipid peroxidation product formed from docosahexaenoic
acid (DHA) under oxidative stress [44]. Since the photore-
ceptor outer segments are largely composed of DHA [45],
the relative increase of CEP in the BrM from donor’s eyes
with AMD could suggest increased vulnerability to oxidative
damage and/or greater exposure to oxidative stress compared
to the non-AMD retina. Also, an accumulation of damaged
proteins and impairment of autophagy, which is a proteolytic
mechanism of efficient antioxidant capability, were observed
in AMD [46]. In addition, the finding of cigarette smoking as
a major risk factor of AMD in most epidemiological studies
emphasized the crucial role of oxidative stress in the develop-
ment of this retinal disease [47, 48]. The relationship between
cigarette smoking and AMD has been demonstrated experi-
mentally in vitro and in wild-type mice and was shown to
be directly linked to the oxidants in cigarette smoke [49,
50]. The cigarette smoke extract (CSE) was observed to
increase lipid peroxidation by 8-fold in RPE [51]. Investigat-
ing the neuroprotection of antioxidants in the development
of AMD may be helpful to further entrench the significant
role of oxidative stress in AMD as existing literature is incon-
clusive [52, 53]. Next, we provide a comprehensive review of
the animal models to provide insight into the involvement of
oxidative stress in the development of AMD.

3.1. Cigarette Smoke Model. The exposure of mice to cigarette
smoke is an important way to investigate the role of oxidative
stress in AMD because cigarette smoking is the most signifi-
cant modifiable risk factor in AMD [47, 54]. Cigarette smoke
contains several potent oxidants, including hydroquinone
(HQ), nicotine, and cadmium [55, 56]. This animal model
has helped to understand possible molecular events that
might lead to AMD. HQ upon entry into the circulation
through the lungs diffuses into cells and affects the mito-

chondria, resulting in the overproduction of superoxide
anion and damage to mitochondrial membranes [49].
Leakage of superoxide into the cytoplasm generates ROS,
which mediates protein oxidation and lipid peroxidation. In
addition, complement activation was found in the cigarette-
smoke-mediated retinal degeneration [51, 57].

Espinosa-Heidmann and colleagues demonstrated that
HQ from cigarette smoke could cause subretinal deposits, a
hallmark of AMD [49]. The protocol for inducement
normally involves repeated daily exposure of adult mice to
cigarette smoke pumped into sealed chambers for a certain
time period of the day. Exposed mice showed elevated serum
HQ levels and oxidative stress accompanied by retinal
changes including BrM deposits and thickening, inflamma-
tion, and choroidal neovascularization [49, 50, 58]. This
rodent model shows that oxidative stress could induce other
molecular mechanisms to generate the AMD phenotype. The
severity of the retinal degeneration was shown to depend on
the length of exposure. In a study where mice were exposed
to cigarette smoke for 2 hours daily for 4.5 months, there
was less damage to the RPE compared to the result from
another study which used a 5 hr daily exposure for 6 months
[49, 58]. The extended exposure time to cigarette smoke led
to apoptosis of the RPE [58].

3.2. Light-Induced Model. The damaging effect of light on the
retina has been studied and reported to affect mainly the
outer retina and RPE [59-61]. Intense retinal illumination
has been associated with a reduction in the thickness of the
outer nuclear layer and accumulation of deposits within the
RPE [62]. Most studies of retinal damage by light have used
the BALB/c mice or SD rats, known for their genetic suscep-
tibility to light. Recently, a novel protocol by which retinal
degeneration could be induced in the commonly available
C57BL/6] mice was described [63]. The wide use of the
light-induced retinal degeneration model for studying
AMD is because it offers advantages such as synchronized
photoreceptor death occurring with light exposure and is
easy to induce within a short time [64]. Also, this model
offers the possibility to vary the severity through manipula-
tion of light intensity and duration, and more importantly
because light is a natural risk factor involved in many retinal
diseases [62].

One of the mechanisms accounting for the retinal damage
is due to the interaction between light and photosensitive mol-
ecules such as rhodopsin and lipofuscin [59, 65]. The activa-
tion of rhodopsin coupled with another cascade of events in
the phototransduction process has been associated with pho-
toreceptor cell death [64, 65]. It is likely that such a rhodopsin-
mediated mechanism is related to oxidative stress because
antioxidant interventions have been found to preserve photo-
receptors [66-68]. In addition, light causes the formation of
lipid peroxidation from the DHA content of the rods” outer
segment membranes [69, 70]. The first light-induced model
of retinal degeneration was demonstrated by Noell et al. in
albino rats [71]. Since then, several researchers have used sim-
ilar protocols that differ with respect to the presence of genetic
susceptibility of the animal, intensity, wavelength, and dura-
tion of light exposure [72-74]. Shorter wavelengths closer to



the blue region of the electromagnetic spectrum have been
found to have the highest risk for retinal degeneration com-
pared to the longer wavelengths [59]. The susceptibility to ret-
inal damage by the blue light is due to the increased generation
of ROS by the photoactivated pigments rhodopsin and lipo-
fuscin in response to this specific range of the electromagnetic
spectrum [75, 76].

3.3. Carboxyethylpyrrole Immunization Model. The carbox-
yethylpyrrole (CEP) model elucidates the mechanism by
which oxidative damage to cellular molecules including lipids
and proteins could result in inflammation and retinal
degeneration. CEP-modified protein adduct is generated
by oxidative damage to DHA with subsequent reaction
with the lysine moiety of adjacent proteins. CEP protein
adducts found in AMD are immunogenic, inducing autoan-
tibody production and inflammation in the retina [43, 77].
The immunization of mice with CEP-modified mouse serum
albumin (CEP-MSA) induced antibodies against CEP and
led to inflammatory responses such as the deposit of comple-
ment component-3 in BrM and macrophage infiltration [78].
Retinal changes observed after 12-14 months of single immu-
nization included loss of RPE, drusen formation, and thick-
ening of the BrM. These retinal degenerative changes could
be induced within a shorter duration (i.e., 2-3 months) in
mice through repeated immunization. This model may be
useful in investigating mechanisms by which oxidative stress
may mediate inflammation in AMD. Based on the outcome
of the cigarette smoke, light damage, and CEP immunization
in mouse’s retina, the pathways by which oxidative stress
may lead to AMD have been described (Figure 1).

4. Dysregulated Antioxidant Mechanisms
and AMD

Antioxidants and other antioxidant-related mechanisms
play important roles in reducing oxidative stress. Antioxi-
dants are intracellular molecules that scavenge reactive oxy-
gen species (ROS) and enzymes which degrade superoxides
and hydroperoxides, protecting against oxidative stress [79].
Vitamins (A, C, and E) and carotenoids (lutein and
zeaxanthin) are potent and effective antioxidants essential
in retinal function. Carotenoids, in particular, zeaxanthin,
are found in the central retina constituting the macular pig-
ment shown to be protective against light-induced oxidative
damage through absorption of the near-blue wavelength of
light [80]. Vitamin E (a-tocopherol) may protect the retina
from oxidative damage by acting as a scavenger of lipid per-
oxyl radicals [81]. Studies have shown that increased antiox-
idants in diet or serum could be protective against AMD
progression. According to a longitudinal clinical study,
dietary intake of antioxidant/zinc was found to reduce the
risk of early AMD in a highly susceptible population due to
genetic polymorphisms of complement factor H (CFH)
Y402H and LOC387715 A69S [82]. Although some studies
found no protective effect of antioxidants against early
AMD [83], there is little controversy over its protective role
in late AMD [84]. Also, experimental studies in monkeys
have found that the consumption of antioxidant-deficient
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F1GURE 1: Molecular mechanism in oxidative stress-induced retinal
degeneration in mice. ROS levels increase in the retina following
(1) exposure to the cigarette smoke prooxidant, hydroquinone (HQ),
causing mitochondrial damage in the RPE, and (2) retinal
illumination resulting in the photoactivation of rhodopsin. A chain of
reactions results in the formation of the carboxyethylpyrrole (CEP)
from the docosahexaenoic acid (DHA), a polyunsaturated fatty acid
content (PFA) constituent in the retina. CEP is immunogenic,
leading to an inflammatory response.

diet (vitamins A and E, and B carotene deficiencies) was
associated with photoreceptor degeneration and lipofuscin
accumulation in the RPE [85, 86].

In addition to the antioxidants, autophagy and nuclear
factor erythroid 2-related factor 2 (Nrf2) and their associated
antioxidant enzymes have been found to be highly beneficial
for retinal survival under both normal and adverse condi-
tions [87, 88]. Autophagy is a cellular recycling mechanism
possessing efficient antioxidant properties and protective
against neurodegenerative diseases [87]. An age-related
upregulation of autophagy occurs in the retina of non-
AMD donors and mice, indicated by an increase in the
number of the autophagosome, autophagy-related proteins,
and autophagy flux [46]. In contrast, donor eyes with AMD
showed a decline in autophagy, suggesting it may be involved
in the disease [46, 89]. One master regulator of the cellular
antioxidant mechanism is Nrf2, a transcription factor that
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regulates the production of antioxidant enzymes against oxi-
dative stress. Under quiescent conditions, Nrf2 is bound to
Kelch-like ECH-associated protein 1 (Keapl) in the cytosol,
inactive, and predestined for degradation by the ubiquitin-
proteasome pathway [90]. However, Nrf2 dissociates from
Keapl under oxidative stress resulting in its upregulation
and translocation into the nucleus. This leads to the upregu-
lation of several antioxidant genes and enzymes including
heme oxygenase 1 (HO-1), NAD(P)H-quinone oxidoreduc-
tase (NQOL1), glutathione S-transferase (GST), superoxide
dismutase (SOD), ferritin, and glutathione reductase. SOD
is a ubiquitous family of enzymes present in all oxygen-
metabolizing cells. It constitutes the first line of defense
against superoxide radical (O,7) and other ROS [91]. The
O, radical is a highly potent oxidative agent because each
free radical rapidly gains three electrons to rebalance itself,
unlike other ROS. Also, O, could generate other ROS, par-
ticularly hydrogen peroxide and hydroxyl radicals.

In the retina, Cu-Zn (SOD1), Mn-SOD (SOD?2), and Fe-
SOD (SOD3) are found in the cytosol, mitochondrial matrix,
and tissue extracellular space, respectively [92]. Mouse
models of retinal degeneration induced by compromising
the antioxidant mechanisms provide a platform to under-
stand the role of oxidative stress in AMD.

4.1. Autophagy Deficiency Models. The protective role of
autophagy against AMD has been demonstrated in vivo
through the impairment of autophagy to observe any conse-
quential changes in the retina [89, 93]. Yao and colleagues
found that the deletion of the RPE gene encoding RB1CCl
(inducible coiled-coil 1) inhibited autophagy in mouse’s
RPE and accompanied by age-dependent retinal changes
including RPE atrophy, microglial infiltration, sub-RPE
deposits, and CNV. Subsequently, photoreceptors degener-
ated and loss of retinal functions occurred [89]. Similar
results were observed in mouse’s retina following the deletion
of RPE-specific Atg5 and Atg7 [93]. Mice aged 8 months old
developed retinal signs of early AMD such as abnormal RPE
thickness and photoreceptor degeneration [93]. This occur-
rence of oxidative damage in the retina following the inhibi-
tion of autophagy is an indication that autophagy could be an
important antioxidant mechanism in the retina. In addition,
impairment of autophagy is shown to induce inflammation
through the recruitment of inflammasome-activated macro-
phages [94]. Liu and coworkers showed that impairing
autophagy in the eyes of mice via intravitreal injection of
wortmannin, an autophagy inhibitor that irreversibly inhibits
class ITI PI3-Kinasel2, transiently reduced autophagy activity
for one week and led to photoreceptor and RPE death by
apoptosis [94]. These findings support the involvement of
autophagy in the maintenance of normal homeostasis in
the aging retina, and its impairment may play a role in aging
retinal degeneration.

4.2. Nrf2 Deficiency Model. Retinal degenerative changes,
the presence of hard and soft drusen and RPE atrophy,
are observed in adult Nrf2 knockout mice by fundus exami-
nation [95]. Retinal function assessment revealed a decline
in the a-wave and b-wave amplitudes in electroretinograms

(ERGs). Microscopic examination of their retinas showed
thickening of the BrM and sub-RPE deposits comprising
complement components C3d and vitronectin, which are
indicators of complement pathway activation. In some eyes,
CNV lesions and loss of photoreceptors were also observed.
The age-dependent retinal damage occurring in Nrf2-
deficient mice elucidates the importance of dysregulated
antioxidant mechanisms and oxidative stress in the develop-
ment of AMD. According to Zhao and coworkers, there was
additional downregulation of autophagy in the Nrf2-
deficient mice, which they described as an increase in autop-
hagosome and autolysosome and accumulation of oxida-
tively damaged protein aggregates and organelles [95].
However, the impact of Nrf2 deficiency on autophagy inhibi-
tion may require further investigation to be established
since increased autophagosome and autolysosome could
as well be indications of upregulated autophagy when the
stage of binding to these to the lysosomes is uncompro-
mised [96, 97]. Even though this Nrf2 deficiency model
may be helpful in addressing some questions in AMD,
its use is limited by the fact that the role of Nrf2 in
AMD remains unclear. It is yet to be demonstrated whether
Nrf2 is differentially expressed in AMD donor eyes com-
pared to normal healthy eyes. However, recent experimental
data in mice have also supported the association between
Nrf2 deficiency and AMD, as it was found that the Nrf2
mRNA expression under oxidative stress was impaired in
the RPE of aged mice compared to younger mice, thus
making this association probable in humans [98].

4.3. SOD Deficiency Model. The retinal changes occurring in
SOD1- and SOD2 knockout mice emphasize a major role
of oxidative stress in the pathogenesis of AMD. Sod1™'~ aged
10 months or older developed retinal drusen, thickened BrM,
and CNV. In addition, degenerative changes were found in
the RPE and photoreceptors of some mice [99]. Sandbach
and colleagues demonstrated that the deficiency in SOD2
expression was associated with an increased mitochondrial
ROS production [100]. SOD2 deficiency is lethal, and
SOD2 knockout mice die within one week from systemic
abnormalities related to oxidative damage [101, 102]. Hence,
to study retinal changes arising due to SOD2 deficiency, these
mice were treated with the SOD2 mimetic, manganese
5,10,15,20-tetrakis (4-benzoic acid) porphyrin (MnTBAP),
which extended their lifespan to 3 weeks. MnTBAP-treated
SOD?2 knockout mice showed thinning of the inner retinal
layer and photoreceptor layer compared to wild type. No
change was observed in the RPE and BrM. Perhaps, either
the short lifespan of SOD2 knockout mice does not allow suf-
ficient time for additional age-related retinal abnormalities to
develop or the MnTBAP treatment for the SOD2 knockout
mice have protective properties.

Also, other researchers investigated retinal damage
occurring in SOD2 deficiency using a gene therapy approach
to overcome the problem of lethality with SOD2 knockout
mice [103]. The adeno-associated virus (AAV) expressing
a ribozyme gene (Rz432) was administered by subretinal
injection into the eyes of adult C57BL/6 mice to target the
RPE and knockdown SOD2 expression in adult mice [104].



Eyes treated with Rz432 had reduced SOD2 proteins and
increased oxidative damage. At 4 months posttreatment, ret-
inal changes typical of human AMD such as the loss of a- and
b-waves amplitudes of ERG, accumulation of oxidized pro-
teins in RPE and degeneration, thickening of BrM, apoptotic
photoreceptor death, and increased deposit of A2E, the lipo-
fuscin fluorophore, were observed in most treated eyes [103].
However, the role of SOD in human AMD remains uncertain
since an earlier genetic study reporting an association
between SOD polymorphism and AMD [105] has recently
been challenged [106]. Also, results from a previous study
investigating SOD enzyme levels in RPE from donor’s eyes
with or without macular degeneration found no significant
correlations between SOD and aging or macular degenera-
tion [107], making this mechanism only speculative.

4.4. a-Tocopherol Deficiency Model. a-Tocopherol (vitamin E)
is a potent fat-soluble antioxidant known for its role as a
scavenger of lipid peroxyl radicals. The physiological role
of a-tocopherol in the body is evident from systemic condi-
tions such as neurological dysfunction, myopathies, and
diminished erythrocyte lifespan associated with its defi-
ciency. Following absorption, a-tocopherol is transported
to parenchymal cells of the liver for storage [108]. The serum
concentration of a-tocopherol is regulated by a-tocopherol
transfer protein (a-TTP) which is involved in its transport
from the liver to other body organs [109]. Mutations in
the gene encoding a-TTP are linked to ataxia with isolated
vitamin E deficiency [109, 110].

Since the retina has a rich lipid content, it was thought
that a-tocopherol could have an impact. Therefore, to
investigate the protective effect of vitamin E on oxidative
stress, a-TTP knockout mice were generated and fed vitamin
E-deficient diet [111]. There was increased lipid peroxidation
and degeneration of neurons, and a-TTP-deficient mice
showed changes in retinal function indicated by attenuation
in a- and b-waves in ERG at 12 months, as well as loss of
outer and inner segments of photoreceptors by 20 months.
This outcome shows that a-tocopherol is a potent antioxi-
dant in the retina protective against oxidative stress-related
retinal degeneration. However, long-term clinical trials
investigating the neuroprotection of vitamin E supplement
intake on the development or progression of AMD have
consistently found no significant clinical effect [112, 113].
The fact that vitamin E deficiency in humans is rare and
often found in isolated cases of abnormal dietary fat
absorption or metabolism, instead of a diet low in vitamin
E [114, 115], may explain why the intake of it as a supple-
ment may not be of additional benefit in persons with
AMD having normal metabolism.

5. Inflammation and AMD

Numerous reports have discussed the roles of inflammation
in AMD pathogenesis extensively [30, 116]. Analysis of dru-
sen from donated eyes with AMD revealed the presence of
complement components C3 and C5 and membrane-attack
complex (MAC), suggesting the activation of the comple-
ment pathways. In addition, negative regulators of the com-
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plement pathways, including vitronectin and clusterin, were
also found in drusen [22, 29, 43, 117]. Activation of the com-
plement system causes proinflammatory responses such as
the production of MAC, leading to cell lysis and release of
chemokines to mediate recruitment of inflammatory cells
including microglia and macrophages [29, 118]. The role of
inflammation in the pathogenesis of AMD is solidified by
genetic studies showing that the Y402H polymorphism of
the complement factor H (CFH), a soluble glycoprotein regu-
lating complement activation, is found in more than half of
AMD cases and that the presence of this polymorphism is
associated with a higher risk of this disease [119-122].
Other indicators of inflammation in AMD are the pres-
ence of chemokines and the accumulation of immune cells
such as macrophages and microglia in the retina of AMD
subjects [123, 124]. Also, the ability to create animal
models of retinal degeneration through manipulation of
the immune response further highlights the importance of
inflammation in AMD. Various animal models supporting
inflammation in AMD are discussed in this review.

5.1. Chemokine Models. Chemokines and their G-protein-
coupled receptors contribute significantly to inflammation
in AMD. The role of chemokines in AMD is evident from
the increased infiltration of activated macrophages and
microglia in the milieu of drusen and atrophic lesions
[117, 123]. The enhanced recruitment of these immune cells
is due to the differential expressions of chemokines and its
receptors in AMD [125, 126]. Chemokines are grouped into
four families depending on their conserved cysteine residues:
CXC, CX3C, CC, and C [127, 128]. CCL2/CCR2 and
CX3CL1/CX3CR1, which are ligand/receptor pairs, have
been implicated in macrophages and microglia recruitment,
respectively, in AMD [129].

5.1.1. Ccl2”" or Ccr2”" Mouse Model. This model presumed
that the recruitment of macrophages into the retina was
protective. Ambati et al. showed that knocking out Ccl2/Ccr2,
a chemokine receptor expressed by macrophages and its
binding molecule, respectively, in mice led to the inhibition
of macrophage recruitment and retinal degeneration. Signs
of retinal degeneration found in the adult (16 months and
older) mouse retina were drusen, lipofuscin, thickening of
the BrM and geographic atrophy, or CNV [130]. These
findings, however, have been challenged by others who dem-
onstrated that Ccl2”" or Ccr2”” mice showed no change in
the thickness of either the BrM or RPE, as well as the photo-
receptors [131, 132]. Intriguingly, the same controversy on
the involvement of CCR2/CCL2 in AMD is found in studies
using human participants too. A case-control study of the
association between CCL2/CCR2 polymorphisms and AMD
showed no significant association between these genes and
AMD [133]. Furthermore, quantitative PCR reactions evalu-
ating the expression of these genes in laser-dissected RPE
from 13 AMD donor eyes and 13 control eyes found no sig-
nificant difference in the expression of these genes between
normal subjects and those with AMD. Controversially,
another case-control study with relatively fewer subjects sub-
sequently reported a significant difference in the genotype
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and allele frequency for CCL2/CCR2 between AMD and nor-
mal controls and concluded that individuals possessing both
single nucleotide polymorphisms (SNPs) were at a higher
risk of developing AMD [134]. More recently, the demon-
stration that different functional macrophage subtypes may
exist (either protective or injurious) may help to resolve the
controversy [135]. Mice given an intravitreal injection of
M2 macrophages, a subtype accumulating in wet AMD, dis-
played exacerbated CNV lesions while mice injected with M1
macrophages displayed ameliorated CNV lesions [135]. The
exact role of macrophages and their receptor-ligand pairs
(CCR2/CCL2) in AMD require further investigation.

5.1.2. Cx3crl”” Mouse Model. Contrary to the proposal that
infiltration of macrophages into the retina is protective, the
Cx3crl”” mouse model suggests an accumulation of microg-
lia, central nervous system (CNS)-resident macrophages, in
the retina is harmful [136]. An in vitro study showed that
microglial cells induced the death of photoreceptor cells
[137]. Microglia are the first and main form of active immune
defense in the CNS [138]. Combadiere and colleagues dem-
onstrated that Cx3crI”” mice had impaired microglial egress
from the retina, resulting in its accumulation [136]. The
Cx3crI”” mice developed sub-RPE deposits, photoreceptor
degeneration, and CNV. Recently, a meta-analysis of findings
from five long-term studies suggested no association between
common CX3CRI variants and AMD [139]. Again, no agree-
ment has been reached on the role of CX3CR1 in human
population studies.

5.1.3. CCL2"/CX3CRI"" Double Knockout Model. The
Ccl2”/Cx3crl”” double knockout murine model was
employed to overcome the shortcomings of the longer average
time taken for either Ccl2™'~ or Cx3crl™'~ single knockout
mice to express AMD phenotype. The researchers reported
success in the creation of a murine model that took between
4 and 6 weeks to exhibit visible drusen-like lesions, as
well as histological signs of AMD including thickening
of BrM, localized hypopigmentation, and degeneration of
RPE, and photoreceptor atrophy [140, 141]. CNV was
also observed in some of the mice. In addition, there was an
increased deposit of lipofuscin granules and its component
N-retinylidene-N-retinylethanolamine (A2E) in the retina
of the mice. Also, signs of active inflammation were found
in the double knockout mouse model, including complement
C3, macrophages, and activated microglia [142]. However,
the reproducibility of this murine AMD model is doubtful
as works by others have challenged that there could be some
other genetic mutation in the breeding pair of mice used
[129]. Assuming that the outcomes reported in the different
chemokine models were valid, then inflammation may be
crucial in the development of CNV and AMD.

5.2. Complement Activation Models. Even though several
reports pointed to activation of the complement pathways in
the AMD retina [22, 117], the discovery that polymorphisms
in the gene for CFH were associated with greater susceptibility
to AMD demonstrates the contribution of this mechanism to
the pathogenesis of this disease [119-122]. One of the reasons

for the susceptibility of the Y402H polymorphism of CHF in
AMD is that the impaired binding of CFH to the BrM results
in unregulated complement activation and chronic local
inflammation [143]. CFH regulates the complement system
by inhibition of the alternative pathway through direct inacti-
vation of C3b or binding to C3b, ultimately inhibiting the syn-
thesis of C3 convertase [144]. Depletion of C3 convertase is
necessary otherwise it could lead to MAC formation causing
lysis of RPE. CFH reaches the retina mainly by circulation,
although some amount is also synthesized by the RPE [145,
146]. Apart from the CFH gene, polymorphisms in C3 have
also been found to be associated with increased susceptibility
to AMD [147, 148]. Meanwhile, polymorphisms in comple-
ment factor B and complement components 2 (C2) have been
found to be protective against AMD [149, 150].

5.2.1. Models of Complement Factor H Deficiency. The role of
CFH in inflammation and AMD is supported by the retinal
degenerative changes observed in the Cfh”" mice and Cfh*"
mice. Older surviving Cfh-/- mice developed characteristic
AMD signs including visual functions and the accumulation
of subretinal deposits [151, 152]. Similarly, adult Cfh+/- mice
fed on a high cholesterol diet developed similar functional
and structural changes [152]. These models elucidated the
pathophysiological roles of CFH in the retina. The increased
sub-RPE deposits in the Cfi*’" and Cfi”" mice were due to
the competition between CFH and lipoprotein for binding
to the BrM. Cfi*™"" and Cfh”" mice, having a deficiency in
CFH expression, had lipoprotein accumulation in the BrM
forming sub-RPE deposits. They further demonstrated that
the Cfh*" mice showed dysregulated activation of comple-
ment in the BrM causing inflammation. However, a systemic
difference exists between Cfh”’~ mice and CFH polymor-
phism. CFH knockout mice have decreased plasma C3 con-
centration, unlike CFH polymorphisms which do not
present with changes in C3 levels [151].

5.2.2. Humanized CFH Mice. This transgenic murine model
was developed to evaluate the importance of Y402H poly-
morphism in AMD. Obviously, a mouse model of AMD
based on the Y402H variants, the commonest genetic risk
factor found in AMD, would help elucidate the pathological
mechanisms of this human disease. To create the Y402H
CFH transgenic mouse, zygotes from wild-type mice were
injected with plasmids containing Y402H variants of human
CFH to substitute the mouse Cfh [153]. Matured transgenic
mice aged 12 to 14 months showed drusen-like deposits in
the central retina. There was an accumulation of macrophage
and microglia, basal laminar deposits, and lipofuscin gran-
ules in the retina of these mice. In addition, there were signs
of complement activation and inflammation in the retina.
The inflammation may be brought about by the reduction
in the affinity of CFH to bind to MDA, a lipid peroxidation
product arising from oxidative stress in the retina. As such,
the free MDA molecules could bind and activate macro-
phages resulting in inflammation [154]. It is possible that
the Y402H polymorphisms lessen the efficiency of CFH to
deal with oxidative stress making the aging retina vulnerable
to AMD. However, there are conflicting results on the



suitability of the humanized CFH mice as a model of AMD.
Ding et al. generated humanized CFH mice by crossing
transgenic mice having a full-length human CFH bacterial
artificial chromosomes with Cﬂz” ~ mice [144]. Normal reti-
nal morphology and function were preserved in those
humanized CFH mice. In fact, even in humans, not all
Y402H variants develop AMD. How Y402H polymorphism
contributes to AMD remains to be examined.

5.2.3. C3-Overexpressing Mice. The retina from AMD eyes
has increased complement expression and activation com-
pared to normal eyes [117]. Therefore, to study whether
increased complement activation underlies AMD, adult
wild-type mice were administered subretinal injections of
murine C3-carrying recombinant adenovirus [155]. C3 is a
common converging point for the complement pathways,
and its breakdown into C3a and C3b initiates the final pro-
cess leading to the formation of MAC. Scotopic electroreti-
nography showed functional deficits in these exogenous
C3-overexpressing mice within 2 weeks. Histology and
immunohistochemistry revealed pathological signs including
RPE atrophy, loss of photoreceptor outer segments, reactive
gliosis, and retinal detachment. The deposition of MAC was
observed in the outer segments of photoreceptors. While this
model corroborates the role of the complement activation in
AMD, its challenge is dealing with the involvement of adeno-
viruses themselves in the retinal pathological changes. Other
than the surgical skill required, it could be a model of choice
for investigating therapeutic interventions targeting the com-
plement pathway due to the comparatively shorter duration
required for creating this model.

6. Dysregulated Lipid Metabolism and AMD

AMD is characterized by the accumulation of sub-RPE
deposits including drusen, basal linear, and basal laminar
deposits, which are largely composed of lipid [32, 156].
Another evidence supporting dysfunctional lipid metabolism
in AMD is based on the association between aging and the
accumulation of lipoproteins in the BrM. Lipoprotein accu-
mulation could lead to the formation of a lipid wall, impair-
ing the exchange of nutrients between choriocapillaris and
RPE across the BrM and compromising retinal functions
[156]. Interestingly, the location of this lipid wall is the same
as the sub-RPE deposits found in AMD; possibly, it might be
the precursor of these deposits. Lipoproteins found in the
retina are either produced locally by the RPE or come from
circulation [157]. Lipoproteins transport cholesterol across
the BrM to/from the RPE and photoreceptors. Apolipopro-
tein is the protein constituent found in lipoproteins. Other
evidence implicating dysfunctional lipid metabolism in
AMD comes from the association between apolipoproteins
and AMD [158]. APOE and APOB of low-density lipo-
proteins (LDL) facilitate lipid metabolism through binding
to specific receptors on the liver and other cells. APOE4
polymorphism is protective against AMD whereas APOE2
polymorphism is associated with the increased risk of
AMD [158, 159]. The protective role of APOE4 has been
linked to its increased receptor-binding affinity as compared
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with APOE2. Thus, APOE4 may facilitate greater lipid
metabolism due to its increased binding affinity to the liver,
the primary site of lipid metabolism. Others have also
reported that APOE4 is associated with higher macular pig-
ment optical density, which also might confer protection
against AMD [160]. Also, an association between atheroscle-
rosis and AMD has been reported [161]. Based on the fact
that increased serum cholesterol-lipoprotein is a hallmark
of atherosclerosis, then by extension, it implicates increased
cholesterol in AMD [162]. A direct association between
AMD and increased serum cholesterol has been supported
by a population-based study showing that higher serum
HDL concentration in aged persons doubled their risk of
developing AMD [163]. Also, the contribution of dysfunc-
tional lipid metabolism to AMD is upheld by the finding that
an intervention modulating lipid metabolism was effective in
managing AMD [164]. In this follow-up study of 23 subjects
diagnosed with AMD having large soft drusen, a high dose of
atorvastatin treatment resulted in a regression of the drusen
and vision gain in 10 patients. No subject progressed to
advanced neovascular AMD. In addition, the induction of
retinal degeneration in animals by the manipulation of
genotypes responsible for lipid metabolism further supports
the involvement of this mechanism in AMD.

6.1. Humanized Apolipoprotein and Apoe”” Mouse Models.
Researchers have demonstrated an association between dys-
functional lipid metabolism and AMD in mice through the
expression of variant apolipoproteins. It was shown that
adult humanized transgenic mice expressing one of the three
human APOE isoforms (APOE2, APOE3, OR APOE4) and
fed high-cholesterol-containing diets for 8 weeks developed
age-related retinal degenerative changes [165]. However,
the results sharply contrast the findings from human genome
studies which show that APOE4 is protective against AMD
[158, 166]. Also, other models such as Apoe’/ ~ mice, human-
ized APO*E3-Leiden mice, and humanized APOB100 mice
support a relationship between hypercholesterolemia and
AMD [33, 167, 168]. All these adult transgenic mice when
fed high-fat diets showed hyperlipidemia accompanied by
thickening of the BrM and subretinal deposit resembling
basal linear deposits which were all age-related except for
the Apoe'/' mice [33]. In humans, the APO*E3-Leiden, a
defective human APOE-3 variant, was associated with hyper-
lipoproteinemia (i.e., inability to break down cholesterol and
triglycerides) and early onset atherosclerosis [169, 170]. Apo-
lipoprotein B100 (APOB100) is another type of low-density
lipoprotein (LDL) involved in cholesterol transport. It is
one of the components in sub-RPE deposits in AMD [168].
Several researchers have studied the role of APOBI100 in
AMD, and most have directly linked the development of ret-
inal degeneration to increased cholesterol accumulation in
the retina [171-173]. However, Espinosa-Heidmann and col-
leagues have contested that there were no obvious increased
cholesterol deposits in the BrM and suggested that it is solely
due to hyperlipidemia in the APOB100 mice [172]. They
showed that the retinal degeneration occurred much faster
in younger humanized ApoB100 mice fed a high-fat diet
following exposure to blue-green light, suggesting the
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importance of lipid peroxidation. Furthermore, it was shown
that prophylactic treatment of APOB100 mice with subcuta-
neous injection of the antioxidant tocopherol prevented reti-
nal degeneration in the APOBI00 mice. These together
reveal that a higher risk of lipid peroxidation in the retina
may be a plausible mechanism by which hyperlipidemia
may be associated with retinal damage.

6.2. Cd36 '~ Mice. The Cd36” mouse model shows the sig-
nificance of phagocytosis and breakdown of photoreceptor
outer segment (POS) by the RPE as a mechanism for main-
taining normal retinal homeostasis. CD36, also referred to
as fatty acid translocase (FAT), is a membrane glycoprotein
used by cells for recognition and binding to specific oxidized
low-density lipoproteins, oxidized phospholipids, and long-
chain fatty acids, for transport into cells [174, 175]. In the
retina, CD36 is abundantly expressed by the RPE and
involved in the recognition and phagocytosing of oxidized
POS [176, 177]. Cd36 knockout mice, therefore, have an
accumulation of oxidized LDL, thickening of BrM and photo-
receptor death [177]. Hence, this model, like the apolipopro-
tein and Apoe”” mice, supports increased lipid peroxidation
in AMD.

6.3. Ldl Receptor’” and VIdl Receptor”"~ Mice. Findings from
the Ldl receptor’” and VIdI receptor’~ mice enhance our
understanding of the association between AMD and dys-
functional lipid metabolism by showing that the lack of
LDL/VLDL in mice resulted in changes in the vascular
endothelial growth factor (VEGF) expression and retinal
neovascularization [178, 179]. The LDL receptors bind to
APOB- and APOE-containing lipoproteins to facilitate lipid
metabolism [180, 181]. These receptors are abundantly
expressed by the liver, to aid in the uptake of cholesterol
[182]. Similar to the variant humanized apolipoprotein mice
and Apoe”” mice, mice lacking LDL receptors had increased
plasma cholesterol due to impaired cholesterol metabolism
[183]. Thickening of the BrM was observed in the Ldl
receptor”’” mice fed a high-fat diet. In addition, these mice
expressed increased levels of VEGF in the outer retinal layers
[179]. The VLDL receptors are also involved in the binding
and uptake of ApoE-containing lipoproteins. VLDL recep-
tors are expressed in the retinal vascular endothelium and
RPE of mice [178]. Interestingly, mice lacking VLDL recep-
tors showed normal serum cholesterol levels but developed
retinal degeneration characterized by neovascularization at
2 weeks postnatal, followed by photoreceptor degeneration,
RPE hyperplasia, and subretinal fibrosis at the end stage
[178, 184]. The results of these mouse models support
LDL/VLDL receptors as negative regulators of retinal neo-
vascularization, and interventions targeting them might
prove beneficial in the management of wet AMD. The Wnt
pathway has been proposed as the mechanism by which
VLDL receptors modulate VEGF expression and neovascu-
larization [185].

6.4. LDL Injection Model in Rats. This model supports a
relationship between hyperlipidemia and AMD by showing
that repeated intravenous injections of LDL for 7 days

resulted in the accumulation of apolipoprotein B100 in
BrM, as well as early AMD-like retinal changes including
thickening of BrM, the death of photoreceptors, and inflam-
mation in rat retina [186].

7. Dysregulated Angiogenesis and AMD

Angiogenesis describes the formation of new blood vessels
from existing blood vessels by either splitting or sprouting
[187]. It is essential in development, reproduction, and
repair. Dysregulated angiogenesis underlies several human
diseases [188]. Progression of AMD may be associated with
the development of new choroidal blood vessels into the cen-
tral retina, an indication of dysregulated angiogenesis [189].
This wet form of AMD characterized by CNV is a major
cause of blindness in the elderly. Results from large
population-based studies suggest that some populations
may be more prone to wet AMD [190]. The formation of
new capillaries involves a cascade of events beginning with
the degradation of the underlying basement membrane of
the existing blood vessel, by the proteolytic activity of
the plasminogen activator system and matrix metallopro-
teinases [191]. This is followed by chemotactic migration
and proliferation of endothelial cells into the extracellular
matrix stroma, formation of lumen, and maturation of the
endothelium [187, 192].

Most evidence implicates VEGF as the proangiogenic
factor underlying CNV [34, 35, 193]. These are as follows:
(1) vitreous VEGF levels were found to be significantly higher
in patients with AMD and CNV compared to healthy con-
trols [194], and (2) clinical trials involving the administration
of the anti-VEGF agents, including ranibizumab, bevacizu-
mab, aflibercept, and pegaptanib, markedly suppressed neo-
vascularization and vascular permeability in humans and
sustained gain of vision in many AMD patients [195]. How-
ever, since VEGF is synthesized in situ by the RPE under both
normal physiological conditions, it is argued that an equally
potent inhibitory regulator must be involved in maintaining
homeostasis in the normal retina [196-198]. One antiangio-
genic regulator synthesized by RPE is pigment epithelium-
derived factor (PEDF). All the regulators are tightly controlled
under normal physiological conditions. Conditions such as
hypoxia, ischemia, and inflammation promote neovasculari-
zation by tilting the balance in favor of increased VEGF
expression [199, 200].

In mammals, VEGF binds to 3 VEGF receptors which
differ in their affinity and function (VEGFR-1, VEGFR-2,
and VEGEF-3). The binding of VEGF to VEGFR-2 induces
vascular permeability and angiogenesis in vivo [201]. Bind-
ing of VEGF to VEGF-R1 may not produce an effect in itself,
but VEGFR-1 negatively regulates activation of VEGFR-2 by
acting as a decoy receptor that competitively binds to VEGF,
thereby modulating the amount of VEGF that binds to
VEGEFR-2 [202, 203]. VEGEFR-3, previously thought to be
limited to angiogenesis in the embryo, has been found
to be expressed on quiescent vascular endothelial cells in
capillaries and is imputed for the induction of human glio-
mas and colon carcinomas [204, 205]. Further details on
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the affinity of VEGF receptors to the subtypes of VEGF are
comprehensively reviewed by others [206].

7.1. Laser-Induced CNV Model. CNV was accidentally dis-
covered as a complication of argon laser photocoagulation
treatment of the eye. It was later demonstrated experimentally
in monkeys that laser trauma resulting in rupture of the BrM
could induce CNV [207]. A CNV-inducement protocol has
been described for mice to allow repeatability of outcome
[208]. Inflammation occurs following the rupture of BrM by
laser trauma which may instigate increased VEGF expression
in the retina [209, 210]. Also, Berglin and coworkers demon-
strated the involvement of matrix metalloproteinase-2
(MMP-2) in laser-included CNV [211]. They compared the
size of CNV lesions created by laser trauma between mice
lacking MMP-2 and normal wild-type mice and showed that
laser exposure altered the MMP-2 gene and protein expres-
sions resulting in bigger CNV lesions in wild-type mice than
the MMP-2 knockout mice. The laser-induced CNV model
has helped in the understanding of CNV and led to the devel-
opment of effective therapy for CNV in human AMD. How-
ever, its usefulness is limited due to the substantial damage
to the neural retina and BrM by laser treatment.

7.2. Light-Induced CNV. Light-induced CNV is another use-
ful model supporting oxidative stress as an upstream mecha-
nism to angiogenesis [212]. Oxidative stress enhances the
expression of VEGF and PEDF in RPE, believed to protect
against oxidative damage [213, 214]. Albert and colleagues
found that repeated exposure of albino rats to intense light
for 12 hrs daily for 1 month resulted in an increased level of
retinal lipid peroxidation product and retinal changes,
including RPE and photoreceptor degeneration, sub-RPE
deposits, and CNV [212]. Six months of intense light expo-
sure resulted in complete loss of the outer nuclear layer and
the appearance of vast areas of CNV in rats [212]. The pro-
gressive retinal changes seen in this light-induced model
resemble human AMD and may be appropriate for investi-
gating the pathophysiology of AMD.

7.3. VEGF Overexpression Models. These models have been
used to investigate the role of VEGF overexpression in
CNV through either injection of adenoviral vectors express-
ing VEGF into the RPE or subretinal injection of microbeads
containing RPE, the primary source of VEGF in the retina
[215-217]. Spilsbury and coworkers showed that subretinal
injection of an adenoviral vector expressing rat VEGF
resulted in overexpression of the exogenous VEGF and was
accompanied by CNV in the rat eye 2 weeks after injection
[216]. At about 3 months there was a loss of RPE and photo-
receptors. Similar results were observed by Baffi and
coworkers, who used a subretinal injection of an adenoviral
vector expressing the human VEGF gene in rats [217]. Early
retinal changes observed at 4 weeks of postinjection included
subretinal exudates and CNV. In addition, there was a short-
ening of photoreceptor outer segments and reduction of the
outer nuclear layer at overlying areas of neovascularization.
Oshima and coworkers, however, argued that increased
expression of VEGF alone in vivo could not cause CNV based
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on the finding that transgenic mice with increased expression
of VEGF in RPE had normal retina and choroid [218]. It was
further demonstrated that when there was a subretinal injec-
tion of a gutless adenoviral vector expressing Ang2, CNV
consistently occurred. According to them, VEGF or angio-
poietin 2 (Ang2) could not reach the choriocapillaris to
induce neovascularization because of the tight junctions
between RPE cells. There breaking of the barrier occurs dur-
ing subretinal injections of the adenoviral vector or microbe-
ads. Also, the adenoviral vectors themselves could induce
inflammation [219]. As a result, Wang and colleagues pro-
posed the subretinal injection of an adeno-associated viral
vector (AAV) encoding human VEGEF in rats [220]. Unlike
adenovirus, AAV causes little or no inflammatory response
and, hence, not likely to contribute to CNV [221]. While
these models provided understanding into the association
between increased retinal VEGF and AMD, the compromise
of the retinal-blood barrier resulting from the subretinal
injection could trigger an inflammatory response and pro-
mote the growth of new blood vessels [222].

7.4. Matrigel Injection Model. Matrigel is a basement mem-
brane extract that can be used for investigating the roles of
different angiogenic substances in CNV [223]. It is liquid at
4°C but solidifies to form a plug following injection into tis-
sues [224]. Matrigel may be composed of structural proteins
and growth factors of choice depending on the requirement
of an experiment. Implanted Matrigel can also be easily
removed from tissue for quantification of angiogenesis by
immunohistochemistry or histology. Shen and colleagues
demonstrated that the subretinal injection of Matrigel
induced CNV and other signs of retinal degeneration in the
eyes of mice [225]. Histological examination conducted at
week 4 postinjection revealed solid Matrigel located beneath
the neuroretina and above BrM. At 12 weeks, RPE and pho-
toreceptor degeneration and various degrees of CNV were
also observed. In addition, macrophage infiltration and mild
inflammation were seen in some CNV lesions. However, the
reported success rate for inducing CNV in mice was low
ranging from 30 to 55%.

8. Conclusion and Perspective

Rodent models of retinal degeneration provide valuable evi-
dence for the mechanisms involved in AMD and help eluci-
date how these mechanisms may be interrelated with each
other (Figure 2). Oxidative stress appears, however, to be
the common link to all the molecular mechanisms. The role
of oxidative stress is implicated in the inducement of inflam-
mation in the Y402H polymorphism, which is considered the
most important genetic risk of AMD. In the Y402H polymor-
phism, there is a marked reduction in the ability of the com-
plement regulator CFH to bind to MDA, a lipid peroxidation
product [154], leading to uncontrolled MDA-induced
inflammation. This is because the binding of MDA to resi-
dent macrophages results in the release of cytokines by the
macrophages [154], and CFH serves as a decoy to MDA from
binding to the macrophages. Thus, the higher risk of AMD
associated with Y402H polymorphism is related to an



Oxidative Medicine and Cellular Longevity 11

v Y
Keapl —+ Nirf2

Autophagy

Antioxidant

genes/enzymes:
SOD, HO-1, GSH
etc.

Cellular antioxidant

defense mechanisms

Oxidative damage to Oxidative stress

lipids, proteins, and
DNA

» Inflammasome
activation

* Macrophage
infiltration

» Complement

activation

A\ 4

Inflammation

Angiogenesis

F1GURE 2: The interrelationships between the molecular mechanisms involved in AMD show the potential therapeutic role of autophagy and
Nrf2 activation in the disease. Oxidative damage to lipids, proteins, and DNA is seemingly the primary insult leading to age-related macular
degeneration. The accumulation of lipids due to an inhibition of lipid metabolism promotes oxidative stress by increasing lipid peroxidation in
the retina. Oxidative stress could initiate inflammation through the activation of the inflammasome, complement, and macrophages. Oxidative
stress may also upregulate VEGF expression in the retina and induce choroidal neovascularization. The antioxidant mechanisms, including
autophagy and Nrf2, which are upregulated under oxidative stress counteract further oxidative damage and maintain retinal homeostasis.

increased vulnerability to oxidative stress in the retina. The
role of hyperlipidemia in AMD development also appears
to be through increased oxidative stress. Analyzing data from
rodent models generated to express the human apolipopro-
teins shows that these mice showed signs of hyperlipidemia,
oxidative stress, and retinal degeneration. The hyperlipid-
emia (due to impaired lipid metabolism) causes a block of
retinal blood vessels and thickening of BrM, leading to ische-
mia and hypoxia, and the induction of oxidative stress. Last
but not the least, photooxidative damage in mouse’s eyes
has been shown to induce CNV. It is explained that increased
oxidative stress promotes increased VEGF production by the
RPE cells, as a response to counteract the harm from oxidative
stress in the eye. The unregulated VEGF production, however,
stimulates the development of new blood vessels. Therefore,
targeting VEGF or inflammation (the current focus for
AMD treatment), although is proven to be an effective
approach, addresses the late stage of AMD. The autophagy
and Nrf2 mechanisms are cellular defense mechanisms found
to support survival under oxidative stress. The relationship

between oxidative stress and autophagy or Nrf2 is bidirec-
tional; increased oxidative stress activates autophagy or
Nrf2, and these antioxidant defense mechanisms, in turn,
could inhibit oxidative damage in the retina. Since impaired
autophagy, Nrf2, or dyslipidemia are factors that could
promote oxidative stress in the retina, studies to target these
pathways as alternative therapeutic options for AMD are
warranted.
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Aging is a progressive disease affecting around 900 million people worldwide, and in recent years, the mechanism of aging and
aging-related diseases has been well studied. Treatments for aging-related diseases have also made progress. For the long-term
treatment of aging-related diseases, herbal medicine is particularly suitable for drug discovery. In this review, we discuss cellular
and molecular mechanisms of aging and aging-related diseases, including oxidative stress, inflammatory response, autophagy
and exosome interactions, mitochondrial injury, and telomerase damage, and summarize commonly used herbals and
compounds concerned with the development of aging-related diseases, including Ginkgo biloba, ginseng, Panax notoginseng,
Radix astragali, Lycium barbarum, Rhodiola rosea, Angelica sinensis, Ligusticum chuanxiong, resveratrol, curcumin, and
flavonoids. We also summarize key randomized controlled trials of herbal medicine for aging-related diseases during the past
ten years. Adverse reactions of herbs were also described. It is expected to provide new insights for slowing aging and treating

aging-related diseases with herbal medicine.

1. Introduction

Aging, which can be divided into pathological and physiolog-
ical aging, is a complex biological process characterized by
functional decline of tissues and organs, structural degenera-
tion, and reduced adaptability and resistance, all of which
contribute to an increase in morbidity and mortality caused
by multiple chronic diseases [1, 2]. As fertility declines and
life expectancy increases, the proportion of people aged 60
and older is increasing. According to the UNESA population
division, approximately 900 million people are 60 years or
older worldwide, and this will increase to 21.5% of the global
population by 2050 [3] (see Figure 1). As aging progresses, it
increases one’s susceptibility to diseases associated with this
process, such as vascular aging disorders [4-6], diabetes [7],
muscle dysfunction [8, 9], macular degeneration [10], Alz-
heimer’s disease (AD) [11, 12], skin diseases [13], and a series

of other diseases [14-18] (see Figure 2). Aging-related dis-
eases pose a serious threat to human health and reduce the
quality of life among elderly people. In addition, it has
become a global difficulty to clarify the mechanisms of aging,
slow the process of aging, reduce the occurrence of aging-
related diseases, and maintain that unfading appearance
during the aging process.

Aging is a complex process with complicated mecha-
nisms. At present, one of the accepted theories is related to
oxidative stress [19-21]. In the process of aerobic metabo-
lism, reactive oxygen species (ROS), including hydroxyl rad-
icals, superoxide anions, and hydrogen peroxide (H,0,), can
be produced in cells [22-24]. When ROS level exceeds the
antioxidant capacity of cells, they react with lipids, proteins,
and nucleic acids in cells, resulting in oxidation or peroxide
formation. This leads to the destruction of the cell membrane
structure, changes in permeability, and a cytotoxic reaction.
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High levels of ROS can directly damage DNA, proteins, and
lipids in cells, causing a DNA damage response [25] and acti-
vation of p38MAPK for p16 upregulation. This leads to cell
senescence and development of aging-related diseases [26].
DNA damage response also provides an appropriate trigger
for the onset of telomere-induced senescence through the
p53 pathway [25, 27, 28]. In addition to oxidative stress, var-
ious factors play a role in the aging process. Some reviews
have reported the mechanisms of aging [26, 29-32]; however,
only one of the mechanisms was examined; for example,
some researchers [29, 30] described the role of miRNAs in
aging while others [31, 32] placed an emphasis on autophagy.

In this review article, by mainly retrieving PubMed, here,
we identify and critically analyzed nearly 10 years of pub-
lished studies focusing on the mechanisms of aging and
aging-related diseases, while summarizing some herbs and
compounds that were more extensively used and studied
for slowing aging. Compared with the latest published article
describing the efficacy, mechanism, and safety of herbal
medicine in slowing aging [33], this review is aimed at dis-
cussing the cellular and molecular mechanisms of aging
from multiple perspectives, also emphasizing the interaction
between exosome and autophagy in aging, and discussing
age-related diseases and the progress of herbal medicine as
potential therapeutic agents for aging and aging-related dis-
eases. The adverse effects of herbs also get our attention in
this review.

2. Cell Types Involved in Aging

2.1. Endothelial Cells. Endothelial cells are an essential part of
the heart and vasculature [34]. They possess multiple func-
tions through paracrine and endocrine actions, such as regu-
lating vascular tension, maintaining blood circulation, and
mediating inflammation, immune response, and neovascu-
larization [35-37]. Endothelial dysfunction caused by endo-
thelial cell senescence is closely linked to the development
of aging. Several studies revealed that ROS and inflammation
play a role in the apoptosis of endothelial cells [38-41]. Oxi-
dative stress combined with thioredoxin-interacting protein
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(TXNIP) could activate NOD-like receptor family pyrin
domain containing 3 (NLRP3) and inflammatory corpuscles
during senescence of endothelial cells. In addition, the
production of the proinflammatory cytokine, interleukin-1
(IL-1), which is induced by the activation of NLRP3 inflam-
matory corpuscles, could promote senescence of endothelial
cells [42]. In recent years, it has been well established that
autophagy and exosomes play significant roles in the course
of a disease [43, 44]. Endothelial dysfunction and impaired
autophagic activity are associated with age-related diseases
[45]. Exosomes containing harbor miRNAs also participate
in the regulation of endothelial function [46]. Studies dem-
onstrated that miR-216a, a molecular component of miR-
NAs, could be induced during endothelial aging and play
an important role in aging-related diseases by regulating
autophagy-related genes, such as Beclinl (BECN1) [47].

2.2. Stem Cells. Stem cells are pluripotent cells characterized
as undifferentiated and immature with the ability to self-
renew. Stem cell therapy is widely used in clinic, especially
in cardiovascular regenerative medicine [48]. Under certain
conditions, stem cells can be differentiated into various func-
tional cells, with the potential function of regenerating vari-
ous tissues and organs [49]. Changes in the cell cycle and a
decline in the self-renewal ability of stem cells are closely
related to aging. Although some changes in their function
are intrinsic [50, 51], more external factors can lead to
impairment in their function [52]. Studies have shown that
the physiological levels of ROS could regulate the balance
between self-renewal and stem cell differentiation [53, 54].
Nevertheless, oxidative stress due to high ROS levels could
lead to DNA damage, shortening of telomeres [55], and the
onset of premature aging markers, such as prelamin A, the
lamin A. Nicotinamide adenine dinucleotide phosphate oxi-
dase isoform 4 (Nox4) component of ROS could be localized
to promyelocytic leukemia nuclear bodies (PML-NB) related
to prelamin A, which could control the aging of stem cells
[56]. Additionally, decline in self-renewal factors contributes
to stem cell aging [57].

2.3. Vascular Smooth Muscle Cells. There are evidence sug-
gesting that senescent vascular smooth muscle cells (VSMCs)
have been observed in aging-related diseases, such as diabetes
mellitus and atherosclerosis [58, 59], which indicate that
senescent VSMCs contribute to aging. According to a study
by Zhan et al. [60], VSMCs pretreated with the AMPK acti-
vator and mammalian target of rapamycin (mTOR) inhibitor
could delay the replicative senescence of these cells. They
revealed that the AMPK/TSC2/mTOR signaling pathway
can regulate the replication and aging of VSMCs, which is
mainly manifested as inhibition of the AMPK/TSC2/mTOR
pathway which can inhibit the replication and aging of
VSMCs. Another study showed that miR-34c-5p downregu-
lation promoted VSM aging through a mechanism that
might be mediated by the Bcl-2 modifying factor (BMF),
which is a functional target of miR-34c-5p. LncRNAES3
was also found to act as a competing endogenous RNA
(ceRNA) of miR-34c-5p to enhance BMF expression [61].
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3. Molecules or Signal Transduction
Pathways in Aging

3.1. Molecules in Aging

3.1.1. MicroRNAs (miRNAs). MicroRNAs (miRNAs, approx-
imately 20-25 nucleotides) are a class of endogenous noncod-
ing RNAs with regulatory functions found in eukaryotes.
Recently, miRNAs were found to play an important role in
aging [62-82] (see Table 1). According to a study by Du et al.
[62], miR-17 extends the lifespan of transgenic mice by
upregulating MKP and FoxO3 and downregulating mTOR
and JNK through two targets, ADCY5 and IRS1. This study
also found that ADCY5 or IRS1 can activate autophagy
and inhibit cell aging and apoptosis. Dzakah et al. [63]
demonstrated the role of miR-83 in modulating lifespan in
Caenorhabditis elegans. Their study found that the deletion
of miR-83 extended the lifespan of C. elegans and the expres-
sion of miR-83 decreased with age. The life-prolonging effect
of miR-83 was achieved by high expression of the transcrip-
tion factors, daf-16 and din-1. Lyu et al. [64] revealed that
the regulation of transforming growth factor-B (TGF-f)
signaling promotes senescence via miR-29-induced loss of
H4K20me3. Their study found that miR-29 mediated the
loss of suv4-20h2, downregulated H4K20me3 expression in
mouse fibroblast senescent cells, and promoted cell senes-
cence. Meanwhile, TGF-f accelerated cellular senescence by
promoting the miR-29-mediated loss of H4K20me3. Fan
et al. [65] observed the role of miR-1292 in cellular senes-
cence of human adipose-derived mesenchymal stem cells
(hADSCs). They found that FZD4 downregulation acted as

a potential target of miR-1292, leading to overexpression
of miR-1292, which promoted hADSC aging and osteogenic
differentiation. This event was found to occur via the Wnt/f3-
catenin signaling pathway. Accumulating evidence suggest
that miR-335-3p, which is neuron-enriched, is strongly
linked to aging and age-related neurological diseases. Schil-
ling et al. [66] found that statin-associated impairment of
cognitive dysfunction is associated with PSD95 decrease,
indicating that cholesterol levels are tightly linked to PSD95
levels. According to a study by Raihan et al. [67], overexpres-
sion of miR-335-3p, which could suppress cholesterol by
inhibiting the expression of 3-hydroxy-3-methylglutaryl-
CoA synthase-1 (HMGCS1) and 3-hydroxy-3-methylgluta-
ryl-CoA reductase (HMGCR) in astrocyte, led to impaired
cognitive function and memory. To add, the decrease in cho-
lesterol levels was associated with the decrease in PSD95.
When the miR-335-3p expression was reduced in the hippo-
campal brain of elderly patients, cognitive impairment and
synaptic function could be restored in the aging process.

3.1.2. Telomere. Telomeres, composed of the telomere DNA
sequence and telomere protein, are nucleoprotein structures
located at the end of chromosomes, which control the cell
division cycle and maintain the genome’s integrity [83].
Studies have shown that decreases in telomere attrition and
telomerase activity are two of the main drivers of aging and
age-associated damage that lead to cellular senescence [84].
The most well-established driver is the connection between
adverse social conditions with DNA damage and accelerated
telomere shortening [85, 86]. Epel et al. [87] used standard-
ized questionnaires to assess the previous month’s stress



mitochondrial dysfunction

4 Oxidative Medicine and Cellular Longevity
TaBLE 1: MicroRNAs involved in aging-related diseases.
miR type Model Function Target gene Reference
miR-17 H,0, induced senescent cells Inhibited mTOR and JNK activation ADCYS5, ISR1 [62]
miR-83 Caenorhabditis elegans Inhibitory activity of miR-83 din-1, daf-16 [63]
miR-29 Senescent embryonic Mediated loss of H4K20me3 Suv4-20h2 [64]
fibroblast cell promotes senescence
miR-1292 hADSCs Accelerated hADSC senescence FZD4 [65]
and restrained osteogenesis
miR-335-3p Male C57B/6] mice Reduced cholesterol and impaired memory Cholesterol (66, 67]
miR-195 Neonatal mouse cardiomyocyte Promote apopt.osm, causing lipotoxic SIRT1 [68]
cardiomyopathy
miR-126 HUVECs Regulate hlgh—fa't filet—lnduced er{dothehal TGF-B [69]
permeability and apoptosis
. . . Regulating the memory function
miR-138 Aging participants of the elderly DCP1B [70]
miR-451 Strg P to?otocm—lnduced Participated in cardiac fibrosis TGEF-f1 [71]
diabetic mouse heart
miR-34 Myocardial infarction (MI) in neonatal Its inhibition diminished cell apoptosis Bcl2, cyclin D1, Sirtl [72]
and adult mice
miR-146a Human microvascular endothelial Ameliorates endothelial inflammation Receptor-associated (73]
cells (HMVECs) and the progression of atherosclerosis factor 6 (TRAF6)
miR-21 Human umbilical vein ECs Promoting endothelial inflammation PPAR«x [74]
miR-155 Human nasopharyngeal cancer Prevention of an age-induced deleterious RHEB, RICTOR, [75]
and cervical cancer cells decrease in autophagy RPS6KB2
miR-24 H9C2 cardiomyocytes Attenuate cardlomy9 cyte apoptosis Keapl [76]
and myocardial injury
. . . . . Dampen the inflammatory
miR-181 Apolipoprotein E-deficient mice response in the endothelium NEF-xB [77]
miR-18a Naturally aged mice Regulation pf extr.acellulatl‘ matrix production CTGF, TSP-1 (78]
during aging cardiomyopathy
DNA
miR-377 Old skin tissues Promotes fibroblast senescence methyltransferase [79]
1 (DNMT1)
. Human neuroblastoma Suppression in cell apoptosis,
miR-9-5p cell line SH-SY5Y inflammation, and oxidative stress SIRT1 [80]
miR-124 Normal hurpan epidermal Cause skin cell senescence MEKI, cyclin E1 [81]
keratinocytes
miR-15 Human dermal fibroblast Counteracting senescence-associated SIRT4 [82]

levels of 58 healthy premenopausal women. The control
group included women with at least one healthy biological
child, and the experimental group included the biological
mother of a child with a chronic disease (n=39). Mean
telomere length and telomerase activity were measured to
evaluate stress-induced changes. The results showed that
stress in the experimental group was significantly higher
than that in the control group. In addition, women in the
experimental group had lower telomerase activity and
shorter telomere length than those in the control group.
These findings shed light on the cellular level of stress,
which can affect one’s health by modulating cell aging, pos-
sibly leading to the early onset of age-related diseases.
Accumulated evidence indicates that DDR-related protein
components are found in senescence-associated DNA dam-
age foci (SDFs) [88]. Once ATM/ATR is activated, phosphor-

ylation occurs in Chk1/Chk2, which further acts on effectors
such as p53, leading to cell cycle arrest and failure to con-
tinue the cell cycle for a certain period of time, ultimately
resulting in cell aging and even apoptosis [89, 90]. Further
studies have also confirmed that telomere DNA shortening
can induce ATM/ATR-mediated DDR and activate the
downstream p53-p21 signal transduction pathway, leading
to cell senescence [91].

3.1.3. Sirtuins. Sirtuins containing seven different subtypes
(SIRT1-SIRT7), which are members of NAD" dependent
histone deacetylase III, play an important role in cell stress
resistance, energy metabolism, apoptosis, and aging [92].
Evidence exists that SIRT1 could deacetylate FOXO, block
foxo-dependent transcription and the apoptotic pathway,
and promote the survival of senescent cells. This occurs
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through an increase in SIRT1 expression with age, suggesting
that Sirtl is involved in longevity [93, 94]. SIRT 2 is closely
related to age-related diseases, such as Alzheimer’s disease
(AD) and Parkinson’s [95]. Studies have shown that inhibi-
tion of SIRT?2 expression could delay the progression of these
diseases. In addition, knockout of SIRT2 and SIRT5 could
alleviate the neurodegenerative lesion induced by 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The expres-
sion of SIRT2 was found to inhibit the dephosphorylation
of FOXO3a and increase the level of Bim, leading to apopto-
sis and acceleration of the process of aging [96]. The mecha-
nism by which SIRT5 deletion reduced apoptosis might be
related to the reduction of SOD2 (manganese superoxide
dismutase) expression [97]. SIRT3 has been reported to be
associated with longevity. It can interact with FOXO3a to
remove ROS and inhibit oxidative stress to prolong one’s life-
span [98]. In the latest research by Zhang et al. [99], they
found that by performing a whole-body knockout of “longev-
ity gene” SIRT6 in nonhuman primates, they could obtain
the world’s first cynomolgus monkey model of longevity gene
knockout, thereby revealing the new role of the SIRT6 gene in
regulating embryonic development of primates. They could
also elucidate the differences in aging and longevity regula-
tion pathways between primates and rodents, laying an
important foundation for research on the mechanisms of
human development and aging and the treatment of related
diseases [99]. SIRT7 could result in antiaging and prolong life
by regulating the repair of the nonhomologous DNA damage
to maintain the stable heredity of cells [100].

3.1.4. Klotho Gene. The Klotho gene, located on human
chromosome 13, contains five exons and exerts antiaging
effects. Studies have confirmed that the decrease in Klotho
expression with an increase in age leads to aging [101].
Ullah and Sun [102] found that lack of the Klotho gene
reduced the activity of telomerase by modifying the expres-
sion of TERF1 and TERT, leading to apoptosis of pluripotent
stem cells. Sustained exposure to Wnt accelerated cellular
senescence both in vitro and in vivo [103]. However, studies
revealed that the tissue and organs of Klotho-deficient ani-
mals could enhance the Wnt signaling pathway to cause
cell senescence [103]. A few other studies showed that
Klotho downregulation leads to premature aging of human
fibroblasts, which might be achieved by regulating the insu-
lin/IGF-1 pathway to upregulate p53 and p21 protein levels
[104-106]. According to study by Gao et al. [107], Klotho
deficiency could downregulate SIRT1, which reduce activi-
ties of AMP-activated protein kinase alpha (AMPKa) and
endothelial nitric oxide synthase (eNOS), and upregulate
NADPH oxidase activity, ultimately leading to aging-related
aortic stiffness.

3.1.5. p16, p53/p21. Cell cycle stagnation is the premise of
aging [108]. Although cell aging involves a series of gene
expression and cell morphological changes, which are not
as simple as cycle stagnation, many experiments have con-
firmed that the increase in p16 or p53/p21 is enough to cause
cell aging [89, 109-113]. In mouse embryonic fibroblasts,
overexpression of miR-20a increased pl6 and upregulated

the transcriptional activity of INK4a/ARF, leading to cell
senescence [114]. P53 is not only an initiator of cell aging
but also a participant in antiaging. These effects of p53 are
closely related to its involvement in the regulation of the
mTOR pathway, which is closely related to autophagy.
P53 can play an antiaging role by inhibiting the activity
of mTOR and can also activate mTOR to inhibit the aging
process [115]. Meanwhile, p53, through its downstream
p53/p21/CDK2 signaling pathway, was found to result in cell
cycle arrest and enter the aging state [111]. Studies have
found that azithromycin might cause aging of VSMCs by
activating the mTOR signaling pathway and increasing the
expression of p53/p21/pl6. When the activity of mTOR
was inhibited, the autophagy level of proteins related to the
mTOR signaling pathway increased, leading to a decrease
in the expression of p53/p21/p16, thereby delaying the aging
of VSMCs [116].

3.2. Signaling Pathway in Aging

3.2.1. Mammalian Target of Rapamycin (mTOR) Pathway.
mTOR, activated by growth factors and nutrients, inhibits
autophagy and promotes protein synthesis. Over time,
mTOR may promote cellular stress, such as protein aggrega-
tion, organelle dysfunction, and oxidative stress, which may
lead to the accumulation of damage and cell function decline,
ultimately promoting the occurrence of age-related diseases
[117]. The classical pathway of mTOR is the PI3K/Akt/m-
TOR signaling pathway. Tan et al. [118] transfected human
VSMCs with mTOR siRNA and scrambled siRNA and found
that PI3K/Akt/mTOR plays a significant role in VSMC repli-
cation and aging, which might be related to the regulation of
oxidative stress and telomere function. Additionally, mTOR
activation induced stem cell depletion, which reduced tissue
repair and aggravated tissue dysfunction. Experimental stud-
ies have also shown that by inhibiting the mTOR signaling
pathway through gene knockout, rapamycin or dietary
restriction can delay aging of various biological models,
including yeast, worms, fruit flies, and mice [119].

3.2.2. Nuclear Factor of Activated B-Cell (NF-xB) Signaling
Pathway. NF-xB, activation of the transcription factor pro-
tein family, is involved in oxidative stress, immunity, inflam-
mation, cell proliferation, apoptosis, and aging of gene
transcription regulation. Studies have confirmed that NF-
B has a highly conserved REL homologous domain consist-
ing of 300 amino acids and that its protein family members
include p50, p52, REL, REL-A, and REL-B [120]. The NF-
kB signaling pathway is activated by senescence-related
inflammatory factors. Activated NF-«B enters the nucleus
and binds to DNA, thereby participating in cellular immune
response [121]. Studies have confirmed that the occurrence
of various senile degenerative diseases is closely related to
the aging signaling pathway regulated by NF-«B. Postmor-
tem examination revealed an increase in NF-«B activity in
brain tissues of Alzheimer disease (AD) patients. In addition,
the immunological activity of p65 was detected in neurons
and glial cells adjacent to degenerative neurons and senile
plaques [122]. The activation of NF-«B is related to the



deposition of B-amyloid (Af). Studies have found that Af
deposition could activate NF-xB in cultured neurons with
the formation of NO products related to oxidative stress
[123]. Autopsy studies found that the number of NF-xB-pos-
itive dopaminergic neurons in the brain of patients with Par-
kinson’s disease was 70 times higher than that of normal
people, suggesting that the activation of NF-«B is related to
the pathological mechanism of Parkinson’s disease [123, 124].

3.2.3. Nuclear Factor-E2-Related Factor 2 (Nrf2) Signaling
Pathway. Nrf2 is a key factor of antioxidant activity in cells.
When oxidative stress occurs, Nrf2 is transferred to the
nucleus to bind with the antioxidant response element
(ARE) and regulates the expression of various antioxidant
proteins and detoxification enzymes downstream, ultimately
playing a role in endogenous protection [125]. Suh et al.
[126] found that total Nrf2 protein and the amount of
nuclear Nrf2 protein in rat liver cells significantly decline
with an increase in aging. As age increases, the antioxidant
capacity of ovarian cells decreases, and the imbalance
between oxidation and antioxidants causes gradual apoptosis
of ovarian cells, which is one of the important causes of ovar-
ian aging. Studies have found that Nrf2 gene knockout can
increase the ovary’s sensitivity to toxic substances and accel-
erate the aging of ovaries in mice [127]. Chen et al. [128]
found that the upregulation of Nrf2 expression could allevi-
ate oxidative stress and DNA damage and inhibit the p53-
p21 plé6-rb signaling pathway, thereby slowing cell aging.
Nrf2 can regulate mitochondrial biogenesis and kinetics to
maintain muscle mass and function, and its deficiency with
aging increasingly promotes age-related skeletal muscle mito-
chondrial dysfunction and muscle atrophy [129, 130]. Study
also found that Nrf2 activation could inhibit age-related
inflammatory responses and oxidative stress and delay the
occurrence of aging and age-related diseases [131]. Activation
of Nrf2 also improved learning and memory of aging mice
administered with D-galactose (D-gal) [132].

3.2.4. Wnt/ -Catenin Signaling Pathway. The Wnt/3-catenin
signaling pathway is an evolutionarily, highly conserved
signaling pathway with a wide range of biological func-
tions. Studies found that this pathway plays an important
regulatory role in cell aging and its activation could lead to
senescence changes in mesenchymal stem cells [133]. Studies
have also shown that activation of this pathway could lead to
DNA damage response and increase the expression of the
p53 protein, which might be one of the important mecha-
nisms for stem cell senescence [134]. The p53/p21 pathway
and DNA oxidative damage response have been confirmed
to play an important role in the aging process of hematopoi-
etic stem/progenitor cells caused by the Wnt/f-catenin signal
pathway [135]. Skin aging is the most important external
manifestation of human body aging, and the related compo-
nents of WNT/B-catenin signal pathway are abnormally
overexpressed in aged skin tissues [136]. The WNT/S-
catenin signal pathway was found to be enhanced in the
aging mouse model, and inhibition of the WNT/-catenin
signal pathway could reverse age-related skeletal muscle
regeneration injury [137].
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3.2.5. Adenosine Monophosphate Protein Kinase (AMPK)
Signaling Pathway. AMPK is a highly conserved cellular
energy metabolism regulator that plays an important role in
regulating cell growth, proliferation, survival, and energy
metabolism [138]. AMPK is involved in the regulation of
a series of senescence-related signaling pathways, such as
SIRT1 and CRTC-1. Studies have shown that AMPK first
enhanced the expression of niacinamide phosphoribose
transferase and then increased the intracellular concentration
of NAD" to activate SIRT1, which then activates the down-
stream PGC-1, FoxOl, and FoxO3, ultimately interfering
with the aging process [139]. Mair et al. [140] identified
that CRTC-1 is the phosphorylation site of AMPK/AAK-2
with the nematode model, and AMPK/AAK-2 prevented its
nuclear translocation via CRTC-1 phosphorylation, thereby
inhibiting the transactivation of CREB transcriptional regu-
lator crh-1 which extended the nematode’s lifespan. AMPK
activates p53 at certain phosphorylation sites and induces cell
cycle arrest, leading to cell aging [141].

4. Aging-Related Diseases and Therapy

4.1. Vascular Aging. With an increase in age, the degenera-
tion of vascular structure and function causes vascular sclero-
sis, which is called vascular aging. The main manifestations
of vascular aging are increased arterial stiffness, pulse wave
velocity, systolic blood pressure, and central venous pressure
[142]. Vascular aging is a major risk factor for atherosclerosis
and cardiovascular disease. Vascular aging mainly includes
atherosclerosis and arteriosclerotic cardiovascular disease
(ASCVD), such as coronary heart disease, hypertension,
stroke, cognitive dysfunction, dementia, and peripheral vas-
cular disease [143].

Studies have shown that decreased vasorin magnified the
angiotensin II- (Ang II-) mediated increase in the TGF-f1
signaling cascade and caused vascular remodeling, thus lead-
ing to vascular aging [144, 145]. Increased Ang II with age led
to activation of its downstream molecules MMP, McP-1,
and TGEF-p. This pathological change made the aortic wall
of the elderly present a proinflammatory profile, which could
promote atherosclerosis [146, 147]. Vascular endothelial cell
senescence is one of the important pathological changes of
vascular aging while oxidative stress is one of the main causes
of endothelial senescence. eNOS has a significant effect on
cardiovascular protection, and oxygenation should stimulate
the decreased expression, resulting in a decrease in NO bio-
availability, vascular diastolic dysfunction, and arteriosclero-
sis, ultimately promoting vascular aging [148]. Vascular
endothelial cell aging is identified by ROS, the secretion of
inflammatory cytokines, eNOS uncoupling, DNA damage,
and telomere dysfunction, leading to obstacles in the struc-
ture and function of the cardiovascular system. It is also asso-
ciated with coronary atherosclerotic heart disease [149, 150].
Studies have shown that atherosclerosis is associated with
pathological thickening of vascular intima, loss of vascular
smooth muscle cells, lipid deposition, and infiltration of mac-
rophages [151]. Senescence was also found to accelerate ath-
erosclerosis by inducing endoplasmic reticulum stress in
VSMCs [152].
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Complex functional impairment of cerebral microvessels
and astrocytes may lead to neurovascular dysfunction and
cognitive decline, which results in aging and age-related neu-
rodegenerative diseases [153].

Early intervention of vascular aging can delay the occur-
rence of ASCVD and protect target organs. Presently, early
intervention of vascular aging mainly includes lifestyle
improvement and drug therapy. Caloric restriction and low-
sodium diet combined with exercise can delay vascular aging.
Meanwhile, active control of cardiovascular risk factors, such
as hypertension, diabetes, and hyperlipidemia, can also pre-
vent vascular aging. Drug therapy can target structural com-
ponents of vascular aging, thus delaying development of
aging. These mainly include antihypertensive drugs, statins,
and hypoglycemic drugs. Antihypertensive drugs such as
angiotensin-converting enzyme inhibitors (ACEI)/angioten-
sin-receptor antagonists (ARBs) have been shown to delay
vascular aging due to their antifibrotic effects. Statins can not
only regulate fat but also interfere with the process of vascular
aging. Hypoglycemic drugs can increase the sensitivity of insu-
lin, improve blood sugar, prevent the reconstruction of blood
vessels, and inhibit inflammation of the tube wall.

4.2. Diabetes Mellitus. Diabetes is closely related to aging, and
dysfunction of the pancreatic f3 cells plays an important role
in the occurrence and development of diabetes. Aging of f3
cells in islets is mainly manifested as a decrease in the num-
ber of f3 cells and reduction in their secretion capacity. The
mechanisms between islet cell failure in diabetes and aging
are complex. Nonetheless, study found that the expression
of autophagy signature proteins, LC3/Atg8 and Atg7, was
decreased in aging islet cells. Similarly, the autophagy
function of islets in aged rats was found to decrease [154].
Upregulation of P16ink4a/p19ARF expression, decrease in
bmi-1 and EZH2 levels, and abnormal regulation of
platelet-derived growth factor signals are important factors
leading to a decline in the proliferation and insulin secretion
of age-related f3 cells [155, 156]. The main interventions for
diabetes include diet control, exercise, weight loss, and com-
bination of hypoglycemic drugs.

4.3. Alzheimer’s Disease. Alzheimer’s disease (AD) is a neuro-
degenerative disease that occurs in old age and preold age.
Brain aging is the basis and condition for the formation of
neurodegenerative diseases. Alzheimer’s disease is character-
ized by amyloid- protein (Af) deposits that form plaques
and by hyperphosphorylation of Tau protein that forms tan-
gles of neurons (NFT). Abnormal mitochondria accumulate
in neurons, leading to reduced ATP production, large release
of oxygen-free radicals, the production of Af3, and the inten-
sification of Tau protein phosphorylation [157]. Mutations of
PSEN 1 and PSEN 2 cause lysosomal dysfunction, and the
presence of lysosomal dysfunction leads to a large number
of autophagosomes generated by enhanced mitochondrial
autophagy, leading to lysosomal overload and further aggra-
vating brain injury [158]. Chronic activation of the NF-«B
pathway can cause the transcription of various inflammatory
cytokines and promote glial cells to secrete inflammatory
cytokines, leading to nerve cell injury and apoptosis [159,

160]. Currently, drugs used in the clinical treatment of AD
are mainly noncompetitive N-methyl-D-aspartic acid recep-
tor antagonists (such as memantine) and cholinesterase
inhibitors (such as donepezil and galantamine).

4.4. Skin Aging. Skin aging, which is a part of the overall aging
of the body, not only affects its appearance but also reduces
its function as the body’s barrier. This can lead to various
diseases, such as depression and self-abasement. Tashiro
et al. [161] cultured skin fibroblasts from women of differ-
ent ages to study the relationship between autophagy and
skin aging. They found that the autophagy degradation
step was inhibited in skin fibroblasts of elderly donors,
leading to the accumulation of autophagosomes. This sug-
gests that the impairment of autophagy function in skin
fibroblasts of elderly people may impact the skin’s integrity
and strength. Some researchers constructed a Drosophila
model of skin aging and found that the increased expression
of the autophagy marker, Atg7, was associated with skin
aging [162]. Another study found that exosome miR-30a
can regulate the apoptosis of epidermal cells, and its overex-
pression led to impaired epidermal differentiation by directly
targeting AVEN (encodes a caspase inhibitor), IDHI
(encodes isocitrate dehydrogenase, an enzyme of cellular
metabolism), and LOX (encodes lysyl oxidase, a regulator
of the proliferation/differentiation balance of keratinocytes),
inducing severe barrier dysfunction and skin aging [163].
Treatment for skin aging mainly includes oral antioxidant
drugs, topical antiaging agents, and photoelectric and acous-
tic physical technology.

4.5. Aging-Related Macular Degeneration. Age-related macu-
lar degeneration (AMD) is one of the major causes of vision
impairment in people older than 60 years of age. AMD can be
divided into two types: dry AMD (atrophic), accounting for
85 to 90% of AMD cases and is a pattern of atrophy caused
by the absence of retinal pigment epithelial cells and photore-
ceptor cells, and wet AMD (exudative, neovascular), which is
caused by bleeding and exudation of neovascularization into
the retina pigment epithelium (RPE) and into the sensory
layer of the retina. Accumulating evidence suggests that the
abnormal function of autophagy is related to the AMD forma-
tion. According to a study by Cai et al. [164], activation of
mTOCRI in aging RPE cells led to impaired lysosomal func-
tion and decreased autophagy in RPE cells. When the expres-
sion level of miR-29 is increased, the activity of mTORCI is
inhibited to enhance autophagy and remove protein aggre-
gates to delay the occurrence of AMD. Another study found
that SQSTM1/p62, a marker of autophagy injury, is deposited
in the RPE along with the decrease in autophagy, which acti-
vates the inflammatory body, impairs protein clearance, and
damages RPE cells, leading to AMD formation [165].

5. Herbal Medicines: Promising Therapeutic
Agents for the Management of Aging and
Aging-Related Diseases

Studies had shown that many herbs had curative effect of
slowing aging; selected herbs and compounds that were more
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extensively used and studied for review include Ginkgo
biloba, ginseng, Panax notoginseng, Radix astragali, Lycium
barbarum, Rhodiola rosea, Angelica sinensis, Ligusticum
chuanxiong, resveratrol, curcumin, and flavonoids. The
chemical structural formula of the main active ingredients
of herbs and compounds was shown in Figure 3.

5.1. Herbs

5.1.1. Ginkgo biloba (Yinxing). Ginkgo biloba extract (EGb)
has definite pharmacological effects of protecting the vascu-
lar endothelium, improving insulin resistance, and prevent-
ing atherosclerosis [166]. In addition, EGb exerts a good
intervention in various age-related diseases, such as type 2
diabetes mellitus, dementia, cognitive impairment, and coro-
nary heart disease [167]. The first international expert con-
sensus regarding the clinical application of EGb for the
treatment of dementia and moderate cognitive impairment
was published in 2019 [168]. Dong et al. [169] pretreated
senescent endothelial progenitor cells (EPCs) with 10, 25,
and 50 mg/L of EGb and found that it could inhibit the senes-
cence of EPCs and increase the activity of telomerase, espe-
cially at the concentration of 25mg/L. The mechanism
whereby EGb inhibited the aging of EPCs may be related to
the activation of the PI3k/Akt signaling pathway. Zhou
et al. [170] administered EGb-761 to aging mice at different
doses of 20, 40, 80, and 100 mg/kg once every 3 days for 12

months and found that EGb could reduce ischemic injury
and oxidative stress caused by ischemia in aging mice. Its
mechanism might be related to the upregulation of protein
phosphatase 2 (PP2A) and reduction in extracellular signal-
regulated kinase (ERK) activation. Tian et al. [171] adminis-
tered EGB to streptozotocin- (STZ-) induced diabetic ApoE"
' mice at doses of 200 and 400 mg/kg/day for 12 weeks and
found that EGb could regulate glucose and lipid metabolism,
reduce arterial plaque, and upregulate autophagy to relieve
endoplasmic reticulum stress (ERS). Its mechanisms might
be related to the inhibition of ERS through the restoration
of autophagy via the mTOR signaling pathway.

5.1.2. Panax ginseng (Renshen). Ginsenosides are the main
active ingredients of Panax ginseng. Studies have shown that
ginsenosides display plentiful pharmacological effects such as
relieving fatigue, improving immunity, slowing aging, inhi-
biting metastasis of cancer cells, regulating blood glucose,
and protecting liver and kidney functions [172].

Aging mice were intraperitoneally injected with the
ginsenoside Rgl, at a dose of 20 mg/kg/day for 28 days con-
tinuously. Rgl could retard testis senescence in mice via anti-
oxidation and the downregulation of the pl9/p53/p21
signaling pathway [173]. Zhou et al. [174] cultured aging
Sca-1+ hematopoietic stem cells in ginsenoside for 6h and
found that ginsenoside could protect hematopoietic stem
cells from aging. Its possible mechanisms of action might
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involve the regulation of the p16-Rb signaling pathway, the
repair of worn telomeres, and maintenance of telomerase
activity. Aging mice were fed an experimental diet based on
AIN-93G containing 10g/kg and 30g/kg ginseng powder
for 24 weeks continuously. The results suggested that long-
term ginseng feeding could improve aging-related cognitive
ability, which was achieved by regulating the cholinergic and
antioxidant systems [175]. Other studies found that Rgl could
decrease oxidative stress and downregulate Akt/mTOR signal-
ing to attenuate cognitive impairment in mice and senescence
of neural stem cells induced by D-gal [176].

5.1.3. Panax notoginseng (Sangi). Panax notoginseng con-
tains the notoginseng saponins Rh1, Rh2, Rgl, Rg2, Rgbl,
and others, with pharmacological actions such as antitumor
activity, enhanced learning and memory, hemolysis, hemo-
stasis, antiaging, and antifatigue [177, 178]. Zhou et al.
[179] administered Panax notoginseng saponins (PNS) at
10, 30, and 60 mg/kg/day to natural aging mice and found
that it could significantly and dose-dependently inhibit the
apoptosis of myocardial cells in senescent rats by attenuating
oxidative damage. Li et al. [180] pretreated aging H9¢2 cells
induced by D-gal with different concentrations of total sapo-
nins of Panax notoginseng (5, 25, and 50 g/mL) for 4 h. They
found that the number of positive cells stained with galacto-
sidase in the total saponins of the Panax notoginseng group
was significantly reduced; SOD activity was found to signifi-
cantly increase while MDA content and ROS fluorescence
intensity were significantly decreased. Results suggest that
PNS could resist aging of H9¢2 cells induced by D-gal by
improving their antioxidant capacity and reducing apoptosis.

5.1.4. Radix astragali (Huangqi). Radix Astragalus mainly
contains astragalus polysaccharides, saponins, flavonoids,
and other active components, which have various pharmaco-
logical actions such as antioxidation, antiaging, myocardium
protection, and enhancement of immune function and
hematopoietic function [181].

Ma et al. [182] used different doses (100, 200, 400, and
600 mg/kg) of astragalus extract for intervention in the ani-
mal model of sustained myocardial ischemia in vivo. They
found that Astragalus can reduce myocardial injury and
protect cardiac function, which are related to the reduction
of oxidative damage and free radical generation. Ma et al.
[182] also conducted in vitro experiments to interfere with
the oxidative stress model of cardiac myocytes using Astrag-
alus membranaceus at different concentrations (100, 200,
400, and 600 ug/mL). They found that Astragalus could
reduce the number of cell apoptosis by attenuating oxidative
injury and arresting Ca®" influx to block cell death. Li et al.
[183] administered different doses (8, 16, and 32 mg/kg) of
astragalosides via the intragastric route to the rat model with
learning and memory impairment. They found that astraga-
losides could improve the learning and memory ability and
ameliorate the neurodegenerative lesion of hippocampal
CAL, which are related to the reduction of intracerebral amy-
loid precursor protein (APP) and a-secretase and f3-secretase
mRNA levels. Astragalus polysaccharides can also protect the
mitochondria by scavenging ROS, inhibiting mitochondrial

permeability transition (PT), and increasing antioxidant
enzyme activity to improve aging in mice [184].

5.1.5. Lycium barbarum (Gougqi). Lycium barbarum has
pharmacological actions such as regulating immunity, anti-
tumor activity, nervous system function, liver protection,
and slow aging process [185]. Hu et al. [186] administered
different doses of Chinese wolfberry, via the intragastric
route, to a mouse model of AD induced by the combination
of AICI, and D-gal. They found that the quantity of horizon-
tal and vertical movements increased while AChE and ChAT
levels decreased significantly in mice. These events were
related to the modulation of the mitochondrial pathway of
apoptosis and the cholinergic system. Jeong et al. [187] used
goji berry (150 and 300 mg/kg/day) to interfere with aging
rats and found that goji berry could elevate the level of testos-
terone and reduce the expression of cell apoptosis activators,
which are associated with its antioxidant action. Yu et al.
[188] used L. barbarum to interfere with oxygen glucose dep-
rivation and reoxygenation-induced injury of neurons. They
found that L. barbarum inhibits oxygen glucose deprivation
and reoxygenation-induced neuronal cell and autophagic cell
death by activating the PI3K/Akt/mTOR pathway.

5.1.6. Rhodiola rosea (Hongjingtian). Rhodiola rosea contains
alkaloids, flavonoids, glycosides, phenolic compounds, vola-
tile oils, coumarins, steroids, and organic acids, plus small
amounts of nonorganic elements, which could protect the
heart and brain vessels by exhibiting antifibrosis, antioxida-
tion, anti-inflammatory, antivirus, antiapoptosis, and antifa-
tigue activities [189]. Zhou et al. [190] orally administered R.
rosea (60 and 120mg/kg daily) to an atherosclerosis rat
model for 9 weeks continuously. The results showed that R.
rosea could contribute to antiatherosclerosis via lowering
blood lipids, antioxidant, and anti-inflammatory activities
and by regulating endothelial function. Schriner et al. [191]
demonstrated that R. rosea could prolong the lifespan of
Drosophila by perturbing the silent information regulator 2
(SIR2) proteins, insulin and insulin-like growth factor signal-
ing (IIS), and the target of rapamycin (TOR). Furthermore,
R. rosea could prolong the life of silkworms by improving
antioxidant capacity [192].

5.1.7. Angelica sinensis (Danggui). The active components of
Angelica sinensis mainly include volatile oils (ligustilide,
Angelica sinensis ketone), organic acids (ferulic acid, succinic
acid, niacin, and azelaic acid), polysaccharides, and flavo-
noids (ferulic acid, succinic acid, niacin, anisolic acid, and
azelaic acid) [193]. Zhang et al. [194, 195] orally adminis-
tered Angelica polysaccharide (ASP, 200 mg/kg/) to aging
mice induced by X-ray whole-body uniform irradiation.
HSCs were then separated and purified after mice were
sacrificed. The results showed that ASP could significantly
reduce the positive rate of SA--gal staining and the pro-
portion of Gl phase in the aging group of HSCs, reduce
ROS production, downregulate p16 mRNA, and increase
the ability of mixed colony formation and T-AOC. Cheng
et al. [196] showed that ASP restored cognitive impair-
ment caused by D-gal administration, promoted neural
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stem cell (NSC) proliferation, attenuated D-gal-induced
NSC senescence, decreased the level of oxidative stress by
enhancing antioxidative capacity, and decreased the levels
of inflammatory cytokines of NSCs. These events slowed
the aging speed by enhancing the antioxidant and anti-
inflammatory capacity and downregulating the p53/p21
signaling pathway [197, 198].

5.1.8. Ligusticum chuanxiong (Chuanxiong). Ligusticum
chuanxiong contains tetramethylpyrazine (TMP), ligustra-
zine, vanillin, emodin, ferulic acid, and other active ingre-
dients which display various pharmacological actions in the
cardiac and cerebrovascular system, nervous system, and
respiratory system [199]. Chen et al. [200] demonstrated
that TMP at different doses of 1, 3, and 10 mg/kg interfered
with 6-ohda-induced Parkinson’s disease in mice which
confirmed that TMP protects against dopaminergic (DA)
neurodegeneration and attenuates DA neuronal apoptosis
by activating the PI3K/Akt/GSK3p signaling pathway. Wei
and Wang [201] found that ligustrazine alleviated hypoxia-
induced HUVEC cell injury, enhanced cell viability, and
inhibited cell apoptosis, all of which are related to the upregu-
lation of miR-135b and subsequent activation of JNK/SAPK
and PI3K/AKT/mTOR pathways. These events promoted
hypoxia-treated HUVEC cell growth. Another study has
shown that TMP could inhibit the accumulation of senescent
LepR" mesenchymal stem/progenitor cells in bone marrow,
reduce bone loss, and improve the metabolic microenviron-
ment of aging mice via the AMPK-mTOR-Hifla-VEGF path-
way [202]. As a potential treatment, TMP could improve bone
diseases related to human age and promote a healthy lifespan.

5.1.9. Other Herbs. Hou et al. [203] selected aging, 24-month-
old guinea pigs as the animal experimental models and fed
them with a diet containing different doses (75, 100, or
150 mg/kg/day) of water-soluble extract components of
Salvia miltiorrhiza Bunge for 28 days continuously. The
study found a significant decrease in whole blood viscosity
and improvement of blood viscosity and viscoelasticity at
the dose of 150 mg/kg/day. Park et al. [204] gave old (20-
month-old) specific pathogen-free male Sprague-Dawley rats
with magnesium lithospermate B, extracted from Salvia at a
dose of 2 or 8 mg/kg/day for 16 consecutive days. The results
suggested that it reduces the renal damage of oxidative stress
in old rats. After the researchers fed the fruit flies a full or die-
tary restriction diet supplemented with oregano-cranberry
(OC) mixture, the study found that OC could extend the life-
span of fruit flies, especially females, while only OC supple-
mentation at the young age interval increased reproduction
in females [205, 206].

After 8 weeks of intraperitoneal injection of 100 mg/kg/d
d-galactose to establish a rat model of aging with different
doses of Ganoderma lucidum extract, it was found that
Ganoderma lucidum could delay the progression of AD by
regulating DNA methylation [207]. Lobo et al. [208] gave dif-
ferent concentrations (0.5-5.0 mg/mL) of the Gynostemma
pentaphyllum extract to mouse dermal fibroblasts, which
were placed under 8-watt ultraviolet C (UVC) light at a dis-
tance of 50 cm to induce oxidative stress. The results showed
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that Gynostemma pentaphyllum extract prolongs viability of
mouse dermal fibroblasts damaged by UVC light-induced
oxidative stress, especially at 4.5 mg/mL, and it suggested that
Gynostemma pentaphyllum extract had potential therapeutic
effect on dermal cell aging.

5.2. Compounds

5.2.1. Resveratrol. Resveratrol is a natural polyphenol with
anticardiovascular, anticancer, antibacterial, anti-inflamma-
tory, antiaging, antineurodegenerative, and other pharmaco-
logical effects [209]. Wu et al. [210] used different doses (30
and 100 mg/kg/day) of resveratrol to intervene in mice with
premature ovarian aging caused by chemotherapy. They
found that resveratrol could improve premature ovarian
aging caused by chemotherapy and ameliorate the renewal
ability of oogonial stem cells by attenuating oxidative stress
injury via Nrf2 activation.

Dehghani et al. [211] used resveratrol combined with
calcitriol to intervene in D-gal-induced aging rats. This com-
bination could protect the heart and its antioxidant status by
modulating hemodynamic parameters and increasing the
serum level of Klotho, respectively. Du et al. [212] used res-
veratrol (5, 10, and 50 uM) to intervene in aging cells and
found that it could improve cell activity and increase SOD
level by regulating autophagy to achieve delayed aging. Amos
et al. [213] intervened in damages to Drosophila melanoga-
ster induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) with resveratrol (0, 7.5, 15, 30, 60, and
120 mg/kg diet) and found that it could improve the survival
rate, prolong the lifespan, and improve the behavioral defects
of D. melanogaster; these effects were related to its anti-
inflammatory and antioxidant activities.

Posadino et al. [214] treated HUVECs loaded with the
ROS probe H2DCF-DA with different concentrations of
RES (1-50 uM), and the results showed that low concentra-
tions of RES enhanced PKC activity, promoted DNA synthe-
sis, and reduced apoptosis; high RES concentrations elicit an
opposite effect. The results suggested that resveratrol had a
biphasic concentration-dependent effect on endothelial cell
survival, thus providing a guide for future investigation.
Another study by Posadino et al. [215] showed low doses of
resveratrol (0.5 uM) effectively acting as an antioxidant agent
by significantly reducing the roGFP oxidation state as com-
pared with roGFP-infected control cells. With the increase
of resveratrol dose, cell survival and metabolic activity
decreased in parallel, suggesting that antioxidant and proox-
idation effects were strongly related to dose. In addition, res-
veratrol was shown to increase skeletal muscle resistance to
fatigue in aging mice for the alleviation of age-related skeletal
muscle aging [216].

5.2.2. Curcumin. Curcumin, the main component extracted
from the rhizome of turmeric and zedoary, has various phar-
macological actions, including antiaging, anti-inflammatory,
and antioxidant actions [217-219].

Shailaja et al. [220] showed that curcumin could reduce
the level of C-reactive protein (CRP) and enhance the level
of malondialdehyde (MDA), which play a favorable role in
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slowing aging by inhibiting the expression of age-related
inflammatory cytokines. By using concentrations of 1 uM,
5uM, 10 uM, and 20 uM, Pirmoradi et al. [221] found the
intervention effect of curcumin in rat adipose tissue-derived
stem cells (rADSC) in vitro. Their results showed that curcu-
min could promote the proliferation of rADSC and reduce
the senescence of adipose stem cells by promoting TERT gene
expression. Hu et al. [222] revealed that curcumin could
reduce extracellular matrix degradation and interstitial fibrosis
induced by hypertension from modulating covalent histone
modification and TIMP1 gene activation, thus protecting
against hypertension-related vascular damage. Furthermore,

curcumin could prolong the lifespan of Drosophila under heat
stress conditions by increasing the antioxidant activity and
mitigating the effect of heat shock responses [223]. Curcumin
could also alleviate aging-related skeletal muscle mass loss and
dysfunction [224].

5.2.3. Flavonoids. Flavonoids are a kind of natural polyphe-
nols, mainly including flavonoids, flavanols, flavonoids,
anthocyanins, and isoflavones [225]. Studies had shown that
flavonoids had definite efficacy in the treatment of age-
related neurodegenerative diseases [226], cardiovascular dis-
eases [227, 228], atherosclerosis [229], etc. Some progress has
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TAaBLE 2: Preclinical studies of herbal medicine for aging-related diseases.

Active ingredients Dosage Administration Model Possible mechanism Reference
In vitro studies
10, 25, and Pretreatment EPCs cul.tured on Activation of telomerase through
EGb 50 mg/L for 24h fibronectin-coated the PI3k/Akt signaling pathwa [169]
& culture dishes & &P Y
Cultured for Aging Sca-1+ Regulating the p16-Rb signaling
Ginsenoside Rgl 10 ymol/L 6h hematopoietic pathway, repairing worn telomeres,  [174]
cells and maintaining telomerase activity
PNS 5, 25, and Pretreatment D-Galactose induced Increase antioxidant capacity and [180]
50 pug/mL for 4h aging H9¢2 cells reduce apoptosis
Astragalus 100, 200, 400, Pretreatment Cardiomyocyte model Attenuatllng the 9x1dat1ve Y
RN and arresting the influx of Ca™ to [182]
membranaceus and 600 pg/mL for 24h of oxidative stress
block cell death
Lycium barbarum 15, 30, and Pretreatment Primary hippocampal Act1vat1pg th.e PI3K/Akt/mTOR [188]
60 ug/mL for 24h neurons signaling pathway
Increase in the length of telomere
Angelica sinensis o - Aging hematopoietic and the activity of telomerans, [194]
stem cells downregulation of the expression
of P53 protein
o - Upregulation of miR-135b and
Ligustrazine 50’2 égo’ﬁnd P;r;trr;itﬁd Hwo§?ﬁ1§$;%151n]uw subsequent activation of JNK/SAPK [201]
# and PI3K/AKT/mTOR pathways
Gynostemma
pentaphyllum 0.5-5.0 mg/mL — Mouse dermal ﬁbroblasts Reduce oxidative stress [208]
induced oxidative stress
extract
5,10, and Cultured for H,0, induced aging .
Resveratrol 50 UM 24t of HUVECs Upregulation of autophagy [212]
. 1, 5, 10, and Treatment Rat adipose tissue-derived . .
Curcumin 20 uM for 48h stem cells Promoting TERT gene expression [221]
In vivo studies
i.g. every Aged mice (24 months) Upregula.no_n .Of phosphatase PP2A
20,40, 80, and - and diminished extracellular
EGb-761 3 days, for of middle cerebral artery . . [170]
100 mg/kg - signal-regulated kinase (ERK)
12 months occlusion o
activation
Inhibiting endoplasmic reticulum
. Streptozotocin-induced ~ stress via restoration of autophagy
EGb 200, 400 mg/kg/day i.g. 12 weeks diabetic ApoE”" mice through the mTOR signaling (171]
pathway
D-Galactose-induced Antioxidation and downregulation
Ginsenoside Rgl 20 mg/kg/day i.p. 28 days acine mice of the p19/p53/p21 signaling [173]
sing pathway
Panax notoginseng 10, 30, and . . . A
saponins 60 mg/kg/day i.g. 6 months Natural aging rats Attenuating oxidative damage [179]
Astragalus 100, 200, 400, i.g. twice per Rat model of persistent Reducing oxidative damage and [182]
membranaceus and 600mg/kg  day for 7 times myocardial ischemia free radical generation
Downregulate the mRNA levels of
. 8, 16, and . Rats with learning and APP and f-secretase, decrease
Astragalosides 32 mg/kg i-g. 14 days memory impairment expression of APP and Af3,_,, [183]
in hippocampus
Astragalus 100, 200, and . D-Galactose induced . Scavengu?g ROS, 1nh_1b1t1ng.
olvsaccharides 300 mg/kg/d i.g. 7 weeks aging mice mitochondrial PT, and increasing [184]
POty the activities of antioxidases
:Dmiil(lifcziog eltﬁi Modulation of the mitochondrial
Lycium barbarum 0.5 or 2.0 g/kg i.g. 4 weeks Y pathway of apoptosis and the [186]

combination of AIC;
and D-galactose

cholinergic system
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TasLE 2: Continued.
Active ingredients Dosage Administration Model Possible mechanism Reference
Goji berry 150, 300 mg/kg i.g. 6 weeks Natural aging rats Antioxidative stress [187]
. . Abdominal aorta of Hypolipemic, antioxidant, and
Rhodiola rosea 60, 120 mgfkg i-g. 9 weeks atherosclerosis rats anti-inflammatory activities [190]
Enhancing the antioxidant and
Angelica . Aging nestin-GFP mice anti-inflammatory capacity,
polysaccharide 140 mg/kg i:p. 27 days induced by D-galactose upregulation of p53/p21 [196]
signaling pathway
. 1,3, and . 6-OHDA-induced Activation of PI3K/Akt/GSK3/
Tetramethylpyrazine 10 mg/kg i.p.7 or 14 days Parkinson’s disease mice signaling pathway [200]
. Mice with chemotherapy- Attenuating oxidative stress
Resveratrol 30, 100 mg/kg/d i-g. 2 weeks induced ovarian aging injury by activating Nrf2 [210]
. 100, 200, and . . Suppressing age-related changes
Curcumin 400 mg/kg/d i.g. 6 months Natural aging rats in inflammatory indices [220]
+ . , Inhibit inflammatory activities
Baicalein 10, 30 mg/kg/day i.p. 7 days MPP"-induced Parkinson’s and MPP*-induced apoptosis [231]

disease mice

and autophagy

Abbreviations: EGb: Ginkgo biloba extract; EPCs: endothelial progenitor cells; HUVECs: human umbilical endothelial vein cells; i.g.: intragastric gavage; i.p.:

intraperitoneally injected.

been made in the study of flavonoids in prolonging lifespan
[230]. Hung et al. [231] injected 1-methyl-4-phenylpyridi-
nium (MPP", a Parkinsonian neurotoxin) into the brains of
rats and randomly divided them into three groups which
received different does (10, 30 mg/kg/day) of baicalein, a phe-
nolic flavonoid for 7 days. The study found that baicalein
could inhibit inflammatory activities and MPP*-induced
apoptosis and autophagy in the nigrostriatal dopaminergic
system of the rat brain. The results suggested that baicalein
was of therapeutic significance in Parkinson’s disease. Studies
also showed that flavonoids could exert ameliorative antiox-
idant capacity and reduce Ap-induced toxicity in Caenor-
habditis elegans, thus prolonging lifespan of Caenorhabditis
elegans [232, 233].

6. Adverse Effects of Herbal Medicine

Cianfrocca et al. [234] observed that a 49-year-old man
received herbal therapy with Ginkgo biloba (40 mg, 3 times
daily) for 2 weeks to improve his cognitive abilities, and the
patient complained of two palpitations within a month. The
12-lead ECG had a normal morphology but showed sinus
rhythm with frequent ventricular premature beats, and with
the withdrawal of ginkgo biloba extract, electrocardiographic
evidence of ventricular arrhythmias resolved. Erdle et al.
[235] reported allergic reactions in two pediatric patients
after inhaling and atomizing American ginseng powder, the
former with urticaria and respiratory symptoms and the
latter with recurrent allergic conjunctivitis, and there was evi-
dence of sensitization to American ginseng on skin prick test-
ing (SPT) (13 x 12 mm wheal). The researchers concluded
that excessive oral administration of astragalus could cause
allergy, headache, hypertension, or other symptoms; astraga-
lus injection mainly caused fever, shock, and acute asthma
[236]. Larramendi et al. [237] carried out a skin test of goji
berry on 30 patients with plant food allergy and found that

24 patients showed positive results, which suggested that goji
berries are potentially allergenic to people at high risk of food
allergies. Chang et al. [238] reevaluated the postmarketing
safety of depside salt injection (made from Radix Salvia mil-
tiorrhiza) based on the real world and found that most com-
mon adverse drug reactions were headache, head distention,
dizziness, facial flushing, skin itching, thrombocytopenia,
and the reversibility of elevated aspartate transaminase.
Chaudhari et al. [239] concluded that curcumin commonly
used in dermatologic conditions may cause skin allergies,
mainly manifested as contact urticaria.

The safety of drug use is one of the important contents of
clinical pharmacology; herbal medicine has drawbacks in this
respect. Further studies are needed to completely understand
these widely used herbs or compounds and their efficacy in
aging-related diseases.

7. Conclusion and Perspectives

Aging and aging-related diseases pose a serious threat to
human health and reduce the quality of life of elderly people.
Therefore, exploring the mechanisms of aging and against
the occurrence of aging-related diseases is of great significance.
In this paper, we discuss cellular and molecular mechanisms
of aging and aging-related diseases, including oxidative stress,
inflammatory response, autophagy and exosome interactions,
mitochondrial injury, and telomerase damage (see Figure 4).
We also discuss the possible mechanisms of age-related dis-
eases (see Figure 5) and modern medical treatment for dis-
eases related to aging. However, modern medicines result in
many adverse reactions when used to treat aging-related dis-
eases. Although drug therapy may improve the symptoms of
early AD, they are not effective in patients with advanced AD
and are associated with gastrointestinal toxicity. Intravitreal
injection of antivascular endothelial growth factor is the most
effective way to inhibit angiogenesis and control vascular
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leakage. However, intravitreal injection has many disadvan-
tages which include risk of infection, the requirement of
repeated treatment, and high cost. Most importantly, some
patients still experience progressive visual impairment after
treatment. Exploring the mechanisms of the multitargeted
actions of herbal medicine will therefore help establish novel
drugs for the treatment of aging-related diseases. In this
review, we initially explored the possible mechanisms of
herbal medicines in the treatment of aging and aging-
related diseases (Table 2). Through in vivo and in vitro stud-
ies, various components of herbal medicine have been found
to possess the ability to intervene in aging-related diseases
by activating telomerase, increasing antioxidant capacity,
reducing apoptosis and anti-inflammatory activities, and
regulating aging-related pathways and exosomes. We also
summarized the clinical randomized controlled trials (RCTs)
of herbal medicine in the treatment of aging-related diseases
(Table 3) [240-250]. These trials found that herbal medicine
displays certain clinical efficacy in the treatment of age-
related diseases such as type 2 diabetes, vascular dementia,
AD, and atherosclerosis. A few clinical studies on AMD exist,
but this disorder is considered to be related to the special
technique used for intravitreal administration when treating
macular lesions. Of note, as shown in Table 3, there are some
adverse reactions in the clinical use of herbal medicines,
including gastrointestinal discomfort, dry mouth, and abnor-
mal alanine aminotransferase [245-247, 250]. Experimental
studies had also found that there was a dose-response curve
characterized by stimulation at a low dose and inhibition at
a high dose. For example, the researchers used different con-
centrations of the drug to interfere with endothelial cells and
found that cell survival rates decreased as the dose of the drug
increased [214, 251-253]. This indicates that drugs have the
effect of dose-dependent bidirectional regulation. When con-
ducting study, attention should be paid not only to the dose-
effect relationship but also to the optimal benefit concentra-
tion of drugs. Further analysis of the herbs mentioned in
the article found that adverse reactions might occur with
herbal treatment, such as palpitations, recurrent allergic con-
junctivitis, urticaria and respiratory symptoms, fever, shock,
and acute asthma [234-239]. Researchers should analyze
the reasons for the adverse reactions and promote the stan-
dard and safe use of herbs.

In conclusion, high-quality RCTs should be carried out to
observe the effectiveness and safety of herbal medicine in the
treatment of aging and aging-related diseases. It is also
important that the intervention of integrated traditional Chi-
nese and western medicine be monitored in aging and aging-
related diseases.

Abbreviations

ACEL Angiotensin-converting enzyme inhibitors
AChE: Acetylcholinesterase

ACS: Acute coronary syndrome

AD: Alzheimer’s disease

ADCY5:  Adenylate cyclase 5

Akt: Protein kinase B

AMD: Age-related macular degeneration
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AMPKa:  AMP-activated protein kinase alpha
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miRNA:  MicroRNA
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Low-grade chronic inflammation plays a pivotal role among other pathophysiological mechanisms involved in obesity. Innate and
adaptive immune cells undergo systemic proinflammatory polarization that gives rise to an increased secretion of proinflammatory
cytokines, which in turn leads to insulin resistance. Bariatric surgery is currently the most effective treatment for obesity, as it brings
on significant weight loss, glucose metabolism improvement, and a decrease in systemic inflammation biomarkers. After bariatric
surgery, several changes have been reported to occur in adaptive immunity, including reduction in CD4+ and CD8+ T cell counts, a
decrease in the Th1/Th2 ratio, an increase in B regulatory cells, and reduction in proinflammatory cytokine secretion. Overall, there
seems to be a major shift in several lymphocyte populations from a proinflammatory to an anti-inflammatory phenotype.
Furthermore, increased antioxidant activity and reduced lipid and DNA oxidation products have been reported after bariatric
surgery in circulating mononuclear cells. This paper highlights the shift in the adaptive immune system in response to weight
loss and improved insulin sensitivity, as well as the interplay between immunological and metabolic adaptations as a result of
bariatric surgery. Finally, based on data from research, we propose several mechanisms such as changes in adaptive immune cell
phenotypes and their by-products, recruitment in adipose tissue, reduced oxidative stress, and modification in metabolic
substrate availability as drivers to reduce low-grade chronic inflammation after bariatric surgery in severe obesity.

1. Introduction disease [5] and with endocrine conditions such as type 2 dia-

betes mellitus (T2DM) [6], polycystic ovarian syndrome [7],

Obesity is defined as an excess of body fat. Body mass index
(BMI) has been the most widely used parameter to assess and
classify the grade of obesity. The World Health Organization
defines obesity as a BMI > 30kg/m? [1]. In recent decades,
obesity prevalence has risen to alarming levels. Global preva-
lence has increased from 3.2% in men and 6.4% in women in
1975 to 10.8% and 14.9%, respectively, in 2014 [2]. Obesity
has been associated with metabolic disorders such as insulin
resistance [3], dyslipidemia [4], and nonalcoholic fatty liver

and vitamin D deficiency [8]. Despite a strong epidemiologi-
cal association indicating an increased risk for obese subjects
to suffer metabolic comorbidities, it should be noted that a
proportion of the obese population has no manifest disorder
(the so-called “metabolically healthy obese”), while also a rel-
atively small but considerable proportion of normal-weight
subjects may suffer from the metabolic conditions associated
with obesity [9]. Obesity has also been related to autoimmune
diseases such as rheumatoid arthritis [10], psoriasis [11], and
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systemic lupus erythematosus [12]. Furthermore, obesity
increases mortality [13] and diminishes quality of life [14].

The treatment for obesity has proven to be a difficult
challenge. Lifestyle changes including a change of diet and
an increase in physical activity have been widely approved
as the first-line options [15]. Several drugs, indicated as a
complementary treatment to lifestyle changes, have proven
to be effective in achieving a weight loss of 5% [16, 17]. How-
ever, weight regain is a common problem given that only
about 50% of the subjects have been found to achieve a
weight loss of at least 5% after 8 years of an intensive lifestyle
intervention [18]. On the other hand, bariatric surgery has
been regarded as the most effective long-term treatment for
obesity [19]. According to the clinical guidelines from the
American Society for Metabolic and Bariatric Surgery,
surgical procedures for weight loss are indicated for patients
with a BMI > 40 kg/m?, a BMI > 35 kg/m? with at least one
obesity-associated comorbidity, or a BMI > 30 kg/m?* with
either T2DM or metabolic syndrome [20].

Obesity is regarded as a low-grade inflammatory state
characterized by an elevation of acute-phase reactants and
proinflammatory cytokines. Inflammation is driven by the
immune response, which is classified into innate and adap-
tive immunity. The innate response, mediated by neutrophils
and macrophages that rapidly migrate to the inflamed tissues
to try to eliminate the offensive agent, is nonspecific but fast-
acting. On the other hand, the adaptive response is directed
against a specific insult, mediated by T and B lymphocytes,
which recognize specific epitopes with high affinity by the T
cell receptor (TCR) or by antibody production, respectively.
Both responses usually interact with and reinforce each other.
For instance, macrophages act as antigen-presenting cells
(APC) for T cells, and in turn, T cells secrete proinflammatory
cytokines such as interferon-y, which further activates macro-
phages [21, 22]. Specifically, the proinflammatory milieu
associated with obesity is driven in part by adipose tissue
macrophages, which are a component of the innate immune
system. However, increasing recent evidence indicates that
adaptive immune cells, such as T and B lymphocytes, play a
crucial role in the activation and maintenance of such inflam-
matory state [23, 24]. The purpose of this review is to high-
light the alterations in the adaptive immune system that
follow bariatric surgery-induced weight loss and the potential
underlying mechanisms associated with the inflammatory
milieu and the insulin resistance status.

2. Low-Grade Chronic Inflammatory State in
Obesity Is Driven by Both Innate and
Adaptive Immune Cells

Obesity is associated with a low-grade chronic systemic
inflammatory state characterized by elevation of acute-phase
proteins such as C-reactive protein (CRP) produced by the
liver [25] and IL-6, secreted by adipocytes and adipose tissue
macrophages [26-28], as well as by an increase in TNF-«a by
adipose tissue [29]. Although early studies failed to find a sig-
nificant increase in circulating TNF-« in patients with obesity
[30], recent reports have observed higher serum TNF-«
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among obese subjects [31]. TNF-a has been shown to be
mainly secreted by macrophages [32] that infiltrate adipose
tissue creating crown-like structures (CLS) around necrotic
adipocytes [33]. The role of adaptive immunity in obesity
has been partly described. B lymphocytes have also been
found within CLS in human adipose tissue, although their role
is not completely understood [34]. In addition, adipose tissue
from obese subjects has been found to contain an increased
number of both CD4+ and CD8+ T lymphocytes, which also
secrete proinflammatory cytokines such as TNF-a and
IFN-y [35]. Furthermore, increased waist circumference has
been associated with increased expression of the activation
markers CD25 and CD69 in T lymphocytes from adipose tis-
sue [36]. Immune cells in peripheral blood have also been
found to be related to inflammatory markers. Th1 cells are well
known to secrete IFN-y, a proinflammatory cytokine, while
Th2 cells secrete IL-4, an interleukin with an anti-
inflammatory role [23]. Peripheral blood mononuclear cells
(PBMCs) have been shown to exhibit a proinflammatory
secretory profile in obese subjects [37, 38]. Also, higher levels
of the activation factor CD25 in T lymphocytes and increased
Th1/Th2 ratios, correlated with insulin resistance assessed by
the HOMA index, have been reported in obese subjects com-
pared with lean or healthy overweight controls [39]. Further-
more, BMI has been found to be positively correlated with
CD4+ effector memory T lymphocytes and negatively corre-
lated with anti-inflammatory T regulatory (Treg) lymphocytes
in severely obese subjects undergoing bariatric surgery [40].

Other specific T lymphocyte populations, such as
mucosal-associated invariant T (MAIT) cells, have also been
associated with the secretion of proinflammatory mediators.
MAIT cells are innate-like T lymphocytes found in periph-
eral blood, intestinal mucosa, and the liver. Circulating
MAIT cell numbers have been found to be reduced in
patients with obesity and in those with T2DM. However,
secretion of IL-17 by MAIT cells was increased in obese com-
pared with the lean subjects. In addition, secretion of IL-2,
granzyme B, and TNF-a was increased in T2DM. Notewor-
thy, both MAIT and CD8+ cells were found to be more abun-
dant in omental adipose tissue than in peripheral blood in
obese patients. These findings suggest a recruitment of MAIT
cells by adipose tissue in obese subjects [41]. The polarization
toward proinflammatory subpopulations of lymphocytes is a
systemic phenomenon that has been observed in several tis-
sues, including the skeletal muscle, liver, and pancreas [42].

The role of innate immunity in the development of
obesity-associated low-grade chronic inflammation has been
well studied. Mounting evidence indicates that despite the
lack of an identified specific antigen, the adaptive immune
system also participates in the development of this inflamma-
tory state and exhibits proinflammatory polarization.

3. Inflammation Drives Insulin Resistance

Although a causative relationship between inflammation and
insulin resistance is generally not regarded as proven, multi-
ple evidence from studies in animal models and clinical trials
that suggest that chronic inflammation may be a mechanism
involved in the development of insulin resistance has been
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shown [43]. Adipose tissue-secreted TNF-a has been shown
to induce insulin resistance in animal models [29] through
activation of Janus N kinases (JNK) and serine phosphoryla-
tion of insulin receptor substrate (IRS) [44]. Both TNF-« and
IL-6 have been associated with incident T2DM in case-
control studies [45]. Furthermore, anti-TNF-a treatment
has been able to reduce insulin resistance in rheumatoid
arthritis [46] and in psoriasis [47]. Kinases have been shown
to play a role in insulin resistance. IKKe (IxB kinase €) and
TBK1 (TANK-binding kinase 1) are noncanonical IxB
kinases that stimulate IFN-a and IFN-f. While these kinases
have been shown to increase in response to a high-fat diet,
their inactivation, either by genetic knockout or by pharma-
cological drugs, has been shown to prevent obesity and insu-
lin resistance in murine models [48, 49]. Furthermore, a
novel dual inhibitor of IKKe and TBK1, amlexanox, has been
shown to improve glycemic control in T2DM in a subset of
patients with increased baseline inflammatory status [50].
In addition, IFN-y has been shown to decrease insulin sen-
sitivity in human adipose tissue by downregulation of PI3K
(fosfatidilinositol-3-kinase), inhibiting the adipocyte secre-
tion of the lipogenic enzymes, fatty acid synthase, and lipo-
protein lipase, in response to insulin [35]. A more detailed
description of the mechanisms by which inflammatory
mediators lead to insulin resistance may be found in the
revision by Chen et al. [51]. Besides inflammation, other
mechanisms leading to insulin resistance in obesity include
mitochondrial dysfunction, hyperinsulinemia through a
negative feedback loop, lipotoxicity, endoplasmic reticulum
stress, hypoxia, and oxidative stress [52]. Therefore, inflam-
mation is a clinically relevant mechanism, among others, that
contributes to insulin resistance associated with obesity and a
potential source of pharmacological target for the treatment
of insulin resistance and even T2DM in some patients.

4. Insulin Might Induce Changes in an Immune
Cell Phenotype

Lymphocytes express both glucose transporter 1 (GLUT1)
and GLUTS3. Alterations in lymphocyte glucose uptake have
been demonstrated in T2DM. Diet-treated subjects recently
diagnosed with T2DM were shown to have increased periph-
eral lymphocyte glucose uptake at 15 minutes but have
decreased uptake at 30 and 60 minutes compared with
healthy controls. In contrast, insulin-treated patients with
longer duration of disease were shown to have increased lym-
phocyte glucose uptake at all time points [53]. In lympho-
cytes from healthy subjects, in vitro treatment with insulin
at 50mIU/ml was shown to increase lymphocyte glucose
uptake at 30 minutes, as well as GLUT3 and GLUT4 expres-
sion. These findings demonstrate that peripheral lymphocytes
react to insulin stimulation and, therefore, could represent a
model for the study of insulin resistance [54].

In addition, in an in vitro model, insulin has been
described to be promoting anti-inflammatory Th2 differentia-
tion in CD4+ lymphocytes, an effect likely mediated by ERK
(extracellular-signal-regulated kinase) phosphorylation. Inter-
estingly, while the insulin receptor was not shown to be
detected in resting T cells, it was significantly upregulated

upon activation in both CD4+ and CD8+ cells [55]. Further-
more, lymphocytes from obese subjects were not shown to
increase pAKT (protein kinase B) intracellular levels or to
decrease the Th1/Th2 ratio upon in vitro stimulation with
supraphysiological concentrations of insulin, as the lympho-
cytes from lean controls did, indicating that lymphocytes from
obese subjects have an impaired response to insulin [39].

These results indicate that lymphocytes respond to insu-
lin stimulation, a fact not widely explored. Furthermore, in
conditions characterized by insulin resistance, such as obe-
sity and T2DM, lymphocytes have an impaired response to
insulin. Finally, lymphocytes from obese subjects are resis-
tant to insulin-mediated Th2 differentiation in vitro. There-
fore, Thl polarization seen in obesity may be partially
caused by insulin resistance. Whether this is a relevant mech-
anism in vivo requires further study.

5. Bariatric Surgery Induces Significant
Weight Loss

Lifestyle changes have been indicated as the first-line treat-
ment option for people with obesity, but weight loss has
proven to be rather small. In the Look AHEAD interven-
tional study, a mean weight loss of 8.5% was achieved after
one year of an intensive lifestyle intervention, but after an
8-year follow-up, only 50.3% were able to maintain a 5%
weight loss [18]. In another lifestyle change interventional
study, a 5% weight loss was shown to be sufficient in order
to increase insulin sensitivity in the adipose tissue, liver,
and skeletal muscle, but not to reduce systemic inflammation
markers. A significant decrease in CRP was proven to
decrease only after a progressive weight loss of more than
15%, although no significant changes were seen for IL-6,
MCP-1, or white blood cell count [56]. In contrast, bariatric
surgery has proven to induce a consistent significant and per-
sistent weight loss. A pooled meta-analysis which included 25
studies concluded that bariatric surgery was more effective
than nonsurgical interventions in achieving weight loss after
a follow-up of one, two, and three years. Bariatric surgery was
proven to achieve a weight loss of at least 20 kg higher com-
pared with nonsurgical interventions [19]. A worldwide
study estimated that bariatric surgery overall induces a
weight loss of 30.5% at one-year follow-up [57].

Roux-en-Y gastric bypass (RYGB), laparoscopic sleeve
gastrectomy (LSG), laparoscopic adjustable gastric banding
(LAGB), and biliopancreatic diversion with duodenal switch
(BPD-DS) are the most common bariatric surgical proce-
dures (Figure 1). LAGB and LSG are traditionally regarded
as merely restrictive methods, since the main effect of the
operation is a reduction in gastric capacity. RYGB and
BDP-DS induce a reduction in gastric capacity along with a
malabsorptive component, given that a partial bypass of the
small bowel is generated. The malabsorptive component is
far more significant in BPD-DS due to the increased extent
of the bypassed small bowel. Beyond their restrictive and
malabsorptive mechanisms, LSG, RYGB, and BPD-DS lead
to alterations in endocrine mechanisms by modulation of
the secretion of gastrointestinal factors, such as ghrelin and



LAGB
15.6% weight loss [67]
19.1% decrease in CRP
(46]

RYGB

29.3% weight loss [67]
52.0% decrease in CRP
[79]
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LSG
33.4% weight loss [67]
60.4% decrease in CRP
(78]

BPD-DS

40.8% weight loss [67]
84.0% decrease in CRP
[80]

FI1GURE 1: Graphic representation of bariatric surgical procedures to achieve weight loss and a % decrease in CRP. LAGB: laparoscopic
adjustable gastric band; LSG: laparoscopic sleeve gastrectomy; RYGB: Roux-en-Y gastric bypass; BPD-DS: biliopancreatic diversion with
duodenal switch; CRP: C-reactive protein. References in brackets. Further details in text.

glucagon-like peptide 1 (GLP-1), which have an effect on
satiety and on glucose metabolism [58, 59].

While RYGB is widely regarded as the “gold standard” of
bariatric procedures, BPD-DS is considered more effective,
since it induces greater weight loss. However, its increased
technical complexity and the higher morbidity risk limit its
use. Regarding weight loss with these different procedures,
LSG weight loss outcomes are similar to those of RYGB,
while LAGB induces a more modest weight loss [58, 59]. In
a retrospective study, a weight loss of 15.6%, 29.3%, 33.4%,
and 40.8% was achieved after a 3-year follow-up using LAGB,
RYGB, LSG, and BPD-DS, respectively [60] (Figure 1). Gas-
tric imbrication or plicature, which involves folding and
stitching the stomach into itself to adopt a tubular structure,
is a relatively new surgical technique used for weight loss.
Although there is little available data, short-term outcomes
seem to be similar to those of sleeve gastrectomy [61]. In
addition to weight loss, bariatric surgery is known to improve
control of obesity-associated comorbidities, particularly
T2DM and insulin resistance in the case of RYGB and
BPD-DS, due to their endocrine component [59, 62].

6. Bariatric Surgery Is Associated with a
Decrease in Systemic Inflammation
Assessed by C-reactive Protein

Multiple studies have reported a decrease in CRP levels, a fre-
quently assessed marker of systemic inflammation in the clin-
ical setting after bariatric surgery. CRP has been shown to
decrease from 1.15 to 0.34 mg/l at 6 months after either RYGB
or LSG in a small cohort of Mexican subjects [63]. CRP was
also found to fall from 0.68 to 0.55mg/dl 3 months after

LAGB, associated with a 13.9% weight loss, in 46 subjects
[64]. In another study with a smaller sample size (n = 20),
but a longer follow-up at 3 years, LAGB was shown to induce
a weight loss of 30% and CRP was found to decrease from 7.6
to 3.4mg/l [65]. CRP was found to be reduced from 5.3 to
2.1U/ml one year after LSG in 30 morbidly obese women in
which a 29.3% weight reduction was achieved [66]. Other
authors have reported a decrease in CRP from 1.02 to
0.49 mg/dl in 20 obese subjects 3 months after RYGB. Note-
worthy, no correlation was found between changes in CRP
and changes in BMI. This lack of correlation points to a poten-
tial association of CRP with direct markers of fat mass or with
caloric deprivation or malabsorption [67]. Finally, CRP was
described to decrease from 11.9mol/l to 4.9 mmol/l at 6
months, with further reduction to 1.9 mmol/l at 12-month
follow-up in 70 subjects that underwent BPD-DS. Meanwhile,
a 37.1% one-year weight loss was achieved [68]. Overall, all
bariatric procedures were found to decrease CRP concentra-
tions, although differences among the procedures might be
attributable to the different follow-up periods and the varied
baseline levels. It seems, however, that bariatric procedures
that induce greater weight loss are also the most effective in
reducing CRP levels and systemic inflammation (Table 1).
However, other predictors of decreased CRP levels, such as
adiposity markers or caloric deprivation, have been proposed.

7. Weight Loss Induced by Bariatric Surgery Is
Associated with a Systemic Decrease in
Oxidative Stress Final Products

Obesity has also been associated with high levels of oxidative
stress in different studies. Obese women were found to have
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TasLE 1: Comparison of changes in systemic C-reactive protein observed after weight loss across different surgical procedures.
Population Mean age (years) Intervention Follow-up (months) Weight loss (%) CRP reduction Reference

36 subjects 0
88.9% F 37 RYGB/LSG 6 24.3 70.4% [63]
46 subjects 0
87% F 40.6 LAGB 3 13.2 19.1% [64]
20 subjects LAGB 36 30.3 55.3% [65]
30 subjects o N
100% F 40.3 LSG 12 29.3% 60.4% [66]
70 subjects 41.3 BPD-DS 12 37.1% 84% [68]

F: female; RYGB: Roux-en-Y gastric bypass; LSG: laparoscopic sleeve gastrectomy; LAGB: laparoscopic adjustable gastric band; BPD-DS: biliopancreatic

diversion with duodenal switch; CRP: C-reactive protein.

higher plasmatic concentrations of lipid peroxidation and
protein carbonylation markers, compared with normal-
weight controls. When measured 6 months after bariatric
surgery, the levels of these markers were significantly
reduced, although the concentrations did not reach those
of the control group [69]. Short-term outcomes after bilio-
pancreatic diversion have demonstrated an increase in
glutathione-S-transferase and glutathione reductase activity
in plasma, despite a decrease in glutathione peroxidase activ-
ity. Lipid peroxidation was found to increase initially 15 days
after surgery, but afterwards, a significant decrease that
remained below baseline levels 3 months after surgery was
shown [70]. After a 1-year follow-up of bariatric surgery
patients, a significant reduction in both lipid peroxidation
and protein carbonylation, as well as an increase in nonpro-
tein thiols and in whole blood antioxidant enzyme activity,
was demonstrated [71]. Altogether, these results indicate an
overall reduction in oxidative stress after weight loss induced
by bariatric surgery.

Furthermore, bariatric surgery-mediated weight loss has
been shown to reduce oxidative stress specifically in PBMCs,
mainly composed of lymphocytes. Antioxidant enzyme
activity has been reported to increase in PBMCs, while prod-
ucts of lipid and DNA oxidation have been shown to decrease
after a one-year follow-up in morbid obese patients that
underwent bariatric surgery [72, 73]. Previous work indicates
that mitochondrial ROS are necessary for T cell activation
[74]. ROS modulation has been reported to reduce cytokine
secretion [75, 76]. Therefore, ROS reduction observed after
bariatric surgery-induced weight loss should be expected to
contribute to decreased proinflammatory cytokine secretion.
However, its relevance in this specific clinical context has not
been directly addressed.

8. Bariatric Surgery Drives a Shift in Adaptive
Immune Cells Characterized by Changes in
Lymphocyte Count, Phenotype, and
Anti-Inflammatory Marker Secretion

Changes in lymphocyte count and variations in the pheno-
type, as well as in the secretion of their by-products, have
been reported after bariatric surgery-induced weight loss.
Shortly after gastric banding, a decrease in the Th1/Th2 ratio

together with a reduction in Th1l and/or an increase in Th2
levels has been reported in T2DM and prediabetes, with
improvement in glucose metabolism [77, 78]. B lymphocytes
have also been shown to shift from an effector to a regulatory
phenotype, suppressing proinflammatory cytokine secretion
by T lymphocytes after RYGB [79]. In addition, the total
number of CD4+ and CD8+ circulating T cells was found
to be reduced after laparoscopic greater curvature plication
in morbidly obese patients, suggesting a declined level of
cell-mediated immune activity [80]. Likewise, a reduction
in the count of B, T CD8+, and natural killer (NK) lympho-
cytes has been described after bariatric surgery in a subset
of severely obese subjects with insulin resistance [81]. How-
ever, in a small sample of 20 severely obese women, no signif-
icant change in T CD4+, T CD8+, B, and NK lymphocyte
subpopulations was found after bariatric surgery. When ana-
lyzed by the type of surgery, a change in CD4+ T lympho-
cytes was shown to correlate with changes in BMI in the
RYGB subgroup, but not in the LAGB group, suggesting that
more pronounced weight loss might be associated with a
reduction in CD4+ T cells [82]. Using another procedure,
four months after laparoscopic greater curvature plication,
a decrease in CD4+ T cells from 38.2% to 29.3%, in CD8+
from 17.3% to 9.5%, and in leptin from 43.01 to 24.8 ng/ml
was demonstrated in 20 subjects [80]. However, the associa-
tion between the observed changes in lymphocyte popula-
tions and leptin was not evaluated in the study. Considering
these results, a weight loss-associated decrease in the inflam-
matory phenotype lymphocyte differentiation is induced after
the diverse bariatric surgery procedures.

Furthermore, Tth cells, which play a crucial role in acti-
vating and differentiating B lymphocytes, have been shown
to reduce the expression of activation markers and the secre-
tion of proinflammatory cytokines after RYGB. Activation
markers of Tth cells were found to be downregulated 3
months after RYGB. The secretion of IFN-y, IL-2, IL-4, and
IL-17 by Tth cells was also shown to decrease, while no sig-
nificant change was observed in IL-10. Secretion of IL-10
was described to be higher after 72hr incubation of Tth
post-RYGB plus staphylococcal enterotoxin B- (SEB-) pulsed
autologous B cells compared with that of Tth pre-RYGB plus
SEB-pulsed B cells. In addition, Tfh IL-10+ was shown to
promote the differentiation of naive B cells toward an
IL-10- and TGEF-f-secreting phenotype, directly mediated



by IL-10 itself. B cells isolated after RYGB were found to
express more IL-10 and TGF-f [83]. These findings dem-
onstrate an overall decrease in inflammatory cytokines and
an overall increase in anti-inflammatory cytokines secreted
by Tth cells which may have a direct effect on the differenti-
ation of anti-inflammatory B cells. Similarly, in another
study, 3 months after the RYGB, B lymphocytes were found
to shift from a proinflammatory IL-6+ phenotype to an
anti-inflammatory IL-10+ phenotype, while T lymphocytes
were shown to reduce the secretion of proinflammatory cyto-
kines IL-17 and IFN-y. Furthermore, coincubation of B and
T cells showed that preoperative B cells stimulated proin-
flammatory cytokine secretion by T cells, while postoperative
B cells inhibited this phenomenon [79]. These findings indi-
cate that bariatric surgery induces changes in the lymphocyte
phenotype from proinflammatory to anti-inflammatory
that further impact other cell populations to regulate their
inflammatory potential.

Lips et al. [84] reported outcomes in inflammatory status
in obese and diabetic women 3 months after RYGB. Weight
loss was shown to lead to a reduction in systemic CRP, total
T cells, and helper T cells, but paradoxically, also to an
increase in TNF-« systemic concentration. It is speculated
that this later finding may reflect incomplete recovery from
the surgical procedure itself and that longer follow-up
periods are recommended to get a better picture of systemic
inflammation after bariatric surgery [84]. In addition,
decreased circulating MAIT cell numbers with surprisingly
increased proinflammatory IL-17 secretion have been found
in obese subjects compared with healthy controls. The lower
numbers of MAIT cells in obese subjects have been attributed
to increased activation and infiltration in adipose tissue.
After bariatric surgery, the subjects were reported to present
increased MAIT cell count in peripheral blood, but with no
decrease in IL-17 secretion [41]. The relevance of the changes
in MAIT cells and whether they reflect a reduction in their
proinflammatory phenotype require further study.

9. Changes in Adaptive Cellular Immunity
Elicited by Bariatric Surgery-Induced Weight
Loss May Be Linked to
Metabolic Improvement

The relationship of lymphocyte changes induced by bariatric
surgery-induced weight loss with insulin sensitivity and met-
abolic alterations is crucial. However, available data is scarce
and somewhat controversial, though pointing toward a posi-
tive link between them. While some studies have found
changes in cell immunity to be related to glucose metabolism,
others have not shown such a relationship. Viardot et al. eval-
uated changes in the immune system induced by weight loss
after a 24-week-long restriction diet with laparoscopic gastric
banding (LGB) performed at week 12 in obese subjects with
either T2DM or impaired glucose tolerance (IGT) and in 10
healthy matched control subjects. The mean weight loss
was found to be 5% at week 12 and 13.5% at week 24, while
glucose control was described to improve significantly.
Weight loss was shown to elicit a decrease in Thl count
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and the Th1/Th2 ratio and to reduce the expression of
CD69 and CD25 activation markers in lymphocytes. The
decrease in CD69 and in the Th1/Th2 ratio was found to be
associated with the reduction in BMI, but not with the
HOMA-IR index or with fasting glucose [77]. However,
other studies have shown a link between adaptive immune
changes and metabolic parameters after bariatric surgery.
The association between glucose metabolism and both sys-
temic and adipose tissue inflammation was evaluated in 15
subjects with BMI above 35 kg/m?* and either T2DM or IGT
who underwent LGB. Weight loss of 12.5% at week 12 was
found to lead to lower fasting glucose levels and to a decrease
in the Th1/Th2 ratio. A negative correlation between Th2
levels and fasting glucose concentration was also found
[78]. Likewise, in another study, a negative correlation
between Tth IL10+ cell percentage change and BMI, glucose
levels, and fat mass percentage was found after RYGB [83].
As inflammation is one of the mechanisms leading to
insulin resistance and other obesity-related comorbidities,
an increase in the anti-inflammatory lymphocyte subpopula-
tion associated with decreased glucose levels after bariatric
surgery might suggest that changes in cellular immunity after
weight loss are linked to metabolic improvements. Notewor-
thy, the absolute numbers of B lymphocytes, CD8+ T lympho-
cytes, and NK lymphocytes have been reported to decrease
after BPD-DS only in insulin-resistant subjects, indicating a
potential relationship between these lymphocyte populations
and insulin resistance. It is possible that some of these lym-
phocytes, particularly NK cells, contribute to the development
of insulin resistance [81]. On the other hand, another unex-
plored possibility is that insulin resistance might be the driver
responsible for the changes in lymphocyte populations, which
would reverse after bariatric surgery-related improvement in
insulin sensitivity (Figure 2). Insulin has an effect on lympho-
cyte differentiation, but the role played by insulin in bariatric
surgery-induced weight loss, as well as the potential effects on
other lymphocyte populations besides that on CD4+ T cells,
requires further study. Changes in lymphocyte populations
and cytokine secretion seen after bariatric surgery-induced
weight loss are summarized in Table 2.

10. Shift to an Anti-Inflammatory Lymphocyte
Phenotype after Bariatric Surgery and
Weight Loss: From Insulin
Resistance to Immunometabolism

As previously described in this paper, bariatric surgery has
been well known to considerably reduce white adipose tissue
mass, to improve insulin resistance and T2DM, and to induce
a shift from the proinflammatory condition that character-
izes obesity to an anti-inflammatory state. However, the
mechanism by which weight loss induces activation of
immune system cells is not completely understood. We pro-
pose three main mechanisms based on reports that describe
the relationship between postoperative weight loss and
changes in the immune system.

The first mechanism involves the association of adipose
tissue and chronic inflammation. The role of adipose tissue
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FIGURE 2: Potential mechanism of improvement in inflammatory
status after bariatric surgery-induced weight loss. Obesity induces
a systemic inflammatory status characterized by increases in
C-reactive protein, proinflammatory cytokines such as TNF-a and
IFN-y, and an inflammatory infiltrate in adipose tissue (AT) and a
decrease in circulating Treg lymphocytes. Inflammatory cytokines,
among other mechanisms, induce insulin resistance in obesity.
Bariatric surgery induces a significant weight loss that is associated
with an increase in insulin sensitivity and a decrease in systemic
inflammation. An important change in the lymphocyte phenotype
is a decrease in the Th1/Th2 ratio after weight loss. It is possible
that insulin effect on T cell differentiation may mediate
inflammation resolution, at least partially.
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in maintaining a low-grade chronic inflammation has been
related to physiological stress in adipocytes as they progres-
sively accumulate excessive fat. Increased release of inflam-
matory cytokines has been shown to elicit infiltration and
activation of macrophages within the adipose tissue, which
in turn alters the adipocyte secretion of adiponectin, leptin,
and resistin. Thus, chronic insulin resistance is ensued and
maintained [85]. Additionally, adipocyte death has been
shown to induce immune cell activation and to initiate
inflammation via macrophage activation [86]. The release
of damage-associated molecular patterns (DAMPs) such as
HMGBI can lead to the activation of toll-like receptors
(TLRs), and immune activation has also been described
[87]. Also, differences in the localization of macrophages
within adipose tissue between lean and obese fat mice have
been found. In the lean group, interstitially spaced macro-
phages have been observed, while in the obese groups, mac-
rophages are arranged in CLS [88], suggesting the presence
of different subpopulations and paracrine activation. There-
fore, the reduction of fat in the adipose tissue generated by
bariatric surgery in the obese population would decrease
the inflammatory stimulus driven by the interaction of
immune cells and adipocytes.

The second mechanism involved in the relationship
between postoperative weight loss and changes in the

immune system is related to the activation and infiltration
of immune cells. The reduction in the number and activation
of infiltrating immune cells in the adipose tissue has been
found to reduce the secretion of proinflammatory cytokines,
such as CRP, IL-6, IL-1f3, TNF-q, and IFN-y, which in turn
leads to a shift to an anti-inflammatory state and improves
metabolic functions, contributing to weight loss. The inter-
play between the immune system and its associated effects
on the metabolic status is a recent research field known as
immunometabolism. Macrophages in lean adipose tissue
have been described to have higher levels of arginase-1 and
IL-10 expression, which are typical markers of anti-
inflammatory M2 macrophages, compared with proinflam-
matory M1 macrophages found in obesity [89]. From this
perspective, bariatric surgery could decrease infiltrating pro-
inflammatory macrophages by reducing the differentiation of
macrophages or by reestablishing the M1/M2 cell ratio, lead-
ing to a reduction in the infiltration of adaptive immune cells.
Adaptive immunity in obesity has been shown to be affected
by the infiltration of T and B cells into the adipose tissue, pro-
ducing even more inflammatory cytokines, as demonstrated
in obese mice [42, 90, 91]. After RYGB surgery, B cells have
been shown to present a regulatory (IL-10) versus an effector
(IL-6) profile and halt their previous role of sustaining T cell
inflammation [79]. Bariatric surgery could modulate the
increased activation of CD4+ and CD8+ T cells regularly
observed in obese conditions and abate the level of both sys-
temic inflammation and adipose tissue inflammation. In con-
sequence, bariatric surgery can decrease or regularize the
secretion of proinflammatory cytokines and insulin resis-
tance, which in turn favors and improves glucose metabolism
and adipogenesis (Figure 3).

The third mechanism involves the relationship of nutri-
ents and immune cells. Metabolites such as glucose, free fatty
acids, glutamine, and succinate are energy resources that can
alter macrophage, neutrophil, and T cell functions [92]. Obe-
sity is characterized by a continuous supply of these metabo-
lites. The variations in these nutrient supplies observed after
bariatric surgery could modulate the immune system and
have been proposed as a key factor in immune differentia-
tion. Bariatric surgery could modulate inflammation directly
by decreasing the supply of nutrient metabolites through the
inhibition of pathologic immune activation, hence leading
to an anti-inflammatory state and improving metabolic
functions. In particular, succinate has been shown to
induce inflammation in macrophages via succinate receptor
1- (SUCNRI, also known as GPR91) mediated amplification
of TLR signaling enhancing the secretion of IL-1f3 [93-94].
The metabolism of circulating fructose, which is mainly
absorbed systemically by GLUT2 and GLUTS5, has been asso-
ciated with ATP depletion, oxidative stress, and inflammatory
responses [95]. However, the cyclic guanosine-adenosine
monophosphate (cGAMP) pathway has been described to
be dysregulated, leading to the activation and induction
of type I interferon synthesis induced by the STING recep-
tor [87, 96]. Obesity is associated with an increase in T
effector memory cells and a decrease in naive T cells. This
polarization in T CD4+ cells is driven by palmitate and is
mediated by the PI3K-Akt pathway. The protein mTORc2
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TaBLE 2: Summary of changes in lymphocyte populations and cytokine secretion observed after bariatric surgery-induced weight loss.

Population Intervention

Main findings Ref

13 subjects

BMI > 35 12 weeks of DCR (860-1434 kcal/day) | Th1/Th2 after DCR; changes maintained (7]

T2D or IGT followed by LGB 12 weeks after LGB

Age: 35-65

]13'?\45111 E];C;ts | T cells and Th1/Th2, associated with lower

2D or IGT LGB FG, glucose AUC, int(li 1rrlnproved insulin [78]

Age: 35-65 secreno

9 subjects 3 months after: B cells lose the capacity to

BMI: 35-38 RYGB support production of IL-17 and IFN-y by [79]

Age: 45-61 T cells

20 subjects .

BMI: 37-45 Laparoscopic greater curvature plication 4 months after: | CD4+ .and CD8+ T cells [80]
and leptin

Age: 25-50

8 subjects 3 months after: Tth cells secreted: | IFN-y,

BMI > 40 RYGB IL-2,1L-4, and IL-17 and 7 IL-10. Tth IL-10+ [83]

With T2DM promoted Breg cell differentiation and

Mean age: 41.3 predicted better clinical response

69 subjects

BMI > 35

25% T2DM RYGB T MAIT cells (potentially explained by | [41]

30 subjects peripheral infiltration); IL-17 remains

T2DM

67% obese

27 women 3 months after: | IR, CRP, leptin, and T cells;

55.5% obese RYGB T TNF-«a [84]

o8 sut?J ects 1 year after BPD: | T cells and B cells in IR

Nondiabetic subjects

BMI > 40 6 weeks of VLCD followed by BPD Correlation: changes in CD8+ and HOMA [81]

63.8% IR index

Age: 18-60

20 women Correlation: changes from baseline in BMI

BMI: 36.4-68.2 LGB and RYGB and CD4+ cells only in the RYGB group at [82]

Age: 25-90 3 months

DCR: dietary caloric restriction; BMI: body mass index; T2DM: type 2 diabetes mellitus; IR: insulin resistance; LGB: laparoscopic gastric banding; RYGB:
Roux-en-Y gastric bypass; VLCD: very low-calorie diet; BDP: biliopancreatic diversion; |: decrease; T: increase; FG: fasting glucose; MAIT: mucosal-associated

invariant T cells; IR: insulin resistance; CRP: C-reactive protein; Ref: reference.

is involved in the activation of this pathway in an obese
animal model [97].

Short-chain fatty acids (SCFAs), by-products of micro-
bial fermentation, can drive the differentiation of T cell sub-
sets. The potential for butyrate and propionate produced by
commensal bacteria in the gut to promote Treg cell differen-
tiation has been previously demonstrated [98-100]. Fatty
acid oxidation (FAO) has been described to enhance the
functions of M2-polarized macrophages. Also, glucose
metabolism has been implicated in granulocyte, dendritic
cell, and MI-type macrophage activation. Thl and Th2
immune responses have been suggested to be supported by
the oxidation of fatty acids, inducing the development of
the CD8+ memory phenotype, M2-like macrophages, and
Tregs [101, 102]. Particularly, a rapid supply of ATP has
been found to increase bioenergetics requirements in CD8+

T cells, improving their activity. Conversely, abundant lactic
acid and glucose deficiency have been shown to impair the
function of these cells. Treg cells have been described to
depend on oxidative phosphorylation for energy source, as
they rely on FAO and glutaminolysis for cell differentiation
and proliferation, respectively [103-105] Figure 4. As a
result of the weight loss induced by bariatric surgery, the
nutrient supply deprivation mechanism is regulated through
decreased activation of most immune cells, resulting in a
decreased systemic inflammatory state.

Gut microbiota represents a potential link between bar-
iatric surgery and SCFAs. Changes in gut microbiota have
been observed in overweight and obese patients. Variations
in the bacterial composition of the microbiota and their
distribution along the bowel have been associated with
metabolic alterations such as insulin resistance, low-grade
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Main effects related to the immunological switch after bariatric surgery

it
I O

vo®

“'SCFAE M
v s©

Microbiota
changes
Systemic
circulation
Infiltration
Activation
PCK TNF-«a
Ocre
@ PCK = inflammatory cytokine O F=fructose
@® PC = inflammatory chemokine @& G=glucose
® AC = anti-inflammatory chemokine v SCFA = short-chain fatty acid
ACK = anti-inflammatory cytokine @ 5= succinate
R = resistin "N\ FFA = free fatty acids
L = leptin e M = microbiota
® A =adiponectin - DAMPs= damage-associated
Tc=T cell molecular patterns
AT = adipose tissue Ma = macrophage

FIGURE 3: Main effects related to the immunological switch after bariatric surgery. Changes involved after weight loss include several
molecular pathways: (i) a decrease in adipocyte proinflammatory mediators, (ii) changes in the activation and recruitment of immune
cells in adipose tissue, (iii) modification in nutrient and metabolite absorption, and (iv) alterations in the intestinal microbiota.
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FIGURE 4: Metabolism modulates immune cell activation. Metabolic differences in naive and activated T and B cells. Differences in energy

supply between proinflammatory cells (M1 macrophages (M1 Ma)), dendritic cells (DC), granulocytes, and anti-inflammatory cells (M2
macrophages (M2 Ma)).
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inflammation, and adipocyte hypertrophy [106]. Reduced
body weight and lower fat deposition have been found in a
RYGB rat model compared with a sham group, attributed
to a decrease in the absorption of SCFAs. SCFAs have been
shown to be stored in the adipose tissue and to function as
substrates for lipid and glucose metabolism, as well as
immune cell modulators. As a consequence of fewer fatty
acids being absorbed and stored in fat tissue, reduction in
the secretion adipokines, growth factors, TNF-a, IL-6, leptin,
and resistin in fat tissue ensues [107], as well as improvement
in the adaptive immune system cells with reduction of both
local and systemic inflammations. Transfer of gut microbiota
from RYGB-treated mice to nonoperated germ-free animals
has been reported to lead to weight loss and changes in
specific SCFAs compared with microbiota transfer from
sham to surgery animals. Thus, changes in SCFA concen-
tration caused by modification in gut microbiota after bar-
iatric surgery may alter metabolic functions in the host
[108]. Diet and obesity have been shown to induce dysbio-
sis in microbiota favoring immunogenic bacterial products
[109, 110]. Thus, immune system modulation after bariatric
surgery might respond to changes in microbiota metabolic
by-products.

11. Conclusion

Obesity is associated with a systemic low-grade inflammatory
state in which cells from the innate and adaptive immune
system increase proinflammatory cytokine secretion. Among
other potential mechanisms, the inflammatory milieu
leads to insulin resistance and metabolic comorbidities. An
improvement in this deleterious condition is achieved
through weight loss. Currently, bariatric surgery represents
the most effective treatment option to induce significant
and persistent weight loss. Weight loss induced by bariatric
surgery leads to significant changes in adaptive immune cells.
Both CD4+ and CD8+ T cell counts are reduced. Also, Tth
increases anti-inflammatory cytokine secretion, which leads
to an increase in Breg cells. Anti-inflammatory cytokines,
such as IL-10 and TGF-f produced by Breg cells, inhibit
the secretion of the proinflammatory cytokines IFN-y and
IL-17 by T cells. Furthermore, a decrease in the Th1/Th2
ratio is also induced after bariatric surgery-mediated weight
loss, probably related to improved insulin sensitivity. After
bariatric surgery, immune cells develop stronger antioxidant
capacity and reduce the level of lipid and DNA oxidation
products. Oxidative stress is a known modulator of lympho-
cyte differentiation, metabolism, and proliferation, which
improves after bariatric surgery. Changes in metabolic sub-
strate availability after bariatric surgery, including glucose,
succinate, and fatty acids, influence the adaptive immune
response after bariatric surgery and still constitute a field that
deserves further study. Palmitate, specifically, has been
shown to promote T CD4+ effector memory cell differentia-
tion in obesity. Mechanisms involved in bariatric surgery-
induced changes in adaptive immunity include weight loss
per se, caloric deprivation, substrate availability, insulin sen-
sitivity, fatty acid, and metabolite concentration changes. A
better underpinning of the specific influence of each of these
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mechanisms on immune cell modulation in the context of
bariatric surgery-mediated weight loss in the patient with
severe obesity represents an open area of study. Further
research focused on the interplay between the immune
system pathways and the metabolic processes after bariatric
surgery may lead to developments for the treatment of
obesity and its associated comorbidities.
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Excessive compression, the main cause of intervertebral disc (IVD) degeneration, affected endogenous repair of the intervertebral
disc. Pioglitazone (PGZ) is the agonist of peroxisome proliferator-activated receptor y, which has been widely used in the treatment
of diabetes mellitus. The present study aim at investigating whether pioglitazone has protective effects on compression-mediated
cell apoptosis in nucleus pulposus mesenchymal stem cells (NP-MSCs) and further exploring the possible underlying
mechanism. Our results indicated that the isolated cells satisfied the criteria of MSC stated by the International Society for Cellular
Therapy. Besides, our research revealed that pioglitazone could protect cell viability, cell proliferation of NP-MSCs and alleviated
the toxic effects caused by compression. The actin stress fibers was suppressed obviously under compression, and pioglitazone
alleviated the adverse outcomes. Pioglitazone exerted protective effects on compression-induced NP-MSCs apoptosis according to
annexin V/PI double-staining and TUNEL assays. Pioglitazone suppressed compression-induced NP-MSCs oxidative stress,
including decreasing compression-induced overproduction of reactive oxygen species (ROS) and malondialdehyde (MDA), and
alleviated compression-induced mitochondrial membrane potential (MMP) decrease. Ultrastructure collapse of the mitochondria
exhibited a notable improvement by pioglitazone in compression-induced NP-MSCs according to transmission electron
microscopy (TEM). Furthermore, the molecular results showed that pioglitazone significantly decreased the expression of
apoptosis-associated proteins, including cyto.cytochrome c, Bax, cleaved caspase-9, and cleaved caspase-3, and promoted Bcl-2
expression. These results indicated that pioglitazone alleviated compression-induced NP-MSCs apoptosis by suppressing oxidative
stress and the mitochondrial apoptosis pathway, which may be a valuable candidate for the treatment of IVD degeneration.

1. Introduction problem affecting human life and causes a great economic

burden on governments [1-3]. At present, the main thera-
Intervertebral disc (IVD) degeneration is a major cause for ~ peutic regimens for IVD degeneration are conservative
low back pain (LBP), which has become a global social  therapy and surgical decompression of the spine, aimed at
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alleviating the pain and returning patients to work [4]. How-
ever, neither of the strategies is effective for treating IVD
degeneration. At present, stem cell therapy has increasingly
become a new therapy strategy for the repair of IVD
degeneration. Mesenchymal stem cells (MSCs) can differ-
entiate into NP-like cells and promote extracellular matrix
(ECM) synthesis, which have exhibited great potential for
treating IVD degeneration. Recently, MSCs were found
existing in NP tissue, and these NP-MSCs efficiently
repaired NP tissue [5, 6]. Many researches showed that
the loss of IVD-MSCs number and function was closely
related to IVD degeneration [7, 8].

Mechanical stress is an important inducement of IVD
degeneration. Generally, the IVD experiences various
mechanical loads in daily activities. Chou et al. demonstrated
that fluid-induced shear stress changed the expressions of
ECM and metalloproteinase genes in IVD cells [9]. Also,
under this compression microenvironment, IVD stem cells
also suffered from excessive cell death, which made it tough
to maintain the number and viability of stem cells in IVDs
[10]. Previously, we reported that compression decreased
the number and viability of IVD cells, which contributed to
IVD degeneration [11]. Recently, we found that compression
induced substantial NP-MSCs death [12]. Considering all of
the above, seeking an effective pharmaceutical to reduce the
NP-MSCs death will be a promising therapy for IVD
degeneration.

Pioglitazone, considered as a peroxisome proliferator-
activated receptor y activator, is used to treat diabetes melli-
tus [13]. It plays potential beneficial roles in inflammation,
fat distribution, and lipid and protein metabolism [14-16].
Shen et al. reported that pioglitazone protected pancreatic
cells against palmitic acid-induced cytotoxicity through anti-
oxidative stress [17]. Recently, researchers reported that pio-
glitazone alleviated cell apoptosis induced by TNF-« or stress
in endothelial cells by altering the Bcl-2 expression and
caspase-3 activation [18, 19]. In addition, pioglitazone inhib-
ited advanced glycation end product-induced chondrocyte
apoptosis, having a potential therapeutic ability for AGE-
induced mouse osteoarthritis with diabetes [20]. However,
the influence of pioglitazone on compression-induced NP-
MSCs death remains unknown.

Apoptosis as the programmed cell death plays a vital role
in eliminating the injured or nonessential cells [21]. Apopto-
tic signals initiated the mitochondrial dysfunction pathway
and caused an increase of intracellular ROS levels, which
made oxidative stress occur [22, 23]. Excessive ROS produc-
tion led to oxidative damage and cell death [24]. ROS could
directly impair the mitochondrial function, which then
decreased the MMP and released the cytochrome c into the
cytosol [25]. The release of cytochrome ¢ was inhibited by
the antiapoptotic members of the Bcl-2 family and stimu-
lated by the proapoptotic members, such as Bax. Cytochrome
¢ promoted the formation of the apoptosome by recruiting
caspase-9, which then induced caspase-3 activation and trig-
gered the caspase cascade, eventually causing the cell apopto-
tic death [26-28].

In this research, we used different methods to evaluate
the protective role of pioglitazone on compression-induced
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NP-MSCs apoptosis as well as oxidative stress levels. In addi-
tion, we evaluated the role of the mitochondrial pathway
in pioglitazone protecting compression-induced NP-MSCs
apoptosis by detecting apoptosis-related proteins and
mitochondrial function.

2. Material and Methods

2.1. Isolation and Culture of NP-MSCs. All experiments in
this study were approved by the Clinical Research Ethics
Committee of Tongji Medical College, Huazhong University
of Science and Technology. The nucleus pulposus samples
were obtained from patients undergoing discectomy for
degenerative disc disease. NP-MSCs were isolated and incu-
bated as we reported in our previous studies [12]. In brief,
after being washed with normal saline, NP tissues were cut
into small pieces and digested with 0.25% type II collagenase
for 8h. And then, the digested tissues were cultured in MSC
complete medium (Cyagen, CA, USA) at 37°C and 5% CO,.
The culture medium was changed every three days. The NP-
MSCs were purified and cultured from the primary cells.
They were seeded in the appropriate culture plates for subse-
quent experiments when second-passage NP-MSCs reached
80%-90% confluence.

2.2. Surface Marker Identification of NP-MSCs. NP-MSCs
were collected and washed with phosphate-buffered saline
(PBS). The cells were resuspended and incubated with a
solution of antibodies of CD73, CD90, CD105, CD34,
and HLA-DR at 37°C for 30 min. After being incubated
with the antibodies, the cells were centrifuged at
1500 rpm for 5min. The labeled cells were rinsed and then
marked by secondary antibodies at 37°C for 30 min. Cells
were washed twice and resuspended in 200 ul PBS. The
labeled cells were examined by flow cytometry (Becton
Dickinson, Franklin Lakes, NJ, USA).

2.3. Multilineage Differentiation. To assess the multilineage
differentiation potential of NP-MSCs, the osteogenic, adipo-
genic, and chondrogenic differentiations were induced. In
brief, NP-MSCs were seeded in culture plates with normal
medium. When NP-MSCs reached the appropriate conflu-
ence, the conditional medium was changed with human
mesenchymal stem cell osteogenic, adipogenic, and chondro-
genic differentiation media (Cyagen, CA, USA) respectively
according to the manufacturer’s protocol. The osteogenic,
adipogenic, and chondrogenic differentiation potential of
NP-MSCs was assessed by Alizarin Red, Oil Red O, and
Alcian blue staining after 21 days, 30 days, and 28 days,
respectively. The results were detected by a light microscope
(Olympus, Japan).

2.4. Colony Forming Assay. The colony forming assay was
detected with NP-MSCs seeded in 6-well plates at 1000
cells/well. After being cultured 10 days, the NP-MSCs
were fixed with 4% paraformaldehyde for 20 min. The
cells were washed two times with PBS and stained with
1% crystal violet stain (Solarbio, China) for 30 min, then
washed two times with PBS. Colonies of NP-MSCs were
observed.
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2.5. Application of a Compression Apparatus on NP-MSCs.
NP-MSCs were cultured in a pressure apparatus to simu-
late in vivo conditions as we previously described [1, 11,
12, 29-31]. To study the effects of pioglitazone on
compression-exposed NP-MSCs, cells were treated with
different concentrations of pioglitazone (0 uM, 10uM,
20 uM, 50 uM, and 100 uM) and exposed to 1.0 MPa com-
pression for 36h. Then, they were used for subsequent
experiments. Control group cells (con) served as a control
group in this study.

2.6. CCK-8 Assay. NP-MSCs viability was assessed by Cell
Counting Kit-8 (CCK-8, Dojindo, Japan) assay as described
previously [3]. In brief, the cell densities were 5 x 10° cells/
well for CCK-8. After being treated, 100 millilitres (ml) of
DMEM/F-12 containing 10 ml of CCK-8 solution was added
to each well, and the 96-well plates were incubated for 4 h at
37°C. The absorbance was determined with a spectrophotom-
eter at 450 nm (BioTek, Winooski, VT, USA).

2.7. EAU Incorporation Assay. The effect of pioglitazone on
compression-mediated NP-MSCs proliferation was evalu-
ated by 5-ethynyl-2’'-deoxyuridine (EdU) incorporation
assay (Ribobio, China). After being treated with pioglitazone
or compression, NP-MSCs were stained with the EAU incor-
poration assay according to the manufacturer’s instructions.
After being washed for three times with PBS, EdU staining
of NP-MSCs was detected in the dark by a fluorescence
microscope (Olympus, Japan).

2.8. Rhodamine-Phalloidin Staining. Rhodamine-labelled
phalloidin (Cytoskeleton, Denver, CO) was used to stain
the actin filaments in NP-MSCs. Briefly, after being
treated, the cells were fixed in 4% formaldehyde for
10min at room temperature and permeabilized with
0.3% Triton X-100 in PBS for 15min. The cells were incu-
bated with rhodamine-phalloidin (100 nM) in the dark for
30 min. Then, the cells were washed two times and incu-
bated with DAPI staining (Boster, China) for 5min in
the dark. After being washed two times with PBS, the cells
were observed and photographed by using a confocal
microscopy (Nikon Al, Japan).

2.9. Lactate Dehydrogenase Release Assay. Release of lactate
dehydrogenase (LDH) was used to assess the effect of pioglit-
azone on compression-exposed NP-MSCs. Briefly, after
being treated, NP-MSCs were incubated with the LDH assay
according to the manufacturer’s protocol (Beyotime, China).
The absorbance at 490 nm was measured using a microplate
reader (Biotek, Winooski, VT, USA).

2.10. Live/Dead Assay. We used calcein-AM/PI (Dojindo,
Japan) to evaluate the effect of pioglitazone on
compression-treated NP-MSCs. After being treated, NP-
MSCs were washed two times and then incubated with
calcein-AM and propidium iodide (PI) in the dark for
20min at 37°C. Live cells displayed green fluorescence
(calcein-AM-positive) while the dead cells displayed red
fluorescence (PI-positive) under the fluorescence micro-

scope. The live/dead cells were detected in the dark by a
fluorescence microscope (Olympus, Japan).

2.11. Annexin V/PI Staining. Cell apoptosis was quantified by
annexin V/PI staining according to the manufacturer’s
instructions (KeyGen Biotech, China). After being treated,
the NP-MSCs were collected and washed, then a binding
buffer was used to resuspend NP-MSCs. 5 pl annexin V and
5 ul PI were used to label NP-MSCs for 15 min, and the cells
were analyzed by flow cytometry (Becton Dickinson, Frank-
lin Lakes, NJ, USA).

2.12. TUNEL Staining. We used TUNEL (terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling)
staining to evaluate the cell apoptosis. After being fixed in
4% paraformaldehyde for 25 min at room temperature, NP-
MSCs were permeabilized with 0.1% TritonX-100 for
10min. According to the protocol of the manufacturer
(Roche, Germany), the cells were washed with PBS, then
incubated with staining at 37°C in the dark. Apoptotic
changes were observed under the inverted fluorescence
microscope (Olympus, Japan).

2.13. Measurement of ROS Production. Intracellular ROS
levels were measured by DCFH-DA assay (Nanjing
Jiancheng, China). After being treated, NP-MSCs were
collected and washed in PBS, then incubated with
DCFH-DA at 37°C for 20 min. The ROS levels were mea-
sured using by flow cytometry (Becton Dickinson, Franklin
Lakes, NJ, USA).

2.14. MDA Assay. The MDA content, which reflect oxidation
levels, was quantified using a lipid peroxidation MDA assay
kit (Beyotime, China) according to the manufacturer’s
instructions. The samples and standards were prepared and
the OD value was measured at 532 nm. MDA concentrations
(nmol/ml) were expressed as nmol/mg protein.

2.15. JC-1 Staining. MMP was measured by using a JC-1
(“5,5',6,6 -tetrachloro-1,1",3,3' -tetraethyl-imidacarbocya-
nine iodide”) staining kit (Beyotime, China). Briefly, NP-
MSCs from every group were collected and washed with
PBS, then resuspended in 1 ml culture medium which con-
tained 0.5ml JC-1 staining fluid. NP-MSCs were incubated
with JC-1 staining fluid for 20 min at 37°C with 5% CO,.
The cells were washed twice and resuspended in 0.5ml
staining buffer. The MMP of each group was measured by
flow cytometry and expressed as the ratio of red/green fluo-
rescence intensity (Becton Dickinson, Franklin Lakes, N7,
USA). Furthermore, MMP was determined by a fluores-
cence microscope (Olympus, Japan).

2.16. Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) was used to examine changes in
the ultrastructure of NP-MSCs as described previously
[31]. Briefly, NP-MSCs were harvested and washed with
PBS. After being pelleted by centrifugation at 1500 rpm
for 5min, the cells were fixed with 2.5% glutaraldehyde
for 12h. Then, the cells were dehydrated in ethanol and
infiltrated and embedded. Ultrathin sections were stained



with uranyl acetate and examined under transmission elec-
tron microscope (FEI Company, USA).

2.17. Western Blot Analysis. The cells were lysed by using a
western and IP cell lysis kit. After NP-MSCs were treated
with 100 uM pioglitazone or 1.0MPa compression,
apoptosis-related proteins were detected by western blotting.
Also, to determine the cytochrome ¢ of cytosol (cyto.cyto-
chrome c), the cytosol protein of cells was isolated according
to the manufacturer’s instructions of the Cell Mitochondria
Isolation Kit (Beyotime, China). The protein concentration
was measured by using the BCA protein assay kit (Beyotime,
China). Equal protein amounts (30 ug) were resolved on
10%-12% SDS-PAGE gel and then transferred onto PVDF
membranes (Millipore, Burlington, MA, USA), then the
membranes were blocked by 5% nonfat milk and then incu-
bated overnight at 4°C with primary antibodies against cyto-
chrome ¢ (1:1000, Abcam, USA, ab90529), Bcl-2 (1:1000,
Abcam, USA, ab59348), Bax (1:1000, Abcam, USA,
ab32503), cleaved caspase-9 (1:1000, Abcam, USA,
ab2324), and cleaved caspase-3 (1:1000, Abcam, USA,
ab2302) overnight at 4°C. After being washed with TBST
for three times, the membranes were incubated with second-
ary antibodies for 1h at room temperature. Finally, the
enhanced chemiluminescence method was used to visualize
the proteins.

2.18. Statistical Analysis. GraphPad Prism (GraphPad
Software Inc.; La Jolla, CA, USA) was used for statistical anal-
ysis. Values are presented as the mean + standard deviation
(SD) from at least three independent experiments. Student’s
t-test and one-way analysis of variance (ANOVA) were used
to perform the statistical significance of the differences
between two groups and multiple groups, respectively. Bon-
ferroni’s post hoc test was used to determine the source of
the observed differences. P < 0.05 was considered as statisti-
cally significant.

3. Results

3.1. Identification of NP-MSCs. NP-MSCs were isolated and
cultured from IVD. We observed that these cells displayed
vortex-style adherent growth and showed a long spindle
shape (Figure 1(a)). These cells formed homogeneous
colonies (Figure 1(b)). The surface markers on the cells were
detected by flow cytometry. NP-MSCs highly expressed
surface markers, including CD73, CD90, and CD105. The
positive rates of those were more than 95%. NP-MSCs
expressed less CD34 and HLA-DR (Figure 1(c)). Further-
more, we assessed the multilineage differentiation potential
of NP-MSCs. NP-MSCs formed many visible calcium
deposits by Alizarin Red staining after osteogenic induction.
After adipogenic differentiation, oil droplets were observed in
NP-MSCs by Oil Red O staining. Also, these cells largely pro-
duced sulfated proteoglycans after chondrogenic induction
by Alcian blue (Figure 1(d)). The results above proved that
the isolated cells satisfied the criteria of MSC stated by ISCT.
Thus, we successfully isolated and cultured NP-MSCs, and
the second-generation cells were used in this study.
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3.2. Pioglitazone Alleviated the Inhibitory Effect of
Compression on Cell Viability and Cell Proliferation. CCK-8
assay was performed to determine NP-MSCs viability. The
results of CCK-8 indicated that pioglitazone had no cytotox-
icity on NP-MSCs (Figure 2(a)). We found that compression
significantly decreased cell viability. To investigate the pro-
tective role of pioglitazone on NP-MSCs, we treated NP-
MSCs with different concentrations of pioglitazone. We
found that pioglitazone significantly alleviated the inhibitory
effect of compression on cell viability. And the protective
effect was obvious at the doses of 100 M (Figure 2(b)). Thus,
100 uM pioglitazone was used in the subsequent experi-
ments. In addition, we used the EdU incorporation assay to
detect cell proliferation. The results indicated that the num-
ber of EdU-positive cells (red fluorescence) in pioglitazone
groups was more than that in the compression groups
(Figure 2(c)). These proved that pioglitazone remarkably
alleviated the inhibitory effects of compression on cell
proliferation.

3.3. Pioglitazone Protected against Compression-Induced
Cytotoxicity in NP-MSCs. Rhodamine-phalloidin was used
to detect the actin filaments of NP-MSCs. The results dis-
played that compression obviously broke the actin stress
fibers and pioglitazone rescued the adverse outcomes caused
by compression (Figure 3(a)). Subsequently, we detected the
release of LDH. The results demonstrated that compression
significantly enhanced the release of LDH compared with
the control group. Pioglitazone significantly reversed the
release of LDH induced by compression (Figure 3(b)). To
further assess the protective effects of pioglitazone on
compression-induced cytotoxicity in NP-MSCs, we used
calcein-AM/PI assay to quantify the numbers of live/dead
cells under a fluorescence microscope. We found that live
cells (green fluorescence) were more in the pioglitazone
groups while dead cells (red fluorescence) were more fre-
quent in the compression groups (Figures 3(c)-3(e)). Those
results demonstrated that pioglitazone protected against
compression-induced cell cytotoxicity in NP-MSCs.

3.4. Protective Effects of Pioglitazone on Compression-Induced
Apoptosis of NP-MSCs. To explore the protective effects of
pioglitazone on compression-induced apoptosis, we used
annexin V/PI double-staining to examine the apoptosis of
NP-MSCs. The results of flow cytometry showed that
compression induced NP-MSCs apoptosis. Pioglitazone can
significantly protect compression-induced apoptosis of NP-
MSCs (Figures 4(a) and 4(b)). To further examine the protec-
tive effects of pioglitazone, the TUNEL staining was used to
investigate apoptotic changes under a fluorescence micro-
scope. TUNEL staining revealed that the TUNEL-positive
cells were obviously decreased in the pioglitazone group com-
pared with the compression group (Figures 4(c) and 4(d)).
These results showed that pioglitazone exerted protective
effects on compression-induced NP-MSCs apoptosis.

3.5. Pioglitazone Reduced Compression-Induced Oxidative
Stress in NP-MSCs. Increased levels of oxidative stress caused
mitochondrial dysfunction and resulted in cell apoptosis. To
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F1GURE 1: Identification of NP-MSCs. (a) The growth state and morphology of the cells were observed under an optical microscope (40x and
100x). (b) A colony-forming assay was used to observe NP-MSCs-formed homogeneous colonies (1x). (c) Flow cytometry was used to detect
the surface markers on the cells, including CD34, CD73, CD90, CD105, and HLA-DR. Quantitative analysis of positive cells in NP-MSCs.
(d) Alizarin Red staining, Oil Red O staining, and Alcian blue were used to evaluate osteogenic, adipogenic, and chondrogenic
differentiation of NP-MSCs, respectively (100x).
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F1cure 2: Effects of pioglitazone on NP-MSCs viability and proliferation. (a) The CCK-8 assay was used to evaluate the cell viability with
various concentrations of pioglitazone (0, 10, 20, 50, and 100 uM) on NP-MSCs. (b) The CCK-8 assay was used to evaluate the effect of
pioglitazone on compression-mediated NP-MSCs viability. Con served as a control group. Data are presented as the mean + SD of three
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investigate the effects of pioglitazone on oxidative stress of
NP-MSCs, we used DCFH-DA fluorescent probes to detect
ROS production to evaluate oxidative stress levels of NP-
MSCs. We found that compression significantly increased
intracellular ROS production as compared with the control
group. Pioglitazone can significantly reduce compression-
induced ROS production (Figures 5(a) and 5(b)). In
addition, we also assessed the oxidative stress level by the
lipid peroxidation MDA assay kit. The data showed that
pioglitazone significantly reduced MDA which was high
in the compression group (Figure 5(c)). These results
showed that pioglitazone alleviated compression-induced
oxidative stress levels in NP-MSCs.

3.6.  Pioglitazone  Alleviated — Compression-Induced
Mitochondrion Damage in NP-MSCs. Mitochondrion dam-
age is an important factor in the mitochondrial apoptotic
pathway. When MMP loss occurred in mitochondrion

damage, JC-1 shifted from JC-1 aggregates (red fluorescence)
to JC-1 monomers (green fluorescence). To evaluate the
protective effects of pioglitazone on compression-induced
mitochondrion damage of NP-MSCs, we operated JC-1
staining to detect MMP in NP-MSCs by flow cytometric
analysis. We found that compression reduced the red/green
ratio in NP-MSCs and pioglitazone significantly increased
the ratio of red/green compared with the compression
group (Figures 6(a) and 6(b)). Also, we used a fluorescence
microscope to observe the protective effects of pioglitazone.
In the compression group, NP-MSCs exhibited less red
fluorescence but more green fluorescence, while pioglita-
zone could increase the red fluorescence and reduce the
green fluorescence (Figure 6(c)). Meanwhile, we applied
TEM to intuitively observe the ultrastructure of NP-
MSCs. When NP-MSCs were exposed to compression, the
nucleus shrunk and the apoptotic corpuscles appeared.
Furthermore, the numbers of mitochondria were reduced
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FIGURE 3: Pioglitazone protected against compression-induced cytotoxicity in NP-MSCs. (a) Rhodamine-phalloidin was used to detect the
actin filaments of NP-MSCs. The red fluorescence showed the actin (1000x). (b) The histogram shows the release of LDH. (c) Calcein-
AM/PI dye was used to evaluate NP-MSCs damage under a fluorescence microscope. The green fluorescence indicates live cells, and the
red fluorescence indicates dead cells (100x). (d) Quantitative analysis of calcein-AM-positive cells. (e) Quantitative analysis of PI-positive
cells. Data are presented as the mean = SD of three independent experiments. *P < 0.05 versus the control group; P < 0.05 versus the

compression group.

obviously, and a big lipid droplet appeared in the com-
pression group. Fortunately, pioglitazone can significantly
alleviate the damage in the ultrastructure of NP-MSCs.
Specifically, the nucleus was relatively normal when com-
pared with that of the compression group, and the num-
bers and the morphology of mitochondria were improved
(Figure 6(d)).

3.7. Effects of Pioglitazone on Mitochondrial Pathway
Apoptosis-Related Protein Expression under Compression in
NP-MSCs. To investigate the effects of pioglitazone on
compression-induced changes of the mitochondrial pathway

apoptosis-related protein expression, we used western blot-
ting to detect the expression of apoptosis-related proteins.
The results revealed that the expression of the antiapoptotic
protein Bcl-2 decreased, while that of the proapoptotic pro-
tein Bax increased in the compression group compared with
the pioglitazone group. Also, we found that compression
increased the release of cytochrome ¢ into the cytosol. The
expression levels of cleaved caspase-9 and cleaved caspase-3
of the compression group were higher than those of the con-
trol group. However, pioglitazone significantly reversed these
effects (Figure 7(a)). Also, we have performed quantitative
analysis of the protein levels (Figure 7(b)).
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FiGurek 4: Effects of pioglitazone on NP-MSCs apoptosis. (a) Flow cytometric analysis was used to detect cell apoptosis by annexin V/PI
staining. (b) Quantitative analysis of the apoptotic NP-MSCs rate. (c) The TUNEL staining was used to investigate apoptotic changes
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4. Discussion

In this research, we firstly investigated the effect that pioglit-
azone could protect NP-MSCs from compression-induced
apoptosis and the possible molecular mechanisms. In the
research, pioglitazone could reduce the effects of compres-
sion on NP-MSCs proliferation and cytotoxicity. Our results
revealed that pioglitazone alleviated compression-induced
NP-MSCs apoptosis via inhibition of oxidative stress and
mitochondrion damage. Also, we found that pioglitazone
alleviated the mitochondrial pathway apoptosis-related pro-
tein expression caused by compression.

Low back pain due to IVD degeneration increases the
global economic burden and affects the quality of life, which
has become a global health problem [1-3]. Many recent

researches found that NP-MSCs existed naturally in the
IVD and these NP-MSCs efliciently repaired NP tissue [6,
8, 32]. NP-MSCs play an important role in IVD endogenous
repair, which differentiate into NP-like cells and stimulate
disc cells maintaining IVD homeostasis [33]. Furthermore,
NP-MSCs are better adapted to the harsh IVD microenviron-
ment than exogenous MSCs such as tolerating hypoxic and
hypertonic [7, 34]. In this research, we successfully isolated
NP-MSCs from human degenerative IVD. Those cells, highly
expressing surface markers CD73, CD90, and CD105 but less
CD34 and HLA-DR, had the similar multilineage differenti-
ation potential as BMSCs. Although endogenous NP-MSCs
could be an attractive strategy for endogenous repair, it is
hard to maintain the number of viable and functional NP-
MSCs under an adverse IVD microenvironment.
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F1GuREe 5: Effect of pioglitazone on compression-induced oxidative stress in NP-MSCs. (a) Flow cytometric analysis was performed to detect
intracellular ROS production in NP-MSCs. (b) Quantitative analysis of intracellular ROS production in NP-MSCs. (c) A lipid peroxidation
MDA assay kit was used to assess MDA levels. Data are presented as the mean + SD of three independent experiments. * P < 0.05 versus the

control group; “P < 0.05 versus the compression group.

Mechanical stress plays a critical role in the progress of
IVD degeneration via IVD cell apoptosis [35]. We also
reported that compression-induced NP-MSCs apoptosis
contributed to IVD degeneration [12]. In this study, our
results showed that compression had inhibitory effects on cell
viability and proliferation. Also, it caused NP-MSCs apopto-
sis. Pioglitazone plays potential beneficial roles in inflam-
mation, fat distribution, and lipid and protein metabolism
[14-16]. A previous study reported that pioglitazone could
attenuate fatty acid-induced oxidative stress and apoptosis
in pancreatic cells [36]. Additionally, pioglitazone can also
prevent H,O,-induced apoptosis of endothelial progenitor
cells [37]. Zhang et al. also reported that pioglitazone signif-
icantly inhibited AGE-induced chondrocyte apoptosis and
degeneration [20]. Interestingly, we found that pioglitazone
alleviated the inhibitory effects of compression on cell viabil-
ity. It also alleviated the inhibitory effects of compression on
cell proliferation and cytotoxicity. Furthermore, pioglitazone
rescued the breaking of skeleton structure and stress fibers
induced by compression. The results of flow cytometry and
TUNEL staining showed that pioglitazone had protective
effects on compression-induced NP-MSCs apoptosis.

Oxidative stress, caused by high ROS, was widely consid-
ered a potent proapoptotic factor. Maintaining a balance
between ROS generation and ROS scavenging is essential
for the intracellular redox homeostasis. Mitochondria can

produce ROS when they are damaged, which will further
exacerbate the damage and cause the overproduction of
ROS, then induce the occurrence of oxidative stress [38].
Recent studies have indicated that the establishment and pro-
gression of IVD degeneration are closely related to ROS
products and oxidative stress. Oxidative stress not only accel-
erates extracellular matrix degradation of IVD but also causes
cell apoptosis that leads to the decrease of the cells in the IVD
microenvironment, all of the above contribute to IVD degen-
eration [39]. Ding et al. have reported that the mitochondrial
apoptosis pathway participates in NP cell apoptosis induced
by ROS overproduction [40]. Therefore, a therapeutic strat-
egy targeting oxidative stress would provide a major method
for treating IVD degeneration. Also, intracellular accumu-
lated ROS resulted in releasing cytochrome ¢ from mitochon-
dria to the cytosol and eventually activating caspases, causing
cell apoptosis [41-43]. In this study, we used DCFH-DA
fluorescent probes to detect ROS production and found that
pioglitazone can significantly reduce compression-induced
ROS production. Also, the results of the MDA assay showed
that pioglitazone alleviated compression-induced oxidative
stress levels in NP-MSCs.

Mitochondrion dysfunction plays an important role in
cell death [44]. Mitochondria, as a key regulator of cellular
processes acting as cellular oxygen sensors [45], not only pro-
duce adenosine triphosphate (ATP) but also regulate cell
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F1GURE 6: Effect of pioglitazone on compression-induced mitochondrion damage in NP-MSCs. (a) JC-1 staining was used to detect MMP in
NP-MSCs by flow cytometric analysis. (b) Quantitative analysis of MMP in NP-MSCs. (¢) MMP of NP-MSCs was observed under a
fluorescence microscope (200x). (d) The cell nucleus and mitochondria of NP-MSCs were observed by TEM in three groups.
Mitochondria were displayed as indicated by the arrowheads (1700x and 5000x). (e) Quantitative analysis of mitochondrion numbers in
NP-MSCs. Data are presented as the mean + SD of three independent experiments. *P < 0.05 versus the control group; *P < 0.05 versus
the compression group.
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Ficure 7: Effect of pioglitazone on mitochondrial apoptosis-related markers in NP-MSCs. (a) Representative western blotting results for
cyto.cytochrome ¢, Bcl-2, Bax, cleaved caspase-9, and cleaved caspase-3 expression. (b) Quantitative analysis of Bax, cyto.cytochrome c,
Bcl-2, cleaved caspase-9, and cleaved caspase-3 protein levels in NP-MSCs. The con group served as a control group. Data are presented
as the mean # SD of three independent experiments. * P < 0.05 versus the control group; “P < 0.05 versus the compression group.

proliferation and death [46]. Some evidence shows that cell
apoptosis is closely connected with mitochondrial dysfunc-
tion, including MMP depolarization, enhanced mitochon-
drial permeability transition pore (mPTP) opening, and
mitochondrial cristae disruption [47]. In recent years, Li
et al. found that pioglitazone ameliorated palmitate-induced
impairment of mitochondrial morphology and function in
beta cells [48]. In addition, a literature from Shokrzadeh
et al. reported that pioglitazone could reduce diabetic toxicity
induced by streptozocin via improving mitochondrial func-
tion [49]. In this research, we found that compression
induced the loss of MMP and damaged the number and
structure of mitochondria. Pioglitazone significantly reversed
these effects induced by compression. These results indicated
that pioglitazone has protective roles in compression-
induced mitochondrion damage.

The mitochondrial apoptosis pathway is caused by
apoptotic signals, including mitochondrion dysfunction.
Then, it leads to the loss of MMP and the release of cyto-
chrome c into the cytosol. The release of cytochrome c is
suppressed by the antiapoptotic protein Bcl-2 and stimu-
lated by the proapoptotic member Bax, which activated
the initiator of the intrinsic apoptotic pathway caspase-9.
Then, it cleaved and activated the downstream factor, cas-
pase-3, and triggered apoptosis [40, 50]. In this study, our
results indicated that pioglitazone can significantly alleviate
the compression-induced expression of cytochrome ¢, Bax,

cleaved caspase-9, and caspase-3. Also, pioglitazone
promoted the expression of antiapoptotic protein Bcl-2
compared with the compression group. Such results
indicated that pioglitazone exerted a protective role in
compression-induced cell apoptosis in NP-MSCs by
inhibiting the mitochondrial apoptotic pathway.

Our results were highly reproducible. However, there
were three limitations about this study. Firstly, we performed
all experiments in vitro, and the conclusions may not be nec-
essarily indicative of what occurs in vivo. Secondly, it is diffi-
cult to obtain healthy human NP tissue, so we used NP
samples from patients of degenerative disc disease for this
research. Thirdly, this study mainly focused on the protective
effects of pioglitazone on compression-induced NP-MSCs
apoptosis. We will further investigate the functional aspects
of NP-MSCs from mesenchymal markers and multilineage
differentiation, stem cell-related proteins, and genes in future
studies. Also, we will use 3D-culture systems and a hypoxic
condition to simulate IVD microenvironment in further
studies.

5. Conclusions

In this research, the results indicated that pioglitazone alle-
viated compression-induced NP-MSC apoptosis by inhibit-
ing oxidative stress and mitochondrial damage. The
underlying molecular protective mechanism of pioglitazone
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on compression-induced apoptosis involves the mitochon-
drial pathway. Taken together, these findings may provide a
valuable candidate for the treatment of IVD degeneration.
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The etiology of Parkinson’s disease (PD) is linked with cellular inclusions in the substantia nigra pars compacta region of the brain
that are enriched in the misfolded presynaptic protein a-synuclein (aS) and death of the dopaminergic neurons. Brain iron
homeostasis governs both neurotransmission and neurodegeneration; hence, the role of iron in PD progression and neuronal
health is apparent. Elevated iron deposits become prevalent in the cerebral region upon aging and even more so in the PD brain.
Structural as well as oxidative modifications can result from coordination of aS with redox active iron, which could have
functional and/or pathological implications. In this review, we will discuss iron-mediated aS aggregation, alterations in iron
metabolism, and the role of the iron-dopamine couple. Moreover, iron interactions with N-terminally acetylated «S, the
physiologically relevant form of the human protein, will be addressed to shed light on the current understanding of protein
dynamics and the physiological environment in the disease state. Oxidative pathways and biochemical alterations resulting from
aberrant iron-induced chemistry are the principal focus of this review in order to highlight the plethora of research that has

uncovered this emerging dichotomy of iron playing both functional and disruptive roles in PD pathology.

1. Introduction

Parkinson’s disease (PD) is identified as the second most
prevalent neurodegenerative disorder in the world, and it is
an age-related progressive disease [1]. It has been estimated
that approximately 1 million people in the United States
alone are suffering from PD, where the majority of that
population is over the age of 60. The key symptoms of PD
include resting tremors, slow movements, muscle stiffness,
and difficulties performing voluntary movements [2]. The
main characteristic feature associated with PD is the loss of
dopaminergic neurons in the substantia nigra pars compacta
(SNpc), and these neurons are the principal source of dopa-
mine (DA), a neurotransmitter that regulates motor behavior
[3]. PD etiology is also linked to the presence of cellular
inclusions, known as Lewy bodies (LBs), which have been
identified as postmortem hallmarks of PD [4, 5]. The major
constituent of LBs is aggregated a-synuclein («S), an intrin-
sically unfolded protein predominantly localized in the pre-
synaptic regions of dopaminergic neurons. A tetrameric

form of aS has also been identified in human tissues that
has been postulated as the inactive storage form of this struc-
turally dynamic protein due to its aggregation resistance
[6, 7]. Although the cellular mechanisms and normal func-
tions associated with S have not yet been completely resolved,
the increased levels of aS in the brains of patients with PD
suggest a relationship with the neurotransmitter DA [8].

It is well known that metal homeostasis plays an impor-
tant role in regulating cellular functions [9]. Copper, iron,
manganese, and zinc are essential transition metal ions for
neurotransmission, enzymatic reactions, and mitochondrial
functions regulated by the central nervous system (CNS)
[10]. Thus, an imbalance of metal ions has an impact on dis-
ease states, among which are neurodegenerative disorders. In
vivo magnetic resonance imaging (MRI) has highlighted the
accumulation of iron in the SNpc region of the PD brain,
which disrupts iron circulation pathways to create an imbal-
ance of the metal [11, 12]. In a separate study, meta-analysis
of literature data on blood serum iron levels also pinpointed
an increase in this metal [13]. However, a direct correlation
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FIGURE 1: Schematic diagram of aS aggregation.
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between iron deposition and iron transportation within the
brain has not been established in PD patients [14]. Beyond
PD, in vivo MRI mapping of iron content among neurode-
generative tremulous diseases has also indicated a deposition
of iron in the SNpc as compared to healthy controls [15, 16].
It is worth noting that iron dyshomeostasis associated with
neurodegeneration is influenced by age, race, and gender.
Therefore, iron-sensitive MRI mapping could be a powerful
tool to diagnose and differentiate neurodegenerative diseases
at an early stage. Evidence for iron accumulation within the
SNpc region of the PD brain along with abundant misfolded
aS inclusions implies a direct relationship between iron and
aS in the pathogenesis of PD [17]. As shown in Figure 1, aS
found in LBs exists in the form of highly ordered aggregated
species that can be described as oligomers and/or fibrils.
Under an oxidatively stressed environment, the aggregation
processes of aS are majorly affected by interaction with redox
active iron [18].

In this review, structural and biochemical conse-
quences associated with iron-bound aS and alterations in
the intracellular iron composition within dopaminergic neu-
rons will be discussed. Key roles of iron will be delineated
with respect to both the healthy brain and the PD brain.
Cerebral iron levels are often associated with the modulation

of dopamine-related biochemical pathways in the brain;
therefore, the impact of the iron-dopamine couple and the
disruption of biological cascades associated with these two
components will be addressed in this review. Moreover, the
impact of iron redox chemistry on the aS structure will also

be highlighted.

2. a-Synuclein Structure and Iron Coordination

aS, encoded by the SNCA gene, consists of 140 amino acids
and contributes approximately 1% of the protein content in
cytosol [4, 5]. There are three distinct regions of aS protein
(Figure 2). The N-terminal region, which contains 11 imper-
fect amino acid repeats with a consensus sequence KTKEGV,
adopts an amphipathic a-helix conformation upon mem-
brane interaction [8, 19]. The central non-amyloid-f compo-
nent (NAC region) is involved in aggregation pathways and
contains the hydrophobic core of aS. The C-terminal region
is an acidic segment rich in negatively charged amino acid
residues, namely, aspartic acid (D) and glutamic acid (E),
and is highly dynamic. Although the pathogenesis of sporadic
PD is mainly driven by the vulnerability of dopaminergic neu-
rons, several genetic point mutations in aS have been identi-
fied as associated with PD, including A30P, E46K, H50Q,
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G51D, A53E, and A53T (mutation sites are highlighted in
Figure 2) [20]. In fact, enhanced aggregation properties have
been reported for E46K, H50Q, and A53T as compared to
wild-type, suggesting that these single point mutations initi-
ate dramatic structural changes that seed fibrillation. The
familial mutant A53T has also been reported to possess
increased neurotoxicity upon elevated iron levels in compar-
ison to wild-type aS due to selective loss of DA neurons as
well as motor impairment [21].

Postmortem analyses of brain tissues isolated from
patients with PD or dementia with Lewy bodies (DLB) have
indicated that aS is acetylated at the N-terminus [22, 23].
Thus, it has been confirmed that N-terminally acetylated aS
is the physiologically relevant form of the protein [24]. N-
terminal acetylation is the transfer of an acetyl group from
acetyl coenzyme A to the a-amino group of the first amino
acid residue of a protein, as in methionine (M) for aS.
Although it is a common posttranslational modification cat-
alyzed by different N-terminal acetyltransferases (NATSs) in
that approximately 84% of human-derived proteins carry
this modification [25-27], the majority of aS research has
been carried out with the nonacetylated aS variant. The con-
sequences of this modification are becoming increasingly
more apparent with respect to membrane interactions, metal
coordination, and the protein folding tendencies [18, 28-31].
The innate structural dynamics and behavioral patterns of aS
are strongly influenced by N-terminal capping; for example,
this modification can further stabilize the tetrameric struc-
tural orientation of &S [7].

The inherent metal binding properties of aS have been
vastly studied [9, 10, 32, 33]. Among the prevalent redox
active transition metals in the brain, copper has shown the
highest binding affinity to aS [34]. Copper levels are dimin-
ished in the PD brain, while iron levels are elevated [35].
Thus, iron-aS interactions would be more prevalent under
disease conditions. The primary binding site of iron at the
C-terminus, "'’ DPDNEA '** (Figure 2), is a motif rich in neg-
atively charged amino acids that will facilitate hard acid/hard
base interactions via potential iron-oxygen coupling. The
presence of a proline residue can also facilitate protein fold-
ing dynamics to form a more stable global configuration
upon iron binding. It can also be postulated that binding of
iron at the C-terminus of aS (pI of 4.7) causes a neutraliza-
tion of the negative charges [36]. Such charge pairing can
result in electrostatic shielding, which may impact protein
folding dynamics by further altering the structure upon pro-
tein oxidation, crosslinking, aggregation, etc.

Notably, the metal coordination sites for iron and
copper are located at opposite termini, where iron prefer-
entially interacts within the aS C-terminal region, and
copper has two separate sites within the N-terminus that
are dependent on the copper redox state. Davies et al.
have shown that there are only subtle changes in the bind-
ing affinity upon iron(III) interaction with copper(Il)-satu-
rated S, indicating that the binding of the two metals is
independent from each other [37]. Copper was further pro-
posed as a cofactor for aS due to the measured ferrireductase
activity in the presence of an electron accepter such as
NADH ([37].

The ability of aS to transform iron(III) to iron(II) high-
lights a ferrireductase activity of aS that could uncover a
functional role. Conversely, the overexpression of aS could
lead to excessive generation of iron(II) that may eventually
result in an oxidative stress environment due to reactive oxy-
gen species (ROS) production mediated by the Fenton reac-
tion. Recently, we also reported evidence to support the
ferrireductase activity of aS upon binding to iron(III) under
anaerobic conditions as well as an increase in the antiparallel
B-sheet composition as is characteristic of aS aggregates
formed under oxidizing conditions in the presence of Fe'
[18]. On a similar note, Ortega and coworkers have reported
that intracellular overexpression of aS in neurons promotes
the accumulation of iron in the perinuclear region [38],
accentuating that iron binding to aS correlates with aS aggre-
gation and iron deposition as is reported for PD. Detection of
iron in these regions could be acknowledged as an indirect
biomarker for PD.

3. Iron-Mediated a-Synuclein Aggregation

The typical aS aggregation pathway involves propagation
of natively unfolded monomers to higher-ordered oligo-
meric species which eventually form fibrillar structures
[39, 40]. Specifically, the cardinal conformational alteration
occurs when the disordered, “random coil” structure of the
native protein is transformed into the well-known “p-sheet”
structure concentrated in both oligomeric and fibrillar mac-
romolecular aggregates. The orientation patterns of -sheet
(parallel or antiparallel) are distinguishable within certain
contexts [41]. Although the in vivo toxic form of aggregates
is not yet fully identified, antiparallel f-sheets are believed
to be a characteristic of the toxic form [41]. The least com-
pact oligomeric intermediates are reported to be toxic due
to disruptive cellular functions including cellular leakages
generated by membrane pores [42]. Hence, a correlation
between oligomers and antiparallel f3-sheets is expected.
Based on nuclear magnetic resonance (NMR) spectroscopy
and high-resolution cryoelectron microscopy techniques,
the fold of fibrils is proposed to be parallel 3-sheets [43];
however, the antiparallel versus parallel conformations of
aS oligomers and/or fibrils have not yet been fully discerned.
Traditionally, the mechanistic folding pathway is thought to
involve an oligomer state that precedes fibrillation [44]; how-
ever, off-pathway aggregation routes have also been reported
[18]. Fibrillation pathways via oligomer intermediates have
also been thought to progress from antiparallel to parallel
B-sheets [45].

The redox activity of metals like copper and iron is
linked with oxidative and/or nitrosative stress and contrib-
utes as a major factor to the aggregation of aS [18, 30, 31,
46, 47]. For example, rat neuronal cultures rich in aS
aggregates have indicated excessive free radical formation,
implying oligomer-induced oxidative stress which is also
metal-dependent [48]. It has also been suggested that iro-
n(III)-induced SDS-resistant oligomers of aS form pores
in the lipid planar bilayer in the presence of ethanol or
DMSO, which eventually lead to toxicity as a result of per-
meability [49, 50]. Previously, it was reported that fibrils



FIGURE 3: Graphical representation of N-terminally acetylated
aS structural consequences upon aggregation mediated by iron-
oxygen chemistry.

generated over the course of aggregation with iron(III) adopt
a distinctly different morphology when compared to analo-
gous fibrils with Cu(II) [36]. Transition electron microscopy
(TEM) analysis of the stoichiometric Fe''-aS aggregates indi-
cated the presence of a short, thick, network-like fibrillar
structure without any amorphous material. Growth patterns
and morphology of fibrils are a potential biomarker which
can aid in understanding structural factors affecting cell via-
bility in neurodegeneration.

Oligomer formation can be coupled with potential mem-
brane interactions related to pore-forming proteins which
regulate metal homeostasis [49]. Oligomers generated in the
presence of both iron(IIl) and iron(II) have also been sug-
gested as nonharmful and to instead possess a potential func-
tional role [51-53]. The Xie group has reported that the
aggregation of aS induced by iron is dose- and time-
dependent [54]. The cell viability assay conducted with SK-
N-SH human neuroblastoma cells indicated that the higher
the iron concentration (>1 mmol/L) and longer the period
of aggregation (>24h), the more toxicity to cells [54, 55].
Diminished mitochondrial transmembrane potential and
elevated ROS production indicated the pivotal role of iron
in inducing cytotoxicity. Cell toxicity due to iron-induced
aS aggregation was treated by silencing the intracellular
expression of aS using siRNA [56]. As it is evident that
iron-mediated oxidative stress leads to cytotoxicity, it will
be beneficial to look into iron chelators (Section 6 in this
review), which could attenuate disease progression.

In order to shed some light on the iron-aS interaction,
our group focused on iron-mediated aggregation of S,
marking the first publication to address the relationship of
the iron-aS couple on the native N-terminally acetylated
form of the protein [18]. A distinct change in the protein
conformation was noted demonstrating the iron-oxygen-
driven generation of an oligomer-locked iron-aS structure
rich in right twisted antiparallel S-sheets (Figure 3). The
PD relevance of this oligomeric motif was determined by its
positive response to the anti-oligomer A1l polyclonal anti-
body, which selectively identifies soluble oligomeric epitopes
present in common amyloidogenic proteins such as «S (PD),
amyloid-f (Alzheimer’s disease), IAPP (type II diabetes), and
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prion protein (Creutzfeldt-Jakob disease or mad cow disease)
[57]. Hence, our results highlight the major role of iron redox
chemistry in the process of aS oligomerization.

4. Iron Metabolism and Alterations in the
PD Brain

Iron plays a functional role in brain biochemistry by act-
ing as a cofactor for tyrosine hydroxylase (TyrH), an enzyme
that initiates the conversion of tyrosine to DA in the cytosol
[58, 59]. Iron additionally serves as an essential element in
various fundamental processes within the CNS, including
mitochondrial respiration, DNA synthesis, myelin produc-
tion, neurotransmission, and metabolism [60]. The innate
redox nature of iron is coupled with electron transfer pro-
cesses. Hence, the redox state of iron, whether ferrous
(Fe*™) or ferric (Fe*") ions, governs the feasibility of various
iron-dependent biological functions. Dysfunction or imbal-
ance of the equilibrium between iron(II) and iron(III) ions
can disrupt processes due to the generation of ROS as is com-
monly associated with Fenton chemistry. Therefore, iron
homeostasis plays a pivotal role in regulating cellular func-
tions as is briefly illustrated in Figure 4.

Brain iron uptake is mainly driven by the glycoprotein
transferrin (Tf), the primary iron transport protein in the
CNS [61, 62]. Studies have shown that non-transferrin-
bound iron levels are high in the cerebrospinal fluid due to
controlled Tf transportation through the blood-brain bar-
rier [63]. Tf possesses high affinity iron(III)-binding sites,
and transferrin-bound ferric ions are engulfed into cells
with the aid of transferrin receptor-1 (TfR-1) via endocy-
tosis [62]. Newly imported ferric ions are subsequently
reduced to ferrous ions and released into the cytosol by diva-
lent metal transporter-1 (DMT-1). Intracellular iron levels
are further controlled by iron regulatory proteins (IRP) that
act in concert with DMT-1 and TfR-1. In iron-deficient cells,
IRPs selectively bind to an iron responsive element (IRE)
that facilitates iron uptake by stabilizing the mRNA coding
for TfR-1 and DMT-1 [64]. IRE adopts a loop-like structure
consisting of 26-30 nucleotides, often present in 3’ or 5’
untranslated regions (3'-UTR or 5'-UTR) of eukaryotic
mRNA for iron-dependent translational control. Another
iron transporter, transferrin receptor-2 (TfR-2), which
does not have an IRE, is also found in the dopaminergic
neurons of the SNpc and concentrated more within the
mitochondria of these cells [65]. Mitochondrial dysfunc-
tion has been accompanied by elevated Tf and TfR-2 levels
in PD, suggesting oxidative stress promoted by iron redox
chemistry [17, 62, 65].

Translation of ferritin, the main iron storage protein in
the body, is also regulated by the availability of intracellular
iron, as an IRE is found in the 5'-UTR of Tf mRNA [66].
Interestingly, a region in the 5'-UTR of human aS mRNA
is reported to possess a high resemblance to the IRE present
in Tf mRNA [67]. A potential IRE motif in aS mRNA sug-
gests the possibility of iron-dependent posttranscriptional
regulation of &S protein generation. Polysomal RNA analysis
conducted after treatment with iron chelators has confirmed
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that expression of aS is influenced at a translational level by
iron availability [66]. Another essential iron storage macro-
molecule in neurons, neuromelanin, has also been detected
to accumulate in the SNpc of PD patients [68]. Both ferritin
and neuromelanin possess dense iron cores [69, 70]. In the
dopaminergic neurons, the ferric ions are easily reduced to
ferrous ions by cytotoxic by-products of DA oxidation
[17, 58, 59, 62, 71]. The ability of some cellular compo-
nents, such as melanin, to reduce iron(III) to iron(II) can
stimulate the hydroxyl radical formation mediated by Fenton
chemistry [61, 69].

Physiological iron levels are expected to rise with aging;
however, a drastic elevation is noted in PD patients [72].
Pathological iron dyshomeostasis affects the progression of
PD, resulting from cumulative events that affect the capacity
for neuronal survival. Suppressed expression of ferroportin
and increased expression of DMT-1 mainly contribute to
the elevated levels of iron in the body. Ferroportin, an iron
efflux pore, is predominantly responsible for neuronal iron
export, yet the efficiency of ferroportin is not governed by
cellular iron levels alone [62]. There are several additional
factors contributing to inefficient iron export from the neu-
rons. For example, hepcidin is an iron regulatory hormone

responsive to iron overload and inflammation. Binding of
hepcidin to surface ferroportin impedes iron export via cellu-
lar internalization and degradation of ferroportin [73]. The
ferroxidase activity of ceruloplasmin, a multicopper oxidase
enzyme, can facilitate iron efflux coupled to ferroportin,
enabling iron(IIl) to become readily available for binding
with extracellular transferrin [74]. Notably, the low levels of
copper in the SNpc as has been reported in PD patients cor-
relate with low activity of ceruloplasmin, thus contributing to
the intracellular accumulation of iron [17, 35, 75]. In addi-
tion, tau protein interacts with amyloid precursor protein to
promote ferroportin-mediated iron export, and reduced
levels of both of these neuronal proteins have been reported
in PD brains [76]. Hence, the consequences of iron accu-
mulation collectively disrupt cellular pathways that are
dependent on our metabolism. Disruption of intracellular
homeostasis could potentially be utilized to develop an indi-
rect set of biomarkers for the diagnosis of PD based on vari-
ous cellular components and proteins that are less commonly
linked to PD. However, quantitative statistical analyses based
upon external variables, such as age and ethnicity, have to be
taken into account to establish a standard biomarker identifi-
cation system.
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5. Toxic Consequences of the Interplay between
Iron and Dopamine

Biosynthesis of DA is initiated from the amino acid tyrosine
following its import into dopaminergic neurons by amino
acid transporters (Figure 5) [77]. The rate-limiting step of
DA synthesis is the conversion of tyrosine to dihydroxyphe-
nylalanine (L-DOPA), which is driven by TyrH [77]. The
active site of TyrH requires an iron atom in its ferrous form
as a cofactor; thus, a deficiency of ferrous ions debilitates
DA synthesis [77, 78]. The subsequent conversion of L-
DOPA to DA is driven by aromatic amino acid decarboxylase
(AADC, dopa decarboxylase), and it is selective to L-amino
acid substrates [77]. Due to the dependency of the DA meta-
bolic pathway on iron, changes in the redox state balance of
Fe(III)/Fe(II) in PD brains and/or alterations in the iron flux
can directly impact the health of dopaminergic neurons.
The major metabolites of enzymatic DA degradation
are 3,4-dihydroxyphenylacetic acid and homovanillic acid
(Figure 5) [79, 80]. DA degradation is prompted by mono-
amine oxidase (MAO) enzyme which results in 3,4-dihy-
droxyphenylacetaldehyde and hydrogen peroxide. Both
substances are highly reactive and potential candidates for
neurotoxicity. Under physiological conditions, 3,4-dihydrox-
yphenylacetaldehyde is readily oxidized to 3,4-dihydroxy-

phenylacetic acid, eventually leading to formation of
homovanillic acid via catechol-o-methyl transferase (COMT)
[79]. Elevated levels of both of these metabolites are identi-
fied in cerebrospinal fluid in patients with motor disorders
or early PD symptoms. Hence, clinical studies emphasize
that 3,4-dihydroxyphenylacetic acid and homovanillic acid
could be pivotal biomarkers in PD progression [81]. In par-
ticular, the highly reactive nature of 3,4-dihydroxyphenyla-
cetaldehyde can initiate hydroxyl radical generation leading
to in vitro and in vivo neurotoxicity [82]. In fact, immunoa-
nalyses have demonstrated that aggregation of aS both in vitro
and in vivo is enhanced by 3,4-dihydroxyphenylacetaldehyde
in a dose-dependent manner [83]. Furthermore, the aggrega-
tion is provoked by this metabolite to potentially form toxic
oligomers [83].

In the presence of ferric ions, DA undergoes oxidation
to generate DA-o-quinone (Figure 5), which can enter into
neurotoxic pathways and eventually promote degeneration
of dopaminergic neurons [84]. DA oxidation can be gov-
erned by several factors, such as oxygen, inorganic reagents,
and redox active metals (primarily manganese, copper, and
iron) [85-89]. Iron-facilitated DA oxidation forms another
neurotoxic byproduct called 6-hydroxydopamine (6-OHDA)
[90, 91], which perturbs mitochondrial functions and conse-
quently promotes acute cell death due to disruption in ATP
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synthesis [92]. It also contributes to oxidative stress by pro-
ducing H,O,, eventually triggering lipid peroxidation and
cell apoptosis [92].

Conversely, DA oxidation is also an essential step in the
synthesis of neuromelanin [84], which is rapidly generated
in the presence of iron(I1I) via formation of an iron-DA com-
plex (Figure 5). While promoting biological reactions, the
redox chemistry of iron can simultaneously influence the
ROS and reactive nitrosative species (RNS) formation leading
to lipid peroxidation, DNA/protein degradation, and ulti-
mately cell death. Neurotoxicity coupled with the iron-DA
complex depends upon its cellular uptake. The stable precur-
sor of neuromelanin synthesis, aminochrome, can lead to
subsequent ROS generation mediated by Fenton reactions
and aS aggregation [93-95]. In addition, aminochrome can
progress mitochondrial dysfunction, protein degradation,
and oxidative stress in the neurons [96-98]. Toxic oligomer-
ization of S associated with aminochrome can be prevented
by DT-diaphorase (NQO1), a flavoenzyme involved in the
quinone reduction pathways [93]. This enzyme attenuated
aggregation by stabilizing the monomeric state of aS upon
catalyzing the reduction of quinone (aminochrome) to leu-
koaminochrome. In a separate study, the fibrillization path-
way of aS has also been altered to spherical oligomer
formation following DA oxidation [94]. The function of aS
is also believed to be associated with DA metabolism [99].
DA interaction with S leads to formation of SDS-resistant
soluble oligomeric species upon oxidation of methionine res-
idues in the aS amino acid sequence (Met locations: 1, 5, 116,
and 127), consequently thwarting S fibrillation [100, 101].
Modulation of aggregation pathways associated with aS by
DA causes an increase in aS oligomers in the extracellular
environment. Even though the disruptive mechanism behind
the oligomerization is still under debate, these soluble oligo-
mers are believed to be neurotoxic. Hence, a more detailed
analysis of in vivo oligomerization and its potential to form
cytotoxic membrane pores will be essential to understand
the pathophysiology of the disease state.

6. Inhibition of Iron-Mediated Aggregation

Iron accumulation in the brain is implicated in diseases
beyond PD, including rare synucleinopathies such as neuro-
degeneration with brain iron accumulation type 1 (NBIAL),
multiple system atrophy (MSA), essential tremor (ET),
progressive supranuclear palsy (PSP), and tremor in dysto-
nia [12, 16, 102]. As aforementioned, increasing evidence
supports the fact that the aggregation propensity of aS is
affected by the redox activity of iron, and exposure to iron
and oxygen stimulates a likely toxic oligomeric form of aS
[18]. Therefore, inhibition of aggregation and iron chela-
tion as a prevention technique has been briefly addressed
in this section.

Baicalein and N'-benzylidene-benzohydrazide (NBB)
derivatives, such as 293G02 and 301C09, have been shown
to inhibit iron-induced oligomer formation and/or fibrilla-
tion (Figure 6). Low concentrations of baicalein have
proven to be an excellent candidate to block the aggrega-
tion of aS initiated by treatment with organic solvent
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FIGURE 6: Structures of inhibiting agents.

[49]. The catechol moiety of NBB derivatives governs the
inhibitory activity, highlighting a key structure-activity rela-
tionship [103, 104]. In particular, the compound 293G02
was highly active at controlling oligomerization inhibition,
with cytotoxicity assays indicating a significant reduction in
toxicity [104].

Aggregation promoted by iron can also be affected by the
presence of redox inactive metal ions under physiological
conditions. For example, Golts and coworkers have reported
that iron-mediated aS aggregation can be inhibited by the
presence of magnesium(I) by negatively modulating the
iron(Il) affinity [105]. It was suggested that an altered con-
formation enabled resistance to aggregation rather than
competing with the same iron coordination site. Therefore,
other metals that can compete for the same binding site in
aS could act as potential therapeutic agents by mitigating
the harmful effect of iron-promoted oligomerization.

Exposure of iron at early stages of life has been identified
as a potential risk factor of PD [106]; however, the toxicity
imparted upon early exposure to iron is irreversible even in
the presence of a moderate chelator. Hence, the iron-aS
interaction window is critical in PD progression as well as
in the clinical aspects of disease prevention. Treatment with
an iron chelator such as clioquinol has been shown to reduce
nigral iron resulting in an increase in the cell viability [107].
In a separate in vivo study, treatment of iron-induced «aS
aggregates with deferiprone, a ferric ion chelator, has dis-
played improved motor functions in mouse models implying
that the clinical application of iron chelation holds promise
[108]. Structure-activity relationships among iron chelators
will require careful attention as a means to open up new ave-
nues in neurodegenerative drug discovery.



7. Concluding Remarks

Brain iron dyshomeostasis plays a crucial role in neurode-
generation associated with PD. Oxidative and conforma-
tional modifications of aS have a clear link to PD etiology,
designating this structurally dynamic protein as a major tar-
get for therapeutic studies among the research community.
The involvement of iron with aS biochemistry has been stud-
ied less extensively in comparison to research on copper-aS
interactions; however, many studies have begun to address
the potential structural and oxidative consequences that lead
to aS deposits as a result of iron accumulation in the PD
brain. Iron regulation in neurons has already shed light into
clinical applications, and new research highlighted in this
review may provide an avenue towards future therapeutic
studies and/or inspire new biomarkers for PD.
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Diabetic nephropathy is the leading cause of chronic kidney disease (CKD) in western countries. Notably, it has a rapidly rising
prevalence in China. The patients, commonly complicated with cardiovascular diseases and neurologic disorders, are at high
risk to progress into end-stage renal disease (ESRD) and death. However, the pathogenic mechanisms of diabetic nephropathy
have not been determined. Cellular senescence, which recently has gained broad attention, is thought to be an important player
in the onset and development of diabetic nephropathy. In this issue, we generally review the mechanisms of cellular senescence
in diabetic nephropathy, which involve telomere attrition, DNA damage, epigenetic alterations, mitochondrial dysfunction, loss
of Klotho, Wnt/f-catenin signaling activation, persistent inflammation, and accumulation of uremic toxins. Moreover, we
highlight the potential therapeutic targets of cellular senescence in diabetic nephropathy and provide important clues for

clinical strategies.

1. Introduction

Diabetic nephropathy (DN) has been the leading cause of
CKD and renal failure in developed countries. In the past
two decades, the morbidity and mortality of DN have been
rising rapidly in the worldwide population [1-4]. Along with
the kidney injury, diabetic patients often suffer from multiple
complications, such as retinopathy, neuropathy, and cardio-
vascular diseases. All of them contribute to a high risk of
death [5]. Besides health problems in patients, DN also leads
to a heavy burden to the society.

Previous reports indicate that the mechanisms of DN
involve a multifactorial interaction of metabolic and hemo-
dynamic factors such as high blood glucose, advanced glyca-
tion end-products (AGEs), and the renin-angiotensin system
(RAS). They further link to the activation of protein kinase C-
(PKC-) induced generation of reactive oxygen species (ROS)
[6, 7], which further mediates the activation of downstream
transcription factor nuclear factor kappa-light-chain
enhancer of activated B cells (NF-xB). Thus, the main treat-
ments of DN refer to modulate glycemic and blood pressure
through insulin and RAS inhibitors. However, they could

only delay the progression of DN but not prevent or cure it.
Patients suffering from DN still inevitably reach the stage of
ESRD at an alarming rate in both developed and developing
countries [8-10]. Hence, the new pathogenic mechanisms
except hyperglycemia and hypertension should be deter-
mined for a better management of DN. Recently, the emerg-
ing role of cellular senescence in DN has attracted a broad
attention. However, a comprehensive elucidation has not
yet been achieved. In the present review, we will focus on
the role of cellular senescence and its related mechanisms in
DN. Furthermore, we will explore the potential therapeutic
targets of cellular senescence and provide important clues
for clinical strategies in the management of DN.

2. DN and Renal Aging

The aging kidneys undergo a wide range of macrostructural
changes, such as decreased cortical volume, increased surface
roughness, and augmented numbers and sizes of cysts [11],
which correspond to the typical microstructural features of
glomerulosclerosis, tubular atrophy, interstitial fibrosis, and
nephron loss [12]. Cellular aging or cellular senescence is
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the critical factor for the process of aging. Although the
senescent cells remain viable, they show typical changes with
enlarged and flattened cell bodies, apoptosis resistance,
increased activity of senescence-associated [3-galactosidase
(SA-B-gal), and upregulation of c¢ Kychn dependent kinase
(CDK) inhibitors including pl6™**A ARF proteins, and
p21 [13-16]. Furthermore, senescent cells, with the secretory
features known as the senescence-associated secretory phe-
notype (SASP), could produce proinflammatory cytokines,
such as tumor necrosis factor-a (TNF-«), interleukin-6
(IL-6), and monocyte chemoattractant proteinl (MCP-1),
to greatly affect the neighboring cells [17, 18].

Recent reports show that CKD presents as a clinical
model of premature aging. Wang et al. introduced a new
concept of CKD-associated secretory phenotype (CASP),
which indicates that senescent renal cells could secrete SASP
components of various cytokines such as IL-1, IL-6, and
TNF-« [19, 20]. Other reports also show that DN is highly
associated with accelerated aging in various types of cells
such as tubular cells, podocytes, mesangial cells, and endo-
thelial cells [21-23]. Notably, hyperglycemia could directly
induce cellular senescence in mesangial [24] and tubular cells
[13, 25, 26]. Interestingly, high glucose could also induce
macrophages to secrete SASP components, thus promoting
the development of a low-grade inflammatory state and
cellular senescence [20].

Besides hyperglycemia, the production of AGEs and
induction of oxidative stress, chronic persistent inflamma-
tion, glucose toxicity, and lipid metabolism disorder under
DN disease conditions could cooperatively promote the grow-
ing microenvironment for senescent cells [27]. Conversely,
senescent cells could accelerate the progression of disease.
The studies [28] show a strong association between glomerular
expression of pl6™ ** and proteinuria. In addition, the

excessive SA-B-gal activity and expression of pl16™~** in

tubules are positively correlated with interstitial fibrosis,
tubular cell atrophy lesions. Of note, tubular cell senescence
is intimately associated with BMI and blood glucose level,
implicating that controlling cellular senescence plays a crit-
ical role in the therapeutics of DN.

There are two main consequences from the accumulation
of senescent cells. First, as one might expect, because of per-
manent cell cycle arrest, cellular senescence may cause a loss
of self-repair capacity and regenerative ability [29-32]. These
would lead to the exhaustion of renal cells as well as other
progenitor or stem cells. A study shows that the number of
endothelial progenitor cells is 30%-50% lower in patients
with chronic kidney disease than that in healthy subjects
[33]. There are a limited reservoir, decreased population,
and low renewal efficiency of stem cells in DN-affected
kidneys [34, 35], which would certainly accelerate the pro-
gression of disease. Second, senescent cells could produce
proinflammatory and matrix-synthesizing cytokines, such
as IL-6 and TGF-f. These SASP-associated molecules may
cause persistent inflammation and fibrosis, as well as stem
and renal cell renewal dysfunction in a paracrine and auto-
crine fashion [17, 36]. Collectively, cellular senescence partic-
ipates in many pathological processes to accelerate the
progression of DN. In this review, we discuss the role of
cellular senescence in the pathogenesis of DN, highlight
new findings on the mechanisms of cellular senescence
(Figure 1), and propose the novel strategies to treat patients
with DN by targeting cellular senescence.

3. The Mechanisms of Cellular Senescence in
Diabetic Nephropathy

3.1. Telomere Attrition and Cellular Senescence. Telomeres
are stretches of repetitive DNA, which are located at the end
of each chromosome. Telomeres protect the chromosomes
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from degradation or fusion [37, 38]. In repeated cell division,
the length of a telomere may gradually shorten due to the lack
of telomerase activity, an enzyme that helps to maintain the
length of the chromosome.

Telomere shortening could occur in both type 1 and
type 2 diabetes [39]. It can be accelerated by inflammation
[40, 41], hyperglycemia, AGEs [42], and chronic oxidative
stress [43], the main mechanisms of diabetes. Telomere attri-
tion could trigger stress-induced premature senescence
(SIPS). As early as 1999, it was found that telomere shorten-
ing is displayed in kidney diseases [44]. Consistently, recent
studies show that high glucose induces accelerated senes-
cence in proximal tubular cells, which is related to telomere
shortening [28]. In both type 1 and type 2 diabetes, chromo-
somal telomere attrition is associated with renal cell senes-
cence, proteinuria, and the progression of DN [45, 46].
After the prevention of telomere attrition, fenofibrate pro-
vides beneficial effects on the treatment of DN [39, 47]. The
p53-p21-Rb signaling pathway is involved in the cellular
senescence caused by telomere attrition under the condition
of high glucose [48]. Besides the kidney parenchymal cells,
the telomere of white blood cells in DN patients also displays
the state of shortening. Although suggested as a biomarker in
coronary heart disease [49], telomere shortening could also
be applied in the diagnosis of DN. Supporting findings show
that there is a high association between telomere length
shortening and the progression of nephropathy through the
mass population surveys [50].

3.2. DNA Damage and Cellular Senescence. DNA damage has
been thought to be a main cause of cellular senescence since
the late 1950s [51]. Besides the “wear and tear damage” during
normal aging, there are various stress factors that could
directly induce the damage of DNA, such as oxidative stress,
ultraviolet (UV) or gamma irradiation [52, 53], chemothera-
peutics [54], and hyperproliferation caused by the Ras onco-
gene [55]. Under diabetic conditions, hyperglycemia-induced
generation of ROS and accumulation of AGEs may induce
DNA damage and then trigger premature senescence in cells
[56]. In type 1 diabetes rat models, AGEs and oxidative stress
could induce DNA damage in both glomerular and tubular
cells [57].

All of these DNA-damaged stressors could trigger a per-
manent DNA damage response (DDR) that leads to the activa-
tion of phosphatidylinositol 3 kinase-like kinases, such as
ataxia telangiectasia-mutated (ATM) or ataxia telangiectasia-
mutated and Rad3-related (ATR) kinases. These kinases
subsequently activate P53 and its transcriptional target
p21FYWARL 1 turn, p21“PYWAFL inhibits cyclin-dependent
kinase 2- (CDK2-) mediated phosphorylation of the retinoblas-
toma protein (Rb). The hypophosphorylated Rb binds to the
E2F transcription factor, preventing E2F through interacting
with the transcription machinery. This process ultimately
results in permanent cell cycle arrest, i.e., cellular senescence.
This pathway is also called ATM/ATR-p2laxis [23, 58]. Ulti-
mately, senescent cells exhibit elevated levels of DNA damage
response proteins 53BP1 and yH2AX and poor repair capacity
for DNA strands. These could induce the restructure of the epi-
genome (see below), such as CpG methylation patterns [59].

3.3. Epigenetic Alterations and Cellular Senescence. Epige-
netics refers to heritable alterations in gene expression and
phenotype without involving changes in the DNA sequence.
Epigenetic modifications include cytosine methylation of
DNA (DNA methylation, DNAme), histone posttransla-
tional modifications (PTMs), and noncoding RNAs [60-
63]. Alterations in the epigenome underlie the dynamic
switching of chromatin between a transcriptionally silent
compact structure (heterochromatin) and an active relaxed
structure (euchromatin) that cooperatively regulate gene
expression [64].

DNAme occurs primarily, but not exclusively, at the sites
of cytosine-guanine (CpG) dinucleotides. DNAme usually
represses gene transcription through recruiting repressor com-
plexes or precluding transcription factors [65]. However, the
regulatory effects of DNAme can vary from gene repression
to gene activation, which largely depends on the genomic con-
texts of the targeted sequences, such as promoters, gene bodies,
enhancers, and repeated sequences [62]. PTMs mainly include
histone lysine acetylation (HKAc) and histone lysine methyla-
tion (HKme). HKAc activates gene expression, while HKme
activates or represses transcription depending on the lysine
residue modified and the extent of methylation (mono-, di-,
or trimethylation) [64, 65]. Other histone modifications con-
sist of phosphorylation, sumoylation, ubiquitination, ADP-
ribosylation, and O-GlcNAcylation [66]. They are also
important but not well-studied.

Epigenetic changes could appear in the very early stage
of DN. In 5-week-old db/db mice, the expression of Agt,
an important component of the renin-angiotensin system,
is upregulated by histone H3K9 acetylation [67, 68]. Simi-
larly, the hypomethylation of CpG islands in Claudin-1 gene
[67, 68] is also found at a very early stage in diabetes before
the increase in albuminuria.

Increasingly, epigenetic changes are thought to be impor-
tant in the development of DN through the induction of oxi-
dative stress. In a rat model of diabetes, H3K27me at the
enhancer site of zeste 2 repressive complex 2 subunit
(EZH2) dampens the expression of the endogenous antioxi-
dant inhibitor thioredoxin-interacting protein (TXNIP) via
repressing the transcription factor PAX6. The inhibition of
EZH?2 augments proteinuria, podocytopathy, and renal oxi-
dative stress, through the inhibition of glomerular TXNIP
expression [69]. In addition, high glucose-mediated TXNIP
expression is coordinated by histone acetylation and methyl-
ation in diabetic kidneys [70]. Similarly, in podocytes, high
glucose could induce CpG promoter hypomethylation and
histone H3 hyperacetylation through the activation of his-
tone GCN5 acetyltransferase, which would drive the expres-
sion of p66Shc [71, 72], the key regulator of oxidative stress
and player in lifespan shortening [73]. Furthermore, high
glucose could also recruit Suv420H2 methyltransferase and
LSD1 histone dimethyltransferase to the gene promoter of
superoxide dismutase 2 (SOD2), resulting in the downregula-
tion of SOD2, a strong endogenous antioxidant [74].

Epigenetic alterations also play important roles in per-
sistent inflammation and autophagy deficiency, two main
mechanisms of cellular senescence. In vascular endothelial
cells [75-77] and inflammatory cells, high glucose induces



H3K4mel activation through SET7 lysine methyltransferase
to encode the proinflammatory factor NF-«B [78]. More
and more studies show the important roles of noncoding
RNAs in the development of DN. In db/db mice, miRNA-
125b represses H3k9me3 through the downregulation of
Suv39h1 histone methyltransferase, which leads to the upreg-
ulation of MCP-1 and IL-6, the two chemoattractants for the
differentiation and migration of monocytes and lymphocytes
[79]. Another noncoding RNA named miRNA-146a, a well-
known anti-inflammatory microRNA, increases in the early
stage of DN to protect against inflammation and renal fibro-
sis through inhibiting the activation of M1 macrophage [80].
Additionally, high glucose induces the activation of histone
deacetyltransferase 4 (HDAC4) in podocytes, which leads to
the deacetylation and silence of STATI1, a named gene in
promoting autophagy to exert renoprotective function
[81]. Furthermore, the administration of histone deacetylase
(HDAC) inhibitor trichostatin A reduces kidney injury
through alleviating the loss of Klotho, a well-known antiaging
protein [82]. These studies further confirm the mediating role
of epigenetic alterations in cellular senescence.

3.4. Mitochondrial Dysfunction and Cellular Senescence

3.4.1. Mitochondrial Reactive Oxygen Species (mtROS) and
Mitochondrial Dysfunction. ROS can be both a trigger and
an effector in the aging process and have been viewed as a
cause of the aging process since 1996 [83]. Mitochondrial
ROS (mtROS) could be driven by external stimuli, such as
inflammatory cytokines, growth factors, or environmental
toxins. The overproduction of mtROS increases in natural
aging and age-related diseases [84]. The production of
mtROS originates from the defects in the electron transport
chain (ETC), which promotes electron leakage to form super-
oxide radicals, a key player in cellular senescence and acceler-
ating aging [85]. The overproduced mtROS could damage
protein, lipid, and DNA, which further trigger the patholog-
ical changes [86]. It is noteworthy that in diabetic nephropa-
thy, the altered metabolic state requires extra demands of
ATP, which would accelerate electron leakage to produce
excessive ROS. The accumulative ROS in the mitochon-
drion has a detrimental effect in the integrity and content
of mitochondrial DNA (mtDNA), which encodes the sub-
units of ETC complexes. This would further induce mito-
chondrial dysfunction and increase the production of ROS
[87]. Notably, 30% of diabetic patients are suffering from
mitochondrial dysfunction as well as reduced mitochondrial
biogenesis, which is tightly associated with the severity of
kidney diseases [88].

However, the exact role of ROS in cellular senescence is
controversial. Although ROS is commonly considered as a
cause of cellular senescence, recent findings show that it also
extends Drosophila’s lifespan, especially through respiratory
complex I reverse electron transport [89]. Other reports also
show that low levels of ROS could serve as second messengers
to extent lifespan in Caenorhabditis elegans [90-92]. More-
over, chemical inhibition of glycolysis or exposure to meta-
bolic poisons that block respiratory complex I (rotenone,
paraquat, or piericidin A) or complex III (e.g., antimycin A)
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also prolong lifespan in C. elegans in a ROS-dependent man-
ner [93]. Thus, the role of ROS homeostasis in cell aging
under diabetic conditions may need more studies to confirm.

It is noteworthy that the production of mtROS could
induce the mutations of mtDNA, which contributes to the
aging process. This theory is confirmed by mitochondrial
mutator mice, an early aging mice model expressing a
proofreading-deficient DNA polymerase POLGy. In those
mice, the accumulated mutations of mtDNA significantly
accelerate aging phenotype [94]. Recently, the evidences of
mtDNA mutation are shown in DN patients. A study shows
that mtDNA mutation G13997A in ND6 gene, a key gene
encoding one of the subunits of respiration complex I
(NADH dehydrogenase), positively correlates with the devel-
opment of diabetes and related nephropathy [95]. However,
some studies show that mutations of mtDNA are not major
contributors to aging, especially in fruit flies [96]. The reason
lies in that fruit flies are less sensitive to mtDNA mutations in
adulthood than during development. Hence, more studies are
needed to prove the correlation between mtDNA mutations
and cellular senescence in renal cells.

3.4.2. Mitophagy Impairment and Early Senescence. Mito-
phagy plays an important role in preserving healthy mito-
chondria via the removal of altered mitochondria, clearance
of protein aggregates. Mitophagy exerts protective functions
in inhibiting apoptosis, reducing ROS production, and anti-
inflammation [97-99]. It is reported under diabetic condi-
tion, more than 50% of renal tubular cells exhibit fragmented
mitochondria [100], concomitant with the significant upreg-
ulation of mtROS in the renal cortex [101]. These suggest the
loss of mitophagy in DN.

Mitophagy depends on the signaling cascade of kinases.
The most important kinase is the PTEN-induced putative
kinase 1 (PINK1). Upon damage, PINKI transduces signals
to the cytosolic E3 ubiquitin ligase Parkin. Parkin then
amplifies the signals of mitophagy by facilitating PINK1-
mediated recruitment of optineurin (OPTN) and NDP52
[102, 103]. Optineurin (OPTN) contains an ubiquitin-
binding domain with the ability of binding polyubiquitinated
cargo and transporting cargo to form autophagosomes [104].
The loss of expression in Parkin correlates with lifespan
shortening [105], while the overexpression of Parkin extends
longevity [106]. Similarly, the knockdown of PINK1 shortens
lifespan and accelerates aging [89]. Interestingly, recent report
shows that OPTN is involved in high glucose-induced senes-
cence in renal tubular epithelial cells [25].

A large body of studies show that mitophagy is defec-
tive in diabetic kidneys [100], concomitant with mitochon-
drial abnormalities, overproduced mitochondrial ROS, and
reduced expression of PINK and Parkin [107]. Indeed, podo-
cytes show a high rate of baseline autophagy with aging.
However, under diabetic status in vivo and high glucose con-
ditions in vitro [108], the high basal level of autophagy in
podocytes is flawed, which facilitates cell injury, glomerular
damage, and the progression of kidney diseases. Hence, it
can be presumed that in a diabetic setting, defects in mito-
phagy could induce early senescence in different renal cells
and further promote the progression of kidney diseases.
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3.5. Falling Levels of Klotho and Dysfunction of the Klotho-
FGF-23 Axis. Klotho is an antiaging protein and is predomi-
nantly expressed in normal tubular cells. Klotho could act on
multiple signals such as insulin and Wnts [109-111] and
exerts important protection in kidney function [112]. The
decline of Klotho could be seen in an early stage of kidney
diseases, and this deficiency is linked to accelerated aging, cel-
lular senescence, vascular calcification, and oxidative stress
[113]. However, the underlying mechanisms remain poorly
understood. Some reports show Klotho protects against cel-
lular senescence through activating the forkhead transcrip-
tion factor FOXO, a negative regulator of mtROS
generation [114]. Furthermore, Klotho also has endogenous
anti-inflammatory effects [115, 116] and antifibrotic proper-
ties [109, 117, 118]. Klotho also plays a role in mineral metab-
olism disorders, which would further affect renal aging.
Klotho promotes calcium absorption and phosphate excre-
tion in kidneys [119] and serves as a permissive coreceptor
of fibroblast growth factor 23 (FGF-23), the hormone reg-
ulating phosphate and vitamin D [120]. This is called the
Klotho-FGF-23 axis. The loss of Klotho promotes hyper-
phosphatemia, a risk factor of senescence process [121]
and longevity [122].

Diminished expression of Klotho is a common feature of
DN and is observed at the earliest stage of the disease [123,
124]. The loss of Klotho could be associated with multiple
mechanisms such as hypermethylation of Klotho gene [125,
126], NF-«B-induced falling level of Klotho gene [127].
Recent studies show that increasing activity of integrin-
linked kinase protein (ILK) reduces Klotho gene expression,
which leads to cellular senescence in renal cells [128]. Large
amounts of studies show that the loss of Klotho links to life-
span shortening, skin and muscle atrophy, osteoporosis, and
calcification [129]. Under uremia condition, Klotho retards
epithelial cell senescence through decreasing oxidative stress,
NF-«B activity, etc. [118]. A survey in humans further con-
firms that the serum level of Klotho declines with age, and
Klotho gene displays single nucleotide polymorphism which
correlates with reduced longevity and the pathophysiology
of age-related disorders [111].

3.6. Wnt/3-Catenin and Cellular Senescence. Despite being
relatively silent in normal adult kidneys, Wnt/f-catenin sig-
naling is reactivated in a wide range of chronic kidney dis-
eases (CKD), such as diabetic nephropathy, obstructive
nephropathy, adriamycin nephropathy (ADR), polycystic
kidney disease, and chronic allograft nephropathy [130-133].
The canonical Wnt/B-catenin signaling involves f-catenin
dephosphorylation in serine/threonine residues, which leads
to its translocation to the nucleus, where it binds to transcrip-
tion factor T-cell factor (TCF)/lymphoid-enhancer binding
factor (LEF) to induce the expression of downstream target
genes [134-136]. However, in diabetic status, the accumulated
intracellular ROS might divert the limited pool of f-catenin
from TCF/LEF to forkhead box O- (FOXO-) mediated tran-
scription [137, 138] that leads to insulin deregulation. Notably,
the latter plays a pivotal role in the aging process.

Recent evidence suggests that the renin-angiotensin-
aldosterone system (RAS) is mediated by Wnt/[3-catenin sig-

naling. Zhou et al. reported that the promoter regions of all
RAS genes contain putative TCF/LEF-binding sites, and f3-
catenin induces the binding of LEF-1 to these sites in renal
tubular cells. Ectopic f-catenin causes the upregulation of
all RAS genes [139]. Notably, RAS activation contributes to
renal aging through various mechanisms. Several studies dis-
cover that angiotensin II, a key substance of RAS, can induce
senescence in renal cells and lead to the development and
progression of age-related diseases [140-143]. Ang IT induces
premature senescence via both STAT3/mTOR-regulated
autophagy and the p53/p21 pathway [140], which further
drives fibrosis and redox state [144]. Notably, ROS can also
induce the expression of p16™**, a trigger in cell cycle arrest
and senescent phenotype, and activate TGF-f1 and NF-«B
signaling that could trigger inflammatory reaction in acceler-
ated aging process [145]. Hence, RAS antagonism through
administration of ACEI/ARB improves mitochondrial func-
tion and exerts antioxidative effects and displays age-
retarding benefits [146].

Recently, Luo et al. reported that Wnt9a has a decisive
role in driving tubular senescence and renal fibrosis, as well
as evoking cell communication between senescent tubular
cells and interstitial fibroblasts [147]. Although not studied
in their studies, RAS activation is supposed to play a role in
Wnt9a-induced cellular senescence. Supporting the pre-
sumption, several studies point out the benefits of inhibiting
the RAS system in organ aging process. The related mecha-
nisms involve the upregulation of prosurvival nicotinamide
phosphoribosyltransferase gene (Nampt) and downregula-
tion of pl6™ ** expression [148, 149], as well as the
improvement of mitochondrial function [150-152].

3.7. Inflammation and Cellular Senescence. Chronic inflam-
mation is a pathological feature of various CKD. Notably,
inflammation serves as an important factor for accelerated
aging. Unregulated inflammation has a key role in the patho-
genesis and progression of autoimmune diseases such as pre-
senile dementia, osteoporosis, and atherosclerosis [153].
Inflammation is also involved in the pathogenesis of obesity
and diabetes and serves as an important mediator of aging
[154, 155]. In addition, the senescence-associated decline of
the adaptive immune system (immunosenescence) may fur-
ther aggravate aging phenotypes at the systemic level because
of the impaired immune surveillance [156, 157]. Moreover,
senescent cells can secrete many proinflammatory factors,
such as TNF-a, IL-6, PAI-1, and MCP-1, which may further
aggravate inflammation [17, 157]. Recent studies show that
AUFI, the mRNA decay factor, links inflammation and aging
[158]. Deficiency of AUF1 induces marked cellular senes-
cence and premature aging phenotype.

In diabetic nephropathy, the prominent inflammation is
observed even in the beginning and ongoing stage of kidney
injury. The upregulation of systemic and local renal inflam-
mation occurs in the early stage of DN. In diabetic status,
high glucose, AGEs, and oxidative stress could simulta-
neously induce the activation of NF-«B, a known transcrip-
tional signature of inflammation [18]. Through recruiting
p300, NF-xB triggers the activation of downstream effector
iNOS, a promoter of oxidative stress and inflammation that



causes extensive nitrotyrosine (NT) in proteins [159].
Genetic and pharmacological inhibition of NF-«B signaling
prevent age-associated diseases [160-162] including dia-
betic nephropathy [159] and natural aging [163, 164].

Additionally, Nod-like receptor 3 (NLRP3) inflamma-
some also plays a role in the development of inflammation
under diabetic setting [165]. In response to diverse damage-
associated molecular patterns (DAMPs) in aging, such as
excess glucose, ceramides, amyloids, urate, and cholesterol
crystals, NLRP3 inflammasome is intimately correlated with
age-related diseases [166]. The NLRP3 inflammasome could
activate caspase-1, which stimulates the maturation and
secretion of IL-18 and IL-18 through cleaving their pre-
cursors [167]. Consequently, these proinflammatory cyto-
kines accelerate the aging process through inhibiting
autophagy [168]. Conversely, the impaired autophagy could
trigger the accumulation of inflammasome to create a recip-
rocal activation loop [169]. Interestingly, inflammation could
also interplay with many other mechanisms of cellular
senescence such as telomere shortening, progressive DNA
damage, oxidative stress, and altered epigenetics. These cre-
ate an intricate network to induce cellular senescence in
diabetic nephropathy.

3.8. Uremic Toxins and Cellular Senescence. Uremic toxins
are endogenous waste products of metabolism. They are
cleared predominantly by the kidneys. Three subgroups
of uremic wastes are classified: (i) small water-soluble mole-
cules (MW <500 Da) such as urea, creatinine, and phos-
phate; (ii) middle (MW500~5000Da) and large molecules
(MW > 5000 Da) such as parathyroid hormone (PTH), IL-
6, fibroblast growth factor 23 (FGF23), AGEs, advanced oxi-
dation protein products (AOPPs), and other peptides; and
(iii) small molecules (MW < 500 Da) but with high protein-
binding abilities such as indoles, phenols, polyamine, and
cresols [170]. Notably, the regular hemodialysis could only
remove small molecules with the molecular weight lower
than 500 Da. Furthermore, it is also difficult to remove
protein-bound uremic toxins such as indoxyl sulfate (IS),
p-cresyl sulfate (PCS), and 3-carboxy-4-methyl-5-propyl-
2-furanpropionic acid (CMPF), due to their high protein-
binding capability (90%) to plasma proteins [171, 172]. It is
notable that the imbalance of gut microbiome in kidney dis-
eases largely contributes to the formation and retention of
uremic toxins [173], which would create a reciprocal activa-
tion loop that accelerates the progression of kidney diseases.

Uremic toxins could trigger senescence in various types
of renal cells such as the proximal tubular cells [174, 175]
and endothelial cells [176] through multiple mechanisms.
The most commonly studied pathway is oxidative stress-
induced NF-«xB signaling [177]. However, other mechanisms
are also contributed. Some reports show that uremic wastes
could induce mitochondrial dysfunction [178] and hyperme-
thylation in Klotho gene [125], the two main mechanisms of
cellular senescence in DN. As the well-known uremic toxins
in DN, AGEs account for various mechanisms of cellular
senescence. Although their detrimental role is firstly found
in the longevity of C. elegans [179, 180], AGEs show the
active role in promoting senescence phenotype in multiple
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organ systems including the kidneys in humans [181]. Stud-
ies show that AGEs trigger cellular senescence via oxidative
stress-dependent p21 activation [182] and pl6 expression
[13, 183], inhibition of autophagy [184] through reducing
PINK1/Parkin [185], and promotion of inflammation [186]
in renal cells and others.

Taken together, the accumulation of uremic toxins would
influence cellular senescence nearly in all aspects of mecha-
nisms, which cooperatively and reciprocally promote and
accelerate cellular senescence that contributes to the patho-
genesis of DN.

4. Therapeutic Potentials

The therapeutic methods for DN nowadays refer to anti-
RAS therapy using ACE inhibitors (ACEIs) or angiotensin
II receptor blockers (ARBs) and glucose control. However,
anti-RAS therapy only displays limited efficacy, partly
because of the compensatory upregulation of renin expres-
sion [187-189]. Due to the metabolic memory of prior
exposure to hyperglycemia, a single control of glucose fails
to prevent the progression of kidney disease [190, 191].
Notably, several theoretical approaches might be applicable
to target the aging process in DN (Figure 2).

It is well known that calorie restriction (CR) reduces
oxidative stress and proinflammatory injury. In addition,
CR modulates mitochondrial activity and increases the
autophagy activity, thereby extending health and lifespan
[192-194]. It has been shown that CR protects against cellu-
lar senescence through decreasing the expression of
p16™*A, Consequently, renal fibrosis is alleviated [192].
Actually, CR inhibits cell senescence through various mecha-
nisms. The most studied is the mammalian target of rapamy-
cin (mTOR) signaling. CR could deactivate mTOR through
activating AMP-activated protein kinase (AMPK) [195]. Sev-
eral kinds of drugs targeting this pathway are effective in the
retardation of aging and age-related disease. Rapamycin, the
mTOR inhibitor, could protect cellular senescence [196]
and phosphate-induced premature aging [197]. While
AMPK activator metformin reduces ROS production in
podocytes and prevents DN [145]. Interestingly, long-term
treatment with rapamycin may improve the quality of
mtDNA in aging mice [198]. However, long-term CR has a
long way to achieve for clinical practice, especially in DN
patients because of the limited daily nutrition. Another
promising drug is sirtuinl (SIRT1) agonist. As a NAD™-
dependent deacetylase, SIRT1 plays an important role in
the aging process [199] and age-related phenotypes such as
DN [200]. SIRT1 could be induced by CR. The agonists of
SIRT1 such as BF175 and resveratrol could greatly ameliorate
the pathogenesis of diabetic kidney disease [201]. And BF175
also shows less renal toxicity, suggesting the good prospects.

Theoretically, antioxidants can mitigate ROS-induced
damage, such as DNA mutations and protein modifications,
as well as delay telomere shortening. However, the advan-
tages of antioxidants are needed to be further clarified in
aging-associated diseases [202-205]. Chlorogenic acid could
attenuate oxidative stress and inflammation in diabetic
nephropathy, possibly through modulating Nrf2/HO-1 and
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NEF-kB pathways. However, no direct evidences show its
effects on aging retardation under the diabetic setting
[206]. Oppositely, the administration of mitochondria-
targeted antioxidant MitoQ could dramatically ameliorate
renal tubular injury in a diabetic mouse model. MitoQ
reverses mitophagy through increasing the expression of
PINK1 and Parkin [107]. Another important study shows
that Cu/Zn-superoxide dismutase 1 (SOD1), a strong endog-
enous antioxidant, has a new role in aging. Deficiency of
SOD1 prolongs lifespan and retards the process of cellular
senescence [207]. Overexpression of SOD1 attenuates high
glucose-induced endothelial cell senescence [17]. These sug-
gest that SOD1 may act as a promising therapeutic in DN
through retarding aging. However, because of side-effects
such as tumor genesis and difficulties to control the degree
of antioxidation, the reasonable application should be closely
noticed in therapy for patients.

Another strategy to retard cellular senescence is the
removal of these cells [208] by senolytics, a new kind of drugs
with the ability to slow the aging process. Many of these
agents could induce the clearance of senescent cells through
upregulation of antiapoptosis systems such as the BCL-2
family of proteins (BCL-2, BCL-XL, and BCL-W) [209, 210].
The new senolytic molecules navitoclax and ABT-737 could
occupy the inhibitory binding grooves of BCL-2, BCL-XL,
and BCL-W, which counteract their antiapoptotic functions
and initiate apoptosis in senescent cells [211]. Furthermore,
immune surveillance [212] and genetic deletion of senescence-
associated factor p16INK4a [213] could also help to enhance
the removal of senescent cells.

SASP modulation has also been proposed as a way to
slow the aging process. SASP blockade would be another
attractive treatment option [214, 215]. However, the inter-
ventions of proinflammatory pathways such as NF-«xB,
p38-MAPK, or MAPK-activated protein kinase 2 could also
influence the communications among healthy cells [216].

Notably, a recent finding shows that bromodomain-
containing protein 4 (BRD4) inhibitors could modulate SASP
with high specificity in senescent cells without influencing
healthy subjects [217]. In histones, BRD4 binds to acetylated
lysines, which results in the opening of chromatin and the
activation of SASP process [217]. BRD4 inhibitors JQ1 and
iBET are recently studied and found to be prospective in ther-
apeutic of aging [218].

Restoration of endogenous Klotho or supplementation
with exogenous Klotho could be a substitute therapeutic
strategy for antiaging. Klotho could block Wnt/f-catenin sig-
naling and its targets such as the renin-angiotensin system
(RAS) and modulate the homeostasis of blood phosphate
and vitamin D [139, 219]. In the aging process, Klotho gene
displays hypermethylation [126]. Notably, Ang II type 1
receptor antagonist (AT1R) losartan could alter the post-
translational modifications on histones [220], suggesting a
protective role in Klotho gene stability. In addition, some
drugs such as sulodexide and osthole may enhance the
expression of Klotho to prevent the progression of DN
[221]. Considering the side-effects and toxicity of these
molecular compounds, the direct supplement of Klotho
may be the best way to provide renoprotecion. However,
the clinical application of direct Klotho supplement is very
limited because Klotho protein is with large molecular weight
and complex structure. It is still promising that scientists are
developing the small molecular peptides from the binding
sites of Klotho with Wnt3a and other Wnts [222], suggesting
the prospects for future clinical application.

The latest topics of therapeutics in aging are stem
cell therapy [223]. A study shows that the injection of plasma
from young mice into the circulation of aged mice induces a
more youthful state [224]. Furthermore, early-in-life genetic
manipulations could preserve the proliferative ability of the
gut stem cells, which leads to lifespan extension [225]. In
kidney disease, the supplement of mesenchymal stem cells



(MSC) could prompt functional recovery [226]. Even in
aged stem cells, incubation of young blood could still ame-
liorate the functional deficits [227, 228], suggesting the
important role of microenvironment in stem cell renewal.
Other studies also show that human umbilical cord-
derived mesenchymal stromal cells could ameliorate renal
fibrosis and cellular senescence and interestingly increase
the expression of Klotho [229]. Regenerative therapies by
exogenous stem cell transplantation into damaged tissues
could improve natural aging and stress-induced premature
senescence (SIPS) [230]. However, the stem cell transplan-
tation in humans is more challenging because of the unpre-
dicted disadvantages such as tumor genesis and needs to be
demonstrated repeatedly.

Removal of uremic toxins may be a fundamental resolu-
tion strategy for retarding cellular senescence in DN. Some
researchers are focusing on the improvement of protein-
bound uremic waste clearance through intravenous lipid
emulsion [231] or infusion of a binding competitor ibupro-
fen [232] in conventional dialysis therapies. Although these
strategies present benefits, they are still in the primary stage
of research. Compared with the controlling in the clearance,
to decrease the generation of uremic wastes through the
modulation of beneficial gut microbiota members may be
more important [233, 234]. It is proved in long-term safety
and presents improved removal of BUN when probiotics is
supplemented to the therapies for CKD patients [235]. Fur-
thermore, synbiotics, resistant starch, and other dietary
fiber could also help to decrease the production of uremic
toxins through modifying gut microbial dysbiosis in CKD
patients [236], thereby ameliorating oxidative stress and
inflammation [237, 238]. However, the formulation of a
probiotic bacteria and the detailed therapies in clinic need
to be further studied, and the safety is also an important
question to be resolved.

5. Conclusion

In summary, we show the multiple mechanisms underscor-
ing cell senescence network in diabetic nephropathy, which
involve telomere shortening, DNA damage, epigenetic alter-
ations, mitophagy deficiency, loss of Klotho, Wnt/f-catenin
signaling activation, inflammation, and the accumulation of
uremic toxins. These factors mutually affect and coopera-
tively promote cellular senescence in DN. Although some
therapeutic methods are promising, the practical application
in DN patients needs to be testified by large amounts of ani-
mal experiments and preclinical investigations. Notably, the
long-term observation of antiaging therapy such as senoly-
tics and stem cell transplantation could not be neglected.
Recently, genome editing is attracting the notice of scien-
tists [239, 240]. However, although with the prospective
aspects, genome editing would bring out the problems of
ethics in humanity. This should be particularly focused.
Last, precision medicine therapy for individual DN patient
should be considered in the therapeutic strategies of
nephrologists. Nevertheless, targeted inhibition of cellular
senescence provides important clues for clinical strategies
for diabetic nephropathy.
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Advanced glycation end products (AGEs) accumulate in proteins during aging in humans. In particular, the AGE structure
N®-(carboxymethyl)arginine (CMA) is produced by oxidation in glycated collagen, accounting for one of the major
proteins detected in biological samples. In this study, we investigated the mechanism by which CMA is generated in
collagen and detected CMA in collagen-rich tissues. When various protein samples were incubated with glucose, the CMA
content, detected using a monoclonal antibody, increased in a time-dependent manner only in glycated collagen, whereas
the formation of N°-(carboxymethyl)lysine (CML), a major antigenic AGE, was detected in all glycated proteins. Dominant
CMA formation in glycated collagen was also observed by electrospray ionization-liquid chromatography-tandem mass
spectrometry (LC-MS/MS). During incubation of glucose with collagen, CMA formation was enhanced with increasing
glucose concentration, whereas it was inhibited in the presence of dicarbonyl-trapping reagents and a metal chelator. CMA
formation was also observed upon incubating collagen with glyoxal, and CMA was generated in a time-dependent manner
when glyoxal was incubated with type I-IV collagens. To identify hotspots of CMA formation, tryptic digests of glycated
collagen were applied to an affinity column conjugated with anti-CMA. Several CMA peptides that are important for
recognition by integrins were detected by LC-MS/MS and amino acid sequence analyses. CMA formation on each
sequence was confirmed by incubation of the synthesized peptides with glyoxal and ribose. LC-MS detected CMA in the
mouse skin at a higher level than other AGEs. Furthermore, CMA accumulation was greater in the human aorta of older
individuals. Overall, our study provides evidence that CMA is a representative AGE structure that serves as a useful index
to reflect the oxidation and glycation of collagen.

1. Introduction

Incubation of proteins with glucose leads to the generation of
advanced glycation end products (AGEs) from the Maillard
reaction through the formation of Schiff bases and Amadori
products [1]. The levels of AGE-modified proteins increase
during the normal aging process [2]; however, this increase
is markedly accelerated in a diabetic condition with sustained

hyperglycemia. N°-(Carboxymethyl)lysine (CML), one of the
major antigenic AGE structures, accumulates in several tis-
sue proteins, including the kidneys of patients with diabetic
nephropathy [3] and chronic renal failure [4], atherosclerotic
lesions of arterial walls [5], amyloid fibrils in hemodialysis-
related amyloidosis [6], and actinic elastosis of photoaged
skin [7]. Pentosidine [8], one of the fluorescent AGE struc-
tures generated under oxidative conditions, accumulates in
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the blood and in long-lived tissue proteins such as collagens
and lens protein. Methylglyoxal is generated through the
Embden-Meyerhof and polyol pathways and reacts with
proteins to form N°-(carboxyethyl)lysine (CEL) [9] and
N? -(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1)
[10]. Accordingly, detection of CEL and MG-HI in bio-
logical samples is used as evidence for the modification
of proteins by methylglyoxal.

Recent studies have demonstrated that AGEs are
generated from glucose as well as from carbonyl com-
pounds such as glyoxal, methylglyoxal [11], glucosone
[12], and glycolaldehyde [13], which are generated from
the Embden-Meyerhof pathway, glucose and lipid oxida-
tion, and inflammation, followed by rapid reaction with pro-
teins. In addition, many reports have suggested that these
carbonyl compounds play an important role in the pathogen-
esis of several diseases other than diabetes mellitus. For
example, Arai et al. [14] reported that 20% of schizophrenia
cases showed carbonyl stress with high-plasma pentosidine
and low-serum pyridoxal despite no physical complications
such as diabetes mellitus and renal dysfunction. Among
these psychiatric patients with carbonyl stress, several of
the patients with schizophrenia were found to harbor muta-
tions in the glyoxalase 1 (GLO1) gene with consequent
reduction of enzymatic activity, demonstrating that car-
bonyl stress may also participate in the schizophrenia path-
ogenesis. Nonenzymatic cross-links and AGE formation in
bone collagen deteriorate bone toughness, postyield proper-
ties, and ductility. Moreover, Mitome et al. [15] reported
that pentosidine in bone collagen was remarkably increased
in dialysis patients and was inversely correlated with the
bone formation rate/bone volume ratio and mineral apposi-
tion rate. This result suggests that modification of collagen
by AGEs is strongly associated with disorders of bone
metabolism in dialysis patients.

N®-(Carboxymethyl)arginine (CMA) is an acid-labile
AGE structure that was discovered in the enzymatic
hydrolysate of glycated collagen [16]. Subsequently, CMA
was also detected in human serum by liquid
chromatography-tandem mass spectrometry (LC-MS/MS),
and its serum level in diabetic patients was found to be
higher than that in normal subjects [17]. However, an
internal standard was not used in this study, and the
CMA content in tissues remains unclear because of its
acid instability; thus, little is known about the CMA level
in organs. Collagens are one of the major proteins in the
human body and play an important role in several biolog-
ical functions such as formation of the extracellular
matrix, which comprises the bulk of the skin and confers
strength and resiliency [18], and contributes to the
mechanical properties and metabolism of bone [19]. Thus,
measurement of the CMA content may be a useful tool to
evaluate the degeneration of collagens. To clarify the bio-
logical significance of CMA, we investigated the mechanism
by which CMA is generated in glycated collagen. Further-
more, to determine the CMA content in tissues, a prepara-
tion method for tissue samples was developed and
measurement was performed using LC-MS/MS along with
an internal standard.
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TaBLE 1: Synthesized collagen peptides.

Protein Position Sequence

Collagen 556-564 (GPO),GMOGERGGO (GPO),
Collagen 757-765 (GPO),GPOGERGAO (GPO),
Collagen 274-282 (GPO),GPRGERGEA (GPO),

HSA 405-413 (GPO),NALLVRYTK (GPO),

2. Materials and Methods

2.1. Materials. Bovine collagen types I and II were pur-
chased from Koken Co. (Tokyo, Japan), and bovine colla-
gen types III and IV were purchased from Nitta Gelatin
Co. (Osaka, Japan). Human serum albumin (HSA) was
donated by the Chemo-Sero-Therapeutic Research Institute
(Kumamoto, Japan) and was defatted using charcoal treat-
ment as described by Chen [20]. Ribonuclease (RNase) A,
human hemoglobin, D-glucose, glyoxal, and S-Carboxy-
methyl-L-cysteine (CMC) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). 1-Ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride and N-hydroxysul-
fosuccinimide were purchased from Pierce (Rockford, IL,
USA). Horseradish peroxidase- (HRP-) conjugated goat
anti-mouse IgG antibody was purchased from Kirkegaard
Perry Laboratories (Gaithersburg, MD, USA). All other
chemicals were of the best grade available from commercial
sources. Standard AGEs and isotope-labeled amino acids
were purchased from PolyPeptide Laboratories (Strasbourg,
France) and Cambridge Isotope Laboratories Inc. (Tewks-
bury, MA, USA), respectively. The synthesized peptides
(Table 1) were purchased from AnyGen Co. Ltd. (Gwangju,
Korea).

2.2. Preparation of CMA. CMA was synthesized by the
reaction of r-arginine and glyoxal, as described by Odani
et al. [17] with minor modifications. In brief, L-arginine
(100 mM) was incubated with glyoxal (100 mM) in a 1.0M
sodium hydrate solution for 1 week at 37°C, since approx-
imately 50% of the L-arginine, estimated using the peak
area obtained from ESI-LC-MS/MS analysis, was unmodi-
fied after the 2-day incubation. The mixture was then neu-
tralized with 1.0M hydrochloric acid. The reaction
products were applied to a Dowex 50W (100-200 mesh,
H1 form) column (30 x 170 mm) equilibrated with distilled
water, and CMA was then eluted with 10% pyridine. The
eluate was evaporated to yield a residue, which was chro-
matographed on a silica gel column (20 x 200 mm) with
100% methanol. The fraction containing CMA was sub-
jected to MS and nuclear magnetic resonance (NMR) mea-
surements to confirm its structure. [13C6] CMA was also
synthesized from ['>C,] arginine (Cambridge Isotope Labo-
ratories Inc., Tewksbury, MA, USA).

2.3. In Vitro Peptides and Protein Modification. Type I colla-
gen (1.5mg/mL) was incubated with 200 mM glucose in a
100 mM sodium phosphate buffer (pH 7.4) at 37°C for up
to 8 weeks. The same experiment was conducted with HSA,
RNase, hemoglobin, immunoglobulin, and low-density
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lipoprotein (LDL). Gelled collagenous samples were added to
a disruption tube with 6.0mm stainless steel beads and
homogenized on a Shakemaster (Biomedical Science, Japan),
followed by determination of protein concentration using a
bicinchoninic acid assay (Pierce, Rockford, IL, USA). The
CMA or CML content of the samples was determined by
enzyme-linked immunosorbent assay (ELISA) [21] and
instrumental analysis [22, 23] as described below. Ribose
gelatin was also prepared by incubating 30 mM ribose with
gelatin (2mg/mL) in a 200mM sodium phosphate buffer
(pH 7.4) at 37°C for 1 week. Furthermore, each synthesized
peptide (2mg/mL) described in Table 1 was also incubated
with 1 mM glyoxal or 30 mM ribose in a 200 mM sodium
phosphate buffer (pH 7.4) at 37°C for 1 week.

2.4. Elisa. ELISA was performed as described previously [21]
using the previously described monoclonal anti-CMA anti-
body [24]. In brief, each well of a 96-well microtiter plate
was coated with 100 L of the indicated concentration of
sample in PBS and incubated for 2 h. The wells were washed
three times with PBS containing 0.05% Tween 20 (washing
buffer), and then blocked with 0.5% gelatin in phosphate-
buffered saline (PBS) for 1h. After washing three times, the
wells were incubated for 1h with 100 L of monoclonal
anti-CMA (3F5; 1ug/mL) and monoclonal anti-CML
(6D12; 0.5 ug/mL) antibodies. After washing thrice, the wells
were incubated with HRP-conjugated anti-mouse IgG,
followed by reaction with 1,2-phenylenediamine dihy-
drochloride. The reaction was terminated with 100 uL of
1.0 M sulfuric acid, and the absorbance was read at 492 nm
on a micro-ELISA plate reader. CMA contents were also
measured by competitive ELISA. Each well of a 96-well
microtiter plate was coated with 100 4L of CMA-conjugated
Keyhole limpet hemocyanin (KLH) in PBS and incubated
for 2h, and the wells were blocked with 0.5% gelatin in PBS
for 1h, followed by three washes with washing buffer. 60 uL
of 3F5 (2 ug/mL) and 60 uL of samples were preincubated
for 1h, and sample aliquots (100 pL) were added to each well
and incubated for 1h. After three washes with washing
buffer, the wells were incubated with HRP-conjugated anti-
mouse IgG and developed as described above.

2.5. Formation of Arginine Adduct with High Concentration
of Glyoxal. N*-Acetyl-L-arginine (10mM) was incubated
with different concentrations of glyoxal (0.1-100mM) in
PBS (pH 7.4) at 37°C for 2 days, and the elemental composi-
tion was analyzed by quadrupole time-of-flight mass
spectrometry equipped with an electrospray ionization
source (ESI-QTOF) using a compact mass spectrometer
(Bruker Daltonics, Bremen, Germany). The reaction mixture
(100 uL) was mixed with 900 uL of distilled water containing
0.1% trifluoroacetic acid (TFA). The samples were passed
over a Strata-X-C column (Phenomenex, Torrance, CA,
USA) as described previously [22, 23] with minor modifica-
tion. Thus, the column was prewashed with 1 mL of metha-
nol and equilibrated with 1mL of 0.1% TFA. The final
concentrations of the samples for the elemental composition
analysis and qualitative analysis with positive-mode ESI-
QTOF were 100 pg/mL and 2 ug/mL, respectively. For the

elemental composition analysis with positive-mode ESI-
QTOF, the capillary voltage was 4.5kV and the ionization
source temperature was 200°C. A collision-induced dissocia-
tion was performed using nitrogen as the collision gas at a
pressure of 1.6bar. Data were acquired with a stored mass
range of 50-1000 (m/z). Detected ions were analyzed by
SmartFormula manually (Bruker Daltonics, Bremen,
Germany). For qualitative analysis with positive-mode
ESI-QTOF, LC was conducted on a ZIC®-HILIC column
(150 x2.1mm, 5um) (Merck Millipore, Billerica, MA,
USA). The mobile phase was collected using solvent A
(distilled water containing 0.1% formic acid) and solvent
B (acetonitrile containing 0.1% formic acid). The flow rate
was 0.2mL/min, and the column was kept at 40°C. The
retention time for the N*-acetyl CMA dimer was approxi-
mately 12min. The structure was detected by electrospray
ionization and positive ion mass spectrometry. The target
ion of 549.2627 +0.005 (m/z) was measured for the anal-
ysis of the N%-acetyl-L-arginine adduct with glyoxal in
samples incubated with glyoxal.

2.6. Measurement of AGE Contents by ESI-LC-MS/MS. The
contents of CMA and other AGEs in the samples were mea-
sured by electrospray ionization- (ESI-) LC-MS/MS using a
TSQ Quantiva triple-stage quadrupole mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) as described
previously [22, 23] with minor modification. In brief, 3 yuL of
glycated proteins (3 ug protein) and 17 uL of distilled water
were mixed with 20 4L of a 200 mM sodium borate buffer
(pH 9.1) and reduced by the addition of 2uL of NaBH,
(IM NaBH, in 0.1 N NaOH) at room temperature for 4h.
Standard 10 pmol of [13C6] CMA and [ZHZ] CML (PolyPep-
tide Laboratories, Strasbourg, France) and 5nmol of [*C,]
lysine (Cambridge Isotope Laboratories Inc., Tewksbury,
MA, USA) and ["C,] arginine (Cambridge Isotope Labora-
tories, Inc., Tewksbury, MA, USA) were added to the pellets,
and samples were hydrolyzed with 1 mL of 6 N HCl at 100°C
for 24h. CMA is degraded through acid hydrolysis in the
same manner as [13C6] CMA; thus, the amount of CMA
can be quantitated based on the amount ratio (CMA and
[13C6] CMA) and area ratio (233 (m/z) and 239 (m/z))
[25]. As the lysine content in collagen and albumin differs,
the AGE content in glycated proteins in vitro was expressed
as pmol AGEs/30ng proteins. Furthermore, the lysine-
derived AGEs were normalized by the lysine content, and
arginine-derived AGEs were normalized by the arginine con-
tent; thus, the data are expressed as CML mmol/mol Lys and
CMA mmol/mol Arg, respectively.

The AGE contents in mouse skin were analyzed by ESI-
LC-MS/MS. All animal experiments were confirmed by
Tokai University (approval number: 161076). Experiments
were undertaken in compliance with the Guidelines for the
Care and Use of Animals for Scientific Purposes at Tokai
University (established April 1, 2007). ddy mice were pur-
chased from Kyudo (Kumamoto, Japan) and were housed
in a pathogen-free barrier facility (12h light-dark cycle)
and fed a normal rodent chow diet (CLEA Japan, Tokyo,
Japan). At 20 weeks, the animals were euthanized under
pentobarbital anesthesia. Skin specimens were immediately



100

50

Intensity

0

160

—

®© 53

(=) (=)
! !

pmol/30 ng protein
o
(=)

HSA

Col
[ 0 weeks

2 weeks
4 weeks

(d)

—_ =N

N o S

S & S
! ! !

mmol/mol Arg
x®©
3

'S
o
L

0.

Col

HSA

1 0 weeks
] 2 weeks
4 weeks

()

13

Oxidative Medicine and Cellular Longevity

100

50

Intensity

0

14 13

Time (min)

14

Time (min)

(b)
160

(c)

120 A

80 -

40

pmol/30 ng protein

HSA

Col

1 0 weeks
= 2 weeks
4 weeks

(e)

200 -

160

120 A

80

mmol/mol Lys

40

Col
[ 0 weeks

=1 2 weeks
B 4 weeks

(g)

HSA

FIGURE 1: Measurement of CMA in glycated proteins by ESI-LC-MS/MS. (a) 13C in [*C,] CMA is indicated by an asterisk. Type I collagen
and HSA were incubated with glucose at 37°C for up to 4 weeks. The parent ions of CMA and [13C6] CMA were 233 (m/z) and 239 (m/z),
respectively, and peaks of the fragment ion of 116 (m/z) for CMA (b) and 121 (m/z) for [°C,] CMA (c) were detected in the samples of
glycated collagen. The amounts of CMA (d) and CML (e) were normalized by the amounts of proteins in glycated proteins. The amount
of CMA (f) was normalized by the arginine content, and CML (g) was normalized by the lysine content.

frozen and stored at —80°C until use. For measurement of
AGEs, 5mg of minced mouse skins (dry weight) and
100 uL distilled water were mixed with 100 4L of a 200 mM
sodium borate buffer (pH 9.1) and reduced by adding 10 uL
of 1M NaBH, at room temperature for 4h. The samples
were centrifuged at 3,000rpm, the supernatant was dis-
carded, and the skin was hydrolyzed with 1mL of 6N
HCI at 100°C for 2h. One portion of the hydrolyzed sam-
ples (0.1 mg) was then transferred to a different tube
followed by addition of the standard ["’C,] CMA
(Figure 1(a)), [ZHZ] CML, [2H4] NF-(carboxyethyl)lysine

(CEL), [2H3] N? -(5-hydro-5-methyl-4-imidazolon-2-yl)-orni-
thine (MG-H1) (PolyPeptide Laboratories, Strasbourg,
France), [°C,] lysine, and ['>C,] arginine to the pellets,
which were further hydrolyzed with 1mL of 6 N HCI at
100°C for 22h. The following steps were conducted in
the same manner as described for the in vitro samples.
CEL and MG-HI1 of AGEs were also measured in addi-
tion to CML and CMA. The retention times for CEL
and MG-H1 were 12-14min. The parent ions of CEL
and [2H4] CEL were 219 (m/z) and 223 (m/z), respec-
tively. Fragment ions of 130 (m/z) and 134 (m/z) from
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each parent ion were measured for the analysis of CEL
and [*H,] CEL in samples. The parent ions of MG-HI
and [2H3] MG-H1 were 229 (m/z) and 232 (m/z), respec-
tively. Fragment ions of 114 (m/z) and 117 (m/z) from
each parent ion were measured for the analysis of MG-
H1 and [2H3] MG-H1 in the samples. The AGE content
in mouse skin in vivo was expressed as nmol AGEs/ug
mouse skin. The lysine-derived AGEs were normalized
by the lysine content, and the arginine-derived AGEs
were normalized by the arginine content; the data are also
expressed as CML and CEL mmol/mol Lys and CMA and
MG-H1 mmol/mol Arg, respectively.

2.7. Isolation of CMA-Modified Peptides from Glyoxal-
Modified Collagen by Affinity Chromatography. The
hybridoma-producing 3F5 was inoculated into the peritoneal
cavities of Balb/c mice to obtain ascetic fluid. One milliliter of
protein G Sepharose (GE Healthcare, Sweden) was saturated
with a 50 mM borate buffer (pH 8.2), and then 1 mL of ascites
was mixed with an equal volume of borate buffer and then
applied to protein G Sepharose. After the column was washed
with 10 mL of borate buffer, the antibody was conjugated to
Sepharose with 1mL of 25mM dimethyl pimelimidate
(Thermo Fisher Scientific, Waltham, MA, USA) for 1h at
room temperature. The reaction was terminated by adding
0.2M monoethanolamine (Sigma-Aldrich, St. Louis, MO,
USA). To identify the CMA-modified peptides in glycated
collagen, type III collagen (1.5 mg/mL) was incubated with
glyoxal (1mM) at 37°C for 1 week. Then, 0.5 mg of glyoxal
collagen was further incubated at 60°C for 5 min to denature
the collagen structure, followed by digestion with trypsin
(10 pg/mL) at 37°C for 12h. The reaction was terminated
by the addition of a 1/50 volume of a protease inhibitor cock-
tail (Nacalai Tesque, Kyoto, Japan), and then applied to the
3F5-conjugated affinity column. The column was washed
with 10 mL of PBS, and CMA peptides were then eluted with
0.2 M glycine-HCI (pH 3.0). The adsorbed fraction was con-
centrated and analyzed using ESI-hybrid triple quadrupole/-
linear ion trap mass spectrometry (ESI-QTRAP) on a 3200
QTRAP mass spectrometer (AB Sciex, Foster City, CA,
USA). The instrument was coupled to an Agilent 1200 Series
HPLC system (Agilent Technologies Inc., Palo Alto, CA,
USA).

2.8. Detection of CMA Peptide by ESI-QTRAP. The CMA-
modified peptide samples isolated as described above were
analyzed by ESI-QTRAP [26].

2.9. MS/MS Database Search. Peptide identification was
accomplished using ProteinPilot software 4.0 (AB Sciex) with
the Paragon™ algorithm. The acquired MS/MS spectra were
searched against the UniProtKB/Swiss-Prot database (release
2011_08. 2011-07-27) for Bos taurus species (5857 protein
entries). The search parameters included digestion by tryp-
sin, biological modification ID focus, and 95% protein confi-
dence threshold. We defined the confidence threshold of the
identified peptides as 90%. The carboxymethylation of argi-
nine (+58) and lysine (+58) were added to the search criteria
of posttranslational modifications. The probabilities of pro-

line and lysine hydroxylation were set higher than the
defaults for collagen analysis.

2.10. Sequence Confirmation by a Protein Sequencer. The
CMA peptide sequence was confirmed by an N-terminal
amino acid sequence analysis. The tryptic digest of the
glyoxal-modified type III collagen was applied to the CMA
affinity column as described above. The adsorbed peptide
fraction was loaded onto an Ascentis Express C18 HPLC col-
umn (Supelco, Bellefonte, PA, USA), and the CMA peptide-
containing fraction was collected. This sample was analyzed
by a Procise 492 protein sequencer (Applied Biosystems,
Invitrogen Co., Carlsbad, CA, USA) in the pulsed liquid
mode.

2.11. Tissue Samples and Immunohistochemical Analysis. We
evaluated paraffin-embedded thoracic aortas from autopsies
of 10 patients (five elderly and five young patients).
Informed written consent was obtained from the families
after the death of all patients, and the study design was
approved by the Institutional Review Board of Kumamoto
University in accordance with the World Medical Associa-
tion Declaration of Helsinki. Autopsies were performed at
Kumamoto University Hospital between 2000 and 2017
(approval no. 2224). After sectioning (3uM thickness),
paraffin-embedded aorta tissues were used for immuno-
staining with anti-CMA (3F5) antibody. The sections were
subsequently treated with an HRP-conjugated secondary
antibody (Nichirei, Tokyo, Japan), and the reactions were
visualized with diaminobenzidine.

2.12. Hematoxylin and Eosin (H&E) and Azan Staining.
Three-micrometer-thick sections of paraffin-embedded tho-
racic aortas were subjected to H&E staining (Mayer’s
hematoxylin staining, followed by eosin Y staining) and
Azan staining (Mordant, Mallory’s azocarmine G solution,
5% phosphotungstic acid solution, and Mallory’s aniline
blue orange G stain solution) according to routine procedures.

3. Results

3.1. Immunoreactivity of Monoclonal Anti-CMA Antibody
(3F5). The immunoreactivity of 3F5 was determined using
noncompetitive and competitive ELISA. As shown in
Figure 2(a), 3F5 significantly reacted with CMA-conjugated
HSA and CMA-conjugated keyhole limpet hemocyanin
(KLH) in a dose-dependent manner, whereas its reactivity
with arginine-conjugated HSA and KLH was negligible.
To examine the specificity of the antibody, we next
performed competitive ELISA. Immunoreaction of 3F5 to
CMA-conjugated HSA was significantly inhibited by the
free form of CMA, whereas the reactivities of free CML
and S-(carboxymethyl)cysteine (CMC) were negligible
(Figure 2(b)). These results indicated that the antibody
3F5 specifically recognizes CMA.

3.2. CMA Formation in Glycated Proteins. CMA formation in
various glycated protein samples was examined using the
antibody 3F5. Glycated proteins were prepared by incubation
with 200 mM glucose at 37°C for up to 8 weeks, and the CMA
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FIGURE 2: Immunoreactivity of monoclonal anti-CMA antibody (3F5). (a) Each well coated with the indicated concentration of the test
sample was reacted with 3F5 (1 yg/mL). The antibody bound to the wells was detected by HRP-conjugated anti-mouse IgG. (b) Specificity
of the anti-CMA antibody (3F5). Each well was coated with 0.1 mL of 1 yg/mL CMA-conjugated KLH and blocked with 0.5% gelatin.
60 uL of 3F5 (2 pug/mL) and 60 uL of the samples were preincubated for 1h, and sample aliquots (100 uL) were added to each well and
incubated for 1h. The antibody bound to the wells was detected as described above. (c) CMA and (d) CML formations in glycated protein
samples. Type I collagen (Col), HSA, RNase, hemoglobin (Hb), immunoglobulin (Ig), and LDL were incubated with 200 mM glucose at
37°C for up to 8 weeks, and the CMA or CML content of the samples was determined by ELISA.

or CML content of the samples was then determined by
ELISA. The CMA content in glycated collagen was found to
increase in a time-dependent manner, whereas CMA forma-
tion was not observed in the other proteins (Figure 2(c)). In
contrast, CML formation was observed in glycated collagen
as well as in RNase, hemoglobin, HSA, immunoglobulin,
and LDL in a time-dependent manner (Figure 2(d)).

3.3. CMA Detection by ESI-LC-MS/MS. As shown in
Figure 1(a), the parent ions of CMA and ['’C,] CMA were
233 (m/z) and 239 (m/z), respectively, and fragment ions of
116 (m/z) and 121 (m/z) were detected to measure CMA
and [°C,] CMA. Fragment ion peaks of 116 (m/z) for
CMA (Figure 1(b)) and 121 (m/z) for [13C6] (Figure 1(c))
were detected in the glycated collagen.
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F1GURE 3: Effect of intermediate aldehydes on CMA formation. (a) Dose-dependent effect of glucose on CMA formation in glycated collagen.
Type I collagen (1.5mg/mL) was incubated with the indicated concentration of glucose at 37°C for 4 weeks. Aminoguanidine (AG),
pyridoxamine (PM), and diethylenetriaminepentaacetic acid (DTPA) (1mM each) were added before glucose addition. (b) CMA
formation of aldehyde-modified collagen and HSA. Glyoxal- (GO-), methylglyoxal- (MG-), and glycolaldehyde- (GA-) modified collagen
and HSA were prepared by incubation with 1 mM of these aldehydes for up to 7 days, and 3-deoxyglucosone- (3DG-) modified collagen
and HSA were also prepared by incubation with 30 mM 3DG for up to 28 days. (c) Dose-dependent effect of glyoxal on CMA and CML
formation in collagen. Type I collagen and HSA (1.5 mg/mL each) were incubated with the indicated concentrations of glyoxal at 37°C for

7 days, and CMA and CML contents were determined by ELISA.

The amounts of CMA and CML were normalized by the
amounts of proteins as in ELISA. As a result, the change in
CMA and CML levels showed a similar tendency as detected
with ELISA. Thus, although the CMA level in unmodified
collagen and HSA was below detectable levels (<0.04 pmol),
the CMA contents in collagens increased in a time-
dependent manner, whereas the CMA levels slightly
increased in glycated HSA (Figure 1(d)). The levels of CML
increased by the glycation of both collagens and HSA
(Figure 1(e)).

The yield of CMA was higher than that of CML
(Figures 1(f) and 1(g)), and CMA was preferentially gener-
ated in collagens (Figure 1(f)). Although CML was generated
both in collagens and HSA molecules, its levels in HSA were
estimated to be lower than those in collagens (Figure 1(g))

given that the number of lysines differed between albumin
and collagen molecules.

3.4. Effect of Intermediate Aldehydes on CMA Formation.
The dose-dependent effect of glucose on CMA formation
in glycated collagen was then measured. As shown in
Figure 3(a), the CMA content increased with increasing
glucose concentration and CMA formation was observed
even in 30mM glucose. This result suggested that CMA
might be generated in glycated collagen under physiologi-
cal glucose concentrations. Furthermore, CMA formation
was significantly inhibited in the presence of the metal
ion chelator diethylenetriaminepentaacetic acid (DTPA)
[27] and with aldehyde-trapping reagents such as amino-
guanidine [28-30] and pyridoxamine [31] (Figure 3(a)).
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FiGURE 4: CMA formation in different types of collagen (I, IL, III, and IV) and heat-denatured type I collagen. Four types of collagen (I, IL, III,
and IV) and heat-denatured type I collagen (denatured by heating at 60°C for 15 min) were incubated with 1 mM glyoxal at 37°C for up to 7

days, and the CMA content was determined by ELISA.

These results suggested that intermediate aldehydes may
play a role in CMA formation during the incubation of
collagen with glucose. To investigate which intermediate
aldehydes play a role in CMA formation, collagen was
incubated with reactive aldehydes such as glyoxal, methyl-
glyoxal, glycolaldehyde, and 3-deoxyglucosone followed by
determination of the CMA content by ELISA. As shown in
Figure 3(b), the yield of CMA in glyoxal-modified collagen
was the highest among the aldehydes tested. In contrast,
only slight CMA formation was observed in glyoxal-
modified HSA (Figure 3(b)). These results indicated that
glyoxal is an important precursor for CMA formation dur-
ing collagen glycation.

3.5. Dose-Dependent Effect of Glyoxal on CMA and CML
Formation in Collagen. We next examined the dose-
dependent effect of glyoxal on CMA formation. Collagen
and HSA were incubated with the indicated concentrations
of glyoxal at 37°C for 7 days, and the CMA or CML content
was determined by ELISA. As shown in Figure 3(c), the
CMA content in glyoxal-modified collagen increased in a
dose-dependent manner up to 4mM glyoxal, after which it
decreased in a dose-dependent manner. In contrast, the
CML content increased in a dose-dependent manner up to
100mM glyoxal in both collagen and HSA (Figure 3(c)).
The incubation of N*-acetyl-L-arginine with high concentra-
tions of glyoxal (above 10mM) generated a parent ion of
549.2637 +0.005 (m/z) with an elemental composition of
C,oH;,NgO,, possessing two CMA molecules (CMA
dimer). Furthermore, we observed fragment ions of the
CMA dimer: 491.2560 + 0.005 (m/z) for the de-acetylated
CMA dimer; 275.1354 +0.005 (m/z) for N%-acetyl-CMA;
and 217.1299 + 0.005 (m/z) for N*-acetyl-L-arginine, which
demonstrated that CMA formed dimers under high concen-
trations of glyoxal. Interestingly, at low concentrations of
glyoxal, CMA was preferentially generated in collagen over
CML. These results indicate that CMA may be generated in
collagen under physiological concentrations of glyoxal and
that among the AGE structures determined, CMA was dom-
inant in glycated collagen.

3.6. CMA and CML Formation in Different Types of Collagen
(I-1V) and Heat-Denatured Type I Collagen. To compare
CMA and CML formation in different types of collagen, sev-
eral types of collagens were incubated with 1 mM glyoxal at

37°C for up to 7 days and the CMA or CML content was
determined by ELISA. As shown in Figure 4, the CMA con-
tent increased time-dependently in all types of collagen,
and no remarkable difference in CMA formation was
observed among the collagen types. Furthermore, CMA for-
mation in denatured type I collagen (denatured by heating
at 60°C for 15min before glyoxal incubation) was almost
equal to that detected in nondenatured type I collagen
(Figure 4). These results suggested that the amino acid
sequence of collagen may play an important role in the CMA
formation of collagen rather than the three-dimensional
structure of collagen.

3.7. Identification of CMA Peptides in Glyoxal-Modified Type
III Collagen. To identify the CMA-modified peptides in gly-
cated collagen, the tryptic digest of glyoxal-modified type III
collagen was applied to the CMA affinity column, because
glyoxal was found to be the dominant precursor for CMA
formation (Figure 3(b)). The adsorbed peptide fraction was
analyzed by ESI-hybrid triple quadrupole/linear ion trap
mass spectrometry (QTRAP). As shown in Figure 5(a), one
arginine-containing peptide with mass addition equivalent
to carboxymethylation (+58) was detected, composed of 33
amino acids, consistent with residues 538-570 of bovine
type III collagen. Next, this peptide was isolated with the
same HPLC system used in ESI-QTRAP and analyzed with
the 491 Protein Sequencer. Similar to the data of LC-MS/MS
analysis, the sequence corresponded to residues 538-570 of
bovine type III collagen, and only R561 was estimated as
an unknown amino acid (Figure 5(b)), possibly because of
carboxymethylation. Furthermore, the tryptic digest of
glyoxal-modified type III collagen without an affinity col-
umn was also analyzed by ESI-QTRAP, and 13 peptides
were detected (Table 2).

The numbering of residues begins with the triple-helical
portion of the chain. The first residue corresponds to residue
15 of P04258 (type III collagen alpha 1 chain, Bos taurus). O
represents hydroxyproline and R* represents CMA. The con-
fidence threshold of the identified peptides was set at 90%.

3.8. CMA Formation in Collagen Peptides. To confirm CMA
formation in collagen, several collagen peptides (Table 1)
were synthesized and CMA formation was measured. The
sequence of bovine type III collagen corresponding to resi-
dues 538-570 was selected since this sequence was detected
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FIGURE 5: Identification of CMA peptide. (a) MS/MS spectrum of ESI-QTRAP of the CMA peptide purified with immunoaffinity
column chromatography. The only CMA peptide observed after immunoaffinity purification was identified as GAAG
POGPOGSAGTOGLQGMOGER*GGOGGOGPK at 992.11 (m/z) (z=3", O represents hydroxyproline and R* represents CMA). (b)
The repetitive yield of amino acids in each step of the Edman degradation. The immunoaffinity-purified peptide was also analyzed
using the 491 Protein Sequencer. The identified sequence was the same as that obtained by LC-MS/MS analysis, except for an
unreadable 24th residue (asterisk).

with or without affinity purification of glyoxal-modified  selected, and both the N- and C-termini of four peptides
collagen. The type III collagen sequences containing  composed of nine residues were coupled with (GPO), in
GXXGER motifs that are recognized by integrin were also  order to form a collagen-like helical structure [32, 33]. In
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TaBLE 2: Identification of CMA peptides in glyoxal-modified type III collagen.
Position ~ CMA site Sequence of identified peptide mlz z MW Identified
226-258 243 K.GEMGPAGIOGAOGLIGAR*GPOGPOGTNGVPGOR.G 778.63 4 3110.52 Day 7
277-291 279 R.GER*GEAGSOGIAGPK.G 486.23 3 1455.70 Day 1
297-321 315 K.DGSOGEOGANGLOGAAGER*GVOGFR.G 815.36 3 2443.08 Day 7
318-333 321 V.OGFR*GPAGANGLOGEK.G 538.93 3 1613.78 Day 7
334-348 339 K.GPOGDR*GGOGPAGPR.G 478.89 3 1433.66 Day 7
423-440 426 K.NGER*GGOGGOGPQGPAGK.N 560.59 3 1678.77 Day 7
514-537 525 R.GPOGAGGPOGPR*GGAGPOGPEGGK.G 695.32 3 2082.97 Day 7
538-570 561 K.GAAGPOGPOGSAGTOGLQGMOGER*GGOGGOGPK.G 992.11 3 297334 Day 7
588-609 591 K.DGPR*GPTGPIGPOGPAGQOGDK.G 705.67 3 2114.00 Day 7
610-630 624 K.GESGAOGVOGIAGPR*GGOGER.G 660.98 3 1979.93 Day 7
754-786 762 K.GDSGPOGER*GAOGPQGPPGAOGPLGIAGLTGAR.G 1008.82 3 3023.47 Day 7
763-798 786 R.GAOGPQGPOGAPGPLGIAGLTGAR*GLAGPOGMOGAR.G 813.16 4 3248.98 Day 1, day 7
787-807 798 R.GLAGPOGMOGAR*GSOGPQGIK.G 669.99 3 2006.98 Day 7
813-842 822 K.OGPSGQNGER*GPOGPQGLOGLAGTAGEOGR.D 963.12 3 2886.35 Day 7
862-890 864 K.GDR*GENGSPGAOGAOGHOGPOGPVGPAGK.S 667.30 4 2665.21 Day 1, day 7
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F1GURE 6: CMA formation in a collagen-like peptide. Synthesized peptides as shown in Table 1 were incubated with ribose (a) or glyoxal (b),

and CMA formation was determined by competitive ELISA.

addition, the amount of CMA formation in these collagen
peptides was compared with the HSA peptide reported as
the hotspot of reactive aldehyde-modification in HSA
[34]. As shown in Figures 6(a) and 6(b), CMA formation
in ribose- and glyoxal-modified collagen peptides, especially
in the 556-564 and 757-765 peptides, was higher than that
in the HSA peptide. Furthermore, 274-282 also generated
CMA, albeit weakly.

Both the N- and C-termini of the four peptides composed
of nine residues were coupled with (GPO), in order to form a
collagen-like helical structure.

3.9. Measurement of AGEs in Mouse Skin. To clarify the pres-
ence of CMA in tissues, the AGE contents were measured by
ESI-LC-MS/MS. As shown in Figure 7(a), the levels of CMA
in the mouse skin were the highest among all measured AGEs
such as CML, CEL, and MG-H1, when the AGE contents
were normalized by the total amount of proteins. In particu-
lar, the level of CMA was 5-fold higher than that of CML. In
contrast, when lysine-derived AGEs were normalized by the

lysine content and arginine-derived AGEs were normalized
by the arginine content, the level of CMA was similar to that
of the other AGEs (Figure 7(b)).

3.10. CMA Accumulation in the Human Aorta. We mea-
sured the CMA accumulation in human thoracic aorta tis-
sues, which are not generally recognized inflammation
sites. Interestingly, CMA accumulation was detected by
immunostaining at higher levels in the samples from
elderly subjects compared to those from younger subjects
(Figure 8). Furthermore, the sites of CMA accumulation
were detected in the collagen layer by Azan staining
(Figure 8), suggesting that the CMA accumulates at the
collagen site in the aorta and that CMA accumulation is
correlated with aging.

4. Discussion

As the measurement of chemically stable AGE structures
such as CML and pentosidine is comparatively easier than
that of unstable AGEs, CML and pentosidine are typically
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FiGure 8: Immunohistochemistry and Azan staining of the
human aorta. CMA accumulation was investigated by
immunohistochemical analysis using autopsy samples from both
young and elderly patients. Accumulation of CMA was detected
in tissue sections of the aorta by immunostaining. The arterial
collagen fibers were detected by Azan staining.

used as markers for determining the AGE content in vivo.
The discovery of CMA was delayed because of difficulties in
analysis. However, unstable AGEs may possess unique fea-
tures. To clarify the biological significance of CMA, we gen-
erated a monoclonal antibody against CMA (3F5) and
developed a detection system using ESI-LC-MS/MS and
showed that CMA was generated in collagen during incuba-
tion with glucose and that glyoxal, an intermediate aldehyde,
plays a role in CMA formation. The concentration of glucose
used for the production of AGE-modified proteins varies
across studies. Higashi et al. produced AGE-modified pro-
teins by incubating bovine serum albumin with 1600 mM
glucose for 40 weeks [35], while Schmidt et al. used
250mM glucose-6-phosphate [36]; in both cases, highly
modified AGE proteins were obtained. We previously
reported that only highly modified AGE protein prepared
with a supraphysiological concentration of glucose could be

recognized by scavenger receptors such as SR-A, SR-BI,
and CD36 [37], demonstrating that using the physiological
concentration of glucose is important to clarify the biological
significance of AGEs.

It is widely believed that the nonenzymatic modification
of proteins by AGEs progresses nonspecifically and that their
formation correlates with the incubation period with sugars
and their concentration. Therefore, human and bovine
serum albumins are widely used for glycation research, since
this protein is enriched in lysine and arginine and is relatively
inexpensive [12, 34, 38, 39]. We previously compared the
formation of AGEs by changing dicarbonyl compounds
[40, 41]; however, it remained unclear whether the type
of protein affects the generation of AGEs. Interestingly,
in the present study, both ELISA and ESI-LC-MS/MS
showed dominant CMA formation in glycated collagen,
demonstrating that CMA 1is generated in collagens during
incubation with carbohydrates.

As CML was observed in collagen and other proteins dur-
ing glucose incubation, preferential CMA formation in gly-
cated collagen could not be explained simply by the
difference in the reactivity of glucose with proteins. CMA for-
mation in denatured collagen during incubation with 1 mM
glyoxal was almost equal to that in nondenatured collagen,
suggesting that a collagen-like amino acid sequence may
play an important role in the CMA formation of collagen.
In fact, the collagen-specific sequence was identified as the
hotspot of CMA formation in glycated collagen using ESI-
QTRAP. Furthermore, the peptide sequence 538-570 of
bovine type III collagen was synthesized because this pep-
tide could be detected with or without affinity chromatog-
raphy. Collagens are composed of unique repeated GXX
sequences. In the present study, 100% of the 15 detected
CMA peptides were composed of GXR* sequences (where
R* represents CMA), whereas human albumin, which gen-
erates a lower amount of CMA, has only one GXR
sequence. Among the GXR* sequences, the second amino
acid was acidic such as glutamic acid (in peptide 277-291)
and aspartic acid (in peptide 334-348) or neutral such as
alanine (in peptide 226-258), phenylalanine (in peptide
318-333), or proline (in peptide 514-537), whereas the basic
amino acid sequences such as GRR, GKR, and GHR were
not present in the identified CMA peptides. These results
indicate a lack of regularity in the carboxymethylation of
the third amino acid residue (R) and the type of the second
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amino acid on the GXR sequence. Furthermore, the
amount of CMA formation in these collagen peptides con-
taining the GXR sequence was compared with that of the
HSA peptide, which was reported as the hotspot of reactive
aldehyde-modification in HSA [34]. As a result, CMA for-
mation in the synthesized collagen peptides was signifi-
cantly higher than that in HSA peptides. These hotspot
regions include the GXXGER sequence, which was reported
as the integrin (a2f31) recognition site [42]. These results
also demonstrated that a collagen-like amino acid sequence
plays an important role in CMA formation in collagen and
that the difference in amino acid sequence may be a rea-
son for the preferential generation of CMA in glycated
collagen.

Dobler and colleagues [43] demonstrated that arginine
residues in the RGD and GFOGER motifs on collagen
sequences are modified by methylglyoxal to form a hydro-
imidazolone derivative. Taken together, their report and
our present observation demonstrate that collagen-specific
sequences are susceptible to modification by dicarbonyls.

The inhibition of CMA formation by dicarbonyl-
trapping reagents during incubation of collagen with glu-
cose and the predominant CMA formation from glyoxal
demonstrate that glyoxal plays a role in generating impor-
tant intermediates for CMA formation. Furthermore,
CMA formation was increased with increasing glyoxal
concentration but was inhibited at a concentration greater
than 4mM. In contrast, CML formation increased in
accordance with the glyoxal concentration. Although
CMA was detected by ELISA on collagen modified with
glyoxal (1 mM), the reactivity disappeared after the sample
was further incubated with 100mM glyoxal, since supra-
physiological concentrations of glyoxal formed a dimer of
CMA (data not shown).

CMA formation was higher than that of CML under
low concentrations of glyoxal, which was supported by
our previous observation. Thus, glucose and glycolalde-
hyde predominantly modify lysine residues more than
arginine residues, whereas glyoxal and methylglyoxal
modify arginine residues more than lysine residues [40],
demonstrating that CMA may be the predominant AGE
formed from glyoxal in vivo. Therefore, to demonstrate
the physiological content, CMA levels in the skin of mice
were determined by ESI-LC-MS/MS. The CMA content in
the mouse tissue was similar to that of other AGEs when
the levels of lysine-derived and arginine-derived AGEs
were normalized to lysine and arginine contents, respec-
tively. However, the same tendency of AGE levels in gly-
cated collagen in vitro was also observed in physiological
samples. Thus, the level of CMA per tissue protein was
the highest among the measured AGEs and was 5-fold
higher than that of CML. Moreover, higher CMA accumu-
lation was detected in the aortas from elderly subjects
compared to that from aortas of younger subjects, suggest-
ing that CMA accumulation is increased with aging in
collagen-rich tissues. Taken together, our study demonstrates
that CMA is generated in glycated collagen in vitro and in
collagen-rich tissues such as the mouse skin and human
aorta. Although Thornalley et al. [11] measured the AGE
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content in biological samples by enzymatic hydrolysis, mul-
tiple preparation steps are required in this method. In the
present study, CMA levels in the mouse skin were mea-
sured after acid hydrolysis. Cotham et al. [44] reported that
glyoxal generates not only CMA but also cyclic structures
such as hydro-imidazolinones (G-H1, G-H2, and G-H3).
Our preliminary study demonstrated that approximately
90% of the CMA was cyclized, with 6 N HCl at 100°C for
24h. CMA content was quantitated using an internal stan-
dard based on the principle reported by Shaw et al. [25]
(data not shown).

Surprisingly, since collagen produced more CML as
well as CMA compared to albumin, collagens are likely
to be glycated proteins. As collagens are one of the most
abundant proteins and are involved in many physiologi-
cally important functions, specific detection of CMA may
play an important role in the elucidation of the relation-
ship between the glycation and denaturation of collagens.
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Alzheimer’s disease (AD) is a disease caused by the complex interaction of multiple mechanisms, some of which are still not fully
understood. To date, pharmacological treatments and supplementation of individual nutrients have been poorly effective in terms
of the prevention and treatment of AD, while alternative strategies based on multimodal approaches (diet, exercise, and cognitive
training) seem to be more promising. In this context, the focus on dietary patterns rather than on single food components could be
more useful in preventing or counteracting the pathological processes typical of AD, thanks to the potential synergistic effects of
various nutrients (neuronutrients). The aim of this narrative review is to summarize the currently existing preclinical and
clinical evidence regarding the Mediterranean diet (MeDi), the Dietary Approaches to Stop Hypertension (DASH) diet, and the
Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet, which are three dietary patterns with well-
known anti-inflammatory and antioxidant properties. Recently, they have been related to brain protection and AD prevention,
perhaps thanks to their high content of neuroprotective bioactive compounds. Similarly, intermittent fasting (IF) or calorie
restriction (CR) is emerging as interesting approaches that seem to promote hippocampal neurogenesis, activate adaptive stress
response systems, and enhance neuronal plasticity, thus leading to motor and cognitive improvements in animal models of AD

and hopefully also in human beings.

1. Introduction

Alzheimer’s disease (AD) is a disease of later life, affecting
one in four people 85 years of age or over, and the inci-
dence is expected to rise in the coming years, with 131.5
million estimated cases by 2050 [1]. To date, approved
drugs have shown modest clinical benefits in delaying the
neurodegenerative process, and currently, the AD epidemic
is facing two major challenges. Both the lack of disease
modifying drugs and the need to delay cognitive-related
disability and frailty trajectories highlight the necessity to
develop nonpharmacological strategies to stop this ever-
increasing global burden. In line with this, previous studies,
including the milestone Rotterdam study, have pointed out
the relevance of nutrition in counteracting brain neurode-
generation [2].

Although several nutritional approaches have been con-
sidered as possible alternatives to the currently existing drugs
for AD, this line of research has only been partially explored
and has not resulted in any solid evidence [3, 4].

The neuropathology and etiology of AD indicate that
a complex series of molecular mechanisms is involved,
including the amyloid hypothesis, mitochondrial dysfunc-
tion, oxidative stress, and brain neuroinflammation as the
mainstream molecular pathways [5]. In turn, the neuroin-
flammatory cascade may be synergistically associated with
immunosenescence and gut dysbiosis, intercepting the
trajectories of the aging brain and the progression to
dementia [6].

Recent evidence has indicated that epigenetics could help
shed light on such a complex neurodegenerative pattern.
DNA methylation, histone modifications, and microRNAs
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are the principal epigenetic mechanisms involved in AD
pathophysiology. In line with this, nutrition is believed to
be a modifiable environmental factor that seems to strongly
impact on AD pathology by modulating its phenotypic
expression [7, 8].

Therefore, recent literature reports have underlined the
protective role of a number of individual food components,
including micro- and macronutrients in the prevention and
management of AD [9, 10]. Several researchers have explored
the role of single food components, as well as lifestyle habits
and inappropriate diets in facilitating the development of AD
and its clinical progression. By virtue of the role of cardiovas-
cular risk factors in the onset of AD [11], nutritional
approaches targeting insulin resistance, dyslipidemia, and
oxidative stress have been found to ameliorate the related
clinical conditions, such as diabetes, metabolic syndrome,
and dyslipidemia [12-14].

In keeping with the understanding of the complex inter-
play between nutrition and AD, a multinutrient approach
has also been developed which is based on the rationale
that multiple dietary molecules can interact in a synergistic
manner to modulate several AD molecular hallmarks.

Namely, omega-3 fatty acids, vitamin B and E, choline,
and uridine have provided the rationale for improving
effectiveness in AD prevention and clinical management.
However, to date, no clinical evidence that this putative
nutritional supplementation prevents AD onset or progres-
sion has been reported [15]. Based on the current findings,
it is unlikely that a single food component or a multinutrient
supplementation actually represents the right way to prevent
the development of AD or slow down its progression.

However, the interactions among several individual
nutrients seem to provide the ground for effectiveness with
respect to dementia prevention in older adults.

Another important aspect is that all the theoretical evi-
dence that has been collected so far shows a series of pitfalls
that hamper practical concepts and the clinical transferability
of results.

The main limitations that prevent bench to bedside
translation may be related to the experimental conditions
and the pharmacological concentrations of the specific food
components that hardly mimic human dietary intake and
daily recommended doses. Although animal studies seem to
be promising, few and contradictory results have been
observed in human trials [16]. Moreover, the heterogeneity
of the study designs and the paucity of large scale clinical epi-
demiological and observational studies on the causal link
between nutrition and AD make the results even more diffi-
cult to understand.

Besides these issues, strategies that focus on dietary
patterns rather than on an approach based on individual
foods or nutrients seem to provide a unifying conceptual
framework between nutrition and AD; the various compo-
nents or “neuronutrients” included in a good dietary pat-
tern can offer potential synergistic and neuroprotective
effects [16-18].

Adopting this as our starting point, our review will sum-
marize the latest developments regarding the use of dietary
patterns in older adults as a way to prevent AD.
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Thus, studies whose outcomes include “cognitive func-
tions” or “global cognitive performance” or the incidence of
a generic “cognitive decline” or “cognitive impairment” will
not be taken into consideration.

2. Mediterranean Diet (MeDi) and
AD Prevention

The Mediterranean diet (MeDi) would appear to be promis-
ing for AD prevention, including the earlier predementia
stages. Indeed, the MeDi diet, based on traditional eating
habits in Greece, Southern Italy, and other Mediterranean
regions, albeit with regional differences, is characterized by
high consumption of fruits and vegetables, cereals, legumes,
olive oil, nuts, and seeds as the major source of fats, moderate
consumption of fish, low to moderate consumption of dairy
products and alcohol (wine), and low intake of red and
processed meats (see Table 1). It can be considered a
nutritional model for healthy dietary habits since it con-
tains all the essential nutrients including monounsaturated
fatty acids (mainly in olive oil), polyunsaturated fatty acids
(in fatty fish), antioxidants (e.g., allium sulphur compounds,
anthocyanins, beta-carotene-flavonoids, catechins, caroten-
oids, indoles, or lutein), vitamins (A, B1, 6, 9, 12, D, and E),
and minerals (magnesium, potassium, calcium, iodine, zinc,
and selenium) [19]. Growing evidence indicates the neuro-
protective potential of the MeDi, thus supporting the ratio-
nale that adherence to this dietary pattern can be a
preventative approach towards reducing the risk of cognitive
decline, mild cognitive impairment (MCI), and AD [20, 21].

2.1. Epidemiological Evidence (See Table 2). Two cross-
sectional studies [22, 23] showed an inverse correlation
between the Mediterranean diet and AD in older American
and Australian adults. In the first study [22], which was per-
formed on a cohort of elderly American subjects living in
New York, the MeDi score (which is a 9-point scale devel-
oped on the basis of the eating habits of a Greek population,
with higher scores indicating greater adherence) was the
main predictor of AD status in logistic regression models
adjusted for potential confounders for both AD (age, sex, eth-
nicity, education, apolipoprotein E genotype, caloric intake,
smoking, medical comorbidity index, and body mass index)
and for vascular risk factors (dyslipidemia, hypertension,
and coronary heart disease) that should be considered possi-
ble mediators in the pathogenesis of AD. Higher adherence
to the MeDi was associated with a significantly lower risk of
AD, considering MeDi adherence both as a continuous and
a categorical variable [24]. In the second cross-sectional
study, Gardener et al. [23] replicated these results in an Aus-
tralian population of older adults participating in the Austra-
lian Imaging, Biomarkers and Lifestyle Study of Ageing
(AIBL) study. As compared to healthy controls, subjects with
a diagnosis of MCI or AD had a lower mean MeDi score, and
every l-unit increase in the MeDi score was associated with a
19-26% decrease in the odds of being in the AD category.
Several prospective studies have been published in the
last 15 years examining the role of the MeDi diet in reducing
the risk of dementia and AD. Numerous US population-



Oxidative Medicine and Cellular Longevity

TaBLE 1: Type and frequency of consumption of foods of the various dietary patterns having a role in AD prevention.

Dietary pattern

Characteristics

Moderate-to-high consumption

Low consumption

Mediterranean diet (MeDi)

Whole-grain cereals (1-2 s every main meal)

Vegetables (>2 s/every main meal)
Fruits (1-2 s/every main meal)
Olive oil (every main meal)
Olives/nuts/seeds (1-2 s/every day)
Low-fat diaries (2 s/every day)
Herbs/spices/garlic/onions (every day)
Eggs (2-4 s/week)

White meat (2 s/week)
Fish/seafood (>2 s/week)
Potatoes (<3 s/week)
Legumes (>2 s/week)

(Red) wine

Added salt
Red meat (<2 s/week)
Processed meat (<1 s/week)
Sweets (<2 s/week)

Dietary Approaches to Stop
Hypertension (DASH)

Whole-grain products (every day)
Vegetables (every day)
Fruits (every day)
Diary (moderate-to-high consumption)
Poultry (2 s/week)
Fish/seafood (1-2 s/week)

Saturated fats
Total fats
Salt (sodium)
Sweetened beverages
Red and processed meats

Legumes (2 s/week)

Green leafy vegetables (>6 s/week)
Other vegetables (>1 s/day)

Nuts (=5 s/week)
Berries (>2 s/week)
Beans (>3 s/week)
Whole grains (>3 s/day)
Fish (>1 s/week)
Poultry (>2 s/week)

Mediterranean-DASH Intervention for
Neurodegenerative Delay (MIND)

Red meats (<4 s/week)
Butter and stick margarines
Cheese (<1 s/week)
Pastries and sweets (<5 s/week)
Fried or fast food (<1 s/week)

Olive oil (primary oil used)
(Red) wine (1 glass/day)

based studies having a median follow-up of 3-5.4 years
revealed that greater adherence to the MeDi was associated
with a reduced risk of AD [25-28], a lower risk of developing
AD in patients with MCI [29], and lower mortality in AD
patients, suggesting a possible role of MeDi in modulating
not only the pathogenetic pathways but also the subsequent
course of AD [30]. A more recent longitudinal study
conducted in a Greek population as part of the Hellenic Lon-
gitudinal Investigation of Ageing and Diet (HELIAD) [31]
evaluated adherence to the MeDi pattern using a more com-
plicated score, i.e., the Mediterranean Dietary Score (Med-
DietScore) [32]. The authors of the HELIAD study found
that each unit increase in the MedDietScore was associated
with a 10% decrease in the odds of dementia.

Unlike the previously mentioned studies, three other
prospective studies found no association. In a French study,
MeDi adherence was not associated with a risk of incident
dementia or AD as a continuous or as a categorical variable
[33]. In another study, Roberts et al. reported a 25%
reduced risk of MCI or dementia in subjects in the upper
tertile of the MeDi score at baseline, but this association
did not reach statistical significance, possibly due to the rel-
atively short follow-up (median follow — up = 2.2 years)
[34]. In the third one, Olsson et al. found no correlation
between MeDi adherence and the risk of AD or all-type

dementia in a cohort of 1,138 elderly Swedish men
followed-up for 12 years [35].

Several systematic reviews and meta-analyses of both
case-control and longitudinal studies confirmed the associa-
tion between higher adherence to MeDi and a reduced risk
of stroke, depression, and neurodegenerative diseases (cogni-
tive decline, dementia, MCI, AD, and Parkinson’s disease),
albeit with some contradictory results [36-41]. Several fac-
tors can at least partly explain these differences in results.
The first one is the use of different methods for evaluating
eating habits (0 to 9 score, 0 to 55 score, and others): these
scores are usually validated in a specific population having
specific characteristics, eating habits, and culture. Therefore,
they cannot easily be applied to other populations, especially
non-Mediterranean ones, such as the Americans or Austra-
lians. As already discussed with regard to the assessment of
MeDi adherence, the two most commonly used scores are
the Trichopoulou’s 0 to 9 score [24] and the Panagiotakos’s
0 to 55 score [32]. The use of these two scoring systems has
been extensively reported in the literature and both have
proven to be reliable and valid tools for assessing adherence
to the Mediterranean diet, but they are both based on the typ-
ical eating habits of the Greek population, so it is difficult to
apply these scores to non-Mediterranean populations. More-
over, there is broad heterogeneity in the study characteristics,
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such as the mean age of subjects, the duration of follow-up,
and the high number of neuropsychological tests used for
the diagnosis of MCI and/or AD.

2.2. Randomized Controlled Trials (RCTs). Only few RCT's
(PREDIMED, MedLey, and NU-AGE) have assessed the
effects of a Mediterranean dietary pattern on cognition in
older adults both in Mediterranean and non-Mediterranean
countries (see Table 2).

The first RCT to evaluate the effects of long-term MeDi
intervention on cognitive function and to shed some light
on the role of dietary patterns in counteracting the neurode-
generative process was carried out on a subcohort of the well-
known multicenter PREDIMED trial, which was a milestone
in establishing the strong preventive role of the MeDi in indi-
viduals at a high cardiovascular risk [42]. The nutritional
intervention of PREDIMED consisted in a typical MeDi
supplemented with extravirgin olive oil or mixed nuts (foods
with antioxidant and anti-inflammatory properties) com-
pared to a control low-fat diet. Martinez-Lapiscina and col-
leagues [43] enrolled 522 subjects and assessed the overall
cognitive performance at study completion alone, after 6.5
years. They reported a significant difference in mean Mini-
Mental State Examination (MMSE) and Clock Drawing Test
(CDT) scores in both intervention groups versus the low-fat
control group. There were two main limitations in this study:
(1) the lack of evaluation of cognitive performance at the
beginning of the study, which did not allow to evaluate
changes in cognitive functions over time and (2) the insuffi-
cient statistical power to demonstrate a protective effect of
MeDi on dementia development, given the small number of
total incident cases that were observed during the follow-up.

After a few years, Valls-Pedret et al. [44] published the
first MeDi intervention trial demonstrating a positive effect
on cognition of the MeDi supplemented with either nuts or
extravirgin olive oil. In this PREDIMED substudy, cognitive
performance was evaluated both pre- and postintervention,
thus enabling the researchers to detect any significant cogni-
tive improvement in the participants allocated to the MeDi
intervention groups, who were assessed after a median of
4.1 years.

The MedLey study was the first RCT conducted in older
non-Mediterranean adults. A total of 137 subjects were ran-
domly assigned to either a MeDi or a control diet (their usual
diet) for six months. This study did not find any significant
beneficial effects of a MeDi intervention on cognitive func-
tions (executive functioning, speed of processing, memory
visual-spatial ability, and overall age-related cognitive perfor-
mance) among healthy older adults, perhaps because of the
short duration of the intervention, the relatively limited
number of participants, or the “Australianization” of the
MeDi (i.e., based on the Australian foods and habits, rather
than on the traditional MeDi), resulting in smaller nutri-
tional intervention differences between the intervention
groups and the control group [45].

The NU-AGE trial (NCT01754012), a recent 1-year mul-
ticenter RCT, was carried out in both Mediterranean (includ-
ing Italy) and non-Mediterranean European countries and
allocated a total of 1,279 healthy older adults to two parallel
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groups. The intervention group followed the NU-AGE
diet, which consisted of a culturally adapted and individu-
ally tailored Mediterranean-like diet on the basis of the
specific dietary recommendations for older adults in the
various countries involved in the study. One year later,
at the end of the study, all participants showed improve-
ments in their cognitive performance but the differences
between the two groups did not reach statistical significance
[46]. Nonetheless, the authors highlighted that the partici-
pants in the intervention group with the highest adherence
to the NU-AGE diet showed a significant improvement in
episodic memory, the impairment of which is a core feature
of AD [47].

To date, results from RCTs are mostly nonsignificant,
with small effect sizes and little or no benefit of the MeDi
for incident cognitive impairment or dementia, as also
documented by a recent systematic review of RCTs by
Radd-Vagenas et al. [48]. RCTs with a longer duration
and higher number of participants are needed to establish
whether adherence to the MeDi can help prevent (or
delay) the onset of AD and dementia.

2.3. Mediterranean Diet and Brain Imaging. AD is a neurode-
generative disease characterized by typical changes in the
brain that can be detected by a variety of imaging modalities,
including structural and functional Magnetic Resonance
Imaging (MRI) and Positron Emission Tomography (PET).
In recent years, cross-sectional and longitudinal studies have
shown the relationship between lifestyle and dietary habits
and the morphological, structural, functional, and metabolic
modifications of the brain regions that undergo neurodegen-
eration in the preclinical and clinical phases of AD.

2.3.1.  Mediterranean  Diet and  Structural  Brain
Modifications. Growing evidence, derived mainly from MRI
studies, suggests an association between higher MeDi adher-
ence and preservation of brain structures, in particular in the
so-called “Regions-of-Interest” (ROIs) which are vulnerable
to the neurodegenerative changes typical of AD. Higher
MeDi adherence was associated with a significantly greater
thickness of 3 ROIs (orbitofrontal cortex, entorhinal cortex,
and posterior cingulate cortex of the left hemisphere) in a
cross-sectional study performed on an American population
of cognitively normal middle-aged participants [49]. Similar
findings were reported by two other cross-sectional
American studies in which the greatest benefit in terms
of brain structure preservation was attributed to the
higher intake of fish and legumes and lower intake of
meat [50, 51]. More recently, Karstens et al. found that
higher adherence to the Mediterranean pattern was asso-
ciated with better learning and memory performance and
larger bilateral dentate gyrus volumes after adjusting for a
number of confounding factors [52].

Conversely, several longitudinal studies reported a nega-
tive effect on brain structures related to lower adherence to
the MeDi [53] or adherence to an unhealthy Western dietary
pattern [54], while a Swedish longitudinal study including
194 cognitively healthy elderly individuals found no
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association between the total MeDi score and the brain
volumes perhaps due to the intrinsic limitations of the study
design [55].

In conclusion, gray matter atrophy and reduced cortical
thickness in the medial temporal lobe are a typical early fea-
ture of AD, and the association of MeDi adherence with
greater gray matter volumes in AD regions may indicate
some direct involvement of this type of dietary pattern in
preventing or slowing the neurodegeneration and the conse-
quent neuronal loss that is typical of this disease. More
recently, Pelletier and colleagues reported a positive associa-
tion between higher MeDi adherence and a general pattern of
preserved white matter microstructure with no relation to
gray matter volumes, suggestive of alternative mechanisms
partly independent of AD-related neurodegeneration, possi-
bly including vascular pathways [56]. The beneficial effect
of the MeDi on vascular risk factors (e.g., lipid profile, blood
pressure, insulin resistance, adiposity, inflammation, and
oxidative stress) is in fact well established [57-60].

2.3.2.  Mediterranean  Diet and  Functional Brain
Modifications. The AD brain is characterized by several met-
abolic changes that can also be found in other neurodegener-
ative diseases and in normally aging brains and represent
nonspecific biomarkers of impairment of neuronal activity
and synaptic transmission. These metabolic and functional
modifications can be detected by PET, in particular, fluoro-
deoxyglucose- (FDG-) PET and Pittsburgh Compound B-
(PiB-) PET which allow us to evaluate changes in cerebral
glucose metabolism (an indicator of neuronal network activ-
ity) and the degree of beta-amyloid (Af) deposition in brain
regions known to be involved in AD. Studies concerning the
association between MeDi adherence (and in general, adher-
ence to a healthy dietary pattern) and functional neuroimag-
ing outcomes are limited.

Two cross-sectional studies in the American population
found an association between higher adherence to a MeDi
pattern and lower 11C-PiB PET scan measurements of Af
deposition as well as higher glucose metabolism as observed
by FDG-PET scans [61, 62]. Higher MeDi adherence was also
associated with reduced cerebral Af accumulation over time
(up to 3 years) in a longitudinal study performed by Rainey-
Smith et al. on older Australian adults classified as “Af accu-
mulators” and thus considered to be on the way to AD [63].
However, the association between the Mediterranean dietary
pattern and amyloid deposition or cortical thickness has not
been confirmed in all reported studies. In a longitudinal
study that involved 70 middle-aged participants living in
New York, lower adherence to a Mediterranean-style diet
was associated with faster decline in glucose metabolism in
the posterior cingulate cortex (an early site of cerebral glu-
cose utilization decline in AD and a well-established predic-
tor of the progression from mild cognitive impairment to
AD) and marginally in the frontal cortex, although without
any significant changes in amyloid deposition or cortical
thickness [64].

In conclusion, the neuroprotective effects of the MeDi
may also lie in its ability to preserve brain metabolic activity
and glucose metabolism in key brain regions for AD.

3. DASH Diet and AD Prevention

The DASH diet, which stands for Dietary Approaches to Stop
Hypertension, promoted by the National Heart, Lung, and
Blood Institute (NHLBI), is a dietary pattern that was first
developed to identify dietary factors affecting blood pressure.
The DASH diet is high in fruits, vegetables, nuts, whole-
cereal products, low-fat dairy products, fish, and poultry, all
of which are rich in blood pressure-deflating nutrients like
potassium, calcium, “lean proteins,” minerals, and fiber (see
Table 1). DASH also discourages the intake of foods like
red and processed meats, full-fat dairy foods, and tropical
oils, as well as sugar-sweetened beverages and sweets; there-
fore, it is designed to be low in sodium, saturated fats, total
fats, and cholesterol [65]. This type of dietary pattern has
been shown to protect against many cardiovascular risk fac-
tors that play a role in the development of dementia and
AD (such as high blood pressure or LDL cholesterol), at least
in part by modulating the pathological processes that charac-
terize the physiopathology of AD (oxidative stress, inflam-
mation, and insulin resistance) [66]. DASH and MeDi
share many food components (i.e., whole-grains, vegetables,
and nuts), but there are also some differences, such as the fre-
quency of consumption of low-fat dairy products (moderate-
to-high intake and low consumption, respectively).

To date, only a few studies have evaluated the potential
effects of the DASH diet on cognitive functions or on the pre-
vention of AD and other types of dementia.

3.1. Epidemiological Evidence. As already stated with regard
to the Mediterranean diet, higher adherence to the DASH
diet has been associated with slower rates of cognitive decline
and reduced incidence of AD [67-69] (see Table 2).

In the study of Morris and colleagues [68], only the high-
est tertiles of the DASH and MeDi scores were significantly
associated with a lower rate of incident AD (39% and 54%
reduction, respectively).

Berendsen et al. [69] found a positive association between
long-term adherence to the DASH diet and better cognitive
function in older American women participating in the
Nurses’ Health Study, regardless of apolipoprotein E 4 allele
status, but not with slower cognitive decline during the
course of follow-up (6 years). On the contrary, another study
which included only older American women, the Women’s
Health Initiative Memory Study (WHIMS), reported that
DASH scores were not associated with incidence of MCI or
dementia [70].

3.2. RCTs. The only RCT which examined the potential
effects of the DASH diet on neurocognitive functioning was
performed some years ago by Smith and colleagues [71]
(see Table 2). In the ENCORE trial 124 subjects with high
blood pressure were randomized to the DASH diet alone or
DASH combined with a behavioral weight management pro-
gram including exercise and calorie restriction (CR), or to a
“usual diet” control group. After 4 months of intervention,
psychomotor function improved in both DASH interven-
tions regardless of weight strategies, but only the group
which underwent a combination of DASH diet with aerobic



exercise and calorie restriction showed a significant improve-
ment in neurocognitive function (executive memory and
learning functions) [71].

4. MIND Diet and AD Prevention

The MIND diet (Mediterranean-DASH Intervention for
Neurodegenerative Delay) was developed some years ago by
researchers at Rush University Medical Center in Chicago,
IL, and Harvard School of Public Health in Boston, MA, as
a hybrid of the Mediterranean-DASH diet. The MIND diet
is based on 10 brain-healthy foods (leafy green vegetables,
other vegetables, nuts, berries, beans, whole grains, fish, poul-
try, olive oil, and wine) and 5 unhealthy foods (red meats,
butter and stick margarines, cheese, pastries and sweets,
and fried or fast food), all of which have a strong scientific
rationale in the field of nutritional prevention of dementia
[72, 73] (see Table 1). Compared to the MeDi, the MIND diet
includes a lower consumption of fish, usually 1 serving/week,
as does the DASH diet. This relatively low level of fish con-
sumption reflects the findings of prospective epidemiological
studies, such as the Rotterdam study which examined the role
of fish intake in AD prevention [74-76]. As stated above,
leafy green vegetables, in addition to other types of vegeta-
bles, are recommended on the basis of several epidemiologi-
cal studies that reported a significant association between
high consumption and slower cognitive decline [77, 78].
Berries represent a separate category in the MIND diet,
reflecting strong associations between the consumption of
this type of fruit and brain health. Many studies have docu-
mented the beneficial effects of various types of berries,
including potent anti-inflammatory and antioxidant activity
in cell models of neurotoxicity [79, 80]. Moreover, in vivo
studies on animals supplemented with a berry-enriched diet
reported improvements in motor coordination, cognitive
performance (spatial memory, learning), hippocampal
plasticity, and age-related neuronal loss [81-83]. A unique
characteristic of berries is the high content of polyphenols
such as flavonoids (anthocyanins and flavonols), which are
the main compounds responsible for the antioxidant and
anti-inflammatory characteristics of berries [84, 85]. The
association between a high intake of berries and flavonoids
and slower rates of cognitive decline have also been reported
in humans [86], confirming the results that were observed in
experimental studies.

4.1. Epidemiological Evidence. Two papers published by
Morris and other researchers from Rush University (Chi-
cago, IL, USA) clearly demonstrated the superiority of
the MIND diet compared to both the MeDi and the DASH
diet in slowing the rates of cognitive decline [28] and in
reducing the risk of incident AD or dementia [68]. The
MIND diet score was linearly and statistically significantly
associated with a lower risk of developing AD (see Table 2).
Subjects in both the middle and the highest tertiles of MIND
scores had a statistically significant reduction in AD rates
compared to those in the lowest tertile, while only those
in the highest tertile of MeDi and DASH scores were sig-
nificantly associated with a lower rate of incident AD [68].
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To date, no randomized controlled trials have been pub-
lished evaluating the effect of the MIND diet on the pre-
vention of AD, but there are two ongoing studies testing
the effects of an intervention with the MIND diet on cog-
nitive decline and brain neurodegeneration, the results of
which will be reported in the coming years (http://www
clinicaltrials.gov/NCT02817074, http://www.clinicaltrials.gov/
NCT03585907).

5. Dietary Patterns and the Brain: The
Underlying Mechanisms

The clinical evidence that has been collected in recent years
suggests that the dietary patterns described above, namely,
the Mediterranean diet, the DASH diet, and more recently
the MIND diet, are able to modify the natural history of
neurodegenerative pathologies, in particular AD, thereby
preventing their development or slowing down their progres-
sion. But what is the basis of the favorable neuroprotective
effects of these dietary patterns? What are the links between
diet and the human brain? Are there any other factors that
modulate the effects of diet on the brain?

The strength of these dietary approaches lies in their
multifactorial composition. In fact, nutrient-dense foods
can interact with each other with potentially synergistic
effects on different metabolic and cellular signaling path-
ways, leading to neuroprotection and maintaining brain
health. But there are considerable methodological difficul-
ties in conducting in vitro and in vivo studies to document
the effects of such dietary patterns on the brain, due to the
intrinsic complexity of a whole diet, the micro- and macro-
nutrient composition, the importance of food cooking
methods, and at least for the Mediterranean diet, the unde-
niable aspect of conviviality that characterizes this dietary
lifestyle. All of these aspects are obviously difficult to repro-
duce and quantify in experimental models.

To date, the precise mechanisms underlying the neuro-
protective benefits associated with the MeDi and the other
dietary patterns are not fully understood, even if it is
widely accepted that they play a role in counteracting sev-
eral biological processes implicated in the pathogenesis of
AD, e.g., oxidative stress, neuroinflammation, neurovascu-
lar dysfunctions and hypoperfusion, disruption of the gut-
brain axis, and impairment of hippocampal neurogenesis.
It is also possible that these dietary patterns might influ-
ence Af or Tau metabolism, even if evidence concerning
these mechanisms were largely obtained from animal studies
and require further assessment and confirmation [87, 88]. At
a systemic level, they can also indirectly improve cognition by
reducing cardiovascular risk factors such as lipid levels, blood
glucose, and blood pressure [89, 90].

5.1. Neurovascular Dysfunctions. Cerebral blood flow regula-
tion is essential for normal brain function. AD is known to be
associated with early neurovascular dysfunction and damage
to small arteries, arterioles, and brain capillaries via both A -
independent (such as hypoxia and/or ischemia) and Af-
dependent pathways (A angiopathy). These changes,
together with the loss of integrity of the blood-brain barrier
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(BBB), play a part in disease pathogenesis and lead to neuro-
nal and synaptic dysfunction, neurodegeneration, and cogni-
tive impairment [91, 92]. Several risk factors can contribute
to neurovascular dysfunction, for example, genetic factors
(APOE4 genotype), vascular factors (hypertension and
diabetes mellitus), and environmental factors (for example,
pollution). Hypertension is a well-known risk factor for
AD, and animal studies have shown impairment in
acetylcholine-dependent and endothelium-dependent vaso-
dilation with a consequent reduction of cerebral blood flow
after several stimuli [93]. Chronically elevated blood pressure
can also enhance Ap-induced neurovascular dysfunction,
promote f-secretase activity, and lead to amyloidogenic pro-
cessing of the amyloid precursor protein (APP), with further
damage to small arteries and arterioles, rupture of the vessel
wall, and microhemorrhages [93].

Hence, the importance and the possible preventive and
neuroprotective role of a diet such as the DASH diet, which
thanks to its reduced content of sugars, sweets/pastries, and
sodium can act positively on some of the triggers of neuro-
vascular dysregulation (hypertension and hyperglycemia/in-
sulin resistance) [94]. In addition to limiting the intake of
such detrimental foods and nutrients, increasing evidence
supports the regular consumption of flavonoid-rich foods,
which are associated with better endothelial function, tissue
perfusion, and enhanced neuronal viability. For example,
the flavonoids contained in cocoa powder (mainly epicate-
chin) act directly on the endothelium of brain vessels
enhancing the activity of endothelial nitric oxide synthase
(eNOS) and thereby increasing vasodilatation and cerebro-
vascular perfusion [95].

5.2. Oxidative Stress. The imbalance between the production
of reactive oxygen species (ROS) and antioxidant defenses
has been shown to contribute significantly to the pathogene-
sis and progression of AD [96] and is known to be associated
with oxidative damage to DNA, proteins, and lipidic compo-
nents of neurons and with subsequently impaired synaptic
activity and neuronal apoptotic death [96]. Several antioxi-
dant compounds can modulate signaling cascades involving
protein and lipid kinases and downstream partners, resulting
in the inhibition of neuronal apoptosis induced by toxic
products such as ROS [97].

All three dietary patterns discussed in this review are
exceptionally rich in foods with a high antioxidant content.
Leafy green vegetables and other vegetables, citrus fruits,
nuts, red wine, berries, and olive oil all provide a large
amount of vitamins, polyphenols, and carotenoids that can
prevent and/or repair the damage caused by free radicals
(e.g., superoxide, O, and nitric oxide, NO’) and by proin-
flammatory cytokines (e.g., IL-13 and TNF-«) that are pro-
duced by activated microglial cells in response to oxidative
damage. One of the main components of the Mediterranean
diet, as well as the main source of fat in this diet, is extravirgin
olive oil (EVOO), which contains mainly oleic acid and to a
lesser extent linoleic acid. In addition, EVOO contains hun-
dreds of bioactive compounds including triterpenes (i.e.,
squalene), biophenols (hydroxytyrosol, tyrosol, and oleuro-
pein), pigments (carotenoids, xanthophylls, and lutein), and

vitamin E (tocopherols), whose beneficial effects have been
shown in several studies [98, 99]. The low (and nontoxic)
level of oxidized forms of EVOO polyphenols in plasma
and tissues can activate the Nrf2 pathway and other adaptive
stress response systems leading to the upregulation of the
endogenous antioxidant and detoxification enzymes and
thus rendering the cells “protected” against more dangerous
and chronic oxidative stress stimuli (hormesis) [100]. Recent
studies have shown that hydroxytyrosol, oleuropein, and
oleacein can activate the Nrf2 pathway both in vitro and
in vivo [101, 102].

5.3. Neuroinflammation. Microglial cells are the first and
most important immune defense of the brain. While proper
microglial function is essentially required for scavenging pla-
ques, damaged molecules, and infectious agents, microglial
hyperactivation is a well-established hallmark of neuroin-
flammation and one of the main actors in AD pathogenesis
[103]. In the AD process, the excessive production and
deposition of the Af peptides trigger an innate immune
response and consequently an aberrant production of
ROS, proinflammatory cytokine, and chemokine secretion,
and degradation of the neuroprotective factors, such as
retinoids, involved in promoting adult neurogenesis in
the hippocampus [104, 105]. This chronic inflammatory
response contributes to disease progression and severity,
further boosts Af production and deposition, and ultimately
leads to neuronal death [106, 107]. Several exogenous or
endogenous factors can exacerbate the innate immune
response mounted by Ap-exposed microglia, including
genetic factors (for example, TREM2 mutation [108] and
APOE4 genotype [109]), traumatic brain injuries, diabetes
[110], and obesity [111]. Diet is known to modulate the
immune system, and a healthy diet rich in nutrients and bio-
active compounds with anti-inflammatory and antioxidant
properties can help to counteract the neuroinflammatory
process.

Fruits, vegetables, whole grains, and other plant foods
provide a wide range of phytochemicals, vitamins, min-
erals, and fibers with well-established antioxidant anti-
inflammatory properties. Phytochemicals are bioactive
plant-derived compounds that include various subgroups
(phenolics, alkaloids, organosulfur compounds, phytos-
terols, and carotenoids). One example is Ferulic Acid
(FA), an antioxidant with free radical scavenging activity
but also antiamyloidogenic properties, as documented in a
number of in vitro [112, 113] and in vivo studies [114, 115]
in transgenic mouse models of AD. Resveratrol, another phe-
nolic compound, is mainly found in the skin of many edible
plant species, such as mulberries, grapes, peanuts, and pome-
granates, as well as in red wine [116]. There are a multitude of
actions that have been attributed to resveratrol: inhibition of
Tau and A plaque synthesis [117, 118], downregulation of
prooxidative stress proteins [119] and increased levels of
heme-oxygenase-1 (HO-1) [120] and SIRT-1, and inhibition
of neuroinflammation [121, 122].

Long chain omega-3 polyunsaturated fatty acids (n -3
PUFAs) are also important [123]. Docosahexaenoic acid
(DHA) and Eicosapentaenoic Acid (EPA), two main types
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of n — 3 PUFAs, are abundantly present in seafood and fish
oil. In vitro experiments showed that EPA and/or DHA
administration decreases the expression of proinflammatory
factors, such as inducible NO synthase (iNOS), cyclooxygen-
ase (COX) 2, interleukin-1p (IL-1f3), IL-6, Tumor Necrosis
Factor-a (TNF-«), and Nuclear Factor-«B (NF-«B), and pro-
motes the expression of anti-inflammatory cytokines. In
rodents, the consumption of a diet enriched in n — 3 PUFAs
prevents the dysregulation of cytokine production in hippo-
campal microglial cells in response to Lipopolysaccharide
(LPS) [124], reduces hippocampal A plaque density by
modifying the fibrillar/prefibrillar A oligomer ratio (the for-
mer are less toxic), and leads to mild improvements in the
behavioral testing of the transgenic APP/PS1 rodent model
of AD [125]. Moreover, dietary omega-3 and omega-6 PUFA
and monounsaturated fatty acid (MUFA) intake may influ-
ence the membrane fluidity and enzyme activity in neurons,
leading to the potential modulation of brain structures and
functions [126].

5.4. Gut Microbiota Dysbiosis. The human gut microbiota
includes approximately 10'* microbes belonging to hundreds
different species and to five predominant phyla and is mainly
composed of two phyla: Firmicutes (60-80%) and Bacteroides
(20-30%), followed by Actinobacteria, Verrucomicrobia, and
Proteobacteria [127, 128]. The gut microbiota plays a crucial
role in human health but also in a variety of human diseases,
at least in part through the production and release of numer-
ous small molecules like vitamins (folate, vitamin B12),
amino acids (tryptophan), and short chain fatty acids
(SCFAs). Some of these bioactive substances (SCFAs,
catecholamines, neurotransmitters, neuropeptides, and miR-
NAs) are transported into the blood and can cross the BBB
thus affecting the central nervous system (CNS). Addition-
ally, the CNS communicates with the gut through efferent
autonomic pathways, thus modulating many gut functions
like permeability, mucus secretion, motility, and immunity.
This bidirectional communication between the gastrointesti-
nal system and the CNS is called the gut-brain axis [129].

A healthy microbiota is fundamental for the metaboliza-
tion of such dietary nutrients (like polyphenols) which
require transformation to become active compounds having
beneficial effects on the brain. Curcumin metabolites pro-
duced by the microbiota can exert anti-inflammatory and
neuroprotective effects [130], including interesting positive
effects on Tau pathology [131].

The composition of human gut microbiota is dynamic
and can be shaped by various factors such as the type of
childbirth and newborn feeding, diet, use of drugs, or pre/-
probiotics, as well as age, sex, and geographical area. The
Mediterranean diet, which is rich in plant-based foods, fibers,
and monounsaturated fats, is considered the gold standard
for gut health and promotes the diversification of the micro-
biota [132]. Conversely, the typical Western diet, which is
made up of low dietary fiber and high animal protein and sat-
urated fat, is associated with a negative change in the gut
microbiota composition (dysbiosis), as documented by an
increase in Firmicutes and Gram-negative bacteria [133].
As previously mentioned, age is another important modulat-
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ing factor of human gut microbiota composition. Several
reviews analyzed gut microbiota age-related changes and
the potential relationships between gut dysbiosis and inflam-
maging [134-136].

During aging, the gut undergoes a continuous and
profound remodeling, as a result of modification of lifestyle,
nutrition, behavior, immunosenescence (a decline in an
immune system functioning), and inflammaging (the
chronic low-grade inflammatory status typical of the elderly).
Moreover, aging-associated alterations in gut physiology (i.e.,
gastric motility disorders, hypochlorhydria, and degenerative
changes in the enteric nervous system) have profound effects
on the diversity, composition, and functional features of
intestinal microbiome [137]. Several authors reported a
reduction in the microbiota diversity and a greater interindi-
vidual variation in microbiota composition in elderly people
(>65 years of age), with reduced numbers of Bifidobacteria,
Firmicutes, Faecalibacterium prausnitzii, and Clostridium
cluster XIV and increased numbers of Bacteroidetes and
Enterobacteriaceae even if with some differences between
various populations [138-140].

The inflammatory process can affect the gut environment
by enhancing the level of aerobiosis and the production of
ROS that inactivate the strict anaerobic Firmicutes, while
allowing the growth of facultative aerobes (i.e., Enterobacteri-
aceae, Enterococcaceae, and Staphylococcaceae). These so-
called “pathobionts” can survive in the presence of oxygen,
so they can prosper in an inflamed gut, and in turn, they pro-
mote a proinflammatory profile (increase of I1-6 and II-8
levels) and compromise the host immune homeostasis, in a
sort of self-sustaining loop [141].

Gut dysbiosis has been linked to the development of
several health problems, including psychiatric or neurode-
generative diseases. An increasing body of evidence sug-
gests that alterations to the gut microbiota can play a
role in the pathogenesis of AD. Dysbiosis can amplify neu-
roinflammation and accelerate neurodegeneration, and this
brain-gut microbiota axis can actually be modulated by
dietary factors. In aging mice, AD-like symptoms were
associated with increased gut permeability, inflammation,
and a microbiome profile similar to that of murine inflam-
matory bowel disease [142]. Experimental mice models of
AD showed a decrease in microbiota diversity with age,
an increased number of taxa with proinflammatory activity
(e.g, Odoribacter, Helicobacter, and Sutterella), and
impaired production of SCFAs [143, 144]. All these mod-
ifications can be worsened by feeding transgenic mice a
high-fat diet [145]. Moreover, gut microbiota dysbiosis in
mouse models of dementia may be involved in neuroin-
flammation, reduced expression of hippocampal brain-
derived neurotrophic factor (BDNF) and other signaling
molecules, and amyloid deposition [146-148]. Conversely,
administering probiotics to rodents with artificially
induced AD led to an improvement in cognitive functions,
especially spatial working tasks, less neuron degeneration
and lower levels of proinflammatory cytokines [149-151],
microglial activation and oxidative stress, improved mito-
chondrial dysfunction, and restoration of hippocampal
plasticity [152].
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In conclusion, long-term dietary habits may influence gut
microbiota biodiversity, its functions, and the secretion of
metabolites that, once absorbed in the systemic circulation,
can modulate neural function and possibly enhance neuroin-
flammation, neuronal apoptosis, and B-amyloid deposition
[153]. The modulation of gut microbiota by adopting and
maintaining a healthy diet can be an effective strategy in
AD prevention. However, the transposition of these results
into humans is still premature given the absence of clinical
studies, especially in middle-aged or older patients at risk of
developing AD or with MCL

5.5. Adult Hippocampal Neurogenesis. The hippocampus is
the key brain region for learning and memory. Incorporation
of new neurons into the granular cell layer of the dentate
gyrus of the hippocampus is substantial throughout life,
and adult neurogenesis has important implications in main-
taining cognitive functions [154]. This brain area is highly
involved in the process of neurodegeneration that is typical
of AD. Numerous studies have documented an impairment
of neurogenesis and relative memory loss as well as cognitive
dysfunction in mouse models of AD even in the very early
stages of the disease [155]. Environmental factors such as
exercise and calorie restriction (see the specific chapter
below) have been shown to increase adult hippocampal neu-
rogenesis, while low-grade inflammation and oxidative stress
seem to decrease it [156]. Hippocampal neurogenesis is reg-
ulated by several signaling pathways such as presenilin-1,
Notch 1, soluble amyloid precursor protein, CREB, and f3-
catenin and is also mediated by neurotrophins such as
BDNF. A poor diet can have detrimental effects on hippo-
campal neurogenesis. Diets that are rich in saturated fat-
s/trans fatty acids and refined sugars, like Western diets,
reduce the levels of BDNF and contribute to an increased
production of ROS and proinflammatory cytokines, leading
to neurodegeneration and learning and memory impairment
[157]. On the contrary, dietary patterns based on foods that
are rich in omega-3 fatty acids, flavonoids, and other antiox-
idants stimulate neurogenesis, reduce oxidative activity, and
downregulate proinflammatory processes [158, 159].

6. Intermittent Fasting: A New Dietary
Pattern for AD?

Aging is one of the main risk factors for AD. The aging brain
and the “AD-Brain” share many characteristics, both at an
anatomical and at a cellular/molecular level [160]. Indeed,
many of the principal hallmarks of aging (e.g., oxidative
stress, mitochondrial dysfunction, accumulation of oxida-
tively damaged molecules, impaired autophagy, disruption
of Ca** homeostasis, aberrant neuronal network excitability,
and neuroinflammation) have also been documented in AD,
and these changes may promote amyloidogenic APP pro-
cessing and Tau pathology and vice versa [161, 162].

Over the last 30 years, emerging evidence has shown the
beneficial effects of fasting and CR as alternative or comple-
mentary strategies to other lifestyle interventions (e.g., phys-
ical activity) and to pharmacological therapies in AD
prevention and treatment.
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During the first 10-14 hours of fasting, the main source of
energy for neurons is made up of glucose derived from the
degradation of the liver glycogen store. Then, a “metabolic
switch” occurs, characterized by liver production of Ketone
Bodies (KBs) like 3-hydroxybutyrate (BHB) and acetoacetate
(AcAc) from the fatty acids released by adipose tissue in
response to fasting; in this second phase, KBs represent the
main fuel for neurons [163]. Besides this “metabolic switch,”
fasting can enhance a complex series of adaptive responses to
limited food availability, which are to some degree, the same
endogenous stress-response systems activated by foods that
are rich in polyphenols and other bioactive compounds (as
described above) [164].

In prokaryotes, laboratory animals and humans, a daily
20-40% CR, can protect against aging, oxidative stress, and
neurodegenerative disorders and can also extend longevity
[165, 166], but the feasibility and long-term tolerability are
low, especially in patients with AD. Other studies have shown
the same positive results by alternating normal diets with
more feasible regimens, such as intermittent fasting (IF) or
periodic fasting (PF) that are short periods of fasting which
differ from each other with regard to duration and frequency.
The best-characterized form of fasting that has been studied
both in animal models and in humans is Alternate-Day Fast-
ing (ADF), which implies fasting every other day [167, 168]
or a70% CR every other day [169, 170] or even 2 consecutive
days of Very Low-Calorie Diet (VLCD) per week [171].
Upcoming alternatives are the so-called Fasting-Mimicking
Diets (FMDs), characterized by periodic cycles of plant-
based dietary programs lasting from 3 to 7 days, that are
low in protein and in overall caloric intake but contain all
the necessary micronutrients [172, 173]. Regardless of how
fasting has been applied in these studies, it should be empha-
sized that it is different from starvation, which leads to
chronic insufficiency of nutrients, malnutrition, and ulti-
mately degeneration and death.

6.1. Why Is Fasting Good for the Brain?

6.1.1. Looking Briefly at the Molecular Mechanisms. Fasting
substantially modifies the neurochemistry and the activity
of the neuronal network especially in several brain regions
such as the hippocampus, the striatum, the hypothalamus,
and the brainstem. At the molecular level, a variety of signal-
ing pathways have been identified that mediate the structural
(increased synaptic density, neurogenesis) and functional
(Long-Term Potentiation, LTP) adaptive responses of neuro-
nal circuits to nutrient restriction, in particular low glucose
and amino acid levels [174] (see Figure 1). Both increased
excitatory synaptic activity and neurotrophic factors (BDNF
and fibroblast growth factor 2) lead to the activation of
multiple kinases, including phosphatidylinositol 3-kinase
(PI-3K), serine/threonine-protein kinase (AKT), Mitogen-
Activated Protein Kinases (MAPKs) and Ca®*/calmodulin-
dependent kinase (CaMK), nitric oxide synthase (NOS),
and calcineurin, which all converge on several transcription
factors like cAMP-Responsive Element-Binding protein
(CREB), nuclear regulatory factor 2 (Nrf2), and NF-«B
[166, 175]. These transcription factors, which include BDNF
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FiGurg 1: Signaling pathways involved in adaptive responses of neuronal circuits that contribute to maintain a healthy brain. Calorie
restriction and intermittent fasting positively modulate these pathways, while chronic overfeeding and insulin resistance enhance

neuroinflammation, neuronal damage, and apoptosis.

[166], sirtuin-3 (SIRT3) [176], peroxisome proliferator-
activated receptor y coactivator la (PGCla) [177], and
heat-shock protein 70 (HSP-70), induce the expression of
genes and proteins involved in enhancing neuroplasticity
and stress resistance [178]. Part of the benefits of CR/fasting
seems to be related to protein restriction and reduced
IGF1/insulin signaling. During protein restriction, mTOR,
and in particular complex 1 (mTORC1), is repressed, thus
allowing the cell to enter a “conservative” energy mode to
inhibit protein and lipid synthesis and enhanced autophagy
[179, 180].

6.2. Fasting and AD

6.2.1. Preclinical Studies. Most of the scientific evidence
regarding IF or PF regimens and AD treatment derives
from studies on laboratory animals. In rodents, several
studies showed that fasting and FMDs are able to improve
motor and cognitive functions, in particular hippocampal-
dependent tasks like learning and memory [172, 181-183].
Moreover, IF has been associated with reduced oxidative
stress and brain structural improvements such as increased
thickness of the CAl pyramidal cell layer and higher
expression of the dendritic protein drebrin in the hippo-
campus [184].

IF and ketogenic diets can also modify neuronal network
activity and synaptic plasticity. The neurons of rodents on an
ADF regimen are more resistant to excitotoxin-induced
degeneration of hippocampal neurons with kainic acid and
perform better in water-maze learning and memory tasks
[167, 185]. IF and/or regular physical activity can also pre-
vent age-related deficits in LTP, a common cellular manifes-
tation of learning and memory occurring in response to
repetitive stimulation of synapses [186-189]. Other research

groups also documented a role of CR/IF regimens in reduc-
ing Af3 deposition and Tau phosphorylation in the hippo-
campus and cerebral cortex of a transgenic mouse model of
AD [190-194]. Recently, Zhang et al. highlighted the role of
IF (and in particular BHB) in restoring the polarity of
AQP4, a protein channel involved in Af clearance, that is
often impaired in AD, thereby providing another possible
explanation for the positive role of ADF in improving cogni-
tive functions and protecting against A3 pathology [195].

Lastly, IF, with or without exercise, stimulates the
growth and differentiation of new neurons into granule
neurons in the hippocampal dentate gyrus, i.e., adult hip-
pocampal neurogenesis, and the creation of synaptic con-
nections (dendritic spine growth and synaptogenesis)
among themselves or with other neurons from other brain
regions such as the entorhinal cortex, basal forebrain, and
amygdala [172, 196, 197].

6.2.2. CR and IF in Humans. Several human studies have
shown that the decrease in energy intake can reduce visceral
fat (while preserving lean mass), improve glucose and lipid
metabolism, and reduce blood pressure and blood bio-
markers of inflammation (C-reactive protein and proinflam-
matory cytokines) [171, 198, 199]. All these beneficial effects
may translate into a lower risk of cardiovascular disease, dia-
betes, and also neurodegenerative diseases such as AD.

Currently, no studies have been conducted on protein
and/or calorie restriction in human subjects with established
AD, but some authors have underlined the potential role of
protein restriction against the aging process and aging-
related chronic diseases [200]. However, it is important to
properly time the application of protein restriction during
life since the beneficial effects seem to be lost in people over
65 years of age [201].
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Short periods of CR are able to improve cognitive func-
tion (verbal memory) in elderly subjects [202], and 30 days
of a low glycemic diet in patients with MCI resulted in an
improvement in delayed visual memory, cerebrospinal fluid
biomarkers of A metabolism, and brain bioenergetics
[203], but it is hard to believe that severe restrictions could
be tolerated for long periods, especially in elderly subjects
affected by neurodegenerative diseases. IF regimens or
FMD cycles every 1-2 months seem to be more feasible and
tolerable in clinical practice. Recent pilot clinical trials apply-
ing such dietary regimens in healthy subjects and in patients
with cancer, diabetes, and multiple sclerosis have been devel-
oped and have shown promising results [172, 173, 204],
while several trials are still ongoing (https://clinicaltrials
.gov/NCT03595540, https://clinicaltrials.gov/NCT03700437,
and https://clinicaltrials.gov/NCT03811587).

The next step will be to demonstrate whether the various
types of fasting (including ADF and FMD) have neuropro-
tective and regenerative effects in patients with early-stage
AD. Our group will carry out a pilot study in an effort to
assess the safety and feasibility of monthly cycles of an
FMD diet in patients with a diagnosis of MCI or early AD.

In conclusion, emerging evidence on the effects of fasting
on animal models of aging brain and neurodegenerative dis-
eases is promising, but the applicability and potential efficacy
of these dietary regimens in humans, and in particular in
patients with MCI or AD, are yet to be established.

7. Conclusions

To date, it is not possible to establish with certainty a causal
relationship between diet and the development of AD
because there are still many confounding factors and biases:

(1) There may be confounding factors that contribute to
increasing or reducing the risk of AD (physical activ-
ity, cardiovascular risk factors, and apoE4 status)

(2) There is broad heterogeneity among the characteris-
tics of the studies, such as the mean age of the study
subjects (50-85 years), diverse geographic settings
(differences in the dietary patterns or in the environ-
mental factors in Mediterranean or non-
Mediterranean regions), sample size, study designs
(cross-sectional, prospective, case-control, and
RCTs), and length of follow-up

(3) Several different methods have been used for evaluat-
ing eating habits (different questionnaires, food
diary, and 24-hour dietary recall)

(4) There is broad heterogeneity in the criteria used for
the evaluation of cognitive performance and diagno-
sis of AD (single neuropsychological tests or neuro-
psychological batteries)

(5) None of the studies take into account the possible
modifications in an individual’s eating habits over
the course of one’s life as related to psychological
(e.g., depression), physiological (e.g., difficulty in
chewing and modification of appetite), or socioeco-
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nomic changes (e.g., social isolation, financial diffi-
culties, and lack of family support)

(6) There is broad heterogeneity in the study outcomes
(AD incidence or prevalence, worsening of the over-
all cognitive performance or even of some specific
cognitive domains)

Currently available drugs (cholinesterase inhibitors and
memantine) are able to partially control the symptoms but
do not slow down the progression of AD. Therefore, there
is an urgent need for new complementary therapeutic
approaches, and in this context, the modulation of dietary
habits and well-conducted nutritional interventions could
be a useful and inexpensive tool.
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Oxidative stress is a consequence of the use of oxygen in aerobic respiration by living organisms and is denoted as a persistent
condition of an imbalance between the generation of reactive oxygen species (ROS) and the ability of the endogenous
antioxidant system (AOS) to detoxify them. The oxidative stress theory has been confirmed in many animal studies, which
demonstrated that the maintenance of cellular homeostasis and biomolecular stability and integrity is crucial for cellular
longevity and successful aging. Mitochondrial dysfunction, impaired protein homeostasis (proteostasis) network, alteration in
the activities of transcription factors such as Nrf2 and NF-xB, and disturbances in the protein quality control machinery that
includes molecular chaperones, ubiquitin-proteasome system (UPS), and autophagy/lysosome pathway have been observed
during aging and age-related chronic diseases. The accumulation of ROS under oxidative stress conditions results in the
induction of lipid peroxidation and glycoxidation reactions, which leads to the elevated endogenous production of reactive
aldehydes and their derivatives such as glyoxal, methylglyoxal (MG), malonic dialdehyde (MDA), and 4-hydroxy-2-nonenal
(HNE) giving rise to advanced lipoxidation and glycation end products (ALEs and AGEs, respectively). Both ALEs and AGEs
play key roles in cellular response to oxidative stress stimuli through the regulation of a variety of cell signaling pathways.
However, elevated ALE and AGE production leads to protein cross-linking and aggregation resulting in an alteration in cell
signaling and functioning which causes cell damage and death. This is implicated in aging and various age-related chronic
pathologies such as inflammation, neurodegenerative diseases, atherosclerosis, and vascular complications of diabetes mellitus.
In the present review, we discuss experimental data evidencing the impairment in cellular functions caused by AGE/ALE
accumulation under oxidative stress conditions. We focused on the implications of ALEs/AGEs in aging and age-related diseases
to demonstrate that the identification of cellular dysfunctions involved in disease initiation and progression can serve as a basis
for the discovery of relevant therapeutic agents.

1. Introduction

Living cells produce various kinds of reactive oxygen species
(ROS) such as superoxide anion radical (O,""), hydrogen
peroxide (H,0,), and hydroxyl radical (HO®) [1, 2]. The
major endogenous sources of ROS include mitochondrial

electron-transportation chain (ETC) complexes I and III
and the NADPH oxidases of NOX family enzymes [3-5].
Additionally, ROS may be produced by xanthine oxidase,
cyclooxygenases (COXs, prostaglandin G/H synthases),
lipoxygenases, and the cytochrome P450- (CYP-) contain-
ing monooxygenase system [6-9]. ROS generation may be
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induced by exogenous factors such as UV light, X-ray, and
y-ray irradiations, air pollutants, tobacco smoke, heavy
metals, and certain drugs [10, 11].

Under physiological conditions, living cells maintain low
intracellular concentrations of ROS due to the activity of the
endogenous antioxidant system (AOS) composed of both
enzymatic and nonenzymatic components capable of ROS
scavenging and, thereby, protecting cells from the deleterious
effects of high ROS concentrations (reviewed in [12-14]).
The enzymatic components include superoxide dismutases
(SODs), catalase, peroxiredoxins (Prxs), glutathione peroxi-
dases (GPx), and glutathione reductase (GR), while nonenzy-
matic components include ascorbic acid, alpha-tocopherol,
retinol, and various molecules with thiol groups such as glu-
tathione, lipoic acid, small protein thioredoxin, as well as
transition-metal ions such as Fe, Cu, Zn, and Mn [15-20].

At low concentrations, ROS exert regulatory effects on
cellular functions including proliferation, differentiation,
migration, and survival [21, 22]. This is provided by their
involvement in reversible posttranslational modifications
of key redox-sensitive amino acid residues in enzymes,
intracellular effectors of signal transduction pathways
(protein kinases and protein phosphatases), transcription
factors, cytoskeletal proteins, and molecular chaperones
[23-26]. Through this, oxidative protein modifications may
be caused either directly by ROS themselves or indirectly by
secondary products of ROS-induced oxidation reactions
occurring on both protein backbone and amino acid side
chains [27, 28].

However, insufficient AOS activity causes the accumula-
tion of ROS, which leads to oxidative stress that is denoted
as a persistent condition of an imbalance between ROS
generation and the ability of a biological system to detoxify
them leading to disruption in redox signaling/control and/or
molecular damage [29]. Oxidative stress induces lipid perox-
idation and glycoxidation reactions, which lead to the forma-
tion of highly reactive and electrophilic compounds that
attack free amino groups in proteins causing their covalent
modifications and resulting in the generation of advanced
lipoxidation end products (ALEs) and advanced glycation
end products (AGEs) [30].

ALE and AGE formation causes an impairment in the
protein structure due to covalent cross-linking resulting in
protein oligomerization and aggregation. This leads to alter-
ations in cellular functions, cell damage, and death. For
example, the impairment in mitochondrial, endoplasmic
reticulum (ER), and extracellular matrix (ECM) proteins
and those involved in cell cycle and control of gene expres-
sion has been observed in various studies [31, 32]. Oxidative
stress and oxidative stress-induced ALE and AGE formation
have been implicated in aging and in a variety of age-related
chronic diseases [33-37].

The present review focuses on recent advancements in
investigating the consequences of oxidative stress-induced
ALE/AGE accumulation for cellular functions and the impli-
cation of ALE/AGE formation in aging and age-related
human diseases such as chronic/acute inflammation, neuro-
degenerative disorders, atherosclerosis, and vascular compli-
cations of diabetes mellitus (DM).
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2. Implication of ALEs and AGEs in Aging

2.1. Oxidative Stress and Aging. Aging is a progressive time-
dependent functional decline in an organism’s physiological
integrity and adaptability followed by a consequent irrevers-
ible decrease in its fertility and an increase in morbidity and
mortality risk [38]. In 1959, Denham Harman postulated a
free radical theory of aging that points to ROS accumulation
as the underlying reason for biomolecular oxidation and
cellular damage and as the explanation for the alterations in
cellular functions during aging [39]. Since that time, the
oxidative stress theory of aging has gained considerable
acceptance, despite numerous other proposed theories on
biological aging and senescence [40].

The reduction of oxidative stress by ROS scavengers
followed by the delay of the age-associated decline in physio-
logical processes and marked prolongation in the mean life-
span can be considered as a confirmation of the oxidative
stress theory of aging [41]. This theory has also been
approved in many animal models including S. cerevisiae,
transgenic mice, and long-lived species such as C. elegans,
birds, and naked mole-rat [42-44]. Among them, the naked
mole-rat (NMR, Heterocephalus glaber) is the longest-living
rodent known with a maximum lifespan of more than 28.3
years, which is 9 times longer than that of similar-sized labo-
ratory mice. Body composition, physiological functions
including reproductive function, and tissue morphology of
NMRs can be maintained from 2 to 24 years almost with
no changes and showing negligible senescence and no
spontaneous neoplasm [45].

Perez et al. [46] showed that the amount and activities of
both ROS and the antioxidant system in NMRs are similar to
those of shorter-living mice; however, NMRs exhibited
higher levels of oxidative biomolecular damage (DNA
damage, lipid peroxidation, and protein carbonyl formation)
even at an early age. However, NMRs demonstrated a higher
amount of free thiol groups and lower levels of urea-induced
protein unfolding and protein ubiquitination as well as
higher proteasome activity as compared to young C57BL/6
mice [46]. Interestingly, no one of these parameters was sig-
nificantly altered during the two decades of the NMRs’ life-
span. These data indicate that the existence of molecular
mechanisms underlying the maintenance of cellular homeo-
stasis and biomolecular stability and integrity are crucial for
cellular longevity and successful aging.

Indeed, alterations in the structure, functions, and oxida-
tion state of muscle proteins have been observed in aged
F344BN mice [47]. The content of regulatory proteins was
reduced by up to 75%, while the catalytic activity of enzymes
decreased by up to 50% in mice with aging. Additionally,
Duchenne muscular atrophy and loss of nerve supply along
with increased expression of immunoproteasome subunits
have been observed in aged animals [48]. The increased
lifespan of Tq mice has been reported to associate with the
stimulation of mitogen-activated protein kinase- (MAPK-)
mediated redox signaling, the increased expression of
stress-protective heat shock protein 25 (HSP25), and the
activation of antioxidant enzymes, catalase, and SODs,
suggesting that the oxidative stress-induced stimulation of
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endogenous defense mechanisms plays key roles in providing
health and longevity [49].

Proteostasis is an overall cellular protein homeostasis
provided by integrated protein control quality pathways
including biosynthesis, folding, trafficking, and elimination/-
degradation of damaged proteins [50, 51]. Maintaining
proteostasis is an important component of successful aging
because, in most metazoans, aging has been shown to be
accompanied by a decline in the activities of the protein
quality control machinery that includes molecular chaper-
ones, ubiquitin-proteasome system (UPS), and autophagy/-
lysosome activity, which results in the accumulation of
damaged and self-aggregating proteins [52]. During aging,
oxidative protein damage and covalent cross-linking followed
by the accumulation of the so-called “aggresomes” that are
toxic for cells have been shown [53, 54]. Long-lived species
have been observed to possess improved proteostasis in com-
parison with short-lived species as assessed by elevated HSP
levels, enhanced macroautophagy, and the UPS activity [55].
Additionally, the reestablishment of proteostasis due to lyso-
some activation followed by a metabolic shift that mobilizes
the degradation of protein aggregates has been observed in
immortal C. elegans germ lineages [43].

One of the most studied features of aging is the manifes-
tation of mitochondrial dysfunction [56, 57]. Mitochondria
are considered as both a major site of ROS generation and
the main target for ROS attack. The age-related increase in
mitochondrial ROS production by complex I, oxidative
stress-induced mutations in mitochondrial DNA (mtDNA),
and accumulation of mtDNA fragments inside the nucleus
have been observed in mouse liver [58]. These changes were
accompanied by oxidative damage and lipoxidation of
mitochondrial proteins including enzymatic components
of ETC and accumulation of lipofuscin produced by
covalently cross-linked and aggregated proteins; all these
alterations were abolished by rapamycin treatment. Addi-
tionally, a lesser amount mitochondrial ROS production
and higher cardiolipin content in erythrocytes of long-
lived species as compared to short-lived ones have been
reported [44]. Thus, age-dependent accumulation of oxi-
dized proteins may be caused by both an increase in mito-
chondrial ROS production and a decline in the proteolytic
capacity of either the ubiquitin/proteasomal or lysosomal
pathway [59].

The Nrf2 transcription factor serves as a master regulator
of cell response to oxidative stress, the Nrf2 dysfunction
being observed in various cell types during aging. The over-
expression of Nrf2 target genes, NADPH quinone oxidore-
ductase 1 (NQOI), glutamate cysteine ligase (GCLM), and
heme oxygenase 1 (HO1) have been shown in aged mouse
retinal pigment epithelium (RPE) cells as compared to youn-
ger mice under oxidative stress conditions [60]. Old mice also
exhibited higher O,"” and MDA levels than younger mice.
The same genes were overexpressed under Nrf2 induction
conditions in the bronchial epithelium cells of old humans
as compared to young adult persons [61]. A disruption in
Nrf2 signaling causes reduced cell migration and an impaired
ability of the coronary artery endothelial cells to form
capillary-like structures [62].

The antioxidant system, including the glutathione
(GSH/GSSG) system and SODs, has been shown to be
involved in successful aging through the maintenance of
intracellular redox balance. Indeed, the altered ratio between
reduced, GSH, and oxidized, GSSG, forms of glutathione in
aging has been demonstrated by measurements of GSH con-
centration in red blood cells and levels of plasma oxidative
stress biomarkers such as F2-isoprostanes in younger and
elderly persons [63]. The elderly persons had markedly lower
concentrations of glycine, cysteine, and GSH along with
decreased GSH biosynthesis in erythrocytes as compared to
those in younger persons. However, glycine and cysteine
supplementation led to an increase in GSH concentration
and rate of its biosynthesis along with a significant decrease
in levels of oxidative stress biomarkers in the blood plasma.

A reduced ROS level due to the activation of another
AOS component, Mn-superoxide dismutase (SOD2),
through its deacetylation at the evolutionarily conserved
Lys122 residue by the conserved family of NAD"-dependent
deacetylases, sirtuins, have been reported as a factor involved
in lifespan control [64, 65]. Mammalian sirtuins 1 and 3,
SIRT1 and SIRT3, have been shown to regulate the activity
of SOD2 to protect muscle cells from oxidative stress [66].
They can promote mitochondrial biogenesis by activating
PGC-1a that is a transcriptional coactivator upregulating
antioxidant enzymes such as GPx, catalase, and SOD2 [67].

2.2. ALEs and AGEs in Aging. Oxidative stress induces
endogenous formation and accumulation of both ALEs and
AGEs, which can be produced from the same precursors
such as glyoxal and methylglyoxal and through the same
intermediates such as N-(carboxymethyl)-lysine (CML) and
N-(carboxymethyl)-cysteine (CMC). ALEs are generated
due to lipid peroxidation reactions, while AGEs result from
glycoxidation reactions; both of the pathways give rise to an
extraordinarily complex mixture of interrelated compounds
[30]. These compounds include highly reactive electrophilic
aldehydes and their derivatives such as 4-hydroxy-2-nonenal
(HNE), 4-ox0-2-nonenal (ONE), 4-hydroxy-hexanal (HHE),
acrolein (ACR), and malonic dialdehyde (MDA) [68, 69].
They interact with free amino groups in protein to cause
their covalent modification, cross-linking, oligomerization,
and aggregation. These processes cause intracellular dam-
age, impaired cell functions, and, ultimately, cell death to
be implicated in aging and various age-related chronic
diseases [70, 71].

2.2.1. Roles of ALEs in Aging. Changes in the amount of lipid
peroxidation products and activities of COX-2 and CYP2JA
in human brain have been reported to occur in an age-
dependent manner [72]. A significant increase in lipid
peroxidation and oxidative protein modification levels
accompanied by the loss of thiol groups, accumulation of
dityrosine, and ALE formation has been observed in mito-
chondria and synaptosomes during brain aging in rats [73].
Interestingly, the higher membrane resistance to lipid perox-
idation and the lower molecular damage caused by protein
lipoxidation have been shown to associate with significantly
reduced desaturase activity and peroxisomal betaoxidation



in the brain and spleen of exceptionally old (128 + 4 weeks)
and adult (28 + 4 weeks) female mice as compared to old
(76 + 4 weeks) animals [74].

Aldehydes generated from polyunsaturated fatty acid
(PUFA) peroxidation such as HNE, MDA, and ACR have
been shown to form protein adducts that accumulate in the
intima, media, and adventitia layers of the human aorta lead-
ing to progressive cellular dysfunction and contributing to
the process of aging [75]. HNE, the most reactive and abun-
dant endogenously generated «,B-unsaturated hydroxyl-
aldehyde, has been shown to contribute to inhibiting elastin
repair by antagonizing elastogenic signaling of transforming
growth factor- (TGF-f3) through the inhibition of Smad2
translocation into the nucleus of human and murine skin
fibroblasts [76].

Additionally, the accumulation of HNE-modified
adducts, the decrease in elastin content, and the modification
of the epidermal growth factor (EGF) receptor by NHE have
been observed in the aorta of aged C57BL/6 mice. The con-
tent of elastin in connective tissue decreased, and the struc-
ture of elastin fibers was significantly altered with aging;
however, the oxidative protein modification level was very
poor indicating a complex role of ALEs in vascular wall
remodeling during aging [76].

2.2.2. Ages and AGE-RAGE Axis in Aging. AGE manifesta-
tion, especially in connective tissue, which leads to age-
dependent damage and covalent cross-linking in ECM
adhesion proteins such as collagen, laminin, and elastin has
been shown to contribute to the loss of skin and vessel elas-
ticity and degeneration of cartilages, ligaments, and eye lens
[77, 78]. The accumulation of AGEs and the fluorescent age
pigment, lipofuscin, both of which are typically of brown
color, has been shown to associate with aging and age-
related chronic diseases contributed by age-dependent
inhibition of both proteasomal and lysosomal protein deg-
radation pathways [79, 80].

Various age-related diseases arise due to alterations in
cell signaling pathways that proceed with the involvement
of the receptors for AGEs (RAGEs) and the AGE-RAGE axis.
For example, the colocalization of CML and RAGE along
with the activation of nuclear factor-xB (NF-xB) has been
observed in patients with age-related macular degeneration
indicating the possible role of the AGE-RAGE axis and the
NEF-«B transcription factor in the pathogenesis of the disease
[81]. The accumulation of both AGEs and RAGEs in RPE
and photoreceptor cells has been accompanied by NF-«B
nuclear translocation and cell apoptosis [82]. These data
allowed suggesting that AGE accumulation induces RPE/-
photoreceptor cell activation during normal aging and
contributes to age-related pathologies in human retinas.

Additionally, diet-derived AGEs and lipofuscin have
been reported to disrupt the overall protein homeostasis
and to reduce the lifespan of D. melanogaster [83]. Oral
administration of glucose-, fructose-, and ribose-modified
albumin or artificial lipofuscin caused the accumulation of
AGEs in fly somatic tissues and hemolymph, and this was
accompanied by oxidative stress and the upregulation of
lysosomal cathepsin B activity. Interestingly, the decreased
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glucose level observed under caloric restriction with no mal-
nutrition conditions led to the inhibition of enzyme activities
and the decrease in concentrations of metabolites of the
polyol pathway, sorbitol and fructose. This contributed to
the beneficial effects of caloric restriction including the
increase in the NADPH level required for other reduction
reactions such as GSH and other forms of AOS component
regeneration, and counteracted age-related changes derived
from the activities of the polyol pathway [84].

Thus, experimental data evidence key roles of both
ALEs and AGEs in the process of aging, being considered
as biomarkers of oxidative stress and mitochondrial dysfunc-
tion and as factors of aging and age-associated chronic
pathologies [85].

3. Roles of ALEs and AGEs in Age-Related
Chronic Diseases

3.1. Neurodegenerative Diseases. Oxidative stress and oxida-
tive protein damage can accelerate the formation of toxic
protein oligomers and aggregates in the nucleus and cyto-
plasm of nerve cells, which contributes to the pathogenesis
of neurodegenerative diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
and amyotrophic lateral sclerosis (ALS) [86-88]. Despite
their distinct causative factors and clinical symptoms, these
diseases have common pathogenetic features such as mito-
chondrial dysfunction and ER stress implicated in excessive
ROS accumulation, impairment in proteostasis network,
and neuroinflammation [89].

Normal aging and neurodegeneration can be distin-
guished by the measurement of AGE concentration in the
brain tissue and cerebrospinal fluid. AGE/RAGE manifesta-
tion indicates neuropathological and biochemical alterations
such as excessive protein cross-linking, inflammation, and
neuronal cell death. For example, the accelerated accumulation
of AGEs in pathological deposits such as amyloid fibrils and
senile plaques has been observed in AD (Figure 1(a)), the most
common age-related dementing disorder [90]. The measure-
ment of various AGEs and ALEs in the brain cortex of AD
patients demonstrated a significant, although heterogeneous
increase in the concentrations of CML, N(epsilon)-malon-
dialdehyde-lysine, N(epsilon)-carboxyethyl-lysine, and other
protein oxidation adducts [91]. Methylglyoxal has been sug-
gested to be one of the major carbonyl species responsible
for AGE formation in AD [92].

AGEs can stimulate the expression of inducible nitric
oxide synthase (iNOS), and colocalization of AGEs and iNOS
has been demonstrated in astrocytes and microglia of AD
patients (Figure 1(a)) as revealed by immunochemical
analysis [93]. Additionally, an increase in traumatic brain
injury-induced nitric oxide generation catalyzed by iNOS
and persistent tyrosine nitration adjacent to the injury site
have been reported [94]. These effects were accompanied
by oxidative stress-induced cell death through apoptosis
induction and receptor-mediated serine/threonine protein
kinase-mediated necrosis.

Mitochondrial dysfunction and mutations in mtDNA
genes encoding ETC complex I subunits with the subsequent



Oxidative Medicine and Cellular Longevity

| Alzheimer’s disease |

SAPP«x
A

Neuron

-

«-Secretase |
ADAM1017 :
|
I

—— > Apoptosis

L _ Modulation of gene expressior
I Induction of apoptosis

Mitochondria

Fe65 |-+ APP processm]

Decreased |
——-» energy |

production? !
BACE

ﬁ-Secretase

intracellular A

Mitochondrial dysfunction ATP depletion
» Fall in mitochondrial
membrane potential =

Increased ROS

———» A aggregation

Oligo:

«-Synuclein

Aggr.
amyloid

Microglia,

\
|
NS
r—— —_': Neuronal injury
I

7
—==t=—-I -1~
Ap
(@)
Parkinson’s disease
Mitochndrial
dysfunct
Doparminr neuron e "\:
i (Striatum)  Dopaminergic (Substantia nigra ‘The ubiquitin pathway ATP depletion 0
Indirect pathway et ta) \
(Subthalamic.q— (Globus pars compacta El E2 \ M
nucleus) pallidus) uBAl]  [oes] - ——————— T e e e e —
AN Ublqumn proteasome syst:m
V- Direct pathway -» -~ g (UPS) disruption
nigra pars ? Endoplasrnic-reticulurn- 7~ N Parkin substrate

reficulata)

Elevation of A2A

ey
cAMP
I
I
I
I

v
Unbalanced activity
of the strial output
pathways

Motor 4 ——
impairment

———

receptor transmission

Y

Adenosine

Drop
dopaminergic
input

associatrd E2

Endoplasmic reticulum (ER)

Protein oxidation
Mitochondrial dysfunction
Apoptosis

DNA damage
Inflammation

Lipid peroxidation

-

filaments (PHFs)

Subytrate— —p

P Disrupts dopamine
ralease?

4 Interacts with
«-synuclein

-] +-———

Polyubiquitin chain

Synaptic vesicle

iy
e de— Diruptef synaptic . —
»O O Whcon ¢
Doparnine
VMAT] g
| ROS
- Py
Mitochondria |
1
[rEal= x|
[(PINK1] { Phosphorylatiory
@Complcxl |
Rotenone ! d‘]ﬁc‘e"cy Mitochondrial dysfi I
itochondnjal dysfunction
rop in the
doparninegic transport chain Increaskd ROS|
input |ATP depletion =

Fall in mitochondrial
membran potential

(b)

Ficure 1: Continued.

*|CASP13

N accumulation
Polyubiquitination a-5p22 4 —[SNCA] —}Pro!oﬁbnls— —p i
- B | 4
Ciguinmediid) LX) () By Lﬁ"::a..—JT' T
roteolysis

— ¥ (Tau-P)n- — 4 Paired helical — — Neurofibrillary _
tangles (NFTs)

Cell death

—— P Peptides

— — b P Lewy body

(e 5yuuclem aggregahon)l

’Ccl] death



6 Oxidative Medicine and Cellular Longevity

| Amyotrophic lateral sclerosis (ALS) | Activation
[Caspo |—b{casps | —————~

P53 signaling CytC
Moto neuron e

|
|
A I
I I
//—————PDNA damge ps3 f———————————— _: _____________________ N
/ Reduced | Increased [
Astrocyte ’ ) \ o |
expression | expression !
CaN I )l
> ; Bel-2 HBe1-XL Bax bl
T __NO(;______'___7_ \I Activation / : :
P I [caspi}—F—> Bid —» [ ><-——-—mmmm—— / Pl
_— RO !
A ! _ Disturbance of  _ _ _ _ _ _ _ _ _ [
i : ‘mitochondrial respiration | :
|
! ! Mitochondrial P!
: : Mitochondrial > dysfunction : :
| | protein import | ) ATP depletion !
! A U VO » O, LowCa -buffering Fall in mitochondrial- — — - — — — — — po!
! [ " Ca capacity membrane potential Vool
| | I iatatatadedat windedadeie ntade \Galal ottt tosiulntut S E L 52 Increased ROS [
1 [ | ! [
) | [ 1 [
Presynaptic neuron | [ I Mitochondria | [
Syl b b B it ol
1l I [
[ | — [
P Proteasome ~ — — —— — — — P Ubiquitin proteosome — — — — _ _ _ ___ _ _ NIERSEE S
N | dsyfunction RO >
. H ; it
Increasein V... A}p b yeasppp—m = h
______ »> ein 1 _ —P|CASP12 ¥ Neuron deat]
o o 3o loweiee 1} Bt > e i 1 B < et (=== >
e T o*—-r7 1 misfolded proteins ~<al = y ———
Elevated glutamate oA Jl _____________________ ’Oh |
levels : | :
| : Fndoplasmlc reticulum (ER) MAPK signaling |
[ASKI F—p— B[ p38 }————————————— 1 ———
. [MKKs | |
I
| |
| : Activation of toxic |
Microglial cell | | cellular enzymes :
A NO ONOO® I
—————» INF-a|—{ INF | 0—; O |
I Arginine \ Neurofilament |
: e (R0S) +p\  damage :
7 - ~
S N SRR N I S > PN .
NO yO—V O—P NEEM | — — P> Aggregates— mp1|lemen O ——
H,0, m ) axonal transport
-NEFH
-ALSZ -RabS — —  Abnormal Rab5-dependent
[Gpx1 | [ pRPH | endocytosis?
o™
H,0

2

FIGURE 1: Schematic KEGG map representations of signaling pathways involved in Alzheimer’s disease (a), Parkinson’s disease (b), and
amyotrophic lateral sclerosis (c). Oxidative stress-induced alterations in signaling pathways, which cause mitochondrial dysfunction,
endoplasmic reticulum (ER) stress, and dysregulation of the ubiquitin-proteasome system (UPS) and the autophagy/lysosomal protein
quality control machinery, followed by neuronal death, are also shown. Here, — indicates stimulating effects and — indicates inhibitory
effects. (a) AD is characterized by the formation of amyloid precursor protein-derived amyloid S-peptide (Af3), a major component of
senile plaques, which forms oligomers to induce pathways initiated by the following receptors: (i) LRP, an apoE receptor; (ii) amyloid
precursor protein (APP), an integral membrane protein, mutations of which cause susceptibility to familial AD; (iii) TNF-a receptor
(Fas/TNFR) to activate caspases; (iv) GNAQ (Gq)/G-protein-coupled receptor (GPCR) to stimulate phospholipid C (PLC) followed
by the activation of inositol-3-phosphate receptor (IP;R) and ER stress; (v) N-methyl-D-aspartate receptor (NMDAR) to cause
hyperphosphorylation of tau receptors, and (vi) voltage-gated (dependent) calcium channels (VDCC) followed by neuronal damage
through mitochondrial dysfunction and disruption of calcium release from ER. Presenilin 1 and 2 (PSEN1 and PSEN2) proteins
belong to y-secretases that generate AfB. (b) PD results from the death of dopaminergic neurons in the substantia nigra pars
compacta (SNs). Normally, dopamine active transporter (DAT) pumps dopamine out of the synaptic clefts into the cytoplasm. The
early onset of PD is associated with mutations in synuclein-alpha (SNCA), ubiquitin carboxy-terminal hydrolase L1 (UCHLI),
PTEN-induced kinase 1 (PINK1), leucine-rich repeat kinase 2 (LRRK2), mitochondrial serine protease 2 (HTRA2), parkin, and
parkin-associated protein DJ1 involved in oxidative stress. (c) ALS is a lethal disorder characterized by the death of motor neurons in the
brain and spinal cord. Mutations in SOD1 may interfere with the neurofilament heavy polypeptide (NEFH) and the translocation
machinery, the translocase of the inner/outer membrane (TIM/TOM) that is involved in familial ALS. Proapoptotic THFa« acts
through its receptor, TNFR, to induce inflammation and apoptotic cell death. The main glutamate transporter protein, excitatory
amino acid transporter (EAAT?2), is inhibited by ROS produced by mitochondria. Glutamate acts through its receptor (GluR) to increase
calcium release from ER and to enhance oxidative stress and mitochondrial damage. Permission 190019 for usage of the following KEGG
pathway images was kindly granted by Kanehisa Laboratories [141]: map05010—Alzheimer’s disease; map05012—Parkinson’s disease;
map05014—amyotrophic lateral sclerosis (ALS).

impairment in ATP production and elevated ROS generation  of neurodegeneration [95]. Damaged mitochondria accumu-
along with disruption in both UPS and autophagy-lysosome late tensin homolog deleted from chromosome 10- (PTEN-)
protein degradation pathways have been observed in all types  induced kinase 1 (PINK1) that recruits parkin, a protein of
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the ubiquitin E3 ligase complex, as shown in PD patients
(Figure 1(b)) [96, 97]. This causes the ubiquitination of mito-
chondrial proteins, which can further bind to the autophagic
proteins, p62/SQSTMI and lc3, resulting in the degradation
of mitochondria through the autophagy pathway, the process
denoted as mitophagy [98]. Significant increases in the
expression of p62/SQSTM1 both at the mRNA and protein
levels along with the activation of mitochondrial/lysosomal
biogenesis following PINKI1/parkin-mediated mitophagy
have been observed in familial AD [99].

Nrf2 and transcription factor EB (TFEB), which play key
roles in mitochondrial and lysosomal biogenesis, respec-
tively, have been demonstrated to translocate into the
nucleus following the mitophagy induction. Additionally,
the multifaceted protective potential of Nrf2 signaling in
patients with neurodegenerative diseases and in primary
mouse HD and WT microglia and astrocytes has been
reported [100, 101]. Oxidative stress-induced covalent mod-
ification of Cys151 in Kelch-like ECH-associated protein 1
(Keapl), the E3 ligase substrate adaptor protein and primary
negative regulator of Nrf2, has been shown in HD [100]. Nrf2
expression is orchestrated and amplified by the coexpression
of antioxidant and anti-inflammatory genes as shown, for
example, in the primary monocytes from HD patients, in
which the repressed expression of proinflammatory cyto-
kines such as IL-1, IL-6, IL-8, and tumor necrosis factor-a
(TNF-«) was observed (Figure 1(a)).

The oxidative modification of Cysl1ll in Cu/Zn SOD
(SOD1) has been implicated in the pathogenesis of various
diseases, while mutation in SOD1 (Figure 1(c)) has been
found in 20% of familial ALS [102]. Unlike native SOD1,
cysteinylated SOD1 is not oxidized, suggesting that the
cysteinylation protects this antioxidant enzyme from hydro-
gen peroxide-induced oxidation as shown in the culture of
nerve cells. The existence of the cross-talk between the
overexpression of SOD1 and regulation of mitochondrial
unfolded protein response (UPR) has been postulated [103].

In the nervous system, proteasomes play key roles in
maintaining the neuronal protein homeostasis, while an
alteration in their activity contributes to pathogenesis of
neurodegenerative diseases [104, 105]. The accumulation of
large-ordered fibrils formed by p-sheet-enriched proteins
denoted as amyloid fibrils in neuronal cells is characteristic
for all types of neurodegenerative diseases, being a result of
UPS dysfunction and, consequently, accumulation of polyu-
biquitinylated proteins in nervous tissue [106, 107]. A
decreased capacity for the removal of oxidized proteins and
the accumulation of damaged and misfolded proteins causes
metabolic dysfunction and initiates cell death through apo-
ptosis or necrosis. These disturbances lead to progressive
amyloid plaque formation, loss of neurons, brain atrophy,
cerebrovascular amyloid angiopathy, and vascular minerali-
zation in an age-dependent manner [108].

ER stress has also been implicated in many chronic
neurodegenerative diseases including AD and HD, while
prolonging ER stress results in cell death. An important role
in this process belongs to ER-localized stress-sensing and
stress-triggering proteins such as IREla, ATF6, and PERK
(Figure 1). During UPR, they activate the apoptotic signaling

pathway, while fortilin, a prosurvival molecule, inhibits
apoptosis by directly binding to IREla and reducing both
its kinase and RN Ase activities [109].

3.2. Atherosclerosis. The accumulation of both ALEs and
AGEs progressively leads to cellular dysfunction and tissue
damage involved in the progression of other oxidative
stress-induced chronic diseases such as atherosclerosis and
diabetes mellitus. Hyperglycemia can induce oxidative stress
and tissue damage through either repeated acute changes in
glucose metabolism or long-term biomolecular glycation
and AGE formation [110]. This can further trigger inflam-
mation and cell proliferation contributing to the develop-
ment of atherosclerosis and vascular dysfunction through
the initiation of oxidation of low-density lipoproteins (LDLs)
and their interaction with mononuclear cells, endothelial
cells, and smooth muscle cells [111-113]. Glycation of LDLs
increases their atherogenicity, while high-density lipopro-
teins (HDLs) have been reported to impede the glycation of
LDL apolipoprotein B (apoB) [114].

In an atherosclerotic lesion, macrophages express scaven-
ger receptors on the surface of their cell membrane to bind
oxidized LDLs from blood vessel walls and to develop into
foam cells. The oxidation of LDLs causes the formation of
HNE-apoB adducts that contribute to the atherogenicity of
LDLs and their binding capacity to scavenger receptors
[110]. Additionally, the transportation of oxidized lipids in
lipoprotein complexes has been suggested to play a role in
the pathogenesis of atherosclerosis, those transported by
LDL being associated with high risk, while those transported
by HDL being indicative for protection against disease
progression [115].

The LDL receptor has a high affinity to apoE which in
humans exists in three isoforms: apoE2, apoE3, and apoE4,
the latter being a major risk factor for cardiovascular diseases
and Alzheimer’s disease (Figure 1(a)). The redox status of
various serum apoE isoforms determined by oxidative mod-
ification in their redox-sensitive cysteine residues has been
shown to be different. The quantitative ratios of nonreduced
apoE to total serum apoE from patients with apoE4/E3 were
higher than those from apoE3/E3 subjects; this may be used
as the disease indicator [116].

3.3. Diabetes Mellitus. The key roles of oxidative stress in the
onset of diabetes mellitus and in the development of its com-
plications have been demonstrated in various animal models.
For example, under impaired redox balance conditions,
increased Nrf2 and nitrotyrosine levels along with decreased
SOD2, GPx, HOI, and endothelial nitric oxide synthase
(eNOS) levels have been demonstrated in diabetic skin in
mice [117]. Impairment in lipid and glucose metabolism,
oxidative phosphorylation, and phospho-5'-AMP-activated
protein kinase-a- (AMPKa-) mediated signaling along with
the downregulation of eNOS, HO1, and sarcoplasmic reticu-
lum calcium-ATPases 1 and 2 (SERCA 1 and SERCA 2) has
been observed in diabetic rat skeletal muscle [118].

Reactive aldehydes such as HNE, when excessively
produced under oxidative stress conditions, exhibit cytotoxic
effects and play key roles in the pathophysiology of diabetes



mellitus through the involvement in both development and
progression of the disease [119]. For example, increased pro-
tein carbonyl content was observed in patients with type 2
DM associated with neuropathy [120]. Increased levels
of oxidative stress biomarkers along with oxidized lipid
accumulation and serum albumin glycoxidation have been
reported in diabetic mice [121]. AGE-modified albumin
causes diabetes-induced liver damage and impairment in
the activities of proteolytic enzymes and ETC carriers. Both
experimental and clinical diabetes mellitus are characterized
by impaired wound healing and defect in vascular endothelial
growth factor (VEGF) expression. Lipid peroxidation reac-
tions have been shown to be involved in the pathogenesis
of altered VEGF regulation and angiogenesis to stimulate
wound healing in diabetic mice [122].

The high glucose concentration observed in diabetes
mellitus activates the polyol (sorbitol-aldose reductase) path-
way, which leads to intracellular sorbitol accumulation. The
inability of sorbitol to pass through the cell membrane in
insulin-independent tissues (the retina, kidney, and nervous
system) causes an increase in intracellular osmotic pressure
and, subsequently, cell damage. Under oxidative stress condi-
tions, all intermediates of the polyol pathway (sorbitol, fruc-
tose, and fructose-1-phosphate) can glycate proteins leading
to AGE formation, and this is implicated in microvascular
complications of diabetes mellitus [123]. Interestingly, an
increase in glucose and glycogen levels observed under
caloric restriction conditions has been found to cause the
significant decrease in the activities of the polyol pathway
enzymes, along with the activation of hexokinase, glucose-
6-phosphate-dehydrogenase (pentose phosphate pathway
enzyme), and glucose-6-phosphatase (glycogen degradation
enzyme) in both diabetic and nondiabetic rats [124]. There-
fore, caloric restriction contributes to the attenuation of
hyperglycemia observed in diabetes mellitus.

Also, glycoxidation of IgG by methylglyoxal generated by
hydrogen peroxide has been shown to create novel epitopes
and to alter IgG immunogenicity in patients with type 2
DM [125]. Through binding to their receptors, RAGEs,
AGEs can greatly accelerate the progression of the disease
and the development of its microvascular complications
such as diabetic nephropathy, retinopathy, and neuropathy
[126-128]. The AGE-RAGE axis has been implicated in cell
capillary loss, capillary basement membrane thickening,
increased vascular permeability, and disruption of the
blood-tissue barrier, along with increased leukocyte-to-
endothelial cell adhesion and neovascularization observed in
experimental animal models with DM [129].

Type 2 diabetes has been characterized by the formation
of glycated hemoglobin along with increased levels of serum
AGEs and full-length RAGE [130, 131]. Furthermore,
patients with vascular complications had a significantly
higher level of the soluble form of RAGE (sRAGE), decoy
AGE receptor, than those without complications, while
the level of sSRAGE was associated with the severity of
nephropathy [132]. Patients with type 1 diabetes have been
shown to demonstrate higher levels of SRAGE and endoge-
nous secretory RAGE (esRAGE) as compared to healthy
donors [133, 134].
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The blockade of RAGE using the sRAGE extracellular
ligand-binding domain has been demonstrated to cause
wound healing and the suppression of cytokines TNF-«
and IL-6 and matrix metalloproteinase-2, -3, and -9 expres-
sion in diabetic mice [135]. This was accompanied by
increased levels of platelet-derived growth factor (PDGF)
and VEGF along with the enhancement of well-vascularized
granulation tissue. Impaired angiogenic response in diabetic
mice was dependent on RAGE-mediated regulation, while
SRAGE restored diabetes-associated impairment of angio-
genic response in vivo [136].

The formation of AGEs has been reported to correlate
with glycemic control. For example, AGE-modified serum
albumin and apolipoprotein A-II levels are highest in
patients with type 2 DM with poor glycemic control; in total,
19 modification sites corresponding to 11 proteins have been
identified using a highly sensitive proteomic approach with
the application of reverse-phase HPLC and mass spectrome-
try [137]. Additionally, fibrinogen and insulin-like growth
factor- (IGF-) binding protein 1 are tightly connected to met-
abolic changes and vascular complications in patients with
diabetes mellitus. The complexes of these two proteins have
been shown to undergo glycoxidation, which reduces their
stability and is possibly implicated in the hypercoagulation
observed in type 2 DM [138].

All the abovementioned oxidative stress-induced meta-
bolic and structural alterations may underlie the so-called
“metabolic memory,” the phenomenon that consists in
the development of micro- and macrovascular complica-
tions of diabetes mellitus even after improved glucose
levels [139]. Early intensive glycemic control can decrease
the risk of diabetic vascular complications as shown in
diabetic rats, in which oxidative stress and nitric oxide
levels in urine and the renal cortex soon after the estab-
lishment of good glycemic control were not different from
those observed in healthy animals [140]. However, when
glycemic control was delayed to 6 months, diabetic nephrop-
athy developed in diabetic rats. Hyperglycemia induces oxi-
dative stress, which if prolonged, causes mitochondrial
dysfunction, polyol pathway activation, ALE production,
AGE-RAGE axis stimulation, and subsequent diabetic
vascular complications.

4. Conclusion

Accumulated data evidence that oxidative stress-induced
excessive generation of reactive aldehydes produced
through lipid peroxidation and glycoxidation reactions with
consequent protein cross-linking, oligomerization, and
aggregation and formation of protein oxidation adducts
are implicated in aging and various chronic age-related dis-
eases. In the present review, we focused on neurodegenera-
tive diseases and cardiovascular disorders, complications of
diabetes mellitus, and atherosclerosis, the incidence and
prevalence of which increase with age. These age-related
chronic diseases are becoming a major challenge for medi-
cine and public health worldwide, because the number of
subjects suffering from these increases, causing demo-
graphic changes all over the world. This dictates more
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investigations in the field to elucidate metabolic and struc-
tural changes that lead to alterations in cell signaling
events with the involvement of ALEs and AGEs in the
onset and progression of the age-associated diseases. The
discovery of novel oxidative stress biomarkers and drug
targets and new approaches in their clinical applications
along with reconsidering health care policies are of
crucial importance.
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Cardiovascular benefits for the general population of combined aerobic-resistance exercise training are well-known, but the impact of
this exercise training modality on the plasma lipid, inflammatory, and antioxidant status in elderly women that are exposed to a great
risk of developing ischemic cardio- and cerebrovascular diseases has not been well investigated. So, we aimed to evaluate the plasma
lipids, oxidative stress, and inflammatory cytokines in 27 elderly women (TRAINED group, 69.1 + 8.1yrs) that were performing
moderate intensity combined aerobic-resistance exercise training (3 times/week for at least 18 months) and in 27 sedentary
elderly women (SED group, 72.0 + 6.4 yrs), not submitted to exercise training for at least 5yrs. Our results showed that BMI
was lower in the TRAINED group than in the SED group (25.1+3.2 vs. 28.7 +5.1, p < 0.05). The TRAINED group had lower
glycemia (92 +3 vs. 118 £ 12, p < 0.05), glycated hemoglobin (5.9+ 0.1 vs. 6.4 £ 0.2, p < 0.05), and triglycerides (98 (75-122) vs.
139 (109-214), p <0.01); equal total cholesterol (199 (175-230) vs. 194 (165-220)), LDL-cholesterol (108 (83-133) vs. 109
(98-136)), and non-HDL-cholesterol (54 (30-74) vs. 62 (26-80)); and also higher HDL-cholesterol (64 (52-77) vs. 52 (44-63),
p<0.01) and LDL-C/oxLDL ratio (13378 +2570 vs. 11639 + 3113, p <0.05) compared to the SED group. Proinflammatory
cytokines as IL-1f3 (11.31 + 2.4 vs. 28.01 £ 4.7, p < 0.05), IL-6 (26.25 + 7.4 vs. 49.41 + 17.8, p < 0.05), and TNF-« (25.72 £ 2.8 vs.
51.73 +4.2, p < 0.05) were lower in the TRAINED group than in the SED group. The TRAINED group had lower total peroxides
(26.3+7.4vs.49.0 £ 17.8, p <0.05) and oxidized LDL (1551 + 50.33 vs. 1773 + 74, p < 0.02) and higher total antioxidant capacity
(26.25+7.4 vs. 49.41+17.8, p<0.001) compared to the SED group. In conclusion, in TRAINED women, BMI was lower,
plasma lipid profile was better, plasma oxidative stress was diminished, and there was less expression of proinflammatory
interleukins than in SED, suggesting that combined aerobic-resistance exercise training may promote the protection against
the complications of ischemic cardio- and cerebrovascular disease in elderly women.
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1. Introduction

The pace of population aging is being accelerated, and the
WHO estimated that between 2015 and 2050 the proportion
of the world population over 60 years will grow from 12% to
22% [1]. Thus, the widespread promotion of healthy aging is
mandatory, inclusively, to keep the pace with the spending of
the health systems.

During the aging process, it is common to observe
increases of adipose tissue in the viscera and organs such as
the liver and muscles [2]. Overweight and obesity are clearly
associated with alterations in the lipid profile and raise in the
markers of systemic inflammation, including C-reactive
protein (CRP) and proinflammatory cytokines, such as inter-
leukin- (IL-) 1 beta (IL-1p), IL-6, and tumor necrosis factor
alpha (TNF-«) [2, 3]. In the elderly, the increase in the
systemic markers of inflammation has been pointed as
risk factors for chronic diseases such as atherosclerosis,
cancer, sarcopenic syndromes, and diabetes mellitus, among
others [4].

Alterations in the plasma metabolism and concentration
of lipoproteins [5], redox imbalance, and dysregulation of the
inflammatory response [6] in the vessel are key factors in the
development, progression, and clinical manifestations of
atherosclerosis. In fact, lipid peroxidation begins with the
previous accumulation of lipid peroxides (LOOH). Redox
decomposition of LOOH molecules initiates chain reactions
promoted by alkyl, peroxyl, and alkoxyl radicals (L, LOO,
and LO, respectively) that further oxidize other lipid and
protein molecules through massive production of reactive
carbonyl species [7]. Moreover, bioactive “oxylipids” or alde-
hyde derivatives are involved in the activation of immune
responses and accumulation of neutrophil/macrophage in
atherosclerotic lesions culminating in an aggravated vascular
condition [8].

The beneficial effects in the elderly population of aerobic
and of resistance exercise training on the plasma lipid metab-
olism, oxidative, and inflammatory processes have been
documented in the literature [9]. Whereas the aerobic train-
ing preferentially improves cardiovascular fitness, resistance
training increases the muscle mass and both training modal-
ities promote loss of body fat mass [9, 10]. It is widely
accepted that the regular practice of exercise training, both
aerobic (endurance) and resistance (anaerobic/strength) sets,
is one of the most effective nonpharmacological interven-
tions that can partially reverse the effects of vascular dysfunc-
tion, thereby decreasing the risk of death and consequently
increase longevity [11-13]. Although it has been generally
agreed that combined aerobic-resistance exercise training
may equally attain both cardiovascular and muscle targets
[14], the effects of combined aerobic-resistance exercise
training on the lipid profile, oxidative stress, and inflamma-
tory markers of atherosclerosis have been scarcely explored
in aged subjects. These data are particularly important in
women because the female life expectancy is longer than
that of men. Those considerations lead us to investigate
the status of plasma lipids and oxidized LDL (oxLDL), redox
indexes, and inflammatory markers in elderly women
under a combined aerobic-resistance exercise training
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program as compared to sedentary women in the equivalent
age range.

2. Methods

2.1. Study Subjects. Fifty-four volunteer elderly women, aged
60-80 years, were selected for the study. A flow diagram is
shown in Figure 1. Twenty-seven were participating in a
combined aerobic-resistance exercise program (TRAINED
group) sponsored by the municipality of the city of Sdo
Paulo, and twenty-seven age-paired women were sedentary
(SED group) participants of a primary health care program
of the Department of Preventive Medicine of the Federal
University of Sdo Paulo Medical School. Both groups of
women were residents in the same neighborhood.

None of the subjects presented asthma, type-1 diabetes
mellitus; neoplastic, renal, or liver diseases; dementia;
thrombosis; or manifested cardiovascular disease. None was
under statin or other lipid-lowering drugs. The participants
responded to a Food Frequency Questionnaire in which the
consumption of antioxidants was assessed. The study was
in agreement with the Declaration of Helsinki and with the
Ethical Standards defined by Harriss and Atkinson [15] and
was approved by the Ethics Committee of the Federal Uni-
versity of Sdo Paulo (UNIFESP, protocol number 0788/10).
The volunteers signed an informed written consent form.

2.2. Combined Aerobic-Resistance Exercise Training Program.
The physical exercise protocol is a combination of aerobic
and resistance exercises performed in moderate intensity
(Table 1). The combined aerobic-resistance exercise training
followed the guidelines for exercise prescription recom-
mended by the American College of Sports Medicine [9, 16].

Volunteers from the TRAINED group performed their
prescribed exercises during 60-75 minutes per session, 3 times
a week, on nonconsecutive days, for at least 18 months. The
same experienced instructor supervised all the volunteers.

A description of combined physical exercise regime
performed by the TRAINED group is described in Table 1.

Volunteers of the SED group, although independent and
active, were not involved in any regular exercise program for
at least five years, and they were oriented to maintain their
normal routine during the study.

2.3. Sample Collection. Blood sampling occurred at 8:00 AM
after a 12h fast. The TRAINED group performed its last
exercise training session at least 24h beforehand. Serum/
plasma aliquots of 500 L were obtained after centrifugation
(10 min, 400xg) of blood samples and stored at -80°C.

2.4. Laboratorial Analysis. Plasma total cholesterol concen-
tration was measured by the CHOD-PAP method using
commercial kits (Kovalente, Sdo Gongalo, Brazil), and the
results were analyzed with an automated system (Dimen-
sion® RxL Max® Integrated Chemistry System, Siemens,
Deerfield, IL, USA). HDL-C and triglyceride concentrations
were determined using commercial kits and an automated
analysis system (ADVIA® 2400, Siemens, Deerfield, IL,
USA). LDL-C was estimated by the Friedewald formula
[17]. Plasma glucose concentration and glycated hemoglobin
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Volunteers that agree to participate in the study
(n=110)

Assessment of eligibility for study

Eligible and informed consent Not eligible (n = 56)
(n=54) > Based on exclusion criteria
Sedentary group TRAINED group
(n=27) (n=27)

FiGURre 1: Flow diagr

am of the study.

TaBLE 1: Description of combined physical exercise regime performed by the TRAINED group.

Exercise frequency: 60 to 70% of the maximal heart rate reserve (MHHR), calculated by the equation (208-0.7 x age) proposed
by Tanaka et al. [51]

Aerobics Exercise type: physical exercises in step platform, jump, coordination, and rhythmic movements (dance sometimes)

Impact: low impact
Monthly cardiac control: Polar, FT1, Finland

At least 5 different exercises for different muscle groups (upper and lower limb muscles, abdomen, gluteus, and muscles
related to core/postural stabilization, including dorsal and lumbar muscles)

Resistance Performed slowly in two series with 10-20 repetitions, between 50 and 60% of 1 RM (repetition maximum)

Different combinations of two muscle groups (described above) performed in four consecutive sessions

Borg scale to adjust the weight load monthly

percentage were measured by commercial kits and an auto-
mated analysis system (ADVIA® 2400, Siemens, Deerfield,
IL, USA).

Serum concentration of oxLDL was evaluated by ELISA,
using the Indirect Enzyme Immunoassay kit (USCN® Life
Science Inc., Wuhan, China), total antioxidant capacity
(TAC) by a colorimetric commercial kit (Cayman Chemical
Corporation, Ann Arbor, MI, USA), total lipid peroxide con-
tent (LOOH) using the QuantiChrom™ Peroxide Assay Kit, a
colorimetric commercial kit (BioAssay Systems, Hayward,
CA, USA), and proinflammatory cytokines (IL-1f, IL-6,
and TNF-«) using Millipore® Multiplex Assays Using
Luminex® (EMD Millipore Corporation, Billerica, MA,
USA). All analyses were performed in accordance with the
manufacturer’s instructions.

2.5. Statistical Analysis. All data were previously analyzed by
the Shapiro-Wilk test used to evaluate the normal distribu-
tion and after by the Levene test used to evaluate the variance
homogeneity. Student’s t-test was used to analyze the differ-
ences in age, height, weight, and body mass index (BMI). The
Mann-Whitney test was used to determine the differences in
plasma lipids and glucose, glycated hemoglobin, oxLDL, total
peroxides, TAC, proinflammatory cytokines (IL-1p, IL-6,
and TNF-«), and the relation between plasma concentrations
of LDL-C and oxLDL ((LDL — C/oxLDL) x 100). Spearman’s
rank correlation coeflicient was employed to identify any

correlation between oxLDL and BMI or LDL-C or TAC or
total peroxides. The significance level was set to 5%
(p<0.05).

3. Results

Physical and clinical characteristics of the volunteers are
presented in Table 2. No differences were observed between
the two groups regarding the antioxidant or vitamin intake
of the participant subjects.

As shown in Table 2, the TRAINED group had lower
BMI than the SED group (p =0.002). Table 3 shows that
both plasma glucose (p=0.02) and glycated hemoglobin
(p=0.04) were lower in the TRAINED group than in
the SED group. LDL-C and non-HDL-C were similar
but HDL-C was higher (p=0.001) and triglycerides were
lower (p=0.008) in the TRAINED group compared to
the SED group.

As shown in Figure 2, the TAC serum concentration was
higher (p <0.001), whereas LOOH (p <0.001) and oxLDL
(p=0.02) were lower in the TRAINED group than in the
SED group. In addition, as shown in Table 3, the relationship
between LDL-C and oxLDL ((LDL — C/0oxLDL) x 100) was
higher in the TRAINED group than in the SED group
(p=0.04).

Figure 3 shows that the serum concentration of proin-
flammatory cytokines IL-13 (p=0.001), IL-6 (p=0.02),



TaBLE 2: Physical (means + SD) and clinical characteristics of the
TRAINED and SED groups. Significance level of *p < 0.05.

Volunteers (n = 54)

Characteristics SED TRAINED
(n=27)  (n=27) PVaue
Physical
Age (year) 72.0+6.4 69.1 +£8.1 0.257
Height (m) 1.55+0.05 1.54+0.07 0.543
Weight (kg) 71.2+13.3" 59.8+9.3  0.005
Body mass index (kg/m?) 28.7+5.1%  25.1+3.2  0.002
Clinical (n)”
Type 2 diabetes mellitus 6 4 >0.05
Dyslipidemia 13 12 >0.05
Obesity 4 3 >0.05
Arterial hypertension 15 15 >0.05
Depression 2 1 >0.05
Lifestyle
Physical exercise training
<2 times/week 0 0 >0.05
>2 times/week 0* 27 0.0001
Current alcohol use 0 0
Smoking
Current smoker 1 1 >0.05

"1 =number of individuals.

TaBLE 3: Values of the lipid profile and glucose are expressed as the
median and interquartile range (mg/dL); glycated hemoglobin
(HbAlc) is expressed in percentage (%) and oxLDL is expressed
in means+SD (pg/mL) in the TRAINED and SED groups.
Significance level of *p < 0.05.

Volunteers (n = 54)

Variables SED (n=27) TaA:H;I%D p value
Glucose (mg/dL) 117.8 £11.6" 91.9+2.5 0.02
HbAlc (%) 6.4+0.2" 59+0.1 0.04
Cholesterol (mg/dL)
Total 194 (165-220) 199 (175-230)  0.709
LDL 108 (83-133) 109 (98-136)  0.721
Non-HDL 62 (26-80) 54 (30-74) 0.467
HDL 52 (44-63)* 64 (52-77)  0.001
Triglycerides (mg/dL) 139 (109-214)* 98 (75-122) 0.008

1773 + 384.8"
11639 +3113*

1551 £261.5 0.02
13378 2570 0.04

oxLDL (pg/mL)
LDL/oxLDL ratio

and TNF-a (p =0.01) was higher in the SED group than in
the TRAINED group.

Spearman’s coefficient analysis (Figure 4) showed a
positive correlation between BMI and oxLDL concentra-
tion in the SED group (Figure 4(a)), which was not
observed in the TRAINED group (Figure 4(e)). LDL-C
and oxLDL were linearly correlated in the TRAINED
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group. However, this correlation was not significant in the
SED group (Figure 4(f)). Moreover, LOOH values were
correlated with those of oxLDL in the TRAINED group
(Figure 4(g)). No other significant correlations were found.

4. Discussion

In this transversal study enrolling elderly women, it was
shown that the regular practice of combined aerobic-
resistance exercise leads to a clear-cut improvement of
markers of lipid and inflammatory status and of the oxidative
stress that are related to the prevention of the manifestations
of atherosclerosis.

LDL-C was not lower in the TRAINED group than in the
SED group, which is in accordance with studies showing that
several modalities of exercise training do not alter LDL-C
plasma levels [10, 18]. However, regardless of the lack of
effect on LDL-C levels, exercise training can improve the
LDL metabolism by increasing the LDL removal from the
plasma and the lipoprotein turnover, as shown in the study
by Vinagre et al. [19]. In that study, the plasma kinetics of
LDL-like particles measured in cycling practitioners was
shown to increase severalfold in comparison with sedentary
subjects, possibly due to an exercise-training induction of
LDL receptor overexpression. In addition, the shorter resi-
dence time of LDL in the bloodstream can conceivably
decrease the exposure of the lipoprotein to oxidation, and
in fact, those authors found a correlation between the LDL-
like particle clearance and the plasma levels of oxLDL [19].
Resistance exercise training program administered to healthy
sedentary men had also the ability to increase LDL clearance
with lowering of the oxLDL levels [20]. Sedentary hypercho-
lesterolemic subjects had the LDL clearance increased after
an aerobic exercise training program, with a concomitant
decrease of the LDL susceptibility to oxidation [21]. In the
current study, the lower oxLDL levels achieved by combined
aerobic-resistance exercise training can presumptively be
ascribed to increased LDL clearance, in view of the above-
mentioned previous studies.

Besides the decrease in the plasma levels of oxLDL, an
established risk factor for ischemic cardio- and cerebrovascu-
lar diseases [22-26], we also documented a decrease in the
plasma LOOH levels in the TRAINED group. Higher LOOH
plasma levels are also a risk factor for ischemic cardio- and
cerebrovascular diseases [27-30]. According to Wonisch
et al. [31], the oxidative stress increases with increasing
BMI and age and, as a consequence, occurs an increase of
peroxide molecules that can lead to an unbalanced lipid
profile. So, the BMI values found in the TRAINED group
and also the negative correlation found in our study between
LOOH and the oxLDL levels reinforce the consistence of the
favorable effects of the combined aerobic-resistance exercise
training on the redox indexes. Moreover, we also found that
in the TRAINED group, TAC levels were higher than in the
SED group, which could buffer oxidative stress, thereby
preventing the LDL oxidation [32]. Previous studies have
also shown beneficial actions of exercise training protocols,
including combined aerobic-resistance exercise training on
the antioxidant defenses [33-35]. Taken together, these
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FIGURE 2: Serum concentrations of oxidized LDL (oxLDL, pg/mL (a)), lipid peroxide (LOOH, uM (b)), and plasma total antioxidant capacity
(TAC, mmol/L (c)) in the SED and TRAINED groups were statistically analyzed using the Mann-Whitney test. These data were presented as

the median (interquartile range) with a significance level of *p < 0.05.

results support the assumption that combined aerobic-
resistance exercise training can be a valid tool to improve
the body antioxidation mechanisms and thereby athero-
sclerosis prevention.

Here, the TRAINED group exhibited higher levels of
HDL-C as compared to the SED group. Exercise training
is a classical factor to promote an increase in HDL-C
[9, 10, 36-38], and some studies had already reported that
combined aerobic-resistance exercise training also has the
capability of HDL-C increase [10, 18]. It is noteworthy that
the effects on HDL-C are largely related to exercise training
intensity [9, 10]. HDL-C levels are inversely correlated with
the risk of ischemic cardio- and cerebrovascular diseases
[39, 40]. However, this lipoprotein has several functions that
are protective against atherosclerosis and other diseases that
are not necessarily dependent of the HDL-C levels. Among
these functions, HDL is the main lipoprotein to exert
cholesterol esterification and reverse cholesterol transport
and has also many other protective functions such as
antioxidant, promoter of vasodilation, antiapoptotic, and
anti-inflammatory [40]. Previously, we have shown that
combined aerobic-resistance exercise training performed
in aged women increased the transfer of cholesterol to

HDL [41]. This effect is presumably beneficial, since
patients with cardiovascular disease exhibit low choles-
terol transfer values compared to controls without the
disease [42, 43].

As judged from the comparison of the TRAINED and
SED groups, the practice of combined aerobic-resistance
exercise training also had anti-inflammatory actions, since
the TRAINED group presented lower serum levels of proin-
flammatory cytokines than the SED group. Similar to our
results, some authors have reported that combined aerobic-
resistance exercise training improves the inflammatory status
[44-46]. It is reasonable to hypothesize that these anti-
inflammatory effects may be associated with the antioxidant
effects of exercise training observed here, since the relation-
ship between chronic inflammatory processes and oxidative
stress, especially in aging, is well-known [47, 48].

It is also widely accepted that exercise training is a chief
factor to attain the control of glycemic levels, which was also
documented here and in other studies [9, 49, 50].

As a limitation of this study, it should be mentioned that
a longitudinal interventional study would be rigorously more
appropriate to establish the biohumoral changes elicited by
exercise training. However, in this cross-sectional protocol,
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FIGURE 4: Spearman’s rank correlation coefficient analysis was used to identify the correlation between oxidized LDL (oxLDL, pg/mL) and
BMI (kg/m2 (a, )) or LDL-C (mg/dL (b, f)) or lipid peroxide (LOOH, uM (c, g)) or total antioxidant capacity (TAC, mmol/L (d, h)) in the
SED group (a-d) and the TRAINED group (e-h). Significance level of *p < 0.05.

the results of long-standing (over 18 months) regular practice

of training, as compared to nonpractitioners of the same

community, offer a fair evaluation of individuals in their

real-life conditions.

5. Conclusion

The results of the current cross-sectional study suggest that

elderly women may benefit from the regular practice of
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combined aerobic-resistance exercise training in many meta-
bolic aspects that are related to protection against the compli-
cations of ischemic cardio- and cerebrovascular disease.
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Flavonoids are naturally active substances that form a large class of phenolic compounds abundant in certain foods. Black rice
(Oryza sativa L.) contains high levels of anthocyanin polyphenols, which have beneficial effects on health owing to their
antioxidant properties. The breakdown of collagenous networks with aging or skin deterioration results in the impairment of
wound healing in the skin. Accordingly, reviving stagnant collagen synthesis can help maintain dermal homeostasis during
wound healing. This study presents an assessment of the cellular activity of anthocyanins (ANT) extracted from Oryza sativa L.,
providing information necessary for the development of new products that support natural healing processes. The relative
composition of ANT from Oryza sativa L. was determined by high-performance liquid chromatography/diode array detection.
ANT promoted the migration of rat dermal fibroblasts (RDFs) and demonstrated antioxidant properties. ANT increased the
mRNA expression of collagen type I alpha 2 (COL1A2) and upregulated type I collagen protein levels in H,O,-stimulated RDFs
without cytotoxicity. Compared with the untreated group, treatment of RDFs with ANT in the presence of H,O, led to the
activation of signaling pathways, including the extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) and Akt, whereas
it significantly (p < 0.001) inhibited the phosphorylation of IxkBa and suppressed the activation of the nuclear factor-kappa B
(NF-xB) subunits, p50 and p65, which are transcription factors responsible for inflammation. Taken together, our findings
suggest that ANT from Oryza sativa L. have anti-inflammatory properties and antiaging potential by modulating type I collagen
gene expression and suppressing H,0,-induced NF-«B activation in skin fibroblasts.

1. Introduction

Black rice (Oryza sativa L.) has been widely consumed
since ancient times in parts of Asia including present-day
Thailand. In an attempt to know its effective beneficial
health components, many investigators have aimed on
the characteristics of flavonoids, a large class of phenolic
compounds that is found plenty in foods including black

rice. The most prominent flavonoids in O. sativa L. are
the anthocyanins (ANT), which are ubiquitous coloring
agents in plants accountable for the purple, red, and blue
hues of many types of fruit, vegetables, cereal grains, and
flowers [1]. O. sativa L. has been considered as a health-
supporting food given its abundance of ANT [2]. Many
studies have revealed that ANT have positive effects on a
variety of health conditions [3]. One reason for this is
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their anti-inflammatory properties, which occur via effects
on collagen synthesis [4, 5].

Proanthocyanidins are a class of biologically active
polyphenolic bioflavonoids known to be synthesized by
many plants. ANT-demonstrated benefits include protec-
tion against diabetes [6, 7], impressive reduction of blood
pressure, enhancement of vision [8, 9], and strong anti-
inflammatory effects [10, 11]. These phenolic compounds
also facilitate dermal and oral wound healing [11, 12]. Fibro-
blast proliferation influences the formation of granulation
tissue, collagen synthesis, and wound contraction. The
granulation tissue generated by fibroblasts immersed in a
loose matrix of collagen fibers consisting primarily of type I
collagen is accumulated in the wound base [13]. In addition,
ANT stimulate wound healing while suppressing superfluous
inflammation by inducing vascular endothelial growth factor
(VEGF) production in fibroblasts and keratinocytes [11].

Oxidative stress has been implicated to damage various
cellular portions involving lipids, proteins, and nucleic acids
through oxidation by reactive oxygen species (ROS) such as
hydrogen peroxide (H,O,), hydroxyl radical (OH"), and
superoxide anion radical (O,”) [14]. ROS are very harmful
to the wound healing process owing to their harmful effects
on extracellular matrix components, including collagens,
and on keratinocyte functions and the damage they induce
in dermal fibroblasts [15]. Oxidative process involved in the
pathogenesis of many diseases suggests that antioxidants
may play an important role for the treatment in these condi-
tions. Topical treatment with compounds that have antioxi-
dant properties has been shown to significantly enhance the
wound healing process and protect tissues against oxidative
damage [16]. The free-radical-scavenging and antioxidant
capacities of ANT pigments are introduced as the most
highly recognized modes of action for interposing with
numerous human therapeutic targets [17]. Moreover, with
their anabolic effects in vivo, there is substantial verification
suggesting that these phytochemicals have positive effects
on wound healing [18]. In a previous study, ANT were found
to promote wound healing by preventing oxidative damage
[19]; however, to the best of our knowledge, the mechanisms
by which ANT extracted from O. sativa L. act in modulating
collagen formation and inflammation in skin fibroblasts have
not been investigated.

The transcription factor, nuclear factor-«B (NF-xB),
regulates a large number of genes that are involved in inflam-
mation and immune responses. This stress-regulated tran-
scription factor has multiple effects on the immune system
[20] and can modulate the expression of proinflammatory
genes encoding nitric oxide synthase, cytokines, and chemo-
kines [21]. NF-xB overstimulation has been shown to result
in cellular and DNA damage by ROS production [22, 23].
In addition, one of the key elements in the inflammatory
process is the activation and translocation of NF-xB from
the cytosol to the nucleus. Subunits p50 and p65 which are
the classical NF-«B heterodimer exist as the potent activator
of gene expression [24]. The activation of variable extracellu-
lar stimuli such as environmental stress including UV light
and stimuli such as interleukin- (IL-) 1, tumor necrosis
factor- (TNF-) «, viruses and endotoxins, and IxkB will be
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phosphorylated and degraded by the 26S proteasome. This
gives rise to the translocation of p50/p65 heterodimer to
the nucleus, where it links to its responsive elements present
in a variety of genes [25]. In consequence, the various combi-
nations of NF-«B subunits may organize the complicated
regulatory pathway of NF-«B like orchestral performance.
We hypothesized that ANT extracted from black rice may
have anti-inflammatory and antioxidant effects associated
with collagen production in skin fibroblasts. In this study,
we showed that ANT extracted from O. sativa L. have strong
antioxidant and anti-inflammatory activities in rat primary
dermal fibroblasts. ANT protect against the effects of H,0,-
induced collagen degradation, by suppressing IxB phosphor-
ylation and the activation of NF-«B p50/p65.

2. Materials and Methods

2.1. Chemicals, Reagents, and Antibodies. ERK1/2 (pT202/
Y204+Total) ELISA Kit, Akt (pS473+Total) ELISA kit, Rat
IL-6 ELISA Kit, Abs for isotype control IgG, rabbit polyclonal
Abs for NF-xB p50, p65, phosphor-Y42 IxBa, and Histone
H3, mouse monoclonal Abs for fS-actin, anti-rabbit IgG
(HRP), and anti-mouse IgG (HRP), and anti-rabbit fluores-
cein isothiocyanate (FITC) secondary Abs were obtained
from Abcam (Cambridge, MA, USA). MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution
was obtained from Promega (Madison, WI, USA). A Total
Collagen Assay (Colorimetric) Kit was purchased from
BioVision (Milpitas, CA, USA). Phorbol 12-myristate 13-
acetate (PMA) was purchased from Sigma-Aldrich Inc. (St.
Louis, MO, USA). A Cell Fractionation Kit was purchased
from Abcam. Unless stated otherwise, all other reagents were
purchased from Sigma-Aldrich Inc.

2.2. Plant Material and Extraction. Black rice was obtained
from Chachoengsao Province, Thailand, and subjected to
ANT extraction as previously reported [26]. ANT were
extracted in ethanol (60/40, v/v%), concentrated using a
Biichi B-490 rotary evaporator (Biichi Labortechnik AG,
Flawil, Switzerland) and lyophilized with a freeze dryer
(Labconco Corp., Kansas City, MO, USA). The crude extract
was stored at room temperature (RT).

2.3. Determination of Flavonoids and ANT Composition by
High-Performance Liquid Chromatography (HPLC). The
composition of ANT extract was identified using HPLC/
diode array detection (DAD) as previously reported [27]. A
Waters LC-MSD 1525 series equipped with a UV detector
and Agilent Zorbax SB-C18 column was used. The solvents
were aqueous 2% formic acid and acetonitrile: water (1:1
v/v) containing 2% formic acid. Injection volumes were
15uL. The separated ANT components were measured at
516 nm and were identified based on their retention times.
ANT were quantified by UV-visible (Vis) spectroscopy as
previously described [28]. The model reaction solution
was diluted with 0.01% HCI in distilled water. Absorbance
was measured using a Genesys 10 UV spectrophotometer
(Thermo Fisher Scientific, Grand Island, NY, USA).
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2.4. Estimation of Total Phenolic Content. The total phenolic
content was determined using Folin-Ciocalteu reagent (FRC)
as previously described [29], with minor modifications. The
absorbance of the mixture was measured at 765 nm using a
UV-Vis Genesys 10 UV spectrophotometer. A standard
curve was plotted using gallic acid (0.07-10mg/mL in
methanol; Sigma-Aldrich) as a standard. The total phenolic
content was expressed as gallic acid equivalents (mM
GAE/gEW).

2.5. Cell Culture and Treatment. Rat primary dermal fibro-
blasts (RDFs), growth media, and passaging solutions were
purchased from Cell Applications (San Diego, CA, USA).
Cells were maintained in Culture Complete Growth Medium
and penicillin/streptomycin solution in a humidified incuba-
tor with 5% CO, at 37°C. To eliminate any possible side
effects of growth factors, cells were cultured in serum-free
medium for 24 h before treatment with ANT extract.

2.6. Cell Viability Test. Cell viability was measured using the
MTT assay in accordance with a previously described method
[30]. Briefly, after incubation of the cells (1 x 10° cells/mL) in
96-well plates with various concentrations of ANT (5, 10,
25, and 50 pg/mL) for 24 h, they were incubated with MTT
(0.5 mg/mL). Three hours later, dimethyl sulfoxide (DMSO)
was added and the absorbance of the solution was measured
at 570 nm with an automatic microplate reader (Immuno-
Mini NJ-2300; InterMed, Tokyo, Japan). The cell survival
percentage was calculated using DMSO-treated cells as a
standard. The experiments were repeated three times with
five samples for each group.

2.7. Determination of Total Antioxidant Capacity and Copper
Ion Reduction Activity. The Total Antioxidant Capacity
(TAC) Assay Kit (Cell Biolabs OxiSelect™, San Diego, CA,
USA) was used to measure the antioxidant capacity of ANT
from black rice. The TAC Assay is based on the reduction
of copper (II) to copper (I) by antioxidants such as uric acid.
Briefly, RDFs were treated with 5-50 yg/mL ANT and
stimulated with 0.3mM H,O, for 24h. The supernatant
was dispensed in a 96-well microtiter plate, after which
180 uL of 1x reaction buffer was added to each well and
mixed. An initial reading at 490 nm was taken for each sam-
ple. Then, 50 uL of 1x copper ion reagent was added and
incubated for 5min on an orbital shaker. Next, 50 uL of stop
solution was added to terminate the reaction, and the plate
was subjected to additional measurement of absorption
at 490nm using a spectrophotometer (Epoch, BioTek,
Winooski, VT, USA) with the Gen 5 data analysis software
interface. All determinations were performed in triplicate,
and results were averaged. The copper ion reduction activity
of each sample with H,O, was then calculated as the percent
increase in ion reduction.

2.8. Monitoring Cell Migration by Real-Time Cell Analysis
(RTCA). The rate of cell migration was monitored in real
time with the xCELLigence system using CIM plates (ACEA
Biosciences Inc., San Diego, CA, USA). Video clips of several
experimental tests were observed to determine the optimal
seeding density of the RDFs (Supplementary Movie 1). The

optimal cell density at each time point for these migration
profiles was 5000 cells/well, and hence, this number of RDFs
was seeded in each well. Cells were serum-starved for
approximately 24h. The upper chamber (UC) of the CIM
plates was coated with 1 pg/uL fibronectin. A total of 5000
cells were seeded in the UC of each well in a serum-free
medium. Fresh medium was added to the lower chamber
(LC) of each well, and cells were stimulated with 5-25 pg/mL
ANT. The CIM plates were left in an incubator for 1h to
allow cells to attach. The impedance value of each well was
automatically monitored by the xCELLigence system at 6,
12, and 24h and expressed as CI (cell index). Data of cell
migration were normalized at 30 min. The CI was calculated
automatically by the RTCA Software Package 2.1.0. The CI
calculation is based on the following formula:

_ (Zz _ZO)
Cr= 2, (1)

CI calculation used to measure the relative change in elec-
trical impedance, representing the cell status (equation (1)).
The unit of the impedance is ohm (£2):

(i) Z, = impedance at an individual point of time during
the experiment

(ii) Z,=impedance at the start of the experiment

Normalized CI was calculated as CI at a given time point
divided by the CI at the normalization time point. The rate of
cell migration was determined by calculating the slope of the
line between two given time points.

2.9. Cell Migration Assay Using a Boyden Chamber. To
analyze the migration of RDFs, a modified Boyden chamber
with 24-well Nunc™ cell culture inserts containing a polycar-
bonate filter with 8 yum pores was used. The inner layer of
Transwell inserts was coated with 1 mg/mL Matrigel (BD
Biosciences, Palo Alto, CA, USA) overnight at 4°C. Fibro-
blasts were placed in the inner well of the Transwell at
5% 10* cells/well in 200 uL of Dulbecco’s modified Eagle’s
media containing 1% FBS. Various concentrations of ANT
(5, 10, and 25ug/mL) in 750 uL of culture medium were
added to the bottom chamber. After incubation at 37°C for
24h, the inner well was wiped with a cotton swab to remove
nonmigrating cells. The cells were fixed using 100% (w/v)
methanol at RT for 10 min, after which the membrane was
transferred onto a cover slide. Cells were stained with
10% Giemsa stain and assessed by light microscopy. Fif-
teen high-power fields (hpf) per membrane were counted,
and migration was expressed as the mean number of
cells/hpf + SEM. To ensure reproducibility, each condition
was tested in three separate wells. For each experiment, cell
viability was assessed by trypan blue exclusion before using
cells in the assay. In all cases, cell viability exceeded 90%.

2.10. RNA Extraction, cDNA Synthesis, and Quantitative
Reverse Transcription-PCR (RT-qPCR). RDFs were treated
with 5, 10, and 25 ug/mL ANT or PMA with or without
0.3mM H,O, for 4 and 10 h. After removing the supernatant
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TaBLE 1: Primer sequences used for RT-qPCR.

. . Amplicon .
Target gene Forward primer Reverse primer size (bp) Accession number
COLIA2 5'-ACCTCAGGGTGTTCAAGGTG-3' 5" -CGGATTCCAATAGGACCAGA-3' 222 NM_053356.1:1
NF-xkBp50  5'-AGAGGATGTGGGGTTTCAGG-3'  5'-GCTGAGCATGAAGGTGGATG-3' 200 NM_001276711.1
NF-kB p65  5'-CGCCACCGGATTGAAGAAA-3' 5 TTGATGGTGCTGAGGGATGT-3' 194 LC 369719.1
IL-6 5'-GCCCTTCAGGAACAGCTATGA-3' 5 -TGTCAACAACATCAGTCCCAAGA-3' 80 NM_012589.2
GAPDH 5'-CCCCCAATGTATCCGTTGTG-3’ 5" -TAGCCCAGGATGCCCTTTAGT-3’ 118 NM_017008.4

NEF-«B: nuclear factor kappa-B; COL1A2: collagen type I alpha 2; IL-6: interleukin-6; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

and collecting the cell pellets, total RNA was isolated with
FavorPrep Tissue Total RNA Mini Kit (Favorgen Biotech,
Pingtung, Taiwan) in accordance with the manufacturer’s
instructions. The absorbance of nucleic acids was measured
using a Genesys 10 UV spectrophotometer (Thermo Fisher
Scientific). One microgram of RNA was subjected to DNase
I digestion, followed by reverse transcription using a DNase
I, RNase-free kit (Thermo Fisher Scientific). Total RNA
(1 ug) was reverse-transcribed into cDNA using iScript™
Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA)
in a total volume of 20 yL using oligo-dT primers. cDNA
(<20 ng/well) was used as a template in qPCR reactions with
oligonucleotides specific for the genes of interest (Table 1).
PCR amplification was conducted in a total volume of
20 uL including 20ng of the template ¢cDNA, 7.2uL of
PCR-grade water (Welgene, Daegu, South Korea), 10 uM of
each primer, and 10uL of 2x KAPA SYBR® FAST qPCR
Master Mix Universal from KAPA SYBR® FAST qPCR Kit
Master Mix (2x) Universal (KAPA Biosystems, Selangor,
Malaysia). A nontemplate control and an RNA sample
without reverse transcription for each sample were used as
control for potential DNA contamination. Unless stated
otherwise, the temperature protocol for PCR amplification
was as follows: enzyme deactivation at 95°C for 3 min,
followed by 40 cycles of denaturation at 95°C for 3s plus
combined annealing/extension at 60°C for 30s. Melting
curve analysis was then performed for 10s at 95°C with
0.5°C increments between 65°C and 95°C. All qPCR reactions
were performed in triplicate. Relative quantification was
determined using the CFX Manager Software (version 2.0;
Bio-Rad) measuring SYBR green fluorescence.

2.11. Total Collagen Estimation by Colorimetric Assay. RDFs
cultured in 96-well plates at a density of 3 x 10* cells/well in
200 uL were pretreated with 5, 10, and 25 ug/mL ANT for
2h with or without 0.3 mM H,0,, followed by incubation
for 24h. Estimation of the collagen level was carried out
using a Total Collagen Assay Kit, in accordance with the
manufacturer’s instructions. Each sample was homogenized
in 100 uL of ddH,O. Briefly, each cell lysate was hydrolyzed
with concentrated HCI at 120°C for 3h, followed by vor-
texing and centrifugation at 10,000 x g for 3min to
remove the precipitate. A total of 10-30 uL of each hydro-
lyzed sample was transferred to a 96-well plate and dried
by evaporation at 70°C. Next, 100uL of Chloramine T
reagent was added to each sample and incubated at RT

for 5min, after which 4-(dimethylamino)benzaldehyde
(DMAB) reagent was added and incubated for 90 min at
60°C. Finally, hydroxyproline was oxidized to form a reaction
intermediate and absorbance at 560 nm was determined in a
microtiter plate using a microplate reader with an Epoch
Microplate Spectrophotometer (Epoch; BioTek). The con-
centration of collagen was calculated from the collagen I
standard curve provided with the kit.

2.12. Western Blot Analysis. The cells were plated in 10 cm
dishes and pretreated with 10 or 25ug/mL ANT for 2h
before adding 0.3mM H,O,, followed by incubation for
10 h. The cytoplasmic and nuclear extracts for immunoblot-
ting were prepared using a Cell Fractionation Kit. Protein
concentrations were measured and normalized with the
BCA protein assay kit (Thermo Fisher Scientific). Each
sample was subjected to electrophoresis on 12% SDS-
polyacrylamide gels. Then, the protein was blotted onto
nitrocellulose membranes. Membranes were incubated with
primary antibodies against NF-«B p50 (1:1000), NF-xB
p65 (1:1000), p-IkBa Y42 (1:1000), B-actin (1:1000), and
Histone H3 (1:500) overnight at 4°C. After washing, the
membranes were incubated with secondary antibodies
(HRP-conjugated goat anti-rabbit IgG or HRP-conjugated
goat anti-mouse IgG) for 1 h. Immunoreactive proteins were
detected with SuperSignal™ West Pico PLUS Chemilumines-
cent Substrate (Thermo Fisher Scientific). The intensity of
the protein bands was quantified using Image]J software.

2.13. Immunofluorescence Staining. RDFs were seeded on a
four-well chamber slide (Nunc™ Lab-Tek™ II Chamber
Slide™ System; Thermo Fisher Scientific) at a density of
2x10* cells per well for 24h. Cells were preincubated
with ANT at a final concentration of 25ug/mL for 2h,
and NF-xB activity was induced by 0.3mM H,O, for
24h, after which cells were washed with PBS and then
fixed with 100% methanol at —20°C for 20 min. Cells were
blocked with 1% BSA in PBST (PBS+0.1% Tween 20) for
30 min at RT. After washing with PBS, the cells were incu-
bated for 1h at RT with anti-NF-xB/p50 or anti-NF-xB/p65
AD (1:1000 dilution). Cells were also incubated with an iso-
type control rabbit monoclonal Ab as a negative control.
After three washes with PBS, the cells were incubated for
1h at RT with goat anti-rabbit IgG H&L conjugated with
FITC (1:2500 dilution). Following three washes with PBS,
the nuclei were counterstained with DAPI (Miltenyi Biotec,



Oxidative Medicine and Cellular Longevity

mAU 7

+.657

160
140 —
120 —
100 —

80

60
40

20 -

Cyanidin-3-O-glucoside

-

21.642

Quercetin-3-beta-D-glucoside

Peonidin-3-O-glucoside

0 5 10 15

20 25 30

Retention time (min)

Ficure 1: HPLC analysis of anthocyanins (ANT) in Oryza sativa L. Representative HPLC/DAD chromatograms of cyanidin-3-O-glucoside,
peonidin-3-O-glucoside, and quercetin-3-beta-D-glucoside in the extracts at 516 nm. Peaks were detected with a retention time of 21.6, 28.0,

and 32.5 min, respectively. Duplicate experiments were performed.

Bergisch Gladbach, Germany). The cells on the glass cover-
slips were embedded in a mounting medium (Aquamount;
Lerner Laboratories, Pittsburgh, PA, USA) and then photo-
graphed with a fluorescence microscope (BX53 Digital
Upright Microscope; Olympus, Tokyo, Japan).

2.14. Quantitative Estimation of Phosphorylated Akt and
ERK1/2 and of IL-6 by Enzyme-Linked Immunosorbent
Assay (ELISA). RDFs were treated with 25 ug/mL ANT or
0.3mM H,0, at various time intervals. After the treatment,
the ANT and H,0, effect on Akt and ERK1/2 phosphoryla-
tion was determined. Cells were then pretreated with
25 ug/mL ANT for 2 h followed by a 30 min incubation with
0.3mM H,O, for Akt and 2h for ERK1/2. The amounts of
total and phosphorylated Akt and ERK1/2 in cell lysates
were determined using Akt (pS473+Total) and ERK1/2
(pT202/Y204+Total) ELISA kits in accordance with the
manufacturer’s protocol. Briefly, cells were lysed in lysis
buffer and then transferred to the ELISA plate coated with
immobilized antibodies. The wells were washed, and anti-
bodies from the kits were used to detect the phosphorylated
and total forms of Akt and ERK1/2. For IL-6 determination,
the protein release of IL-6 in RDF supernatants was evaluated
with a commercial Rat IL-6 ELISA Kit in accordance with
the manufacturer’s instructions. The optical densities were
measured at 450 nm with an Epoch Microplate Spectro-
photometer (Epoch; BioTek).

2.15. Statistical Analysis. SPSS software (version 20.0; SPSS
Inc., Chicago, IL, USA) was used for statistical analyses. All
results are expressed as mean+ SD. The significance of
differences between two groups was assessed using Student’s
t-test, and differences among multiple groups were assessed

by one-way analysis of variance (ANOVA), followed by
the Tukey-Kramer method. The level of significance was
set at p <0.05.

3. Results

3.1. Identification of Anthocyanins and Total Phenolic
Content in Oryza sativa L. The ANT composition in O. sativa
L. was determined by HPLC/DAD. The resulting chromato-
grams at 516 nm are shown (Figure 1). The chromatogram
within the retention time of 21.6 min indicated the presence
of cyanidin-3-O-glucoside (C3G), and the chromatogram
within the retention time of 28.0min was identified as
peonidin-3-O-glucoside. Additionally, the retention time of
32.5min indicated the presence of quercetin-3-beta-D-
glucoside. The UV-Vis wavelength spectra quantification
of total ANT showed that the phenolic-rich extract contained
~1704 mg/kg of total ANT (calculated as C3G equivalents),
~572.89 mg/kg of peonidin-3-O-glucoside, and ~728.37 mg/kg
of quercetin-3-beta-D-glucoside. The total phenolic content
was ~30 + 1.5 mM gallic acid equivalent (gFW).

3.2. ANT Treatment Affects RDF Migration in a Dose-
Dependent Manner. To examine cell viability in ANT-
exposed RDFs, cells were treated for 24h with various
concentrations of ANT extracted from black rice. Cell
viability was determined using the MTT assay. Our results
demonstrated that 5, 10, and 25 ug/mL ANT had no cyto-
toxic effects (Figure 2(a)). However, 50 pg/mL ANT reduced
cell viability to 90%. To minimize confounding effects due to
reduced cell viability, ANT were used at the maximal noncy-
totoxic concentration, namely, 25ug/mL, in subsequent
experiments. Based on the above results, we next investigated
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F1GURE 2: Effects of ANT on cell viability, migration, and chemotaxis of RDFs. RDFs were treated with or without ANT at 5-25 ug/mL.
(a) Cell viability was measured by the MTT assay. (b) Representative figure of CI values for cell migration over 24 h. (c) CI values for
ANT at different time points following treatment with varying concentrations of ANT. (d) Boyden chamber assay demonstrating increased
migration of RDFs incubated with ANT. Cells were allowed to migrate for 24 h, and then, they were fixed and stained with 10% Giemsa stain.
The numbers of migrating cells were averaged from three x10 field-of-view images. Original magnification x100. (e) Results were quantified
by counting the stained cells and are expressed relative to the mean number of cells randomly migrating in the control wells + SEM. The
results presented are from three independent experiments; *p < 0.05 and **p < 0.01 vs. control.
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the effects of ANT on RDF migration, using the RTCA-DP
xCELLigence system.

The migration profile of RDFs was indicated by CI values
obtained within 24h of testing. A marked increase in CI
values was observed when cells were incubated with ANT
at 5, 10, and 25 ug/mL (Figure 2(b)). The results showed a
significant increase in cell migration following stimulation
with 5ug/mL (p <0.05) and 10 ug/mL (p <0.01) ANT for
12 and 24h (Figure 2(c)). However, a significant increase
in cell migration (p <0.01) was observed following stimu-
lation with 25 ug/mL ANT for 24h. To confirm the effect
of ANT on RDF chemotaxis, we determined the optimal
concentration of ANT required to stimulate the migration
of these cells using a Boyden chamber (Figure 2(d)). We
found that 25ug/mL ANT induced a significant increase
in chemotactic capacity (p < 0.01), which is consistent with
the RTCA results (Figure 2(e)).

3.3. The Copper Ion-Reducing Capacity of ANT Extracts. To
confirm the antioxidant capacity of ANT against cellular
damage, we examined their total antioxidant capacity and
their copper ion reduction effect against H,O, using the
TAC Assay. We found that the copper ion-reducing capacity
improved with the increase in ANT concentration in a dose-
dependent manner (Figure 3). An extract concentration as
low as 10 ug/mL showed a significant increase in total antiox-
idant capacity compared with the control (32.96% + 0.33,
p <0.001). Furthermore, 25 and 50 yg/mL ANT showed
an increase in the percent of copper ion reduction with
the increase in ANT concentration (78.71% +2.79 and
84.56% + 7.71, respectively, p < 0.001). Our results strongly
indicated that ANT from O. sativa L. extract exhibit antiox-
idant capacity.

3.4. ANT Induce Collagen Type I Alpha 2 mRNA Expression
and Suppress NF-xB p50 and p65 mRNA Expression in
H,O,-Stimulated RDFs. ANT affected the mRNA expression
of collagen type I alpha 2 (COL1A2), which has been deter-
mined to be upregulated when the skin is capable of regener-
ation. RDFs were incubated with 5, 10, or 25 yug/mL ANT.
RT-qPCR analysis showed that ANT significantly upregu-
lated COL1IA2 mRNA at 25 ug/mL (p < 0.05; Figure 4(a)).
To further examine the effects of ANT on collagen synthesis
under oxidative stress conditions, their action on cells
stimulated with H,O, was evaluated. The viability of H,O,-
exposed RDFs was determined by the MTT assays. At 24 h,
while 0.3mM H,0O, did not alter the number of viable
RDFs, an H,0, concentration above 0.6 mM significantly
decreased the population of viable RDFs (Supplementary
Figure S1). Based on this assay, 0.3mM H,0O, was used
in further experiments. The presence of a low concentration
of H,0, suppressed the COLIA2 mRNA level (Figure 4(b)).
However, following 25ug/mL ANT pretreatment, the
COLIA2 mRNA level significantly increased (p <0.05)
compared with H,O, stimulation alone (Figure 4(b)).
NEF-«B signaling plays an important role in inflammation
and oxidative stress [31]. To investigate whether ANT reduce
the upregulation of NF-xB p50 and p65 subunits, RDF
cultures were treated with H,0, to induce transcriptional
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% increased in copper ion reduction

Ficure 3: The Total Antioxidant Capacity (TAC) Assay for
estimating copper ion reduction activity of the extracts under
H,0, stimulation. RDFs were treated with 5-50 yg/mL ANT and
stimulated with H,0, for 24h. The supernatant was used for
TAC analysis. The meanvalues+SD from three independent
experiments are presented. *p < 0.001 vs. H,O, alone.

activation under oxidative stress. We assessed the mRNA
expression of genes encoding these NF-«B subunits using
RT-qPCR. Compared with the control levels, H,O, treat-
ment for 10h resulted in significant increases in the mRNA
level of NF-«xB p50 (Figure 4(c)) and p65 (Figure 4(d)), while
treatment with H,O, for 4h had no effect on NF-«B activa-
tion (data not shown). The addition of ANT prior to H,0,
treatment reduced the NF-xB p50 and p65 mRNA level
induced by H,O0,.

We also evaluated whether ANT influence the activation
of NF-«B directly or via ROS modification using PMA, which
is an NF-xB transcription inducer [32]. In this experiment,
treatment with 40 ng/mL PMA induced almost 4-fold activa-
tion of NF-«B expression (Figures 4(c) and 4(d)). In contrast
to H,0,, a combination of ANT and PMA did not influ-
ence the inducing effect of PMA on both NF-«B p50 and
p65 genes. In addition, ANT displayed a concentration-
dependent inhibition of H,O, stimulation of both NF-«B
subunits. These findings support the notion that cotreatment
with ANT suppressed the H,O,-induced NF-xB mRNA level
via the antioxidant effect rather than via direct inhibition of
the NF-xB pathway. Interestingly, the mRNA level of the
NF-«B subunits significantly and negatively correlated with
the increased level of COL1A2 in RDFs, suggesting a relation-
ship between the collagen synthesis marker and the synthesis
of transcription factors.

3.5. ANT Extract Protects Collagen Synthesis in RDFs from the
Effects of H,0,. Collagen biosynthesis-associated hydroxy-
proline was measured in RDFs that were treated with 5, 10,
or 25ug/mL ANT and evaluated using a Total Collagen
Assay Kit. ANT induced an increase in collagen biosynthesis
in a dose-dependent manner (Figure 5(a)). At 25ug/mL,
ANT caused approximately 2.5-fold induction of collagen
formation compared with that in the control. Notably, the
H,0, group exhibited significantly decreased levels of
collagen synthesis compared with the control (Figure 5(b),
P <0.01). The levels of collagen synthesis were significantly
increased when RDFs were cocultured with H,O, and
5ug/mL, 10 ug/mL (p < 0.05), or 25 ug/mL ANT (p < 0.001).
In addition, pretreatment with ANT (25ug/mL) before
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H,0, exposure induced ~3.4-fold induction of collagen
formation compared with that in the H,O,-treated cells.
These results suggest that ANT reverse the suppression

of H,0,-induced collagen synthesis in RDFs.

3.6.

ANT Effect on the Akt and ERKI1/2 Signaling Pathways

under Oxidative Stress. Protein kinase B (Akt) controls a wide

var.

iety of cellular processes including complex cellular

programs such as differentiation, proliferation, and apoptosis
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FIGURE 6: Involvement of the Akt and ERK1/2 signaling pathways in the antioxidative effect of ANT in RDFs determined by ELISA. Total and
phosphorylated Akt expression after treatment with 25 yg/mL ANT (a) or 0.3 mM H, 0, (b) for the indicated periods of time. RDFs were then
pretreated with 10 or 25 ug/mL ANT for 2h and then incubated with 0.3 mM H,O, for 30 min (c). Total and phosphorylated ERK1/2
expression after treatment with ANT (d) or H,0O, (e) under the same conditions as described for Akt. RDFs were then pretreated with
10 or 25ug/mL ANT for 2h, followed by incubation with 0.3mM H,O, for 2h (f). Results were analyzed by calculation of the
phosphorylated protein relative to the total protein. Data are presented as the mean + SD (n=3). *p <0.01 and **p < 0.001.

and processes involved in immune responses [33]. Akt
prompts NF-xB activation through IxB degradation [34, 35].
Herein, we revealed that ANT induced Akt phosphoryla-
tion as early as 15 min after the addition of ANT compared
with the control (2.67+0.06 vs. 1.00+0.01, p<0.001;
Figure 6(a)). Figure 6(b) shows that treatment of RDFs with
0.3mM H,0O, induced ~3-fold Akt phosphorylation in
30 min (2.98 £ 0.08, p < 0.001). However, pretreatment with
10 or 25ug/mL ANT for 2h was found to significantly

decrease the level of H,O,-induced Akt phosphorylation
in dermal fibroblasts at 30 min (2.17 £ 0.03 and 1.53 £ 0.09,
respectively, p < 0.001; Figure 6(c)).

ERK1/2 signaling also has a prosurvival effect [36], and
its activation is involved in the migration of skin fibroblasts
[37]. Here, we showed the positive effect of ANT on fibro-
blast migration and then further explored the upstream
regulator that protects dermal fibroblasts from oxidative
stress. Thus, we investigated the effects of ANT on ERK1/2
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FIGURE 7: ANT inhibit the phosphorylation of IxBa in H,O,-stimulated RDFs. Whole cell extracts were taken and assayed using western
blotting. (a) RDFs were stimulated with 0.3 mM H,0, for the indicated time points to evaluate the IxBa phosphorylation status. (b) Data
are expressed relative to untreated cells. (c) RDFs were pretreated with 10 or 25 ug/mL ANT for 2 h, followed by the absence or presence
of 0.3 mM H,0, for 1 h. (d) Data are expressed relative to untreated cells. f-Actin was used as a loading control. Results are expressed as
means + SD of three independent experiments. *p <0.01 and **p < 0.001.

phosphorylation under H,O, exposure. ANT significantly
induced ERK1/2 phosphorylation compared with the con-
trol (2.06 £0.05 vs. 1.00 + 0.01, p < 0.001; Figure 6(d)). In
contrast, 0.3 mM H,0O, incubation for up to 2h suppressed
ERK1/2 phosphorylation in a time-dependent manner,
with the maximum effect observed at 2h (0.40 +0.03,
p <0.001, Figure 6(e)). ANT pretreatment for 2h at 10 or
25 pug/mlL effectively rescued the H,O,-induced ERK1/2 sup-
pression (0.72 £ 0.02 and 1.05 + 0.04, respectively, p < 0.001,
Figure 6(f)).

3.7. Inhibitory Effects of ANT on the H,O,-Induced IxB«
Signaling. As our previous experiment showed that the
H,0,-induced oxidative response may depend on NF-«B
activity, we investigated the effect of ANT on this pathway.
In the canonical NF-«B pathway, the degradation of IxB«
protein occurs after a signal-induced phosphorylation by
IxB kinase (IKK) [38]. This enables the translocation of the
NF-«B p50 and p65 subunits into the nucleus, resulting in
the production and secretion of inflammatory cytokines
[39]. Western blot analysis revealed markedly increased
phosphorylation of IxkBa at Tyr42 within 30 min after H,0,
stimulation (Figure 7(a)). Quantification of these results
showed a significantly increased expression of phosphor-
IxBa compared with the untreated cells (3.66 +0.325 vs.
1.00 £0.21, p < 0.001, Figure 7(b)), which decreased at the
2h time point.

To determine whether ANT inhibit H,0,-induced IxBa
phosphorylation, we pretreated cells with ANT for 2h
and then exposed them to H,O, for 1h (Figure 7(c)).

ANT-treated RDFs at 10 or 25 ug/mL showed significantly
reduced phosphorylation of IxBa in response to H,O,
compared with H,O, stimulation alone (5.63+0.38 vs.
2.27+0.10; Figure 7(d)). These results indicated that
ANT inhibited H,O,-induced phosphorylation and degra-
dation of IxBa and thus the subsequent nuclear translocation
of NF-«B.

3.8. The Effects of ANT on the H,0O,-Induced NF-xB Nuclear
Expression and Translocation. To confirm the effect of ANT
on NF-xB subunit-mediated transcriptional activation,
turther analysis of H,0,-induced NF-«B expression in RDFs
was performed. We examined the changes in NF-xB p50 and
p65 levels in the cytoplasmic and nuclear fractions. H,O,-
induced RDFs showed an increase in NF-«B protein in the
nuclear fraction compared with the unstimulated control
cells (Figure 8(a)). The NF-xB expression upon H,O,
stimulation was significantly suppressed by 10 ug/mL ANT
(p<0.001) and 25 ug/mL ANT (p < 0.001) pretreatment in
a dose-dependent manner (Figure 8(b)). Western blot
analysis also showed that in normal conditions, the NF-«B
subunits localized in the cytosolic region of quiescent fibro-
blasts. However, after oxidative stimulation, the protein
translocated into the nuclear region, resulting in a decrease
in the expression in the cytosol (Figure 8(c)). ANT treatment
resulted in significant inhibition of both NF-xB p50 (p < 0.05)
and p65 (p<0.01) activation and translocation to the
nucleus (Figures 8(a)-8(d)).

To confirm the cellular distribution of NF-«B, immuno-
fluorescence analysis was performed to investigate the effects
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FiGUREk 8: Effects of ANT on the activation of NF-«B transcription factors in RDFs stimulated with H,O,. RDFs were treated with different
doses of ANT for 2 h and then exposed to 0.3 mM H,0,. Ten hours after H,O, exposure, cytoplasmic and nuclear extracts were subjected to
western blot analysis. (a) Nuclear extracts were immunoblotted for NF-xB p50 and NF-«B p65. (b) Data are expressed relative to the control.
(c) Cytoplasmic extracts from the same RDF preparations were immunoblotted for NF-«xB p50 and NF-«B p65. (d) Data are expressed relative
to the control. Histone H3 and f3-actin were used as a loading control for the nuclear and cytosol fraction, respectively. Representative images
of immunofluorescence staining showing NF-xB p50 (e) and NF-«B p65 (f) localization conjugated to FITC (green). Nuclei were
stained with DAPI (blue). Scale bars: 50 ym. Results are expressed as means + SD of three independent experiments. *p < 0.05, **p < 0.01,

and ***p < 0.001.

of ANT on H,0,-induced NF-«B translocation. Untreated
RDFs showed a low signal of the cytoplasmic and nuclear
staining of NF-xB p50 Ab (Figure 8(e)). After H,O, treat-
ment, a marked nuclear staining was observed. However,
ANT treatment prior to H,O, stimulation decreased the
level of nuclear translocation of NF-xB p50 compared with
that of cells treated with H,O, alone. Similarly, there was
an increase in the nuclear localization of NF-«xB p65 after
cells were exposed to H,0, compared with the control cells,
and ANT treatment suppressed the localization of NF-«B
p65 in the nucleus (Figure 8(f)). There was no positive
staining of the cells upon staining RDFs with the isotype-
matched control IgG (Supplementary Figure S2). These
findings further confirmed the results of the protein
transcriptional activity in RDFs following free radical
exposure and ANT pretreatment.

3.9. ANT Reduce IL-6 Production under Hydrogen Peroxide
Stimulation in RDFs. Hydrogen peroxide activates the tran-
scription process of various inflammatory mediators and
cytokines [40]. To determine the consequences of NF-«B
activation, the mRNA transcription levels of IL-6 were
examined in H,O,-treated RDFs. H,O, treatment induced
the transcription of IL-6 mRNA (6.92 £ 1.39 vs. 1.00 + 0.12,
p <0.001, Figure 9(a)). However, when RDFs were pretreated
with 10 or 25 ug/mL ANT, the IL-6 mRNA level was signifi-
cantly decreased to 3.08 £0.67 (p <0.05) and 1.86+0.29
(p<0.01), respectively. The protein released into the cell

culture supernatant also increased after H,O, treatment
compared with the nontreated cells (236.37% +20.33 vs.
100% + 13.01, p < 0.001, Figure 9(b)). Furthermore, a sig-
nificant decrease in IL-6 protein release was found after
pretreatment with ANT at 10ug/mL (193.36% + 15.52,
p<0.05) and 25pug/mL (142.84% +17.63, p <0.01) com-
pared with the untreated control cells.

4. Discussion

ANT are members of the flavonoid group of phytochemicals,
which have been shown to have substantial antioxidant
effects, and are able to reduce lipid peroxidation and the
deleterious effects of ROS [41]. Despite these findings, the
preventive effects of black rice-derived ANT on wound heal-
ing and antiaging of skin have not been comprehensively
examined. In this study, we initially performed a molecular
target-based screening assay to identify the substance causing
the induction of skin regeneration in rat primary dermal
fibroblasts. We focused on the regulation of type I collagen
expression by evaluating the level of COLIA2 mRNA expres-
sion and determining the excreted proteins as well as the
transcriptional regulation of genes involved in inflammation
in RDFs. Herein, we report that ANT extracted from O.
sativa L. induced collagen formation and prevented collagen
degradation following H,O, stimulation. The protective
effects of ANT against cellular inflammation were investi-
gated focusing on transcriptional activation of NF-«B, which
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results from the inhibition of IkBa phosphorylation [24]. Our
study demonstrated that ANT inhibited the H,O,-induced
nuclear translocation of NF-xB p50/p65 heterodimers in
primary dermal fibroblasts. Furthermore, ANT induced
Akt/ERK1/2 phosphorylation and inhibited IL-6 expression
in response to H,0O, stimulation. RDFs also exhibited cell
migration capacities following ANT treatment.

The effect of exogenous oxidants highlights the impor-
tance of the balance among the proinflammatory signals that
control skin repair. ROS generated by disturbance of the
oxidation/reduction state of the cell have been implicated in
the pathogenesis of various inflammatory diseases including
skin damage. Our results demonstrated a protective effect
of ANT extract by ameliorating the H,O,-induced cytotoxic-
ity in primary dermal fibroblasts, which is consistent with
previous studies indicating that the antioxidant activities of
polyphenols can decrease oxidative stress by inhibiting ROS
production and lipid peroxidation [42, 43]. Previous studies
have shown that cell injury induced by H,O, can be reversed
by decreasing ROS generation; ANT extracted from red
cabbage protected animals against oxidative stress by sup-
pressing the NADPH-cytochrome-P450-reductase activity
[44]. Cell injury causes inflammatory cells to migrate to the
wound site and generate free radicals via a nonphagocytic
NAD(P)H oxidase mechanism [15]. This causes an abun-
dance of free radicals at the wound site. A measurement of
NADPH-P450 reductase by its NADPH-cytochrome c
reduction activity should be further determined in the black
rice extract used in this study.

In our study, ANT were extracted in ethanol and
contained molecules such as C3G, peonidin-3-O-glucoside,
and quercetin-3-beta-D-glucoside. The total phenolic con-
tent was ~30+ 1.5mM gallic acid equivalent (gFW). Our
results of the levels of C3G and the antioxidant properties
of ANT extracted from O. sativa L. were lower than the levels
in a previous study [26]. The differences in the C3G content
and antioxidant capacity between the previous study and our
findings probably stem from the diversity of rice cultivars, as
well as the variety of extraction methods and analyses.

Numerous studies on the effects of natural or synthetic
antioxidants on collagen deposition and on antioxidant
defense have generated highly conflicting data, depending
on the experimental system used. However, with various
wound healing models, it has been repeatedly demonstrated
that complex plant extracts containing active secondary
metabolites (polyphenols, flavonoids, and alkaloids) [42, 43]
and components of collagen-inducing polysaccharides, such
as chitosan, and antioxidants such as curcumin [45] and
resveratrol [46] ameliorated wound healing and increased
skin collagen deposition, while suppressing proinflamma-
tory markers. ANT extract from black soybean seed coats
has been shown to decrease inflammation by suppressing
the translocation of NF-«B p65 into the nucleus of human
dermal fibroblasts and keratinocytes [11]. Consistently,
analysis of the effects of berries, including extracts and puri-
fied ANT, has revealed that ANT suppressed NF-«B activa-
tion in monocytes and reduced the plasma concentration of
proinflammatory mediators [47, 48]. In the wound healing
mechanism, collagen type I plays a crucial role in maintain-
ing the tensile strength and elasticity of the skin. Therefore,
an approach that enhances type I collagen is an attractive
strategy for dermal wound healing. ANT are the major
active components in O. sativa L. extract, which may stim-
ulate type I collagen biosynthesis. In this context, further
clinical studies on the wound healing or antiaging activities
of black rice extract should be performed in vivo.

Previous studies have reported that the main factor in
UVA-induced damage to skin cells is the presence of ROS,
including H,O, and hydroxyl radicals, which affect the
activation of the downstream cellular signaling pathways
and cause damage to the skin [49]. The addition of
H,0, to a mammalian cell culture at concentrations of
typically 50-1000 M induces growth arrest, cell death,
and survival signaling pathways, including Akt [50, 51]
and ERK1/2 signaling [52, 53]. Akt is a downstream target
of NF-«B and is involved in oxidative stress and inflamma-
tion [54]. ERK1/2 activation is associated with cell death
induced by ROS [36]. However, signaling through ERK1/2
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FIGURE 10: A schematic of the antioxidant and anti-inflammatory properties of anthocyanins (ANT) extracted from Oryza sativa L. in
primary dermal fibroblasts. Black rice-derived ANT suppressed reactive oxygen species (ROS) signaling, which regulates phosphor-
Akt/extracellular signal-regulated kinases (ERK) and NF-xB p50/p65 signaling in inflammation, and modulated collagen type I alpha 2
(COLIA2) upregulation. In addition, ANT suppressed hydrogen peroxide- (H,0,-) induced interleukin- (IL-) 6 production. The present
study demonstrated that ANT may promote collagen synthesis in the skin and function as antioxidants and anti-inflammatory substances.

also has a prosurvival effect [55]. We demonstrated that
H,0, stimulated strong phosphorylation of Akt; however,
ANT pretreatment suppressed this Akt signaling in a dose-
dependent manner in RDFs. Under similar cell conditions,
ANT prevented H,O,-induced suppression of ERK1/2 phos-
phorylation. The ERK/Akt pathways are involved in the
differentiation of cells and the formation of collagen during
tissue regeneration [56]. In addition, our study indicated
that ANT induced collagen formation. Our results suggest
that ANT can protect against ROS via modulations of the
Akt/ERK1/2 signaling cascades, upstream of NF-«xB acti-
vation. Our investigations imply that ANT are a neces-
sary requirement for collagen formation, which may
occur via the ERK/Akt/NF-«B signaling pathways. How-
ever, the molecular mechanisms that define the conditions
for ANT-mediated ERK1/2 phosphorylation should be
further investigated.

In aging skin, the NF-«B signaling pathway may be
attributable to the transcriptional control of collagen I gene
expression in human skin fibroblasts [57]. NF-«B is an early
nuclear transcription factor that is triggered by many patho-
genic stimuli such as oxidative stress. It is composed of vari-
ous subunits, of which the p65/p50 heterodimer is the best
known combination, and it has been shown to play a critical
role in binding to a DNA consensus sequence to initiate the
expression of proinflammatory genes [31, 58]. Several studies
have demonstrated the role of NF-«B in matrix metallopro-
teinases [59] and IL expression [60], which have been shown
to be responsible for collagen degradation. In human dermal

fibroblasts treated with H,O,, NF-xB activity was induced;
however, peptides derived from seaweed pipefish can sup-
press the NF-«xB activation thus decreasing the oxidative
stress-mediated damage of the cells [61]. We observed that
the H,O,-induced expression of p65 or p50 triggered an
increase in NF-xB activity accompanied by the downregula-
tion of type I collagen expression in RDFs. Our results
showing the declined transcriptional activity of COLIA2
and type I collagen protein secretion in H,O,-stimulated cells
suggest that NF-«B affects COL1A2 transcriptional activity.
The inhibition of NF-«B activation and induced collagen
formation by ANT, which are among the best-described
flavonoids, indicate an important role of ANT extract from
the black rice in aging skin protection. Our investigation is
in agreement with an in vivo study that demonstrated the
anti-inflammatory role of ANT from Thai black rice using
a 5-FU-induced oral mucositis model. This study indicated
that ANT reduced the lesions induced by 5-FU in the oral
mucosa via NF-xB-mediated biological manipulations [26].
Furthermore, ANT suppressed the H,O,-induced IL-6
production and NF-«B activation, which is in agreement
with a previous study on normal human dermal fibroblasts
exposed to UVB [62]. Our findings are consistent with
previous observations in animal and clinical studies, where
ANT demonstrated anti-inflammatory effects by inhibiting
NF-«B transactivation and suppressing proinflammatory
mediators [48].

Several studies have reported that the dissociation of the
p65-p50 NF-«B heterodimer from phosphorylated IxBa is
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accompanied by proteolytic degradation of IxB. IxBa degra-
dation precedes NF-«B activation, which in turn promotes
IxBa synthesis, restoring the unstimulated inhibited state
[63]. To confirm the effect of ANT on oxidative stress-
induced NF-«B activation, the experiment with different time
intervals of H,0,-induced NF-xB activation and ANT pre-
treatment was conducted. Our results indicated that H,O,
induced tyrosine phosphorylation of IxkBa, which is in agree-
ment with reports by Takada et al. [64] and Schoonbroodt
et al. [65]. This favors our hypothesis that the intracellular
levels of ROS control the level of phosphor-IxBa by activat-
ing a kinase or inactivating a phosphatase that is specific to
this protein. Therefore, the ANT-mediated low levels of
ROS, by suppressing IxkBa phosphorylation, may abolish
the specific proteolysis of phosphorylated IxB« that induces
NF-«B activation. NF-«kB p50 phosphorylation at S337 is
mediated by protein kinase A (PKA) [66] and promotes
DNA damage-induced cytotoxicity [67]. In addition to
PKA, NF-«B p65 S276 phosphorylation is mediated by a
number of other kinases and inhibits inflammation by
regulating cytokine expression [68]. Our results showed that
at 25ug/mL, ANT caused ~50% reduction in both NF-«B
p50 and p65 mRNA and protein expression in the nucleus,
compared with cells exposed to H,O, alone, suggesting that
a combination therapy with other medicines may be required
to fully affect NF-«B transcriptional activity.

5. Conclusions

In conclusion, our data indicated that ANT extracted from
black rice protected RDFs against H,O,-induced cytotoxic-
ity by suppressing oxidative stress, confirming their anti-
oxidative activity. ANT extract effectively upregulated the
mRNA and protein expression levels of type I collagen
in a dose-dependent manner. They also protected RDFs
from H,O,-mediated inflammatory damage by inhibiting
IxBa phosphorylation, NF-xB activation, and IL-6 produc-
tion (Figure 10). We propose that ANT may be suitable as
adjuncts in treatment promoting wound healing and antiag-
ing. Further detailed validation studies are needed to investi-
gate ANT as possible wound dressing materials, not only
stimulating collagen synthesis but also accelerating wound
healing by reducing oxidative stress.
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Aging is a complex process in which the accumulation of molecular, cellular, and organism dysfunction increases the probability of
death. Several pieces of evidence have revealed a contribution of stress responses in aging and in aging-related diseases, in
particular, the key role of signaling pathways associated to nutritional stress. Here, we review the possible interplay between
amino acid sensing and redox balance maintenance mediated by the nutritional sensor general control nonderepressive 2
(GCN2). We discuss this new dimension of nutritional stress sensing consequences, standing out GCN2 as a central coordinator
of key cellular processes that assure healthy homeostasis in the cell, raising GCN2 as a novel interesting target, that when
activated, could imply pleiotropic benefits, particularly GCN2 intervention and its new unexplored therapeutic role as a player

in the aging process.

1. Introduction

Aging is a time-dependent physiological process character-
ized for being dynamic and multifactorial, and contrary to
the common conception, it has been proposed that aging
does not start in adulthood but begins with the birth of an
organism [1]. In aging, organic changes occur limiting the
adaptability of the organism to the environment, leading to
an increased risk of weakness, disease, and death [2].
Through the course of time, the biological functions progres-
sively decay, accompanied by a deterioration of the ability to
adapt to the metabolic stress [3].

The aging research field has recently born in response to
the impact that it exhibits in the healthspan of a worldwide
population that is getting older demographically [4]. Given
the complexity of the biological phenomenon, in 2013,
Lopez-Otin and colleagues [5] made the first effort in catego-
rizing the main cellular features of aging; each one considers
tulfilling three aspect criteria: (1) it manifests during normal
aging, (2) its experimental aggravation should accelerate
aging, and (3) its experimental amelioration should retard

the normal aging process. These hallmarks, which are geno-
mic instability, telomere attrition, epigenetic alterations, loss
of proteostasis, deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and
altered intercellular communication [5], contribute to the
aging process, and together, they establish an aging pheno-
type. This first attempt for shaping conceptually the aging
process was fundamental in the field; however, nowadays,
other authors disagree [2] regarding the applicability of the
criteria of features that have only been demonstrated, so
far, in proliferative peripheral tissue-associated aging such
as cellular senescence and telomere attrition, in which utility
in another context, namely, of a nonproliferative tissue like
the brain, should be established [2]. Despite of these discrep-
ancies, even some authors may include new mediators [6, 7];
there is a general accordance in the field about the rele-
vance of the deregulated nutrient sensing and energy metab-
olism dysregulation as a key hallmark of aging [5, 8-10]
(Figure 1). In general terms, the main aging hallmarks may
be grouped in four sets: DNA alterations, mitochondrial
dysfunction, impaired adaptive/stress response, and cell
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FIGURE 1: Main aging hallmarks studied in chordates. In the diagram, the nine-group aging hallmarks were grouped into four: mitochondrial
dysfunction, DNA alterations (containing epigenetic alterations and genomic stability), impaired adaptive/stress response (containing loss of
proteostasis and nutrient sensing deregulation), and cell cycle state dependent in function if they are differentiated or not, proliferative tissue
alterations (telomere attrition, senesce), or nonproliferative cell disturbances such as synaptic loss.

cycle-related perturbations exhibited in proliferative tissue
(such as telomere attrition, stem cell exhaustion, and
senesce) or nonproliferative cell disturbances such as syn-
aptic loss (Figure 1). In this review, we will focus on stress
responses evoked by nutrient scarcity and how nutrient
sensing pathways could be involved in aging.

2. Nutrient Sensing in Aging

The importance of nutrient sensing (dys)regulation along the
aging process was first demonstrated more than 80 years ago
by McCay et al. [11], with the seminal observation that
reduced food intake in rats, without malnutrition, extends
both mean and maximal lifespan as compared to ad libitum
fed controls. This nutritional strategy, named calorie restric-
tion (CR), has been successfully tested in diverse eukaryotic
species [12]. Thus, many efforts have been focused on delin-
eating the molecular components linking metabolic balance
induced by CR and the biology of aging, and the research
has revealed a major importance of nutrient sensing in
aging [13].

Nonetheless, besides the CR, lifespan extension can also
be achieved by altering the diet composition; hence, nutrient

and amino acid sensing mechanisms have emerged as attrac-
tive lifespan determinants. In the nutrient metabolism scene,
current available evidence strongly supports the idea that
amino acid (AA) sensing signaling can modify longevity
[14]. The mammalian target of rapamycin (mTOR), a master
growth regulator kinase, when part of mTOR complex 1
(mTORCI1), can be activated by the absence of certain AAs
(reviewed in [15]) and has been widely described as a key sig-
naling pathway involved in aging [16-18]. Decreased activa-
tion of mMTORCI leads to lifespan extension in yeast, worms,
flies, and mice [19], being the role of mTOR in aging exten-
sively reviewed elsewhere [16-18]. We will focus on another,
less explored in the field on aging, AA deficiency sensor, the
kinase general control nonderepressive 2 (GCN2). The
kinase GCN2 is a highly conserved nutrient sensor in eukary-
otes at structural and functional levels [20, 21] and was iden-
tified as a critical regulator of cellular responses under AA
deficiency [20, 22]. At molecular level, the mechanism of
activation of GCN2 requires accumulation of uncharged
tRNAs present near to the ribosome [23]. Once activated,
GCN2 phosphorylates the alpha subunit of the eukaryotic
initiation factor 2 alpha (eIF2«), causing general protein syn-
thesis inhibition [20], an effect that promotes energy saving.
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At the same time, the translation of specific genes is induced,
being the one coding for the activating transcription factor 4
(ATF4), the best characterized [24, 25]. ATF4 is translated
using an alternative and functional open reading frame of
the ATF4 gene [26, 27] and functions to promote cell survival
and adaptation during stress and AA insufficiency [25, 28].
GCN2 and its downstream activation consequences are
part of the signaling pathway called the Integrated Stress
Response (ISR), because it integrates cellular responses to
diverse stress stimuli such as nutrient deficiency (through
GCN2), viral infection (through the double-stranded
RNA-dependent protein kinase (PKR)), endoplasmic reticu-
lum stress (through the PKR-like ER kinase (PERK)), and
heme deprivation (through heme-regulated elF2«a kinase
(HRI)) [29]. The activation of the ISR in response to nutrient
starvation engages adaptive changes mediated by the
induction of genes necessary to produce all the amino acids
[30, 31], known as the amino acid stress response (AAR).
The capacity of synthesis of AA is not only a crucial step
for new protein synthesis. Amino acids serve a wide variety
of cellular functions. For example, amino acids supply sub-
strates to keep the Krebs cycle activity for ATP generation
and also provide reducing equivalents for maintaining redox
homeostasis [25]. Thus, the consequences of AAR can be
considered a strategy to cope with metabolic stress and
challenges after amino acid scarcity.

The contribution of AA deficiency signaling pathways to
aging, as mentioned, has been widely described based on
mTOR. However, the role of GCN2 has not been extensively
approached, and how GCN2 impacts the cell biology during
the aging course is a question that still has no answer.

3. GCN2: A Nutrient Sensor That Plays a Role in
Lifespan Extension

The yeast Saccharomyces cerevisiae (S. cerevisiae) has enor-
mously contributed to the identification of mammalian genes
that affect aging [32]. It was precisely in this model where
there are first clues about the possible role of GCN2 in
longevity [33], using the chronological aging model. In the
chronological aging model, the length of time that yeast cells
remain viable in a nondividing state is measured [32]. In the
study by Wu et al., they showed that the extended survival
induced by amino acid restriction observed in yeast was
dependent on GNC2 [33]. Using another aging model in
the same organism, the replicative aging, which tests the
number of times a mother cell can divide and produce
daughters [32], Tyler’s group showed that Gen2 (the yeast
homolog of the mammalian GCN2) activation suppresses
global translation efficiency, extending lifespan [34]. Con-
sidering that translation is a process that implies high
energy expenditure (more than the 50% of the overall
energy budget), they suggested that homeostasis is better
preserved when transcript translation is reduced. Hence,
reducing the translation entails a significant energy saving,
which in turn could be used in restoring and maintaining
cell requirements [34].

The other piece of evidence was obtained in mammals,
which demonstrates that GCN2-deficient mice exhibit two

main age-related effects [35] related to nutrient preference
described in aging. First, GCN2 deficiency exacerbates aged
mice’ fat consumption at the expense of carbohydrate intake,
and second, it prevented the increase in protein consump-
tion. In this study, they suggested that GCN2 signaling might
be an ancient pathway that contributes to the macronutrient
selection and food preference [35]. Moreover, Kang et al.
recently showed that, in response to dietary protein restric-
tion, the lifespan of Drosophila melanogaster is extended, in
a GCN2-ATF4 signaling axis-dependent manner [36]. The
role of GCN2 as amino acid deficiency sensor has also been
described in nematode Caenorhabditis elegans (C. elegans)
[37], and the loss of GCN2 function is necessary for lifespan
extension under nutritional stress [37]. Interestingly, for the
protective role of CR on extension survival in C. elegans,
the transcription factor PHA-4/FoxA is required [38].
PHA-4/FoxA (the nematode homolog of the mammal
FoxA2) induces the expression of genes mostly involved in
metabolic processes and defenses response [39]. In the con-
text of amino AA deprivation, the extension of survival that
depends on GCN2 involves the modulation of PHA-4/FoxA
[37]. The other evidence is related to the protein IMPACT,
which in mammals is a negative regulator of GCN2 [40].
Interestingly, the partial loss of function of IMPT-1 (yeast
IMPACT Homolog 1) in C. elegans induces eIF2« phosphor-
ylation even in a fed state. Moreover, impt-1 knockdown
exacerbates CR-induced extended lifespan and confers stress
resistance [41]. This effect was dependent on other genes
required for CR life extension, including daf-16 (the yeast
homolog of FOXO) and skn-1 (the yeast homolog of Nrf 2).
Thus, the discoveries found associating GCN2-dependent
nutrient sensing and longevity suggest that under reduced
amino acid availability, mRNA translation is inhibited and
the expression of stress responses is activated, extending life-
span and improving healthspan, so far, in invertebrates. The
beneficial effects of CR are also associated to the ISR activa-
tion. Still, whether GCN2 signaling or activation is impaired
throughout aging in mammals is not known. Moreover,
whether its functional modulation could exacerbate or atten-
uate the aging process is an issue that remains unclear.
Dietary methionine restriction (MR) is a proved
approach to increase life span that has been shown in a
variety of species (reviewed in [42]) and induce several phys-
iological responses that confer resistance to metabolic disease
[43-47]. The physiological responses to MR encompass
adiposity decrease, energy expenditure increase, and thermo-
genic gene expression induction in the liver [48, 49]. The
restriction of essential amino acids (EAAs), including methi-
onine or leucine, limits aminoacylation of tRNAs by their
cognate EAAs and induces the activation of GCN2 [50, 51].
Thus, it is possible that under MR, activation of GCN2
occurs, triggering the AAR that could be contributing to the
beneficial effects observed under this specific AA diet restric-
tion. Some of the metabolic effects of MR, including body
weight reduction or elevated energy expenditure, are still
present in GCN2-deficient mice [52]. GCN2 has been shown
to play a pivotal role in the acute response to the essential
amino acid deprivation induced by methionine restriction,
while the long-term metabolic changes seem to be mediated



by a GCN2-independent elF2«a phosphorylation [52]. These
results demonstrate the complexity of the response under
AA deficiency and the presence of other sensing mechanisms
of the MR phenotype. However, other responses associated
to GCN2 activation, described in young or old, could be
driven by this amino acid deficiency during aging. For
instance, GCN2 protects against hepatotoxicity after AA
depletion. GCN2-deficient animals lost the capacity to
engage the AAR, which is associated with hepatic triglyceride
accumulation, DNA damage, oxidative stress, and inflamma-
tion [53]. In the context of ischemia reperfusion (IRI) injury,
GCN2 is required for protection from renal and hepatic IRI
[54]. The work from Anthony et al’s group has revealed
the protective effects of GCN2 in the central nervous system.
In a mouse model of leukodystrophy, a disorder character-
ized by degeneration of the white matter in the brain,
GCN2 is essential for protecting glial cells during amino acid
deficiency [55]. Together, these results demonstrate several
GCN2 protective responses that could be activated during
methionine deficiency, thus mediating, in part, the beneficial
effect of MR.

MR has been shown to induce drastic genetic changes,
mediated by the reduction of histone methylation [56]. It is
also possible to consider long-term changes induced by
GCN2 activation, driven by epigenetic changes as has been
proposed for ATF4 in the context of nutrient deprivation in
the fetus with consequences in adulthood [28]. Regarding
aging, MR has been shown to extend healthspan and lifespan
in progeroid mice [57]. Even though some of the conse-
quences of MR in mammals are quite described [58], even
more, its effects on accelerated aging models is also known
[57]; still, in vivo genetic evidence of GCN2 function in the
aging process remains unclear, revealing an information
gap in the nutrition sensing scenery.

4. Nutrient Sensing Imbalance and Its Impact in
the Redox Status along Aging

Aerobic cells and organisms have developed mechanisms for
dealing with the oxidative stress implicated in the cell respi-
ration, because of the reactive oxygen species (ROS) gener-
ated as byproducts in the oxidative phosphorylation
process. In homeostatic conditions, antioxidants counteract
the ROS oxidative damage, which is fundamental for proper
mitochondrial, thus cellular function. Throughout aging, the
respiratory chain becomes ineffective, leading to electron
leakage accompanied by a decrease in ATP production
[59]. Thereby, the aging process results in an oxidative
imbalance yielded by the increased generation of ROS
and/or lessen antioxidant defenses while concomitantly cells
tend to accumulate aggregated proteins and dysfunctional
mitochondria [2].

Even though the relationship between mitochondrial
dysfunction, oxidative stress, and aging, at first sight, might
seem intuitive, the experimental evidence has not been as
clarifying as expected. Remarkably, the reduction of the anti-
oxidant defenses can accelerate the aging process, speeding
up the onset of neuropathological phenotypes related to
aging, such as motor dysfunction, neuronal DNA damage,
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and neurodegeneration in flies and mice [60, 61]. On the
other hand, there exist contradictory data, particularly the
findings that the increase of ROS can extend the lifespan in
invertebrate models like yeast and C. elegans [62-64]. While
the evidence in mice is intriguing as well, given that the
increase mitochondrial ROS and oxidative damage do not
accelerate the aging process [65, 66], the increased antioxi-
dant defenses extend longevity [67-71].

Despite the contradictory evidence, as a consensus in the
field, the proper oxidative status of the cell, constituted by the
fine balance between ROS and antioxidant defenses, is critical
for the healthy cell function which in turn is controlled by
different regulatory processes. Interestingly, one essential sig-
naling that lately has been shown to be able to change the cell
redox status is the nutrient sensing. How nutritional sensing
and oxidative stress are integrated in the cell? In vitro and
in vivo studies have demonstrated that the amino acid avail-
ability impacts in the intracellular amounts of antioxidants
(for instance amino acids or glutathione), resulting in oxida-
tive stress status changes [25, 72, 73]. This new dimension of
nutrition as a modulator of the cellular oxidative status has
just started to be explored in mammals. Chaveroux et al.
identified GCN2 as new redox regulator that prevents oxida-
tive stress in vivo [72], specifically through the transcriptional
control of one of the main variants of the glutathione per-
oxidase 1 (GPX1), thus contributing to regulate the amount
of oxidized proteins (carbonyl radicals) in the liver. In the
same direction, GCN2 also can impact the redox cellular
status through the regulation of autophagy in an inflamma-
tory context. Particularly, GCN2 allows the occurrence of
autophagy to increase in response to inflammation, which
in turn blocks the augmentation of ROS [73]. This last
finding is particularly interesting on the context of the
latent proinflammatory phenotype accompanying aging
[74]. Thus, nutrient sensing signaling pathways triggered
by GCN2 could have protective consequences in maintain-
ing a redox balance, in the described altered immune con-
ditions associated with aging [74].

Interestingly, GCN2 also modulates cell cycle progression
through the regulation of p53 function in the nucleolus. In
conditions of GCN2 deletion, p53 is activated, arresting the
cell cycle and inducing canonical transcriptional targets such
as p21 [75]. This recently obtained piece of evidence opens a
new perspective of the role that nutritional stress controls
different cell processes, particularly the integration of amino
acid requirements for the cell cycle progression. Considering
the above evidence, the modulation of the nutrient sensing
along the aging may not only be beneficial for allowing adap-
tation to metabolic stress per se but may also contribute to
balance a wide spectrum of cell processes (Figure 2). In this
regard, even though the classically described function of
GCN2 is to be a kinase that is activated by amino acid depri-
vation inducing a nutrient stress response transcriptional
program through ATF4 action, GCN2 also is able to regulate
other cell processes such as autophagy, cell cycle, and redox
status, in which GCN2 is being a central coordinator of
metabolic homeostasis that integrates the nutritional require-
ments in a healthy cell balance. In the aging scenery, how
GCN2 integrates these cellular processes in a fine-tuned
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FIGURE 2: GCN2-dependent nutrient sensing along aging. Amino acid deprivation activates GCN2, a kinase that induces a nutrient stress
response transcriptional program through ATF4 action. GCN2 also regulates other cell processes such as autophagy, cell cycle through
p53 function, and redox status by transcriptionally modulating GPX1; this homeostatic balance can be altered throughout aging. ROS:
reactive oxygen species; GPX1: glutathione peroxidase 1; GCN2: general control nonderepressive 2; elF2a: eukaryotic initiation factor 2

alpha; ATF4: activating transcription factor 4.

balance and the involvement of its control in the healthy
aging or its contribution to the molecular mechanism of
age-related disorders remains unclear (Figure 2). Along with
this line, given the experimental evidence available, one could
speculate regarding the benefits that could implicate the
GCN2 function and manipulation throughout the aging.
Considering the classic dogma that during aging the accumu-
lation of reactive oxygen species causes cumulative cell dam-
age and senescence, GCN2 manipulation might ameliorate
the oxidation observed during aging through the transcrip-
tional control of key enzymes involved in the oxidative coun-
terbalance such as GXP1, diminishing the mitochondrial
functional decline and bioenergetics dysregulation com-
monly exhibited in aging [3]. Autophagy is another process
that is regulated by starvation and also by oxidative stress;
albeit during aging the autophagy markers has been shown
to be both up- and downregulated, autophagy has been
related to both normal and pathological conditions of
inflammation [76] and the defective autophagy response is
one of the causes that may contribute to the accumulation
of proinflammatory damage that aged tissue exhibits [74].
In this regard, considering that GCN2 has been shown to
be capable of modulating inflammation through autophagy
[73, 77], the GCN2 function and intervention might repre-
sent an interesting tool for attenuating the autophagy-
driven proinflammatory damage observed during normal
and pathological aging.

It is important to mention that angiogenesis, namely, the
formation of new blood vessels by endothelial cells, even
though it is considered to be an adaptive response to oxygen

and/or nutrient deprivation upon ischemia or exercise, is not
considered a classical aging hallmark. In this regard, different
angiogenic alterations observed through the aging process
have been broadly reported. Particularly, a decline in micro-
circulation has been described, given by a reduction in capil-
lary density throughout aging [78]. These functional changes
can be explained mostly by decreased levels of angiogenic
factors in aged individuals. The abovementioned gave rise
to the “angiogenesis hypothesis of aging,” in which proangio-
genic therapies are proposed for ameliorating age-related
symptoms (reviewed in [79]).

The canonical angiogenesis process is orchestrated by the
vascular endothelial growth factor (VEGF), triggered by the
hypoxia/nutrient deprivation during ischemia. Although
both phenomena are difficult to dissect, hypoxia per se is a
well-described VEGF inductor (through HIFla transcrip-
tional factor activation). Interestingly, recent studies have
shown that nutrient deprivation, specifically amino acid star-
vation, is able to regulate angiogenesis by GCN2/ATF4 acti-
vation, in a hypoxia-independent manner, both in vitro and
in vivo [80]. Particularly, GCN2/ATF4 activation shows
to modulate both VEGF and hydrogen sulfide, a proangio-
genic effector capable to induce the glucose intake and
ATP production during endothelial cell migration [80].
Considering this piece of evidence, GCN2 stands out as
a metabolic integrator able to modulate the response to
stress in endothelial cells, also highlighting its therapeutic
potential in ameliorating aging-related angiogenesis defi-
ciencies, mainly improving the microcirculation condition
in aged people.



5. Translational Potential and Therapies,
Looking towards the Future

In the aging research field, the efforts now are directed to
delay the aging process to diminish the vulnerability to the
occurrence of age-related disorders. In terms of interven-
tions, the dietary restriction stands out as an interesting tool.
Dietary restriction, namely, the reduction of food intake
without malnutrition, has the main advantage that is the
less-invasive approach to be used in aged people. On the
other hand, the main disadvantage of the dietary restriction
is the low adherence to the treatment that might impact its
therapeutic efficacy. Among these types of intervention, the
most documented is the CR, which has bridged the gap
between preclinical studies and human aging studies, dem-
onstrating robustly that is able to increase lifespan in differ-
ent mammalian models, including nonhuman primates
(reviewed in [81]).

Particularly, amino acid deprivation has not been proved,
so far, as a therapeutic strategy to modulate aging in humans.
However, there exist preclinical and clinical data that show
that dietary protein restriction is able to reduce the triglycer-
ide levels in humans [82]. Considering that GCN2 has been
shown to be involved in a wide variety of cellular phenom-
ena, its manipulation is a promising tool that could implicate
pleiotropic benefits. To date, the only type of intervention
that has been done in order to regulate GCN2 function has
been its pharmacological modulation through halofuginone
(Hfg), an alkaloid originally isolated from the plant Dichroa
febrifuga [83]. Hfg is an agonist able to activate GCN2;
nevertheless, the preclinical studies using this drug have been
directed mostly to the cancer research field (reviewed in
[83]), evaluating how nutritional sensing modification can
impact in cancer cell biology, and finally its therapeutic
potential as an anticancer treatment.

However, so far, no treatment has been proven to
modulate GCN2-mediated nutritional stress in aging, neither
pharmacologically nor genetically.

6. Conclusion

The world is rapidly getting old [84], and as a consequence,
aging has become an intense field of study. There is an enor-
mous amount of studies aimed at understanding the molecu-
lar and cellular bases of aging seeking to preserve health in
old stages of life. Nutritional strategies, including CR or
MR, that extend life have given many clues about the signal-
ing pathways involved in the aging process, in particular, the
ones associated with nutrient sensing. Several pieces of evi-
dence have shown that the AA deficiency sensor GCN2 and
the signaling pathway triggered by its activation could be
involved in the beneficial effects of restricted diets.

The GCN2 kinase has been studied in a variety of con-
texts including liver metabolism, innate immunity, cancer,
and memory formation, among others [85]. Studies in nem-
atode C. elegans have shown direct involvement of CGN2 in
extending life span. However, its contribution to aging
process in mammals remains unclear.
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More than an AA-deficit sensing kinase, GCN2 appears
to be a metabolic reprogramming controller that integrates
and regulates key processes including autophagy, inflamma-
tion, and redox balance. Those are precisely contributors to
aging process, and moreover, the consequences of GCN2
activation could be impacting cognitive function through
neuronal and nonneuronal cells.
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Alzheimer’s disease (AD) is the most common form of dementia affecting people mainly in their sixth decade of life and at a higher
age. It is an extensively studied neurodegenerative disorder yet incurable to date. While its main postmortem brain hallmarks are
the presence of amyloid- 3 plaques and hyperphosphorylated tau tangles, the onset of the disease seems to be largely correlated to
mitochondrial dysfunction, an early event in the disease pathogenesis. AD is characterized by flawed energy metabolism in the
brain and excessive oxidative stress, processes that involve less adenosine triphosphate (ATP) and more reactive oxygen species
(ROS) production respectively. Mitochondria are at the center of both these processes as they are responsible for energy and
ROS generation through mainly oxidative phosphorylation. Standardized Ginkgo biloba extract (GBE), resveratrol, and
phytoestrogens as well as the neurosteroid allopregnanolone have shown not only some mitochondria-modulating properties
but also significant antioxidant potential in in vitro and in vivo studies. According to our review of the literature, GBE,
resveratrol, allopregnanolone, and phytoestrogens showed promising effects on mitochondria in a descending evidence order
and, notably, this order pattern is in line with the existing clinical evidence level for each entity. In this review, the effects of
these four entities are discussed with special focus on their mitochondria-modulating effects and their mitochondria-improving
and antioxidant properties across the spectrum of cognitive decline-related disorders. Evidence from preclinical and clinical
studies on their mechanisms of action are summarized and highlighted.

1. Introduction

L.1. Alzheimer’s Disease: A Well-Known yet Untreatable Age-
Related Neurodegenerative Disorder. Alzheimer’s disease
(AD), the most common neurodegenerative disorder, as well
as dementia type, is characterized by extracellular senile beta-
amyloid protein (Af) plaques and intracellular neurofibril-
lary tau tangles [1]. There are two types of AD: (i) the
sporadic form of AD (SAD) whose onset occurs above the
age of 65 and (ii) the familial AD forms (FAD) that are more
rare with less than 1% occurrence among the AD cases and
whose onset starts at a younger age (<65 years). The biolog-
ical system of aging is the major risk factor of SAD [2]. The
familial forms (FAD) bear inheritable mutations in the amy-
loid precursor protein (APP) and presenilin 1 and presenilin

2 genes [3, 4]. The symptoms of AD are the same in SAD and
FAD [5]. There are different types of age-related cognitive
diseases which differ in severity. SMI (subjective memory
impairment) is the condition when nondemented aged peo-
ple express subjective complaints related to their memory
but have no organic or identifiable condition [6]. SMI is dis-
cussed as an early predictor of dementia [7-10]. The concept
of mild cognitive impairment (MCI) defines an intermediate
stage between normal aging and dementia. MCI patients
show mild but measurable changes in cognitive tests and
thinking abilities that are noticeable to the patients and to
family members, but they are able to carry out everyday
activities. Approximately 15-20% of people aged 65 or older
have MCI. This group of people represents a population at
increased risk for developing dementia, especially MCI
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involving memory problems [11]. The occurrence of MCI in
the population is 3.2%, of which 11.1% of the cases convert to
dementia within 3 years [12]. It has been indicated, yet not
conclusively, that SMI is a precursor of MCI which can then
lead to dementia or AD [4, 13]. Dementia is a more severe
condition compared to SMI and MCI which affects aged
people and interferes negatively in the performance of every-
day activities. It is described as a cluster of symptoms related
to mental, cognitive, and memory decline [12, 14]. There are
different forms of dementia, such as AD, the most common
type, and vascular dementia. Vascular dementia (VaD) is
the second most common form of dementia and occurs as a
cognitive decline due to a reduced blood flow in the brain
(e.g., due to brain injury or stroke). However, sometimes
different kinds of dementias coexist and their discrimination
is difficult due to overlapping clinical symptoms. Moreover,
many of these patients also suffer from psychiatric or behav-
ioural problems that are sometimes referred to as BPSD
(behavioural and psychological symptoms of dementia) or
NPS (neuropsychiatric symptoms), including irritability,
anxiety, psychosis, and aggression [15].

1.2. Mitochondria and Neuroplasticity. Mitochondria are
essential yet independent organelles contained in eukaryotic
cells, and they are responsible for numerous functional activ-
ities within the cells. However, they are not always an intrin-
sic structure of eukaryotic cells. They occur through the
endosymbiosis of an alpha-proteobacterium into a prokary-
otic progenitor, and this is why they contain their own
DNA, namely, the mitochondrial DNA (mtDNA) [16].
Regarding the structural characteristics of these organelles,
they contain two structurally and functionally distinct
membranes, the outer and the inner membranes. The inner
membrane encapsulates the matrix and also carries the elec-
tron transport chain (ETC) where oxidative phosphorylation
(OXPHOS) is taking place. mtDNA is located in the matrix
encoding 13 proteins which are used as structural compo-
nents of the ETC complexes [17].

Mitochondria have obtained the title of “powerhouse of
the cell” due to their ability of producing the energy, mainly
through OXPHOS, required for the survival and functioning
of the cell. Actually, they are more than just a “powerhouse”
as they are the ultimate multitaskers which define the cell
fate. Apart from the production of energy in the form of
ATP, mitochondria are the key modulators of brain cell
survival and death by controlling calcium (Ca**) and redox
equilibrium (which in turn affects neurotransmitter release
and neuronal plasticity), by producing reactive oxygen
species (ROS), and by controlling cell apoptosis [17-19].
The brain is an organ which requires a considerable amount
of energy in order to operate, maintain, and enhance
neuronal functions and plasticity. Neurons are postmitotic
polarized cells with significant energy demands. OXPHOS,
taking place in mitochondria, is the main energy provider
in the form of ATP, and neurons depend almost solely on
this procedure in order to satisfy their energy needs [20]. In
particular, neurons direct this energy into the formation of
interconnections, the synapses. The number and strength of
these neuron interconnections define synaptic plasticity,
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which is responsible for cognitive function [21]. Synaptic
plasticity is a crucial mechanism by which the neural activity
generated by an experience alters synaptic transmission and
therefore modifies brain function [22]. Neurite outgrowth
is a process wherein developing neurons generate new
projections as they grow in response to guidance cues. Nerve
growth factors (NGF), or neurotrophins, are one family of
such stimuli that regulate neurite growth [23]. Brain-
derived neurotrophic factor (BDNF) exerts several actions
on neurons ranging from the acute enhancement of trans-
mission to long-term promotion of neurite outgrowth and
synaptogenesis [24, 25]. Synaptic plasticity includes the
dynamic regulation of long-term potentiation (LTP), spine
density, and the number and length of dendrites and axons
(neuritogenesis), as well as neurogenesis. Adult neurogenesis
generates functional neurons from adult neural precursors in
restricted brain regions throughout life [26]. These plasticity
processes need a high energy requirement, and this is why
mitochondria play such a pivotal role in the well-being of
neurons especially when neurons need to adapt to periods
of pathologically reduced functions.

1.3. Mitochondria, Oxidative Stress, Aging, and AD. However,
while mitochondria regulate the functions of healthy
neurons, they are also largely affected during aging and path-
ological states such as age-related neurodegenerative dis-
eases. Mitochondria are not only the regulators of energy
metabolism but are also the main ROS generators. ROS are
immensely reactive species which are produced in mitochon-
dria mainly by complexes I and III of the ETC when there is a
leak of electrons. They are chemical species including
hydroxyl radical ("OH), superoxide anion (O,-), and hydro-
gen peroxide (H,0,) which can interact with and damage
DNA and proteins and lipids which can compromise cell
survival leading to aging and to vulnerability to several dis-
eases [27, 28]. When they exist at normal levels, they consti-
tute signalling agents in many physiological processes, such
as redox homeostasis, cellular death, cellular senescence,
and cell proliferation, and they can also trigger immune
responses, synaptic plasticity, and cognitive enhancement
[20, 27]. ROS are neutralized by antioxidant enzymes such
as superoxide dismutase, which transforms the radicals
(0O,-) into H,0,, and by catalase, glutathione peroxidase,
and thioredoxin peroxidase, which diffuse H,0, [27]. In a
healthy state, there is a balance between ROS production
and neutralization. Nevertheless, when ROS are produced
in excess, e.g., during aging, they directly affect mitochondria
since mitochondrial membranes consist of long polyunsatu-
rated fatty acids which are easily oxidized. Also, mtDNA is
found in close proximity to the ROS source and is susceptible
to mutations resulting in the production of faulty ETC pro-
teins, leading back to the production of more ROS [18, 28].
It could be said that mitochondria are the main organelles
in aging and neurodegeneration by being both generators
and targets of ROS. It has been shown that aging is character-
ized by a rise in oxidative stress, a decline in antioxidant
defense systems, and an impairment of the OXPHOS. So,
aging is characterized by energy deprivation and a shift of
the redox state towards oxidation. Mitochondria are at the
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center of these hallmarks [20]. Neurons, which highly
depend on OXPHOS to satisfy their energy demands, are
particularly susceptible to energy hypometabolism [20]. In
addition, taking into account that they are nondividing cells,
neurons are almost as old as the entire organism and are not
replaced during life with the exception of the hippocampus
that continuously generates new neurons during adulthood
[20, 29]. This means that neurons accumulate oxidative stress
and therefore defective mitochondria during aging [20, 30].
This is particularly important since mitochondrial dysfunc-
tion represents an early event in AD pathogenesis [20, 28, 31].

Intense oxidative stress and decreased brain energy
metabolism are common characteristics of both normal
aging and AD, although to different extents [20]. Of note,
mitochondrial abnormalities are observed in FAD and SAD
brains [32, 33]. On one hand, recent data obtained from
AD models, in which mitochondrial failure is a prominent
feature, implicate tau hyperphosphorylation as well as Af
overproduction and deposition. On the other hand, A and
tau target mitochondria synergistically, thereby possibly
amplifying each other’s toxic effects. This interrelationship
of Ap, tau, and mitochondrial function constitutes a vicious
cycle [34]. The mitochondrial cascade hypothesis postulates
that mitochondrial dysfunction represents the most
upstream pathology in AD [28]. According to this hypothe-
sis, arresting brain aging will prevent the development of
AD [32].

1.4. Mitochondria-Directed Natural Compounds. The current
mitochondrial cascade hypothesis postulates mitochondrial
dysfunction as a central pathomechanism in age-related
degenerative disorders [28, 35, 36]. Taking into account their
primary role in aging and in the early stages of AD, mito-
chondria constitute promising targets for therapeutic strate-
gies. For this reason, pharmacological studies are directed
in enhancing mitochondrial functions such as ATP produc-
tion and respiration or in reducing mitochondrial harmful
by-products such as ROS [36]. To date no drugs are able to
cure or stop the progression of age-related neurodegenerative
disorders. Most of them may be beneficial in delaying the
progression of AD and only partially treat some of its symp-
toms (e.g., confusion and memory loss).

Many drugs including whole plant extracts and single
compounds originate from natural and botanical sources.
Two single compound AD drugs are derived from plants:
(i) the acetylcholine-esterase inhibitor, galanthamine,
derived from the Galanthus species (Galanthus caucasicus
and Galanthus woronowii) and (ii) rivastigmine, a physo-
stigmine analogue (physistigmine was isolated from the
Calabar bean, Physostigma venenosum) [37, 38]. In addi-
tion, the phytopharmacon GBE that is used as antidementia
medicine was shown to improve mitochondrial function
emphasizing the concept of targeting mitochondria as an
emerging and promising therapeutic approach [35, 39].
Therefore, we focused our search on natural compounds
that possess mitochondria-enhancing properties based on
our own past and ongoing research as well as on research
of other groups. Standardized Gingko biloba extract (GBE),
resveratrol, phytoestrogens, and the natural neurosteroid

allopregnanolone fulfilled our criteria. Common targets of
these agents (Figure 1) have been reported, such as ROS, mito-
chondrial membrane potential (MMP), Af3, tau protein, anti-
apoptotic protein (Bcl-2), and OXPHOS (Figures 2 and 3).
Accordingly, in this review we aimed to summarize the molec-
ular modes of action of these natural agents with special focus
on mitochondria, their mitochondrial function-enhancing
properties, and their antioxidant properties. We discuss
evidence on their mechanism of action from preclinical as well
as clinical studies. Especially regarding clinical trials, there is a
different level of existing evidence for each phytochemical.
GBE, resveratrol, phytoestrogens, and allopregnanolone
appear in a descending order according to their clinical evi-
dence level. The databases PubMed and Google Scholar, as
well as the database Clinical Trials.gov were used for our search
with a focus on the years 2000-2018. For the clinical evidence,
we considered randomized, double-blind, placebo-controlled
trials as well as ongoing trials, systematic reviews, meta-analy-
ses, and Cochrane analyses.

2. Pharmacologic Features of Natural
Substances in Alzheimer’s Disease

2.1. Gingko biloba. Gingko biloba has existed for over 250
million years and is a native from Japan, Korea, and China;
however, it can be found worldwide. Traditional Chinese
clinicians originally utilized GBE for a variety of applications
[40]. There are several Ginkgo biloba extracts sold on the
market, including standardized and nonstandardized
extracts, which are also used in studies. The standardized
extracts have to meet specific criteria regarding their
manufacturing process, the quality of the plant material,
and their composition, which is not the case with the non-
standardized extracts. Many products have been reported
on the market which are not standardized and are even
adulterated. These products not only reduce the efficacy
of GBE, but they can be potentially harmful [41]. GBE
contains two main groups of active constituents ensuring
its medicinal effects: terpenes (including bilobalide and
ginkgolides A, B, and C) and flavonoids (including meletin,
isorhamnetin, and kaempferol). Both the United States
Pharmacopoeia and the European Pharmacopoeia define
as standardized only extracts that contain the active com-
ponents of Ginkgo in a certain and defined content. In
particular, the standardized extracts should contain 5-7%
triterpene lactones, 22-27% flavonoids, and less than 5
ppm of ginkgolic acids, which are toxic ingredients of
Ginkgo. [42]. Most toxicological, pharmacological, and clin-
ical investigations have focused on the neuroprotective
value of two main standardized extracts labeled EGb761
and LI 1370 [43-45]. The EGb761 extract consists of 24%
flavone glycosides (mainly quercetin, kaempferol, and iso-
rhamnetin) and 6% terpene lactones (2.8-3.4% ginkgolides
A, B, and C and 2.6-3.2% bilobalide), while the extract LI
1370 is composed of 25% ginkgo flavone glycosides as well
as 6% terpenoids. Several terpene lactones (ginkgolides and
bilobalide) show substantial mitochondria-protecting prop-
erties, while the flavonoid fraction seems to play an impor-
tant role in the free radical scavenging properties [46]. In
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F1Gure 1: Common mitochondria-related targets of natural substances in neuroprotection. In AD, the precursor of amyloid protein APP
is cleaved sequentially by - and y-secretases leading to the production of Af peptides, their aggregation, and the formation of
extracellular plaques. Different Af species exist, but Af3, ,, is one of the most abundant and is the one that is mainly deposited in
the brain due to its hydrophobic and fibrillogenic nature. AD is associated with electron transport chain (ETC) impairments leading
to decreased ATP levels and basal respiration, with a decrease of antioxidant defenses and an increase of ROS production by
complex I and complex III (orange dashed arrows). Globally, Gingko biloba, resveratrol, and phytoestrogens have been shown to
protect against cell death in AD through a common mechanism of action by reducing abnormal aggregation of Af, amyloid beta
(Ap) toxicity, oxidative stress, mitochondrial impairments leading to neuronal dysfunction, and apoptosis. Gingko biloba, resveratrol,
and phytoestrogens are suggested to exert a beneficial effect in AD affected neurons, but their specific mechanisms of mitochondrial
interaction are not fully described yet. |: AD-related decrease. The green circle indicates the common mitochondria-related targets
of GBE, resveratrol, phytoestrogen, and allopregnanolone.

the following parts, only the effects of standardized GBE
will be discussed.

2.1.1. Mechanisms of Action Based on Preclinical Evidence

2.1.1.1. Direct Effects of GBE on Mitochondria. Several find-
ings demonstrate the mitochondria-modulating effect of
GBE, mainly in cellular and animal models of AD. In partic-
ular, GBE has been shown to attenuate effectively mitochon-
drial dysfunction through several mechanisms of action, such
as antioxidant effect and free radical scavenging properties,
with all the evidence leading to this conclusion having been
reviewed extensively [35, 47-49]. In vitro, GBE was shown

to ameliorate mitochondrial function by improving MMP
and ATP levels at a low concentration of 0.01 mg/ml in
pheochromocytoma cells (PC12) cells [46]. In amyloid
precursor protein- (APP-) transfected human neuroblastoma
cells, an AD cellular model with increased Af3 generation,
GBE improved respiration of mitochondria, stimulated mito-
chondrial biogenesis, and increased ATP production [50].
Mitochondria-related modes of action of GBE are summa-
rized in Figure 2.

2.1.1.2. Effects of GBE on Oxidative Stress, AP, and Tau
Toxicity Related to Damage of Mitochondria. A plaque
deposition is one of the main hallmarks of AD. The
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aggregation and tau hyperphosphorylation and to enhance OXPHOS, activities of complexes, and ATP levels, as well as to restore MMP.
ROS and consequently lipid peroxidation are reduced due to GBE, while the extract has the ability to enhance SOD and GSH-Px activity
and also induce mitochondrial biogenesis. |: represents increase; L: represents inhibition.

overexpression of both Af3 itself and its precursor protein, the
amyloid precursor protein (APP), has been used to create cel-
lular and animal models of AD. GBE has been shown to be
effective in reducing both the deposition of Af3 and its toxic-
ity. In detail, the prooxidant A, ;- peptide treatment was
shown to decrease complex I and IV activities and to increase
the level of reactive oxygen/reactive nitrogen species (ROS/
RNS) in SH-SY5SY cells [51]. Thus, pretreatment with GBE
was able to reduce the A 3-related increase in ROS/RNS levels
as well as to ameliorate the complex I and IV activities [51].
GBE protected against A, ,, oligomer-induced neurotoxic-
ity and cell damage with an indirect effect on SH-SY5Y
neuroblastoma cells by improving Hsp70 protein expression
and subsequently by activating the Akt (protein kinase B)
pathways as well as ER stress [52]. GBE also attenuated
AP, 4, oligomer-induced cell damage and protected against
Ap toxicity and oxidative stress [53, 54], as well as apoptosis
[52]. GBE was also able to reduce Af production [55]. In
terms of animal models, a chronic treatment with GBE
improved cognitive defects in a transgenic mouse model of
AD (Tg2576), a model that overexpresses a mutant form of
APP [53]. GBE was also shown to decrease Af oligomers
and to significantly increase neuronal proliferation in the
hippocampus of young (6 months) and old (22 months) mice
in a double transgenic mouse model (TgAPP/PS1) [54]. A
chronic daily treatment with GBE for 6 months improved
the cognitive function and alleviated amyloid plaque

deposition in two-month-old APP/PS1 mice. Of note, GBE
treatment seems to decrease the level of insoluble A, while
the soluble content of A3 was unchanged [56]. GBE reduced
the hyperphosphorylation of tau at AD-specific Ser262,
Ser404, Ser396, and Thr231 sites, rescued the activity of tau
phosphatase PP2Ac and kinase GSK3f, and reduced the
oxidative stress in the hippocampus and prefrontal cortex
on a hyperhomocysteinemia-treated rat model of AD.
Memory lesions were also restored, and the expression of
synapse-associated protein PSD95 and synapsin-1 protein
was upregulated [57].

2.1.1.3. Effects of GBE on Neuroplasticity Pathways. GBE
exerts its beneficial effects not only by acting on the Akt path-
way, as aforementioned, but also by acting on the cyclic AMP
response element-binding protein (CREB) [54, 58, 59]. CREB
phosphorylation induces transcriptional activation which
results in the expression of BDNF, and therefore, in synaptic
plasticity and cognitive enhancement. Conversely, lack of
CREB phosphorylation is a pathological ailment of neurode-
generative diseases such as AD [60].

In detail, the administration of GBE restored CREB phos-
phorylation in the hippocampus of TgAPP/PS1 mice [54].
Quercetin and bilobalide are the major constituents that have
contributed to GBE-induced neurogenesis [58]. Both constit-
uents promoted dendritic processes in hippocampal neurons
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enzyme Nox4. Resveratrol also influences the Apf-induced apoptotic signalling pathway by inhibiting the expression of caspace-3, Bax,
FOXO, and p53 by blocking the activation of JNK and by restoring the decrease of Bcl-2 expression, as well as by inhibiting the increase
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Resveratrol was also able to protect hippocampal neurons by alleviating cognitive impairment and reducing neuronal loss via modulating
the janus kinases, extracellular signal-regulated kinases, and signal transducers, as well as the signalling pathway of the activators of

transcription (JAK/ERK/STAT).

and restored Af3 oligomer-induced synaptic loss, as well as
restored CREB phosphorylation [58]. Ginkgo flavonols quer-
cetin and kaempferol have been shown to stimulate BDNF
and phosphorylation of CREB in neurons isolated from dou-
ble transgenic AD mouse (TgAPPswe/PS1e9) [59]. Recently,
our team could confirm the neurite outgrowth stimulating
effects of GBE in a 3D cell culture model (Figure 4).

2.1.2. Clinical Evidence. Apart from the preclinical studies,
the extract has been largely investigated in clinical trials in
a range of age-associated cognitive conditions from SMI
and MCI to dementia and AD. GBE has been suggested for
both the symptomatic treatment and prevention of those
cognitive decline-related diseases. The standardized GBE is
considered a phytopharmacon, and the dose of 240 mg/day
is recommended as the most effective by the guidelines for
biological treatment of dementias [12]. There are 9 categories

(A,B,C,Cl1,C2,C3,D, E,and F) and 5 grades (1-5) of phar-
maceuticals used for AD and other dementias according to
the level of existing clinical evidence and the occurrence of
side effects, respectively. GBE belongs to category B of the
level of evidence (limited positive evidence from controlled
studies) and to grade 3 [12]. Here, we are going to highlight
evidence on the extract’s efficacy on subgroups of age-

associated cognitive conditions in an ascending severity
order (Table 1).

2.1.2.1. Patients with SMI and MCI. Three randomized, dou-
ble-blind, placebo-controlled, parallel-group trials were
conducted for patients with memory complaints, one in
SMI and two in MCI patients. In total, data from 61 SMI
and 460 MCI patients were evaluated. One trial conducted
in healthy aged patients with SMI showed that GBE
enhanced cognitive flexibility without changes in brain
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(a)

(b)

FIGURE 4: Standardized Ginkgo biloba extract (GBE) LI 1370 (Vifor SA, Switzerland) (100 pg/ml) increased neurite outgrowth of SH-SY5Y
neuroblastoma cells after 3 days of treatment in 3D cell culture. Pictures were taken using a cell imaging multimode reader Cytation3 (Biotek
Instruments Inc., X20 in black and white) after immunostaining (IMS, BIII-tubuline/Alexa488). Compared to the untreated SH-SY5Y cells
(CTRL, (a)), 100 pug/ml of GBE (b) was efficient in increasing the formation of neurites.

activation and that it mildly increased prefrontal dopamine
[61]. Two trials showed that GBE ameliorated neuropsychi-
atric symptoms (NPS) and cognitive ability in patients with
MCI [62] as well as improved cognitive functioning and
aspects of quality of life in subjects with very mild cognitive
impairment [63].

2.1.2.2. Patients with Dementia. GBE has been found partic-
ularly efficacious in demented people with neuropsychiatric
symptoms (NPS) [64, 65]. In total, 3 original papers, 1
systemic review, 6 meta-analyses, and 1 Cochrane analysis
involving 14974 demented patients were evaluated. In detail,
the pooled analyses of 4 published trials in a systemic review,
involving outpatients with mild to moderate dementia and
BPSD, demonstrated the efficacy of GBE at a daily dose of
240 mg [66]. Six meta-analyses (3 trials included in these
meta-analyses were conducted in 1997 [67-69]) of 32 con-
trolled, randomized, double-bind clinical trials and one
bivariate meta-analysis of 6 trials come to the conclusion that
GBE is efficacious and well tolerated in patients with a diag-
nosis of AD, VaD, or mixed dementia in three typical
domains of assessment in dementia, i.e., cognition, activities
of daily living (ADL), and clinical global judgment [65, 70—
74]. However, there are also the studies with inconclusive
or contrasting results to the efficacious effect of GBE in
demented subjects [75-77].

2.1.2.3. Patients with Specific Dementia Type: AD and Vascu-
lar Dementia. In total, data from 1 original paper, 1 review,
and 3 systematic reviews and meta-analyses involving 6880
patients with AD and VaD were evaluated. In detail, in an
original paper, low doses of GBE administered to patients
with vascular cognitive impairment in a randomized, dou-
ble-blind, placebo-controlled trial showed significant decel-
eration of cognitive decline versus placebo only in one
(Clinical Global Impression) of the four tests conducted in

the trial [78]. The systematic reviews and meta-analyses (3
trials included in these meta-analyses were conducted in
1997 [67-69]) concluded that GBE exerts potentially benefi-
cial effects on the improvement of activities of daily living,
cognitive function, and on global clinical assessment in
patients with MCI or AD, in mainly the AD type of dementia
and in aged people with VaD having NPS [79-82].

2.1.2.4. Prevention. The preventive effect of GBE was
reported in 14812 patients in three original papers and one
systematic review and meta-analysis. In contrast, there are
4 studies that do not support the efficacious effect of GBE
in preventing the onset of AD in either healthy aged or aged
with MCI people [83-86]. The outcome for the efficacy of
GBE in preventing the onset of AD in healthy individuals
varies among different studies. However, there is also high
variability in the design of the studies in terms of GBE doses,
duration of the treatment, sample size, statistical tools, and
compliance with the medication. Therefore, there is space
for criticism regarding the methodological design of studies
and the interpretation of the outcome. There are two large
studies which form good examples of scepticism towards
their negative outcome: the GEM study and the GuidAge
study [83, 84, 87]. The GEM study was conducted in healthy
old people (80 years old or more) and found no efficacy of
GBE in preventing the onset of AD. In this study, the compli-
ance of subjects with the treatment was nonadequate, yet this
parameter was not taken into account in the interpretation of
the results. In the GuidAge study, the conversion rate from
memory complaints to dementia was examined in aged peo-
ple with memory complaints and no difference was found
between GBE and placebo. However, the statistical power
for the analysis of hazards was found low. The selection of
suitable statistical methods to take into account increasing
hazards overtime is crucial for meaningful results and
increased significance [35].
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Based on the included studies, GBE has been reported in
only a few studies that show no effect. The majority of the
recent studies demonstrated that the treatment with doses
up to 240 mg/day was safe, well-tolerated, and eflicacious
against age-related disorders.

In summary, GBE has been proven more effective in
patients with cognitive impairment at baseline than pre-
venting the onset of cognitive impairment in healthy aged
subjects. As mentioned before (see Introduction), mito-
chondrial dysfunction is more profound in cognitive disor-
ders than in normal aging. Similarly, GBE shows increasing
promising effects with increasing cognitive impairment.
This, again, represents an indicator that GBE exerts its
effects clinically by acting on mitochondria [35]. Thus, we
can conclude that GBE can potentially improve mitochon-
drial dysfunction across the aging spectrum.

2.2. Resveratrol. Resveratrol, known as a polyphenol from
white hellebore (Veratrum grandiflorum), was discovered
by Takaoka (1939) as a component of several dietary sources
such as berries, peanuts, and red grape skin or wine. Siemann
and Creasy discovered that resveratrol is present at high
concentration in red wine [88]. Resveratrol has been reported
to possess several benefits, including antitumor, antioxidant,
antiaging, anti-inflammatory, cardioprotective, and neuro-
protective properties. This polyphenol has emerged as a
novel natural agent in the prevention and possible therapy
of AD [89].

2.2.1. Mechanisms of Action Based on Preclinical Evidence

In vitro and in vivo, the direct molecular targets of resveratrol
are not known in detail. However, there is evidence that res-
veratrol exerts a complex mode of actions through the pro-
tection of mitochondrial function and the activation of
biogenesis, through its effect on certain signalling pathways,
through its antioxidant effects, through the increase of Af
clearance, and through the reduction of Af neurotoxicity
[90] (Figure 3).

2.2.1.1. Direct Effects of Resveratrol on Mitochondria. Dietary
supplementation with 0.2% (w/w) resveratrol suppressed the
aging-associated decline in physical performance in
senescence-accelerated mice (SAMP1) at 18 weeks of age by
improving several mitochondrial functions such as the
activity of respiratory enzymes, oxygen consumption, and
mitochondrial biogenesis, as well as the activity of lipid-
oxidizing enzymes [91]. In 18-month-old aged mice, resver-
atrol (15 mg/kg/day) and/or exercise for 4 weeks were able
to counteract aging-associated oxidative damage targeting
mitochondrial biogenesis and function by causing overex-
pression of peroxisome proliferator-activated receptor-
gamma coactivator (PGC-la) mRNA and by increasing
citrate synthase enzyme activity [92]. Mitochondrial bio-
genesis is induced by resveratrol through SIRT1 activation
and deacetylation of PCG-1a [90] (Figure 3).

2.2.1.2. Effects of Resveratrol on Oxidative Stress. Damaged
mitochondria activate ROS production during oxidative
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stress which is involved in apoptosis [93]. ROS may damage
the mitochondrial and cellular proteins and nucleic acids,
causing lipid peroxidation and resulting in the loss of mem-
brane integrity [94] (Figure 3). Resveratrol also protects
mitochondria by increasing the expression of the ROS-
inactivating enzymes glutathione peroxidase 1 (GPx1) and
superoxide dismutase 1 (SOD1) and by reducing the expres-
sion of the ROS-producing enzyme NADPH oxidase 4
(Nox4) [93, 95] (Figure 3). In line with this, resveratrol
rescued Ap-treated human neural stem cells (hNSCs) from
oxidative stress by increasing the mRNA of antioxidant
enzyme genes such as SOD-1, nuclear factor erythroid 2-
related factor 2 (NRF-2), Gpxl, catalase, and heme oxigenase
1 (HO-1) [96]. In addition, resveratrol exerted antioxidant
properties and attenuated oxidative damage by decreasing
iNOS and COX-2 levels [93].

2.2.1.3. Effects of Resveratrol on A Toxicity Related to
Damage of Mitochondria. Thanks to its natural antioxi-
dant properties and/or by sirtuinl (SIRT1) activation,
resveratrol shows a neuroprotective effect because it
counteracts Af toxicity. In more details, resveratrol
increases the clearance of Af through the activation of
AMPK [90] (Figure 3). This natural molecule plays an
important role in reducing A neurotoxicity by phos-
phorylating protein kinase C delta (PKC-8) [90]
(Figure 3). Resveratrol also influences the Ap-induced
apoptotic signalling pathway through SIRT1 activation,
including inhibiting the expression of caspase protein 3
(caspase-3), apoptotic regulator Bax, Forkhead box O
(FOXO), and tumor protein p53, through blocking the
activation of c-Jun N-terminal kinase (JNK) and restor-
ing the decrease of B-cell lymphoma 2 (Bcl-2) expres-
sion, as well as through inhibiting the increase of the
nuclear factor kappa-light-chain-enhancer of activated B
cell (NF-kB) DNA binding [90] (Figure 3). Resveratrol
(20 uM) protected PCI2 cells against neurotoxicity
caused by Af,; s by provoking autophagy which was
proven dependent on the tyrosyl tRNA synthetase-poly(-
ADP-ribose) polymerase 1 (TyrRS-PARP1) and SIRT1
pathway (TyrRS-PARP1-SIRT1 pathway) [97]. A very
low concentration of resveratrol (0.2 mg/l) significantly
attenuated Af3 neuropathology and AD-type deterioration
of spatial memory function in Tg2576 mice compared to
control [98]. In a transgenic mouse model of AD
(Tgl9959), dietary supplementation with resveratrol
(300 mg/kg) decreased amyloid plaque formation [93].
In order to translate the animal doses into ones that
are relevant in humans, a scaling factor of 0.08 is used
to calculate the human equivalent dose (http://www.fda
.gov/cber/gdlns/dose.htm). For resveratrol, this is about
24 mg/kg or 1.68 g per day for a 70 kg individual
[93]. Resveratrol is also known to act as a phytoestrogen
(this mode of action of resveratrol is discussed in more
detail in Phytoestrogens).

2.2.1.4. Effects of Resveratrol on Metabolic and Signalling
Pathways. Resveratrol has been suggested to regulate cel-
lular processes by activating key metabolic proteins such


http://www.fda.gov/cber/gdlns/dose.htm
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12

as SIRT1, 5' adenosine monophosphate-activated protein
kinase (AMPK), and peroxisome proliferator-activated
receptor gamma coactivator l-alpha (PCG-la) [99-101].
Sirtuins and nicotinamide adenine dinucleotide- (NAD"-)
dependent protein deacetylases are described as novel
therapeutic agents against neurodegenerative disease path-
ogenesis [102]. In fact, the essential neuroprotective effect
of resveratrol is based on the action of SIRT1 and AMPK
and on the phosphorylation/acetylation status of PGC-1«
that consequently activates the mitochondrial biogenesis
leading to the improvement of the mitochondrial activity
[103] (Figure 3).

In a study using Af-treated hNSCs, the neuroprotective
effect of (10 uM) resveratrol was demonstrated by the activa-
tion of the AMPK-dependent pathway by rescuing the
expression levels of inhibitory kappa B kinase (IKK) and by
restoring iNOS and COX-2 levels [104]. In the inducible
p25 transgenic mouse model of tauopathy and AD,
resveratrol-mediated (5 ug/ul) SIRT1 activation reduced
learning impairment and hippocampal neurodegeneration
[105]. The JAK/ERK/STAT signalling pathway (janus
kinases, extracellular signal-regulated kinases, and signal
transducers and activators of transcription) is implicated in
cell survival, proliferation, and differentiation, while the dys-
regulation of the JAK/STAT pathway in neurodegenerative
disorders contributes to neuronal loss, cognitive impairment,
and brain damage [96]. Treatment with 20 mg/kg resveratrol
exerted a neuroprotective effect via the JAK/ERK/STAT sig-
nalling pathway in a rat model of ischemia-reperfusion
injury. In detail, resveratrol attenuated the increase in phos-
phorylation of JAK, ERK, STAT, and JNK caused by
ischemia-reperfusion [96] (Figure 3).

2.2.2. Clinical Evidence. Only eight clinical trials and four
ongoing trials on resveratrol aim at evaluating the effects of
this compound on cognitive function in humans [106]
(Table 2). Efficacy results of resveratrol are based only on
one clinical trial in MCI and one in AD patients.

2.2.2.1. Young and Old Healthy Subjects. Witte et al. con-
ducted a study to evaluate the effect of resveratrol (200
mg/day) supplementation in a formulation with quercetin
320 mg in 23 healthy overweight older individuals versus pla-
cebo during 26 weeks. They showed that resveratrol supple-
mentation is able to improve memory performances and
glucose metabolism and is able to increase hippocampal
functional connectivity in older adults for the maintenance
of brain health during aging [107]. No effect on cognitive
function was detected in young healthy people [94, 95].

2.2.2.2. Patients with Cognitive Decline and MCI. Lee et al.
examined the effects of grape consumption (which contains
resveratrol) on cognitive function and metabolism in the
brain of patients with mild cognitive decline and demon-
strated a protective effect of the grape extract against patho-
logic metabolic decline [108]. In a more recent 14-week
study carried out on 80 postmenopausal women aged 45-85
years, it was proven that a regular consumption of a modest
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dose of resveratrol (75 mg twice daily) is able to enhance
cerebrovascular function and cognition and to reduce their
heightened risk of accelerated cognitive decline [109].

Clinical studies are underway to explore the beneficial
effect of resveratrol on MCI. In the ongoing trials, one four-
month resveratrol supplementation study in phase 1 aims at
evaluating the efficacy and safety of bioactive dietary prepara-
tion (BDPP) atlow, moderate, and high doses in treating mild
cognitive impairment on 48 MCI subjects (55-85 years) [110].
The purpose of another study in phase 4 is to test the effect of
a six-month administration of resveratrol on brain functions
in MCI subjects (50-80 years) (National Institutes of Health,
ClinicalTrials.gov) [111]. In a randomized, double-blind
interventional study, resveratrol intake (200 mg/day, 26
weeks) reduced glycated hemoglobin Alc, preserved hippo-
campus volume, and improved hippocampus resting-state
functional connectivity (RSFC) in 40 well-characterized
patients with MCI (21 females, 50-80 years) [112].

2.2.2.3. Patients with Moderate AD and Dementia. Class II
evidence provided by the study of Turner et al. on patients
with AD showed that resveratrol (500 mg/day to 2 g/day,
52 weeks) is well-tolerated, safe, and able to decrease Af,,
levels in cerebrospinal fluid (CSF) and plasma but had no sig-
nificant effects on cognitive score [113]. Recently, a phase 2
study was conducted investigating the effect of resveratrol
(500 mg) in individuals with mild to moderate AD confirm-
ing its tolerability and safety as well as its modulation of AD
biomarker pathways [114]. Currently, an ongoing study in
phase 3 tests the effect of resveratrol supplementation (215
mg/day for 52 weeks) on cognitive and global functioning
in mild-to-moderate AD patients (50-90 years) [115]. A sec-
ond ongoing study in phase 3 aims at evaluating the effect of
resveratrol combined with glucose and malate in slowing
down the progression of AD after 12 months in mild-to-
moderate AD (50-90 year old patients) [116].

On the basis of the results from the very few clinical trials
in MCI and AD, no conclusion about the efficacy of resvera-
trol on cognition can be drawn at the current time, but prom-
ising trials are underway.

2.3. Neurosteroids. Neurosteroids offer therapeutic opportu-
nities through their pleiotropic effects on the nervous system.
They are a subcategory of steroids synthetized de novo from
cholesterol in the central nervous system independently of
supply by peripheral steroidogenic glands [117, 118] and
accumulate within the brain in neurons or glial cells [119,
120]. Neurosteroids are derived from cholesterol which is
translocated from the outside to the inside of mitochondria
via the translocator protein (TSPO). In the inner mitochon-
drial membrane, cholesterol is then converted by the cyto-
chrome cholesterol side-chain cleavage enzyme (P450scc)
to pregnenolone, the precursor of all the neurosteroids
[121]. In particular, pregnenolone and allopregnanolone play
an essential role in aging, in the performance of memory, and
in physiopathology. Indeed, the age-related drop of neuro-
steroids gives rise to neuronal degeneration and dysfunction
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in human and animal models owing to the loss of neuroster-
oid neuroregenerative and protective effects [122, 123]. Allo-
pregnanolone is used in several studies as a plasmatic
biomarker for AD because of its reduced level in the plasma
of demented patients [122]. It is known to be a regenerative
agentin the brain [124]. Several neurosteroids were quantified
and were found decreased in postmortem brains of aged non-
demented controls and aged AD patients. The transgenic mice
model of AD (APPswe+PSEN1A9 mice) presents a decreased
ability to form allopregnanolone in the hippocampus [125].

2.3.1. Allopregnanolone

2.3.1.1. Mechanisms of Action Based on Preclinical Evidence.
2.3.1.1.1. Direct Effects of Allopregnanolone on Mitochondria.
In control and APP/AB SH-SY5Y cells, allopregnanolone
improved basal respiration and glycolysis as well as increased
the bioenergetic activity and ATP production [126]. In APP-
transfected cells, a pretreatment with allopregnanolone
exerted a neuroprotective effect against oxidative stress-
induced cell death via the amelioration of the cellular and
mitochondrial energy, the reduction of ROS, and the
improvement of mitochondrial respiration [126]. Thereby,
it exerted its beneficial effect by improving the mitochon-
drial redox environment, such as MnSOD activity and mito-
chondrial ROS levels [127]. Moreover, allopregnanolone
increased ATP levels and respiration in mouse primary cor-
tical neurons [127]. In addition, in vitro, allopregnanolone
potentiated mitochondrial respiration in both adult neural
stem cells (NSCs), neurons, and mixed glia [128]. In vivo,
allopregnanolone was able to restore the ovarectomized-
(OVX-) induced decrease in mitochondrial respiration in
both non-Tg and 3xTgAD mice [128]. Moreover, allopreg-
nanolone also improved the activity of bioenergetic enzymes
such as pyruvate dehydrogenase (PDH) and a-ketoglutarate
dehydrogenase (¢KGDH) [128].

2.3.1.1.2. Effects of Allopregnanolone on A Toxicity Related
to Damage of Mitochondria. In a recent study, allopregnano-
lone was shown to exert an increased neuroprotective activity
against Af3,,-induced cell death in neural stem cells [129]
(Figure 5). In vivo, the natural neurosteroid allopregnanolone
appears to be a promising therapeutic tool for the develop-
ment of neurogenic and/or neuroprotective strategies, but
diverse points have to be taken into account, including the
dosing regimen, the treatment regimen, bioavailability,
solubility, route of administration, and sex differences. Acute
single administration of allopregnanolone promoted neuro-
genesis in the subgranular zone (SGZ) in the triple transgenic
mouse model of AD (3xTgAD) at 3 months of age prior to
the appearance of AD [71]. Allopregnanolone reversed mem-
ory and learning deficits in these mice. Chen et al. showed
that allopregnanolone administration (once/week for 6
months) decreased A generation and promoted survival of
newly generated neurons in the brain of 3xTgAD [130]. They
also demonstrated that allopregnanolone increased oligoden-
drocyte myelin markers and ameliorated cholesterol homeo-
stasis and clearance from the brain by increasing the
expression of PXR and Liver-X-receptor (LXR). Singh et al.
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reported that allopregnanolone is able to restore cognitive
performance in the preplaque phase of AD as well as memory
and learning in aging 3xTgAD mice [131]. All these studies
demonstrated the neuroprotective effects of allopregnano-
lone against the Af3 toxicity in 3xTgAD mice and also its
capacity to stimulate rodent and human neural progenitor
cell proliferation and to compensate the cell loss [130, 132].
Continuous infusions of allopregnenanolone were antiregen-
erative, while intermittent administration promoted repair
and renewal in a mouse model of AD [124]. The mode of
action of allopregnanolone is summarized in Figure 5.

2.3.1.2. Clinical Evidence. Currently, there is only one phase I
ongoing clinical trial testing the safety and the tolerability of
allopregnanolone in patients with mild cognitive impairment
and early AD [133] (Table 3). The primary aim of this phase 1
study is to evaluate the maximally tolerated dose after intrave-
nousinjection ofallopregnanolone (2,4, or 6 mg, once per week
for 12 weeks). Thus, no clinical evidence is currently available.

The natural neurosteroid allopregnanolone appears to be
a promising therapeutic tool with specific regard to its neuro-
genic properties besides its mitochondria-directed effects.
However, more trials are urgently needed to prove that.

2.4. Phytoestrogens. Phytoestrogens are the most bioactive
molecules of soy and present structural similarity to the
17 B-estradiol, which is the major circulating estrogen. Spe-
cific estrogen receptors have been shown to localize in
mitochondria in the frontal lobe and the hippocampus of
men and women suggesting a role of estrogen in controlling
cognitive functions and memory processes via energy supply
[134]. Estrogen plays a neuroprotective role during the aging
process, especially through its beneficial impact upon
mitochondrial metabolism by increasing glucose utilization
by cells as well as by enhancing ETC activity, by stabilizing
the MMP, and by preventing ROS production and calcium-
induced excitotoxicity [135]. Moreover, females live longer
than males and this can be attributed in part to the
antioxidant effect of estrogen and the upregulation of life
longevity-related genes [19, 136]. The phytoestrogens are
characterized by their ability to bind to estrogen receptor «
and estrogen receptor 3 and to exert similar responses to
endogenous estrogens [137]. Isoflavones are a subclass of phy-
toestrogens and are contained abundantly in soy and soy-
beans. Soy presents estrogenic effects attributed to genistein,
daidzein, and glycitein. The most potent isoflavone is genis-
tein, while daidzein and glycitein present an affinity to the
estrogen receptor, 100-500 times lower than genistein [138].
Estrogen receptors are localized in the important brain areas,
including the prefrontal cortex and the hippocampus that are
also known to be vulnerable to age-related decline [139-142].

2.4.1. Mechanisms of Action Based on Preclinical Evidence

2.4.1.1. Effects of Phytoestrogens on A and Tau Toxicity
and Cognitive Performance Related to Damage of
Mitochondria. One of the most important phytoestrogens
is resveratrol, an estrogen receptor agonist/antagonist. In
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TaBLE 3: Ongoing clinical trial on the effects of allopregnanolone in MCI and mild AD.

Study design Allop regnanolf)ne Duration Subjects Purpose Main results References
dose/preparation
Allopregnanolone 2, (8) For each dose Determine the
4, or 6 mg group, 55 years and maximally tolerated
R, DB, parallel intrave)nous injection older, both genders dose, safety and
0P 4 MCI or mild AD > Srey , NCT02221622
assignment once per week or 12 weeks . tolerability, Not available
Phase 1 placebo intravenous (6) Randomized to pharmacokinetic [133]
o AP
injection once per (2) Randomized to proﬁlei z.ind effect[s on
week cognitive function

placebo

The number of patients involved in the trials is indicated in parentheses.

particular, resveratrol acts on estrogen receptor f3, whose
activation is known to play a major role in cognitive pro-
cesses, leading to the improvement of cognitive impairment
in AD [143]. The soybean is a source of vegetable proteins

and contains also other functional ingredients including
phytoestrogens. The isoflavones genistein and daidzein
have been shown to present protective effects against tau
protein phosphorylation [144]. Animal models confirmed
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the neuroprotective effects of phytoestrogens. Genistein, the
most active molecule of soy isoflavones, improved Apf-
induced cell death and reduced neuronal loss in rats
[145-147]. In OVX female rats, dietary supplementation
of soy phytoestrogens (0.4 g/kg or 1.6 g/kg) or 17f-estra-
diol (0.15 g/kg) for 12 weeks has been shown to increase
the expression of brain neurotrophic factors such as BDNF
and tropomyosin receptor kinase B (TrkB) and, as a result,
to ameliorate hippocampal learning [148]. In normal and
OVX transgenic AD mice, a selection of phytoestrogens in
combination, composed of genistein, daidzein, and equol,
has been shown to improve spatial working memory
performance and to reduce mortality, as well as to delay
neuropathological changes associated with AD [149].

2.4.1.2. Effects of Phytoestrogens on Oxidative Stress. The
phytoestrogens are also known for their neuroprotective
antioxidant effects in neuronal cell models after exposure to
neurotoxic substances [150-152]. Phytoestrogens are able
to reduce ROS within a cell and to protect from cellular
damage [153]. In aged mice, soybean supplementation has
been shown to prevent cognitive deficits by decreasing free
radical generation, by enhancing scavenging of free radicals,
and by increasing GSH levels [154]. Compared to estrogen

itself, less evidence is provided for the direct effects of phy-
toestrogens on mitochondria, but antioxidant properties
were demonstrated [155-158]. The molecular effects of phy-
toestrogens are summarized in Figure 6.

2.4.2. Clinical Evidence. Until today, no clinical trials in
MCI and AD were performed. Thus, currently there is
no clinical evidence.

2.4.2.1. Healthy and Postmenopausal Women. Among five
randomized controlled trials, four recent studies reported
the beneficial effect of phytoestrogens on cognitive function
in healthy individuals (Table 4). In a study with young
healthy adults of both sexes, a high soya or a low soya diet
for 10 weeks had a beneficial effect and showed significant
improvements in short-term and long-term memory as well
as in mental flexibility [159]. In another cross-over design
study, the administration of 4 capsules/day containing soya
isoflavones during 6 weeks improved the spatial working
memory of men aged 30-80 years [160]. In postmenopausal
women, 6 months of treatment duration with isoflavone
supplementation provoked better learning, mental flexibility,
and increased attention, as well as caused improvement in
mood and lower depressive symptoms [161]. In a small
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mixed gender sample of older adults, soy supplementation
ameliorated the visuospatial memory and the construction
of verbal fluency and speeded dexterity [162]. All these stud-
ies demonstrated that phytoestrogens may affect human
cognition. However, no clinical trials of phytoestrogens are
known for the prevention or the treatment of AD.

Inconclusive findings have also been reported from
randomized controlled trials and observational studies in
humans. In fact, these discrepant data could have several
possible reasons. Investigation in European cohorts showed
that a low dietary consumption of phytoestrogens had a
significant effect on the improvement of the quality of life
but no effect on cognition [163].

Mediating variables in the characteristics of the study
population such as gender, age, ethnicity, and menopausal
status appears to play an important role [164]. Phytoestro-
gens have been shown to have time-limited positive effects
on cognition. These findings are in line with estrogen treat-
ment which also exerts an initially positive short-term effect
on cognition and a reversion after a long-term continuous
use in aged women [164].

Globally, the effects of phytoestrogens can be dependent
upon a window of opportunity for treatment and can affect
males differentially than females due to the diminished
presence of ER-mediated protective mechanisms and the
tyrosine kinase activity with a potentially deleterious out-
come of the supplements [165]. An age-dependent effect of
phytoestrogen supplements is suggested in postmenopausal
women [165]. In males, the findings are equivocal and sparse,
and more investigations are needed to determine whether the
effects will be deleterious or beneficial [165].

3. Conclusion

In this article, the efficacy of standardized Ginkgo biloba
extract, resveratrol, allopregnanolone, and phytoestrogens
in combatting age-related cognitive decline has been
reviewed. The mechanisms of action as well as preclinical
and clinical evidence for each of those entities have been dis-
cussed. The four entities share common mechanisms of
action but also diverse ones. In terms of the main AD fea-
tures, A and tau, all four categories were able to reduce
the A accumulation but only GBE and phytoestrogens
seem to reduce tau hyperphosphorylation. Similarly (and
quite predictably due to their phenolic character), all four
act as antioxidants either by reducing ROS and oxidative
stress (GBE, phytoestrogens, and allopregnanolone) or by
enhancing the activity of antioxidant enzymes such as SOD
and GPx1 (GBE, resveratrol, and phytoestrogens) and by
reducing lipid peroxidation (GBE) and prooxidant enzymes
such as Nox4 (resveratrol). GBE, resveratrol, and allopregna-
nolone target mitochondria by enhancing their functions
(activities of complexes, oxidative phosphorylation, oxygen
consumption, respiration, mitochondrial membrane poten-
tial, and ATP production), while in addition to this, GBE
and resveratrol promote mitochondrial biogenesis. This is
particularly important since mitochondria play a pivotal role
in synaptic plasticity that is reduced in pathological states in
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the brain. However, there are also some differences in the
mechanisms of action of the four discussed substances and
mainly in the pathways through which they exert their ben-
eficial effects. Based on our review of the literature, GBE res-
cues the Af neurotoxicity through the activation of the Akt
pathway and through phosphorylation of CREB. Neuro-
trophic factors such as BDNF are stimulated both by GBE
and by phytoestrogens. Resveratrol leads to A clearance,
enhancement of mitochondrial biogenesis and metabolism,
and reduction of inflammation and ROS mainly through
the activation of SIRT 1 and AMPK pathways as well as
through the deacetylation of PGC-1a and the modulation
of the JAK/ERK/STAT pathway. Phytoestrogens act as ER
receptor modulators. Resveratrol can additionally act as a
phytoestrogen and bind to the ERf receptor. In terms of
in vitro assays, it should be taken into account that the
extract and the substances should be tested in meaningful,
physiologically relevant concentrations and not in irratio-
nally high ones.

Regarding clinical trials, there is a different level of evi-
dence for the four phytochemicals. Standardized GBE, res-
veratrol, allopregnanolone, and phytoestrogens appear in a
descending order according to the level of existing clinical
evidence. According to the World Federation of Societies of
Biological Psychiatry (WFSBP) Guidelines, GBE has been
classified in category B and grade 3 in terms of the outcome
of existing studies. Therefore, there is sufficient and good
clinical evidence for the efficacy of GBE. There is increasing
and promising clinical evidence for resveratrol, but more
studies of larger sample size are definitively needed. Lastly,
there are no clinical trials indicating the beneficial effect of
allopregnanolone and phytoestrogen in age-related cognitive
decline disorders. There is only promising evidence from
preclinical data regarding allopregnanolone and phytoestro-
gen. Notably, the four entities follow the same descending
order regarding the existing level of clinical evidence and
their mitochondria-improving properties. All in all, the effect
on mitochondria goes hand in hand with the clinical effect
and this highlights one more time the importance of these
organelles not only in the pathogenesis of AD but also in
aging in general.
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Indoxyl sulfate (IS) accumulation occurs early during chronic kidney disease (CKD) progression and contributes to renal
dysfunction by inducing fibrosis, inflammation, oxidative stress, and tissue remodeling. Renal toxicity of high IS concentrations
(250 uM) has been widely explored, particularly in resident tubular and glomerular cells, while the effect of a moderate IS
increase on kidneys is still mostly unknown. To define the effects of IS accumulation on renal fibroblasts, we first analyzed
kidneys of C57BL/6 mice receiving IS (0.1%) in drinking water for 12 weeks. As a next step, we treated renal fibroblasts
(NRK-49F) with IS (20 uM) with or without the HSP90 inhibitor 17-AAG (1 uM). In mouse kidneys, IS increased the collagen
deposition and HSP90 and a-SMA expression (immunohistochemistry) in interstitial fibroblasts and caused tubular necrosis
(histological H&E and picrosirius red staining). In NRK-49F cells, IS induced MCP1, TGF-f, collagen I, a-SMA, and HSP90
gene/protein expression and Smad2/3 pathway activation. IS had no effects on fibroblast proliferation and ROS production.
17-AAG counteracted IS-induced MCP1, TGF-f3, collagen I, and a-SMA expression and Smad2/3 phosphorylation. Our study
demonstrates that the IS increase promotes renal fibroblast activation by a HSP90-dependent pathway and indicates HSP90
inhibition as a potential strategy to restrain IS-induced kidney inflammation and fibrosis in CKD.

1. Introduction

In patients with chronic kidney disease (CKD), the progres-
sive decline of the glomerular filtration rate (GFR) and kid-
ney metabolic function hinders the removal of several
endogenous toxins which are normally cleared by the kidney.
A current hypothesis is that these toxic compounds, accumu-
lating in blood and tissues, become triggers for CKD progres-
sion and contribute to CKD-related complications.

Indoxyl sulfate (IS) has been extensively studied as a
putative uremic toxin [1, 2]. Circulating IS increases rather
precociously in CKD patients [3] and reaches very high

plasma levels in patients with stage 5-5D CKD, exceeding
500 uM/1 as compared to 0.1-2.39 uM/L in the healthy popu-
lation [4]. Remarkably, previous in vitro observations reveal
that even a moderate increase in IS affects cell homeostasis
and induces tissue remodeling [5], and several clinical studies
point out that IS levels predict the progression of CKD [6].
Renal toxicity of high IS concentrations (exceeding
250 uM) has been widely explored, in particular in resident
tubular and glomerular cells. Both in proximal tubule cells
and in podocytes [7], IS has profibrotic [8], prooxidant [9],
and proinflammatory [10] action, while the effect of a mod-
erate increase in circulating IS levels in kidneys is far to be
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defined. Renal fibrosis is a common adaptive response to a
variety of pathological triggers, and fibroblast activation in
the kidney contributes to tissue remodeling by collagen pro-
duction and release of profibrotic factors [11], being involved
in the activation of multiple pathways which include the
TGF-p and the Smad downward signaling [12].

Heat shock proteins (HSPs) are a family of molecular
chaperone proteins; among them, HSP90 is one of the most
abundant and is involved in protein folding and stabilization
[13]. Various stressful conditions induce the activation of
HSP90, which has been found to be upregulated during the
ischemia-reperfusion injury in the kidney [14] and in models
of dermal [15] and pulmonary fibrosis [16]. IS is a ligand of
the aryl hydrocarbon receptor (AhR); upon binding, IS and
AhR form a complex with HSP90, which translocates to the
nucleus and promotes proinflammatory and fibrotic target
gene transcription.

In this paper, we initially observed the effect of IS supple-
mentation on kidney histology, HSP90 expression, and fibro-
blast phenotype in mice. Next, we characterized in vitro the
effects of 20 uM IS, a concentration found in early stages of
CKD, on the renal fibroblast phenotype and inflammatory
profile through activation of Smad 2/3 and HSP90. Finally,
we demonstrated that pretreatment with 17-N-allylamino-
17demethoxygeldanamycin (17-AAG), a selective HSP90
inhibitor, is able to reverse the IS-induced fibroblast activa-
tion, suggesting HSP90 inhibition as an option to restrain
fibrosis in kidneys during CKD progression.

2. Materials and Methods

2.1. Animal Model. Male C57BL/6 mice (bred in-house from
stock originally obtained from Harlan Laboratories, S. Pietro
al Natisone, UD, Italy), 8 to 12 weeks old, were housed in a
pathogen-free environment. Water and regular mouse diet
were available ad libitum. Two separate groups were used
to acquire data: the IS group (IS, N =6), receiving 0.1% IS
in drinking water, and the control group (CTR, N =6).
Water consumption was recorded every second day, when
replacing the IS solution, and the body weight weekly. The
study lasted for 12 weeks (Supplementary 1, Figure 1A). At
the termination of the in vivo study, mice were killed in
a CO, chamber. Immediately after explantation, kidneys
were dissected and kept in cold PBS for 40 minutes,
changing the buffer solution 3 times, and then fixed in cold
2% paraformaldehyde.

2.2.  Histopathological =~ Examination — and  Fibrosis
Quantification. Standard histopathological techniques were
followed for processing the fixed kidney tissue and the prep-
aration of paraffin blocks. Hematoxylin and eosin (H&E)
staining was performed to detect tissue damage and tubular
necrosis. Specimens were examined in a blinded manner by
two pathologists independently under light microscopy.
Briefly, six high-power fields (40x magnification) were
checked for confluent cell necrosis or sloughing of the tubu-
lar epithelium and loss of nuclei and of cytoplasm (evidenced
as light areas), as described by Speir and colleagues [17].
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Picrosirius red staining was performed to quantify colla-
gen deposition. The paraffin sections were dewaxed, hydrated,
and stained with a picrosirius red solution (0.1% sirius red
F3B in saturated picric acid) for 1 h, washed twice in acidified
water, and counterstained with Carazzi’s hematoxylin.

2.3. Immunohistochemistry. Paraffin sections (5um) of 2%
paraformaldehyde-fixed tissue were analyzed for an HSP90
and nitrotyrosine mouse monoclonal antibody (Santa Cruz
Biotechnology, Dallas, Texas, USA) and a-SMA mouse
monoclonal antibody (Dako Agilent Pathology Solution,
Santa Clara, USA). Immunostaining was performed as
described previously [18].

2.4. Cell Cultures and Treatments. Rat kidney fibroblast cells
(NRK-49F) were obtained from the American Type Culture
Collection (ATCC, Carlsbad, California, USA). NRK-49F
cells were maintained in DMEM (EuroClone, Milan, Italy)
containing 2mmol L-glutamine and 100 U/mL penicillin-
streptomycin (EuroClone), with 5% FBS, and incubated at
37°C with 5% of CO,.

NRK-49F cells were incubated with 20 uM IS, diluted in
ultrapure H,O, for different time lags, depending on the
experimental requirements: the cells were incubated for 15,
30, and 120 minutes to assess the activation of HSP90 and
p- (phospho-) Smad 2/3, for 5 hours to evaluate the mRNA
levels of MCP1, TGF-f, and collagen I, for 1, 3, and 16 hours
to evaluate the mRNA levels of NOX4, and for 24 hours to
evaluate a-SMA and collagen I protein expression. Finally,
fibroblasts were treated with 20 uM IS for 60 minutes to
assess the ROS production and for 24 and 48 hours to analyze
the cell proliferation. In selected experiments, 1 uM HSP90
inhibitor (tanespimycin (17-AAG); Selleckchem, Munich,
Germany) was added to the culture medium 1 hour before
stimulation with IS.

2.5. mRNA Analysis. The total RNA was extracted using the
QIAzol Lysis Reagent (Qiagen Sciences, Maryland, USA),
and the concentration and integrity of each sample were
evaluated on a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies Inc., Wilmington, DE, USA). 1 ug
RNA was used for cDNA synthesis.

2.6. cDNA Reverse Transcription and Quantitative Real-Time
PCR. ¢cDNA synthesis was performed using the iScript™
cDNA synthesis kit RT (Bio-Rad Laboratories Inc., Hercules,
California, USA). MCP1, TGF-p, collagen I, NOX4, and
GAPDH primers were obtained from Tib Molbiol Srl
(Genoa, Italy), and sequences are reported in Table 1. PCR
amplification was carried out in a total volume of 10 ul,
containing 1 ul of cDNA solution, 5yl of SYBR Master Mix
solution (Eppendorf, Hamburg, Germany), 0.03 ul of each
primer, and 3.94ul of nuclease-free water. GAPDH was
quantified and used for the normalization of expression
values of the other genes. Fluorescence signals measured
during the amplification were considered positive if the
fluorescence intensity was more than 20-fold greater than
the standard deviation of the baseline fluorescence. The
AACT method of relative quantification was used to deter-
mine the fold change in expression. Assays were run in
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TABLE 1: Primer sequences.

Name Species Accession number Forward Reverse

GAPDH Rat NM_017008.4 ctctetgetecteectgttet atacggccaaatccgttcaca
Collagen I Rat NM_053304.1 tcacctacagcacgcttg ggtctgtttccagggttg
TGE-8 Rat NM_021578.2 tggaagtggatccacgcgeccaagg gcaggagcgcacgatcatgttggac
MCP1 Rat NM_031530.1 cagttaatgccccactcacct tgacaaatactacagcttctttggg
NOX4 Rat NM_053524.1 gatgactggaaaccatacaagctaag catagagcaagtctgcaaaccaactg

triplicate using Universal PCR Master Mix on a MasterCycler
RealPlex (Eppendorf) PCR system.

2.7. Proliferation and ROS Production. Proliferation was eval-
uated by cell labeling with carboxyfluorescein succinimidyl
ester (CFDA-SE; Invitrogen, Carlsbad, California, USA).
Data were analyzed with the Proliferation Wizard module
of the ModFit LT 4.0 software (Verity Software House,
Topsham, ME, USA), and the results were expressed as the
proliferation index.

Intracellular ROS production was evaluated using the
CellROX Deep Red kit from Life Technologies (Carlsbad,
California, USA). Following treatments, a CellROX reagent
was added for 30 minutes. Cells were directly analyzed on
FACSCanto II.

2.8. Western Blot Analysis. Cells were lysed in cold buffer
(20mM HEPES, 150mM NaCl, 10% (v/v) glycerol, 0.5%
(v/v) NP-40, 1 mM EDTA, 2.5mM DTT, 10 pg/l aprotinin,
leupeptin, pepstatin A, 1 mM PMSF, and Na3VO4). Protein
concentration was determined by using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific; Rockford, IL,
USA), and 10-20 ug was resolved on SDS-polyacrylamide
gels and electrotransferred to a PVDF membrane (Merck
Group). Blots were probed using an anti-HSP90 (AC88)
monoclonal antibody (Santa Cruz Biotechnology), anti-p-
SMAD 2 (Ser 465/467) polyclonal antibody (Cell Signaling
Technology; Danvers, USA), anti-p-SMAD 3 (Ser 423/425)
monoclonal antibody (Cell Signaling Technology), anti-a-
SMA monoclonal antibody (Dako Agilent Pathology
Solution; Santa Clara, CA, USA), anti-TGF-f monoclonal
antibody (Santa Cruz Biotechnology), and anti-CCL2/MCP1
polyclonal antibody (Novus Biologicals). The reference pro-
teins were detected with an anti-3-actin mouse monoclonal
antibody (Santa Cruz Biotechnology), anti-Smad rabbit poly-
clonal antibody (Cell Signaling Technology), or anti-histone
3 rabbit polyclonal antibody (Cell Signaling Technology)
and incubated with horseradish peroxidase secondary anti-
bodies (Cell Signaling Technology). Immunoblots were
developed with the Immobilon Western Chemiluminescent
HRP Substrate (Merck Group, Darmstadt, Germany). Band
intensities were determined using the Alliance system
(Uvitec; Cambridge, UK).

2.9. Immunocytochemistry and Immunofluorescence. NRK-
49F cells were grown on chamber slides to subconfluence,
treated with IS with or without 17-AAG and fixed in cold
methanol. For immunocytochemistry, after a 24-hour treat-
ment, fixed cells had undergone quenching of the endogenous

peroxidase with H,0, in PBS and incubation with an anti-
collagen I polyclonal antibody (Proteintech; Manchester,
UK) and with an anti-a-SMA monoclonal antibody (Dako
Agilent Pathology Solution); immunostaining was then per-
formed as previously described [19]. For immunofluores-
cence, treatments lasted for 15, 45, and 120 min. Cells were
incubated with an anti-HSP90 monoclonal antibody (AC88,
Santa Cruz Biotechnology) and then with the secondary
anti-mouse antibody goat-anti-mouse Alexa Fluor 488 (Invi-
trogen, Carlsbad, CA, USA).

2.10. Image Analysis. In immunohistochemical/immunocy-
tochemical staining, the positivity was evaluated by image
analysis performed using the Leica Q500 MC Image Analysis
System (Leica, Cambridge, UK) as previously described [18].
For picrosirius red staining, a total of 10 fields were randomly
chosen per mouse and images were viewed with brightfield
illumination as well as with polarization contrast illumina-
tion at 40x. Picrosirius red is a birefringent molecule that
binds to collagens. The complex fibrillar collagen/sirius red
can be detected under polarized light, and the collagen
bundles are red, yellow, and green. Collagen expression was
quantified under brightfield illumination.

2.11. Statistics. In vitro experiments were performed at least 3
times. Summary data are expressed as mean + SEM and
compared by Student’s t-test. Statistical significance was set
at p<0.05. All statistical analyses were performed using
GraphPad Prism version 5.00 for Windows (GraphPad
Software, San Diego, California, USA).

3. Results

3.1. IS Induces Fibrosis and HSP90 Activation in Mice. Kid-
neys of C57BL/6 mice receiving continuous supplementation
0f 0.1% IS in drinking water displayed signs of tubular necro-
sis (Figure 1(a)) and interstitial fibrosis whose severity was
evaluated by picrosirius red staining (Figure 1(b)). As shown
in Figure 1(b), a significant increase in staining intensity was
noticeable in the interstitial zone of kidneys obtained from
IS-treated mice (3 fold in respect top untreated control mice,
p <0.01). a-SMA expression in the interstitium is associated
with the progression of kidney disease, and the accumulation
of a-SMA-positive fibroblasts represents the earliest histolog-
ical marker of fibrosis progression [20]. We found a signifi-
cant increase in a-SMA protein in interstitial fibroblasts
(2-fold vs. control mice, p < 0.05) (Figure 1(c)) and upreg-
ulation of HSP90 in the tubular-interstitial compartment
(1.4-fold increase vs. control mice, p < 0.05) (Figure 1(d)).
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FI1GURE 1: Mouse kidney analysis after a 12-week exposure to 0.1% IS. (a) H&E staining; arrows indicate areas of tubular necrosis. (b) Collagen
deposition as revealed by picrosirius red staining, brightfield illumination (left side) and polarization contrast illumination (right side); the
graph represents the quantification of red staining intensity under brightfield illumination. (¢, d) Images of immunochemistry of a-SMA
and HSP90; boxes specify the positive nuclei of interstitial fibroblasts found in the kidney from IS-treated mice. The histograms indicate
the immunopositivity quantification (fold change: FC). (magnification: (a)-(c), x400; (d), x1000); *p < 0.05.

These data revealed that even moderate IS increases may
induce HSP90 overexpression and prime interstitial fibro-
blasts to an activated phenotype.

3.2. IS Induces a Profibrotic and Proinflammatory Phenotype
in NRK49F Cells. Next, we examined the effects of 20 yM IS
on the profibrotic and proinflammatory phenotype in the
NRK-49F cell line.

Both collagen I mRNA and protein were increased 3-fold
(p<0.05 and 0.001, respectively) (Figure 2(a)), and a-SMA
protein level arose significantly, as shown by western blot
analysis and immunocytochemistry (Figure 2(b): 9.5-fold,
p <0.01), in respect to untreated control cells.

IS also induced expression of TGF-B (Figure 2(c):
2.8-fold for mRNA and 2-fold for protein expression vs.
untreated cells; p<0.05 and 0.01, respectively), a potent
mediator in renal fibrosis, and MCP1, one of the inflamma-
tory cytokines involved in tubular-interstitial injury (3-fold
for mRNA and 1.5-fold for protein expression vs. untreated
cells, p <0.05) (Figure 2(d)).

3.3. IS Does Not Stimulate Proliferation and Oxidative Stress
in NRK49 Cells. Proliferation of fibroblasts and oxidative
stress are critical pathological processes during initiation
and maintenance of fibrotic lesions; however, in our experi-
mental setting, 20uM IS did not significantly affect the
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F1GURE 2: Effects of IS on the NRK-49F rat kidney fibroblast cell line. (a) Collagen I mRNA and protein in IS-treated and untreated NRK-49F
cells. Data are expressed as fold change (FC) + SEM versus untreated cells (“p < 0.05 and ***p < 0.001, respectively). Photos are representative
of collagen I expression and pattern evaluated by immunocytochemistry (magnification x400). (b) a-SMA protein expression in IS-treated
and untreated NRK-49F cells. Data, obtained by western blot analysis, are expressed as fold change (FC)+ SEM versus untreated cells
(**p <0.01). Pictures are representative of a-SMA expression evaluated by western blot and immunocytochemistry. (c) TGF-f and (d)
MCP1 mRNA and protein levels in IS-treated or untreated NRK-49F cells. mRNA expression is evaluated by real-time PCR, normalized
for GAPDH mRNA. Western blot analysis is normalized for f-actin; values are expressed as fold increase + SEM versus untreated cells
(*p <0.05). (e) Flow cytometry analysis of the proliferation index, after 48 hours of exposure, and ROS production, after 60 minutes of
exposure, as detected by the probes CFSE and CellRox, respectively, in NRK-49F cells treated or not with 20 uM IS. UC: untreated cells;

IS: indoxyl sulfate-treated cells.

proliferation rate neither the redox status as revealed by ROS
production (Figure 2(e)) and NOX4 mRNA (Supplementary
2, Figure 2).

3.4. Effects of IS on Cell Signaling. To confirm our observation
on mouse kidneys, we verified in NRK-49F cells the effects of
IS on HSP90 activation. IS induced a 70% increase in HSP90
protein expression after a 15-minute treatment; this increase
in respect to the control level lasted 2 hours (p < 0.01-0.05 vs.
baseline referred to as T0) (Figure 3(a)). By looking at the
intracellular distribution, a marked perinuclear concentra-
tion of HSP90 was noticeable already after a 15-minute IS
treatment (Figure 3(b)); looking at the downstream signaling,
we examined the effects of IS on the Smad pathway

(Figure 4). Both Smad 2 and Smad 3 are activated in respect
to TO after 120 minutes (p < 0.05 and p < 0.001, respectively)
with Smad 3 phosphorylation occurring early within 15
minutes (p < 0.01).

3.5. Effects of HSP90 Inhibition on the Profibrotic and
Proinflammatory Phenotype. We next examined the effects
of IS treatment in the presence of 1 uM 17-AAG, a selective
inhibitor of HSP90. 17-AAG counteracted the increase in
mRNA and protein collagen I synthesis (-70 and -80%,
respectively, p <0.05-0.001) (Figure 5(a)) and in «-SMA
protein expression (p <0.05) as depicted in Figure 5(b).
The inhibition of HSP90 also blunted TGF- and MCP1
mRNA (-90%, p<0.001) and protein expression (-60%
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FIGURE 4: Smad 2 and 3 phosphorylation after different times of IS
exposure (15, 45, and 120 min) in respect to untreated cells (T0),
normalized for total Smad 2/3. Measures are represented as fold
changes + SEM versus untreated cells (*p <0.05, **p <0.01, and
***p <0.001).

and -40%, respectively, p < 0.01) (Figures 5(c) and 5(d)).
Lastly, 17-AAG lowered NRK-49F cells proliferation
(p <0.05 vs. IS-treated cells) (Figure 5(e)).

3.6. 17-AAG Blocks 1S-Induced Activation of the Smad
Pathway. We then evaluated the effect of 17-AAG on
HSP90 and Smad 2/3 activation. As shown in Figure 6, the

pretreatment with 17-AAG blocked, stably over time, the
perinuclear and nuclear HSP90 translocation (Figure 6(a))
and the IS-induced phosphorylation of Smad 2/3 (-80%
and -60%, p <0.05-0.01) (Figure 6(b)).

4. Discussion

The purpose of the present study was essentially to better
understand whether moderate IS levels contribute to renal
fibroblast activation. First, we set up an in vivo experimental
design consisting in a chronic supplementation of moderate
amount of IS to mice with a preserved renal function
(Supplementary 1); then, to buttress our ex vivo observation,
we evaluated in vitro the potential for moderate IS concentra-
tion, such as 20 uM, to prime the renal fibroblast phenotype.
Finally, since the cytoplasmic receptor of IS, AhR, is tightly
regulated by the molecular complex with the chaperone
HSP90 [21], we tested whether the profibrotic effects of IS
occur through the HSP90/Smad 2/3 pathway.

Our results highlight that even the modest increase in IS,
administered continuously for 12 weeks, promotes HSP90
upregulation and a-SMA expression, a hallmark of fibroblast
transition from a resting phenotype to an activated pheno-
type, as well as interstitial collagen deposition. When tested
on renal fibroblast cell culture, 20 uM IS was able to induce
a profibrotic and proinflammatory phenotype, by upregulat-
ing the TGF-f signal and collagen I synthesis. We also
demonstrated that IS-induced fibroblast activation occurs
through the HSP90/Smad 2/3-dependent pathway, as proven
by the efficacy of the HSP90 inhibitor (17-AAG) in inhibiting
IS-induced TGF-p signaling and collagen I synthesis.

Among a variety of uremic toxins, IS is of particular
interest because its levels are markedly elevated in CKD [6]
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F1cure 5: Effects of HSP90 inhibition on the profibrotic and proinflammatory phenotype of NRK-49F cells. (a) Collagen I mRNA and protein
levels and representative images (magnification 400x). The protein expression is evaluated by immunocytochemistry, as shown in the
pictures. Values are expressed as fold changes + SEM versus cells treated with IS. (b) Western blot and immunocytochemistry for a-SMA
protein expression. The graph reports the measure obtained from western blot analysis. (c) TGF-f and (d) MCP1 mRNA and protein
expression. (e) Proliferation index of IS and 17-AAG+IS cells vs. untreated cells (*p < 0.05, ***p <0.001). mRNA expression is tested by
real-time PCR and normalized to GAPDH mRNA. UC: untreated cells; IS: indoxyl sulfate-treated cells; 17-AAG+IS: cells pretreated with

the HSP90 inhibitor 17-AAG and then treated with IS.

and it is hardly removed by conventional dialysis due to its
protein-binding capacity [22]. Several studies have demon-
strated that IS, at uremic concentration (100-500uM),
exerts profibrotic and proinflammatory effects on mesangial
[23] and tubular cells [24] and induces epithelial-to-
mesenchymal transition in NRK-52E renal proximal tubu-
lar cells [25].

Previous animal models on mice and rats were aimed at
obtaining the features of a severe renal failure, which include
the accumulation of not only IS but also other endogenous
compounds [26, 27]; although these models are useful
experimental tools to understand the mechanism operating
in the uremic condition, they cannot be suggestive when

considering a progressive accumulation of IS for small,
chronic intake, as occurs in the first stages of the renal disease.

So far, IS has been scarcely investigated in relation to
renal fibroblasts and, mostly, when considering moderate IS
increases, as those utilized in our experimental setting and
found during transition from early to moderate kidney dam-
age [28]. These few studies demonstrate that the exposure to
1-5mg/It IS can induce inflammation in renal tubular cells
[29] and kidney tissue remodeling through binding and acti-
vation of the renal EGF receptor [30]. On this regard, we
believe that our animal and in vitro experimental design
might offer a good platform to investigate its contribution
to renal fibrosis onset in all those conditions that, beside renal
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treated with IS.

failure, may lead to increased level of circulating IS, such as
gut microbiota disequilibrium, reduced plasma albumin,
and unbalanced IS/albumin ratio for binding competition
with other uremic compounds [31].

In the pathogenesis of CKD, resident fibroblasts are
key players and renal interstitial fibrosis is considered the
hallmark of progressive renal disease. Several studies demon-
strate that renal impairment correlates better with interstitial
changes than with glomerular changes in most forms of
CKD, indicating that renal function is also influenced by
the interstitial cell behavior. In 5/6-nephrectomized uremic
rats, administration of IS upregulated TGF- 3, tissue inhibitor
of metalloproteinase-1 (TIMP-1), and proalpha 1(I) collagen
in the renal cortex and provoked a significant decline in renal
function and worsening of renal sclerosis [32].

High IS levels induce ROS production in different cell
types, such as vascular endothelial cells, vascular smooth
muscle cells, renal tubular cells, monocytes, and macro-
phages [33-37]. In our setting, the NOX4 mRNA level and
ROS production are unchanged by IS treatment, indicating
that the IS detrimental effects on our cell line are not induced
by oxidative stress damage. This result is reinforced also by
ex vivo immunostaining of kidneys for nitrotyrosine, a
marker for inflammation and ROS production suitable to
detect oxidative damage: increased positivity is detectable
in kidneys from IS-treated mice and is mainly localized
in tubular cells, while interstitial fibroblasts are negative
(Supplementary 3).

A similar observation was obtained from monocytes
exposed to different IS concentrations: moderate levels of IS
(1-20 uM) evoked only a transient rise in ROS production,
but sufficient to promote monocyte differentiation toward a
profibrotic and proinflammatory phenotype [5].

The TGF-f3/Smad 2/3-mediated damage has been found
to be operative in several renal fibrotic models [38, 39]
and human nephropathies [40]; in the present study, we
identify the HSP90/Smad 2/3 activation as the pathway of
IS profibrotic induction.

Fibrosis and inflammation constitute a deleterious loop,
and the development of fibrosis with loss of renal function
often follows renal inflammation [41].

The IS proinflammatory effect was shown in several dif-
ferent cell types: endothelial cells [42], adipocytes [43], and
glomerular [23] and renal tubular cells [29]; these studies rec-
ognized IS as an important mediator of cell dysfunction in
promoting a persistent and systemic inflammatory state in
CKD patients. In our experimental setting, we demonstrated
that IS can stimulate MCP1 expression in renal fibroblasts
and identified HSP90 as a possible shared pawn between
IS-induced fibrosis and inflammation in renal fibroblasts.

HSP90 is one of several stress proteins, and as such, its
modulation is a potential therapeutic target under stressful
conditions. Previous studies demonstrated that modulation
of HSP90 affects TGF-f3-induced collagen synthesis in der-
mal fibroblasts, [15], attenuates renal fibrosis through degra-
dation of the TGF-3 type Il receptor in TGF- 51-treated renal



Oxidative Medicine and Cellular Longevity

tubular cells and in a murine CKD model [44], regulates
the fibroblast activation in pulmonary and hepatic fibrosis
[16, 45], and hampers the inflammatory response in ath-
erosclerosis [46] and in ischemia-reperfusion injury in
the kidney [47].

To date, the link between HSP90 activation/inhibition
and IS effects was scarcely studied. First of all, we have
observed that IS induces HSP90 expression; accordingly, pre-
treatment with 17-AAG blunted Smad 2/3 signaling, inflam-
matory (MCP1) and fibrotic molecule expression (collagen I,
a-SMA, and TGEF-f3), and proliferation of renal fibroblasts,
suggesting HSP90 activity as a crossroad for IS-induced
inflammation and fibrosis.

In conclusion, our report demonstrates that moderate
levels of IS cause fibrosis and inflammation by upregulating
HSP90 in renal fibroblasts and suggests HSP90 inhibition
as an effective tool for reducing IS-induced damage and
slowing the progression of renal disease.
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Supplementary 1. Figure 1: (A) in vivo experimental design,
(B) body weight, and (C) weekly liquid consumption records.

Supplementary 2. Figure 2: the NOX4 mRNA levels are not
modified by 1-hour treatment with IS.

Supplementary 3. Figure 3: immunostaining for nitrotyrosine
to detect oxidative damage in vivo. Images A-B: magnifica-
tion 20x; in image B, white boxes indicate the necrotic
area. Images C-D: magnification 40x; in image D, black
arrows indicate interstitial fibroblasts (negative to the
immunostaining).
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This review is aimed at summarizing the new findings about the multiple benefits of exercise on cardiovascular disease (CVD). We
pay attention to the prevalence and risk factors of CVD and mechanisms and recommendations of physical activity. Physical
activity can improve insulin sensitivity, alleviate plasma dyslipidemia, normalize elevated blood pressure, decrease blood
viscosity, promote endothelial nitric oxide production, and improve leptin sensitivity to protect the heart and vessels. Besides,
the protective role of exercise on the body involves not only animal models in the laboratory but also clinical studies which is
demonstrated by WHO recommendations. The general exercise intensity for humans recommended by the American Heart
Association to prevent CVD is moderate exercise of 30 minutes, 5 times a week. However, even the easiest activity is better than
nothing. What is more, owing to the different physical fitness of individuals, a standard exercise training cannot provide the
exact treatment for everyone. So personalization of exercise will be an irresistible trend and bring more beneficial effects with
less inefficient physical activities. This paper reviews the benefits of exercise contributing to the body especially in CVD through

the recent mechanism studies.

1. Cardiovascular Diseases: Prevalence and
Risk Factors

CVD is a class of diseases which are related to the heart or
blood vessels including stroke, heart failure, hypertension,
coronary artery diseases, heart arrhythmia, peripheral artery
disease, and atherosclerosis [1]. Individuals with CVD are
found to have the accompanying raised blood pressure, ele-
vated glucose, smoking, obesity, lack of exercise, excessive
alcohol consumption, and dyslipidemia. Fortunately, CVD
can be properly managed and prevented by controlling blood
pressure, glucose, lipid, smoking, and alcohol drinking and
through lifestyle modifications for sleep, emotion, exercise,
and diet, which are called SEED intervention [2]. With the
aging of population in the world, CVD has become the
leading cause of death globally. Approximately 17.9 mil-
lion deaths in 2015 were caused by CVD in the world
[3]. The percentage of Chinese older than 60 has increased
to 16% in 2015 which directly leads to a consequence that

cardiovascular disease is becoming the leading cause of
death in China [4]. Multiple risk factors contributing to
CVD include obesity, high blood pressure, diabetes, aging,
male sex, metabolic syndrome, and physical inactivity.

Determined by body mass index (BMI), obesity refers to
the condition of those who have over 30 BMI and overweight
includes persons with BMI more than 25. The prevalence
among people of obesity has exceeded 50% in most countries
and is increasing in both adults and children over the past
few decades worldwide [5]. Obesity is found to increase
blood volume, CRP, and TNFa which cause cardiac remodel-
ing and inflammation. Obesity also aggravates the risks of
high blood pressure, stroke, myocardial infarction (MI),
and insulin resistance, which are all risk factors of CVD [6].
Furthermore, mortality and morbidity of CVD have been
shown increasing in overweight populations, especially in
those with abdominal obesity [7].

As the most common form of diabetes, type 2 diabetes is
a chronic metabolic disease which is characterized by high
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blood glucose, low insulin sensitivity. With the incidence of
diabetes continuing to rise, the number of patients diagnosed
with diabetes has swelled from 30 million in 1985 to 382 mil-
lion in 2014, and scientists predict 592 million people will
have diabetes by 2035, almost 1 in 10 persons suffering from
this disease [8]. Besides affecting aging people, this disease
also influences an increasing number of young populations
and even children [9]. Lots of evidences and studies demon-
strate that type 2 diabetes acts as an independent risk factor
for CVD. The patients who are diagnosed with type 2 diabe-
tes have a worse prognosis and therapeutic effects of CVD
compared with those without diabetes. CVD death rates with
diabetes in the United States adults are 1.7 times higher than
those without diabetes [10]. The huge medical care burden of
type 2 diabetes generally attributes to vascular complications
like MI, hypertension, peripheral vascular disease, and
coronary artery disease [11].

Aging is a gradual, systematic, irreversible, degenerative
process in the body, which results in weakness, disease, and
even death. As there is an average increasing lifespan for
humans, there will be approximately 20% of the population
over 65 by 2030. Aging is an inevitable and important deter-
minant for CVD which leads to the decline of mitochondrial
functions, excess reactive oxygen species (ROS) production,
and disorder of Ca*" levels [12]. Aging is relevant to the
progressive damage in various physiological processes and
increases incidence of atherosclerosis, hypertension, and
stroke [13], thus inducing an elevating risk of cardiac and
arterial systematic disorders. Studies show parts of the key
genes regulating lifespan including AMPK, m-TOR, and
IGF-1; sirtuins are closely related to CVD progress [14].

Epidemiologists demonstrate the different CVD occur-
rence rates between males and females. Clinical studies show
that the onset of heart attack is delayed 9 years in women
compared with men [15]. In a cross-sectional survey on
hospitalized patients with coronary artery disease, women
were found 3.1 years older than men [16]. It is widely
believed that estrogen is the prominent protective element
for females [17]. Besides, women tend to have a better aware-
ness of weight measurement and their waist circumference if
they have central obesity, which would lower the risk of
adiposity and dyslipidemia. Smoking and alcohol drinking
are severe risk factors for CVD, which are more common
lifestyle behaviors in men compared to women [18].

Metabolic syndrome is a condition characterized by low
high-density lipoprotein (HDL), high triglycerides (TG),
high blood pressure, high blood glucose, and central obesity,
associating with the risks of developing to CVD and type 2
diabetes. Studies show that metabolic syndrome affects
30-40% of people older than 65 by doubling the risk of
getting CVD [19]. Low HDL and high TG are associated with
elevated levels of low-density lipoprotein (LDL), which
increase the risk of having atherosclerosis [20]. High glucose
links to dysfunctions of glucose uptake and catabolism and
induces high oxidative stress, dysfunction of endothelial cells.
High blood pressure leads to cardiac and vascular injury.
Central obesity is related to maldistribution of free fatty
acid, overproduction of inflammatory molecules, and leptin
resistance [21].
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Physical inactivity has been identified as the fourth risk
factor of death worldwide, leading to approximately 3.2
million deaths annually. Various studies show an obvious
dose-response relationship between increased physical activ-
ity and decreased occurrence rate of CVD including reduced
blood pressure, body weight, ox-LDL, and elevated glucose
tolerance. A systematic review estimates that the lack of
exercise leads to 6% of coronary heart disease occurrence
worldwide. Deficiency in physical activity leads to obesity,
increasing endogenous inflammatory molecules and coagula-
tion factors. In addition, there is coordinated protective
effects to decrease the overall risk of incident CVD by exer-
cise [22, 23]. So having a healthy diet, avoiding smoking,
and keeping regular physical activity are the three pieces of
advice the WHO recommend to avoid CVD.

2. Mechanisms of Action for Physical Exercise

Many considerable evidences support the therapeutic and
protective effects of exercise on the body, including improve-
ment of insulin sensitivity of diabetic mice, attenuating sym-
pathetic activity, arterial pressure, and heart rate in the
spontaneously hypertensive rats [24]. Mitochondrial bio-
genic response, components of the electron transport chain,
mtDNA, and related lipid metabolic pathways are all
increased after exercise training [25]. Here, we talk about
the benefits of exercise on cardiovascular disease from the
following aspects.

2.1. Insulin Sensitivity and Blood Glucose Control. Type 2
diabetes mellitus is a kind of chronic disease characterized
by obesity, hyperglycemia, impaired insulin secretion, and
insulin resistance [26]. Studies show that diabetic rats with
exercise training present reduced body weight, decreased
TG levels, and diminished blood glucose levels compared
with those sedentary rats [27, 28]. PPARy known as
“energy-balanced receptor,” is well studied in metabolic dis-
orders. Carnitine palmitoyl transferase-1 (CPT-1) mainly
transports fatty acids into mitochondria for medium-chain
acyl-CoA dehydrogenase (MCAD) catalyzing [3-oxidation.
Through upregulating PPARy and its target genes, CPT-1
and MCAD, exercise alleviates hepatic steatosis, promotes
glucose uptake, and improves insulin sensitivity in nonalco-
holic fatty liver disease mice [29]. Exercise stimulates the
translocation of glucose transporter type 4 (GLUT4) from
the cytoplasm to the cell membrane, thus promoting glucose
uptake and improving insulin resistance [30]. Besides,
improved insulin sensitivity is independent with exercise
modality. High or low intensity of exercise and aerobic or
anaerobic training lead to improvement in glucose clearance
curve and insulin sensitivity [31].

Besides improving insulin sensitivity, exercise facilitates
glucose uptake and usage via insulin-independent mecha-
nisms. Once glucose enters muscular and adipose cells, it will
be phosphorylated by hexokinase which is an irreversible
catalytic reaction to form glucose 6-phosphate (G-6-P) that
cannot diffuse back out of cells. Glycolysis and glycogenesis
started from G-6-P and promote glucose uptake by cells
and usage in cells to affect blood glucose. Exercise increases
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G-6-P level in the skeletal muscles accompanying increased
GLUT4, hexokinase level, and glycogen synthase activity,
which finally improve glucose tolerance and decrease blood
glucose level [32].

2.2. Lipid Profile. Cholesterol is a soft waxy fat that our body
needs to function well. But too much cholesterol will become
risk factors for human diseases like heart disease, stroke, and
atherosclerosis [33]. For those who have been diagnosed with
diabetes, heart disease, and stroke or people who are taking
medicine to control cholesterol level, taking cholesterol test
every year is necessary [34]. Generally, a cholesterol test
includes total cholesterol, LDL, HDL, and TG [35]. Standard
management strategies like drug therapy and diet control are
generally used to lower serum cholesterol to prevent heart
disease. However, some people are insensitive to statins or
cannot tolerate statins. Hence, other ways need to replace
or be used together with statins. More and more evidences
support aerobic exercise as a positive method for alleviating
plasma dyslipidemia and improving the prognosis of cardio-
vascular diseases [36]. Through using meta-analyses to inves-
tigate exercise and lipid profiles, Pedersen et al. concluded
that exercise led to benefits of physical health [37]. A pro-
spective cohort study lasting for 10 years about exercise and
lipid metabolism shows that the risk of mortality is signifi-
cantly reduced by combining statins with exercise, especially
compared to other therapy alone [38]. Comparing with LDL
and TG, HDL is more sensitive to exercise. Studies indicate
that HDL is increasing more or less both in humans and rats
after exercise [39, 40]. For the “bad” cholesterol LDL, the
effects of exercise reduce the serum levels significantly in rats
[40]. However, the effects are not consistent in humans,
which may be due to the different dietary habits and living
conditions [41, 42]. It is strongly accepted and reported that
exercise leads a high requirement of energy which induces
decreasing of plasma TG concentrations [43].

2.3. Blood Pressure. Blood pressure is elicited by the force
exerted by the blood against the blood vessels, which depends
on the ejection of the heart and resistance of the blood ves-
sels. Hypertension is another name of high blood pressure,
a disease related to heart attack, stroke, heart failure, and
other problems [44]. Exercise always leads to a postexercise
hypotension, and both normotensive and hypertensive
persons experience a transient reduction in blood pressure.
The reduced magnitude may achieve the point wherein
patients with hypertension recover to the normal blood pres-
sure levels. In a meta-analysis, they investigated the effects of
acute exercise on blood pressure response. There were signif-
icant changes, reduction of 4.8 mmHg for systolic blood pres-
sure (SBP) and 3.2 mmHg for diastolic blood pressure (DBP).
The epidemiological study demonstrates that 2mmHg
decline in SBP leads to 6% reduction of stroke mortality
and 4% reduction of coronary heart disease mortality, and a
decrease of 5mmHg causes the reduction of mortality of
these diseases by 14% and 9%, respectively [45]. So the
meta-analysis results confirm the undoubted place of nonin-
vasive therapy method, acute exercise.

The transient reduction only lasts for a few hours and
would recover after rest. However, the benefits of physical
activity cannot be ignored because of chronic treatment of
exercise showing significant changes among subjects. The
vasodilator activity leads to the decrease of blood pressure.
On the contrary, increased blood pressure is caused by
vasoconstriction. Moderate-intensity exercise causes a vaso-
dilatory response and decreases the vasoconstricting response
and lipid in rat aortas, which exhibits a decrease in diastolic
blood pressure [46, 47]. In addition to the vascular tone, exer-
cise decreases blood pressure through lowering oxidative
stress and inflammation levels. In the spontaneous hyperten-
sion rats (SHR), exercise normalizes the increased collagen
deposition and diminished fenestra size in the internal elastic
lamina, meaning that exercise shows the benefit roles in
normalizing the increased vascular stiffness and decreased
vascular distensibility in both small mesenteric arteries and
coronary arteries [48]. However, high-intensity exercise leads
to the opposite effects that increased oxidative stress, elevated
blood pressure, and high vasoconstrictor activity are found
[49]. Some studies report that males tend to achieve greater
reductions than females from the exercise training [50]. How-
ever, the authors ignore the factors of menstrual cycle in the
female subjects which affect the regulation of the autonomic
nervous system [51]. Studying the effects of exercise on circa-
dian rhythms using ambulatory blood pressure monitoring,
there are significant reductions of daytime BP, but no obvious
changes are observed at nighttime BP [44].

2.4. Blood Viscosity, Platelet Aggregation, and Thrombosis
Profile. Blood viscosity in normal conditions is like a Newto-
nian fluid which is influenced by hematocrit, shear rate of
blood flow, vascular caliber, and temperature. Elevated blood
viscosity which is associated with blood resistance increases
risks of cardiovascular complications. Blood viscosity is
decreasing during exercise accompanied by decreased sys-
temic vascular resistance [52]. More nitric oxide (NO) is
produced attributed to greater shear stress in exercise and
promote vasodilation [53, 54]. During exercise, erythrocyte
volume is slightly increased; however, a much higher increase
of plasma volume is generated which finally results in
lower blood viscosity. Decline in plasma fibrinogen level
is observed under the effect of exercise which plays important
roles in declining erythrocyte aggregation and decreasing
blood viscosity [55].

Platelet is a small volume component in blood which has
no cell nucleus generated from megakaryocytes. Through
forming thrombus, the platelets exert primary function of
maintaining hemostasis of blood flow. Once an injury occurs,
the platelets in the circulation will be activated and aggre-
gated to the interrupted endothelial site to plug the hole
[56]. So abnormality in platelet activation leads to a variety
of atherosclerotic diseases mainly through excess thrombosis
in small arteries like coronary arteries and blood vessels of
the brain [57]. Exercise training presents an antithrombotic
manner through platelet functional regulation. Through
enhancing blood flow, exercise enhances endothelial NO
production which counteracts platelet activation [58]. The
moderate physical activity decreases both platelet adhesion



and aggregation through downregulating intracellular cal-
cium levels and increasing cGMP levels [59]. It is recom-
mended by government guidelines that physical activity is
an effective way to prevent thrombosis [60]. Exercise is also
used to improve chronic complications of deep venous
thrombosis, postthrombotic syndrome. A six-month exercise
training markedly increases leg strength, hamstring and
gastrocnemius flexibility, and overall fitness [61]. However,
studies showed that the strenuous short-term exercise acti-
vated platelets and promoted aggregation of platelets, thus
increasing the risk of MI or cardiac arrest. This suggests that
acute exhausting exercise may trigger clot formation, but the
mechanisms remain to be clarified [62].

2.5. Endothelial NO Production. NO is a gaseous signaling
molecule playing an irreplaceable role in a variety of biolog-
ical processes. It is catalyzed by various nitric oxide synthase
(NOS) enzymes by using substrate L-arginine. Known as an
endothelial-derived relaxing factor, NO contributes to not
only endothelial-dependent relaxation (EDR) but also to
the maintenance of endothelial function [63]. The endothe-
lium is a single layer of cells in the intima of vessels separat-
ing blood from the tissue. The functions of the endothelium
involve regulating angiogenesis, balancing vasoconstriction
and vasodilation, adjusting smooth muscle cell proliferation,
and excreting endocrine. The intact endothelium acts an
indispensable role in vessel homeostasis [64]. In a cross-
sectional study with 184 healthy individuals, L-arginine was
reduced and production of NO was increased after exercise
training [46]. The mechanisms may be partial that exercise
training leads to increased blood flow and shear stress, con-
tributing to endothelial NOS (eNOS) expression, NO release,
and artery relaxation. NO activates soluble guanylate cyclase
which increases cGMP and therefore activates protein kinase
G (PKG). In blood vessels, PKG activation always induces
relaxation and regulates blood pressure. In the heart, PKG
works as a brake on stress response signaling [65]. Through
increasing vascular AMPK/PPARS, exercise suppresses
endoplasmic reticulum stress, thus increasing endothelial
NO bioavailability. Exercise shows preserved EDR in the
aorta and mesenteric artery in high-fat diet rats and db/db
mice [66]. In the aging-induced downregulation of VEGF
signaling cascade in the heart, exercise upregulates VEGF,
its receptors Flt-1 and Flk-1, and the downstream signaling
pathway Akt/eNOS [67]. Increased NO production usually
facilitates angiogenesis and vascular permeability.
Dysfunction of EDR and decrease of cGMP in both
plasma and vascular tissue are found in diabetic rats. How-
ever, chronic exercise improves endothelial function through
releasing NO in the aorta. Interestingly, exercise does not
affect the vascular function in normal rats administrated with
L-arginine but improves vascular function in the aortas from
diabetic rats [68]. In the high fat-induced obese mice,
impaired EDR, reduced NO bioavailability, and decreased
phosphorylation of eNOS are found in the coronary arteries
which can be normalized by exercise. Through injecting
B-adrenoceptor agonists, isoproterenol for 8 days, Yang
recapitulated cardiac hypertrophy which was regarded as
the primary risk factor for heart failure. After 4 weeks of
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exercise training, the eNOS expression did not change, but
the phosphorylation of serine residue 1177 with an activating
impact on eNOS was increased and the phosphorylation at
threonine residue 495 with an inhibitory impact on eNOS
was decreased. As a result, exercise promoted NO production
and attenuated cardiac remodeling, echocardiographic and
hemodynamic changes after 3-adrenergic overload [69].

2.6. Leptin Sensitivity. Leptin is a 16 kDa circulating hormone
which is predominantly released by adipocytes to exert
regulation of food intake and energy metabolism. Through
binding to leptin receptors on hypothalamic cells, leptin
inhibits hunger, prevents weight gain, and promotes positive
energy balance [70]. So leptin deficiency or leptin resistance
promote diabetes, obesity, and other metabolic disorders.
Exercise improves leptin resistance and sensitivity, attenuates
body weight, and promotes homeostatic control of energy
balance through influencing the leptin receptor in the ventro-
medial hypothalamic nucleus of obese mice [71, 72]. It also
directly works on leptin receptors to induce NO-dependent
vasodilation expressed in endothelial cells [73]. A decreased
leptin sensitivity and hyperleptinaemia are found in obese
mice coronary arteries, demonstrating leptin resistance and
low leptin sensitivity. Exercise maintains leptin sensitivity
of obese mice and preserves leptin receptor, thus exerting
endothelial protection [74]. Exercise facilitates SOCS3
expression and improves leptin resistance in the liver and
muscle of high-fat diet-induced rats [75]. Leptin sensitivity
is restored by exercise manifested as facilitating fatty acid
toward oxidation and away from triacylglycerol stores [76].
Through activating leptin, exercise also initiates the down-
stream JAK/STAT signal transduction pathway in obese mice
to protect against myocardial ischemia-reperfusion injury
[77]. Shapiro et al. found that leptin overexpression failed
to reduce body weight in obese rats, and chronic leptin treat-
ment aggravated the diet-induced obesity. Besides, wheel
running for obese rats was insufficient to lower body weight.
However, combinational administration of exercise and
exogenous leptin dramatically induced weight loss and
improved leptin sensitivity [78]. That means exercise may
directly activate leptin signaling pathway or improve leptin
sensitivity via coordinating with other therapeutic methods.

2.7. Modulation of Autonomic Function. The autonomic
nervous system, regulated by the hypothalamus, consists of
sympathetic nervous system, parasympathetic nervous sys-
tem, and enteric nervous system. The primary autonomic
functions include cardiac regulation, control of respiration,
and vasomotor activity, which act largely unconsciously
[79]. Exercise training has beneficial roles in autonomic func-
tion, as indicated by improved heart rate recovery (HRR) and
heart rate variability (HRV) in various populations, such as
in sedentary individuals and chronic heart failure patients
[80]. HRR refers to the declining rate of heart rate and is rec-
ognized as an indicator of cardiac prognosis [81]. HRV is
defined as consecutive heart beat variations in heart rate of
sinus rhythm. Reduced HRV represents attenuation of auto-
nomic regulation of sinoatrial node [82]. Exercise works as
an intervention for autonomic dysfunction in type 2 diabetes
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by preserving HRV, HRR, and baroreflex sensitivity (BRS).
BRS is regulated by sympathetic and parasympathetic auto-
nomic nerves and is downregulated when there is cardiac
autonomic neuropathy [83].

Electrocardiogram is a noninvasive way to determine
cardiac conditions. Elevated R wave amplitudes and widened
QT intervals are reliable predictors of autonomic neuropa-
thy. Exercise training lowers heart rate and reduces QT inter-
val and R wave amplitudes on electrocardiogram in the
diabetic fatty rat model [84]. In myocardial-infarcted rats,
structural remodeling leads to heterogeneity which causes
slow conduction and creates the generation of arrhythmias.
However, exercise training increases ratio of parasympathetic
over sympathetic tones and decreases probability of ventric-
ular arrhythmias of the MI rats [85]. The mechanism of
exercise-induced improvement of arrhythmia might be
related to intrinsic electrophysiological cardioadaptive mech-
anisms because of decreased action potential duration
gradient between epicardial and endocardial cells in the
exercise-trained rats [86]. The mechanisms by which exercise
improves autonomic function and preserves neurovascular
perfusion might be related to increasing NO bioavailability,
lowering angiotensin II (Angll) levels, and suppressing
chronic inflammation [87-90]. It is controversial that some
studies show that MI, stroke, ventricular tachycardia, or
fibrillation can be elevated during the progress of physical
activity, so further studies about the duration, frequency,
and intensity need to be specifically investigated.

2.8. Antioxidant Defense. ROS of physiological levels are
responsible for signaling molecules to regulate normal
physical activities. On the contrary, excessively generated
ROS plays a crucial role in the initiation and progression
of CVD [91]. ROS overproduction, decreased antioxidant
enzymes, and the downstream targets damage the subcel-
lular organelles, thus impairing the cardiovascular system.
Excessive ROS may decrease NO bioavailability and
NO/cGMP-dependent pathway which result in pathological
vasoconstriction and hypertension [92]. ROS also initiates
inflammation with the activation of redox-sensitive tran-
scription factors and promotes expression of inflammatory
molecules [93]. DNA is oxidized by ROS to form 8-oxo-dG
which can be detected in plasma and urine [94]. AnglI-
induced insulin resistance is relevant to ROS, which can
impair insulin signaling by decreasing phosphorylation of
IRS1 and Akt and translocation of GLUT4 to the plasma
membrane [24].

Exercise attenuates oxidative damage in the blood vessel,
heart, brain, liver, skeletal muscle, and other organs. Exercise
reduces age-related mitochondrial oxidative damage and
increases mitochondrial NADH-cytochrome C reductase
activity in the heart of aged rats [95]. By improving the antiox-
idant enzymes and redox status in many organs and patholo-
gies, the chronic treadmill exercise has an anti-inflammatory
effect. Exercise alleviates oxidative stress through inactivating
ERK/AMPK signaling pathway and decreases expression of
inflammatory factors like IL-6, high-sensitivity CRP, TNFaq,
and leucocyte differentiation antigens in diabetes [96]. In
renovascular hypertensive rats, ROS released by vascular

endothelial cells impairs EDR by decreasing NO production
and facilitating vasoconstriction. Evidences indicate that
exercise reduces ROS, improves endothelial function, and
increases levels of elastin, fibrillin, and NO. The elevated
cardiac MDA levels and MPO activity and depleted GSH
and catalase expression in hypertensive rats are totally
reversed by exercise training [97]. BRS is improved by physi-
cal activity through reducing oxidative stress in the rostral
ventrolateral medulla to inhibit the sympathetic nerve
[98, 99]. In diabetic rats, the overproduction of ROS leads to
the abnormal aortic function and metabolic disorder.
Through exercise training, enzymes producing ROS such as
p67phox protein decrease and the enzymes taking part in
scavenging oxygen-free radicals, like superoxide dismutase
(SOD) 1, SOD2, catalase, and glutathione peroxidase (GPX),
are normalized, even increased [48, 100]. That means, all the
proteins taking part in oxidative stress tend to recover to
normal levels after exercise treatment [101].

Exercise upregulates the antioxidant defense mechanisms
through redox-sensitive transcription factors, NF-xB and
activator protein-1, and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1«). Exercise nor-
malizes the aging-induced decline in mitochondrial oxidative
capacity through upregulating PGC-1q, redox-sensitive tran-
scription factors PPARy, and the target antioxidant genes like
GPX and SOD2 [46, 102]. Through elevating laminar shear
stress, exercise upregulates SOD and downregulates NADPH
oxidase and VCAM-1. Through activating AMPK, exercise
training increases sirt3 and PPARy and the targets SODI,
SOD2, GPX1, and catalase, thus resulting in less ROS produc-
tion and more ROS clearance in skeletal muscles [103].
Exercise increases thioredoxin reductase 1 and decreases
thioredoxin-interacting protein (TXNIP) in blood mononu-
clear cells and skeletal muscles, which promote antioxidant
ability and eliminate free radical [104, 105]. TXNIP is a regu-
lator of cellular redox signaling by binding thioredoxin to
inhibit the neutralization of ROS, indirectly enhancing the
oxidative stress [106]. Nuclear factor erythroid 2-like factor
2 (Nrf2) is reported to be an important transcription factor
that performs antioxidant defense mechanisms through
Nrf2-ARE signaling to activate antioxidant gene expression
[107]. Mounting evidences demonstrate that the Nrf2-ARE
signaling is downregulated in the aging heart, ischemia/reper-
fusion injury, and ML Researchers find that through chronic
exercise treatment, Nrf2 is upregulated and consequently
activates the key antioxidant enzyme expression such
as hemoxygenase-1, NADPH quinone oxidase-1, GPX1,
GPX2, glutathione reductase, y-glutamyl cysteine ligase-
catalytic, y-glutamyl cysteine ligase-modulatory, glucose-6-
phosphate dehydrogenase (G6PD), and catalase in the heart
[108, 109]. Based on these risk factors and studies, all major
cardiovascular societies recommend that a minimum of 5 days
a week of exercise, with at least 30 minutes of moderate-
intensity aerobic activity, is needed to prevent CVD [110].

3. The Recommendations for Physical Activity

Because of low-cost, low-risk, and nondrug intervention, the
European Society of Cardiology recommended that exercise



training should be provided by cardiac rehabilitation pro-
grams in patients with non-ST elevation acute coronary syn-
drome in 2015 [111]. Physical activity is a part of everybody’s
life. However, the exercise intensity differs between people
depending on the physical condition of individuals [112].
Although lots of studies show a positive correlation between
exercise and good health, a thorough physical evaluation is
necessary before an intensive exercise training program.
The intensity, mode, duration, and frequency of exercise
can strongly affect outcome.

Aerobic exercise is defined as using aerobic metabolism
to extract energy in muscles, mainly referring to low- to
moderate-intensity physical activities. As discussed above,
aerobic exercise has favorable effects on lipid metabolism,
cardiac remodeling, post-MI heart failure, insulin resistance,
and endothelial function. Anaerobic exercise is an activity
that synthesize energy sources without using oxygen as
energy sources but glycolysis and fermentation. Anaerobic
exercise usually refers to high-intensity training, including
sprinting and power lifting. In several studies, high-
intensity exercise is recommended to lower TG and LDL.
Similar to aerobic exercise, anaerobic exercise also shows
positive influences on body mass index and blood pressure
[113]. In some cases, high-intensity training shows more
beneficial effects on the cardiovascular system and EDR
compared to low-intensity training [114]. The advantages
of high-intensity intermittent exercise refer to the fact that
the shorter time as 3-4 sessions/week will produce significant
changes [115]. However, there is a paradox of disadvantages
about anaerobic exercise training that the elevated mortality
and sudden death are brought by high-intensity activity. A
well-recognized viewpoint is that acute strenuous exercise
increases the risks for cardiovascular diseases, like MI, by
upregulating blood pressure [57]. In conclusion, intensive
exercise should be intermittent especially for a long-term
program. Professional supervision and guidance are indis-
pensable when you conduct high-intensity exercise.

The general recommended exercise intensity for humans
from the American Heart Association to prevent CVD is 30
minutes, 5 times a week to reach at least 150 minutes per
week of moderate exercise, or 25 minutes, 3 times a week to
reach at least 75 minutes per week of vigorous activity. Indi-
viduals can choose one way of physical activity or combine
moderate and vigorous activities. They will also be benefited
even if they divide the entire time into several parts of 10 to
15 minutes per day. For those who want to lower the risk
for heart attack and stroke, 40 minutes of moderate to vigor-
ous intensity aerobic activity, 3 or 4 times a week, is recom-
mended [116]. Moderate-intensity exercise is more widely
performed among people who are interested in exercise and
enjoy rest time. Various studies show that the duration of
physical activity but not intensity is the primary factor lead-
ing to benefits for humans [117].

Physical activity is regarded as an efficient way to prevent
and counteract age-related changes in muscle and organic
function [118]. As we know, any activity is better than none
and it is never too late to start for the elders [119]. The
American College of Sports Medicine and the American
Heart Association recommend detailed description for elder
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people that 30 minutes, 5 times a week, of moderate intensity,
or 20 minutes, 3 times a week, of vigorous intensity activity is
good for aging-related diseases. Strength training should
be included to enhance muscle groups and prevent falls
as 8-10 exercises with 10-15 repetitions, twice a week [120].
For the elders, joining exercise classes to improve balance
and prevent falls are strongly suggested [121]. Exercise is
generally safe for older people unless for those elders
who already suffered from health problems doing resistance
training [122].

Examples of aerobic exercise include cycling, dancing,
hiking, treadmill, climbing stairs, swimming, walking, and
any activities (the criterion is that you can talk without
breathing too hard). Anaerobic exercise refers to sprinting
and power lifting accompanied by accumulation of lactic acid
causing muscular fatigue [123]. However, the definition of
moderate and vigorous exercise varies between individuals
because the indispensability to measure the level of intensity
bases on your fitness and overall health.

4. Future Perspectives

Many people are robbed by the thinking all-or-nothing when
doing exercise. However, the low-level intensity training pro-
gram could benefit you as long as you begin to change. Even
the easiest activity is better than nothing and whenever you
start is not too late [124].

There are also some limits for the exercise training when
applied to real patients’ treatment. The existing studies do
not provide an exact guidance on the diverse intensity, dura-
tion, and frequency of exercise that may be suitable for the
different kinds of diseases. In the future, personalization of
exercise will be an irresistible trend. For those young and in
healthy condition, it may be optional to consult a doctor
before they start an exercise program. However, personalized
exercise enables you to perform more specifically based on
your present fitness level, interest, age, and gender [125].
For those old who have been inactive for a long period, it is
necessary to consult physicians who will measure some
indexes, like cardiorespiratory endurance, muscular strength,
muscular endurance, and flexibility, and make graded exer-
cise tests for individuals [126]. Also, for someone who has a
baseline disease, the extreme exercise training seems to trig-
ger the progression of disease. So tailored exercise would
bring benefits not only for healthy humans but also for the
patients with chronic disease [127]. For slow disease-related
declines of muscle strength, tailored exercise may focus on
the training to improve muscle strength and reduce the risk
of falls. For those who has type 2 diabetes, body weight con-
trol and enhancement of peripheral circulation are the first
two goals to realize. For people with arthritis, tailored exer-
cise helps reduce joint stiffness and enhances muscle strength
[125, 128]. The systematical and overall exercise guidance
from a professional instructor is totally necessary. Personali-
zation of exercise training will be a huge demand and replace
the random mode of exercise today.

Although we get to know that exercise protects against
CVD through attenuating sympathetic activity, arterial pres-
sure, and heart rate, increasing blood flow and endothelial
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NO production, causing vessel dilation, decreasing inflam-
matory cytokine and reactive oxygen species formation, the
exact mechanisms leading to transcriptional factor changes
or transcriptional modifications are not studied. So future
studies may be applied to the mechanisms of protective
effects of exercise on the heart and vessels.
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