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The epidemic of obesity is a major challenge for health policymakers due to its far-reaching effects on population
health and potentially overwhelming financial burden on healthcare systems. Obesity is associated with an
increased risk of developing acute and chronic diseases, including hypertension, stroke, myocardial infarction,
cardiovascular disease, diabetes, and cancer. Interestingly, the metabolic dysregulation associated with obesity is
similar to that observed in normal aging, and substantial evidence suggests the potential of obesity to accelerate
aging. Therefore, understanding the mechanism of fat tissue dysfunction in obesity could provide insights into
the processes that contribute to the metabolic dysfunction associated with the aging process.

Here, we review the molecular and cellular mechanisms underlying both obesity and aging, and how obesity

and aging can predispose individuals to chronic health complications. The potential of lifestyle and pharma-
cological interventions to counter obesity and obesity-related pathologies, as well as aging, is also addressed.

1. Introduction

Obesity is characterized by the excessive accumulation of adipose
tissue in the body. Fundamentally, it is a condition of energy imbalance
caused by an excessive calory intake over its expenditure. According to
the World Health Organization, in 2016, more than 650 million adults
(individuals over 18 years old) were obese, and in 2015, 36.5% of the
adult population of the United States alone were estimated to be obese
(Greenberg and Obin, 2006). The Centers for Disease Control and Pre-
vention (CDC) indicates that in 2017-2018 the prevalence of obesity
among young adults (age range: 20-39 years), middle-aged adults (age
range: 40-59 years), and elderly individuals (age range: 60 years and
above) was 40.0%, 44.8%, and 42.8%, respectively (CDC, 2020).
Obesity is a major public health concern and a predictor of poor clinical
outcome (Marseglia et al., 2014). It is estimated that at least 2.8 million
people die every year from obesity-associated complications (Fontaine
et al., 2003). Obesity is also associated with decreased life expectancy
due to the dramatically increased risk of comorbidities (Tchkonia et al.,
2010; Tzanetakou et al., 2012; Yazdi et al., 2015).

The metabolic risk related to obesity is, at least in part, associated
with common diabetes and cardiovascular disease (CVD) risk factors,
including hyperglycemia, hypertension, and dyslipidemia. This cluster
of metabolic risk factors is called “metabolic syndrome” (Rochlani et al.,
2017). Obesity is also strongly associated with insulin resistance (Fer-
rannini et al., 1997), which is a key risk factor for the development of
diabetes and may also be an independent risk factor for CVD (Reaven,
1988; Rutter et al., 2005; Despres et al., 1996; Bonora et al., 1997).

Obesity-related diseases appear to be associated with the accelera-
tion of cellular processes observed during normal aging (Ahima, 2009).
Inflammation and oxidative stress seem to be important mediators of
this association. For instance, one of the major hallmarks of aging is
increased levels of pro-inflammatory molecules, which in turn is an
important cause of the adipose tissue enlargement that accompanies
obesity. The chronic inflammatory cellular environment that is associ-
ated with the obese adipose tissue can, in turn, lead to increased pro-
duction of reactive oxygen species (ROS) which can overwhelm
oxidative stress defenses, resulting in oxidative stress and mitochondrial
dysfunction, which results in further ROS formation and exacerbation of
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inflammatory processes (de Mello et al., 2018).

The striking similarities between chronic obesity-related and normal
aging-related pathologies and organ deterioration suggest that obesity
accelerates the onset of age-associated diseases, such as diabetes, CVD,
cancer, and neurodegenerative diseases (Tchkonia et al., 2010; Zhang
et al., 2015; Salmon, 2016).

This review aims at critically discussing the biochemical, molecular,
and cellular similarities between events that accompany both obesity-
induced and aging-associated tissue dysfunction and how such under-
standing can help repurposing therapeutics designed for one process to
tackle the other. An in-depth evaluation of the intricate connections
between obesity and aging can help to better understand the aging
process and pave a new path toward developing novel therapeutic
strategies to treat obesity-associated comorbidities, including obesity-
related cancers.

2. Adipose tissue

Over the past decades, our understanding of the physiological role of
the adipose tissue has been greatly redefined and expanded. It is now
widely recognized that the adipose tissue is a complex and highly active
metabolic and endocrine organ, that plays a key role in regulating en-
ergy homeostasis (Marseglia et al., 2014; Ahima and Flier, 2000; Fruh-
beck et al., 2001).

Adipocytes, the major cell types in the adipose tissue, are responsible
for the synthesis of fatty acids (lipogenesis) and their storage in the form
of triglycerides during periods of abundant energy supply. In mammals,
the adipose tissue is primarily found under the skin and around the
visceral organs; it has two distinct forms: brown adipose tissue and white
adipose tissue (Cinti et al., 2005). In humans, brown adipose tissue is
generally found only in infants and is specialized in heat production
through non-shivering thermogenesis (Cannon and Nedergaard, 2004).
In contrast, lipids stored in white adipocytes serve as a long-term energy
reserve that can be mobilized to meet general energy requirements
under calory deficiency (Giordano et al., 2014). White adipose tissue can
further be divided into subcutaneous and visceral adipose tissue. Sub-
cutaneous adipose tissue is located under the skin, particularly in the
abdominal and gluteal-femoral area, and is responsible for storing about
80% of total body fat. Visceral adipose tissue is located around the in-
ternal organs, particularly in the space contained between the two layers
of visceral peritoneum near the digestive organs, representing about
20% of total body fat (Tsiloulis and Watt, 2015). Besides anatomic
location, subcutaneous and visceral adipose tissue differ substantially in
terms of cell composition and function, particularly adipocyte type,
lipolytic activity, vascularity, and innervation, as well as their respon-
siveness to insulin and other hormones (Wajchenberg, 2000).

Besides adipocytes, the adipose tissue contains a matrix of connec-
tive tissue, nerve tissue, stromovascular cells, and immune cells (Frayn
et al., 2003). It has been estimated that 20-30% of genes expressed in
the white adipose tissue encode secreted proteins (Maeda et al., 1997,
2002). The array of proteins and other molecules secreted by adipocytes
are collectively termed “adipokines” or “adipocytokines”. Adipokines
include pro-inflammatory cytokines and cytokine-related proteins,
complement and complement-related proteins, fibrinolytic proteins,
renin-angiotensin system proteins, and a variety of other biologically
active proteins that exert hormone-like actions (Falcao-Pires et al.,
2012). Some adipokines, such as leptin, are synthesized and secreted
almost exclusively by adipocytes; others, such as adiponectin, are pro-
duced and secreted by both adipocytes and non-adipocyte cells (Fain
et al.,, 2004, 2008); others still, such as tumor necrosis factor-alpha
(TNF-a) and interleukins- 6 and -8 (IL-6, IL-8), originate largely from
non-adipocyte cells (Fain et al., 2004). Many adipokines perform local
autocrine or paracrine actions that affect adiposity, adipocyte meta-
bolism, and inflammatory responses in the white adipose tissue. Adi-
pokines also play important roles in the regulation of systemic energy
metabolism through endocrine and systemic actions in the brain, liver,
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and muscle (Trayhurn and Wood, 2004; Lafontan and Viguerie, 2006).

Our understanding of the importance of adipocytes in maintaining
normal metabolism has tremendously benefited from the use of genet-
ically engineered mice lacking adipocytes. These fatless, or lipoatrophic,
mice display elevated levels of fatty acids, hyperglycemia, and hyper-
triglyceridemia, as well as insulin resistance. Transplantation of adipo-
cytes into lipoatrophic mice causes normalization of many of these
metabolic parameters (Gavrilova et al., 2000).

In summary, the adipose tissue acts as an endocrine organ that plays
an active role in modulating normal health and maintaining whole-body
energy homeostasis and immune functions.

3. Role of inflammation and oxidative stress in the development
of obesity

The development of obesity involves a coordinated increase in fat
cell size (adipocyte hypertrophy) and number (adipocyte hyperplasia)
(DeClercq et al., 2008; Avram et al., 2007). Adipocyte enlargement is the
main cause of metabolic dysfunction associated with obesity and related
comorbidities (Fuster et al., 2016). The expansion of white adipose tis-
sue along with the ensuing local hypoxia promotes the secretion of
several inflammation-related adipokines and activates the recruitment
of immune cells, particularly monocytes and lymphocytes, through yet
not completely understood mechanisms (Harford et al., 2011). In
particular, a role for tissue-resident macrophages in obesity-induced
low-grade chronic inflammation has been proposed (Wang et al., 2020a;
Davies et al., 2013). Immune cell-mediated release of pro-inflammatory
cytokines interferes with the insulin signaling pathway, leading to the
altered insulin sensitivity and dysregulated glucose and fatty acid
metabolism that accompanies obesity (Tanti et al., 2013). Cytokines and
adipokines secreted by macrophages and adipocytes mediate the inter-
action between these two cell types. Adipokines stimulate the produc-
tion of pro-inflammatory cytokines, such as TNF-a and IL-6, from
macrophages. Consequently, increased endothelial vascular perme-
ability results in enhanced leukocyte recruitment and adhesion (Manna
and Jain, 2015). Besides, TNF-a acts on adipocytes by inhibiting the
secretion of adiponectin, which plays a significant role in regulating
whole-body insulin sensitivity, anti-inflammatory responses, and car-
diac health (Vachharajani and Granger, 2009). Collectively, these events
are responsible for the chronic low-grade inflammation associated with
obesity (Fuster et al., 2016).

On the other hand, enlarged obese adipocytes express fewer insulin
receptors and become less susceptible to the anti-lipolytic effect of in-
sulin. This increases lipolysis and stimulates the release of free fatty
acids (FFA) into circulation. High FFA levels result in insulin resistance
in peripheral tissues, oxidative stress, and tissue injury (Fernan-
dez-Sanchez et al., 2011). Lipolysis and FFA release are also stimulated
by pro-inflammatory cytokines expressed in the adipose tissue. The
increased level of circulating FFA and their accumulation in non-adipose
tissues, including cardiac and vascular tissues, leads to lipotoxicity.
Obesity-related cardiac lipotoxicity and associated cardiac dysfunction
are responsible for 11% and 14% of heart failure cases in men and
women, respectively (Ebong et al., 2014).

With the expansion of visceral fat, the generation of reactive oxygen
species (ROS) increases in adipocytes, which in turn enhances the
expression and secretion of inflammatory adipokines (Otani, 2011;
DeMarco et al., 2010). The ensuing oxidative stress causes insulin
resistance in the adipose and peripheral tissues.

From a cellular and molecular standpoint, several phenomena ac-
count for enhanced oxidative stress in obesity. For instance, the
increased mechanical load and muscle activity of obese individuals is
associated with higher oxygen consumption and increased mitochon-
drial respiration, resulting in electron leakage from the mitochondrial
electron transport chain (ETC), increased ROS production, and oxidative
stress (Manna and Jain, 2015). Moreover, increased triglyceride levels
(TG) can affect the normal functioning of the ETC, leading to inhibition



A.L. Santos and S. Sinha

of adenine nucleotide translocation and increased production of the
superoxide radical (Monteiro and Azevedo, 2010). Similarly, enhanced
FFA levels can contribute to mitochondrial dysfunction, resulting in
enhanced ROS production in obesity (Martinez, 2006).

Oxidative stress has been proposed as a major causative factor for
obesity-associated comorbidities. For instance, by inducing a pro-
inflammatory environment or directly acting on insulin receptors to
cause peripheral insulin resistance, oxidative stress promotes the
development and progression of metabolic dysfunction (Salmon, 2016;
Park et al., 2009; Hurrle and Hsu, 2017). Moreover, chronic oxidative
stress can disrupt the blood-brain barrier, ultimately causing brain
damage and accelerating the onset of neurodegenerative disorders (Roh
et al., 2017). The state of chronic inflammation observed in obesity may
also be responsible for the increased incidence of certain types of cancer
in obese individuals (Marseglia et al., 2014; Incio et al., 2016; Kolb et al.,
2019; Arendt et al., 2013; Kolb et al., 2016; Park et al., 2010).

4. The obesity-aging connection

Altered metabolic regulation, insulin resistance, inflammation, and
impaired immune function are not only the hallmarks of obesity but also
of aging. Interestingly, obese and elderly individuals exhibit strikingly
similar immunological profiles in adipose tissues, suggesting a signifi-
cant overlap between the mechanisms that drive both processes
(reviewed in (Trim et al., 2018)).

Aging is characterized by a stochastic accumulation of molecular
damage and progressive failure of maintenance and repair mechanisms,
resulting in increased frailty and ultimately death. The progressive and
irreversible accumulation of ROS-induced oxidative damage plays an
important role in the age-related impairment of physiological functions
and loss of cellular homeostasis that leads to disease development and
ultimately death (Harman, 1972). Being the main intracellular source
and target of ROS, mitochondria are closely associated with the aging
process. ROS can damage multiple mitochondrial constituents,
including mitochondrial DNA (mtDNA) (Harman, 1972; Miquel et al.,
1980; Pak et al., 2003). The progressive accumulation of ROS-induced
mutations in mtDNA throughout the lifetime of an individual can, in
turn, contribute to the disruption of proper ETC functioning and further
production of ROS, resulting in the inability to maintain a sufficient
supply of energy to the cells that leads to their progressive functional
decline and death (Jang et al., 2018).

Aging is also accompanied by a chronic, low-grade systemic and
sterile (in the absence of overt infection) inflammation, a condition
termed “inflammaging” (De la Fuente et al., 2005; De la Fuente, 2008;
Franceschi et al., 2000a; Franceschi and Campisi, 2014). Like oxidative
stress, inflammation also accelerates the onset of aging and age-related
diseases (Herbert et al., 2008). Inflammaging is characterized by a
general increase in the production of pro-inflammatory cytokines such
as IL-6, IL-1, and TNF-a, followed by increased plasma levels of key
inflammatory markers, such as C-reactive protein (CRP) and serum
amyloid A (SAA) (Franceschi et al., 2000b; Franceschi, 2007). This
generalized pro-inflammatory status can contribute to the onset of the
most important age-related diseases, such as CVD, atherosclerosis, type
2 diabetes, neurodegeneration, arthrosis and arthritis, osteoporosis, and
osteoarthritis, sarcopenia, frailty, and cancer (Franceschi et al., 2007;
Cevenini et al., 2013). Interestingly, centenarians whose lifespan is ex-
pected to be close to the maximum human lifespan maintain a delicate
balance between pro-inflammatory and anti-inflammatory markers,
which possibly explains the delayed disease onset in these individuals
(Gerli et al., 2000). The involvement of inflammation in aging is also
supported by the observation that the immune cells of long-lived species
maintain better function and redox state than those of short-lived ones
(De la Fuente et al., 2004; Vina et al., 2006). Likewise, subjects dis-
playing enhanced oxidative and inflammatory stress markers tend to
have a lower lifespan compared to their counterparts of the same
chronological age (Guayerbas et al., 2002a, b; Guayerbas and De La
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Fig. 1. Mechanistic similarities between obesity and aging. Both aging and
obesity are characterized by oxidative stress and low-grade inflammation
caused by dysregulation of mitochondrial function, senescence, DNA damage
and telomere shortening. FFA — free fatty acids. Reproduced with permission
from Perez et al. (2016).

Fuente, 2003).

Besides age, increased levels of pro-inflammatory factors, ROS, and
senescent cells, as well as viral or bacterial infections, are among the
main underlying causes of inflammaging. Moreover, inflammaging can
be influenced by many non-immunological factors that are not directly
related to inflammation, such as microRNAs, circulating mtDNA, gly-
cans, and metabolites produced by the intestinal microbiota. These
factors trigger various signaling pathways, ultimately leading to nuclear
translocation of the transcription factor NF-kB. Cytoplasmic sequestra-
tion of NF-xB via interaction with IkB inhibitor proteins results in
attenuated DNA-binding and transcriptional activation. Phosphoryla-
tion of IkB proteins results in their degradation, allowing translocation
of NF-kB into the nucleus where it transcriptionally activates multiple
genes that encode pro-inflammatory mediators such as TNF-q, in-
terleukins, and cytokines (Sarkar and Fisher, 2009).

Importantly, advanced age is typically accompanied by increased fat
deposition around the internal organs (visceral adipose tissue), in which
adipocyte precursor cells (preadipocytes) tend to lose their specialized
characteristics, undergo dedifferentiation, and acquire a senescent-like
pro-inflammatory state; this results in increased production of pro-
inflammatory cytokines and chemokines and induction of visceral adi-
pose tissue inflammaging (Tchkonia et al., 2010; Conte et al., 2019).

Given the etiological similarities between obesity and aging, it is
valid to speculate that obesity might accelerate the rate of aging and the
onset of age-related diseases (Salmon, 2016). Accordingly, obese mice
have a shorter lifespan and increased levels of oxidative stress markers
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compared to their lean counterparts (Zhang et al., 2015; Silberberg and
Silberberg, 1954; Harrison et al., 1984; Baur et al., 2006). Likewise,
extreme obesity is associated with substantially elevated rates of total
mortality, with most of the excess deaths due to diseases typically
associated with old age, including heart diseases and cancer (Kitahara
et al., 2014). More recently, it has been predicted that obese individuals
might lose up to 8 years of life compared to normal-weight individuals
(Grover et al., 2015). Remarkably, in rats, maternal obesity was found to
accelerate the metabolic aging of the offspring in a sex-dependent
manner (Rodriguez-Gonzalez et al., 2019).

4.1. Mechanistic links between obesity and aging highlight pathways to
intervention

Over the last decades, the clinical consequences of obesity have
become increasingly amenable to therapeutic interventions that target
inflammation and fat tissue cellular composition. Given the similarities
between obesity and age-related fat tissue dysfunction, i.e. the changes
in cellularity, insulin-responsiveness, secretory profiles, and inflamma-
tory state of adipose tissue that are associated with aging (Stout et al.,
2017), it is valid to speculate about the existence of similarities in the
mechanisms underlying both conditions. Accordingly, analogous in-
terventions might be used to address both obesity-related dysfunctions
and age-associated pathologies. The mechanistic similarities between
obesity and aging are schematically summarized in Fig. 1.

The association between aging and obesity is evident from the sim-
ilarity in certain pathophysiological tissue changes, such as those in the
liver, that accompany both processes. Non-alcoholic fatty liver disease
(NAFLD) is a progressive disease that is characterized by excessive he-
patic fat accumulation (liver steatosis) and is associated with oxidative
stress, obesity, insulin resistance, and dyslipidemia ((Bril et al., 2016;
Sinton et al., 2019; Perla et al., 2017)). NAFLD is found in 30%-40% of
the general population and in up to 95% of those with morbid obesity
(LaBrecque et al., 2014). NAFLD is also prevalent in the elderly, corre-
lating with increased risk of mortality in those between 60 and 74, but
not on subjects older than 75 (Golabi et al., 2019). Oxidative stress and
inflammation, processes that accompany both aging and obesity, can
contribute to the progression of NAFLD to more serious conditions, such
as nonalcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular
carcinoma (HCC). Accordingly, aging has been reported to significantly
enhance the progression of NAFLD to NASH and fibrosis, predisposing to
increased mortality in elderly subjects with NAFLD (Regev and Schiff,
2001; Frith et al., 2009). Age-associated enhanced fat uptake, increased
de novo lipogenesis, decreased fB-oxidation, and/or decreased synthe-
sis/secretion of very-low-density lipoproteins have been proposed to be
involved in the liver steatosis that characterizes NAFLD (Cohen et al.,
2011). Importantly, a link between NAFLD and neurodegeneration,
characterized by reduced brain volume (Weinstein et al., 2018) and
impaired cognitive performance (Seo et al., 2016) has been reported.
Further, NAFLD was found to induce and accelerate Alzheimer’s disease
potentially as a result of chronic inflammation (Kim et al., 2016). Mol-
ecules traditionally characterized by age-modulating properties, such as
resveratrol, have also been found to ameliorate NAFLD (Bujanda et al.,
2008; Shang et al., 2008; Faghihzadeh et al., 2014).

The similarities between obesity and age-related fat tissue dysfunc-
tion are also evidenced by the fact that multiple energy metabolism and
energy-sensing pathways, as well as regulators of oxidative stress and
inflammation, play similar roles in both obesity and aging and their
associated pathologies. These pathways represent potential druggable
targets for both obesity and aging (further discussed in Section 5).

Insulin/IGF-1 signaling (further examined in Section 3.1.3) plays an
important role in regulating lifespan and healthspan (Cheng, 2019).
Such a role was originally proposed after the observation of an associ-
ation between low IGF-1 plasma levels in mice with hypopituitary
dwarfism and extended longevity (Cheng, 2019). Further confirmation
was later achieved in studies in mice with disrupted or lacking the
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insulin receptor or with mutated IGF-1 encoding genes (Holzenberger
et al., 2003; Bliiher et al., 2003). This lifespan extending effect of
reduced insulin signaling appears to be mediated by increased expres-
sion of pathways involved in DNA damage and surveillance, protein
folding, oxidative stress and innate immunity (Murphy et al., 2003).
Altered IGF-1/insulin signaling also plays a crucial part in the patho-
physiology of obesity (Spielman et al., 2014). Obesity-associated IGF-1
resistance has been hypothesized to contribute to neurodegeneration
associated with obesity (Murphy et al., 2003) and to enhanced predis-
position to cancer in obese individuals (Renehan et al., 2006).

AMPK (AMP-activated protein kinase) is a metabolic stress-sensing
enzyme that monitors the balance between energy supply and energy
demand and appropriately modulates metabolic pathways involved in
glucose, fatty acid, and protein metabolism to ensure homeostasis. Due
to its energy-sensing role, AMPK is an important modulator of the
cellular and functional changes that accompany the development of
obesity, and AMPK activation is a target for obesity therapeutics (Wu
et al., 2018; Bijland et al., 2013). AMPK activity is diminished in the
adipose tissue of individuals with obesity and metabolic syndrome
(Ruderman et al., 2013), possibly contributing to the enhanced oxida-
tive and inflammatory status of the adipose tissue of individuals with
such conditions (Galic et al., 2011; Xu et al., 2012). Enhanced AMPK
signaling also has a lifespan extending effect in C. elegans, Drosophila,
and yeast (Harkness et al., 2004; Tschape et al., 2002; Apfeld et al.,
2004), and AMPK is the target of several lifespan-extending pharma-
cological and dietary interventions as well (reviewed in Section 5)
(Apfeld et al., 2004; Greer et al., 2007). The observation that AMPK loss
results in a significant increase in neurodegeneration in flies suggests a
neuroprotective role for AMPK (Tschape et al., 2002). Importantly,
AMPK activation by the phytochemical resveratrol (discussed in Section
5) and subsequent promotion of autophagy has been shown to decrease
the levels of the amyloid-p (Ap) peptide that contributes to the devel-
opment of Alzheimer’s disease (Vingtdeux et al., 2010).

The nuclear hormone receptors designated peroxisome proliferator-
activated receptors (PPARs) are important regulators of cellular energy
metabolism and oxidative stress that play crucial roles in the normal
aging process (Erol, 2007). Accordingly, genome-wide association
studies have identified an association between certain PPARy poly-
morphisms and increased longevity (Barbieri et al., 2004) and, in some
cases, reduced age-related cognitive decline (Yaffe et al., 2008; Johnson
et al., 2008). PPARy expression and activity are reduced during aging in
rodents, and this may contribute to age-associated loss of function
(Haramizu et al., 2011). Reduced PPARYy signaling (by genetic deletion
of various PPARy isoforms from either the white adipose tissue or the
entire body) results in reduced longevity in mice (Argmann et al., 2009).
PPARs also play a role in obesity via modulation of glucose metabolism,
adipocyte differentiation, lipolysis, and fat storage (Stienstra et al.,
2007). Selective ablation of PPARy in the subcutaneous adipose tissue
was associated with increased adipose tissue expansion and insulin
resistance (Xu et al., 2018) and PPARa —/— mice were found to gain
more adipose mass compared to wild-type animals under the same diet
(Costet et al., 1998). Studies using synthetic PPARa agonists further
support an anti-obesity role for PPARa (Guerre-Millo et al., 2000;
Vasquez et al., 2001; Mancini et al., 2001). PPARs not only affect
adiposity in obesity but also obesity-induced inflammation via effects on
both adipocytes and adipose tissue-resident macrophages that include
direct transcriptional downregulation of pro-inflammatory genes and
indirect effects on lipid metabolism (Xu et al., 2003; Tontonoz et al.,
1994; Ricote et al., 1998; Okuno et al., 1998). Importantly, agonist
(thiazolidinedione)-mediated activation of PPARy was found to atten-
uate age-related inflammation and oxidative stress by suppressing NF-xB
activity (Sung et al., 2006), with such a protective effect being impaired
by age-associated senescence (Briot et al., 2018).

mTOR signaling, modulated by branched-chain amino acids, has
been implicated in both aging and age-related dysfunction, as well as the
development of obesity. Chronic activation of mTOR in the adipose
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tissue of obese individuals seems to be linked to obesity-associated
cancers, inflammation, f-cell adaptation preceding type 2 diabetes,
NAFLD, and other health complications (Laplante and Sabatini, 2009).
Accordingly, abrogation of the mTORC1 complex of the mTOR pathway
reduced obesity and improved insulin responsiveness (Um et al., 2004).
Modulation of lipid metabolism by mTORC1 appears to be mediated by
mTORCI1-induction of the expression of the lipogenic transcription
factors SREBP1/SREBP2 and their proteolytic cleavage to mediate
translocation of the active transcription factors to the nucleus where
they promote the expression of genes involved in fatty acid and
cholesterol synthesis (Lewis et al., 2011).

mTORCI inhibition has also been reported to extend lifespan and
reduce the incidence of age-related pathologies (Lamming et al., 2012;
Kaeberlein et al., 2005; Harrison et al., 2009; Kapahi et al., 2004; Vellai
et al., 2003) potentially by modulating mitochondrial gene expression
(Bonawitz et al., 2007) and reducing the accumulation of intracellular
ROS (Halicka et al., 2012). Deletion of the S6K1 component of the mTOR
signaling pathway resulted in increased lifespan and decreased insulin
resistance and amelioration of age-related pathologies (Um et al., 2004;
Selman et al., 2009; Um et al., 2006; Al-Ali et al., 2017). Interestingly,
the gene expression pattern of knockout mice lacking S6K1 were similar
to those observed following AMPK activation, as well as with caloric
restriction (Selman et al., 2009). Several pharmacological and physio-
logical interventions that target both obesity- and age-related dysfunc-
tion exert their action at least partially via modulation of mTOR
signaling and are further examined in Section 5.

The Forkhead Box O (FOXO) subfamily of transcription factors
(FOXO01, FOX03a, FOX04, and FOX06) regulates the expression of
genes involved in DNA damage and repair response, apoptosis, meta-
bolism, cellular proliferation, stress tolerance, and longevity (van der
Horst and Burgering, 2007; Calnan and Brunet, 2008). FOXOs also
regulate genes responsible for controlling hepatic glucose production,
insulin secretion in p-cells and p-cell growth and differentiation, and fat
and muscle mass (Xiong et al., 2013) FOXOs have been identified as a
potential therapeutic target for metabolic disorders of insulin resistance,
including obesity, diabetes, and NAFLD (Cheng, 2019; Ahn et al., 2013;
Moll and Schubert, 2012; Dong, 2017).

Sirtuins are a family of NAD-dependent histone deacetylases
(HDACsS) consisting of seven mammalian proteins, SIRT1—7. They are
present in different subcellular compartments where they control the
activity of various proteins and genes that regulate cell survival, dif-
ferentiation, metabolism, DNA repair, inflammation, and longevity
(reviewed in (Saunders and Verdin, 2007; Haigis and Guarente, 2006;
Longo and Kennedy, 2006)). The importance of sirtuins in lifespan and
healthspan regulation is evident from the fact that sirtuin deficiency is
associated with shortened lifespan, neurodegeneration, and metabolic
diseases, while increasing sirtuin levels genetically or chemically results
in extended lifespan and protection against age-related degeneration
(Tang et al., 2017; Sundaresan et al., 2012; Mitchell et al., 2014; Tis-
senbaum and Guarente, 2001; Rogina and Helfand, 2004; Kaeberlein
et al., 1999). Sirtuins have also been found to play a role in obesity and
obesity-related pathologies via regulatory effects on adipokine expres-
sion, insulin secretion, cholesterol and lipid homeostasis, as well as
mitochondrial energy efficiency (Liang et al., 2009). SIRT1 in particular
was found to stimulate fatty acid oxidation via induction of adiponectin
production and by regulating adipogenesis, lipolysis, and fatty acid
mobilization (Iwabu et al., 2010; Cakir et al., 2009). Accordingly, SIRT1
deficiency resulted in hyperglycemia, oxidative stress, and insulin
resistance, leading to high-fat diet-induced obesity (Purushotham et al.,
2012; Wang et al., 2011). Additionally, mice overexpressing SIRT1 mice
were found to display a leaner phenotype compared to littermate con-
trols, accompanied by decreased levels of plasma cholesterol, insulin,
and fasting glucose, as well as reduced adiposity (Bordone et al., 2007).
SIRT1 overexpression in mice fed a high-fat diet was also found to lessen
inflammation, improve glucose tolerance, and protect against hepatic
steatosis (Pfluger et al., 2008). Sirtuin agonists are, thus, promising
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druggable targets for both aging and aging-related dysfunction and
obesity and are examined in Section 5.

The effects of SIRT1 on metabolism are, at least in part, mediated by
its interaction with the transcriptional co-activator PPARy co-activator 1
alpha (PGCla), which is able to sense oxidative stress and modulate
gene expression accordingly (Kaeberlein et al., 2005; Harrison et al.,
2009; Kapahi et al., 2004; Vellai et al., 2003; Bonawitz et al., 2007).
PGCla is involved in mitochondrial biogenesis, thermogenesis, glucose
homeostasis, and oxidative stress responses (Harrison et al., 2009;
Halicka et al., 2012; Selman et al., 2009; Um et al., 2006; Al-Ali et al.,
2017; van der Horst and Burgering, 2007). Protective effects of PGCla
against neurodegeneration is evidenced by the fact that ectopic
expression of PGC-la in neurons decreases ROS levels, and PGCla
transgenic mice display significantly lower age-related accumulation of
oxidative damage compared to wild type controls (St-Pierre et al.,
2006). By promoting autophagic pathways and preventing oxidative
stress, PGC-1la was also found to protect from Huntington’s disease
proteotoxicity (Tsunemi et al., 2012). PGCla also plays a role in meta-
bolic dysfunction diseases, as demonstrated by the fact that upregulation
of PGCla in the skeletal muscle of mice protected against obesity and
diabetes development (Wenz et al., 2009).

The role of Nrf2 in the coordination of the cell’s response to oxidative
stress is well established (Hybertson et al., 2011). Reduced Nrf2 activity
has been shown to contribute to all major aging phenotypes, including
genetic instability, mitochondrial dysfunction, telomere attrition,
epigenetic modifications, stem cell exhaustion, impaired protein ho-
meostasis, altered nutrient sensing, and cellular senescence (reviewed
by (Schmidlin et al., 2019)). A role for Nrf2 in obesity has also been
revealed, as indicated by its involvement in the regulation of pre-
adipocyte to adipocyte differentiation (Murakami and Motohashi, 2015)
and mitigation of inflammation in obesity (Kang et al., 2019; Kim et al.,
2018, 2019a; Luo et al., 2017). Accordingly, Nrf2 expression is increased
in individuals with high-fat percentages (Das et al., 2011), and targeted
disruption of NRF2 was found to protect against high fat diet-induced
obesity in mice (Pi et al., 2010).

Despite the commonalities between obesity- and age-associated
dysfunction, the overall mechanisms associated with fat tissue
dysfunction in obesity differ from aging in important ways. For instance,
obesity is accompanied by increased fat cell size (Fried and Kral, 1987),
followed by fat cell death and macrophage infiltration around the dying
cells (Cinti et al., 2005) which contributes to tissue inflammation. In
contrast, inflammation is a major initiating factor for age-related fat
tissue dysfunction (Bertrand et al., 1978, 1980). Moreover, transcrip-
tional changes that occur in the adipose tissue during aging and pro-
gression of obesity are distinct because of the basic differences in the
composition of the adipose tissue of obese and elder individuals (Xu
et al., 2003; Weisberg et al., 2003; Wu et al., 2007).

4.1.1. The telomere connection

Oxidative stress and inflammation might influence the aging process
by accelerating the shortening of telomeres (Hwangbo et al., 2004; Aviv
et al., 2006). Telomeres act as the cell’s “molecular clock” and
contribute to the time-dependent loss of the replicative ability of cells
(Stewart and Weinberg, 2006). Telomeres shorten during each cell cycle
because the DNA polymerase is unable to work on the single-stranded 3’
end (Aviv et al., 2006; Minamino et al., 2009). The progressive short-
ening of telomeres leads to genomic instability, reduced cellular
renewal, and ultimately cellular senescence (Folini et al., 2005).
Oxidative stress negatively impacts telomere maintenance because the
activity of telomerase is reduced in the presence of ROS (Borras et al.,
2004; Kurz et al., 2004; Passos et al., 2007). Furthermore, due to the
high content of guanine residues, telomeric DNA sequences are highly
susceptible to oxidative stress-induced damage (Rhee et al., 2011).
Telomere dysfunction activates p53-mediated DNA damage response
which in turn leads to cell senescence (Campisi, 2005).

Abdominal adiposity in humans has been directly correlated with a
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decrease in telomere length (Lee et al., 2011; Nordfjall et al., 2008). The
telomeres of obese women are shorter than that of their lean counter-
parts, which is believed to be caused by obesity-associated oxidative
stress and inflammation (Njajou et al., 2012). Obesity-associated
pro-inflammatory cytokines in particular are believed to be involved
in this process (Tzanetakou et al., 2012; Epel, 2009; Gardner et al.,
2005). Besides adiposity per se, obesity-associated insulin resistance has
been proposed to contribute to telomere shortening (Al-Attas et al.,
2010), although divergent results have been reported (Verhulst et al.,
2016). Remarkably, obese individuals who underwent gastric bypass
surgery displayed telomere lengthening 3-5 years after surgery. This
change in telomere length was negatively correlated with age and tri-
glyceride levels, while no correlation with surgery-induced weight loss
was observed (Dershem et al., 2017).

These findings suggest that obesity can accelerate human aging by
increasing the rate of telomere erosion.

4.1.2. The cellular senescence connection

Cellular senescence, i.e., the irreversible growth arrest of cells, rep-
resents another important hallmark of aging (Lopez-otin et al., 2013).
While senescence plays a key physiological role during normal devel-
opment and is needed for tissue homeostasis, senescence during aging
represents a stress response elicited by age-related insults, such as
genomic instability and telomere attrition.

The possible link between aging and senescence was first described
by Leonard Hayflick and Paul Moorhead in 1961 after observing that
cultured human primary fibroblasts had a limited proliferation capacity
(Hayflick and Moorhead, 1961). This is known as the Hayflick limit; it is
associated with the inability of telomeres to maintain their lengths
during replication at least in part due to the decline in cellular protection
systems during aging (Herranz and Gil, 2018). In addition to shortened
telomeres, other senescence triggers include altered proteostasis, mito-
chondrial deterioration, DNA-replication stress, or oncogene activation
(Gorgoulis and Halazonetis, 2010; Wiley et al., 2017; Hernandez-Segura
et al., 2018; Ishikawa and Ishikawa, 2020). These “stress triggers”
stimulate various signaling pathways that ultimately cause cell growth
arrest by upregulating the cell cycle inhibitor p53, its downstream target
p21, and tumor suppressor protein 16 (Maruyama et al., 2009).

When senescence is established, cells undergo widespread changes
and develop specific characteristics, including increased size and protein
content, enlarged nuclei, and lysosomes with elevated senescence-
associated p-galactosidase activity (Hayflick and Moorhead, 1961;
Young et al., 2009; Kurz et al., 2000). Additionally, the main regulators
of the senescence program, p53/p21 as well as p16INK4aINK4a pro-
teins, are upregulated (LeBrasseur et al., 2015; Helman et al., 2016;
Nielsen et al., 1999; Beausejour et al., 2003). Another important feature
of senescent cells is the development of the “senescence-associated
secretory phenotype” (SASP), which is characterized by increased
expression and secretion of pro-inflammatory cytokines and chemokines
(e.g. interleukins IL-6, IL-1, and IL-8), growth factors (e.g. IGF-binding
proteins and their regulators), extracellular matrix components (e.g.
matrix metalloproteinases and serine proteases), fibronectin, and reac-
tive oxygen/nitrogen species (ROS/RNS). This in turn leads to activation
of the immune response to remove senescent cells (Coppe et al., 2010;
Garfinkel et al., 1994; Kuilman et al., 2008; Lee et al., 1999).

Induction of cellular senescence and the SASP are believed to drive
the degenerative, hyperproliferative, and inflammatory conditions that
accompany aging (Tchkonia et al., 2010). Accordingly, targeted deletion
of senescent cells expressing pl6INK4a delays the onset of several
age-related phenotypes, including cataracts, lordokyphosis (i.e.,
increased curvature of the spine), and diminished exercise capacity in a
mouse model of accelerated aging (Baker et al., 2011). Likewise, phar-
macological agents with the ability to selectively kill senescent cells or
inhibit the SASP, know as senolytics, exert therapeutic benefits on
chronologically aged, progeroid, and/or irradiated mice displaying the
hallmarks of aging (Zhu et al., 2015; Xu et al., 2015).
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Obese individuals typically have significantly more senescent cells
than “normal” weight individuals, displaying an excessive accumulation
of senescent cells in their adipose tissues (Tchkonia et al., 2010; Mina-
mino et al., 2009; Conley et al., 2020). Obese individuals also contain
more senescent endothelial cells and pre-adipocytes than their lean
counterparts (Tchkonia et al., 2010; Salpea et al., 2010). Accordingly,
senescence-associated fB-galactosidase activity is elevated in obese in-
dividuals (Tchkonia et al., 2010), compared to their lean counterparts.
Likewise, p53 levels are increased in the adipose tissue of obese in-
dividuals (Tchkonia et al., 2010; Minamino et al., 2009).

Cellular senescence in the fat tissue of obese individuals stimulates
the infiltration of immune cells, resulting in pro-inflammatory effects on
pre-adipocytes. Consistent with this, pre-adipocytes co-cultured with
macrophages can induce a pro-inflammatory state by increasing the
expression of the inflammatory cytokine TNF-a (Tchkonia et al., 2010;
Suganami et al., 2005). Several pro-inflammatory adipocytokines and
chemokines secreted by senescent cells in obese individuals are thought
to be responsible for obesity-associated metabolic dysfunctions, such as
diabetes (Tchkonia et al.,, 2010). Accordingly, in mice, increased
expression of p53 in macrophages and fat cells was found to induce
senescence and increase inflammatory cytokine production, resulting in
insulin resistance (Minamino et al., 2009). In contrast, the expression of
a dominant-negative form of p53 protected against high levels of fat
tissue-secreted cytokines, macrophage infiltration, and insulin resis-
tance (Minamino et al., 2009).

The accumulation of immune senescent cells seems to be an impor-
tant event connecting obesity and aging and age-related diseases
(Franceschi, 2017). For instance, senescence-associated p-galactosidase
activity and p16 reactivity were found to be increased in the fat tissue of
mice displaying an accelerated aging phenotype compared to that of
control individuals (Minamino et al., 2009; Baker et al., 2006). Impor-
tantly, pl6Ink4a ablation prevented the accumulation of senescent cells
in mice displaying an accelerated aging phenotype, implicating
pl6Ink4a in establishing the senescent phenotype in this model (Baker
et al., 2008). Interestingly, the administration of senolytics improved
glucose tolerance, enhanced insulin sensitivity, reduced circulating in-
flammatory mediators, and promoted adipogenesis in obese mice,
resulting in an overall improvement of the metabolic dysfunction asso-
ciated with obesity (Palmer et al., 2019).

Together, these findings suggest that senescent cells accumulate in
the fat tissue with chronological aging and that these cells might
contribute to age-related fat tissue inflammation and dysfunction.

4.1.3. The insulin connection

Another mechanism by which obesity might accelerate the aging
process of the adipose tissue is by influencing glucose homeostasis, a
process in which insulin plays a critical role (Xu et al., 2003; Minamino
et al.,, 2009). Reduced insulin signaling has been found to extend
longevity across several model organisms (Kenyon et al., 1993; Clancy
et al., 2001; Bluher et al., 2003). This effect has been attributed to the
association between reduced IIS signaling and increased expression of
surveillance, protection, and repair genes which, altogether, contribute
to lifespan extension (Holzenberger et al., 2003).

The role of IIS signaling in human aging is still poorly understood.
Severe deficiencies in insulin secretion in type 1 and type 2 diabetes are
associated with reduced life expectancy. On the other hand, enhanced
insulin sensitivity, modest reductions in insulin levels, and prevention of
dietary-induced or aging-associated hyperinsulinemia are important
lifestyle interventions that aim at preventing age-associated diseases.

One of the reasons why the role of IIS signaling in human aging has
remained elusive is because the effects of IGF-1 on aging are difficult to
separate from those of the human growth hormone (GH), which is the
key determinant of IGF-1 levels. Reduced IGF-1 levels due to congenital
GH deficiency or resistance have been associated with both exacerbation
(Besson et al., 2003) and protection (Shevah and Laron, 2007; Shechter
etal., 2007; Menezes Oliveira et al., 2006) from age-associated diseases.
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Fig. 2. Role of mitochondria and ROS
in obesity and aging. In obese or aging
individuals, mitochondrial oxidative
capacity is decreased, leading to
increased local generation of ROS.
SIRT1 activates PGCla to stimulate
mitochondrial biogenesis and lipolysis,
resulting in reduced ROS generation.
SIRT1 also deacetylates FoxO3a, result-
ing in the upregulation of the expression
of the enzymatic antioxidant catalase,
with subsequent reduction of ROS
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On the other hand, studies in centenarians suggest that genetic poly-
morphisms resulting in reduced IIS signaling (Shevah and Laron, 2007;
Shechter et al., 2007; Menezes Oliveira et al., 2006), increased adipo-
nectin levels, GH resistance (Ben-Avraham et al., 2017), or IGF-1 resis-
tance (Suh et al., 2008) may play a role in achieving extreme longevity.

Evidence also supports an association between peripheral hyper-
insulinemia, insulin resistance, type-2 diabetes and hypertension, and
increased risk of neurodegenerative diseases, most notably Alzheimer’s
disease (AD). Several in vitro and in vivo studies in mice and humans have
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shown that insulin and insulin-degrading enzymes regulate amyloid
concentrations (Farris et al., 2003; Qiu et al., 1998; Solano et al., 2000).
Furthermore, altered insulin resistance may promote AD pathogenesis
and other tauopathies, such as Pick’s disease, corticobasal degeneration,
and progressive supranuclear palsy (Yarchoan et al., 2014), via its ef-
fects on the release and clearance of amyloid f (Ap) (Craft, 2005), which
is the main component of amyloid deposits characteristic of AD.
Accordingly, inducing insulin resistance by feeding mice a high-fat diet
(HFD) was found to increase tau phosphorylation and exacerbate AD, as
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Fig. 3. The obesity microenvironment contributes to cancer progression. Obesity induced systemic changes include increases in circulating insulin and IGF-1.
Increased secretion of adipokines such as leptin and diminished secretion of adiponectin contributes to cancer development in the obese adipocyte. Adipocytes
and recruited immune cells secrete increased amounts of cytokines and other growth factors. The microenvironment of the obese fat tissue also produces hypoxic
conditions which may elevate localized angiogenesis. Increased collagen and fibronectin deposition in the obese tissue contributes to the stiffness of the extracellular

matrix which promotes tumor progression. IGF-1 —
with permission from Arendt and Kuperwasser (2015).
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reflected by increased levels of Af and overall amyloid burden (Cal-
vo-Ochoa et al., 2014; Bhat and Thirumangalakudi, 2013; Arnold et al.,
2014; Ramos-Rodriguez et al., 2014). Together, these results suggest
that insulin resistance accelerates the onset and progression of AD,
especially in cases where there is a predisposition for developing tau
pathologies (Craft, 2005).

4.1.4. The mitochondrial connection

Mitochondria play a crucial role in bioenergetic metabolism and ATP
production, and maintenance of proper mitochondrial function is
essential for general cellular homeostasis.

Due to their central role in multiple cellular functions, most hall-
marks of aging including inflammation, cellular senescence, and altered
bioenergetics have a significant mitochondrial component [reviewed in
(Sun et al., 2016)]. Aging is accompanied by an overall decrease in the
efficiency of mitochondrial bioenergetics associated with reduced
mitochondrial biogenesis, mtDNA mutations, altered mitochondrial
dynamics (imbalance between fission and fusion), or faulty mitophagy
(Wang and Klionsky, 2011).

Obesity is also associated with mitochondrial dysfunction. For
instance, obese adipocytes display reduced mitochondrial biogenesis
and decreased mitochondrial oxidative capacity (de Mello et al., 2018;
Rong et al., 2007). In turn, reduced mitochondrial biogenesis contrib-
utes to the metabolic alterations, low-grade inflammation, and insulin
resistance observed in obese individuals (Heinonen et al., 2015). Addi-
tionally, mitochondria of obese individuals show reduced fatty acid
oxidation, less-defined internal membranes, and diminished capacity for
energy generation (Hernandez-Aguilera et al., 2013). Excessive calorie
intake also appears to impair mitochondrial respiratory capacity, which
can subsequently sensitize mitochondria to apoptotic stimuli (Hernan-
dez-Aguilera et al., 2013). The role of mitochondria and ROS in obesity
and aging is schematically represented in Fig. 2.

5. Obesity, aging, and cancer: common underlying mechanisms

As previously mentioned, obesity represents an overall state of en-
ergy imbalance accompanied by systemic effects such as insulin resis-
tance, altered hormone signaling, and high circulating levels of pro-
inflammatory mediators. In addition to its systemic effects, obesity is
associated with white adipose tissue inflammation. These local and
systemic phenomena associated with obesity are likely to contribute to
the development and progression of several types of cancer, notably
endometrial, colorectal, esophageal, kidney, pancreatic, and post-
menopausal breast cancer (Craft, 2005; Iyengar et al., 2015; Calle et al.,
2003). A schematic representation of the changes in obese adipocytes
that promote cancer development is depicted in Fig. 3.

The variability in the way that obesity affects the incidence, pro-
gression, or mortality of various cancers suggests that multiple mecha-
nisms influence the obesity-cancer association. An intricate web of
interacting hormones, growth factors, cytokines, oxidative stress, and
inflammation mediators seems to promote tumor initiation and growth
in obese individuals. Among the key mechanistic molecular factors
connecting obesity and cancer are insulin, IGF-1, adipokines, and
several inflammation mediators.

Human observational studies have reported an association between
increased cancer mortality and obesity and type 2 diabetes, related to
hyperinsulinemia, elevated IGF-1, or both. Likewise, increased body
mass index (BMI) has been found to closely correlate with increased
fasting insulin levels in non-diabetic individuals; enhanced insulin
levels, in turn, have been linked to increased risk of distant recurrence
and death in breast cancer patients (Gallagher and LeRoith, 2011;
Goodwin et al., 2002). Conversely, individuals with low insulin, IGF-1,
and IGF-2 levels appear to be relatively protected from cancer (Gal-
lagher and LeRoith, 2011). For instance, type 2 diabetes patients
receiving insulin therapy or drugs to stimulate insulin secretion were
found to have a significantly higher incidence of cancer than those who
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received metformin, an antidiabetic drug that works to lower insulin
levels (Dowling et al., 2012). Interestingly, metformin has also been
found to extend lifespan and healthspan and delay the aging process in
several model organisms (Chen et al., 2017; Cabreiro et al., 2013a;
Martin-Montalvo et al., 2013). Likewise, caloric restriction (CR), which
reduces circulating insulin and IGF-1 levels, seems to be a potent sup-
pressor of the carcinogenic process (Hursting et al., 2010) and confer
protection against aging (Weiss and Fontana, 2011).

The role of insulin and IGF as cancer accelerants seems to be medi-
ated by the AKT/PI3K cascade that promotes cell growth and prolifer-
ation and inhibits cell survival (Weiss and Fontana, 2011). The
Akt/PI3K/mTOR is the most frequently mutated pathway in human
cancers (Liu et al., 2009; Kalaany and Sabatini, 2009); it also plays an
important role in obesity (Chen, 2011). This pathway is activated by
both insulin and IGF-1, which are frequently present at high levels in the
serum of overweight and obese individuals (Dann et al., 2007; Moore
et al., 2008a; Woods et al., 1998). Conversely, CR, which is frequently
associated with decreased cancer incidence, reduces Akt/PI3K/mTOR
pathway activation (Moore et al., 2008a; Jiang et al., 2008a). Tumors
with PI3K activation are resistant to the anti-cancer action of CR
(Kalaany and Sabatini, 2009). Likewise, disruption of the Akt/-
PI3K/mTOR cascade resulted in decreased tumor incidence in both
humans and animals (Olivo-Marston et al., 2009; Moore et al., 2008b;
Novosyadlyy et al., 2010; Fierz et al., 2010). The PI3K/Akt/mTOR
pathway has also been found to regulate the replicative senescence of
human vascular smooth muscle cells, and contribute to aging and
age-related cardiovascular diseases (Tan et al., 2016) and has also been
proposed as a therapeutic target for brain aging and neurodegeneration
(Heras-Sandoval et al., 2011).

The role of insulin in driving cancer growth has been elucidated
using genetically engineered mice with severe muscle, liver, and fat cell
insulin resistance and thus elevated insulin levels, and an inability to
properly metabolize their diet, phenomena which are similar to what
occurs in type 2 diabetes (LeRoith, 2010). However, since these mice are
not obese, they allow researchers to dissect the role of high insulin levels
in the absence of concurrent obesity on cancer development and pro-
gression. These mice were found to be highly susceptible to developing
breast cancer. Furthermore, the tumors that developed in mice with
elevated insulin levels were bigger and much more aggressive than those
that developed in mice with normal insulin levels. Blocking of an insulin
receptor or lowering the circulating insulin level abrogated this effect
(LeRoith, 2010).

In addition to insulin and IGF, several other hormones, enzymes, and
growth factors that govern cellular energy balance and growth, such as
AMPK, leptin, and adiponectin, are thought to play vital roles in
increasing cancer risk in obese individuals.

6. Therapeutic strategies targeting oxidative stress and
inflammation in obesity and aging

Besides surgery, therapeutic interventions to manage obesity and
associated comorbidities include dietary interventions, physical activity,
and antioxidant and/or anti-inflammatory supplementation. These in-
terventions can also have an “anti-aging” effect, and in some cases, an
“anti-cancer” effect, further supporting the mechanistic similarities be-
tween these two processes.

6.1. Dietary interventions

6.1.1. Caloric restriction

Caloric restriction (CR) is characterized by a reduction in calorie
intake without causing malnutrition. This intervention has been found
to improve many parameters associated with inflammation and oxida-
tive stress (Nikolich-Zugich and Messaoudi, 2005). For instance,
CR-mediated weight loss improved insulin sensitivity, reduced circu-
lating inflammation-related compounds, and increased the production
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of anti-inflammatory factors by adipocytes (Ziccardi et al., 2002; Laimer
etal., 2002; Xydakis et al., 2004; Fontana, 2009). Moreover, CR has been
found to reduce the serum concentrations of IL-6 and CRP in obese in-
dividuals by suppressing the upregulation of NF-kB, cyclooxygenase
(COX)-2, inducible nitric oxide synthase (iNOS), and inflammatory cy-
tokines (Heilbronn and Clifton, 2002; Kim et al., 2006; Jung et al.,
2009). Maintaining alternate day calorie restriction diet plan for 8 weeks
also resulted in a significant reduction in oxidative stress and inflam-
matory markers and improvement in asthma-related symptoms in
asthmatic obese individuals (Johnson et al., 2007). Obese individuals
subjected to a low-calorie diet displayed moderate weight loss, accom-
panied by improved antioxidant status, reduced systemic inflammation,
and increased insulin sensitivity (Lopez-Domenech et al., 2019).

Interestingly, CR is the only non-pharmaceutical and non-genetic
strategy that can delay the onset of age-related pathologies and extend
lifespan in a range of model organisms (Fontana et al., 2010). The
beneficial effects of CR on aging and age-related diseases have been
attributed to the CR-mediated modulation of mitochondrial activity and
decreased oxidative damage. In turn, the effects of CR on mitochondrial
activity seem to be regulated by the inhibition of IGF-1 and
mTOR-dependent activities, as well as by the activation of
AMP-dependent kinase (AMPK) and the sirtuin family of proteins,
including SIRT1 (Salminen and Kaarniranta, 2012; Zoncu et al., 2011;
Boily et al., 2008; Civitarese et al., 2007; Someya et al., 2010).

The link between CR and mitochondrial biogenesis may also play a
role in increasing cellular resistance to inflammation. For instance, an
aging-related decrease in peroxisome proliferator-activated receptor
gamma coactivator (PGC)-1a, a key regulator of mitochondrial function,
is associated with enhanced levels of inflammatory markers in white
adipose and liver tissues (Sczelecki et al., 2014). CR has also been found
to decrease inflammation and insulin resistance in an age-associated
inflammation rat model (Horrillo et al., 2011). This anti-inflammatory
activity of CR was hypothesized to be exerted via NF-xB, SIRT1,
PPARs, and FoxOs, as well as by modulation of the redox status of
glutathione (Chung et al., 2011).

Reduced intake of some specific dietary components has also been
found to reduce oxidative stress and promote longevity. For instance,
compliance with a low protein/high carbohydrate diet was found to
beneficially impact aging and longevity (Bruce et al., 2013). Restricted
intake of branched-chain amino acids, particularly methionine, was also
found to slow aging processes and extend lifespan (Malloy et al., 2006;
Sun et al., 2009; Miller et al., 2005). Interestingly, reduced methionine
intake has been reported to delay the onset of NAFLD, the hepatic
manifestation of obesity (Malloy et al., 2013), and alleviate high-fat
diet-induced obesity (Wang et al., 2020b).

6.1.2. Intermittent fasting

Intermittent fasting (IF) is a dietary intervention characterized by a
periodic pattern of fasting and eating (Aly, 2014). Periodic fasting has
been found to have beneficial effects on weight loss, prevention of
chronic diseases, and life expectancy (Mattson et al., 2017). Studies in
animal models presenting brain injury (Yu and Mattson, 1999), Par-
kinson’s disease (Yu and Mattson, 1999), and Alzheimer’s disease
(Halagappa et al., 2007) have also demonstrated the effectiveness of
alternate day fasting (ADF), a modality of IF, on improving behavioral
symptoms, motor functions, and memory deficits, respectively.
Compliance with an ADF diet for 6 months was found to reduce BMI,
body weight, body fat mass, and total cholesterol level in overweight
adults and reduce the waist circumference in obese adults (40 years of
age or older) (Park et al., 2020). In a study comparing the health benefits
of 8 weeks of ADF versus CR in obese individuals, the benefits produced
by both interventions were found to be similar in terms of the resulting
changes in body weight and composition as well as insulin sensitivity
(Catenacci et al., 2016).

IF has also been reported to prevent the progression of age-related
chronic diseases, such as cardiovascular disease, diabetes, and cancer,
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thus contributing to increase healthspan. This positive effect has been
observed in both normal and obese individuals (Mattson et al., 2017).
Accordingly, a recent randomized controlled trial study reported that 4
weeks of strict ADF improved the markers of general health in healthy,
middle-aged humans (Stekovic et al., 2019). ADF has also been found to
improve cardiovascular markers and fat-to-lean ratio and reduce fat
mass. A reduction in sSICAM-1 (an age-associated inflammatory marker)
and LDL levels after long-term ADF was also reported (Stekovic et al.,
2019).

Although not completely clear, the mechanisms underlying the ac-
tion of IF seem to involve the activation of some of the same signaling
pathways that are involved in CR; these ultimately stimulate mito-
chondrial function, DNA repair, and stem cell regeneration (Mattson
et al., 2017). Further research is necessary to characterize the mecha-
nisms and thoroughly understand the effects of IF.

6.1.3. Dietary supplements

Antioxidants are molecules capable of neutralizing free radicals by
donating an electron. They are involved in suppressing the oxidation of
cellular substrates, thus preventing free radical-induced damage to
lipids, proteins, and DNA. Therefore, antioxidants play a major role in
preventing diseases with an oxidative stress component, including
neurodegenerative diseases, obesity, diabetes, CVD, and cancer (Lobo
et al., 2010).

A recent meta-analysis aiming at understanding the association be-
tween obesity and antioxidant micronutrients revealed generalized
lower concentrations of antioxidants in obese individuals worldwide.
The same study reported that the levels of carotenoids, vitamins E, and
C, as well as zinc, magnesium, and selenium, were inversely correlated
with obesity and body fat mass (Tan et al., 2016). The concentration of
micronutrients such as vitamin B12 (Baik and Russell, 1999), folic acid
(Clarke et al., 2003), niacin, and trace elements (Blumberg, 1997) also
seems to decrease with aging, potentially contributing to age-related
neurodegeneration and cancer.

Therefore, nutritional intervention strategies aiming at the mainte-
nance of the antioxidant capacity and overall efficiency of cellular
functions might be relevant in both obese and elderly individuals.
Supplemental nutrient administration and the addition of selective nu-
trients to food (food fortification) might also be beneficial in mitigating
the risk of developing age-associated diseases in healthy young
individuals.

6.1.3.1. Phytochemicals. The diet is the most important source of anti-
oxidants for the body. Fruits and vegetables are a rich source of phy-
tochemicals, i.e., plant compounds with health-promoting properties,
including antioxidant and anti-inflammatory effects (Pandey and Rizvi,
2009; Arulselvan et al., 2016).

Dietary polyphenols present in plants have been found to reduce
adipocyte viability and preadipocyte proliferation, suppress adipocyte
differentiation and triglyceride accumulation, stimulate lipolysis and
fatty acid B-oxidation, and reduce inflammation (Anderson and Polan-
sky, 2002; Notarnicola et al., 2011; Hwang et al., 2005; Hung et al.,
2005; Furuyashiki et al., 2004; Chan et al., 2011; Moon et al., 2007; Liu
et al., 2006; Lee and Kim, 2009; Lin et al., 2005; Lee et al., 2009a; Ku
et al., 2012, 2009; Kim et al., 2010). The anti-obesity effect of dietary
polyphenols is possibly mediated by (1) lowered food intake; (2)
decreased lipogenesis; (3) increased lipolysis; (4) stimulation of fatty
acid p-oxidation; (5) inhibition of adipocyte differentiation and growth,
and (6) attenuation of inflammatory responses and suppression of
oxidative stress (Hwang et al., 2005; Moon et al., 2007; Wang et al.,
20064, b; Rayalam et al., 2008; Zhang et al., 2012).

Animal studies have shown significant effects of polyphenols on
obesity, including a reduction in body weight, fat mass, and triglycerides
levels, associated with polyphenol-mediated enhanced energy expen-
diture and fat utilization as well as modulation of glucose homeostasis
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(Tian et al., 2013; Shimotoyodome et al., 2005; Lu et al., 2012; Klaus
et al., 2005; Kim et al., 2009; Friedrich et al., 2012; Cunha et al., 2013;
Chung et al., 2012; Chen et al., 2011, 2009; Bruno et al., 2008; Bose
et al., 2008; Shen et al., 2012; Axling et al., 2012; Ashida et al., 2004;
Sayama et al., 2000; Sae-tan et al., 2011; Richard et al., 2009; Ramadan
etal., 2009; Park et al., 2012, 2011; Monteiro et al., 2008). Clinical trials
have also revealed an ameliorating effect of polyphenols on inflamma-
tory biomarkers and cardiovascular parameters (Medina-Remon et al.,
2017), as well as an association between polyphenol intake and reduced
body weight (Guo et al., 2017).

Protective effects of polyphenols on age-related cognitive decline
and dysfunction have also been reported in animal models (e.g. (Carey
et al., 2017; Bensalem et al., 2018; Tian et al., 2011; Papandreou et al.,
2009)). However, results from clinical trials in human subjects are
inconsistent, with polyphenols exerting either a non-significant (Bell
et al.,, 2020) or significant protective effect on cognitive function
(Lefevre-Arbogast et al., 2018).

Resveratrol, a polyphenol naturally present in red wine and other
plants, is perhaps the most widely known antioxidant polyphenol. In
animal models, resveratrol has been reported to reduce fat accumulation
through the inhibition of adipogenesis in white adipose tissues (Fer-
nandez-Quintela et al., 2017). An ameliorating effect of resveratrol on
cognitive function in aged mice has also been reported (Liu et al., 2012;
Qi et al., 2019; Zhao et al., 2013; Toth et al., 2014; Harada et al., 2011;
Oomen et al., 2009). Despite the small number of participants, at least in
one human trial in individuals with mild to moderate AD, resveratrol
was found to stabilize Ap40 levels in the plasma and cerebrospinal fluid,
whose decline is associated with dementia and brain pseudoatrophy, as
well as lower cancer incidence in the treatment group (Sawda et al.,
2017).

However, adverse effects related to the consumption of polyphenolic
botanical extracts in beverages have been reported, particularly in
subjects with degenerative disease, high blood pressure, thyroid disease,
epilepsy, or heart disease (Jackson and Paliyath, 2011).

Another group of phytochemicals with potential to confer protection
against diseases with an inflammatory component are phytosterols and
phytoestrogens. The anti-inflammatory effects of plant sterols/stanols
have been demonstrated in vitro and in experimental animal models
(Rietjens et al., 2017; Aldini et al., 2014; Hu et al., 2017). Plant
sterol-enriched diets were found to prevent long-term cognitive deficits
in senescent-accelerated mice strain 8 (SAMP8), in addition to reducing
abnormally high amyloid peptide levels in the brain and restoring
membrane compartmentalization of presenilin 1, a catalytic component
of the amyloidogenic y-secretase (Perez-Canamas et al., 2016). How-
ever, clinical trials have not been able to demonstrate a significant
beneficial effect of phytosterols on anthropometric indices (Ghaedi
et al., 2019).

Several health benefits of phytoestrogens have been identified,
including lowered risks of menopausal symptoms (osteoporosis), car-
diovascular disease, obesity, metabolic syndrome, type 2 diabetes, brain
disorders, and certain cancer types (Patisaul and Jefferson, 2010;
Jungbauer and Medjakovic, 2014; Zhao and Mu, 2011; Bhathena and
Velasquez, 2002; Cederroth and Nef, 2009; Hughes, 1988; Adlercreutz,
2002; Yildiz, 2005). In particular, dietary soy consumption has been
associated with decreased body weight (Bosello et al., 1988), body fat
(Kawano-Takahashi et al., 1986; Aoyama et al., 2000; Velasquez and
Bhathena, 2007), and plasma glucose (Kawano-Takahashi et al., 1986;
Aoyama et al., 2000), cholesterol, and triacylglycerol levels (Bosello
et al., 1988). The phytoestrogen prunetin was found to not only affect
body composition but also improve fitness and extend lifespan in male
Drosophila melanogaster (Piegholdt et al., 2016). Such protective effects
are believed to be mediated via the effects of phytoestrogens on
pancreatic insulin secretion, antioxidant systems, and/or via estrogen
receptor-mediated mechanisms. Phytoestrogens might also modulate
the secretory profile of adipocytes (Jungbauer and Medjakovic, 2014).

Phytoestrogens can also exert neuroprotective effects by attenuating
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toxic insults to neurons and microglial inflammatory responses (Chen
et al., 2008). For example, in vitro studies have shown that the phy-
toestrogens genistein and daidzein attenuated toxin-induced plasma--
membrane damage in neurons (Zhao et al., 2002) and improved cell
viability (Pan et al., 2012). The phytoestrogen flavonoids quercetin and
kaempferol were also shown to prevent oxidative stress-induced
neuronal cell death (Gagne et al., 2003). Besides its direct effects on
brain cells, phytoestrogens can alter the resident gut flora populations
and, in turn, affect neurobehavioral functions through the
microbiome-gut-brain axis (Marshall et al., 2019). in vivo studies have
also reported neuroprotective effects of dietary phytoestrogens
(MacLusky et al., 2017). For instance, rats fed with a diet containing
soy-derived phytoestrogens exhibited improved learning and memory
compared to rats on a control diet (Lee et al., 2009b). Additionally,
pretreatment with phytoestrogens protected mice from neurotoxicity in
chemically-induced Parkinson’s disease (PD) (Liu et al., 2008). These
studies suggest that phytoestrogens might alter the structure and/or
function of both healthy and diseased neurons.

It is important to note that phytoestrogens might act as endocrine
disruptors (Patisaul, 2017), potentially causing adverse health effects
(Messina, 2008; Hilakivi-Clarke et al., 2010). Since current available
information is not sufficient to support a thorough quantitative
risk-benefit analysis, a definite conclusion on possible beneficial health
effects of phytoestrogens cannot be made (Rietjens et al., 2017).

Studies in animal models have also shown that several herbal poly-
saccharides with antioxidant and anti-inflammatory capacities display
beneficial health effects including anti-obesity and anti-diabetic prop-
erties (Friedman, 2016; Li et al., 2011), neuroprotective action (Zhang
et al., 2011; Xia et al., 2012) and anti-tumor effects (Sreenivasulu et al.,
2010). Whether such effects can be translated to humans remains to be
addressed.

6.1.3.2. Polyamines. Polyamines play important roles in cell growth,
survival, and proliferation. Aging and age-related diseases are accom-
panied by changes in polyamine levels. Accordingly, polyamine (sper-
midine or high-polyamine diet) supplementation has been found to
increase lifespan in model organisms in an autophagy-dependent
manner and protect against age-associated pathologies including CVD,
neurodegeneration, and cancer (Minois et al., 2011).

The reported beneficial effects of dietary spermidine supplementa-
tion in animal models include improvements in cognitive (Sigrist et al.,
2014; Gupta et al., 2013) and cardiovascular function (Kiechl et al.,
2018), glucose homeostasis, and insulin sensitivity accompanied by
reduced adiposity and hepatic fat accumulation (Sadasivan et al., 2014).
Because its biological and biochemical actions seem to be similar to
those induced by caloric restriction, spermidine has been classified as a
“caloric restriction mimetic” (Madeo et al., 2014). However, clinical
trials addressing the potential health benefits of polyamines are lacking.
Importantly, possible contraindications of spermidine include renal
failure. Future research should aim at developing artificial spermidine
analogs with increased potency and improved pharmacokinetic
characteristics.

6.1.3.3. Dietary fats. Dietary lipids not only provide energy but also
regulate various cellular functions. Dietary fatty acids can be classified
as essential (omega-3 and omega-6 families), saturated, mono-
unsaturated, and polyunsaturated fatty acids (PUFA). Intake of long-
chain omega-3 PUFA [eicosapentanoic acid (EPA) and docosahexae-
noic acid (DHA)] or fish oil seems to exert beneficial anti-inflammatory
effects on cardiovascular, degenerative, neurological, inflammatory,
and autoimmune diseases, as well as age-related macular degeneration
(Ruxton et al., 2007; Simopoulos, 2002; Watanabe and Tatsuno, 2017;
Adkins and Kelley, 2010; Mori and Beilin, 2004; Weber and Leaf, 1991;
Woods et al., 2000). The anti-inflammatory properties of omega-3
PUFAs have been attributed to their capabilities to compete with
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omega-6 PUFAs and displacing arachidonic acid in membrane phos-
pholipids, thus, decreasing the production of pro-inflammatory eicosa-
noids (Simonetto et al., 2019). Omega-3 fatty acids can also exert health
benefits by regulating other biochemical functions, including cell
membrane fluidity, intracellular signaling, and gene expression (Aval-
lone et al., 2019). However, results from clinical trials examining the
protective or ameliorating effect of PUFA on age-related cognitive
dysfunction are inconsistent (Abbott et al., 2003; de Lau et al., 2005;
Burckhardt et al., 2016; Gao et al., 2007; da Silva et al., 2008; Taghi-
zadeh et al., 2017; Kalmijn et al., 1997; Morris et al., 2003; Barber-
ger-Gateau et al., 2007; Huang et al., 2005; Schaefer et al., 2006).

6.2. Physical exercise

The therapeutic value of physical exercise and cardiorespiratory
fitness for obesity prevention, management, and/or treatment is well
recognized (Hong et al., 2014). The protective effect of regular exercise
against chronic metabolic and cardiorespiratory diseases is, at least in
part, due to its anti-inflammatory effects (Gleeson et al., 2011; Boule
et al., 2003; Pedersen and Saltin, 2006; Booth et al., 2012; Hamer,
2006). Two possible mechanisms have been proposed to explain the
anti-inflammatory effects of exercise: (1) increased production and
release of anti-inflammatory cytokines from contracting skeletal muscle
(Mathur and Pedersen, 2008); and (2) reduced expression of Toll-like
receptors (TLRs) on monocytes and macrophages (Flynn et al., 2003)
with subsequent inhibition of downstream responses, such as
pro-inflammatory cytokine production, antigen presentation, and
co-stimulatory molecule expression (Gleeson, 2006). Exercise also in-
hibits monocyte/macrophage infiltration into adipose tissue (Kawanishi
et al., 2010), switches the phenotype of adipose macrophages (Kawa-
nishi et al., 2010), reduces the number of circulating pro-inflammatory
monocytes (Timmerman et al., 2008), and increases the circulating
number of IL-10 secreting regulatory T cells (Yeh et al., 2006; Wang
et al., 2012).

Exercise may also slow the aging process. Regular physical activity
has been related to significantly longer telomeres (Tucker, 2017).
Interestingly, the association between exercise and telomere length
seems to be strongest in people aged 45-65 years old, suggesting that
middle age may be the key time to begin or maintain an exercise pro-
gram to preserve telomere length. Most notably, adults with a high level
of physical activity were found to have a “biological aging advantage” of
nine years compared to sedentary adults (Tucker, 2017). The protective
effects of exercise on telomere length can potentially be attributed to the
anti-inflammatory effects of exercise previously described (Gleeson
et al.,, 2011). Also, the production of low levels of ROS during a mild
physical training program can potentially induce beneficial adaptive
responses via mitohormesis (Ji et al., 2010). Physical activity directly
reduces inflammation and indirectly affects inflammation by reducing
adiposity, which in turn reduces fat mass and fat-derived inflammatory
adipokines (Abramson and Vaccarino, 2002; Pischon et al., 2003;
Geffken et al., 2001). Exercise interventions, such as resistance training
and aerobic exercise, were found to preserve fat-free mass, enhance
aerobic capacity, increase fat oxidation, and reduce the tendency toward
increased adiposity in obese elderly individuals (Seim and Holtmeier,
1993). Even in the absence of a significant change in body weight, ex-
ercise improved insulin sensitivity, and increased glucose utilization
(Seim and Holtmeier, 1993).

While there is a consensus that regular short-lasting moderate-in-
tensity exercise is beneficial for host immune defense, the infection
burden is reported to be high among high-performance athletes and is
the second most common cause of the number of training days lost
during preparation for major sporting events (Simpson et al., 2020).
Enhanced oxidative stress associated with increased respiration during
physical activity (Powers and Jackson, 2008), as well as altered cytokine
production (Maziere et al., 2005; Haddad, 2002), have been proposed to
account for such an effect.
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6.3. Pharmacological interventions

For many years, the scientific community has searched for a phar-
macological cure for obesity. Early therapies included the use of thyroid
hormone and appetite suppressants, such as phenylpropanolamine and
amphetamine, which were associated with adverse side effects far out-
weighing the expected benefits (Weigle, 2003). More recent pharma-
cological therapies for obesity have focused on the use of
thiazolidinediones (TZDs), which are peroxisome proliferator-activated
receptor y (PPAR-y) agonists. PPAR-y is a nuclear transcription factor
highly expressed in adipose tissue. Its activation has anti-inflammatory
benefits, including attenuation of TNF-a and IL-6 expression, and
reduction of plasma FFA and glucose levels. TZDs also inhibit the
expression of the leptin gene (Kallen and Lazar, 1996) and increase the
plasma levels of adiponectin (Yu et al., 2002), improving insulin sensi-
tivity. Adenosine monophosphate-activated kinase (AMPK), a protein
with an important role in controlling energy homeostasis (Heidrich
et al.,, 2010), is also activated by TZDs (Martinez de Morentin et al.,
2016; LeBrasseur et al., 2006). Interestingly, in animal models of AD,
TZDs have been shown to decrease Ap deposition (Heneka et al., 2005;
Jiang et al., 2008b; Pedersen et al., 2006; Lacombe et al., 2004),
inflammation (Heneka et al., 2005; Landreth and Heneka, 2001; Fein-
stein, 2003), and oxidative stress (Nicolakakis et al., 2008). Although
effective, TZDs can cause adverse side effects, including increased fluid
retention, increased incidence of heart failure, and increased peripheral
fractures (Nesto et al., 2003; Kahn et al., 2008; Desouza and Shivasw-
amy, 2010).

Orlistat is another anti-obesity drug that exerts its actions via inhi-
bition of gastrointestinal lipases and, therefore, reduces the absorption
of dietary fat by about one-third (Hauptman, 2000). Remarkably, a
potential therapeutic role for orlistat in AD has also been proposed (Du
and Wang, 2009). This suggestion is based on the importance of
hyperlipidemia in the etiology of AD (Burgess et al., 2006; Kivipelto and
Solomon, 2006) and thus the hypothesis that drugs that inhibit lipase
activities, thereby reducing dietary fat intake and ameliorating hyper-
lipidemia, could confer protection against AD (Du and Wang, 2009).

Acarbose is a complex oligosaccharide that exerts hypoglycemic
action by inhibiting glucose absorption in the gut, making it a first-line
therapy for newly diagnosed patients with type 2 diabetes (Laube, 2002;
Chiasson et al., 2002). Chronic acarbose treatment has been found to
significantly reduce body weight and body fat, and improve
age-associated glucose dysregulation (Yamamoto and Otsuki, 2006).
Acarbose was also found to significantly increase healthspan and life-
span in male mice (Harrison et al., 2014, 2019). Enhanced hepatic
mTORC2 signaling, increased Akt activity, and phosphorylation of
FOXO1a following acarbose treatment have been hypothesized to play a
role in the lifespan extending effects of acarbose, at least in males
(Garratt et al., 2017). A role of the gut microbiota in the
longevity-enhancing properties of acarbose has also been proposed
(Smith et al., 2019). Protective effects of acarbose against age-related
neurodegeneration have been suggested (Tong et al., 2015; Yan et al.,
2015) and reduced risk of dementia associated with acarbose use in type
2 diabetes patients (Tseng, 2020) have been reported as well.

Sodium glucose cotransporter 2 (SGLT2) inhibitors are also anti-
diabetic drugs with anti-obesity potential. SGLT2 inhibitors reduce hy-
perglycemia by inhibiting glucose reabsorption in the proximal tubule of
the kidney. Besides hypoglycemic effects, SGLT2 inhibitors such as
empagliflozin, tofogliflozin and canagliflozin have been found to reduce
fat mass and promote weight loss in both diabetic and non-diabetic
obese individuals (Wei et al., 2020; Bays et al., 2014; Matsuba et al.,
2018; Stenlof et al., 2013, 2014; Ferrannini et al., 2010). Canagliflozin,
in particular, was found to mitigate HFD-mediated increases in body
weight, liver weight, and fat weight (Naznin et al., 2017). The
anti-obesity effects of SGLT2 seem to be, at least in part, mediated by the
attenuation of the levels of pro-inflammatory biomarkers and macro-
phage accumulation (Naznin et al., 2017; Bonnet and Scheen, 2018;
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Wong et al., 2005). These results suggest that SGLT2 inhibition disrupts
the vicious cycle of obesity and inflammation, not only by promoting
caloric loss, but also by suppressing obesity-related inflammation in
both the nervous system and skeletal muscle (Naznin et al., 2017).
Interestingly, preliminary results suggest an effect of canagliflozin on
the lifespan of male mice, but not female, similarly to acarbose, denoting
the preventative potential of interventions that control daily peak
glucose levels against late-life neoplastic and degenerative diseases
(Miller et al., 2020).

As previously mentioned, CR has great potential against obesity,
cancer, and aging. However, due to the difficulty of complying with a
low-calorie diet for an extended period, the identification of chemical
agents that could reproduce the beneficial effects of CR without drastic
changes in diet and lifestyle is an appealing alternative. The search for
CR mimetic drugs has taken two main paths: (1) finding drugs that
reproduce the general metabolic state of food deprivation associated
with CR; and (2) finding agonists/antagonists of specific molecules up-
stream of the pathways by which CR exerts its beneficial effects.

The first category includes a structural analog of glucose, 2-deoxy-p-
glucose (2-DG), that acts as a competitive inhibitor of glycolysis. 2-DG
has been shown to replicate key hallmarks of CR such as reduced body
temperature (Ingram et al., 2006), increased torpor (Derous et al.,
2016), reduced heart rate (Wan et al., 2004), and reduced circulating
levels of glucose and insulin (Lane et al., 1998). Administration of 2-DG
in rats was found to reduce plasma insulin levels and body weight (Seim
and Holtmeier, 1993). Protective effects of 2-DG against cancer (Aft
et al., 2002), epilepsy (Stafstrom et al., 2009), and neurodegeneration
(Yao et al., 2011) have also been reported. While 2-DG has been shown
to work as a CR mimetic at high doses, chronic high doses of 2-DG have
also been linked to increased mortality in rats (Minor et al., 2010).
Chronic low-dose dietary administration of 2-DG has been proposed as
an effective alternative (Saraswat et al., 2019).

Given the involvement of IGF-1, Akt/mTOR, and sirtuins in CR-
mediated protective effects, these pathways have emerged as prom-
ising upstream targets for new CR mimetics. Small-molecule inhibitors
of IGF-1, antisense inhibitor approaches, anti-IGF-1 antibody therapies,
and microRNA-based approaches are under development (Sachdev and
Yee, 2007; McKinsey et al., 2011). Pharmacological mTOR inhibitors are
also lead candidates for CR mimetics. For instance, treatment with the
mTOR inhibitor rapamycin was found to extend lifespan and delay
cancer in mice (Harrison et al., 2009). Both rapamycin and its analog
RADO01 (everolimus) have also been found to offset the
obesity-associated increased growth of mammary and pancreatic tumors
(Lashinger et al., 2011; De Angel et al., 2013). Metformin, a biguanide
commonly used to treat type 2 diabetes, is another promising CR
mimetic that inhibits mTOR signaling and circumvents the side effects of
hyperglycemia and insulin resistance that occur with rapamycin (Pollak,
2012). Metformin inhibits gluconeogenesis through indirect activation
of AMPK in the liver (Pollak, 2012). Administration of metformin has
been found to suppress tumor development and/or growth in multiple
experimental models, including colon, mammary, and hematopoietic
cancer models (Pollak, 2012). Epidemiological studies have suggested
that type 2 diabetic patients treated with metformin have a lower cancer
risk and mortality compared to diabetic patients receiving sulfonylurea,
insulin, or other therapies (Dowling et al., 2012; Decensi et al., 2010;
Currie et al., 2009). Metformin has also been found to increase healthy
lifespan in several model organisms (Martin-Montalvo et al., 2013; Ma
et al., 2007; Anisimov et al., 2010, 2011; Anisimov et al., 2008; Cabreiro
et al., 2013b; De Haes et al., 2014). These effects have been attributed to
metformin-induced decrease of insulin levels and IGF-1 signaling (Liu
et al., 2011), inhibition of mTOR signaling (Rai et al., 2018; Nair et al.,
2014; Kickstein et al., 2010), reduction of endogenous ROS production
(Zheng et al., 2012; Bridges et al., 2014; Batandier et al., 2006), acti-
vation of AMP-activated kinase (AMPK) (Zheng et al., 2012; Foretz et al.,
2010; Lien et al., 2014; Lu et al., 2015; Duca et al., 2015; Cho et al.,
2015), and reduction in DNA damage (Algire et al., 2012). Other aging
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and obesity-associated processes against which a protective effect of
metformin has been reported include inflammation (Saisho, 2015) and
cellular senescence (Jadhav et al., 2013; Moiseeva et al., 2013). A pro-
tective role of metformin against cognitive decline has also been
revealed from epidemiologic and observational studies (Ng et al., 2014;
Cheng et al., 2014).

Phenformin, another biguanide that has been abandoned for diabetes
therapy due to its toxicity from lactic acidosis, is a more potent AMPK
inhibitor than metformin and may also have some potential as a CR
mimetic for cancer prevention at lower, nontoxic doses (Pollak, 2012).
Like metformin, phenformin has been found to extend maximum life-
span in C. elegans (Curtis et al., 2006) and non-diabetic rodents (Dilman
and Anisimov, 1980; Anisimov et al., 2003), an effect potentially
mediated by phenformin-induced reduction of oxidative stress levels
(Anisimov et al., 2005). Protective effects of phenformin against
neuronal death (Lee et al., 2002) and radiation-induced neuro-
developmental toxicity (Gan et al., 2019) have also been reported.
Whether such an effect can be extended to aging and obesity-associated
neurodegeneration remains to be investigated.

Another compound that has been classified as a CR mimetic is the
ketone body beta-hydroxybutyrate (BHB) (Newman and Verdin, 2014).
BHB is naturally produced in the mammalian liver, primarily from the
catabolic breakdown of fatty acids, and is used as an alternative energy
source when blood glucose is low. It is also a specific inhibitor of class I
histone deacetylases and administration of exogenous PHB results in
increased histone acetylation of genes encoding the oxidative stress
resistance factors Foxo3a and Mt2 promoters, accompanied by increased
protection against oxidative stress (Shimazu et al., 2013). pHB supple-
mentation was found to extend the mean lifespan of C. elegans by
approximately 20%, delay Alzheimer’s amyloid-beta toxicity and
decrease Parkinson’s alpha-synuclein aggregation (Edwards et al.,
2014). The lifespan- extending effect of pHB is dependent on SIR-2.1 and
the AMP kinase subunit AAK-2 and the DAF-16/FOXO and SKN-1/Nrf
longevity pathways (Edwards et al., 2014). In mammals, fHB attenu-
ated the SASP phenotype (SASP) and the senescence of vascular cells
(Han et al., 2018). An anti-inflammatory action of p-hydroxybutyrate
was recently reported in aging kidneys and this effect was attributed to
increased interaction between FoxO1 and PGC-1a induced by pHB (Kim
et al., 2019b). Neuroprotective actions of fHB have also been reported in
models of age-induced neurodegeneration (Tieu et al., 2003; Kashiwaya
et al., 2000). Besides exogenous administration, evidence for the bene-
ficial effects of BHB on lifespan have also been revealed through the
ketogenic diet. The ketogenic diet is characterized by a very low car-
bohydrate content (< 20 g per day), high fat (15-30 g per day) con-
sumption, which results in the production of ketones bodies, including
BHB. Ketogenic diets have been reported to reduce weight more effec-
tively than pure calorie restriction or a low-fat diet (Brehm et al., 2003;
Moreno et al., 2014; Yancy Jr et al., 2004). The ketogenic diet has also
been reported to extend lifespan and healthspan in adult and aging mice
(Roberts et al., 2017; Newman et al., 2017; Simeone et al., 2016), at least
in part by upregulating PPARa target genes (Newman et al., 2017).
Besides weight loss, the ketogenic diet was also found to result in a
histologic improvement of NAFLD patients (Tendler et al., 2007). While
the effectiveness and safety of the ketogenic diet for the treatment of
obesity is well documented (e.g. (Yancy Jr et al., 2004; Goday et al.,
2016; Bruci et al., 2020; Pilone et al., 2018; Bueno et al., 2013)), there
are still reservations regarding their long-term effects (Ludwig, 2020).

Pharmacologic modulators of SIRT1 (Baur and Sinclair, 2006; Aljada
et al,, 2010) are also promising therapeutic targets. For instance,
SRT1720, a synthetic compound that can activate SIRT1 in vitro, has
been found to extend both the mean and maximum lifespan of adult
mice fed a high-fat diet (HFD) (Mitchell et al., 2014). This lifespan
extension was accompanied by health benefits including reduced liver
steatosis, increased insulin sensitivity, enhanced locomotor activity, and
normalization of gene expression profiles and markers of inflammation
and apoptosis. The benefits of this molecule were ascribed to its effects
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on mitochondrial respiration in a SIRT1- and PGC-1a-dependent manner
(Minor et al., 2011). SRT1720 was also found to protect mice against
obesity, increase mitochondrial biogenesis, energy metabolism, and
glucose tolerance (Feige et al., 2008; Milne et al., 2007), and decrease
hepatic lipid accumulation (Walker et al., 2010; Yamazaki et al., 2009).
These effects are believed to be mediated by AMPK and SIRT1 activation
via interlinked pathways (Park et al., 2017).

Nicotinamide, a precursor of coenzyme NAD', is used for NAD"
synthesis through the salvage pathway (Jackson et al., 1995). Nicotin-
amide displays a protective effect in a variety of cell types (Sakai et al.,
2002; Vaca et al., 2003). For instance, nicotinamide has been found to
confer protection against physical and chemical damage in mouse bone
marrow cells (Guruprasad et al., 2002), protect brain cells from oxida-
tive damage caused by reperfusion after ischemic infarction (Mokudai
etal., 2000; Klaidman et al., 2003), and prevent injury of pancreatic islet
cells during free radical exposure (Kallmann et al., 1992). In normal
human fibroblasts, nicotinamide has been found to not only attenuate
the aging phenotype but also increase the cell’s replicative lifespan. This
effect was accompanied by reduced levels of ROS and oxidative damage
and deceleration of the telomere shortening rate (Kang et al., 2006).

Chronic nicotinamide supplementation in mice on HFD was found to
improve glucose homeostasis, accompanied by reduced hepatic steatosis
and inflammation, concurrent with increased glycogen deposition and
flux through the pentose phosphate and glycolytic pathways. This effect
was associated with nicotinamide-enhanced acetylation of some of
SIRT1's targets (Mitchell et al., 2018). These results are consistent with
previous reports that the NAD" precursor nicotinamide ribonucleoside
can activate SIRT1 and SIRT3, resulting in enhanced oxidative meta-
bolism and protection against HFD-induced metabolic abnormalities
(Canto et al., 2012). Some of the most relevant pharmacological in-
terventions to target aging and obesity are represented in Fig. 4.

7. Conclusions and future perspectives

The adipose tissue of obese individuals exhibits several of the hall-
marks of aging, including mitochondrial dysfunction, cellular
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Fig. 4. Pharmacological interventions
targeting aging and obesity. The health
benefits of rapamycin are exerted via
inhibition of mTOR. Metformin acti-
vates AMPK to inhibit mTOR and
downstream signaling. Spermidine pro-
tects and stabilizes mitochondria. AMPK
and SIRT1 are involved in resveratrol-
mediated protection from metabolic
and age-related. The effects of nicotin-
amide riboside on health and lifespan
are mediated via sirtuins. Reproduced
with permission from Qian and Liu
(2019).
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senescence, and chronic inflammation. Therefore, interventions that
target these processes should also influence adipose tissue physiology
and mitigate further damage. Therapies targeting the fundamental aging
mechanism of the adipose tissue described in this review could be used
to prevent, manage, and ultimately treat obesity and obesity-associated
comorbidities, in addition to providing further information about the
aging process itself.

Declaration of Competing Interest
The authors have no competing interests to declare.
Acknowledgments

We are indebted to the anonymous reviewers for their thoughtful and
constructive evaluations which have undoubtedly improved this
manuscript. A.L.S. is supported by a Marie-Curie Global Fellowship (EU
project 843116 — REBELLION). The funders had no role in the study
design, data collection, and analysis, decision to publish, or preparation
of the manuscript.

References

Abbott, R.D., Ross, G.W., White, L.R., et al., 2003. Environmental, life-style, and physical
precursors of clinical Parkinson’s disease: recent findings from the Honolulu-Asia
Aging Study. J. Neurol. 250 (Suppl:11I), 30-39. https://doi.org/10.1007/s00415-
003-1306-7.

Abramson, J.L., Vaccarino, V., 2002. Relationship between physical activity and
inflammation among apparently healthy middle-aged and older US adults. Arch.
Intern. Med. 162, 1286-1292.

Adkins, Y., Kelley, D.S., 2010. Mechanisms underlying the cardioprotective effects of
omega-3 polyunsaturated fatty acids. J. Nutr. Biochem. 21, 781-792. https://doi.
org/10.1016/j.jnutbio.2009.12.004.

Adlercreutz, H., 2002. Phyto-oestrogens and cancer. Lancet Oncol. 3, 364-373. https://
doi.org/10.1016/s1470-2045(02)00777-5.

Aft, R.L., Zhang, F.W., Gius, D., 2002. Evaluation of 2-deoxy-D-glucose as a
chemotherapeutic agent: mechanism of cell death. Br. J. Cancer 87, 805-812.
https://doi.org/10.1038/sj.bjc.6600547.

Ahima, R.S., 2009. Connecting obesity, aging and diabetes. Nat. Med. 15, 996-997.

Ahima, R.S., Flier, J.S., 2000. Adipose tissue as an endocrine organ. Trends Endocrinol.
Metab. 11, 327-332.


https://doi.org/10.1007/s00415-003-1306-7
https://doi.org/10.1007/s00415-003-1306-7
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0010
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0010
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0010
https://doi.org/10.1016/j.jnutbio.2009.12.004
https://doi.org/10.1016/j.jnutbio.2009.12.004
https://doi.org/10.1016/s1470-2045(02)00777-5
https://doi.org/10.1016/s1470-2045(02)00777-5
https://doi.org/10.1038/sj.bjc.6600547
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0030
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0035
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0035

A.L. Santos and S. Sinha

Ahn, J., Lee, H., Jung, C.H., et al., 2013. Micro RNA-146b promotes adipogenesis by
suppressing the SIRT 1-FOXO 1 cascade. EMBO Mol. Med. 5, 1602-1612.

Al-Ali, H., Ding, Y., Slepak, T., et al., 2017. The mTOR substrate S6 kinase 1 (S6K1) is a
negative regulator of axon regeneration and a potential drug target for central
nervous system injury. J. Neurosci. 37, 7079-7095.

Al-Attas, O.S., Al-Daghri, N.M., Alokail, M.S., et al., 2010. Adiposity and insulin
resistance correlate with telomere length in middle-aged Arabs: the influence of
circulating adiponectin. Eur. J. Endocrinol. 163, 601-607. https://doi.org/10.1530/
EJE-10-0241.

Aldini, R., Micucci, M., Cevenini, M., et al., 2014. Antiinflammatory effect of
phytosterols in experimental murine colitis model: prevention, induction, remission
study. PLoS One 9, €108112. https://doi.org/10.1371/journal.pone.0108112.

Algire, C., Moiseeva, O., Deschénes-Simard, X., et al., 2012. Metformin reduces
endogenous reactive oxygen species and associated DNA damage. Cancer Prev. Res.
Phila. (Phila) 5, 536-543.

Aljada, A., Dong, L., Mousa, S.A., 2010. Sirtuin-targeting drugs: mechanisms of action
and potential therapeutic applications. Curr. Opin. Investig. Drugs 11, 1158-1168.

Aly, S.M., 2014. Role of intermittent fasting on improving health and reducing diseases.
Int. J. Health Sci. (Qassim) 8, V-VI.

Anderson, R.A., Polansky, M.M., 2002. Tea enhances insulin activity. J. Agric. Food
Chem. 50, 7182-7186.

Anisimov, V.N., Semenchenko, A.V., Yashin, A.I., 2003. Insulin and longevity:
antidiabetic biguanides as geroprotectors. Biogerontology 4, 297-307. https://doi.
org/10.1023/A:1026299318315.

Anisimov, V.N., Ukraintseva, S.V., Anikin, I.V., et al., 2005. Effects of phentermine and
phenformin on biomarkers of aging in rats. Gerontology 51, 19-28.

Anisimov, V.N., Berstein, L.M., Egormin, P.A., et al., 2008. Metformin slows down aging
and extends lifespan of female SHR mice. Cell Cycle 7, 2769-2773.

Anisimov, V.N., Egormin, P.A., Piskunova, T.S., et al., 2010. Metformin extends lifespan
of HER-2/neu transgenic mice and in combination with melatonin inhibits growth of
transplantable tumors in vivo. Cell Cycle 9, 188-197.

Anisimov, V.N., Berstein, L.M., Popovich, I.G., et al., 2011. If started early in life,
metformin treatment increases lifespan and postpones tumors in female SHR mice.
Aging (Albany NY) 3 (148).

Aoyama, T., Fukui, K., Takamatsu, K., et al., 2000. Soy protein isolate and its hydrolysate
reduce body fat of dietary obese rats and genetically obese mice (yellow KK).
Nutrition 16, 349-354. https://doi.org/10.1016/50899-9007(00)00230-6.

Apfeld, J., O’Connor, G., McDonagh, T., et al., 2004. The AMP-activated protein kinase
AAK-2 links energy levels and insulin-like signals to lifespan in C. Elegans. Genes
Dev. 18, 3004-3009. https://doi.org/10.1101/gad.1255404.

Arendt, L.M., Kuperwasser, C., 2015. Working stiff: how obesity boosts cancer risk. Sci.
Transl. Med. 7, 301fs34.

Arendt, L.M., McCready, J., Keller, P.J., et al., 2013. Obesity promotes breast cancer by
CCL2-mediated macrophage recruitment and angiogenesis. Cancer Res. 73,
6080-6093.

Argmann, C., Dobrin, R., Heikkinen, S., et al., 2009. Ppary2 is a key driver of longevity in
the mouse. PLoS Genet. 5, e1000752.

Arnold, S.E., Lucki, L., Brookshire, B.R., et al., 2014. High fat diet produces brain insulin
resistance, synaptodendritic abnormalities and altered behavior in mice. Neurobiol.
Dis. 67, 79-87. https://doi.org/10.1016/j.nbd.2014.03.011.

Arulselvan, P., Fard, M.T., Tan, W.S., et al., 2016. Role of antioxidants and natural
products in inflammation. Oxid. Med. Cell. Longev. 2016, 5276130 https://doi.org/
10.1155/2016/5276130.

Ashida, H., Furuyashiki, T., Nagayasu, H., et al., 2004. Anti-obesity actions of green tea:
possible involvements in modulation of the glucose uptake system and suppression
of the adipogenesis-related transcription factors. Biofactors 22, 135-140.

Avallone, R., Vitale, G., Bertolotti, M., 2019. Omega-3 fatty acids and neurodegenerative
diseases: new evidence in clinical trials. Int. J. Mol. Sci. 20 https://doi.org/10.3390/
ijms20174256.

Aviv, A., Valdes, A., Gardner, J.P., et al., 2006. Menopause modifies the association of
leukocyte telomere length with insulin resistance and inflammation. J. Clin.
Endocrinol. Metab. 91, 635-640. https://doi.org/10.1210/jc.2005-1814.

Avram, M.M., Avram, A.S., James, W.D., 2007. Subcutaneous fat in normal and diseased
states 3. Adipogenesis: from stem cell to fat cell. J. Am. Acad. Dermatol. 56,
472-492. https://doi.org/10.1016/j.jaad.2006.06.022.

Axling, U., Olsson, C., Xu, J., et al., 2012. Green tea powder and Lactobacillus plantarum
affect gut microbiota, lipid metabolism and inflammation in high-fat fed C57BL/6J
mice. Nutr. Metab. (Lond) 9, 105. https://doi.org/10.1186/1743-7075-9-105.

Baik, H.W., Russell, R.M., 1999. Vitamin B12 deficiency in the elderly. Annu. Rev. Nutr.
19, 357-377. https://doi.org/10.1146/annurev.nutr.19.1.357.

Baker, D.J., Jeganathan, K.B., Malureanu, L., et al., 2006. Early aging-associated
phenotypes in Bub3/Rael haploinsufficient mice. J. Cell Biol. 172, 529-540. https://
doi.org/10.1083/jcb.200507081.

Baker, D.J., Perez-Terzic, C., Jin, F., et al., 2008. Opposing roles for p16Ink4a and p19Arf
in senescence and ageing caused by BubR1 insufficiency. Nat. Cell Biol. 10, 825-836.
https://doi.org/10.1038/ncb1744.

Baker, D.J., Wijshake, T., Tchkonia, T., et al., 2011. Clearance of pl6Ink4a-positive
senescent cells delays ageing-associated disorders. Nature 479, 232-236. https://
doi.org/10.1038/nature10600.

Barberger-Gateau, P., Raffaitin, C., Letenneur, L., et al., 2007. Dietary patterns and risk of
dementia the Three-City cohort study. Neurology 69, 1921-1930.

Barbieri, M., Bonafe, M., Rizzo, M.R., et al., 2004. Gender specific association of genetic
variation in peroxisome proliferator-activated receptor (PPAR) y-2 with longevity.
Exp. Gerontol. 39, 1095-1100.

14

Ageing Research Reviews 67 (2021) 101268

Batandier, C., Guigas, B., Detaille, D., et al., 2006. The ROS production induced by a
reverse-electron flux at respiratory-chain complex 1 is hampered by metformin.
J. Bioenerg. Biomembr. 38, 33-42.

Baur, J.A,, Sinclair, D.A., 2006. Therapeutic potential of resveratrol: the in vivo evidence.
Nat. Rev. Drug Discov. 5, 493-506. https://doi.org/10.1038/nrd2060.

Baur, J.A., Pearson, K.J., Price, N.L., et al., 2006. Resveratrol improves health and
survival of mice on a high-calorie diet. Nature 444, 337-342. https://doi.org/
10.1038/nature05354.

Bays, H.E., Weinstein, R., Law, G., Canovatchel, W., 2014. Canagliflozin: effects in
overweight and obese subjects without diabetes mellitus. Obesity 22, 1042-1049.

Beausejour, C.M., Krtolica, A., Galimi, F., et al., 2003. Reversal of human cellular
senescence: roles of the p53 and p16 pathways. EMBO J. 22, 4212-4222. https://
doi.org/10.1093/emboj/cdg417.

Bell, L., Whyte, A.R., Lamport, D.J., et al., 2020. Grape seed polyphenol extract and
cognitive function in healthy young adults: a randomised, placebo-controlled,
parallel-groups acute-on-chronic trial. Nutr. Neurosci. 1-10. https://doi.org/
10.1080/1028415X.2019.1708033.

Ben-Avraham, D., Govindaraju, D.R., Budagov, T., et al., 2017. The GH receptor exon 3
deletion is a marker of male-specific exceptional longevity associated with increased
GH sensitivity and taller stature. Sci. Adv. 3, e1602025 https://doi.org/10.1126/
sciadv.1602025.

Bensalem, J., Dudonné, S., Gaudout, D., et al., 2018. Polyphenol-rich extract from grape
and blueberry attenuates cognitive decline and improves neuronal function in aged
mice. J. Nutr. Sci. 7.

Bertrand, H.A., Masoro, E.J., Yu, B.P., 1978. Increasing adipocyte number as the basis for
perirenal depot growth in adult rats. Science 201, 1234-1235. https://doi.org/
10.1126/science.151328.

Bertrand, H.A., Lynd, F.T., Masoro, E.J., Yu, B.P., 1980. Changes in adipose mass and
cellularity through the adult life of rats fed ad libitum or a life-prolonging restricted
diet. J. Gerontol. 35, 827-835. https://doi.org/10.1093/geronj/35.6.827.

Besson, A., Salemi, S., Gallati, S., et al., 2003. Reduced longevity in untreated patients
with isolated growth hormone deficiency. J. Clin. Endocrinol. Metab. 88,
3664-3667. https://doi.org/10.1210/jc.2002-021938.

Bhat, N.R., Thirumangalakudi, L., 2013. Increased tau phosphorylation and impaired
brain insulin/IGF signaling in mice fed a high fat/high cholesterol diet. J. Alzheimers
Dis. 36, 781-789. https://doi.org/10.3233/JAD-2012-121030.

Bhathena, S.J., Velasquez, M.T., 2002. Beneficial role of dietary phytoestrogens in
obesity and diabetes. Am. J. Clin. Nutr. 76, 1191-1201. https://doi.org/10.1093/
ajen/76.6.1191.

Bijland, S., Mancini, S.J., Salt, L.P., 2013. Role of AMP-activated protein kinase in adipose
tissue metabolism and inflammation. Clin. Sci. 124, 491-507.

Bluher, M., Kahn, B.B., Kahn, C.R., 2003. Extended longevity in mice lacking the insulin
receptor in adipose tissue. Science 299, 572-574. https://doi.org/10.1126/
science.1078223.

Bliiher, M., Kahn, B.B., Kahn, C.R., 2003. Extended longevity in mice lacking the insulin
receptor in adipose tissue. Science 299 (80-), 572-574.

Blumberg, J., 1997. Nutritional needs of seniors. J. Am. Coll. Nutr. 16, 517-523.

Boily, G., Seifert, E.L., Bevilacqua, L., et al., 2008. SirT1 regulates energy metabolism and
response to caloric restriction in mice. PLoS One 3, e1759. https://doi.org/10.1371/
journal.pone.0001759.

Bonawitz, N.D., Chatenay-Lapointe, M., Pan, Y., Shadel, G.S., 2007. Reduced TOR
signaling extends chronological lifespan via increased respiration and upregulation
of mitochondrial gene expression. Cell Metab. 5, 265-277. https://doi.org/10.1016/
j.cmet.2007.02.009.

Bonnet, F., Scheen, A.J., 2018. Effects of SGLT2 inhibitors on systemic and tissue low-
grade inflammation: the potential contribution to diabetes complications and
cardiovascular disease. Diabetes Metab. 44, 457-464.

Bonora, E., Tessari, R., Micciolo, R., et al., 1997. Intimal-medial thickness of the carotid
artery in nondiabetic and NIDDM patients. Relationship with insulin resistance.
Diabetes Care 20, 627-631. https://doi.org/10.2337 /diacare.20.4.627.

Booth, F.W., Roberts, C.K., Laye, M.J., 2012. Lack of exercise is a major cause of chronic
diseases. Compr. Physiol. 2, 1143-1211. https://doi.org/10.1002/cphy.c110025.

Bordone, L., Cohen, D., Robinson, A., et al., 2007. SIRT1 transgenic mice show
phenotypes resembling calorie restriction. Aging Cell 6, 759-767.

Borras, C., Esteve, J.M., Vina, J.R., et al., 2004. Glutathione regulates telomerase activity
in 3T3 fibroblasts. J. Biol. Chem. 279, 34332-34335. https://doi.org/10.1074/jbc.
M402425200.

Bose, M., Lambert, J.D., Ju, J., et al., 2008. The major green tea polyphenol,
(-)-epigallocatechin-3-gallate, inhibits obesity, metabolic syndrome, and fatty liver
disease in high-fat-fed mice. J. Nutr. 138, 1677-1683.

Bosello, O., Cominacini, L., Zocca, L., et al., 1988. Short- and long-term effects of
hypocaloric diets containing proteins of different sources on plasma lipids and
apoproteins of obese subjects. Ann. Nutr. Metab. 32, 206-214. https://doi.org/
10.1159/000177443.

Boule, N.G., Kenny, G.P., Haddad, E., et al., 2003. Meta-analysis of the effect of
structured exercise training on cardiorespiratory fitness in Type 2 diabetes mellitus.
Diabetologia 46, 1071-1081. https://doi.org/10.1007/500125-003-1160-2.

Brehm, B.J., Seeley, R.J., Daniels, S.R., D’Alessio, D.A., 2003. A randomized trial
comparing a very low carbohydrate diet and a calorie-restricted low fat diet on body
weight and cardiovascular risk factors in healthy women. J. Clin. Endocrinol. Metab.
88, 1617-1623.

Bridges, H.R., Jones, A.J.Y., Pollak, M.N., Hirst, J., 2014. Effects of metformin and other
biguanides on oxidative phosphorylation in mitochondria. Biochem. J. 462,
475-487.


http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0040
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0040
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0045
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0045
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0045
https://doi.org/10.1530/EJE-10-0241
https://doi.org/10.1530/EJE-10-0241
https://doi.org/10.1371/journal.pone.0108112
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0060
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0060
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0060
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0065
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0065
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0070
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0070
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0075
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0075
https://doi.org/10.1023/A:1026299318315
https://doi.org/10.1023/A:1026299318315
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0085
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0085
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0090
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0090
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0095
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0095
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0095
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0100
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0100
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0100
https://doi.org/10.1016/s0899-9007(00)00230-6
https://doi.org/10.1101/gad.1255404
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0115
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0115
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0120
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0120
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0120
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0125
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0125
https://doi.org/10.1016/j.nbd.2014.03.011
https://doi.org/10.1155/2016/5276130
https://doi.org/10.1155/2016/5276130
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0140
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0140
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0140
https://doi.org/10.3390/ijms20174256
https://doi.org/10.3390/ijms20174256
https://doi.org/10.1210/jc.2005-1814
https://doi.org/10.1016/j.jaad.2006.06.022
https://doi.org/10.1186/1743-7075-9-105
https://doi.org/10.1146/annurev.nutr.19.1.357
https://doi.org/10.1083/jcb.200507081
https://doi.org/10.1083/jcb.200507081
https://doi.org/10.1038/ncb1744
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0185
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0185
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0190
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0190
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0190
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0195
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0195
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0195
https://doi.org/10.1038/nrd2060
https://doi.org/10.1038/nature05354
https://doi.org/10.1038/nature05354
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0210
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0210
https://doi.org/10.1093/emboj/cdg417
https://doi.org/10.1093/emboj/cdg417
https://doi.org/10.1080/1028415X.2019.1708033
https://doi.org/10.1080/1028415X.2019.1708033
https://doi.org/10.1126/sciadv.1602025
https://doi.org/10.1126/sciadv.1602025
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0230
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0230
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0230
https://doi.org/10.1126/science.151328
https://doi.org/10.1126/science.151328
https://doi.org/10.1093/geronj/35.6.827
https://doi.org/10.1210/jc.2002-021938
https://doi.org/10.3233/JAD-2012-121030
https://doi.org/10.1093/ajcn/76.6.1191
https://doi.org/10.1093/ajcn/76.6.1191
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0260
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0260
https://doi.org/10.1126/science.1078223
https://doi.org/10.1126/science.1078223
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0270
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0270
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0275
https://doi.org/10.1371/journal.pone.0001759
https://doi.org/10.1371/journal.pone.0001759
https://doi.org/10.1016/j.cmet.2007.02.009
https://doi.org/10.1016/j.cmet.2007.02.009
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0290
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0290
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0290
https://doi.org/10.2337/diacare.20.4.627
https://doi.org/10.1002/cphy.c110025
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0305
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0305
https://doi.org/10.1074/jbc.M402425200
https://doi.org/10.1074/jbc.M402425200
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0315
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0315
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0315
https://doi.org/10.1159/000177443
https://doi.org/10.1159/000177443
https://doi.org/10.1007/s00125-003-1160-2
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0330
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0330
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0330
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0330
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0335
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0335
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0335

A.L. Santos and S. Sinha

Bril, F., Sninsky, J.J., Baca, A.M,, et al., 2016. Hepatic steatosis and insulin resistance,
but not steatohepatitis, promote atherogenic dyslipidemia in NAFLD. J. Clin.
Endocrinol. Metab. 101, 644-652.

Briot, A., Decaunes, P., Volat, F., et al., 2018. Senescence alters PPARy (Peroxisome
Proliferator-activated Receptor Gamma)-dependent fatty acid handling in human
adipose tissue microvascular endothelial cells and favors inflammation. Arterioscler.
Thromb. Vasc. Biol. 38, 1134-1146.

Bruce, K.D., Hoxha, S., Carvalho, G.B., et al., 2013. High carbohydrate-low protein
consumption maximizes Drosophila lifespan. Exp. Gerontol. 48, 1129-1135.

Bruci, A., Tuccinardi, D., Tozzi, R., et al., 2020. Very low-calorie ketogenic diet: a safe
and effective tool for weight loss in patients with obesity and mild kidney failure.
Nutrients 12 (333).

Bruno, R.S., Dugan, C.E., Smyth, J.A., et al., 2008. Green tea extract protects leptin-
deficient, spontaneously obese mice from hepatic steatosis and injury. J. Nutr. 138,
323-331.

Bueno, N.B., de Melo, 1.S.V., de Oliveira, S.L., da Rocha Ataide, T., 2013. Very-low-
carbohydrate ketogenic diet v. Low-fat diet for long-term weight loss: a meta-
analysis of randomised controlled trials. Br. J. Nutr. 110, 1178-1187.

Bujanda, L., Hijona, E., Larzabal, M., et al., 2008. Resveratrol inhibits nonalcoholic fatty
liver disease in rats. BMC Gastroenterol. 8, 1-8.

Burckhardt, M., Herke, M., Wustmann, T., et al., 2016. Omega-3 fatty acids for the
treatment of dementia. Cochrane Database Syst. Rev. 4, CD009002 https://doi.org/
10.1002/14651858.CD009002.pub3.

Burgess, B.L., Mclsaac, S.A., Naus, K.E., et al., 2006. Elevated plasma triglyceride levels
precede amyloid deposition in Alzheimer’s disease mouse models with abundant A
beta in plasma. Neurobiol. Dis. 24, 114-127. https://doi.org/10.1016/j.
nbd.2006.06.007.

Cabreiro, F., Ay, C., Leung, K.-Y., et al., 2013a. Metformin retards aging in C. Elegans by
altering microbial folate and methionine metabolism. Cell 153, 228-239. https://
doi.org/10.1016/j.cell.2013.02.035.

Cabreiro, F., Au, C., Leung, K.-Y., et al., 2013b. Metformin retards aging in C. Elegans by
altering microbial folate and methionine metabolism. Cell 153, 228-239. https://
doi.org/10.1016/j.cell.2013.02.035.

Cakir, I., Perello, M., Lansari, O., et al., 2009. Hypothalamic Sirt1 regulates food intake in
a rodent model system. PLoS One 4, e8322.

Calle, E.E., Rodriguez, C., Walker-Thurmond, K., Thun, M.J., 2003. Overweight, obesity,
and mortality from cancer in a prospectively studied cohort of U.S. Adults. N. Engl. J.
Med. 348, 1625-1638. https://doi.org/10.1056/NEJMoa021423.

Calnan, D.R., Brunet, A., 2008. The foxo code. Oncogene 27, 2276-2288.

Calvo-Ochoa, E., Hernandez-Ortega, K., Ferrera, P., et al., 2014. Short-term high-fat-and-
fructose feeding produces insulin signaling alterations accompanied by neurite and
synaptic reduction and astroglial activation in the rat hippocampus. J. Cereb. Blood
Flow Metab. 34, 1001-1008. https://doi.org/10.1038/jcbfm.2014.48.

Campisi, J., 2005. Senescent cells, tumor suppression, and organismal aging: good
citizens, bad neighbors. Cell 120, 513-522. https://doi.org/10.1016/j.
cell.2005.02.003.

Cannon, B., Nedergaard, J.A.N., 2004. Brown adipose tissue: function and physiological
significance. Physiol. Rev. 84, 277-359.

Canto, C., Houtkooper, R.H., Pirinen, E., et al., 2012. The NAD(+) precursor
nicotinamide riboside enhances oxidative metabolism and protects against high-fat
diet-induced obesity. Cell Metab. 15, 838-847. https://doi.org/10.1016/j.
cmet.2012.04.022.

Carey, A.N., Miller, M.G., Fisher, D.R., et al., 2017. Dietary supplementation with the
polyphenol-rich acai pulps (Euterpe oleracea Mart. And Euterpe precatoria Mart.)
improves cognition in aged rats and attenuates inflammatory signaling in BV-2
microglial cells. Nutr. Neurosci. 20, 238-245.

Catenacci, V.A., Pan, Z., Ostendorf, D., et al., 2016. A randomized pilot study comparing
zero-calorie alternate-day fasting to daily caloric restriction in adults with obesity.
Obesity 24, 1874-1883.

CDC, 2020. Obesity Is a Common, Serious, and Costly Disease. https://www.cdc.
gov/obesity/data/adult.html.

Cederroth, C.R., Nef, S., 2009. Soy, phytoestrogens and metabolism: a review. Mol. Cell.
Endocrinol. 304, 30-42. https://doi.org/10.1016/j.mce.2009.02.027.

Cevenini, E., Monti, D., Franceschi, C., 2013. Inflamm-ageing. Curr. Opin. Clin. Nutr.
Metab. Care 16, 14-20. https://doi.org/10.1097/MCO.0b013e32835adal3.

Chan, C.Y., Wei, L., Castro-Munozledo, F., Koo, W.L., 2011. (-)-Epigallocatechin-3-gallate
blocks 3T3-L1 adipose conversion by inhibition of cell proliferation and suppression
of adipose phenotype expression. Life Sci. 89, 779-785. https://doi.org/10.1016/].
1fs.2011.09.006.

Chen, J., 2011. Multiple signal pathways in obesity-associated cancer. Obes. Rev. 12,
1063-1070. https://doi.org/10.1111/j.1467-789X.2011.00917.x.

Chen, H.-Q., Wang, X.-J., Jin, Z.-Y., et al., 2008. Protective effect of isoflavones from
Trifolium pratense on dopaminergic neurons. Neurosci. Res. 62, 123-130. https://
doi.org/10.1016/j.neures.2008.07.001.

Chen, N., Bezzina, R., Hinch, E., et al., 2009. Green tea, black tea, and epigallocatechin
modify body composition, improve glucose tolerance, and differentially alter
metabolic gene expression in rats fed a high-fat diet. Nutr. Res. 29, 784-793. https://
doi.org/10.1016/j.nutres.2009.10.003.

Chen, Y.-K., Cheung, C., Reuhl, K.R., et al., 2011. Effects of green tea polyphenol
(-)-epigallocatechin-3-gallate on newly developed high-fat/Western-style diet-
induced obesity and metabolic syndrome in mice. J. Agric. Food Chem. 59,
11862-11871. https://doi.org/10.1021/jf2029016.

Chen, J., Ou, Y., Li, Y., et al., 2017. Metformin extends C. elegans lifespan through
lysosomal pathway. Elife 6. https://doi.org/10.7554/eLife.31268.

Cheng, Z., 2019. The FoxO-autophagy Axis in health and disease. Trends Endocrinol.
Metab. 30, 658-671.

15

Ageing Research Reviews 67 (2021) 101268

Cheng, C,, Lin, C.-H., Tsai, Y.-W., et al., 2014. Type 2 diabetes and antidiabetic
medications in relation to dementia diagnosis. J. Gerontol. Ser. A Biomed. Sci. Med.
Sci. 69, 1299-1305.

Chiasson, J.-L., Josse, R.G., Gomis, R., et al., 2002. Acarbose for prevention of type 2
diabetes mellitus: the STOP-NIDDM randomised trial. Lancet 359, 2072-2077.
Cho, K., Chung, J.Y., Cho, S.K., et al., 2015. Antihyperglycemic mechanism of metformin

occurs via the AMPK/LXRoa/POMC pathway. Sci. Rep. 5 (8145).

Chung, H.Y., Lee, E.K., Choi, Y.J., et al., 2011. Molecular inflammation as an underlying
mechanism of the aging process and age-related diseases. J. Dent. Res. 90, 830-840.
https://doi.org/10.1177,/0022034510387794.

Chung, M.-Y., Park, H.J., Manautou, J.E., et al., 2012. Green tea extract protects against
nonalcoholic steatohepatitis in ob/ob mice by decreasing oxidative and nitrative
stress responses induced by pro-inflammatory enzymes. J. Nutr. Biochem. 23,
361-367. https://doi.org/10.1016/j.jnutbio.2011.01.001.

Cinti, S., Mitchell, G., Barbatelli, G., et al., 2005. Adipocyte death defines macrophage
localization and function in adipose tissue of obese mice and humans. J. Lipid Res.
46, 2347-2355. https://doi.org/10.1194/jlr.M500294-JLR200.

Civitarese, A.E., Carling, S., Heilbronn, L.K., et al., 2007. Calorie restriction increases
muscle mitochondrial biogenesis in healthy humans. PLoS Med. 4, €76. https://doi.
org/10.1371/journal.pmed.0040076.

Clancy, D.J., Gems, D., Harshman, L.G., et al., 2001. Extension of life-span by loss of
CHICO, a Drosophila insulin receptor substrate protein. Science 292, 104-106.
https://doi.org/10.1126/science.1057991.

Clarke, R., Refsum, H., Birks, J., et al., 2003. Screening for vitamin B-12 and folate
deficiency in older persons. Am. J. Clin. Nutr. 77, 1241-1247. https://doi.org/
10.1093/ajen/77.5.1241.

Cohen, J.C., Horton, J.D., Hobbs, H.H., 2011. Human fatty liver disease: old questions
and new insights. Science 332 (80-), 1519-1523.

Conley, S.M., Hickson, L.J., Kellogg, T.A., et al., 2020. Human obesity induces
dysfunction and early senescence in adipose tissue-derived mesenchymal Stromal/
Stem cells. Front. Cell Dev. Biol. 8, 197. https://doi.org/10.3389/fcell.2020.00197.

Conte, M., Martucci, M., Sandri, M., et al., 2019. The dual role of the pervasive “fattish”
tissue remodeling with age. Front. Endocrinol. (Lausanne) 10 (114).

Coppe, J.-P., Desprez, P.-Y., Krtolica, A., Campisi, J., 2010. The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu. Rev. Pathol. 5,
99-118. https://doi.org/10.1146/annurev-pathol-121808-102144.

Costet, P., Legendre, C., Mor¢, J., et al., 1998. Peroxisome proliferator-activated receptor
a-isoform deficiency leads to progressive dyslipidemia with sexually dimorphic
obesity and steatosis. J. Biol. Chem. 273, 29577-29585.

Craft, S., 2005. Insulin resistance syndrome and Alzheimer’s disease: age- and obesity-
related effects on memory, amyloid, and inflammation. Neurobiol. Aging 26 (Suppl
1), 65-69. https://doi.org/10.1016/j.neurobiolaging.2005.08.021.

Cunha, C.A., Lira, F.S., Rosa Neto, J.C., et al., 2013. Green tea extract supplementation
induces the lipolytic pathway, attenuates obesity, and reduces low-grade
inflammation in mice fed a high-fat diet. Mediators Inflamm. 2013, 635470 https://
doi.org/10.1155/2013/635470.

Currie, C.J., Poole, C.D., Gale, E.A.M., 2009. The influence of glucose-lowering therapies
on cancer risk in type 2 diabetes. Diabetologia 52, 1766-1777. https://doi.org/
10.1007/500125-009-1440-6.

Curtis, R., O’Connor, G., DiStefano, P.S., 2006. Aging networks in Caenorhabditis
elegans: AMP-activated protein kinase (aak-2) links multiple aging and metabolism
pathways. Aging Cell 5, 119-126. https://doi.org/10.1111/j.1474-
9726.2006.00205.x.

da Silva, T.M., Munhoz, R.P., Alvarez, C., et al., 2008. Depression in Parkinson’s disease:
a double-blind, randomized, placebo-controlled pilot study of omega-3 fatty-acid
supplementation. J. Affect. Disord. 111, 351-359. https://doi.org/10.1016/].
jad.2008.03.008.

Dann, S.G., Selvaraj, A., Thomas, G., 2007. mTOR Complex1-S6K1 signaling: at the
crossroads of obesity, diabetes and cancer. Trends Mol. Med. 13, 252-259. https://
doi.org/10.1016/j.molmed.2007.04.002.

Das, S.K., Sharma, N.K., Hasstedt, S.J., et al., 2011. An integrative genomics approach
identifies activation of thioredoxin/thioredoxin reductase-1-mediated oxidative
stress defense pathway and inhibition of angiogenesis in obese nondiabetic human
subjects. J. Clin. Endocrinol. Metab. 96, E1308-E1313. https://doi.org/10.1210/
jc.2011-0101.

Davies, L.C., Jenkins, S.J., Allen, J.E., Taylor, P.R., 2013. Tissue-resident macrophages.
Nat. Immunol. 14 (986).

De Angel, R.E., Conti, C.J., Wheatley, K.E., et al., 2013. The enhancing effects of obesity
on mammary tumor growth and Akt/mTOR pathway activation persist after weight
loss and are reversed by RAD001. Mol. Carcinog. 52, 446-458. https://doi.org/
10.1002/mc.21878.

De Haes, W., Froonincks, L., Van Assche, R., et al., 2014. Metformin promotes lifespan
through mitohormesis via the peroxiredoxin PRDX-2. Proc. Natl. Acad. Sci. U S A
111, 1-9. https://doi.org/10.1073/pnas.1321776111.

De la Fuente, M., 2008. Role of neuroimmunomodulation in aging.
Neuroimmunomodulation 15, 213-223. https://doi.org/10.1159/000156465.

De la Fuente, M., Baeza, 1., Guayerbas, N., et al., 2004. Changes with ageing in several
leukocyte functions of male and female rats. Biogerontology 5, 389-400. https://doi.
org/10.1007/s10522-004-3201-8.

De la Fuente, M., Hernanz, A., Vallejo, M.C., 2005. The immune system in the oxidative
stress conditions of aging and hypertension: favorable effects of antioxidants and
physical exercise. Antioxid. Redox Signal. 7, 1356-1366. https://doi.org/10.1089/
ars.2005.7.1356.

de Lau, L.M.L., Bornebroek, M., Witteman, J.C.M., et al., 2005. Dietary fatty acids and
the risk of Parkinson disease: the Rotterdam study. Neurology 64, 2040-2045.
https://doi.org/10.1212/01.WNL.0000166038.67153.9F.


http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0350
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0350
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0360
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0360
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0360
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0365
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0365
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0365
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0370
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0370
https://doi.org/10.1002/14651858.CD009002.pub3
https://doi.org/10.1002/14651858.CD009002.pub3
https://doi.org/10.1016/j.nbd.2006.06.007
https://doi.org/10.1016/j.nbd.2006.06.007
https://doi.org/10.1016/j.cell.2013.02.035
https://doi.org/10.1016/j.cell.2013.02.035
https://doi.org/10.1016/j.cell.2013.02.035
https://doi.org/10.1016/j.cell.2013.02.035
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0395
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0395
https://doi.org/10.1056/NEJMoa021423
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0405
https://doi.org/10.1038/jcbfm.2014.48
https://doi.org/10.1016/j.cell.2005.02.003
https://doi.org/10.1016/j.cell.2005.02.003
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0420
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0420
https://doi.org/10.1016/j.cmet.2012.04.022
https://doi.org/10.1016/j.cmet.2012.04.022
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0430
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0430
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0430
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0430
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0435
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0435
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0435
https://www.cdc.gov/obesity/data/adult.html
https://www.cdc.gov/obesity/data/adult.html
https://doi.org/10.1016/j.mce.2009.02.027
https://doi.org/10.1097/MCO.0b013e32835ada13
https://doi.org/10.1016/j.lfs.2011.09.006
https://doi.org/10.1016/j.lfs.2011.09.006
https://doi.org/10.1111/j.1467-789X.2011.00917.x
https://doi.org/10.1016/j.neures.2008.07.001
https://doi.org/10.1016/j.neures.2008.07.001
https://doi.org/10.1016/j.nutres.2009.10.003
https://doi.org/10.1016/j.nutres.2009.10.003
https://doi.org/10.1021/jf2029016
https://doi.org/10.7554/eLife.31268
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0485
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0485
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0490
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0490
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0490
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0495
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0495
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0500
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0500
https://doi.org/10.1177/0022034510387794
https://doi.org/10.1016/j.jnutbio.2011.01.001
https://doi.org/10.1194/jlr.M500294-JLR200
https://doi.org/10.1371/journal.pmed.0040076
https://doi.org/10.1371/journal.pmed.0040076
https://doi.org/10.1126/science.1057991
https://doi.org/10.1093/ajcn/77.5.1241
https://doi.org/10.1093/ajcn/77.5.1241
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0535
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0535
https://doi.org/10.3389/fcell.2020.00197
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0545
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0545
https://doi.org/10.1146/annurev-pathol-121808-102144
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0555
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0555
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0555
https://doi.org/10.1016/j.neurobiolaging.2005.08.021
https://doi.org/10.1155/2013/635470
https://doi.org/10.1155/2013/635470
https://doi.org/10.1007/s00125-009-1440-6
https://doi.org/10.1007/s00125-009-1440-6
https://doi.org/10.1111/j.1474-9726.2006.00205.x
https://doi.org/10.1111/j.1474-9726.2006.00205.x
https://doi.org/10.1016/j.jad.2008.03.008
https://doi.org/10.1016/j.jad.2008.03.008
https://doi.org/10.1016/j.molmed.2007.04.002
https://doi.org/10.1016/j.molmed.2007.04.002
https://doi.org/10.1210/jc.2011-0101
https://doi.org/10.1210/jc.2011-0101
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0595
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0595
https://doi.org/10.1002/mc.21878
https://doi.org/10.1002/mc.21878
https://doi.org/10.1073/pnas.1321776111
https://doi.org/10.1159/000156465
https://doi.org/10.1007/s10522-004-3201-8
https://doi.org/10.1007/s10522-004-3201-8
https://doi.org/10.1089/ars.2005.7.1356
https://doi.org/10.1089/ars.2005.7.1356
https://doi.org/10.1212/01.WNL.0000166038.67153.9F

A.L. Santos and S. Sinha

de Mello, A.H., Costa, A.B., Engel, J.D.G., Rezin, G.T., 2018. Mitochondrial dysfunction
in obesity. Life Sci. 192, 26-32. https://doi.org/10.1016/].1fs.2017.11.019.

Decensi, A., Puntoni, M., Goodwin, P., et al., 2010. Metformin and cancer risk in diabetic
patients: a systematic review and meta-analysis. Cancer Prev. Res. Phila. (Phila) 3,
1451-1461. https://doi.org/10.1158/1940-6207.CAPR-10-0157.

DeClercq, V., Taylor, C., Zahradka, P., 2008. Adipose tissue: the link between obesity and
cardiovascular disease. Cardiovasc. Hematol. Disord. Drug Targets 8, 228-237.
https://doi.org/10.2174/187152908785849080.

DeMarco, V.G., Johnson, M.S., Whaley-Connell, A.T., Sowers, J.R., 2010. Cytokine
abnormalities in the etiology of the cardiometabolic syndrome. Curr. Hypertens.
Rep. 12, 93-98. https://doi.org/10.1007/s11906-010-0095-5.

Derous, D., Mitchell, S.E., Green, C.L., et al., 2016. The effects of graded levels of calorie
restriction: VI. Impact of short-term graded calorie restriction on transcriptomic
responses of the hypothalamic hunger and circadian signaling pathways. Aging
(Albany NY) 8, 642-663. https://doi.org/10.18632/aging.100895.

Dershem, R., Chu, X., Wood, G.C., et al., 2017. Changes in telomere length 3-5 years after
gastric bypass surgery. Int. J. Obes. (Lond) 41, 1718-1720. https://doi.org/
10.1038/ij0.2017.156.

Desouza, C.V., Shivaswamy, V., 2010. Pioglitazone in the treatment of type 2 diabetes:
safety and efficacy review. Clin. Med. Insights Endocrinol. Diabetes 3, 43-51.

Despres, J.P., Lamarche, B., Mauriege, P., et al., 1996. Hyperinsulinemia as an
independent risk factor for ischemic heart disease. N. Engl. J. Med. 334, 952-957.
https://doi.org/10.1056/NEJM199604113341504.

Dilman, V.M., Anisimov, V.N., 1980. Effect of treatment with phenformin,
diphenylhydantoin or L-dopa on lifespan and tumour incidence in C3H/Sn mice.
Gerontology 26, 241-246.

Dong, X.C., 2017. FOXO transcription factors in non-alcoholic fatty liver disease. Liver
Res. 1, 168-173.

Dowling, R.J.O., Niraula, S., Stambolic, V., Goodwin, P.J., 2012. Metformin in cancer:
translational challenges. J. Mol. Endocrinol. 48, R31-43. https://doi.org/10.1530/
JME-12-0007.

Du, J., Wang, Z., 2009. Therapeutic potential of lipase inhibitor orlistat in Alzheimer’s
disease. Med. Hypotheses 73, 662-663. https://doi.org/10.1016/j.
mehy.2009.04.046.

Duca, F.A., Coté, C.D., Rasmussen, B.A., et al., 2015. Metformin activates a duodenal
Ampk-dependent pathway to lower hepatic glucose production in rats. Nat. Med. 21
(506).

Ebong, I.A., Goff, D.C.J., Rodriguez, C.J., et al., 2014. Mechanisms of heart failure in
obesity. Obes. Res. Clin. Pract. 8, e540-8. https://doi.org/10.1016/j.
orcp.2013.12.005.

Edwards, C., Canfield, J., Copes, N., et al., 2014. D-beta-hydroxybutyrate extends
lifespan in C. Elegans. Aging (Albany NY) 6 (621).

Epel, E.S., 2009. Psychological and metabolic stress: a recipe for accelerated cellular
aging? Hormones Athens (Athens) 8, 7-22.

Erol, A., 2007. The functions of PPARs in aging and longevity. PPAR Res. 2007.

Faghihzadeh, F., Adibi, P., Rafiei, R., Hekmatdoost, A., 2014. Resveratrol
supplementation improves inflammatory biomarkers in patients with nonalcoholic
fatty liver disease. Nutr. Res. 34, 837-843.

Fain, J.N., Madan, A.K., Hiler, M.L., et al., 2004. Comparison of the release of adipokines
by adipose tissue, adipose tissue matrix, and adipocytes from visceral and
subcutaneous abdominal adipose tissues of obese humans. Endocrinology 145,
2273-2282. https://doi.org/10.1210/en.2003-1336.

Fain, J.N., Buehrer, B., Tichansky, D.S., Madan, A.K., 2008. Regulation of adiponectin
release and demonstration of adiponectin mRNA as well as release by the non-fat
cells of human omental adipose tissue. Int. J. Obes. (Lond) 32, 429-435. https://doi.
0rg/10.1038/sj.1j0.0803745.

Falcao-Pires, 1., Castro-Chaves, P., Miranda-Silva, D., et al., 2012. Physiological,
pathological and potential therapeutic roles of adipokines. Drug Discov. Today 17,
880-889. https://doi.org/10.1016/j.drudis.2012.04.007.

Farris, W., Mansourian, S., Chang, Y., et al., 2003. Insulin-degrading enzyme regulates
the levels of insulin, amyloid beta-protein, and the beta-amyloid precursor protein
intracellular domain in vivo. Proc. Natl. Acad. Sci. U S A 100, 4162-4167. https://
doi.org/10.1073/pnas.0230450100.

Feige, J.N., Lagouge, M., Canto, C., et al., 2008. Specific SIRT1 activation mimics low
energy levels and protects against diet-induced metabolic disorders by enhancing fat
oxidation. Cell Metab. 8, 347-358. https://doi.org/10.1016/j.cmet.2008.08.017.

Feinstein, D.L., 2003. Therapeutic potential of peroxisome proliferator-activated receptor
agonists for neurological disease. Diabetes Technol. Ther. 5, 67-73. https://doi.org/
10.1089/152091503763816481.

Fernandez-Quintela, A., Milton-Laskibar, 1., Gonzalez, M., Portillo, M.P., 2017.
Antiobesity effects of resveratrol: which tissues are involved? Ann. N. Y. Acad. Sci.
1403, 118-131. https://doi.org/10.1111/nyas.13413.

Fernandez-Sanchez, A., Madrigal-Santillan, E., Bautista, M., et al., 2011. Inflammation,
oxidative stress, and obesity. Int. J. Mol. Sci. 12, 3117-3132. https://doi.org/
10.3390/ijms12053117.

Ferrannini, E., Natali, A., Bell, P., et al., 1997. Insulin resistance and hypersecretion in
obesity. European Group for the Study of Insulin Resistance (EGIR). J. Clin. Invest.
100, 1166-1173. https://doi.org/10.1172/JCI119628.

Ferrannini, E., Ramos, S.J., Salsali, A., et al., 2010. Dapagliflozin monotherapy in type 2
diabetic patients with inadequate glycemic control by diet and exercise: a
randomized, double-blind, placebo-controlled, phase 3 trial. Diabetes Care 33,
2217-2224.

Fierz, Y., Novosyadlyy, R., Vijayakumar, A., et al., 2010. Mammalian target of rapamycin
inhibition abrogates insulin-mediated mammary tumor progression in type 2
diabetes. Endocr. Relat. Cancer 17, 941-951. https://doi.org/10.1677/ERC-10-
0091.

16

Ageing Research Reviews 67 (2021) 101268

Flynn, M.G., McFarlin, B.K., Phillips, M.D., et al., 2003. Toll-like receptor 4 and CD14
mRNA expression are lower in resistive exercise-trained elderly women. J. Appl.
Physiol. 95, 1833-1842. https://doi.org/10.1152/japplphysiol.00359.2003.

Folini, M., Brambilla, C., Villa, R., et al., 2005. Antisense oligonucleotide-mediated
inhibition of hTERT, but not hTERC, induces rapid cell growth decline and apoptosis
in the absence of telomere shortening in human prostate cancer cells. Eur. J. Cancer
41, 624-634. https://doi.org/10.1016/j.ejca.2004.12.002.

Fontaine, K.R., Redden, D.T., Wang, C., et al., 2003. Years of life lost due to obesity.
JAMA 289, 187-193.

Fontana, L., 2009. Neuroendocrine factors in the regulation of inflammation: excessive
adiposity and calorie restriction. Exp. Gerontol. 44, 41-45. https://doi.org/10.1016/
j-exger.2008.04.005.

Fontana, L., Partridge, L., Longo, V.D., 2010. Extending healthy lifespan—from yeast to
humans. Science 328 (80-), 321-326.

Foretz, M., Hébrard, S., Leclerc, J., et al., 2010. Metformin inhibits hepatic
gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease
in hepatic energy state. J. Clin. Invest. 120, 2355-2369.

Franceschi, C., 2007. Inflammaging as a major characteristic of old people: can it be
prevented or cured? Nutr. Rev. 65, S173-6.

Franceschi, C., 2017. Obesity in geroscience—is cellular senescence the culprit? Nat.
Rev. Endocrinol. 13, 76-78.

Franceschi, C., Campisi, J., 2014. Chronic inflammation (inflammaging) and its potential
contribution to age-associated diseases. J. Gerontol. A Biol. Sci. Med. Sci. 69 (Suppl
1), S4-9. https://doi.org/10.1093/gerona/glu057.

Franceschi, C., Valensin, S., Bonafe, M., et al., 2000a. The network and the remodeling
theories of aging: historical background and new perspectives. Exp. Gerontol. 35,
879-896.

Franceschi, C., Bonafe, M., Valensin, S., et al., 2000b. Inflamm-aging. An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci. 908, 244-254.

Franceschi, C., Capri, M., Monti, D., et al., 2007. Inflammaging and anti-inflammaging: a
systemic perspective on aging and longevity emerged from studies in humans. Mech.
Ageing Dev. 128, 92-105. https://doi.org/10.1016/j.mad.2006.11.016.

Frayn, K.N., Karpe, F., Fielding, B.A., et al., 2003. Integrative physiology of human
adipose tissue. Int. J. Obes. Relat. Metab. Disord. 27, 875-888. https://doi.org/
10.1038/sj.ij0.0802326.

Fried, S.K., Kral, J.G., 1987. Sex differences in regional distribution of fat cell size and
lipoprotein lipase activity in morbidly obese patients. Int. J. Obes. 11, 129-140.

Friedman, M., 2016. Mushroom polysaccharides: chemistry and antiobesity,
antidiabetes, anticancer, and antibiotic properties in cells, rodents, and humans.
Foods 5. https://doi.org/10.3390/foods5040080.

Friedrich, M., Petzke, K.J., Raederstorff, D., et al., 2012. Acute effects of epigallocatechin
gallate from green tea on oxidation and tissue incorporation of dietary lipids in mice
fed a high-fat diet. Int. J. Obes. (Lond) 36, 735-743. https://doi.org/10.1038/
ijo.2011.136.

Frith, J., Jones, D., Newton, J.L., 2009. Chronic liver disease in an ageing population.
Age Ageing 38, 11-18.

Fruhbeck, G., Gomez-Ambrosi, J., Muruzabal, F.J., Burrell, M.A., 2001. The adipocyte: a
model for integration of endocrine and metabolic signaling in energy metabolism
regulation. Am. J. Physiol. Endocrinol. Metab. 280, E827-47. https://doi.org/
10.1152/ajpendo.2001.280.6.E827.

Furuyashiki, T., Nagayasu, H., Aoki, Y., et al., 2004. Tea catechin suppresses adipocyte
differentiation accompanied by down-regulation of PPARgamma2 and C/EBPalpha
in 3T3-L1 cells. Biosci. Biotechnol. Biochem. 68, 2353-2359. https://doi.org/
10.1271/bbb.68.2353.

Fuster, J.J., Ouchi, N., Gokce, N., Walsh, K., 2016. Obesity-induced changes in adipose
tissue microenvironment and their impact on cardiovascular disease. Circ. Res. 118,
1786-1807. https://doi.org/10.1161/CIRCRESAHA.115.306885.

Gagne, B., Gelinas, S., Bureau, G., et al., 2003. Effects of estradiol, phytoestrogens, and
Ginkgo biloba extracts against 1-methyl-4-phenyl-pyridine-induced oxidative stress.
Endocrine 21, 89-95. https://doi.org/10.1385/ENDO:21:1:89.

Galic, S., Fullerton, M.D., Schertzer, J.D., et al., 2011. Hematopoietic AMPK 1 reduces
mouse adipose tissue macrophage inflammation and insulin resistance in obesity.
J. Clin. Invest. 121, 4903-4915.

Gallagher, E.J., LeRoith, D., 2011. Minireview: IGF, insulin, and Cancer. Endocrinology
152, 2546-2551. https://doi.org/10.1210/en.2011-0231.

Gan, L., Guo, M,, Si, J., et al., 2019. Protective effects of phenformin on zebrafish
embryonic neurodevelopmental toxicity induced by X-ray radiation. Artif. Cells
Nanomed. Biotechnol. 47, 4202-4210. https://doi.org/10.1080/
21691401.2019.1687505.

Gao, X., Chen, H., Fung, T.T., et al., 2007. Prospective study of dietary pattern and risk of
Parkinson disease. Am. J. Clin. Nutr. 86, 1486-1494. https://doi.org/10.1093/ajcn/
86.5.1486.

Gardner, J.P., Li, S., Srinivasan, S.R., et al., 2005. Rise in insulin resistance is associated
with escalated telomere attrition. Circulation 111, 2171-2177. https://doi.org/
10.1161/01.CIR.0000163550.70487.0B.

Garfinkel, S., Brown, S., Wessendorf, J.H., Maciag, T., 1994. Post-transcriptional
regulation of interleukin 1 alpha in various strains of young and senescent human
umbilical vein endothelial cells. Proc. Natl. Acad. Sci. U S A 91, 1559-1563. https://
doi.org/10.1073/pnas.91.4.1559.

Garratt, M., Bower, B., Garcia, G.G., Miller, R.A., 2017. Sex differences in lifespan
extension with acarbose and 17-a estradiol: gonadal hormones underlie male-
specific improvements in glucose tolerance and mTORC 2 signaling. Aging Cell 16,
1256-1266.

Gavrilova, O., Marcus-Samuels, B., Graham, D., et al., 2000. Surgical implantation of
adipose tissue reverses diabetes in lipoatrophic mice. J. Clin. Invest. 105, 271-278.
https://doi.org/10.1172/JCI7901.


https://doi.org/10.1016/j.lfs.2017.11.019
https://doi.org/10.1158/1940-6207.CAPR-10-0157
https://doi.org/10.2174/187152908785849080
https://doi.org/10.1007/s11906-010-0095-5
https://doi.org/10.18632/aging.100895
https://doi.org/10.1038/ijo.2017.156
https://doi.org/10.1038/ijo.2017.156
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0660
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0660
https://doi.org/10.1056/NEJM199604113341504
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0670
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0670
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0670
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0675
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0675
https://doi.org/10.1530/JME-12-0007
https://doi.org/10.1530/JME-12-0007
https://doi.org/10.1016/j.mehy.2009.04.046
https://doi.org/10.1016/j.mehy.2009.04.046
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0690
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0690
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0690
https://doi.org/10.1016/j.orcp.2013.12.005
https://doi.org/10.1016/j.orcp.2013.12.005
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0700
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0700
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0705
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0705
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0710
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0715
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0715
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0715
https://doi.org/10.1210/en.2003-1336
https://doi.org/10.1038/sj.ijo.0803745
https://doi.org/10.1038/sj.ijo.0803745
https://doi.org/10.1016/j.drudis.2012.04.007
https://doi.org/10.1073/pnas.0230450100
https://doi.org/10.1073/pnas.0230450100
https://doi.org/10.1016/j.cmet.2008.08.017
https://doi.org/10.1089/152091503763816481
https://doi.org/10.1089/152091503763816481
https://doi.org/10.1111/nyas.13413
https://doi.org/10.3390/ijms12053117
https://doi.org/10.3390/ijms12053117
https://doi.org/10.1172/JCI119628
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0765
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0765
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0765
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0765
https://doi.org/10.1677/ERC-10-0091
https://doi.org/10.1677/ERC-10-0091
https://doi.org/10.1152/japplphysiol.00359.2003
https://doi.org/10.1016/j.ejca.2004.12.002
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0785
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0785
https://doi.org/10.1016/j.exger.2008.04.005
https://doi.org/10.1016/j.exger.2008.04.005
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0795
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0795
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0800
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0800
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0800
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0805
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0805
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0810
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0810
https://doi.org/10.1093/gerona/glu057
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0820
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0820
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0820
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0825
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0825
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1038/sj.ijo.0802326
https://doi.org/10.1038/sj.ijo.0802326
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0840
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0840
https://doi.org/10.3390/foods5040080
https://doi.org/10.1038/ijo.2011.136
https://doi.org/10.1038/ijo.2011.136
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0855
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0855
https://doi.org/10.1152/ajpendo.2001.280.6.E827
https://doi.org/10.1152/ajpendo.2001.280.6.E827
https://doi.org/10.1271/bbb.68.2353
https://doi.org/10.1271/bbb.68.2353
https://doi.org/10.1161/CIRCRESAHA.115.306885
https://doi.org/10.1385/ENDO:21:1:89
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0880
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0880
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0880
https://doi.org/10.1210/en.2011-0231
https://doi.org/10.1080/21691401.2019.1687505
https://doi.org/10.1080/21691401.2019.1687505
https://doi.org/10.1093/ajcn/86.5.1486
https://doi.org/10.1093/ajcn/86.5.1486
https://doi.org/10.1161/01.CIR.0000163550.70487.0B
https://doi.org/10.1161/01.CIR.0000163550.70487.0B
https://doi.org/10.1073/pnas.91.4.1559
https://doi.org/10.1073/pnas.91.4.1559
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0910
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0910
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0910
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0910
https://doi.org/10.1172/JCI7901

A.L. Santos and S. Sinha

Geffken, D.F., Cushman, M., Burke, G.L., et al., 2001. Association between physical
activity and markers of inflammation in a healthy elderly population. Am. J.
Epidemiol. 153, 242-250.

Gerli, R., Monti, D., Bistoni, O., et al., 2000. Chemokines, sTNF-Rs and sCD30 serum
levels in healthy aged people and centenarians. Mech. Ageing Dev. 121, 37-46.
https://doi.org/10.1016/50047-6374(00)00195-0.

Ghaedi, E., Varkaneh, H.K., Rahmani, J., et al., 2019. Possible anti-obesity effects of
phytosterols and phytostanols supplementation in humans: a systematic review and
dose-response meta-analysis of randomized controlled trials. Phytother. Res. 33,
1246-1257. https://doi.org/10.1002/ptr.6319.

Giordano, A., Smorlesi, A., Frontini, A., et al., 2014. White, brown and pink adipocytes:
the extraordinary plasticity of the adipose organ. Eur. J. Endocrinol. 170, R159-71.
https://doi.org/10.1530/EJE-13-0945.

Gleeson, M., 2006. Immune system adaptation in elite athletes. Curr. Opin. Clin. Nutr.
Metab. Care 9, 659-665. https://doi.org/10.1097/01.mc0.0000247476.02650.18.

Gleeson, M., Bishop, N.C., Stensel, D.J., et al., 2011. The anti-inflammatory effects of
exercise: mechanisms and implications for the prevention and treatment of disease.
Nat. Rev. Immunol. 11, 607-615.

Goday, A., Bellido, D., Sajoux, 1., et al., 2016. Short-term safety, tolerability and efficacy
of a very low-calorie-ketogenic diet interventional weight loss program versus
hypocaloric diet in patients with type 2 diabetes mellitus. Nutr. Diabetes 6
€230-e230.

Golabi, P., Paik, J., Reddy, R., et al., 2019. Prevalence and long-term outcomes of non-
alcoholic fatty liver disease among elderly individuals from the United States. BMC
Gastroenterol. 19 (56).

Goodwin, P.J., Ennis, M., Pritchard, K.I., et al., 2002. Fasting insulin and outcome in
early-stage breast cancer: results of a prospective cohort study. J. Clin. Oncol. 20,
42-51. https://doi.org/10.1200/JC0.2002.20.1.42.

Gorgoulis, V.G., Halazonetis, T.D., 2010. Oncogene-induced senescence: the bright and
dark side of the response. Curr. Opin. Cell Biol. 22, 816-827. https://doi.org/
10.1016/j.ceb.2010.07.013.

Greenberg, A.S., Obin, M.S., 2006. Obesity and the role of adipose tissue in inflammation
and metabolism. Am. J. Clin. Nutr. 83, 461S-4658S.

Greer, E.L., Dowlatshahi, D., Banko, M.R., et al., 2007. An AMPK-FOXO pathway
mediates longevity induced by a novel method of dietary restriction in C. Elegans.
Curr. Biol. 17, 1646-1656.

Grover, S.A., Kaouache, M., Rempel, P., et al., 2015. Years of life lost and healthy life-
years lost from diabetes and cardiovascular disease in overweight and obese people:
a modelling study. Lancet Diabetes Endocrinol. 3, 114-122. https://doi.org/
10.1016/52213-8587(14)70229-3.

Guayerbas, N., De La Fuente, M., 2003. An impairment of phagocytic function is linked to
a shorter lifespan in two strains of prematurely aging mice. Dev. Comp. Immunol.
27, 339-350.

Guayerbas, N., Puerto, M., Victor, V.M., et al., 2002a. Leukocyte function and lifespan in
a murine model of premature immunosenescence. Exp. Gerontol. 37, 249-256.

Guayerbas, N., Catalan, M., Victor, V.M., et al., 2002b. Relation of behaviour and
macrophage function to lifespan in a murine model of premature
immunosenescence. Behav. Brain Res. 134, 41-48.

Guerre-Millo, M., Gervois, P., Raspé, E., et al., 2000. Peroxisome proliferator-activated
receptor a activators improve insulin sensitivity and reduce adiposity. J. Biol. Chem.
275, 16638-16642.

Guo, X., Tresserra-Rimbau, A., Estruch, R., et al., 2017. Polyphenol levels are inversely
correlated with body weight and obesity in an elderly population after 5 years of
follow up (The randomised PREDIMED study). Nutrients 9. https://doi.org/
10.3390/nu9050452.

Gupta, V.K., Scheunemann, L., Eisenberg, T., et al., 2013. Restoring polyamines protects
from age-induced memory impairment in an autophagy-dependent manner. Nat.
Neurosci. 16, 1453-1460. https://doi.org/10.1038/nn.3512.

Guruprasad, K.P., Vasudev, V., Anilkumar, M.N., Chethan, S.A., 2002. Inducible
protective processes in animal systems. X. Influence of nicotinamide in methyl
methanesulfonate-adapted mouse bone marrow cells. Mutagenesis 17, 1-8. https://
doi.org/10.1093/mutage/17.1.1.

Haddad, J.J., 2002. Pharmaco-redox regulation of cytokine-related pathways: from
receptor signaling to pharmacogenomics. Free Radic. Biol. Med. 33, 907-926.
Haigis, M.C., Guarente, L.P., 2006. Mammalian sirtuins—emerging roles in physiology,

aging, and calorie restriction. Genes Dev. 20, 2913-2921.

Halagappa, V.K.M., Guo, Z., Pearson, M., et al., 2007. Intermittent fasting and caloric
restriction ameliorate age-related behavioral deficits in the triple-transgenic mouse
model of Alzheimer’s disease. Neurobiol. Dis. 26, 212-220. https://doi.org/
10.1016/j.nbd.2006.12.019.

Halicka, H.D., Zhao, H., Li, J., et al., 2012. Potential anti-aging agents suppress the level
of constitutive mTOR-and DNA damage-signaling. Aging (Albany NY) 4 (952).
Hamer, M., 2006. Exercise and psychobiological processes: implications for the primary

prevention of coronary heart disease. Sports Med. 36, 829-838.

Han, Y., Bedarida, T., Ding, Y., et al., 2018. p-Hydroxybutyrate prevents vascular
senescence through hnRNP Al-mediated upregulation of Oct4. Mol. Cell 71,
1064-1078.

Harada, N., Zhao, J., Kurihara, H., et al., 2011. Resveratrol improves cognitive function
in mice by increasing production of insulin-like growth factor-I in the hippocampus.
J. Nutr. Biochem. 22, 1150-1159.

Haramizu, S., Ota, N., Hase, T., Murase, T., 2011. Aging-associated changes in physical
performance and energy metabolism in the senescence-accelerated mouse.

J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 66, 646-655.

Harford, K.A., Reynolds, C.M., McGillicuddy, F.C., Roche, H.M., 2011. Fats,

inflammation and insulin resistance: insights to the role of macrophage and T-cell

17

Ageing Research Reviews 67 (2021) 101268

accumulation in adipose tissue. Proc. Nutr. Soc. 70, 408-417. https://doi.org/
10.1017/50029665111000565.

Harkness, T.A.A., Shea, K.A., Legrand, C., et al., 2004. A functional analysis reveals
dependence on the anaphase-promoting complex for prolonged lifespan in yeast.
Genetics 168, 759-774.

Harman, D., 1972. The biologic clock: the mitochondria? J. Am. Geriatr. Soc. 20,
145-147. https://doi.org/10.1111/j.1532-5415.1972.tb00787 .x.

Harrison, D.E., Archer, J.R., Astle, C.M., 1984. Effects of food restriction on aging:
separation of food intake and adiposity. Proc. Natl. Acad. Sci. U S A 81, 1835-1838.

Harrison, D.E., Strong, R., Sharp, Z.D., et al., 2009. Rapamycin fed late in life extends
lifespan in genetically heterogeneous mice. Nature 460, 392-395.

Harrison, D.E., Strong, R., Allison, D.B., et al., 2014. Acarbose, 17-a-estradiol, and
nordihydroguaiaretic acid extend mouse lifespan preferentially in males. Aging Cell
13, 273-282.

Harrison, D.E., Strong, R., Alavez, S., et al., 2019. Acarbose improves health and lifespan
in aging HET3 mice. Aging Cell 18, e12898.

Hauptman, J., 2000. Orlistat. Endocrine 13, 201-206.

Hayflick, L., Moorhead, P.S., 1961. The serial cultivation of human diploid cell strains.
Exp. Cell Res. 25, 585-621. https://doi.org/10.1016/0014-4827(61)90192-6.

Heidrich, F., Schotola, H., Popov, A.F,, et al., 2010. AMPK - activated protein kinase and
its role in energy metabolism of the heart. Curr. Cardiol. Rev. 6, 337-342. https://
doi.org/10.2174/157340310793566073.

Heilbronn, L.K., Clifton, P.M., 2002. C-reactive protein and coronary artery disease:
influence of obesity, caloric restriction and weight loss. J. Nutr. Biochem. 13,
316-321.

Heinonen, S., Buzkova, J., Muniandy, M., et al., 2015. Impaired mitochondrial biogenesis
in adipose tissue in acquired obesity. Diabetes 64, 3135-3145. https://doi.org/
10.2337/db14-1937.

Helman, A., Klochendler, A., Azazmeh, N., et al., 2016. p16(Ink4a)-induced senescence
of pancreatic beta cells enhances insulin secretion. Nat. Med. 22, 412-420. https://
doi.org/10.1038/nm.4054.

Heneka, M.T., Sastre, M., Dumitrescu-Ozimek, L., et al., 2005. Acute treatment with the
PPARgamma agonist pioglitazone and ibuprofen reduces glial inflammation and
Abetal-42 levels in APPV717I transgenic mice. Brain 128, 1442-1453. https://doi.
org/10.1093/brain/awh452.

Heras-Sandoval, D., Avila-Munoz, E., Arias, C., 2011. The phosphatidylinositol 3-Kinase/
mTor pathway as a therapeutic target for brain aging and neurodegeneration.
Pharmaceuticals 4, 1070-1087. https://doi.org/10.3390/ph4081070.

Herbert, K.E., Mistry, Y., Hastings, R., et al., 2008. Angiotensin II-mediated oxidative
DNA damage accelerates cellular senescence in cultured human vascular smooth
muscle cells via telomere-dependent and independent pathways. Circ. Res. 102,
201-208. https://doi.org/10.1161/CIRCRESAHA.107.158626.

Hernandez-Aguilera, A., Rull, A., Rodriguez-Gallego, E., et al., 2013. Mitochondrial
dysfunction: a basic mechanism in inflammation-related non-communicable diseases
and therapeutic opportunities. Mediators Inflamm. 2013, 135698 https://doi.org/
10.1155/2013/135698.

Hernandez-Segura, A., Nehme, J., Demaria, M., 2018. Hallmarks of cellular senescence.
Trends Cell Biol. 28, 436-453. https://doi.org/10.1016/j.tcb.2018.02.001.

Herranz, N., Gil, J., 2018. Mechanisms and functions of cellular senescence. J. Clin.
Invest. 128, 1238-1246. https://doi.org/10.1172/JCI95148.

Hilakivi-Clarke, L., Andrade, J.E., Helferich, W., 2010. Is soy consumption good or bad
for the breast? J. Nutr. 140, 23265-23348S. https://doi.org/10.3945/jn.110.124230.

Holzenberger, M., Dupont, J., Ducos, B., et al., 2003. IGF-1 receptor regulates lifespan
and resistance to oxidative stress in mice. Nature 421, 182-187. https://doi.org/
10.1038/nature01298.

Hong, S., Dimitrov, S., Pruitt, C., et al., 2014. Benefit of physical fitness against
inflammation in obesity: role of beta adrenergic receptors. Brain Behav. Immun. 39,
113-120. https://doi.org/10.1016/j.bbi.2013.12.009.

Horrillo, D., Sierra, J., Arribas, C., et al., 2011. Age-associated development of
inflammation in Wistar rats: effects of caloric restriction. Arch. Physiol. Biochem.
117, 140-150. https://doi.org/10.3109/13813455.2011.577435.

Hu, Q., Zhuo, Z., Fang, S., et al., 2017. Phytosterols improve immunity and exert anti-
inflammatory activity in weaned piglets. J. Sci. Food Agric. 97, 4103-4109. https://
doi.org/10.1002/jsfa.8277.

Huang, T.L., Zandi, P.P., Tucker, K.L., et al., 2005. Benefits of fatty fish on dementia risk
are stronger for those without APOE epsilon4. Neurology 65, 1409-1414. https://
doi.org/10.1212/01.wnl.0000183148.34197.2e.

Hughes, C.L.J., 1988. Phytochemical mimicry of reproductive hormones and modulation
of herbivore fertility by phytoestrogens. Environ. Health Perspect. 78, 171-174.
https://doi.org/10.1289/ehp.8878171.

Hung, P.-F., Wu, B.-T., Chen, H.-C., et al., 2005. Antimitogenic effect of green tea
(-)-epigallocatechin gallate on 3T3-L1 preadipocytes depends on the ERK and Cdk2
pathways. Am. J. Physiol. Cell Physiol. 288, C1094-108. https://doi.org/10.1152/
ajpcell.00569.2004.

Hurrle, S., Hsu, W.H., 2017. The etiology of oxidative stress in insulin resistance.
Biomed. J. 40, 257-262. https://doi.org/10.1016/j.bj.2017.06.007.

Hursting, S.D., Smith, S.M., Lashinger, L.M., et al., 2010. Calories and carcinogenesis:
lessons learned from 30 years of calorie restriction research. Carcinogenesis 31,
83-89. https://doi.org/10.1093/carcin/bgp280.

Hwang, J.-T., Park, L.-J., Shin, J.-L, et al., 2005. Genistein, EGCG, and capsaicin inhibit
adipocyte differentiation process via activating AMP-activated protein kinase.
Biochem. Biophys. Res. Commun. 338, 694-699. https://doi.org/10.1016/j.
bbrc.2005.09.195.

Hwangbo, D.S., Gershman, B., Tu, M.-P., et al., 2004. Drosophila dFOXO controls
lifespan and regulates insulin signalling in brain and fat body. Nature 429, 562-566.
https://doi.org/10.1038/nature02549.


http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0920
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0920
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0920
https://doi.org/10.1016/s0047-6374(00)00195-0
https://doi.org/10.1002/ptr.6319
https://doi.org/10.1530/EJE-13-0945
https://doi.org/10.1097/01.mco.0000247476.02650.18
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0945
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0945
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0945
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0950
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0950
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0950
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0950
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0955
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0955
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0955
https://doi.org/10.1200/JCO.2002.20.1.42
https://doi.org/10.1016/j.ceb.2010.07.013
https://doi.org/10.1016/j.ceb.2010.07.013
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0970
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0970
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0975
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0975
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0975
https://doi.org/10.1016/S2213-8587(14)70229-3
https://doi.org/10.1016/S2213-8587(14)70229-3
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0985
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0985
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0985
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0990
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0990
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0995
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0995
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref0995
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1000
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1000
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1000
https://doi.org/10.3390/nu9050452
https://doi.org/10.3390/nu9050452
https://doi.org/10.1038/nn.3512
https://doi.org/10.1093/mutage/17.1.1
https://doi.org/10.1093/mutage/17.1.1
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1020
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1020
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1025
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1025
https://doi.org/10.1016/j.nbd.2006.12.019
https://doi.org/10.1016/j.nbd.2006.12.019
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1035
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1035
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1040
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1040
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1045
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1045
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1045
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1050
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1050
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1050
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1055
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1055
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1055
https://doi.org/10.1017/S0029665111000565
https://doi.org/10.1017/S0029665111000565
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1065
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1065
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1065
https://doi.org/10.1111/j.1532-5415.1972.tb00787.x
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1075
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1075
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1080
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1080
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1085
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1085
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1085
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1090
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1090
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1095
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.2174/157340310793566073
https://doi.org/10.2174/157340310793566073
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1110
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1110
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1110
https://doi.org/10.2337/db14-1937
https://doi.org/10.2337/db14-1937
https://doi.org/10.1038/nm.4054
https://doi.org/10.1038/nm.4054
https://doi.org/10.1093/brain/awh452
https://doi.org/10.1093/brain/awh452
https://doi.org/10.3390/ph4081070
https://doi.org/10.1161/CIRCRESAHA.107.158626
https://doi.org/10.1155/2013/135698
https://doi.org/10.1155/2013/135698
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1172/JCI95148
https://doi.org/10.3945/jn.110.124230
https://doi.org/10.1038/nature01298
https://doi.org/10.1038/nature01298
https://doi.org/10.1016/j.bbi.2013.12.009
https://doi.org/10.3109/13813455.2011.577435
https://doi.org/10.1002/jsfa.8277
https://doi.org/10.1002/jsfa.8277
https://doi.org/10.1212/01.wnl.0000183148.34197.2e
https://doi.org/10.1212/01.wnl.0000183148.34197.2e
https://doi.org/10.1289/ehp.8878171
https://doi.org/10.1152/ajpcell.00569.2004
https://doi.org/10.1152/ajpcell.00569.2004
https://doi.org/10.1016/j.bj.2017.06.007
https://doi.org/10.1093/carcin/bgp280
https://doi.org/10.1016/j.bbrc.2005.09.195
https://doi.org/10.1016/j.bbrc.2005.09.195
https://doi.org/10.1038/nature02549

A.L. Santos and S. Sinha

Hybertson, B.M., Gao, B., Bose, S.K., McCord, J.M., 2011. Oxidative stress in health and
disease: the therapeutic potential of Nrf2 activation. Mol. Aspects Med. 32, 234-246.

Incio, J., Liu, H., Suboj, P., et al., 2016. Obesity-induced inflammation and desmoplasia
promote pancreatic cancer progression and resistance to chemotherapy. Cancer
Discov. 6, 852-869.

Ingram, D.K., Zhu, M., Mamczarz, J., et al., 2006. Calorie restriction mimetics: an
emerging research field. Aging Cell 5, 97-108.

Ishikawa, S., Ishikawa, F., 2020. Proteostasis failure and cellular senescence in long-term
cultured postmitotic rat neurons. Aging Cell 19, e13071. https://doi.org/10.1111/
acel.13071.

Iwabu, M., Yamauchi, T., Okada-Iwabu, M., et al., 2010. Adiponectin and AdipoR1
regulate PGC-1a and mitochondria by Ca2+ and AMPK/SIRT1. Nature 464,
1313-1319. https://doi.org/10.1038/nature08991.

Iyengar, N.M., Hudis, C.A., Dannenberg, A.J., 2015. Obesity and cancer: local and
systemic mechanisms. Annu. Rev. Med. 66, 297-309. https://doi.org/10.1146/
annurev-med-050913-022228.

Jackson, C.C., Paliyath, G., 2011. Functional foods and nutraceuticals. Funct. Foods
Nutraceut. Degener. Dis. Prev. 11-43.

Jackson, T.M., Rawling, J.M., Roebuck, B.D., Kirkland, J.B., 1995. Large supplements of
nicotinic acid and nicotinamide increase tissue NAD+ and poly(ADP-ribose) levels
but do not affect diethylnitrosamine-induced altered hepatic foci in Fischer-344 rats.
J. Nutr. 125, 1455-1461. https://doi.org/10.1093/jn/125.6.1455.

Jadhav, K.S., Dungan, C.M., Williamson, D.L., 2013. Metformin limits ceramide-induced
senescence in C2C12 myoblasts. Mech. Ageing Dev. 134, 548-559.

Jang, J.Y., Blum, A., Liu, J., Finkel, T., 2018. The role of mitochondria in aging. J. Clin.
Invest. 128, 3662-3670. https://doi.org/10.1172/JCI120842.

Ji, L.L., Dickman, J.R., Kang, C., Koenig, R., 2010. Exercise-induced hormesis may help
healthy aging. Dose. 8, 73-79. https://doi.org/10.2203/dose-response.09-048.Ji.

Jiang, W., Zhu, Z., Thompson, H.J., 2008a. Dietary energy restriction modulates the
activity of AMP-activated protein kinase, Akt, and mammalian target of rapamycin
in mammary carcinomas, mammary gland, and liver. Cancer Res. 68, 5492-5499.
https://doi.org/10.1158/0008-5472.CAN-07-6721.

Jiang, Q., Heneka, M., Landreth, G.E., 2008b. The role of peroxisome proliferator-
activated receptor-gamma (PPARgamma) in Alzheimer’s disease: therapeutic
implications. CNS Drugs 22, 1-14. https://doi.org/10.2165/00023210-200822010-
00001.

Johnson, J.B., Summer, W., Cutler, R.G., et al., 2007. Alternate day calorie restriction
improves clinical findings and reduces markers of oxidative stress and inflammation
in overweight adults with moderate asthma. Free Radic. Biol. Med. 42, 665-674.
https://doi.org/10.1016/j.freeradbiomed.2006.12.005.

Johnson, W., Harris, S.E., Starr, J.M., et al., 2008. PPARG Prol2Ala genotype and risk of
cognitive decline in elders? Maybe with diabetes. Neurosci. Lett. 434, 50-55.

Jung, K.J., Lee, EK., Kim, J.Y., et al., 2009. Effect of short term calorie restriction on pro-
inflammatory NF-kB and AP-1 in aged rat kidney. Inflamm. Res. 58, 143-150.
https://doi.org/10.1007/s00011-008-7227-2.

Jungbauer, A., Medjakovic, S., 2014. Phytoestrogens and the metabolic syndrome.

J. Steroid Biochem. Mol. Biol. 139, 277-289. https://doi.org/10.1016/j.
jsbmb.2012.12.009.

Kaeberlein, M., McVey, M., Guarente, L., 1999. The SIR2/3/4 complex and SIR2 alone
promote longevity in Saccharomyces cerevisiae by two different mechanisms. Genes
Dev. 13, 2570-2580.

Kaeberlein, M., Powers, R., Steffen, K., 2005. Regulation of yeast replicative lifespan by
TOR and Sch9 in response to nutrients. Science 80-, 1193-1196.

Kahn, S.E., Zinman, B., Lachin, J.M., et al., 2008. Rosiglitazone-associated fractures in
type 2 diabetes: an analysis from A Diabetes Outcome Progression Trial (ADOPT).
Diabetes Care 31, 845-851. https://doi.org/10.2337/dc07-2270.

Kalaany, N.Y., Sabatini, D.M., 2009. Tumours with PI3K activation are resistant to
dietary restriction. Nature 458, 725-731. https://doi.org/10.1038/nature07782.

Kallen, C.B., Lazar, M.A., 1996. Antidiabetic thiazolidinediones inhibit leptin (ob) gene
expression in 3T3-L1 adipocytes. Proc. Natl. Acad. Sci. U S A 93, 5793-5796.

Kallmann, B., Burkart, V., Kroncke, K.D., et al., 1992. Toxicity of chemically generated
nitric oxide towards pancreatic islet cells can be prevented by nicotinamide. Life Sci.
51, 671-678. https://doi.org/10.1016,/0024-3205(92)90240-p.

Kalmijn, S., Launer, L.J., Ott, A,, et al., 1997. Dietary fat intake and the risk of incident
dementia in the Rotterdam Study. Ann. Neurol. 42, 776-782.

Kang, H.T., Lee, H.Il, Hwang, E.S., 2006. Nicotinamide extends replicative lifespan of
human cells. Aging Cell 5, 423-436. https://doi.org/10.1111/j.1474-
9726.2006.00234.x.

Kang, B., Kim, C.Y., Hwang, J., et al., 2019. Punicalagin, a pomegranate-derived
ellagitannin, suppresses obesity and obesity-induced inflammatory responses via the
Nrf2/Keap1 signaling pathway. Mol. Nutr. Food Res. 63, 1900574.

Kapahi, P., Zid, B.M., Harper, T., et al., 2004. Regulation of lifespan in Drosophila by
modulation of genes in the TOR signaling pathway. Curr. Biol. 14, 885-890.

Kashiwaya, Y., Takeshima, T., Mori, N., et al., 2000. d-f-Hydroxybutyrate protects
neurons in models of Alzheimer’s and Parkinson’s disease. Proc Natl Acad Sci 97,
5440-5444.

Kawanishi, N., Yano, H., Yokogawa, Y., Suzuki, K., 2010. Exercise training inhibits
inflammation in adipose tissue via both suppression of macrophage infiltration and
acceleration of phenotypic switching from M1 to M2 macrophages in high-fat-diet-
induced obese mice. Exerc. Immunol. Rev. 16, 105-118.

Kawano-Takahashi, Y., Ohminami, H., Okuda, H., et al., 1986. Effect of soya saponins on
gold thioglucose (GTG)-induced obesity in mice. Int. J. Obes. 10, 293-302.

Kenyon, C., Chang, J., Gensch, E., et al., 1993. A C. Elegans mutant that lives twice as
long as wild type. Nature 366, 461-464.

18

Ageing Research Reviews 67 (2021) 101268

Kickstein, E., Krauss, S., Thornhill, P., et al., 2010. Biguanide metformin acts on tau
phosphorylation via mTOR/protein phosphatase 2A (PP2A) signaling. Proc. Natl.
Acad. Sci. 107, 21830-21835.

Kiechl, S., Pechlaner, R., Willeit, P., et al., 2018. Higher spermidine intake is linked to
lower mortality: a prospective population-based study. Am. J. Clin. Nutr. 108,
371-380. https://doi.org/10.1093/ajcn/nqy102.

Kim, Y.J.,, Kim, H.J., No, J.K., et al., 2006. Anti-inflammatory action of dietary fish oil
and calorie restriction. Life Sci. 78, 2523-2532. https://doi.org/10.1016/j.
1£5.2005.10.034.

Kim, H.-J., Jeon, S.-M., Lee, M.-K., et al., 2009. Antilipogenic effect of green tea extract in
C57BL/6J-Lep ob/ob mice. Phytother. Res. 23, 467-471. https://doi.org/10.1002/
ptr.2647.

Kim, H., Hiraishi, A., Tsuchiya, K., Sakamoto, K., 2010. (-) Epigallocatechin gallate
suppresses the differentiation of 3T3-L1 preadipocytes through transcription factors
FoxO1 and SREBP1c. Cytotechnology 62, 245-255. https://doi.org/10.1007/
510616-010-9285-x.

Kim, D.-G., Krenz, A., Toussaint, L.E., et al., 2016. Non-alcoholic fatty liver disease
induces signs of Alzheimer’s disease (AD) in wild-type mice and accelerates
pathological signs of AD in an AD model. J. Neuroinflammation 13, 1-18.

Kim, C.Y., Kang, B., Suh, H.J., Choi, H.-S., 2018. Red ginseng-derived saponin fraction
suppresses the obesity-induced inflammatory responses via Nrf2-HO-1 pathway in
adipocyte-macrophage co-culture system. Biomed. Pharmacother. 108, 1507-1516.

Kim, C.Y., Kang, B., Suh, H.J., Choi, H.-S., 2019a. Parthenolide, a feverfew-derived
phytochemical, ameliorates obesity and obesity-induced inflammatory responses via
the Nrf2/Keapl pathway. Pharmacol. Res. 145, 104259.

Kim, D.H., Park, M.H., Ha, S., et al., 2019b. Anti-inflammatory action of
p-hydroxybutyrate via modulation of PGC-1a and FoxO1, mimicking calorie
restriction. Aging (Albany NY) 11 (1283).

Kitahara, C.M., Flint, A.J., Berrington de Gonzalez, A., et al., 2014. Association between
class III obesity (BMI of 40-59 kg/m2) and mortality: a pooled analysis of 20
prospective studies. PLoS Med. 11, €1001673 https://doi.org/10.1371/journal.
pmed.1001673.

Kivipelto, M., Solomon, A., 2006. Cholesterol as a risk factor for Alzheimer’s disease -
epidemiological evidence. Acta Neurol. Scand., Suppl. 185, 50-57. https://doi.org/
10.1111/j.1600-0404.2006.00685.x.

Klaidman, L., Morales, M., Kem, S., et al., 2003. Nicotinamide offers multiple protective
mechanisms in stroke as a precursor for NAD+, as a PARP inhibitor and by partial
restoration of mitochondrial function. Pharmacology 69, 150-157. https://doi.org/
10.1159/000072668.

Klaus, S., Pultz, S., Thone-Reineke, C., Wolfram, S., 2005. Epigallocatechin gallate
attenuates diet-induced obesity in mice by decreasing energy absorption and
increasing fat oxidation. Int. J. Obes. (Lond) 29, 615-623. https://doi.org/10.1038/
5j.ij0.0802926.

Kolb, R., Phan, L., Borcherding, N., et al., 2016. Obesity-associated NLRC4
inflammasome activation drives breast cancer progression. Nat. Commun. 7, 1-12.

Kolb, R., Kluz, P., Tan, Z.W., et al., 2019. Obesity-associated inflammation promotes
angiogenesis and breast cancer via angiopoietin-like 4. Oncogene 38, 2351-2363.

Ku, H.-C., Chang, H.-H., Liu, H.-C., et al., 2009. Green tea (-)-epigallocatechin gallate
inhibits insulin stimulation of 3T3-L1 preadipocyte mitogenesis via the 67-kDa
laminin receptor pathway. Am. J. Physiol. Cell Physiol. 297, C121-32. https://doi.
org/10.1152/ajpcell.00272.2008.

Ku, H.-C,, Liu, H.-S., Hung, P.-F., et al., 2012. Green tea (-)-epigallocatechin gallate
inhibits IGF-I and IGF-II stimulation of 3T3-L1 preadipocyte mitogenesis via the 67-
kDa laminin receptor, but not AMP-activated protein kinase pathway. Mol. Nutr.
Food Res. 56, 580-592. https://doi.org/10.1002/mnfr.201100438.

Kuilman, T., Michaloglou, C., Vredeveld, L.C.W., et al., 2008. Oncogene-induced
senescence relayed by an interleukin-dependent inflammatory network. Cell 133,
1019-1031. https://doi.org/10.1016/j.cell.2008.03.039.

Kurz, D.J., Decary, S., Hong, Y., Erusalimsky, J.D., 2000. Senescence-associated (beta)-
galactosidase reflects an increase in lysosomal mass during replicative ageing of
human endothelial cells. J. Cell. Sci. 113 (Pt 2), 3613-3622.

Kurz, D.J., Decary, S., Hong, Y., et al., 2004. Chronic oxidative stress compromises
telomere integrity and accelerates the onset of senescence in human endothelial
cells. J. Cell. Sci. 117, 2417-2426. https://doi.org/10.1242/jcs.01097.

LaBrecque, D.R., Abbas, Z., Anania, F., et al., 2014. World Gastroenterology Organisation
global guidelines: nonalcoholic fatty liver disease and nonalcoholic steatohepatitis.
J. Clin. Gastroenterol. 48, 467-473.

Lacombe, P., Mathews, P.M., Schmidt, S.D., et al., 2004. Effect of anti-inflammatory
agents on transforming growth factor beta over-expressing mouse brains: a model
revised. J. Neuroinflammation 1, 11. https://doi.org/10.1186/1742-2094-1-11.

Lafontan, M., Viguerie, N., 2006. Role of adipokines in the control of energy metabolism:
focus on adiponectin. Curr. Opin. Pharmacol. 6, 580-585. https://doi.org/10.1016/
j.coph.2006.08.002.

Laimer, M., Ebenbichler, C.F., Kaser, S., et al., 2002. Markers of chronic inflammation
and obesity: a prospective study on the reversibility of this association in middle-
aged women undergoing weight loss by surgical intervention. Int. J. Obes. Relat.
Metab. Disord. 26, 659-662. https://doi.org/10.1038/s].ij0.0801970.

Lamming, D.W., Ye, L., Katajisto, P., et al., 2012. Rapamycin-induced insulin resistance is
mediated by mTORC2 loss and uncoupled from longevity. Science 335 (80-),
1638-1643.

Landreth, G.E., Heneka, M.T., 2001. Anti-inflammatory actions of peroxisome
proliferator-activated receptor gamma agonists in Alzheimer’s disease. Neurobiol.
Aging 22, 937-944. https://doi.org/10.1016/50197-4580(01)00296-2.

Lane, M.A,, Ingram, D.K., Roth, G.S., 1998. 2-deoxy-D-Glucose feeding in rats mimics
physiologic effects of calorie restriction. J. Anti. Med. 1, 327-337. https://doi.org/
10.1089/1ej.1.1998.1.327.


http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1215
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1215
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1220
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1220
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1220
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1225
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1225
https://doi.org/10.1111/acel.13071
https://doi.org/10.1111/acel.13071
https://doi.org/10.1038/nature08991
https://doi.org/10.1146/annurev-med-050913-022228
https://doi.org/10.1146/annurev-med-050913-022228
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1245
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1245
https://doi.org/10.1093/jn/125.6.1455
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1255
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1255
https://doi.org/10.1172/JCI120842
https://doi.org/10.2203/dose-response.09-048.Ji
https://doi.org/10.1158/0008-5472.CAN-07-6721
https://doi.org/10.2165/00023210-200822010-00001
https://doi.org/10.2165/00023210-200822010-00001
https://doi.org/10.1016/j.freeradbiomed.2006.12.005
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1285
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1285
https://doi.org/10.1007/s00011-008-7227-2
https://doi.org/10.1016/j.jsbmb.2012.12.009
https://doi.org/10.1016/j.jsbmb.2012.12.009
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1300
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1300
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1300
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1305
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1305
https://doi.org/10.2337/dc07-2270
https://doi.org/10.1038/nature07782
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1320
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1320
https://doi.org/10.1016/0024-3205(92)90240-p
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1330
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1330
https://doi.org/10.1111/j.1474-9726.2006.00234.x
https://doi.org/10.1111/j.1474-9726.2006.00234.x
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1350
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1350
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1350
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1360
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1360
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1365
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1365
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1370
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1370
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1370
https://doi.org/10.1093/ajcn/nqy102
https://doi.org/10.1016/j.lfs.2005.10.034
https://doi.org/10.1016/j.lfs.2005.10.034
https://doi.org/10.1002/ptr.2647
https://doi.org/10.1002/ptr.2647
https://doi.org/10.1007/s10616-010-9285-x
https://doi.org/10.1007/s10616-010-9285-x
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1395
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1395
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1395
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1400
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1400
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1400
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1405
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1405
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1405
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1410
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1410
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1410
https://doi.org/10.1371/journal.pmed.1001673
https://doi.org/10.1371/journal.pmed.1001673
https://doi.org/10.1111/j.1600-0404.2006.00685.x
https://doi.org/10.1111/j.1600-0404.2006.00685.x
https://doi.org/10.1159/000072668
https://doi.org/10.1159/000072668
https://doi.org/10.1038/sj.ijo.0802926
https://doi.org/10.1038/sj.ijo.0802926
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1435
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1435
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1440
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1440
https://doi.org/10.1152/ajpcell.00272.2008
https://doi.org/10.1152/ajpcell.00272.2008
https://doi.org/10.1002/mnfr.201100438
https://doi.org/10.1016/j.cell.2008.03.039
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1460
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1460
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1460
https://doi.org/10.1242/jcs.01097
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1470
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1470
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1470
https://doi.org/10.1186/1742-2094-1-11
https://doi.org/10.1016/j.coph.2006.08.002
https://doi.org/10.1016/j.coph.2006.08.002
https://doi.org/10.1038/sj.ijo.0801970
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1490
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1490
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1490
https://doi.org/10.1016/s0197-4580(01)00296-2
https://doi.org/10.1089/rej.1.1998.1.327
https://doi.org/10.1089/rej.1.1998.1.327

A.L. Santos and S. Sinha

Laplante, M., Sabatini, D.M., 2009. An emerging role of mTOR in lipid biosynthesis. Curr.
Biol. 19, R1046-R1052.

Lashinger, L.M., Malone, L.M., Brown, G.W., et al., 2011. Rapamycin partially mimics the
anticancer effects of calorie restriction in a murine model of pancreatic cancer.
Cancer Prev. Res. Phila. (Phila) 4, 1041-1051. https://doi.org/10.1158/1940-6207.
CAPR-11-0023.

Laube, H., 2002. Acarbose. Clin. Drug Investig. 22, 141-156.

LeBrasseur, N.K., Kelly, M., Tsao, T.-S., et al., 2006. Thiazolidinediones can rapidly
activate AMP-activated protein kinase in mammalian tissues. Am. J. Physiol.
Endocrinol. Metab. 291, E175-81. https://doi.org/10.1152/ajpendo.00453.2005.

LeBrasseur, N.K., Tchkonia, T., Kirkland, J.L., 2015. Cellular senescence and the biology
of aging, disease, and frailty. Nestle Nutr. Inst. Workshop Ser. 83, 11-18. https://doi.
0rg/10.1159/000382054.

Lee, M.-S., Kim, Y., 2009. (-)-Epigallocatechin-3-gallate enhances uncoupling protein 2
gene expression in 3T3-L1 adipocytes. Biosci. Biotechnol. Biochem. 73, 434-436.
https://doi.org/10.1271/bbb.80563.

Lee, A.C., Fenster, B.E., Ito, H., et al., 1999. Ras proteins induce senescence by altering
the intracellular levels of reactive oxygen species. J. Biol. Chem. 274, 7936-7940.
https://doi.org/10.1074/jbc.274.12.7936.

Lee, J., Chan, S.L., Lu, C,, et al., 2002. Phenformin suppresses calcium responses to
glutamate and protects hippocampal neurons against excitotoxicity. Exp. Neurol.
175, 161-167.

Lee, M.-S., Kim, C.-T., Kim, C.-T., Kim, Y., 2009a. Inhibitory effects of green tea catechin
on the lipid accumulation in 3T3-L1 adipocytes. Phytother. Res. 23, 1088-1091.
https://doi.org/10.1002/ptr.2737.

Lee, Y.-B., Lee, K.-H., Sohn, H.-S., et al., 2009b. Effects of soy phytoestrogens on
reference memory and neuronal cholinergic enzymes in ovariectomized rats. J. Med.
Food 12, 64-70. https://doi.org/10.1089/jmf.2007.0633.

Lee, M., Martin, H., Firpo, M.A., Demerath, E.W., 2011. Inverse association between
adiposity and telomere length: the Fels Longitudinal Study. Am. J. Hum. Biol. 23,
100-106. https://doi.org/10.1002/ajhb.21109.

Lefevre-Arbogast, S., Gaudout, D., Bensalem, J., et al., 2018. Pattern of polyphenol intake
and the long-term risk of dementia in older persons. Neurology 90, €1979-e1988.
https://doi.org/10.1212/WNL.0000000000005607.

LeRoith, D., 2010. Can endogenous hyperinsulinaemia explain the increased risk of
cancer development and mortality in type 2 diabetes: evidence from mouse models.
Diabetes Metab. Res. Rev. 26, 599-601. https://doi.org/10.1002/dmrr.1139.

Lewis, C.A., Griffiths, B., Santos, C.R., et al., 2011. Regulation of the SREBP Transcription
Factors by mTORCL1.

Li, H., Xu, J., Liu, Y., et al., 2011. Antioxidant and moisture-retention activities of the
polysaccharide from Nostoc commune. Carbohydr. Polym. 83, 1821-1827. https://
doi.org/10.1016/j.carbpol.2010.10.046.

Liang, F., Kume, S., Koya, D., 2009. SIRT1 and insulin resistance. Nat. Rev. Endocrinol. 5
(367).

Lien, F., Berthier, A., Bouchaert, E., et al., 2014. Metformin interferes with bile acid
homeostasis through AMPK-FXR crosstalk. J. Clin. Invest. 124, 1037-1051.

Lin, J., Della-Fera, M.A., Baile, C.A., 2005. Green tea polyphenol epigallocatechin gallate
inhibits adipogenesis and induces apoptosis in 3T3-L1 adipocytes. Obes. Res. 13,
982-990. https://doi.org/10.1038/0by.2005.115.

Liu, H.-S., Chen, Y.-H., Hung, P.-F., Kao, Y.-H., 2006. Inhibitory effect of green tea
(-)-epigallocatechin gallate on resistin gene expression in 3T3-L1 adipocytes depends
on the ERK pathway. Am. J. Physiol. Endocrinol. Metab. 290, E273-81. https://doi.
org/10.1152/ajpendo.00325.2005.

Liu, L.-X., Chen, W.-F., Xie, J.-X., Wong, M.-S., 2008. Neuroprotective effects of genistein
on dopaminergic neurons in the mice model of Parkinson’s disease. Neurosci. Res.
60, 156-161. https://doi.org/10.1016/j.neures.2007.10.005.

Liu, P., Cheng, H., Roberts, T.M., Zhao, J.J., 2009. Targeting the phosphoinositide 3-
kinase pathway in cancer. Nat. Rev. Drug Discov. 8, 627-644. https://doi.org/
10.1038/nrd2926.

Liu, B., Fan, Z., Edgerton, S.M., et al., 2011. Potent anti-proliferative effects of metformin
on trastuzumab-resistant breast cancer cells via inhibition of erbB2/IGF-1 receptor
interactions. Cell Cycle 10, 2959-2966.

Liu, G.-S., Zhang, Z.-S., Yang, B., He, W., 2012. Resveratrol attenuates oxidative damage
and ameliorates cognitive impairment in the brain of senescence-accelerated mice.
Life Sci. 91, 872-877.

Lobo, V., Patil, A., Phatak, A., Chandra, N., 2010. Free radicals, antioxidants and
functional foods: impact on human health. Pharmacogn. Rev. 4, 118-126. https://
doi.org/10.4103/0973-7847.70902.

Longo, V.D., Kennedy, B.K., 2006. Sirtuins in aging and age-related disease. Cell 126,
257-268. https://doi.org/10.1016/j.cell.2006.07.002.

Lopez-Domenech, S., Abad-Jiménez, Z., lannantuoni, F., et al., 2019. Moderate weight
loss attenuates chronic endoplasmic reticulum stress and mitochondrial dysfunction
in human obesity. Mol. Metab. 19, 24-33.

Lépez-otin, C., M a, Blasco, Partridge, L., et al., 2013. The hallmarks of aging. Cell 153,
1194-1217. https://doi.org/10.1016/j.cell.2013.05.039.

Ly, C., Zhu, W., Shen, C.-L., Gao, W., 2012. Green tea polyphenols reduce body weight in
rats by modulating obesity-related genes. PLoS One 7, €38332. https://doi.org/
10.1371/journal.pone.0038332.

Lu, J., Shi, J,, Li, M., et al., 2015. Activation of AMPK by metformin inhibits TGF-
p-induced collagen production in mouse renal fibroblasts. Life Sci. 127, 59-65.
Ludwig, D.S., 2020. The ketogenic diet: evidence for optimism but high-quality research

needed. J. Nutr. 150, 1354-1359.

Luo, D., Guo, Y., Cheng, Y., et al., 2017. Natural product celastrol suppressed
macrophage M1 polarization against inflammation in diet-induced obese mice via
regulating Nrf2/HO-1, MAP kinase and NF-kB pathways. Aging (Albany NY) 9, 2069.

19

Ageing Research Reviews 67 (2021) 101268

Ma, T.C., Buescher, J.L., Oatis, B., et al., 2007. Metformin therapy in a transgenic mouse
model of Huntington’s disease. Neurosci. Lett. 411, 98-103.

MacLusky, N.J., Thomas, G., Leranth, C., 2017. Low dietary soy isoflavonoids increase
hippocampal spine synapse density in ovariectomized rats. Brain Res. 1657,
361-367. https://doi.org/10.1016/j.brainres.2017.01.002.

Madeo, F., Pietrocola, F., Eisenberg, T., Kroemer, G., 2014. Caloric restriction mimetics:
towards a molecular definition. Nat. Rev. Drug Discov. 13, 727-740.

Maeda, K., Okubo, K., Shimomura, I, et al., 1997. Analysis of an expression profile of
genes in the human adipose tissue. Gene 190, 227-235. https://doi.org/10.1016/
50378-1119(96)00730-5.

Maeda, N., Shimomura, 1., Kishida, K., et al., 2002. Diet-induced insulin resistance in
mice lacking adiponectin/ACRP30. Nat. Med. 8, 731-737. https://doi.org/10.1038/
nm?724.

Malloy, V.L., Krajcik, R.A., Bailey, S.J., et al., 2006. Methionine restriction decreases
visceral fat mass and preserves insulin action in aging male Fischer 344 rats
independent of energy restriction. Aging Cell 5, 305-314.

Malloy, V.L., Perrone, C.E., Mattocks, D.A.L., et al., 2013. Methionine restriction
prevents the progression of hepatic steatosis in leptin-deficient obese mice.
Metabolism 62, 1651-1661.

Mancini, F.P., Lanni, A., Sabatino, L., et al., 2001. Fenofibrate prevents and reduces body
weight gain and adiposity in diet-induced obese rats. FEBS Lett. 491, 154-158.
Manna, P., Jain, S.K., 2015. Obesity, oxidative stress, adipose tissue dysfunction, and the
associated health risks: causes and therapeutic strategies. Metab. Syndr. Relat.

Disord. 13, 423-444. https://doi.org/10.1089/met.2015.0095.

Marseglia, L., Manti, S., D’Angelo, G., et al., 2014. Oxidative stress in obesity: a critical
component in human diseases. Int. J. Mol. Sci. 16, 378-400. https://doi.org/
10.3390/ijms16010378.

Marshall, B.L., Liu, Y., Farrington, M.J., et al., 2019. Early genistein exposure of
California mice and effects on the gut microbiota-brain axis. J. Endocrinol. 242,
139-157. https://doi.org/10.1530/JOE-19-0214.

Martinez, J.A., 2006. Mitochondrial oxidative stress and inflammation: an slalom to
obesity and insulin resistance. J. Physiol. Biochem. 62, 303-306. https://doi.org/
10.1007/bf03165759.

Martinez de Morentin, P.B., Urisarri, A., Couce, M.L., Lopez, M., 2016. Molecular
mechanisms of appetite and obesity: a role for brain AMPK. Clin. Sci. 130,
1697-1709. https://doi.org/10.1042/CS20160048.

Martin-Montalvo, A., Mercken, E.M., Mitchell, S.J., et al., 2013. Metformin improves
healthspan and lifespan in mice. Nat. Commun. 4, 2192. https://doi.org/10.1038/
ncomms3192.

Maruyama, J., Naguro, L., Takeda, K., Ichijo, H., 2009. Stress-activated MAP kinase
cascades in cellular senescence. Curr. Med. Chem. 16, 1229-1235. https://doi.org/
10.2174/092986709787846613.

Mathur, N., Pedersen, B.K., 2008. Exercise as a mean to control low-grade systemic
inflammation. Mediators Inflamm. 2008, 109502 https://doi.org/10.1155/2008/
109502.

Matsuba, R., Matsuba, 1., Shimokawa, M., et al., 2018. Tofogliflozin decreases body fat
mass and improves peripheral insulin resistance. Diabetes Obes. Metab. 20,
1311-1315.

Mattson, M.P., Longo, V.D., Harvie, M., 2017. Impact of intermittent fasting on health
and disease processes. Ageing Res. Rev. 39, 46-58. https://doi.org/10.1016/j.
arr.2016.10.005.

Maziere, C., Morliere, P., Louandre, C., et al., 2005. Low UVA doses activate the
transcription factor NFAT in human fibroblasts by a calcium-calcineurin pathway.
Free Radic. Biol. Med. 39, 1629-1637. https://doi.org/10.1016/].
freeradbiomed.2005.08.003.

McKinsey, E.L., Parrish, J.K., Irwin, A.E., et al., 2011. A novel oncogenic mechanism in
Ewing sarcoma involving IGF pathway targeting by EWS/Flil-regulated microRNAs.
Oncogene 30, 4910-4920. https://doi.org/10.1038/0nc.2011.197.

Medina-Remon, A., Casas, R., Tressserra-Rimbau, A., et al., 2017. Polyphenol intake from
a Mediterranean diet decreases inflammatory biomarkers related to atherosclerosis:
a substudy of the PREDIMED trial. Br. J. Clin. Pharmacol. 83, 114-128. https://doi.
org/10.1111/bcp.12986.

Menezes Oliveira, J.L., Marques-Santos, C., Barreto-Filho, J.A., et al., 2006. Lack of
evidence of premature atherosclerosis in untreated severe isolated growth hormone
(GH) deficiency due to a GH-releasing hormone receptor mutation. J. Clin.
Endocrinol. Metab. 91, 2093-2099. https://doi.org/10.1210/jc.2005-2571.

Messina, M., 2008. Conclusion that isoflavones exert estrogenic effects on breast tissue
and may raise breast cancer risk unfounded. Mol. Nutr. Food Res. 52, 299-300.

Miller, R.A., Buehner, G., Chang, Y., et al., 2005. Methionine-deficient diet extends
mouse lifespan, slows immune and lens aging, alters glucose, T4, IGF-I and insulin
levels, and increases hepatocyte MIF levels and stress resistance. Aging Cell 4,
119-125.

Miller, R.A., Harrison, D.E., Allison, D.B., et al., 2020. Canagliflozin extends lifespan in
genetically heterogeneous male but not female mice. bioRxiv 2020. https://doi.org/
10.1101/2020.05.23.112763, 05.23.112763.

Milne, J.C., Lambert, P.D., Schenk, S., et al., 2007. Small molecule activators of SIRT1 as
therapeutics for the treatment of type 2 diabetes. Nature 450, 712-716. https://doi.
org/10.1038/nature06261.

Minamino, T., Orimo, M., Shimizu, L., et al., 2009. A crucial role for adipose tissue p53 in
the regulation of insulin resistance. Nat. Med. 15, 1082-1087. https://doi.org/
10.1038/nm.2014.

Minois, N., Carmona-Gutierrez, D., Madeo, F., 2011. Polyamines in aging and disease.
Aging (Albany NY) 3, 716-732. https://doi.org/10.18632/aging.100361.

Minor, R.K., Smith, D.L.J., Sossong, A.M., et al., 2010. Chronic ingestion of 2-deoxy-D-
glucose induces cardiac vacuolization and increases mortality in rats. Toxicol. Appl.
Pharmacol. 243, 332-339. https://doi.org/10.1016/j.taap.2009.11.025.


http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1505
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1505
https://doi.org/10.1158/1940-6207.CAPR-11-0023
https://doi.org/10.1158/1940-6207.CAPR-11-0023
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1515
https://doi.org/10.1152/ajpendo.00453.2005
https://doi.org/10.1159/000382054
https://doi.org/10.1159/000382054
https://doi.org/10.1271/bbb.80563
https://doi.org/10.1074/jbc.274.12.7936
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1540
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1540
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1540
https://doi.org/10.1002/ptr.2737
https://doi.org/10.1089/jmf.2007.0633
https://doi.org/10.1002/ajhb.21109
https://doi.org/10.1212/WNL.0000000000005607
https://doi.org/10.1002/dmrr.1139
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1570
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1570
https://doi.org/10.1016/j.carbpol.2010.10.046
https://doi.org/10.1016/j.carbpol.2010.10.046
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1580
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1580
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1585
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1585
https://doi.org/10.1038/oby.2005.115
https://doi.org/10.1152/ajpendo.00325.2005
https://doi.org/10.1152/ajpendo.00325.2005
https://doi.org/10.1016/j.neures.2007.10.005
https://doi.org/10.1038/nrd2926
https://doi.org/10.1038/nrd2926
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1610
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1610
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1610
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1615
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1615
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1615
https://doi.org/10.4103/0973-7847.70902
https://doi.org/10.4103/0973-7847.70902
https://doi.org/10.1016/j.cell.2006.07.002
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1630
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1630
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1630
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1371/journal.pone.0038332
https://doi.org/10.1371/journal.pone.0038332
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1645
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1645
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1650
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1650
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1655
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1655
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1655
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1660
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1660
https://doi.org/10.1016/j.brainres.2017.01.002
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1670
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1670
https://doi.org/10.1016/s0378-1119(96)00730-5
https://doi.org/10.1016/s0378-1119(96)00730-5
https://doi.org/10.1038/nm724
https://doi.org/10.1038/nm724
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1685
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1685
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1685
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1690
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1690
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1690
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1695
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1695
https://doi.org/10.1089/met.2015.0095
https://doi.org/10.3390/ijms16010378
https://doi.org/10.3390/ijms16010378
https://doi.org/10.1530/JOE-19-0214
https://doi.org/10.1007/bf03165759
https://doi.org/10.1007/bf03165759
https://doi.org/10.1042/CS20160048
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1038/ncomms3192
https://doi.org/10.2174/092986709787846613
https://doi.org/10.2174/092986709787846613
https://doi.org/10.1155/2008/109502
https://doi.org/10.1155/2008/109502
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1740
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1740
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1740
https://doi.org/10.1016/j.arr.2016.10.005
https://doi.org/10.1016/j.arr.2016.10.005
https://doi.org/10.1016/j.freeradbiomed.2005.08.003
https://doi.org/10.1016/j.freeradbiomed.2005.08.003
https://doi.org/10.1038/onc.2011.197
https://doi.org/10.1111/bcp.12986
https://doi.org/10.1111/bcp.12986
https://doi.org/10.1210/jc.2005-2571
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1770
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1770
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1775
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1775
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1775
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1775
https://doi.org/10.1101/2020.05.23.112763
https://doi.org/10.1101/2020.05.23.112763
https://doi.org/10.1038/nature06261
https://doi.org/10.1038/nature06261
https://doi.org/10.1038/nm.2014
https://doi.org/10.1038/nm.2014
https://doi.org/10.18632/aging.100361
https://doi.org/10.1016/j.taap.2009.11.025

A.L. Santos and S. Sinha

Minor, R.K., Baur, J.A., Gomes, A.P., et al., 2011. SRT1720 improves survival and
healthspan of obese mice. Sci. Rep. 1, 70. https://doi.org/10.1038/srep00070.
Miquel, J., Economos, A.C., Fleming, J., Johnson, J.E.J., 1980. Mitochondrial role in cell

aging. Exp. Gerontol. 15, 575-591.

Mitchell, S.J., Martin-Montalvo, A., Mercken, E.M., et al., 2014. The SIRT1 activator
SRT1720 extends lifespan and improves health of mice fed a standard diet. Cell Rep.
6, 836-843. https://doi.org/10.1016/j.celrep.2014.01.031.

Mitchell, S.J., Bernier, M., Aon, M.A,, et al., 2018. Nicotinamide improves aspects of
Healthspan, but not lifespan, in mice. Cell Metab. 27, 667-676.e4. https://doi.org/
10.1016/j.cmet.2018.02.001.

Moiseeva, O., Deschénes-Simard, X., St-Germain, E., et al., 2013. Metformin inhibits the
senescence-associated secretory phenotype by interfering with IKK/NF-x B
activation. Aging Cell 12, 489-498.

Mokudai, T., Ayoub, I.A., Sakakibara, Y., et al., 2000. Delayed treatment with
nicotinamide (Vitamin B(3)) improves neurological outcome and reduces infarct
volume after transient focal cerebral ischemia in Wistar rats. Stroke 31, 1679-1685.
https://doi.org/10.1161/01.str.31.7.1679.

Moll, L., Schubert, M., 2012. The role of insulin and insulin-like growth factor-1/FoxO-
mediated transcription for the pathogenesis of obesity-associated dementia. Curr.
Gerontol. Geriatr. Res. 2012.

Monteiro, R., Azevedo, 1., 2010. Chronic inflammation in obesity and the metabolic
syndrome. Mediators Inflamm. 2010 https://doi.org/10.1155/2010/289645.

Monteiro, R., Assuncao, M., Andrade, J.P., et al., 2008. Chronic green tea consumption
decreases body mass, induces aromatase expression, and changes proliferation and
apoptosis in adult male rat adipose tissue. J. Nutr. 138, 2156-2163.

Moon, H.-S., Chung, C.-S., Lee, H.-G., et al., 2007. Inhibitory effect of
(-)-epigallocatechin-3-gallate on lipid accumulation of 3T3-L1 cells. Obesity Silver
Spring (Silver Spring) 15, 2571-2582. https://doi.org/10.1038/0by.2007.309.

Moore, T., Beltran, L., Carbajal, S., et al., 2008a. Dietary energy balance modulates
signaling through the Akt/mammalian target of rapamycin pathways in multiple
epithelial tissues. Cancer Prev. Res. Phila. (Phila) 1, 65-76. https://doi.org/
10.1158/1940-6207.CAPR-08-0022.

Moore, T., Carbajal, S., Beltran, L., et al., 2008b. Reduced susceptibility to two-stage skin
carcinogenesis in mice with low circulating insulin-like growth factor I levels. Cancer
Res. 68, 3680-3688. https://doi.org/10.1158/0008-5472.CAN-07-6271.

Moreno, B., Bellido, D., Sajoux, L., et al., 2014. Comparison of a very low-calorie-
ketogenic diet with a standard low-calorie diet in the treatment of obesity. Endocrine
47, 793-805.

Mori, T.A., Beilin, L.J., 2004. Omega-3 fatty acids and inflammation. Curr. Atheroscler.
Rep. 6, 461-467.

Morris, M.C., Evans, D.A,, Bienias, J.L., et al., 2003. Consumption of fish and n-3 fatty
acids and risk of incident alzheimer disease. Arch. Neurol. 60, 940. https://doi.org/
10.1001/archneur.60.7.940.

Murakami, S., Motohashi, H., 2015. Roles of Nrf2 in cell proliferation and differentiation.
Free Radic. Biol. Med. 88, 168-178.

Murphy, C.T., McCarroll, S.A., Bargmann, C.I., et al., 2003. Genes that act downstream of
DAF-16 to influence the lifespan of Caenorhabditis elegans. Nature 424, 277-283.

Nair, V., Sreevalsan, S., Basha, R., et al., 2014. Mechanism of metformin-dependent
inhibition of mammalian target of rapamycin (mTOR) and ras activity in pancreatic
Cancer role OF SPECIFICITY PROTEIN (Sp) TRANSCRIPTION FACTORS. J. Biol.
Chem. 289, 27692-27701.

Naznin, F., Sakoda, H., Okada, T., et al., 2017. Canagliflozin, a sodium glucose
cotransporter 2 inhibitor, attenuates obesity-induced inflammation in the nodose
ganglion, hypothalamus, and skeletal muscle of mice. Eur. J. Pharmacol. 794, 37-44.

Nesto, R.W., Bell, D., Bonow, R.O., et al., 2003. Thiazolidinedione use, fluid retention,
and congestive heart failure: a consensus statement from the American Heart
Association and American Diabetes Association, 2003 Circulation 108 (October 7),
2941-2948. https://doi.org/10.1161/01.CIR.0000103683.99399.7E.

Newman, J.C., Verdin, E., 2014. Ketone bodies as signaling metabolites. Trends
Endocrinol. Metab. 25, 42-52.,

Newman, J.C., Covarrubias, A.J., Zhao, M., et al., 2017. Ketogenic diet reduces midlife
mortality and improves memory in aging mice. Cell Metab. 26, 547-557.

Ng, T.P., Feng, L., Yap, K.B., et al., 2014. Long-term metformin usage and cognitive
function among older adults with diabetes. J. Alzheimers Dis. 41, 61-68.

Nicolakakis, N., Aboulkassim, T., Ongali, B., et al., 2008. Complete rescue of
cerebrovascular function in aged Alzheimer’s disease transgenic mice by
antioxidants and pioglitazone, a peroxisome proliferator-activated receptor gamma
agonist. J. Neurosci. 28, 9287-9296. https://doi.org/10.1523/JNEUROSCI.3348-
08.2008.

Nielsen, G.P., Stemmer-Rachamimov, A.O., Shaw, J., et al., 1999. Immunohistochemical
survey of p16INK4A expression in normal human adult and infant tissues. Lab.
Invest. 79, 1137-1143.

Nikolich-Zugich, J., Messaoudi, I., 2005. Mice and flies and monkeys too: caloric
restriction rejuvenates the aging immune system of non-human primates. Exp.
Gerontol. 40, 884-893. https://doi.org/10.1016/j.exger.2005.06.007.

Njajou, O.T., Cawthon, R.M., Blackburn, E.H., et al., 2012. Shorter telomeres are
associated with obesity and weight gain in the elderly. Int. J. Obes. (Lond) 36,
1176-1179. https://doi.org/10.1038/ij0.2011.196.

Nordfjall, K., Eliasson, M., Stegmayr, B., et al., 2008. Telomere length is associated with
obesity parameters but with a gender difference. Obesity Silver Spring (Silver
Spring) 16, 2682-2689. https://doi.org/10.1038/0by.2008.413.

Notarnicola, M., Pisanti, S., Tutino, V., et al., 2011. Effects of olive oil polyphenols on
fatty acid synthase gene expression and activity in human colorectal cancer cells.
Genes Nutr. 6, 63-69. https://doi.org/10.1007/s12263-010-0177-7.

Novosyadlyy, R., Lann, D.E., Vijayakumar, A., et al., 2010. Insulin-mediated acceleration
of breast cancer development and progression in a nonobese model of type 2

Ageing Research Reviews 67 (2021) 101268

diabetes. Cancer Res. 70, 741-751. https://doi.org/10.1158/0008-5472.CAN-09-
2141.

Okuno, A., Tamemoto, H., Tobe, K., et al., 1998. Troglitazone increases the number of
small adipocytes without the change of white adipose tissue mass in obese Zucker
rats. J. Clin. Invest. 101, 1354-1361. https://doi.org/10.1172/JCI1235.

Olivo-Marston, S.E., Hursting, S.D., Lavigne, J., et al., 2009. Genetic reduction of
circulating insulin-like growth factor-1 inhibits azoxymethane-induced colon
tumorigenesis in mice. Mol. Carcinog. 48, 1071-1076. https://doi.org/10.1002/
mc.20577.

Oomen, C.A., Farkas, E., Roman, V., et al., 2009. Resveratrol preserves cerebrovascular
density and cognitive function in aging mice. Front. Aging Neurosci. 1 (4).

Otani, H., 2011. Oxidative stress as pathogenesis of cardiovascular risk associated with
metabolic syndrome. Antioxid. Redox Signal. 15, 1911-1926. https://doi.org/
10.1089/ars.2010.3739.

Pak, J.W., Herbst, A., Bua, E., et al., 2003. Mitochondrial DNA mutations as a
fundamental mechanism in physiological declines associated with aging. Aging Cell
2, 1-7. https://doi.org/10.1046/j.1474-9728.2003.00034.x.

Palmer, A.K., Xu, M., Zhu, Y., et al., 2019. Targeting senescent cells alleviates obesity-
induced metabolic dysfunction. Aging Cell 18, €12950. https://doi.org/10.1111/
acel.12950.

Pan, M., Han, H., Zhong, C., Geng, Q., 2012. Effects of genistein and daidzein on
hippocampus neuronal cell proliferation and BDNF expression in H19-7 neural cell
line. J. Nutr. Health Aging 16, 389-394. https://doi.org/10.1007/512603-011-0140-
3.

Pandey, K.B., Rizvi, S.I., 2009. Plant polyphenols as dietary antioxidants in human health
and disease. Oxid. Med. Cell. Longev. 2, 270-278. https://doi.org/10.4161/
oxim.2.5.9498.

Papandreou, M.A., Dimakopoulou, A., Linardaki, Z.I., et al., 2009. Effect of a polyphenol-
rich wild blueberry extract on cognitive performance of mice, brain antioxidant
markers and acetylcholinesterase activity. Behav. Brain Res. 198, 352-358.

Park, K., Gross, M., Lee, D.-H., et al., 2009. Oxidative stress and insulin resistance: the
coronary artery risk development in young adults study. Diabetes Care 32,
1302-1307. https://doi.org/10.2337/dc09-0259.

Park, E.J., Lee, J.H,, Yu, G.-Y., et al., 2010. Dietary and genetic obesity promote liver
inflammation and tumorigenesis by enhancing IL-6 and TNF expression. Cell 140,
197-208.

Park, H.J., DiNatale, D.A., Chung, M.-Y., et al., 2011. Green tea extract attenuates
hepatic steatosis by decreasing adipose lipogenesis and enhancing hepatic
antioxidant defenses in ob/ob mice. J. Nutr. Biochem. 22, 393-400. https://doi.org/
10.1016/j.jnutbio.2010.03.009.

Park, H.J., Lee, J.-Y., Chung, M.-Y., et al., 2012. Green tea extract suppresses NFkappaB
activation and inflammatory responses in diet-induced obese rats with nonalcoholic
steatohepatitis. J. Nutr. 142, 57-63. https://doi.org/10.3945/jn.111.148544.

Park, S.-J., Ahmad, F., Um, J.-H., et al., 2017. Specific Sirtl activator-mediated
improvement in glucose homeostasis requires Sirt1-Independent activation of AMPK.
EBioMedicine 18, 128-138. https://doi.org/10.1016/j.ebiom.2017.03.019.

Park, J., Seo, Y.-G., Paek, Y.-J., et al., 2020. Effect of alternate-day fasting on obesity and
cardiometabolic risk: a systematic review and meta-analysis. Metab Exp 111.

Passos, J.F., Saretzki, G., von Zglinicki, T., 2007. DNA damage in telomeres and
mitochondria during cellular senescence: is there a connection? Nucleic Acids Res.
35, 7505-7513. https://doi.org/10.1093/nar/gkm893.

Patisaul, H.B., 2017. Endocrine disruption by dietary phyto-oestrogens: impact on
dimorphic sexual systems and behaviours. Proc. Nutr. Soc. 76, 130-144. https://doi.
org/10.1017/50029665116000677.

Patisaul, H.B., Jefferson, W., 2010. The pros and cons of phytoestrogens. Front.
Neuroendocrinol. 31, 400-419. https://doi.org/10.1016/].yfrne.2010.03.003.

Pedersen, B.K., Saltin, B., 2006. Evidence for prescribing exercise as therapy in chronic
disease. Scand. J. Med. Sci. Sports 16 (Suppl 1), 3-63. https://doi.org/10.1111/
j.1600-0838.2006.00520.x.

Pedersen, W.A., McMillan, P.J., Kulstad, J.J., et al., 2006. Rosiglitazone attenuates
learning and memory deficits in Tg2576 Alzheimer mice. Exp. Neurol. 199,
265-273. https://doi.org/10.1016/j.expneurol.2006.01.018.

Perez, L.M., Pareja-Galeano, H., Sanchis-Gomar, F., et al., 2016. “Adipaging™: ageing and
obesity share biological hallmarks related to a dysfunctional adipose tissue.

J. Physiol. (Paris) 594, 3187-3207. https://doi.org/10.1113/JP271691.

Perez-Canamas, A., Sarroca, S., Melero-Jerez, C., et al., 2016. A diet enriched with plant
sterols prevents the memory impairment induced by cholesterol loss in senescence-
accelerated mice. Neurobiol. Aging 48, 1-12. https://doi.org/10.1016/j.
neurobiolaging.2016.08.009.

Perla, F.M., Prelati, M., Lavorato, M., et al., 2017. The role of lipid and lipoprotein
metabolism in non-alcoholic fatty liver disease. Children 4 (46).

Pfluger, P.T., Herranz, D., Velasco-Miguel, S., et al., 2008. Sirtl protects against high-fat
diet-induced metabolic damage. Proc. Natl. Acad. Sci. 105, 9793-9798.

Pi, J., Leung, L., Xue, P, et al., 2010. Deficiency in the nuclear factor E2-related factor-2
transcription factor results in impaired adipogenesis and protects against diet-
induced obesity. J. Biol. Chem. 285, 9292-9300. https://doi.org/10.1074/jbc.
M109.093955.

Piegholdt, S., Rimbach, G., Wagner, A.E., 2016. The phytoestrogen prunetin affects body
composition and improves fitness and lifespan in male Drosophila melanogaster.
FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 30, 948-958. https://doi.org/10.1096/
£j.15-282061.

Pilone, V., Tramontano, S., Renzulli, M., et al., 2018. Metabolic effects, safety, and
acceptability of very low-calorie ketogenic dietetic scheme on candidates for
bariatric surgery. Surg. Obes. Relat. Dis. 14, 1013-1019.

20


https://doi.org/10.1038/srep00070
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1810
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1810
https://doi.org/10.1016/j.celrep.2014.01.031
https://doi.org/10.1016/j.cmet.2018.02.001
https://doi.org/10.1016/j.cmet.2018.02.001
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1825
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1825
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1825
https://doi.org/10.1161/01.str.31.7.1679
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1835
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1835
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1835
https://doi.org/10.1155/2010/289645
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1845
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1845
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1845
https://doi.org/10.1038/oby.2007.309
https://doi.org/10.1158/1940-6207.CAPR-08-0022
https://doi.org/10.1158/1940-6207.CAPR-08-0022
https://doi.org/10.1158/0008-5472.CAN-07-6271
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1865
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1865
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1865
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1870
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1870
https://doi.org/10.1001/archneur.60.7.940
https://doi.org/10.1001/archneur.60.7.940
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1880
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1880
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1885
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1885
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1890
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1890
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1890
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1890
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1895
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1895
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1895
https://doi.org/10.1161/01.CIR.0000103683.99399.7E
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1905
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1905
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1910
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1910
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1915
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1915
https://doi.org/10.1523/JNEUROSCI.3348-08.2008
https://doi.org/10.1523/JNEUROSCI.3348-08.2008
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1925
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1925
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1925
https://doi.org/10.1016/j.exger.2005.06.007
https://doi.org/10.1038/ijo.2011.196
https://doi.org/10.1038/oby.2008.413
https://doi.org/10.1007/s12263-010-0177-7
https://doi.org/10.1158/0008-5472.CAN-09-2141
https://doi.org/10.1158/0008-5472.CAN-09-2141
https://doi.org/10.1172/JCI1235
https://doi.org/10.1002/mc.20577
https://doi.org/10.1002/mc.20577
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1965
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1965
https://doi.org/10.1089/ars.2010.3739
https://doi.org/10.1089/ars.2010.3739
https://doi.org/10.1046/j.1474-9728.2003.00034.x
https://doi.org/10.1111/acel.12950
https://doi.org/10.1111/acel.12950
https://doi.org/10.1007/s12603-011-0140-3
https://doi.org/10.1007/s12603-011-0140-3
https://doi.org/10.4161/oxim.2.5.9498
https://doi.org/10.4161/oxim.2.5.9498
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1995
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1995
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref1995
https://doi.org/10.2337/dc09-0259
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2005
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2005
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2005
https://doi.org/10.1016/j.jnutbio.2010.03.009
https://doi.org/10.1016/j.jnutbio.2010.03.009
https://doi.org/10.3945/jn.111.148544
https://doi.org/10.1016/j.ebiom.2017.03.019
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2025
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2025
https://doi.org/10.1093/nar/gkm893
https://doi.org/10.1017/S0029665116000677
https://doi.org/10.1017/S0029665116000677
https://doi.org/10.1016/j.yfrne.2010.03.003
https://doi.org/10.1111/j.1600-0838.2006.00520.x
https://doi.org/10.1111/j.1600-0838.2006.00520.x
https://doi.org/10.1016/j.expneurol.2006.01.018
https://doi.org/10.1113/JP271691
https://doi.org/10.1016/j.neurobiolaging.2016.08.009
https://doi.org/10.1016/j.neurobiolaging.2016.08.009
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2065
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2065
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2070
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2070
https://doi.org/10.1074/jbc.M109.093955
https://doi.org/10.1074/jbc.M109.093955
https://doi.org/10.1096/fj.15-282061
https://doi.org/10.1096/fj.15-282061
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2085
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2085
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2085

A.L. Santos and S. Sinha

Pischon, T., Hankinson, S.E., Hotamisligil, G.S., et al., 2003. Leisure-time physical
activity and reduced plasma levels of obesity-related inflammatory markers. Obes.
Res. 11, 1055-1064. https://doi.org/10.1038/0by.2003.145.

Pollak, M.N., 2012. Investigating metformin for cancer prevention and treatment: the
end of the beginning. Cancer Discov. 2, 778-790. https://doi.org/10.1158/2159-
8290.CD-12-0263.

Powers, S.K., Jackson, M.J., 2008. Exercise-induced oxidative stress: cellular mechanisms
and impact on muscle force production. Physiol. Rev. 88, 1243-1276. https://doi.
org/10.1152/physrev.00031.2007.

Purushotham, A., Xu, Q., Li, X., 2012. Systemic SIRT1 insufficiency results in disruption
of energy homeostasis and steroid hormone metabolism upon high-fat-diet feeding.
FASEB J. 26, 656-667.

Qi, Y., Shang, L., Liao, Z., et al., 2019. Intracerebroventricular injection of resveratrol
ameliorated Ap-induced learning and cognitive decline in mice. Metab. Brain Dis. 34,
257-266.

Qian, M., Liu, B., 2019. Advances in pharmacological interventions of aging in mice.
Transl. Med. Aging 3, 116-120.

Qiu, W.Q., Walsh, D.M,, Ye, Z,, et al., 1998. Insulin-degrading enzyme regulates
extracellular levels of amyloid beta-protein by degradation. J. Biol. Chem. 273,
32730-32738. https://doi.org/10.1074/jbc.273.49.32730.

Rai, S.N,, Singh, S.S., Birla, H., et al., 2018. Commentary: metformin reverses TRAP1
mutation-associated alterations in mitochondrial function in Parkinson’s disease.
Front. Aging Neurosci. 10 (221).

Ramadan, G., El-Beih, N.M., Abd El-Ghffar, E.A., 2009. Modulatory effects of black v.
green tea aqueous extract on hyperglycaemia, hyperlipidaemia and liver dysfunction
in diabetic and obese rat models. Br. J. Nutr. 102, 1611-1619. https://doi.org/
10.1017/5000711450999208X.

Ramos-Rodriguez, J.J., Ortiz-Barajas, O., Gamero-Carrasco, C., et al., 2014. Prediabetes-
induced vascular alterations exacerbate central pathology in APPswe/PS1dE9 mice.
Psychoneuroendocrinology 48, 123-135. https://doi.org/10.1016/j.
psyneuen.2014.06.005.

Rayalam, S., Yang, J.-Y., Ambati, S., et al., 2008. Resveratrol induces apoptosis and
inhibits adipogenesis in 3T3-L1 adipocytes. Phytother. Res. 22, 1367-1371. https://
doi.org/10.1002/ptr.2503.

Reaven, G.M., 1988. Role of insulin resistance in human disease. Diabetes 37,
1595-1607. https://doi.org/10.2337/diab.37.12.1595.

Regev, A., Schiff, E.R., 2001. Liver disease in the elderly. Gastroenterol. Clin. North Am.
30, 547-563.

Renehan, A.G., Frystyk, J., Flyvbjerg, A., 2006. Obesity and cancer risk: the role of the
insulin-IGF axis. Trends Endocrinol. Metab. 17, 328-336. https://doi.org/10.1016/j.
tem.2006.08.006.

Rhee, D.B., Ghosh, A, Lu, J., et al., 2011. Factors that influence telomeric oxidative base
damage and repair by DNA glycosylase OGG1. DNA Repair (Amst) 10, 34-44.
https://doi.org/10.1016/j.dnarep.2010.09.008.

Richard, D., Kefi, K., Barbe, U., et al., 2009. Weight and plasma lipid control by
decaffeinated green tea. Pharmacol. Res. 59, 351-354. https://doi.org/10.1016/j.
phrs.2009.01.015.

Ricote, M., Li, A.C., Willson, T.M., et al., 1998. The peroxisome proliferator-activated
receptor-gamma is a negative regulator of macrophage activation. Nature 391,
79-82. https://doi.org/10.1038/34178.

Rietjens, I.M.C.M., Louisse, J., Beekmann, K., 2017. The potential health effects of
dietary phytoestrogens. Br. J. Pharmacol. 174, 1263-1280. https://doi.org/
10.1111/bph.13622.

Roberts, M.N., Wallace, M.A., Tomilov, A.A., et al., 2017. A ketogenic diet extends
longevity and healthspan in adult mice. Cell Metab. 26, 539-546.

Rochlani, Y., Pothineni, N.V., Kovelamudi, S., Mehta, J.L., 2017. Metabolic syndrome:
pathophysiology, management, and modulation by natural compounds. Ther. Adv.
Cardiovasc. Dis. 11, 215-225. https://doi.org/10.1177/1753944717711379.

Rodriguez-Gonzalez, G.L., Reyes-Castro, L.A., Bautista, C.J., et al., 2019. Maternal
obesity accelerates rat offspring metabolic ageing in a sex-dependent manner.

J. Physiol. (Paris) 597, 5549-5563. https://doi.org/10.1113/JP278232.

Rogina, B., Helfand, S.L., 2004. Sir2 mediates longevity in the fly through a pathway
related to calorie restriction. Proc. Natl. Acad. Sci. U S A 101, 15998-16003.

Roh, H.-T., Cho, S.-Y., So, W.-Y., 2017. Obesity promotes oxidative stress and exacerbates
blood-brain barrier disruption after high-intensity exercise. J. Sport. Med. Allied
Health Sci. Off. J. Ohio Athl. Train. Assoc. 6, 225-230. https://doi.org/10.1016/j.
jshs.2016.06.005.

Rong, J.X., Qiu, Y., Hansen, M.K., et al., 2007. Adipose mitochondrial biogenesis is
suppressed in db/db and high-fat diet-fed mice and improved by rosiglitazone.
Diabetes 56, 1751-1760. https://doi.org/10.2337/db06-1135.

Ruderman, N.B., Carling, D., Prentki, M., Cacicedo, J.M., 2013. AMPK, insulin resistance,
and the metabolic syndrome. J. Clin. Invest. 123, 2764-2772.

Rutter, M.K., Meigs, J.B., Sullivan, L.M., et al., 2005. Insulin resistance, the metabolic
syndrome, and incident cardiovascular events in the Framingham Offspring Study.
Diabetes 54, 3252-3257. https://doi.org/10.2337 /diabetes.54.11.3252.

Ruxton, C.H., Reed, S.C., Simpson, M.J., Millington, K.J., 2007. The health benefits of
omega-3 polyunsaturated fatty acids: a review of the evidence. J. Hum. Nutr. Diet.
20, 275-285. https://doi.org/10.1111/j.1365-277X.2007.00770.x.

Sachdev, D., Yee, D., 2007. Disrupting insulin-like growth factor signaling as a potential
cancer therapy. Mol. Cancer Ther. 6, 1-12. https://doi.org/10.1158/1535-7163.
MCT-06-0080.

Sadasivan, S.K., Vasamsetti, B., Singh, J., et al., 2014. Exogenous administration of
spermine improves glucose utilization and decreases bodyweight in mice. Eur. J.
Pharmacol. 729, 94-99. https://doi.org/10.1016/j.ejphar.2014.01.073.

21

Ageing Research Reviews 67 (2021) 101268

Sae-tan, S., Grove, K.A., Lambert, J.D., 2011. Weight control and prevention of metabolic
syndrome by green tea. Pharmacol. Res. 64, 146-154. https://doi.org/10.1016/j.
phrs.2010.12.013.

Saisho, Y., 2015. Metformin and inflammation: its potential beyond glucose-lowering
effect. Endocrine, Metab Immune Disord Targets (Formerly Curr Drug Targets-
Immune. Endocr Metab Disord 15, 196-205.

Sakai, Y., Jiang, J., Kojima, N., et al., 2002. Enhanced in vitro maturation of fetal mouse
liver cells with oncostatin M, nicotinamide, and dimethyl sulfoxide. Cell Transplant.
11, 435-441.

Salminen, A., Kaarniranta, K., 2012. AMP-activated protein kinase (AMPK) controls the
aging process via an integrated signaling network. Ageing Res. Rev. 11, 230-241.
https://doi.org/10.1016/j.arr.2011.12.005.

Salmon, A.B., 2016. Beyond diabetes: does obesity-induced oxidative stress drive the
aging process? Antioxidants Basel (Basel) 5. https://doi.org/10.3390/
antiox5030024.

Salpea, K.D., Talmud, P.J., Cooper, J.A., et al., 2010. Association of telomere length with
type 2 diabetes, oxidative stress and UCP2 gene variation. Atherosclerosis 209,
42-50. https://doi.org/10.1016/j.atherosclerosis.2009.09.070.

Saraswat, K., Kumar, R., Rizvi, S.I., 2019. Glycolytic inhibitor 2-Deoxy-D-Glucose at
chronic low dose mimics calorie restriction in rats through mitohormetic induction
of reactive oxygen species. Rejuvenation Res. 22, 377-384. https://doi.org/
10.1089/rej.2018.2125.

Sarkar, D., Fisher, P.B., 2009. Aging-associated inflammation. In: Schwab, M. (Ed.),
Encyclopedia of Cancer. Springer Berlin Heidelberg, Berlin, Heidelberg,
pp. 101-103.

Saunders, L.R., Verdin, E., 2007. Sirtuins: critical regulators at the crossroads between
cancer and aging. Oncogene 26, 5489-5504.

Sawda, C., Moussa, C., Turner, R.S., 2017. Resveratrol for Alzheimer’s disease. Ann. N. Y.
Acad. Sci. 1403, 142-149. https://doi.org/10.1111/nyas.13431.

Sayama, K., Lin, S., Zheng, G., Oguni, L., 2000. Effects of green tea on growth, food
utilization and lipid metabolism in mice. In Vivo (Brooklyn) 14, 481-484.

Schaefer, E.J., Bongard, V., Beiser, A.S., et al., 2006. Plasma phosphatidylcholine
docosahexaenoic acid content and risk of dementia and Alzheimer disease: the
Framingham Heart Study. Arch. Neurol. 63, 1545-1550. https://doi.org/10.1001/
archneur.63.11.1545.

Schmidlin, C.J., Dodson, M.B., Madhavan, L., Zhang, D.D., 2019. Redox regulation by
NRF2 in aging and disease. Free Radic. Biol. Med. 134, 702-707.

Sczelecki, S., Besse-Patin, A., Abboud, A., et al., 2014. Loss of Pgc-1alpha expression in
aging mouse muscle potentiates glucose intolerance and systemic inflammation. Am.
J. Physiol. Endocrinol. Metab. 306, E157-67. https://doi.org/10.1152/
ajpendo.00578.2013.

Seim, H.C., Holtmeier, K.B., 1993. Treatment of obesity in the elderly. Am. Fam.
Physician 47, 1183-1189.

Selman, C., Tullet, J.M.A., Wieser, D., et al., 2009. Ribosomal protein S6 kinase 1
signaling regulates mammalian lifespan. Science 326 (80-), 140-144. https://doi.
org/10.1126/science.1177221.

Seo, S.W., Gottesman, R.F., Clark, J.M., et al., 2016. Nonalcoholic fatty liver disease is
associated with cognitive function in adults. Neurology 86, 1136-1142.

Shang, J., Chen, L., Xiao, F., et al., 2008. Resveratrol improves non-alcoholic fatty liver
disease by activating AMP-activated protein kinase. Acta Pharmacol. Sin. 29,
698-706.

Shechter, M., Ginsberg, S., Scheinowitz, M., et al., 2007. Obese adults with primary
growth hormone resistance (Laron Syndrome) have normal endothelial function.
Growth Horm. IGF Res. 17, 165-170. https://doi.org/10.1016/j.ghir.2007.01.009.

Shen, C.-L., Cao, J.J., Dagda, R.Y., et al., 2012. Green tea polyphenols benefits body
composition and improves bone quality in long-term high-fat diet-induced obese
rats. Nutr. Res. 32, 448-457. https://doi.org/10.1016/j.nutres.2012.05.001.

Shevah, O., Laron, Z., 2007. Patients with congenital deficiency of IGF-I seem protected
from the development of malignancies: a preliminary report. Growth Horm. IGF Res.
17, 54-57. https://doi.org/10.1016/].ghir.2006.10.007.

Shimazu, T., Hirschey, M.D., Newman, J., et al., 2013. Suppression of oxidative stress by
p-hydroxybutyrate, an endogenous histone deacetylase inhibitor. Science 339 (80-),
211-214.

Shimotoyodome, A., Haramizu, S., Inaba, M., et al., 2005. Exercise and green tea extract
stimulate fat oxidation and prevent obesity in mice. Med. Sci. Sports Exerc. 37,
1884-1892.

Sigrist, S.J., Carmona-Gutierrez, D., Gupta, V.K,, et al., 2014. Spermidine-triggered
autophagy ameliorates memory during aging. Autophagy 10, 178-179. https://doi.
org/10.4161/auto.26918.

Silberberg, M., Silberberg, R., 1954. Factors modifying the lifespan of mice. Am. J.
Physiol. 177, 23-26.

Simeone, K.A., Matthews, S.A., Rho, J.M., Simeone, T.A., 2016. Ketogenic diet treatment
increases longevity in Kcnal-null mice, a model of sudden unexpected death in
epilepsy. Epilepsia 57, e178-e182.

Simonetto, M., Infante, M., Sacco, R.L., et al., 2019. A Novel Anti-Inflammatory Role of
Omega-3 PUFAs in Prevention and Treatment of Atherosclerosis and Vascular
Cognitive Impairment and Dementia. Nutrients 11. https://doi.org/10.3390/
null102279.

Simopoulos, A.P., 2002. Omega-3 fatty acids in inflammation and autoimmune diseases.
J. Am. Coll. Nutr. 21, 495-505.

Simpson, R.J., Campbell, J.P., Gleeson, M., et al., 2020. Can exercise affect immune
function to increase susceptibility to infection? Exerc. Immunol. Rev. 26, 8-22.

Sinton, M.C., Hay, D.C., Drake, A.J., 2019. Metabolic control of gene transcription in
non-alcoholic fatty liver disease: the role of the epigenome. Clin. Epigenetics 11
(104).


https://doi.org/10.1038/oby.2003.145
https://doi.org/10.1158/2159-8290.CD-12-0263
https://doi.org/10.1158/2159-8290.CD-12-0263
https://doi.org/10.1152/physrev.00031.2007
https://doi.org/10.1152/physrev.00031.2007
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2105
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2105
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2105
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2110
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2110
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2110
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2115
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2115
https://doi.org/10.1074/jbc.273.49.32730
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2125
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2125
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2125
https://doi.org/10.1017/S000711450999208X
https://doi.org/10.1017/S000711450999208X
https://doi.org/10.1016/j.psyneuen.2014.06.005
https://doi.org/10.1016/j.psyneuen.2014.06.005
https://doi.org/10.1002/ptr.2503
https://doi.org/10.1002/ptr.2503
https://doi.org/10.2337/diab.37.12.1595
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2150
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2150
https://doi.org/10.1016/j.tem.2006.08.006
https://doi.org/10.1016/j.tem.2006.08.006
https://doi.org/10.1016/j.dnarep.2010.09.008
https://doi.org/10.1016/j.phrs.2009.01.015
https://doi.org/10.1016/j.phrs.2009.01.015
https://doi.org/10.1038/34178
https://doi.org/10.1111/bph.13622
https://doi.org/10.1111/bph.13622
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2180
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2180
https://doi.org/10.1177/1753944717711379
https://doi.org/10.1113/JP278232
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2195
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2195
https://doi.org/10.1016/j.jshs.2016.06.005
https://doi.org/10.1016/j.jshs.2016.06.005
https://doi.org/10.2337/db06-1135
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2210
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2210
https://doi.org/10.2337/diabetes.54.11.3252
https://doi.org/10.1111/j.1365-277X.2007.00770.x
https://doi.org/10.1158/1535-7163.MCT-06-0080
https://doi.org/10.1158/1535-7163.MCT-06-0080
https://doi.org/10.1016/j.ejphar.2014.01.073
https://doi.org/10.1016/j.phrs.2010.12.013
https://doi.org/10.1016/j.phrs.2010.12.013
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2240
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2240
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2240
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2245
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2245
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2245
https://doi.org/10.1016/j.arr.2011.12.005
https://doi.org/10.3390/antiox5030024
https://doi.org/10.3390/antiox5030024
https://doi.org/10.1016/j.atherosclerosis.2009.09.070
https://doi.org/10.1089/rej.2018.2125
https://doi.org/10.1089/rej.2018.2125
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2270
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2270
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2270
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2275
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2275
https://doi.org/10.1111/nyas.13431
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2285
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2285
https://doi.org/10.1001/archneur.63.11.1545
https://doi.org/10.1001/archneur.63.11.1545
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2295
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2295
https://doi.org/10.1152/ajpendo.00578.2013
https://doi.org/10.1152/ajpendo.00578.2013
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2305
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2305
https://doi.org/10.1126/science.1177221
https://doi.org/10.1126/science.1177221
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2315
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2315
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2320
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2320
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2320
https://doi.org/10.1016/j.ghir.2007.01.009
https://doi.org/10.1016/j.nutres.2012.05.001
https://doi.org/10.1016/j.ghir.2006.10.007
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2340
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2345
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2345
https://doi.org/10.4161/auto.26918
https://doi.org/10.4161/auto.26918
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2355
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2360
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2360
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2360
https://doi.org/10.3390/nu11102279
https://doi.org/10.3390/nu11102279
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2370
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2370
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2375
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2375
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2380
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2380
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2380

A.L. Santos and S. Sinha

Smith, B.J., Miller, R.A., Ericsson, A.C., et al., 2019. Changes in the gut microbiome and
fermentation products concurrent with enhanced longevity in acarbose-treated mice.
BMC Microbiol. 19, 1-16.

Solano, D.C., Sironi, M., Bonfini, C., et al., 2000. Insulin regulates soluble amyloid
precursor protein release via phosphatidyl inositol 3 kinase-dependent pathway.
FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 14, 1015-1022. https://doi.org/
10.1096/fasebj.14.7.1015.

Someya, S., Yu, W., Hallows, W.C,, et al., 2010. Sirt3 mediates reduction of oxidative
damage and prevention of age-related hearing loss under caloric restriction. Cell
143, 802-812. https://doi.org/10.1016/j.cell.2010.10.002.

Spielman, L.J., Little, J.P., Klegeris, A., 2014. Inflammation and insulin/IGF-1 resistance
as the possible link between obesity and neurodegeneration. J. Neuroimmunol. 273,
8-21.

Sreenivasulu, K., Vijayalakshmi, M., Sambasivarao, K.R., 2010. Regulation studies of
telomerase gene in cancer cells by lentinan. Avicenna J. Med. Biotechnol. 2,
181-185.

Stafstrom, C.E., Ockuly, J.C., Murphree, L., et al., 2009. Anticonvulsant and antiepileptic
actions of 2-deoxy-D-glucose in epilepsy models. Ann. Neurol. 65, 435-447. https://
doi.org/10.1002/ana.21603.

Stekovic, S., Hofer, S.J., Tripolt, N., et al., 2019. Alternate day fasting improves
physiological and molecular markers of aging in healthy, non-obese humans. Cell
Metab. 30, 462-476.€6. https://doi.org/10.1016/j.cmet.2019.07.016.

Stenlof, K., Cefalu, W.T., Kim, K., et al., 2013. Efficacy and safety of canagliflozin
monotherapy in subjects with type 2 diabetes mellitus inadequately controlled with
diet and exercise. Diabetes Obes. Metab. 15, 372-382.

Stenlof, K., Cefalu, W.T., Kim, K.-A., et al., 2014. Long-term efficacy and safety of
canagliflozin monotherapy in patients with type 2 diabetes inadequately controlled
with diet and exercise: findings from the 52-week CANTATA-M study. Curr. Med.
Res. Opin. 30, 163-175.

Stewart, S.A., Weinberg, R.A., 2006. Telomeres: cancer to human aging. Annu. Rev. Cell
Dev. Biol. 22, 531-557. https://doi.org/10.1146/annurev.
cellbio.22.010305.104518.

Stienstra, R., Duval, C., Miiller, M., Kersten, S., 2007. PPARs, obesity. and inflammation.
PPAR Res 2007.

Stout, M.B., Justice, J.N., Nicklas, B.J., Kirkland, J.L., 2017. Physiological aging: links
among adipose tissue dysfunction, diabetes, and frailty. Physiology 32, 9-19.

St-Pierre, J., Drori, S., Uldry, M., et al., 2006. Suppression of reactive oxygen species and
neurodegeneration by the PGC-1 transcriptional coactivators. Cell 127, 397-408.

Suganami, T., Nishida, J., Ogawa, Y., 2005. A paracrine loop between adipocytes and
macrophages aggravates inflammatory changes: role of free fatty acids and tumor
necrosis factor alpha. Arterioscler. Thromb. Vasc. Biol. 25, 2062-2068. https://doi.
org/10.1161/01.ATV.0000183883.72263.13.

Suh, Y., Atzmon, G., Cho, M.-O., et al., 2008. Functionally significant insulin-like growth
factor I receptor mutations in centenarians. Proc. Natl. Acad. Sci. U S A 105,
3438-3442. https://doi.org/10.1073/pnas.0705467105.

Sun, L., Sadighi Akha, A.A., Miller, R.A., Harper, J.M., 2009. Life-span extension in mice
by preweaning food restriction and by methionine restriction in middle age.

J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 64, 711-722.

Sun, N., Youle, R.J., Finkel, T., 2016. The mitochondrial basis of aging. Mol. Cell 61,
654-666. https://doi.org/10.1016/j.molcel.2016.01.028.

Sundaresan, N.R., Vasudevan, P., Zhong, L., et al., 2012. The sirtuin SIRT6 blocks IGF-
Akt signaling and development of cardiac hypertrophy by targeting c-Jun. Nat. Med.
18, 1643-1650.

Sung, B., Park, S., Yu, B.P., Chung, H.Y., 2006. Amelioration of age-related inflammation
and oxidative stress by PPARy activator: suppression of NF-kB by 2, 4-
thiazolidinedione. Exp. Gerontol. 41, 590-599.

Taghizadeh, M., Tamtaji, O.R., Dadgostar, E., et al., 2017. The effects of omega-3 fatty
acids and vitamin E co-supplementation on clinical and metabolic status in patients
with Parkinson’s disease: a randomized, double-blind, placebo-controlled trial.
Neurochem. Int. 108, 183-189. https://doi.org/10.1016/j.neuint.2017.03.014.

Tan, P., Wang, Y.-J., Li, S., et al., 2016. The PI3K/Akt/mTOR pathway regulates the
replicative senescence of human VSMCs. Mol. Cell. Biochem. 422, 1-10. https://doi.
0org/10.1007/5s11010-016-2796-9.

Tang, X., Chen, X.-F., Wang, N.-Y., et al., 2017. SIRT2 acts as a cardioprotective
deacetylase in pathological cardiac hypertrophy. Circulation 136, 2051-2067.
Tanti, J.-F., Ceppo, F., Jager, J., Berthou, F., 2013. Implication of inflammatory signaling
pathways in obesity-induced insulin resistance. Front. Endocrinol. (Lausanne) 3

(181).

Tchkonia, T., Morbeck, D.E., von Zglinicki, T., et al., 2010. Fat tissue, aging, and cellular
senescence. Aging Cell 9, 667-684. https://doi.org/10.1111/j.1474-
9726.2010.00608.x.

Tendler, D., Lin, S., Yancy, W.S., et al., 2007. The effect of a low-carbohydrate, ketogenic
diet on nonalcoholic fatty liver disease: a pilot study. Dig. Dis. Sci. 52, 589-593.

Tian, Y., Zou, B., Yang, L., et al., 2011. High molecular weight persimmon tannin
ameliorates cognition deficits and attenuates oxidative damage in senescent mice
induced by D-galactose. Food Chem. Toxicol. 49, 1728-1736.

Tian, C., Ye, X., Zhang, R, et al., 2013. Green tea polyphenols reduced fat deposits in
high fat-fed rats via erk1/2-PPARgamma-adiponectin pathway. PLoS One 8, e53796.
https://doi.org/10.1371/journal.pone.0053796.

Tieu, K., Perier, C., Caspersen, C., et al., 2003. D-B-Hydroxybutyrate rescues
mitochondrial respiration and mitigates features of Parkinson disease. J. Clin. Invest.
112, 892-901.

Timmerman, K.L., Flynn, M.G., Coen, P.M., et al., 2008. Exercise training-induced
lowering of inflammatory (CD14+CD16+) monocytes: a role in the anti-
inflammatory influence of exercise? J. Leukoc. Biol. 84, 1271-1278. https://doi.org/
10.1189/j1b.0408244.

22

Ageing Research Reviews 67 (2021) 101268

Tissenbaum, H.A., Guarente, L., 2001. Increased dosage of a sir-2 gene extends lifespan
in Caenorhabditis elegans. Nature 410, 227-230.

Tong, J.-J., Chen, G.-H., Wang, F., et al., 2015. Chronic acarbose treatment alleviates
age-related behavioral and biochemical changes in SAMP8 mice. Behav. Brain Res.
284, 138-152.

Tontonoz, P., Hu, E., Spiegelman, B.M., 1994. Stimulation of adipogenesis in fibroblasts
by PPAR gamma 2, a lipid-activated transcription factor. Cell 79, 1147-1156.
https://doi.org/10.1016/0092-8674(94)90006-x.

Toth, P., Tarantini, S., Tucsek, Z., et al., 2014. Resveratrol treatment rescues
neurovascular coupling in aged mice: role of improved cerebromicrovascular
endothelial function and downregulation of NADPH oxidase. Am. J. Physiol. Circ.
Physiol. 306, H299-H308.

Trayhurn, P., Wood, L.S., 2004. Adipokines: inflammation and the pleiotropic role of
white adipose tissue. Br. J. Nutr. 92, 347-355. https://doi.org/10.1079/
bjn20041213.

Trim, W., Turner, J.E., Thompson, D., 2018. Parallels in immunometabolic adipose tissue
dysfunction with ageing and obesity. Front. Immunol. 9, 169. https://doi.org/
10.3389/fimmu.2018.00169.

Tschépe, J., Hammerschmied, C., Miihlig-Versen, M., et al., 2002. The
neurodegeneration mutant lochrig interferes with cholesterol homeostasis and Appl
processing. EMBO J. 21, 6367-6376.

Tseng, C.-H., 2020. Dementia risk in type 2 diabetes patients: acarbose use and its joint
effects with metformin and pioglitazone. Aging Dis. 11 (658).

Tsiloulis, T., Watt, M.J., 2015. Exercise and the regulation of adipose tissue metabolism.
Progress in Molecular Biology and Translational Science. Elsevier, pp. 175-201.

Tsunemi, T., Ashe, T.D., Morrison, B.E., et al., 2012. PGC-1« rescues Huntington’s
disease proteotoxicity by preventing oxidative stress and promoting TFEB function.
Sci. Transl. Med. 4, 142ra97 https://doi.org/10.1126/scitranslmed.3003799.

Tucker, L.A., 2017. Physical activity and telomere length in U.S. Men and women: an
NHANES investigation. Prev. Med. (Baltim) 100, 145-151. https://doi.org/10.1016/
j.ypmed.2017.04.027.

Tzanetakou, I.P., Katsilambros, N.L., Benetos, A., et al., 2012. “Is obesity linked to
aging?”: adipose tissue and the role of telomeres. Ageing Res. Rev. 11, 220-229.
https://doi.org/10.1016/j.arr.2011.12.003.

Um, S.H., Frigerio, F., Watanabe, M., et al., 2004. Absence of S6K1 protects against age-
and diet-induced obesity while enhancing insulin sensitivity. Nature 431, 200-205.

Um, S.H., D’Alessio, D., Thomas, G., 2006. Nutrient overload, insulin resistance, and
ribosomal protein S6 kinase 1, S6K1. Cell Metab. 3, 393-402.

Vaca, P., Berna, G., Martin, F., Soria, B., 2003. Nicotinamide induces both proliferation
and differentiation of embryonic stem cells into insulin-producing cells. Transplant.
Proc. 35, 2021-2023. https://doi.org/10.1016/50041-1345(03)00735-8.

Vachharajani, V., Granger, D.N., 2009. Adipose tissue: a motor for the inflammation
associated with obesity. IUBMB Life 61, 424-430. https://doi.org/10.1002/iub.169.

van der Horst, A., Burgering, B.M.T., 2007. Stressing the role of FoxO proteins in lifespan
and disease. Nat. Rev. Mol. Cell Biol. 8, 440-450.

Vasquez, M., Roglans, N., Cabrero, A, et al., 2001. Benzafibrate induces acyl-CoA oxidase
mRNA levels and fatty acid peroxisomal $-oxidation in rat white adipose tissue. Mol.
Cell. Biochem. 216, 71-78.

Velasquez, M.T., Bhathena, S.J., 2007. Role of dietary soy protein in obesity. Int. J. Med.
Sci. 4, 72-82. https://doi.org/10.7150/ijms.4.72.

Vellai, T., Takacs-Vellai, K., Zhang, Y., et al., 2003. Genetics: influence of TOR kinase on
lifespan in C. Elegans. Nature 426, 620. https://doi.org/10.1038/426620a.

Verhulst, S., Dalgard, C., Labat, C., et al., 2016. A short leucocyte telomere length is
associated with development of insulin resistance. Diabetologia 59, 1258-1265.
https://doi.org/10.1007/s00125-016-3915-6.

Vina, J., Sastre, J., Pallardo, F.V., et al., 2006. Role of mitochondrial oxidative stress to
explain the different longevity between genders: protective effect of estrogens. Free
Radic. Res. 40, 1359-1365. https://doi.org/10.1080/10715760600952851.

Vingtdeux, V., Giliberto, L., Zhao, H., et al., 2010. AMP-activated protein kinase
signaling activation by resveratrol modulates amyloid-p peptide metabolism. J. Biol.
Chem. 285, 9100-9113.

Wajchenberg, B.L., 2000. Subcutaneous and visceral adipose tissue: their relation to the
metabolic syndrome. Endocr. Rev. 21, 697-738.

Walker, A.K., Yang, F., Jiang, K., et al., 2010. Conserved role of SIRT1 orthologs in
fasting-dependent inhibition of the lipid/cholesterol regulator SREBP. Genes Dev.
24, 1403-1417. https://doi.org/10.1101/gad.1901210.

Wan, R., Camandola, S., Mattson, M.P., 2004. Dietary supplementation with 2-deoxy-D-
glucose improves cardiovascular and neuroendocrine stress adaptation in rats. Am.
J. Physiol. Heart Circ. Physiol. 287, H1186-93. https://doi.org/10.1152/
ajpheart.00932.2003.

Wang, K., Klionsky, D.J., 2011. Mitochondria removal by autophagy. Autophagy 7,
297-300. https://doi.org/10.4161/auto.7.3.14502.

Wang, S., Noh, S.K., Koo, S.I., 2006a. Green tea catechins inhibit pancreatic
phospholipase A(2) and intestinal absorption of lipids in ovariectomized rats.

J. Nutr. Biochem. 17, 492-498. https://doi.org/10.1016/].jnutbio.2006.03.004.

Wang, S., Noh, S.K., Koo, S.I., 2006b. Epigallocatechin gallate and caffeine differentially
inhibit the intestinal absorption of cholesterol and fat in ovariectomized rats. J. Nutr.
136, 2791-2796.

Wang, R.-H., Kim, H.-S., Xiao, C., et al., 2011. Hepatic Sirtl deficiency in mice impairs
mTorc2/Akt signaling and results in hyperglycemia, oxidative damage, and insulin
resistance. J. Clin. Invest. 121.

Wang, J., Song, H., Tang, X., et al., 2012. Effect of exercise training intensity on murine
T-regulatory cells and vaccination response. Scand. J. Med. Sci. Sports 22, 643-652.
https://doi.org/10.1111/j.1600-0838.2010.01288.x.

Wang, L., Sun, P., Wu, Y., Wang, L., 2020a. Metabolic tissue-resident CD8+ T cells: a key
player in obesity-related diseases. Obes. Rev.


http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2385
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2385
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2385
https://doi.org/10.1096/fasebj.14.7.1015
https://doi.org/10.1096/fasebj.14.7.1015
https://doi.org/10.1016/j.cell.2010.10.002
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2400
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2400
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2400
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2405
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2405
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2405
https://doi.org/10.1002/ana.21603
https://doi.org/10.1002/ana.21603
https://doi.org/10.1016/j.cmet.2019.07.016
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2420
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2420
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2420
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2425
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2425
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2425
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2425
https://doi.org/10.1146/annurev.cellbio.22.010305.104518
https://doi.org/10.1146/annurev.cellbio.22.010305.104518
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2435
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2435
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2440
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2440
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2445
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2445
https://doi.org/10.1161/01.ATV.0000183883.72263.13
https://doi.org/10.1161/01.ATV.0000183883.72263.13
https://doi.org/10.1073/pnas.0705467105
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2460
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2460
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2460
https://doi.org/10.1016/j.molcel.2016.01.028
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2470
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2470
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2470
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2475
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2475
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2475
https://doi.org/10.1016/j.neuint.2017.03.014
https://doi.org/10.1007/s11010-016-2796-9
https://doi.org/10.1007/s11010-016-2796-9
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2490
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2490
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2495
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2495
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2495
https://doi.org/10.1111/j.1474-9726.2010.00608.x
https://doi.org/10.1111/j.1474-9726.2010.00608.x
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2505
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2505
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2510
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2510
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2510
https://doi.org/10.1371/journal.pone.0053796
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2520
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2520
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2520
https://doi.org/10.1189/jlb.0408244
https://doi.org/10.1189/jlb.0408244
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2530
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2530
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2535
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2535
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2535
https://doi.org/10.1016/0092-8674(94)90006-x
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2545
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2545
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2545
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2545
https://doi.org/10.1079/bjn20041213
https://doi.org/10.1079/bjn20041213
https://doi.org/10.3389/fimmu.2018.00169
https://doi.org/10.3389/fimmu.2018.00169
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2560
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2560
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2560
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2565
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2565
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2570
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2570
https://doi.org/10.1126/scitranslmed.3003799
https://doi.org/10.1016/j.ypmed.2017.04.027
https://doi.org/10.1016/j.ypmed.2017.04.027
https://doi.org/10.1016/j.arr.2011.12.003
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2590
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2590
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2595
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2595
https://doi.org/10.1016/s0041-1345(03)00735-8
https://doi.org/10.1002/iub.169
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2610
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2610
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2615
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2615
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2615
https://doi.org/10.7150/ijms.4.72
https://doi.org/10.1038/426620a
https://doi.org/10.1007/s00125-016-3915-6
https://doi.org/10.1080/10715760600952851
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2640
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2640
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2640
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2645
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2645
https://doi.org/10.1101/gad.1901210
https://doi.org/10.1152/ajpheart.00932.2003
https://doi.org/10.1152/ajpheart.00932.2003
https://doi.org/10.4161/auto.7.3.14502
https://doi.org/10.1016/j.jnutbio.2006.03.004
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2670
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2670
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2670
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2675
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2675
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2675
https://doi.org/10.1111/j.1600-0838.2010.01288.x
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2685
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2685

A.L. Santos and S. Sinha

Wang, L., Ren, B, Zhang, Q., et al., 2020b. Methionine restriction alleviates high-fat diet-
induced obesity: involvement of diurnal metabolism of lipids and bile acids.
Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 1866, 165908.

Watanabe, Y., Tatsuno, I., 2017. Omega-3 polyunsaturated fatty acids for cardiovascular
diseases: present, past and future. Expert Rev. Clin. Pharmacol. 10, 865-873.
https://doi.org/10.1080/17512433.2017.1333902.

Weber, P.C., Leaf, A., 1991. Cardiovascular effects of omega 3 fatty acids. Atherosclerosis
risk factor modification by omega 3 fatty acids. World Rev. Nutr. Diet. 66, 218-232.

Wei, D., Liao, L., Wang, H., et al., 2020. Canagliflozin ameliorates obesity by improving
mitochondrial function and fatty acid oxidation via PPAR« in vivo and in vitro. Life
Sci. 247 (117414).

Weigle, D.S., 2003. Pharmacological therapy of obesity: past, present, and future. J. Clin.
Endocrinol. Metab. 88, 2462-2469. https://doi.org/10.1210/jc.2003-030151.

Weinstein, G., Zelber-Sagi, S., Preis, S.R., et al., 2018. Association of nonalcoholic fatty
liver disease with lower brain volume in healthy middle-aged adults in the
Framingham study. JAMA Neurol. 75, 97-104.

Weisberg, S.P., McCann, D., Desai, M., et al., 2003. Obesity is associated with
macrophage accumulation in adipose tissue. J. Clin. Invest. 112, 1796-1808.
https://doi.org/10.1172/JCI19246.

Weiss, E.P., Fontana, L., 2011. Caloric restriction: powerful protection for the aging heart
and vasculature. Am. J. Physiol. Heart Circ. Physiol. 301, H1205-19. https://doi.
org/10.1152/ajpheart.00685.2011.

Wenz, T., Rossi, S.G., Rotundo, R.L., et al., 2009. Increased muscle PGC-1a expression
protects from sarcopenia and metabolic disease during aging. Proc. Natl. Acad. Sci.
106, 20405-20410.

Wiley, C.D., Flynn, J.M., Morrissey, C., et al., 2017. Analysis of individual cells identifies
cell-to-cell variability following induction of cellular senescence. Aging Cell 16,
1043-1050. https://doi.org/10.1111/acel.12632.

Wong, L.Y.F., Cheung, B.M.Y., Li, Y.-Y., Tang, F., 2005. Adrenomedullin is both pro-
inflammatory and antiinflammatory: its effects on gene expression and secretion of
cytokines and macrophage migration inhibitory factor in NR8383 macrophage cell
line. Endocrinology 146, 1321-1327.

Woods, S.C., Seeley, R.J., Porte, D.J., Schwartz, M.W., 1998. Signals that regulate food
intake and energy homeostasis. Science 280, 1378-1383. https://doi.org/10.1126/
science.280.5368.1378.

Woods, A., Brull, D.J., Humphries, S.E., Montgomery, H.E., 2000. Genetics of
inflammation and risk of coronary artery disease: the central role of interleukin-6.
Eur. Heart J. 21, 1574-1583. https://doi.org/10.1053/euhj.1999.2207.

Wu, D., Ren, Z., Pae, M., et al., 2007. Aging up-regulates expression of inflammatory
mediators in mouse adipose tissue. J. Immunol. 179, 4829-4839. https://doi.org/
10.4049/jimmunol.179.7.4829.

Wu, L., Zhang, L., Li, B., et al., 2018. AMP-activated protein kinase (AMPK) regulates
energy metabolism through modulating thermogenesis in adipose tissue. Front.
Physiol. 9 (122).

Xia, G., Han, X., Qi, J., et al., 2012. The Effects of Astragalus Polysaccharide on Zebrafish
Cell Apoptosis and Senescence.

Xiong, X., Tao, R., DePinho, R.A., Dong, X.C., 2013. Deletion of hepatic FoxO1/3/4 genes
in mice significantly impacts on glucose metabolism through downregulation of
gluconeogenesis and upregulation of glycolysis. PLoS One 8, e74340.

Xu, H., Barnes, G.T., Yang, Q., et al., 2003. Chronic inflammation in fat plays a crucial
role in the development of obesity-related insulin resistance. J. Clin. Invest. 112,
1821-1830. https://doi.org/10.1172/JCI119451.

Xu, X.J., Gauthier, M.-S., Hess, D.T., et al., 2012. Insulin sensitive and resistant obesity in
humans: AMPK activity, oxidative stress, and depot-specific changes in gene
expression in adipose tissue. J. Lipid Res. 53, 792-801.

Xu, M., Tchkonia, T., Ding, H., et al., 2015. JAK inhibition alleviates the cellular
senescence-associated secretory phenotype and frailty in old age. Proc. Natl. Acad.
Sci. US A 112, E6301-10. https://doi.org/10.1073/pnas.1515386112.

Xu, L., Ma, X., Verma, N.K., et al., 2018. Ablation of PPAR y in subcutaneous fat
exacerbates age-associated obesity and metabolic decline. Aging Cell 17, e12721.

Xydakis, A.M., Case, C.C., Jones, P.H., et al., 2004. Adiponectin, inflammation, and the
expression of the metabolic syndrome in obese individuals: the impact of rapid
weight loss through caloric restriction. J. Clin. Endocrinol. Metab. 89, 2697-2703.
https://doi.org/10.1210/jc.2003-031826.

Yaffe, K., Kanaya, A.M., Lindquist, K., et al., 2008. PPAR-y Pro12Ala genotype and risk of
cognitive decline in elders. Neurobiol. Aging 29, 78-83.

23

Ageing Research Reviews 67 (2021) 101268

Yamamoto, M., Otsuki, M., 2006. Effect of inhibition of a-glucosidase on age-related
glucose intolerance and pancreatic atrophy in rats. Metabolism 55, 533-540.

Yamazaki, Y., Usui, 1., Kanatani, Y., et al., 2009. Treatment with SRT1720, a SIRT1
activator, ameliorates fatty liver with reduced expression of lipogenic enzymes in
MSG mice. Am. J. Physiol. Endocrinol. Metab. 297, E1179-86. https://doi.org/
10.1152/ajpendo.90997.2008.

Yan, W.-W., Chen, G.-H., Wang, F., et al., 2015. Long-term acarbose administration
alleviating the impairment of spatial learning and memory in the SAMP8 mice was
associated with alleviated reduction of insulin system and acetylated H4K8. Brain
Res. 1603, 22-31.

Yancy Jr, W.S., Olsen, M.K., Guyton, J.R., et al., 2004. A low-carbohydrate, ketogenic
diet versus a low-fat diet to treat obesity and hyperlipidemia: a randomized,
controlled trial. Ann. Intern. Med. 140, 769-777.

Yao, J., Chen, S., Mao, Z., et al., 2011. 2-Deoxy-D-glucose treatment induces ketogenesis,
sustains mitochondrial function, and reduces pathology in female mouse model of
Alzheimer’s disease. PLoS One 6, €21788. https://doi.org/10.1371/journal.
pone.0021788.

Yarchoan, M., Toledo, J.B., Lee, E.B,, et al., 2014. Abnormal serine phosphorylation of
insulin receptor substrate 1 is associated with tau pathology in Alzheimer’s disease
and tauopathies. Acta Neuropathol. 128, 679-689. https://doi.org/10.1007/500401-
014-1328-5.

Yazdi, F.T., Clee, S.M., Meyre, D., 2015. Obesity genetics in mouse and human: back and
forth, and back again. PeerJ 3, e856. https://doi.org/10.7717/peerj.856.

Yeh, S.-H., Chuang, H., Lin, L.-W., et al., 2006. Regular tai chi chuan exercise enhances
functional mobility and CD4CD25 regulatory T cells. Br. J. Sports Med. 40, 239-243.
https://doi.org/10.1136/bjsm.2005.022095.

Yildiz, F., 2005. Phytoestrogens in Functional Foods. CRC Press.

Young, A.R.J., Narita, M., Ferreira, M., et al., 2009. Autophagy mediates the mitotic
senescence transition. Genes Dev. 23, 798-803. https://doi.org/10.1101/
gad.519709.

Yu, Z.F., Mattson, M.P., 1999. Dietary restriction and 2-deoxyglucose administration
reduce focal ischemic brain damage and improve behavioral outcome: evidence for a
preconditioning mechanism. J. Neurosci. Res. 57, 830-839.

Yu, J.G., Javorschi, S., Hevener, A.L., et al., 2002. The effect of thiazolidinediones on
plasma adiponectin levels in normal, obese, and type 2 diabetic subjects. Diabetes
51, 2968-2974.

Zhang, H.Q., Li, Y., Song, Y.Y., 2011. Effect of polysaccharides of Cistanche deserticola
on immune cells and telomerase activity in aging mice. Chin. Pharm. J. 46,
1081-1083.

Zhang, X.-H., Huang, B., Choi, S.-K., Seo, J.-S., 2012. Anti-obesity effect of resveratrol-
amplified grape skin extracts on 3T3-L1 adipocytes differentiation. Nutr. Res. Pract.
6, 286-293. https://doi.org/10.4162/nrp.2012.6.4.286.

Zhang, Y., Fischer, K.E., Soto, V., et al., 2015. Obesity-induced oxidative stress,
accelerated functional decline with age and increased mortality in mice. Arch.
Biochem. Biophys. 576, 39-48. https://doi.org/10.1016/j.abb.2014.12.018.

Zhao, E., Mu, Q., 2011. Phytoestrogen biological actions on Mammalian reproductive
system and cancer growth. Sci. Pharm. 79, 1-20. https://doi.org/10.3797/
scipharm.1007-15.

Zhao, L., Chen, Q., Diaz Brinton, R., 2002. Neuroprotective and neurotrophic efficacy of
phytoestrogens in cultured hippocampal neurons. Exp. Biol. Med. (Maywood) 227,
509-519. https://doi.org/10.1177/153537020222700716.

Zhao, Y.-N., Li, W.-F,, Li, W.-F., et al., 2013. Resveratrol improves learning and memory
in normally aged mice through microRNA-CREB pathway. Biochem. Biophys. Res.
Commun. 435, 597-602.

Zheng, Z., Chen, H., Li, J., et al., 2012. Sirtuin 1-mediated cellular metabolic memory of
high glucose via the LKB1/AMPK/ROS pathway and therapeutic effects of
metformin. Diabetes 61, 217-228.

Zhu, Y., Tchkonia, T., Pirtskhalava, T., et al., 2015. The Achilles’ heel of senescent cells:
from transcriptome to senolytic drugs. Aging Cell 644-658. https://doi.org/
10.1111/acel.12344.

Ziccardi, P., Nappo, F., Giugliano, G., et al., 2002. Reduction of inflammatory cytokine
concentrations and improvement of endothelial functions in obese women after
weight loss over one year. Circulation 105, 804-809.

Zoncu, R., Efeyan, A., Sabatini, D.M., 2011. mTOR: from growth signal integration to
cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol. 12, 21-35. https://doi.org/
10.1038/nrm3025.


http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2690
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2690
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2690
https://doi.org/10.1080/17512433.2017.1333902
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2700
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2700
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2705
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2705
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2705
https://doi.org/10.1210/jc.2003-030151
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2715
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2715
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2715
https://doi.org/10.1172/JCI19246
https://doi.org/10.1152/ajpheart.00685.2011
https://doi.org/10.1152/ajpheart.00685.2011
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2730
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2730
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2730
https://doi.org/10.1111/acel.12632
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2740
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2740
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2740
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2740
https://doi.org/10.1126/science.280.5368.1378
https://doi.org/10.1126/science.280.5368.1378
https://doi.org/10.1053/euhj.1999.2207
https://doi.org/10.4049/jimmunol.179.7.4829
https://doi.org/10.4049/jimmunol.179.7.4829
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2760
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2760
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2760
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2765
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2765
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2770
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2770
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2770
https://doi.org/10.1172/JCI19451
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2780
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2780
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2780
https://doi.org/10.1073/pnas.1515386112
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2790
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2790
https://doi.org/10.1210/jc.2003-031826
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2800
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2800
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2805
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2805
https://doi.org/10.1152/ajpendo.90997.2008
https://doi.org/10.1152/ajpendo.90997.2008
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2815
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2815
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2815
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2815
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2820
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2820
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2820
https://doi.org/10.1371/journal.pone.0021788
https://doi.org/10.1371/journal.pone.0021788
https://doi.org/10.1007/s00401-014-1328-5
https://doi.org/10.1007/s00401-014-1328-5
https://doi.org/10.7717/peerj.856
https://doi.org/10.1136/bjsm.2005.022095
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2845
https://doi.org/10.1101/gad.519709
https://doi.org/10.1101/gad.519709
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2855
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2855
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2855
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2860
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2860
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2860
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2865
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2865
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2865
https://doi.org/10.4162/nrp.2012.6.4.286
https://doi.org/10.1016/j.abb.2014.12.018
https://doi.org/10.3797/scipharm.1007-15
https://doi.org/10.3797/scipharm.1007-15
https://doi.org/10.1177/153537020222700716
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2890
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2890
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2890
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2895
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2895
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2895
https://doi.org/10.1111/acel.12344
https://doi.org/10.1111/acel.12344
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2905
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2905
http://refhub.elsevier.com/S1568-1637(21)00015-5/sbref2905
https://doi.org/10.1038/nrm3025
https://doi.org/10.1038/nrm3025

	Obesity and aging: Molecular mechanisms and therapeutic approaches
	1 Introduction
	2 Adipose tissue
	3 Role of inflammation and oxidative stress in the development of obesity
	4 The obesity-aging connection
	4.1 Mechanistic links between obesity and aging highlight pathways to intervention
	4.1.1 The telomere connection
	4.1.2 The cellular senescence connection
	4.1.3 The insulin connection
	4.1.4 The mitochondrial connection


	5 Obesity, aging, and cancer: common underlying mechanisms
	6 Therapeutic strategies targeting oxidative stress and inflammation in obesity and aging
	6.1 Dietary interventions
	6.1.1 Caloric restriction
	6.1.2 Intermittent fasting
	6.1.3 Dietary supplements
	6.1.3.1 Phytochemicals
	6.1.3.2 Polyamines
	6.1.3.3 Dietary fats


	6.2 Physical exercise
	6.3 Pharmacological interventions

	7 Conclusions and future perspectives
	Declaration of Competing Interest
	Acknowledgments
	References


