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Across aging, white adipose tissue (WAT) undergoes significant changes in quantity and distribution, with an
increase in visceral adipose tissue, ectopic fat deposition and a decline in gluteofemoral subcutaneous depot.
In particular, WAT becomes dysfunctional with an increase in production of inflammatory peptides and a
decline of those with anti-inflammatory activity and infiltration of inflammatory cells. Moreover, dysfunction of
WAT is characterized by preadipocyte differentiation decline, increased oxidative stress and mitochondrial
dysfunction, reduction in vascularization and hypoxia, increased fibrosis and senescent cell accumulation.

WAT changes represent an important hallmark of the aging process and may be responsible for the systemic
pro-inflammatory state (“inflammageing”) typical of aging itself, leading to age-related metabolic alterations.
This review focuses on mechanisms linking age-related WAT changes to inflammageing.

1. Introduction

Aging is the main risk factor for multiple chronic diseases, decline in
physical function and frailty. Such conditions are frequently preceded by
metabolic alterations and low-grade chronic inflammation. Adipose
tissues are organized to form a large adipose organ with discrete anat-
omy, vasculature and innervation, high plasticity and complex cytology
where the main cells, the adipocytes, are defined as white or brown in
relation to their different morphology and function (Cinti, 2012). Across
aging, both white adipose tissue adipose (WAT) and brown adipose
tissue (BAT) undergo changes in quantity, distribution and function.
WAT changes represent an important hallmark of the aging process itself
and may be responsible for the systemic pro-inflammatory state typical
of aging itself (Kirkland et al., 2002). This age-related state of chronic
sterile low-grade inflammation has been named “inflammageing” and
participate in the development of frailty, disability and most chronic
degenerative diseases including age-related cardiovascular and cere-
brovascular diseases (Franceschi, 2007; Franceschi and Campisi, 2014).
Even if a variety of tissues and organs participate in inflammageing
(Franceschi and Campisi, 2014; Franceschi et al., 2018; Liberale et al.,

2020), WAT plays a major role. Moreover, WAT plays a major role in
human physiology by constituting the main reservoir of energy stores,
deposited as triglycerides and by serving as an endocrine organ secreting
several peptides which have a fundamental role in the regulation of
energy homeostasis, insulin sensitivity and cardiovascular function
(Cinti et al., 2005; Giordano et al., 2013). WAT is usually divided into
visceral (VAT) and subcutaneous (SAT) adipose tissue (Bosello and
Zamboni, 2000). SAT is where the majority of excess lipids are stored,
and is considered healthier than VAT in both lean and obese subjects
while, VAT, being more metabolically active and sensitive to lipolytic
stimulus, is strongly related to the onset of metabolic syndrome and to
increased cardiovascular morbidity and mortality (Bosello and Zam-
boni, 2000).

Therefore, the aim of this review is to revise current literature about
the contribution of WAT to inflammageing and explore potential
mechanisms at the systemic, tissutal and cellular levels.

2. Age related body fat redistribution

As people age, a progressive increase in fat mass occurs, in response
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to chronic positive calorie balance, reduced physical activity and lower
basal metabolic rate (Mancuso and Bouchard, 2019). An increase in total
adiposity may be independent of body weight changes due to a
concomitant decrease in muscle mass observed with aging, so-called
sarcopenia (Prentice and Jebb, 2001), as well as a decrement in total
body water, especially the intracellular compartment, and a decreasing
trend of bone mass (Buffa et al., 2011).

Moreover, across aging, progressive redistribution of WAT from the
periphery of the body (i.e. loss of gluteofemoral SAT) to the abdomen
occurs (i.e. increase of VAT) (Zamboni et al., 2005). With aging, accu-
mulation of abdominal fat and deposition of ectopic fat occur indepen-
dently of weight gain resembling the phenotype identified as TOFIL, i.e.
thin-on-the-outside fat-on-the-inside, with an increased metabolic risk
(Thomas et al., 2012). Age-related dysregulation of lipid metabolism in
subcutaneous adipocytes, in particular in the gluteofemoral regions, is
associated with triglyceride spillover and could in part explain not only
the increases in visceral adiposity but also in ectopic fat deposition
within non-adipose tissues such as the skeletal and cardiac muscles,
liver, pancreas, kidney and vessels (Rossi et al., 2011) (Fig. 1). Increased
free fatty acids (FFA) delivery to other organs, especially when com-
bined with defective FFA oxidation, leads to the accumulation of “toxic”
lipids such as ceramides and diacylglycerols, thereby causing lip-
otoxicity (Unger, 2005), insulin resistance (Mazzali et al., 2006; Zoico
et al., 2010b), hemodynamic age-related alterations (Zamboni et al.,
2014) and organ dysfunction (Tardif et al., 2014).

Interestingly, obesity and weight gain, along with aging, are strongly
related to the increase of VAT and to ectopic fat deposition (Zamboni
et al., 2014). Moreover, both obesity and weight gain may also speed up
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the onset of age-associated diseases, which further emphasizes the
impact of WAT in aging (Zamboni et al., 2014).

Aging is characterized not only by an increase in WAT, but also by a
decline in BAT (Cinti, 2012; Saely et al., 2012). The main function of
brown adipocytes is the dissipation of energy through uncoupled
respiration to produce heat; this mechanism is mediated by a carrier
protein, noted as thermogenic factor uncoupling protein-1 (UCP-1)
expressed on the inner membrane of mitochondria (Cinti, 2012). There
are many possible mechanisms that link aging to BAT involution, such as
the loss of mitochondrial function, impairment in the sympathetic ner-
vous system, age-induced alteration of brown adipogenic stem/pro-
genitor cell function, and changes in endocrine signals (Zoico et al.,
2019b).

Aging is also associated with a reduction in beige adipocyte forma-
tion (Cinti, 2012). Beige adipocytes differentiate from a subpopulation
of WAT-resident progenitors; a defective ability of progenitors cells to
proliferate and differentiate has been hypothesized with aging, probably
due to changes in trophic factors in the adipose tissue microenvironment
(Zoico et al., 2019b). Recently, microbiota changes with aging have also
been suggested as another potential mechanism that may influence
browning of WAT (Moreno-Navarrete and Fernandez-Real, 2019).

3. Age related WAT dysfunction

WAT is organized in a large adipose organ with discrete anatomy,
vasculature and innervation, specific cytology and high plasticity (Cinti,
2012). WAT is composed of different cell types including the adipocyte
fraction, which contains primarily mature adipocytes and the stromal
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Fig. 1. A) Body composition in young and old normal weighted individuals with the same BMI. Subcutaneous fat (white), visceral fat (red) and ectopic fat deposition

(yellow) in muscle, heart, liver.

B) White adipose tissue (WAT) characteristics in young and old normal weighted individuals with the same BMI. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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fraction, composed of adipogenic stem cells, preadipocytes, macro-
phages, lymphocytes, endothelial cells, pericytes, and fibroblasts (Cinti
et al., 2005; Cinti, 2012; Cawthorn et al., 2012; Senesi et al., 2019). With
aging WAT undergoes significant morphological and functional changes
which lead to its dysfunction, in particular to preadipocyte differentia-
tion decline, inflammation, morphological changes and senescent cell
accumulation (Fig. 2).

3.1. Preadipocyte differentiation decline

Adipocytes derive from progenitors cells called preadipocytes, which
represent 15-50% of cells in WAT and play an important role in WAT
maintenance and regeneration.

Adipogenic differentiation is characterized by morphological
changes, lipid accumulation and expression of genes typical of fat cells;
this process is under the control of a transcriptional cascade involving
specific adipogenic key transcriptional factors. Several studies, con-
ducted both in animals and humans, showed that preadipocytes reduce
their ability to replicate and differentiate, and thus to store lipids with
aging (Sepe et al., 2011).

Several observations support the decline of preadipocyte differenti-
ation with aging. Caso et al. (2013), observed that the rate of replication
and differentiation of preadipocytes isolated from subcutaneous pe-
ripheral fat in old subjects was significantly lower than that of healthy
young individuals. Schipper et al. (2008) isolated human preadipocytes
from different subcutaneous fat depots of 12 female donors and
observed a decrease in both their replicative potential, and their dif-
ferentiation capacity with increasing donor age. They also observed that
serial in vitro passages of preadipocytes diminished their ability to
differentiate into mature adipocytes with increased expression of SA-
B-gal, caveolin-1, as well as of senescence markers (Schipper et al.,
2008). Furthermore, when comparing preadipocytes in healthy young,
middle-aged, and aged volunteers it was observed that aged pre-
adipocytes had a higher expression of senescence markers, antiapoptotic
genes, proapoptotic gene BAX, upregulation of NF-xB (nuclear factor
kappa B) and a downregulation of genes associated with tissue renewal
capacity such as p53, caspase 3, caspase 8, and caspase 9 (Alt et al.,
2012).

Age-related decline in pre-adipocyte differentiation has been shown
to be linked to a decreased expression of the adipogenic transcription
factors CCAAT/enhancer-binding protein (C/EBP)-alpha and of peroxi-
some proliferators-activated receptor gamma (PPAR-gamma) (Stout
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etal., 2016). Several factors may affect the activity of these transcription
factors. Tumor necrosis factor alpha (TNF-alpha), secreted at a consid-
erably higher amount in WAT of older subjects (Lumeng et al., 2011),
has been found to have a key role in the age- related decline of pre-
adipocyte differentiation (Pararasa et al., 2015). This has been clearly
shown by Tchkonia et al. (2007) who demonstrated that in preadipocyte
culture derived from pathogen-free male Brown Norway rats, TNF-alpha
decreases the expression of C/EBP-alpha and PPAR-gamma and induces
some inhibitors of adipogenesis such as CHOP, CUGBP and C/EBP-b-LIP.
Furthermore, in 3T3-L1 preadipocytes, inhibition of TNF-alpha through
adiponectin increased preadipocyte differentiation and cell viability,
thereby upregulating PPAR-gamma and C/EBP-alpha (Yang et al.,
2018).

It is known that WAT presents an infiltration of inflammatory cells
such as macrophages, B and T lymphocytes and neutrophils, (Cox et al.,
2019; Lumeng et al., 2011; Pyrina et al., 2020) which may also be linked
to a decline in preadipocyte differentiation. Macrophages, through the
production of nitric oxid, may increase the level of the hypoxia-
inducible-factor 1 alpha (HIF-1 aplha), determine DNA damage and
p53 phosphorylation, as well as decrease mitochondrial biogenesis in
preadipocytes (Jang et al., 2016).

The ability of preadipocytes to differentiate can be influenced also by
both chronic and intermittent oxidative stress (Findeisen et al., 2011;
Houstis et al., 2006). In fact, increased oxidative stress decreases pre-
adipocyte differentiation through the inhibition of different steps in the
cell cycle, such as the expression of S-phase genes downstream of the
retinoblastoma protein (Findeisen et al., 2011). Moreover chronic
oxidative stress, obtained in vitro by intermittent hypoxia, may deter-
mine decreased mRNA levels of of C/EBP-alpha and PPAR-gamma in
preadipocytes (Fernando et al., 2020).

Intermittent hypoxia has been also shown to be toxic for the pre-
adipocytes and causes increased generation of mitochondrial ROS,
increased prevalence of cells with nuclear localization of p16 and higher
prevalence of cells positive for senescence-associated beta-galactosidase
(Polonis et al., 2020).

Interestingly, oxidative stress and hypoxia, besides decreasing pre-
adipocyte differentiation into adipocyte, may also induce the pre-
adipocyte to acquire surface markers such as F4/80, CD80 and CD 86
and differentiate into macrophages (Engin, 2017; Zhang et al., 2018).

With aging, dysfunction of preadipocytes could compromise their
ability to store lipids thereby increasing the exposition of WAT to
oxidative stress (Sepe et al., 2011). The abundance of FFA induces a
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Fig. 2. Main aspects of the aging white adipose tissue (WAT): morphological and functional characteristics together driving to WAT dysfunction and clinical
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reduced expression of the enzymes required for their processing into
triglycerides (Guo et al., 2007) and their accumulation could increase
the release of cytokines from adipose tissue itself (Suganami et al.,
2005). In a murine model of aged mice, increased FFA induces pre-
adipocytes apoptosis and a decrease in adipogenesis (Guo et al., 2007;
Stout et al., 2016).

High-fat diet might also influence fat cell homeostasis, thus
increasing hypoxic stress through over-expression of HIF-1-alpha (Jang
et al., 2016), as well as through an increase in TNF-alpha (Bloom et al.,
2020). High-fat diet could influence the expression of genes involved in
the regulation of telomere dynamics in WAT, which might result in
increased inflammation (Bloom et al., 2020).

Taken together, these studies strongly support that preadipocytes
become dysfunctional with age; moreover, dysfunctional preadipocytes
do not differentiate into adipocyte, contributing to lipodystrophy,
inflammation, insulin resistance, and metabolic alterations (De Car-
valho et al., 2019). However it is still unknown what threshold of pre-
adypocyte dysfunction is needed to cause these alterations, and if
preadipocytes dysfunction itself is enough to cause such changes and
whether preadipocyte dysfunction is prevalent in SAT or VAT with

aging.
3.2. Adipokines and aging

Besides being responsible for energy storage, nutrient sensing and
temperature regulation WAT is recognized as the largest endocrine and
immune organ of the body (Cinti, 2012). Since the discovery of leptin, a
variety of adipokines have been shown to be secreted by adipocytes
(Cinti, 2012). Adipocyte size is one of the factors regulating cytokines
release within adipose tissue, as they become hypertrophic and more
inflammatory (Skurk et al., 2007).

In general, with aging, the majority of adipokines are elevated in
comparison with younger individuals (Mancuso and Bouchard, 2019).
The relation between aging and endocrine function of WAT is complex
to study in humans because aging is strictly associated with changes in
fat mass and fat distribution as well as with a high prevalence of
metabolic syndrome, insulin resistance and obesity. In fact, age-related
VAT increase and/or concurrence of obesity and/or metabolic syn-
drome, may all be responsible for an increase in inflammatory and a
decline in anti-inflammatory adipokines production.

In vitro older adipocytes, as opposed to young mature adipocytes,
display not only reduced gene expression of adiponectin and leptin, but
also a significant increase in proinflammatory cytokine production, such
as interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-
1), as well as an increase in insulin resistance (Yu and Zhu, 2004; Zoico
et al., 2010a). In vitro aged adipocytes accumulate ROS, increase mRNA
expression of key proteins related to the remodeling of the extracellular
matrix as well increase p53, p21 and pl6 expression, compared to
younger cells (Zoico et al., 2019a).

Compared to younger adults, older subjects show higher fasted and
postprandial concentrations of leptin (Johnson et al., 2020). Leptin
secretion profile has been shown to be different in both young and aged
people (Mancuso and Bouchard, 2019). At a young age, leptin is pre-
dominantly secreted by SAT, while in older age, leptin is secreted by
VAT (Carter et al., 2013). Despite an increase in the plasma level of
leptin in old people, there is a disorder and weakness in the performance
of leptin in old age (Gabriely et al., 2002). Lower availability of leptin in
the hypothalamus, impaired peripheral leptin action, or both, have been
proposed as mechanisms of leptin resistance through aging (Scarpace
and Tiimer, 2001). In humans, an increase in leptin resistance with both
adiposity and aging has been observed (Zoico et al., 2008).

In contrast to other adipose-derived adipokines, adiponectin is
inversely related to total adiposity and VAT, and shows insulin-
sensitizing and anti-atherogenic properties (Mancuso and Bouchard,
2019). In vitro adiponectin has been shown to improve preadipocyte
differentiation (Yang et al., 2018). Moreover, in vitro pre-treatment with
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globular or full-length adiponectin significantly suppressed LPS-induced
expression of IL-6 mRNA, MCP-1 mRNA in 3T3-L1 adipocytes, reduced
NF-kB activity by 50% and 40% and increased PPARgamma mRNA
levels (Zoico et al., 2009).

Serum adiponectin has been shown to increase with aging in humans
(Kizer et al., 2010; Kizer et al., 2012) and higher levels of adiponectin
have been observed in centenarians (Atzmon et al., 2008; Arai et al.,
2019). Despite the basic science supporting the beneficial metabolic and
anti-inflammatory effects of adiponectin, its association with morbidity
and mortality, at least in patients with cardiovascular disease as well as
in the elderly, is still controversial. A negative association between
adiponectin and coronary heart disease has been observed in healthy
middle-aged cohorts, (Pischon et al., 2004; Pischon et al., 2011), while a
positive association with mortality was found in the elderly (Wanna-
methee et al., 2007; Poehls et al., 2009). Among the participants of the
Health ABC Study, a significant association was observed between adi-
ponectin and risk of incident disability and all-cause mortality (Baker
et al., 2011), but is an association that is no longer significant after
adjusting for weight loss and physical performance at baseline; these
findings are in line with the “adiponectin paradox”.

As a matter of fact, secretory profile of WAT became more proin-
flammatory with aging. Leptin resistance is a feature of aging, and the
adiponectin paradox seems to occur.

3.3. Sirtuins and WAT

An important role is emerging for sirtuins as anti-inflammatory
mechanism that could be reduced with aging, thus representing a po-
tential mechanism involved in inflammageing.

Sirtuins are a family of NAD+-dependent protein deacetylases, with
different cellular localization, and are able to deacetylate target pro-
teins, regulate gene expression and modulate transcription factors
implicated in many biological processes (Houtkooper et al., 2012, Haigis
and Sinclair, 2010). SIRT-1 is ubiquitously expressed and is present in
WAT. Overexpression of SIRT-1 in 3T3-L1 cells reduces adipogenesis
and triglyceride accumulation; resveratrol, through SIRT-1 activation,
promotes lypolisis and reduces fat accumulation (Picard and Guarente,
2005). Moreover SIRT-1 has been shown to suppress NF-kB activity and
decrease inflammation through several mechanisms (Mendes et al.,
2017). SIRT-1 exerts its anti-inflammatory activity also by reducing
oxidative stress through inhibition of iNOS activity and down-regulation
of COX-2 expression (Schug and Li, 2011).

SIRT-1 not only has anti-inflammatory properties, but also anti-
apoptotic and anti-aging effects (Mendes et al., 2017). In fact, SIRT-1
is involved in cellular senescence and is strongly downregulated in se-
nescent cells (Ota et al., 2007).

Until now and to the best of our knowledge, studies specifically
evaluating in WAT the role of sirtuins decline with aging in inflamma-
geing are scarce; they have been prevalently performed in vitro and
therefore deserve further investigation.

3.4. WAT immune cell infiltration

The cross-talk between immune cells and WAT has been suggested as
an important regulator of WAT function and systemic metabolism
(Chung et al., 2018).

Across aging, immune cell infiltration including M1 and M2 mac-
rophages, T and B cells, and granulocytes tends to accumulate in WAT as
a feature of dysfunctional aged WAT (Garg et al., 2014).

T cells and M1 macrophages are known to contribute to creating a
pro-inflammatory environment, mostly in the VAT compartment
(Lumeng et al., 2011), while M2 macrophages and T regulatory cells (T
reg) normally release anti-inflammatory cytokines such as interleukin
IL-10 and transforming growth factor beta (TGF-beta), which in turn
increase insulin sensitivity and inhibit adipose tissue inflammation and
dysfunction. Dynamic changes of these immune cells in WAT underpin
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their involvement in pathologies associated with WAT dysfunction
(Stout et al., 2016; Guzik et al., 2017).

Macrophages were the first immune cells identified in WAT and the
most abundant cell type in both VAT and SAT. Macrophages in VAT
remain substantially stable in number during aging, but the ratio be-
tween pro-inflammatory M1 and anti-inflammatory M2 macrophages
increases with aging, due to various drivers (Garg et al., 2014; Antony
et al., 2018). In a murine model, a decrease in the resident CD206-+
macrophages was found in WAT, modifying the ratio in favor of in-
flammatory macrophage subtypes (i.e. CD11c+ and CD206- CD11c-)
(Trim et al., 2018). Moreover, this imbalance appeared to be associated
with a decrease in PPAR-gamma expression (Lumeng et al., 2011;
Mancuso and Bouchard, 2019). In addition to these observations, it
should be taken into account that, like obese WAT macrophages, aged
ones display high endoplasmic reticulum (ER) stress and have been
associated with an increased production of pro-inflammatory cytokines
by the WAT. An elevated ER stress response was observed in aged WAT
stromal cells, which were also more sensitive to ER stress (Ghosh et al.,
2016). Elevated ER stress and inflammation of aged WAT have been
linked to impaired autophagy, demonstrated by the accumulation of
some autophagy substrates in old stromal vascular fraction, such as LC3-
II and p62 (Ghosh et al., 2016).

Aged WAT creates also a favorable microenvironment for T and B
lymphocyte activation, and lymphocytes constitute the second most
abundant immune cell population in VAT. Antony et al. (2018) observed
a 2-fold increase in CD3+ T cells in WAT of aged mice, compared to
young animals. The greatest increase regarded CD8-, rather than CD4+
T cells (Antony et al., 2018). The key molecules that mediate T cell
infiltration into WAT in aging are still not precisely defined. Accumu-
lation of CD8+ T cells in aged WAT, in line with what is observed in
obesity, may contribute to increased adipose tissue inflammation (Ant-
ony et al., 2018).

Enrichment in T reg cells in WAT of old mice has been observed with
a continuous rise from young individuals to old ones. Hence, by sup-
pressing T cell response, T reg dysfunction may be associated with
increased susceptibility to alterations such as age-related insulin resis-
tance (Bapat et al., 2015). In fact, when compared to T cells of young
mice, T reg of aged mice had a substantial increase in a set of transcripts
(PPAR-gamma, Gata-3, Klrgl, Ccr2), which may result in local adapta-
tion to a lipolityc and hypoxic adipose tissue environment (Bapat et al.,
2015).

T reg in aging WAT are also known to express high levels of ST2, a
receptor for IL-33 (Antony et al., 2018). Recently, a subpopulation of y/8
T cells, termed PLZF+ y/8T cells, has been demonstrated to play a
considerable role in age-related WAT T reg accumulation via producing
IL-17A, which in turn induces stromal cell production of IL-33 (Antony
et al., 2018). Interaction of TCR-antigen-MHC II on preadipocytes and
cytokines such as IL-33, may promote T reg accumulation in aging
(Guzik et al., 2017). y/8 T cells have been demonstrated to represent a
substantial proportion of T cells in the WAT and their number increases
with aging and in metabolic and vascular pathologies (Guzik et al.,
2017). These cells are also an important source of strongly pro-
inflammatory IL-17 (Guzik et al., 2017).

Furthermore, IL-6 and IL-17 are regulators of the recruitment of
granulocytes and CD11b+cells, promoting also ectopic fat accumulation
(Guzik et al., 2017). This process is in part controlled by decreased
microRNA expression such as miR26a, providing also a link to cardiac
injury (Guzik et al., 2017). Finally, T cell presence and activation in
dysfunctional aged adipose tissue is also closely linked to inflammasome
activation (Guzik et al., 2017). Nlrp3 regulates IL-18 and IFN-y in WAT
and promotes effector T cell accumulation (Chimin et al., 2017).

With aging, B-cell content also increases in WAT, promoting acti-
vation of other immune cells and affecting metabolic status (Guzik et al.,
2017; Trim et al., 2018). B cells have been shown to accumulate in aged
WAT within the fat-associated lymphoid clusters (Camell and Dixit,
2019) and produce proinflammatory cytokines mediating WAT
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inflammageing and age-associated insulin resistance (Khan et al., 2019).

On the other hand, a significant decrease with aging is observed in
WAT invariant natural killer cells (NKT), a type of lipid-sensing innate T
cell, which may assist in regulating T reg number and function in young
mice by producing IL-2 (Antony et al., 2018; Wang et al., 2019).

Finally, mast cells number also increases in dysfunctional aged WAT
and this increase has also been linked to atherosclerosis and metabolic
dysfunction by promoting monocyte recruitment (Guzik et al., 2017); in
contrast, eosinophil content in WAT shows no or only modest changes in
aging (Guzik et al., 2017).

In definitive, a great variety of inflammatory cells infiltrate with
aging into WAT. More detailed knowledge of WAT immune cell popu-
lation infiltration with aging could be fundamental in order to identify a
pathophysiological basis responsible for age-associated metabolic
alteration, inflammageing and chronic diseases.

3.5. WAT morphological changes

Adipose tissue is composed of several cell types including not only
adipocytes and their precursor cells, but also endothelial cells, pericytes,
fibroblasts and immune cells, which are organized in a complex archi-
tecture (Coelho et al., 2013; Tchkonia et al., 2010).

Some morphological changes occur in WAT with aging. Advanced
age has been associated with an increased presence of small dysfunc-
tional ‘mesenchymal adipocyte-like’ cells (Kirkland and Dobson, 1997)
with a reduced capacity for lipid accumulation. Larger lipid droplets
form in preadipocytes of young animals compared to those from old
animals after a high fat diet (Guo et al., 2007). In this study a leftward
shift was observed in the adipocyte area histogram, with approximately
70% of all adipocytes from VAT of the old mice falling into the two
smallest adipocyte areas, compared to only approximately 10-15% of
the adipocytes from young samples (Guo et al., 2007). After 10 weeks of
a high fat diet, adipocyte diameters were significantly lower in old rats
(25-month old) than in young rats (6-month old), suggesting age-related
adipocyte incompetence, i.e. a failure in FFA accumulation (Tardif et al.,
2014). On the other hand, an increase in adipocyte diameter has been
found in vitro with the aging of the cell from post-induction day 10 to 26
(Zoico et al., 2019a). To the best of our knowledge, no study compares
adipocyte diameter in humans in VAT and SAT between young and old
subjects, and it is also unknown, what the critical size of adipocytes
could be in healthy aging.

Greater WAT fibrosis has been observed in the WAT of aged mice
(Donato et al., 2014). A murine model of aged mice lacking the relaxin
receptor RXFP1 showed an increase in collagen deposition in WAT, with
both pericellular deposition and accumulation of thick collagen fibrils
(Bennett et al., 2019). The molecular mechanisms that direct adipose
cell conversion towards a pro-fibrotic phenotype are not completely
understood. It has been shown that progenitor cell activation by TGF-
beta/Smad signaling plays a role in combination with inflammatory
cytokines secreted by inflammatory cells (Sun et al., 2013). Macro-
phages might be involved in the increased fibrosis of WAT with aging
through the induction of mitochondrial dysfunction in preadipocytes,
with a consequent increase in HIF-1a and activation of pro-fibrogenic
pathways (Jang et al., 2016). In an in vitro model of adipocyte aging,
we have recently found that aging adipocytes are associated with an
alteration of ECM and fibrosis, with increased production of collagen VI-
A3, paralleled by a decrease in caveolin-1 expression and a modulation
of the ERK pathway (Zoico et al., 2020).

The increased fibrosis seen in aged WAT is usually concomitant with,
and may be responsible for, vascular dysfunction. WAT is a relatively
hypoxic tissue that receives about 5% of total cardiac output in young
adults (Blogowski et al., 2012). Hypoxia in WAT increases with weight
gain, obesity (Pasarica et al., 2009) and aging (Donato et al., 2014;
Zhang et al., 2011). This has been observed in animals and in vitro.
Donato et al. (2014) compared measures of VAT artery function in
young (6.1 + 0.4 months) and old (29.6 + 0.2 months) B6D2F1 mice and
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observed that aging determined a reduction in vascularity, as well as in
angiogenic capacity and in the expression of vascular endothelial
growth factor in adipose tissue. Finally, they also found that
endothelium-dependent dilation was lower in isolated arteries from VAT
of the old mice, suggesting that, taken together, these vascular defects
contribute to the increase in oxidative stress and might be a potential
contributor to tissue hypoxia itself (Donato et al., 2014). The hypoxia
rate of adipose tissue was found to be increased with advanced age in
both SAT and VAT of aged C571/6 mice (Zhang et al., 2011). Further-
more, exposure of 3T3-L1 adipocytes to the levels of hypoxia, as
observed in aging adipose tissue, has been shown to alter multiple as-
pects of adipose biology, inducing increased levels of insulin stimulated
glucose uptake and decreased lipid content.

Morphological changes observed with aging in WAT, and in partic-
ular the increase in fibrosis and the decline in vessels, may be the
consequence of a greater inflammation, and may concur to its
dysfunction.

3.6. Telomer shortening and senescent cell accumulation

Telomere shortening is a known mechanism of premature cellular
senescence (Zhu et al., 2019). Besides aging, both insulin resistance
(Gardner et al., 2005; Tzanetakou et al., 2012) and inflammation
(Minamino et al., 2009) have been shown to be associated with an
increased expression of telomerase enzyme activity, and thus shorter
telomeres. Dysfunctional WAT telomeres trigger a p53-dependent
response (Gardner et al., 2005; Tzanetakou et al., 2012) which could
modify adipocyte metabolism that leads to WAT inflammation,
dysfunction and insulin resistance (Vergoni et al., 2016). Shorter telo-
meres also promote infiltration of macrophages into adipose tissue
(Minamino et al., 2009) and might impair the regenerative ability of the
adipocytes (Lakowa et al., 2015; Tchkonia et al., 2013).

Cellular senescence has been hypothesized to be involved in the
onset and amplification of WAT inflammageing, as in the observations
and hypothesis of Tchkonia et al. (2010), which described an increase in
cellular senescence in preadipocytes and adipocytes of old rats,
compared to young littermates.

Cellular senescence is an irreversible cell fate, in which cells stop
dividing in response to an insult such as inflammation and metabolic
stress (Tchkonia et al., 2013). Senescent cells are characterized by an
enlarged phenotype with a positivity for beta galactosidase, and can
secrete a multitude of chemokines, cytokines, growth factors, and matrix
metalloproteinases, globally defined as Senescence Associated Secretory
Phenotype (SASP) (Tchkonia et al., 2013; Coppé et al., 2010).

Senescent cells are usually cleared by the immune system, however
above a threshold burden, the capacity of the immune system to remove
them is limited (Tchkonia et al., 2013; Wissler Gerdes et al., 2020). Thus,
overexpression of senescent cells in WAT with aging amplifies its
inflammation and alters the production and structure of the extracel-
lular matrix.

Moreover, cellular senescence in WAT has been associated with
impaired adipogenesis and an increase in lipotoxicity as senescent adi-
pocytes fail to sequester lipotoxic fatty acids (Tchkonia et al., 2010). In
fact in co-culture experiments, senescent cells have been shown to affect
the function of adipose-derived progenitors and to alter the insulin
sensitivity of WAT (Xu et al., 2015). In addition to these paracrine ef-
fects, adipose tissue senescence also triggers systemic inflammation as
well as insulin resistance in other metabolic organs (Tchkonia et al.,
2010).

The role of senescence in influencing WAT physiology during aging,
has been demonstrated in experiments where the effects of cellular
senescence were blocked or removed (Xu et al., 2015). Xu et al. (2015)
showed that the clearance of senescent cells from the WAT of old mice
was associated with an improvement in adipogenesis as well as in insulin
sensitivity (Xu et al., 2015). Moreover the genetic clearance of senescent
cells in mice was shown to reverse WAT dysfunction with aging and to
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contrast the loss of subcutaneous adipose tissue typical of aging (Baker
et al., 2011).

In the last few years strategies for selective elimination of senescent
cells have been proposed and are currently under investigation (Wissler
Gerdes et al., 2020; Tchkonia and Kirkland, 2018). In particular, it has
been hypothesized that this strategy could delay or contrast the onset of
chronic age-related diseases (Palmer and Kirkland, 2016; Khosla et al.,
2020). Some pharmacologic compounds have been developed in the
past few years or investigated for their potential to clear senescent cells
selectively in different tissues. These molecules are called senolytics and
have been defined on the basis of their mechanism of action to induce
apoptosis in aged cells selectively (Tchkonia and Kirkland, 2018; Khosla
et al., 2020; Wissler Gerdes et al., 2020). Dasatinib and quercetin were
found to be able to reduce senescent cell burden in multiple tissues, and
improve function in naturally aged animals (Wissler Gerdes et al., 2020).

We have recently shown that treatment with quercetin in aged pre-
adipocyte and adipocyte cultures determined a significant decrease in
the number of senescent cells, along with the suppression of ROS and
SASP; moreover quercetin treatment decreased miR-155-5p expression,
with downregulation of NF-kB expression and upregulation of SIRT-1, in
both models, confirming a senolytic and anti-inflammatory role for
quercetin not only in aged adipocytes but also for preadipocytes (Zoico
unpublished results 2020).

To date, senolytic activity has been demonstrated for some com-
pounds, mostly in the oncological context and for some tissues as well as
for AT (Khosla et al., 2020; Wissler Gerdes et al., 2020). However, the
use of senolytic compounds has been limited to clinical trials, since more
information about the safety, tolerability and side effects of these drugs
are still necessary.

4. Conclusions

Sterile inflammation, or the presence of inflammation in the absence
of a known identifiable infection is a common feature of aging, a con-
dition that was defined years ago by Franceschi et al., as inflammageing
(Franceschi, 2007; Franceschi et al.,, 2018). WAT may be a major
contributor to inflammageing in the elderly (Zamboni et al., 2014; Stout
et al., 2016). This may depend on the fact that WAT has recognized
immunological functions (Kershaw and Kershaw and Flier, 2004; Grant
and Dixit, 2015; Frasca and Blomberg, 2020), is the largest organ of our
body (Cinti, 2012), and that WAT percentage increases at 70 years of age
or more (Prentice and Jebb, 2001).

Increase in VAT and ectopic fat as well decline in SAT (in particular
gluteofemoral SAT), seem to be the key contributors to inflammageing
(Lakowa et al., 2015). SAT incompetence may be responsible for greater
VAT and ectopic fat deposition. The protective role of SAT has been
recognized for many years: SAT has been found to be negatively asso-
ciated with metabolic syndrome in the HABC study (Goodpaster et al.,
2005), and hip circumference, a well-known anthropometric index of
gluteofemoral SAT, has been shown to be negatively associated with
myocardial mortality (Yusuf et al., 2005). However, hip decline across
aging should be carefully monitored as a marker of poor health, in terms
of inflammageing and greater morbidity and mortality, in the elderly.

Since there has been a link observed between WAT dysfunction,
aging, inflammageing, and age-related chronic diseases, WAT should be
considered as a therapeutic target. Targeting specific cell types in WAT
could be more effective than targeting the whole WAT (Liu et al., 2020).
Development of agents able to preserve and/or restore preadipocyte
function in later life, to remove senescent cells and to alleviate WAT
inflammation could be possible treatment options. Some pharmacolog-
ical approaches have been already evaluated in animals, but studies are
needed in humans even in order to optimize dosage and timing.

Decline in BAT and browning white adipocytes across aging could be
also taken into consideration as a possible target of intervention.
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