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Abstract

Adipose tissue has a variety of diverse functions that maintain energy homeostasis. In conditions
of excess energy availability, adipose tissue increases its lipid storage and communicates the
nutritional abundance to various organs in the body. In conditions of energy depletion, such as
fasting, cold exposure, or prolonged exercise, triglycerides stored in adipose tissue are released as
free fatty acids to support the shift to catabolic metabolism. These diverse functions of storage,
communication, and energy homeostasis are shared between numerous adipose depots including
subcutaneous, visceral, brown, beige, intramuscular, marrow, and dermal adipose tissue. As
organisms age, the cellular composition of these depots shifts to facilitate increased inflammatory
cell infiltration, decreased vasculature, and increased adipocyte quantity and lipid droplet size. The
purpose of this review is to give a comprehensive overview of the molecular and cellular changes
that occur in various aged adipose depots and discuss their impact on physiology. The molecular
signature of aged adipose leads to higher prevalence of metabolic disease in aged populations
including type 2 diabetes, cardiovascular disease, Alzheimer’s disease, and certain types of cancer.

Introduction:

The world population demographic is shifting; both lifespan and rates of obesity are
increasing. In the US alone, the aged population is expected to double, with models
predicting that by 2050 there will be 88.5million individuals above the age of 65 [1]. At

the same time, obesity in the aged population is expected to rise past its current level of
42.8% to a rate of 64.3% by 2050 [2]. When combined, aging and obesity are predictive risk
factors for type 2 diabetes, Alzheimer’s, cardiovascular disease, and certain types of cancer.
More work is needed to understand the age-associated morphological and molecular changes
in adipose tissue to combat metabolic disease.

Increased adipose tissue with aging or obesity is aligned with the ‘thrifty phenotype’
under which organisms accumulate fat to survive during food shortage [3]. To respond

to environmental shifts in food availability, adipose tissue functions as an endocrine organ:
responding to external cues, assessing the local abundance of stored triglycerides, and
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then communicating the energy availability to the rest of the body. The external cues

acting on adipocytes are numerous including insulin, glucagon, and relative abundance of
macronutrients such as circulating sugars and lipids. The internal environment of the adipose
tissue is also complex with variations in adipocyte size, numerous cell types, and differences
in vascular infiltration (Figure 1). Response to external and internal cues is mediated by
secreted factors, known as adipokines, that are released from adipocytes and signal to target
cells in the liver, pancreas, and hypothalamus [4]. These adipokines regulate satiety, insulin
sensitivity, glucose metabolism, and lipid storage. While adipose tissue is necessary for
survival in food shortage, there is no selective pressure for over abundance. As organisms
accumulate fat with age or obesity, the environmental response is diminished with lower
adipokine production and signaling.

The age-associated changes in the cellular and molecular composition of adipose are
mediated in a depot specific manner. There are several different adipose depots including:
visceral white adipose tissue (VWAT), subcutaneous white adipose tissue (SWAT), brown
adipose tissue (BAT), beige adipose tissue, inter- and intramuscular adipose tissue, marrow
adipose tissue (MAT), and dermal adipose tissue (dWAT). The depots that specialize in
storage and communication of stored nutrient availability include the SWAT depots (located
in the flank, hip, femoral, gluteal, and abdominal regions) and vVWAT depots (located within
the peritoneal cavity). With aging these depots have increased infiltration of inflammatory
cells, larger lipid droplets, and a higher abundance of senescent cells [5]. Thermogenic
adipose tissue depots, including the BAT and beige adipose tissue, have decreased function
with age including lower mitochondrial abundance, increased lipid storage, and decreased
fuel utilization [6]. The depots of adipose tissue that are buried intramuscularly and in

the bone marrow are increased during aging, which shifts body composition leading to
decreased muscle mass and bone density. Finally, adipose depots that provide padding and
structural support such as the dermal adipose tissue decrease in very old age, with increased
fibrosis and decreased adipocyte quantity [7]. These age-associated shifts in the various
adipose tissue depots culminate in decreased basal metabolic rate, decreased muscle mass,
decreased bone density, worsened insulin responsiveness, increased ectopic deposition of
lipids, and subsequent lipotoxicity.

The purpose of this review is to summarize the morphological and molecular changes

in aged adipose tissue in a depot specific manner. The initial sections will outline age-
associated morphology including adipose tissue expansion, decreased vascularity, increased
fibrosis, and immune cell infiltration. The following sections will discuss depot specific
changes in these morphological and molecular features. Molecular characterization has
largely been performed in mice, and we have denoted scales of aging that follow the
described Jackson Laboratories age range for C57BL/6J with mature adult being 3—6 months
(20-30 years in humans), middle-age of 10-14 months (38-47 years in humans), old age

of 18-24 months (56-69 years in humans), and very old of 24 months+ (70 and above in
humans) (Figure 1)[8]. These age groups are defined by biomarkers including transcriptional
measurements of senescence, which appear in middle age and are fully expressed in old

age, as well as reproductive capacity which is highest in mature adults and decreases with
middle age. These age-associated changes are driven by altered tissue morphology, cell
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infiltration, and molecular signaling and are correlated with the development of diseases
including osteoporosis, sarcopenia, type 2 diabetes, and atherosclerosis.

Morphological changes in adipose tissue

Although adipose tissue is primarily composed of adipocytes scaffolded together by a web
of vasculature, the stromal vascular fraction (SVF) also includes preadipocytes, endothelial
cells, macrophages, and a variety of other immune cells. The quality and relative quantity
of these different cell types is important for maintaining proper function. Morphological
changes in aging adipose tissue decreases metabolic flexibility leading to insulin resistance,
inflammation, and decreased energy expenditure.

Hypertrophy and hyperplasia

Adipocytes expand with age-associated increase in body weight. In mice, total body fat
reaches its maximum at middle age and then decreases with advanced age, a trend that is
mirrored in humans [9, 10]. The expansion of adipocytes can be categorized as hypertrophic,
in which adipocyte size increases, or hyperplastic, in which adipocyte number increases
[11]. Both morphologies have been observed in obesity as well as aging. Mean adipocyte
size increases between middle and old age, then decreases with advanced age [12]. Although
increasing cell size allows adipose tissue to store more lipids and protect other organs

from lipotoxic stress, hypertrophy leads to a low surface area to volume ratio. Decreasing
this ratio leads to inefficient nutrient transport and poor cell signaling which promotes

tissue dysfunction and metabolic disorder. Indeed, hypertrophic growth in white adipose
tissue correlates with diabetes in obese humans [13]. Hyperplastic growth, on the other
hand, is generally associated with improved insulin sensitivity in human subjects [14].
Hypertrophic growth from increased adiposity in obesity or aging can lead to changes in
oxygen availability, vascularity, fibrosis, and immune cell populations [15].

Oxygen availability and vasculature

Severe hypertrophy can increase the adipocyte size beyond the diffusion limit of oxygen
as well as reduce access to the blood supply, promoting a hypoxic environment.
Immunohistochemical staining with the hypoxia sensor, pimonidazole, showed hypoxia in
the white adipose tissue (WAT) of obese (leptin deficient) mice [16]. Hypoxia induces a
response mediated by the hypoxia-inducible factors (HIFs) to upregulate angiogenesis and
replenish oxygen levels. This response may be dysregulated with obesity, as hypoxic WAT
had decreased blood vessel density and lower levels of the angiogenic factor VEGFA [16].
Another potential mechanism of hypoxia with obesity is increased oxygen consumption
through activation of uncoupled respiration by free fatty acids [17]. Adipose tissue hypoxia
contributes to diabetes etiology, and eliminating components of the hypoxic response,
such as HIF-1a or its binding partner ARNT, in adipocytes alleviated diet-induced insulin
resistance [17, 18].

Adipose tissue hypoxia has also been shown to occur with aging by immunohistochemistry
and direct measurements of the interstitial partial pressure of oxygen [19]. Age associated
hypertrophic growth leads to reduced oxygen diffusion that is worsened by inadequate
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compensation from the vasculature. The /in vitro angiogenic potential of adipose-derived
stem cells declines with donor age, and adipose tissue from mice show age-dependent
decreases in VEGF expression and vascular density [20—-22]. Despite a lack of angiogenesis,
HIF-1a appears to be upregulated in aged adipose tissue, although the instability of the
HIF-1a protein can make it a challenge to quantify [23, 24]. HIF-1a can reduce the
expression of genes involved in mitochondrial complex IV assembly, which have decreased
expression in aged adipose tissue. Downregulation of mitochondrial activity with aging may
underly hypertrophic growth: adipocyte-specific knockout of HIF-1a restored expression of
several complex 1V transcripts and reduced mean adipocyte size in middle-aged mice [23].
Currently, it is not known if increased hypoxia is simply a by-product of the morphological
changes associated with aging, or if hypoxic signaling regulates adipose tissue function and
the progression of metabolic disorders, as is observed in obesity.

Extracellular matrix remodeling and fibrosis

Changes in vascularity and oxygen availability during adipose tissue expansion are
accompanied by a remodeling of the extracellular matrix (ECM) that is associated with
fibrosis. HIF-1a is involved in the upregulation of many ECM genes including collagens
[16]. Deposition of collagens resulting in fibrosis is observed in obese mice and humans
[16, 25]. Aging is also associated with adipose tissue fibrosis, VWAT from old mice showed
a seven-fold increase in collagen staining [20]. Fibrosis is a key factor in the metabolic
dysfunction associated with hypertrophic growth. Obese mice lacking a key collagen protein
(collagen V1) had increased adipocyte size but improved glucose and lipid clearance.
Mechanistically, reducing fibrosis may relieve stress on the adipocyte membrane, leading to
downregulated inflammation and increased flexibility to form receptor-stabilizing structures
like caveolae [26]. Changes in non-structural components of the ECM with aging may also
impact the metabolic flexibility of adipose tissue. For example, the matricellular protein
periostin was decreased in brown and white fat with age, a change that may contribute to
impaired lipid utilization [27].

Immune cells and inflammation

Adipose tissue growth is also associated with quantitative and qualitative changes in
resident immune cells [28]. Obesity is characterized by an enrichment of proinflammatory
macrophages, particularly in VWAT [29]. Accumulation of adipose tissue macrophages is
likely caused by both recruitment of monocytes from the circulation as well as increased
proliferation stimulated by the cytokine monocyte chemoattractant protein 1 (MCP-1)

[30]. Aging is also associated with accrual of inflammatory markers in adipose tissue

that can be produced by either adipocytes or other cells found in the stromovascular
fraction (SVF). However, unlike obesity, accumulation of inflammatory markers with age
is independent of macrophage abundance [31, 32]. Rather, macrophage polarization is
shifted away from the native, anti-inflammatory M2-like profile towards an inflammatory
M1-like and “double negative” profile [32]. Hypoxia is one of several factors that may
induce macrophage polarization in adipose tissue with obesity or aging, as expression

of hypoxia-related genes correlated with inflammatory M1-like but not anti-inflammatory
M2-like macrophages [33]. Indeed, culturing SVF cells under hypoxic conditions increased
the expression of inflammatory cytokines [33]. Free fatty acids and other circulating factors
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may also induce polarization through toll-like receptor 4 (TLR4) signaling and downstream
NF-kB activation. In obesity, TLR4 can be activated by dietary free fatty acids via the
adaptor protein fetuin-A, which is upregulated with high-fat diet [34, 35]. TLR4 signaling
is also relevant in aging as its deletion results in decreased transcript levels of inflammatory
interleukin 6 (IL-6) and MCP-1 in old mice [36]. However, adipose tissue expression and
serum levels of fetuin-A are decreased in old mice, indicating an alternate mechanism of
TLR4 activation during aging [36].

Although the number of macrophages does not increase with age, quantitative changes in
other immune cells have been observed. Cluster of differentiation 8 positive (CD8+) and
CDA4+ T cells were increased in the VWAT of old mice [32, 37]. Interestingly, eliminating
CDA4+ regulatory T cells, and thus their canonical anti-inflammatory role, improved age-
associated insulin resistance, indicating that a balance of immune cells is required for proper
adipose tissue function [37]. In female mice, aging is also associated with an expansion of
resident adipose tissue B cells that are transcriptionally distinct from age-associated splenic
B cells. Accrual of these cells may be a key regulatory event in the immuno-remodeling of
adipose tissue with age, as depletion of all B cells prevented the accumulation of regulatory
T cells in the visceral WAT of old mice [38] (Figure 2).

The architecture of adipose tissue shifts with growth due to obesity or aging. Remodeling
events include hypertrophic adipocytes with decreased access to the vasculature, increased
fibrosis, and inflammatory polarization or accumulation of different types of immune cells.
A common link between these changes is hypoxia, which is well characterized in obesity
and may also play a role with aging. However, there are likely mechanisms of adipose tissue
remodeling that are distinct to aging, such as alternate activation of TLR4 signaling.

Mechanisms of adipose remodeling with age may carry over to humans. Average adipocyte
size increases with age in WAT biopsies [39]. As was shown in mice, hypoxia-related
mitochondrial dysfunction could underly this hypertrophic growth since expression of
COX5B decreased with age in human WAT [23]. In regard to hypoxia and vascularity, the
in vitro angiogenic capacity of adipose stem cells declined with the age of the owner [40].
Human aging is also associated with systemic, low-grade inflammation, although the extent
that adipose tissue contributes is not yet clear [41]. Adipose macrophage content has been
shown to positively and significantly correlate with aging, although that relationship may
plateau and begin to reverse at middle age [42, 43]. While studies in model organisms allow
for separation of phenotypes due to obesity versus aging, this distinction is less clear in
human studies, and age-associated changes can be compounded by overnutrition and obesity.

The morphological changes outlined above are general trends associated with adipose tissue
growth from obesity or aging. More specific changes manifest depending on the type of
adipocyte, which are categorized as white, brown, or beige depending on their unique gene
expression and function (Figure 4). Additionally, the impact of aging varies depending

on the anatomical location of the adipose tissue depot, which have diverse morphologies
and functions. Many of the mouse studies referenced above were performed in only one
type of adipose tissue (gonadal WAT) and the conclusions drawn may not be ubiquitously
applicable. We will next specify the age-associated changes in different types of fat. We

Ageing Res Rev. Author manuscript; available in PMC 2021 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\on Bank et al.

Page 6

will go over the three major types of adipocyte: white, brown, and beige which will cover
the cellular precursors and transdifferentiation between white and beige adipocytes. We
will focus our discussion on the locations of various adipose tissue depots including white
(distinguished as visceral or subcutaneous), brown, beige, muscular, bone marrow, and
dermal (Figure 3). The impact of aging in other types of fat such as perivascular will not be
discussed here but have been highlighted in recent reviews [44].

Aging in Adipose Tissue Depots

White Adipose Tissue

White adipose tissue is a highly dynamic organ that functions in lipid storage and release,
insulation and padding, and endocrine signaling. Generally, it is distributed in the visceral
(VWAT) depot surrounding organs in the peritoneal cavity, or the subcutaneous (SWAT)
depot underlying the skin, particularly in the gluteal-femoral region. Although these two
depots share fundamental similarities, they have morphological and molecular differences
that lead them to serve distinct purposes in physiology and disease (as reviewed in [45]).
VWAT contains primarily unilocular adipocytes characterized by a single, large lipid droplet
and a high degree of innervation, while SWAT contains a heterogenous population of
unilocular and multilocular (multiple small lipid droplets) adipocytes surrounded by a

high amount of connective tissue [46]. Both depots have the canonical function of a lipid
repository, however VWAT is more susceptible to lipolysis in response to signaling from the
nervous system, while SWAT is the preferred depot for long term lipid storage. When the
storage capacity of SWAT is reached, lipids are deposited in the visceral depot. Increased
visceral adiposity is associated with diabetes, cardiovascular disease, and other metabolic
disorders, which could be explained by anatomical location, as a portion of VWAT has
direct access to liver via the portal vein [47]. However, characteristics inherent to the two
depots may also contribute to their opposing effects on metabolic outcomes. Transplantation
of SWAT into the visceral location in mice resulted in improved glucose homeostasis and
weight loss, indicating that SWAT may have intrinsically beneficial qualities [48]. With
age, the ratio of VWAT to SWAT increases [10]. Underlying this shift are changes in
cellular functions, such as impaired adipocyte generation, altered secretion of cytokines
and hormones, and dysregulated lipid accumulation and breakdown.

The generation of lipid-storing adipocytes requires tight regulation to maintain the metabolic
flexibility of WAT. Adipogenesis involves the conversion of mesenchymal stem cells into
committed preadipocytes, which then replicate or differentiate into mature white adipocytes.
Differentiation involves an epigenetic transition followed by the cooperative action of the
transcription factors PPARy and C/EBPa to promote adipocyte-specific gene expression, a
process that is responsive to a variety of positive and negative regulators [49]. With age,
tissue plasticity is impaired. In rats, the ability of preadipocytes to differentiate in culture
declines with the donor age, and the expression of C/EBPa is decreased in multiple WAT
depots /n vivo [50, 51]. In addition to differentiation, the capacity of preadipocytes to
self-renew may also be impaired. Stable isotope labeling and turnover modeling indicated
that replication of adipocyte progenitors in the SVF was impaired specifically in SWAT of
old mice [52].
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The decline in adipogenic potential can be attributed to cellular senescence, which is

a state of halted cell cycle progression triggered canonically by telomere shortening or
prematurely by other stressors [53]. Markers of senescence—such as p16'"k42 (inhibitor

of CDK4) expression and senescence-associated B-galactosidase activity—were elevated
across WAT depots in very old female mice [54]. Inducing the death of p16/"k4a senescent
cells in old mice restored PPARy and C/EBPa expression and alleviated age-associated

fat loss [55]. Premature senescence specifically in WAT may be associated with impaired
processing of microRNA (miRNA), a category of nucleic acid that regulates gene expression
post-transcriptionally. The protein that processes miRNA—Dicer—was downregulated in
VWAT and sWAT but unchanged in the liver with age. Knockout of Dicer in preadipocytes
induced a senescent phenotype and impaired their doubling time, although differentiation in
this case was not affected [56].

In humans, adipogenesis declines with age in SWAT, as measured by deuterium labeling
of nuclei and lipid droplets [57]. Senescent pathways may impair adipogenic capacity,
potentially in a cell-type specific manner as was similarly observed in mice. Adipose-
derived stems cells from older donors had increased expression of p16'"k4a that was
associated with reduced differentiation capacity in culture [58]. Whole SWAT biopsies
showed no age-dependent expression of p16 but rather 7253 (tumor protein 53), which
functions in an alternate route of the same senescent pathway [39]. Senolytic drugs are a
promising intervention to reduce senescent cell burden and boost regenerative potential in
adipose tissue [59].

Cell senescence, along with other aging-associated events, impact the endocrine function of
adipose tissue. Healthy WAT releases a variety of molecules that maintain systemic energy
balance, including leptin and adiponectin. Secretion of these adipokines is impacted with
aging, which has been reviewed thoroughly in [60]. Adipose tissue also secretes cytokines
and chemokines as part of the immune response.

Resident immune cells are a major source of inflammatory cytokines, but adipocytes and
preadipocytes have also been shown to secrete them. Senescence causes preadipocytes

to secrete inflammatory molecules such as IL-6 that can promote inflammation in other
cells in vitro [61]. A mechanism of inflammation potentially related to senescence

is impaired autophagy—the process that clears and recycles accumulated proteins and
damaged organelles—resulting in ER stress [62]. Markers of ER stress were elevated in
the VWAT of old mice, particularly in stromal cells like preadipocytes. Drugs that inhibit ER
stress reduced the age-dependent increase in IL-6 and MCP-1 in preadipocytes and TNFa
in macrophages [63]. Overall, the combination of polarized macrophages, accumulated
lymphocytes, and stressed preadipocytes and adipocytes contribute to the inflammatory
phenotype of WAT during aging.

Inflammation from obesity and aging can inhibit the ability of adipocytes to store lipids.
Insulin is a key hormone for promoting lipid storage, and insulin-stimulated lipogenesis was
shown to be decreased in adipocytes from SWAT of middle-aged rats [64]. Inflammatory
molecules such as TNFa have been shown to disrupt the insulin signaling pathway in
adipocytes, their accumulation with aging may contribute to insulin resistance in WAT [65].
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The breakdown and release of lipids is also affected by age-associated inflammation. During
conditions of energy demand like fasting, catecholamines are sent by the sympathetic
nervous system to initiate lipolysis of stored triglycerides in adipocytes. However, in aged
VWAT, expression of catecholamine-degrading enzymes is elevated in adipose macrophages,
preventing the signal from reaching adipocytes [66]. Altered gene expression in the
macrophages is driven by the nod-like receptor pyrin domain-containing 3 (NLRP3)
inflammasome, an innate immune sensor that can be activated by a variety of pathogenic

or endogenous molecules. Deletion of NLRP3 rescued fasting-induced lipolysis in VWAT

in old mice [66]. The exact trigger of the NLRP3 inflammasome in aged WAT is

unclear, but potentially an array of factors including circulating fatty acids and ceramides,
intracellular organelle dysfunction, and unchecked post-translational acetylation contribute
to its activation [67, 68].

In human sWAT, ex vivo catecholamine-stimulated lipolysis activity also significantly
decreased with age. This was attributed to catecholamine degradation in adipocytes rather
than in macrophages as was observed in mice [69]. NLRP3 inflammasome activity has been
associated with metabolic dysfunction in human WAT, but the extent that it contributes to
lipolysis defects with human aging remains to be determined [70].

White adipose tissue plays an essential role in regulating systemic energy homeostasis—it
can store excess lipids to prevent lipotoxicity in other organs as well as release them during
times of energy demand. Age-associated events including senescence and inflammation
disrupt these functions, resulting in aberrant lipid accumulation and metabolic dysfunction.
In SWAT, the ability to store lipids declines potentially because: 1) mature adipocytes reach
their hypertrophic limit, 2) hyperplastic growth declines due to impaired replication and
differentiation of preadipocytes, and 3) insulin signaling is dampened by inflammation.
Instead of being stored in SWAT, lipids accumulate in VWAT and ectopically in other organs
such as the liver. Inflammation-driven defects in lipolysis, resulting in low turnover of
lipids, also contributes to the growth of VWAT with age. Expansion of visceral fat can lead
to many of the morphological changes listed in the section above and is associated with
poor metabolic outcomes. Despite the pathological consequences of increased visceral and
ectopic white fat, balanced accumulation may be an important adaption for longevity due to
its role in energy storage and endocrine function, as suggested in [3]. Indeed, a complete loss
of fat can result in the same pathologies as over-accrual, such as insulin resistance.

Brown Adipose Tissue

Like white adipose, brown adipose tissue (BAT) contributes to systemic energy homeostasis.
Instead of energy storage and release, however, BAT specializes in energy consumption for
thermogenesis. Brown adipocytes are primarily derived from progenitor cells expressing

the transcription factors Pax7, Enl, and Myf5, a lineage that is shared with skeletal

muscle precursors [71]. Adipogenesis of brown fat is similar to white fat in requiring
involvement of PPARy and C/EBP proteins, but is otherwise distinctly driven by PRDM16,
which in combination with C/EBP is sufficient to induce the brown fat program [72].
Brown adipocytes are acutely activated through B-adrenergic signaling from highly abundant
sympathetic nerve fibers in response to cold or other stimuli [73]. The resulting thermogenic
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program—mediated by PGC-1la—upregulates mitochondrial biogenesis and expression of
the mitochondrial protein UCP1, which uncouples respiration from ATP production to
produce heat [74]. Thermogenesis increases the uptake and catabolism of circulating sugars
and lipids in brown adipocytes, which has made BAT an attractive target for combating
obesity and related metabolic diseases. In addition to thermogenesis, BAT is also capable of
secreting factors that act in an autocrine fashion to optimize activity or a paracrine fashion
to regulate metabolism in other tissues. Aging is associated with decreased adipogenesis,
thermogenesis, and endocrine functions in BAT.

Unlike the marked increase in WAT mass with age, BAT mass stays relatively constant
after maturation but begins to decline with very old age in mice [75, 76]. Morphologically,
brown adipocytes show hypertrophic growth and increased lipid droplet size with age in
both male and female mice [75, 77]. Metabolomics analyses show accumulation of specific
types of lipids with age, including long chain mono-unsaturated ceramides and dolichols,
while acylcarnitine species decreased [78].

As with WAT, the adipogenic function of BAT may be impaired with aging and is likely
regulated by multiple intra- and extra-cellular mechanisms. Intracellularly, the expression of
PRDM16 in whole BAT and the ability of preadipocytes to differentiate /n vitro declined
with age [75]. Accumulation of ceramide lipids, potentially due to inflammation, in BAT
with age may also impact adipogenic potential, as treating preadipocytes with ceramide 16:0
reduced expression of UCP1 and PGC-1a. /n vitro [78]. Multiple extracellular regulators

of BAT differentiation are impaired with aging. One of the receptors for the neuropeptide
orexin, an established regulator of BAT, was decreased with age, and orexin supplementation
alleviated the age-associated adipogenic defect in culture [75].

Thermogenic capacity in BAT is reduced with age in rodents although the extent is sex-
specific [79]. Levels of UCP1 are decreased in old mice when kept at non-thermoneutral
conditions (any temperature below that of the body, including room temperature) [75, 78].
However, upregulation of UCP1 expression in response to B3-adrenegeric receptor agonism
(CL-316,243) was equivalent between young and old mice [80]. Induction of thermogenic
gene expression may not be uniform across adipocytes. Single-cell RNA sequencing
revealed two populations of adipocytes present in BAT—one highly thermogenic population
with elevated mitochondrial content and expression of UCP1, and one lowly thermogenic
population with high fatty acid uptake [81]. Cold exposure stimulated substantial conversion
of low- to high-thermogenic adipocytes; however, this flexibility was lost in middle-aged
mice [81]. This indicates that heterogeneity among brown adipocyte may contribute to the
age-associated decline in thermogenesis and should further be explored.

Among the many factors that mediate adaptive thermogenesis, nuclear factor erythroid
2-like 1 (Nfe2l1/Nrfl) has emerged as an important regulator due to its role in increasing
proteasome activity to maintain proteostasis [82]. Nrfl expression is upregulated during cold
exposure, and deletion of Nrfl in brown/beige adipocytes resulted in ER stress, abnormal
mitochondrial morphology and function, and impaired thermogenesis [82]. Considering that
loss of proteostasis and mitochondrial dysfunction are hallmarks of aging, it would be
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worthwhile to investigate if the induction of Nrfl during cold exposure is maintained with
increasing age [83].

Impaired intake and utilization of fuel with age may also impact thermogenic function.
Activated BAT imports fuel sources derived from other tissues, so age-associated
impairments in other organs can impact thermogenesis. Cold exposure results in increased
levels of circulating acylcarnitine species that are derived from the liver and taken up by
BAT. In old mice, production of hepatic acylcarnitines was impaired, and restoring their
levels through carnitine supplementation rescued age-associated cold sensitivity [84]. Once
imported, fuels like glucose and lipids are catabolized to replenish the mitochondrial proton
gradient, which is dissipated by UCP1 to produce heat. Upregulation of oxidative pathways
in response to B3-adrenegeric receptor (CL-316,243) was impaired in BAT of old mice
[80]. Mechanistically, this was attributed to a decline in the iron-sulfur-cluster pathway and
subsequently decreased production of lipoic acid, which serves as an essential cofactor for
several enzymes involved in catabolic pathways, such as pyruvate dehydrogenase [80]. Old
mice also fail to mobilize resident lipids in brown adipocytes during cold exposure, although
ATGL-mediated lipolysis in BAT may not be required for adaptive thermogenesis [75, 85,
86].

In addition to thermogenesis, BAT also functions as an endocrine organ, producing common
adipokines such as adiponectin, as well as unique “batokines” that can include peptides

and lipids [87]. During energy demanding conditions like cold exposure or exercise, BAT
secretes the lipid 12,13-diHOME which can act as an autocrine or paracrine signal to itself
or skeletal muscle to increase fatty acid uptake [88]. The function of many batokines and
how they are impacted with age has yet to be fully elucidated.

Loss of BAT quantity and function also occurs with human aging. BAT depots in humans are
less distinct than the interscapular depot in rodents, making it a challenge to measure their
loss in mass. Rather, BAT is imaged by its uptake of labeled glucose during cold exposure
using positron emission tomography-computed tomography (PET/CT). Use of PET/CT
shows that presence of BAT declines with age [89, 90]. Aging also has a functional impact
on BAT thermogenesis in humans [79]. BAT biopsies collected from deep neck surgery

had decreased expression of UCPI with age [91]. Additionally, preadipocytes from these
biopsies that were differentiated in culture showed a reduction in p-adrenergic-stimulated
uncoupled respiration with the age of the donor [91]. The endocrine function of BAT may
also decline in human aging. Secretion of 12,13-diHOME in response to exercise differed
between old and young adults with similar activity levels [92]. Impaired BAT function can
lead to decreased thermogenesis and cold sensitivity in older adults. Additionally, because
BAT plays a significant role in whole-body glucose and energy homeostasis, loss of BAT
with age can contribute to the development of insulin resistance, obesity, and type 2 diabetes
[93].

Beige Adipose Tissue

Besides BAT, adaptive thermogenesis is also carried out by beige adipocytes that reside
within SWAT. Beige adipocytes are an inducible form of thermogenic adipocytes that
develop in response to prolonged cold exposure. Like BAT, beige adipocytes are rich
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in mitochondria, express UCP1, and differentiation is driven by PRDM16, C/EBP, and
PPARY. However, there are distinct differences in transcriptional regulation and progenitor
cell population between brown and beige adipocytes (Figure 4). Lineage tracing analysis
revealed beige adipocytes are derived from two mechanisms including transdifferentiation
from mature white adipocytes and differentiation from the stem cell pool [94]. Beige
adipocytes differentiated from stem cells arise from numerous progenitor cell, the majority
are derived from a smooth muscle progenitor cells expressing smooth muscle actin (SMA)
and myosin heavy chain 11 (MYH-11) [95] [96], but beige adipocytes from Myf5+
progenitors have also been observed in SWAT (Figure 4) [97].

Cold-induced beiging is decreased with aging [98]. Transcriptional markers of beige
adipocytes begin to decrease at 16 weeks of age in the SWAT of C57BL/6J mice. At 6
months of age, transcriptional markers of beige adipocytes are entirely lost and SWAT
displays white adipocyte morphology only [98]. Similarly, in humans there are decreases
in beige adipose tissue, however, there is some dispute in humans whether identified
BAT depots represent brown or beige, with gene expression of biopsy studies showing
evidence of both [99-102]. There are multiple mechanisms that regulate this decrease in
beige adiposity including increased senescence, decreased differentiation, and decreased
transdifferentiation.

The decrease in newly differentiated beige adipocytes with aging is largely dependent upon
cellular senescence as a driver. Cellular senescence occurs through immune dysregulation
and the induction of cell cycle arrest programs such as p53 resulting in a permanent

arrest of the cell cycle [103]. In aging, senescent cells increase in number, as observed

by transcriptional markers of senescence which are increased in the inguinal white adipose
tissue (iWAT, a subset of SWAT) in aged mice. In SMA+ cells specifically, overexpression
of senescent programs, measured through SA-R-galactose staining and expression of tumor
suppressor genes, causes a significant decrease in the beiging of iWAT, accompanied by

an increase in serum glucose levels and an inability to defend body temperature [98]. In
C57BL/6J adult and middle-aged mice, an inhibition of the senescent program through
SMA+ specific deletion of Ink4a/Arf using a tamoxifen inducible SMA-CreCFP driver
rescued the inability of aged mice to induce beiging of iWAT upon cold exposure [95] [98].
This deletion also decreased serum glucose levels, increased glucose uptake in the iWAT,
and allowed mice to defend their body temperature more readily upon exposure to 4°C.
Interestingly, inhibiting the cellular senescent pathway through the oncogene p53 restored
cold-induced beiging in aged mice through decreasing mitophagy [103]. Preadipocytes
isolated from the SWAT of middle age humans have a similar decrease in beige adipocyte
differentiation and increase in transcriptional markers of senescence including p21, p16'nk4a,
and IGFBPS5, suggesting that senescence is a major driver in age-related beige adipocyte
decline in humans and mice [98] [104].

The molecular regulation of transdifferentiation between beige to white adipocytes in
aging remains largely unclear. Evidence from Duteil et al., suggest that lysine-specific
demethylase 1 (Lsd1) is decreased in iWAT as mice age from 6 weeks to 30 weeks
accompanied by the loss of beige adipocytes [105]. Furthermore, overexpression of Lsd1
in iWAT of middle-aged C57BL6/N resulted in an increase in beige adipocytes while
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adipose specific knockout of Lsd1 decreased beiging and increased the beige to white
adipocyte transition. Surprisingly, this regulation was determined to be PPARa dependent
rather than the well-established adipocyte transcriptional master regulator, PPARy. ChIP-
gPCR revealed that Lsd1 was enriched at the PPARa. promoter upon stimulation of beige
adipogenesis. PPARa inhibition also ablated Lsd1’s ability to promote beiging of iWAT
in middle-aged mice [105]. More work is needed to assess the contribution of beige
adipose tissue to total energy expenditure and determine the mechanisms that regulate the
differentiation and transdifferentiation with aging.

While studies have determined mechanisms that regulate the decrease in beige adiposity
with age, many unanswered questions remain. One intriguing observation is that continued
B-adrenergic stimulation via the agonist CL-316,243 over the course of one week can induce
beiging in middle-aged mice [106]. The discrepancy of beige responsiveness between cold
and B-adrenergic stimulation requires further study. Because B3 adrenergic agonists can
induce beiging in aged mice, the loss of cold induction may be dependent upon the ability to
sense the cold through thermoreceptors in the skin or through loss of B3 adrenergic receptor
activation in cold. Alternatively, there is evidence to support distinct signaling pathways

for B3-adrenergic stimulation and cold exposure [107]. Outstanding questions include how
transcriptional regulators of brown, beige, and white adipose tissue are altered with aging.
A large body of literature has focused on transcriptional regulation with differentiation
(Figure 4) with numerous factors identified that either promotor inhibit differentiation.

The transcriptional regulation of aging in adipose tissue, however, is just beginning to be
explored.

Muscle Localized Adipose Tissue

Adipocytes can form both in and around skeletal muscle, these depots are known as
intramuscular and intermuscular adipose tissue. Intramuscular adipose tissue is a population
of adipocytes dispersed within skeletal muscle fibers, while intermuscular adipose tissue
develops in between and surrounding the skeletal muscle but does not infiltrate the muscle
fibers itself. There is also a potential for intramyocellular lipid droplet formation in muscle
cells, which is characterized as ectopic lipid storage [3, 108, 109]. We will focus our
discussion on the intra- and intermuscular adipocytes which are a distinct population of
adipocytes, rather than the intramyocellular lipid droplets which can form in response to
insulin resistance, elevated lipolysis, and in trained athletes [108]. Typically, these adipose
depots increase with age and begins to occupy more of the muscle tissue leading to decrease
function of the muscles and sarcopenia, the age dependent loss of muscle tissue.

Intermuscular adipose tissue increases with age in C57BL/6J mice and positively correlates
with sarcopenia. Zhu et al., found that old mice showed significantly increased intermuscular
adipose tissue compared to young mice [110]. This increase in intermuscular adipose tissue
on the hind limbs was accompanied by a decrease in cross sectional muscle fiber, correlating
it with sarcopenia. Aged mice also showed increases in gene expression associated

with cellular senescence, protein degradation, and inflammation. Genes associated with
differentiation, tissue fibrosis, angiogenesis, and mitochondrial lipid regulation were down
regulated in aged mice compared to young [110].
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Physiological studies in elderly humans provide a link between intramuscular adipose tissue
and a decrease in muscle function. A large, cross-sectional study of men and women
(n=3075) associated increased adipose tissue infiltration into muscle (both intramuscular
and intermuscular) with poorer lower extremity performance [111]. A study of 109 elderly
subjects (mean age of 74 years) found a correlation with increased intramuscular adipose
tissue of the thigh and a decrease of leg muscle mobility [112]. Moreover, increased
abundance of lipid deposition in the muscle as measured by x-ray absorbitrometry leads

to decreased muscle size and quality with decreased strength [113]. These observations
were confirmed with muscle biopsies in aged individuals that showed an increase in lipid
deposition corresponds with a decrease in the size and number of muscle fibers[114]. This
loss in muscle mass is associated with both sarcopenia and frailty. Sarcopenia is defined
as lower muscle mass associated with aging while frailty is assessed by the presence of
three of the five following criteria including: unintentional weight loss, exhaustion, low
physical activity, slow gait speed, and low grip strength [115]. Biopsy studies on frail and
non-frail controls showed that increased intramuscular adipocytes caused elevated muscle
inflammation through increased IL-6 production [116]. A complete understanding of the
various mechanisms that regulate the development of sarcopenia and frailty would lead to
better therapeutic intervention for quality of life.

Bone Marrow Adipose Tissue

Bone marrow adipose tissue (MAT) is a fat depot located in the skeletal system that

is spatially and temporally regulated, comprising 10-15% of total fat mass [117]. Two
distinct subpopulations of MAT are recognized which change in prevalence and histological
patterns throughout life. MAT formation begins at the earliest stages of life, forming

dense adipocytes know as constitutive MAT (cMAT), which histologically resembles WAT.
Throughout life, regulated MAT (rMAT) begin to occupy red bone marrow [117, 118].

The cMAT population is static, while the rMAT population expands with obesity, PPARy
agonist, and aging. MAT is known to regulate physiology and bone integrity, increased MAT
abundance with aging decreases bone density.

MAT accumulates in bone as mice age, with adipocytes increasing in both number and size
[119, 120]. The increase in MAT is accompanied by a loss of bone volume, bone mineral
content, and an increase in trabecular spacing [117]. In humans, increased adipocyte volume
and decreased trabecular bone volume are correlated with aged-related osteoporosis [121].
This increase in MAT also has major consequences in regulation of whole body glucose
homeostasis, PET/CT studies demonstrating that MAT is a major site of glucose uptake and
that MAT glucose utilization is decreased with aging [122].

The age-associated changes in MAT are transcriptionally regulated. As mice age, decreasing
levels PGC-1a in skeletal stem cells corresponds with increasing adipogenesis and
decreasing osteogenesis. PGC-1a. controls the downstream transcriptional co-activator TAZ,
promoting osteogenesis while inhibiting PPARy and subsequent adipogenesis. PGC-1a KO
mice have significantly decreases TAZ expression and impairs the osteogenic-adipogenic
balance in skeletal stem cells [123]. Other notable changes in gene expression profiles
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of aging MAT include increased inflammatory and lipogenesis markers, but a decrease in
mitochondrial transcripts [119].

The cell populations of MAT are altered with aging. Lineage tracing using a mT/mG
reporter mouse crossed with a Zfp423-EGFP reporter revealed a mesenchymal stem

cell origin for MAT, specifically CD45- CD31- Scal+ CD24- cells. Use of the osterix-
cre:mT/mG mice found this progenitor pool was distinct from white and brown adipocytes
[124]. CD45- CD31- Scal+ CD24+ also displayed a tri-lineage adipogenic, osteogenic, and
hematopoietic potential. In old C57BL/6J mice, the adipogenic potential of CD45- CD31-
Scal+ cells did not change; however, osteogenic progenitor potential was reduced. When
the mice were given a 1-day HFD, aged mice significantly increased the purely adipogenic
and multipotent progenitors. Committed preadipocytes (marked by expression of Zfp443)
were also significantly increased with one day of HFD in middle-aged mice but not young
(2 months) mice [125]. Further work is needed to harness the therapeutic potential of the
molecular regulation of MAT through transcription and cell population in the prevention or
reversal of age-associated diseases including osteoporaosis.

Dermal Adipose Tissue

Dermal adipose tissue resides below the reticular dermis. In mice this adipose tissue depot
is separated from subcutaneous adipose tissue by muscle known as the panniculus carnosus,
but in humans there is no physical separation even though the dermal and subcutaneous
adipocytes are morphologically distinct. Dermal adipose tissue abundance is constantly
fluctuating and increases with hair follicle growth, obesity, PPAR-y agonist, infection, and
age [126, 127]. There are also signals that lead to the contraction of dermal adipose tissue
including hair regression, lipodystrophy, and fibrosis [127]. The expansion and contraction
of dermal adipose tissue thought to be regulated by lipogenesis rather than lipolysis, since
drivers of lipolysis, such as treatment with B3-adrenergic receptor agonist CL-316,243,
have no impact on dermal adipose thickness. Other variables lead to changes in base line
abundance include an observed sexual dimorphism with females having increased dermal
adipose tissue abundance compared to males [126]. The abundance of dermal adipose tissue
with age is similarly flexible with molecular restructuring resulting in dedifferentiation and
an adipocyte-myofibroblast transition.

Aging in dermal adipose tissue is cyclic with expansion and contraction at various stages of
life. As mice age there is increased damage from ultraviolet radiation that increases fibrosis
and leads to the final contraction with very old age [7]. Due to its recent discovery and
characterization, there are many questions remaining with dermal adipose tissue in relation
to aging. Particularly, its functional role and contribution to systemic metabolism; dermal
adipose tissue has been shown to have numerous roles in insulation, dermal thickness and
integrity, and wound healing. More work is needed to understand how the cyclic nature of
dermal adipose tissue is regulated with age, how this depot changes in human aging, and
how the function of this tissue changes with aging.
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Perspectives

As organisms age, the energy demands of growth and reproduction subside leading

to decreased basal metabolic rate. The decrease in energy expenditure with age leads

to increased adipose tissue mass in visceral, subcutaneous, marrow, intermuscular, and
intramuscular adipose tissue. Age-associated decrease in energy expenditure is exacerbated
by decreased thermogenesis in brown and beige adipose tissue. Other depot specific changes
are more complex and undergo cyclic expansion and contraction with age such as dermal
adipose tissue, which expands with old age and weight gain but decreases with very old age.
Age-associated changes are more than just altered hypertrophy or hyperplasia in response

to the shift in energy utilization—they represent an entire remodeling that includes immune
cell infiltration, decreased vasculature, and increased fibrosis. Cumulatively, these shifts lead
to increased age-associated metabolic diseases including type 2 diabetes, certain types of
cancer, sarcopenia, osteoporosis, and cardiovascular disease. Developing our understanding
of aging adipose tissue will create therapies that improve quality of life in old age.

The complexity of cells in aging adipose tissue has only been appreciated recently with

the advent of novel tools including single cell RNA-sequencing. Recently, the Tabula Muris
Consortium performed single cell RNA-sequencing on numerous tissues in male and female
C57BL/6JN mice aged 1 month, 3 months, 18 months, 21 months, 24 months, and 30
months [5]. Their analysis included BAT, sWAT, and two depots of VWAT- gonadal and
mesenteric. Data in this study were collected by two methods: microfluidic droplet (droplet)
(Figure 1) and fluorescence-activated cell sorting (FACS) (Figure 2). For the droplet analysis
all of the adipose tissues were processed together and were only harvested from 18-month
females, 18-month males, 21-month females, and 30-month males. In the FACS sorting

the brown, subcutaneous, mesenteric, and gonadal adipose from 3-month, 18-month, and
24-month old mice were processed. The data produced from 7abula Muris Senis will add

a deeper understanding to the field, with the ability to interpret inter-organ communication
since multiple organs from the same mouse were processed in a controlled environment.

The improvements in imaging technology have led to a renaissance of understanding
adipose tissue mass and expansion in real time. The use of positron emission tomography
with computed tomography (PET/CT) has allowed us to image the uptake of glucose in
brown and beige adipose tissue and determine how fuel utilization decreases with age.
Similarly, magnetic resonance imaging (MRI) has allowed us to quantify and measure dWAT
and determine its cyclic changes with age. Use of various labels, including osmium tetroxide
staining with micro-computed tomography, have led to the characterization of MAT with
rosiglitazone treatment, obesity, and aging. New technology is needed to quantify intra- and
intermuscular adipose tissue with aging in mice to determine the molecular regulation of this
depot. In humans the use of bioimpedance-derived fluid volume combined with dual-energy
X-ray absorptiometry (DXA) and improved computational assessment, has been used to
determine muscle quality, density, and adiposity with aging [128]. Future work to build the
resolution and application of this technology will lead to a deeper understanding of these
buried adipose tissue depots and their changes with age.
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Further molecular characterization is needed beyond the single cell transcriptomics. Single
cell proteomics, metabolomics, and lipidomics has become a possibility within the next
decade with the power to unlock key molecular features of senescence and aging that

have been previously unknown [129]. The use of single cell assessment of protein and
metabolite pools holds the answer to many small depots such as dermal and intramuscular
adipose tissue depots. Other advances in technology include the improved resolution of
matrix-assisted laser desorption ionization time of flight (MALDI-TOF) when coupled with
ion mobility to understand the spatial distribution of cell types. This type of in tissue
resolution could decipher the heterogeneity of adipose tissue including the factors that
regulate beige adipocyte differentiation in SWAT, and the variations in cMAT and rMAT and
how these depots change with aging.

The application of novel technology to aged adipose tissue has the ability to guide our
knowledge towards the development of therapeutics to combat age-associated diseases. As
we explore the composition, cellular signaling, and environmental response of adipose tissue
with aging complexity arises with depot specific variation. Many adipose tissue depots
remain unexplored or under-explored in the context of aging including marrow, dermal, and
beige adipose tissue. Understanding how these various depots are altered with aging will
inform on the aging process and associated changes in metabolic physiology.
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Acronyms:

SWAT subcutaneous white adipose tissue
VWAT visceral white adipose tissue

BAT brown adipose tissue

MAT marrow adipose tissue

SVF Stromal vascular fraction

VEGFA Vascular endothelial growth factor A
HIF-1a Hypoxia-inducible factor 1 alpha
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ARNT
ECM
MCP1
TLR4
NF-kB
IL-6
CD8+
CD4+
PPARYy
C/EBP
INK 4a
TP53
TNFa
NLRP3
PAX7
EN1
MYF5
PRDM 16

PGC-1a

UCP1
ATGL
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Tumor protein 53

Tumor necrosis factor alpha

Nod-like receptor pyrin domain-containing 3
Paired box 7
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Figure 1: Impact of age range on adipose tissue cellular abundance.
A) Time scale for phases of aging including mature adult being 3—6 months in mice (20-30

years in humans), middle-age of 10-14 months in mice (38—-47 years in humans), old age of
18-24 months in mice (56—69 years in humans), and very old of 24 months+ in mice (70 and
above in humans). Modified from [8]. B) Single cell RNA-sequencing using microfluidic
droplet (droplet) of combined adipose tissue from old age and very old age in male and old
age in female C57BL6J mice. Data from 7abula Muris Senis [5].
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Figure 2: Changesin Tissue Composition with Aging from Tabula Muris Senis.
A) uniform manifold approximation and projection (UMAP) and B) bar graph from FACS

of gonadal white adipose tissue from 3- and 24-month old C57BL6JN mice. Acronyms:
mesenchymal stem cell (MSC), Cluster of differentiation 4/8 (CD4/CD8), natural killer
(NK).
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Figure 3: Depot Specific Changesin Aging Adipose Tissue.

The various adipose tissue depots in mice have a range of function from thermogenesis,
regulation of glucose homeostasis through adipokine production, and lipid storage. These
tissues expand and contract in a depot specific manner between the stages of aging from

mature adult, middle age, and old age.
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Figure 4: Key Transcriptional Regulatorsin Brown, White, and Beige Adipose Tissue.
A large body of literature has focused on the characterization of transcriptional regulation

in adipocyte differentiation and maintenance. Transcriptional regulators that drive the
adipogenic program (black lettering) and inhibitors of adipogenesis (red lettering) have
been describes in brown, white, and beige adipocytes. Although there is significant overlap
between these depots, unique transcriptional regulators have been identified for white and
beige adipocytes. More work is needed to understand how these transcriptional regulators
change with aging in a depot specific manner.
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