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Abstract. Insulin resistance (IR) is defined as impaired 
insulin function, reduced glucose uptake and increased 
glucose production, which can result in type II diabetes, 
metabolic syndrome and even bone metabolic disorders. A 
possible reason for the increasing incidence of IR is popula‑
tion aging. Adipose tissue (AT) is an important endocrine 
organ that serves a crucial role in whole‑body energy homeo‑
stasis. AT can be divided into white AT (WAT), beige AT 
and brown AT (BAT). Several mechanisms have been previ‑
ously associated with age‑dependent IR in WAT. However, 
BAT, a metabolically active tissue, controls the levels of 
plasma glucose and triglyceride metabolism. Therefore, 
the present review aimed to summarize the mechanisms of 
age‑dependent IR induced by AT and to determine the role 
of WAT browning in achieving positive therapeutic outcomes 
in age‑dependent IR.
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1. Introduction

Insulin resistance (IR) is defined as impaired insulin function, 
reduced glucose uptake and increased glucose production (1), 
which may result in type II diabetes and metabolic 
syndrome (2) and may subsequently promote the development 
of non‑alcoholic fatty liver disease (NAFLd) (3). Numerous 
previous studies (4‑6) have reported mechanisms through 
which IR serves a crucial role in a variety of systemic diseases, 
including bone metabolic disorders (7). The etiology of IR is 
complex and a possible reason for the increasing incidence 
of IR is the aging population, as epidemiological research 
has reported that the prevalence of IR and type II diabetes 
is higher in older adults. It has also been demonstrated that 
aging induces IR, and in turn, hyperinsulinemia and IR may 
accelerate aging, promoting a vicious circle (8,9).

Adipose tissue (AT) is an active organ regulating ATP 
expenditure, which serves an essential role in regulating energy 
homeostasis of the entire body (10). Our previous studies 
focusing on the function of AT identified that the dysfunc‑
tion of AT induced IR (11,12) and more recent studies (13,14) 
have also reported a crucial role for AT in IR during aging. 
Therefore, an improved understanding of the effects of aging 
on AT may prove useful in pioneering novel therapeutic 
strategies to target age‑related diseases. The present review 
aimed to summarize the associative evidence between AT 
and age‑dependent IR. Notably, the findings suggested that 
the browning of white AT (WAT) may be influenced to attain 
positive therapeutic outcomes in age‑dependent IR and other 
metabolic complications.
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2. AT characteristics

AT can be subdivided into three subtypes, namely WAT, 
brown AT (BAT) and beige AT, which all possess distinct 
characteristic features that are associated with their function, 
localization and composition (15). BAT develops following the 
stimulation of anatomical thermogenic sites corresponding 
with WAT in a process termed ‘browning’ (15,16). In mammals, 
BAT and WAT have opposing functions. For example, BAT 
expends energy, while WAT stores energy. Significant changes 
are known to occur over the years in the distribution and 
composition of AT during aging. The progressive dysfunction 
of AT has been proposed to be a characteristic feature of the 
aging process (17).

White adipocytes. The majority of AT in the human body is 
WAT, which is distinguishable by large unilocular lipid drop‑
lets. Functionally, WAT is subdivided into a stromal vascular 
fraction, which is composed of lymphocytes, progenitor 
and endothelial cells, preadipocytes and fibroblasts, and the 
adipocyte fraction, which primarily contains mature adipo‑
cytes (17,18). WAT is dispersed throughout visceral organs 
and the surrounding subcutaneous region of the face. Notably, 
despite their histological similarities, visceral AT (VAT) 
and subcutaneous tissue have been shown to exert distinct 
metabolic functions. Subcutaneous WAT has metabolic char‑
acteristics that differ from those of VAT. For example, the 
metabolic activity of WAT is regulated by a smaller number of 
insulin receptors, β‑adrenoceptors (β‑AR) and glucocorticoid 
receptors (19).

Brown adipocytes. BAT is a major source of metabolically 
active fat and is located in the retroperitoneal, cervical and 
mediastinal regions (20). BAT is named due to the brown 
color of the adipocytes and has a high mitochondria content 
and vascular supply. BAT can arise from precursor cells 
already present in WAT, which display identical unilocular 
morphology as WAT during the basal state (21). However, 
the morphological characteristic features of BAT are altered 
upon cold stimulation, eventually resulting in the expression of 
typical BAT proteins, and the transformation from stored fat to 
small lipid droplets, which are typical of BAT (22). The beta‑3 
adrenergic receptor (β3‑AR), type 2 iodothyronine deiodinase 
and uncoupling protein 1 (UcP1) are highly expressed in the 
adipocytes of BAT (23), in which UcP1 functions as a ther‑
moregulator (24).

Beige adipocytes. Beige adipocytes are brown‑like adipocytes 
that exist within WAT in adult humans and play an essential 
role in ATP expenditure (25), which are characterized by a 
mix of the features of both brown and white adipocytes (21). 
Inactive beige cells appear morphologically as regular 
white adipocytes, although upon stimulation (through 
adrenergic receptors), oxidative and mitochondrial biogen‑
esis is enhanced (25). However, it has been suggested that 
beige adipocytes may serve a role similar to the role brown 
adipocytes play in the expenditure of ATP, which has been 
demonstrated in humans (26). Notably, beige adipocytes have 
also been found to be transplantable. Several studies have 
suggested that beige stem cells may derive from WAT cells by 

trans‑differentiation, which is driven by bone morphogenetic 
protein 7 (21,27). However, there is also evidence to suggest that 
beige adipocytes may arise from unique precursor cells (25). 
For instance, Wu et al (25) reported that beige adipocytes were 
differentiated from myogenic factor 5 (Myf5)+ progenitor cells. 
Nevertheless, an ongoing debate still surrounds the anatomical 
location, trans‑differentiation and cellular identity of the three 
adipocyte subtypes.

3. WAT in age‑dependent IR

It has been reported that the accumulation of senescent cells 
was increased in the WAT of diabetic patients (28); thus, 
the association between WAT and aging may be of clinical 
significance, as numerous classical aging mechanisms have 
been shown to occur in WAT, which may be associated with to 
age‑dependent IR (29).

Adipocyte self‑renewal. In adults, human WAT is dynamic and 
can differentiate into mature lipid‑storing adipocytes. In total, 
~10% of adipocytes die and renew every year (30). Renewed 
progenitor cells were demonstrated to play a crucial role in 
insulin sensitivity (IS), the expansion of AT and lipid handling. 
Thus, the failure of progenitor cells to self‑renew could lead to 
the exhaustion of new adipocytes, resulting in the senescence 
and death of adipocytes (31).

It is estimated that 15‑50% of cells in WAT are preadipo‑
cytes that are continuously renewed throughout an individual's 
life, which results in the varying size and functional changes 
observed in older adults compared with younger indi‑
viduals (32,33). Thus, determining the association between 
fat mass expansion and adipogenesis may be essential for 
establishing the pathophysiological role that adipocyte turn‑
over plays in IR. Notably, the function of progenitor cells, such 
as those within the skeletal muscle, also decreases with age 
(age‑related IR). Thus, the inherent characteristics of progen‑
itor cells may contribute to the variation in WAT function with 
aging (34,35).

The reduced ability of adipocytes to differentiate during 
aging may combine with the decreased insulin responsive‑
ness of WAT when exposed to excess nutrients during old 
age. Although very little is known regarding the precise age, 
percentage and required threshold, progenitor cells may cause 
physiological changes or become dysfunctional (36).

Location of AT. The location of AT is equally as essential as 
the absolute amount of AT during reduced IS. Fat redistribu‑
tion in the elderly has been associated with an increased risk 
of IS (37). Subcutaneous WAT and VAT are diverse with 
regards to their metabolic effects; for example, subcutaneous 
WAT has been associated with increased IS and a lower risk 
of cardiovascular disease (cVd) and diabetes, while VAT has 
been associated with IR (38). Furthermore, pear‑shaped fat 
distribution with more gluteal femoral AT was associated with 
an increased IS and lower risk of cVd and diabetes, while 
apple‑shaped fat distribution with an increased waist circum‑
ference was associated with VAT mass and IR. Individuals 
with relatively higher amounts of VAT compared with WAT 
were also at an increased risk of developing IR (39). The loss 
of subcutaneous fat is a well‑established feature in aging (38), 



INTERNATIONAL JOURNAL OF MOLEcULAR MEdIcINE  47:  71,  2021 3

as the distribution of AT primarily moves from subcutaneous 
fatty tissue deposition to ectopic sites, muscle and visceral 
deposition, including within the liver, which are all closely 
associated with the development of IR (40).

Increased VAT accumulation was demonstrated to result 
in lipotoxicity in old age (>65 years old) (41) and chronic 
low‑grade inflammation (42). The central accumulation 
of VAT during aging has been closely associated with an 
increase of inflammatory and metabolic markers compared 
with peripheral fat accumulation (43). Similar to humans, the 
redistribution of fat in rat and mice models tended to occur 
with aging due to insulin‑like growth factor‑1 and/or growth 
hormone deficiencies (44). As reported by Niu et al (45), 
diabetes and IR was effectively reduced in aging rats by 
antagonizing the age‑dependent accumulation of VAT.

Volume of adipocytes. Body fat mass typically increases by 
either hypertrophy or hyperplasia, with the former involving 
slower rates of adipogenesis compared with the latter. 
Hypertrophic adipocytes were reported to induce hypoxic 
conditions and have been implicated in several types of 
condition, including atherosclerosis, type II diabetes and IR. 
The development of hypoxia underpins the infiltration of 
macrophages, which subsequently promotes the initiation and 
progression of the inflammatory response in AT (46).

The migration of macrophages results in impaired insulin 
signaling, which is known to be central to the development of 
IR and metabolic syndrome (Fig. 1). In addition, during hyper‑
trophy, adipocytes present in the senescent state and secrete a 
multitude of growth factors, cytokines, matrix metalloprotein‑
ases and chemokines (47). Thus, removing senescent cells in 
progeroid INK‑ATTAc mice has been found to improve WAT 
IS (48,49). Free fatty acids (FFAs) are essential biomedical 
indicators of lipid metabolic disorders, whereby the effects 
of FFAs on IR are dose‑dependent, which adversely affects 
insulin signaling pathways (45). Plasma FFA levels have been 
associated with aging and excess FFA accumulation was found 
to induce IR during aging (50).

An increase in FFAs has demonstrated to induce IR at 
the cellular level, while increasing very‑low‑density hepatic 
lipoprotein production (44). It has also been reported that the 
accumulation of FFAs, triglycerides (TGs) and diglycerides 
may promote adipocyte necrosis in obese mice, which resulted 
in the polarization of macrophages towards a standard M1 or 
activated phenotype in the AT.

MicroRNA (miRNA) processing. miRNAs have been identified 
in multiple tissues, including the skeletal muscles, AT, liver 
and brain (51). The number of miRNAs present in WAT was 
found to decrease with age, owing to the downregulation of the 
miRNA‑processing enzyme known as dicer15 (52). An exper‑
imental study with mice demonstrated that dicer15 exhibited 
a defect in miRNA processing in AT, prevented the whitening 
of BAT and resulting in an inadequate response of WAT to 
metabolic stress, and promoted lipodystrophy, IR and inflam‑
mation (53). In addition, AT was recently reported to be an 
essential source of circulating exosomal miRNAs, which have 
been associated with glucose tolerance; thus, representing a 
novel target to produce therapeutics that modulate age‑related 
metabolic diseases and various aging processes (54).

Adipokines. WAT secretes varying amounts of bioactive 
molecules named adipokines, which serve crucial roles in 
regulating diverse metabolic processes ranging from food 
intake to nutrient recycling, energy homeostasis and IR (55). 
It has been hypothesized that age‑associated changes may, 
however, influence the impact of adipokine secretion (56).

Adiponectin. Adiponectin is an adipose‑derived hormone 
that has been associated with an improved IS, which also inhibits 
the synthesis of proinflammatory cytokines (57). As adipokines 
secreted from WAT are involved in the regulation of glucose 
metabolism, it has been suggested that adiponectin may mediate 
IS and possess anti‑inflammatory properties (58). However, the 
association between aging and adiponectin remains poorly 
understood; for example, several previous studies have reported 
that plasma adiponectin levels increased with age (59,60), 
while other studies reported the opposite results (61). Overall, 
the relative decrease in adiponectin secretion in VAT has been 
associated with an increased risk of aging (62).

In addition, lower levels of adiponectin have been associ‑
ated with obesity, cigarette smoking and oxidative stress. One 
of the most prominent hypotheses regarding the mechanisms 
inducing or worsening obesity and consequently, NAFLd, is 
the overproduction of reactive oxygen species (ROS) (63).

Leptin. Leptin is a WAT‑secreted hormone, which stimu‑
lates fatty acid oxidation and regulates insulin binding and 
production, by interacting with regions of the brain involved 
in controlling appetite (64). In addition, the availability of 
leptin was found to influence lipogenesis and lipolysis, and 
the failure of leptin to restore metabolic homeostasis is termed 
as a state of leptin resistance (65). Notably, aging has been 
associated with a decrease in leptin activity, while youth is 
associated with a high sensitivity of leptins; The redistribution 
of adipose tissue observed during old age contribute however 
to an increase in circulating leptin. However, leptin resistance 
could not be overcome by an increase in leptin levels during 
aging. This suggested that leptin resistance appears to be an 
early contributor to the development of metabolic abnormali‑
ties in old age (64,66).

Resistin. Resistin is activated during the process of IR 
(insulin antagonism) and is a distinctive cysteine‑rich signaling 
molecule. In mice, resistin is produced by monocytes and 
AT, while in humans, resistin is produced in monocytes and 
macrophages, but not in AT (67). circulating resistin levels 
have been reported to increase with age, and elevated levels 
of resistin were associated with an increased risk for coronary 
intervention and cVds (68).

Inflammation. Low‑grade, chronic inflammation, which 
is a central mechanism involved in the aging process, has 
been established as a precursor of aging and closely associ‑
ated with IR (69). The hypotheses surrounding the WAT 
inflammatory capacity suggest that immune cells infiltrating 
WAT are the primary source of inflammation (70). Adipose 
resident immune cells, such as M2 macrophages, which are 
anti‑inflammatory cells, have been reported to improve IS, 
whereas M1 macrophages, mast cells, natural killer cells 
and neutrophils, which are proinflammatory cells, promote 
IR during aging (71,72). Therefore, immune cells and their 
participation in the inflammatory response are important 
pathophysiological mechanisms of aging WAT (Fig. 2).
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AT macrophages (ATMs). ATMs are induced by aging 
and secrete chemokines that attract monocytes to the AT. 
ATMs consist of two subsets: Proinflammatory M1 ATMs 
(which secrete TNF‑α) and anti‑inflammatory M2 ATMs 
(which secrete arginase 1) (73). Proinflammatory ATMs also 
secrete their own chemokines once they migrate into the WAT, 
attracting additional macrophages and promoting the inflam‑
matory processes (74).

AT T cells. T cells differentiate into proinflammatory 
phenotypes with elevated levels of chemokine receptors and 
enhanced chemotaxis potential. Notably, aging has been found 
to alter T cell development. T regulatory (Treg) cells, a small 
subset of T cells, are an essential defense mechanism of the 
body against inappropriate immune responses due to inflam‑
mation, autoimmunity, infection, cancer or allergies. Recently, 
Treg cells were identified to be involved in controlling the 
inflammatory state of the AT. At birth, subcutaneous AT and 
VAT contain low percentages of Treg cells; however, over time, 
the percentage of Treg cells increases in the VAT (75).

Adipose‑secreted inflammatory cytokines. Aging has 
also been associated with higher levels of proinflammatory 
cytokines, which act in a paracrine or an autocrine manner 
to induce IR by decreasing the expression of insulin receptor 
substrate (IRS)‑1 (76). For example, TNF‑α, expressed 
primarily by AT macrophages, induced IR and inhibited 
insulin signaling in human adipocytes by affecting the expres‑
sion of IRS proteins (77). A previous study has also shown 
that inflammatory responses disrupt normal lipid accumula‑
tion. For example, proinflammatory cytokines, such as IL‑6, 
impaired lipid accumulation by promoting Wnt signaling (78).

Mitochondrial dysfunction. cumulative molecular damage 
can result in mitochondrial impairment (78). The mitochon‑
dria are the primary origin of ROS, which are inevitable 
by‑products of oxidative phosphorylation. Mitochondrial 
dysfunction and oxidative stress in WAT are important factors 
leading to IR during the aging process. Mitochondrial ROS 
were demonstrated to attenuate insulin action in adipocytes 
and abolish insulin‑stimulated glucose transporter 4 translo‑
cation in mouse adipocytes. Notably, impaired mitochondrial 
function was also shown to increase endoplasmic reticulum 

stress (78,79). Mitochondria also serve a central role in cell 
death; therefore, mitochondrial dysfunction in adipocytes 
may trigger cell death in adipocytes to induce AT inflam‑
mation (79). Thus, the dysfunction of mitochondria highly 
probably a significant cause of age‑dependent chronic inflam‑
mation.

Mitochondrial sirtuins (mtSIRTs) comprise three members, 
SIRT3, SIRT4 and SIRT5, which are all involved in regulating 
energy metabolism and metabolic homeostasis (80). Among 
the mtSIRTs, SIRT4 expression levels were found to be upregu‑
lated during senescence and were induced by different stimuli, 

Figure 1. Adipocyte hypertrophy results in a slower adipogenic ability and cell dysfunction compared with adipocyte hyperplasia. The average fat cell volume 
increases with age. Moreover, the accumulation of FFAs, TGs and DAGs in WAT induces the infiltration of macrophages, leading to impaired insulin signaling and the 
dysfunction of adipocytes, ultimately resulting in IR. FFAs, free fatty acids; TGs, triglycerides; dAGs, diglycerides; IR, insulin resistance; WAT, white adipose tissue.

Figure 2. Chronic inflammation is closely associated with age‑dependent IR. 
The expression levels of inflammatory factors, such as MCP‑1, IL‑6, IL‑1, 
TNF‑α and leptin are upregulated, while the expression levels of adiponectin 
are downregulated in aging WAT. Subsequently, aging WAT is infiltrated by 
macrophages, cd4+ T cells, cd8+ T cells and Treg cells. Excessive metabolic 
products flux into the mitochondria during aging, resulting in the overproduc‑
tion of ROS and spin‑down of electrons, which can result in oxidative stress 
and ultimately, damage the activation of the PI3K/AKT signaling pathway, 
thereby inducing IR. McP‑1, monocyte chemotactic protein 1; WAT, white 
adipose tissue; Treg, T regulatory; ROS, reactive oxygen species; IR, insulin 
resistance; IRS, insulin receptor substrate.
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such as DNA damage (80). SIRT4 functions as an efficient 
mitochondrial AdP‑ribosyl transferase that inhibits mitochon‑
drial glutamate dehydrogenase (GdH) activity. GdH is known 
to convert glutamate to α‑ketoglutarate, which promotes ATP 
generation and insulin secretion in pancreatic β cells (81). 
In vivo experiments observed a significant increase in insulin 
secretion from SIRT4‑deficient pancreatic β cells in response 
to glucose and amino acids in SIRT4‑knockout (KO) mice. 
More recently, SIRT4 has also been shown to interact with 
insulin‑degrading enzyme, which modulates insulin secretion, 
providing an alternative possible mechanism by which SIRT4 
may impact insulin secretion (82).

4. BAT in age‑dependent IR

BAT is a metabolically active tissue that regulates plasma 
glucose levels, IR, TG metabolism and hyperlipidemia (83). 
Notably, it has recently emerged as a potential target in the 
treatment of type II diabetes. BAT has the capacity to actively 
clear glucose from the circulation and has been suggested 
to serve a role in preventing age‑dependent dysfunction and 
disease (83).

Abnormalities in BAT. A notable change in AT distribution 
associated with aging is due to the loss of BAT. A decline in 
BAT function with aging has been described in both rodents 
and humans (84). In one study, the proportion of BAT was 
>50% in younger individuals (<35 years old), but <10% in 
older individuals (>65 years old) (84). In addition, metabolic 
alterations in subcutaneous WAT harbored a subpopulation of 
UcP1+ brown adipocytes, thereby promoting IR (85). Indeed, 
a predominant consequence of aging in murine subcutaneous 
WAT is the loss of ‘browning’ subcutaneous WAT, and UcP1 
expression in subcutaneous WAT was found to be increasingly 
downregulated with age in rodents (85). Loss of BAT in older 
mice was also inversely correlated with IR development (86). 
Furthermore, it has been suggested that BAT itself may 
become dysfunctional with age (86).

Mitochondrial mass in BAT. In addition to TG stores in multi‑
locular lipid droplets, BAT has high mitochondrial density. 
During aging, there is a significant decline of UCP1 activity 
and an age‑dependent accumulation of point mutations in 
mitochondrial dNA (87). cumulative molecular damage was 
found to result in mitochondrial functional decline and impair‑
ment (88), which are both associated with an age‑dependent 
increase in the incidence of neurodegenerative diseases and 
metabolic disorders (89).

Inflammation in BAT. As aforementioned, chronic inflamma‑
tion increases with age. It was previously demonstrated that 
BAT is resistant to macrophage infiltration, as shown by the 
downregulated expression of immune cell‑enriched genes, 
which indicates the anti‑inflammatory properties of BAT (90). 
However, during the inflammatory response in mice, a novel 
chemokine (c‑X‑c chemokine ligand 14) was observed to be 
secreted by thermogenically activated BAT (91). In addition, 
several proinflammatory cytokines reduce UCP1 gene expres‑
sion in BAT. For instance, TNF‑α induces the apoptosis of 
WAT and downregulates the expression of UcP1 via Toll‑like 

receptor activation, thereby decreasing thermogenesis in 
BAT (92).

Hormonal regulation of BAT function. The age‑dependent 
decline of BAT activity has been suggested to be associ‑
ated with changes in circulating levels of hormones. Ghrelin 
signaling is an essential thermogenic regulator during 
aging (93). Obestatin, which upregulates UcP1 expression, 
and Ghrelin, which downregulates UcP1 expression, are both 
derived from the same pre‑proghrelin gene. during aging, 
following no change in plasma obestatin expression, increased 
growth hormone secretagogue receptor (GHS‑R) expression 
and plasma ghrelin expression in BAT was demonstrated to 
promote thermogenic regulatory imbalance in middle‑aged 
and old mice. Moreover, the knockdown of the ghrelin receptor 
and/or GHS‑R decreased the risk of age‑associated IR in 
Ghsr‑/‑mice (94). Thyroid hormones, such as triiodothyronine, 
were also demonstrated to be regulators of thermogenesis; 
therefore, a decrease in thyroid hormones may significantly 
contribute to the dysfunction of BAT during aging (95).

5. Beige AT in age‑dependent IR

Numerous molecular mechanisms have been reported to be 
involved in the browning of WAT during aging. The origin 
of beige adipocytes may result from a white‑to‑brown 
trans‑differentiation and/or the de novo differentiation of 
specific precursor cells. For example, progenitor cells and/or 
adipose stem cells of WAT may differentiate into white or 
beige adipocytes (96). Among them, a distinct subpopulation 
of WAT resident progenitors expressing cd137 and transmem‑
brane protein 26 (TMEM26) are more able to differentiate into 
beige adipocytes (25). Thus, the age‑related lose of beige AT 
may be explained by the loss of cd137/TMEM26+ progeni‑
tors. In addition, several regulators were demonstrated to serve 
important roles in the browning of WAT. For example, peroxi‑
some proliferator activated receptor (PPAR)γ and PR/SET 
domain 16 (PRdM16) are not only be involved in the induc‑
tion of BAT‑associated genes, but also in the repression of 
WAT‑associated genes. PRdM16 upregulated the expression 
levels of BAT‑specific genes by associating with the tran‑
scriptional co‑activators, PPARγ coactivator 1 (PGc)‑1α and 
PGc‑1β (97). SIRT1, an important target in adipose biology, 
facilitated the browning of AT via PPARγ and PRdM16 (98) 
and enhanced beige adipocyte differentiation ability via the 
senescence‑associated p53/p21 signaling pathway (99), which 
is downregulated during aging. Irisin was also reported to 
upregulate the expression of UcP1 and promote the WAT 
browning process, which is a novel hormonal factor that 
converts WAT into BAT (100). Notably, irisin also induced a 
significant increase in total body energy expenditure (101). In 
conclusion, the combined effect of the aforementioned factors 
have been suggested to participate in the browning process.

6. Therapeutic value of beige adipocytes and acquisition of 
brown‑like properties in WAT

In a previous study, BAT transplantation in mice improved 
whole‑body energy expenditure and IS, suggesting a key role of 
WAT browning in improving whole body energy metabolism 
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and IS (102). Thus, it may be important to shift beige adipose 
cells from a WAT phenotype to a BAT phenotype under 
specific stimuli (Fig. 3).

Cold exposure. cold exposure is a strong beige adipo‑
cyte inducer. Significant metabolism and gene expression 
changes in WAT were found to be induced by chronic cold 
exposure (103). For example, PGc‑1α expression levels, a 
co‑activator of PPARγ, were upregulated upon cold exposure. 
In primary human subcutaneous WAT, the overexpression of 
PGc‑1α promoted polarization to a BAT phenotype, which 
was accompanied by the upregulated expression levels of 
fatty acid oxidation enzymes, respiratory chain proteins and 
UcP1 (104). In addition, chronic cold exposure was also 
observed to stimulate the differentiation of precursors into 
beige adipocytes within one week of exposure (105).

Physical exercise. Physical exercise has been reported to 
be associated with a reduction in lipid content, increased 
mitochondrial activity and the modified secretion of adipo‑
kines (106). However, the effects of physical exercise in the 
AT of the elderly, particularly in BAT, remain unknown. To 
date, the findings of previous studies investigating the effect 
of exercise on BAT in the elderly remain controversial. Recent 
studies revealed that endurance exercise training could 
facilitate brown‑like adipocyte recruitment within WAT by 
activating cytokines such as irisin and IL‑6 in rodents (107). 
Furthermore, strength and aerobic training induced an increase 
in BAT mitochondrial activity in old rats (108). However, 
another study revealed that chronic endurance exercise was 
not associated with the recruitment of brown and beige adipo‑
cytes (109). Thus, further studies are required to investigate 
the complex association between different types of exercise 
and exercise‑induced WAT and BAT adaptations.

Diet. Previous studies have reported that several food 
ingredients may stimulate thermogenesis and browning of the 
WAT. For example, in a human model, a significant increase 
in insulin‑induced fluorodeoxyglucose uptake in BAT was 
observed, suggesting that BAT may influence postprandial 

energy metabolism (110). In addition, capsaicin and caps‑
inoids, which are alkaloids extracted from Capsicum genus, 
simulated the heat burning sensation (111). The chronic 
oral administration of capsinoids each day also triggered a 
significant increase in BAT activity (111). Fucoxanthin (FX), 
which was found to be present in abundance in the diatom 
Phaeodactylum tricornutum, significantly downregulated the 
expression levels and activity of lipogenic enzymes, upregu‑
lated the expression levels of AR‑β3 in adipocytes and the fatty 
acid oxidation rate (112). In both WAT and BAT, the adminis‑
tration of a high‑fat diet mixed with 0.2% FX upregulated the 
expression levels of UcP1 in mice. carotenoids have a large 
spectrum of isoprenoids, such as β‑carotene and retinoic acid, 
which regulate thermogenesis and energy expenditure in both 
WAT and BAT (113). β‑carotene modulates the expression 
levels of UcP1 and retinoic acid upregulates the expression 
levels of catabolic and thermogenic proteins that increase 
mitochondrial biogenesis. Long‑chain ω‑3 polyunsaturated 
fatty acids (LcPUFAs), in particular eicosapentaenoic acid 
(EPA), upregulated the expression levels of mitochondrial 
oxidative‑and thermogenic‑associated genes, in addition to 
increasing 5'AMP‑activated protein kinase (AMPK) phos‑
phorylation and carnitine palmitoyltransferase 1 expression 
in mice, suggesting that the treatment with EPA may improve 
energy expenditure, thermogenesis and oxidation in subcu‑
taneous adipocytes (114). Polyphenols, which are secondary 
metabolites of plants, were also found to recruit new brown 
adipocytes, and increase metabolic activity, including WAT 
browning (115).

Autophagy. Autophagy, a cell‑protective dynamic process, 
rearranges subcellular membranes to segregate the cytoplasm 
and organelles for transmission to lysosomes, and promotes 
cell death via the excessive degradation of cellular constituents, 
which may have a role in regulating the browning of WAT. After 
knocking down the expression of autophagy‑related 7 (ATG7) 
in aP2+ adipocytes to impair autophagy, a BAT phenotype 
was evidenced by an increased WAT and BAT mass (116). 
concurrently, brown adipocyte differentiation and function 
were specifically disrupted by suppressing ATG7 in Myf5+ 

Figure 3. Possible mechanisms involved in the process of WAT browning. Under cold exposure, thermogenic brown and beige adipocytes produce heat 
by oxidizing fatty acids. Liver‑derived lipid metabolites and bile acids stimulate thermogenesis in BAT. With cold exposure, the levels of bile acid were 
elevated. β‑adrenergic receptors are activated by the release of noradrenaline, and the resultant ca2+ influx causes AMPK‑dependent SIRT1 activation, which 
deacetylates PPARγ and PRdM‑16. A PPARγ/PRdM‑16 interaction results in the browning of inguinal WAT. WAT, white adipose tissue; BAT, brown adipose 
tissue; AMPK, 5'AMP‑activated protein kinase; SIRT1, sirtuin 1; PPARγ, peroxisome proliferator activated receptor γ; PRdM‑16, PR/SET domain family‑16; 
UcP‑1, uncoupling protein 1; SIRT1, sirtuin‑1.
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precursor cells (117). In addition, mTOR is an essential nega‑
tive regulator of autophagy. Previous studies have shown that 
the inhibition of mTOR blocked the cold‑induced browning 
of WAT (118). The β‑AR‑dependent upregulation of UcP1 
expression and increase in the number of beige adipocytes in 
WAT were observed in mice with mTOR complex 1 impair‑
ment (119). Another previous study suggested that the tumor 
suppressor folliculin (FLcN) regulated WAT browning via a 
transcription factor binding the IGHM enhancer 3 (TFE3) and 
mTOR. mTOR‑dependent cytoplasmic retention of TFE3 was 
relieved by the adipose‑specific deletion of FLCN, resulting 
in the activation of the PGc‑1α transcriptional co‑activator 
function, suggesting that adipose browning was suppressed by 
mTOR (120).

7. Conclusion

As there are multiple different mechanisms to induce the WAT 
browning process, it is plausible that the browning process 
may represent a potential target to achieve efficacious thera‑
peutic outcomes in aging‑dependent IR. Numerous molecules 
that induce BAT activation or WAT browning may represent 
potential targets to treat various disease types associated with 
IR, including type II diabetes, metabolic syndrome and bone 
diseases.
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