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ABSTRACT

Aging impairs adipose tissue function and contributes to metabolic disorders, such as obesity and insulin resistance. 
Chronic inflammation is mediated by cytokines, including IL-6, IL-1β, and TNF-α, is a pivotal factor in aging that 
links mitochondrial dysfunction to activation of the NLRP3 inflammasome in aged adipose tissue. Moreover, distinct 
adipose tissue and adipose tissue depots exhibit complex molecular and cellular functions related to the deterioration 
of conventional metabolic regulation pathways. Unraveling these mechanisms is crucial for developing therapeutic 
strategies to enhance metabolic health and promote longevity. This review elucidates the current understanding 
of lipid metabolism, insulin resistance, cellular senescence, and mitochondrial dysfunction. Moreover, strategies to 
improve mitochondrial quality control in aging adipose tissue, such as mitochondrial transplantation, hold promise 
for addressing mitochondrial dysfunction. Finally, a novel therapeutic approach for mitochondrial transplantation 
is proposed using exosome cargo to sustain healthy metabolism and thermogenesis in aging populations. These 
findings lay the groundwork for innovative therapies and preventive strategies to mitigate the impact of obesity 
and aging.
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1. INTRODUCTION

Obesity and aging are significant global public health 
concerns [1]. The modern world provides us with 
sufficient nutrient sources and public welfare, yet 
may promise us a prolonged lifespan rather than a 
healthspan. Obesity occurs when energy intake out-
weighs energy expenditure, which is a particular issue 
for individuals >50 years of age. The obesity pandemic 
has been difficult to control since 1990. Indeed, it has 
been estimated that approximately one-half of the 
world’s population will be obese by 2030 [2]. Obese 
individuals have increased susceptibility to a high con-
tent of visceral adipose tissue (VAT). Therefore, the vis-
cerosomatic fat index (VSI), which is calculated as the 
VAT weight-to-total body weight, has been recently 
proposed to replace the body mass index (BMI) as a 

comprehensive marker of obesity [3]. Like obesity, 
aging individuals often accumulate VAT, which in turn 
might worsen co-exisiting health conditions [4]. Aging 
is normally attributed to cellular and molecular dam-
age, and is characterized by progressive body compo-
sition changes and decreased physiologic integrity [5]. 
Thus, a relatively new concept (sarcopenic obesity) has 
emerged by combining the characteristics of these two 
prevalent health issues. Sarcopenic obesity is defined as 
a gradual loss of muscle mass and functionality with an 
excess of adipose tissue (AT) [mainly VAT] in an aging 
population. A meta-analysis showed that 11% of indi-
viduals > 60 years of age struggle with sarcopenic obe-
sity [6]. This finding further results in a series of more 
severe aging-related burdens, including type 2 diabe-
tes, cancer, cardiovascular and neurodegenerative dis-
eases, and all-cause mortality [7, 8].
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AT represents a multifaceted and active organ sys-
tem that encompasses a diverse array of cellular com-
ponents, such as adipocytes, immune cells, endothelial 
cells, blood cells, all of which collectively have a crucial 
role in sustaining metabolic homeostasis. Consensus has 
been achieved on the role of AT in inflammaging and 
metaflammation in sarcopenic obesity. Inflammaging 
occurs in age-related diseases (e.g., sarcopenic obe-
sity and cerebral small vessel diseases) resulting from 
the long-term stimulation of the immune system due 
to various cellular and molecular mechanisms, such as 
metaflammation, cellular senescence, and mitochon-
drial dysfunction. Under such conditions, resident 
immune cells are activated and immune cell infiltration 
is increased in AT, which triggers activation of the nucle-
otide-binding oligomerization domain-like receptor 
(NLR) family pyrin domain containing 3 (NLRP3) inflam-
masome and release of bioactive peptides and proteins. 
These adipokines and adipocytokines are secreted by 
white adipose tissue (WAT) and include adiponectin, 
leptin, and interleukins, as well as batokines that are 
secred by brown adipose tissue (BAT) [9]. In addition, 
AT energy expenditure, lipid regulation, inflammatory 
responses, and mitochondrial function jointly affect 
insulin levels in obese-aged models [10]. This phenome-
non is termed metaflammation and refers to nutritional 
imbalance-induced inflammaging, which might exac-
erbate the innate redox state and inflammatory status 
and lead to insulin resistance in insulin-sensitive tissues, 
including fat and muscle [11]. Hence, inflammaging and 
metaflammation are central to sarcopenic obesity [12, 
13]. AT is classified by type (WAT, BAT, and beige adipose 
tissue) or anatomic location (subcutaneous adipose tis-
sue [SAT] and visceral adipose tissue [VAT]). Generally, 
WAT and VAT accumulation are detrimental to inflam-
maging, whereas BAT and SAT are protecive to danger 
signals. Plasticity is one of the most distinguished AT 
characteristics. AT plasticity helps AT sense and adapt to 
the physiologic and pathogenic environment within the 
body [14]. Aging disturbs AT plasticity by altering the 
size and distribution of AT, affecting adipogenesis and 
adipokine secretion, and increasing lipotoxicity. These 
disturbances may contribute to pathologic progression, 
including alterations in fat depot location, reduction in 
brown and beige fat, accumulation of senescent cells 
(adipose-derived stem cells [ADSCs]), and dysregulation 
of immune cells [10].

According to Mitchell’s chemiosmotic theory, sub-
strate oxidation metabolism activated by the mitochon-
drial respiration chain facilitates mitochondrial inner 
membrane carrier protein-uncoupling protein 1 (UCP1) 
to allow proton leak and dissipation of heat in mam-
malian cells, indicating the essential role of mitochon-
dria. However, dysregulation of AT function in aging 
is intimately related to a poor-functioning mitochon-
drial pool [15]. Mitochondrial functions are crucial for 
preserving the ability of adipose stem cells to differ-
entiate into Schwann cell-like, adipocytes, osteoblasts, 

chondrocytes [16, 17]. Mitochondrial function, or more 
precisely mitochondrial metabolism, in AT declines with 
age. Impaired mitochondrial metabolism is usually 
accompanied by dysregulated inflammatory responses, 
oxidative stress generation, and fatty acid and energy 
metabolism, ultimately prompting metabolic disorders 
[18]. Mitochondria have the potential to activate adi-
pose tissue macrophages (ATMs), which elicit autocrine 
or paracrine inflammaging [19]. A novel therapeutic 
approach has been proposed to treat age-dependent 
metabolic disorders, such as metabolic syndrome, as 
obesity with mitochondria transplantation (MT), which 
ultimately leads to metabolic reprogramming.

The focus of this review is AT dysfunction in the pro-
gression of sarcopenic obesity under conditions of lipid 
metabolism, fatty acid metabolism, inflammation, cellu-
lar senescence, and mitochondrial dysfunction. In addi-
tion, a novel therapeutic approach is advanced involv-
ing MT with exosome cargo to accelerate mitochondrial 
function and thermogenesis, and reduce oxidative stress 
by targeting dysfunctional AT in this populations for a 
healthy life with endurance and in hope of providing 
insights into discovering new relevant drugs.

2. ADIPOSE TISSUE FUNCTION IN METABOLISM

AT is a metabolically active endocrine organ that con-
trols whole-body energy, lipid levels, and glucose home-
ostasis [20, 21]. Energy homeostasis in the host is delicat-
edly balanced by energy intake and consumption, which 
involves an interaction between the brain and periph-
eral tissues. Those tissues transmit information regard-
ing real-time energy storage levels to the hypothalamus 
[22]. Among these peripheral tissues, AT functions as an 
energy resovoir and the melanocortin-4 receptor in the 
hypothalamus links AT to hypothalamic neurons in met-
abolic syndrome [23]. This finding suggests the active 
involvement of neuron communication in AT metabo-
lism. The sympathetic nervous system (SNS) is considered 
to be a pivotal element. Beyond a primary role in energy 
storage and adaptive heat generation, AT acts as a cen-
tral coordinator of insulin action. Insulin facilitates glu-
cose transport into cells to enable the synthesis of fatty 
acids and lipoproteins and suppress adipose triglyceride 
lipase (ATGL)-dependent lipolysis to provide energy for 
the host. AT can mediate insulin sensitivity via the endo-
crine secretion of adipokines, especially adiponectin, 
and ectopic fat deposition prevention in insulin-sensi-
tive tissues, such as the liver and skeletal muscles [24].

WAT constitutes the majority of AT mass, accounting 
for approximately 95% of the total mass. WAT con-
tains large adipocytes filled with single lipid droplets. 
Therefore, WAT is especially predominant in storing and 
releasing lipids. These lipids are stored as triglycerides 
(TGs) by forming a single lipid droplet in mature WAT 
or multiple lipid droplets in BAT and most other cells, 
which acts as a burning furnace for body energy [20, 
25]. The large TG-filled central vacuole in adipocytes 
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is to take charge of uptake, store, and turn over TGs 
into free fatty acids (FFAs) with the help of lipases in 
lysosomes, such as hormone-sensitive lipase (HSL), ATGL, 
and HSL and ATGL co-activators [26]. Because WAT has 
fewer mitochondria, WAT has limited ability in generat-
ing heat (energy). However, through browning, a spe-
cial process that turns white (pre)adipocytes into beige 
cells with increased UCP1 levels, special “WAT” is prone 
to facilitate energy expenditure [27]. Beige adipocytes 
refer to a subset of cells within WAT that have the abil-
ity to differentiate into brown adipocytes. Browning 
could be triggered by the sympathetic nervous system 
(SNS)-controlled “fight-or-flight” response, which is 
affected by cold exposure (Figure 1) [28]. Intriguingly, 
WAT-generated TG-rich lipoproteins and FFAs promote 
hepatic carnitilation so that the production of acylcar-
nitines serves as a fuel source for BAT thermogenesis, 
which demonstrates a mechanistic link between WAT 
and BAT [29].

BAT comprises < 2% of AT mass in adults, albeit with 
abundant mitochondria expressing UCP1, and is largely 
in charge of heat (energy) mobilization [30]. BAT activity 
is regulated through UCP1, which uncouples respiration 
from TG-derived ATP synthesis to generate non-shivering 
thermogenesis (especially β-adrenergic receptor [β-AR] 
signaling) or through a UCP1-independent mechanism 
[31-33]. β-ARs act as stimuli in activation of the adipocyte 

lipolytic cascade through crosstalking with G protein in 
adipocytes [34], then proton leak respiration increases 
UCP1, which is dependent on energy expenditure. β-ARs 
mainly consist of three distinct subtypes, including β1-
AR, β2-AR, and β3-AR. BAT thermogenesis is driven by 
β-AR in humans and rodents [35]. In addition, stimula-
tion of β-ARs in brown adipocytes induces UCP1 expres-
sion by enhancing inner mitochondrial membrane 
(IMM) conductance [36, 37]. Beige adipocytes not only 
express UCP1 but have also been shown to use UCP1-
independent thermogenic pathways, including futile 
creatine and Ca2+ cycling, that are especially activated 
when exposed to a cold and oil-rich (high fat or calo-
rie) environment [38]. Additionally, UCP1 often inter-
plays with peroxisome proliferator-activated receptor 
(PPAR)-γ coactivator-1 α (PGC-1α), fibroblast growth 
factor 21 (FGF21), and innate immunity during AT 
metabolism [39, 40]. The correlation between UCP1 and 
mitochondria function is comprehensively reviewed in 
Section 6. Enhanced thermogenic AT activity confers 
protection against metabolic dysfunction and serves as 
a crucial mechanism for maintaining metabolic health.

Lastly, adipokines (leptin and adiponectin) are impor-
tant adiposity signals acting on the neurons in the arcu-
ate nucleus of the hypothalamus to regulate whole-
body energy homeostasis [41]. Leptin exhibits a strong 
positive correlation with AT mass and is modulated by 

Figure 1  |  Themogenesis in BAT in the context of aging.
Mitochondrial dysfunction induces ROS and activates NLRP3/caspase-1/IL-1b, resulting in impaired browning adipose tissue. In addition, cold 
triggered β-adrenergic activity increases UCP1 expression in mitochondria, producing BAT thermogenesis via factors, including PKA and FGF21. 
Created in BioRender. Hdinhg, D. (2025). https://BioRender.com/gwcqwci.

https://biorender.com/gwcqwci
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dietary intake. Leptin exerts anorexigenic effects while 
simultaneously inducing energy expenditure. However, 
adiponectin acts on adiponectin receptors 1,2 to 
improve energy metabolism through the AMP-activated 
phosphate kinase (AMPK) signaling pathway [42]. In 
addition, adipokines, such as TNFα, IL-6, and resistin, 
may lead to low-grade inflammation and insulin resist-
ance stimulated by nutritional factors, including glucose 
and lipids [43].

Therefore, the intricate regulatory networks con-
trolling fuel storage and oxidation processes in WAT and 
thermogenic adipocytes (brown and beige), secreted 
cytokines, and other substances (FGF21 and adipsin) are 
fundamental in the regulation of systemic metabolic 
homeostasis.

3. ADIPOSE TISSUE DYSFUNCTION AND 
METABOLIC AGING

AT function undergoes significant changes in meta-
bolic aging, as evidenced by including the deficiency in 
browning (especially the activity of UCP1), dysregulation 
in lipid metabolism (such as a slowing of muscle protein 
and fibre synthesis and an accumulation of hepatic cho-
lesterol production) [44], impairment of organic cation 
transporter 3-mediated catecholamine-based insulin 
sensitivity [45], declined responsiveness to leptin and 
leptin cognate receptors and the leptin-to-adiponectin 
ratio [46, 47], and expansion of the aging-dependent 
regulatory cell (ARC) population in SAT [48].

Most BAT loses metabolic ability of energy dissipation 
in humans at 60 years of age, which puts AT thermo-
genesis in a precarious situation due to the potential 
inactivation of UCP1 [49]. UCP-1-dependent AT energy 
expenditure depends on β-AR signaling, whereas the 
aging process promotes diminished β-AR activity, result-
ing in browning defects due to impaired lipolytic profiles 
and reduced AT thermogenesis (Figure 1) [50]. Notably, 
β3-AR activation is crucial for plasma FFA uptake and 
utilization, SAT ability, and laying the foundation for 
poor glucose handling [51, 52]. Improved lipid metabo-
lism, which is characterized by an increased circulating 
adiponectin level, altered fat depots, and decreased 
fat mass, was reported in aged mice after a direct sus-
tained stimulation on β3-AR through lipid turnover 
and de novo lipogenesis [53]. However, β3-AR silencing 
compromises mitochondrial mass Foxhead P1 (Foxp-
1), a transcriptional factor consistently overexpressed 
in adipocytes, resulting in adipocyte differentiation, 
adaptive thermogenesis impairment, and diet-induced 
metabolic syndrome [54]. Moreover, β3-AR-mediated 
histone modification substantially influences H3K18cr 
levels and targets on the enhancer and promoter sites 
of PGC-1α/UCP1, resulting in varied beige adipocyte 
energy expenditure in the context of obesity-associated 
complications [55]. In addition to facilitating fatty acid 
oxidative metabolism in the obesity-related aging pro-
cess, PGC-1α promotes UCP1-dependent browning [56]. 

However, adipocyte-specific PGC-1α deficiency in BAT 
blunts the beneficial metabolic effects and aggravates 
age-associated adiposity [57, 58].

Cold exposure might not be inductive to the changed 
transcriptome profiles of thermogenic genes in aged 
BAT [59]. Moreover, SNS activity in response to cold 
environment decreases with advancing age, ultimately 
driving delayed responsiveness of β-ARs (Figure 1) [60]. 
Current studies have identified direct effectors linking 
SNS-triggered catecholamine signaling to increased 
UCP1 in response to acute cold exposure [61]. This 
action is potentially due to activation of protein kinase 
A [PKA] (Figure 1). Specifically, cold-induced AIDA (a 
direct substrate of PKA)-dependent thermogenesis 
potentially establishes a direct mechanistic link between 
sympathetic input and UCP1-mediated adaptive ther-
mogenesis via regulation of lipolysis and oxidative stress 
production [62]. Moreover, the effect of cold-induced 
SNS activation on UCP1 is gender- and location-based 
[63]. Thus, it is essential to more thoroughly investigate 
how aging interacts with SNS-dependent UCP1 in AT 
using the above different models.

Impaired browning may significantly contribute to 
sarcopenic obesity and can be stimulated by FGF21 
expression, a peptide hormone [64]. FGF21, which is 
primarily synthesized and released by the liver, is also 
expressed in BAT and subcutaneous white adipose tis-
sue (sWAT) following specific stimuli, such as cold expo-
sure or adrenergic activation. In murine models, FGF21 
triggers a PGC-1α-mediated signaling cascade that 
upregulates UCP1 expression and activates thermogenic 
programs, with sWAT showing greater responsiveness 
(Figure 1). During age-related metabolic decline, an 
elevation of FGF21 was shown to be accompanied by 
accelerated browning of sWAT by dietary change and a 
promise to extend life span [65]. It has also been shown 
that leptin has a significant role in counteracting star-
vation-induced increases in circulating FGF21 levels, 
although endogenous FGF21 expression and browning 
markers in eWAT are markedly reduced. Mechanistically, 
the PPAR-β/δ pathway is involved in the upregulation of 
FGF21 expression induced by leptin, leading to an alter-
ation in visceral fat mass and browning capacity [66]. 
However, a biased understanding of FGF21 was pro-
posed by a biomarker study involving healthy centenar-
ians; specifically, ‘the lower the expression of FGF21, the 
healthier the aging process’ [67]. The increased level of 
Parkin is correlated with insufficient energy expenditure 
in the course of aging. Parkin inactivation downregu-
lates the FGF21 concentration and restores the age-de-
pendent decline in WAT browning and leptin excess. 
Hence, a so-called “FGF21 resistance” situation in aging 
emerges, which remains understudied.

When longer able to sustain its function as an energy 
“sink” through continued growth, increased fat accu-
mulates and is stored in the central region of the body 
by deteriorating the utilization of FAs, lipid, and meta-
bolic elasticity in AT [68-70]. Lipids accumulate in AT with 
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increased lipolysis (hydrolysis of TGs) and decreased FA 
β-oxidation, which mainly takes place in BAT to produce 
heat and leads to uncontrolled circulating FFA levels by 
regulation of PPAR-associated signaling pathways [71, 
72]. Adipokines supplementation ameliorates age-de-
pendent muscle sarcopenia, as evidenced by fat mass 
re-distribution [73]. Integrative studies indicate that 
fatty acid metabolism is mediated by but not limited to 
β-AR and adipokine (especially leptin) signaling and is 
also involved in indirect communication between SNS 
and BAT thermogenic programs during aging [74]. For 
example, Janus kinase (JAK) is essential for maintaining 
leptin functionality. One JAK2 binding protein (Sh2b1) 
could recover obese-aged-associated SNS degeneration 
in AT [75].

Additionally, age-related adiposity with a marked 
increase in AT, liver, and skeletal muscle fat causes 
shrinkage of the pancreatic β-cells mass. Pancreatic 
β-cells increase insulin production as a compensatory 
mechanism, ultimately leading to insulin resistance [76]. 
Mechanistically, this fat re-distribution encourages ARCs 
to inhibit the adipogenic potential and proliferation of 
adipose progenitor cells by expanding AT size to store 
excess nutrients and lipids, as well as Glut4 transloca-
tion, resulting in insulin resistance in aging [77-81]. In 
addition, there are two major models indicating the 
causal link between energy expenditure, fat storage 
in AT, and insulin levels; one model is the conventional 
model and the other model is the “carbohydrate-insulin 
model” in disease models. The recognized “carbohy-
drate-insulin model” suggests that increased adiposity 
induces dysregulated glucose metabolism and further 
intervenes with energy balance in AT [82].

The initiation of β-AR signaling is also essential 
because β-ARs couple to Gs subunits of heterotrimeric G 
proteins and activate adenylylcyclase to generate cAMPs, 
which significantly decreases fat mass, mediates cat-
echolamine-induced energy expenditure, and improves 
insulin sensitivity [83]. Furthermore, activation of the G 
protein-coupled receptor, GPR40, is responsible for an 
increase in cytosolic Ca2+ levels, ultimately resulting in 
the stimulation of insulin exocytosis induced by non-es-
terified fatty acids (NEFAs) [84]. GPR40 is predominantly 
associated with Gαq/Gα11, which then triggers activa-
tion of phospholipase C (PLC). Consequently, this cas-
cade results in the production of inositol 1,4,5-triphos-
phate (InsP3) and the subsequent release of calcium 
from the endoplasmic reticulum (ER), where ATGL was 
originally located (Figure 2) [85-88]. This finding high-
lights the protective role of targeting GPR40 in condi-
tions of metabolic stress, such as conditions induced by 
elevated NEFA/FFAs in aging and obesity [89]. So, how 
does the role of GPR40 in insulin secretion change with 
aging and what impact does this have on age-related 
metabolic disorders?

Moreover, sarcopenic obesity-induced insulin resist-
ance has a high likelihood to result from several tran-
scriptional or post-transcriptional factors, such as the 

aryl hydrocarbon receptor, and acetylation of key mole-
cules in AT, such as fatty acid-binding protein 4 (FABP4) 
[90, 91]. Multiple facts have demonstrated that host 
metabolic rhythms are largely regulated by PPAR-γ 
acetylation. However, aging interferes with PPAR-γ 
dynamics and the downstream target (adipsin) to influ-
ence insulin sensitivity and stabilize a core pro-adipo-
genic factor (BMAL1) in AT [92]. The increased level 
of Kindlin-2 in aged adipocytes promotes FABP4, one 
PPAR-γ downstream target via FAS signaling, thereby 
resulting in decreased β-cell activity and skeletal mus-
cle mass [93]. PPAR-γ is also associated with disturbances 
in miRNAs functionality of pre-adipocyte differentia-
tion and insulin signaling [94]. Several miRNA biogen-
esis and editing alterations (especially miR-29a-3p and 
miR-30a-3p) in aged WAT have been implicated in the 
inactivation of AKT in insulin signaling affected by 
Dicer1, one key enzyme to promote the maturation of 
miRNAs [95]. A small number of studies concluded that 
with respect to the role of miRNAs in aged BAT insu-
lin sensitivity is also correlated with Dicer1 expression 
[96]. Yet Dicer deficiency in adipocytes may potentially 
exacerbate insulin resistance accompanied by the aging 
process resulting from mTORC1 agitation [97]. Exosomal 
miR-29b-3p derived from adipocytes regulates sirtuin 
(Sirt)1 action to promote β-cell degeneration with aging 
[98]. Additionally, activation of the JNK/MAPK pathway 
is regulated through miR-503-3p in the progression of 
the age-induced glucose metabolism decline in AT and 
liver [99].

In contrast, AT dysfunction is a significant contributor 
to aging, primarily because AT dysfunction fails to bal-
ance FFA metabolism (also known as NEFA) as a substi-
tute fuel source for the liver and skeletal muscle, which 
results in lipodystrophy. Recent studies have focused on 
utilizing obesity-associated genetic modifications of adi-
pocytes to elucidate aging development. Inositol hex-
akisphosphate kinase 1 (IP6K1) enhances fatty acid bio-
synthesis by stimulating AMPK phosphorylation in AT, 
whereas ablation of IP6K1 hinders age-induced weight 
gain and metabolic dysfunction [100]. SWELL1 is able to 
handle excessive lipolysis and accumulated lipotoxicity 
in the liver. However, adipocyte-specific SWELL1 knock-
down may heighten the risk of developing age-related 
metabolic diseases [101]. Nonetheless, which AT dys-
function factors influence metabolic aging remains to 
be further established.

Therefore, a direct inhibition of those age-related 
factors and stimulation on β-ARs in AT can serve as a 
promising strategy to improve healthspan against 
metabolism aging.

4. AT-ASSOCIATED IMMUNE RESPONSES IN AGING

Low-grade AT inflammation is usually accompanied 
by an increase in VAT activity and a decrease in BAT 
activity, which is directly causal to various metabolic 
consequences, such as insulin resistance in individuals 



Acta  
Materia  
Medica Review Article

326      Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

with sarcopenic obesity through regulation of Akt/
PI3K signaling according to the scientific world’s con-
sensus (Figure  2) [102-105]. In contrast, aging-induced 
susceptibility to insulin results in heightened FFA lev-
els and altered adipokine release, which contributes 
to an expansion in the immune cell population [106, 
107]. Those immune cells, including ATMs, T cells, and 
B cells, are potent contributors to the secretion of pro-
inflammatory cytokines and chemokines, including inter-
leukin 1beta (IL-1β), IL-6, TNF-α, monocyte chemotactic 
protein-1 (MCP-1), and C-X-C motif chemokine ligand 14 
(CXCL14) in adipocytes, especially WAT, as evidenced by 
prior in vivo and in vitro studies, which further exacer-
brates systemic low-grade inflammation in aging [108-
113]. A change in the macrophage profile (increased 

M1 macrophage markers [CD11c/ CD68] and decreased 
M2 macrophage markers [CD206]), as well as AT expan-
sion occurs in aging AT [114]. There is a reduction in the 
frequency of F4/80+CD11b+ ATMs and regular polariza-
tion in aged mice, while CD11c+CD206+ ATMs accumu-
late in young mice [115]. Notably, some advanced stud-
ies revealed that the eosinophil-to-macrophage ratio 
declines with age and transplanted eosinophils from 
young and lean subjects into the WAT of scarcopenia 
obese animals successfully increased the number of M2 
macrophages, indicating a high therapeutic potential of 
conferring immune cells in the treatment [116].

Moreover, many factors are considered promoters of 
ATM-associated inflammation in aging, such as SUMO-
specific protease 3 (SENP3), interferon regulatory factor 

Figure 2  |  The relationship between adipose tissue dysfunction and aging. 
Adipose tissue dysfunction releases NEFA and GPR40. These factors activate Gaq/Ga11 and subsequently the PLC pathway is activated by 
increasing InsP3 in the ER and accelerating release of Ca2+. Increased Ca2+ levels promote insulin secretion, resulting in lipotoxicity in the aging 
obese population. In addition, this dysfunctional tissue induces chronic low-grade inflammation by activation of ATMs, T cells, and B cells, which 
may also lead to insulin resistance. As a result, an imbalance in the adipose tissue metabolism has a critical role in accelerating the pathophysi-
ologic process of aging in obese individuals. Created in BioRender. Hdinhg, D. (2025). https://BioRender.com/gwcqwci.

https://biorender.com/gwcqwci
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3 (IRF3), and leukotriene B4 receptor 1 (BLT1). SENP3 
stimulates inflammatory ATM infiltration by generating 
posttranslational modification of Yes-associated protein 
1 induced by IL-1β after exposed to the aging stimulus 
[117]. IRF3 is one modulator of PPAR-γ-mediated adipo-
genesis. However, IRF3 function is impaired in sarcope-
nia obese individuals due to the loss of IFN-β and F4/80+/
CD11c+ macrophages are increasingly infiltrated into 
WAT to elicit inflammation [118]. The age-associated 
decline in WAT function is accompanied by a growing 
signature of mast cells and M1-type ATMs that is likely 
mediated by CXCL14. However, an upregulated CXCL14 
level often occurs in overweight elderly individuals, the 
role of which in lean elderly individuals remains to be 
studied [119]. Nuclear factor-kappaB (NF-κB) is persis-
tently activated in aging AT, which leads to upregula-
tion of proinflammatory cytokines, such as TNF-α and 
IL-6 and exacerbates metabolic decline (Figure 2) [120]. 
The cross-talk between BLT1 and the BLT1 ligand (LTB4) 
facilitates NF-κB phosphorylation, the increased fre-
quency of M1 macrophages, and the production of IL-6 
in aged VAT. Previous studies revealed that the cytokine 
production of BLT1 is induced by ERK1/2, JNK1/2, and 
AKT. However, the putative mechanism underlying 
BLT1 in inflammaging needs further elucidation [121]. 
AMPK has been shown to increase cAMP expression and 
repress the NF-κB inflammatory casade during life span 
regulation by connecting with the Sirt family. Sirt6 is 
a proven longetivity and anti-inflammatory gene that 
deacetylates H3K9 chromatin to inactivate NF-κB ability. 
This crosstalk between AMPK and NF-κB is supported by 
a study with suppression of phosphodiesterase 4, which 
upregulates circulating cAMP [122]. NLRP3 inflam-
masome activation is dependent on NF-κB but the full 
extent of the interactions between NF-κB influencers 
directly or indirectly and inflammsome signaling in aged 
ATMs is unknown.

In addition to innate immunity, adaptive immunity 
immunosenescence (T and B cells) are affected with 
aging. The increased presence of ATMs and the associated 
NLRP3 inflammasomes may collaborate with activated T 
and B cells to promote inflammation in aged AT (Figure 
2) [123, 124]. T cells downregulate CD28 expression and 
subsets of CD4+CD28− and CD8+CD28− T cells emerge 
with age. In addition, decreased regulatory T cell (Treg) 
activity recruited by ATMs are identified in epididymal 
white adipose tissue (eWAT) and liver in aged mice, 
thereby affecting glucose metabolism and insulin sensi-
tivity and exacerbating local and systemic inflammation 
[125, 126]. In addition, during disease progression, some 
identified sigatures of Tregs in eWAT are altered, includ-
ing Il1rl1+ or Tbx21+ enrichment and loss of Pparγ+ [127]. 
Senescent CD4+ and CD8+ T cells secrete high levels of 
S100A8, which inhibits adipose RNA-binding motif pro-
tein 3 expression via CXCL1-CXCR2 axis, inducing age-
like BAT dysfunction [128]. In addition, senescent T cells 
are polarized to produce large amounts of IL-6 and IFN-γ. 
T cell-specific deficiency of IL-6 receptor-α (IL-6RαT-KO) 

in mice exacerbate inflammation in eWAT tissue after 
16 weeks [129]. T  cell-derived IFN-γ suppresses brown 
adipocyte differentiation with advancing age, provok-
ing the inflammatory process [130]. Group VII A platelet 
activating factor acetylhydrolase (PLA2G7) is secreted 
by macrophages to regulate NLRP3 inflammasome acti-
vation. Deletion of PLA2G7 improves AT metabolism 
in aged mice by lowering inflammation, reducing B 
cell, T cell, and CD11c+ macrophage signature profiles, 
and enlarging the pool of CD206+ macrophages [131]. 
Dysregulated B cells accumulate in visceral WAT during 
scarcopenic obesity. Camell et al. discovered a growing 
subset of resident non-senescent aged adipose B cells 
which depend on the NLRP3 inflammasome if deple-
tion inhibits IL-1 signaling and increases lipolysis during 
aging [132]. However, Camell et al. pointed out that the 
NLRP3 inflammasome does not affect age-related CD4+ 
and CD8+ T cell expansion in VAT. This finding deserves 
more in-depth studies to elucidate the precise differ-
ences in T and B cells in different types of AT in scarco-
penic obese individuals.

Recent research has highlighted the importance 
of the extracellular matrix (ECM) in regulating adipo-
cyte function with aging-associated ECM remodeling 
leading to fibrosis, reduced adipogenesis, and altered 
adipocyte metabolism [133]. M2 macrophage-derived 
TGF-β induces DNA damage and mitochondrial ROS, 
further leading to cellular senescence in adipose pro-
genitor senescent cells  (APSCs). Therefore, it has been 
suggested that M2 macrophages are the donors for TGF-
β and senescent APSCs are the recipients that suppress 
adipogenic potential and induce fibrotic genes [134]. 
The TGF-β superfamily determines the phosphorylation 
of SMAD2/3 to direct ATM activity in aging individuals. 
A marked increase in CD11c+ macrophages in aged adi-
pocytes are mediated by growth differentiation factor 
3 (GDF3), a member of TGF-β superfamily, which acts 
on SMAD2/3 and NLRP3 inflammasomes [115, 135]. In 
addition, the concentration of immunoglobulin G (IgG) 
tends to increase, especially in WAT of aging individu-
als. This finding may lead to macrophage infiltration 
by activation of Ras/MEK/ERK signaling and subsequent 
AT fibrogenesis through regulation of the TGF-β/Smad 
casade. However, the ablation of B cells prevents the 
development of fibrosis, emphasizing the connection 
between IgG, B cells, and macrophages in the context 
of aging-associated inflammatory responses [136, 137].

5. CELLULAR SENESCENCE IN AGING-ASSOCIATED 
ADIPOSE TISSUE DYSFUNCTION

Cellular senescence is a process characterized by a lim-
ited ability for proliferative growth and life in culture 
with apoptosis resistance partially triggered by tel-
omere shortening. Senescent cells (SCs) exhibit a mul-
ti-fold increase in individuals > 65 years of age com-
pared to youngsters and mainly influence immune cells 
and fibroblasts. Physiologically, SCs can be eliminated by 
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the immune system. However, when the burden caused 
by SCs exceeds immune system capacity, the progression 
of aging-related diseases may accelerate. Thus, cellu-
lar senescence is inducible to inflammaging. In addi-
tion, the accumulation of SCs is often tissue-specific, 
especially at age-affected pathologic sites, like the AT 
[138]. These cells can be found in various components 
of the AT, including adipocytes (fat cells), pre-adipocytes 
(adipocyte precursors), and stromal vascular cells (e.g., 
immune cells and fibroblasts).

SCs exhibit a range of morphologic and molecular 
changes that differ from proliferating cells. SCs are 
often larger and flattered in size, become multinucle-
ated, have more cytoplasmic granules, and display an 
accumulation of vacuoles in culture compared to SC 
counterparts. This finding indicates a failure in cell divi-
sion or cell fusion events, along with waste products or 
degraded cellular component build-up. DNA damage, 
especially double-strand breaks, often occurs in SCs. This 
damage is marked by phosphorylation of the histone 
variant, H2AX, forming γH2AX foci in nuclei and serv-
ing as a biomarker of the DNA damage response (DDR). 
Although SCs have permanent cell cycle arrest, SCs are 
metabolically active. Senescence-associated proteins are 

increasingly and uniquely expressed, including senes-
cence-associated β-galactosidase (SA-β-gal), p16INK4a, 
p21CIP1, and senescent-associated secretory phenotype 
(SASP) in aging AT [139, 140].

SCs are more susceptible to metabolic stresses, such 
as mitochondrial ROS, mitochondrial unfolded pro-
tein response (mtUPR), and telomere erosion, leading 
to DDR. Although still lacking evidence of the rela-
tionship between ADSCs and mtUPR, the expression 
of cellular senescence-related proteins (p53 and p21) 
in AT are enhanced by mitochondrial ROS [141]. This 
finding is due to high O2 levels inducing telomere 
shortening, ultimately leading the cells to senescence 
[142]. Furthermore, telomere erosion also manipulates 
DDR under stressed conditions. DDR, with respect to 
transient mitochondrial DNA double-strand breaks, is 
activated by increasing levels of ROS to accelerate AT 
aging, which can be induced by DNA protein kinase 
(DNA-PK) and eotaxin-1/CCL11 independent of the p53/
p21 pathway (Figure 3) [143-145]. This very redox state 
subsequently triggers the release of pro-inflammatory 
cytokines, such as TNF-α, IL-8, and IL-6 [144, 146]. IL-6, 
upon binding to the IL-6 receptor, forms a complex 
with two GP130 molecules, resulting in activation of 

Figure 3  |  Cellular senescence in white adipose tissue in aging obese individuals.
Cellular senescence has a crucial role in triggaring WAT in aging obese individuals. Eleveted levels of DNA damage response (DDR) induces 
ROS, which increase p53, p21, and NF-kB, which in turn induces IL-6, TNF-α, and IL-8. In addition, IL-6 and the GP130 complex activates the 
JAK-STAT pathway, which promotes ROS and results in decreased mitophagy and stem cell differentaition. p38MAPK induces p16INK4a, p21, 
WAR1, Caveolin1, and p16INK4a, which triggers NF-kB. As a result, these pathways are responsible for cellular senescence in white adipose 
tissue and exaberbates obesity and aging. Created in BioRender. Hdinhg, D. (2025). https://BioRender.com/gwcqwci.

https://biorender.com/gwcqwci
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the JAK-STAT signaling cascade, which ultimately hin-
ders mitochondrial function (Figure 3) [147]. The decline 
in nicotinamide adenine dinucleotide (NAD) levels is 
observed in age-related diseases by regulating cellular 
senescence. NAD is a key determinant of cellular senes-
cence that usually works together with Sirt1. Yu et al. 
confirmed that depletion of Sirt1 significantly upregu-
lated p16 levels and SA-β-gal activity, and compromised 
subcutaneous fat with small adipocytes only during adi-
pogenic differentiation due to impaired oxidative stress 
responses [148]. However, because NAD metabolism 
affects all Sirt activity [149], other family members are 
needed to exhibit roles in SCs. In addition, NAD is an 
essential cofactor for ADP-ribose polymerases (PARPs). 
Sterol regulatory element-binding protein 1c (SREBP1c) 
has been shown to mediate metabolic stress responsive-
ness and lipid metabolism in AT. SREBP1c directly binds 
to the interacting protein, PARP1, at the DNA binding 
domain to improve genome stability and senescent 
adipocytes with SASP againt DNA damage, resulting 
in alleviated WAT inflammation in scarcopenic obesity. 
This finding was evidenced by a decline in γH2AX and 
the SA-β-gal signal [150]. It has also been shown that SCs 
with SASP trigger macrophages to express high levels 
of CD38 through ecto-enzymatic activity to reduce NAD 
levels in AT, which displays a causal link between cellular 
senescence and inflammaging [151, 152].

ADSCs are a type of cell with SASP that may have auto-
crine, paracrine, or endocrine function in AT. ADSCs have 
been implicated to secrete numerous inflammation-as-
sociated factors and increase immune cell infiltration to 
drive age-related tissue dysfunction and local and sys-
temic inflammation [153]. P38 MAPK/ NF-κB signaling is 
a crucial regulator of the p53/p21 axis and SASP genera-
tion. Specifically, ADSC function is intimately associated 
with over-activation of the p38 MAPK signaling path-
way under exposure to an obesogenic environment, 
which in turn promotes senescent outcome. This find-
ing is evidenced by upregulation of cellular senescence 
indicators, such as p16INK4a, p21Waf1, and caveolin-1, 
when ADSCs progressively lose replication potential 
(Figure 3) [154, 155]. The NF-κB system is also involved 
in progression, which largely contributes to abnormal 
immune responses in ADSC-derived small extracellular 
vesicles (EVs) and exosomes (Figure 3) [156]). p38 MAPK/ 
NF-κB signaling-mediated cellular senescence has been 
reported to be controlled by mTOR [157]. Transforming 
growth factor-activated kinase 1 (TAK1) is known as a 
key mediator of inflammation, which is stimulated by 
TNF-α via cytoplasmic adaptor molecule TNF receptor-as-
sociated factor 6 (TRAF6). TAK1 has been confirmed to 
be the upstream effector of p38 MAPK/ NF-κB signaling 
and influence cell cycling [158, 159]. Protein tyrosine 
phosphatase non-receptor type 2 (PTPN2) has a direct 
effect on TAK1 inactivation to repress p38 MAPK/ NF-κB 
signaling-driven adipocyte senescence [160].

Moreover, SCs in AT with SASP facilitate senescence in 
neighboring cells, which accelerates cellular senescence. 

SCs act through autocrine factors by re-enforcing cellu-
lar senescence, especially the secretion of SASP-related 
IL-6 [161] and paracrine factors by inducing cellular 
senescence in neighboring non-senescent cells, such as 
TGF-β family ligands [162], which further contributes to 
age-related disorders. Taken together, due to secreted 
SASP factors, targeting SCs can be a means to manage 
the low-grade chronic inflammation that occurs in dys-
functional AT.

Elimination of SCs has been introduced to promote 
healthspan in the clinical setting. Senotherapies, espe-
cially senolytics and senomorphics, are utilized to target 
aged AT dysfunction via cellular senescence. Senolytics 
directly reduce SC burden through apoptosis. The first 
senolytic to be discovered was the combination of 
quercetin and dasatinib, which suppress age-related 
increase in senescence-associated β-galactosidase and 
the level of inflammation in AT [163]. Additional agents, 
consisting of natural compounds, such as fisentin (fla-
vonoid) and Bcl family inhibitors (A1331852), were 
subsequently shown to be beneficial to cellular senes-
cence [164]. Senomorphics act as SASP inhibitors with-
out cell killing. However, the long-term administration 
of senomorphics might cause some adverse effects on 
host immune system homeostasis. These senomorphics 
include JAK inhibitors (ruxolitinib), mTOR inhibitors 
(rapamycin), and NF-κB inhibitors (metformin) [165-167]. 
Because this therapeutic strategy has been promising to 
date, future research should focus on developing seno-
lytics and senomorphics to selectively eliminate SCs and 
modulate SASP factors with an emphasis on improving 
mitochondrial function and reducing oxidative stress, as 
well as elucidating specificity and cautions for broader 
applications [168]. Additionally, investigating the role of 
p38 MAPK and PPARγ pathways in AT and other met-
abolic organs could uncover new therapeutic targets. 
Clinical translation will require identifying reliable bio-
markers of senescence and conducting trials to evaluate 
the efficacy of these interventions in treating obesity 
and age-related metabolic disorders.

6. MITOCHONDRIAL IMPAIRMENT OF  
AGING-ASSOCIATED ADIPOSE TISSUE 
DYSFUNCTION

Mitochondria are one of the most affected organs 
by cellular senescence. During the process, minority 
mitochondrial outer membrane permeabilization could 
translocate the mitochondrial DNA into the cytosol with 
the help of BAX/BAK macropores and drive SASP by regu-
lation of the cGAS/STING pathway [169]. Thereafter, dys-
functional AT witnessed mitochondrial architecture and 
dynamic alterations, excessive mitochondrial ROS pro-
duction, and SASP creation, ultimately leading to meta-
bolic decline. This process worsens with age [170, 171].

The mitochondrial respiration rate is markedly 
decreased and mitochondrial ROS is exceedingly accu-
mulated in aged AT by the Sirtsand thyroid hormone 



Acta  
Materia  
Medica Review Article

330      Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

pathway and may further lead to a decline in PPARγ-
associated adipogenesis [172, 173]. Nuclear factor eryth-
roid 2–related factor 2 (Nrf2) shows promise as a mas-
ter regulator of antioxidant responses by reducing the 
expression of critical antioxidant enzymes, like superox-
ide dismutase (SOD) and catalase, thereby enhancing 
the ability of aged AT to counteract oxidative stress. 
Specifically, Nrf2 activates Sirt3 to delay the aging of 
adipocytes by eliminating oxidative species and reduc-
ing inflammation [174]. In contrast, mitochondria pro-
vide vast ATP for adipocyte differentiation. However, a 
mild intervention on the mitochondrial ATP synthesis 
may block adipocyte differentiation and reduce inflam-
mation (TNF-α, IL-6, C-reactive protein [CRP], and leptin) 
in AT to extend the healthspan [175].

UCP1 loss is detrimental to mitochondria function in 
AT and potentially results from aging [176]. In addition, 
USP1 is a well-known co-factor with β3-AR that increased 
factors confirmed to influence the UCP1 level in BAT 
aging. Syntaxin 4 is positively correlated with longetivity 
and restoration of syntaxin 4 could prevent a decrease 
in UCP1 expression and BAT involution, an age-depend-
ent degenerative process, of aged mice by restraining 
pyroptosis [177]. Follistatin-like protein 1 (FSTL1) may 
work with UCP1 to prevent BAT involution via Wnt sign-
aling [178]. Moreover, normal UCP1 function is believed 
to largely depend on post-translational modifications. 
For example, after Sirt5 modification, UCP1 function is 
enhanced to further result in better mitochondrial flex-
ibity, adaptation to cold and mitophagy (mitochondrial 
autophagy) [179]. Autophagic and lysosomal machinery 
responsible for mitochondrial degradation is altered in 
transcription factor EB (TFEB)-deficient BAT and primary 
adipocytes. This deficiency suggests that TFEB is crucial 
for BAT-associated mitochondrial breakdown [180]. 
Blocking cyclin-dependent kinase 6 (CDK6) and mam-
malian target of rapamycin (mTOR) activity enhances 
TFEB transport into the cell nucleus, while increased 
CDK6 levels partially counteract UCP1 promotion [181]. 
Intriguingly, UCP1 may even facilitate inguinal AT and 
skeletal muscle functionality to compensate for BAT 
involution [182].

Mitophagy is critical for maintenance of mitochon-
drial quality because mitophagy can eliminate redox 
species. However, in the context of aging, the changed 
plasticity of BAT, WAT, and beige fat is particularly con-
cerned with reduced mitophagy. Recent studies have 
reported that Parkin-mediated mitophagy, which is 
crucial for removal of damaged mitochondria, has 
been shown to decline with age. This decline results 
in the accumulation of dysfunctional mitochondria 
and impaired thermogenic plasticity, which exacer-
bates metabolic dysfunction within BAT and WAT [183]. 
However, mitophagy, which is critical for maintenance 
of mitochondrial quality, is now understood to have a 
dual role in the plasticity of beige fat. Recent findings 
suggest that while mitophagy is necessary for browning 
of white adipocytes (conversion to beige fat), excessive 

mitophagic degradation of mitochondria in aged tis-
sues may actually contribute to the loss of beige fat 
characteristics, which promotes a return to white fat. 
This insight emphasizes the need for balanced mito-
phagic activity to maintain the beneficial properties of 
beige fat during aging [183, 184].

Furthermore, adipose Schwann cells have been 
shown to regulate synaptic nerve plasticity and influ-
ence energy homeostasis, as well as serve as a bridge 
between neurons and AT through the release of EVs 
during aging. These EVs in aged conditions carry bio-
active molecules that influence the mitochondrial 
function of adipocytes, potentially exacerbating mito-
chondrial dysfunction [185, 186]. Emerging research 
shows that ADSCs can actively transfer mitochondria to 
damaged or SC within AT. This mitochondrial transfer 
can rejuvenate cellular function and has been shown 
to improve the metabolic profile of aging adipocytes. 
These findings suggest that enhancing the activity or 
number of ADSCs could be a promising strategy to 
counteract age-related mitochondrial dysfunction and 
improve overall AT plasticity​ [184].

Future research should focus on enhancing mitochon-
drial quality control in aging BAT, potentially through 
targeted modulation of Parkin-mediated mitophagy 
and TFEB activity. Mitochondrial transplantation to 
restore mitochondrial function in whitening BAT repre-
sents a promising therapeutic avenue. Therefore, stud-
ies should focus on refining transplantation techniques 
and evaluating the long-term efficacy and safety in 
larger animal models and clinical trials. This approach 
could open new doors for treating age-related meta-
bolic disorders by directly addressing mitochondrial dys-
function in AT.

7. A NOVEL THERAPEUTIC APPROACHES OF 
MITOCHONDRIAL TRANSPLANTATION

Given that mitochondrial function is crucial for 
controlling AT dysfunction in aging, lines of evidence 
suggest that exogenous supplementation with mito-
chondria isolated from proper healthy donor cells or 
tissues transferred to recipient cells could be a promis-
ing therapeutic strategy for mitochondrial-related dis-
eases by enhancing mitochondrial bioenergetics and 
generating mitochondria-associated pathways. The MT 
approach holds great promise in age-related perfor-
mance, such as congenital skeletal muscle dysfunction 
[187], cognitive decline [188], degenerative joint dis-
eases [189], and sarcopenia [190]. Becaise aging results 
from mtDNA mutations or changes in mtDNA copy 
counts, the introduction of new mitochondria partially 
alleviated mitochondrial dysfunction caused by chronic 
stress in elderly rats [191]. Thus, MT is believed to restore 
functional tissues of recipients, such as AT, especially in 
aging [192]. We speculated that transplantation of mito-
chondria from AT and/or bone marrow can protect the 
host from aging and metabolic disorders by inducing 
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thermogenesis, increasing fatty acid oxidation and the 
energy supply, and reducing lipid accumulation and oxi-
dative stress (Figure 4).

Successful transplantation of isolated mitochon-
dria from external sources into various recipient cells 
has been demonstrated in several controlled labora-
tory and live animal settings [193]. The success of this 
experiment relies on the quality of donor mitochondria 

so that basic mitochondrial function and and integ-
rity measurements are required, including membrane 
integrity analysis, intracellular ATP content, and mito-
chondrial complex analysis. After a quality check, donor 
mitochondria could be integrated by direct injection, 
co-incubation, centrifugation, cell-penetrating peptide, 
biocompatible polymers, photothermal nano-blades, 
and EVs [194]. EVs are among the most important 

Figure 4  |  A novel approach of mitochondria transplantation.
This schematic presentation demonstrates mitochondria and exosomes as cargo isolated from adipose tissue and bone marrow. Therefore, 
exosomes were loaded with mitochondria for intravenous tail vein injection into aging mice. This administration into the BAT through the sys-
temic circulation and exerts reduced ROS levels, reduced oxidative stress, and increased thermogenesis. As a result, increased browning of BAT 
in aging for better metabolic health with longivety of life. Created in BioRender. Hdinhg, D. (2025). https://BioRender.com/gwcqwci.

https://biorender.com/gwcqwci
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routes for the intercellular transport of mitochondria. 
EVs transfer whole mitochondrial particles and mtDNA 
between cells to restore cellular function. Exosomes are 
a kind of EVs from intraluminal vesicles of the endoso-
mal system < 150 nm in diameter, which have recently 
been the focus of research as potential drug carriers 
exhibiting lower toxicity than synthetic nanoparticles, 
such as liposomes [195, 196]. Exosomes can be enclosed 
by a lipid membrane that contain cargo (mitochondria). 
These cargos can be subsequently delivered to target 
cells precisely by membrane fusion, cargo internaliza-
tion, and interactions with ligands and/or receptors 
[197-199]. Recent investigations involving the char-
acterisitics of exosomes interpreted that tetraspanins 
(CD63, CD9, and CD81) are activated during mitochon-
dria-related diseases, thus exosomes are essential in 
conducting precise drug discovery [200]. During the 
past few years, there has been an expansion of research 
on utilizing EVs and exosome-loaded MT in the treat-
ment of age-related functional impairments resulting 
in improvements in cell metabolism, mitochondrial bio-
energetics, and the immune system, despite the diffi-
culty in scalable manufacturing, high-tech equipment, 
and quality monitoring [201].

Based on the source of mitochondria, MT can be 
classified as autologous MT (donor and recipient of 
mitochondria are the same) and allogeneic MT (recip-
ient receives the mitochondria from another donor). 
Stem cell-derived MT is gaining interest in recent years 
because stem cells enjoy a high capacity for differentia-
tion and self-renewal, and can transfer mitochondria to 
adjacent cells to improve whole-body immunity [202]. In 
addition, ongoing clinical trials have confirmed that allo-
geneic ADSCs could effectively alleviate aging-related 
symptoms by increasing mitophagy [203, 204]. Several 
studies have shown that autologous ADSC and adipose 
tissue-derived mesenchymal stem cell (AdMSC) mito-
chondria could increase the quality of oocytes related 
to advanced maternal age [205, 206]. Autologous MT 
has a safer applied process compared to allogeneic MT 
because there will be no immune rejection. However, 
the greatest difficulty is the sole origin of mitochon-
dria. Specifically, AdMSCs have multiple advantages, 
including abundant source, low immunogenicity, and 
renewal properties [207]. However, to date only a few 
clinical trials with AdMSCs have been approved because 
there still exists some unresolved issues about doses, 
purity, and safety. When combined with the advan-
tages from exosomes and AdMSCs, exosomes from 
AdMSCs have recently emerged as a new cell-free alter-
native for treating diseases, including AT dysfunction 
and aging. Recipient cells can internalize exosomes 
through processes, such as phagocytosis, micropino-
cytosis, and endocytosis, to recover the disease [208]. 
Notwithstanding obstacles, numerous benefits render 
exosome treatment appealing and a potential trans-
porter for pharmaceuticals.

8. CONCLUSION AND FUTURE PERSPECTIVES

Aging is intricately linked with significant alterations 
in AT function, leading to metabolic disorders, such as 
insulin resistance and obesity. Thus, this review under-
scores the importance of understanding the molecular 
mechanisms underlying the decline in AT activity with 
age, as well as potential ways to mitigate disease pro-
gression. Alterations in energy metablism, FFA metab-
olism, and insulin sensitivity are observed in aged AT 
driven by inflammatory responses, cellular senescence, 
and mitochondrial metabolism impairment. Recent 
studies have focused on addressing abnormal immune 
reactions and enhancing mitochondrial quality control 
to develop effective therapies aimed at improving meta-
bolic health and extending longevity, especially through 
approaches, such as the administration of senolytics 
and senomorphics and the promising field of MT. The 
potential of introducing MT as new avenues for clinical 
interventions with modulation of key pathways, such as 
p38 MAPK and PPARγ, and mitophagy to improve the 
healthspan of aging populations has beem the focus of 
this review. Further studies are warranted to understand 
MT for specific mitochondrial molecular mechanisms in 
dysfunctional AT. Finally, our deepened understanding 
of these complex interactions between AT and sarco-
penic obesity and targeted therapies, particularly MT, 
may offer new hope in mitigating the burdens of aging 
and metabolic disease.

ACKNOWLEDGEMENTS

This work was supported by the Guangdong Province Key Area 
R&D Program of China [grant number 2020B1111110003], the 
NSFC-Joint Foundation of Yunnan Province [grant number 
U1902213], and the Launch Fee for Talent Introduction 
and Research at Shanghai University of Traditional Chinese 
Medicine (A1U23205020411). All the figures were created at 
www.biorender.com.

CONFLICT OF INTEREST

The authors have no conflicts of interest to report.

REFERENCES

[1]	 Amadou A, Ferrari P, Muwonge R, Moskal A, Biessy 
C, Romieu I, et  al.: Overweight, Obesity and Risk of 
Premenopausal Breast Cancer According to Ethnicity: 
A Systematic Review and Dose-response Meta-analysis. 
Obesity Reviews: An Official Journal of the International 
Association for the Study of Obesity 2013, 14:665–678.

[2]	 Finkelstein EA, Khavjou OA, Thompson H, Trogdon JG, Pan 
L, Sherry B, et al.: Obesity and Severe Obesity Forecasts 
through 2030. American Journal of Preventive Medicine 
2012, 42:563–570.

[3]	 Katsika L, Huesca Flores M, Kotzamanis Y, Estevez A, 
Chatzifotis S: Understanding the Interaction Effects 
between Dietary Lipid Content and Rearing Temperature 
on Growth Performance, Feed Utilization, and Fat 

https://www.biorender.com


Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339      333 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Deposition of Sea Bass (Dicentrarchus labrax). Animals 
(Basel) 2021, 11:392.

[4]	 Ahmed B, Farb MG, Gokce N: Cardiometabolic Implications 
of Adipose Tissue Aging. Obesity Reviews: An Official 
Journal of the International Association for the Study of 
Obesity 2024, 25:e13806.

[5]	 Partridge L, Deelen J, Slagboom PE: Facing up to the 
Global Challenges of Ageing. Nature 2018, 561:45–56.

[6]	 Gao Q, Mei F, Shang Y, Hu K, Chen F, Zhao L, et al.: Global 
Prevalence of Sarcopenic Obesity in Older Adults: A 
Systematic Review and Meta-Analysis. Clinical Nutrition 
(Edinburgh, Scotland) 2021, 40:4633–4641.

[7]	 Coin A, Sergi G, Inelmen EM, Enzi G: Pathophysiology of 
Body Composition Changes in Elderly People. In Cachexia 
and Wasting: A Modern Approach. Edited by Mantovani 
G. Milano: Springer; 2006:369–375.

[8]	 López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer 
G: The Hallmarks of Aging. Cell 2013, 153:1194–1217.

[9]	 Zhang YX, Ou MY, Yang ZH, Sun Y, Li QF, Zhou SB: Adipose 
Tissue Aging is Regulated by an Altered Immune System. 
Frontiers in Immunology 2023, 14:1125395.

[10]	 Zhao Y, Yue R: Aging Adipose Tissue, Insulin Resistance, 
and Type 2 Diabetes. Biogerontology 2024, 25:53–69.

[11]	 Li T, Huang Y, Cai W, Chen X, Men X, Lu T, et  al.: Age-
related Cerebral Small Vessel Disease and Inflammaging. 
Cell Death and Disease 2020, 11:932.

[12]	 Kalinkovich A, Livshits G: Sarcopenic Obesity or Obese 
Sarcopenia: A Cross Talk Between Age-Associated 
Adipose Tissue and Skeletal Muscle Inflammation as a 
Main Mechanism of the Pathogenesis. Ageing Research 
Reviews 2017, 35:200–221.

[13]	 Hong SH, Choi KM: Sarcopenic Obesity, Insulin Resistance, 
and Their Implications in Cardiovascular and Metabolic 
Consequences. International Journal of Molecular 
Sciences 2020, 21:494.

[14]	 Sakers A, De Siqueira MK, Seale P, Villanueva CJ: 
Adipose-tissue Plasticity in Health and Disease. Cell 2022, 
185:419–446.

[15]	 Cavaliere G, Catapano A, Trinchese G, Cimmino F, Menale 
C, Petrella L, et  al.: Crosstalk between Adipose Tissue 
and Hepatic Mitochondria in the Development of the 
Inflammation and Liver Injury during Ageing in High-Fat 
Diet Fed Rats. International Journal of Molecular Sciences 
2023, 24:2967.

[16]	 Bunnell BA. Adipose Tissue-Derived Mesenchymal Stem 
Cells. Cells 2021, 10:3433.

[17]	 Mantovani C, Terenghi G, Magnaghi V: Senescence in 
Adipose-derived Stem Cells and Its Implications in Nerve 
Regeneration. Neural Regeneration Research 2014, 
9:10–15.

[18]	 Su H, Guo H, Qiu X, Lin TY, Qin C, Celio G, et al.: Lipocalin 
2 Regulates Mitochondrial Phospholipidome Remodeling, 
Dynamics, and Function in Brown Adipose Tissue in Male 
Mice. Nature Communications 2023, 14:6729.

[19]	 Wang Y, Tang B, Long L, Luo P, Xiang W, Li X, et  al.: 
Improvement of Obesity-associated Disorders by a Small-
molecule Drug Targeting Mitochondria of Adipose Tissue 
Macrophages. Nature Communications 2021, 12:102.

[20]	 Ou MY, Zhang H, Tan PC, Zhou SB, Li QF: Adipose Tissue 
Aging: Mechanisms and Therapeutic Implications. Cell 
Death and Disease 2022, 13:300.

[21]	 Reyes-Farias M, Fos-Domenech J, Serra D, Herrero L, 
Sánchez-Infantes D: White Adipose Tissue Dysfunction 

in Obesity and Aging. Biochemical Pharmacology 2021, 
192:114723.

[22]	 Kim MS: The Neural Basis of Weight Control and Obesity. 
Experimental & Molecular Medicine 2022, 54:347–348.

[23]	 Oya M, Miyasaka Y, Nakamura Y, Tanaka M, Suganami 
T, Mashimo T, Nakamura K: Age-related Ciliopathy: 
Obesogenic Shortening of Melanocortin-4 Receptor-
bearing Neuronal Primary Cilia. Cell Metabolism 2024, 
36:1044–1058.e10.

[24]	 Grabner GF, Xie H, Schweiger M, Zechner R: Lipolysis: 
Cellular Mechanisms for Lipid Mobilization from Fat 
Stores. Nature Metabolism 2021, 3:1445–1465.

[25]	 Thiam AR, Beller M: The Why, When and How of 
Lipid Droplet Diversity. Journal of Cell Science 2017, 
130:315–324.

[26]	 Kersten S: The Impact of Fasting on Adipose Tissue 
Metabolism. Biochimica et Biophysica Acta 2023, 
1868:159262.

[27]	 Montanari T, Pošćić N, Colitti M: Factors Involved in 
White-to-Brown Adipose Tissue Conversion and in 
Thermogenesis: A Review. Obesity Reviews: An Official 
Journal of the International Association for the Study of 
Obesity 2017, 18:495–513.

[28]	 Martinez-Sanchez N, Sweeney O, Sidarta-Oliveira D, Caron 
A, Stanley SA, Domingos AI: The Sympathetic Nervous 
System in The 21st Century: Neuroimmune Interactions 
in Metabolic Homeostasis and Obesity. Neuron 2022, 
110:3597–3626.

[29]	 Simcox J, Geoghegan G, Maschek JA, Bensard CL, Pasquali 
M, Miao R, et al.: Global Analysis of Plasma Lipids Identifies 
Liver-Derived Acylcarnitines as a Fuel Source for Brown 
Fat Thermogenesis. Cell Metabolism 2017, 26:509–522.e6.

[30]	 Mo Q, Salley J, Roshan T, Baer LA, May FJ, Jaehnig EJ, et al.: 
Identification and Characterization of a Supraclavicular 
Brown Adipose Tissue in Mice. JCI Insight 2017, 2:e93166.

[31]	 Chouchani ET, Kazak L, Spiegelman BM: New Advances 
in Adaptive Thermogenesis: UCP1 and Beyond. Cell 
Metabolism 2019, 29:27–37.

[32]	 Ikeda K, Kang Q, Yoneshiro T, Camporez JP, Maki H, 
Homma M, et al.: UCP1-independent Signaling Involving 
SERCA2b-mediated Calcium Cycling Regulates Beige Fat 
Thermogenesis and Systemic Glucose Homeostasis. Nature 
Medicine 2017, 23:1454–1465.

[33]	 Kazak L, Chouchani ET, Jedrychowski MP, Erickson BK, 
Shinoda K, Cohen P, et  al.: A Creatine-driven Substrate 
Cycle Enhances Energy Expenditure and Thermogenesis in 
Beige Fat. Cell 2015, 163:643–655.

[34]	 Lu KY, Primus Dass KT, Lin SZ, Tseng YH, Liu SP, Harn 
HJ: N-butylidenephthalide Ameliorates High-fat Diet-
induced Obesity in Mice and Promotes Browning 
through Adrenergic Response/AMPK Activation in Mouse 
Beige Adipocytes. Biochimica et Biophysica Acta 2021, 
1866:159033.

[35]	 Blondin DP, Nielsen S, Kuipers EN, Severinsen MC, 
Jensen VH, Miard S, et  al.: Human Brown Adipocyte 
Thermogenesis Is Driven by β2-AR Stimulation. Cell 
Metabolism 2020, 32:287–300.e7.

[36]	 Fedorenko A, Lishko PV, Kirichok Y: Mechanism of 
Fatty-Acid-Dependent UCP1 Uncoupling in Brown Fat 
Mitochondria. Cell 2012, 151:400–413.

[37]	 Senthivinayagam S, Serbulea V, Upchurch CM, 
Polanowska-Grabowska R, Mendu SK, Sahu S, et  al.: 
Adaptive Thermogenesis in Brown Adipose Tissue Involves 



Acta  
Materia  
Medica Review Article

334      Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Activation of Pannexin-1 Channels. Molecular Metabolism 
2021, 44:101130.

[38]	 Wang W, Seale P: Control of Brown and Beige Fat 
Development. Nature Reviews 2016, 17:691–702.

[39]	 Wang Q, Li D, Cao G, Shi Q, Zhu J, Zhang M, et al.: IL-27 
Signalling Promotes Adipocyte Thermogenesis and 
Energy Expenditure. Nature 2021, 600:314–318.

[40]	 Sun Y, Ni X, Cheng S, Yu X, Jin X, Chen L, et al.: Acteoside 
Improves Adipocyte Browning by CDK6-mediated 
mTORC1-TFEB Pathway. Biochimica et Biophysica Acta 
2023, 1868:159364.

[41]	 Jais A, Brüning JC: Arcuate Nucleus-Dependent Regulation 
of Metabolism-Pathways to Obesity and Diabetes Mellitus. 
Endocrine Reviews 2022, 43:314–328.

[42]	 Wen JP, Liu CE, Hu YT, Chen G, Lin LX: Globular Adiponectin 
Regulates Energy Homeostasis through AMP-activated 
Protein Kinase-acetyl-CoA carboxylase (AMPK/ACC) 
Pathway in the Hypothalamus. Molecular and Cellular 
Biochemistry 2010, 344:109–115.

[43]	 Piya MK, McTernan PG, Kumar S: Adipokine Inflammation 
and Insulin Resistance: The Role of Glucose, Lipids and 
Endotoxin. The Journal of Endocrinology 2013, 216:T1–T15.

[44]	 Seo E, Kang H, Choi H, Choi W, Jun HS: Reactive Oxygen 
Species-induced Changes in Glucose and Lipid Metabolism 
Contribute to the Accumulation of Cholesterol in the 
Liver During Aging. Aging Cell 2019, 18:e12895.

[45]	 Ahmed F, Vranic M, Hetty S, Mathioudaki A, Patsoukaki 
V, Fanni G, et al.: Increased OCT3 Expression in Adipose 
Tissue With Aging: Implications for Catecholamine 
and Lipid Turnover and Insulin Resistance in Women. 
Endocrinology 2023, 165:bqad172.

[46]	 Rostás I, Tenk J, Mikó A, Füredi N, Soós S, Solymár M, et al.: 
Age-related Changes in Acute Central Leptin Effects on 
Energy Balance are Promoted by Obesity. Experimental 
Gerontology 2016, 85:118–127.

[47]	 Becerril S, Rodríguez A, Catalán V, Ramírez B, Mentxaka 
A, Neira G, et al.: Sex- and Age-Dependent Changes in the 
Adiponectin/Leptin Ratio in Experimental Diet-Induced 
Obesity in Mice. Nutrients 2022, 15:73.

[48]	 Nguyen HP, Lin F, Yi D, Xie Y, Dinh J, Xue P, et al.: Aging-
dependent Regulatory Cells Emerge in Subcutaneous 
Fat to Inhibit Adipogenesis. Developmental Cell 2021, 
56:1437–1451.e3.

[49]	 Yoneshiro T, Aita S, Matsushita M, Okamatsu-Ogura Y, 
Kameya T, Kawai Y, et al.: Age-related Decrease in Cold-
activated Brown Adipose Tissue and Accumulation of 
Body Fat in Healthy Humans. Obesity (Silver Spring) 2011, 
19:1755–1760.

[50]	 Casteilla L, Muzzin P, Revelli JP, Ricquier D, Giacobino 
JP: Expression of Beta 1- and Beta 3-adrenergic-receptor 
Messages and Adenylate Cyclase Beta-adrenergic 
Response in Bovine Perirenal Adipose Tissue During 
its Transformation from Brown into White Fat. The 
Biochemical Journal 1994, 297:93–97.

[51]	 Collins S: β-Adrenergic Receptors and Adipose Tissue 
Metabolism: Evolution of an Old Story. Annual Review of 
Physiology 2022, 84:1–16.

[52]	 Cero C, Lea HJ, Zhu KY, Shamsi F, Tseng YH, Cypess AM: 
β3-Adrenergic Receptors Regulate Human Brown/Beige 
Adipocyte Lipolysis and Thermogenesis. JCI Insight 2021, 
6:e139160.

[53]	 Natarajan D, Plakkot B, Tiwari K, Ekambaram S, Wang 
W, Rudolph M, Mohammad MA, et  al.: Chronic β3-AR 
Stimulation Activates Distinct Thermogenic Mechanisms 

in Brown and White Adipose Tissue and Improves Systemic 
Metabolism in Aged Mice. Aging Cell 2024, 23:e14321.

[54]	 Liu P, Huang S, Ling S, Xu S, Wang F, Zhang W, et  al.: 
Foxp1 Controls Brown/Beige Adipocyte Differentiation 
and Thermogenesis through Regulating β3-AR 
Desensitization. Nature Communications 2019, 10:5070.

[55]	 Tian D, Zeng X, Gong Y, Zheng Y, Zhang J, Wu Z: HDAC1 
Inhibits Beige Adipocyte-mediated Thermogenesis 
through Histone Crotonylation of Pgc1a/Ucp1. Cellular 
Signalling 2023, 111:110875.

[56]	 Gong M, Liu C, Zhang L, Zhang H, Pan J: Loss of the TNFα 
Function Inhibits Wnt/β-catenin Signaling, Exacerbates 
Obesity Development in Adolescent Spontaneous 
Obese Mice. Molecular and Cellular Biochemistry 2014, 
391:59–66.

[57]	 Guo M, Zhang J, Ma Y, Zhu Z, Zuo H, Yao J, et al.: AAV-
Mediated Nuclear Localized PGC1α4 Delivery in Muscle 
Ameliorates Sarcopenia and Aging-associated Metabolic 
Dysfunctions. Aging Cell 2023, 22:e13961.

[58]	 Evans TD, Zhang X, Jeong SJ, He A, Song E, Bhattacharya 
S, et  al.: TFEB Drives PGC-1α Expression in Adipocytes 
to Protect Against Diet-induced Metabolic Dysfunction. 
Science Signaling 2019, 12: eaau2281.

[59]	 Kim Y, Kang BE, Ryu D, Oh SW, Oh CM: Comparative 
Transcriptome Profiling of Young and Old Brown Adipose 
Tissue Thermogenesis. International Journal of Molecular 
Sciences 2021, 22:13143.

[60]	 Axsom JE, Nanavati AP, Rutishauser CA, Bonin JE, Moen JM, 
Lakatta EG: Acclimation to a Thermoneutral Environment 
Abolishes Age-Associated Alterations in Heart Rate and 
Heart Rate Variability in Conscious, Unrestrained Mice. 
Geroscience 2020, 42:217–232.

[61]	 Zhou H, Xu C, Lee H, Yoon Y, Chen W: Berardinelli-
Seip Congenital Lipodystrophy 2/SEIPIN Determines 
Brown Adipose Tissue Maintenance and Thermogenic 
Programing. Molecular Metabolism 2020, 36:100971.

[62]	 Shi M, Huang XY, Ren XY, Wei XY, Ma Y, Lin ZZ, et  al.: 
AIDA Directly Connects Sympathetic Innervation to 
Adaptive Thermogenesis by UCP1. Nature Cell Biology 
2021, 23:268–277.

[63]	 Patel S, Sparman NZR, Arneson D, Alvarsson A, Santos LC, 
Duesman SJ, et  al.: Mammary Duct Luminal Epithelium 
Controls Adipocyte Thermogenic Programme. Nature 
2023, 620:192–199.

[64]	 Hong ES, Lim C, Choi HY, Lee YK, Ku EJ, Moon JH, et al.: 
Plasma Fibroblast Growth Factor 21 Levels Increase 
with Ectopic Fat Accumulation and its Receptor Levels 
are Decreased in the Visceral Fat of Patients with Type 
2 Diabetes. BMJ Open Diabetes Research & Care 2019, 
7:e000776.

[65]	 Dommerholt MB, Blankestijn M, Vieira-Lara MA, van 
Dijk TH, Wolters H, Koster MH, et al.: Short-term Protein 
Restriction at Advanced Age Stimulates FGF21 Signalling, 
Energy Expenditure and Browning of White Adipose 
Tissue. FEBS Journal 2021, 288:2257–2277.

[66]	 Mazuecos L, Pintado C, Rubio B, Guisantes-Batán E, 
Andrés A, Gallardo N: Leptin, Acting at Central Level, 
Increases FGF21 Expression in White Adipose Tissue via 
PPARβ/δ. International Journal of Molecular Sciences 
2021, 22:4628.

[67]	 Sanchis-Gomar F, Pareja-Galeano H, Santos-Lozano 
A, Garatachea N, Fiuza-Luces C, Venturini L, et  al.: 
A Preliminary Candidate Approach Identifies the 
Combination of Chemerin, Fetuin-A, and Fibroblast 



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339      335 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Growth Factors 19 and 21 as a Potential Biomarker Panel 
of Successful Aging. Age (Dordr) 2015, 37:9776.

[68]	 Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-
Horvat P, Liu CY, et  al.: Abdominal Visceral and 
Subcutaneous Adipose Tissue Compartments: Association 
with Metabolic Risk Factors in the Framingham Heart 
Study. Circulation 2007, 116:39–48.

[69]	 Kuk JL, Saunders TJ, Davidson LE, Ross R: Age-related 
Changes in Total and Regional Fat Distribution. Ageing 
Research Reviews 2009, 8:339–348.

[70]	 Morley JE, Sinclair A: The Metabolic Syndrome in Older 
Persons: A Loosely Defined Constellation of Symptoms or 
a Distinct Entity? Age Ageing 2009, 38:494–497.

[71]	 Soni N, Ross AB, Scheers N, Nookaew I, Gabrielsson BG, 
Sandberg AS: The Omega-3 Fatty Acids EPA and DHA, 
as a Part of a Murine High-Fat Diet, Reduced Lipid 
Accumulation in Brown and White Adipose Tissues. 
International Journal of Molecular Sciences 2019, 20:5895.

[72]	 Grigorova N, Ivanova Z, Vachkova E, Petrova V, Penev T: 
DHA-Provoked Reduction in Adipogenesis and Glucose 
Uptake Could Be Mediated by Gps2 Upregulation in 
Immature 3T3-L1 Cells. International Journal of Molecular 
Sciences 2023, 24:13325.

[73]	 Chen L, Xuan Y, Zhu Y, Wang J, Tian W, Yang X, et  al.: 
Adipocyte Secreted NRG4 Ameliorates Age-associated 
Metabolic Dysfunction. Biochemical Pharmacology 2024, 
225:116327.

[74]	 Bell C, Petitt DS, Jones PP, Seals DR: Influence of Adiposity 
on Tonic Sympathetic Support of Resting Metabolism 
in Healthy Adults. International Journal of Obesity and 
Related Metabolic Disorders 2003, 27:1315–1318.

[75]	 Jiang L, Su H, Wu X, Shen H, Kim MH, Li Y, et al.: Leptin 
Receptor-expressing Neuron Sh2b1 Supports Sympathetic 
Nervous System and Protects Against Obesity and 
Metabolic Disease. Nature Communications 2020, 
11:1517.

[76]	 Zoico E, Rubele S, De Caro A, Nori N, Mazzali G, Fantin 
F, et  al.: Brown and Beige Adipose Tissue and Aging. 
Frontiers in Endocrinology 2019, 10:368.

[77]	 Zhong X, Ke C, Cai Z, Wu H, Ye Y, Liang X, et  al.: LNK 
Deficiency Decreases Obesity-induced Insulin Resistance 
by Regulating GLUT4 through the PI3K-Akt-AS160 
Pathway in Adipose Tissue. Aging (Albany NY) 2020, 
12:17150–17166.

[78]	 Virtue S, Vidal-Puig A: Adipose Tissue Expandability, 
Lipotoxicity and the Metabolic Syndrome–An Allostatic 
Perspective. Biochimica et Biophysica Acta 2010, 
1801:338–349.

[79]	 Ealey KN, Togo J, Lee JH, Patel Y, Kim JR, Park SY, 
et  al.: Intermittent Fasting Promotes Rejuvenation of 
Immunosenescent Phenotypes in Aged Adipose Tissue. 
Geroscience 2024, 46:3457–3470.

[80]	 Sjøberg KA, Sigvardsen CM, Alvarado-Diaz A, Andersen 
NR, Larance M, Seeley RJ, et al.: GDF15 Increases Insulin 
Action in the Liver and Adipose Tissue via a β-adrenergic 
Receptor-mediated Mechanism. Cell Metabolism 2023, 
35:1327–1340.e5.

[81]	 Ormsbee MJ, Choi MD, Medlin JK, Geyer GH, Trantham 
LH, Dubis GS, et al.: Regulation of Fat Metabolism During 
Resistance Exercise in Sedentary Lean and Obese Men. 
Journal of Applied Physiology 2009, 106:1529–1537.

[82]	 Ludwig DS, Ebbeling CB: The Carbohydrate-Insulin Model 
of Obesity: Beyond “Calories In, Calories Out”. JAMA 
Internal Medicine 2018, 178:1098–1103.

[83]	 Araiz C, Yan A, Bettedi L, Samuelson I, Virtue S, McGavigan 
AK, et al.: Enhanced β-adrenergic Signalling Underlies an 
Age-dependent Beneficial Metabolic Effect of PI3K p110α 
Inactivation in Adipose Tissue. Nature Communications 
2019, 10:1546.

[84]	 Itoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, 
Fukusumi S, et  al.: Free Fatty Acids Regulate Insulin 
Secretion from Pancreatic Beta Cells through GPR40. 
Nature 2003, 422:173–176.

[85]	 Fujiwara K, Maekawa F, Yada T: Oleic Acid Interacts with 
GPR40 to Induce Ca2+ Signaling in Rat Islet Beta-cells: 
Mediation by PLC and L-type Ca2+ Channel and Link to 
Insulin Release. American Journal of Physiology 2005, 
289:E670–E677.

[86]	 Brown AJ, Jupe S, Briscoe CP: A Family of Fatty Acid Binding 
Receptors. DNA and Cell Biology 2005, 24:54–61.

[87]	 Shapiro H, Shachar S, Sekler I, Hershfinkel M, Walker 
MD: Role of GPR40 in Fatty Acid Action on the Beta 
Cell Line INS-1E. Biochemical and Biophysical Research 
Communications 2005, 335:97–104.

[88]	 Gromada J: The Free Fatty Acid Receptor GPR40 Generates 
Excitement in Pancreatic Beta-cells. Endocrinology 2006, 
147:672–673.

[89]	 Hwang HJ, Kim JW, Yun S, Park MJ, Song E, Jang S, et al.: 
AM1638, a GPR40-Full Agonist, Inhibited Palmitate- 
Induced ROS Production and Endoplasmic Reticulum 
Stress, Enhancing HUVEC Viability in an NRF2-Dependent 
Manner. Endocrinology and Metabolism (Seoul) 2023, 
38:760–769.

[90]	 Navarro-Ruiz MDC, López-Alcalá J, Díaz-Ruiz A, Moral 
SDD, Tercero-Alcázar C, Nieto-Calonge A, et  al.: 
Understanding the Adipose Tissue Acetylome in Obesity 
and Insulin Resistance. Translational Research 2022, 
246:15–32.

[91]	 Kumar A, Sundaram K, Mu J, Dryden GW, Sriwastva 
MK, Lei C, et al.: High-fat diet-induced Upregulation of 
Exosomal Phosphatidylcholine Contributes to Insulin 
Resistance. Nature Communications 2021, 12:213.

[92]	 He Y, B’nai Taub A, Yu L, Yao Y, Zhang R, Zahr T, et al.: 
PPARγ Acetylation Orchestrates Adipose Plasticity and 
Metabolic Rhythms. Advanced Science (Weinh) 2023, 
10:e2204190.

[93]	 Tang W, Ding Z, Gao H, Yan Q, Liu J, Han Y, et  al.: 
Targeting Kindlin-2 in Adipocytes Increases Bone Mass 
through Inhibiting FAS/PPARγ/FABP4 Signaling in Mice. 
Acta Pharmaceutica Sinica B 2023, 13:4535–4552.

[94]	 Meadows S, Seidler A, Wall M, Page J, Taylor C, Flinn 
B, et  al.: Altered Regulation of adipomiR Editing with 
Aging. International Journal of Molecular Sciences 2020, 
21:6899.

[95]	 Corrales P, Martin-Taboada M, Vivas-García Y, Torres L, 
Ramirez-Jimenez L, Lopez Y, et al.: microRNAs-mediated 
Regulation of Insulin Signaling in White Adipose Tissue 
During Aging: Role of Caloric Restriction. Aging Cell 2023, 
22:e13919.

[96]	 Oliverio M, Schmidt E, Mauer J, Baitzel C, Hansmeier N, 
Khani S, et al.: Dicer1-miR-328-Bace1 Signalling Controls 
Brown Adipose Tissue Differentiation and Function. 
Nature Cell Biology 2016, 18:328–336.

[97]	 Reis FC, Branquinho JL, Brandão BB, Guerra BA, Silva 
ID, Frontini A, et  al.: Fat-specific Dicer Deficiency 
Accelerates Aging and Mitigates Several Effects of 
Dietary Restriction in Mice. Aging (Albany NY) 2016, 
8:1201–1222.



Acta  
Materia  
Medica Review Article

336      Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

[98]	 Su T, Xiao Y, Xiao Y, Guo Q, Li C, Huang Y, et al.: Bone 
Marrow Mesenchymal Stem Cells-Derived Exosomal MiR-
29b-3p Regulates Aging-Associated Insulin Resistance. 
ACS Nano 2019, 13:2450–2462.

[99]	 Zhou Y, Liu K, Tang W, Zhang Y, Sun Y, Wu Y, et  al.: 
β-Cell miRNA-503-5p Induced by Hypomethylation and 
Inflammation Promotes Insulin Resistance and β-Cell 
Decompensation. Diabetes 2024, 73:57–74.

[100]	 Ghoshal S, Mukherjee S, Chakraborty M, Msengi EN, 
Haubner J, Chakraborty A, et  al.: Whole Body Ip6k1 
Deletion Protects Mice from Age-Induced Weight 
Gain, Insulin Resistance and Metabolic Dysfunction. 
International Journal of Molecular Sciences 2022, 23:2059.

[101]	 Gunasekar SK, Heebink J, Carpenter DH, Kumar A, Xie 
L, Zhang H, et  al.: Adipose-targeted SWELL1 Deletion 
Exacerbates Obesity- and Age-related Nonalcoholic 
Fatty Liver Disease. JCI Insight 2023, 8:e154940.

[102]	 Conley SM, Hickson LJ, Kellogg TA, McKenzie T, 
Heimbach JK, Taner T, et  al.: Human Obesity Induces 
Dysfunction and Early Senescence in Adipose Tissue-
Derived Mesenchymal Stromal/Stem Cells. Frontiers in 
Cell and Developmental Biology 2020, 8:197.

[103]	 Spinelli R, Parrillo L, Longo M, Florese P, Desiderio 
A, Zatterale F, et  al.: Molecular Basis of Ageing in 
Chronic Metabolic Diseases. Journal of Endocrinological 
Investigation 2020, 43:1373–1389.

[104]	 Sugimoto S, Mena HA, Sansbury BE, Kobayashi S, Tsuji 
T, Wang CH, et al.: Brown Adipose Tissue-derived MaR2 
Contributes to Cold-induced Resolution of Inflammation. 
Nature Metabolism 2022, 4:775–790.

[105]	 Selvan K, Adegunsoye A: The Progression to Interstitial 
Lung Disease: Vicarious Facts About Visceral Fat. Chest 
2021, 160:400–402.

[106]	 Esterson YB, Kishore P, Koppaka S, Li W, Zhang K, Tonelli 
J, et al.: Fatty Acid-induced Production of Plasminogen 
Activator Inhibitor-1 by Adipose Macrophages is Greater 
in Middle-aged Versus Younger Adult Participants. The 
Journals of Gerontology. Series A 2012, 67:1321–1328.

[107]	 Schulz TJ, Graja A, Huang TL, Xue R, An D, Poehle-
Kronawitter S, et al.: Loss of BMP Receptor Type 1A in 
Murine Adipose Tissue Attenuates Age-related Onset of 
Insulin Resistance. Diabetologia 2016, 59:1769–1777.

[108]	 Crewe C, An YA, Scherer PE: The Ominous Triad of 
Adipose Tissue Dysfunction: Inflammation, Fibrosis, 
and Impaired Angiogenesis. The Journal of Clinical 
Investigation 2017, 127:74–82.

[109]	 Rosen ED, Spiegelman BM: What We Talk about When 
We Talk about Fat. Cell 2014, 156:20–44.

[110]	 Hall JA, Ramachandran D, Roh HC, DiSpirito JR, 
Belchior T, Zushin PH, et al.: Obesity-Linked PPARγ S273 
Phosphorylation Promotes Insulin Resistance through 
Growth Differentiation Factor 3. Cell Metabolism 2020, 
32:665–675.e6.

[111]	 Lee BC, Lee J: Cellular and Molecular Players in Adipose 
Tissue Inflammation in the Development of Obesity-
induced Insulin Resistance. Biochimica et Biophysica 
Acta 2014, 1842:446–462.

[112]	 Maurizi G, Della Guardia L, Maurizi A, Poloni A: 
Adipocytes Properties and Crosstalk with Immune 
System in Obesity-related Inflammation. Journal of 
Cellular Physiology 2018, 233:88–97.

[113]	 Kunz HE, Hart CR, Gries KJ, Parvizi M, Laurenti M, 
Dalla Man C, et  al.: Adipose Tissue Macrophage 
Populations and Inflammation are Associated with 

Systemic Inflammation and Insulin Resistance in Obesity. 
American Journal of Physiology 2021, 321:E105–E121.

[114]	 Félix-Soriano E, Sáinz N, Fernández-Galilea M, Gil-
Iturbe E, Celay J, Martínez-Climent JA, et  al.: Chronic 
Docosahexaenoic Acid Supplementation Improves 
Metabolic Plasticity in Subcutaneous Adipose Tissue of 
Aged Obese Female Mice. The Journal of Nutritional 
Biochemistry 2023, 111:109153.

[115]	 Camell CD, Sander J, Spadaro O, Lee A, Nguyen KY, 
Wing A, et  al.: Inflammasome-driven Catecholamine 
Catabolism in Macrophages Blunts Lipolysis During 
Ageing. Nature 2017, 550:119–123.

[116]	 Larrick JW, Mendelsohn AR: Eosinophils and White Fat: 
Protection from Worms and Inflammaging. Rejuvenation 
Research 2020, 23:349–352.

[117]	 Jiang Y, Liang M, Chen L, Wang J, Huang Y, Huo H, 
et  al.: Myeloid SENP3 Deficiency Protects Mice from 
diet and Age-induced Obesity via Regulation of YAP1 
SUMOylation. Cellular and Molecular Life Sciences 2023, 
81:4.

[118]	 Tang P, Virtue S, Goie JYG, Png CW, Guo J, Li Y, 
et  al.:  Regulation of Adipogenic Differentiation and 
Adipose Tissue Inflammation by Interferon Regulatory 
Factor 3. Cell Death and Differentiation 2021, 
28:3022–3035.

[119]	 Whytock KL, Divoux A, Sun Y, Pino MF, Yu G, Jin CA, 
et  al.: Aging Human Abdominal Subcutaneous White 
Adipose Tissue at Single Cell Resolution. Aging Cell 
2024, 23:e14287.

[120]	 Suganami T, Ogawa Y: Adipose Tissue Macrophages: 
Their Role in Adipose Tissue Remodeling. Journal of 
Leukocyte Biology 2010, 88:33–39.

[121]	 Shih WC, Jang IH, Kruglov V, Dickey D, Cholensky 
S, Bernlohr DA, et  al.: Role for BLT1 in Regulating 
Inflammation within Adipose Tissue Immune Cells of 
Aged Mice. Immunity & Ageing 2024, 21:57.

[122]	 Wang Z, Liang Y, Zhang L, Zhang N, Liu Q, Wang Z, et al.: 
Phosphodiesterase 4 Inhibitor Activates AMPK-SIRT6 
Pathway to Prevent Aging-related Adipose Deposition 
Induced by Metabolic Cisorder. Aging (Albany NY) 2018, 
10:2394–2406.

[123]	 Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, 
Stadler K, Mynatt RL, et al.: The NLRP3 Inflammasome 
Instigates Obesity-induced Inflammation and Insulin 
Resistance. Nature Medicine 2011, 17:179–188.

[124]	 Ortega Martinez de Victoria E, Xu X, Koska J, Francisco 
AM, Scalise M, Ferrante AW Jr, et  al.: Macrophage 
Content in Subcutaneous Adipose Tissue: Associations 
with Adiposity, Age, Inflammatory Markers, and Whole-
body Insulin Action in Healthy Pima Indians. Diabetes 
2009, 58:385–393.

[125]	 Fang W, Deng Z, Benadjaoud F, Yang D, Yang C, Shi GP, 
et  al.: Regulatory T Cells Promote Adipocyte Beiging 
in Subcutaneous Adipose tissue. FASEB Journal 2020, 
34:9755–9770.

[126]	 Trott DW, Islam MT, Buckley DJ, Donato AJ, Dutson T, 
Sorensen ES, et al.: T Lymphocyte Depletion Ameliorates 
Age-related Metabolic Impairments in Mice. Geroscience 
2021, 43:1331–1347.

[127]	 Muñoz-Rojas AR, Wang G, Benoist C, Mathis D: Adipose-
tissue Regulatory T Cells are a Consortium of Subtypes 
that Evolves with Age and Diet. Proceedings of the 
National Academy of Sciences of the United States of 
America 2024, 121:e2320602121.



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339      337 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

[128]	 Feng X, Wang L, Zhou R, Zhou R, Chen L, Peng H, et al.: 
Senescent Immune Cells Accumulation Promotes Brown 
Adipose Tissue Dysfunction During Aging. Nature 
Communications 2023, 14:3208.

[129]	 Xu E, Pereira MMA, Karakasilioti I, Theurich S, Al-Maarri 
M, Rappl G, et  al.: Temporal and Tissue-specific 
Requirements for T-lymphocyte IL-6 Signalling in 
Obesity-associated Inflammation and Insulin Resistance. 
Nature Communications 2017, 8:14803.

[130]	 Pan XX, Yao KL, Yang YF, Ge Q, Zhang R, Gao PJ, 
et  al.: Senescent T Cell Induces Brown Adipose Tissue 
“Whitening” Via Secreting IFN-γ. Frontiers in Cell and 
developmental Biology 2021, 9:637424.

[131]	 Spadaro O, Youm Y, Shchukina I, Ryu S, Sidorov S, 
Ravussin A, et al.: Caloric Restriction in Humans Reveals 
Immunometabolic Regulators of Health Span. Science 
2022, 375:671–677.

[132]	 Camell CD, Günther P, Lee A, Goldberg EL, Spadaro O, 
Youm YH, et al.: Aging Induces an Nlrp3 Inflammasome-
Dependent Expansion of Adipose B Cells That Impairs 
Metabolic Homeostasis. Cell Metabolism 2019, 30:1024–
1039.e6.

[133]	 Sun K, Park J, Gupta OT, Holland WL, Auerbach P, Zhang 
N, et  al.: Endotrophin Triggers Adipose Tissue Fibrosis 
and Metabolic Dysfunction. Nature Communications 
2014, 5:3485.

[134]	 Zeng X, Wang TW, Yamaguchi K, Hatakeyama S, 
Yamazaki S, Shimizu E, et al.: M2 Macrophage-derived 
TGF-β Induces Age-associated Loss of Adipogenesis 
through Progenitor Cell Senescence. Molecular 
Metabolism 2024, 84:101943.

[135]	 Jang IH, Kruglov V, Cholensky SH, Smith DM, Carey 
A, Bai S, et  al.: GDF3 Promotes Adipose Tissue 
Macrophage-mediated Inflammation via Altered 
Chromatin Accessibility During Aging. bioRxiv 2024, 
2024.09.23.614375.

[136]	 Yu L, Wan Q, Liu Q, Fan Y, Zhou Q, Skowronski AA, et al.: 
IgG is an Aging Factor that Drives Adipose Tissue Fibrosis 
and Metabolic Decline. Cell Metabolism 2024, 36:793–
807.e5.

[137]	 Carey A, Nguyen K, Kandikonda P, Kruglov V, Bradley C, 
Dahlquist KJV, et al.: Age-associated Accumulation of B 
Cells Promotes Macrophage Inflammation and Inhibits 
Lipolysis in Adipose Tissue During Sepsis. Cell Reports 
2024, 43:113967.

[138]	 Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria 
M, Alimonti A: Cellular Senescence: Aging, Cancer, and 
Injury. Physiological Reviews 2019, 99:1047–1078.

[139]	 Muñoz-Espín D, Serrano M: Cellular Senescence: 
from Physiology to Pathology. Nature Reviews 2014, 
15:482–496.

[140]	 Rovira M, Sereda R, Pladevall-Morera D, Ramponi 
V, Marin I, Maus M, et  al.: The Lysosomal Proteome 
of Senescent Cells Contributes to the Senescence 
Secretome. Aging Cell 2022, 21:e13707.

[141]	 Zhang W, Huang C, Sun A, Qiao L, Zhang X, Huang J, 
et  al.: Hydrogen Alleviates Cellular Senescence via 
Regulation of ROS/p53/p21 Pathway in Bone Marrow-
derived Mesenchymal Stem cells In Vivo. Biomedicine & 
Pharmacotherapy 2018, 106:1126–1134.

[142]	 Lin J, Epel E: Stress and Telomere Shortening: Insights 
from Cellular Mechanisms. Ageing Research Reviews 
2022, 73:101507.

[143]	 Morsczeck C, Pieles O, Reck A, Reichert T: DNA Protein 
Kinase Promotes Cellular Senescence in Dental Follicle 
Cells. Archives of Oral Biology 2023, 150:105676.

[144]	 Lavandoski P, Pierdoná V, Maurmann RM, Grun LK, 
Guma FTCR, Barbé-Tuana FM: Eotaxin-1/CCL11 Promotes 
Cellular Senescence in Human-Derived Fibroblasts 
through Pro-oxidant and Pro-inflammatory Pathways. 
Frontiers in Immunology 2023, 14:1243537.

[145]	 Pinto M, Pickrell AM, Wang X, Bacman SR, Yu A, Hida 
A, Dillon LM, et  al.: Transient Mitochondrial DNA 
Double Strand Breaks in Mice Cause Accelerated 
Aging Phenotypes in a ROS-dependent but p53/p21-
independent Manner. Cell Death and Differentiation 
2017, 24:288–299.

[146]	 Minamino T, Orimo M, Shimizu I, Kunieda T, Yokoyama 
M, Ito T, et al.: A Crucial Role for Adipose Tissue p53 in 
the Regulation of Insulin Resistance. Nature Medicine 
2009, 15:1082–1087.

[147]	 Jones SA, Scheller J, Rose-John S: Therapeutic Strategies 
for the Clinical Blockade of IL-6/gp130 Signaling. The 
Journal of Clinical Investigation 2011, 121:3375–3383.

[148]	 Yu A, Yu R, Liu H, Ge C, Dang W: SIRT1 Safeguards 
Adipogenic Differentiation by Orchestrating Anti-
oxidative Responses and Suppressing Cellular 
Senescence. Geroscience 2024, 46:1107–1127.

[149]	 Watroba M, Szukiewicz D: Sirtuins at the Service 
of Healthy Longevity. Frontiers in Physiology 2021, 
12:724506.

[150]	 Lee G, Kim YY, Jang H, Han JS, Nahmgoong H, Park YJ, 
et al.: SREBP1c-PARP1 Axis Tunes Anti-senescence Activity 
of Adipocytes and Ameliorates Metabolic Imbalance in 
Obesity. Cell Metabolism 2022, 34:702–718.e5.

[151]	 Chini CCS, Peclat TR, Warner GM, Kashyap S, Espindola-
Netto JM, de Oliveira GC, et  al.: CD38 Ecto-enzyme in 
Immune Cells is Induced During Aging and Regulates 
NAD(+) and NMN Levels. Nature Metabolism 2020, 
2:1284–1304.

[152]	 Covarrubias AJ, Kale A, Perrone R, Lopez-Dominguez 
JA, Pisco AO, Kasler HG, et al.: Senescent Cells Promote 
Tissue NAD+ Decline during Ageing via the Activation 
of CD38+ Macrophages. Nature Metabolism 2020, 
2:1265–1283.

[153]	 Frasca D, Romero M, Diaz A, Garcia D, Thaller S, 
Blomberg BB: B Cells with a Senescent-Associated 
Secretory Phenotype Accumulate in the Adipose Tissue 
of Individuals with Obesity. International Journal of 
Molecular Sciences 2021, 22:1839.

[154]	 Grun LK, Maurmann RM, Scholl JN, Fogaça ME, Schmitz 
CRR, Dias CK, et al.: Obesity Drives Adipose-derived Stem 
Cells into a Senescent and Dysfunctional Phenotype 
Associated with P38MAPK/NF-KB Axis. Immunity & 
Ageing 2023, 20:51.

[155]	 Schosserer M, Grillari J, Wolfrum C, Scheideler M:  
Age-Induced Changes in White, Brite, and Brown 
Adipose Depots: A Mini-Review. Gerontology 2018, 
64:229–236.

[156]	 Gao X, Li Y, Ma Z, Jing J, Zhang Z, Liu Y, et al.: Obesity 
Induces Morphological and Functional Changes in 
Female Reproductive System through Increases in NF-κB 
and MAPK Signaling in Mice. Reproductive Biology and 
Endocrinology 2021, 19:148.

[157]	 Woo J, Shin S, Ji H, Ryu D, Cho E, Kim Y, Kim J, et al.: Isatis 
tinctoria L. Leaf Extract Inhibits Replicative Senescence 



Acta  
Materia  
Medica Review Article

338      Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

in Dermal Fibroblasts by Regulating mTOR-NF-κB-SASP 
Signaling. Nutrients 2022, 14:1979.

[158]	 Lamothe B, Besse A, Campos AD, Webster WK, Wu H, 
Darnay BG: Site-specific Lys-63-linked Tumor Necrosis 
Factor Receptor-Associated Factor 6 Auto-ubiquitination 
is a Critical Determinant of I kappa B kinase Activation. 
The Journal of Biological Chemistry 2007, 282:4102–4112.

[159]	 Taniguchi F, Harada T, Miyakoda H, Iwabe T, Deura I, 
Tagashira Y, et al.: TAK1 Activation for Cytokine Synthesis 
and Proliferation of Endometriotic Cells. Molecular and 
Cellular Endocrinology 2009, 307:196–204.

[160]	 Liu Y, Han L, Zhu P, Song M, Zhang Y, Meng L, et al.: PTPN2 
Targets TAK1 for Dephosphorylation to Improve Cellular 
Senescence and Promote Adipose Tissue Browning in 
T2DM. Frontiers in Pharmacology 2023, 14:1124633.

[161]	 Herbstein F, Sapochnik M, Attorresi A, Pollak C, Senin 
S, Gonilski-Pacin D, et al.: The SASP Factor IL-6 Sustains 
Cell-autonomous Senescent Cells via a cGAS-STING-NFκB 
Intracrine Senescent Noncanonical Pathway. Aging Cell 
2024, 23:e14258.

[162]	 Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich 
P, Morton JP, Athineos D, et  al.: A Complex Secretory 
Program Orchestrated by the Inflammasome Controls 
Paracrine Senescence. Nature Cell Biology 2013, 
15:978–990.

[163]	 Islam MT, Tuday E, Allen S, Kim J, Trott DW, Holland 
WL, et  al.: Senolytic Drugs, Dasatinib and Quercetin, 
Attenuate Adipose Tissue Inflammation, and Ameliorate 
Metabolic Function in Old Age. Aging Cell 2023, 
22:e13767.

[164]	 Zhu Y, Doornebal EJ, Pirtskhalava T, Giorgadze N, 
Wentworth M, Fuhrmann-Stroissnigg H, et  al.: New 
Agents that Target Senescent Cells: The Flavone, Fisetin, 
and the BCL-X(L) Inhibitors, A1331852 and A1155463. 
Aging (Albany NY) 2017, 9:955–963.

[165]	 Xu M, Palmer AK, Ding H, Weivoda MM, Pirtskhalava 
T, White TA, et al.: Targeting Senescent Cells Enhances 
Adipogenesis and Metabolic Function in Old Age. Elife 
2015, 4:e12997.

[166]	 Islam MT, Hall SA, Dutson T, Bloom SI, Bramwell RC, 
Kim J, et  al.: Endothelial Cell-specific Reduction in 
mTOR Ameliorates Age-related Arterial and Metabolic 
Dysfunction. Aging Cell 2024, 23:e14040.

[167]	 Le Pelletier L, Mantecon M, Gorwood J, Auclair M, 
Foresti R, Motterlini R, et al.: Metformin Alleviates Stress-
induced Cellular Senescence of Aging Human Adipose 
Stromal Cells and the Ensuing Adipocyte Dysfunction. 
Elife 2021, 10:e62635.

[168]	 Lagoumtzi SM, Chondrogianni N: Senolytics and 
Senomorphics: Natural and Synthetic Therapeutics in the 
Treatment of Aging and Chronic Diseases. Free Radical 
Biology & Medicine 2021, 171:169–190.

[169]	 Victorelli S, Salmonowicz H, Chapman J, Martini H, 
Vizioli MG, Riley JS, et  al.: Apoptotic Stress Causes 
mtDNA Release During Senescence and Drives the SASP. 
Nature 2023, 622:627–636.

[170]	 Huang Y, Zhou JH, Zhang H, Canfran-Duque A, Singh AK, 
Perry RJ, et al.: Brown Adipose TRX2 Deficiency Activates 
mtDNA-NLRP3 to Impair Thermogenesis and Protect 
Against Diet-induced Insulin Resistance. The Journal of 
Clinical Investigation 2022, 132:e148852.

[171]	 Santana-Oliveira DA, Souza-Tavares H, Fernandes-da-
Silva A, Silva-Veiga FM, Casimiro-Lopes G, Cristina Lisboa 

P, et  al.: Exercise Prevents Obesity by Reducing Gut-
derived Inflammatory Signals to Brown Adipocytes in 
Mice. The Journal of Endocrinology 2023, 259:e230123.

[172]	 Zhang WN, Zhu H, Ma ZW, Yu J, Yang Y, Lu XB, et al.: 
Subcutaneous Adipose Tissue Alteration in Aging 
Process Associated with Thyroid Hormone Signaling. 
BMC Medical Genomics 2023, 16:202.

[173]	 Fernando R, Wardelmann K, Deubel S, Kehm R, Jung 
T, Mariotti M, et al.: Low Steady-state Oxidative Stress 
Inhibits Adipogenesis by Altering Mitochondrial 
Dynamics and Decreasing Cellular Respiration. Redox 
Biology 2020, 32:101507.

[174]	 Lilja S, Oldenburg J, Pointner A, Dewald L, Lerch M, 
Hippe B, et  al.: Epigallocatechin Gallate Effectively 
Affects Senescence and Anti-SASP via SIRT3 in 3T3-
L1 Preadipocytes in Comparison with Other Bioactive 
Substances. Oxidative Medicine and Cellular Longevity 
2020, 2020:4793125.

[175]	 Tavallaie M, Voshtani R, Deng X, Qiao Y, Jiang F, Collman 
JP, et  al.: Moderation of Mitochondrial Respiration 
Mitigates Metabolic Syndrome of Aging. Proceedings of 
the National Academy of Sciences of the United States 
of America 2020, 117:9840–9850.

[176]	 Gagelin A, Largeau C, Masscheleyn S, Piel MS, Calderón-
Mora D, Bouillaud F, et al.: Molecular Determinants of 
Inhibition of UCP1-mediated Respiratory Uncoupling. 
Nature Communications 2023, 14:2594.

[177]	 Yu X, Benitez G, Wei PT, Krylova SV, Song Z, Liu L, et al.: 
Involution of Brown Adipose Tissue through a Syntaxin 4 
Dependent Pyroptosis Pathway. Nature Communications 
2024, 15:2856.

[178]	 Huang Z, Zhang Z, Moazzami Z, Heck R, Hu P, Nanda H, 
et al.: Brown Adipose Tissue Involution Associated with 
Progressive Restriction in Progenitor Competence. Cell 
Reports 2022, 39:110575.

[179]	 Wang G, Meyer JG, Cai W, Softic S, Li ME, Verdin E, et al.: 
Regulation of UCP1 and Mitochondrial Metabolism 
in Brown Adipose Tissue by Reversible Succinylation. 
Molecular Cell 2019, 74:844–857.e7.

[180]	 Sass F, Schlein C, Jaeckstein MY, Pertzborn P, Schweizer 
M, Schinke T, et  al.: TFEB Deficiency Attenuates 
Mitochondrial Degradation Upon Brown Adipose Tissue 
Whitening at Thermoneutrality. Molecular Metabolism 
2021, 47:101173.

[181]	 Cheng S, Ni X, Yao Y, Sun Y, Yu X, Xia D, et  al.: 
Hyperoside Prevents High-fat Diet-induced Obesity by 
Increasing White Fat Browning and Lipophagy via CDK6-
TFEB Pathway. Journal of Ethnopharmacology 2023, 
307:116259.

[182]	 Qiu J, Guo Y, Guo X, Liu Z, Li Z, Zhang J, et  al.: Ucp1 
Ablation Improves Skeletal Muscle Glycolytic Function 
in Aging Mice. Advanced Science (Weinh) 2024, 
12:e2411015.

[183]	 de Lange P, Lombardi A, Silvestri E, Cioffi F, Giacco A, 
Iervolino S, et  al.: Physiological Approaches Targeting 
Cellular and Mitochondrial Pathways Underlying 
Adipose Organ Senescence. International Journal of 
Molecular Sciences 2023, 24:11676.

[184]	 Kar A, Alvarez M, Garske KM, Huang H, Lee SHT, 
Deal M, et  al.: Age-dependent Genes in Adipose 
Stem and Precursor Cells Affect Regulation of Fat Cell 
Differentiation and Link Aging to Obesity via Cellular 
and Genetic Interactions. Genome Medicine 2024, 16:19.



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 3, p. 321-339      339 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

[185]	 Willows JW, Gunsch G, Paradie E, Blaszkiewicz M, 
Tonniges JR, Pino MF, et al.: Schwann Cells Contribute to 
Demyelinating Diabetic Neuropathy and Nerve Terminal 
Structures in White Adipose Tissue. iScience 2023, 
26:106189.

[186]	 Touitou N, Lerrer B, Cohen HY: It is a Branched Road to 
Adipose Tissue Aging. Nature Aging 2023, 3:911–912.

[187]	 Arroum T, Hish GA, Burghardt KJ, Ghamloush M, Bazzi B, 
Mrech A, et al.: Mitochondria Transplantation: Rescuing 
Innate Muscle Bioenergetic Impairment in a Model of 
Aging and Exercise Intolerance. Journal of Strength and 
Conditioning Research 2024, 38:1189–1199.

[188]	 Zhang Z, Wei D, Li Z, Guo H, Wu Y, Feng J: Hippocampal 
Mitochondrial Transplantation Alleviates Age-
Associated Cognitive Decline via Enhancing Wnt 
Signaling and Neurogenesis. Computational Intelligence 
and Neuroscience 2022, 2022:9325302.

[189]	 Luo H, Lai Y, Tang W, Wang G, Shen J, Liu H, et  al.: 
Mitochondrial Transplantation: A Promising Strategy 
for Treating Degenerative Joint Diseases. Journal of 
Translational Medicine 2024, 22:941.

[190]	 Picca A, Beli R, Calvani R, Coelho-Júnior HJ, Landi F, 
Bernabei R, et  al.: Older Adults with Physical Frailty 
and Sarcopenia Show Increased Levels of Circulating 
Small Extracellular Vesicles with a Specific Mitochondrial 
Signature. Cells 2020, 9:973.

[191]	 Javani G, Ghaffari-Nasab A, Farajdokht F, Mohaddes G: 
Chronic Stress-induced Apoptosis is Mitigated by Young 
Mitochondria Transplantation in the Prefrontal Cortex 
of Aged Rats. Iranian Journal of Basic Medical Sciences 
2023, 26:725–730.

[192]	 Zong Y, Li H, Liao P, Chen L, Pan Y, Zheng Y, et  al.: 
Mitochondrial Dysfunction: Mechanisms and Advances 
in Therapy. Signal Transduction and Targeted Therapy 
2024, 9:124.

[193]	 Zhang TG, Miao CY: Mitochondrial Transplantation as 
a Promising Therapy for Mitochondrial Diseases. Acta 
Pharmaceutica Sinica B 2023, 13:1028–1035.

[194]	 D’Amato M, Morra F, Di Meo I, Tiranti V: Mitochondrial 
Transplantation in Mitochondrial Medicine: Current 
Challenges and Future Perspectives. International 
Journal of Molecular Sciences 2023, 24:1969.

[195]	 Kim J, Li S, Zhang S, Wang J: Plant-derived Exosome-like 
Nanoparticles and Their Therapeutic Activities. Asian 
Journal of Pharmaceutical Sciences 2022, 17:53–69.

[196]	 Chen H, Wang L, Zeng X, Schwarz H, Nanda HS, Peng 
X, et  al.: Exosomes, a New Star for Targeted Delivery. 
Frontiers in Cell and Developmental Biology 2021, 
9:751079.

[197]	 Donoso-Quezada J, Ayala-Mar S, González-Valdez J: 
The Role of Lipids in Exosome Biology and Intercellular 

Communication: Function, Analytics and Applications. 
Traffic 2021, 22:204–220.

[198]	 Basu J, Ludlow JW: Exosomes for Repair, Regeneration 
and Rejuvenation. Expert Opinion on Biological Therapy 
2016, 16:489–506.

[199]	 van Niel G, D’Angelo G, Raposo G: Shedding Light on 
the Cell Biology of Extracellular Vesicles. Nature Reviews 
2018, 19:213–228.

[200]	 Gagliardi S, Mitruccio M, Di Corato R, Romano R, Aloisi 
A, Rinaldi R, et  al.: Defects of Mitochondria-lysosomes 
Communication Induce Secretion of Mitochondria-
derived Vesicles and Drive Chemoresistance in Ovarian 
Cancer Cells. Cell Communication and Signaling 2024, 
22:165.

[201]	 Iorio R, Petricca S, Di Emidio G, Falone S, Tatone C: 
Mitochondrial Extracellular Vesicles (mitoEVs): Emerging 
Mediators of Cell-to-cell Communication in Health, 
Aging and Age-related Diseases. Ageing Research 
Reviews 2024, 101:102522.

[202]	 Liu K, Zhou Z, Pan M, Zhang L: Stem Cell-derived 
Mitochondria Transplantation: A Promising Therapy for 
Mitochondrial Encephalomyopathy. CNS Neuroscience & 
Therapeutics 2021, 27:733–742.

[203]	 Lv M, Zhang S, Jiang B, Cao S, Dong Y, Cao L, et  al.: 
Adipose-derived Stem Cells Regulate Metabolic 
Homeostasis and Delay Aging by Promoting Mitophagy. 
FASEB Journal 2021, 35:e21709.

[204]	 Tompkins BA, DiFede DL, Khan A, Landin AM, Schulman 
IH, Pujol MV, et  al.: Allogeneic Mesenchymal Stem 
Cells Ameliorate Aging Frailty: A Phase II Randomized, 
Double-Blind, Placebo-Controlled Clinical Trial. The 
Journals of Gerontology. Series A 2017, 72:1513–1522.

[205]	 Wang ZB, Hao JX, Meng TG, Guo L, Dong MZ, Fan 
LH, et  al.: Transfer of Autologous Mitochondria from 
Adipose Tissue-derived Stem Cells Rescues Oocyte 
Quality and Infertility in Aged Mice. Aging 2017, 
9:2480–2488.

[206]	 Yang Y, Zhang C, Sheng X: Mitochondrial Transfer from 
Mouse Adipose-Derived Mesenchymal Stem Cells into 
Aged Mouse Oocytes. Journal of Visualized Experiments 
2023, 191.

[207]	 Ra JC, Shin IS, Kim SH, Kang SK, Kang BC, Lee HY, et al.: 
Safety of Intravenous Infusion of Human Adipose Tissue-
derived Mesenchymal Stem Cells in Animals and Humans. 
Stem Cells and Development 2011, 20:1297–1308.

[208]	 Zielonka J, Joseph J, Sikora A, Hardy M, Ouari O, 
Vasquez-Vivar J, et  al.: Mitochondria-Targeted 
Triphenylphosphonium-Based Compounds: Syntheses, 
Mechanisms of Action, and Therapeutic and 
Diagnostic Applications. Chemical Reviews 2017, 
117:10043–10120.


