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Abstract
“Inflammaging” refers to the chronic, low-grade inflammation that characterizes aging. Aging, like obesity, is associated with visceral adiposity and insulin resistance. Adipose tissue macrophages (ATMs) have played a major role in
obesity-associated inflammation and insulin resistance. Macrophages are elevated in adipose tissue in aging. However, the changes and also possibly functions of ATMs in aging and aging-related diseases are unclear. In this review,
we will summarize recent advances in research on the role of adipose tissue macrophages with aging-associated
insulin resistance and discuss their potential therapeutic targets for preventing and treating aging and aging-related
diseases.
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Introduction
The world has entered an aging society. In 2015, an
estimated 617 million people (8.5%) in the world were
age ≥ 65 years and is expected to more than double to
≈1.6 billion (17%) in 2050 [1]. The growing health, economic and social problems brought about by aging have
attracted worldwide attention.
Aging is a process in which the body gradually loses its
physiological integrity and organ function is damaged,
leading to death. Aging is always accompanied by obesity and metabolic dysfunction, including insulin resistance. Recent studies have shown that aging-associated
insulin resistance is related to immunosenescence and
inflammaging [2–4]. ‘Inflammaging’ refers to the chronic,
low-grade inflammation that characterizes aging.
Inflammaging is a complex balance between pro- and
anti-inflammatory responses, which is centered on macrophage and involves multiple tissues and organs, including adipose tissue.
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Aging is also associated with important changes in the
innate immune system. Macrophages perform important
innate immune functions including phagocytic clearance
of dying cells. The polarized state of macrophages can
be classified into two subsets: classically activated (M1)
and alternatively activated (M2). M1 macrophages highly
express genes related to pro-inflammatory cytokines or
oxidative stress, including genes related to TNF-alpha,
IL-6, MCP-1, and iNOS, whereas M2 macrophages
highly express other genes that encode arginase-1,
Mrc1(CD206), Ym1, and IL-10, an anti-inflammatory
cytokine [5].
In obesity, it is well known that adipose tissue macrophages (ATMs) play a key role in obesity-associated
insulin resistance. A large number of macrophages in the
blood are collected into adipose tissue [6]. The number
of ATMs increased from 5 to 50% of the total number of
adipose tissue cells and transformed from M2 to M1 cells
[7]. Many M1 ATMs surround the necrotic adipocytes
to form crown-like structures (CLS), a hallmark of lowgrade inflammation and insulin resistance [8, 9].
There are similarities and differences between inflammation in adipose tissue caused by aging and that caused
by obesity. So far, few studies have focused on the effects
of ATM on aging. This article will describe the change of
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adipose tissue macrophages and its role on aging-associated insulin resistance.
Adipose tissue inflammation in obesity and aging

Adipose tissue (AT) is the largest endocrine organ in
human. Adipose tissue is composed of a variety of cells,
including adipocytes, pre-adipocytes, endothelial cells,
fibroblasts, nerve cells, macrophages and lymphocytes.
The number and phenotypes of these cells are dynamic in
obesity and aging [10].
As we age, many changes have taken place in adipose
tissue:
1. Fat mass tends to be preferentially distributed in the
abdominal region. Compared with subcutaneous fat, visceral fat increased more significantly.
2. Ectopic lipid accumulation occurs not only in visceral depots, but also in bone marrow or muscle, among
other tissues [11].
3. There are an increasing number of senescent cells in
the adipose tissue.
4. Aberrant secretion of adipokines.
5. The aged adipose tissue is also characterized by
reduced adipocyte size, tissue fibrosis, endothelial dysfunction, and reduced vascularization and angiogenic
capacity [12].
Alterations in adipose tissue are major contributors
to age-related metabolic dysfunctions and longevity
[13–15]. There are fundamental cellular and molecular
differences in adipose tissue inflammation between dietinduced obesity and age-associated obesity [15].
Obesity-related AT inflammation is initiated by the
inability of adipose tissue to buffer dietary lipids [16].
Excessive lipid causes adipocyte stress lipotoxicity in the
liver and skeletal muscle increases reactive oxygen species and activates serine threonine kinases, such as c-jun
N-terminal kinase (JNK), IκB kinase (IKK), and protein
kinase C (PKC). These events disrupt insulin receptor
signaling cascades and promote insulin resistance [17].
Adipocyte death in obese humans will increase the stress
of ATMs, leading to inflammation activation. A large
number of ATMs infiltrate AT and secrete inflammatory factors. In addition, as adipose tissue is an endocrine
organ, adipocytes also can secrete adipokines. During
obesity, adipocytes increase pro-inflammatory cytokine
and chemokine secretion of IL-6 and TNF-alpha, where
TNF-alpha has been shown to increase insulin resistance
in diet-induced obese mice [18].
In Lumang’s study [19], young and old mice adipose tissue were divided into ATMs〔CD11b( +)], adipose tissue
stromal cells (ATSCs) [CD11b (−)) and adipocytes. The
cytokines and chemokines produced by these cells were
analyzed, respectively. Although these three components
secrete IL-6 and MCP-1, in vitro, the levels of ATSCs and
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ATMs were significantly higher, implicating that the main
contributors of adipose tissue inflammation during aging
were the resident fat immune cells rather than adipocytes.
In addition, senescent cells in adipose tissue become
a potential source of aging-associated AT inflammation.
Recent studies have shown that visceral and groin adipose tissue in mice contains large amounts of p16 (Ink
4 a)-positive senescent cells [10]. These senescent cells
secrete various types of pro-inflammatory cytokines,
such as IL-6, IL-8 and TNF-alpha, known collectively
as the aging-related secreted phenotype (SASP) [20].
Because the old immune system is not effective enough
in removing senescent cells [21, 22], these pro-inflammatory factors gradually accumulate with aging.
Adipose tissue inflammation is closely related to innate
adipose immune cells during aging. The main immune
cell types in adipose tissue include macrophages (ATMs)
and T lymphocytes, and other immune cell types [23, 24].
In this review, we focus on changes and its mechanisms
of ATMs in aging.

Adipose tissue macrophages in aging
Adipose tissue is an immunometabolically active organ
in a constant state of flux [25]. The metabolic function of
adipose tissue changes with increasing age. Aged adipose
tissue becomes less sensitive to insulin, lipolytic stimulation and fatty acids [13]. In animal models, inflammation
and metabolic regulation of adipose tissue affect animal
life span, suggesting that adipose tissue, especially white
adipose tissue, now emerges as a pivotal organ controlling lifespan [26, 27].
Macrophages are the inflammatory source in adipose
tissue. These innate immunity cells are derived from
bone marrow hematopoietic stem cells [28]. The number
of macrophages in adipose tissue depends on the proliferation of macrophages in local adipose tissue and the
recruitment of monocytes in blood circulation to adipose
tissue [29].
Adipose tissue macrophages (ATMs) are the greatest proportion of leukocytes in adipose tissue. ATMs
were classified under the prototypical dichotomy of M1
“classically” activated macrophages (CD11c + CD206 −)
and M2 “alternatively” activated macrophages
(CD11c − CD206 +). M1 macrophages have high phagocytic and bactericidal potential, secrete pro-inflammatory
cytokines and activate Th1. M2 macrophages interact
with Th2 lymphocytes to promote anti-parasitic activity,
wound healing and tissue repair as well as produce antiinflammatory cytokines that prevent excessive immune
responses. Lumeng et al. [19] reported an inflammatory
double-negative ATMs (CD11c − CD206 − , DN) in mice.
However, this kind of ATM phenotype has not been
observed in humans.
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In young adipose tissue, most of ATMs are M2 cells.
Their functions are not only anti-inflammatory, but also
efferocytosis, lipid buffering, angiogenesis, regulation
of iron flux. They can help maintain homeostasis of AT.
Aging alters the balance of visceral adipose tissue macrophages toward the pro-inflammatory M1 phenotype
and DN ATMs [19]. It is likely not only the increase in
inflammatory adipose tissue macrophages, but also the
decreased homeostatic function of the resident M2 cells
during aging.
The phagocytic function and antigen presenting ability
of adipose tissue macrophages decreased with age [30].
Proinflammatory cytokines such as interleukin (IL-6),
tumor necrosis factor α (TNF-alpha) and IL-1β secreted
by M1 macrophages are elevated both in aged mice [19,
31, 32] and older humans [33]. These cytokines can interfere with insulin receptor signaling pathways, which in
turn induce local (fat) and systemic (liver and skeletal
muscle) insulin resistance. M1 macrophages are engaged
in early stage of aging and age-related metabolic syndrome such as atherosclerosis, obesity, type II diabetes.
In mice, Lumeng [19] found that total ATM content is
unchanged in old mice by observing young (3–4 months)
and old (18–22 months) C57BL/6 mice. With age, the
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ratio of pro-inflammatory M1 ATMs to resident M2
ATMs was significantly increased. A decrease in PPARγ
expression in ATMs is associated with this change.
CCR2-dependent chemokine pathway may also be
related to ATM recruitment in age. In addition, nonmacrophage stromal cells and adipocytes of old mice can
activate macrophages through paracrine effect (Fig. 1).
In humans, there are few studies on human adipose
tissue macrophages due to the difficulty of sampling.
Victoria [34] observed healthy Pima Indians, found
that subcutaneous adipose tissue macrophage content
increases steadily with age, independent of sex, ethnicity, adipose tissue depot, and diagnosis of diabetes. At
about 30 years of age, the number of ATMs in human
will reach a peak and then drop slightly until 45 years.
Consistent with studies in mice, adipose tissue macrophage content (ATMc) per se is not a direct cause of
insulin resistance. The expression of the macrophage
activation marker PAI-1 was associated with insulin resistance, suggesting that macrophage activation,
rather than number, may be more important in mediating the association between inflammation and lower
insulin-mediated glucose uptake.

Fig. 1 Macrophages in young, obese and old adipose tissue. In young adipose tissue, most of ATMs are M2 cells. Their functions are not only
anti-inflammatory, but also efferocytosis, lipid buffering, angiogenesis, regulation of iron flux. They can help maintain homeostasis of adipose tissue
(AT). In obesity, a large number of macrophages in the blood are collected into adipose tissue. The number of ATMs increased from 5 to 50% of
the total number of adipose tissue cells and transformed from M2 to M1 cells. Many M1 ATMs surround the necrotic adipocytes to form crown-like
structures (CLS), a hallmark of low-grade inflammation and insulin resistance. In aging adipose tissue, the total ATM content is unchanged, but the
ratio of M1/M2 ATMs is increasing. Aging alters the balance of adipose tissue macrophages toward the pro-inflammatory M1 phenotype
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Fig. 2 Effect of aging on adipose tissue macrophages

Aged ATMs in lipolysis
Aging is a chronic and complex physiological process,
which gradually worsens the energy homeostasis [35].
The dynamic balance of lipid storage and lipolysis in
aged adipose tissue is not well controlled. Mobilization of FFAs is dysregulated, causing visceral adiposity,
lower exercise capacity, and cold intolerance. Adipose
macrophages are involved in age-related reduction of
lipolytic activity. Camell et al. [36] showed that aged
ATMs decrease catecholamine-dependent lipolysis in a NLRP3 inflammasome-dependent manner in
mice. Deletion of NLRP3 in aging restored catecholamine-induced lipolysis through downregulation of
growth differentiation factor-3 (GDF3) and monoamine oxidase-a (MAOA) that is known to degrade norepinephrine (NE). Inhibition of MAOA in macrophages
restored lipolysis by increasing key lipolytic enzymes.
However, in human adipose tissue, MAOA is mainly
expressed in mature adipocytes. Gao et al. [37] report
that age-Induced reduction in human lipolysis is
related to catecholamine pathway in subcutaneous adipocytes, suggesting species-specific differences in aging
mechanisms.
Mechanisms for regulation of functions of ATMs
Aging is mainly associated with adipose tissue macrophage polarization, rather than ATMs recruitment and
infiltration like obesity. However, the molecular mechanisms responsible for ATM activation and polarization
remain unknown. Here are several signaling pathways
related to it, so far.
NF‑ΚB

NF-κB is considered to be a central transcription factor
in the regulation of inflammatory response, because it
controls the synthesis of most inflammatory markers and
mediators (including TNF-alpha, IL-6, IL-1, IL-8, MCP-1,

iNOS, COX-2 and adhesion molecules) [38], whereas
PPAR-γ antagonizes NF-ΚB-associated activation.
Wu [31] found that the mRNA expressions of proinflammatory cytokines IL-1, IL-6, TNF-alpha and
COX-2 in visceral adipose tissue of aged C57BL mice
were significantly higher than those of young mice, while
the expression of anti-inflammatory PPAR-γ was lower
than that of young mice. When peritoneal macrophages
were cultured with the extract of aged mice adipocytes,
it was found that they were easy to polarize to M1, which
can produce more TNF-alpha and IL-6. He also found
that sphingolipid ceramide was higher in old compared
with young adipose tissue. Ceramide is involved in ageassociated up-regulation of IL-6 and TNF-alpha. Reducing ceramide levels or inhibiting NF-ΚB activation
decreased those cytokine production, whereas the addition of ceramide has the opposite effect, suggesting that
ceramide-induced activation of NF-ΚB plays a key role in
adipose tissue inflammation. These observations in mice
likely correspond to those made in obese adipose tissue
from humans.
Endoplasmic reticulum stress

In obesity, endoplasmic reticulum stress is involved in
adipose tissue inflammation and insulin resistance. Endoplasmic reticulum stress can inhibit insulin signaling by
activating c-Jun N-terminal kinase and serine phosphorylation of IRS-1 [39].
In recent years, Ghosh AK [40] reported ER stress
markers are also elevated in aging ATMs. Old ATMs
are relatively more sensitive to ER stress compared to
young ATMs. Endoplasmic reticulum stress inhibitors
can inhibit the production of TNF-alpha by ATMs in old
mice. Autophagy is programmed cell survival. But too
much or too little autophagy can damage cells. Abnormal
autophagy in aging adipose tissue can increase endoplasmic reticulum stress and local inflammation [41].
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SIRT1

Sirtuins are a group of NAD+-dependent protein deacetylases, which are considered to be the key regulators
of natural aging and other stress-related diseases [42,
43]. Among them, SIRT1 is an important factor involved
in adipocyte metabolism. In mature adipocytes, SIRT1
promotes fat mobilization through repression of PPARγ
[44] and protects cells from TNF-alpha-induced insulin
resistance [45]. So, in obesity-related insulin resistance
of mice, Hui et al. [46] found that SIRT1 in adipocytes
is more critical than SIRT1 in other parts. Because SIRT
signal in adipocytes is involved in regulating the expression and secretion of some adipokines, such as adiponectin, MCP-1 and interleukin 4. SIRT knockout of
rat adipocytes will accelerate the recruitment of macrophages to adipose tissue and polarize into M1 type. In
human subjects, SIRT1 level is inversely related to BMI
and adipose tissue macrophage infiltration. Overexpression of SIRT1 effectively blunts obesity-induced adipose
tissue macrophage infiltration [47].
SIRT1 activator can improve the health status and
prolong the life span of mice [48, 49]. Aging can reduce
NAD + and SIRT1 activity [50], while energy restriction
and exercise can stimulate SIRT1 activity. Aging can
reduce the activity of SIRT in hypothalamus, promote
leptin resistance and increase obesity [51, 52]. However,
the role of SIRT1 on ATMs activation and polarization in
aging is unknown. There are few related reports, which
are worthy of further study.
AMPK

AMPK is a central regulator of fatty acid, cholesterol,
and glucose homeostasis through phosphorylation of
metabolism-regulating enzymes including acetyl-CoA
carboxylase (ACC), glycogen synthase (GS), glucose
transporter 4 (GLUT4), HMG-CoA reductase, hormonesensitive lipase (HSL), and mammalian target of rapamycin (mTOR) [53].
As a potent counter-regulator of inflammatory signaling pathways, AMPK can inhibit pro-inflammatory
responses in macrophages and promote macrophage
polarization into anti-inflammatory phenotype. Antiinflammatory cytokines (i.e., IL-10 and TGFβ) can induce
the rapid phosphorylation/activation of AMPK in macrophages, whereas pro-inflammatory stimulus (LPS)
resulted in AMPK dephosphorylation/inactivation.
AMPKalpha1 is the main AMPKalpha isoform of macrophages. Inhibition of AMPKalpha expression increased
LPS-induced macrophage inflammatory cytokine production, however, expression of a constitutively active
AMPKalpha1 results in the opposite consequences.
In addition, AMPK was found to reduce LPS-induced
IκB-alpha degradation and enhanced Akt activation,
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accompanied by inhibition of GSK3-β and activation of
CREB. Therefore, it is speculated that AMPK is the master switch of macrophage polarization [54].
AMPK is a pro-longevity kinase [55]. AMPK activity in tissues decreased gradually during aging. Recent
studies have shown that activating AMPK is sufficient to
regulate longevity and extend calorie restriction-induced
lifespan in many organisms. Salminen et al. [56] reported
several key pro-longevity pathways regulated by AMPK,
including inhibition of CRTC-1/CREB and NF-κB and
mTORC1, as well as activation of SIRT1, Nrf2, FOXO1
and ULK1. There is a low level of inflammation in the
aging process. AMPK can reduce the inflammatory
responses by inhibiting NF-κB signaling. AMPK does
not directly phosphorylate NF-κB subunits, but acts on
NF-κB by regulating downstream factors, such as SIRT1,
PGC-1α, p53, and Forkhead box O (FoxO) factors [57].
It is known that AMPK is an important inflammatory
suppressor, and AMPK regulates macrophage polarization in obese adipose tissue inflammation [58, 59]. The
M1–M2 polarization of macrophages is regulated by
AMPK. After the AMPK β1 subunit gene was knocked
out, the activity of AMPK, the phosphorylation of acetylCoA carboxylase and the content of mitochondria in
macrophages decreased, resulting in the decrease of
fatty acid oxidation rate. β1(−/−)macrophages showed
increased levels of diacylglycerol and inflammatory
markers. AMPKalpha1 knockdown macrophages could
express and secrete more TNF-alpha and IL-6 under the
stimulation of lipopolysaccharide (LPS) [54]. In addition,
AMPK-specific activator inhibited LPS-induced TNFalpha expression in mouse macrophages. In the visceral
adipose tissue of obese people, the decrease of AMPK
activity is closely related to adipose tissue inflammation
[60]. AMPK also can enhance SIRT1 by increasing NAD/
NADH ratio and decreases adipose tissue macrophage
infiltration and inflammation [61, 62].
To date, the role of ATMs AMPK signal in aging is
unclear. This aspect is worthy of further study.
Long‑chain saturated fatty acids

In obesity, saturated fatty acid palmitate can increase the
retention of macrophages by increasing the expression of
netrin-1 in obese adipose tissue, leading to insulin resistance [63]. Long-chain saturated fatty acids, rather than
unsaturated fatty acids, induce macrophages to produce
inflammatory response through JNK signaling pathway
[64].
. In addition to ectopic fat deposition, the level of free
fatty acids in the elderly is increased. Increased free fatty
acids, especially saturated fatty acids, may be the drivers of insulin resistance and inflammation in the elderly.
Ghosh [65] found that free fatty acid (FFA)-induced aging
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adipose tissue inflammation and insulin resistance are
dependent on the TLR4 signaling.
Others
Local hypoxia

The aged adipose tissue is also characterized by reduced
adipocyte size, tissue fibrosis, endothelial dysfunction,
and reduced vascularization and angiogenic capacity
[12]. Local hypoxia of adipose tissue may cause the accumulation and inflammatory polarization of ATMs [66,
67].
COX5B

Mitochondrial cytochrome oxidase subunit 5B (cox5b)
can induce the production of HIF-1α. Studies have found
that aging can reduce the content of cox5b in adipose tissue [68]. With age, the decrease of Cox 5B in human visceral adipose tissue not only increases HIF-1α, but also
increases the storage of lipid in cells, which promotes the
expansion of adipocytes. If this hypertrophic expansion
continues, the stress signals that promote macrophage
infiltration will be released, as observed in obesity [69,
70].

Conclusions and perspectives
Aging is commonly associated with low‐grade adipose
inflammation, which is closely linked to insulin resistance. ATMs play an important role in adipose tissue
inflammation; limited reports have also shown about
ATM in aging. The ratio of M1/M2 ATMs is increasing, not the total ATM content in aging. The polarization mechanism of ATMs and its role in aging-related
metabolic dysfunction are mainly related to factors such
as NF-κB, endoplasmic reticulum, long-chain saturated
fatty acids and hypoxia. Several signaling pathways, especially AMPK and SIRT1, need to be further elucidated in
ATMs activation (Fig. 2).
The following questions will be the focus of further
interest and investigation in the coming years:
1. Which inflammatory pathways are most relevant to
ATMs in aging?
2. How do macrophages interact with other immune
cells in the AT?
Perhaps most importantly, how can ATMs be modulated to protect against the metabolic effects of aging.
Acknowledgements
We thank Dr. Congdong Wu for his helpful comment during the preparation
of this manuscript.
Authors’ contributions
All authors contributed equally to this work. All authors read and approved
the final manuscript.

Page 6 of 8

Funding
None.
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Received: 17 February 2021 Accepted: 4 November 2021

References
1. Sierra F (2019) Geroscience and the challenges of aging societies. Aging
Med 2:132–134
2. Franceschi C, Campisi J (2014) Chronic inflammation (inflammaging) and
its potential contribution to age-associated diseases. J Gerontol A Biol Sci
Med Sci 69:S4–S9
3. Fülöp T, Dupuis G, Witkowski JM, Larbi A (2016) The role of immunosenescence in the development of age-related diseases. Rev Invest Clin
68:84–91
4. Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA
(2018) Age and age-related diseases: role of inflammation triggers and
cytokines. Front Immunol 9:586
5. Fujisaka S, Usui I, Nawaz A, Takikawa A, Kado T, Igarashi Y, Tobe K (2016)
M2 macrophages in metabolism. Diabetol Int 7:342–351
6. Weisberg SP, Hunter D, Huber R, Lemieux J, Slaymaker S, Vaddi K, Charo
I, Leibel RL, Ferrante AW Jr (2006) CCR2 modulates inflammatory and
metabolic effects of high-fat feeding. J Clin Invest 116:115–124
7. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW Jr
(2003) Obesity is associated with macrophage accumulation in adipose
tissue. J Clin Invest 112:1796–1808
8. Murano I, Barbatelli G, Parisani V, Latini C, Muzzonigro G, Castellucci M,
Cinti S (2008) Dead adipocytes, detected as crown-like structures, are
prevalent in visceral fat depots of genetically obese mice. J Lipid Res
49:1562–1568
9. Bigornia SJ, Farb MG, Mott MM, Hess DT, Carmine B, Fiscale A, Joseph L,
Apovian CM (2012) Gokce N (2012) Relation of depot-specific adipose
inflammation to insulin resistance in human obesity. Nutr Diabetes 2:e30
10. Martyniak K, Masternak MM (2017) Changes in adipose tissue cellular
composition during obesity and aging as a cause of metabolic dysregulation. Exp Gerontol 94:59–63
11. Pararasa C, Bailey CJ, Griffiths HR (2015) Ageing, adipose tissue, fatty acids
and inflammation. Biogerontology 16:235–248
12. Donato AJ, Henson GD, Hart CR, Layec G, Trinity JD, Bramwell RC, Enz
RA, Morgan RG, Reihl KD, Hazra S, Walker AE, Richardson RS, Lesniewski
LA (2014) The impact of ageing on adipose structure, function and
vasculature in the B6D2F1 mouse: evidence of significant multisystem
dysfunction. J Physiol 592:4083–4096
13. Tchkonia T, Morbeck DE, Von Zglinicki T, Van Deursen J, Lustgarten J,
Scrable H, Khosla S, Jensen MD, Kirkland JL (2010) Fat tissue, aging, and
cellular senescence. Aging Cell 9:667–684
14. Palmer AK, Kirkland JL (2016) Aging and adipose tissue: potential interventions for diabetes and regenerative medicine. Exp Gerontol 86:97–105
15. Mau T, Yung R (2018) Adipose tissue inflammation in aging. Exp Gerontol
105:27–31
16. Goossens GH (2008) The role of adipose tissue dysfunction in the pathogenesis of obesity-related insulin resistance. Physiol Behav 94:206–218
17. Wellen KE, Hotamisligil GS (2005) Inflammation, stress, and diabetes. J
Clin Invest 115:1111–1119

Lu et al. The Journal of Physiological Sciences

(2021) 71:38

18. Hotamisligil GS, Shargill NS, Spiegelman BM (1993) Adipose expression
of tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science 259:87–91
19. Lumeng CN, Liu J, Geletka L, Delaney C, Delproposto J, Desai A, Oatmen
K, Martinez-Santibanez G, Julius A, Garg S, Yung R (2011) Aging is associated with an increase in T cells and inflammatory macrophages in visceral
adipose tissue. J Immunol 187(12):6208–6216
20. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis
B, Kirkland JL, van Deursen JM (2011) Clearance of p16Ink4a-positive
senescent cells delays ageing-associated disorders. Nature 479:232–236
21. Campisi J (2005) Senescent cells, tumor suppression, and organismal
aging: good citizens, bad neighbors. Cell 120:513–522
22. Deursen JM (2014) The role of senescent cells in ageing. Nature
509:439–446
23. Olefsky JM, Glass CK (2010) Macrophages, inflammation, and insulin
resistance. Ann Rev Physiol 72:219–246
24. Bapat SP, Myoung Suh J, Fang S, Liu S, Zhang Y, Cheng A et al (2015)
Depletion of fat-resident Treg cells prevents age-associated insulin resistance. Nature 528:137–141
25. Thompson D, Karpe F, Lafontan M, Frayn K (2012) Physical activity and
exercise in the regulation of human adipose tissue physiology. Physiol
Rev 92:157–191
26. Picard F, Guarente L (2005) Molecular links between aging and adipose
tissue. Int J Obes (Lond) 29:S36–S39
27. Argmann C, Dobrin R, Heikkinen S, Auburtin A, Pouilly L, Cock TA, Koutnikova H, Zhu J, Schadt EE, Auwerx J (2009) Ppargamma2 is a key driver of
longevity in the mouse. PLoS Genet 5:e1000752
28. Lee BC, Lee J (2014) Cellular and molecular players in adipose tissue
inflammation in the development of obesity-induced insulin resistance.
Biochim Biophys Acta 1842:446–462
29. Bhargava P, Lee CH (2012) Role and function of macrophages in the
metabolic syndrome. Biochem J 442:253–262
30. Solana R, Tarazona R, Gayoso I, Lesur O, Dupuis G, Fulop T (2012) Innate
immunosenescence: effect of aging on cells and receptors of the innate
immune system in humans. Semin Immunol 24:331–341
31. Wu D, Ren Z, Pae M, Guo W, Cui X, Merrill AH, Meydani SN (2007) Aging
up-regulates expression of inflammatory mediators in mouse adipose
tissue. J Immunol 179:4829–4839
32. Starr ME, Evers BM, Saito H (2009) Age-associated increase in cytokine
production during systemic inflammation: adipose tissue as a major
source of IL-6. J Gerontol A Biol Sci Med Sci 64:723–730
33. Morrisette-Thomas V, Cohen AA, Fülöp T, Riesco É, Legault V, Li Q, Milot
E, Dusseault-Bélanger F, Ferrucci L (2014) Inflammaging does not
simply reflect increases in pro-inflammatory markers. Mech Ageing Dev
139:49–57
34. Martinez O, de Victoria E, Xu X, Koska J (2009) Macrophage Content in
subcutaneous adipose tissue: associations with adiposity, age, inflammatory markers, and whole-body insulin action in healthy Pima Indians.
Diabetes 58:385–393
35. Wang Q, Wu H (2018) T Cells in Adipose Tissue: Critical Players in Immunometabolism. Front Immunol 9:2509
36. Camell CD, Sander J, Spadaro O, Lee A, Nguyen KY, Wing A (2017)
Inflammasome-driven catecholamine catabolism in macrophages blunts
lipolysis during ageing. Nature 550:119–123
37. Gao H, Arner P, Beauchef G, Guere C, Vie K, Dahlman I (2020) Age-induced
reduction in human lipolysis: a potential role for adipocyte noradrenaline
degradation. Cell Metab 32:1–3
38. Barnes PJ, Karin M (1997) NF-ΚB: a pivotal transcription factor in chronic
inflammatory diseases. N Engl J Med 336:1066–1071
39. Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G,
Görgün C, Glimcher LH, Hotamisligil GS (2004) Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes. Science
306:457–461
40. Ghosh AK, Garg SK, Mau T, O’Brien M, Liu J, Yung R (2015) Elevated
endoplasmic reticulum stress response contributes to adipose tissue
inflammation in aging. J Gerontol A Biol Sci Med Sci 70:1320–1329
41. Ghosh AK, Mau T, O’Brien M, Garg S, Yung R (2016) Impaired autophagy
activity is linked to elevated ER-stress and inflammation in aging adipose
tissue. Aging (Albany NY) 8:2525–2537
42. Canto C, Auwerx J (2009) Caloric restriction, SIRT1 and longevity. Trends
Endocrinol Metab 20:325–331

Page 7 of 8

43. Liang F, Kume S, Koya D (2009) SIRT1 and insulin resistance. Nat Rev
Endocrinol 5:367–373
44. Picard F, Kurtev M, Chung N, Topark-Ngarm A, Senawong T, Machado
De Oliveira R, Leid M, McBurney MW, Guarente L (2004) Sirt1 promotes
fat mobilization in white adipocytes by repressing PPAR-gamma. Nature
429:771–776
45. Yoshizaki T, Schenk S, Imamura T, Babendure JL, Sonoda N, Bae EJ, Oh DY,
Lu M, Milne JC, Westphal C, Bandyopadhyay G, Olefsky JM (2010) SIRT1
inhibits inflammatory pathways in macrophages and modulates insulin
sensitivity. Am J Physiol Endocrinol Metab 298:E419–E428
46. Hui X, Zhang M, Gu P, Li K, Gao Y, Wu D, Wang Y, Xu A (2017) Adipocyte
SIRT1 controls systemic insulin sensitivity by modulating macrophages in
adipose tissue. EMBO Rep 18:645–657
47. Gillum MP, Kotas ME, Erion DM, Kursawe R, Chatterjee P, Nead KT (2011)
SIRT1 regulates adipose tissue inflammation. Diabetes 60:3235–3245
48. Minor RK, Baur JA, Gomes AP, Ward TM, Csiszar A, Mercken EM, Abdelmohsen K, Shin YK, Canto C, Scheibye-Knudsen M, Krawczyk M, Irusta PM,
Martín-Montalvo A, Hubbard BP, Zhang Y, Lehrmann E, White AA, Price
NL, Swindell WR, Pearson KJ, Becker KG, Bohr VA, Gorospe M, Egan JM,
Talan MI, Auwerx J, Westphal CH, Ellis JL, Ungvari Z, Vlasuk GP, Elliott PJ,
Sinclair DA, de Cabo R (2011) SRT1720 improves survival and healthspan
of obese mice. Sci Rep 1:70
49. Mitchell SJ, Martin-Montalvo A, Mercken EM, Palacios HH, Ward TM,
Abulwerdi G, Minor RK, Vlasuk GP, Ellis JL, Sinclair DA, Dawson J, Allison
DB, Zhang Y, Becker KG, Bernier M, de Cabo R (2014) The SIRT1 activator
SRT1720 extends lifespan and improves health of mice fed a standard
diet. Cell Rep 6:836–843
50. Poulose N, Raju R (2015) Sirtuin regulation in aging and injury. Biochim
Biophys Acta 1852:2442–2455
51. Sasaki T (2015) Age-associated weight gain, leptin, and SIRT1: A possible
role for hypothalamic SIRT1 in the prevention of weight gain and aging
through modulation of leptin sensitivity. Front Endocrinol (Lausanne)
16:109
52. Warolin J, Coenen KR, Kantor JL, Whitaker LE, Wang L, Acra SA, Roberts LJ
2nd, Buchowski MS (2014) The relationship of oxidative stress, adiposity
and metabolic risk factors in healthy Black and White American youth.
Pediatr Obes 9:43–52
53. Weng SY, Schuppan D (2013) AMPK regulates macrophage polarization in
adipose tissue inflammation and NASH. J Hepatol 58:619–621
54. Sag D, Carling D, Stout RD, Suttles J (2008) Adenosine 5’-monophosphate-activated protein kinase promotes macrophage polarization to an
anti-inflammatory functional phenotype. J Immunol 181:8633–8641
55. Burkewitz K, Zhang Y, Mair WB (2014) AMPK at the Nexus of Energetics
and Aging. Cell Metab 20:10–25
56. Salminen A, Kaarniranta K (2012) AMP-activated protein kinase (AMPK)
controls the aging process via an integrated signaling network. Ageing
Res Rev 11:230–241
57. Salminen A, Hyttinen JM, Kaarniranta K (2011) AMP-activated protein
kinase inhibits NF-κB signaling and inflammation: impact on healthspan
and lifespan. J Mol Med (Berl) 89:667–676
58. Thomas D, Apovian C (2017) Macrophage functions in lean and obese
adipose tissue. Metabolism 72:120–143
59. Weikel KA, Ruderman NB, Cacicedo JM (2016) Unraveling the actions of
AMP-activated protein kinase in metabolic diseases: systemic to molecular insights. Metabolism 65:634–645
60. Gauthier MS, O’Brien EL, Bigornia S, Mott M, Cacicedo JM, Xu XJ, Gokce N,
Apovian C, Ruderman N (2011) Decreased AMP-activated protein kinase
activity is associated with increased inflammation in visceral adipose tissue and with whole-body insulin resistance in morbidly obese humans.
Biochem Biophys Res Commun 404:382–387
61. Yang Z, Kahn BB, He S (2010) Macrophage alpha1 AMP-activated protein
kinase (alpha1AMPK) antagonizes fatty acid-induced inflammation
through SIRT1. J Biol Chem 285:19051–19059
62. Galic S, Fullerton MD, Schertzer JD, Sikkema S, Marcinko K, Walkley CR,
Izon D, Honeyman J, Chen ZP, van Denderen BJ, Kemp BE, Steinberg
GR (2011) Hematopoietic AMPKβ1 reduces mouse adipose tissue
macrophage inflammation and insulin resistance in obesity. J Clin Invest
121:4903–4915
63. Ramkhelawon B, Hennessy EJ, Ménager M, Ray TD, Sheedy FJ, Hutchison
S, Wanschel A, Oldebeken S, Geoffrion M, Spiro W, Miller G, McPherson R, Rayner KJ, Moore KJ (2014) Netrin-1 promotes adipose tissue

Lu et al. The Journal of Physiological Sciences

64.

65.
66.
67.
68.

(2021) 71:38

macrophage retention and insulin resistance in obesity. Nat Med
20:377–384
Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, Luo JL, Naugler W,
Grivennikov S, Wynshaw-Boris A, Scadeng M, Olefsky JM, Karin M (2007)
JNK1 in hematopoietically derived cells contributes to diet-induced
inflammation and insulin resistance without affecting obesity. Cell Metab
6(5):386–397
Ghosh AK, O’Brien M, Mau T, Yung R (2017) Toll-like receptor 4 (TLR4)
deficient mice are protected from adipose tissue inflammation in aging.
Aging (Albany NY) 9:1971–1982
Lahteenvuo J, Rosenzweig A (2012) Effects of aging on angiogenesis. Circ
Res 110:1252–1264
Valli A, Harris AL, Kessler BM (2015) Hypoxia metabolism in ageing. Aging
(Albany NY) 7:465–466
Soro-Arnaiz I, Li QOY, Torres-Capelli M, Meléndez-Rodríguez F, Veiga S,
Veys K, Sebastian D, Elorza A, Tello D, Hernansanz-Agustín P, Cogliati S,

Page 8 of 8

Moreno-Navarrete JM, Balsa E, Fuertes E, Romanos E, Martínez-Ruiz A,
Enriquez JA, Fernandez-Real JM, Zorzano A, De Bock K, Aragonés J (2016)
Role of mitochondrial complex IV in age-dependent obesity. Cell Rep
16(11):2991–3002
69. Dalmas E, Clement K, Guerre-Millo M (2011) Defining macrophage phenotype and function in adipose tissue. Trends Immunol 32:307–314
70. Morris DL, Singer K, Lumeng CN (2011) Adipose tissue macrophages:
phenotypic plasticity and diversity in lean and obese states. Curr Opin
Clin Nutr Metab Care 14:341–346

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

