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Adipose tissue inflammation is considered a major contributing factor in the development of obesity-associated insulin resistance 
and cardiovascular diseases. However, the cause of adipose tissue inflammation is presently unclear. The role of mitochondria in 
white adipocytes has long been neglected because of their low abundance. However, recent evidence suggests that mitochondria 
are essential for maintaining metabolic homeostasis in white adipocytes. In a series of recent studies, we found that mitochondrial 
function in white adipocytes is essential to the synthesis of adiponectin, which is the most abundant adipokine synthesized from 
adipocytes, with many favorable effects on metabolism, including improvement of insulin sensitivity and reduction of atheroscle-
rotic processes and systemic inflammation. From these results, we propose a new hypothesis that mitochondrial dysfunction in 
adipocytes is a primary cause of adipose tissue inflammation and compared this hypothesis with a prevailing concept that “adi-
pose tissue hypoxia” may underlie adipose tissue dysfunction in obesity. Recent studies have emphasized the role of the mito-
chondrial quality control mechanism in maintaining mitochondrial function. Future studies are warranted to test whether an in-
adequate mitochondrial quality control mechanism is responsible for mitochondrial dysfunction in adipocytes and adipose tissue 
inflammation.
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INTRODUCTION

Low-grade inflammation in adipose tissue is considered a ma-
jor contributing factor in the development of obesity-associat-

ed insulin resistance and cardiovascular disease [1]. Despite 
the well-established role in causing insulin resistance, the cause 
of adipose tissue inflammation is presently unsettled. High-fat 
diet (HFD) feeding was found to change gut microbiota and 
gut barrier function to initiate endotoxemia and insulin resis-
tance in rodents [2,3]. From this, it has been suggested that li-
popolysaccharide-induced activation of immune cells may be 
the primary lesion of adipose tissue inflammation and insulin 
resistance. Apart from this extrinsic immune system activa-
tion, however, there is a possibility that intrinsic changes in ad-
ipocytes are responsible for cell death, which triggers activa-
tion of inflammatory responses in adipose tissue. Thus, more 
than 90% of macrophages infiltrating the adipose tissue of 
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obese animals and humans are arranged around dead adipo-
cytes, forming characteristic crown-like structures [4,5].

Mitochondria generate cellular energy in the form of ade-
nosine triphosphate through glucose and lipid metabolism, 
and produce many biosynthetic intermediates [6,7]. Converse-
ly, mitochondrial dysfunction leads to oxidative stress, cell 
death, inflammation, and metabolic dysfunction [8,9]. Mito-
chondria are abundant in skeletal muscle, heart, brown adipo-
cytes, and the liver. On the other hand, the role of mitochon-
dria in white adipocytes has long been neglected because of 
their low abundance. However, recent evidence suggests that 
mitochondria are essential for maintaining metabolic homeo-
stasis in white adipocytes [10-12]. During the past decade, we 
investigated the roles of mitochondrial function in white adi-
pocytes and found that mitochondrial function is essential for 
adiponectin synthesis [13-15]. In this short review article, we 
proposed our new hypothesis that mitochondrial dysfunction 
in adipocytes may be a primary cause of adipose tissue inflam-
mation and compared this with a prevailing concept that “adi-
pose tissue hypoxia” may underlie adipose tissue dysfunction 
in obesity [16-18].

ADIPONECTIN SYNTHESIS AND 
MITOCHONDRIAL FUNCTION IN 
ADIPOCYTES

It is now clear that the adipocyte is not a pure energy store but 
rather an endocrine gland playing an essential role in energy 
metabolism. Adipocytes secrete bioactive peptides or proteins, 
collectively named “adipokines.” Adiponectin is the most 
abundant adipokine synthesized from adipocytes that has 
many favorable effects on metabolism, including improvement 
of insulin sensitivity and reduction of atherosclerotic processes 
and systemic inflammation [19]. Interestingly, unlike other ad-
ipokines, plasma adiponectin levels are paradoxically lower in 
obese individuals than normal-weight individuals [20]. How-
ever, the cause of this paradox has remained unclear.

Adipocytes undergo two stages of maturation: differentia-
tion and hypertrophy [21]. During the early stage of matura-
tion (differentiation), adipocytes have higher levels of meta-
bolic activities and adiponectin secretion, whereas hypertro-
phic cells lose most of their functional activities and adiponec-
tin secretion [21]. Mitochondrial biogenesis is increased dur-
ing adipocyte differentiation [22]. Therefore, we conducted a 
series of studies with the assumption that mitochondrial func-

tion is linked to adiponectin synthesis.
Peroxisome proliferator-activated receptor γ (PPAR-γ) ago-

nist (thiazolidinediones [TZDs]) increases insulin sensitivity 
and plasma adiponectin levels [23,24]. Interestingly, this action 
of TZDs was associated with an increase in the mitochondrial 
content in adipocytes [13,25]. Nuclear respiratory factor 1 
(NRF-1) is a key transcription factor that regulates mitochon-
drial biogenesis [26]. NRF-1 activates mitochondrial gene ex-
pression by up-regulating mitochondrial transcription factor 
A (mtTFA), which is essential for the replication and transcrip-
tion of mitochondrial DNA (mtDNA). TZDs increased the ex-
pression levels of NRF-1 and mtTFA in 3T3L1 adipocytes, and 
siRNA against mtTFA reversed the TZD-induced increase in 
adiponectin synthesis and mtDNA content [13]. Adenovirus-
mediated overexpression of NRF-1 in cultured 3T3L1 adipo-
cytes increased mtTFA expression and mtDNA content, and 
these changes were accompanied by increased levels of adipo-
nectin synthesis. Impaired mitochondrial function increased 
endoplasmic reticulum (ER) stress. Also, agents causing mito-
chondrial dysfunction or ER stress reduced adiponectin tran-
scription via activation of c-Jun NH2-terminal kinase (JNK) 
and consequent induction of activating transcription factor 3 
(ATF3). This study was the first to show that mitochondrial 
function is linked to adiponectin synthesis in adipocytes [13]. 

Among the known nitric oxide (NO) synthases, endothelial 
NO synthase (eNOS) plays an important role in the regulation 
of vascular tone and blood pressure [27,28]. However, eNOS is 
also essential for mitochondrial biogenesis [29]. In our study, 
eNOS inactivation decreased adiponectin secretion in cultured 
adipocytes, and plasma adiponectin level and mitochondrial 
biogenesis in white adipose tissue were decreased in adult 
eNOS knockout (K/O) mice. Moreover, NO supply increased 
adiponectin synthesis and mitochondrial biogenesis in cul-
tured adipocytes and eNOS K/O mice. These results suggested 
that proper function of eNOS in adipocytes is necessary for 
mitochondrial biogenesis and adiponectin synthesis [14].

Cushing’s syndrome is a prototype of metabolic syndrome, 
characterized by central obesity, hypertension, insulin resis-
tance, and glucose intolerance. Elevated levels of either endog-
enous or exogenous glucocorticoids cause this phenomenon. 
However, circulating cortisol levels are not always increased in 
subjects with metabolic syndrome, suggesting an intracellular 
mechanism that links glucocorticoid metabolism and meta-
bolic syndrome [30,31]. 11β-Hydroxysteroid dehydrogenase 
type 1 (11β-HSD1) converts inactive glucocorticoids into ac-
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tive glucocorticoids [32], and 11β-HSD1 activity is increased 
in adipose tissues of leptin-resistant Zucker obese rats [33]. 
Also, adipocyte-specific overexpression of 11β-HSD1 in trans-
genic mice produced typical features of metabolic syndrome 
[34]. In our study, 11β-HSD1 mRNA expression was in-
creased, and mitochondrial respiration was decreased during 
prolonged culture of 3T3L1 adipocytes. Treatment with AZD 
6925, a selective 11β-HSD1 inhibitor, increased mitochondrial 
biogenesis in cultured adipocytes. It also increased plasma adi-
ponectin levels in db/db mice. This study may explain how hy-
pertrophic adipocytes of obese subjects having decreased mi-
tochondrial function produce a lower amount of adiponectin.

Taken together, it is suggested that mitochondrial function is 
essential for the production of adiponectin in adipocytes.

STUDIES SUPPORTING THE ROLE OF 
ADIPOCYTE MITOCHONDRIAL 
DYSFUNCTION IN INSULIN RESISTANCE

Consistent with our studies, other groups also reported that 
mitochondrial dysfunction in adipocytes may cause obesity or 
insulin resistance. Cellular levels of mitochondrial proteins, 
mitochondrial DNA contents, and mitochondrial function 
were decreased in obese (ob/ob) and diabetic (db/db) mice 
[13,25]. More recently, an inverse regulation of inflammation 
and mitochondrial function was found in adipose tissue of 
morbidly obese patients [35]. Haplodeficiency of Crif1, a pro-
tein required for the intramitochondrial production of mtD-
NA-encoded oxidative phosphorylation (OXPHOS) subunits, 
reduced adipose OXPHOS capacity and triggered inflamma-
tion and insulin resistance in mice [36]. Mice deficient in mtT-
FA in adipocytes showed impaired mitochondrial biogenesis in 
adipose tissue, lipodystrophic syndrome with insulin resis-
tance, hepatosteatosis, and cardiovascular complications [37]. 
In humans, mtDNA contents, mtDNA-encoded transcripts, 
and mitochondrial OXPHOS protein levels in adipose tissue 
were downregulated in the obese compared with the lean co-
twins [38]. Pathway analysis indicated downshifting of fatty 
acid oxidation, ketone body production and breakdown, and 
the tricarboxylic acid cycle, which was inversely correlated with 
adiposity, insulin resistance, and inflammatory cytokines [38].

Taken together, these results suggested that mitochondrial 
dysfunction is found in adipocytes of human and animals with 
obesity, and that this is related to insulin resistance, adipose tis-
sue inflammation, and/or lipodystrophy.

ADIPOCYTE MITOCHONDRIAL 
DYSFUNCTION IN AGING

Increasing evidence suggests that mitochondrial function is a 
potential central regulator of the aging process [39]. Mitochon-
drial dysfunction contributes to cellular senescence, chronic 
inflammation, and the age-dependent decline in stem cell ac-
tivity [40]. A recent study reported that mitochondrial com-
plex IV dysfunction is pivotal in aging-associated obesity [41]. 
Plasma adiponectin levels are decreased in apparently healthy 
elderly men and women [42], and aging is associated with cir-
culating inflammatory markers independent of body mass in-
dex [43]. Taken together, these results suggest that mitochon-
drial dysfunction in adipocytes is related to adipose tissue in-
flammation in aging as well as obesity or insulin resistance.

HYPOTHESIS: MITOCHONDRIAL 
DYSFUNCTION MAY BE A PRIMARY CAUSE 
OF ADIPOSE TISSUE INFLAMMATION

Immune cell infiltration is a prominent feature of dysfunction-
al adipose tissue, and these immune cells include M1 and M2 
macrophages, effector and memory T-cells, interleukin 10 pro-
ducing FoxP3+ T regulatory cells, natural killer and natural 
killer T (NKT) cells, and granulocytes [44]. Of these various 
immune cells, adipose tissue macrophages play a central role 
in the genesis of adipose tissue inflammation [45]. At least two 
distinct populations of macrophages infiltrate the adipose tis-
sue: proinflammatory (M1) and anti-inflammatory (M2). 
Among the M1 and M2 macrophage markers, inducible nitric 
oxide synthase (iNOS) and arginase are considered the most 
important molecules responsible for M1 and M2 activities, re-
spectively [45]. iNOS metabolizes arginine to NO and citrul-
line. On the other hand, arginase expressed in M2 macro-
phages hydrolyzes arginine to ornithine and urea. 

Macrophages have been shown to aggregate, forming crown-
like structures surrounding necrotic adipocytes in obesity 
[4,46]. Therefore, it was proposed that necrosis of adipocytes is 
a prominent phagocytic stimulus that activates adipose tissue 
macrophage infiltration [4]. Mitochondria play a central role 
in cell death [47,48]. Thus, mitochondrial dysfunction in adi-
pocytes may trigger cell death in adipocytes to induce adipose 
tissue inflammation.

Monocyte chemoattractant protein-1 (MCP-1) is produced 
predominantly by macrophages and endothelial cells and is a 
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potent chemotactic factor for monocytes. However, it is now 
well recognized that adipocytes are an important source of 
MCP-1 production [49]. mRNA expression in adipose tissue 
and the plasma concentration of MCP-1 were increased in 
obese mice [50]. Recently, mitochondrial dysfunction was 
shown to increase MCP-1 expression in renal tubular epithelial 
cells causing inflammation [51]. Thus, there is a possibility that 
mitochondrial dysfunction in adipocytes causes increased ex-
pression of MCP-1 in adipocytes to increase chemotaxis of 
macrophages into adipose tissue.

Finally, adiponectin is well-known to activate AMP-activat-
ed protein kinase (AMPK) in diverse tissues [52], and adipo-
nectin activates AMPK in macrophages [53]. AMPK shifts M1 

to M2 macrophage polarization [54,55], and adiponectin was 
shown to prime human monocytes into anti-inflammatory M2 
macrophages [56]. Therefore, we propose that failure to pro-
duce adiponectin synthesis due to mitochondrial dysfunction 
in adipocytes may lead to decreased M2 macrophage polariza-
tion and increased adipose tissue inflammation (Fig. 1). 

PROINFLAMMATORY RESPONSE OF 
MACROPHAGES MAY EXACERBATE 
MITOCHONDRIAL DYSFUNCTION IN 
ADIPOCYTES

As described above, mitochondrial dysfunction in adipocytes 

Fig. 1. Hypothesis: mitochondrial dysfunction in adipocytes may be a primary cause of adipose tissue inflammation. Hypertro-
phic adipocytes in obesity or cellular aging are associated with increased expression levels of 11β-hydroxysteroid dehydrogenase 
type 1 (11β-HSD1), and these cells show reduced mitochondrial respiration and increased glycolysis. Mitochondrial dysfunction 
may trigger necroptosis in adipocytes or increase monocyte chemoattractant protein-1 (MCP-1) production, which initiates adi-
pose tissue inflammation by attracting macrophages into adipose tissue. In addition, mitochondrial dysfunction in adipocytes 
decreases synthesis of adiponectin, a well-known AMP-activated protein kinase (AMPK) activator. Reduced AMPK activation in 
macrophages may increase M1/M2 macrophage polarization. Therefore, mitochondrial dysfunction in adipocytes may increase 
adipose tissue inflammation with increased M1/M2 polarization through a decrease in adiponectin synthesis.
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may be the primary mechanism that triggers adipose tissue in-
flammation and insulin resistance. However, proinflammatory 
cytokines were shown to regulate adipocyte mitochondrial 
metabolism [57]. We thus examined the other possibility that 
proinflammatory response of macrophages induces mitochon-
drial dysfunction in adipocytes.

In addition to inflammation, adipose tissue fibrosis is exac-
erbated in obese human subjects and HFD-fed rodents. Fibro-
sis limits the expandability of adipose tissue and contributes to 
ectopic fat accumulation and the development of insulin resis-
tance [45]. Classically activated (M1) macrophages have in-
creased iNOS expression and contribute to adipose tissue in-
flammation. We examined the relationship between NO pro-
duced by macrophages and adipose tissue fibrosis. The hypox-
ia-inducible factor 1α (HIF-1α) protein level was increased in 
adipose tissue of wild-type (WT) mice fed an HFD for a pro-
longed period but not in iNOS K/O mice. The expression of 
mitochondrial biogenesis factors was decreased in HFD-fed 

WT mice but not in iNOS K/O mice. In studies with cultured 
cells, macrophage-derived NO decreased the expression of mi-
tochondrial biogenesis factors and increased DNA damage and 
phosphorylated p53 in preadipocytes. By activating p53 signal-
ing, NO suppressed expression of peroxisome proliferator-ac-
tivated receptor gamma coactivator 1α (PGC-1α), which in-
duced mitochondrial dysfunction and inhibited preadipocyte 
differentiation to adipocytes. The effects of NO were blocked 
by rosiglitazone. These findings suggest that NO produced by 
macrophages induces mitochondrial dysfunction in preadipo-
cytes by activating p53 signaling, which in turn increases HIF-
1α protein levels and promotes a profibrogenic response in 
preadipocytes that results in adipose tissue fibrosis [45].

These results suggest that, in addition to primary mitochon-
drial dysfunction in adipocytes, there may be additional mech-
anisms that promote and sustain mitochondrial dysfunction in 
adipocytes and/or adipose tissue inflammation/fibrosis (Fig. 2).

Fig. 2. Proinflammatory response of macrophages may exacerbate mitochondrial dysfunction in adipocytes. In addition to the 
primary mitochondrial dysfunction resulting from possible intrinsic defect in mitochondrial quality control in adipocytes, nitric 
oxide (NO) produced by inducible nitric oxide synthase in activated macrophages may exacerbate mitochondrial dysfunction in 
preadipocytes. Mitochondrial dysfunction in preadipocytes increases pseudohypoxic response, which leads to a defective differ-
entiation of preadipocytes to mature adipocytes, and adipose tissue fibrosis. PGC-1α, peroxisome proliferator-activated receptor 
gamma coactivator 1α.
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MITOCHONDRIAL QUALITY CONTROL 
AND MITOPHAGY

To ensure adequate function of mitochondria, quality control 
mechanisms are necessary to eliminate damaged mitochon-
drial proteins or parts of the mitochondrial network by mi-
tophagy and renew components by adding protein and lipids 
through biogenesis [58]. When dysfunctional mitochondria 
are not cleared adequately by mitophagy, this may lead to ag-
ing-associated diseases [59].

In mammals, mitophagy is mediated either by the PTEN-in-
duced putative kinase 1 (PINK1)-Parkin signaling pathway or 
the mitophagic receptors Bnip3 and Nix [60]. Even though the 
role of mitophagy in adipocytes has not been studied ade-
quately, a recent study found that PINK1-Parkin alleviates 
metabolic stress induced by obesity in adipose tissue and 3T3-
L1 preadipocytes [61]. 

CLINICAL IMPLICATION 

Then, what would be the clinical implication of these findings? 
Exercise training has long been known to increase mitochon-
drial biogenesis in skeletal muscle [62]. In addition, recent 
studies found that exercise training increases mitochondrial 
biogenesis in white adipose tissue [63,64]. Thus, the beneficial 
effect of exercise training may, at least in part, be due to its ef-
fect on mitochondria in adipose tissue.

TZDs are known to increase mitochondrial biogenesis in 
adipocytes [65] and are currently used in clinical medicine to 
treat diabetes mellitus and insulin resistance. There may be 
many other chemical or natural compounds that improve mi-
tochondrial function [66] in adipocytes through increase of 
mitochondrial biogenesis and/or mitophagy, but their role in 
clinical medicine remains to be determined.

COMPARISON OF OUR HYPOTHESIS WITH 
HYPOXIA THEORY

Finally, we would like to compare our hypothesis with a pre-
vailing concept that “adipose tissue hypoxia” may underlie adi-
pose tissue dysfunction in obesity. In the year 2007, two groups 
of researchers proposed that adipose tissue of obese mice is hy-
poxic, and that local adipose tissue hypoxia dysregulates the 
production of adiponectin [16,67]. Since then, this has been 
regarded as the main mechanism of insulin resistance by many 

investigators [68,69]. However, we found that mitochondrial 
dysfunction in preadipocytes of HFD-fed mice induced pseu-
do-hypoxic induction of HIF-1α protein levels, which led to 
adipose tissue fibrosis [45].

In fact, cellular response to hypoxia and pseudo-hypoxic re-
sponse by mitochondrial dysfunction is very similar in that 
both conditions are characterized by decreased mitochondrial 
respiration and increased glycolysis. “Adipose tissue hypoxia” 
theory explains that there is hypoxia in enlarged adipocytes 
distant from the vasculature [70]. The only method that could 
determine whether adipose tissue hypoxia is present in adi-
pose tissue of obesity is the measurement of oxygen tension. 
However, the results are quite controversial. Most studies per-
formed in rodents reported that adipose tissue oxygen tension 
is decreased in obese animals [16,67,71]. On the other hand, a 
study performed in humans reported increased adipose tissue 
oxygen tension despite lower adipose tissue blood flow in 
obese compared with lean individuals [72]. This was accompa-
nied by insulin resistance, lower adipose tissue capillarization, 
lower adipose tissue expression of genes encoding proteins in-
volved in mitochondrial biogenesis and function, and higher 
macrophage infiltration and inflammatory markers. 

CONCLUSIONS

In this article, we proposed that mitochondrial dysfunction in 
adipocytes may be a primary cause of adipose tissue inflam-
mation (Fig. 1). Despite widespread belief on adipose tissue 
hypoxia theory, we hypothesize that mitochondrial dysfunc-
tion in adipocytes is the primary cause of insulin resistance 
and adipose tissue inflammation (Fig. 3). Defective mitochon-
drial function and decreased fatty acid oxidation in adipocytes 
would increase triglyceride accumulation to cause adipocyte 
enlargement and adipose tissue hypoxia. In addition, mito-
chondrial dysfunction in adipocytes may exert a “pseudohy-
poxic response” to promote adipose tissue fibrosis, making it 
difficult to distinguish these two theories from each other. 
Even though adipose tissue hypoxia has been commonly ob-
served in mouse obesity, human data reported increased adi-
pose tissue oxygen tension [60]. In addition, mitochondrial 
dysfunction in adipose tissue was found in human obesity 
[37,61], supporting our hypothesis that mitochondrial dys-
function in adipocytes is a primary cause of insulin resistance 
in obesity. The cause of mitochondrial dysfunction in adipo-
cytes in obesity is presently unknown, but future studies are 
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warranted to test whether a defective mitochondrial quality 
control mechanism is responsible for mitochondrial dysfunc-
tion in hypertrophic adipocytes.
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