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Peroxisome proliferator-activated receptor y (PPARY) coactivator-1 a (PGC-1a) is a master transcriptional cofactor
for mitochondrial biogenesis. PGC-1a was discovered as a PPARy-interacting protein that is expressed
preferentially in brown adipose tissue (BAT) . PGC-1a binds to transcription factors, such as nuclear respiratory

factor (NRF)-1, NRF-2, and estrogen-related receptor a (ERRa), thereby coactivating downstream genes .

PGC-1a obesity caloric restriction white adipose tissue

| 1. Introduction

coactivator-1 a (PGC-1a) is a master transcriptional cofactor for mitochondrial biogenesis. PGC-1a binds to
transcription factors, such as nuclear respiratory factor (NRF)-1, NRF-2, and estrogen-related receptor a (ERRa),
thereby coactivating downstream genes 2Bl transcriptionally regulate various mitochondrial genes involved in
the respiratory chain, and replication and transcription of mitochondrial DNA (mtDNA), which encodes part of
proteins comprising respiratory chain complexes . Among the downstream mediators of PGC-1a, transcription

factor A mitochondria (TFAM) is a major factor responsible for mitochondrial biogenesis 2.

Obesity, which is characterized by excess body weight or fat mass due to over-nutrition, causes disturbances in the
metabolic, endocrine, and immune systems in the whole body. These obesity-induced abnormalities pose serious
health problems, including type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver disease, and cardio- and
cerebrovascular diseases Obesity induces many cellular stresses and inflammatory signaling pathways by excess
or ectopic accumulation of fat in various tissues, resulting in insulin resistance and hepatic steatosis B4, Moreover,
emerging evidence has indicated a relationship of mitochondrial dysfunction with oxidative stress and systemic

inflammation in the obese condition &,

A recent report showed that CR exerted beneficial effects on non-human primates, which suggested the
effectiveness of CR in humans &l Previous studies have described that beneficial effects of CR including various
physiological and molecular mechanisms (9. These mechanisms include enhancement of mitochondrial
biogenesis, suppression of inflammation, mitigation of oxidative stress, suppression of growth hormone/insulin-like
growth factor (GH/IGF-1) signaling, mechanistic target of rapamycin complex 1 activity, and activation of sirtuin. In
fact, we have shown that mitochondrial regulation in white adipose tissue (WAT) contributes to the beneficial
effects of CR 111112
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WAT largely comprises adipocytes, but also comprises adipose-derived stem cells (ADSC), fibroblasts,
macrophages, and other immune cells 23 Adipocytes are endocrine cells that secrete adipokines, such as
adiponectin, leptin, and pro-inflammatory cytokines 23Il141 The secretory profile and characteristics of WAT vary
depending on the size of adipocytes. In contrast, small adipocytes with a modest amount of TG, which are
frequently observed in CR models, secrete more adiponectin and less monocyte chemoattractant protein-1 and

TNFa, leading to improved insulin sensitivity in the whole body 22!,

As mentioned above, mitochondrial regulation is closely implicated in obesity-related pathology and the effects of
CR, supporting the relationship between PGC-1a and metabolic states in WAT. Despite many reviews of PGC-1q,
few papers currently focus on and comprehensively highlight its link with metabolic states. Therefore, to provide
novel insights into the physiological significance of PGC-1q, this review outlines the functions of mitochondria and
the involvement of PGC-1a with obesity- and CR-related physiological changes in WAT, which is a tissue involved

in whole-body metabolism.

| 2. Mitochondria and PGC-1a in WAT during Obesity or CR

Adipocytes in WAT contain small and elongated mitochondria in the narrow cytoplasmic space, resulting from a
large, unilocular lipid droplet formed by TG 817 Some previous reports and reviews have described the
relationship between mitochondria and white adipocyte-specific functions, such as adipocyte differentiation (or
adipogenesis), lipid homeostasis, and insulin sensitivity 181291 Wilson-Fritch and colleagues showed that in 3T3-L1
cells (mouse fibroblasts with the ability to differentiate into adipocytes under specific conditions), mitochondrial
capacity is activated depending on differentiation of adipocytes [29. During differentiation of adipocytes,
transcriptional factors, including CCAAT/enhancer binding proteins, ERRa, and PPARYy, are sequentially induced,

which in turn promote maturation of adipocytes [21]122](23]

Furthermore, mitochondria reportedly provide the key factors for de novo synthesis of both FA and TG, including
citrate, glycerol 3-phosphate (G3P), and nicotinamide adenine dinucleotide phosphate (NADPH) 24123, |n nutrient-
rich conditions, citrate, which is an intermediate of the TCA cycle in mitochondria, is shuttled into the cytosol
through the citrate carrier 28, In fact, PGC-1a reportedly induces lipogenesis by the production of citrate in tumors,
thereby promoting tumor growth 24, These findings underscore that mitochondria regulate both lipid metabolism

and lipogenesis.

Insulin sensitivity is closely involved in lipogenesis via transcriptional regulation of FA synthesis-related factors in
white adipocytes [28129] The following studies are examples indicating the association between mitochondria and
insulin sensitivity. However, primary adipocytes established from subcutaneous WAT of obese patients have been
shown to exhibit increased mitochondrial respiration despite their insulin resistance B9, Therefore, although it
remains to be determined whether mitochondria are directly or indirectly associated with insulin sensitivity,
mitochondria may participate in lipogenesis via the regulation of insulin signaling in addition to the supply of
metabolic intermediates.
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Obesity impairs mitochondrial biogenesis and oxidative metabolism in WAT 29, White adipocytes isolated from
ob/ob mice or db/db mice (genetic obesity models) show a comprehensive decrease in the expression of genes
encoding mitochondrial proteins and a decline in oxygen consumption and citrate synthase activity 21EBLE2] |
agreement with the results of experimental animal models, several studies have provided evidence that WAT in
humans with obesity shows low levels of mtDNA and proteins comprising mitochondrial respiratory complexes 29
(331341(35]  Similarly, human studies have shown that obesity attenuates PGC-1a expression in WAT [B41[33]36][37],

Adipocytes observed in obese WAT generally show an increased cell size (hypertrophy), rather than cell number
(hyperplasia) 29, As described above, hypertrophic adipocytes trigger insulin resistance. Because of the
relationship between adipogenesis and mitochondrial biogenesis, mitochondrial regulation by PGC-1a is predicted
to be involved in the pathology of obesity via morphological changes in white adipocytes. Therefore, mitochondrial
biogenesis regulated by PGC-1a may play an important, but not necessary, role in the differentiation of white

adipocytes.

Negative regulators of PGC-1a, including receptor-interacting protein 140 (RIP140), p53, DNA methyltransferase 3
(DNMT3), and MYB binding protein (p160) l1a (MYBBPla) and Parkin interacting substrate (PARIS), are
considered to be responsible for obesity-induced downregulation of PGC-1a [28l. Hence, we explain the relationship

between each negative regulator and PGC-1a in the following paragraphs.

RIP140 is a coregulator of a number of nuclear receptors and several other transcription factors in various tissues
and organs 949 Sybsequently, Powelka and colleagues reported that RIP140 suppressed oxidative metabolism
and mitochondrial biogenesis in adipocytes 41, Moreover, RIP140 depletion has been shown to prevent obesity-
induced glucose intolerance and insulin resistance in mice 2[4l These findings indicate the substantial

contribution of RIP140 to the pathology of obesity via downregulated PGC-1a in WAT.

The tumor suppressor p53 is responsive to various stresses, and accumulated evidence has also strongly
suggested that p53 greatly contributes to mitochondrial regulation ©3l44  QOur laboratory has identified a
suppressive effect of p53 on PGC-1a expression levels and mtDNA content in 3T3-L1 adipocytes, but not in C2C12
myocytes 43, Additionally, Maser and colleagues found that telomere dysfunction-induced p53 repressed PGC-1a
expression, which led to mitochondrial dysfunction 48, Similarly, in vivo transient repression of p53 by the
CreERT2/loxP system or administration of pifithrin-a (inhibitor of p53 transcriptional activity) induce PGC-1la

expression in WAT, and reduce the respiratory exchange ratio 47,

DNMT3 plays a central role in epigenetic modifications of the genome via DNA methylation 48 Furthermore,
DNMTs are increased in WAT in patients with obesity, thereby inducing the methylation rate of the promoter region
of the Krilppel-like factor 4 (KLF4) gene (an anti-inflammatory factor) and suppressing this expression 2. These
studies suggest that DNMT3 is associated with obesity-related downregulation of PGC-la expression and
mitochondrial function in adipocytes or WAT, despite no direct evidence. MYBBPla represses transcriptional

activity of PGC-1a by direct interaction in skeletal muscle 29,
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In fact, many studies have addressed the effects of CR on mitochondrial biogenesis and efficiency in skeletal
muscle, brain, or BAT in rodent models B, In agreement with our result, a microarray study performed by Linford
and colleagues showed CR-induced upregulation of genes involved in mitochondrial oxidative phosphorylation in
WAT B2 Similarly, Pardo and colleagues showed that CR-induced upregulation of mitochondrial genes in WAT
depended on PGC-1a and PGC-1p using double-KO mice 53], Another study also showed that CR was more likely
to upregulate mRNA levels of thermogenic genes and Pgc-1a in WAT than in BAT, which represented induction of
beiging 241,

The suppression of negative regulators of PGC-1a is likely to be a mechanism involved in CR-upregulated PGC-1a
expression. Likewise, transcriptome analysis of WAT from CR mice showed p53 gene expression was suppressed
by CR 3. Additionally, Wang and colleagues demonstrated that aging induced RIP140 expression, while CR
prevented this induction in WAT 58], These studies support the proposal that the suppression of negative regulators

can contribute to CR-upregulated PGC-1a expression and mitochondrial biogenesis in WAT.

AMPK enhances the transcriptional activity of PGC-1a by promoting its phosphorylation, and also upregulates Pgc-
1a, resulting in activation of mitochondrial metabolism and biogenesis BZB8l SIRT1 is involved in mitochondrial
biogenesis by stimulating activity of PGC-1a via its deacetylation, despite the controversy over whether this
involvement is critical for regulation of PGC-1a BIEA6162] 5IRT1/PGC-1a axis plays a central role in CR-related
regulation of mitochondrial biogenesis in various organs and tissues, and is accepted as a main target of CR
mimetics 3. Notably, resveratrol fails to increase mitochondrial gene levels in skeletal muscle of muscle-specific

Pgc-1a KO mice, but there are systemic effects of this compound on energy expenditure 641,

In addition to the AMPK/SIRT1/PGC-1a axis, we have recently identified sterol regulatory element-binding protein
1c (SREBP1c) and fibroblast growth factor 21 (FGF21) as WAT-specific mediators of CR-induced mitochondrial
biogenesis 2285, Our microarray analysis of WAT in ad libitum-fed rats, CR rats, and dwarf rats with suppressed
GH/IGF-1 signaling showed that CR induced expression of genes involved in FA synthesis and In CR conditions,
Srebp-1c KO mice showed loss of upregulation of genes involved in FA synthesis in WAT and suppression of
extension of the lifespan 2. These findings suggest that SREBP-1c is a direct inducer of PGC-1a expression and

mitochondrial biogenesis.

However, Fgf21 is expressed in other tissues or organs, such as WAT, BAT, and skeletal muscle 88, Circulating
FGF21, which is mostly secreted from the liver, binds to FGF receptor (FGFR) and the beta-klotho (KLB) receptor
complex in target tissues, which in turn regulates glucose and lipid metabolism 2. Notably, FGF21 signaling
induces Pgc-1a expression in adipocytes 88, We recently reported that CR upregulated Fgf21 and Klb expression,
as well as glucose transporter 1 and Pgc-1a expression, which are downstream genes of FGF21 signaling, in rat
WATs [65],

| 3. Discussion
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Accumulated evidence has shown functional changes of mitochondria in WAT in relation to the systemic metabolic
state, including obesity and CR. The cause-and-effect relationship between PGC-1a and the influence of obesity or
CR on WAT is complicated. We aimed to provide insight into the physiological significance of alterations in PGC-1a

in WAT as follows.

In the early phase of obesity, adipogenesis and lipid anabolism need to be extremely induced to metabolize excess
nutrition, probably resulting in over-activation of mitochondria in WAT. The persistence of such a condition in
mitochondria is generally considered to trigger production of more reactive oxygen species (ROS), which are
byproducts of oxidative phosphorylation. At low levels, ROS play an important role in insulin signal transduction
and differentiation of adipocytes BI79  Although PGC-1a is involved in not only mitochondrial biogenesis, but
improvement of oxidative stress, obesity-induced downregulation of PGC-1a may represent a defensive reaction to

accumulation of abnormal mtDNA

CR is regarded as a chronic and mild energy shortage condition. CR significantly enhances lipid catabolism in the
whole body, which allows more efficient systemic metabolism to compensate for an energy shortage [/l A previous
study and our study suggest that WAT contributes to this metabolic shift by promoting de novo synthesis of lipids,
which are a more efficient source of energy than carbohydrates [22’1l Considering that mitochondria play an
important role in lipogenesis as mentioned above, CR-induced PGC-1a in WAT may represent enhanced de novo

lipogenesis, rather than lipid catabolism by [3-oxidation.

In this manuscript, we review findings mainly based on studies that focus on the physiological changes from normal
conditions to obese or CR conditions. However, there are many studies that demonstrate CR-related changes in
obese conditions ZAZBI7AITEI76] |nyvestigation of the effects of CR on obesity physiology is important for evaluating
the clinical significance of CR. Thus, further accumulation of relevant findings will aid in addressing the cause-and-

effect relationship between PGC-1a and obesity or CR.

Methodological limitations of the current research mentioned in this review include phenotypic differences between
systemic and conditional KO mice. It is conceivable that metabolic alterations are especially susceptible to these
differences. For instance, fat-specific conditional KO mice may provide experimental models suitable for more
accurate analysis of targeted genes. Hence, the development of a technical method that allows conditional gene

deletion to specifically target WAT is desired.

Regulation of mitochondrial dynamics is attributed to not only mitochondrial biogenesis, which is enhanced by
PGC-1a, but also mitochondrial degradation by autophagic clearance, namely “mitophagy” 4. Mitophagy is
implicated in alterations in characteristics of adipocytes, especially beiging . Therefore, a balance of
mitochondrial biogenesis and mitophagy is probably important for maintenance of mitochondrial function in WAT,

and regulation of PGC-1a may be involved in this balance.

In conclusion, much of the evidence introduced in this review strongly indicates that PGC-1a is a major player in

regulating mitochondrial biogenesis or function in WAT in response to a systemic metabolic state (Figure 1).
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Further investigation of WAT- or white adipocyte-specific function of PGC-1a will lead to identification of the novel

mechanisms underlying the relationship between mitochondria and obesity- or CR-related physiological changes.
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Figure 1. Regulation of PGC-1a in white adipose tissue (WAT) and its impact on whole-body metabolism. In obese
WAT, peroxisome proliferator-activated receptor y coactivator-1a (PGC-1a) is transcriptionally silenced by p53 and
tumor necrosis factor a (TNFa), and suppressed at the activity level by interacting with receptor-interacting protein
140 (RIP140). This triggers a decrease in the amount of mtDNA and expression of mitochondrial genes in WAT,
resulting in obesity-related pathology (e.g., insulin resistance and glucose intolerance). In WAT, during caloric
restriction (CR), PGC-1a is transcriptionally upregulated by sterol regulatory element-binding protein 1c (SREBP-
1c) and via the SREBP-1c-fibroblast growth factor 21 (FGF21) axis, and post-translationally activated by AMP-
activated protein kinase (AMPK) and Sirtuin 1 (SIRT1). This induces fatty acid (FA) synthesis, in addition to
increasing mtDNA and mitochondrial gene expression in WAT, resulting in efficient energy metabolism in the whole
body.
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