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Abstract

Adipose tissue is increasingly being recognized as a key regulator of whole
body carbohydrate and lipid metabolism. In conditions of obesity and insulin
resistance mitochondrial content in this tissue is reduced, while treatment
with insulin sensitizing drugs such as thiazolidinediones (TZDs) increase
mitochondrial content. It has been known for decades that exercise increases
mitochondrial content in skeletal muscle and now several laboratories have
shown similar effects in adipose tissue. To date the specific mechanisms medi-
ating this effect have not been fully identified. In this review we highlight
recent work suggesting that increases in lipolysis and subsequently fatty acid
re-esterification trigger the activation of 5 AMP-activated protein kinase
(AMP) activated protein kinase and ultimately the induction of mitochondrial
biogenesis. It is our current view that this pathway could be a unifying mech-
anism linking numerous systemic factors (catecholamines, interleukin-6, mete-
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Introduction

Adipose tissue (AT) has a remarkable ability to expand
and accommodate excess energy intake. From an evolu-
tionary standpoint this is beneficial, as it would facilitate
the storage of “extra” calories as fat providing the organ-
ism with a fuel depot to be tapped into between meals.
But nowadays the majority of individuals in Westernized
society have ready access to a wide variety of nutrient
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orin-like) to induction of mitochondrial biogenesis following exercise.

dense foods. The chronic over-consumption of foods can
overwhelm the storage capacity of AT leading to local
(Choe et al. 2016) and systemic (Rosen and Spiegelman
2014) perturbations in carbohydrate and lipid metabo-
lism. Moreover, the important metabolic, endocrine, and
inflammatory properties of AT are now intricately linked
to the etiology of obesity-associated insulin resistance and
type 2 diabetes (Guilherme et al. 2008). In light of the
current surge in the rates of obesity (Flegal et al. 2016)
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and type 2 diabetes (Smyth and Heron 2006; Roglic and
Unwin 2010), interest in AT biology, and how it is per-
turbed by chronic nutrient excess, is growing.

There is a growing body of evidence linking reductions
in AT mitochondria to the development of insulin resis-
tance. For example, in conditions of severe insulin resis-
tance AT mitochondrial proteins are reduced (Choo et al.
2006; Koh et al. 2007), though it should be noted that
this is unlikely to be a causal event in the etiology of
diet-induced insulin resistance (Sutherland et al. 2008).
Moreover, thiazolidinediones (TZD), a class of insulin-
sensitizing medications, improve systemic glucose home-
ostasis partially by inducing AT mitochondrial biogenesis
(Wilson-Fritch et al. 2004; Choo et al. 2006). Unfortu-
nately, TZDs are linked to weight gain (Nichols and
Gomez-Caminero 2007), heart attack (Lipscombe et al.
2007), and bladder cancer (Turner et al. 2014) making it
important to find alternative means of attaining their
benefits, including increased AT mitochondrial content,
without the associated risks. This review will specifically
focus on evidence that the exercise-induced re-esterifica-
tion of fatty acids plays an important role in mitochon-
drial biogenesis in AT which contributes to proper AT
function and metabolic health.

Exercise-Induced Mitochondrial
Biogenesis in Adipose Tissue

It has been known for decades that exercise increases
skeletal muscle mitochondrial content (Holloszy 1960).
Much later, Stallknecht and colleagues (Stallknecht et al.
1991) used a strenuous exercise protocol of 6 h/d of swim
training for 12 weeks to demonstrate, for the first time,
that exercise can increase mitochondrial enzyme activity
in white AT depots of rats. These findings were later con-
firmed by Sutherland et al. (2009) who reported increases
in several mitochondrial proteins in white AT from rats
following 4 weeks of daily (2 h/day) swim exercise. While
these studies clearly show increased mitochondrial pro-
teins in AT, the extremely strenuous nature of the exer-
cise calls into question the clinical relevance of these
findings. However, recent work using forced treadmill
running (Xu et al. 2011) and voluntary wheel running
(Stanford et al. 2015; Peppler et al. 2016) also report
increased mitochondrial proteins in AT.

Taken together, these data support that exercise train-
ing increases mitochondrial enzyme content and activity
in AT, much like skeletal muscle (Little et al. 2011;
Wright 2014). Unfortunately, despite the growing appre-
ciation for the importance of AT mitochondria there is a
dearth of research exploring the mechanistic regulation of
mitochondrial biogenesis in AT. It has been our working
hypothesis that the exercise-induced increase in lipolysis
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and re-esterification are at least partly responsible for
mitochondrial biogenesis in AT.

Regulation of Lipolysis and
Re-Esterification

Lean adults store ~80 000 kcal as triglycerides (TG) in AT
(Horowitz 2003). Prolonged exercise relies heavily on the
breakdown of these TGs into fatty acids (FA) and the
transport of these FAs to other tissues to be oxidized for
energy. Indeed, even during low intensity exercise (25%
VOjmax) the rate of lipolysis increases up to fivefold com-
pared to rest (Wolfe et al. 1990).

Lipolysis is the process of hydrolyzing TG to FAs and
glycerol via the sequential actions of adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (HSL), and
monoglyceride lipase (as reviewed in (Duncan et al
2007)). The liberated FAs have three subsequent fates:
oxidized within the adipocyte, released into systemic cir-
culation, or re-esterified back into TG. A very small per-
centage is oxidized (<0.5%) while the rest is divided
nearly evenly between release and re-esterification, at least
in the fed state (Wang et al. 2003) (Fig. 1).

Importantly, the absolute rate of re-esterification
increases linearly and proportionately with lipolysis
(Vaughan 1962; Reshef et al. 1970; Brooks et al. 1982).
Lipolytic activity increases dramatically during exercise
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Figure 1. The biochemical pathways regulating lipolysis and fatty
acid re-esterification. Triglycerides are broken down to glycerol and
fatty acids by the sequential actions of adipose triglyceride lipase,
hormone sensitive lipase and monolglyceride lipase. Re-esterification
involves the conversion of pyruvate to glycerol-3-phosphate by
phosphoenolpyruvate carboxykinase. This process is aided by
pyruvate dehydrogenase kinase 4 which inhibits the activity of the
pyruvate dehydrogenase complex, thereby shuttling pyruvate away
from acetyl-CoA and towards re-esterification.
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and while it may seem counterintuitive to simultaneously
increase re-esterification during exercise, as it would limit
the availability of FA to active tissues, this may serve to
limit any lipotoxic effects of greatly elevated circulating
FAs (Mottillo et al. 2012). Whatever the teleological
explanation, TG-FA recycling is ~4-times greater in
endurance trained athletes compared to sedentary age-
matched controls (Romijn et al. 1993) and re-esterifica-
tion is blunted in FAT/CD36 knockout (Wan et al. 2014)
and aged mice (Mennes et al. 2014), two models of
reduced lipolysis, supporting the link between lipolysis
and re-esterification in AT.

Re-esterification depends on the adequate provision of
glycerol-3-phosphate (G3P) that serves as the TG back-
bone (Fig. 1). Glyceroneogenesis is the main source of
G3P in AT due to the limited expression of glycerol
kinase (Leroyer et al. 2006) and low glucose uptake under
fasting conditions (Nye et al. 2008). Two enzymes play
important roles in regulating glyceroneogenesis, namely
pyruvate dehydrogenase kinase 4 (PDK4) and phospho-
enolpyruvate carboxykinase (PEPCK). PDK4 inhibits the
pyruvate dehydrogenase complex, thereby blocking the
conversion of pyruvate to acetyl-CoA and shuttling pyru-
vate toward G3P (Cadoudal et al. 2008). At the same
time, PEPCK catalyzes the decarboxylation of oxaloacetate
to form phosphoenolpyruvate, which will ultimately be
converted into G3P. Overexpression of PEPCK in AT of
mice increases FA re-esterification (Franckhauser et al.
2002) whereas the pharmacological inhibition of PDK4
reduces pyruvate incorporation into TGs (Cadoudal et al.
2008), demonstrating the importance of these enzymes in
regulating glyceroneogenesis.

Importantly, whereas lipolysis does mnot consume
energy, re-esterification requires FAs to be acetylated by
acyl-CoA synthetase in a process that consumes ATP and
generates AMP-activated protein kinase (AMP) (Gauthier
et al. 2008) (Fig. 2). More specifically, two ATP molecules
are required for every FA that is acylated, for a total of
7-9 ATP for the synthesis of a TG molecule, depending
on the origin of G3P (Gauthier et al. 2008). In response
to lipolytic hormones this process is possibly the greatest
consumer of ATP in adipocytes (Rognstad and Katz
1966).

AMPK

5’ AMP-activated protein kinase (AMPK) is an energy-sen-
sing enzyme that responds to an increased AMP:ATP
ratio. AMPK is a heterotrimeric protein consisting of a
catalytic o subunit in addition to f and y regulatory
subunits (Long and Zierath 2006). The o and f subunits
are each encoded by two genes (a1 and o2 or f1
and ff2) while the y subunit is encoded by three genes
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Figure 2. Exercise drives the breakdown of triglyceride molecules
into fatty acids. Approximately half of these fatty acids are
converted to acyl-CoA by acyl-CoA synthetase in a process that
produces AMP. Increased AMP can activate AMPK, which would
then drive PGC-1a expression and stimulates mitochondrial
biogenesis in AT.
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(y1, y2, and y3) (Long and Zierath 2006). ATP turnover
can increase >100-fold in skeletal muscle during exercise
compared to rest (Gaitanos et al. 1993) making it unsur-
prising that AMPK is an important metabolic regulator in
this tissue. For example, daily dosing of rats with
aminoimidazole-4-carboxamide ribonucleotide (AICAR)
induces mitochondrial gene expression in skeletal muscle
(Winder et al. 2000), potentially through its ability to
activate AMPK. On the other hand, muscle specific
knockout of AMPK greatly reduces mitochondrial content
(O'Neill et al. 2011), demonstrating the importance of
AMPK in mitochondrial regulation in skeletal muscle.

It is becoming increasingly evident that AMPK has
important functions in AT (Long and Zierath 2006; Stein-
berg and Kemp 2009). Much like in skeletal muscle,
AMPK activity in AT appears to be secondary to an
increased AMP:ATP ratio. Gauthier and colleagues (Gau-
thier et al. 2008) demonstrated that the pharmacological
activation of lipolysis in 3T3-L1 adipocytes increased the
phosphorylation of AMPK and its downstream target
acetyl-CoA carboxylase (ACC). Moreover, when adipo-
cytes were treated with orlistat, a general lipase inhibitor,
lipolysis and AMPK activation were reduced ~50% (Gau-
thier et al. 2008). Finally, adipocytes were incubated with
isoproterenol, to activate lipolysis, with or without triac-
sin C, an acyl-CoA synthase inhibitor that impairs re-
esterification. Co-incubation with triacsin C blunted the
isoproterenol-induced increase in the AMP:ATP ratio and
the phosphorylation of AMPK and ACC (Gauthier et al.
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Figure 3. Exercise stimulates secretion of catecholamines, interleukin-6, and meteorin-like (metrl). Catecholamines bind to -adrenergic
receptors on the adipocyte to stimulate lipolysis through a PKA-mediated pathway. IL-6 stimulates lipolysis, though speculation remains
regarding the precise mechanisms. Metrl indirectly drives lipolysis by modulating the secretion of catecholamines from adipose tissue
macrophages. These factors activate lipolysis and consequently re-esterification. This increases AMP-activated protein kinase activity, the
expression of PGC-1a and mitochondrial biogenesis. Figure clipart provided by Servier Medical Art (www.servier.com).

2008). Collectively, these data support the notion that
AMPK activation in AT is secondary to an increase in the
AMP:ATP ratio and that this decreased energy state
appears to be due, at least in part, to the acylation of the
fatty acids for re-esterification (Gauthier et al. 2008).

These findings could partially explain recent work from
our laboratory showing that reductions in lipolysis are
associated with attenuated AMPK activation. By compar-
ing young (11 week) and old (24 mo) mice we observed
that older mice expressed lower protein content/phospho-
rylation of ATGL, HSL, and PEPCK, indicative of dimin-
ished lipolysis and re-esterification, respectively (Mennes
et al. 2014). Concomitant with this we observed dimin-
ished AMPK phosphorylation and mitochondrial proteins
in epididymal AT of old mice (Mennes et al. 2014). Inter-
estingly, in this project we also observed a significantly
increased FA/glycerol ratio, a marker of diminished
re-esterification, which could explain the reduced AMPK
and mitochondrial enzymes, at least with aging. Taken
together, this might ultimately contribute to the various
metabolic abnormalities associated with aging, such as
insulin resistance (Lopez-Otin et al. 2013).

AMPK can modulate the activity of PGC-1a in skeletal
muscle (Jager et al. 2007). Similarly, incubation of adipo-
cytes with the non-specific AMPK agonist AICAR signifi-
cantly increased the expression of PGC-1a (Gaidhu et al.
2009), suggesting that AMPK can also modulate PGC-1u
expression in white AT. This relationship may explain
why we recently observed diminished PGC-1o expression
and mitochondrial markers in epididymal AT of AMPKf1
knockout mice compared to wildtype animals (Wan et al.
2014). Moreover, in response to ex vivo treatment with
norepinephrine or CL316,243, both potent f-adrenergic
activators, there was a markedly blunted induction of
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PGC-1a expression in epididymal AT cultures from
AMPKJf1 knockouts (Wan et al. 2014).

Although there is convincing evidence that lipolysis
and AMPK are important mediators of AT mitochondrial
biogenesis, work from Granneman’s lab demonstrates
otherwise (Mottillo and Granneman 2011). This group
observed that the acute treatment of 3T3-L1 adipocytes
with CL316,243, a -3 adrenergic agonist, increased PGC-
lo expression, but impeding FA release by pharmacologi-
cally blocking HSL or knocking down ATGL actually
potentiated the induction of PGC-1a. Additionally, when
HSL was pharmacologically inhibited in vivo by BAY
59-9435 prior to treatment with CL316,243 there was
a > 5-fold potentiation in the expression of PGC-la,
NOR-1 and UCP-1 in mouse epididymal AT compared
to CL 316,243 treated controls (Mottillo and Granneman
2011). Despite AMPK activity not being assessed in this
project, the results are difficult to reconcile with other
work showing that AMPK activation is diminished when
the release of FA is reduced (Watt et al. 2006; Gauthier
et al. 2008), although only mRNA was measured, which
could potentially explain the conflicting results.

In light of these findings we analyzed the relationship
between lipolysis, AMPK, and PGC-lo expression in
ATGL knockout mice and adipocytes treated with
ATGListatin, an ATGL inhibitor (MacPherson et al.
2016). We observed that CL316,243-induced AMPK activ-
ity was blunted in both models but PGC-1lo expression
was intact in both ATGL deficient mice and 3T3-L1 adi-
pocytes treated with ATGListatin (MacPherson et al.
2016). These findings seem to show that, at least under
conditions of reduced FA release in the presence of a
robust activation of PKA, AMPK is not required for the
p-adrenergic-mediated  induction of PGC-loe and
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mitochondrial biogenesis. As FAs have been shown to
directly attenuate the expression of PGC-1o in adipocytes
(Gao et al. 2010) we speculate that the blunted release of
FAs relieves an inhibitory effect of FAs on PGC-1a that
may mask the reduction in AMPK activity.

PGC-1a

PGC-1a is a master regulator of mitochondrial biogenesis
(Puigserver et al. 1998; Rohas et al. 2007). The overex-
pression of PGC-lo in human subcutaneous adipocytes
increased mitochondrial enzyme expression (Tiraby et al.
2003) while the AT-specific deletion of PGC-1o in mice
decreased expression of mitochondrial genes (Kleiner
et al. 2012). At the same time, insulin-resistant rodents
(Valerio et al. 2006), obese individuals (Semple et al.
2004), and type 2 diabetics (Bogacka et al. 2005) all
express diminished AT PGC-lo. Additionally, TZD-
induced AT mitochondrial biogenesis is accompanied by
increased PGC-1a expression (Bogacka et al. 2005). These
data show that AT PGC-1lo plays an important role in
systemic glucose homeostasis, conceivably via its role in
AT mitochondrial biogenesis.

PGC-1u is important for exercise-induced mitochon-
drial biogenesis in skeletal muscle (Safdar et al. 2011)
and, although far less researched, we have shown that
exercise training also induces PGC-1la mRNA expression
in AT. Immediately following 2 h of swimming, PGC-1a
mRNA expression was significantly elevated in epididymal
and retroperitoneal AT compared to sedentary rats
(Sutherland et al. 2009). Performing this protocol daily
for 4 weeks significantly increased AT mitochondrial con-
tent, suggesting that repeated acute activation of PGC-1a
could contribute to exercise-induced mitochondrial bio-
genesis. Indeed, at the protein level, we have recently
observed significantly increased PGC-1a content in epi-
didymal and inguinal AT depots following 10 weeks of
voluntary wheel running (Peppler et al. 2016).

Similar to the activation of AMPK, the induction of
PGC-1a could be secondary to increases in FA re-esterifi-
cation. Utilizing AT cultures from FAT/CD36 knockout
mice that have attenuated FA uptake and lipolysis, we
observed an increased FA:glycerol ratio and ~50% reduc-
tion in PEPCK mRNA expression (Wan et al. 2013),
indicative of reduced re-esterification. Interestingly, in
these knockout mice we also observed diminished expres-
sion of PGC-la (Wan et al. 2013) supporting our
hypothesis that re-esterification can activate PGC-1o and
mediate AT mitochondrial biogenesis. One attractive
explanation for these observations is that the reduced FA
uptake and lipolysis led to reduced re-esterification.
Attenuated re-esterification lessened the cellular stress
resulting from FA acetylation, decreasing the activation of
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AMPK (Gauthier et al. 2008), an enzyme known to regu-
late PGC-1a (Jager et al. 2007) and mitochondrial bio-
genesis in AT (Wan et al. 2014).

Catecholamines, IL-6 and Other
Potential Mediators

We hypothesize that the rise in circulating catecholamines
during exercise activates lipolysis and increases FA re-ester-
ification leading to the activation of AMPK and the subse-
quent induction of PGC-1a. Given this proposed pathway,
it seems likely that any stimuli that activate lipolysis should
therefore induce mitochondrial biogenesis in AT.

It is now recognized that skeletal muscle is an active
endocrine organ and it has been postulated that contrac-
tion-stimulated increases in the secretion of muscle-
derived signaling peptides or myokines could mediate
some of the beneficial effects of exercise on AT metabo-
lism. For example, much recent work has focused on
interleukin 6 (IL-6). Exercise can stimulate IL-6 secretion
from skeletal muscle (Ostrowski et al. 1998) while IL-6
infusions have been shown to increase indices of whole
body lipolysis (van Hall et al. 2003). It should be noted
however that the direct effects of IL-6 in stimulating
lipolysis in cultured adipocytes (van Hall et al. 2003) or
AT (Wan et al. 2012) are muted compared to that of
catecholamines. That being said, there is accumulating
evidence to suggest the involvement of IL-6 in the exer-
cise-mediated adaptations in AT. For example, IL-6 injec-
tions (Knudsen et al. 2014) or treating cultured AT with
IL-6 results in increases in the expression of UCP-1 and
PGC-1a, respectively. Moreover, exercise training-induced
increases in UCP-1 in inguinal white AT are absent in
whole body IL-6 deficient mice (Knudsen et al. 2014).
While these findings hint at the possibility of a muscle-
IL-6-AT signaling axis recent work has shown intact exer-
cise-induced increases in circulating IL-6 from muscle
specific IL-6 knockout mice (Gudiksen et al. 2016) pro-
viding evidence that muscle is not the sole producer of
IL-6 during exercise and/or the recovery from it.

Our working model hypothesizes that increase in circu-
lating catecholamines could serve as a trigger for exercise-
induced AT remodeling. Intriguing recent data from
Spiegelman’s group provides evidence that localized
increases in catecholamine production within AT could
also play a role in mediating the effects of exercise (Rao
et al. 2014). These authors discovered that the overexpres-
sion of PGC-1a or damaging downbhill running increased
the secretion of a novel myokine, meteorin-like (metrl).
Increased circulating metrl was reported to result in the
browning of white AT through a mechanism involving an
M2 macrophage-dependent increase in localized cate-
cholamine production (Nguyen et al. 2011; Rao et al.

2017 | Vol. 5 | Iss. 7 | 13247
Page 5



REVIEW: Re-Esterification Induced Mitochondrial Biogenesis

2014). These findings highlight the importance of auto-
crine/paracrine factors triggered by muscle-based signals
in the exercise-mediated regulation of adipose tissue
metabolism. It is yet to be determined if metrl and subse-
quent increases in catecholamines signal through AMPK
to induce a browning of white AT.

The Relevance of Lipolysis and AMPK
Activation to the Browning of
Adipose Tissue

Recent work has identified the presence of brown adipose
tissue in humans (Cypess et al. 2009). Moreover, it has
been shown that white adipose tissue can take on brown
adipose tissue like characteristics, that is, “browning”
(Wu et al. 2012). These findings have garnered much
recent attention for their potential role in treating obesity
and diabetes (Nedergaard and Cannon 2014; Sidossis and
Kajimura 2015). A hallmark feature of brown adipose/
browned AT is the presence of uncoupling protein-1
(UCP-1). This protein uncouples respiration from ATP
synthesis and generates heat. In addition, more recent
work has provided evidence for UCP-1 impacting glucose
homeostasis independent of changes in adiposity (Winn
et al. 2017). Importantly, both AMPK (Mottillo et al.
2016) and PGC-1o (Puigserver et al. 1998; Bostrom et al.
2012) are important drivers of AT browning and thermo-
genesis. Moreover, catecholamines (Himms-Hagen et al.
1994), IL-6 (Knudsen et al. 2014), and metrl (Rao et al.
2014) have all been linked to the browning of white AT.
Thus, it is appealing to speculate that the current hypoth-
esis regarding the regulation of mitochondrial biogenesis
may extend to the browning of white AT.

Closing Remarks

The obesity epidemic has ushered in a growing appreci-
ation for AT as a central control point in the regula-
tion of systemic carbohydrate and lipid metabolism.
Unfortunately, as opposed to the mechanisms regulating
skeletal muscle mitochondrial biogenesis, relatively little
is known about AT. Here, we have proposed a poten-
tial mechanism whereby re-esterification is activated in
response to exercise, driving the activation of AMPK
that enhances the expression of PGC-1o, a chief regula-
tor of mitochondrial biogenesis. This process is primar-
ily activated by catecholamines but additional factors,
such as the myokines IL-6 and meteorin-like, are
emerging as important contributors (Fig. 3). More work
into these ideas will ultimately provide a greater under-
standing of the pathologies to which AT directly con-
tributes, including type 2 diabetes, and potentially lead
to new therapeutic targets.

2017 | Vol. 5 | Iss. 7 | e13247
Page 6

L. K. Townsend et al.

Conflict of Interest

None declared.

References

Bogacka, I, H. Xie, G. A. Bray, and S. R. Smith. 2005.
Pioglitazone induces mitochondrial biogenesis in human
subcutaneous adipose tissue in vivo. Diabetes 54:1392—1399.

Bostrom, P., J. Wu, M. P. Jedrychowski, A. Korde, L. Ye, J. C.
Lo, et al. 2012. A PGCl-a-dependent myokine that drives
brown-fat-like development of white fat and thermogenesis.
Nature 481:463—468.

Brooks, B., J. R. Arch, and E. A. Newsholme. 1982. Effects of
hormones on the rate of the triacylglycerol/fatty acid
substrate cycle in adipocytes and epididymal fat pads. FEBS
Lett. 146:327-330.

Cadoudal, T., E. Distel, S. Durant, F. Fouque, J. M. Blouin, M.
Collinet, et al. 2008. Pyruvate dehydrogenase kinase 4:
regulation by thiazolidinediones and implication in
glyceroneogenesis in adipose tissue. Diabetes 57:2272-2279.

Choe, S. S., J. Y. Huh, L. J. Hwang, J. I. Kim, and J. B. Kim.
2016. Adipose tissue remodeling: its role in energy
metabolism and metabolic disorders. Front. Endocrinol.
7:1541.

Choo, H. J,, J. H. Kim, O. B. Kwon, C. S. Lee, J. Y. Mun, S. S.
Han, et al. 2006. Mitochondria are impaired in the
adipocytes of type 2 diabetic mice. Diabetologia 49:784-791.

Cypess, A. M., S. Lehman, G. Williams, I. Tal, D. Rodman, A.
B. Goldfine, et al. 2009. Identification and importance of
brown adipose tissue in adult humans. N. Engl. J. Med.
360:1509-1517.

Duncan, R. E., M. Ahmadian, K. Jaworski, E. Sarkadi-Nagy,
and H. S. Sul. 2007. Regulation of lipolysis in adipocytes.
Annu. Rev. Nutr. 27:79-101.

Flegal, K. M., D. Kruszon-Moran, M. D. Carroll, C. D. Fryar,
and C. L. Ogden. 2016. Trends in obesity among adults in
the United States, 2005 to 2014. JAMA 315:2284-2291.

Franckhauser, S., S. Munoz, A. Pujol, A. Casellas, E. Riu, P.
Otaegui, et al. 2002. Increased fatty acid re-esterification by
PEPCK overexpression in adipose tissue leads to obesity
without insulin resistance. Diabetes 51:624—630.

Gaidhu, M. P., S. Fediuc, N. M. Anthony, M. So, M.
Mirpourian, R. L. S. Perry, et al. 2009. Prolonged AICAR-
induced AMP-kinase activation promotes energy dissipation
in white adipocytes: novel mechanisms integrating HSL and
ATGL. J. Lipid Res. 50:704—715.

Gaitanos, G. C., C. Williams, L. H. Boobis, and S. Brooks.
1993. Human muscle metabolism during intermittent
maximal exercise. J. Appl. Physiol. 75:712-719.

Gao, C.-L., C. Zhu, Y.-P. Zhao, X.-H. Chen, C.-B. Ji, C.-M.
Zhang, et al. 2010. Mitochondrial dysfunction is induced by
high levels of glucose and free fatty acids in 3T3-L1
adipocytes. Mol. Cell. Endocrinol. 320:25-33.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



L. K. Townsend et al.

Gauthier, M. S., H. Miyoshi, S. C. Souza, ]J. M. Cacicedo, A.
K. Saha, A. S. Greenberg, et al. 2008. AMP-activated protein
kinase is activated as a consequence of lipolysis in the
adipocyte: potential mechanism and physiological relevance.
J. Biol. Chem. 283:16514-16524.

Gudiksen, A., C. L. Schwartz, L. Bertholdt, E. Joensen, J. G.
Knudsen, and H. Pilegaard. 2016. Lack of skeletal muscle
IL-6 affects pyruvate dehydrogenase activity at rest and
during prolonged exercise. PLoS ONE 11:e0156460.

Guilherme, A., J. V. Virbasius, V. Puri, and M. P. Czech. 2008.
Adipocyte dysfunctions linking obesity to insulin resistance
and type 2 diabetes. Nat. Rev. Mol. Cell Biol. 9:367-377.

van Hall, G., A. Steensberg, M. Sacchetti, C. Fischer, C. Keller,
P. Schjerling, et al. 2003. Interleukin-6 stimulates lipolysis
and fat oxidation in humans. J. Clin. Endocrinol. Metabol.
88:3005-3010.

Himms-Hagen, J., J. Cui, E. Danforth, D. J. Taatjes, S. S. Lang,
B. L. Waters, et al. 1994. Effect of CL-316,243, a
thermogenic beta 3-agonist, on energy balance and brown
and white adipose tissues in rats. Am. J. Physiol. 266:
R1371-R1382.

Holloszy, J. O. 1960. Biochemical adaptations in muscle effects
of exercise on mitochondrial oxygen uptake and respiratory
enzyme activity in skeletal muscle. J. Biol. Chem. 242:2278—
2282.

Horowitz, J. F. 2003. Fatty acid mobilization from adipose
tissue during exercise. Trends Endocrinol. Metab. 14:386—
392.

Jager, S., C. Handschin, J. St-Pierre, and B. M. Spiegelman.
2007. AMP-activated protein kinase (AMPK) action in
skeletal muscle via direct phosphorylation of PGC-1alpha.
Proc. Natl. Acad. Sci.USA 104:12017-12022.

Kleiner, S., R. J. Mepani, D. Laznik, L. Ye, M. J. Jurczak, F. R.
Jornayvaz, et al. 2012. Development of insulin resistance in
mice lacking PGC-1a in adipose tissues. Proc. Natl. Acad.
Sci.USA 109:9635-9640.

Knudsen, J. G., M. Murholm, A. L. Carey, R. S. Biensg, A. L.
Basse, T. L. Allen, et al. 2014. Role of IL-6 in exercise
training- and cold-induced UCP1 expression in
subcutaneous white adipose tissue. PLoS ONE 9:¢84910.

Koh, E. H,, J.-Y. Park, H.-S. Park, M. J. Jeon, J. W. Ryu, M.
Kim, et al. 2007. Essential role of mitochondrial function in
adiponectin synthesis in adipocytes. Diabetes 56:2973-2981.

Leroyer, S. N., J. Tordjman, G. Chauvet, J. Quette, C.
Chapron, C. Forest, et al. 2006. Rosiglitazone controls fatty
acid cycling in human adipose tissue by means of
glyceroneogenesis and glycerol phosphorylation. J. Biol.
Chem. 281:13141-13149.

Lipscombe, L. L., T. Gomes, L. E. Lévesque, J. E. Hux, D. N.
Juurlink, and D. A. Alter. 2007. Thiazolidinediones and
cardiovascular outcomes in older patients with diabetes.
JAMA 298:2634-2643.

Little, J. P., A. Safdar, C. R. Benton, and D. C. Wright. 2011.
Skeletal muscle and beyond: the role of exercise as a

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

REVIEW: Re-Esterification Induced Mitochondrial Biogenesis

mediator of systemic mitochondrial biogenesis. Appl.
Physiol. Nutr. Metab. 36:598-607.

Long, Y. C,, and J. R. Zierath. 2006. AMP-activated protein
kinase signaling in metabolic regulation. J. Clin. Invest.
116:1776-1783.

Lépez-Otin, C., M. A. Blasco, L. Partridge, M. Serrano, and
G. Kroemer. 2013. The hallmarks of aging. Cell 153:1194—
1217.

MacPherson, R. E. K., S. M. Dragos, S. Ramos, C. Sutton, S.
Frendo-Cumbo, L. Castellani, et al. 2016. Reduced ATGL-
mediated lipolysis attenuates ff-adrenergic-induced AMPK
signaling, but not the induction of PKA-targeted genes, in
adipocytes and adipose tissue. Am. J. Physiol. Cell Physiol.
311:C269-C276.

Mennes, E., C. M. Dungan, S. Frendo-Cumbo, D. L.
Williamson, and D. C. Wright. 2014. Aging-associated
reductions in lipolytic and mitochondrial proteins in mouse
adipose tissue are not rescued by metformin treatment. J.
Gerontol. Biol. Sci. 69:1060-1068.

Mottillo, E. P., and J. G. Granneman. 2011. Intracellular fatty
acids suppress ff-adrenergic induction of PKA-targeted gene
expression in white adipocytes. Am. J. Physiol. Endocrinol.
Metab. 301:E122-E131.

Mottillo, E. P., A. E. Bloch, T. Leff, and J. G. Granneman.
2012. Lipolytic products activate peroxisome proliferator-
activated receptor (PPAR) o and ¢ in brown adipocytes to
match fatty acid oxidation with supply. J. Biol. Chem.
287:25038-25048.

Mottillo, E. P., E. M. Desjardins, J. D. Crane, B. K. Smith, A.
E. Green, S. Ducommun, et al. 2016. Lack of adipocyte
AMPK exacerbates insulin resistance and hepatic steatosis
through brown and beige adipose tissue function. Cell
Metab. 24:118-129.

Nedergaard, J., and B. Cannon. 2014. The browning of white
adipose tissue: some burning issues. Cell Metab. 20:396-407.

Nguyen, K. D., Y. Qiu, X. Cui, Y. P. S. Goh, J. Mwangi, T.
David, et al. 2011. Alternatively activated macrophages
produce catecholamines to sustain adaptive thermogenesis.
Nature 480:104-108.

Nichols, G. A., and A. Gomez-Caminero. 2007. Weight
changes following the initiation of new anti-hyperglycaemic
therapies. Diabetes Obes. Metab. 9:96-102.

Nye, C. K., R. W. Hanson, and S. C. Kalhan. 2008.
Glyceroneogenesis is the dominant pathway for triglyceride
glycerol synthesis in vivo in the rat. J. Biol. Chem.
283:27565-27574.

O’Neill, H. M., S. J. Maarbjerg, J. D. Crane, J. Jeppesen, S. B.
Jorgensen, J. D. Schertzer, et al. 2011. AMP-activated
protein kinase (AMPK) betalbeta2 muscle null mice reveal
an essential role for AMPK in maintaining mitochondrial
content and glucose uptake during exercise. Proc. Natl.
Acad. Sci.USA 108:16092—-16097.

Ostrowski, K., T. Rohde, M. Zacho, S. Asp, and B. K.
Pedersen. 1998. Evidence that interleukin-6 is produced in

2017 | Vol. 5 | Iss. 7 | 13247
Page 7



REVIEW: Re-Esterification Induced Mitochondrial Biogenesis

human skeletal muscle during prolonged running. J. Physiol.
508:949-953.

Peppler, W. T., Z. G. Anderson, L. M. McCrae, R. E. K.
MacPherson, and D. C. Wright. 2016. Habitual physical
activity protects against lipopolysaccharide-induced
inflammation in mouse adipose tissue. Adipocyte 6:1-11.

Puigserver, P., Z. Wu, C. W. Park, R. Graves, M. Wright, and
B. M. Spiegelman. 1998. A cold-inducible coactivator of
nuclear receptors linked to adaptive thermogenesis. Cell
92:829-839.

Rao, R. R, J. Z. Long, J. P. White, K. J. Svensson, J. Lou, L
Lokurkar, et al. 2014. Meteorin-like is a hormone that
regulates immune-adipose interactions to increase beige fat
thermogenesis. Cell 157:1279-1291.

Reshef, L., R. W. Hanson, and F. J. Ballard. 1970. A possible
physiological role for glyceroneogenesis in rat adipose tissue.
J. Biol. Chem. 245:5979-5984.

Roglic, G., and N. Unwin. 2010. Mortality attributable to
diabetes: Estimates for the year 2010. Diabetes Res. Clin.
Pract. 87:15-19.

Rognstad, R., and J. Katz. 1966. The balance of pyridine
nucleotides and ATP in adipose tissue. Proc. Natl. Acad.
Sci.USA 55:1148-1156.

Rohas, L. M., J. St-Pierre, M. Uldry, S. Jdger, C. Handschin,
and B. M. Spiegelman. 2007. A fundamental system of
cellular energy homeostasis regulated by PGC-1alpha. Proc.
Natl. Acad. Sci.USA 104:7933-7938.

Romijn, J. A., S. Klein, E. F. Coyle, L. S. Sidossis, and R. R.
Wolfe. 1993. Strenuous endurance training increases
lipolysis and triglyceride-fatty acid cycling at rest. J. Appl.
Physiol. 75:108-113.

Rosen, E. D., and B. M. Spiegelman. 2014. What we talk about
when we talk about fat. Cell 156:20—44.

Safdar, A, J. P. Little, A. J. Stokl, B. P. Hettinga, M. Akhtar,
and M. A. Tarnopolsky. 2011. Exercise increases
mitochondrial PGC-1alpha content and promotes nuclear-
mitochondrial cross-talk to coordinate mitochondrial
biogenesis. J. Biol. Chem. 286:10605-10617.

Semple, R. K., V. C. Crowley, C. P. Sewter, M. Laudes, C.
Christodoulides, R. V. Considine, et al. 2004. Expression of
the thermogenic nuclear hormone receptor coactivator PGC-
lalpha is reduced in the adipose tissue of morbidly obese
subjects. Int. J. Obes. Relat. Metab. Disord. 28:176-179.

Sidossis, L., and S. Kajimura. 2015. Brown and beige fat in
humans: thermogenic adipocytes that control energy and
glucose homeostasis. J. Clin. Invest. 125:478-486.

Smyth, S., and A. Heron. 2006. Diabetes and obesity: the twin
epidemics. Nat. Med. 12:75-80.

Stallknecht, B., J. Vinten, T. Ploug, and H. Galbo. 1991.
Increased activities of mitochondrial enzymes in white
adipose tissue in trained rats. Am. J. Physiol. Endocrinol.
Metab. 261:E410-E414.

Stanford, K. I., R. J. W. Middelbeek, K. L. Townsend, M.-Y. Lee,
H. Takahashi, K. So, et al. 2015. A novel role for subcutaneous

2017 | Vol. 5 | Iss. 7 | e13247
Page 8

L. K. Townsend et al.

adipose tissue in exercise-induced improvements in glucose
homeostasis. Diabetes 64:2002—2014.

Steinberg, G. R., and B. E. Kemp. 2009. AMPK in health and
disease. Physiol. Rev. 89:1025-1078.

Sutherland, L. N., L. C. Capozzi, N. J. Turchinsky, R. C. Bell,
and D. C. Wright. 2008. Time course of high-fat diet-
induced reductions in adipose tissue mitochondrial proteins:
potential mechanisms and the relationship to glucose
intolerance. Am. J. Physiol. Endocrinol. Metab. 295:E1076—
E1083.

Sutherland, L. N., M. R. Bomhof, L. C. Capozzi, S. A. U.
Basaraba, and D. C. Wright. 2009. Exercise and adrenaline
increase PGC-1alpha mRNA expression in rat adipose tissue.
J. Physiol. 587:1607—-1617.

Tiraby, C., G. Tavernier, C. Lefort, D. Larrouy, F. Bouillaud,
D. Ricquier, et al. 2003. Acquirement of brown fat cell
features by human white adipocytes. J. Biol. Chem.
278:33370-33376.

Turner, R. M., C. S. Kwok, C. Chen-Turner, C. A. Maduakor,
S. Singh, and Y. K. Loke. 2014. Thiazolidinediones and
associated risk of bladder cancer: a systematic review and
meta-analysis. Br. J. Clin. Pharmacol. 78:258-273.

Valerio, A., A. Cardile, V. Cozzi, R. Bracale, L. Tedesco, A.
Pisconti, et al. 2006. TNF-alpha downregulates eNOS
expression and mitochondrial biogenesis in fat and muscle
of obese rodents. J. Clin. Invest. 116:2791-2798.

Vaughan, M. 1962. The production and release of glycerol by
adipose tissue incubated in vitro. J. Biol. Chem. 237:3354—
3358.

Wan, Z., I. Ritchie, M.-S. Beaudoin, L. Castellani, C. B. Chan,
and D. C. Wright. 2012. IL-6 indirectly modulates the
induction of glyceroneogenic enzymes in adipose tissue
during exercise. PLoS ONE 7:¢41719.

Wan, Z., S. Matravadia, G. P. Holloway, and D. C. Wright.
2013. FAT/CD36 regulates PEPCK expression in adipose
tissue. Am. J. Physiol. Cell Physiol. 304:C478-C484.

Wan, Z., J. Root-Mccaig, L. Castellani, B. E. Kemp, G. R.
Steinberg, and D. C. Wright. 2014. Evidence for the role of
AMPK in regulating PGC-1 alpha expression and
mitochondrial proteins in mouse epididymal adipose tissue.
Obesity (Silver Spring) 22:730-738.

Wang, T., Y. Zang, W. Ling, B. E. Corkey, and W. Guo. 2003.
Metabolic partitioning of endogenous fatty acid in
adipocytes. Obes. Res. 11:880-887.

Watt, M. J., G. R. Steinberg, Z.-P. Chen, B. E. Kemp, and M.
A. Febbraio. 2006. Fatty acids stimulate AMP-activated
protein kinase and enhance fatty acid oxidation in L6
myotubes. J. Physiol. 574:139-147.

Wilson-Fritch, L., S. Nicoloro, M. Chouinard, M. A. Lazar, P.
C. Chui, J. Leszyk, et al. 2004. Mitochondrial remodeling in
adipose tissue associated with obesity and treatment with
rosiglitazone. J. Clin. Invest. 114:1281-1289.

Winder, W. W., B. F. Holmes, D. S. Rubink, E. B. Jensen,
M. Chen, and J. O. Holloszy. 2000. Activation of

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



L. K. Townsend et al.

AMP-activated protein kinase increases
mitochondrial enzymes in skeletal muscle. J. Appl.
Physiol. 88:2219-2226.

Winn, N. C., V. J. Vieira-Potter, M. L. Gastecki, R. J. Welly, R.
J. Scroggins, T. M. Zidon, et al. 2017. Loss of UCP1
exacerbates western diet-induced glycemic dysregulation
independent of changes in body weight in female mice. Am.
J. Physiol. 312:R74-R84.

Wolfe, R. R,, S. Klein, F. Carraro, and J. M. Weber. 1990. Role
of triglyceride-fatty acid cycle in controlling fat metabolism
in humans during and after exercise. Am. J. Physiol.
Endocrinol. Metab. 258:E382-E389.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

REVIEW: Re-Esterification Induced Mitochondrial Biogenesis

Wright, D. C. 2014. Exercise- and resveratrol-mediated
alterations in adipose tissue metabolism. Appl. Physiol.
Nutr. Metab. 39:109-116.

Wu, J., P. Bostrom, L. M. Sparks, L. Ye, J. H. Choi, A.-H.
Giang, et al. 2012. Beige adipocytes are a distinct type of
thermogenic fat cell in mouse and human. Cell
150:366-376.

Xu, X., Z. Ying, M. Cai, Z. Xu, Y. Li, S. Y. Jiang, et al. 2011.
Exercise ameliorates high-fat diet-induced metabolic and
vascular dysfunction, and increases adipocyte progenitor cell
population in brown adipose tissue. Am. J. Physiol. 300:
R1115-R1125.

2017 | Vol. 5 | Iss. 7 | 13247
Page 9



