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Obesity has become a global health issue, but effective therapies remain very limited.
Adaptive thermogenesis promotes weight loss by dissipating energy in the form of heat,
thereby representing a promising target to counteract obesity. Notably, the regulation
of thermogenesis is tightly orchestrated by complex neuronal networks, especially
those in the hypothalamus. Recent evidence highlights the importance of adenosine
monophosphate-activated protein kinase (AMPK) within the ventromedial nucleus of the
hypothalamus (VMH) in modulating thermogenesis. Various molecules, such as GLP-1,
leptin, estradiol, and thyroid hormones, have been reported to act on the VMH to
inhibit AMPK, which subsequently increases thermogenesis through the activation of
the sympathetic nervous system (SNS). In this review, we summarize the critical role of
AMPK within the VMH in the control of energy balance, focusing on its contribution to
thermogenesis and the associated mechanisms.

Keywords: AMPK, VMH, SNS, thermogenesis, obesity

INTRODUCTION

Obesity and its related metabolic disorders, including type 2 diabetes, cardiovascular diseases and
cancer, are major health threats which cause thousands of deaths per year in the contemporary
society (1). Given the current obesity epidemic, there is a pressing need for novel therapeutic
interventions to help people manage their body weight more efficiently (1). Owing to their ability
to trigger thermogenesis and enhance energy utilization, brown and beige adipose tissues have
recently been identified as a promising target for obesity (2-4). More importantly, accumulating
evidence suggests that brown adipocytes are also present in adult humans and are associated with
improved metabolic profiles (5, 6). In this sense, therapies aimed at amplifying the thermogenic
capabilities of brown and beige adipocytes are of great translational significance.

At the whole-body level, the hypothalamus plays a crucial role in controlling thermogenesis
in brown and beige adipose tissues (7). Several hypothalamic nuclei, including the ventromedial
(VMH), arcuate (ARH), dorsomedial (DMH), and paraventricular (PVH) nuclei, as well as the
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preoptic (POA) and lateral hypothalamic (LHA) areas, have
been demonstrated to participate in the regulation of adaptive
thermogenesis (8). In particular, the VMH exerts a well-
established action on brown adipose tissue (BAT) thermogenesis
through its close link with the brainstem areas, including the
rostral raphe pallidus (rRPa) and inferior olive (IO), which are
involved in modulating BAT function through the SNS (9-11).
Electrical stimulation of the VMH increases thermogenesis
and BAT temperature, whereas lesions in the VMH inhibit
thermogenesis and energy expenditure (12, 13).

As a highly conserved serine/threonine kinase, AMPK
integrates peripheral and central metabolic signals to regulate
energy homeostasis (14). In addition to its well-established
effects on feeding, glucose control and insulin sensitivity, AMPK
within the VMH regulates thermogenesis by manipulating the
sympathetic firing to BAT and WAT (white adipose tissue)
(15-17). For example, deletion of AMPK in the VMH ameliorates
diet-induced obesity via exaggerating thermogenesis in BAT
and WAT (18). This review intends to provide an insight on
several hormonal signals acting on the VMH to control adaptive
thermogenesis, with a particular focus on their influences on
AMPK and downstream reactions.

THERMOGENIC CAPACITY OF BROWN
AND BEIGE ADIPOCYTES: UNDER
CONTROL OF THE HYPOTHALAMUS

Brown adipocytes, characterized by a great number of
mitochondria and multilocular lipid droplets, are regarded
as the major contributor to adaptive thermogenesis (4, 19). BAT
has abundant expression of uncoupling protein 1 (UCP1), which
dissipates the electrochemical proton gradient through a proton
leak in the inner mitochondrial membrane, resulting in the
uncoupling of oxidative phosphorylation from ATP synthesis to
heat production (20). Sympathetic nerve releases norepinephrine
(NE) to activate BAT via the widely distributed p3-adrenergic
receptors (B3-ARs) in brown adipocytes, triggering lipolysis and
thermogenesis (7, 21). Above all, functional brown adipocytes
are found in discrete depots in adult humans and can be
induced by sympathetic stimulus, such as cold (5, 6, 22). From
this perspective, stimulation of BAT could have therapeutic
potentials for long-term management of body weight in obese
individuals (23).

In recent years, a novel type of adipocytes has been identified,
termed beige adipocytes, which express the thermogenic genes
characteristic of those typically associated with brown adipocytes
(24). Beige adipocytes could be developed from white adipocytes
through various stimulus, including cold, $3-AR agonists, and
numerous circulating hormones, such as leptin and fibroblast
growth factor 21 (25-27). The process through which white
adipocytes turned into beige adipocytes is known as browning
(28). Distinct from white adipocytes, which have a large
lipid droplet for the storage of excess fat and few UCP1
and mitochondria, beige adipocytes own many similarities
with brown adipocytes in both structure and function (29).
Particularly, the amount of UCP1 and mitochondria is much

more abundant in beige adipocytes than that in white adipocytes
(29). In addition, beige adipocytes are densely innervated by
sympathetic fibers and can be activated by the SNS (30).
Furthermore, beige adipocytes share similar properties as brown
adipocytes with respect to UCP1-mediated thermogenesis (31).
Remarkably, clinical studies have revealed that chronic cold
exposure promotes the recruitment of beige adipocytes in
humans, which is associated with improved insulin sensitivity,
glucose and lipid homeostasis (32-34). In particular, the
increased glucose uptake ability and endocrine factors secreted
by brown and beige fat are considered to play important
roles in ameliorating the metabolic abnormalities in obese
individuals (35).

Among numerous brain regions, the hypothalamus receives
and integrates hormonal and neuronal signals that relay
metabolic status of the body, hence plays a major role in
controlling adaptive thermogenesis (36). The SNS mediates
the crosstalk between the hypothalamus and adipose tissues
(37). Anatomically, the POA, VMH, DMH, ARH, PVH, and
LHA have direct or indirect connections with the sympathetic
preganglionic neurons in the spinal cord (38). Stimulation of the
aforementioned hypothalamic nuclei increases the sympathetic
tone to BAT, and tonic inhibition of neurons in many of these
areas reduces BAT activity (38). Specifically, the ARH contains
proopiomelanocortin  (POMC) and agouti-related-peptide
(AgRP) expressing neurons, which are key components of the
melanocortin system that accounts for the regulation of food
intake and adaptive thermogenesis (39). POMC and AgRP
neurons orchestrate feeding behavior and thermogenesis mainly
by releasing several key neuropeptides or neurotransmitters,
like a-melanocyte-stimulating hormone (a-MSH), AgRP,
neuropeptide Y (NPY), and y-aminobutyric acid (y-GABA)
(39, 40). These molecules act on their broadly distributed
receptors in the central nervous system (CNS) to affect appetite
and SNS-mediated thermogenesis (39, 41, 42). In parallel,
the participation of the VMH in thermoregulation has been
confirmed by emerging evidence. Ablation of steroidogenic
factor-1 (SF-1), a transcription factor expressed exclusively in
the VMH within the brain, impairs BAT thermogenesis without
altering food intake (43). More remarkably, accumulating
data point out that several key homeostatic signals act on the
VMH to inhibit AMPK activity, which in turn stimulates BAT
thermogenesis and WAT browning through the SNS (44).

HORMONAL REGULATION OF
THERMOGENESIS THROUGH THE VMH:
HIGHLIGHTING THE CANONICAL ROLE OF
AMPK

The capacity of brown and beige adipocytes to increase adaptive
thermogenesis is predominately governed by the hypothalamus
through the regulation of the sympathetic outflows (8). Among
various hypothalamic nuclei, the VMH plays a fundamental part
in modulating BAT function given the fact that VMH neurons
are anatomically linked to the rRPa and IO, which perform well-
established actions on BAT thermogenesis through the SNS (10,
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11, 45). Intra-VMH administration of glutamate or NE increases
the activity of neurons in the rRPa and IO, leading to elevated
BAT temperature. However, the increase in BAT temperature
is abrogated by prior treatment with sympathetic ganglionic
blockers or (-AR antagonists, confirming the functional
significance of the SNS in mediating VMH stimulation-induced
BAT thermogenesis (46-48). Additionally, mice lacking SF-
1 or estrogen receptor o (ERa) in the VMH develop an
obese phenotype characterized by significantly decreased UCP1
expression in BAT (43, 49). Peripheral signals, such as thyroid
hormones (THs), glucagon-like peptide-1 (GLP-1), estradiol
(E2), bone morphogenetic proteins (BMP8B), and leptin, act on
the VMH to promote BAT thermogenesis and WAT browning
(16, 17). Notably, the involvement of endoplasmic reticulum
(ER) stress within the VMH in thermoregulation has been
uncovered by increasing evidence. Pharmacological and genetic
manipulations that exaggerate ER stress in the VMH impair BAT
thermogenesis and accelerate the development obesity (50, 51).
On the contrary, alleviating ER stress in the VMH is sufficient to
improve BAT function and ameliorate diet-induced obesity (51-
53). Taken together, these results indicate that the VMH plays an
essential role in the regulation of adaptive thermogenesis.

AMPK, an intracellular energy sensor, is composed of a
catalytic subunit, o (al, a2), and two regulatory subunits, p
(B1, B2) and y (y1, y2, y3) (54, 55). The catalytic activity
of AMPK is triggered by the phosphorylation of Thr172 on
the o subunit, a process initiated by ATP deprivation and
inhibited by nutrient supplementation (56). AMPK can also be
activated by several upstream kinases, such as liver kinase Bl
(LKBI1) and calmodulin-dependent kinase kinases (CaMKKs)
(57-59). AMPK activation in the hypothalamus augments food
intake and diminishes energy expenditure, whereas its inhibition
suppresses appetite and increases energy utilization (7, 60,
61). Nevertheless, it is noteworthy that AMPK within the
VMH mediates the thermogenic effects of numerous peripheral
signals in a feeding independent manner (12, 62, 63). Many
hormones, such as THs, GLP-1, E2, BMP8B, and leptin, amplify
the sympathetic tone to BAT and WAT by inhibiting AMPK
activity in the VMH, resulting in enhanced thermogenesis and
energy dissipation independent on food intake (16, 52, 64—
66). In stark contrast, constitutive activation of AMPK within
the VMH reverses the thermogenic effects of these molecules
without altering feeding behavior, verifying the important role
of AMPK within the VMH in orchestrating BAT thermogenesis
and WAT browning (62, 67). In the following sections of this
review, we will discuss several key circulating hormones that act
on the VMH to modulate AMPK activity, which subsequently
contributes to the control of thermogenesis in BAT and WAT via
the SNS.

Thyroid Hormones (THs)

THs, including triiodothyronine (T3) and thyroxine (T4),
regulate a vast range of physiological activities, including
growth, development, metabolism, and energy balance (68).
The involvement of THs in energy balance has been clearly
demonstrated by the phenomenon that the impairment in
thyroid function is often accompanied by alterations in

food intake and body weight. Hyperthyroidism is linked to
hyperphagia and weight loss, whereas hypothyroidism causes
appetite suppressing and weight gain (69). THs were originally
thought to exert their effects on energy homeostasis by directly
acting on peripheral tissues, such as the brown and white adipose
tissues, muscle, heart, and liver (70). However, recent data
indicate that THs modulate food intake, energy expenditure and
body weight by acting, to a large extent, at the central level
(70, 71). In support of this view, the al, a2, p1, and B2 THs
receptor (TR) isoforms were found to be widely distributed in
the CNS, with the highest expression levels in metabolically active
regions, such as the VMH, ARH, and PVH (72).

The significance of the CNS in mediating the effects of
THs on energy balance was firstly confirmed by brain specific
TRal mutant mice, which had elevated T3 concentrations in
the hypothalamus and displayed higher food intake, metabolic
rate and BAT thermogenic capability (73). In consistent with
this, central injection of T3 increases energy expenditure by
stimulating BAT thermogenesis and WAT browning (17, 52, 74).
UCP1 plays an essential role in mediating T3-induced increase in
energy expenditure, and deletion of UCP1 completely abolishes
the thermogenic action of central T3 (15). Notably, inactivation
of TR in the VMH of hyperthyroid rats blunts weight loss and
decreases the expression of thermogenic markers in BAT without
concomitant influences on food intake (74), suggesting that the
VMH is a key region mediating the thermogenic effect of THs
on BAT. Recently, the critical role of AMPK within the VMH
in modulating T3-induced alterations in thermogenesis has been
revealed by several studies. First, constitutive activation of AMPK
within the VMH abrogates T3-induced weight loss and UCP1
expression in BAT and WAT (52). Second, pharmacological or
genetic inactivation of AMPK in the VMH fully recapitulates the
thermogenic actions of central T3 on BAT and WAT, and such
effects could be abolished by application of the $3-AR antagonists
(74). Third, ablation of AMPKal in SF-1 neurons mimics the
actions of T3 in the VMH by enhancing BAT thermogenesis
and WAT browning, which in turn protects mice from diet-
induced obesity (18, 52). Remarkably, manipulation of AMPK
in the VMH selectively impacts the thermogenic aspect of T3
without affecting food intake (18, 52). In brief, these data indicate
that THs act centrally to promote BAT thermogenesis and WAT
browning via suppressing AMPK activity in the VMH.

Interestingly, current work has demonstrated that ER stress
in the VMH plays a role in THs-induced thermogenesis.
Hyperthyroid rats exhibit lower hypothalamic ceramide and ER
stress levels, which can be reversed by the activation of AMPK
in the VMH (52). In contrast, increasing ceramide levels as
well as pharmacologically or genetically inducing ER stress in
the VMH blunts the effect of central THs on thermogenesis in
BAT and WAT (52). This is in line with previous studies which
found that alleviation of ER stress by overexpressing the glucose-
regulated protein 78 (GRP78), a major ER chaperone protein,
in the VMH is sufficient to ameliorate obesity by facilitating
BAT thermogenesis and WAT browning (51). These findings
support the notion that THs inhibits AMPK activity in the VMH,
resulting in reduced ER stress levels, which in turn promotes BAT
thermogenesis and WAT browning.
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However, some critical limitations of these studies need to
be taken into consideration. For example, given its diffusion
property, it is likely that adenovirus-mediated manipulation
of AMPK or TR or GRP78 is not restricted to the VMH.
The involvement of other nuclei in thermoregulation requires
more careful evaluation. VMH-specific drug delivery has the
same issue. Furthermore, although deleting AMPKal in SF-
1 neurons reflects functions of the AMPKal isoform in the
majority of VMH neurons, the role of AMPKal deficiency-
induced compensatory changes, such as elevated AMPKa2 levels,
warrants further investigation.

Except for adipose tissues, THs act centrally to modulate
lipid metabolism in the liver. Intra-VMH injection of T3
promotes hepatic lipid accumulation via c-JunN-terminal kinase
1 (cJNK1)-mediated activation of the vagus nerve innervation to
liver, which is under control of AMPK but not ER stress (52).
Whether AMPK within the VMH mediates the effects of THs on
other organs remains to be determined.

Glucagon-Like Peptide-1 (GLP-1)
GLP-1 is primarily synthesized and secreted by the intestinal
L-cells to increase glucose-induced insulin release and decrease
glucagon secretion in response to a nutrient load (75). However,
GLP-1 secretion is impaired in patients with T2D and obesity
(76, 77). GLP-1 agonists are clinically used drugs for T2D, with
additional benefits of weight loss and a low risk of hypoglycemia
(78, 79). GLP-1 receptors (GLP-1Rs) are expressed in a broad
range of neuronal populations, including in many hypothalamic
nuclei crucial for the regulation of energy balance (80, 81). In
addition, GLP-1 positive cells were found to be distributed in
numerous human brain regions (82). Moreover, circulating GLP-
1 and its analogs could be transported to the brain and activate
neurons in various areas of the CNS (83). Interestingly, GLP-1 is
also produced by a small population of preproglucagon neurons
located in the brainstem nucleus of the solitary tract (NTS), which
project to the hypothalamus to regulate appetite (84, 85).
Liraglutide, a long-acting GLP-1 analog, improves glucose
homeostasis and reduces body weight in obese diabetic patients
(79). Apart from its participation in glycemic control, liraglutide
acts centrally to lower food intake and increase energy
expenditure (16, 86). Central injection of liraglutide promotes
weight loss via suppressing appetite and increasing energy
dissipation, the latter is associated with enhanced lipolysis
in WAT and thermogenesis in BAT (87, 88). Particularly,
administrating liraglutide into the ARH, PVH or LH decreases
food intake and body weight, but does not alter UCP1 expression
in BAT and WAT. In opposite, intra-VMH injection of liraglutide
has no significant influence on food intake but elevates UCP1
levels in BAT and WAT, resulting in obvious weight loss
(16). Thus, central liraglutide participates in the regulation of
food intake and energy expenditure by engaging in different
hypothalamic nuclei (16, 89). Furthermore, $3-AR antagonists
block central liraglutide-induced elevation of UCPI1 in BAT
and WAT, indicating that the SNS mediates the actions of
liraglutide on BAT thermogenesis and WAT browning (16, 89).
More importantly, central delivery of liraglutide decreases AMPK
activity in the VMH (16). Pharmacological or genetic activation

of AMPK in the VMH abolishes the actions of liraglutide
on thermogenesis without corresponding alterations in feeding
(16), verifying the importance of AMPK within the VMH
in mediating liraglutide-induced thermogenesis. Nevertheless,
potential engagement of AMPK in adjacent regions of VMH
in thermoregulation should be assessed, given the inherent
shortcomings of the studies that were analyzed earlier. The
thermogenic effects of liraglutide rely on GLP-1Rs, mice lacking
the GLP-1Rs in the CNS fail to show any obvious change in
BAT temperature or thermogenic markers after the application
of liraglutide (89). However, these mutant mice display a
normal thermogenic response to cold exposure (89), indicating
that endogenous GLP-1Rs are essential for liraglutide-induced
thermogenesis but are dispensable for appropriate thermogenic
response to cold.

On top of improving glucose control, liraglutide also reduces
body weight in obese individuals (90). The weight reducing
effects of liraglutide on human subjects have been confirmed by
many clinical studies, although whether the decrease in body
weight is linked to increased energy expenditure or not remains
elusive (91, 92). Recently, the US Food and Drug Administration
(FDA) committee has approved the application of liraglutide as
an anti-obesity therapy. Other GLP-1 analogs, such as exendin-
4, can act on the hypothalamus to inhibit AMPK, thereby
suppressing appetite and body weight (93-95). However, the
involvement of exendin-4 in the regulation of energy expenditure
and the participation of AMPK within the VMH in this process
are not clear, and additional work will be necessary to address
these questions.

Estrogens

In addition to their critical role in the control of puberty,
reproduction, growth, and development, estrogens act both
centrally and peripherally to regulate energy balance (96, 97).
Physiological, pathological, pharmacological, or genetically-
induced estrogen deficiency promotes obesity by increasing
appetite and reducing energy expenditure, which could be
reversed by estrogen replacement (98, 99). Despite that E2 can
modulate metabolism by directly acting on peripheral tissues,
emerging evidence suggests that the hypothalamus mediates a
large part of the actions of E2 on energy balance (100). For
instance, estrogens receptors (ERs), including ERa and ERB, are
highly expressed in the hypothalamus (101, 102). ERa is believed
to be the major mediator of the effects of estrogens on energy
homeostasis. Food intake and body weight are suppressed by
central administration of the ERa agonist propylpyrazole triol
(PPT), but not by the selective ERP agonist diarylpropionitrile
(DPN) (103, 104). In addition, female mice with a targeted
deletion of the ERa gene develop obesity, primarily due to
decreased energy expenditure (99). Ablation of ERB causes no
obvious change in body weight under chow condition, but it
promotes fat accumulation and improves insulin sensitivity after
challenging with high fat diet (105).

Interestingly, estrogens participate in the regulation of
food intake and energy expenditure by engaging in different
hypothalamic neuronal populations. Disruption of ERa in
POMC neurons augments food intake without affecting energy
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expenditure (106). On the contrary, silencing ERa within the
VMH suppresses energy expenditure with no concomitant
alterations in feeding behavior. The same phenotype is
recapitulated by ablating ERa in SF1 neurons of the VMH
(49, 106). More specifically, the decreased energy expenditure in
mice lacking ERa in SF-1 neurons is related to impaired BAT
thermogenesis as demonstrated by reduced UCP1 levels in BAT.
Administration of E2 into the VMH increases energy expenditure
by amplifying the sympathetic outflow to BAT and WAT, which
is associated with diminished AMPK activity in the VMH (64).
Genetic activation of AMPK in the VMH blunts E2-induced
weight loss and activation of thermogenesis in BAT and WAT
(64), suggesting that E2 promotes BAT thermogenesis and WAT
browning through suppressing AMPK in the VMH.

A recent study found that central injection of E2 alleviates
ER stress levels in the hypothalamus through decreasing
hypothalamic ceramide levels (53). Additionally, blocking
ceramide synthesis in E2 deficient rats attenuates ER stress in
the VMH and recapitulates the thermogenic effects of central
E2 (53). Similarly, pharmacological or genetic inhibition of ER
stress in the VMH of ovariectomized (OVX) rats increases
BAT temperature and UCP1 expression, which mimics the
outcome of E2 supplementation (53). Together, these findings
support the notion that E2-induced decrease of ER stress in
the VMH contributes to the maintenance of energy balance
by modulating BAT thermogenesis. Considering that AMPK
inactivation suppresses ER stress within the VMH, which also
mediates the effects of central THs on BAT thermogenesis (52),
it is possible that the AMPK (VMH)-ER stress-BAT axis might
represent a canonical pathway that underlies hormonal and
neuronal control of thermogenesis.

Except for ERa and SF-1 neurons, the role of AMPK in
other VMH cell types in regulating E2-induced thermogenesis
lacks thorough investigation. For example, it has been reported
that hypothalamic kisspeptin/neurokinin B/dynorphin (KNDy)
neurons are involved in the modulation of body temperature by
E2, but whether AMPK in the VMH participates in this process
remains to be clarified (107). Moreover, it is noteworthy that
the thermogenic effects of E2 are diminished during gestation
(108). Although hypothalamic AMPK signaling is inhibited by
high circulating E2 levels, pregnant animals exhibit reduced
temperature and BAT function (108). These observations raise
the hypothesis that pregnancy promotes a state of resistance
to the actions of E2, which may partially account for the
gestational hyperphagia and fat accumulation to meet the
metabolic demands of embryonic development (108). Unraveling
the underlying mechanisms of E2 resistance may facilitate the
development of new strategies to counteract obesity. Notably, the
GLP-1-estrogen conjugate, which is designed to activate estrogen
receptors in GLP-1 targeted tissues, has superior efficiency
over either of the individual hormones to overcome obesity,
hyperglycemia, and dyslipidemia while at the same time prevents
hallmark side effects of estrogen such as reproductive toxicity
and oncogenicity (109). GLP-1Rs deletion in the brain abrogates
the beneficial metabolic consequences of the GLP-1-estrogen
conjugate, indicating the CNS is a key action site for this chimera
(109). Based on these findings, the use of peptide chimeras

appears to be a promising approach in the context of overcoming
obesity, but the underlying principles require further elucidation.

BMP8B

Bone morphogenetic proteins (BMPs) belong to the transforming
growth factor p (TGFB) superfamily and regulate a wide range
of physiological processes from embryonic development to tissue
homeostasis (110). In recent years, BMPs have been discovered
to play a key role in the differentiation and development of
BAT as well as in the maintenance of energy balance (110-112).
Among the BMPs superfamily, BMP8B is expressed in BAT
and the hypothalamus, and is involved in the regulation of
BAT function and thermogenesis (113). Central administration
of BMP8B increases BAT temperature and the activity of the
SNS, resulting in reduced body weight (65). More specifically,
intracerebroventricular injection of BMP8B stimulates neuronal
activation in both the VMH and LHA (65). Nevertheless,
injection of BMP8B into the VMH, rather than the LHA,
promotes weight loss and enhances BAT thermogenesis and
WAT browning without altering feeding behavior, suggesting the
VMH is a direct targeting site for BPM8B (65, 114). Furthermore,
the thermogenic action of central BMP8B is AMPK-dependent.
BMP8B administration decreases AMPK activity in the VMH,
while activation of AMPK within the VMH diminishes BMP8B-
induced UCP1 expression in BAT and WAT (65, 114).

Interestingly, central injection of BMP8B stimulates UCP1
expression in brown and white adipocytes in females but not
males, indicating that the thermogenic action of central BMP8B
is sexually dimorphic (114). In addition, central administration
of BMP8B fails to activate the thermogenic program in BAT
and WAT in OVX female rats. E2 replacement restores the
thermogenic response to BMP8B in OVX rats, further supporting
that the presence of E2 is required for BMP8B to fully perform
its function on thermogenesis (114). Nevertheless, it is not yet
clear how E2 mediates the action of BMP8B, and future work is
necessary for clarifying this issue.

Despite BMP8B cannot directly activate neurons in the
LHA, central administration of BMP8B increases orexin (OX)
levels in the LHA, which is relevant to the inhibition of
AMPK within the VMH. Conversely, constitutive activation
of AMPK within the VMH reduces BMP8B-induced elevation
of OX in the LHA (114). Furthermore, rats pre-treated
with SB-334867, an antagonist of OX receptorl (OXIR),
show significantly blunted thermogenic response to BMP8B
without affecting AMPK signaling in the VMH, suggesting
OXIR signaling is indispensable for the thermogenic actions
of BMP8B and is a downstream mediator of AMPK (114).
Suppressing glutamatergic signaling in the LHA by deleting
GLUT?2 (glutamate vesicular transporter 2) abolishes the effects of
central BMP8B on BAT thermogenesis and reduces OX levels in
the LHA, but has no significant influence on AMPK activity in the
VMH, indicating that glutamatergic signaling acts downstream
of AMPK to up-regulate OX expression in the LHA (114).
Collectively, these results demonstrate that the thermogenic
effects of BMP8B are mediated by the inhibition of AMPK in the
VMH, the activation of glutamatergic signaling in the LHA, and
the subsequent increase of OX levels (114).
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Leptin

Leptin is a circulating hormone secreted by white adipocytes
in proportion to fat mass and informs the brain the status
of energy storage (115, 116). Leptin exerts its effects on
energy balance mainly by acting on the long-form isoform of
leptin receptor (LepRb), which is abundantly expressed in the
hypothalamus, including the ARH and VMH (117-119). Mice
lacking leptin or leptin receptor encoding genes exhibit morbid
obesity associated with hyperphagia and low metabolic rate
(115, 120). Re-expression of LepRb in the brain reverses obesity
and its related metabolic disorders in LepRb null mutant mice,
suggesting the metabolic actions of leptin are largely mediated by
the central nervous system (121, 122).

LepRb is a member of the class 1 cytokine receptor
superfamily that possesses endogenous tyrosine activity
(117). The Janus kinase 2/signal transducer and activator
of transcription 3 (JAK2/STAT3) pathway is considered as
the central mediator of the weight-reducing effects of leptin
(123, 124). Central injection of leptin promotes STAT3-
dependent transcription of POMC gene, while at the same time
inhibiting the expression of AgRP and NPY, thus suppressing
appetite and enhancing thermogenesis and energy expenditure
(124). Additionally, leptin recruits others signaling networks,
such as the phosphatidylinositol 3 kinase/protein kinase B
(PI3K/AKT), mammalian target of rapamycin complex 1
(mTORC1) and AMPK pathways to modulate food intake
and energy expenditure (60, 125-127). Noticeably, AMPK
coordinates with PI3K/AKT and mTORCI1 signals to fully
facilitate the functions of leptin in the hypothalamus (128, 129).
For example, leptin stimulation promotes the phosphorylation
of AMPK at ser485 and ser491 in the hypothalamus through the
activation of the PI3K-AKT- mTORCI pathway, which in turn
attenuates AMPK activity, leading to reduced food intake (128).

The melanocortin system is believed to play indispensable
roles in controlling leptin induced suppression of food intake
and body weight (130). Deletion of lepRb in POMC or AgRP
neurons results in hyperphagia and obesity (131, 132). Similarly,
the VMH has been identified as a key reaction site for leptin,
VMH specific SF-1 knockout mice display leptin resistance and
are susceptible to diet-induced obesity (133). Leptin directly
depolarizes SF-1 neurons in the VMH (134). Ablation of lepRb
selectively in SF-1 neurons exaggerates diet-induced obesity,
which is accompanied by impaired thermogenesis, indicating
lepRb in SF-1 neurons is required for appropriate thermogenic
response to overnutrition (134, 135). Furthermore, recent
evidence has revealed the involvement of hypothalamic AMPK
in mediating the thermogenic actions of leptin (136). Central
injection of leptin inhibits hypothalamic AMPK activity and
amplifies sympathetic drive to adipose tissues (137). In contrast,
constitutive activation of AMPK in the hypothalamus prevents
the ability of leptin to increase the sympathetic tone to BAT
(60). More specifically, inhibition of the AMPK a2 isoform in
the VMH mimics the thermogenic actions of leptin and prevents
leptin to further enhance BAT activity, suggesting AMPK within
the VMH is at least partially responsible for leptin-stimulated
thermogenesis (137).

Additionally, mice lacking protein tyrosine phosphatase 1B
(PTP1B), a negative regulator of leptin signaling, in the brain
exhibit reduced UCP1 expression in BAT, which is associated
with diminished AMPK activity in the hypothalamus (136).
Nevertheless, whether AMPK within the VMH contributes to
central PTP1B deficiency induced thermogenesis remains to
be elucidated, creating and characterizing animal models with
PTP1B deletion in the VMH may shed light on this question.
Moreover, ablation of the suppressor of cytokine signaling
3 (SOCS3) in SF-1 neurons enhances leptin sensitivity and
promotes modest weight loss during lactation, although food
intake is not affected (138). However, the role of AMPK in this
process warrants further investigation.

ER STRESS IN THE VMH: LINKING AMPK
TO THERMOGENESIS?

The ER is a dynamic organ where proteins are matured,
assembled and folded (139, 140). Improperly folded proteins are
normally delivered to the ER for degradation (139). However,
strong and prolonged cellular perturbations may alter ER
homeostasis, leading to the accumulation of potentially toxic
misfolded proteins and ER stress (141). Evidence accumulated
in the past years has revealed a close relationship between
ER stress and obesity (141). Particularly, genetic and diet-
induced obesity models are associated with elevated ER stress
levels in the hypothalamus (142). Central injection of ER stress
inducers, such as tunicamycin or thapsigargin, accelerates the
development of obesity (52, 143). In contrast, alleviating ER
stress by treating obese animals with chemical chaperones,
like tauroursodeoxycholic acid (TUDCA) or 4-phenylbutyrate
(4-PBA), increases leptin sensitivity and attenuates the risk of
obesity (53). Very recently, Contreras and colleagues found that
the impaired thermogenesis in BAT and WAT of obese rats is
closely related to the elevated ER stress levels in the VMH (51).
Intra VMH injection of ceramide triggers ER stress, resulting
in an obese phenotype characterized by decreased thermogenic
markers in BAT and WAT (51). Inducing ER stress by inhibiting
GRP78 in the VMH, but not in the ARH, increases body weight
and decreases UCP1 concentrations in BAT (52). Conversely,
overexpressing GRP78 in the VMH reduces ER stress, enhancing
thermogenesis in BAT and WAT and improving metabolic
profiles in obese animals (51, 144), suggesting that ER stress in
the VMH plays a critical role in regulating thermogenesis and
energy balance.

It is interesting that peripheral signals, such as THs, GLP-1,
E2, BMP8B, and leptin, act on the VMH to inhibit AMPK, which
subsequently enhances BAT thermogenesis through activating
the SNS (16, 52, 64, 66, 114). Both THs and E2 have been
reported to suppress AMPK in the VMH and alleviate ER stress
in the hypothalamus (52, 53). Inactivation of AMPK within the
VMH reduces ER stress levels, whereas constitutive activation
of AMPK prevents T3-induced down-regulation of ER stress
(52), indicating AMPK acts as an upstream regulator of ER
stress in the VMH. Currently, the detailed mechanisms through

Frontiers in Endocrinology | www.frontiersin.org

September 2020 | Volume 11 | Article 578830


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Liu et al.

VMH AMPK and Therogenesis

which AMPK affects ER stress are not fully understood. One
acknowledged explanation is that AMPK alters cellular lipid
composition by regulating its downstream mediator carnitine
palmitoyltransferase 1 (CPT-1), resulting in elevated intracellular
ceramide contents, which cause lipotoxicity and trigger the
initiation of ER stress (52). In line with this observation, mice
lacking CPT-1C display higher hypothalamic ER stress levels and
body weight as well as impaired thermogenic response to short-
term HFD exposure (145). Given the fact that THs, GLP-1, E2,
BMP8B and leptin all stimulate BAT thermogenesis by inhibiting
AMPK within the VMH and the close relationship between
hypothalamic AMPK and ER stress (16, 52, 64, 66, 114), the
VMH AMPK-ER stress-BAT axis may represent a canonical
pathway for multiple peripheral signals that act on the VMH
to control thermogenesis, although more studies are needed to
further testify this hypothesis.

TARGETING AMPK WITHIN THE VMH TO
COUNTERACT OBESITY

AMPK is a major energy regulator which exerts opposite
actions regarding metabolism in the CNS and the periphery
(146-148). On the one side, activation of AMPK promotes fatty
acid oxidation and lipolysis in skeletal muscle, and diminishes
glucose production in liver, contributing to the maintenance of
lipid and glucose homeostasis (149, 150). On the other side,
AMPK activation in the hypothalamus augments food intake
and suppresses energy expenditure, promoting the development
of obesity (146). Therefore, neither systematic activation nor
inhibition of AMPK would be a good strategy for the treatment
of obesity. In addition, although AMPK has been explored as a
pharmacological target for years, the potential cardiac toxicity
effects of systematically administrated AMPK activators prevent
their clinical application. Therefore, site specific manipulation of
AMPK is necessary in order to achieve better outcomes.

Both the VMH and LHA are important areas responsible for
the control of food intake and adaptive thermogenesis (151-
155). Previous virus tracing experiments have demonstrated that
SE-1 neurons in the VMH project to and terminate in the
LHA, providing evidence that these two nuclei are anatomically
connected (10, 156). On the other hand, the AMPK (VMH)-
glutamate- OX (LHA) pathway unravels a molecular basis for
the functional interplay between these two major areas for
the modulation of BAT thermogenic activity (114). It is of
interest to test whether the AMPK (VMH)-glutamate- OX
(LHA)-SNS-BAT axis is a universal determinant mechanism for
peripheral hormones to regulate BAT thermogenesis (16, 52,
64, 65). Obviously, addressing this question is of considerable
significance if we wish to fully understand the hormonal and
neuronal control of BAT thermogenesis and may pave the way
for developing novel therapies to overcome obesity.

Activation of rat-insulin-promoter-cre (RIP-Cre) neurons in
the VMH preferentially promotes the recruitment of beige fat
but has no effect on BAT (157). In contrast, inhibiting AMPKa1
activity in SF-1 neurons increases thermogenesis in both BAT
and WAT (18). Additionally, central administration of BMP8B

increases the sympathetic outflow to BAT but does not alter
the sympathetic tone to kidney (114). These findings together
indicate that the sympathetic innervations to different organs
might be orchestrated by distinct subsets of neurons in the CNS.
Notably, obesity is accompanied by elevated sympathetic tone
to the cardiovascular system, which is a major contributor to
obesity-related hypertension and heart disease (158). Hence, in
order to stimulate thermogenesis specifically in adipocytes while
circumventing detrimental cardiovascular effects, systematically
examining the sympathetic connections between the VMH and
peripheral tissues is necessary.

Furthermore, AMPK within the VMH plays a crucial role
in the detection of acute hypoglycemia and the initiation of
the glucose counter-regulatory response (159-162). Thereby, the
potential hypoglycemic risk should be taken into consideration
before the application of AMPK inhibitors. Nevertheless, it is
noteworthy that the a1, but not the a2, isoform of AMPK within
the VMH is mainly responsible for BAT thermogenesis and WAT
browning (16, 18, 52). Conversely, the AMPK a2, but not the a1,
isoform is a key contributor to the hypoglycemia regulation in
the VMH (159-161). In this sense, delicately designed drugs that
specifically inhibit the AMPK a1, but not the a2, isoform might
be helpful to selectively enhance adaptive thermogenesis and at
the same time circumvent the hypoglycemia issue.

Nevertheless, even though AMPK serves as a promising target
for obesity in a number of animal models, plenty of difficulties
need to be addressed before the clinical application of drugs
that modify AMPK in treating human obesity. Firstly, due to
the multifaceted actions of AMPK in different organs, site-
specific manipulation of AMPK is required but hard to achieve
in humans. Besides, the advancement of technology allows for
region-selective or even neuron-selective gene manipulations
in experimental animals, but targeting specific brain areas in
humans remains challenging. In addition, central regulation
of thermogenesis requires intact sympathetic innervations
to adipocytes. Obesity is often accompanied by impaired
sympathetic nerve distributions in fat tissues (163), which may
jeopardize the anti-obesity effects of AMPK inhibition in the
VMH. Moreover, while the -AR agonist Mirabegron robustly
stimulates glucose uptake in BAT of healthy adult humans
(164), administration of a panadrenergic agonist Ephedrine
produces minimal effects on BAT activity in obese subjects
(165), suggesting the development of 3-AR resistance in obesity.
Finally, the distribution and regulation of brown and beige
adipocytes in humans are not the same as that of rodents.
Therefore, whether orchestrating AMPK within the VMH in
humans would produce similar beneficial metabolic outcomes
waits to be tested.

CONCLUDING REMARKS

As summarized in Figure 1, the importance of AMPK within
the VMH in regulating thermogenesis is demonstrated by the
fact that central THs, GLP-1, E2, BMP8B, and leptin all increase
BAT thermogenesis and WAT browning by inhibiting AMPK
in the VMH (16, 52, 64-66). Furthermore, ER stress in the
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FIGURE 1 | AMPK within the VMH regulates BAT thermogenesis and WAT browning. Peripheral signals, such as THs, GLP-1, E2, BMP8B, and leptin, may act on the
VMH to inhibit AMPK, which subsequently promotes BAT thermogenesis and WAT browning through activating the SNS, resulting in body weight loss. Additionally,
THs and E2 may decrease ceramide and ER stress levels by suppressing AMPK in the VMH, leading to enhanced thermogenesis via the SNS. Alleviating ER stress in
the VMH also increases hypothalamic leptin sensitivity. Whether ceramide and ER stress can mediate the thermogenic effects of GLP-1 and BMP8B warrant further
investigation. The solid blue arrows represent activation, the dotted red arrows represent inhibition. 3V: third ventricle. ARH: arcuate nucleus of the hypothalamus.
VMH: ventromedial nucleus of the hypothalamus. AMPK: adenosine monophosphate-activated protein kinase. ER stress: endoplasmic reticulum stress. SNS:
sympathetic nervous system. THs: thyroid hormones. GLP-1: glucagon-like peptide-1. E2: estrogens. BMP8B: Bone morphogenetic protein 8B.

Brown
adipocytes

VMH mediates the effects of AMPK on thermogenesis (52),
suggesting that ER stress is another useful target for obesity.
Chemical chaperones, like TUDCA and 4-PBA, are sufficient
to reduce hypothalamic ER stress and thereby decreases the
risk of obesity (51, 52). More importantly, clinical evidence
indicates that some of these chemical chaperones have high
safety profiles in humans (166, 167). Thus, designing drugs
that act specifically on the VMH to inhibit AMPK or ER
stress might represent a promising approach for fighting
against obesity.

Currently, there are still some fundamental questions that
need to be addressed to fully uncover the role of AMPK in
the VMH. First, although recent studies have demonstrated that
SF-1 neurons are the key neuronal population which mediates
the regulatory effect of AMPK on thermogenesis (18), the
involvement of other neuronal populations in thermoregulation
is poorly understood. Second, THs and E2 also reduce ER
stress in the hypothalamus by inhibiting AMPK in the VMH,
which contributes to the thermogenic actions of these hormones
(52, 53). It is of significance to explore whether ER stress is
a common downstream mediator for the thermogenic effects

of THs, GLP-1, E2, BMP8B, and leptin. Third, how different
hormones act on the VMH to inhibit AMPK is another
question that warrants further investigation. Fourth, a better
understanding of how VMH neurons regulate sympathetic
outflow to different organs is required for avoiding undesirable
side effects.

Overall, considering the critical role of AMPK within the
VMH in regulating thermogenesis and the existence of brown
and beige adipocytes in adult humans, more investigations
are needed to expand our understanding of the neuronal and
hormonal control of adaptive thermogenesis and the role of
AMPK within the VMH in this process. Addressing these
questions may facilitate the development of drugs that are
specifically targeted at AMPK within the VMH to enhance
thermogenesis and reduce body weight as well as bypass
unexpected detrimental effects.
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Brown adipose tissue (BAT) and beige adipose tissue dissipate metabolic energy and
mediate nonshivering thermogenesis, thereby boosting energy expenditure. Increasing
the browning of BAT and beige adipose tissue is expected to be a promising strategy for
combatting obesity. Through phenotype screening of C3H10-T1/2 mesenchymal stem
cells, diphyllin was identified as a promising molecule in promoting brown adipocyte
differentiation. In vitro studies revealed that diphyllin promoted C3H10-T1/2 cell and
primary brown/beige preadipocyte differentiation and thermogenesis, which resulted
increased energy consumption. We synthesized the compound and evaluated its effect
on metabolism in vivo. Chronic experiments revealed that mice fed a high-fat diet (HFD)
with 100 mg/kg diphyllin had ameliorated oral glucose tolerance and insulin sensitivity and
decreased body weight and fat content ratio. Adaptive thermogenesis in HFD-fed mice
under cold stimulation and whole-body energy expenditure were augmented after chronic
diphyllin treatment. Diphyllin may be involved in regulating the development of brown and
beige adipocytes by inhibiting V-ATPase and reducing intracellular autophagy. This study
provides new clues for the discovery of anti-obesity molecules from natural products.

Keywords: diphyllin, obesity, brown adipocyte, differentiation, thermogenesis, V-ATPase

INTRODUCTION

Obesity has reached epidemic proportions worldwide and is associated with an increased risk of
metabolic, cardiovascular and chronic inflammatory diseases, such as type 2 diabetes, dyslipidemia,
nonalcoholic fatty liver disease (NAFLD), hypertension, coronary heart disease and stroke (1). The
fundamental cause of obesity is the chronic energy imbalance between caloric intake and
consumption, where surplus energy is stored in adipose tissue (2). Dietary and lifestyle
modifications can be effective for the treatment of obesity and the prevention of diabetes.
However, these approaches are difficult to maintain in the long term. Efficient ways to increase
energy expenditure are urgently needed to combat the escalating occurrence of obesity.
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Adipose tissue is a key organ in the regulation of energy
balance. Three functionally different types of adipose tissue are
present in mammals: white adipose tissue (WAT), brown
adipose tissue (BAT) and brown-like (beige) adipose tissue.
White adipose tissue is the primary site of triglyceride storage,
but BAT and beige adipose tissue are specialized in energy
expenditure and adaptational thermogenesis (2). These three
tissues differ in anatomical localization, abundance, maintenance
throughout the life of the animal, morphology and mainly
function (3). The functions of BAT and beige adipose tissue
are mediated by uncoupling proteins (UCPs), which are located
in the inner mitochondrial membrane. UCP1 uncouples the
oxidative phosphorylation process, oxidizing fatty acids and
glucose that are produced by triglyceride hydrolysis to generate
heat (4). Thus, promoting brown/beige adipose browning is now
considered a safe strategy to resist obesity and ameliorate
metabolic syndromes, such as hyperglycemia and insulin
resistance (5). Strategies to target the browning of brown/beige
adipocytes can be divided into two directions according to the
characteristics of brown/beige adipocytes: promoting brown/
beige preadipocyte differentiation and increasing thermogenesis
of brown/beige fat cells (6). After several decades of research,
many transcriptional and epigenetic factors and small molecules
have been reported to control brown adipose cell fate and
function; these factors include PPARY (7, 8), PRDM16 (9-12)
and PGClo (13-17), and external cues include PPARY agonists
(18), catecholamines, and polyphenols (19).

Natural products are major sources of new drug leads.
Searching for molecules with medicinal value from traditional
medicines and discovering new indications of bioactive natural
products are important approaches in natural product research.
Recently, through in vitro screening of compounds from natural
sources that regulate energy balance, a variety of phytochemicals
[e.g., resveratrol (20), quercetin (21), cyanidin-3-glucoside (22,
23), berberine (24), and gypenosides (25)] have been reported to
be able to increase energy expenditure and curb obesity and its
complications by promoting adipose tissue differentiation and/or
thermogenesis capacity.

Aryl naphthalene lignans (ANLs) are widely distributed in
dietary or medicinal plants and exhibit excellent biological
activities, such as antibacterial, anti-inflammatory, antiviral
and anticancer activities (26). In addition, some herbs with

Abbreviations: BAT, brown adipose tissue; Cidea, cell death-inducing DFFA-like
effector a; Cox7al, cytochrome ¢ oxidase polypeptide 7al; Cox8b, cytochrome ¢
oxidase polypeptide 8b; CPT1, carnitine palmitoyltransferase 1; Dio2, type II
iodothyronine deiodinase; EE, energy expenditure; Elovl3, elongation of very long
chain fatty acids protein 3; eWAT, epididymal white adipose tissue; FBG, fasting
blood glucose; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone;
H&E, hematoxylin and eosin; HFD, High-fat-diet; IBMX, 3-Isobutyl-1-
methylxanthine; ITT, insulin tolerance test; iWAT, inguinal white adipose
tissue; LC3, Microtubule-associated protein 1 light chain 3; NEFA, nonesterified
fatty acid; NMR, 1H-nuclear magnetic resonance; OCR, oxygen consumption
rates; P62, sequestosome 1; pH:pondus hydrogeni; PGC-1ca, Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; PRDM16, PR
domain containing 16; RER, respiratory exchange rate; SVF, stromal vascular
fraction; T3, 3,3’,5-Triiodo-L-thyronine; TC, total cholesterol; TG, triglyceride;
UCP1, uncoupling protein 1; V-ATPase, vacuolar H"-ATPase.

ANLs were used as folk medicine for adjuvant therapy of
diabetes, such as Cordia rufescens (27, 28). Researchers of
Shionogi & Co., Ltd. reported that S-8921 and S-8921G, two
synthetic ANLs, exhibited significant hypocholesterolemic effects
in vivo, which expanded the application of lignans to metabolic
diseases (29). Inspired by the potential effects of these ANLs on
glycolipid metabolism, an in vitro assay based on the effect of
browning differentiation in C3H10-T1/2 mesenchymal stem cells
were used to evaluate the glycolipid metabolism regulation effects
of the ANLs in our natural product library. Interestingly,
diphyllin, a common ANL, significantly promoted browning
adipogenesis and thermogenesis in adipocytes and increased
oxygen consumption under a nontoxic dosage in both C3H10-
T1/2 mesenchymal stem cells and primary brown/beige
adipocytes. Further investigations revealed that diphyllin
reduced obesity and improved the glucose tolerance capacity in
high-fat diet-fed C57BL/6] mice. There is less experimental
research concerning the effects of these ANLs on glycolipid
metabolism. This study may expand new applications of these
lignans in metabolic diseases and provide an opportunity to
develop a new class of agent against obesity or related diseases.

MATERIALS AND METHODS

Materials

The antibody sources were as follows: UCP-1 (Abclonal, A5857),
PRDM16 (Abcam, ab106410), PGC-1a (Calbiochem, ST1202),
B-actin (Abgent, AM1021B), Cide-A (Santa Cruz, sc-293289),
PPARYy (Abcam, ab178860), adiponectin (AdipoQ) (Abcam,
ab62551), FABP4 (Cell Signaling, #2120), LC3 (Proteintech,
14600-1-AP), and p62 (SQSTM1) (MBL, PM045).
Rosiglitazone, dexamethasone, 3-Isobutyl-1-methylxanthine
(IBMX), 3,3',5-Triiodo-L-thyronine (T3), indomycine,
oligomycin, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), rotenone and antimycin A were
purchased from Sigma-Aldrich. Recombinant human Insulin
(Roche) was purchased from Changzheng Hospital (Shanghai,
China). ELISA kits used in measurement of plasma parameters
are as follows: TG (Shanghai Fosun Long March, 1.02.1801), TC
(Shanghai Fosun Long March, 1.02.0401), NEFA (WAKO,
294-63601).

Chemical Synthesis of Diphyllin (1)

Diphyllin was prepared under the aldol reaction and Diels-Alder
reaction (30). A schematic illustration of the synthesis of diphyllin
is summarized in Scheme S1. Taking 3,4-dimethoxybenzaldehyde
as a starting material, compound 2 was obtained after
bromination. Glycolytic acetal 3 was synthesized from 2 and
glycol by using p-TsOH as a catalyst in toluene under reflux.
Under the condition of n-BuLi, the aldol reaction occurred with
piperonal to obtain intermediate 3a, which was further dissolved in
glacial acetic acid and reacted with diethyl acetylenedicarboxylate
(DEADC) at 140°C under a nitrogen atmosphere to yield 4. The
selective reduction of 4 by BH3.Me2S in THF led to diphyllin
(Scheme S1, Figures S1-S5, Supporting Information).

Frontiers in Endocrinology | www.frontiersin.org

18

December 2020 | Volume 11 | Article 592818


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Duan et al.

Diphyllin, Brown Adipocyte, Obese

The synthesis route was started with 3,4-dimethoxybenzaldehyde
under bromination, aldol reaction, Diels-Alder reaction and
selective reduction to obtain the target molecule.

6-Bromoveratrol (2). Br2 (11.26 ml, 220 mmol) was added to a
solution of 3,4-dimethoxybenzaldehyde (33.2 g, 200 mmol) in
MeOH (160 ml) in an ice bath over 1 h, and the mixture was
stirred for 6 h at room temperature. After the completion of the
reaction, as indicated by TLC, 300 ml of water was added, and
the crystals were precipitated. To a suspension of the crystal was
added aqueous NaOH to adjust it to a pH of approximately 9~10.
The precipitate was collected by filtration, washed with water and
dried under vacuum to give 49.1 g of 6-bromoveratrol (2) as a
white solid (95%). 1H NMR (400 MHz, CDCl;) 6 10.18 (1H, s),
7.41 (1H, s), 7.05 (1H, s), 3.96 (3H, s), 3.92 (3H, s).

2-(2-Bromo-4,5-dimethoxyphenyl)-1,3-dioxolane (3). To a
flask containing dry toluene (150 ml), 6-bromoveratrol (2)
(9.8 g, 40 mmol), glycol (6.5 ml, 48 mmol), and p-
toluenesulfonic acid (0.6 g) were added as catalysts. The flask
was connected to a Dean-Stark trap and refluxed for 3 h. The
solvent was removed in vacuo, and the residue was partitioned
between EA and 1 M NaOH (150 ml). The organic layer was
washed with brine (250 ml) and dried over anhydrous Na,SO,.
After the solvent was removed, the residue was recrystallized in
EtOH to obtain 2-(2-bromo-4,5-dimethoxyphenyl)-1,3-
dioxolane (3) (10.2 g, 89%). 1H NMR (400 MHz, CDCl;) &
7.11 (1H,s), 7.01 (1H, s), 5.99 (1H, s), 4.17 (2H, m), 4.06 (2H, m),
3.89 (3H, s), 3.88 (3H, s).

Diethyl 1-(3,4-methylenedioxyphenyl)-4-hydroxy-6,7-
dimethoxynaphthalene-2,3-dicarboxylate (4). To a solution of the
acetal (3) (2.9 g, 10 mmol) in dry THF (40 ml) was added n-BulLi
(4.8 ml, 2.5 M solution in n-hexane, 12 mmol) dropwise at -78°C
under N, atmosphere, and the mixture was stirred for 15 min. A
solution of piperonal (1.5 g, 10 mmol) in anhydrous THF (10 ml)
was added at -78°C. The mixture was stirred for 30 min and allowed
to warm to rt for 2.5 h. The reaction was quenched with 50 ml of
acetic acid below 0°C. DEADC (1.7 g, 10 mmol) was added to the
solution and then heated at 140°C for 1 h in a N, atmosphere. After
cooling to room temperature, the mixture was extracted with DCM.
The organic layer was washed with brine 3 times and dried over
anhydrous Na,SO,. The residue was purified by silica gel
chromatography and eluted with PE/EA = 3:1 to afford 3.01 g of
compound 4 as a yellow powder (64%). 1H NMR (400 MHz,
Chloroform-d) 8 12.45 (1H,s), 7.74 (1H, s), 6.89 (1H,d, ] = 7.8 Hz),
6.81 (1H,d, ] =1.6 Hz), 6.78 (1H, dd, ] = 7.8, 1.6 Hz), 6.75 (1H, s),
6.06 (1H,d,J = 1.3 Hz), 6.01 (1H, d,] = 1.3 Hz, 1H), 441 (2H, q,] =
7.1 Hz), 4.06 (5H, m), 3.77 (3H, s), 1.36 3H, t, ] = 7.1 Hz), 1.06
(3H,t,]=7.2 Hz).

Diphyllin (1). To a solution of compound 4 (3.0 g, 6.4 mmol)
in THF (40 ml) was added BH;-Me,S (6.4 ml, 10.0 M solution in
DMS, 64 mmol) in an ice bath, and the mixture was stirred
overnight at room temperature. After the completion of the
reaction, as indicated by TLC, 2 N HCl was added to the solution
to adjust the pH to 2~3. Then, the solution was partitioned with
DCM. The organic layer was washed with brine (250 ml) and
dried over anhydrous Na,SO,. After the solvent was removed,
the residue was recrystallized in MeOH to afford 0.866 g of

diphyllin (1) as a yellow powder (36%). 1H NMR (400 MHz,
DMSO-d6) 6 10.40 (1H, s), 7.62 (1H, s), 7.02 (1H, d, ] = 7.9 Hz),
6.96 (1H, s), 6.86 (1H, d, ] = 1.6 Hz), 6.75 (1H, dd, ] = 7.9,
1.6 Hz), 6.11 (2H, s), 5.36 (2H, s), 3.94 (3H, s), 3.65 (3H, s). 13C
NMR (100 MHz, DMSO-d6) & 169.7, 150.5, 149.7, 146.8, 146.6,
144.9, 129.5, 129.5, 128.8, 123.8, 123.3,121.7, 118.7, 111.1, 107.9,
105.4, 101.0, 100.7, 66.6, 55.6, 55.1.

Chemical Screening

Natural compounds were from Jing-Long Li laboratory, 36
molecules with different skeleton types of natural products
(such as lignans, terpenoids, and alkaloids) were selected to
treat the cells. For high-throughput chemical screenings,
C3H10-T1/2 cells were differentiated in 48-well plates. At day
0 after 2 days of confluency, cells were treated with chemicals for
8 days with induction medium and maintenance medium and
analyzed for mRNA levels using quantitative real-time PCR
(qRT-PCR) and oil red O staining. The mRNA ratios of Fapb4,
Ucpl and Adiponectin in each well were used to evaluate the
effect of each chemical, and oil red O staining provided further
confirmation. The chemical library was from the Jin-Long Li
group and applied at a final concentration of 10 uM or 10 pg/ml
of each chemical in screening. Cells treated with DMSO and
1 uM rosiglitazone were used as controls.

Sulforhodamine B Sodium Salt Assay
Cytotoxicity was determined by the sulforhodamine B sodium
salt (SRB) cytotoxicity assay using 96-well microtiter plates as
described (31). Cells were plated in duplicate wells (3,000 cells/
well) and exposed to diphyllin at different concentrations. After
48 h of incubation, cells were fixed with 10% TCA (attached cells
were fixed with 3.3% TCA) solution for 1 h, and 0.057% SRB
(Sigma Chemical Co.) was added to each well. After a 30-min
incubation, the plates were washed, and dye was dissolved in
10 mM Tris buffer (pH 10.5) and read at 570 nm on a microplate
reader (Molecular Device). The wells with cells containing no
drugs and wells with medium plus drugs but without cells were
used as positive and negative controls, respectively. All of the
reagents were purchased from Sigma-Aldrich.

Cell Culture

C3H10-T1/2 cells were a gift kindly given by Jigiu Wang, Ruijin
Hospital. All the cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS (Gibco),
0.1 mg/ml streptomycin (Invitrogen) and 100 U/ml penicillin at
37°C in a 5% CO2 incubator. Adipocyte differentiation of
C3H10-T1/2 cells were induced by treating confluent cells with
DMEM containing 10% FBS, 0.5 mM isobutylmethylxanthine
(IBMX), 125 nM indomethacin, 1 uM dexamethasone, 850 nM
insulin and 1nM T3. Twodays after induction, cells were
switched to maintenance medium containing 10% FBS,
850 nM insulin and 1 nM T3 for 6 days. For brown adipocyte
differentiation, cells were incubated with diphyllin for 8 days at 5
and 10 uM. For adipocyte thermogenesis, cells were incubated
with diphyllin for 24 h after differentiation.
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Isolation of Adipose Stromal Vascular
Fraction Cells and Differentiation In Vitro
Stromal vascular fraction (SVF) cells were isolated as described
from 4- to 6-week-old male C57BL/6] mice previously (32). In
brief, adipose tissue from inguinal area and interscapular area was
minced on ice and digested with 2.4 mg/ml dispase II (Roche)
and 10 mg/ml collagenase D (Roche) in phosphate-buffered
saline (PBS) supplemented for 45min at 37°C, followed by
stopping digestion with complete medium and filtering through
a 100 um strainer (BD Biosciences). The cell suspensions were
centrifuged at 4 °C for 10 min, 500g, then suspended and filtered
through a 40 pm strainer (BD Biosciences) and then further
centrifuged at 4 °C for 10 min, 500g, and suspended before
plating onto 10 cm dishes. SVF cells were cultured in DMEM/F12
supplemented with 10% FBS and 0.1 mg/ml streptomycin
(Invitrogen) and 100 U/ml penicillin (Invitrogen). Adipocyte
differentiation was carried out by treating confluent cells in
induction medium supplemented with 0.5mM IBMX, 125 nM
indomethacin, 1 UM dexamethasone, 850 nM insulin, and 10 nM
T3 for 48 h. Next, the cells were maintained in maintenance
medium supplemented with 850 nM insulin and 10 nM T3 for
6 days. To analyze the effects of diphyllin on differentiation,
diphyllin was added throughout the differentiation. Experiments
were performed on day 8 of differentiation. To analyze the effects
of diphyllin on thermogenesis, diphyllin was added at day 7 for
24 h after differentiation.

Oil Red O Staining

Oil red O staining was performed according to standard
protocols (33). Cells were washed twice with phosphate-
buffered saline (PBS) and fixed with 4% paraformaldehyde for
30 min at room temperature, followed by oil red O (BBI,
E607319) incubation for 60 min. The cells were washed with
PBS 2~3 times before visualizing under a light microscope and
image capture. Absorbance was measured with a Spectra Max
M5 (Agilent Technologies) at 520 nm. The relative intracellular
lipid content was expressed as the optical density at 520 nm
relative to the solution control.

Quantitative RT-PCR Analysis

Total RNA was isolated from cells or homogenized tissues using
TRIzol reagent (Invitrogen). Complementary DNA was prepared
from 1 ug of total RNA using Prime Script Reverse Transcriptase
(TaKaRa) according to the manufacturer’s instructions. After 10-
fold dilution, the cDNAs were amplified using 2 x SYBR Green
qPCR Master Mix (Abclonal) and a Stratagene Mx3005P system
(Agilent Technologies). Expression data were normalized to
36b4. Sequences of primers used in this study are listed in
Table S1 (Supporting Information).

Western Blot Analysis

Cells were lysed with SDS-PAGE sample loading buffer
(Beyotime) on ice and then denatured at 100°C for 10 min.
Proteins were electrophoresed through SDS-PAGE and
transferred to nitrocellulose filter membranes. Membranes
were blocked with 5% skim milk at room temperature for 1 h

and incubated with the indicated antibody overnight at 4°C,
followed by incubation with secondary antibody at room
temperature for 1 h. The expression signal of the indicated
proteins was detected with enhanced chemiluminescence
(GE Healthcare).

OCR Measurements

Cells were plated in an XF 96-well microplate (Seahorse Bioscience)
and allowed to grow to confluency. The experiments were
performed on day 8. For the analysis of diphyllin’s effect on
thermogenesis, diphyllin was added at day 7 and for 24 h to
C3H10-T1/2 or primary brown/beige adipocytes. The cells were
induced to undergo brown/beige adipogenesis for 8 days, followed
by OCR measurement at 37°C using an XF96 analyzer (Seahorse
Bioscience) according to the manufacturer’s instructions. 2 UM
oligomycin, 1 UM FCCP and 1 UM rotenone/antimycin A were used
to detect uncoupled respiration, maximal respiration and
nonmitochondrial respiration, respectively.

Chronic Efficacy Studies

All animal experiments were approved by the Animal Care and
Use Committee of the Shanghai Institute of Materia Medica,
where the experiments were conducted. Six-week-old male
C57BL/6] mice (Shanghai SLAC Laboratory Animal Co.,
Shanghai, China) were housed in a temperature- and relative
humidity-controlled room (22 + 2°C, 55 + 5%) with a 12-h light-
dark cycle and free access to food and water. For chronic anti-
obesity studies, mice were fed a high-fat diet (HFD) initiated at 6
weeks of age (60% calories from fat, 20% calories from protein,
20% calories from carbohydrate; Research Diets). At 22 weeks of
age, HFD mice were randomly assigned to treatment groups.
Vehicle and diphyllin (100 mg/kg) were given between 11:00 and
12:00 AM everyday for 9 weeks. Body weight and food intake
were recorded daily. A glucose tolerance test (GTT) was
performed in the 4th week. Cold exposure was tested in the
5th week. Metabolic analysis was performed in the 6th week. An
insulin tolerance test (ITT) was conducted, and blood samples
were collected in the 7th week of the study. Body composition
measurements were performed in the 8th week. At the
9th week, tissues were dissected, weighed, immediately frozen
in liquid nitrogen and stored at -80°C and fixed with 4%
paraformaldehyde at room temperature for HE staining.

GTT and ITT Assays

The mice were fasted for 6 h and received a p.o. injection of
glucose (2 g/kg) or i.p. injection of recombinant human insulin
(0.75 U/kg). The glucose concentrations were measured in blood
collected by venous bleeding from the tail vein immediately
before and after 15, 30, 60, 90 and 120 min. The area under the
curve was calculated for analysis.

Metabolic Analysis in the Animal Study

Oxygen consumption, carbon dioxide production and locomotor
activity were measured using a sixteen-chamber indirect
calorimeter (TSE PhenoMaster, TSE system) according to the
manufacturer’s instructions. The mice were maintained at 24°C
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under a 12-h light-dark cycle. Food and water were available ad
libitum. Locomotor activity was derived from the x-axis and
y-axis beam breaks monitored every 17 min. Heat production as
name as energy expenditure, oxygen expenditure, activity and
RER were calculated as described previously. The total fat and
lean masses of mice were assessed with the body composition in
the 8th week of treatment using 1H-nuclear magnetic resonance
spectroscopy (Minispec LF90 II, Bruker).

Cold Exposure

Mice were individually housed at 4°C for 8 h without food but
with free access to water. Rectal temperature was measured every
hour with a BAT-12 microprobe digital thermometer and RET-3
mouse rectal probe (Physitemp Instruments, Clifton, USA).

Lysosome Acidification Assays

Lysosomes were acidified using a LysoSensor = Yellow/Blue
DND-160 (Yeasen Biotechnology, 40768ES50) as reported
before (34, 35). After diphyllin treatment, cells were incubated
for 24 h with 2 uM LysoSensor * Yellow/Blue DND-160 for
5 min before test. The OD value at 384 nm is used to indicate the
pH of lysosomes.

Histology

Brown adipose tissue, white inguinal and epididymal adipose
tissues were fixed in 4% formaldehyde overnight at room
temperature, embedded in paraffin, and sectioned (6 um) by a
microtome. The slides were deparaffinized, rehydrated, and
stained with hematoxylin and eosin (Sigma) according to a
standard protocol. Images were viewed under a light
microscope for image capture and cell surface was calculated
by AdipoCount application, which was reported before (36).

Statistics

All the values represent the means + SEM. Error bars represent
SEM; significant differences compared to vehicle controls are
indicated by *p < 0.05, **p <0.01, and ***p < 0.001.

RESULTS

Diphyllin Is Identified as a Natural Inducer
From Differentiation Screening of Natural
Products on C3H10-T1/2 Cells

Activation of brown adipocytes contributes to total body fuel
expenditure through energy dissipation as heat, which is
considered an effective method for the treatment of obesity
and related diseases. C3H10-T1/2 cells, which are mouse-
derived mesenchymal stem cells, can differentiate into brown
adipocytes by a browning cocktail. Based on natural molecules
found to promote brown/beige browning, we performed a
screening assay on C3H10-T1/2 mesenchymal stem cells,
which can be induced into brown adipocytes. For each plate,
DMSO and 1 UM rosiglitazone treatment were both included as
internal controls. The Jin-long Li natural library was selected for
C3H10-T1/2 differentiation, 36 molecules with different skeleton

types of natural products (such as lignans, terpenoids, and
alkaloids) were selected to treat the cells. Cells were treated
with compounds throughout differentiation, and a schematic
view of the strategy is shown in Figure 1A. The mRNA ratios of
Fapb4, Ucpl and Adiponectin in each well were used to evaluate
the effect of each chemical, and oil red O staining provided
further confirmation. Consistent with many studies, the ratio of
rosiglitazone treatment to the control group was significantly
differentially promoted with respect to both mRNA (Figures 1B,
D) and oil red O staining (Figure 1E). Fold changes upon
treatment with respect to DMSO controls in each plate were
then calculated for each compound at the mRNA level (Figure
1B). Diphyllin (1) (Figure 1C), an aryl naphthalene lignan and a
natural compound that can activate Ucpl, Fabp4 and
Adiponectin expression, showed an mRNA ratio of more than
2-fold (Figures 1B, D) and promoted brown adipogenesis,
showing more oil red O dye deposition (Figure 1E).

Diphyllin Promotes Differentiation and
Thermogenesis of C3H10-T1/2 Cells,
Primary Brown and Beige Adipocyte
Preadipocytes

The cytotoxicity of diphyllin was initially evaluated in C3H10-
T1/2 mesenchymal stem cells with a sulforhodamine B sodium
salt (SRB) assay. As shown in Figure S6 (Supporting
Information), at a concentration of 10 uM for 48 h, diphyllin
exhibited no apparent cytotoxicity.

Based on the in vitro screening experiment, we evaluated the
effects of diphyllin on the browning of brown and beige
adipocytes, including the differentiation stage and thermogenesis
stage, using the stromal vascular fraction cells of brown fat and
white inguinal fat, which could be induced to brown and beige
adipocyte (37). For the late phase differentiation of brown and
beige adipocyte, after the day 6, the brown and beige marker genes,
such as Adiponectin, Fabp4, Ucpl, have reached a very high state,
which means that adipocyte was mature (38-40). So, we choose
day 7 to investigate the role of diphyllin on mature brown and
beige fat, major in thermogenesis activation, except for the role of
differentiation. The schematic view strategy is shown in Figure
2A. As shown in Figure 2B, diphyllin significantly promoted the
differentiation of brown preadipocytes at concentrations of 5 and
10 uM by oil red O staining, with adipogenic genes, including
Ppary, Fabp4, Adiponectin and Ucp1, being significantly increased
(Figures 2C, D). In addition, the same phenotypes were
reproduced in primary brown and beige adipocyte precursors
(Figures 3A-D, Figures 3J-M). The above data suggested that
diphyllin promotes the differentiation of brown/beige adipocytes.

We then evaluated the effects of diphyllin on thermogenesis
in differentiated C3H10-T1/2 cells. As shown in Figures 2E, F,
the expression of thermogenic genes such as UcpI and Pgclorwas
upregulated in the presence of diphyllin at concentrations of 5
and 10 uM for 24 h. Consistently, the related thermogenic
proteins, including UCP1, were also increased after treatment
with diphyllin in comparison with the control group. In addition,
the basal oxygen consumption rate (OCR) and uncoupling
oxygen consumption rate were significantly induced in
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FIGURE 1 | Differentiation screening of natural products in C3H10-T1/2 cells. (A) Schematic view of the targeting strategy for natural product screening. (B) Relative
gene mRNA expression in differentiated cells treated with natural products. (C) Structure of diphyllin (1). (D) Relative gene mRNA expression in differentiated cells
treated with rosiglitazone and diphyliin. (E) Oil red O staining in differentiated cells treated with rosiglitazone or diphylliin. For oil red O staining, n=1; for mMRNA

differentiated C3H10-T1/2 brown adipocytes by coincubation
with diphyllin for 24 h (Figures 2G-I). In addition, the same
phenotypes were reproduced in primary mature brown and beige
adipocytes (Figures 3E-I, Figures 3N-R). Collectively, these
results indicated that diphyllin increased thermogenesis in
brown/beige adipocytes.

Diphyllin Promotes Weight Loss With
Increased Thermogenesis and Improves
Metabolism In Vivo

On the basis of the aforementioned experiments, diphyllin was
further evaluated for its effects on the metabolic characteristics of
obese mice. After C57BL/6] mice were fed a high-fat diet (HFD-
fed mice) for 16 weeks with insulin resistance and obvious
obesity, diphyllin was administered orally once daily at a dose
of 100 mg/kg for an additional 9 weeks. As shown in Figure 4B,
significant weight loss of the mice was observed after 4 weeks of
diphyllin treatment compared with the vehicle group, while total
food intake did not differ between the two groups (Figure 4A).
We analyzed the body composition of diphyllin-treated mice by
NMR (Figure 4C). Compared with the control group, the
diphyllin treatment group mice had a significantly reduced fat
content ratio. In particular, diphyllin treatment significantly

reduced the inguinal and epididymis white adipose tissue
weights, which suggested that the decreasing weights of mice
were mainly attributed to the lowered level of adiposity, since the
weights of interscapular brown adipose tissues were similar
between the two groups (Figure 4D). Consistent with the body
weight change, diphyllin treatment resulted in modest
improvement in both the glucose tolerance test (GTT) and
insulin sensitivity test (ITT), suggesting improved metabolism
(Figures 4E-G), and diphyllin was found to reduce plasma levels
of free fatty acids and triglyceride but not sterol (Figures 4H-J).

Energy expenditure is an essential indicator of energy
homeostasis, and increasing energy consumption is an important
strategy to resist diet-induced obesity. To investigate how diphyllin
administration reduced diet-induced obesity, the effects of diphyllin
on whole-body energy expenditure were tested with the respiratory
metabolic system in HFD-fed mice. After daily treatment for
6 weeks, oxygen consumption and energy expenditure during a
12-h light/dark cycle were higher in diphyllin-treated mice (p.o.
100 mg/kg) than control mice (Figures 5A-D), with basal
respiratory exchange ratio (Figure 5E) and unchanged locomotor
activity (RER) (Figure 5F), which showed that there was no bias
in promoting diphyllin between glucose metabolism and lipid
metabolism. These results indicated that diphyllin improved
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diphyllin treatment for 24 h; (H, 1). The OCR-related basal metabolic rate and uncoupled oxygen consumption refer to (C). *p < 0.05, *p < 0.01, and **p < 0.001.

diet-induced obesity, which might be attributed to the higher
energy expenditure in comparison to control mice. Brown
adipose tissue is well known as an essential thermogenic organ
that consumes abundant fuels to maintain basic body temperature
by nonshivering thermogenesis under cold stimuli, called adaptive
thermogenesis. As shown in Figure 5G, the mice treated with
diphyllin had significantly increased rectal temperature after cold
stimulation compared with the control group. All these above data
showed that diphyllin treatment could improve glucose and lipid
metabolism, resist diet-induced obesity and ameliorate
insulin sensitivity.

Since activation of brown/beige adipocytes is one of the major
ways to enhance energy expenditure, we tested whether diphyllin
induces reprogramming to brown/beige in adipose tissues.
Quantitative real-time PCR revealed that diphyllin upregulated
thermogenic genes, including Ucpl, Cox7al and Pgclo
adipogenic genes, including Ap2, Adiponectin and Ppary, and
glucose uptake and lipolytic genes, including GIut4, Hsl and Atgl,
in inguinal white adipose tissues, epididymal white adipose

tissues and interscapular brown adipose tissues (Figures 6A-C).
The upregulation of Ucpl expression in inguinal white adipose,
epididymal white adipose and interscapular brown adipose tissues
were also confirmed by immunoblotting of UCP1 proteins
(Figures 6D-F). We also observed that the fat cell surface
decreased after diphyllin administration compared to the
control group in inguinal white adipose tissues, epididymal
white adipose tissues and interscapular brown adipose tissues
(Figures 6G-I). Based on the above results, we hypothesized that
diphyllin augments whole-body energy expenditure to resist
obesity by thermogenic activation of adipose tissue in HFD-
fed mice.

DISCUSSION

The worldwide obesity epidemic makes developing a new
strategy to combat obesity an urgent need. Few medicines are
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currently available for the treatment of obesity on the market,
and many that are have certain side effects, such as headache,
depression and gastrointestinal reaction. Because of its
properties, brown/beige adipocyte thermogenesis is considered
a safe and effective strategy to combat obesity.

Natural products, owing to their structural and biological
activity diversity, represent an important pool for the discovery
of drug leads. In our continuing effort to find bioactive molecules
that improve adipocyte browning from natural products, we
obtained the natural compound diphyllin as a potentiator of
brown adipose adipogenesis and thermogenesis by screening our
natural product library. Our data showed that diphyllin
promoted the thermogenesis and differentiation of brown/beige
adipocytes and prevented diet-induced obesity and glycolipid
metabolic syndrome in HFD-fed mice. The upregulation of
UCP1 in white adipose tissues demonstrated that diphyllin

could convert mature white adipocytes into beige adipocytes
and promote thermogenesis in vitro and in vivo.

To determine the diphyllin-induced signaling pathway involved
in differentiation and nonshivering thermogenesis, we next
investigated the mechanism of diphyllin. Serensen et al. found
that diphyllin, as a novel and naturally potent vacuolar H+-ATPase
(V-ATPase) inhibitor, abrogates acidification of the osteoclastic
resorption lacunae and bone resorption (41). Diphyllin was
previously reported as a V-ATPase inhibitor, which decreases the
internal pH (pHi) and reverses the transmembrane pH gradient,
inhibits the proliferation and induces the apoptosis of cancer cells
and abrogates acidification of the osteoclastic resorption lacunae
and bone resorption (42-45). V-ATPase activity as a proton pump
is required for acidification of a wide array of different organelles in
eukaryotes (46). In mammalian cells, V-ATPase proton pumps are
the primary pH regulators that maintain intravascular and/or
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extracellular pondus hydrogenii (pH). The V-ATPase complex is
mainly responsible for lysosomal acidification. Recent reports
implicate altered V-ATPase activity and lysosomal pH
dysregulation in cellular aging, longevity, and adult-onset
neurodegenerative diseases, including forms of Parkinson’s
disease and Alzheimer’s disease (47). Ohsumi et al. tested whether
vacuolar acidification was required for autophagy in yeast by
following the accumulation of autophagic bodies in the vacuoles
of wild-type and vma-mutant (V-ATPase deficient) cells and their
subsequent degradation. This study confirmed that V-ATPase
activity is required for the final step of autophagy, that is, the
breakdown of cargo delivered to the vacuole (48). Genetic defects in
V-ATPase subunits or V-ATPase-related proteins are increasingly
seen in lipid metabolism dysregulation (49, 50) and in association
with a decrease in autophagy in the late phase (51, 52). Lysosome-

related autophagy regulates brown adipocyte function.
Chloroquine, a weak lysosomotropic base that blocks the fusion
of autophagosomes with lysosomes, blocked dexamethasone-
induced brown adipose tissue whitening and decreased the fat
mass content in dexamethasone-treated mice (53, 54).
Bafilomycin, the autophagy repressor target of V-ATPase,
increases UCP1 protein expression in primary preadipocytes (55).
These studies reveal that V-ATPase activity and lysosomes regulate
brown/beige cell fate and function.

As inhibiting V-ATPase causes lysosomal deacidification,
leading to decreased autophagy flux through autophagosome-
lysosome fusion (56), resulting in the accumulation of
Microtubule-associated protein 1 light chain 3 (LC3) and
sequestosome 1 (p62) (53). We tested the acidification of
lysosomes using LysoSensorTM Yellow/Blue DND-160, an
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acidophilic lysosome shuttle probe, and diphyllin-treated cells
showed lower yellow dye deposition than the controls (Figure
S7A). Autophagy flux was tested with the tandem GFP-RFP-LC3
adenovirus, which represents autophagosome formation as
previously described (57). We also observed decreased
autophagy flux and an accumulation of LC3 and p62 (Figures
§7B, C). This suggests that diphyllin may be involved in
regulating the development of brown and beige adipocytes by
inhibiting V-ATPase and reducing intracellular autophagy.
Autophagy for non-selective bulk degradation of proteins and
lipids through the fusion of autophagosomes and lysosomes is
suggested as one of the major types of autophagy in adipocytes
(58-60). Many studies have shown that autophagy plays an

important role in adipogenesis, activation and maintenance of
brown/beige adipocytes. An adipocyte-specific mouse knockout
of Atg7 increased features of brown adipocytes, which, along
with an increase in normal brown adipose tissue, led to an
elevated rate of fatty acid beta-oxidation and a lean body mass
(60, 61). Inhibition of autophagy in brown adipocytes leads to an
increase in UCP1 protein and mitochondrial density, causing
more uncoupled respiration and OXPHOS, suggesting a
repressing role for autophagy in the activity of the BAT
thermogenic machinery (62). Autophagy is needed to convert
beige adipocytes to WAT upon removal of B3-AR agonists or
recovery from cold exposure, revealing that autophagy plays a
negative role in beige adipocyte maintenance (63). It seems that
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*p < 0.05, *p < 0.01, and **p < 0.001.
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Mitochondrial iron-sulfur (Fe-S) cluster is an important cofactor for the maturation of Fe-S
proteins, which are ubiquitously involved in energy metabolism; however, factors
facilitating this process in beige fat have not been established. Here, we identified BolA
family member 3 (Bola3), as one of 17 mitochondrial Fe-S cluster assembly genes, was
the most significant induced gene in the browning program of white adipose tissue. Using
lentiviral-delivered shRNA in vitro, we determined that Bola3 deficiency inhibited
thermogenesis activity without affecting lipogenesis in differentiated beige adipocytes.
The inhibition effect of Bola3 knockdown might be through impairing mitochondrial
homeostasis and lipolysis. This was evidenced by the decreased expression of
mitochondria related genes and respiratory chain complexes, attenuated mitochondrial
formation, reduced mitochondrial maximal respiration and inhibited isoproterenol-
stimulated lipolysis. Furthermore, BOLA3 mRNA levels were higher in human deep
neck brown fat than in the paired subcutaneous white fat, and were positively
correlated with thermogenesis related genes (UCP1, CIDEA, PRDM16, PPARG,
COX7A1, and LIPE) expression in human omental adipose depots. This study
demonstrates that Bola3 is associated with adipose tissue oxidative capacity both in
mice and human, and it plays an indispensable role in beige adipocyte thermogenesis via
maintaining mitochondrial homeostasis and adrenergic signaling-induced lipolysis.

Keywords: BolA family member 3, mitochondria, beige adipocyte, lipolysis, thermogenesis

INTRODUCTION

Obesity occurs when energy intake chronically exceeds energy expenditure, which increases the risk
of developing metabolic disorders, such as insulin resistance, type 2 diabetes and cardiovascular
diseases (1, 2). Adipose tissues play a pivotal role in systematic energy homeostasis through multiple
functions (3). There are three functionally distinct adipocyte subtypes that have been identified in
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mice. Classically, white adipocytes are responsible for triglyceride
storage and mobilization as needed; brown adipocytes contain
abundant uncoupling protein 1 (UCP1), which uncouples fuels
oxidation from ATP production to heat generation; beige
adipocytes are interspersed within white adipose tissue (WAT)
and express UCP1 upon thermogenic activation (4). Although
brown and beige adipocytes share many multilocular lipid
droplets and densely packed mitochondria, they also have
distinguishing developmental features. Unlike brown
adipocytes, beige adipocytes originate from heterogeneous
populations of adipogenic precursors with additional inducers
(5). Thus, beige adipocytes have a flexible phenotype and can
potentially carry out lipid turnover, either lipid storage or
dissipation, depending on certain stimuli. Novel underlying
mechanisms that promote beige adipocyte development need
to be further defined to improve therapeutic avenues.

Beige adipocytes are highly inducible under both internal and
external cues, including chronic cold exposure, PPARY agonist,
Bs-adrenergic agonists, and exercise training, resulting in an
improvement of insulin sensitivity (6). Although the underlying
molecular mechanisms are not fully understood, it is widely
acknowledged that mitochondrial biogenesis is the key to beige
adipocyte development (7). Mitochondria play a central role in
adipocyte metabolism by switching fuels toward fat storage or -
oxidation, and the latter can drive heat production in the
presence of UCP1 (8). Mitochondrial dynamics are regulated
by a balance between mitochondrial biogenesis and degradation,
and dysregulation of mitochondrial biogenesis in adipose tissue
is associated with obesity and diabetes, which have been known
to exhibit decreased activities of electron transport chain and
oxidative enzymes (9, 10). Conversely, specific improvement of
mitochondrial function in adipocytes ameliorates metabolic
dysfunction. For instance, fat-specific overexpression of
mitoNEET, an outer mitochondrial membrane protein that
contains iron-sulfur (Fe-S) clusters, ameliorates obesity-
associated adipose dysfunction and exhibits a browning
signature in inguinal WAT (iWAT), and thereby mice display
a healthy phenotype (11, 12). Due to containing Fe-S clusters,
mitoNEET has been identified as a Fe-S protein (13). The
mitochondrial Fe-S cluster is an important cofactor for Fe-S
proteins, which are ubiquitously involved in a wide range of
cellular processes, including mitochondrial electron transport,
enzymatic catalysis and regulation (14). These observations
highlight a tight connection between mitochondrial Fe-S
proteins and adipose function, while factors that facilitate the
synthesis of Fe-S clusters and the maturation of Fe-S proteins in
beige fat have not been fully established.

Mitochondria are the primary site for the synthesis of Fe-S
clusters and the maturation of Fe-S proteins, which are assisted
by 17 proteins forming the Fe-S cluster assembly machinery (15).
These 17 proteins are encoded by nuclear genes and
evolutionarily conserved from bacteria to human (16). As one
of them, BolA family member 3 (Bola3) encodes a mitochondrial
protein that facilitates Fe-S clusters insertion into a subset of
mitochondrial Fe-S proteins, such as enzymes involved in
metabolism and energy production (17). Mutation in human

BOLA3 causes multiple mitochondrial dysfunctions syndrome,
accompanied by defects in 2-oxoacid dehydrogenases and
mitochondrial respiratory chain complexes (18, 19). The BolA
family contains two other members: Bolal, like Bola3, is located
to mitochondria and performs overlapping roles during the
maturation of specific Fe-S proteins; while Bola2 is present in
the cytosol and its yeast homolog Bol2 regulates iron metabolism
(17, 20). The potential molecular function of BolA proteins in
functional cell types, particularly Bola3, remains to be resolved.
Recently, Bola3 was reported to act a connective role between Fe-
S-dependent oxidative respiration and glycine homeostasis in the
process of endothelial metabolic re-programming, which is
critical for pulmonary hypertension pathogenesis (21). Beige
adipocyte is a re-programmed type of white adipocyte upon
certain stimuli, and it largely depends on mitochondrial
oxidative phosphorylation to drive thermogenesis (22).
However, the potential role for Bola3 in beige adipocyte
development remains undefined yet.

In the present study, we aimed to elucidate the role and
possible mechanism of Bola3 in beige adipocyte by in vitro loss of
function experiments. The association analysis between BOLA3
levels and thermogenic gene program in human adipose depots
were performed. We found that Bola3 expression was
significantly induced in iWAT of mice upon thermogenic
activation, and Bola3 deficiency impaired the thermogenesis
capacity in beige adipocytes. Furthermore, we demonstrated
that BOLA3 mRNA levels were positively correlated with the
expression of thermogenic genes in human omental adipose
tissue samples. Thus, these findings may provide more
extensive information on the regulatory role for Bola3 in beige
adipocyte development.

MATERIALS AND METHODS

Data Processing

Transcriptome profiles of GSE86338 by high-throughput RNA
sequencing (RNA-seq) were downloaded from Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). This
dataset describes the transcriptional change during WAT
browning induced by chronic cold exposure, ;-adrenergic
agonist and intensive exercise, and brown adipose tissue (BAT)
activation by acute cold exposure (4 °C for 6 h) and inactivation
by thermoneutrality (TN, 30 °C for 7 days) in C57BL/6] mice
(23). The gene-expression change (log,FC) was identified by
EBSeq algorithms. Genes cluster involved in the process of iWAT
browning and BAT activation/inactivation were listed in the
form of heatmap.

Another transcriptome data by microarray were also
downloaded from GEO, and the accession number is
GSE10246 (24). This dataset contains gene expression data
from diverse tissues from mice. The gene-expression difference
was represented as log,FC, where FC was expressed as fold over
the median value in the selected metabolic tissues. The tissue-
specific expression profiles of genes cluster were summarized in a
heatmap form.
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The transcriptome analysis of the omental adipose samples
from lean and obese human subjects were described in our
previous study (25). In brief, sequencing libraries were first
constructed and then RNA-seq was performed with the
Mlumina instrument at Shanghai Biotechnology Corporation.
After sequences were mapped to the human genome (hgl9),
the reads were converted to fragments per kilobase of exon per
million mapped reads (FPKM), which were calculated as mRNA
level of each gene.

Mice

Male C57BL/6 mice (SLAC, China) were bred on a chow diet
with a 12-h light/dark cycle. For chronic cold exposure, 8-week-
old mice were exposed to 4°C for 7 days; for Ps-adrenergic
agonist treatment, CL-316243(Sigma, C5976, 1 mg/kg) were
implanted subcutaneously with mini-pumps for 7 days; mouse
swimming exercise was implemented according to a previously
established program (23). Briefly, the protocol started at 10 mins
two times daily, with 10 mins increase each day until 90 mins,
two times per day was reached. After that, the training lasted for
2 weeks. The water temperature was kept at 30 °C to avoid the
effect of cold exposure. For iWAT denervation, surgery was
performed on 3-month-old mice. An abdominal midline incision
was made to expose iWAT, and then 10 ul of 6-hydroxydopamine
(Sigma, H4381, 10 pg/ul freshly dissolved in saline) was
administrated along one side of fat pad, and the other side was
injected with saline, after which the skin incision was sutured (26).
Two weeks after denervation, the mice were utilized for 7-day cold
exposure. All animal procedures were approved by the Animal Care
Committee of Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital.

Human Adipose Tissue Samples

Human deep neck fat and the paired subcutaneous fat samples
were obtained from metabolically heathy patients who
underwent thyroidectomy at Shanghai Jiao Tong University
Affliated Sixth People’s Hospital. All patients had normal
range of thyroid-stimulating hormone values and details on
the collection were guided by the previous establishment (27).
Human omental adipose tissue biopsies were collected from 10
(four men and six women) severely obese but metabolically
healthy subjects with a BMI between 34 and 56, who
underwent bariatric surgery at Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital, and 11 (three men and eight
women) lean controls with a BMI between 18.5 and 24.9, all
without metabolic diseases, who underwent a laparoscopic
cholecystectomy at Shanghai Seventh People’s Hospital, as
described in our recent study (25). This study was approved by
the Human Research Ethics Committee of Shanghai Jiao Tong
University Affiliated Sixth People’s Hospital and Shanghai
Seventh People’s Hospital. All participants have signed written
informed consent before taking part in this study.

Stromal Vascular Fraction (SVF) Isolation
and Cell Culture

SVF cells were isolated from iWAT of 6-week-old male mice as
previously described (28). For the differentiation of beige

adipocyte, SVF were grown to confluence and induced to
differentiate with 0.5 mM IBMX (Sigma, 17018), 1 uM
rosiglitazone (Sigma, R2408), 1 nM T3 (Sigma, T2877), 1 uM
dexamethasone (Sigma, D4902) and 5 ug/ml insulin (Lily,
HI0240) for two days, and then maintained with rosiglitazone,
T3 and insulin for another four days (29). In some experiments,
the differentiated beige adipocytes were treated for 12h with 0.5
mM dibutyryl-cAMP (Sigma, D0627) or for 12h with 20 uM H-
89 (Sigma, B1427) and 10 uM SB202190 (Sigma, S7067).

Gene Knock-Down by shRNA Lentivirus
Lentiviral shRNA clones for mouse Bola3 and a scrambled
control were obtained from Shanghai GeneChem Corporation.
For lentivirus production, 293T cells were transfected with 10 pg
vectors. After 48h of incubation, the supernatant was collected.
The SVF cells were infected with the virus supernatant to knock
down Bola3, and the multiplicity of infection was 50. The
efficiency of lentivirus infection was determined by the number
of GFP-positive cells at 72h.

RNA Extraction and Real-Time
Quantitative PCR (RT-gPCR)

Total RNA was isolated from cultured cells and tissues by the
Trizol reagent (Invitrogen, 15596018). 1 pg of total RNA was
then converted to cDNA using the PrimeScript RT reagent Kit
(Takara, RR047B). RT-qPCR amplification was conducted using
SYBR Premix Ex Taq (Takara, RR820A) with a LightCycler480
system (Roche, Germany). Quantitative expression of targeted
genes was normalized to housekeeping gene 36B4 and calculated
using the 27T method. The primer sequences are summarized
in Table 1.

Western Blot

Protein samples were extracted with RIPA lysis buffer
supplemented with phosphatase inhibitor cocktail (Roche,
4906845001) and protease inhibitor cocktail (Roche,
04693132001) and then subjected to western blot analysis
according to the standard protocol. Membranes were
incubated overnight at 4 °C with the following antibodies:
UCP1 (Abcam, ab10983), PPARYy (Cell Signaling Technology,
2443), Perilipin 1 (Cell Signaling Technology, 3470), C/EBPo.
(Cell Signaling Technology, 2295), total OXPHOS rodent WB
cocktail (Abcam, ab110413), p HSL Ser563 (Cell Signaling
Technology, 4139), HSL (Cell Signaling Technology, 4107),
Tubulin (Sigma, T6199), and GAPDH (KANGCHEN, KC-
5G4). The antibody against BOLA3 was custom-produced by
GenScript. Subsequently the membranes were incubated with
secondary antibodies for 1h at room temperature. Protein bands
were visualized with ECL Western HRP Substrate (Millipore,
WBKLS0500) using Image Quant LAS4000 Imaging Systems
(GE Healthcare, USA).

Oil Red O Staining

After induction to mature beige adipocytes for six days, the
differentiated cells underwent Red Oil O staining. In brief, cells
were washed once with PBS, fixed in 4% paraformaldehyde for
15 mins, and stained with a filtered Oil Red O working solution
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TABLE 1 | Primer Sequences Used in RT-gPCR.

Gene Forward Reverse

Mouse Bola3 CTGCGGGGCCATGTATGAAA CCTGATTGACCATCTGGTGCT
Mouse Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT
Mouse Fabp4 AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC
Mouse Cidec ATGGACTACGCCATGAAGTCT CGGTGCTAACACGACAGGG
Mouse Pparg TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
Mouse Plin{ CTGTGTGCAATGCCTATGAGA CTGGAGGGTATTGAAGAGCCG
Mouse 36B4 AAGCGCGTCCTGGCATTGTCT CCGCAGGGGCAGCAGTGGT
Mouse Adipoq TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT
Mouse Glut4 GTGACTGGAACACTGGTCCTA CCAGCCACGTTGCATTGTAG
Mouse Ppargcia TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG
Mouse Cidea TGACATTCATGGGATTGCAGAC CATGGTTTGAAACTCGAAAAGGG
Mouse Cox7al CAGCGTCATGGTCAGTCTGT AGAAAACCGTGTGGCAGAGA
Mouse Clstn3b CTCCGCAGGAACAGCAGCCC AGGATAACCATAAGCACCAG
Mouse Adrb3 TCTCTGGCTTTGTGGTCGGA GTTGGTTATGGTCTGTAGTCTCG
Mouse Mfn1 CCTACTGCTCCTTCTAACCCA AGGGACGCCAATCCTGTGA
Mouse Mfn2 AGAACTGGACCCGGTTACCA CACTTCGCTGATACCCCTGA
Mouse Nrf1 AGCACGGAGTGACCCAAAC TGTACGTGGCTACATGGACCT
Mouse Nrf2 CTTTAGTCAGCGACAGAAGGAC AGGCATCTTGTTTGGGAATGTG
Mouse Tfam ATTCCGAAGTGTTTTTCCAGCA TCTGAAAGTTTTGCATCTGGGT
Mouse Fis1 TGTCCAAGAGCACGCAATTTG CCTCGCACATACTTTAGAGCCTT
Human UCP1 GTGTGCCCAACTGTGCAATG CCAGGATCCAAGTCGCAAGA
Human PPARGC1A CAAGCCAAACCAACAACTTTATCTCT CACACTTAAGGTGCGTTCAATAGTC
Human FABP4 CCTTTAAAAATACTGAGATTTCCTTCA GGACACCCCCATCTAAGGTT
Human BOLA3 CACTTCACCATCGGATGTTTGC GCTGTAGCTCGTGGAAACTTTT
Human RPLPO AGCCCAGAACACTGGTCTC ACTCAGGATTTCAATGGTGCC

(Sigma, O1391) for 20 mins. Subsequently, the stained cells were
washed with PBS before imaging with microscope (Nikon
Corp, Japan).

Mitochondrial DNA Content

Genomic DNA was isolated from cultured adipocytes by the
Gentra Puregene Cell Kit following the manufacturer’s
instructions (Qiagen, 158745). The ratio of mitochondrial
DNA (mtDNA) to genomic DNA was measured by
performing qPCR. The following primers were used: mt-RNR1:
forward 5°-AGGAGCCTGTTCTATAATCGATAAA-3’; reverse
5-GATGGCGGTATATAGGCTGAA-3’. Genomic RBM15:
forward 5’-GGACACTTTTCTTGGGCAAC-3’; reverse 5’-
AGTTTGGCCCTGTGAGACAT-3’.

MitoTracker Staining

Adipocytes were stained with MitoTracker Red probes
(Invitrogen, M7513) in DMEM containing 0.25% BSA at 37°C
for 30 mins. Cells were gently washed twice with PBS. Images
were obtained with a fluorescence microscope (Nikon
Corp, Japan).

Cellular Triglyceride and Lipolysis
Measurement

Triglyceride content in differentiated adipocytes was determined
by kit (Shanghai Kehua Bio-Engineering, China) following
manual instructions. For lipolysis measurement, adipocytes
were pretreated with 1 uM isoproterenol (ISO) in DMEM
containing 0.25% BSA for 3h. Glycerol content in the
supernatant was measured using the reagent according to the
manufacturer’s protocols. Results were standardized to total
cellular protein content.

Cellular Metabolic Rates

SVF cells were seeded on XF-24-well culture microplate
(Seahorse Bioscience) pre-coated with poly-L-lysine and
differentiated them into beige adipocytes for four days.
Subsequently, Oxygen consumption rate (OCR) was measured
using the Mito stress kit (Agilent, 103015) in an XF24 analyzer
(Seahorse Bioscience). After measuring basal OCR, 2 uM
oligomycin was added to measure the uncoupled respiration.
Then, 1 uM FCCP was added to detect maximal respiration.
Lastly, 1 pM rotenone/1 pM antimycin was added to measure
non-mitochondrial respiration. Lastly, the final OCR results were
standardized to total protein content.

Statistical Analysis

All results were presented as means + SEM from at least three
independent experiments. Statistical differences between groups
were calculated by unpaired and paired two-side Student’s t tests.
Linear regression analysis was performed to examine the
correlation between genes expression. *p < 0.05, **p < 0.01,
and ***p <0.001 compared with control group were considered
as a statistical significance.

RESULTS

Bola3 Expression Was Induced in the
Browning Program of iWAT in Mice

To identify the involvement of the mitochondrial Fe-S cluster
assembly machinery in the browning program, we retrieved a
transcriptome study (GSE86338) downloaded from GEO
database and analyzed mRNA expression patterns of 17 Fe-S
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cluster assembly genes during WAT browning and BAT
activation/inactivation in male C57BL/6] mice. Among these,
Bola3 was the most significantly induced gene in iWAT under
multiple thermogenic stimuli, while remained unchanged in
acute regulation of BAT thermogenesis (Figure 1A). We also

examined the mRNA profiles of these 17 genes across several
mouse tissues by analyzing GSE10246, and found that most of
them were highly expressed in mitochondria-enriched tissues,
such as BAT and muscle tissues (Figure 1B). Then, the
expression of Bola3 was validated in epididymal WAT
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FIGURE 1 | Bola3 expression was induced in inguinal WAT ((WAT) upon thermogenic activation. (A) Heatmap summarizing expression profiles (logeFC) of the
mitochondrial Fe-S cluster assembly genes in the process of IWAT browning induced by cold exposure, exercise and CL-316243, and BAT activation/inactivation
induced by acute cold and thermoneutrality (TN) respectively in C57BL/6J mice (GSE86338). (B) The expression patterns (logoFC) of Fe-S cluster assembly genes
across major metabolic tissues in mice (GSE10246). (C, D) Metabolic tissues from 6-week-old male mice were assessed for Bola3 mRNA (n=4) and protein
expression by gPCR and western blot. e WAT (epididymal WAT), iIWAT (inguinal WAT), BAT (interscapular BAT), GM (Gastrocnemius muscle) and SM (Soleus
muscle). (E, F) Relative mRNA (n=5) and protein levels of Bola3 and Ucp1 in iIWAT from mice exposed to cold (4 °C) for 7 days in an individual cage, and mice
housed at room temperature (RT) served as controls. (G) Relative mRNA expression of Bola3 and Ucp1 in iWAT from mice subjected to CL-316243 treatment or the
sham operation (n=4). (H) Relative mRNA levels of Bola3 and Ucp1 in iWAT from exercise-trained and sedentary control mice (n=6). (I) Relative mRNA levels of
Bola3 and Ucp1 in BAT under 7-day cold exposure (n=7). (J) Relative mRNA levels of Bola3 and Ucp1 in BAT under CL-316243 injection (n=4). Data were
presented as means + SEM. *p < 0.05, *p < 0.01, and **p <0.001.
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(eWAT), iWAT, BAT, gastrocnemius muscle (GM), and soleus
muscle (SM). We found that Bola3 mRNA and protein levels
were most highly expressed in BAT, followed by SM and iWAT
(Figures 1C, D). Furthermore, we confirmed that long-term cold
exposure induced a significant induction of Bola3 transcript and
protein levels in iWAT, which was similar to the effect of chronic
cold exposure on Ucpl expression (Figures 1E, F). Similarly,
higher Bola3 mRNA expression was observed in iWAT from CL-
316243-injected mice and exercise-trained mice compared to the
controls, which were in consistent with Ucpl expression
(Figures 1G, H). Furthermore, we also found that Bola3 was
transcriptionally upregulated in BAT under chronic cold
exposure and CL-316243 injection, which had some
discrepancies with acute cold treatment (Figures 11, J). As the
patterns of Bola3 expression could indicate important clues
about its function, we hypothesized that Bola3 might play a
specific role in beige fat development.

Bola3 Expression in Beige Adipocytes Was
Enhanced via Adrenergic Signaling
Stimulation

Preadipocytes resided in SVFs cells from iWAT have the distinct
capacity to differentiate into beige adipocytes (30). We next
isolated SVF cells from iWAT of male C57BL/6] mice and
differentiated them to examine Bola3 expression. After an 8-
day induction with beige lipogenic procedures, we found that
Bola3 mRNA expression was continuously increased (Figure
2A). Concomitantly, BOLA3 protein levels presented an
increasing trend during the time course of beige adipocyte
differentiation, which were similar to the induction of
thermogenic marker UCPI1(Figure 2B). We further isolated
the SVF cells and mature adipocyte fraction (AF) from iWAT
of male C57BL/6] mice, and found that Bola3 mRNA level was
nearly 10-fold higher in AF than in SVF, indicating that Bola3
was predominantly expressed in mature adipocytes among all the
resident cell types (Figure 2C). Furthermore, BOLA3 mRNA
and protein levels were both significantly upregulated in AF
isolated from iWAT of CL-316243-injected mice, a browning
model with active adrenergic signaling (Figures 2D, E). These
findings further supported the specific role of Bola3 on the
browning program of white adipocytes.

To determine whether sympathetic signaling was required for
Bola3 induction in thermogenic adipocytes, here we performed
denervation studies in one side of iWAT to analyze Bola3
expression under basal and cold-induced state. Compared to
the sham side, Bola3 mRNA levels were significantly decreased in
the denervated side both at RT and chronic cold environment,
which were in consistent with Ucpl, indicating that the
sympathetic signaling was necessarily required for Bola3
expression in innervated beige fat (Figure 2F). Norepinephrine
from sympathetic nerves can activate [;-adrenergic receptor,
increase cyclic adenosine monophosphate (cAMP)
concentration, and enhance the activity of cAMP-dependent
protein kinase A (PKA) pathway, thereby controlling the
expression of thermogenic genes (31). To further investigate
the modulation of Bola3 expression in differentiated beige

adipocytes, we treated them with cAMP that enhanced the
activity of PKA and p38 mitogen-activated protein kinase (p38
MAPK) pathway. Meanwhile, we assessed the effects of PKA
antagonist (H-89) and p38 MAPK antagonist (SB202190) on
BOLA3 modulation. Results showed that treatment of cAMP
promoted a robust induction of BOLA3 protein level in beige
adipocytes, while this effect was almost blocked by H-89 and
$B202190, in parallel with UCP1, suggesting that Bola3 might be
regulated through the cAMP/PKA/p38 MAPK pathway (Figure
2G). Overall, these findings might further support the potential
role for Bola3 in the browning program as it responds to the
adrenergic-induced, cAMP-mediated signaling.

Bola3 Deficiency Led to Impaired
Thermogenesis in Normal Differentiated
Beige Adipocytes

To reveal the role for Bola3 in WAT browning program, we
performed in vitro loss of function experiments. Firstly, we
efficiently knocked down Bola3 expression in SVF cells from
iWAT with lentiviral-delivered shRNA and differentiated them
into mature beige adipocytes (Figures 3A, B). Bola3 reduction
did not affect lipid accumulation as determined by triglyceride
quantification, cell morphology and Red Oil O staining (Figures
3C-E). Western blot analysis showed that the protein levels of
adipocyte differentiation related genes such as PPARy, C/EBPo,
and Perilipin 1 remained unchanged with Bola3 knockdown
(Figure 3F). In accordance with this, there were no significant
difference of mRNA levels of lipogenesis related genes (Fabp4,
Cidec, Glut4, Adipoq, Pparg, and Plinl) between the groups
(Figure 3G). However, mRNA expression of thermogenic genes
(Ucpl, Cidea, Cox7al, and Clstn3b) were downregulated to a
certain extend due to Bola3 deficiency (Figure 4A). UCP1
protein expression was likewise downregulated by Bola3
knockdown (Figure 4B). Furthermore, we observed that UCP1
protein levels in Bola3-deficient beige adipocytes were robustly
inhibited in the presence of ISO, which activate thermogenesis
via Bs-adrenergic signaling (Figure 4C). These results together
suggest that Bola3 knockdown exhibits impaired thermogenic
gene program while remains normal lipogenesis capacity in
differentiated beige adipocytes.

Bola3 Mediated Browning Program by
Regulating Mitochondrial Homeostasis
and Lipolysis

As shown above, we found a suppression of thermogenic gene
program in Bola3-deficient beige adipocytes. Next, we explored
the possible insights underlying Bola3-mediated effects on
thermogenic programming. Beige adipocyte is characterized by
a sufficient number of functional mitochondria, which are
essential for adaptive thermogenesis (32). As Bola3 was
identified as a key regulator of Fe-S-specific mitochondrial
respiratory chain, we investigated mitochondrial content and
activity in Bola3-deficient beige adipocytes. Although mtDNA
content had no difference between shBola3 infection and control
group (Figure 5A), diminished fluorescence intensity via
MitoTracker red-staining was observed in Bola3-deficient
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FIGURE 2 | The expression and modulation of Bola3 in thermogenic adipocytes. (A, B) SVF cells from inguinal WAT ((WAT) were induced to differentiate into beige
adipocytes. Relative Bola3 mRNA (n=3) and protein levels during the time courses of beige adipocyte differentiation. (C) Relative Bola3 mRNA expression in SVF and
AF isolated from iWAT of 6-week-old male mice (n=3). (D, E) Relative Bola3 mRNA (n=4) and protein levels of BOLA3 in AF isolated from iWAT of CL-316243-
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(n=4). (G) Effects of 20 uM H-89 (PKA inhibitor) and 10 uM SB202190 (p38 MAPK inhibitor) on changes of BOLA3 and UCP1 protein levels induced by 0.5 mM
dibutyryl-cAMP in differentiated beige adipocytes for 12 h. Data were presented as means + SEM. *p < 0.05, **p < 0.01, and ***p <0.001. The results are
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adipocytes, suggesting attenuated mitochondrial formation in
beige adipocytes with Bola3 deletion (Figure 5B). Furthermore,
quantitative PCR analysis showed that mitochondria related
genes such as Mfn2, Nrfl, and Fisl, were inhibited by Bola3
reduction (Figure 5C). Consistent with the gene expression data,
the protein levels of representative Complex I subunit, NDUFBS,
and Complex II subunit, SDHB, were significantly decreased in
Bola3-deficient beige adipocytes (Figure 5D), which was
consistent with previous conclusion in other type of cells (18).
In a mitochondrial stress test, basal respiration of beige
adipocytes with Bola3 ablation was not altered, however Bola3
deficiency inhibited the ability to respond to FCCP, as
demonstrated by the reduced maximal respiration, as well as

the diminished spare respiratory capacity (Figures 5E, F).
Overall, these data suggest that Bola3 plays an indispensable
role in maintaining mitochondrial homeostasis, and thereby
regulates beige adipocyte thermogenesis.

In addition to the effect of Bola3 knockdown on
mitochondrial activity, we further explored its role in
regulating the activity of lipolysis under basal and ISO-induced
state. Activation of adrenergic signaling has been known to
promote lipolysis via PKA-mediated phosphorylation of HSL
(33). In beige or brown adipocytes, free fatty acids (FFAs)
released by lipolysis can activate existing UCP1 and drive heat
production in mitochondria (22). Results showed that there was
no difference in glycerol concentration under basal state, while
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Bola3 deficiency repressed ISO-induced glycerol release to a
certain degree (Figure 5G). We next investigated the effect of
Bola3 deletion on downstream intracellular signaling activation.
It was found that ablation of Bola3 led to inhibited responses to
adrenergic stimulation in beige adipocytes, as demonstrated by
the decreased levels of HSL phosphorylation at S563 (Figure
5H). Hence, we demonstrated that Bola3 deficiency in beige
adipocytes impairs isoproterenol-stimulated lipolysis, implying
this might be another aspect by which Bola3 regulates beige
adipocyte thermogenesis.

BOLA3 mRNA Levels in Human Adipose
Depots Were Positively Correlated With
Thermogenic Gene Program

Finally, we investigated whether the role for Bola3 in browning
program that we observed in mice might occur in human
subjects. We simultaneously obtained the subcutaneous and

deep neck adipose depots from patients who underwent
thyroidectomy. The subcutaneous fat and deep neck fat were
regarded as white adipose and brown adipose respectively (27).
RT-qPCR analysis confirmed that the thermogenesis marker
genes, UCP1 and PPARGCIA, had higher transcript levels in
deep neck fat compared to the paired subcutaneous fat, while the
adipocyte differentiation marker FABP4, had no difference
between groups (Figure 6A). We observed that BOLA3 mRNA
levels were higher in human deep neck fat than in the paired
subcutaneous fat, which demonstrated that higher BOLA3 levels
were correlated with greater tissue oxidative capacity in human
adipose tissue samples as well (Figure 6B). Furthermore, we
investigated whether BOLA3 mRNA levels were correlated with
genes which were involved in the process of thermogenesis and
lipolysis in omental adipose depots from lean and obese human
subjects. Association analysis showed that BOLA3 mRNA levels
were positively correlated with the expression of thermogenesis
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related genes (UCP1, CIDEA, PRDM16, PPARG, and COX7A1)
and lipolysis related gene LIPE, namely HSL (Figures 6C-H).
Thus, we concluded that BOLA3 might play a regulatory role in
thermogenic programming in human adipose depots as well.

DISCUSSION

In this study, we found that Bola3 expression was significantly
induced in iWAT upon thermogenic activation, while Bola3
deficiency in vitro led to impaired thermogenesis activity of
beige adipocytes. We further identified the positive correlation
between BOLA3 expression and thermogenic gene program in
human adipose depots. Taken together, we demonstrate that
Bola3 plays a regulatory role in the thermogenic program of
white fat in both mice and human subjects.

Beige fat has been regarded as a promising intervention target
for obesity (34), because it is highly inducible under multiple
stimuli, in the process, mitochondrial biogenesis is the key to
beige adipocyte development. As mitochondria are involved in a
complex communication network, continuously communicating
and interacting with other organelles, even distinct tissues
through multiple ways (35), hence the maintenance of
mitochondrial homeostasis deserves to be further investigated
in order to reveal the underlying pathologic mechanism and
potential therapeutic interventions. The mitochondrial Fe-S
cluster and its targeted Fe-S proteins are involved in a wide
range of metabolic activities (36). The mitochondrial Fe-S cluster

assembly machinery consists of about 17 proteins that operate in
complex steps for the maturation process of Fe-S targeted
proteins (16), while studies on the role of these genes in
adipocyte metabolism are still lacking. Among 17 genes, Bola3
expression was most significantly induced in iWAT upon
browning inputs. However, few studies have focused on Bola3
function, other than several case reports of multiple
mitochondrial dysfunction syndrome due to BOLA3 gene
mutation (19). Recently, the first mechanism study
demonstrated that Bola3 acted as a crucial lynchpin in the
process of endothelial metabolic re-programming in
pulmonary hypertension (21). Hence, the dramatic induction
of Bola3 expression in WAT browning program, clues that it
may be involved in adipose tissue re-programming under
thermogenic activation.

This observation promotes us to detect the modulation of
Bola3 expression in thermogenic adipocytes. In response to cold
exposure, the hormone norepinephrine released from
sympathetic nerve system primarily acts on P;-adrenergic
receptor, leading to the activation of PKA and p38 MAPK
signaling pathway. This adrenergic signaling is able to activate
many thermogenesis related genes (31). We observed that Bola3
was predominantly enriched in mature adipocyte fraction, and
thermogenic activation could further enhance its expression in
this fraction. Furthermore, we found that Bola3 levels were
diminished after iWAT denervation, likewise, block of PKA
and p38 MAPK signaling pathway blunted cAMP-mediated
induction of BOLA3 expression in differentiated beige
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adipocytes, which were similar to the pattern of UCP1
expression. Thus, Bola3 could be identified as an adrenergic
signaling-targeted gene, which further indicates it may play a
significant role in beige adipocyte development.

Next, our findings extend our understanding of the role for
Bola3 in beige adipocyte development. It has been reported that
BOLA3 mutant fibroblasts show ~30% (Complex I), 50% (complex
II), and ~60% (complex III) of normal mitochondrial enzyme
activity (18). Major functions of mitochondria in beige adipocytes
include differentiation, fatty acid oxidation and thermogenesis (6).
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FIGURE 6 | BOLA3 mRNA levels were positively associated with thermogenic gene program in human adipose depots. (A) Quantitative PCR analysis of
thermogenesis related genes (UCP1 and PPARGC1A) and lipogenesis related gene (FABP4) in human deep neck fat and the paired subcutaneous fat (n=5).

(B) Gene expression analysis showed higher BOLA3 expression in human deep neck fat compared to the paired subcutaneous fat (p=0.039, n=5). Data were
presented as means + SEM. *p < 0.05, ns, not significant. (C-G) Relative BOLA3 expression is plotted against the expression of thermogenesis related genes
(UCP1, CIDEA, PRDM16, PPARG, and COX7A1). (H) Relative BOLA3 expression is plotted against the expression of gene involved in lipolysis (LIPE, namely HSL).
Gene expression levels are represented as fragments per kilobase of exon per million mapped reads (FPKM) value from RNA-seq; Linear regression analysis was
performed:; r° and p values were presented in the figure (n=21 omental fat samples from lean and obese human subjects).

Our in vitro study demonstrated that Bola3 knockdown by
lentivirus expressing shRNA impaired the thermogenic program
by the following evidences: 1) Reduced expression of thermogenic
genes, as represented by Ucpl, Cidea, Cox7al, and Clstn3b, a new
identified marker gene (37); 2) Disrupted mitochondrial
homeostasis, including the decreased levels of mitochondrial
components and impaired oxidative metabolism; 3) Inhibited
responses to isoproterenol stimulation, in term of lipolysis and
FFAs-driven thermogenesis. Collectively, these results suggest that
Bola3 plays an indispensable role in regulation of beige adipocyte
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thermogenesis, possibly by maintaining mitochondrial
homeostasis and isoproterenol-mediated lipolysis.

In addition to mice study, we expect to verify our findings in
human adipose tissue samples as well. Image-based studies with
positron emission tomography-computed tomography (PET-CT)
reveals that UCP1-expressing brown-like adipose depots are
distributed in the supraspinal, pericardial, and neck regions of
adult humans (38, 39). White adipose depots from human and
mice have opposing patterns of “browning” gene program (40),
showing that human omental fat displays a beige signature with
higher expression of thermogenic genes (UCP1, PPARGCIA,
TFAM, and TBX1) than the paired subcutaneous fat (41). Our
results demonstrated that Bola3 mRNA levels were higher in
human deep neck brown fat than in subcutaneous white fat, and
they were strongly correlated with thermogenesis related genes
(UCP1, CIDEA, PRDM16, PPARG, COX7A1, and LIPE) levels in
the omental adipose depots from lean and obese human subjects.
These results reinforce that BOLA3 may have a positive effect on
regulating tissue oxidative capacity in human subjects as well.

Recently there is another independent study has demonstrated
BOLA3 pathway-mediated mitochondrial lipoylation contributes to
age-associated decline in brown adipose thermogenesis. As it
mentions, there are no significant difference in Ucpl transcript
levels in BAT between the young and old mice (42). However,
another study has shown that BAT from the aged mice has
decreased Ucpl mRNA levels (43). Therefore, the expression
patterns of thermogenic gene program in BAT from the aged
mice, remain to be further clarified. In our study, we found that
Bola3 plays an indispensable role in WAT browning program.
Obviously, there are two points that should be regarded as the
novelty of our study. Firstly, although brown and beige fat are major
tissues of adaptive thermogenesis, they also have distinguishing
phenotypes and functional features. Brown adipocytes function well
under basal conditions, while beige adipocytes express thermogenic
components only under stimulation (32). Genetic studies show that
genetic variation between mouse strains influence UCP1 levels in
WAT but not in BAT under cold exposure, suggesting the different
developmental and adaptive mechanism (44). Secondly, aging is a
progressive and multifactorial process. In adipose tissue,
mitochondrial dysfunction is one of the most highly investigated
aging factors (42, 45), however, there exists some other factors as
well. For instance, it was recently reported that adipocyte
progenitors undergo an age-associated, senescence-like phenotype
for age-dependent browning failure (46). Therefore, the
pathogenetic mechanisms of age-associated reduction in brown
fat thermogenesis will be much more complicated, or there may be
different BOLA3 pathway-mediated mechanism involved in WAT
browning program in our study.

However, there are some limitations to consider. First, the
reason why Bola3 level fluctuation has such a great impact on
mitochondrial activity remains unknown and there are several
functional marks under thermogenic stimuli that we did not
assess, such as mitochondrial morphology and oxygen
consumption rate in Bola3-deficient beige adipocytes. The
mechanistic roles of Bola3 in beige adipocyte-specific
mitochondrial function need to be further explored. Second,

our data from human adipose samples are limited to mRNA
levels of BOLA3 and thermogenic genes. The correlation analysis
between BOLA3 expression and clinical metabolic assessment
will be strengthened within these or more human adipose
samples. We hope future studies will provide a better
understanding of Bola3’s role on beige adipocyte metabolism.
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Objective: The Iroquois homeobox 3 (IRX3) gene was recently reported to be a functional
downstream target of a common polymorphism in the FTO gene, which encodes an
obesity-associated protein; however, the role of /IRX3 in energy expenditure remains
unclear. Studies have revealed that the overexpression of a dominant-negative form of
IRX3 in the mouse hypothalamus and adipose tissue promoted energy expenditure by
enhancing brown/browning activities. Meanwhile, we and others recently demonstrated
that /RX3 knockdown impaired the browning program of primary preadipocytes in vitro. In
this study, we aimed to further clarify the effects of overexpressing human IRX3 (hRX3) on
brown/beige adipose tissues in vivo.

Methods: Brown/beige adipocyte-specific h/RX3-overexpressing mice were generated
and the browning program of white adipose tissues was induced by both chronic cold
stimulation and CL316,243 injection. Body weight, fat mass, lean mass, and energy
expenditure were measured, while morphological changes and the expression of
thermogenesis-related genes in adipose tissue were analyzed. Moreover, the browning
capacity of primary preadipocytes derived from hIRX3-overexpressing mice was
assessed. RNA sequencing was also employed to investigate the effect of h/RX3 on the
expression of thermogenesis-related genes.

Results: h/RX3 overexpression in embryonic brown/beige adipose tissues (Rosa26™™;

Ucp1-Cre) led to increased energy expenditure, decreased fat mass, and a lean body
phenotype. After acute cold exposure or CL316,243 stimulation, brown/beige tissue
hIRX3-overexpressing mice showed an increase in Ucp1 expression. Consistent with this,
induced h/RX3 overexpression in adult mice (Rosa26™**%;Ucp 1-Cre®" ) also promoted a
moderate increase in Ucp1 expression. Ex vitro experiments further revealed that hIRX3
overexpression induced by Ucp7-driven Cre recombinase activity upregulated brown/
beige adipocytes Ucpl expression and oxygen consumption rate (OCR). RNA
sequencing analyses indicated that h/RX3 overexpression in brown adipocytes
enhanced brown fat cell differentiation, glycolysis, and gluconeogenesis.
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Conclusion: Consistent with the in vitro findings, brown/beige adipocyte-specific
overexpression of h/RX3 promoted Ucp? expression and thermogenesis, while

reducing fat mass.

Keywords: IRX3, Ucp1, thermogenesis, obesity, overexpression

INTRODUCTION

Iroquois homeobox gene 3 (IRX3) encodes a transcription factor
of the Iroquois family of homeodomain-containing proteins (1).
IRX3 is initially expressed during embryogenesis, and is involved
in the development and patterning of multiple tissues, including
the nervous system, heart, and skeleton (2). Recent studies have
indicated that IRX3, together with its homolog IRX5, may also
have a role in energy balance and adiposity by regulating
thermogenesis in brown adipose tissue (BAT) and the
browning program in white adipose tissue (WAT). WAT
stores energy in the form of triglycerides under excess caloric
intake, whereas BAT dissipates energy through the activity of the
inner mitochondrial membrane-localized uncoupled protein 1
(UCP1) to maintain body temperature hemostasis (3-5).
Evidence for several genome-wide association studies (GWAS)
has indicated that several common single nucleotide
polymorphism (SNP) variants, such as rs1421085 and
rs9930506, located in the first intron of fat mass and obesity
associated (FTO) gene, are strongly associated with an increased
risk of obesity (6-8), and the functional loci and biological
targets associated with these variants are largely unknown.
Recently, IRX3 and IRX5, but not FTO, were proposed to
function as targets of the rs1421085 variant in thermogenesis (9).
However, whether IRX3 acts as an activator or repressor of
thermogenesis, where the functional target(s) are located, and
whether other candidate genes including FTO, IRX5, and
Rpgripll were involved in thermogenesis regulation of
rs1421085 (10, 11), remain unclear. Another study reported
that the hypothalamic overexpression of a dominant-negative
form of IRX3 (EnR-Irx3) (12), which can increase instead of
suppress the transcriptional activities of the IRX3 protein in
certain contexts (13), induced a lean body phenotype
accompanied by an enhanced WAT browning capacity and
activation of BAT (12). Additionally, the overexpression of this
“dominant-negative” form of IRX3 (EnR-Irx3;aP2-Cre) in
adipose tissue also induced a lean body phenotype with
marked browning changes in WATSs (14). In contrast, a recent
study demonstrated that partial (approximately 50%) inhibition
of endogenous hypothalamic IRX3 expression reduced
thermogenesis in peripheral BAT and increased diet-induced
body mass gain, thereby exacerbating obesity (15). We have
previously also provided evidence that Irx3 knockdown can
impair the thermogenic capacities of induced brown and beige
adipocytes derived from preadipocytes of mouse inguinal WAT
(iWAT) and BAT, and human subcutaneous WAT, respectively;
and that missense mutations in IRX3 identified in humans
markedly reduced the transcription of UCPI in vitro (16).
Consistent with these observations, another group recently

showed that Irx3 knockout in mouse preadipocytes impaired
both the early and late stages of adipogenic differentiation to
beige adipocytes and preadipocyte mitochondrial respiration
(17). These contradictory data highlight the importance of
identifying the precise roles of human IRX3 (wild type) in
brown/beige adipocytes in vivo.

To this end, we generated two brown/beige adipocyte-specific
hIRX3-overexpressing mouse models by crossing Rosa26™™™*?
knock-in mice with UcpI-Cre mice, resulting in the continuous
induced expression of hJRX3 from the embryonic stage, as well as
with Ucpl-Cre®®* mice, which expressed hIRX3 from
adulthood following tamoxifen (TMX) injection. In UcpI-Cre
mice, hIRX3 overexpression in BAT led to increased energy
expenditure, decreased fat mass, and a lean body phenotype,
while hIRX3 overexpression in adulthood induced a subtle
increase in thermogenesis after stimulation with a 3-AR
agonist. Furthermore, hIRX3 overexpression significantly
enhanced beige adipocyte differentiation concomitant with
increased Ucpl expression. Together, our results revealed that
hIRX3 overexpression can promote thermogenesis in brown/
beige adipose tissue in vivo, and provide a more comprehensive
understanding of the role of IRX3 in energy balance and obesity.

MATERIALS AND METHODS

Animal Models

To generate Rosa26"™®%3 (hIRX3 knock-in) mice, a human IRX3
cDNA-polyA cassette (GenBank accession number:
NM_024336.2; Ensembl: ENSG00000177508) was cloned into
intron 1 of the Rosa26 locus, and CAG-loxP-stop-loxP was
inserted upstream of the cassette. Ucpl-Cre mice were obtained
from the Jackson Laboratory (Jax no. 024670). To generate Ucp1-
Cre®™ ™ mice, a CreERT2-IRES-EGFP-PA cassette was knocked-
in downstream of the ATG start codon of the mUcp1 gene such
that the expression of CreERT2 and EGFP were under the
control of mUcpl regulatory sequences. Mouse genomic
fragments were amplified with high-fidelity Taq DNA
polymerase and were assembled into a targeting vector,
together with recombination sites and selection markers, as
indicated in the vector map in Supplementary Figure 1A. The
final sequence of the targeting vector is shown in Supplementary
Figure 1B. The constitutive hIRX3 knock-in allele was obtained
after Flp-mediated recombination (Supplementary Figure 1C).
C57BL/6 embryonic stem cells were used for gene targeting.
Genotypes were verified by PCR (Supplementary Figure 1D).
Maximal Cre recombinase mRNA expression was seen in BAT
(Supplementary Figures 1E, F). Ucpl-Cre;Rosa26™™* (U-
IRX3°Y) and Ucpl-CreERTz;Rosa26hIRX3 (iU-IRX3°Y) mice were
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generated using the Cre/loxP system. Rosa26™"™ was used as a

control with U-IRX3°" mice. As UcpI-Cre®™ "? showed an
approximately 50% decrease in Ucpl protein expression
compared with that of endogenous Ucpl (Supplementary
Figure 1G), we used Rosa26™® YP*"WD.Ucp1-Cre™ ™2 as the
control for iU-IRX3". iU-IRX3°" mice and control littermates
were treated intraperitoneally with TMX at a dose of 100 mg/
(kg-day™") to induce hIRX3 expression (Supplementary Figure
1H-K). All animal procedures were approved by the Animal
Care Committee of Shanghai Jiao Tong University School of
Medicine and followed the guide for the care and use of
laboratory animals.

Cold Exposure and CL316,243 Injection

For cold exposure, mice were placed individually in a room with
the temperature set at 4°C for 7 days. The animals had free access
to food and water during this period. Their core body
temperature was measured using a rectal probe (Physitemp
Instruments Inc., USA). CL316,243 (Sigma-Aldrich, USA) was
injected interperitoneally at a dose of 1 mg/(kg-day ™), and the
injection protocol was described in the results part for details.

Measurement of Fat/Lean Mass and
Whole-Body Energy Metabolism

The fat mass and lean mass of each mouse was measured using
an EchoMRI-100H (EchoMRI, USA). The mice were placed in a
Comprehensive Laboratory Animal Monitoring System
(CLAMS, Columbus Instruments, USA) for the evaluation of
whole-body energy metabolism. Oxygen and carbon dioxide
consumption, as well as activity, was continuously measured
for two days. The respiratory exchange ratio (RER) and energy
expenditure were calculated based on the oxygen and carbon
dioxide data and were normalized to body weight (18).

Morphological Analysis

BATs and WATSs were isolated, fixed in 4% paraformaldehyde,
embedded in paraffin, and sliced into 5-um (iIWAT, eWAT) or 3-
um (BAT) sections for hematoxylin and eosin (H&E) staining.
Images were captured under a microscope (Olympus, Japan).
Pictures were scanned by Digital Pathology Slide Scanner (KF-
PRO-120).

Isolation of the Stromal Vascular Fraction
and Brown/Beige Adipocyte

Differentiation In Vitro

The stromal vascular fractions (SVFs) were isolated from the
BAT and iWAT of five-week-old U-IRX3°" and control mice and
then induced to fully differentiate into brown/beige adipocytes as
previously described (5). In brief, the fat pads were isolated, cut
into pieces, and digested with type II collagenase (Sigma) at 37°C
for 30 min followed by quenching with DMEM/F12
supplemented with 10% FBS. The suspended samples were
filtered using a 40-um strainer (BD, USA) and then plated on
culture dishes. The SVFs were first grown to 100% confluence in
DMEM/F12 supplemented with 10% FBS (plus 1% penicillin/
streptomycin and 1 mM L-glutamine), and then these primary

preadipocytes were differentiated into brown/beige adipocytes in
a cocktail containing 5 pg/ml insulin (Eli Lilly, USA), 1 uM
dexamethasone, 1 UM rosiglitazone, 1 UM triiodothyronine (T}),
and 0.5 mM IBMX (all Sigma-Aldrich, USA) for two days, and
subsequently in medium with insulin, rosiglitazone, and T; for
another six days.

Oil Red O Staining

After eight days of induction, mature adipocytes were stained
with Oil Red O. In brief, the cells were fixed in 4%
paraformaldehyde for 30 min, rinsed, air-dried, and incubated
with Oil Red O (Nanjing Jiancheng Bioengineering Institute,
China) for 30 min. Images were captured under a
microscope (Olympus).

Measurement of the Oxygen

Consumption Rate

SVFs were seeded in an XF24 V28 microplate (Agilent
Technologies, USA) coated with poly-L-lysine. The induction
protocol was as described in section 2.5. The oxygen
consumption rate (OCR) was measured at induction day 4
using an XF24 analyzer (Agilent Technologies) following the
manufacturer’s instructions. Briefly, the induced brown/beige
adipocytes were washed with Seahorse assay medium, consisting
of XF DMEM supplemented with 10 mM XF glucose, 1 mM XF
pyruvate, and 2 mM XF L-glutamine, followed by incubation
with 525 pl of assay medium at 37°C in an incubator without
CO, (Agilent Technologies) for 1 h. Respiratory inhibitors (75
ul) were loaded into the injection port to final concentrations of 1
mg/ml oligomycin, 2 mM FCCP, 0.5 mM antimycin A, and 0.5
mg/ml rotenone to detect uncoupled respiration, maximal
respiration, and nonmitochondrial respiration, respectively.
The final OCR results were standardized to the total protein
content. The results are representative of at least three
independent experiments.

RNA Extraction and Real-Time

PCR Analysis

Total RNA was extracted from cultured cells or frozen adipose
tissue using the Eastep Super Total RNA Extraction Kit
(Promega (Beijing) Biotech Co., China). The absorbance ratio
at 260/280 nm and the RNA concentration of each sample were
detected using a NanoDrop ND2000 spectrophotometer
(Thermo Scientific). Reverse transcription was performed using
the PrimeScript Reverse Transcript Master Mix (TaKaRa, Japan).
qPCR was performed using a QuantStudio Dx Real-Time PCR
Instrument (Applied Biosystems). The comparative AACt
method was used to evaluate the relative mRNA levels; 36B4
served as the reference gene (Supplementary Table 1).

RNA Sequencing and Analysis

RNA sequencing was performed by NovelBio, Shanghai, China.
The RNA quality was assessed using an Agilent 2200 and the
RNA was stored at —80°C. RNA with an RNA integrity number
(RIN) >7 was considered acceptable for ¢cDNA library
construction. cDNA libraries were constructed for each RNA
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sample using the TruSeq Stranded mRNA Library Prep Kit
(lumina) according to the manufacturer’s instructions. The
libraries were quality controlled with Agilent 2200 and
sequenced by HiSeq X (Illumina) as 150-bp paired-end reads.
For the analysis of differentially expressed genes, P-value and
false discovery rate (FDR) analysis were subjected to the
following criteria: i) Fold change (FC) >2 or <0.5; ii) P-value
<0.05, FDR <0.05. Fisher’s exact test was applied to identify
significant GO categories and KEGG pathways (P-value <0.05).
The approach for gene set enrichment analysis (GSEA) was in
accordance with that previously reported (19). Genes were
considered to be significantly differentially expressed when the
FDR was less than 0.05 and the log,FC was more than 1.

Protein Preparation and Western

Blot Analysis

Total protein was isolated using RIPA lysis buffer (Biocolors, China)
with a protease inhibitor cocktail (Sigma). Western blotting was
performed as previously described (5). The following antibodies
were used: anti-IRX3 (ab174307, Abcam), anti-UCP1 (ab10983,
Abcam), anti-Hsp90 (Cell Signaling Technology, 4877s), and anti-
PGC-10a. (Abcam, ab54481). The results are representative of at least
three independent experiments.

Statistical Analysis

Data are shown as means + S.E.M, and the results were compared
by two-tailed t-tests. A P-value <0.05 was considered to be
significantly different. Spearman’s correlation analysis was
performed to examine the associations between the expression
of hIRX3 and mUcpl. For molecular experiments, data were
generated from three independent experiments. Analyses were
undertaken with GraphPad Prism version 8.2.1 (279) (GraphPad
Software, Inc., La Jolla, CA, USA).

RESULTS

Brown/Beige Adipocyte-Specific
Overexpression of h/RX3 Increased

Energy Expenditure and Induced a Lean
Body Phenotype In Vivo

To clarify the physiological and biological roles of hIRX3 in
thermogenesis in brown/browning adipose tissues, we generated
a Ucpl-Cre-driven hIRX3 overexpression mouse model (UcplI-
Cre; Rosa26™™%3 referred to as U-IRX3°Y) (Figure 1A). When fed
a normal chow diet, both male and female U-IRX3°" mice gained
substantially less body weight than the controls (Rosa26™**%) at
10 weeks of age (Figure 1B and Supplementary Figures 2A-C).
Body composition analysis revealed a lower fat mass percentage
in U-IRX3°" mice when compared with controls; however, there
was no significant difference in lean mass percentage between
the two genotypes (Figures 1C, D and Supplementary Figures
2D, E). To test for potential alterations in energy balance, we
undertook a comprehensive evaluation of the food intake,
physical activities, and energy expenditure of the mice. We

found that, with comparable daily food intake (Figure 1E and
Supplementary Figure 2F), U-IRX3°" mice had greater O,
consumption, increased CO, production, and greater total
energy expenditure, especially at night, compared with controls
(Figures 1F-I). U-IRX3°" mice showed a slight increase in
physical activities in few hours of a day (X-and Y-axis),
although the total increase was not statistically significant
(Supplementary Figures 2G-I). Importantly, U-IRX3°" mice
displayed higher average energy expenditure per hour
compared with controls (Figure 1J). These findings suggested
that U-IRX3°" mice gained less fat mass, which was likely due to
increased energy expenditure.

Overexpression of h/RX3 Enhances
Thermogenesis-Associated Gene
Expression Following Chronic Cold or
CL316,243 Stimulation

Next, to test the response of the mice to acute and chronic cold,
we subjected the two groups of mice to cold treatment at 4°C. No
significant differences in body temperature were observed during
the first 6 h (Supplementary Figure 2J). However, after seven
days of cold stimulation, the mice showed a subtle, but
statistically insignificant, decrease in eWAT mass percentage
(P = 0.08) (Figure 2A). With moderate hIRX3 overexpression
in inguinal WAT (iWAT) and BAT (Figure 2B and
Supplementary Figure 2K), U-IRX3°Y mice showed marked
morphological changes in iWAT, characterized by a more
condensed texture with markedly increased number of smaller
lipid droplets, as well as a significantly reduced droplet content in
BAT, and an increase in the percentage of smaller adipocytes in
eWAT compared with those in control mice (Figures 2C, D).
We next examined the expression levels of thermogenesis-related
genes in three adipose tissues, and found that the mRNA levels of
Pgc-1oc and Dio2 were increased in the BAT of U-IRX3“" mice
(Figure 2E). Although the mRNA levels of Ucpl were
unchanged, the BAT of U-IRX3°" mice exhibited a small but
substantial increase in UCP1 protein levels (Figures 2F, G). For
iWAT, a marked increase in the mRNA expression levels of
Ucpl, Cidea, Dio2, Cox7al, and Cox8b was observed in U-IRX3°"
mice (Figure 2H). Consistent with our previous in vitro findings,
hIRX3 mRNA expression in vivo was also positively correlated
with that of Ucpl (Figure 2I). The protein levels of UCP1 and
PGC-1o in iWAT were also increased in the iWAT of U-IRX3"
mice (Figure 2J). However, only the mRNA levels of Ucpl and
Cox8b, and the protein levels of PGC-1c, showed increased
expression in the eWAT of U-IRX3° mice (Figures 2K, L).

To further validate the promotive effect of hIRX3 on
thermogenesis in BAT, we intraperitoneally injected CL316,243,
an agonist of the B3-adrenergic receptor (B3-AR), into female U-
IRX3°" and littermate control mice to activate BAT and induce the
browning process. Male mice showed no significant change in mass
under cold treatment; however, female U-IRX3“" mice displayed
a reduction in BAT, iWAT, and gWAT (gonadal WAT) content
(Supplementary Figure 3A). Histomorphological analysis revealed
that the adipocytes were smaller and more condensed in all these
adipose tissues (Supplementary Figures 3B-D). Both the mRNA
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FIGURE 1 | Brown/beige adipocyte-specific h/RX3 overexpression increases energy expenditure and induces a lean body phenotype in male mice. (A) Schematic
diagram of the generation of U-IRX3%" (Rosa26-loxP-stop-loxP-hIRX3;Ucp1-Cre) mice. (B-D) Body weight (B), fat mass percentage (C), and lean mass percentage
(D) of male U-IRX3°¥ and control mice at 10 weeks of age (n = 6~8). (E) Average daily food intake of male U-IRX3°" and control mice at 10 weeks of age (average of
3 individual measurements). (F-J) Whole-body oxygen (O») consumption per hour (F) and per 12 h (G), carbon dioxide (CO,) production per hour (H) and per 12 h
(1), and energy expenditure (J) of 10-week-old U-IRX3°" and control mice during a 24-h period (n = 6~8). Statistics were standardized by body weight. Data are

and protein expression levels of Ucp1 and Pgc-1¢ were increased in
the BAT offemale U-IRX3°" mice (Supplementary Figures 3E, F).
The expression of thermogenesis-related genes, such as Ucpl,
Pgc-104 Cidea, and Dio2, was enhanced in the iWAT of U-IRX3°"
mice (Supplementary Figure 3G). Similarly, UCP1 protein levels
showed an increasing trend in the iWAT of U-IRX3°" mice
(Supplementary Figure 3H). Collectively, these results indicated
that the overexpression of hIRX3 increased both cold treatment-

and CL316,243-induced thermogenesis in brown/beige adipose
tissues in vivo.

Overexpression of hIRX3 in Adulthood
Enhanced B3-AR Agonist-Induced
Thermogenesis

The protein expression of UCP1 in BAT first appears in late
gestation and then rapidly increases at birth (20), allowing Ucpl
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promoter-driven Cre recombinase to excise loxP-flanked
(floxed) sequences (STOP in this study) and theoretically
induce hIRX3 overexpression prepartum. A recent study
demonstrated that Irx3 ablation in mouse preadipocytes
attenuated the proliferation and early differentiation of beige
adipocytes in vitro (17). To avoid the nonspecific consequences
of overexpressing hIRX3 in brown preadipocytes, and to
investigate the effects of transient hIRX3 overexpression in
mature beige adipocytes in adult mice, we generated a TMX-
inducible hIRX3 overexpressing mouse line (UcpI-Cre*""%;
Rosa26™®*3 {U-IRX3%) by crossing Rosa26"™™*° mice with

Ucpl-Cre™™™* mice (Figure 3A). Then, we treated eight-week-
old male iU-IRX3°" and control mice with TMX (i.p. once/day)
for 5 days during the 10-days CL316,243 injection interval
(Figure 3B). The overexpression of hIRX3 in adipose tissue
was validated by qPCR and Western-blot (Supplementary
Figures 1H-K). No differences in body weight, fat mass
percentage, lean mass percentage, or adipose tissue weight
were observed between the two groups (Figures 3C-F). In the
iWAT of iU-IRX3°" mice, there was a small but significant
increase in Ucpl mRNA and protein levels (p<0.05), while the
expression of other thermogenesis-related genes showed an

Ucp1 Pgc-1a Cidea Dio2 Cox7a1Cox8b

*P < 0.05.
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FIGURE 3 | Overexpressing hIRX3 after adulthood increased the expression of thermogenesis-related genes under B3-AR agonist (CL316,243) stimulation. (A)
Schematic representation of the strategy to generate iU-IRX3°" mice. (B) Timeline of CL316,243 and tamoxifen (TMX) injection in eight-week-old male iU-IRX3°" and
control mice (n = 9~10). (C-F) Body weight (C), fat mass percentage (D), lean mass percentage (E), and tissue mass percentage of BAT, iIWAT, and eWAT (F) in
male iU-IRX3°" and control mice. (G) The relative mRNA expression levels of Ucp1 and other thermogenesis-related genes in the iIWAT of iU-IRX3°Y mice(n = 9~10).
(H, 1) Images and quantitative values of UCP1 and PGC-1a. protein levels in IWAT (n = 3). (J) The relative mRNA expression levels of Ucp7 and other thermogenesis-
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increasing, but insignificant, trend (Figures 3G-I). Interestingly,
the mRNA expression of Ucpl, Pgc-1c, and Cidea was
significantly increased in the eWAT of iU-IRX3°" mice when
compared with controls (Figure 3]), which was accompanied by
an increase in UCP1 protein levels (Figures 3K, L). Combined,
these results indicated that the temporary overexpression of
hIRX3 in WAT of adult mice, and especially in eWAT, can
enhance thermogenesis, but with a relatively subtle effect when
compared with that seen in U-IRX3°" mice.

Overexpression of h/RX3 Increases
Thermogenesis in Brown/Beige
Adipocytes In Vitro

We next investigated the effects of hIRX3 overexpression on the
differentiation and thermogenic capacities of induced brown and
beige adipocytes obtained from primary preadipocyte SVFs.
Over expression of hIRX3 was proved by qPCR and Western-
blot (Figures 4E, K and Supplementary Figure 3I). BAT SVF
derived from U-IRX3°" mice showed markedly enhanced
adipogenic differentiation capacity compared with controls, as
evidenced by the increased number of multilocular lipid droplets
in Oil Red O staining (Figure 4A). We also assessed the
thermogenic capacity of induced brown adipocytes,
represented by the mitochondrial OCR. Compared with
controls, there was a significant increase in basal respiration
and proton leak, as well as an increasing trend for the maximal
respiration and ATP production capacity of the induced brown
adipocytes derived from U-IRX3°" mice. This suggested that
hIRX3 overexpression led to an increase in thermogenesis
(Figures 4B, C). Meanwhile, the mRNA levels of
thermogenesis-related genes, such as Ucpl, Pgc-1a, Cidea,
Cox7al, and Cox8b, were significantly increased in induced
brown adipocytes derived from U-IRX3°" mice (Figure 4D).
Consistent with these results, the protein levels of UCP1 and
PGC-1o were also enhanced by hIRX3 overexpression (Figures
4E, F). Additionally, when the SVFs obtained from the iWAT of
U-IRX3°" and control mice were induced to beige adipocytes in
vitro, we found that adipogenesis, thermogenic capacity, and
expression of thermogenesis-related genes were all increased in
the U-IRX3*" group (Figures 4G-L). Together, these results
indicated that the thermogenic capacity can be improved in
brown and beige adipocytes following hIRX3 overexpression
mediated by Ucpl promoter-driven Cre recombinase activity
in vitro.

hIRX3 Enhances Thermogenesis Through
Increasing Ucp1 Expression

To further elucidate the effects of hIRX3 overexpression on
thermogenesis, we performed RNA-seq analysis on induced
brown adipocytes derived from the SVFs of U-IRX3°" and
control mice. In total, we identified 665 differentially expressed
genes (FC <2, FDR <0.05) between the U-IRX3°" and control
groups, 248 of which were upregulated and 417 downregulated
(Supplementary Tables 2 and 3). Notably, and consistent with
the qPCR findings, several genes annotated as being positively
related to the browning program, such as Ucpl, Cidea, Pgc-1a,

Cox7al, and Cox8b, were markedly upregulated in the U-IRX3°"
group (Figure 5A). Gene Ontology (GO) analysis revealed
that the upregulated genes were enriched in biological
processes involved in brown fat cell differentiation, glycolysis,
gluconeogenesis, and other metabolic process associated with
energy expenditure; meanwhile, the downregulated genes were
mainly associated with immune system process, inflammatory
response, and cell adhesion (Figure 5B), processes that are
usually suppressed during brown adipogenesis or thermogenesis
(21-23). Gene set enrichment analysis (GSEA) further indicated a
marked overlap between enriched genes and the gene signature
activated during brown adipogenesis (Figure 5C). We then
explored protein—-protein connection of upregulated genes, and
clustered connected genes which classified into the same KEGG
pathway. The results showed the upregulated genes were enriched
in pathways related to thermogenesis, oxidative phosphorylation,
glycolysis/gluconeogenesis, and PPAR signaling (Figure 5D).
Collectively, these data suggested that hIRX3 overexpression in
induced brown adipocytes can promote Ucpl expression, brown
cell adipocyte differentiation, and thermogenesis.

DISCUSSION

In this study, we generated two genetically modified mouse
models to clarify the effects of hIRX3 overexpression in vivo,
and present evidence that hIRX3 overexpression in mouse
brown/beige adipocytes leads to an enhancement of
thermogenesis. Using the U-IRX3°V line, in which hIRX3 is
continuously expressed from an early stage of life, we found
that the functional abilities of BAT and the browning program of
WAT were both enhanced, which resulted in the increased
expression of thermogenesis-related genes (including Ucpl),
increased energy expenditure, smaller lipid droplets, and lower
fat mass percentage. Using the iU-IRX3°" mouse line, in which
the expression of hIRX3 is transiently induced in adulthood, we
identified a weak but similar increase in the expression of
thermogenesis-related genes in iWAT and eWAT.

Several GWAS studies have demonstrated that genetic
variations (SNPs) within the first and second introns of the
FTO gene are positively associated with an increased risk of
obesity (6-8, 24-26). Among these SNPs, one variant—
rs1421085—was recently identified as an underlying cause of
adiposity through increasing IRX3 expression via long-range
chromatin interaction (9, 12). However, whether IRX3 augments
or attenuates the thermogenic capacities of brown/beige
adipocytes remains unclear (27-29). In contrast to the findings
that IRX3 is an inhibitor of the browning progress, we previously
reported that IRX3 expression is elevated in human and mouse
brown/beige adipocytes, and that the browning program of
adipocytes is repressed when IRX3 is knockdown in vitro (16,
17). Importantly, we found that IRX3 could upregulate the
transcription of Ucpl by specific binding to the ACATGTGT
motif (3470 to —3463 bp) upstream of the transcription starting
site of the mouse Ucpl gene. In this study, we aimed to further
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clarify the role of the human IRX3 in thermogenesis and its effect
on Ucpl expression, especially in Ucpl-expressing brown/beige
adipocytes. We found that hIRX3 enhanced thermogenesis in
both hIRX3-overexpression mouse models (noninducible and
TMX-inducible). Of note, thermogenesis was more prominent in
U-IRX3“" (noninducible Ucpl-Cre) mice than in iU-IRX3“"
(inducible Ucp]-CreERTZ) mice. This difference could be
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FIGURE 4 | The overexpression of h/RX3 increases thermogenesis in brown/beige adipocytes in vitro. (A-F) The overexpression of h/RX3 in stromal vascular
fractions (SVFs) derived from BAT of U-IRX3°" and control mice. Oil Red O staining (A), oxygen consumption rate (OCR) (B, C), mRNA expression levels of
thermogenesis-related genes (D), and the protein expression (E) and their quantitative values (F), including hIRX3, PGC-1a, and UCP1, in induced brown adipocytes
after five days of differentiation. (G-L) The overexpression of /RX3 in SVFs derived from the iIWAT of U-IRX3°" and control mice. Oil Red O staining of beige
adipocytes after eight days of differentiation (G); the OCR of beige adipocytes after eight days of differentiation (H, 1); the mRNA expression levels of thermogenesis-
related genes (J), and the protein expression (K) and their quantitative values (L), including hiIRX3, PGC-1a, and UCP1, in induced beige adipocytes after eight days
of differentiation. Data are shown as means + SEM. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

hIRX3

Ucp1 Pgc-1a

attributed to the temporal, spatial, and dosage differences in
hIRX3 expression between the two models. First, hIRX3 was
expected to be expressed in brown adipocytes of U-IRX3°" mice
shortly after birth, similar to that observed for normal Ucpl
expression (30), whereas hIRX3 expression was only relatively
weakly induced in brown adipocytes of adult iU-IRX3°" mice
after TMX injection. Second, there may be heterogeneity in the
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spatial and quantitative expression of Cre recombinase: the
ectogenic Ucpl-Cre construct was inserted spontaneously, thus
Cre expression would have been extensively induced (might not
restricted to brown and beige adipose tissue), whereas the
endogenous expression of Ucpl would not be affected (31). On
the other hand, in UcpI-Cre™ ", the Cre sequence was directly
inserted into exon 1 of Ucpl, which means the Cre only
expressed where endogenous Ucpl appeared, but at the same
time impaired endogenous Ucpl expression and led to Ucpl
protein reduced by half. Thus the Cre recombinase in the UcpI-
Cre"™™"? model likely showed weak gene-editing activity.
Notably, the effect of IRX3 on thermogenesis may change
according to the stage of adipocyte development or
differentiation status. By isolating preadipocytes from U-
IRX3“" mice and inducing brown/beige adipogenesis in vitro,
we found that hIRX3 overexpression following the initiation of
Ucpl mRNA expression could effectively enhance the
thermogenic capacity and Ucpl expression of mature brown/
beige adipocytes. Nevertheless, the RNA-seq results showed that
genes that were upregulated following hIRX3 overexpression
were primarily enriched in processes such as brown cell
differentiation and oxidative phosphorylation, further
supporting a promotive role for hIRX3 in energy expenditure.
The overexpression of hIRX3 either from an early stage of life
or only in adulthood promoted the thermogenic potential of
brown/beige adipocytes, which was consistent with our previous
findings in vitro (16). However, other studies have indicated that
IRX3 may be a negative regulator of thermogenesis through
central or peripheral regulation (9, 12). Nobrega et al. previously
demonstrated that obesity-associated FTO variants were
positively associated with IRX3 expression in the brain (12),
and observed a 25%-30% decrease in body weight in Irx3 global
knockout mice fed a normocaloric diet (NCD) compared with
wild-type controls, which was attributable to a significant
increase in brown/beige adipocyte function. Additionally, the
hypothalamic overexpression of a dominant-negative form of
mouse Irx3 (Ins2-Cre;Irx3DN) using EnR-Irx3, in which the EnR
element was employed to inactivate Irx3 expression, also resulted
in a prominent increase in the thermogenic capacities of brown/
beige adipocytes. A different group subsequently identified that
rs1421085, a leading FTO gene variant, disrupted a conserved
binding motif for the ARID5B repressor, leading to the specific
disinhibition of IRX3 expression in preadipocytes (not in mature
white adipocytes) and, eventually, to the repression of
preadipocyte thermogenic capacity or the impairment of
adipocyte development at a very early stage of induction (day
2) in vitro (9). To support this, the authors generated adipose-
specific Irx3 dominant-negative (aP2-Cre;Irx3DN) mice and
found phenotypes similar to those of Ins2-Cre;Irx3DN mice.
Both studies supposed a negative role for Irx3 in thermogenesis.
Interestingly, both groups crossed Rosa26-loxP-stop-loxP-
EnR-Irx3DN (a theoretical dominant-negative form of Irx3)
with corresponding Cre tool mice to produce the tissue-specific
“knockout” models (9, 12), which could be intriguing and tricky.
First, mice from both the aP2-Cre;[rx3DN and Ins2-Cre;Irx3DN
lines appeared to be markedly smaller compared with controls in

early life (even at three weeks), and showed a large difference
(approximately 10 g) in body weight at eight weeks of age (9, 12).
This indicated that these mice likely had growth impairment or
developmental defects, and the increased thermogenic capacities
of the evaluated adipose tissues might have been due to impaired
development (32). Furthermore, the blotting of hypothalamic
proteins showed concomitant similar expression levels of
endogenous wild-type Irx3 and exogenous EnR-Irx3 in Ins2-
Cre;EnR-Irx3 mice. Indeed, the phenotypes of the Ins2-Cre;EnR-
Irx3 mice were similar to those of U-IRX3°" mice, in which we
employed Rosa26-loxP-stop-loxP-hIRX3 using a similar strategy
to that used by the Nobrega group, and where the mice displayed
a reduced less body weight and increased thermogenesis in
adipose tissue. However, no short stature was observed among
either U-IRX3°" or iU-IRX3°" mice. Notably, in a different study,
the authors infected isolated neonatal ventricular myocytes
(NVMS) with adenovirus encoding wild-type Irx3, a dominant
Irx3 activator (VP16-Irx3), or a dominant Irx3 repressor (EnR-
Irx3), and found that Cx40/Gja5, an IRX3 target gene, was
significantly upregulated following the overexpression of wild-
type Irx3 and EnR-Irx3, but not VP16-Irx3 (13). These results
raised the possibility that, under certain conditions, EnR-Irx3
may exert a wild-type Irx3-like function. To address this,
adipocyte-specific Irx3 knockout models (without growth
defects) using floxed Irx3 would be beneficial for elucidating
the roles of endogenous Irx3 in thermogenesis.

Mellgren et al., who first identified a role for rs1421085 in the
regulation of IRX3 expression (9), further showed that the
constitutive and complete absence of endogenous Irx3 in
embryonic fibroblasts leads to the loss of adipogenic
differentiation capacity (17). ME3 cells lacking Irx3 cannot
initiate differentiation, and show profoundly inhibited
mitochondrial respiration and a significant decrease in Ucpl
and Pgc-10o levels when treating with brown adipocyte induction
protocol (17). Accordingly, shRNA-induced Irx3 knockdown in
preadipocytes from both iWAT and BAT significantly repressed
the thermogenic capacity and Ucpl expression in induced
mature brown/beige adipocytes (at differentiation days 6-8)
(16). However, the same group previously reported that
silencing Irx3 in wild-type preadipocytes derived from
noncarriers (of rs1421085) did not inhibit UcpI expression and
thermogenic capacity at differentiation day 2, at which stage
Ucpl expression and lipid droplet formation were almost
undetectable (14). The thermogenesis phenotypes of
preadipocytes on different induction day could be in different
condition, which would be much essential and valuable, the
detailed mechanism underlying these discrepancies was needed
to be studied discreetly. Additionally, differences in species, cell
lines, induction cocktail composition, IRX3 dosage, and genetic
background used by different groups are likely to lead to
different outcomes.

In addition, another group presented evidence showing that
partial inhibition of hypothalamic Irx3 by lentiviral knockdown
led to diet-induced adiposity, possibly through increasing caloric
intake and reducing energy expenditure (15), in contrast to the
metabolic phenotypes observed in Ins2-Cre;EnR-Irx3 mice.
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Further research using other neuron-specific Irx3 knockout
models is required to clarify the central regulatory roles of Irx3
in peripheral brown/beige adipocyte thermogenesis.

We previously reported that IRX3 directly binds to the Ucpl
promoter and enhances its transcription in vitro. Consistent with
this result, in this study, we further showed that UcpI expression
was increased n hIRX3-overexpressing brown adipocytes in vivo,
as was the expression of several other thermogenesis-related
genes, including Pgc-1e, Cidea, and Dio2. Whether IRX3 can
regulate other genes, including the above genes that form part of
the transcription complex that binds to the enhancer region of
Ucpl to increase thermogenesis, remains to be clarified.
Moreover, RNA-seq analysis revealed a marked upregulation
in the expression of mitochondria-related (such as Cox7al,
Cox8b, and Ugqcrb) and lipid metabolism-related (such as Scdl
and Acaa2) genes under the condition of hIRX3 overexpression.

In summary, our research revealed that hIRX3 exerts a
regulatory role in energy homeostasis by promoting
thermogenesis in brown/beige adipose tissues. Adult humans
have active depots of BATSs, while the size and activity of BAT
depots in obese individuals are largely reduced (33-36). Whether
FTO variants (including rs1421085) contribute to thermogenesis,
and the exact role of IRX3 in this process, merit further and
urgent investigation.
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Supplementary Figure 1 | Generation of Ucp7-Cre®"2; Rosa26™™5(jU-IRX3%)
mouse model. (A) Final Targeting Vector. Linearization site: Notl. (B) The sequence
of the final targeting vector. (C) Overview of the targeting strategy. (D) DNA PCR
screen of Ucp1-Cre™ "2 mice. Recombinant allele target band: 413bp; WT allele
target band: 139bp. (E) Cre mRNA expression in varies tissue (relative to 36B4,
normalized to control mice, n=4~6). (F) IHC for BAT UCP1 expression in Rosa26"
peWT. jep 1-CreR T2 (control) male mice after 7-days cold exposure. GFP antibody
(CST 29565, 1:200). Photos were taken by LSM710 (Zeiss, 40x). (G) Ucp1 protein
expression in BAT of control and Ucp 7-Cre™ "2 mice (Het in 3" lane, HO in 41" lane).
(H) The mRNA expression levels of hIRX3(top) and mIRX3 (below) in BAT, iWAT,
eWAT of male iU-IRX3°" and control mice after CL316,243 and TMX injection (n =
9~10).(I-K) The protein expression levels of hIRX3 in BAT (1), iWAT (J) and eWAT
(K) of male iU-IRX3° and control mice after CL316,243 and TMX injection (n = 3~5).

Supplementary Figure 2 | Growth curve, body weight, physical activities and
cold tolerance test in U-IRX3°Y mice. (A, B) Growth curve of NCD fed U-IRX3°Y and
control from 4 weeks to 10 weeks. (A) Male body weight (n=6~8). (B) Female body
weigth (n=9~11). (C-F) Body weight (C), fat mass percentage (D), lean mass
percentage (E) and average food intake (F) of female U-IRX3°" and Ctrl (n = 9~11,
average of 3 individual measurements). (G-1) 24-hour (left) and total (right) physical
activities on X-axis (G), Y-axis (H) and Z-axis (1) of male U-IRX3°¥ and control mice.
(J) Body temperature changes of male U-IRX3°¥ and control mice (n=9~10) for the
first 6 hin 4°C cold room. (K) The mRNA expression levels of hIRX3 (left) and mIRX3
(right) in BAT, iIWAT and eWAT of male U-IRX3°" and control mice after cold
stimulation (n = 9~10).

Supplementary Figure 3 | Overexpression of hIRX3 from the embryonic stage
enhances B3-AR agonist-induced thermogenesis in female U-IRX3°" mice (A-H).
Tissue mass percentage (A), representative images of HE staining of BAT (top),
IWAT (middle) and gWAT (bottom) (B) and adipocyte size distribution of IWAT(C),
gWAT (D) of 10-week-old female U-IRX3°" and control mice after 1-h CL 316,243
(1.5 mg/kg body weight) injection, the mRNA expression levels of thermogenesis-
related genes (n = 9~11) (E), the protein levels of Ucp1 and Pgc-1a.in iIWAT (n = 3)
(F), the mRNA expression levels of thermogenesis-related genes (n = 6~8) (G), and
the protein levels of Ucp1 and Pgc-1o.in gWAT (n = 3) (H). Expression level of hIRX3
MRNA (I) and mIRX3 mRNA (J) in SVF of male U-IRX3°" mice BAT(n=6) and iIWAT
n=(4). Scale bars, 100 um. Data are shown as mean + SEM. *P < 0.05, **P < 0.01,
P < 0.001.

Supplementary Table 1 | Mouse and human gPCR primers sequences.

Supplementary Table 2 | All down regulated genes in RNA-sequencing analysis
in Figure 5.

Supplementary Table 3 | All up regulated genes in RNA-sequencing analysis
Figure 5.
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Adipose tissue (AT) is classified based on its location, physiological and functional
characteristics. Although there is a clear demarcation of anatomical and molecular
features specific to white (WAT) and brown adipose tissue (BAT), the factors that
uniquely differentiate beige AT (BeAT) remain to be fully elaborated. The ubiquitous
presence of different types of AT and the inability to differentiate brown and beige
adipocytes because of similar appearance present a challenge when classifying them
one way or another. Here we will provide an overview of the latest advances in BeAT, BAT,
and WAT identification based on transcript markers described in the literature. The review
paper will highlight some of the difficulties these markers pose and will offer new
perspectives on possible transcript-specific identification of BeAT. We hope that this
will advance the understanding of the biology of different ATs. In addition, concrete
strategies to distinguish different types of AT may be relevant to track the efficacy and
mechanisms around interventions aimed to improve metabolic health and thwart
excessive weight gain.

Keywords: beige adipose tissue, brown adipose tissue, white adipose tissue, obesity, thermogenesis

INTRODUCTION

Adipose tissue (AT) is an integral component of increased weight gain and has garnered significant
attention in the scientific community over the last few decades. White and brown ATs (WAT and
BAT), being the two main types of AT in mammals, are the focus of most scientific studies. WAT
stores excess energy as triglycerides, and BAT specializes in the dissipation of energy through the
production of heat. In the last decade, a third and novel type of AT came to light. Because of
appearance and location, these adipocytes have been deemed brite/beige adipocytes (BeATs). BeATs
are brown-like adipocytes that reside in WAT depots. Chemical stimulation with 3-adrenergic
agonists (CL316,243) or cold exposure is known to promote the development of BeAT.

The morphological, biochemical, and physiological characteristics of WAT and BAT are well
described in the literature. White adipocytes are characterized by the presence of single lipid droplet
consisting of triglycerides occupying 90% of the cell space. Mitochondria in white adipocytes are
thin, elongated, and sparse in numbers. WAT is responsible for secretion of numerous hormones,
growth factors, enzymes, cytokines, complement factors, and matrix proteins. These secretory
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products are responsible for the regulation of healthy adipose
mass maintenance, food intake, energy expenditure, metabolism,
immunity, and blood pressure homeostasis (1). In contrast,
brown adipocytes contain triglycerides in smaller and multiple
vacuoles. BAT is highly vascularized and contains a large number
of mitochondria that are large, spherical, and packed with
laminar cristae. The brown color of BAT is attributable to its
high mitochondrial density and vascularization. BAT has been
reported to promote a 10-20% increase in energy expenditure
when compared to basal metabolic rate with an estimated
contribution of 100 kcal/day (2). Because of its relatively high
tissue-specific metabolic rate, BAT demands increased oxygen
and a denser neural supply when compared to WAT. A key
component that differentiates BAT from WAT is BAT’s
physiological function of thermogenesis, which is aided mainly
by the unique protein, uncoupling protein 1 (Ucpl) present in
densely packed mitochondria in BAT. Stimulation by
norepinephrine triggers a signaling cascade that activates Ucpl,
which then uncouples aerobic respiration by dissipating the
inter-membrane proton-motive force, creating a futile cycling
of ions, thus generating a heat instead of ATPs (3). BeATs display
characteristics of both brown and white fat cells and typically
develop within subcutaneous WAT from a distinct subset of
preadipocytes (4) or via the trans-differentiation of existing white
adipocytes (5, 6). Beige adipocytes were originally observed to
arise in response to cold exposure in rodents (7-9); however,
studies have since identified that diet (10), exercise (11), pre-and
probiotics (12), pharmaceutical agents, numerous plant-based
bioactives, and even adipokines (13, 14), can also induce
“beigeing” or “browning” of WAT. These regulators of BeAT
are discussed in greater detail below.

BAT mass is very scarce in most adult humans (less than 1%
of total body weight). Under conditions such as cold exposure,
BAT can be activated, but even under these conditions, the
amount of BAT remains small relative to WAT. Nevertheless, the
BAT has the potential to significantly impact whole-body glucose
homeostasis. This makes it appealing to consider if beige
adipocytes can also play an important role in overall
metabolism, even if BeAT abundance is small relative to WAT.

As alluded above, browning has been shown to occur with a
variety of different stimulants. Diet has the potential to play a
role in the beigeing process as different compounds, including
capsinoids, polyphenolic compounds, green tea (specifically
catechins), and fish oil, have been shown as promising but still
need to undergo more extensive investigation (7). Certain plant
bioactives, such as curcumin, may also contribute to beigeing
(15). Exercise has been shown to promote beigeing by increasing
the number of mitochondria in WAT and activating brown
adipocyte genes, specifically Ucpl (8). This phenomenon has
been studied extensively in mice, where exercise consists of the
mouse running on a treadmill. The microbiota has been of a
growing interest over the years, and with its many implications
into human health, it is not surprising that it may play a role in
the browning process. Boosting the microbiota with pre- and
probiotics, the host has demonstrated increased thermogenic
capacity and therefore, an increase in energy expenditure of both

BAT and subcutaneous WAT, indicative of browning assisted
improved metabolism (9). Multiple pharmacological approaches
have been studied to determine their efficacy in the browning
process (16). These include Ppar agonists, SIRT-1, S-adrenergic
receptor stimulation, thyroid hormone, Fgf21, and irisin (17).
Each of these methods or compounds have been studied mainly
in a mouse model so further research is needed to confirm the
effectiveness of each strategy in the browning of human WAT
and its clinical implications.

BAT is mostly located in neck and subscapular region whereas
WAT is spread out in several parts of the body. Epicardial fat or fat
layer underlying major blood vessels in the thoracic region tends to
express BAT specific genes such Ucpl, Pgcla, Prdm16, etc at high
level giving it beige/bat like appearance (18-20). Beige adipocytes
can be recruited or induced in WAT depots, leading to difficulties
when trying to identify the exact type of AT that is present. In an
attempt to overcome this challenge, multiple studies have been
conducted to identify specific markers that allow for the
characterization of the tissue present. Although we have come far
in identifying molecular underpinnings of beige adipocyte
formation in the last decade, the transcript marker identity of
beige cells is still under question. Because of its similarity in
appearance, location, and dubiousness of its origin, there are still
no concrete measures to distinguish beige cells from classical brown
fat cells.

Decades of research has provided us with a good outline to
identify different adipose cell types. As lineage-tracing studies
are impossible to perform in humans, there is a need for marker
genes that allow distinction to be made between different
classes of (human) adipocytes and adipose tissues. Such
markers can thus be obtained only from animal studies and
can be used to influence the development of strategies to
promote recruitment of the tissues and activation of energy
expenditure. This article therefore has two aims. The first is to
provide an overview of transcript markers of identification laid
out in literature to identify BAT, WAT, and BeAT. The second
is to highlight some of the difficulties these markers pose and
offer an opinion on possible transcript-specific identification
of BeAT.

ORIGINS OF ADIPOSE TISSUES

In mammals, AT forms in utero, in the peripartum period, and
throughout life. New adipocytes are generated continually in
healthy and disease stages as physiological need arises (21). AT is
composed of adipose stem cells that give rise to new adipocytes
and immune cells. AT is located in several parts of the body and
gets its name based on its location—in rodents, examples include
inguinal, interscapular, perigonadal, retroperitoneal, and
mesenteric depots. These various depots develop at specific
and distinguishable pre- and postnatal times, and they have
discrete, distinct morphologies (22, 23). While there is a long-
standing belief that WAT is derived from the mesoderm germ
layer, some studies indicate that adipose depots originate from
neural crest cells which derived from the ectoderm (24). And in
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mice, recent study had indicated that neural crest cells
differentiate into both white and brown adipocytes (25).
Multiple intrinsic factors play key roles in WAT formation,
with distinct developmental cues and regulators determining
adipose maturation and subsequent location. Ppary and Cebpo
have been deemed as key genetic components of WAT
development during embryonic stages (26).

Brown adipocytes are derived from the dermomyotome, an
engrailed 1 (EN1) (27) and myogenic factor 5 (myf5) positive cell
lineage (28), which is the same lineage as that of myocytes.
During the neonatal period in humans, BAT is commonly
located in the dorsal region between the scapulae (29). In
rodents such as rats and mice, BAT is located primarily in the
back region. Despite differences in its reported origin, there are
recent studies which demonstrate that a subset of white
adipocytes also arises from myf5-positive cells (30), sharing
this commonality with brown progenitor cells. Platelet-derived
growth factor receptor alpha (PDGFRa)-positive lineage traces
to BAT and WAT, and PDGFRo is present in proliferating
brown and white adipose progenitors (31). Recently Oguri et al.
reported expression of Pdgfra, Scal, and Cd81 on the surface of
beige adipocyte progenitors (32). It is also known that there is
some overlap in the transcriptional machinery utilized in the
development of both WAT and BAT.

Within the last two decades, the discovery of and research
focusing on beige adipocytes has taken off. In the early 2000s,
Himms-Hagen et al. demonstrated the existence of brown-like
adipocytes in WAT of rats treated with B-adrenergic agonist
CL316,243 (5). Regardless of the morphological similarities
between beige adipocytes and BAT, beige adipocytes originate
from distinct precursor populations (4, 28). Beige adipocytes
mostly emerge from a myf5 negative cell lineage, one that is
similar to that of WAT. Specific groups of beige adipocytes seem
to emerge from a smooth muscle-like precursor, driven by
Myhl1 (33). The variety of lineages for beige adipocytes leads
to the conclusion that they stem from a heterogeneous
population of cells. Beige cell recruitment and coincident
expression of Ucpl are dependent on external stimuli such as
cold or other inducers such as B-adrenergic agonists or PPARy
activators (4, 34). By contrast, brown adipocytes express
relatively high amounts of Ucpl without stimulation.
Classically, two external stimuli have been used to trigger a
browning response: cold temperatures and CL316,243 [f33-
adrenergic receptor (Adrb3) agonists]. Although these two
treatments have known to be stronger triggers of beigeing and have
been used interchangeably; however, whether these two stimuli may
induce beigeing differently at the cellular and molecular levels remains
unclear. Jiang et al. report that cold-induced beige adipocyte
formation requires Adrbl, not activation. Adrbl activation
stimulates WAT resident perivascular (Acta2+) cells to form cold-
induced beige adipocytes (35). In contrast, Adrb3 activation
CL316,243 stimulates mature white adipocytes to convert into beige
adipocytes. The authors went on demonstrating it using mature
adipocyte-specific Prdm16 deletion strategies, which showed that
adipocytes are required and are predominant source to
generate Adrb3-induced, but not cold-induced, beige adipocytes

(35). Stimulated beige adipocytes can undergo UCP1-mediated
uncoupled respiration (4, 33, 36), but the relative magnitude per
cell versus brown adipocytes remains to be established.

SELECTIVE MARKERS OF ADIPOSE
TISSUES

White Adipose Tissue Markers

Being the largest AT in mass and having a distinct white/pink
color makes it somewhat easy to identify WAT with the naked
eye. Several marker genes have been classified to specifically
identify WAT, including Ob (leptin), Hoxc8, and Hoxc9 (37). At
the transcript level, leptin and adiponectin are other commonly
used markers for WAT. Solute carrier family 7 member 10
(SLC7a10/Asc-1 neutral amino acid transporter, y+ system) is
another more recently identified marker that was determined to
be highly expressed in C57BL/6male mouse WAT while having
low levels in BAT. It has been demonstrated to increase as mice
gain white adipose mass, further supporting Asc-1 as a WAT
marker (38, 39). In the same study conducted by Ussar et. al,
Asc-1 had levels of expression similar to leptin. Garcia et al.
observed higher expression of ASC-1 in mouse white adipocytes
compared to beige adipocytes (40). This study also identified two
other markers that have been associated with WAT, Serpina3k
and Wdnml-like (40). de Jong et al. analyzed Ascl as a cell
surface marker and, in sync with the other mentioned studies,
found that its expression levels are higher in white than in brite
and brown fat cells. However, they do acknowledge that
complete exclusion of Ascl being expressed in brite cells
cannot be made based on their data alone (39).

Multiple studies have looked at anatomical groupings of AT
and their subsequent markers. In subcutaneous white adipose
sites, Ob and Hoxc9, along with MpzI2, Ebf3, and Fbox31, were
found to be the most prevalent genetic markers (41). In a study
by Walden et al., specific WAT depot sites were analyzed and
compared to the BAT and BeAT depot sites. They concluded that
the Tcf21 gene had the greatest association with WAT (42). de
Jong et al. further support the notion that Tcf21 mRNA
expression levels are indicative of white adipocytes in both cell
culture and tissue. However, when looking at adipose depots
with the aim of identification based on validated markers, Tcf21
was expressed in epididymal WAT, as expected, but also in brite
depots. This result is logical as BeAT is a mixture of WAT and
BAT (39).

Brown Adipose Tissue Markers
As a greater understanding of beige AT is gained, a significant
overlap in the markers for BAT and beige adipocytes is seen,
making it important to identify those that are unique to each
type. The overlap is expected due to the physiological similarities
between brown and beige adipocytes, but there are also
differences, likely due to their divergent developmental patterns.
Multiple studies have identified LHX8 and ZIC1 as strong
markers of BAT (41-44). These studies demonstrated that these
markers serve well as indicators of brown, and not BeAT. Further
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evidence for the use of Zicl as a BAT marker was found in an
extensive study performed by de Jong et al. where all previously
identified human adipose tissue markers were evaluated in cell
lines and tissue. Zicl mRNA was detectable only in interscapular
BAT, both in tissue samples and cell cultures (39). However,
when analyzing single adipose depots in a mouse model, only
three of the five traditional BAT depots expressed Zicl. With
further analysis, it appeared that the positional expression
pattern of the gene was the explanation for this phenomenon,
indicating that Zicl expression is restricted to anterior depots.
The absence seen in the two most posterior-like brown fat depots
is indicative of them having different origins than classical BAT
(39). This study gives evidence of Zicl being a brown fat marker
while also giving insight into the importance of understanding
developmental origins. While this study provided evidence
complementing other studies on the role of Zicl, it found
conflicting evidence regarding Lhx8 as solely a BAT marker.
The levels of Lhx8 mRNA were absent in WAT but found in
nearly equal levels in beige adipocytes and BAT, indicating that
Lhx8 mRNA may be a marker for either beige or BAT, not BAT
alone (39). Eval (MpzI2) is another genetic marker that has been
proposed as a candidate for identifying BAT. Seale et al.
determined that with Prdm16 stimulation, mRNA expression
levels of Eval were significantly increased in BAT versus WAT
(45). Wu et al. looked further into Eval by comparing expression
levels in WAT, BAT, and beige adipocytes from mice and found
a significantly higher expression in interscapular brown fat
depots (4). In contrast to these studies, de Jong et al. found
little to no difference in Eval mRNA levels between WAT, BAT,
and beige adipocytes while also observing an increase in
expression in all three tissues with cold exposure, indicating
the possibility that Eval plays a role in functional adaptability to
cold temperatures but not as a strong marker of BAT (39). Prex1,
a possible BAT marker, is known for its role as a positive
regulator of Ucpl-gene expression. Xue et al. found that Prex1
is present in brown adipocyte pre-cursor cells, indicating its
importance in BAT development (46). There is little research
that cites increased Prex1 expression levels in beige adipocytes so
it is currently considered a unique marker for BAT.

As previously mentioned, brown and beige adipocytes arise
from separate cell lines and are subsequently activated by
different signals, so differentiating between the two tissue types
can be made easier via their developmental histories. Ebf2 and
BMP?7 are two proteins that play pivotal roles in classical BAT
development, with their expression being indicative of BAT
presence (43). With increased awareness of BAT-specific
markers along with the differences in developmental patterns,
BAT and beige can be differentiated for the purposes of further
research and the possibility of their metabolic implications.

Beige Adipose Tissue Markers

Identical appearance of brown and beige adipocytes makes it
difficult to distinguish them one from another. In addition,
similarities in physiological characteristics and marker
expression make it even trickier to identify beige adipocytes.
However, decade-long research of beige adipocyte development

has provided some putative markers. The extensive research has
allowed for the determination of markers overlapping between
all three adipose tissues, along with the overlap seen between two
of the types and of markers that seem to be unique to beige
adipocytes. This overlap is outlined in the Venn diagram shown
above with multiple of the genes of interest being discussed in
this review (Figure 1).

Proposed Beige Adipose Tissue Markers
Tmem26, Tbx1, CD137, and CITEDI: Several studies have shown
that CD137, Tmem?26, and Tbx1 could be used as beige adipocyte
markers. These mRNA transcripts and subsequent proteins are
expressed at significantly higher levels in the inguinal fat depot
compared to the interscapular brown fat upon [-adrenergic
stimulation or cold exposure (4). Upon differentiation, the cells
containing higher levels of these proteins also expressed higher
levels of Ucpl. Cd137 and Tmem26 were also identified as cell-
surface markers for native beige precursors, allowing for the
isolation of these cells from fat tissues (47). Cypess et al.
identified Cd137 and Tmem26 to be the best markers for beige
adipocyte identification after analysis of different AT groupings
(41). Liang et al. further support these conclusions as an increase
in Cd137 expression was recorded in 3T3-L1 cells differentiated
into beige adipocytes (48). de Jong et al. suggest that Cd137 may
be able to serve as a beige adipose tissue marker at the tissue level,
but not at the cellular level. However, the data collected also
shows that low expression levels of Cd137 alone cannot
definitively exclude a tissue from being deemed beige (39).
Tbxl and Tmem26 displayed similar expression patterns to
Cd137 in the de Jong et al. study. Both genes were expressed at
significantly higher levels in BeAT compared to BAT but with
much smaller differences between BeAT and WAT. It is possible
that Tbx1 and Tmem?26 may serve as beige markers in tissues but
not in cell culture (39). When analyzing Cd137, Tbxl1, and
Tmem?26 in single adipose depots, they were found to mark
brite and WAT depots, indicating that there can be brite, but
non-thermogenic depots. de Jong et al. presented these markers,
plus Epstil, to be necessary for a true brite tissue (39). Epstil is of
note here—it had been previously suggested as a brown marker
but in this study was found to be at much higher levels in BeAT
than BAT, leading to its consideration as a beige adipose tissue
marker (39).

In contrast to the evidence presented above, in the study
conducted by Ussar et al., no change in expression of either Tbx
or Tmem?26 was found in mice exposed to chronic cold
conditions or f33-adrenergic stimulation (38). Garcia et al.
further solidified these findings as similar expression levels of
Tmem26, Tbx1, and CD137 in the beige adipocytes and white
adipocytes of mice exposed to cold temperatures were observed
(40). When the cells were exposed to adrenergic stimulation,
CD137 increased only in white adipocytes and CITEDI1
increased in WAT to such a degree that it was no longer
distinguishable between beige and white cell types. There is
also evidence that CD137 is not only an unreliable marker of
beige AT but that it actually slows down the browning process
and prevents the spread of beige adipocytes (49). de Jong et al.
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diagram represents the commonality and uniqueness of certain transcripts.

found Citedl] mRNA to be expressed in extremely low levels in
all three depots, excluding it as a marker of beige adipose tissue
(39). These five markers need to be further studied to work out
the discrepancies seen and to determine the relevance of these
genes in accurately identifying beige AT.

Overlapping Markers

Markers found in WAT, BAT and BeAT

Pat2 and P2rx5: Ussar et al. identified Pat2 and P2rx5 as markers
of beige and brown fat (38). The study induced the browning of
WAT by exposing mice to chronic cold conditions and/or f33-
adrenergic stimulation. P2rx5 expression increased both in BAT
and subcutaneous WAT after both stimuli, while Pat2 had no
change with cold but demonstrated a significant increase in
subcutaneous WAT with f3-adrenergic stimulation. These
mixed results led to the conclusion that each protein may be
useful in marking brown or beige adipocyte populations, as they
increased in the WAT with a browning stimulus (38). Consistent
with previous results, Garcia et al. showed increased P2rx5

R

Nr1H3/Lxra
“1 Nrip1/Rip140
Rb1

Rbl1

Resistin
Serpina3K
Tcf21
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FIGURE 1 | Venn diagram of WAT, BAT and Beige markers and their pattern of expression. Genes reported in literature as a marker for WAT, BAT and BeAT. Venn

expression in beige adipocytes compared to white adipocytes
upon differentiation via rosiglitazone, whereas adrenergic
stimulation yielded a decrease in P2rx5 expression in both
beige adipose cells and white adipose cells. Pat2, on the other
hand, was decreased only in white adipocytes. Finally, with cold
exposure, WAT showed an increase in both P2rx5 and Pat2 (40).

The results of both studies indicate that different stimulants of
WAT browning, i.e. rosiglitazone, chronic cold or 33-adrenergic
stimulation, can induce the expression of these different markers.
The findings regarding Pat2 and P2rx5, while useful, are also
vague and will need to be further studied to determine if they
have a role in specific ATs or serve as a more general adipocyte
marker. Both studies demonstrate Pat2 and P2rx5 expression in
BAT and BeAT, along with data supporting the markers
presence in WAT.

Nrg4: Nrg4 has been linked to BAT activity and the browning
process. A recent study conducted by Comas et al. explored the
expression pattern of Nrg4 as a marker of BAT or beige AT in
humans. The putative beige adipocyte marker Tmem26 showed a
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strong positive correlation with Nrg4 across individuals. While
there are some conflicting data in regard to Nrg4’s role in
thermogenesis, the observations demonstrated that Nrg4 could
be a possible beige AT marker and that further studies should be
conducted to confirm. Another study conducted by Christian
et al. categorizes Nrg4 as a cold-induced BAT gene. They found
that while BAT did have the highest levels of Nrg4 expression,
subcutaneous WAT also had significant increases in Nrg4
transcript with cold exposure (50). These results suggest that
Nrg4 might play a role in the browning/beigeing process. Further
research needs to be done to confirm the validity of Nrg4 as a
marker of a specific type of AT.

Fgf21: Fgf21 is another putative beige AT marker and inducer
that appears to be of importance. Garcia et al. suggest that Fgf21
matches the criteria necessary to be deemed as a possible beige
adipocyte marker because of its inducible nature (compared to
WAT) upon treatment with rosiglitazone (40). With adrenergic
stimulation, Fgf21 displayed an eight-fold greater increase in
mouse beige adipose cells compared to the change seen in white
adipocytes. Fgf21 was expressed in high levels in the SVF cells of
the mice at room temperature and then increased further when
exposed to chronic cold temperatures. Findings from this study
suggest Fgf21 is involved in the dynamics of the beigeing process
because it is a factor that induces beige cell recruitment in WAT
while also stimulating trans-differentiation of existing adipocytes
to beige cells (51).

When comparing the expression of Fgf21 in WAT, BAT, and
beige adipocytes, it is higher in beige and brown cells compared
to WAT, indicating Fgf21 as a hormone present during
browning but that it may not be indicative of beige adipocytes
specifically (52). Soundarrajan et al. studied the correlation
between active BAT and various markers, including Fgf21 (53).
For this study, BAT was activated when the male human subjects
were exposed to cold temperatures. A positive correlation was
seen between the secretion of Fgf21 and BAT activity,
determined using PET/CT scans, signifying that Fgf21 may
play a positive role in the physiological response to cold
exposure in BAT. Additional studies have demonstrated that
Fgf21 and the molecular pathway by which it could be
functioning in have the capacity of inducing beige adipocyte
formation. As an endocrine regulator secreted from adipocytes,
Fgf21 can increase the body’s energy expenditure via paracrine
signaling (54). Endocrine-like characteristics of Fgf21 contribute
to the activation of Ucpl and subsequently the thermogenic
potential of brown and beige adipocytes (13). These properties
are consistent with a connection between Fgf21 and beige
function. The results also demonstrate that Fgf21 is not
exclusively presented in beige adipocytes and may not serve as
a marker for distinguishing between BAT and beige AT.

Markers Found in BAT and BeAT

There have been findings that human classical BAT is similar to
mouse BeAT, leading to ambiguity in regard to identity.
However, if the mouse is housed at thermoneutral conditions
(30°C), such as those of humans, mouse BAT exhibits
characteristics equivalent to human BAT. The seemingly small

number of differential markers between BAT and BeAT can be
compensated for by understanding their major differences (29).
In an elegant study, Wu et al. observed that transcript signature
of immortalized Ucpl+ cell line derived from inguinal AT from
mouse was more similar to the expression pattern of transcripts
expressed in human BAT (4). These findings were consistent
with a study by Sharp et al. (39) suggesting that beige/brite cells
that occur in inguinal WAT have more resemblance to classical
human BAT.

CIDEA and Ucpl: Because of the physiological similarities
between BAT and beige adipocytes, it is expected that they would
have overlapping expression of CIDEA and Ucpl, two
transcripts associated with the thermogenic responses of BAT.
It has been proposed that these gene transcripts can be used to
evaluate beigeing in mouse WAT (40). Mouse WAT exposed to
chronic cold temperatures showed a significant increase in
expression of both gene transcripts, with Ucpl showing the
most substantial increase. The gene transcripts do not act
specifically as BAT vs. BeAT markers but are still valuable in
terms of identifying and possibly inducing the beigeing of WAT.
With the correlation seen in the increase of both Ucp1 and Cidea,
it is also possible that Cidea plays a role in the thermogenicity of
BeAT and BAT (39).

Ucpl has been the focus of additional studies. It is well-
known that Ucpl is an indicator of BAT and therefore, the role
that Ucp1 has in beige AT is a topic of interest. Wu et al. found
that before inducing adipocyte differentiation, inguinal-derived
cells from both beige and white adipose depots had low
expression of Ucpl transcript. After differentiation, with either
cAMP or B-adrenergic agonist stimulation, the beige adipocytes
had significantly increased Ucpl expression compared to white
adipocytes (4). In some cases, the Ucpl mRNA levels in beige
adipocytes were actually greater than seen in brown adipocytes.
In response to high fat diet feeding Ucpl expression tends to go
up in BAT and Beige and diminishes in WAT (55). Another
condition, aging is known to reduce the amount of BAT and
consequently reduced Ucpl expression (56). Thus, Ucp1 plays an
important role in identifying beige AT. It may be possible that
these gene transcripts will serve as better identifiers of beige AT
in vivo compared to other proposed “beige-specific” markers.

Pgclo: Pgelais known to be key in the regulation of a cascade
of genes involved with energy metabolism in AT. Pgcloserves as a
master regulator of the thermogenic program in both BAT and
beige ATs (57, 58). Mice lacking Pgclox could still produce brown
fat, but the thermogenic effects were diminished, indicating the
indispensable role that Pgcla plays in the physiological roles of
BAT. Tiraby et al. demonstrated that when WAT has activated
Pgcla, as induced by rosiglitazone treatment, the WAT began to
show characteristics of BAT, indicative of the browning process
and the recruitment/trans-differentiating of beige adipocytes (59).
Although several studies implicate Pgcler as an important player
in browning/beigeing, there is no distinction in the expression
pattern in beige versus brown fat, making it a non-specific marker
for BeAT identification.

Prdm16: Prdml6 has been identified as a transcriptional
activator of the brown-fat selective gene program and also
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repressor of the WAT-specific gene program (42, 45, 60). For
both BAT and beige adipocyte development, research has shown
that Prdm16 serves as a key transcriptional co-regulator and is
needed for development. Prdm16 appears to be an inducer of
BeAT differentiation and essential in BAT, but may not serve as a
valid marker for AT that is already present.

Car4: In a comprehensive study of several possible beige
adipocyte markers, Car4 came out as one of the most convincing
(40). During beige adipocyte differentiation using rosiglitazone,
there was a 23-fold increase of Car4 mRNA expression (30).
Interestingly, with B-adrenergic stimulation of both white and
beige adipocytes, Car4 expression levels increased in only white
adipocytes suggesting formation of beige adipocytes upon f-
adrenergic stimulation. Car4 showed a significant increase in the
stromal vascular cell (SVC) fraction of WAT derived from mice
exposed to chronic cold temperatures, suggesting the abundance
of transcript increased due to beigeing (30). Jong et al., in support
with the results from previous studies, demonstrated a significant
increase in expression of Car4 after treatment with rosiglitazone
in beige adipose cultures, but this increase was seen in BAT as
well, possibly eliminating the exclusivity of Car4 being a marker
of beige adipocytes (52). It is also of note that warm-acclimated
mice in their study had the highest expression levels of Car4 in
BAT (39). When analyzing adipose depots, Car4 was found to be
expressed in similar levels in all adipose depots (39). These
studies provide a wide array of information regarding Car4
and the possibility of it being identified as a beige adipocyte
marker. Due to the mRNA expression seen in BAT and beige
adipose tissue, specifically with rosiglitazone treatment, Car4 is a
marker of interest for future studies to explore the possibility of
its functional role in adipose development.

Markers Found in WAT and BeAT

Hoxc8 and Hoxc9: Overlap of markers between BeAT and WAT
is expected because, as with BAT, beige adipocytes do have
characteristics of white adipocytes. de Jong et al. report both
Hoxc8 and Hoxc9 to have similar expression levels in both tissue
and cultures of white and beige fat, with near absence from
brown fat (39). However, when looking at single adipose depots,
both Hoxc8 and Hoxc9 were expressed through the different
depots. It is of note that Hoxc8 displayed a negative correlation
with Ucpl expression (39).

Aqp5, Aqp7, and Aqp9: The role of aquaglyceroporins in
white AT differentiation has been well-studied, and it is known
that Aqp7 is especially important for WAT. In a study conducted
by Silva et al., aquaporin expression patterns were noted
throughout beige adipocyte differentiation and were compared
to other biomarkers to determine if they could be useful in
denoting beige adipocytes (61). They determined that Aqp7 and
Agp9 mRNA expression levels were upregulated throughout the
beigeing process, possibly indicating these proteins as markers of
beige differentiation. In differentiated beige adipocytes,
expression levels of Aqp7 and Aqp5 led to the conclusion that
they are the most prominent aquaglyceroporins in beige
adipocytes. It is interesting that Aqp7 was expressed at
significantly lower levels in beige adipocytes compared to white
adipocytes, leading to the possibility that Aqp7, while important

in the beigeing process, may serve as a way of comparing WAT to
beige adipocytes via level of expression.

CONCLUSION AND RELEVANCE

In conclusion, there are multiple markers that can possibly be
used to identify the presence of BeAT. As made clear throughout
this review, there is still conflicting evidence on the use of many
of the genetic markers discussed. We now know that BeAT is
derived from WAT but has similar properties to BAT, yet the full
suite of regulators of BeAT and its metabolic properties, need to
be better understood. The studies of BeAT have shown that cold
temperature exposure and adrenergic stimulation are able to
induce the beigeing of WAT in mice, and as the WAT is beiged,
the presence of potential BeAT and BAT markers are increased.
Expanding our current knowledge on the dynamics and identity
of these factors is crucial for understanding the mechanisms that
drive induction of BeAT and for considering nutritional,
exercise, or pharmaceutical interventions that activate BeAT in
order to improve metabolic health.

To make the best use of knowledge we gathered from previous
studies, we can say two things for certain, 1) Beige cells reside
and are recruited in typically subcutaneous WAT; using novel
transcript markers such as Tmem26, Tbx1, CD137, or Car4 to
identify BeAT is the best possible available strategy. 2) Because of
the peculiar nature of recruiting sites/depots of BeAT, negative
selection criteria such as expression of the above mentioned
genes and in addition some of the BAT specific genes e.g. Ucpl,
Cidea, and/or Pgcla expression can also be used to classify the
type of AT. In vivo imaging identifying the structural differences
in adipocytes such as size of cells and number of lipid droplets in
the cell can be used to aid the identification of BeAT.

Difficulties in using specific transcript expression solely has its
own limitations. BeAT recruitment and expression pattern of
these cells can be affected by physiological conditions (diet, age,
and ambient temperature). Expression of BeAT in standard
mouse models (chow-fed, young, and at 20°C) is different from
those of humans. Ongoing studies from our lab are
understanding the expression pattern of specific transcript
under these certain conditions.
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Obesity, an excess accumulation of white adipose tissue (WAT), has become a global
epidemic and is associated with complex diseases, such as type 2 diabetes and
cardiovascular diseases. Presently, there are no safe and effective therapeutic agents to
treat obesity. In contrast to white adipocytes that store energy as triglycerides in unilocular
lipid droplet, brown and brown-like or beige adipocytes utilize fatty acids (FAs) and
glucose at a high rate mainly by uncoupling protein 1 (UCP1) action to uncouple
mitochondrial proton gradient from ATP synthesis, dissipating energy as heat. Recent
studies on the presence of brown or brown-like adipocytes in adult humans have revealed
their potential as therapeutic targets in combating obesity. Classically, the main signaling
pathway known to activate thermogenesis in adipocytes is Bs-adrenergic signaling, which
is activated by norepinephrine in response to cold, leading to activation of the thermogenic
program and browning. In addition to the PBs-adrenergic signaling, numerous other
hormones and secreted factors have been reported to affect thermogenesis. In this
review, we discuss several major pathways, Bs-adrenergic, insulin/IGF1, thyroid hormone
and TGFB family, which regulate thermogenesis and browning of WAT.

Keywords: thermogenesis, brown adipose tissue, browning/beiging, b3-adrenergic signaling, UCP1, insulin/IGF1
signaling, thyroid hormone, TGFB superfamily

INTRODUCTION

Brown adipose tissue (BAT) is specialized in heat production through non-shivering thermogenesis
by burning fuels such as fatty acids (FA) and glucose (1). BAT is crucial for maintaining body
temperature especially for infants who have limited ability to perform shivering thermogenesis, due
to underdeveloped skeletal muscle (2). In adults, BAT contributes to energy expenditure as
indicated by an inverse correlation between the presence of active BAT and central obesity (3, 4).
In addition to numerous mitochondria, BAT possesses multilocular lipid droplets that provide FAs
for B-oxidation, which drives tricarboxylic acid (TCA) cycle and electron transport chain (ETC) to
create proton gradient (5). In contrast, white adipose tissue (WAT) serves as an energy storage and
has a unilocular lipid droplet and fewer mitochondria.

Of all tissues, BAT expresses the highest levels of uncoupling protein 1 (UCP1) and UCP1 plays a
central role in non-shivering thermogenesis (6). UCP1 acts as a proton transporter in the inner
membrane of mitochondria, which allows protons to leak from intermembrane space into the
mitochondrial matrix (7). This uncouples the proton gradient from ATP synthesis, dissipating the
proton gradient in the form of heat. Therefore, having a large number of mitochondria and
multilocular lipid droplets enables BAT to maximize its thermogenic capacity. Although WAT
normally has little UCP1 expression, some cells in subcutaneous WAT depots display thermogenic
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capacity with elevated UCP1 expression upon certain
stimulations, the process so-called ‘browning/beiging’ (8).
These thermogenic adipocytes are termed ‘beige/brite’
adipocytes, which seem to originate from different precursor
cells than brown adipocytes, based on distinct gene signatures
(9). However, transdifferentiation of mature white adipocytes to
thermogenic beige adipocytes have also been reported (10). It is
plausible that these thermogenic adipocytes can be generated by
distinct mechanisms.

Classical brown adipocytes originate from a subset of
multipotent stem cells in the dermomyotome that express
engrailed 1 (EN1), paired box 7 (PAX7) and myogenic factor 5
(MYF5) (11). While the MYF5"/PAX7*/EN1" progenitor cells
can give rise to other cell types, such as skeletal myocytes, they
commit to brown adipocyte lineage upon early B cell factor 2
(EBF2) expression (12). Additionally, PR domain containing 16
(PRDM16) stimulates brown adipocyte differentiation over
myoblast differentiation through the interaction with
peroxisome proliferator activated receptor y (PPARy) (13).
Ewing Sarcoma (EWS)/Y-box binding protein 1 (YBX1)
complex promotes bone morphogenetic protein 7 (BMP7)
transcription, which also determines brown adipocyte lineage
during development (14). Committed brown precursor cells then
differentiate into mature brown adipocytes through a series of
transcriptional events (11, 15). ZFP516 stimulates thermogenic
gene expression such as UCP1, DIO2 and CIDEA to promote
brown adipocyte differentiation. ZFP516 interacts with not only
PRDM16, but also with LSD1 in activating thermogenic gene
program. ZC3H10 upregulates transcription of genes for
mitochondrial biogenesis, such as NRF1 and TFAM (16, 17).
EBF2 activates transcription of PPARYy, which promotes
expression of numerous lipid metabolic genes, such as fatty
acid binding protein (FABP4/aP2), cluster of differentiation 36
(CD36) and lipoprotein lipase (LPL) (18). In addition, EBF2 and
PPARY cooperatively activate transcription of PRDM16. CEBP
also activates PPARY transcription to promote adipogenic and
thermogenic gene expression (19). PPARY coactivator o
(PGCla) is another transcriptional co-regulator that interacts
with many proteins including PPARy, PRDM16 and IRF4 to
promote BAT development, especially mitochondrial biogenesis
through NRF1 and TFAM (15, 20). Some of the aforementioned
transcription factors and co-activators such as ZFP516, ZC3H10
and PGCla also induce thermogenic gene expression upon [35-
adrenergic stimuli in mature brown and white adipocytes, the
latter of which leads to browning.

Environmental cues such as cold exposure, exercise and diet
can trigger non-shivering thermogenesis in classical BAT and
also browning of WAT, by activating specific signaling cascades
within the cell (20, 21). For example, cold temperature stimulates
the sympathetic nervous system to release norepinephrine, which
then binds B;-adrenergic receptor (15). B5-adrenergic signaling
has a wide range of downstream targets including numerous
transcription factors and co-activators that can induce
thermogenic genes (22). In addition to the transcriptional
regulation, P;-adrenergic signaling also increases lipolysis and
glucose uptake to support thermogenesis (23). In this review, we
discuss underlying signaling pathways that regulate

thermogenesis in brown and beige adipocytes, as well as
browning of WAT.

Bs-ADRENERGIC SIGNALING

The dominant signaling pathway that governs non-shivering
thermogenesis in brown and beige adipocytes is B;-adrenergic
signaling. Upon cold exposure, norepinephrine released from the
sympathetic nervous system binds mainly 3;-adrenergic receptor
(Bs-AR) to induce adrenergic signaling (24, 25) (Figure 1). ;-
AR coupled with Gs activates AC, which in turn produces cAMP
for PKA activation. A variety of downstream targets of PKA,
such as p38, CREB and HSL, enhances thermogenesis by
inducing thermogenic gene expression and/or mobilizing
substrate to fuel thermogenesis (26, 27).

p38, a MAP kinase, phosphorylates multiple transcription
factors/coregulators, including ATF2 and PGClo, both of which
promote UCPI transcription (22). In addition, we recently found
that ZC3H10, previously known to bind RNA, is phosphorylated
by p38 upon cold, activating the thermogenic gene program in
adipocytes (17). Specifically, ZC3H10 binds a distal upstream
region of the UCP1 promoter for transcriptional activation.
ZC3H10 also activates NRF1 and TFAM, which facilitate
mitochondrial biogenesis to increase thermogenic capacity of
adipocytes. Thus, transgenic mice overexpressing ZC3H10
exhibited increased oxygen consumption, higher BAT
temperature and reduced body weight while ZC3H10 knockout
mice displayed decreased oxygen consumption, lower BAT
temperature and increased body weight. PGCla, a downstream
target of p38, serves as co-activator for PPARy and NRF1 to
induce expression of UCP1 and TFAM, respectively (27, 28).
CREB was also shown to bind to the proximal promoter of UCP1
to potentially activate the transcription.

[s-adrenergic signaling also increases the expression of ZFP516.
ZFP516 recruits LSD1, which demethylases H3K9 at the proximal
region of UCP1 promoter to induce UCPI1 transcription.
Furthermore, ZFP516 directly interacts with PRDM16 at the
UCP1 promoter and potentially at other BAT gene promoters.
ZFP516 depletion in vivo resulted in impaired BAT formation with
decreased BAT gene expression and increased muscle gene
expression in the presumptive BAT depot, while ZFP516
overexpression increased body temperature, oxygen consumption,
browning of WAT, leading to lower body weight. Taken together,
ZFP516 is required for BAT development in addition to promoting
WAT browning.

Adipose thermogenesis can be enhanced by an increased
supply of substrates such as FA and glucose. Upon f;-AR
activation, PKA phosphorylates HSL, now known as diacyl
glycerol hydrolase, as well as PLIN on lipid droplets to
promote lipolysis. FAs thus produced upon lipolysis can
undergo B-oxidation to eventual production of NADH and
FADH for ETC, during UCP1-mediated thermogenesis (5, 29).
FA also directly binds UCP1 to assist proton influx into the
mitochondrial matrix (30). In the fed state, however, FAs as
substrates for thermogenesis seem to originate from white
adipose tissue lipolysis, although it was also reported that
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ZC3H10, zinc finger CCCH-type containing 10; ZFP516, zinc finger protein 516.

inhibition of intracellular lipolysis suppressed cold-induced non-
shivering thermogenesis in BAT, which was compensated by an
increased shivering in humans (31, 32). Of note, lipolysis can also
be modulated non-adrenergically and this aspect has been
extensively reviewed elsewhere (33).

We recently discovered a BAT-specific NADH oxidase, AIFM2,
which is required for cold- and diet-induced thermogenesis (34).
Upon cold or Bs-adrenergic stimuli, AIFM2 translocates from lipid
droplet to the outer side of the inner membrane of mitochondria.
AIFM2 oxidizes NADH to NAD, which is needed for
glyceraldehyde-3 phosphate dehydrogenase (GAPDH) reaction, in
supporting robust glycolysis. In addition, electrons generated from
AIFM2 action are transferred to CoQ for ETC activity of
mitochondria. AIFM2 KO mice exhibited higher body weight,
lower oxygen consumption, and lower BAT temperature whereas
AIFM2 overexpression resulted in the opposite phenotypes. In
addition, the expression of AIFM2 was induced upon refeeding
with high carb diet when examined at thermoneutrality, suggesting
that glucose oxidation appears to be especially important in the fed
state to promote thermogenesis when the blood glucose level is
relatively high.

Collectively, there is no doubt that B;-AR signaling plays a
dominant role in regulating thermogenesis. Besides those
mentioned above, there are many more proteins that are involved
in and downstream of B;-AR signaling. Further studies will
elucidate more components related to B;-AR signaling that
regulate thermogenesis at various steps such as substrate
metabolism, mitochondrial homeostasis, gene expression as well
as signal transduction.

- Plasma membrane

Mitochondria

ucpP

FIGURE 1 | Schematic model of Bs-adrenergic signaling pathway that promotes thermogenesis in adipocytes. Cold stimulates CNS/SNS to secrete NE that binds
Bs-AR, which then activates AC producing cAMP. cAMP in turn activates PKA that has a variety of downstream targets, including transcription factors to upregulate
thermogenic gene expression. See text for details. AC, adenylate cyclase; ATF2, activating transcription factor 2; Bs-AR, Bs-adrenergic receptor; CNS, central
nervous system; CREB, cAMP response-element binding protein; ETC, electron transport chain; FFA, free fatty acid; IRF4, interferon regulatory factor 4; NE,
norepinephrine; NRF1, nuclear respiratory factor 1; PGC1a., peroxisome proliferator activated receptor y coactivator a; PKA, protein kinase A; PPARY, peroxisome
proliferator activated receptor v; SNS sympathetic nervous system; TCA, tricarboxylic acid; TFAM, mitochondrial transcription factor A; UCP1, uncoupling protein 1;

INSULIN/IGF1 SIGNALING

Insulin/IGF1 signaling plays important roles in adipose tissue
development and thermogenesis. Mice with fat-specific double
knockout of insulin receptor (IR) and IGFI receptor (IGFIR)
(FIGIRKO) exhibited decreased adiposity with more than 85%
reduction in BAT, having lower body weight (35). Indeed, brown
preadipocytes from FIGIRKO failed to differentiate in vitro with
no increase in the expression of PPARy and CEBPq, indicating
that insulin/IGF-1 signaling is critical for BAT development.
Since the addition of PPARY agonist, rosiglitazone, did not rescue
the impaired differentiation, insulin/IGF-1 signaling seemed to
act on the upstream of PPARY/CEBPo. Consistently,
phosphorylation of CEBPB at Thr188, which is required for
DNA binding and therefore transcriptional activation of PPARY/
CEBPa, was reduced. FIGIRKO mice were also protected from
diet-induced obesity, possibly due to impaired adipose
development. FIGIRKO mice failed to maintain their body
temperature during cold exposure, although they had higher
energy expenditure/basal metabolic rate with no change in
activity, this paradox remaining to be explained. In this regard,
the study utilized aP2 promoter to express Cre recombinase for
gene KO, which could have affected not only adipose tissues but
also other cell types, such as macrophages.

The effects of insulin signaling and IGF-1 signaling were
further investigated by comparing fat-specific IR single KO (F-
IRKO) and IGFIR single KO (F-IGFRKO) to IR/IGF1R double
KO (F-IR/IGFRKO), which were all generated by Cre driven by
adiponectin promoter (36). F-IGFRKO only had a small
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reduction in both WAT and BAT, while F-IR/IGFRKO had an
almost complete loss of adipose tissue. Interestingly, F-IRKO had
a large WAT reduction with an unexplainable 50% increase in
BAT with large unilocular lipid droplet. BAT of F-IR/IGFRKO
exhibited increased BAT gene expression and decreased WAT
gene expression, whereas that of F-IRKO showed no change in
BAT or WAT marker gene expression. Regardless, the
expression of genes involved in BAT function, including UCP1
and other thermogenic genes, TFAM for example, was reduced
in both F-IR/IGFRKO and F-IRKO, which could explain why
both F-IR/IGFRKO and F-IRKO failed to maintain body
temperature during the cold challenge. Indeed, F-IRKO had
reduced mitochondrial content and oxygen consumption.

BAT-specific IR KO mice created by using UCP1 promoter-Cre,
however, showed impaired BAT development (37). Since the
expression of CEBPa, but not PPARY, decreased in BAT of the
KO mice, insulin signaling likely promotes brown adipogenesis
mainly through CEBPo. Interestingly, UCP1 expression increased
significantly in BAT and the KO mice even had leaner phenotype,
possibly due to the remaining BAT compensating for the decreased
thermogenesis. Another mechanism where insulin/IGF1 signaling
can promote BAT development is by increasing proliferation.
Insulin and IGFl1, not only stimulated IRS1 and IRS2 tyrosine
phosphorylation and their association with PI3K, but also enhanced
IRS1-associated GRB2 phosphorylation, which can activate RAS-
MAPK pathway for proliferation (38). BAT-specific IGFIR KO
mice, on the other hand, had normal BAT size and normal body
weight, while UCP1 expression in BAT was reduced and the KO
mice were cold intolerant, suggesting that IGF1 signaling enhances
BAT thermogenesis (39).

Insulin/IGF1 signaling plays a role in browning of WAT as
well. PTEN antagonizes the action of PI3K by converting PIP3
back to PIP2 and, therefore, insulin/IGF1 signaling. PTEN
knockdown (KD) by direct injection of Rec2-Cre in iWAT of
PTEN floxed mice increased AKT signaling and induced
browning (40). These effects were blocked by administration of
an AKT inhibitor, indicating that the PI3K-AKT pathway
promotes browning. Transgenic mice overexpressing PTEN
were reported to have increased energy expenditure with
hyperactivation of BAT. However, PTEN was overexpressed
globally in these animals, making it difficult to interpret the
exact contribution of PTEN in a tissue-specific manner (41).

Interestingly, insulin signaling can be modulated by Bs-
adrenergic signaling. (;-adrenergic signaling pretreatment
reduced the activation of IR, IRS1 and IRS2. In addition, Bs-
adrenergic signaling mitigated AKT activation and IRS1-
associated activation of PI3K upon insulin treatment, while it
did not affect MAPK activation and IRS2-associated activation
of PI3K. Moreover, B;-adrenergic signaling abolished insulin-
mediated glucose uptake in brown adipocytes (42). In this
regard, cold exposure has also been shown to alter the
expression of many molecules involved in the insulin signaling
pathway (43). Specifically, the expression of IRS1 and IRS2 as
well as phosphorylation of AKT are upregulated. These
discrepancies could be due to the differences in the methods
used such as in vitro vs in vivo, mouse vs rat as well as protein
phosphorylation vs transcriptome.

Taken together, IR/IGFIR signaling promotes adipose tissue
thermogenesis by supporting BAT development, browning of
WAT and BAT function. Some of those studies mentioned above
are even conflicting, owing at least partly to the differences in
promoters used to express Cre, which affects not only the
efficiency of gene KO, but also tissue specificity. Even with a
tissue-specific KO, some phenotypes could manifest because of
secondary effects rather than direct, primary effects. Therefore, it
would be important to recapitulate the results in vitro as well.
Further research is needed to better clarify the role of IR and
IGFIR signaling in adipose tissue thermogenesis.

THYROID HORMONE

Among various ligands/hormones that bind and function via
nuclear hormone receptors, thyroid hormone (TH) is classically
known to regulate thermogenesis (44). TH receptors (TR), TRa.
and TR, in adipocytes enhance BAT thermogenesis and WAT
browning. TRs are activated by triiodothyronine (T3), an active
form of TH produced from thyroxine (T4) by type II
iodothyronine deiodinase (DIO2). Although TRo. and TR
may have overlapping functions, TRP seems mainly
responsible for UCP1 induction, whereas TRo. might be more
important for full B;-adrenergic response. In hypothyroid mice,
TRPB-selective ligand, GC-1, restored UCP1 expression to the
same extent as T3, suggesting the significant role of TR in UCP1
upregulation (45). However, GC-1-treated mice failed to
maintain body temperature during cold exposure, suggesting
that UCP1 induction by TRp alone is not sufficient to support
thermogenesis. In agreement with this, GC-1 treatment did not
restore CAMP production in isolated brown adipocytes of the
hypothyroid mice, which suggests the involvement of TRt in f33-
adrenergic response. The same group later showed that
hypothyroid mice with a dominant negative TR mutation
failed to increase UCP1 expression in BAT (46). These
hypothyroid TRB mutant mice also had reduced cAMP
production in BAT and lower body temperature upon T3
replacement and [;-adrenergic stimulation, implying that TRJ
might at least partly participate in P;-adrenergic response.
Although it has also been reported that TRow could bind UCP1
enhancer region for transcriptional activation, the results of the
study were relied on in vitro experiments as opposed to the
previously mentioned studies that investigated its role in animal
models (47). DIO2 is another important TH/TR target that
contributes to thermogenesis. GC-1 upregulated DIO2 mRNA
and enzyme activity upon B;-adrenergic stimulation, while TRo-
selective ligand, CO23, increased DIO2 mRNA expression only
(48). Indeed, DIO2 KO brown adipocytes exhibited reduced
UCP1 expression, oxygen consumption and lipolysis in
response to P3-adrenergic stimuli, which was reversed by T3
administration (49).

TH/TR can enhance BAT thermogenesis through regulation of
mitochondrial homeostasis as well (50). Hyperthyroid mice showed
increased expression of mitochondrial proteins including COX4I1
and TOMM20 and increased mitochondrial DNA copy number in
BAT, implying that TH promoted mitochondrial biogenesis. On the
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other hand, T3-treated brown adipocytes exhibited mitochondrial
remnants inside autophagic vesicles, suggesting that T3 induced
mitophagy. Inhibition of autophagy/mitophagy in hyperthyroid
mice indeed increased mitochondrial proteins. Mitochondrial
turnover was further assessed using MitoTimer, which showed
upregulation of both clearance of mature mitochondria and
generation of new mitochondria by T3 treatment. The
importance of mitochondrial turnover for thermogenesis was
confirmed by suppression of autophagy/mitophagy by ATG5 KD,
which decreased oxygen consumption in brown adipocytes, and
also conditional ATG5 KO in hyperthyroid mice that showed
reduced body temperature.

T3 treatment has been shown to upregulate UCP1 and
mitochondria-related genes in white adipocytes as well, by
increasing mitochondrial biogenesis (51, 52). This was
accompanied by elevated oxygen consumption and FA
oxidation, indicating the role of T3 in WAT browning. Similar
to that observed in brown adipocytes, UCP1 upregulation in
WAT was mediated by TR rather than TRo. since hyperthyroid
TRP KO mice failed to increase UCP1 expression in WAT (53).
In addition to directly upregulating UCP1 transcription, T3 was
reported also to trigger AMPK activation, which in turn activated
the p38/ATF2 pathway to promote UCP1 expression in WAT,
although the mechanism by which T3 could activate AMPK
remains to be addressed (54).

Recently, a TH metabolite, 3,5 Diiodo-L-Thyronine (T2), was
reported to affect thermogenesis as well (55). T2 administration
restored lipid morphology, vascularization, innervation and
mitochondrial content/activity in BAT of hypothyroid rats,
which were accompanied by increased expression of UCP1 and
PGClo, leading to improved thermogenesis (56). Similarly, T2
seems to promote WAT browning in high fat diet-induced obese
rats partly through upregulation of PRDM16 (57). Overall, it can
be concluded that the TH/TR promotes BAT thermogenesis and
WAT browning.

TRANSFORMING GROWTH
FACTOR B SUPERFAMILY

Multiple members of the transforming growth factor beta (TGFf3)
superfamily have been shown to regulate thermogenesis
(Figure 2). In fact, bone morphogenetic protein 7 (BMP7), was
reported first to trigger commitment of mesenchymal progenitor
cells to brown adipocyte lineage by activating SMAD1/5/8 (58).
Without the canonical differentiation induction cocktail, BMP7
induced the expression of both adipogenic and brown-adipocyte
specific genes, such as CEBPs, PPARy, PRDM16, PGClo, and
UCPI, while downregulating adipogenic suppressors such as
Pref-1 and WNT10A. BMP7 KO mice exhibited reduced BAT
mass that had almost undetectable UCP1 expression. In contrast,
BMP7 overexpression via adenovirus injection increased the
expression of PRDM16 and UCP1 in BAT, energy expenditure
and body temperature, while decreasing body weight. In mature
brown adipocytes, BMP7 increased mitochondrial activity
through p38-ATF2 and SMAD1/5/8 pathways (59). BMP7-

treated cells upregulated the expression of CD36 and CPT1 that
transport FAs into the cells and mitochondria, respectively,
resulting in increased citrate synthase activity and FA oxidation.
Administration of BMP7 in vivo increased the expression of
CD36 in BAT, which was accompanied by increased oxygen
consumption. In addition, respiratory exchange ratio in these
animals decreased, reflecting the substrate utilization switching
towards fatty acids. Another study also confirmed the similar
effects of BMP7, where BMP7 administration increased the
expression of UCP1 and CD36 in BAT, BAT mass, energy
expenditure and fat oxidation (60). Furthermore, these authors
found that BMP7 induced the expression of BAT genes in WAT
depots with overall reduced WAT size, suggesting that BMP7
promotes browning of WAT. This is supported by a finding that
demonstrated BMP7 driving human adipogenic stem cells into beige
adipocytes (61). BMP7 treatment promoted the expression of beige
markers, such as CD137 and TMEM26, in addition to the expression
of thermogenic genes, such as UCP1, CIDEA and DIO2.

BMP8b was found to be highly expressed in BAT and its
expression increased during differentiation and during cold
exposure (62). BMP8b KO mice exhibited lower energy
expenditure, lower body temperature and higher body weight,
which were exacerbated when these mice were on high fat diet
(HFD). Although BMP8b KO mice showed normal BAT size and
BAT gene expression, activation of thermogenic signaling
pathways examined by phosphorylation of SMAD1/5/8/, p38
and CREB were impaired, indicating that BMP8b is
indispensable for thermogenic activation of BAT, but not for
BAT development. Consistently, BMP8b treatment increased
phosphorylation of these proteins in differentiated brown
adipocytes, as well as that of HSL and AMPK, resulting in
increased lipolysis measured by glycerol release. In addition,
BMP8b promoted the activation of AMPK in the central
nervous system as well, increasing sympathetic output to BAT
to support thermogenesis. In this regard, BMP8b was shown to
stimulate sympathetic innervation and vascularization through
NRG4 and VEGF, respectively, in both BAT and WAT as well as
browning of WAT (63). Mice overexpressing BMP8b showed
higher energy expenditure, lower body weight and fat mass,
accompanied by decreased thermogenic gene expression in
WAT that exhibited multilocular lipid droplets, whereas loss of
BMP8D resulted in decreased nerve density.

TGFB/SMAD3 signaling pathway has been reported to
suppress browning of WAT (64). TGFP treatment suppressed
activation of PGClo promoter-reporter in 3T3-L1 cells, which
was abolished by SMAD3 KD, indicating that TGFP represses
PGClo transcription through SMAD3. SMAD3 KO animals had
higher body temperature, lower body weight, lower blood glucose,
and better response to insulin. WAT of SMAD3 KO mice indeed
expressed thermogenic genes, such as UCP1, and exhibited
multilocular morphology. Similarly, adipose-specific TGFP
receptor 1 (TGFPR1) KO induced browning, as evidenced by
increased UCP1 expression in WAT on HFD, which was
accompanied by lower body weight (65). TGFBR1 inhibitor,
SB431542, induced brown and beige genes during
differentiation of WAT SVF cells, whereas TBR1 downregulated

Frontiers in Endocrinology | www.frontiersin.org

70

March 2021 | Volume 12 | Article 595020


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Tabuchi and Sul Signaling Pathways Regulating Thermogenesis

os]
=
)
Py

/

Pref1/Wnt10a

'
'
'
'
L

4

FA uptakett f
Mitochondrial ‘\‘ Adipogenicand | | Pgcla
activitytt

)
i
i
|
i
thermogenic genes !
i
i
i
i
i

Brown/beige adipogenesis .’
Thermogenesis

FIGURE 2 | Schematic models of BMP7 and TGFp signaling pathways in thermogenesis. BMP7 binds TGFAR, which activates SMAD1/5/8, leading to expression of
adipogenic and thermogenic genes as well as suppression of Prefl and Wnt10a in precursor cells to promote brown and beige adipogenesis. In mature adipocytes,
BMP7 signaling increases FA uptake and mitochondrial activity, resulting in enhanced thermogenesis. TGFB activates SMAD2/3 that suppresses PGC1o. expression
and COX2/PGE2 pathway to reduce thermogenesis. See text for details. BMP7, bone morphogenetic protein 7; COX2, cyclooxygenase 2; FA, fatty acid; PGC1a,
peroxisome proliferator activated receptor v; PGE2, prostaglandin E2; PREF1, preadipocyte factor 1; SMAD, mothers against decapentaplegic homolog; TBR1, TGFB
receptor 1; TGFB, Transforming growth factor beta; TGFBR, TGFp receptor; WNT10a, Wnt family member 10A.

those genes. Interestingly, WAT of TGFPR1 KO also increased
the expression of genes involved in prostaglandin pathways, such
as COX2, implying that prostaglandin pathway might be involved
in browning of WAT. SMAD3 KD in 3T3-L1 cells increased the
expression of COX2 and other prostaglandin pathway-related
proteins. Treatment with PGE,, a product of COX2, upregulated
thermogenic gene expression, such as CIDEA1 and PGCla, in
the presumptive beige precursor cells, which was further
augmented by the addition of SB431542, implying the possible
interaction between TGFB/SMAD3 and COX2/PGE, pathways.
These presumptive beige precursor cells were isolated and
selected from WAT by FACS using a series of cell surface
markers and were termed inducible beige stem/progenitor cells
(iBSCs). iBSCs were then transplanted subcutaneously into
immunodeficient nude mice on HFD with IPTT-300
transponder. During the cold exposure, iBSCs from TBR1 KO
mice maintained higher temperature and showed higher
expression of thermogenic genes with multilocular lipid droplet
morphology, suggesting that the KO iBSCs underwent beige
adipogenesis. Altogether, TGFB/SMAD3 signaling negatively
regulates WAT browning although further research will help to
clarify the contributions of different downstream pathways.

CONCLUDING REMARK

The discovery of brown or brown-like adipocytes in human
adults has made targeting adipocytes an attractive strategy to
fight against obesity and its associated diseases. Activation of
existing thermogenic adipocytes and/or induction of new
thermogenic adipocytes can be mediated by various hormones
and their signaling cascades, including those important pathways
we describe in this review. Understanding the precise molecular
mechanisms underlying regulation of thermogenesis and
browning of WAT is critical for advancement of the future
anti-obesity therapeutics.
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A Corrigendum on

Signaling Pathways Regulating Thermogenesis
By Tabuchi C and Sul HS (2021). Front. Endocrinol. 12:595020. doi: 10.3389/fendo.2021.595020

In the original article, there were errors in Figures 1 and 2. In Figure 1, IRF4 had to be removed and
the order of the transcription factors had to be reorganized during this correction. In Figure 2,
SMAD?2 needs to be removed. The corrected Figures 1 and 2 are below.

In the original article, there were errors in the text. IRF4 needed to be replaced with PGClo as a
downstream target of p38. PGClo. and DIO needed to be removed as downstream targets of CREB,
due to insufficient research.

A correction has been made to the section B;-Adrenergic Signaling, the second paragraph:

“p38, a MAP kinase, phosphorylates multiple transcription factors/coregulators, including ATF2
and PGCla, both of which promote UCP1 transcription (22). In addition, we recently found that
ZC3H10, previously known to bind RNA, is phosphorylated by p38 upon cold, activating the
thermogenic gene program in adipocytes (17). Specifically, ZC3H10 binds a distal upstream region
of the UCP1 promoter for transcriptional activation. ZC3H10 also activates NRF1 and TFAM,
which facilitate mitochondrial biogenesis to increase thermogenic capacity of adipocytes. Thus,
transgenic mice overexpressing ZC3H10 exhibited increased oxygen consumption, higher BAT
temperature and reduced body weight while ZC3H10 knockout mice displayed decreased oxygen
consumption, lower BAT temperature and increased body weight. PGC10, a downstream target of
P38, serves as co-activator for PPARy and NRF1 to induce expression of UCP1 and TFAM,
respectively (27, 28). CREB was also shown to bind to the proximal promoter of UCP1 to potentially
activate the transcription.”

The authors apologize for these errors and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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Cytoplasm

FIGURE 1 | Schematic model of Bs-adrenergic signaling pathway that promotes thermogenesis in adipocytes. Cold stimulates CNS/SNS to secrete NE that binds
Bs-AR, which then activates AC producing cAMP. cAMP in turn activates PKA that has a variety of downstream targets, including transcription factors to upregulate
thermogenic gene expression. See text for details. AC, adenylate cyclase; ATF2, activating transcription factor 2; Bs-AR, Bs-adrenergic receptor; CNS, central
nervous system; CREB, cAMP response-element binding protein; ETC, electron transport chain; FFA, free fatty acid; IRF4, interferon regulatory factor 4; NE,
norepinephrine; NRF1, nuclear respiratory factor 1; PGC1a., peroxisome proliferator activated receptor y coactivator a; PKA, protein kinase A; PPARY, peroxisome
proliferator activated receptor y; SNS sympathetic nervous system; TCA, tricarboxylic acid; TFAM, mitochondrial transcription factor A; UCP1, uncoupling protein 1;
ZC3H10, zinc finger CCCH-type containing 10; ZFP516, zinc finger protein 516.

FA uptakett

Mitochondrial
activitytt

Brown/beige adipogenesis
Thermogenesis

FIGURE 2 | Schematic models of BMP7 and TGFp signaling pathways in thermogenesis. BMP7 binds TGFBR, which activates SMAD1/5/8, leading to expression of
adipogenic and thermogenic genes as well as suppression of Pref1 and Wnt10a in precursor cells to promote brown and beige adipogenesis. In mature adipocytes,
BMP7 signaling increases FA uptake and mitochondrial activity, resulting in enhanced thermogenesis. TGFB activates SMAD2/3 that suppresses PGC1o. expression
and COX2/PGE2 pathway to reduce thermogenesis. See text for details. BMP7, bone morphogenetic protein 7; COX2, cyclooxygenase 2; FA, fatty acid; PGC1a,
peroxisome proliferator activated receptor y; PGE2, prostaglandin E2; PREF1, preadipocyte factor 1; SMAD, mothers against decapentaplegic homolog; TBR1, TGFB
receptor 1; TGFB, Transforming growth factor beta; TGFBR, TGFB receptor; WNT10a, Wnt family member 10A.
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In the past several decades obesity has become one of the greatest health burdens
worldwide. Diet high in fats and fructose is one of the main causes for the prevalence of
metabolic disorders including obesity. Promoting brown or beige adipocyte development
and activity is regarded as a potential treatment of obesity. Mondo family transcription
factors including MondoA and carbohydrate response element binding protein (ChREBP)
are critical for nutrient-sensing in multiple metabolic organs including the skeletal muscle,
liver, adipose tissue and pancreas. Under normal nutrient conditions, MondoA and
ChREBP contribute to maintaining metabolic homeostasis. When nutrient is
overloaded, Mondo family transcription factors directly regulate glucose and lipid
metabolism in brown and beige adipocytes or modulate the crosstalk between
metabolic organs. In this review, we aim to provide an overview of recent advances in
the understanding of MondoA and ChREBP in sensing nutrients and regulating obesity or
related pathological conditions.

Keywords: MondoA, ChREBP, nutrient-sensing, obesity, brown and beige adipose tissue

INTRODUCTION

The epidemic of obesity has emerged as a worldwide public health issue. In 2017, the Global Burden
of Disease Study estimated that high body mass index (BMI), one of the leading risk factors,
accounted for 4.72 million deaths and 148 million disability-adjusted life-years (DALYs) (1).
Excessive caloric intake mainly derived from the high-fat and high-fructose diet is a major cause for
obesity (2-4). The urgent need for weight-loss treatments has given rise to multiple attempts to
target cellular metabolism and restore systemic energy homeostasis, among which is the strategy of
promoting brown and beige adipocyte activity and development. Brown adipocytes are essential for
thermogenesis in mammals with their characteristic expression of uncoupling protein-1 (UCP1) in
mitochondria, while beige adipocytes are inducible to express thermogenic genes in response to
stimulus (5). Enhancing activities of brown and beige adipocytes not only promotes energy
expenditure through heat generation, but also enhances glucose metabolism and protects against
insulin resistance (6-11), which provides promising therapeutic effects to counteract obesity and
related diseases.

The Mondo family transcription factors, comprised of MondoA (also known as MLXIP) and
carbohydrate response element binding protein (ChREBP, also named MondoB and MLXIPL),
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belong to the basic helix-loop-helix leucine zipper (bHLH/LZ)
family (12, 13). Upon binding to their heteromeric partner MLX
(Max-like protein X), Mondo and MLX translocate to the
nucleus where they bind to carbohydrate response elements
(ChoREs) on target gene promoters, and stimulate a
transcriptional response to nutrients (12-14). As a structural
basis of their nutrient-sensing and responsiveness, the glucose-
sensing module (GSM) of Mondo proteins consists of a low-
glucose inhibitory domain (LID) and a glucose-response
activation conserved element (GRACE) (Figure 1). Under
basal conditions, GRACE is repressed by the LID domain,
which is relieved by alterations in nutrient levels such as the
elevation of glucose concentration (15). An isoform of ChREBP,
ChREBP, lacks the LID domain and is induced by the activation
of the canonical isoform ChREBPo (16). Upon activation,
MondoA and ChREBP bind to importin-o. which mediates
their nuclear entry (17), while their nuclear export and
cytoplasmic retention are regulated by chromosome region
maintenance protein 1 (CRM1) and 14-3-3 proteins (18-20).
Though similar in structure, MondoA and ChREBP have distinct
tissue distribution patterns, with MondoA predominantly in
skeletal muscle and immune cells and ChREBP in liver and
adipose tissue (12, 13), and our unpublished data.

Initially identified as glucose sensors, Mondo family has more
extensive regulatory functions in metabolic homeostasis.
Therefore, their role in physiological and pathological
conditions has gained growing interest. In this review, we will
discuss how MondoA and ChREBP sense and respond to
nutrient availability, focusing on the involvement of Mondo
family in obesity and related diseases.

NUTRIENT-SENSING BY MONDOA
AND CHREBP

ChREBP in Metabolic Organs

ChREBP is widely expressed in metabolic organs, predominantly
in liver, also in adipose tissues, pancreas, intestine, kidney,
relatively low in skeletal muscle (21).

ChREBP is regulated by multiple nutrient molecules, among
which glucose and its metabolites are major determinants. In the
presence of high glucose, glucose 6-phosphate (G6P), the first
intermediate in glycolysis binds to the GRACE domain of
ChREBP (22, 23). Moreover, xylulose 5-phosphate (Xu5P), the
metabolite generated through the pentose phosphate pathway,
activates protein phosphatase 2A (PP2A), and the sequential

GSM
l MondoA 1914
LID GRACE
= ~
NH2 é é Proline-rich region bHLH/LZ DCD | | COOH
|
MCR I-V
GSM
! ChREBPa (35244
LID GRACE
S
— (]
NH2 é ‘é Proline-rich region bHLH/LZ DCD J COOH
\
MCR I-V
ChREBPp 7544
GRACE
NH2 Proline-rich region bHLH/LZ DCD | | COOH

while a nuclear localization signal (NLS) allows the interaction with importin-o.

FIGURE 1 | Structural domains of the human Mondo proteins. MondoA and ChREBP contain homologous C-termini, where a bHLH/LZ region and a dimerization
and cytoplasmic localization domain (DCD) mediate the heterodimerization process and DNA binding. On the other hand, the N-termini of MondoA and ChREBP
determine their glucose responsiveness. The glucose-sensing module (GSM) lies within the N-terminal region of MondoA and ChREBPa and is composed of a low-
glucose inhibitory domain (LID) and a glucose-response activation conserved element (GRACE). Compared with the canonical ChREBPa of 852 amino acids, the
ChREBP isoform, a product of alternative splicing, is a 675-amino acid protein that lacks the LID domain. The N-terminal region also includes five Mondo conserved
regions (MCR [-V), with LID spanning MCR I-IV and GRACE harboring MCR V. Two nuclear export signals (NES1, NES2) correspond to the binding site of CRM1,
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dephosphorylation of several residues activates ChREBP (24).
Furthermore, fructose-2,6-bisphosphate (F2,6-BP) derived from
fructose-6-phosphate (F6P) has been identified as another
signaling metabolite responsible for glucose-induced
recruitment of ChREBP to its target genes (25). On the other
hand, when glucose is limited, branched chain keto-amino acids
(BCKA) and fatty acids (FA) inhibit ChREBP activity (26, 27)
(Figure 2).

ChREBP regulates many enzyme genes in glycolysis and
lipogenesis, including liver type pyruvate kinase (L-PK), acetyl-
CoA carboxylase (ACC), fatty acid synthase (FAS), ATP-citrate
lyase (ACLY), stearoyl-CoA desaturase-1 (SCD1) and glycerol-3-
phosphate dehydrogenase (GPDH) (28-30). In addition,
ChREBP may control very low-density lipoprotein (VLDL)
export by regulating microsomal triglyceride transfer protein
(MTTP) transcription (31) (Figure 3).

Mouse models with knockout or overexpression of the
ChREBP gene provide direct evidence for its role in glucose
and lipid metabolism (Table 1). ChREBP global knockout mice
show down-regulated pyruvate production and inhibited
glycolysis, with lower mRNA levels of ACC, FAS, ACLY and
SCD1 in liver than wild-type mice, leading to a significant
decrease in lipids converted from glucose (32). ChREBP liver-
specific knockout mice showed dysregulation of glucose response

and impaired glucose homeostasis (34). Moreover, adenoviral
overexpression of ChREBP caused higher liver triglyceride
contents with increased FAS and ACC expression (35, 46). It is
now believed that ChREBP and sterol regulatory element binding
protein-1c (SREBP-1c¢) play a synergistic role in the regulation of
lipogenesis in liver (47). Moreover, the expression of the
ChREBPJ isoform is associated with the respective increase
and repression of branched chain alpha-keto acid
dehydrogenase kinase (BDK) and protein phosphatase Mg?
*/Mn**-dependent 1K (PPMIK) transcript levels in liver (48).
In addition, the transcription of fibroblast growth factor 21
(FGF21) is regulated by ChREBP (49). FGF21 is involved in
energy metabolism by regulating carbohydrate intake (50).
Fructose ingestion increases FGF21 production in a ChREBP-
dependent manner while FGF21 knockout attenuates ChREBP
expression and de novo lipogenesis following fructose
consumption, indicating that ChREBP and FGF21 constitute a
signaling axis which mediates an adaptive hepatic metabolic
response to fructose ingestion (51).

MondoA in Metabolic Organs

As another transcriptional biosensor of intracellular glucose
concentration, MondoA contributes to more than 75% of
glucose-induced transcription signature in HAIER epithelial

ChREBP

Ketone bodies

Polyunsaturated fatty acids
(PUFAs)

Acetylation 'AC

O-GlcNAcylation OG

MondoA

Non-glucose hexoses
(allose, 3-O-methylglucose
and glucosamine)

-

Adenine nucleotides, and other
adenosine-containing molecules

Cellular acidosis

Glutamine

FIGURE 2 | Nutrient-sensing and regulation of Mondo family. Mondo family transcription factors sense multiple nutrients. G6P, F2,6-BP and Xu5P are considered
the major metabolites through which glucose stimulates ChREBP and MondoA nuclear translocation and transcriptional activity. Ketone bodies and polyunsaturated
fatty acids (PUFASs) are reported to inhibit ChREBP activity. MondoA activators include non-glucose hexoses, adenosine-containing molecules and cellular acidosis.
Glutamine represses MondoA transcriptional activity. Post-transcriptional modifications (PTMs) including phosphorylation, acetylation and O-GlcNAcylation also play a
role in regulating Mondo family, especially ChREBP. cAMP is a common inhibitor of ChREBP and MondoA. cAMP acts through PKA (protein kinase A) to promote
the phosphorylation of ChREBP. Increased AMP levels lead to both retention of ChREBP in the cytosol and AMPK-induced phosphorylation of ChREBP, thus

inhibiting ChREBP activity.
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FIGURE 3 | Metabolic genes regulated by Mondo family. Metabolic genes regulated by MondoA and ChREBP at the transcriptional level are herein summarized.
They are involved in glucose and fructose uptake, glycolysis, fructose metabolism, glycogenesis, hexosamine biosynthesis pathway (HBP), pentose phosphate
pathway (PPP), and lipogenesis. MondoA targets are highlighted in red, ChREBP targets in green, and their common targets are in blue. HK II, hexokinase II; PTG,
glycogen targeting protein; GBPDH, glucose-6-phosphate dehydrogenase; KHK, fructokinase; GFPT, glutamine:fructose-6-phosphate aminotransferase; PFKFB3, 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; TKT, transketolase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; SDHAPS, succinate dehydrogenase
complex flavoprotein subunit A pseudogene 3; DCT, C4-dicarboxylate transport protein; ME1, malic enzyme; MOGAT2, monoacylglycerol O-acyltransferase 2;
DGAT, diacylglycerol acyltransferase.

cells (52). By shuttling between mitochondria and nucleus, =~ MLX and unraveled the mechanisms underlying the activation of
MondoA bridges cytoplasmic nutrient level to transcriptional =~ MondoA by lactic acidosis. Other molecules reported to be
adaptations. MondoA localizes to the outer mitochondrial  sensed by MondoA include adenine nucleotides and other
membrane under basal conditions, and accumulates in the adenosine-containing molecules (58, 59). Furthermore, mTOR
nucleus in response to nutrient signals such as high glucose ~ (mammalian target of rapamycin), another key nutrient sensor,
(52, 53). In addition to nuclear accumulation, glucose triggers  interacts with MondoA with a suppressive effect on its
MondoA-MLX binding to target promoters, and activates gene  transcriptional activity (60). Nonetheless, so far there is no
expression through recruitment of histone H3 acetyltransferase ~ report on fatty acids or amino acids regulating MondoA level

as coactivators (54). or activity.

Similar to ChREBP, MondoA senses levels of G6P and F2,6- Different from ChREBP, MondoA is predominantly
BP (52, 55) (Figure 2). Meanwhile, MondoA is responsive to expressed in skeletal muscle and immune cells (12), and our
non-glucose hexoses including allose and glucosamine (56).  unpublished data. MondoA-deficient mice show enhanced
Intriguingly, glutamine recruits a histone deacetylase-  glycolytic rates probably because loss of MondoA in skeletal

dependent corepressor to MondoA, turning MondoA-MLX  muscle increases glucose uptake (43) (Table 1). In response to
into a transcriptional repressor. Moreover, cellular acidosis  glucose and fructose, MondoA activates transcription of
drives MondoA transcriptional activity since low pH promotes  thioredoxin interacting protein (TXNIP) and arrestin domain-
the production of mitochondrial ATP, with which mitochondria-  containing 4 (ARRDC4), which inhibits glucose uptake (Figure
bound hexokinase generates G6P from cytoplasmic glucose (57).  3) (56, 61). TXNIP, a dynamic sensor that modulates the energy
This finding has justified the special localization of MondoA-  demand of cells, plays a crucial role in the homeostasis of glucose.
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TABLE 1 | Roles of Mondo family on body weight, hepatic steatosis and insulin sensitivity according to mouse models, depending on nutritional status, genetic

background and drug administration.

Mondo Context Modulation in Mouse Models Body Fat Hepatic Insulin  Reference
family Weight Mass Steatosis  Sensitivity
ChREBP  Standard diet Global knockout \ = . (32, 33)
Liver-specific knockout = N\ = N (34)
Liver-specific overexpression = N / = (35)
AT-specific knockout = = N N (36)
AT-specific overexpression N\ N\ = = (37)
Pancreatic B-cell-specific overexpression N ND ND N (38)
Standard diet in ob/ob mice  Global knockout N\ N\ N / (33)
background Liver-specific knockdown \ \ . / (39)
High-fat diet Liver-specific knockout = = = A (34)
Liver-specific overexpression = . v Ve (35)
AT-specific knockout = = = N (36)
AT-specific overexpression N N N / (37)
Western diet Global knockout \ \ . ND (40)
High-carbohydrate diet Liver-specific knockout N N\ N\ N\ (34)
HFrD Global knockout \ ND v ND (41)
Liver-specific knockout N N\ = v (42)
MondoA  Standard diet Global knockout = ND ND = (43)
Muscle-specific knockout = ND ND = (44)
High-fat diet Muscle-specific knockout = ND ND / (44)
MondoA High-fat diet Administration of a compound (SBI-993) that deactivates ND . / (45)
/ChREBP MondoA/ChREBP signaling

“="“'means not changed. ND, not determined. The upward and downward arrows indicate an increase and decrease in the level, respectively.

As a direct and glucose-responsive target of MondoA, TXNIP is
upregulated when G6P level increases and concomitantly restricts
glucose absorption, thus providing a negative feedback loop to
prevent energy overload. Mechanisms underlying inhibition of
glucose uptake regulated by TXNIP include the suppression of
glucose transporter (GLUT) expression, GLUT vesicle transport
and insulin signaling (44, 62-64). Moreover, MondoA enhances
glycogen synthesis by activating the transcription of
phosphoprotein phosphatase 1 regulatory subunit 3A
(PPP1R3A), phosphoprotein phosphatase 1 regulatory subunit 3B
(PPP1R3B) and genes encoding the glycogen targeting subunits of
protein phosphatase 1 (PP1) for promoting glycogen synthesis (65,
66). Muscle-specific MondoA knockout decreases glycogen level in
the skeletal muscle of mice (62) (Table 1). Hence, under
physiological conditions, glucose homeostasis is maintained by
the downstream effects of MondoA activation.

In addition to glucose metabolism, MondoA diverts nutrients
to lipid metabolic pathways, including fatty acid
thioesterification [acyl-CoA synthetase 1, 4 (ACSL1, 4)],
desaturation [fatty acid desaturase 1,2 (FADSI, 2), SCDI, 5],
elongation [elongation of very long chain fatty acids protein 5, 6
(ELOVLS5, 6)], and triglyceride synthesis [diacylglycerol
acyltransferase 1, 2 (DGATI, 2)] (44) (Figure 3). Taken
together, as a nutrient-regulated transcription factor, MondoA
not only decreases glucose import but also diverts nutrients to
storage in skeletal muscle. Although various posttranslational
modifications of ChREBP have been revealed to regulate its
activity in different conditions (67-69), there is so far no
report on how MondoA is posttranslationally modified.
Therefore, further mechanistic studies are needed to elucidate
the interacting protein network of MondoA in response to
nutrient level alterations.

THE ROLE OF MONDOA AND CHREBP IN
OBESITY

ChREBP: From White to Brown and Beige
Adipocytes

Obesity is the excessive accumulation of fat caused by imbalance
between energy intake and consumption. It is the major risk
factor for many metabolic disorders such as type 2 diabetes, fatty
liver and cardiovascular diseases (70). Regarded as a crucial
target for the prevention and treatment of obesity, the adipose
tissue consists of white adipocytes which store energy, and brown
and beige adipocytes which consume energy and produce heat
(71). Inducing beige adipocytes from white adipose tissues
(WAT) is known as browning, a process which improves
glucose metabolism and insulin sensitivity (11). Various
transcription and endocrine factors participate in this process
by directly or indirectly stimulating UCP1 expression in adipose
tissues, including peroxisome proliferator-activated receptor y
(PPARY), PPARY coactivator-1o. (PGC-1av), silent information
regulator type 1 (SIRT1) and FGF21 (72). The activation of
brown and beige adipocytes is considered to be an attractive
therapeutic strategy for obesity and its comorbidities. Brown and
beige adipocytes serve as a sink for excessive nutrients by
promoting energy expenditure in mitochondria (73).

ChREBP promotes lipogenesis in adipose tissues (36, 74). For
high-carbohydrate diets, excessive fructose and glucose are
converted to fatty acids, in which a series of enzymes including
ACLY, ACC and FAS participate (75). The predominant destiny
of the newly synthesized fatty acids is to become triglycerides for
storage, which helps to maintain energy homeostasis (76).
Adipocyte de novo lipogenesis is also involved in the regulation
of systemic insulin sensitivity and thermogenesis, both of which
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play key roles in mediating metabolic adaptations (21, 77).
Overexpression of a constitutively active ChREBP isoform
(caChREBP) in adipose tissues leads to an increase in expression
of key enzymes involved in de novo lipogenesis (37). Conversely,
adipocytes lacking ChREBP display impaired sucrose-induced
lipogenesis (36). In WAT, Glut4-mediated glucose uptake induces
ChREBP expression and activates the de novo lipogenic pathway. In
Glut4 knockout mice, ChREBP expression in adipose tissues
decreases by 50%. It is noteworthy that Glut4-mediated changes
in glucose flux have a stronger effect on the transcriptional
expression of ChREBPf than ChREBPa in WAT (16). ChREBP
activity in adipocytes depends on ACLY, one of its transcriptional
targets. In the absence of ACLY, the expression of both ChREBP
and its target genes is significantly suppressed. Consequently, ACLY
and ChREBP form a positive feedback loop in adipocytes to foster
dietary carbohydrates uptake, fatty acid synthesis and storage of
lipids (78). Moreover, specific ablation of Rictor, the essential
subunit of the mechanistic target of rapamycin complex 2
(mTORC2) in mature adipocytes reduces ChREBPP expression
and downregulates de novo lipogenesis in WAT and brown adipose
tissue (BAT) (79). In mature brown adipocytes, AKT2, which can be
phosphorylated by mTORC2, is required for lipogenesis driven by
ChREBP activation (21, 80).

To date, the role of ChREBP in regulating thermogenic
adipocyte function has been indicated in a growing body of
literatures (Figure 4). Reduced brown fat mass and hypothermia
in response to excess energy intake are observed in ChREBP-
deficient mice (32). ChREBPP and UCP1 expression levels
positively correlate in human BAT, suggesting that ChREBP
expression might indicate brown adipocyte activity (21). Under
chronic cold exposure, specific impairment of ChREBP-driven
lipogenesis in BAT promotes beige adipocyte development,
which is probably a compensatory response (21). Moreover,

studies in adipocytes exposed to high glucose show that
ChREBP is a critical mediator in triiodothyronine-induced
upregulation of UCP1 expression in brown adipocytes (81).
However, there is no significant binding of ChREBP protein to
the UCP1 promoter, indicating that ChREBP regulates UCP1
transcription indirectly (82), which awaits further study. In mice
fed a chronic high sucrose diet, expression of UCP1 in BAT is
significantly increased compared with controls, which is
probably due to the activated ChREBP-FGF21 axis (83).
Moreover, overexpression of constitutively active ChREBP in
adipocytes induces PPARY activity and upregulates its
thermogenesis-related target genes including UCP1 that
promotes browning of WAT, while depletion of endogenous
ChREBP in adipocytes has reciprocal effects (84). Furthermore,
adenoviral overexpression of ChREBP in mice increases mRNA
level of white adipose tissue UCP1 with increased plasma FGF21
level (46). After ChREBPf is identified, it is important to
consider the functional difference between the two isoforms of
ChREBP. Of note, overexpression of ChREBPJB in brown
adipocytes leads to impaired BAT thermogenesis and WAT
browning, reflecting the role of ChREBPPB as a feedback
regulator upon cold exposure (82). Moreover, given the
expression of ChREBP in metabolic organs and macrophages,
global gain-of-function or loss-of-function mouse models of
ChREBP may not be ideal for analyzing the role of ChREBP in
adipose tissues. Additional studies will be needed to develop a
full picture of the specific role and mechanism of the two
isoforms of ChREBP in adipocyte thermogenesis.

MondoA: Inter-Organ Metabolic Crosstalk

MondoA is expressed predominantly in skeletal muscle which
makes up ~40% of body weight and is responsible for ~80% of
glucose uptake (62, 85). Therefore, as a transcriptional factor

anti-obesity
roles

Activation
of UCP1

Oxidation

Storage as
triglyceride

— @ T ChREBPo

Brown Adipocyte

Glucose, Fructose

anti-diabetes
roles

FIGURE 4 | ChREBP in BAT combats metabolic diseases. BAT has enormous promise for treating metabolic diseases including obesity and diabetes, as it is
capable of taking up glucose, fructose and fatty acids, as well as oxidizing or storing them afterwards. ChREBPB, a truncated isoform of ChREBP, is most highly
expressed in BAT and induced by the activation of the canonical isoform ChREBPa. In addition to regulating key enzymes involved in metabolism pathways of
glucose, fructose and fatty acids, ChREBP also mediates the activation of UCP1 in brown adipocytes. Thus, in BAT, ChREBP plays both anti-obesity and anti-
diabetes roles by increasing energy expenditure, reducing circulating glucose and improving insulin sensitivity.
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required for maintaining body homeostasis, MondoA plays a
crucial part in inter-organ metabolic crosstalk.

In the context of chronic energy overload, MondoA is
activated by glucose and fructose, which leads to the
upregulation of TXNIP and ARRDC4, and concomitantly the
impairment of glucose uptake in the skeletal muscle via
suppression of insulin action (44, 45, 55). Additionally, the
chronic activation of MondoA in skeletal muscle results in
lipotoxicity, namely deleterious effects of ectopic triglyceride
accumulation (44, 45, 55, 86). Therefore, MondoA activation
results in myocellular insulin resistance and lipid accumulation
(44), serving as an intriguing supplement to the well-known
insulin resistance based on triglyceride accumulation (87). These
defects, along with hyperglycemia and hyperlipidemia,
contribute to obesity-induced type 2 diabetes (T2D) (88).

In obesity, pancreatic B cells adaptively produce more insulin
to maintain blood glucose level, resulting in an amplified burden
on [ cells. Intriguingly, MondoA serves as a significant glucose-
responsive transcription factor in B cells (89). Under high
glucose conditions, MondoA shuttles to the nucleus to induce
its targets TXNIP and ARRDC4 in B cells. TXNIP is a major
factor promoting B cell apoptosis (89-93). Hence, impaired B
cells might lead to progressive dysfunction of pancreas and even
loss of its ability to produce and secrete insulin (94, 95).

All facts mentioned above will lead to an inter-organ vicious
cycle of nutrient disposal and metabolism. The ideal solution is
to limit energy intake while increasing the aerobic oxidation of
fat in skeletal muscle by exercising (88). Therefore, to get out of
the vicious cycle and regain the virtuous cycle, it is worthwhile to
treat MondoA in skeletal muscle as a therapeutic target for
obesity and insulin resistance.

MONDO FAMILY AS A TARGET FOR
METABOLIC DISORDERS

In view of the central role of Mondo family in regulating energy
homeostasis, the possibility to target MondoA or ChREBP in
metabolic disorders has been explored.

As MondoA downregulates insulin sensitivity and promotes
lipid storage in skeletal muscle (44, 45), it could be a promising
therapeutic target for insulin resistance and lipotoxicity. For diet-
induced obesity, muscle triglyceride accumulation and insulin
resistance are partially relieved in muscle-specific MondoA
knockout mice (44). MondoA deletion increases muscle
glucose uptake and glycolytic capacity, resulting in enhanced
sprint capacity (43). Moreover, SBI-477, a potent inhibitor of
MondoA, alleviates muscle triglyceride levels and hepatic
steatosis, thereby improving glucose tolerance in mice on a
high-fat diet (45). However, the significant role of MondoA in
skeletal muscle development has been recently revealed in mice
(62). Therefore, in the development of MondoA as a novel
therapeutic target, the timing for treatment is critical and the
risk of interfering with normal myogenesis needs to be avoided.

Reducing ChREBP activity is considered as a promising target
in the treatment of obesity according to studies utilizing ob/ob

and ChREBP double knockout mice (33). Of note, ChREBP plays
an important role in promoting white adipocyte browning (81).
Therefore, ChREBP in brown and beige adipocytes can be
regarded as a treatment option for obesity. In consideration of
the well-established role of brown and beige adipocytes in
counteracting obesity, we await further research in this respect.

SUMMARY

Mondo family transcription factors are critical for metabolic
homeostasis, as they sense multiple nutrient molecules and
regulate metabolic enzyme genes transcriptionally. MondoA
limits glucose uptake and glycolysis mostly in skeletal muscle and
immune cells, while ChREBP promotes de novo lipogenesis in liver
and adipose tissue. In pathological states of nutrient overload,
MondoA could interfere with insulin signaling, while adipose
ChREBP is linked to systemic insulin sensitivity and its role
extends from white to brown and beige adipose tissues. The role
of ChREBP in browning of white adipocytes is especially worth
further exploration. Targeting MondoA and ChREBP to counteract
obesity and related diseases is an appealing strategy that requires
further investigations. As the manipulation of Mondo family in
different organs and tissues could yield distinct systemic metabolic
consequences, future studies should be conducted using more
specific and rigorous models in order to clarify the beneficial or
deleterious effects of Mondo family in different contexts.
Meanwhile, before the therapeutic approaches could be
developed, it is noteworthy that MondoA and ChREBP could be
involved in normal myogenesis and adipogenesis. Moreover, under
certain circumstances, the target genes and metabolic pathways of
MondoA and ChREBP are overlapping. In this regard, in the
knockout phenotype of one of the two transcription factors,
whether the other acts in a compensatory way requires special
attention. Furthermore, increasing studies reveal the involvement of
Mondo family in critical signaling pathways, which awaits
mechanistic investigations to expand our understanding of the
action and regulation of these transcription factors.
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Obesity is a global health problem and a major risk factor for several metabolic conditions
including dyslipidemia, diabetes, insulin resistance and cardiovascular diseases. Obesity
develops from chronic imbalance between energy intake and energy expenditure.
Stimulation of cellular energy burning process has the potential to dissipate excess
calories in the form of heat via the activation of uncoupling protein-1 (UCP1) in white and
brown adipose tissues. Recent studies have shown that activation of transforming growth
factor-B (TGF-PB) signaling pathway significantly contributes to the development of obesity,
and blockade or inhibition is reported to protect from obesity by promoting white adipose
browning and increasing mitochondrial biogenesis. Identification of novel compounds that
activate beige/brown adipose characteristics to burn surplus calories and reduce excess
storage of fat are actively sought in the fight against obesity. In this review, we present
recent developments in our understanding of key modulators of TGF-B signaling
pathways including follistatin (FST) and myostatin (MST) in regulating adipose browning
and brown adipose mass and activity. While MST is a key ligand for TGF-f family, FST can
bind and regulate biological activity of several TGF- superfamily members including
activins, bone morphogenic proteins (BMP) and inhibins. Here, we review the literature
supporting the critical roles for FST, MST and other proteins in modulating TGF-f3 signaling
to influence beige and brown adipose characteristics. We further review the potential
therapeutic utility of FST for the treatment of obesity and related metabolic disorders.
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INTRODUCTION

The obesity epidemic significantly affects every region and
demographical group worldwide with no signs of abatement.
Obesity substantially increases the risk for several chronic
diseases including cardiovascular diseases, fatty liver, diabetes,
insulin resistance and cancer. It has been estimated that by 2030
approximately 2.16 billion individuals will be overweight and
1.12 billion individuals will be obese as defined by body mass
index (BMI) of 30 or higher (1). The economic impact of obesity
and its related complications on United States has been
estimated between 4-8% of gross domestic product and
comparable to 2018 defense budget ($643 billion) and
Medicare ($588 billion) (2), and significantly impacts low-
income and economically disadvantaged populations. The
strategies, to date, to combat the obesity epidemic have not
been successful and there is an unmet need for the development
of novel therapies to prevent and treat obesity and related
metabolic complications. As obesity develops from surplus
energy stored in adipose tissues, therapeutic approaches to
reduce energy intake, increase energy expenditure, or both
would provide attractive avenues for the fight against obesity
and related diseases. Although thermogenic adipocytes and their
precursors are composed of various distinct cell populations (3,
4), adipose tissue mass is composed mostly of white adipose
tissue (WAT) and brown adipose tissue (BAT), which
metabolically play opposing roles in regulating energy balance.

Recent clinical cross-sectional studies using [18F] FDG-PET/
CT, suggest a clear decline in BAT activity and mass during aging
that coincides with the development of obesity and insulin
resistance. Several laboratories have presented evidence for
expression of the thermogenic molecule UCP1 as well as its
energy dissipating capacity in human BAT and contribute
towards improved metabolic profiles (5-7). WAT, which is
specialized for storage of energy could be manipulated via
genetic or pharmacological means to promote browning. Such
browning, also called as “beige” or “brite” (brown in white), is
associated with increased expression of mitochondrial
uncoupling protein-1 (UCP1) expression in response to
external stimuli including chronic cold exposure, treatment
with B-adrenergic agonists CL 316,243, exercise, and endocrine
factors (8, 9). This type of adipose browning is also associated
with increased thermogenic capacity of the cells since activation
of UCP1 that uncouples mitochondrial respiration from ATP
production provides significant metabolic benefits that are
comparable to BAT (8, 9). Experimental mice with selective
ablation of beige adipose cells are prone to obesity and metabolic
dysfunction probably by reducing lipogenic capacity and energy
expenditure as well as by modulating the inflammatory
environment inside the WAT (10). Overexpression of Prdm16
(PR-domain containing 16) resulted in abundant beige
adipocytes in subcutaneous adipose depots, associated with
significantly increased energy expenditure and were resistant to
weight gain in response to a high fat diet (HFD) (11). Similarly,
CRISPR/CAS9-mediated reconstitution of UCP1 in WAT of pigs
led to significantly decreased fat mass and improved energy
expenditure (12), suggesting the therapeutic potential of

modulating WAT phenotype by activation of key thermogenic
genes for fighting obesity and metabolic syndrome. While
implementation of findings from animal studies remains
challenging to apply in humans, such studies have yielded
novel insights into the molecular mechanisms underlying
thermogenic regulation of brown and beige adipocytes and
highlight their ability to reduce obesity and related metabolic
disorders. Thus, further studies directed to translate the proofs of
concept generated in animal models are crucial.

Transforming growth factor-beta (TGF-f) signaling has been
shown to regulate glucose and energy homeostasis (13). TGF-3
levels are reported to increase with adiposity in overweight (BMI
between 25-29.9 kg/m?) and obese (BMI > 30 kg/m?) subjects
compared to the normal subjects with BMI less than 24.9 kg/m?),
and systemic blockade of TGF-B/SMAD?3 signaling resulted in
protection against diet-induced obesity in experimental mice
(13). This effect was associated with acquisition of energy
dissipating brown adipocyte phenotype in WAT. In this
review, we will discuss the evidence for the novel role of FST,
MST and other related proteins in modulating TGF-J signaling
and adipocyte browning to explore possible therapeutic avenues
for the treatment of obesity and associated metabolic disorders.

BEIGE AND BROWN ADIPOCYTE
DEVELOPMENTAL ORIGIN AND
MOLECULAR SIGNATURES

White, beige and brown adipocytes are three major types of
adipocytes that have distinctly different fat morphology and
differ in their developmental origin as well as function. During
embryogenesis, BAT development precedes the formation of
WAT, where it primarily contributes to non-shivering
thermogenesis and maintain body temperature in newborns.
Interscapular BAT mainly contributes to the temperature
regulation during early stages of life and its levels slowly
regress with age (14-16). Lineage-tracing studies demonstrated
that classical brown adipocytes present in BAT depots originate
from a sub-population of dermomyotome expressing specific
transcription factors, including Pax7, engrailed 1, and Myf5 (17-
20). Previously, these Myf5-expressing (Myf5+) precursors were
assumed to be present exclusively in skeletal muscle precursors
and absent in both in WAT and beige adipocytes (20, 21). Beige
adipocytes present in the inguinal white adipose depots are
reported to be derived from Myf5 negative (Myf5-) precursor
pool (22). However, more recent lineage tracing studies have
identified subsets of white adipocytes that are derived from both
Myf5+ and Myf5- precursors (23-25), and beige adipocytes are
derived from progenitor populations expressing Sma, Myh11 (a
selective marker for smooth muscle cells), platelet-derived
growth factor receptor (PDGFR)-0,, or PDGFR-B in mice (26-
29). Retinoic acid (RA)-induced adipose browning in endothelial
cells and capillaries has also been reported via the activation of
vascular endothelial growth factor (VEGF) A/VEGFR2 signaling
that facilitate PDGFR-0-expressing adipocyte precursors (18).
Beige cells could also appear as a result of trans-differentiation of
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mature white adipocytes (15). Trans-differentiation of beige
adipocytes to WAT has been reported during warm
adaptations and aging (30, 31). Collectively, the above studies
strongly suggest that beige adipocytes that emerge in WAT
depots appear to have multiple origins compared to the
brown adipocytes.

PGC-1a is a master regulator of adaptive thermogenesis that
binds to PPAR-y and coactivates PPAR-y to stimulate the
transcription of genes involved in the brown adipocyte
differentiation process and acquisition of morphological and
molecular features of brown and beige fat (32). PGC-1a
expression is rapidly induced by cold exposure that turns on
several key components of the adaptive thermogenic program
including fatty acid oxidation, mitochondrial biogenesis, and
increased oxygen consumption (33). The transcriptional factor
PR domain zinc finger 16 (PRDM16) is selectively expressed in
brown/beige compared to the visceral white fat cells and plays an
important role in controlling the differentiation-linked brown
adipose/skeletal muscle fate determination and gene expression
program (34). Gain and loss-of-function studies of PRDM16 in
various cell systems have clearly established its major role in
brown adipose/skeletal muscle cell fate determination (35).
Using analysis of clonal cell lines, Wu et al. also suggested that
beige and brown adipose cells express related but distinctly
different gene expression profiles (36). Beige cells are
selectively enriched in Tmem26, Tbx1, and CD137 expression
(36). The same study identified additional beige selective genes
including Ear2, CD40, Sp100, Klh113, and Slc27a from
interscapular BAT and inguinal fat. Wang et al. identified early
B-cell factor 2 (Ebf2) as one of the most selective markers for
brown and beige adipogenic precursor cells (37). More beige-
selective genes including HoxC8, HoxC9, Cited1, and Shox2 were
identified using molecular profiling of human BAT (38, 39). On
the other hand, epithelial V-like antigen (Eval), LhxI, Zicl, and
Epstil are selectively expressed in classical brown adipocytes
(36-41). Additionally, Ebf3, Pdk4, Fbxo31, Oplah, and Hsbp7
were also found to be highly enriched in interscapular BAT of
129SVE mice (36). Ussar et al. have reported few selective cell
surface markers for white, beige and brown adipocytes that could
provide unique tools to identify various adipocyte populations in
both humans and rodents and potentially target them for
therapy in vivo (42). The authors identified amino acid
transporter Ascl, encoded by the SLC7A10 gene as a white
adipocyte-specific cell surface protein, which was barely
expressed in brown adipocytes (42). Expression level of
purigenic receptor P2RXS5, part of a seven-member family of
ATP gated ion channels, was highest in brown adipocytes.
Proton coupled amino acid transporter PAT2, another cell
surface protein, show highest specificity for adipose tissue
among all three markers identified in this study with
significantly higher expression in brown fat compared to white
fat. Better understanding of the gene expression pattern of such
adipose-specific cell surface markers should provide novel tools
to selectively mark and access intact white and brown adipocytes
and could be used for diagnostic and therapeutic purposes.
Analysis of microRNA (miRNA) between beige and brown fat

have provided clear differences in their expression profile. Several
miRNAs including miRNA-30, miRNA-182, and miRNA-203
are reported to positively regulate both beige and brown
adipocytes (43, 44). On the other hand, miRNA-27 and
miRNA-34a negatively regulator beige and brown adipogenesis
(45, 46). Recent studies have also highlighted some specific
miRNAs including miRNA-196b and miRNA-26 that
positively and negatively regulate beige adipogenesis
respectively (47, 48).

TRANSFORMING GROWTH FACTOR-
BETA (TGF-B), ADIPOSE BROWNING
AND OBESITY

The TGF-B superfamily consists of several members including
TGFB1, TGFP2, and TGFP3, bone morphogenetic proteins
(BMPs), growth differentiation factors (GDFs), and activins
that regulate diverse biological processes during
embryogenesis, adult tissue homeostasis, and function of
several cell types including adipocytes (49, 50). The pleiotropic
effects of TGF-[3/Smad3 signaling on cell metabolism and energy
homeostasis plays an important part in the progression of
obesity-linked diabetes; these include adipocyte differentiation,
adipose browning, inflammation and regulation of insulin
signaling amongst others. Members of TGF-f superfamily
transmit their signals via dual serine/threonine kinase
receptors and transcription factors called Smads. Recent
studies have clearly established an essential role of TGF-B/
Smad3 signaling in the pathogenesis of obesity and type 2
diabetes. Elevated levels of TGF-B has been reported in mice
and human adipose tissue during hypertension and other
cardiovascular diseases as well as in morbid obesity and
diabetic neuropathy (51-53). Increased TGF-f levels have also
been associated with a higher risk for type 2 diabetes in a
prospective case-cohort study (54). Perry et al. identified
Samd3 gene in a type2 diabetes genome-wide association study
(55). Smad3 is known to bind to the PGC-10 promoter to repress
its transcription (13). As PGC-1o. is an important transcriptional
coactivator for UCP1 gene induction, mitochondrial biogenesis,
and fatty acid oxidation, it is not surprising that TGF-B/Smad3
signaling would inhibit beige/brown adipocyte differentiation
and their thermogenic action. The discovery of TGF-f/Smad3
signaling as novel modifiers of beige adipocyte phenotype and
metabolic characteristics by Yadav et al. has opened therapeutic
avenues for identifying potent inhibitors of this signaling
pathway for the treatment of obesity related complications
(13). The authors observed significant positive correlation
between TGF-B1 levels and adiposity in both rodents and
human subjects. Smad3™~ mice displayed protection against
diet-induced obesity and related metabolic syndromes. These
effects were associated with significant induction of white to
brown phenotype and increased mitochondrial biogenesis.
Examination of a group of nondiabetic human subjects from
diverse ethnic groups, the authors found direct relationship
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between circulating TGF-P1 levels and BMI, fat mass, and
oxygen consumption. The same group assessed the effect of
blocking TGEF-B/Smad3 signaling in two well-characterized
mouse models of obesity and type 2 diabetes. Treatment with
anti-TGF-f neutralizing antibody 1D11 resulted in significantly
reduced body weight, improved glucose and insulin tolerance, as
well as fasting glucose and insulin levels. These beneficial effects
were associated with elevated expression of BAT and
mitochondria-specific proteins including UCP1, COX-1 and
PGC-1o. as well as decreased phosphorylation of Smad3 in
white adipose tissues. Such links between TGF-f signaling and
mitochondrial energy metabolism pathway have also been
reported by other laboratories (56). In addition, several studies
have demonstrated extensive interaction between TGF-f and key
energy sensors including adenosine monophosphate protein
kinase (AMPK) and sirtuin family members (57, 58).
Inhibition of activin receptor IIB (ActRIIB) responsible for
integrating actions of TGF-B ligands promotes differentiation
of primary brown adipocytes in-vitro and increases brown fat
mass, but not white fat mass in mouse (59). Furthermore,
inhibition of ActRIIB via a decoy receptor containing
extracellular domain of ActRIIB fused with human Fc
(ActRIIB-Fc) resulted in suppression of diet-induced obesity
and related metabolic complications in mice (60). This
blockade of ActRIIB was associated with increased browning
and robust upregulation of UCP1 and PGC-1a. expression in the
epididymal white adipose fat and led to increased energy
expenditure under ambient or cold temperature. Gene
signature induced as result of ActRIIB inhibition, displayed an
interesting similarity with PGC-1a. overexpression in-vivo.
Combined together, these studies provide significant insights
into the role of TGF-P signaling in suppressing adipose browning
program within white fat tissues in both mouse models and
human subjects, suggesting that blockade of TGF-f activity
could serve as an effective treatment strategy for obesity
and diabetes.

Since bone morphogenic proteins (BMPs) belong to the same
superfamily of growth factors as TGF-f, and regulate various
aspects of white and brown adipocyte differentiation, we
discussed below briefly their biological functions in modulating
adipose tissue functions (61-66). BMP4 has been shown to
promote differentiation of human adipose stem cells into beige
adipocytes (61, 62). BMP4 overexpressing transgenic mice
display reduced adiposity, improved insulin sensitivity, and
induction of brown adipocytes within inguinal subcutaneous
fat depots (63, 64). Interestingly, these transgenic mice display
decreased expression of brown adipocyte markers including
UCP1 and PGC-1a in the BAT (62). In spite of reduced BAT
activity, these BMP4 overexpressing mice are protected from
diet-induced obesity and insulin resistance perhaps due to
increased WAT browning (63). It, therefore, appears that
BMP4 may have opposite effects on the development of brown
adipocytes in BAT and beige adipocytes in WAT in-vivo. BMP7
promotes the commitment of mesenchymal progenitor cells to a
brown adipocyte lineage while it prevents osteogenesis by
inhibiting the expression of runt-related transcription factor 2

(Runx2) (67). In C3H/10T1/2 cells, pretreatment with BMP7
results in brown adipogenesis with lipid accrual and expression
of Ucpl (67). Tail vein injection of adenovirus expressing BMP7
increases BAT, without affecting the mass of WAT (67).
Although BMP7 increases Prdm16 and Ucpl expression in
brown adipose, there are no changes in the expression of genes
involved in energy metabolism in white adipose, muscle, or liver.
The increase in BAT mass results in increased energy
expenditure, higher basal body temperature, and decreased
body weight attributes that clearly link BMP7 signaling to
energy balance. BMP7 knockout mice show significant
reduction of brown fat mass (67). Conversely, adenoviral-
mediated expression of BMP7 in mice results in significant
increase in brown fat mass, increased energy expenditure and
reduction in weight gain and subcutaneous implantation of
BMP7-treated MSCs into athymic nude mice results in ectopic
brown adipose tissue formation (67). BMP8b promotes brown
adipose tissue thermogenesis through both central and
peripheral actions (65). This thermogenic effect of BMP8a is
observed only in female mice and is thought to be mediated by
estrogens (66). The molecular mechanisms responsible for such
differential regulation of WAT, beige and BAT by various BMP
members remains largely unknown.

MYOSTATIN, IRISIN, ADIPOSE
BROWNING AND ENERGY METABOLISM

Myostatin (MST), also referred to as growth and differentiation
factor 8 (GDF8), is a member of TGF-B superfamily. MST is
synthesized as a precursor protein, which consists of a N-
terminal propeptide domain that contains the signal sequence
and a C-terminal domain that forms a disulfide-linked dimer and
functions as the active ligand (68). MST requires release from the
propeptide to be biologically active (69). MST binding to
ActRIIB leads to the phosphorylation of Smad3 (70).
Phosphorylated Smad3 can bind other Smad proteins and
these complexes translocate into the nucleus, where they
regulate the transcription of target genes (70). It is mainly
expressed in skeletal muscle but is also detectable in cardiac
muscle, blood, and to a limited extent in adipose cells. MST is
known as the potent negative regulator of muscle mass as
inactivation of Mst gene significantly accelerates muscle growth
in cattle, sheep, fish and humans (71-75).

Recent studies from several laboratories have provided
conclusive evidence that the effect of MST extends beyond its
role in skeletal muscle, and it plays a significant role in the
regulation of body fat and overall energy metabolism. Mst-
knockout (Mst-KO) mice show significantly increased muscle
mass, decreased fat mass, improved insulin sensitivity and
resistance to diet-induced obesity (76, 77). On the other hand,
overexpression of MST in mice has been shown to promote
catabolic conditions and result in muscle wasting and cause
insulin resistance (78). Since MST is expressed in very low
amounts in fat tissues, it is not clear how lack of MST can
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suppress fat accumulation in Mst-KO mice. Significantly
increased energy expenditure and leptin sensitivity was
observed in Mst-KO mice that could potentially explain
reduced fat mass in these mice when compared to the WT
mice (79). In primary cultures of mouse preadipocyte cells, Kim
et al. reported decreased expression of key thermogenic genes
Ucpl, Prdml6, and Pgc-la and significant inhibition of brown
adipogenic differentiation following treatment of the cells with
recombinant MST protein (80). Using differentiating primary
cultures of mouse embryonic fibroblast (MEF) isolated from
Mst-KO and WT embryos, Braga et al. reported significant
upregulation of key thermogenic markers in differentiating
cultures of Mst-KO group compared to the WT group (81). In
the same study, treatment with recombinant MST protein led to
a significant decrease in Oil-Red O stained adipocytes and
expression of key thermogenic genes in both WT and Mst-KO
groups. Comparative analyses of epididymal (Epi) and
subcutaneous (SC) adipose tissues isolated from WT and Mst-
KO mice show clear induction of thermogenic proteins including
UCP1, and PRDM16 along with C/EBPo. Gene expression
analyses further confirmed significant upregulation of key
adipogenic differentiation markers Cebpor and Ppary, as well as
key thermogenic genes including Prdm16, Ucpl, Bmp7, PGC-1a/
b and Cidea, suggesting that loss of MST significantly promotes
brown adipose-related markers in two main adipose depots in
Mst-KO mice (81). Similar comparative analyses of muscle
tissues from androgen-dependent (levator ani, LA) and
independent (gastrocnemius, Gas) muscle tissues show
upregulation of UCP1 and PRDM16 protein and several genes
involved in the regulation of overall thermogenic program. These
combined in-vitro and in-vivo approaches using differentiating
MEEF cultures, as well as Mst-KO and their WT littermates show
that MST inhibition could not only promote white adipocyte
browning in adipose depots but could also promote the
conversion of inter-muscular white adipocytes into beige/
brown adipocytes. Furthermore, protein expression analysis of
energy-sensing adenosine monophosphate (AMP)-activated
protein kinase (AMPK), a critical regulator of mitochondrial
biogenesis that controls energy metabolism by acting in co-
ordination with NAD+-dependent type III deacetylase sirtuinl
(Sirtl) was found to be significantly upregulated in
differentiating Mst-KO MEF primary cultures compared to the
WT group (81). Protein expression of adiponectin, a key protein
secreted from adipocytes and regulator of adipocyte energy
metabolism was also found to be upregulated in differentiating
MEEF cultures isolated from Mst-KO group compared to the WT
(81). Adiponectin is reported to limit triglyceride (TG)
accumulation in liver (82), increase glucose clearance and
improve hepatic insulin action in adiponectin transgenic mice
(82, 83). Zhang et al. also reported that inhibition of MST leads
to increased skeletal muscle mass, slows down fat accumulation,
lowers body weight and circulating levels of triacylglycerol in
mice on high-fat diet (84). The authors reported that white
adipose tissue of Mst-KO mouse express significantly higher
levels of genes involved in lipid transport, synthesis, oxidation
and hydrolysis. In addition, adipose tissues isolated from

Mst-KO mice show increased expression of UCP1 and
upregulation of AMPK signaling pathway when compared to
the WT mice (84). Histological analysis of WAT isolated from
Mst-KO revealed BAT-like cells filled with multilocular smaller
lipid droplets and immunopositive for UCP1 (81), suggesting
that MST deletion induced brown-like phenotype. Genetic loss
of MST has also been reported to promote white adipose
browning and improve insulin sensitivity by several other
laboratories (85, 86). Shan et al. performed a thorough analysis
of various muscle-derived circulatory factors to identify possible
mediators of adipose browning phenotype in these Mst-KO mice
(86). The authors reported that skeletal muscle derived irisin
(encoded by Fndc5 gene) plays a central role in promoting
adipose browning in Mst-KO mice by activating AMPK-PGC-
la-Fndc5 signaling, providing an interesting involvement of
muscle-adipose cross talk during adipose browning (86). Dong
et al. also reported the involvement of Fndc5/irisin-mediated
white adipose browning and improvement in insulin signaling in
Mst-KO mice (87). Mst-KO Meishan pigs with functional
deletion of Mst show increased insulin sensitivity, adipose
browning and upregulation of several browning-like gene
signature including Ucpl, Prdml6, Pgc-10, Cidea, Cd137 and
Tmem26 (85). Protein expression analysis of skeletal muscle in
these Mst-KO pigs shows significantly increased levels of insulin
receptor (IR) and insulin receptor substrate (IRS). Skeletal
muscle protein expression of irisin precursor protein Fndc5 as
well the serum irisin levels were significantly higher in Meishan
Mst-KO pigs compared to the WT pigs. Activation of insulin
signaling pathway could not be blocked via inhibition of irisin in
this study, suggesting possible irisin independent activation of
insulin signaling in MST deficient skeletal muscle (85).
Reduction of interferon regulatory factor 4 (IRF4) leads to
significantly reduced exercise capacity, mitochondrial function
and ribosomal protein synthesis in brown fat, an effect that was
associated with induction of MST levels (88). On the other hand,
overexpression of IRF4 led to significantly reduced levels of
serum MST and increased exercise capacity in muscle. IRF4
was shown to physically interact with PGC-1o and promote the
thermogenic program by upregulating the transcription of UCP1
gene and driving mitochondrial biogenesis in BAT. In addition,
IRF4 levels in BAT was found to be significantly induced
following cold exposure and [(3-adrenergic receptor (AR)
agonist (88). These findings, therefore, suggest that IRF4 is a
novel inducer of overall thermogenic program with the potential
to inactivate MST bioactivity. Guo et al. reported additional role
of MST regulation in the development of proatherogenic
dyslipidemia, insulin-mediated glucose disposal as well as
protection against hepatic steatosis (89). The authors show that
administration of adeno-associated virus 9 (AAV9)-mediated
MST pro-peptide significantly blocked the progression of
atherosclerosis and development of hepatosteatosis in LDLR”"
mice on western diet. In this study, the beneficial effects of both
Mst genetic ablation as well as its inactivation by MST pro-
peptide were attributed to result from the enlarged muscle mass
although the authors did not study its effect on adipose browning
and brown fat activation. Several laboratories provided
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compelling evidence to support the notion that brown fat
activation could reduce hypercholesterolemia and elicit
protection form atherosclerosis development (90-92). Most
recently, Pydi et al. demonstrated that increased plasma MST
levels in mice lacking B-arrestin 1 (barrl) (adipo-baarl-KO) led
to impaired insulin signaling in multiple peripheral tissues (93).
On the other hand, overexpression of baarl in adipo-baarl-OE
mice on high fat diet displayed pronounced improvements in
glucose tolerance, insulin sensitivity, and displayed significant
reduction in MST levels, suggesting that overexpression of baarl
in adipocytes protects mice from obesity-associated metabolic
disorders. Collectively, these data provide strong evidence that
inhibition of MST could provide justification not only for
increased muscle mass but could also be beneficial for the
treatment of obesity and associated metabolic disorders
through activation of adipose browning.

Irisin is a key myokine and adipokine that is secreted
following the proteolytic cleavage of its precursor fibronectin
type III domain containing protein 5 (FNDCS5). Secreted irisin
exerts its major action by upregulating the expression of UCP1
and promoting browning of WAT (94). Circulating levels of
irisin are regulated by various factors including diet, exercise,
obesity and pharmacological agents (95). Bostrom et al. first
isolated irisin from muscle tissues and performed its chemical
characterization (96). Following exercise stimulation and
activation of transcriptional co-activator PGC-1a, FNDC5
expression levels are increased in muscle, resulting in the
secretion of irisin to induce adipose browning through
activation of thermogenic genes (96). These findings provided
strong evidence for the beneficial role of irisin in cardiovascular,
obesity, diabetes, skeletal and other diseases. Cold activation and
physical activity among several other factors are known to alter
the level of circulating irisin (97, 98). Plasma irisin levels are
reported to increase by 65% after 3 weeks of freewheel running,
while in healthy humans irisin levels double after 10 weeks of
endurance exercise (96). Several studies demonstrated that irisin
improves glucose homeostasis, and its circulating levels are
inversely associated with liver fat content (99-101). Based on
these findings, irisin was revealed as a potential new target for the
treatment of metabolic diseases. However, in contrast with the
above reports, several other studies question the beneficial role of
irisin and in some cases even its existence (101-104). There is
also a disagreement regarding the induction of FNDC5/irisin by
exercise (105, 106), and its association with markers of glucose
and lipid homeostasis disturbance in obesity and metabolic
syndrome (107-110). Such controversies could be explained by
the fact that irisin levels increase only when muscle ATP
concentration decreased in absence of physical activity during
sedentary lifestyle (105). Perez-Sotelo et al. reported decreased
browning capacity and increased adipogenesis of differentiating
adipocytes by blocking adipose endogenous expression of
ENDCS5 (111). The authors reported that incubation of normal
adipocytes with secreted factors from the WAT of obese patients
resulted in significant reduction of FNDC5, PGC-1o. and UCP1
expression. Irisin is also reported to influences glucose
metabolism in skeletal muscle (112) and myocytes in-vitro via

increased oxidative phosphorylation, mitochondrial biogenesis
and upregulation of various genes involved in glucose transport
as well as in mitochondrial uncoupling (113). Furthermore,
exogenous FNDC5 induces UCP1 expression in subcutaneous
white adipocytes in animal models, and FNDC5 overexpression
in the liver prevented diet-induced weight gain, metabolic
disturbances, and stimulation of oxygen consumption (114).
Irisin administration was also found to increase the secretion
of glycerol and decrease lipid accumulation via regulating the
expression of hormone-sensitive lipase (HSL), adipose
triglyceride lipase (ATGL) and fatty acid-binding protein 4
(FABP4) (115). Moreover, irisin was found to inhibit hepatic
cholesterol synthesis through AMPK-SREBP2 signaling (116) in
addition to its ability to lower plasma glucose levels and altered
food intake in streptozotocin-induced diabetes mellitus model
(117). Subcutaneous perfusion of irisin resulted in significantly
increased energy expenditure, reduced hyperlipidemia and
hyperglycemia, and improved insulin resistance (118). These
beneficial effects of irisin were mediated via upregulation of
cAMP/PKA/HSL-perilipin pathway (118). In a recent report, Li
et al. provided supporting evidence for a critical role of irisin in
mediating Fst-induced browning (119). They reported that Fst
injection promoted increased secretion of irisin from the
subcutaneous fat depots via AMPK-PGCl-o-irisin mediated
signaling during adipose browning. In cardiomyocyte H9C2
cells, recombinant irisin (r-irisin) activated PI3K/AKT
pathway, induced intracellular Ca** signaling, and increased
cellular oxygen consumption (120). In primary adipocytes and
3T3-L1 cells, r-irisin significantly increased the expression levels
of key thermogenic genes including Ucp-1, Pgc-la, Cox7a,
Ebf3, and Elovi3 and phosphorylated forms of p38 MAPK
and ERK1/2. Pharmacological inhibition of p38 MAPK and
ERK1/2 phosphorylation significantly lowered irisin-induced
UCP-1 expression (94). Collectively, these studies provide
novel beneficial role of irisin in regulating key metabolic
parameters associated with perturbed lipid, cholesterol and
energy metabolism.

FOLLISTATIN

Follistatin and Follistatin-Like Proteins

Follistatin (FST) was initially identified as component of the
follicular fluid capable of inhibiting follicle-stimulating hormone
(FSH) (121). FST is a monomeric glycosylated protein that binds
and neutralizes activins with high affinity and neutralizes their
bioactivity (121). FST also binds with lower affinity to several
other members of the TGF-f superfamily including MST and
BMPs 2, 5, 7, and 8 (122-125). These reports highlight the
potential for FST to modulate the biological activities of several
TGFf superfamily, particularly at higher concentrations. Two
variants of FST are generated through alternate splicing at the C-
terminus of the common precursor gene (126). A third isoform
of approximately 300-303 amino acids (FST300 or FST303) is
also reported to be produced by proteolytic cleavage of the C-
terminus of FST315 (127). The shorter isoform FST288 is
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capable of binding heparin-sulfated proteoglycans on the cell
surface with high affinity. The longer isoform FST315 is localized
primarily in the circulation and has reduced affinity for heparin
as a result of masking of the heparin-binding site at the C-
terminal (121). Another molecule related to FST, called
follistatin-like 3 (FSTL3) has been identified (128). This
protein lacks the heparin-binding sequence, but similar to Fst,
it binds activin A with high affinity and activin B with relatively
lower affinity (129). FSTL3 is relatively less effective in blocking
endogenous activin A in various cells (130). It is, therefore,
possible that the ability of FST to bind to the proteoglycan cell
surface could be important for potent inhibition of activin A
action. While Fst is expressed in several tissues including ovary,
pituitary, muscle and adipose tissues, FSTL3 is distributed
predominantly in testis, placenta, heart and pancreas (131).
Moreover, unlike Fst, FSTL3 is located in the nucleus, though
it is also secreted at a relatively slower rate (131). Based on the
tissue distribution, subcellular localization and intracellular
transport pattern of FST and FSTL3, it is evident that they are
not functionally redundant. Glycosylation of these core
proteins produces a number of protein variants ranging in size
from 31 to 42 kDa in size. Human FST is glycosylated at two
specific sites, but point mutation of these sites does not change
the affinity of FS315 for activin A (132). It is important to note
that FSTL3 along with GASP1 and MST-propeptide binds with
MST in circulation, suggesting that FST might not be the sole
physiological regulator of MST in-vivo (133-135).

Follistatin and Muscle Mass

Matzuk et al. elegantly assessed the role of FST in regulating
muscle mass and reported that FST loss-of-function mutant (Fst-
KO) mice show decreased diaphragm and intercostal muscles
and die within hours of birth (136). Based on the role of MST in
being the most potent negative regulator of muscle mass to date
and its inhibition by FST, Amthor et al. explored the role of
possible interaction between FST and MST during chick
development using yeast and mammalian two-hybrid system
(123). The authors demonstrated that FST and MST interact
directly with a high affinity of 5.84 x 107'° M, and are expressed
in the overlapping domains during muscle development.
Moreover, MST-induced decrease in the expression levels of
key myogenic proteins Pax3 and MyoD was significantly blocked
in the presence of FST, suggesting an important role of FST in
antagonizing the inhibitory effect on muscle development.
Subsequently, it was reported that FST-induced muscle
hypertrophy was associated inhibition of both MST and activin
A and induction of satellite cell proliferation (137). Fst gene
delivery of AAV1-FST344 in normal and dystrophic mice as well
as in non-human primates led to significant increase in muscle
mass and strength (138, 139). Transgenic expression of Fst in
mdx mice, a popular model for Duchenne muscular dystrophy
(DMD), showed amelioration of dystrophic pathology and
increase in skeletal muscle mass (140). Interestingly, in a gene
therapy trial Mendell et al. demonstrated beneficial effects of
FST344 direct delivery into intramuscular quadriceps in patients
suffering from Becker Muscular Dystrophy without any apparent
side effects (141). Initially, FST was identified as a direct

downstream target of testosterone action during its pro-
myogenic action in both mouse models (142) and cell-culture
studies (143). Protein and gene expression of FST was
significantly upregulated in mouse mesenchymal pluripotent
C3H 10T1/2 cells following testosterone treatment (142). This
upregulation of FST was associated with a parallel increase in key
myogenic markers MyoD and myosin heavy chain (MHC) II
proteins, and co-treatment of the testosterone treated C3H 10T1/
2 cells with anti-FST antibody abolished the myogenic action of
testosterone. Furthermore, castration-induced decrease in FST
expression was normalized to basal levels following testosterone
supplementation, suggesting an intermediate role of FST in
mediating testosterone’s promyogenic action on muscle mass
(142). Subsequently, Braga et al. reported for the first time that
FST is expressed in primary cultures of muscle satellite cells and
respond to the myogenic action of testosterone (143). FST
significantly antagonized the TGF-B-induced inhibition of
MHC 1II expression and phosphorylation of Smad2/3 in
satellite cells (143). Combined together, these findings provide
conclusive support for a central role of FST in promoting muscle
mass and function, and its potential therapeutic use for the
treatment of muscle wasting cachexic conditions often associated
with aging, HIV, and cancer.

Follistatin and Adipose Browning

Although the role of FST in regulating skeletal muscle mass has
been supported by abundant literature, its potential role in lipid
metabolism has not been thoroughly investigated. Based on the
established role of FST in inhibiting TGF-B/MST signaling
pathway known to inhibit adipose browning and thermogenic
program, it is logical to hypothesize that FST may promote
brown adipose characteristics and favorably alter overall lipid
and energy metabolism (144). Since both skeletal muscle and
brown adipose tissue share common Myf5+ precursor
population, there is a possibility that severe musculoskeletal
defects and death of Fst-KO newborn pups could also be
complicated by their concomitant decrease of BAT mass and
activity, resulting in their inability to maintain proper body
temperature especially during the early neonatal life. Braga
et al. provided the first evidence for a potential role of FST in
regulating brown adipose metabolic characteristics and
thermogenesis (144). First insight regarding a direct role for
FST in adipose tissues was obtained from analysis of Fst gene
expression of a tissue panel from C57BL6/J mice that included
WAT (inguinal subcutaneous and epididymal) and BAT depots,
as well as several other metabolic tissues including brain, heart,
intestine, liver, skeletal muscle, and testis (144). Interestingly, Fst
gene expression was highest in BAT and skeletal muscle, and at
substantial levels in inguinal WAT and liver compared to other
tissues where its expression was significantly low. This finding,
therefore, suggested a possible novel role of FST in regulating
WAT and BAT metabolic characteristics. Differentiated mouse
brown preadipocyte primary cultures show significant
upregulation of FST expression along with key thermogenic
markers UCP1 and PRDM16, compared to the undifferentiated
cells. Interestingly, Fst gene expression dramatically increased in
mouse BAT following cold-exposure, suggesting a possible
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functional role of FST during brown adipocyte differentiation
and regulation of thermogenesis. Comparative analysis of mouse
embryonic fibroblast (MEF) primary cultures isolated from WT
and Fst-KO embryos, Braga et al. demonstrated significant
inhibition of key brown adipogenic markers including
PRDM16, UCP1 and PGC-1o in Fst-KO differentiating MEF
cultures compared to the WT group (144). Treatment of these
cells with recombinant FST protein (rFST) resulted in significant
upregulation of BAT-related genes and proteins in both WT and
Fst-KO MEF differentiated cultures. Comprehensive analysis of
global gene expression profile revealed lipid metabolism
pathways as the most significantly altered pathways between
WT and Fst-KO groups. Furthermore, Fst-KO differentiating
cultures displayed significantly compromised basal
mitochondrial respiration compared to the WT group.
Addition of exogenous rFST protein to the Fst-KO cultures
rescued this respiration impairment by increasing the cellular
respiration. In addition, expression level of phosphorylated
adenosine monophosphate (pAMPK), a key energy sensor
implicated in the regulation of cellular energy balance, was
significantly down regulated in Fst-KO compared to the WT
MEFs. More recently, Li et al. further confirmed FST-induced
adipose browning in high fat diet (HFD)-fed obese mice (119).
The authors demonstrated that intraperitoneal injection of FST
increased thermogenesis, energy expenditure and browning of
subcutaneous adipose fat in mice on HFD. FST injected mice had
significantly higher body temperature 37.5°C compared to the
control group. This FST-induced thermogenesis was further
confirmed by infrared imaging that demonstrated high-
temperature areas in the FST injected group compared to the
control group (119). In agreement with previous reports, a recent
study reported that a single injection of AAV-mediated FST
administration after several weeks of HFD feeding induced
browning of subcutaneous WAT by upregulation of PGC-1a,
PRDM16, UCP1 and beige-specific CD137, and decreased
obesity-associated metabolic inflammation (145). Collectively,
these data provided interesting novel insight regarding the
importance of FST in modulating lipid and energy metabolism
and suggest that overexpression of FST in-vivo may promote
both beige and brown adipose tissue mass and activity.

Molecular Targets of FST During Adipose
Browning

Using follistatin transgenic (Fst-Tg) mice (146), Singh et al.
systematically analyzed the effect of FST in both WAT and
interscapular classical BAT (147). These Fst-Tg mice express
Fst under a muscle-specific promoter and have significantly
elevated (1.5 fold) circulating levels of FST as well as
interscapular BAT mass (70% higher) compared to age-
matched WT control mice (147). Analysis of BAT signature
genes important for differentiation (Ucpl, Prdm16, Zicl, Myf5,
Lhx8), fatty acid oxidation (Ascll, Fabp3, Cidea) and
mitochondrial biogenesis and function (Pgclo, Cox7al, Cox8)
as well key thermogenic proteins (UCP1, PRDM16, PGClo)
were significantly upregulated in the interscapular BAT of the
Fst-Tg mice compared to the WT mice (147). Comparative

analysis of epididymal and subcutaneous WAT between Fst-Tg
and WT mice displayed similar upregulation of key BAT-related
markers. These changes observed in both WAT obtained from
Fst-Tg mice was associated with distinct adipose browning
characteristics including increased UCP1 immunostating, and
upregulation of key beige-specific Cd137 gene in both WAT
depots, with greater changes observed in subcutaneous WAT
compared to the epididymal WAT. These findings provided the
first line of evidence that Fst promotes adipose browning in both
WAT depots and increase BAT mass in-vivo.

Analysis of molecular targets of FST in these two adipose
depots identified two distinctly different mechanisms. While FST
increased phosphorylation of p38 MAPK and ERK1/2 in both
WAT depots, it increased Myf5 expression in BAT of Fst-Tg mice
(147). The authors also utilized in- vitro model of differentiating
3T3-L1 cultures to confirm that recombinant FST (rFST)
treatment led to significant upregulation of UCP1 and beige-
specific CD137 protein and beige-selective genes Cd137, Tbx1, and
Tmem26. This rEST-induced increase in beige-selective markers in
3T3-L1 cells was also associated with concomitant increase in
p38MAPK and ERK1/2 phosphorylation. Furthermore,
pharmacological inhibition of their phosphorylation in these
cells by either SB023580 or PD98059 resulted in abrogation of
rFst-induced upregulation of UCP1 protein expression, suggesting
that FST stimulates adipose browning via p38MAPK/ERK1/2
pathway. Since FST overexpression in Fst-Tg mice displayed
distinctly different targets in WAT and BAT tissues, Singh et al.
analyzed differential expression of key TGF-B signaling
components Smad3/pSmad3 and activin receptor type IIB (Act
RIIB) in adipose tissues obtained from WT and Fst-Tg mice. FST
overexpression in these Fst-Tg mice led to significant inhibition of
Smad3/pSmad3 as well as Act RIIB expression in both SC and Epi
WAT as well as in BAT (147), suggesting that inhibition of Smad3
signaling may be the common upstream target of FST action that
precedes phosphorylation of p38 MAPK/ERK1/2 and activation of
Myf5. FST-induced inhibition of TGF-3/Smad3 signaling has also
been reported previously in satellite cells and muscle tissues (142,
143). In order to further test the effect of FST overexpression on
adipocyte browning in differentiating 3T3-L1 cells, Singh et al.
cloned full-length mouse Fst gene in Piggyback Transposon cargo
plasmid vector to perform systematic beige/brown adipose gene
expression analysis following Fst overexpression (148).
Comparative gene expression analysis of Fst-overexpressing
3T3-L1 Fst cells with the parental 3T3-L1 cells displayed
significantly higher levels of follistatin protein and gene in the
cells and in the cell supernatant compared to the 3T3-L1 cells
(148). Expression levels of key thermogenic and several adipose
browning markers including CD137, Tbx1, and Tmem?26 were
significantly upregulated following Fst overexpression in
differentiating 3T3-L1 cells (148). Table 1 and Table 2
summarizes a comprehensive list of proteins and genes
respectively that are influenced by increased levels of FST in
various cell culture and Fst transgenic (Fst-Tg) mouse model.
Fst overexpression also led to significant induction of p38 MAPK
and ERK1/2 phosphorylation in-vitro in 3T3-L1 confirming
previous findings of induced phosphorylation of these proteins
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TABLE 1 | List of proteins targeted by follistatin.

Model System Protein Change Reference

Mouse embryonic fibroblast (MEF) cultures in -~ UCP1

adipogenic differentiation medium;

WT vs. Fst KO
PRDM16
aP2
PPARY
PGC-1a
Cyt C

Interscapular brown adipose tissue (BAT); WT  UCP1

vs. Fst-Tg
ucpP2
UCP3
PRDM16
PGC-1a
AdipoQ
Myf5
pSmad3
Smad3
ActRIIB

Epididymal and subcutaneous adipose tissue; UCP1

WT vs. Fst-Tg
ucpP2
UCP3
PRDM16
PGCla
BMP7
Glut4
CD137
pp38
MAPK
pERK1/2
pSmad3
Smad3
ActRIIB
AdipoQ
FGF21
PAMPK

Differentiating 3T3-L1 cells treated with UCP1

recombinant FST (rFST); Control vs. rFST
CD137
pp38
MAPK
pERK1/2
AdipoQ
AdipoR1
FGF21
PAMPK
PGC-1a
SirT1

Mouse brown adipose tissue (BAT) cells UCPA
treated with rFST: Con vs. rFST
Eval
Myf5

Fst overexpressing stable 3T3-L1 (3T3-L1 Fst) UCPA1

cells; 3T3-L1-Fst vs. 3T3-L1
CD137
p38
MAPK
pERK1/2
COX-IV
SirT1
SirT3
AdipoQ

1

i T T R e e i e i i iRl i =

e e i T iR el S

- =

- - e e e T T

—

- 5 5 5 >

(144)

in both WAT depots of Fst-Tg mice. Previous reports have
suggested an essential role for p38MAPK in promoting cyclic-
AMP-dependent activation of protein kinase A (PKA) and
activation of UCP1 transcription (149, 150). Phosphorylation of
p38 MAPK following stimulation of beta-adrenergic receptor (B-
AR) results in phosphorylation and recruitment of ATF2 and
PGC-1a to PPRE and CRF2 motifs within the UCP1 enhancer
following their interactions with PPARy and RXRa to activate the
brown adipose thermogenic program (151). Phosphorylation of
P38MAPK has also been shown to stimulate adipose browning via
induction of irisin, a key myokine that can be significantly induced
by exercise and PGCI-o. (117). Recent data suggest that Fndc5 is
also secreted from WAT (152). Since FST is known to induce irisin
encoded Fndc5 gene in mouse muscle cells (86), it is possible that
induced levels of irisin/Fndc5 will have contributed to increased
browning via phosphorylation of p38 MAPK and ERK1/2 in Fst-
Tg mice. Robust activation of FGF21/adiponectin/pAMPK
signaling pathway was found in both adipose depots of Fst-Tg
mice suggest a possible link between Fst overexpression and
FGF21 activation (147). In order to test the possible
intermediate role of B3-AR signaling during FST-induced
browning, Singh et al. also tested whether treatment of B3
agonist CL316, 243 would promote BAT activation and adipose
browning in Fst-Tg compared to the WT mice. The authors were
able to show heightened response to 33-AR activation on UCP1
expression in both WAT depots and BAT tissues obtained from
Fst-Tg mice compared to the WT mice (147).

In order to identify the molecular targets of FST in classical
brown fat, Singh et al. also analyzed the effects of exogenous rFST
on differentiating mouse brown preadipocyte BAT cultures
(147). rFST treatment led to significant increase in BAT-
selective UCP1, Eval, and Myf5 protein and gene expression.
They also showed that siRNA-mediated knockdown of mouse
Myf5 expression led to significant blockade of FST-induced
UCP1 protein and gene expression and two key BAT-selective
genes Lhx8 and Zicl. Furthermore, Fst-KO embryo sections
show decreased Myf5 immunostating compared to the WT,
and treatment of differentiating MEF cultures derived from
Fst-KO embryo with rFST was able to rescue Myf5 protein
expression (147). Collectively, these findings obtained from
differentiating BAT cells and Fst KO primary cultures provide
strong evidence that Myf5 acts as an obligatory target of FST in
promoting brown adipose characteristics. It appears however,
that major action of FST on adipose browning is primarily due to
the blocking of TGF-f ligands to inhibit Smad3 signaling as
shown in Figure 1. A comprehensive list of proteins and genes
targeted by FST during adipose browning are also summarized in
Tables 1 and 2 respectively.

Genetic Manipulation of Follistatin
Expression and its Relevance to Obesity
Related Metabolic Diseases

As adipose tissues are the primary site of energy storage and its
mobilization, activation of adipose browning has the potential
to positively regulate overall systemic metabolism (153, 154).
Adipose browning-induced biochemical changes are implicated
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TABLE 2 | List of genes targeted by follistatin.

TABLE 2 | Continued

Model System

Mouse brown preadipocyte cells treated with
rFST; WT vs. rEST

Differentiating Mouse embryonic fibroblast
(MEF) cultures; WT vs. Fst KO

Interscapular brown adipose tissue (BAT); WT
vs. Fst-Tg

Epididymal and Subcutaneous adipose tissue;
WT vs. Fst-Tg

Gene
Ucp1

Prdm16
Pgcla
Fabp3
Ucp1

Prdm16
Pgcla
Bmp7
Pgc1b
Cidea
Acsl1
AdipoQ
Agpat9
Cd36
Fabp4
Mup1
Thrsp
Apoa2
F13a1
G2e3
Gas5
1fi203
Titin
Vin

Hp

Plg
Atpla2
Saal
Cps1
Serpine
1

Ucp1

Prdm16
Zicl
Myfs
Lhx8
Acsl1
Fabp3
Cidea
Pgcla
Cox7al
Cox8
Glut4
Ucp1

Prdm16
Pgcla
Acsl1
Fabp3
Cidea
Elov3
Coxral
Cox8
Cd137
Fgfe1

Egr1

c-Fos

Change Reference

1

i i i e S e e e e I iR S e e i sl sl SR SR TR R T — o 5 >

—

i T R R e S

(144)

(Continued)

Model System Gene Change Reference
Fofr1 1 (Epi) (148)
Fafr2 1 (SC) (148)
Fgfr3 1 (SO) (148)
Kib 1 (SC) (148)
Differentiating 3T3-L1 cells treated with Ucp1 1 (147)
recombinant FST: Control vs. rFST
Cd137 T (147)
Tbx1 1 (147)
Tmem26 1 (147)
Fst overexpressing stable 3T3-L1 (3T3-L1-Fst) Ucp? 1 (148)
cells; 3T3-L1-Fst vs. 3T3-L1
Cd137 T (148)
Pgcla 1 (148)
Fof21 1 (148)
Tbx1 1 (148)
TmemZ26 1 (148)
Ppara 1 (148)
Fasn 1 (148)
Th 1 (148)
Bmp7 1 (148)
Ptgs2 1 (148)
Coxral 1 (148)
Cox8b 1 (148)
Cpta 1 (148)
Mst ! (148)

in alterations of several key metabolic pathways that regulate
plasma glucose levels and triglyceride metabolism in mice.
Beige and brown adipose tissues consume and metabolize
nutrients in a specialized way to facilitate weight loss,
amelioration of insulin resistance and protection from
hyperlipidemia and obesity related metabolic syndromes (155,
156). In order to assess the metabolic consequences of FST-
induced adipose browning, Singh et al. performed quantitative
analysis of abdominal fat volume, glucose clearance and
comprehensive analysis of serum lipid profiles of Fst-Tg mice
(148). Computerized tomography (CT) scan analysis of Fst-Tg
mice revealed significantly lower percentage of abdominal fat
mass and increased glucose disposal rate compared to the WT
mice (148). Also, serum levels of triglycerides (TG), free fatty
acid (FFA), and glucose levels were significantly lower in Fst-Tg
mice compared to the WT mice without any significant changes
in total cholesterol (TC) and high-density lipoprotein (HDL)
levels. Major urinary protein 1 (Mupl), a key regulator of
glucose and lipid metabolism (157), and energy expenditure
(158) was significantly upregulated in liver and both WAT
depots of Fst-Tg mice compared to the WT (148). Braga et al.
previously reported a significant decrease in Mupl gene
expression in Fst-KO MEF differentiating cultures compared
to the WT (144). In another recent study, Davey et al. reported
that intravascular gene delivery via rAAV6-FST 317 to
prediabetic db/db mice ameliorates progression of
hyperglycemia, maintains insulinemia, promote abundance
of insulin producing beta cell population, and reduced
number of o-like cells (159). The authors also reported
that Fst gene delivery to older mice with hyperglycemia
and declining insulinemia led to significant restoration of
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serum insulin concentration. Diabetic db/db mice display
compromised B-cell function and reduced insulin content.
Overexpression of FST in pancreatic-B cells has previously
been reported to counter insulin insufficiency and extend the
life span of db/db mice mainly by inhibition of SMAD pathway
and activation of the PI3-kinase/Akt pathway (160). Most
recently, Tang et al. also reported significant decrease in body
fat percentage in mice on normal diet, and ameliorated the
increase in body fat after HFD following AAV-Fst mediated
gene delivery (145). In this study, Fst gene delivery in the HFD
group significantly decreased serum levels of insulin, leptin,
resistin, and C-peptide as well as serum glucose, triglycerides,
cholesterol, and free FFAs as compared to control group. AAV-
Fst gene delivery also significantly increased circulating levels of
vascular endothelial growth factor (VEGF) and lowered serum
levels of inflammatory cytokine IL-1c. In addition, reduced
levels of mitochondrial oxidative phosphorylation (OXPHOS)
complex subunits in subcutaneous WAT of mice on HFD was
normalized following Fst overexpression via increased
expression of PGC-1o. Although Fst has been reported to
promote PGC-1lo. expression in previous studies (144, 147),
the precise mechanism responsible for Fst-induced
upregulation of PGC-1a remains unknown. Collectively, these
findings provide exciting supporting evidence that Fst gene
therapy could elicit beneficial metabolic effects and mitigate
HFD-induced obesity. In order to test the effect of FST
overexpression on overall lipidomic profiles in differentiating

superfamily - mmmm) | TGF-
ligands Smad3
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@
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FIGURE 1 | Schematic diagram showing FST modulation of TGF-B/Samd 3 signaling pathway during adipose browning. MST, Myostatin; BMPs, Bone
morphogenic proteins; GDF11, Growth and differentiation factor 11; TGF-, Transforming growth factor beta.

3T3-L1 cells, Singh et al. performed comparative metabolic
profiling of basal 3T3-L1 and Fst overexpressing 3T3-L1 Fst
cells (148). Increased mitochondrial biogenesis in differentiated
3T3-L1 Fst cultures was also confirmed by significantly increased
maximal oxygen consumption rate (OCR) (148). Analysis of
endogenous lipid metabolites displayed a general reduction in
diglycerides (DG), triglycerides (TG), ceramide, FA,
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and lysophosphatidylethanolamine (LPE) in FST
overexpressing 3T3-L1 Fst cells compared to the basal 3T3-L1
cells (148). On the other hand, levels of several
lyosophosphatidylcholines (LPL) such as LPC (16.0), LPC
(18.0), and LPC (18.1) were significantly increased in 3T3-L1
Fst cells in comparison with the 3T3-L1 cells (148). These in-
vitro data, thus, provide supporting evidence that genetic
manipulation of FST could favorably alter overall lipid
metabolites known to be associated with fat mass and promote
obesity and associated metabolic conditions (161, 162). In-vivo
analysis of adipose tissues from Fst-Tg mice also show significant
differences in several amino acids including leucine, isoleucine,
and valine also collectively referred to as branched-chain amino
acids (BCAA), key components of urea cycle and arginine
metabolism, and components of the Kreb’s cycle including
citrate, succinylcarnitine, and fumarate were significantly
lower compared to the WT tissues. FST overexpression in Fst-
Tg mice was associated with significant upregulation of two key
BCAA catabolic proteins BCAT2 and BCKDHA in epididymal
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WAT (148). Several recent studies have provided convincing
evidence in support of a positive association between BCAA
levels and insulin resistance and type 2 diabetes as their levels are
significantly induced in obese subjects compared to the lean
humans (163, 164). Levels of ®-3 polyunsaturated fatty acids
(PUFAs), reported to improve obesity-associated chronic
inflammation, insulin resistance and dyslipidemia (165), and
regulate several aspects of energy and lipid metabolism (166)
were significantly increased in the subcutaneous WAT of Fst-Tg
mice. Levels of key lysolipids, known metabolic regulators of
childhood obesity (167) were significantly elevated in the Epi
WAT of Fst-Tg compared to the WT mice. Combined together,
these findings obtained from comprehensive metabolomic
profiling of Fst transgenic mice provide compelling evidence
that genetic manipulation of Fst in-vivo favorably alters the levels
of key metabolites known to influence various aspects of
metabolic conditions, and warrant future studies for the use of
EST based therapeutic interventions to combat obesity and
related diseases (168).

CONCLUSION

Obesity and associated comorbidities resulting from
accumulation of dysfunctional white adipose tissues and
chronic imbalance between energy intake and energy
expenditure represent a growing worldwide problem.
Activation of adipose browning characteristics leads to the
dissipation of excess stored energy and provide metabolic
benefits to combat the burden of obesity and related
abnormalities including insulin resistance, hyperlipidemia, type
2 diabetes and cardiovascular diseases. Adipose browning
phenomenon in humans has been confirmed based on both
morphological, and functional studies (5, 6, 16). Accordingly,
new strategies are being explored to identify novel compounds
that can promote adipose browning and reduce the development
of obesity and associated conditions. Recent reports from several
laboratories provide convincing evidence that inhibition of TGF-
B signaling pathway provides metabolic protection from obesity
and diabetes by regulating glucose and energy homeostasis via
activation of white adipose browning (13, 59). Genetic
inactivation of MST, a key member of TGF-3 superfamily not
only results in increased muscle mass but also promotes
activation of adipose browning and favorably alters several
metabolic parameters implicated in the development of
metabolic complications (86, 87). Since Fst is a known
inhibitor of MST and reported to antagonize overall TGF-B
signaling, it is logical to explore the therapeutic potential of FST
in regulating key metabolic functions in both adipose depots
besides its established role in promoting muscle mass. Recent
findings by Braga et al. provided the first evidence that FST
enhances the acquisition of beige and brown
adipose characteristics by directly targeting Myf5- and
Myf5+ populations to promote beige and brown adipose
characteristics respectively (142). Since Myf5+ precursor
population gives rise to both skeletal muscle and brown fat
(20), it is not surprising that FST could selectively target these

populations to promote both muscle and BAT mass (147, 169).
Additionally, identification of key molecular and cellular targets
responsible for FST-induced adipose browning is necessary to
develop therapeutic strategies for the treatment of obesity and
related diseases. Although activation of p38MAPK and ERK1/2
signaling is necessary for FST-induced adipose browning in both
adipose depots (147), it is important to explore the possible role
of irisin/Fndc5 during the process as secretion of irisin and
subsequent activation of p38 MAPK and ERK1/2 has been
reported during exercise (94). Since FST secretion is also
induced following exercise (169, 170) and rFST treatment leads
to elevated Fndc5 gene expression in muscle (86), it is possible
that FST will indirectly affect p38MAPK and ERK1/2 activation
via increased secretion of irisin. 33-AR signaling has been shown
to promote p38 MAPK activation and induce browning of WAT
and nonshivering thermogenesis in BAT (150, 171, 172). It is,
therefore, possible that FST activates 33-AR signaling to promote
p38 MAPK phosphorylation during adipose browning as 3
agonist CL 316,243 treatment elicited additive response in UCP1
levels in both WAT depots as well as in BAT (147). FGF21,
another key regulator of adipose browning and a downstream
target of B3-AR signaling (173, 174) is upregulated in WAT of
Fst transgenic mice, suggesting a possible link between FST and
FGF21 signaling during adipose browning. Based on available
data, it appears that the beneficial effects of FST on adipose
browning, obesity, and related metabolic conditions are mainly
due to blocking of TGF-B ligands including MST and inhibition
of Smad3 signaling as summarized in Figure 1. Finally, data
obtained from Fst gene therapy studies in both human and
nonhuman primates did not indicate apparent structural or
functional aberration in various tissues, suggesting that FST
may have therapeutic potential in clinical settings for the
treatment of obesity and related diseases.

AUTHOR CONTRIBUTIONS

RS and SP organized and wrote the manuscript. SR edited the
manuscript and provided constructive comments. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by National Institute of Health grant
numbers SCIAG049682 (RS), SC1CA232319 (SP), TRDRP grant
number T31IP1551 (RS, SR), Boston Pepper Center P30
AG031679 (RS), UHI NIMHD S21MD000103, and
Accelerating Excellence in Translational Sciences (AXIS)
Center U54MD007598 to Charles R. Drew University of
Medicine and Science.

ACKNOWLEDGMENTS

We thank Azra Tezein Devonshire for language editing.

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 653179


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Pervin et al.

Follistatin/Myostatin/TGF-Beta Signaling in Adipose Browning

REFERENCES

1.

w

w

~

el

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Tam CS, Lecoultre V, Ravussin E. Brown adipose tissue: mechanisms and
potential therapeutic targets. . Circulation (2012) 125:2782-91. doi: 10.1161/
CIRCULATIONAHA.111.042929

. The Toll of America’s Obesity. The New York Times (2018). Available

at: https://www.nytimes.com/2018/08/09/opinion/cost-diabetes-obesity-
budget.html.

. Chen Y, Ikeda K, Yoneshiro T, Scaramozza A, Tajima K, Wang Q, et al.

Thermal stress induces glycolytic beige fat formation via a myogenic state.
Nature (2019) 565:180-5. doi: 10.1038/s41586-018-0801-z

. Oguri Y, Shinoda K, Kim H, Alba DL, Bolus WR, Wang Q, et al. CD81

controls beige fat progenitor cell growth and energy balance via FAK
signaling. Cell (2020) 182:563-77. doi: 10.1016/j.cell.2020.06.021

. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, et al.

Identification and importance of brown adipose tissue in adult humans.
N Engl ] Med (2009) 360(15):1509-17. doi: 10.1056/NEJM0a0810780

. van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JM,

Kemerink GJ, Bouvy ND, et al. Cold-activated brown adipose tissue in healthy
men. N Engl ] Med (2009) 360(15):1500-8. doi: 10.1056/NEJMo0a0808718

. Cao L, Choi EY, Liu X, Martin A, Wang C, Xu X, et al. White to brown fat

phenotypic switch induced by genetic and environmental activation of a
hypothalamic-adipocyte axis. Cell Metab (2011) 14:324-38. doi: 10.1016/
j.cmet.2011.06.020

. Bartelt A, Heeren J. Adipose tissue browning and metabolic health. Nat Rev

Endocrinol (2014) 10:24-36. doi: 10.1038/nrendo.2013.204

. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological

significance. Physiol Rev (2004) 84:277-359. doi: 10.1152/physrev.00015.2003
Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, Svensson KJ, et al.
Ablation of PRDM16 and beige adipose causes metabolic dysfunction and a
subcutaneous to visceral fat switch. Cell (2014) 156:304-16. doi: 10.1016/
j.cell.2013.12.021

Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, Ishibashi J, et al. Prdm16
determines the thermogenic program of subcutaneous white adipose tissue in
mice. J Clin Invest (2011) 121(1):96-105. doi: 10.1172/JCI44271

Zheng Q, Lin J, Huang J, Zhang H, Zhang R, Zhang X, et al. Reconstitution
of UCP1 using CRISPR/Cas9 in the white adipose tissue of pigs decreases fat
deposition and improves thermogenic capacity. Proc Natl Acad Sci USA
(2017) 114(45):E9474-82. doi: 10.1073/pnas.1707853114

Yadav H, Quijano C, Kamaraju AK, Gavrilova O, Malek R, Chen W, et al.
Protection from obesity and diabetes by blockade of TGF-B/Smad3
signaling. Cell Metab (2011) 14:67-79. doi: 10.1016/j.cmet.2011.04.013
Gilsanz V, Hu HH, Kajimura S. Relevance of brown adipose tissue in infancy
and adolescence. Pediatr Res (2013) 73:3-9. doi: 10.1038/pr.2012.141
Palmer AK, Kirkland JL. Aging and adipose tissue: potential interventions
for diabetes and regenerative medicine. Exp Gerontol (2016) 86:97-105.
doi: 10.1016/j.exger.2016.02.013

Sidossis L, Kajimura S. Brown and beige fat in humans: thermogenic
adipocytes that control energy and glucose homeostasis. J Clin Invest
(2015) 125:478-86. doi: 10.1172/JCI78362

Atit R, Sgaier SK, Mohamed OA, Taketo MM, Dufort D, Joyner AL, et al.
Beta-catenin activation is necessary and sufficient to specify the dorsal
dermal fate in the mouse. Dev Biol (2006) 296:164-76. doi: 10.1016/
j.ydbio.2006.04.449

Lepper C, Fan CM. Inducible lineage tracing of Pax7-descendant cells reveals
embryonic origin of adult satellite cells. Genesis (2010) 48:424-36.
doi: 10.1002/dvg.20630

Sanchez-Gurmaches ], Hung CM, Sparks CA, Tang Y, Li H, Guertin DA.
PTEN loss in the Myf5 lineage redistributes body fat and reveals subsets of
white adipocytes that arise from Myf5 precursors. Cell Metab (2012) 16:348—
62. doi: 10.1016/j.cmet.2012.08.003

Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, et al. PRDM16
controls a brown fat/skeletal muscle switch. Nature (2008) 454:961-7.
doi: 10.1038/nature07182

Kajimura S, Seale P, Spiegelman BM. Transcriptional control of brown fat
development. Cell Metab (2010) 11:257-62. doi: 10.1016/j.cmet.2010.03.005
Harms M, Seale P. Brown and beige fat: development, function and
therapeutic potential. Nat Med (2013) 19:1252-63. doi: 10.1038/nm.3361

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Porter C, Chondronikola M, Sidossis LS. The therapeutic potential of brown
adipocytes in humans. Front Endocrinol (Lausanne) (2015) 6:156.
doi: 10.3389/fend0.2015.00156

Rodriguez A, Becerril S, Ezquerro S, Mendez-Gimenez L, Frithbeck G.
Crosstalk between adipokines and myokines in fat browning. Acta Physiol
(Oxf) (2017) 219:362-81. doi: 10.1111/apha.12686

Abdullahi A, Jeschke MG. White adipose tissue browning: a double-edged
sword. Trends Endocrinol Metab (2016) 27:542-52. doi: 10.1016/
j-tem.2016.06.006

Long JZ, Svensson K]J, Tsai L, Zeng X, Roh HC, Kong X, et al. A smooth
muscle-like origin for beige adipocytes. Cell Metab (2014) 19:810-20.
doi: 10.1016/j.cmet.2014.03.025

Vishvanath L, MacPherson KA, Hepler C, Wang QA, Shao M, Spurgin SB,
et al. PdgfrB+ mural preadipocytes con-tribute to adipocyte hyperplasia
induced by high-fat-diet feeding and prolonged cold exposure in adult mice.
Cell Metab (2016) 23:350-9. doi: 10.1016/j.cmet.2015.10.018

Berry DG, Jiang Y, Graff JM. Mouse strains to study cold-inducible beige
progenitors and beige adipocyte formation and function. Nat Commun
(2016) 7:10184. doi: 10.1038/ncomms10184

Lee YH, Petkova AP, Mottillo EP, Granneman JG. In vivo identification of
bipotential adipocyte progenitors recruited by beta3-adrenoceptor activation
and high-fat feeding. Cell Metab (2012) 15:480-91. doi: 10.1016/
j.cmet.2012.03.009

Frontini A, Cinti S. Distribution and development of brown adipocytes in
the murine and human adipose organ. Cell Metab (2010) 11:253-6.
doi: 10.1016/j.cmet.2010.03.004

Rosenwald M, Perdikari A, Riilicke T, Wolfrum C. Bi-directional
interconversion of brite and white adipocytes. Nat Cell Biol (2013)
15:659-67. doi: 10.1038/ncb2740

Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM. A cold-
inducible coactivator of nuclear receptors linked to adaptive thermogenesis.
Cell (1998) 92:829-39. doi: 10.1016/s0092-8674(00)81410-5

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, et al.
Mechanisms controlling mitochondrial biogenesis and respiration through
the thermogenic coactivator PGC-1. Cell (1999) 98:115-24. doi: 10.1016/
$0092-8674(00)80611-X

Harms MJ, Ishibashi ], Wang W, Lim HW, Goyama S, Sato T, et al. Prdm16 is
required for the maintenance of brown adipocyte identity and function in adult
mice. Cell Metab (2014) 19(4):593-604. doi: 10.1016/j.cmet.2014.03.007

Seale P, Kajimura S, Yang W, Chin S, Rohas LM, Uldry M, et al.
Transcriptional control of brown fat determination by PRDM16. Cell
Metab (2007) 6:38-54. doi: 10.1016/j.cmet.2007.06.001

Wu J, Bostréom P, Sparks LM, Ye L, Choi JH, Giang AH, et al. Beige
adipocytes are a distinct type of thermogenic fat cell in mouse and human.
Cell (2012) 150:366-76. doi: 10.1016/j.cell.2012.05.016

Wang W, Kissig M, Rajakumari S, Huang L, Lim HW, Won KJ, et al. Ebf2 is
a selective marker of brown and beige adipogenic precursor cells. Proc Nat
Acad Sci USA (2014) 111:14466-71. doi: 10.1073/pnas.1412685111

Lidell ME, Betz M]J, Leinhard OD, Heglind M, Elander L, Slawik M, et al.
Evidence for two types of brown adipose tissue in humans. Nat Med (2013)
19:631-4. doi: 10.1038/nm.3017

Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, et al. Human
BAT possesses molecular signatures that resemble beige/brite cells. PloS One
(2012) 7:€49452. doi: 10.1371/journal.pone.0049452

Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B, Nedergaard
J. Chronic peroxisome proliferator activated receptor gamma
(PPARgamma) activation of epididymally derived white adipocyte cultures
reveals a population of thermogenically competent, UCP1- containing
adipocytes molecularly distinct from classic brown adipocytes. J Biol Chem
(2010) 285:7153-64. doi: 10.1074/jbc.M109.053942

Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, Homoe P, Loft A, et al. A
classical brown adipose tissue mRNA signature partly overlaps with brite in
the supraclavicular region of adult humans. Cell Metab (2013) 17:798-805.
doi: 10.1016/j.cmet.2013.04.011

Ussar S, Lee KY, Dankel SN, Boucher J, Haering MF, Kleinridders A, et al.
ASC-1, PAT2, and P2RX5 are cell surface markers for white, beige, and
brown adipocytes. Sci Trans Med (2014) 6:247ral03. doi: 10.1126/
scitranslmed.3008490

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 653179


https://doi.org/10.1161/CIRCULATIONAHA.111.042929
https://doi.org/10.1161/CIRCULATIONAHA.111.042929
https://www.nytimes.com/2018/08/09/opinion/cost-diabetes-obesity-budget.html
https://www.nytimes.com/2018/08/09/opinion/cost-diabetes-obesity-budget.html
https://doi.org/10.1038/s41586-018-0801-z
https://doi.org/10.1016/j.cell.2020.06.021
https://doi.org/10.1056/NEJMoa0810780
https://doi.org/10.1056/NEJMoa0808718
https://doi.org/10.1016/j.cmet.2011.06.020
https://doi.org/10.1016/j.cmet.2011.06.020
https://doi.org/10.1038/nrendo.2013.204
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1016/j.cell.2013.12.021
https://doi.org/10.1016/j.cell.2013.12.021
https://doi.org/10.1172/JCI44271
https://doi.org/10.1073/pnas.1707853114
https://doi.org/10.1016/j.cmet.2011.04.013
https://doi.org/10.1038/pr.2012.141
https://doi.org/10.1016/j.exger.2016.02.013
https://doi.org/10.1172/JCI78362
https://doi.org/10.1016/j.ydbio.2006.04.449
https://doi.org/10.1016/j.ydbio.2006.04.449
https://doi.org/10.1002/dvg.20630
https://doi.org/10.1016/j.cmet.2012.08.003
https://doi.org/10.1038/nature07182
https://doi.org/10.1016/j.cmet.2010.03.005
https://doi.org/10.1038/nm.3361
https://doi.org/10.3389/fendo.2015.00156
https://doi.org/10.1111/apha.12686
https://doi.org/10.1016/j.tem.2016.06.006
https://doi.org/10.1016/j.tem.2016.06.006
https://doi.org/10.1016/j.cmet.2014.03.025
https://doi.org/10.1016/j.cmet.2015.10.018
https://doi.org/10.1038/ncomms10184
https://doi.org/10.1016/j.cmet.2012.03.009
https://doi.org/10.1016/j.cmet.2012.03.009
https://doi.org/10.1016/j.cmet.2010.03.004
https://doi.org/10.1038/ncb2740
https://doi.org/10.1016/s0092-8674(00)81410-5
https://doi.org/10.1016/S0092-8674(00)80611-X
https://doi.org/10.1016/S0092-8674(00)80611-X
https://doi.org/10.1016/j.cmet.2014.03.007
https://doi.org/10.1016/j.cmet.2007.06.001
https://doi.org/10.1016/j.cell.2012.05.016
https://doi.org/10.1073/pnas.1412685111
https://doi.org/10.1038/nm.3017
https://doi.org/10.1371/journal.pone.0049452
https://doi.org/10.1074/jbc.M109.053942
https://doi.org/10.1016/j.cmet.2013.04.011
https://doi.org/10.1126/scitranslmed.3008490
https://doi.org/10.1126/scitranslmed.3008490
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Pervin et al.

Follistatin/Myostatin/TGF-Beta Signaling in Adipose Browning

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kim HJ, Cho H, Alexander R, Patterson HC, Gu M, Lo KA, et al.
MicroRNAs are required for the feature maintenance and differentiation
of brown adipocytes. Diabetes (2014) 63:4045-56. doi: 10.2337/db14-0466
Hu F, Wang M, Xiao T, Yin B, He L, Meng W, et al. miR-30 promotes
thermogenesis and the development of beige fat by targeting RIP140.
Diabetes (2015) 64:2056-68. doi: 10.2337/db14-1117

Sun L, Trajkovski M. MiR-27 orchestrates the transcriptional regulation of
brown adipogenesis. Metabolism (2014) 63:272-82. doi: 10.1016/
j.metabol.2013.10.004

Fu T, Seok S, Choi S, Huang Z, Suino-Powell K, Xu HE, et al. MicroRNA 34a
inhibits beige and brown fat formation in obesity in part by suppressing
adipocyte fibroblast growth factor 21 signaling and SIRT1 function. Mol Cell
Biol (2014) 34:4130-42. doi: 10.1128/MCB.00596-14

Mori M, Nakagami H, Rodriguez-Araujo G, Nimura K, Kaneda Y. Essential
role for miR-196a in brown adipogenesis of white fat progenitor cells. PloS
Biol (2012) 10:e1001314. doi: 10.1371/journal.pbio.1001314

Liu W, Bi P, Shan T, Yang X, Yin H, Wang YX, et al. miR-133a regulates
adipocyte browning in vivo. PloS Genet (2013) 9:¢1003626. doi: 10.1371/
journal.pgen.1003626

Budi EH, Duan D, Derynck R. Transforming growth factor-f receptors and
Smads: Regulatory complexity and functional versatility. Trends Cell Biol
(2017) 27:658-72. doi: 10.1016/j.tcb.2017.04.005

Shi Y, Massague J. Mechanisms of TGF-beta signaling from cell membrane to
the nucleus. Cell (2003) 113:685-700. doi: 10.1016/s0092-8674(03)00432-x
Fain JN, Tichansky DS, Madan AK. Transforming growth factor betal
release by human adipose tissue is enhanced in obesity. Metabolism (2005)
54(11):1546-51. doi: 10.1016/j.metabol.2005.05.024

Alessi MC, Bastelica D, Morange P, Berthet B, Leduc I, Verdier M, et al.
Plasminogen activator inhibitor 1, transforming growth factor-beta 1, and
BMI are closely associated in human adipose tissue during morbid obesity.
Diabetes (2000) 49:1374-80. doi: 10.2337/diabetes.49.8.1374

Gordon KJ, Blobe GC. Role of transforming growth factor-beta superfamily.
Signaling pathways in human disease. Biochim Biophys Acta (2008)
1782:197-228. doi: 10.1016/j.bbadis.2008.01.006

Herder C, Zierer A, Koenig W, Roden M, Meisinger C, Thorand B.
Transforming growth factor-betal and incident type 2 diabetes: results
from the MONICA/KORA case-cohort study, 1984-2002. Diabetes Care
(2009) 32:1921-3. doi: 10.2337/dc09-0476

Perry JR, McCarthy MI, Hattersley AT, Zeggini E , Wellcome Trust Case
Control Consortium, Weedon MN, et al. Interrogating type
2 diabetes genome-wide association data using a biological pathway-based
approach. Diabetes (2009) 58(6):1463-7. doi: 10.2337/db08-1378

Casalena G, Daehn I, Bottinger E. Transforming growth factor-f,
bioenergetics, and mitochondria in renal disease. Semin Nephrol (2012)
32:295-303. doi: 10.1016/j.semnephrol.2012.04.009

Mishra R, Cool BL, Laderoute KR, Foretz M, Viollet B, Simonson MS. AMP-
activated protein kinase inhibits transforming growth factor-beta-induced
Smad3-dependent transcription and myofibroblast trans-differentiation.
] Biol Chem (2008) 283:10461-9. doi: 10.1074/jbc.M800902200

Verdin E, Hirschey MD, Finley LW, Haigis MC. Sirtuin regulation of
mitochondria: energy production, apoptosis, and signaling. Trends
Biochem Sci (2010) 35:669-75. doi: 10.1016/j.tibs.2010.07.003

Fournier B, Murray B, Gutzwiller S, Marcaletti S, Marcellin D, Bergling S,
et al. Blockade of the activin receptor IIb activates functional brown adi-
pogenesis and thermogenesis by inducing mitochondrial oxidative
metabolism. Mol Cell Biol (2012) 32:2871-9. doi: 10.1128/MCB.06575-11
Koncarevic A, Kajimura S, Cornwall-Brady M, Andreucci A, Pullen A, Sako
D, et al. A novel therapeutic approach to treating obesity through
modulation of TGFp signaling. Endocrinology (2012) 153(7):3133-46.
doi: 10.1210/en.2012-1016

Elsen MS, Raschke N, Tennagels U, Schwahn T, Jelenik M, Roden T, et al.
BMP4 and BMP7 induce the white-to-brown transition of primary human
adipose stem cells. Am ] Phys Cell Physiol (2014) 306:C431-C44.
doi: 10.1152/ajpcell.00290.2013

Gustafson A, Hammarstedt S, Hedjazifar J]M, Hoffmann PA, Svensson J,
Grimsby C, et al. BMP4 and BMP antagonists regulate human white and
beige adipogenesis. Diabetes (2015) 64(5):1670-81. doi: 10.2337/db14-1127

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Qian SW, Tang Y, Li X, Liu Y, Zhang YY, Huang HY, et al. BMP4-mediated
brown fat-like changes in white adipose tissue alter glucose and energy
homeostasis. Proc Natl Acad Sci USA (2013) 110:E798-807. doi: 10.1073/
pnas.1215236110

Tang Y, Qian SW, Wu MY, Wang J, Lu P, Li XB, et al. BMP4 mediates the
interplay between adipogenesis and angiogenesis during expansion of
subcutaneous white adipose tissue. ] Mol Cell Biol (2016) 8:302-12.
doi: 10.1093/jmcb/mjw019

Whittle AJ, Carobbio S, Martins L, Slawik M, Hondares E, Vazquez MJ, et al.
BMP8B increases brown adipose tissue thermogenesis through both central
and peripheral actions. Cell (2012) 149:871-85. doi: 10.1016/
j.cell.2012.02.066

Martins LP, Seoane-Collazo C, Contreras I, Gonzalez-Garcia N, Martinez-
Sanchez F, Gonzalez JZ, et al. A functional link between AMPK and orexin
mediates the effect of BMP8B on energy balance. Cell Rep (2016) 16:2231-42.
doi: 10.1016/j.celrep.2016.07.045

Tseng YH, Kokkotou E, Schulz TJ, Huang TL, Winnay JN, Taniguchi CM,
et al. New role of bone morphogenetic protein 7 in brown adipogenesis and
energy expenditure. Nature (2008) 454(7207):1000-4. doi: 10.1038/
nature07221

Thomas M, Langley B, Berry C, Sharma M, Kir S, Bass ], et al. Myostatin, a
negative regulator of muscle growth, functions by inhibiting myoblast
proliferation. J Biol Chem (2000) 275:40235-43. doi: 10.1074/
jbc.M004356200

Zimmers TA, Davies MV, Koniaris LG, Haynes P, Esquela AF, Tomkinson
KN, et al. Induction of cachexia in mice by systemically administered
myostatin. Science (2002) 296:1486-8. doi: 10.1126/science.1069525
Massague J, Chen YG. Controlling TGFp signaling. Genes Dev (2000)
14(6):627-44.

McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in
mice by a new TGF-beta superfamily member. Nature (1997) 387(6628):83—
90. doi: 10.1038/387083a0

McPherron AC, Lee SJ. Double muscling in cattle due to mutations in the
myostatin gene. Proc Natl Acad Sci USA (1997) 94(23):12457-61.
doi: 10.1073/pnas.94.23.12457

Kambadur R, Sharma M, Smith TP, Bass J]. Mutations in myostatin (GDF8)
in double-muscled Belgian Blue and Piedmontese cattle. Genome Res (1997)
7(9):910-6. doi: 10.1101/gr.7.9.910

Clop A, Marcq F, Takeda H, Pirottin D, Tordoir X, Bibe B, et al. A mutation
creating a potential illegitimate microRNA target site in the myostatin gene
affects muscularity in sheep. Nat Genet (2006) 38:813-8. doi: 10.1038/
ngl810

Schuelke M, Wagner KR, Stolz LE, Hubner C, Riebel T, Komen W, et al.
Myostatin mutation associated with gross muscle hypertrophy in a child. N
Engl ] Med (2004) 350:2682-8. doi: 10.1056/NEJM0a040933

Lebrasseur NK. Building muscle, browning fat and preventing obesity by
inhibiting myostatin. Diabetologia (2012) 55:13-7. doi: 10.1007/s00125-011-
2361-8

Bernardo BL, Wachtmann TS, Cosgrove PC, Kuhn M, Opsahl AC, Judkins
KM, et al. Postnatal PPAR delta activation and myostatin inhibition exert
distinct yet complimentary effects on the metabolic profile of obese insulin-
resistant mice. PloS One (2010), e113075. doi: 10.1371/journal.pone.0011307
Zhang L, Rajan V, Lin E, Hu Z, Han HQ, Zhou X, et al. Pharmacological
inhibition of myostatin suppresses systemic inflammation and muscle
atrophy in mice with chronic kidney disease. FASEB J (2011) 5(6):e11307.
doi: 10.1096/1j.10-176917

Choi S, Yablonka-Reuveni Z, Kaiyala KJ, Ogimoto K, Schwartz MW, Wisse
BEIncreased energy expenditure and leptin sensitivity account for low fat
mass in myostatin-deficient mice. American Journal of Physiology.
Endocrinol Metab (2011) 300:E1031-7. doi: 10.1152/ajpendo.00656.2010
Kim WK, Choi HR, Park SG, Ko Y, Bae KH, Lee SC. Myostatin inhibits
brown adipocyte differentiation via regulation of Smad3-mediated B-catenin
stabilization. Intern ] Biochem Cell Biol (2012) 44:327-34. doi: 10.1016/
j.biocel.2011.11.004

Braga M, Pervin S, Norris K, Bhasin S, Singh R. Inhibition of in vitro and
in vivo brown fat differentiation program by myostatin. Obesity (2013)
21:1180-8. doi: 10.1002/0by.20117

Frontiers in Endocrinology | www.frontiersin.org

100

April 2021 | Volume 12 | Article 653179


https://doi.org/10.2337/db14-0466
https://doi.org/10.2337/db14-1117
https://doi.org/10.1016/j.metabol.2013.10.004
https://doi.org/10.1016/j.metabol.2013.10.004
https://doi.org/10.1128/MCB.00596-14
https://doi.org/10.1371/journal.pbio.1001314
https://doi.org/10.1371/journal.pgen.1003626
https://doi.org/10.1371/journal.pgen.1003626
https://doi.org/10.1016/j.tcb.2017.04.005
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.1016/j.metabol.2005.05.024
https://doi.org/10.2337/diabetes.49.8.1374
https://doi.org/10.1016/j.bbadis.2008.01.006
https://doi.org/10.2337/dc09-0476
https://doi.org/10.2337/db08-1378
https://doi.org/10.1016/j.semnephrol.2012.04.009
https://doi.org/10.1074/jbc.M800902200
https://doi.org/10.1016/j.tibs.2010.07.003
https://doi.org/10.1128/MCB.06575-11
https://doi.org/10.1210/en.2012-1016
https://doi.org/10.1152/ajpcell.00290.2013
https://doi.org/10.2337/db14-1127
https://doi.org/10.1073/pnas.1215236110
https://doi.org/10.1073/pnas.1215236110
https://doi.org/10.1093/jmcb/mjw019
https://doi.org/10.1016/j.cell.2012.02.066
https://doi.org/10.1016/j.cell.2012.02.066
https://doi.org/10.1016/j.celrep.2016.07.045
https://doi.org/10.1038/nature07221
https://doi.org/10.1038/nature07221
https://doi.org/10.1074/jbc.M004356200
https://doi.org/10.1074/jbc.M004356200
https://doi.org/10.1126/science.1069525
https://doi.org/10.1038/387083a0
https://doi.org/10.1073/pnas.94.23.12457
https://doi.org/10.1101/gr.7.9.910
https://doi.org/10.1038/ng1810
https://doi.org/10.1038/ng1810
https://doi.org/10.1056/NEJMoa040933
https://doi.org/10.1007/s00125-011-2361-8
https://doi.org/10.1007/s00125-011-2361-8
https://doi.org/10.1371/journal.pone.0011307
https://doi.org/10.1096/fj.10-176917
https://doi.org/10.1152/ajpendo.00656.2010
https://doi.org/10.1016/j.biocel.2011.11.004
https://doi.org/10.1016/j.biocel.2011.11.004
https://doi.org/10.1002/oby.20117
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Pervin et al.

Follistatin/Myostatin/TGF-Beta Signaling in Adipose Browning

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Asterholm IW, Scherer PE. Enhanced metabolic flexibility associated with
elevated adiponectin levels. Am ] Pathol (2010) 176(3):1364-76.
doi: 10.2353/ajpath.2010.090647

Combs TP, Pajvani UB, Berg AH, Lin Y, Jelicks LA, Laplante M, et al. A
transgenic mouse with a deletion in the collagenous domain of adiponectin
displays elevated circulating adiponectin and improved insulin sensitivity.
Endocrinology (2004) 145:367-83. doi: 10.1210/en.2003-1068

Zhang C, McFarlane C, Lokireddy S, Masuda S, Ge X, Gluckman PD, et al.
Inhibition of myostatin protects against diet-induced obesity by enhancing
fatty acid oxidation and promoting a brown adipose phenotype in mice.
Diabetologia (2012) 55:183-93. doi: 10.1007/s00125-011-2304-4

Cai C, Qian L, Jiang S, Sun Y, Wang Q, Ma D, et al. Loss-of-function
myostatin mutation increases insulin sensitivity and browning of white fat in
Meishan pigs. Oncotarget (2017) 8:34911-22. doi: 10.18632/oncotarget.
16822

Shan T, Liang X, Bi P, Kuang S. Myostatin knockout drives browning of
white adipose tissue through activating the AMPK-PGCla-Fndc5 pathway
in muscle. FASEB ] (2013) 27:1981-9. doi: 10.1096/1j.12-225755

Dong J, Dong Y, Dong Y, Chen F, Mitch WE, Zhang L. Inhibition of
myostatin in mice improves insulin sensitivity via irisin-mediated cross talk
between muscle and adipose tissues. Int ] Obes (Lond) (2016) 40:434-42.
doi: 10.1038/ij0.2015.200

Kong X, Banks A, Liu T, Kazak L, Rao RR, Cohen P, et al. IRF4 is a key
thermogenic transcriptional partner of PGC-lca. Cell (2014) 158:69-83.
doi: 10.1016/j.cell.2014.04.049

Guo W, Wong S, Bhasin S. AAV-mediated administration of myostatin pro-
peptide mutant in adult Ldlr null mice reduces diet-induced hepatosteatosis
and arteriosclerosis. PloS One (2013) 8(8):e71017. doi: 10.1371/
journal.pone.0071017

Berbée JF, Boon MR, Khedoe PP, Bartelt A, Schlein C, Worthmann A, et al.
Brown fat activation reduces hypercholesterolaemia and protects from
atherosclerosis development. Nat Commun (2015) 6:6356. doi: 10.1038/
ncomms7356

Bartelt A, John C, Schaltenberg N, Berbée JFP, Worthmann A, Cherradi ML,
et al. Thermogenic adipocytes promote HDL turnover and reverse
cholesterol transport. Nat Commun (2017) 8:15010. doi: 10.1038/
ncomms15010

Hoeke G, Kooijman S, Boon MR, Rensen PC, Berbée JF. Role of brown fat in
lipoprotein metabolism and atherosclerosis. Circ Res (2016) 118:173-82.
doi: 10.1161/CIRCRESAHA.115.306647

Pydi SP, Cui Z, He Z, Barella LF, Pham J, Cui Y, et al. Beneficial metabolic
role of B-arrestin-1 expressed by AgRP neurons. Sci Adv (2020) 6(23):
eaazl1341. doi: 10.1126/sciadv.aaz1341

Zhang Y, Li R, Meng Y, Li S, Donelan W, Zhao Y, et al. Irisin stimulates
browning of white adipocytes through mitogen-activated protein kinase p38
MAP kinase and ERK MAP kinase signaling. Diabetes (2014) 63(2):514-25.
doi: 10.2337/db13-1106

Mahgoub MO, D’Souza C, Al Darmaki RSMH, Baniyas MMYH, Adeghate
E. An update on the role of irisin in the regulation of endocrine and
metabolic functions. Peptides (2018) 104:15-23. doi: 10.1016/j.peptides.
2018.03.018

Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A PGC1-0.-
dependent myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature (2012) 481:463-8. doi: 10.1038/nature10777

Lee P, Linderman JD, Smith S, Brychta RJ, Wang J, Idelson C, et al. Irisin and
FGF21 are cold-induced endocrine activators of brown fat function in
humans. Cell Metab (2014) 19:302-9. doi: 10.1016/j.cmet.2013.12.017
Moreno-Navarrete JM, Ortega F, Serrano M, Guerra E, Pardo G, Tinahones
F, et al. Irisin is expressed and produced by human muscle and adipose tissue
in association with obesity and insulin resistance. J Clin Endocrinol Metab
(2013) 98:E769-78. doi: 10.1210/jc.2012-2749

Hojlund K, Bostrom P. Irisin in obesity and type 2 diabetes. J Diabetes
Complicat (2013) 27:303-4. doi: 10.1016/j.jdiacomp.2013.04.002

Zhang HJ, Zhang XF, Ma ZM, Pan LL, Chen Z, Han HW, et al. Irisin is
inversely associated with intrahepatic triglyceride contents in obese adults.
J Hepatol (2013) 59:557-62. doi: 10.1016/j.jhep.2013.04.030

Crujeiras AB, Pardo M, Casanueva FF. Irisin: ‘fat’ or artefact. Clin Endocrinol
(2015) 82:467-74. doi: 10.1111/cen.12627

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Raschke S, Eckel J. Adipo-myokines: two sides of the same coin-mediators of
inflammation and mediators of exercise. Mediators Inflamm (2013)
2013:320724. doi: 10.1155/2013/320724

Albrecht E, Norheim F, Thiede B, Holen T, Ohashi T, Schering L, et al. Irisin
- a myth rather than an exercise-inducible myokine. Sci Rep (2015) 5:8889.
doi: 10.1038/srep08889

Erickson HP. Irisin and FNDC5 in retrospect: An exercise hormone or a
transmembrane receptor? Adipocyte (2013) 2:289-93. doi: 10.4161/
adip.26082

Huh JY, Panagiotou G, Mougios V, Brinkoetter M, Vamvini MT, Schneider
BE, et al. FNDC5 and irisin in humans: I. Predictors of circulating
concentrations in serum and plasma and II. mRNA expression and
circulating concentrations in response to weight loss and exercise.
Metabolism (2012) 61:1725-38. doi: 10.1016/j.metabol.2012.09.002
Timmons JA, Davidsen PK, Atherton PJBK. Is irisin a human exercise gene?
Nature (2012) 488:E9-10. doi: 10.1038/naturel1364

Crujeiras AB, Zulet MA, Lopez-Legarrea P, de la Iglesia R, Pardo M, Carreira
MG, et al. Association between circulating irisin levels and the promotion of
insulin resistance during the weight maintenance period after a dietary
weight-lowering program in obese patients. Metabolism (2014) 63:520-31.
doi: 10.1016/j.metabol.2013.12.007

de la Iglesia R, Lopez-Legarrea P, Crujeiras AB, Pardo M, Casanueva FF,
Zulet MA, et al. Plasma irisin depletion under energy restriction is associated
with improvements in lipid profile in metabolic syndrome patients. Clin
Endocrinol (Oxf) (2014) 81:1-6. doi: 10.1111/cen.12383

Lopez-Legarrea P, de la Iglesia R, Crujeiras AB, Pardo M, Casanueva FF,
Zulet MA, et al. Higher baseline irisin concentrations are associated with
greater reductions in glycemia and insulinemia after weight loss in obese
subjects. Nutr Diabetes (2014) 4:¢110. doi: 10.1038/nutd.2014.7

Park KH, Zaichenko L, Brinkoetter M, Thakkar B, Sahin-Efe A, Joung KE, et al.
Circulating irisin in relation to insulin resistance and the metabolic syndrome. J
Clin Endocrinol Metab (2013) 98:4899-907. doi: 10.1210/jc.2013-2373
Pérez-Sotelo D, Roca-Rivada A, Baamonde I, Baltar ], Castro Al, Dominguez
E, et al. Lack of Adipocyte-Fndc5/Irisin Expression and Secretion Reduces
Thermogenesis and Enhances Adipogenesis. Sci Rep (2017) 7(1):16289.
doi: 10.1038/541598-017-16602-z

Chen N, Li Q, Liu J, Jia S. Irisin, an exercise-induced myokine as a metabolic
regulator: an updated narrative review. Diabetes Metab Res Rev (2016) 32
(1):51-9. doi: 10.1002/dmrr.2660

Vaughan RA, Gannon NP, Barberena MA, Garcia-Smith R, Bisoffi M,
Mermier CM, et al. Characterization of the metabolic effects of irisin on
skeletal muscle in vitro. Diabetes Obes Metab (2014) 16:711-8. doi: 10.1111/
dom.12268

Arhire LI, Mihalache L, Covasa M. Irisin: A Hope in Understanding and
Managing Obesity and Metabolic Syndrome. Front Endocrinol (Lausanne)
(2019) 10:524. doi: 10.3389/fendo.2019.00524

Gao S, Li FL, Huang Y, Liu Y, Chen Y. Effects and molecular mechanism of
GST-Irisin on lipolysis and autocrine function in 3T3-L1 adipocytes. PloS
One (2016) 11:e0147480. doi: 10.1371/journal.pone.0147480

Tang HR, Yu S, Liu B, Huwatibieke Z, Li W, Zhang W. Irisin inhibits hepatic
cholesterol synthesis via AMPK-SREBP2 signaling. EBio Med (2016) 6:139-
48. doi: 10.1016/j.ebiom.2016.02.041

Duan H, Ma B, Ma X, Wang H, Ni Z, Wang B, et al. Anti-diabetic
activity of recombinant irisin in STZ-induced insulin-deficient diabetic
mice. Int ] Biol Macromol (2016) 84:457-63. doi: 10.1016/j.ijbiomac.
2015.04.030

Xiong XQ, Chen D, Sun HJ, Ding L, Wang JJ, Chen Q, et al. FNDC5 over-
expression and irisin ameliorate glucose/lipid metabolic derangements and
enhance lipolysis in obesity. Biochim Biophys Acta (2015) 1852:1867-75.
doi: 10.1016/j.bbadis.2015.06.017

Li H, Zhang C, Liu J, Xie W, Xu W, Liang F, et al. Intraperitoneal
administration of follistatin promotes adipocyte browning in high-fat diet-
induced obese mice. PloS One (2019) 14(7):0220310. doi: 10.1371/
journal.pone.0226344

Xie C, Zhang Y, Tran DN, Wang H, Li S, George EV, et al. Irisin Controls
Growth, Intracellular Ca2+ Signals, and Mitochondrial Thermogenesis in
Cardiomyoblasts. PloS One (2015) 10(8):e0136816-e0136816. doi: 10.1371/
journal.pone.0136816

Frontiers in Endocrinology | www.frontiersin.org

101

April 2021 | Volume 12 | Article 653179


https://doi.org/10.2353/ajpath.2010.090647
https://doi.org/10.1210/en.2003-1068
https://doi.org/10.1007/s00125-011-2304-4
https://doi.org/10.18632/oncotarget.16822
https://doi.org/10.18632/oncotarget.16822
https://doi.org/10.1096/fj.12-225755
https://doi.org/10.1038/ijo.2015.200
https://doi.org/10.1016/j.cell.2014.04.049
https://doi.org/10.1371/journal.pone.0071017
https://doi.org/10.1371/journal.pone.0071017
https://doi.org/10.1038/ncomms7356
https://doi.org/10.1038/ncomms7356
https://doi.org/10.1038/ncomms15010
https://doi.org/10.1038/ncomms15010
https://doi.org/10.1161/CIRCRESAHA.115.306647
https://doi.org/10.1126/sciadv.aaz1341
https://doi.org/10.2337/db13-1106
https://doi.org/10.1016/j.peptides.2018.03.018
https://doi.org/10.1016/j.peptides.2018.03.018
https://doi.org/10.1038/nature10777
https://doi.org/10.1016/j.cmet.2013.12.017
https://doi.org/10.1210/jc.2012-2749
https://doi.org/10.1016/j.jdiacomp.2013.04.002
https://doi.org/10.1016/j.jhep.2013.04.030
https://doi.org/10.1111/cen.12627
https://doi.org/10.1155/2013/320724
https://doi.org/10.1038/srep08889
https://doi.org/10.4161/adip.26082
https://doi.org/10.4161/adip.26082
https://doi.org/10.1016/j.metabol.2012.09.002
https://doi.org/10.1038/nature11364
https://doi.org/10.1016/j.metabol.2013.12.007
https://doi.org/10.1111/cen.12383
https://doi.org/10.1038/nutd.2014.7
https://doi.org/10.1210/jc.2013-2373
https://doi.org/10.1038/s41598-017-16602-z
https://doi.org/10.1002/dmrr.2660
https://doi.org/10.1111/dom.12268
https://doi.org/10.1111/dom.12268
https://doi.org/10.3389/fendo.2019.00524
https://doi.org/10.1371/journal.pone.0147480
https://doi.org/10.1016/j.ebiom.2016.02.041
https://doi.org/10.1016/j.ijbiomac.2015.04.030
https://doi.org/10.1016/j.ijbiomac.2015.04.030
https://doi.org/10.1016/j.bbadis.2015.06.017
https://doi.org/10.1371/journal.pone.0226344
https://doi.org/10.1371/journal.pone.0226344
https://doi.org/10.1371/journal.pone.0136816
https://doi.org/10.1371/journal.pone.0136816
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Pervin et al.

Follistatin/Myostatin/TGF-Beta Signaling in Adipose Browning

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Welt C, Sidis Y, Keutmann HT, Schneyer A. Activins, inhibins and
follistatins: from endocrinology to signalling—a paradigm for the new
millennium. Exp Biol Med (2002) 227:724-52. doi: 10.1177/
153537020222700905

Sidis Y, Mukherjee A, Keutmann H, Delbaere A, Sadatsuki M, Schneyer A.
Biological activity of follistatin isoforms and follistatin-like-3 is dependent on
differential cell surface binding and specificity for activin, myostatin, and
bone morphogenetic proteins. Endocrinology (2006) 147:3586-97.
doi: 10.1210/en.2006-0089

Amthor H, Nicholas G, McKinnell I, Kemp CF, Sharma M, Kambadur R,
et al. Follistatin complexes Myostatin and antagonises Myostatin-mediated
inhibition of myogenesis. Dev Biol (2004) 270(1):19-30. doi: 10.1016/
j.ydbio.2004.01.046

Hedger MP, Winnall WR, Phillips DJ, de Kretser DM. The regulation
and functions of activin and follistatin in inflammation and immunity.
Vitam Horm (2011) 85:255-97. doi: 10.1016/B978-0-12-385961-
7.00013-5

Temura S, Yamamoto TS, Takagi C, Uchiyama H, Natsume T, Shimasaki S, et al.
Direct binding of follistatin to a complex of bone-morphogenetic protein and its
receptor inhibits ventral and epidermal cell fates in early Xenopus embryo. Proc
Natl Acad Sci USA (1998) 95(16):9337-42. doi: 10.1073/pnas.95.16.9337
Shimasaki S, Koga M, Esch F, Cooksey K, Mercado M, Koba A, et al. Primary
structure of the human follistatin precursor and its genomic organization.
Proc Natl Acad Sci USA (1988) 85:4218-22. doi: 10.1073/pnas.85.12.4218
Inouye S, Guo Y, DePaolo L, Shimonaka M, Ling N, Shimasaki S.
Recombinant expression of human follistatin with 315 and 288 amino
acids: chemical and biological comparison with native porcine follistatin.
Endocrinology (1991) 129:815-22. doi: 10.1210/endo-129-2-815

Tsuchida K, Arai KY, Kuramoto Y, Yamakawa N, Hasegawa Y, Sugino H.
Identification and characterization of a novel follistatin-like protein as a
binding protein for the TGF-beta family. ] Biol Chem (2000) 275:40788-96.
doi: 10.1074/jbc.M006114200

Schneyer A, Sidis Y, Xia Y, Saito S, del Re E, Lin HY, et al. Differential actions
of follistatin and follistatin-like 3. Mol Cell Endocrinol (2004) 225(1-2):25-8.
doi: 10.1016/j.mce.2004.02.009

Schneyer A, Schoen A, Quigg A, Sidis Y. Differential binding and
neutralization of activins A and B by follistatin and follistatin like-3
(FSTL-3/FSRP/FLRG). Endocrinology (2003) 144:1671-4. doi: 10.1210/
en.2002-0203

Tortoriello DV, Sidis Y, Holtzman DA, Holmes WE, Schneyer AL. Human
follistatin-related protein: a structural homologue of follistatin with nuclear
localization. Endocrinology (2001) 142:3426-34. doi: 10.1210/endo.142.8.8319
Inouye S, Guo Y, Ling N, Shimasaki S. Site-specific mutagenesis of
human follistatin. Biochem Biophys Res Commun (1991) 179(1):352-8.
doi: 10.1016/0006-291x(91)91377-0

Brown ML, Bonomi L, Ungerleider N, Zina J, Kimura F, Mukherjee A, et al.
Follistatin and follistatin like-3 differentially regulate adiposity and glucose
homeostasis. Obesity (Silver Spring) (2011) 19(10):1940-9. doi: 10.1038/
0by.2011.97

Lee YS, Lee SJ. Regulation of GDF-11 and myostatin activity by GASP-1 and
GASP-2. Proc Natl Acad Sci U S A (2013) 110(39):E3713-22. doi: 10.1073/
pnas.1309907110

Lee SJ. Extracellular Regulation of Myostatin: A Molecular Rheostat for
Muscle Mass. Immunol Endocr Metab Agents Med Chem (2010) 10:183-94.
doi: 10.2174/187152210793663748

Matzuk MM, Lu N, Vogel H, Sellheyer K, Roop DR, Bradley A. Multiple
defects and perinatal death in mice deficient in follistatin. Nature (1995) 374
(6520):360-3. doi: 10.1038/374360a0

Gilson H, Schakman O, Kalista S, Lause P, Tsuchida K, Thissen JP. Follistatin
induces muscle hypertrophy through satellite cell proliferation and
inhibition of both myostatin and activin. Am ] Physiol Endocrinol Metab
(2009) 297:E157-64. doi: 10.1152/ajpendo.00193.2009

Haidet AM, Rizo L, Handy C, Umapathi P, Eagle A, Shilling C, et al. Long-
term enhancement of skeletal muscle mass and strength by single gene
administration of myostatin inhibitors. Proc Natl Acad Sci USA (2008)
105:4318-22. doi: 10.1073/pnas.0709144105

Kota J, Handy CR, Haidet AM, Montgomery CL, Eagle A, Rodino-Klapac
LR, et al. Follistatin gene delivery enhances muscle growth and strength in

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

nonhuman primates. Sci Transl Med (2009) 1(6):6ral5. doi: 10.1126/
scitranslmed.3000112

Nakatani M, Takehara Y, Sugino H, Matsumoto M, Hashimoto O, Hasegawa
Y, et al. Transgenic expression of a myostatin inhibitor derived
from follistatin increases skeletal muscle mass and ameliorates dystrophic
pathology in mdx mice. FASEB ] (2008) 22:477-87. doi: 10.1096/fj.07-
8673com

Mendell JR, Sahenk Z, Malik V, Gomez AM, Flanigan KM, Lowes LP, et al.
A phase 1/2a follistatin gene therapy trial for becker muscular dystrophy.
Mol Ther (2015) 23:192-201. doi: 10.1038/mt.2014.200

Singh R, Bhasin S, Braga M, Artaza JN, Pervin S, Taylor WE, et al. Regulation of
myogenic differentiation by androgens: cross talk between androgen receptor/
beta-catenin and follistatin/transforming growth factor-beta signaling pathways.
Endocrinology (2009) 150(3):1259-68. doi: 10.1210/en.2008-0858

Braga M, Bhasin S, Jasuja R, Pervin S, Singh R. Testosterone inhibits
transforming growth factor-p signaling during myogenic differentiation
and proliferation of mouse satellite cells: potential role of follistatin in
mediating testosterone action. Mol Cell Endocrinol (2012) 350(1):39-52.
doi: 10.1016/j.mce.2011.11.019

Braga M, Reddy ST, Vergnes L, Pervin S, Grijalva V, Stout D, et al. Follistatin
promotes adipocyte differentiation, browning, and energy metabolism.
J Lipid Res (2014) 55(3):375-84. doi: 10.1194/jlr.M039719

Tang R, Harasymowicz NS, Wu CL, Collins KH, Choi YR, Oswald §J, et al.
Gene therapy for follistatin mitigates systemic metabolic inflammation and
post-traumatic arthritis in high-fat diet-induced obesity. Sci Adv (2020) 6
(19):eaaz7492. doi: 10.1126/sciadv.aaz7492

Lee SJ, McPherron AC. Regulation of myostatin activity and muscle growth. Proc
Natl Acad Sci USA (2001) 98(16):9306-11. doi: 10.1073/pnas.151270098

Singh R, Braga M, Reddy ST, Lee SJ, Parveen M, Grijalva V, et al. Follistatin
Targets Distinct Pathways To Promote Brown Adipocyte Characteristics in
Brown and White Adipose Tissues. Endocrinology (2017) 158(5):1217-30.
doi: 10.1210/en.2016-1607

Singh R, Pervin S, Lee SJ, Kuo A, Grijalva V, David J, et al. Metabolic
profiling of follistatin overexpression: a novel therapeutic strategy for
metabolic diseases. Diabetes Metab Syndr Obes (2018) 11:65-84.
doi: 10.2147/DMS0.S159315

Robidoux J, Cao W, Quan H, Daniel KW, Moukdar F, Bai X, et al. Selective
activation of mitogen-activated protein (MAP) kinase kinase 3 and p38alpha
MAP kinase is essential for cyclic AMP-dependent UCP1 expression in
adipocytes. Mol Cell Biol (2005) 25(13):5466-79. doi: 10.1128/
MCB.25.13.5466-5479.2005

Cao W, Medvedev AV, Daniel KW, Collins S. Beta-adrenergic activation of
p38 MAP kinase in adipocytes: cCAMP induction of the uncoupling protein 1
(UCP1) gene requires p38 MAP kinase. ] Biol Chem (2001) 276(29):27077—
82. doi: 10.1074/jbc.M 101049200

Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessi-Fulgheri P, Zhang C, et al.
Cardiac natriuretic peptides act via p38 MAPK to induce the brown fat
thermogenic program in mouse and human adipocytes. J Clin Invest (2012)
122:1022-36. doi: 10.1172/JCI59701

Arturo RR, Cecilia C, Senin LL, Landrove MO, Javier B, Ana BC, et al.
FNDC5/irisin is not only a myokine but also an adipokine. PloS One (2013) 8
(4):€60563. doi: 10.1371/journal.pone.0060563

Hill BG. Insights into an adipocyte whitening program. Adipocyte (2015) 4
(1):75-80. doi: 10.4161/21623945.2014.960351

Peirce V, Carobbio S, Vidal-Puig A. The different shades of fat. Nature (2014)
510(7503):76-83. doi: 10.1038/nature13477

Abdullahi A, Jeschke MG. Taming the flames: targeting white adipose tissue
browning in hypermetabolic conditions. Endocr Rev (2017) 38(6):538-49.
doi: 10.1210/er.2017-00163

Fabbiano S, Suarez-Zamorano N, Rigo D, Veyrat-Durebex C, Stevanovic DA,
Colin DJ, et al. Caloric restriction leads to browning of white adipose tissue
through type 2 immune signaling. Cell Metab (2016) 24:434-46.
doi: 10.1016/j.cmet.2016.07.023

Zhou Y, Jiang L, Rui L. Identification of MUP1 as a regulator for glucose and
lipid metabolism in mice. J Biol Chem (2009) 284(17):11152-9. doi: 10.1074/
jbc.M900754200

Hui X, Zhu W, Wang Y, Lam KSL, Zhang ], Wu D, et al. Major urinary
protein-1 increases energy expenditure and improves glucose intolerance

Frontiers in Endocrinology | www.frontiersin.org

April 2021 | Volume 12 | Article 653179


https://doi.org/10.1177/153537020222700905
https://doi.org/10.1177/153537020222700905
https://doi.org/10.1210/en.2006-0089
https://doi.org/10.1016/j.ydbio.2004.01.046
https://doi.org/10.1016/j.ydbio.2004.01.046
https://doi.org/10.1016/B978-0-12-385961-7.00013-5
https://doi.org/10.1016/B978-0-12-385961-7.00013-5
https://doi.org/10.1073/pnas.95.16.9337
https://doi.org/10.1073/pnas.85.12.4218
https://doi.org/10.1210/endo-129-2-815
https://doi.org/10.1074/jbc.M006114200
https://doi.org/10.1016/j.mce.2004.02.009
https://doi.org/10.1210/en.2002-0203
https://doi.org/10.1210/en.2002-0203
https://doi.org/10.1210/endo.142.8.8319
https://doi.org/10.1016/0006-291x(91)91377-o
https://doi.org/10.1038/oby.2011.97
https://doi.org/10.1038/oby.2011.97
https://doi.org/10.1073/pnas.1309907110
https://doi.org/10.1073/pnas.1309907110
https://doi.org/10.2174/187152210793663748
https://doi.org/10.1038/374360a0
https://doi.org/10.1152/ajpendo.00193.2009
https://doi.org/10.1073/pnas.0709144105
https://doi.org/10.1126/scitranslmed.3000112
https://doi.org/10.1126/scitranslmed.3000112
https://doi.org/10.1096/fj.07-8673com
https://doi.org/10.1096/fj.07-8673com
https://doi.org/10.1038/mt.2014.200
https://doi.org/10.1210/en.2008-0858
https://doi.org/10.1016/j.mce.2011.11.019
https://doi.org/10.1194/jlr.M039719
https://doi.org/10.1126/sciadv.aaz7492
https://doi.org/10.1073/pnas.151270098
https://doi.org/10.1210/en.2016-1607
https://doi.org/10.2147/DMSO.S159315
https://doi.org/10.1128/MCB.25.13.5466-5479.2005
https://doi.org/10.1128/MCB.25.13.5466-5479.2005
https://doi.org/10.1074/jbc.M101049200
https://doi.org/10.1172/JCI59701
https://doi.org/10.1371/journal.pone.0060563
https://doi.org/10.4161/21623945.2014.960351
https://doi.org/10.1038/nature13477
https://doi.org/10.1210/er.2017-00163
https://doi.org/10.1016/j.cmet.2016.07.023
https://doi.org/10.1074/jbc.M900754200
https://doi.org/10.1074/jbc.M900754200
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Pervin et al.

Follistatin/Myostatin/TGF-Beta Signaling in Adipose Browning

159.

160.

161.

162.

163.

164.

165.

166.

167.

through enhancing mitochondrial function in skeletal muscle of diabetic
mice. J Biol Chem (2009) 284(21):14050-7. doi: 10.1074/jbc.M109.001107
Davey JR, Estevez E, Thomson RE, Whitham M, Watt KI, Hagg A, et al.
Intravascular Follistatin gene delivery improves glycemic control in a mouse
model of type 2 diabetes. FASEB J (2020) 34(4):5697-714. doi: 10.1096/
1j.201802059RRR

Zhao C, Qioa C, Tang R-H, Jiang J, Li ], Martin CB, et al. Overcoming insulin
insufficiency by forced follistatin expression in B-cells of db/db mice. Mol
Ther (2015) 23:866-74. doi: 10.1038/mt.2015.29

Xia JY, Holland WL, Kusminski CM, Sun K, Sharma AX, Pearson MJ, et al.
Targeted induction of ceramide degradation leads to improved systemic
metabolism and reduced hepatic steatosis. Cell Metab (2015) 22(2):266-78.
doi: 10.1016/j.cmet.2015.06.007

Barber MN, Risis S, Yang C, Meikle PJ, Staples M, Febbraio MA, et al. Plasma
lysophosphatidylcholine levels are reduced in obesity and type 2 diabetes.
PloS One (2012) 7(7):e41456. doi: 10.1371/journal.pone.0041456
McCormack SE, Shaham O, McCarthy MA, Deik AA, Wang TJ, Gerszten RE,
etal. Circulating branched-chain amino acid concentrations are associated with
obesity and future insulin resistance in children and adolescents. Pediatr Obes
(2013) 8(1):52-61. doi: 10.1111/7.2047-6310.2012.00087.x

Lynch CJ, Adams SH. Branched-chain amino acids in metabolic signalling
and insulin resistance. Nat Rev Endocrinol (2014) 10(12):723-36.
doi: 10.1038/nrendo.2014.171

Martinez-Fernandez L, Laiglesia LM, Huerta AE, Martinez JA, Moreno-
Aliaga MJ. Omega-3 fatty acids and adipose tissue function in obesity and
metabolic syndrome. Prostaglandins Other Lipid Mediat (2015) 121(Pt
A):24-41. doi: 10.1016/j.prostaglandins.2015.07.003

Kim J, Okla M, Erickson A, Carr T, Natarajan SK, Chung S.
Eicosapentaenoic acid potentiates brown thermogenesis through FFAR4-
dependent Up-regulation of miR-30b and miR-378. J Biol Chem (2016) 291
(39):20551-62. doi: 10.1074/jbc.M116.721480

Butte NF, Liu Y, Zakeri IF, Mohney RP, Mehta N, Voruganti VS, et al. Global
metabolomic profiling targeting childhood obesity in the Hispanic
population. Am ] Clin Nutr (2015) 102(2):256-67. doi: 10.3945/
ajcn.115.111872

168.

169.

170.

171.

172.

173.

174.

Singh R, Charles R. (2017). Drew University of Medicine and Science-
Assignee; United States Patents, US9682093B2.

LiJX, Cummins CL. Getting the Skinny on Follistatin and Fat. Endocrinology
(2017) 158(5):1109-12. doi: 10.1210/en.2017-00223

Hansen ], Brandt C, Nielsen AR, Hojman P, Whitham M, Febbraio MA, et al.
Exercise induces a marked increase in plasma follistatin: evidence
that follistatin is a contraction-induced hepatokine. Endocrinology (2011)
152(1):164-71. doi: 10.1210/en.2010-0868

Collins S, Surwit RS. The beta-adrenergic receptors and the control of
adipose tissue metabolism and thermogenesis. Recent Prog Horm Res
(2001) 56:309-28. doi: 10.1210/rp.56.1.309

Zheng Z, Liu X, Zhao Q, Zhang L, Li C, Xue Y. Regulation of UCP1 in the
Browning of Epididymal Adipose Tissue by B3-Adrenergic Agonist: A Role
for MicroRNAs. Int ] Endocrinol (2014) 2014:530636. doi: 10.1155/2014/
530636

Douris N, Stevanovic DM, Fisher FM, Cisu T1, Chee M]J, Nguyen NL, et al.
Central Fibroblast Growth Factor 21 Browns White Fat via Sympathetic
Action in Male Mice. Endocrinology (2015) 156(7):2470-81. doi: 10.1210/
en.2014-2001

Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, et al.
FGF21 regulates PGC-lalpha and browning of white adipose tissues in
adaptive thermogenesis. Genes Dev (2012) 26(3):271-81. doi: 10.1101/
gad.177857.111

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Pervin, Reddy and Singh. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

103

April 2021 | Volume 12 | Article 653179


https://doi.org/10.1074/jbc.M109.001107
https://doi.org/10.1096/fj.201802059RRR
https://doi.org/10.1096/fj.201802059RRR
https://doi.org/10.1038/mt.2015.29
https://doi.org/10.1016/j.cmet.2015.06.007
https://doi.org/10.1371/journal.pone.0041456
https://doi.org/10.1111/j.2047-6310.2012.00087.x
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1016/j.prostaglandins.2015.07.003
https://doi.org/10.1074/jbc.M116.721480
https://doi.org/10.3945/ajcn.115.111872
https://doi.org/10.3945/ajcn.115.111872
https://doi.org/10.1210/en.2017-00223
https://doi.org/10.1210/en.2010-0868
https://doi.org/10.1210/rp.56.1.309
https://doi.org/10.1155/2014/530636
https://doi.org/10.1155/2014/530636
https://doi.org/10.1210/en.2014-2001
https://doi.org/10.1210/en.2014-2001
https://doi.org/10.1101/gad.177857.111
https://doi.org/10.1101/gad.177857.111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

:\' frontiers

in Endocrinology

REVIEW
published: 19 April 2021
doi: 10.3389/fendo.2021.651763

OPEN ACCESS

Edited by:
Xinran Ma,
East China Normal University, China

Reviewed by:

Craig Porter,

University of Arkansas for Medical
Sciences, United States

Rubén Cereijo,

University of Barcelona, Spain
Lawrence Kazak,

MecGill University, Canada

*Correspondence:
Qiong A. Wang
qwang@coh.org

Specialty section:

This article was submitted to
Cellular Endocrinology,

a section of the journal
Frontiers in Endocrinology

Received: 10 January 2021
Accepted: 18 March 2021
Published: 19 April 2021

Citation:

Shinde AB, Song A and Wang QA
(2021) Brown Adipose Tissue
Heterogeneity, Energy
Metabolism, and Beyond.

Front. Endocrinol. 12:651763.
doi: 10.3389/fendo.2021.651763

Check for
updates

Brown Adipose Tissue
Heterogeneity, Energy Metabolism,
and Beyond

Abhijit Babaji Shinde’, Anying Song’ and Qiong A. Wang "?*

" Department of Molecular & Cellular Endocrinology, Arthur Riggs Diabetes and Metabolism Research Institute, Beckman
Research Institute, City of Hope Medical Center, Duarte, CA, United States, 2 Comprehensive Cancer Center, Beckman
Research Institute, City of Hope Medical Center, Duarte, CA, United States

Brown adipocyte in brown adipose tissue (BAT) specializes in expending energy through
non-shivering thermogenesis, a process that produces heat either by uncoupling protein 1
(UCP1) dependent uncoupling of mitochondrial respiration or by UCP1 independent
mechanisms. Apart from this, there is ample evidence suggesting that BAT has an
endocrine function. Studies in rodents point toward its vital roles in glucose and lipid
homeostasis, making it an important therapeutic target for treating metabolic disorders
related to morbidities such as obesity and type 2 diabetes. The rediscovery of
thermogenically active BAT depots in humans by several independent research groups
in the last decade has revitalized interest in BAT as an even more promising therapeutic
intervention. Over the last few years, there has been overwhelming interest in
understanding brown adipocyte’s developmental lineages and how brown adipocyte
uniquely utilizes energy beyond UCP1 mediated uncoupling respiration. These new
discoveries would be leveraged for designing novel therapeutic interventions for
metabolic disorders.

Keywords: brown adipocyte development, brown adipocyte heterogeneity, thermogenesis, brown adipocyte
energy metabolism, obesity

INTRODUCTION

Adipose tissue, one of the most plastic organs, is now widely accepted as an essential player in
maintaining whole-body energy homeostasis (1, 2). Three different types of adipocytes that exist in
mammals are white adipocytes, brown adipocytes, and beige or brite (stands for brown in white)
adipocytes (3-6). Brown adipocytes and white adipocytes form a major part of brown adipose tissue
(BAT) and white adipose tissue (WAT), respectively. In these adipose tissues, in addition to
adipocytes, there are also stem cells, preadipocytes (committed adipocyte precursors), immune cells,
fibroblasts, and endothelial cells. Both BAT and WAT appear as several discrete depots located
throughout the body (7). Metabolically, WAT specializes in storing energy in the form of
triglycerides. BAT expends energy via non-shivering thermogenesis, a process that involves
dissipation of heat generated via uncoupling of mitochondrial respiration mediated by
uncoupling protein 1 (UCP1) (8, 9). Morphologically, white adipocytes have unilocular lipid
droplets, fewer mitochondria, and no expression of UCP1. Brown adipocytes have multilocular lipid
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droplets, high mitochondria content, and high expression of
UCP1 (3-5). We recently showed that there are two
subpopulations of brown adipocytes which co-exist in the BAT
of mice (10). One subpopulation has high thermogenic activity
with high UCPI1 expression, and the other one has low
thermogenic activity with low UCP1 expression. Conversely,
beige adipocytes usually appear in the WAT depots in
response to external cues such as cold exposure, exercise, or
adrenergic stimulation. Although similar to white adipocytes
they have low UCP1 expression, with external stimuli they can be
activated to increase both UCP1 expression as well as respiration
rate. Furthermore, they show a molecular signature that is
distinct from either white or brown adipocytes (11, 12).

It is now evident that heterogeneity exists within the
thermogenic adipocytes in both rodents and humans. Studying
the developmental lineages of this heterogeneous cell population
along with the investigation of the key mechanisms involved in the
activation and thermoregulation of these adipocytes will enable us
to identify novel therapeutic targets to treat metabolic disorders. In
this review, we will discuss the developmental origins of BAT
along with its heterogeneity followed by its developmental
timeline. We will also summarize the recent works on BAT
metabolism and fuel selection.

DEVELOPMENTAL ORIGINS
AND HETEROGENEITY OF BAT

Early lineage tracing studies suggested that brown adipocytes are
closer to skeletal muscles in developmental origin than white
adipocytes. Atit et al. showed that cells from mouse embryo
central dermomyotome, which express the homeobox
transcription factor Engrailed 1 at E9.5 give rise to
interscapular BAT (iBAT), dermis, and skeletal muscles (13).
After this observation, several other studies were published
supporting the same notion that BAT and skeletal muscles
share the common progenitors. Using a Myf5“™ driver crossed
to a cytoplasmic reporter, the Spiegelman group elegantly
showed that Myf5" cells contribute to iBAT and skeletal
muscles but not to any WAT depots (14). They also
demonstrated that PR domain zinc-finger protein 16
(PRDM16) acts as a molecular switch between myoblast and
brown fat cell lineages (14). Another study using an inducible
Cre under the control of the Pax7 promoter also showed that
Pax7" progenitors labeled at E9.5 give rise to iBAT. They also
found that the myogenic restriction of the Pax7" lineage occurs
at the later stage in between E9.5 and E12.5 (15). Also,
microarray analysis demonstrated that brown preadipocytes
show myogenic transcription signature (16). Furthermore,
when compared at transcriptome as well as proteome levels,
brown fat mitochondria were found to share many similarities
with muscle mitochondria (17). Remarkably, several factors
including Ewing Sarcoma (EWS), Zinc Finger Protein 516
(ZFP516), Euchromatic Histone Lysine Methyltransferase 1
(EHMT1), early B cell factor-2 (EBF2), TATA-Box Binding
Protein Associated Factor 7 Like (TAF7L), and some

microRNAs (MyomiR-133, Mir193b-365) have been shown to
affect cell fate decision between brown fat and muscle (14, 18-
25). Using Myf5“" crossed to R26R-mTmG reporter, the Guertin
group suggested that brown adipocytes are not exclusively
derived from Myf5 lineage, and this lineage also contributes to
white and beige adipocyte populations (26, 27). They also traced
a couple of other myoblast-specific markers viz. Pax3 and
MyoD1 and found that Pax3 lineage was represented more
broadly in the global brown adipocyte population, while
MyoD1“ did not trace any of the brown adipocyte population
confirming that they do not arise from MyoDI lineage (26).
Furthermore, some other studies have also reported the
heterogeneous adipocyte labeling with Myf5 lineage (28, 29).
Altogether, these studies suggest that brown adipocytes from
different depots or even within the same depots could derive
from different embryonic lineages. Moreover, another recent
report described that only 50% of adipocytes in iBAT derive
from Pax7" lineage originating from the central dermomyotome
(30); which initially was thought to be a sole source of iBAT.
Several groups have reported the heterogeneous UCP1
expression as well as mitochondrial potential in brown
adipocytes (31-34). Spaethling et al. using a single-cell RNA
sequencing (scRNA-seq) of nine handpicked mature brown
adipocytes showed a transcriptome variability of brown
adipocytes. In addition to variability in the expression of well-
known brown adipocyte markers such as UCP1 and Adrb3, they
also identified differential expression of various transporters as
well as receptors for neurotransmitters, cytokines, and hormones
(32). Similarly, recent work from our lab reported a high degree
of functional diversity in the iBAT of mice. More precisely, using
a scRNA-seq of mature brown adipocytes we identified two
metabolically distinct brown adipocytes; high thermogenic (BA-
H) and low thermogenic (BA-L). For thermogenic activity/
function, we refer to the ability of the brown adipocyte to get
activated to significantly increase substrates oxidization. BA-H is
the classical thermogenic population with high UCP1 expression,
high mitochondrial content as well as high respiration rate. On
the contrary, a novel BA-L population had low UCP1 expression,
low mitochondrial content, a respiratory rate that is intermediate
between white adipocytes and BA-H, but similar respiration
potential (Figure 1) (10). Further investigation of the lineage and
metabolic functions of this newly identified novel BA-L
population will help uncover new cellular mechanisms of
thermogenic regulation in BAT. Interestingly, a very recent
report, using single nucleus RNA-sequencing (snRNA-seq),
identified a unique, rare subpopulation of regulatory brown
adipocytes (35). This novel subpopulation that increases in
abundance at higher environmental temperature modulates the
thermogenic activity of neighboring adipocytes. The higher
number of these cells in humans as compared to mice may
explain the lower thermogenic capacity of human BAT. It is
important to note here that none of these studies (except one by
Bertholet et al.) including ours measured mitochondrial
respiration in presence of GDP which represents a direct
UCP1 dependent respiration. Seahorse Xfe mitochondrial
stress test is utilized commonly by researchers to report the
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Brown adipocyte type

High thermogenic (BA-H)

Low thermogenic (BA-L)

Ucp1 expression High Low
Mitochondrial content High Low
Mitochondrial morphology Round shaped Oval Shaped
Mitochondrial membrane .
potential LW alldn
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FIGURE 1 | Distinct features of high and low thermogenic adipocytes. Relative to the high thermogenic brown adipocytes (BA-H), the low thermogenic brown
adipocytes (BA-L) have lower UCP1 expression, low mitochondrial content, high mitochondrial membrane potential, and distinct mitochondrial morphology. These
cells have a lower basal respiration rate, but a similar maximum respiration rate. They also have larger lipid droplets, and a higher fatty acid uptake rate (10).

thermogenic or UCP1 function in brown adipocytes. However, it
is not a direct measure of UCP1 activity. Although BA-L
population has lower UCP1 protein level, it is not determined
if these UCP1 protein has similar activity as UCP1 in the BA-H
cells. Our future plan is to use GDP as a direct inhibitor of UCP1
in the mitochondrial stress test to measure UCP1 dependent
thermogenic activity (36).

The biggest disadvantage of scRNA-seq is the possible
alterations in gene expression because of dissociation and cell
isolation procedures used while making single-cell suspensions.
Although single-cell/nucleus sequencing technologies can dissect
the cellular heterogeneity of the tissue at high resolution, the
spatial information however is lost in the process. To help retain
such information recent technologies such as spatial
transcriptomics (37) and multiplexed in situ hybridization (38,
39), or visium spatial gene expression analysis (40) should be
utilized along with sn/scRNA-seq. At the moment, even if spatial
transcriptomics technologies do not provide a resolution at a
single-cell level, progress is being made to achieve it by every
passing day. Its application to frozen tissues is one important
advantage though, making it a valuable resource for precious
samples such as banked human biopsies. Lastly, integrating other
omics technologies with sn/scRNA-seq to quantify proteins (41),
cell surface epitopes (42) and chromatin accessibility (43)
simultaneously will allow us a better understanding not only of
the heterogeneity of these cells but also the cellular interactions
present in the tissue. Finally, whether these distinct adipocyte
types really represent distinct cell types or whether they are just
the same cell types under distinct metabolic states remains to be
further studied.

In humans, BAT was initially thought to exist only in infants
to cope with the cold conditions during and after birth and
eventually become metabolically inactive and disappear during
adulthood. However, the presence of active BAT has been
reported in outdoor workers from northern Finland as early as
1981 (44). Furthermore, there are several reports based on PET/
CT scans of pheochromocytoma patients suggesting the presence
of active BAT in adult humans (45-47). Later on other dedicated
cold exposure as well as retrospective studies confirmed these
observations (48-53). A recent report has defined several
additional novel brown fat depots in mice, which are
anatomically comparable and share molecular similarities with
humans (54). An earlier study found the overlap between brown
and beige molecular markers in human supraclavicular BAT
(55). Later, the Kajimura group, using genetic profiling of
clonally derived human brown adipocytes, elegantly showed
that their molecular signatures were closely associated with
those of mouse beige adipocytes (56, 57). This also led to the
identification of human brown adipocyte molecular markers
such as potassium channel K3 and mitochondrial tumor
suppressor 1, which were found to be essential for beige
adipogenesis in mice (56, 57). Using genetic profiling approach
for preadipocytes derived from human neck fat, the Tseng group
identified CD29 as a surface marker that specifically marks
preadipocytes with high thermogenic potential (58).
Furthermore, human beige adipocytes derive from the
progenitors residing in the capillary network and have been
shown to proliferate in response to pro-angiogenic factors (59).
Interestingly, a recent study suggested that brown adipocytes, but
not beige adipocytes of the physiologically humanized mouse
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had the thermogenic potential. They also found that the BAT of
these mice closely resembles that of adult humans both
morphologically as well as transcriptionally (60). It is
important to note here that the difference between this study
and the earlier study (57) is that the earlier study used young
mice housed in standard conditions and were fed a normal chow
diet. In the recent study by the Petrovic laboratory, they used
physiologically humanized mice that are middle-aged, have been
fed a high-fat diet, and are housed at thermoneutral
temperatures. Lately, the housing temperature of mice for the
metabolic studies has been questionable as standard conditions
represent higher basal metabolic rate (BMR) in mice than that
humans show at thermoneutrality. A recent report by Fischer
et al. suggested housing mice at higher temperatures such as 30°C
to achieve BMR comparable to resting humans (61), however as
per Keijer et al. the best temperatures to achieve comparable
BMR are between 25.5 - 27.6°C (62). So, it is important to
consider housing temperatures and diets while planning and
even comparing different mouse studies involving metabolic
analyses. Lastly, the fact that only brown adipocytes and not
the beige adipocytes of humanized mice retain thermogenic
capacity, suggests the decreased thermocapacity of beige
adipocytes during aging, thus making BAT an attractive target
for therapeutics of metabolic disorders. Nevertheless, these data
provide important insights into the heterogeneous nature of both
rodent and human thermogenic adipocytes.

In summary, brown adipocytes within BAT represent high
heterogeneity, and characterization of these distinct subpopulations
will enable us to elucidate BAT thermogenic functions and
regulations in detail. BAT’s heterogeneous nature offers new critical
aspects to consider for future attempts that pursue novel therapeutic
targets that activate BAT thermogenesis.

TIMELINE OF BAT DEVELOPMENT

BAT depots appear earlier than WAT depots during
embryogenesis (3). Also, most studies reporting such
information have studied only a classic BAT depot iBAT. Early
studies in rodents like mice and rats using mRNA measurements
of mitochondrial markers such as cytochrome oxidase, UCP]I,
and ATP synthase found clusters of brown adipocytes appearing
in the interscapular region around E15-16. UCP1 expression in
these cells was hardly detectable during early embryogenesis and
was found to be abruptly increased just before the birth around
E18-19. This suggests the functional transformation of these cells
into thermogenic competent brown adipocytes around E18-19
(63, 64). Another study used immunostaining of master
regulator of adipogenesis, PPARYy (65, 66), to identify iBAT
depots and found differentiating brown adipocytes as early as
E14.5 (28). In a very recent report, in-situ hybridization of
another critical factor involved in adipogenesis, C/EBPo. (67,
68), demonstrated that the differentiation of adipocytes in iBAT
starts at E12.5 and is functionally complete at E17.5 in the mouse
embryo (69). Using the AdipoChaser mouse model based on
adiponectin promoter (70), we recently suggested that the

development of brown adipocytes in the iBAT starts as early as
E10, and is most active at E14 (10). The generation of new brown
adipocytes finishes by E16, as there were no new brown
adipocytes labeled beyond this point. Furthermore, we showed
that the heterogeneity in the iBAT cell population is achieved
shortly after birth, around two weeks postnatally (10). Apart
from the classic iBAT depot, several other BAT depots analogous
to those observed in humans have been recently identified and
characterized (54, 71). However, it remains unknown if they
share a similar developmental timeline.

Postnatally, the BAT is a very plastic tissue and has been
shown to undergo dramatic morphological alterations when
exposed to different environmental temperatures. When
exposed to thermoneutral temperature (30° C) as compared to
standard housing conditions (22-24° C), brown adipocytes in
mice undergo hypertrophic expansion with lipid droplets
coalescing into a unilocular lipid droplet, leading to WAT like
morphology as well gene expression profile. However, these cells
maintain their molecular identity and are ready to go back to the
classical morphology (72, 73). The Granneman group showed
that the cold exposure at 4°C could induce brown adipogenesis
in mice and their genetic lineage tracing model demonstrated
that new adipocytes are derived from PDGFRo" progenitors.
Such de novo brown adipogenesis was restricted to the dorsal
edge region of the iBAT (74). It remains unknown if long-term
cold exposure can induce brown adipocyte recruitment in other
BAT depots. Our work showed that cold exposure within a few
days alters brown adipocytes’ heterogeneity, converting low-
thermogenic brown adipocytes into high-thermogenic brown
adipocytes (10). Both obesity and aging have been associated
with the reduction of BAT thermogenic capacity (75, 76).
Interestingly, the phenomenon of dynamic interconversion of
BA-L and BA-H was not affected by the high-fat diet (HFD)
feeding, but it declined with age (10). These observations
provide important insights into the mechanisms of BAT
thermoregulation and might help explaining its reduced
thermogenic capacity during aging. It will be interesting to
investigate the molecular mechanisms that regulate and
balance the equilibrium between de novo brown adipogenesis
and interconversion of high and low thermogenic brown
adipocytes after cold exposure.

NON-SHIVERING THERMOGENESIS
IN BAT

Adaptive thermogenesis is the most important metabolic function
of BAT. There are two types of adaptive thermogenesis: cold-
induced thermogenesis (77) and diet-induced thermogenesis
(78). Skeletal muscle-based shivering accounts for a portion of
cold-induced thermogenesis. However, with the cold adaptation
non-shivering thermogenesis in BAT becomes prominent (79).
The primary mechanism of BAT non-shivering thermogenesis
involves the uncoupling of the mitochondrial respiratory chain,
which is mediated via UCP1; a proton transporter located on the
inner mitochondrial membrane (8, 9, 80-82). This uncoupling
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results in increased substrate oxidation and dissipation of energy
in the form of heat (83, 84). The rich vascularity of BAT helps in
redistributing the generated heat across the body for temperature
homeostasis (84). BAT is also highly innervated by sympathetic
neurons (85). During cold exposure, activation of 33-adrenergic
receptors by norepinephrine leads to lipid catabolism liberating
free fatty acids and also induces the expression of UCP1 as well as
other pro-thermogenic genes (3, 86). Apart from catecholamines
some other non-sympathetic molecules such as triiodothyronine
(T3), hepatic bile acids, and various retinoids have also been
shown to play a role in the thermogenic activation of brown
adipocytes (3). Classical studies performed using isolated BAT
mitochondria have suggested an essential role of fatty acids as a
regulator of brown adipocyte mitochondrial respiration (87, 88).
A recent study using a patch-clamp measurement of UCP1
currents in BAT mitochondria found that fatty acids serve as
an anion transporter to transport protons across the inner
mitochondrial membrane. Both short-chain fatty acids and
long-chain fatty acids are associated with UCP1. However,
long-chain fatty acids are unable to dissociate because of
hydrophobic interaction (89). Moreover, cold exposure has
been shown to increase the activities of several antioxidant
enzymes such as superoxide dismutase, catalase, glutathione
peroxidases, and glutathione reductase in rat BAT suggesting
elevated oxidative stress in BAT during thermogenesis (90).

Interestingly, several recent studies revealed that elevating the
levels of reactive oxygen species (ROS), using genetic or
pharmacological approaches, increased whole-body energy
expenditure and protected against diet-induced obesity, along
with increased brown adipocyte mitochondrial respiration (91-
94). These observations suggest a critical role of elevated ROS in
the thermogenic regulation of brown adipocytes. Furthermore,
Cys253 of UCPI has been recently shown to be sulfenylated by
increased mitochondrial ROS in activated brown adipocytes, and
this modification was found to be an important regulatory
mechanism of UCP1-dependent thermogenesis (95). Moreover,
succinylation of lysine residues (K56 and K151) of UCP1 by
Sirtuin 5 has been suggested to modulate its stability and activity
(96). When there is no thermal stress, UCP1 is usually thought to
be functionally inhibited by purine nucleotides (97, 98). A recent
report showed that the activation of brown adipocytes by
adrenergic stimulation resulted in the degradation of these
purine nucleotides in brown adipocytes both in vivo and in
vitro, leading to the activation of UCP1 (99). These observations
emphasize an essential role of UCP1 in BAT thermogenesis and
further understanding of the regulation of its activity might
uncover novel mechanisms of thermoregulation.

Genetic ablation of UCP1 in mice led to fatal hypothermia
after cold exposure (100). Interestingly, the cold sensitivity of
these mice was dependent on the genetic background. Mice with
congenic C57BL/6] and 129/SvIim] backgrounds were cold-
sensitive, whereas those on F1 hybrid background were found
to be resistant to cold (101). Also, the effects of diet-induced
obesity on these mice were found to be temperature-dependent
(102, 103). Moreover, when UCP1-null mice were gradually
exposed to reduced environmental temperatures, they could

regain their ability to acclimatize to cold (104). These findings
suggest that UCP1-independent mechanisms of thermogenesis
may exist. As an alternate thermogenic mechanism, creatine
cycling was initially discovered in the murine beige adipocyte
mitochondria (34, 105). Ablation of the creatine synthesis rate-
limiting enzyme glycine amidinotransferase in an adipocyte-
specific manner in mice resulted in reduced BAT creatine
concentration and mild cold intolerance (106). Recently,
creatine kinase B (CKB), as the only isoenzyme in brown
adipocytes, is proven to be indispensable for the futile creatine
cycle-related thermogenesis (107). These studies revealed the
critical role of creatine cycling as an alternate thermoregulatory
mechanism in brown adipocytes.

BROWN ADIPOCYTE
ENERGY METABOLISM

As BAT has exceptionally high energy expenditure, it is not
surprising that it is an essential player in whole-body metabolic
regulation. As mentioned above, studies done using BAT
transplantation approaches suggested a major role of BAT in
glucose homeostasis in mice (108-110). Similarly, activating
BAT by cold exposure in humans led to improved whole-body
glucose homeostasis and insulin sensitivity in both healthy
individuals and individuals with type 2 diabetes (111, 112).
With Seahorse Analyzers, for the first time, we were able to
measure oxygen consumption in primary mature brown
adipocytes, which is largely different from BAT tissue chucks,
or in vitro cultured brown adipocyte differentiated from primary
stromal vascular fraction (10). These primary mature brown
adipocytes had 5-10 folds higher basal respiration, per cell,
compared to the cells in the stromal vascular fraction of the
same BAT, or mature white adipocytes from the same mouse
(10). This result further validated that brown adipocytes would
utilize energy at a much higher rate than other cell types, even at
the basal, unstimulated status.

Although BAT is known to have a high rate of glucose uptake,
fatty acids are commonly viewed as the primary fuel for
mitochondrial uncoupling respiration (49, 51, 52, 54, 113-
118). The Jiang group’s most recent work used in vivo [U-3C]
glucose tracing and demonstrated that BAT activation by
chronic cold exposure leads to increased glucose oxidation and
enhances glucose flux to mitochondrial tricarboxylic acid cycle
(119). Such increase in glucose uptake by adrenergic stimulation
is, however, found to be independent of UCP1 presence or
activity (120). Moreover, BAT has been shown to express
pyruvate carboxylase; which can further enhance the glucose
uptake by promoting anaplerosis (121). Mitochondrial pyruvate
carrier (MPC) connects cytosolic glycolysis and mitochondrial
glucose oxidation (122, 123). Most importantly, inhibition of
MPC in mice resulted in blockade of cold-induced glucose
oxidation in BAT, thereby impairing the body temperature
homeostasis (119). In line with this, another group also
showed that BAT-selective ablation of mitochondrial pyruvate
carrier 1 (MPC1) in mice led to impaired cold sensitivity and
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glucose handling (124). Moreover, MPC inhibition in in vitro
differentiated brown adipocytes, without any adrenergic
stimulation, resulted in increased mitochondrial fatty acid
oxidation and lipid cycling; thereby increasing the energy
expenditure (125). Thus, limiting pyruvate uptake in brown
adipocyte mitochondria could be an effective way of increasing
the energy expenditure in the absence of adrenergic stimulation.
These observations point toward an important role of glucose
oxidation in BAT thermogenesis.

Fatty acids and lipolytic agents have been shown to stimulate
respiration in brown adipocytes (126). Stimulation of B3-
adrenoreceptor results in increased uptake as well as utilization
of FFAs in BAT, but not in WAT (127). BAT uses circulating
FFAs after hydrolysis of triacylglycerol-rich lipoproteins (TRLs)
as a substrate for thermogenesis (128). Notably, lipoprotein
lipase (LPL), an enzyme that is required for this hydrolysis,
was induced several folds in BAT during cold acclimatization
(129). Moreover, this induction has been shown to contribute to
vascular lipoprotein homeostasis during cold exposure by
channeling TRLs to BAT (130). This effect can also be partly
attributed to the downregulation of a secreted protein
angiopoietin-like 4 which inhibits LPL activity. This
downregulation further potentiates the LPL activity, thereby
increasing the uptake of TRLs in BAT, leading to increased
systemic triglyceride clearance (131). Intriguingly, BAT volume
during thermoneutral or cold exposures was found to be
positively correlated to lipolysis, FFA cycling as well as
oxidation, and adipose insulin sensitivity in humans (132).
Global deletion of adipose triglyceride lipase (ATGL); a rate-
limiting enzyme involved in lipolysis of lipid droplet
triglycerides, resulted in defective cold adaptation in mice. This
suggested an essential role of ATGL in fueling thermogenesis by
locally derived FFAs (133). Indeed, adipocyte-specific ablation of
ATGL in mice led to the conversion of BAT to WAT-like tissue
and resulted in severely impaired thermogenesis (134). However,
recent studies using a BAT-specific inhibition of lipolysis using
genetic approaches suggested that BAT lipolysis is not essential
for cold-induced thermogenesis (135, 136). Cold intolerance
previously observed in global ATGL KO mice was attributed to
the impaired cardiac function. Another recent study that
impaired the triglyceride synthesis and storage in the BAT
lipid droplets by BAT-specific deletion of triglyceride synthesis
enzymes also suggested that BAT lipid droplets are dispensable
for cold-induced thermogenesis (137). While there is no doubt
that BAT could utilize a large amount of glucose and fatty acids,
it would be fascinating to explore further how brown adipocyte
selects the primary fuel for thermogenesis, and how this selection
would have a dynamic impact on whole-body glucose and
lipid homeostasis.

Apart from FFAs and glucose, branched-chain amino acids
(BCAAs) have also been shown to fuel BAT thermogenesis in
mice and humans (138). Interestingly, increased blood levels and
impaired metabolism of BCAAs, have been linked to the etiology
of type 2 diabetes (139, 140). These observations may provide a
novel link between impaired BAT thermogenesis and metabolic
disorders. Furthermore, the Kajimura group suggested that

stimulation of BCAA catabolism by activating BAT may
protect against insulin resistance development by preventing
the activation of mTOR signaling (138). Moreover, '*C-labeled
isotope tracing of preadipocytes and differentiated adipocytes
showed increased BCAA catabolism in differentiated adipocytes
as compared to proliferating cells, which used glucose and
glutamine to fuel the mitochondrial oxidation. Inhibition of
BCAA catabolism resulted in impaired adipogenesis,
suggesting an important functional role of BCAAs in adipocyte
differentiation (141). Additionally, the Chouchani group found a
significant accumulation of succinate (92), a tricarboxylic acid
cycle intermediates in cold-activated brown adipocytes, which
was independent of adrenergic signaling. Interestingly, the
administration of succinate to mice also led to the activation of
BAT thermogenesis. Mechanistically this effect was dependent
on succinate dehydrogenase generated ROS (92). Another recent
report showed that FFAs, released from white adipocytes in
response to cold exposure, induced hepatocyte nuclear factor 4
alpha mediated acylcarnitine production in the liver (142). This
led to increased plasma concentration of acylcarnitines, which
were taken up by BAT to fuel the thermogenesis. Most
importantly, supplementation with L-carnitine or
palmitoylcarnitine rescued the age-dependent cold sensitivity
in mice, suggesting an essential role of acylcarnitine
metabolism in age-induced impairment of thermogenesis
(142). Altogether, brown adipocytes utilize multiple substrates
as fuels for thermogenesis (Figure 2). Again, how brown
adipocytes perform fuel selection among all these substrates
remains mostly unknown, and yet it is unclear if there are
switches of fuel selections during aging or the development of
metabolic disorders.

Lastly, as mentioned earlier, it is important to perform BAT
metabolic studies in rodents at thermoneutral temperatures to
generate data that is comparable to humans. Although studies in
humans have confirmed the presence of thermoactive BAT, one
should note that the prevalence of BAT was increased only after
cold exposure. In warm conditions little to no BAT was detected
in these subjects (50-52). Moreover, overweight, and obese
subjects showed significantly lower BAT activity (52). Also,
such cold-induced BAT activation was higher during winter as
compared to summer (50). Furthermore, Yoneshiro et al. showed
that the cold-induced thermoactivation of BAT reduced during
aging; as the incidence of cold-activated BAT fell from about 50%
in the twenties to less than 10% in the fifties and sixties (75). So,
taken together factors such as temperature, age, and dietary
compositions should be carefully considered while performing
metabolic studies related to BAT or as a matter of fact related to
any other metabolically active organ in both rodents
and humans.

BAT AS AN ENDOCRINE ORGAN

The WAT is well established as an endocrine organ, secreting
adipokines such as adiponectin (143) and leptin (144). There is
recently ample evidence supporting the fact that BAT may act as

Frontiers in Endocrinology | www.frontiersin.org

109

April 2021 | Volume 12 | Article 651763


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Shinde et al.

Brown Adipocyte Heterogeneity and Metabolism

Acylcarnitines

Glucose

y

BCAAs

13258

/
=

TM

H+

ETC

cll 2 ’B

CII

H*

uncoupling protein I.

a unique endocrine organ by secreting some factors, so-referred
to as “batokines” (145). In the 1980s, Silva and Larsen found that
the enzyme type 2 iodothyronine deiodinase (DIO2) is
specifically expressed in BAT, and it converts thyroxine (T4) to
triiodothyronine (T3) (146). They also showed that its activity is
strongly induced during thermogenesis, and BAT serves as an
important site for both local and systemic T3 generation (147).
Both DIO2 and T3 have essential functions in regulating BAT
thermogenesis (148, 149). Fibroblast growth factor-21 (FGF21),
an essential player in glucose oxidation in multiple organs, was
found to be upregulated in BAT in response to cold exposure as
well as adrenergic stimulation (150, 151). Furthermore, cytokine
interleukin-6 (IL-6) is induced during thermogenesis in mouse
brown adipocytes (152). BAT from healthy mice, when
implanted in HFD fed mice, improved glucose homeostasis
and insulin sensitivity. This effect was found to be mediated
via endocrine actions of IL-6 as BAT implantation from IL-6 KO
mice failed to show such improvements (108). Likewise, the
insulin-independent reversal of type I diabetes (T1D) was
achieved when BAT from healthy mice was transplanted in the
streptozotocin-induced diabetic mouse model. Such
transplantation, if done before the induction, was even able to
prevent or significantly delay the development of T1D. This
antidiabetic effect of BAT implantation was attributed to insulin-
like growth factor-1 (IGF-1), which was upregulated in the tissue
transplants. It is supposed to mediate its effects via improving the
WAT inflammation, adipogenesis, and direct effect on insulin
receptors (109, 110). Like many other cell types, brown

FIGURE 2 | Fuel selection by brown adipocyte. Besides glucose and fatty acids, BAT utilizes a variety of substrates, including BCAAs, succinate, and liver-derived
acylcarnitines to fuel thermogenesis, more substrates to be discovered in the near future. However, the regulatory mechanisms of brown adipocyte fuel selection,
especially upon environmental temperature changes, and whether aging or metabolic disorders affect these processes remain unknown. FFAs, free fatty acids;
BCAAs, branched-chain amino acids; ETC, electron transport chain; Cl, complex I; Cll, complex II; Clll, complex Ill; CIV, complex IV; CV, complex V; UCP1,

adipocytes also secrete Vascular endothelial growth factor-A
(VEGF-A), a signaling protein that promotes the growth of
new blood vessels. VEGF-A is essential for the activation and
expansion of BAT (153). Importantly, another brown adipocyte
enriched factor neuregulin 4 (Nrg4) has been demonstrated by
the Lin laboratory to protect against diet-induced insulin
resistance as well as hepatic steatosis in mice. This is achieved
by negatively regulating the de novo lipogenesis in the liver and
by activating hepatic fatty acid oxidation (154, 155). Nrg4
transgenic mice also showed increased energy expenditure and
improvement of whole-body glucose metabolism (154, 155). The
Kahn laboratory recently discovered BAT-derived circulating
miRNAs, which control the gene expression in the liver,
especially that of FGF21. Mice lacking miRNA processing
enzyme, Dicer, specifically in adipose tissue, had improved
glucose tolerance (156). Furthermore, some lipid-derived
lipokines, such as 12,13-dihydroxy-9Z-octadecenoic acid
(12,13-diHOME) and 12-hydroxyeicosapentaenoic acid (12-
HEPE) are secreted specifically by BAT. 12,13-diHOME
promotes fatty acid uptake in skeletal muscle and BAT, leading
to enhanced cold tolerance and improved systemic triglyceride
clearing (157, 158). 12-HEPE, on the other hand, improved the
whole-body glucose homeostasis by increasing glucose uptake in
skeletal muscle and adipocytes (159). Lastly, secretome analyses
of brown adipocytes using modern-day proteomics and
transcriptomics approaches have identified several novel
batokine candidates including ependymin-related protein 1
(EPDR1) and phospholipid transfer protein (PLTP) (160-162).
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EPDRI was found to be an important commitment factor for
brown adipogenesis (161). Whereas, PLTP improved glucose and
lipid homeostasis via the regulation of liver lipoproteins and bile
acids (160). Lastly, recruitment of immune cells in BAT;
especially that of activated macrophages has been shown to be
associated with the thermogenic activation (163). Chemokine C-
X-C motif chemokine ligand-14 (CXCL14) is another example of
batokine secreted by BAT in response to adrenergic stimulation
and has been shown to play an important role in activation and
recruitment of macrophages to BAT during thermogenic
activation (164). Taken together, these recent studies
highlighted the function of BAT as a unique endocrine organ,
playing essential functions in regulating whole-body
metabolic homeostasis.

BAT CENTERED THERAPEUTIC
APPROACHES AND
FUTURE PERSPECTIVES

BAT plays an essential role in energy homeostasis. Upon
activation, BAT can function as an effective energy sink,
burning and disposing excess lipids and glucose.
Unfortunately, BAT activity declines during aging or the
development of metabolic disorders (49, 75, 165). Therefore,
enhancing BAT thermogenic activity has been an attractive
strategy for the treatment of obesity and type 2 diabetes.
Indeed, thermogenic activation of BAT either by cold exposure
(111, 113, 166, 167) or by adrenergic stimulation via B3-
adrenoreceptor (AR) agonist Mirabegron (168) showed
beneficial metabolic effects such as increased BAT glucose
uptake, improved insulin sensitivity, and weight loss in
humans. Furthermore, several synthetic molecules acting via
different mechanisms have recently been shown to activate
BAT in mice, increasing whole-body energy expenditure (169-
172). The clinical applications of these compounds are being
actively evaluated. Although activating BAT might seem an
exciting target for treating metabolic disorders, it is worth
noting that humans have various responses to the same
stimulation regarding BAT activity. BAT mass is negatively
correlated with age as well as diabetic status (173), making this
approach more challenging in aged as well as diabetic
individuals. BAT transplantation studies in mice have shown
the vital role of BAT in the regulation of adiposity, glucose
homeostasis, and insulin resistance (108-110, 174, 175).
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Emodin Improves Glucose and Lipid
Metabolism Disorders in Obese Mice
via Activating Brown Adipose Tissue
and Inducing Browning of White
Adipose Tissue

Long Cheng’, Shuofeng Zhang’, Fei Shang?, Yibo Ning', Zhiqi Huang', Runcheng He’,
Jianning Sun’ and Shifen Dong """

1 School of Chinese Materia Medica, Beijjing University of Chinese Medicine, Beijing, China, 2 Analytical and Testing Center,
Beijing University of Chemical Technology, Beijjing, China

Background: Adipose tissue (e.g. white, brown and brite) plays a critical role in
modulating energy metabolism. Activating brown adipose tissue (BAT) and inducing
browning in white adipose tissue (WAT) has been proposed to be a potential molecular
target for obesity treatment. Emodin is a natural anthraquinone derivative that exhibits
variety of pharmacologic effects including lowering lipids and regulating glucose utilization.
However, the underlying mechanism of action is still unclear. In the present study, we
investigated whether emodin could alleviate obesity via promoting browning process in
adipose tissue.

Methods: C57BL/6J mice were fed with high fat diet to induce obesity. Emodin at the
doses of 40 and 80 mg/kg were orally given to obesity mice for consecutive 6 weeks.
Parameters including fasting blood glucose, oral glucose tolerance, blood lipids, and the
ratios of subcutaneous white adipose tissue (sSCWAT) or BAT mass to body weight, and
morphology of adipose tissue were observed. Besides, the protein expression of
uncoupling protein 1 (UCP1) and prohibitin in BAT and scWAT was determined by
immunohistochemistry method. Relative mRNA expression of Cd7137, transmembrane
protein 26 (Tmem26) and Tbx1 in sScWAT was analyzed using gRT-PCR. And the protein
expression of UCP1, CD36, fatty acid transporter 4 (FATP4), peroxisome proliferator-
activated receptor alpha (PPARa) and prohibitin of sScWAT and BAT were analyzed using
western blotting. In addition, ultra-high-performance liquid chromatography with
electrospray ionization tandem mass spectrometry was utilized to detect the small lipid
metabolites of SCWAT and BAT.

Results: Emodin decreased the body weight and food intake in HFD-induced obesity
mice, and it also improved the glucose tolerance and reduced the blood lipids. Emodin
treatment induced beiging of WAT, and more multilocular lipid droplets were found in
scWAT. Also, emodin significantly increased markers of beige adipocytes, e.g. Cd137,
Tmem26 and Tbx7 mRNA in scWAT, and UCP1, CD36, FATP4, PPARa and prohibitin
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protein expression in sSCWAT and BAT. Furthermore, emodin perturbed the lipidomic
profiles in scWAT and BAT of obese mice. Emodin increased total ceramides (Cers),
lysophosphatidylcholines (LPCs), lyso-phosphatidylcholines oxygen (LPCs-0O), and
phosphatidylethanolamines oxygen (PEs-O) species concentration in scWAT.
Specifically, emodin significantly up-regulated levels of Cer (34:1), LPC (18:2), LPC-(O-
20:2), PC (0-40:7), PE (0-36:3), PE (O-38:6), PE (0-40:6), and sphingolipid (41:0) [SM
(41:0)], and down-regulated PC (O-38:0), PE (0-40:4), PE (O-40:5) in scCWAT of obesity
mice. In terms of lipid matabolites of BAT, the emodin remarkably increased the total PCs
levels, which was driven by significant increase of PC (30:0), PC (32:1), PC (32:2), PC
(83:4) and PC (38:0) species. In addition, it also increased species of LPCs, e.g. LPC
(20:0), LPC (20:1), LPC (22:0), LPC (22:1), LPC (24:0), and LPC (24:1). Especially, emodin
treatment could reverse the ratio of PC/PE in HFD-induced obese mice.

Conclusions: These results indicated that emodin could ameliorate adiposity and
improve metabolic disorders in obese mice. Also, emodin could promote browning in
sCWAT and activate the BAT activities. In addition, emodin treatment-induced changes to
the scWAT and BAT lipidome were highly specific to certain molecular lipid species,
indicating that changes in tissue lipid content reflects selective remodeling in scWAT and
BAT of both glycerophospholipids and sphingolipids in response to emodin treatment.

Keywords: emodin, obesity, brown adipose tissue, white adipose tissue, browning of white adipose tissue, lipid

metabolic signature

BACKGROUND

White adipose tissue (WAT) and brown adipose tissue (BAT) play a
critical role in modulating energy metabolism (1). The adipocytes
within WAT store large amounts of triglycerides as chemical energy
in unilocular droplets, which are released into circulation as needed.
WAT also functions to produce hormones and cytokines, regulates
immune system and supports local tissue frame (2). Increases in
WAT mass are directly associated with increased rates of metabolic
diseases such as obesity and type 2 diabetes (3). BAT is specialized
for energy expenditure, which is characterized by small multi-atrial
lipid droplets, abundant mitochondria and expresses uncoupling
protein 1 (UCP1) (4, 5). BAT dissipates energy as heat and stores
energy for use of non-shivering thermogenesis, which also plays a
significant role in energy regulation (5, 6). It has been confirmed
that when the body is stimulated by cold exposure (7) or activated by
B-adrenoceptors agonist (8), brown-like phenotypic adipocytes
(e.g. beige adipocytes) can be detected in WAT, which are
characterized by an increased number of mitochondria and

Abbreviations: WAT, white adipose tissue; BAT, brown adipose tissue; HFD,
high-fat diet; scWAT, subcutaneous white adipose tissue; UCP1, uncoupling
protein 1; PPAR0., Peroxisome proliferator-activated receptor alpha; PGC-1a,
Peroxisome proliferator activated receptor y coactivator-1o; PRDM16, positive
regulatory domain-containing 16; PHB, prohibitin, AMPK, AMP activated
protein kinase; SREBP, sterol regulatory element-binding protein; Tmem?26,
Transmembrane protein 26; TC, total cholesterol; TG, triglyceride; HDL-c,
high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol;
FFA, free fatty acid; AUC, area under circle; IR, insulin resistance; LCFA, long-
chain fatty acids; FATP 4, Fatty acid transporter 4; PC, Phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; SM, sphingolipid; Cer,
ceramides; LPC, lyso-phosphatidylcholine; LPE, lyso-phosphatidylethanolamine.

increased expression of brown fat marker genes (e.g. Ucpl, Pgc-
1o, Prdm16). The above process is called browning of WAT. Recent
studies showed that increasing metabolic activity of brown and
beige adipose tissue might be a novel way to ameliorate glucose and
lipid metabolism in obese patients (9-12). Furthermore, changes in
tissuelipid content reflects selective remodelingin scWAT and BAT
of both phospholipids and glycerol lipids in response to specific
conditions such as exercise training (1).

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a
natural anthraquinone derivative, and is the main component
of Rheum palmatum L (13). It has been reported to exhibit
anti-inflammatory, anti-bacterial, anti-cancer, anti-diabetic,
anti-ulcerogenic, immunosuppressive, pro-apoptotic and
chemopreventive activities (14-18). It has been found that the
emodin can regulate glucose utilization and lower lipids in
epididymal WAT by activating AMP activated protein kinase
(AMPK) pathway (19, 20). In addition, the emodin could inhibit
adipocyte differentiation and enhances osteoblast differentiation
from bone marrow mesenchymal stem cells (BMSCs) (21). And
it could improve the inactive glucocorticoid-induced adipose
tissue dysfunction by selective inhibition on 11f3-hydroxysteroid
dehydrogenase type 1 (11B3-HSD1) in 3T3-L1 adipocyte (22).
Our previous research also showed that emodin could inhibit the
accumulation of white adipocytes and inducing browning of
WAT in apolipoprotein E knockout (ApoE”") mice (23).
However, the effect of emodin on the lipid metabolic signature
of scWAT and BAT has not been investigated. Here, we report
the effect of emodin on adipose tissue in high fat diet-induced
obese mice, as well as a comprehensive analysis of lipid
composition in sc(WAT and BAT.
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MATERIALS AND METHODS

Chemicals and Reagents

Emodin (purity 95%) was purchased from Shanghai Yuanye
Biotechnology Co., Ltd. CL 316243 disodium salt was purchased
from APExBIO Technology LLC (Houston, USA). Biochemical
kits of serum total cholesterol (TC), triglyceride (TG), high-
density lipoprotein cholesterol (HDL-c), and low-density
lipoprotein cholesterol (LDL-c) were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Free fatty
acid (FFA) ELISA assay kit was purchased from Jiangsu Kete
Biotechnology Co., Ltd. (Jiangsu, China). Leptin ELISA assay kit
and adiponectin ELISA assay kit were purchased from cloud-
clone Corp. Wuhan (Wuhan, China).

Animals and Experimental Protocol
Eight-week-old male C57BL/6] mice weighing 18-22g were
purchased from Sibeifu (Beijing) Biotechnology Co., Ltd (grade
SPF, Certificate No: SCXK (jing) 2016-0002). Mice were
maintained at 23 + 1°C and 60-70% humidity with a 12h light/
dark cycle. The regular diet was a standard chow diet containing
3.65 kcal/g. And the high fat diet was 60% of kilocalories from
fat containing 5.24 kcal/g. Normal diet is purchased from
SBF (Beijing) Biotechnology Co., Ltd (Beijing, China,
0817SH08200438C). High fat diet was purchased from Beijing
huafukang Biotechnology Co., Ltd (Beijing, China, 20180376).

Mice were randomly divided into two groups according to
weight and fed with normal control diet (n=8) or fed with high
fat diet (HFD) for 8 weeks to induce hyperlipidemia. After 8
weeks of HFD, mice were randomly divided into four groups as
follows (n=8/group): HFD group, emodin 40 mg/kg group, and
emodin 80 mg/kg group, and CL 316243 1 mg/kg group. Mice in
normal control group and HFD group were administrated with
equal amount of 0.1% carboxymethyl cellulose-Na (CMC-Na).
Mice in emodin 40 and 80 mg/kg groups were taken emodin
(dissolved in 0.1% CMC-Na) by intragastric administration for
consecutive 6 weeks. Before dissection, mice in CL 316243 1 mg/
kg treatment group were intraperitoneally injected with 1mg/kg/
day of CL 316243 disodium salt for 3 days. All the animal studies
were in accordance with ethics standards of the Animal Care and
Welfare Committee of Beijing University of Chinese Medicine
(Certificate No. BUCM-04-2018070603-3015).

Oral Glucose Tolerance Test

After 6 weeks of intervention, the mice were fed by oral gavage
with 50% D-glucose (2.0 g/kg) after overnight (12 h) fasting.
Blood samples were taken from the tail 0, 30, 60, 90 and 120 min
after oral gavage, and glucose levels were measured by the One
Touch Ultra blood glucose monitoring system (ONETOUCH
Ultra Easy).

Measurement of Lee’s Index

At the end of the treatment, the body mass of the mice was
accurately weighed, and the body length (the distance from the
tip of the nose to the anus) was accurately measured, and then
the Lee’s index was calculated according to the reference (24).

Measurement of Adipose Tissue Mass/
Body Weights

Subcutaneous WAT (scWAT) mass and scapular brown adipose
tissues (BAT) mass were accurately weighed. The ratios of
scWAT mass to body weight (BW) and BAT mass to body
weight (BW) were calculated.

Serum Biochemical Analysis

Serum TC, TG, HDL-c and LDL-c levels were measured with the
method of biochemical kits (Nanjing Jiancheng, China). The
levels of FFA were determined by the Mouse FFA ELISA kit
(Kete, China). Serum leptin and adiponectin levels were analyzed
using the mouse leptin and adiponectin ELISA kit respectively
(Cloud-clone, China).

Histological and Immunohistochemical
Analysis

BAT and scWAT were fixed with 10% formalin, dehydrated,
embedded in paraffin and sectioned. For histological analysis,
sections were deparaffinized and stained with hematoxylin and
eosin. The expression of UCP1 (1:500, ab10983, Abcam) and
prohibitin (1:500, ab75766, Abcam) in mouse BAT and scWAT
was determined by immunohistochemistry. All images were
acquired with the microscope (Leica, Germany). The
expression level of UCP1 and prohibitin in BAT and scWAT
of the mice was quantified by using Image Pro Plus 6.0.

Quantitative Real-Time PCR Analysis

Total RNA of scWAT was extracted with Trizol® Reagent
(Ambion, USA). Reverse transcription of total RNA (1 ng) was
performed with Revert Aid First Stand cDNA Synthesis Kit
(Thermo Scientific, USA). Real-time quantitative PCR (qRT-
PCR) was performed with a SYBR Green Master Mix
(Novoprotein, China). The PCR reaction was operated in
triplicate for each sample using the Step One Real-Time PCR
System (Applied Biosystems, USA). After standardizing the
expression level of internal control actin in each sample, the
data were expressed in arbitrary units. The sequences of primer
in this study were shown in Table 1.

Western Blot Analysis

The homogenates of sc(WAT and BAT were dissolved in RIPA
lysate and protease inhibition for protein extraction. Sample
protein concentrations were measured using the bicinchoninic
acid (BCA) method (Beyotime). Total protein (10pg/Lane) was
separated on a 12% acrylamide/acrylamide gel using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

TABLE 1 | Primer sequences were used for quantitative real-time reverse
transcription polymerase chain reaction (QRT-PCR).

Gene name Forward (5’-3’) Reverse (5’-3’)

Cd137 GGTGGACAGCCGAACTGTAA  GCTGCTCCAGTGGTCTTCTT
Tmem26 AGTGTGAGCAAGAACTCGGG GATGGCCGGAGAAAGCCATT
Tbx1 CGCTACCGGTATGCTTTCCA  GTC CGAGGGGCCACAT
B-actin GGTGGGAATGGGTCAGAAGG GTTGGCCTTAGGGTTCAGGG
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and transferred to polyvinylidene difluoride (PVDF) membranes.
PVDF membranes containing protein were incubated with
specific anti-alpha tubulin antibody (1:5000, ab18251, Abcam),
anti-UCP1 antibody (1:1000, ab10983, Abcam), anti-Prohibitin
antibody (1:10000, ab75766, Abcam), anti-PPAR o antibody
(1:2000, ab8934, Abcam), anti-CD36 antibody (1:5000,
ab133625, Abcam), anti-slc27a4/FATP4 antibody (1:1000,
ab200353, Abcam), respectively. Then membranes were
incubated with HRP-conjugated Affinipure Goat Anti-Mouse
IgG (H+L) (1:5000, 20000175, proteintech) or HRP-conjugated
Affinipure Goat Anti-Rabbit IgG (H+L) (1:5000, 20000174,
proteintech). Protein bands were visualized using the ECL kit
(EMD millipore). Image was analyzed using Image-Pro-Plus 6.0.

Targeted Lipidomics Analysis

Tissue Sample Preparation

BAT and scWAT tissue samples were thawed on ice. Samples were
accurately weighed and then homogenized in the 1.5 mL
centrifuge tube using a Speed Mill Plus. Internal standards were
dissolved in 300pL of methanol [SPLASH® II LIPIDOMIX® Mass
Spec Standard (330709), Cer/Sph Mixture I (LM6002, Avanti),
12:0-13:0 PC (LM1000, Avanti), 12:0-13:0 PE (LM1100, Avanti)]
and added to each sample, and then extracted with 1mL of methyl
tert-butyl ether (MTBE) for 1 hour. The extraction was added
250 UL of water and pelleted in a 4°C centrifuge at 12,000 rpm for
5 min. 100 UL of the MTBE layer was transferred to a new 1.5 mL
centrifuge tube and dried in a Savant' SpeedVac' High
Capacity Concentrator. The dried sample was reconstituted with
400 pL of isopropanol/acetonitrile (1:1) and shaken for 40s. And
the dissolved matter was centrifuged at 12,000 for 5 min, and then
100 UL of the supernatant was transferred to a 200 UL vial insert
for liquid chromatography-mass spectrometry analysis.

Chromatography

ACQUITY Ultra Performance Liquid Chromatography (UPLC)
I-Class System (Waters, USA) with ACQUITY UPLC BEH Cg
Column (2.1 mmx100 mm, 1.7 um) was used to perform the
UPLC separation. For Cg separation, mobile phase A is
acetonitrile/water (60/40) and mobile phase B is acetonitrile/
isopropanol (90/10), and both A and B contain 0.1% formic acid
and 5 mM ammonium acetate (formate). The gradient
conditions were shown in Tables 2 and 3.

Quality Control

Five QC samples of adipose tissue were continuously injected at
the beginning of the sequence to monitor the UPLC-MS system
stability by the Overlay Graphs method using Mass Lynx
software. And QC samples were run at regular intervals (8
samples) throughout the entire sequence.

Mass Spectrometry

Electrospray ionization tandem mass spectrometry (XEVO TQ-S
Micro, Waters, USA) was used for mass spectrometry. And the
conduct conditions of ESI" and ESI" showed in Table 4.
Masslyxn4.1 was used for mass spectrometry data acquisition.

TABLE 2 | The gradient conditions for reversed phase Cg separation for lipids.

Time(min) A (v%) B (v%)
0 68 32
1.5 68 32
15.5 15 85
15.6 3 97
18 3 97
18.1 68 32
20 68 32

TABLE 3 | The gradient conditions for reversed phase Cg separation for fatty acids.

Time(min) A(v%) B(v%)
0 90 10
1.5 90 10
8 3 97
13 3 97
13.1 90 10
15 90 10

Statistical Analysis

The data of target metabolism group were operated by skyline
19.1. The parameters were set as follows: the quality extraction
error was 5 ppm and the allowable retention time error was 15s.
Other data were statistically analyzed using SAS 8.2 software. All
data were expressed as means + SE. Two-way analysis of variance
for repeated measures was used for body weight analysis (for the
effects of treatment and time). Other statistics was performed
using the one-way analysis of variance (ANOVA) followed by
SNK-q test. P-value<0.05 was considered as statistically significant.

RESULTS

Emodin Can Inhibit Obesity and Appetite
and Reduce Fat Mass in HFD Induced
Obese Mice

The HFD treated mice showed characteristics of obesity. When
compared with the control mice, parameters including body
weight, food intake, Lee’s index and scWAT/BW ratio were
significantly increased in HFD treated mice (by 51.6%, 41.1%,
8.5% and 39.1%, respectively). Emodin at the dose of 40 mg/kg
caused a significant reduction in body weight at week 5 and 6 (by
13.0% and 15.7%, respectively), and emodin 80 mg/kg caused a
remarkable reduction in body weight at week 3, 4, 5, 6 (by 11.1%,

TABLE 4 | Analysis condition of positive and negative electrospray ionization.

Parameter ESI* ESI’
Capillary voltage 3200V 2000V
Desolvation temperature 500°C 500°C
Source temperature 120°C 120°C
Desolvation gas flow 1000 L/h 1000/h
Cone gas flow 150 L/h 150 L/h
Nebuliser gas 7.0 bar 7.0 bar
Collision gas flow 0.13/h 0.13 /h
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12.6%, 12.6% and 13.9%, respectively), when compared with
HFD mice (Figure 1A).

Emodin (40 mg/kg, 80 mg/kg) significantly decreased the
food intake by 9.8% and 7.3%, respectively, when compared with
the obese mice (P <0.01 or P <0.05) (Figure 1B).

Lee’s index can be used as an indicator to evaluate the degree
of obesity in adult obese model mice (25). Emodin at the doses of
40 and 80 mg/kg and CL316243 (1 mg/kg) treatment group
could significantly reduce the Lee’s index, when compared with
HFD mice (P <0.01) (Figure 1C).

The ratio of scWAT to BW in mice treated with emodin
(40mg/kg, 80mg/kg) and CL316243 (1mg/kg) was significantly
decreased (by 39.1%, 46.4% and 40.9%, respectively), when
compared with the HFD mice (P < 0.01 or P < 0.05).
(Figure 1D).

The function of BAT is consuming glucose and lipids,
mediating the thermogenic effects of non-shivering, thereby
increasing energy expenditure (26). Interestingly, compared
with HFD mice, emodin (80 mg/kg) and CL 316243 (1 mg/kg)
treatment significantly decreased the ratio of BAT/BW (by 22.5%
and 47.5%, respectively (Figure 1E).

Emodin Ameliorates Abnormal Blood
Glucose and Blood Lipid in Mice Fed

With HFD

In this study, we investigated whether emodin improved glucose
tolerance in obese mice. The results indicated an impaired glucose
tolerance in HFD mice, and high fat diet significantly increased
AUC index, when compared with control mice (P <0.01). Emodin

at the doses of 40 and 80 mg/kg and CL316243 (1 mg/kg)
treatment significantly decreased AUC value (31.1%, 35.3% and
45.1% respectively), when compared with HFD mice (P <0.01)
(Figures 2A, B). These results suggested that emodin could
ameliorate glucose metabolism in obese mice.

To investigate whether emodin improved hyperlipidemia in
obese mice, blood lipid parameters were measured. When
compared with control mice, serum TC, TG, LDL-c, HDL-c
and FFA levels were significantly increased in obese mice
(P <0.01). When compared with obese mice, emodin (40 mg/kg,
80 mg/kg) could remarkably decrease serum TC, TG and LDL-c
by 15.1%-16.3%, 19.6%-34.0%, 52.9%-54.3%, respectively (P <0.01
or P <0.05) (Figures 2C-E), and emodin (80 mg/kg) could
remarkably decrease serum FFA levels (Figure 2G), but there
was no significant difference in the content of HDL in serum
(Figure 2F).

Leptin plays an important role in maintaining energy
metabolism and regulating adipose ratio (27). It was
demonstrated that the serum leptin content of HFD mice was
significantly increased by 574.3%, when compared with control
mice (P <0.01). Emodin (40 mg/kg, 80 mg/kg) and CL316243
(1 mg/kg) caused significant reduction in leptin levels (by 40.7%,
54.6% and 41.5%, respectively), when compared with HFD mice
(P <0.01) (Figure 2H).

As an endogenous insulin sensitizer secreted by adipose
tissue, reduction of adiponectin is an independent risk factor
for hyperlipidemia and diabetes (28). When compared with
control mice, serum adiponectin in HFD mice was significantly
decreased (P <0.01). Emodin (40 mg/kg, 80 mg/kg) treatment
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could significantly increase the serum adiponectin levels in HFD
mice (by 28.6% and 42.9%, respectively), when compared with
HFD mice (P <0.01 or P <0.05) (Figure 2I).

Emodin Induces Browning of scWAT in
Mice Fed With HFD

We analyzed the morphology of sc(WAT and the expression of
thermogenic protein UCP1 and mitochondrial membrane
protein prohibitin in scWAT (Figure 3A). When compared
with the control mice, the diameter of fat cells in HFD mice
increased and the number of cells per unit area decreased. When
compared with HFD mice, the adipocytes of the mice in the
emodin (40 mg/kg, 80 mg/kg) groups are small and tightly
arranged, with obvious nuclei. As an important thermogenic
protein, UCP1 is specifically expressed in BAT (6, 29).
Prohibitin, mainly located in the inner membrane of
mitochondria, plays an important role in maintaining
mitochondrial morphology, function and regulating energy
metabolism (30). Therefore, we measured the expression of
UCP1 and prohibitin protein in scWAT (Figure 3B). The
expression of UCP1 and prohibitin protein in scWAT of

emodin 80 mg/kg-treated group was significantly increased
(P <0.01), Compared with HFD mice. We also evaluated the
mRNA expression of beige adipocyte marker genes, such as
Cd137, Transmembrane protein 26 (Tmem26) and Tbxl. As
expected, the expression of several beige adipocyte marker
genes, including Cd137, Tmem26 and TbxIl, was significantly
upregulated in scWAT after emodin (80 mg/kg) and CL316243
(1 mg/kg) treatment (Figure 3C).

In order to confirm whether emodin can induce the browning
of scWAT, we measured thermogenic protein and fatty acid
transporter (Figure 3D). The expression of UCP1, prohibitin,
CD36, FATP4 and PPAR« protein in sc(WAT of emodin (80 mg/
kg) and CL316243 (1 mg/kg) treatment group increased
significantly, when compared with HFD mice (P <0.05 or
P <0.01) (Figures 3E-I). These results suggested that emodin
could induce the browning of sc(WAT in HFD mice.

Emodin Activates Brown Adipose Tissue in
Mice Fed With HFD

We also analyzed the morphology of BAT and the expression of
thermogenic protein UCP1 and mitochondrial membrane
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protein prohibitin in BAT (Figures 4A-C). When compared
with control mice, the diameter of fat cells in BAT of HFD mice
was significantly increased, the number of cells per unit area
decreased, and the number of white fat cells increased. This
indicates that long-term HFD feeding results in so-called
‘whitening’ of BAT. When compared with HFD mice, the
adipocytes of the mice in the emodin (40 mg/kg, 80 mg/kg)
groups are small and tightly arranged, with large and obvious
nuclei. We also measured the expression of UCP1 and prolibitin
protein in BAT. The expression of UCP1 and prohibitin protein
in BAT of emodin and CL316243-treated group was significantly
increased (P <0.05 or P <0.01), when compared with HFD mice.

To confirm that emodin can activate BAT of HFD mice, we
measured thermogenic protein and fatty acid transporter (Figure
4D). The expression of UCP1, prohibitin, CD36, FATP4 and
PPARa protein in BAT of emodin and CL316243-treated group
increased significantly, when compared with HFD mice (P <0.05
or P <0.01) (Figures 4E-I). These results suggested that emodin
could activate BAT in HFD mice.

Phospholipid Metabolism Is Altered in
scWAT With Emodin Treatment

Based on the above experimental results, we analyzed sc(WAT by
targeted metabolomics. We selected the biomarkers that have
changed and created a heat map (Figures 5A-E). The lipidomics
data show that emodin treatment can perturb the lipidomics
profile in HFD mice, and several phospholipid species (e.g. Cer,
LPC, LPC-O, and PE-O) are remarkably increased in scWAT,
indicating a remodeling of phospholipids after emodin 80 mg/kg
treatment. Specifically, when compared with HFD mice,
concentration of Cer (34:2), LPC (18:2), LPC-(0-20:2), PC (O-
40:7), PE (0-36:3), PE (O-38:6), PE (0-40:6), and SM (41:0) was
significantly up-regulated in emodin-treated group. Otherwise,
levels of PC (0-38:6), PE (0-40:4), PE (O-40:5) were
significantly reduced in emodin-treated group, when compared
with HFD mice.

Phospholipid Metabolism Is Altered in BAT
With Emodin Treatment

In addition, we also analyzed BAT by targeted metabolomics. We
selected the biomarkers that have changed and created a heat
map (Figures 6A-E). In BAT, the lipidomics indicated a
significant reduction of PEs and PCs in BAT of HFD mice.
And emodin treatment caused a significant increase of PEs and
PCs in BAT, when compared with HFD mice. The increase in
total PC was driven by significant increase of PC (30:0), PC
(32:1), PC (32:2), PC (33:4) and PC (38:0) species, as well as
species of LPC [e.g. LPC (20:0), LPC (20:1), LPC (22:0), LPC
(22:1), LPC (24:0), LPC (24:1)] with emodin treatment. In
addition, when compared with the control mice, the ratio of
PC/PE was significantly increased in HFD-induced mice
(P <0.05 or P <0.01). And emodin at the doses of 40 and
80 mg/kg and CL 316243 significantly decreased the ratio of
PC/PE compared with HFD-induced mice.

DISCUSSION

Emodin ameliorates adiposity and improves whole-body
metabolic balance in obese mice. In this study, we demonstrated
that emodin could decrease the body weight and food intake in
high fat diet induced obese mice, also it could improve the glucose
tolerance and reduce the blood lipids, which was consistent with
the results of previous studies in vivo (22, 31, 32). The regulating
of white adipose tissue and brown adipose tissue acts a critical role
in combating obesity and metabolic disease. As a thermogenic
tissue, BAT is innervated by both sympathetic and sensory nerves.
The activity and metabolism of BAT could be influenced by cold
exposure and exercise (33), as well as some natural product
extracts or compounds, such as rose hip supplement (34),
black raspberry (35), green tea extract (36), genistein (37),
pentamethylquercetin (38), and etc. Here, we first proved that
emodin could promote browning in scWAT. The white adipose
tissue mass was decreased after emodin treatment. After treatment
of emodin, more multilocular lipid droplets were found in
scWAT, the mRNA expression of browning markers including
Cd137, Tmem26 and Tbxl was increased in scWAT, and the
protein expression of browning markers including UCP1 and
prohibitin was increased in sc(WAT of obese mice. Meanwhile, the
protein expression of UCP1, prohibitin, PPARa was increased in
BAT of obese mice after emodin treatment. PPAR o is the key
factor of BAT thermogenesis, which can regulate lipid catabolism
and thermogenic gene expression in coordination with Pgc-1oand
Prdm16 (39). PPAR o can enhance the expression of PGC-1a and
UCP-1 by increasing the activity of erythropoietin (EPO). PPAR o
also plays a coordinating role with SIRT1 activated by EPO and
jointly regulates the level of NAD™ to heighten the metabolic
activity (40). The mitochondria are involved in the metabolic
control of brown adipocytes. Mitochondrial function is related
to the endocrine function of adipocytes. In addition, brown
adipocytes rely on mitochondria to maintain intracellular
metabolism. Located in mitochondrial inner membrane,
prohibitin plays a critical role in maintaining the shape and
function of mitochondria and regulating energy metabolism (30,
41). The results of western blotting demonstrated that emodin
increased the protein expression of PPAR o and prohibtin
of scWAT and BAT in obese mice. As a fatty acid translocase,
CD36 acts a pivotal part in the uptake and transport of long-chain
fatty acids (LCFA) in heart and adipose tissues (42, 43). It
was found that cold exposure drastically accelerated plasma
clearance of triglycerides as a result of increased uptake into
BAT, a process crucially dependent on local LPL activity and
transmembrane receptor CD36 (44). Fatty acid transporter 4
(FATP 4) is a member of the fatty acid transport proteins
(FATPs), which plays a significant role in the transport of long-
chain fatty acids with more effectively compared with FATP1. It
was found that FAT/CD36 and FATP4 were the most effective
fatty acid transporters (45, 46). In this study, emodin accelerated
the transport and consumption of fatty acids and improved
the disorder of lipid metabolism by increasing the expression
of CD36 and FATP4 protein in both sc(WAT and BAT of HFD-
induced mice.
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White and brown adipocytes exhibit different lipid metabolic
signature, which reflect their distinct organelle composition and
cell functions. The neutral lipids in the lipid droplets core are
surrounded by a monolayer of phospholipids (47). PCs, PEs and
CLs make up 89% of the phospholipids in BAT, which are
increased in response to cold exposure and exercise (48). It was
confirmed that regulation and metabolism of PCs, PSs and PEs
prevented inflammation of adipose tissue, hyperlipidemia and
obesity (49). Exercise can increase specific molecular species of
PCs and PEs in brown adipocytes. It has been reported that after
exercise, the increase in total PC was driven by the significant
increase of the highly abundant PC (36:2) species, as well as
increases in numerous species of PC and PC-O. However, there
was no overall change in abundance of PE after exercise in BAT
(1). Our recent study manifested that the lipidomic profile of
adipocytes was remolded with high fat diets, and emodin

treatment could perturb the profile and reverse some small
lipid metabolites of HFD mice.

Furthermore, the relative abundance of PCs and PEs on the
surface of LDs is important for their dynamics (50). An increase
in the relative amount of PEs on the surface of lipid droplets can
promote fusion of smaller droplets into larger ones (51).
Inhibition of PCs biosynthesis can promote TG storage
increases the size of the lipid droplets presumably (52, 53).
Either abnormally high, or abnormally low cellular PC : PE
molar ratios can influence energy metabolism in various
organelles (50). It has been shown that both PC amount and
PC: PE molar ratio tend to increase, and palmitate- and stearate-
containing LPC species were upregulated in 16-week-old Lep®™°"
adipose tissue macrophage, which related to WAT inflammation
and contribute to the development of insulin resistance in obesity
(54). It has been proved the different composition of
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phospholipids in white and brown adipocyte, and thermogenic
adipocytes possess higher abundance of PCs and PEs, with longer
(C >36) and more polyunsaturated species (55). Our results also
indicated that the ratio of PC : PE was significantly increased in
brown adipose tissue but not scWAT in HFD-induced mice
compared with control mice. Interestingly, emodin 40 and 80
mg/kg treatment and CL 316243 could significantly increase
abundance of PCs and PEs, and decrease the PC : PE ratio in
BAT of obesity mice. Specifically, emodin significantly up-
regulated levels of Cer (34:2), LPC (18:2), LPC-(0-20:2), PC (O-
40:7), PE (0-36:3), PE (0-38:6), PE (0-40:6), and SM (41:0), and
down-regulated PC (O-38:6), PE (O-40:4), PE (O-40:5) in sScsWAT
compared with HFD mice. And in BAT, the remarkable increase
in total PCs was driven by significant increase of PC (30:0), PC
(32:1), PC (32:2), PC (33:4) and PC (38:0) species with emodin
treatment. In addition, emodin significantly increased species of
LPC (e.g. LPC (20:0), LPC (20:1), LPC (22:0), LPC (22:1), LPC
(24:0), when compared with HFD mice.

CONCLUSION

These results indicated that emodin could ameliorate adiposity
and improve metabolic disorders in obese mice. Also, emodin
could promote browning in scWAT and activate the BAT
activities. In addition, emodin treatment-induced changes to
the scWAT and BAT lipidome were highly specific to certain
molecular lipid species, indicating that changes in tissue lipid
content reflects selective remodeling in scWAT and BAT of both
glycerophospholipids and sphingolipids in response to
emodin treatment.
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Brown adipose tissue (BAT), consisted of brown adipocytes and stromal vascular fraction,
which includes endothelial cells, lymphocytes, fibroblasts and stem cells, plays a vital role
in regulating cardiovascular health and diseases. As a thermogenic organ, BAT can
influence body through strengthening energy expenditure by promoting glucose and lipid
metabolism. In addition, BAT is also an endocrine organ which is able to secret adipokines
in an autocrine and/or paracrine fashion. BAT plays a protective role in cardiovascular
system through attenuating cardiac remodeling and suppressing inflammatory response.
In this review, we summarize the advances from the discovery of BAT to the present and
provide an overview on the role of BAT dysfunction in cardiovascular diseases.

Keywords: brown adipose tissue, cardiovascular diseases, obesity, adipokines, adipocyte

INTRODUCTION

Since 2000, the prevalence of obesity has risen sharply around the world. According to the research,
a total of 108 million children and 604 million adults had been obese by 2015. Obesity accounted for
2.4 million deaths globally, and more than two thirds of deaths were due to cardiovascular disease
(CVD), including hypertension, coronary heart disease and stroke (1). In particular, the
accumulation of visceral fat can greatly increase the risk of death from CVD (2). These patients
experience systemic changes, especially the change of white adipose tissue (WAT). WAT is a vital
organ in energy storage, which can excessively accumulate in obese patients (3). The increase of
WAT is the result of both hyperplasia and hypertrophy of adipocytes (4). In addition to WAT, there
are two types of adipose tissue: brown adipose tissue (BAT) and beige adipose tissue. BAT merely
represents 1-2% of fat, consisting of brown adipocytes and stromal vascular fraction (SVF), but it is
vital in maintaining homeostasis. BAT has a crucial capacity for non-shivering thermogenesis in
mammals, which is essential for survival in cold environment and consumption of excessive energy.
Recently, research has found that BAT is not only significant in maintaining cardiovascular stability,
but also recognized as a novel target to deal with obesity and other metabolic diseases, which attracts
more and more attention. In this article, we review the development of BAT in animal models and
human, discussing its relevance to cardiovascular damage.
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DISCOVERY AND LOCATION OF BAT

Early in 1551, BAT was first discovered in the scapula of a
groundhog by Swiss naturalist Konrad Gessner, which was
thought to be a gland associated with hibernation. It was not
until twentieth century that BAT was considered as a mature tissue
with certain component. Later, through necropsy studies, Heaton
found BAT mainly located in (1) cervical/axillary (2), perirenal/
adrenal, and (3) around blood vessels. In addition, BAT was also
found in the scapula of infants, which was the major location in
rodents (5). In infants, BAT accounts for about 2-5% of body
weight, while in adults, it only accounts for 0.05-0.1%. The
amount of BAT will decline with age, but it remains in specific
areas of human body all the time. There are some researches
showing that individuals exposed to cold will possess more BAT
(6-8). However, lacking valid non-intervention means, the studies
on BAT in vivo have been greatly limited for a long time. It was not
until the application of positron emission tomography (PET) in
combination with computer tomography (CT) that rekindled
people’s interest in BAT research. In 2009, three papers
published in NEJM confirmed the presence of functional BAT
in healthy humans, and the location was consistent with previous
autopsy findings (9-11). Virtanen’s research found a 15-fold
increase in glucose intake in the cervical and supraclavicular
regions of five participants exposed to cold (9). Cypess et al.
reported that women possessed more BAT than men (10).
According to the research, except for classic BAT, some BAT is
mixed with WAT rather than presents alone (12). The
aforementioned beige adipose tissue is also contained in WAT.
Beige adipocytes intersperse within WAT, which can transforming
into brown-like adipocytes under the certain stimulation such as
cold exposure and beta adrenaline (13, 14). This process is
named browning.

THE ORIGIN OF BAT

There was a research that researchers removed 40% BAT from
young male rats surgically showing that the total mass, the oxidative
and thermogenic capacity of BAT in experimental group was
identical to control group after 9 days (15). There may be two
possibilities. One is the functional compensation of remaining BAT.
The other reason may be the differentiation of preadipocytes. A
variety of researches have focused on the origin of BAT over the past
decade. It is well-accepted that brown adipocytes share the same
lineage with skeletal muscle cells. Pax3 and Pax7-expressing cells are
confirmed to be the progenitor cells of skeletal muscle (16). And the
function of Pax3 can be replaced by Pax7 mostly (17). Later in 2010,
Pax7+ cells at embryonic day 9.5 (E9.5) can give rise to brown
adipose tissue. While after E11.5, the Pax7 marked cells reduced
drastically in BAT and then disappeared in E12.5 (18). As the
embryo develops, Pax7-expressing cells become restricted to
muscle-specific fate. Myf5 is also proved to be expressed in
skeletal myogenic precursors previously, which plays an
important role in myogenic determination (19). Then Myf5-
expressing cells were confirmed by Seale et al. that they could give
rise to brown adipocytes in the development of classic BAT, beige

adipocytes not included, while Myf5 mRNA was not found in
mature BAT (20). Brown adipocytes arise from multiple lineages.
Classic brown adipocytes are mentioned above that they are
broadly believed from Pax7/Myf5 progenitor cells, while these
genes just expressing transiently in the development of BAT.
Activated beige adipocytes are similar to brown adipocytes. They
are distributed in many areas, including WAT, PVAT and so on.
Thereinto, SM220:. is reported to take part in the development of
perivascular adipocytes transiently (21). Recent research shows
that the adipocytes in thoracic aorta perivascular adipose tissue
(T-PVAT) have different cell lineages. In this research, T-PVAT is
divided into anterior T-PVAT (A-T-PVAT) and lateral T-PVAT
(L-T-PVAT), and the results suggest that A-T-PVAT adipocytes
are derived from SM220. progenitors while L-T-PVAT adipocytes
are originated from cells containing both SM220 and Myf5 (22).
Different sources of adipose cells may indicate they will play
different roles in maintaining body homeostasis.

FUNCTIONS OF BAT
Metabolic Function of BAT

Since its discovery, BAT, as a thermogenesis organ, has been linked
to heat production, which is regulated by the sympathetic nervous
system. Thermogenesis is a manifestation of metabolic process
containing shivering thermogenesis and non-shivering
thermogenesis. Thereinto, shivering thermogenesis is the main
contributor to heat generation under the circumstance of extreme
cold. It is the result of involuntary contraction of skeletal muscles
(23), and this process requires a lot of energy, causing discomfort
and fatigue. Non-shivering thermogenesis under cold stimulation
is to activate sympathetic nervous system to promote BAT heat
production (24). Inhibiting the thermogenic function of BAT by
using nicotinic acid led to increased muscle contraction against
cold temperature, which demonstrated that BAT plays an
important role in maintaining a normal body temperature in cold
(25). Brown adipocytes with multilocular lipid droplets, are rich in
mitochondria, and can significantly express uncoupling protein 1
(UCP1), PGCla, PR domain-containing protein 16 (PRDM16)
(26,27), B3-adrenoceptor and other genes related to thermogenesis.
Activated BAT expresses 33 adrenoreceptors which mediate the
sympathetic drive to mobilize and upregulate UCP1 to promote a
large amount of energy loss in the form of heat energy (28). Thus
BAT plays a vital role in body energy expenditure through
increasing glucose metabolism and lipid metabolism, which may
be a valuable therapeutic approach to metabolism-related diseases,
such as obesity. According to the research, nearly 40 g totally
activated BAT in man could correspond to as much as 20% of
body energy expenditure over a year, which is equivalent to 20 kg of
body weight (29). Hence BAT is an important regulator not only in
energy metabolism, but in the lipid and glucose metabolism and
these two aspects are interrelated. Free fatty acids are the main
source of oxidation in BAT to produce heat which is from the
lipolysis of the triglyceride (TG) in lipid droplets in adipocytes.
With the oxidation of fatty acids, reduced TG needs to be restored
through the uptake of glucose and albumin-bound free fatty acid in
the plasma (30) in order to provide the source of mitochondrial
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oxidation. Thus activated BAT has its place in the clearance of
glucose and TG in the plasma (31, 32). According to the research,
the utilize of glucose in BAT accounts for nearly 1% of the total body
glucose use, and that is about 5g of glucose in a healthy individual
(33). Disordered glucose and lipid metabolism including decreased
high-density lipoprotein (HDL-C), increased triglyceride-rich
lipoprotein and insulin resistance are important risk factors for
CVD (34). As mentioned above, BAT accounts for 0.05-0.1% of
body weight in adults. Thus a healthy adult possesses nearly 40 g
BAT, which plays a vital role in balancing body energy, lipid and
glucose metabolism.

Secretion Function of BAT

Apart from thermogenesis, BAT has gradually attracted more
attention as a secretory organ. Before that, a number of WAT-
secreted molecules, which are called adipokines, have been
identified in recent years, including inflammatory cytokines,
leptin and so on. However, these adipokines are rarely expressed
in BAT, which led the researchers to think that BAT has limited
function of secretion (35). Recent years, the application of
proteomics analysis in BAT researches provides researchers with
an effective method to discover new cytokines. Ail et al. found
fibroblast growth factor 21 (FGF21), interleukin-6 (IL-6),
neuregulin-4 (NRG4) and vascular endothelial growth factor A
(VEGFA), expressed in BAT will involve in thermogenesis,
angiogenesis and the browning of WAT in an autocrine and/or
paracrine fashion (36-40). Brown adipokines, they mainly act on
different tissues or target organs to protect or regulate the
cardiovascular system. For example, FGF21 is shown to have an
important protective effect on the heart (41); IL-6, whose
concentration is usually considered as indication of inflammatory
response (42), has a positive function on regulating the glucose
metabolism of BAT working together with FGF21 (43, 44) and the
function of anti-inflammation (45). In addition, IL-6 can perform
completely different function depending on cell type and context;
bone-morphogenetic protein 8b (BMP8b) takes part in the
neurovascular remolding (46); NRG4 has a negative relation with
acute coronary syndrome (ACS) (47); C-X-C motif chemokine
ligand-14 (CXCL14) and growth differentiation factor 15 (GDF15)
participate in anti-inflammation process (48, 49). Furthermore,
there are several bioactive lipid termed lipokines from both WAT
and BAT, which also play an important role in the regulation of
cardiovascular health. Recently, a novel lipokine derived from BAT,
12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME), has
been confirmed to play a positive role in cardiac function (50).
However, further research is needed on the discovery and
characteristics of the new cytokines derived from brown
adipocytes. The important factors, which have been found
discovered so far, are listed in Table 1.

BAT AND CARDIOVASCULAR DISEASES

The relationship between obesity and cardiovascular diseases has
received much attention since last century (51). Multiple
epidemiological investigations indicate that obesity is the major
determinant of cardiovascular diseases especially in adolescents

(52). More than 75% high blood pressure is caused by obesity
directly (53). A large number of studies have reported that there
are structural and functional heart abnormalities in obese
subjects, such as left atrium enlargement and left ventricular
hypertrophy (54-56). There are also some researches showing
that the activity of BAT will decline in obesity (57), which may
reveal that BAT plays a positive role in health maintaining
(Figure 1). Active BAT may promote cardiac metabolic health
through the combustion of triglycerides and glucose derived free
fatty acids, thus preventing adipose tissue dysfunction, obesity
and insulin resistance (58). As early as the twentieth century,
Cittadini et al. developed obese mice based on the ablation of
BAT by transgenic technology to study the relationship between
BAT and CVD. In their research, they found these knockout
mice had decreased energy-expenditure, and hyperphagia
leading to obesity, composed with decreased body temperature
and metabolic rate. Their follow-up research showed that in
addition to the development of obesity and insulin resistance, the
ablation of BAT led to the elevation of blood pressure, left
ventricular hypertrophy with an eccentric remodeling pattern
and increased interstitial tissue (59). In clinical research, Richard
and his group’s data obtained from the follow-up investigation of
443 patients indicated that the activity of BAT had a negative
relationship with vascular inflammation and CVD (60). And the
beneficial effects of BAT on improving blood glucose, TG and
HDL play an significant role in promoting cadiometabolic health
(61). The next question for the researchers is how BAT is
involved into the occurrence and development of CVD.

BAT and Vascular Injury

Vascular injury refers to the structural damage or dysfunction of
blood vessel caused by mechanical or chemical stimulation in vitro
or in vivo. And atherosclerosis and aorta aneurysm, considered as
the two most common and dangerous human diseases, are given
serious attention.

Atherosclerosis is associated with a chronic inflammation
reaction, including the accumulation of lipid, infiltration of
inflammatory cells, proliferation, migration of smooth muscle cells,
oxidative stress and neovascularization. Obesity is a recognized risk
factor for atherosclerosis. Adipose tissue, including WAT,BAT and
thoracic and abdominal PVAT, play an important role in the
occurrence and development of atherosclerosis. It is traditionally
believed that the increased low density lipoprotein (LDL) in the blood
of obese people, which is deposited on the wall of blood vessels, then
swallowed by macrophage and finally forms the foam cells, is the key
step in the formation and development of atherosclerosis (62).
However, recent researches show that the formation of
atherosclerotic plaque is initially due to endothelial dysfunction,
which is associated with infiltration of inflammatory cells, caused
by the pro-inflammatory factor secreted by adipose tissue (63, 64). In
animal studies, researchers use beta-adrenaline to induce browning of
adipose tissue. Increased BAT can slow the development of
hypercholesterolaemia and atherosclerosis in hyperlipidemia mice
(65). Mitochondria are abundant in BAT, which can synthesize and
release peroxisome proliferator-activated receptor gamma
coactivator-1o. (PGC-1at) to assist carbon monoxide to complete
vasodilation. The decreased BAT results in the insufficient synthesis
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TABLE 1 | Major factors expressed by adipose tissue and their important and
putative functions.

Factors Origin Regulation Putative functions

WAT

BAT

Leptin + + Increased AT masst
Fastingl
B-adrenergic activator],

Obesity

In physiological conditions:
Decrease atherosclerosis
Decrease insulin secretion
Increase energy expenditure
In pathological conditions:
Increase insulin resistance
Hyperglycemia

Decrease thyroid hormone
Increase neointima formation
In physiological conditions:
Increase insulin sensitivity
Increase browning of AT

In pathological conditions:
Decrease cardiac hypertrophy
Decrease cardiac fibrosis

In physiological conditions:
Decrease inflammation
Increase energy expenditure
Increase lipolysis

Increase insulin sensitivity

In pathological conditions:
Increase inflammation
Increase insulin resistance

In physiological conditions:
Improve insulin resistance
Decrease lipogenesis
Increase cardiomyocyte
proliferation

Decrease inflammation
Decrease apoptosis of
endothelial cell

Decrease apoptosis and
necrosis

In pathological conditions:
Increase insulin resistance
Increase inflammation

In physiological conditions:
Increase angiogenesis
Improve metabolic dysfunction
Increase browning of AT
Increase energy expenditure
Decrease inflammation

In pathological conditions:
Increase inflammation

In physiological conditions:

FGF21 - + PB-adrenergic activatort
Y Cold exposuret
Obesity

IL-6 + + Psychological stresst
B-adrenergic activatort

BAT transplantationt

NRG4 - + Obesity]

Increased carotid intima-
media thickness|
Increased atherosclerotic

plaguel

VEGFA + +  Cold exposuret

CXCL14 - + Cold exposuret

Norepinephrinet Promote the recruitment of
cAMP?T M2-type macrophage
Obesity| Increase browning of AT

In pathological conditions:
Decrease glucose tolerance
Increase inflammation
Cold exposuret In physiological conditions:
CVD? Increase lipolysis
Cancert Improve insulin resistance
In pathological conditions:
Decrease inflammation
In physiological conditions:
Improve vascular senescence
Decrease inflammation

GDF15+¢ + o+

PGC-1a - + Cold exposuret
Norepinephrinet

Agingl
(Continued)

TABLE 1 | Continued

Factors Origin Regulation Putative functions

WAT

BAT

Decrease oxidative stress
Regulate mitochondrial
biogenesis

In pathological conditions:
Increase inflammation
Increase oxidative stress

In physiological conditions:
Increase browning of AT
Regulate thermogenesis
Suppress fibrogenesis
Increase lipolysis

Increase ketogenesis

In pathological conditions:
Increase browning of AT

In physiological conditions:
Decrease inflammation
Increase insulin sensitivity
Decrease atherosclerosis

In pathological conditions:
Increase B-cell apoptosis

PRDM16 + + Agingl

Adiponectin + +  obesity]

B-adrenergic activatort
Calorie restrictiont
Increased bone marrow
adipose tissue mass?

Coronary artery

diseases|
12,13- — + BAT transplantationt In physiological conditions:
diHOME Heart diseases| Regulate calcium cycling

Increase mitochondrial
respiration

In pathological conditions:
Decrease cardiac protection

— represents this factor is not expressed or rare expressed in the tissue; + represents this
factor is expressed in physical condition or certain conditions. Most factors listed above
play a protective role in physiological conditions, and their expression decrease in
pathological conditions which leads to bad results as showed in “in pathological
conditions” column. “” means the expression of these factors will increase early in
pathological conditions and then exert protective effects.

of PGC-10t and then impairs vasodilation seriously (66). In addition,
PGC-1a. plays a vital role in the biosynthesis and function of
mitochondria, and the dysfunction of mitochondria will cause a
series of problems including telomere dysfunction, DNA damage and
oxidative stress (67). There are also evidence showing that PGC-1o.
can regulate vascular senescence negatively (68). In the study of
atherosclerosis, there are researches showing that the BAT-derived
exosome can inhibit the increase of miR-324-5p, which is the specific
biomarker of the development of atherosclerosis (69). There are also
many other BAT-derived cytokines involved in vascular health.
Adiponectin, for example, which is produced by adipose tissue and
enters into the circulation, was suggested to fight against
atherosclerosis through suppressing endothelial inflammation and
VSMC proliferation. Besides, it can restrain the transformation of
macrophage to foam cells (70). Apart from BAT, the adipose tissue
around vessels, which is called perivascular adipose tissue (PVAT),
also plays a vital role in protecting vessels. PVAT, especially thoracic
PVAT, similar to BAT, is a thermogenesis organ, which is crucial for
maintenance of intravascular temperature. The activation of PVAT
can attenuate the development of atherosclerosis, through preventing
intravascular temperature loss which can directly maintenance the
function of endothelial. Furthermore, thermogenic activation of
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FIGURE 1 | The protective efforts of BAT on vessels and heart. Activated BAT, including classic BAT and the BAT derived from the browning of beige adipocytes
under the condition of cold exposure, beta-adrenaline stimulation and so on, plays a protective role through its metabolic function and secretion function, which
leads to decreased inflammation, decreased oxidative stress response and increased HDL, increased uptake of glucose and so on. And all of these contribute to

PVAT can enhance the clearance of total lipid. While this protection
will disappear when PVAT is removed (21). In addition, there is an
underestimated type of adipose tissue, called epicardial adipose tissue
(EAT), increasing of whose mass is considered as a risk factor for the
development of coronary artery diseases (71). EAT is considered as a
type of beige adipose tissue with overexpression of UCP-1, the marker
of brown adipose tissue, relative to WAT (72). Akin to PVAT, EAT
possesses significant thermogenic capacity, sharing a negative
association with temperature, and plays an important role in
protecting cardiovascular health. 02A-adrenergic receptor
(ADRA2A) is an inhibitory o-adrenergic receptor, which is at a
lower level compared to WAT and it may contribute to the higher
signaling via B-adrenergic receptors in EAT. Besides, through adding
conditioned media which was collected from EAT treated with
isoproterenol to primary human cardiac endothelial cell and then
culturing it for 24 h, significant down-regulation of the expression of
adhesion markers such as Icam1 and Vcaml1 in endothelial cells were
detected compared to control group (73). Thus abnormal EAT
affected the function of endothelial cells seriously which is
considered as the initial pathological process in the development of
atherosclerosis. What’s more, research reported that activated EAT
was associated with decreased circulating TG levels and increased
HDL-C levels which had protective effect on atherosclerosis (72). In
conclusion, in obesity, increased fatty acid release by WAT and
decreased lipid combustion by BAT and thoracic PVAT lead to
hyperlipidemia, which contributes to atherosclerosis development.
Besides, obese WAT and abdominal PVAT release pro-
inflaammatory factors that further promote atherosclerosis (74).
Aortic aneurysm (AA), defined as a pathological and progressive
dilation of a segment of a blood vessel, is a common and dangerous

vascular disease, especially abdominal aortic aneurysm (AAA).
There is still lacking effective means of medical treatments. For
the pathogenesis of AA, the mainstream view is that decreased
smooth muscle cells, the degradation of cell matrix and infiltration
of inflammatory cells in the blood vessel result in the thinning of
adventitia and media jointly (75). The high risk of cardiovascular-
related death in obesity is due to the AA partly (76). In the research,
researchers found obesity could increase the morbidity of AnglI-
induced AA and exacerbate perivascular infiltration of macrophage
and expression of MCP-1, IL-6, chemotactic factors and so on. In
addition, they found there were more brown adipocytes around
thoracic aorta, while more white adipocytes around abdominal
aorta. Thus they finally draw the conclusion that in obesity, the high
incidence of AA, especially AAA, is critically due to the decreased
BAT which aggravates vascular inflammation rather than changes
cholesterol concentration, distribution of lipoprotein and insulin
resistance in blood (77). Dowal and his group confirm that BAT has
ability to repress the inflammatory action of macrophage (78).
Further research shows that BAT can inhibit inflammation to
protect blood vessels through following two aspects at least. On
the one hand, BAT-derived CXCL14 can recruit M2 macrophage
possessing anti-inflammation ability (48). On the other hand, BAT
can secrete GDF15 which acts on M1 macrophage to inhibit its pro-
inflammation response (49).

In summary, the capacity of BAT in vascular protection is
now widely recognized to be multifaceted from its original
thermogenic function to its powerful endocrine function and
metabolic function. And its anti-inflammation function and the
ability to improve lipid, glucose metabolism can prevent of
reverse vascular diseases directly or indirectly.
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BAT and Heart Diseases

Heart failure, as the terminal state of kinds of heart diseases, with
high mortality and bad prognosis, is a clinical syndrome caused
by the structural or functional abnormalities of the heart. It is a
progressive disease, from initial myocardial damage to the
damage of ventricular filling and cardiac ejection, and then to
ventricular remolding finally. Recent research shows that adipose
tissue-derived cytokines take part in the regulation of heart
diseases (79). In animal study, removing BAT in the body will
aggravate cardiac remolding, which appears BAT may play a role
in cardiac protection in some way. FGF21, as one of the first
proven cytokines from BAT, has a protective effect on the heart.
And in the follow-up study, activation of adenosine 2A (A2A)
receptor in BAT can mediate BAT secrete FGF21, which can
attenuate hypertensive cardiac remolding (80). In addition, mice
with UCP-1 knockout had severe myocardial injuries, fibrosis
and ventricular remolding when they were given heart injury in
experiments, and their survival rate was significant reducing.
However, transplanting BAT from healthy mice could reverse
heart damage and improve survival (81). As is mentioned above,
PGC-1o plays an important role in vascular protection. It is
essential for heart protection as well. The dysfunction of BAT
results in the decrease of PGC-1at synthesis. In some patients with
cardiac hypertrophy caused by hypertension or heart failure, it was
found that reduced PGC-1a. would lead to the decrease of the
oxidation of fatty acid and the suppression in mitochondrial
oxidative phosphorylation (82). While the exact mechanisms
have not been elucidated. Some researches show that BAT can
inhibit NF-kB through SIRT1-PGClo-PPARY pathway to suppress
inflammation (83). What’s more, Pinckard et al. found that the
transplantation of BAT could reverse cardiac dysfunction and
cardiac remodeling caused by high-fat diet through increase the
expression of 12,13-diHOME. Further research showed that 12,13-
diHOME together with NOS1 could enhance cardiac function by
regulating the calcium cycling (50). In addition, the dysfunction of
adipose tissue has been discussed on a variety of cardiac disorders in
many researches (84).

The Negative Effect of BAT

There are a number of studies showing that BAT plays a positive
role in cardiovascular damage. While some researches show that
activated BAT and increased browning of WAT may exacerbate
atherosclerosis (85, 86). Activated BAT and increased beige
adipose tissue can elevate lipolysis and thermogenesis, then
increase bio-synthesis of cholesterol and mobilization of low
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In recent decades, the prevalence of obesity has been rising. One of the major
characteristics of obesity is fat accumulation, including hyperplasia (increase in number)
and hypertrophy (increase in size). After histological staining, it is critical to accurately
measure the number and size of adipocytes for assessing the severity of obesity in a timely
fashion. Manual measurement is accurate but time-consuming. Although commercially
available adipocyte counting tools, including AdipoCount, Image-Pro Plus, and ImageJ
were helpful, limitations still exist in accuracy and time consuming. In the present study, we
introduced the protocol of combined usage of these tools and illustrated the process with
histological staining slides from adipose tissues of lean and obese mice. We found that the
adipocyte sizes quantified by the tool combination were comparable as manual
measurement, whereas the combined methods were more efficient. Besides, the
recognition effect of monochrome segmentation image is better than that of color
segmentation image. Overall, we developed a combination method to measure
adipocyte sizes accurately and efficiently, which may be helpful for experimental
process in laboratory and also for clinic diagnosis.

Keywords: adipocyte sizes, AdipoCount, Image-Pro Plus, ImagedJ, obesity

INTRODUCTION

Obesity results from energy intake in excess of energy expenditure, and surplus energy is stored in
adipocytes as a form of triglycerides, which results in adipocyte hyperplasia and hypertrophy (1, 2).
When the capacity of adipocytes cannot meet the demand for lipid storage, excess lipids will be
ectopically deposited in the muscles, liver, and pancreas, causing metabolic abnormalities, such as
insulin resistance (3, 4). Therefore, quantification of the number and size of adipocytes is essential
for assessing the severity of obesity and providing the reference for the choice of treatment (5).
As technology advances, image processing software have been developed for the measurement of
adipocytes (6-8). Image] and Image-Pro Plus (IPP) are both the open-software platform image
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processing tools for scientific image analysis and have been
widely used in life sciences (9, 10). Area of interest (AOI) and
measurement threshold of adipose tissue slides can be set to
screen out objects that meet the requirements automatically (11,
12). However, because adipocytes are membrane-stained, and
clear contrast or threshold is difficult to be set by these tools, the
automatic counting of adipocyte sizes on adipose tissue slides
may result in severe measurement errors. Meanwhile, drawing
the adipocyte boundaries manually by IPP and Image] is accurate
but time-consuming and intractable to large-scale investigations.

Researchers have been committed to developing software that
can identify adipocytes accurately and efficiently (13, 14).
However, these automatic methods may require programming
knowledge or plug-ins, and the counting results also rely on slide
quality, software recognition, so the accuracy is often
unsatisfactory (15-18). Recently, a freely available counting
software for adipocyte numbers, AdipoCount, is reported to be
convenient and has powerful capability to recognize adipocyte
boundaries and segment images with simple operations for
further analysis (19). During our operation, we found that
adipocytes with empty holes, cell debris, and cells adhesion
edges may also be mistakenly counted by AdipoCount
software. Besides, AdipoCount software lacks threshold settings
and one-step area measurement function, thus the counting
mistake could not be adjusted, and final results have to
be calculated.

In the present study, we combined AdipoCount with IPP/
Image] to measure the size of adipocytes while considering the
following reasons: 1) IPP and ImageJ could not identify contours
of adipocytes clearly but they could provide accurate results with
clear segmentation and perform threshold setting to screen out
unreasonable data; 2) AdipoCount could recognize adipocyte
boundaries and export segmentation images, although without
area measurement and threshold setting functions. Therefore, we
took advantage of AdipoCount and IPP/Image] and designed the
combination protocol for adipocyte sizes counting. By
comparison of the combined method to manual method, we
confirmed its accuracy and time saving characteristic, which
suggested the advantage of applying AdipoCount and IPP/
Image] combination for adipocyte size measurement.

MATERIALS AND METHODS

Animal Studies

Mouse studies were performed according to the guidelines of the
East China Normal University Animal Care and Use Committee.
C57BL/6] male mice, purchased from Shanghai Research Center
for Model Organisms, were housed at 23 + 1°C on a 12-h light/
12-h dark cycle with free access to food and water. 8-week-old
male mice (n=5 per group) were fed with normal chow diet
(NCD) (Research Diet, D10012G) or high fat diet (HFD)
(Research Diet, D12492). All mice were sacrificed 3 months
later and epididymal fat (eWAT) and inguinal fat (iWAT) tissues
were dissected for histological analysis.

Histology Processing and Image Capture
Adipose tissues were fixed in 10% buffered formalin for 12 h and
dehydrated following a standard procedure. Then, the tissues
were embedded in paraffin wax and sections (5-pum thick) were
cut. Hematoxylin and eosin (H&E) staining was performed as
previous report (17). Images were captured by a Nikon
microscope instrument (MODEL ECLIPSE Ci-L) with a 20x
objective using a Sony camera(DS-2000P, 20Mp 1” Color Sony
Exmor CMOS SENSOR).

Software

A 32/64-bit operating system (Windows7-10) was required for the
established protocol. AdipoCount (version 1.0), a free open access
software (http://www.csbio.sjtu.edu.cn/bioinf/AdipoCount/), was
used to segment the membranes of adipocytes. Image-Pro Plus
(version 6.0.0.260, Media Cybernetics Corporation, USA) and
Image] (version 1.52a, NIH, USA) were used as image analysis
software. These softwares (AdipoCount, Image], IPP) have good
compatibility in Windows7-10 system.

Manual Measurement With IPP/ImagedJ

IPP

Open Base Image

The image of interest was imported through “File — Open”
option on the tool bar.

Set Scale

An image with a known linear scale bar was opened firstly. Image
was calibrated by clicking on “Measure — Calibration — Spatial
Calibration”. In the pop-up window, “um” was selected as unit,
and “image” was clicked to show the “position line”, which was
dragged to make it completely coincide with the known linear
scale bar. Subsequently, the known length of scale bar was input
in the box to finish the calibration.

Measurement
The measurement scale was selected firstly through “Measure
—Calibration — Select Spatial Calibration”. The adipocyte areas
were depicted manually using “Measure — Count/Size”, then
clicking “Edit — Draw/Merge Objects” in the tool bar of pop-up
window. During the measurement, the image should be enlarged
by 50%, which would make the segmentation results more
accurate. In this process, the following objects were excluded:
objects whose sizes were not in the range of 240 to 15,000 um?,
cells adhesion edges, empty holes without clear structure, and
cell debris.

“View — Measurement Data” was selected to show the
measurement results.

ImageJ

Open Base Image

The image of interest was imported through “File — Open”
option in the tool bar.

Set Scale
An image with a known linear scale bar was opened firstly. The
“Straight line” tool was chosen in the tool bar to draw a line,
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which was as long as the known linear scale bar. “Analyze — Set
scale” option was clicked and the distance of known linear scale
was displayed in the “Known distance” box of the “Set Scale”
window. The pixel aspect ratio was set to 1. The known distance
of the linear scale bar was entered into the “Known Distance”
box. The unit was dependent on the scale bar (such as um). The
“Global” option was selected to maintain the calibration for all
subsequent image analysis if all images were taken at the
same magnification.

Subtract Background

To help clarify the image for subsequent analysis, the
backgrounds of images were corrected. “Process — Subtract
Background” was selected from the task bar. “Rolling Ball
Radius” should be set to 50 pixels. “Light Background” and
“Sliding Paraboloid” should be checked. When all of the
parameters were set, “OK” was clicked.

Measurement

The image should also be enlarged by 50%. The “Wand” (tracing
tool) in the tool bar was chosen to select the individual
adipocytes. However, this tool could not identify adipocytes
accurately sometimes. For example, partial membranes of
adipocytes were lost. Then, the “Polygon Selection” tool was
select from the task bar to depict the adipocyte areas. Every time
when a cell was depicted, “M” was pressed in keyboard, and the
selected area would be measured. To avoid repeated
measurements, “Backspace” was pressed to mark the cells
which had been counted. Above operations were repeated until
the last cell. The exclusion criteria were the same as
IPP measurement.

General Measurement (Identifying
Adipocytes by IPP/Imaged Directly)

IPP

Open Base Image and Set Scale

Same as described in “Manual measurement with IPP/
Image] (2.4.1.)”.

Threshold Images

“Count/Size” option was selected under “File” drop-down menu.
In the “Count/Size” window, the “Manual — Select Ranges” was
clicked to show segmentation menu. “Histogram Based” option
was selected in segmentation menu. The “HSI” was selected. In
“H” and “S” channels, the first and second sliding bars were set to
0 and 255 respectively. As for “I” channel, the first sliding bar was
set to 0, the second sliding bar was set to make the red highlight
maximally cover the areas defined as adipocytes without impact
on the membrane areas.

Measurement

The threshold of area was set through “Measure — Select
measurements” in the “Count/Size” window. The filter range of
area was set starting from 240 um?® and ending at 15000 pm?.
“Apply Filter Ranges” option was selected to apply the settings.
Clicking “Count”, the software would measure the areas
of objects.

ImageJ

Open Base Image, Set Scale, and Subtract Background
Same as described in “Manual measurement with IPP/
Image] (2.4.2)”.

Threshold Images

The images were converted into 8-bit using “Image — Type —
8-bit” option. Then the “Image — Adjust — Threshold” was
selected from the tool bar. The first sliding bar was set to 0, the
second sliding bar was set to make the red highlight maximally
covering the areas defined as adipocytes without impact on the
membrane areas.

Measurement

The areas were measured through “Analyze — Analyze
Particles”. In the pop-up window, the threshold of area, 240 to
15,000 um?, was input into “Size” box. The options of “Display
results”, “Exclude on edges” were selected. Clicking “OK”, the
software would detect the areas.

Adipocyte Boundary Segmentation

by AdipoCount

The adipocytes were segmented by AdipoCount as previously
described (19). Briefly, the image was imported through “File —
Input image”. The “Re-segment” option was selected to improve
accuracy, and then “Process” button was clicked to get
preliminary segmentation image (Supplementary Figure 1B).
The segmentation results could be further corrected manually.
Missing membrane segments were added and false membrane
segments were deleted. Moreover, holes with large areas should
be separated into several small holes by “Add line”, then these
small holes could be excluded in further detection through area
threshold. Finally, two different segmentation images
(monochrome and color) were exported by clicking “Counting
— Save” in “Counting” box (Supplementary Figures 1C, D).

Combined Methods for Measurement
Combination Usage of AdipoCount and IPP

Open Images and Select Calibrated Scale Bar

The monochrome and color segmentation images exported by
AdipoCount were imported into IPP and the measure scale was
selected as described above.

Threshold Images

“Count/Size” option was selected under “File” drop-down menu.
In the “Count/Size” window, the “Manual — Select Ranges” was
clicked to show segmentation menu.

The next steps were slightly different about monochrome and
color segmentation images. For monochrome segmentation
images, the first sliding bar was set to 52 (this varied until the
red highlight covered all the empty space defined as adipocytes),
the second sliding bar was set to 255. For color segmentation
images, “Histogram Based” option was selected in segmentation
menu. The “HSI” was selected. In “H” and “S” channels, the first
and second sliding bars were set to 0 and 255, respectively. As for
“T” channel, the first sliding bar was set to 0, the second
sliding bar was set to make the red highlight maximally

Frontiers in Endocrinology | www.frontiersin.org

M

August 2021 | Volume 12 | Article 642000


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Hu et al.

Protocol for Measuring Adipocyte Sizes

covering the areas defined as adipocytes without impact on the
membrane areas.

Measurement
“Rectangular AOI” tool in task bar was selected to choose the
area, which only contained intact cells. Then the “Options” was
clicked, and “All Borders” was selected in “Clean Borders” box.
In this way, the cells touching edge of the field would be excluded
in next detections.

The threshold setting and the following operations were same
as described in “General measurement (Identifying adipocytes by
IPP/Image] directly) (2.5.1)”.

Combination Usage of AdipoCount and ImageJ
Before measurement, the quality of the slices needs to be
manually checked: the cell boundaries in the slices are clear
and there are enough cells for the measurement. In this study, we
ensured that the number of cells in each field was not less
than 25.

Open Images and Set Scale
The monochrome and color segmentation images were imported
into Image] and the measure scale was set as described above.

Threshold Images

The images were converted into 8-bit using “Image — Type —
8-bit” option. Then the “Image — Adjust — Threshold” was
selected from the tool bar.

The next steps were slightly different about monochrome and
color segmentation images. For monochrome segmentation
images, the first sliding bar was set to 52 (this varied until the
red highlight covered all the empty space defined as adipocytes),
the second sliding bar was set to 255. For color segmentation
images, the first sliding bar was set to 0, the second sliding bar
was set to 240 (this varied to make the red highlight maximally
covering the areas defined as adipocytes without impact on the
membrane areas).

After these steps, membranes and adipocytes areas were filled
by white and black respectively.

Measurement

To exclude the cells touching edge of the field, “Rectangle” tool in
task bar was used to select the area, which only contained intact
cells (the area of rectangle would change to contain all intact
cells). The areas were measured through “Analyze — Analyze
Particles”. In the pop-up window, the threshold of area, 240-
15000 um?, was input into “Size” box. The options of “Display
results” and “Exclude on edges” were selected. Clicking “OK”, the
software would detect the areas.

The results would be presented in “Results” window.

Note: The Steps (2-3) could be automated by creating a
macro. “Plugins — New — Macro” was selected and the
computer script as following was pasted into a new screen.
The new macro was saved by clicking “File — Save”. Then the
subsequent image analysis could be performed easily using the
created macro by clicking “Plugins — Macros — Run”.

The macro was different for monochrome and color
segmentation images.

For monochrome segmentation images:

run(“8-bit”);

setAutoThreshold(“Default”);

//run(“Threshold...”);

setThreshold(52, 255);

run(“Convert to Mask”);

/IsetTool(“rectangle);

makeRectangle(48, 32, 5336, 3552);

run(“Analyze Particles...,” “size=240-15000 show=[Bare
Outlines] display exclude summarize add in_situ”);
For color segmentation images:

run(“8-bit”);

setAutoThreshold(“Default”);

//run(“Threshold...”);

setThreshold(0, 240);

setOption(“BlackBackground,” false);

run(“Convert to Mask™);

/IsetTool(“rectangle”);

makeRectangle(48, 40, 5352, 3576);

run(“Analyze Particles...,” “size=240-15000 show=[Bare
Outlines] display exclude summarize add in_situ”);

Note: The area of “Rectangle” should be adjusted and
recorded when size of image changes. Then this new area
should be used in macro to replace the old one. By this way,
the macro could work when the size of images changed.

Videos were made to describe the details of the combined
methods (Supplementary Video).

Statistical Analysis

The number and size of adipocytes were measured by IPP or
Image]. 2 slides were collected for each mouse, and 4 different
fields were counted for each slide. Any objects with an area below
240 um? or above 15000 um* were excluded. In this study, the
number of adipocytes for different tissues counted by each
method was shown in Supplementary Tables 1-4. The
frequency distribution of size was calculated from 240 to 15000
um? (this range might change for different animal model and
tissue) in 500 increments. The number of adipocytes within the
distribution was counted and the result was transformed to a
percentage of total adipocytes in each group. A Student ¢ test was
performed to compare between two groups. Two-way ANOVA
followed by a Bonferroni post hoc analysis was used for multiple
comparisons in Prism 8 (GraphPad Software Inc.).

RESULTS

General Measurement Results of IPP and
Imaged Are Not Accurate

In this study, two eWAT histological slides were selected to
evaluate whether IPP or Image] could detect the area of
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adipocytes accurately using general methods. H&E staining of
eWAT was measured by manual and general methods
respectively with IPP/Image]. As shown in Figures 1A-D, IPP
and Image] could not identify and segment adipocytes accurately
by themselves, compared with manual methods. In detail, there
was no significant difference between manual measurement
results of IPP and Image] (Figure 1E), whereas the area
measured by general methods was significantly smaller than
the manual measurement result (Figures 1F, G). These results
indicated that the general methods of IPP and Image] were
unable to measure the area of adipocytes accurately.

AdipoCount Cannot Recognize Empty
Holes, Cell Debris, and Adhesion Edges
AdipoCount is a software designed for adipocyte counting,
which is powerful to segment adipocyte and export the image,
although it only gives numbers but not areas directly. Thus, we
next examined whether dividing the total area of the eWAT
image previously tested by the number of cells could get an
accurate area. An original image was imported into AdipoCount
(Figure 2A), and the segmentation image revealed that empty
holes, cell debris, and adipocyte adhesion edges were counted
mistakenly (Figure 2B). Because the software could not set the
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FIGURE 1 | Adipocyte sizes measured by manual and general methods respectively with IPP/Imaged. (A) Original image of adipocytes. (B) Manual segmentation
results of IPP (left) and Imaged (right). (C) General segmentation results of IPP, the image after threshold adjustment (left), and the output image, where the red
circles represented identified adipocytes (right). (D) General segmentation results of Imaged, the image after threshold adjustment (left), and the output image, where
the identified adipocytes were filled with yellow (right). (E) Adipocyte sizes measured by manual methods with IPP and Imaged. (F) Adipocyte sizes measured by
manual and general methods with IPP. (G) Adipocyte sizes measured by manual and general methods with ImagedJ. Data are presented as mean + SEM and
“P < 0.01 compared to IPP manual measurement group. **P < 0.01 compared to ImageJ manual measurement group. n.s., not significant; IPP, Image-Pro Plus.
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threshold and manual calibration could not eliminate the errors,
the counting number result was significantly more than the
actual number. So, the adipocyte areas achieved was
significantly underestimated (Figure 2C). These results
suggested that there was still improvement space for
AdipoCount to better calculate the adipocyte area.

Combination of AdipoCount and IPP/
Imaged ldentifies and Segments
Adipocytes Accurately

Via the above tests, we found that IPP/ImageJ could set the
threshold and had the area measurement function, although the
ability to recognize adipocyte boundaries was poor during
general measurement. On the other hand, AdipoCount had no
measurement functions and threshold settings, although it could
segment adipocytes with a high accuracy. Indeed, a preliminary
segmentation image was generated by AdipoCount, which could
be further corrected manually (Supplementary Figure 1B).
Besides, from two different segmentation images (monochrome
and color segmentation image) exported from AdipoCount, we
could clearly see that adipocytes had clear boundaries in both
two segmentation images (Supplementary Figures 1C, D). In
addition, the size of segmentation images exported by
AdipoCount was same as the original image. Images analyzed
by the different software remained their original size of 5440 x
3648 pixels, suggesting that AdipoCount processing did not
compress the image, and the calibration scale of original image
could be used for segmentation image.

We next imported both monochrome and color segmentation
images into IPP and Image] to measure the adipocyte size. Of
note, adipocytes in segmentation images could be identified
accurately using general methods of IPP/Image]. Moreover,

empty holes, cell debris, and adhesion edges were eliminated
by setting threshold to area of interest (AOI) (Figures 3A-C).
These results suggested that combination of AdipoCount and
IPP/Image] might be a better method to measure the adipocyte
sizes accurately.

The Combined Methods Can Measure the
Area Accurately and Take Less Time

Next, manual methods and combined methods were performed
to examine the adipocyte sizes in eWAT and iWAT of obese
mice. The average adipocyte sizes and size distributions in eWAT
measured by combined methods were comparable with the
manual measurement results (Figures 4A, C). Besides, there
were no obvious differences between the measurement results of
monochrome and color segmentation images (Figures 4A, C).
Of note, the combined methods could significantly save
measurement time (Figure 4B). In addition, the measurement
results in iWAT were similar as those in eWAT (Figures 4D-F).

Then, the combined methods were used to measure adipocyte
sizes in eWAT and iWAT of lean mice. Similar to the results in
obese mice, the combined methods could count the areas and
size distributions accurately in lean mice, but saved time
significantly (Figures 5A-F). Interestingly, we noticed that the
manual measurement of ImageJ took more time than IPP, which
was because of the different operating procedures of these two
softwares (Figures 5B, E).

Very small adipocytes may lead to increased incidence of mis-
counting, thus we further analyzed the size distributions in range
of 0 to 1000 um®. The results showed that the size distributions
measured by the combined methods were comparable as the
manual methods (Supplementary Figures 2A-D).
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eWAT, adipocyte sizes derived from manual and combined methods (A), measurement time (B), adipocyte size distributions measured by manual and combined
methods (C). (D-F) The measurement results of iWAT. Data are presented as mean + SEM and **P < 0.01 compared to IPP manual measurement group. *#pP <
0.01 compared to ImageJ manual measurement group. n.s., not significant; IPP, Image-Pro Plus; AC, AdipoCount.
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FIGURE 5 | The combined methods can measure the area accurately and take less time in eWAT and iWAT of lean mice. (A-C) The measurement results of e WAT,
adipocyte sizes derived from manual and combined methods (A), measurement time (B), adipocyte size distributions measured by manual and combined methods (C).
(D-F) The measurement results of IWAT. Data are presented as mean + SEM and *P < 0.05, **P < 0.01 compared to IPP manual measurement group. #P < 0.01
compared to Imaged manual measurement group. n.s, no significant. IPP, Image-Pro Plus; AC, AdipoCount.

Limitation and Suggestion of the
Combined Measurement

During the operation, we noticed that there were small
adipocytes with the size close to the lower limit of threshold
exclusion in iWAT of lean mice. The result of UCP-1
immunostaining indicated the small adipocytes might be
caused by the process called “browning of white fat”, which
was important for lipid mobilization and thermogenesis
(Supplementary Figure 3). These adipocytes were counted
when using the manual measurement of IPP but excluded
while the combined method was performed (Figures 6A, B),
which might be due to the slight loss of area during segmentation
by AdipoCount and the setting of the intensity thresholding. Of
note, the combined measurement results were comparable to
manual measurements, suggesting that individual cell
misidentification had little effect on the overall result.

In a color segmentation image, if boundary between two
adjacent adipocytes was thin and was filled with similar color,
then the two adipocytes might be identified as one adipocyte in
subsequent measurements. Although the area could be split in
two manually, it would take more time. Thus, the monochrome

segmentation image was better recognized and recommended
(Figures 6C, D).

Adipocyte Counting by the Combined
Methods Yields Comparable Data as
Manual Methods But Is More Efficient
Finally, the combined methods using monochrome
segmentation images were performed to measure the adipocyte
sized in lean and obese mice. Both manual and combined
methods identified a significant increase of adipocyte sizes and
frequency of large adipocyte in fat tissues isolated from obese
mice compared with lean mice (Figures 7A-D), with
comparable area counting results, suggesting that the
combined methods yielded the accurate results as manual
methods with more efficiency.

CONCLUSION

The measurement of adipocyte sizes is important for obesity
research. In the present study, we provided an easy and
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image (D).

FIGURE 6 | Limitation of the combined measurement. (A, B) The results of manual and combined measurement. The cell numbered 107 in yellow circle was
counted when using manual measurement (A),whereas it was excluded when the combined method was performed (B). (C, D) Comparison of measurement results
of two different segmentation images. Two cells inside the red circle could be distinguished in monochrome segmentation image (C), but not in color segmentation

semiautomated method by taking advantage of AdipoCount and
IPP/Image] software to accurately and efficiently quantify adipocyte
sizes. Briefly, adipocytes from H&E staining slides are segmented by
AdipoCount, and clear segmentation images are exported. IPP or

Image] is then performed to analyze segmentation images with
threshold setting and one-step quantification. It has to be noticed
that the monochrome image is more accurate than colored one. For
the simple operation protocol, no programming experience is
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FIGURE 7 | Adipocyte counting by the combined methods yields comparable data as manual methods but saves more time. (A, B) Adipocyte sizes measured by
manual methods with IPP and combined methods with IPP and AdipoCount, in eWAT (A) and iWAT (B). (C, D) Adipocyte sizes measured by manual methods with
Imaged and combined methods with ImagedJ and AdipoCount, in eWAT (C) and iWAT (D). Data are presented as mean + SEM and **P < 0.01 compared to manual
methods group. #P < 0.01 compared to combined methods group. n.s, no significant. IPP, Image-Pro Plus; AC, AdipoCount.
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The acclimatization of brown adipose tissue (BAT) to sustained cold exposure requires an
adaptive increase in proteasomal protein quality control. Ubiquilins represent a recently
identified family of shuttle proteins with versatile functions in protein degradation, such as
facilitating substrate targeting and proteasomal degradation. However, whether ubiquilins
participate in brown adipocyte function has not been investigated so far. Here, we
determine the role of ubiquilins for proteostasis and non-shivering thermogenesis in
brown adipocytes. We found that Ubqgin7, 2 and 4 are highly expressed in BAT and their
expression was induced by cold and proteasomal inhibition. Surprisingly, silencing of
ubiquilin gene expression (one or multiple in combinations) did not lead to aggravated ER
stress or inflammation. Moreover, ubiquitin level and proteasomal activity under basal
conditions were not impacted by loss of ubiquilins. Also, non-shivering thermogenesis
measured by norepinephrine-induced respiration remained intact after loss of ubiquilins.
In conclusion, ubiquilin proteins are highly abundant in BAT and regulated by cold, but
they are dispensable for brown adipocyte proteostasis and thermogenesis.

Keywords: ubiquilins, brown adipose tissue, cold adaptation, thermogenesis, proteostasis, ubiquitin-
proteasome-system

INTRODUCTION

Brown adipose tissue (BAT) is a unique organ that transforms chemical energy from nutrients into
heat in response to cold, a process called non-shivering thermogenesis (NST) (1). While acute cold
exposure activates the existing thermogenic potential, sustained cold induces the recruitment of
thermogenic capacity. This process of cold adaptation requires tremendous remodeling of the cells
and tissue, which involves both differentiation of new thermogenic adipocytes and increasing
metabolic activity of the existing ones (1). Paradoxically, despite the catabolic nature of NST, long-
term adaptation to cold is an anabolic process that involves enhanced de novo synthesis of lipids,
proteins and organelles (2). Brown adipocytes engage protein quality control mechanisms to

Abbreviations: BAT, Brown adipose tissue; GWAT, Gonadal white adipose tissue; imBAT, Immortalized brown pre-
adipocyte cell line; NST, Non-shivering thermogenesis; SCAT, Subcutaneous adipose tissue; UBA, Ubiquitin-associated
domain; UBL, Ubiquitin-like domain; WAT, White adipose tissue.

Frontiers in Endocrinology | www.frontiersin.org 150

September 2021 | Volume 12 | Article 739021


https://www.frontiersin.org/articles/10.3389/fendo.2021.739021/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.739021/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.739021/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:alexander.bartelt@med.uni-muenchen.de
mailto:alexander.bartelt@med.uni-muenchen.de
https://doi.org/10.3389/fendo.2021.739021
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2021.739021
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2021.739021&domain=pdf&date_stamp=2021-09-28

Muley et al.

Ubiquilins in BAT

maintain cellular homeostasis under these stressful metabolic
conditions (3) and we have demonstrated that NST requires an
adaptive increase in proteasomal activity (4). The increase in
transcription of proteasomal subunits was regulated by the ER-
localized transcription factor nuclear factor erythroid 2-like 1
(Nfe2ll, also known as Nrfl or TCF11). Interestingly, even in
light of increased proteasomal protein degradation, cold
adaptation resulted in enhanced protein ubiquitination (4),
suggesting that the overall set point of the ubiquitin-
proteasome system (UPS) is shifted in BAT after cold
acclimatization. This probably also involves the machinery and
regulators of ubiquitination itself.

The family of ubiquilin (Ubgin) proteins has recently emerged
as versatile components of protein quality control. Ubiquilins are
shuttle proteins that assist protein folding as chaperones, as well
as facilitate degradation of ubiquitinated substrates through the
UPS, endoplasmic reticulum-associated protein degradation
(ERAD), and autophagy (5-7). To this date, five mammalian
ubiquilins have been identified, 1, 2, 3, 4 and L, of which
Ubqin3 and UbglnL are exclusively found in the testis (8, 9).
Ubginl, 2 and 4 are known to share a similar domain structure,
which comprises a carboxy-terminal Ubiquitin-associated
domain (UBA), heat-shock-chaperonin-binding motifs and an
amino-terminal Ubiquitin-like domain (UBL). The UBA-UBL
construct enables the interaction of ubiquilins with ubiquitinated
proteins and the proteasome, which allows them to act as
multifaceted adaptor molecules (10).

Based on the dynamic nature of UPS regulation in BAT
during cold adaptation, it is likely that there are additional
mechanisms supporting the function of Nfe2ll. In that vein, the
role of ubiquilins in BAT has not been investigated so far. We
hypothesized that Ubiquilins, with their function of targeting
ubiquitinated proteins and facilitating their degradation by the
UPS, could play a significant role in maintaining proteostasis in
brown adipocytes. Here we investigate the role of ubiquilins
for proteostasis and NST in immortalized and primary

brown adipocytes.

MATERIAL & METHODS

Mice

All animal experiments were performed according to procedures
approved by the animal welfare committees of the government of
Upper Bavaria, Germany (ROB-55.2-2532.Vet_02-20-32) and
performed in compliance with German Animal Welfare Laws.
Animals were housed in individually ventilated cages at room
temperature (22°C) with a 12-h light-dark cycle. All mouse
housing and husbandry occurred on standard chow diet (Ssniff).
We used 12 weeks old C57BL/6] (Janvier) wild-type mice, which
we housed at 30°C for 7 days for thermoneutral acclimatization.
For cold exposure and cold adaptation, mice were housed at 4°C
for 24 h and 1 week, respectively.

Cell Culture and Treatments
We used an immortalized brown preadipocyte cell line (imBAT)
(11), which we differentiated into mature brown adipocytes

in vitro. The cells were induced at confluence for 2 days and
differentiated for 2 days followed by 1 day of cultivation in
standard medium [DMEM GlutaMax (Gibco), 10% fetal bovine
serum (Sigma-Aldrich), 1% penicillin-streptomycin (Sigma-
Aldrich)]. For induction the standard medium was
supplemented with 850 nM human insulin (Sigma-Aldrich),
1 uM dexamethasone (Sigma-Aldrich, in 100% ethanol), 1 uM
T3 (Sigma-Aldrich, in 1 M NaOH), 1 uM rosiglitazone (Cayman
Chemicals, in 100% DMSO), 500 nM IBMX (Sigma-Aldrich, in
100% DMSO) and 125 nM indomethacin (Sigma-Aldrich, in
100% ethanol). The differentiation medium contained 1 pM T3
and 1 uM rosiglitazone. All treatments were performed on the 5
day of differentiation. Proteasome inhibitors bortezomib
(Selleckchem), epoxomicin (Millipore) and MG-132
(Calbiochem) were used at 100 nM in 100% DMSO and
incubated for 6 h. For P3-adrenergic stimulation, cells were
treated with 1 pM CL316,243 (Tocris, in distilled H,O) for 6 h.

Primary Cell Preparation and Culture

For primary cell experiments, mature adipocytes were
differentiated from preadipocytes, isolated from the stromal-
vascular fraction of adipose tissue of 4 weeks old C57BL/6]
(Janvier) wild-type mice. The mice were sacrificed by cervical
dislocation, the respective adipose tissues were harvested and
pooled. The tissues were minced, weighted and digested in
DMEM/F-12 (Sigma-Aldrich), 1% PenStrep (Sigma-Aldrich),
15 mg/mL fatty acid free BSA (Sigma-Aldrich), 1 mg/mL
collagenase type 2 (Worthington) and 0.1 mg/mL DNase 1
(Roche) for 30 - 45 min at 37°C. For BAT, the digestion mix
was supplemented with 1.2 U/mL Dispase (Roche). The
digestion was stopped by adding DMEM/F-12 (+10% FBS,
+1% PenStrep) in a 1:5 ratio. The digest was filtered through a
100 pm strainer and centrifuged at room temperature for 10 min
at 500 xg. The mature adipocyte and the supernatant were
aspirated, the pellet suspended in DMEM/F-12 (+10% FBS,
+1% PenStrep) and filtered through a 70 um strainer. After
another centrifugation step at room temperature for 10 min at
500 xg, the pellet was again suspended in DMEM/F-12 (+10%
FBS, +1% PenStrep), filtered through a 30 pum strainer and
eventually plated in T75 flasks. The medium was changed the
next day, to remove debris from the digestion and then every
other day until the cells reached confluency. To differentiate the
preadipocytes into mature adipocytes, cells were induced for 2
days and differentiated for 2 days followed by 1 day cultivation in
standard medium. The induction medium consisted of DMEM/
F-12 (+10% FBS, +1% PenStrep) supplemented with 340 nM
human insulin (Sigma-Aldrich), 1 uM dexamethasone (Sigma-
Aldrich, in 100% ethanol), 1 uM T3 (Sigma-Aldrich, in 1 M
NaOH), 1 puM rosiglitazone (Cayman Chemicals, in 100%
DMSO), 500 nM IBMX (Sigma-Aldrich, in 100% DMSO).
The differentiation medium for white adipocytes from gonadal
white adipose tissue (GWAT) consisted of DMEM/F-12 (+10%
FBS, +1% PenStrep) with 10 nM human insulin and 2 pM T3.
For beige and brown adipocytes from subcutaneous adipose
tissue (SCAT) and BAT, respectively, DMEM/F-12 (+10% FBS,
+1% PenStrep) was supplemented with 10 nM human insulin, 2
uM T3 and 1 uM rosiglitazone.
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Reverse Transfection and RNAI

For RNA interference experiments, we reverse transfected imBAT
and primary brown adipocytes with SMARTpool siRNA
(Dharmacon) on the 3™ day of differentiation. Lipofectamine
RNAIMAX transfection reagent (Thermo Fisher Scientific) was
used according to manufacturer’s instructions. SMARTpool
siRNAs for Nfe2ll, Ubglnl, 2 and 4 were used in a final
concentration of 30 nM for single knockdowns. For double and
triple knockdown of Ubglnl, 2 and 4 SMARTpool siRNAs were
mixed in an equimolar ratio with final concentrations of 60 nM and
90 nM, respectively. After 24 h the transfection mix was replaced
with the standard medium and the cells were incubated for another
24 h, after which we treated or directly harvested them.

RNA Extraction, cDNA Synthesis

and RT-gPCR

To extract total RNA from frozen adipose tissue and cells we used
the NucleoSpin® RNA kit (Macherey-Nagel) according to the
manufacturer’s instructions. RNA concentrations were measured
on a NanoDrop spectrophotometer (Thermo Fisher Scientific).
To synthesize complementary DNA (cDNA), we reverse-
transcribed 500 ng RNA with the Maxima' = H Master Mix 5x
(Thermo Fisher Scientific) in a total volume of 10 ul. cDNA was
diluted 1:40 with RNase-free H,O. Relative gene expression was
quantified using quantitative real time-PCR. Each reaction
contained 4 puL cDNA, 5 uL PowerUpTM SYBR Green Master Mix
(Applied Biosystems) and 1 uL of 5 pM primer stock (full primer list
in Supplementary Table 1). We used standard run conditions for
Applied Biosystems SYBR Green Gene Expression Assays (2:00 min
50°C, 10:00 min 95°C, 40 cycles of 0:15 min 95°C, 1:00 min 60°C).
Cycle thresholds (Cts) of genes of interest were normalized to
TATA-box binding protein (Tbp) levels by the AACt-method and
displayed as relative copies per Tbp or relative expression
normalized to experimental control groups.

Oil Red O Staining

To visualize and quantify lipid content in adipocytes, we used Oil
Red O staining. Confluent cells were harvested 48 h after
transfection, washed once with DPBS and incubated with zinc
formalin solution (Merck) for 5 min at room temperature.
Afterwards, zinc formalin was replaced with fresh zinc
formalin and the cells were fixed for 48 h at 4°C. Adipocytes
were washed with 100% isopropanol and dried at 37°C. Cells
were stained with 0.5 ml 60% vol/vol Oil Red O solution (Sigma),
40% vol/vol distilled H,O for 1 h at room temperature and
immediately washed 4x with distilled H,O afterwards. Pictures
from each well were taken with a digital camera as well as with a
microscope at 200x magnification before ORO stain was eluted
with 100% isopropanol and transferred into a clear 96-well plate.
To quantify the staining, absorption of the eluates was measured
at 500 nm on a Tecan plate reader. Absorption was normalized
by subtracting the absorbance of 100% isopropanol and
displayed as fold change to Scramble.

Extracellular Flux Analysis (Seahorse)
For extracellular flux analysis, we reverse transfected imBAT and
plated them at 25,000 cells per well in a 24-well Seahorse plate in

two independent experiments. To ensure even distribution, cells
were seeded in 50 ul of medium and kept for 2 h at room
temperature. Then, 175 ul medium were added, and the cells
were allowed to fully attach at 37°C overnight. On the day before
the experiment, Seahorse cartridges with the sensors were
equilibrated in XF calibrant solution (Agilent) at 37°C in a non-
CO2 chamber overnight. The experiment was performed on the 5th
day of differentiation. Cells were treated with 100 nM bortezomib
for 6 h or the corresponding amount of DMSO (Sigma-Aldrich) as a
control treatment. XF DMEM pH 7.4 medium (Agilent) was
supplemented fresh on the day of the experiment with 10 mM
glucose, 1 mM pyruvate and 2 mM L-glutamine (Seahorse medium,
all reagents from Agilent). Cells were carefully washed 2x with 1 ml
Seahorse medium before incubating them with 500 pl of Seahorse
medium for approximately 45 min at 37°C without CO,. During the
measurement norepinephrine (Sigma- Aldrich), oligomycin (Sigma-
Aldrich), FCCP (Sigma-Aldrich) and rotenone-antimycin A
(Sigma-Aldrich) were injected via the port of the Seahorse
cartridge. Final concentrations were 1 uM norepinephrine (in
100% H,0), 1 pM oligomycin, 4 uM FCCP and 0.5 pM
rotenone-antimycin A (all in 100% DMSO). The protocol was
3 min mix, 2 min wait and 3 min measure for each time point. For
normalization of respiration to live cell count, the cell plate was
retrieved after the run, and we quantified the cell count using the
CyQUANT® Cell Proliferation Assay Kit (Thermo Fisher Scientific)
according to manufacturer’s instructions.

Protein Extraction and Western Blotting

We lysed cells in RIPA buffer [150 mM NaCl (Merck), 5 mM
EDTA (Merck), 50 mM Tris pH 8 (Merck), 0.1% wt/vol SDS
(Carl Roth), 1% wt/vol IGEPAL® CA-630 (Sigma-Aldrich), 0.5%
wt/vol sodium deoxycholate (Sigma-Aldrich)] freshly
supplemented with protease inhibitors (Sigma-Aldrich) in a
1:100 ratio. The lysate was centrifuged at 4°C for 30 min at
21,000xg, to clear the lysate from debris and lipids. Protein
concentrations were determined using the Pierce BCA Protein
Assay (Thermo Fisher Scientific) according to the
manufacturer’s instructions. For western blotting, lysates were
adjusted to a final concentration of 0.85 pg/ul in 1x Bolt'" LDS
Sample buffer (Thermo Fisher Scientific) supplemented with 5%
vol/vol 2-mercaptoethanol (Sigma-Aldrich). For SDS-PAGE we
used Bolt ™' 4-12% Bis-Tris gels (Thermo Fisher Scientific) with
Bolt'™ MOPS SDS running buffer. After separation, proteins
were transferred onto a 0.2 um PVDF membrane (Bio-Rad)
using the Trans-Blot® Turbo ™ system (Bio-Rad) at 12V, 1.4 A
for 16 min. The membrane was briefly stained with Ponceau S
(Sigma-Aldrich) to verify successful transfer and blocked in 1x
Roti-Block (Carl Roth) for 1 h at room temperature. Primary
antibodies (Cell signaling) were used in a 1:1,000 ratio in 1x Roti-
Block overnight at 4°C. After washing 4x for 10 min with TBS-T
(200 mM Tris (Merck), 1.36 mM NaCl (Merck), 0.1% vol/vol
Tween 20 (Sigma)), secondary antibodies (Santa Cruz) were
applied in a 1:10,000 ratio in Roti-Block for 1 h at room
temperature. Then membranes were washed again 3x for 10
min in TBS-T and developed using SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific) and a
Chemidoc imager (Bio-Rad). We analyzed the digital images
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with the Image Lab software (Bio-Rad). Uncropped images can
be found in (Supplementary Figure 1).

Proteasomal Activity Assay

For the proteasomal activity assay, we lysed cells with a buffer
containing 40 mM TRIS pH 7.2 (Merck), 50 mM NaCl (Merck),
5 mM MgCl,(hexahydrate) (Merck) and 10% vol/vol glycerol
(Sigma-Aldrich) freshly supplemented with 2 mM
B-mercaptoethanol (Sigma-Aldrich) and 2 mM ATP (Sigma-
Aldrich). To measure chemotrypsin-like, trypsin-like and
caspase-like activity, we used the Proteasome Activity
Fluorometric Assay (UBP Bio) according to the manufacturer’s
instructions. For the normalization of proteasomal activity to
total protein content, we used the Bio-Rad Protein Assay Kit II to
determine protein concentration in our samples.

Statistics

Data were expressed as the mean + standard error of the mean
(SEM). For comparing three and more groups we used one-way
ANOVA with Bonferroni post-hoc test as indicated in the figure
legends. For comparing two variables we used two-way ANOVA with
Bonferroni post-hoc test. Analysis was performed using R, Microsoft
Excel and/or GraphPad Prism. P <0.05 was considered significant, as
indicated by asterisks and letters in the figures legends.

RESULTS

Ubgqin1 Is Expressed in Adipose

Tissue and Induced by Cold and
Proteasome Inhibition

As nothing is known about ubiquilins in BAT, we first investigated
their gene expression levels in primary and immortalized adipocytes
as well as in BAT ex vivo and second how these are impacted by
cold and proteasome inhibition. In primary cells from intrascapular
brown, inguinal subcutaneous and gonadal white adipose tissue
(WAT), Ubginl, 2 and 4 expression was found to be expressed
whereas Ubgln3 was undetectable (Figure 1A). Ubgln2 and Ubgln4
were expressed at similar levels in all three adipocyte types.
Interestingly, Ubqlnl was approximately higher expressed
compared to Ubgln2 and 4 with highest expression in adipocytes
from the subcutaneous WAT. In BAT from 12-week-old mice,
which were kept at 4°C for 24 h (cold exposure) and 7 days (cold
adaptation), we found that Ubglnl and Ubgln4 expression was
higher compared to mice kept at 30°C (thermoneutrality)
(Figure 1B). We confirmed that the cold challenge was successful
by increased expression of thermogenic markers Ucpl and Ppargcla
(Supplementary Figures 2A, B). Compared to primary brown
adipocytes, we found a similar expression pattern in imBAT, which
remained unchanged upon stimulation with beta3-agonist
CL316,243 (Figure 1C). Proteasome inhibition with epoxomicin,
MG132 or bortezomib respectively, resulted in higher Ubginl
expression compared to DMSO treated controls (Figure 1D).
We were unable to detect Ubgln3 mRNA in any of our samples,
which is in line with a previous report that Ubgln3 is specific to testis
(9). Thus, Ubglnl, 2 and 4 are expressed in adipose tissue, yet only
Ubglnl is positively regulated by cold and proteasome inhibition.

Silencing of Ubqin1, 2 and 4 Does Not
Cause ER Stress or Inflammation

Next, we determined the significance of ubiquilins in brown
adipocyte homeostasis. We used RNA interference to silence the
gene expression of Ubglnl, 2 and 4 in immortalized and primary
adipocytes to investigate their functional relevance. We explored
established surrogate markers of stress responses and adipocyte
function linked to BAT proteostasis (4). While our RNAI strategy
was efficient, knockdown of any of the Ubgln genes did not result
in changes in the mRNA expression of surrogate stress markers,
Ddit3 and Ccl2 (Figures 2A, B). Knockdown of Ubgin2 resulted
in lower Adipoq expression in both immortalized and primary
brown adipocytes, which suggests that adipocyte health is
affected under these conditions. Since Ubglnl, 2 and 4 share
the same domain structure and their sequences are highly
similar, we hypothesized that they could compensate for each
other (12). This was also supported by upregulation of Ubgln2
after knockdown of Ubglnl in primary brown adipocytes
(Figure 2B). To circumvent this effect, we studied all possible
combinations of Ubglnl, 2 and 4 siRNAs in single, double and
triple Ubgln knockdown experiments in imBAT (Figure 2C).
This resulted in lower Adipog expression in conditions with
Ubgin2 knockdown compared to the control cells (Figure 2D).
Ddit3 and Ccl2 expression remained largely unaffected. Hence,
loss of Ubgln1, 2 or 4 did not increase ER stress or inflammation
marker genes, alone or in combination.

Silencing of Ubiquilins Does Not

Impair Adipocyte Health and Non-
Shivering Thermogenesis

As we observed a reduction in Adipoq mRNA levels in both
immortalized and primary brown adipocytes, we next investigated
how loss of ubiquilins impacts adipocyte health. To our surprise, the
expression levels of other adipocyte marker genes such as Pparg,
Plinl, Fabp4, Fasn and Cebpa remained unchanged by Ubgln single
or triple knockdown (Figure 3A. However, compared to the control
cells we observed a lower lipid content in imBAT (Figures 3B, C and
Supplementary Figure 3). Next, we investigated if loss of ubiquilins
impacts NST. We analyzed norepinephrine-induced respiration and
mitochondrial stress tests as the gold standard of measuring NST in
cells. Neither single nor triple knockdown affected basal cellular
respiration, the response to norepinephrine stimulation or maximal
respiratory capacity (Figures 3D, E). To investigate if ubiquilins
participate in the coordinated cellular response to proteasome
inhibition, which has been shown to impair mitochondrial function
in brown adipocytes (4), we treated imBAT cells with the compound
bortezomib. While pretreatment with bortezomib led to lower levels
of respiration, this response was independent of single or triple
knockdown of ubiquilins (Figures 3F, G).

Ubiquilins Are Dispensable for
Proteostasis in Brown Adipocytes

As we found that Ubglnl expression in brown adipocytes is
strongly induced by proteasome inhibition, we hypothesized that
Ubiquilins are involved in maintaining proteostasis. Indeed,
knockdown of Ubginl, 2 and 4 resulted in higher Atf3 gene
expression, albeit the effect was small but significant
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(Figure 4A). Other stress markers related to accumulation of
misfolded proteins or ER stress such as Atf4, Atf6 and sXbpl were
unchanged and Hspa5 was only higher in the triple knockdown
condition. Another important player for brown fat proteostasis is
the transcription factor Nfe2l1, which activates the transcription of
proteasomal subunits in a bounce-back-mechanism in response to
proteasomal inhibition and cold (4). It is conceivable that Nfe2ll
counteracts accumulation of misfolded proteins and ER stress as a
consequence of diminished Ubgln expression through increased
proteasome formation. However, we neither observed differences
in Nfe2ll expression nor in the expression of two of its
downstream targets Psrmal and Psmbl. We also tested whether,
the induction of A#f3 in response to Ubgln knockdown was
mediated by Nfe2ll, but Aff3 expression was unchanged by
Ubgin triple knockdown in combination with Nfe2ll
knockdown (Supplementary Figure 4). In line with these
findings, single Ubgln knockdown (Supplementary Figure 5) or
triple Ubgln knockdown neither affected the levels of ubiquitinated
proteins nor Nfe2l1 protein levels, neither under basal conditions
nor after proteasome inhibition (Figure 4B). Triple knockdown
did also not result in lower proteasomal activity (Figure 4C).
Thus, ubiquilins are dispensable to maintain proteostasis in brown

adipocytes under basal and proteasome inhibited conditions and
their absence is not linked to Nfe2l1 activation.

DISCUSSION

The adaptation to sustained cold is a challenging process for
thermogenic adipocytes. These cells undergo extensive remodeling
for enhanced and sustainable oxidative metabolism, which involves
the synthesis of new proteins, lipids and entire organelles (2).
We have previously shown that this process requires enhanced
proteasomal protein quality control, transcriptionally mediated by
Nfe2ll (4). However, even with increased proteasomal degradation,
cold adaptation still results in increased protein ubiquitination (4).
The mechanisms dynamically coupling ubiquitination of proteins to
proteasomal degradation in brown adipocytes remain elusive.
Here, we investigated the role of ubiquilins for proteostasis and
NST in brown adipocytes.

Ubiquilins are multifaceted shuttling proteins, which have an
amino-terminal UBL and a carboxy-terminal UBA domain, which
enable them to interact with both mono- and poly-ubiquitinated
cargo as well as facilitate their degradation through the UPS. This
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role seems to be their predominant function, as it is conserved from
yeast to humans (10). We show that Ubglnl, 2 and 4 are highly
expressed in BAT and that their expression, most notably of Ubgin1
is induced by cold and proteasomal inhibition. UbginI, 2 and 4 are
highly homologous and share a similar domain structure. It is
therefore likely that they share similar functions and might
compensate for the loss of each other (13). However, silencing of
one or the combination of ubiquilins by RNAi did neither impact
ubiquitin levels nor proteasomal activity under basal conditions or
after treatment with proteasome inhibitors. Consequently, except
for mildly upregulated expression of Atf3, a stress marker in
response to various physiological stressors, no changes in ER
stress or inflammation were observed under these conditions.

We could speculate that Nfe2ll as the major regulator of
proteostasis in brown adipocytes, is involved in upregulation of

Atf3 upon knockdown of ubiquilins. However, we did not
investigate this in an epistasis-type of experiment, since we did
not find any changes in Nfe2ll gene and protein expression.
Another limitation of this study is that we only silenced UbglnI, 2
and 4 by RNAi. Presumably, knockout of one or all ubiquilins
would have a stronger effect on proteostasis and NST. In mice,
transgenic knockout of Ubglnl in neurons aggravated brain injury
and delayed functional recovery after ischemic stroke. Ubiquitous
overexpression of Ubglnl, however, resulted in reduced neuronal
damage (14). Similarly, cardiomyocyte-specific knockout of Ubgln1
in a mouse model of myocardial ischemia-reperfusion injury
resulted in enlarged infarct size and late-onset cardiomyopathy,
whereas overexpression of Ubglnl resulted in reduced infarct size
(15). Moreover, in humans, mutations in Ubglnl, 2 and 4 are
strongly associated with the onset of neurodegenerative diseases
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such as dementia, Alzheimer’s disease and amyotrophic lateral In Drosophila loss of Ubqn, the homologue of mammalian
sclerosis (12, 16-18). These data strongly suggest that impairment  ubiquilins, results in ER expansion and activation of the PKR-
or loss of function of ubiquilins are associated with numerous  like ER kinase (PERK) pathway, one branch of the unfolded
pathologies in both humans and rodents. protein response (5). According to our original hypothesis that
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ubiquilins might be involved in ubiquitination of proteins and
their proteasomal degradation during NST, we measured
norepinephrine-induced respiration but NST was intact despite
the loss of ubiquilins. However, we found reduced lipid content
compared to control cells. Lipogenesis and lipid droplet
biosynthesis takes place in the ER and ER stress, even if driven
by proteotoxic stressors disrupt lipid homeostasis (3). In light of
the absence of overt ER stress upon loss of ubiquilins, the
changes in lipid content point to a more specific role of
ubiquilins in lipid metabolism beyond proteostasis. While this
warrants further investigation, we did not observe any functional
change in NST.

Yeast has only one ubiquilin isoform Dsk2, but other UBL/
UBA proteins such as Rad23. None of these individual proteins are
essential in yeast, but combined loss of Rad23, Dsk2 and the
proteasome ubiquitin receptor Rpn10/S5a results in mitotic arrest
(19). This suggests that, at least in yeast, UBL/UBA proteins are
redundant and may have overlapping substrate specificity.

In future, it will be important finding those UBL/UBA proteins
that participate in ubiquitination in brown adipocytes.
In summary, in this study, we investigated the role of ubiquilins
for brown adipocyte proteostasis and thermogenesis. We found
that despite high expression levels of Ubgln I, 2 and 4, these
ubiquilins are only minor regulators of brown adipocyte function.
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