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Abstract

Brown and beige adipocytes are mainly responsible for nonshivering thermogenesis or heat production, despite
the fact that they have distinguished features in distribution, developmental origin, and functional activation. As a
nutrient sensor and critical regulator of energy metabolism, mechanistic target of rapamycin (mTOR) also plays an
important role in the development and functional maintenance of adipocytes. While the recent studies support the
notion that mTOR (MTORC1 and mTORC2) related signaling pathways are of great significance for thermogenesis
and the development of brown and beige adipocytes, the exact roles of mTOR in heat production are controversial.
The similarities and disparities in terms of thermogenesis might be ascribed to the use of different animal models
and experimental systems, distinct features of brown and beige adipocytes, and the complexity of regulatory
networks of mMTORC1T and mTORC2 in energy metabolism.
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Introduction

There has been an accelerated global increase in the
prevalence of obesity and obesity-related diseases, includ-
ing metabolic syndrome and diabetes [1]. Recent data
show that there are more than 1.9 billion overweight and
over 650 million obese adults around the world in 2016
[2, 3]. Controlling body weight greatly benefits obesity as-
sociated chronic diseases and cancers [4—6]. Obesity
mainly arises from an imbalance of energy homeostasis
between increased food intake and decreased energy ex-
penditure. The multiple functions of adipose tissues in en-
ergy homeostasis have been attracting increasing attention
in recent years. Apart from their endocrine function, adi-
pose tissues also play important roles in energy metabol-
ism. As classical white adipose tissues (WATSs) are mainly
responsible for fat storage, brown adipose tissues (BATs)
control nonshivering thermogenesis or heat production.
BAT expresses unique uncoupling protein 1 (Ucpl),
which allows the uncoupling protons to move down their
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mitochondrial gradient from the synthesis of adenosine
triphosphate (ATP), resulting in the dissipation of energy
as heat [7]. Recent studies have uncovered that, when
induced by a cold environment or B-adrenergic receptor
(BAR) activators, a subset of “brown-like” or “beige” cells
in WAT are produced.

Similar to brown adipocytes, beige adipocytes are also
involved in nonshivering thermogenesis and the dissipa-
tion of heat energy. Recently, extensive studies that
explore the molecular mechanisms underlying the func-
tional and developmental regulation of brown and beige
fat have been performed [8]. Multiple transcriptional fac-
tors and cofactors, such as PRD1-BF1-RIZ1 homologous
domain-containing 16 (PRDM16), peroxisome proliferator-
activated receptor y (PPARy), PPARy-coactivators-la
(PGC-1a), and many others, play key roles in the dif-
ferentiation and development of brown and beige adi-
pocytes [9, 10].

mTOR, known as mammalian or mechanistic target of
rapamycin, is a Ser/Thr protein kinase that integrates in-
ternal and external signaling to regulate protein/lipid
syntheses, cellular proliferation and metabolism, and
autophagy. Recently, mTOR-related signaling pathways
have been reported to play vital roles in the regulation of
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adipose tissue browning and thermogenesis; however, the
exact role of mTOR signaling in the beigeing process
seems controversial and is yet to be fully elucidated. In
this review, we summarize and highlight the recent under-
standing of adipose tissue browning. More importantly,
we discuss the discoveries concerning mTOR-related sig-
naling in brown and beige fat development and its func-
tion in different mouse models. We believe that clarifying
the roles and underlying mechanisms of mTOR-related
signaling in adipocytes will provide potential therapeutic
targets for obesity and related metabolic disorders.

Brown and beige adipocytes

As the two major types of adipocytes that are respon-
sible for nonshivering thermogenesis, brown and beige
adipocytes share multiple similarities in morphological
and biochemical characteristics, namely, they both possess
multilocular lipid droplets, a large number of mitochon-
dria, and high expression levels of several thermogenic
genes and increased dissipation of energy under cold
stimulation or via pathways that elevate intracellular cyclic
AMP [8]. With respect to their noncanonical function,
brown and beige fat influence systemic metabolism indir-
ectly by acting as metabolic sinks for various substrates,
such as glucose, lipids, and many other metabolites [11,
12]. Despite similarities, these two kinds of adipocytes still
have several distinctive features.

First, there is a difference in the distribution of brown
and beige adipocytes. In human infants, classical brown
adipocytes mainly exist in interscapular BAT depots,
similar to those of rodents [13]. In human adults, BAT is
more widely distributed. Its locations include the cer-
vical, supraclavicular, axillary, paravertebral, and peria-
drenal regions [13, 14]. Intriguingly, adult human BAT
depots express several molecular markers similar to
beige adipocytes in mice, such as the homeobox protein
HoxC8 (Hoxc8), the homeobox protein HoxC9 (Hoxc9)
and the Cebp/p300-interacting transactivator with Glu/
Asp-rich carboxy-terminal domain 1 (CITED1); thus,
Ucpl-positive adipocytes from the supraclavicular region
in humans show a molecular signature consistent with
those of beige adipocytes in mice [15]. Unlike the dedi-
cated deposits of brown adipocytes, inducible beige adipo-
cytes are highly dependent on adipose depots. In mice, the
subcutaneous inguinal WAT depots, such as the inguinal
and anterior subcutaneous WATS, undergo profound in-
duction [13, 16], whereas the epididymal WATSs are par-
ticularly resistant to beigeing when exposed to cold
stimuli [17].

Second, the developmental origin of classical brown
and beige adipocytes is different. During the embryogen-
esis of mice, BAT depots develop before other adipose
depots, which is in parallel with the capacity for nonshi-
vering thermogenesis in a cold environment in newborns
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[18]. Lineage-tracing studies indicate that brown adipose
precursors arise from multipotent progenitor cells in the
dermomyotome that express high levels of engrailed 1
(EN1), paired box 7 (PAX7), and myogenic factor 5
(MYF5) marker genes, and such multipotent progenitors
can also differentiate into skeletal muscle, dorsal dermis,
and a subset of white adipocytes [19-21]. The committed
brown adipose precursors develop into brown preadipo-
cytes that express early B-cell factor 2 (EBF2; also known
as COE2) [22]. Under the regulation of PRDM16, which
interacts with adipogenic transcription factors CCAAT/
enhancer-binding protein-f3 (C/EBPp), PPARY, zinc finger
protein 516 (ZFP516), and euchromatic histone-lysine N-
methyltransferase 1 (EHMT1), the brown preadipocytes
eventually transform into classical brown adipocytes char-
acterized by high levels of Ucpl, PGC-1«, and PRDM16
[8, 19, 23-25].

However, the origin of beige adipocytes in subcutaneous
WAT is still disputed and as the sources of beige cells, dis-
tinct WAT depots display multivariable developmental ori-
gins. Beige adipocytes in inguinal subcutaneous WAT are
reported to be derived from smooth muscle cells expressing
smooth muscle actin (SMA), myosin heavy chain 11
(MYH11), and mural cells expressing platelet-derived
growth factor receptor-f (PDGFRp) [25]. SMA+ cells com-
mit to preadipocytes with platelet-derived growth factor
receptor-a  (PDGFRa) and EBF2, and when under the
modulation of PRDM16, PDGFRa, PPARYy, or ZFP516, pre-
adipocytes differentiate into beige adipocytes [26—30].
However, another possible origin of beige adipocytes in
inguinal subcutaneous WAT is the interconversion of ma-
ture white adipocytes under cold or B-adrenergic signaling
stimulation, in which beige adipocytes can turn back into
white adipocytes after warm adaptation [31]. In epididymal
WAT, bipotent PDGFRa+ precursors can be converted
into white adipocytes under a high-fat diet, whereas cold
exposure or -adrenergic stimulation leads to the differenti-
ation of these precursor cells into beige adipocytes [32].

Third, unlike brown fat cells that express relatively
higher levels of Ucpl even under non-stimulated condi-
tions, beige adipocytes are dependent on external stimuli
for Ucpl induction, which is a distinctive feature of beige
cells [33]. In the basal state, beige adipocytes express a
very low level of the thermogenic gene program that re-
sembles white adipocytes; however, if fully stimulated,
beige adipocytes express high levels of Ucpl similar to
those of brown adipocytes and undergo Ucpl-mediated
uncoupled respiration. Thus, the beige cell’s capacity to
switch between energy storage and energy dissipation de-
pends on the type of stimulation that it receives, a capacity
that classic brown adipocytes lack [16, 25].

Given the above similarities between brown and beige ad-
ipocytes and the distinctive features that they possess, more
investigations are necessary to identify the mechanisms and
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regulations of these two adipocytes in thermogenesis and
energy homeostasis.

mTOR signaling

In order to modulate various biological processes, such as
protein and lipid synthesis, cellular growth, proliferation,
differentiation, and autophagy [34, 35], mTOR will respond
to both intracellular and extracellular environmental
changes. There are two biochemically and functionally dis-
tinct mTOR complexes, mMTORC1 and mTORC2, both of
which are composed of mTOR, which acts as the catalytic
core of the complex. mTORCI1 contains two core compo-
nents, regulatory associated proteins of mTOR (Raptor)
and mammalian lethal with SEC13 protein 8 (mLST8); two
inhibitory subunits, Akt/PKB substrate 40 kDa (PRAS40)
and DEP domain-containing mTOR-interacting protein
(Deptor); and the stabilizing complex Ttil/Tel2 [36]
(Fig. 1). mTORC2 shares mLST8, Deptor, and the Ttil/
Tel2 complex with mTORC1 but has three unique ele-
ments: Raptor-independent companion of mTOR (Rictor),
mammalian stress-activated protein kinase-interacting pro-
tein 1 (mSinl), and protein observed with Rictor-1 and -2
(PROTORL1/2) [36-38] (Fig. 2).

mTORC1

mTORCI is known as a critical regulator in metabolism,
ribosomal biogenesis, cap-dependent translation, nucleo-
tide biosynthesis, lysosomal biogenesis, lipid synthesis,
autophagy, and thermogenesis. mTORCI1 can be acti-
vated by many internal and external factors, including
growth factors, amino acids, cellular energy status, stress,
oxygen, and certain signaling pathways, such as WNT,
Hippo, and Notch [39] (Fig. 1). Growth factors such as
insulin-like growth factors and insulin bind to their re-
spective receptors, thus activating PI3K/Akt signaling,
triggering phosphorylation-mediated inhibition of tuber-
ous sclerosis complex 1/2 (TSC 1/2), and leading to an
increase in GTP-bound activation of Rheb, which dir-
ectly activates mTORC1 [40, 41]. Akt can also phos-
phorylate PRAS40 to dissociate the latter from Raptor,
thus resulting in the activation of mTORC1 [42].
Branched-chain amino acids such as leucine and argin-
ine collaborate with RAS-related GTP-binding protein
(Rag) and Raptor and promote the relocalization and
activation of mTORC1 [43]. Large tumor suppressor
homologue kinase (LATS) can trigger the hippo pathway
by inhibiting Yes-associated protein (YAP), which then
activates mTORCI1 signaling through the suppression of
phosphatase and tensin homologue (PTEN) [44]. WNT
signaling stimulates mTORC1 by suppressing the activa-
tion of glycogen synthase kinase 3p (GSK3[), which can
phosphorylate TSC2 [45]. Notch signaling can increase
the stability of mTORC1 by promoting Akt activity and
therefore increasing hepatic lipid accumulation [46].

Page 3 of 14

Moreover, AMP-activated protein kinase (AMPK) in-
hibits mTORC]1 activity through phosphorylating TSC2
or Raptor when cellular energy shortage occurs [47].

Upon activation, mTORC1 functions to phosphorylate its
substrates and triggers a cascade of signaling transduction.
Many direct substrates of mTORCI have been identified,
including ribosomal S6 kinase (S6K), elF4E-binding pro-
teins (4E-BPs), transcription factor EB (TFEBI1), Lipinl,
UNC-51-like kinase 1 (Ulk1), growth factor receptor-bound
protein-10 (Grb10), hypoxia inducible factor-la (HIFla)
and activating transcription factor 4 (ATF4) [48-53] (Fig. 1).
Alternatively, negative feedback mechanisms of mTOR
substrates could, in turn, fine-tune the mTOR signaling
network. For example, Grbl0 negatively regulates the
mTORCI signaling pathway through a phosphorylation-
dependent feedback mechanism, and S6K1 also negatively
accommodates phosphorylation of insulin receptor
substrate 1 (IRS1) to suppress IRS-1/PI3K/Akt/mTOR
signaling [54—57].

mTORC2

Unlike mTORC1, mTORC?2 is involved in cell survival,
proliferation, apoptosis, metabolism, and cytoskeleton
organization [58-60]. Although insensitive to acute rapa-
mycin treatment, the activity of mTORC2 is inhibited by
chronic treatment [58, 61]. Growth factor-stimulated
PI3K signaling can promote mTORC?2 activation and ribo-
some binding [62]. Similar to mTORCI, there is a nega-
tive feedback mechanism in mTORC2 signaling in
coordination with its upstream molecules, such as IRS-1
[63]. In particular, Akt promotes the activation of
mTORC?2, which in turn positively feeds back to phos-
phorylate and activates Akt [64]. Strikingly, mTORC2 sig-
naling is also regulated by mTORC1 through Grbl0 in
insulin/PI3K signaling [49, 55]. In addition, mTORC2
functions to phosphorylate several members of the AGC
kinases, such as protein kinase C (PKC), serum- and
glucocorticoid-induced protein kinase 1 (SGK1), IGF2
mRNA-binding protein 1 (IMP1), mammalian sterile 20-
like kinase 1 (MST1), and Akt, to regulate cell survival,
proliferation, and metabolism [58, 60, 65-70] (Fig. 2).

mTOR-related signaling in brown and beige
adipocytes

Accumulated evidence over the years has shown that
mTOR is a key energy sensor and that its associated sig-
naling pathways control lipid metabolism and adipocyte
formation and maintenance [38]. Not only does the im-
pairment of adipose mTOR signaling suppresses the
development and expansion of the BATs and WATsSs
[71-73], but it also influences the functions and metab-
olism of fat tissues. Recent studies have demonstrated
that mTOR is also involved in the controlling of nonshi-
vering thermogenesis and the development of brown/
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Fig. 1 mTORC1 and its signaling networks. mTORC1 is composed of mTOR, Raptor, mLST8, PRAS40, Deptor and Tti1/Tel2 complex. The signaling
networks of mTORC1. a Growth factors, such as insulin, stimulation leads to the activation of classic PI3K-AKT-TSC2-mTORC1 pathway. b Amino
acids, mainly leucine and arginine, stimulate mTORC1 through GTP-loaded RAG. ¢ LATS can trigger hippo pathway by inhibition of YAP to
activate mTORC1 signaling through PTEN suppression. d WNT signaling stimulates mTORC1 by inhibiting the activation of GSK3, which can
phosphorylate TSC2. e Notch signaling can regulate mTOR activity in liver. f AMPK inhibits mTORC1 activity through phosphorylating TSC2 or

Raptor under energy limitation. Upon various stimulation, mTORC1T modulates its substrates such as 4E-BP, ULK1, TFEB1, LIPINT, HIF1a, ATF4. S6K
and GRB10 to affect cellular proliferation, metabolism and many other biological processes. In addition, negative feedback mechanisms of mTOR
substrates, in turn, fine-tune MTORC1 signaling networks. For examples, Grb10 negatively regulates the mTORC1 signaling pathway through a
phosphorylation-dependent feedback mechanism on reptor or IRS. And S6K1 also negatively accommodates phosphorylation of IRS-1 to suppress
IRS-1/PI3K /Akt /mTOR signaling. Akt, protein kinase B; AMPK, 5’AMP- activated protein kinase; ATF4, activating transcription factor 4; Deptor, DEP

TSC1, tuberous sclerosis complex
elF4E-binding protein

domain-containing mTOR-interacting protein; GRB10, growth factor receptor-bound protein 10; GSK3, glycogen synthase kinase 33; HIF1a,
hypoxia inducible factor-1q; IRS, insulin receptor substrate; LATS, large tumour suppressor homologue kinase; mLST8, mammalian lethal with
SEC13 protein 8 mTORC1, mammalian or mechanistic target of rapamycin complex1; PDK1, Phosphoinositide-dependent kinase-1; PI3K,
phosphoinositide 3-kinase; PRAS40, Akt/PKB substrate 40 kDa; PTEN, phosphatase and tensin homolog; RAG, RAS-related GTP-binding Protein;
Raptor, regulatory associated protein of mTOR; RHEB, RAS homolog enriched in brain; S6K, ribosomal S6é kinase; TFEB1, transcription factor EB;
1; TSC2, tuberous sclerosis complex 2; ULK1T, UNC-like kinase 1; YAP, Yes-associated protein; 4E-BP,

beige adipocytes. However, conflicting observations con-
cerning the role of mTOR-related signaling pathways in
thermogenic gene expression in adipocytes still exist. Also,
the molecular mechanisms underlying mTOR-regulated
thermogenesis and the development of brown/beige adi-
pocytes are still poorly understood. In the next section, we
summarize recent discoveries of mTOR-related signaling
in the regulation of brown and beige adipocyte activation,

and discuss the possibilities that cause discrepancies in the
role of mTOR in thermogenesis.

mTORC1 signaling in brown and beige adipocytes

mTORCI1 is an important regulator of adipose tissue for-
mation and lipogenesis. It has been suggested that
mTORCI1 plays an essential role in the regulation of adi-
pocyte precursor commitment, adipogenesis (a process
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Fig. 2 mTORC2 and its signaling networks mTORC2 is composed of mTOR, Deptor, Rictor, mLST8, mSin1, PROTOR1/2 and Tti1/Tel2 complex. The
signaling networks of mTORC2. The classic growth factors such as insulin stimulation through PI3K signaling to promote mTORC2-ribosome
binding and activation of mTORC2. Growth factor-dependent activation of PIP3 interacts with mSin1 to enhance the activity of mTORC2 and
initiation of its downstream signaling. Akt, as a downstream of PDK1 can directly phosphorylate mSin1 thus activating mTORC2, which, in turn,
positively feeds back to phosphorylate and activate Akt. Upon activation, mTORC2 phosphorylates its downstream substrates, including SGK1,
PKC, MST1, IMP1 and Akt. mTORC2 can negatively feeds back to IRS through Fbw8. Deptor, DEP domain-containing mTOR-interacting protein;
Fbw8, F-box/WD repeat-containing protein; IMP1, IGF2 mRNA-binding protein 1; IRS, insulin receptor substrate; mLST8, mammalian lethal with
SEC13 protein 8; mSin1, mammalian stress-activated protein kinase-interacting protein 1; MST1, mammalian sterile 20-like kinase 1; mTORC2,
mammalian or mechanistic target of rapamycin complex 2; PDK1, Phosphoinositide-dependent kinase-1;PIP2, phosphatidylinositol (4,5)
bisphosphate; PIP3, phosphatidylinositol-(34,5)-trisphosphate; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PROTOR1/2, protein observed
with Rictor-1 and -2; Rictor, Raptor-independent companion of mTOR; SGK1, serum- and glucocorticoid-induced protein kinase 1

of preadipocyte differentiation into mature adipocytes),
triacylglycerol (TAG) synthesis, and the mobilization in
adipocytes [74]. Recently, an accumulating body of evi-
dence has emerged which elucidates the effect of the
mTORCI1 signaling pathway on thermogenesis in brown
and beige adipocytes.

Pharmacologic mTORCT1 inhibition by rapamycin

Rapamycin is a well-recognized inhibitor of mTORCI. It
acts by directly binding itself to the 12-kDa FK506- and
rapamycin-binding protein (FKBP12, or FKBP) and the
FKBP rapamycin-binding (FRB) domain of the mTOR
kinase which disturbs the function of mTOR [75]. The
effects of rapamycin on metabolism depend on the

length of treatment: 2—6 weeks of rapamycin treatment
produce detrimental metabolic changes that are usually
associated with insulin resistance, hyperlipidemia and
glucose intolerance [76, 77], whereas prolonged (20
weeks) rapamycin treatment causes better metabolic
profiles with increased oxygen consumption and keto-
genesis and enhanced insulin sensitivity [78].

As for the effects of the rapamycin treatment on
thermogenesis and beige fat, the research of Liu et al
showed that, regardless of 2 days or 7 days of the rapa-
mycin treatment, when responding to cold exposure, the
expression of Ucpl is diminished in both BAT and WAT
[79] and in line with decreased core body temperature,
although the rapamycin treatment alone has no such
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effects [79]. After observing mice that were treated with
rapamycin for 2 weeks followed by a 24h B3-adrenergic
receptor (B3AR) agonist CL316,243 (CL) challenge [80],
similar results were produced. However, for the unknown
mechanism, CL treatment caused suppression of B3AR.
The rapamycin treatment exacerbated this effect, which
might have partially contributed to the suppressive effects
of rapamycin on thermogenic gene expression [80]. These
studies on mTORC1 inhibition by rapamycin seem to
imply that mTORCI plays a positive role in thermogenesis
due to the fact that mMTORCI is capable of activating PAR
signaling.

Interestingly, other observations show that diet-induced
obese mice who underwent a chronic treatment (22
weeks) of rapamycin are not only leaner, but alsodisplay
enhanced energy expenditure, oxygen consumption, and
BAT activity, which might be associated with significant
changes in the inflammatory profiles of adipose tissues —
immune cells with regulatory functions, such as regulatory
T cells (Tregs) and myeloid-derived suppressor cells, are
increased in the adipose tissues [81]. This study is in ac-
cordance with previous research showing that mTOR in-
hibition could promote the generation of Tregs both
in vitro and in vivo [82, 83]. The induction of Tregs under
cold exposure, physiological levels of f-adrenergic stimu-
lation, or high-caloric challenge is suggested to modulate
thermogenesis and lipolysis advantageously both in BAT
and beigeing of WAT through the Stat6/Pten axis, which
is also involved in suppressed mTORC1 activity [84].
Thus, these studies seem to imply that the negative role
that mTORCI1 plays in the regulation of thermogenesis
might be linked to its impact on Tregs in adipose tissues.

One plausible explanation for the different responses
to rapamycin could be the duration of the treatment, ei-
ther short-term/acute (2-7 days [79], 2 weeks [80]) or
long-term/chronic (22 weeks [81]) treatment. Beneficial
metabolic effects of rapamycin are consistently observed
in long-term treatment [78, 81]. Although rapamycin
inhibition of mTOR signaling is primarily due to its
impact on mTORC1, prolonged rapamycin treatment
may also affect mTORC2, whose impacts require further
investigation. In addition, the effect of rapamycin treat-
ment on lipid metabolism in vivo is still unclear, and it
is difficult to explain the effects of whole-body rapamy-
cin administration on lipolysis/lipogenesis and thermo-
genesis. Therefore, in order to address the function of
mTORCI, tissue specific manipulation might be a more
preferable approach.

Raptor deletion in adipose tissues

Studies on adipose tissue-specific deletion of one of the
components of mTORC1 are vital in addressing the role
of mTORCI in thermogenesis and brown/beige fat de-
velopment. Raptor is a 150-kDa mTOR binding protein
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that serves as a complex scaffold. The binding of Raptor
to the motif of mTOR substrates is necessary for effect-
ive mTOR-catalyzed phosphorylation [85]. An earlier
study using aP2-Cre to drive adipocyte-specific deletion
of Raptor showed that Raptor*”*“™ mice have enhanced
oxygen consumption and elevated basal levels of genes
characteristic of brown fat, such as Ucpl, Dio2, and
Cidea in WAT [86]. However, studies using adiponectin
(Adipoq)-Cre showed that, when fed a normal diet,
Raptor®4P°4-Cr mjce develop lipodystrophy associated
with hepatomegaly, hepatic steatosis, and insulin intoler-
ance. In addition, although mice display increased Ucpl
mRNA expression in WAT and are resistant to high-fat
diet (HFD)-induced obesity, they do not have an increased
energy expenditure [72]. Similar observations were also re-
ported in mTOR adipose-deleted mice (mTORAPod-Cre)
[73]. In accordance with these discoveries, recently, the
studies of Zhang et al. (2018) showed that the adipose-
specific depletion of Raptor*®P°4“* promotes beige adi-
pogenesis, and mice are resistant to diet-induced obesity,
possibly through prostaglandins (PGs) synthesized by
cyclooxygenase-2 [87]. These studies [72, 73, 87] found
that, although it suppressed the development and expan-
sion of BAT and WAT, Raptor or mTOR fat-tissue-
specific knockout induces basal Ucpl expression and
browning in WAT, possibly due to compensational effects
of adipose loss. However, the aP2-Cre-generated mice
showed no such phenotypes, and the underlying mechan-
ism is unclear [86].

However, using the Adipoq-Cre model, Tran et al.
(2016) demonstrated that fat Raptor*¥P°4"“* mice show
a decreased expression of Ucpl under 3-adrenergic sig-
naling stimulation but mild beigeing induction under
unstimulated conditions [80]. Liu et al. reported that
Raptor®4P°9-C mjce show impaired expression of Ucpl
and mitochondrial-related genes when exposed to cold
or BAR agonists, but no change in Ucpl expression at
room temperature [79].

Although impaired adipose tissue development during
postnatal growth was consistently observed, adipose
Raptor ablation on thermogenesis and beige adipogene-
sis in vivo had opposing results, which might have mul-
tiple causes. One of these potential causes is the Cre
model used in those studies. Polak et al. (2008) used an
aP2-Cre-dependent model [86], whereas the remaining
studies used Adipoq-Cre mice [71-73, 79, 80, 87]. The
aP2-Cre model creates nonspecific deletions, as it is
effective in both fat tissues and nonfat tissues, such as
the brain, endothelium and other metabolic-related periph-
eral tissues (e.g., liver, skeleton muscle, etc.), and embry-
onic tissues [88—90]. Therefore, the influence from other
Raptor-deleted tissues could not be ruled out. Because aP2
is also expressed in activated macrophages [91], as an infil-
tration of macrophages into adipose tissue, it has raised
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great concern, especially under overnutrition conditions,
which may cause significant effects on local and systemic
metabolism [92]. However, unlike aP2-Cre mice, non-
adipose tissue recombination was not observed with
Adipoq-Cre lines; therefore, Adiponectin-Cre is more spe-
cific and efficient at targeting mature adipocytes [90].

However, as both aP2 and adiponectin genes turn on
at the early stage of development, observed phenotypes
using these two Cre models might represent both devel-
opmental and physiological consequences of gene loss.
For these reasons, it might be more appropriate to use
an inducible (e.g., tamoxifen-induced) Cre system to avoid
developmental stage-related effects and chronic effects of
selective gene ablation. However, thus far, no inducible Cre
system has been used to study the mTORCI1-associated
gene deletion in adipose tissues. In the future, to address
the function of mTOR signaling in WAT in vivo, it is
important that we use temporal control of the adipose-
specific recombination system and the most updated and
precise genetic and metabolic tools.

Another factor that could cause different results in
those studies is the experimental system. The activity of
beige adipose tissues is sensitive to the environmental
temperature, and animals used in the above studies were
generally housed at standard mouse facility (room) tem-
peratures (often 22—23 °C) or severely cold temperatures
(typically 4-10°C), which induces “browning” of WAT.
However, mice living at 22 °C are already cold stressed
because this temperature is below their thermoneutral
zone (30 °C), which could profoundly impact their basal
metabolic rate [93]. In the above-mentioned adipose
Raptor ablation studies, Raptor*¥P°4"C" mice were either
housed at room or thermoneutral temperatures or chal-
lenged by severe cold [79, 80, 87]. Increased Ucpl expres-
sion in inguinal WAT (iWAT) was observed at room
temperature and under thermoneutrality by Zhang et al.
[87] and at room temperature by Lee et al. [72], but not
by Liu et al. [79] and Tran et al. [80]. No differences in
thermogenic gene expression in iWAT and O2 consump-
tion were found between control and Raptor*¥Ped-cre
mice under cold stress conditions [87], whereas signifi-
cantly reduced inductions of Ucpl and other thermogenic
genes were found in response to cold exposure [79] or
B3AR agonist CL injection [80]. The different responses of
Raptor”¥P°4-Cr¢ mice to cold exposure might be caused by
different experimental procedures with different durations
of cold challenge. The mechanisms of short-term or
long-term cold stress and [3-adrenergic signaling
stimulation for thermogenesis are not completely
identical, as cold might activate several redundant sig-
naling pathways in addition to those linked to P3AR
activation. For example, under cold stimulation,
adipose-derived fibroblast growth factor 21 (FGF21)
can act in an autocrine/paracrine manner to increase
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the expression of Ucpl and other thermogenic genes
in fat tissues, which is independent of the 3-adrenergic
signaling pathway [94, 95].

Interestingly, unlike those discrepant observations in
WAT, the adipose Raptor deletion causes consistent re-
sults in BAT that are different from those in WAT. The
BAT mass and expression of Ucpl were decreased in
mice that were kept at room temperature [79, 87], and a
similar blunted response of Ucpl to severe cold was
observed in BAT of RaptorAdiP"q’Cre [71, 79, 87], which
might be due to the requirement of mTORCI for BAT
formation and maintenance that is linked to reduced
nucleotide synthesis, mitochondrial biogenesis, and im-
paired TCA cycle activity [71]. In addition, owing to the
different origin and distinct regulation of thermogenesis
in BAT and beigeing in WAT (as beigeing in WAT re-
quires a change in cell fate either by interconversion or
by de novo adipogenesis, whereas BAT does not), we
can reasonably speculate that mTORCI signaling may
function differently in these two types of adipocytes.
However, the underlying mechanism of mTORCI action
in WAT and BAT is still unclear and requires further
investigation in the future.

Manipulation of up- or downstream regulatory molecules of
mTORC1

As we have said, many up- and downstream regulatory
molecules participate in the activation or inhibition of
mTORCI1 signaling cascades either through direct ac-
tion, or a negative feedback regulation. Studies have
shown that knockdown or overexpression of some of
these molecules alter mTORC1 signaling activity, thus
affecting thermogenesis.

S6K is a direct substrate and effector of mTORCI.
When activated, it is involved in the regulation of pro-
tein synthesis, cell growth, and proliferation. S6K plays a
negative role in IRS-1/PI3K/Akt/mTOR signaling through
the phosphorylational suppression of IRS-1 [54—57]. Mice
with whole body S6K deficiency show reduced fat mass but
enhanced lipolysis, increased WAT mitochondria numbers,
and upregulated oxidative phosphorylation and metabolic-
related genes, such as Ucpl, Ucp3, CPT1, and PGC-1« in
the overnutrition state, implying that mTORC1/S6K sig-
naling plays a negative role in thermogenesis [96]. To date,
no S6K adipose-specific ablation mouse model has been
used to address its function, a matter which requires fur-
ther investigation in the future.

4EBPs (a family of the 4EBP protein) are negative
downstream effectors of mMTORC1. Mice with whole-body
double knockout of 4EBP-1 and 4EBP-2 show activated
mTORC1 accompanied by accelerated adipogenesis and
increased adiposity, reduced oxygen consumption, lipoly-
sis, and energy expenditure under both normal diet and



Ye et al. Nutrition & Metabolism (2019) 16:74

high-fat diet [97]. Similarly, no 4EBPs adipose-specific
ablation mouse model has been reported.

Grb10 is the direct substrate of mTORCI, interacts with
both insulin receptor and Raptor, and is capable of inhibit-
ing the insulin and mTORCI signaling pathway via a
negative feedback mechanism [55, 56]. Impaired Grb10
expression in mouse adipose tissue (Grb10*4Po4-Cr¢) gt
tenuates core body temperature and cold-induced
thermogenic gene expression with increased S6K phos-
phorylation [57]. In line with this, we have recently discov-
ered that, by using the adiponectin-Cre mouse model,
adipose-specific knockdown of Rheb, a direct activator of
mTORC], increases lipolysis and promotes beigeing and
energy expenditure by activating the cAMP-PKA-CREB
pathway, which results in increased Ucpl expression in
the subcutaneous WAT [98]. These studies further imply
that adipose mTORC1 may play a negative role in
browning of WAT. However, we have also discovered that
Rheb”¥Po4-Cre decreases PKA activity and thermogenic
gene expression in BAT and Rheb promotes brown fat
thermogenesis through the Notch-dependent activation of
the PKA signaling pathway [99]. These studies further
suggest that thermogenesis in brown and beige fat might
be regulated by distinct signaling pathways.

Interestingly, the alteration of mTORCI activity by an-
other upstream regulator seems to cause opposite results.
TSC1 is the negative upstream molecule of mTORCI.
Deletion of TSC1 using adiponectin-Cre to constitutively
activate mTORC1 enhances mitochondrial activity and
fatty acid oxidation, but induces browning and reduces
visceral adiposity in mice. However, it has no effect on
BAT [100]. Nonetheless, another study found that the
activation of mTORC1 signaling by deletion of TSC1
using aP2-Cre leads to significantly increased accumula-
tion of lipid droplets in BAT, downregulated brown adipo-
cyte markers, and upregulated white adipocyte markers
[101]. Again, the different results of TSC1 ablation on adi-
pose tissues might be caused by different Cre mice
models. As we have mentioned before, aP2-Cre would
cause nonspecific tissue deletion and influences from
other TSC1-deleted tissues might exist.

Collectively, although the results of adipose TSC
Pod-Cre ablation show that overactivation of mTORCI
leads to the browning of WAT [100], the whole-body
knockout of S6K [96] or 4EBPs [97] and adipose specific
knockout of Grb10 [57] or Rheb [98] seem to imply that
mTORCl1-related signaling negatively regulates energy
expenditure and thermogenesis. Although the use of
different experimental systems might result in the dis-
crepancy in thermogenesis caused by deletion of the
upstream regulator or the downstream effector of
mTORC1, the complexity of the mTORCI signaling
networks may also contribute to the discrepant re-
sults, as these molecules can regulate many other

1Ad1»
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signaling pathways and be regulated by them, as well.
As possible causes, mTORC1 signaling-dependent and
independent mechanisms should not be ruled out and
deserve further investigation.

mTORC2 signaling in brown and beige adipocytes

Unlike mTORC]1, little is known about the mTORC2
signaling pathway in brown and beige adipocyte devel-
opment and thermogenesis.

It seems rational that, in order to compensate for the
loss of mitochondrial ATP production due to Ucpl un-
coupling, glucose uptake and glycolysis are stimulated as
the energy source during heat production [102]. Current
evidence suggests that the beneficial effect of mTORC2
on thermogenesis is in line with its ability to improve
glucose uptake. In brown adipocytes, PAR stimulation
and cold exposure activate mTORC?2 signaling, which, in
turn, stimulates cold-induced glucose uptake and gly-
colysis in vitro and in vivo [103].

To understand the role of mTORC2 in adipocytes,
several animal models targeting Rictor, a key component
of mTORC2, have been reported. Studies have shown
that, using aP2-driven Cre mouse model, Rictor might
facilitate glucose uptake that is advantageous to thermo-
genesis [104—106]. However, as we have discussed before,
due to the nonspecific deletion of aP2-Cre, the effects of
Rictor ablation on adipocytes and glucose uptake and gly-
colysis should be further confirmed by specific adipose
mouse models.

Studies have shown that, using conditionally deleting
Rictor in the Myf5 lineage, Rictor is dispensable for
myogenesis and viability, but essential for normal BAT
growth [107]. Suppression of the mTORC2 pathway in
brown preadipocytes shifts BAT metabolism to a more
oxidative and less lipogenic state. Rictor™™ ™ ablation in
BAT causes higher mitochondrial activity and protects
mice from high-fat diet-induced obesity and hepatic stea-
tosis at thermoneutrality, while in acute cold challenge,
RictorMyf5-Cre mice show significantly induced Ucpl
expression in BAT [107]. This observation suggests that
Rictor/mTORC2 might act as a signaling node that bal-
ances oxidative and lipogenic metabolic states.

Studies have shown that, using the adiponectin-Cre
mouse model, Rictor*¥P°4“*® deletion in mature adi-
pocytes decreases ChREBPP expression, reduces de
novo lipogenesis (DNL), and impairs hepatic insulin
sensitivity, in part by reduced control of glucose up-
take through ChREBPf, suggesting that mTORC2
may regulate ChREBP-driven DNL and hepatic glu-
cose metabolism [108]. However, the effects of Rictor
ablation on adipose thermogenesis were not evaluated
in the study.

AKT is one of the key downstream effectors of
mTORC2. By crossing Akt2 floxed mice with Ucpl-
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Cre mice to delete Akt2 specifically in BAT, Guertin
and colleagues found that Akt2 drives DNL in adipo-
cytes by stimulating ChREBPp transcriptional activity,
and cold induces the Akt2-ChREBP pathway to pro-
mote lipid synthesis and oxidation for optimized fuel
storage and thermogenesis [109]. In addition, BAT
ablation of Aktl and Akt2 by Myf5- or Ucpl-Cre or
Ucpl-CreER mice demonstrates that AKT signaling is
required for BAT development and maintenance
in vivo [110]. These studies imply that mTORC2-
associated signaling plays a positive role via the
Rictor-AKT-ChREBP axis in the control of lipid me-
tabolism, thermogenesis and energy expenditure.

Current evidence suggests that the role of mTORC2
signaling in thermogenesis in adipose tissue seems to be
correlated with glucose metabolism and lipid oxidation.
Apart from the distinct Cre models used in those research
studies, the detailed signaling pathways involved in
mTORC2 directly or indirectly may also impact thermo-
genesis. However, as mTORC?2 functions with various mol-
ecules, it is difficult to determine which aspects have the
predominant effect on the comprehensive outcomes, mak-
ing it arduous to conclude the overall role of mTORC2 in
heat production. In order to identify whether mTORC2 is
a positive or negative regulator in the thermogenic process,
more direct models or methods need to be explored.
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Concluding remarks and future direction

mTORC1 and mTORC2 function in diverse signaling
pathways to affect heat production separately, and they play
complex but crucial roles in the regulation of adipogenesis,
lipid metabolism and thermogenesis in adipose tissues [38,
111] (Fig. 3). Given recent studies, paradoxical views of the
signaling in adipocytes mostly arise from different mouse
models and distinct stimulation conditions. A summary of
the manipulation of mTOR-related genes in rodent adipose
tissues is provided in Table 1.

The proportion of classic and nonclassical pathways of
mTOR-related signaling involved in thermogenesis force
us to focus on the primary section or molecules, provid-
ing a more valid and valuable treatment. Because the ac-
tivation of mTOR in adipose tissues under distinct
stimulations may be involved in diverse molecules, it is
reasonable to expect that the role of mTOR in thermo-
genesis depends on distinct circumstances and the en-
ergy status of cells. Further investigation is needed,
which requires us to use more appropriate and valuable
animal models and/or identical experimental conditions,
including environmental temperature and nutrient
utilization, to clarify the effects of the mTOR signaling
pathways on thermogenesis. In addition, the cross-talks be-
tween mTORC1 and mTORC2 in adipocyte metabolism
and thermogenesis would also be interesting to explore.
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Fig. 3 Role of mTORC1 and mTORC2 related signaling in adipose tissues and thermogenesis. The mTORCT and mTORC2 related signaling
pathways play multiple important roles in brown and beige adipocytes and thermogenesis. Current studies show that mTORC1 and mTORC2
related signaling involve in thermogenesis by regulating lipid metabolism (lipolysis and lipogenesis), thermogenic gene expression, and
mitochondrial biogenesis and function. Adipose mTORC2 also controls glucose homeostasis by promoting glucose uptake and glycolysis. The
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Because of the distinct origin and features of brown
and beige adipocytes, more investigation is needed to
compare the consequences and underlying mechanisms
of the two types of adipocytes in response to mTOR ma-
nipulation. As mTOR signaling regulates development
and its embryonic ablation might have an impact on the
development of animals, temporal control of adipose-
specific recombination is important. Using a more spe-
cific Cre mouse model, such as the tamoxifen-inducible
CreERT? line, is required for future studies. In addition,
with the development of BAT (e.g, Ucpl-Cre lines
[112]) or beige-specific Cre lines, or with a newly devel-
oped Ucpl-CreER line [31], one should allow for specific
and temporal control of recombination in either brown
or beige fat, respectively.

Altogether, despite a few contrary viewpoints on mTOR
signaling in thermogenesis in adipose tissues, and although
it is hard to determine the role of mTOR, considerable
progress has revealed novel insights into the mechanisms
and functions of mTOR in heat production. Further com-
prehensive understanding of the role and underlying
mechanisms of mTOR signaling in thermogenesis in adi-
pose tissues under certain energy status and environmental
conditions will be of great significance for future thera-
peutic and medical interventions for obesity and related
metabolic disorders.
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