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Obesity results from energy imbalance, when energy intake exceeds energy expenditure.
Brown adipose tissue (BAT) drives non-shivering thermogenesis which represents a
powerful mechanism of enhancing the energy expenditure side of the energy balance
equation. The best understood thermogenic system in BAT that evolved to protect the
body from hypothermia is based on the uncoupling of protonmotive force from oxidative
phosphorylation through the actions of uncoupling protein 1 (UCP1), a key regulator of
cold-mediated thermogenesis. Similarly, energy expenditure is triggered in response to
caloric excess, and animals with reduced thermogenic fat function can succumb to diet-
induced obesity. Thus, it was surprising when inactivation of Ucp7 did not potentiate
diet-induced obesity. In recent years, it has become clear that multiple thermogenic
mechanisms exist, based on ATP sinks centered on creatine, lipid, or calcium cycling,
along with Fatty acid-mediated UCP1-independent leak pathways driven by the ADP/ATP
carrier (AAC). With a key difference between cold- and diet-induced thermogenesis being
the dynamic changes in purine nucleotide (primarily ATP) levels, ATP-dependent thermo-
genic pathways may play a key role in diet-induced thermogenesis. Additionally, the ubi-
quitous expression of AAC may facilitate increased energy expenditure in many cell
types, in the face of over feeding. Interest in UCP1-independent energy expenditure has
begun to showcase the therapeutic potential that lies in refining our understanding of the
diversity of biochemical pathways controlling thermogenic respiration.

Introduction
The significance of brown adipose tissue (BAT) in body weight regulation is under intense investiga-
tion. The study of thermogenic mechanisms in mammals may lay the foundation to exploit these bio- ?
chemical pathways for energy dissipation and mitigation of obesity. Maintenance of body weight
requires energy balance. Excess intake, reduced expenditure, or both can lead to obesity. Homeostatic
systems exist to match energy expenditure in response to dynamic alterations in energy intake [1] and
dysfunction of each or both arms can produce obesity. The precision of this system is demonstrated
by the fact that most individuals are not obese, despite the thermodynamic reality that a slight mis-
match between intake and expenditure can markedly alter weight. Although components of this
energy balance system have been identified [2-9], many questions remain to be answered. We focus
on the intracellular mechanisms in thermogenic fat as one part of the energy expenditure arm of
energy balance.
Energy expenditure has several major components including physical activity, obligatory energy
expenditure (required to perform cellular functions), and adaptive (non-shivering) thermogenesis.
This latter process refers to the adaptive dissipation of energy that primarily takes place in brown and
beige adipocytes in response to environmental triggers, such as decreased ambient temperature or
over feeding. In addition to muscle shivering, non-shivering thermogenesis plays a major role in
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measuring the arteriovenous difference in blood O, across interscapular BAT [14]. BAT-mediated energy
expenditure occurs most notably in response to decreased environmental temperature (cold-induced thermo-
genesis) and over feeding (diet-induced thermogenesis), making thermogenic fat a central regulator of thermal
and body weight homeostasis [14,15]. Strong support for impaired energy expenditure in obesity comes from
pair-feeding studies of hypothalamic-lesioned animals, ob/ob, db/db, and Mc4r knockout mice, which all
become obese despite identical energy intake to wild-type animals [16-21]. In humans, the classic study with
Pima Indians demonstrated that low energy expenditure predicted future weight gain [22]. BAT recruitment
increases host energy expenditure and minimizes weight gain, while BAT inactivation reduces energy expend-
iture and can contribute to obesity [23]. Thus, while adipocyte thermogenesis likely evolved as a defense
against hypothermia, the unique capacity for cellular thermogenesis by adipocytes could potentially be lever-
aged to combat obesity and its associated disorders such as type 2 diabetes, hyperlipidemia, and fatty liver that
are associated with these altered metabolic states [24].

Principles of non-shivering thermogenesis

BAT is highly innervated by sympathetic nerves and vascularized to support heat production and the distribu-
tion of metabolic heat generation to the rest of the body [25,26]. At the cellular level, brown adipocytes are
densely packed with mitochondria and exhibit high metabolic activity upon sympathetic activation.
Norepinephrine is the main effector molecule that is released by sympathetic nerves and acts on adrenergic
receptors present on the cell surface of brown and white adipocytes. In rodents, the B3-adrenergic receptor is
the most abundant adrenoreceptor on the adipocyte surface and has been shown to be a key mediator of meta-
bolic fuel supply to support BAT-mediated thermogenesis following sympathetic stimulation [27-29].

The chemiosmotic theory provides the framework for the understanding of respiratory control [30].
Mitochondria are the major site of cellular respiration and use free energy in the form of reduced substrates
(NADH and FADH,), which become re-oxidized in a series of electron transfer reactions in the electron trans-
port chain (ETC). The result of these reactions is the movement of protons out of the mitochondrial matrix
into the intermembrane space (IMS) and the generation of an electrochemical gradient across the mitochon-
drial inner membrane, known as the protonmotive force (Ap). Mitochondrial respiration drives the formation
of Ap, and the energy stored in Ap is harnessed to drive the phosphorylation of ADP while concomitantly
driving protons back into the mitochondrial matrix by ATP synthase.

Movement of electrons through the ETC (disregarding electron leak/slip) results in a stoichiometric number
of protons pumped into the IMS, and a fixed number of protons transverse through ATP synthase to generate a
fixed number of ATP molecules. Within these limitations, energy expenditure can occur by increasing ATP turn-
over (directly or indirectly) to increase ADP availability, or by uncoupling metabolic fuel oxidation from ATP
synthesis. ATP consumption can be increased by the performance of work such as growth or physical activity
(but these are distinct to adaptive thermogenesis), or by utilizing futile cycles that consume ATP but do not
perform any useful work, and essentially act as ATP sinks. Several futile cycles have been reported, with varying
levels of evidence. The activity of futile cycles is difficult to examine in vivo; however, some molecular compo-
nents have begun to be identified, enabling the examination of their physiological relevance [31-39].
Mitochondrial oxidative phosphorylation dominates metabolism in mammalian cells, transducing this free
energy into the displacement of the [ATP = ADP + Pi] reaction from equilibrium. Importantly, only a fraction of
the enthalpy of substrate oxidation is conserved in the free energy of the displaced [ATP = ADP + Pi] equilib-
rium; the rest is lost as heat. In living cells, ATP hydrolysis has a net change in energy of ~12 kcal/mol. The
major fuel source in adipocytes are lipids, and oxidation of each palmitate molecule (for example) yields a net of
106 ATP molecules. Thus, the energy conserved in ATP from each palmitate oxidation is 1272 kcal/mol
(12 kcal x 106). The standard free energy change for oxidation of palmitate is 2380 kcal/mol. Thus, ~50% of the
free energy of palmitate is conserved as ATP. Therefore, in cells where the mitochondrial respiratory chain dom-
inates oxidative metabolism, the rate of mitochondrial respiration is the major determinant of heat production.
Since brown and beige adipocyte metabolism is predominantly oxidative, thermogenesis in these cells is effect-
ively controlled by rate limiting steps in the oxidative reaction sequence leading to and involving respiration.

Diet induced thermogenesis

Data from humans and mice suggest that homeostatic mechanisms exist to compensate when either energy intake
or expenditure is perturbed to resist either weight gain or loss from an individual’s initial set point [40-43].
Indeed, experimentally imposed alterations in body weight (either increased or decreased) results in a change
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in energy expenditure above or below that of individuals with a similar body composition, respectively, whose
body weight was unaltered [41,44]. Evidence for BAT in adult humans initially came from the groups of
Ricquier and Trayhurn [45,46]. Ignition of the field was sparked by observations that obesity in humans is asso-
ciated with reduced levels of BAT [47-49]. The implication is that individuals with lower levels of BAT have a
reduced capacity to burn off excess calorie consumption, leading to their obesity. This phenomenon, known as
diet-induced thermogenesis was first demonstrated by Rothwell and Stock, who noted that voluntary over-
eating in rats induced the activity of the sympathetic nervous system [15]. Similarly, human BAT thermogenesis
can be triggered by feeding to the same extent as cold exposure [50]. Of course, BAT function impairment will
only result in obesity if energy balance is not re-established, which could occur by reducing food intake [51].
In the last decade, several studies have definitively shown that adult human BAT activity accounts for up to 5%
of metabolic rate, which could promote more than 4 kg of fat loss per year [48,52,53]. Thus, the capacity for
cellular thermogenesis by adipocytes could potentially be leveraged to combat an obesity-promoting environ-
ment. However, the biochemical pathways that trigger diet-induced thermogenesis are not fully understood.
Attempts to treat obesity by increasing physical activity or by suppressing energy intake with drugs that sup-
press appetite or reducing caloric absorption in the gut have had limited success, often due to poor patient
adherence [54,55]. Thus, identifying the molecular pathways in thermogenic fat that govern energy expenditure
is a key step towards anti-obesogenic therapies.

UCP1-dependent thermogenesis

In most cell types, cellular respiration and ATP synthesis are tightly coupled processes and do not occur inde-
pendently of one another. However, the ability of BAT to produce heat relies on the dissociation of these pro-
cesses by proton conductance through a fatty acid/H" symport mechanism mediated by uncoupling protein 1
(UCP1), that is selectively expressed in this tissue [56]. UCP1 uncouples electron transport from ATP synthesis
by dissipating Ap, which results in increased substrate flux through the ETC and increased respiration, resulting
in heat generation (Figure 1a).

The Ucpl™'~ mouse (with constitutive deletion) was developed by Enerback, Kozak, and co-workers and has
become the primary model for studying the function of UCPI [57]. When bred on a congenic background,
Ucpl™"~ mice become hypothermic upon acute cold exposure, but can survive the cold if gradually adapted to
lower environmental temperatures [31,58-60]. The primary argument for UCP1 being the only thermogenic
effector is as follows: since Ucpl ™'~ mice do not cease to shiver following chronic cold exposure, no alternative
thermogenic pathway(s) can be of sufficient physiological relevance because the requirement for shivering is
not abolished [61]. The assumption of this argument is that muscle shivering is the sole mediator of thermal
homeostasis in cold-adapted Ucpl ™'~ animals. First, however, there is no experimental evidence to support that
shivering is the only mechanism generating heat in these mice. Second, the degree of shivering between wild-
type and Ucpl ™~ mice on a congenic background is quantitatively and qualitatively identical [58]. However,
Ucpl™'~ animals succumb to hypothermia upon acute cold challenge, whereas wild-type mice typically do not.
Thus, because the degree of shivering in Ucpl ™ “mice that are exposed to cold acutely or slowly is similar, shi-
vering is unlikely to fully explain the ability of these mice to adapt to slow cold exposure. Third, Ucpl™'~
animals on a hybrid background maintain body temperatures indistinguishable from wild-type animals even
following acute cold exposure [62]. Collectively, these data demonstrate that UCPI1 is dispensable for cold-
mediated thermogenesis. A study has reported that Ucpl ™'~ mice decrease thermal conductivity to reduce heat
loss [63]. It would be prudent to determine if thermal conductivity in hybrid mice is altered in response to
environmental cold.

It has recently become apparent that most components of the ETC in BAT of constitutive Ucpl ™'~ mice are
significantly reduced compared with wild-type BAT. The impairment of the ETC is evident at thermoneutrality
and becomes incredibly striking at sub-thermoneutral temperatures (when many phenotypes of Ucpl ™'~ brown
adipocytes become apparent) [64,65]. Consistent with this, the respiratory rate of Ucpl ™'~ BAT mitochondria
is severely reduced in response to FCCP-mediated chemical uncoupling, particularly following cold exposure
[66,67]. With these data, a reasonable conclusion is that the Ucpl ~/~ mouse model exhibits defects in BAT
beyond UCP1. Consistent with this supposition, BAT mitochondria of Ucpl ™~ mice are extraordinarily sensi-
tive to calcium overload induced dysfunction [64], which is an impairment second to loss of UCP1. Of course,
Ucpl™™ mice can be leveraged to identify Ucpl-independent thermogenic pathways, however the extent to
which these alternative pathways can be activated will likely be underestimated due to the general impairment
of BAT in these animals.
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Figure 1. UCP1- and creatine-dependent thermogenesis.

The respiratory chain pumps protons into the intermembrane space (IMS), generating an electrochemical gradient (protonmotive force) across the
mitochondrial inner membrane (MIM). Thermogenic mechanisms trigger an increase in the rate of substrate oxidation, which leads to
thermogenesis. (a) Uncoupling protein 1 (UCP1) dissipates the energy stored in the protonmotive force by mediating proton leak from the IMS to the
matrix. Fatty acids (FA) activate UCP1-dependent leak respiration, and purine nucleotides (primarily ATP in vivo) inhibit UCP1-dependent leak. (b)
Creatine dissipates the energy stored in the protonmotive force by stimulating a cycle of ATP turnover, mediated by mitochondrial Creatine Kinase
(Mi-CK) and coupled to the turnover of phosphocreatine (PCr). Mitochondrial ATP is used to drive the synthesis of PCr. (c) Lipolysis/re-esterification
cycling. ATP is used to drive acylglycerol synthesis into triacylglycerols, diacylglycerols, or monoacylglycerols. (d) The model of calcium cycling
across the ER membrane triggered by Sarcoplasmic/ Endoplasmic Reticulum Calcium ATPase (SERCA)-mediated calcium uptake and efflux by the
ryanodine receptor (RYR). ATP is use to drive calcium influx into the endoplasmic reticulum (ER). (€) ADP/ATP carrier (AAC) dissipates the energy
stored in the protonmotive force by mediating proton leak from the IMS to the matrix. FA activate AAC-dependent leak respiration, and ADP/ATP
transport inhibits AAC-dependent leak.

The most unexpected phenotype of Ucpl ~'~ mice is their normal resting energy expenditure and resistance
to weight gain on a high-fat diet (HFD) under standard room temperature housing conditions (~20-24°C;
assumed temperature unless otherwise noted) [57]. This was an unforeseen observation given the involvement
of BAT in diet-induced thermogenesis [68], and the idea that UCP1 was the only key thermogenic effector.
Soon after, it was proposed that thermoneutral housing was required to reveal the effect of UCP1 on mitigating
obesity [69]; however, this may not be the case, as several recent reports have now demonstrated that obesity is
not potentiated in Ucpl ™~ mice, even when housed at thermoneutrality [70-73]. Adding to the unpredictable
nature of these observations was that, prior work had shown that mice with targeted BAT ablation using toxi-
gene expression driven by the Ucpl-promoter (UCP-DTA) develop diet-induced obesity to a greater extent
than control mice with functional BAT [23]. Moreover, mice lacking all three B-adrenergic receptors (B-less
mice) develop massive obesity on a high-fat diet (HFD) at room temperature [5]. B-adrenoreceptor activation
triggers UCP1-mediated leak through lipolysis-induced increases in fatty acid concentrations, primarily from
white fat stores [28,29]. How can two distinct models with defective brown fat (UCP-DTA and B-less) reveal
such different phenotypes from that of Ucpl ™'~ mice under similar conditions? A reasonable conclusion is that
additional thermogenic effectors, downstream of B-adrenergic signaling, are still operational in these animals.
These thermogenic mechanisms cannot be fully recruited in the context of BAT diminution itself (UCP-DTA)
or inactivation of adrenergic signaling all together (B-less) [5,23,74,75]. Indeed, it has been suggested that
Ucpl™'~ mice are protected from diet-induced obesity when housed at room temperature because, under these
conditions, they must induce alternative thermogenic pathways that are less efficient (and thus, require the
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dissipation of more calories to produce the same amount of heat) to sustain their body temperature [35].
Consistent with this idea, Ucpl™~ mice can activate ~50% cold-mediated heat production, compared with
wild-type animals, suggesting that UCP1-independent mechanisms of heat production control half of the cold-
mediated increase in energy expenditure [31,59,70,76,77]. However, just as UCP1 is apparently equally thermo-
genic in beige fat and BAT [78], there is no reason to assume that BAT cannot operate thermogenic pathways
in the absence of Ucpl. Consistent with this, BAT temperature of Ucpl ™'~ mice has recently been shown to
significantly increase following norepinephrine administration, which precedes a rise in rectal temperature,
corroborating the idea that UCP1-independent thermogenic pathways may be operational in classical BAT [79].
Moreover, because of the impairment of BAT mitochondrial biology of the Ucpl ™~ mouse, the physiological
relevance of UCP1-independent pathways to thermogenesis may be underestimated. The next sections will look
at how a cell can generate heat independently of UCP1.

Shivering thermogenesis

Ucpl™" mice shiver at sub-thermoneutral temperatures [38,58], and it has been proposed that shivering-based
thermogenesis is the only alternative to maintaining thermal homeostasis in Ucpl ™'~ mice [58]. However,
when accounting for the following phenotypic characteristics of Ucpl ™'~ mice, it is evident that additional non-
shivering based mechanisms exist and are critical for the survival of Ucpl™ mice. First, only congenic
Ucpl-deficient strains are cold-sensitive [62]. Second, these congenic strains require gradual (~2 weeks) accli-
mation to mild sub-thermoneutral (18°C) temperatures before they can tolerate cold (4°C), suggesting that the
shivering capacity alone is not sufficient to maintain body temperature upon acute cold exposure [72].
Therefore, the capacity for shivering-based heat distribution must be heightened, or alternate modes of non-
shivering capacity must be triggered. Skeletal muscle has been posited to support Ucpl-independent thermo-
genesis through enhanced capacity for shivering thermogenesis. Molecular evidence of such an endurance
training effect has been explored in models with impaired BAT. Consistent with a training adaptation in
muscle, one study found evidence that hind limb skeletal muscle mitochondria from Ucpl ™~ mice exhibited
increased ADP-dependent and chemically uncoupled respiration, but no change in leak-dependent respiration,
compared with wild-type controls [80]. In contrast, another study identified increased leak-dependent oxygen
consumption, but no change in ADP-dependent respiration [81]. However, later work failed to find any differ-
ences in basal, ADP-stimulated, leak, and maximal respiration rates of skeletal muscle mitochondria between
Ucpl™"~ mice compared with controls, despite most of these parameters being induced by cold exposure itself,
independent of genotype [59]. A possible discrepancy between these reports may be the use of different respira-
tory substrates. However, this explanation is not completely satisfying because when studied in vivo, the data do
not suggest an increased capacity for lipid-fueled oxidation capacity of skeletal muscle of Ucpl ™'~ mice [59].
The switch toward increased capacity for greater lipid utilization was not observed between cold-exposed wild-
type and Ucpl ™'~ mice in vivo, as skeletal muscle triglyceride and glycogen content was shown to be identical
between the genotypes [31]. More recently, cold acclimation was shown to similarly increase muscle oxidative
capacity of BAT-impaired UCP-DTA transgenic mice compared with wild-type animals, without any genotypic
differences in basal or ADP-stimulated respiration in purified muscle mitochondria respiring on glucose- or
lipid-derived fuels [82]. Taken together, the major thrust of reported data show that shivering-induced adapta-
tions to skeletal muscle occur in mice, but not more so in Ucpl ™~ mice. Moreover, when studied in vivo, there
does not seem to be an increased capacity for such metabolic reprogramming in Ucpl ™'~ animals. If shivering
was sufficient to protect mice from environmental cold, Ucpl ™~ mice should be able to tolerate an acute cold
challenge, as shivering under this context is quantitatively and qualitatively indistinguishable in Ucpl ™~ mice
whether exposed to cold acutely or gradually [58]. It is likely that the adaptive increase in metabolic heat pro-
duction of Ucpl™~ mice reflects multiple thermogenic pathways that compensate in the absence of UCP1.
Future experiments may necessitate exploring the complete removal of shivering with curare in Ucpl ™~ mice
to reveal the extent that shivering sustains body temperature in these animals. However, completely blocking
shivering will introduce the requirement for artificial respiration [83], which may make interpretation of find-
ings challenging.

Ucp1-independent thermogenesis

Norepinephrine-dependent energy expenditure increases in response to cold acclimation in wild-type mice.
Ucpl™" mice also exhibit norepinephrine-dependent increases in energy expenditure; however, this effect has
been reported to not increase in response to cold acclimation. Thus, based on these data, at least in the mouse,
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UCP1 has been posited to be the sole mediator of adaptive adrenergic non-shivering thermogenesis. Reflecting
upon new data, two issues must be considered. First, it is becoming increasingly clear that thermogenic respir-
ation in BAT can be activated by non-adrenergic means [84-88]. Second, all prior data using Ucpl™'~ mice
(particularly upon cold-adaptation), must be re-examined because BAT of these animals has profound molecu-
lar impairments that go well beyond UCP1. Whether non-adrenergic extrinsic signals and nutrients can utilize
biochemical pathways that do not rely on UCPI1-mediated uncoupling will be an important area of future
research.

Creatine-dependent substrate cycling

The influx of creatine into BAT occurs at a rate comparable to that of skeletal muscle, and brown adipocytes
exhibit creatine kinase activity in the same order of magnitude as cardiac or nerve tissue [89]. The creatine
kinase isoenzyme responsible for this activity is currently unknown. In human BAT, two mitochondrial creatine
kinases, CKMT1 and CKMT2, are enriched over WAT at the mRNA and protein level [50,90,91], and correlate
well with UCP1 [92]. Various creatine kinase isoenzymes (CKM, CKMT1I, and CKMT?2) are expressed at signifi-
cantly higher levels in multilocular perirenal brown fat from humans, compared with unilocular perirenal
brown fat and subcutaneous fat [93].

Unbiased quantitative mitochondrial proteomics first identified creatine metabolism as a signature of beige
fat from cold-exposed mice [38]. The creatine pool is regulated by intracellular synthesis and influx from the
circulation [36,37], and adipocyte creatine energetics is a key regulator of thermogenesis [36-38,90,91,94-97].
Genetic and pharmacological depletion of creatine levels in fat potentiates diet-induced obesity [36,37].
Similarly, global inactivation of creatine transport causes elevated fat accumulation [98]. Following the initial
characterization of creatine cycling in beige adipocytes, new data emerged revealing the significance of this
pathway in normal mouse physiology (i.e. creatine plays a role in thermogenesis in animals with intact UCP1
abundance). Mice with adipocyte creatine depletion due to genetic deletion of the rate-limiting step of creatine
biosynthesis (glycine amidinotransferase, Gatm) or creatine transport (CrT) exhibit reduced adrenergic-
mediated thermogenesis, diet-induced thermogenesis, and are more prone to diet-induced obesity than age-
matched littermate controls [36,37]. Given that these phenotypes are observed at thermoneutrality and standard
housing temperatures, creatine-dependent thermogenesis is suggested to be operational in all thermogenic adi-
pocytes (brown and beige).

The forward and reverse phosphotransfer reactions of PCr/creatine in most cells occur in 1:1 stoichiometry
with the ATP/ADP couple. However, thermogenic adipocytes seem to release a molar excess of ADP with
respect to creatine, as concluded by detecting the respiratory response to creatine under ADP-limited condi-
tions [38,94]. Thus, creatine elicits a substrate cycle of mitochondrial ATP turnover in a sub-stoichiometric
fashion (Figure 1b). The cycle is understood to be downstream of canonical B3-adrenergic signaling and to be
triggered by the phosphorylation of creatine by creatine kinase-mediated phosphotransferase activity [38,94].
Expert review of this topic has been recently published [24], and so here we will center on recent data exploring
the role of creatine in thermogenic fat.

In rodents, most of the effects of the sympathetic nervous system on adipose tissue are understood to be
attributed to norepinephrine-mediated activation of Gs-coupled B-adrenoreceptors [99,100]. The activity of
adrenoreceptor signaling is terminated by agonist-induced internalization by B-arrestins [101]. The abundance
of sarcomeric mitochondrial creatine kinase, CKMT2, is substantially increased in two mouse models that are
protected from diet-induced obesity [102,103]. In fat, B-arrestin-2 (barr2) is a negative regulator of adipocyte
B3-adrenergic signaling. Activation of the f3-adrenoreceptor is followed by its robust barr2-mediated internal-
ization [102]. Fat-selective barr2 knockout mice are protected from diet-induced obesity and exhibit significant
activation of mitochondrial creatine kinase activity in adipocytes, associated with powerful increases in mRNA
and protein expression of CKMT2 [102]. In the same vein, selective activation of G, signaling in fat triggers
energy expenditure, reduces diet-induced obesity, and increases glucose tolerance and insulin sensitivity [103].
These benefits, driven by adrenergic activation of adipocyte thermogenesis are linked with significant increases
in Ckmt2 expression [103]. Together, these data confirm prior work demonstrating that genes of creatine
metabolism are downstream of canonical adrenergic signaling in fat. The interaction of PPARy (peroxisome
proliferator activated receptor gamma) with PGC-1o (PPARY coactivator 1 alpha) is a key complex regulating
adaptive thermogenesis [104]. Acetylation of PGC-lo. by N-o-acetyltransferase 10 (NaalOp) blocks the
PGC-1a/PPARy interaction and suppresses thermogenesis [105]. NaalOp acetyltransferase activity inhibits
PGC-1a-dependent transcriptional regulation by modulating PGC-1a occupancy on promoters of thermogenic
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genes, such as Ckmt2. Fat-selective inactivation of Naal0 in mice increases energy expenditure, mitigates
diet-induced obesity, and increases the expression of thermogenic genes such as Ckmt2 and Ucpl [105].
Recently, nitrate-mediated thermogenesis has been linked to creatine metabolism. Dietary nitrate mitigates
diet-induced obesity, and supplementation of primary subcutaneous adipocytes by this compound increases
basal respiration which is associated with significantly elevated expression of the creatine transporter (Slc6a8),
and Ucpl. These data suggest that nitrite-induced thermogenesis may act partly through triggering creatine-
dependent thermogenesis [106].

Mitochondria contact other organelles such as the endoplasmic reticulum (ER) and peroxisomes, and these
organelles are present in mitochondrial preparations following standard purification techniques. Creatine and
PCr are understood to readily pass through the voltage-dependent anion channel (VDAC). It is conceivable
that PCr may be channeled out of the mitochondrial IMS through VDAC towards molecular factors exhibiting
PCr phosphatase activity present at mitochondrial contact sites (Figure 1b). This topology and ease of creatine
diffusion back to the IMS could drive cyclic substrate flux and energy dissipation, with creatine continuously
entering mitochondria to simultaneously trigger PCr formation and ATP turnover. Alternatively, a pool of
intra-mitochondrial PCr and creatine may circulate within the IMS. The data in support of a creatine-driven
substrate cycle in purified mitochondrial preparations has not precluded either of these possibilities.

Importantly, an enzyme with PCr phosphatase activity would require tight regulation to avoid unnecessary
dissipation of cytosolic PCr and energy state (low PCr/ATP). Substrate channeling through mitochondrial/ER
contact sites, as well as the formation of these contact sites themselves, could provide such regulation.
Considering that the mitochondria divide during thermogenic respiration [107], and that ER tubules command
sites of mitochondrial division [108], this prospect seems plausible and merits further investigation.

The creatine kinase isoenzyme and the molecular component(s) mediating PCr hydrolytic activity are likely
to be co-ordinately regulated downstream of thermogenic stimuli, such as B-adrenergic receptor signaling, to
trigger creatine-dependent thermogenesis. Indeed, CKMT2 seems to fulfill this property [94,102,103], and it is
likely that other creatine kinase isoforms will also be regulated by a similar or diverse repertoire of thermogenic
stimuli [109]. Environmental cold increases creatine kinase activity in skeletal muscle of wood frogs [110].
How creatine kinase activity is altered in distinct tissues (adipose and non-adipose) in response to thermogenic
stimulation will be an interesting future pursuit.

Enzyme kinetic measurements characterized in vitro cannot be simply extrapolated to the in vivo environ-
ment, because biochemical reactions of living systems do not occur in isolation [111]. For example, an enzyme
with a high K,,, value relative to the physiological concentration of substrate will not be saturated with substrate
in vivo, and so the rate of formation of product will depend on substrate availability. This type of regulation
may be a key requirement for flux through metabolic pathways in intact cells. The sub-stoichiometric action of
creatine [38,94] was obtained with concentrations of creatine below the K, of purified mitochondrial creatine
kinase functioning in isolation [112]. However, in a native setting, enzyme activity can be markedly different
compared with an isolated environment [113,114]. These differences could be due to intracellular allosteric
regulation, binding partners, post-translational modifications, crowding and microcompartments that would be
lost from work done with purified proteins in isolation. To our knowledge, the physiological concentration of
creatine in thermogenic fat (in culture or in vivo) has never been examined using quantitative methods with
isotopic internal standards. This will be a key consideration as this area moves forward.

Brown fat mitochondria are capable of normal oxidative phosphorylation [115-117]. Liberation of fatty acids
in brown adipocytes can partly uncouple respiration from ATP synthesis. However, a substantial portion of
adrenergically stimulated brown adipocyte respiration is mediated by mitochondrial ATP synthesis [118], and
BAT mitochondria from cold-adapted rats and rabbits are capable of oxidative phosphorylation with P:O ratios
similar to that of other tissues [116]. Thus, an important and often overlooked aspect of brown adipocyte func-
tion is that the coupling apparatus is unusually labile in vitro as that of other tissues. However, mitochondria
isolated under proper conditions from the BAT of cold-adapted rats clearly exhibit oxidative phosphorylation
that can be chemically uncoupled [115]. Importantly, coupled and uncoupled respiration is operational in
human BAT [90]. Which conditions favor coupled vs uncoupled respiration in vivo? Purine nucleotides, pri-
marily ATP in vivo, inhibit UCP1 transport activity. BAT takes up circulating fatty acids that are released fol-
lowing cold-mediated activation of the lipolytic cascade in white adipocytes [28,29], or long-chain fatty acids
are released by mitochondrial phospholipase 2 (PLA2) within the mitochondrial inner membrane [56]. These
fatty acids compete with purine nucleotide binding to UCP1 and support the re-entry of protons into the mito-
chondrial matrix. Clearly, cold exposure is a powerful stimulus that drives catabolic processes and loose
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coupling of oxidative phosphorylation, which is an efficient thermogenic mechanism. In contrast with cold-
mediated thermogenesis, BAT also participates in diet-induced thermogenesis, which occurs when energy
reserves are replete. ATP levels would not be decreased under these conditions, and would be more prone to be
utilized for energy-dissipating biochemical pathways in so-called ATP sinks.

Thermogenic pathways that become activated chiefly in response to the deletion of Ucpl are still in fact
dependent on Ucpl (inactivation). However, not all Ucpl-independent thermogenic pathways require Ucpl
inactivation to reveal their thermogenic role in response cold exposure and caloric excess [36,37,119,120].
Creatine-dependent thermogenesis seems to fall into this category of UcpI-independence. Notwithstanding, cre-
atine metabolism may somehow alter brown adipocyte function to support UCP1-mediated thermogenesis.
However, there is no experimental evidence that suggests this, thus far. How might two thermogenic pathways,
effectively demanding the extraction of stored energy from the mitochondrial protonmotive force, interact
within a BAT depot? One possibility is that these two pathways occur in distinct adipocyte populations within
BAT and beige fat, which are known to be heterogenous [93,121,122]. A second prospect is that creatine-
dependent thermogenesis is favored in the acute phase (for example following acute transition to environmen-
tal cold), until UCP1 levels accumulate to sufficiently high levels to take over thermogenic function. Finally, a
third possibility is that both pathways operate in the same cells but the propensity of one pathway dominates
under distinct physiological states (UCP1 for cold, creatine for diet).

The molecular mechanisms regulating creatine-dependent thermogenesis downstream of creatine accumula-
tion in adipocytes are not fully understood. Mechanistically, creatine-dependent thermogenesis can trigger
mitochondrial ATP turnover, which is understood to depend on the phosphorylation of creatine by creatine
kinase-mediated phosphotransferase activity [38,94]. However, whether creatine kinase activity primarily
regulates ATP turnover to drive thermogenic respiration [38,94], or whether classical creatine-dependent
spatiotemporal buffering of ATP [123,124] is also operational in thermogenic fat is not known. These two
pathways are not mutually exclusive. It is reasonable to assume that adipocytes exhibit the well-known ATP
buffering functions of the creatine kinase system and PCr shuttling from sites of ATP synthesis to sites of
ATP demand. Moreover, the key creatine kinase isoenzyme(s) and proposed PCr phosphatase controlling
thermogenic respiration in adipocytes has yet to be identified (Figure 1b). Finally, the extrinsic thermogenic
stimuli that regulate creatine metabolism in adipocytes are not completely understood. Clearly, much remains
to be discovered.

Lipolysis/re-esterification cycling

A futile cycle of lipolysis/re-esterification has been proposed as a thermogenic process based on the ATP
demand of acylglyercol synthesis [125-127]. This thermogenic pathway posits that adipocytes harbor the cellu-
lar machinery to simultaneously trigger a process whereby fat is broken down to fatty acid and glycerol with a
subsequent re-esterification of the fatty acid by way of glycerol 3-phosphate [39]. Simultaneous operation of
these two seemingly opposite metabolic pathways would constitute a futile cycle, as the re-esterification of free
fatty acids with glycerol has been proposed as an ATP sink (Figure 1c). The origin of the fatty acids could be
from intracellular triacylglycerol (TAG) stores, extracellular-derived fatty acids from the diet or lipoproteins
that are delivered by the circulation, or de novo synthesis by lipogenesis. The diversity of fatty acid delivery
sources suggests that lipolysis and re-esterification do not have to simultaneously occur in the same cell to con-
stitute a thermogenic cycle.

Evidence put forth for such a pathway relies on measurements showing that adrenergic activation simultan-
eously activates TAG breakdown and re-synthesis, and so a futile cycle is inferred. Consistently, environmental
cold or thiazolidinediones trigger the simultaneous expression of genes involved in oxidation and synthesis of
fatty acids [128,129]. Early work characterizing this cycle assessed rates of fatty acid and glycerol production in
adipose depots using a radiochemical method that depends on incorporation of *H from tritiated water into
fatty acid and glycerol molecules. Applying this technique in vivo, triglyceride/fatty acid cycling was shown to
be induced in WAT upon feeding, whereas cold exposure stimulated cycling in WAT and to a much greater
extent in BAT [130,131]. Importantly, this process has been measured directly using deuterium-labeled water.
Monitoring lipid cycling in this way in vivo demonstrated that p3-adrenergic agonism and cold exposure
trigger fatty acid re-esterification, as indicated by deuterium labeling of glycerol in triglycerides [39,132]. Using
substrate flux analysis, evidence for a futile cycle of lipolysis/re-esterification has recently been proposed in
brown adipocytes [133]. Corroborating with older data, futile cycling of lipolysis/re-esterification is
UCP1-independent and is induced in response to adrenergic stimuli in WAT [39]. However, Ucpl ™~ mice
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exhibit higher RER than wild-type animals upon gradual cooling [59], suggesting that liberated fatty acids do
not substantially contribute to fuel delivery in the absence of UCPI, in vivo.

The glycerol phosphate pathway is the primary mechanism of TAG synthesis. Sn-glycerol-3-phosphate acyl-
transferase (GPAT), sn-1-acylglycerol-3-phosphate acyltransferase (AGPAT), and phosphatidate phosphatase-1
activity (conferred by the LIPIN family of proteins) catalyze the first, second, and third steps in diacylglyerol
(DAG) synthesis. DAG is then converted to TAG by diacylglycerol acyltransferase (DGAT). A second pathway
that controls TAG synthesis, the monoacylglycerol pathway, begins with acylation of monoacylglycerol (MAG)
to DAG by monoacylglycerol acyltransferase (MGAT), and plays a predominant role in enterocytes after
feeding [134]. The role of both pathways in physiology has been studied using global knockout mice. These
enzymes control energy homeostasis, energy portioning, metabolic efficiency, and behavior.

GPAT4 is localized to the ER and is highly expressed in BAT [135]. Gpat4~'~ mice exhibit decreased body
weight, increased energy expenditure without a change in food intake, and are resistant to genetic and
diet-induced obesity [136]. AGPAT2 is the dominant isoenzyme of this family expressed in adipose tissue. Its
key role in human fat has been established from studies of patients with AGPAT2 mutations, which causes a
type of congenital generalized lipodystrophy [137]. Agpat2™'~ mice severely lack WAT and BAT with a 90%
reduction in body fat compared with control animals [138]. As expected, Agpat2™'~ mice have abnormal
energy metabolism, with massive hyperphagia, possibly secondary to near-absent circulating leptin levels. The
precise alteration in energy expenditure is difficult to determine as the body composition of Agpat2™'~ mice is
dramatically different from controls. However, when normalizing for body weight, energy expenditure exhibits
a powerful elevation [138]. Despite lack of fat tissue, Agpat2~'~ mice have normal body weight, but increased
lean mass and organomegaly of liver, kidney, spleen and intestine. LIPIN1 is the dominant form in adipose
tissue. Lipinl ™'~ mice fail to store TAG in adipocytes despite similar caloric intake as wild-type mice [139].
Lipin1™'~ mice exhibit increased energy expenditure [140]. In contrast, transgenic expression of lipinl using
the Fabp4 promoter enhances weight gain driven by excess fat accretion and driven by decreased energy
expenditure and enhanced metabolic efficiency (energy from the diet stored somatically) [140]. Interestingly,
transgenic expression of lipinl using the muscle creatine kinase promoter causes similar, albeit more pro-
nounced, changes in body fat, energy expenditure and metabolic efficiency [140]. Changes in Ucpl levels are
not associated with these alterations in energy expenditure. DGAT mediates the final step of fatty acid esterifi-
cation, converting DAG to TAG. Dgat1 ™'~ mice are lean, exhibit increased energy expenditure compared with
control animals, and are resistant to diet-induced obesity [141,142]. In contrast with global Dgatl deletion,
Dgat2 inactivation causes lethal neonatal lipopenia and skin barrier abnormalities [143]. Mgat2™'~ mice exhibit
reduced metabolic efficiency and increased thermogenic energy expenditure. Mgat2~'~ mice are protected from
developing obesity, fatty liver, hyperlipidemia, and glucose intolerance following high-fat feeding [134,144].

The effect of global deletion of acylglycerol synthesis genes on the control of metabolic efficiency by adipo-
cyte energy expenditure is currently difficult to interpret. The altered (typically increased) energy expenditure
and resistance to diet-induced obesity observed in the models with impaired whole body acylglycerol synthesis
argues against the importance of thermogenic lipid cycling in combating obesity. However, the phenotypes
associated with these global knockout mice may result from compensation due to lack of an insulating layer of
subdermal fat. In addition, many of these models display atypical circulating dietary fat with altered kinetics of
absorption and tissue deposition. Moreover, variations in metabolic fuel partitioning towards energy loss rather
than storage may be an important contributor to decreased metabolic efficiency.

The extent to which re-synthesis of acylglycerols in adipocytes is sufficiently energetically costly to drive sub-
stantial increases in whole body energy expenditure remains to be determined. WAT lipolysis and subsequent
oxidation of liberated fatty acids in BAT is key for sustaining thermogenic respiration [28,29], but is not neces-
sarily dependent on UCPI1 activation [145], but unavoidably involves heart function [28]. Interestingly,
cold-activated beige adipocytes concomitantly increase the rate of lipolysis and glycerol and palmitate incorpor-
ation into lipids, with no change in UCP1-mediated uncoupling [146], indicating that the primary function of
cold-activated beige fat is to export and take up fatty acids for ATP-dependent acylglycerol synthesis.
Furthermore, palmitate oxidation in beige adipocytes is primarily ATP-dependent, and not controlled by
UCPI1-mediated uncoupling [146]. Intriguingly, lipolysis is not essential for thermogenesis in the presence of
sufficient carbohydrate-rich dietary substrate supply [28]. Thus, glucose can be utilized as fuel to maintain
thermal homeostasis in response to environmental cold, and so BAT-mediated thermogenesis is highly flexible
depending on nutritional status. The biochemical pathway(s) supporting glucose-mediated thermogenesis
remain to be determined, but any thermogenic pathway that does not exclusively rely on lipid could suffice.
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The physiological relevance of futile lipid cycling merits further investigation. Using genetically engineered
mouse models coupled with in vivo labeling methods noted above may specifically test the lipid cycling hypoth-
esis. In addition, altering fuel availability may be another way to modulate thermogenic lipid cycling. Free fatty
acids within brown adipocytes increase by lipolysis from intracellular stores or by influx from the circulation.
These fatty acids are activated to acyl-CoA, which then can undergo two fates: (1) oxidation in mitochondria,
or (2) esterification to a glycerol backbone. The glycerol is provided from glycerol 3-phosphate through phos-
phorylation by glycerol kinase. Glycerol kinase is a key enzyme controlling the re-esterification and replenish-
ment of the TAG pool, and could be an interesting candidate to selectively manipulate in adipocytes to
examine the role of lipid cycling in energy expenditure in vivo. However, it is important to note that glycerol
3-phosphate has multiple fates aside from FA esterification, which must be considered in the context of lipid
cycling-mediated thermogenesis. In response to thermogenic stimulation, brown adipocytes accumulate cyto-
solic calcium (Ca*"), which could be taken up extracellularly or could be due to efflux from mitochondria
[147,148]. Ca®" activates glycerol 3-phosphate dehydrogenase (GPDH) which can use glycerol 3-phosphate to
donate electrons to the ETC from the cytosol. The rise in cytosolic Ca®" would thus cause glycerol 3-phosphate
to be diverted from fatty acid re-esterification to promote its use by GPDH. Consequently, substrate will
become limiting for acylglycerol re-esterification. Indeed, norepinephrine stimulation impairs fatty acid
re-esterification in a Ca*-dependent manner [147,149]. Interpretation of mechanisms driving putative lipid
cycling must consider these data. In addition, the fatty acids generated from lipolytic processes in adipocytes
could be re-esterified in other tissues, leading to additional energy expenditure.

Sarcoplasmic/endoplasmic reticulum-based calcium cycling

Skeletal muscle can contribute to heat production using shivering and non-shivering mechanisms [150-154].
Heat produced by skeletal muscle shivering is an important physiological reflex that defends body temperature
under various environmental conditions. Shivering involves rapid muscle contraction and relaxation and is
highly dependent on intracellular Ca®>*. The major storage site of intracellular Ca** is in the sarcoplasmic
reticullum (SR) of striated muscle and the ER in other cell types. Ryanodine receptors (RyRs) are the major
Ca®" release channels located along the SR/ER, and muscle contraction is triggered by this Ca®" release.
Control over cytosolic Ca** abundance regulates the strength and frequency of contraction-relaxation cycles.
This regulation is primarily achieved by RyR-mediated Ca®" release into the cytosol and subsequent uptake of
Ca®" by the sarco/endoplasmic reticulum Ca** ATPase (SERCA) pump. SERCA harnesses energy from ATP to
pump Ca®" into the SR lumen against a steep concentration gradient, in a 2:1 stoichiometry of Ca®": ATP. A
single-pass transmembrane peptide, sarcolipin (SLN) interacts with SERCA to decrease the Ca**: ATP stoichi-
ometry, which results in a potential ATP sink. Sarcolipin negatively regulates SERCA activity in vitro, possibly
by decreasing Ca®" affinity or by inducing, Ca** slip [155-157] (Figure 1d). Expert mechanistic reviews have
recently been published on this topic [83].

The group of Leslie Kozak first hinted at a possible role for calcium cycling in inguinal adipose tissue [31].
Like calcium cycling in skeletal muscle, SERCA activity has been posited to be regulated by a small homopenta-
meric protein, phospholamban (PLB), instead of SLN [158]. PLB is elevated in Ucpl™'~ beige fat, suggesting
reciprocal regulation [31]. Interestingly, no difference in the expression of SERCA1 or SERCA2 was found at
the protein level between Ucpl™~ and control animals, and Serca2a and Serca2b were surprisingly reduced
with cold exposure in Ucpl ™~ mice [31]. Following this, Fabp4 promoter controlled PRDM16 overexpression
was shown to overcome acute cold intolerance of Ucpl™~ mice, which was associated with Serca2b mRNA
induction. It remains to be determined whether endogenous PRDM16 levels can activate SERCA-mediated
thermogenesis in fat, and whether this pathway is physiologically relevant in wild-type animals with intact
UCPI. Future work should investigate how calcium cycling in fat is regulated at the level of factors that modu-
late SERCA activity, and through the use of assays that directly examine the stoichiometry of the
SERCA-mediated Ca®"/ATPase influx relationship.

Proton leak by the mitochondrial ADP/ATP carrier

Mitochondria can cycle protons (H") independent of UCP1 [159]. H" leak appears to be a feature common to
all mitochondria. This phenomenon has been characterized indirectly (through examination of oxygen con-
sumption rate, which will increase in a non-linear proportion to elevated H* leak). The nature of the factor(s)
at least partly responsible have recently become clear. The mitochondrial ADP/ATP carrier (AAC) is a key
transport protein localized to the mitochondrial inner membrane. Four AAC isoforms (AACI-AAC4) are
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expressed in humans, whereas mice lack AAC3, and mainly express AACI and AAC2 [160]. The most well-
established function of AAC is the exchange of mitochondrial ATP for cytosolic ADP to control the cellular
ATP pool. Two additional functions of the AAC have been proposed: (1) inducible H" leak, and (2) control of
the permeability transition pore. Importantly both mechanisms can be activated by fatty acids, and so for a
long time it was unknown if AAC contributed to fatty acid-dependent mitochondrial uncoupling via selective
H" leak or via non-selective induction of the permeability transition pore. In any case, the ubiquitous expres-
sion of AAC in cells supports the experimental observations that proton leak occurs in most mitochondrial
populations.

AAC1 has been shown to control oxygen consumption under conditions where mitochondrial ATP synthesis
is blocked [161], suggesting that H* leak by AAC is inhibited by its AAC activities. Importantly, using whole
mitochondrial inner membrane patch-clamping, the first direct evidence of AAC-mediated H leak was recently
demonstrated in non-UCP1 expressing mitochondria, including skeletal muscle, liver, kidney and heart [162]
(Figure le). Because H" leak was absent from patched plasma membrane preparations (but powerful in mito-
chondrial inner membranes) this work also laid to rest the idea that the protonophoric activity of fatty acids is
somehow inherent to these molecules so that H leak could occur through any lipid bilayer. Additionally, these
studies revealed that the similarly named uncoupling proteins (UCP2, and UCP3) do not mediate H* leak
[162]. Like UCP1 [163], potentiation of H* leak occurred in association with cysteine oxidation on AAC. The
ability to specifically manipulate inducible H* leak, through cysteine modification, whilst maintaining ADP/
ATP transport function of the AACs will be critical to develop anti-obesogenic therapies surrounding
AAC-dependent thermogenesis.

Therapeutics focused on adipocyte thermogenesis

Obesity occurs when there is a chronic imbalance between assimilated energy and energy expenditure. Obesity
may be reduced by affecting either side of this energy balance equation. Proof of principle that increases in
metabolic rate can cause weight loss in humans comes from clinical data following exposure to the protono-
phore, 2,4-dinitrophenol (DNP) [164]. With increasing knowledge about brown and beige fat, interest in these
tissues as targets for safely increasing thermogenic energy expenditure has re-emerged. Animal models with
increased thermogenic fat amounts and activities have shown powerful metabolic improvements with no
obvious detriment. These studies suggest that it may be possible to induce thermogenic mechanisms that could
influence energy balance. Promising mechanisms relevant to human physiology may lie in the potential for
induction of brown adipocytes in human white fat depots [165,166].

The mechanisms limiting excess weight gain are likely a relic of our evolutionary past, where the obese
would be susceptible to predation [1]. However, the mechanisms controlling thermogenic respiration that
respond to a positive energy balance are poorly defined. In humans, the estimates of the contribution of BAT
to whole body energy expenditure are likely underestimated due to the limitations of accurately measuring
BAT volume with positron emission tomography coupled to computed tomography with the glucose tracer
18-fluorodeoxyglucose (‘*FDG PET/CT). Recent data suggest that total BAT volume may be much larger
than the typically observed 50-150 ml with "*FDG PET/CT. Therefore, the current estimates of total BAT
thermogenesis, largely relying on total BAT volume using '*FDG PET/CT, may underestimate the actual
influence of BAT to total energy expenditure [52]. More recently, ''C-acetate tracing has been utilized to
measure the rate of the citric acid cycle turnover in BAT by quantifying ''CO, production. Using this
method, several studies have reported that BAT CO, increases 2 to 3-fold in response to cold [167,168]. As
other expert reviews have noted [52], the estimated contribution of BAT to human whole body energy
expenditure remains uncertain due to a limited capacity to precisely measure BAT thermogenesis using
current imaging modalities. The current estimates with the tools at hand place BAT at the lower end of pro-
viding a clinically meaningful contribution towards the treatment of obesity and type 2 diabetes. Nevertheless,
novel imaging methods may reveal the true potential of BAT to human metabolism by accurately quantifying
its abundance [52,169]. As thermogenic pathways and determination factors are identified, there is no reason
to assume that the activity or amount of BAT cannot be altered. New therapeutic treatments for metabolic
diseases surrounding adipocyte dysfunction may benefit from a refined understanding of the diversity in bio-
chemical pathways contributing to thermogenic respiration. If BAT quantity or activity can be increased
without side effects, there may still be a place for human BAT in treating obesity and obesity-associated
disease.
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