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Abstract

Obesity results from an imbalance in energy homeostasis, whereby excessive energy intake exceeds caloric expenditure.
Energy can be dissipated out of an organism by producing heat (thermogenesis), explaining the long-standing interest in
exploiting thermogenic processes to counteract obesity. Mitochondrial uncoupling is a process that expends energy by
oxidizing nutrients to produce heat, instead of ATP synthesis. Energy can also be dissipated through mechanisms that do not
involve mitochondrial uncoupling. Such mechanisms include futile cycles described as metabolic reactions that consume ATP
to produce a product from a substrate but then converting the product back into the original substrate, releasing the energy as
heat. Energy dissipation driven by cellular ATP demand can be regulated by adjusting the speed and number of futile cycles.
Energy consuming futile cycles that are reviewed here are lipolysis/fatty acid re-esterification cycle, creatine/phosphocreatine
cycle, and the SERCA-mediated calcium import and export cycle. Their reliance on ATP emphasizes that mitochondrial
oxidative function coupled to ATP synthesis, and not just uncoupling, can play a role in thermogenic energy dissipation.
Here, we review ATP consuming futile cycles, the evidence for their function in humans, and their potential employment as
a strategy to dissipate energy and counteract obesity.
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GPDH Glycerol-3-phosphate
dehydrogenase

RyR2 Ryanodine receptor 2

B,-AR B,-Adrenergic receptor

Bs-AR B;-Adrenergic receptor

SLN Sarcolipin

CK Creatine kinase

PCr Phosphocreatine

MaSH Malate-aspartate shuttle

LPA Lysophosphatidic

aKG a-Ketoglutarate

OA Oxaloacetate

Glu Glutamate

Asp Aspartate

MPC Mitochondrial pyruvate carrier

LDH Lactate dehydrogenase

NNT Nicotinamide nucleotide
transhydrogenase

TZDs Thiazolidinediones

1 Introduction

The prevalence of obesity worldwide has substantially
increased, concurrently with the vast array of obesity-
associated diseases, including type 2 diabetes, dyslipi-
demia, hypertension heart disease, and cancer. Obesity
develops when calorie intake chronically exceeds total
energy expenditure, leading to a rise in the proportion
of calories that remain in storage. A therapy for weight
loss must, therefore, involve a decrease in calorie intake
and/or an increase in energy dissipation out of the organ-
ism. While efforts have been put into increasing energy
expenditure by increasing exercise, this only worked for a
small portion of the population. Similarly, low caloric diet
offers only a transient reduction in weight that is followed
by weight re-gain [1]. This dynamic nature of weight loss,
where a low caloric diet is very successful in the first
two weeks, but eventually weight loss stops as the body
tends to compensate for the decrease in energy intake, is
where the most interesting opportunity lies in [2, 3]. What
molecular mechanisms are responsible for blocking weight
loss after a couple of weeks of low caloric diet?

For the body to stop losing weight under low caloric diet,
energy expenditure must go down. Indeed, recent studies
in humans have demonstrated that weight loss by caloric
restriction results in a decline in basal metabolic rate (BMR),
beyond changes attributed to decreased body weight [1,
4-9]. This adaptive reduction in BMR is a regulated mecha-
nism that limits energy dissipation to conserve tissue mass,
mostly by suppressing thermogenesis [10]. This adapta-
tion highlights the ability to preserve energy balance when
caloric intake is reduced [1]. The question remains, can we
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use the same pathways to increase energy dissipation and to
counteract obesity? Can defects in the mechanisms regulat-
ing energy expenditure be responsible for obesity?

Thermogenesis, which is the production of heat in living
organisms, is a regulated process that largely contributes to
energy dissipation. Two major processes are responsible for
thermoregulatory heat production in mammals — shivering
and nonshivering thermogenesis. Shivering, the involuntary
contraction of skeletal muscles induced by cold exposure
results in heat production that involves ATP-dependent
movement. Non-shivering thermogenesis is defined as an
increase in metabolic heat production that is not associated
with muscle activity and occurs in response to environmen-
tal temperature [11]. Non-shivering thermogenesis occurs in
several systems, including skeletal muscle and most notably
brown adipose tissue [11, 12].

Mitochondrial uncoupling is considered a central com-
ponent of non-shivering thermogenesis by brown adipose
tissue. UCP1, an anion/H* symporter, is an uncoupling pro-
tein unique to brown adipose tissue and beige adipocytes.
(Table 1) [13—-15] UCP1 allows for the re-entry of protons
into the mitochondrial matrix bypassing ATP-synthase,
thereby uncoupling oxygen consumption from ATP synthesis
and dissipating the energy of the proton gradient into heat.
[13-15]. Uncoupling is activated in response to decreased
environmental temperature (cold-induced thermogenesis)
and, with some conflicting evidence, to overfeeding (diet-
induced thermogenesis) [16-19]. In addition, UCP1* ‘brown-
like’ white adipocytes, also named beige cells, are thermo-
genically active adipocytes that can emerge in white fat when
mice are exposed to cold, as well as in response to catechola-
mines and other f-adrenergic agonists [18, 20]. Several lines
of evidence suggest that beige adipocytes, despite carrying
UCPI, also dissipate energy through ATP-consuming pro-
cesses. [21-24].

Numerous studies have characterized the role and regula-
tion of UCP1-mediated thermogenesis in brown and beige
adipose tissue and we will do it a disservice by trying to
review it in one paragraph. The role of UCPI in thermo-
genesis has been recently reviewed [22, 25]. BAT thermo-
genesis and UCPI1 activity can decrease body fat accumu-
lation, improving insulin sensitivity and glycemic control
in diet-induced obese mice [26]. Accordingly, short-term
cold exposure (4 h) decreases circulating triglyceride con-
centrations and increases insulin sensitivity in mice [27].
Moreover, mice with genetic ablation of BAT are more sus-
ceptible to diet-induced obesity and insulin resistance [28,
29]. Similarly, mice lacking beige fat function caused by the
adipocyte-specific deletion of PRDM16 develop obesity and
insulin resistance [30].

It was previously hypothesized that the action of UCP1
primarily mediates the “anti-obesity” and “anti-diabetic”
actions of brown and beige fat. Surprisingly, UCP1-knock
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Table 1 ATP-consuming processes that contribute to energy expendi-
ture. Non-shivering thermogenesis through UCPI-mediated proton
gradient dissipation is the main mechanism of BAT-mediated energy
expenditure. Additional futile cycles dependent on ATP synthesis and
consumption have been demonstrated to contribute to energy dissipation
in a UCPI independent manner in different tissues. UCP1, uncoupling

protein 1; AAC, mitochondrial ADP/ATP carrier; SERCA1/2b, sarco/
endoplasmic reticulum Ca®*-ATPase; RyR, Ryanodine receptor; SLN,
Sarcolipin; CK, Creatine Kinase; PEPCK-C, Phosphoenolpyruvate car-
boxykinase; MPC, mitochondrial pyruvate carrier; LDH, Lactate dehy-
drogenase; ATGL, Adipose triglyceride lipase; HSL, hormone-sensitive
lipase; MAGL, monoacylglycerol lipase

Futile Cycle Tissue Physiological Role Protein Involved ATP- References
Dependent

UCPI1-mediated uncou- BAT Thermogenesis UCP1 o [13, 14, 16, 17, 95]
pling

Calcium cycling BAT, Skeletal muscle Thermogenesis SERCAL, RyRI, SLN Vv [58-63, 96, 97]

Endogenous mitochondrial BAT ATP production and AAC v [45, 46]
uncoupling thermogenesis

Calcium cycling Beige Fat Thermogenesis and SERCAZ2b, RyR2 v [24, 34, 52, 53]

glucose homeostasis

Creatine-dependent ADP/ Beige Fat Thermogenesis CK, AAC v [21, 64-68]
ATP cycling

Glycerolipid-free fatty WAT, BAT, Islet p-cell Lipolysis and triglyceride ATGL, HSL, MAGL, Vv [70, 71, 74,79, 83, 84]
acid cycle synthesis GK, MPC

Glyceroneogenesis-lipid ~ Liver, WAT, BAT G3P formation and PEPCK-C, Glycerol v [69, 70, 72, 73, 78]
cycle triglyceride synthesis Kinase

Cori Cycle Skeletal Muscle and Liver Lactate and glucose LDH v [92]

production

out mice maintained normal resting energy expenditure and
were resistant to diet-induced obesity at sub-thermoneutral
temperatures [31-33]. Additionally, it was shown that UCP1-
deficient mice can adapt to a cold environment, highlighting
the presence of UCP1-independent mechanisms of adap-
tive thermogenesis and regulation of whole-body energy
homeostasis [32, 34]. UCP1-knock out mice are protected
from diet-induced obesity at sub-thermoneutral temperatures,
because the alternative thermogenic mechanisms consume
more calories to produce the same amount of heat needed
for thermoregulation [31-33]. Furthermore, deletion of the
mitochondrial protein, Mfn2, in brown adipose tissue pro-
tected from insulin resistance and obesity, despite impairing
cold-induced thermogenesis. In this regard, BAT-specific
Mfn2 deletion decreased the animal energy efficiency and
increased coupled fat oxidation in BAT, explaining protec-
tion from obesity and hyperglycemia [35]. Altogether, these
studies suggest that outside UCP1 mediated uncoupling,
other mechanisms may affect energy expenditure by chang-
ing energy efficiency.

While some of the animal studies were translated to
humans, others were not. Earlier clinical observations in
humans demonstrated that both cold exposure [19, 36, 37]
and treatment with mitochondrial uncouplers [38—40] result
in increased energy expenditure and weight loss [41]. More
recent BAT-targeted pharmacological studies have failed
to demonstrate that BAT activation results in a signifi-
cant weight loss by increasing overall energy expenditure
[42—44]. For example, treatment of human subjects with a
B-3 adrenergic receptor agonist Mirabegron did not result

in a significant weight loss although it successfully activated
thermogenesis by BAT [44]. The lack of success of Mira-
begron was hypothesized to be explained by the lower mass
of BAT in humans when compared to mice. An alternative
hypothesis could be that increased energy expenditure by
adaptive thermogenesis is compensated for by an increase
in energy efficiency in other tissues, leading to an overall
unchanged or reduced BMR.

2 UCP1-independent mechanisms
of mitochondrial uncoupling

The mitochondrial ADP/ATP carrier, (AAC), acts as a
mitochondrial uncoupler under certain conditions, fueling
a futile cycle of proton diffusion across the inner mitochon-
drial membrane [45] (Fig. 1, Table 1). AAC is a member
of the solute carrier family (SLC25) that exchanges ATP
and ADP between the mitochondria matrix and the cytosol
[45]. However, AAC has additional key functions: AAC is a
fatty-acid induced proton channel that explains endogenous
proton leak, as well as regulating the opening of the per-
meability transition pore and the removal of mitochondria
by mitophagy [45, 46]. Remarkably, both AAC-controlled
leak and PTP opening can be stimulated by free fatty acids,
similarly to how fatty acids activate UCP1 [45]. This con-
nection by fatty acids highlights the importance of nutrients
as active regulators of energy dissipation, by determining
the relative proportion that is directed to mitochondrial ATP
synthesis versus leak.
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Fig.1 ATP-Dependent Futile Cycles. (a) The mitochondrial ADP/
ATP carrier (AAC) can act as H+ transporter, in addition to its func-
tion as ADP/ATP exchanger. AAC-mediated proton leak requires
the presence of free fatty acids and is negatively regulated by ADP/
ATP exchange. Thereby, AAC provides an alternative mechanism
to induce mitochondrial proton leak. (b) In beige adipocytes norepi-
nephrine (NE)-mediated stimulation of adrenergic receptors stimu-
lates futile Ca2+cycling through activation of sarco/endoplasmic
reticulum Ca®*-ATPase 2b (SERCA2b) and ryanodine receptor 2
(RyR2). SER, sarco/endoplasmic reticulum. (¢) In UCPI-deficient
adipocytes creatine (Cr) and creatine and CK-mediated hydrolysis of

Another mechanism that uncouples oxygen consumption
from ATP synthesis by allowing protons to enter the mito-
chondrial matrix is mediated by the mitochondrial Nicoti-
namide nucleotide transhydrogenase (NNT) [47-49]. NNT
uses the electrons in NADH to reduce NADP* to NADPH,
with this transhydrogenation being coupled to proton trans-
location across the inner membrane [47-49]. The energy
consumed by NNT-mediated proton translocation generates
NADPH. Therefore, although the NNT uncouples the mito-
chondria respiration from ATP synthesis, energy consumed
by the NNT is not directly transformed into heat and thus
will not be dissipated out of the organism [50].

@ Springer

b SERCA2b-mediated Calcium Cycling

d Lipid cycling

glucose

Beta-Oxidation

ATP stimulates cycling of ATP production and consumption when
ADP is limiting through the ATP/ADP carrier (AAC). The mito-
chondrial AAC localizes to the mitochondrial inner membrane and
functions as an ADP/ATP exchanger to control the cellular ATP
pool. MI-CK, mitochondrial-creatine kinase; PCr, phosphor-creatine;
PCr-ase, phosphor-creatine kinase. (d) In the absence of mitochon-
drial pyruvate import, brown adipocytes activate lipolysis, which
induces futile lipid cycling and p-oxidation. Additional details about
the malate aspartate shuttle as a mechanism to induce lipid cycling
appear in the text. FFA, free fatty acid; G3P, glycerol-3-phosphate

3 The two categories of thermogenic energy
expenditure: ATP-consuming futile cycles
and uncoupling

Recent evidence demonstrated that BAT and beige adipo-
cytes can increase energy expenditure by activating ATP-
consuming futile cycles. This need for ATP means that
mitochondria can remain coupled to sustain ATP demand
and fuel these futile cycles, which prevents the potential
risks associated with large depolarization characteris-
tic of mitochondrial uncoupling (Table 1). Remarkably,
these ATP-consuming futile cycles recently identified in
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BAT and beige adipocytes were already shown to promote
energy expenditure in skeletal muscle.

A futile cycle consists of a set of biochemical reactions
that concurrently run in opposite directions, consuming
ATP in one of the directions. As the product of the first
reaction is the substrate of the second reaction, and the
product of the second reaction is the substrate of the first
reaction, such a cycle will lead to a net decrease in ATP
[51]. While we use the word futile, this does not mean
there is no use for these cycles. Outcomes of futile cycles
include the consumption of excess nutrients and the gener-
ation of heat. Furthermore, futile cycles are characterized
by the continuous production of the cycle’s intermediates
allowing for the maintenance of a steady pool of metabo-
lites comprising the cycle and the active enzymes produc-
ing them. As such, futile cycles allow for a quick response
to cellular events requiring the production or processing
of the cycle intermediates.

The capacity of energy-wasting mechanisms based on
futile cycles to decrease body weight loss will be mostly
dependent on their abundancy and/or frequency of execu-
tion. Therefore, the extent of energy expenditure achieved
by each of these mechanisms per cell at a given time is
unlikely to be a reliable predictor of their impact on weight
loss.

4 Calcium futile cycles in beige and brown
adipocytes

A UCPI1-independent thermogenic pathway that involves
an ATP-consuming Ca** futile cycling was shown to con-
tribute to beige fat energy expenditure and systemic glu-
cose homeostasis (Fig. 1, Table 1) [24, 34, 52]. In response
to cold exposure, NE binds to «a1-AR (adrenergic recep-
tor) and P3-AR to increase intracellular Ca** cycling by
activating the ryanodine receptor 2 (RyR2) and promot-
ing the extrusion of ER-calcium. Calcium extrusion then
increases the activity of the sarco(endo) plasmic reticulum
Ca’* (SERCA2b), which brings the calcium back to the
ER of beige adipocytes [24, 52, 53]. As SERCA2b con-
sumes ATP to transport calcium back to the ER, the activa-
tion of this calcium cycle leads to a futile consumption of
ATP that is responsible for energy dissipation. In addition,
decreased efficiency of SERCA2b importing calcium leads
to an increase in Ca>* levels in the cytosol, which enter the
mitochondria to activate pyruvate dehydrogenase activity
and ATP synthesis [24, 53]. Thus, calcium itself activates
mitochondria to cover this increase ATP demand more effi-
ciently. This calcium cycle explained why UCP1 KO beige
adipocytes utilize glucose-derived pyruvate as the primary
fuel source for mitochondrial respiration [24, 53]. In all,

SERCA2-mediated calcium cycling increases energy dis-
sipation while elevating glucose oxidation, which counter-
acts hyperglycemia [24].

Intriguingly, the SERCA2b-mediated Ca’* cycling thermo-
genic mechanism is necessary for beige adipocyte thermogen-
esis but is dispensable in brown adipocytes that express high
levels of UCPL. It is hypothesized that this pathway is unique
to beige fat due to the high expression of ATP synthase not
found in brown adipose tissue, enabling beige fat to dissipate
energy by increasing ATP consumption in a futile manner
[54-56].

Although regulators of SERCA?2 activity in beige adipo-
cytes have yet to be established, the regulatory protein sar-
colipin (SLN) has been shown to promote uncoupling of
ATP hydrolysis of SERCAla from calcium transport in skel-
etal muscle, resulting in muscle nonshivering thermogenesis
[57-59]. Unphosphorylated SLN induces conformational
changes in SERCA structure which decreases the affinity of
SERCA to bind calcium [57]. This decrease in affinity causes
SERCA to hydrolyze more ATP to transport less calcium,
meaning that more ATP will be consumed to perform the
same transport process. Accordingly, it was shown that SLN
enhances energy dissipation and heat production in skeletal
muscle, concurrent with a sustained elevation of cytoplasmic
Ca’*.

Interestingly, SERCA1 was recently identified in the inner
mitochondrial membranes (IMM) of BAT and was shown to
induce SERCA/RyR mediated Ca** futile cycling in BAT
mitochondria (Table 1) [60]. Calcium is pumped from the
matrix to the inner mitochondrial space (IMS) by SERCA1
and returns to the mitochondrial matrix through the RyR
[61-63]. The ATP hydrolysis activity of SERCA1 was shown
to absorb part of the ATP derived from the electron flux acti-
vated by Ca”", contributing to brown adipose tissue energy
expenditure [63].

5 Creatine-phosphocreatine futile cycle

A Creatine-dependent ATP-consuming cycle has been
shown to promote energy dissipation in beige fat and
brown adipocytes (Fig. 1, Table 1) [21, 64—68]. This cycle
was initially identified in mitochondria isolated from beige
fat of cold-exposed animals under ADP-limited condi-
tions and was further confirmed to exist in both mouse
and human brown adipocytes [21, 65]. Preliminary stud-
ies demonstrated that creatine stimulates substrate cycling
and increases ADP-dependent respiration in beige fat
mitochondria when ADP is limiting [21]. When UCP1 is
deleted, genes involved in creatine metabolism including
creatine kinase B (CKB) are upregulated by thermogenic
cAMP signaling [21, 65]. Moreover, depleting creatine
levels in thermogenic adipocytes of mice by deleting the
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rate-limiting enzyme of creatine biosynthesis, glycine ami-
dinotransferase (GATM), impairs energy expenditure due
to reduced thermogenesis and causes diet-induced obesity
[67, 68]. The existence of this cycle in BAT supports the
concept that increasing mitochondrial ATP synthesis can
be used as an approach to promote energy dissipation.

6 Lipid cycling as a futile cycle consuming
ATP

Lipid cycling consists of a catabolic segment and an
anabolic segment. The catabolic segment refers to the
hydrolysis of triglycerides (TAGs) into free fatty acids
(FFAs) and glycerol [69—71]. Adipose triglyceride lipase
(ATGL), hormone-sensitive lipase (HSL), and monoacyl-
glycerol lipase (MAGL) are the main enzymes catalyzing
this hydrolysis, namely lipolysis. The free glycerol that
is generated during the breakdown of triglycerides can
potentially be reused by the anabolic segment, constituted
by glycerol kinase, which consumes ATP to regenerate
glycerol-3-phosphate that can be utilized to rebuild triglyc-
erides [70]. In cells with low glycerol kinase activity, glyc-
erol can be released into the bloodstream, preventing this
ATP-consuming lipid cycle [69]. However, glucose can
be consumed to make new triglycerides by fueling glyc-
eroneogenesis, a process controlled by phosphoenolpyru-
vate carboxykinase (GTP) (PEPCK-C) (Table 1) [69, 70,
72]. Glyceroneogenesis is active in liver, white and brown
adipose tissue. Therefore, re-esterification and futile ATP
consumption can still occur in cells with low glycerol
kinase activity via PEPCK-C. In BAT, glyceroneogenesis
has an important role in determining the rate of triglyc-
eride re-esterification after norepinephrine stimulation
[73]. It has been reported that cold exposure promotes a
decrease in PEPCK-C in BAT, which is accompanied by a
decrease in re-esterification as the FFAs need to be deliv-
ered to the mitochondria to maintain thermogenesis [73].

Glycerol metabolism is not the only ATP-consuming
process that can increase energy dissipation in adipocytes.
Glycerolipid-free fatty acid cycling (GL/FFA or lipid cycling)
is a futile cycle that consumes ATP via the partial or full re-
esterification of free fatty acids into TAGs, diacylglycerols
(DAGS), or Monoacylglycerols (MAGs) (Table 1) [70, 71].
The reason is that lipolysis removes CoA from fatty acids and
the addition of CoA to fatty acids consumes ATP, with CoA
addition to FFA being essential for esterification. Each GL/
FFA cycle consumes 7 ATP molecules [74].

The functional role of lipid cycling can range from facili-
tating a rapid provision of FFA for oxidation, to cell signal-
ing regulation and detoxification from excess free fatty acids
[75]. Importantly, the anabolic and catabolic segments of
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lipid cycling can concurrently occur in the same cell or in
different tissues; for example between the liver and white
adipose tissue (Fig. 2). Abnormalities in the function of lipid
cycling are associated with insulin resistance, type 2 diabe-
tes, fatty liver disease, and cancer [71, 76, 77].

A significant amount of basal energy expenditure in white
adipose tissue is attributed to lipid cycling [78]. The reason
is that mature white adipocytes do not oxidize fatty acids but
are a major source of free fatty acids for surrounding tissues
[79-81]. In cultured white adipocytes from humans, around
40% of released fatty acids are recycled back into lipid drop-
lets [79]. In vivo, Wolfe et al. showed that in humans at rest
around 70% of fatty acids are re-esterified in the adipose
tissue [82]. Especially at the beginning of physical exercise,
re-esterification is reduced to 25%, suggesting that decreased
re-esterification is explained by fatty acids consumption in
muscle and liver [82]. This suggests that lipid cycling ena-
bles the adipose tissue to be ready to deliver oxidizable fatty
acids to muscle and liver, while the esterification component
protects the adipocytes from lipotoxicity when fatty acids
are not oxidized [82].

7 Mechanisms inducing lipid cycling

While the majority of heat in activated brown adipocytes is
generated via UCP1 mediated proton leak, part of thermo-
genesis is attributed to lipid cycling [83]. Recently, Veliova
et al. proposed a novel mechanism to activate lipid cycling
and increase energy dissipation in non-stimulated brown
adipocytes, by blocking the mitochondrial pyruvate car-
rier (MPC) (Fig. 1) [84]. Inhibition of the MPC results in
increased ATP demand and coupled mitochondrial fat oxida-
tion to support fatty acid esterification, as energy expendi-
ture was sensitive to the ACS inhibitor Triacsin C. Conse-
quently, MPC blockage increases fat oxidation and energy
expenditure bypassing the need for adrenergic stimulation
or mitochondrial uncoupling to oxidize fat [84]. It remains
to be determined whether lipid cycling can be induced in
white adipocytes by a similar mechanism, which would be
particularly interesting as a way to promote energy-wasting
and possibly weight loss.

Aside from its role in maintaining the availability of
free fatty acids, lipid cycling has an essential role in cell
signaling, in pancreatic beta cells, lipid species can act as
signaling molecules that modulate insulin secretion [70, 74,
85]. Furthermore, the increased energy demand caused by
lipid cycling has been linked to AMPK activation in adipo-
cytes and beta cells, as lipid cycling can increase the AMP/
ATP ratio [74, 86]. In addition, lipid cycling can play an
important role in signaling from fatty acids and glucose to
promote cell growth and modulate gene expression [87]. It
was proposed that high glycolysis rates that support cancer
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a Glycerolipid-free fatty acid cycle between WAT
and liver

Liver Gluconeogenesis and

Adipose Tissue Lipolysis
De novo lipogenesis

and Re-esterification

(aTP)(ADP)

Liver White Adipose Tissue

Fig.2 Futile Cycles That Connect Multiple Subcellular Compart-
ments and Tissues. (a) Glycerolipid-free fatty acid cycle between
white adipose tissue and the liver. Triglycerides (TGs) are broken
down to glycerol and free fatty acids (FFAs), which are either re-
esterified in the adipose tissue or released into the bloodstream. The
liver converts the glycerol from the bloodstream to glucose through
gluconeogenesis, and this glucose can then be used to make glycerol-
3-phosphate (G-3-P) needed for triglyceride synthesis. Free fatty
acids picked up by the liver are used along with glycerol-3-phosphate

proliferation could be maintained by Glycerol-3-phosphate
dehydrogenase (GPDH), which regenerates NAD + by trans-
forming G-3-P to DHAP [88].

Moreover, it has been demonstrated that the type 2 diabe-
tes drugs, Thiazolidinediones (TZDs), which are agonists for
peroxisome proliferator-activated receptor-gamma (PPARY)
and block MPC activity, induce changes in fatty acid esteri-
fication [89]. TZDs induced the expression of PEPCK, a key
regulator of the glyceroneogenesis pathway [89]. The activa-
tion of glyceroneogenesis in adipose tissue by TZDs allows the
re-esterification of fatty acids via lipid cycling, thus lowering
fatty acid release into the plasma [89]. Importantly, reduced
fatty acid levels in the plasma may be important for the insulin-
sensitizing action of TZDs [89]. However, whether some of the
actions on fatty acid cycling induced by TZDs are mediated by
their actions on MPC has not been characterized.

8 Futile cycles that connect multiple
subcellular compartments and tissues

To avoid uncontrolled dissipation of energy, some futile
cycles have their core steps occurring in different tissues or
even in different subcellular compartments. An example is
the hexokinase/glucose-6-phosphatase reaction, wherein the
liver hexokinase is replaced by glucokinase (GK), which is
regulated by glucokinase regulatory protein (GKRP) [90,
91]. Under fasting, GKRP inactivates and sequesters GK in

b cori Cycle between skeletal muscle and liver

Glucose

Glucose

Glycolysis ,~ ADP

Gluconeogenesis k
Fatty Acids

2 Pyruvate
Lactate
Dehydrogenase,

Lactate

Liver Skeletal Muscle

for de novo triglyceride synthesis also called de novo lipogenesis.
(b) Cori cycle between skeletal muscle and the liver. Glucose in the
muscle is metabolized to pyruvate and ATP through glycolysis and
then converted to lactate by lactate dehydrogenase (LDH), which
is released into the blood and picked up by the liver. The liver uses
the lactate to produce glucose, utilizing ATP, and the glucose is then
released back into the circulation. Overall this futile cycle results in a
net loss of 4 ATPs

the nucleus to prevent futile cycles of glucose phosphoryla-
tion during gluconeogenesis [90, 91].

Interestingly, the same mechanism used to induce lipid
cycling in adipose tissue was shown to contribute to the Cori
cycle that communicates between muscle and liver (Fig. 2).
Skeletal muscle-specific deletion of the mitochondrial pyru-
vate carrier (MPC) in mice increases flux through the Cori
cycle, leading to an increase in whole-body energy expend-
iture [92]. Muscle-specific MPC deletion (MPC SkmKO)
promoted the conversion of pyruvate to lactate in the mus-
cle and its release of lactate into the circulation [92]. This
lactate provides carbons for glucose production in the liver,
which resupplies glucose to the muscle. The Cori cycle is
futile because each round produces two skeletal muscle ATP
molecules and consumes six in the liver, for a net consump-
tion of 4 ATP equivalents. Cori cycling is energetically sup-
ported by fatty acid oxidation in the liver for gluconeogene-
sis, as well as in the muscle to support muscle ATP demand.
This increase in mitochondrial fat oxidation was shown to
account for a decrease in body weight in mice with skeletal
muscle-specific deletion of the MPC [92].

9 Conclusions
Energy homeostasis is maintained by a balance of energy

intake and energy dissipation. The basal metabolic rate can
be regulated to decrease energy dissipation during periods of
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decreased nutrient intake. The existence of these compensa-
tory mechanisms means that cells can fine-tune the amount
of energy required to sustain the same essential metabolic
processes. Understanding the regulation of energy-dissipating
processes modulated by food intake can potentially lead to
therapeutic strategies that serve to promote weight loss among
individuals with obesity.

It has been shown through the use of chemical uncouplers
that increasing the metabolic rate can cause weight loss and
supports the hypothesis that increasing energy expenditure
by decreasing metabolic efficiency is a potential mecha-
nism to induce a negative energy balance [39, 40]. How-
ever, chemical uncouplers and adrenergic inducers of ther-
mogenesis have several disadvantages and risks related to
their safety, including their lack of tissue specificity and the
potential disruption of other functions of mitochondria that
are membrane potential-dependent [93, 94]. Specifically,
treatment with uncouplers can result in large enough mito-
chondrial depolarization that will impair charge-dependent
transport processes required for metabolite import as well
as calcium buffering. Depolarization can also increase the
propensity for permeability transition and apoptosis. On the
other hand, mechanisms that increase ATP demand through
futile cycles dissipate energy through pathways that can be
more easily made tissue-specific and that are less disrup-
tive to mitochondrial functions. By increasing ATP demand,
ATP-consuming futile cycles can induce mild depolarization
that is unlikely to affect other mitochondrial functions. Con-
versely, whether the adaptive response of the organisms to
the induction of futile cycles may consist of either transient
or persistent change in BMR and sustainable reduction in
weight remains to be seen.

In conditions where ATP production is compromised, an
ATP-consuming futile cycle can be deleterious. By blocking
ATP-consuming futile cycles, it is possible we can prevent
cell death or dysfunctionality in conditions such as ischemia
and mitochondrial respiratory chain diseases, where ATP
demand exceeds the synthesis rate.

Overall, ATP-consuming futile cycles hold promise both
as an intervention to treat obesity-related diseases as well
as conditions of unmet ATP demand. Further elucidating
mechanisms that control ATP-consuming futile cycles may
allow for the development of drugs that can modify the ATP
demand in a tissue-specific manner.
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