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ABSTRACT

Canonical nonshivering thermogenesis (NST) in brown and
beige fat relies on uncoupling protein 1-mediated heat genera-
tion, although alternative mechanisms of NST have been identi-
fied, including sarcoplasmic reticulum (SR)-calcium cycling.
Intracellular calcium is a crucial cell signaling molecule for
which compartmentalization is tightly regulated, and the sarco/
endoplasmic reticulum calcium ATPase (SERCA) actively
pumps calcium from the cytosol into the SR. In this review, we
discuss the capacity of SERCA-mediated calcium cycling as a
significant mediator of thermogenesis in both brown and beige
adipocytes. Here, we suggest two primary mechanisms of SR
calcium—-mediated thermogenesis. The first mechanism is
through direct uncoupling of the ATPase and calcium pump ac-
tivity of SERCA, resulting in the energy of ATP catalysis being
expended as heat in the absence of calcium transport. Regu-
lins, a class of SR membrane proteins, act to decrease the cal-
cium affinity of SERCA and uncouple the calcium transport
function from ATPase activity, but remain largely unexplored in
adipose tissue thermogenesis. A second mechanism is through

futile cycling of SR calcium, whereby SERCA-mediated SR cal-
cium influx is equally offset by SR calcium efflux, resulting in
ATP consumption without a net change in calcium compart-
mentalization. A fuller understanding of the functional and
mechanistic role of calcium cycling as a mediator of adipose
tissue thermogenesis and how manipulation of these pathways
can be harnessed for therapeutic gain remains unexplored.

SIGNIFICANCE STATEMENT

Enhancing thermogenic metabolism in brown or beige adipose
tissue may be of broad therapeutic utility to reduce obesity and
metabolic syndrome. Canonical brown adipose tissue-medi-
ated thermogenesis occurs via uncoupling protein 1 (UCP1).
However, UCP1-independent pathways of thermogenesis,
such as sarcoplasmic (SR) calcium cycling, have also been
identified, but the regulatory mechanisms and functional signifi-
cance of these pathways remain largely unexplored. Thus, this
minireview discusses the state of the field regarding calcium cy-
cling as a thermogenic mediator in adipose tissue.

Introduction

Obesity and metabolic syndrome are driven by imbalances in
energy consumption, storage, and expenditure, and hallmarked
by an increase in white adipose tissue (WAT), which serves as
the primary lipid energy store and is relatively mitochondrial
poor. White adipocytes are a dynamic cell type that play key
metabolic roles in lipolysis, fatty acid synthesis and
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esterification, and glycogen synthesis in addition to their roles
as endocrine cells (Morigny et al., 2021). However, brown adipo-
cytes are mitochondrially dense, highly metabolically active,
and the primary drivers of thermogenesis, making them of high
interest for therapeutic manipulation to reduce obesity and met-
abolic syndrome (Townsend and Tseng, 2012). The presence of
metabolically active brown adipose tissue (BAT) was conclu-
sively demonstrated in adult humans in 2009 (Cypess et al.,
2009; van Marken Lichtenbelt et al., 2009; Virtanen et al.,
2009), and has been associated with multiple physiological bene-
fits, including improved glucose tolerance and lipid/cholesterol
profiles and decreased risk of type II diabetes and cardiovascular
disease (Villarroya et al., 2013; Thoonen et al., 2016; Anthony
et al., 2019; Becher et al., 2021). Thus, in addition to the goal of

ABBREVIATIONS: ABBREVIATIONS: ALN, another-regulin; BAT, brown adipose tissue; CASQ, calsequestrin; ELN, endoregulin; IP3, inositol
triphosphate; MLN, myoregulin; NST, nonshivering thermogenesis; PLN, phospholamban; RyR, ryanodine receptor; SERCA, sarco/endoplas-
mic reticulum calcium ATPase; SLN, sarcolipin; SR, sarcoplasmic reticulum; UCP1, uncoupling protein 1; WAT, white adipose tissue.
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enhancing BAT metabolism to reduce obesity, clinical manipula-
tion of BAT activity and/or induction of the phenotypic transi-
tion of WAT to BAT (beiging) may be of broad therapeutic
utility.

Maintenance of core body temperature is crucial to main-
tain homeostatic balance, and therefore redundant mecha-
nisms of heat generation would intuitively be selected for.
Brown and beige fat are major organs of interest in ther-
mogenic maintenance; however, the capacity of skeletal
muscle-based thermogenesis must also be considered. Skel-
etal muscle is the largest organ in the body, composing up
to 55% body mass, and significantly contributes to heat
production and metabolic energy expenditure (Zurlo et al.,
1990, 1994; Janssen et al., 2000). In fact, malignant hyper-
thermia, a life-threatening condition, results from exces-
sive heat production by skeletal muscle through the
development of a hypermetabolic state (Rosenberg et al.,
2015). The role of skeletal muscle in thermogenic homeo-
stasis becomes more important under conditions that re-
duce BAT function, such as aging or obesity, leading to an
increased reliance on skeletal muscle-based thermogenesis
(Bal et al., 2016). Shivering is a well-known mechanism of
skeletal muscle thermogenesis in which involuntary con-
tractions of muscle fibers drive heat production. During
these muscle contractions, heat is generated through two
different mechanisms: myosin-mediated ATP hydrolysis
and sarco/endoplasmic reticulum ATPase-driven calcium
transport (Block, 1994; Rowland et al., 2015).

Alternative mechanisms of heat generation, collectively re-
ferred to as nonshivering thermogenesis (NST), primarily oc-
cur in thermogenic adipose depots, though skeletal muscle
has also been suggested to mediate NST (Li et al., 2021). Ca-
nonical NST in BAT occurs through the uncoupling of the
electrochemical proton gradient generated by mitochondrial
oxidative phosphorylation, allowing the return of protons
back across the gradient without driving ATP synthesis,
thereby reducing the efficiency of the reaction and generating
heat (Ikeda and Yamada, 2020). Investigation into the molec-
ular underpinnings of NST have focused primarily on the un-
coupling of mitochondrial ATP synthesis by uncoupling
proteins, of which uncoupling protein 1 (UCP1) is expressed
specifically in brown and beige adipocytes and is the most
well-studied mediator of thermogenesis (Harper et al., 2008).
As expected, UCP1-deficient (UCP17) mice have an impaired
ability to maintain core body temperature during acute cold
challenge (Enerbick et al., 1997). However, UCP1~~ mice
unexpectedly showed resistance to chronic cold and diet-in-
duced adiposity, which was the first indication of the exis-
tence of UCPl-independent thermogenic mechanisms, and
follow-up investigations identified multiple alternative ther-
mogenic mechanisms as adaptive cold responses in UCP1~/~
mice. Specifically, it was reported that UCP1™~ mice can
adapt to tolerate cold through gradual exposure to decreasing
temperatures (Hofmann et al., 2001; Golozoubova et al.,
2006; Ukropec et al., 2006). Several such mechanisms have
since been identified to promote thermogenic energy expendi-
ture in adipocytes through futile, non-ATP—producing sub-
strate cycling independent of UCP1, including fatty acid
oxidation (Solinas et al., 2004; Mottillo et al., 2014), creatine
phosphorylation (Kazak et al., 2015), and calcium cycling (de
Meis et al., 1997; Zhao et al., 1997; de Meis, 2003; Ikeda
et al., 2017). Here, we review the functional role of calcium

cycling as a mediator of thermogenic metabolism in adipose
tissue.

SERCA-Mediated SR Calcium Transport

Calcium localization, transport, and concentration are vital
components of cellular signaling pathways in numerous cell
types across the body, though the functional role of calcium
in each is highly dependent on cell type (Clapham, 2007).
Cellular compartmentalization of calcium is tightly regu-
lated, with the primary cellular calcium store located within
the sarcoplasmic reticulum (SR) (Bootman and Bultynck,
2020). The ubiquitously expressed sarco/endoplasmic reticu-
lum calcium ATPase (SERCA) functions to maintain resting
cytosolic calcium content through the ATP-dependent trans-
port of cytosolic calcium into the SR lumen (Vandecaetsbeek
et al., 2011; Primeau et al., 2018). The SERCA pump is pow-
ered by ATP hydrolysis to move calcium ions across the con-
centration gradient of the SR, with two calcium ions being
transported with each ATP molecule consumed (Kabashima
et al., 2020). The calcium transport mechanism of SERCA is
driven by stoichiometric changes occurring during the transi-
tion between its calcium-bound and free states, which is di-
rectly influenced by the calcium binding affinity of SERCA
(Mgller et al., 2010). SERCA is encoded by three highly con-
served genes—ATP2A1, ATP2A2, and ATP2A3—which re-
sults in expression of SERCA1, SERCA2, and SERCAS3,
respectively (Vandecaetsbeek et al., 2011). From these three
genes, multiple tissue-specific splice variants with strict de-
velopmental regulation under complex neural control have
been identified and outlined in previous reviews (Vanghe-
luwe et al., 2005). While SERCAZ2b is considered a ubiqui-
tously expressed isoform, SERCA1 expression has also been
identified as the primary isoform in rat BAT (de Meis, 2003).
Analysis of kinetic properties revealed that calcium affinity
and transport efficacy differ between the brown fat and skele-
tal muscle SERCA1 isoform, with the calcium released in the
cytosol of brown adipocytes during adrenergic stimulation di-
rectly interacting with mitochondria and stimulating the rate
of heat production (de Meis, 2003).

SERCA activity is modulated by a family of small trans-
membrane proteins collectively known as regulins. Phospho-
lamban (PLN) was the first regulin to be identified. It’s
expressed primarily in slow-twitch and cardiac muscle and,
along with sarcolipin (SLN; expressed primarily in fast-
twitch skeletal muscle), is the most well-studied of the regu-
lins (Davis et al., 1983; Rathod et al., 2021). Both SLN and
PLN have been shown to reduce the calcium affinity of
SERCA through the distortion of the two calcium transport
sites, but SLN has been shown to uncouple calcium transport
from ATP hydrolysis through a unique structural mechanism
in which the calcium bound in the transport site is not trans-
ferred to the SR in every catalytic cycle. This SLN-mediated
uncoupling of ATPase activity from calcium transport pro-
motes futile use of the SERCA pump without the transport of
calcium and has been shown to promote thermogenesis in
skeletal muscle through heat generation via unproductive
ATP hydrolysis (Bal et al., 2012; Sahoo et al., 2015; Autry
et al., 2016). Therefore, while SLN binding has no effect on
the ATP hydrolysis activity of SERCA, it reduces the effi-
ciency of SERCA calcium transport activity and has unsur-
prisingly been shown to be necessary for NST in skeletal
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Fig. 1. Expression profile of SERCA regulins in muscle and adipose tis-
sue. Expression of the regulins in skeletal muscle, cardiac muscle
(atrium and ventricle), and adipose tissue (visceral and subcutaneous
WAT) is represented in transcripts per million (TPM) as obtained and
compiled from the Genotype-Tissue Expression Project (BAT expression
data were not available at the time these data were compiled). ALN ex-
pression is enriched in subcutaneous and visceral adipose tissue de-
pots. PLN is readily expressed in adipose tissue as well, although to a
lesser extent than what is observed in cardiac and skeletal muscle,
while SLN expression is present but limited.

muscle (Bal et al., 2012; Rowland et al., 2015). While SLN
and PLN expression are best characterized in skeletal and
cardiac muscle, respectively, additional SERCA-mediating
regulins have been identified, including myoregulin (MLN),
endoregulin (ELN), and another-regulin (ALN) in nonmuscle
tissues (Anderson et al.,, 2016; Bal and Periasamy, 2020;
Rathod et al., 2021). Of the regulins, ALN and PLN are the
most prominently expressed in WAT (Fig. 1). However, PLN
is expressed in BAT as well, and its expression in WAT was
found to increase in response to chronic cold stimulation
(Ukropec et al., 2006). ALN has been demonstrated to inter-
act with SERCA in the same regulatory location as other reg-
ulins, resulting in decreased calcium binding (Anderson
et al., 2016; Makarewich, 2020). To add further complexity,
the Olson laboratory recently identified dwarf open reading
frame as a micropeptide arising from a previously annotated
long noncoding RNA that can act as a SERCA regulator by
displacing regulin binding (Nelson et al., 2016). Despite the
potential of these regulins to enhance thermogenesis by un-
coupling SERCA activity, very little is known regarding the
functional role of regulins in mediating calcium cycling or
thermogenesis within adipose tissue.

Calcium in the SR can be released through interactions be-
tween SR lumen protein calsequestrin (CASQ) and the SR
membrane—associated ryanodine receptor (RyR), as well as ad-
ditional proteins, junctin and triadin, which compose the RyR
complex and mediate interactions between CASQ and RyR
(Gyorke et al., 2004; Lanner et al., 2010; Fuller-Jackson and
Henry, 2018). Multiple peptide regulators of the RyR complex
have also been identified, including FK506-binding proteins
and calmodulin, but all of these have yet to be identified as
playing a functional role in thermogenesis (Van Petegem,
2012). CASQ acts as a calcium sensor and an important medi-
ator of calcium release by communicating changes in luminal
calcium content to the ryanodine receptor complex (Wang and
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Michalak, 2020). Calcium release from the SR has been shown
to increase in amplitude following adrenergic receptor activa-
tion in multiple cell types, including brown adipocytes (Marx
et al., 2000; Leaver and Pappone, 2002; Curran et al., 2007).
This traditionally occurs in muscle cells through f$-adrenergic
receptor—induced phosphorylation of the SERCA regulins,
PLN and SLN, as well as RyR (Bhupathy et al., 2007; Zhou
et al., 2009). However, a-adrenergic receptors have also been
suggested to be necessary for full potentiation of SR-calcium
release in brown adipocytes through phospholipase C—depend-
ent opening of inositol triphosphate (IP3) receptors on the sar-
coplasmic reticulum membrane (Zhao et al., 1997; Leaver and
Pappone, 2002).

Activation of calcium release receptors, RyR or IP3, on the
SR initiates rapid calcium efflux that can result in localized
increases in calcium concentration near mitochondria (Clap-
ham, 1995). Calcium is then transported into the mitochon-
dria through voltage-dependent anion-selective channel
proteins and mitochondrial calcium uniporters, resulting in
the activation of several mitochondrial dehydrogenase en-
zymes to regulate tricarboxylic acid metabolism (Denton,
2009; Dejos et al., 2020). This calcium-driven stimulation of
tricarboxylic acid dehydrogenases enhances mitochondrial
ATP production, and the inhibition of mitochondrial calcium
influx by mitochondrial calcium uniporters or SR calcium re-
lease by IP3 receptors has been demonstrated to disrupt oxi-
dative phosphorylation and decrease cellular ATP levels
(Mallilankaraman et al., 2012; Cardenas et al., 2020). Addi-
tionally, pharmacological inhibition of mitochondrial calcium
transport has been shown to reduce ATP synthase activity
(Das and Harris, 1990). Thus, modulation of cytosolic calcium
content via SR calcium cycling has an established regulatory
role in mitochondrial energy production, but the complex in-
terplay of SR calcium cycling and ATP consumption with mi-
tochondrial ATP synthesis and how these two phenomena
may coordinate to mediate thermogenesis have yet to be
delineated.

SR Calcium Cycling as a Mediator
of Thermogenesis in Brown and Beige
Adipose Tissue

The canonical pathway of UCP1-dependent thermogenesis
in brown adipocytes can be induced via adrenergic signaling
through a cAMP-Protein kinas A (PKA)-mediated activation
of hormone sensitive lipase, leading to free fatty acids from
intracellular triglyceride stores, which can then directly in-
crease UCP1 activity (Cannon and Nedergaard, 2004). Addi-
tionally, adrenergic stimulation’s ability to amplify SR
calcium cycling and increase cytosolic calcium concentration
in multiple cell types through post-translational control of
SERCA, RyR, and other calcium binding proteins has been
well-studied (Kranias and Hajjar, 2012; Kho et al., 2012). Un-
surprisingly, adrenergic stimulation also mediates increased
intracellular calcium in brown adipocytes, from ~0.05 uM at
baseline to up to ~0.7 uM post-stimulation, via calcium re-
lease from the SR (de Meis et al., 2006; Hayato et al., 2011).
Calcium cycling was observed in brown adipocytes as early
as the 1970s (Al-Shaikhaly et al., 1979), but the involvement
of increased cytosolic calcium in thermogenesis wasn’t impli-
cated until much later when it was shown that elevation of
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cytosolic calcium, originating from an intracellular source,
was sufficient to potentiate adrenergic-mediated thermogene-
sis (Zhao et al., 1997). That same year, it was also demon-
strated that heat generation via SERCA uncoupling was a
variable biological process that could thus potentially be con-
trolled by cell signaling to increase thermogenesis during
NST (de Meis et al., 1997). Subsequent work confirmed the
key source of intracellular calcium in BAT to be the SR
(Leaver and Pappone, 2002). The expression of SERCA in
BAT was demonstrated in 2003 along with direct evidence
that uncoupling of SERCA ATPase activity and calcium
transport in brown adipocytes can serve as a relevant means
of thermogenic metabolism (de Meis, 2003; de Meis et al.,
2005). The same group went on to demonstrate that in-
creased cytosolic calcium concentration, as stimulated by
adrenergic signaling, could also potentiate mitochondrial
thermogenesis in brown adipocytes (de Meis et al., 2006).
However, follow-up studies later suggested that the fusion of
SR and mitochondrial membranes in brown adipocytes al-
lowed for the transfer of SERCA1 from SR to BAT mitochon-
dria (de Meis et al., 2010), but the role of SERCA1 in BAT
mitochondria remains largely unknown, and the story of SR
calcium as a thermogenic mediator in BAT has gone cold
since.

Interest in calcium cycling as a thermogenic mediator has
been renewed following a 2017 report by Ikeda et al. demon-
strating SR calcium cycling as a potent mediator of thermo-
genic metabolism in beige adipocytes (Ikeda et al., 2017).
This is the most complete work to date on thermogenic cal-
cium cycling in adipocytes, showing that process to be driven
primarily by SERCA2b, which it also demonstrated to be
more highly expressed than SERCA1 in beige adipocytes.
Furthermore, it showed SERCAZ2b localization to the SR with
increased protein expression in beige, but not brown, adipo-
cytes following chronic cold exposure. Adipocyte-specific dele-
tion of SERCA2b was also used to show that SERCA is
necessary for adrenergic-induced beiging in inguinal adipose
tissue. Interestingly, this work also suggests the involvement
of both - and a-adrenergic receptors for UCP1-independent
oxygen consumption in beige adipocytes, but, in contrast to
the previous work, they showed full potentiation of oxygen
consumption by f3-adrenergic receptor stimulation alone. To
extend the focus of thermogenic SR-calcium cycling beyond
SERCA, it was also demonstrated that expression of RyR is
sufficient to increase oxygen consumption. More impres-
sively, in vivo treatment with the RyR stabilizer S107 was
able to confer thermogenic resistance to cold exposure in
UCP1-null mice.

Proposed Heat Generating Mechanisms of SR
Calcium Transport in AT

It is important to note that calcium signaling appears to
contribute to thermogenesis through mechanisms both in-
volving and independent of UCP1. Calcium has been shown
to promote the transcription of UCP1 through activation of
cAMP response element-binding protein (CREB) signaling by
PKA or calcium/calmodulin-dependent protein kinase II
(CAMKII) (Sun et al., 1994; Robidoux et al., 2005), however,
studies on UCP1~~ mice provide insight on SR-calcium cy-
cling as an alternative heat-generating mediator in adipose

tissue. UCP1~/~ mice were shown to have increased mRNA
and protein expression of several SR-calcium genes in ingui-
nal WAT, including PLN and SERCA2, yet no significant
changes in expression of calcium-handling proteins in skele-
tal muscle were observed (Ukropec et al., 2006), likely repre-
senting a compensatory response of increased beiging within
the WAT. Consideration of the existing literature and the es-
tablished dynamics of SR calcium uptake and release suggest
two possible mechanisms for SR calcium cycling—mediated
thermogenesis. The first mechanism is through direct uncou-
pling of SERCA ATPase activity from calcium transport, po-
tentially by regulin binding, resulting in less SR calcium
uptake per ATP molecule consumed. The second potential
mechanism is a futile substrate cycling by which SERCA-me-
diated SR calcium influx is offset by RyR/IP3 receptor—medi-
ated calcium efflux, resulting in SERCA-mediated ATP
consumption without a net change in SR calcium localization.
While SR calcium cycling may regulate mitochondrial ATP
synthesis in this way, the relationship between SR calcium
cycling, mitochondrial calcium transport, and thermogenesis
remains unclear.

The mechanistic understanding of regulin-mediated uncou-
pling of SERCA has been driven largely by the skeletal mus-
cle and cardiac field. As discussed above, regulin binding of
SERCA reduces calcium transport efficiency through the dis-
tortion of SERCA calcium- binding sites, subsequently de-
creasing SERCA’s affinity for calcium. Thus, not every
available calcium binding site is occupied in each catalytic cy-
cle, yet the ATP hydrolysis activity of SERCA is maintained.
This uncoupling results in inefficient SERCA-mediated cal-
cium transport per ATP molecule hydrolyzed, yielding
greater ATP usage to transport the same amount of calcium
into the SR. This regulin-mediated inhibition of SERCA cal-
cium transport is reversable through their phosphorylation
by PKA or CaMKII, both of which are activated by sti-
mulation of f-adrenergic receptors on the cell membrane.
However, exploration into the structural and functional prop-
erties of newly identified regulins raises the possibility of
distinct mechanisms of SERCA modulation by isoform, thus
suggesting that each regulin may operate differently to mod-
ulate calcium affinity and transport activity of SERCA
(Rathod et al., 2021) (Table 1). Although regulin-mediated
ATPase activity has been extensively studied in myocytes, to
date there has been no investigation into the expression or
activity of SERCA regulins in BAT.

Brown and Beige Adipocytes Are Distinct Cell
Types

When considering the regulation and relative thermogenic
contribution of these pathways in beige and brown adipo-
cytes, it is important to keep in mind that these two cell
types arise from distinct development lineages and should
thus be investigated independently in the context of thermo-
genic mechanisms (Wu et al., 2012; Long et al., 2014). Beige
adipocytes uniquely express thermogenic components only
upon chronic stimulation, suggesting that the energy-expend-
ing phenotype of beige adipose tissue is reversible and re-
quires sustained adrenergic signaling for the maintenance of
thermogenesis (Wu et al., 2012; Ramseyer and Granneman,
2016). Conversely, activation of BAT occurs rapidly in
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TABLE 1
Overview of the identified regulins describing their primary tissue expression profile, SERCA target interaction, and biologic properties
Primary
Regulin Primary Tissue Expression Target Properties References
SLN Fast-twitch skeletal SERCAla e 31 amino acid peptides Odermatt et al., 1997; Xie et al., 2012;
muscle, slow twitch e Involved in atrial fibrillation, Bal et al., 2012; Bhupathy et al.,
skeletal muscle, atria arrythmias, cardiac remodeling, and 2009; Rathod et al., 2021
muscle NST
e Activated by CAMKII and STK16
e Reduces calcium affinity and V.« of
SERCA
PLN Cardiac Ventricles, atria, SERCA2a e 52 amino acid peptides Tada et al.,1975; Davis et al., 1983;
slow-twitch skeletal o Mutations linked to various Gorski et al., 2015; Verboomen et al.,
muscle, smooth muscle cardiomyopathies 1992; Rathod et al., 2021; Schmitt
e Activated by PKA or CAMKII et al., 2003; Simmerman et al., 1986
e Reduces calcium affinity of SERCA
MLN Skeletal muscle Unknown e 46 amino acid peptides Nelson et al., 2016; Anderson et al.,
e Suggested role in skeletal muscle 2016; Rathod et al., 2021; Anderson
performance and exercise fatigue et al., 2015
e Inhibits SERCA by reducing V.«
without affecting calcium affinity
ELN Endothelial and epithelial SERCA3a e 62 amino acid peptides Anderson et al., 2016; Rathod et al.,
tissue o Lowers V,,.x of SERCA without 2021
affecting calcium affinity
ALN Ubiquitous, detected in SERCA2b e 66 amino acid peptides Anderson et al., 2016; Rathod et al.,

skeletal and cardiac

muscles of SERCA

e Affects both calcium affinity and V.«

2021

response to cold, exercise, or feeding, and depends on sympa-
thetic activation of adrenergic receptors, which have been re-
viewed extensively in terms of their role in BAT activation
(Sanchez-Delgado et al., 2015; Dewal and Stanford, 2019;
Peres Valgas da Silva et al., 2019; Saito et al., 2020). Thus,
while the complete functional thermogenic contribution of SR
calcium uncoupling in each remains to be worked out, it is
possible, if not likely, that the underlying mechanisms are
unique within each cell type.

In light of this, our laboratory has recently demonstrated
that adipocyte-specific deletion of the RNA-binding protein
Human antigen R (HuR) impairs acute adaptive thermogene-
sis in mice independently of UCP1 expression (Anthony
et al., 2020). As an RNA-binding protein, the mechanistic ef-
fects of HuR would be expected to be exerted at the level of
post-transcriptional gene regulation. RNA sequencing analy-
sis from our knockout mice revealed a BAT-specific decrease
in the expression of many genes responsible for SR calcium
cycling, including SERCAla, RyR1, RyR2, and additional
RyR complex proteins such as triadin, junctin, and CASQ.
Work exploring the mechanistic and functional consequence
of HuR-mediated expression of SR calcium cycling genes in
BAT is ongoing.

Pharmacological Manipulation of Calcium
Cycling

Because of the ubiquitous nature of SR calcium sequestra-
tion across cell types and the importance of this regulation to
maintenance of physiological homeostasis, several pharmaco-
logical manipulations targeting calcium cycling through
SERCA or RyR expression or activity have been pursued in
various pathological settings (Peterkova et al., 2020; Frank
et al., 2002; Haghighi et al., 2014; Andersson and Marks,
2010). These investigations have not yet been broadly ex-
tended to adipose tissue. For example, therapeutic targeting

of calcium cycling has been extensively studied in cardiac
muscle due to the sensitivity of calcium regulation on a beat-
to-beat basis in the heart and the demonstrated disruption of
calcium homeostasis in cardiovascular disease (Kranias and
Hajjar, 2012). Pathological cardiac hypertrophy and fibrosis
are marked by an increase in cytosolic calcium and decreased
SR calcium load, which are exacerbated in the progression to
heart failure. A primary mediator of decreased calcium load
in heart failure is decreased expression of SERCA2a, and
preliminary gene therapy trials yielded promising results
with the reintroduction of SERCA expression in the heart to
improve cardiac function (Jessup et al., 2011). In addition to
decreased expression and activity of SERCA, SR calcium leak
through RyR is suspected to play a key mechanistic role in
the pathogenesis of cardiac arrhythmias (Haghighi et al.,
2014). Interestingly, SERCA activity is associated with eva-
sion of apoptosis and tumorigenesis in cancer, and thus the
inhibition of SERCA is of therapeutic interest in the cancer
field (Tadini-Buoninsegni et al., 2018; Peterkova et al., 2020;
Pagliaro et al., 2021). Unfortunately, changes in the function
or expression of these proteins in adipose tissue in the setting
of pathology or changes in metabolic homeostasis, or their
therapeutic manipulation, have not been sufficiently studied.

Numerous SERCA inhibitors have been identified, includ-
ing those with reported specificity for SERCA and other clini-
cally used compounds with potential selective inhibition
activity toward SERCA (Michelangeli and East, 2011; Peter-
kova et al., 2020). Thapsigargin is one of the most abun-
dantly used SERCA inhibitor in research models, though
derivations of this drug, such as mipsagargin (G-202), have
been used in clinical trials as cancer therapeutics (Mahalin-
gam et al., 2016; Mahalingam et al., 2019).

Like SERCA, numerous pharmacological agents exist that
are known to modulate RyR activity, though RyR targeting
appears to be less pursued therapeutically compared with its
SERCA pump counterparts, most likely due to its
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involvement in several diseases. In addition to its role in SR
calcium leak in heart failure mentioned above, dysfunctional
RyRs have been linked to neurodegenerative disorders (Sun
and Wei, 2021) and RyR mutations have been linked to mul-
tiple myopathies, including cardiac ventricular tachycardia
and central core disease (Betzenhauser and Marks, 2010).
Stabilizing point mutations in RyR has also been demon-
strated to induce malignant hyperthermia through increased
SR calcium cycling activity in skeletal muscle, representing a
potential limitation for the use of RyR-activating or -stabiliz-
ing agents to mediate thermogenesis (Lawal et al., 2020).
Dantrolene (Dantrium) is a clinically approved RyR antago-
nist used to treat malignant hyperthermia that also acts as a
potent muscle relaxant through its ability to reduce RyR-de-
pendent calcium release from the SR. Small molecule drugs
derived from 1,4-benzothiazepine (termed “Rycals” due to
their RyR-calcium release regulation) are a class of com-
pounds that stabilize the inactive state of RyR through main-
tenance of the calstabin-RyR interaction, presenting a
therapeutic tool for several cardiac and skeletal muscle pa-
thologies, including Duchenne muscular dystrophy, catechol-
aminergic polymorphic ventricular tachycardia, and heart
failure (Lehnart et al., 2008; Bellinger et al., 2009; Faucon-
nier et al., 2010). One such Rycal compound, JTV519, has
been shown to enhance RyR1-calstabinl binding in skeletal

muscle and decrease muscle fatigue in mice after myocardial
infarction (Wehrens et al., 2005). S107, a more specific RyR
stabilizer, has also been shown to enhance RyR1-calstabin
binding activity and improve skeletal muscle fatigue in exer-
cised mice (Bellinger et al., 2008). S107 also reduced muscle
damage and improved muscle function in a murine model of
Duchenne Muscular Dystrophy (Bellinger et al., 2009), and
prevented arrhythmias by inhibiting calcium leak in these
mice (Fauconnier et al., 2010). S107 was also used in the
aforementioned work by Ikeda et al. to show that RyR stabili-
zation is sufficient to increase cold tolerance through thermo-
genic metabolism via SR calcium cycling (Ikeda et al., 2017).

While potential limitations of targeting increased SR-medi-
ated calcium cycling may exist, due to the ubiquitous and criti-
cal nature of calcium transport in physiological homeostasis,
pharmacological manipulation of SERCA and RyR expression
and activity in adipose tissue to increase thermogenic metabo-
lism through the mechanisms discussed herein deserves fur-
ther experimentation.

Conclusions and Future Outlook

Activation of BAT as a therapeutic strategy for weight loss
was suggested as early as the 1930s and has progressed with
agents such as glucocorticoids, capsinoids, and f3-adrenergic
receptor agonists (Yoneshiro et al., 2013; Rosen and

Sarco/Endoplasmic

reticulum @
CASQ
IP3R SERCA regulin
¥
e }@
ATP @

Cytoplasm

a-adrenergic
receptor

v U U
B-adrenergic '—J
receptor

(R

cAMP )

Protein
kinase A

|

g\f’\ﬁﬁ |

IMEHHHMANP @‘
B
@LTCC

Fig. 2. Thermogenesis through uncoupling of SR calcium transport. Under normal physiological conditions of SR calcium cycling, SERCA utilizes
the energy of ATP hydrolysis to transport calcium against its concentration gradient into the SR (Left). The uncoupling of calcium transport from
ATP hydrolysis occurs through structural changes to the calcium binding domains of SERCA induced by binding of unphosphorylated regulins
(PLN, SLN, MLN, ELN, and ALN) (Right), and renders SERCA less efficient at calcium transport without affecting ATP hydrolysis activity. In
this regulin- bound state, the ATPase-mediated calcium pump efficiency of SERCA is reduced and the excess free energy of ATP hydrolysis is re-
leased as heat. Under both conditions, release of calcium from the SER is primarily mediated by RyRs, as well as IP3 receptors. f-adrenergic acti-
vation of these pathways potentiates calcium cycling via phosphorylation of RyRs and regulins, which reduces their interaction with SERCA
through a PKA/cAMP-dependent mechanism. z-adrenergic signaling can also induce SER calcium release through a PLC/IP3-dependent activation
of IP3 receptors. As the SERCA-mediated calcium pump is inherently inefficient, a second potential thermogenic mechanism is futile SR calcium
transport by SERCA that is offset by equal RyR- or IP3-mediated SR calcium efflux.



Spiegelman, 2014; Ramage et al., 2016; Cypess et al., 2015).
However, targeting UCP1 activation as a therapeutic strat-
egy for weight loss has been unsuccessful in achieving sus-
tained weight reduction without undesired side effects. It is
now generally accepted that uncoupling of the calcium trans-
port and ATPase functions of SERCA can be adapted by mul-
tiple cell types as a significant means to drive thermogenic
energy expenditure. This most likely occurs by directly un-
coupling the energy gained via ATP hydrolysis from calcium
transport by SERCA, thereby reducing the efficiency of SR
calcium uptake and releasing free energy as heat in the pro-
cess. Another potential heat-generating step is the uncou-
pling of the SR-calcium gradient via RyR gating in an
analogous manner to that which UCP1 uncouples the proton
gradient across the inner mitochondrial membrane (Fig. 2).
Although, as discussed, RyR may be capable of directly medi-
ating thermogenesis as both SERCA (SR Ca?' uptake) and
RyR (SR Ca®" release) have been shown to be both necessary
and sufficient for SR calcium-mediated thermogenesis.

Many of the basic regulatory mechanisms that govern SR
calcium cycling in adipose tissue during homeostasis and
pathological conditions remain largely unexplored. The inter-
actome of calcium handling proteins in adipose tissue has yet
to be fully identified, including the tantalizing possibility of
an adrenergic-sensitive, SERCA-modulating regulin, analo-
gous to SLN, PLN, or ALN, in adipose tissue. Many questions
also remain regarding the transcriptional, post-transcrip-
tional, and post-translational regulation of SR calcium-cy-
cling genes in both beige and brown adipocytes. In addition,
it remains to be seen to what extent SR calcium cycling may
mediate thermogenesis in BAT in vivo or how well conserved
these mechanisms are to human adipose tissue. Together, an
increased understanding of these regulatory networks and
how they’re altered in pathophysiology will be critical to un-
derstanding how compartmentalization, transport, and meta-
bolic regulation of calcium contribute to human health and
disease. Furthermore, mechanistic delineation of these path-
ways in adipose tissue will be necessary for potential thera-
peutic manipulation of calcium cycling in the setting of
obesity and metabolic syndrome.
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