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Key points

� Both uncoupling protein 1 (UCP1) and UCP3 are important for mammalian thermoregulation.
� UCP1 and UCP3 in brown adipose tissue mediate early and late phases of sympathomimetic

thermogenesis, respectively.
� Lipopolysaccharide thermogenesis requires skeletal muscle UCP3 but not UCP1.
� Acute noradrenaline-induced hyperthermia requires UCP1 but not UCP3.
� Loss of both UCP1 and UCP3 accelerate the loss of body temperature compared to UCP1KO

alone during acute cold exposure.

Abstract Uncoupling protein 1 (UCP1) is the established mediator of brown adipose
tissue-dependent thermogenesis. In contrast, the role of UCP3, expressed in both skeletal
muscle and brown adipose tissue, in thermoregulatory physiology is less well under-
stood. Here, we show that mice lacking UCP3 (UCP3KO) have impaired sympathomimetic
(methamphetamine) and completely abrogated lipopolysaccharide (LPS) thermogenesis, but a
normal response to noradrenaline. By comparison, UCP1 knockout (UCP1KO) mice exhibit
blunted methamphetamine and fully inhibited noradrenaline thermogenesis, but an increased
febrile response to LPS. We further establish that mice lacking both UCP1 and 3 (UCPDK)
fail to show methamphetamine-induced hyperthermia, and have a markedly accelerated loss of
body temperature and survival after cold exposure compared to UCP1KO mice. Finally, we show
that skeletal muscle-specific human UCP3 expression is able to significantly rescue LPS, but not
sympathomimetic thermogenesis blunted in UCP3KO mice. These studies identify UCP3 as an
important mediator of physiological thermogenesis and support a renewed focus on targeting
UCP3 in metabolic physiology.
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Introduction

Mammalian thermogenic mechanisms are classified as
obligatory and facultative. The former represents the
sum total of biochemical inefficiency of all reactions
in the body, whereas the latter represents thermo-
genic mechanisms that can be induced. Apart from
shivering, the molecular mechanisms of non-shivering
facultative thermogenesis are poorly understood.
Dysregulation of thermogenesis leads to a spectrum
of metabolic disorders ranging from obesity to hyper-
thermia. Currently, therapeutically targeting thermo-
genesis for intervening in metabolic illness has been
confounded by incomplete understanding of thermogenic
mechanisms.

Mitochondrial uncoupling protein 1 (UCP1) is the
primary physiological mediator of cold-induced thermo-
genesis in brown adipose tissue (BAT), an organ
specialized for heat production (Nicholls et al. 1978).
UCP1 is activated in response to sympathetic nervous
system stimulation and noradrenaline (NA) release,
leading to the liberation, uptake, and oxidation of fatty
acids in BAT (Locke et al. 1982). Fatty acids are the
endogenous ligands for UCP1-dependent proton trans-
location (Rial et al. 1983), a process that ‘uncouples’ the
proton pumping activities of the electron transport chain
from ATP synthesis. In this ‘uncoupled’ state the chemical
energy stored in the mitochondrial proton gradient is
released as heat (Brand et al. 1999). The failure of UCP1
knockout mice (UCP1KO) to survive an acute bout of
cold led to a ‘UCP1-centric’ view of mammalian thermo-
regulation and to the notion that UCP1 was the pre-
dominant, if not only, protein able to mount a thermo-
genic response to cold, and perhaps any other thermogenic
stimulus, in vivo (Enerback et al. 1997; Matthias et al. 1999;
Feldmann et al. 2009).

Despite recent discoveries suggesting that humans may
have significant amounts of BAT, the contribution of
classical BAT to global body temperature responses and
energy dissipation in most large mammals has long
been thought of as negligible in the majority of sub-
jects relative to rodents and hibernators However, from
a thermogenic perspective, clinical research continues
to raise questions about the capacity of even the most
BAT-replete of individuals to have sufficient BAT amounts
and oxygen delivery to account for more than just a small
fraction of the total oxygen uptake during a global thermo-
genic response (Blondin et al. 2015). Further challenging
the UCP1-centric view of thermoregulation, UCP1
lacks a significant role in inflammatory fever involving
interleukin-1 beta (Okamatsu-Ogura et al. 2007). BAT
has been reported to be important in sympathomimetic
drug-induced thermogenesis but UCP1 has yet to be
identified as a causal mediator (Sanchez-Alavez et al.
2013). Moreover, UCP1KO mice are able to generate

sufficient heat to protect body temperature in response
to cold when adapted over a period of several days to
weeks (Shabalina et al. 2010).

Uncoupling protein 3 (UCP3) is a UCP1 homologue
expressed in BAT and skeletal muscle (SKM) that has
been reported to regulate SKM mitochondrial coupling
efficiency (Vidal-Puig et al. 2000) and increase fatty acid
oxidation (Bézaire et al. 2001). Its presumptive role in
thermogenesis was originally ruled out because UCP3KO
mice adapted normally to an acute bout of cold, unlike
their UCP1KO counterparts (Enerback et al. 1997; Gong
et al. 2000). In contrast, we previously demonstrated
that UCP3KO mice exhibited strongly blunted peak
thermogenic and lethal responses to treatments with
the hyperthermia-inducing sympathomimetic drugs
3,4-methylenedioxymethamphetamine (MDMA) and
methamphetamine (METH) (Mills et al. 2003, 2004;
Sprague et al. 2004).

Here, we aimed to build on those observations
by defining the comparative, causal roles of UCP1
and UCP3 for thermogenesis in response to physio-
logical thermogenic stimuli cold, lipopolysaccharide
(LPS) and NA administration. The data indicate that
both UCP1 and UCP3 play essential but temporally
distinct roles in sympathomimetic thermogenesis, with
UCP1 mediating an early and UCP3 a delayed component
of the heat response. Moreover, UCP3KO animals
completely lack the febrile response to LPS observed
in WT mice, whereas UCP1KO mice had increased
LPS-induced thermogenesis. Finally, whereas UCP3KO
animals maintained WT body temperature and survival
in response to cold, UCP1KO animals fail to maintain
normal body temperature and survival. Strikingly,
however, UCP1/3 double knockout mice (UCPDK) have
a dramatically accelerated loss of body temperature
and survival compared to UCP1KO. Together the data
show that both UCP1 and UCP3 play essential and
complementary roles in thermogenic responses in the
mouse and suggest that UCP3-dependent thermogenesis
is an under-appreciated mode of thermogenic energy
dissipation.

Methods

Ethical approval

All animal husbandry and experimental procedures were
carried out in accordance with the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC) and approved by the Institutional Animal
Care and Use Committee at The University of Texas at
Austin (IACUC, AUP-2015-00175). All procedures were
performed with ethical principles under which the Journal
of Physiology operates.
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Animals

All experiments were performed in male mice between
the ages of 7 and 10 weeks. All animals were maintained
on standard breeder chow diet with access to food and
water ad libitum. Upon conclusion of the experiments all
mice were killed via CO2 inhalation followed by secondary
cervical dislocation unless otherwise noted. C57BL/6J
wild-type mice were obtained from Jackson Laboratories
(Bar Harbor, ME, USA). UCP3KO mice in the C57BL/6J
background were a gift from Dr Marc Reitman, formerly
of the National Institutes of Health. UCP1KO mice were
a gift from Dr Leslie Kozak (Maine Medical Research
Institute, Scarborough, ME, USA). UCP3KO mice were
crossed with the UCP1KO mice to generate our UCP1
and UCP3 double knockout line (UCPDK) transgenic
mice overexpressing human UCP3 in SKM generated
from human alpha1-actin promoter targeting construct
(TgSKM UCP3) and were a gift from Dr Mary-Ellen
Harper of the University of Ottawa. TgSKM UCP3
were then crossed with the UCP3KO and UCPDK lines
to generate a transgenic mouse overexpressing human
UCP3 in SKM in the UCP3KO and UCPDK back-
ground (TgSKM-UCP3KO and TgSKM-UCPDK). All
TgSKM-UCP3 strains were kept as hemizygous breeder
colonies. All interbred strains displayed proper Mendelian
ratios.

Reagents

LPSs (Escherichia coli, 0111:B4), METH and NA
were purchased from Sigma Aldrich (St Louis, MO,
USA).

Surgical procedures

Male mice 6–7.5 weeks of age, weighing 20–28 g were
used for all experiments. All surgical tools and operating
areas were prepared under sterile technique procedures.
The right dorsal flank of each mouse was shaved and
cleaned with sterile povidine solution. The mice were
anaesthetized with isoflurane (1–2%) via nose cone and
administered a preoperative subcutaneous injection of
5 mg kg–1 carprofen. A transverse oblique incision was
made dorsally above the iliac crest, followed by an incision
through the peritoneal wall. A wireless temperature
probe (Starr Life Sciences Corp., Oakmont, PA, USA)
was inserted into the peritoneal cavity. The incision
on the peritoneal wall was closed with non-absorbable
Vicryl sutures. Lastly, the skin was closed with sterile
skin clips. Mice were administered a postoperative sub-
cutaneous injection of carprofen (5 mg kg–1). After
surgical procedures all mice were individually housed
and monitored for signs of distress or infection during
recovery.

Mouse telemetry

All temperature measurements were performed at an
ambient temperature of 25 ± 0.2°C based on published
literature establishing the role of ambient temperature in
the regulation of sympathomimetic hyperthermia (Green
et al. 2005). After 1 week of recovery mice were placed in a
lighted temperature-controlled room for 30 min prior to
drug administration. During experiments mice had access
food and water ad libitum. All experiments were initiated
between 10:00 and 12:00 h. All drugs were prepared in
non-pyrogenic saline and diluted to final concentrations
immediately prior to administration. METH (20 mg kg–1)
and NA (1 mg kg–1) administered subcutaneously, LPS
(50 μg kg–1) and saline were administered via intra-
peritoneal injection. Temperatures were recorded for
10 min prior to drug administration and were monitored
every minute for 3.5–5 h using VitalView Software and
implantable Mini mitter temperature probes (Starr Life
Sciences, Oakmont, PA, USA).

Cold exposure

Mice were individually house and placed in a lighted
room maintained at 4 ± 0.3°C. Baseline temperature was
recorded 30 min prior to cold exposure and temperature
was recorded every hour for 4 h with a rectal temperature
probe (Physitemp, Clifton, NJ, USA). Mice were removed
from cold and killed if temperature dropped below 31°C.

Statistics

Analysis of variance was calculated between groups
using a two-tailed Student’s test with Welsh’s correction
or one-way ANOVA followed by Tukey’s post hoc test
corrected for multiple comparisons. A survival curve
log-rank test was calculated using Graphpad Prism
software. Results were considered significant at P � 0.05.

Results

UCP1 and UCP3 mediate early and late phases
of sympathomimetic thermogenesis, respectively

We previously reported that UCP3KO mice are
significantly protected from the hyperthermic effects of
sympathomimetic drugs using rectal thermometry to
assess body temperature every 30 min for 3 h (Mills
et al. 2003). We began the present studies by confirming
those results with greater temporal resolution using intra-
peritoneal telemeters and continuous monitoring. As
shown in Fig. 1A, UCP3KO and WT mice exhibited
a similar rapid rise in body temperature for the first
40 min after METH administration (20 mg kg–1, S.C.),
but UCP3KO had a significantly blunted maintenance

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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phase of the thermogenic response 70–150 min after
administration compared to WT (Fig. 1A). By contrast,
UCP1KO mice lacked the early peak rise in body
temperature in response to METH, but maintained the
later thermogenic component and demonstrated a similar
rate of return to baseline temperature in a manner
comparable to WT (Fig. 1B). The thermogenic responses
to METH in both the early (30 min) and later time points
(70–150 min) in both genotypes were also significantly
different between UCP3KO and UCP1KO (Fig. 1C).
Finally, at no time points over the 2 h measurement period
did the UCPDK mice exhibit a significant rise in body
temperature in response to METH over baseline compared
to WT (Fig. 1D). Together, the data demonstrate that
UCP3 and UCP1 each participates in sympathomimetic
hyperthermia and that their combined activities fully

account for heat production in this drug-induced thermo-
genesis model.

LPS thermogenesis requires UCP3 but not UCP1

To more fully define the physiological relevance of
UCP-mediated thermogenesis, we assessed the role of
UCP3 in the thermoregulatory responses to endotoxin
(LPS). WT and UCP3KO mice were administered LPS
(50 μg kg–1, I.P.) and body temperature was monitored.
WT and UCP3KO mice each exhibited an overlapping
hypothermia (approximately 1°C) at 70 min after
injection, but UCP3KO animals failed to exhibit the
recovery thermogenesis observed in WT animals over the
300 min assessment period (Fig. 2A). LPS-mediated fever
is mediated via interleukin-1 beta (IL-1β), and UCP1KO
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Figure 1. Complementary roles of UCP1 and UCP3 in METH-induced hyperthermia
METH (20 mg kg–1, S.C.) administered at 0 min. A, changes in core body temperature of wild-type (black, n = 20)
and UCP3KO (blue, n = 17) mice. B, changes in core body temperature of wild-type and UCP1KO (red, n = 12)
mice. C, changes in core body temperature of UCP1KO and UCP3KO mice. D, changes in core body temperature
of WT and UCPDK (orange, n = 12) mice. Dotted lines represent ± SEM. Black bars represent significance between
groups with Welsh’s two-tailed t test, P � 0.05. [Colour figure can be viewed at wileyonlinelibrary.com]
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mice were previously reported to have normal IL-1β

thermogenesis (Okamatsu-Ogura et al. 2007). Consistent
with those results, and in stark contrast to UCP3KO mice,
we found that UCP1KO mice had significantly elevated
LPS thermoregulatory responses compared to WT mice
(Fig. 2B).

Differential influence of SKM-specific expression
in sympathomimetic and LPS thermogenesis

Given that UCP3 is expressed in both SKM and BAT
(Affourtit et al. 2007), we tested the capacity for UCP3
to mount a sympathomimetic thermogenic response
when expressed exclusively in muscle. UCP3KO and
UCPDK mice were interbred with those expressing
an SKM-specific alpha-1 actin human UCP3 trans-
gene (TgSKM) previously shown to drive UCP3 protein
expression at physiological levels of induction in SKM
mitochondria (Bezaire et al. 2005). Surprisingly, skeletal
muscle-selective UCP3 expression failed to rescue any
component of the UCP3-dependent METH thermo-
genesis (20 mg kg–1, S.C.) lost in UCP3KO (Fig. 3A) and
UCPDK mice (Fig. 3B). These data suggest the possibility
that UCP3 in BAT may be the predominant mediator
of the late phase of sympathomimetic hyperthermia.
Unlike sympathomimetic thermogenesis that lacked an
SKM UCP3 component, SKM-selective UCP3 expression
was able to significantly rescue the WT LPS thermo-
regulatory responses lost in UCP3KO animals (Fig. 3C).
An important additional consideration is sex; we used
males for these studies given the established effects of sex
in sympathomimetic hyperthermia (Wyeth et al. 2009).
Nonetheless, the data indicate that UCP3 activity in SKM is
an important component of endotoxin-mediated changes
in body temperature.

Acute NA-induced hyperthermia requires UCP1 but
not UCP3

Next, we determined the roles of UCP3 and UCP1 in NA
thermogenesis following subcutaneous administration
(1 mg kg–1, S.C.). UCP3KO mice had identical
and rapid thermogenic (peak � 30 min) and sub-
sequent hypothermic responses (Fig. 4A), but UCP1KO
mice completely lacked an NA-driven thermogenic
response. Furthermore, UCPDK mice displayed a thermo-
regulatory response profile to NA that phenocopied
UCP1KO mice. These data indicate that UCP3 may
not be involved in acute NE-dependent thermo-
regulation.

UCP3 participates in cold thermogenesis when UCP1
is absent

Finally, we sought to further scrutinize the conclusions
drawn from the few observations available in the literature
that UCP3 lacks a role in cold-mediated, physiological
thermogenesis by making use of the UCPDK mouse
model. WT, UCP3KO, UCP1KO and UCPDK mice
were exposed to cold (4°C) and body temperatures
and survival were monitored over time. As previously
reported, cold-naı̈ve UCP1-null animals were markedly
cold intolerant compared to WT mice, and UCP3-null
mice were nearly identical to WT in their capacities
to protect body temperature (Fig. 5A; Enerback et al.
1997). Notably, UCPDK mice exhibited a dramatically
accelerated loss of body temperature and induction of
terminal hypothermia compared to UCP1KO mice in
response to cold, indicating that the presence of UCP1
may mask the role of UCP3 in response to acute cold
challenge in WT mice (Fig. 5).
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Figure 2. Loss of UCP3 blunts second phase of thermogenesis in LPS-induced fever
LPS (50 µg kg–1, I.P.) administered at 0 min. A, wild-type (black, n = 9) and UCP3KO (blue, n = 8) mice. B, wild-type
and UCP1KO (red, n = 3) mice. Dotted lines represent ± SEM. Black bars represent significance between groups
with Welsh’s two-tailed t test, P � 0.05. [Colour figure can be viewed at wileyonlinelibrary.com]
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Discussion

UCP3 plays a role in thermoregulatory physiology

UCP3KO mice were first reported to have normal thermo-
genic responses to cold, LPS, thyroid hormone and beta-3
adrenergic agonist administration (Gong et al. 2000).
When combined with observations that brown adipocytes
from UCP1KO mice failed to show significant fatty
acid-induced changes in respiration despite expression of
UCP3 and UCP2 (Matthias et al. 2000), the consensus in
the UCP field that persisted was that only UCP1 had a
thermoregulatory function. Vidal-Puig et al. (2000) also
reported that UCP3KO SKM mitochondria were more
coupled than WT, suggesting that UCP3 may control basal
thermogenesis in SKM mitochondria, paradoxically not

reflected in a basal or inducible thermogenic phenotype
in vivo under the conditions used. Here, we provide
extensive evidence that supports a physiological thermo-
genic role for UCP3 and extend previous observations
regarding the roles of UCPs in toxic sympathomimetic
drug-induced hyperthermia (Mills et al. 2003; Sprague
et al. 2004). We show that (a) UCP1 and UCP3 each
participates in sympathomimetic and cold thermogenesis
(Figs 1 and 5), (b) UCP3, but not UCP1, mediates
LPS fever (Fig. 2), (c) UCP1, but not UCP3, regulates
rapid, NA-dependent hyperthermia (Fig. 4) and (d)
SKM-specific hUCP3 expression could significantly rescue
LPS but not sympathomimetic thermogenesis on a
UCP3KO background (Fig. 3). When combined, the data
support a hypothetical model where UCP1 activity may
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Figure 3. Skeletal muscle UCP3 expression has differential consequences for METH- and LPS-induced
thermogenesis
A, METH (20 mg kg–1, S.C.) induced change in core body temperature of WT (black) UCP3KO (blue) and
SKMTg-UCP3KO (green, n = 9) mice. B, METH (20 mg kg–1, S.C.) induced change in core body temperature
of UCPDK (orange) and SKMTg-UCPDK (magenta, n = 4) mice. C, LPS (50 µg kg–1, I.P.) induced change in core
body temperature of wild-type (black line) and SKMTg-UCP3KO (green, n = 4) mice. D, LPS (50 µg kg–1, I.P.)
induced change in core body temperature of SKMTg-UCP3KO (green) and UCP3KO (blue) mice. Dotted lines
represent ± SEM. Black bars represent significance between groups with Welsh’s two-tailed t test, P � 0.05.
[Colour figure can be viewed at wileyonlinelibrary.com]
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control rapid, NA-dependent BAT thermogenesis, and
UCP3 may be required for sustaining a more protracted
thermogenic response in SKM and BAT.

BAT UCP3 and SKM UCP3 participate in thermogenic
responses in a stimulus-specific manner

UCP3 protein is primarily expressed in SKM, BAT
and heart, but among these only SKM and BAT are
established to generate sufficient heat to rapidly control
body temperature. At the molecular level, UCP3 activation
is associated with fatty acid oxidation and the control of
reactive oxygen species generation (Anderson et al. 2007),
but its functions as a thermogenic protein are debated. We
show here that UCP3 plays an integral role in mammalian
thermogenesis, probably in both SKM and BAT. SKM

is a well-established site of thermogenesis regulated by
catecholamines (Astrup et al. 1985), adrenaline (Astrup
et al. 1989), thyroid hormones (Lombardi et al. 2015)
and leptin (Dulloo et al. 2002), all of which have
been shown to regulate the expression of UCP3. SKM
calcium-handling mechanisms regulated by sarcolipin,
sarco(endo)plasmic reticulum ATPase (SERCA) and the
ryanodine receptor are the predominant mechanisms of
SKM heat production in response to cold and diet (Sahoo
et al. 2013; Rowland et al. 2015). However, the ryanodine
receptor inhibitor dantrolene and skeletal muscle relaxants
fail to affect sympathomimetic hyperthermia (Rusyniak
et al. 2004; Rusyniak & Sprague, 2005), suggesting that
sympathomimetic hyperthermia arises at least in part
from BAT-dependent mechanisms. Additionally, it has
been shown that LPS induces expression of UCP3 and
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Figure 4. UCP1 selectively controls NA-induced thermogenesis
NA (1 mg kg–1, S.C.) administered at 0 min. A, change in core body temperature of wild-type (black, n = 11)
and UCP3KO (blue, n = 12) mice. B, change in core body temperature of wild-type and UCP1KO (red, n = 8)
mice. C, change in core body temperature of UCP1KO and UCPDK (orange, n = 5) mice. D, change in core body
temperature of all genotypes tested. Dotted lines represent ± SEM. Black bars represent significance between
groups with Welsh’s two-tailed t test, P � 0.05. [Colour figure can be viewed at wileyonlinelibrary.com]
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directly uncouples skeletal muscle mitochondria, while
chronic administration attenuates adaptive thermogenesis
(Frisard et al. 2015; Okla et al. 2015). To our knowledge,
no tissue-specific UCP3KO mice exist. While little is
known regarding the molecular metabolic functions
of UCP3 in BAT in most models, Nau et al. (2008)
reported on a colony of Djungarian hamsters harbouring a
BAT-selective loss of UCP3 expression (but normal UCP1)
with reduced cold tolerance. The authors concluded that
UCP3 is necessary for sustaining high metabolic rates in
BAT. Furthermore, Gong et al. (2000) showed that the
loss of UCP3 plays a differential role in mitochondrial
proton leak, with significantly lower maximal uncoupled
respiration in BAT and increased proton-motive force
during non-phosphorylating conditions in SKM. These
observations, combined with the lack of increased
sympathomimetic thermogenesis in hUCP3 transgenic
mice, imply that UCP3-dependent sympathomimetic
hyperthermia may arise primarily from BAT, whereas
LPS-induced UCP3 thermogenesis appears to derive from
SKM.

Potential mechanisms of UCP3 thermogenesis

UCP3 was originally dubbed ‘a mitochondrial carrier in
search of a function’ (Lowell, 1999) in part because of the
continuous debate over its roles as a bona fide uncoupler
and in resting metabolism (Cadenas et al. 2002; Anderson
et al. 2007). The observations presented here are consistent
with the possibility that UCP3 may act as an inducible
thermogenin in vivo. However, UCP3 could indirectly
mediate thermogenesis by increasing fatty acid oxidation
(Bezaire et al. 2005) and metabolite transport, as we have
shown for UCP2 and UCP4 (Pfeiffer et al. 2011; Vozza et al.
2014). Recent work has demonstrated that UCP activities
are redox-regulated by sulfenylation (UCP1) (Chouchani
et al. 2016) and glutathionylation (UCP2–3) (Mailloux
et al. 2011), adding yet another layer of complexity
pertaining to the regulation of uncoupling. The data
presented here offer new experimental opportunities for
better understanding of how UCP3 functions and is
regulated in vivo and provide new insights into the basic
mechanisms of thermoregulation mediated by uncoupling
proteins.
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Figure 5. UCP1-UCP3 double null
animals fail to maintain temperature
after acute cold exposure
A, change in core body temperature as
measured by rectal temperature each hour
for a total of 4 h. Error bars
represent ± SEM. a represents significant
difference between wild-type and UCP1KO,
b represents significant difference between
UCPDK and WT, and c represents significant
difference between UCP1 and UCPDK.
Significance was determined by one-way
ANOVA corrected for multiple comparisons
followed by Tukey’s post hoc analysis. P
� 0.05. B, survival curve where death is
considered a core body temperature < 31°C.
UCP1–UCPDK P = 0.0068 (log-rank test):
wild-type (black, n = 9), UCP3KO (green,
n = 4), UCP1KO (red, n = 9) and UCPDK
(orange, n = 4). [Colour figure can be
viewed at wileyonlinelibrary.com]

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society

http://wileyonlinelibrary.com


J Physiol 594.24 The roles of uncoupling proteins 1 and 3 in thermoregulation 7463

References

Affourtit C, Crichton PG, Parker N & Brand MD (2007). Novel
uncoupling proteins. Novartis Found Symp 287, 70–80;
discussion 80–91.

Anderson EJ, Yamazaki H & Neufer PD (2007). Induction of
endogenous uncoupling protein 3 suppresses mitochondrial
oxidant emission during fatty acid-supported respiration.
J Biol Chem 282, 31257–31266.
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