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Brown adipose tissue (BAT) mitochondria exhibit high oxidative
capacity and abundant expression of both electron transport chain
components and uncoupling protein 1 (UCP1). UCP1 dissipates the
mitochondrial proton motive force (Ap) generated by the respira-
tory chain and increases thermogenesis. Here we find that in mice
genetically lacking UCP1, cold-induced activation of metabolism
triggers innate immune signaling and markers of cell death in BAT.
Moreover, global proteomic analysis reveals that this cascade induced
by UCP1 deletion is associated with a dramatic reduction in electron
transport chain abundance. UCP1-deficient BAT mitochondria exhibit
reduced mitochondrial calcium buffering capacity and are highly sen-
sitive to mitochondrial permeability transition induced by reactive
oxygen species (ROS) and calcium overload. This dysfunction depends
on ROS production by reverse electron transport through mitochon-
drial complex I, and can be rescued by inhibition of electron transfer
through complex | or pharmacologic depletion of ROS levels. Our
findings indicate that the interscapular BAT of Ucp? knockout mice
exhibits mitochondrial disruptions that extend well beyond the de-
letion of UCP1 itself. This finding should be carefully considered when
using this mouse model to examine the role of UCP1 in physiology.
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ncoupling protein 1 (UCP1) plays a role in acute adaptive
thermogenesis in interscapular brown adipose tissue (BAT).
UCP1 dissipates the mitochondrial protonmotive force (Ap)
generated by the electron transport chain (ETC) and is impor-
tant for thermal homeostasis in rodents and human infants (1, 2).
Ucpl orthologs are not limited to mammals, but are also expressed
in ectothermic vertebrates (3) and protoendothermic mammals (4),
suggesting that UCP1 may have an important role in biology be-
yond thermal control. For example, it is becoming increasingly
evident that in specific respiratory states, UCP1 can reduce reactive
oxygen species (ROS) levels in vitro (4-9). The mitochondrial ETC
is a major source of ROS production in the cell, and ROS play
important roles in physiology and pathophysiology (10-12). Reverse
electron transport (RET) through mitochondrial complex I is a key
mechanism by which ROS are generated in vivo (11, 13). In-
terestingly, RET relies critically on high Ap, whereas dissipation of
Ap by UCP1 can lower ROS levels in isolated mitochondria (5-7).
Thermogenic respiration in BAT is triggered by external
stimuli that activate adrenergic signaling (14). Most notably,
environmental cold induces the capacity for adrenergic-mediated
BAT respiration in wild type (WT) animals, but only minimally
in UCP1-KO animals (15, 16). It is understood that the respiratory
response of BAT under these conditions is indicative of UCP1-
mediated respiration; however, the rate of maximal chemically
uncoupled oxygen consumption, an UCP1-independent parameter,
is also lower in UCP1-KO adipocytes compared with WT (15, 16).
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Moreover, the basal respiratory rate of UCP1-KO BAT mitochon-
dria is reduced after cold exposure, whereas it is increased in WT
BAT mitochondria (7). These data strongly suggest broader func-
tional changes to brown adipocyte mitochondrial function on in-
creased adrenergic tone following Ucpl deletion.

Here we demonstrate that extensive down-regulation of ETC
abundance and concomitant triggering of host defense signaling
occurs in BAT of UCP1-KO mice following cold acclimation.
Remarkably, UCP1-KO BAT mitochondria are highly sensitive
to calcium overload-induced mitochondrial dysfunction, which
can be inhibited by reducing ROS levels. These findings suggest a
critical physiological role of UCP1 in maintaining a mitochon-
drial environment that can mitigate ROS-dependent dysfunction
in vivo. In addition, these data demonstrate that the absence of
UCP1 in BAT results in widespread mitochondrial proteomic
alterations that should be considered when using this mouse
model to examine the role of UCP1 in physiology.

Results

Aberrant Cristae Morphology and Reduced ETC Abundance in UCP1-
KO BAT. Environmental cold increases state 4 respiration in mi-
tochondria isolated from BAT of WT mice, and substantially

Significance

We describe a physiological role for uncoupling protein 1 (UCP1)
in the regulation of reactive oxygen species. Notably, the mo-
lecular differences between brown fat mitochondria from wild-
type and UCP1 knockout (UCP1-KO) mice extend substantially
beyond the deletion of UCP1 itself. Thus, caution must be taken
when attributing a brown fat phenotype solely to UCP1 deletion
when these animals are used. Given the wide utilization of the
UCP1-KO mouse model, these data are of critical importance for
the scientific communities studying obesity, thermogenesis and
energy metabolism, and mitochondrial biology.
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reduces it in BAT mitochondria from UCP1-KO mice (7, 17).
These previous studies have suggested that ETC expression is
impaired after adrenergic stimulation of BAT in the absence of
UCP1. To investigate the role of UCP1 on BAT mitochondria on
adrenergic stimulation, we gradually acclimated WT and UCP1-
KO mice to cold (4 °C) and assessed gross mitochondrial mor-
phology by electron microscopy. Remarkably, this analysis
revealed highly disorganized and in some cases absent cristae
from UCP1-KO organelles relative to WT organelles (Fig. 14).
This aberrant morphology prompted us to examine the molec-
ular components of BAT mitochondria that might be affected by
the absence of UCP1 under conditions of adrenergic stimulation.

To determine the mitochondrial molecular response in WT
and UCP1-KO BAT after cold exposure, we began by measuring
the mRNA abundance of nuclear-encoded subunits of the oxi-
dative phosphorylation complexes. A subset of transcripts was
significantly reduced in response to environmental cold in a
UCP1-dependent manner; however, the extent of reduction was
modest (Fig. S1). In contrast, no differences in mRNA abun-
dance in BAT were detected between UCP1-KO and WT mice
under thermoneutral (30 °C) housing (Fig. S1). This was a gen-
eral feature for nuclear-encoded genes of all the oxidative
phosphorylation complexes.

The mild diminution of nuclear-encoded oxidative phosphoryla-
tion complexes (Fig. S1) prompted us to investigate their abundance
at the protein level. To do so, we performed global quantitative
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proteomics in BAT of cold-acclimated WT and UCP1-KO mice
using isobaric tagging (18), which provided quantitation of
6,354 proteins (Dataset S1). Unsupervised k-means clustering of
the proteomic data revealed a total of six clusters (Datasets S2—
S7), two of which (clusters 4 and 5) were robustly distinct between
WT and UCP1-KO BAT (Fig. 1B). The top KEGG pathway of
cluster 5 was designated as “oxidative phosphorylation,” consisting
primarily of ETC proteins (Dataset S6). The protein abundance in
this cluster was substantially reduced in UCP1-KO relative to WT
BAT (Fig. 1B and Dataset S1). The percentage reduction (>80%) at
the protein level (Dataset S1) was discordant with the relatively mild
decrease in corresponding transcript abundance (Fig. S1). Most
subunits of complexes I and IV were down-regulated (up to 95%)
compared with BAT from WT mice (Dataset S1).

‘We next examined protein abundance by Western blot analysis in
a separate cohort of mice housed at 4 °C or 30 °C. As in the MS
analysis, ETC subunits were considerably reduced in UCP1-KO
BAT tissue lysates, primarily on 4 °C exposure. Interestingly,
these reductions in ETC abundance were not nearly as drastic in
adult animals housed at 30 °C (Fig. 1C). Notably, there were no
differences in ETC protein expression in young (postnatal day 4)
pups (Fig. 1D), suggesting that the impaired ETC expression seen
at older ages was primarily a response to environmental cold spe-
cifically and not due to aberrant BAT development. We next ex-
amined the expression of these proteins after mitochondrial
purification. Strikingly, the depletion in ETC proteins was also
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UCP1-KO BAT after housing adult animals at 4 °C or
30 °C. (D) Western blot of mitochondrial proteins
from WT and UCP1-KO BAT from postnatal day
4 pups. (E) Western blot of mitochondrial proteins from
WT and UCP1-KO BAT mitochondria. (F) qRT-PCR of
mtDNA-encoded transcripts in BAT from WT and UCP1-
KO mice housed at 4 °C; n = 5 mice per genotype. (G)
QqRT-PCR of mtDNA-encoded transcripts in BAT from WT
and UCP1-KO mice housed at 30 °C; n = 5 mice per
genotype. Data are presented as mean + SEM. *P <
0.05; ***P < 0.01.
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observed in isolated organelles (Fig. 1E), demonstrating that the
decrease in protein expression was not due solely to a reduction in
mitochondrial mass. Interestingly, the succinate dehydrogenase
complex iron sulfur subunit B of complex II showed minimal dif-
ferences when we controlled for total mitochondrial abundance
(Fig. 1E). Because succinate dehydrogenase is the only ETC com-
plex that is entirely nuclear-encoded, these data suggest a specific
effect on ETC complexes containing gene products encoded by
mitochondrial DNA (mtDNA) owing to the absence of UCP1.

Environmental Cold Triggers Loss of mtDNA Transcripts in UCP1-KO
BAT. mtDNA is physically associated with the mitochondrial in-
ner membrane in DNA-protein complexes known as nucleoids
(19, 20), and a disturbance in this association is known to disrupt
mtDNA-encoded gene expression. Thus, given the aberrant
cristae morphology of UCP1-KO BAT mitochondria after ex-
posure to 4 °C (Fig. 14), along with the specific reduction in ETC
complexes containing mtDNA-encoded gene products (Fig. 1E),
we examined the expression level of mtDNA-encoded transcripts.
Strikingly, all mtDNA-encoded transcripts, as well as the two mi-
tochondrial rRNA transcripts, were significantly reduced in BAT of
UCP1-KO mice after exposure to environmental cold (Fig. 1F). In
contrast, when mice were housed at 30 °C, no change in mRNA
abundance between the genotypes was detected (Fig. 1G).

Environmental Cold Triggers Host Defenses in UCP1-KO BAT. In contrast to
the large reduction in ETC subunits, quantitative proteomic profiling
of BAT from WT and UCP1-KO mice revealed an additional cluster
(cluster 4), highlighting increased levels of proteins involved in host
defense (Fig. 1B and Dataset S5). Included in this cluster was an in-
crease in IFN-stimulated genes (ISGs) and antiviral factors encoding
DNA and RNA sensors, such as Ifi204, Ifi205, Ifihl, and Ddx58, as
well as the transcription factors Statl, Stat2, and Irf3 (Dataset S1).
Because these factors function to reinforce the innate and
adaptive immune response (21), we next examined the control of
ISG expression by ambient temperature. ISGs (Ifitl, Ifit2, Ifit3,
Oas3, and RNase L) were significantly elevated at the mRNA
level in BAT of 4 °C-exposed UCP1-KO mice relative to WT
controls (Fig. 24); however, these changes were largely abolished
when mice were housed at 30 °C (Fig. 2B). We found elevated
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Fig. 2. Expression of genes and proteins involved in host defense in BAT of
WT and UCP1-KO animals. (A) qRT-PCR of ISG expression in BAT from WT
and UCP1-KO mice housed at 4 °C; n = 5 mice per genotype. (B) gRT-PCR of
ISG expression in BAT from WT and UCP1-KO mice housed at 30 °C;, n =
5 mice per genotype. (C) Western blot of antiviral and cell death proteins in
BAT from WT and UCP1-KO animals after exposure to 4 °C or 30 °C. (D) qRT-
PCR of inflammatory gene expression in BAT from WT and UCP1-KO mice
housed at 4 °C; n = 5 mice per genotype. (E) gRT-PCR of inflammatory gene
expression in BAT from WT and UCP1-KO mice housed at 30 °C; n = 5 mice
per genotype. Data are presented as mean + SEM. *P < 0.05; ***P < 0.01.
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Fig. 3. Simultaneous monitoring of mitochondrial calcium buffering capacity
and membrane potential. (A) Calcium (Ca%*) and TMRM monitoring of WT BAT
mitochondria respiring on pyruvate/malate. (B) Ca%>* and TMRM monitoring of
UCP1-KO BAT mitochondria respiring on pyruvate/malate without GDP.
(©) Ca** and TMRM monitoring of WT BAT mitochondria respiring on succinate.
(D) Ca** and TMRM monitoring of UCP1-KO BAT mitochondria respiring on
succinate. Images shown are representative of at least three independent mi-
tochondrial preparations for each substrate used. Arrows indicate the addition
of mitochondria (red), GDP (blue), and calcium (green).

levels of the nucleic acid-sensing factor RIG-I and the antiviral tran-
scription factor IRF3 in UCP1-KO mice compared with WT mice
housed at 4 °C, whereas housing at 30 °C abrogated the difference
between the genotypes (Fig. 2C and Dataset S1). IRF3 represses
thermogenic gene expression (22). Interestingly, the thermogenic
transcription factor Prdm16 suppresses ISG expression (23). Our data
extend these findings by demonstrating that the capacity for thermo-
genic respiration itself may regulate ISG abundance. This result
highlights the interconnected relationship between the thermogenic
and host defense transcriptional machinery and the effectors of
thermogenic respiration. Furthermore, in line with the higher levels
of ISG expression, cleaved caspase-3 levels were elevated in UCP1-
KO BAT after exposure to 4 °C, but not when mice were housed at
30 °C (Fig. 2C). Caspase activation dampens the immune response
and triggers mitochondrial-mediated programmed cell death (24).
To explore whether activation of the immune response is reg-
ulated by ambient temperature, we examined a panel of inflam-
matory genes from BAT of WT and UCP1-KO mice housed
under cold or thermoneutral conditions by quantitative RT-PCR
(qRT-PCR). We detected robust elevation of inflammatory

PNAS | July 25,2017 | vol. 114 | no.30 | 7983

g
=
H
[
H
=
o
v}
1]
o
wv

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705406114/-/DCSupplemental/pnas.1705406114.sd05.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705406114/-/DCSupplemental/pnas.1705406114.sd01.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705406114/-/DCSupplemental/pnas.1705406114.sd01.xls

L T

/

D\

v
ar

genes, including those associated with innate immunity, IFN-y
signaling, and macrophage infiltration, in the UCP1-KO mice
housed at 4 °C (Fig. 2D). Remarkably, housing mice at 30 °C
largely abolished this inflammatory response (Fig. 2E). Taken
together, the foregoing data demonstrate that environmental
cold triggers mitochondrial dysfunction and antiviral signaling in
UCP1-deficient BAT. The data suggest that on cold stimulation,
absence of Ucpl results in aberrant BAT mitochondrial function,
leading to mitochondrial-mediated triggering of immune activation.

Calcium Overload Induces Mitochondrial Dysfunction in UCP1-KO BAT.
Cold stimulation drives the activation of innate immune pathways
linked to cell death. Because mitochondrial permeability transition
is a well-established regulator of this process (25), we examined
whether UCP1-KO BAT mitochondria are inherently sensitive to
permeability transition by challenging organelles with calcium. We
simultaneously measured the mitochondrial membrane potential
(Ay) and calcium-buffering capacity in BAT mitochondria isolated
from WT and UCP1-KO mice. WT BAT mitochondria respiring
on pyruvate and malate exhibited a modest Ay, indicated by the
downward inflection in the tetramethylrhodamine, methyl ester
(TMRM) signal on addition of the organelles. This was increased
after GDP administration, demonstrating inhibition of UCPI-
dependent leak (Fig. 34, Bottom).

We next treated mitochondria with sequential additions of cal-
cium (26). Each calcium addition could be observed as an increase
in Calcium Green fluorescence in the buffer, whereas uptake into
the organelles was reflected in a reduction in buffer calcium
(Fig. 34, Top). Mitochondrial membrane depolarization occurred
concomitantly with each addition of calcium (60 nmol calcium/mg
mitochondrial protein), followed by rapid repolarization (Fig.
34, Bottom). Here 300 nmol calcium/mg mitochondrial protein
could be buffered by WT BAT mitochondria, whereas calcium
release occurred thereafter (Fig. 34, Top). Depolarization of Ay
occurred concomitantly with calcium release. UCP1-KO BAT
mitochondria exhibited a similar baseline Ay as GDP-treated
WT mitochondria (Fig. 3B, Bottom); however, the addition of
calcium to UCP1-KO organelles resulted in a significant de-
polarization of Ay (Fig. 3B, Bottom). Furthermore, a single calcium
addition (60 nmol calcium/mg mitochondrial protein) was poorly
buffered by UCP1-KO mitochondria and was sufficient to result in
concomitant calcium release and depolarization (Fig. 3B). These
data indicate that UCP1-KO BAT mitochondria have substantially
reduced calcium-buffering capacity compared with WT organelles.
Permeability transition can be inhibited by the drug cyclosporin A
(27), and we detected a modest protective effect of this compound
on UCP1-KO mitochondrial calcium buffering capacity (Fig. S2),
which is consistent with previous findings (28). Taken together,
these data demonstrate that UCP1-KO BAT mitochondria are
sensitized to calcium overload-induced mitochondrial dysfunction, a
component of which is partly inhibited by cyclosporin A.

We next examined calcium kinetics and Ay during succinate-
dependent respiration. WT BAT mitochondria respiring on succinate
responded similarly as when pyruvate and malate were used to drive
respiration through complex I. A total of 300 nmol calcium/mg mito-
chondrial protein was efficiently buffered by WT BAT mitochondria
(Fig. 3C). In contrast, UCP1-deficient BAT mitochondria could buffer
only 60 nmol calcium/mg mitochondrial protein (Fig. 3D). Therefore,
UCP1 deficiency results in a profound sensitization to calcium-overload
induced dysfunction in mitochondria respiring on succinate.

ROS Triggers Calcium Overload-Induced Mitochondrial Dysfunction in
UCP1-KO BAT. Succinate oxidation can drive RET, and so can be
used to investigate complex I-dependent ROS (11, 29-31).
Complex I is the dominant site of superoxide production when
mitochondria respire on succinate (29, 32). Under conditions of
high membrane potential, succinate reduces ubiquinone (Q) to
ubiquinol (QH,), resulting in a reverse electron flow through

7984 | www.pnas.org/cgi/doi/10.1073/pnas.1705406114
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Fig. 4. The role of ROS in mitochondrial calcium buffering capacity and
membrane potential. (A) Ca** and TMRM monitoring of WT BAT mitochondria
respiring on succinate/rotenone. (B) Ca®* and TMRM monitoring of UCP1-KO
BAT mitochondria respiring on succinate/rotenone. (C) Ca%** and TMRM moni-
toring of UCP-KO BAT mitochondria respiring on succinate in the presence of
100 nM MitoQ. (D) Ca®>* and TMRM monitoring of WT BAT mitochondria re-
spiring on G3P. (E) Ca>* and TMRM monitoring of UCP1-KO BAT mitochondria
respiring on G3P. Images shown are representative of at least three independent
mitochondrial preparations for each substrate used. Arrows indicate the addi-
tion of mitochondria (red), GDP (blue), calcium (green), or MitoQ (yellow).

complex I (11, 30). Under these circumstances, single electron
reduction of oxygen can generate substantial levels of superoxide,
and this has been proposed to occur at the FMN site of complex I
(32, 33) or, alternatively, the 1Q site (30). The complex I Q site
inhibitor rotenone inhibits RET-driven superoxide production
during succinate oxidation (29, 34-37). Critically, mitochondrial
ROS has been demonstrated to potentiate calcium-dependent
permeability transition (25, 38). Moreover, succinate has been
shown to generate significant amounts of ROS in BAT, which is
exacerbated in the absence of UCP1 (7, 8). Thus, we evaluated the
contribution of ROS to the observed calcium sensitivity of UCP1-
KO BAT mitochondria. Inhibition of RET with rotenone had
no effect on the calcium-buffering properties of WT BAT mito-
chondria (Fig. 44); however, inhibition of RET rescued the
calcium-induced dysfunction of UCP1-KO BAT mitochondria
(Fig. 4B, Top). Although each addition of calcium still caused a large
transient depolarization and slow repolarization (Fig. 4B, Bottom),
the amount of calcium required to drive complete membrane de-
polarization was completely normalized. Therefore, inhibiting RET
through complex I essentially restored the calcium retention time and
buffering capacity of UCP1-KO BAT mitochondria to WT levels.

To further explore whether elevated ROS levels are responsible
for the calcium-induced dysfunction, we treated UCP1-KO BAT
mitochondria with the mitochondria-targeted antioxidant MitoQ
(39) just before the calcium challenge. Like rotenone, MitoQ rescued
the calcium buffering capacity of UCP1-KO organelles (Fig. 4C). The
large depolarization and slow repolarization of Ay (Fig. 4C, Bottom)
are consistent with abrogated ETC expression. Collectively, these re-
sults suggest that UCP1-KO BAT mitochondria are extraordinarily
sensitive to ROS-dependent permeability transition. Interestingly,
we did not observe large differences between genotypes when
G3P was used as a respiratory substrate (Fig. 4 D and E).
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Fig. 5. The role of ROS in mitochondrial calcium buffering capacity and
membrane potential in BAT of BATI4KO mice. (A) Ca** and TMRM moni-
toring of WT and BATI4KO BAT mitochondria respiring on pyruvate/malate.
(B) Ca?* and TMRM monitoring of WT and BATI4KO BAT mitochondria re-
spiring on succinate. (C) Ca®>* and TMRM monitoring of WT and BATI4KO
BAT mitochondria respiring on succinate/rotenone.

Finally, to examine whether the calcium-induced sensitivity of
UCP1-KO BAT mitochondria is a feature of these organelles spe-
cifically or a feature of UCP1 deficiency generally, we examined
the calcium-buffering capacity and Ay in mitochondria from
BAT-specific IRF4 KO mice (BATI4KO) that exhibit reduced
UCP1 levels in BAT (40). Similar to what we observed in UCP1-KO
BAT mitochondria, organelles from BATI4KO mice demonstrated
increased sensitivity to calcium overload-induced permeability tran-
sition when respiring on pyruvate/malate (Fig. 54) or succinate (Fig.
5B). Although the sensitivity to calcium overload of BAT14KO
mitochondria was not as striking as that of UCP1-KO BAT mito-
chondria, it still could be partially rescued by rotenone treatment
(Fig. 5C). Because BAT mitochondria from BATI4KO mice
contain lower levels of UCP1 and complex I protein (40), these
results suggest that calcium overload-induced mitochondrial dys-
function may be a general phenomenon of BAT mitochondria
under conditions with reduced UCP1 expression.

Discussion

UCPI1 is a key feature of thermogenic fat cells, both brown and
beige. We have demonstrated here that on cold exposure, inter-
scapular BAT of UCP1-KO mice exhibits global mitochondrial
disruptions that extend well beyond the deletion of UCP1 itself.
Our data reveal physiological interactions between UCP1 and
ROS. The role of UCP1 itself in the regulation of ROS production
is incompletely understood. Evidence in support of a robust role
for UCP1-mediated uncoupling in the regulation of ROS production
in vitro has been provided (6, 7, 41), as have findings suggesting a
limited role for UCP1 activity in controlling ROS in vitro (8, 42-44).
Importantly, UCP1 appears to play a role in regulating BAT redox
tone in vivo (9), and acute adrenergic stimulation in vivo drives ROS
production to support UCP1-dependent thermogenesis (10).

Our findings demonstrate that UCP1-deficient BAT mitochon-
dria are poorly equipped to buffer calcium in a ROS-dependent
manner. Most importantly, we have shown that the acquired mo-
lecular and functional differences between BAT mitochondria from
WT and UCP1-KO mice are more widespread than the deletion of
UCP1 itself. Considering the striking alterations to the BAT mito-
chondrial proteome (i.e., substantial reduction of ETC abundance)
in UCP1-KO mice, caution must be observed when attributing a
BAT phenotype solely to UCP1 deletion in these animals. In ad-
dition, reduced ETC expression may be commonly associated
with decreased UCP1 levels more generally, which should be kept
in mind when studying genetic models with reduced BAT UCP1
expression. Notably, our findings reported here suggest that the re-
duced capacity of UCP1-KO BAT to activate oxidative metabolism
after adrenergic administration (cold or chemical) is due at least in
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part to reduced expression of the ETC, and not solely to lack of
UCP1-mediated uncoupling.

Examination of calcium sensitivity of BAT mitochondria with
and without UCP1 adds further evidence supporting the rele-
vance of the mechanisms of ROS production in BAT. Previous
studies comparing ROS production between WT and UCP1-KO
BAT mitochondria when using G3P as a respiratory substrate
have indicated either comparable (8) or enhanced (6, 7) levels.
Importantly, G3P-mediated mitochondrial energization can
drive ROS production by RET or from mitochondrial G3P de-
hydrogenase (GPD?2) itself (7, 30). Moreover, GPD2 appears to
have the capacity to produce ROS in the mitochondrial in-
termembrane space (30, 41, 45), as opposed to complex I, which
produces superoxide in the mitochondrial matrix (12). This
compartmentalization of ROS production is a plausible ex-
planation for the sensitivity of UCP1-KO mitochondria to
succinate-mediated ROS production, which drives superoxide
production principally through complex I (12). Because G3P-
mediated ROS production can drive ROS independently of
complex 1 (i.e., at GPD2 itself) (7, 30, 41), our data suggest that
complex I-mediated ROS production by RET is a major con-
tributor to mitochondrial dysfunction in UCP1-KO BAT. This
interpretation is in line with the recognized importance of ROS
originating in the mitochondrial matrix supporting permeability
transition (46, 47). Interestingly, GPD2 abundance was unaltered
in UCP1-KO BAT (Dataset S1), suggesting that in the absence of
UCP1, G3P-mediated electron flux to coenzyme Q is maintained.
Previous investigations have noted quantitatively different effects
of G3P-driven ROS production in BAT mitochondria between
WT and UCP1-KO animals (6-8). Considering our findings, these
discrepancies may be predictive of differential mitochondrial adap-
tation in different UCP1-KO mice colonies to mitigate ROS sensi-
tivity owing to a genetic absence of UCP1. Such differences might be
expected to arise on congenic (i.e., C57BL/6J and 129/SvImJ)
backgrounds, which are particularly sensitive to the ablation of
UCP1 (48) and thus may be prone to selection against enhanced
ROS production, depending on breeding strategy. More generally,
the functional effects that arise from distinct ROS sites in BAT on
thermogenesis is an interesting avenue for future research.

The data presented herein indicate that mice genetically
lacking UCP1 exhibit a plethora of acquired features that extend
substantially beyond the deletion of UCP1 itself. These defects,
such as the striking reduction of mitochondrial ETC compo-
nents, should be considered when using this mouse model to
study UCP1 function. Nonetheless, this model may have utility
for examining the general features of mitochondrial dysfunction;
for example, the molecular processes regulating the discordance
between ETC protein and mRNA abundance in cold-exposed
UCP1-KO animals may be an appropriate model for studying the
fundamental mechanisms of mitochondrial proteostasis.

Materials and Methods

Animals. Mice were housed at 23 °C under a 12-h light/dark cycle with free
access to food and water. All experiments used matched littermates. UCP1-
KO mice and littermate UCP1-WT controls were generated by breeding
heterozygous male and female (B6.129-Ucp1tm1Kz/J) mice as described
previously (49). All animal experiments were performed in accordance with
procedures approved by the Institutional Animal Care and Use Committee of
the Beth Israel Deaconess Medical Center.

Mitochondrial Purification. BAT mitochondria were isolated as reported
previously (17).

Measurement of Mitochondrial Ca?* Uptake Capacity and Membrane Potential.
The measurement of these parameters was performed simultaneously on a
multichannel dye fluorimeter (C&L Instruments). The mitochondrial membrane
potential (AW) was estimated by measuring changes in the fluorescence in-
tensity of TMRM (60 nM; Molecular Probes) at excitation and emission
wavelengths of 543 and 590 nm, respectively. Mitochondrial Ca®* fluxes
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were measured as changes in extramitochondrial [Ca%*], which were fol-

lowed by monitoring the fluorescence intensity of Calcium Green-5N
(125 nM; Molecular Probes) at excitation and emission wavelengths of 482 and
535 nm, respectively. Mitochondria were challenged with single or multiple Ca®*
additions. Mitochondrial calcium retention capacity was determined as the
amount of Ca®* sequestered by mitochondria without incurring depolarization.
Fluorimeter-based data were analyzed using Origin 8.0 (OriginLab).

Succinate + MitoQ. Mitochondria were added to buffer containing succinate
(5 mM), followed by the addition of MitoQ (100 nM) and then GDP (1 mM).
The mitochondria were challenged with calcium (15 pM) every 2 min until
depolarization occurred.

Brown Fat Mitochondrial Calcium Uptake and Membrane Potential. Mito-
chondrial calcium uptake and membrane potential were monitored using a
fluorescent spectrophotometer (C&L Instruments). Brown fat mitochondria
were added to buffer (62.5 mM KCl, 5 mM Hepes pH 7.4, 0.1% BSA, 6 uM
EDTA, 2 mM KH,PO,4, 60 nM Calcium Green, and 1 uM TMRM). Mitochondria
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Statistical Analysis. Data are presented as mean + SEM. The unpaired two-
tailed Student’s t test and two-way ANOVA were used to determine statis-
tical differences, with P < 0.05 considered to indicate statistical significance.
Additional materials and methods can be found in S/ Materials and Methods.
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