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SUMMARY

Cold and other environmental factors induce
‘‘browning’’ of white fat depots—development of
beige adipocytes with morphological and functional
resemblance to brown fat. Similar to brown fat, beige
adipocytes are assumed to express mitochondrial
uncoupling protein 1 (UCP1) and are thermogenic
due to the UCP1-mediated H+ leak across the inner
mitochondrial membrane. However, this assumption
has never been tested directly. Herein we patch
clamped the inner mitochondrial membrane of beige
and brown fat to provide a direct comparison of their
thermogenic H+ leak (IH). All inguinal beige adipo-
cytes had robust UCP1-dependent IH comparable
to brown fat, but it was about three times less
sensitive to purine nucleotide inhibition. Strikingly,
only �15% of epididymal beige adipocytes had IH,
while in the rest UCP1-dependent IH was undetect-
able. Despite the absence of UCP1 in the majority
of epididymal beige adipocytes, these cells employ
prominent creatine cycling as a UCP1-independent
thermogenic mechanism.

INTRODUCTION

Brown fat thermogenesis has emerged as a promising target to

combat the metabolic syndrome (Betz and Enerb€ack, 2015;

Cypess et al., 2009, 2015; van Marken Lichtenbelt et al., 2009;

Virtanen et al., 2009). Heat production in brown adipocytes de-

pends on the H+ leak across the inner mitochondrial membrane,

mediated by uncoupling protein 1 (UCP1). White fat also con-

tains diffuse islands of UCP1-expressing adipocytes, and the

number of these cells is significantly increased by cold adapta-

tion or injection of b3-adrenergic agonists (Cousin et al., 1992;

Granneman et al., 2005; Guerra et al., 1998; Himms-Hagen
C

et al., 2000; Kozak et al., 2010; Loncar et al., 1988; Wu et al.,

2012, 2013). The overall morphology of these UCP1-expressing

cells is comparable to brown adipocytes: they have numerous

mitochondria and are multilocular. This is in contrast to the low

mitochondrial abundance and unilocularity of white adipocytes.

Due to themorphological similarity to brown fat, these UCP1-ex-

pressing cells were termed ‘‘beige’’ or ‘‘brite’’ adipocytes (Wal-

dén et al., 2012; Wu et al., 2012). Despite their morphological

and functional similarities, beige and brown adipocytes have

clearly distinct developmental origins (Long et al., 2014; Rosen

and Spiegelman, 2014; Seale et al., 2008). Interestingly, brown

adipose tissue of adult humans contains a significant population

of cells with a beige adiposemolecular signature, and these cells

could prevent obesity and type II diabetes (Jespersen et al.,

2013; Lee et al., 2014; Lidell et al., 2013; Sharp et al., 2012; Shi-

noda et al., 2015; Wu et al., 2012).

There is a general agreement that all beige adipocytes are

capable of UCP1-dependent thermogenesis, and UCP1 is uni-

versally used as a marker of beige adipocytes. However, the ev-

idence for UCP1-dependent thermogenesis in beige adipocytes

came primarily from experiments using subcutaneous (inguinal)

adipose tissue (Shabalina et al., 2013). In contrast, only a small

fraction of beige adipocytes of abdominal white fat depots,

such as epididymal and retroperitoneal, may express UCP1

(Himms-Hagen et al., 2000; Loncar et al., 1988), and this phe-

nomenon has never been adequately addressed. Moreover,

beige adipocytes seem to use alternative UCP1-independent

thermogenic mechanisms, as demonstrated in UCP1�/� mice

(Granneman et al., 2003; Ukropec et al., 2006). Creatine-depen-

dent ADP/ATP substrate cycling has recently been illustrated to

serve as a thermogenic pathway in inguinal beige adipocytes

that co-exists with classic UCP1-dependent thermogenesis

(Kazak et al., 2015). Thus, the molecular mechanisms of thermo-

genesis in beige fat require further exploration.

UCP1-dependent H+ leak current (IH) across the inner mito-

chondrial membrane (IMM) short-circuits the mitochondrial

voltage (DJ) and allows brown fat mitochondria to generate

heat at the expense of ATP production. Until recently, there

were no methods for direct IH measurement, which severely
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limited our understanding of the molecular mechanisms of mito-

chondrial thermogenesis. Recently, we directly measured and

characterized UCP1-dependent IH in the interscapular brown

fat using the patch-clamp technique (Fedorenko et al., 2012).

Classic studies from the 1970s demonstrated that UCP1-depen-

dent thermogenesis is activated by long-chain fatty acids (FAs)

and that UCP1 activity is equivalent to transport of H+ across

the IMM (Nicholls and Locke, 1984). However, the mechanism

of FA-dependent UCP1 operation had remained elusive (Cannon

and Nedergaard, 2004). By directly recording UCP1 currents

across the whole IMM of brown fat, we found that FA anions

(FA�) activate UCP1 by serving as its transport substrates, and

UCP1 operates as an unusual FA�/H+ symporter (Fedorenko

et al., 2012). However, in contrast to short-chain FA�, physiolog-
ically relevant long-chain FA� cannot dissociate from UCP1 due

to strong hydrophobic interactions established by their carbon

tails and thus serve as continuously attached substrates. There-

fore, in the presence of long-chain FAs, UCP1 effectively oper-

ates as an FA-activated H+ carrier (Bertholet and Kirichok,

2017). We also demonstrated that in addition to their transport

function, long-chain FAs competitively release tonic inhibition

of UCP1 by cytosolic purine nucleotides. Finally, although

classic studies postulated that UCP1 is activated by long-chain

FAs released by hydrolysis of cytoplasmic lipid droplets (trig-

gered by b3-adrenergic receptor activation), we discovered

that UCP1 can also be controlled by FAs generated within the

IMM via phospholipid hydrolysis by a non-canonical Ca2+-inde-

pendent phospholipase A2 (PLA2) (Fedorenko et al., 2012).

Here we use mitochondrial patch clamping to compare IH
properties in interscapular brown fat and beige fat of two distinct

white fat depots: inguinal and epididymal. We demonstrate that

b3-adrenergic receptor stimulation (with the selective agonist

CL316.243, abbreviated ‘‘CL’’ here) leads to development of

beige adipocytes in both inguinal and epididymal fat, as indi-

cated by fragmentation of cytosolic lipid droplets, robust mito-

chondrial biogenesis, and upregulation of the thermogenic

gene program. However, while all new CL-induced inguinal

beige mitochondria exhibit UCP1-dependent IH similar to that

of brown fat, the large majority of newly formed epididymal beige

mitochondria (�85%) have no UCP1-dependent IH. Thus, in

contrast to the current belief that all beige adipocytes are

capable of UCP1-dependent thermogenesis, our data clearly

demonstrate the existence of UCP1-positive and UCP1-nega-

tive beige fat cells. UCP1-positive beige adipocytes, based on

the properties of their IH, appear to have similar potential for

UCP1-dependent thermogenesis as brown adipocytes, except

that their IH is less sensitive to inhibition by purine nucleotides.

Although UCP1-negative beige adipocyte mitochondria are

devoid of UCP1-dependent thermogenesis, they run robust cre-

atine-dependent substrate cycling (Kazak et al., 2015). This may

be the principal mechanism of thermogenesis employed by

UCP1-negative beige fat.

RESULTS

‘‘Browning’’ of Inguinal and Epididymal Fat after Chronic
b3-Adrenergic Receptor Stimulation
To induce beige adipocytes in white fat depots, we injectedmice

intraperitoneally with a selective b3-adrenergic receptor agonist
812 Cell Metabolism 25, 811–822, April 4, 2017
CL for 10 days. This procedure has previously been shown to

induce brown-like adipocytes in various white fat depots (Gran-

neman et al., 2003, 2005; Himms-Hagen et al., 2000). Histologi-

cal analysis showed strong remodeling in both inguinal and

epididymal depots (Figure 1A). This white fat transformation is

described as ‘‘browning,’’ and its most obvious morphological

characteristic is an increase in number and reduction in size of

cytoplasmic lipid droplets. Indeed, white adipocytes of vehicle-

treated mice were primarily unilocular (Figure 1A, left panels),

while CL treatment resulted in accumulation of multilocular

adipocytes (Figure 1A, right panels). Although the browning of

epididymal fat was not as strong as that of inguinal fat, it was

clearly distinguishable from vehicle-treated fat with the appear-

ance of lipid droplet multilocularity (Figure 1A).

Another key parameter used to describe the browning of white

fat is mitochondrial biogenesis. Robust mitochondrial biogen-

esis was detected by the increased abundance of the transcrip-

tional coactivator PGC1a (a key regulator of mitochondrial

biogenesis); the mitochondrial respiratory chain protein COX

IV; and a component of themitochondrial protein import machin-

ery, TOM20, in both inguinal and epididymal depots after CL

injection (Figures 1B–1D). Interestingly, while UCP1 protein

expression was induced in the inguinal fat upon CL injection, it

was undetectable in epididymal fat (Figures 1B–1D). The inter-

scapular brown fat did not show any significant change in the

expression level of these proteins (Figure S1A).

Interestingly, UCP1 appeared non-essential for the process of

browning because robust mitochondrial biogenesis, as judged

by PGC1a, COX IV, and TOM20 expression, was observed in

both epididymal and inguinal depots of UCP1�/� mice (Figures

S1C and S1D). Similar to wild-type (WT) mice, CL injection did

not induce mitochondrial biogenesis in interscapular brown fat

of UCP1�/� mice (Figure S1B).

Finally, we assessed induction of the thermogenic program in

both inguinal and epididymal fat by examining relative mRNA

levels for Cidea, Dio2, Prdm16, Ucp1, and Pgc1a. CL injection

highly increased the expression levels of Cidea, Dio2, and

Ucp1 in both tissues (Figure S2). Interestingly, although in

epididymal fat UCP1 protein was undetectable with western

blot in both control and CL-injected mice (Figures 1B and 1D),

CL injection caused a dramatic increase in Ucp1 mRNA (Fig-

ure S2). Thus, thermogenic gene profiling further confirmed the

induction of browning in both epididymal and inguinal fat.

Direct Measurement of Mitochondrial H+ Leak in Beige
Adipocytes: UCP1-Positive and UCP1-Negative Cells
Wenext applied the patch-clamp technique to the vesicles of the

whole IMM (mitoplasts) (Fedorenko et al., 2012; Fieni et al., 2012)

isolated from inguinal and epididymal beige fat mitochondria to

directly measure H+ currents carried by UCP1. Our standard

mitochondrial isolation protocol produced no mitochondria

from inguinal and epididymal fat of vehicle-treated mice (due

to the very low amount of mitochondria in white fat). However,

we isolated significant amounts of mitochondria from both tis-

sues of CL-injected animals, as was expected based on the

mitochondrial biogenesis (Figures 1B–1D). We next recorded

themitochondrial H+ leak (IH) across the whole IMM inmitoplasts

isolated from inguinal and epididymal fat of CL-injectedmice and

compared it to IH of other tissues, such as brown fat, heart, and
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Figure 1. Browning of Inguinal and Epidid-

ymal Fat Depots upon Chronic b3-Adrenergic

Receptor Stimulation

(A) Representative inguinal and epididymal fat

sections of mice treated with vehicle or CL316.243

compound were stained with hematoxylin and

eosin; scale bar, 100 mm. Amagnified view is shown

on the right corner of each picture; scale bar,

300 mm.

(B) Representative immunoblots showing the effect

of b3-adrenergic receptor stimulation on the protein

levels of Na+/K+ ATPase, PGC1a, UCP1, and COXIV

in inguinal fat (left) and epididymal fat (right). See

also Figures S1 and S2.

(C and D) PGC1a, TOM20, COX IV, and UCP1

protein levels in inguinal (C) and epididymal (D) fat,

based on the data presented in (B). Data shown as

mean ± SEM; n = 5–9. See also Figures S1 and S2.
skeletal muscle (Figure 2). IH was induced by application of a

voltage ramp from �160 mV (on the matrix side of the IMM as

compared to the cytosolic side) to +100 mV to cover all possible

physiological voltages across the IMM. The bath and pipette so-

lutions were formulated to record H+ currents and contained only

salts that dissociate into large anions and cations that are nor-

mally impermeant through ion channels or transporters.

All inguinal beige fat mitoplasts (n = 35) used in electrophys-

iological experiments had a large IH (Figures 2A and 2E),

similar to that observed in brown fat mitoplasts (Figures 2B

and 2E). IH in both inguinal beige fat and brown fat was in-

hibited by 1 mM of a classic UCP1 inhibitor guanosine diphos-

phate (GDP) and disappeared in UCP1�/� mice (Figures 2A

and 2B), clearly demonstrating that in both tissues IH was

mediated by UCP1.

In contrast, only about 15% (4 out of 27) of mitoplasts of

epididymal beige fat had large GDP-sensitive IH, while themajor-

ity of mitoplasts had nomeasurable H+ current (Figure 2C). Inter-
Cel
estingly, there were two clearly distinct

populations of epididymal beige fat mito-

plasts with no ‘‘intermediate’’ cases: (1)

having no UCP1 current and (2) having

UCP1-dependent IH with an amplitude

comparable to that found in brown and

inguinal fat mitoplasts (Figures 2C and

2E). As expected (given the fact that

UCP1 expression is limited to fat tissues),

under the same conditions IH was unde-

tectable in mitoplasts isolated from heart

and skeletal muscle (Figure 2D). Although

IHwasmissing in the majority of mitoplasts

from epididymal beige fat as well as in all

mitoplasts from heart and skeletal muscle,

we recorded Cl� currents (likely carried by

the inner membrane anion channel, IMAC)

(Borecký et al., 1997) in all thesemitoplasts

as a positive control (Figure S3).

These experiments demonstrate that

all inguinal beige adipocytes have func-

tional UCP1 and thus can be classified
as UCP1 positive. In contrast, epididymal beige adipocytes

are clearly divided into two distinct subpopulations, UCP1

positive and UCP1 negative. To gain insight into spatial distri-

bution of UCP1-positive and UCP1-negative beige adipocytes

in inguinal and epididymal fat, we performed immunohisto-

chemical analyses of both tissues. Mitochondrial immuno-

staining in slices of inguinal and epididymal fat revealed an

increase of mitochondrial biomass after CL treatment in both

tissues (Figures 3 and S4), which was in agreement with

western blot analysis for markers of mitochondrial biogenesis

(Figures 1B–1D). However, UCP1 protein expression differed

dramatically between the two tissues. In control mice, inguinal

depot UCP1 was largely undetectable, while CL injection

made virtually all cells in this depot UCP1 positive (Figures

3A, 3C, and S4A). In contrast, in the epididymal fat depot CL

treatment only produced isolated islands of UCP1-positive ad-

ipocytes, while the majority of mitochondria-rich beige adipo-

cytes were UCP1 negative (Figures 3B, 3D, and S4B). These
l Metabolism 25, 811–822, April 4, 2017 813
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Figure 2. Mitochondrial IH in Beige Adipo-

cytes of Inguinal and Epididymal Fat as

Compared to Other Tissues

(A) Representative IH recorded from inguinal beige

fat mitoplasts isolated from WT (upper panel) and

UCP1�/� mice (lower panel). IH traces are shown

before (control, black) and after (red) the addition of

1 mMGDP to the bath solution. The voltage protocol

is indicated at the top.

(B) Representative IH recorded from brown fat

mitoplasts isolated from WT (upper panel) and

UCP1�/� mice (lower panel). IH traces are shown

before (control, black) and after (red) the addition of

1 mM GDP to the bath solution.

(C) Representative IH recorded from two distinct

types of epididymal beige fat mitoplasts isolated

from WT mice: UCP1 positive (upper panel) and

UCP1 negative (lower panel). IH traces are shown

before (control, red) and after (black) the addition of

1 mM GDP to the bath solution.

(D) Representative IH recorded from mitoplasts iso-

lated from skeletal muscle (upper panel) and heart

(lower panel). IH traces are shown before (control,

black) and after (red) the addition of 1mMGDP to the

bath solution.

(E) Bar graph showing average IH current density in

inguinal beige fat (Ing), brown fat (BAT), heart, skel-

etal muscle (SM), and two distinct types of beige

adipocyte from epididymal beige fat (UCP1 negative

[Epi1] and positive [Epi2]). Data shown as mean ±

SEM. See also Figure S3.
results are in agreement with electrophysiological data (Fig-

ure 2) and confirm the existence of two populations of beige

adipocytes in epididymal fat, UCP1 positive and UCP1 nega-

tive. Despite the lack of UCP1 expression, the majority of

UCP1-negative adipocytes had robust OXPHOS immuno-

staining and multilocularity, the two key parameters used to

describe beige adipocytes (Figures 3B, 3D, and S4B). Interest-

ingly, UCP1-positive epididymal beige adipocytes appear to

be organized in clusters rather than being randomly spread

across the tissue. This suggests that UCP1-positive cells are

likely to originate from a few precursor cells and are not the

result of white adipocyte interconversion.

Mitochondrial size can be indicative of the thermogenic

capacity of a fat cell, with brown adipocyte mitochondria being

fragmented and round (especially upon norepinephrine stimula-

tion), while white fat mitochondria appear larger and filamentous

(Cinti, 2009; Wikstrom et al., 2014). Interestingly, the average

size of mitochondria in UCP1-negative and UCP1-positve

epididymal adipocytes was similar (Figure S5), which further

argues for the morphological and functional similarity of

these cells.

There are two outstanding questions regarding the molecular

mechanism of mitochondrial thermogenesis in UCP1-positive

and UCP1-negative beige adipocytes: (1) Although UCP1-posi-

tive adipocytes have UCP1-dependent H+ leak, are the proper-
814 Cell Metabolism 25, 811–822, April 4, 2017
ties of this leak identical to those of classic

brown fat? (2) Do UCP1-negative beige

adipocytes possess an alternative mecha-

nism for mitochondrial thermogenesis?
We addressed these two questions with the experiments pre-

sented below.

The Mechanism by Which FAs Control H+ Current
through UCP1 Is Identical in Beige and Brown Fat
UCP1 is a brown fat-specific transport protein of the IMM that

belongs to the superfamily of mitochondrial solute carriers

SLC25 (Nicholls and Locke, 1984; Palmieri, 2004). UCP1 in-

creases H+ conductance of the IMM to short-circuit mitochon-

drial voltage and make brown fat mitochondria produce heat

rather than ATP. UCP1 has two principal physiological regula-

tors: free FAs that activate H+ current via UCP1 and purine

nucleotides that inhibit it. There has been a long-standing debate

regarding the mechanism by which FAs and purine nucleotides

exert their control over UCP1 (Cannon and Nedergaard, 2004).

Regarding FAs, opinions put forward by different research

groups range widely from the ideas that FAs are absolutely

required for the H+ transport ability of UCP1 (Garlid et al.,

2000; Klingenberg and Huang, 1999) to the notion that UCP1 is

a constitutively active H+ carrier and FAs are only needed to

competitively remove purine nucleotide inhibition (Shabalina

et al., 2004). The primary reason why the mechanism of FA-de-

pendent UCP1 operation remained elusive was the lack of direct

methods to study UCP1. By directly measuring UCP1-depen-

dent H+ leak in brown fat using the mitochondrial patch-clamp
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epididymal fat (D). Representative UCP1-positive

(right) and UCP1-negative (left) beige adipocytes of

epididymal fat are shown by white circles.
technique, we have recently gained insight into the FA-depen-

dent mechanism of UCP1 operation (Bertholet and Kirichok,

2017; Fedorenko et al., 2012). Here we use the same approach

to determine FA dependence of beige fat UCP1. Since brown

and beige adipocytes have different developmental origins (Wu

et al., 2012) and represent two distinct cell types, beige fat mito-

chondria may present a different environment for UCP1, which

can modify its functional properties.

To compare the biophysical properties of IH between UCP1-

positive beige and interscapular brown fat, we used mitoplasts

isolated from inguinal beige adipocytes, as they are much

more abundant than UCP1-positive beige adipocytes of epidid-

ymal fat.

Similar to brown fat UCP1 (Fedorenko et al., 2012), UCP1-

dependent beige fat IHwas observed immediately after breaking

in to the mitoplast (Figure 4A control trace, as well as control

traces in Figures 2A and 2B, upper panels) and appeared to be

constitutively active, similar to what was suggested previously

(Shabalina et al., 2004). However, UCP1 was not constitutively

active because addition of methyl-b-cyclodextrin (MbCD), which

binds FAs and extracts them from the membrane, led to com-

plete deactivation of IH (Figure 4A). After extraction of endoge-

nous FAs with MbCD and complete IH deactivation, the current

could be reactivated by addition of 1.5 mM arachidonic acid.

These results exactly replicate our previous data using brown

fat mitoplasts (Fedorenko et al., 2012), and demonstrate that

FAs are required for UCP1-dependent IH and that the IMM con-

tains endogenous FAs that activate UCP1.

In the case of brown fat, we demonstrated that after depletion

of endogenous FAs from the IMM using cyclodextrins, mem-

brane FAs are rapidly regenerated upon cyclodextrin removal
Ce
from the recording solution (Fedorenko

et al., 2012). This FA production was likely

due to the activity of phospholipase A2

(PLA2) associated with the IMM (Fedor-

enko et al., 2012). Interestingly, similar

robust PLA2-like activity was present within

the IMM of inguinal beige fat. Indeed, after

removal of endogenous membrane FAs

and complete deactivation of UCP1 with

MbCD, the subsequent removal of MbCD

led to reactivation of the UCP1 current,

indicating FA regeneration within the IMM

(Figure 4B). This suggests that similar to
brown fat, UCP1 activity in beige fat may be affected not only

by FAs originating from cytoplasmic lipid droplets (Cannon and

Nedergaard, 2004) but also by FAs produced within the IMM.

In the experiments shown in Figure 2, we compared ther-

mogenic capacities of beige and brown fat mitochondria by

measuring the amplitude of UCP1-dependent IH in both tissues

(Figures 2A, 2B, and 2E). However, the IH amplitude in this com-

parison could be affected by different amounts of endogenous

FAs present within the IMM of beige and brown fat. Therefore,

to eliminate the effect of endogenous FAs (which can be different

in beige and brown fat), we applied exogenous FAs on the back-

ground of MbCD (10 mM MbCD mixed with 0.5 mM oleic acid,

OA) to directly compare IH of beige and brown fat mitoplasts in

the presence of the same amount of activating exogenous

FAs. Under these conditions, the difference in the IH amplitude

between brown and beige fat was even smaller (Figures 4C

and 4D) than observed under conditions when UCP1 was acti-

vated by endogenous FAs (Figures 2A, 2B, and 2E). These

data demonstrate that the thermogenic potential of UCP1-posi-

tive mitochondria from beige and brown fat is similar.

We have previously shown that brown fat UCP1 operates as

an FA�/H+ cotransporter (Fedorenko et al., 2012). Interestingly,

in contrast to short-chain FA� that are transported by UCP1

across the membrane, long-chain FA� cannot dissociate from

UCP1 due to strong hydrophobic interactions but move within

the UCP1 translocation pathway, triggering H+ transport (Ber-

tholet and Kirichok, 2017; Fedorenko et al., 2012). Therefore, in

the presence of long-chain FAs (the only physiologically relevant

FA activators), FA anion current is not observed and UCP1 effec-

tively operates as an FA-activated H+ carrier (Fedorenko et al.,

2012) (Figure S7).
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A

C D

E

B Figure 4. FA Dependence of Beige Fat

UCP1

(A) IH (control, red) is deactivated by 10 mMMbCD

and reactivated by 1.5 mM arachidonic acid (AA,

blue) at pH 7. The voltage protocol is indicated at

the top.

(B) Left panel: representative time course of IH
amplitude in control (1), and upon the application

(2) and subsequent washout (3) of 10mMMbCD at

pH 8.0. Right panel: IH traces recorded at times 1,

2, and 3 as indicated in the left panel.

(C) Representative IH upon extraction of endoge-

nous long-chain FAs with 10 mM MbCD (black)

and after application of 0.5 mM OA mixed with

10 mM MbCD (red). The experiment was per-

formed in brown fat (left panel) and inguinal beige

fat (right panel).

(D) Bar graph showing average IH current density

in inguinal beige fat (ING) and brown fat (BAT)

based on the experiments shown in (C). Data

shown as mean ± SEM.

(E) Representative IH recorded after the extraction

of endogenous membrane FAs with 10 mMMbCD

(control, black), after subsequent application of

the indicated concentration of Cn-sulfonate (red),

and upon adding 1mMGDP (blue), at symmetrical

pH 6.0. The structure of the activating Cn-sulfo-

nate is shown near the currents induced: arach-

idonyl sulfonate (C20, left panel) and hexanesul-

fonate (C6, right panel). See also Figure S7.
FA� currents through UCP1 can be observed in isolation from

H+ currents by using low-pKa FA analogs that cannot be proton-

ated and are always negatively charged in a physiological pH

range (Fedorenko et al., 2012). Long-chain low-pKa FA� induce

transient UCP1 currents due to their inability to dissociate from

UCP1 because of hydrophobic interactions (Figure S7B), while

short-chain low-pKa FAs that establish much weaker hydropho-

bic interactions are carried by UCP1 across the membrane (Fig-

ure S7A). We found that beige fat UCP1 operates in the same

manner. Arachidonyl sulfonate, a long-chain low-pKa FA analog,

induced GDP-sensitive transient currents in beige fat mitoplasts

(Figure 4E, left panel). In contrast, C6-sulfonate, a low-pKa short

chain FA analog, is simply transported by UCP1 across the

membrane (Figure 4E, right panel). Thus, beige fat UCP1 trans-

ports FA� in the same way as brown fat UCP1.

Beige Fat UCP1 Is Less Sensitive to Purine Nucleotide
Inhibition than Brown Fat UCP1
Two principal physiological regulators of UCP1 act in op-

position: FAs and Mg2+-free purine nucleotides. In vivo, UCP1

is tonically inhibited by cytosolic purine nucleotides (mainly

ATP4�), and FAs have to overcome this purine nucleotide inhibi-

tion to activate H+ leak via UCP1 (Nicholls, 2006; Nicholls and

Lindberg, 1973). However, whether FAs remove purine nucleo-
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tide inhibition by direct competition has

remained controversial (Huang, 2003;

Klingenberg, 2010; Nicholls, 2006; Rial

et al., 1983; Shabalina et al., 2004; Win-

kler and Klingenberg, 1994). We have

demonstrated that similar to purine nu-
cleotides, long-chain FAs can only bind to UCP1 on the

cytosolic face of the IMM and there is apparent competition

between long-chain FAs and purine nucleotides for binding to

UCP1 (Fedorenko et al., 2012). This suggests that FAs compet-

itively remove purine nucleotide inhibition, and the transport site

where FAs bind may partially overlap with the inhibitory purine

nucleotide binding site. Thus, the role of purine nucleotides is

to increase the threshold for FA binding to its transport site to

insure that UCP1 H+ leak is not activated by low background

concentrations of FAs.

To compare affinities of purine nucleotide binding to UCP1 of

beige and brown fat, we activated UCP1-dependent IH in beige

and brown fat with the same FA concentration and determined

affinities with which cytosolic ATP4� inhibited brown and beige

fat IH (Figure 5). To eliminate the effect of endogenousmembrane

FAs and achieve precise control over FA concentration, IH was

activated with exogenous OA applied on a background of

10 mM MbCD (see above). Interestingly, under these conditions

beige fat UCP1 appeared to have about three times lower affinity

for ATP than brown fat UCP1. In beige fat, IH activated by 0.5mM

OA/10 mM MbCD was inhibited by ATP with an IC50 of 20.5 ±

1.4 mM, whereas the IC50 in brown fat was 7.5 ± 1.4 mM (Fig-

ure 5). Thus, we conclude that brown and beige fat UCP1 have

different affinities for purine nucleotide binding.



A B

Figure 5. Inhibition of UCP1 by Purine Nucleotides in Brown and Beige Fat

(A) The dose dependence of IH inhibition by ATP4� in brown (red) and beige fat (blue). Current amplitudes were measured upon stepping from 0 to �160 mV;

see (B).

(B) Representative IH traces in various concentrations of ATP4� on the cytosolic face of the IMM. Brown (left panel) and beige (right panel) are shown. IH was

activated with 0.5 mM oleic acid (OA) mixed with 10 mM MbCD.

± SEM, n = 5.
Beige and Brown Fat Mitochondria Have Distinct
OXPHOS Profiles
Based on electrophysiological analysis of UCP1 currents,

mitochondria of inguinal beige fat appear to be similar to mito-

chondria of classic brown fat (except for lower sensitivity of

beige fat UCP1 to cytosolic ATP4�). To further address whether

inguinal beige fat and brown fat mitochondria are similar in terms

of their bioenergetics, we compared expression profiles of the

respiratory chain complexes using western blot. This analysis

was performed specifically in mitochondria (not whole tissue)

isolated from beige and brown fat tissues of CL-injected mice

(Figure 6). The OXPHOS antibody cocktail allowed us to quantify

the expression level of the four complexes I to IV of the respira-

tory chain as well as the ATP synthase, and then to establish an

‘‘OXPHOS profile’’ of brown and beige fat mitochondria.

The OXPHOS profile of interscapular brown fat mitochondria

had three prominent bands: ATP synthase, complex II, and com-

plex IV (Figure 6B). In contrast, the most prominent band de-

tected in beige fat mitochondria (regardless of whether they

came from the inguinal or epididymal depot) was ATP synthase

(Figure 6A). Thus, the OXPHOS signatures of brown and beige

fat mitochondria are distinct.

It is well established that brown fat mitochondria have a low

amount of the ATP synthase, arguably to prioritize UCP1-depen-

dent thermogenesis over ATP synthesis (Cannon and Neder-

gaard, 2004). However, in contrast to brown fat, ATP synthase

was the dominant band in the OXPHOS profile of beige fat.

Indeed, the ratio of ATP synthase to complex II (Figure 6C, left

panel) or complex IV (Figure 6C, right panel) appeared to be

significantly higher in beige fat as compared to brown fat. Inter-

estingly, although the overall OXPHOS profile of beige fat mito-

chondria appeared similar regardless of the origin (inguinal or

epididymal), epididymal beige fat had a greater abundance of

ATP synthase as compared to inguinal fat.
Together, these data indicate that beige fat mitochondria,

regardless of whether they are UCP1 positive (inguinal) or

UCP1 negative (�85% of epididymal beige fat), have character-

istic OXPHOS profiles that differ significantly from the OXPHOS

profile of classic brown fat.

Creatine-Dependent Respiration in Epididymal
Beige Fat
Recently, a UCP1-independent thermogenic pathway that

relies on creatine-dependent substrate cycling has been

demonstrated in inguinal beige mitochondria (Kazak et al.,

2015). This alternative thermogenic mechanism appears to

utilize creatine-dependent futile cycling of ATP synthesis

and hydrolysis and thus depends on ATP synthase activity.

This cycle drives hydrolysis of a molar excess of ATP with

respect to creatine, resulting in a surplus of oxygen consump-

tion under ADP-limiting conditions. Creatine-dependent in-

crease in ADP-limited respiration was observed in inguinal

beige fat mitochondria following 1 week of cold exposure

(Kazak et al., 2015). Considering that epididymal beige mito-

chondria have a similar abundance of ATP synthase as

inguinal beige mitochondria, they possibly could exhibit this

activity following chronic CL administration. We therefore

examined the relationship between creatine and ADP-limiting

respiration in beige fat mitochondria isolated from the epidid-

ymal and inguinal adipose depots.

CKMT2 is the principal mitochondrial creatine kinase (CK)

isoform in thermogenic fat (Kazak et al., 2015), and is there-

fore thought to be involved in creatine-dependent substrate

cycling. The level of Ckmt2 mRNA was also significantly

upregulated in epididymal, but not inguinal, fat (Figures S6A

and S6B). However, CL injection caused a significant increase

in CKMT2 protein in both epididymal and inguinal fat

(Figures 7A and 7B). These data indicate that CKMT2 protein
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Brown fat Figure 6. Distinct OXPHOS Profiles of Brown

and Beige Fat Mitochondria

(A and B) Representative immunoblots showing

protein levels of five mitochondrial respiratory protein

complexes: NDUFB8 (complex I, CI), SDHA (com-

plex II, CII), core 2 subunit (complex III, CIII), CIV-I

subunit (complex IV, CIV), and ATP5 subunit alpha

(complex V, CV) along with the loading control

(TOM20) inmitochondria of beige (A) and brown (B) fat.

(C) Histograms representing the protein levels of ATP

synthase relative to the levels of complex II (left panel)

and complex IV (right panel), based on the data pre-

sented in (A) and (B). Data shown as mean ± SEM;

n = 5.
abundance is primarily regulated post-transcriptionally. Upon

CL injection, mitochondrial CK activity was similar in epidid-

ymal and inguinal fat (Figure 7C). Phospho1, a phosphatase

that may potentiate the creatine-driven substrate cycle

through the regulation of downstream high-energy phosphate

metabolism (Kazak et al., 2015), was also dramatically

increased at the mRNA level in both epididymal and inguinal

fat (Figures S6A and S6B). The mRNA levels of other proteins

involved in creatine metabolism, Ckmt1, Slc6a8, Gamt, and

Gatm, were also affected by CL injection, but the changes

were not consistent between epididymal and inguinal fat (Fig-

ures S6A and S6B).

To assess the activity of the creatine-driven substrate cycle,

following CL treatment, beige fat mitochondria were supple-

mented with pyruvate and malate in the presence of sub-satu-

rating levels of ADP (0.1 mM). Similar to what was previously

observed in inguinal beige mitochondria following cold expo-

sure (Kazak et al., 2015), addition of a sub-stoichiometric

concentration of creatine to these organelles resulted in activa-

tion of creatine-dependent respiration (Figures 7D and 7E, left

panels). We next examined the effect of creatine on oxygen

consumption in epididymal beige fat mitochondria following

CL treatment. Similar to inguinal beige mitochondria, creatine

also strongly stimulated respiration of epididymal beige mito-

chondria under ADP-limiting conditions (Figures 7D and 7E,

right panels).

On the basis of the mitochondrial phosphate/oxygen (P/O) ra-

tio (Watt et al., 2010), the molar excess of ADP phosphorylation

can be estimated from the oxygen consumption rate stimulated

by creatine addition. This calculation allows for stoichiometry

between excess ADP production and added creatine to be in-

ferred. Employing this analysis indicated that creatine drove a

molar excess liberation of ADP to a similar extent for inguinal

(18.45 ± 1.237) and epididymal (16.08 ± 1.24) beige mitochon-

dria. Thus, beige fat mitochondria from subcutaneous and

visceral depots have a similarly high capacity for creatine-

dependent substrate cycling.
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DISCUSSION

UCP1-Positive and UCP1-Negative
Beige Adipocytes
Herewe provided the first patch-clamp char-

acterization of the mitochondrial thermo-

genic H+ leak (IH) in beige adipocytes from
two distinct white fat depots: inguinal and epididymal. In contrast

to respirometry studies of the H+ leak, this method (1) measures

IH directly as H+ current across the IMM, with high amplitude and

time resolution; (2) fully controls transmembrane voltage and so-

lution composition on both sides of the IMM, thus allowing for IH
measurement under controlled conditions; and (3) measures IH in

a single mitochondrion (rather than averages over all mitochon-

dria present in the respiration chamber). Thus, a direct compar-

ison of individual mitochondria can be applied in the same or

different tissues (Fedorenko et al., 2012). Using this method,

we directly compared properties of IH in individual mitochondria

from beige fat, brown fat, heart, and skeletal muscle under iden-

tical conditions.

All tested mitochondria of inguinal beige fat had large UCP1-

dependent IH with the amplitude comparable to that of inter-

scapular brown fat (Figure 2). In contrast, only about 15% of

mitochondria of epididymal beige fat had UCP1-dependent IH.

IH was undetectable in the remaining 85% of epididymal beige

fat mitochondria, and in this respect they were identical to mito-

chondria of heart and skeletal muscle that express noUCP1 (Fig-

ure 2). Therefore, based on these electrophysiological data as

well as on immunocytochemistry experiments (Figures 3 and

S4), two distinct populations of beige fat cells can be identified,

either UCP1 positive or UCP1 negative.

We classify the UCP1-negative adipocytes as beige fat

because they are similar to classic UCP1-positive beige adipo-

cytes in several important ways. Multilocularity (Figure 1), robust

mitochondrial biogenesis (Figures 1 and 3), activation of thermo-

genic gene program (Figure S2), distinctive OXPHOS profile

(Figure 6), and creatine cycle (Figure 7) are the key similarities

between the UCP1-negative and UCP1-positive cells. Interest-

ingly, although UCP1 is not detectable on the protein level in

UCP1-negative adipocytes (Figures 1, 2, and 3), Ucp1 mRNA

is upregulated in these cells as compared towhite fat (Figure S2).

From all these data, it follows that the multilocular UCP1-nega-

tive cells are a type of a thermogenic beige adipocyte. In

contrast, when multilocular UCP1-negative cells are compared
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Figure 7. Creatine Stimulates Respiration in Inguinal and Epididymal Beige Fat Mitochondria

(A) Representative immunoblots showing the effect of b3-adrenergic receptor stimulation on the protein level of Na+/K+ ATPase and CKMT2 in epididymal fat

(upper panel) and inguinal fat (lower panel). See also Figure S6.

(B) Histograms representing the protein level of CKMT2 relative to the level of Na+/K+ ATPase in inguinal fat (left panel) and epididymal fat (right panel). Data shown

as mean ± SEM; n = 4.

(C) CK activity of inguinal fat (ING) and epididymal fat (EPI) mitochondria after b3-adrenergic receptor stimulation. Data shown as mean ± SEM; n = 6.

(D) Oxygen consumption by inguinal fat (left panel) and epididymal fat (right panel) mitochondria following treatment with vehicle or creatine (0.01 mM). Traces

exhibit oxygen consumption of mitochondria during state 4 and following the addition of a limiting amount of ADP (0.1 mM). Data shown as mean ± SEM; n = 7

separate mitochondrial preparations for inguinal and epididymal fat.

(E) The vehicle- and creatine-dependent oxygen consumption traces under ADP-limiting (0.1 mM) conditions are the same as those shown in (D), and are

compared to the oxygen consumption traces following addition of saturating amounts of ADP (1 mM). Data shown as mean ± SEM; n = 7 separate mitochondrial

preparations for inguinal and epididymal fat under ADP-limiting conditions. ADP saturating rates were obtained from two separate mitochondrial preparations.

(F) Creatine-dependent basal and ADP-limiting oxygen consumption rate (OCR) in inguinal and epididymal beige fat mitochondria. The OCR of vehicle-treated

beige fat mitochondria was subtracted from creatine-treated beige organelles. Data shown as mean ± SEM; n = 7 mitochondrial preparations for inguinal (left

panel) and epididymal (right panel) adipose each. These data were obtained from the raw O2 traces shown in (D).
to white adipocytes, striking differences in cytoplasmic lipid

droplet morphology, mitochondrial abundance, and thermo-

genic gene expression become obvious. Thus, multilocular
UCP1-negative adipocytes cannot be classified as white adipo-

cytes because with their thermogenic program they burn fat,

while white adipocytes by definition are a fat storage.
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Thus, we demonstrate the existence of a UCP1-negative ther-

mogenic cell within white fat depots. Because this type of adipo-

cyte does not express UCP1, it was previously overlooked as a

potential target for obesity treatment. A better understanding

of the thermogenic pathways employed by the UCP1-negative

beige fat cells, such as the creatine cycle, can help to develop

new approaches to the treatment of the metabolic syndrome.

This approach may be especially useful for reduction of visceral

fat depots, where UCP1 expression level is low.

UCP1-Dependent Thermogenesis in Beige Fat
UCP1-positive beige adipocytes, based solely on the amplitude

of UCP1 current in these cells as compared to brown fat (Figures

2 and 4), appear to have a thermogenic potential similar to that of

brown fat. However, functional properties of beige and brown fat

UCP1 are not identical. There are two principal physiological

regulators of UCP1: FAs and Mg2+-free purine nucleotides. As

far as FAs are concerned, we found beige and brown fat

UCP1 to be indistinguishable: (1) in both tissues FAs are

required for H+ current via UCP1 and serve as UCP1 transport

substrates, (2) the amplitude of the FA-dependent IH via UCP1

is comparable between beige and brown fat, and (3) the IMM

of both beige and brown fat has PLA2 activity that generates

FA and can contribute to UCP1 activation along with FAs

derived from the hydrolysis of cytoplasmic lipid droplets. In

contrast, purine nucleotides inhibit beige fat UCP1 with �three

times higher IC50 as compared to brown fat (Figure 5). This indi-

cates that FAs would overcome purine nucleotide inhibition to

activate UCP1-dependent thermogenesis more easily in beige

fat compared to brown fat. Presently, it would be difficult to

assess the physiological significance of this phenomenon or to

explain its molecular mechanism. However, we can hypothesize

that beige fat UCP1 must have a lower affinity for ATP due to a

potentially higher level of local ATP concentration in the mito-

chondrial intermembrane space associated with a greater abun-

dance of ATP synthase expression than brown fat (Figure 6).

One possible explanation for the different affinities of brown

and beige fat UCP1 for purine nucleotides could be different lipid

compositions of the IMM of beige and brown fat, such as

variations in the cardiolipin concentration. Cardiolipin binds to

UCP1 (Lee et al., 2015) and has been shown to affect purine

nucleotide binding to UCP1 (Klingenberg, 2010). Alternatively,

it has recently been demonstrated that cysteine oxidation state

regulates sensitivity to activation of UCP1-dependent respira-

tion upon adrenergic stimulus in brown adipose tissue and

brown adipocytes (Chouchani et al., 2016). Since this activation

depends on release of inhibitory purine nucleotide binding of

UCP1, the difference in binding between beige and brown fat

observed herein could be explained by a potentially different

oxidative state of beige and brown fat mitochondria. However,

the actual mechanism behind the different affinities of brown

and beige fat UCP1 for purine nucleotides remains to be

established.

Creatine-Driven Thermogenesis in Beige Fat
We demonstrate that regardless of UCP1 expression, creatine-

driven respiration is a distinctive feature of beige adipocytes

and can, in principle, be used along with mitochondrial biogen-

esis and multilocularity of lipid droplets to distinguish beige adi-
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pocytes. In UCP1-positive inguinal beige adipocytes, this type of

thermogenesis co-exists with classic UCP1-dependent thermo-

genesis (Kazak et al., 2015), while in UCP1-negative beige adipo-

cytes it is the only mechanism of mitochondrial thermogenesis

illustrated so far (Figures 7 and S6). Interestingly, in contrast

to UCP1-dependent thermogenesis, creatine-driven thermo-

genesis is unlikely to be activated by b3-adrenergic receptor

stimulation on the acute basis. Rather, once beige adipocytes

are generated via chronic b3-adrenergic stimulation, creatine-

driven thermogenesis in these cells would contribute to the basal

metabolic rate. Thus, creatine-driven thermogenesis and UCP1-

dependent thermogenesis of beige fat are non-redundant and

should vary in their regulatory mechanisms and physiological

roles. UCP1-negative beige adipocytes, where creatine cycle

is the only thermogenic mechanism, appear to be incapable of

fast adaptive thermogenesis and may rather be responsible for

slow modulation of the basal metabolic rate of white fat depots

depending on the tonic level of norepinephrine.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal against UCP1 Abcam ab10983; RRID: AB_2241462

Mouse monoclonal against OXPHOS MitoProfile Abcam ab110413; RRID: AB_2629281

Rabbit polyclonal against PGC1a Abcam ab54481; RRID: AB_881987

Mouse monoclonal against HSP60 Cayman 10011430; RRID: AB_10342684

Mouse monoclonal against COX IV Abcam ab33985; RRID: AB_879754

Rabbit monoclonal against Sodium-Potassium ATPase Abcam ab76020; RRID: AB_1310695

Rabbit polyclonal against TOM20 Santa Cruz sc-11415; RRID: AB_2207533

Rabbit polyclonal against CKMT2 Abcam ab71722; RRID: AB_1268273

Chemicals, Peptides, and Recombinant Proteins

CL 316.243 hydrate Sigma-Aldrich Cat# C5976

Sucrose BioXtra Sigma-Aldrich Cat# S7903

HEPES BioXtra Sigma-Aldrich Cat# H7523

Ethylene glycol-bis(2-aminoethylether)-N,N,N0,
N0-tetraacetic acid (EGTA)

Sigma-Aldrich Cat# 03780

Trizma base Sigma-Aldrich Cat# T1503

D-Mannitol Sigma-Aldrich Cat# M4125

Potassium chloride Sigma-Aldrich Cat# 60128

EmbryoMax 0.1% Gelatin Solution Emd Millipore Cat# ES-006-B

Tetramethylammonium hydroxide solution Sigma-Aldrich Cat# 87729

Magnesium chloride Sigma-Aldrich Cat# 63068

D-Gluconic acid solution Sigma-Aldrich Cat# G1951

MES monohydrate Sigma-Aldrich Cat# 69892

Guanosine 50-diphosphate tris salt from Saccharomyces

cerevisiae

Sigma-Aldrich Cat# G7252

Adenosine 50-triphosphate disodium salt hydrate Sigma-Aldrich Cat# A6419

Oleic acid Sigma-Aldrich Cat# O1008

Methyl-b-cyclodextrin Sigma-Aldrich Cat# C4555

Sodium 1-hexanesulfonate monohydrate Sigma-Aldrich Cat# 52862

Arachidonic Acid sulfonate (sodium salt) Cayman Chemical Cat# 9001886

Formalin Solution, 10% (Histological) Fisher Scientific Cat# SF98-4

Ethanol, Pure, 200 Proof (100%) Koptec Cat# 64-17-5

Sodium Citrate Dihydrate, Fisher BioReagents Fisher Bioreagents Cat# BP327-1

Trito X-100 Sigma-Aldrich Cat# T9284

TWEEN 20 Sigma-Aldrich Cat# P7949

IGEPAL CA-630 Sigma-Aldrich Cat# I8896

10% SDS Solution Biorad Cat# 1610416

Sodium deoxycholate Sigma-Aldrich Cat# D6750

Sodium chloride Sigma-Aldrich Cat# S7653

EDTA Tecknova Cat# E0306

Tris Buffer UBS Cat# 77514

cOmplet, Mini Protease Inhibitor Cocktail Roche Cat# 11836153001

QIAzol Lysis Reagent QIAGEN Cat# 79306

Sodium Pyruvate Sigma-Aldrich Cat# P5280

L-(�)-Malic acid Sigma-Aldrich Cat# M1000

Creatine monohydrate Sigma-Aldrich Cat# C3630

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bovine Serum Albumin Sigma-Aldrich Cat# 6003

Adenosine 50-diphosphate sodium salt Sigma-Aldrich Cat# A2754

Critical Commercial Assays

XFe24 Extracellular Flux Analyzer SeaHorse Bioscience http://www.agilent.com/en-us/promotions/

xftechnologyoverview

Creatine Kinase Activity Assay Kit Sigma-Aldrich Cat# MAK116

RNeasy Mini Kit QIAGEN Cat# 74104

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368813

SYBR GreenE qPCR SuperMix Universal Thermo Fisher Scientific Cat# 11762500

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory JAX:000664

Mouse: B6.129-Ucp1tm1Kz/J The Jackson Laboratory JAX: 003124

Oligonucleotides

Mouse qRT-PCR Primer Sequences Different sources See table in Gene expression analysis section

Software and Algorithms

PClamp 10 Molecular Devices https://www.moleculardevices.com/systems/

conventional-patch-clamp/pclamp-10-software

Origin 7.5 OriginLab http://www.originlab.com/

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/

ImageJ Software ImageJ https://imagej.net/

Wave 2.2.0 Agilent http://www.agilent.com/en-us/support/cell-analysis-

(seahorse)/seahorse-xf-software
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Yuriy Kirichok (yuriy.

kirichok@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments were performed according to procedures approved by the UCSF’s Institutional Animal Care and Use Com-

mittee and adhered to NIH standards. C57BL/6J wild-type and UCP1(�/�) mice (2-5 months old, male) from the Jackson Laboratory

were maintained on a standard rodent chow diet with 12 hr light and dark cycles. CL316.243 (Sigma) at 1mg/kg was injected intra-

peritoneally into mice daily for 10 days.

METHOD DETAILS

Isolation of mitochondria and mitoplasts
Wild-type and UCP1(�/�) mice were sacrificed by CO2 asphyxiation followed by cervical dislocation. Mitoplasts were prepared from

heart, skeletal muscle, brown fat, inguinal fat, and epididymal fat. The selected mouse tissue was isolated, rinsed and homogenized

in ice-cold medium containing 250cmM sucrose, 10cmM HEPES, and 1cmM EGTA (pH adjusted to 7.2 with Trizma base), using a

glass grinder with six slow strokes of a Teflon pestle rotating at 275 (soft tissues) or 600 (fibrous tissues) rotations per minute. The

homogenate was centrifuged at 700cg for 5–10cmin to pellet nuclei and unbroken cells. For some tissues, the first nuclear pellet

was resuspended in the same solution and homogenized again to increase the yield of mitochondria. Mitochondria were collected

by centrifugation of the supernatant at 8,500cg for 10cmin. Mitoplasts were produced from mitochondria using a French press.

Briefly, mitochondria were suspended in a solution containing 140cmM sucrose, 440cmM D-mannitol, 5cmM HEPES, and 1cmM

EGTA (pH adjusted to 7.2 with Trizma base), and then subjected to a French press at 2,000cpsi to rupture the outer membrane.

Mitoplasts were pelleted at 10,500cg for 15cmin and resuspended for storage in 500cml of solution containing 750cmM KCl,

100cmM HEPES and 1cmM EGTA (pH adjusted to 7.2 with Trizma base). Mitochondria and mitoplasts were prepared at 0–4c�C
and stored on ice for up to 5ch. Immediately before the electrophysiological experiments, 15–50 mL of the mitoplast suspension

was added to 500 mL solution containing 150 mM KCl, 10 mM HEPES, and 1 mM EGTA (pH adjusted to 7.0 with Trizma base)

and plated on 5 mm coverslips pretreated with 0.1% gelatin to reduce mitoplast adhesion.
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Patch-clamp recording
Mitoplasts used for patch-clamp experiments were 3–5 mm in diameter and typically hadmembrane capacitances of 0.5–1.2 pF. Gig-

aohm seals were formed in the bath solution containing 150 mM KCl, 10 mM HEPES, and 1 mM EGTA, pH 7 (adjusted with Trizma

base). A 3MKCl agar salt bridgewas used as the bath reference electrode. Voltage steps of 250–500mVand 1–50mswere applied to

obtain the whole-mitoplast configuration, as monitored by the appearance of capacitance transients. The access resistance and

membrane capacitance of mitoplasts were determined with the Membrane Test tool of pClamp 10 (Molecular Devices). Mitoplasts

were stimulated every 5 s. Pipettes were filled with 130 mM tetramethylammonium hydroxide (TMA), 1.5 mM EGTA, 2 mM magne-

sium chloride, 150 mM HEPES (or MES), (pH adjusted to 6.0–8.0 with D-gluconic acid, tonicity adjusted to �360 mmol/kg with su-

crose). Typically, pipettes had resistances of 25–40 MU, and the access resistance was 40–75 MU. The calculated voltage-clamp

error associated with the access resistance did not exceed 10 mV. Whole-mitoplast UCP1 current was recorded in the bath solution

containing 150 mM HEPES (or MES) and 1 mM EGTA (pH adjusted to 6.0–8.0 with Trizma base, tonicity adjusted to �300 mmol/kg

with sucrose). All experiments were performed under continuous perfusion of the bath solution.

Patch-clamp data acquisition and analysis
Data acquisition and analysis were performed using PClamp 10 (Molecular Devices) and Origin 7.5 (OriginLab). All electrophysiolog-

ical data presentedwere acquired at 10 kHz and filtered at 1 kHz. Amplitudes of H+ currents weremeasured 25ms after application of

the �160 mV voltage step.

Histology and immunohistochemistry
Tissues (BAT, inguinal fat, epididymal fat) were dissected, fixed in 10% formalin for 24 hr, and subsequently stored in 70% ethanol

prior to paraffin embedding (5mice per group). Paraffin-embedded 7 mmslices and hematoxylin/eosin staining were produced by the

Gladstone Histology and Light Microscopy Core (Gladstone Institutes, San Francisco, CA). For immunocytochemistry, slices were

subjected to citrate-based antigen retrieval and then permeabilized by incubation in 0.5% Triton X-100 in PBS for 30 min. Slices

were incubated for 2 hr at room temperature with rabbit polyclonal antibodies against UCP1 at a dilution of 1:100 (Abcam,

ab10983) and mouse OXPHOS antibodies at a dilution of 1:50 (Abcam, ab110413). After extensive washing in PBS, secondary an-

tibodies anti-rabbit Alexa 488 and anti-mouse Alexa 555 (Invitrogen) were added for 45 min. Slices were mounted with Mowiol. Im-

ages were captured using a CSU-W1 spinning disk with Borealis upgrade on a Nikon Ti inverted microscope. Mitochondrial size was

measured using ImageJ software and confocal images (3 100). Averagemitochondrial size was determined from 1500mitochondria

of 44 UCP1-positive beige adipocytes and 2500 mitochondria of 65 UCP1-negative adipocytes.

Immunoblots
For western blot analysis, tissues were lysed in RIPA buffer (1% Igepal, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate,

150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl [pH 7.4] and a cocktail of proteases inhibitors). Lysates were resolved by SDS-PAGE;

transferred to PVDF membrane (Millipore); and probed with anti-UCP1 (Abcam, ab10983), anti-PGC1 a (Abcam, ab54481), anti-

HSP60 (Cayman, 10011430), anti-COXIV (Abcam, ab33985), anti-Sodium Potassium ATPase antibody (Abcam, ab76020) anti-

TOM20 (Santa Cruz, sc-11415), OXPHOS cocktail (Abcam, ab110413) and anti-CKMT2 (ab71722).

Mitochondrial respiration
Mitochondrial respiration was determined using an XFe24 Extracellular Flux Analyzer (Seahorse Bioscience) using 15 mg mitochon-

drial protein in a buffer containing 4% BSA, 10mM Pyruvate, 5mM Malate, 1mM GDP. Mitochondria were plated and centrifuged

2,000 g for 20 min to promote adherence to the V7 cell culture microplate. ADP addition was used at final concentration of

0.1 mM for subcutaneous and epididymal mitochondria. Calculation of Creatine:ADP Stoichiometry was done as previously reported

(Kazak et al., 2015). Briefly, creatine was added to mitochondria at a concentration of 0.01 mM in a total volume of 0.555ml in the XF

well. Thus, the total pmoles of creatine in the entire well was 5,550 pmoles. The XFmicrochamber volume during measurement of the

oxygen consumption rate is 2 – 7 ml. Based on a conservative estimate of a 7 mL microchamber volume, this is equivalent to a total of

77 pmoles creatine in the microchamber. The total pmoles of oxygen consumed was measured over a 3 min period, based on the

oxygen consumption rate (measured as pmoles/min). The quantity of ADP molecules phosphorylated to ATP was calculated based

on the mitochondrial P/O ratio (Watt et al., 2010).

Creatine kinase activity
Creatine kinase activity from sucrose-gradient isolated mitochondria (0.25 mg total protein) was examined using the Creatine Kinase

Activity Assay Kit (Sigma) according to the manufacturer’s instructions.

Gene expression analysis
Epididymal and inguinal fat tissues were dissected frommale mice (9 per group), immediately followed by total RNA extraction using

QIAZOL (QIAGEN) and purified with RNeasy Mini kit (QIAGEN). Total RNA was reverse transcribed using a High-Capacity cDNA

Reverse Transcription kit (Applied Biosystems). Obtained cDNA was diluted to 15ng/uL and used for qPCR analysis.

15ng of cDNA and final concentration of 0.2uM of each primer were mixed with SYBR GreenERTM qPCR Supermix Universal

(Thermo Fisher Scientific) according to manufacturer’s protocol. Reactions were performed in a 96-well format using Stratgene
Cell Metabolism 25, 811–822.e1–e4, April 4, 2017 e3



Mx3000 real time PCR system (Agilent Technologies). Relative mRNA levels were calculated using the comparative CT method and

normalized to TFIIB mRNA. A complete list of primers and sequences can be found below.
Mouse qRT-PCR Primer Sequences

Gene Sequences 50 / 30 Sequence Source

TFIIB Forward, TGGAGATTTGTCCACCATGA; Reverse, GAATTGCCAAACTCATCAAAACT (de Jong et al., 2015)

Ucp1 Forward, ACTGCCACACCTCCAGTCATT; Reverse, CTTTGCCTCACTCAGGATTGG (Kazak et al., 2015)

Dio2 Forward, CATGCTGACCTCAGAAGGGC; Reverse, CCCAGTTTAACCTGTTTGTAGGCA NCBI/Primer Blast tool

Slc6a8 Forward, TGCATATCTCCAAGGTGGCAG; Reverse, CTACAAACTGGCTGTCCAGA (Kazak et al., 2015)

Gamt Forward, GCAGCCACATAAGGTTGTTCC; Reverse, CTCTTCAGACAGCGGGTACG (Kazak et al., 2015)

Gatm Forward, CAGACACAAATTGGCCGCTC; Reverse, CCCAGGTAGTTTGTAACCTGGC NCBI/Primer Blast tool

Ckmt1 Forward, GGCCTCAAAGAGGTGGAGAA; Reverse, CAGGATCTTTGGGAAGCGGT NCBI/Primer Blast tool

Ckmt2 Forward, GCATGGTGGCTGGTGATGAG; Reverse, AAACTGCCCGTGAGTAATCTTG (Kazak et al., 2015)

Cidea Forward, TGCTCTTCTGTATCGCCCAGT; Reverse, GCCGTGTTAAGGAATCTGCTG (Tseng et al., 2008)

Pgc1a Forward, CCCTGCCATTGTTAAGACC; Reverse, TGCTGCTGTTCCTGTTTTC (Kazak et al., 2015)

Prdm16 Forward, CCCACCAGACTTCGAGCTAC; Reverse, ATCCGTCAGCATCTCCCATC NCBI/Primer Blast tool

Phospho1 Forward, AAGCACATCATCCACAGTCCCTC; Reverse, TTGGTCTCCAGCTGTCATCCAG (Kazak et al., 2015)
QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t test was used to determine the significance between two groups with GraphPad Prism 7. Unless otherwise specified,

*p < 0.05, **p < 0.01, and ***p < 0.001. Errors bars plotted on graphs are presented as the mean ± SEM.
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Figure S1.  Effect of chronic β3-adrenergic receptor stimulation on brown adipose tissue. Related to Figure 1.   
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Figure S2. Thermogenic profile of epididymal and inguinal fat. Related to Figure 1 
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Figure S3. Mitochondrial Cl- current in various mouse tissues. Related to Figure 3. 
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Figure S4. Mitochondrial biogenesis and UCP1 expression in inguinal and epididymal depots after chronic β3-
adrenergic stimulation. Related to Figure 3.
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Figure S5. Mitochondrial size in UCP1+ and UCP1- beige adipocytes. Related to Figure 3
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Figure S6. mRNA levels of proteins involved in creatine metabolism. Related to Figure 7 
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Figure S7. The mechanism by which FA control UCP1 currents in beige and brown fat.  Related to Figure 4. 
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1. Effect of chronic β3-adrenergic receptor stimulation on brown adipose tissue. Related to Figure 

1  

(A) Representative immunoblot showing the effect of β3-adrenergic receptor stimulation on the expression of 

Tubulin, PGC1α, UCP1, COX IV, and HSP60 proteins in brown fat. Histograms show PGC1α, COX IV and 

UCP1 protein levels relative to the levels of HSP60. Data shown as mean ± SEM, n = 3.  

(B-D) Representative immunoblots showing the effect of β3-adrenergic receptor stimulation on the expression of 

Na
+
/K

+
 ATPase, PGC1α, UCP1, COX IV and TOM20 proteins in brown fat (B), inguinal fat (C), and 

epididymal fat (D) of UCP1-/- mice. Histograms show PGC1α, TOM20 and COX IV protein levels for each 

immunoblot (B-D). Data shown as mean ± SEM, n = 4.  

 

Figure S2.  Thermogenic profile of epididymal and inguinal fat. Related to Figure 1 

Quantitative RT-PCR of Cidea, Dio2, Prdm16, Ucp1, Pgc1α from epididymal fat (A) and inguinal fat (B) 

showing the effect of β3-adrenergic receptor stimulation on the relative mRNA level for these genes. Data shown 

as mean ± SEM. n = 6 to 9.  

 

Figure S3. Mitochondrial Cl
-
 current in various mouse tissues. Related to Figure 3.  

(A-E) Representative Cl
-
 currents recorded in mitoplasts isolated from inguinal beige fat (UCP1-/-, A), brown fat 

(UCP1-/-, B), epididymal beige fat (UCP1-negative mitoplast, WT, C), skeletal muscle (WT, D), and heart (WT, 

E). Control traces were recorded in HEPES/Tris solution and Cl
-
 currents (blue) were induced by addition of KCl 

to the cytosolic face of the IMM (blue, see methods). The voltage protocol is indicated at the top.  

(F) Bar graph showing average current density of Cl
-
  in brown fat (BAT, UCP1-/-), inguinal beige fat (ING, 

UCP1-/-), epididymal beige fat (EPI, UCP1-negative mitoplasts, WT), heart (WT), skeletal muscle (SM, WT). 

Data shown as mean ± SEM. 

 

Figure S4. Mitochondrial biogenesis and UCP1 expression in inguinal and epididymal depots after chronic 

β3-adrenergic stimulation. Related to Figure 3. 

(A and B) Confocal micrographs of inguinal fat and epididymal fat of mice treated with vehicle or CL316.243 

and immunolabeled with UCP1 (upper panels) and with respiratory chain complex antibodies (MitoProfile® 

Total OXPHOS, lower panels); scale bar, 20 μm).  

 

 

Figure S5. Mitochondrial size in UCP1+ and UCP1- beige adipocytes. Related to Figure 3 

(A) A representative confocal micrograph of epididymal fat of CL-treated mice, immunolabeled with respiratory 

chain complex antibodies (MitoProfile® Total OXPHOS, left panel) and with UCP1 antibody (right panel); scale 

bar, 20 μm. 

(B) Magnified views of areas 1 and 2 (UCP1 positive adipocytes), and areas 3 and 4 (UCP1 negative adipocytes) 

of panel A.  Mitochondrial networks are shown. 

(C) Histogram showing the mean size of mitochondria of UCP1 positive (UCP1+) and UCP1 negative (UCP1-)
 

adipocytes based on panel B. Data shown as mean ± SEM. 

 

 

 



Figure S6. mRNA levels of proteins involved in creatine metabolism. Related to Figure 7 

(A and B) Quantitative RT-PCR of Phospho1, Slc6a8, Gamt, Gatm, Ckmt1 and Ckmt2 from epididymal (A) and 

inguinal fat (B), showing the effect of β3-adrenergic receptor stimulation. Data shown as mean ± SEM. n = 6 to 

9. 

 

Figure S7. The mechanism by which FA control UCP1 currents in beige and brown fat. Related to Figure 

4 

(A) Right panel: an example of steady UCP1 current induced by short-chain low-pKa FA analogs added on the 

cytosolic face of the IMM. Voltage protocol is shown above. Left panel: the mechanism of this current. Short-

chain FA- are transported by UCP1 across the IMM.  

(B) Right panel: an example of transient UCP1 current induced by long-chain low-pKa FA analogs added on the 

cytosolic face of the IMM. Left panel: the mechanism of this current. A long-chain FA
-
 analog is translocated by 

UCP1 similar to short-chain FA
-
, however the long carbon tail of FA

-
 establishes strong hydrophobic interaction 

with UCP1 to prevent FA
-
 dissociation. Thus, the negatively charged FA

-
 shuttles within the UCP1 translocation 

pathway in response to the transmembrane voltage, producing transient currents. 

(C) Right panel: an example of steady H
+
 current via UCP1 induced by regular long-chain FA added on the 

cytosolic face of the IMM. Left panel: the mechanism of this current. UCP1 operates as a symporter that 

transports one FA
-
 and one H

+
 per the transport cycle. The H

+
 and the FA

-
 are translocated by UCP1 upon 

conformational change, and H
+
 is released on the opposite side of the IMM, while the FA

-
 stays associated with 

UCP1 due to the hydrophobic interactions established by its carbon tail. The FA
-
 anion then returns to initiate 

another H
+
 translocation cycle. Charge is translocated only in step 3 when the LCFA anion returns without the 

H
+
. 
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