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In Brief
Challa et al. develop a mouse model to
ablate UCP1+ adipocytes and
demonstrate that activated brown
adipocytes contribute 30% to energy
expenditure (EE), while the contribution of
brite/beige cells is low. The effect of
FGF21 on EE and glucose homeostasis is
in part dependent on the presence of
UCP1+ cells.
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SUMMARY

UCP1-dependent thermogenesis is studied to define
new strategies to ameliorate obesity and type 2 diabetes; however, animal models are mostly limited to
germline mutations of UCP1, which can effect adaptive changes in UCP1-independent pathways. We
develop an inducible mouse model for the sequential
ablation of UCP1+ brown and brite/beige adipocytes
in adult mice. We demonstrate that activated brown
adipocytes can increase systemic energy expenditure (EE) by 30%, while the contribution of brite/beige
UCP1+ cells is <5%. Notably, UCP1+ adipocytes do
not contribute to circulating FGF21 levels, either at
room temperature or after cold exposure. We demonstrate that the FGF21-mediated effects on EE and
glucose homeostasis are partially dependent on the
presence of UCP1+ cells, while the effect on weight
loss is not. In conclusion, acute UCP1+ cell deletion
may be a useful model to study the impact of brown
and brite/beige adipocytes on metabolism.
INTRODUCTION
Brown adipose tissue (BAT) generates heat by dissipating the
inner mitochondrial proton gradient, thereby uncoupling oxidative phosphorylation from ATP production through uncoupling
protein 1 (UCP1). UCP1 converts glucose and lipids to heat
and thereby increases energy expenditure (EE) to maintain
body temperature (Cannon and Nedergaard, 2004). The finding
that active BAT can be found in cold-exposed adult humans
has increased scientific interest in its therapeutic potential to
counter diabetes and obesity (Hany et al., 2002; Nedergaard
et al., 2007; Saito et al., 2009; van Marken Lichtenbelt et al.,
2009; Virtanen et al., 2009). In fact, pharmacological and genetic
activation of UCP1 in rodents has been shown to protect them
from diet-induced obesity (DIO) (Liu et al., 2003; Poher et al.,
2015; Wankhade et al., 2016).
Various transgenic mice models lacking UCP1 were generated
to understand the importance of UCP1 and brown adipocytes.
For instance, the deletion of brown cells by the specific expression of diphtheria toxin A chain in brown adipocytes resulted

in increased body weight and insulin resistance (Dulloo and
Miller, 1984; Lowell et al., 1993). In another model in which
UCP1 expression was specifically induced by the use of an
aP2-UCP1 transgenic allele, high levels of UCP1 in adipocytes
led to cytotoxicity and resulted in the ablation of UCP1+ brown
adipocytes (Kopecky et al., 1995). These mice were cold sensitive and protected from DIO (Kozak, 2010). Other studies reported reduced cold-induced thermogenesis in UCP1-deficient
mice (Enerbäck et al., 1997).
These conflicting results in UCP1-deficient models were addressed in a study by Feldmann et al. (2009), in which they reported that chow diet-fed UCP1-deficient mice housed at thermoneutrality became obese. Based on their findings, they
postulated that housing at ambient temperatures induced
thermal stress and consequently increased the metabolic rate
and food intake to maintain body temperature (Golozoubova
et al., 2004). Deletion of UCP1 resulted in compensatory mechanisms to maintain body temperature in mice at ambient
temperatures, thus explaining the lack of an obesogenic effect
in UCP1-knockout mice (Feldmann et al., 2009). To circumvent
the problems associated with compensatory mechanisms in
UCP1-deficient mice, we generated a model to acutely ablate
UCP1+ brown adipocytes in adult mice. Using this model, we
investigated the contribution of brown and recruited brite/beige
cells to total EE at ambient temperatures, as well as the dependency of fibroblast growth factor 21 (FGF21) on brown adipocytes to achieve its beneficial metabolic effects.
RESULTS
An Efficient Deletion of UCP1-Expressing Adipocytes in
an Inducible Adult Mouse Model
Considering the limitations presented by the use of UCP1-deficient mice, we sought to use a model that allows for inducible
and transient deletion of UCP1+ cells. Therefore, we generated
the UCP1DTR2GFP mouse line (UCP-DTR) (Rosenwald et al.,
2013) to investigate the impact of acute and transient deletion
of cells expressing UCP1. These mice carry a diphtheria toxin
receptor (DTR) and an EGFP cassette under the control of the
UCP1 promoter. To test the efficacy of DT-mediated ablation,
8- to 12-week-old wild-type (WT) littermates and UCP1-DTR
mice were treated with DT at room temperature (RT; 23 C)
(Figure 1A). We observed that interscapular BAT (iBAT) of
UCP1-DTR mice appeared to be much paler brown compared
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Figure 1. Ablation of UCP1+ Cells in an Inducible Adult Mouse at Room Temperature (RT)
(A) Experimental scheme for the ablation of UCP1+ cells at RT (23 C, mild cold stress). WT littermates group (blue): did not carry the UCP1-DTR transgene. DTR
group (red): carried the UCP1-DTR transgene. At 9 to 12 weeks old, the mice were given 3 consecutive doses of 100 ng DT every 6 h on day 0 to ablate UCP1+ cells
in the DTR group, and tissues were harvested after 7 days.
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to the iBAT of WT littermates (Figure 1B), which is in line with
reduced iBAT weight (Figure 1C). Notably, the appearance and
weight of inguinal white adipose tissue (ingWAT) and epididymal
WAT (eWAT) remained unchanged, and similar lean mass (Figures 1B, 1C, and S1A) was observed. As expected, protein
levels of UCP1 in iBAT, axillary BAT (aBAT), and cervical BAT
(cBAT) were decreased in UCP1-DTR mice compared to WT littermates, demonstrating the efficient deletion of brown adipocytes (Figures 1D and S1B) (Sun et al., 2018). In contrast,
UCP1 protein levels in ingWAT showed a high variance and no
reduction in UCP1-DTR mice (Figures 1D and S1B). To test
whether the ablation of UCP1+ cells upon DT injection resulted
in an immune response in iBAT, we analyzed the immune cell
composition of iBAT, which was unchanged (Figures 1E and
S1C). This is in line with a previous report that demonstrated
that DT injection did not lead to changes in serum C-reactive
protein (CRP), tumor necrosis factor a (TNF-a), and interleukin6 (IL-6) (Sun et al., 2018).
To determine whether the loss of UCP1+ brown cells under
mild cold stress (23 C) would force the recruitment of UCP1+
brite/beige adipocytes in ingWAT, we examined thermogenic
gene expression in adipose tissue. Ucp1 expression was
upregulated in both ingWAT and iBAT of UCP1-DTR mice,
indicating a compensatory reaction to the loss of functional
UCP1+ cells (Figures 1F and 1G). In parallel, we observed a significant upregulation of Pgc1a in iBAT, suggesting increased
mitochondrial biogenesis (Figure 1F).
As an alternate approach to quantify the deletion of Ucp1+
adipocytes, we used the UCP1 tracer-depleter mice (UCP1DTR 3 UCP1-CreER 3 ROSA-tdRFP) (Rosenwald et al., 2013),
which enabled us to quantify the numbers of UCP1+ cells based
on the recombined alleles. Therefore, UCP1 tracer-depleter mice
were injected with tamoxifen to label all UCP1+ cells with red
fluorescent protein (RFP). After 3 weeks, DT was injected to
induce the ablation of UCP1-expressing cells. In line with the
protein data, we observed a 95% reduction in UCP1+ cells in
iBAT upon DT injection relative to those injected with saline
(Figure 1H). As reported previously, ingWAT contained substantially fewer UCP1-expressing cells, and in agreement with our
protein expression data, the numbers were not significantly
reduced after DT injection (Figure 1H). Here, we show that the
UCP-DTR mouse is an efficient model for ablating UCP1+ cells
in iBAT, aBAT, and cBAT in adult mice and allows the study of
the contribution of UCP1-expressing adipocytes to metabolism.
Ablation of UCP1+ Cells Has No Impact on EE at RT
Conditions
To determine whether the efficient deletion of UCP1-expressing
cells in iBAT affects energy metabolism and glucose tolerance,

8-week-old mice were fed either a standard chow or a high-fat
diet (HFD) for 6 weeks at 23 C and were treated with DT or saline
(non-DT) twice per week (Figure 2A). While HFD-fed mice revealed higher body weight compared to chow-fed mice,
UCP1-DTR and WT littermates showed a similar body weight
gain, regardless of diet (Figures S2A and S2B). DT and non-DT
treatment did not affect body weight gain in both UCP1-DTR
and WT mice either under chow or HFD feeding (Figures S2A
and S2B). Glucose tolerance was unchanged in UCP1+ brown
adipocyte-deleted UCP1-DTR mice, regardless of diet (Figures
2B and S2C), indicating that UCP1+ brown cell do not influence
HFD-induced glucose intolerance. Moreover, plasma insulin,
leptin, adiponectin, triglyceride, free fatty acids, and cholesterol
levels were unchanged (Figures 2C and S2D–S2I).
To assess whether UCP1+ brown adipocyte-deleted mice are
able to maintain their body temperature, chow diet-fed mice
were treated with DT. We observed a similar body temperature
under fed and fasting conditions between both genotypes at
RT (Figure 2D), indicating that UCP1+ brown cells have no impact
on body temperature under mild stress conditions (23 C) (Figure 2D). Furthermore, at basal conditions, no changes in any of
the measured parameters of EE, oxygen consumption (VO2),
carbon dioxide production (VCO2), respiratory exchange ratio
(RER), food intake, or physical activity were observed between
the two genotypes (Figures 2E–2I and S2J), suggesting that
the contribution of brown adipocytes to EE and fuel selection
at mild cold stress conditions (23 C) was below the detection
limit of our system (observable effect size is R5%) (Sun et al.,
2018). These data demonstrate that UCP1+ cells in iBAT,
aBAT, and cBAT in adult mice do not contribute to energy metabolism in RT conditions.
Activation of ingWAT UCP1 Has a Negligible Effect in EE
Based on our findings that at RT, DT injection did only ablate
UCP1+ cells in iBAT, we next dveloped a strategy to deplete
UCP1+ brite/beige cells to study their contribution to energy
metabolism. Therefore, UCP1-DTR mice were treated with
b-3-adrenergic receptor (b3-AR) agonist (CL316, 243) (CL)
to activate the expression of the transgene. Mice were divided
into 3 groups: (1) WT littermates, which have UCP1+ brown
and brite/beige cells; (2) UCP1-DTR mice, which were injected
with DT only at the beginning of the experiment to delete
preexisting brown cells (DTR group, expected to have no
UCP1+ brown cells, but to recruit UCP1+ brite/beige cells
upon b-adrenergic activation); and (3) UCP1-DTR mice,
which received DT with each injection of CL to constantly
ablate newly formed brite/beige cells (DTR+DT group, expected to have neither UCP1+ brown nor brite/beige cells)
(Figure 3A).

(B) Representative tissue images of WT and DTR mice.
(C) Tissue weights (n = 6 in each group).
(D) Quantification of UCP1 protein levels in iBAT, aBAT, cBAT, and ingWAT (n = 6 each group).
(E) Fluorescence-activated cell sorting (FACS) analysis of immune cells in iBAT 2 days after DT injections (WT n = 5; DTR n = 7).
(F and G) Gene expression of thermogenic genes Cox7a1, Pgc1a, Prdm16, and Ucp1 in iBAT and ingWAT (WT n = 5; DTR n = 6).
(H) Percentage of recombined cells in UCP1 tracer-depleter mice 1 week after saline or DT injection (WT n = 7; DTR n = 5).
Values are presented as means ± SEMs. **p < 0.01 and ***p < 0.001 by Student’s t test. n = number of mice. aBAT, axillary BAT; BAT, brown adipose tissue; cBAT,
cervical BAT; DTR, diphtheria toxin receptor; iBAT, intrascapular brown adipose tissue; ingWAT, inguinal white adipose tissue; WT, wild type.
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Figure 2. UCP1+ Cell Deletion Has No Impact on Energy Expenditure (EE) at Basal Conditions
(A) Experimental scheme for DT and saline (non-DT) treatment at RT (23 C). Eight-week-old WT littermates group (blue) and UCP1-DTR transgene (red) mice were
fed either a standard chow or a high-fat diet (HFD) for 6 weeks, and 3 consecutive doses of 100 ng DT (chow) and 200 ng (HFD) were injected every 6 h on day
0 and once on day 3. Tissue were harvested on day 5.
(B) Intraperitoneal glucose tolerance test (ipGTT) in mice fed an HFD for 5 weeks (WT+saline n = 5; WT+DT n = 7, DTR+saline n = 5, DTR+DT n = 5).
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The significant reduction in UCP1 protein levels in iBAT of DTR
and DTR+DT groups illustrated that the initial DT injections
efficiently ablated preexisting UCP1+ cells in iBAT; but more
important, CL treatment was not sufficient to induce the formation of new UCP1+ cells in this tissue (Figures 3B and 3C).
Conversely, UCP1+ brite/beige cells formed in ingWAT upon
CL treatment in the WT and DTR, but were efficiently ablated
by additional injections of DT in the DTR+DT group (Figures 3B
and 3C). Moreover, Ucp1 mRNA was reduced in iBAT of the
DTR and DTR+DT groups relative to WT mice (Figure 3D). In ingWAT, increased Ucp1 and Pgc1a in the DTR group indicated
the formation of brite/beige cells and were significantly
decreased after continued DT injection in the DTR-DT group
(Figure 3E).
Since our model allowed the formation of brite/beige cells in
ingWAT in the absence of iBAT under stimulated conditions,
we assessed the contribution of the newly formed brite/beige
cells to energy metabolism. Tissue weight and fasted blood
parameters were not different between the 3 groups (Figures
S3C–S3G, data not shown). As expected, CL administration
resulted in higher oxygen consumption (VO2) and changes in
RER in WT mice (Figures 3F and 3G). In contrast, CL-treated
DTR and DTR+DT groups showed VO2 and RER comparable
to basal levels (Figures 3F and 3G), suggesting the efficient
ablation of functional UCP1+ brown adipocytes. We failed to
observe an increase in VO2 or changes in RER between DTR
and DTR+DT groups after CL stimulation (Figures 3F and 3G),
despite increased UCP1 levels in ingWAT in DTR mice. These
results indicate that the contribution of the newly formed
UCP1+ brite/beige cells to EE is below the detection limit of the
system (Sun et al., 2018).
As it has been debated that brown and brite/beige cells
contribute to circulating FGF21 levels, we determined the levels
of circulating FGF21 in mice with or without UCP1+ cells housed
at 23 C (RT) or 8 C (cold) (Figure 3H). Notably, circulating FGF21
levels were similar between both genotypes at RT and under
cold exposure (Figure 3H).

Expectedly, UCP1+ cells were deleted in FGF21-treated UCP1DTR mice, as demonstrated by a significant reduction in UCP1
protein levels in iBAT and ingWAT (Figures 4B and 4C). In iBAT
and ingWAT, mRNA expression of Ucp1 was significantly
increased in FGF21-treated WT mice compared to WT mice
treated with saline (Figures 4D and 4E), indicating that FGF21
enhances browning. FGF21 administration in both WT and
UCP1-DTR mice resulted in the loss of 20% of their initial body
weight after 8 days, suggesting that this weight loss effect is independent of UCP1+ cells (Figure 4F). This decrease was partly
attributed to slightly reduced food intake (Figure S4B). Notably,
FGF21 treatment increased oxygen consumption in the WT
mice (Figure 4G). However, we did not observe an increase in
oxygen consumption in the DTR+FGF21 compared to the
WT+saline group (Figure 4G), suggesting that the increased
oxygen consumption upon FGF21 treatment is dependent on
the presence of UCP1+ brown adipocytes. RER was unchanged
between the groups (Figure 4H), and DTR+FGF21 mice showed
a substantial increase in activity in light and dark phases
(Figure 4I). FGF21 signaling has been shown to improve glucose
homeostasis and to lower circulating lipids (Véniant et al., 2012).
In line with these findings, FGF21-treated WT (5.533 ± 0.423)
and UCP1-DTR (5.683 ± 0.452) mice exhibited a lowering of
fasting blood glucose compared to WT+saline (8.3 ± 1.372)
(Figure 4J). Glucose clearance as assessed by the glucose tolerance test (GTT) showed that DTR+FGF21 mice exhibit significantly impaired glucose tolerance compared to WT+FGF21
mice (area under the curve [AUC]: WT+saline, 998.8 ± 76.89;
WT+FGF21, 638 ± 38.83; DTR+FGF21, 886 ± 102.4) (Figure 4K),
indicating that the positive effect of FGF21 on glucose metabolism is partly dependent on the presence of UCP1+ cells.
However, plasma insulin and triacylglycerol (TAG) levels were
lower in WT and UCP1-DTR groups treated with FGF21 relative
to saline controls (Figures 4L and S3D). Our results suggest that
the main beneficial effects of FGF21 such as weight reduction
are not directly dependent on UCP1+ cells, whereas its effects
on glucose metabolism are dependent on UCP1+ cells.

UCP1 Is Required for Some of the FGF21-Mediated
Metabolic Effects
FGF21 reduces body weight and improves glucose metabolism
in DIO independently of UCP1 (BonDurant et al., 2017; Samms
et al., 2015; Véniant et al., 2015). Thus, mice with an acute
ablation of UCP1+ cells were used to examine whether FGF21mediated weight loss and energy metabolism are dependent
on the presence of UCP1+ cells. HFD-fed UCP1-DTR mice and
WT littermates were treated with DT to ablate UCP1+ cells and
subsequently subjected to the continuous administration of
recombinant FGF21 or saline using mini-osmotic pumps (Figure 4A). To delete newly formed UCP1+ brite/beige cells that
can be attributable to FGF21 treatment, mice were further injected with a bolus of DT 2 days after pump implantation.

DISCUSSION
The UCP1-DTR mouse line reported here is, to our knowledge,
the first mouse line with an inducible system that allows the
efficient ablation of UCP1+ cells in adult mice, which can be
used to determine the contribution of brown and brite/beige
adipocytes to systemic metabolism. In UCP1-deficient mice,
which are mainly used to study the contribution of BAT to metabolism (Enerbäck et al., 1997), BAT is still present. Thus, brown/
brite/beige cells may still be able to contribute to alternate
thermogenic mechanisms, and furthermore, adipokine-mediated signaling would remain active in these mice (Kazak et al.,
2015). Contrary to UCP1-deficient mice, our model allows for
an acute and transient deletion of UCP1+ brown adipocytes by

(C) Plasma insulin levels were measured in mice fed a chow diet (n = 6 in each group).
(D) Body temperature measurement in mice fed a chow diet (WT+saline n = 4; WT+DT n = 5, DTR+saline n = 4, DTR+DT n = 5).
(E–I) EE (E), oxygen consumption (VO2) (F), carbon dioxide production (VCO2) (G), respiratory exchange ratio (RER) (H), and food intake (I) were monitored over
6 days in mice fed a chow diet (WT+saline n = 6; WT+DT n = 5, DTR+saline n = 6, DTR+DT n = 7).
Values are expressed as means ± SEMs. The statistical tests used were t test (B and C) and ANOVA (D–I).

3428 Cell Reports 30, 3424–3433, March 10, 2020

CL

CL

CL

Sampling

d0

d1

d2

d3

d4

3xDT
3xDT
3xDT

DT

DT

DT

DT injection

A
d-2

WT
DTR
DTR + DT

Metabolic cage

B

DTR

C

DTR+DT

UCP1
iBAT

ingWAT

HSP90
UCP1
HSP90

E

mRNA iBAT

3

$$$

2
1

*
***

##

0
Cox7

Pgc1a

F

Prdm16

###

Ucp1

***
*

1.0

###

CL ###***

0

12

24

36

48

0.0

60

#
$$$

##
$$

1.0
0.0

Pgc1a Prdm16 Ucp1

CL

0.9

###

0.8

d0
WT 3xDT
DTR 3xDT

d1

d2

d0

WT 3xDT
DTR 3xDT

d1

d2

*

##

CL

#

#

*

#

0.7
0

FGF21 (pg/ml)

23°C (RT)

*

CL

0.6

96

Plasma
8°C
(cold)

Plasma

**

*

12

24

Time (h)

H

***

***

2.0

1.0

***

84

ingWAT

3.0

1.1

72

0.0

iBAT

$

4.0

###

***

0.5

###

5.0

CL ###***

0.5
0.0

0.5

###
$$$

1.0

***

RER

RER

VO2 (fold change)

1.5

1.5

G

###
CL ### ***

2.0

1.0

Cox7

VO 2
2.0

1.5

mRNA ingWAT

Fold change / 36B4

Fold change / 36B4

D

**

UCP1 Protein Quantification
Fold change / HSP90

WT

36

48 60
Time (h)

72

84

96

FGF21

400
300
200
100
0
23°C

8°C

(legend on next page)

Cell Reports 30, 3424–3433, March 10, 2020 3429

DT treatment. As DT is efficiently cleared from the blood in 6 h
(Wrobel et al., 1990), our model can be used to study new UCP1+
cell formation in ingWAT (Barbatelli et al., 2010; Lee et al., 2015;
Rosenwald et al., 2013). While iBAT is to a large extent already
functional at RT (21 C), UCP1 expression in brite/beige cells is
substantially increased upon cold induction in ingWAT (Kalinovich et al., 2017). In agreement with these findings, ablation
of UCP1+ cells at RT in iBAT is very efficient, whereas UCP1+
brite/beige cells in ingWAT are not ablated. Upon b3-AR agonist
activation, UCP1+ brite/beige cells in ingWAT express higher
levels of both UCP1 protein and DTR protein, which enables
the ablation of these cells.
Several studies have suggested compensations by other tissues to account for the loss of non-shivering thermogenesis in
different model systems of chronic ablation (Schulz et al.,
2013). One argument against such an effect in the acute model
presented here is the fact that we observe a reduction in EE
under cold stimulation, but not at RT, which is in line with the
calculated contribution of iBAT to systemic EE. Furthermore,
we recently demonstrated (Sun et al., 2018) that ablation in a
model of increased EE is normalized by the ablation of BAT,
suggesting that no compensation is observed in the acute
modulation. Lastly, an increasing number of publications
suggest possible cross-talk between skeletal muscle and BAT
via humoral-mediated factors including cytokines in the regulation of energy homeostasis (Bal et al., 2017). The role of FGF21
in cross-communication between BAT and muscle has been
proposed (Li et al., 2017; Rodrı́guez et al., 2017); however, we
show here that there was no difference in circulating FGF21
levels in WT and UCP1+ at RT and after cold exposure. Similarly,
it has been reported that mild cold adaptation resulted in a
significant upregulation of IL-6 (Janský et al., 1996; Liu et al.,
2007). In addition, the serum of mice acclimatized to severe
cold exhibited higher TNF-a compared to thermoneutrality,
while leptin levels were significantly downregulated after mild
and severe cold adaptation (Bal et al., 2017). We show here
that the deletion of UCP1-expressing adipocytes in an inducible
adult mouse model has no impact on the plasma leptin level at
mild cold adaptation, regardless of diet. Furthermore, TNF-a
levels were unchanged, and IL-6 levels were significantly
decreased in UCP1-DTR mice treated with DT in cold (Sun
et al., 2018).
UCP1-deficient mice exhibited similar EE at RT with WT animals and blunted response to a b3-AR agonist treatment (Enerbäck et al., 1997; Lowell et al., 1993). In accordance with
these observations, the UCP1-DTR model shows no changes
in oxygen consumption and RER at RT. It has been recently

reported that UCP1+ brite/beige cells contribute only 10%
of the thermogenic capacity of BAT (Nedergaard and Cannon,
2013). Accordingly, our data demonstrate that oxygen consumption is mainly regulated by UCP1+ cells in iBAT and
that UCP1+ brite cells under physiological conditions do not
contribute to oxygen consumption or weight gain on an
HFD. It should be noted that enhanced induction through
alternate pathways may induce both formation and activity
of these cells; thus, every model would need to be tested
independently for the contribution of brown and brite/beige
cells to energy metabolism.
FGF21 has been identified as a novel circulating hormone
that controls EE, and treatment with FGF21 can induce
enhanced EE and lead to weight loss that is concomitant with
improved systemic metabolism (Straub and Wolfrum, 2015).
Since FGF21 is expressed in UCP1+ cells and FGF21 levels are
induced upon cold, it has been suggested that circulating
FGF21 may in part be derived from brown adipocytes (Hondares
et al., 2011; Keipert et al., 2015, 2017). We show here that the
acute deletion of UCP1+ cells has no impact on circulating
FGF21 levels either at RT or in cold, indicating that brown adipocytes do not contribute to circulating FGF21 levels. In UCP1deficient mice, FGF21 levels in BAT are substantially higher as
part of a compensatory response (Keipert et al., 2015, 2017).
Whether under these conditions BAT is a source of FGF21 would
require the generation of a UCP1-DTR, UCP1-deficient doubleknockout (KO) animal.
Previous studies using the UCP1-KO model system have
proposed that the effects of FGF21 on body weight are independent of UCP1 (Samms et al., 2015; Véniant et al., 2015).
In agreement with these studies, we show here that the ablation of both brown and brite adipocytes does not alter weight
loss, which can be achieved by chronic FGF21 infusion. This
finding would foment the simple conclusion that FGF21 acts
independently of BAT to affect energy metabolism, which is
supported by a careful analysis of the data. In agreement
with the study by Samms et al. (2015), we could show that
the induction of EE upon FGF21 infusion is not observed in
mice lacking UCP1+ cells, which is in contrast to the finding
of Véniant et al. (2015). Similarly, we did not observe any differences in basal EE in mice lacking UCP1+ cells. Why then is
weight gain not affected? Samms et al. (2015) reported that
food intake was lower in UCP1-KO mice infused with FGF21,
for which we observed a trend in our infusion model. In contrast
to all other studies, we observed that FGF21 also increased
voluntary movement of the mice only upon the infusion of
FGF21. These data indicate that BAT is affected by FGF21

Figure 3. Ablation of UCP1+ Brite Cells after CL Injection
(A) Experimental scheme for ablation of UCP1+ cells after CL treatment. WT group (orange): mice not carrying the UCP1-DTR transgene obtained DT on day 0.
DTR group (gray): UCP1-DTR mice receiving DT only on day 0. DTR+DT group (black): UCP1-DTR mice receiving DT continuously. All of the mice were treated
with b-3-adrenergic receptor agonist (CL316, 243) (CL) every 24 h, and tissue was harvested 24 h after last CL/CL+DT injection.
(B and C) Representative western blot and quantification of UCP1 in iBAT and ingWAT (WT n = 10; DTR n = 11; DTR+DT n = 10).
(D and E) Gene expression of thermogenic genes Cox7a1, Pgc1a, Prdm16, and Ucp1 in iBAT and ingWAT (WT n = 10; DTR n = 11; DTR+DT n = 10).
(F and G) VO2 (F) and RER (G) were monitored (WT n = 10; DTR n = 11; DTR+DT n = 10).
(H) Plasma FGF21 levels (WT n = 5; DTR n = 6).
Values represented as means ± SEMs. *,#, or $p < 0.05, **,##, or $$p < 0.01, and ***,###, or $$$p < 0.001 by 2-way ANOVA + Tukey’s multiple comparison. *, WT
versus DTR; #, WT versus DTR+DT; $, DTR versus DTR+DT. Unless indicated otherwise, n denotes individual mice.
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and that the absence of this tissue leads to compensatory
changes in basal metabolism, food intake, and ambulatory
behavior, resulting in a similar net body weight loss. In addition
to its beneficial effect on weight reduction, FGF21 has been reported to lower plasma glucose and triglyceride levels independent of UCP1 (Samms et al., 2015; Véniant et al., 2015). Contrary to these findings, we show here that FGF21-treated
UCP1-DTR mice exhibited impaired glucose tolerance
compared to control mice, indicating that UCP1+ cells are
partially required for the beneficial effects of FGF21 on blood
glucose levels. Supporting our findings, Lan et al. (2017)
showed that the acute insulin-sensitizing effects of FGF21
require direct binding to adipose tissue, whereas long-term effects such as weight loss are more centrally regulated and
depend on the binding of FGF21 in the hypothalamus, but
not on adipose tissue. These findings clearly demonstrate
that signals that originate from BAT are important modulators
of various mechanisms regulating energy and glucose metabolism. This in turn has important implications for the study
of the effects of FGF21 in humans.
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IDENTIFIER

Software and Algorithms
TSE PhenoMaster software

TSE PhenoMaster

Version 5.6.5

GraphPad Prism 8 software

GraphPad Prism

Version 8.2.0

ViiA7 software

Applied Biosystems

Version 1.2.3

Other
Standard chow

Kliba-Nafag, Kaiseraugst

#2222

60% calories from fat high-fat diet

Kliba-Nafag

#2127

LEAD CONTACT AND MATERIALS AVAILABILITY
UCP1-DTR mice line generated in this study are available under request for distribution through a completed Material Transfer Agreement. Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Christian Wolfrum (christian-wolfrum@ethz.ch).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
UCP1-DTR-eGFP mice were generated as previously described (Rosenwald et al., 2013). Mice were kept on a C57/B6N background
and housed at 23 C under a 12-hour light/dark cycle with free access to water and standard chow (purified diet #2222; Kliba-Nafag,
Kaiseraugst, Switzerland; 18% protein, 7% fat, 58% carbohydrate by mass) or a 60% calories from fat high-fat diet (purified diet
#2127; Kliba-Nafag; 23.9% protein, 35% fat, 23.2% carbohydrate by mass) the latter was started at the age of eight weeks and maintained for 6 to 12 weeks on HFD. In chow-fed experiments, 8-12 weeks old UCP1-DTR-eGFP and littermate WT controls male mice
were used. Body weight was monitored weekly. All animal studies conformed to the Swiss animal protection laws and were approved
by the cantonal Veterinary Office in Zurich, Switzerland.
METHOD DETAILS
Quantification of UCP1 ablation with UCP1-tracer mouse
According to standard protocol, CreERT2 activity was induced by gavaging UCP1-tracer-depleter (UCP1-DTR x UCP1-CreER x
ROSA-tdRFP) mice with 2 mg (80 mg/kg mouse) of Tamoxifen (#T564, Sigma-Aldrich) in 100ul sun flower oil per day for two consecutive days to label all UCP1+ cells with RFP. Quantification of recombination was performed as described pervious (Rosenwald et al.,
2013). The UCP1-tracer-depleter mouse model allows labeling of brown and brite adipocytes up on tamoxifen treatment. To quantify
labeled cells, iBAT and ingWAT were excised and genomic DNA (gDNA) was prepared by lysing the tissue in 1 mL of 50 mM NaOH
(Sigma-Aldrich) with metal beads for 6 minutes with the Thermolyser LT (QIAGEN). Subsequently, tissues were rotated (1000 rpm) at
92 C for 1 h and neutralized with 250 ml of 1 M TrisHCl (Sigma-Aldrich). The samples were centrifuged twice at 12000 rpm for 5 minutes and the aqueous phase was transferred to a new tube and diluted at a ratio of 1:30. To quantify the exact number of labeled
adipocytes, the number of recombined loxP site loci in genomic DNA was quantified by qPCR (Rosenwald et al., 2013). The apolipoprotein B gene (ApoB) used as an internal control, to quantify the total cell number.
Diphtheria toxin (DT)-mediated brown and brite adipocytes ablation
To ablate UCP1+ cells, littermate WT or UCP1-DTR mice were subjected to three subcutaneous doses of 100ng (for mice on chow) or
200ng (for mice on HFD) Diphtheria toxin (#322326-1MG, Millipore, Zug, Switzerland) or saline (non-DT) injection every 6h. Three days
later DT or saline was also administrated once per day depending on the experimental setup. Body weight was measured every
second day after DT or non-DT injection to monitor the effect of DT on body weight gain.
Beta-3-adrenergic receptor agonist (CL316, 243) (CL) stimulation
UCP1-DTR or littermate control WT mice were received three intra-peritoneal (i.p.) injections of 0.1mg/kg CL-316243 (# C5976,
Sigma-Aldrich) 18h after the third initial DT injection. Repeated CL/CL+DT injections were given every 24h for consecutive 3 days.
Indirect calorimetry
Indirect calorimetry measurements were performed with the Phenomaster (TSE Systems; TSE systems, Bad Homburg, Germany) or
with the Promethion High-Definition Behavioral Phenotyping System for Mice. UCP1-DTR or littermate WT mice were acclimated to
metabolic cages for two days prior to DT-mediated ablation and subsequent measurement. Mice had free access to water and food
weight was measured daily. For 60 s every 10 min, Oxygen consumption (O2) and CO2 volumes were measured continuously using
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the manufacturer’s software (TSE PhenoMaster, version 5.6.5) with the coefficients of 3.941 (CVO2) and 1.106 (CVCO2) and
normalized to the lean body mass. Lean and fat body mass was measured by a magnetic resonance imaging technique (EchoMRI
130, Body Composition Analyzer, Echo Medical Systems) before DT administration. RER was calculated by volume CO2/volume O2.
Analyses were conducted on averaged measurements over the course of 12h representing the light or dark cycles for 4 to 10 days,
unless otherwise indicated.
Osmotic Pump Implantation and FGF21 Treatment
For FGF21 experiments, mice were fed HFD for 12 weeks and. UCP1-DTR or littermate WT mice were acclimated to metabolic
cages for two days before DT injection. Then treated with 3x200ng of DT every 6h, after 48h from the initial DT injection, mice
were subcutaneously given 5mg/kg bodyweight of carprofen (Novocarp) as an analgesic prior to osmotic pump implantation.
Mice were subcutaneously implanted with mini osmotic pumps (Alzet Model 1002, 0.25ul/h infusion rate) containing saline or recombinant human FGF21 (Elli Lily; dose 1mg/kg/day). Mice were monitored post-surgery and allowed to recover for 2 days during which
they received a daily i.p. injection of carprofen (5mg/kg) for three days. Two days after FGF21/saline pump implantation, mice were
given a booster dose of 200ng DT to further ablate newly formed UCP1+ cells induced by FGF21 infusion for indirect calorimetry
measurements and analyzing of metabolic parameters.
Glucose tolerance test
Mice were fasted for 6h and baseline glucose levels were measured. Thereafter, glucose (2 g/kg body weight (D-glucose, Sigma in
0.9% saline)) was injected i.p. and blood glucose concentration was measured from tail-tip blood after 15, 30, 45, 60, 90, and 120 min
by using a glucometer (Accu-Check Aviva glucose strip system, #07400918016, #06453988016; Roche Diagnostics International,
Basel, Switzerland).
Plasma parameters
Mice were fasted for 6h before tissue and blood sampling. Circulating insulin concentration was measured by using ultra-sensitive
mouse insulin ELISA kit (Crystal Chem, #90080), FGF21 concentration was measured by using the FGF21 Mouse/Rat ELISA kit (R&D
SYSTEMS, #MF2100). Plasma triglycerides (Cobas Roche/Hitachi Kit #11489232, Roche Diagnostics International), Cholesterol
(Cobas Roche/Hitachi Kit #11877771, Roche Diagnostics International) and free fatty acids (Wako Nefa kit #9196, Wako Pure Chemical Industries, Tokyo, Japan) were measured by colorimetric assays as per manufacturer’s instructions. Circulating adiponectin
(Crystal Chem, #80569) and leptin (Crystal Chem, #90030) concentrations were measured by mouse leptin and adiponectin ELISA
Kit according to the manufacturer’s protocols.
Body temperature
Eight to ten weeks old chow-diet fed WT and UCP1-DTR mice were injected with saline (non-DT) or 100ng DT every 6 hours (3x) on
day 0, after 72 h of last DT or saline injection, fed-state rectal body temperature was measured and the mice were fasted for 2, 4, 6 and
8 hours for fasting rectal body temperature measurement.
SVF isolation and FACS
For SVF (stromal vascular fraction) isolation, iBAT was obtained from UCP1-DTR or littermate WT mice and prepared as previously
described (Kulenkampff and Wolfrum, 2018). Surface antigens such as APC/Cy7 anti-mouse CD45 Antibody #103115, Brilliant Violet
711 anti-mouse CD3 Antibody # 100241, PE/Cy7 anti-mouse CD19 Antibody #115519, FITC anti-mouse Ly-6G Antibody #127605,
PE anti-mouse/human CD11b Antibody#101207 and Pacific Blue anti-mouse F4/80 Antibody #123123 were obtained from BioLegend and the cells were stained for 15min on ice. Live/dead staining was performed by using live/dead fixable dead cell stains
(# L34960, Thermofisher). Cells were fixed with 4% PFA for 15min, diluted in FACS buffer (PBS, 3% FBS, 1% P/S, 1mM EDTA)
and FACS analysis was performed on BD LSRFortessa. All antibodies are listed in the key Resource table.
Western blot analysis
Tissue samples were lysed in cold RIPA buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 2mM EDTA, 1.0% Triton X-100, 0.5% sodium
deoxycholate) containing protease (Complete, Roche) and phosphatase (Thermo Fisher) inhibitor cocktails. The samples were
centrifuged at 24,000 g for 10 min at 4 C, and protein concentrations were measured by using Pierce BCA Protein assay Kit
(#23225, Thermo Fisher Scientific). Equal amounts of proteins (10-20 mg) were resolved on 10% SDS-polyacrylamide gel (PAGE)
gel and transferred onto a nitrocellulose membrane (Bio-Rad). The following primary antibodies were used: UCP1 (1:1,000, #
ab10983, Abcam) and HSP90 (1:1000, # 4877, Cell signaling). Thereafter, membranes were incubated with corresponding secondary
HRP–conjugated antibodies (1:10.000, Calbiochem) and signals were detected by an LAS 4000 mini Image Quant system (GE
Healthcare Life Sciences).
RNA extraction and quantitative real-time PCR
Total RNA was extracted from tissue using Trizol reagent (# 15596026, Invitrogen) according to the manufacturer’s protocol.
Genomic DNA was treated by DNase (NEB BioLabs). Reverse transcription was performed using the High Capacity cDNA Reverse
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transcription kit (# 4368814, Applied Biosystems) with 0.5-1ug of the total RAN. Quantitative PCR was performed on a ViiA7 (Applied
Biosystems) using Sybergreen (Themofisher). Relative mRNA concentrations normalized to the expression of 36B4 were calculated
by the DDCt method. Primer sequences are listed in the Key Resources Table.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are expressed as mean ± standard error of the mean (SEM). The significance was determined using a two-tailed, unpaired
Student’s t-test, one-way ANOVA with Newman–Keuls correction for multiple group comparisons, or two-way ANOVA with Bonferroni multiple comparisons/Tukey’s multiple comparison. Statistical tests were calculated using the GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA). P-values < 0.05 were considered significant. All statistical details can be found in the figure legends.
Power calculation analysis was not performed. Sample size was determined based on previous experiments performed in our
laboratory. The evaluator was blinded to the identity of a specific sample as far as the nature of the experiment allowed it.
DATA AND CODE AVAILABILITY
Original data for uncropped and unmodified images in this paper are available upon request.
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