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Genetic disruption of uncoupling protein 1 in
mice renders brown adipose tissue a significant
source of FGF21 secretion
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ABSTRACT

Objective: Circulating fibroblast growth factor 21 (FGF21) is an important auto- and endocrine player with beneficial metabolic effects on obesity
and diabetes. In humans, thermogenic brown adipose tissue (BAT) was recently suggested as a source of FGF21 secretion during cold exposure.
Here, we aim to clarify the role of UCP1 and ambient temperature in the regulation of FGF21 in mice.
Methods: Wildtype (WT) and UCP1-knockout (UCP1 KO) mice, the latter being devoid of BAT-derived non-shivering thermogenesis, were
exposed to different housing temperatures. Plasma metabolites and FGF21 levels were determined, gene expression was analyzed by qPCR, and
tissue histology was performed with adipose tissue.
Results: At thermoneutrality, FGF21 gene expression and serum levels were not different between WT and UCP1 KO mice. Cold exposure led to
highly increased FGF21 serum levels in UCP1 KO mice, which were reflected in increased FGF21 gene expression in adipose tissues but not in
liver and skeletal muscle. Ex vivo secretion assays revealed FGF21 release only from BAT, progressively increasing with decreasing ambient
temperatures. In association with increased FGF21 serum levels in the UCP1 KO mouse, typical FGF21-related serum metabolites and inguinal
white adipose tissue morphology and thermogenic gene expression were altered.
Conclusions: Here we show that the genetic ablation of UCP1 increases FGF21 gene expression in adipose tissue. The removal of adaptive
nonshivering thermogenesis renders BAT a significant source of endogenous FGF21 under thermal stress. Thus, the thermogenic competence of
BAT is not a requirement for FGF21 secretion. Notably, high endogenous FGF21 levels in UCP1-deficient models and subjects may confound
pharmacological FGF21 treatments.

� 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Brown adipose tissue (BAT), the main site of non-shivering thermo-
regulation (NST), defends body temperature in small mammals and
human infants [1]. In adult humans, the presence of active BAT
inversely correlates with body mass index [2e5], suggesting that BAT
is a natural defense mechanism against obesity. Thermogenic func-
tionality of BAT is regulated at multiple levels, but the mitochondrial
uncoupling protein 1 (UCP1) is crucial. UCP1 converts nutrient energy
directly to heat by uncoupling substrate oxidation from ATP synthesis
[6]. UCP1 KO mice are cold sensitive but can survive after stepwise
acclimatization to the cold [7]. Canonical activation of BAT requires
sympathetic noradrenaline release, but the search for peripheral
hormones that increase UCP1 gene expression revealed several serum
proteins, including fibroblast growth factor 21 (FGF21). FGF21 is a
pleiotropic regulator of glucose homeostasis, lipid and energy
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metabolism [8e10], that is mainly released from the liver. Recently,
other tissues such as the stressed muscle and adipose tissue were
identified as sources of FGF21 [11,12]. In white adipose tissue (WAT),
FGF21 appears to act solely in an autocrine or paracrine manner
[8,13]. In BAT of rodents, FGF21 expression is induced by cold
exposure and beta3-adrenergic stimulation [14e16]. So far, only one
study showed secretion of FGF21 from BAT, suggesting an endocrine
role of activated BAT [16].
Increased systemic FGF21 serum levels, either endogenously induced
or exogenously administered, lead to the appearance of brown fat like-
structures in WAT depots by the recruitment of beige fat cells e
generally termed the “browning” of WAT [8,11,15,17]. The beige
adipocytes possess thermogenic potential through expression of
functional UCP1 [18] but whether they contribute to systemic adaptive
thermogenesis is under debate [19]. In adult humans, the major
proportion of UCP1-positive cells is classified as beige adipocytes
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[20,21] while the minor proportion is classical neonatal BAT that is
found in the neck region [22]. Cold exposure of humans increased
thermogenic gene expression including UCP1 and circulating FGF21,
suggesting augmentation of BAT thermogenesis in concert with FGF21
[23]. Furthermore, the human data suggested that FGF21 secretion
during cold exposure may require functionally active BAT [24]. Given
the effects of exogenous FGF21 on “browning”, it is possible that
elevated serum FGF21 levels increase thermogenic gene programming
in beige adipose tissue of humans. Accumulating evidence from ro-
dents and man suggests that the BAT-FGF21 axis plays a key role in
the regulation of energy expenditure and thermogenesis.
In the UCP1 KO mouse model, which lacks the ability to recruit
adrenergic thermogenesis in BAT [25,26], we discovered that circu-
lating FGF21 levels are highly elevated in response to cold exposure and
specifically released from non-functional BAT. The release of full-length
FGF21 suggests endocrine crosstalk with other tissues, presumably
altering serummetabolites and inducing thermogenic programs inWAT.

2. MATERIAL AND METHODS

2.1. Animals
The experiments were performed in homozygous WT and UCP1 KO
littermates (genetic background C57BL/6J e originally from Jackson
Laboratory - Strain Name: B6.129-Ucp1tm1Kz/J). Mice were bred,
born and weaned at 30 �C. They were housed in groups with ad libitum
access to food and water and a 12:12-h darkelight cycle (lights on:
7:00 CET). At the age of 10e12 weeks, mice were single housed and
randomly assigned to warm (30 �C) or cold (2e3 wks at 18 �C fol-
lowed by 4 wks at 5 �C) acclimation. At 16e18 weeks of age, mice
were euthanized 3e4 h after lights went on, and serum and tissue
samples were collected. Another cohort of mice was acclimated to
either 23 �C or 18 �C for 2 wks. The animal welfare authorities
approved animal maintenance and experimental procedures.

2.2. Gene expression analysis
RNA was extracted from BAT, liver and inguinal white adipose tissue
(iWAT) using Qiazol according to the manufacturer’s instructions (Qiazol
Lysis Reagent, Qiagen). Synthesis of cDNA and DNAse treatment were
performed from 1 mg of total RNA using the QuantiTect Reverse Tran-
scription Kit (Qiagen). Quantitative real-time PCR (qRT-PCR) was per-
formed on the ViiA� 7 Real-Time PCR System (Applied Biosystems). The
PCR mix contained (5 ml) SybrGreen Master Mix, (Applied Biosystems), a
cDNA amount corresponding to 5 ng of RNA used for cDNA synthesis and
gene specific primer pairs. Gene expression was calculated as ddCT,
using HPRT or B2 microglobulin (B2M) for normalization and relative to
the WT 30 �C, which was normalized to a value of 1. The oligonucleotide
primer sequences are available on request.

2.3. Serum analysis
For all serum analyses, commercially available assay kits were used
according to the manufacturer’s recommendations. Serum tri-
glycerides (Triglyceride Colorimetric Assay Kit e Cayman Chemical),
glycerol (Glycerol Colorimetric Assay Kit, Cayman) and intact/active
FGF21 (Intact FGF-21 ELISA Kit, Eagle Biosciences) were measured
undiluted. Sera for FGF21 (Mouse/Rat FGF-21 Quantikine ELISA Kit -
R&D Systems) and NEFA (NEFA-HR2 Wako Chemicals) detection were
diluted 1:2. Serum samples were stored at �80 �C until use.

2.4. Ex vivo analysis of FGF21 secretion in BAT and WAT
BAT and iWAT tissues were collected and washed several times with
phosphate-buffered saline (PBS, Life technologies). Tissues were cut
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in pieces (10e15 mg), washed again 3x in PBS and incubated in
Dulbecco’s modified Eagle’s medium (DMEM/F-12, Life technologies)
containing 1% essential fatty acid-free bovine serum albumin (Sigma)
for 4 h at 37 �C in a humidified incubator containing 5% CO2.
Thereafter, the supernatants were removed and analyzed for FGF21
(R&D Systems). BAT and iWAT tissue pieces were washed in PBS,
weighted, snap frozen in liquid nitrogen and stored at �80 �C for
protein detection.

2.5. Ex vivo analysis of FGF21 secretion in soleus and EDL muscle
Ex vivo analysis of FGF21 secreted from EDL and soleus muscles was
measured as described before [11].

2.6. Histology
Fat tissue specimens were fixed in 4% paraformaldehyde (Roth
chemicals) for 24 h and embedded in low melting paraffin (Paraplast
Plus�, Sigma Aldrich) for histological examination. Four mm-thick
sections were cut using a rotary microtome (HSM55, Microm). Sec-
tions were mounted on superfrost glass slides (Menzel glass), dehy-
drated in increasing ethanol series and stained with hematoxylin and
eosin (H&E) (Merck). Bright field images were obtained with the
Keyence Microscope BZ-9000.

2.7. Statistics
Statistical analyses were performed using Stat Graph Prism (6.0)
(Graphpad). All data are reported as mean � SEM. After testing for
normal distribution of the data and equal variances within the data
sets, a Student’s t-test (unpaired, two-tailed) was used to determine
differences between the genotypes under different temperatures,
whereby asterisks indicate the degree of statistical significance which
was assumed P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001).
Statistical analyses testing differences in tissue-specific levels and
genotype differences were performed by one-way ANOVA followed by
Bonferroni’s multiple comparison adjustment. Statistical significance
was assumed at P < 0.05. Statistical differences between groups are
indicated by superscript letters, whereby different letters indicate
significant different at P < 0.05.

3. RESULTS

3.1. Chronic cold exposure induces serum levels of intact FGF21 in
UCP1 KO mice
UCP1 KO mice kept at chronic cold (5 �C) showed significantly
increased FGF21 serum levels as compared to WT mice, whereas no
genotype difference was detectable under thermoneutral conditions
(Figure 1A). To investigate whether the blood serum FGF21 levels can
potentially mediate endocrine crosstalk between tissues, we assessed
full-length FGF21 protein levels using a Sandwich ELISA assay,
detecting the full-length protein by binding to the N-terminal and the C-
terminal of FGF21. We found highly increased intact FGF21 in the blood
serum of cold exposed UCP1 KO mice (Figure 1B).

3.2. FGF21 gene expression is elevated in BAT and iWAT of UCP1
KO mice
We aimed to identify tissues that contribute to increased FGF21 serum
levels of UCP1 KO mice under cold conditions and determined FGF21
mRNA levels in multiple tissues. FGF21 mRNA was highly induced in
BAT and iWAT, but not in the liver, of cold-acclimated UCP1 KO mice
(Figure 1C). At thermoneutrality, FGF21 mRNA levels in BAT and iWAT
were low in both genotypes. The cold-induced increase of FGF21
gene expression in functional BAT and iWAT was expected in WT
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Cold induced increase of FGF21 serum levels and gene expression in UCP1 KO mice compared to WT littermates. Mice were maintained at 30 �C or exposed to 5 �C for
3 weeks (upon acclimation to 18 �C for 2 weeks). (A) Serum levels of FGF21 and (B) active FGF21 of WT or UCP1 KO mice. (C) quantitative PCR (qPCR) analysis of FGF21 in brown
adipose tissue (BAT), inguinal white adipose tissue (iWAT) and liver. ***P < 0.001, significant differences between the genotypes. Data are means � SEM (n ¼ 6e8/group).
mice, given the concurrent literature [14e16]. However, the genetic
ablation of UCP1 resulted in a dramatic increase of FGF21 mRNA
levels in BAT and iWAT but not in the liver (Figure 1C), suggesting that
BAT or iWAT is a relevant source of endocrine FGF21. To compara-
tively estimate the relative contribution of the tissues to increasing
FGF21 serum levels, we also determined FGF21 mRNA levels only
considering ct-values without normalizing to tissue-specific
Figure 2: Mild ambient temperatures below thermoneutrality induce FGF21 serum levels a
mild cold (23 �C or 18 �C) (A) Serum levels of FGF21 and ex vivo secretion of FGF21 from
and UCP1 KO mice after 4 h incubation. *P < 0.05; ***P < 0.001, significant difference
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housekeeping genes in liver, skeletal muscle, heart, white and brown
adipose tissue (Fig. S1), thus allowing for multiple tissue comparison.
Among those tissues, we found the highest FGF21 mRNA concen-
trations in BAT and iWAT of cold acclimated UCP1 KO mice. As ex-
pected from the literature, liver shows the highest gene expression
under thermoneutral conditions while FGF21 mRNA was nearly not
expressed in muscle and heart.
nd secretion from BAT of UCP1 KO mice. Mice were maintained at 30 �C or exposed to
(B) BAT, (C) iWAT, EDL (extensior digitorum longus) (EDL) and (F) soleus muscle of WT
s between the genotypes. Data are means � SEM (n ¼ 4e6/group).
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3.3. FGF21 serum levels in UCP1 KO mice respond to mild
temperatures below thermoneutrality
We asked whether high FGF21 serum levels are a result of prolonged
cold exposure and adaptive non-shivering thermogenesis or whether
temperatures below thermoneutrality directly control them. In order to
distinguish between these two scenarios we performed mild cold
challenges of WT and UCP1 KO mice raised and bred at 30 �C.
Exposure to room temperature (23 �C, 11 days) significantly increased
serum FGF21 levels in UCP1 KO mice, while no change was observed
in WT mice. Acclimatization to 18 �C, considered the critical tem-
perature for survival of UCP1 KO mice prior to cold exposure [7], further
elevated FGF21 serum levels in UCP1 KO mice to the magnitude
observed in response to prolonged cold of 5 �C (Figure 2A). The results
demonstrate ambient temperature-dependent increase of FGF21
serum levels in UCP1 KO mice.

3.4. BAT is the source of cold-induced circulating FGF21 in UCP1
KO mice
To explore the source of increased FGF21 serum levels in UCP1 KO
mice, we analyzed secretion of FGF21 from excised BAT, iWAT tissue
samples and skeletal muscle (extensor digitorum longus (EDL) and
soleus muscle). The ex vivo secretion analyses confirmed BAT but not
iWAT or muscle of UCP1 KO mice as the source of circulating FGF21 by
showing significant release of FGF21 in an acclimatization
temperature-dependent manner (Figure 2BeE). In contrast, levels of
secreted FGF21 from WT mouse BAT samples were close to the
detection limit (Figure 2B). The liver is a known source of FGF21;
Figure 3: Serum levels of metabolites and iWAT morphology and gene expression of UCP1
weeks (upon acclimation to 18 �C for 2 weeks). Serum levels of (A) Triglycerides, (B) NE
lipolytic (G) gene expression. *P < 0.05, **P < 0.01, and ***P < 0.0001, significant differe
superscript letters, whereby means annotated with different letters are significantly differen
group).
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however, we found no evidence for differential up-regulation of liver
FGF21 mRNA in response to cold and due to genotype (Figure 1C). The
secretion assays of this soft tissue are prone to error, due to unreg-
ulated protein leaking and therefore, were not performed in this study.
Thus, although there is no evidence for regulation of liver FGF21, we
cannot fully exclude the contribution of the liver to circulating FGF21
levels.

3.5. Cold-induction changes serum metabolites, iWAT morphology
and gene expression
The typical effects of FGF21 action, such as decreased serum tri-
glycerides, free fatty acids and glycerol levels (Figure 3AeC), were
observed in UCP1 KO mice kept at chronic cold (5 �C). Further indi-
cation for enhanced endogenous FGF21 signaling is supported by
increased FGF21-cofactor beta-klotho (Klb) in iWAT (Figure 3D; BAT/
liver: Fig. S2). As expected, the iWAT of UCP1 KO mice displayed
enhanced multilocularity, thermogenic and lipolytic gene expression
(Figure 3EeG). The direct link between increased FGF21 of cold-
exposed UCP1 KO mice and iWAT remodeling requires further exper-
imentation. Interestingly, the remodeling of iWAT in UCP1 KO mice
appears associated with metabolic futile cycles but not mitochondrial
thermogenesis. Mitochondrial oxidative capacity (measured as COX
activity) and the protein content of respiratory chain complexes in iWAT
were not changed between genotypes (Fig. S3). Searching for alter-
native metabolic (thermogenic) pathways revealed evidence for
increased futile cycling of lipids in cold exposed UCP1 KO mice, re-
flected in trends toward higher lipogenic (ACC, FASN) (Fig. S4) and
KO mice and WT littermates. Mice were maintained at 30 �C or exposed to 5 �C for 3
FAs, (C) Glycerol; iWAT Klb gene expression (D), morphology (E), thermogenic (F) and
nces between the genotypes or statistical differences of the genotypes are indicated by
t. Statistical significance was assumed at P < 0.05. Data are means � SEM (n ¼ 6e8/
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significantly increased lipolytic (ATGL) gene expression (Fig. 3G). The
futile cycling of triglyceride hydrolysis and re-synthesis is promoted by
glycerol-kinase in WAT [27]. Cold-induction of glycerolkinase (Gyk) and
adipocyte glycerol transporter (aquaporin 7; Aqp7) were more pro-
nounced in iWAT of UCP1 KO compared to WT mice (Fig. S4). Alto-
gether, UCP1-independent browning of iWAT appears to be associated
with futile cycling of triglycerides and thus, higher ATP turnover (heat)
of beige adipocytes.

4. DISCUSSION AND CONCLUSION

Obesity and diabetes research is geared toward the increase of UCP1
in brown and beige adipocytes to combust surplus energy. Similarly,
FGF21 has been suggested as a therapeutic target to lower body
weight by increasing energy expenditure. As both, BAT and FGF21, are
associated in cold exposed humans, a positive functional relationship
of between FGF21 and thermogenic BAT has been suggested [23].
Data on cold exposed humans suggested the augmentation of BAT
thermogenesis in concert with FGF21 [23] and the requirement of
functionally active BAT for FGF21 secretion [24].
The idea that FGF21 is released as an adipokine from thermogenically-
competent BAT remained controversial [14e16], and was demon-
strated by a single study in mice [16]. Here, not only do we confirm the
release of FGF21 from BAT but also we demonstrate that classical
UCP1-mediated BAT thermogenesis in mice is not required for
cold-induced secretion of full-length FGF21 protein. Unexpectedly, the
lack of UCP1 potentiated FGF21 expression in BAT and iWAT, rendering
BAT the major source of circulating FGF21 serum levels at tempera-
tures below thermoneutrality. The control for increased FGF21 release
is presumably extrinsic (e.g. sympathetic nervous over-activation) as
primary brown adipocytes of WT and UCP1 KO mice show no cell-
autonomous differences in agonist-mediated FGF21 induction
(CL316,243) (Fig. S5). Increased FGF21 plasma levels have pleiotropic
metabolic effects but several studies established ‘browning’ of iWAT as
a typical FGF21 target. Morphological remodeling such as multi-
locularity in iWAT [28e30], the induction of the b-Klotho/FGFR re-
ceptor complex, thermogenic and lipid metabolism gene programs
(except UCP1) support the effects of increased FGF21 levels in coor-
dinating adaptive responses in the absence of UCP1. In the absence of
UCP1, thermogenesis may be supported by increased ATP turnover
which can be enhanced by ATP consuming futile cycles. Whether these
effects are solely mediated by FGF21 and assist to rescue metabolic
homeostasis during cold exposure by mobilization of energy storage
and futile metabolic cycles has to be determined in future studies,
possibly utilizing UCP1-FGF21 double knockout mice.
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