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Obesity-resistance of UCP1-
deficient mice associates with
sustained FGF21 sensitivity

In inguinal adipose tissue

Marlou Klein Hazebroek and Susanne Keipert*

Department of Molecular Biosciences, The Wenner-Gren Institute, Stockholm University,
Stockholm, Sweden

Metabolic diseases represent the major health burden of our modern society.
With the need of novel therapeutic approaches, fibroblast growth factor 21
(FGF21) is a promising target, based on metabolic improvements upon FGF21
administration in mice and humans. Endogenous FGF21 serum levels, however,
are increased during obesity-related diseases, suggesting the development of
FGF21 resistance during obesity and thereby lowering FGF21 efficacy. In
uncoupling protein 1 knockout (UCP1 KO) mice, however, elevated
endogenous FGF21 levels mediate resistance against diet-induced obesity.
Here, we show that after long-term high fat diet feeding (HFD), circulating
FGF21 levels become similarly high in obese wildtype and obesity-resistant
UCP1 KO mice, suggesting improved FGF21 sensitivity in UCP1 KO mice. To test
this hypothesis, we injected FGF21 after long-term HFD and assessed the
metabolic and molecular effects. The UCP1 KO mice lost weight directly upon
FGF21 administration, whereas body weights of WT mice resisted weight loss in
the initial phase of the treatment. The FGF21 treatment induced expression of
liver Pck1, a typical FGF21-responsive gene, in both genotypes. In iWAT, FGF21-
responsive genes were selectively induced in UCP1 KO mice, strongly
associating FGF21-sensitivity in iWAT with healthy body weights. Thus, these
data support the concept that FGF21-sensitivity in adipose tissue is key for
metabolic improvements during obesogenic diets.
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Introduction

Fibroblast growth factor 21 (FGF21) is considered a
promising therapeutic agent for obesity and related diseases (1,
2). FGF21 is a hormone with pleiotropic effects on energy
homeostasis, secreted by and acting on multiple organs (3).
FGF21 binds specifically to the FGF receptors (FGFR) but
requires beta Klotho (KLB) as an obligate co-receptor (4, 5).
While FGFRs are ubiquitously expressed, KLB expression is
limited to metabolic tissues such as liver, white and brown
adipose tissues (WAT and BAT), pancreas and distinct brain
regions, conferring specificity of FGF21 signaling (3). FGF21
signals during cellular and environmental stress responses, such
as starvation, to promote gluconeogenesis and ketogenesis,
thereby facilitating the adaptation to stress (6, 7). The
administration of exogenous FGF21 in mice and primates
improves obesity-related insulin resistance, glucose and lipid
homeostasis, further suggesting a major role in the regulation of
systemic metabolism (8-11).

First generation FGF21 analogues have already reached the
clinical test phase (12, 13). While the effects on body weight loss
and glucose homeostasis are rather small, significant
improvements of dyslipidemia and fatty liver are seen in
patients with obesity and type 2 diabetes (T2D) (9, 13-15).
Thus, preclinical and clinical evidence corroborate that FGF21 is
a promising candidate to combat obesity related diseases. Since
FGF21 corrects multiple metabolic disorders by improving lipid
metabolism and body weight (10, 14-16), one would expect
rather low blood levels of FGF21 during metabolic disease
progression. Surprisingly, however, Zhang and colleagues
found in 2008 that serum FGF21 was significantly increased in
obese patients and associated with increased risk of the
metabolic syndrome, suggesting FGF21 as potential biomarker
for metabolic diseases (17). Importantly, these observations
started discussions whether obesity may cause FGF21
resistance. Numerous subsequent studies confirmed the
increase of endogenously circulating FGF21 levels during
obesity and metabolic disease in mice and humans (17-20).
Recently it was reported that FGF21 is postprandially regulated
by insulin rather than glucose, an effect that is attenuated in
patients with T2D (21). Whether systemic FGF21 resistance
exists or even promotes insulin resistance, is controversially
discussed (2, 7, 19, 22, 23).

Several lines of evidence implicate adipose tissue as the
important regulator of FGF21 action, mediating its pleiotropic
metabolic effects (8, 24-26). In white adipocytes, FGF21
promotes insulin-independent glucose uptake, regulates
lipolysis, and increases mitochondrial biogenesis (8, 27).
Interestingly, the expression of its co-regulator KLB is
repressed in adipose tissues of dietary-obese mice (19, 25, 28,
29) and obese humans (28). Mice with the adipocyte-specific
deletion of FGFR1 or KLB are resistant to the therapeutic
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benefits of FGF21 administration (30, 31). Furthermore, the
overexpression of KLB in adipose tissue is sufficient to enhance
FGF21 responses and to combat dietary obesity in mice (29). In
contrast, others observed that the maintenance of KLB in
adipose tissue does not increase FGF21 sensitivity in vivo (25).
Therefore, it remains unclear how FGF21 sensitivity in adipose
tissue contributes to metabolic improvements during FGF21
therapy. Still, the majority of the recent studies support a
concept that FGF21 action and sensitivity are required in
adipose tissue for metabolic improvements during obesity and
insulin resistance.

In contrast to elevated levels of endogenous FGF21 serum
levels during obesity and obesity-related diseases, high
endogenous FGF21 levels in mouse models with genetically
modified mitochondrial function improve metabolism and
mediate resistance to diet-induced obesity (7). Endogenous
FGF21 fully mediates obesity resistance in mice with genetic
inactivation of the adipose-specific mitochondrial uncoupling
protein 1 (UCP1), when fed high fat diets (HFD) at room
temperature (representing mild cold conditions) (32). The
phenomenon of increased FGF21 levels and resistance to diet
induced obesity in UCP1 KO mice is only seen at mild cold, not
thermoneutral conditions (33, 34). To date, the underlying
mechanisms how FGF21 counteracts obesity are not
understood but associate with the browning of WAT.

In this study, we show that long term HFD feeding at room
temperature elevates endogenous serum FGF21 levels in
wildtype (WT) mice to comparable levels of their UCP1 KO
littermates. The administration of exogenous FGF21 acutely
reduces body weights only of UCP1 KO mice that display
improved FGF21 sensitivity of iWAT, which may be the
driving force for maintaining the healthy metabolic phenotype.
On the contrary, the wildtype data further support adipose
tissue-specific resistance to FGF21 action upon HFD feeding.
The potential impact of adipose tissue-selective FGF21-
resistance may have important ramifications for the
therapeutic effects of FGF21 analogous.

Methods
Animals

The experiments were performed in homozygous male WT,
UCP1 KO, FGF21 KO and UCP1/FGF21 double KO (dKO) mice
(genetic background C57BL/6]). To reduce confounding
developmental adaptation to thermal stress we bred, raised and
maintained all mice at thermoneutrality. Mice were housed in
groups with ad libitum access to food and water, and a 12:12-h
dark-light cycle. At the age of ~10-12 weeks, mice were changed to
a 58% high fat diet (Research diets, D12331) and housing
temperature was changed from 30°C to 23°C + 1°C. Body
composition was analyzed using a magnetic resonance whole-
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body composition analyzer (Echo-MRI). After 12 weeks of dietary
intervention, mice were sacrificed 3-4 h after lights went on, and
serum and tissue samples were collected. In a second cohort
(identical conditions to cohort 1), of 11 weeks HFD fed male WT
and UCP1 KO mice, hFGF21 (1mg/kgBW/day) was injected
intraperitoneally once daily for consecutive 10 days. The animal
welfare authorities of the local animal ethics committee of the state
of Bavaria (Regierung Oberbayern) and North Stockholm approved
animal maintenance and all experimental procedures in accordance
with European guidelines.

Gene expression analysis

RNA was extracted using Qiazol according to the
manufacturer’s instructions (Qiagen). Synthesis of cDNA and
DNase treatment were performed from 1 ug of total RNA using
QuantiTect Reverse Transcription Kit (Qiagen). For real time
qPCR performed with SYBRgreen (Applied Biosystems or
Biorad), oligonucleotide primer sequences for the following
genes were used: Hprt: for-CAGTCCCAGCGTCGTGATTA,
rev-AGCAAGTCTTTCAGTCCTGTC; B2m: for-CCCCACTG
AGACTGATACATACGC, rev-AGAAACTGGATTTGTA
ATTAAGCAGGTTC; Fgfrl: for-TGTTTGACCGGATC
TACACACA, rev-CTCCCACAAGAGCACTCCAA; Fgf21: for-
CTGCTGGGGGTCTACCAAG, rev-CTGCGCCTCCACTGT
TCGC; Kib: for-rAACCAAACACGC GGATTTC, rev-GATGAA
GAATTTCCTAAACCAGGTT; Ucpl: for-GGCCTCTAC
GACTCAGTCCA, rev- TAAGCCGGCTGAGATCTTGT;
Dio2: for-AATTATGCCTCGGAGAAGA, rev-GGCAGTT
GCCTAGTGAAAG; Cidea: forrAATGGACACCGGG
TAGTAAGT, rev-CAGCCTGTATAGGTCGAAGGT; Pckl:
for-TGCATAACGGTCTGGACTTC, rev-CAGCAACTGCCC
GTACTCC. Gene expression was calculated as ddCT using
Hprt or B2m for normalization. The data are shown as values
relative to the WT group.

Serum analysis

FGF21 serum levels were measured according to the
manufacturer’s instructions (Mouse/Rat FGF21 ELISA Kit -
R&D Systems).

Statistic

Statistical analyses were performed using Stat Graph Prism 9
(GraphPad Software, San Diego, CA USA). 1-way or 2-way
ANOVA and Sidak’s multiple comparisons test were used to
determine differences between the genotypes. Statistical
significance was assumed at p < 0.05. Statistical significance of
WT to other genotypes are denoted by *p < 0.05, **p < 0.01,
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***p < 0.001. Statistical differences between the treatment within
one genotype are indicated #.

Results

Sustained FGF21 receptor complex
expression in UCP1 KO mice despite the
lack of genotype difference in circulating
FGF21 after long term HFD

As shown previously (32), UCP1 KO mice are resistant to
HEFD feeding at room temperature, showing the same fat free
mass, but reduced fat mass after 12 weeks of dietary treatment
(Figures 1A-C). The obesity resistance is dependent on FGF21,
as UCP1/FGF21 dKO mice gain similar body weight and fat
mass as WT and FGF21 KO control mice (Figures 1A, C).
Previously, we observed an early increase (after 3 weeks of HFD
feeding) of circulating FGF21 in UCP1 KO mice, which was
more than doubled compared to WT controls (32). In contrast,
after long term HFD feeding, no differences between WT and
UCP1 KO mice in serum FGF21 could be detected anymore
(Figure 1D), as both genotypes show increased circulating
FGF21 levels. On gene expression level, liver Fgf21 is induced
in WT and UCP1 KO mice in response to long term HFD
(Figure 1E), independent of the differences in body weight
(Figure 1A). However, as seen previously (32), in 3wks fed
UCP1 KO mice Fgf21 is additional induced in BAT and iWAT
compared to WT (Figures 1F, G). Whereas the differences in
iWAT disappear over time, the effect in BAT persists after 12
weeks HFD, but is less pronounced (Figures 1F, G). Despite
having similar circulating FGF21 levels (Figure 1D), UCP1 KO
mice still stay lean compared to WT and UCP1/FGF21 dKO
mice, suggesting a higher, sustained FGF21 sensitivity. To get
more insights, we next measured the gene expression of the
FGF21 receptor complex in different tissues. In BAT, 12 weeks
HFD led to a similar downregulation of KIb and FgfrI in both
genotypes compared to 3 weeks of HFD. In contrast, in liver and
iWAT prolonged HFD feeding leads to a suppression of KIb and
Fgfrl only in WT mice (Figures 1E, F), not in UCP1 KO mice,
which still show sustained expression after 12 weeks HFD
treatment (Figures 1E, F). Especially in iWAT, gene expression
of FGF21 receptor complexes strongly downregulated in WT
animals. Together, those data suggest a higher FGF21 sensitivity
in liver and iWAT of UCP1 KO mice, which possibly could
contribute to the lean phenotype.

Higher sensitivity to exogenous FGF21 in
UCP1 KO mice

With the discovery of similar circulating FGF21 levels after
12 weeks of HFD feeding at room temperature between UCP1
KO and WT mice (Figure 1D), we next tested if the DIO-
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Sustained FGF21 receptor complex expression in UCP1 KO mice despite the lack of genotype difference in circulating FGF21 after long term
HFD (A) Body weight, (B) fat free mass, (C) body fat, (D) serum FGF21 levels of WT, FGF21 KO, UCP1 KO and dKO mice fed a high fat diet for 12
wks. Relative gene expression of FGF21, Klb (beta klotho) and Fgfrl (Fgf receptor 1) in (E) liver, (F) iWAT (inguinal white fat) and (G) BAT (brown
fat) of WT and UCP1 KO mice fed a high fat diet for 3 or 12 weeks. Mean ct values of WT 3 weeks are given above the corresponding bar graph
for quantitative assessment of gene expression. (D) Data are mean + SEM.; n= 5-8. Statistical significance between genotypes are denoted by
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical differences between the treatment within one genotype are indicated #.

resistant phenotype of UCP1 KO mice is due to higher FGF21
sensitivity. We performed a pharmacological study
administrating 1mg/kg/day FGF21 for 10 days to long-term
HED fed WT and UCP1 KO mice (kept at room temperature;
study design Figure 2A). As expected from Figure 1D, the saline
treated control animals show the same FGF21 serum levels at the
end of the treatment, whereas FGF21 injection leads to supra-
physiological 16-fold induced circulating FGF21 levels in both
genotypes (Figure 2B). Already after 3 days of FGF21
administration, UCP1 KO mice show significant weight loss
(Figure 2C), whereas WT mice appeared to be resistant against
FGF21 treatment in the initial phase of the treatment
(Figure 2C), and only start losing significant body weight after
8 days of treatment. The stronger response to exogenous FGF21
in UCP1 KO mice is reflected in a significant body fat loss
compared to WT mice at the end of the 10 days treatment period
(Figure 2D). Together, these data support the hypothesis that
UCP1 KO mice have a higher sensitivity to circulating
endogenous and administrated FGF21 compared to WT.
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FGF21-induced weight loss coincides
with FGF21 sensitivity in inguinal WAT
but not in liver

WT animals showed a reduced gene expression of the FGF21
receptor complex Kib and Fgfr] in liver and iWAT (Figures 1E, F).
Furthermore, in the follow-up pharmacological study, WT
animals showed a delayed response in body weight loss after
exogenous administration of FGF21 compared to UCP1 KO mice
(Figure 2C). Both datasets suggest the initiation of (tissue-specific)
FGF21 resistance. Therefore, we next analysed gene expression of
known FGF21 downstream targets in liver and iWAT of both
genotypes after FGF21 administration. In liver, PckI is
upregulated in both genotypes (Figure 3A). However, in iWAT
only UCP1 KO mice show an induction of Dio2, and Cidea after
FGF21 injection (Figure 3B). Interestingly, FGF21 injection leads
also to a strong upregulation of Fgf2I gene expression itself in
iWAT. These responses were completely blunted in WT mice
(Figure 3B). Together, these data suggest iWAT as a key tissue
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regulating FGF21-mediated metabolic improvements in UCP1
KO mice and adipose tissue specific FGF21 resistance in WT mice.

Discussion

Contrary to the metabolic improvements by FGF21
administration, endogenous FGF21 serum levels are increased
during obesity-related diseases, suggesting FGF21 resistance.
Whether obesity or adaptation to increasing metabolic stress
provokes compensatory upregulation of FGF21, causing FGF21
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resistance, is still an open question. Thus, the physiological role
for obesity-induced FGF21 levels, if any, is not clear. Our data
emphasize the importance of maintaining FGF21 sensitivity in
adipose tissue during obesity to resist metabolic complications,
as seen in UCP1 KO mice, which remain FGF21-sensitive in
iWAT despite increased endogenous FGF21 levels. In contrast to
WT mice, this sensitivity enables rapid weight loss and genetic
responses in iWAT upon FGF21 administration.

Obesity is linked to leptin and insulin resistance, and even
though the mechanism and response to pharmacological
administration differs, it is not surprising that resistance to
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another circulating metabolic regulator, FGF21, has been
suggested. Pioneering studies on FGF21 resistance in obese
mice showed reduced receptor complexes and FGF21-
signalling responses in WAT (19), suggesting an important
role of adipose tissue mediating the metabolic effects of
FGF21. Research groups have focused their efforts on
increasing Kb expression to regain FGF21 responses, based on
the essential role of KLB for FGF21 signaling (4, 5). Notably,
adipocyte-specific deletion of Fgfrl or KiIb eliminates the
therapeutic benefits of FGF21 administration (30, 31).
Unfortunately, controversial results of various adipose tissue
specific KLB mouse models (25, 29) prevent unambiguous
conclusions. A common observation in all studies, however, is
the downregulation of the FGF21 receptor complex in adipose
tissue during obesity (19, 25, 29, 35). Similar results were
observed in a clinical study (28). Furthermore, in a seasonal
model of obesity, the Siberian hamster, a reduction in adipose
tissue KIb expression was associated with loss of ERK1/2
phosphorylation, altering responsiveness to FGF21 (36).
Coherent with these previous observations, our study confirms
repressed KIb and Fgfr1 expression not only in iWAT, but also in
BAT and liver of WT animals after prolonged high fat diet
feeding. While after 3 weeks of HFD, KiIb and Fgfr1 are expressed
in iWAT of WT mice, the mRNA levels strongly decrease after
12 weeks. In UCP1 KO mice, which display FGF21 dependent
DIO resistance, the gene expression of the FGF21 receptor
complex is sustained in the liver and in iWAT. By
administration of exogenous FGF21 after 12 weeks of HFD,
we showed that FGF21 signaling in the liver was still intact in
both WT and UCP1 KO mice, while iWAT of WT mice does not
respond to FGF21 injection. In our previous publication (32), we
performed next generation RNA sequencing in several
peripheral tissues to gain molecular insights on how FGF21
controls the obesity resistance in UCP1 KO mice. The strongest
difference between WT and UCP1 KO mice was seen in iWAT,
resembling a browning phenotype despite the absence of UCP1
(32). The present pharmacological study supports this finding by
also pointing towards iWAT as the main target tissue of FGF21
action. In iWAT, FGF21 injection leads to a strong induction of
FGF21-related gene expression only in UCP1 KO mice,
suggesting a sustained FGF21 sensitivity in those mice.
Furthermore, in iWAT of UCP1 KO mice FGF21 injection
leads to a strong upregulation of Fgf21 gene expression itself.
Recently it was shown that browning of iWAT by B-adrenergic
agonists requires autocrine FGF21 signaling to stimulation of
thermogenic gene expression (37, 38), raising the question of the
role of auto/paracrine versus endocrine signaling in the lean
phenotype of UCP1 KO mice. Nevertheless, these findings
indicate that obesity-induced downregulation of the receptor
complexes can reduce tissue specific FGF21 responsiveness/
sensitivity. Current research has emphasised to improve
FGF21 signalling with exercise by subjecting mice to treadmill
training for 3 days or 4 weeks during HFD feeding. Trained mice
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showed improved metabolic features compared to sedentary
animals upon FGF21 injection (24). Using an adipose tissue-
specific KLB knock-out model, it was shown that metabolism
improved to a lesser extent, suggesting that the benefits of
exercise are at least in part regulated by FGF21 in adipose
tissues (24). Furthermore, bariatric surgery seems to improve
FGF21 sensitivity during high-fat diets by restoring Kb
expression in WAT and downregulating hepatic FGF21
expression in streptozotocin-induced diabetic rats (39), further
supporting a key role for FGF21 signalling in WAT during
metabolic disease.

In conclusion, our findings are coherent with recent research
by supporting the concept of requiring sustained FGF21-
sensitivity in adipose tissue for metabolic improvements
during obesity and insulin resistance. However, the
mechanisms of body weight loss are unclear. Previously it was
shown that FGF21 administration to UCP1 KO mice can affect
both, energy expenditure and food intake (40, 41). A detailed
analysis of the energy balance during FGF21 treatment would be
required to draw clear conclusions. Furthermore, the molecular
mechanisms of increased iWAT FGF21 sensitivity improving
body weight development and metabolic homeostasis are still
unknown. In our previous work, we saw indications for
upregulated (futile) lipid cycling in iWAT of UCP1 KO mice
(32, 42), indicating a potential alternative thermogenic pathway,
with a leaner phenotype as consequence. Furthermore, the
induced browning phenotype in iWAT suggests increase
mitochondrial content potentially impacting lipid metabolism.
However, these phenomena need to be further elucidated in the
future. Additionally, more research is needed to distinguish
between endocrine versus para/autocrine effects of FGF21
signaling in iWAT. Keeping the pleiotropic role of FGF21 in
mind, we cannot rule out that part of the effects could be
mediated through central regulation via the brain. Thus,
further investigations are required to understand and identify
the pathways of dysregulated FGF21 signalling in obesity, which
at the end will be important for the clinical translation of FGF21-
based therapies.

Data availability statement
The original contributions presented in the study are included

in the article. Further inquiries can be directed to the
corresponding author.

Ethics statement

The animal study was reviewed and approved by local
animal ethics committee of the state of Bavaria (Regierung
Oberbayern) and North Stockholm.

frontiersin.org


https://doi.org/10.3389/fendo.2022.909621
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hazebroek and Keipert

Author contributions

SK conceptualized the project, designed and performed
experiments, interpreted data, and wrote the paper. MKH
performed experiments and interpreted data, proof-read,
commented and edited the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by funding from the EFSD/Novo
Nordisk Programme for Diabetes Research in Europe and
Swedish Research Council (2018-02150).

Acknowledgments

We would like to thank Daniel Brandt for excellent technical
assistance and Martin Jastroch for helpful discussions.

References

1. Geng L, Lam KSL, Xu A. The therapeutic potential of FGF21 in metabolic
diseases: from bench to clinic. Nat. Rev. Endocrinol. (2020) 16(11):654-67.
doi: 10.1038/s41574-020-0386-0

2. Kharitonenkov A, DiMarchi R. Fibroblast growth factor 21 night watch:
advances and uncertainties in the field. J Internal Med (2017) 281(3):233-46.
doi: 10.1111/j0im.12580

3. Fisher FM, Maratos-Flier E. Understanding the physiology of FGF21. Annu
Rev Physiol (2016) 78(1):223-41. doi: 10.1146/annurev-physiol-021115-105339

4. Adams AC, Cheng CC, Coskun T, Kharitonenkov A. FGF21 requires Bklotho
to act In vivo. PloS One (2012) 7(11):e49977. doi: 10.1371/journal.pone.0049977

5. Ogawa Y, Kurosu H, Yamamoto M, Nandi A, Rosenblatt KP, Goetz R, et al.
BetaKlotho is required for metabolic activity of fibroblast growth factor 21. Proc
Natl Acad Sci United States America (2007) 104(18):7432-7. doi: 10.1073/
pnas.0701600104

6. Inagaki T, Dutchak P, Zhao G, Ding X, Gautron L, Parameswara V, et al.
Endocrine regulation of the fasting response by PPARalpha-mediated induction of
fibroblast growth factor 21. Cell Metab (2007) 5(6):415-25. doi: 10.1016/
j.cmet.2007.05.003

7. Keipert S, Ost M. Stress-induced FGF21 and GDF15 in obesity and obesity
resistance. Trends Endocrinol Metab (2021) 32(11):904-15. doi: 10.1016/
j.tem.2021.08.008

8. BonDurant LD, Ameka M, Naber MC, Markan KR, Idiga SO, Acevedo MR,
et al. FGF21 regulates metabolism through adipose-dependent and -independent
mechanisms. Cell Metab (2017) 25(4):935-944.e4. doi: 10.1016/
j.cmet.2017.03.005

9. Gaich G, Chien JY, Fu H, Glass LC, Deeg MA, Holland WL, et al. The effects
of LY2405319, an FGF21 analog, in obese human subjects with type 2 diabetes. Cell
Metab (2013) 18(3):333-40. doi: 10.1016/j.cmet.2013.08.005

10. Véniant MM, Komorowski R, Chen P, Stanislaus S, Winters K, Hager T,
et al. Long-acting FGF21 has enhanced efficacy in diet-induced obese mice and in
obese rhesus monkeys. Endocrinology (2012) 153(9):4192-203. doi: 10.1210/
en.2012-1211

11. Coskun T, Bina HA, Schneider MA, Dunbar JD, Hu CC, Chen Y, et al.
Fibroblast growth factor 21 corrects obesity in mice. Endocrinology (2008) 149
(12):6018-27. doi: 10.1210/en.2008-0816

12. Kliewer SA, Mangelsdorf DJ. A dozen years of discovery: Insights into the
physiology and pharmacology of FGF21. Cell metabolism. (2019) 29(2):246-53.
doi: 10.1016/j.cmet.2019.01.004

Frontiers in Endocrinology

07

10.3389/fendo.2022.909621

Furthermore, we would like to thank Brian Finan for
providing the hFGF21.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

13. Shao W, Jin T. Hepatic hormone FGF21 and its analogues in clinical trials.
Chronic Dis Trans Med (2021). doi: 10.1016/j.cdtm.2021.08.005

14. Talukdar S, Zhou Y, Li D, Rossulek M, Dong ], Somayaji V, et al. A long-
acting FGF21 molecule, PF-05231023, decreases body weight and improves lipid
profile in non-human primates and type 2 diabetic subjects. Cell Metab (2016) 23
(3):427-40. doi: 10.1016/j.cmet.2016.02.001

15. Rader DJ, Maratos-Flier E, Nguyen A, Hom D, Ferriere M, Li Y, et al.
LLF580, an FGF21 analog, reduces triglycerides and hepatic fat in obese adults with
modest hypertriglyceridemia. J Clin Endocrinol Metab (2022) 107(1):e57-70.
doi: 10.1210/clinem/dgab624

16. Xu J, Lloyd DJ, Hale C, Stanislaus S, Chen M, Sivits G, et al. Fibroblast
growth factor 21 reverses hepatic steatosis, increases energy expenditure, and
improves insulin sensitivity in diet-induced obese mice. Diabetes (2009) 58(1):250—
9. doi: 10.2337/db08-0392

17. Zhang X, Yeung DCY, Karpisek M, Stejskal D, Zhou Z-G, Liu F, et al. Serum
FGF21 levels are increased in obesity and are independently associated with the
metabolic syndrome in humans. Diabetes (2008) 57(5):1246-53. doi: 10.2337/
db07-1476

18. Dushay J, Chui PC, Gopalakrishnan GS, Varela—Rey M, Crawley M, Fisher
FM, et al. Increased fibroblast growth factor 21 in obesity and nonalcoholic fatty
liver disease. Gastroenterology (2010) 139(2):456-63. doi: 10.1053/
j.gastro.2010.04.054

19. Fisher FM, Chui PC, Antonellis PJ, Bina HA, Kharitonenkov A, Flier JS,
et al. Obesity is a fibroblast growth factor 21 (FGF21)-resistant state. Diabetes
(2010) 59(11):2781-9. doi: 10.2337/db10-0193

20. Kralisch S, Ténjes A, Krause K, Richter J, Lossner U, Kovacs P, et al.
Fibroblast growth factor-21 serum concentrations are associated with metabolic
and hepatic markers in humans. J Endocrinol (2013) 216(2):135-43. doi: 10.1530/
JOE-12-0367

21. Samms R]J, Lewis JE, Norton L, Stephens FB, Gaftney CJ, Butterfield T, et al.
FGF21 is an insulin-dependent postprandial hormone in adult humans. J Clin
Endocrinol Metab (2017) 102(10):3806-13. doi: 10.1210/jc.2017-01257

22. Markan KR. Defining “FGF21 resistance” during obesity: Controversy,
criteria and unresolved questions. FI000Research (2018) 7:286. doi: 10.12688/
f1000research.14117.1

23. Tanajak P. Letter to the Editor: Parameters, characteristics, and criteria for
defining the term “FGF21 resistance. Endocrinology (2017) 158(5):1523-4.
doi: 10.1210/en.2017-00056

frontiersin.org


https://doi.org/10.1038/s41574-020-0386-0
https://doi.org/10.1111/joim.12580
https://doi.org/10.1146/annurev-physiol-021115-105339
https://doi.org/10.1371/journal.pone.0049977
https://doi.org/10.1073/pnas.0701600104
https://doi.org/10.1073/pnas.0701600104
https://doi.org/10.1016/j.cmet.2007.05.003
https://doi.org/10.1016/j.cmet.2007.05.003
https://doi.org/10.1016/j.tem.2021.08.008
https://doi.org/10.1016/j.tem.2021.08.008
https://doi.org/10.1016/j.cmet.2017.03.005
https://doi.org/10.1016/j.cmet.2017.03.005
https://doi.org/10.1016/j.cmet.2013.08.005
https://doi.org/10.1210/en.2012-1211
https://doi.org/10.1210/en.2012-1211
https://doi.org/10.1210/en.2008-0816
https://doi.org/10.1016/j.cmet.2019.01.004
https://doi.org/10.1016/j.cdtm.2021.08.005
https://doi.org/10.1016/j.cmet.2016.02.001
https://doi.org/10.1210/clinem/dgab624
https://doi.org/10.2337/db08-0392
https://doi.org/10.2337/db07-1476
https://doi.org/10.2337/db07-1476
https://doi.org/10.1053/j.gastro.2010.04.054
https://doi.org/10.1053/j.gastro.2010.04.054
https://doi.org/10.2337/db10-0193
https://doi.org/10.1530/JOE-12-0367
https://doi.org/10.1530/JOE-12-0367
https://doi.org/10.1210/jc.2017-01257
https://doi.org/10.12688/f1000research.14117.1
https://doi.org/10.12688/f1000research.14117.1
https://doi.org/10.1210/en.2017-00056
https://doi.org/10.3389/fendo.2022.909621
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hazebroek and Keipert

24. GengL, Liao B, Jin L, Huang Z, Triggle CR, Ding H, et al. Exercise alleviates
obesity-induced metabolic dysfunction via enhancing FGF21 sensitivity in adipose
tissues. Cell Rep (2019) 26(10):2738-2752.e4. doi: 10.1016/j.celrep.2019.02.014

25. Markan KR, Naber MC, Small SM, Peltekian L, Kessler RL, Potthoff MJ.
FGF21 resistance is not mediated by downregulation of beta-klotho expression in
white adipose tissue. Mol Metab (2017) 6(6):602-10. doi: 10.1016/
j.molmet.2017.03.009

26. Dollet L, Levrel C, Coskun T, Le Lay S, Le May C, Ayer A, et al. FGF21
improves the adipocyte dysfunction related to seipin deficiency. Diabetes (2016) 65
(11):3410-7. doi: 10.2337/db16-0327

27. Véniant MM, Hale C, Helmering J, Chen MM, Stanislaus S, Busby J, et al.
FGF21 promotes metabolic homeostasis via white adipose and leptin in mice. PloS
One (2012) 7(7):e40164. doi: 10.1371/journal.pone.0040164

28. Gallego-Escuredo JM, Gomez-Ambrosi J, Catalan V, Domingo P, Giralt M,
Frithbeck G, et al. Opposite alterations in FGF21 and FGF19 levels and disturbed
expression of the receptor machinery for endocrine FGFs in obese patients.
Int J Obes (2015) 39(1):121-9. doi: 10.1038/ij0.2014.76

29. Samms RJ, Cheng CC, Kharitonenkov A, Gimeno RE, Adams AC.
Overexpression of B-klotho in adipose tissue sensitizes Male mice to endogenous
FGF21 and provides protection from diet-induced obesity. Endocrinology (2016)
157(4):1467-80. doi: 10.1210/en.2015-1722

30. Adams AC, Yang C, Coskun T, Cheng CC, Gimeno RE, Luo Y, et al. The
breadth of FGF21’s metabolic actions are governed by FGFR1 in adipose tissue.
Mol Metab (2012) 2(1):31-7. doi: 10.1016/j.molmet.2012.08.007

31. Ding X, Boney-Montoya ], Owen BM, Bookout AL, Coate KC, Mangelsdorf
D], et al. BKlotho is required for fibroblast growth factor 21 effects on growth and
metabolism. Cell Metab (2012) 16(3):387-93. doi: 10.1016/j.cmet.2012.08.002

32. Keipert S, Lutter D, Schroeder BO, Brandt D, Stdhlman M, Schwarzmayr T,
et al. Endogenous FGF21-signaling controls paradoxical obesity resistance of
UCP1-deficient mice. Nat Commun (2020) 11(1):624. doi: 10.1038/s41467-019-
14069-2

33. Dieckmann S, Strohmeyer A, Willershduser M, Maurer SF, Wurst W,
Marschall S, et al. Susceptibility to diet-induced obesity at thermoneutral

Frontiers in Endocrinology

08

10.3389/fendo.2022.909621

conditions is independent of UCP1. Am ] Physiol-Endocrinol Metab (2022) 322
(2):E85-100. doi: 10.1152/ajpendo.00278.2021

34. Keipert S, Kutschke M, Lamp D, Brachthiuser L, Neff F, Meyer CW, et al.
Genetic disruption of uncoupling protein 1 in mice renders brown adipose tissue a
significant source of FGF21 secretion. Mol Metab (2015) 4(7):537-42. doi: 10.1016/
j.molmet.2015.04.006

35. Hale C, Chen MM, Stanislaus S, Chinookoswong N, Hager T, Wang M,
et al. Lack of overt FGF21 resistance in two mouse models of obesity and
insulin resistance. Endocrinology (2012) 153(1):69-80. doi: 10.1210/
en.2010-1262

36. Lewis JE, Monnier C, Marshall H, Fowler M, Green R, Cooper S, et al.
Whole-body and adipose tissue-specific mechanisms underlying the metabolic
effects of fibroblast growth factor 21 in the Siberian hamster. Mol Metab (2020)
31:45-54. doi: 10.1016/j.molmet.2019.10.009

37. Abu-Odeh M, Zhang Y, Reilly SM, Ebadat N, Keinan O, Valentine JM, et al.
FGF21 promotes thermogenic gene expression as an autocrine factor in adipocytes.
Cell Rep (2021) 35(13):109331. doi: 10.1016/j.celrep.2021.109331

38. Kriebs A. Autocrine FGF21 signalling promotes beiging. Nat Rev Endocrinol
(2021) 17(9):514-4. doi: 10.1038/s41574-021-00541-x

39. Liu Q, Wang S, Wei M, Huang X, Cheng Y, Shao Y, et al. Improved FGF21
sensitivity and restored FGF21 signaling pathway in high-fat Diet/Streptozotocin-
induced diabetic rats after duodenal-jejunal bypass and sleeve gastrectomy. Front
Endocrinol (2019) 10:566. doi: 10.3389/fendo.2019.00566

40. Samms RJ, Smith DP, Cheng CC, Antonellis PP, Perfield JW,
Kharitonenkov A, et al. Discrete aspects of FGF21 In vivo pharmacology do
not require UCP1. Cell Rep (2015) 11(7):991-9. doi: 10.1016/j.celrep.
2015.04.046

41. Veniant MM, Sivits G, Helmering ], Komorowski R, Lee ], Fan W, et al.
Pharmacologic effects of FGF21 are independent of the “Browning” of white
adipose tissue. Cell Metab (2015) 21(5):731-8. doi: 10.1016/j.cmet.2015.04.019

42. Keipert S, Kutschke M, Ost M, Schwarzmayr T, van Schothorst EM, Lamp
D, et al. Long-term cold adaptation does not require FGF21 or UCP1. Cell Metab
(2017) 26(2):437-446.¢5. doi: 10.1016/j.cmet.2017.07.016

frontiersin.org


https://doi.org/10.1016/j.celrep.2019.02.014
https://doi.org/10.1016/j.molmet.2017.03.009
https://doi.org/10.1016/j.molmet.2017.03.009
https://doi.org/10.2337/db16-0327
https://doi.org/10.1371/journal.pone.0040164
https://doi.org/10.1038/ijo.2014.76
https://doi.org/10.1210/en.2015-1722
https://doi.org/10.1016/j.molmet.2012.08.007
https://doi.org/10.1016/j.cmet.2012.08.002
https://doi.org/10.1038/s41467-019-14069-2
https://doi.org/10.1038/s41467-019-14069-2
https://doi.org/10.1152/ajpendo.00278.2021
https://doi.org/10.1016/j.molmet.2015.04.006
https://doi.org/10.1016/j.molmet.2015.04.006
https://doi.org/10.1210/en.2010-1262
https://doi.org/10.1210/en.2010-1262
https://doi.org/10.1016/j.molmet.2019.10.009
https://doi.org/10.1016/j.celrep.2021.109331
https://doi.org/10.1038/s41574-021-00541-x
https://doi.org/10.3389/fendo.2019.00566
https://doi.org/10.1016/j.celrep.2015.04.046
https://doi.org/10.1016/j.celrep.2015.04.046
https://doi.org/10.1016/j.cmet.2015.04.019
https://doi.org/10.1016/j.cmet.2017.07.016
https://doi.org/10.3389/fendo.2022.909621
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Obesity-resistance of UCP1-deficient mice associates with sustained FGF21 sensitivity in inguinal adipose tissue
	Introduction
	Methods
	Animals
	Gene expression analysis
	Serum analysis
	Statistic

	Results
	Sustained FGF21 receptor complex expression in UCP1 KO mice despite the lack of genotype difference in circulating FGF21 after long term HFD
	Higher sensitivity to exogenous FGF21 in UCP1 KO mice
	FGF21-induced weight loss coincides with FGF21 sensitivity in inguinal WAT but not in liver

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


