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SUMMARY

Brown adipose tissue (BAT)-dependent thermogene-
sis and its suggested augmenting hormone, FGF21,
are potential therapeutic targets in current obesity
and diabetes research. Here, we studied the role of
UCP1 and FGF21 for metabolic homeostasis in the
cold and dissected underlying molecular mecha-
nisms using UCP1-FGF21 double-knockout mice.
We report that neither UCP1 nor FGF21, nor even
compensatory increases of FGF21 serum levels in
UCP1 knockout mice, are required for defense of
body temperature or for maintenance of energy meta-
bolism and body weight. Remarkably, cold-induced
browning of inguinal white adipose tissue (iWAT) is
FGF21 independent. Global RNA sequencing reveals
major changes in response to UCP1- but not FGF21-
ablation in BAT, iWAT, and muscle. Markers of mito-
chondrial failure and inflammation are observed in
BAT, but in particular the enhanced metabolic repro-
gramming in iWAT supports the thermogenic role of
UCP1 and excludes an important thermogenic role
of endogenous FGF21 in normal cold acclimation.

INTRODUCTION

In small mammals, including human infants, mitochondrial un-
coupling protein 1 (UCP1) of brown adipose tissue (BAT) pro-
vides the primary mechanism for adaptive non-shivering thermo-
genesis (NST) to defend body temperature at cold ambient
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temperatures (Cannon and Nedergaard, 2004). Given its pres-
ence in adult humans (Nedergaard et al., 2007), active BAT could
impact body weight (Matsushita et al., 2014).

The classical mechanism of NST through UCP1 occurs not
only in brown but also in so-called “beige” (or “brite”) adipose
tissue (Shabalina et al., 2013). Beige adipocytes are character-
ized by multilocular lipid droplet morphology, thermogenic ca-
pacity, and compared to white adipocytes, higher mitochondrial
content (Keipert and Jastroch, 2014). Beige cells develop within
white adipose tissue (WAT), a process termed “browning,” in
response to various stimuli, i.e., cold, dietary interventions, or
pharmacological treatments (Fabbiano et al., 2016; Fisher
et al., 2012; Vitali et al., 2012). Impressively, severe paucity of
BAT in Myf5-BMPR1A knockout mice is compensated by
browning of WAT, which was interpreted as sufficient for resto-
ration of total BAT-mediated thermogenic capacity (Schulz
et al., 2013). Recent work from Spiegelman and colleagues sug-
gested two UCP1-independent thermogenic pathways in beige
cells (Kazak et al., 2015; Long et al., 2016), highlighting alterna-
tive mechanisms of thermogenesis. However, as shivering is still
induced in UCP1 knockout (UCP1 KO) mice in the cold, alterna-
tive pathways cannot fully replace UCP1. A potent enhancer of
WAT browning is circulating fibroblast growth factor 21
(FGF21), an important metabolic regulator and a potential thera-
peutic target for the treatment of obesity and diabetes (Coskun
et al., 2008; Fisher et al., 2012; Kharitonenkov et al., 2007).
Some analyses of metabolic rate suggest increases in energy
expenditure in response to FGF21 administration (e.g., Samms
et al., 2015), although there could be confounding effects of
body weight reduction. However, FGF21’s role in thermogenesis
is not completely understood, as increased energy expenditure
appears to be independent of UCP1 to a large extent (Samms
et al., 2015). Given that cold exposure increases FGF21
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expression in WAT and BAT, there are several claims that FGF21
improves BAT function, in addition to mediating other metabolic
effects. Inrodents, FGF21 is induced in and released from BAT in
response to cold exposure, thus strongly suggesting a regulatory
role of FGF21 in adaptive thermogenesis (Chartoumpekis et al.,
2011; Fisher et al., 2012; Hondares et al., 2011; Keipert et al.,
2015). Furthermore, FGF21 KO mice show larger lipid droplets
in BAT, possibly due to less active energy turnover (Badman
et al., 2009). These mice appeared to be cold intolerant, sug-
gesting a profound requirement for FGF21 during BAT thermo-
genesis (Fisher et al., 2012). In humans, mild cold exposure
increases circulating FGF21 levels (Lee et al., 2013) and cold-
induced circulating FGF21 levels are associated with BAT acti-
vity (Hanssen et al., 2015; Lee et al., 2014). The importance of
FGF21 for BAT thermogenesis is further fostered by dramatically
potentiated FGF21 release in BAT of UCP1 KO mice below ther-
moneutrality (Keipert et al., 2015). Although UCP1 KO mice are
sensitive to acute cold exposure, they are able to survive step-
wise cold acclimation with no obvious metabolic disadvantages
(Golozoubova et al., 2001; Meyer et al., 2010; Ukropec et al.,
2006). Intriguingly, cold-adapted UCP1 KO mice display mor-
phological and molecular changes in WAT that resemble typical
FGF21 browning effects (Granneman et al., 2003; Keipert et al.,
2015; Ukropec et al., 2006). Thus, the cumulative evidence from
rodent and human studies suggests a key role for FGF21 in
UCP1-mediated as well as UCP1-independent regulation of
adaptive thermoregulation, possibly by mediating endocrine
cross-talk between (inactive) BAT and other potentially thermo-
genic tissues (e.g., WAT).

In this study, we directly tested for the relevance of FGF21 in
combination with UCP1 in the cold by comprehensive metabolic
phenotyping using wild-type (WT), FGF21 KO, UCP1 KO, and
UCP1-FGF21 double-knockout mice (dKO) mice. First, we
confirmed that UCP1 KO mice display elevated serum FGF21,
released from BAT during cold exposure (Keipert et al., 2015).
Using established protocols for cold acclimation, a 2-week
period of mild cold preconditioning at 18°C was followed by
5°C cold exposure for 3 weeks with continuous recordings of
metabolic activity and body temperature. To elucidate the un-
derlying molecular mechanisms, we performed global RNA
sequencing of four major tissues. Our data highlight that cold
exposure is a powerful environmental stimulus enhancing ther-
mogenesis and energy expenditure to defend body temperature
even in the absence of UCP1 and FGF21, potentially supported
by molecular pathways in WAT.

RESULTS AND DISCUSSION

Adipose Tissue FGF21 Expression Is Augmented in
UCP1 KO Mice during Cold

Consistent with previously published data (Fisher et al., 2012;
Hondares et al., 2011) liver Fgf21 gene expression is not induced
by chronic cold stress, in contrast to strong upregulation in BAT
(40-fold) and WAT (5-fold), reaching levels found in the liver of
WT mice (Figure 1A). Importantly, UCP1 KO mice potently
elevate Fgf21 mRNA in BAT and inguinal WAT (i\WAT), showing
induction levels of more than 1,000-fold and 100-fold, respec-
tively (Figure 1B).
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To evaluate the role of FGF21 in UCP1 KO mice, we have
generated UCP1-FGF21 dKO mice (and WT, FGF21 KO, and
UCP1 KO) at thermoneutrality and challenged all four genotypes
with prolonged cold exposure of 5°C for 3 weeks (Figure 1C). The
simultaneous inactivation of Ucp7 and Fgf21 gene expression
was consolidated with gPCR of BAT and iWAT samples (Figures
1D and 1E). Notably, Ucp7 mRNA levels are not impacted by the
absence of FGF21 (WT versus FGF21 KO, Figure 1D). In line with
previous findings (Keipert et al., 2015), elevated Fgf21 mRNA in
BAT and iWAT is associated with elevated circulating FGF21
serum levels in UCP1 KO mice (Figure 1F), suggesting endocrine
cross-talk of BAT with other tissues, putatively recruiting meta-
bolic pathways that compensate the lack of classical UCP1-
mediated NST. All cold-acclimated mice display no differences
in blood glucose and lactate levels (Figure S1A). In the absence
of UCP1, independent of FGF21 levels, serum lipids, are
decreased, but not cholesterol and adiponectin (Figures S1B
and S1C). There was no differential regulation of selected inflam-
matory cytokines (Figure S1D) and myo-/adipokines (Figure S1E)
in blood serum.

FGF21 and/or UCP1 Do Not Impact Metabolic
Phenotypes
We tracked body weight and simultaneously measured body
temperature, energy expenditure, food intake, and activity to
determine the role of the UCP1-FGF21 axis in energy balance
and adaptive thermogenesis. Mice of all four genotypes were
continuously recorded during the decrease of ambient tempera-
ture from 30°C (thermoneutrality) to 18°C for 12 days, followed
by 3 weeks at 5°C. No difference in any of the measured meta-
bolic parameters was observed between WT and FGF21 KO
mice (Figures 2A, 2C, 2E, and 2G), which corroborates the negli-
gible role of FGF21 in adaptive NST of mice. Body weight,
possibly the most sensitive parameter reporting changes in en-
ergy balance, does not reveal any genotypic differences and re-
mains fairly stable during cold acclimation (Figures 2A and 2B).
Given the tripling of food intake from 30°C to 5°C to compensate
for heat loss, the genetic ablation of UCP1 and/or FGF21 has
minor impact on food intake (Figures 2A and 2B). All genotypes
reduce activity in the scotophase in response to decreasing
ambient temperature (Figures 2A and 2B), with enhanced
depression of activity in the absence of UCP1 only during mod-
erate cold exposure (18°C). Changing ambient temperature from
30°C to 18°C leads to an increased day/night amplitude in the
48-hr time course of the respiratory quotient (RQ; Figures 2C
and 2D), demonstrating metabolic flexibility during cold of all ge-
notypes (i.e., fast switch between carbohydrate and lipid oxida-
tion). At 5°C, the mean value of the RQ is not different between
the genotypes, while the lower amplitude seen in the 48-hr
time course hints to less flexibility in fuel preference during day-
time in UCP1 KO and dKO mice (Figures 2C and 2D).
Previously, Fisher et al. showed that the ablation of FGF21
leads to an impaired response to cold stress when placing
mice from 27°C to 5°C for 3 days (Fisher et al., 2012). Our
cold-acclimation protocol does not impair body temperature in
FGF21 KO mice (Figure 2E) at any time during 36 days of mea-
surement, suggesting that FGF21 plays no role during long-
term adaptive thermoregulation. Core body temperature during
daytime decreases in WT and FGF21 KO mice at 5°C (Figure 2E),
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Figure 1. Augmented FGF21 Levels in Mice Lacking UCP1 and Generation of FGF21-UCP1 Double-Knockout Mice

(A and B) Fgf27 mRNA in liver, BAT, and iWAT of WT mice (A) or UCP1 KO mice (B) kept at 30°C or at 5°C for 3 weeks (upon acclimation to 18°C for 12 days).
(C) Breeding scheme of the FGF21-UCP1 dKO cohort and schematic illustration of cold acclimation.

(D-F) Fgf21 gene expression (D) and Ucp1 gene expression (E) as well as FGF21 serum levels (F) in WT, FGF21 KO, UCP1 KO, and dKO mice upon cold exposure.
n.d., not detectable; data represent means + SEM (n = 6-8). Statistical differences (p < 0.05) are indicated by different letters. See also Figure S1.

but not in UCP1 KO and dKO mice (Figure 2F). The periodically
increased body temperature in the absence of functional BAT
may be explained by altered heat distribution.

Analysis of energy expenditure shows the expected increases
in response to cold, but reveals no genotypic differences (Fig-
ures 2G and 2H), unequivocally demonstrating that global meta-
bolic homeostasis during cold is maintained irrespective of
UCP1 or/and FGF21. Plotting body weight versus energy expen-
diture reveals no genotypic difference in body-weight-depen-
dent energy expenditure (Figure 2I), suggesting that alternative
thermoregulatory pathways are not more costly for systemic
thermoregulation than UCP1-mediated heat production. Taken
together, the phenotypic data demonstrate that the role of
FGF21 in maintaining body temperature after prolonged cold
exposure is dispensable, even in the absence of UCP1.

Minor Impact of FGF21 in UCP1-Dependent

and -Independent BAT Biology in the Cold

Given the predominant thermogenic role of UCP1, as well as
the suggested impact of FGF21 in BAT and beige adipose tissue,
we focus here on the genotypic effects on adipose tissue
morphology and gene regulation. While the morphology of BAT

differs dramatically between the genotypes (Figures 3A and
3B), there were no differences in total BAT weight (Figures 3C
and 3D; dashed line indicates WT mean value). No changes in
morphology between WT and FGF21 KO mice (left panels) are
observed in this study, consistent with unchanged UCP1 protein
levels and Ppargc1A, Dio2, and Cidea gene expression (Fig-
ure 3C), as well as unchanged protein levels of representative
respiratory chain subunits (Figure 3E). Together, these data point
to a minor role of FGF21 in cold-induced BAT thermogenesis, at
least during long-term exposure. In contrast to WT and FGF21
mice, BAT of UCP1 KO mice displays a higher density of uniloc-
ular fat cells, a typical WAT feature (Figure 3B). Notably, the addi-
tional inactivation of FGF21 (in dKO mice) results in a drastically
reduced number of lipid droplets. Interestingly, only the lack of
both UCP1 and FGF21 is responsible for a mildly increased
expression of Dio2 (Figure 3D). Remarkably, the lack of UCP1
in BAT per se promotes a strong reduction of respiratory chain
complexes (Figure 3F; dashed line: WT mean), supporting the
conclusion that oxidative BAT thermogenesis has limited signif-
icance. A very recent study shows similar reductions of respira-
tory chain complexes (Kazak et al., 2017). These findings of both
independent studies provide the molecular rationale for reduced

Cell Metabolism 26, 437-446, August 1, 2017 439
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Figure 2. The Lack of FGF21 and/or UCP1 Does Not Impact Metabolic Mouse Phenotypes upon Cold Acclimation
(A and B) Body weight, food intake, and activity of warm (30°C), moderate cold (18°C), and cold (5°C) acclimated WT, FGF21 KO, UCP1 KO, and dKO mice.

(C—H) Respiratory quotient (C and D), body temperature (E and F), and energy
step) and means (+SEM).

(I) Mean energy expenditure data are plotted against body weight. Statistically
0.01 (n = 6-8).

respiration in UCP1-ablated BAT mitochondria (Oelkrug et al.,
2010). To fully understand the molecular impact of FGF21 and
UCP1, whole-transcriptome analysis was performed for cold-
acclimated mice. The top 30 significantly up- and downregulated
(FDR-adjusted p < 0.05) genes are visualized as heatmap on the
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expenditure (G and H) are shown as longitudinal (last 2 days of each temperature

significant differences between WT and UCP1 KO or dKO are denoted by WT **p <

basis of hierarchical clustering (Figure 3G). Principal component
analysis (PCA) and Venn diagrams of significant regulated genes
(FC > 1.2; FDR-adjusted p < 0.05) illustrate the separation of the
four genotypes into two major groups (WT/FGF21 KO and
UCP1 KO/dKO), thus elucidating major transcriptomic changes
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Figure 3. Minor Impact of FGF21 in UCP1-Dependent and -Independent BAT Biology in the Cold
(A-F) Morphology (A and B); tissue weight, UCP1 protein levels, and gene expression of Dio2, Cidea, and Ppargc1a (C and D); and protein levels of respiratory

chain complexes in BAT of long-term cold-exposed WT, FGF21 KO, UCP1 KO, and dKO mice (E and F

. M, molecular weight marker; data represent

means + SEM (n = 6-8). Statistically significant differences between WT and UCP1 KO or dKO are denoted by WT **p < 0.01, WT ***p < 0.001 (gray dashed line
indicates WT value), and statistically significant differences (p < 0.05) between UCP1 KO and dKO are denoted by different letters.

(G-I) Transcriptomic analysis for FGF21- and/or UCP1-dependent remodeling of BAT from long-term cold-exposed animals (n = 5-6). (G) The top30 up- and
downregulated unique transcripts between WT and UCP1 KO were determined. The heatmap illustrates relative expression of all genotypes. (H) PCA of all genes
demonstrating the distinct profile of WT/FGF21 KO versus UCP1 KO/dKO mice. The Venn diagram depicts overlaps of significantly altered gene expression

between genotypes (FC > 1.2; p < 0.05 FDR-adjusted).

(I) Pathway enrichment analysis (using MetaCore) depicts the top 10 upregulated (right) or downregulated (left) pathways (UCP1 KO/WT; dKO/WT; exclusive

pathways highlighted in bold). See also Figure S2.

through the lack of UCP1 and the negligible impact of FGF21 in
BAT during chronic cold (Figure 3H). Notably, the top enriched
pathways uncover pronounced immune responses and the
reduction of oxidative metabolism in the absence of UCP1 (Fig-
ure 3l). The transcriptomes of hypothalamus and skeletal mus-
cle, two other important tissues for thermoregulation, reveal no

major FGF21-dependent changes (Figures S2A and S2B). While
PCA of hypothalamic gene expression shows no genotypic clus-
tering, the lack of UCP1 affects the muscle transcriptome (Fig-
ures S2B and S2C), possibly through adaptation to enhanced
shivering, as suggested by others (Golozoubova et al., 2001).
Similar to BAT, FGF21-independent immune responses in
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skeletal muscle of UCP1 KO versus WT mice are observed in the
top enriched pathways (Figure S2D), possibly reporting dysfunc-
tional cellular properties in muscle, such as oxidative stress (Stier
et al., 2014) or defective calcium handling (Aydin et al., 2008).
Furthermore, the gene expression profile of UCP1 KO and dKO
muscles suggests increased lipid metabolism and slightly shifted
muscle fiber type, typical adjustments of muscle training and
shivering (Shabalina et al., 2010) (Figures S2E and S2F). Howev-
er, muscle mass was unchanged (Figure S2G).

WAT Remodeling and Potential Sources of Heat

Besides BAT and muscle, iWAT has been suggested as a poten-
tial site of thermogenesis during cold acclimation. WT and FGF21
KO mice display no differences in iWAT morphology and weight,
UCP1 protein, and mRNA levels of Dio2, Cidea, and Ppargc1A
(Figures 4A and 4C), demonstrating that cold-induced browning
of iIWAT is not regulated via FGF21. Enhanced multilocularity and
mildly increased iIWAT weight in UCP1 KO mice (Figures 4B and
4D) are expected considering previous studies (Granneman et al.,
2003; Keipert et al., 2015; Ukropec et al., 2006). WAT is a primary
target of FGF21 action, inducing browning, glucose uptake
(Kharitonenkov et al., 2005; Ost et al., 2015), and lipolysis (Inagaki
et al., 2007). Given highly elevated circulating FGF21 levels in
UCP1 KO mice (Figure 1), it is surprising that the additional dele-
tion of FGF21 does not alter fat cell multilocularity of UCP1 KO
mice (Figure 4B), suggesting that cold overrides FGF21 action
to control metabolic homeostasis. Cold acclimation induces a
morphological browning phenotype in iWAT of UCP1 KO and
dKO mice. This browning is supported by significantly increased
gene expression of the key thermogenic genes Dio2, Ppargc1A,
and Cidea (Figure 4D; dashed line: WT mean). The additional
deletion of FGF21 has no quantitative impact on thermogenic
gene expression. The results of RNA sequencing are summarized
as heatmap of the top 30 significantly up- and downregulated
(FDR-adjusted p < 0.05) genes (Figure S3A). The PCA suggests
only clear separation of UCP1-positive versus -negative samples
(Figure 4E), supporting the minor role of FGF21 in the cold (Fig-
ure S3B). Pathway enrichment confirmed browning of iWAT in
UCP1-ablated mice, suggesting increased metabolism by
enrichment of oxidative phosphorylation and lipid metabolism

(Figures 4F and S3C), as well as networks controlling mitochon-
drial translation (Figure 4G, S3D, and S3E). Additional gPCR an-
alyses confirmed simultaneous upregulation of lipogenic and
lipolytic as well as glycerol metabolism genes in UCP1-deficient
mice (Figure 4H), suggesting increased lipid turnover (Haem-
merle et al., 2011; Mottillo et al., 2014) or possibly futile lipid
cycling as proposed by others (Guan et al., 2002; Rohm et al.,
2016). Genes of creatine futile cycling, a recently proposed
mechanism (Kazak et al., 2015), are not affected after prolonged
cold (Figure 4l). However, Pm20d1 gene expression, which re-
sults in an enzyme that has been suggested to generate n-acyl
amino acids as endogenous uncouplers (Long et al., 2016), was
selectively increased in iIWAT of all UCP1-deficient mice (Fig-
ure 4l). Whether these molecular adaptations contribute to ther-
mogenesis in the cold in the absence of UCP1 remains to be clar-
ified. To at least estimate the functional relevance of endogenous
uncouplers for adipocyte oxidative metabolism, we performed
plate-based respirometry of immortalized browned adipocytes
from WT and UCP1 KO mice (Figures 4J-4L and S4A-S4G).
Mimicking the in vivo situation, Fgf21 and Ucp1 mRNA (Figures
4J and S4A) and detectable UCP1 protein (Figure S4B) were
robustly induced by rosiglitazone treatment. Pm20d7 mRNA
was barely detectable in murine adipocytes in vitro (Figure 4J;
Cr values 31-33). However, when testing exogenously n-acyl
amino acids, the lack of gene expression formally excludes any
experimental interference with endogenous Pm20d1. First, we
synthetized n-acyl amino acids and confirmed that oleoyl-L-
leucine uncouples mitochondria of intact WT and UCP1 KO adi-
pocytes in state 4 (blocked ATP synthase), exceeding the effects
of equimolar additions of oleate (Long et al., 2016) (Figures S4C
and S4D). Interestingly, 50 puM and higher concentrations of
various n-acyl amino acids decrease the thermogenic capacity
in adipocytes, as judged by maximal respiration values induced
with 2,4-Dinitrophenol (DNP) (Figures S4E-S4G). To assess the
bioenergetic impact of the cold-mimetic isoproterenol and
oleoyl-L-leucine at physiologically relevant conditions, com-
pounds were injected without inhibition of ATP synthase
(Figure 4K). While both compounds increase basal respiration
to a similar extent (Figure 4L), oleoyl-L-leucine increases the
mitochondrial proton leak more potently than isoproterenol

Figure 4. Minor Impact of FGF21 in UCP1-Dependent and -Independent Remodeling of iWAT and Bioenergetic Assessment of Potential
Alternative Heat Sources in Browned Adipocytes In Vitro

(A-D) Morphology (A and B) and tissue weight, UCP1 protein levels, and gene expression (C and D) of Dio2, Cidea, and Ppargc1a in iWAT of long-term cold-
exposed WT, FGF21 KO, UCP1 KO, and dKO mice. M, molecular weight marker; data represent means + SEM (n = 6-8). Statistical significance between WT and
UCP1 KO or dKO is denoted by WT **p < 0.01, WT ***p < 0.001. The dashed line indicates WT mean value.

(E-G) Transcriptomic analysis for FGF21- and/or UCP1-dependent remodeling of iWAT from long-term cold-exposed animals (n = 5-6). (E) PCA of all genes
demonstrating the distinct profile of WT/FGF21 KO versus UCP1 KO/dKO mice. (F) Pathway analysis (using MetaCore) depicts the top ten upregulated pathways
of UCP1 KO/WT and dKO/WT (exclusive pathways highlighted in bold). (G) Process metabolic network analysis (using MetaCore) of genes encoding proteins
involved in mitochondrial translation (red: upregulated in UCP1 KO mice compared to WT). Differently shaped nodes represent enzymes (arrows), ligands, and
metabolites (hexagons) and other proteins (mirrored S-shapes).

(H) Expression of genes involved in lipid metabolism.

(I) Ckmt1/2 and Pm20d1 gene expression in iWAT (n = 6-8).

(J) Ucp1, Fgf21, and Pm20d1 gene expression of immortalized inguinal white adipocytes (taken from WT and UCP1 KO mice), treated for 6 days with or without
1 uM rosiglitazone (n = 3).

(K) Respiration measurements to address “uncoupling” effects of N-acyl amino acids in vitro. Left panel: Scheme of oxygen consumption rate (OCR) time course
illustrating mitochondrial and non-mitochondrial OCR and ATP synthesis-linked and proton leak OCR (with OLIGOmycin). Middle and right panels: OCR time course
of immortalized WT and UCP1 KO browned adipocytes normalized to non-mitochondrial OCR (with ROTenone/Antimycin A). Port A: injection of compounds.

(L) Mean values of compound-induced OCR (isoproterenol [ISO-1 uM], oleoyl-L-leucine [18-1-Leu; 50 uM], or oleate [50 uM]).

(M-0) Proton leak OCR (M), coupling efficiency (N), and ATP synthesis-linked OCR (O) (n = 10-12 wells of two independent experiments).

All data represent means + SEM. Statistical differences (p < 0.05) are indicated by different letters. See also Figures S2-S4.
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(Figure 4M). Calculation of the coupling efficiency demonstrates
that oleoyl-L-leucine dissipates 80% of oxidative energy as heat
irrespective of UCP1 (Figure 4N), and this is further enhanced in
combination with isoproterenol (Figure S4H). Isoproterenol on
its own does not change coupling efficiency, suggesting virtually
no increase in proton permeability. The induced OCR results from
increased ATP-linked respiration (Figure 40), which reports addi-
tional ATP consuming processes. Whether this enhanced ATP
turnover, contributing to about 50% of cellular thermogenesis,
is linked to futile lipid cycling or to creatine cycling, as
suggested by others (Bertholetetal., 2017; Kazak etal., 2015), re-
mains to be determined. However, additional ATP demand may
simply derive from increased lipolysis where cAMP has to be syn-
thesized or fatty acids have to be activated.

Summary and Conclusion

Previously, we and others have suggested a profound impor-
tance for FGF21 during cold-induced thermogenesis (Chartoum-
pekis et al., 2011; Fisher et al., 2012; Hanssen et al., 2015; Hon-
dares et al., 2011; Keipert et al., 2015; Lee et al., 2013, 2014).
However, to our best knowledge, this is the first report analyzing
in detail the effect of genetic FGF21 loss during long-term cold
adaptation. Unexpectedly, the lack of FGF21 does not lead to
any difference in energy metabolism and adipose thermogenic
gene regulation during cold acclimation, in contrast to earlier
statements (Fisher et al., 2012). Exaggerated FGF21 release
from “non-thermogenic” BAT of UCP1 KO mice below thermo-
neutrality (Keipert et al., 2015; Samms et al., 2015) suggests
compensatory thermoregulatory mechanisms. However, the
dKO mouse sustains normal body temperature throughout
cold acclimation. Remarkably, the remodeling of inguinal WAT
occurs in the absence of FGF21.

The data of our study demonstrate a negligible role of FGF21
for the maintenance of metabolic homeostasis in the cold,
even in the absence of UCP1. UCP1- and FGF21-independent
browning of iIWAT appears to be associated with genes that
have been implicated in futile cycling of lipids and endogenous
uncoupling mechanisms (Long et al., 2016; Rohm et al., 2016).
The significance of these alternative thermogenic mechanisms
in vivo, except for muscle shivering, may require adequate
mouse models with specific inactivation of alternative thermo-
genic pathways in adipose tissues. However, no quantitative dif-
ferences in energy expenditure were observed in the absence of
UCP1 and FGF21, suggesting alternative thermogenic pathways
that are able to maintain body temperature with an efficiency
equal to that of classical BAT thermogenesis. Further investiga-
tion may address whether these are beneficial for metabolic
health, e.g., through specific lipid clearance by brown and beige
adipose tissue (Bartelt et al., 2011). Thus, our study should be
important to expand translational research on UCP1 and
FGF21 biology to treat obesity and diabetes.
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Anders et al., 2015
Love et al., 2014
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As Lead Contact, Martin Jastroch is responsible for all reagent and resource requests. Please contact Martin Jastroch at martin.
jastroch@helmholtz-muenchen.de with requests and inquiries.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

The experiments were performed in homozygous, male wild-type (WT), FGF21 KO, UCP1 KO and UCP1-FGF12 double KO (dKO)
mice (genetic background C57BL/6J). We reduced confounding developmental adaptation to thermal stress by breeding, raising
and maintaining all mice at thermoneutrality before experimental procedures. The breeding strategy was performed as following:
In the first breeding round, homozygous UCP1 KO mice were bred with homozygous FGF21 KO mice to generate heterozygous
UCP1/FGF21 KO mice. The resulting heterozygous mice were mated to generate homozygous mice of all genoytpes, which were
again mated and used for the experiment. Mice were housed in groups with ad libitum access to food and water in a 12:12-hr
dark-light cycle (lights on:7:00 CET). All animal experiments were conducted under the guidelines of the Institutional Animal Care
and Committee of the Helmholtz Center Munich approved animal maintenance and experimental procedures.

METHOD DETAILS

Indirect Calorimetry and Body Temperature Telemetry

At the age of 9-10 weeks, each mouse was anesthetized, and a temperature-sensitive transmitter (G2 E-Mitter) was implanted intra-
abdominally. Mice were allowed to recover for a minimum of seven days after implantation. At the age of 10 to 12 weeks, mice were
transferred to a temperature-controlled (+0.5°C) climate chamber and placed on telemetry receivers (TR 3000, Mini Mitter) for the
time period of 6 weeks. Core body temperature was continuously monitored with a VitalView Data Acquisition System (Mini Mitter
Co., Sunriver, USA). The signal emitted by the transmitter was received and converted into temperature by VitalView software. Energy
expenditure, food intake, activity and respiratory quotient (RQ = CO, produced/O, consumed) were measured by indirect calorimetry
using an open respirometry system with the simultaneous measurement of activity, food and water intake (TSE PhenoMaster, TSE
Systems, Germany). Measurements were performed in 10 min intervals over a period of 6 weeks. Afterward, mice were euthanized
after 2-3 hr food withdrawal, and serum and tissue samples were collected. The last two days of each temperature step were
analyzed to assess genotypic differences of metabolic cold adaptation, avoiding acute cold stress effects.

Serum Analysis

For all serum analyses, commercially available assay kits were used according to the manufacturer’s recommendations. FGF21
serum analyses (intact FGF21 Elisa Kit, Eagle Biosciences), serum triglycerides (TG Calorimetric Assay Kit, Cayman), and glycerol
(Glycerol Colorimetric Assay Kit, Biomol) were measured undiluted. For NEFA (NEFA-HR2 Wako Chemicals) detection, serum
was diluted 1:2, for Cholesterol 1:300 (Fluometric Assay Kit, Cayman) and for Adiponectin 1:1600 (Bio-Plex Pro Mouse Diabetes Adi-
ponectin Assay, Bio-Rad). For cytokine detection, the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad) and the MILLIPLEX
MAP Mouse Myokine Magnetic Bead Panel (Millipore) were used. Serum samples were stored at —80°C until use.

Histology

BAT and WAT pieces were fixed in 4% paraformaldehyde (Roth Chemicals) for 24 hr and embedded in low melting paraffin (Paraplast
Plus, Sigma Aldrich). Four-um-thick sections were cut (rotary microtome HSM55, Microm) and sections were mounted, dehydrated
in increasing ethanol series and stained with hematoxylin and eosin (H&E) (Merck). Bright field images were taken with the Keyence
Microscope BZ-9000.
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DAPI and Nile Red Staining and Microscopy

Adipocytes were fixed with 4% PFA at differentiation day 6, then stained with Dapi (nuclei; blue, 1:5000 dilution of 5 mg/mL stock) and
Nile red (Lipid droplets; green, 1:250 dilution of 1 mg/mL stock) for 2 hr at 37°C before washing twice with PBS. Bright-field and fluo-
rescence microscopy was performed with a Keyence BZ-9000 microscope.

Gene Expression Analysis

RNA isolation and quantitative real-time PCR were performed as described previously (Keipert et al., 2015). Gene expression of
different tissues in Figures 1A and 1B was calculated to respective Ct-values without normalization to WT or tissue-specific house-
keeping genes, thus allowing for multi-tissue comparisons. Gene expression in all other figures was calculated as ddCT, using Hprt or
B2 microglobulin (B2m) for normalization and relative to the WT control group, which was normalized to a value of 1. The oligonucle-
otide primer sequences are shown in Table S1.

Transcriptomic Analysis

Total RNA was extracted from inguinal WAT, BAT, muscle and hypothalamus of WT, FGF21 KO, UCP1 KO and dKO mice (n = 5-6)
using Qiazol according to the manufacturer’s instructions (Qiazol Lysis Reagent, QIAGEN). The quality of the RNA was determined
with the Agilent 2100 BioAnalyzer (RNA 6000 Nano Kit, Agilent). All samples had a RNA integrity number (RIN) value greater than 8. For
library preparation, 1 pg of total RNA per sample was used. RNA molecules were poly(A) selected, fragmented, and reverse tran-
scribed with the Elute, Prime, Fragment Mix (EPF, lllumina). End repair, A-tailing, adaptor ligation, and library enrichment were per-
formed as described in the TruSeq Stranded mMRNA Sample Preparation Guide (lllumina). RNA libraries were assessed for quality and
quantity with the Agilent 2100 BioAnalyzer and the Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies). Strand-specific RNA
libraries were sequenced as 100 bp paired-end runs on an lllumina HiSeq4000 platform. On average we produced about 8.5 Gb
of sequence per sample. The STAR aligner (Dobin et al., 2013) with modified parameter settings (-two pass Mode = Basic) was
used for split-read alignment against the mouse genome assembly mm10 (GRCm38) and UCSC known Gene annotation. To quantify
the number of reads mapping to annotated genes we used HTseqg-count (Anders et al., 2015). The Relative Log Expression (RLE)
normalization implemented in the R Bioconductor package DESeq?2 (Love et al., 2014) was used to normalize gene counts. PCA plots
were created with the R package ggplot2 and the stat_ellipse method (Wickham, 2009) and Venn diagrams were created using the
significant regulated transcripts between WT and FGF21KO/UCP1KO/dKO (for BAT, iWAT, Muscle FDR-adjusted p <0.05, FC > 1.2;
for Hypothalamus FDR-adjusted p < 0.05, FC > 1.1) using Venny 2.1 (Oliveros, J.C.; Venny. An interactive tool for comparing lists
with Venn’s diagrams: http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Enrichment analysis of metabolic and process networks as well as pathways, using transcripts with a FDR-adjusted p < 0.05, was
performed using MetaCore (version 6.30.68780, Thomson Reuters, New York, NY, USA). Top 30 upregulated and downregulated
unique and known protein-encoded transcripts between UCP1 KO and WT were identified and compared for expression levels
with the FGF21 KO and dKO mice. Heatmaps were constructed within GeneMaths XT 2.12 (Applied Maths, Sint-Martens-Latem,
Belgium) using hierarchical clustering based on linear scaled Euclidean distance analysis using Unweighted Pair Group Method
with Arithmetic Mean (UPGMA) for both samples and transcripts. The accession number for the sequencing data reported in this
paper is GEO: GSE79423.

Western Blotting

For protein extraction tissue was homogenized in RIPA buffer (150 mM NaCl, 50 mM TRIS, 0.1% SDS, 1% IGEPAL CA-630, 0.5%
Sodium deoxycholate; pH 7.4-7.6) containing protease inhibitor cocktail (Halt TM Protease & Phosphatase Inhibitor Cocktail, Thermo
Scientific) and protein concentration was measured using Bradford reagent (Sigma). The following primary antibodies were used:
UCP1 (rabbit anti-hamster UCP1), alpha tubulin (Santa Cruz Biotechnology) and total oxphos antibody (Thermo Fisher). Horse-
radish-peroxidase-conjugated secondary antibodies were used: anti-rabbit IgG (Santa Cruz Biotechnology) or anti-mouse IgG
(Santa Cruz Biotechnology).

N-Acyl Amino Acid Synthesis

"H and "3C NMR spectra were obtained on Bruker spectrometers (Ascend and Ultrashield) in the indicated solvent. Column chroma-
tography was carried out on a Blichi Reveleris PREP. HR-MS were measured on a Q-Tof Premier (Waters) with lockspray ion source
(ESI, positive ions) coupled to an Acquity UPLC system (Waters). Commercially available chemicals and solvents were used as
received.

Amide Coupling: Oleic acid (1.1 eq.) was dissolved in 5 mL DMF/CH,CI, (1:2) and Oxyma (1.2 eq.), 1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (1.1 eq.) and sodium bicarbonate (5 eq.) were added. After 5 min of stirring at room temperature
amino acid as methyl ester (1 eq., 300 mg) was added and the reaction mixture was stirred at room temperature until the reaction was
complete. The organic phase was extracted with 1 M hydrochloric acid, saturated sodium bicarbonate and brine and dried over so-
dium sulfate. The solvent was removed under reduced pressure to obtain the crude product. The crude was purified via reversed
phase flash chromatography (HoO/MeCN + 0.05% TFA; 5 — 95% MeCN) to obtain the pure product. Saponification: Oleoyl amino
acid was dissolved in tetrahydrofuran (0.1 M) and 1 M lithium hydroxide (1.1 eq.) was added. After completion of the ester cleavage,
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the pH was adjusted to pH 2-3 by addition of 1 M potassium hydrogen sulfate and the mixture was extracted with ethyl acetate. The
combined organic layers were dried over sodium sulfate, the solvent was removed under reduced pressure and the crude product
was lyophilized. No purification was required.

Methyl Oleoyl-L-leucinate

Starting from methyl L-leucinate hydrochloride, methyl oleoyl-L-leucinate was synthesized via the general procedure for amide
coupling. "H NMR (400 MHz, CDCls) 5 (opm): 0.88 (t, 3 H, J = 6.9 Hz), 0.91 - 0.96 (m, 6 H), 1.20 — 1.38 (m, 20 H), 1.47 - 1.57
(m, 1 H),1.58-1.69 (m, 4 H), 1.95-2.05(m, 2 H),2.22 (t, 2 H, J = 7.7 Hz), 3.73 (s, 3 H), 4.66 (dt, 1 H, J = 4.9, 8.7 Hz), 5.29 - 5.40
(m, 2 H), 5.80 (d, 1 H, J = 8.2 Hz); '°C NMR (400 MHz, CDCl;) & (ppm): 14.3, 22.1, 22.8, 22.9, 25.0, 25.7, 27.3, 27.4, 29.3, 29.3,
29.4, 29.5, 29.5, 29.7, 29.8, 29.9, 32.1, 36.7, 42.0, 50.7, 52.4, 129.9, 130.1, 173.2, 173.9; HR-MS (ESI-TOF): m/z: [M+Na]*: Calcd.
for CosHa7NO3Na: 432.3454; found: 432.3451.

Oleoyl-L-leucine

Starting from methyl oleoyl-L-leucinate (47 mg, 0.115 mmol), Oleoyl-L-leucine was synthesized via the general procedure for sapon-
ification. "H NMR (400 MHz, CDClg) & (ppm): 0.88 (t, 3 H, J = 6.8 Hz), 0.94 - 0.98 (m, 6 H), 1.18 - 1.39 (m, 20 H), 1.53-1.79 (m, 5 H), 1.92
-2.07 (m, 4 H),2.24 (dd, 2 H, J = 7.7 Hz), 4.56 = 4.64 (m, 1 H), 5.29 - 5.40 (m, 2 H), 5.81 (d, 1 H, J = 7.8 Hz); "*C NMR (400 MHz, CDCls)
d (ppm): 14.3,22.0, 22.8, 23.0, 25.0, 25.7, 27.3, 27.4,29.3, 29.3, 29.4, 29.5, 29.5, 29.7, 29.8, 29.9, 32.1, 36.6, 41.1, 51.0, 129.9, 130.2,
174.2, 175.9; HR-MS (ESI-TOF): m/z: [M+Na]*: Calcd. for Co4H45sNOsNa: 418.3297; found: 418.3293.

Methyl Oleoyl-L-phenylalaninate

Starting from methyl L-phenylalaninate hydrochloride, methyl oleoyl-L-phenylalaninate was synthesized via the general procedure for
amide coupling. "H NMR (400 MHz, CDCls) 3 (ppm): 0.88 (t, 3 H, J = 6.8 Hz), 1.20 — 1.39 (m, 20 H), 1.53 — 1.63 (m, 2 H), 1.93 - 2.05
(m,4H),2.13-2.20(m, 2 H),3.09 (dd, 1 H, J=5.9,13.9 Hz), 3.16 (dd, 1 H, = 5.9, 13.9 Hz), 3.73 (s, 3 H), 4.91 (dt, 1 H, J = 5.8, 7.9 Hz),
5.29-5.40 (m, 2 H),5.84 (d,1H, J = 7.6 Hz), 7.06 - 7.11 (m, 2 H), 7.21 - 7.31 (m, 3 H); "*C NMR (400 MHz, CDCl3) & (ppm): 14.3, 22.8,
25.7,27.3,27.4,29.3, 29.3, 29.4, 29.5, 29.5, 29.7, 29.9, 29.9, 32.1, 36.7, 38.1, 52.5, 53.0, 127.3, 128.7, 129.4, 129.9, 130.2, 136.0,
172.3, 172.8; HR-MS (ESI-TOF): m/z: [M+Na]*: Calcd. for CogHssNOsNa: 466.3297; found: 466.3294.

Oleoyl-L-phenylalanine

Starting from methyl oleoyl-L-phenylalaninate (40 mg, 0.09 mmol), oleoyl-L-phenylalanine was synthesized via the general procedure
for saponification. "H NMR (400 MHz, CDClg) 5 (ppm): 0.88 (t, 3 H, J = 6.9 Hz), 1.19 - 1.38 (m, 20 H), 1.50 - 1.62 (m, 2 H), 1.93 - 2.05
(m,4H),2.14-2.21 (m, 2 H),3.13(dd, 1 H,J=6.5, 14.1 Hz), 3.25 (dd, 1 H, = 5.6, 14.2 Hz), 4.83-4.90 (m, 1 H), 5.29 - 5.41 (m, 2 H),
5.86(d, 1H,J=7.4Hz),7.14-7.19 (m, 2 H), 7.23 - 7.34 (m, 3H); "*C NMR (400 MHz, CDCl3) & (ppm): 14.3, 22.8, 25.6, 27.3, 27.4,29.2,
29.3, 29.5, 29.5, 29.7, 29.9, 29.9, 32.1, 36.6, 37.3, 53.3, 53.4, 127.4, 128.9, 129.4, 129.9, 130.2, 135.7, 174.1, 174.3; HR-MS (ESI-
TOF): m/z: [M+Na]*: Calcd. for C,7H43NOsNa: 452.3141; found: 452.3139.

Isolation and Immortalization of Murine Inguinal White Adipocytes

The isolation of the stromal vascular (SV) fraction from the interscapular white adipose tissue (\WAT) pad of WT and UCP1 KO mice
(6-8 weeks old) was performed as following: iWAT fat pads were minced and then digested for 30 min at 37°C (DMEM/F12 plus glu-
tamax, 0.15% (w/v) collagenase Type IV, 2% BSA). The digested tissue was filtered through a 100 um filter, and rinsed with DMEM/
F12; thereafter cells were centrifuged at 400 g for 10 min. The pellet was washed once in 4 mL of Erythrocyte-Lysis buffer (154 mM
NH4CI, 10 mM KHCOg3, 0.1 mM EDTA), incubated for 20 min and centrifuged again at 400 g for 10 min. Cells were re-suspended in
growth media (DMEM/F12 plus glutamax, 10% FCS, 1% penicillin/streptomycin) plated and cultured. After 24 hr pre-adipocytes
were immortalized by SV40 large T-antigen (a gift from Dr. Ussar). After another 48 hr cells were split into new flasks. Cells were al-
lowed to grow to 60%-70% confluence and again split, or later frozen into aliquots using freezing media (Growth media, 10% DMSO).

Seahorse Experiments

Immortalized preadipocyte were plated onto XF96 V3 PET cell culture micro plates (Seahorse; 10K per well) and allowed to grow to
90%-100% confluence. At confluency, differentiation was started using a white fat differentiation cocktail (Growth media, 1 uM
Dexamethasone, 0.5 mM IBMX, 1 uM Rosiglitazone, 5 pg/ml Insulin). At day 2 of differentiation, cells were exposed to growth medium
(Growth media, 5 ng/ml Insulin) without (“white”) or with 1 uM rosiglitazone (“browned”) for another 4 days. On day six of differen-
tiation cells were used for cell respiration assays. Before the measurements of cellular respiration, the cells were washed twice with
assay medium (XF DMEM + 25 mM glucose) and then incubated in 180 pL of assay medium for 10 min in an air incubator without CO2
at 37°C. Oleate and Oleoyl-L-leucine were overnight equilibrated with 0.4% BSA and titrated. The XF96 plate was then transferred to
the XF96 Extracellular Flux analyzer (Seahorse Bioscience). Four to five assay cycles (2 min mix, 2 min measuring period) were used
to determine basal respiration. For the measurement of different mitochondrial respiration states, oligomycin (5 ng/ml) and dinitro-
phenol (DNP; 100uM) were used, and a cocktail containing rotenone (5 pM) and antimycin A (2 uM) served to correct for non-mito-
chondrial OCR. The N-Acyl amino acids as well as the oleate were diluted and equilibrated in XF DMEM + 0.5% BSA and incubated
overnight on a shaker. The “ATP-linked respiration” represents the respiration rates prior to injection of oligomycin minus oligomycin-
insensitive rates. Oligomycin- insensitive rates are labeled as “leak respiration.” The coupling efficiency represents the fraction of
respiration used to drive ATP synthesis for each run, calculated as CE = ATP-linked/respiration prior to oligomycin-injection).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed by Stat Graph Prism 6 (GraphPad Software, San Diego, CA USA). All data are reported as
mean + SEM. After testing for equal distribution of the data and equal variances within the datasets, Student’s t test (unpaired,
2-tailed), one-way or 2-way ANOVA and Bonferroni’s multiple comparisons test was used to determine differences between the
different genotypes/treatment groups and ambient temperatures. Statistical significance was assumed at p < 0.05. Statistical differ-
ences between different genotypes/treatment groups are indicated by letters, with means being significantly different indicated by
different letters. Statistical significance of WT to UCP1 KO and dKO is denoted by WT *p < 0.05, WT **p < 0.01, WT **p < 0.001 (gray
dashed line indicates WT mean value).
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