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Abstract  

Bile acids act as signalling molecules that contribute to maintenance of energy homeostasis in mice and 

humans.  Activation of G-protein-coupled bile acid receptor TGR5 induces energy expenditure in brown adipose 

tissue (BAT). However, a role for the nuclear bile acid receptor Farnesoid X receptor (FXR) in BAT has remained 

ambiguous. We aimed to study the potential role of FXR in BAT development and functioning.  

Here we demonstrate low yet detectable expression of the α1/2 isoforms of FXR in murine BAT that markedly 

decreases upon cold exposure. Moderate adipose tissue-specific FXR overexpression in mice induces 

pronounced BAT whitening, presenting with large intracellular lipid droplets and extracellular collagen 

deposition. Expression of thermogenic marker genes including the target of Tgr5, Dio2, were significantly lower 

in BAT of chow-fed aP2-hFXR mice compared to wild-type controls. Transcriptomic analysis revealed marked 

up-regulation of extracellular matrix formation and down-regulation of mitochondrial functions in BAT from 

aP2-hFXR mice. In addition, markers of cell type lineages deriving from the dermomyotome, such as myocytes, 

as well as markers of cellular senescence were strongly induced. The response to cold and β3-adrenergic 

receptor agonism was blunted in these mice, yet resolved BAT whitening. Newborn cholestatic Cyp2c70
-/-

 mice 

with a human-like bile acid profile also showed distinct BAT whitening and upregulation of myocyte-specific 

genes, while thermogenic markers were down-regulated. Ucp1 expression inversely correlated with plasma bile 

acid levels. Therefore, bile acid signalling via FXR has a role in BAT function already early in tissue development. 

Functionally, FXR activation appears to oppose TGR5-mediated thermogenesis. 
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1. Introduction 

Bile acids exert hormone-like functions in various tissues and organs through activation of nuclear and 

membrane-bound receptors, such as the Farnesoid X receptor (FXR, NR1H4) and Takeda G protein-coupled 

receptor 5 (TGR5/GPBAR1) [1–4]. FXR is a member of the nuclear receptor superfamily that is activated 

particularly by relatively hydrophobic bile acids [2]. In the past years, several FXR agonists have been under 

development for the treatment of cholestatic liver diseases and non-alcoholic fatty liver disease (NAFLD), based 

on the regulatory roles of FXR in bile acid and lipid metabolism, respectively [5]. The FXR agonist obeticholic 

acid, which has a 100-fold greater FXR-activating potency than the natural ligand chenodeoxycholic acid (CDCA), 

has been FDA-approved for treatment of primary biliary cholangitis and several other agonists are in clinical 

development [5]. However, in addition to liver and intestine, FXR is expressed in kidney, adrenal glands, 

vascular wall and also in adipose tissues [6]. A number of studies have indicated a role of FXR in adipose tissue 

biology [7–9]. Cariou et al. found that whole-body FXR-deficient mice exhibit smaller adipocytes in white fat 

depots than the corresponding wild-type mice [7]. Follow-up studies showed that FXR-deficiency reduces fat 

mass and insulin resistance in mouse models of genetic and diet-induced obesity [10]. Abdelkarim et al. 

showed that FXR has a role in white adipocyte differentiation and function via the peroxisome proliferator-

activated receptor-γ (PPARγ) and Wnt/β-catenin pathways [11]. Moreover, we have recently reported that 

moderate overexpression of human FXR in murine adipose tissues gives rise to a reduced number of enlarged 

adipocytes in various WAT depots that were unable to accommodate fat storage during dietary caloric overload 

[12]. Taken together, these results identified a role for FXR in white adipose tissue (WAT) function. Although in 

earlier reports expression of Fxr was not detected in adult murine brown adipose tissue (BAT), whole body FXR-

deficient mice were found to be cold-intolerant [13,14], indicating a potential role of FXR also in BAT.  

In humans, BAT was considered to be mainly present and functional in newborns [15]. However, application of 

positron emission tomography (PET) and computed tomography (CT) imaging enabled the identification of 

active BAT also in adults [16–18]. In addition to its thermogenic effects, activated BAT has a large capacity for 

glucose and lipid uptake [19–21]. A recent study, based on 18F-FDG PET/CT scans from 52,487 patients, 

indicated a role for BAT in cardiometabolic health [22]. Hence, BAT is currently considered an attractive 

therapeutic target for the treatment of features of the metabolic syndrome [23]. 
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Apart from activation of classical BAT, ‘browning’ of WAT is considered an important metabolic adaptation [24]. 

These so-called brite/beige adipocytes located in various WAT depots can contribute to thermogenesis. Several 

pharmacological and nutraceutical interventions have been evaluated for their potency to induce browning of 

WAT [21,25–27]. For instance, fexaramine, a gut-restricted FXR agonist, has been shown to promote WAT 

browning and to increase energy utilization by BAT without entering the bloodstream. This effect was ascribed 

to enhanced formation of the secondary bile acid lithocholic acid (LCA), a known FXR and TGR5 agonist  [28]. 

Watanabe et al. reported that activation of TGR5 induces energy expenditure in BAT of high fat diet-fed mice 

and prevents body weight gain by the induction of the cyclic-AMP-dependent thyroid hormone activating 

enzyme type 2 iodothyronine deiodinase (Dio2) [13]. It has also been reported that long-term treatment with 

an FXR agonist results in a reduction in markers of BAT function, which was ascribed to a reduction in bile acid 

pool size and consequently lower plasma bile acid concentrations [29]. Yet, a potential, direct role of FXR in 

BAT development and function has not been established thus far. Therefore, we employed a mouse model of 

moderate overexpression of the human FXR isoform α2 in adipose tissues under the control of the aP2 (Fabp4) 

promoter [12] to evaluate the role of FXR in murine BAT. In addition, recently generated Cyp2c70-deficient 

mice with a human-like bile acid profile lacking FXR antagonistic muricholates that show features of neonatal 

cholestasis [30,31], were employed to directly assess the role of high plasma bile acid levels on BAT features in 

early life. Our data demonstrate that bile acid signalling via FXR has a role in BAT development and functionally 

opposes TGR5-mediated thermogenesis. 
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2. Materials and methods 

2.1 Mice 

Adipocyte-specific human-FXR transgenic mice (aP2-hFXR mice) were generated by microinjection of the 

construct into fertilized FVB/NHsd eggs. Transgene construction was described in detail by van Zutphen et al. 

[12]. Mice were backcrossed to C57BL6/J for five generations. Wild-type littermates were used as a control.  

Eight-week old male aP2-hFXR mice and control mice were housed individually in a light (12:12)-controlled and 

temperature (21°C)-controlled facility and received laboratory chow and water ad libitum. Body weights were 

recorded weekly. At 12-week of age, animals were fasted for 4 h and then terminated under anaesthesia. Blood 

was collected and organs and tissues were carefully dissected, weighed and stored at -80°C before use.  

For GW4064 studies, a cohort of mice aged 13 to 16 weeks were administered GW4064 (30 mg/kg) (Sigma-

Aldrich G5172, Saint Louis, MO, USA) or vehicle (sunflower oil) by daily oral gavage for one week. Mice were 

also fed with high-fat diet (60% kcal from fat, D12492, ResearchDiets, New Brunswick, USA) during this week. 

The last gavage was given to mice 4 h before the termination. Organs and tissues were dissected and stored at 

-80°C before use. 

For microarray analysis BAT was collected after a 4 h fast from 10-week old male aP2-hFXR mice and control 

mice fed regular chow diet.  

For cold exposure studies, a cohort of 12-week old wild type and a cohort of 14-week old male aP2-hFXR mice 

and age-matched control littermates were exposed to 4 °C (cage temperature was gradually reduced from 21°C 

to 4°C within 4 h). Locomoter activity were recorded throughout the duration of the experiment.  

For β3-adrenergic receptor agonist studies, cohorts of male aP2-hFXR mice and age-matched control 

littermates aged 16 to 20 weeks were subcutaneously injected with CL316243 (1 mg/ kg; Tocris, Bristol United 

Kingdom) for seven consecutive days. At the day of organ harvest, the mice were injected with the CL316243 

and subsequently fasted for 4 h before necropsy.  

Cyp2c70-deficient (Cyp2c70
-/-

) mice were generated using CRISPR/Cas9-technology [30]. Offspring was housed 

with their dam on chow diet (Sniff maintenance diet, Soest Germany) and under standard conditions. Three-

week-old Cyp2c70
-/-

 mice and their wild type littermates were terminated and their plasma and organs were 

collected for further analysis.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

6 

 

All animal experiments were performed in accordance with the Dutch law and approved by the Dutch Central 

Committee for Animal Experiments and the Animal Welfare Body of the University of Groningen.  

2.2 Histology of BAT 

The BAT samples were fixed in 4% neutral buffered paraformaldehyde, embedded in paraffin, cut into 4-μm 

sections, and stained with either hematoxylin/eosin (H&E) or picrosirius red staining by standard procedures. 

Lipid droplets area was determined in H&E-stained sections by using ImageJ (National Institutes of Health, 

Bethesda, Maryland, USA), which automatically identified particles and quantified their area percentage.  

2.3 Real-time quantitative reverse transcription-PCR 

Total RNA was isolated from WAT and BAT using RNeasy Lipid Tissue Mini Kit (Qiagen), using TRIreagent 

(Sigma-Aldrich, St. Louis, MO, USA). cDNA was synthesized by reverse transcription using reverse transcriptase 

and random primers according to the manufacturer’s protocol. mRNA expression levels were analyzed in 

MicroAmp optical 96-well plates using StepOne Real-Time PCR system (Applied Biosystems Europe, 

Nieuwerkerk aan den IJssel, The Netherlands). PCR results were normalized to 36B4 mRNA levels. Primers and 

probe sequences are listed in Table S1. 

2.4 Affymetrix microarray analysis 

Total RNA for microarray analysis was isolated using TRI reagent (Sigma-Aldrich, St. Louis, MO, USA). RNA was 

further purified using RNeasy MinElute micro columns (Qiagen, Venlo, Netherlands). RNA integrity was checked 

on an Agilent 2100 bioanalyzer (Agilent Technologies, Amsterdam, Netherlands) using 6000 Nano Chips 

according to the manufacturer’s instructions. Five hundred nanograms of RNA were used for one cycle of cDNA 

synthesis (Affymetrix, Santa Clara, CA). Subsequently, samples were hybridized, washed and scanned on the 

Affymetrix Gene chip mouse arrays according to standard Affymetrix protocols. Quality control of microarray 

data, normalization and differential expression analysis were performed through the Management and Analysis 

Database for MicroArray experiments analysis pipeline (Wageningen, Netherlands). Expression levels of probe 

sets were calculated using Limma, a regular normalisation strategy. Comparison was made between treated 

(aP2-hFXR mice) and untreated (wild-type mice) groups. A false discovery rate (FDR) <5% was used as a 

threshold for significance of differential expression. Differentially expressed genes that had FDR adjusted p 

value less than 0.01 and the fold change at least 2 times higher or lower were used in R-3.31 to present volcano 

plot and top 100 differentiation genes were used for hierarchical clustering. Identification of overrepresented 
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functional categories among all responsive genes and their grouping into functionally related clusters 

(Biological Processes, Cellular Components, Molecular Function and KEGG Pathway) was performed using the 

DAVID Functional Annotation Clustering tool [32]. Data reported are available in the GEO database (GSE37248) 

and in accordance with MIAME guidelines.  

2.5 Western blotting 

To quantify FXR, UCP1 and C/EBPβ proteins, Western blotting was performed. BAT lysates were prepared in 

RIPA lysis buffer (Tris-HCL pH=8, NaCl 138 mM, NP40 1%, KCL 2.7 mM, MgCl2 1 mM, Glycerol 5%, EDTA 5 mM, 

Na3VO4 1 mM, NaF 20 mM, DTT 1mM and protease inhibitor) and protein concentrations were quantified using 

Pierce BCA protein assay kit (Thermo Fisher Scientific, Netherlands). Samples from isolated adipocytes were 

obtained by established procedures [33] Protein samples were subjected to SDS-PAGE (4-15% gels) and 

transferred to nitrocellulose using Trans-Blot® TurboTM transfer system (Bio-Rad). Membranes were blocked 

for 1 hour at room temperature in PBS containing 0.1% Tween and 2% BSA and incubated overnight with 

primary antibodies at 4°C. Antibodies used in this study are: anti-FXR (Sc1204 Santa Cruz, Dallas, USA), anti-

UCP1 (Abcam, Cambridge, United Kingdom), anti-C/EBPβ (Abcam, Cambridge, United Kingdom), anti-Tom20 

(Santa-Cruz), anti-Acc (Cell signalling technology, Danvers, USA), anti-FAS (Cell Signaling), Oxphos-cocktail 

(Abcam) and anti-GAPDH (Calbiochem, San Diego, USA). Proteins were detected by incubating the blot with 

horseradish peroxidase (HRP)-conjugated donkey anti-rabbit (Life science, NA934) or HRP-conjugated rabbit 

anti-mouse (Dako, p0260) IgG for 1 h at room temperature. Bands were visualized using Supersignal West Dura 

substrate (Thermo Fisher Scientific, Netherlands) and ChemiDoc (Bio-Rad).  

2.6 Indirect Calorimetry 

Indirect calorimetry was used to study the energy metabolism of aP2-hFXR mice during cold exposure and β3-

adrenergic receptor agonist treatment. Mice were placed in an open-circuit indirect calorimeter system 24 

hours prior to the start of the experiment with free access to water and food (TSE systems GmbH, Bad 

Homburg, Germany). Flow rates were measured and controlled with a mass flow controller and O2 as well as 

CO2 concentrations were measured in dried inlet and outlet air from each chamber. Infrared light-beam frames 

surrounding the home cage measured activity in the x and y direction. Data were analysed using LabMaster 

software (TSE systems GmbH, Bad Homburg, Germany). Energy expenditure was calculated using the following 

equation: EE (kcal/h) = 3.941 x VO2 (l/h) + 1.106 x VCO2 (l/h).  
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2.7 Plasma metabolite measurements 

Plasma glucose levels were measured by a Performa glucometer (Accu-Chek, Netherlands). Free fatty acids 

(FFA) were determined using a commercially available kit (DiaSys Diagnostic Systems, Holzheim, Germany). Bile 

acids in plasma were measured by ultra high-performance liquid chromatography tandem mass spectrometry 

[31].  

2.8 Determination of mitochondrial DNA copy number 

Mitochondrial DNA (mtDNA) copy number was determined according to van Zutphen et al. [34]. Specifically, 

total DNA was isolated from BAT using GenElute™ Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, 

Zwijndrecht, Netherlands). The mtDNA copy number was assessed by determining the ratio of copy numbers of 

the mitochondrial genome-encoded ATP synthase subunit 6 (mt-Atp6) gene (mtDNA) relative to the single copy 

nuclear peroxisome proliferator activated receptor-γ coactivator-1α (Ppargc1α) gene (nuclear DNA). The 

primers were listed in Table S1. Real-time PCR was performed in MicroAmp optical 96-well plates using 

StepOne Real-Time PCR system (Applied Biosystems). The reaction volume of 15 µl contained 10 ng of genomic 

DNA, forward and reverse primers (0.25 µM each) and SYBR mastermix. 

2.9 Statistical analysis 

Data are presented as mean +/- SD. Differences between two groups were tested by non-parametric Mann-

Whitney U-test, multiple groups by Kruskal-Wallis H-test followed by post-hoc Connover test using Graphpad 

Prism 8.00 software package (GraphPad Software, San Diego, CA, USA). For correlations, the Pearsons 

correlation coefficient was determined after testing for normal distribution with a Kolmogorov-Smirnov test. 

Unless otherwise noted, significance was indicated as *P < 0.05, **P < 0.01, ***P < 0.001.Jo
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3. Result 

3.1 Fxr is expressed in murine BAT and is down-regulated upon cold exposure 

To study the potential role of FXR in BAT, we assessed Fxr expression in murine BAT and WAT depots. In line 

with earlier data from our laboratory [35], Fxr expression in BAT from wild-type mice was considerably lower 

than in subcutaneous and epididymal WAT depots and ~99% lower than in liver (Fig. 1A, B). Yet, Fxr expression 

was clearly detectable, exclusively representing the α1/2 isoforms (Fig. 1B). Fxr expression levels in isolated 

mature adipocytes were similar to BAT tissue (Fig. 1A). A distinct protein band with a molecular weight of 55 

KDa could be detected in BAT from wild-type mice and was absent in BAT from FXR
-/-

 mice (Fig. 1C). To 

determine whether Fxr expression is impacted by functional activation of BAT, wild-type mice were exposed to 

cold. These mice showed a marked but reversible decrease of Fxr expression in BAT compared to control mice 

that remained at ambient temperature (Fig. 1D).   

3.2 Moderate overexpression of FXR in adipose tissues leads to whitening of BAT 

As a decrease in endogenous Fxr expression in BAT upon activation by cold exposure was observed, we 

employed the aP2-driven overexpression model of the human α2 isoform, which is also expressed in BAT [12], 

to assess potential functions of FXR in BAT. Total Fxr mRNA expression level was significantly (2.5-fold) higher in 

BAT of the aP2-hFXR mice compared to wild-type controls (Fig. 1E). BAT from wild-type mice showed the 

characteristic brown colour due to the presence of abundant densely-packed, iron-rich mitochondria. However, 

interscapular BAT of aP2-hFXR mice showed a clearly lighter colour than that of control mice (Fig. 1F). H&E 

staining showed that BAT from aP2-hFXR mice was filled with large lipid droplets (Fig. 1G). Remarkably, this 

whitened BAT resembled WAT and quantification of the lipid droplet content showed a marked increase in 

droplet surface area in BAT of aP2-hFXR mice compared to controls (Fig. 1H). As gender differences exist in 

metabolic flexibility that includes adipose tissue function, BAT of female aP2-hFXR was also analysed. 

Accumulation of lipid droplets was also observed in BAT of female aP2-hFXR mice compared to controls 

(Supplementary Fig. 1).  
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3.3 FXR modulates adipogenesis and extracellular matrix remodelling of BAT 

An Affymetrix microarray experiment was performed, comparing BAT from aP2-hFXR and control mice, to gain 

insight into biological processes involved in FXR-mediated BAT remodelling. A total of 2992 genes were 

differentially expressed in aP2-hFXR vs. wild-type BAT (FDR ≤ 5%). Heatmap analysis showing the top 100 

differentially expressed genes revealed a distinct clustering of aP2-hFXR mice compared to control mice (Fig. 

2A). Among the 112 genes that showed >2-fold difference in expression, 13 were found to be down-regulated 

while 99 were up-regulated in BAT of aP2-hFXR mice (Fig. 2B).  

Genes related to extracellular matrix, such as those encoding collagens I, IV, VI and XV, were apparent among 

the up-regulated genes (Fig. 2B). Indeed, functional enrichment analysis of the differentially expressed genes 

identified extracellular matrix, collagen fibril organization, extracellular matrix organisation and immune and -

inflammatory responses as most prominent cellular components and biological processes in BAT of aP2-hFXR 

mice compared to controls (Fig. 2C). At the other side of the spectrum, Dio2 was identified as one of the most 

strongly down-regulated genes, as well as glycogen synthesis 2 (Gys2) and elongation of very long chain fatty 

acid 3 (Elovl3), the latter important for lipid recruitment in BAT (Fig. 2B) [36]. Functional annotation analysis 

showed that mitochondria, mitochondrial processes and lipid metabolism were among the most important 

down-regulated components and biological processes, respectively (Fig. 2D). 

Hallmark pathway enrichment analysis showed BAT developmental processes to be affected: epithelial 

mesenchymal transition and myogenesis were identified as major up-regulated pathways, while adipogenesis 

was among the most down-regulated pathways (Fig. 2E). To confirm this unexpected finding, expression of 

muscle marker genes was quantified by qPCR analysis [37]. The expression levels of the early phase muscle 

differentiation marker myogenic factor 5 (Myf5), differentiation marker myosin-1 (Myh1) and myogenin (Myog) 

were indeed significantly increased in aP2-hFXR mice (Supplementary Fig. 2A). QPCR analysis of inflammatory 

marker gene expression levels confirmed the increased expression of monocyte attractant protein (Mcp1), 

interleukin 6β (IL6 β), cyclooxygenase 2 (Cox2) and intercellular adhesion molecule (Icam), but not of tumour 

necrosis factor α (Tnfα), in BAT of aP2-hFXR mice compared to controls (Supplementary Fig. 2B). We previously 

detected human Fxr expression in macrophages isolated from spleens of aP2-hFXR mice [12]. However, no 

effects on inflammation markers were observed in these macrophages [12]. Therefore, the observed changes 

in inflammation markers appear to be specific for BAT. Next to collagen-encoding genes, also other 
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extracellular matrix (ECM) factors like elastin, biglycan and lumican, and ECM-modifying genes, such as 

cathepsins and metalloproteinases were up-regulated in aP2-hFXR mice. The accumulation of collagens was 

confirmed by picosirius-red staining, showing fibrosis in BAT of aP2-hFXR mice kept on chow diet (Fig. 2F) and 

significantly higher expression of collagens type I alpha 1 and alpha 2 (Col1a1, Col1a2) and tissue inhibitor of 

metalloproteinases 1 (Timp1) in BAT from aP2-hFXR mice (Supplementary Fig. 2C). Fibrosis has been reported 

to be associated with stem cell lineage fate, but also with cellular senescence in WAT and liver [38–40]. 

Hallmark pathway enrichment indeed also showed cellular senescence gene sets to be enriched in BAT of aP2-

hFXR mice (Fig. 2E, Supplementary Fig. 2E, and Supplementary Table 2). Together, these results indicate 

compromised BAT development with strong extracellular matrix remodelling in the presence of moderately 

elevated Fxr expression. 

3.4 Overexpression of hFXR results in decreased expression of thermogenesis genes   

BAT is considered responsible for non-shivering thermogenesis [41]. The most well-described modulator of this 

process is UCP1, which redirects the proton-motive force in mitochondria leading to production of heat instead 

of ATP. To assess BAT function in aP2-hFXR mice, we first compared the expression levels of thermogenic genes 

in aP2-hFXR and control mice at room temperature. The aP2-hFXR mice showed a significantly lower expression 

of Ucp1 mRNA (Fig. 3A) and UCP1 protein (Fig. 3B) in BAT. Expression of other thermogenesis marker genes, 

like Dio2, PR domain containing 16 (Prdm16), peroxisome proliferator-activated receptor gamma coactivator-1 

alpha and beta (Pgc1α and Pgc1β), was also significantly decreased in aP2-hFXR mice (Fig. 3A). Furthermore, 

several genes related to mitochondrial oxidation, such as pyruvate dehydrogenase kinase 4 (Pdk4) and long 

chain acyl-CoA dehydrogenase (Lcad), were significantly decreased in aP2-hFXR mice. The transgenic mice 

showed decrease in mitochondrial DNA copy number (Fig. 3C) that was accompanied by decreased levels of the 

mitochondrial marker Tom20 as well as several markers for the oxidative phosphorylation complexes ((Fig. 3D). 

Expression of BAT development marker genes like CCAAT/enhancer binding protein alpha and beta (Cebpα, 

Cebpβ) was also significant lower in aP2-hFXR mice (Fig. 3A) with a more pronounced decrease of the CEBP 

beta isoform liver-enriched inhibitory protein (LIP) compared to the liver activating protein (LAP) isoform in 

aP2-hFXR mice compared to wild-type mice (Fig. 3B). Interestingly, we found that expression of several fatty 

acid transporters was also significantly lower in aP2-hFXR mice (Fig. 3A). Although WAT lipolysis correlates 

strongly with plasma FFA levels [42] , this decrease in BAT fatty acid transporters was also associated with 
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increased plasma FFA in these animals (Fig. 3E). Besides fatty acid transport, protein levels of the major 

lipogenesis enzymes Acetyl-CoA carboxylase and Fatty acid synthase were also decreased in BAT of aP2-hFXR 

mice, indicating that lipogenesis is affected, a pathway that has been previously implicated in BAT involution  

(Fig. 3B) [43]. Phosphorylation of the protein kinase A-sensitive site on hormone sensitive lipase (Ser660) was 

similar to that in wildtype mice, indicating that β-adrenergic receptor signaling in BAT is unaltered in aP23-hFXR 

mice.  

To exclude potential effects of FXR in other organs and tissues we also measured thermogenic marker genes in 

aP2-hFXR mice crossed onto the whole body FXR
-/- 

background. These mice also clearly showed a whitened BAT 

phenotype when compared to FXR
-/-

 controls (Supplementary Fig. 3A). A similar gene expression pattern as 

found in aP2-hFXR mice on the wild-type background was observed as well compared to the FXR
-/-

 controls 

(Supplementary Fig. 3B).  

To explore potential functional consequences of altered BAT architecture, a cold exposure experiment was 

performed. As observed previously, body weight was decreased in aP2-hFXR mice, yet food intake and physical 

activity during cold exposure were comparable (Supplementary Fig. 4A-C) Oxygen consumption by aP2-hFXR 

did not increase to the same extend as in control animals upon cold exposure (Fig. 3F, G). Responses to cold 

exposure were also examined at the gene expression level in BAT (Fig. 3H). The results show that the cold-

associated induction in expression was less pronounced in aP2-hFXR compared to wild-type mice for Prdm16, 

Cebpβ, Pgc1α, Dio2, Ucp1 and Ucp3. Collectively, these data identify FXR as a modulator of BAT activity. 

To determine whether other tissues were also involved in the cold response, Ucp1, Ucp2 and Ucp3 expression 

was examined in different white fat depots, liver and muscle (Supplementary Fig. 4D-F). Ucp1 was almost 

undetectable in liver, muscle and eWAT. Cold exposure seemed to induce Ucp1 in sWAT, but to a much lower 

extend in aP2-hFXR mice. However, there was no significant difference in expression levels of Ucp1, Ucp2 or 

Ucp3 in either sWAT or eWAT between wild-type and aP2-hFXR mice at 4°C compared to 21°C.The 24-h of cold 

exposure did therefore not induce extensive browning of WAT yet (Supplementary Fig. 4D-F). Taken together, 

these results indicate that FXR modulates BAT architecture, yet BAT of transgenic mice appears to be able to 

respond to cold exposure, albeit not to the same extend as wild type mice.  

3.5 The whitened BAT phenotype in aP2-hFXR mice can be rescued by β3- adrenergic receptor stimulation 
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We next questioned whether pharmacological adrenergic activation can rescue the whitened BAT phenotype in 

aP2-hFXR mice. For this purpose, we treated mice with the β3-adrenergic receptor agonist CL316243 for seven 

consecutive days. To confirm the acute metabolic response to the treatment, BAT substrates were analyzed. 

Plasma glucose levels decreased within 2 h after CL316243 injection in both wild-type and aP2-hFXR mice, (Fig. 

4A). Concomitant with the acute effects on plasma glucose, increased oxygen consumption was observed upon 

acute β3-adrenergic receptor activation in both genotypes. However, in contrast to control mice, the rise in 

oxygen consumption was less pronounced and only lasted for a few hours in aP2-hFXR mice (Fig. 4B), leading to 

a significantly smaller average increase in VO2 during this peak during the 5 h after injection (Fig. 4C). In line 

with the lower oxygen consumption, aP2-hFXR mice also produced less CO2 after CL316243 injection, leading to 

a lower calculated heat production (Fig. 4D, E).  

To determine whether the treatment would eventually affect BAT morphology as well, in particular the 

whitened appearance, the treatment was prolonged in the same mice. After seven consecutive days of 

CL316243 treatment, there were no significant changes in body and liver weights compared to saline-treated 

controls (Supplementary Fig. 5A, B). In line with increased lipolysis, eWAT weight was reduced in CL316243-

treated wild-type and aP2-hFXR mice compared to the non-treated controls (Supplementary Fig. 5C). 

Histological examination of BAT from wild-type and aP2-hFXR mice injected with saline or CL316243 revealed 

that lipid droplet prevalence in BAT from aP2-hFXR mice was strongly reduced after seven days of CL316243 

treatment (Fig. 5A), indicating that the lipolytic β3-adrenergic receptor response is not affected by FXR 

overexpression. In wild-type mice, the expression of Ucp1, Dio2 and Prdm16 (but not of Pgc1a) was 

significantly increased after seven days of CL316243 treatment. However, in aP2-hFXR mice, only the increases 

in Ucp1 and Dio2 expression reached statistical significance but the levels of induction were lower than in 

treated wild-type mice (Fig. 5B). Among the genes related to mitochondrial β-oxidation, Lcad expression was 

significantly increased in wild-type mice, but not in aP2-hFXR mice, upon treatment. As bile acid-stimulated 

TGR5–cAMP–DIO2 signalling is important for thermogenesis [13] and as expression of Dio2 was significantly 

decreased in aP2-hFXR mice, gene expression of Tgr5 was determined. However, Tgr5 expression did not 

significantly differ between aP2-hFXR mice and control mice with or without CL316243 treatment. As beige 

adipocytes in sWAT could also contribute to the physiological effects of β3 receptor activation and this 

treatment is known to stimulate browning of WAT, we also analyzed “BAT markers” in sWAT. In contrast to 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

14 

 

wild-type mice, which displayed a clear induction in Ucp1, Dio2, Prdm16, Pgc1α and Elovl6 in sWAT upon 

treatment, this induction was strongly suppressed in aP2-hFXR mice (Fig. 5C). Collectively, these results 

propose a suppressive role for FXR in brown/beige adipocyte conversion and BAT function.  

3.6 Altered thermogenic gene expression in BAT from suckling Cyp2c70-deficient mice with neonatal 

cholestasis  

To explore whether exposure to elevated levels of FXR ligands, i.e., relatively hydrophobic bile acids, during 

early life would affect BAT development, the Cyp2c70
-/-

 mouse model which displays a human-like bile acid 

profile and shows features of neonatal cholestasis [30,31] was studied. These mice display a similar body 

weight compared to wild type mice, yet have transient elevated plasma bile acids as well as transaminases. 

Suckling male and female Cyp2c70-deficient pups showed markedly elevated plasma bile acid levels upon 

weaning (Fig. 6A), including the natural FXR and TGR5 agonists DCA and LCA and was for approximately 75% 

composed of the strongest natural FXR agonist CDCA, while lacking the FXR antagonistic muricholic acids (Fig. 

6B). The Cyp2c70
-/-

 pups showed decreased expression levels of thermogenic markers Ucp1 and Dio2 in BAT 

(Fig. 6C). At this age, mice rely on non-shivering thermogenesis to maintain body temperature and the model 

also does not present with hepatic collagen disposition and macrophage infiltration yet, as was previously 

observed in female mice upon early adulthood [30]. Expression levels of both bile acid sensors Tgr5 and Fxr was 

similar in BAT of Cyp2c70
-/-

 and wild-type controls (Fig. 6C). Histological examination of BAT revealed a higher 

degree of whitening in Cyp2c70
-/-

 pups compared to wild-type pups (Fig. 6D). Quantification of lipid area 

confirmed that there was a significant increase in lipid mass in Cyp2c70
-/-

 pups (Fig. 6E). In line with our 

observations in BAT of aP2-hFXR mice, markers of myogenic development, i.e, Myf5 and Myog, were induced 

in BAT from Cyp2c70
-/-

 pups (Fig. 6F), suggesting a role of bile acid signalling in BAT development. However, we 

did not observe obvious differences in the gene expression levels of fibrosis markers or inflammation markers 

in BAT from Cyp2c70
-/-

 pups (Fig. 6F). The expression of Ucp1 in BAT of mouse pups correlated with plasma bile 

acid levels (Fig. 6G), which was however not the case for Dio2 (Fig. 6H), although expression of Ucp1 and Dio2 

did still correlate with each other in BAT (Fig. 6I).  Thus, it appears that mice with neonatal cholestasis show 

distinct features of derangements in BAT development that partly mirror the observed phenotype of BAT upon 

mild overexpression of adipose FXR. In mouse pups, plasma bile acid concentrations correlate with expression 

of the classical thermogenic marker Ucp1 in BAT. 
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4. Discussion 

Studies addressing the role of bile acids in the maintenance of energy homeostasis have mainly focused on 

TGR5 signalling in BAT, whereas FXR was considered to be absent in BAT [13,29]. However, in an earlier study 

[34] as well as in the current study, we were able to demonstrate the presence of Fxr mRNA, particularly 

encoding the α1/2 isoforms, and of FXR protein in BAT of wild-type mice. In addition, we found Fxr expression 

to be strongly and transiently suppressed upon BAT activation by cold exposure, suggestive for a functional role 

in adult mice. BAT of adult mice with stable, yet moderate overexpression of the human α2 isoform of FXR in 

adipose depots appeared to be whitened, with large, WAT-like lipid droplets. Furthermore, gene expression 

analysis revealed a pattern of decreased thermogenic gene expression, an increased myogenic gene expression 

profile as well as features of extracellular matrix remodeling and cellular senescence. Functional studies in aP2-

hFXR mice indicated a blunted physiological response to cold exposure and β3-adrenergic receptor agonist 

treatment. Importantly, reduced expression of thermogenic genes was also observed in suckling Cyp2c70
-/-

 

mice with a human-like bile acid composition displaying neonatal cholestasis and Ucp1 inversely correlated 

with plasma bile acid levels [30]. This indicates that bile acid signalling via FXR rather than via TGR5 may have a 

role in adequate development of BAT function in early life, a period in which plasma bile acid levels are also 

elevated in humans (physiological cholestasis) [44].  

BAT has been reported to obtain a “whitened” appearance with obesity and aging, associated with reduced β-

adrenergic signalling, mitochondrial dysfunction and loss of vascularity [45,46]. In our study, we found 

whitened BAT in adult chow-fed aP2-hFXR mice with increased collagen deposition and altered gene expression 

profiles of extracellular matrix proteins, which are of great importance for tissue integrity and functionality [47]. 

This results in a more fibrotic appearance of BAT in aP2-hFXR mice, which presumably results in a more rigid 

structure. Loss of ECM elasticity has been shown to be accompanied by a reduced capacity to interact with 

neighboring cells and to increase cellular senescence [48]. Cellular senescence marker genes, such as p16, p53 

and Mapk, as well as genes encoding for senescence-associated secretory phenotype factors, were clearly 

increased in BAT of aP2-hFXR mice. In WAT, senescence occurs predominantly in pre-adipocytes [49], however, 

whether this is also the case in BAT remains to be investigated. Previous studies also showed that 

microenvironment stiffness affects stem cell fate [38,50]. Together with the increased expression of muscle 
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markers and decreased adipogenesis markers, these observations suggest that BAT structure and function in 

aP2-hFXR are compromised.   

TGR5-mediated induction of Dio2 has been proposed to link bile acids to thermal homeostasis via BAT 

activation [51]. Despite the elevated plasma bile acid levels observed previously in our model [12] and 

unaltered Tgr5 expression, Dio2 expression was significantly down-regulated in BAT from aP2-hFXR mice. 

Furthermore, expression of Ucp1, which plays an essential role in turning excess energy into heat and was 

shown to be up-regulated in mice lacking Fxr [14], as well as other BAT markers such as Elovl3 showed 

decreased expression levels upon moderate Fxr overexpression [36]. In line with such a broad effect on most 

classical BAT marker genes as well as mitochondrial markers, we noticed that the PRDM16-C/EBPβ 

transcription regulatory complex, which regulates the differentiation and function of brown and beige fat, and 

its co-factors Pgc1α and Pgc1β, regulating long-chain fatty acid oxidation and mitochondrial functional capacity 

were all repressed by increased Fxr expression. Decreased levels of C/EBPβ, and predominantly of its 

dominant-negative inhibitor LIP isoform, was observed. A previous study showed that the LIP isoform was 

sufficient to rescue impaired adipogenesis caused by absence of the Cebpβ gene [52], indicating an important 

physiological function of the LIP isoform in adipocyte development. This provides a potential explanation for 

the overall suppressive activity of FXR in brown pre-adipocytes. AP2-driven overexpression of GTF2IRD1, a 

cofactor of the Prdm16 complex which was shown to regulate “the reciprocal relationship between fibrosis and 

brown/beige adipogenesis” [53], also resulted in a phenotype closely mirroring the aP2-hFXR model. Long-term 

treatment of mice with the FXR agonist GW4064 has been shown to decrease Dio2, Pgc1a and Ucp1 expression 

in BAT and to induce its whitening [29]. The authors suggested that reduction of bile acid pool size may have 

caused these effects indirectly, yet our results indicate that direct action of the FXR agonist by FXR activation in 

BAT may contribute. Whether GW4064, and particularly hydrophobic bile acids, can enter brown adipocytes by 

active transport or through passive diffusion to activate FXR warrants further investigation. 

Mice lacking Cyp2c70 expression show a transient 10-fold elevation in plasma bile acids prior to weaning. These 

bile acids are strong endogenous ligands for both TGR5 and FXR. In marked contrast to expectations, a reduced 

expression of the TGR5 targets Ucp1 and Dio2 was observed, suggesting that the strong increase in CDCA and 

other ligands preferentially activated FXR leading to suppression of BAT markers. Indeed, an inverse correlation 

was identified between Ucp1 and plasma bile acid levels, as well as a correlation between Ucp1 and Dio2, 
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although Dio2 did not show a strong correlation with plasma bile acids. Possibly a simultaneous suppression of 

Dio2 by FXR and stimulation by TGR5 obscures a clear-cut linear relation between these two parameters, 

whereas in the case of Ucp1 the suppressive regulation by FXR apparently dominates the relation with bile 

acids. The suppression of thermogenic markers was also associated with whitening of BAT, indicating that a 

humanized bile acid pool with a relatively large amount of the FXR ligand CDCA causes accumulation of lipids in 

BAT of young mice. We can, however, not rule out that activation of FXR in other tissues, such as WAT, may 

modulate the accumulation of lipids in BAT.  

Cariou et al. found that whole-body FXR deficiency in mice leads to severe cold intolerance with a rapid 

induction of torpor [14]. However, this effect might originate from hepatic FXR as part of the recently proposed 

BAT–liver–microbiome axis [54]. Whether prolonged cold exposure is also able to rescue the BAT whitening 

phenotype, as the chronic β3 adrenergic receptor agonist treatment did remains to be evaluated. As BAT size is 

limited, energy supplies need to come from elsewhere at some point during prolonged activation, especially 

from WAT [55]. The expression of fatty acid transporters in BAT was significantly lower in aP2-hFXR mice, 

suggesting that fuel utilization from external sources may be limited in sustaining long-term thermogenesis. In 

line, acute β3 receptor activation indeed led to both a suppressed as well as shorter induction of heat 

production, although this calculated heat production stemming from O2 consumption and CO2 production may 

not always equal actual heat production. Adipose triglyceride lipase (ATGL) deficiency also causes whitening of 

BAT in mice, yet ATGL in WAT is predominantly responsible for this phenotype [56]. Previous studies have 

shown that TGR5 agonism increases mitochondrial uncoupling in human brown adipocytes and administration 

of taurocholic acid to high fat-diet fed mice and short term CDCA treatment of humans increases energy 

expenditure [13,57]. As the aP2-hFXR mouse model has elevated plasma bile acids with higher levels of cholate, 

taurocholate and muricholates yet lower levels of deoxycholate [12], there might be less TGR5 activation to 

trigger cAMP production. However, FXR
-/-

 aP2-hFXR mice showed a similar whitened BAT phenotype as aP2-

hFXR mice do. As these mice did not show elevated bile acid levels compared to their FXR
-/-

 controls, while the 

whitened BAT was retained, an indirect route via liver-plasma bile acids activating -TGR5 in BAT, as was 

proposed previously for intestinal FXR-TGR5 interaction, is unlikely  [58,59].  

Whitening of BAT has been described in human obesity and as a consequence of ageing [60]. Increased 

inflammation was observed in the whitened BAT of aP2-hFXR mice, a condition that might contribute to 
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impaired BAT functioning. Aggravation of the whitening process has also been described for models of leptin 

receptor-deficiency, absence of β-adrenergic signalling in brown adipocytes and by Atgl deficiency [46]. As 

these 3 models of BAT whitening were recently shown to cause inflammation rather than vice versa, this 

scenario is also likely to occur in our model [46]. Moreover, to exclude effects from aP2 promoter-induced off-

target expression, we previously did not find an effect on inflammatory markers in WAT from obese mice or in 

isolated macrophages from our human FXR transgenic model and, importantly, FXR is known to suppress rather 

than to induce inflammation [12].  

To summarize, FXR modulates BAT function and morphology at the level of tissue maintenance and 

development. FXR seems to act opposite and upstream to TGR5. This warrants caution with long-term use of 

FXR-targeted therapeutics and identifies FXR as a modulator of browning and BAT function. 
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Figure legends 

Fig. 1 Whitened BAT in aP2-hFXR mice. (A) Quantitative real-time PCR of total FXR expression in epididymal 

adipose tissue (eWAT), subcutaneous adipose tissue (sWAT) and brown adipose tissue (BAT) as well as isolated 

adipocytes from BAT, of chow-fed wild-type (wt) mice aged 12 weeks. (B) Quantitative real-time PCR of 

FXRα1/2, FXRα3/4 and total FXR expression in BAT and liver from wt mice. (C) Western blot analysis of FXR 

protein levels in BAT of chow-fed wt and total FXRKO mice. (D) Quantitative real-time PCR of FXR expression in 

BAT during cold exposure. (E) Quantitative real-time PCR of total FXR expression brown adipose tissue (BAT) of 

chow-fed wt and adipocyte-specific FXR overexpressing male mice (aP2-hFXR) aged 12 weeks. (F) BAT gross 

morphology from back and front sides of wt and aP2-hFXR mice, dash line circles the interscapular BAT. (G) 

Representative image of H&E staining of BAT morphology showing whitening of BAT in aP2-hFXR mice. Bar 

represents 200 µm. (H) Relative lipid droplets in BAT tissue sections. Statistical significance was determined 

using the Mann-Whitney test for BAT in wt and aP2-hFXR mice. All panels: N=5-7/group, data are represented 

as mean ± SD, *p<0.05 when compared with BAT; #p<0.05 when compared with sWAT.  

 

Fig. 2 BAT ECM remodeling in aP2-hFXR mice. (A) Heat map of top 100 mostly differentially expressed genes in 

brown adipose tissue (BAT) of chow-fed wild type (wt) and adipocyte-specific FXR overexpressing male mice 

(aP2-hFXR) aged 10 weeks from microarray analysis, N=5/group, FDR ≤ 5%, |log2FC| ≥ 2 and the differentiation 

genes were ranked by their fold change. (B) Volcano plots of BAT wt and aP2-hFXR mice. Red and green dots 

are significantly up-regulated and down-regulated genes between wt and aP2-hFXR mice, |log2FC| ≥ 2; black 

dots represent genes without significant changes. |log2FC| of labeled genes are above 3. (C and D) Top 15 

enriched gene ontology terms of downregulated and upregulated differentially expressed genes. Gene 

ontology terms include cellular component and biological process. (E) Pathway analysis using hallmark gene set 

collection from MSigDB on genes differentially expressed in BAT from wt and aP2-hFXR mice. Normalized 

enrichment scores (NES) of each pathway are indicated by bubble sizes and their adjusted p-value (Padj) is 

indicated by bubble color. Positive enrichment (+) and negative enrichment (−). (F) Collagen characterization in 

BAT of chow-fed wt and aP2-hFXR mice aged 14 weeks by Picosirius red staining, N=6-8/group, bar represents 

200 µM. DIO2 = Dodothyronine deiodinase 2; GYS2 = Glycogen synthase 2; ELOVL3 = ELOVL fatty acid elongase 

3; GYK = Glycerol kinase; MFAP4 = microfibrillar-associated protein 4; CILP = Cartilage intermediate-layer 

protein; SFRP1 = Secreted frizzled-related protein 1; BGN = biglycan; MGP = matrix Gla protein; GPC3 = 

Glypican 3; INHBA = inhibin, beta A; SERPINF1 =  Serpin peptidase inhibitor, clade F; LBP = Lipopolysaccharide 

binding protein; MFAP5 = microfibrillar-associated protein 5; COL14A1 = Collagen, type XIV, alpha 1; ASPN = 

aspirin; OGN = Osteoglycin; THBS4 = Thrombospondin 4; SERPING1 =  Serpin peptidase inhibitor, clade G (C1-

inhibiting factor); ITM2A = Integral membrane protein 2A. 

 
Fig. 3 Cold tolerance and expression of thermogenic genes. (A) Quantitative real-time PCR of thermogenic 

genes, BAT development, mitochondria β-oxidation and fatty acid transporters expression in brown adipose 

tissue (BAT) of wild-type (wt) and adipocyte-specific FXR overexpressing male mice (aP2-hFXR) aged 12 weeks, 

N=5-7/group. (B) Western blot analysis of UCP1, CEBP, Acc, Fas, pHSL(Ser660) and HSL protein levels in BAT in 
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chow-fed wt and aP2-hFXR mice (C) Mitochondrial DNA copy number in BAT of wt and aP2-hFXR mice, N=10-

12/group. (D) Western Blot analysis of Tom20 and Oxphos complexes (E) Plasma free fatty acids (FFA) in BAT in 

wt and aP2-hFXR mice, N=5-7/group. (F) oxygen consumption, as measured in indirect calorimetry cages, of 

chow-fed wt and aP2-hFXR mice aged 14 weeks at 21 and 4 degrees, N=7-8/group. Blue line with semi-

transparent orange SD error bands represents wt mice; red line with semi-transparent grey SD error bands 

represents aP2-hFXR mice. Cage temp. represents the temperature of the cages. (G) Quantified oxygen 

consumption of wt and aP2-hFXR mice during day and night at 21 and 4 degrees. (H) Quantitative real-time PCR 

of thermogenic genes and mitochondria β-oxidation expression in BAT of chow-fed wt and aP2-hFXR mice aged 

14 weeks at 21 and 4 degrees, N=7-8/group. Panel A, C and E: Statistical significance was determined using the 

Mann-Whitney test in wt and aP2-hFXR mice. Data are represented as mean ± SD, *p<0.05, **p<0.01 when 

aP2-hFXR mice compared with wt mice. Panel  H: Statistical significance was determined using Kruskal-Wallis H-

test followed by post-hoc Conover pairwise comparisons. Data are represented as mean ± SEM, *p<0.05, 

**p<0.01 when mice at 4°C compared with 21°C; 
#
p<0.05, 

##
p<0.01 when aP2-hFXR mice compared with wt 

mice. 

 
Fig. 4 Blunted BAT activation after acute CL316243 treatment in aP2-hFXR mice. (A) Plasma glucose levels (fed 

state) in wild type (wt) and adipocyte-specific FXR overexpressing male mice (aP2-hFXR) aged 16-20 weeks 2 h 

after the first injection of CL316243 or saline. (B) Oxygen consumption in indirect calorimetry cages before and 

after the first injection of saline or CL316243. Arrow represents the injection time point. Blue line with semi-

transparent blue SD error bands represents wt mice treated with saline; red line with semi-transparent red SD 

error bands represents wt mice treated with CL316243; green line with semi-transparent green SD error bands 

represents aP2-hFXR mice treated with saline; purple line with semi-transparent purple SD error bands 

represents aP2-hFXR mice treated with CL316243. N=5-7/group. (C) Quantified oxygen consumption, (D) 

carbon dioxide consumption and (E) heat production in wt and aP2-hFXR mice treated with and without 

CL316243, data before the dash line represents the results prior to treatment, ‘day’ represents the VO2, VCO2 

or heat production per hour recorded by average 12 h during the day, ‘night’ represents the VO2, VCO2 or heat 

production per hour recorded by average 12 h during the night; data before the dash line represents the results 

after treatment, ‘day’ represents the VO2, VCO2 or heat production per hour recorded by average 5 h during 

the day from the moment of treatment representing the phase that an induction was observed in both treated 

groups. Statistical significance was determined using the Kruskal-Wallis test with post-hoc Conover analysis in 

wt and aP2-hFXR mice treated with CL316243 or saline. All panels: N=7-9/group, data are represented as mean 

± SD, *p<0.05, **p<0.01, ***p<0.001 when mice treated with CL316243 compared with mice treated with 

saline; 
#
p<0.05, 

##
p<0.01, 

###
p<0.001 when aP2-hFXR mice compared with wt mice. 

 
Fig. 5 Rescue of BAT whitening in aP2-hFXR mice by chronic CL316243. (A) Representative image of H&E 

staining of BAT morphology showing rescued phenotype of BAT in aP2-hFXR mice after 7 consecutive days of 

CL316243 or saline injection. Bar represents 200 µM. (B) Quantitative real-time PCR of thermogenic genes 

expression in BAT of chow-fed wt and aP2-hFXR mice after 7 consecutive days CL316243 or saline injection. (C) 
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Quantitative real-time PCR of thermogenic genes expression in subcutaneous adipose tissue (sWAT) of chow-

fed wt and aP2-hFXR mice after 7 consecutive days CL316243 or saline injection. Statistical significance was 

determined using the Kruskal-Wallis test with post-hoc Conover analysis in wt and aP2-hFXR mice treated with 

CL316243 or saline. Panel A, B, C, D: N=7-9/group, data are represented as mean ± SD, *p<0.05, **p<0.01. 

***p<0.001 when mice treated with CL316243 compared with mice treated with saline; 
#
p<0.05, 

##
p<0.01. 

###
p<0.001 when aP2-hFXR mice compared with wt mice.  

 
Fig. 6 Reduced BAT marker gene expression and increased whitening in young Cyp2c70-deficient mice with 

neonatal cholestasis. (A) Total plasma bile acid concentration and (B) plasma bile acid profile and in 3-week-

old male and female wild-type (wt) and Cyp2c70
-/-

 mice. (C) Quantitative real-time PCR of thermogenic gene 

expression as well as Fxr and Tgr5 inBAT of chow-fed 3-week-old wt and Cyp2c70
-/-

 mice. (D) Representative 

image of H&E staining of BAT morphology in 3-week-old wt and Cyp2c70
-/- 

mice. Bar represents 200 µM. (E) 

Relative lipid droplet abundance in BAT tissue sections. (F) Quantitative real-time PCR of muscle selective genes, 

fibrosis markers and inflammation markers in BAT of 3-week-old wt and Cyp2c70
-/-

 mice. (G) BAT Ucp1 as well 

as (H) Dio2 expression correlated with plasma bile acid levels of wild-type and Cyp2c70
-/-

 mice. (I) Ucp1 and 

Dio2 correlation in BAT. Since there were no significant differences between male and female mice regarding 

to the data above, results for male and female cohorts were thus combined. Statistical significance was 

determined using the Mann-Whitney test in wt and Cyp2c70
-/-

 mice and Pearson test for correlation. Data are 

represented as mean ± SD, *p<0.05, **p<0.01.  
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Highlights 
 
- FXR is expressed in brown adipose tissue in mice and suppressed by cold 
 
- Mild adipose-specific overexpression of FXR causes whitening and fibrosis in brown adipose 
tissue 
 
- FXR hampers brown adipose tissue development and function 
 
- A humanized bile acid profile exacerbates brown adipose whitening in mice and suppresses 
Ucp1 and Dio2 
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