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Enhancement of brown fat thermogenesis using chenodeoxycholic
acid in mice
JS Teodoro1,2,5, P Zouhar3,5, P Flachs3, K Bardova3, P Janovska3, AP Gomes1,2, FV Duarte1,2, AT Varela1,2, AP Rolo1,4, CM Palmeira1,2

and J Kopecký3

OBJECTIVE: Besides their role in lipid absorption, bile acids (BAs) can act as signalling molecules. Cholic acid was shown to
counteract obesity and associated metabolic disorders in high-fat-diet (cHF)-fed mice while enhancing energy expenditure through
induction of mitochondrial uncoupling protein 1 (UCP1) and activation of non-shivering thermogenesis in brown adipose tissue
(BAT). In this study, the effects of another natural BA, chenodeoxycholic acid (CDCA), on dietary obesity, UCP1 in both interscapular
BAT and in white adipose tissue (brite cells in WAT), were characterized in dietary-obese mice.
RESEARCH DESIGN: To induce obesity and associated metabolic disorders, male 2-month-old C57BL/6J mice were fed cHF (35%
lipid wtwt� 1, mainly corn oil) for 4 months. Mice were then fed either (i) for 8 weeks with cHF or with cHF with two different doses
(0.5%, 1%; wtwt� 1) of CDCA (8-week reversion); or (ii) for 3 weeks with cHF or with cHF with 1% CDCA, or pair-fed (PF) to match
calorie intake of the CDCA mice fed ad libitum; mice on standard chow diet were also used (3-week reversion).
RESULTS: In the 8-week reversion, the CDCA intervention resulted in a dose-dependent reduction of obesity, dyslipidaemia and
glucose intolerance, which could be largely explained by a transient decrease in food intake. The 3-week reversion revealed mild
CDCA-dependent and food intake-independent induction of UCP1-mediated thermogenesis in interscapular BAT, negligible
increase of UCP1 in subcutaneous WAT and a shift from carbohydrate to lipid oxidation.
CONCLUSIONS: CDCA could reverse obesity in cHF-fed mice, mainly in response to the reduction in food intake, an effect probably
occuring but neglected in previous studies using cholic acid. Nevertheless, CDCA-dependent and food intake-independent
induction of UCP1 in BAT (but not in WAT) could contribute to the reduction in adiposity and to the stabilization of the lean
phenotype.
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INTRODUCTION
Bile acids (BAs) are essential for lipid absorption in the intestine.
More recently, it was discovered that BAs administration could
improve several parameters of lipid metabolism.1 Thus, BAs could
beneficially influence the health status of both patients and
experimental models (reviewed in Teodoro et al.2). This finding
made BAs a promising new tool for the treatment of metabolic
syndrome—that is, the cluster of diseases associated with obesity.
BAs could act as signalling molecules through activation of the

farnesoid X receptor (FXR).3 FXR activation influences glucose and
lipid metabolism; namely, it decreases plasma triglyceride (TG)
levels by inhibiting lipogenesis and by increasing TG clearance.3,4

Accordingly, FXR-null mice are obese and hypertriglyceridaemic.5

FXR is also important for prevention of insulin resistance6 and
hypoglycaemia during fasting,7 production of hepatic glycogen8

and differentiation of adipocytes.9 Moreover, the positive
metabolic effect of BAs on glucose control and weight reduction
could be mediated by G protein-coupled receptor 5 (TGR5).10

However, some BAs are not competent activators of TGR5. The
most potent natural activator of FXR, chenodeoxycholic acid
(CDCA), used as a drug for the treatment of gallstones,11 has been

reported to be both a potent and a not very effective activator of
TGR5.10,12–14 Therefore, the mechanism by which BAs accomplish
their beneficial metabolic functions is not yet fully understood.
A new insight into the mechanism of action of BAs was provided

by the finding of Watanabe et al.15 that BAs, namely, cholic acid,
promote non-shivering thermogenesis in the interscapular brown
adipose tissue (BAT) in mice and in skeletal muscle in humans. In
BAT, energy expenditure (EE) is mediated by mitochondrial
uncoupling protein 1 (UCP1)16, and induction of the UCP1-based
thermogenesis has been proposed as a possible therapeutic
strategy against obesity and diabetes.17,18 The BAs’ binding to
TGR5 in BAT leads to elevation of cAMP level and consequent
activation of thyroid hormone-converting enzyme type 2
iodothyronine deiodinase.15 BAs therefore facilitate thyroid
hormone stimulatory influence on BAT thermogenesis. In fact,
treatment with cholic acid was able to reverse diet-induced weight
gain.15 Also, other studies confirmed the ability of BAs to stimulate
UCP1-mediated non-shivering thermogenesis in BAT.10,19,20

The interest in UCP1-mediated thermogenesis was boosted
recently by the discovery of functional BAT in adult humans,21 as
well as by the finding of Ucp1-expressing adipocytes,22–24 which
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could be induced in several white adipose tissue (WAT) depots in
mice in response to various stimuli and represent a potential
target for induction of fat burning (these cells are annotated ‘brite’
adipocytes in this article, as in Petrovic et al.;25 reviewed
in Wu et al.17). However, whether the brite cells reflect
transdifferentiation of white adipocytes26 or the existence of
distinct brown and brite cell lineages (reviewed in Wu et al.17) is a
subject of debate. Similarly, the origin of Ucp1-expressing
adipocytes in humans (reviewed in Jespersen et al.27) and,
importantly, the magnitude of energy dissipation in brite cells
with respect to that in classical BAT, as well as the contribution of
energy dissipation occurring in brite cells to total energy balance
(compare Wu et al.,17 and Nedergaard and Cannon28), remain all
controversial.
We focused here on whether CDCA (similarly to cholic acid; see

above) could influence energy balance and reverse the dietary
obesity. Our results demonstrated a strong anti-obesity effect of
CDCA, which could be explained in large by a transient decrease
in food intake. The results suggest that induction of UCP1-
mediated thermogenesis in adipocytes in BAT rather than in brite
cells could contribute to stabilization of the lean phenotype under
these conditions.

MATERIALS AND METHODS
Animals care and diet
C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA) and bred at the Institute of Physiology for several generations.
Single-caged male mice were maintained at 20 1C on a 12:12-hr light–dark
cycle.
Two different experiments were conducted. In the first experiment

(8-week reversion), 2-month-old mice were subjected to the high-fat-diet
feeding (cHF, lipid content B35.2% wtwt� 1, mainly corn oil, energy
density 22.8 kJ g� 1; this diet was proven to be obesogenic in C57BL/6J
mice, and it contained 15%, 59% and 26% energy as protein, fat and
carbohydrate, respectively)29 for another 4 months to induce obesity and
associated metabolic disorders. After that, the animals were randomly
divided into three experimental groups (n¼ 10–12 per group) and fed for 8
weeks either the cHF diet, the cHF diet supplemented with 0.5% CDCA
(wtwt� 1) or the cHF diet supplemented with 1% CDCA (wtwt� 1, 95%
pure; Sigma-Aldrich, St Louis, MO, USA). All the diets were fed ad libitum.
Body weight (BW) and food intake were measured every week. During
week 6 of the intervention, some of the animals (five mice randomly
selected in each group) were subjected to an oral glucose tolerance test
(see below). At the end of week 8, all the mice were killed in the morning
in fed state by means of cervical dislocation. Plasma was collected (see
below), and following tissues were also dissected: liver, gastrocnemius
muscle, interscapular BAT, epididymal WAT and subcutaneous WAT
(scWAT) from the dorsolumbar region. Moreover, faeces were also
collected for further analysis.
In the second experiment (3-week reversion), adult mice already fed the

cHF diet for 4 months (see above) were randomly assigned to one of the
following: 1) a cHF diet, 2) a cHF diet containing 1% CDCA or 3) a cHF diet
with food intake limited to that of animals on 1% CDCA (pair-fed group
(PF); n¼ 8 per group). Animals fed standard laboratory chow (STD diet,
lipid contentB3.4% wtwt� 1, energy density 13.0 kJ g� 1; contained 33, 9
and 58% energy as protein, fat and carbohydrate, respectively; extruded
Ssniff R/M-H diet, Ssniff Spezialdieten GmbH, Soest, Germany) since
weaning at 4 weeks of age were also included in the experiment (n¼ 7).
The experiment continued for next 3 weeks. BW and food intake were
measured four times each week (see Figures 1c and d). Between day 15
and day 17, indirect calorimetry was performed. At the end of the
experiment, mice were killed as described above.
All experiments were performed in accordance with the guidelines for the

use and care of laboratory animals of the Institute of Physiology, the directive
of the European Communities Council (2010/63/EU) and the Principles of
Laboratory Animal Care (NIH publication no. 85–23, revised 1985).

Evaluation of plasma parameters, glucose homeostasis and
TG content in tissues and faeces
Blood was collected and analysed as described previously;30 glycaemia,
plasma levels of non-esterified fatty acids, TG, cholesterol, insulin and

multimeric forms of adiponectin were evaluated. The remaining plasma
was frozen at � 80 1C for measurement of the activity of liver enzymes, as
previously described.31 Oral glucose tolerance test was conducted as
described in Medrikova et al.30 TG content in tissues and faeces was
assessed.32

Light microscopy and immunohistology analysis
Adipose tissue samples were fixed in 10% neutral buffered formalin (Sigma-
Aldrich) and embedded in paraffin. Sections (5mm) were stained with
haematoxylin–eosin for morphometry, or processed to detect UCP1-positive
cells, using a rabbit anti-hamster UCP1 antibody.33 Sections were
deparaffinized and rehydrated, and 10mM sodium citrate (pH 6.0) was
used for antigen retrieval. Immunohistological detection of UCP1 was
performed as follows: a) incubation with 3% hydrogen peroxide in methanol
at room temperature for 10min; b) incubation with the diluted goat serum
1:50 at room temperature for 30min; c) incubation with the primary antibody
diluted 1:4000 at 4 1C overnight; d) incubation with the secondary antibody
anti-rabbit IgG biotinylated (Vector laboratories, Burlingame, CA, USA) 1:200
at room temperature for 1 h; e) incubation with ABC (Vectastain ABC kit,
Vector laboratories) at room temperature for 1h; f) visualization using
diaminobenzidine. For each treatment, a negative control without the
primary antibody was used. BAT was used as a positive control for UCP1
immunoreactivity. Digital images were captured using an Olympus AX70 light
microscope and a DP 70 camera (Olympus, Tokyo, Japan). Morphometric
analysis was performed using Imaging Software NIS-Elements AR3.0
(Laboratory Imaging, Prague, Czech Republic). The morphometry data are
based on measurements of B800 cells taken randomly from two to three
different sections per animal (see Medrikova et al.30).

RNA isolation and real-time PCR
Total RNA was isolated from flash-frozen tissue (kit from Qiagen GmbH,
Hilden, Germany). RNA yields were quantified using a Nanodrop
instrument (Thermo Scientific, Waltham, MA, USA). Complementary DNA
was produced using 1 mg of RNA with a Bio-Rad iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA). Gene expression was evaluated using real-
time PCR, LightCycler (Roche Diagnostics, Mannheim, Germany) and
MiniOpticon (Bio-Rad) equipments. Primers used and their sequences are
described in Supplementary Table S1.

Quantification of UCP1 using Western blots
Tissue membranous fraction was prepared using 70mg interscapular BAT
or 100mg scWAT samples, by homogenization in a buffer containing
250mM sucrose, 50mM Tris, 5mM Na-EDTA, 174mgml� 1 phenylmethane-
sulphonylfluoride, 1 mgml� 1 aprotinin, leupeptin and pepstatin, followed
by centrifugation at 100 000 g, for 45min, at 4 1C. Membranous sample
aliquots (2–5mg protein) were then analysed using western blots and 10%
polyacrylamide gels.33 Immunodetection of UCP1 was performed similarly
to the detection of adiponectin multimeric forms in plasma,30 except that
anti-UCP1 antibody (1:500)33 and a secondary infrared dye-conjugated
antibody (1:5000) were used. Mitochondria isolated from interscapular BAT
of adult C57BL/6J mice reared at 41C were used to quantify the relative
UCP1 content in each sample (the detection limit for UCP1 was about
0.5mg of BAT mitochondrial protein and relative UCP1 content in whole
interscapular BAT was also calculated. Protein was measured using
bicinchoninic acid.34

Indirect calorimetry
To evaluate EE and fuel partitioning, indirect calorimetry was performed
using INCA system from Somedic (Horby, Sweden).35,36 Briefly, the
measurements were performed in individually caged mice (Eurostandard
type II mouse plastic cages; B6000ml; Techniplast, Milan, Italy),
with the cages placed in a sealed measuring chamber equipped
with thermostatically controlled heat exchangers at 22 1C.
Oxygen consumption (VO2) and carbon dioxide production (VCO2) were
recorded every 2min under a constant airflow rate (1000mlmin� 1)
for 24 h, starting at 0800 hours. EE was calculated using the
following equation: EE (cal)¼ 3.9� VO2 (ml)þ 1.1� VCO2 (ml).37,38 The
level of substrate partitioning was estimated by calculating respiratory
quotient (RQ; that is, VCO2/VO2 ratio). To compare subtile differences
between groups, the percent relative cumulative frequency (PRCF) curves
were constructed on the basis of RQ values pooled from all the animals
within a given dietary group (n¼ 7–8) during the whole measurement
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period, as described before.35 Provided that the PRCF curves represent the
normally distributed data, the values of 50th percentile of PRCF (EC50)
based on each individual animal correspond to RQ values.

Statistical analysis
All values are reported as means±s.e.m. Statistical significance was
analysed as indicated by one-way ANOVA with a Holm–Sidac correction in
SigmaPlot 10 software (Systat Software, Point Richmond, CA, USA). The
PRCF curves were analysed using nonlinear regression using SigmaPlot.
Differences in EE were evaluated by ANCOVA using NCSS software.
Differences were considered significant when Po0.05.

RESULTS
Reversal of dietary obesity and associated disorders in response to
CDCA
First, the effects of CDCA admixed to the cHF diet (0.5% and 1%
CDCA) were examined in the 8-week reversion of dietary obesity.
Immediately following the switch to the CDCA-containing diets,
food intake rapidly decreased reflecting the dose of CDCA, and it
returned to the level observed in the control cHF-fed mice within
2–3 weeks of the intervention (Figure 1a). This transient drop due
to habituation of mice to the new diets was not accompanied by
any changes in plasma levels of liver transaminases (Table 1),
arguing against hepatotoxic effects of CDCA. The transient
decrease in food intake coincided with a CDCA dose-dependent
decrease in BW (Figure 1b), with a maximum reduction reached by
the end of week 2 of the intervention. Surprisingly, in spite of the
normalization of food intake in the CDCA-intervention groups
following week 2, the depression of BW lasted stable till the end of
the experiment at week 8 (Figure 1b).
At week 8, plasma lipid levels (namely, TG and cholesterol) were

decreased by the CDCA interventions, with a dose-dependent
effect on TG levels, and maximum effect on cholesterol levels
observed already at the lower CDCA dose (Table 1). Dose-
dependent lowering of glycaemia, insulinaemia and glucose
intolerance (manifested by changes of area under curve in
glucose tolerance test) in response to CDCA documented

improvement of glucose homeostasis by the interventions, which
was in accordance with the increase in the ratio of high molecular
weight adiponectin/total adiponectin plasma levels (Table 1). Lipid
(TG and cholesterol) content in faeces was slightly decreased by
CDCA treatment, independently of the dose.
Changes in BW could be explained by the changes in adiposity,

as documented by weights of both epididymal WAT and scWAT
(Table 1). Furthermore, the CDCA intervention prevented ectopic
TG accumulation in liver and muscle (Table 1). Thus, the 8-week
reversion experiment revealed strong normalization of BW and
obesity-associated phenotypes in response to the CDCA interven-
tion. However, it remained to be established what was the
contribution of the transient decrease in food intake to the lasting
effects of the intervention.

Reduction of adiposity in response to CDCA in a pair-feeding
experiment
To dissect the role of the transient decrease in food intake and the
CDCA-induced metabolic effects in the anti-obesity effect of the
drug, the 3-week reversion experiment was conducted (Figures 1c
and d), in which PF animals were also included. The duration of
intervention was shortened to 3 weeks, in order to focus on the
period when the decline in food intake occurred (see above). The
transient decrease in food intake in the CDCA mice, normalized
within 3 weeks (Figure 1c), was associated with a drop in BW,
almost to the level of mice fed the STD diet since weaning
(Figure 1d). This drop could be explained by the decrease in food
intake, as it was also observed in the PF mice (Figure 1d). The
animals maintained the decreased BW even after reaching the
normal food consumption (Figures 1c and d).

Adipose tissue in the 3-week reversion experiment
Dietary obesity was associated with a strong increase in adiposity,
as indicated by the differences in weights of all fat depots
analysed in the STD mice and the cHF mice (Table 2). Weights
of epididymal WAT and scWAT depots, as well as interscapular
BAT, were significantly decreased in the PF mice (Table 2).

Figure 1. Growth curves and food intake. (a, b) Food intake (a) and growth curve (b) during the 8-week reversion experiment (n¼ 10–12); (c, d)
food intake (c) and growth curve (d) during the 3-week reversion experiment (n¼ 8, except for STD, where n¼ 4). Data are means±s.e.m.
*Significantly different in comparison to the cHF group; #significantly different in comparison to the 0.5% CDCA group (only in a and b);
zsignificantly different in comparison to the STD group (only in d). cHF, high-fat diet; 0.5 and 1% CDCA, high-fat diet supplemented with 0.5%
and 1% CDCA, respectively; PF, pair-fed group; STD, standard chow diet.
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Morphometry of adipocytes in scWAT indicated that the
differences in adiposity were reflected by the size of adipocytes
(Table 2). A similar conclusion could be made by a simple
inspection of histological sections from both interscapular BAT
(Figure 2a) and scWAT (Figure 3a). Weights of all fat depots
analysed, as well as the size of adipocytes in scWAT, tended to be
smaller in the CDCA as compared with the PF mice, but the
differences were not statistically significant (Table 2).
To learn whether the reduction in BW and adiposity in response

to both PF and CDCA intervention could be explained by
induction of UCP1-mediated thermogenesis, as previously
observed in the case of cholic acid,15 Ucp1 gene transcript levels
in the interscapular BAT were quantified. As compared with the
cHF mice, Ucp1 gene expression was highly induced in the CDCA
mice (Figure 2b), which was also in accordance with the increased
expression of the Prdm16 gene (which is essential for Ucp1 gene
expression and for the activation of the UCP1-mediated thermo-
genesis39) as well as the induction of selected markers of

mitochondrial biogenesis (such as Ppargc1a, Slc25a4 and Cox4i1;
Figure 2b). On the other hand, no induction of these genes could
be observed in the PF mice (Figure 2b). Total thermogenic activity
of interscapular BAT could be assessed by evaluation of UCP1
content per depot.28 Therefore, UCP1 was quantified in the
membranous fraction prepared from interscapular BAT using
western blots (data not shown). Although total UCP1 content was
similar in the STD, cHF and PF mice, it was significantly increased
in response to the CDCA intervention, and it was B1.5-fold higher
in the CDCA as compared with the cHF mice (Figure 2c).
Also in scWAT of the CDCA and PF mice, Ucp1 gene transcript

was detected. No Ucp1 gene transcript could be detected in the
cHF mice, and the transcript levels were much higher in the CDCA
as compared with the PF mice. However, even in the CDCA mice,
Ucp1 transcript levels in scWAT were at least three orders of
magnitude lower as compared with those in interscapular BAT of
these mice (compare Y axes in Figures 2b and 3b, where Ucp1
transcript levels were estimated under identical conditions).

Table 1. Parameters measured in plasma, tissues and faeces at the end of the 8-week reversion experiment

cHF 0.5% CDCA 1% CDCA

Plasma levels
TG (mmol l� 1) 1.56±0.12 1.08±0.12a 0.83±0.10a

NEFA (mmol l� 1) 0.86±0.04 0.85±0.04 0.65±0.04a,b

Cholesterol (mmol l� 1) 5.27±0.26 3.15±0.26a 2.70±0.42a

Glucose (mgdl� 1) 257±10 191±13a 143±19a

Insulin (ngml� 1) 4.53±0.43 0.71±0.10a 0.19±0.03a

Adiponectin HMW (AU) 0.43±0.03 0.47±0.04 0.62±0.07a

Total (AU) 1.02±0.06 0.98±0.07 1.20±0.10
HMW/totals 0.42±0.02 0.48±0.03 0.51±0.03
Aspartate transaminase (uCAT l� 1) 3.02±0.32 3.01±0.39 3.26±0.30
Alanine transaminase (uCAT l� 1) 1.12±0.16 0.62±0.03 0.88±0.08

Oral glucose tolerance test
Total AUC (mmol l� 1 Glc 180min) 3042±189 2524±158a 1654±82a,b

Weight of tissues
eWAT (mg) 2241±105 1419±147a 513±66a,b

scWAT (mg) 1295±60 612±102a 191±19a,b

Liver (mg) 2328±132 1873±95 2060±204

Tissue TG content
Liver TG (mgg� 1 tissue) 377±41 49±6a 30±1a,b

Muscle TG (mgg� 1 tissue) 113±11 50±7a 35±7a

Faeces lipid content
TG (mgg� 1) 62.8±14 47.5±4.7 49.2±2.9
Cholesterol (mgg� 1) 12.3±0.8 10.4±0.4a 10.5±0.3a

Abbreviations: AUC, area under the curve; CDCA, chenodeoxycholic acid; cHF, high-fat diet; eWAT, epididymal WAT; HMW, high molecular weight; NEFA,
non-esterified fatty acid; scWAT, subcutaneous WAT; TG, plasma triglyceride. Data are means±s.e.m. (n¼ 10–12, except for oral glucose tolerance test, where
n¼ 5; see Materials and Methods). aSignificant differences in comparison to the cHF group. bSignificant differences in comparison to the 0.5% CDCA group.

Table 2. Fat depots at the end of the 3-week reversion experiment

STD cHF 1% CDCA PF

Weight of tissues
eWAT (mg) 553±94a 2490±208 899±147a 979±154a

scWAT (mg) 183±14a 1163±168 417±78a 498±83a

Interscapular BAT (mg) 121±19a 228±20 92±9a 125±17a

Average adipocyte area
scWAT (mm2) 1040±190a 3474±240 1652±193a 2191±186a,b

Abbreviations: BAT, brown adipose tissue; CDCA, chenodeoxycholic acid; cHF, high-fat diet; eWAT, epididymal WAT; PF, pair-fed group; scWAT, subcutaneous
WAT; STD, standard chow diet. Data are shown as means±s.e.m. (n¼ 8, except for STD, where n¼ 4; see Materials and Methods). aSignificant differences in
comparison to the cHF group. bSignificant differences in comparison to the STD group.
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However, unlike in BAT, in scWAT, Prdm16 gene expression did not
reflect the activity of Ucp1 gene, and expression of Prdm16 gene in
the cHF, CDCA and PF mice was similar (Figure 3c). In contrast to
BAT, even in scWAT of the CDCA mice, we could not detect any

UCP1 using western blots, indicating that in spite of the
stimulation of Ucp1 gene expression in WAT, UCP1 levels in this
tissue were relatively low and that they were under the detection
limit of the method (data not shown). Immunohistological analysis

Figure 2. Interscapular BAT parameters in the 3-week reversion experiment. (a) Representative images of BAT. (b) Relative gene expression
(cHF¼ 1, dashed line); data were normalized using 18S RNA as a housekeeping gene. (c) Content of UCP1 protein in whole interscapular BAT.
*Significantly different in comparison to the cHF group; #significantly different in comparison to the CDCA group; zsignificantly different in
comparison to the STD group. Data are means±s.e.m. (n¼ 8, except for STD, where n¼ 4). (a) Bar¼ 0.1mm. CDCA, high-fat diet
supplemented with 1% CDCA; cHF, high-fat diet; PF, pair-fed group; STD, standard chow diet.

Figure 3. scWAT parameters in the 3-week reversion experiment. (a) Representative images of WAT. (b and c) Ucp1 and Prdm16 gene
expression; data were normalized using 18S RNA as a housekeeping gene. (d) Representative images of immunostaining for UCP1; UCP1-
positive cells are indicated by arrows. (e) Graphical representation of the percentage of UCP1-positive cells relative to all adipocytes visualized.
*Significantly different in comparison to the cHF group; zsignificantly different in comparison to the STD group. Data are means±s.e.m. (n¼ 8,
except for STD, where n¼ 4). (a and d) Bar¼ 0.1mm. CDCA, high-fat diet supplemented with 1% CDCA; cHF, high-fat diet; ND, not detected;
PF, pair-fed group; STD, standard chow diet.
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revealed some UCP1-positive adipocytes (that is, ‘brite’ cells) in
scWAT, especially in the CDCA mice (Figures 3d and e), but not in
eWAT (data not shown).

Indirect calorimetry in the 3-week reversion experiment
To evaluate the effects of the CDCA intervention on EE and fuel
partitioning, indirect calorimetry was performed during the third
week of the 3-week reversion experiment. As expected, in all the
groups, that is, the cHF, CDCA and PF mice, EE was relatively high
during the dark phase of the day, when the mice are known to be
active. However, except for a decline in EE during the dark phase
in the PF mice, the expected effect of a limited food supply in the
PF mice, no major differences in the time course of EE between
the groups were observed (Figure 4a). Accordingly, analysis of
mean EE over the whole day has not revealed any significant
differences between the groups when the values are expressed
per the whole animal even when evaluated by ANCOVA reflecting
BW (Figure 4d). However, when EE was adjusted to BW, both the
CDCA mice and the PF mice exhibited higher EE as compared with
the control mice fed the cHF diet (Figure 4e). Whether this could
suggest CDCA-induced increase in EE is a matter of debate (see
Discussion). The evaluation of RQ, the marker of fuel partitioning,
during the day revealed a decline in RQ during the dark phase in
the PF mice (Figure 4b), suggesting a gradual shift from
carbohydrate to lipid oxidation in response to the limited food
supply (see above). Moreover, during the dark but not during the
light phase of the day, the CDCA mice exhibited a lower RQ as
compared with the cHF mice (Figure 4b). The robust PRCF analysis
of the RQ data, which takes into account all the RQ values
measured in each group (see Materials and methods), supported
the shift from carbohydrate to lipid oxidation in response to

pair-feeding, and, importantly, it also suggested a food consump-
tion-independent shift to lipid oxidation in response to the CDCA
intervention (Figure 4c). The PRCF data were evaluated for the
whole day rather than separately for the light and the dark phase
of day, to eliminate the influence of the shift in rhythmicity elicited
in response to the pair-feeding. Also, the mean RQ during the
whole day (Figure 4f) as well as the 50th percentile of the PRCF
data (Figure 4g) tended to be the lowest in the CDCA mice, but
these differences were not statistically significant. Taken together,
these data suggest that CDCA increased lipid oxidation in expense
of carbohydrate oxidation, especially during the dark phase of the
day, independent of food intake.

DISCUSSION
In accordance with the previous studies using cholic acid in
cHF-fed mice performed by the group of Auwerx,10,15,20 we have
demonstrated that supplementation of a cHF using BAs, namely
CDCA, could reverse dietary obesity and associated metabolic
disorders. Thus, in response to the 8-week intervention, a dose-
dependent effect of CDCA was observed with respect to the
reduction of obesity, amelioration of dyslipidaemia, normalization
of glucose homeostasis and reduction of ectopic accumulation of
lipids in the liver and skeletal muscle. No detrimental effects on
hepatic markers were observed, and in accordance with the effect
of cholic acid15 used in several of the previous studies,10,15,20 the
CDCA intervention had no effect on lipid absorption.
Most of the above mentioned beneficial metabolic effects of

CDCA could be related to a transient decrease in food
consumption observed at the beginning of the intervention. This
is not consistent with the outcomes of the previous studies in
mice,10,15,20 in which admixing of cholic acid to cHF was

Figure 4. Indirect calorimetry performed between day 15 and day 17 of the 3-week reversion experiment. (a) Time course of the
measurements of EE. (b) Time course of the RQ measurements; grey area in a and b represents the dark phase of the day. (c) Plot of PRCF of
RQ values during the whole 24-h measurement period; each curve represents data pooled from all mice within a given group (n¼ 7–8;
B5 000 RQ measurements per curve). (d) Total EE per mouse (24 h). (e) Total EE per g BW (24 h). (f ) Mean RQ (24 h). (g) 50th percentile value of
PRCF (EC50) derived from (c). *Significantly different in comparison to the cHF group. CDCA, high-fat diet supplemented with 1% CDCA; cHF,
high-fat diet; PF, pair-fed group.
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interpreted not to affect food consumption. However, in these
previous studies, food intake was adjusted to BW of the animals
(see Figure 1f in Watanabe et al.,15 Figure 1a of Watanabe et al.,20

Figure 1a of Watanabe et al.10), whereas in our study, food intake
per mouse was considered. Therefore, in the previous studies, the
decrease in absolute food intake could be masked when adjusted
to BW, as BW was decreased in response to the cholic acid
intervention. Owing to a relatively low specific metabolic rate of
WAT, it is conceivable that non-adjusted (or lean body mass-
adjusted) rather than total body mass-adjusted food intake should
be considered when judging the impact of food intake on
obesity.40–42 However, neither lean body mass nor fat-free mass
was evaluated in this study.
Therefore, in contrast with the previous studies, in which a

potential effect of the decrease in food intake on obesity and
associated disorders has been neglected,10,15,20 we have
attempted to dissect the roles of the decrease in food intake
and the effect of CDCA per se, respectively, on obesity and energy
metabolism by employing pair-feeding strategy. This approach
revealed that the reduction of obesity could be mostly explained
by the transient decrease in food intake during the initial phase of
the intervention, whereas a relatively mild and food intake-
independent reduction in adiposity (not detectable at the BW
level) could also be observed.
The food intake-independent decrease in adiposity could result

from the induction of UCP1-mediated thermogenesis, as
suggested by upregulation of the Ucp1 transcript and the increase
in the total UCP1 protein in the interscapular BAT, as well as the
upregulation of transcription of selected markers of mitochondrial
biogenesis in BAT. This observation is in agreement with the
previous study showing TGR5-mediated induction of the Ucp1
transcript in response to cholic acid.15 However, to our knowledge,
our study demonstrates for the first time an elevation of UCP1
protein content in BAT in response to a BA. This is a critical
observation, as UCP1 but not the UCP1 gene transcript is a
relevant marker of the BAT thermogenic capacity.28 The effect of
the induction of UCP1-mediated thermogenesis of whole-body
energy balance could be substantial for the stabilization of the
lean phenotype in the long run, but it could not be detected using
indirect calorimetry, reflecting the relatively low sensitivity of this
technique and because lean BW data were not available in the
present study (see above).
Concerning the inducible UCP1-mediated thermogenesis in

brite cells located in WAT (see Introduction), our results document
that brite cells could be induced in response to the CDCA
intervention. However, in spite of a marked stimulation of the
activity of the UCP1 gene at the transcript level observed in
scWAT, the amount of UCP1 in the scWAT of the CDCA mice was
very low as documented by both, undetectable UCP1 using
western blots and a very small fraction of UCP1-positive
adipocytes, as revealed using immunohistological analysis. There-
fore, induction of UCP1 in interscapular BAT but not in brite cells
interspersed in scWAT was probably involved in the induction of
EE and lean phenotype in the CDCA mice. It remains to be
established whether energy dissipation in other tissues, for
example, TGR5-mediated thermogenesis in skeletal muscle,15

could also be involved.
In spite of the induction of UCP1 in BAT as well the food intake-

independent reduction in adiposity in the CDCA mice, indirect
calorimetry could not reveal any difference in EE between the
CDCA and PF mice, neither when EE per mice nor when EE
adjusted to BW was considered. In accordance with the previous
studies using cholic acid in cHF-fed mice,15 also in our study,
higher EE adjusted to BW was observed in the CDCA as compared
with the cHF mice. However, this effect could be ascribed in full to
the inappropriate normalization of EE to BW (see above, and Butler
and Kozak40), as also documented by equal EE adjusted to BW in
the CDCA and the PF mice. In accordance with the previous study

using cholic acid,15 a tendency to decrease RQ in response to the
CDCA intervention was observed, which was independent on food
intake, and suggested a shift from carbohydrate to lipid oxidation.
Nevertheless, RQ changes during the day were affected by the
shift in ingestion in the PF group.
Also, changes in gut microbiota can be possibly involved in the

effects of CDCA on BAT, because some bacteria can convert CDCA
to lithocholic acid, which is a more potent activator of TGR5
(reviewed in Greiner and Backhed 43). However, this topic was out
of the scope of this study.
In conclusion, our results document that CDCA could reduce

obesity and associated metabolic disorders in the face of high
lipid supply in mice and they suggest a major role of transient
reduction in food intake in the anti-obesity effect. Moreover, our
results indicate food intake-independent stimulation of UCP1-
mediated thermogenesis in BAT in response to CDCA. Although
the stimulation of EE in BAT was relatively low and could not be
detected using indirect calorimetry, it could be important for the
stabilization of the lean phenotype. In addition, the CDCA-induced
increase in lipid catabolism could be beneficial with respect to
reversal of obesity-associated metabolic disorders. Our results are
consistent with the beneficial metabolic effects of BAs, which
could be relevant in long-term treatments, but they also warn
against overinterpretation of results of some of the previous
studies using other BAs.
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