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Bile acids (BAs) are powerful regulators of metabolism, and
mice treated orally with cholic acid are protected from diet-
induced obesity, hepatic lipid accumulation, and increased
plasma triacylglycerol (TAG) and glucose levels. Here, we show
that plasma BA concentration in rats was elevated by exchang-
ing the dietary protein source from casein to salmon protein
hydrolysate (SPH). Importantly, the SPH-treated rats were
resistant to diet-induced obesity. SPH-treated rats had reduced
fed state plasma glucose and TAG levels and lower TAG in liver.
The elevated plasma BA concentration was associated with
induction of genes involved in energy metabolism and uncou-
pling, Dio2, Pgc-1�, and Ucp1, in interscapular brown adipose
tissue. Interestingly, the same transcriptional patternwas found
in white adipose tissue depots of both abdominal and subcuta-
neous origin. Accordingly, rats fed SPH-based diet exhibited
increased whole body energy expenditure and heat dissipation.
In skeletal muscle, expressions of the peroxisome proliferator-
activated receptor �/� target genes (Cpt-1b, Angptl4, Adrp, and
Ucp3) were induced. Pharmacological removal of BAs by inclu-
sion of 0.5 weight % cholestyramine to the high fat SPH diet
attenuated the reduction in abdominal obesity, the reduction in
liver TAG, and the decrease in nonfasted plasma TAG and glu-

cose levels. Induction ofUcp3 gene expression inmuscle by SPH
treatment was completely abolished by cholestyramine inclu-
sion. Taken together, our data provide evidence that bile acid
metabolism can bemodulated by diet and that suchmodulation
may prevent/ameliorate the characteristic features of the meta-
bolic syndrome.

Bile acids (BAs)3 are synthesized in the liver fromcholesterol.
After their synthesis, they are conjugated to the amino acids
taurine or glycine in a species-dependentmanner (1). Conjuga-
tion of bile acids increases their solubility and facilitates their
secretion into bile (2). In the intestine, the bile acids aid in the
absorption of lipophilic nutrients (3). Normally, the bile acids
are efficiently taken up by the enterocytes of the small intestine,
transported back to the liver, and are thus conserved through
the enterohepatic circulation (4). Bile acids are activators of the
nuclear receptor farnesoid X receptor � (Fxr/Nr1h4) (5–7).
The main physiological role of Fxr is to maintain bile acid
homeostasis and to regulate genes encoding enzymes involved
in bile acid synthesis and transport.
In addition to bile acid homeostasis, Fxr is important for

normal lipid metabolism. Fxr�/� mice display higher triacyl-
glycerol (TAG) concentrations in serum and liver (8, 9) and
have an increased synthesis of apolipoprotein (apo) B-contain-
ing lipoproteins (9). In line with these findings, bile acid treat-
ment has been reported, in a Fxr-dependent manner, to induce
liver very low density lipoprotein receptor (Vldlr) transcription
(10) and to prevent hepatic TAG accumulation, VLDL secre-
tion, and elevated serum TAG concentration in mice (11).
Thus, bile acids and Fxr play central roles in VLDL lipoprotein
metabolism and in the control of TAG levels.
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Glucose metabolism is also regulated by bile acids, and mice
treatedwith cholic acid are protected fromdiet-induced hyper-
glycemia (12) and have down-regulated liver expression of the
gluconeogenic phosphoenolpyruvate carboxykinase (Pck1)
gene (13, 14). Furthermore, Fxr�/� mice are glucose-intolerant
and insulin-resistant, and insulin signaling is blunted in several
tissues (15–17). Activation of Fxr with a synthetic ligand,
GW4064, or hepatic overexpression of constitutively active Fxr
lowered blood glucose in both diabetic db/db and wild-type
mice (15). It is therefore evident that bile acid signaling and Fxr
function are essential for normal glucose regulation.
Bile acids are also endogenous activators of the G-protein-

coupled receptor Tgr5 (also referred to as GB37/M-BAR/
Gpbar1) (18, 19). Stimulation of Tgr5 by bile acids has been
shown to increase energy expenditure and to protectmice from
diet-induced obesity and glucose intolerance (20). Consistent
with the role of Tgr5 in the control of energy expenditure,
female Tgr5�/� mice show increased adiposity when chal-
lenged with a high fat diet (21). Also, Tgr5 activation by bile
acids has been reported to promote production and release of
glucagon-like peptide 1 (GLP-1) in enteroendocrine cell lines
(22) and in mice (23), adding another aspect of bile acid treat-
ment for the prevention of diet-induced glucose intolerance
and insulin resistance. Thus, bile acid signaling through Tgr5
might be important for the maintenance of normal energy
homeostasis and insulin sensitivity.
The benefits of activating Tgr5 or Fxr for the prevention of

the metabolic syndrome have stimulated the development of
synthetic ligands for these receptors (24, 25). Another strategy
to increase Tgr5 and/or Fxr signaling would be to alter endog-
enous BA metabolism. As hepatic bile acid conjugation is
important for secretion of BAs into bile (2) and rats conjugate
BAs to both taurine and glycine with high efficiency (26), the
dietary levels of these amino acids might be crucial for BA con-
jugation and secretion (27). Feeding rats casein-based diets
supplemented with either glycine or taurine led to reduced
plasma cholesterol and liver TAGconcentrations, whereas only
taurine supplementation reduced plasma TAG levels (28). Fur-
thermore, taurine administration has been reported to induce
hepatic protein expression of the canalicular transporter pro-
teins ATP-binding cassette b11, Abcb11 (also called Bsep) and
Abcc2 (also called Mrp2). Concomitantly, bile flow and tauro-
cholate excretion were induced in experiments with perfused
rat livers (29). In rats fed low fat diets, we have previously shown
that BAmetabolism can be modulated by dietary proteins with
different endogenous glycine and taurine contents (30).
Thus, evidence is accumulating that BA metabolism can be

modulated by dietary levels of glycine and taurine in normal
energy diets. However, development of the metabolic syn-
drome is tightly associated with intake of energy-dense diets.
Therefore, this studywas undertaken to test the hypothesis that
rats treated with a taurine- and glycine-rich protein source,
salmon protein hydrolysate (SPH), would be protected from
developing high fat diet-induced pathological characteristics of
themetabolic syndrome.We demonstrate that bile acidmetab-
olism can bemodulated by the protein source in high fat fed rats
and that such amodulationmay protect against development of
the metabolic syndrome.

EXPERIMENTAL PROCEDURES

Animals—Male Wistar Hannover GALAS rats (HanTac:
WH) were obtained fromTaconic Europe (Ejby, Denmark) and
divided into experimental groups (n � 6). The rats were kept at
a 12-h light/dark cycle in a temperature-controlled room at
22 °C. After acclimatization, the animals were fed experimental
diets with either SPH or casein as the sole protein source (sup-
plemental Table 1). The composition of the protein sources has
been described elsewhere (31). Feed intake and body weight
were recorded throughout the experiments, and feces were col-
lected the last 5 days. The rats were killed by cardiac puncture
under anesthesia (0.23 mg/kg body weight Fentanyl (Janssen)
and 0.45 mg/kg BW Dormitor Vet (Orion Pharma)). Heparin-
plasma and EDTA-plasma containing aprotinin were prepared
from blood. Tissues were dissected out and weighed. A portion
of the liver was used for subcellular fractionation andmeasure-
ment of mitochondrial carnitine palmitoyltransferase-1 capac-
ity, and portions of interscapular brown adipose tissue (iBAT)
and epididymal white adipose tissue (eWAT) were homoge-
nized and used for determination of palmitoyl coenzymeA oxi-
dation capacity. The rest of the tissueswere freeze-clamped and
frozen at�80 °C. All animal experiments were approved by the
National State Board of Biological Experiments with Living
Animals (Norway and Denmark). Adverse events were not
observed.
Whole BodyComposition—After 40 days of feeding, rats were

anesthetized (0.4 mg Dormitor Vet (Medetomidin Hydrochlo-
rid)/kg BW rat (Orion Pharma, Espoo, Finland)), and whole
body composition was determined by a dual x-ray absorptiom-
etry scanner equipped with a small animal option (Discovery
QDR Series, Hologic, Bedford, MA).
Indirect Calorimetric Measurements—A separate set of rats

(n � 6/group) was fed experimental diets for 17 days. Heat
production was calculated from gas exchange measurements,
as described previously (32). Gas exchange was determined
twice, each time for 22 h. From the average gas exchange mea-
surements, heat production was calculated by the respiratory
quotient method and reported per 24 h.
Plasma Metabolomics—A separate set of rats (n � 5/group)

was fed experimental diets for 25 days. After termination in the
fed state, 200�l of heparin plasma from each sample wasmixed
with a solution of 400 �l of 0.9% saline and 20%D2O.Measure-
ments were performed at 310 K on a Bruker Avance III 600
spectrometer, operating at a 1H frequency of 600.13 MHz, and
equipped with a 5-mm 1H TXI probe (Bruker BioSpin,
Rheinstetten, Germany). 1H NMR spectra were acquired using
the Carr-Purcell-Meiboom-Gill spin-echo pulse sequence with
water suppression. All spectra were referenced to the lactate
doublet signal at 1.33 ppm. The spectra were segmented into
0.013 ppm bins, and each of the bins was integrated. The
reduced spectra excluding the residual water signal were nor-
malized to the whole spectrum. Principal component analysis
and partial least squares regression discriminate analysis was
performed using the Unscrambler software version 9.8 (Camo,
Oslo, Norway) to elucidate biochemical differences between
pre-defined classes. Martens’ uncertainty test was applied to
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find significant variables on the full cross-validated data (33,
34).
Bile Acid Measurements—For total bile acid measurements

in feces, bile acids were extracted according to Suckling et al.
(35). Amounts of total bile acids in fecal extracts and in non-
fasted EDTA-plasma were determined enzymatically by the
3�-hydroxysteroid dehydrogenase reaction (Dialab, Vienna,
Austria). Bile acids in liver sampleswere extracted and analyzed
using gas chromatography-mass spectrometry and electro-
spray-mass spectrometry as described previously in detail (36).
Real Time RT-Quantitative PCR—Total RNA was purified

tissues using TRIzol, and cDNA was synthesized from individ-
ual rats. Gene expression was determined in individual samples
by real time quantitative PCR using ABI PRISM 7700 sequence
detection system (Applied Biosystems) carried out in 96-well
plates and in duplicate as earlier described (37). Primers for real
time PCR (supplemental Table 2) were designed using Primer
Express 2.0 (Applied Biosystems).
Liver Microarray Analysis—The following procedures were

all performed according to Affymetrix standard procedures.
Briefly, equal amounts of RNA isolated from livers were pooled
(n � 6), and 5 �g of total RNA was used as starting material for
the target preparation. First and second strand cDNA syntheses
were performed using the SuperScript II system (Invitrogen)
according to the manufacturer’s instructions except using an
oligo(dT) primer containing a T7 RNA polymerase promoter
site. Labeled aRNAwas prepared using the BioArrayHighYield
RNA transcript labeling kit (Enzo) using biotin-labeled CTP
and UTP (Enzo) in the reaction together with unlabeled NTPs.
Unincorporated nucleotides were removed using RNeasy col-
umns (Qiagen). Fifteen �g of cRNA were fragmented, loading
onto the Affymetrix Rat Genome RAE 230 2.0 probe array car-
tridge, and hybridized for 16 h. The arrays were washed and
stained in the Affymetrix Fluidics Station and scanned using a
confocal laser-scanningmicroscope (GeneChip� Scanner 3000
System with workstation and autoloader). The raw images files
from the quantitative scanningwere analyzed by theAffymetrix
Gene Expression Analysis Software (MAS 5.0) resulting in cell
files containing background corrected probe values.
Liver Microarray KEGG Pathway Analysis—Liver microar-

ray data were used to identify metabolic pathways regulated by
treatments, using theKEGGresource (38, 39), release 43.Genes
with at least 2-fold change in expression level between the two
treatment groups were taken as differentially expressed genes.
The enrichment of these differentially expressed genes among
KEGGpathwayswasmeasured by two-tailed Fisher’s exact test.
The pathways with p value less than 0.05 were considered as
statistically significant and were further studied.
Histological Analyses—Lipids in cryosections of frozen liver

samples were stained by the standard Oil Red-Omethod. Parts
of the eWATwere subjected to standard hematoxylin and eosin
staining as described previously (40).
Plasma Measurements—Lipids, metabolites, and enzyme

activities in plasma were determined by commercially available
enzymatic kits as follows: alanine aminotransferase, total
cholesterol, HDL-cholesterol, and LDL-cholesterol (Dialab,
Vienna, Austria); glucose and TAG (MaxMat, Montpellier,
France); and OH-butyrate (Randox, Crumlin, UK). Hormones

were measured in EDTA-plasma containing aprotinin, insulin
by an ELISA kit (DRGDiagnostics, Germany), and glucagon by
a radioimmunoassay kit (LINCO Research, St. Charles, MO).
Liver Glycogen Content—Glycogen in liver samples was con-

verted to glucose by treatment with amyloglucosidase as
described elsewhere (41). Glucose content after the treatment
was determined using a commercial glucose quantification kit
(Dialab, Vienna, Austria).
Liver Lipid Analyses—Total lipids were extracted from liver

samples with chloroform/methanol, 2:1 (v/v). The lipid classes
(TAG, cholesterol, and sterol esters) were analyzed on an auto-
mated Camaq HPTLC system and separated on HPTLC Silica
Gel 60 F plates as described previously (42).
Liver Mitochondrial Preparation and CPT-1 Assay—Liver

mitochondrion-enriched fractions were prepared as described
previously (30). Freshly prepared mitochondrion-enriched
fractions were used for determination of carnitine-palmitoyl-
transferase capacity, as described previously (43), with or with-
out addition of the CPT-1 inhibitor malonyl-CoA (5 �M).
Liver Cytosolic Preparation and Total Glutathione Determina-

tion—After removal of the mitochondrion-enriched fraction,
the homogenates were further centrifuged at 100,000 � gav for
90 min at 4 °C. The supernatant collected after this centrifuga-
tion was used as the liver cytosolic fraction, and total glutathi-
one (GSH) content was determined by a colorimetric assay,
Bioxytech GSH-400 (OXISResearchTM, Portland, OR).
Adipose Tissue Fatty Acid Oxidation Capacity—Samples

from eWAT and iBAT were homogenized in a glycine-glycine
buffer as described previously (44). The homogenateswere cen-
trifuged at 1000 � g for 5 min, and the supernatant was col-
lected (post-nuclear fraction). Fatty acid oxidation capacity was
measured in the postnuclear fractions by the acid-soluble prod-
uct method using radiolabeled palmitoyl coenzyme A as the
substrate, as described previously in detail (30).
In Vitro Adipocyte Differentiation and Fatty Acid Oxidation—

The stromal vascular fraction was isolated from eWAT dis-
sected out from rats as earlier described (37). Contaminating
erythrocytes were eliminated from the stromal-vascular frac-
tion by a wash with sterile distilled water. Cells were plated and
induced to differentiate as described (37). Differentiated cells
were treated with increasing concentrations of taurocholic acid
in the medium for 24 h. Afterward, the cells were scraped and
homogenized in a buffer containing 0.25 M sucrose, 2 mM

EGTA, and 10mMTris/HCl, pH7.4. Fatty acid oxidation capac-
ity was evaluated by the total amount of acid-soluble products
using radiolabeled palmitoyl coenzyme A as the substrate, as
described previously in detail (30).
Energy in Feces and Diets—The gross energy content was

determined in a bomb calorimeter following the manufactur-
er’s instruction (Parr Instruments, Moline, IL).
Statistical Analysis—Data are presented as means � S.E.

Analysis of variance was performed by post hoc pairwise com-
parison Student’s t test or Tukey’s HSD test. Data that failed to
show homogeneity in variance by Levenes’ test were tested by
the nonparametric tests Mann-Whitney U test or Kruskal-
Wallis test. Data were considered statistically different at p �
0.05.
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RESULTS

Nutritional Regulation of Endogenous BA Metabolism Alters
Energy Expenditure and Diet-induced Adiposity—To demon-
strate that endogenous BAmetabolism could be altered by die-
tary protein source, rats were fed SPH- or casein-based high fat

diets for 46 days. As expected, and in agreement with our pre-
vious findings (30), plasma BA concentrations were higher in
SPH-treated rats, whereas total liver BA amounts were not sta-
tistically different (Fig. 1, A and B). The SPH-treated rats had
significantly higher liver �-muricholic acid and tended to have

FIGURE 1. Elevated plasma bile acid concentration is an underlying factor for the increased energy expenditure and decreased adiposity elicited by
SPH feeding. A–F, male Wistar rats (n � 6) were fed high fat diets (45 kcal % fat) ad libitum for 46 days with either SPH or casein as the sole protein source. A and
B, SPH-fed rats had elevated plasma BAs, whereas total liver BAs were unchanged. C–E, SPH-fed rats showed reduced body weight gain. Energy efficiency,
calculated as body weight gain per energy intake, and white adipose tissue masses were reduced by SPH treatment. F, energy digestibility was equal in SPH-
and casein-fed rats. G–M, three groups of rats (n � 6) were pair-fed the SPH diet, the casein diet, and the SPH diet with 0.5 weight % cholestyramine.
G–I, inclusion of cholestyramine to the SPH diet attenuated the increase in plasma BA concentrations, without modulating liver total BAs or growth. J, inclusion
of cholestyramine attenuated the reduction in body fat mass determined by dual x-ray absorptiometry. K and L, three groups of rats (n � 6) were pair-fed the
SPH diet, the casein diet, and the SPH diet with 0.5 weight % c’am, and energy expenditure was calculated by indirect calorimetry. Cholestyramine treatment
attenuated the increase in O2 consumption, CO2 elimination, and heat production. Data are presented as mean � S.E. Significant differences from casein-fed
rats are denoted as follows: *, p � 0.05; **, p � 0.01.
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lower cholic acid but higher �-muricholic acid levels (both p �
0.06), relative to the casein-fed rats (Fig. 1B). Body weight gain
was reduced and at the end of the experiment mean body
weight was 110 g lower in SPH-treated rats (Fig. 1C). The accu-
mulated energy intakewas slightly but significant lower (�11%,
p � 0.01) in the SPH-treated rats. Still, after correcting for the
difference in energy intake, energy efficiency was reduced by
44% (Fig. 1D). Rats fed the SPH high fat diet exhibited reduced
white adipose depot weights, epididymal (eWAT, �56%), and
mesentericWAT (�46%), although no differencewas observed
in iBAT (Fig. 1E). No difference was observed in apparent
energy digestibility (Fig. 1F). Thus, our data supported the
hypothesis that endogenous BA levels could be altered by diet
and that this might be important for the observed reduced adi-
posity. To further test this hypothesis, we chose to pharmaco-
logically remove BAs from circulation. Thus, we fed a new set of
rats the experimental diets, including a group that received a
small amount, 0.5 weight %, of the BA-binding resin cholesty-
ramine (c’am) added to the SPH diet. To secure equal energy
intake, the rats were pair-fed. As predicted, inclusion of
cholestyramine successfully lowered plasma BA concentra-
tions in the SPH-based diet, whereas liver BA levels remained
unaltered (Fig. 1, G and H). Quantification of whole body fat
content by dual energy x-ray absorptiometry revealed that the
reduced plasma BA concentration was associated with
increased body fat content (Fig. 1J). Despite lower plasma BA
concentrations, and increased adiposity, no significant differ-
ence in body weight gain was found between the SPH and the
SPH � c’am-treated groups (Fig. 1I). However, the lean body
mass, including bones, was borderline-reduced in the SPH-
treated rats (231� 4 g, p� 0.052) but was significantly reduced
in the SPH � cholestyramine-treated rats (223 � 1 g, p �
0.005), relative to the casein-fed rats (259 � 7 g). Because bile
acids are known to increase energy expenditure and energy dis-
sipation in the form of heat (20), we considered it likely that the
reduced fat content in the SPH-treated rats was accompanied
by higher energy dissipation. To demonstrate this, we deter-
mined energy expenditure in the rats by indirect calorimetry.
Indeed, SPH-treated rats had significantly higher O2 consump-
tion and heat production, as well as CO2 elimination relative to
the casein-treated rats (Fig. 1, K–M). Importantly, and provid-
ing further evidence for a role of the increased plasma BA con-
centration with regard to the increased energy expenditure,
pharmacological lowering of plasma BAs attenuated heat pro-
duction and led to higher body fat content at an equal energy
intake (Fig. 1, J–M). The higher CO2 production in the SPH-
treated rats was independent of the reduced body weight in
these animals, as total CO2 production (liter/24 h)was higher in
the SPH, relative to the casein-fed rats, 8.69 � 0.15 and 8.09 �
0.11, respectively (p � 0.03). The corresponding value for the
SPH � c’am-treated rats was 8.31 � 0.18, which was not statis-
tically different from either the SPH or the casein-treated rats.
Nutritional Regulation of Endogenous BA Metabolism Mod-

ulates Fat Oxidation Capacity in Brown and White Adipose
Tissues—Mice ingesting cholic acid-supplemented diets have
increased fat oxidation and energy dissipation as heat in iBAT,
which is important to prevent high fat diet-induced adiposity
(20). To elucidate whether nutritional modulation of plasma

BAs could induce fat oxidation in iBAT, we measured ex vivo
fatty acid oxidation capacity in iBAT. In agreement with the
increased whole body heat production, fatty acid oxidation
capacity was significantly higher in iBAT from SPH-fed rats
compared with rats fed casein (Fig. 2A). Themetabolic effect of
bile acids on energy expenditure is critically dependent on the
cAMP-inducible thyroid activating enzyme type 2 iodothyro-
nine deiodinase (Dio2) and is lost inDio2�/�mice (20). Expres-
sion of Dio2 has been linked to expression of the thyroid-re-
sponsive gene, uncoupling protein 1 (Ucp1) (45). Exogenously
added bile acids have also been shown to increase the expres-
sion of peroxisome proliferator-activated receptor � coactiva-
tor 1� (Pgc-1�) in brown adipose tissue (20), a key regulator of
mitochondrial biogenesis and energy expenditure (46, 47).
Here, we show that the higher heat production and fatty acid
oxidation capacity in iBAT was accompanied by induction of
genes encoding Ucp1 and Dio2, although Pgc-1� expression
was not significantly increased (Fig. 2, B–D).
Even though brown adipose tissue is considered the major

adipose tissue to dissipate chemical energy in the form of heat
(48), white adipose tissue is plastic, and under certain condi-
tions the expression of Pgc-1� and Ucp1 can be induced (49–
51). Under conditions with increased intracellular cAMP sig-
naling, studies in mice suggest that induced expression ofUcp1
in white adipose tissues is associated with a lean and healthy
phenotype (40, 52–54). As BAs are known to increase intracel-
lular cAMP levels, we speculated whether the increased plasma
BA concentrations could also alter the phenotype of WAT.
Indeed, the SPH-treated rats displayed higher expressions of
Ucp1, Dio2, and Pgc-1� in white adipose tissues of subcutane-
ous origin (inguinalWAT) and of abdominal origin, eWAT and
mesenteric WAT (Fig. 2, E–G). These data supported the idea
that not only iBATbut alsowhite adipose tissues contributed to
the lean phenotype in the SPH-treated rats.
To further corroborate the hypothesis that nutritional regu-

lation of plasma BA levels was of importance for the WAT
phenotype, we investigated WAT from the rats treated with
SPH and SPH � c’am. Pharmacological removal of BAs from
circulation attenuated the reduction in abdominal WAT mass
(eWAT � mesenteric WAT � perirenal/retroperitoneal
WAT) (Fig. 2H). Furthermore, ex vivo fat oxidation capacity
and expression ofUcp1,Dio2, and Pgc-1� were lower in eWAT
from SPH� c’am, relative to the SPH-treated rats, even though
the difference did not reach significant levels (Fig. 2, I and J).
The lower plasma BA concentrations were also accompanied
by larger adipocyte cell sizes in eWAT (Fig. 2K). To demon-
strate that bile acids could induce fat oxidation in white adi-
pocytes, we isolated preadipocytes from the eWAT depot and
treated differentiated adipocytes with increasing concentra-
tions of taurocholic acid for 24 h. Compared with untreated
cells, a physiologically relevant dose of 25 �M taurocholic acid
significantly raised fat oxidation capacity in the adipocytes
(Fig. 2L).
Nutritional Regulation of Endogenous BA Metabolism Alters

TAGConcentrations in Liver and Plasma—Oral bile acid treat-
ment lowers TAG concentrations inmouse liver (11) and blood
(11, 55). Moreover, BA treatment has been reported to down-
regulate fatty acid de novo synthesis via repression of Sterol
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FIGURE 2. Bile acids induce fat oxidation in brown and white adipose tissues. A–G, male Wistar rats (n � 6) were fed high fat diets (45 kcal % fat) ad libitum
for 46 days with either SPH or casein as the sole protein source. A, SPH treatment increased ex vivo palmitate-CoA oxidation capacity in iBAT. B–D, mRNA levels
of Ucp1 and type 2 iodothyronine deiodinase (Dio2) were increased by SPH treatment, whereas the level of Pgc-1� mRNA was not significantly increased.
E–G, mRNA levels of Ucp1, Dio2, and Pgc-1� in white adipose tissue depots of subcutaneous (inguinal, iWAT) and abdominal (epididymal, eWAT, and mesen-
teric, MeWAT, respectively) fat. H–K, three groups of rats were pair-fed the same diets, plus the SPH diet with 0.5 weight % c’am for 46 days. The reduction in
abdominal (mesenteric � epididymal � perirenal and retroperitoneal) fat mass was attenuated by inclusion of cholestyramine in the SPH diet.
I and J, epididymal WAT ex vivo palmitate-CoA oxidation capacity and mRNA levels. K, adipocyte cell size in eWAT was increased by inclusion of cholestyramine
to the SPH diet. L, increased in vitro palmitate-CoA oxidation capacity in adipocytes of eWAT origin after 24 h of preincubation with taurocholic acid. mRNA
levels are normalized to general transcription factor IIB (Gtf2b). Data are presented as mean � S.E. (A–J, n � 4 – 6; L, n � 3). Significant differences from casein-fed
rats are denoted as follows: *, p � 0.05; **, p � 0.01.
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regulatory-element binding protein 1c (Srebp-1c) and its down-
stream lipogenic target genes in mouse primary hepatocytes
and liver (11, 56).We foundno significant differences in hepatic
gene expressions of Srebp-1c (24 � 4 versus 34 � 4, p � 0.18),
acetyl-CoA carboxylase 1 (Acc1) (36 � 2 versus 43 � 2, p �
0.10), fatty-acid synthase (Fas) (3.8 � 0.8 versus 5.7 � 1.3, p �
0.10) between the high fat SPH and high fat casein-treated rats,

respectively. Others have reported that in HepG2 cells, BA
treatment represses transcription of microsomal triglyceride
transfer protein (MTP) and APO B, both important for hepatic
secretion of VLDL (57). However, the high fat SPH-treated rats
had higher liver expression of ApoB (6.3 � 0.6 versus 4.1 � 0.2,
p � 0.009) and Mtp (6.6 � 0.5 versus 5.0 � 0.2, p � 0.14),
compared with high fat casein-treated rats, respectively. Our

FIGURE 3. Liver microarray analysis. Male Wistar rats (n � 6) were fed high fat diets (45 kcal % fat) ad libitum for 46 days with either SPH or casein as the sole
protein source. RNA from individual rats was pooled within experimental groups, and the pooled samples were analyzed by Affymetrix arrays. A, data were
analyzed, and significantly altered KEGG pathways (p � 0.05) are highlighted in darker blue, and pathways in lighter blue tended to be altered (p � 0.1). B, heat
map of selected genes involved in liver fatty acid import and oxidation regulated by SPH treatment.
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results obtained in rats therefore deviate from the reported
findings in mice and HepG2 cells.
To gain further information on the mechanisms by which

nutritional regulation of BA metabolism modulates hepatic
TAG metabolism, we used a microarray approach. To identify
functional differences between treatment groups, we per-
formed a Kegg pathway analysis. Six Kegg metabolic pathways
were significantly altered, and four tended (p � 0.1) to be
altered (Fig. 3A). SPH-treated rats had induced liver expression
of genes encoding class I proteins of the ratmajor histocompat-
ibility complex, such as RT-1-Aw2, RT1-A3, RT1-T24-1, RT1-
CE2, RT1-CE15, and RT1-CE10. These genes were annotated
to the Kegg pathway type I diabetesmellitus, cell adhesionmol-
ecules, and antigen processing and presentation. Transcription
of these genes might be involved in the immune response, but
their functions are little described in the literature. Interest-
ingly, high fat SPH treatment also altered the hepatic PPAR
signaling pathway, indicating that these rats had increased
hepatic fat metabolism (Fig. 3A). Indeed, our microarray data
further supported the hypothesis that hepatic fatty acid uptake,
binding, activation, and oxidation were induced in rats given
the high fat SPH diet (Fig. 3B). Cross-talk between bile acid
metabolism and PPAR� signaling appears to take place in a
species-dependent manner. Incubation of human hepatoma
HepG2 cells with chenodeoxycholic acid significantly induced
PPAR� transcription, although liverPpar�was not regulated in
taurocholic acid-fed mice (58). However, despite no regulation
of Ppar� itself at the transcriptional level, down-regulation of
Ppar� target genes was observed in cholic acid-fedmice, a find-
ing partly explained by inhibition of Ppar� co-activator recruit-
ment by bile acids (59).
To determine whether nutritional regulation of BA metabo-

lism also affected Ppar signaling in rats, as suggested by our
microarray analysis, we measured liver gene expression by RT-
quantitative PCR. In contrast to previous reports from bile
acid-fed mice (58, 59), we observed a down-regulation of liver
Ppar� in the SPH-treated rats (Fig. 4A). Concomitantly, liver
acyl-CoA oxidase 1 (Acox1) expression was reduced, whereas
carnitine palmitoyltransferase 1a (Cpt-1a) mRNA level was
unaltered (Fig. 4B). Interestingly, mRNA levels of both Ppar�/�
and its downstream target gene adipocyte differentiation-re-
lated protein (Adrp) were robustly increased in the livers of the
SPH-treated rats (Fig. 4, C and D). As activation of PPAR�/�
increases fat catabolism and energy uncoupling and thereby
prevents lipid accumulation (60), we further investigated
hepatic lipid catabolism. Despite unaltered Cpt-1amRNA lev-
els, the SPH-treated rats had significantly higher liver mito-
chondrial CPT-1 capacity (Fig. 4E). CPT-1 activity is regulated
by malonyl-CoA. Of note, the expression of Acc2, which
encodes the enzyme catalyzing the formation of the CPT-1-
inhibitor malonyl-CoA, was down-regulated (Fig. 4F). Accord-
ingly, when we measured mitochondrial CPT-1 capacity in the
presence of 5 �M malonyl-CoA, we observed a stronger inhibi-
tion in SPH-treated rats than in casein-treated rats, even
though the difference not was significant (Fig. 4G). Further-
more, the fasting plasma levels of the ketone body �-hydroxy-
butyrate, a marker of liver mitochondrial fatty acid oxidation,
was significantly elevated (Fig. 4H), and liver TAG deposition

was lower in the SPH-treated rats (Fig. 4, I and J), further sup-
porting that the SPH-treated rats had higher liver fat catabo-
lism. Exogenous bile acid supplementation (11), as well as the
activation of the PPAR�/� receptor (61) prevents increased
plasma TAG through inhibition of hepatic VLDL secretion.
Higher liver Vldlr expression might be one underlying mecha-
nism to the lower plasmaVLDL amounts, as both BA treatment
(10) and expression and activation of the PPAR�/� receptor
(62)might induceVldlr transcription. As the rats given the high
fat SPH diet had both elevated plasma BA concentrations and
induction of Ppar�/� gene expression in liver, we hypothesized
that plasma TAG would be decreased in these animals. As pre-
dicted, the plasma TAG concentrations were reduced in the
nonfasted state (Fig. 4K), and this decreasewas accompanied by
a pronounced elevation in liver Vldlr expression (Fig. 4L). To
verify that plasma VLDL concentration actually was reduced,
we analyzed plasma samples by nuclear magnetic resonance
(NMR), which confirmed that SPH-treated rats had decreased
VLDL amounts (Fig. 4M). The NMR analysis also suggested
that plasma LDL- or HDL-cholesterol concentrations were ele-
vated in the SPH-treated rats, but no significant differences
were observed in plasma cholesterol levels by standard clinical
chemistry methods (Fig. 4, N and O).
Our data supported the hypothesis that nutritional regula-

tion of endogenous BA metabolism could modulate hepatic
fatty acid oxidation capacity, liver TAG storage, and plasma
nonfasted TAG-rich VLDL concentrations. To investigate fur-
ther the potential role of BAs in relation to the observed effects
on TAGmetabolism, we examined the rats treated with SPH�
cholestyramine. Indeed, pharmacological removal of BAs by
the cholestyramine treatment attenuated the reduction in liver
andnonfasted plasmaTAGconcentrations (Fig. 4,P andQ) and
attenuated the elevation in liver mitochondrial fat oxidation
capacity andnonfasted plasma�-hydroxybutyrate (Fig. 4,R and
S). We conclude that nutritional regulation of endogenous BA
metabolism contributes significantly to the observed modula-
tion of lipid metabolism introduced by SPH treatment.
Nutritional Regulation of Endogenous BA Metabolism Mod-

ulates Skeletal Muscle Ucp3 Expression—PPAR�/� is abun-
dantly expressed in skeletal muscle, a peripheral tissue that
accounts for �40% of total body mass. Activation of PPAR�/�
leads to increased expression of genes involved in lipid catabo-
lism and energy uncoupling in skeletal muscle (63–65). One of
the genes robustly induced by PPAR�/� activation isUcp3, and
mice overexpressing the human UCP3 in skeletal muscle are
protected from diet-induced adiposity (66). In keeping with the
strong hepatic Ppar�/� induction combined with the lean phe-
notype of the SPH-treated rats, we hypothesized that PPAR�/�
signaling was altered also in skeletal muscle of the SPH-treated
rats. As in liver, skeletal muscle expressions of Ppar� and its
target genes Acox1 were down-regulated in the SPH-treated
rats (Fig. 5A). In contrast, expression of Ppar�/�, and its down-
stream target genesAdrp and angiopoietin-like 4 (Angptl4, also
called fasting-induced adipose factor, Fiaf), was significantly
induced (Fig. 5B). Concomitantly, Cpt-1b, Ucp2, and in partic-
ular Ucp3 expressions were elevated (Fig. 5C). To further cor-
roborate a regulatory role for BAs on skeletal muscle Ucp3
expression, we measured the Ucp3 expression in the SPH �
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c’am-treated rats. Of note, skeletal muscle Ucp3 induction by
SPH treatment was completely abolished by reducing plasma
BA concentrations with cholestyramine (Fig. 5D). Our data
indicate that besides the known regulatory effects of BAs on
liver and adipose tissue metabolism, skeletal muscle fatty acid
oxidation and uncoupling may also be regulated through
altered bile acid metabolism.
Nutritional Regulation of Endogenous BA Metabolism Mod-

ulates High Fat Diet-induced Hyperglycemia—Oral BA treat-
ment reduces hyperglycemia in mice (12), possibly through
reduced hepatic glucose output by repression of the Pck1 gene
expression (13, 14). In addition, PPAR�/� activation reduces
hepatic glucose output and improves peripheral glucose dis-
posal (67). In this study, the SPH-treated rats both had elevated
plasma BA levels and induction of Ppar�/� target gene expres-
sion in liver and skeletal muscle. Therefore, we decided to
examine whether glucose metabolism was improved in these
animals. The nonfasted plasma insulin and liver Pck1 expres-
sion were lower in the SPH-treated rats (Fig. 6, A and B).
Hepatic glycogen concentrations were significantly higher (Fig.
6C), whereas nonfasted glucose was significantly lower in the
SPH-treated rats (Fig. 6D). No difference was observed in fast-
ing plasma glucose levels (Fig. 6D). The reduction in fed-state

plasma insulin and glucose concentrations, as well as the
reduced hepatic Pck-1 expression in the SPH-fed rats, might
indicate that these animals weremore insulin-sensitive, relative
to those fed casein. This notion is in agreement with a recent
report in which rats fed a high fat SPH diet had increased whole
body insulin sensitivity determined by the hyperinsulinemic-
euglycemic clamp technique (68). In this study, pharmacologi-
cal removal of BAs attenuated the reduction in nonfasted blood
glucose (Fig. 6E). Therefore, our data support the hypothesis
that nutritional modulation of endogenous BA metabolism
may regulate blood glucose concentrations.
Possible Determinants of Elevated Plasma BA Levels in the

SPH-treated Rats—In this study, the SPH-treated rats had ele-
vated plasma BA levels. Increased circulating BAsmight be due
to cholestasis or increased bile acid synthesis. The plasma levels
of alanine aminotransferase, although slightly elevated, did not
indicate hepatocellular damage in the SPH-fed rats (Fig. 7A).
Furthermore, liverUcp2 gene expression, recently shown to be
up-regulated in bile duct-obstructed rats (69), was borderline
(p � 0.053)-down-regulated in the SPH-fed rats (Fig. 7B).
Hence, it is unlikely that the elevated plasmaBA levelwas due to
cholestasis in this study.

FIGURE 4. Reduced fed-state plasma TAG concentrations by elevated plasma bile acid levels. A–L, male Wistar rats (n � 6) were fed high fat diets (45 kcal
% fat) ad libitum for 46 days with either SPH or casein as the sole protein source. A–D, in the liver, SPH-fed rats exhibited reduced expression of Ppar� and its
target genes Cpt-1a and Acox1 but increased expression of Ppar�/� and its target gene Adrp. E–G, ex vivo liver mitochondrial CPT-1 capacity was enhanced, and
liver mRNA level of the CPT-1 regulator Acc2 was reduced without significantly altering liver mitochondrial CPT-1 capacity in the presence of the CPT-1 inhibitor
malonyl-CoA (5 �M). H, SPH-fed rats had elevated fasting plasma hydroxybutyrate. I–L, liver TAG and fed-state plasma TAG concentrations were reduced,
whereas liver Vldlr gene expression was increased in the SPH-treated rats. M–O, two groups of rats (n � 5) were pair-fed the SPH and the casein diets for 25 days.
M, plasma metabolomic analysis by NMR revealed that VLDL concentration was significantly reduced by SPH treatment. Peaks on the positive y axis scale are
significantly elevated by SPH feeding, and peaks on the negative y axis are significantly higher in casein-fed rats. R2 is the full cross-validated regression
coefficient. N and O, no significant alterations were found in plasma cholesterol levels measured by biochemical assay. P–S, three groups of rats (n � 6) were
pair-fed the SPH diet, the casein diet, and the SPH-diet with 0.5 weight % c’am for 46 days. Pharmacological removal of bile acids by 0.5 weight % cholesty-
ramine attenuated the lipid-lowering effects of SPH in liver, and fed-state plasma TAG. mRNA levels are normalized to Gtf2b. Data are presented as mean � S.E.
Significant differences from casein-fed rats are denoted as follows: *, p � 0.05; **, p � 0.01. Significant difference between SPH-fed and SPH � cholestyramine-
fed rats is denoted by ##, p � 0.01.

FIGURE 5. Induction of skeletal muscle Ucp3 gene expression is abolished by pharmacological removal of bile acids. A–C, male Wistar rats (n � 6) were
fed high fat diets (45 kcal % fat) ad libitum for 46 days with either SPH or casein as the sole protein source. A, in skeletal muscle, SPH-fed rats exhibited reduced
expression of Ppar� and its target genes Acox1 and Mcad. B, muscle gene expression of Ppar�/� and its target gene Adrp and Angptl4 was enhanced by SPH
treatment. C, expression of genes related to fatty acid oxidation Cpt-1b and Ucp2 and -3 was enhanced in the SPH-treated rats. D, three groups of rats (n � 6)
were pair-fed the same diets, plus the SPH diet with 0.5 weight % c’am for 46 days. Pharmacological removal of bile acids by 0.5 weight % cholestyramine
completely abolished Ucp3 induction. mRNA levels are normalized to Gtf2b and relative to the expression in the casein-fed rats. Data are presented as mean �
S.E. Significant differences from casein-fed rats are denoted as follows: *, p � 0.05; **, p � 0.01.
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Supplementing taurine (70, 71) or glycine (70) at doses of 50
g/kg diet to casein-based atherogenic diets (containing 1wt%
cholesterol and 0.25 wt% cholic acid) has previously been
shown to increase fecal BA excretion in rats. Furthermore, the
rats treated with the taurine-supplemented diet had higher
liver glutathione (GSH) content, decreased liver cholesterol
concentration, and higher cholesterol-7a hydroxylase (Cyp7a1)
mRNA levels and enzyme activity (71). In this study, the SPH
diet provided taurine (1.9 g/kg diet), whereas the casein dietwas
free of taurine. Also, the glycine level differed and was 23 and 4
g/kg diet in the SPH and casein diets, respectively (supplemen-
tal Fig. 1). The SPH-treated rats had significantly reduced liver
cholesterol and sterol ester concentrations (Fig. 7C). However,
the SPH-fed rats had lower liver expression of genes involved in
the de novo bile acid synthesis, Cyp7a1, and in bile acid conju-
gation, bile acid coenzyme A:amino acid N-acyltransferase
(Baat) (Fig. 7D). Therefore, our data do not support that a
higher BA synthesis was the underlying factor for the elevated
plasma BA concentrations.
Secretion of bile acids into bile is partly dependent on bile

acid availability and transport and partly determined by the
availability and transport of phospholipids, cholesterol, gluta-
thione, and bicarbonate, as reviewed inRef. 72. In this study, the
liver expression of genes involved in canalicular bile flow gen-
eration was either increased (Atp-binding cassette b4, Abcb4,
also called Mdr2), tended (p � 0.09) to be increased (Abcb11/
Bsep), or was statistically unaltered (Abcb1b/Mdr1 and Abcc2/
Mrp2) in the SPH-treated rats (Fig. 7E). Furthermore, the liver
gene expression of glutathione synthase (Gss), as well as the
liver concentration of GSH, a primary osmotic driving force in
hepatic bile formation (73), was increased by SPH treatment
(Fig. 7, F andG). However, fecal BA excretion measured over 5

days did not differ between the treatments (Fig. 7H). Thus, our
liver data indicate that the SPH-fed rats had increased biliary
BA secretion, yet the fecal BA excretion was unaltered. If this
was the case, the SPH-fed rats must have had an efficient intes-
tinal BA re-uptake. In humans with a normal hepatic function,
the major determinant of circulating bile acid concentration is
their rate of intestinal absorption (74). In this study, the hepatic
amount of�-muricholic acid, a bile acid of intestinal origin (75),
was significantly higher in the SPH-fed rats (Fig. 1B). Based on
the higher hepatic presence of intestinally derived BA species,
as well as the fact that the SPH � cholestyramine-treated rats
exhibited reduced plasma BA levels, we conclude that the
increased plasma BA level in the SPH-fed rats was likely due to
higher intestinal influx.

DISCUSSION

Bile acids strongly affectmetabolism and energy expenditure
in mice (11, 12, 20). From studies in rats, it is known that sup-
plementing low fat, casein-based diets with rather high doses of
glycine and/or taurine affects bile acid metabolism (29, 70, 71).
Previously, we have reported that exchanging casein with a gly-
cine- and taurine-rich protein source modulated BA metabo-
lism in low fat fed rats (30). Here, we show that the choice of
dietary protein source is sufficient to increase plasma BA levels
also in high fat fed rats. Importantly, the elevated plasma BA
level was accompanied with attenuated diet-induced obesity
and ameliorated characteristics of the metabolic syndrome.
Little is known about the role(s) that the endogenous BA

metabolismmay play in the development of the metabolic syn-
drome. However, a few recent publications support such a role
for endogenous bile acidmetabolism. Bile secretion is impaired
in both the Zucker (fa/fa) rat (76) and in the ob/ob mice (77),

FIGURE 6. Reduction in fed-state plasma glucose is attenuated by pharmacological removal of bile acids. A–D, male Wistar rats (n � 6) were fed high fat
diets (45 kcal% fat) ad libitum for 46 days with either SPH or casein as the sole protein source. A, fed-state plasma insulin level was decreased, and glucagon
levels tended to be lower (p � 0.06) in the SPH-treated rats. B and C, liver gene expression of the rate-limiting gluconeogenic enzyme Pck1 was decreased, and
liver glycogen concentration was increased by SPH feeding. D, fed state but not fasted plasma glucose level was lower in the SPH-fed rats. E, three groups of
rats (n � 6) were pair-fed the same diets, plus the SPH diet with 0.5 weight % c’am for 46 days. Pharmacological removal of bile acids by 0.5 weight %
cholestyramine attenuated the glucose lowering effect of SPH. Pck1 mRNA levels are normalized to Gtf2b. Data are presented as means � S.E. Significant
difference from casein-fed rats are denoted as follows: *, p � 0.05; **, p � 0.01.
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two animal models extensively studied as they both develop
metabolic features resembling the metabolic syndrome. Fur-
thermore, in lean and fat mouse lines developed from the same
founder population by long term divergent selection for low or
high body fat percentages, the lean mice exhibited higher
hepatic Cyp8b1 and Abcb11 gene expressions and had
increased blood BA concentrations, relative to the obese mice
(78). Even though the underlying mechanisms need to be fur-
ther elucidated, our data strongly indicate a regulatory role for
endogenous bile acid metabolism on the development of the
metabolic syndrome.
We used diets in which the casein was fully exchanged with

SPH. Obviously, differences in dietary amino acids other than
taurine and glycine, such as the level of the branched-chain
amino acids, might have affected the outcome of this study
(supplemental Fig. 1). Moreover, we recognize that taurine has
metabolic effects beyond bile acid metabolism, such as anti-
oxidant capacity (79). However, the taurine tissue level in the
rats (supplemental Fig. 1) excludes the possibility that the

observed differences were due to increased tissue taurine
concentrations. Because addition of cholestyramine reduced
plasma BA levels and attenuated the beneficial effects on
adiposity, TAG metabolism, and hyperglycemia, we con-
clude that parts of the beneficial effects found by SPH treat-
ment was caused by nutritional regulation of endogenous BA
metabolism.
Our results provide evidence that nutritional regulation of

bile acid metabolism may attenuate characteristics of the met-
abolic syndrome in high fat fed rats. The relevance of our find-
ings for man remains to be elucidated. However, it has been
reported that obese subjects had a lower post-prandial bile acid
response, relative to normal weight subjects (80). Furthermore,
subjects that had previously undergone gastric bypass showed
higher circulating bile acid levels, relative to both obese and
severely obese objects. Also, total bile acids were inversely cor-
related with 2-h post-meal glucose and fasting TAG levels (81).
In another study with objects subjected to bariatric surgery,
circulating bile acid andGLP-1 levels increased post-surgically,

FIGURE 7. Repressed de novo bile acid synthesis and indications of increased biliary BA secretion. A–H, male Wistar rats (n � 6) were fed high fat diets (45
kcal % fat) ad libitum for 46 days with either SPH or casein as the sole protein source. A, plasma alanine aminotransferase was increased in the SPH-fed rats but
the elevation did not indicate hepatocellular damage. B, liver gene expression of Ucp2, a marker of oxidative stress and linked to bile obstruction, was
borderline (p � 0.053) reduced by SPH treatment. C, hepatic concentrations of cholesterol and sterol esters were markedly decreased in the SPH-treated rats.
D, elevated plasma bile acid concentrations in SPH-treated rats were accompanied with lower liver expression of genes involved in de novo bile acid synthesis,
Cyp7a1, and in bile acid conjugation, Baat. E, liver expression of genes encoding for apical transporters involved in bile generation Abcb4 (also called Mdr2) was
strongly induced, whereas expression of the Abcb11 (also called Bsep) tended (p � 0.09) to be higher. Expressions of Abcc2 (also called Mrp2) and Abcb1b (also
called Mdr1) were not altered by SPH treatment. F, liver gene expressions of genes involved in GSH synthesis, glutamate-cysteine ligase, catalytic unit (Gclc), and
modulator unit (Gclm) were unaltered, and glutathione synthase (Gss) was induced by SPH treatment. G, liver cytosolic GSH was increased in the SPH-treated
rats. H, no significant difference was observed in 5 days fecal bile acid excretion. mRNA levels are normalized to Gtf2b. Data are presented as mean � S.E.
Significant difference from casein-fed rats are denoted as follows: *, p � 0.05; **, p � 0.01.
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relative to pre-surgical base-line levels (82). Finally, it was
reported in a human intervention study with crossover design
that subjects on a high fat, high protein diet had increased fast-
ing plasma bile acid concentrations as compared to when the
subjects were on a high fat diet alone. The elevation in plasma
BA levels was accompanied by reduced hepatic lipids and
increased fasting plasma concentrations of �-hydroxybutyrate
(83). Thus, nutritional regulation of endogenous BA metabo-
lism may also be related to development of the metabolic syn-
drome in man.
In conclusion, we provide compelling evidence that plasma

bile acid levels can be modulated by the dietary protein source
in high fat-treated rats. Increased levels of plasma BAs were
associated with a significant reduction in diet-induced obesity
and resulted in increased whole body energy expenditure and
dissipation of energy in the form of heat. Concomitantly, fed-
state plasma glucose and TAG concentrations were reduced.
Thus, a protein source-dependent increase in plasma BA levels
appears to have the potential to attenuate pathological charac-
teristics of the metabolic syndrome in the high fat-fed rats.
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