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Protective effect of bile acids on the onset of
fructose-induced hepatic steatosis in mice

Valentina Volynets, Astrid Spruss, Giridhar Kanuri, Sabine Wagnerberger, Stephan C. Bischoff,

and Ina Bergheim1

Department of Nutritional Medicine, University of Hohenheim, Stuttgart, Germany

Abstract Fructose intake is being discussed as a key dietary
factor in the development of nonalcoholic fatty liver disease
(NAFLD). Bile acids have been shown to modulate energy
metabolism. We tested the effects of bile acids on fructose-
induced hepatic steatosis. In C57BL/6] mice treated with a
combination of chenodeoxycholic acid and cholic acid (100
mg/kg body weight each) while drinking water or a 30%
fructose solution for eight weeks and appropriate controls,
markers of hepatic steatosis, portal endotoxin levels, and
markers of hepatic lipogenesis were determined. In mice
concomitantly treated with bile acids, the onset of fructose-
induced hepatic steatosis was markedly attenuated com-
pared to mice only fed fructose. The protective effects of
the bile acid treatment were associated with a downregula-
tion of tumor necrosis factor (TNF)«, sterol regulatory
element-binding protein (SREBP)1, FAS mRNA expression,
and lipid peroxidation in the liver, whereas hepatic farne-
soid X receptor (FXR) or short heterodimer partner (SHP)
protein concentration did not differ between groups fed
fructose. Rather, bile acid treatment normalized occludin
protein concentration in the duodenum, portal endotoxin
levels, and markers of Kupffer cell activation to the level of
water controls.ll Taken together, these data suggest that
bile acids prevent fructose-induced hepatic steatosis in
mice through mechanisms involving protection against
the fructose-induced translocation of intestinal bacterial
endotoxin.—Volynets, V., A. Spruss, G. Kanuri, S. Wagnerberger,
S. C. Bischoff, and I. Bergheim. Protective effect of bile ac-
ids on the onset of fructose-induced hepatic steatosis in
mice. J. Lipid Res. 51: 3414-3424.
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Throughout the last three decades nonalcoholic fatty
liver disease (NAFLD) has emerged to be among the lead-
ing liver diseases in the world (1). Fat accumulation in the
liver, originally thought to be a benign, nonprogressive, his-
tological state, is one of the first characteristics of the early
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phase of NAFLD (2). Furthermore, results of recent stud-
ies suggest that steatosis may play a critical role not only in
the onset of NAFLD but also in its progression to later
stages of the disease (e.g., fibrosis and cirrhosis (3)).
Therefore, therapies protecting against the onset of
NAFLD may also be beneficial for the later stages of the
disease.

Results of several epidemiologic and clinical studies in-
dicate that besides a general over-nutrition dietary intake
of carbohydrates and fructose consumption in particular
may play a critical role in the development of NAFLD in
humans (4). The hypothesis that a diet rich in mono- and
disaccharides, such as fructose and sucrose, might play a
critical role in the pathogenesis of NAFLD is also sup-
ported by a number of studies performed in animals. In
these studies, it was shown that an increased consumption
of fructose (e.g., up to 60% of daily calories derived from
fructose) resulted in an increased lipid accumulation in
the liver, which was accompanied by insulin resistance,
elevated plasma triglyceride levels, and oxidative stress
(5-9). Recently, our group was able to show that hepatic
steatosis resulting from chronic intake of fructose is associ-
ated with a loss of the tight junction protein occludin in
the duodenum, an increased translocation of bacterial en-
dotoxins from the intestine, and an induction of tumor
necrosis factor (TNF)a in the liver of mice (7, 10, 11).
However, while plasma levels of TNFa and retinol binding
protein 4 were both increased under this feeding regimen,
suggesting that fructose-fed mice were insulin-resistant,
glucose levels in blood of food-deprived, fructose-fed mice
did not differ from those of water-fed controls (7, 10). In
these studies, the concomitant treatment with antibiotics
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or the loss of the endotoxin receptor toll-like receptor
(TLR) 4 markedly attenuated the effect of fructose on
mouse liver (10). Furthermore, we were able to show that
the marked protection of tumor necrosis factor receptor
(TNFR)1™/~ mice against the onset of fructose-induced
liver steatosis was associated with a protection against the
fructose-induced upregulation of the expression of sterol reg-
ulator element-binding protein (SREBP)1 in the liver (12).

Primary bile acids (e.g., chenodeoxycholic acid and
cholic acid) have long been known to be essential for the
absorption of dietary lipids and cholesterol. In recent
years, bile acids have been identified to play an important
role as ligands for nuclear orphan receptors, such as the
farnesoid X receptor (FXR) (13-15). Mainly through
mechanisms involving the induction of the short heterodi-
mer partner (SHP), FXR has been shown to downregulate
hepatic fatty acid and triglyceride biosynthesis, as well as
the production of very low density lipoproteins (VLDL)
mediated by SREBP1c (16, 17). Recently it has been shown
that, through binding to the G-protein-coupled receptor
TGR5, bile acids may increase cycliccAMP-dependent
thyroid hormone activating enzyme type 2 iodothyronine
deiodinase (D2) activity, thereby increasing energy expen-
diture in brown adipose tissue, preventing obesity and
insulin resistance (18, 19). However, whether bile acids
also protect the liver from the onset of fructose-induced
NAFLD has not yet been clarified. The aim of the present
study was to test if primary bile acids (e.g., cholic acid and
chenodeoxycholic acid) protect against fructose-induced
hepatic steatosis in a mouse model and if so, to identify
underlying mechanisms.

MATERIAL AND METHODS

Animals and treatments

Mice were housed in a standard pathogen-free barrier facility
accredited by the AAALAC with no positive testing for Helico-
bacter spp. All procedures were approved by the local IACUC. Six-
week-old C57BL/6] mice (Jackson, Bar Harbor, ME) were fed
either plain water or water containing 30% fructose for a period of
8 weeks. Some of the animals were concomitantly treated with a
combination of bile acids (cholic acid, 100 mg/kg body weight;
and chenodeoxycholic acid, 100 mg/ kg body weight) in drink-
ing solutions throughout the entire feeding time. Similar doses of
these bile acids have been used in rats by others (20). Animals were
anesthetized with 80 mg ketamin/kg and 6 mg xylazin/kg body
weight by intraperitoneal injection. Blood was collected just prior
to euthanization. Portions of liver were either frozen immediately
in liquid nitrogen, fixed in neutral-buffered formalin, or frozen-
fixed in OCT mounting media (Medite, Burgdorf, Germany).

RNA isolation and realtime RT-PCR

Total RNA was extracted from liver samples using peqGOLD
TriFast™ (PEQLAB, Erlangen, Germany). RNA concentrations
were determined spectrophotometrically, and 1 pg total RNA was
reverse-transcribed using a MuLV reverse transcriptase and oligo
dT primers after a DNase digestion step (Fermentas, St. Leon-
Rot, Germany). Polymerase chain reaction (PCR) primers for
fatty acid synthase (FAS), FXR, myeloid differentiation factor
(MyD)88, interferon regulatory factor (IRF)3 and 7, inducible

nitric oxide synthase (iNOS), SHP, SREBP1, TNF«, X-box bind-
ing protein 1 (XBP1), spliced XBP1 (XBP1ls), occludin, and
B-actin (for primer sequences, see Table 1) were designed using
Primer 3 software (Whitehead Institute for Biomedical Research).
Sybr®Green Universal PCR Master Mix (Applied Biosystems,
Darmstadt, Germany) was used to prepare the PCR mix. The
amplification reactions were carried out in an iCycler (Bio-Rad
Laboratories, Munich, Germany) with an initial hold step (95°C
for 3 min) and 50 cycles of a three-step PCR (95°C for 15 s, 60°C
for 15, 72°C for 30 s). The fluorescence intensity of each sample
was measured at each temperature change to monitor amplifica-
tion of the target gene. The comparative C method was used to
determine the amount of target gene, normalized to an endoge-
nous reference (B-actin) and relative to a calibrator (Q"MC‘). The
purity of PCR products was verified by melting curves and gel
electrophoresis.

Fluorescent in situ hybridization

All chemicals used for fluorescent in situ hybridization (FISH)
were obtained from Roth, Karlsruhe, Germany. Frozen sections
(5 pm) of the first 5 cm of the small intestine were fixed with 4%
PBS buffered formalin for 3 min. After incubation with lysozyme
buffer (100 mM Tris-HCI, pH 8.0; 50 mM EDTA; 130.000 U/ml
lysozyme) for 5 min, sections were washed in a buffer (20 mM
Tris-HCI, pH 7.2; 225 mM NaCl; 0.01% SDS) and incubated with
the Cy3-labeled RNA probe EUB338 (21) (5- Cy3-GCTGCCTC-
CCGTAGGAGT-3"; 0.02 pmol/pl probe; 45% formamide; 900
mM NaCl; 0.01% SDS; 20 mM Tris-HCI, pH 7.2) for 2 h (46°C).
Sections were washed and covered with Roti®-Mount FluorCare
DAPI. In each sample, the number of bacteria was counted in 10
randomly selected fields per section at a 400x magnification us-
ing a fluorescence microscope (Axio Vert 200M, Zeiss, Jena, Ger-
many). Data were pooled to determine means.

Triglyceride determination in liver

Liver samples were homogenized in ice-cold 2x PBS. Tissue
lipids were extracted with methanol/chloroform (1:2), dried,
and resuspended in 5% fat free BSA. Triglyceride levels were
determined using a commercially available kit (Randox, Krefeld,
Germany). Values were normalized to protein concentration
determined by Bradford assay in liver homogenate (Bio-Rad
Laboratories).

Oil Red O staining

To determine hepatic lipid accumulation, frozen sections of
liver (10 pm) were stained with Oil Red O (Sigma, Steinheim,
Germany) for 10 min, washed, and counterstained with hema-
toxylin for 45 s (Sigma, Steinheim, Germany) (7). Representative
photomicrographs were captured at a 400x magnification using a
system incorporated in a microscope (Axio Vert 200M, Zeiss,
Jena, Germany). The extent of labeling in the liver lobule was
defined as the percentage of the field area within the default
color range determined by the software. Data from each tissue sec-
tion (eight fields per section) were pooled to determine means.

Clinical chemistry and pathologic evaluation

Plasma alanine-aminotransferase (ALT) activity was determined
using a commercially available kit (Randox, Krefeld, Germany).
Paraffin sections of liver (5 pm) were stained for hematoxylin
and eosin to assess liver histology (200x).

Endotoxin assay

Endotoxin was determined as described previously in detail
(22). In brief, plasma samples were heated up to 70°C for 20 min.
Plasma endotoxin levels were determined using a commercially
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TABLE 1. Primers used for real-time RT-PCR

Mediator Forward (5”-3") Reverse (5™-3")

FAS TCT GGG CCAACCTCATTG GT GAA GCT GGG GGT CCATTG TG
iNOS CAG CTG GGC TGT ACAAAC CTT CAT TGG AAG TGA AGC GTT TCG
IRF3 AAC CGG AAA GAA GTCTTG CG GCA CCC AGA TGT ACG AAG TCC
IRF7 ACA GGG CGT TTT ATC TTG CG TCC AAG CTC CCG GCT AAG
MyD88 CAA AAG TGG GGT GCC TTT GC AAA TCC ACA GTG CCC CCA GA
SREBP1 ACC GGC TAC TGC TGG ACT GC AGA GCA AGA GGG TGC CAT CG
TNFa CCA GGC GGT GCC TAT GTC TC CAG CCA CTC CAG CTG CTC CT
Occludin CAT CAG CCA TGT CCG TGA GG GGG GCG ACG TCCATT TGT AG
XBP1 CCT GAG CCC GGA GGA GAA CTC GAG CAG TCT GCG CTG
XBP1s GAG TCC GCA GCA GGT G GTG TCA GAG TCC ATG GGA
B-actin GTA ACC CGT TGAACCCCATT CCA TCC AAT CGG TAG TAG CG

IRF3/7, interferon regulatory factor 3 or 7; MyD88, myeloid differentiation factor; iNOS, inducible nitric
oxide synthase; SREBP, sterol regulator element-binding protein; TNF, tumor necrosis factor; XBP1, X-box binding

protein 1; XBP1s, spliced X-box binding protein 1.

available endpoint Limulus Amebocyte Lysate assay (Charles
River, L Arbaesle, France) following the instructions of the
manufacturer.

Immunohistochemical staining for
4-hydroxynonenal adducts

Paraffin-embedded liver sections (5 pm) were cut and stained
for 4-hydroxynonenal (4-HNE) adducts using a polyclonal anti-
body (AG Scientific, San Diego, CA) as described previously (7).
To detect specific binding of primary antibody, tissue sections
were incubated with a peroxidase-linked secondary antibody and
diaminobenzidine (Peroxidase Envision Kit; DAKO, Hamburg,
Germany). Using an image acquisition and analysis system incor-
porated in the microscope, the extent of staining in liver sections
was defined as percentage of the field area within the default
color range determined by the software. To determine means,
data from eight fields (200x) of each tissue section were used.

Immunoblots

To prepare nuclear protein lysates, liver tissue was homoge-
nized first in Dignum A buffer (10 mM HEPES, 1.5 mM MgCl,, 5
mM KCI, 0.5 mM DTT) and then extracted with Dignum C (10
mM HEPES, 50% glycerol, 84 mM NaCl, 1.5 mM Mg,Cl, 0.2 mM
EDTA, 0.5 mM DTT). All buffers contained a protease and phos-
phatase inhibitor mix (Sigma). To obtain samples of duodenal
protein, snap-frozen samples of tissue obtained from the duo-
denum were homogenized in peqGOLD TriFast"" (PEQLAB,
Erlangen, Germany), and protein was isolated according to the
manufactures instructions. Protein lysates (10-30 pg protein/
well) were separated in 10% SDS-PAGE and transferred to
Hybond™-P polyvinylidene difluoride membranes. The result-
ing blots were then probed with antibodies against occludin
(Zymed, San Francisco, CA), FXR, or SHP (Santa Cruz Biotech-
nology), respectively, and bands were visualized using a Super
Signal Western Dura kit (Pierce, Perbio Science, Rockford, IL).
To ensure equal loading, all blots were stained with Ponceau red.
Signals of occludin were normalized to B-actin, which was de-
tected using a commercially available antibody (New England
Biolabs, Frankfurt, Germany) whereas bands detected for FXR
and SHP, respectively, were normalized to histone H3 (3H1)
Rabbit mAb (Cell Signaling Technology, Danvers, MA). Protein
bands were analyzed densitometrically using Flurochem Software
(Alpha Innotech, San Leandro, CA).

Statistical analyses

All results are reported as means = SEM. Data were tested for
equality of variances. If equality of variances was not given, data
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were log-transformed. Two-way ANOVA with Bonferroni post-hoc
test was used to determine statistically significant differences be-
tween treatment groups. A Pvalue < 0.05 was selected as the level
of significance before the study.

RESULTS

Plasma and hepatic indices of liver damage

Fig. 1A shows representative pictures of Oil Red O and
hematoxylin and eosin staining. Fig 1B and 1C show quan-
titation of hepatic lipid and triglyceride levels after chronic
intake of water or water sweetened with 30% fructose.
Chronic treatment of mice with bile acids resulted in a
significant ~2-fold increase in hepatic lipid content
compared to water controls as determined by Oil Red O
staining; however, staining was detected primarily around
hepatocytes, indicating that lipid content of cells other
than hepatocytes was affected by the bile acid treatment.
Furthermore, a similar effect of bile acid treatment was
not detected when determining total triglyceride content
of liver. In line with our earlier findings using this mouse
model, chronic intake of 30% fructose solution resulted in
a significant ~4.2-fold increase in triglyceride and ~6.7-
fold increase in lipid levels in the liver compared with con-
trols. In contrast, inlivers of fructose-fed mice concomitantly
treated with bile acids, hepatic lipid and triglyceride levels
were only increased by ~2.2-fold and ~1.3-fold, respec-
tively, compared to controls treated with bile acids. In ac-
cordance with these findings, ALT levels were significantly
higher in plasma of fructose-fed mice; however, plasma
ALT levels did not differ between controls and fructose-
fed mice treated with bile acids (Table 2). A similar protec-
tive effect of the bile acid treatment was not found when
comparing absolute liver weights or liver-to-body weight
ratios. Absolute weight gain of fructose-fed mice concomi-
tantly treated with bile acids and that of mice fed only with
fructose did not differ.

Concentration of 4-HNE adducts, mRNA expression of
TNFa, and lipogenesis in the liver

Our results and those of other groups suggest that the
pivotal effects of chronic fructose intake on the liver may
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Fig. 1. Effect of chronic consumption of 30% fructose solution and bile acids on the lipid accumulation in
the liver. A: Representative photomicrographs of the hematoxylin and eosin (200x) as well as Oil Red O stain-
ing (400x) of liver sections. B and C: Quantitative analysis of Oil Red O staining and hepatic triglyceride
content. Data are shown as means + SEM (n = 5-6) and are normalized to percent of control. “P< 0.05 com-
pared with mice fed water; "P<0.05 compared with mice fed water + bile acids; 4P<0.05 compared with mice
fed fructose solution + bile acids. C, water; BA, bile acid; F, 30% fructose solution.
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at least partly depend on an increased formation of reac- mRNA expression of TNFa (Fig. 2), as well as markers of
tive oxygen species (ROS), induction of TNFo mRNA ex-  lipogenesis (e.g., SREBP1 and FAS) (Table 2) in the liver.
pression, and activation of hepatic lipogenesis (7, 10). Representative pictures of 4-HNE adduct staining (brown)

Therefore, we determined levels of 4-HNE adducts and  are depicted in Fig. 2A, and quantitative analysis of staining

TABLE 2. Effect of chronic intake of sweetened water and bile acids on caloric intake and indices
of hepatic lipogenesis

Indices Water Water + Bile Acids Fructose Fructose + Bile Acids
Weight gain (g) 3.29+0.3 3.7+0.5 5.0+0.4 45+05
Liver weight (g) 1.06 £ 0.03 1.11 £ 0.06 1.41 +0.07* 1.46 + 0.06""
Liver-to-body weight ratio 4.88 +0.1 4.9+0.2 6.01 0.2 6.4+0.1
ALT(U/I)d 1.6+0.5 7.0+3.1 35.3 + 3.7 8.0+1.2

FAS mRNA 100 + 21 199 + 55 633 + 84 423 £ 53"
SREBP1 mRNA 100 =12 113 + 30 244 + 47" 164 + 33

Feeding of fructose-sweetened water and bile acids is described in Material and Methods. Data are means +
SEM (n = 6). ALT, alanine-aminotransferase; SREBP, sterol regulator element-binding protein.

“P<0.05 compared with mice fed water.

"P<0.05 compared with mice fed water enriched with bile acids

‘P<0.05 compared with mice fed with 30% fructose solution.

d . . . .

ALT activity in plasma was determined in n = 3—6 mice per group.
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is summarized in Fig. 2B. Concentrations of 4-HNE ad-
ducts did not differ between control groups. In fructose-
fed mice, levels of 4-HNE adducts in the liver were
significantly increased by ~7.4-fold compared to plain wa-
ter controls. In fructose-fed mice concomitantly treated
with bile acids, levels of 4-HNE adducts in the liver were
only increased by ~4-fold compared to controls; however,
differences were still significant. In line with these find-
ings, expression of TNFa in livers of fructose-fed mice was
significantly increased by ~6.2-fold compared to plain wa-
ter controls (Fig. 2C). In contrast, TNFa mRNA expres-
sion levels in livers of fructose-fed mice treated with bile
acids did not differ from those of controls. Expression of
FAS was induced by ~6.3-fold and ~3.2-fold in livers of
fructose-fed mice compared to water controls and water
controls treated with bile acids (Table 2). In contrast, in
livers of fructose-fed mice concomitantly treated with bile
acids, FAS expression was only induced by ~4.2 and ~2.1-
fold, respectively, compared with the two control groups.
Expression of SREBP1 mRNA was also significantly in-
duced in livers of fructose-fed mice compared to the two
water control groups (Table 2). A similar effect was not
found in livers of fructose-fed mice concomitantly treated
with bile acids.

3418 Journal of Lipid Research Volume 51, 2010

abd

Fig. 2. Effect of chronic consumption of 30% fruc-
tose solution and bile acids on the hepatic lipid
peroxidation and TNFa mRNA levels in liver. A: Rep-
resentative photomicrographs of immunostaining of
4-HNE adducts (200x) in liver sections. 4HNE ad-
ducts are brown. B: Densitometric analysis of 4-HNE
adduct staining. C: Relative hepatic TNFa mRNA ex-
pression as determined by realtime RT-PCR. Data for
TNFa are normalized to B-actin. Data are shown as
means + SEM (n = 5-6) and are normalized to per-
cent of control. “P < 0.05 compared with mice fed
water; "P < 0.05 compared with mice fed water + bile
acids; “P<0.05 compared with mice fed fructose solu-
tion + bile acids. C, water; BA, bile acid; F, 30% fruc-
tose solution; 4-HNE, 4-Hydroxynonenal; TNF, tumor
necrosis factor.

Levels of FXR and SHP in the liver

To determine whether the protective effects of the bile
acid treatment found in fructose-fed mice were associated
with an alternation of FXR and SHP in the liver protein,
levels of these two nuclear receptors were determined in
nuclear extracts. Results are summarized in Fig. 3. Protein
levels of SHP (Fig. 3A) did not differ between groups.
When determining protein levels of FXR in the liver, FXR
protein concentration (Fig. 3B) was found to be markedly
lower in livers of both fructose-fed groups compared to
water-fed mice; however, as protein levels varied consider-
ably between mice, differences only reached the level of
significance for the comparison of FXR protein levels
between water controls and fructose-fed mice concomi-
tantly treated with bile acids (water controls versus fruc-
tose plus bile acids, P< 0.05; water controls versus fructose,
P=0.052).

Protein concentration of occludin in the duodenum,
portal endotoxin concentration, and expression of
MyD88, IRF3/7, and iNOS in the liver

In line with our earlier findings (11), chronic intake of
30% fructose solution resulted in a marked loss of the tight
junction protein occludin in the duodenum compared to
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Fig. 3. Effect of chronic consumption of 30% fructose solution
and bile acids on nuclear protein concentration of SHP and FXR
in the liver. A: Representative Western blot of SHP and histone H3
(8HI) as well as quantitative analysis of blots. B: Representative
Western blot of FXR and histone H3 (3HI) as well as quantitative
analysis of blots. Data are shown as means + SEM (n = 5-6) and are
normalized to percent of control. “P< 0.05 compared with mice fed
water. C, water; BA, bile acid; F, 30% fructose solution; FXR, farne-
soid X receptor; SHP, short heterodimer partner.

controls (~60% decrease compared to water controls and
~83% decrease compared to water controls treated with
bile acids, P < 0.05; data are summarized in Fig. 4A).
Interestingly, in fructose-fed mice concomitantly treated
with bile acids, the loss of occludin protein was prevented.
Plasma endotoxin levels (Fig. 4B) and mRNA expression
of the TLR4-adaptor protein MyD88 (Fig. 5A) were only
found to be significantly elevated in mice exposed to 30%
fructose solution, whereas both plasma endotoxin levels
and mRNA expression of MyD88 were at the levels of con-
trols in fructose-fed mice concomitantly treated with bile
acids. Similar results were found for IRF7 mRNA expres-
sion (Fig. bB), whereas no differences between groups
were found for IRF3 mRNA expression (Fig. 5C). Further-
more, when determining iNOS expression in whole-liver
RNA extracts (Fig. 5D), we only found the expression of

iNOS to be significantly induced in livers of fructose-fed
mice compared to water controls, whereas iNOS mRNA
expression was found to be at the levels of controls in livers
of fructose-fed mice concomitantly treated with bile acids.

Occludin mRNA expression, markers of ER stress, and
number of bacteria in the duodenum

To further delineate how the treatment with bile acids
may have protected mice from the onset of fructose-
induced hepatic steatosis, we determined mRNA expression
levels of occludin in the duodenum of mice. Interestingly,
despite no difference in protein levels, mRNA expression
of occludin in the duodenum of mice exposed to the bile
acids were significantly lower than in those not treated
with bile acids (Table 3). However, no differences in oc-
cludin mRNA expression were found when fructose-fed
mice and fructose-fed mice concomitantly treated with
bile acids were compared with their respective controls.

To determine whether the downregulation of occludin
protein found in fructose-fed mice and the protective ef-
fect of the bile acid treatment thereon was associated with
a protection against endoplasmic reticulum (ER) stress,
we determined expression levels of XBP1 and XBP1s (Ta-
ble 3). Both XBP1 and XBP1s have been used by others as
markers of ER stress (23-25). Interestingly, the chronic
treatment of mice with the two bile acids led to a marked
downregulation of the expression of XBP1 and XBP1s in
the duodenum, regardless of additional feeding regiments
(XBP1: water plus bile acids, ~70% decrease, P< 0.05; bile
acids plus fructose, ~46% decrease, P = 0.052, compared
to water controls; XBP1s: water plus bile acids,~67% de-
crease, P < 0.05; fructose plus bile acids, ~19% decrease,
P=0.43, compared to water controls). However, no differ-
ences were found between groups when fructose-fed mice
and fructose-fed mice concomitantly treated with bile ac-
ids were compared to their respective controls. As bile ac-
ids have been shown by others (26) to inhibit growth of
intestinal bacteria, the number of bacteria in the duode-
num was determined by FISH. Representative pictures and
quantitative analysis of FISH are shown in Fig. 6. Regardless
of additional treatments, number of bacteria in the duode-
num did not differ among groups.

DISCUSSION

Results of several human and animal studies propose
a role of dietary fructose intake in the development of
NAFLD (for reviews, see Refs. 27 and 28). Furthermore,
results of a small human intervention trial suggest that a
reduction of fructose intake may indeed have a beneficial
effect on the progression of NAFLD (29). The results of
animal studies of our own group and those of others indi-
cate that the onset of fructose-induced NAFLD in mice
may not only be a result of a general over nutrition and the
insulin-independent metabolism of fructose but also may
partly result from molecular alterations caused either di-
rectly or indirectly by fructose (for an overview, see Ref.
30). Furthermore, results of several in vivo and in vitro
studies suggest that bile acids, through an activation of
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Fig. 4. Effect of chronic consumption of 30% fructose solution
and bile acids on occludin concentration in the duodenum and
portal endotoxin levels. A: Representative Western blots of occlu-
din and quantitative analysis of blots. Data for occludin were nor-
malized to B-actin. B: Portal endotoxin concentration. Data are
shown as means + SEM (occludin, n = 5-6; endotoxin, n = 3-6) and
are normalized to percent of control. “P< 0.05 compared with mice
fed water; "P<0.05 compared with mice fed water + bile acids. C,
water; BA, bile acid; F, 30% fructose solution.

FXR- and/or TGR5-dependent pathways, can alter hepatic
lipid and energy metabolism (e.g., through a negative reg-
ulation of SREBP1). Recently, it has been shown by Leikin-
Frenkel et al. (31) in rats with fatinduced NAFLD that
oral treatment with fatty acid-bile acid conjugates may
lower fat content in the liver. Results obtained from ani-
mals with bile duct ligation further suggest that treatment
of animals with bile acids (e.g., taurocholic acid) may pro-
tect livers from TNFa-induced apoptosis (32). However,
whether treatment with bile acids (e.g., cholic acid and
chenodeoxycholic acid) protects mice from the onset of
fructose-induced NAFLD has not yet been investigated. In
the present study, we tested the hypothesis that a com-
bined treatment of mice with two bile acids (cholic acid
and chenodeoxycholic acid) at rather low doses (100 mg/
kg body weight each) compared to other studies (18, 33—
35) protects mice from the onset of fructose-induced
NAFLD. Indeed, despite no effect on absolute body weight
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gain, the increase in hepatic lipid content and plasma ALT
levels found in mice only fed fructose was markedly atten-
uated in fructose-fed animals concomitantly treated with
the two bile acids. Interestingly, in livers of controls treated
with bile acids, Oil Red O staining revealed a marked in-
crease in lipid content compared to water controls; how-
ever, differences seemed to stem primarily from a more
intense staining of cells surrounding hepatocytes (e.g.,
stellate cells) rather than from lipids stored within hepato-
cytes. An effect of bile acids on other hepatic cell popula-
tions, such as stellate cells, has been suggested by the
results of several in vivo and in vitro studies (36, 37). How-
ever, exact origin and underlying mechanisms of the more
intense Oil Red O staining in control mice treated with bile
acids remains to be determined. Furthermore, treatment
with bile acids also protected livers of fructose-fed mice
from increased formation of ROS, as determined by mea-
suring 4-HNE adducts and the induction of TNFa, SREBP1,
and FAS mRNA expression found in mice fed only fruc-
tose. Taken together, our data suggest that bile acid treat-
ment may protect against the onset of fructose-induced
NAFLD without affecting body weight gain at rather low
doses. These data further suggest that bile acids under the
present conditions may have protected the liver from the
pivotal effects of fructose, at least in part through mecha-
nisms involving protection against the fructose-induced
formation of ROS and induction of TNFa as well as lipo-
genesis in the liver. These results by no means preclude
that treatment with bile acids may add to the formation of
ROS, as shown by others in in vitro studies (38-40); rather,
these results suggest that the effect of bile acids may de-
pend on dosage, duration, and disease to be treated. The
differences found regarding the effect of the bile acid
treatment on weight gain between our study and those of
others (19), who found a marked protection against high
fat dietinduced obesity, might have resulted from differ-
ences in diet (high-fat chow versus 30% fructose solution
as the only source of liquid in the present study) and a
markedly lower dosage of bile acids in the present study
(e.g., 100 mg/kg body weight versus 0.5% w/w in Ref.
19).

One mechanism by which bile acids may alter lipid me-
tabolism in the liver is through the nuclear receptor FXR.
Excess triglyceride deposition in the liver can be the con-
sequence of impaired hepatic fatty acid oxidation or en-
hanced fatty acid extraction and triglyceride synthesis (41).
FXR activation induced by bile acids can improve hyper-
triglyceridemia in mice and in in vitro models (18). Fur-
thermore it has been shown that FXR controls triglyceride
homeostasis via the negative regulation of SREBP1, which
controls the expression of various genes involved in lipo-
genesis [e.g., FAS and acetyl-CoA carboxylase ACC] (17).
In mice it has been shown that the FXR-induced suppres-
sion of SREBP1 by endogenous bile acids is ineffective in
SHP /" mice (18). These results further suggest that the
FXR-SHP-SREBP1 cascade may play a critical role in the
regulation of hepatic lipogenesis. However, in the present
study, despite a markedly lower SREBP1 and FAS mRNA
expression in livers of fructose-fed mice concomitantly
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Fig. 5. Effect of chronic consumption of 30% fructose solution and bile acids on hepatic MyD88, IRF3,
and IRF7 as well as iNOS levels. Expression of (A) MyD88, (B) IRF7, (C) IRF3, and (D) iNOS determined by
realtime RT-PCR. Expression levels were normalized to B-actin expression. Data are expressed as means +
SEM (n = 4-6)."P< 0.05 compared with mice fed water; "P<0.05 compared with mice fed water + bile acids;
p<0.05 compared with mice fed fructose solution + bile acids. C, water; BA, bile acid; F, 30% fructose solu-
tion; IRF3/7, interferon regulatory factor 3 or 7; MyD88, myeloid differentiation factor; iNOS, inducible
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nitric oxide synthase.

treated with bile acids, nuclear concentration of SHP and
FXR protein were similar in livers of mice fed with fructose
and mice fed with fructose concomitantly treated with bile
acids. It may be that dosages of bile acids used in the pre-
sent study were not sufficient to alter the protein levels of
FXR in the liver or to prevent the marked downregulation
found in fructose-fed animals. Indeed, in the studies of
Watanabe et al. (18), who fed mice ~0.5 g cholic acid/kg
body weight with chow, no changes in FXR mRNA in the

liver were detected after one week of feeding. Contrary to
the results of the present study, mRNA expression of SHP
was markedly increased in the study of Watanabe et al.
(18); however, differences between the two studies might
have resulted from the different detection levels used (nu-
clear protein versus RNA). Furthermore, neither mRNA
expression nor protein levels directly reflect activity lev-
els of nuclear receptors. Taken together, these data sug-
gest that the protective effects of bile acids under these

TABLE 3. Effect of chronic intake of sweetened water and bile acids on mRNA expression

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq

Water Water + Bile Acids Fructose Fructose + Bile Acids
Occludin 3.1+£0.5 1.7+0.3" 2.4 +0.2 1.4+0.3"
Xbpl 7.7+1.0 2.3+ 0.5 10.5 + 2.0" 41+12
Xbpls 7.1£0.7 2.3+0.7%° 9.7+15 5.8+ 1.6

Feeding of fructose-sweetened water and bile acids is described in Material and Methods. Data are means +
SEM (n = 6). XBP1, X-box binding protein 1; XBP1s, spliced X-box binding protein 1.

“P<0.05 compared with mice fed water.

P < 0.05 compared with mice fed water enriched with bile acids.

‘P < 0.05 compared with mice fed with 30% fructose solution.

P < 0.05 compared with mice fed fructose solution enriched with bile acids.
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conditions are perhaps independent of the FXR-SHP cas-
cade and their dependent pathways. These results do not
preclude a role of FXR-SHP signaling in NAFLD; rather,
they suggest that additional pathways may contribute to
lipid accumulation.

Results of in vitro studies suggest that bile acids, in addi-
tion to exerting their effects through FXR, may also re-
duce the permeation of endotoxin through intestinal
epithelial cell layers by binding it to micelles formed
by conjugated primary bile salts or through modulating
transepithelial permeability (34, 42). Indeed, it has been
shown that unconjugated cholic acid may decrease trans-
epithelial permeability in differentiated Caco-2 cells
through mechanisms involving an increased intracellular
ROS generation (42). In line with our earlier findings (7,
10, 11), portal endotoxin levels were significantly higher
in fructose-fed mice, whereas portal endotoxin levels of
fructose-fed mice treated with bile acids were at the level
of controls. Expression of the TLR-adaptor proteins MyD88
and IRF7 were only found to be induced in fructose-fed
mice. Furthermore, mRNA expression of iNOS, which
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Fig. 6. Effect of chronic consumption of 30% fruc-
tose solution and bile acids on number of bacteria in
the small intestine. A: Representative pictures of
FISH. B: Quantitative analysis of FISH. Data are ex-
pressed as means = SEM (n = 4-6). C, water; BA, bile
acid; F, 30% fructose solution; FISH, fluorescent in
situ hybridization.

has been shown to be induced through endotoxin/TLR4-
dependent pathways (10, 43), was at the level of controls
in livers of fructose-fed mice concomitantly treated with
bile acids, whereas in livers of mice fed only fructose, it was
found to be significantly induced. The protection against
the increased translocation of intestinal bacterial endo-
toxin was associated with a protection of fructose-fed mice
concomitantly treated with bile acids against the loss of the
tight junction protein occludin in the duodenum. Inter-
estingly, a similar effect was not found at the level of oc-
cludin mRNA expression, which did not differ between
fructose-treated mice and their respective controls. How-
ever, it has been suggested by the results of others that
occludin is not solely regulated at the level of transcription
(44, 45). For instance, it was recently shown by Coeftfier et al.
(44) that a proteasome-mediated modulation of protein
degradation may contribute to the regulation of occludin
protein levels in patients with inflammatory bowel disease.
Interestingly, in these studies, mRNA expression levels of
occludin did not differ between groups, whereas protein
levels were markedly lower in patients with inflammatory
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bowel disease than in controls. Another factor that may
have contributed to the protective effects of the two bile
acids on the loss of intestinal integrity found in the present
study may have been the protection against ER stress. Ele-
vated ER stress seems to be associated with an impaired
barrier function (46), and some bile acids haven been
shown to inhibit ER stress (47). In the present study, ex-
pression of markers of ER stress were generally lower in
mice treated with bile acids; however, fructose feeding
seemed not to have been associated with an enhancement
of ER stress in the duodenum of mice compared to water
controls. It also has been suggested by the results of other
groups that bile acids may inhibit bacterial growth in the
intestine (26, 48, 49). However, in the present study, the
protective effects found in fructose-fed mice concomitantly
treated with bile acids were not associated with changes in
number of bacteria in the duodenum. These results do
not preclude that bacterial flora may have been altered in
mice treated with bile acids and/or fructose. Indeed, it has
been suggested by the results of Pumbwe et al. (50) that
bile salts, for instance, can enhance intestinal colonization
with B. fragilis. Taken together, these findings suggest that
bile acids under the present conditions may protect the
liver from the onset of fructose-induced NAFLD through
normalizing intestinal transepithelial permeability, thereby
decreasing the translocation of bacterial endotoxin from
the gut into the portal plasma and subsequently decreas-
ing the activation of hepatic Kupffer cells. However, the
mechanisms underlying the protective effect(s) of bile acids
on the fructose-induced downregulation of tight junctions
in the small intestine remain to be determined.

The data of the present study add further weight to the
hypothesis that besides the insulin-independent metabo-
lism of fructose, an increased translocation of bacterial
endotoxin is a key factor in the onset of fructose-induced
NAFLD. Furthermore, the results of the present study sug-
gest a novel mechanism by which bile acids may protect
the liver from the onset of NAFLD. Protection of the intes-
tinal epithelium against the loss of tight junction proteins
(e.g., occludin), which results from either direct or indi-
rect effects of the chronic intake of fructose on the intesti-
nal mucosa, seems to be a key factor. Additional studies
are necessary to further explore this concept in humans
and to determine mechanisms underlying the protective
effects of bile acids on tight junctions in the intestine B
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