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Increased susceptibility to diet-induced gallstones in
liver fatty acid binding protein knockout mice®
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Abstract Quantitative trait mapping identified a locus
colocalizing with L-Fabp, encoding liver fatty acid binding
protein, as a positional candidate for murine gallstone sus-
cepublhty When fed a lithogenic diet (LD) for 2 weeks, L-
Fabp™’~ mice became hypercholesterolemic with increased
hepatic VLDL cholesterol secretion. Seventy-five percent of
L-Fabp™’~ mice developed solid gallstones compared with
6% of wild-type mice with an increased gallstone score (3.29
versus 0.62, respectively; P < 0.01). Hepatic free cholesterol
content, biliary cholesterol secretion, and the cholesterol
saturatlon index of hepatic bile were increased in LD-fed
L-Fabp™’~ mice. Chow-fed L-Fabp /~ mice demonstrated in-
creased fecal bile acid (BA) excretion accompanied by de-
creased ileal Asbt expression. By contrast, there was an
increased BA pool and decreased fecal BA excretion in
LD-fed L-Fabp /" mice, associated with increased proximal
intestinal Asbt mRNA expresswn, suggesting that mtestlnal
BA absorptlon was enhanced in LD-fed L- Fabp " mice.
The increase in biliary BA secretion and enterohepatic pool
size in LD-fed L-Fabp /™ mice was accompanied by down-
regulation of Cyp7al mRNA and increased intestinal mRNA
abundance of Fgf-15, Fxr, and Fabp6.Bl These findings sug-
gest that changes in hepatic cholesterol metabolism and biliary
lipid secretion as well as changes in enterohepauc BA metabo-
lism increase gallstone susceptibility in LD fed L-Fabp ’

mice.—Xie, Y., E. P. Newberry, S. M. Kennedy, J. Luo, and
N. O. Davidson. Increased susceptibility to diet-induced gall-
stones in liver fatty acid binding protein knockout mice.
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Gallstone disease is a major health problem in western
society, and its attendant complications and comorbidities
impose a substantial financial burden on the health care
economy (1). Among the factors that predispose to choles-
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terol cholelithiasis, considerable attention has focused on
environmental modifiers, such as obesity, because even in
populations at increased genetic risk there appears to be
a strong link between gallstone susceptibility and body
habitus that may be further modified in a gender-specific
manner (2). However, despite recent advances in the mech-
anisms that link hepatic insulin resistance and gallstone sus-
ceptibility (3), there remain many unanswered questions
concerning the pathways by which alterations in hepatic
lipid metabolism result in biliary cholesterol supersatura-
tion, leading to cholesterol monohydrate crystal formation
and eventually the emergence of gallstones (4).

Our understanding of the genetic factors that predis-
pose to gallstone formation has been advanced through
study of inbred murine crosses in which susceptibility loci
have been mapped using diet-induced gallstone formation
as a quantitative trait. Using this approach, >23 quantita-
tive trait loci have been mapped, allowing formal evalua-
tion of potential candidate genes [reviewed in (2)]. Among
these loci, Liver fatty acid binding protein (L-Fabp) emerged
as a positional candidate from a quantitative trait loci near
D6Mit123 on chromosome 6 (71.5 Mb, 30 centimorgans)
(2, 5). L-Fabp is an abundant cytosolic lipid binding protein
expressed in mammalian enterocytes and hepatocytes with
a flexible lipid binding pocket that accommodates FAs
and other hydrophobic ligands, including cholesterol,
acyl-CoA, and bile acids (BAs) (6, 7). More recent studies
in I-Fabp~/~ mice imply an important role for this gene in
modulating FA trafficking and decreasing hepatic steatosis
following fasting (8) and in attenuating diet-induced he-
patic steatosis and obesity in response to prolonged high-
fat feeding (9).

A role for L-Fabp was proposed in modifying the re-
sponse to cholesterol feeding based on a striking gender-

Abbreviations:  BA, bile acid; ChMC, cholesterol monohydrate crys-
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specific phenotype that included enhanced obesity and
hepatic steatosis in female L—Fabp_/_ mice (10). Those
findings, however, are at odds with more recent studies
in which cholesterol feeding alone (in the absence of high
fat feeding) produced generally subtle alterations in he-
patic lipid metabolism and no effect on weight gain in
L-Fabpfk mice in a congenic C57BL/6 background (11).
However, other studies demonstrated an increase in BA
pool size in male L-Fabp /~ mice fed a zero-cholesterol,
low-fat diet and a >2-fold increase in gallbladder choles-
terol content along with a 4-fold decrease in BA pool size
following dietary cholesterol supplementation (12). Differ-
ences in the obesity phenotypes notwithstanding, these
studies together suggest that gender-specific effects play
an important role in modulating the response to choles-
terol feeding in L-Fabpfk mice but left unanswered
whether an informative phenotype might emerge when
these animals were challenged with a diet known to pro-
duce cholesterol cholelithiasis (13).

The current studies were undertaken to examine the im-
portance of L-Fabp as a genetic modifier of diet-induced
cholesterol gallstone formation in congenic lines of mice.
In particular, we were intrigued by the possibility that the
protection against high-fatinduced obesity and hepatic
steatosis (9) might protect L-Fabpik mice from choles-
terol gallstone disease. However, our findings revealed that
male L-Fabp /" mice manifest a striking increase in gall-
stone susceptibility when fed a lithogenic diet, a pheno-
type coupled to changes in cholesterol metabolism and to
alterations in both hepatic and intestinal BA metabolism.

MATERIALS AND METHODS

Animals and diets

Male L—Fabpf/f mice (backcrossed onto a C57BL/6 back-
ground) and C57BL/6 wild-type mice (Jackson Laboratories,
Bar Harbor, ME) were maintained on a 12 h light-dark cycle, in
a full-barrier facility. Eight- to ten-week-old mice were fed either a
standard rodent chow (Picol.ab Rodent Diet 20) or a lithogenic
diet (LD) (Research Diet 960393; 18.8% fat, 1.2% cholesterol,
and 0.5% cholic acid) for 2 to 4 weeks, as indicated. All animal
protocols were approved by the Washington University Animal
Studies Committee and conformed to criteria outlined in the
National Institutes of Health “Guide for the Care and Use of
Laboratory Animals.”

Hepatic lipid and serum analyses

Animals were sacrificed after a 4 h fast. Liver and serum were
collected and frozen at —80°C until analyzed. Hepatic triglyc-
eride (TG), cholesterol, FFA, phospholipids, and BAs were as-
sayed enzymatically with Wako reagent kits (Neuss, Germany):
L-Type Triglyceride H kit (Cat. No. 993-37592, 993-37492), cho-
lesterol E kit (Cat. N0.439-17501), Free cholesterol E kit (Cat.
No. 435-35801), HR series NRFA-HR2 kit (Cat. No. 995-34691,
995-34791), phospholipid B kit (Cat. No. 990-54009), and total
bile acids kit (Cat. No. 431-15001). Serum glucose and alanine
aminotransferase were analyzed by Wako Autokit Glucose (Cat.
No0.439-90901) and Teco ALT set (Cat. No. A526-120). Lipo-
protein distribution was examined by fast-protein liquid chroma-
tography (FPLC) (14).
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Gallbladder bile and gallstone analysis

Mice were fasted for 4 h and anesthetized, and gallbladders
ligated and punctured at the fundus for collection of gallbladder
bile. Bile samples were collected and immediately analyzed by
polarizing light microscopy using a visual scale (high power
field = 400X magnification) with the following criteria: 0 = ab-
sence of cholesterol monohydrate crystals (ChMCs), 1 = small
number of ChMCs (<3/high-power field); 2 = many ChMCs
(=3/high power field); 3 = aggregated ChMCs; and 4 = pres-
ence of “sandy” light-translucent stones or “solid” light-opaque
stones (13).

Biliary lipid and BA species determination

An external bile fistula was established surgically via the gall-
bladder fundus. Bile samples collected during the first 15 min
were discarded, and bile samples collected for another 60 min
were used for further analysis. Hepatic bile volume was deter-
mined gravimetrically assuming a density of 1 g'ml~". Biliary
phospholipids, cholesterol, and total BA content were deter-
mined enzymatically. Cholesterol saturation indices in hepatic
bile were calculated using published parameters (15). Individ-
ual bile salt concentrations were measured via high-pressure
liquid chromatography (16). BA standards were purchased from
Steraloids (Newport, RI) or Calbiochem (Madison, WI). The hy-
drophobic index of hepatic bile sample was calculated according
to published methods (17).

BA pool size and fecal BA excretion determination

BA pool size was determined as the sum total BA content of the
entire small intestine, gallbladder, and liver, which were homoge-
nized and extracted together in ethanol with [24-"*C]taurocholic
acid (0.025 nCi) added as an internal recovery standard (18).
Total BA mass was determined enzymatically. In addition, fecal
BA excretion was determined from stool quantitatively collected
from individually housed mice for 72 h. For each determination,
200 mg triplicate aliquots of dried feces were extracted into etha-
nol as described (18, 19).

Cholesterol and fat absorption

Cholesterol absorption was measured by a fecal dual-isotope
ratio method as described previously (14, 20, 21). Mice were
housed individually in metabolic cages and food intake and
fecal output measured daily. Fecal fat excretion (percentage)
was determined gravimetrically after lipid extraction (9).

Gene expression analysis

For microarray analysis, total liver RNA was pooled from
groups of LD-fed (2 weeks) wild-type or L-Fabp /" mice (n = 4
animals per group). Pooled RNA was hybridized to an Agilent
Technologies Mouse Whole Genome microarray (G4122A; Agilent,
Palo Alto, CA). Microarray results were confirmed by real-time
quantitative RT-PCR (qRT-PCR) using individual cDNA from four
or five animals per group. qRT-PCR assays were performed in trip-
licate on an ABI Prism 7000 Sequence Detection System using
SYBR Green PCR Master Mix (Applied Biosystems) and primer
pairs designed by Primer Express software (Applied Biosystems)
(primer sequences are available upon request). Relative mRNA
abundance is expressed as fold change compared with mRNA
levels in wild-type mice consuming the same diet, normalized to
18S rRNA. Western blotting was performed using anti-L-Fabp
antisera (1:2,000) as previously detailed (8). Asbt expression
was determined on membrane fractions (50 pg protein) pre-
pared from scraped distal intestinal mucosa as detailed using
anti-Asbt IgG (1:1,000) (22).
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Statistical analysis

Statistical significance was determined with an unpaired, two-
tailed Student’s ¢-test. Data are expressed as the mean * SE un-
less otherwise noted.

RESULTS

Metabolic alterations following LD feeding in wild-type
and L-Fabp_/ " mice

Both genotypes exhibited weight loss following con-
sumption of the LD, with L-Fabp /" mice demonstrating
significantly greater weight loss (Table 1). Serum choles-
terol was significantly increased in L—Fabpf/ "~ mice, with a
shift into less dense lipoprotein fractions revealed by FPLC
(Fig. 1A). This pattern was augmented after 4 weeks of LD
feeding (Fig. 1B) and was associated with increased he-
patic secretion of cholesterol-rich lipoproteins in L-Fabpf/ B
mice (Fig. 1C), although VLDL-TG secretion was com-
parable in L—Fabpf/ ~ and wild-type mice (data not shown).
In addition, I-Fabp /~ mice manifested decreased hepatic
TG content and an increase in hepatic free cholesterol
and phospholipid content (Table 1). L-Fabp expression in
wild-type mice showed a tissue-specific divergence in re-
sponse to LD feeding. There was an ~3-fold decrease in
hepatic L-Fabp mRNA and protein expression with an
~3-fold increase in intestinal L-Fabp expression (Fig. 1D).
These findings collectively point to a range of adaptive al-
terations in hepatic and serum cholesterol metabolism fol-
lowing 2 weeks of LD feeding in L-Fabp /~ mice, whose
functional consequences were further explored.

Increased gallstone susceptibility in LD-fed L-Fabp_/ " mice

L—Fabpf/ " mice demonstrated increased numbers of ag-
gregated cholesterol monohydrate crystals in gallbladder

bile at 2 weeks of LD feeding (Fig. 2A) and a naked-eye
appearance of a thickened, opaque gallbladder that con-
trasted with the findings in wild-type mice (Fig. 2B). The
gross appearance of a thickened gallbladder was con-
firmed by histological examination (Fig. 2C). Gallstones
were found in 6/8 L—Fabp_/ ~ mice compared with 1/17
wild-type mice, and the gallstone score (Fig. 2D) was cor-
respondingly higher (3.29 = 0.53 versus 0.62 = 0.28 in
L-Fabp~’~ and wild-type mice, respectively; P < 0.01),
demonstrating conclusively that gallstone susceptibility is
increased in L-Fabpf/ "~ mice.

Biliary lipid secretion is altered in LD-fed but not
chow-fed L-Fabpf/ "~ mice

Biliary lipid secretion was unaltered in chow-fed L-Fabp~ /-
mice compared with wild-type controls (Fig. 3A). However,
after LD feeding, there was a 2-fold increase in biliary cho-
lesterol secretion in L—Fabp_/_ mice (0.27 = 0.04) versus
the wild type (0.13 £ 0.01 pwmol/min/kg; P < 0.05) and a
significant increase in secretion of phospholipid as well as
a trend to increased BA secretion (Fig. 3A). The net effects
of these alterations in biliary lipid secretion increased the
cholesterol saturation indices of bile (Fig. 3B). There were
no changes in the BA species distribution or hydrophobicity
index in chow-fed L—Fabpf/ ~ mice (Fig. 4A, C), but the
proportion of taurocholate increased in LD-fed L—Fabjf/ a
mice, which tended to increase the hydrophobicity index
(Fig. 4B, D). We also examined the profile of biliary lipid
secretion in mice of both genotypes following dietary cho-
lesterol supplementation alone, as other workers reported
a 2-fold increase in gallbladder cholesterol and a 4-fold
decrease in BA content in cholesterol-fed male I-Fabp /™
mice (12). Our findings show increased biliary cholesterol
secretion following dietary cholesterol supplementation
(see supplementary Tables I and II) but revealed no differ-

TABLE 1. Body weight, liver weight, food consumption, fat absorption, and serum and hepatic lipid profile of

LD-fed wild-type and L-Fabp™’~ mice

Parameters Wild Type L—Fabpf/ B P
Body weight (g) 22.7 + 0.3 (22) 20.1 = 0.5 (21) ok
Weight gain (g) —-0.9 £ 0.2 (22) -1.9 = 0.3 (21) ok
Liver weight (g) 1.4 = 0.04 (22) 1.3 = 0.06 (21) *
Liver weight (% body weight) 6.3 = 0.2 (22) 6.3 = 0.2 (21) NS
Fat absorption (%) 93.9 = 0.3 (4) 93.6 = 0.4 (4) NS
Feed efficiency —23.7 £ 9.2 (4) —50.6 = 8.6 (4) NS
Serum cholesterol (mg/dl) 167.2 = 8.0 (13) 241.3 = 29.5 (13) *
Serum TG (mg/dl) 10.1 = 1.3 (8) 12.2 = 2.2 (8) NS
Serum phospholipids (mg/dl) 204.3 = 7.8 (8) 208.2 = 13 (8) NS
Serum FFAs (mmol/1) 0.24 = 0.04 (8) 0.26 = 0.09 (8) NS
Serum glucose (mg/dl) 174.5 = 8.0 (13) 128.7 = 8.3 (13) ok
Serum BA (pmol/L) 159 = 2.0 (8) 33.8 £ 2.0 (8) *
Serum ALT (IU/L) 744 * 16.4 (13) 117.7 £ 13.0 (13) *
Hepatic total cholesterol (pg/mg protein) 210.2 = 10.3 (8) 232.7 = 20.3 (8) NS
Hepatic free cholesterol (mol/mg protein) 31.96 = 1.73 (8) 45.20 = 3.1 (8) *
Hepatic cholesterol ester (wmol/mg protein) 178.2 = 11.1 (8) 187.5 = 21.4 (8) NS
Hepatic TG (pg/mg protein) 120.7 £ 10.8 (8) 83.9 = 6.6 (8) w
Hepatic phospholipid (pg/mg protein) 98.5 = 1.7 (8) 123.4 = 4.9 (8) ok
Hepatic FFA (nmol/mg protein) 33.9 = 1.6 (8) 37.0 = 3.7 (8) NS

Values represent the mean * SE (n). ALT, alanine aminotransferase; NS, not significant. Feed efficiency is

milligrams of weight change per gram of food consumed. *P < 0.05; **P < 0.01.
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Fig. 1. Serum cholesterol distribution and VLDL cholesterol secretion in I,—Fabpf/ “and wild-type mice. A
and B: Increased serum cholesterol (predominantly non-HDL cholesterol) in L—Fab[f/ " mice fed LD either
for 2 weeks (A) or 4 weeks (B) compared with wild-type controls. Serum (200 pl) from four mice per geno-
type was separated by FPLC with two Superose 6 columns connected in series (Pharmacia Biotech). The
40 X 0.8-ml fractions were collected on ice and cholesterol concentrations measured enzymatically. The
figure insert indicates serum total cholesterol content (mg/dl). C: Hepatic VLDL cholesterol secretion in
L-Fabp™'~ mice and wild-type controls. Mice of both genotypes were fed a LD for 2 weeks and fasted for
4 h. Pluronic F127 (1 g/kg body weight; Invitrogen) (36) was intravenously injected and blood collected
at 0, 30, 60, 90, 120, and 180 min and 18 h. Serum cholesterol was then measured enzymatically. D: LD
feeding downregulates hepatic L-Fabp expression and upregulates intestinal L-Fabp expression in wild-type
mice at both mRNA and protein level. mRNA abundance of L-Fabp was measured by qRT-PCR. Bar graph
(left) is mean * SE, data from four mice per group. L-Fabp protein (right) analyzed by Western blotting.
* Indicates P < 0.05; ** indicates P < 0.01.
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Fig. 2. Biliary cholesterol crystallization, gallbladder inflammation, and gallstone score in LD-fed mice.
Wild-type and L-Fabp /" mice were fed a LD for 2 weeks. A: Fresh gallbladder bile samples were collected
and analyzed by polarizing microscopy. A few single ChMCs were present in wild-type gallbladder bile, while
aggregated ChMCs were observed in gallbladder bile from L-Fabp~’~ mice. B: Gallbladders of wild-type mice
appeared transparent, while gallbladders from L-Fabp~/~ mice appeared opaque. C: Histological examina-
tion of gallbladder mucosal epithelium by hematoxylin and eosin staining. Gallbladder walls of L—Fab[f/ B
mice were thicker with increased stromal granulocyte infiltration (magnification: 400X). D: Gallstone score
(left) and gallbladder volume (right) as described in Materials and Methods. There is an increase in the
gallstone score and a trend toward increased gallbladder volume in L—Fabpf/ " mice. Data derived from eight

animals per genotype; ** indicates P < 0.01.

ences between the genotypes. In addition and again in con-
trast with those earlier results, our findings demonstrated
no effect of cholesterol supplementation alone on BA
secretion in either genotype (see Supplementary Table I).
These findings demonstrate that LD feeding (but not cho-
lesterol supplementation alone) in male L—Fabpf/ ~ mice
alters hepatobiliary cholesterol and BA metabolism and re-
sults in increased gallstone formation.

We also examined the possibility that changes in intes-
tinal cholesterol absorption might contribute to the al-
terations noted in biliary cholesterol secretion in LD-fed
L-Fabp~’~ mice. Cholesterol absorption was significantly
decreased in chow-fed L-Fabjf/* mice compared with
wild-type controls (42 * 4% versus 55 * 2%; P < 0.05),
but there were no differences observed in LD-fed mice
between the genotypes (Fig. 5). In addition, there were
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Fig. 3. Biliary lipid secretion and hepatic bile cholesterol saturation indices on chow or LD. A: Hepatic bile was collected for 60 min and
biliary lipid assayed enzymatically. Biliary cholesterol and phospholipid secretion (pwmol/min/kg body weight) were similar on chow but in-
creased on LD in L—Fab[f/ ~ mice compared with wild-type controls. There were no differences in BA secretion on either diet between the
two genotypes. B: Hepatic biliary cholesterol saturation indices were calculated as described in Materials and Methods. L-Fabp™ /™ mice dem-
onstrated increased cholesterol saturation indices on LD (right) but not on chow (left) compared with wild-type mice. Bar graphs indicate
the mean * SE. Data were derived from five mice per genotype on chow diet and eight mice per genotype on LD; * indicates P < 0.05.

no differences in mRNA expression of NpclL1, Cd36,
Fatp4, Abcgb/8 or Srb-1, genes implicated in regulating
cholesterol absorption (data not shown).

Changes in gene expression associated with LD feeding in
L-Fabp_/ " mice

To pursue the mechanisms by which LD feeding results
in such a striking phenotype in I-Fabp /" mice, we turned
to microarray analysis of hepatic RNA. Among the most
informative changes (Table 2), we discovered increased
mRNA expression of the canalicular phospholipid trans-
porter Abcb4, which is likely associated with the increased
biliary phospholipid secretion noted above. Although not
tested directly, the increased free cholesterol content may
reflect increased lipogenesis as a result of increased mRNA
abundance of fatty acid synthase, HMG-CoA reductase,
and Srebp-1 (Table 2), coupled with decreased mRNA
abundance of acyl-CoA cholesterol acyltransferase 1. How-
ever, there was no change in the cholesterol transporter
Abcgb/g8 mRNA; thus, the mechanisms accounting for in-
creased biliary cholesterol secretion in LD-fed L-Fabp '~
mice remain incompletely resolved. In addition, there was a
significant reduction in Cyp7al mRNA in LD-fed L—Fabpf/ B
mice (Table 2), an observation we will return to below.

Alterations in enterohepatic bile salt metabolism in
L-Fabpf/ ~ mice

Previous studies suggested that (low-fat, zero-cholesterol)
chow-fed male I-Fabp /" mice manifest alterations in bili-
ary lipid metabolism, specifically a 1.5-fold increase in BA

982 Journal of Lipid Research Volume 50, 2009

pool size (12). Our analyses were again at odds with these
findings, demonstrating no significant difference in BA
pool size in chow-fed mice but a significant increase in fe-
cal BA excretion (Fig. 6A, B). These findings raised the
possibility that ileal absorption of BA might be impaired
in chow-fed L—Fab[f/f mice. To address this possibility,
we examined the expression of Asbt in ileal membranes
prepared from wild-type and L—Fabp_/ " mice. As shown in
Fig. 6C, our findings revealed a significant decrease in ileal
Asbt mRNA and protein expression in chow-fed L-Fabpf/ -
mice and decreased mRNA abundance of the transcription
factor Lrh-1. These findings demonstrate that ileal Asbt
expression and enterohepatic BA metabolism are altered
in chow-fed L-Fabjf/ ~ mice, a finding amplified below.
There were further adaptations in regard to enterohe-
patic BA metabolism in LD-fed L-Fabp~/~ mice, including
an increased BA pool (Fig. 6A) and a decrease in fecal BA
excretion, compared with wild-type controls (Fig. 6B). To
understand the pathways by which these changes may be
mediated, we turned to an examination of candidate genes
involved in BA uptake and metabolism in intestinal mu-
cosa of LD-fed L-Fabjf/ ~ mice. We found comparable ex-
pression of ileal Asbt mRNA and protein in LD-fed mice of
both genotypes (Fig. 6C), suggesting that the differences
noted above in chow-fed mice are eliminated with LD
feeding. However, turning to the expression profiles of
candidate genes from the entire pooled intestinal mucosa
(i.e., duodenum, jejunum, and ileal mucosa), we found
increased mRNA expression of Fxr and its downstream
targets Fabp6 (ileal BA binding protein) and Fgflb as
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Fig. 4. BA species distribution and hydrophobicity indices on chow or LD. Individual BA species were examined in hepatic bile from mice
fed chow (A) (n = 5 per genotype) or LD (B) (n = 8 per genotype) by HPLC. Bar graphs represent the mean = SE. BA profiles were similar
on chow, but altered on LD, specifically with increased taurocholate, decreased glycocholate, and taurochenodeoxycholate in L-Fabp™/~
mice compared with the wild type. TBMC, tauro-B-muricholate; TUDC, tauroursodeoxycholate; TC, taurocholate; GC, glycocholate; TCDC,
taurochenodeoxycholate; TDC, taurodeoxycholate. Bile salt hydrophobicity indices (HI) were comparable in chow-fed animals (C) but
showed a trend to increase in L—Fabpf/f mice versus the wild type when fed the LD (D); * indicates P < 0.05.

well as the basolateral BA transporters Osto and Ostf3
(Fig. 6D) in LD-fed L-Fabp /~ mice. These findings sug-
gest that in the absence of L-Fabp (whose expression is
generally regulated in a proximal to distal gradient), al-
terations in intestinal BA flux induce Fxr expression,
which results in transcriptional induction of downstream
targets, including Fgfl5 (23). Increased intestinal Fgfl5
expression would in turn be anticipated to suppress he-
patic Cyp7al expression (24, 25), which are findings in

60 « *

50 4

40 1
i mWT

30 O L-Fabp™/~
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0 < T T J
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Fig. 5. Decreased cholesterol absorption in chow-fed L-Fabp /~
mice, but comparable cholesterol absorption in mice fed LD for
4 or 8 weeks. Cholesterol absorption was measured by the fecal dual
isotope ratio method. Bar graphs are mean * SE, with data from
four mice per genotype on chow, nine mice per genotype on LD
for 4 weeks, and four wild-type mice and six L-Fabp~/~ mice on
LD for 8 weeks; * indicates P < 0.05.

accord with the microarray and qRT-PCR findings alluded
to above. In addition, we found that while ileal expression
of Asbt was decreased in chow-fed L-Fabp~/~ mice and no
different from wild-type mice with LD feeding (Fig. 6C),
there was a significant (1.9-fold) increase in Asbt mRNA
abundance in whole intestinal mucosa with LD feeding
(Fig. 6D). This response was associated with a correspond-
ing (2.4-fold) increase in mRNA abundance of the nu-
clear hormone receptor Lrh-1 (Fig. 6D), suggesting the
possibility that transcriptional induction of Asbt in the
proximal intestine of LD-fed L-Fabp /~ mice may contrib-
ute to the increased BA pool size and decreased fecal BA
output noted above.

DISCUSSION

The central finding of this report demonstrates a
dramatic diet-gene interaction with regard to gallstone
susceptibility in male I-Fabp~/~ mice. Furthermore, this
phenotype is dependent not just on dietary cholesterol
supplementation but requires a high-fat, cholic-acid-
supplemented diet for complete manifestation of the
trait, an important distinction in view of the observations
that a LD is known to promote both increased intestinal
cholesterol absorption and increased biliary cholesterol
secretion (26) [reviewed in (27)]. The current findings
demonstrate that LD-fed male [-Fabp /~ mice are more
susceptible to gallstone formation as a result of altera-
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TABLE 2. Liver microarray data: LD

Gene Name Gene Description Accession Number Ratio” qRT-PCR P
BA synthesis, transport, and metabolism

Cyp7al Cholesterol 7a-hydroxylase NM_007824 0.21 0.43 *
Cyp27al Sterol 27-hydroxylase NM_024264 0.97 1.03

Cyp8bl Sterol 12a-hydroxylase NM_010012 0.27 0.14
Bsep/Abcb11 Bile salt export pump NM_021022 1.80 1.01

Ntcp Na"-taurocholate cotransporting protein NM_011387 1.20 0.85

Oatp4 Organic anion transporter, 1b2 NM_178235 1.60 1.14

Oatp2 Organic anion transporter, 1a4 NM_030687 2.00 1.51 *
Osth Organic solute transporter 3 NM_178933 2.00 2.49 ok
Mdr3/Abcb4  ATP binding cassette, B4 NM_008830 2.80 1.41 *
Mrp2/Abce2 ATP binding cassette, C2 NM_013806 1.30 0.92
Cyp2b10 Cytochrome P450, 2b10 NM_009998 0.82

Cyp3all Cytochrome P450, 3all NM_007818 3.00

Cholesterol synthesis, esterification, and transport

Hmger HMG-CoA reductase NM_008255 1.60 1.53 *
Abcal ATP binding cassette, Al NM_013454 1.80 1.28 *
Abcg5 ATP binding cassette, G5 NM_031884 1.90 1.07

Abcg8 ATP binding cassette, G8 NM_026180 1.20 1.31

Abegl ATP binding cassette, G1 NM_009593 0.70 0.50 o
Acatl Acetyl-CoA acetyltransferase 1 NM_009230 0.43 0.29 *E
Acat2 Acetyl-CoA acetyltransferase 2 NM_146064 1.25 1.42

Cd36 FA translocase NM_007643 0.85 0.84

Srbl Scavenger receptor class, B1 NM_016741 1.20 0.83

Sep2 Sterol carrier protein 2, liver NM_011327 1.29 0.93

CAVI Caveolin 1 NM_007616 1.00

NPCI Niemann pick type C1 NM_008720 1.27

StarD4 StAR-related lipid transfer domain containing 4 NM_133774 2.00 1.48
Transcription factors or nuclear receptors

Lxro Liver X receptor NM_013839 1.00 0.77

Fxr Farnesoid X receptor NM_009108 1.50 0.95

Shp Small heterodimer partner NM_011850 1.60 1.28

Ppara Peroxisome proliferator activated receptor o NM_011144 1.60 1.54 *
Srebpl Sterol regulatory element binding protein 1 NM_011480 2.50 2.36 *
Srebp2 Sterol regulatory element binding protein 2 NM_033218 0.90 0.86

Rxr Retinoid X receptor, o NM_011305 1.60 1.14

FgfR4 Fibroblast growth factor receptor 4 AF127140 1.10 1.11

Hnfta Hepatic nuclear factor 4, o NM_008261 1.50 1.03

FA synthesis and oxidation

Fasn Fatty acid synthase NM_007988 5.40 3.80 *
Ucp2 Uncoupling protein 2 NM_011671 0.83

Sedl Stearoyl-CoA desaturase 1 NM_009127 3.40 0.93

Scd2 Stearoyl-CoA desaturase 2 NM_009128 0.80

Acaal Acetyl-CoAacyltransferase 1 NM_130864 2.19 5.62 *
Acadl Acyl-CoA dehydrogenase, long chain NM_007381 2.18 1.61

Acotl Acyl-CoA thioesterase 1 NM_012006 9.33 4.85 *E
Lipoprotein metabolism

apoB Apolipoprotein B XM_137955 1.13

apoA4 Apolipoprotein A-IV NM_007468 2.00 1.94 *
apoC3 Apolipoprotein C-IIT NM_023114 1.80

apoC2 Apolipoprotein C-II NM_009695 1.90

Ldir LDL receptor NM_010700 1.40 1.70

Vidlr VLDL receptor NM_013703 1.60 1.30

ApoAl Apolipoprotein A NM_009692 1.70 1.12

apok Apolipoprotein E NM_009696 1.70 0.92

apoA5 Apolipoprotein A-V NM_080434 1.30 1.93

Mttp Microsomal TG transfer protein NM_008624 1.40 2.06 *E
others

Cyptald Cytochrome P450, 4A14 NM_007822 34.40 26.55 ok

Relative expression of some genes was confirmed by real time qRT-PCR by individual samples (four mice per
group). qRT-PCR results were expressed as a fold change normalized to the wild-type control. *P < 0.05; **P < (0.01.
“Microarray data are expressed as an expression ratio of L-Fabp /™ versus the wild type.

tions in hepatic cholesterol metabolism that promote the
accumulation of hepatic-free cholesterol and its secretion
into both plasma and bile, coupled with alterations in in-
testinal BA metabolism. The net result of these complex
adaptations is a striking increase in gallstone suscep-
tibility. Several of these conclusions and their underlying
mechanisms bear further examination.

984 Journal of Lipid Research Volume 50, 2009

Prior observations in I-Fabp /~ mice have revealed evi-
dence for diet-gene interactions that in turn modulate ele-
ments of hepatic lipid metabolism, including protection
against high-fatinduced weight gain and hepatic steatosis
(9), a response restricted to diets containing saturated but
not polyunsaturated fatty acids (11). In considering the re-
sponse of L-Fabp /" mice to LD feeding, we reasoned that

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Chow Lithogenic Diet

A
40 - 200 - *
1
o= T
Nm 30- E 150 -
P> o
23 =]
82 204 S 100 -
n.% =
%g 104 _E_ 50 -
0 , 0
WT LFabp—/—
B
25 - -
-EE = 200 %
T - 20 4 o
o D o 150 4 1
oS o T
xS 154 S
¢; E‘ 100 A
mg 101 k]
8% 5. 5 501
& £
0 1 . . = 0 v
WT L-Fabp—/— WT LFabp—/~
c 1.2 4 k%

#H - WT LFabp—/—
e : Chow LD Chow LD

-
A

o
-]
i

=)
'S
A

ileal mRNA fold change
[=] o
(X o
Iy s

o
L

Asbt Lrh-1

® X

B wt-LD

O L-Fabp—/—-LD
0 -1 T L) L)

Asbt | Osta ' Ostg | Fabp6' Fxr | Fgf15 ' Lrh1 |
l wr-chow |lwrp El L-Fabp—~--chow  [JL-Fabp—/—-LD

N
L

Intestinal
mRNA fold change
-

v
i

N
L

o
w
L

Fig. 6. BA pool size, fecal BA excretion, and expression of intestinal genes related to BA signaling pathways. A: BA pool size (umol/100 g
body weight) was comparable in wild-type and L—Fabjf/f mice on a chow diet (left), but increased in L—Fabpf/f mice fed a LD for 2 weeks
(right). Liver, gallbladder, and intestine were pooled and subjected to ethanolic BA extraction. Total BA mass was measured enzymatically.
B: Fecal BA excretion is increased in chow-fed L-Fabp /" mice, but LD-fed L-Fubp /" mice excrete less BA than wild-type controls. Mice were
individually housed, and feces were collected up to 72 h. Fecal BAs were extracted and quantitated enzymatically. C: Effects of LD on ileal
Asbt and Lrh-1 gene expression. mRNA abudance (left) of ileal Asbt and Lrh-1 was determined by qRT-PCR. Ileal microvillus membrane
Asbt protein (right) was evaluated by Western blotting with anti-Asbt IgG. The same blot was stripped and reprobed with anti-Actin anti-
body. D: Adaptive changes in intestinal mRNA expression of genes related to BA signaling in LD-fed L-Fabp™ /™ mice, including Asbt, Osta,
Ostf, Fabp6, Fxr, Lrh-1, and Fgf15. mRNA abundance was measured in scraped intestinal mucosa using qRT-PCR. Bar graphs represent the
mean * SE from four mice per genotype on chow and four mice per genotype on LD; * indicates P < 0.05; ** indicates P < 0.01, wild type
versus L—Fal};if/ ~ mice on the same diet; ## indicates P < 0.01, chow-fed versus LD-fed mice of the same genotype.
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the protection against high-fat-induced obesity in this
strain might actually attenuate gallstone formation be-
cause an abundant literature points to the role of obesity
as an environmental modifier of gallstone susceptibility
(2). Indeed, L-Fabp /" mice lost more weight when con-
suming the LD and manifested lower fasting glucose levels
and lower hepatic TG content than did congenic wild-type
controls (Table 1), suggesting that the increased gallstone
susceptibility observed in L-Fabp~/~ mice cannot be attrib-
uted to augmented obesity, steatosis, or impaired glucose
tolerance. The changes observed in hepatic cholesterol
metabolism in LD-fed L-Fabjf/ " mice, by contrast, suggest
a plausible mechanism for the increased susceptibility to
gallstone formation. In particular, we observed a 50% in-
crease in hepatic free cholesterol content, coupled with
higher plasma cholesterol levels in LD-fed L-Fabpf/ "~ mice.
These observations, coupled with increased hepatic Mttp
mRNA expression and increased hepatic secretion of
cholesterol-rich lipoproteins in LD-fed I-Fabp /™ mice, sug-
gest that the assembly and secretion of hepatic lipoproteins
is substantially modified. Furthermore, these findings pro-
vide additional insight into the importance of candidate
genes, i.e., Mttp and L-Fabp, shown to undergo coordinate
regulation in the context of VLDL secretion (28) in modi-
fying biliary lipid secretion. In this regard, the current find-
ings extend studies showing that mice with liver-specific
inactivation of Mitp are protected against diet-induced gall-
stones (29), while increased hepatic Mttp activity was found
in humans with cholesterol gallstone disease (30).

The underlying mechanisms accounting for the meta-
bolic shifts in hepatic cholesterol use in LD-fed L—Fabpf/ B
mice may be inferred from earlier studies in mouse L-cells
in which cells transfected with L-Fabp contained twice as
much cholesterol in the inner leaflet of the plasma mem-
brane and demonstrated enhanced sterol transfer to the
microsomal membrane and enhanced esterification (31,
32). That said, the integrated metabolic adaptations fol-
lowing dietary cholesterol supplementation in L-Fabjf/f
mice in vivo remain incompletely resolved. By way of
example, earlier findings in female L-Fabp /~ mice sug-
gested a dramatic obesity phenotype with increased he-
patic TG following dietary cholesterol supplementation
(10). Our own results using female L-Fabjf/ ~ mice, how-
ever, revealed diametrically opposite results to those studies,
with cholesterol-fed L-Fabp /~ mice showing if anything
reduced weight gain and attenuated hepatic TG accu-
mulation (11). Other studies from those workers using
cholesterol-fed male L—Fab[f/ ~ mice revealed no differ-
ences in weight gain, but demonstrated a 4-fold decrease
in BA pool size and 1.9-fold increased gallbladder choles-
terol content (12). Our findings reveal important distinc-
tions from that report. We find that cholesterol feeding
alone had no effect on biliary BA secretion in either geno-
type, and although biliary cholesterol secretion increased
following dietary cholesterol supplementation, there were
no differences between wild-type and L-Fabpik mice.
The source of the discrepancy in this phenotype remains
unclear, but it is possible that the genetic background
(our animals were congenic C57BL/6) or other environ-
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mental modifiers, such as bacterial colonization, may play
a role. These distinctive outcomes are of relevance to the
interpretation of our findings in LD-fed L—Fabpf/ " mice,
where complex interactions between dietary and genetic
modifiers of a complex trait like gallstone susceptibility
are likely to be challenging to resolve. It is certainly pos-
sible, for example, that other modifiers may have been
introduced in the backcrossing of L-Fabjf/f mice into
the C57BL/6 background.

Another consideration in terms of the response to LD
feeding is the possibility that alterations in intestinal lipid
trafficking might play a role. This possibility seems reason-
able in view of our earlier findings that intestinal FA traf-
ficking is less efficient in L-Fabp~/~ mice (9). Our findings
suggest that cholesterol absorption is indeed reduced in
chow-fed male L-Fab]f/ " mice, but this effect was elimi-
nated after the animals consumed a cholic-acid-containing
LD. It is worth emphasizing that while the data presented
in Fig. 5 suggest that the percentage of absorption of cho-
lesterol tended to decrease in LD-fed animals of both
genotypes, net intestinal cholesterol mass absorbed was
vastly increased with the cholate-supplemented diet as
evidenced by the increase in hepatic cholesterol content
[Table 1 compared with data in chow-fed mice from (8)].
Nevertheless, we conclude that differences in intestinal
cholesterol absorption are unlikely to account for the in-
creased gallstone susceptibility in L-Fabp /" mice.

We also considered the possibility that alterations in
intestinal BA metabolism might play a role in this pheno-
type, as we demonstrated increased intestinal mRNA
expression of Fxr and its downstream target Fabp6 in
LD-fed L-Fabp~’~ mice. Further evidence of compensatory
alterations in intestinal BA metabolism in LD-fed L-Fabp /™
mice is the finding that intestinal Fgf15 mRNA was in-
creased, which might plausibly account for the observed de-
crease in hepatic Cyp7al expression in LD-fed L—Fabp_/ -
mice. The observation that fecal BA output was decreased
in LD-fed L-Fab[f/f mice, coupled to the increased BA
pool size, leads us to speculate that intestinal BA absorp-
tion and enterohepatic cycling might be increased. In sup-
port of this possibility is the observation that expression
of the apical bile salt transporter Asbt was increased in
LD-fed L—Fabl/b*/ " mice in concert with increased Lrh-1 ex-
pression (33). The role of altered ileal Fgflb gene ex-
pression in modulating gallbladder filling (34) is also
worth consideration in regard to the phenotype in LD-
fed L-Fabpf/ ~ mice, and future studies will address the
possibility that changes in gallbladder volume might pre-
cede gallstone formation in LD-fed L-Fabp /~ mice. This
becomes an important consideration in light of earlier
findings from Wang et al. (35) that targeted disruption of
the cholecystokinin-1 receptor promotes gallbladder stasis
and is associated with altered nucleation and growth of cho-
lesterol monohydrate crystals in bile.

Finally, the findings place in context some of the earlier
reports concerning quantitative trait loci for murine cho-
lesterol cholelithiasis (2, 5, 13). In particular, the close
positional linkage of the L-Fabp gene within the locus near
D6Mit123 on mouse chromosome 6 identified as a possible
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Lith locus in mouse crosses now appears to have a plausible
mechanistic basis since LD-fed male I-Fabp /" mice exhibit
dramatically increased susceptibility to gallstones. The im-
plications for these observations in terms of human gall-
stone susceptibility will require further study i

The authors are most grateful to Dr. Paul Dawson for gifts
of antisera and for useful insights, to Dr. Elizabeth Brunt for
helpful discussions, and to May Fu for technical assistance with
some of the studies.
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