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Abstract

Both sterol carrier protein-2/sterol carrier protein-x (SCP-2/SCP-x) and liver fatty acid binding
protein (L-FABP) have been proposed to function in hepatobiliary bile acid metabolism/
accumulation. To begin to address this issue, the impact of ablating L-FABP (LKO) or SCP-2/
SCP-x (DKO) individually or both together (TKO) was examined in female mice. Biliary bile acid
levels were decreased in LKO, DKO, and TKO mice; however, hepatic bile acid concentration
was decreased in LKO mice only. In contrast, biliary phospholipid level was decreased only in
TKO mice, while biliary cholesterol levels were unaltered regardless of phenotype. The loss of
either or both genes increased hepatic expression of the major bile acid synthetic enzymes
(CYP7AL and/or CYP27AL). Loss of L-FABP and/or SCP-2/SCP-x genes significantly altered the
molecular composition of biliary bile acids, but not the proportion of conjugated/unconjugated bile
acids or overall bile acid hydrophobicity index. These data suggested that L-FABP was more
important in hepatic retention of bile acids, while SCP-2/SCP-x more broadly affected biliary bile
acid and phospholipid levels.
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1. Introduction

Bile acids are not only biological detergents facilitating intestinal fat and fat-soluble vitamin
absorption, but are also key metabolic regulators of glucose, lipid, and energy homeostasis
[1]. Yet, little is known about how these relatively hydrophobic molecules are transported
between the various subcellular compartments involved in their synthesis (peroxisomes,
endoplasmic reticulum, mitochondria) and secretion (bile canaliculus) [2-7]. In fact, unlike
non-mammalian vertebrates the mammalian liver does not contain the liver bile acid binding
protein (L-BABP), which directly facilitates uptake and intracellular bile acid transport
[3;4]. Instead, studies performed in vitro, with cultured hepatocytes, and with gene targeted
mice suggest potential roles for three other genes encoding cytosolic proteins that bind bile
acids in the mammalian liver: liver fatty acid binding protein (L-FABP), glutathione S
transferase (GST), and 3a-hydroxysteroid dehydrogenase (3a—HSD) [8;9]. Although a
functional role for GST and 3a-HSD in intracellular transport of bile acids remains to be
demonstrated, both ligand binding in vitro and studies in vivo with L-FABP null mice
suggest potential roles for L-FABP.

L-FABP is a universal bile acid binding protein characterized by a single bile acid binding
site with affinities in the 0.6—7 UM range, with highest affinities for specific bile acids with
high and low, but less so intermediate, hydrophobicity indices [10-17]. L-FABP is present
at very high concentration in murine (2—-6% of cytosolic protein; 200-400 pM) and human
(7-10% of cytosolic protein; 700-1000 uM) liver [11;18]. In addition to acting as a cytosolic
bile acid transporter, L-FABP binding bile acids such as glycolithocholic acid inhibits liver
microsomal sulfation of glycolithocholic acid in vitro-suggesting potential impact of L-
FABP on the activities of other cytosol exposed membrane enzymes in bile acid metabolism
[19].

Studies in vivo with cultured primary hepatocytes and L-FABP gene-ablated mice further
support a role for L-FABP in bile acid metabolism. By binding bile acids, L-FABP reduces
the toxicity of these potent detergent-like molecules [10;11;15;20]. In addition, L-FABP is
thought to bind/transport bound bile acids or bile acid intermediates between sites of
synthesis (peroxisomes, mitochondria, endoplasmic reticulum) and to the bile canaliculus
for secretion [10;11;15;20]. Indeed, photoaffinity cross-linking studies show that L-FABP is
essential for bile acid uptake and intracellular transport in rat hepatocytes [15]. Ablation of
the L-FABP gene has been shown to significantly alter bile acid metabolism in male mice
[21].

Finally, L-FABP, as well as the two products (SCP-2 and SCP-x, coded through alternate
transcription sites) of the sterol carrier protein-2/sterol carrier protein-x gene (SCP-2/SCP-
X), impact intracellular transport/targeting of cholesterol, the immediate precursor of bile
acid synthesis. L-FABP [22;23] and SCP-2 [24-27] bind cholesterol with high affinity.
SCP-2 stimulates liver microsomal cholesterol 7a-hydroxylase (rate limiting enzyme in
hepatic bile acid synthesis) in vitro [28]. Likewise, SCP-x is the only known peroxisomal
enzyme for cleaving the branched side chain of cholesterol, another key step in bile acid
synthesis [28-32]. SCP-2 overexpression increases bile acid synthesis and biliary secretion
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in mice and in isolated rat and human hepatocytes [33;34]. Ablation of the SCP-2/SCP-x
gene decreases bile acid synthesis and biliary bile acid secretion in mice [35-38]. SCP-2 and
less so L-FABP also enhance intracellular transport of cholesterol to endoplasmic reticulum
[39-42] and stimulate acyl-CoA cholesterol acyltransferse (ACAT) therein to form
cholesteryl esters for storage/secretion [43—-46]. The net effect of these opposing influences,
i.e. facilitating bile acid synthesis vs potentially diverting cholesterol to storage as
cholesteryl esters, on biliary bile acid levels is not clear.

Despite these advances, interpretation of studies with SCP-2/SCP-x gene-ablated mice has
been complicated by concomitant upregulation [36;37;47] or downregulation [48] of liver
fatty acid binding protein (L-FABP) as well as sex-differences in response. For example,
mice exhibit sex-related differences in metabolism of branched-chain lipids [49], in hepatic
regulation of cholesterol metabolism [50], in the hepatic lipid accumulation in mice lacking
the L-FABP gene product only [22], as well as the response to a high-cholesterol diet in L-
FABP gene-ablated mice [20;51] To better resolve the impact of these proteins on
hepatobiliary bile acid metabolism in female mice, studies were undertaken comparing
female mice singly ablated in L-FABP (LKO), singly ablated in SCP-2/SCP-x (DKO), or
ablated in both L-FABP and SCP-2/SCP-x (TKO). The data herein demonstrate that L-
FABP had a much greater impact on hepatic retention of bile acids while SCP-2/SCP-x
more broadly affected biliary bile acid and phospholipid levels.

2. Experimental procedures

2.1. Materials

Liver homogenate protein concentration was determined using the Protein Assay Kit | (Cat #
500-0001, bovine gamma globulin) from Bio-Rad (Hercules, CA). Free cholesterol E (free
cholesterol, C) and phospholipids (PL) were determined with diagnostic Kits from Wako
Diagnostics (Richmond, VA). Total bile acid (BA) was determined by a kit purchased from
Diazyme Labs (Poway, CA). Bile acid standards (cholic acid, a-muricholic acid, p-
muricholic acid, tauro-B-muricholic acid, tauro-lithocholic acid, tauro-ursodeoxycholic acid,
tauro-cholic acid, tauro-chenodeoxycholic acid, and tauro-deoxycholic acid) were from
Steraloids (Newport, RI). TagMan® One-Step PCR Master Mix reagent kit and gene-
specific assays for Abcg5 (Mm01226965 _m1), Abcg8 (Mm00445977_m1), Cyp7al
(Mm00484152_m1), Sc10al (NTCP, Mm01302718_m1), Sicolal (OATP1A1,
MmO01267414_m1), and Sc22a7 (OATP2, Mm00460672_m1) were purchased from
Applied Biosystems (Foster City, CA). Rabbit or goat polyclonal antibodies to mouse -
actin (sc-47778), BSEP (sc-17294), CYP27A1 (sc-14835), FXR (sc-13063), LXRa
(sc-1201), and SHP (sc-15283) were from Santa Cruz Biotechnology (Dallas, TX). Rabbit
polyclonal anti-mouse antibodies for ACAT-2 (ab66259), COX4 (ab16056), or MDR3
(ab71792) were purchased from Abcam (Cambridge, MA). Rabbit polyclonal antibody to
mouse PPARa (PA1-822A) was from Pierce Antibody (Rockford, IL). Mouse monoclonal
antibody against mouse GAPDH (MAB374) was from Millipore (Billerica, MA). Rabbit
polyclonal antibody to 3a-HSD was purchased from US Biological (Peabody, MA).
Alkaline phosphatase-conjugated goat polyclonal antibody to rabbit 1gG (product # A3687)
and rabbit polyclonal antibody to goat IgG (product # A4187) were from Sigma-Aldrich (St.
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Louis, MO). Alkaline phosphatase-conjugated rabbit polyclonal antibody against mouse 1gG
(product # ab6729-1) was purchased from Abcam (Cambridge, MA). All chemicals and
solvents were the highest commercially available grade.

Six-week old (20-30 g) female inbred C57BL/6NCr wild-type (WT) mice were purchased
from the National Cancer Institute (Frederick Cancer Research and Development Center,
Frederick, MD). L-FABP gene-ablated (LKO) mice and SCP-2/SCP-x gene ablated (DKO)
mice were generated as previously described [52;53] and used to create L-FABP/SCP-2/
SCP-x gene ablated (TKO) mice as described [38]. All were backcrossed to the C57BL/
6NCr background to =10 generations. Mice were maintained in a temperature-controlled
facility (T = 25 °C) with a 12 h light/dark cycle and ad libitum access to food (Research
Diets D11243, phytol/phytoestrogen-free, 5 g% fat, Research Diets, New Brunswick, NJ)
and water. Phytol/phytoestrogen-free control diet, rather than standard rodent diet, was
chosen because standard rodent diet contains variable levels of dietary phytol and
phytoestrogen [37;54;55]. The major phytol metabolites (phytanic acid, pristanic acid) are
highly potent naturally-occurring ligand activators of PPARa, which are known to alter
transcription of L-FABP and SCP-2 as well as multiple other genes encoding proteins in
cholesterol as well as fatty acid metabolism [49;56-59]. Variable levels of dietary
phytoestrogens also potentially complicate hepatic lipid metabolism [54;55]. Animal
protocols were Institutional Animal Care and Use Committee (Texas A&M University)
approved. Mice were monitored quarterly for known rodent pathogens and determined to be
pathogen-free.

2.3. Animal euthanasia and tissue collection

Mice were 12-hr fasted, weighed, and anesthetized with Avertin. Blood was collected via
cardiac puncture into a polypropylene microtube, immediately processed to serum, volume
of serum measured, flash-frozen on dry ice, and stored at —80 °C. While under anesthesia
the mice were then euthanized by cervical dislocation, gall bladder bile collected, biliary
volume determined, bile flash-frozen on dry ice, and stored at =80 °C. The liver was
collected, blotted dry, weighed, and flash-frozen with phosphate buffered saline (0.5 mL, pH
7.4) on dry ice for storage at —80 °C.

2.4. Preparation of liver homogenate

Mouse liver (~0.1 g) was minced, placed in a 1.5-mL microcentrifuge tube, and
homogenized in 0.5 mL of PBS (pH 7.4) on ice for 5 min with a motor-driven pestle at 2000
rpm (Tekmar Co, Cincinnati, OH). The resultant crude homogenate was sonicated on ice
using a micro-tip (Sonic Dismembrator 550, Fisher Scientific, Pittsburgh, PA) set at 4, total
processing time 5 min, on-time 15.0 sec, and off-time 15.0 sec. Insoluble debris was
removed by centrifugation at 600 x g and 4 °C for 10 min. Protein concentration was
measured in Costar 96-well assay plates (Corning, Corning, NY) using the Bradford protein
micro-assay (Bio-Rad, Hercules, CA) and a BioTek Synergy 2 micro-plate reader (BioTek
Instruments, Winooski, VT).
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2.5. Biliary lipid and bile acid quantitation in liver and serum

Biliary free cholesterol (C) and phospholipid (PL) were quantified using Wako diagnostic
Kits as per the manufacturer’s instructions and a BioTek Synergy 2 micro-plate reader
(BioTek Instruments, Winooski, VT). Total bile acids (BA) in liver homogenate, serum, and
biliary bile were quantified using the Diazyme total bile acid diagnostic kit according to the
manufacturer’s instructions (Diazyme Labs, Poway, CA) modified for use of the Bio-Tek
micro-plate reader as described above. Biliary lipid ratios (C/PL, C/BA, PL/BA, PL/(PL +
BA); mol/mol) and biliary cholesterol saturation index (CSI) were determined as described
[60].

2.6. Western blotting of key proteins in hepatic and biliary lipid metabolism

Liver homogenate proteins were resolved by SDS-PAGE gel electrophoresis and analyzed
by Western blot as described [61;62]. Control proteins (COX4, GAPDH, or f-Actin) were
selected according to the protein of interest, protein molecular size, and antibody cross-
reactivity. Ablating L-FABP, SCP-2/SCP-x, or both did not alter liver levels of any of the
control proteins used (data not shown). Data were expressed relative to WT protein level =
1.0.

2.7. rtPCR of key proteins in hepatic and biliary lipid metabolism

Total RNA was prepared from liver using the RNeasy Mini Kit (Qiagen, Valencia, CA),
purity and concentration determined with a NanoDrop 1000 Spectrophotometer (Thermo
Scientific, Waltham, MA), and aliquots stored in RNA-later buffer as per the manufacturer’s
instructions. Quantification of mMRNA was determined using TagMan® One Step PCR
Master Mix Reagent kit and gene-specific assays for Abcg5b, Abcg8, Cyp7al, Scl0al
(NTCP), Scolal (OATP1A1) and Sc22a7 (OATP2). RNA measurements were obtained
with an ABI PRISM 7000 Sequence Detection System and analyzed using ABI software in
User Bulletin 2, normalized to 18S ribosomal RNA, and data presented in relative units with
WT mRNA level = 1.0.

2.8. Statistics

One-way analysis of variance (ANOVA) combined with the Newman-Keuls multiple-
comparisons post-test (GraphPad Prism Version 3.03, San Diego, CA) was applied to all
statistical analyses. All data were examined by Bartlett’s test for equal variances, passed,
and expressed as means * standard error of the mean (n = number of mice = 8 per group).
SigmaPlot 2002 for Windows Version 8.02 (SPSS, Chicago, IL) was used for all graphical
representation with statistical differences (P < 0.05) indicated by labeling data with different
lower-case letters.

3. Results

3.1. Ablating L-FABP (LKO), SCP-2/SCP-x (DKO) or both (TKO) differentially affected
biliary, liver, and serum bile acid content

While LKO alone decreased bile acid levels in liver (Fig 1A), serum bile acid concentrations
were unaffected in any gene-targeted mice (Fig 1B). In contrast, LKO, DKO and TKO each
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decreased biliary bile acid level by 50% (Fig 1C). Since gall bladder bile represents the
largest pool of bile acids, this resulted in approximately 50% decreased total (biliary + liver
+ serum) bile acid levels in LKO, DKO, and TKO mice (Fig 1D).

Because bile acid secretion drives biliary cholesterol secretion and all gene ablations
decreased biliary bile acid, the impact of LKO, DKO and TKO on biliary cholesterol and
phospholipid levels was examined. The absence of both L-FABP and SCP-2/SCP-x gene
products (TKO) resulted in 25% reduction in biliary phospholipid concentration (Fig 1E);
however, biliary cholesterol concentration was unaffected by any gene ablation (Fig 1F).

As a result of the much larger changes in biliary bile acid (Fig 1C) than phospholipid (Fig
1E) or cholesterol (Fig 1F), several parameters reflecting ability of biliary bile to solubilize
cholesterol were significantly altered. Mice lacking L-FABP (LKO, TKO) exhibited
increased molar ratios of cholesterol/bile acid (C/BA), phospholipid/bile acid (PL/BA), and
phospholipid/(phospholipid + bile acid) [PL/(PL + BA)] (Table 1). Mice without SCP-2/
SCP-x gene products only (DKO) exhibited increased molar ratios of phospholipid/bile acid
(PL/BA) and phospholipid/(phospholipid + bile acid) [PL/(PL + BA)] (Table 1). However,
the biliary cholesterol saturation index (CSI) was unaffected in any of the gene-ablated mice
(Table 1).

3.2. Ablating L-FABP (LKO), SCP-2/SCP-x (DKO) or both (TKO) altered the species
composition of biliary bile acids

Since SCP-2/SCP-x gene products do not, but L-FABP does, bind bile acids [19;28;29], the
possibility that DKO, LKO, or TKO differentially impacted the species composition of
biliary bile acids was examined.

In wild-type (WT) mice, most of the biliary bile acids were conjugated (~88%), either with
taurine (~80%) or less so glycine (~8%, Table 2). DKO, LKO, and TKO did not
significantly alter the hydrophobicity index (HI) of the biliary bile acid population (Fig 2A),
the ratio of conjugated/unconjugated biliary bile acids (Fig 2B), or the ratio of BMCA to
aMCA (Fig 2C). However, there were significant differences in the levels of individual
biliary bile acids as a result of differential gene ablation. The absence of L-FABP only
(LKO) resulted in a 1.4-fold increase in T-MCA (Table 2); however, T-UDCA, T-CA, and
G-CA levels were decreased by 25% to 30% (Table 2). In contrast to LKO mice, the loss of
SCP-2/SCP-x (DKO) resulted in increased biliary levels of T-LCA (1.8-fold), T-UDCA
(1.2-fold), and aMCA (1.4-fold, Table 2). Finally, the absence of both L-FABP and SCP-2/
SCP-x gene products (TKO) only affected biliary levels of T-LCA (increased 1.4-fold,
Table 2). Overall, the changes in biliary bile acid composition were not associated with an
altered hydrophobicity index of bile acids—suggesting unaltered combined ability of these
combinations of total bile acids to solubilize cholesterol.

3.3. DKO, LKO, and TKO differentially impacted hepatic expression of canalicular and
basolateral bile salt transport proteins

The possibility that reduced biliary bile acid levels were associated with altered expression
of membrane transporters of bile acids was examined.
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Loss of L-FABP (LKO) resulted in a 1.4-fold increase in hepatic levels of canalicular bile
salt export protein (BSEP, Table 3). In contrast, hepatic mMRNA levels of the basolateral bile
acid transporters OATP2 (dc22a7) and NTCP (Scl10al) were decreased by 60% and 30%,
respectively (Table 3). Hepatic levels of OATP1AL (Scolal) mMRNA were unchanged in
LKO mice (Table 3). Finally, loss of L-FABP had no effect on hepatic levels of the major
hepatobiliary cholesterol transporter ABCG5/G8 mRNA or the hepatic phospholipid flippase
protein MDR3 (Table 3). Loss of SCP-2/SCP-x gene products (DKO) also resulted in
increased hepatic levels of canalicular BSEP as well as reduced levels of OATP2 and NTCP
MRNA (Table 3). In contrast to LKO mice, DKO mice had reduced OATP1A1 mRNA
levels (Table 3). Similar to LKO mice, the absence of SCP-2/SCP-x gene products had no
effect on hepatic levels of ABCG5/G8 mRNA or MDR3 protein (Table 3). Finally, the loss
of both L-FABP and SCP-2/SCP-x gene products (TKO) had a much different effect on the
levels of these hepatic transporters than was observed in either LKO or DKO mice. TKO
mice exhibited increased hepatic levels of ABCG5/G8, OATP2, and NTCP mRNA as well
as MDR3 protein (Table 3). In contrast to LKO and DKO mice, TKO animals exhibited
unchanged hepatic levels of BSEP (Table 3). OATP1A1 mRNA levels were also unchanged
in TKO mice (Table 3).

3.4. Key hepatic proteins involved in bile acid synthesis from cholesterol

Since ablating L-FABP, SCP-2/SCP-x, or both decreased biliary bile acids, total bile acids,
and in the case of LKO also hepatic bile acids, the possibility that reduced bile acid level
was associated with downregulation of key enzymes in bile acid synthesis was examined.

Loss of the major mammalian bile acid binding protein L-FABP (LKO) or SCP-2/SCP-x
(DKO) did not significantly alter hepatic levels of Cyp7al mRNA, the rate limiting enzyme
in the primary bile acid synthesis pathway (Fig 3B), but increased levels of CYP27A1
protein (rate limiting enzyme in the secondary bile acid synthesis pathway) by 1.6- and 2.3-
fold, respectively (Fig 3C). In contrast, neither LKO nor DKO altered levels of ACAT-2,
which diverts cholesterol from bile acid synthesis to storage as cholesteryl esters, (Fig 3A);
however, DKO increased levels of 3-aHSD, another bile acid binding protein potentially
compensating for loss of L-FABP (Fig 3D). Although LKO and DKO altered hepatic levels
of some of the major nuclear receptors regulating bile acid synthetic enzymes in a complex
manner, there was no obvious pattern associated with decreased biliary bile acid and hepatic
bile acid levels (Fig 3E-H). This was consistent with the fact that the activity of these
nuclear receptors in bile acid synthesis is primarily regulated by ligand availability rather
than altered levels of the nuclear receptor.

Combinatorial loss of both L-FABP and SCP-2/SCP-x (TKO) did not elicit additive or
synergistic effects on expression of enzymes (Fig 3B-D) or nuclear receptors in bile acid
synthesis (Fig 3E-H). However, TKO did increase hepatic mRNA levels of the rate limiting
enzyme in bile acid synthesis (Cyp7ALl) (Fig 3B) and another potential bile acid transporter
(3-aHSD, Fig 3D), while simultaneously increasing levels of ACAT-2 (Fig 3A).

Thus, the decreased biliary bile acid and total bile acid in LKO, DKO and TKO mice was
not associated with reduced levels of the two rate limiting enzymes in bile acid synthesis
(CYP7AL, CYP27AL), but at least in the case of TKO correlated in part with increased
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expression of ACAT-2, which could divert bile acid synthesis substrate cholesterol toward
storage/secretion as cholesteryl esters.

4. DISCUSSION

While increasing evidence has suggested a role for L-FABP and SCP-2/SCP-x gene
products in bile acid metabolism and biliary secretion, studies with individually ablating
genes such SCP-2/SCP-x in mice have been complicated by concomitant upregulation of L-
FABP [36;37;47]. To begin to resolve the relative contribution of L-FABP and SCP-2/SCP-
X, biliary phenotype was examined in female mice singly ablated in L-FABP (LKO) or
SCP-2/SCP-x (DKO) as well as upon ablating both L-FABP and SCP-2/SCP-x (TKO). The
data suggest unique roles of SCP-2/SCP-x and L-FABP:

First, loss of L-FABP (LKO) alone exerted the greatest impact on biliary phenotype
including: decreased (liver, bile, and total) bile acid level and increase in most parameters of
biliary cholesterol saturation. These findings were consistent with the fact that L-FABP: i) is
a universal bile acid binding protein with high affinity for the products and most
intermediates in the bile acid synthetic pathway [10-17]; ii) binds the substrate of bile acid
synthesis, i.e. cholesterol [22;23]; iii) is the most prevalent bile acid- and cholesterol-binding
protein present in mammalian liver with levels as high as 2-6% of murine cytosolic protein
(200-400 pM) and 7-10% of human cytosolic protein (700-1000 uM) [11;18]. L-FABP is
essential for bile acid uptake and transport by rat hepatocytes [15]. Modest upregulation of
canalicular salt bile export protein (BSEP) did not appear to compensate for the loss of L-
FABP leading to decreased biliary bile acid. In contrast, the impact of SCP-2/SCP-x gene
ablation (DKO, TKO) was less severe, decreasing only biliary bile acid (and total bile acid)
with much fewer increased indices of biliary cholesterol saturation. This was consistent with
the fact that DKO concomitantly upregulated two key bile acid binding proteins, i.e. L-
FABP [35-38] and 3-aHSD (Fig 3D). Nevertheless, biliary bile acid secretion rates are
decreased in DKO mice [36]. Finally, it is important to note that combinatorial loss of both
L-FABP and SCP-2/SCP-x (TKO) did not synergistically further decrease biliary bile acid
levels—suggesting that SCP-2/SCP-x played less of a role than L-FABP in transporting bile
acids for secretion into bile.

Second, loss of L-FABP alone also had a greater impact on altering biliary bile acid species
composition. This finding may be due to the fact that: i) L-FABP (but not SCP-2) binds
multiple bile acids and intermediates in bile acid synthesis [10]; ii) L-FABP has much
higher affinity for some bile acids (e.g. chenodeoxycholic acid, glycochenodeoxycholic
acid, deoxycholic acid, ursodeoxycholic acid) than others (e.g. cholic acid, glycocholic acid,
taurocholic acid) [10]. Unfortunately, while L-FABP increased the proportion of the most
common biliary bile acid, i.e. tauro-muricholic acid (Table 2), L-FABP’s affinity for tauro-
muricholic acid is not known; iii) L-FABP and SCP-2 differ markedly in intracellular level,
consistent with L-FABP having a greater impact on cholesterol targeting for bile acid
synthesis. L-FABP is 10-40 fold more prevalent than SCP-2 in hepatic cytoplasm, 1-10%
versus 0.1% of cytosolic protein, respectively, and it is optimally localized for delivery of
cholesterol and inter-organellar transport of bile acid synthetic intermediates [11;18;42].
Although neither SCP-2 nor SCP-x binds bile acids, both have roles in the synthesis of early
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steps in the synthesis of multiple bile acids. For example, studies in vitro show that SCP-2
stimulates the initiating step of cholesterol oxidation mediated by CYP7AL in the
endoplasmic reticulum leading to bile acid synthesis in vitro [28]. Consistent with this,
SCP-2 overexpression in mice as well as in rat and human hepatocytes enhances bile acid
synthesis and biliary secretion [33;34]. SCP-x is exclusively peroxisomal where it is
localized for cleavage of the branched-side chain to form cholic acid from which other bile
acids are derived [24;42;63]. The effect L-FABP has on the activity of endoplasmic
reticulum CYP7AL or on peroxisomal SCP-x, the key enzyme for cleaving cholesterol’s
branched-side chain to form bile acids, is not known [29;32;64;65]. Despite their individual
contributions, however, additive or synergistic responses were not seen in reducing biliary
bile acid and total bile acid level in the combinatorial (i.e. TKO) knock out mice.

Third, there is clear sexual dimorphism in biliary phenotype expressed by mice lacking L-
FABP (LKO), SCP-2/SCP-x (DKO), or both L-FABP and SCP-2/SCP-x (TKO). Since
sexual dimorphism in mice has been demonstrated in the metabolism of branched-chain
lipids such as phytol [49] and cholesterol [20, 51], we investigated potential sexual
dimorphism in downstream bile acid metabolites of cholesterol and the biliary phenotype of
female mice for comparison with an earlier study in male mice [21]. While biliary bile acid
levels were decreased in female LKO, DKO, and TKO mice, as shown herein, our
laboratory has previously shown that biliary bile acid levels decreased only in male DKO
mice and actually increased in male LKO mice [21]. Likewise, while hepatic bile acid level
decreased only in female LKO mice, as shown in the current study, both LKO and TKO
decreased hepatic bile acid concentration in male mice [21]. Again, while biliary cholesterol
levels were unaltered regardless of phenotype in female mice shown herein, biliary
cholesterol concentration was decreased in all gene-ablated male mice (LKO, DKO, TKO)
[21]. In contrast, biliary phospholipid level was decreased only in TKO female mice, while
biliary phospholipid concentration was unaltered in any of the male gene targeted mice [21].
Finally, while loss of either or both genes significantly altered the molecular composition of
biliary bile acids, the proportion of conjugated/unconjugated bile acids or overall bile acid
hydrophobicity index remained unaltered in female mice, as shown herein. On the other
hand, LKO, DKO, and TKO all increased bile acid hydrophobicity index in male mice [21].
While elucidating all the molecular bases for these sex-differences is beyond the scope of
the current work, it is important to note that female WT mice express significantly more
hepatic L-FABP [47-49;66] and markedly less SCP-x than their male counterparts [47;49].
L-FABP is the major bile acid binding protein in mouse and human liver [10;21]. Both in
vitro and cultured cell studies have shown that SCP-x is the only known peroxisomal 3-keto-
thiolase enzyme capable of oxidizing cholesterol’s branched side chain to form bile acids in
the liver [28-30], sex steroids in the gonads [67], and steroid hormones in the adrenals
[31;68]. Studies reporting a higher incidence of non-alcoholic fatty liver disease (NAFLD)
and higher hepatic triglyceride accumulation in males than females, an increasing rate of
NAFLD in postmenopausal women, and severe hepatic steatosis in mice ablated in
aromatase suggest that NAFLD may be estrogen-associated [69—73]. Further, high-density
lipoprotein-2 (HDL2) particles from females are larger and more capable of mediating
cholesterol efflux from peripheral tissues [74;75].
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Our laboratory has shown the roles played by both L-FABP and SCP-2/SCP-x in hepatic
lipid accumulation in female mice [76]. The current findings with SCP-2/SCP-x, L-FABP,
and SCP-2/SCP-x/L-FABP null female mice demonstrate important roles for L-FABP in
hepatic bile acid accumulation and for both SCP-2/SCP-x and L-FABP in biliary
phospholipid accumulation therein. Ablating each or both of these proteins all reduced
biliary bile acid and total bile acid levels. Biliary indices of cholesterol saturation were
increased the most upon loss of L-FABP (LKO, TKO) and less so in DKO mice, possibly
due to concomitant upregulation of L-FABP in DKO mice [36;37;47]. Consequently, loss of
L-FABP impacted biliary bile parameters to a greater extent than loss of SCP-2, not only by
decreasing biliary bile acid levels but increasing the extent to which bile is saturated with
cholesterol. Further, overall synergistic responses were not seen in biliary bile acid and total
bile acid level in the combinatorial knock out mice.
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Highlights
e L-FABP and/or SCP-2/SCP-x gene ablation in female mice
» L-FABP gene ablation: decreased hepatic retention of bile acids
» L-FABP and/or SCP-2/SCP-x gene ablation: decreased biliary bile acid levels

« Significant sexual dimorphism in gene-ablated mice
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Figure 1. Biliary total bile acid and phospholipid levels are decreased in TKO mice
Bile acid (BA), phospholipid (PL), and cholesterol (C) concentrations were determined as

described in Experimental Procedures. Liver (panel A) and serum (panel B) bile acid
concentrations are expressed as nmol BA/mg liver homogenate protein. Biliary BA (panel
C), PL (panel E), and C (panel F) levels are expressed as mmol/L bile. Total BA content
(panel D) was determined by adding the total BA (nmol) measured in bile + liver + serum
and is expressed as nmol BA. Values represent means + SEM (n = 8). Statistically different
values (P < 0.05, ANOVA) within a panel are denoted by a different lower-case letter (a, b).
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Figure 2. Impact of ablating SCP-2/SCP-x, L-FABP, or both on hydrophobicity index properties

of biliary bile acids

Biliary bile acid composition expressed as % of total peak area was determined as described
in Experimental Procedures. This composition was then used to determine: (A) bile acid

hydrophobicity index (HI) as described earlier [77]; (B) ratio of conjugated to unconjugated
bile acids; (C) ratio of unconjugated BMCA/unconjugated aMCA. Values represent means +

SEM (n =8).
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Figure 3. Key hepatic proteins involved in cholesterol esterification and bile acid synthesis are
increased in L-FABP/SCP-2/SCP-x gene-ablated mice

Aliquots of liver homogenate proteins were examined by SDS-PAGE and subsequent
Western blot analysis to determine levels of ACAT-2 (panel A), CYP27A1 (panel C), 3-
aHSD (panel D), PPARa (panel E), LXRa (panel F), SHP (panel G), and FXR (panel H) as
described in Experimental Procedures. Insets show representative Western blot images of
the respective protein (lower blot) and the gel-loading control protein (COX4, GAPDH, or
B-Actin, upper blot). Quantitative rtPCR to determine the abundance of hepatic Cyp7al
mRNA (panel B) was performed as described in Experimental Procedures. Relative
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concentration values (WT = 1) represent means + SEM (n = 8). Statistically different values
(P < 0.05, ANOVA) within a panel are denoted by a different lower-case letter (a, b, c).
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Table 1

Biliary cholesterol saturation index and biliary lipid ratios in WT, LKO, DKO, and TKO mice.

Component | WT mmol/L | LKO mmol/L | DKO mmol/L | TKO mmol/L
csl 6.6+0.1° 6.6+0.12 6.4+0.12 6.4+0.12
CIPL 0.21+0.012 0.21%0.022 0.18+0.022 0.230.03?
C/BA 0.11+0.012 0.200.03° 0.14%0.012 0.3020.06°
PL/BA 0.39+0.042 1.0£0.1° 0.80.1° 0.720.1°
PL/(PL+BA) | 0.32+0.022 0.47+0.03° 0.44+0.04° 0.42+0.04°

Biliary bile acids (BA), phospholipid (PL), and cholesterol (C), all in mmol lipid/L bile, were quantified as described in Experimental Procedures.
C/PL, C/BA, PL/BA, and PL/(PL + BA\) ratios (mol/mol) were calculated as described in Experimental Procedures. These values were used to
determine the biliary cholesterol saturation index (CSI) according to [60]. Values represent means = SEM (n = 8). Statistically different values (P <
0.05, ANOVA) within a row are denoted by a different lower-case letter (a, b).
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Table 2
Biliary bile acid composition in WT, LKO, DKO, and TKO mice.

Bile Acid | WT % of Total | LKO % of Total | DKO % of Total | TKO % of Total
T-MCA 27422 3720 31452 29+12
T-LCA 3.240.28 4.7+0.8 5.8+0.5° 4.4%0.3°

T-UDCA 4.3+0.22 3.240.3 5.3%0.2¢ 4.020.12
aMCA 2.5+0.2% 3.80.6% 3.40.2° 2.5+0.1°

T-CA 4322 30+20 36242 3912
BMCA 7.940.72 6.8+0.62 8+12 8.6+0.32
G-CA 7.8+0.62 5.8+0.7P 7.6+0.22 6.9+0.62

T-CDCA 1.740.22 1.740.32 1.440.12 1.440.12

T-DCA 244032 3.240.3? 2.0+0.72 2.3+0.42
CA 1.0+0.62 0.19+0.06° 0.25+0.072 0.43+0.042
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The biliary bile composition and concentration (% of total peak area) of the following bile acids was determined as described in Experimental
Procedures: cholic acid (CA), a-muricholic acid (aMCA), B-muricholic acid (BMCA), glyco-cholic acid (G-CA), tauro-cholic acid (T-CA), tauro-
chenodeoxycholic acid (T-CDCA), tauro-deoxycholic acid (T-DCA), tauro-lithocholic acid (T-LCA), tauro-muricholic acid (T-MCA), tauro-
ursodeoxycholic acid (T-UDCA). Values represent means + SEM (n = 8). Statistically different values (P < 0.05, ANOVA) within a row are
denoted by a different lower-case letter (a, b, c).
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Hepatic levels of key biliary lipid/bile acid transporters in WT, LKO, DKO, and TKO mice.

Table 3

Component LKO DKO TKO

Relative Value | Relative Value | Relative Value | Relative Value

Abcg5 mMRNA 1.0£0.12 1.240.42 1.1+0.22 2.3+0.4°

Abcg8 mMRNA 1.0£0.22 1.240.22 1.1+0.22 2.7+0.6°

BSEP 1.00+0.052 1.37+0.08° 1.6+0.2° 0.70+0.12

MDR3 1.0£0.12 1.2+0.12 1.0+0.12 1.740.3°

Slcolal/OATP1A1 mRNA 1.0+0.12 0.9+0.12 0.620.2b 1.0+0.22

SIc22a7/0ATP2 mRNA 1.0£0.12 0.4+0.1° 0.4+0.1° 1.6+0.3°

Slc10al/NTCP mRNA 1.00+0.022 0.660.07° 0.33+0.05° 2.1+0.19
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Liver homogenate proteins were examined by SDS-PAGE and subsequent Western blot analysis (BSEP, MDR3) as described in Experimental
Procedures. Quantitative rtPCR of liver mRNA was accomplished as described in Experimental Procedures. Protein/mRNA levels are shown as
relative values (WT = 1) and represent means + SEM (n = 8). Statistically different values (P < 0.05, ANOVA) within a row are denoted by a
different lower-case letter (a, b, c, d).
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