1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Arch Biochem Biophys. Author manuscript; available in PMC 2016 August 15.

-, HHS Public Access
«

Published in final edited form as:
Arch Biochem Biophys. 2015 August 15; 580: 41-49. doi:10.1016/j.abb.2015.06.009.

LOSS OF L-FABP, SCP-2/SCP-X, OR BOTH INDUCES HEPATIC
LIPID ACCUMULATION IN FEMALE MICE

Gregory G. Martin, Barbara P. Atshaves?, Kerstin K. Landrock?3, Danilo Landrock3,
Friedhelm Schroeder!, and Ann B. Kier3"

1Department of Physiology and Pharmacology, Texas A&M University, College Station, TX
77843-4466

2Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, Ml
48824

3Department of Pathobiology, Texas A&M University, College Station, TX 77843-4467

Abstract

Although roles for both sterol carrier protein-2/sterol carrier protein-x (SCP-2/SCP-x) and liver
fatty acid binding protein (L-FABP) have been proposed in hepatic lipid accumulation,
individually ablating these genes has been complicated by concomitant alterations in the other
gene product(s). For example, ablating SCP2/SCP-x induces upregulation of L-FABP in female
mice. Therefore, the impact of ablating SCP-2/SCP-x (DKO) or L-FABP (LKO) individually or
both together (TKO) was examined in female mice. Loss of SCP-2/SCP-x (DKO, TKO) more so
than loss of L-FABP alone (LKO) increased hepatic total lipid and total cholesterol content,
especially cholesteryl ester. Hepatic accumulation of nonesterified long chain fatty acids (LCFA)
and phospholipids occurred only in DKO and TKO mice. Loss of SCP-2/SCP-x (DKO, TKO)
increased serum total lipid primarily by increasing triglycerides. Altered hepatic level of proteins
involved in cholesterol uptake, efflux, and/or secretion was observed, but did not compensate for
the loss of L-FABP, SCP-2/SCP-x or both. However, synergistic responses were not seen with the
combinatorial knock out animals—suggesting that inhibiting SCP-2/SCP-x is more correlative
with hepatic dysfunction than L-FABP. The DKO- and TKO-induced hepatic accumulation of
cholesterol and long chain fatty acids shared significant phenotypic similarities with non-alcoholic
fatty liver disease (NAFLD).
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) occurs with high frequency, ranging from
11-46% of the US population [1-5]. While NAFLD is generally thought to be due to hepatic
triglyceride (TG) accumulation, the hepatic lipids of NAFLD are not well characterized
since most studies focused only on indirect determinations [2;3;6-8]. However, recent
lipidomic studies indicate that NAFLD livers also exhibit increased accumulation of: i) free
or esterified cholesterol—especially with progression to nonalcoholic steatohepatitis
(NASH) [9-11]; and ii) unesterified long chain free fatty acids (LCFA) [12;13]. While these
data suggested contributions of altered cholesterol as well as LCFA metabolism in NAFLD,
relatively little is known regarding the individual roles of the soluble sterol carrier proteins
(SCP-2, SCP-x) and liver fatty acid binding protein (L-FABP) in hepatic lipid accumulation.

Sterol carrier protein-2 (SCP-2) and sterol carrier protein-x (SCP-x) are coded through
alternate transcription sites by a single gene, SCP-2/SCP-x [14]. While neither SCP-2 nor L-
FABP have intrinsic enzymatic activity, in vitro studies show that both SCP-2 and L-FABP:
i) bind cholesterol [15-18]; ii) bind LCFA-CoA [19-22]; iii) enhance LCFA-CoA
transacylation to cholesterol by microsomal ACAT-2, the rate limiting enzymes in
cholesteryl ester synthesis in vitro [23-26] and in cultured fibroblasts overexpressing the
respective proteins [27;28]; iii) enhance LCFA-CoA transacylation to glycerol-3-phosphate
by microsomal glycerol-3-phosphate acyltransferase (GPAT/GPAM), the rate limiting
enzyme in glyceride (phospholipid, triglyceride) synthesis [29-31]. Conversely, both SCP-2
and L-FABP also stimulate carnitine palmitoyl acyl transferase | (CPT1)-mediated LCFA-
CoA transacylation in the outer mitochondrial membrane to facilitate LCFA B-oxidation
[32]. Further, 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 [33-35].

Liver fatty acid binding protein (L-FABP) is thought to promote an early adaptive response
to hepatocyte stress by partitioning potentially lipotoxic long chain fatty acids (LCFAS) into
stable triglyceride stores [36]. Murine L-FABP stimulates microsomal GPAT/GPAM, the
rate-limiting step leading to phosphatidic acid, which is the hepatic precursor of triglycerides
[29;30;37-42]. L-FABP is upregulated in human NAFLD and in NAFLD animal models
[43-46], while murine L-FABP ablation decreases hepatic TG accumulation [16;47-51]. By
binding with oxidized and reactive LCFA species L-FABP initially prevents LCFA
lipotoxicity [52-59], but becomes depleted as NAFLD progresses to NASH [45;53-57].
Finally, a human L-FABP T94A single nucleotide polymorphism (SNP) variant is
associated with NAFLD [10]. This variant occurs with a high minor allele frequency
(26-38%)—one of the highest incidence among all FABPs (MAF for 1000 genomes in
NCBI dbSNP database; ALFRED) [10;60-65].
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Although SCP-2/SCP-x and L-FABP genes have been individually ablated, interpretation of
phenotype has been complicated by concomitant upregulation [66-68] or downregulation
[69] of liver fatty acid binding protein (L-FABP). To better resolve the impact of these
proteins on hepatic lipid accumulation, 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 suggest unique roles of SCP-2/SCP-x and L-
FABP, wherein SCP-2/SCP-x had a much greater impact on hepatic total lipid
accumulation, especially cholesterol and phospholipid.

EXPERIMENTAL PROCEDURES

Materials

Animals

Protein was determined with Protein Assay Kit | (Cat # 500-0001, bovine gamma globulin)
obtained from Bio-Rad (Hercules, CA). Diagnostic kits for cholesterol E (total cholesterol,
TC), free cholesterol E (free cholesterol, C), nonesterified fatty acid-HR (NEFA),
phospholipids C (PL), triglyceride M (TG), glucose, and high density lipoprotein cholesterol
(HDLC), were purchased from Wako Diagnostics (Richmond, VA). Diagnostic Kits for
apolipoprotein Al (APO Al), apolipoprotein B (APO B), and glycated serum protein (GSP)
were obtained from Diazyme Labs (Poway, CA). Serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were determined using Kits purchased from Stanbio
Lab (Boerne, TX). Rabbit or goat polyclonal antibody to mouse ABCA1 (sc-5490), ABCG1
(sc-11150), APO Al (sc-23606), APO All (sc-23609), APO B (sc-11795), B-actin
(sc-47778), LDL receptor (LDLR, sc-11826), or SRB1 (sc-32342) was purchased from
Santa Cruz Biotechnology (Dallas, TX). Rabbit polyclonal antibody directed against mouse
ACAT-2 (ab66259) or COX4 (ab16056) was obtained from Abcam (Cambridge, MA).
Rabbit polyclonal antibody to mouse PPARa (PA1-822A) was purchased from Pierce
Antibody (Rockford, IL). Mouse monoclonal antibody against mouse GAPDH (MAB374)
was obtained from Millipore (Billerica, MA). Rabbit polyclonal antibody against
recombinant rat L-FABP, mouse SCP-2, mouse SCP-X, or mouse ACBP was produced as
previously described [70]. Alkaline phosphatase-conjugated goat polyclonal antibody to
rabbit 1gG (product # A3687) and rabbit polyclonal antibody to goat IgG (product # A4187)
were obtained from Sigma-Aldrich (St. Louis, MO). Alkaline phosphatase-conjugated rabbit
polyclonal antibody against mouse IgG (product # ab6729-1) was purchased from Abcam
(Cambridge, MA). One-Step PCR Master Mix reagent kit and gene-specific assays for Mttp
(Mm00435015_ml), Abcg5 (Mm01226965 m1), and Abcg8 (Mm00445977_m1) were
obtained from Applied Biosystems (Foster City, CA). Recombinant L-FABP, SCP-2, and
SCP-x were purified as described [19;70;71]. All reagents and solvents were the highest
grade commercially available.

Female (6 weeks old, 20-30 g) inbred C57BL/6NCr wild-type (WT) mice were obtained
from the National Cancer Institute (Frederick Cancer Research and Development Center,
Frederick, MD). L-FABP gene-ablated (null, LKO) mice were generated by our laboratory
as described previously [72]. SCP-2/SCP-x null (DKO) mice were generated as previously
described [73]. L-FABP/SCP-2/SCP-x null (TKO) mice were generated as previously
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described [74]. All null mouse strains were backcrossed to the C57BL/6NCr background to
>10 generations. Mice were kept in a temperature-controlled facility (T = 25 °C), 12 h light/
dark cycle with ad libitum access to water and food (Research Diets D11243, phytol/
phytoestrogen-free, 5 g% fat, Research Diets, New Brunswick, NJ). The phytol/
phytoestrogen free control diet was chosen because of the presence of variable levels of
dietary phytol and phytoestrogen in standard rodent diets [67;75;76]. Phytanic acid and
pristanic acid, hepatic metabolites of dietary phytol, are the most potent known naturally-
occurring ligand activators of PPARa, which dramatically alter both fatty acid and
cholesterol metabolism by inducing transcription of LCFA p-oxidative enzymes,
apolipoproteins Al and A2, as well as L-FABP and SCP-2 [77-81]. Estrogenic effects of
variable levels of dietary phytoestrogens can in turn alter lipid metabolism [75;76]. Analysis
of serum parameters of liver damage indicated minor, if any, changes in the concentrations
of glycated serum protein (GSP), alanine amino transferase (ALT), or aspartate amino
transferase (AST) in any of the mouse strains examined, which suggested little liver
hepatotoxicity as a result of the loss of L-FABP, SCP-2/SCP-x, or both (data not shown).
All animal protocols were Institutional Animal Care and Use Committee (Texas A&M
University) approved, mice were monitored quarterly for known rodent pathogens, and were
determined to be pathogen-free.

Animal Euthanasia and Tissue Collection

Prior to euthanasia, mice were 12-hr fasted, weighed, anesthetized with Avertin, and blood
collected via cardiac puncture into a 1.5-mL polypropylene microtube. Freshly collected
blood was immediately processed to serum, volume of serum measured, flash-frozen on dry
ice, and the serum stored at -80 °C. Mice were euthanized by cervical dislocation while
anesthetized. The liver was collected, blotted dry, weighed, flash-frozen with phosphate
buffered saline (0.5 mL, pH 7.4) on dry ice, and stored at -80 °C.

Analysis of liver lipids

A small portion of mouse liver (~0.1 g tissue) was minced, placed in a 1.5-mL
microcentrifuge tube, and homogenized in 0.5 mL of PBS (pH 7.4) for 5 min on ice with a
motor-driven pestle at 2000 rpm (Tekmar Co, Cincinnati, OH). The crude homogenate was
further processed by sonication on ice with a Fisher Scientific Sonic Dismembrator 550
equipped with micro-tip (Fisher Scientific, Pittsburgh, PA) set at 4, total processing time 5
min, on-time 15.0 sec, and off-time 15.0 sec. The final homogenate was centrifuged at 600 x
gand 4 °C for 10 min to remove insoluble debris. Aliquots of homogenate and protein
standard were placed in a Costar 96-well assay plate (Corning, Corning, NY) for
determining protein content by Bradford protein micro-assay (Bio-Rad, Hercules, CA) as
measured by a BioTek Synergy 2 micro-plate reader (BioTek Instruments, Winooski, VT).
Lipid class composition was determined by two independent techniques.

First, lipids were solvent-extracted from liver homogenate protein as described [72]. Briefly,
lipids were extracted from liver homogenates using the solvent system n-hexane/2-propanol
(3:2, vol/vol). Aliquots of liver lipids as well as cholesterol (C), cholesteryl ester (CE),
triglyceride (TG), and non-esterified free fatty acid (NEFA) standards were spotted onto
Silica Gel G thin layer chromatography (TLC) plates, resolved in the solvent system
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petroleum ether/diethyl ether/methanol/acetic acid (90:7:2:0.5, vol/vol), and quantified by
sulfuric acid charring assay as described [82;83]. Total phospholipid content was determined
by digesting the aqueous phospholipid fraction from above as well as phospholipid
standards in deionized water and perchloric acid at 180 °C for 1 hr followed by the addition
of ascorbic acid and ammonium molybdate [84]. The samples were heated in a boiling water
bath for 5 min, cooled, and the sample absorbance was determined at 660 and 797 nm.
Protein concentration was determined utilizing the BioRad modified Bradford assay from
the dried protein extract residue after digesting overnight in 0.2 M KOH. All lipid samples
were stored at -20 °C under N, in order to minimize oxidation. All glassware was washed
with sulfuric acid/chromate and rinsed extensively with deionized water prior to use.

Second, total cholesterol (TC, i.e. cholesterol + esterified cholesterol), C, TG, NEFA, and
PL were directly quantified in the liver homogenates with Wako diagnostic Kits as per the
manufacturer’s instructions. Cholesteryl ester (CE) was determined by subtracting free
cholesterol (C) from total cholesterol (TC). Sample volumes were adjusted to allow aliquots
of homogenate and lipid standards to be placed in Costar 96-well assay plates (Corning,
Corning, NY) for detection with the respective assay kits and detection by a BioTek Synergy
2 micro-plate reader (BioTek Instruments, Winooski, VVT). Liver homogenate protein
concentration was determined utilizing the BioRad modified Bradford assay. Our laboratory
has found no significant differences in liver lipid class quantified (hmol lipid/mg protein)
between the two lipid analysis procedures (data not shown).

Analysis of serum lipids

Serum lipids (TC, C, TG, NEFA, and PL) were also quantified by solvent extraction/thin-
layer chromatography and by the Wako diagnostic kits as described above for liver lipids.
Aliquots of serum and lipid standards were placed in Costar 96-well assay plates (Corning,
Corning, NY) for determining lipid class content with the Wako diagnostic kits for total
cholesterol (TC, i.e. cholesterol + esterified cholesterol), free cholesterol (C), HDL
cholesterol (HDLC), triglyceride (TG), non-esterified free fatty acid (NEFA), and
phospholipid (PL) as per the manufacturer’s instructions. Lipids detected by the respective
assay kits were quantified with a BioTek Synergy 2 micro-plate reader (BioTek Instruments,
Winooski, VT). Again, our laboratory has found no significant differences in serum lipid
quantification (mmol lipid/L serum) between the two lipid analysis procedures (data not
shown). Serum non-HDL cholesterol (non-HDLC) was calculated by subtracting the HDL
cholesterol concentration from the total cholesterol concentration.

Western blotting of key proteins in hepatic lipid metabolism

Liver homogenates were assayed for protein as described [85;86]. Aliquots of liver
homogenate were subjected to SDS-PAGE gel electrophoresis and western blotting as
described [85;86]. SDS-PAGE gel-loading control proteins (COX4, GAPDH, or 3-Actin)
were used that were appropriate for the protein of interest (primary antibody cross-reactivity,
protein molecular size). L-FABP, SCP-2, and SCP-x were quantified (ng protein/ug liver
homogenate protein) by comparison of band intensity to a series of pure protein standards
co-electrophoresed with liver homogenate samples. Loss of L-FABP, SCP-2, and/or SCP-x
had no effect on liver levels of any of the control proteins used (data not shown). Protein
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quantification data are shown in relative units with WT protein level = 1.0 except as noted
above for L-FABP, SCP-2, and SCP-x.

QrtPCR of liver mRNAs

Statistics

RESULTS

Liver total RNA was isolated and purified by RNeasy mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s standard protocol and stored at -80°C. Nucleic acid quality
and concentration were assayed with a NanoDrop 1000 Spectrophotometer (Thermo
Scientific, Waltham, MA). QrtPCR expression was determined with a ABI PRISM 7000
(Applied Biosystems®, Foster City, CA) using TagMan® RNA-to-CT™ 1-Step PCR
Master Mix Reagent kit (cat # 4309169), gene-specific TagMan PCR probes and primers,
and a thermal cycler protocol as follows: 48°C for 30 min, 95°C for 10min, 95°C for 0.15
min and 60°C for 1.0 min, repeated a total of 60 cycles. Specific probe and primer
TagMan® gene expression assays were from Life Technologies™ (Carlsbad, CA) to
determine hepatic mRNA levels of microsomal triglyceride transport protein (Mttp), Abcg5,
and Abcg8. Sample reactions (20uL total volume each) were performed in duplicate on 96
well optical reaction plates (Applied Biosystems®, Foster City, CA). The threshold cycle
from each well was established by ABI Prism 7000 SDS software (Applied Biosystems®,
Foster City, CA) and QrtPCR data were normalized to the housekeeping gene 18S RNA (cat
# 4310893E) for mRNA expression of Mttp, Abcg5, and Abcg8 and made relative to the
control mouse group (female WT mice on control diet = 1) for final calculations.

Statistical analysis was one-way analysis of variance (ANOVA) combined with the
Newman-Keuls multiple-comparisons post-test (GraphPad Prism Version 3.03, San Diego,
CA). All data passed Bartlett’s test for equal variances and are expressed as means +
standard error of the mean (n = number of mice = 8 per group). Graphical analysis was
accomplished using SigmaPlot 2002 for Windows Version 8.02 (SPSS, Chicago, IL).
Statistical differences (P < 0.05) were indicated by labeling data with different lower-case
letters.

Ablating SCP-2/SCP-x had highest impact on hepatic lipid accumulation

Hepatic lipid mass differed significantly among liver homogenates of WT, LKO, DKO, and
TKO female mice. Loss of SCP-2/SCP-x (DKO) induced hepatic accumulation of total lipid
(Table 1) more than loss of L-FABP (LKO). The DKO increased total hepatic lipid
concentration 2-fold, while the LKO increased total lipid concentration by 20%. Ablating L-
FABP in SCP-2/SCP-x null mice (TKO) did not further exacerbate hepatic total lipid
accumulation.

Lipid resolution into separate lipid classes revealed that SCP-2/SCP-x ablation (DKO, TKO)
altered hepatic lipid class composition much more than L-FABP ablation (LKO). DKO

increased hepatic total cholesterol (TC, 2.1-fold), especially cholesteryl ester (CE, 3.1-fold),
much more than L-FABP ablation (LKO) (Table 1). Total cholesterol increased in the order
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TKO, DKO > LKO. Non-esterified cholesterol (C) was increased in the order TKO > DKO,
LKO while cholesteryl ester (CE) increased in the order TKO, DKO > LKO.

Loss of SCP-2/SCP-x (DKO) alone, but not loss of L-FABP (LKO) alone, increased hepatic
accumulation of non-esterified fatty acids (NEFA, 3.2-fold, Table 1). The LKO actually
decreased hepatic NEFA levels by 32%, consistent with decreased hepatic uptake of serum
fatty acid observed earlier [72]. Ablating both genes (TKO) did not further increase NEFA
levels above that observed in DKO livers.

DKO, LKO, and TKO all similarly increased hepatic phospholipid accumulation nearly 3-
fold (Table 1). In contrast, hepatic triglyceride levels were unaffected in all KO mice (LKO,
DKO, TKO, Table 1).

These data indicate that SCP-2/SCP-x has a larger role in hepatic accumulation of
cholesterol, both free and more so esterified, than L-FABP. While SCP-2/SCP-x and L-
FABP have opposite roles in hepatic accumulation of NEFA, loss of either or both similarly
induced phospholipid accumulation.

Ablating either or both genes modestly affected serum lipid content and class

composition

Analysis of serum lipid levels in female mice revealed small but significant differential
effects of SCP-2/SCP-x and L-FABP gene ablation. DKO and TKO, but not LKO, mice had
increased serum total lipid concentration (Table 2).

Examination of individual serum lipid classes showed that LKO females had small but
significant decreases in three major lipid classes (C, CE, and PL), while serum NEFA levels
were unaffected, and serum TG content was increased by 2.4-fold (Table 2). By contrast,
DKO increased serum TG by 3.6-fold without significantly altering the levels of other lipid
classes. Loss of both genes (TKO) increased serum NEFA (1.5-fold) and TG (2.5-fold),
decreased serum PL by 26%, and had no effect on serum content of either C or CE (Table
2).

Ablating SCP-2/SCP-x, L-FABP, or both differentially affected serum lipoprotein content
and/or apolipoprotein composition

The alterations in serum lipid and/or lipid class composition suggested that DKO, LKO
and/or TKO altered serum lipoprotein distribution and/or apolipoprotein content. The major
lipoprotein class in fasted mouse serum is high-density lipoprotein (HDL, rich in cholesterol
as well as apolipoprotein Al). The non-high-density lipoprotein concentration in fasted
mouse serum is much lower than the HDL concentration and consists primarily of low-
density and very low-density lipoprotein (LDL, VLDL), both rich in cholesterol, triglyceride
and cholesteryl ester as well as apolipoprotein B [69].

Ablations of these genes differentially altered serum HDL cholesterol (HDLC) and non-
HDL-cholesterol (non-HDLC). The TKO, but not DKO or LKO, significantly decreased the
serum content of APO Al by 38% (Table 3). In contrast, serum HDLC was unaffected in
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TKO mice; however, loss of L-FABP (LKO) resulted in a 27% decrease in serum HDLC
concentration relative to WT (Table 3).

With respect to the impact on the non-HDL fraction, the DKO significantly increased APO
B content (1.7-fold, Table 3). While neither LKO nor TKO affected serum APO B
concentration, only TKO decreased serum non-HDLC by 68% (Table 3).

Impact of ablating SCP-2/SCP-x, L-FABP, or both on proteins involved in cholesterol

uptake

Analysis of key proteins involved in hepatic cholesterol uptake from HDL and LDL
revealed significant differences among the different gene-ablated female mice.

Exogenous cholesterol/cholesteryl ester can be taken up by from HDL via the non-
lysosomal scavenger receptor B1 (SRB1). The DKO, LKO, and TKO each differentially
impacted the level of basolateral membrane proteins involved in HDL-mediated hepatic
cholesterol homeostasis (Fig. 1). Ablation of either L-FABP (LKO) or SCP-2/SCP-x (DKO)
had no effect on hepatic protein levels of the HDL receptor SRB1 (Fig 1A), however,
absence of both L-FABP and SCP-2/SCP-x (TKO) resulted in a 40% decrease in SRB1
protein (Fig 1A).

In addition, exogenous cholesterol/cholesteryl ester can also be taken up by the mouse
hepatocyte via the LDL receptor (LDLR) and into lysosomes for cholesterol release and
utilization. The effect of ablating L-FABP, SCP-2/SCP-x, or both on hepatic protein levels
of LDLR was examined. The absence of L-FABP (LKO) increased hepatic protein levels of
LDLR by 1.7-fold (Fig 1B). However, absence of SCP-2/SCP-x in presence of L-FABP
(DKO) or in the absence of L-FABP (TKO) had no effect on hepatic levels of LDLR protein
(Fig 1B).

Impact of ablating SCP-2/SCP-x, L-FABP, or both on proteins involved in cholesterol efflux

While the SRB1-receptor mediated pathway can also operate in reverse to mediate
cholesterol efflux to HDL, the ATP-binding cassette transporters ABCA1 and ABCG1 also
mediate vectorial cholesterol efflux across the basolateral hepatocyte membrane.

DKO, LKO, and TKO each differentially impacted the level of basolateral membrane
proteins involved in HDL-mediated hepatic cholesterol homeostasis (Fig. 1). The rate-
limiting step in hepatic HDL formation involves the efflux of cholesterol/phospholipid
across the hepatocyte basolateral membrane via ABCA1 to APO Al in nascent HDL.
Neither loss of L-FABP (LKO) or SCP-2/SCP-x (DKO) affected hepatic levels of ABCA1
protein (Fig 1C); however, ablation of both L-FABP and SCP-2/SCP-x (TKO) resulted in a
30% reduction in hepatic ABCAL protein (Fig 1C). While cholesterol is also exported across
the basolateral membrane via ABCG1 to more mature HDL, ABCGL protein levels were
unaffected by the loss of SCP-2/SCP-x (DKO, TKO, Fig 1D). However, L-FABP gene
ablation (LKO) increased hepatic levels of ABCGL1 protein by 1.6-fold (Fig 1D).

Hepatic apolipoprotein components of HDL (APO Al, All) were differentially affected by
L-FABP and/or SCP-2/SCP-x gene ablation. Loss of SCP-2/SCP-x (DKO, TKO) had no
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effect on hepatic levels of APO Al protein (Fig 1E); however, loss of only L-FABP (LKO)

resulted in a 50% decrease in APO Al protein (Fig 1E). By contrast, APO All protein levels
were increased in all gene-ablated mice; the greatest effect was observed in TKO mice (Fig
1F).

Impact of ablating SCP-2/SCP-x, L-FABP, or both on proteins involved in cholesterol

secretion

Cholesterol (especially cholesteryl ester) and triglyceride can be secreted from hepatocytes
via nascent very low density lipoproteins (VLDL). Production and secretion of neutral lipids
as nascent VLDL into serum requires the concerted action of three proteins: i) L-FABP
(and/or SCP-2), which facilitates fatty acid uptake and esterification to cholesteryl ester and
triglyceride [23;24;29-31,87;88]; ii) microsomal triglyceride transfer protein (MTP) which
loads triglyceride and cholesteryl ester onto APO B [89]; and iii) apolipoprotein B (APO B),
the major apolipoprotein constituent of nascent VLDL (as well as from recycled
endocytosed LDL) [89]. Mouse liver produces both APO B100 and APO B48 via post-
transcriptional mMRNA editing and both forms of APO B are found in mouse hepatic VLDL
[90;91]. The absence of L-FABP (LKO) increased hepatic protein levels of APO B100 and
APO B48 by 1.7- to 2-fold, respectively (Fig 1 G, H). However, the absence of SCP-2/SCP-
x in the presence of L-FABP (DKO) or in the absence of L-FABP (TKO) had no effect on
hepatic levels of APO B100 or APO B48 protein (Fig 1 G, H).

Hepatic microsomal triglyceride transfer protein (MTP) is a key protein involved in the
production of VLDL via the transfer of triglyceride to apolipoprotein B100 to form the pre-
VLDL particle. Loss of L-FABP and/or SCP-2/SCP-x function differentially affected the
levels of Mttp mRNA. Absence of SCP-2/SCP-x alone (DKO) or combined with ablation of
L-FABP (TKO) had no effect on hepatic levels of Mttp mMRNA (Table 4). In contrast, the
loss of L-FABP (LKO) resulted in a 56% decrease in the level of Mttp mRNA in female
mice (Table 4). DKO, LKO, and TKO also differentially affected the level of mMRNAs for
canalicular membrane proteins involved in hepatic biliary secretion of cholesterol,
ABCGb5/G8. Neither the loss of L-FABP (LKO) nor the loss of SCP-2/SCP-x (DKQO)
affected hepatic levels of Abcg5 and Abcg8 mRNA (Table 4). In contrast, the absence of
both L-FABP and SCP-2/SCP-x increased mMRNA levels of both Abcg5 and Abcg8 by 2.3-
fold and 2.7-fold, respectively (Table 4).

Effect of gene ablation on liver proteins involved in intracellular uptake, trafficking, and
microsomal esterification of cholesterol, long chain fatty acid or long chain fatty acyl CoA

Hepatocytes express several proteins in cholesterol, LCFA and LCFA-CoA trafficking and
targeting: i) L-FABP and SCP-2 both bind cholesterol, LCFA, and LCFA-CoA, ii) acyl CoA
binding protein (ACBP), which binds only LCFA-CoA, iii) peroxisome proliferator
activated receptor-a (PPARa), which regulates expression of L-FABP, SCP-2, and ACBP;
iv) acyl CoA acyl transferase-2 (ACAT-2), which catalyzes the fatty acyl esterification of
cholesterol.

Arch Biochem Biophys. Author manuscript; available in PMC 2016 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin et al.

Page 10

LKO mice did not produce L-FABP (Fig 2C); however, there was no compensatory
alteration in protein levels of SCP-2, ACBP, ACAT-2, or PPARq (Fig 2A, D, E, F). LKO
mice were associated with a significant reduction in levels of SCP-x protein (Fig 2B).

As expected, DKO mice had no detectable SCP-2 (Fig 2A) or SCP-x (Fig 2B). The absence
of SCP-2/SCP-x (DKOQ) was associated with increased levels of L-FABP, ACBP, and
PPARa (Fig 2C, D, F). Loss of SCP-2/SCP-x did not affect hepatic levels of ACAT-2
protein (Fig 2 E)

Finally, TKO mice were associated with the absence of SCP-2 and SCP-x (Fig 2A, B) as
well as L-FABP (Fig 2C). Loss of SCP-2/SCP-x and L-FABP resulted in increased ACBP
and ACAT-2 protein (Fig 2 D, E); however, PPARa protein levels were unchanged (Fig 2
F).

DISCUSSION

Several hepatic gene products are involved in hepatic uptake, intracellular trafficking, and
targeting of cholesterol and fatty acids including: i) SCP-2 and SCP-x derived by alternate
transcription sites from a single SCP-2/SCP-x gene [14]. Human genetic variants in the
SCP-2/SCP-x gene are associated with lipid metabolic abnormalities [92]; ii) L-FABP [93].
Human genetic variants in L-FABP gene are also associated with lipid metabolic
abnormalities [10;11;22;60-63;94-97]; iii) acyl CoA binding protein (ACBP) which
exclusively binds LCFA-CoA and facilitates ACAT-2-mediated esterification in the
endoplasmic reticulum [26;98-100]. While studies with individually ablated SCP-2/SCP-x
or L-FABP genes have been informative, impact on phenotype interpretations of many
SCP-2/SCP-x gene-ablated mouse studies have been complicated by concomitant
upregulation of L-FABP [66-68]. Thus the current study was undertaken with gene-targeted
mice to examine the impact of ablating not only SCP-2/SCP-x (DKO) or L-FABP (LKO)
individually, but also ablating both (TKO) on hepatic cholesterol metabolism in female
mice. The data provided several new insights into the roles of SCP-2/SCP-x and L-FABP in
hepatic lipid, especially cholesterol and cholesteryl ester accumulation in female mice.

First, loss of L-FABP (LKO) alone exerted the least effect on hepatic total lipid
accumulation (Table 5). L-FABP is the major hepatocyte cytosolic protein that binds
cholesterol [16;96;101] as well as LCFA and LCFA-CoA [21;102;103]. While loss of L-
FABP would be expected to decrease hepatic uptake of cholesterol and LCFA, this appeared
to be more than counteracted by decreased expression of other proteins involved in VLDL
(TG, CE) secretion and HDL (C) efflux. Unaltered expression of SCP-2 and ACBP appeared
sufficient for facilitating LCFA-CoA transacylation to cholesteryl-esters and glycerides in
the endoplasmic reticulum. Unlike loss of SCP-2/SCP-x (DKO, TKO), LKO decreased
hepatic total non-esterified fatty acid levels (Table 5, NEFA). This was consistent with
reduced hepatic uptake of LCFA from serum along with reduced cytosolic LCFA binding
capacity of LKO mice [72]

Second, loss of SCP-2/SCP-x (DKO, TKO) induced much higher, but similar, hepatic total
lipid accumulation (Table 5). Accumulated lipid was enriched not only with cholesterol and
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phospholipid, but even more so cholesteryl ester than in LKO. While loss of SCP-2/SCP-x
L-FABP would be expected to decrease hepatic uptake of cholesterol and decrease
endoplasmic reticulum formation of cholesteryl esters (via ACAT-2) and glycerides, this
appeared to be counteracted in part by compensatory: i) increased levels of L-FABP and
ACBP, which stimulate microsomal ACAT-2 mediated cholesterol esterification
[24;26;99;100] and glyceride formation [30;31;37;39;104]; ii) increased levels of hepatic L-
FABP to increase APO B loading consistent with increased appearance of APO B in serum.
Finally, loss of SCP-2/SCP-x (DKO, TKO) increased hepatic total non-esterified fatty acid
levels (Table 5, NEFA). This was consistent with the concomitant upregulation of L-FABP,
a cholesterol [15;101;105;106] and LCFA/LCFA-CoA [19;105;107] binding protein that is
already 6-8-fold more prevalent than SCP-2 in livers of WT control-fed mice [93;108]. L-
FABP overexpression enhances [109-111] while L-FABP deletion [47;72] inhibits the
uptake of LCFA.

In summary, both SCP-2/SCP-x and L-FABP gene products play significant roles in hepatic
lipid accumulation—especially free cholesterol, esterified cholesterol, and phospholipid.
The data suggested a potentially more selective role for L-FABP in regulating not only
cholesterol and cholesteryl esters but also triglycerides, while SCP-2 may play a more
selective role toward regulating cholesterol and cholesteryl esters, and both impacted
phospholipid levels. The highest hepatic lipid accumulation was observed upon loss of
SCP-2/SCP-x (DKO). For the most part, however, the impact of combinatorial knock out
(SCP2/SCP-x and L-FABP) on hepatic lipid function was not significantly different from
the effects of the individual SCP-2/SCP-x knockout experiments. While concomitant
upregulation of L-FABP may have compensated in part for loss of SCP-2/SCP-x, the same
hepatic phenotype was observed upon loss of both SCP-2/SCP-x and L-FABP (TKO).
Overall hepatic lipid phenotype synergistic responses were not seen with the combinatorial
knock out animals. This would suggest an alternate hypothesis, and possibly a more likely
scenario, that SCP-2/SCP-x is more correlative than L-FABP with hepatic dysfunction in
female mice.
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G1, G5, G8 ATP-binding cassette transporter A1, G1, G5, G8
acyl-CoA cholesterol acyltransferase-2

All, B, apolipoprotein Al, All, B

bile acid
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cholesteryl ester

Coenzyme A

SCP-2/SCP-x double null mouse
endoplasmic reticulum

high density lipoprotein

high density lipoprotein cholesterol

long chain fatty acid

lipid droplet
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liver fatty acid binding protein or FABP1
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peroxisome/bile acid synthesis

phospholipid

plasma membrane
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Figure 1. Hepatic levels of key proteins involved in cholesterol uptake, transport, and efflux are
altered in L-FABP/SCP-2/SCP-x gene-ablated female mice

Aliquots of liver homogenate proteins were examined by SDS-PAGE and subsequent
western blot analysis to determine levels of SRB1 (panel A), LDLR (panel B), ABCA1
(panel C), ABCG1 (panel D), APO Al (panel E), APO All (panel F), APO B100 (panel G),
and APO B48 (panel H). Insets show representative western blots of the respective protein
(lower blot) and the gel-loading control protein (GAPDH or COX4, upper blot). Relative
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, d).
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Figure 2. Effect of ablating SCP-2/SCP-x, L-FABP, or both on expression of key soluble
intracellular proteins involved in cholesterol binding, transport, and metabolism in female mice

Aliquots of liver homogenate proteins were examined by SDS-PAGE and subsequent
western blot analysis as described in Methods to determine levels of SCP-2 (panel A), SCP-
X (panel B), L-FABP (panel C), ACBP (panel D), ACAT-2 (panel E), and PPARa (panel F).
Insets show representative western blots of the respective protein (lower blot) and the gel-
loading control protein (GAPDH or COX4, upper blot). SCP-2, SCP-x, and L-FABP were
quantified (ng protein/ug liver homogenate protein) as described in Methods. Relative
concentration values for ACBP, ACAT-2, and PPARa protein are shown with WT = 1.
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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Table 1
Hepatic lipid content in WT, LKO, DKO, and TKO mice

Liver lipid concentrations (nmol lipid/mg liver homogenate protein) were determined as described in Methods.

Lipid WT nmol/mg | LKO nmol/mg | DKO nmol/mg | TKO nmol/mg
Total Lipid 189+72 2294+5P 370+30°¢ 380+20°
C 22418 32420 33440 45+4¢
CE 20418 28+1b 61+9°¢ 53+5°¢
NEFA 28428 19+10 90+5°¢ 93+7¢
PL 32418 82440 89+6° 86+7°
TG 87+72 74+32 90+10? 99467

C, cholesterol; CE, cholesteryl ester; NEFA, nonesterified fatty acid; PL phospholipid; TG, triglyceride. Total lipid concentrations were obtained
by adding the individual lipid concentrations. Values = means + SEM (n = 8). Statistically different values (P < 0.05, ANOVA) within a row (lipid
class) are denoted by a different lower-case letter (a, b, c).
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Table 2
Serum lipid content in WT, LKO, DKO, and TKO mice

Serum lipid concentrations (mmol lipid/L serum) were determined as described in Methods.

Lipid WT mmol/L | LKO mmol/L | DKO mmol/L | TKO mmol/L
Total Lipid 5.30.12 5.30.12 7.620.8° 6.6+0.2°
C 0.28+0.05% 0.13+0.02° 0.34+0.082 0.5+0.12
CE 0.96+0.032 0.79+0.02° 1.0+0.1%° 0.740.13
NEFA 1.340.12 1.0+0.22 1.2+0.22 2.0£0.1°
PL 2.40+0.042 1.87+0.03° 2.7+0.28 1.780.03°
TG 0.63+0.06% 1.5+0.1° 2.3+0.4b 1.6+0.2°

C, cholesterol; CE, cholesteryl ester; NEFA, nonesterified fatty acid; PL phospholipid; TG, triglyceride. Total lipid concentrations were obtained
by adding the individual lipid concentrations. Values represent means + SEM (n = 8). Statistically different values (P < 0.05, ANOVA) within a
row (lipid class) are denoted by a different lower-case letter (a, b).
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Table 3
Serum levels of APO Al, HDL cholesterol, APO B, and non-HDL cholesterol

Serum concentrations (mg protein/dL serum) of apolipoprotein Al (APO Al), high density lipoprotein
cholesterol (HDLC, mmol C/L serum), apolipoprotein B (APO B, mg protein/dL serum), and non-high density
lipoprotein cholesterol (hnon-HDLC, mmol C/L serum) were determined as described in Methods.

Component WT LKO DKO TKO

APO Al, mg/dL 82+6% 90+102 8052 51420

HDLC, mmol/L 1.05+0.032 | 0.76+0.04° 1.2+0.2% 1.2+0.12

APO B, mg/dL 26+32 2122 45+4b 18+18

non-HDLC, mmol/L | 0.15+0.012 | 0.16+0.022 | 0.14+0.022 | 0.05+0.01°

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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MRNA levels of key proteins involved in hepatic cholesterol secretion in WT, LKO, DKO,

and TKO mice

Quantitative rtPCR (grtPCR) of liver mMRNA was accomplished as described in Methods.

Component | WT Relative Value | LKO Relative Value | DKO Relative Value | TKO Relative Value
Mttp 1.0+0.12 0.44+0.04° 1.2+0.12 1.2+0.22
Abcg5 1.0+0.12 1.2+0.42 1.1+0.22 2.320.4b
Abcg8 1.0+0.22 1.2+0.22 1.1+0.22 2.740.6°

Levels of mMRNA 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).
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Table 5
Major significant changes in hepatic lipid phenotype between L-FABP, SCP-2/SCP-x, and
L-FABP/SCP-2/SCP-x knockout mice
Parameter LKO nmol/mg | DKO nmol/mg | TKO nmol/mg

Liver Total Lipid + +++ +++
Liver Total Cholesterol + ++ ++
Liver Total Phospholipid ++ ++ ++
Liver Total NEFA - +++ +++
Liver L-FABP ND ++ ND

The symbols +, ++, and +++ indicate the extent of significant increase relative to WT. Conversely, the symbol - indicates the significant decrease

relative to WT.

ND, not detectable
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