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Abstract

Although singly ablating Fabp1 or Scp2/Scpx genes may exacerbate the impact of high fat diet
(HFD) on whole body phenotype and non-alcoholic fatty liver disease (NAFLD), concomitant
upregulation of the non-ablated gene, preference for ad /ibitum fed HFD, and sex differences
complicate interpretation. Therefore, these issues were addressed in male and female mice ablated
in both genes (Fabp1/Scp2/Scpx null or TKO) and pair-fed HFD. Wild-type (WT) males gained
more body weight as fat tissue mass (FTM) and exhibited higher hepatic lipid accumulation than
WT females. The greater hepatic lipid accumulation in WT males was associated with higher
hepatic expression of enzymes in glyceride synthesis, higher hepatic bile acids, and upregulation
of transporters involved in hepatic reuptake of serum bile acids. While TKO had little effect on
whole body phenotype and hepatic bile acid accumulation in either sex, TKO increased hepatic
accumulation of lipids in both, specifically phospholipid and cholesteryl esters in males and
females and free cholesterol in females. TKO-induced increases in glycerides were attributed not
only to complete loss of FABP1, SCP2 and SCPx, but also in part to sex-dependent upregulation
of hepatic lipogenic enzymes. These data with WT and TKO mice pair-fed HFD indicate that: i)
Sex significantly impacted the ability of HFD to increase body weight, induce hepatic lipid
accumulation and increase hepatic bile acids; and ii) TKO exacerbated the HFD ability to induce
hepatic lipid accumulation, regardless of sex, but did not significantly alter whole body phenotype
in either sex.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common of all liver disorders,
occurring in 10-58% of the US population [33,55,95,115,120]. High fat diets (HFD) induce
obesity and NAFLD [33,53,55,115,120,124]. However, despite the fact that NAFLD is more
prevalent in women [23,24], most HFD-induced rodent models of NAFLD have focused
only on males fed HFD ad /ibitum (rev. in [62]. Under ad /ibitum feeding conditions, such
male rodents strongly prefer and eat more HFD as compared to normal chow (rev. in [62].
Thus, there is a need for controlled, pair-fed HFD studies not only of male but even more so
female rodents to study sexual dimorphism of NAFLD independent of increased total intake
of HFD.

While the biochemical basis for NAFLD is not completely understood, two potential liver
cytosolic lipid binding/chaperone proteins have been identified as potential candidates: First
is the hepatic fatty acid binding protein (FABP1). Genomic studies suggest that a very
prevalent SNP in human FABP1 resulting in a T94A amino acid substitution is highly
associated with NAFLD [77,96]. FABP1 is the single most prevalent liver cytosolic protein
that binds, transports, and targets bound lipidic ligands such as long chain fatty acids and
their CoA thioesters [46,74], endocannabinoids [45], bile acids [63], cholesterol [65], and
lipidic xenobiotics [47,73,77] to intracellular organelles for storage, oxidation, receptor
regulation, or gene regulation. FABP1 is upregulated in human NAFLD and in NAFLD
animal models [10,17,38,124]. Gene targeting studies indicate that Fabp gene ablation
decreases hepatic lipid accumulation in control-chow fed mice [18,65,91-93,123]. While
Fabp1 silencing ameliorates hepatic steatosis, inflammation, and oxidative stress in HFD fed
male mice with NAFLD [82], the impact of sex differences in the context of HFD has not
been addressed. Second, protein sterol carrier protein-2 (SCP2, encoded by the Scp2/Scpx
gene) also binds/chaperones such lipidic ligands. SCP2 binds, transports, and targets bound
lipidic ligands such as long chain fatty acids and their CoA thioesters [19,27,28],
endocannabinoids [61,70], bile acids [32], cholesterol [101,111], and phospholipids
[20,31,105] to intracellular organelles for storage, oxidation, excretion, or receptor
regulation. Although ablating the Scp2/Scpx gene decreases hepatic lipid accumulation in
control rodent chow-fed male mice [56], the impact of sex differences especially in the
context of HFD are unclear.

Finally, it is important to note that while studies with mice singly ablated in either the Fabp?
or Scp2/Scpx gene have proven useful in resolving the roles of these genes in determining
whole body phenotype and hepatic lipid metabolism, simple interpretation of findings is
complicated by compensatory upregulation of the non-ablated gene. For example,
individually ablating Scp2/Scox or Scpx elicits compensatory upregulation of FABP1 which
may have obscured at least in part the impact of the loss of SCP2 [4,30,107]. Therefore, the
current study examined the effect of ablating both the Fabp and Scp2/Scpx genes (i.e.
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Fabp1/Scp2/Scpx ablation or TKO) on whole body and liver lipid phenotype in both male
and female mice pair-fed HFD.

Materials and Methods

Materials

Mice

Triacylglycerol (L-type Triglyceride M, TG), free cholesterol (free cholesterol, C), total
cholesterol (cholesterol E, TC), phospholipid (phospholipid, PL) and non-esterified fatty
acid (HR Series NEFA-HR, NEFA) diagnostic kits from Wako Chemicals (Richmond, VA)
were used to determine levels of the respective lipids. B-hydroxybutyrate (-
Hydroxybutyrate LiquiColor, p-HOB) and high density lipoprotein cholesterol (Direct HDL-
Cholesterol, HDL-C) diagnostic kits from Stanbio Laboratory (Boerne, TX) were used to
determine levels of B-HOB and HDL-C. Apolipoprotein B (APOB) and apolipoprotein A-I
(APOAL) levels were measured using diagnostic kits from Diazyme Labs (Poway, CA). The
Bradford protein micro-assay (Cat # 500-0001, bovine gamma globulin) from Bio-Rad
(Hercules, CA) was used to determine protein levels. All reagents and solvents used were of
the highest grade available.

Wild-type (WT) C57BL/6NCr mice were purchased from the National Cancer Institute
(Frederick Cancer Research and Development Center, Frederick, MD). Fabp1/Scp2/Scpx
null (TKO) mice backcrossed >10 generations to the C57BL/6NCr background were
generated by our laboratory as in [112]. The term TKO refers to loss of all three proteins
even though they are encoded by only two genes (i.e. Fabp and Scp2/Scpx). Mice were
housed in controlled conditions (T = 25 °C, H= 60-70% added humidity) and 12:12 h light/
dark cycle. Mouse protocols were approved by the Texas A&M Institutional Animal Care
and Use Committee in compliance with the Guide for the Care and Use of Laboratory
Animals. Mice were monitored daily for injury or disease, sentinel monitored quarterly, and
were shown free of all known rodent pathogens.

Dietary High Fat

Two groups of 16 each WT male, WT female, TKO male, and TKO female mice aged 7
weeks were individually housed in Tecniplast Sealsafe 1VVC cages with external water bottles
and wire lid holders for food pellets. Mice were acclimated for 1 week on a defined, 10 kcal
% fat control chow (#D12450B, Research Diets, New Brunswick, NJ) known to be free of
phytol and phytoestrogen. Phytol and phytoestrogen were avoided because they may impact
sex differences and FABP1 expression as described earlier [62]. In each group of 16
individually-housed mice, 8 mice were continued an additional 12 weeks on this same
defined diet while the other 8 mice were pair-fed based upon food weight an isocaloric high
fat diet (HFD, # D12451, Research Diets, New Brunswick, NJ). The high fat diet was
formulated by modifying the defined control diet by increasing fat from 10 kcal% to 45 kcal
% while decreasing carbohydrate from 70 kcal% to 35 kcal% while keeping protein constant
as described [2].
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Whole body phenotype by dual-energy x-ray absorptiometry (DEXA) to determine fat
tissue mass (FTM) and lean tissue mass (LTM)

Mice were anesthetized at the beginning (day 0) and end (day 84) of the dietary study using
a ketamine/xylazine mixture (0.01 mL/g body weight; 10 mg ketamine/mL and 1 mg
xylazine/mL in 0.9% saline solution) as previously described [3]. Dual-energy X-ray
absorptiometry (DEXA) images of each mouse were obtained using a Lunar PIXImus
densitometer (Lunar Corp., Madison, WI) as previously described [8] after calibration using
a phantom mouse with known bone mineral density and fat tissue mass as described [8,88].
Whole body fat tissue mass (FTM) and bone-free lean tissue mass (LTM) were obtained by
exposing the entire mouse, minus the head region, to sequential beams of high- and low-
energy X-rays and taking X-ray images on a luminescent panel. Soft tissue mass was
differentiated from bone mass by measuring the ratios of attenuation at different energies
followed by separating soft tissue mass into FTM and LTM as previously described [8].

Tissue collection

At the end of the dietary study and after overnight fast, mice were anesthetized as above,
blood was collected via cardiac puncture followed by cervical dislocation as the secondary
form of euthanasia according to the AVMA Guidelines for the Euthanasia of Animals. The
blood was coagulated overnight at 4°C, followed by centrifugation at 14,000 rpm for 20 min
at 4°C; the serum fraction was removed for storage at 80 °C for subsequent lipid and protein
analysis. Likewise, livers were collected, flash frozen, and stored at —80°C for subsequent
analysis of lipids, western blotting, and/or gqRT-PCR as described in the following sections.

Liver homogenization and protein analysis

Liver samples (~0.1 gram) were minced extensively followed by the addition of 0.5 mL PBS
(pH 7.4) and homogenization with a motor-driven pestle (Tekmar Co, Cincinnati, OH) at
2000 rpm. The Bradford protein micro-assay (Bio-rad, Hercules, CA) was used to determine
protein levels in the liver homogenates according to the manufacturer’s instructions. Protein
levels were determined on aliquots of homogenates in Costar 96-well assay plates (Corning,
Corning, NY) and read using a BioTek Synergy 2 micro-plate reader (BioTek Instruments,
Winooski, VT).

Liver and serum lipid analysis

Liver homogenate lipid classes (TG, free C, total C, PL, and NEFA) were measured using
Wako diagnostic kits in accordance with the manufacturer’s instructions. Liver cholesteryl
ester concentration (CE) was determined by subtracting free (non-esterified) cholesterol
concentration from the total concentration. Quantitatively there are no significant differences
in liver homogenate lipid levels measured with the above Kits as compared to solvent
extracting lipids from liver homogenate and analyzing extracts along with appropriate lipid
standards (C, CE, TG, NEFA, and PL) by thin layer chromatography [71].

Serum lipids (free C, total C), HDL-cholesterol (HDL-C)], APOA1 and APOB levels were
determined using commercially available diagnostic kits in accordance with the
manufacturer’s instructions (see above). The assays were modified to support the use of 96-
well plates and micro-plate reader as described above. Serum cholesteryl ester (CE)
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concentrations were calculated by subtraction of serum free C from serum total C. Serum
non-HDL-C was calculated by subtracting serum HDL-C from serum total C.

Western Blotting

The following antibodies were used in western blotting to determine protein levels in liver
homogenates as described in [56]: Rabbit and goat polyclonal antibody to mouse APOA1
(SC-23606), farnesoid x receptor (FXR), (SC-13063), multidrug resistance protein (MDR)
(SC-8313), LDL-Receptor (LDL-R) (SC-11826), liver x receptor (LXR) (SC-1201), retinoid
x receptor a (RXRa) (SC-553), sterol regulatory element-binding protein 1 (SREBP1)
(SC-367), microsomal triglyceride transfer protein (MTP) (SC-33116), ATP-binding cassette
sub-family G members 1, 4, 5 and 8 (ABCG1, 4, 5 and 8) (SC-11150, SC-33825, SC-25796,
SC-30010), short heterodimer partner and small heterodimer partner (SHP) (SC-15283), 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGCR) (SC-27578), cytoplasmic 3-hydroxy-3-
methylglutaryl-CoA synthase (HMGCS1) (SC-33829), hormone sensitive lipase (HSL)
(SC-25843), multidrug resistance associated protein 2 (MRP2) (SC-5770) and
phosphatidylcholine transfer protein (PCTP) (SC-23672) were obtained from Santa Cruz
Biotechnology (Dallas, TX). Rabbit and mouse polyclonal antibody to mouse APOB
(ab31992) was purchased from Abcam (Cambridge, MA). Rabbit polyclonal antibody to
mouse FABP1 (11294), SCP2 (12249), and SCPx (11306) were prepared as described [8,9].
Goat polyclonal antibody to mouse glutathione s-transferase (GST) (27457701V) was
obtained from GE Life Sciences (Pittsburgh, PA). Bacterial polyclonal antibody to mouse
3alpha-hydroxysteroid reductase (3aHSD) (H9117-01) was from US Biological (Peabody,
MA). Rabbit polyclonal antibody to mouse PPARa (PA1-822A) was obtained from Pierce
Antibody (Rockford, IL) and to mouse scavenger receptor class B member 1 (SR-B1)
(NB400-104), ATP-binding cassette transporter member 1 (ABCA1) (NB400-105) from
Novus Biological (Littleton, CO). Alkaline phosphatase-conjugated goat polyclonal
antibody to rabbit 19gG (product # A3687) and rabbit polyclonal antibody to goat 1gG
(product # A4187) were from Sigma-Aldrich (St. Louis, MO). Alkaline phosphatase-
conjugated rabbit polyclonal antibody to mouse 1gG (product # ab6729-1) was from Abcam
(Cambridge, MA). Antibodies to housekeeper proteins were obtained as follows: Mouse
monoclonal antibody to mouse GAPDH (MAB374) from Millipore (Billerica, MA); rabbit
polyclonal antibody to mouse cytochrome ¢ oxidase subunit IV (COX4) (ab16056) from
Abcam (Cambridge, MA) and mouse polyclonal antibody to mouse Beta Actin (BA)
(SC-4778) from Santa Cruz Biotechnology (Dallas, TX).

Since the proteins of interest were differentiated by size from COX4, BA or GAPDH on the
tricene gels, the membrane blots were cut into two, and each was probed with antisera
against the protein of choice and against COX4, BA or GADPH housekeeper proteins to
ensure uniform protein loading. Alkaline-phosphatase conjugated goat anti-rabbit or mouse
IgG were used to visualize protein bands. Blot images were then obtained with a using an
Epson Perfection V700 Photo scanner (Long Beach, CA)and image proteins (mean 8-bit
grayscale density) quantitated by densitometric analysis using NIH Image (available by
anonymous FTP). Levels of each protein were then normalized to the mean level of the
respective housekeeper protein (COX4, BA or GAPDH). Proteins with no source of pure
protein were expressed as relative fold differences between samples as described earlier [4].
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Real-time qRT-PCR

Statistics

Results

The following probes were obtained from Applied Biosystems (Foster City, CA) for
quantitating gene specific mMRNA levels in mouse liver homogenates as follows: glycerol-3-
phosphate acyltransferase (GPAT) (Gparm, Mm00833328_m1), 1-acylglycerol-3-phosphate-
O-acyltransferase (AGPAT) (Agpat2, Mm00458880_m1), Lipin 2 (LpinZ,
Mm00522390_m1), diacylglycerol acyltransferase (DGAT) (Dgat2, Mm00499536_m1),
acetyl-coA carboxylase (ACC1) (Acaca, Mm01304285_m1) , fatty acid synthase (FASN)
(Fasm, Mm00662319_m1), organic anion-transporting polypeptide 1 (OATP1) (S/coZ;
MmO01267414_m1), organic anion-transporting polypeptide 2 (OATP2) (S/c22a7.
MmO00460672_m1), carnitine palmitoyltransferase 1a (CPT1A) (Cptla, Mm00550438_m1),
carnitine palmitoyltransferase 2 (CPT2) ( CptZ, Mm00487202_m1), acyl-CoA oxidase-1
(ACOX1) (AcoxI; Mm00443579_m1l), acetyl-CoA acetyltransferase (ACAT?2) (SoatZ,
Mm00448823_m1), bile salt export pump (BSEP) (Abcb11; Mm00445168_m1), sterol
regulatory element-binding protein 2 (SREBP2) (Srebf2, Mm01306289_m1) and
cytochrome P7A1, CYP7AL (Cyp7al, Mm00484152_m1).

Briefly, total MRNA was isolated from livers and purified using an RNeasy minikit
(Quiagen, Valencia, CA) as per the manufacturer’s protocol. Concentrations and quality of
MRNA were measured using the ND-1000 method (Nanodrop Technologies, Inc.,
Wilmington, DE) where a 260/280 ratio of 1.9-2.1 was accepted as mMRNA of good quality.
For gRT-PCR, expression patterns were assessed using TagMan® One-Step PCR Master
Mix reagent kit, gene-specific TagMan PCR probes, and primers. An ABI PRISM 7000
Sequence Detection System (Applied Biosystems, Foster City, CA) and thermal cycling
conditions of 48 degrees C for 30 minutes, 95 degrees C for 10 minutes before the first
cycle, 95 degrees C for 15 seconds and 60 degrees C for 1 minute, repeated 40 times, were
used for quantitating mRNA expression. Prior to amplification, total mMRNA was first reverse
transcribed in the first step of the thermal cycler protocol (48 degrees C for 10 minutes)
using TagMan one step chemistry. mRNA expression was normalized to 18S RNA (a
housekeeping gene) as in [59] and made relative to the control mouse group (male WT mice
on high fat diet) set to one for final calculations.

Data were expressed as averages + standard error of the mean (SEM). Statistical analysis
was performed by one-way ANOVA followed by Newman-Keuls post hoc analysis
(GraphPad Prism, San Diego, CA, San Jose, CA and Sigma Plot, Systat, San Jose, CA).
Statistical differences of p< 0.05 were considered significant as follows: *, p< 0.05 for TKO
vs WT; #, p< 0.05 for female vsmale.

Whole Body Phenotype: Impact of Sex and TKO in High Fat Fed Mice

Singly ablating FabpI increases weight gain [2,3,76] while singly ablating Scp2/Scpx
decreases weight gain [56] in a sexually dimorphic manner. Since singly ablating these
genes concomitantly upregulates expression of the non-ablated gene in a sex-dependent
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manner, it was important to determine the impact of ablating both genes on whole body
phenotype in both male and female mice on a high fat diet (HFD).

Although wild-type (WT) male mice ate more food than WT females, TKO did not
significantly impact total food consumed by either males or females (Table 1). Consistent
with greater food intake, WT male mice gained more total body weight than WT female
mice, but TKO had no effect on either males or females. Furthermore when total body
weight was calculated on the basis of total high fat food consumed, WT males converted
more of this increased high fat food intake to weight gain than WT females. But again TKO
did not alter total weight gain/total high fat food consumed (Table 1). Male WT mice gained
approximately 2-fold more than female WT mice on both HFD and control diet when
measuring total body weight gain per high fat diet consumed in kcal. While the male TKO
mice body weight gain/total HFD consumed was much higher than the female TKO, both
the male and female TKO mice body weight gain/total HFD consumed was comparable to
that of their WT mice counterparts. Also, the male and female TKO mice on control diet had
similar increases in total body weight gain/total control diet consumed. Unlike the male
TKO mice, the female TKO mice exhibited no increase resulting from HFD as compared to
control diet.

PI1XImus dual-energy x-ray absorptiometry (DEXA) scans were performed to determine if
any difference in weight gain was due to selective loss of lean tissue mass (LTM) or fat
tissue mass (FTM) as described in Methods. Both male and female WT mice on HFD gained
significantly more FTM as compared to their counterparts on control diet. The male TKO
mice also gained significantly more on HFD vs control diet but not so for the female TKO
mice. WT males had greater weight gain as FTM than their female WT counterparts (Table
1). TKO on HFD did not alter the relative proportion of LTM vs FTM in either male or
female mice.

Final liver weight (grams wet weight) of WT male mice was significantly greater than that
of WT females, but was not associated with greater protein content of the liver (Table 2).
TKO did not significantly alter total liver weight or liver protein content of either males or
females. Finally, when data were expressed as liver weight/body weight, the parameter was
not significantly altered by either sex or TKO (Table 2).

Effect of Sex and TKO on Clinical and Morphological Hepatic Pathology

Both WT and TKO male mice had higher levels of lipid accumulation in the liver both
grossly and histologically where females did not show evidence of lipid accumulation (Fig.
1 and 2). TKO did not affect Kupffer cell density or size and there was no other histologic
evidence of diffuse inflammation in the liver of WT or TKO mice. In both WT and KO mice
there were a few very small scattered foci of inflammation which are a common incidental
background finding in the liver of mice of all ages [116]. These foci were slightly more
frequent in TKO mice which may explain the slightly higher ALT and AST in TKO mice
(Table 3). Although AST and ALT were slightly increased in TKO mice the levels were still
in the normal range for mice (less than 150 and 400 units/l, respectively (blood chemistry
and hematology in 8 inbred strains of mice, MPD:Eumorphia. Mouse Phenome Database
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web site, The Jackson Laboratory, Bar Harbor, Maine USA. http://phenome.jax.org [Cited
29 Oct, 2014]) (Table 3).

Effect of Sex and TKO on Hepatic Accumulation of Glyceride Lipids in High Fat Fed Mice

Total liver lipid levels were higher in HFD-fed WT male than WT female mice (Fig. 3A)
which was associated with increased hepatic lipid accumulation both grossly and
histologically and higher levels of phospholipid in WT males than WT females, albeit not
significantly (Fig. 3C). WT males also showed a two-fold increase in expression of the key
enzymes in the synthesis of phosphatidic acid (precursor of both phospholipids and
triacylglycerols), i.e. GPAT (Fig 3E) and AGPAT (Fig 3F). Expression of Lipin 2, a key
enzyme in converting phosphatidic acid to diacylglycerol for the synthesis of phospholipids
(phosphatidylcholine, phosphatidylethanolamine) was higher in WT males than WT females
(Fig. 3H) also. However, the lack of difference in expression of DGAT (which transacylates
diglyceride to form triglyceride) between the WT male and WT female groups (Fig. 3G) was
consistent with no significant difference in liver triacylglycerol levels between WT male and
WT female mice (Fig. 3D). Finally, it is important to note that despite the fact that SREBP1
was actually lower in WT male than WT female livers (Fig. 4A), liver expression of
SREBP1 target enzymes FASN (Fig. 4C) and ACC1, the rate limiting enzyme of de novo
fatty acid synthesis, did not differ between the two sexes in WT mice (Fig. 4B).

TKO significantly increased hepatic total lipid levels in males and females (Fig. 3A), due
primarily to higher levels of phospholipid (Fig. 3C) while levels of neutral lipids (Fig. 3B),
especially triacylglycerol (Fig. 3D) were not altered in either sex. TKO induced increases in
hepatic phospholipid in male mice was associated with increased expression of SREBP1
(Fig. 4A) despite no change in SREBP1 target enzymes ACC1 (Fig. 4B) and FASN (Fig.
4C). However, higher liver level of phospholipid in female TKO mice was attributed to
increases in expression of enzymes in phospholipid synthesis [GPAT (Fig 3E), AGPAT (Fig
3F), Lipin 2 (Fig. 3H)] as well as increased SREBP1 (Fig. 4A) and its target enzymes in de
novo fatty acid synthesis, i.e., ACC1 (Fig. 4B) and FASN (Fig. 4C).

Taken together, these findings indicate the presence of significant sexual dimorphism in
hepatic accumulation of lipids in HFD fed mice. Nevertheless, TKO induced hepatic
accumulation of phospholipid in both sexes with increases in phospholipid synthetic
enzymes in female high fat fed mice.

Effect of Sex and TKO on Hepatic Fatty Acid Oxidation in High Fat Fed Mice

Decreased hepatic fatty acid oxidation may also contribute to hepatic accumulation of lipids.
The gene products of both the Fabp [2,5] and Scp2/Scpx [56,84,106] genes facilitate fatty
acid uptake/oxidation. Therefore, it was important to consider potential contributions from
loss of both FABP1 as well as SCP2/SCPx that may have reduced hepatic fatty acid
oxidation to thereby contribute to hepatic accumulation of lipids. This possibility was tested
by examining serum levels of non-esterified fatty acids and p-hydroxybutyrate (B-HOB), a
physiological measure of fatty acid oxidation, as well as determining hepatic expression of
key receptors and enzymes involved in fatty acid oxidation in HFD fed mice.
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Although serum levels of NEFA (Fig. 5A) were higher in WT males than females, serum
levels of B-HOB (Fig. 5B) did not differ between the WT male and WT female mice.
Similarly serum glucose (Fig. 5C), another oxidative substrate was higher in males than
females. This was despite the fact that WT males had higher hepatic expression of fatty acid
oxidative enzymes, i.e. CPT1A (Fig. 5D), CPT2 (Fig. 5E), and ACOX1 (Fig. 5F). Nuclear
receptors involved in fatty acid oxidation were also measured where PPARa (Fig. 5G) was
higher in WT males than females but RXRa was lower in WT males than WT females (Fig.
5H).

TKO significantly reduced serum B-HOB (Fig. 5B) in males while TKO had no effect on
serum glucose (Fig. 5C) in neither males nor females. Decreases in serum p-HOB in TKO
males were associated with loss of FABP1 and SCP2/SCPx and reduced expression of the
FABP1 target nuclear receptor PPARa (Fig. 5G) with no effect on the FABP1 target
proteins CPT1A (Fig. 5D), CPT2 (Fig. 5E) or ACOX1 (Fig. 5F). For TKO females the
unaltered NEFA (Fig. 5A) and p-HOB (Fig. 5B) was associated with potentially offsetting
increases in expression of several FABP1 target proteins [CPT1A (Fig. 5D) and CPT2 (Fig.
5E)], while RXRa (Fig. 5H) was decreased compared to WT females.

Taken together, these data suggested that the greater lipid accumulation in HFD fed WT
males than WT females was not associated with reduced fatty acid oxidation. However, TKO
motivated hepatic lipid accumulation through downregulation of the FABP1 targeted nuclear
receptors involved in the regulation of peroxisomal beta-oxidation, PPARa and RXRa, in
males and females, respectively.

Impact of Sex and TKO on Hepatic Cholesterol Accumulation in High Fat Fed Mice

Both Fabp1[60,63,65] and Scp2/Scpx[72,112,114,121] gene products bind, enhance
uptake, facilitate metabolism, and function in removal of cholesterol from the liver into bile.
Therefore, the impact of sex and TKO on the hepatic accumulation of cholesterol was
determined in HFD fed mice.

Hepatic cholesterol levels were markedly sex-dependent and impacted by TKO. Hepatic
levels of total cholesterol was significantly higher in WT male than WT female mice (Fig.
6A), due primarily to increased free cholesterol (Fig. 6B) at the expense of cholesteryl ester
(Fig. 6C). The higher liver cholesterol level in WT males was associated with higher levels
of SREBP2 (Fig. 6D) despite WT females expressing higher levels of SREBP2 target
proteins in de novo cholesterol synthesis, i.e. HMGCS1 (Fig. 6E) and HMGCR (Fig. 6F).
Hepatic expression of enzymes in cholesterol esterification, i.e. ACAT2 (Fig. 6G) and
hydrolysis, i.e. HSL (Fig. 6H) did not account for the hepatic cholesterol accumulation in
WT males.

TKO markedly increased hepatic total cholesterol accumulation in females but not males
(Fig. 6A). Increased total cholesterol in TKO females was attributed to increases in both
hepatic free cholesterol (Fig. 6B) and cholesteryl ester (Fig. 6C). Though males did not
experience an increase in total cholesterol, TKO significantly increased cholesteryl ester
accumulation (Fig. 6C). Despite increases in hepatic cholesterol in females, there was no
significant change in hepatic level of SREBP2 (Fig. 6D) as well as no change in expression
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of HMGCS1 (Fig. 6E) and HMGCR (Fig. 6F). Again, altered hepatic expression of enzymes
in cholesterol esterification, i.e. ACAT2 (Fig. 6G) and hydrolysis, i.e. HSL (Fig. 6H) in TKO
mice did not account for the hepatic cholesterol accumulation. In contrast, expression of
HSL was higher in TKO females than WT females.

In general, these data indicate that loss of Fabpl and Scp2/Scpx gene products, rather than
major upregulation of de novo cholesterol synthesis and esterification contributed to
increased hepatic cholesterol levels in HFD fed TKO mice.

Impact of Sex and TKO on Hepatic Expression of Proteins involved in Hepatic Uptake and
Efflux/Secretion of Cholesterol in High Fat Fed Mice

FABP1 enhances the uptake of HDL-cholesterol into the cytosol [114], while SCP2
facilitates both uptake and efflux of lipoprotein-derived cholesterol into/from the cytosol
[80,112,114]. Therefore, it was essential to determine potential contributions of
compensatory alterations in other proteins mediating lipoprotein cholesterol uptake/
secretion/excretion in male and female Fabp1/Scp2/Scpx gene ablated mice fed HFD.

Hepatic expression of SR-B1, the receptor for uptake of HDL-cholesterol, was significantly
lower in WT male than WT female mice (Fig. 7A). This decrease was offset in part by WT
males expressing higher hepatic levels of proteins in hepatic HDL secretion, i.e. APOA1
(Fig. 7B) and ABCG4 (Fig. 7E). Concomitantly, ABCGL1 (Fig. 7D), another protein involved
in nascent cholesterol secretion, did not differ between the sexes. Liver levels of LDL-R, the
receptor for the uptake of LDL-cholesterol, were also markedly higher in WT male than WT
female mice (Fig. 7F). However, again, this increase was offset in part by higher levels of a
key hepatic protein involved in secretion of cholesterol as VLDL (precursor of LDL), i.e.
APOB (Fig. 7G). MTP, another protein involved in secretion of cholesterol as VLDL, was
unaffected by sex. (Fig. 7H). Despite sexual dimorphism in hepatic cholesterol
accumulation, there was no difference in the major liver canalicular proteins involved in
translocating cholesterol into bile, i.e. ABCG5 (Fig. 71) and ABCGS8 (Fig. 7J), between
males and females.

TKO did not affect hepatic level of SR-B1 in either sex (Fig. 7A) but did increase hepatic
level of several proteins involved in nascent HDL secretion including ABCG1 (Fig. 7D) and
ABCG4 (Fig. 7E) while significantly decreasing APOAL (Fig. 7B) in males. Although TKO
had no effect on SR-B1 in females (Fig. 7A), it differentially impacted proteins involved in
nascent HDL formation by increasing ABCAL (Fig. 7C), and ABCG1 (Fig. 7D) and
decreasing ABCG4 (Fig. 7E). TKO increased hepatic expression of ABCG5 (Fig. 71) in both
males in females while having no impact on ABCG8 (Fig. 7J).

These data indicated that the higher hepatic cholesterol level in WT males was associated
with higher levels of proteins in the non-HDL-cholesterol uptake pathway (LDL-R) despite
the higher level of the key protein in nascent LDL secretion, APOB. The TKO-induced
increase in hepatic cholesterol in males was associated at least in part with concomitant
downregulation of the key protein in nascent HDL secretion (APOAL). In contrast, the TKO-
induced increase in hepatic cholesterol in females did not consistently correlate with
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concomitant upregulation or downregulation of liver proteins in HDL-cholesterol uptake/
efflux, LDL-cholesterol uptake, or VLDL-cholesterol secretion.

Effect of Sex and TKO on Hepatic Expression of Intracellular Proteins involved in Cytosolic
Transport of Cholesterol in High Fat Fed Mice

FABP1 facilitates cytosolic transport of cholesterol to the plasma membrane for secretion of
cholesterol as lipoprotein [2,89], to the endoplasmic reticulum for esterification by ACAT2
[49], or to bile canaliculi for biliary cholesterol excretion [36,63,121]. Similarly, SCP2 also
facilitates cholesterol transfer from the plasma membrane to the endoplasmic reticulum
[29,102] for esterification by ACAT2 [34,86], to mitochondria and peroxisomes for
oxidation to steroids [13,14] or bile acids [30,54,81], and to bile canaliculi for biliary
excretion [36,54,121]. Thus, it was important to determine the effect of sex and TKO on
hepatic expression of cytosolic cholesterol binding/transfer proteins in HFD fed mice.

The higher hepatic cholesterol level in WT male mice was associated with WT males having
higher levels of both FABP1, the most prevalent intracellular cholesterol binding/transport
protein (Fig. 8A) as well as SCP2 (Fig 6B). However, hepatic levels of other less prevalent
intracellular cholesterol binding proteins, GST (Fig. 8C) and 3aHSD (Fig. 8D) were lower
in WT males than WT females.

TKO resulted in complete loss of FABP1 (Fig. 8A) and SCP2 (Fig. 8B) in both males and
females. This resulted in potential partial compensatory upregulation of 3aHSD in males
(Fig. 8D) while neither GST (Fig. 8C) nor 3aHSD (Fig. 8D) were upregulated in females.

Taken together, the finding of higher hepatic cholesterol levels in WT males than WT
females was associated with higher levels of FABP1 and SCP2. In TKO mice, the absence of
FABP1 and SCP2 was compensated for only in part by increased level of one less common
cholesterol binding protein, i.e. 3aHSD, and not GST (Fig. 8C, D), in males, while both
3aHSD (Fig. 8D) and GST (Fig. 8C) were decreased in females.

Effect of Sex and TKO on Serum Lipoproteins and Apoproteins in High Fat Fed Mice

The findings in the preceding sections suggest potential contributions of sex and TKO to
altering serum apoprotein and lipoprotein profile in HFD fed mice. This possibility was
examined as described in Methods. In addition, serum apolipoprotein bound cholesterol has
been shown to be affected by FABP1 expression, where FABP1 ablation significantly
reduces serum HDL cholesterol levels in mice fed a standard chow. Therefore, it was
essential to examine the effects of ablation in mice fed a HFD diet.

FABP1 upregulation in male WT mice contributed to higher serum levels of HDL-
cholesterol (Fig. 9A) and APOAL (Fig. 9B), although the ratio of APOA1/HDL-cholesterol
did not significantly differ between the sexes (Fig. 9C). Higher levels of HDL-C in WT
males also were associated with lower SR-B1, the hepatic receptor for HDL-C. Despite
increased expression of LDL-R, the hepatic receptor for LDL-C, the serum level of non-
HDL-cholesterol (Fig. 9D) and APOB (Fig. 9E) were higher in WT males, but the ratio of
non-HDL-cholesterol/APOB was not significantly different (Fig. 9F). In addition, TKO
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males had higher levels of serum non-HDL-C (Fig. 9A), APOB (Fig. 9E) and APOB/non-
HDL-C ratio (Fig. 9F) than TKO females.

In male mice, TKO decreased serum levels of HDL-cholesterol (Fig. 9A) and APOAL (Fig.
9B) without altering the ratio of APOA1/HDL-cholesterol (Fig. 9C). While TKO decreased
APOB levels in both males and females (Fig. 9E), the level of non-HDL-cholesterol was not
significantly altered (Fig. 9D). Though the ratio of APOB/non-HDL-C was increased in
TKO males, decreased APOB levels in TKO females, albeit not significantly, contributed to
a decreased APOB/non-HDL-C ratio (Fig. 9F).

Overall, sex and TKO affected serum lipoprotein and apoprotein levels in males and
females. Further, higher serum HDL-C in WT males was associated with higher hepatic
FABP1 and lower hepatic SR-B1. Though LDL-R levels were increased in both WT and
TKO male groups compared to both female groups, non-HDL-C levels only differed
between TKO males and females. These data confirm that Fabp1/Scp2/Scox gene ablation
yields a sexually dimorphic response in serum apolipoproteins involved in serum cholesterol
transport.

Impact of Sex and TKO on Hepatic Proteins involved in Biliary Bile Formation in High Fat

Fed Mice

Bile acid production and canalicular excretion drives co-secretion of cholesterol into bile to
regulate hepatic cholesterol level. FABP1 binds bile acids [60,63,66,67] and enhances
transfer/targeting of HDL-derived cholesterol (and cholesteryl ester after hydrolysis) to the
bile canaliculus for biliary excretion [36,63,121]. SCP2 enhances cholesterol transfer to
mitochondria and peroxisomes for oxidation to bile acids [30,54,81] and to the bile
canaliculus for cholesterol biliary excretion [36,54,121]. Therefore, the impact of sex and
TKO on hepatic expression of proteins involved in bile acid production and dynamics was
determined in HFD fed mice.

Hepatic levels of bile acids were significantly higher in WT males than WT females (Fig.
10A) which was associated with decreased levels in the expression of the rate limiting
enzyme in hepatic bile acid synthesis, i.e. CYP7AL (Fig. 10B), as bile acids repress the
transcription of CYP7AL. Higher hepatic bile acids also was associated with higher levels of
hepatic proteins involved in bile acid re-uptake from the blood, i.e. OATP1 (Fig. 10C) or
OATP2 (Fig. 10D). However, BSEP (Fig. 10F), which codes for a protein involved in
canalicular bile acid secretion, was also higher in WT males than females. Another hepatic
protein in canalicular bile acid secretion into bile, MDR2 (Fig. 10G) along with hepatic
proteins in cytosolic phosphatidylcholine transport and canalicular secretion into bile, i.e.
MRP2 (Fig. 10E) and PCTP (Fig. 10H) remained unchanged between WT males and
females.

Though expression of CYP7AL in WT males was less than females, levels of the nuclear
regulatory protein that contributes to hepatic cholesterol homeostasis by upregulating
CYP7AL in the presence of high cholesterol, i.e. LXR (Fig. 11A), was higher in WT males
than females. This also held true for TKO males compared to TKO females. WT males also
expressed higher levels of a nuclear regulatory protein involved in downregulating the
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import and synthesis of bile acids, i.e. SHP (Fig. 11C). FXR, which induces SHP [21] was
not affected by sex in WT mice (Fig 9. B).

TKO had little effect on hepatic bile acid levels in either male or female mice (Fig. 10A).
While complete loss of key proteins involved in bile acid formation, binding, and cytosolic
transport (FABP1, SCP2, SCPx), was expected to lower liver bile acid levels, concomitant
upregulation of the key synthetic enzyme (CYP7A1, Fig. 10B) in males, and apical proteins
in bile acid reuptake from serum, i.e. OATP1 (Fig. 10C), OATP2 (Fig. 10D) and MRP2 (Fig.
10F) in both sexes, apparently compensated to maintain liver bile acid levels. This was in
spite of a TKO induced upregulation of a major canalicular bile acid export pump (BSEP,
Fig. 10E) while another canalicular bile acid pump was not affected (MDR, Fig. 10H). TKO
induced upregulation of SHP in both males and females compared to their WT counterparts
(Fig. 11C) but did not impact hepatic expression of other nuclear receptors regulating
transcription of proteins in bile acid synthesis in either males or females (Fig. 11A-B).

Taken together, these findings suggested that HFD fed WT males’ higher liver bile acid level
was associated with greater reuptake despite increased BSEP, involved in canalicular bile
acid secretion. TKO did not alter hepatic bile acid levels largely due to compensatory
upregulation of the rate limiting bile acid synthetic enzyme in males and of apical
transporters for bile acid reuptake in both sexes.

Discussion

Although singly ablating Fabpl or Scp2/Scpx genes may exacerbate the impact of HFD on
whole body phenotype and hepatic lipid metabolism, dietary regimen (mice prefer and
consume more ad /ibitum fed HFD), sex-differences, and/or concomitant upregulation of the
non-ablated gene complicate interpretation of such findings. This is especially evident in
mice singly ablated in Scp2/Scpx or Scpx wherein hepatic levels of FABP1 are
concomitantly upregulated [4,30,107]. To further resolve the impact of Scp2/Scpx gene
ablation on whole body and hepatic phenotype independent of FABP1 upregulation, the
current study was undertaken by examining the impact of also ablating Fabpl in Scp2/Scpx
null mice (i.e. Fabp1/Scp2/Scpx ablation or TKO). In order to preclude potential
complications of data interpretation, these studies were performed by: i) pair-feeding high
fat diet (HFD) independent of increased preference and intake of HFD (rev. in [62] and ii)
phytoestrogen-free and phytol-free HFD independent of potential estrogenic [117,118] or
PPARa [22,37,122] induction effects of these lipophilic molecules. The data provided the
following new insights on the impact of these genes on whole body and liver lipid phenotype
in both male and female mice pair-fed HFD.

First, female WT mice consumed more total high fat diet as percent of body weight than
their male WT counterparts but the WT male mice gained significantly more body weight
than female WT mice. The study herein continued from 8 weeks to 20 weeks. Studies
involving C57BL6 mice examining various high fat diets, demonstrate various weight gains
for male vs female mice. It is difficult to compare each study due to the different starting
ages, substrains, duration, diet compositions, and microbiota. In one particular study
wherein C57BL/6N mice were put on a HFD at 4 weeks of age, females gained similar
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weight to males until about after 16 weeks duration and overtook the males in body weight
after about 30 week duration [78]. However another HFD study involving C56BL/6J mice
beginning at 3 weeks (after weaning) and lasting until the mice were 9 months, showed the
male WT on HFD continuing to gain weight at a similar or slightly higher rate [48]. Further,
while the male mice outdistanced their counterparts on normal diet throughout, the female
mice on HFD were similar to their counterparts on normal diet up to about 4 months of age
[48]. A different study involving C57BL/6J mice revealed that the fatty acid profile of HFD
was linked to sex differences in weight gain [1]. Further complicating direct comparisons,
the C57BL/6J substrain is more sensitive to high fat diet-induced obesity than the
C57BL/6N substrain [94].

Herein, when comparing total body weight gain per high fat diet consumed in kcal, the male
WT mice gained approximately 2-fold more than female WT mice. The 2-fold increase was
similar to the WT male vs female gain on control diet. In contrast, the TKO male vs female
mice on control diet did not differ in total body weight gain per total food consumed on
control diet. While the female TKO mice exhibited no increase as compared to control diet,
the male TKO mice significantly gained more than the male WT mice on the control diet—
comparable to that of the WT male mice on HFD.

The body weight gain exhibited by the male WT vs female WT mice was associated with
increased hepatic levels of the two major cytosolic long chain fatty acid (LCFA) and LCFA-
CoA binding proteins, i.e. FABP1 and SCP2. Even in the context of control-chow fed diets,
hepatic protein levels of FABP1, SCP2 and SCPx are also higher in livers of male than
female mice [7,8,45,56].

Second, male WT mice exhibited greater hepatic lipid accumulation than their female
counterparts fed the same HFD. While FABP1 stimulates both anabolic and catabolic
aspects of LCFA metabolism, in the context of HFD the net effect of the anabolic processes
appeared greater in WT male than WT female mice. The WT male mice’s greater hepatic
lipid accumulation was associated directly with: i) Higher hepatic levels of FABP1 and
SCP2. FABP1 is known to enhance uptake [5,71,83,85,99] and cytosolic transport of
exogenous LCFA [5,74,83] for anabolic processes such as esterification in the endoplasmic
reticulum [50-52] and lipoprotein budding from endoplasmic reticulum for secretion
[89,108]. Likewise, SCP2 also enhances uptake of LCFA and cholesterol [80,84], LCFA
cytosolic transport [84], and esterification in the endoplasmic reticulum [15,16,87,110]; ii)
Higher hepatic expression of several key enzymes in the synthesis of phospholipids (GPAT,
AGPAT, and Lipin 2). In contrast, over all, LCFA catabolism was not higher in HFD-fed WT
males than females. Consistent with the higher hepatic expression of FABP1 and SCP2 in
HFD-fed WT males than females, hepatic expression of LCFA oxidative enzymes was
higher in HFD-fed WT males than females (CPT1A, CPT2, and ACOX1). FABP1 facilitates
LCFA/LCFA-CoA targeting for oxidation in mitochondria and peroxisomes [5,43] as well as
targeting to nuclei for LCFA and LCFA-CoA activating PPARa transcription of oxidative
enzymes [42,44]. SCP2 also enhances LCFA oxidation [6]. Nevertheless, the HFD-fed WT
male and female mice did not differ in LCFA oxidation as indicated by unaltered serum p-
HOB levels. This suggested that in the context of HFD, the higher levels of FABP1 and
SCP2 in WT males than females resulted in preferential targeting of LCFA towards anabolic
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metabolism (i.e. lipid synthesis and storage). Consistent with this possibility, the greater
body weight gain of HFD-fed WT males was associated with 5-fold greater gain as FTM as
well as LTM as compared to females.

Third, while TKO male mice had less weight gain than WT mice on control diet, the TKO
had little effect on whole body phenotype in either male or female HFD-fed mice as
compared to their WT counterparts. Singly ablating the FabpI gene increases whole body
weight gain in females and less so in males [2,3,68,69]. Conversely, singly ablating the
Scp2/Scpx gene decreases body weight, especially in females [56,107].Taken together, these
findings suggested that the reduced whole body weight of Scp2/Scox gene ablated mice was
not attributable to concomitant upregulation of FABP1. The two genes appeared to impact
oppositely the whole body weight gain in HFD fed mice.

Fourth, TKO significantly increased hepatic accumulation of lipid (phospholipid,
cholesterol, cholesteryl ester) in both male and female HFD-fed mice. Despite the loss of
both FABP1 and SCP2, three factors contributed to increased hepatic lipid accumulation.
They include the following: i) Upregulation of other cytosolic lipid ligand (LCFA,
cholesterol) ‘chaperone’ proteins (3aHSD) in TKO males but not females; ii) Upregulation
of key proteins in phospholipid synthesis (GPAT, AGPAT, and/or Lipin 2) in females and de
novo LCFA synthesis (SREBP1 in males and females; ACC1 and FASN in females). Singly
ablating FabpI decreased hepatic triacylglycerol in males while increasing phospholipid,
cholesterol and cholesteryl ester in females [65]. Despite concomitant upregulation of
FABP1, singly ablating Scp2/Scpx increased hepatic accumulation of lipid (phospholipid,
triacylglycerol, cholesteryl ester) in both male and female mice [56]. Taken together, these
data indicated that FABP1 and SCP2/SCPx had a greater impact on hepatic triacylglycerol
and cholesterol, respectively, but in a sex dependent manner; iii) Decreased LCFA oxidation
as indicated by decreased serum p-HOB in male mice. Despite downregulation of hepatic
expression of nuclear receptors regulating expression of LCFA oxidative enzymes in both
males and females (PPARa and RXRa, respectively), expression of several LCFA oxidative
enzymes (CPT1A, CPT2) was upregulated in TKO females but not males. Singly ablating
Fabp1 reduced LCFA oxidation as well as ligand-induced PPARa transcription of LCFA
oxidative enzymes [2,5,47,71,97,98]. Despite concomitant upregulation of FABP1, singly
ablating Scp2/Scpx also decreased LCFA oxidation [107]. Again, these findings suggested
that SCP2/SCPx may have a greater impact on LCFA oxidation than FABP1.

Fifth, sex, more than Fabpl/Scp2/Scpx gene ablation, played a significant role in hepatic
bile acid synthesis, reuptake and secretion. WT male mice exhibited higher levels of hepatic
bile acid with concomitant downregulation of CYP7AL expression compared to WT
females. WT males also exhibited increased proteins involved in the reuptake of bile acid
from serum (OATP1 and OATP2) despite increases in BSEP and SHP which are involved in
the secretion and decreased synthesis of bile acids, respectively. FABP1 and SCP2/SCPx
have been shown to play distinct, but complimentary roles in hepatic bile acid homeostasis
where FABP1 is involved in the retention of bile acids and SCP2/SCPx functions in the
formation and biliary secretion of bile acids. These findings suggest that the increase in
hepatic bile acid concentration in WT mice was impacted by upregulation of FABP1 and
SCP2 and specifically, their bile acid retention and formation functions. Again, TKO had no
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effect on hepatic bile acid levels. This was due to the concomitant upregulation of bile acid
synthetic and reuptake proteins (CYP7A1, OATP1, OATP2) and contrasting upregulation of
proteins involved in inhibiting the synthesis and promoting the canalicular secretion of bile
acids (SHP, MRP2 and BSEP).

Sixth and finally, ablation of Scp2/Scox in Fabpl null mice (TKO) impacted hepatic
phospholipid mass to a greater extent than ablating FabpI alone—especially in the context
of HFD. For example, in HFD-fed mice TKO significantly increased liver phospholipid
mass in both males and females (shown herein)—in marked contrast to LKO alone which
did not alter hepatic phospholipid level in either sex [64]. However, in control-fed mice,
TKO selectively increased hepatic phospholipid in females but not males (not shown)—
similarly as shown for LKO in control-fed females vs males [64,66,67,71]. In contrast,
ablating only the Scp-2/Scp-x gene (DKO) alone had no effect on hepatic phospholipid
content in either male or female control-fed mice [56]. Taken together, these findings
suggest that the impact of Scp2/Scpx and Fabp1 gene products on hepatic phospholipid
phenotype is complex, highly dependent on the expression of one or both these genes, and is
significantly dependent on the context of sex and dietary fat. Both direct and indirect
mechanism(s) may be involved. For example, both FABP1 and SCP-2 are known to bind
fatty acyl-CoA and directly stimulate microsomal glycerol-3-phosphate acyltransferase
(GPAT)—the rate limiting step in synthesis of phosphatidic acid from which other
phospholipid subclasses are derived [11,50,52,110]. Whether FABP1 and/or SCP-2 may also
and possibly differentially impact other fatty acyl-CoA transacylation enzymes in the
formation of phospholipid classes vs triacylglycerols is not known. Alternately, FABP1 (but
not SCP-2) is known to transfer bound ligands (fatty acids, fatty acyl-CoAs, xenobiotics)
through the cytosol, into nuclei wherein it binds to nuclear receptors (e.g. PPARa) to
facilitate ligand transfer and activate transcription of numerous genes in fatty acid
metabolism (rev. in [2,44,104,109,119]. While the absence of FABP1 and SCP-2 (i.e. TKO)
would thereby normally be expected to reduce PPARa transcriptional activity, inhibition of
phytol metabolism elicits the opposite response since in phytol-fed mice [79]. TKO
markedly inhibits phytol metabolism in phytol-fed mice and induces accumulation of high
levels of phytol metabolites (phytanic acid and pristanic acid) that are potent PPARa
activators [79]. These metabolites in turn induce transcription of key enzymes regulating the
synthesis of phosphatidic acid (Gpam, Agpal) as well as synthesis/hydrolysis of
triacylglycerol (Lipin, Dga?) [79]. Resolving whether FABP1 also either directly impacts
enzyme activities and/or transcription of mMRNAs encoding enzymes in phospholipid
synthetic steps downstream from Gpat (e.g. Pcytla, Pemt, Pcyt2, Ptdss1 and 2) is beyond the
timeframe and scope of this manuscript.

In summary, both Fabpl and Scp2/Scpx gene products play important roles in regulating
whole body phenotype and hepatic lipid accumulation in mice. Hepatic FABP1 protein level
is greatly upregulated in human NAFLD [17,35,77] and in animal models of NAFLD
[10,124]. Furthermore, a highly prevalent SNP in the coding region of the human Fabp1
gene results in a T94A amino acid substitution [12,26,77,103] that is associated with
NAFLD [77,96]. Three additional promising fields of research on potential roles of FABP1
(and potentially SCP2) in the development of NAFLD are: i) The role of microbiome
alteration in NAFLD pathogenesis. Studies have shown that gut dysbiosis not only leads to
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human obesity, but also that many microbial cell components resulting from gut dysbiosis
contribute to hepatic inflammation and steatosis [125]. It has also been shown that fecal
transplantation from mice with NAFLD into healthy wild-type mice results in NAFLD in
those healthy mice [100]. Environmental modifiers such as differences in gut microbiome
have been suggested to contribute to the phenotype of FabpI gene ablated mice [90]. ii) The
impact of FABP1 on the hepatic endocannabinoid system in the development of NAFLD.
Recent discoveries with Fabpl gene ablated mice have resolved a link between FABPL1, the
endocannabinoid (EC) system and NAFLD. FABP1 is the most prevalent endocannabinoid
and cannabinoid binding/’chaperone’ protein present in hepatic cytosol of mice [45,103].
Ablation of the FabpI gene increased hepatic levels of AEA and 2-AG, endogenous agonists
of the cannabinoid receptor CB1, which have been associated with NAFLD [45]. Although
SCP-2 also binds AEA and 2-AG with high affinity [39,45,58], Scp-2/Scp-x gene ablation
decreases brain levels of endocannabinoids but concomitantly increases CB1 levels [40].
However, nothing is known regarding the impact of ablating the Scp-2/5cp-x gene or SNPs
therein on the hepatic endocannabinoid system and/or NAFLD. iii) TKO results in different
metabolic patterns between male and female mice due to sex differences in FABP1 and
SCP-2/SCP-x expression as well as to FabpI and Scp2/Scp-x having different metabolic
functions in health and disease. For example, phytol (a normal dietary constituent derived
from the side chain of chlorophyll) markedly decreases body weight gain and increases
weight loss more so in female than male WT mice [8,57,79]. This difference has been
attributed to the lower expression of the protein products of the Fabp? and/or Scp2/Scp-x
genes, both of which are involved in phytol metabolism [5,8,75,107,113]. With regards to
human disease, increased FABP1 level and human genetic variation in the FabpI gene have
been associated with development of NAFLD as indicated above. While Scp-2/Scp-x gene
ablation in mice is associated with altered phytol, lipid metabolism, and neurotoxicity
[5,8,75,107,113], human genetic variation in Scp-2/Scp-x also results in neurotoxity
exhibited as neurodegeneration, brain iron accumulation, leukencephalopathy, dystonia, and
motor neuropathy [25,41].

Overall in the setting of health as compared to excessive adiposity, our study supports that
endogenous (sex) and phenotypic (WT vs TKO) factors impact the metabolic functions of
the genes, Fabpl and Scp-2/Scp-x wherein lipid accumulation in mice fed a high fat diet
highlights the role of FabpI and/or Scp2/Scpx genes as potential targets for therapeutic
intervention in the treatment of NAFLD.
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3aHSD
3alpha-hydroxysteroid reductase

ABCA1
ATP-binding cassette sub-family A member 1
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ABCG1,4,50r8
ATP-binding cassette sub-family G member 1,4, 5 or 8

ACAT2
acetyl-CoA acetyltransferase (Soat2 gene)

ACC1
Acetyl-CoA carboxylase (Acaca gene)

ACOX1
acyl-CoA oxidase-1 (AcoxI gene)

AGPAT
1-acylglycerol-3-phosphate-O-acyltransferase (Agpat2 gene)

APOA1
apolipoprotein A-I

APOB
apolipoprotein B

BA
Beta-Actin

B-HOB
B-hydroxybutyrate

BSEP
bile salt export pump (Abcb11 gene)

C
free cholesterol

CE
cholesteryl ester

COX4
cytochrome ¢ oxidase subunit IV

CPTlaor?2
carnitine palmitoyltransferase 1a or 2 (Cptlaor 2gene)

CYP7A1
cytochrome P7A1l (Cyp7al gene)

DEXA
dual-energy X-ray absorptiometry

DGAT
diacylglycerol acyltransferase (Dgat2 gene)
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FABP1/L-FABP
liver fatty acid binding protein

FASN
fatty acid synthase (Fasn gene)

FTM
fat tissue mass

FXR
farnesoid x receptor

GAPDH
glyceraldehyde 3-phosphate dehydrogenase

GPAT
glycerol-3-phosphate acyltransferase (Gpam gene)

GST
glutathione s-transferase

HDL-C
high density lipoprotein cholesterol

HMGCR
3-hydroxy-3-methylglutaryl-CoA reductase)

HFD
high fat diet

HMGCS1
cytosolic 3-hydroxy-3-methylglutaryl-CoA synthase

HSL/CEH
hormone sensitive lipase/cholesteryl ester hydrolase

LDL-R

low density lipoprotein receptor

Lipin 2

phosphatidate phosphatase (LpinZ2 gene)

LTM
lean tissue mass

LXR
liver x receptor

MDR
multidrug resistance protein
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MRP2
multidrug resistance associated protein

MTP
microsomal triglyceride transfer protein

NEFA
non-esterified fatty acid

non-HDL-C
non-HDL cholesterol

OATP1or 2
organic anion-transporting polypeptide 1 or 2 (S/colal or Slc22a7 genes, respectively)

PCTP
phosphatidylcholine transfer protein

PL
phospholipid

PPARa
peroxisome proliferator activated receptor alpha

gRT-PCR
quantitative real-time polymerase chain reaction

RXRa
retinoid x receptor a

SCP2
sterol carrier protein 2, SCPx, sterol carrier protein x

SEM
standard error of the mean

SHP
short heterodimer partner

SR-B1
scavenger receptor class B member 1

SREBP1 and 2 (Srebf2 gene for SREBP2)
sterol regulatory element-binding protein 1 and 2

TC
total cholesterol

TG
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glyceride/triacylglycerol

TKO
fatty acid binding protein/sterol carrier protein- 2/sterol carrier protein-x null mouse on
C57BL/6NCr background (Fabp1/Scp2/Scpx null or gene ablated)

WT

Wi
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Highlights

. Ablating Fabpl or Scp2may exacerbate ad /ib fed high-fat diet (HFD)
induced NAFLD.

. Confounded by upregulated non-ablated gene, preference for HFD, and sex
difference.

. Pair-fed HFD differentially impacts body weight and hepatic lipid in male vs
female,

. Ablating both genes (TKO) exacerbates hepatic lipid, but not weight gain in
either sex.

. TKO selectively increased liver phospholipid & cholesteryl ester, but not
triglyceride.
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WT TKO

Figure 1. Effect of Fabpl/Scp2/Scpx gene ablation and sex on gross liver pathology in high fat fed
mice

Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD.
Livers were collected and processed as described in Methods.
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Figure 2. Effects of Fabpl/Scp2/Scpx gene ablation and sex on histological liver pathology in high
fat fed mice

Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD.
Livers were collected and processed as described in Methods.
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Figure 3. Effects of Fabpl/Scp2/Scpx gene ablation and sex on hepatic accumulation of lipids in

high fat fed mice

Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD.
Levels of total hepatic lipid (A), hepatic neutral lipid (B), hepatic phospholipid (C) and
hepatic triacylglycerol (D) were measured and gRT-PCR was performed to measure the
expression of GPAT (Gpam gene) (E), AGPAT (Agpat2 gene) (F), DGAT (Dgat2 gene) (H)
and Lipin 2 (Lpin2 gene) (H) as described in Methods. Values represent the mean + SEM,
n=8. *p <0.05 for TKO vs. WT. #p <0.05 for Male vs. Female.
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Figure 4. Effects of Fabpl/Scp2/Scpx gene ablation and sex on hepatic expression of key proteins
in lipid synthesis in high fat fed mice

Livers from male and female WT and TKO mice on a C57BL/6NCr background pair-fed a
HFD were examined by western blot to measure relative hepatic protein levels of SREBP1
(A) as described in Methods. The housekeeping gene COX4 was used as a loading control to
normalize protein expression of SREBP1. The inset in panel A shows representative western
blots of relative protein expression in each mouse group. gRT-PCR was performed to
determine relative transcription of the SREBP1 target genes ACC1 (Acaca gene) (B) and
FASN (Fasn gene) (C) as described in Methods. Values represent the mean + SEM, n=8. *p
<0.05 for TKO vs. WT. #p <0.05 for Male vs. Female.
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Figure 5. Effects of Fabpl/Scp2/Scpx gene ablation and sex on hepatic fatty acid oxidation high

fat fed mice

Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD.
NEFA (A), BHOB (B) and glucose (C) were measured as described in Methods. gRT-PCR
was performed to determine the relative transcription of the lipid oxidative enzymes Cptla
(D), Cpt2 (E) and AcoxI (F) as described in Methods. The nuclear receptors PPARa (G)
and RXR (H) were examined by western blot to measure relative hepatic protein levels as

described in Methods. The housekeeping gene COX4 was used as a loading control to

normalize protein expression of PPARa and RXR. The inset in panels G-H show
representative western blots of relative protein expression in each mouse group. Values
represent the mean £ SEM, n=8. *p <0.05 for TKO vs. WT. #p <0.05 for Male vs. Female.
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Figure 6. Effects of Fabpl/Scp2/Scpx gene ablation and sex on hepatic cholesterol accumulation

in high fat fed mice

Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD.

Total C (A), free C (B) and cholesteryl ester (C) were measured as described in Methods.

gRT-PCR was performed to determine the relative transcription of SREBP2 (Srebf2 gene)
(D) and ACAT?2 (Soat2 gene) (G) as described in Methods. Western blots were performed to

measure relative hepatic protein levels of HMGCS1 (E), HMGCR (F) and HSL (H) as
described in Methods. The housekeeping gene COX4 was used as a loading control to

normalize protein expression of HMGCS1 and HSL and GAPDH was used to normalize

HMGCR. The inset in panels E, F and H show representative western blots of relative

protein expression in each mouse group. Values represent the mean + SEM, n=8. *p <0.05
for TKO vs. WT. #p <0.05 for Male vs. Female.
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Figure 7. Effects of Fabpl/Scp2/Scpx gene ablation and sex on hepatic expression of key proteins
in hepatic uptake and efflux/secretion of cholesterol in high fat fed mice

Livers from male and female WT and TKO mice on a C57BL/6NCr background pair-fed a
HFD were examined by western blot to measure relative hepatic protein levels of SR-B1
(A), APOAL1 (B), ABCAL (C), ABCGL1 (D), ABCGS5 (), ABCG4 (E), LDL-R (F), APOB
(G), MTP (H) and ABCGS8 (J) as described in Methods. The housekeeping gene GAPDH
was used as a loading control to normalize protein expression of SR-B1, COX4 was used to
normalize APOA1, ABCA1, ABCG1, ABCG5, ABCG4, LDL-R, APOB and ABCG8 and
BA was used to normalize MTP. The insets in panels A-J show representative western blots
of relative protein expression in each mouse group. Values represent the mean + SEM, n=8.
*p <0.05 for TKO vs. WT. #p <0.05 for Male vs. Female.
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Figure 8. Effects of Fabpl/Scp2/Scpx gene ablation and sex on hepatic expression of intracellular
proteins involved in cytosolic transport of cholesterol in high fat fed mice

Livers from male and female WT and TKO mice on a C57BL/6NCr background pair-fed a
HFD were examined by western blot to measure relative hepatic protein levels of FABP1
(A), SCP2 (B), GST (C) and 3aHSD (D) as described in Methods. The housekeeping gene
GAPDH was used as a loading control to normalize protein expression of FABP1 and GST,
BA was used to normalize SCP2 and COX4 was used to normalize 3aHSD. The insets in
panels A-D show representative western blots of relative protein expression in each mouse
group. Values represent the mean + SEM, n=8. *p <0.05 for TKO vs. WT. #p <0.05 for Male
vs. Female.
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Figure 9. Effects of Fabpl/Scp2/Scpx gene ablation and sex on serum lipoproteins and
apolipoproteins in high fat fed mice
Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD.

Levels of serum HDL-C (A), apoAl (B) and non-HDL-C (D) were measured and ratios of
apoA1/HDL-C (C) and apoB/non-HDL-C (F) were calculated as described in Methods.
Values represent the mean £ SEM, n=8. *p <0.05 for TKO vs. WT. #p <0.05 for Male vs.

Female.
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Figure 10. Effects of Fabpl/Scp2/Scpx gene ablation and sex on biliary bile formation in high fat
fed mice

Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD.
Hepatic Bile acid (A) was measured as described in Methods. qRT-PCR was performed to
determine the relative transcription of CYPAL (Cyp7al gene) (B) and OATPI (Slcolal
gene) (C), OATP2 (Slc227a7 gene) (D) and BSEP (Abcall gene) (F) as described in
Methods. Western blots were performed to measure relative hepatic protein levels of MRP2
(E) MDR2 (G) and PCTP (H) as described in Methods. The housekeeping gene COX4 was
used as a loading control to normalize protein expression of MRP2 and PCTP and GAPDH
was used to normalize MDR2. The insets in panels E, G and H show representative western
blots of relative protein expression in each mouse group. Values represent the mean + SEM,
n=8. *p <0.05 for TKO vs. WT. #p <0.05 for Male vs. Female.
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Figure 11. Effects of Fabpl/Scp2/Scpx gene ablation and sex on hepatic expression of nuclear
receptors nuclear receptors regulating transcription of proteins in bile acid synthesis in high fat
fed mice

Livers from male and female WT and TKO mice on a C57BL/6NCr background pair-fed a
HFD were examined by western blot to measure relative hepatic protein levels of LXR (A),
FXR (B) and SHP (C) as described in Methods. The housekeeping gene COX4 was used as
a loading control to normalize protein expression of these proteins. The insets in panels A-D
show representative western blots of relative protein expression in each mouse group. Values
represent the mean £ SEM, n=8. *p <0.05 for TKO vs. WT. #p <0.05 for Male vs. Female.
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Table 3
Effect of Fabpl/Scp2/Scpx gene ablation and sex on AST and ALT in mice fed a high fat

diet

Male and female WT and TKO mice on a C57BL/6NCr background were pair-fed a HFD. Final serum AST
and ALT were obtained as described in Methods. WT: wild type; TKO: triple knock out.

Male WT | Male TKO | Female WT | Female TKO

ASTIUL | 31+4 11849 4216 79+ 5#*

ALT IU/L 35+4 10417* 273 lOOilO*

Values represent the mean + SEM, n=7.
*
p <0.05 for TKO vs. WT;

#p <0.05 for Male vs. Female.
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