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Background: G5G8 promotes elimination of cholesterol.

Results: The absence of G5G8 accelerates the loss of glycemic control and exacerbates the development of steatosis.
Conclusion: G5G8 mitigates the impact of a high fat diet on hepatic lipid accumulation and glucose intolerance.
Significance: Increased G5G8 in insulin resistance may be an adaptive mechanism that opposes steatosis but increases the risk

of cholesterol gallstones.

ABCG5 and ABCGS form a complex (G5G8) that opposes the
absorption of plant sterols but is also expressed in liver where it
promotes the excretion of cholesterol into bile. Hepatic G5G8 is
transcriptionally regulated by a number of factors implicated in
the development of insulin resistance and nonalcoholic fatty
liver disease. Therefore, we hypothesized that G5G8 may influ-
ence the development of diet-induced obesity phenotypes inde-
pendently of its role in opposing phytosterol absorption. G5G8
knock-out (KO) mice and their wild type (WT) littermates were
challenged with a plant sterol-free low fat or high fat (HF) diet.
Weight gain and the rise in fasting glucose were accelerated in
G5G8 KO mice following HF feeding. HF-fed G5G8 KO mice
had increased liver weight, hepatic lipids, and plasma alanine
aminotransferase compared with WT controls. Consistent with
the development of nonalcoholic fatty liver disease, macrophage
infiltration, the number of TUNEL-positive cells, and the
expression of proinflammatory cytokines were also increased in
G5G8 KO mice. Hepatic lipid accumulation was associated with
increased peroxisome proliferator activated receptor vy, CD36,
and fatty acid uptake. Phosphorylation of eukaryotic translation
initiation factor 2« (eiF2a) and expression of activating tran-
scription factor 4 and tribbles 3 were elevated in HF-fed G5G8
KO mice, a pathway that links the unfolded protein response to
the development of insulin resistance through inhibition of pro-
tein kinase B (Akt) phosphorylation. Phosphorylation of Akt
and insulin receptor was reduced, whereas serine phosphoryla-
tion of insulin receptor substrate 1 was elevated.

ABCG5” and ABCG8 encode a pair of ATP-binding cassette
half-transporters that form a complex (G5G8) that opposes the
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absorption of dietary sterols and promotes the excretion of cho-
lesterol into bile (1-3). Mutations in either ABCGS or ABCG8
result in sitosterolemia (OMIM number 210250), a monogenic
recessive disorder characterized by the accumulation of phyto-
sterols in plasma, tendon, and tuberous xanthomas; elevated
low density lipoprotein (LDL) cholesterol; and premature cor-
onary artery disease (4—6). The expression of G5G8 is limited
to the liver and intestine, suggesting that the phenotypes asso-
ciated with G5G8 deficiency are a function of excess cholesterol
accumulation and the various effects of phytosterols. A partial
list of biological activities of phytosterols includes disruptions
in nuclear receptor signaling, increased inflammatory gene
expression, and the induction of apoptosis (7—10). Inhibition of
intestinal sterol absorption with ezetimibe corrects the meta-
bolic phenotypes of a mouse model of sitosterolemia (11). Sim-
ilarly, ezetimibe has been shown to be effective at lowering
plasma phytosterols and LDL cholesterol in sitosterolemic
patients, but there are conflicting data on the regression of xan-
thomas (12—14).

ABCGS5 and ABCGS are located on opposite strands at 2p21
where expression of both mRNAs is tightly co-regulated due to
the sharing of a short intergenic promoter that separates their
initiation codons by only 374 base pairs (5, 6, 15). Consistent
with a role in opposing excess dietary sterol accumulation,
expression of G5G8 mRNAs increases in both liver and intes-
tine in response to cholesterol feeding. Although this effect is
lost in mice lacking both liver X receptor (LXR) o and LXRp,
LXR response elements have not been identified within this
locus. Nuclear receptors essential for bile acid homeostasis
have also been shown to regulate G5G8 expression (15, 16).
Hepatocyte nuclear factor 4a cooperates synergistically with
either GATA-binding protein 4 or 6 to increase G5G8 expres-
sion (17).

tion factor; Trb3, tribbles 3; NAFLD, nonalcoholic fatty liver disease; Akt,
protein kinase B; LXRq, liver X receptor; PPAR, peroxisome proliferator acti-
vated receptor; CD36, CD36 antigen; UPR, unfolded protein response;
XBP-1, X-box-binding protein-1; GRP78/BiP, glucose-regulated protein 78;
FID, flame ionization detection; TG, triglyceride; IRS1, insulin receptor sub-
strate; SR-BI, class B, type | scavenger receptor.

VOLUME 287+NUMBER 34+-AUGUST 17,2012



G5G8 Opposes Steatosis and Loss of Glycemic Control

Tissue-specific deletion of hepatic insulin receptor increases
G5G8 mRNA through disinhibition of forkhead box protein O1
(FOXO1) (18). The resulting increase in G5G8 and biliary cho-
lesterol concentrations may provide a mechanistic link between
insulin resistance and increased risk for cholesterol gallstones.
We previously published that G5G8 is down-regulated in liver
of both leptin- and leptin receptor-deficient mice, both of
which are resistant to cholesterol gallstones despite pro-
nounced insulin resistance (19-21). The functional signifi-
cance of G5G8 regulation by factors essential for glucose and
fatty acid metabolism as well as the disruption of this complex
in genetic models of obesity and insulin resistance is unknown.

An emerging body of literature suggests that cholesterol con-
tributes to the development of nonalcoholic fatty liver disease
(NAFLD). In LDL receptor-deficient mice, the inclusion of cho-
lesterol in a high fat, high sucrose diet increases the severity of
NAFLD, resulting in steatohepatitis (22). In a mouse model of
Alstrom syndrome, the development of NAFLD was associated
with the accumulation of hepatic free cholesterol due to an
increase in hepatic uptake and a decrease in biliary elimination
(23). In this model, hepatic G5G8 was strongly repressed
despite the accumulation of hepatic sterols.

We hypothesized that active cholesterol elimination by
G5G8 is protective in the development of insulin resistance and
fatty liver phenotypes, thus providing a mechanistic link
between G5G8 regulation and insulin signaling. To test this
hypothesis, we challenged G5G8-deficient mice with high fat
diets shown previously to induce insulin resistance and
NAFLD. However, phytosterols were recently shown to cause
hypertriglyceridemia in G5G8-deficient mice (24). Therefore,
we weaned mice onto diets containing ezetimibe to prevent the
development of sitosterolemia and eliminated plant sterols
from the test diets to prevent the biological activities of phyto-
sterols from confounding our interpretation of the effects of
G5G8-dependent cholesterol elimination in the development
of insulin resistance and NAFLD.

EXPERIMENTAL PROCEDURES
Animals and Diets

Mice harboring mutant alleles for Abcg5 and Abcg8 (B6;
129S6-AbcgS.Abcg8"111°%?) were obtained from The Jackson
Laboratory (Bar Harbor, ME; stock number 004670) and back-
crossed for 10 generations to the C57BL/6] strain (stock num-
ber 000664). The mutant allele was maintained in the heterozy-
gous state in male mice. Following backcross, strain refreshing
to C57BL/6] females obtained from The Jackson Laboratory
was conducted every five generations. The colony was main-
tained in a temperature-controlled room (22 °C) under nega-
tive pressure with a 14:10-h (06:00-20:00) light/dark cycle.
Mice were housed in individually ventilated cages with free
access to food and water and provided enrichment in the form
of acrylic houses and nesting material. Mice homozygous for
the mutant allele (KO) and their wild type (WT) littermates
were obtained from heterozygous, trio matings. Mice utilized in
the present study were weaned between 18 and 21 days onto
standard rodent chow supplemented with ezetimibe (0.005%)
to prevent the accumulation of dietary phytosterols.
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At 8 weeks of age, WT and KO male mice (n = 8) were
provided free access to a custom formulated low fat (LF; 18%
keal) or high fat (HF; 60% kcal) plant sterol-free diet (Research
Diets Inc., New Brunswick, NJ). Macronutrient composition
was provided by the supplier; sterol content was determined by
GC-MS/FID (Table 1). Formulation of the LF diet required 18%
keal total energy from lard to preclude w-6 fatty acid deficiency.
Diets were replaced weekly to minimize lipid oxidation.

Mice were weighed, fasting glucose levels were recorded, and
body composition, including fat mass, lean mass, and free and
total water, was measured at initiation (8 weeks) and every 4
weeks of the study in conscious mice using an echoMRI™
whole body composition analyzer (Echo Medical Systems,
Houston, TX). A glucose tolerance test was conducted at 22
weeks (14 weeks on diet). An insulin sensitivity test was con-
ducted at 23 weeks (15 weeks on diet). The triglyceride (TG)
secretion rate was determined in a separate cohort of mice (n =
4). Mice were injected with 650 mg/kg of body weight Triton
WR-1339 (Sigma) via tail vein to block lipoprotein lipase-me-
diated lipolysis. Blood was collected using heparinized capillary
tubes before and 0.5, 1, 2, and 3 h after Triton injection. Total
TGs were determined using colorimetric-enzymatic assays
(Wako Chemicals, Richmond, VA).

Three days prior to termination of the study, mice were
placed in clean cages and individually housed to collect feces for
72 h. On the final day of the study, mice were transferred to
individual clean cages, fasted for 4 h to facilitate the collection
of gall bladder bile, anesthetized with ketamine:xylazine (9:1,
w/w), and analyzed using a Lunar PIXImus II dual energy x-ray
absorptiometry scanner to determine femoral length and bone
mineral density. Mice were exsanguinated, and tissues were
dissected. Tissues were snap frozen in liquid nitrogen, embed-
ded in Tissue-Tek optimal cutting temperature (O.C.T.) com-
pound, and formalin-fixed (10% in phosphate-buffered saline
(PBS)) for subsequent analysis. All animal procedures were per-
formed with the approval of the Institutional Animal Care and
Use Committee.

Analytical Procedures

Plasma, biliary, dietary, and fecal sterols were analyzed by
GC-MS (19). Serum was fractionated by FPLC, and fractions
were analyzed for cholesterol content as described previously
(19). Fasting glucose level determination, glucose tolerance
tests, and area under the curve calculations were conducted as
described previously (25). Plasma insulin was measured by
ELISA (ALPCO Diagnostics, Salem, NH). Plasma levels of ala-
nine and aspartate aminotransferases were measured using an
Infinity AST/ALT liquid stable reagent kit (Thermo Scientific,
Waltham, MA).

Liver Histology—Liver was fixed in 10% formalin overnight,
transferred to 30% ethanol, and stored at 4 °C. Tissues were
subsequently dehydrated, embedded in paraffin, and cut into
5-um sections. Sections were rehydrated with 0.1 mol/liter PBS
(pH 7.4) and stained with hematoxylin and eosin. Collagen was
stained using a Trichrome Masson staining kit (Sigma-Al-
drich). Cells positive for TUNEL staining were detected with
a fluorescein FragELL. DNA Fragmentation detection kit
(Calbiochem).
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Immunofluorescence Microscopy—Mouse liver was dissected
and immediately imbedded in optimal cutting temperature
(O.C.T.) compound on a block of dry ice. Sections (14 wm) were
fixed with methanol (for 5 min at —20 °C), rehydrated in PBS
(pH 7.4), and incubated in Buffer A (PBS + 1% BSA (w/v)) at
22 °Cfor 1 h to reduce nonspecific binding. Sections were incu-
bated with F4/80 antibody (Abcam, San Francisco, CA) at a
dilution of 1:200 in Buffer A at 4 °C for 16 h. Sections were
washed, mounted in aqueous mounting medium (ProLong
Gold antifade reagent with DAP], Invitrogen), and imaged on a
Zeiss Axiovert 200M confocal microscope equipped with an
ApoTome.

Hepatic lipids were determined by colorimetric assay follow-
ing Folch extraction. Approximately 100 mg of liver was ground
using a Dounce pestle. Lipids were extracted in 2:1 CHCl,:
MeOH at room temperature. The chloroform phase was dried
down, solubilized in 1 volume of Triton X-100/CHCl,, dried,
and resolubilized in 2 volumes of water. Triglycerides, phos-
pholipids, and total cholesterol were measured with colorimet-
ric kits (Wako Chemicals). The measured values were normal-
ized to the sample weight.

Fecal Neutral Sterols—Total feces from the 72-h period was
collected, dried at 37 °C, weighed, and ground to powder. An
aliquot of 0.125 g of feces was placed into a glass tube with 1.25
ml of ethanol and 0.25 ml of 10 N NaOH. Lipids were saponified
at 72 °C in a water bath for 2 h and extracted (water:ethanol:
petroleum ether, 1:1:1, v/v/v). 0.150 mg of 5a-cholestane was
used as the internal standard. Following extraction, the organic
phase was dried under a steam of nitrogen gas and solubilized in
hexane. The amount of neutral sterols (cholesterol, coprosta-
nol, and cholestanol) was quantified by GC-MS/FID.

X-box-binding Protein-1 (XBP-1) Processing: Analysis of
XBP-1 mRNA Splicing—Total RNA extraction and cDNA syn-
thesis were carried out as described before. cDNA was ampli-
fied with a pair of primers (reverse, 5'-CCA TGG GAA GAT
GTT CTG GG-3'and forward, 5'-ACA CGC TTG GGG ATG
AAT GC-3'). PCR conditions were as follows: initial denatur-
ation at 94 °C for 3 min followed by 30 cycles of amplification
(each with 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s) and
afinal extension at 72 °C for 3 min. PCR products were analyzed
by 2.5% agarose gel electrophoresis (26).

Fatty Acid Uptake—Mouse primary hepatocytes were iso-
lated by liver perfusion with collagenase B and analyzed for fatty
acid uptake as described previously (27). Viable hepatocytes
were identified by trypan blue exclusion and counted. For the
uptake assay, 200 ul of assay buffer (40 um sodium oleate, 10 um
fatty acid-free bovine serum albumin, 5 wCi/ml [*H]oleate in
PBS with 1 mm MgCl, and 1.2 mm CaCl,) was added to 200 ul of
the cell suspension and incubated for various times at 37 °C.
Assays were stopped by the addition of 5 ml of ice-cold stop
solution (PBS containing 1 mm MgCl,, 1.2 mm CaCl,, 0.1% fatty
acid-free bovine serum albumin, and 500 um phloretin). Cells
were pelleted by centrifugation at 500 X g, resuspended in 200
ul of water, and analyzed for cell associated-radioactivity by
scintillation counting. All assays were performed in duplicate
and corrected for the number of viable cells per assay. Nonspe-
cific binding was determined by simultaneous addition of
uptake assay buffer and stop solution to 200 ul of the cell sus-
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TABLE 1

Macronutrient and sterol content of standard chow and custom for-
mulated PS-free low and high fat diets

Macronutrient content was provided by the supplier. Sterol content was deter-
mined by GC-MS/FID. ND, not detected, or below the limit of detection.

Standard PS-freelow  PS-free high

chow diet fat diet fat diet
Protein (% kcal) 21 21 21
Carbohydrate (% kcal) 68 61 19
Fat (% kcal) 12 18 60
Cholesterol (%) ND 0.001 0.007
Campesterol (mg/g diet) 0.0680 ND ND
Stigmasterol (mg/g diet) 0.0566 ND ND
B-Sitosterol (mg/g diet) 0.5210 ND ND

pension on ice. This background value was obtained for each
cell preparation and subtracted from all time points.

Fatty Acid Oxidation—Mouse primary hepatocytes were iso-
lated as above and seeded at a density of 6 X 10° cells/dish onto
collagen-coated 35-mm culture dishes. Two days following
plating, the cells were analyzed for rates of fatty acid oxidation
as described previously with minor modifications (28). Briefly,
cells were washed and incubated in serum-free medium con-
taining 0.3 mm unlabeled oleate, 1.0 wCi/ml 9,10-[*H]oleic acid
(60 Ci/mmol; PerkinElmer Life Sciences), 2% fatty acid-free
BSA, 0.25 mMm L-carnitine, and 3 mm glucose for 2, 4, or 6 h at
37 °C. Culture medium was collected, and excess oleate was
removed by 2X trichloroacetic acid precipitation (20%). 1 ml of
a 2 M KCl, 2 M HCl solution was added to the supernatants (0.5
ml), and radioactive water was extracted twice with 2.5 ml of
methanol:chloroform (2:1). The radioactivity in extracts was
determined by scintillation counting. Medium incubated in the
absence of cells was used to determine the background value,
which was subtracted from all values. Total cellular protein was
determined, and rates of oxidation were calculated as pmol/
h/ug of cell protein.

Statistical Analysis

All statistical analyses were conducted using GraphPad
Prism. Data are expressed as mean = S.E. Data were analyzed by
two-way analysis of variance using diet and genotype as factors.
Where appropriate, a repeated measure two-way analysis of
variance was used within diet to obtain genotype by time inter-
actions. Post hoc comparisons were made using Bonferroni
tests. Linear regression was used to determine differences in the
rates of TG secretion, fatty acid uptake, and oxidation. Differ-
ences were considered significant at p < 0.05.

RESULTS

Plasma, Biliary, and Fecal Sterols—To determine whether
G5G8 activity opposed the development of diet-induced obe-
sity phenotypes independently of its role in opposing phytos-
terol accumulation, we challenged G5G8 deficient (KO) mice
and their WT littermates with a plant sterol (PS)-free LF or HF
diet (Table 1). There was a decrease in biliary cholesterol con-
centrations and a reduction in fecal neutral sterols in G5G8 KO
mice compared with WT controls irrespective of diet (Fig. 1, A
and B). Plasma cholesterol levels were elevated following HF
feeding and further increased by the absence of G5G8 (Fig. 1C).
Phytosterols are easily detected in plasma from WT mice main-
tained on standard rodent chow but were below the limits of
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FIGURE 1. The absence of G5G8 reduces biliary and fecal neutral sterol levels but increases plasma cholesterol following HF feeding. WT and KO mice
were fed a PS-free LF or HF diet. Biliary cholesterol concentrations (A) and fecal neutral sterols (FNS) (B) were determined by GC-MS. C, plasma cholesterol levels
were determined by enzymatic-colorimetric assays. D, linear regression analysis of TG secretion rates (mg/dl/h) for WT and G5G8 KO mice following HF feeding.
E, pooled serum from three mice in each group was fractionated by FPLC and analyzed for relative cholesterol content. The distribution of apoA-I, apoA-II,
apoA-1V, apoB48, and apoE were determined in fractions 14-27 from the G5G8 KO, HF-fed group. Overall effects of diet are indicated by brackets terminating
in horizontal lines over both genotypes. Effects of genotype within each diet are indicated by bars terminating in vertical lines. Data are the mean = S.E. (error
bars) (n = 8). Asterisks indicate significant differences: *, p < 0.05; **, p < 0.01; **** p < 0.0001.

detection by GC-MS/FID in all mice examined in the present
study (not shown). Although non-fasting TGs tended to be ele-
vated in G5G8 KO mice following HF feeding (37.7 £ 6.3 versus
61.4 = 13 mg/dl, p = 0.15), neither fasting nor non-fasting
levels differed among genotypes or diets. However, the TG
secretion rate was increased in G5G8 KO mice compared with
WT controls following HF feeding (Fig. 1D). Analysis of FPLC-
fractionated plasma indicates that the increase in cholesterol
levels in both WT and G5G8 KO mice was predominantly in the
LDL and HDL fractions. Immunoblot analysis of fractions
14-27 confirmed that these particles are enriched in apolipo-
protein (apo) E and also contain modest amounts of apoA-II
and apoA-I (Fig. 1E).
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Body Weight and Composition—Body weight and composi-
tion did not differ between genotypes at 8 weeks of age (Fig. 2).
As expected, body weight, fat mass, and to a lesser extent lean
mass increased following HF feeding irrespective of genotype.
No differences in body composition were observed between
genotypes among mice fed LF PS-free diets. Within HF-fed
mice, the absence of G5G8 resulted in a modest increase in
body weight at 16 and 20 weeks but plateaued after 20 weeks,
allowing WT mice to achieve equivalent weight gain by the
termination of the study (Fig. 2A4). Similar results were observed
for fat mass (Fig. 2B). Lean mass was elevated in HF-fed G5G8
KO mice after only 4 weeks of feeding (12 weeks) and remained
significantly elevated throughout the remainder of the study
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(Fig. 2C). To determine whether the increase in lean mass
might be reflective of an overall increase in skeletal size or bone
density, mice were analyzed by dual emission x-ray absorpti-
ometry at the termination of the study. Neither femur length
nor bone density differed between genotypes of HF-fed mice
(not shown).

G5G8 Opposes Steatosis—To determine whether the in-
crease in lean mass was due to hepatomegaly, livers were
weighed at dissection. Again, there was an overall effect of diet
irrespective of genotype, and no differences between genotypes
among LF-fed mice were observed (Fig. 34). Within the HF diet
group, the absence of G5G8 resulted in an increase in liver
weight as well as liver weight:body weight ratio. When liver
weight was deducted from lean mass, no differences in geno-
type were detected, indicating that hepatomegaly accounts for
the increase in lean mass observed in G5G8 KO mice following
HF feeding.

Next, we examined liver histology. Whereas no histological
differences were appreciated between genotypes on LF diet, the
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absence of G5G8 resulted in increased vacuolar structures con-
sistent with increased steatosis (Fig. 3B). Oil red O staining
confirmed the presence of neutral lipid deposition (not shown).
Hepatic TG content was increased in both genotypes following
HF feeding but was higher in G5G8 KO mice than in WT con-
trols (Fig. 3C). A similar pattern was observed for hepatic total,
free, and esterified cholesterol (Fig. 3, D—F). Given the increase
in liver mass in G5G8 KO mice, we calculated the total hepatic
pool of TG and cholesterol. The absence of G5G8 resulted in a
2.0-fold increase in the total hepatic TG pool and a 2.5-fold
increase in total hepatic cholesterol among HF-fed mice, rep-
resenting an increase of 75 and 10 mg, respectively.

Increased Fatty Acid Uptake Promotes Steatosis in G5G8 KO
Mice—We initially hypothesized that the accumulation of
unesterified cholesterol would increase hepatic levels of oxyste-
rols, increase LXR-dependent gene expression, and drive lipo-
genesis in HF-fed G5G8 KO mice. Therefore, we examined the
expression levels of LXR isoforms as well as LXR target genes
(Table 2). Both LXR« and -B were modestly suppressed by HF
diet regardless of genotype. LXR target genes that promote
lipogenesis, including sterol response element-binding pro-
tein-1, acetyl-CoA carboxylase, and fatty-acid synthase were
unaffected by diet, genotype, or their interaction. Although
mRNA levels for stearoyl-CoA desaturase-1 were increased by
80% in HF-fed G5G8 KO mice compared with WT controls,
additional LXR target genes involved in sterol efflux (ATP-
binding cassette, subfamily A (ABCA1)) and metabolism to pri-
mary bile acids (cytochrome P450, family 7, subfamily a, poly-
peptide 1 (CYP7A1)) were also unaffected. Collectively, the
data do not support a role for enhanced LXR signaling as the
mechanism for elevated hepatic steatosis in G5G8 KO mice
following HF feeding.

A second potential mechanism for hepatic TG accumulation
is impaired VLDL secretion. However, there was no reduction
in microsomal triglyceride transfer protein, and TG secretion
rates in HF-fed G5G8 KO mice were slightly elevated (Fig. 1),
indicating that impaired VLDL secretion cannot account for
enhanced steatosis.

To determine whether enhanced fatty acid uptake and stor-
age might contribute to hepatic TG accumulation, the peroxi-
some proliferator-activated receptor y (PPARYy) pathway was
analyzed. PPARy mRNA increased following high fat feeding
and was greater in magnitude in G5G8 KO mice compared with
WT controls (Table 2). There was also a further increase in
CD36 and fatty acid-binding protein 4 (aP2) in G5G8 KO mice.
Although the expression of very low density lipoprotein recep-
tor tended to be higher in G5G8 KO mice, this difference did
not reach statistical significance. The increase in CD36 was
confirmed by immunoblot analysis (Fig. 44). To determine
whether the increase in CD36 protein was associated with
enhanced fatty acid uptake, primary hepatocytes isolated from
HF-fed WT and G5G8 KO mice were analyzed for rates of
oleate uptake and incorporation (Fig. 4B). Fatty acid uptake was
increased by 45% in G5G8 KO mice compared with WT con-
trols. These data suggest that activation of PPARY facilitates
hepatic fatty acid uptake and storage and contributes to
enhanced TG accumulation in G5G8 KO mice.
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FIGURE 3. Liver weight, histology, and lipids in WT and G5G8 KO mice in response to PS-free LF and HF diets. A, total liver weight and liver weight to body
weight (BW) ratio. B, formalin-fixed liver sections stained with hematoxylin and eosin. C-F, hepatic triglycerides and total, free, and esterified cholesterol per
gram of wet tissue weight. Overall effects of diet are indicated by brackets terminating in horizontal lines over both genotypes. Effects of genotype within each
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0.01; ***, p < 0.001; ****, p < 0.0001.

TABLE 2

Relative mRNA abundance for selected genes

SREBP-1, sterol response element-binding protein-1; ACC-1, acetyl-CoA carbox-
ylase; FAS, fatty-acid synthase; SCD-1, stearoyl-CoA desaturase-1; CYP7A1L, cyto-
chrome P450, family 7, subfamily a, polypeptide 1; ABCA1, ATP-binding cassette,
subfamily A; ACOX1, acyl-CoA oxidase 1; CPT1A, carnitine palmitoyltransferase
1A; aP2, fatty acid-binding protein 4; VLDLR, very low density lipoprotein receptor;
MTTP, microsomal triglyceride transfer protein.

Gene Diet LF HF
WwWT KO wWT KO
LXRa “ 1.00 = 0.03 0.90 £0.03 0.87 +0.03 0.82 = 0.04
LXRB b 1.00 = 0.03 0.93 £0.04 0.65*0.03 0.65=* 0.03
SREBP-1 1.01 =006 1.12*0.09 1.10*0.13 1.08 %+ 0.09
ACC-1 1.04 =013 1.13*0.17 0.76 £0.09 0.92 = 0.06
FAS 1.05*+0.13 1.83*+048 1.81 +£0.32 2.03*0.26
SCD-1 1.05*+0.14 142 *020 1.04*0.23 1.85*0.23°
CYP7A1 1.04 =013 127 012 1.79 044 0.69 + 0.23°
ABCA1 1.02*+0.11 0.99 £0.09 0.93*0.05 0.82=*0.07
MTTP “ 1.02 +0.09 098 +0.04 0.82*0.05 0.74* 0.03
PPARYy 4 1.00 = 0.04 1.32*031 1.88*0.10 253 *0.11°
CD36 4 1.02*+0.10 2.34*061 4.55*044 7.22*0.25°
aP2 a 1.01 =0.08 1.31*0.06 242*047 3.67*+0.23°
VLDLR 4 1.06 = 0.16 138050 7.63+0.93 8.83*0.96
PPAR« 1.03+0.11 098 £0.06 0.96*0.05 0.79 = 0.06
ACOX1 1.01 =£0.07 1.13+0.13 1.24+0.08 1.09 *+ 0.05
CPT1A 7 1.01 £0.06 1.33*+0.20 1.22*0.10 1.83=*0.22°

“ Indicates main effect of diet irrespective of genotype at p < 0.01.

? Indicates main effect of diet irrespective of genotype at p < 0.001.
¢ Significant difference at p < 0.05.

4 Significant difference between diets within genotype at p < 0.0001.
¢ Significant difference at p < 0.001.

/Significant difference between diets within genotype at p < 0.05.
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Finally, we evaluated genes involved in fatty acid oxidation to
determine whether a reduction may also contribute to the fatty
liver phenotype in HF-fed G5G8 KO mice. PPAR« and selected
target genes that promote fatty acid oxidation, acyl-CoA oxi-
dase 1, and carnitine palmitoyltransferase 1A, were not reduced
by the absence of G5G8 in HF-fed mice (Table 2). Consistent
with these findings, we failed to detect differences in the rate of
fatty acid oxidation in primary hepatocytes isolated from HF-
fed WT and G5G8 KO mice (Fig. 4C).

G5G8 Is Protective in NAFLD—To determine whether stea-
tosis had progressed to nonalcoholic steatohepatitis, we first
measured plasma levels of liver enzymes (Fig. 5, A and B).
Serum alanine aminotransferase and aspartate aminotrans-
ferase levels were unaffected by G5G8 deficiency in LF-fed
mice but were increased by HF diet. Hepatic expression of
tumor necrosis factor-a (TNF-a), monocyte chemoattrac-
tant protein-1, and interleukin-183 (IL-1B8) were each ele-
vated in G5G8 KO mice compared with WT controls on HF
diet (Fig. 5C). Some histological indicators of nonalcoholic
steatohepatitis were also exacerbated by G5G8 deficiency
among HF-fed mice, including macrophage infiltration and
apoptosis as judged by F4/80 and TUNEL staining, respec-
tively (Fig. 5, D and E). However, we did not observe evidence
of fibrosis (not shown).
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FIGURE 4. Class B scavenger receptor expression in liver and fatty acid
uptake and oxidation in primary hepatocytes in WT and G5G8 KO mice in
response to PS-free HF diet. A, immunoblot analysis of the CD36 and SR-BI.
B-Actin was used as a loading control. Linear regression analysis of fatty acid
uptake (B) and fatty acid oxidation (C) in mouse primary hepatocytes isolated
from WT and G5G8 KO mice following 8 weeks of feeding the PS-free HF diet.
Values adjacent to lines indicate the slope and coefficient of determination
(r) for each regression line. **** indicates that the slopes of the regression
lines are significantly different (p < 0.0001).

G5G8 Mitigates the Loss of Glycemic Control and Insulin
Resistance—The development of fatty liver disease is associated
with the loss of glycemic control and hepatic insulin resistance.
The absence of G5G8 alone had no effect on fasting glucose
levels in mice at 8 —24 weeks of age on low fat diet (Fig. 6A).
However, HF feeding increased fasting glucose levels in G5G8
KO but not WT mice at 16 weeks. At 20 weeks, fasting glucose
in HF-fed mice was elevated in both genotypes compared with
LF controls but further increased in G5G8 KO mice. As with
body weight and fat mass, fasting glucose levels plateaued in
G5G8 KO mice and were equivalent between genotypes by the
end of the study.

Consistent with the development of insulin resistance in
response to HF diets, fasting levels of insulin were elevated in
HF-fed mice irrespective of genotype at the termination of the
study (Fig. 6B). Among HF-fed mice, the absence of G5G8 fur-
ther increased fasting insulin levels. A glucose tolerance test
was conducted at 22 weeks (Fig. 6C). Similar to elevated insulin,
HF diets decreased glucose tolerance regardless of genotype.
Among HF-fed mice, the absence of G5G8 tended to increase
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blood glucose levels at all time points but was only significant at
30 min. Analysis of the area under the curves indicates an over-
all effect of diet and a further increase in G5G8 KO mice (Fig.
6D). An insulin sensitivity test was conducted in HF-fed mice at
23 weeks (Fig. 6E). A main effect of genotype was detected in the
two-way analysis of variance, but Bonferroni post hoc compar-
isons failed to detect significant differences at individual time
points. Similar to the glucose tolerance test, a modest but sig-
nificant difference was detected in the area under the curves
between HF-fed G5G8 KO and WT controls (Fig. 6E).

Unfolded Protein Response (UPR) Links Hepatic Cholesterol
to Insulin Resistance—Elevations in cellular cholesterol have
been shown to activate the UPR (also commonly called the
endoplasmic reticulum stress response) in cultured macro-
phages (29). A growing body of literature has tied the UPR to
the development of fatty liver disease and insulin resistance
(30). To determine whether the increase in hepatic free choles-
terol in G5G8 KO mice was associated with activation of the
UPR among HF-fed mice, we assessed measures of each of the
three arms of the UPR. Consistent with activation of the UPR,
phosphorylation of eukaryotic initiation factor 2« (eiF2a) was
significantly increased (Fig. 7, A and B). Initiation of the UPR
also includes activation of the endonuclease inositol-requiring
enzyme 1, which promotes alternative splicing of XBP-1 mRNA
to generate spliced XBP-1. We used an RT-PCR method and
traditional agarose gel electrophoresis but saw no evidence of
increased spliced XBP-1 with either method (Fig. 7C). The third
component of the UPR is the release of activating transcription
factor-6a (ATF6a) from the endoplasmic reticulum and its
cleavage in the Golgi to release the transcriptionally active,
nuclear form of the protein. We observed no evidence for
increased levels of mRNAs for the ATF6 target genes XBP-1
and glucose-regulated protein 78 (GRP78/BiP). Immunoblot
analysis confirmed these results for GRP78 and another ATF6
target gene, GRP94, which was slightly reduced in G5G8 KO
mice.

Activation of tribbles 3 (Trb3) down-regulates protein kinase
B (Akt) signaling and has been linked to the development of
hepatic insulin resistance (31). To confirm enhanced down-
stream signaling following inhibition of eiF2a by phosphoryla-
tion, we measured mRNA levels for ATF4 and Trb3. There was
a modest but significant increase in ATF4 mRNA and a 2-fold
increase in Trb3 mRNA. Immunoblotting confirmed a similar
increase in levels of Trb3 protein in HF-fed G5G8 KO mice
compared with WT controls. Consistent with the role of Trb3
in the development of insulin resistance, we also observed a
reduction in phosphorylated Akt.

We also probed upstream of Akt in the insulin signaling
pathway. Analysis of total and phosphorylated insulin receptor
indicated a modest reduction in phospho-insulin receptor (Fig.
7, A and B). Tyrosine phosphorylation of the insulin receptor
substrate (IRS1) was below the limit of detection in these non-
stimulated samples, but we were able to detect an increase in
serine phosphorylated IRS1, suggesting that additional mecha-
nisms may also contribute to the loss of glycemic control in
HF-fed G5G8 KO mice.
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FIGURE 5. Inflammation, macrophage infiltration, and apoptosis in liver of WT and G5G8 KO mice in response to PS-free LF and HF diets. Plasma levels
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in liver was determined by quantitative RT-PCR. Data are the mean = S.E. (error bars) (n = 8). Overall effects of diet are indicated by brackets terminating in
horizontal lines over both genotypes. Effects of genotype within each diet are indicated by bars terminating in vertical lines. Asterisks indicate significant
differences: *, p < 0.05; **, p < 0.01. D, macrophage infiltration in HF-fed mice as determined by the number of F4/80-positive cells. E, TUNEL-positive cells
(arrows) in liver of WT and G5G8 KO mice maintained on HF diet. Data are the mean = S.E. (error bars) from 10 randomly chosen fields from two mice in each
group. Data were quantified using the automeasure function in Axiovision 4.8 software. **, p < 0.01; ***, p < 0.001.

DISCUSSION

The key finding of the present study is that G5G8 plays a
previously unappreciated, protective role in the development of
NAFLD and the maintenance of glycemic control in a mouse
model of diet-induced obesity. These effects were independent
of the accumulation of biologically active phytosterols, reveal-
ing that active elimination of cholesterol by the G5G8 sterol
transporter is essential for hepatic cholesterol homeostasis in
the setting of obesity. However, it is important to note that
differences in body weight, fat mass, and fasting glucose were
most robust relatively early in the HF feeding period and that by
the end of the study many of these parameters did not differ
between genotypes. Thus, G5G8 activity opposes and can delay
metabolic phenotypes associated with HF diets but is insuffi-
cient to prevent the complete manifestation of most obesity-
related phenotypes. Whether accelerating G5G8-dependent
cholesterol elimination can reverse metabolic phenotypes asso-
ciated with obesity and NAFLD remains to be determined.

Cholesterol Homeostasis—The role of G5G8 in opposing the
accumulation of dietary sterols is well established. The absence
of G5G8 increases both cholesterol and phytosterol absorption
(32). Conversely, expression of a G5G8 transgene reduces cho-
lesterol absorption as well as plasma cholesterol and athero-

ACEEVON
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sclerosis in LDL receptor-deficient mice (2, 33). Although
G5G8 clearly plays a major role in biliary cholesterol elimina-
tion, metabolic phenotypes associated with G5G8 deficiency
are resolved when sterol absorption is blocked in mice (11). The
present study confirms and extends the findings of this earlier
report when plant sterol accumulation is prevented by elimina-
tion from the diet. Although we have not conducted a thorough
and quantitative study, fertility is also restored in G5G8 KO
mice maintained on PS-free diets.? These observations indicate
that in the absence of additional perturbations in lipid metab-
olism sterol homeostasis can be maintained through some
combination of reduced synthesis, increased conversion to bile
acids, and accelerated transintestinal cholesterol elimination in
the absence of G5G8. With respect to transintestinal choles-
terol elimination, it should be noted that the reduction in fecal
neutral sterols observed in the present study is inconsistent
with observations from this and other models of G5G8 defi-
ciency in mice (for a review, see Ref. 34). Although the diet used
in the present study is distinct from previous reports, the reason
for this difference is unknown.

3K.Su, N. S. Sabeva, J. Liu, Y. Wang, S. Bhatnagar, D. R. van der Westhuyzen,
and G. A. Graf, unpublished observation.
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Cholesterol and NAFLD—The protective effect of G5G8 in
NAFLD is presumably due to its role in biliary cholesterol
excretion. However, dietary cholesterol has been shown to con-
tribute to the development of nonalcoholic steatohepatitis in
LDL receptor-deficient mice (22). Conversely, a growing body
of literature indicates that inhibition of cholesterol absorption
is protective in the development of NAFLD and cholesterol
gallstones (35). Consequently, it is important to note that cho-
lesterol levels are higher in the HF diet than in the LF diet or in
standard rodent chow. Although these levels are substantially
lower (0.007%) than generally used in cholesterol feeding stud-
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ies (0.15-2.0%), there may be a role for dietary cholesterol and
intestinal G5G8 activity in the development of NAFLD in G5G8
KO mice. In the absence of a tissue-specific model for G5G8
deficiency, studies that block cholesterol absorption altogether
or normalize cholesterol between diets will be required to
determine the role of intestinal G5G8 activity in opposing
NAFLD.

The molecular mechanisms that link hepatic cholesterol
accumulation to enhanced NAFLD in G5G8 KO mice were not
expected. Cholesterol feeding results in the accumulation of
oxysterols and increased expression of LXR target genes,
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including those involved in lipogenesis. Despite the increased
accumulation of both free and esterified cholesterol in the liver,
we saw no evidence for increased LXR signaling in G5G8 KO
compared with WT mice on HF diets. It is possible that the
expression of these genes was elevated during the early phases
of adipose expansion but normalized by the termination of the
study. Indices for the loss of glycemic control and increased fat
mass in G5G8 KO mice were evident at 16 and 20 weeks, but by
the termination of the study, WT mice achieved similar levels.

AUGUST 17,2012+VOLUME 287+-NUMBER 34

Alternatively, cholesterol destined for secretion by G5G8 may
be protected from oxysterol-generating enzymes, thereby
masking hepatic cholesterol accumulation from LXR.

Hepatic intracellular cholesterol trafficking is poorly under-
stood, and neither the pools nor the routes for sterol delivery to
G5G8 are known. HDL cholesterol has been shown to directly
contribute to biliary cholesterol excretion (36, 37). In mice, this
pathway is dependent on the activity of the class B, type I scav-
enger receptor (SR-BI), which is essential for delivery of HDL
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cholesterol to the liver and directly contributes to biliary cho-
lesterol elimination (38 —40). In the present study, we observed
an accumulation of large, apoE-enriched HDL consistent with
decreased SR-BI activity. Although we did not observe a
decrease in SR-BI protein, SR-Bl surface localization is depend-
ent upon insulin signaling (41). Consequently, the development
of insulin resistance may have compromised SR-BI activity
without a concomitant reduction in protein.

Beyond lipogenesis, additional mechanisms that can poten-
tially contribute to hepatic lipid accumulation include de-
creased TG secretion, decreased fatty acid oxidation, and
enhanced storage. We did not observe a decrease in TG secre-
tion in G5G8 KO mice (Fig. 1) nor did we observe reductions in
mRNAs for PPAR«a and PPAR« target genes or rates of fatty
acid oxidation in primary hepatocytes. Rather, we observed an
increase in PPARYy and several of its target genes, including
CD36. Consistent with this mechanism for enhanced steatosis
in HF-fed G5G8 KO mice, fatty acid uptake was elevated in
primary hepatocytes isolated from HF-fed G5G8 KO mice
compared with WT controls. Although these changes were
associated with enhanced lipid accumulation, they may be
reflective of the extent of NAFLD rather than causative. Con-
sequently, the precise molecular mechanisms that link G5G8
deficiency to hepatic TG accumulation remain unclear.

G5GS8, Cholesterol, and eiF2a—The UPR is thought to play a
major role in the development of hepatic insulin resistance and
NAFLD (30). Cholesterol accumulation is an activator of the
UPR in cultured macrophages (29). Therefore, it seemed plau-
sible that the accumulation of cholesterol in liver might activate
the UPR as a mechanism that linked G5G8 deficiency to the
rapid loss of glycemic control. However, most components of
the UPR were not affected by the absence of G5G8. There was
no apparent change in the activity of IRE-1 based on the appear-
ance of spliced XBP-1. Likewise, we observed no differences in
mRNAs for ATF6 target genes, indicating that the precursor
was sufficiently retained in the endoplasmic reticulum to pre-
ventincreases in transcriptional activity. We did observe robust
phosphorylation of eiF2a as well as increased mRNAs for ATF4
and Trb3. Trb3 protein was elevated, and there was a reduction
in Akt phosphorylation, providing a mechanistic link to accel-
erated loss of glycemic control and hepatic insulin resistance in
G5G8 KO mice.

We also probed upstream of Akt in the insulin signaling
pathway. Serine phosphorylation of IRS1 was clearly increased,
and a reduction in tyrosine phosphorylated insulin receptor
was detected. Although these tissues were collected following a
4-h fast and were not stimulated with exogenous insulin, it is
noteworthy that insulin levels in serum collected simultane-
ously were elevated in HF-fed G5G8 KO mice compared with
WT controls.

It remains unclear how the loss of G5G8 activity leads to
eiF2a phosphorylation. In the present study, this was limited to
the eiF2a arm of the UPR pathway. Whether the activation of
pancreatic eif2-alpha kinase (PERK) is particularly sensitive to
cellular free sterol levels or whether other kinases shown to
increase eiF2a phosphorylation in response to limitations in
amino acids or heme or perhaps other cellular stressors are
involved remain to be determined.
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