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Deletion of hepatic small heterodimer partner ameliorates
development of nonalcoholic steatohepatitis in mice
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Abstract Small heterodimer partner (SHP, Nr0b2) is
an orphan nuclear receptor that re;ulates bile acid,
lipid, and glucose metabolism. Shp™"~ mice are resis-
tant to diet-induced obesity and hepatic steatosis. In
this study, we explored the potential role of SHP in
the development of nonalcoholic steatohepatitis
(NASH). A 6-month Western diet (WD) regimen was
used to induce NASH. Shp deletion protected mice
from NASH progression by inhibiting inflammatory
and fibrotic genes, oxidative stress, and macrophage
infiltration. WD feeding disrupted the ultrastructure
of hepatic mitochondria in WT mice but not in Shp™"~
mice. In ApoE /" mice, Shp deletion also effectively
ameliorated hepatic inflammation after a 1 week WD
regimen w1thout an apparent antisteatotic effect.
Moreover, Shp~/~ mice resisted fibrogenesis induced
by a methionine- and choline-deficient diet. Notably,
the observed protection agalnst NASH was recapitu-
lated in liver-specific Shp~/~ mice fed either the WD
or methionine- and choline-deficient diet. Hepatic
cholesterol was consistently reduced in the studied
mouse models with Shp deletion. Bl Our data suggest
that Shp deficiency ameliorates NASH development
likely by modulating hepatic cholesterol metabolism
and inflammation.
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Nonalcoholic fatty liver disease (NAFLD) is charac-
terized by an increase in hepatic fat concentration
(steatosis) with or without inflammation and fibrosis.
The presence of inflammation in steatosis is the hall-
mark of the serious chronic liver disorder, nonalcoholic
steatohepatitis (NASH). Subsequent fibrotic insults lead
to cirrhosis and hepatocellular carcinoma. Although
the specific underlying mechanism is not fully under-
stood, the prevalence of metabolic disorders, such as
obesity and diabetes in modern societies, is strongly
associated with the NAFLD pandemic. Development of
NAFLD is initiated by relatively benign hepatic stea-
tosis, abnormal liver fat accumulation (exceeding 5%

fat by liver weight), which affects one-third of the US
population (1). Even though fat accumulation is a pre-
requisite for the development of NASH, only a fraction
(<30%) of subjects with fatty liver progress to develop
NASH. The current prevailing dogma for NASH
pathogenesis is the “two-hit theory” (2, 3). The first hit
involves abnormal fat accumulation, and the second hit
involves oxidative stress, inflammation, dietary factors,
or genetic susceptibility (4). Currently, it is unclear how
the second hit is initiated in NAFLD. Only a small
portion of people with steatosis eventually develop
NASH or the end stage of NAFLD; thus, abnormal fat
accretion in the liver does not simply result in the
development of NASH.

The orphan nuclear hormone receptor SHP plays
important roles in bile acid (BA), lipid, and glucose
homeostasis (5-12). Some critical metabolic results
have been obtained from Sip-null and transgenic
mouse studies, which demonstrated that deletion of
Shp protects animals from diet-induced obesity and
hepatic steatosis and that its hepatic overexpression
reverses the phenotype (10, 13, 14). A few studies also
reported that deletion of Skp reduced not only hepatic
lipid accumulation but also inflammation and liver
damage caused by diet (15, 16). SHP has also been re-
ported to function as a transcriptional coactivator of
NF-«B, a key transcription factor for immune and
inflammatory responses (17). However, Yuk et al. (18)
reported that Shpnull mice exhibited augmented-
inflammatory responses to lipopolysaccharide chal-
lenge, thus leading to a higher mortality rate. Myr-
onovych et al. (19) also showed that Skp-null mice on a
high-fat diet had a proinflammatory hepatic pheno-
type. In recent studies, liver-specific SHP over-
expression or deletion ameliorated or worsened
NASH development induced by a diet containing
high fat, high cholesterol, and high fructose (20, 21).
These studies claimed that the protection was medi-
ated by suppression of inflammatory chemokine (C-C
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motif) ligand 2 transcription and inhibition of nuclear
translocation of NF-xB by SHP.

In our previous studies, we suggested several molec-
ular mechanisms underlying the modified hepatic fat
accumulation by Shp gene deletion (10, 22). Gene
expression analysis using a BeadChip array revealed
that many genes involved in inflammation and fibrosis
were also downregulated in the livers of Shp™/~ mice
(22). In this study, we explored the role of SHP in the
development of diet-induced NASH using whole-body
and liver-specific Skhp-null mice. Two different diets
were utilized to induce NASH; a Western diet (WD) as
described in a previous report (22) and a methionine-
and choline-deficient (MCD) diet. In addition, the Shp-null
allele was introduced into ApoE-null background mice to
generate ApoE/Shp double knockout (ApoE/Shy~' ™)
mice. ApoFnull mice have been known to develop
hepatic inflammation without fat accumulation upon
short-term WD feeding. This mouse model provides
insight into the direct role of SHP in the second hit, the
inflammatory response, apart from hepatic fat accumu-
lation (23).

MATERIALS AND METHODS

Mice and diet

The congenic Shp~’~ mice used in this study have been
described in previous studies (10, 22). To generate congenic
C57BL/6 mice with liver-specific SHP deletion (LuShp™""), we
back-crossed floxed Shp (Shp/"*/*) mice with C57BL/6NHsd
mice (Envigo, IN) for 10 generations (16). The congenic
Shp/"/"** mice were then crossed with albumin promoter-
driven cyclization recombinase (Cre) mice (Alb-Cre, B6.Cg-
Speer6-ps1TEAI2IMEn /1. Jackson  Laboratory) to obtain
LuShp™’~ mice. To generate ApoE/Shp double knockout mice
(ApoE/Shp~'™), whole-body Shp deletion was introduced into
the backcrossed apolipoprotein E-deficient (ApoE /",
B6.129P2-Apoe™'""“/]; Jackson Laboratory) mice against
C57BL/6NHsd for five to six generations. For control mice,
age-matched C57BL/6, /)poff /=, and Shp"*/"** or Alb-Cre mice
were used against Shp~’, ApoE/Shp~’~, and LuvShp™’~ mice,
respectively. Throughout the experiments, only male mice
were used and maintained in the accredited pathogen-free
facility at Northeast Ohio Medical University with a 12 h
light-dark cycle. The WD containing high cholesterol (0.15%
cholesterol and 42% fat) (10) and MCD diet were purchased
from Envigo (Indianapolis, IN, WD; TD.88137, MCD;
TD.90262). Shy™/~, LuShp~’~, and their respective control mice
were fed the WD for 6 months or MCD for 1 month starting
at 2 months of age to induce NAFLD and NASH, respec-
tively. For the MCD diet regimen, a defined amino acid diet
(TD.94149; Envigo) was used as the control diet, and for the
WD regimen, a regular chow (14.8% [w/w] total fat [16.97%
kcal from fat and 233 ppm cholesterol]) was obtained from
Formulab Diet (Fort Worth, TX). ApoE/Shp™'~ and ApoE /=
mice were fed the WD for 1 week to induce hepatic
inflammation without noticeable fat accumulation (23). Mice
were euthanized to collect tissues after overnight fasting. All
animal care and use protocols were approved by the Insti-
tutional Animal Care and Use Committee of Northeast Ohio
Medical University.
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Hepatic lipid measurement and tissue staining

Hepatic lipid extraction has been described previously (24).
Triglyceride (TG) and cholesterol concentrations were deter-
mined by commercial kits (Thermo Fisher Scientific, Rockford,
IL) and presented by milligram per gram of wet liver weight.
Sirius red staining was performed with liver sections using a
commercial kit (Polysciences, Inc, Warrington, PA). H&E
staining and Oil Red O staining have been described previously
(22). The stained liver sections were evaluated for NAFLD ac-
tivity scores by a certified pathologist (Dr Novak) in a blinded
manner. Immunofluorescence was performed with sectioned
frozen liver tissues using AlexaFluor® 750-conjugated anti-
mouse F4/80 monoclonal antibody (Thermo Fisher Scientific).

Mitochondrial citrate synthase activity

Citrate synthase activity was determined as previously
described with slight modification (25). First, 100 mg of liver was
homogenized in 1 ml of STE buffer (250 mM sucrose, 10 mM
Tris-HCI, and 1 mM EDTA) and centrifuged at 800 g for 10 min.
Citrate synthase activity was measured by mixing the superna-
tant (10 pl) with 40 pl of a buffer containing 0.575% Triton X-100,
0.75 mM acetyl-CoA, 0.25 mM 5,5'-dithiobis(2-nitrobenzoic acid),
0.25 M triethanolamine, 2 mM EDTA, and 1 M Tris-HCI, followed
by addition of 50 pl of 1 mM oxaloacetate to initiate the reaction.
The change in absorbance at 412 nm was recorded every 30 s
over a 5 min period using Synergy 4 (BioTek, Winooski, VT) at
37°C. The activity was calculated by comparing the slope from
the linear portion of the curve with the oxaloacetate standard
curve slope and normalized to the protein concentration.

Mitochondrial DNA content

A piece of liver (50 mg) was homogenized in 500 pl of mito-
chondria isolation buffer containing 200 mM trehalose, 68 mM
sucrose, 10 mM Hepes (pH 7.4), 10 mM KCl, 1 mM EDTA, and
1 mM EGTA. Homogenates (100 pl) were mixed with 0.5 ml of
cetyltrimethyl ammonium bromide DNA isolation buffer as
previously described (26). Then, 20 ng of isolated DNA was used
to amplify the 438 nucleotides of the mitochondrial 12S rRNA
gene using a forward primer (5-CAAACTGGGATTAGA-
TACC-3') and reverse primer (5-GAGGGTGACGGGCGGT
GTGT-3). The amplified values were normalized to globin gene
(forward: 5-GTTCCACCCGCCTCACATTG-3'; reverse: 5-AC
AGATGGAGCGTCCAGAAAG-3) amplification values.

Measurement of hepatic lipid peroxidation and
production of reactive oxygen species

Hepatic lipid peroxidation was analyzed by quantification of
malondialdehyde using a commercial kit measuring thio-
barbituric acid reactive substances (Cayman Chemical, Ann
Arbor, MI), as described previously (27). The obtained malon-
dialdehyde concentrations were normalized using protein
concentrations. For measurement of hepatic reactive oxygen
species (ROS) production, overnight fasting mice were injected
intraperitoneally with dihydroethidium (50 mg/kg). The mice
were euthanized 3 h after injection to collect their livers. Ho-
mogenized liver tissues were processed to measure the fluo-
rescent 2-hydroxyethidium levels using Synergy 4. Fluorescent
units are presented per wet liver weight.

Transmission electron microscopy

We analyzed the ultrastructure of hepatocytes from WD-
fed mice using a transmission electron microscope (JEM-
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100S; JEOL USA, Peabody, MA) in the NEOMED core facility.
Briefly, the mice were perfused with 2% glutaraldehyde in
0.1 M PBS, and their livers were fixed with the same solution
for 2 h at room temperature. The fixed livers were sequen-
tially dehydrated with ethanol and propylene oxide and
infiltrated with Embed 812 resin to produce a final block after
baking overnight at 70°C.

Quantitative real-time PCR

Total RNA was isolated from livers of overnight-fasted
mice using Trizol reagent (Thermo Fisher Scientific). Com-
plementary DNA was synthesized from the isolated RNA us-
ing PrimeScript RT Master Mix (Takara Bio USA, Mountain
View, CA). SYBR Green was used to perform RT-quantitative
PCR (gPCR) analysis on the CFX96 system (Bio-Rad, Hercules,
CA). Gapdh expression was used to normalize target gene
expression.

Determination of plasma alanine
aminotransaminase and aspartate
aminotransaminase values

Alanine aminotransaminase and aspartate amino-

transaminase activities were determined via the colorimetric
method using commercial kits (Thermo Fisher Scientific).

Plasma lipoprotein analysis

The plasma lipoprotein profile was determined using the
BioLogic DuoFlow QuadTec FPLC system (Bio-Rad Labora-
tories, Hercules, CA), as previously described (28). TG and
cholesterol in the fractionated samples were quantified using
commercial kits (Thermo Fisher Scientific).

Statistical analysis

Data are presented as means + SEM if not otherwise spec-
ified. All the P values were obtained using Student’s rtest
between the indicated two groups. Sample numbers per group
were between 5 and 15. P < 0.05 was designated as statistically
significant. One symbol (# or *) represents P < 0.05, two
symbols represent P < 0.01, and three symbols represent P <
0.005. We also used two-way ANOVA on various datasets us-
ing GraphPad Prism software (GraphPad Software, Inc). The
results are presented in the associated figures.

RESULTS

Shp deletion protects mice from diet-induced
inflammatory response

We previously demonstrated that whole-body dele-
tion of orphan nuclear hormone receptor Skp protects
mice from diet-induced obesity but exacerbates the
diabetic phenotype (10). In a follow-up study, we iden-
tified that the livers of the mice had reduced fat
accumulation with a novel transcriptional cascade
involving various nuclear hormone receptors (22).
Upon examining the BeadChip array data obtained
from the livers of WT and Shp~’~ mice in this study, we
discovered that many genes involved in inflammation
and fibrosis were also significantly downregulated in
the livers of Skp~’~ mice fed WD compared with those
of WT counterparts, with significant upregulation of
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those genes after 6 months of the WD regimen
(supplemental Table S1). This strongly suggests that
SHP plays a role in the development of NASH. To
investigate further, livers of WT and Shp~’~ mice fed
the WD for 6 months were processed to analyze in-
flammatory and fibrotic gene expression using
RT-qPCR analysis (Fig. 1). As observed in the BeadChip
array, mRNA expression of important genes occurred
in inflammatory pathways, such as expression of
inducible nitric oxide synthase (Nos2), tumor necrosis
factor-alpha (Trj), monocyte chemoattractant protein 1
(Ccl2), interleukin-l1-beta (711), NLR family pyrin
domain containing 3 (Nlrp3), and chemokine (C-X-C
motif) ligand 1 (CxclI) (Fig. 1A), and in fibrogenesis, such
as expression of collagen type I alpha 1 (Collal), trans-
forming growth factor beta 1 (Tgfb1), tissue inhibitor of
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Fig. 1. Shp~’~ mice were protected from the development of
hepatic inflammation and fibrosis induced by WD feeding.
Gene expression in livers of WT and Skp™'~ mice fed control
diet (CD) or WD for 6 months was determined by qPCR analysis.
Hepatic mRNA levels of genes involved in inflammation (A)
and fibrosis (B) were presented with means + SEM (n = 5-6). C:
Blindly evaluated NAFLD activity scores were plotted with
steatosis, inflammation, and ballooning scores from liver sec-
tions stained with H&E (n = 4). D: ALT and AST values were
presented as means + SEM. Statistics were obtained from both
two-way ANOVA and Student’s #test (n = 7-8). #comparison
with CD, *comparison with WT counterparts. Three symbols
represent P < 0.005, two symbols P < 0.01, and one symbol P <
005. ALT, alanine aminotransferase; AST, aspartate
aminotransferase.
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Fig. 2. Hepatic mitochondrial dysfunctlon and ROS production were ameliorated in SHP-null mice fed WD. A: Representative
electron micrographs of WT and Skp™/~ mice livers are depicted. Arrow points to mitochondrium, whose i image is magnlfled in an
inset. The scale bar represents 1 pm. B: Expression of mitochondrial-encoded genes from livers of WT and Shp~'~ mice fed control
diet (CD) or WD (left panel). Mitochondrial-specific citrate synthase activities were quantified from liver extract as described in the
Methods section (right panel) (n = 5-6). C: relative mitochondrial DNA content was presented by PCR amplification units of
mitochondrial-specific 12 rRNA genes after normalization with nuclear-specific globin gene amplification (n = 6). D: hepatic ROS
production was presented by fluorescence intensity per wet liver weight after dihydroethidium injection as described in the
Materials and methods section (n = 4-7). E: hepatic expression of NADPH oxidase genes in WT and Shp™/~ mice (n = 5-6). Coxl,
cytochrome ¢ oxidase subunit 1; Ctyb, cytochrome & LD, lipid droplet; ND2, NADH dehydrogenase subunit 2; Nu, nucleus.
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metalloproteinase 1 (Timpl), and alpha-smooth muscle
actin (Acta2) (Fig. 1B). These were strongly upregulated
in the livers of WT mice and almost completely blunted
in Shp~’~ livers upon WD feeding. The NAFLD activity
scores from liver H&E sections evaluated by a pathol-
ogist in a blind study agreed with the gene expression
pattern (Fig. 1C and supplemental Fig. SIA). Serum
alanine aminotransaminase and aspartate amino-
transaminase levels were also lower in Skp™’~ mice than
in WT mice upon WD challenge (Fig. 1D).

Reduced oxidative stress was manifested in Shp "~
mice fed the WD

Oxidative stress has been strongly implicated in the
development of NASH (29, 30). The stress is mediated
by free radicals, ROS, and enzymes, such as lip-
oxygenase, cyclooxygenase, cytochrome P450 mono-
oxygenases, and NADPH oxidases (30). The most
important cellular organelle responsible for ROS pro-
duction is mitochondria. Mitochondrial dysfunction
manifests as a hallmark of NASH pathology (31-33).
Therefore, we assessed several biochemical and mo-
lecular properties of mitochondria in the WD-fed
groups using transmission electron microscopy,
RT-qPCR analysis, mitochondrial enzyme activity,
mitochondrial DNA copy numbers, and ROS produc-
tion rate. The transmission electron microscopy image
from the WD-fed WT mouse liver clearly showed lipid
droplet accumulation and swollen mitochondria with
loss of well-defined cristae, a characteristic of the
NASH phenotype (34), whereas mitochondria from
Shp™/~ liver maintained normal morphology even in
the presence of adjacent lipid droplets (Fig. 2A). In
agreement with this, mRNA expression of mitochon-
drial genes and citrate synthase activity were strongly
attenuated in the livers of WT mice but remained
normal in the livers of Shp~’~ mice in the WD-fed
group (Fig. 2B). Interestingly, mitochondrial DNA
copy numbers per nuclear DNA were significantly
increased in the livers of WD-fed Shp™/~ mice
compared with the livers of WT counterparts and
control diet-fed animals (Fig. 2C). In addition, a marked
increase in ROS production was observed in the livers
of WT mice fed the WD, which was significantly
reduced in the Sy~ livers (Fig. 2D). We also assessed
expression of NADPH oxidase subunit genes using
RT-qPCR. NADPH oxidase is involved in an important
host cell defense against bacterial infections by pro-
ducing ROS, which can simultaneously induce intra-
cellular damage and is considered an important
contributor to the development of NASH and hepatic
fibrogenesis (35). As shown in Fig. 2E, WT mice dis-
played a strong initiation of mRNA expression of
NADPH oxidase genes upon WD challenge, whereas
deletion of Shp significantly abrogated the upregula-
tion of this expression. Interestingly, our earlier Bead-
Chip array analysis showed that mRNA expressions of
many antioxidant genes were downregulated, whereas
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mitochondrial thioredoxin (7xn2) expression remained
higher in WD-fed Shp~’~ mice than in the WT mice
(supplemental Table S2). These results indicate that
reduced ROS production from mitochondria may play
arole at least partially in minimizing liver damage from
WD challenge in Shp™/~ mice.

Deletion of Shp attenuates the hepatic inflammatory
response to the 1-week WD challenge in ApoE-null
mice without noticeable fat accumulation

In the proposed two-hit theory for the development
of NASH, the second hit was represented by inflam-
mation initiated after the first hit of fat accumulation
(2, 3). In earlier studies, ApoF-null mice were resistant to
diet-induced hepatic steatosis and prone to develop
inflammation in the short term upon high fat and high
cholesterol diet challenge (23, 36, 37). Therefore, Apok-
null mice with Skp gene deletion were generated and
challenged with the short-term WD to assess whether
the reduced inflammatory responses in Shp™/~ livers
are related to reduced fat accumulation or the
intrinsic effect of SHP deletion regardless of fat con-
centration. As shown in Fig. 3, 1 week of WD feeding
was sufficient to induce inflammatory responses
(panel B) without any TG accumulation (panel A &
supplemental Fig. SIB) in the livers of the ApoF-null
mice. However, Shp deletion in ApoE-null (ApoE/Shp™'")
mice blunted the inflammatory response without
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Fig. 3. One-week WD challenge was performed with ApoE™/~
and ApoE/Shp™’~ mice to measure hepatlc inflammation. Two-
month-old ApoE™/~ and ApoE/Shy™'~ mice were fed control
diet (CD) or WD for 1 week. After the regimen, livers were
analyzed for lipid accumulation and the expression of inflam-
matory genes. A: Hepatic TG and cholesterol levels were
quantified and presented as means + SEM (n = 5-6). B: The
mRNA levels of major inflammatory genes were assessed using
gPCR analysis and presented as means + SEM (n = 5-7).
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significant change in fat accumulation, indicating that
reduced hepatic inflammation is caused by Sip dele-
tion and is not secondary to the lower TG accumula-
tion. This result strongly suggests that SHP regulates
hepatic inflammatory pathways independent of TG
accumulation; thus, understanding the regulation may
help determine the underlying mechanism of NASH
development.

The increase in cholesterol upon WD feeding is
attenuated in Shp~/~ and ApoE/Shp~’~ mice

SHP regulates the expression of the Cyp7al gene,
which encodes a rate-limiting enzyme in the conversion
of cholesterol to BAs. Shp deletion lowers hepatic and
serum cholesterol levels upon WD feeding likely owing
to upregulation of Cyp7al gene expression (10, 16). We
assessed the plasma lipid profiles using fast protein
liquid chromatography to explore their association
with the observed liver phenotype in the Sip-deleted
mice. Although WD feeding increased LDL and HDL
fractions significantly in the WT mice, it failed to
change the lipoprotein profile in the Shp™/~ mice
(supplemental Fig. S2A). When we analyzed TG and
cholesterol contents in each fraction, the Shp™/~ mice
exhibited lower TG contents in VLDL fractions and
lower HDL cholesterol contents than WT mice who
were fed the regular chow (Fig. 4A). In WT mice, WD
feeding significantly increased the TGs in the VLDL
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1.5 1 - SHPKO+WD

Cholesterol (mg/dL)
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and LDL fractions and cholesterol in the LDL and HDL
fractions. Interestingly, in Shp™/~ mice, WD feeding
reduced the TG content in the VLDL fraction and
increased TG and cholesterol in the HDL fraction.
Although 1 week of WD feeding considerably increased
the VLDL fraction in ApoE /" mice, the increase was
blocked by Sip deletion; thus, a change in the lipopro-
tein profile was not observed in the ApoE/Shy~'~ mice
upon WD feeding (supplemental Fig. S2B). As observed
in the WT mice, Shp deletion in ApoE~’~ mice decreased
the TG content but not cholesterol in the VLDL frac-
tion in those fed the regular chow (Fig. 4B). Although 1
week of WD feeding did not affect the TG profiles
considerably in either genotype, it increased the
cholesterol content in the VLDL and HDL fractions of
ApoE~'~ mice compared with those of ApoE/Shp™'~ mice.
This result agrees with the previously suggested role of
cholesterol in NASH development (31, 38, 39).

Deletion of Shp ameliorates the NASH phenotype
induced by the MCD diet

The MCD diet has been frequently used to study
NASH in rodent models. We in addition investigated
the potential role of SHP in the development of NASH
induced by the MCD diet. As previously reported (40),
the MCD diet increased hepatic TG and cholesterol
concentrations and decreased the plasma concentra-
tions in WT mice by disruption of VLDL secretion
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Fig.4. Plasma lipoprotein analysis was performed with WT, Shp~'~, ApoE/~, and ApoE/Shy™'~ mice on WD regimen. A: Fractionated
plasma samples (combined from five mice each) from WT and Skp™"~ mice fed control diet (CD) or WD were analyzed for their TG
and cholesterol levels. Their concentrations were plotted with fractionated sample numbers (X-axis). Major lipoprotein classes were
indicated in the graph. B: The plots obtained from plasma samples of Apol™/~ and ApoE/Shy™'~ mice (n = 5). The cholesterol curves of
ApoE~"~ and ApoE/Shp™’~ fed CD almost overlap in the bottom graph of panel B.
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(Fig. 5A, B). Although the negative impact on plasma
values remained consistent or increased, the positive
hepatic impact of the diet was almost completely ab-
sent in the Shp~’~ mice. In agreement with an earlier
report (41), the MCD diet strongly induced mRNA
expressions of inflammatory and M1 macrophage
marker genes (Fig. 5C). As observed in the WD
regimen, the expressions of these genes were almost
completely reduced in Skp™/~ mice. In contrast, the
mRNA expressions of the major anti-inflammatory
cytokine (interleukin 10) and transcription factor
(activating transcription factor 3) were more strongly
induced in Shp~'~ mice (Fig. 5D). The mRNA levels of
M2 macrophage marker genes, such as arginase (Argl),
mannose receptor C type 1 (Mrcl), and CD163 (Cd163),
were significantly attenuated in WT mice by the MCD
diet but remained unchanged in the Shp~/~ mice
(Fig. bE). We also assessed inflammatory responses via
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immunofluorescence analysis. As shown in Fig. 6A, a
marked increase in F4/80-positive cells was manifested
in the livers of the WT mice after the MCD diet
challenge. In agreement with the RT-qPCR results, the
increase was almost completely absent in the livers of
Shp™/~ mice fed the MCD diet. As evidenced by the
biochemical analysis, Oil Red O staining confirmed
diminished hepatic steatosis in the Skp™/~ mice
compared with that in the WT mice (Fig. 6B). We also
analyzed the progression of fibrogenesis in the mice
fed the MCD diet. One month of the MCD diet chal-
lenge induced mRNA expression of various fibrogenic
genes and exhibited strongly positive Sirius red stain-
ing in the livers of the WT mice (Fig. 6C, D). As
observed for the 6 month WD feeding, the Shy™/~ mice
were also protected from MCD diet-induced lipid
peroxidation, as assessed by the production of malon-
dialdehyde (Fig. 6E).

B Int, p<0.0001
Diet, p<0.0001

Gen, p<0.0001 Diet, p<0.0001

TG (mg/dL) Cholesterol
00 4 150 - (mg/dL)
80 4
it 100 -
60 -
Ht
401 50 #####‘ﬁ#
20 4
0 - 0 A
Con MCD Con MCD
1.5
HiHt it s
1.0
0.5 bl *kk
0.0 . . ,
b 116 Nirp3

Mrc1 Cd163

Argi

Fig. 5. Hepatic lipid and inflammatory gene expression were assessed with WT and Sk~ mice after I-month MCD diet regimen.
The 2-month-old experimental mice were fed amino acid-defined control diet (Con) or MCD diet for 1 month. Livers and blood were
collected at the end of regimen after overnight fasting. A: Hepatic TG and cholesterol levels were presented after normalization by
wet liver weight. B: Plasma levels of TG and cholesterol from the mice. Expression of hepatic genes involved in inflammation (C),
anti-inflammation (D), and M2 macrophage markers (E) was presented as means + SEM (n = 5). Two-way ANOV A results were shown
with P values. Gen, genotype; Int, interaction.
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Fig. 6. Amelioration of hepatic fibrogenesis was evident in the Shp~’~ mice fed MCD diet. Livers and hepatic mRNAs collected for
Fig. 5 were processed to analyze the following. A: Liver sections were processed for Oil Red O staining. B: Immunofluorescence was
performed with liver sections to assess macrophage infiltration. C: gPCR analysis was performed to quantify the mRNA levels of the
indicated fibrogenic genes. D: Sirus red staining was carried out to configure fibrosis with the liver sections. E: TBARS assay was
performed with liver samples using a commercial kit. Malondialdehyde contents were normalized by protein amount. Two-way
ANOVA and/or Student’s ttest were performed to evaluate statistical significance. P values are as indicated for Fig. 1. TBARS,

thiobarbituric acid reactive substances.

Liver-specific SHP is responsible for the NASH
phenotype

Shp is expressed in many metabolic tissues, including
the intestine, pancreas, and kidney. Therefore, it is still
unclear that hepatic SHP plays a major role in the
observed liver phenotypes. Therefore, we generated
liver-specific Shp™/~ mice (LuShp~’") using floxed Shp
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mice (Shp/"") (16) and Alb-Cre mice (Jackson Laboratory).
Liver-specific Shp gene deletion was confirmed by
RT-gPCR analysis (Fig. 7A). To define the role of he-
patic SHP in NASH development, LuSkp™’~ mice were
fed a WD for 6 months, and their hepatic inflammatory
gene expression was compared with those from Alb-Cre
or Shp/"(fShp) mice. The LuShy™'~ mice displayed lower
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Fig.7. Reduced NASH phenoty;)es were demonstrated in the liver-specific Shp-null (LuShp~'") mice after 6 months of WD regimen.

Albumin-Cre (AlbCre) mice, Shp™.

“* (fShp) mice, and liver-specific SHP-null (LvShpKO) mice were challenged with 6 months of WD

feeding. A: Liver-specific deletion of Shp gene was assessed with different tissues using gPCR analysis. ***P < 0.005 compared with
both fShp and AlbCre mice. B: Hepatic TG contents were measured with all three groups of mice. C: Expression of hepatic inflam-
matory and fibrogenic genes from ACre mice and LvShpKO mice was measured using gPCR analysis (n = 5-6). #comparison with
control diet (CD), *comparison with AlbCre counterparts. Three symbols represent P < 0.005, two symbols P < 0.01, and one symbol P

< 0.05. Int; intestine; Lv; liver; Pan, pancreas.

hepatic TG and cholesterol accumulation compared
with the control mice (Fig. 7B) and lower inflammatory
gene expression (Fig. 7C and supplemental Fig. S3A)
with lower body weight gain (supplemental Fig. S3B)
upon WD feeding than in either fShp mice or Aib-Cre
mice. The expressions of genes involved in fibrogenesis
were also significantly downregulated in the livers of
LuShp~’~ mice compared with those from fShp and Alb-
Cre mice fed the WD (Fig. 7C and supplemental
Fig. S3A). As hepatic TG and cholesterol levels were
higher in the Al-Cre mice than in the fShp mice and
gene expression was comparable between the two
control groups, we thereafter primarily used fSip mice
as controls against the LuShp~’~ mice. In addition, ROS
production in LuShp~’~ mice fed the WD was reduced
compared with that in the WT mice (Fig. 2D), which was
likely because of the reduced mRNA expression of
NADPH oxidase genes (supplemental Fig. S4A). Serum
lipoprotein profiles and their TG and cholesterol con-
tents were similar to those of whole-body Skp~’~ mice
(supplemental Fig. S4B).

We also challenged the LuShp™'~ mice with the MCD
diet to explore the NASH phenotype further. After the
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1 month challenge, strong hepatic fat accumulation was
evident by Oil Red O staining in fSip mice but not in
LuShp™'~ mice, as observed in whole-body knockout
animals (supplemental Fig. S5A). In addition, hepatic
genes involved in the inflammatory response and
fibrogenesis were significantly downregulated, and F4/
80-positive cells were reduced in the LuShp™'~ liver
compared with those in the fShp liver (Fig. 8A and
supplemental Fig. S5B). As observed in the whole-body
knockout mice, oxidative stress also decreased in the
LuShy™'~ mice, as evidenced by their NADPH gene
expression and ROS production (Fig. 8B, C). These re-
sults strongly suggest that hepatic SHP is a driving force
for the development of the NASH phenotype induced
by the WD, and its deletion protects mice from this
metabolic disorder.

DISCUSSION

Orphan nuclear hormone receptor Sip was cloned
approximately two decades ago as a gene encoding a
protein interacting with the constitutive androstane
receptor, another nuclear hormone receptor involved

Shp™/~ mice are resistant to NASH development 9
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in xenobiotic and endobiotic stress, in a yeast two-
hybrid screening (42). Subsequently, it was reported
that SHP interacts with other transcription factors,
including several nuclear hormone receptors, to exert
its transcriptional repression activity (17, 42-45). Among
its gene regulatory activities, the regulation of Cyp7al,
which encodes a rate-limiting enzyme in the conversion
of cholesterol to BAs, gene expression has been
recognized and widely discussed (5, 6). The generation
of mutant mice lacking or overexpressing the Sip gene
not only confirmed the importance of the Cyp7al reg-
ulatory role in BA metabolism but also extended the
understanding of the underlying metabolic processes
(7, 8,10, 14). These studies revealed the important role of
SHP in hepatic lipid homeostasis, where its over-
expression leads to fat accumulation, but deletion leads
to reduced fat accumulation. Our study identified a
strong association of SHP with the inflammatory
response, an important step in the development of
NASH.

Earlier studies claimed that deletion of SHP exacer-
bated hepatic inflammatory responses (19-21). Many
studies, including ours, have reported that deletion of
Shp attenuates body weight gain and hepatic lipid
accumulation induced by high-calorie diets in mice. In
addition, our BeadChip array analysis showed that the
expression of important inflammatory genes was
downregulated in Shp™’~ mice fed the WD. Thus, the
reduced hepatic inflammatory responses can be
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attributed to a secondary effect because of a reduction
in fat accumulation, which has been suggested as a two-
hit theory for NASH development (2). To determine
this question, we introduced Shp deletion in ApoF-null
mice, where hepatic inflammation was induced by the
WD without fat accumulation (23). In this study, we
identified that a 1 week WD regimen was sufficient to
induce inflammatory responses in the ApoEnull mice
without hepatic fat accumulation. In this short-term
diet challenge, Shp deletion ameliorated inflammatory
responses without significant changes in the TG or
cholesterol levels compared with those in the ApoE ™/~
mice, suggesting an intrinsic effect of SHP on diet-
induced inflammation. In an earlier study, plasma
VLDL cholesterol levels were found to be linked to
hepatic inflammation (38). As reported, the VLDL
fractions in the WT and ApoE’~ mice increased
(supplemental Fig. S2), and their total cholesterol con-
tents (area under the curve) increased significantly
when they were fed the WD (Fig. 4). Although the exact
mechanism of induction of hepatic inflammation by
plasma VLDL cholesterol remains unidentified, our
conclusion about the roles of TG and cholesterol in the
development of hepatic inflammation strongly cor-
roborates with observations. Mari et al. (31) also claimed
that the accumulation of free cholesterol in the mito-
chondria of hepatocytes sensitizes the steatotic liver to
inflammatory cytokines via mitochondrial glutathione
depletion. The inhibition of this proposed pathway may
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have ameliorated NASH development in our Shp™/~
mice, as evidenced by the structures and gene expres-
sions of mitochondria and hepatic cholesterol levels
with WD feeding (Fig. 3 and (10)). The attenuation of
the second insult by Sip deletion was reconfirmed in
the MCD diet challenge. Although a similar NASH pa-
thology is presented by the two diets, the proposed
underlying mechanisms for disease development are
different (46, 47). Shp deletion decreased hepatic
cholesterol but not plasma cholesterol in the MCD diet
challenge, but it manifested an attenuation of NASH
development (Fig. 5). Based on earlier observations that
free cholesterol loading on hepatocytes or the dietary
cholesterol component is sufficient to trigger both he-
patic TG accumulation and inflammation (31, 39), we
suggest that the reduction of hepatic cholesterol by Skp
deletion may play a critical role in the attenuation of
the NASH phenotype manifested by the two diet
challenges. Induction of Cyp7al gene expression by Shp
gene deletion plays a role in the observed hepatic
cholesterol levels in the mice. In addition, the protec-
tion was reproduced in the liver-specific null mice,
which showed that the role of SHP in hepatic clearance
of cholesterol to BA may be a crucial player in NASH
development.

The current study suggested that the regulatory role
of hepatic SHP in Cyp7al gene expression may play a
role in the NASH phenotype. SHP deletion protects
mitochondria by preventing cholesterol accumulation,
thus minimizing ROS production. The suggested
metabolic role of Cyp7al is partially supported by an
earlier report in which overexpression of CypZal
reversed strong NASH phenotypes observed in MCD
diet-challenged Cyp7aI™’~ mice (48). In the accompa-
nying study, we identified that another mechanism
associated with the regulatory role of SHP in BA
metabolism was involved in NASH development. The
modified BA profile by induction of Cyp7al in Shy™'~
mice changes the gut flora and their metabolites. Co-
housing of Shp™/~ mice with WT mice disrupted the
protected NASH phenotypes manifested by the null
mice by modification of gut microbiota. Two specific
bacterial products were suggested to be responsible for
the NASH progression. Reduction of these products in
the circulatory system was associated with the observed
protection in Shp™/~ mice. Therefore, Shp appears to
control multiple steps in the development of NASH. Of
note, cohousing also disrupted the reduction of hepatic
cholesterol in Shp~'~ mice but maintained the induction
of Cyp7al gene expression. Although the underlying
mechanism is unknown, changes in the gut microbiome
may indirectly induce hepatic cholesterol levels in null
animals independent of Cyp7al gene expression.
Orphan nuclear receptor SHP could serve as a phar-
maceutical target for the efficient treatment of NASH.
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