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SUMMARY

This study shows that combining gut-restricted ASBT
inhibitor with FGF15/19 signaling activation represents
a new treatment strategy with significantly enhanced
efficacy against nonalcoholic steatohepatitis. Mechanis-
tically, the combined treatment produces metabolic
changes that mimic bariatric surgery where decreased
gut lipid absorption plus increased circulating FGF15/19
synergistically mediate weight loss and metabolic
improvement.
BACKGROUND & AIMS: Pharmacologic agents targeting bile
acid signaling show promise for treating nonalcoholic steato-
hepatitis (NASH). However, clinical findings suggest that new
treatment strategies with enhanced therapeutic efficacy and
minimized undesired effects are needed. This preclinical study
investigates whether combining an apical sodium-bile acid
transporter (ASBT) inhibitor GSK233072 (GSK672) and fibro-
blast growth factor-15 (FGF15) signaling activation improves
anti-NASH efficacy.
METHODS: Mice with high fat, cholesterol, and fructose
(HFCFr) diet-induced NASH and stage 2 fibrosis are used as a
NASH model. GSK672 or AAV8-TBG-FGF15 interventions are
administered alone or in combination to HFCFr diet-fed mice.

RESULTS: The combined treatment significantly enhances
therapeutic efficacy against steatosis, inflammation, ballooning,
and fibrosis than either single treatment. Mechanistically, the
synergistic actions of GSK672 and FGF15 on inhibiting gut bile
acid reuptake and hepatic bile acid synthesis achieve greater
magnitude of bile acid pool reduction that not only decreases
bile acid burden in NASH livers but also limits intestinal lipid
absorption, which, together with FGF15 signaling activation,
produces weight loss, reduction of adipose inflammation, and
attenuated hepatocellular organelle stress. Furthermore, the
combined treatment attenuates increased fecal bile acid
excretion and repressed bile acid synthesis, which underlie
diarrhea and hypercholesterolemia associated with ASBT inhi-
bition and FGF19 analogue, respectively, in clinical settings.

CONCLUSIONS: Concomitant ASBT inhibition and FGF15
signaling activation produce metabolic changes that partially
mimic the bariatric surgery condition whereby lipid malab-
sorption and increased FGF15/19 signaling synergistically
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mediate weight loss and metabolic improvement. Further clinical
studies may be warranted to investigate whether combining
ASBT inhibitor and FGF19 analogue enhances anti-NASH efficacy
and reduced treatment-associated adverse events in humans.
(Cell Mol Gastroenterol Hepatol 2021;12:1001–1019; https://
doi.org/10.1016/j.jcmgh.2021.04.013)

Keywords: Bile Acids; Fatty Liver; CYP7A1; NASH; Liver
Fibrosis.

onalcoholic fatty liver disease is highly prevalent
1

Abbreviations used in this paper: ALT, alanine aminotransferase;
ANOVA, analysis of variance; ASBT, apical sodium-bile acid trans-
porter; AST, aspartate aminotransferase; CYP7A1, cholesterol 7a-hy-
droxylase; FGF-15, fibroblast growth factor-15; FXR, farnesoid X
receptor; GSK672, GSK2330672; HFCFr diet, high fat; cholesterol, and
fructose diet; NAFL, nonalcoholic fatty liver; NAS, NASH activity score;
NASH, nonalcoholic steatohepatitis; RNA-seq, RNA sequencing; SEM,
standard error of the mean; TG, triglyceride.
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Namong obesity and type 2 diabetes patients. Sim-
ple steatosis does not require treatment, but some patients
progress to nonalcoholic steatohepatitis (NASH), a debili-
tating liver disease associated with hepatic inflammation,
cell death, and fibrosis, which increase the risk of devel-
oping end-stage liver disease, liver cancer, and cardiovas-
cular disease. The underlying causes of NASH are highly
complex and heterogenous, which make it a difficult disease
to manage. Currently, a number of monotherapies have
demonstrated clinical benefits to various degrees, but their
efficacy in promoting both NASH resolution and fibrosis
improvement is still relatively limited.2 So far, whether
combination therapy may potentially result in enhanced
therapeutic efficacy against NASH is still largely unexplored.

Our understanding of the critical roles of bile acid
signaling in regulating metabolic and immune functions has
led to the development of several therapeutic strategies
targeting the gut-liver bile acid signaling for NASH treat-
ment.3 Bile acids are synthesized from cholesterol in hepa-
tocytes and undergo enterohepatic circulation where they
act as signaling molecules to regulate various physiological
processes.3 Cholesterol 7a-hydroxylase (CYP7A1) catalyzes
the rate-limiting step in de novo bile acid synthesis. Bile acid
activation of the hepatic farnesoid X receptor (FXR) feed-
back inhibits CYP7A1 and bile acid synthesis.4 Furthermore,
bile acid–activated intestinal FXR induces mouse fibroblast
growth factor-15 (FGF15), an endocrine hormone that in-
hibits hepatic CYP7A1.5 Mouse FGF15 is not expressed in
hepatocytes. In contrast, FGF19, the human orthologue of
mouse FGF15, is induced in both hepatocytes and enter-
ocytes in response to FXR activation to inhibit CYP7A1.3 The
FXR-induced FGF15/19 signaling has been shown to reduce
obesity, inhibit lipogenesis, and improve insulin sensitivity
in mouse models of nonalcoholic fatty liver (NAFL).6,7

However, chronic FGF19 exposure at high levels caused
liver cancer in experimental models.8 Amplified FGF19
signaling has also been reported in human hepatocellular
carcinoma.9 An engineered non-tumorigenic FGF19
analogue NGM282 was subsequently developed for treating
NASH.10 Recently completed phase II clinical trials reported
that NGM282 monotherapy consistently caused a significant
reduction of liver fat content and serum transaminases11,12

but was less effective in promoting NASH resolution or
fibrosis improvement.11 A major treatment-associated
adverse effect of NGM282 was hypercholesterolemia,
which may likely be due to inhibition of hepatic bile acid
synthesis.
Intestinal bile acid reabsorption is mediated by the api-
cal sodium-bile acid transporter (ASBT) that is highly
expressed in the terminal ileum.3 Blocking intestinal bile
acid reabsorption decreases both intestinal FGF15/19 pro-
duction and portal bile acid transport to the liver, which
cause a compensatory induction of bile acid synthesis
leading to cholesterol lowering. Gut-restricted ASBT in-
hibitors have been studied to treat NASH on the basis of the
knowledge that hepatic cholesterol accumulation in NASH
livers contributes to organelle dysfunction and hepatocyte
injury.13–15 Intestine-restricted ASBT inhibitor treatment
was highly effective in improving hepatic steatosis in
experimental NAFL models.16,17 In contrast, a recent clinical
study showed that 24-week treatment of the ASBT inhibitor
volixibat lowered plasma cholesterol but failed to demon-
strate additional benefits against NASH.18 Diarrhea is a
major adverse event in humans treated with ASBT in-
hibitors because of ileal bile acid malabsorption.

Because of the unmet need for developing effective and
safe treatment for NASH, it is largely unknown whether
combining the available bile acid therapies with distinct
mechanisms of action may potentially lead to enhanced ef-
ficacy and attenuated treatment-associated adverse events.
Here we report that combining an intestine-restricted ASBT
inhibitor GSK2330672 (GSK672, linerixibat) and AAV8-
mediated hepatocyte-specific FGF15 overexpression signif-
icantly enhanced the therapeutic efficacy against hepatic
steatosis, inflammation, and fibrosis, which was dependent
on their synergistic action in modulating cholesterol and
bile acid metabolism in the liver and intestine. Because of
the already established clinical safety profiles of ASBT in-
hibitors and non-tumorigenic FGF19 analogue, future in-
vestigations may be warranted to determine whether
combining these 2 bile acid–based therapies may provide
enhanced efficacy in human NASH treatment.

Results
Early but not Late GSK672 Intervention Modestly
Decreases Liver Injury and Fibrosis in High Fat,
Cholesterol, and Fructose Diet–Fed Mice

Clinical studies commonly include NASH patients with
various disease severity. To determine whether NASH
severity affects treatment outcomes, we first compared the
effects of GSK672 given at the early stage and the late stage
of NASH development. We found that mice fed the high fat,
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cholesterol, and fructose (HFCFr) diet developed advanced
nonalcoholic fatty liver disease after 18–20 weeks and
NASH with stage 2 fibrosis after 30–32 weeks (not shown).
On the basis of these data, a 12-week GSK672 treatment was
initiated in one cohort of mice fed the HFCFr diet for 20
weeks (early intervention) and another cohort of mice fed
the HFCFr diet for 30 weeks (late intervention) (Figure 1A).
Increased fecal bile acid loss was confirmed at 1 week after
GSK672 initiation (Figure 1B). Mice fed the HFCFr diet for
20 weeks reached a relatively constant body weight of ~50
g, which was not decreased by GSK672 (Figure 1C and D). In
the early intervention cohort, GSK672 resulted in a modest
reduction in liver weight and liver weight to body weight
ratio (Figure 1E and F). However, early GSK672 intervention
did not decrease liver triglyceride (TG) but significantly
decreased liver cholesterol by ~50% (Figure 1G–I). Early
GSK672 intervention significantly decreased serum alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) (Figure 1J). Consistently, GSK672 resulted in a small
~0.5-point reduction of NASH activity score (NAS) inflam-
mation score (P ¼ .06) (Figure 1K). Furthermore, GSK672
appeared to very modestly improve liver fibrosis as indi-
cated by fibrosis stage score and quantification of Sirius Red
positive area (Figure 1K and L). In contrast, late GSK672
intervention did not affect serum transaminases, NASH
severity, or fibrosis (Figure 1G–L). These results, together
with previously reported anti-steatosis effect of ASBT in-
hibitors in mice,16,17,19 suggest that the beneficial effects of
the ASBT inhibitor markedly diminish with increasing dis-
ease severity.
Chronic HFCFr Diet-Fed Mice Develop Liver
Tumor That Is not Associated With GSK672
Treatment

In the 42-week HFCFr diet-fed cohort, 1 of 15 mice in
the control group and 3 of 10 mice in the GSK672 group
developed liver tumors at time of tissue collection
(Figure 2A and B). Histology analysis revealed that the
tumors were well-circumscribed with non-infiltrative
border (Figure 2C and D). However, the tumor tissues
showed clear loss of reticulin stain compared with sur-
rounding non-tumor tissues (Figure 2E), which is a
hallmark diagnostic feature of hepatocellular carcinoma.
We noticed that all tumor-bearing mice showed ~25%
lower body weight at the time of tissue collection
(Figure 2F). Further analysis revealed that all tumor-
Figure 1. (See previous page). Early but not late GSK672 inter
liver fibrosis in HFCFr diet-fed mice. (A) Experimental design. M
weeks or 30 weeks. GSK672 treatment was then initiated for add
euthanized. (B) Pooled fecal samples collected from different
measure bile acid content in technical replicates. (C and D) Bod
(BW) ratio. (G) Liver TG content. (H) Liver cholesterol content.
sections. (J) Serum transaminases. (K) NAS and brunt fibrosis sc
32-week or 42-week controls. Results in (B) are expressed as m
Student t test was used to calculate the P value for B, E–H, and L
the P value for J and K. # vs Chow. (n¼ 5 for the chow fed mice;
42-week HFCFr diet cohort. Liver tumor-bearing mice (4 mice) o
250 mm for H&E and Sirius Red and 125 mm for F4/80.
bearing mice showed lower body weight than non-
–tumor-bearing mice at the time of GSK672 treatment
initiation (Figure 2F). Considering the early association of
tumor incidence and lower body weight before the
GSK672 treatment initiation, the higher tumor incidence
in the GSK672 treatment group was likely random and
not caused by the GSK672 treatment. Non-tumor tissue of
the tumor-bearing livers showed similar inflammation,
ballooning, and fibrosis but significant loss of fat accu-
mulation (Figure 2C, G, and H). Tumor-bearing mice were
excluded from NASH and fibrosis analyses (Figure 1G–L).
GSK672 and FGF15 Combined Treatment
Significantly Enhances Efficacy Against NASH
and Fibrosis in HFCFr Diet-Fed Mice

Because of the limited benefits of the GSK672 mono-
therapy, we next asked whether combining GSK672 treat-
ment with FGF15 signaling activation, which has distinct
mechanisms of action than ASBT inhibitors, could poten-
tially lead to enhanced therapeutic efficacy. To this end,
FGF15 was overexpressed specifically in the liver of 20-
week HFCFr diet-fed mice via intravenous injection of
AAV8-TBG-FGF15 (Figure 3A), which has been a commonly
used experimental approach for investigating the thera-
peutic effects of FGF15/19 signaling activation in animal
models.20–23 Some of these mice were co-treated with
GSK672 for an additional 12 weeks (Figure 3A). Consistent
with the lack of hepatic FGF15 expression in mice, the Ct
values of FGF15 in the control groups were close to the
detection limit of real-time polymerase chain reaction
(Figure 3B). Exogenously expressed FGF15 was detected
by real-time polymerase chain reaction with an average Ct
value of ~26 at the end of the study (Figure 3B), indicating
moderately abundant hepatic expression. Interestingly,
FGF15 overexpression or GSK672 treatment alone did not
affect body weight, whereas the combined treatment not
only prevented further weight gain but produced ~5 g
(~10%) weight loss independent of food intake (Figure 3C
and D). Neither single treatment reduced steatosis,
whereas the combined treatment reduced hepatic fat
accumulation by ~70% (Figure 3E–H). The combined
treatment was also more effective in reducing serum
transaminases (Figure 3I), which was in line with largely
absent F4/80 positive foci that formed crown-like struc-
tures surrounding injured or dead hepatocytes with large
lipid droplets (Figure 3E). Histologic evaluation revealed
vention decreases transaminases and modestly improved
ale C57BL6/J mice at 10 weeks of age were fed HFCFr for 20
itional 12 weeks. Mice were fasted for 6 hours (9 AM–3 PM) and
cages under the same experimental condition were used to
y weight. (E) Liver weight. (F) Liver weight (LW): body weight
(I) Representative H&E, F4/80, and Sirius Red stain of liver
ore. (L) Sirius Red positive area was quantified by ImageJ. * vs
ean ± standard deviation. All other results are mean ± SEM.
. One-way ANOVA and Tukey post hoc were used to calculate
n ¼ 10–15 for the 32-week HFCFr diet cohort; n ¼ 7–14 for the
f the 42-week HFCFr diet cohort were excluded. Scale bar ¼



Figure 2. HFCFr diet
feeding for 42 weeks re-
sults in liver tumor
development in mice. (A)
Representative image of
NASH liver and NASH-
tumor liver. (B) Number of
tumor-bearing mice in the
42-week HFCFr diet
cohort. (C) Representative
H&E staining. (D) Repre-
sentative Sirius Red stain-
ing. (E) Representative
reticulin stain of liver sec-
tions showing tumor and
surrounding non-tumor
tissue. (Scale bar ¼ 250
mm). (F) Mean body weight.
(G) Liver weight. (H) NAS
and fibrosis score of non-
tumor tissues of tumor-
bearing livers. All results
are mean ± SEM. Student t
test was used to calculate
the P value for F and G. *
vs non–tumor-bearing
mice. Tumor-bearing mice
(n ¼ 4) and non–tumor-
bearing mice (n ¼ 21).
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that the combined treatment significantly decreased NAS of
steatosis, inflammation, and ballooning, but neither single
treatment caused a significant reduction of NAS
(Figure 3J). GSK672 alone caused a trend toward a half-
point reduction of fibrosis stage (P ¼ .06), whereas
FGF15 alone and the combined treatment significantly
reduced fibrosis by ~1 stage (Figure 3J). Because brunt
fibrosis staging was evaluated on the basis of the zonal
presence of fibrosis, we further quantified the total Sirius
Red positive area, which showed that only the combined
treatment significantly reduced both brunt fibrosis stage
by 1 stage and total fibrotic area by ~40% (Figure 3K).
However, FGF15 alone decreased liver fibrosis from stage
2 to stage 1, suggesting that FGF15 alone may attenuate
portal fibrosis development. Consistent with lower body
weight, the combined treatment group showed lighter
gonadal fat weight and smaller average adipocyte diameter
(Figure 4A–C). The combined treatment group also showed
fewer infiltrating macrophages forming crown-like struc-
tures (Figure 4D and E), suggesting reduced adipose
inflammation. Neither single treatment affected adiposity
or adipose inflammation (Figure 4A–E). In summary, these
results suggest that the GSK672 and FGF15 combined
treatment is significantly more effective in improving
NASH and fibrosis than either single treatment.
Liver Transcriptomics Reveals Reduced
Inflammation and Fibrosis Gene Signatures in the
GSK672 and FGF15 Combined Treatment

To further explore our pathologic findings, we next
performed liver transcriptomics analysis to compare and
contrast the effects of GSK672 and FGF15 monotherapy
with those of the combined treatment. Overall, the com-
bined treatment was more effective in achieving a much
greater degree of reversal of the HFCFr diet-induced tran-
scriptomic changes than either single treatment (Figure 5A).
Ingenuity pathway analysis identified liver fibrosis as the
top up-regulated pathway by HFCFr diet over the chow diet
group (Figure 5B, upper panel). The combined treatment
caused stronger down-regulation of the fibrosis pathway
than either single treatment in the HFCFr diet-fed mice
(Figure 5B). Notably, a-smooth muscle actin, which is
deemed a highly reliable marker of hepatic stellate cell
activation,24 was up-regulated by ~4-fold by HFCFr diet,
which was largely reversed by the combined treatment but
not by either single treatment (Figure 5C). Interestingly, the
combined treatment also reduced many downstream targets
of signaling pathways that promote hepatic inflammation
and fibrogenesis, including the Rac signaling, Ephrin
signaling, and Integrin signaling pathways (Figure 5B,
Tables 1–3).25–27 GSK672 or FGF15 single treatment
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decreased many macrophage/immune cell markers that
reflected inflammatory infiltration, whereas there was
generally an enhanced reduction of these inflammatory
marker genes by the combined treatment (Figure 5B and D).
Our analysis also revealed that HFCFr diet feeding resulted
in marked up-regulation of hepatic lipogenic gene network,
which was significantly decreased by the combined treat-
ment but not by either single treatment (Figure 5E). In
summary, the transcriptomics analysis provides evidence at
the molecular level that achieving a broader and higher
magnitude of inflammatory and lipogenic inhibition by the
combined treatment is needed to produce a histologically
significant NASH and fibrosis improvement.
Hepatic Cholesterol Reduction in the Combined
Treatment Group Is Associated With Increased
De Novo Cholesterol Synthesis and Attenuated
Organelle Stress Gene Signature

Cholesterol biosynthesis was identified among the top
down-regulated pathways by HFCFr diet that were
restored by the co-treatment (Figure 5B, lower panel).
This was over-represented by HFCFr diet-mediated down-
regulation of cholesterol biosynthesis genes that were
fully reversed in the combined treatment group but to
significantly less extent by either single treatment
(Figure 6A). Analysis of hepatic cholesterol revealed that
GSK672 and FGF15 single treatment decreased hepatic
cholesterol by ~40%, whereas the combined treatment
decreased hepatic cholesterol by ~90% (Figure 6B),
explaining markedly increased cholesterol synthesis genes
given that intrahepatic cholesterol accumulation strongly
represses SREBP2 cleavage activation and de novo
cholesterol synthesis (Figure 6A and C). Hepatic choles-
terol accumulation in NASH livers is a key pathogenic
inducer of endoplasmic reticulum stress, lysosomal stress,
and oxidative stress.13–15 Consistent with markedly
reduced hepatic cholesterol, we found that hepatic endo-
plasmic reticulum stress activation in NASH livers, as
evidenced by higher phosphorylated eukaryotic initiation
factor 2a and downstream C/EBP homologous protein
mRNA induction, was significantly attenuated in the
combined treatment group (Figure 6C and D). Further-
more, numerous HFCFr diet-induced lysosomal genes,
reflecting an extensive adaptive response to lysosomal
stress,14,17,28 were also down-regulated in the combined
treatment group (Figure 6E). Consistent with oxidative
stress in NASH livers, the HFCFr diet group showed
significantly increased NRF2 and its target genes
Figure 3. (See previous page). GSK672 and FGF15 combine
HFCFr diet-fed mice. (A) Experimental design. Male C57BL6
AAV8-TBG-Null or AAV8-TBG-FGF15 (1 � 1011 GC/mouse) was
next day. After 12 weeks, mice were fasted for 6 hours (9 AM–3
and 18s (internal control). (C) Body weight. (D) Food intake. (
sections. Scale bar ¼ 250 mm for H&E and Sirius Red stain; 125 m
weight (BW) ratio. (H) Liver TG content. (I) Serum ALT. (J) NA
quantified by ImageJ. All results are mean ± SEM. # vs Chow. On
P value for C, F–K. * vs HFCFr diet. (n ¼ 5 for the chow fed mi
(Figure 6F). The induction of the NRF2 transcriptional
network by HFCFr diet was attenuated in the combined
treatment group (Figure 6F), suggesting reduced hepatic
oxidative stress. In summary, these results suggest that
the combined GSK672 and FGF15 treatment resulted in
enhanced reduction of intrahepatic cholesterol accumu-
lation, which may contribute to attenuated hepatocyte
organelle stress and injury.
Combined GSK672 and FGF15 Treatment
Causes Marked Reduction in Intrahepatic Bile
Acid Accumulation and Intestinal Bile Acid Pool
That Limits Dietary Fat and Cholesterol
Absorption

Although bile acids critically regulate hepatic metabolic
homeostasis under normal physiology, emerging evidence
suggests that intrahepatic bile acid accumulation may be a
contributing factor to NASH pathogenesis.23,29,30 GSK672
reduced small intestinal bile acid content by ~40% and total
bile acid pool by ~30% but not hepatic bile acid content,
likely because of compensatory increase of hepatic CYP7A1
expression (Figure 7A and C). In comparison, FGF15
reduced both hepatic and intestinal bile acid pool by ~40%–
50%. Intriguingly, the combined treatment caused a striking
~90% reduction of total bile acid pool (Figure 7A). After 8
weeks of treatment, fecal bile acid content in the GSK672
group was ~2-fold higher, whereas fecal bile acid content in
the FGF15 group was only ~15% of that in the untreated
controls (Figure 7B). Markedly reduced fecal bile acid loss
likely limited the degree of bile acid pool reduction in the
FGF15 group (Figure 7A). Interestingly, despite ~90%
reduction of intestinal bile acids, fecal bile acid loss in the
combined treatment group was maintained at a similar level
to that of the untreated controls (Figure 7B), an effect that
can be explained by ASBT inhibition. Furthermore, GSK672-
mediated CYP7A1 induction was completely blocked by
FGF15 in the combined treatment group (Figure 7C), which
thus prevented compensatory induction of bile acid syn-
thesis. Inhibition of CYP7A1 by FGF15 was relatively modest
(Figure 7C), which could be due to the opposing effect of
reduced liver and intestinal bile acids (Figure 7A). In sup-
port of this, hepatic sterol 12a-hydroxylase (CYP8B1) and
sodium-taurocholate co-transporting polypeptide (NTCP)
mRNA expression increased in the FGF15 treatment group
(Figure 7C and D). Strikingly, ileal FGF15 expression was
largely abolished in the combined treatment group, likely as
a result of lower intestinal bile acid content (Figure 7A and
D). These results suggest that the magnitude of FGF15-
d treatment improves NASH and fibrosis in the 32-week
/J mice at 10 weeks of age were fed HFCFr for 20 weeks.
injected via tail vein, and GSK672 treatment was initiated the
PM) and euthanized. (B) Mean Ct values are shown for FGF15
E) Representative H&E, F4/80, and Sirius Red stain of liver
m for F4/80 stain. (F) Liver weight. (G) Liver weight (LW): body
S and brunt fibrosis score. (K) Sirius Red positive area was
e-way ANOVA and Tukey post hoc were used to calculate the
ce; n ¼ 6–7 for the 32-week HFCFr diet cohort).



Figure 4. GSK672 and FGF15 combined treatment decreases adiposity and adipose inflammation in the 32-week
HFCFr diet-fed mice. Mice and experiments are described as in Figure 3A. (A) Gonadal fat weight. (B) Representative H&E
staining of white adipose tissue. Scale bar ¼ 250 mm. (C) Average adipocyte diameter is calculated with ImageJ software.
About 160–360 cells/mouse are measured. (D) Representative F4/80 immunohistochemical staining. Scale bar ¼ 250 mm. (E)
F4/80 positive area per field is quantified with ImageJ software. Mean value of HFCFr group is set as “1”. Results are mean ±
SEM. One-way ANOVA and Tukey post hoc were used to calculate the P value for A, C, and E. * vs HFCFr diet. (n ¼ 6–7).
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mediated and GSK672-mediated reduction of the bile acid
pool can eventually be limited by intestinal bile acid pres-
ervation (reduced fecal bile acid loss) (Figure 7B) and
increased hepatic bile acid synthesis (Figure 7C), respec-
tively. However, the combined treatment blocked these
compensatory mechanisms, which achieved a much greater
reduction of intrahepatic and total bile acid pool.

We further found that the combined treatment also
resulted in a more hydrophilic biliary bile acid composi-
tion, with taurine-conjugated muricholic acid and
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ursodeoxycholic acid accounting for ~70% and ~10%,
respectively, of the bile acid pool (Figure 7E and F). In
comparison, although GSK672 and FGF15 single treatment
reduced total bile acid pool by similar degree, GSK672
appeared to increase the ratio of hydrophobic bile acids to
hydrophilic bile acids, whereas FGF15 decreased this ratio
(Figure 7E and F). Increased taurine-conjugated cholic acid
in the GSK672-treated mice may be partially explained by
increased hepatic CYP8B1 expression (Figure 7E). How-
ever, the underlying cause of decreased taurine-conjugated
cholic acid in the FGF15 treatment group and the com-
bined treatment group requires further investigation. The
total unconjugated bile acids accounted for less than 1% of
the biliary bile acid content and thus were not further
analyzed. Hydrophobic bile acids are more potent in acti-
vating cellular signaling pathways and eliciting hepato-
toxicity when accumulated. However, the markedly
reduced total bile acid pool may predominantly contribute
to the metabolic outcomes over altered bile acid compo-
sition in the combined treatment group. Furthermore, the
species differences of bile acid composition between
humans and mice caution extrapolation of these findings to
humans.

Intestinal bile acids critically facilitate cholesterol ab-
sorption. We found that GSK672 and FGF15 single treat-
ment did not affect fecal cholesterol loss, suggesting the
remaining intestinal bile acids are sufficient to facilitate
cholesterol absorption. In contrast, despite ~95% reduction
of biliary cholesterol (Figure 7G), the combined treatment
group still showed ~25% higher fecal cholesterol loss after
12 weeks of treatment (Figure 7H). No significant changes
of ileal ATP binding cassette transporter G5, ATP binding
cassette transporter G8, or Niemann-Pick C1-like 1 mRNA
were observed (Figure 7D). Fecal fat loss was significantly
higher in the FGF15 treatment group and the highest in the
combined treatment group (Figure 7I and J). These results
suggest that the combined treatment promotes fecal lipid
loss to contribute to weight loss and cholesterol lowering.

Last, we analyzed the correlation between serum ALT,
a marker of liver injury, to hepatic TG content, hepatic
cholesterol content, and total bile acid pool among the 4
groups of 32-week HFCFr-fed mice with or without
treatments. We found a generally weak correlation be-
tween hepatic TG and ALT despite marked reduction of
steatosis in the combined treatment group (Figure 8A). In
contrast, ALT was strongly and positively correlated with
hepatic cholesterol and bile acid pool (Figure 8B and C).
These results suggest that the therapeutic efficacy of the
single and combined treatments is closely associated with
the magnitude of bile acid pool and hepatic cholesterol
reduction.
Figure 5. (See previous page). Liver transcriptomics analysis
in the combined treatment group. Liver RNA isolated from mi
Venn diagrams. “up” or “down” indicates up-regulated or down
regulated and down-regulated pathways by HFCFr diet feeding
(C–E) Liver mRNA expression of genes in fibrosis, inflammation,
(n ¼ 4–5). Statistical significance in C, D, and E was determined
used to calculate the P value for B–D. # vs Chow; * vs HFCFr
Discussion
Several bile acid–based therapeutics have produced

promising results in NASH clinical trials.3 However, it is
clear that higher therapeutic efficacy in achieving NASH
resolution and fibrosis improvement is still needed to
benefit more patients. Currently, whether combining 2
available bile acid therapies could achieve a higher degree of
therapeutic effects and simultaneous attenuation of
treatment-associated adverse effects has not been investi-
gated. We conducted this preclinical study on the basis of
the rationale that gut-restricted ASBT inhibition and FGF15/
19 signaling activation have many differential effects on
hepatic cholesterol and bile acid metabolism. By using a
mouse model with fully established NASH (NAS ¼ 6–7) and
stage 2 fibrosis, we demonstrated that the GSK672 and
FGF15 combined treatment showed significantly enhanced
efficacy against NASH and fibrosis. The potential synergistic
actions underlying the therapeutic benefits are discussed
below.

A key mechanism contributing to NASH and fibrosis
improvement is that the combined treatment is more
effective in reducing the enterohepatic bile acid pool than
either single treatment. This can be a clinically significant
change because it has been increasingly recognized that
NASH patients show elevated intrahepatic bile acids and
serum bile acids and that hepatic bile acid burden contrib-
utes to hepatic inflammation and injury not only in
NASH23,29–32 but also alcoholic liver disease21 and liver
regeneration.33 In contrast to mice, the human bile acid pool
is more hydrophobic, and intrahepatic retention may exert a
higher degree of hepatotoxicity by causing organelle stress,
inflammatory infiltration, and stellate cell activation.34,35

Consistently, the beneficial effects of the FGF19 analogue
NGM282 in NASH patients was thought to be partly attrib-
uted to reduced hepatic bile acids and bile acid pool.11,23 In
the combined treatment, FGF15 prevents the compensatory
induction of hepatic CYP7A1 by GSK672, whereas ASBT
inhibition maintains fecal bile acid excretion despite
reduced intestinal bile acids. These synergistic actions
resulted in a significantly greater reduction of intrahepatic
bile acids and total bile acid pool. In our study, bile acids
showed the strongest correlation with serum ALT in single
and combined treatment groups, suggesting that the thera-
peutic efficacy significantly depends on the magnitude of
bile acid pool reduction and the resulting metabolic changes.

Our findings suggest that the combined therapy could
partially mimic the effects of bariatric surgery in which both
dietary lipid malabsorption and increased FGF15/19
signaling synergistically mediate weight loss and metabolic
improvement.36,37 Weight loss in obese NASH individuals is
proven to be highly beneficial but difficult to achieve
reveals reduced inflammation and fibrosis gene signature
ce described in Figure 3A was used for RNA-seq analysis. (A)
-regulated genes in the latter group. (B) Heatmap of top up-
identified by ingenuity pathway analysis based on z-score.

and lipogenesis (RNA-seq results). All results are mean ± SEM
with ANOVA in R. One-way ANOVA and Tukey post hoc were
diet.



Table 1.Genes Representing Altered Ephrin Pathway Generated by Ingenuity Pathway Analysis

HFCFr/Chow HFCFr þ GSK/HFCFr HFCFr þ FGF15/HFCFr HFCFr þ FGF15 þ GSK/HFCFr

Gene symbol Expr Fold Change Expr fold change Expr fold change Expr fold change

ABI1 2.02 –1.48

ACTR2 2.12 –1.27 –1.52

ACTR3 2.21 –1.24 –1.43 –2.31

AKT1 1.69 –1.39 –1.27 –1.53

ARPC1B 2.35 –1.49 –1.42 –2.04

ARPC2 1.42 –1.22 –1.25 –1.39

ARPC4 1.38 –1.42

ARPC5 1.52 –1.2 –1.33 –1.42

CFL1 1.46 –1.49

CREB3L3 -1.48 1.28

GNAI1 3.16 –2.98

GNAI2 2.28 –1.41 –1.7

GNAS 1.44 –1.16

GNB2 3.06 –1.2 –1.64

GNG12 1.35 –1.31 –1.59

GRB2 1.57 –1.31 –1.43

ITGB1 1.34 –1.27

PDGFA 3.15 –2.13

RAC1 1.82 –1.22 –1.48

RAP1A 1.72 –1.22

RAP1B 1.53 –1.25 –1.44

RASA1 1.74 –1.56

SDCBP 2.73 –1.49 –2.13

VEGFA 1.39 1.27
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through lifestyle modification. Bariatric surgery promotes
rapid weight loss and metabolic improvement, which are
mediated by not only gut nutrient malabsorption but also
various signaling mechanisms.37 In support of our study, it
is recently reported that reduction of intestinal bile acid
levels and the resulting lipid malabsorption significantly
contribute to the metabolic benefits after vertical sleeve
gastrectomy in mice.38 Furthermore, increased FGF15
signaling in the combined treatment group likely provided
several benefits in addition to its effect on bile acid pool
reduction. This is because circulating FGF15/19 levels
Table 2.Genes Representing Altered Rac Signaling Pathway
Generated by Ingenuity Pathway Analysis

ITGB1 1.34 –1.27

JUN 3.49 –1.82 –3.05

MAP3K1 2.81 –2.09 –2.72

PIK3R1 1.92 –1.43

PIP5K1A –1.43

RAC1 1.82 –1.22 –1.48

RAP1A 1.72 –1.22

RAP1B 1.53 –1.25 –1.44
rapidly increase after bariatric surgery, which is thought to
mediate the metabolic improvements in humans and
mice.39,40 FGF15/19 has been reported to inhibit hepatic
lipogenesis and act on extrahepatic tissues to regulate en-
ergy expenditure.6,7 Lower body weight has been reported
in both FGF19 and FGF15 transgenic mice.6,22 Our study
also showed that marked reduction of bile acid pool limited
gut cholesterol absorption to attenuate hepatic cholesterol
accumulation, another important mechanism underlying
improved NASH and fibrosis.13,14 In the combined treatment
group, the fecal cholesterol loss was ~60% of dietary
cholesterol intake, supporting the quantitative importance
of this route for cholesterol lowering. Rapid weight loss
after bariatric surgery significantly increases adipose
cholesterol release and subsequent hepatic cholesterol
influx and biliary excretion. FGF15-deficient mice accumu-
lated hepatic free cholesterol leading to increased endo-
plasmic reticulum stress after vertical sleeve gastrectomy,
suggesting that functional FGF15/19 signaling is required to
maintain cholesterol homeostasis after bariatric surgery.41

Recent studies also reported new role of FGF19 in limiting
intestinal cholesterol absorption.42 It may also be note-
worthy that markedly decreased hepatic cholesterol results
in a compensatory induction of cholesterol synthesis. De
novo cholesterol synthesis is a highly ATP-consuming and
acetyl-CoA consuming process that is markedly increased



Table 3.Genes Representing Altered Integrin Signaling Pathway Generated By Ingenuity Pathway Analysis

HFCFr/Chow HFCFr þ GSK/HFCFr HFCFr þ FGF15/HFCFr HFCFr þ FGF15 þ GSK/HFCFr

Gene symbol Expr fold change Expr fold change Expr fold change Expr fold change

ACTA2 3.43 –3.75

ACTB 2.2 –1.73 –2.4

ACTN1 4.07 –1.28 –1.33 –1.98

ACTN4 1.9 –1.42 –1.48

ACTR2 2.12 –1.27 –1.52

ACTR3 2.21 –1.24 –1.43 –2.31

AKT1 1.69 –1.39 –1.27 –1.53

ARF1 1.41 –1.2 –1.48 –1.63

ARF4 1.27 –1.22

ARHGAP5 –1.33

ARPC1B 2.35 –1.49 –1.42 –2.04

ARPC2 1.42 –1.22 –1.25 –1.39

ARPC4 1.38 –1.42

ARPC5 1.52 –1.2 –1.33 –1.42

CAPNS1 2.23 –1.35 –1.56

Cdc42 2.4 –1.3 –1.69

FYN 2.79

GRB2 1.57 –1.31 –1.43

HRAS 1.54 –1.56

ILKAP 1.23

ITGB1 1.34 –1.27

ITGB2 6.87

MAP2K2 –1.2

MAP2K4 –1.49

MYL12A 2.42 –1.61 –1.94

MYL12B 4.36 –1.54 –2.28

NCK1 –1.32 –1.22

PAK2 –1.69

PIK3R1 1.92 –1.43

RAC1 1.82 –1.22 –1.48

RAC2 5.77

RALA 1.76

RALB 3.34

RAP1A 1.72 –1.22

RAP1B 1.53 –1.25 –1.44

RHOG 2.1 –1.6

RND3 2.03 –1.58

TLN1 1.81

VASP 4.34 –1.73 –1.84 –2.41

Wasl 1.68

WIPF1 7.44
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during postprandial period43 and inhibited when cellular
energy status is low.44 It has been reported that induction of
de novo cholesterol synthesis in response to persistent he-
patic cholesterol deficiency in CYP7A1 transgenic mice re-
directs acetyl-CoA away from lipogenesis.45 Therefore,
reducing hepatic cholesterol accumulation may not only
attenuate organelle stress but also help create a negative
energy balance in NASH livers.
Our findings suggest that the combined treatment could
also address several unwanted effects associated with
either monotherapy. Hypercholesterolemia is a major ef-
fect associated with NGM282 treatment in humans.46 The
ASBT inhibitor treatment is effective in decreasing plasma
low-density lipoprotein-cholesterol in NASH patients,18

and combining an ASBT inhibitor with FGF19 analogue
may prevent the development of hypercholesterolemia.
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Diarrhea is a common adverse event associated with ASBT
inhibition, which is consistent with pathologic conditions
of bile acid malabsorption.18 We found that fecal bile acid
content increased in the GSK672 group and returned to
baseline level in the combined treatment group because of
the counteracting effect of reduced intestinal bile acid
content, which suggests that the combined treatment could
potentially address this common adverse event associated
with ASBT inhibitor treatment. In this study, we chose to
overexpress FGF15 but not FGF19 in mice because FGF15
has overlapping despite weaker metabolic effects as
FGF19, but only FGF19 is tumorigenic.47 Recent studies
showed that some hepatocellular carcinomas had ampli-
fied FGF19 signaling.9 However, antibody-mediated FGF19
inhibition appeared to increase bile acid synthesis and
hepatotoxicity.48 We found that endogenous FGF15 was
largely abolished in the combined treatment group
because of marked reduction of intestinal bile acids. If this
holds true in humans, endogenous FGF19 production by
the liver and intestine may be significantly decreased by
the combined treatment, which would be desirable in
NASH patients with increased risk of liver cancer. Unfor-
tunately, this potential benefit of the combined treatment
cannot be substantiated in mice because of the non-
tumorigenic feature of FGF15.

Although reducing intrahepatic bile acid content and
total bile acid pool may provide several benefits in NASH,
genetic bile acid deficiency is associated with malabsorp-
tion of fat-soluble vitamins.49 Deficiency in fat-soluble
vitamins is commonly associated with bariatric sur-
gery.50 Because the combined treatment is expected to
cause a stronger reduction in total bile acid pool, whether
fat-soluble vitamin absorption will be affected requires
further investigation. Furthermore, bile acids possess
bacteriostatic property to limit bacterial growth especially
in the small intestine.51,52 Intestinal bacterial overgrowth
has been reported in liver cirrhosis and cholestasis with
reduced biliary bile acid secretion in humans and mice.52

Whether marked reduction of bile acids caused by the
combined treatment may lead to bacteria overgrowth in
the ileum remains to be investigated. However, because of
the action of GSK672, fecal bile acids were not markedly
decreased in the combined treatment group, indicating
that bile acids in large intestine may not be markedly
decreased. Further studies are also required to investigate
the potential changes and implications of gut microbiome
in the combined treatment.

In summary, we report that combining ASBT inhibitor
with FGF15 treatment significantly improved the thera-
peutic efficacy against NASH and fibrosis in HFCFr diet
model. To date, clinical studies have shown that both
NGM282 and ASBT inhibitors are well-tolerated in humans.
Figure 6. (See previous page). Reduced hepatic cholesterol
ciated with attenuated organelle stress gene signature. Mi
cedures”. (A, D, E, and F) Liver mRNA expression (RNA-seq re
Representative immunoblotting of proteins in total liver lysate
tubulin and phosphorylated eIF2a normalized to total eIF2a. All
was determined with ANOVA in R. # vs Chow; * vs HFCFr diet.
Further clinical studies may be warranted to investigate
whether the combined therapy may lead to enhanced anti-
NASH efficacy and reduced treatment-associated adverse
events in human NASH patients.

Methods
Reagents

Actin antibody (ab3280), a-tubulin antibody (ab7291),
and SREBP-2 (ab30682) antibody were purchased from
Abcam (Cambridge, MA). Antibodies against F4/80
(#70076), phospho-eIF2a (#3398), and total eIF2a (#5324)
were purchased from Cell Signaling Technology, Inc (Dan-
vers, MA). GSK2330672 (GSK672) was purchased from
MedChem Express (Monmouth Junction, NJ). Horseradish
peroxidase (HRP) substrate (#SK-4800) was purchased
from Vector Laboratories (Burlingame, CA). AST and ALT
assay kits, total cholesterol assay kit, and TG assay kit were
purchased from Pointe Scientific (Canton, MI). Fatty acid
assay kit (K612) was purchased from BioVision, Inc
(Milpitas, CA). Bile acid assay kit was purchased from Dia-
zyme Laboratories (Poway, CA). Reticulin staining was
performed with a Reticulin Stain Kit (Polysciences, Inc,
Warrington, PA).

Mice and Treatments
Wild-type male C57BL/6J mice were purchased from the

Jackson Lab (Bar Harbor, ME). HFCFr diet contains 40 kcal
% fat (20% w/w, mostly palm oil), 2% cholesterol, and 20
kcal% fructose (D09100310; Research Diet, Inc, New
Brunswick, NJ). GSK672 was mixed with HFCFr diet (100
mg/kg diet), resulting in ~8 mg/kg BW daily intake based
on 4 g/day food intake in a 50 g mouse. Mice were housed
in micro-isolator cages with paper bedding under 7 AM–7 PM

light cycle and 7 PM–7 AM dark cycle. AAV8-TBG-Null or
AAV8-TBG-cre (Vector Biolabs Inc, Malvern, PA) was
injected via tail vein at a dose of 1 � 1011 GC/mouse. All
mice were fasted for 6 hours from 9 AM to 3 PM before
euthanasia. Food intake was estimated by first measuring
the weight of a new cage with fresh diet. Mice were then
placed in the cage as they were originally housed (2 cages
per experimental condition). After 2–3 days, mice were
transferred to a new cage, and all feces were removed from
the cage. The remaining weight of the cage and diet was
measured and subtracted from the starting weight of the
cage and diet to obtain estimated weight of food consumed,
which is divided by the number of mice in the cage. Food
intake was measured at 4 different times during the 12-
week treatment period, and the results are expressed as
mean ± standard error of the mean (SEM). All animals
received humane care according to the criteria outlined in
the “Guide for the Care and Use of Laboratory Animals.” All
accumulation in the combined treatment group is asso-
ce were described in Figure 3A and the “Experimental Pro-
sults). (n ¼ 4–5). (B) Liver cholesterol content (n ¼ 5–7). (C)
s. Lower panels: Densitometry of SREBP2 normalized to a-
results are mean ± SEM. Statistical significance in A, E, and F
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animal protocols were approved by the Institutional Animal
Care and Use Committee at the University of Oklahoma
Health Sciences Center.
Histologic Analysis
Liver and white adipose tissues were fixed in 4% para-

formaldehyde and paraffin embedded. Sirius Red stain was



Figure 8. Serum ALT positively correlated with hepatic cholesterol and total bile acid pool in the 32-week HFCFr diet-
fed mice with or without single or combined treatment. Correlations between serum ALT and liver TG, liver cholesterol, and
bile acid pool of the 32-week HFCFr diet-fed mice with or without single or combined treatment (4 groups) as described in
Figure 3A. P values were calculated with simple linear regression analysis.
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prepared by mixing 1 g Direct Red 80 (Sigma-Aldrich;
#365548) in 1 L saturated solution of picric acid. Sections
were deparaffinized and hydrated and stained in Sirius Red.
Slides were then washed in acidified water, dehydrated in
ethanol, and cleared before mounting. H&E was performed
with an automated stainer. NAS and brunt fibrosis staging
were evaluated by a clinical gastrointestinal pathologist
(Wenyi Luo) in a blinded fashion. The Sirius Red positive
area was quantified with ImageJ software (National In-
stitutes of Health, Bethesda, MD). Reticulin staining was
performed according to manufacturer’s instructions.
F4/80 Immunohistochemistry Staining
Liver and white adipose sections were deparaffinized

and hydrated, followed by antigen retrieval by boiling slides
in citric acid buffer (10 mmol/L citric acid, 0.05% Tween,
pH 6.0) for 20 minutes. Slides were blocked with 5% normal
goat serum þ 3% bovine serum albumin and incubated
overnight with F4/80 antibody. The following day, endog-
enous peroxidase activity was blocked by 0.3% hydrogen
peroxide, and incubation with secondary antibody and HRP
substrate was carried out. Sections were stained briefly with
Mayer’s hematoxylin before mounting. Images were ac-
quired with Thermo Fisher EVOS M5000 Imaging System
(Waltham, MA).
Figure 7. (See previous page). Combined treatment causes
absorption. Mice were described in Figure 3A and the “Experim
6–7). Bile acid pool is the sum of bile acids in liver, gallbladder,
samples were collected after 8 weeks of treatments. Two indep
were 2 cages per experimental condition. (C) RNA-seq results o
time polymerase chain reaction measurement of ileal mRNA exp
acid composition measurement (n ¼ 6–7). (G) Gallbladder chol
Fecal samples were collected after 8 weeks of treatments. Two
There were 2 cages per experimental condition. All results are m
ANOVA in R. One-way ANOVA and Tukey post hoc were used to
FGF15; $ vs GSK672.
TG, Cholesterol, and Bile Acid Analysis
For cholesterol, TG, and fatty acid measurements, lipids

were extracted from tissue or fecal samples in a mixture of
chloroform: methanol (2:1; v: v), dried under nitrogen, and
resuspended in isopropanol containing 1% Triton X-100.
For bile acid measurement, bile acids were extracted from
liver, whole gallbladder bile, whole small intestine with
content, and dried feces in 90% ethanol. Total bile acid
amount was measured by assay kit. Bile acid pool was
estimated as the sum of bile acids in liver, gallbladder, and
small intestine. Bile acid composition in gallbladder bile was
measured by liquid chromatography-mass spectrometry
method.

RNA Sequencing
Total liver RNA (n ¼ 5) was purified with Trizol (Sigma-

Aldrich, St Louis, MO). Stranded RNA sequencing (RNAseq)
libraries were constructed using Lexogen’s QuantSeq 3’
mRNA-Seq Library Prep Kit FWD for Illumina and the
established protocols. The library construction was done
using 500 ng of total RNA. Each of the libraries was indexed
during library construction to multiplex for sequencing.
Samples were normalized, and the libraries were pooled
and run on Illumina’s NovaSeq Platform (San Diego, CA).
Derived sequences were analyzed by applying a custom
computational pipeline consisting of the open-source
marked reduction of bile acid pool that limits gut lipid
ental Procedures”. (A) Tissue bile acids and bile acid pool (n ¼
and small intestine with its content. (B) Fecal bile acids. Fecal
endent fecal samples were collected from each cage. There
f liver mRNA expression (RNA-seq results, n ¼ 4–5). (D) Real-
ression (n ¼ 6–7). (E and F) Gallbladder bile was used for bile
esterol content. (H–J) Fecal cholesterol, TG, and fatty acids.
independent fecal samples were collected from each cage.
ean ± SEM. Statistical significance in C was determined with
calculate the P value for A, B, D, E, G–J. * vs HFCFr diet; # vs
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gSNAP, Cufflinks, and R for sequence alignment and ascer-
tainment of differential gene expression.53 In short, reads
generated were mapped to the mouse genome (mm10) by
gSNAP,54 expression (FPKM) was derived by Cufflinks,54

and differential expression was analyzed with analysis of
variance (ANOVA) in R. Genes significant at false discovery
rate <.05 were submitted to pathway analysis using In-
genuity Pathway Analysis (Qiagen, Germantown, MD). (Data
deposition: Gene Expression Omnibus accession number
GSE168069)

Western blotting
Samples were prepared in 1� RIPA buffer containing 1%

sodium dodecyl sulfate and protease inhibitors. After
centrifugation, supernatant was used for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immuno-
blotting. ImageJ software was used to quantify band
intensity.

Real-Time Polymerase Chain Reaction
Total RNA was purified with Trizol (Sigma-Aldrich) and

reverse transcribed with Oligo dT primer and SuperScript
III reverse transcriptase (Thermo Fisher Scientific, Grand
Island, NY). Real-time polymerase chain reaction was per-
formed on a Bio-Rad CFX384 Real-time PCR system with iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA). The
comparative CT (Ct) method was used to calculate the
relative mRNA expression, which was expressed as 2 �DDCt

with the control group arbitrarily set as “1”.

Statistics
Statistical analysis for RNA-seq data is described under

RNA Sequencing. For other results, Student t test or one-
way ANOVAanalysis of variance and Tukey post hoc test
were used to calculate the P value. P <.05 was considered
statistically significant.

Access to Data
All authors had access to all the data and have reviewed

and approved the final manuscript.
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