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Abstract

Nonalcoholic fatty liver disease is becoming the most common chronic liver disease in Western
countries, and limited therapeutic options are available. Here we uncovered a role for intestinal
hypoxia-inducible factor (HIF) in hepatic steatosis. Human-intestine biopsies from individuals
with or without obesity revealed that intestinal HIF-2a signaling was positively correlated with
body-mass index and hepatic toxicity. The causality of this correlation was verified in mice with
an intestine-specific disruption of Hif2a, in which high-fat-diet-induced hepatic steatosis and
obesity were substantially lower as compared to control mice. PT2385, a HIF-2a.-specific
inhibitor, had preventive and therapeutic effects on metabolic disorders that were dependent on
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intestine HIF-2a.. Intestine HIF-2a. inhibition markedly reduced intestine and serum ceramide
levels. Mechanistically, intestine HIF-2a regulates ceramide metabolism mainly from the salvage
pathway, by positively regulating the expression of Neu3, the gene encoding neuraminidase 3.
These results suggest that intestinal HIF-2a. could be a viable target for hepatic steatosis therapy.

Nonalcoholic fatty liver disease (NAFLD), characterized by the accumulation of ectopic
triglycerides in the liver without excess alcohol consumption, is becoming te most common
chronic liver disease in industrialized countries®. Persistent NAFLD triggers increased risk
of nonalcoholic steatohepatitis (NASH) and end-stage liver diseases such as cirrhosis and
hepatocellular carcinoma?. Obesity is a well-recognized risk factor for NAFLD. Options for
pharmacologic therapy that targets NAFLD remain extremely limited?.

Accumulating reports indicate that HIFs, members of the basic helix-hoop-helix Per-Arnt-
Sim (bHLH-PAS) transcription-factor family, exert a pivotal role during the pathogenesis of
NAFLD?. HIF is a heterodimer of an oxygen-sensitive a. subunit and a constitutively
expressed B subunit (HIF-1B, or ARNT)®. Under normoxic conditions, HIF-a. (HIF-1a and
HIF-2a) is rapidly hydroxylated and degraded by several prolyl hydroxylase domain
enzymes (PHD), followed by conjugation with the von Hippel-Lindau (VHL) E3 ubiquitin-
ligase complex. Conversely, the HIF proteins are stabilized during hypoxia, owing to the
inhibition of PHD activity induced by low O, (refs. 6,7). Hepatocyte-specific disruption of
PHD2 and PHD3 or VHL, which leads to overexpression of both HIF-1a and HIF-2a, was
demonstrated to promote hepatic steatosis®. Hepatic HIF-2a, but not HIF-1a., was further
identified as a major regulator of hepatic lipid metabolism through the upregulation of genes
involved in fatty acid synthesis (SrebfI (also known as Srebpic) and Fasn) and fatty acid
uptake (Cd36) and through the downregulation of genes involved in regulating fatty acid p-
oxidation (Pparaand Acox1)®. Most studies of the relationship between HIF and NAFLD
focused on evaluating the effects of liver HIF. However, liver HIF-2a activation was recently
observed to ameliorate hyperglycemia through the insulin-dependent pathway with increased
insulin receptor substrate-2 (IRS2), or the insulin-independent pathway with the repression
of glucagon action19-12, These studies imply that pharmacological inhibition of liver
HIF-2a might not be suitable for NAFLD therapy, owing to the increased risk of elevating
hepatic glucose production and thus aggravating type 2 diabetes. However, several novel
targets in the intestine were recently implicated in the development of NAFLD13-15,
Although both HIF-1a and HIF-2a are expressed in the intestinal epithelial cells, the role of
intestinal HIF-a on the pathogenesis of NAFLD and other metabolic diseases is poorly
understood.

Herein, we adopted the intestine-specific knockout or activation of HIF-a and
metabolomics-profiling analysis to clarify the role and dissect the precise mechanism of
intestinal HIF-a in NAFLD development. This study revealed that intestinal HIF-2a. but not
HIF-1a signaling is activated during obesity. Intestine-specific Hif2a (officially known as
EpasI) ablation substantially ameliorates high-fat diet (HFD)-induced obesity and hepatic
steatosis in mice. Improvement of the adverse metabolic phenotypes is correlated with
alterations in ceramide metabolism. We identified Neu3, which encodes a key enzyme in the
ceramide salvage pathway, as a novel target gene of HIF-2a transcriptional activity and
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discovered that the HIF-2a—NEU3-ceramide axis promotes NAFLD development. Notably,
we found that a specific HIF-2a inhibitor, PT2385, which is in clinical trials for the
treatment of renal cancer, prevents and reverses metabolic disorders through the inhibition of
intestinal HIF-2a.. This work suggests that intestinal HIF-2a is a novel target for the
treatment of NAFLD.

Intestinal HIF-2a signaling is activated in humans with obesity

To investigate the potential association between HIF-2a signaling and obesity, we assessed
HIF-2a expression in distal ileum biopsies from nonobese individuals and individuals with
obesity by immunohistochemical staining (Fig. 1a) and western blot analysis (Fig. 1b),
revealing notably higher HIF-2a expression in humans with obesity relative to nonobese
controls. The mRNA levels of DMT1and DCYTB (officially known as CYBRDI), two
genes whose transcription is targeted by HIF-2a., were also markedly upregulated in humans
with obesity (Fig. 1c). By contrast, no change was noted in HIF-1a protein expression or in
the mRNA levels of its target gene PDKI (Fig. 1a—). lleum DMT1and DCYTB mRNA
levels were positively correlated with body-mass index (BMI), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) activities (Fig. 1d and Supplementary Fig. 1a).
However, no correlation was observed for PDKZ mRNA level with any of the parameters.
The human data indicated the presence of hypoxia and the activation of HIF-2a signaling in
the intestine of individuals with obesity.

To test the hypothesis that the small intestines of mice fed a HFD were hypoxic, we
employed the HIF-a oxygen-dependent degradation domain (ODD)-luc mice, expressing the
C-terminal portion of the ODD fused to a firefly luciferase (/uc) gene8. Under normoxic
conditions, the ODD is hydroxylated, which results in ubiquitination and proteasomal
degradation, whereas hypoxic stress inhibits hydroxylation, leading to the accumulation of
luciferase in the hypoxic tissues. As compared to the chow-diet-treated mice, there was
robust activation of the luciferase signal in the small intestines from the HFD-treated group
(Fig. 1e), which suggests that a HFD might trigger a hypoxia response in the small intestine.
Consistent with the activation of HIF-2a signaling observed in humans with obesity, a rapid
and selective induction in HIF-2a expression was demonstrated as early as 1 week following
HFD treatment (Supplementary Fig. 1b). A longer, 8-week treatment resulted in an
augmentation in the small intestine of HIF-2a protein levels and mRNA levels encoded by
the HIF-2a target genes Dmt1, Dcyth, Epo, and Fpnas compared to chow-fed control mice
(Fig. 1f).

Intestine-specific HIF-2a. disruption attenuated steatosis

To understand the importance of intestinal HIF-2a in the development and progression of
metabolic disorders and NAFLD, we treated control mice (Hif2& ") and intestine-specific
HifZa-null (Hif22*F) mice with a HFD for 12 weeks. Compared to the Hif2V mice,
Hif28E mice exhibited less body-weight gain with HFD feeding (Supplementary Fig. 2a).
A glucose-tolerance test (GTT) and insulin-tolerance test (ITT) revealed that abrogation of
intestinal HIF-2a substantially improved insulin sensitivity (Supplementary Fig. 2b,c).

Nat Med. Author manuscript; available in PMC 2019 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xie et al.

Page 4

Furthermore, H&E and Oil Red O staining showed a reduction in hepatic lipid droplets in
Hif28ME mice (Fig. 2a). Hif22*'E mice displayed significantly lower liver weights and liver
weight-to—body weight ratios relative to controls (Fig. 2b,c). Hepatic triglyceride levels,
hepatic and serum cholesterol levels, and serum ALT levels reflecting hepatic lipotoxicity
were markedly lower in Hif22*E mice, with no significant difference in serum triglyceride
levels as compared to the Hif2aV mice (Fig. 2d-h).

Furthermore, the mMRNA expression of genes involved in fatty acid transport and anabolism
(Srebplc, Cidea, Cd36, Fabpl, Fabp4, Fasn, Scdl, and Elovi6), triglyceride synthesis (Dgatl
and Dgat2), and the lipid-droplet coat (P/in2) were all substantially reduced in Hif2a>E
mice as compared to controls (Fig. 2i). By contrast, the mMRNA expression of genes involved
in fatty acid B-oxidation, such as AcoxZ2, Acs/1, and Acaala, were moderately elevated in
Hif28E mice as compared to the control mice (Fig. 2j). Although a 12-week-period of HFD
feeding did not result in obvious inflammatory cell infiltration by microscopic examination,
the expression levels of inflammatory cytokines and chemokines, such as 7nfa, Pail, Ccl2,
and Cc/3, were significantly lower in Hif22*'E mice than in the controls (Fig. 2k).

Disruption of HifZa was restricted to the intestines of Hif22*E mice, as revealed by lower
Hif2a mRNA expression in the intestine, with no changes in expression in other tissues,
relative to Hif2aVf mice (Supplementary Fig. 2d). Western blot analysis further showed that
the disruption of intestinal HIF-2a did not affect HIF-1a or HIF-2a protein levels in the
livers of the mice fed a HFD (Supplementary Fig. 2e). In addition, intestinal HIF-2a
disruption did not affect body-weight gain nor hepatic steatosis of mice fed a chow diet,
even though there was no evident steatosis in chow-fed mice (Supplementary Fig. 2f-n).

Intestinal HIF-2a deficiency lowers ceramide levels

To further decipher the underlying mechanism by which intestinal HIF-2a affects hepatic
lipid homeostasis, we employed lipidomics to analyze the metabolites in the small intestines
of the Hif2aV and Hif22*E mice fed a HFD. Multivariate analysis distinguished different
metabolic profiles between the Hif2*E and control mice (Fig. 3a). The ions leading to the
separation of the Hif2&Vfl and Hif222'E mice were identified as ceramides, such as C16:0
(M1, m/z582.5103); C18:1 (M2, m/z608.5250); C18:0 (M3, m/z610.5403); C20:0 (M4,
m/z638.5717); C22:0 (M5, m/z666.6019); and C24:1 (M6, m/z692.6186) (Fig. 3b). The
levels of ceramides, especially the most abundant, C16:0 ceramide, were substantially lower
in the small intestines of Hif2z2*E mice than in those of the controls (Fig. 3c). Similar to
what was observed in the small intestine, serum ceramides were also lower in Hif22*E mice
than in Hif2&Vf mice (Fig. 3d and Supplementary Fig. 3a,b).

Ceramides are synthesized through three different pathways (Fig. 3e): a de novo pathway
from palmitoyl-CoA and serine, a sphingomyelinase (SMase) pathway generated by the
hydrolysis of sphingomyelin and the salvage pathway generated from the catabolism of
complex sphingolipids, such as from ganglioside monosialo 3 (GM3) hydrolysis?-18,
Consequently, sphingomyelins and glucosylceramides, the two sources for ceramide
synthesis from SMase and salvage pathways, were also evaluated. There was no notable
change in the relative levels of sphingomyelins in the small intestine, and only a modest
reduction in serum (Fig. 3f and Supplementary Fig. 3c), whereas a marked change was
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detected in the relative levels of glucosylceramides in Hif22*'E mice (Fig. 3g and
Supplementary Fig. 3d).

It is well established that activation of the hepatic diacylglycerol-PKC-e pathway triggers
hepatic steatosis and insulin resistancel®. Hepatic acylcarnitine and diacylglyceride contents
and PKC-e trans-location remained unaltered in the livers of Hif22*'E mice as compared to
in those of Hif2&Vf mice (C.X. and Y.L., unpublished data). The changes in ceramide
metabolism in response to the inhibition of intestinal HIF-2a were due neither to altered
lipid absorption, as revealed by measurements of intestine and fecal lipids by both lipid-
assay kits and IH-NMR, nor to morphological changes of the intestine, as examined
histologically (C.X., Y.T. and A.D.P. unpublished data).

Along with diminished HIF-2a signaling in the small intestine (Supplementary Fig. 3e),
many mRNAs encoded by ceramide-synthesis-related genes, including Degs2in the de novo
pathway, Smpdl1, Smpd3, Smpd4, and Enpp7 in the SMase pathway and Neu3, G/b1, and
Gba2in the salvage pathway, were significantly downregulated in Hif222'E mice as
compared to in Hif2aV" mice (Supplementary Fig. 3f,g and Fig. 3h). The mMRNAs encoded
by genes involved in ceramide catabolism were at similar levels in Hif22*E mice and in
controls (Supplementary Fig. 3h).

Decreased steatosis is independent of adiposity

To further exclude a decrease in adiposity as a causal factor for the observed beneficial
metabolic effects after intestinal-specific HIF-2a disruption, Hif2& VM and Hif2a>'E mice
were treated with a HFD for a short duration of 1 week that did not lead to a notable
alteration of body weight (Supplementary Fig. 4a). A GTT and an ITT revealed an
improvement in glucose intolerance and insulin resistance in HFD-fed Hif2'E mice as
compared to those of Hif22"T mice (Supplementary Fig. 4b,c). The energy expenditure was
substantially enhanced in Hif22*'E mice, without significant changes in cumulative food
intake and ambulatory activity (Supplementary Fig. 4d-h). Hif22*'E mice exhibited lower
hepatic triglyceride levels and trended toward a reduction in serum ALT levels without
significant changes in liver weights and liver weight-to—body weight ratios, hepatic and
serum cholesterol levels, and serum triglyceride levels, as compared to Hif2& " mice
(Supplementary Fig. 4i-0). The expression of hepatic Srebplc, Cidea, Cd36, Acly, Acaca,
Fasn, Scd1, Elovi6, Dgatl, Dgat2, and Tnfawere lower in the Hif22*'E mice relative to the
controls (Supplementary Fig. 4p-r). Accompanied by the restrained HIF-2a signaling in the
small intestine, the Neu3, GIb1 Smpd1, Smpd3, Enpp7, and Degs? mRNAS were
substantially lower in the small intestine of the Hif2a®E mice as compared to floxed control
mice (Supplementary Fig. 5a—d), but were unchanged in the liver white adipose tissue
(WAT) of Hif2a®™E mice (C.X., unpublished data).

Lipidomics analysis confirmed that small intestinal, portal and systematic ceramides were
markedly diminished in Hif22*E mice (Supplementary Fig. 5e—-g). It should be noted that
the portal ceramides (which are mainly derived from the intestine) were lower to a greater
degree than that of systematic ceramides (31% lower relative to 19% lower) in Hif2E
mice as compared to the floxed controls, which suggested that serum ceramide changes
resulted mainly from altered ceramide synthesis in the intestine.
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To explore the mechanism by which the intestinal HIF-2a—ceramide pathway affected
energy expenditure, the browning-related genes of different adipose tissues were examined.
As compared to the Hif28V! mice, an induction of MRNAs encoded by uncoupling protein 1
(Ucpl) and other key thermogenic genes was found in subcutaneous WAT (scWAT) from
Hif28E mice without activation of thermogenic genes in brown adipose tissue (BAT) and
visceral epididymal WAT (eWAT) (Supplementary Fig. 5h—j). Western blot analysis further
confirmed the upregulation of UCP1 in SCWAT of Hif22"E mice (Supplementary Fig. 5k),
and immunohistochemical analysis showed an increased number of UCP1-positive beige
adipocytes in the SSWAT of Hif22'E mice (Supplementary Fig. 5l).

HIF-2a modulates ceramide synthesis through targeting Neu3

Genetic models were used to investigate whether intestinal HIF-2a activation regulated
ceramide metabolism. Mice with an intestine-specific disruption of VA/(VAP'E) had robust
activation of both HIF-1a and HIF-2a signaling, whereas mice lacking both VHL and
HIF-1a (VAl/HIif12'E) in the intestine induced only functional HIF-2a activation20,
Consistently, the HIF-2a signaling was markedly activated in the small intestine of VAl/
Hif12ME mice relative to VAl/Hif1dVT as revealed by measurements of the HIF-2a target
genes Dmt1 and Dcytb mRNA expression (Supplementary Fig. 6a). A similar induction of
the mRNA levels of Degs2, Smpdl, Smpd3, Smpd4, Enpp7, Neu3, GIb1, and Gba2 was
observed in VAl/Hif12ME mice (Supplementary Fig. 6b—d). Meu3 mRNA expression in the
small intestine was shown to be the most robust (ten-fold) induced among the genes involved
in ceramide synthesis as a result of intestine HIF-2a activation (Supplementary Fig. 6d).
These alterations were completely blocked by the HIF-2a antagonist PT2385 (ref. 21).

Induction of Meu3was observed in both single-mutant VAA'E and double-mutant VAl/
Hif12ME mice, but not in VAl/Hif2&>E mice (Supplementary Fig. 6e—j). Furthermore, the
expression of NEU3 mRNA was notably greater in the ileum biopsies of humans with
obesity relative to individuals without obesity and was positively correlated with BMI, ALT,
AST, DMT1ImRNA, and DCYTB mRNA expression (Fig. 4a—f). An upregulation of NEU3
expression was also observed in the small intestines of HFD-treated mice as compared to
chow-fed mice (Fig. 4g). Lactosylceramide is the product of NEU3 and a substrate for
GLBL1 in the salvage pathway. Consistent with the gene-expression data, the relative
abundance of lactosylceramide C16:0, the predominant lactosylceramide in intestine, was
also markedly lower in the small intestine of Hif2z2*E mice as compared to in those of
Hir2d VM mice (Supplementary Fig. 6k), indicating that NEU3 activity was suppressed in
Hif22*E mice. Western blot analysis also confirmed a reduction of NEU3 expression in the
small intestine by selective HIF-2a ablation (Fig. 4h).

There are two putative HIF-response elements (HRE) in the promoter of Meu3 (Fig. 4i),
which was analyzed by transient transfection using a Meu3 promoter luciferase reporter
construct. In the intestine-derived HCT116 cells, the hypoxia mimic CoCls or co-
transfection with a constitutively active HIF-2a triple mutant (TM) expression plasmid
markedly induced the luciferase activity (Fig. 4j). The HIF-2a. TM induction of luciferase
expression was further potentiated in cells incubated with CoCl,. HRE1 (AHRE1) or HRE2
(AHRE2) single-deletion constructs did not change luciferase activity, whereas the activity
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in both HRE (AHRE) deletion constructs was markedly suppressed. These results
demonstrated that HIF-2a directly regulated Neu3expression, and the expression was
activated with either one or both HREs. Chromatin-immunoprecipitation (ChIP) assays were
then performed on cross-linked soluble chromatin isolated from the small intestines of
VAR or \VAAE mice. Primers flanking both HRES specifically amplified the DNA
sequence immunoprecipitated by the HIF-2a antibody in VAAIE mice whereas no
amplification was noted in controls (Fig. 4k), demonstrating that HIF-2a is able to bind the
Neu3HREs /n vivo. Increased HIF-2a binding to the HREs in the Neu3 promoter from the
small intestine was also found in HFD-fed mice relative to controls (T.Y., unpublished data).

Intestine-derived ceramides control hepatic steatosis

To more definitively establish the connection between intestine ceramide metabolism with
hepatic steatosis, NMeu3expression and ceramide production were investigated in HCT116
cells treated with the HIF-2a. inhibitor PT2385, the NEU3 inhibitor 2,3-didehydro- A-acetyl-
neuraminic acid (DANA)?2 and siNEU3. PT2385 treatment completely abolished the
induction of Meu3under hypoxia, accompanied by decreased expression of the HIF-2a.
target gene DMT1and DCYTB mRNAs (Supplementary Fig. 6l1). Treatment with PT2385,
siNEU3 and DANA significantly blunted hypoxia-mediated induction of ceramide levels in
the intestinal cell line (Supplementary Fig. 6m and Fig. 4I,m). These results suggested that
the activation of HIF-2a signaling resulted in elevated ceramide production primarily
through increased Neu3expression /n vitro. Furthermore, oral administration of the NEU3
inhibitors DANA and naringin?3 specifically inhibited the NEU3 activity in the small
intestine, but not in the liver and WAT (Supplementary Fig. 7a—c). As a result, the small
intestine and serum ceramides were substantially reduced after NEU3-inhibitor treatment as
compared to vehicle (Supplementary Fig. 7d,e). DANA and naringin treatment markedly
attenuated hepatic steatosis and obesity in HFD-fed mice (Supplementary Fig. 7f—p).

Moreover, ceramide administered by the injection of C16:0 ceramide to Hif22'E mice fed a
HFD for 6 weeks resulted in increased ceramide levels in small intestine and serum that
were comparable to those in vehicle-treated HFD-fed Hif2&VT mice (Supplementary Fig.
8a,b). The administration of ceramide substantially reversed the improvement in body
weight and insulin resistance in HFD-fed Hif22*E mice as compared to that of Hif2& !/
mice (Supplementary Fig. 8c—f). The intestinal-specific HIF-2a-ablation mediated reduction
in hepatic lipid droplets, liver weights, ratios of liver weight to body weight, hepatic
triglyceride levels, hepatic cholesterol levels, and serum ALT levels was abrogated by
ceramide administration (Fig. 5a—h). Ceramide eliminated the downregulation of hepatic
expression of Srebplc, Cidea, Cd36, Fabpl, Fabp4, Fasn, Scdl, Elovi6, PlinZ, Tnfa, Pail,
CclZ, and Cc/l3mRNAs (Fig. 5ij).

PT2385 improves steatosis by inhibiting intestinal HIF-2a

To assess the role of intestinal HIF-2a in the PT2385-improved NAFLD, we treated HFD-
fed Hif2aVf and Hif2a'E mice with vehicle or PT2385. PT2385 substantially prevented
HFD-induced body-weight increase and insulin resistance in Hif2&"fl mice, but not in
Hif2&E mice (Supplementary Fig. 9a—c). Histology analysis showed that PT2385
eliminated hepatic lipid accumulation in HFD-fed Hif2&Vf mice, but had no further
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inhibition on Hif2a®'E mice (Supplementary Fig. 9d). Hif22*'E mice exhibited lower liver
weights, ratios of liver weight to body weight, hepatic triglycerides, hepatic and serum
cholesterol content, and ALT versus Hif2a "l mice, and were unresponsive to the inhibition
of PT2385 treatment (Supplementary Fig. 9e—k). Further, small intestine and serum
ceramide levels were markedly reduced by PT2385 in the Hif2a"f mice, but not in the
Hif22*E mice (Supplementary Fig. 91,m). Accordingly, the mRNA levels of Degs2, Smpdl,
Smpd3, Smpad4, Enpp7, Neu3, GIb1, and GbaZwere substantially inhibited in the HFD-fed
Hif28" mice by PT2385 treatment, but remained similar in the HFD-fed Hif2a2'E mice
(Supplementary Fig. 10a—d). In the liver, PT2385 downregulated the mRNA expression of
Srebplc, Cidea, Cd36, Fabp4, Fasn, Scdl, Elovi6, Plin2, Tnfa, Pail, CclZ, and Ccl3in the
Hif28" mice, whereas no change was found in Hif22*'E mice treated with PT2385
(Supplementary Fig. 10e,f).

To further address whether selective inhibition of intestinal HIF-2a. could be a therapeutic
target for HFD-induced NAFLD, and to confirm whether it is a suitable drug target, we
treated HFD-fed mice with obesity and hepatic steatosis with PT2385. Oral administration
of PT2385 resulted in reduced body weight and improved insulin sensitivity (Supplementary
Fig. 11a—c). Liver histological analysis by H&E and QOil Red O staining indicated a
reduction in hepatic lipid droplets after PT2385 treatment (Fig. 6a), which was reflected by
lower liver weights, ratios of liver weight to body weight, and hepatic triglycerides relative
to controls (Fig. 6b—e). Hepatic and serum cholesterol levels, and serum ALT were markedly
reduced after PT2385 treatment (Fig. 6f-h).

PT2385 treatment substantially inhibited HIF-2a signaling as indicated by the decreased
target gene ODmt1 and Dcytb mRNAs in the small intestine (Supplementary Fig. 11d). As a
result, PT2385-treated mice exhibited lower ceramide levels in both the small intestine and
serum relative to vehicle-treated mice, owing to suppressed HIF-2a signaling (Fig. 6i and
Supplementary Fig. 11e). Consistently, the expression of mMRNAs encoded by Degs2,
Smpd1, Smpad3, Smpd4, Enpp7, Neu3, and G/b1 was substantially suppressed in PT2385-
treated mice (Supplementary Fig. 11f,g and Fig. 6j). Western blot confirmed the reduction of
NEU3 expression by PT2385 (Fig. 6k). Hepatic mRNA expression of the genes SrebpIc,
Cidea, Cd36, Fabp3, Fabp4, Fasn, Scdl, Elovi6, Plin2, Tnfa, Pail, Ccl2 and Ccl3was lower
in the PT2385-treatment group than in the vehicle-treated control group (Supplementary Fig.
11h,i).

DISCUSSION

Studies with hypoxic probes indicated that there is a low pO, at the villi tips, and
inflammation and tumors further elevate epithelial hypoxia24. The current study
demonstrated that HFD treatment promotes HIF-2a activation; however, it does not affect
HIF-1a signaling in the intestine. The precise mechanism by which a HFD activates
intestinal HIF-2a signaling remains unclear. The gut-bacterial-derived short-chain fatty
acids (SCFAs), notably butyrate, were reported to deplete O, levels and activate HIF
signaling in the intestinal epithelium?>:26, SCFAs produced by the gut microbiota might
contribute to induce intestinal HIF-2a expression and activation under the condition of
HFD. Other gut-microbiota-derived metabolites from tryptophan and indole metabolic
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pathways activate the aryl-hydrocarbon receptor (AhR) after HFD treatment?’. HIF-2a and
AhR as heterodimeric transcription factors share the same heterodimer, partner HIF-1p.
Thus, there is the potential for cross-talk between the HIF-2a. and AhR signaling pathways
that might influence HIF-2a signaling.

Intestinal HIF-2a depletion results in less susceptibility to HFD-induced hepatic fatty liver
and obesity, accompanied by a down-regulation of intestine and serum ceramide levels. The
underlying mechanism revealed that intestine HIF-2a but not HIF-1a inhibition markedly
suppressed intestinal-derived ceramides by directly targeting ceramide biosynthesis by the
key enzyme in the ceramide salvage pathway, NEU3. Furthermore, inhibition of intestinal
HIF-2a signaling by PT2385 had both preventive and therapeutic effects on NAFLD and
obesity (Fig. 61). There is a positive correlation between HIF-2a signaling in human
intestine biopsies and obesity. Considering the close link between obesity and NAFLD, these
findings indicate that intestinal HIF-2a signaling is activated in obesity and NAFLD and so
could be a promising therapy target in humans.

Several studies highlight the potential role for compromised epithelial barrier function and
immune response in NAFLD pathogenesis'428:29, HIF-1a and HIF-2a. were shown to
influence intestinal epithelial permeability and inflammation3%:31, HIF-1a exerts a potent
protective function at the epithelial barrier by regulating adherens-junction and tight-
junction genes, including claudin 1 (C/dn1), mucin 3 (Muc?3), trefoil factor 1 ( 7/fI), and 5-
ectonucleotidase (Cd73)32-35. It was reported that HIF-2a has a dual role in barrier function.
Acute activation of HIF-2a results in the maintenance of tight-junction assemblies and
barrier integrity through the upregulation of creatine kinase38, whereas chronic activation of
HIF-2a disrupts the tight junctions through an increase of caveolin 1 (ref. 37). Several
reports showed that mice with intestinal epithelial HIF-1a ablation are more susceptible to
intestinal injury and inflammation, whereas HIF-1a activation leads to an anti-inflammatory
response in inflammatory bowel disease38. Prolonged HIF-2a activation in intestinal
epithelial cells triggers a spontaneous inflammatory response, whereas intestinal HIF-2a.
deficiency substantially reduces inflammation through the direct regulation of inflammatory
mediators, including tumor necrosis factor-a, microsomal prostaglandin synthase 1, and
cyclooxygenase 2 in colitis models29-39, It cannot be excluded that improvement of the
intestinal epithelial permeability and inflammation might contribute to the metabolic
benefits of intestinal HIF-2a inhibition in the mouse model of obesity.

It is well established that there is a positive relationship between ceramide levels and
metabolic diseases in humans and mice?%41, In patients with NAFLD, the serum ceramide
levels are markedly increased?243. A causal role of ceramides in NAFLD development was
further demonstrated by using pharmacological or genetic inhibition of enzymes involved in
ceramide metabolism?#4. Overexpression of acid ceramidase in either the liver or adipose
tissue protects against HFD-induced hepatic lipid accumulation and insulin resistance by
reducing ceramide synthesis in adipose tissue*®. The elevated C16:0-ceramide levels
induced by overexpressing ceramide synthase enzymes 6 (Cers6) leads to hepatic
steatohepatitis and insulin resistance, whereas liver- or adipose-specific Cersé disruption
improves fatty liver and obesity by boosting fatty acid B-oxidation46:47. Mice lacking
dihydroceramide desaturase 1 (DEGSL1) are also resistant to HFD-induced obesity and
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insulin resistance, owing to lower levels of ceramides*8. Ceramides substantially upregulate
fatty acid uptake and synthesis through direct or indirect modulation of CD36 and
SREBPIC signaling, respectively1>46. The lower levels of intestinal ceramide production
led to less hepatic lipid accumulation in a gutmicrobiota-remodeling mouse model®®. Beside
the effects of ceramide on NAFLD, ceramide was also shown to impair beige-fat function,
thereby lowering energy expenditure®:50, It is also well established that enhanced energy
expenditure can improve hepatic steatosis and insulin resistance in rodent models of
NAFLD5L52, Mice with adipocyte-specific disruption of Spt/c2involved in the de novo
ceramide-synthesis pathway displayed improved beige-fat thermogenesis and hepatic
steatosis following the inhibition of adipocyte ceramide synthesis®2. Supporting this view,
the current study showed that mice lacking intestine HIF-2a are resistant to HFD-induced
hepatic steatosis and obesity, which is correlated with lower intestine and serum ceramides,
with suppressed fatty acid synthesis and uptake, and with higher ‘beiging’ and thermogenic
capacity. However, expression of the fatty acid p-oxidation-related genes are not changed in
the livers of Hif2&VM and Hif22*'E mice fed a HFD for 1 week, whereas most genes
encoding fatty acid—synthesis-related enzymes are substantially downregulated in the livers
of Hif22*'E mice, which suggests that the HIF-2a—ceramide axis mainly regulates hepatic
fatty acid synthesis.

Furthermore, intestine HIF-2a. but not HIF-1a was defined as a novel regulator of the
ceramide salvage pathway, as revealed by measuring Neu3, G/b1, and GbaZ mRNA
expression. Notably, NEU3 catalyzes the hydrolysis of GM3 into lactosylceramides, which
can be converted into glucosylceramides by GLB1, whereas GBA2 catalyzes the generation
of ceramides from glucosylceramides®3. This study revealed that AVeu3is a direct target gene
of HIF-2a. Interestingly, NEU3 overexpression in liver was observed to increase hepatic
lipid accumulation and liver weight®. In the current study, direct inhibition of intestinal
NEUS3 substantially ameliorated hepatic steatosis. It was demonstrated that the ceramides
themselves represent a more central modulator of obesity and hepatic steatosis than
glucosylceramides, lactosylceramides, or sphingomyelins*®. Therefore, the decrease of
intestine-derived ceramide levels might contribute to the improvement of NAFLD after the
inhibition of intestinal HIF-2a.. Besides, NEU3 was found to be an upstream activator of
HIF-1a in muscle cells®. Although HFD treatment elevated NEU3 expression, increased
expression of HIF-1a protein was not found. The cell types and differential expression of
the Hiflagenes may be crucial for the regulation of HIF-1a.

HIF-2a,, a bHLH-PAS domain protein, was considered undrug-gable until the discovery of a
class of compounds, including PT2385 (ref. 21). PT2385 is an orally bioavailable HIF-2a
antagonist that specially inhibits HIF-2a transcriptional activity by allosterically blocking
the heterodimerization between HIF-2a and HIF-1B, while having no effect on HIF-1a.
Recent reports revealed that PT2385 and the closely related analog PT2399 inhibits tumor
growth and displays better efficacy than sunitinib, a currently approved first-line anti-
angiogenesis drug?:°6:57, PT2385 is well tolerated without toxicities in a phase 1 clinical
trial to treat renal cell carcinoma. In the present study, the inhibition of intestinal HIF-2a
signaling by PT2385 substantially prevents and reverses obesity and hepatic steatosis,
followed by a reduction of intestine and serum ceramide levels. Thus, this study revealed an
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essential role for intestinal HIF-2a in regulating obesity, insulin resistance and hepatic lipid
metabolism, and provided a potential therapeutic approach for treating metabolic disorders.

METHODS

Methods, including statements of data availability and any associated accession codes and
references, are available in the online version of the paper.

ONLINE METHODS

Human cohorts.

Distal ileum mucosa biopsies were taken from two cohorts (7= 12 and 35, respectively).
These individuals were undergoing routine colonoscopy without diagnosis for NAFLD or
type 2 diabetes. The genders and ages were at similar levels at baseline in both the nonobese
cohort and the cohort with obesity (Supplementary Table 1). The clinical biochemistry
variables are listed in Supplementary Table 2. All indivduals fulfilled the following inclusion
criteria: (i) no significant acute or chronic viral hepatitis; (ii) no significant alcohol
consumption (the definition of “significant” alcohol consumption has been inconsistent, and
ranged from >1 alcoholic beverage at 10 g of alcohol per one drink unit per day to > 40 g per
day); (iii) no thyroid dysfunction; (iv) no inflammatory bowel disease; (v) no pregnancy; and
(vi) do not have a condition that is unsuitable for biopsy as judged by the clinician. The
study was approved by Conjoint Health Research Ethics Board of the First Affiliated
Hospital of Xi’an Jiaotong University, China, and written informed consent was given to all
individuals before participation in this study. The biopsies from cohort 1 (7= 12) were used
for immunohistochemical staining and western blot analysis. The biopsies from cohort 2 (n
= 35) were used for real-time PCR analysis.

Mouse studies.

Hif2a M vafm vinl/Hif1dM and val/Hi28M mice were previously described®8:59. For
intestine-specific disruption, Hif2a VMl v val/Hif1dM and val/Hif2&8V were crossed
with mice harboring the Cre recombinase under control of the villin promoter to obtain the
Hif2aME, VAP, Va/HIfIEME, and Val/HIfZ&ME mice. The VART vaPE valHif1a M,
VAHIFIPE, ValHif2Z8VM, and Vil/Hif2#ME were on a mixed Sv129 and C57BL/6
background. The Hif2&"f and Hif2*'E were on a C57BL/6N background, after
backcrossing with C57BL/6N mice for more than five generations. HFD (60% kcal from fat)
was purchased from Bioserv (Flemington, NJ). 8- to 10-week-old male littermate Hif2a/
and Hif22E mice were fed a chow or HFD for 12 weeks or 1 week to induce hepatic
steatosis. For the ceramide turnover study, C16:0 ceramide, purchased from Avanti Polar
Lipids (Alabaster, AL), was suspended in saline with 0.5% sodium carboxymethyl cellulose.
8- to 10-week-old male littermate Hif24"" and Hif2*E mice fed a HFD and injected the
intraperitoneally every other day with vehicle or C16:0 ceramide (15 mg/kg) for 6 weeks.
For the NEU3-inhibitor study, DANA and naringin were purchased from Sigma-Aldrich (St.
Louis, MO). DANA was dissolved in saline and naringin was suspended in saline with 0.5%
sodium carboxymethyl cellulose and 5% dimethyl sulfoxide. C57B6/N mice fed a HFD with
vehicle were gavaged with DANA (20 mg/kg o.p.d.) or naringin (200 mg/kg o.p.d.) for 4
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weeks. For the HIF-2a inhibitor studies, PT2385, purchased from MedChem Express
(Monmouth Junction, NJ), was suspended in saline with 0.5% sodium carboxymethyl
cellulose, 2.5% Tween 80 and 2.5% dimethyl sulfoxide. For the treatment of hepatic
steatosis, C57BL/6N mice with obesity fed a HFD for 8 weeks were administered vehicle or
PT2385 (20 mg/kg 0.p.d.) by gavage for another 4 weeks. To determine whether the action
of PT2385 was HIF-2a dependent, 8- to 10-week-old male littermate Hif2&Vf and Hif2aME
mice fed a HFD were administered vehicle or PT2385 (20 mg/kg o.p.d.) by gavage for 12
weeks. For the short-term treatment, 8- to 10-week-old male littermate VAl/Hif1aV and
Vhl/HIf12AME mice fed a chow diet were administered vehicle or PT2385 (20 mg/kg 0.p.d.)
by gavage for 3 d. All mice were randomly assigned to experimental groups (at least four
mice per group), and the groups did not present differences in body weights before the
treatments. All mouse studies were approved by the NCI Animal Care and Use Committee
and performed in accordance with the Institute of Laboratory Animal Resources guidelines.
All mice were fed ad /ibitum and kept in a 12-h light-dark cycle.

ODD-luciferase transgenic mice study.

ODD-luciferase transgenic mice were obtained from Jackson Laboratories (Bar Harbor,
ME). 10-week-old male littermate mice were fed a chow or HFD for 1 week. Small
intestines were collected and extracted with lysis buffer, and the luciferase activities were
measured by use of the luciferase assay system (Promega).

Western blot analysis.

Intestine and scCWAT samples were lysed in RIPA buffer with protease and phosphatase
inhibitors, and then the protein extracts were separated by SDS—-PAGE electrophoresis and
transferred to a PVDF membrane. The membrane was incubated overnight at 4 °C with
antibodies against HIF-2a. (Novus Biologicals, LLC, Littleton, CO, Cat# NB100-122),
HIF1la (Novus Biologicals, Cat# NB100-105), NEU3 (Origene Technologies, Rockville,
MD, Cat# TA590228), S-ACTIN (Cell Signaling, Danvers, MA, Cat# 4970), UCP1 (Abcam,
Cambridge, MA, Cat# ab10983), and elF5 (Cell Signaling, Cat# 13894). The full western
blot gel panels are shown in Supplementary Figure 12.

Metabolic assays.

For the glucose tolerance test (GTT), the mice were fasted overnight for 16 h. For the insulin
tolerance test (ITT), the mice were fasted for 4 h. Glucose at 2 g/kg or insulin (Eli Lilly,
Washington, DC) at 0.8 U/Kkg in saline were injected intraperitoneally to conscious animals
and from tail vein, blood glucose was measured before and at 15, 30, 60, and 90 min post
injection using a glucometer (Bayer, Pittsburgh, PA).

Histological analysis.

Formalin-fixed paraffin-embedded liver sections were stained by H&E and OCT-embedded
frozen liver sections were stained by Oil O Red according to standard protocols followed by
microscopic examination. Three discontinuous liver sections were evaluated for each mouse.
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Clinical chemistry measurements.

Liver injury was evaluated by measuring alanine aminotransferase (ALT) in serum
(Catachem In., Oxford, CT). Hepatic and serum triglycerides were determined with a
triglyceride colorimetric assay kit (Bioassay Systems, Hayward, CA). Hepatic and serum
cholesterol contents were measured using assay kit from Wako Diagnostics (Wako
Chemicals USA, Richmond, VA).

Real-time PCR analysis.

The intestine mucosa was gently scraped and liver flash frozen in liquid nitrogen, and both
were stored at —80 °C. Total RNA from frozen intestine mucosa and liver was extracted with
TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from 1 pg total RNA
using gScript cDNA SuperMix (Gaithersburg, MD). Real-time PCR primer sequences are
included in the Supplementary Table 3. The relative amount of each mRNA was calculated
after normalizing to their corresponding B-actin or Gapah mRNA, and the results expressed
as fold change relative to the control group.

Metabolomics analysis.

Global lipidomics was performed as previously described!®. For global lipidomics, the
multivariate data matrix was analyzed by SIMCA-P+14 software (Umetrics, Kinnelon, NJ).
For ceramide quantitation, the data were analyzed by TargetLynx software, a subroutine of
the MassLynx software (Waters Corp.). The ceramide standards, including C16:0, C18:0,
C18:1, C20:0, C22:0, C24:0 and C24:1, were obtained from Avanti Polar Lipids (Alabaster,
AL).

Indirect calorimetry.

Indirect calorimetry was carried out on Hif2&Vfl and Hif22:'E mice fed a HFD for 1 week
using a 12-chamber Environment Controlled CLAMS (Columbus Instruments, Columbus,
OH). After a 48-h acclimatization period, mice were monitored for 24 h at 22 °C. During
testing, food and water were provided ad /ibitum.

Luciferase-reporter gene assays.

The Neu3 promoter region was predicted by FANTOMS5 mouse promoterome. Hypoxia
response elements (HRES) in the promoter region were further identified by HIF-2a ChIP
assay (see below). The Neu3promoter and the HRE-lacking promoter fragments were
amplified by PCR from mouse genomic DNA. The primer sequences are listed in
Supplementary Table 3. The amplified fragments were digested by Kpnl and Xhol
restriction enzymes (New England BioLabs), and then cloned into the pGL4.11 luciferase
vector (Promega). NVeu3reporter vectors and phRL-TK Renilla luciferase control vector
(Promega) were co-transfected into HCT116 cells (ATCC CCL-247) by use of
Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific). In addition, either
constitutively active HIF-2a triple mutants (HIF-2a—TM) expression vectorS0 or the empty
backbone vector (pcDNA3) were co-transfected into the cells and cobalt (11) chloride
hexahydrate (Sigma-Aldrich) was added to culture medium at a 100-uM final concentration
to mimic hypoxia. Empty vector (pGL4.11) was used as a negative control and the standard.
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After 24 h from the transfection, luciferase assays were performed by use of the dual-
luciferase assay system (Promega). Firefly and Renilla luciferase activities were measured
by Veritas microplate luminometer (Turner Biosystems).

Cell treatment.

HCT116 cells were seeded in 12-well plates (for gene expression analysis) or six-well plates
(for lipidomics analysis). Cells were treated with vehicle, PT2385 (10 uM), or DANA (100
UM), or transfected with siVEU3 (20 nM, Thermo Fisher Scientific, Waltham, MA) and
exposed to either vehicle or CoCl, (100 uM) for 24 h.

ChIP assay.

ChIP assays were performed as described previously, on duodenal epithelium scrapings
using 1% formaldehyde in 1x PBS as a cross-linker3?, The primary antibody for HIF-2a
(Novus Biologicals) was used for immunoprecipitation. The precipitated DNA samples were
incubated with RNase A and proteinase K, purified using PCR clean-up column (Qiagen),
and 2 pl of sample was used for real-time PCR using primers listed in Supplementary Table
3.

Neuraminidase-activity assays.

Intestine neuraminidase activity was determined in the intestine homogenates using a
Neuraminidase Activity Assay kit (Sigma-Aldrich).

Data analysis.

Statistical analysis was performed using Prism version 7.0 (GraphPad Software, San Diego,
CA). To predetermine sample sizes, power analysis was performed using StatMate version
2.0 (GraphPad Software). Experimental values are presented as mean + s.e.m. The
investigators involved in this study were not completely blinded during sample collection or
data analysis in animal experiments, but were blinded in human study. No animal or sample
was excluded from the analysis. The sample distribution was determined by a Kolmogorov-
Smirnov normality test. Correlations were assessed by nonparametric Spearman’s test.
Statistical significance between two groups was determined using two-tailed Student’s £test.
One-way ANOVA followed by Tukey’s post hoc correction was applied for multi-group
comparisons. Pvalues of less than 0.05 were considered to be significant.

Data availability.

The data that support the findings of this study are available from the corresponding authors
upon reasonable request. Additional detailed information on experimental design and
reagents for this study is provided in the Life Sciences Reporting Summary.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Increased HIF-2a signaling in human ileum biopsies is correlated with obesity. (a)
Representative immunohistochemical staining for the expression of HIF-2a and HIF-1a in
human ileum biopsies from cohort 1 (n7= 6 subjects/group, 3 images/subject). (b)
Representative western blot analysis of HIF-2a and HIF-1a protein expression in three
individual ileum biopsies from cohort 1. 7= 6/group for blot quantification. (c) mMRNA
expression levels of HIF-2a target gene DMT1, DCYTB, and HIF-1a target gene PDKZ in
human ileum biopsies from individuals without obesity (7= 18) and with obesity (7= 17)
(cohort 2). **P < 0.01, relative nonobese individuals, by two-tailed Student’s #test. (d) Heat
map of the correlative analysis of DMT71, DCYTB, and PDKI mRNAs in human ileum
biopsies (cohort 2) with BMI and clinical biochemistry parameters (7= 35). Correlations
were assessed by nonparametric Spearman’s test. (e) The relative luciferase activities in
small intestine (ileum) from ODD-luciferase transgenic mice fed a chow diet or HFD (= 4/
group). (f) Western blot analysis of HIF-2a. and HIF-1a protein expression (/7= 3/group)
and mRNA expression analysis (/7= 5/group) of their target genes in small intestine from
chow-diet or HFD-fed mice (8 weeks). Data are presented as mean + s.e.m. For box plots,
the midline represents the median; box represents the interquartile range (IQR) between the
first and third quartiles, and whiskers represent the lowest or highest values within 1.5 times
interquartile range (IQR) from the first or third quartiles. *£< 0.05, **P< 0.01 relative to a
chow diet, by two-tailed Student’s #test.
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Figure 2.
Intestine-specific HIF-2a disruption ameliorates the development of hepatic steatosis. (a)

Representative H&E staining (left two panels) and Oil Red O staining (right two panels) of
liver sections (7= 5 mice/group, 3 images/mouse). Scale bars, 100 pm. (b) Liver weights.
(c) Liver weight-to—body weight ratios. (d,e) Liver (d) and serum (e) triglyceride content.
(f,9) Liver (f) and serum (g) cholesterol content. (h) Serum ALT levels. (i) Hepatic
expression of MRNAs encoded by hepatic fatty acid transport and lipogenesis-related genes.
(i) Hepatic expression of mRNAs encoded by hepatic fatty acid p-oxidation-related genes.
(k) Hepatic expression of mRNAs encoded by inflammatory cytokine and chemokine genes.
HFD-fed Hif2&"f and Hif2*E mice. n = 5/group. For box plots, the midline represents the
median; box represents the IQR between the first and third quartiles, and whiskers represent
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the lowest or highest values within 1.5 times IQR from the first or third quartiles. *~ < 0.05,
**p< (.01 relative to Hif2a"T mice, by two-tailed Student’s test.
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Figure 3.

Intestinal HIF-2a deficiency reduces ceramide synthesis in the small intestine. (a) Score
scatter plot of a PCA model of the intestinal metabolites between Hif2af/ (circle) and
Hif2a™'E (square) mice. Each point represents an individual mouse sample. (b) S-plot of an
orthogonal partial least-squares discriminant analysis (OPLS-DA) model of the intestinal
metabolites. Each point represents a metabolite ion. Insert shows a scaled region with
metabolites M2—-M6. (c¢,d) Quantitation of ceramide concentrations in the small intestine (c)
and serum (d). (e) Scheme for ceramide-synthesis pathways. (f,g) The relative levels of
sphingomyelin (f) and glucosylceramide (g) in the small intestine. (h) Intestinal expression
of intestinal MRNAs encoding ceramide salvage-related enzymes. Hif2a"f and Hif2*E
mice fed a HFD for 12 weeks. /7= 6/group. Data are presented as mean + s.e.m. For box
plots, the midline represents the median; box represents the IQR between the first and third
quartiles, and whiskers represent the lowest or highest values within 1.5 times IQR from the
first or third quartiles. *P< 0.05, **P< 0.01 relative to Hif2a "M mice, by two-tailed
Student’s #test.
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Figure 4.

The ceramide-synthesis-related gene Neu3is a novel HIF-2a target gene in the small
intestine. (a) Expression of NEU3mRNA in human ileum biopsies from nonobese
individuals (n7=18) and individuals with obesity (7= 17) (cohort 2). **P < 0.01, versus
healthy subjects, by two-tailed Student’s #test. (b—f) Correlative analysis of ileum NEU3
MRNA levels with BMI (b), ALT (c), AST (d), DMTI mRNA (e), and DCYTB mRNA (f).
n=35. Correlations were assessed by nonparametric Spearman’s test. (g) Western blot
analysis of NEU3 protein expression in small intestine of chow-diet or HFD-fed mice (8
weeks, 7= 3/group). (h) Western blot analysis of NEU3 protein expression in the small
intestine of HFD fed- Hif24M and Hif22*E mice (12 weeks, 7= 3/group). Data are
presented as means + s.e.m. **P< 0.01 relative to Hif2a"f mice, by two-tailed Student’s
test. (i) Schematic diagram of the mouse NMeu3 promoter illustrating the HRES in the
regulatory region; the upstream regions are numbered in relation to the transcription
initiation site, which is designated +1. (j) Luciferase-reporter gene assay of NMeu3 promoter
activity (n= 5/group). **P < 0.01, by two-tailed Student’s #test. (k) /n vivo ChlP assays on
small intestinal extracts from V&Ml and VARLIE mice (7= 3/group). **P< 0.01, by two-
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tailed Student’s #test. (I) Ceramide levels in HCT116 cells treated with vehicle, PT2385, or
DANA and exposed to either vehicle or CoCl, (7= 5/group). **P < 0.01 relative to
normoxia + vehicle, #P < 0.01 relative to hypoxia (CoCly) + vehicle, by one-way ANOVA
with Tukey’s correction. (m) Ceramide levels in HCT116 cells transfected with control or
siNEU3 and exposed to either vehicle and CoCl, (7= 5/group). **£ < 0.01 versus normoxia
+ control, ##P < 0.01 versus hypoxia (CoCly) + control, by one-way ANOVA with Tukey’s
correction. Data are presented as mean + s.e.m. For box plots, the midline represents the
median; box represents the IQR between the first and third quartiles, and whiskers represent
the lowest or highest values within 1.5 times IQR from the first or third quartiles.
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Administration of ceramide reverses the protective effects of intestinal HIF-2a. inhibition on
the development of HFD-induced hepatic steatosis. (a) Representative H&E staining (upper)
and Oil Red O staining (lower) of liver sections (7= 5 mice/group, 3 images/mouse). Scale
bars, 100 um. (b) Liver weights. (c) Liver weight-to—body weight ratios. (d,e) Liver (d) and
serum (e) triglyceride content. (f,g) Liver (f) and serum (g) cholesterol content. (h) Serum
ALT levels. (i) Hepatic expression of mMRNAs encoded by hepatic fatty acid transport and
lipogenesis-related genes. (j) Hepatic expression of mRNAs encoded by inflammatory
cytokine and chemokine genes. Ceramide-treated HFD-fed Hif2afl and Hif222E mice. n=
5/group. For box plots, the midline represents the median; box represents the IQR between
the first and third quartiles, and whiskers represent the lowest or highest values within 1.5
times IQR from the first or third quartiles. *~< 0.05, **P < 0.01 relative to vehicle-treated
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Hif2dVM mice, #P < 0.05, ##P < 0.01 relative to vehicle-treated Hif2&*'E mice, by one-way
ANOVA with Tukey’s correction.
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Figure 6.

PT2385 reverses HFD-induced hepatic steatosis. (a) Representative H&E staining (left two
panels) and Qil Red O staining (right two panels) of liver sections (7= 4 mice for vehicle
group, 7=5 mice for PT2385 group, 3 images/mouse). Lipids stain positive (red color) with
Oil Red O. Scale bars, 100 um. £=0.06 for steatosis score. (b) Liver weights. (c) Liver
weight-to—body weight ratios. (d,e) Liver (d) and serum (e) triglyceride content. (f,g) Liver
(f) and serum (g) cholesterol content. (h) Serum ALT levels. (i) Quantitation of ceramide
concentrations in the small intestine. (j) Intestinal expression of MRNAs encoding ceramide
salvage-related enzymes. PT2385-treated HFD-fed mice with obesity. 7= 4 for vehicle
group, n=>5 for PT2385 group. For box plots, the midline represents the median; box
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represents the IQR between the first and third quartiles, and whiskers represent the lowest or
highest values within 1.5 times IQR from the first or third quartiles. (k) Western blot
analysis of NEU3 protein expression in the small intestine (/7= 3/group). (I) A schematic
diagram summarizing the findings that obesity promotes a HIF-2a—NEU3-ceramide
pathway that contributes to NAFLD progression. Data are presented as mean + s.e.m. *P<
0.05, **P < 0.01 relative to vehicle treatment, by two-tailed Student’s #test.
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