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Abstract

Obstructive sleep apnea is associated with insulin resistance, lipid
dysregulation, and hepatic steatosis and fibrosis in nonalcoholic
fatty liver disease (NAFLD). We have previously shown that
hepatocyte HIF-1 (hypoxia-inducible factor-1) mediates the
development of liver fibrosis in a mouse model of NAFLD. We
hypothesized that intermittent hypoxia (IH) modeling obstructive
sleep apnea would worsen hepatic steatosis and fibrosis in

murine NAFLD, via HIF-1. Mice with hepatocyte-specific deletion
of Hifla (Hifla™ '~ hep) and wild-type (Hif1a™") controls were fed a
high trans-fat diet to induce NAFLD with steatohepatitis. Half from
each group were exposed to IH, and the other half were exposed to
intermittent air. A glucose tolerance test was performed just prior
to the end of the experiment. Mitochondrial efficiency was assessed
in fresh liver tissue at the time of death. The hepatic
malondialdehyde concentration and proinflammatory cytokine
levels were assessed, and genes of collagen and fatty acid
metabolism were examined. Hifla '~ hep mice gained less weight
than wild-type Hifla mice (—2.3 g, P=0.029). There was also a
genotype-independent effect of IH on body weight, with less weight
gain in mice exposed to IH (P =0.003). Fasting glucose,
homeostatic model assessment for insulin resistance, and glucose
tolerance test results were all improved in Hifla '~ hep mice. Liver
collagen was increased in mice exposed to IH (P=0.033) and was

reduced in Hifla~’~ hep mice (P < 0.001), without any significant
exposure/genotype interaction being demonstrated. Liver TNF-o
and IL-1p were significantly increased in mice exposed to IH and
were decreased in Hifla '~ hep mice. We conclude that HIF-1
signaling worsens the metabolic profile and hastens NAFLD
progression and that IH may worsen liver fibrosis. These effects are
plausibly mediated by hepatic inflammatory stress.

Keywords: obstructive sleep apnea; lipid metabolism; hepatic
fibrosis; hyperglycemia; HIF-1

Clinical Relevance

Obstructive sleep apnea appears in several studies to be
associated with clinical worsening of nonalcoholic fatty liver
disease. The goal of the present study was to determine
whether the hypoxia of obstructive sleep apnea leads to
worsened liver fibrosis and other poor outcomes in
nonalcoholic fatty liver disease and whether these changes
occur via hepatocyte HIF-1 (hypoxia-inducible factor-1). We
have shown that intermittent hypoxia enhances liver fibrosis
but that the changes appear to be independent of HIF-1.
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ORIGINAL RESEARCH

Obstructive sleep apnea (OSA) is a common
sleep disorder, affecting as much as 9-38% of
the adult population based on recent data (1).
The main manifestation of OSA is upper
airway collapse, which leads to complete
(apnea) or partial (hypopnea) cessation of flow
during sleep (2). This upper airway collapse
causes recurrent intermittent arterial hypoxia,
which is likely associated with intermittent
oxyhemoglobin desaturations in peripheral
tissues (3), arousals from sleep, and marked
intrathoracic pressure swings. In the last
decade, several studies have demonstrated that
recurrent intermittent hypoxia (IH) is
associated with systemic inflammation and
oxidative stress in peripheral tissues (4-6).
Accordingly, OSA is associated with adverse
cardiovascular and metabolic disease states
like hypertension, heart failure, insulin
resistance, and metabolic derangement
(7-10).

Nonalcoholic fattyliver disease (NAFLD)
is the hepatic manifestation of metabolic
syndrome (11). Approximately 30% of the U.S.
population are thought to have NAFLD, and
~5% have nonalcoholic steatohepatitis
(NASH) (12). NASH is characterized by
hepatic steatosis, lobular inflammation, and
ballooning with or without perisinusoidal
fibrosis (13). Multiple reports have indicated
that OSA severity plays a role in NAFLD
development and progression, independent of
the body mass index (14). Various models of
NAFLD in rodents have been used to
understand the pathogenesis and progression
of this disease. Mice fed a high-trans-fat diet
have been shown to develop obesity and severe
NASH (15). We have shown that this diet
increases hepatic triglyceride content and
other histologic features of NASH, including
profound fibrosis. We have also shown that the
development of liver fibrosis in this model is
dependent on hepatocyte expression of HIF-
1o (hypoxia-inducible factor-1a) (16). We
therefore hypothesized that IH as a model of
OSA would result in activation of HIF-1 in the
liver that would contribute to the development
of severe fibrosis.

To test this hypothesis, we designed a
2 X 2 experiment in which wild-type
(Hifla™") or hepatocyte-specific
Hifla-knockout (Hifla™’~ hep) mice were
placed on a high-trans-fat diet to induce
NASH, were exposed to either IH or
intermittent air (IA) to determine whether IH
impacts liver fibrosis and other liver and
metabolic outcomes in a mouse model and
whether any observed differences are HIF-1
dependent. Concurrently, we performed a
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second experiment in which a stabilized
antisense oligonucleotide (ASO) targeting
HIF-1a (Hifla-ASO),a scrambled, noncoding
ASO (Scr-ASO), or saline was injected
intraperitoneally into wild-type C57BL/6]
mice while they were fed a high—trans-fat diet
and exposed to IH to determine whether the
IH-mediated effects on liver fibrosis could be
abrogated by targeting HIF-1o. mRNA.

Methods

Mice

Mice were bred as we have previously
described (16) to have a deletion of the Hifla
gene in hepatocytes, which was achieved by
using a Cre recombinase system in which Cre
recombinase is expressed under the control of
an albumin promoter. Hif 12" Alb-Cre™’*
mice (Hifla~ '~ hep mice) and Hif 1a"/* Alb-
Cre”’” mice (H ifl aF mice) were used for this
experiment. Male mice from each genotype
(n=6-12/group, aged 8-10 wk) were fed a
high-trans-fat diet (40% fat, 18% of which was
trans fat; 22% fructose; 2% cholesterol;
Research Diets, Inc.) to induce NASH.
Animals were exposed tolight from 7 A.m. until
7 p.M. daily, housed at 2-4 mice per cage, and
had food intake and weight recorded twice
weekly. At the time of death, serum, liver, and
epididymal fat were collected. Animal studies
were approved by the Institutional Animal
Care and Use Committee of the University of
California San Diego.

Experimental Protocol and

Hypoxia Exposure

Mice were continued on the high-trans-fat
diet for 26 weeks. At Week 20, half the mice
from each genotype were exposed to either IH
or IA. A programmable device allowed
adjustment of the gas content in the cages to
fluctuate between a fraction of inspired oxygen
(Fip,) 0f 0.21 and an Fig, of 0.06 once per
minute for 12 h/d during the light phase. IA
exposure worked similarly so as to control for
the continuous flow of gas into the cages, but
air (Fio, of 0.21) was supplied continuously.
Hypoxia or air exposures continued for the
final 6 weeks of the experiment.

Glucose Tolerance Tests

Eight days before animals were killed,
intraperitoneal glucose tolerance tests (GTTs)
were performed. Mice were fasted for 5 hours,
beginning at 7:30 .M. A basal glucose level was
obtained by using the tail scratch technique at
Time 0 with a handheld glucometer (ACCU-

CHEK Nano, Roche), and the mice were
injected intraperitoneally with 1 g/kg glucose.
Blood glucose was checked at 10, 20, 30, 60, 90,
and 120 minutes after glucose injection. GTT
results were analyzed by subtracting fasting
glucose levels and calculating the area under
the curve (AUC) for each mouse.

Evaluation of HIF-1o—-targeted ASOs

In a second experiment, male wild-type
C57BL/6] mice (The Jackson Laboratory),
aged 8 weeks (n=12), were begun on a
high—trans-fat diet as described above to
induce NASH. At Week 20, the mice were all
exposed to IH as described above. The mice
were divided into three groups. Group 1 was
injected intraperitoneally with HifIa-ASO (30
mg/kg in 100 pl of PBS; GenScript Biotech)
twice a week for the final 6 weeks of the
experiment (i.e., during the entire duration of
IH exposure). Group 2 was injected with Scr-
ASO of similar molecular weight (30 mg/kg in
100 wl of PBS), and group 3 was injected with
100 pl of PBS alone. The design of the targeted
ASO was as described by Shin and colleagues
(17) and has been shown to improve the
metabolic profile in mice with diet-induced
obesity. Briefly, the ASO is a 20-mer
oligonucleotide with the sequence
GTGCAGTATTGTAGCCAGGC and a 2’-
O-(2-methoxyethyl) modification in bases 1-5
and 16-20 to increase nuclease resistance and
mRNA affinity. Mice were killed at 26 weeks as
described above.

Liver and Serum Assays

Fresh liver tissue samples were collected in
10% buffered formalin and then dehydrated
with 70% ethyl alcohol after 24 hours and
embedded in paraffin. Liver tissue was
sectioned into 5-pum slices for staining.
Hematoxylin and eosin (H&E) stains,
Masson’s trichrome stain, and Sirius red stains
were used to characterize NASH and liver
fibrosis. Sirius red staining was quantified
from eight images from each mouse sample in
a blinded manner, and the values were
averaged. Collagen was quantified by using a
hydroxyproline assay (QuickZyme
Biosciences). Collagen content was
determined from this assay by assuming a
hydroxyproline content of 13.5% (18), and
samples were normalized for liver weight.
Whole-liver tissue was homogenized, the
triglyceride content was determined (Cayman
Chemical Co.), and liver malondialdehyde
(MDA), a marker of lipid peroxidation, was
assessed (MilliporeSigma). TNF-a, IL-6, and
IL-1p levels were quantified in liver tissue
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homogenates by using an ELISA (Invitrogen).
Serum insulin levels were also assessed by
using an ELISA (MilliporeSigma), and the
homeostatic model assessment for insulin
resistance (HOMA-IR) index was calculated
by using the product of serum insulin (U/L)
and glucose (mg/dl) divided by 405.

Immunofluorescence and Assessment
of Mitochondrial Function
Immunofluorescence for HIF-1a protein was
performed on frozen liver specimens
embedded in O.C.T. compound. Forty-
micrometer sections were mounted on slides,
fixed, and permeabilized.
Immunofluorescence was done with a primary
antibody against HIF-1at (1:100, Novus
Biologicals), and a conjugated goat antimouse
secondary antibody (Life Technologies). On
the basis of our earlier experiments, in which
RNA sequencing suggesting significant gene
expression changes in whole-liver tissue in
pathways relevant to oxidative
phosphorylation and mitochondrial function
in Hifla~’™ hep mice (unpublished results), we
also examined mitochondrial efficiency in the
present experiment. Mitochondrial function
was assessed in fresh permeabilized liver tissue
slices from the same anatomiclocation (~5-mg
blotted weight) suspended in biopsy
preservation solution (BIOPS) respiratory
buffer (110mM bp-sucrose, 20mM HEPES,
10mM KH,PO,, 20mM taurine, 60mM
lactobionic acid, 3mM MgCl,, and 0.5mM
EGTA) by quantitating oxygen
consumption rates polarographically in a
sealed, high-resolution respirometer
(Oroboros Oxygraph-2k, Oroboros
Instruments) normalized to tissue weight.
Samples were placed in 2 ml of
mitochondrial respiration medium (MiR05)
respiratory media (0.5mM EGTA, 3mM
MgCl,, 60mM lactobionic acid, 20mM
taurine, 10mM KH,PO,, 20mM HEPES,
110mM p-sucrose, and 1 g/L BSA, adjusted
to apH of 7.1), and the O, in the media was
never fully depleted ([O,] was maintained at
250-500 wM). Oxygen consumption
kinetics using carbohydrates (malate and
pyruvate) as substrates were measured
under state I through state IV conditions
(i.e., a substrate-uncoupler-

inhibitor titration protocol): after the
addition of malate and pyruvate, ADP was
added incrementally, then succinate was
added, and then carbonyl cyanide m-
chlorophenyl hydrazone, a mitochondrial
uncoupler, was added to determine the
maximal uncoupled respiration for
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measurement of electron transport system
capacity. State III oxygen consumption was
determined after the addition of ADP
(20nM), and state IV oxygen consumption
was determined after the addition of
succinate (5mM). Measurements of oxygen
consumption were each performed in
duplicate liver samples. Sample data were
discarded if we observed a >10% increase in
oxygen consumption after the addition of
carbonyl cyanide m-chlorophenyl
hydrazone. The respiratory control ratio
(RCR) was calculated as the ratio of state IIT
to state IV oxygen consumption. The
assessment of the mitochondrial RCR was
similar to that described by Ioja and
colleagues (19).

RT-PCR

RNA was isolated from liver tissue by using an
RNeasy Mini Kit (Qiagen) according to the
supplied protocol. cDNA was synthesized by
using an Advantage RT for PCR kit (Clontech
Laboratories, Inc.). RT-PCR was performed
with primers and TagMan probes from Life
Technologies. The target mRNA level was
normalized to 185 mRNA by using the

following formula: target/
18S = 2Ct(188)—Ct(target)'

Statistical Analysis

For the main experiment described above,
statistical comparisons between groups of mice
for data resulting in single-point measurements
were performed by using factorial (two-way)
ANOVA. Independent variables were the
genotype (Hifla '~ hep vs. Hifla"") and
exposure (IH vs. IA), and the effects of each
independent variable and the interactive effect
were compared for each outcome of interest.
For comparing initial the body weight to the
body weight at the time of IH/IA exposure, a
two-tailed Student’s £ test was used to describe
the genotype effect. For gene expression,
comparisons were made in each group relative
to IA-exposed Hifla™" mice by using one-way
ANOVA. For the secondary experiment
involving ASO administration, statistical
comparisons between groups of mice were
made with one-way ANOVA. For all statistical
comparisons, a P value of <0.05 was the
threshold used for statistical significance. Data
are reported as the mean = SEM unless
otherwise noted. Analysis was unadjusted for
multiple comparisons. Prism 8 software
(GraphPad) was used for all analyses.

Results

Metabolic Characteristics

The metabolic profile of Hifla™’~ hep mice
was generally better than that of Hifla"" mice,
whereas IH exposure had no significant
impact on metabolic parameters relative to IA,
and there were no interactive effects between
the genotype and hypoxic exposure (Figure 1).
Hifla™’" hep and Hifla"" mice were initially
well matched for weight (26.2 = 0.7 g vs.

25.9 * 0.4 g, respectively; P=0.704; Table 1).
Hifla™’™ hep mice had gained less weight by
the time of IH initiation than the Hifla"* mice
(11.7 g vs. 14.0 g P=0.029). Between the start
of IH/IA exposure and the time of death, mice
in theIA group had gained a modestamount of
weight and mice in IH group had lost weight;
that is, there was a HIF-1-independent effect
of TH on weight (P = 0.465 for genotype effect,
P =0.003 for exposure effect, and P=0.928 for
interactive effect). Hifla '~ hep mice had
lower fasting glucose (P =0.001 for genotype
effect, P=0.506 for exposure effect; Figure
1A). Neither IH nor the HIF-1a status
impacted fasting insulin levels (P =0.199 for
genotype effect and P=0.112 for exposure
effect), but the HOMA-IR index was reduced
in Hifla™’~ hep mice relative to Hifla"™" mice
(P=0.047 for genotype effect, P=0.071 for
exposure effect, and P = 0.186 for interaction),
which was driven by a reduction in fasting
glucose. Hifla~’~ hep mice also had an
improved GTT AUC relative to Hifla"" mice
(P=0.016 for genotype effect and P = 0.889 for
exposure effect; Figure 1B). TH reduced liver
weight at the time of death (P =0.017, Figure
1C), but there was no genotype effect
(P=0.610). When expressed as a percentage of
total body weight, liver weight was not
impacted by IH. Hifla '~ hep mice had less
epididymal fat, a major storage site for visceral
white adipose tissue in mice, than Hifla""
mice (P=0.010), even when epididymal fat
was expressed as a percentage of total body
weight, whereas there was again no effect of
exposure (P=0.587).

HIF-1 Response to Hif1a*’*hep and IH
To verify the Hifla™'~ hep genotype, as well as
to determine the effect of IH on HIF-10, the
expression of two target genes of HIF-1 was
quantitated by using RT-PCR in a subset of
mice from each group (n = 6/group). In
Hif1a"™" mice, Vegf expression and Slc2al
expression were both increased in the IH
group (2.03-fold and 1.92-fold [P =0.003 and
P=0.041], respectively, relative to IA mice;
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Figure 1. Metabolic characteristics. (A) Hepatocyte-specific Hif1a (hypoxia-inducible factor-1e)-knockout (Hif1a~~ hep) mice had reduced fasting
glucose relative to wild-type (Hif1a™") mice (P=0.001), but intermittent hypoxia (IH) had no impact. Insulin levels were not different between
groups, but the HOMA-IR index was reduced in Hifla~’~ hep mice (P=0.047). (B) Glucose tolerance test (GTT) results in all groups. Hifla™’~ hep
conferred a protective effect on glucose handling during GTTs (P=0.016) that was not impacted by IH. (C) Liver weight at the time of death was
lower in the IH group (P=0.017), although liver weight as a percentage of body weight was not different. Hifla~'~ hep mice had less epididymal fat
than Hif1a™" mice (P=0.010), although no effect of IH was observed, despite overall differences in body weight due to hypoxia exposure.
Epididymal fat weight differences between genotypes persisted when epididymal fat was expressed as a percentage of overall body weight
(5.3% + 0.2% in Hif1a™”" mice overall vs. 4.6% = 0.1% in Hifla ™/~ hep mice overall; P=0.034 for genotype effect determined by using two-way
ANOVA). *P<0.05 and ***P < 0.005 for comparisons made by using two-way ANOVA. When the P value was <0.05 for exposure comparisons
made by using two-way ANOVA, this is noted above the figure. AUC = area under the curve; HOMA-IR = homeostatic model assessment for insulin
resistance; |A = intermittent air.
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Table 1. Mouse Weights over Experiment Duration

Hif1a™ (n=23) Hifla~'"hep (n=18) P
Initial weight, g 259+04 26.2+05 0.704
Weight at exposure onset (Week 20), g 40.0+0.5 37.9+0.8 0.037
IA (n=12) IH(n=11) IA (n=11) IH(n=7) P
Weight at death (Week 26), g 40.7 0.7 38.7+0.8 37.7+0.9 36.2+1.7 0.003 (exposure)

0.465 (genotype)
0.928 (interaction)

FIF

Definition of abbreviations: Hif1a= hypoxia-inducible factor-1a; Hif1a™™ = wild-type; Hifla '~ hep = hepatocyte-specific Hif1a knockout;

IA =intermittent air; IH = intermittent hypoxia.

A [ — [ —
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© 05 -
0.0 -
Vegf Slc2at
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1A
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Figure 2. HIF-1a target genes and immunoreactivity responses to IH and Hifia™/~ hep. (A) RT-PCR results for Vegf (left) and Slc2a (right, encoding
the GLUT1 protein) expression in total liver tissue (n=6/group). IH increased expression of both Vegfand Sic2atin Hifta™ mice. Hifla~’~ hep mice
showed reduced expression of both relative to Hif1a”" mice. *P<0.05 and *** P< 0.005 for two-tailed unpaired t test comparison with Hif1a™" IA
group. (B) Immunofluorescence results for HIF-1a protein from frozen sectioned liver tissue. A marked increase in HIF-1a is seen in IH-exposed
Hif1a™" mice. HIF-1a.is not as highly stabilized in IA-exposed Hifla™/~ hep mice compared with I1A-exposed Hifia™" mice and appears to be largely
confined to nonhepatocytes such as endothelial cells (white arrows), which were unimpacted by Hifla/~ hep. Scale bars, 200 pm.
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Figure 3. Nonalcoholic fatty liver disease characteristics. (A) Representative H&E, Masson’s trichrome, and Sirius red stains from all experimental
groups. Large white circles are vacuoles of fat as seen in severe hepatic steatosis. In Masson’s trichrome staining, collagen stains blue, and in Sirius
red staining, collagen stains dark red. There is less collagen apparent in Hifla /" hep liver samples. (B) Hepatic triglyceride content. Neither the
genotype (P=0.095) nor the exposure (P=0.191) impacted hepatic triglyceride levels. (C) Hepatic collagen content as assessed by using a
hydroxyproline assay (left) and evaluation of liver fibrosis by using Sirius red staining (right). *P<0.05 and ****<0.001 for comparisons made by
using two-way ANOVA. When P values are <0.05 for exposure comparisons made by using two-way ANOVA, this is noted above the figure. Scale
bars, 200 pm. H&E = hematoxylin and eosin.
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Table 2. Serum Aminotransferase and AP Levels at the Time of Death

Hifla " hep

Hif1a™"
IA (n=10)
AST, U/L 514 =137
ALT, U/L 231 + 31
AP, U/L 65+5

IH (n=10) IA (n=9)

647 = 158 371 £92

154 =17 331 =123

44 +7 56 + 6

H(n=7) P

771+ 287 0.117 (exposure)
0.955 (genotype)
0.426 (interaction)
490 + 259 0.746 (exposure)
0.087 (genotype)
0.346 (interaction)
0.098 (exposure)
0.976 (genotype)
(

0.193 (interaction)

53+10

Definition of abbreviations: ALT = alanine aminotransferase; AP = alkaline phosphatase; AST = aspartate aminotransferase.
Aminotransferase levels were highly elevated in all groups, without significant effects of genotype or hypoxic exposure being shown. AP was normal

in all groups.

Figure 2A). Vegf expression and Slc2al
expression were lower in [A-exposed
Hifla™’~ hep mice than in TA-exposed

Hifl aF mice (0.45-fold relative expression for
Vegf [P =0.033] and 0.32-fold relative
expression for Slc2al [P = 0.047]). HIF-1a was
directly examined in liver tissue in a subgroup
of mice by using immunofluorescence (for
representative images, see Figure 2B).

Characterization of NAFLD Severity
NAFLD severity was determined by using a
variety of endpoints. Representative H&E
staining, Masson’s trichrome staining, and
Sirius red staining are all shown in Figure 3A.
Liver aminotransferase levels (ALT [alanine
aminotransferase] and AST [aspartate
aminotransferase]) were highly elevated in all
groups, but neither the genotype nor the
exposure had an effect (Table 2). AP (alkaline
phosphatase) levels were normal in all mice.
There was no significant impact from the
genotype or IH/IA exposure on the liver
triglyceride content (Figure 3B). Liver collagen
content, measured by using a hydroxyproline
assay, was significantly higher in Hifla"" mice
than in Hifla~’~ hep mice (P < 0.001), and IH
increased hydroxyproline as well (P=0.033),
but there was no significant interactive effect
(P=0.192; Figure 3C). Similarly, Sirius red
staining showed a reduction of liver fibrosis in
Hifla™"~ hep mice (P < 0.001) and an increase
in liver fibrosis with IH (P = 0.020) but showed
no interactive effect (P =0.440).

Effects on Oxidative Stress,
Inflammatory Cytokines, Mitochondrial
Function, and Gene Expression

To understand the mechanisms by which
HIF-1 and IH may have impacted metabolic
and liver-related outcomes, we examined liver
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oxidative stress by measuring a marker of lipid
peroxidation (MDA), hepatic levels of
proinflammatory cytokines, liver
mitochondrial efficiency, and genes of fatty
acid metabolism and collagen synthesis by
using RT-PCR (Figure 4). Despite a reduction
in the liver collagen content in Hifla™ '~ hep
mice, MDA levels were higher in Hifla™ '~ hep
mice than in Hifla"™" mice (P < 0.001;

Figure 4A). There was no significant effect of
IH, and there was no interactive effect. Hepatic
levels of the proinflammatory cytokines IL-1f3
and TNF-o were lower in Hifla~’~ hep mice
and were higher with IH exposure (P < 0.001
forboth exposure and genotype effects for each
cytokine; Table 3), but there was no effect of
either exposure or genotype on IL-6 levels. No
interactive effects between the genotype and
exposure were noted. Hepatic mitochondrial
efficiency was assessed by calculating the RCR,
the ratio of state III to state IV oxygen
consumption. The RCR was reduced in
Hifla™'™ hep mice relative to Hifla""* mice
(P=0.002; Figure 4B). There was no effect of
IH on the RCR. Hifla~’~ hep mice in the TA
group had lower expression of LoxII and
Col3al than Hifla"’" mice in the IA group
(P=0.045 and P =0.029, respectively;

Figure 4C), but there was no effect of TH. There
were no significant effects of either genotype or
exposure on the other examined genes.

Effect of HIF-10~Targeting ASOs

In a second and concurrent experiment,
wild-type C57BL/6] mice were fed the same
high-trans-fat diet as above to induce NASH.
All mice were exposed to IH during the final 6
weeks of the experiment. A third of the mice
were injected with Hifla-ASO, a third were
injected with a Scr-ASO, and a final third were
injected with saline. Representative H&E,

Masson’s trichrome, and Sirius red stains are
shown in Figure 5A. The mice injected with
Hifla-ASO demonstrated less HIF-1a protein
as determined by using immunofluorescence,
and HIF-1 targets assessed by using RT-PCR
generally showed less expression (Figure 5B).
There were no significant differences in body
weights at the start of the experiment (Hifla-
ASO group, 23.5 = 1.6 g; Scr-ASO group,
23.2 * 1.4 g; saline group, 24.1 £ 1.1 g;
P=0.890 for one-way ANOVA), at the time of
IH exposure (Hifla-ASO group, 37.0 = 2.8 g;
Scr-ASO group, 36.7 = 4.8 g; saline group,
37.0 = 2.6 g; P=0.998), or at the time of death
(Hifla-ASO group, 34.8 == 2.0 g; Scr-ASO
group, 34.0 = 1.9 g; saline group, 33.7 = 1.8 g;
P=0.923). There were no between-group
differences in the GTT AUC (P=0.689;
Figure 5C). There was a trend toward a
reduction in the liver collagen content in the
Hifla-ASO group (Hifla-ASO group,

5.5 * 1.0 pg/mg; Scr-ASO group, 8.8 = 1.1
pg/mg; saline group, 8.5 = 0.9 pg/mg;
P=0.088 for one-way ANOVA; individual
values are shown in Figure 5D). Post hoc
comparison of Hifla-ASO mice with a
combined Scr-ASO and saline group showed
a significant reduction in the liver collagen
content in the Hifla-ASO group (P = 0.040).

Discussion

These experiments were designed to
determine the effects of IH, via HIF-1, on
metabolic dysfunction and NAFLD
progression. We found that hepatocyte HIF-1
mediates the development of metabolic
dysfunction in this model, with Hifla™’~ hep
mice having lower body weight, lower fasting
glucose, improved glucose tolerance, and less
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Table 3. Proinflammatory Cytokine Levels in Homogenized Liver Tissue, Normalized to Liver Tissue Weight, at the Time of Death

Hif1a™" Hifla ' hep
1A (n=8) IH (n=8) 1A (n=6) IH (n=7) P
TNF-o, pg/mg 33.5+4.8 479+23 9.7+0.7 204+2.8 <0.001 (exposure)
<0.001 (genotype)
0.510 (interaction)
IL-1B, pg/mg 61.0+5.3 80.0+4.6 247+15 455+5.3 <0.001 (exposure)
<0.001 (genotype)
0.832 (interaction)
IL-6, pg/ml 51.0+6.6 55.4+8.5 36.0+7.3 42.8+6.0 0.447 (exposure)
0.067 (genotype)
0.876 (interaction)
epididymal fat compared with Hifla”" mice. ~ macrophage HIF-1o activation, which thereby NASH or severe metabolic derangement

Wealso found thatliver fibrosis was reduced in
Hifla™’" hep mice. TH worsens liver fibrosis in
this model as well, although we did not observe
an interaction between IH and Hifla '~ hep.
These results are summarized in Figure 6. In
addition, we discovered that there was a
significant impact of Hifla™ '~ hep in terms of
reducing hepatic proinflammatory cytokines
and reducing the hepatic expression of genes
related to fibrosis (Lox/I and Col3al), and we
found that TH increased the expression of
proinflammatory cytokines. Finally, we have
demonstrated that in vivo knockdown of
HIF-1a by ASO is feasible and that there may be
advantageous effects on liver fibrosis. Taken
together, these results imply that hepatocyte
HIF-1o is an important mediator of several key
components of the NAFLD profile, including its
progression to liver injury and fibrosis, and that
IH worsens liver fibrosis. These effects may
occur viaalterations in liver inflammatory stress.

HIFs and NAFLD

Several reports have identified a putative link
between HIFs (HIF-1 and HIF-2) and NAFLD
development and progression (20). HIFs act as
transcription factors to initiate a cascade of
effects relevant to the cellular response to
hypoxia (21, 22). Both HIF-1 and HIF-2 have
been implicated in dysregulation of lipid
metabolism leading to hepatic steatosis in
NAFLD (23, 24). Moreover, similar links have
been drawn between HIFs and liver fibrosis.
Hypoxia increases hepatocyte HIF-1a. in vitro,
leading to increases in profibrotic

mediators (25). We and others have noted
that Hifla™ '~ hep reduces liver fibrosis in vivo
(16, 26). HIF-1 signaling in other cell types has
been similarly implicated in liver fibrosis in
NASH: mice on a methionine- and choline-
deficient diet to induce NASH had enhanced
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impaired autophagy and increased
inflammation (27). HIF-2 has also been linked
to liver fibrosis in various NAFLD models (23,
28). Thus, there are accumulating data
demonstrating the importance of HIF
pathways to NAFLD progression, but thus

far, investigations into the potential link among
IH, HIFs, and NAFLD have been scant. Our
experiments attempted to address this gap.

Why Does the Effect of Hifla ' hep
Seemingly Outweigh the Effect of IH?
Despite the relative lack of mechanistic data
linking IH to NAFLD, many clinical studies
have identified OSA, and particularly the
hypoxic burden of OSA, as a risk factor for
NAFLD development and progression (14).
Our previous work showed that HIF-1 is a key
modulator of NAFLD progression, and other
studies have demonstrated that even a high-fat
dietalone is enough to stabilize hepatic HIF-1o
(29, 30), also suggesting a strong link between
liver tissue hypoxia and NAFLD. Therefore,
the question arises as to why the effect of
Hifla™'™ hep seemed to exceed the effect of IH
in NAFLD progression in this model. On the
basis of our data and previous reports, IH
increases hepatic HIF-1a (31), supporting the
link between OSA and NAFLD via IH, causing
HIF-1o activation. We offer several possible
explanations for this observation:

1. The duration of IH was relatively short.
Although the genotype differences in
this experiment were germline
differences, IH exposure was of limited
duration. We chose this experimental
design because our preliminary studies
suggested that IH exposure concurrent
with the entire duration of a high-trans-
fat diet did not result in experimental

and prevented weight gain. This
observation is perhaps unsurprising; IH
has been shown previously to prevent
weight gain in mice with diet-induced
obesity (32). Perhaps a longer exposure to
IH would elicit more profound effects on
NAFLD characteristics.

2. ThelH effect of reducing body weight might

have countered any harmful effects. Given
the observation that IH prevents weight
gain and/or enhances weight loss in obese
mouse models, perhaps any putatively
deleterious metabolic effects of IH are
abrogated by a beneficial effect of ITH on
obesity. Weight reduction has been shown
to improve NAFLD severity in humans
and in murine models (33, 34). In light of
this, one might therefore argue that IHis a
poor model of human OSA, but we note
that the relationship between weight and
OSA is complex, with reports suggesting
that OSA treatment is associated with
weight gain (35). Moreover, metabolic
derangement in experimental IH is
typically worse in mice with diet-induced
obesity than in lean mice (32), despite the
effect of IH on weight. It is also worth
noting that OSA often develops in
individuals who already have obesity.
Nonetheless, in our experimental design,
itis conceivable that IH may have induced
some benefit to NAFLD severity by virtue
of weight reduction.

3. The timing of using IH to induce HIF-1

activation is complex. It is also plausible
that transient HIF-1 activation has
durable effects on metabolism, further
complicating the experimental design. For
instance, mice on a high-fat diet have
increased hepatic expression of HIF-1o
protein, but this effect wanes over the
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Figure 5. Effect of an antisense oligonucleotide (ASO) targeting HIF-1a (Hif1a-ASO) in mice on a high—trans-fat diet and exposed to IH.

(A) Representative H&E, Masson’s trichrome, and Sirius red stains from all experimental groups. (B) Immunofluorescence results for HIF-1a protein
from frozen sectioned liver tissue and RT-PCR results for Vegf expression (left) and Sic2a1 expression (right) in total liver tissue (n=4/group). (C) In
the GTT results, no significant between-group differences were observed. (D) Liver collagen content as per hydroxyproline assay results. There was
a trend toward a reduction in liver collagen in the Hif1a-ASO group relative to the other groups. P=0.088 for comparison made by using one-way
ANOVA. *P<0.05 for comparison between Hif1a-ASO mice and the Scr-ASO and saline groups combined (two-tailed unpaired t test). Scale bars,
300 pm. Scr-ASO = scrambled, noncoding ASO.
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Liver-specific effects

IH:

o Increased liver fibrosis,
increased IL-1B and TNF-a.

. Reduced liver weight.

o No effect on steatosis.

Hif1a”hep:

o Reduced liver fibrosis, IL-1p and
TNF-a,, mitochondrial RCR, and
expression of Lox/1 and Col3afl.

o Increased oxidative stress (MDA).

o No effect on steatosis.

Related effects

IH:

. Reduced body weight.

Hif1a”hep:

. Reduced body weight,
epididymal fat stores.

Metabolic effects

No effect on fasting glucose,
insulin, HOMA-IR, and no
change in glucose tolerance

test.
Hif1a”hep:
. Lower glucose and HOMA-IR.
o Improved glucose tolerance
test.

o No change to fasting insulin.

Figure 6. Summary of the major metabolic and liver-specific effects of Hifta~~hep and IH. IH had no major metabolic effects but reduced body
weight and increased liver fibrosis and the expression of certain proinflammatory cytokines in the liver. The Hifta™/~ hep genotype was associated
with lower fasting glucose, a lower HOMA-IR index, and improved glucose tolerance. In the liver, Hifta~'~hep mice had less fibrosis, lower

proinflammatory cytokine levels, reduced expression of certain genes of collagen synthesis or cross-linking, and increased levels of MDA. Neither IH
nor the Hif1a’/’hep genotype impacted liver steatosis. Adapted from Reference 14.

course of months (30). However, our
experiments have shown that
Hifla™"~ hep may result in long-term
changes to the liver (16). Ongoing
experiments will attempt to address
this further to delineate the effects of a
“time course” of IH, both on HIF-1a.
expression and on phenotype changes
relevant to NAFLD, in mice on a
similar diet.

Unanswered Questions about the
Interaction between IH and HIF-1

There are several interesting findings from
these experiments. For example, HIF-1o in
our model appears to impact weight gain, but
there also exists a HIF-1-independent effect of
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IH on weightloss, suggesting that there likely is
not a simple linear relationship among
hypoxia, HIF-1, and metabolic dysregulation
or NAFLD. This is made more puzzling by the
observation that IH robustly increased hepatic
HIF-1a levels and increased HIF-1 target gene
expression. We hypothesize that there might
be a threshold effect that is relevant to the
observed effects of hepatocyte HIF-1a: having
some of it in severe obesity and NAFLD
increases liver fibrosis and dysglycemia and
induces weight gain; having more of it does not
really worsen these effects. We also suggest that
the observed effects in such experiments are
likely to be intimately dependent on the
specifics of the OSA and NAFLD models used.
Notably, in our experiment, IH did not impact

fasting glucose, insulin resistance, lipid
metabolism, hepatic oxidative stress, or other
metabolic markers that have clearly been
shown to be impacted by a similar IH regimen
in previous reports (36-38), despite effects on
hepatic inflammatory cytokine levels being
demonstrated. We hypothesize that this may
be due to a “ceiling effect,” but further
investigation is needed to define these
relationships. We also note that the lack of an
interactive effect of IH and the HIF-1a status
in liver fibrosis may simply be due to a small
sample size, but there may in addition be
multifaceted responses to IH, some of which
are HIF-1 independent (e.g., via HIE-2).
Finally, the lack of an interactive effect can
potentially be explained by the modest IH
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effect, which is discussed above. Clearly, these
interactions are complex and merit further
mechanistic inquiry.

What Mechanisms Explain the Effects
of HIF-1 and IH on NAFLD Severity?

In examining the potential mechanisms
explaining our findings, there are again some
surprising outcomes that are relevant. First,
mitochondrial efficiency (here gauged by

the RCR) was reduced in liver tissue in
Hifla™"" hep, despite an overall improved
metabolic and NASH profile. This seems
puzzling, as mitochondrial dysfunction has
been mechanistically linked to NASH
progression in several studies, both in humans
and in rodent models (39, 40). However, we
view our findings as being consistent with the
idea that HIF-1 serves in a role of optimizing
mitochondrial efficiency, as noted by Semenza
and colleagues (41), and suggest that at least in
this model system, HIF-1 does not impact liver
fibrosis or other outcomes through
mitochondrial inefficiency. Second, oxidative
stress was actually higher in Hifla™’~ hep mice,
although hepatic oxidative stress is also thought
to be important in NAFLD progression (42).
Some studies have demonstrated the protective
effect of HIF-1 against oxidative stress in a
variety of scenarios (43, 44), and again, our
findings are likely to be model specific. Finally,
we did show changes in hepatic levels of IL-13
and TNE-a. in both Hifla™’~ hep and
IH-exposed mice, suggesting that HIF-1 and IH
may impart changes to liver fibrosis in NASH
through hepatic inflammation. In light of these
findings, the opposing directions of oxidative
stress and hepatic inflammation are also
unexpected, particularly because many
proinflammatory signals use reactive oxygen
species as part of their signaling cascade. We
surmise that in a complex disease like NAFLD,
in which oxidative stress and inflammation
may be activated at different time points,
superimposing IH on the system probablyleads
to variable responses that may fluctuate over
time. Imposing IH at an earlier time point may

have demonstrated different changes to
oxidative stress markers and proinflammatory
cytokines, consistent with some experimental
findings (45, 46). In addition, genes relevant to
collagen synthesis, including LoxI1 (which
participates in collagen cross-linking, an
important step in liver fibrosis, which we have
previously shown to be impacted by HIF-1o in
a NAFLD model [16]) and Col3al (the gene
encoding a subtype of collagen found in liver
fibrosis) were expressed less in Hifla '~ hep
mice. These findings may help explain the effect
of HIF-1a on liver fibrosis, although the direct
relationship with proinflammatory cytokines,
if any, deserves further investigation, such as
with pharmacologic manipulation.

Strengths and Limitations of

This Study

There are strengths and important limitations
to this study. We have used models of severe
OSA and NAFLD that are realistic: we induced
NAFLD and NASH by way of diet alone
without the use of particular dietary
deficiencies (e.g., a methionine- and choline-
deficient diet). We have therefore avoided the
chemical exposure or genetic modification on
which other NAFLD models rely. Moreover,
we have used an IH regimen that has been
extensively investigated in previous studies (5,
47) and that is associated with oxyhemoglobin
saturations similar to what one would
experience in severe OSA. In addition, we have
extensively phenotyped the mice in this
experiment and are therefore able to provide
mechanistic data relevant to the observed
findings. However, the phenotypes are largely
a single snapshot at the end of a long
experiment, and further study would help

to define the time course of the impact of
Hifla™"" hep or TH on our outcomes of
interest. In addition, as noted above, the effect
of different exposure times of IH has not been
identified, although ongoing experiments by
our group intend to address this. We also do
not have a full understanding of the specific
causes of weight fluctuation in mice exposed to

TH or mice that have the Hifla™'~ hep
genotype, and the relationship between this
weight fluctuation and NAFLD severity is not
clear. Activity, oxygen consumption, and
other metabolic parameters could not be
recorded because of the complexity of IH/IA
exposure. Finally, although our ASO
experiment gives useful information about the
feasibility of this type of in vivo manipulation,
the sample size was limited, and the
experiment does not provide context about the
interaction between IH and HIF-1o..

Conclusions

In summary, we report here the effects of TH
and Hifla '~ hep in a mouse model of
NAFLD. Hifla™ '~ hep mice had an improved
metabolic profile, with less weight gain, lower
fasting glucose, improved glucose handling, an
improved HOMA-IR index, and less
epididymal fat. Hifla~’~ hep micealso had less
liver fibrosis, and IH worsened liver fibrosis in
this model, albeit with a small effect size. There
were no other significant metabolic effects of
IH. IH and hepatocyte HIF-1a. each increased
hepatic proinflammatory cytokine levels, and
Hifla™'™ hep reduced expression of important
fibrogenic genes. The use of Hifla-ASOs
injected intraperitoneally in a small group of
mice was feasible and led to a trend toward the
improvement of liver fibrosis. These results
suggest a strong relationship between HIF-1
and NAFLD in which liver fibrosis is likely
impacted by IH, potentially providing some
mechanistic insight to substantiate the
observed associative link between OSA and
NAFLD severity. Further investigative study is
needed to expand on these findings. ll
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