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Intermittent Hypoxia Is a
Proinflammatory Stimulus Resulting in

IL-6 Expression and M1 Macrophage

Polarization

Esperance Schaefer, Winona Wu, Christina Mark, Andrew Yang, Erik DiGiacomo, Charles Carlton-Smith, Shadi Salloum,
Cynthia Brisac, Wenyu Lin, Kathleen E. Corey, and Raymond T. Chung

The biological factors that promote inflammation or nonalcoholic steatohepatitis (NASH) in the setting of nonalcoholic
fatty liver disease remain incompletely understood. Clinical studies have demonstrated an association between obstructive
sleep apnea (OSA) and both inflammation and fibrosis in NASH, but the mechanism has not been identified. In this
study, we use in vifro modeling to examine the impact of intermittent hypoxia on the liver. Hepatocyte, stellate cell, and
macrophage cell lines were exposed to intermittent or sustained hypoxia. Candidate genes associated with inflammation,
fibrosis, and lipogenesis were analyzed. Circulating cytokines were assessed in human serum of patients with nonalcoholic
fatty liver disease. Intermittent hypoxia results in significant induction of interleukin (IL)-6 expression in both hepatocytes
and macrophages. The increase in IL-6 expression was independent of hypoxia inducible factor 1 induction but appeared
to be in part related to antioxidant response element and nuclear factor kappa B activation. Mature microRNA 365 (miR-
365) has been demonstrated to regulate IL-6 expression, and we found that miR-365 expression was decreased in the set-
ting of intermittent hypoxia. Furthermore, macrophage cell lines showed polarization to an M1 but not M2 phenotype.
Finally, we found a trend toward higher circulating levels of IL-6 in patients with OSA and NASH. Conclusion: Intermit-
tent hypoxia acts as a potent proinflammatory stimulus, resulting in IL-6 induction and M1 macrophage polarization.
Increased IL-6 expression may be due to both induction of antioxidant response element and nuclear factor kappa B as
well as inhibition of miR-365 expression. Higher levels of IL-6 were observed in human samples of patients with OSA
and NASH. These findings provide biological insight into mechanisms by which obstructive sleep apnea potentiates
inflammation and fibrosis in patients with fatty liver disease. (Hepatology Communications 2017;1:326-337)

Introduction NAFLD, those with active inflaimmation (non-

alcoholic  steatohepatitis [NASH]), are likely to
onalcoholic fatty liver disease (NAFLD) progress to significant liver damage, cirrhosis, hepa-
has emerged as an epidemic liver disease, tocellular carcinoma (HCC), and death. Multiple
affecting up to 46% of all adult Ameri- factors, both genetic and environmental, have been

cans.) However, only a subset of patients with associated with a higher risk of NASH.

Abbreviations: ARE, antioxidant response element; ARGI, arginase 1; cDNA, complementary DNA; GEP, green fluorescent protein; HCC, hepato-
cellular carcinoma; HIF1a, hypoxia inducible factor 1 alpha subunit; IFINYy, interferon gamma; IH, intermittent hypoxia; IL, interleukin; miR, mature
microRNA; miRINA, microRNA; NAFLD, nonalcobolic fatty liver disease; NASH, nonalcoholic steatohepatitis; NF«B, nuclear factor kappa-light-chain
enhancer of activated B; OSA, obstructive sleep apnea; PBS, phosphate-buffered saline; PMA, phorpbol myristate acetate; qPCR, real-time polymerase
chain reaction; RT-PCR, quantitative reverse-transcription polymerase chain reaction; SH, sustained hypoxia; STAT-3, signal transducer and activator
of transcription 3; TINF-o, tumor necrosis factor alpha.
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Obstructive sleep apnea (OSA) has been identified
as one such risk factor.

OSA is a disease characterized by intermittent
decreases in oxygenation during sleep and has long
been clinically associated with cardiovascular disease,
stroke, and mortality risk.®® The underlying biology
is thought to be multifactorial but in large part due to
the proinflammatory stimulus of chronic intermittent
hypoxia. OSA has also been significantly associated
with both inflammation and fibrosis in NAFLD, and
this finding has been observed in both adult and pedi-
atric populations.“”” The liver has a unique dual blood
supply from the portal vein and hepatic artery, and the
oxygen tension within the hepatic parenchyma is lower
than that of other tissues. The partial pressure ranges
from 60-65 mmKHg in the periportal areas to 30-35
mmHg in the perivenous blood within the hepatic lob-
ule® compared to the physiologic oxygen tension of
74-100 mmHg in other tissues. Thus, the liver may
have a unique susceptibility to hypoxic insult in the set-
ting of OSA.

Given the clinical association between OSA and
cardiovascular and stroke risk, intermittent hypoxia
(IH) has been extensively studied in iz vitro models of
cardiovascular and metabolic diseases and has been
shown to have an impact on inflammatory markers in
adipocytes and endothelial cells.”'* However, there
has been limited exploration into the biological impact
of TH on the liver and risk of liver steatosis, inflamma-
tion, and fibrosis.
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In this study, we used an in vitro model of short-
term IH to examine the impact of IH on liver tissue,
including both parenchymal and nonparenchymal cell
types. We found that IH promoted the expression of
interleukin (IL)-6 in both hepatocyte-derived and
macrophage cell lines. We additionally demonstrate
that even short-term IH promotes a proinflammatory
M1 macrophage polarization.

Materials and Methods

CELL CULTURE AND HYPOXIA
EXPERIMENTS

Huh 7 hepatoma cells, LX-2 stellate cells, and U937
or THP monocyte cell lines were maintained in Dul-
becco’s modified Eagle’s medium (Mediatech, Manas-
sas, VA) supplemented with 10% fetal bovine serum
(Mediatech) and 1% penicillin/streptomycin (Lonza/
Biowhittaker, Walkersville, MD) and maintained at
37°C humidified air with 5% CO,. THP-1 monocyte
cells lines were maintained in Roswell Park Memorial
Institute medium supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin, and 1% L-
glutamine. THP-1 cells were matured to macrophages
using phorpbol myristate acetate (PMA) at a concen-
tration of 50 ng/mL. After 24 hours, the PMA-
containing medium was removed and replaced with
fresh medium. The cells were then maintained as
mature adherent macrophages for 5-7 days prior to
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experimentation. Hypoxia experiments were performed
using Modular Incubator Chambers (Billups Rothen-
berg Inc., San Diego, CA). For sustained hypoxia
(SH), the chamber was flushed with 1% O, 5% CO,,
and 94% N, pressurized gas obtained from AirGas
(Hingham, MA) until the partial pressure of O, in the
chamber was 1% and maintained for 6 hours. Oxygen
tension was monitored using the Draeger PAC 3500
0, gas monitor (Draeger, Lubeck, Germany). For IH,
the chamber was flushed with 1% O,, 5% CO,, and
94% N, pressurized gas until the partial pressure of
oxygen was 1% and the chamber was maintained at 1%
O, for 20 minutes. The plates were then removed
from the chamber and placed in a 21% O, and 5%
CO, environment for 40 minutes. The 20-minute
hypoxia then 40-minute normoxia cycles were repeated
over the course of 6 hours, with lysates extracted
immediately for the SH group and 10 minutes after
completion of hypoxia for the IH experiments.

QUANTITATIVE REVERSE-
TRANSCRIPTION POLYMERASE
CHAIN REACTION

Total RNA was extracted from cells using the
RNeasy Mini Kit (QIAGEN, Hilden, Germany).
Quality and concentration of the extracted RNA was
determined using the Nanodrop 2000 spectrophotom-
eter. Complementary DNA (cDNA) was generated
using the High-Capacity cDNA Reverse Transcrip-
tion kit according to the manufacturer’s instructions
(Applied Biosystems, Foster City, CA). Target gene
expression was determined with quantitative reverse-
transcription polymerase chain reaction (RT-PCR)
using the DyNAmo HS SYBR Green real-time PCR
(qPCR) system (Thermo Scientific, Waltham, MA)
and performed on the Quant Studio 3 Real-Time
PCR system (Thermo Scientific). MicroRNA
(miRNA) was isolated from total RNA using the miR-
Neasy Mini kit (QIAGEN). cDNA from miRNA was
generated using the miScript RT II kit (QIAGEN),
and quantitative gPCR was performed using the miS-
CRIPT SYBR Green qPCR system (QIAGEN).
Messenger RNA (mRNA) and miRNA primers are
listed in Supporting Table 1.

Statistical analysis was performed using GraphPad
Prism 5 software (GraphPad Software, Inc, La Jolla,
CA). RT-gPCR data are represented as the mean =
SEM. The two-tailed Student # test was used. A P
value <0.05 was considered statistically significant.
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WESTERN BLOT

Protein was obtained from cellular lysates using
radio immunoprecipitation assay lysis and extraction
buffer (Thermo Scientific) supplemented with protease
inhibitor (Sigma Aldrich, St. Louis, MO). For cyto-
kine assessment, samples were treated with BD Golgi-
Plug (BD Biosciences, San Jose, CA) according to the
manufacturer’s instruction prior to the initiation of the
experiments. Proteins were separated on NuPage Bis-
Tris polyacrylamide gels (Invitrogen, Carlsbad, CA)
and transferred to a polyvinylidene fluoride membrane.
Antibodies to hypoxia inducible factor 1 alpha subunit
(HIF1o) were obtained from AbCam (Cambridge,
MA) and diluted to a concentration of 1:100. Anti-
bodies to IL-6 were obtained from Cell Signaling
(Cell Signaling, Danvers, MA) and diluted to a con-
centration of 1:1,000. fS-actin was used as a control.
The membranes were incubated overnight at 4°C and
developed the following day using Pierce ECL Plus
and SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Scientific).

REPORTER CELL IMAGING AND
FLOW CYTOMETRY

Antioxidant response element (ARE)- and nuclear
factor kappa-light-chain enhancer of activated B cells
(NFxB)-green fluorescent protein (GFP) Huh7
reporter cells were generated as described.*® Appro-
priate response of the respective reporters was deter-
mined by stimulation for 48-72 hours with zers-
butylquinone for ARE reporters and tumor necrosis
factor alpha (TNF-u) for NF«xB reporters. Following
experimentation, the cells were washed with
phosphate-buffered saline (PBS) and fixed with 4%
paraformaldehyde in PBS immediately following SH
and 10 minutes following the last hypoxic exposure in
IH. The cells were washed again and then incubated
with 4’,6-diamidino-2-phenylindole diluted 1:10,000
in PBS. GFP fluorescence was then assessed using the
EVOS FL digital inverted microscope (Life Technolo-
gies, Grand Island, NY). Quantitative assessment of
GFP-positive cells was performed using flow cytome-
try with the BD FACSCalibur Flow Cytometer (BD
Biosciences) calculated using the percentage of positive
GFP cells with data analyzed using the Flowing soft-
ware (version 2.5.1; Turku Centre for Biotechnology,

Turku, Finland).
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FIG. 1. IH results in increased IL-6 expression in Huh7 hepatoma cells. Using a candidate-gene approach, we examined the changes in
expression levels of important drivers of lipogenesis and markers of inflammation. (A) We saw no significant change in FASN, SREBP1, and
SCD, although a trend toward increased expression was observed in SCD. (B) There was a significant induction of IL-6 expression following
the condition of IH compared to either normoxia or sustained hypoxia. No other examined gene demonstrated a change in expression level. (C)
Increased intracellular protein level of IL-6 was confirmed by western blot. (D) No change in VEGF or HIF1a were observed at the mRNA
level following the condition of either intermittent or sustained hypoxia, but (E) an increase in protein expression was seen in the sustained hyp-
oxia group alone. gPCR data are presented as mean = SEM, and significance was determined by a two-tailed Student # test. Abbreviations:
FASN, fatty acid synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; n.s., not significant; SCD, stearoyl-co-A desaturase;
SREBP1, sterol regulatory element binding protein 1; VEGF, vascular endothelial growth factor.

miRNA-365 EXPRESSION

miRNA-365 precursors, inhibitors, and scramble
miRNA were obtained from Ambion (Life Technolo-
gies, Carlsbad, CA) and were transfected into Huh?7,
U937, and THP-1, along with hepatocyte-derived
ARE-GFP and NF«B reporter cells. Hepatocyte cell
lines were plated at a density of 150,000 cells per well,
macrophage cell lines (U937 and THP-1) were plated
at a density of 500,000 cells per well, and reverse trans-
fection was performed with the HiPerfect Transfection
Reagent (QIAGEN) per the manufacturer’s instruc-
tions. Macrophage cell lines were treated with PMA at
the time of reverse transfection. RNA was obtained 48
hours following transfection, and miRNA transcripts
were analyzed with RT-PCR.

HUMAN CYTOKINE ARRAY

Human serum was obtained from two distinct clini-
cal populations of patients with known NAFLD from
the Massachusetts General Hospital Liver Center and
Weight Center. These populations consisted of 12
patients who were diagnosed with NASH and OSA
and 12 patients who were diagnosed with simple stea-
tosis and without OSA through tissue pathology and
polysomnography. Four healthy controls were also
studied. These patients were all nondiabetic and
matched for important clinical characteristics, includ-
ing body mass index, sex, ethnicity, and tobacco use.

Concentrations of IL-6, IL-8, IL-10, interferon
gamma (IFNy), and TNF-o in these sera were assessed
in duplicate using the Millipore Human High
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Sensitivity T-Cell Panel (Millipore) and analyzed on a
Luminex 200 imaging system (Luminex Corporation)
with xPONENT software. Quantitative measurements
were averaged within each distinct clinical cohort and
in-house control group and compared by performing
two sample, unpaired, two-tailed 7 tests using Graph-

Pad Prism version 5.0 (GraphPad software).

ETHICS STATEMENT

Human samples used in this study were collected as
part of a NAFLD repository. All patients provided
written consent, and the study was approved by the
Partners’ Health Care Human Research Committee.

Results

IH PROMOTES IL-6 EXPRESSION
IN HEPATOCYTE-DERIVED CELL
LINES INDEPENDENT OF HIF1a«
INDUCTION

To determine the impact of IH on hepatocytes, we
used Huh7 hepatoma cells and exposed the cells to
conditions of normoxia, IH, and sustained hypoxia
(SH). Hepatocytes comprise the vast majority of liver
parenchymal cells and have numerous important physi-
ologic functions, including synthesis of cholesterol and
fatty acids. Given the association between OSA and
severity of fatty liver, we hypothesized that IH would
promote expression of important lipogenic genes.
However, we found no expression differences between
sterol regulatory element binding protein 1c and fatty
acid synthase between conditions of normoxia, IH,
and SH. Only stearoyl-co-A desaturase expression was
found to have a nonsignificant increase in both IH and
SH compared to normoxia controls (Fig. 1A).

Hepatocytes play a role in hepatic injury through the
elaboration of proinflammatory or profibrotic cyto-
kines. Using a candidate gene approach, we examined
the impact of IH on the expression of several well-
described mediators of hepatic inflammation. Interest-
ingly, we found that only one of the examined cyto-
kines had increased expression under conditions of IH.
IL-6 was increased 3.4-fold compared to normoxia
(SH expression was 0.93-fold of normoxia). Increased
levels of intracellular IL-6 were confirmed at the pro-
tein level (Fig. 1C). Other inflammatory cytokines that
were assessed, including IL-10, TNF-a, IL-18, or
transforming growth factor f (TGF-f), did not exhibit
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significant changes in expression under conditions of
IH or SH. There was also no change in NFxB gene
expression following these interventions (Fig. 1B).
This significant induction of IL-6 expression following
IH is supported by evidence from prior animal mod-
els"¥ and clinical data in OSA.®®

The HIF1o pathway is the canonical pathway asso-
ciated with hypoxic insult, and prior research examin-
ing the effect of HIFla on IL-6 expression has
produced conflicting results, with some studies sugges-
ting that HIF1a promotes IL-6 expression.'® We
thus sought to determine whether IH led to HIF1a or
vascular endothelial growth factor induction. We
found no increase in expression levels at the mRNA
level of HIF1a or vascular endothelial growth factor
(Fig. 1D). At the protein level, we saw a modest
increase in HIF1a under the conditions of SH (6-hour
stimulus) but no increase with IH (Fig. 1E). Thus, the
observed IL-6 induction following short-term IH is
likely caused by an HIF-independent mechanism.

INCREASED IL-6 IN HEPATOMA
CELLS IS PARTLY DUE TO
ANTIOXIDANT RESPONSE
ELEMENT AND NFxB
ACTIVATION

The antioxidant response element (ARE) exerts
transcriptional control over a number of genes thought
to play a cytoprotective role in the setting of oxidative
stress and is known to promote the expression of IL-
6.1718) Similarly, NFxB is known to promote expres-
sion of IL-6 alongside other proinflammatory cyto-
kines and has been shown to be induced by IH in
other cellular models.™ To determine whether either
of these important regulators played a role in the
observed IL-6 induction following IH, we used two
GFP reporter constructs in Huh?7 hepatoma cells.

To confirm appropriate responsiveness of each cell
line, positive controls were used and examined with
immunofluorescence microscopy. ARE-GFP reporter
cells were treated with ferz-butylhydroquinone, and
NF«xB-GFP reporter cells were treated with TNF-a.
We found appropriate GFP responses after a 24-48-
hour duration of exposure quantified using flow cytom-
etry for GFP+ cells (52.78% and 65.39% for ARE-
positive and NFxB-positive cells, respectively). We
then exposed the reporter cells to the conditions of
normoxia or IH and assessed ARE and NF«B activa-
tion wusing both immunofluorescence and flow
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FIG. 2. IH induces both ARE and NF«B signaling. Using ARE-GFP and NFxB-GFP Huh?7 reporter cells, we determined whether
IH resulted in ARE or NF«B induction. (A,B) BHQ_treatment and TNF-o treatment for 48 hours were used as a positive control
for ARE and NF«B response, respectively. Using flow cytometry, the expression of GFP+ cells was determined as % positive/total
cells, comparing normoxia and IH. The percentage of ARE-GFP-positive cells was significantly increased following IH, and the per-
centage of NFxB-GFP-positive cells was also increased. (C) These findings were confirmed with immunofluorescence studies. Flow
cytometry data are presented as mean = SEM, and significance was determined by a two-tailed Student # test. Abbreviation: /BHQ,

tert-butylquinone.

cytometry. We found that there was a significant
increase in ARE-GFP expression following IH com-
pared to normoxia (47.48% versus 38.32%, P = 0.01),
and there was a smaller but significant increase in
NFxB activation (42.24% versus 36.61%, P = 0.046)
(Fig. 2A,B). These findings were confirmed with
immunofluorescence studies, which demonstrated a

clear increase in ARE expression (Fig. 2C).

miRNA-365a INHIBITION
PROMOTES IL-6 EXPRESSION
BUT DOES NOT ALTER ARE OR
NFxB ACTIVATION

IH resulted in a 1.24-fold increase in ARE and a
1.15-fold increase in NFkB activation but induced

IL-6 expression at a level of 3.4-fold higher than nor-
moxia. These data suggest that these abrupt alterations
in IL-6 expression are directed by pathways other than
ARE- or NFxB-dependent transcriptional activation.
Mature miRNA-365 (miR-365) has been described as
a direct negative regulator of IL-6."" miRNAs are
known to have differential expression and are repressed
following SH.®?” However, the impact of IH on
miRNA expression has yet to be clearly defined. One
recent study in mice has implied that miRNA profiles
can potentially be affected by TH.?Y We hypothesized
that IH might additionally lead to differential miR-
365 expression, which in turn contributes to the
observed phenotype of increased IL-6 mRNA levels
within our cell-based experiments.

We confirmed that miR-365 was expressed at lower

levels in Huh-7 hepatoma cells exposed to IH (48.25%
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FIG. 3. IH results in lower expression of miR-365, a known regulator of IL-6. (A) Using RT-qPCR, levels of miR-365 were
assessed in Huh?7 hepatoma cells following exposure to IH and sustained hypoxia. There was significant reduction in miR-365 follow-
ing intermittent but not sustained hypoxia. (B) Huh7 cells were transfected with an miR-365 mimic (miR) and an miR-365 inhibitor
(AS) at two different concentrations (25 nM, 50 nM), along with a nontargeting scramble miRNA (NT). We observed decreased IL-
6 expression in cells transfected with the mimic and increased expression with the inhibitor compared to the NT. (** denotes P value
<0.05 compared to NT) (C) ARE-GFP and NFxB-GFP reporter cells were used to determine a change in ARE or NF«B activity

following the miR-365 mimic or inhibitor. No change in activity was observed with the mimic or the inhibitor. Abbreviation:

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

+ 15.5%, P < 0.05) compared to normoxia. There was
also a smaller and nonsignificant decrease in miR-365
expression observed in SH (77.9% * 18.1%, P =
0.31) (Fig. 3A).

To confirm the effect of miR-365 on IL-6 expres-
sion in hepatoma cells, we transfected the Huh7 cells
with an miR-365 mimic and antagomir at different
concentrations (25 nM, 50 nM) and determined the
effect on IL-6 expression. IL-6 mRNA expression was
decreased by miR-365 overexpression (44.3% * 15.6%
and 59.3% = 1.8%, respectively, for 25 nM and 50
nM). In contrast, miR-365 blockade by an antagomir
resulted in a 1.9-fold and 3.1-fold increase in expres-
sion for 25 nM and 50 nM, respectively (Fig. 3B).
Using the ARE-GFP and NFxB-GFP reporter sys-
tems, we additionally confirmed that miR-365 overex-
pression and antagonism did not affect ARE or NFxB
activation (Fig. 3C). Together, these data suggest that
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the increased elaboration of IL-6 observed in hepa-
toma cells following IH likely occurs through multiple
mechanisms, which include both the independent

effects of ARE and NFkB activation as well as

decreased expression of miR-365.

IH PROMOTES M1 MACROPHAGE
POLARIZATION BUT DOES NOT
AFFECT STELLATE CELL
ACTIVATION

While hepatocytes comprise the vast majority of
cells within the liver, hepatic resident macrophages
(Kupfter cells) and hepatic stellate cells are critical
mediators of the clinical manifestations of inflamma-
tion and fibrosis. We used similar in vifro perturba-

tions to determine the effect of IH on these
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FIG. 4. IH polarizes macrophages to an M1 phenotype. THP-1 macrophages were matured with PMA 5-7 days prior to experimen-
tation and allowed to mature, then were exposed to intermittent or sustained hypoxia. Markers of M1 and M2 macrophage polariza-
tion were determined using RT-qPCR. (A) mRNA expression levels of M1 expression markers, including iNOS, TNF-«, IL-6, IL-1,
and CD80 were all significantly increased. (** denotes P value <0.05 compared to normoxia.) (B) There was no change in expression
of M2 expression markers, including CD163, TGF-f, ARG-1, and IL-10. (C) Increased intracellular protein level of IL-6 was con-
firmed by western blot in U937 macrophages. (D) Using RT-qPCR, intracellular levels of miR-365 were assessed in THP-1 macro-
phages following exposure to IH and SH. We demonstrated that miR-365 expression is significantly decreased following IH. (E)
U937 and THP-1 macrophages were transfected with an miR-365 mimic (miR-365) and an miR-365 inhibitor (AS-365) at a con-
centration of 50 nM compared to a nontargeting miRNA scramble (NT) also at 50 nM. We found IL-6 expression to be decreased
following transfection with the mimic and increased in the setting of transfection with the antagomir. qPCR data are presented as
mean = SEM, and significance was determined by a two-tailed Student # test. Abbreviations: GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; iNOS, inducible nitric oxide synthase.

nonparenchymal liver cells. We found that IH exerted
no effect on the expression of the profibrotic gene
expression in LX2 stellate cells, with no increase
observed in mRNA levels of collagenla, o-smooth
muscle actin, or connective TGF (Supporting Fig. S1).
Thus, using cell line models of hepatic stellate cells,
there did not appear to be a significant impact of
short-term IH on hepatic stellate cell activation.
Macrophage activation has been described to play an
important role in the development of hepatic inflam-
mation and fibrosis in the setting of fatty liver disease,
and macrophage polarization may differ in different

stages of disease progression. M1 macrophages are
considered to be proinflammatory macrophages with
increased expression of TNF-a, IL-1f, IL-6, clusters
of differentiation (CD)80, and inducible nitric oxide
synthase. An M1 bias has been observed in human
liver biopsy samples with NASH, but no fibrosis and
has been associated with inflammation in mouse mod-
els.?2?3) M2 macrophages are thought to be the domi-
nant cell type in the later stages of the injury response
and associated with healing and fibrosis, producing
IL-10, TGF-f, and arginase 1 (ARG1), among
others.*¥ To determine the effect of TH on
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FIG. 5. Individuals with OSA and NASH have a trend toward
higher circulating IL-6 levels and no significant difference in
other circulating cytokines. Using a Luminex array, circulating
levels of select cytokines were examined in patients with simple
steatosis and absence of OSA (SS/no OSA, n = 12) or biopsy-
proven NASH and polysomnography-proven OSA (OSA/
NASH, n = 12) or healthy controls (n = 4). (A) There was a
trend toward higher levels of circulating IL-6 in patients with
OSA/NASH. (B) No significant difference in the levels of other
circulating cytokines were observed.

macrophage polarization, we determined the expres-
sion of classic M1 and M2 genes in THP macrophages
following the 6-hour exposure to IH.

We found substantial and significant induction of
markers of M1 activation following exposure to condi-
tions of IH. IL-6 mRNA expression was increased
2.3-fold following IH (P = 0.005) and was unchanged
in the setting of SH (P = 0.20). Intracellular protein
levels of IL-6, likewise, were elevated in the setting of
IH (Fig. 4A,C). There were also significant increases
in inducible nitric oxide synthase, TNF-o, IL-1f, and
CD80 expression (Fig. 4A). We did not, however,
observe any changes in expression markers associated
with the M2 macrophage phenotype: IL-10, TGF-p,
CD163, or Argl. (Fig. 4B). These data suggest that
IH, even of short duration, provides an important
stimulus for macrophage polarization toward the
proinflammatory M1 phenotype.
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We next sought to determine whether, similar to
our findings in hepatocyte-derived cell lines, the IL-6
induction and M1 macrophage polarization was driven
by alterations in expression in miR-365. We found
miR-365 to have significantly lower expression levels
in macrophages following IH (36.0% =+ 2.6%, P =
0.001) but was not significantly decreased following
SH (67.9%, = 9.0%, P = 0.17) (Fig. 4D). We then
transfected macrophage cell lines with a mimic and
antagomir of miR-365 to assess the effect on IL-6
expression and M1 macrophage polarization. We again
observed that the mimic significantly reduced IL-6
expression (34.6% * 6.9% reduction, P = 0.007) and
the antagomir significantly increased IL-6 expression
(1.82-fold * 0.28 increase, P = 0.03) (Fig. 4E). Thus,
we confirmed that a decrease in miR-365 may contrib-
ute to the observed IL-6 expression. However, we did
not see a significant change in other markers of M1
polarization, such as TNF-o and IL-1f (Supporting
Fig. S2). Therefore, the mechanisms by which IH pro-
motes M1 polarization are independent of alterations
in miR-365 expression and merit further investigation.

PATIENTS WITH OSA AND
NAFLD HAVE HIGHER LEVELS
OF CIRCULATING IL-6

Based on the data from cellular models, IL-6 may
play an important role in the development of inflam-
mation and fibrosis in the setting of liver disease. We
thus sought to determine whether there were higher
levels of circulating IL-6 observed in patients with
OSA and NASH compared to those patients without
OSA and only simple steatosis.

We identified 24 samples from a cohort of patients
with NAFLD who had biopsy-proven NAFLD and
polysomnography-diagnosed presence or absence of
OSA for the determination of circulating cytokines.
Selected subjects either had NASH and OSA
(NASH/OSA) or simple steatosis and no diagnosis of
OSA (SS/no OSA) and were matched on body mass
index, age, and ethnicity. No subjects had diabetes,
and no subjects were current smokers. The clinical
characteristics of the patients are shown in Supporting
Table 2. These samples were analyzed using the Lumi-
nex array for analysis of circulating cytokines.

We found a trend toward higher levels of circulating
IL-6 in patients with OSA and NASH, but the differ-
ences between the groups did not reach statistical sig-
nificance (Controls, 0.35 versus OSA/NASH 0.98 pg/
mL, P = 0.33; OSA/NASH versus SS/no OSA, 0.77
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pg/mL, P = 0.31) (Fig. 5A). There was no difference
in circulating IFNy, IL-10, IL-8, or TNF-o levels
among the groups (Fig. 5B). These findings are lim-
ited by the small sample size but are consistent with
prior data examining OSA alone in both children and
adults®*27 and suggest that there is likely important
human relevance to our iz vitro findings.

Discussion

While several clinical studies have linked OSA,
which is a condition marked by chronic IH, to higher
degrees of inflammation and fibrosis in NAFLD, the
mechanism underlying this association remains incom-
pletely understood. Hepatic injury in NAFLD occurs
by pathways of sterile inflammation, and the best
described triggers for inflammation include activation
of the inflammasome by Toll-like receptor signaling
and mitochondrial dysfunction due to oxidative stress
and lipotoxicity.??) TH as clinically manifested by
OSA would represent a unique trigger for sterile
hepatic inflammation.

In this study, we use an in wvitro model of IH to
characterize the impact of cycling oxygen tension on
resident liver cells involved in disease progression.
Through the use of this iz vitro model and cell lines,
this study for the first time carefully examines each of
the major cell types involved in NAFLD. We demon-
strate that hepatocyte-derived cells subjected to short-
term IH do not exhibit marked induction of genes
associated with steatosis but rather there is an early and
dramatic induction of IL-6. This finding is not unex-
pected given a prior animal model showing increased
I1L-6"* and observed clinical associations, particularly
the demonstration of elevated IL-6 in an obese pediat-
ric population with OSA.®? However, we further
demonstrate here that hepatocytes may be an impor-
tant source of both intrahepatic and circulating IL-6.

This rise in IL-6 associated with IH potentially
plays an important role in the development of hepatic
inflammation. IL-6 has pleiotropic effects and pro-
motes the inflammatory response by multiple mecha-
nisms, including T-cell  proliferation, B-cell
differentiation, and monocyte maturation. Our find-
ings suggest that IH promotes IL-6 production in
hepatocytes, which may be an important trigger in
driving the inflammatory cascade that eventually pro-
motes the development of NASH. The increased pro-
duction of IL-6, however, may have other important

clinical sequelae, including HCC.
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An additional important downstream effect of 1L-6
signaling is phosphorylation of signal transducer and
activator of transcription 3 (STAT-3) with induction
of STAT-3 target genes, including induction of the
suppressor of cytokine signaling 3, which serves to
dampen the inflaimmatory response. Thus, the
increased expression of IL-6 may also play a regulatory
role in decreasing the inflammatory response by nega-
tive feedback mechanisms.®? However, suppressor of
cytokine signaling 3 activation has also been shown to
play a role in insulin resistance®? and development of
hepatic steatosis.**

The demonstration of higher levels of circulating
IL-6 in patients with OSA and NASH supports the
clinical implications of our in vifro findings, although
the strength of our observations is limited by the small
sample size of subjects. Both disease processes have
been described to be associated with elevated serum
IL-6 levels, but the interplay between liver disease and
OSA with circulating IL-6 has yet to be investi-
gated.?®** A more comprehensive characterization of
IL-6 levels in a larger cohort of patients with NASH
and without OSA and with OSA and without NASH
will be critical to better characterize the relative contri-
butions of each disease process.

Cirrhosis is a clear risk factor for the development of
HCC, but an emerging body of literature suggests that
HCC may develo%) in NASH even in the absence of
advanced fibrosis.® T1-6 is considered to play an
important role in HCC development and metastases,
and its deletion in macrophages using a murine model
protected against the development of HCC.®%3”) The
significant and abrupt increase in IL-6 expression from
our in vitro models combined with the higher levels in
human samples raises the important possibility that
OSA may play an important role not just in hepatic
inflammation but also in tumorigenesis. OSA may be an
important risk factor for HCC development, and this
pathogenetic association merits further investigation.

The macrophage response to this iz vitro model of
IH was not, however, restricted to increased IL-6.
Expression levels of markers associated with the proin-
flammatory M1 were also observed, suggesting that IH
is a sterile driver of M1 macrophage polarization. M1
macrophages have been implicated in the early patho-
genesis of fatty liver disease® and have also been
observed in mouse models following cytochrome P450
2E1-induced oxidative stress.*® These findings pro-
vide evidence that OSA may promote inflammation
via the rapid polarization of monocytes to activated

M1 macrophages.
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Finally, in our inquiry into the mechanisms of IL-6
induction, we found that canonical pathways of 1L-6
production, including ARE and NFxB activation,
appear to be involved but do not alone account for the
increased observed levels of IL-6. miRNAs have been
shown to be differentially regulated in the setting of
SH,?? but differential regulation in the setting of IH
has yet to be investigated. In this study, we demon-
strate that at least one miRNA, miR-365, is differen-
tially expressed in the setting of IH and affects IL-6
expression in both hepatocytes and macrophages.
miR-365 has been previously shown to be a regulator
of IL-6""” and has recently been described to be
increased in other tissues in the setting of SH.®® Our
findings confirm that inhibition of miR-365 results in
increased IL-6 expression but does not affect ARE or
NF«B activation, highlighting an important role for
miRNA in the genesis of sterile inflammation. Inhibi-
tion of miR-365, however, did not lead to changes in
other markers of M1 macrophage polarization. These
data suggest that while miR-365 may play a role in an
IL-6 increase in both hepatocytes and macrophages,
the mechanisms by which IH promotes M1 macro-
phage polarization do not rely on changes in expression
of this miRNA and certainly merit additional
investigation.

Limited prior research has evaluated the role of IH
in the development of hepatic inflammation, with one
prior study in mice demonstrating enhanced steatosis
and elevated inflammatory markers in blood and whole
liver tissue.™ Our i vitro studies examining hepato-
cytes, stellate cells, and macrophages individually sug-
gest that alteration in oxygenation specifically plays an
important role in hepatic inflammation by way of IL-6
induction and macrophage activation. Additional
inquiry into these mechanisms iz vivo would be illus-
trative, and examination of alterations of intrahepatic
miRNA expression may provide important clues to
biological pathways involved in disease pathogenesis in
NASH.

In summary, our study uses cell-culture modeling to
provide biological insight into the observation linking
OSA and NASH. We demonstrate that short-term
IH acts as an important trigger for the production of
proinflammatory cytokines and activation of macro-
phages. Elucidation of the pathways of sterile inflam-
mation involved in this response may yield important
insight into novel therapeutic targets.
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