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ARTICLE INFO ABSTRACT

Keywords: Background: The transition from steatosis to non-alcoholic steatohepatitis (NASH) is a key issue in non-alcoholic
Nonalcoholic fatty liver disease fatty liver disease (NAFLD). Observations in patients with obstructive sleep apnea syndrome (OSAS) suggest that
Liver fibrosis hypoxia contributes to progression to NASH and liver fibrosis, and the release of extracellular vesicles (EVs) by
Hypoxia

injured hepatocytes has been implicated in NAFLD progression.

Aim: To evaluate the effects of hypoxia on hepatic pro-fibrotic response and EV release in experimental NAFLD
and to assess cellular crosstalk between hepatocytes and human hepatic stellate cells (LX-2).

Methods: HepG2 cells were treated with fatty acids and subjected to chemically induced hypoxia using the
hypoxia-inducible factor 1 alpha (HIF-1a) stabilizer cobalt chloride (CoCl2). Lipid droplets, oxidative stress,
apoptosis and pro-inflammatory and pro-fibrotic-associated genes were assessed. EVs were isolated by ultra-
centrifugation. LX-2 cells were treated with EVs from hepatocytes. The CDAA-fed mouse model was used to
assess the effects of intermittent hypoxia (IH) in experimental NASH.

Results: Chemical hypoxia increased steatosis, oxidative stress, apoptosis and pro-inflammatory and pro-fibrotic
gene expressions in fat-laden HepG2 cells. Chemical hypoxia also increased the release of EVs from HepG2 cells.
Treatment of LX2 cells with EVs from fat-laden HepG2 cells undergoing chemical hypoxia increased expression
pro-fibrotic markers. CDAA-fed animals exposed to IH exhibited increased portal inflammation and fibrosis that
correlated with an increase in circulating EVs.

Conclusion: Chemical hypoxia promotes hepatocellular damage and pro-inflammatory and pro-fibrotic signaling
in steatotic hepatocytes both in vitro and in vivo. EVs from fat-laden hepatocytes undergoing chemical hypoxia
evoke pro-fibrotic responses in LX-2 cells.

Extracellular vesicles

1. Introduction is characterized by fat accumulation in the liver, which may progress to
steatohepatitis, cirrhosis and determine liver-related morbidity and

Non-alcoholic fatty liver disease (NAFLD) is currently the most mortality [3]. Recent evidence suggests that the accumulation of satu-
common liver disease and a major global health problem [1,2]. NAFLD rated fatty acids (FFAs) contribute to the occurrence of lipotoxicity and

Abbreviations: NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; OSAS, obstructive sleep apnea syndrome; IH, intermittent hypoxia;
Fi02, fraction of inspired oxygen; CoCl2, cobalt(II) chloride; HIF-1a, hypoxia inducible factor 1 alpha; EVs, extracellular vesicles; FFA, free fatty acids; ROS, reactive
oxygen species; CSAA, choline-supplemented amino acid-defined; CDAA, choline-deficient amino acid defined; PBS, phosphate-buffered saline; FBS, fetal bovine
serum; BSA, bovine serum albumin; DMEM, dulbecco's modified Eagle medium; AUF, arbitrary units of fluorescence; NTA, nanoparticle tracking analysis; TEM,
transmission electron microscopy; HSC, human stellate cells; IL, interleukin; TGE-B1, transforming growth factor-beta 1; CTGF, connective tissue growth factor,; a-
SMA, alpha smooth muscle actin; TIMP-1, tissue inhibitor of matrix metalloproteinase 1; TNF-a, tumor necrosis factor-alpha; I[FN-y, Interferon gamma; MCP-1,
monocyte chemoattractant protein 1; SEM, standard error of the mean

* Corresponding author.

E-mail address: a.j.moshage@umcg.nl (H. Moshage).

https://doi.org/10.1016/j.bbadis.2020.165857
Received 10 January 2020; Received in revised form 30 May 2020; Accepted 1 June 2020

lished by Elsevier B.V. This is an open access article under the CC BY license
Y/4.0/).




A. Herndndez, et al. BBA - Molecular Basis of Disease 1866 (2020) 165857

Control CoCl, FFA CoCl, + FFA

HIF1G | 8 e = = ‘ & 100kDa

TUUDUIN e A e WS 55kDa

8- L3 s o 4
.g ka2 2 ,
P AR LR s
2% 6+ . ‘e v
c — -
38
- B
33
g O
- K
= = T
., * =
| | |
O Qv- AS
® l‘(
o

Fig. 1. Chemical hypoxia stabilizes HIF-1a in liver cells. HepG2 cells were incubated for 24 h with oleic acid and palmitic acid 2:1 (FFA) in the presence or absence of
CoCl, 200 pmol/1. Protein levels of HIF-1a were determined by Western blotting as described in Material and Methods. a-tubulin was used as a loading control. Data
are shown as the mean + SEM (n = 3) **** indicates P < 0.001.
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Fig. 2. Chemical hypoxia aggravates FFA-induced steatosis in vitro. HepG2 cells were incubated for 24 h with oleic acid and palmitic acid 2:1 (FFA) in the presence or
absence of CoCl, 200 umol/1. Lipid droplet content was assessed by the fluorescence intensity (a) of Nile Red stained images (b) as described in Material and Methods.
Data are shown as the mean = SEM (n = 3) * indicates P < 0.05; **** indicates P < 0.001.

can trigger hepatic inflammation and an abnormal wound-healing re- cirrhosis [3-5].
snonsaand _fhraganasic laading to non-alcoholic steatohepatitis Why some patients with NAFLD progress to NASH and advanced
liver fibrosis and ultimately to fibrosis more rapidly and severely than others remains unclear [5].
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Fig. 3. Chemical hypoxia increases the production of reactive oxygen species in
steatotic HepG2 cells. HepG2 cells were incubated for 24 h with oleic acid and
palmitic acid 2:1 (FFA) in the presence or absence of CoCl, 200 pmol/l.
Reactive oxygen species (ROS) were measured as described in Material and
Methods. Data are shown as the mean + SEM (n = 3) * indicates P < 0.05; **
indicates P < 0.01; *** indicates P < 0.005; **** indicates P < 0.001.

Multiple pathogenetic pathways at play may participate in different
ways in a given patient, accounting for significant interpatient varia-
bility across the disease spectrum and heterogenous clinical phenotypes
[5,6]. Comorbidities, particularly type 2 diabetes mellitus, can play a
role in modulating the course of NAFLD [7,8]. Clinical observations in
patients who suffer from obstructive sleep apnea syndrome (OSAS)
have revealed that these patients may also have a higher risk of de-
veloping more severe NAFLD associated with significant liver damage
[9-11]. OSAS is characterized by intermittent airway obstruction that
alters gas exchange leading to periodic hypoxia [12,13], and several
studies have demonstrated that hypoxia induces metabolic alterations
such as insulin resistance, increased oxidative stress, increased liver

a) b)

2.57 | = |
—
gsgm [
8 §1.5- T il
9§ S -
g£1w e I
h-A 0
as i l
L
S 0.5 i = It
0.0- : —r—
> N\ Ao v
Q"‘o 000 QQ QQ
O X
9 o

BBA - Molecular Basis of Disease 1866 (2020) 165857

triglyceride accumulation and increased inflammation, hepatocellular
damage and fibrogenesis [14-17].

During hypoxia, the transeription factor hypoxia inducible factor 1
alpha (HIF-1a) is stabilized and translocates to the nucleus to activate
its target genes by binding of HIF-1a to hypoxia responsive elements
(HREs) located in target gene promoters [18]. These target genes
modify hepatocyte lipid metabolism as well as energy metabolism, cell
survival, inflammation and fibrosis [19-21]. In rodent models of NASH,
intermittent hypoxia has been shown to have pro-inflammatory and
pro-fibrotic effects, as indicated by increased levels of NF-kB-dependent
inflammatory cytokines such as TNF-a, IL-6 and IL-1f, and increased
expression of collagen type I in liver [22-24]. Likewise, in vitro studies
using hepatocytes and hepatic stellate cells (HSC) have shown that HIF-
la can modulate pro-inflammatory and pro-fibrogenic signaling
[20,24-26], which could be key for NASH development and progres-
sion.

Involvement of extracellular vesicles (EVs) in the progression of
NAFLD has recently been studied using in vitro and in vivo models
[27-30]. EVs are classified according to their size and biogenetic origin,
e.g., exosomes and microvesicles (28). Exosomes are small particles (50
to 150 nm) that are released after the fusion of multivesicular bodies.
Microvesicles are directly released from the cell membrane and have a
size of 100 to 1000 nm [31]. In some studies, no distinction was made
between microvesicles and exosomes, and the term “EVs” was used for
both. EVs play an important role in cellular communication in normal
physiological and pathophysiological situations due to their content of
proteins, mRNAs and/or lipids [32]. Recent evidence clearly indicates
the involvement of EVs in NASH [33,34], but their role in the context of
hypoxia and the effects of EVs on nonparenchymal cells, such as HSC,
which is the key cell type involved in matrix deposition during liver
fibrogenesis, remain to be elucidated.

Therefore, the aim of this study was to test the hypothesis that
chemical or intermittent hypoxia leads to hepatocellular damage that
determine the release of EVs into the extracellular space that in turn
might evoke pro-fibrotic responses on HSC. We used both in vitro and in
vivo models to test this hypothesis.

Control

CoCl,

FFA CoCl, + FFA

Fig. 4. Chemical hypoxia and steatosis in vitro promote apoptotic cell death but not necrotic cell death. HepG2 cells were incubated for 24 h with oleic acid and

dicates P < 0.05.

or absence of CoCl, 200 umol/1. Caspase-3 activity and necrosis were measured as described in Material and Methods. Data are
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2. Materials and methods
2.1. Animals

Animal experiments were approved by the institutional animal care
and use committee (Comité de ética y bienestar Animal, Escuela de
Medicina, Pontificia Universidad Catélica de Chile, CEBA 100623003).
Male C57BL/6 mice aged 10 weeks at the beginning of the study were
divided into four experimental groups (n = 4-8) receiving either a
choline-deficient amino acid-defined (CDAA) diet (Catalog # 518753,
Dyets Inc. Bethlehem, PA) to induce NASH or the choline-supplemented
L-amino acid defined (CSAA, Catalog # 518754, Dyets Inc. Bethlehem,
PA) diet as a control for 22 weeks as previously described [35,36].
Animals were exposed to IH or normoxia (chambers 41 x 22 x 35cm,
COY lab products™, Grass Lake, MI, USA) during the last 12 weeks of
the experimental or control feeding period. The IH regimen consisted of
a reduction of the fraction of inspired oxygen (FiO2) from 0.21 to 0.07
over a 30-second period and then reoxygenation to 0.21 FiO2 in the
subsequent 30-second period. This regimen was performed for
30 events/h of hypoxic exposure for 8 h/day during the rest cycle, be-
tween 9am and 5pm. The cycle was repeated 7 days a week for 12
consecutive weeks. After ending the study, the mice were anesthetized
(ketamine 60 mg/kg plus xylazine 10 mg/kg intraperitoneally) and then
euthanized by exsanguination. Serum and liver tissue samples were
collected and processed or stored at —80 °C until analysis.

BBA - Molecular Basis of Disease 1866 (2020) 165857

2.2. Histological studies

Liver specimens from the right lobe of all mouse livers were ana-
lyzed in paraformaldehyde-fixed 7-pm tissue sections stained with he-
matoxylin/eosin or Sirius red. Portal inflammation was graded blindly
by an experienced pathologist (J.T.). Specifically, the following score
was given: foci of lobular inflammation were scored as 0 (no in-
flammatory foci), 1 (< 2 foci per 200 x field), 2 (2-4 foci per 200 x
field) and 3 (> 4 foci per 200 x field). Sirius red staining to determi-
nate fibrosis was quantified by digital image analysis (Image J, NIH,
US) as previously described [35].

2.3. Cell culture and treatment with free fatty acids and chemical hypoxia
induction

The human hepatocellular carcinoma cell line HepG2 (ATCC, USA)
was cultured in Dulbecco's Modified Eagle's Medium (1X)
+ GlutaMAX™- 1 (DMEM, 10569010, Gibco) supplemented with 10%
fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin (Gibco)
at 37 °C and 5% COj. All cells were plated in a cell culture plate at least
24 h-36h before treatment. Upon reaching 80% confluence, the cells
were incubated with a mixture of free fatty acids (FFA) consisting of
oleic acid (500 pmol/1) and palmitic acid (250 umol/1) in an aqueous
solution of bovine serum albumin (BSA) as previously described [37].
Incubations were carried out with or without cobalt (II) chloride
(CoCly; Sigma-Aldrich, Saint Louis, MO) (200 pmol/1) for 24 h. CoCl, is
the most commonly used hypoxia-mimetic agent [38], which causes
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Fig. 5. Chemical hypoxia increases the expression of pro-inflammatory and pro-fibrotic cytokines in steatotic HepG2 cells. HepG2 cells were incubated for 24 h with
oleic acid and palmitic acid 2:1 (FFA) in the presence or absence of CoCl, 200 pmol/l. a) mRNA levels of the pro-inflammatory cytokines TNF-a, IFN-v, IL-1p, and IL-

tic cytokines TGF-31, CTGF, collagen-I, a-SMA and TIMP-1, measured as described in Material and Methods. Data are shown as
< 0.05; ** indicates P < 0.01; *** indicates P < 0.005.
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Fig. 5. (continued)

chemical hypoxia through stabilization of hypoxia-inducible factor
(HIF)-1a [38,39].

2.4. Western blot analyses

Cell lysates were resolved on Mini-PROTEAN® TGX Stain-Free™
Precast Gels (BioRad, Oxford, UK). Semi dry-blotting was performed
using a Trans-Blot Turbo Midi Nitrocellulose Membrane with Trans-Blot
Turbo System Transfer (BioRad, Oxford, UK). Ponceau S 0.1% w/v
(Sigma-Aldrich, Saint Louis, MO) staining was used to confirm the
protein transfer. Anti-HIF1a (610,958, Biosciences, San Jose, CA), anti-
CASP1 (SC-56036, Santa Cruz, Dallas, TX), anti-CD81 (10630D,
Invitrogen, Carlsbad, CA), anti-Bcl-2 (ab32370, Abcam, Cambridge,
MA), anti-Type I collagen (1310-01; Southern Biotech, Dallas, TX) and
anti-aSMA (A5228, Sigma-Aldrich, Saint Louis, MO) were used in
combination with the appropriate peroxidase-conjugated secondary
antibodies. Tubulin (T9026, Sigma-Aldrich, Saint Louis, MO) or actin
(A5228, Sigma-Aldrich, Saint Louis, MO) was used as a loading control.
The blots were analyzed with a ChemiDoc XRS system (Bio-Rad,
Oxford, UK). Protein band intensities were quantified by Imagelab
software (BioRad, Oxford, UK).

2.5. Nile red staining

Intracellular lipid droplets in the HepG2 cells were detected with
Nile Red fluorescent probe (N1142, Thermo Fisher, Wilmington, DE).
HepG2 cells were grown in 96-well plates and treated with FFA and/or
CoCl,. After treatment, the cells were washed twice with PBS and
stained with Nile Red solution for 10min in the dark. The cells were
then washed twice with PBS and stained with Hoechst dye (33342,
Thermo Fisher, Wilmington, DE). The fluorescence intensity of each
well was analyzed with an excitation/emission wavelength at 488 nm/

. The fluorescence images were re-
ce microscope.

2.6. Determination of reactive oxygen species

The intracellular generation of reactive oxygen species (ROS) in
HepG2 cells was monitored with a DCFH-DA fluorescent probe. HepG2
cells were grown in 96-well plates and treated with FFA and/or CoCl,.
Cells were washed twice with PBS and incubated with the cell perme-
able reagent 2’,7’-dichlorofluorescin diacetate (DCFDA; Abcam,
Cambridge, MA) for 45 min. Cells were then washed twice with PBS,
and the fluorescence intensity of each well was analyzed with an ex-
citation/emission wavelength at 495nm/529 nm using a microplate
reader.

2.7. Apoptosis measurement

The caspase-3 fluorometric assay was used to determine apoptosis
induced by FFA and/or CoCl; in HepG2 cells. After treatment, HepG2
were scraped, and cell lysates were obtained by three cycles of freezing
(—80°C) and thawing (37 °C) followed by centrifugation for 5min at
13,000g. Caspase-3 enzyme activity was assayed as described pre-
viously [40]. The arbitrary units of fluorescence (AUF) were quantified
in a spectrofluorometer at an excitation wavelength of 380 nm and
emission wavelength of 430 nm.

2.8. Assessment of cell death associated with disrupted cellular membrane
integrity

SYTOX® Green nucleic acid stain (57020 Invitrogen, Carlsbad, CA)
was used to determine cell death induced by FFA and/or CoCl; in
HepG2 [41]. Cells were cultured in 12-well plates. After treatment,
diluted Sytox Green solution (1:40.000/PBS) was added to the cells for
at least 15 min at 37 °C, 5% CO,. Necrotic cells have ruptured plasma
membranes, allowing the noncell permeable Sytox Green to enter the
cells and bind to nucleic acids. Necrosis was determined using a Leica
fluorescence microscope at a wavelength of 488 nm.
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Fig. 6. Characterization of HepG2-derived extracellular vesicles (EVs). EVs were characterized in conditioned medium from control HepG2 cells by a) transmission
electron microscopy, b) detection of the EV-positive marker CD81 and EV-negative mitochondrial marker Bcl-2 by Western blotting, and c) size distribution by NTA

as described in Material and Methods.

2.9. RNA isolation and quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR)

HepG2 cells were harvested on ice and washed twice with ice-cold
PBS. Total RNA was isolated with TRI-reagent (Sigma-Aldrich, Saint
Louis, MO) according to the manufacturer's instructions. Reverse tran-
scription (RT) was performed using 2.5 ug of total RNA, 1X RT buffer
(500 mmol/1 Tris-HCl [pH 8.3]; 500 mmol/l1 KCl; 30 mmol/l MgCly;
50 mmol/l DTT), 1mmol/l deoxynucleotides triphosphate (dNTPs,
Sigma-Aldrich, Saint Louis, MO), 10 ng/ul random nanomers (Sigma-
Aldrich, Saint Louis, MO), 0.6 U/ul RNaseOUT™ (Invitrogen, Carlsbad,
CA) and 4 U/ul M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA)
in a final volume of 50 pul. The ¢cDNA synthesis program was 25 °C/
10 min, 37 °C/60 min and 95°C/5 min. Complementary DNA (cDNA)
was diluted 20 X in nuclease-free water. Real-Time qPCR was carried
out in_a StepOnePlus™ (96-well) PCR System (Applied Biosystems,

ing TagMan probes. The sequences
View PDF

of the probes and primer sets are described in Supplementary Material.
For qPCR, 2 x reaction buffer (dNTPs, HotGoldStar DNA polymerase,
5 mmol/1 MgCl,) (Eurogentec, Belgium, Seraing), 5 umol/1 fluorogenic
probe and 50 pumol/1 of sense and antisense primers (Invitrogen) were
used. mRNA levels were normalized to the 18S housekeeping gene and
further normalized to the mean expression level of the control group.

2.10. Extracellular vesicle isolation

For EV collection, HepG2 cells were grown in culture dishes of
100 mm to obtain 70 ml of serum-free conditioned medium (devoid of
CoCl2 or FFA) after different treatments for an additional 24 h. EVs
were isolated from the conditioned medium by differential ultra-
centrifugation (UCF Thermo-Sorvall 80wx +) according to a modified
previous protocol [42]. A total of 70 ml medium per treatment was
depleted of cells and cell debris by consecutive, low-speed centrifuga-
tions (2000 xg for 30 min and 12,000 x g for 45min). The resulting
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Fig. 7. Increased release of extracellular vesicles (EVs) from steatotic HepG2
cells undergoing chemical into conditioned medium. EV quantification in
conditioned medium from HepG2 after different treatments performed by NTA
as described in Material and Methods. Data are shown as the mean + SEM
(n = 3) * indicates P < 0.05; ** indicates P < 0.01.

supernatants were carefully collected and centrifuged for 70 min at
120,000 x g at 4 °C. Pellets from this centrifugation step were washed in
PBS, pooled and centrifuged again for 60 min at 100,000 x g at 4 °C. For
EV collection from animals, serum samples were reconstituted in a total
volume of 4.4 ml and centrifuged at 2000 x g for 30 min and 10,000 x g
for 30 min. The resulting supernatants were carefully collected and
centrifuged for 70 min at 120,000 xg at 4 °C. Pellets from this cen-
trifugation step were washed in PBS, pooled and centrifuged again for
60 min at 100,000 x g at 4 °C. The obtained pellets from HepG2 cells or
serum were resuspended in lysis buffer or PBS solution depending on
subsequent experiments and stored in aliquots at —80°C. Protein
concentration in the EV pellet was measured using the BCA protein
assay kit (Pierce, Rockford, IL).

2.11. Nanoparticle tracking analysis

Concentration and size distribution of isolated EVs were assessed by
nanoparticle tracking analysis (NTA) using NanoSight NS300 in-
strumentation (Marvel, Egham, UK). EV samples were diluted with PBS
to a concentration of 10® to 10° particles/ml in a total volume of 1 ml.
Each sample was continuously run through a flow-cell top-plate set up
at 18 °C using a syringe pump. At least three videos of 20 s documenting
the Brownian motion of nanoparticles were recorded, and at least 1000
completed tracks were analyzed using NanoSight software (NTA v3.2).

2.12. Transmission electron microscopy

Isolated EVs were fixed in 2% paraformaldehyde in 0.1 M phosphate
buffer overnight at 4 °C. The samples were then placed on a Formvar/
Carbon 300 Mesh (FCF300-CU, EMS) grid and air dried for 10 min. The
grids were first contrasted with uranyl-oxalate solution and then con-
trasted and embedded in a mixture of 4% uranyl acetate. The grids were
air dried and visualized using a Philips Tecnai 12 (Biotwin, Eindhoven,
The Netherlands) electron microscope at 80 kV. The images were cap-

aging Solutions software (Windows

BBA - Molecular Basis of Disease 1866 (2020) 165857

2.13. Treatment of LX-2 cells with extracellular vesicles

To investigate the crosstalk between EVs from HepG2 and LX-2
human HSC, a typical cell line to study hepatic fibrogenesis [43], LX-2
cells were treated with isolated EVs. LX-2 cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C
and 5% CO,. All cells were plated in a cell culture plate at least 24-36 h
before treatment. Upon reaching 80% confluence, the cells were in-
cubated with FBS-free medium and exposed to 15 ug of EVs that were
isolated from HepG2 cells that had been treated with CoCl,, FFA and
CoCl;y + FFA for 24h. After 24h of EV treatment, LX-2 cells were
harvested for further quantitative PCR, Western blot and immuno-
fluorescence analyses.

2.14. Immunofluorescence microscopy

LX-2 cells were grown on glass cover slips placed in 12-well plates.
After treatment, the culture media were removed and cover slips
carefully washed twice with PBS. Cells were then fixed using a 4%
paraformaldehyde solution in PBS for 10 min at room temperature and
washed twice with PBS. Permeabilization was performed by incubation
of the samples for 10 min in 0.1% Triton X-100 (Sigma-Aldrich, Saint
Louis, MO). The cells were washed twice with PBS and incubated with
2% BSA (Sigma-Aldrich, Saint Louis, MO) in PBS/0.1% Tween 20
(Sigma-Aldrich, Saint Louis, MO) solution for 30 min to block non-
specific binding sites. Goat anti-Type I collagen (1310-01; Southern
Biotech, Birmingham, AL) was used at a dilution of 1:200 in 2% BSA/
PBS in a humidified chamber for 1h at room temperature. Samples
were subsequently washed twice with 2% BSA/PBS. Finally, the cells
were incubated with rabbit anti-goat Alexa Fluor® 568 at a dilution of
1:500 in 2% BSA/PBS for 30 min at room temperature in the dark.
Slides were mounted with ProLong antifade with DAPI (Molecular
Probes, Invitrogen™, Carlsbad, CA, USA), and images were evaluated
using fluorescence microscopy and analyzed with Leica ALS AF soft-
ware (Leica, (Leica Microsystems GmbH, Wetzlar).

2.15. Statistical analyses

Analyses were performed using GraphPad software (version 5.03,
GraphPad Software Inc., CA, USA). All results are presented as the mean
of at least 3 independent experiments + SEM or as absolute numbers or
percentages for categorical variables. The statistical significance of
differences between the means of the experimental groups was eval-
uated using one-way analysis of variance (ANOVA) with a post hoc
Bonferroni multiple-comparison test; P < 0.05 was considered as sta-
tistically significant.

3. Results

3.1. Chemical hypoxia increases lipid droplet content in fat-laden hepatic
cells

To investigate whether hypoxia exacerbates lipid accumulation in
an in vitro model of experimental NASH, we treated HepG2 cells with
CoCly, a hypoxia mimetic agent that promotes the accumulation of HIF-
la [38]. HepG2 cells treated with CoCl; showed a significant increase
in HIF-1a, independent of treatment with FFA (Fig. 1). To induce
steatosis, HepG2 cells were treated with a mixture of oleic acid and
palmitic acid (FFA) as described previously [44]. Hepatocytes showed
an increase in the formation of lipid droplets (Fig. 2a). Interestingly, a
significant increase in the content of lipid droplets was observed in the
steatotic hepatocytes treated with the chemical inducer of hypoxia
(Fig. 2b), indicating that chemical hypoxia increases steatosis in this
model.
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Fig. 8. HepG2-derived extracellular vesicles (EVs) increase the expression of pro-fibrotic cytokines in LX-2 cells. LX-2 cells were exposed to 15 g of EVs that were
isolated from HepG2 cells that had been treated with CoCly, FFA and CoCly + FFA for 24 h. mRNA levels of TGF-1, CTGF, collagen-I and a-SMA were measured as
described in Material and Methods. Data are shown as the mean = SEM (n = 3) ** indicates P < 0.01; **** indicates P < 0.001.

3.2. Chemical hypoxia increases oxidative stress and apoptotic cell death in
fat-laden hepatic cells

To evaluate whether the induction of hypoxia exacerbates damage
by lipotoxicity, we evaluated the generation of reactive oxygen species
(ROS) and the extent of cell death. The increase in ROS was evaluated
using the fluorogenic dye DCF. The results indicated a significant in-
crease in ROS in each of the treatments compared with the control
(Fig. 3). Furthermore, chemical hypoxia exacerbated the increase in
ROS in steatotic HepG2 cells compared with the hypoxic and FFA
conditions separately.

Apoptotic cell death was evaluated by measuring the activity of
caspase-3. The results demonstrated that chemical hypoxia in steatotic
HepG2 cells induced apoptotic lipotoxicity compared with the control
cells. (Fig. 4a). Chemical hypoxia or steatosis alone did not induce
apoptotic cell death. Lipotoxicity was also evaluated using the Sytox
Green assay to detect cell death associated with disrupted cellular
membrane integrity. The different treatments in HepG2 cells did not
induce necrotic cell death (Fig. 4b).

3.3. Chemical hypoxia induces the expression of pro-inflammatory and pro-
fibrotic cytokines

To evaluate whether hypoxia promotes a pro-inflammatory and pro-
fibrotic phenotype in fat-laden HepG2 cells, we measured the mRNA
levels of different cytokines. A significant increase in mRNA levels of
pro-inflammatory (Fig. 5a) and pro-fibrotic (Fig. 5b) cytokines was
observed. Expression of some genes was also increased in cells treated
with CoCl; only (Fig. 5b).

3.4. Increased number of EVs in conditioned medium from steatotic cells
undergoing chemical hypoxia

To better characterize the involvement of hepatocytes in the pro-
motion of the pro-fibrotic phenotype and possible crosstalk with HSC,
we assessed EVs from conditioned medium of HepG2 cells (HepG2-EV)
following different treatments. After isolation of EVs from conditioned
medium, we characterized EVs according to previous guidelines [45] by
their typical structure visualized by TEM (Fig. 6a) and detection of the
EV-positive marker CD81 and EV-negative marker Bcl-2 (mitochondrial
marker) by Western blotting (Fig. 6b). We also determined the size
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(approximately 100-150 nm) and concentration of HepG2-EV (Fig. 6¢)
by NTA. Notably, fat-laden-hepatocytes in the presence of CoCl;
showed a significant increase in the concentration of HepG2-EV com-
pared with all other conditions (Fig. 7). These results suggest that
steatotic and hypoxic conditions in HepG2 cells can modulate the re-
lease of EVs.

3.5. EVs from steatotic HepG2 cells undergoing chemical hypoxia promote a
pro-fibrotic phenotype in HSC

To evaluate whether HepG2-EVs have a direct effect on HSC, we
used the human stellate cell line LX-2. 1LX-2 cells were stimulated with
15 pg/ml of HepG2-EV from each treatment, and the mRNA and protein
levels of some pro-fibrotic cytokines were evaluated. As shown in Fig. 8,
EVs from steatotic HepG2 cells undergoing chemical hypoxia sig-
nificantly increase the expression levels of the TGF-B-1, CTGF, collagen-
I and a-SMA genes in LX-2 cells. These results also suggest an additive
effect of FFA and CoCly; promoting a pro-fibrotic phenotype in 1LX-2
cells. Interestingly, a similar result was observed in a confirmatory
experiment assessing protein levels of collagen-I (Fig. 9a—c) and a-SMA
(Fig. 9b) in LX-2 cells treated with EVs obtained from fat-laden HepG2
cells undergoing chemical hypoxia.

3.6. Intermittent hypoxia promotes a pro-inflammatory and pro-fibrotic
phenotype that correlates with increased release of EVs in an in vivo model of
NASH

To validate the previous results in an in vivo model, CDAA diet
feeding for 22-weeks was used to induce NASH, and an intermittent
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hypoxia regimen was applied for the final 12 weeks. As expected, CDAA
diet-fed mice showed significantly increased portal inflammation
(Fig. 10a) and liver fibrosis (Fig. 10b), as shown by conventional he-
matoxylin/eosin and Sirius Red staining, respectively. Interestingly,
portal inflammation and collagen deposition in IH-treated mice with
NASH were even further increased compared with the normoxic CDAA
diet-group, indicating a pro-inflammatory and pro-fibrotic action of
hypoxia. In addition, IH significantly increased hepatic mRNA levels of
several markers of inflammation (Fig. 10c¢) and fibrogenesis (Fig. 10d)
induced by the CDAA diet, including HIF-1a, IL-6, TNF-a, [FN-vy, IL-1p3,
IL-18, TGF-B1, CTGF, collagen-I, a-SMA, TIMP-1 and MCP-1, compared
to the control group. Only IL-6, IFN-y, IL-18 and a-SMA mRNA levels
were significantly increased in mice with NASH exposed to IH com-
pared with normoxic mice with NASH. Finally, EVs were isolated from
mouse serum to determine the concentration of EVs in each experi-
mental group. As shown in Fig. 10e, CDAA diet-fed mice exhibited a
significant increase in EVs when exposed to ITH compared with control
or CDAA diet-fed mice under normoxic conditions. These results sug-
gest a strong correlation between the induction of intermittent hypoxia
with the increase in EVs and the promotion of a more pro-inflammatory
and pro-fibrotic phenotype in an in vivo model of NASH.

4. Discussion

In recent years, the mechanisms underlying the progression of
NAFLD/NASH have been thoroughly studied. The early stages of
NAFLD are characterized by fat accumulation in the liver resulting in
steatosis that can progress to hepatocellular damage and inflammation
in a condition termed NASH [3-6]. Moreover, some patients develop
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Fig. 9. Extracellular vesicles (EVs) derived from steatotic HepG2 cells undergoing chemical hypoxia increase the expression of pro-fibrotic proteins in HSC. LX-2 cells
were exposed to 15 pug of EVs that were isolated from HepG2 cells that had been treated with CoCl,, FFA and CoCl, + FFA for 24 h. Protein levels of a) collagen-I and
b) alpha-smooth muscle actin (a-SMA) were determined by Western blotting as described in Materials and Methods. (-actin was used as loading control. c¢)

.01; *** indicates P < 0.005.

determined by immunofluorescence as described in Materials and Methods. Data are shown as the mean + SEM (n = 3) *
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Fig. 9. (continued)

liver fibrosis, which is associated with an increase in mortality and the
risk of HCC development [46]. Interestingly, clinical studies have in-
dicated that OSAS is a new predictive factor of hepatic fibrosis in pa-
tients with NAFLD [10,47,48]. Recent research has provided evidence
regarding the role of hypoxia, a hallmark of OSAS, in the development
of liver injury and hepatic fibrosis in animal models of NAFLD
[20,22,49]. However, major gaps remain in our understanding of the
progression of NASH to fibrosis, e.g., the cellular mechanism underlying
crosstalk between hepatocytes and HSC, the key nonparenchymal cell
responsible for liver scar formation [50,51]. In this study, we demon-
strate that experimental hypoxia, induced by a HIF-1a chemical stabi-
lizer in fat-laden liver cells, promotes hepatocellular damage, enhances
pro-inflammatory and pro-fibrogenic gene expression and increases the
release of EVs. Furthermore, EVs from steatotic HepG2 cells undergoing
Cocl2 chemically induced hypoxia promote increases in the mRNA and
protein expression of important fibrosis markers in HSC.

In the present study, our in vitro model of steatosis was key to the
analysis of hypoxia induced by the hypoxia mimetic CoCly, a HIF-1 «
stabilizer. We used the human hepatocyte cell line HepG2, in which
induction of chemical hypoxia was evaluated through the quantifica-
tion of HIF-1a levels, which increased due to the intracellular stabili-
zation, as described in other in vitro studies [52,53]. Of note, treatment
with palmitic acid (PA) and oleic acid (OA) (1:2) increased the content
of lipid droplets in hepatocytes in the absence of lipotoxicity. Previous
studies have shown that OA promotes steatosis in hepatocytes, both in
primary hepatocyte cultures and in hepatoma cell lines, while PA in-
duces a cytotoxic response [54,55]. Our results are in line with a pre-
vious report using a combination of both fatty acids at a higher OA

anti-apoptotic effect and triglyceride

10

accumulation [54]. Interestingly, chemical hypoxia increased the con-
tent of lipid droplets compared with HepG2 cells without chemical
hypoxia, as determined by quantification of Nile Red fluorescence.
These results are in line with an in vivo study indicating that hypoxia,
via HIF-1a, promotes an increase in lipid biosynthesis [56]. Hepatocyte
cell death by apoptosis was measured using caspase-3, and as expected,
treatment with FFA alone did not induce cell death. However, HepG2
cells exposed to the combination of treatment with CoCl, and FFA ex-
hibited an increase in caspase-3 activity that correlated with an increase
in oxidative stress compared with the control group. Unexpectedly,
HepG2 cells treated with FFAs also showed an increase in ROS com-
pared with those treated with CoCl, and the control group. A recent
study demonstrated that OA prevents ROS production in HepG2 cells
treated with PA [57]. Likewise, another study showed that FFA treat-
ment of HepG2 cells induced TNF-a generation, which is an important
mediator in hepatic steatohepatitis and liver injury [58]. Additional
studies to further delineate the underlying mechanism, e.g., measure-
ment of mitochondrial ROS production, remain to be performed. We
also analyzed hepatocyte cell death associated with disrupted cellular
membrane integrity (necrosis) using SytoxGreen®. None of the treat-
ments we applied induced a significant increase in necrosis. The di-
vergent results of apoptosis and necrosis can be explained by the po-
tential of different stimuli to induce different modes of cell death in
different cell types [59]. Taken together, our findings indicate that
chemical hypoxia promotes lipotoxicity, as determined by the increase
in hepatocellular apoptosis and oxidative stress.

To evaluate the possible damaging effects of chemical hypoxia in
fat-laden hepatocytes, we measured the gene expression of pro-in-
flammatory and pro-fibrotic cytokines. As expected, and in accordance
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Fig. 10. Intermittent hypoxia promotes a pro-fibrotic phenotype in mice with NASH and correlates with increased levels of extracellular vesicles (EVs) in vivo. Mice
were placed on a choline-supplemented L-amino acid defined (CSAA) diet as a control or a defined diet with choline deficiency amino acids (CDAA) for 22 weeks to
induce liver injury. Intermittent hypoxia (IH) or normoxia was applied for the final 12 weeks of the diet as described in Materials and Methods. Representative
histology of liver tissue: a) hematoxylin/eosin staining to evaluate portal inflammation and b) Sirius Red staining to evaluate fibrosis were scored in a double blinded
manner by a pathologist; ¢) mRNA levels of pro-inflammatory cytokines and d) mRNA levels of pro-fibrotic cytokines were determined by RT-qPCR as described in
Materials and Methods; e) quantification of EVs from serum samples was determined by NTA as described in Materials and Methods. Data are shown as the
mean + SEM (n = 3) * indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.005; **** indicates P < 0.001.

Fibrosis

Fig. 10. (continued)

with our previous results, the condition of hypoxia in steatotic hepa- signaling and promotes fibrogenesis in liver [24,25]. To evaluate the
tocytes increased the expression of TNF-a, IFN-y, IL-1p, IL-18, TGF-p1, role of EVs in this model, we assessed the amount of EVs released in the
CTGF, collagen-I, a-SMA and TIMP-1. Interestingly, some pro-fibrotic culture medium and observed an increase after treatment of HepG2
genes, such as TGF-B1, CTGF and a-SMA, were increased in HepG2 cells cells with CoCl, and FFA compared with all other groups. EVs, com-

e of FFAs. Previous data have de- prising exosomes and microparticles, are small structures that are sur-
: F-1a in hepatocytes actives TGF- rounded by membrane and released from cells into the extracellular
View PDF
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Fig. 10. (continued)
environment. They serve a pathophysiological role in various diseases, Finally, isolated EVs from control hepatocytes were directly visualized
including NASH and other chronic liver diseases [33,34,60]. We char- using TEM.
i i epG2 cells using positive and negative Previous studies have demonstrated that during hepatocellular da-
determined the EV size by NTA. mage, hepatocytes release EVs that modulate pro-inflammatory and
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Fig. 10. (continued)

pro-fibrotic signaling in nonparenchymal liver cells [61-65]. To con-
firm whether EVs from our model of hypoxic and steatotic hepatocytes
could promote a pro-fibrotic phenotype in nonparenchymal liver cells,
we used the human stellate cell line LX-2. EVs derived from CoCls-
treated fat-laden hepatocytes showed increased gene expression of pro-
fibrotic cytokines such as TGF-1, CTGF, collagen-I and a-SMA in LX-2
cells compared with all the other groups. In addition, protein expression
of collagen-I and a-SMA was analyzed in LX-2 cells treated with EVs
from HepG2 cells. Both pro-fibrotic proteins increased when LX-2 cells
were treated with EVs derived from CoCl,-treated steatotic hepatocytes.
This interesting result suggests that the EV-cargo in our model is an
important topic for future analysis. Recent studies supporting our
findings show that palmitic acid increases EVs from hepatocytes and
alters their miRNA cargo to induce pro-fibrogenic signals in HSCs [62].
Another study, providing similar results, indicated that EVs from lipo-
toxic hepatocytes activate HSCs via miRNA-128-3p [28].

The exact relationship(s) between intermittent hypoxia, a hallmark
of OSAS, and NAFLD/NASH progression, particularly with regard to
liver fibrosis development, remains incompletely understood. We found
that intermittent hypoxia could promote a pro-inflammatory and pro-
fibrotic phenotype in our CDAA diet-fed animal model and increase
circulating levels of EVs. Histological examination showed more portal
inflammation in CDAA diet-fed mice exposed to IH compared with all
the other groups. Interestingly, portal inflammation is considered a
marker of severe disease in human NAFLD [66]. In our animal model,
fibrosis, as determined by Sirius red staining, was significantly in-
creased in CDAA diet-fed mice exposed to IH compared with the control
groups. These results suggest that intermittent hypoxia can promote
portal inflammation and fibrosis in an animal model of NASH and
eventually fuel fibrogenesis. In line with this finding, a recent study
demonstrated that accumulation of oxidized lipids, specifically low-
density lipoproteins, in hepatocytes, promotes portal inflammation and
fibrosis associated with progressive NAFLD [67]. With regard to the
increase in circulating EVs, previous studies have demonstrated that [H
mimicking OSA alters EV generation and release as well as EV-cargo
and function, promoting pathophysiology in different in vive models
[67-69]. This important finding correlates with our in vitro results and
provides evidence for a novel pro-fibrotic mechanism involving EVs.
Future studies should address if circulating EVs are mostly derived from
liver or from other specific cell sources. Also, full characterization of
gene and protein cargoes contained in EVs as well as its precise mem-
brape surface comp ill be informative regarding signaling

intercellular communications.
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Among the limitations of the present study is the use of a chemical
model of hypoxia instead of low oxygen-induced hypoxia. Although
exposure of cells to a decreased oxygen concentration is the optimal
hypoxia model, access to a hypoxia chamber or a CO5 incubator with
regulated oxygen levels is not always possible in many laboratories
[38]. In the present study, the need for larger chambers to obtain suf-
ficient media to isolate EVs also precluded the use of real hypoxia
conditions. Of note, in addition to the differences in decreased oxygen
concentration models, the CoCly-induced chemical hypoxia model is
well accepted and provide stable experimental conditions that are in-
formative regarding phenomena induced by real hypoxia [35,36,49].
Interestingly, a recent study from our laboratory using primary rat
hepatocytes demonstrated that CoCl, mimicked the increase in HIF-1a
expression observed under conditions of decreased oxygen concentra-
tions without affecting cell viability [61]. Regardless, additional studies
using real hypoxic conditions are desirable to confirm our findings and
to better delineate the impact of hypoxia on the liver in the context of
NASH, as well as the mechanisms underlying the hypoxia-induced re-
lease of EVs.

In conclusion, the present study showed that CoCl2 chemically in-
duced hypoxia and intermittent hypoxia, promoted hepatocellular da-
mage and increased pro-inflammatory and pro-fibrotic gene expression
in hepatic cells that correlated with an increased release of EVs in both
in vitro and in in vivo models of NAFLD/NASH. Moreover, EVs from fat-
laden hepatic cells treated with CoCI2 evoked a pro-fibrotic response in
LX-2 cells, suggesting a novel EV-mediated cell-to-cell communication
in this model. Finally, mice fed a NASH-inducing diet and exposed to
intermittent hypoxia exhibited a pro-inflammatory and pro-fibrotic
phenotype that correlated with increases in circulating EVs. Future
work should focus on profiling the genomic, transcriptomic, proteomic
and lipidomic cargoes of EVs derived from liver cells under hypoxic
conditions. Such information would help to identify hypoxia-specific
molecules contributing to liver damage in NAFLD/NASH in the context
of OSAS.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2020.165857.
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