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ABSTRACT

Background. Obstructive sleep apnea syndrome (OSAS) is associated to intermittent
hypoxia (IH) and is an aggravating factor of non-alcoholic fatty liver disease (NAFLD).
We investigated the effects of hypoxia in both in vitro and in vivo models of NAFLD.
Methods: Primary rat hepatocytes treated with free fatty acids (FFA) were subjected
to chemically induced hypoxia (CH) using the hypoxia-inducible factor-1 alpha (HIF-
la) stabilizer cobalt chloride (CoCl2). Triglyceride (TG) content, mitochondrial
superoxide production, cell death rates, cytokine and inflammasome components
gene expression and protein levels of cleaved caspase-1 were assessed. Also, Kupffer
cells (KC) were treated with conditioned medium (CM) and extracellular vehicles
(EVs) from hypoxic fat-laden hepatic cells. The choline deficient L-amino acid defined
(CDAA)-feeding model used to assess the effects of [H on experimental NAFLD in vivo.
Results: Hypoxia induced HIF-1a in cells and animals. Hepatocytes exposed to FFA
and CoCl2 exhibited increased TG content and higher cell death rates as well as
increased mitochondrial superoxide production and mRNA levels of pro-inflammatory
cytokines and of inflammasome-components interleukin-1f3, NLRP3 and ASC. Protein
levels of cleaved caspase-1 increased in CH-exposed hepatocytes. CM and EVs from
hypoxic fat-laden hepatic cells evoked a pro-inflammatory phenotype in KC. Livers
from CDAA-fed mice exposed to IH exhibited increased mRNA levels of pro-
inflammatory and inflammasome genes and increased levels of cleaved caspase-1.
Conclusion: Hypoxia promotes inflammatory signals including

inflammasome/caspase-1 activation in fat-laden hepatocytes and contributes to



cellular crosstalk with KC by release of EVs. These mechanisms may underlie the
aggravating effect of OSAS on NAFLD. [Abstract word count: 257]

Abbreviations used in this paper:

OSAS: obstructive sleep apnea syndrome
IH: intermittent hypoxia

NAFLD: non-alcoholic fatty liver disease
NAFL: non-alcoholic fatty liver

NASH: non-alcoholic steatohepatitis
NLRP3: NOD-like receptor Pyrin Domain Containing 3
GSDMD: gasdermin D

KC: Kupfter cells

TG : triglyceride

IL: interleukin

TNF-a: tumor necrosis factor-alpha
HIF-1a: hypoxia inducible factor 1 alpha
EVs: extracellular vesicles

FBS: fetal bovine serum

FFA: free fatty acids

CM: conditioned medium

AUF: Arbitrary units of fluorescence
PBS: phosphate-buffered saline

LDH: Lactate dehydrogenase

NTA: nanoparticle tracking analysis
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ASC: Apoptosis-Associated Speck-Like Protein Containing CARD



1.- INTRODUCTION

In recent years, obstructive sleep apnea syndrome (OSAS), a common sleep disorder
characterized by recurrent closure of the upper airways during sleep, has been
suggested to modulate the severity of different metabolic disorders (1, 2). The
hallmark of OSAS is the occurrence of intermittent hypoxia (IH) leading to tissue
hypoxia and promoting oxidative stress, inflammation and a myriad of multi-organ
pathophysiological effects (3). Among conditions in which OSAS acts as both a
potential inducer and as an aggravating factor is non-alcoholic fatty liver disease
(NAFLD), the commonest liver disease worldwide (4-6). NAFLD describes a
clinicopathological entity defined by the presence of a spectrum of hepatic histological
changes ranging in severity from isolated steatosis (also termed non-alcoholic fatty
liver [NAFL]) to steatohepatitis (named non-alcoholic steatohepatitis, NASH) through
to advanced fibrosis and cirrhosis (7, 8). Development of steatosis is closely linked to
both overweight and obesity as well as to insulin resistance and transition from
isolated steatosis to more advanced stages of the disease occurs only in a minority of
NAFLD patients. Multiple factors influence NAFLD development and progression
including individual’s genetic background, environmental factors and the presence of
a myriad of comorbidities including OSAS (6, 9).

The main mechanisms of hepatocellular damage in NAFLD include those related to
lipotoxicity, mitochondrial dysfunction, formation of reactive oxygen species,
endoplasmic reticulum stress and disturbed autophagy ultimately leading to
hepatocyte injury and death that triggers hepatic inflammation, hepatic stellate cell

activation, and progressive fibrogenesis, thus driving disease progression (8, 10-12).



In addition, recent studies have shown that inflammasome activation is also one of the
key events in NAFLD progression (13-15). Specifically, the NOD-like receptor Pyrin
Domain Containing 3 (NLRP3) inflammasome has been recognized to be involved in
the progression of liver damage in experimental in vitro (hepatocytes and immune
liver cells) and in vivo models of NASH (16-18) and also in human studies (19). NLRP3
inflammasome mediates the maturation of inactive pro-caspase-1 into active cleaved
caspase-1, which cleaves gasdermin D (GSDMD) that in turn determine the activation
of the pro-inflammatory cytokines interleukin [[L]-1f and IL-18, which amplify the
pathological phenomena in NAFLD by promoting inflammation and pyroptotic cell
death (20). Of note, the progression of damage in NAFLD also involves the
participation of other liver-resident cells such as macrophages or Kupffer cells (KC)
as well as the recruitment of inflammatory cells from the periphery (21-23).

With regard to the pathophysiological connections between OSAS and NAFLD, existing
data indicate that OSAS may relate to both NAFLD occurrence as well as disease
progression. Of note, several studies have shown that [H is able to induce metabolic
alterations such as insulin resistance and increased liver triglyceride (TG)
accumulation as well as increased oxidative stress and increased inflammation, which
are related to steatosis development and hepatocellular damage, respectively (24-26).
Hepatic TG accumulation in the setting of OSAS may result from hypoxia-related
changes in lipid metabolic pathways such as a decrease in fatty acid (-oxidation and
increased de novo lipogenesis (5, 27). Also, IH has been shown to promote pro-
inflammatory effects in animal models of NAFLD modulating inflammatory cytokine

production (i.e. tumor necrosis factor-alpha [TNF-a] and IL-6) (28, 29). Although



some studies suggest a relevant role of hypoxia, likely through induction of the
hypoxia inducible factor 1 alpha (HIF-1a), in promoting hepatocellular cell death and
the generation of pro-inflammatory signals in several experimental settings (30),
assessment of these phenomena in the context of NAFLD has been less explored (5,
31).

In the present study, we aimed to assess the effects of hypoxia on cellular lipid
accumulation, hepatocellular death and pro-inflammatory signals including those
related to the NLRP3 inflammasome leading to caspase-1 activation in in vitro and in
vivo models of NAFLD. Moreover, we explored whether hypoxia modulates cellular
crosstalk between hepatocytes and resident macrophages (i.e. KCs) in the setting of
NAFLD and if this crosstalk involves the release of extracellular vesicles (EVs) from
hepatocytes. Of note, EVs have been recently recognized as playing an important role
in amplifying the inflammatory response in NASH (32, 33) but few data exist on the
potential role of hypoxia in modulating their release. We found that hypoxia induces
hepatocellular damage in fat-laden hepatocytes that involves NLRP3 inflammasome-
associated caspase-1 activation and increased mitochondrial superoxide production
leading to increased cell death rates by multiple mechanisms including apoptosis and
pyroptosis. Also, hypoxia contributes to evoking a pro-inflammatory response in
Kupffer cells by a mechanism that involves EVs release from fat-laden hepatocytes.
These observations partially clarify the mechanisms underlying the aggravating effect

of OSAS on NAFLD.



2.- MATERIALS AND METHODS

2.1 Animals

Specified pathogen-free male Wistar rats (220-250 g; Charles River Laboratories Inc.,
Wilmington, MA, USA) and male C57blé mice [purchased from Jackson Laboratories
(Bar Harbor, ME, USA)] were used in the present study. Animals were housed under
standard laboratory conditions with free access to standard laboratory chow diet and
water. All experiments were carried out according to the Dutch and Chilean laws on
the welfare of laboratory animals and guidelines of the local institutional animal care
and use committees of the Pontificia Universidad Catolica de Chile and ethics
committee of University of Groningen for care and use of laboratory animals. All
efforts were made to minimize animals suffering and to reduce the number of animals
used.

2.2 Cell isolation techniques, culture conditions, cell surface markers detection
and use of liver-derived cell lines

To conduct the experiments described below we used both primary rat hepatocytes
and KC. Isolation techniques used are described elsewhere (34, 35) and in the
Supplementary material file. Details of culture conditions and KC cell surface markers
detection are also provided in that section. The human hepatocellular carcinoma cell
line HepG2 (American Type Culture Collection [ATCC|] HB-8065, Manassas, VA, USA)
was used to carry out experiments involving EVs isolation after treatment with FFA.
Culture conditions are described in the supplementary material file.

2.3 Treatment with free fatty acids and chemical hypoxia induction



In order to assess the effects of hypoxia in fat-laden liver cells, hepatocytes were
incubated with a mixture of free fatty acids (FFA) consisting of oleic acid (500
pmol/L) and palmitic acid (250 pmol/L) in an aqueous solution of BSA as described
(36). Incubations were carried out with or without Cobalt(Il) chloride (CoCI2; Sigma
Aldrich, Saint Louis, MO, USA) (200 pumol/L) for 24 hours to induce chemical hypoxia
(37). CoClI2 is a well-known hypoxia-mimetic agent, that mimics hypoxia/ischemic
conditions by stabilization of hypoxia-inducible factor HIF-1a (38). Control cells were
treated with BSA alone. To obtain the corresponding conditioned medium (CM), after
treatment, hepatocyte culture medium was replaced by FBS-free medium for an
additional 24 hours. CM from different treatments were added to KC for 24 hours in
order to explore the possibility that hypoxia modulates hepatocytes-KC cellular
crosstalk.

2.4 Oil red O cell staining and TG measurement

Primary rat hepatocytes cultured on glass cover slides were treated with FFA and
CoCl2 for 24 h. Hepatocytes were then washed with phosphate-buffered saline (PBS)
twice, and then fixed with 4% formalin for 10 minutes. Cells were washed with 60%
isopropanol twice and stained with oil-red-O solution for 10 minutes at room
temperature. Then, cells were washed with 60% isopropanol and washed in distilled
water for 5 minutes. Then cells were incubated with hematoxylin/eosin solution for 1
minute and washed with distilled water for 5 minutes. Slices were mounted using 1

drop of glycerin-gelatin solution. Stained lipid droplets in cells were examined using a
slide scanner, Nanozoomer™ (Hamamatsu Photonics KK, Shizuoka, Japan).

Intracellular TG content was determined using TG Quantification Assay kit (ab65336,



Abcam, Cambridge, UK) according to the manufacturer’s instructions and normalized
to protein concentration.

2.5 Apoptosis measurement

Caspase-3 fluorometric assay was used to determine apoptosis induced by FFA
and/or CoCl2 in freshly isolated mouse hepatocytes. After treatment, hepatocytes
were scraped and cell lysates were obtained by three cycles of freezing (-196°C) in
liquid nitrogen and thawing (37°C) followed by centrifugation for 5 minutes at
13,000g. Caspase-3 enzyme activity was assayed as described previously (39).
Arbitrary units of fluorescence (AUF) were quantified in a spectrofluorometer at an
excitation wavelength of 380 nm and an emission wavelength of 430 nm.

2.6 Assessment of cell death associated to disrupted cellular membrane integrity
SYTOX™ Green nucleic acid stain (Invitrogen, S7020, Carlsbad, CA, USA) was used to
determine cell death induced by FFA and/or CoCl2 in hepatocytes (40). Cells were
cultured in 12-well plates. After treatment, diluted SYTOX Green solution
(1:40.000/HBSS) was added to the plates for at least 15 minutes at 37°C, 5% CO2.
SYTOX™ Green enters the cell upon loss of membrane integrity and binds to DNA
acting as a counterstain that can be analyzed when excited at 488 nm. A Leica
fluorescence microscope was used at that wavelength of for detection of necrotic
cells, which were quantified using Image ] software. Lactate dehydrogenase (LDH)
release was assessed as described in the Supplementary materials file. Additionally,
we assessed the caspase-cleaved gasdermin-N domain (GSDMD-N) to confirm
pyroptotic cell death by Western blot to evaluate the occurrence of pyroptotic cell

death (19).
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2.7 Mitochondrial superoxide detection

At the end of 24h-long incubations, hepatocytes were washed once with warm HBSS
followed by incubation with 200 nmol/L. MitoSOX™ Red Molecular Probes
(Invitrogen™, Carlsbad, CA,USA) in William's E medium for 15 min at 37°C protected
from light in order to detect mitochondrial superoxide production (41). Then, cells
were washed with warm HBSS and mounted onto glass slides using DAPI staining
solution (Invitrogen™, Carlsbad, CA,USA). The fluorescence analyses were
immediately recorded using a fluorescent microscope at a wavelength of 510/580 nm
(Ex/Em) by a Leica microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Quantification of fluorescence in microscopic images of MitoSOX was performed using
Image ] software.

2.8 Western Blot analyses and antibodies

Protein levels expression were detected by total cell lysate subjected to western blot
as previous described (42). The following antibodies were used: Monoclonal mouse
anti-HIF1a 1:1000 (Abcam, USA); monoclonal mouse anti-GSDMDC1 1:500 (Santa
Cruz Biotechnology, Dallas, TX, USA); polyclonal rabbit anti-CASP-3 (Cell Signaling
Technology, Leiden, The Netherlands); monoclonal mouse anti-CASP1 1:500 (Santa
Cruz Biotechnology, Dallas, TX, USA); monoclonal mouse anti-CD81 1:1000
(Invitrogen™, Carlsbad, CA,USA) and monoclonal rabbit anti-Bcl-2 1:1000 (Abcam,
UK) were used in combination with appropriate peroxidase-conjugated secondary
antibodies. Monoclonal mouse anti-tubulin or actin were used as loading controls

(Sigma, Life Sciences, Merck KGaA, Darmstadt, German). Blots were analyzed in a
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ChemiDoc XRS system (Bio-Rad, Hercules, CA, USA). Protein band intensities were
quantified by ImageLab software (BioRad, Hercules, CA, USA).

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

Total RNA was isolated with TRI-reagent (Sigma-Aldrich, Saint Louis, MO, USA)
according to the manufacturer’s instructions. Quantification of RNA was measured
with the Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
Reverse transcription (RT) was performed using 2.5 pg of total RNA. Quantitative Real
Time PCR (qRT-PCR) was carried out in a StepOnePlus™ (96-well) PCR System
(Applied Biosystems, Thermofisher, Waltham, MA, USA) using TagMan method or
SYBR Green method. The sequences of the probes and primer sets are described in the
Supplementary materials file. mRNA levels were normalized to the housekeeping gene
18S and further normalized to the mean expression level of the control group. Relative
gene expression was calculated via the 2 ddCT,

2.10 Enzyme-linked immunosorbent assay (ELISA) of Interleukin-1beta

Levels of pro-inflammatory cytokine of IL-1f in primary rat KC were assessed by the
ELISA kit (ab100768, Abcam, Cambridge, UK), according to the manufacturer’s
instructions.

2.11 EVsisolation and characterization

EVs were collected from culture media of HepG2 cells as described previously (43)
and summarized in the Supplementary materials file. Nanoparticle tracking analysis
(NTA) was performed using NanoSight NS300 instrumentation (Marvel, Egham, UK)

that uses both light scattering and Brownian motion analysis for nanoparticle
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characterization. We further caharacterized EVs using Transmission electron
microscopy. Sample preparation and details of these analysis are described in the
Supplementary materials file.

2.12 Treatment of KC cells with and extracellular vesicles

Rat primary KC were incubated with FBS-free William's E medium and exposed to 15
ng of EVs that were isolated from HepG2 cells treated with CoCl2 + FFA for 24h. After
24h of EVs treatment, KC were harvested to continue with analyses by quantitative
PCR.

2.13 Effects of intermittent hypoxia in experimental NASH

Animal experiments were approved by the institutional animal care and use
committee (Comité de ética y bienestar Animal, Escuela de Medicina, Pontificia
Universidad Catolica de Chile, CEBA 100623003). Male C57BL/6 mice aged 10 weeks
at the beginning of the study and divided into four experimental groups (n =4-8)
receiving either 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 control for 22
weeks as previously described (16, 44). Animals were exposed to IH or normoxia
(chambers 41x22x35 cm, COY lab products™, Grass Lake, MI, USA) during the last 12
weeks of the experimental or control feeding period. [H regimen consisted in 30
events/hour of hypoxic exposures for 8 hour/day during the rest cycle, between 9 am
and 5 pm. This cycle was repeated 7 days a week for 12 consecutive weeks. After
ending the study, mice were anesthetized (ketamine 60 mg/kg plus xylazine 10 mg/kg

intraperitoneally) and then euthanized by exsanguination. Serum and liver tissue
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samples were collected and processed or stored at -80 °C until analyzed. Gene
expression and protein analyses were carried out as described above. Positive control
of hypoxia induction was evaluated by measurement of hepatic gene expression of
HIF-1a.

2.14 Histological Studies

Liver steatosis was analyzed on paraformaldehyde-fixed liver sections stained with
0Oil Red-O staining that show lipid deposits in red color on frozen 7 um liver
cryosections. A blinded pathologist (].T.) assigned a score for steatosis, inflammation
and fibrosis as described (44). Scores were given as it follows: Steatosis: grade 0, none
present; grade 1, steatosis of <25% of parenchyma; grade 2, steatosis of 26-50% of
parenchyma; grade 3, steatosis of 51-75% of parenchyma; grade 4, steatosis of 276%
of parenchyma and inflammation: grade 0, no inflammatory foci; grade 1, 1-5
inflammatory foci per high power field; grade 2, >5 inflammatory foci/high power
field. Fibrosis was estimated qualitatively in Sirius red-stained samples.

2.15 Hepatic triglyceride determination

Hepatic triglyceride content (HTC) was using 40-50 mg of homogenized liver tissue in
1.5 ml of a CHCI3-CH30H mixture (2:1, v/v), followed by a Folch extraction described
previously (16, 31).

2.16 Statistical Analyses

Analyses were performed using GraphPad software (version 5.03, GraphPad Software
Inc., CA, USA). Statistical analyses were performed using one-way analysis of variance
(ANOVA) with a post-hoc Bonferroni correction with multiple-comparison test or by

parametric t-tests when needed. All the results are presented as a mean of at least 3
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independent experiments + SEM. Values were represented as absolute number,
normalized data respect to control or percentage for categorical variables. Regarding
in vitro assays, independent experiments means different cell plates harvested from at
least three animals. Regarding in vivo assays, independent experiments means at least
three different animal samples. All the results were analyzed and plotted using
GraphPad software (version 5.03, GraphPad Software Inc., CA, USA). Statistics with a

value of p<0.05 were considered significant.
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3.- RESULTS

3.1 Hypoxia induces HIF-1a and promotes the increase of lipid droplets in fat-
laden hepatocytes: To investigate whether hypoxia exacerbates lipotoxicity in an in
vitro model of experimental NASH, we treated fat-laden primary rat hepatocytes with
CoCl2, a hypoxia mimetic agent that promotes the accumulation of HIF-1a (45, 46). As
expected, chemical hypoxia increased protein levels of HIF-1a in both control and fat-
laden hepatocytes as determined by Western Blot technique (Figure 1). Interestingly,
we also observed an increase in the number of intracellular lipid droplets, determined
by Oil Red O staining (Figure 2a) and of hepatocyte TG content (Figure 2b) after
treatment with a mixture of FFA, which was higher in cells concomitantly treated with
CoCl2 indicating that the hypoxic condition promotes an increase intracellular lipid
deposition in this model.

3.2 Hypoxia increases apoptotic and pyroptotic cell death in fat-laden
hepatocytes: To evaluate whether the induction of chemical hypoxia exacerbates
lipotoxic cell damage and death, we determined protein levels and activity of caspase-
3 to assess apoptotic cell death and used SYTOX™ Green nucleic acid stain and LDH
leakage to evaluate cell death associated to disrupted cellular membrane integrity.
Additionally, we assessed the caspase-cleaved gasdermin-N domain (GSDMD-N) to
evaluate pyroptotic cell death (19). While CoCl2 did not influence cleaved caspase-3
and caspase 3 activity in normal hepatocytes, steatotic hepatocytes undergoing
chemical hypoxia displayed a two-fold increase in cleaved caspase-3 (Figure 3a) and
six-fold increase in caspase-3 activity (Figure 3b) compared to control cells. Of note,

treatment with a mixture of FFA alone led to a two-fold increase (n.s.) in caspase 3

16



activity suggesting that chemical hypoxia exacerbates lipotoxicity and apoptotic cell
death in fat-laden hepatocytes. Also, using SYTOX™ Green nucleic acid stain (Figure
4a) and measurement of cellular LDH leakage (Figure 4b), we found that chemical
hypoxia also increased cell death rate associated to losing plasma membrane integrity
of fat-laden hepatocytes compared to control cells or cells treated only with FFA.
Furthermore, protein levels of GSDMD-N, which is considered a pyroptosis executor
(19), increased three-fold in hypoxic fat-laden hepatocytes compared to control cells
(Figure 4c).

3.3 Hypoxia increases superoxide production by mitochondria in steatosis in
vitro: Recent studies on the pathogenesis of NASH have described an important role
for mitochondrial oxidative stress (47-50). To evaluate this issue, we examined the
levels of mitochondrial superoxide generation in fat-laden hepatocytes treated with
CoCl2. Fat-laden hepatocytes undergoing hypoxia exhibited ten-fold higher levels of
mitochondrial superoxide fluorescence determined by MitoSOX™ compared to
control cells. CoCl2 or FFA treatment alone did not determine significant changes in
MitoSOX™ fluorescence intensity (Figure 5). These data indicate that chemical
hypoxia in fat-laden hepatocytes promotes oxidative stress by an increase of
mitochondrial superoxide production.

3.4 Effect of CoCl2-induced chemical hypoxia on the expression of pro-
inflammatory cytokines and inflammasome components in fat-laden
hepatocytes: To evaluate whether chemical hypoxia promotes an inflammatory
phenotype in fat-laden hepatocytes, we measured mRNA levels of the pro-

inflammatory cytokines TNF-a, IL-6 as well as of NLRP3 inflammasome components in
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cultured cells treated or not with FFA and CoCl2. As shown in figure 6, steatotic
hepatocytes treated with CoCI2 displayed a marked increase in mRNA levels of IL-1[3
(2.5-fold), TNF-a (2-fold), and of IL-6 (9-fold) compared to non-treated cells. Also,
mRNA levels of NLRP3 and Apoptosis-Associated Speck-Like Protein Containing CARD
(ASC) were also significantly increased in fat-laden hepatocytes undergoing hypoxia
compared with cells treated solely with FFA (Figure 6).

3.5 Co(Cl2-treatment of fat-laden hepatocytes increases protein expression of
caspase-1: The inflammasome is a multiprotein complex needed for caspase-1
processing and the subsequent activation of the inflammatory cytokines I[L-13 and IL-
18, which has been involved in the pathogenesis of NAFLD/NASH (20). Therefore, we
examined the protein expression of caspase-1 in both freshly isolated control
hepatocytes and hepatocytes treated with FFA as described above treated or not with
CoCl2 in order to explore the effects of chemical hypoxia on inflammasome activation.
While FFA treatment did not influence protein expression of caspase-1, CoCl2
treatment increased the protein levels of pro-caspase-1 (inactive form) and cleaved
caspase-1 (p20 and p10 active forms) in hepatocytes irrespective if they were fat-
laden or not (Figure 7) These data suggest that chemical hypoxia is able to activate the
inflammasome complex in hepatocytes resulting in caspase-1 activation.

3.6 Conditioned medium of steatotic hepatocytes subjected to hypoxia increases
pro-inflammatory cytokines in Kupffer cells: To explore whether hypoxic, fat-
laden hepatocytes can trigger pro-inflammatory responses in KC, we performed
experiments exploring the effects of exposing KCs to CM obtained from fat-laden

hepatocytes undergoing chemical hypoxia. We first profiled isolated KC assessing the
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expression of two typical macrophage markers [CD-68 as macrophage marker and
CD-163 as KC marker (51)] by immunofluorescence (Figure 8) confirming the quality
of KC isolation. Then, we observed that CM from steatotic hepatocytes subjected to
hypoxia increases KC’'s mRNA levels of pro-inflammatory genes and decreased mRNA
levels of the anti-inflammatory cytokine IL-10, without affecting gene expression of
the classic KC M2 marker gene arginase-1 (Arg-1) (Figure 9a). Furthermore, protein
levels of IL-1p3 were significantly higher in KC treated with CM from fat-laden
hepatocytes undergoing chemical hypoxia compared with all other groups (Figure
9b). Treatment of cultured rat KC with CM obtained from hepatocytes treated with
FFA alone also resulted in higher protein levels of IL-1p in KC compared to control
cells (Figure 9b) but this effect was less intense than that observed with CM from
steatotic hepatocytes undergoing chemical hypoxia, suggesting that hypoxia
exacerbates the expression of this pro-inflammatory cytokine. These data support the
hypothesis that hypoxic and steatotic hepatocytes release signals that promote a pro-
inflammatory phenotype in KC.

3.7. Extracellular vesicles increased in CM from fat-laden hepatocellular cell line
exposed to CoCl2 and promoted pro-inflammatory genes expression in KC: To
explore if EVs released from fat-laden hepatocytes undergoing hypoxia play a role in
promoting a pro-inflammatory effects in KC, EVs were collected from culture media
obtained from cultured HepG2 cells. We first explored if CM from HepG2 cells exposed
to the different treatments evoked proinflammatory signals in KC. Results of these
experiments are shown in Supplementary figure 2. As shown in this figure, similar to

the effects observed in experiments involving hepatocytes, CM did determine
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increased expression of proinflammatory genes in KC, a decrease in the expression of
IL-10 and had no effect on Arginase-1 expression. We then explored the effects of
HepG2-derived EVs on KC and compared the observed effects with the effect of
treatment with the EVs-free fraction. We first characterized EVs by transmission
electron microscopy as well as by Western blot detection of the presence of the EVs
marker CD81 and the absence of the mitochondrial protein Bcl-2 in all EV fractions
(Figure 10a and Supplementary Figure 1). Of note, the size and concentration of
HepG2-derived EVs were determined by NTA. Interestingly, we found an increase of
EVs in culture media from fat-laden cells exposed to CoCI2 (6.0 x 101! particles/mL)
compared to culture media from control cells (9.5 x 1019 particles/mL) (Figure 10b).
As shown in this figure, the average size of EVs obtained from culture media of control
cells was 150 nm while those EVs obtained from fat-laden HEPG2 cells undergoing
CoCl2 was 130 nm (n.s.). Next, we examined the response of KCs to treatment with
HepG2-derived EVs. EVs from steatotic HepG2 cells treated with CoCl2 determined a
marked increase in mRNA levels in KC of the following proinflammatory genes: IL-13
(2.0-fold), TNF-a (2.5-fold), iNOS (1.6-fold) and of IL-6 (2.2-fold) in comparison to
treatment with EVs from non-treated cells, without affecting significantly gene
expression of IL-10 and Arg-1 (Figure 10c). However, EV-free CM, as negative control
to evaluate the specific effect of EVs, promoted an increased on iNOS gene expression
in KC (1.4-fold), demonstrating that CM EV-free may contains soluble substances that
induce the expression of this specific pro-inflammatory cytokine. Of note, treatment of

KC with EVs obtained from HepG?2 cells treated with FFA or CoCl2 alone did not evoke
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significant changes in KC expression of pro-inflammatory genes (Supplementary
Figure 3).

3.8. Intermittent hypoxia in an experimental model of diet-induced non-
alcoholic steatohepatitis increases the inflammatory phenotype: To validate our
in vitro findings, we investigated the effect of IH for 12 weeks in an animal model, the
CDAA diet-induced NASH (16). To evaluate steatosis, liver sections were stained with
0il red O staining (Figure 11a) (Abcam, Cambridge, UK). Steatosis, inflammation and
fibrosis was graded blindly by an experienced pathologist (]J.T.) according to the NAS
score. Specifically, the amount of steatosis (percentage of hepatocytes containing fat
droplets) was scored as 0 (<5%), 1 (5-33%), 2 (>33-66%) and 3 (>66%). Although
pathological scoring suggested a higher degree of steatosis in animals on CDAA diet
and exposed to hypoxia compared to control animals and compared to animals on
CDAA diet and normoxic conditions (Figure 11b), we did not observed significant
differences in the hepatic TG levels between the CDAA-fed mice groups (Figure 11c).
Also, no differences were found in NAS score when comparing CDAA-fed groups.
However, mRNA levels of pro-inflammatory genes and NLRP3 inflammasome
components significantly increased in animals with hypoxia on CDAA diet compared
to all other groups (Figure 12). Finally, we tested the caspase-1 protein levels, which
significantly increases in animals with hypoxia on CDAA diet (Figure 13). With these
results, we verified that hypoxia promotes an aggravated the inflammatory phenotype

in NASH and specifically influences inflammasome activation.
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4.- DISCUSSION

NAFLD represents a highly frequent cause of liver disease, which is closely associated
with obesity and insulin resistance (7, 52). Clinical observations suggest that patients
with OSAS have a greater predisposition to develop NAFLD and NASH, the aggressive
form of NAFLD, which is characterized by the presence of necro-inflammatory and
fibrotic phenomena in the liver (5). Several studies have shown that OSAS, mainly
through the occurrence of IH, can modulate hepatocellular damage by triggering
proinflammatory and profibrotic signals (25, 26), but pathways underlying this effects
are ill-defined. The present study used cellular models of NAFLD/NASH to explore
potential synergistic interactions between hypoxia and FFA exposure. To that end, the
hypoxia mimetic agent CoCl2 was used to treat fat-laden hepatocytes. Our findings
suggest that indeed hypoxia determines a further increase in cellular TG content in
FFA treated hepatocytes as well as increased mRNA levels of pro-inflammatory
cytokines as well as those of the NLRP3 inflammasome components. These
phenomena were also associated with increased mitochondrial superoxide levels and
increased rates of cell death due to apoptosis and disruption of cell membrane, likely
pyroptosis as suggested by the increase in GSDMD levels. Moreover, conditioned
medium obtained from hypoxic fat-laden hepatocytes promoted an inflammatory
phenotype in KC, which is known to be decisive for the amplification of the
pathological phenomenon of NASH (12, 23). Additionally, in order to determine if the
observed effects on KC could be mediated by EVs release from hepatocytes, we
conducted further experiments in the human hepatoma cell line HepG2. We choose

this approach for practical reasons since using this cell line the EVs isolation efficiency
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is high. Our results showed that treatment of HepG2 with FFA and CoCl2 determines
an increase in the release of EVs to the medium and that these EVs also evoke a pro-
inflammatory response in rat KC in line with previous observations showing that
released EVs from fat-laden hepatocytes can act in in macrophages and contribute to
pro-inflammatory response in a paracrine fashion (15).

Finally, we found correlates of our in vitro NASH model findings in an animal model of
NASH induced by feeding a CDAA diet. In the latter experiments, we also confirmed
that [H promotes NLRP3 inflammasome activation in the setting of NASH. Collectively
taken, these findings indicate that hypoxia may influence NAFLD development and
progression by acting at different levels including promotion of further lipid
accumulation as well as enhancement of liver inflammation and hepatocellular death.
Of note, recent rodent studies indicate that hypoxia may be also linked to liver
fibrosis, a key prognostic feature of NASH (8). In fact, Mersarwi et al. demonstrated
that HIF-1a deletion in hepatocytes protects against the development of liver fibrosis
in a mouse model of NAFLD (53). This observation adds to our data and support the
concept that hypoxia contributes to NAFLD progression influencing critical steps of
the disease.

Experimental data on the effects of hypoxia in NAFLD models is scarce and mainly
restricted to whole animal studies (53, 54). No data is available on the effects of
hypoxia in cellular models of NAFLD/NASH (36). To assess this, we used the hypoxia
mimetic compound CoCl2, which induces chemical hypoxia by stabilizing HIF-1a and
2a (38). This model is well accepted and has several advantages over alternatives

such as the hypoxia chamber or a COz incubator with regulated oxygen levels, which
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are less available, most costly and provide a less stable experimental conditions (38).
CoCl2 has been previously used in normal isolated hepatocytes (38, 45) but not in fat-
laden cells underlying the novelty of our approach. Of note, previous studies as well as
experiments of our laboratory on hepatocyte cell lines have demonstrated the non-
toxic effect of CoCl2 at concentrations not exceeding 400 umol/L for 24 hours as
previously described (55). On the other hand, FFA treatment using combination of OA
and PA effectively induced TG accumulation in the absence of lipoapoptosis (56). In
spite of these advantages and, although CoCl2-induced chemical hypoxia is a suitable
model to assess the effects of hypoxia in cellular models, we acknowledge that this
model reproduces only some of the effects generated by a decrease in oxygen supply,
which limit the generalizability of our results until they are confirmed in other
models.

The observed hypoxia-related increases in intracellular lipid droplets and TG content
in fat-laden hepatocytes is consistent with previous studies that indicate that hypoxia,
through HIF-1a, promotes an increase in lipid biosynthesis causing TG accumulation
(57, 58). We did not observe a marked increase in lipid content in cells treated solely
with CoCl2, which may relate to length of treatment and experimental conditions. We
also did not find an increase in the in vivo CDAA-feeding NASH model. We think that
this may be related to the fact that this particular model determines severe steatosis
and inflammation (59) and that therefore is difficult to observe subtle changes.

With regard to the effects of chemical hypoxia on cell death of FFA treated
hepatocytes, qualitative determination of apoptosis, necrosis and pyroptosis using

determination of caspase-3 cleavage, caspase-3 activity, SYTOX green staining, LDH
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release and GSDMD-N were carried out as performed in previous studies (56, 60).
While, treatment with CoCl2 or FFA alone did not induce a significant increase in
apoptosis compared to control conditions, CoCl2 treatment of fat-laden hepatocytes
did increase cleaved caspase-3 and caspase-3 activity reflecting ongoing apoptosis.
The same observation was made regarding cell death associated to a disrupted plasma
membrane, by SYTOX Green and LDH leakage measure, as an increased number of
necrotic death cells was observed in steatotic hepatocytes subjected to hypoxia. Given
the fact that hypoxia was associated to increase of GSDMD cleavage and up-regulation
of inflammasome components, it is likely that pyroptosis also contributed to cell death
of fat-laden hepatocytes undergoing chemical hypoxia. Of note, it has been suggested
that pyroptosis may be an inflammatory link related to the progression from bland
steatosis to NASH, as NLRP3 activation is not present in animal model of isolated
steatosis without inflammation (61). Additionally, we observed a significant increase
in mitochondrial superoxide levels in the fat-laden hepatocytes exposed to chemical
hypoxia. Interestingly, increased mitochondrial superoxide generation has been
correlated to mitochondrial dysfunction, oxidative damage, cellular death and pro-
inflammatory effects in NASH (49, 62). Thus, this synergistic effect of hypoxia and FFA
in hepatocytes with regard to mitochondrial superoxide generation, likely contributes
to the observed increase in cell death when hepatocytes are exposed to both stimuli.

In addition to the observed effects on cell death and oxidative stress, chemical hypoxia
also induced the expression of several inflammatory cytokines, including TNF-a, IL-6
and IL-1(, as well as of the components of the NLRP3 inflammasome (caspase-1,

NLRP3 and ASC), in steatotic hepatocytes. The NLRP3 inflammasome activates pro-
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caspase-1 into active caspase-1 (p10 and p20 cleaved caspase-1) that in turn cleaves
pro-IL-1[ into the mature form of IL-13 promoting amplification of liver inflammation
and cell death (12). In recent years, caspase-1 has been studied extensively and has
been shown to contribute to liver damage during the development of NASH (63, 64)
and several studies have shown protective effects against liver damage when caspase-
1 is inhibited (63). In our study, we evaluated the protein levels of caspase-1 (pro-
caspase -1 and active cleaved-caspase-1) in hepatocytes. An increase in the total level
of pro-caspase-1 was observed in hypoxic hepatocytes and hypoxic hepatocytes
treated with FFA compared to the control conditions. Interestingly, cleaved-p-20 and
p-10, the active isoforms of caspase-1, were only detected in hypoxic hepatocytes
treated with FFA. These results are consistent with the observed up-regulation of
inflammasome components and similar to those obtained by other authors in prostate
epithelial cells undergoing hypoxia, showing increased NLRP3 inflammasome
activation as determined by increased cellular levels of cleaved caspase-1 (65). Taken
together, our results suggest that the induction of hypoxia in hepatocytes promotes
susceptibility to damage by FFA, resulting in increased caspase-3 mediated apoptosis,
(secondary) necrosis, pyroptosis and an inflammatory phenotype, characterized by
increased expression of pro-inflammatory genes and protein levels of caspase-1.

Kupffer cells (KC) are involved in the pathogenesis of various liver diseases, including
steatohepatitis (66). However, their role in the context of hepatocellular damage due
to hypoxia remains poorly explored. KC are derived from circulating monocytes and,
once established in the liver, fulfill multiple functions related to the immune system.

KC maintain constant paracrine communication with neighboring hepatocytes,
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stellate cells and endothelial cells through the signals that they receive from the
extracellular environment (66). To verify the paracrine involvement of KC with
steatotic hepatocytes in the context of hypoxia, KC were exposed to conditioned
medium of hepatocytes subjected to different treatments. We documented that
conditioned medium from steatotic and hypoxic hepatocytes induced a pro-
inflammatory profile in KC. These novel results correlate well with recent studies
showing micro-RNA-mediated cellular cross-talk between hepatocytes treated with
ethanol and monocytes/ macrophages (67). As mentioned before, hepatocytes are
able to modulate signaling pathways in macrophages, stellate cells and endothelial
cells in a paracrine manner by cytokines, micro-RNAs and EVs (32). Our experiments
involving isolation of EVs from HEPG2 cells strongly suggest that EVs participate in
the cellular communication between steatotic and hypoxic hepatocytes and KC. This
observations may have diagnostic and therapeutic implications (33).

In the present study, we also explored whether IH influences hepatic steatosis and the
pro-inflammatory phenotype in an in vivo model of NASH. To this end, we assessed the
effects of hypoxia for 22 weeks in CDAA-fed mice by evaluating liver histology and
hepatic mRNA levels of pro-inflammatory cytokines. Our results showed a worsening
of histological steatosis in CDAA-fed mice subjected to IH compared to those animals
that did not undergo hypoxic conditions. However, we did not observe a
corresponding increase in thepatic TG content. We think that this may be related to
the fact that this particular model determines severe steatosis and inflammation (59)

and that therefore is difficult to observe subtle changes.
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With regard to inflammatory markers, CDAA-fed mice exposed to IH exhibited an
increase of all inflammasome components (IL-1p3, IL-18, NLRP3 and caspase-1) and
other pro-inflammatory cytokines (IL-6, IFN-y). Also, active caspase-1 level protein
increased in livers from CDAA-fed mice exposed to IH, which correlates with the
findings in the in vitro model. These observations support the concept that hypoxia
may contribute to liver damage in the setting of NAFLD by activating the NLRP3
inflammasome. A recent study showing that IH activates the NLRP3 inflammasome in
kidneys, which result in progressive renal injury (68) provides support to this notion.
Although not explored in this study, this might have implications not only for
hepatocellular injury but also for liver fibrosis development and
hepatocarcinogenesis. (69, 70).

In summary, our results in in vitro and in vivo models of NAFLD/NASH support the
notion that hypoxia plays an aggravating role in the setting of excessive lipid load in
liver cells by influencing lipid deposition, hepatocellular death and pro-inflammatory
signals, involving NLRP3 inflammasome activation. Moreover, our novel findings
demonstrate that hypoxia modulates cellular crosstalk between steatotic hepatocytes
and inflammatory cells (KCs). Future studies should focus on the characterization of
the extracellular environment of hypoxic and steatotic hepatocytes to identify the
hypoxia-specific factors and the mechanisms of hepatocellular damage at play in

NASH.
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FIGURE LEGENDS

Figure 1. Chemical hypoxia stabilizes HIF-1a. Primary hepatocytes were incubated
for 24 h with oleic acid and palmitic acid (2:1 ratio) (FFA) in the presence or absence
of CoCl2 200 pumol/L. Protein levels of HIF-1a was determined by Western Blot as
described in Material and Methods. a-Tubulin was used as loading control. Data is
shown as mean + SEM (n = 3) * indicates P < 0.05 and ** indicates P < 0.01.

Figure 2. Steatosis in vitro: Free fatty acids and chemical hypoxia treatment
increase hepatocellular content of triglycerides. Primary hepatocytes were
incubated for 24h with oleic acid and palmitic acid (2:1 ratio) (FFA) in the presence or
absence of CoCl2 200 pumol/L. a) Oil Red O staining (scale bar: 40 pum) and b)
Triglyceride (TG) content were measured as described in Materials and Methods. Data
is shown as mean + SEM (n > 3) *** indicates P < 0.005 and **** indicates P < 0.001.
Figure 3. Chemical hypoxia increases cleaved Caspase-3 and Caspase-3 activity
in fat-laden hepatocytes. Primary hepatocytes were incubated for 24h with oleic
acid and palmitic acid (2:1 ratio) (FFA) in the presence or absence of CoCl2 200
umol/L. a) Cleaved Caspase-3 protein levels and b) Caspase-3 activity were measured
as described in Materials and Methods. Data is shown as mean + SEM (n > 3) *
indicates P < 0.05; *** indicates P < 0.005 and **** indicates P < 0.001.

Figure 4. Hypoxia promotes pyroptotic cell death in fat-laden hepatocytes.
Primary hepatocytes were incubated for 24h with free fatty acids (FFA) [oleic acid and
palmitic acid (2:1 ratio)] in the presence or absence of CoCI2 200 pmol/L. a) SYTOX™
green [Representative images (upper panel)| and quantification (lower panel), b) LDH

leakage into culture medium and ¢) GSDMD-N protein levels determined by Western
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Blot as described in Materials and Methods. Data were shown as mean + SEM (n > 3) *
indicates P < 0.05 and ** indicates P < 0.01.

Figure 5. Hypoxia increases mitochondrial superoxide levels in steatotic
hepatocytes. Primary hepatocytes were incubated for 24h with oleic acid and
palmitic acid (2:1 ratio) (FFA) in the presence or absence of CoCl2 200 pumol/L.
Superoxide generation by mitochondria was determined using MitoSOX™ fluorogenic
probe as described in Materials and Methods. Data is shown as mean + SEM (n = 3) **
indicates P < 0.01 and *** indicates P < 0.005.

Figure 6. Hypoxia increases the expression of pro-inflammatory cytokines in
steatotic hepatocytes. Primary hepatocytes were incubated for 24h with oleic acid
and palmitic acid (2:1 ratio) (FFA) in the presence or absence of CoCI2 200 pmol/L.
mRNA levels of interleukin (IL)-1f, tumor necrosis factor (TNF)-a and IL-6 were
measured as described in Materials and Methods. Data is shown as mean + SEM (n =
3) * indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.005 and **** indicates
P <0.001.

Figure 7. Hypoxia increases cleaved caspase-1 protein levels in steatotic
hepatocytes. Primary hepatocytes were incubated for 24h with oleic acid and
palmitic acid (2:1 ratio) (FFA) in the presence or absence of CoCl2 200 pumol/L.
Protein levels of pro-caspase-1 and cleaved caspase-1 (p10 and p20) were determined
by Western Blot as described in Materials and Methods. a-Tubulin was used as
loading control. The sum of p20 and p10 caspase-1 was calculated to determine the
generation of cleaved Caspase-1. Data is shown as mean + SEM (n = 3) * indicates P <

0.05; ** indicates P < 0.01 and *** indicates P < 0.005.
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Figure 8. Characterization of Kupffer cells by immunofluorescence. Purity of
isolated Kupffer cell (KCs) was assessed by cell staining with specific Kupffer cell
green fluorescent marker CD163 (a) and macrophage red fluorescent marker CD68
(b). Nuclei were stained blue with DAPI as described in Materials and Methods
(Supplementary materials). Scale bar: 10 pm

Figure 9. Conditioned medium of steatotic hepatocytes subjected to hypoxia
increases gene expression of pro-inflammatory genes and IL-1p protein levels in
Kupffer cells (KC). Primary hepatocytes were incubated for 24h with oleic acid and
palmitic acid (2:1 ratio) (FFA) in the presence or absence of CoCl2 200 pmol/L. Then,
culture medium of primary hepatocytes was replaced with free fatty acids FFA and
CoCl2-free medium for an additional 24 hours to obtain conditioned medium (CM). KC
were treated for 24 hours with the CM from cultured hepatocytes from different
experimental groups. a) mRNA levels of interleukin (IL)-1f3, tumor necrosis factor
(TNF)-a, inducible nitric oxide synthase (iNOS), IL-6, [L-10 and Arginase (Arg-1) and
b) IL-1p protein levels were assessed by ELISA as described in Materials and Methods.
Data is shown as mean + SEM (n = 3) * indicates P < 0.05; ** indicates P < 0.01; ***
indicates P < 0.005; *** indicates P < 0.001.

Figure 10. EVs obtained from culture media of fat-laden HepG2 cells exposed to
CoCl2 increases pro-inflammatory genes in Kupffer Cells (KC). Presence of EVs
was confirmed by electron microscopy (a) transmission and quantified using Nano
tracking analysis (b). Free fatty acids (FFA) and CoCl2 treatment of HepG2 cells
determined an increase in the number of EVs in cultured media with no significant

changes in their size. KC were treated with hypoxic and fat-laden HepG2 cells-derived
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EVs (15 pg) and EV-free culture media as negative control. mRNA levels of interleukin
(IL)-1pB, tumor necrosis factor TNF-q, inducible nitric oxide synthase (iNOS), IL-6, IL-
10 and Arginase -1 (Arg-1) were measured as described in Materials and Methods.
Data is shown as mean + SEM (n = 3) * indicates P < 0.05; ** indicates P < 0.01; ***
indicates P < 0.005; *** indicates P < 0.001.

Figure 11. Intermittent hypoxia increased histological steatosis in mice with
CDAA-induced liver injury determined by Oil Red-O staining, without changes in
hepatic triglyceride. Mice were placed on choline-supplemented L-amino acid
defined (CSAA) diet as control, or defined diet with choline deficiency amino acids
(CDAA) for 22 weeks to induce liver injury and intermittent hypoxia (IH) or normoxia
was applied for the last 12 weeks of the diet as described in Materials and Methods. a)
Liver sections were stained with OQil Red O and analyzed by a pathologist in a blinded
fashion to determine b) steatosis score as described in Materials and Methods. c)
Hepatic triglyceride content was measured as described in Materials and Methods.
Data were shown as mean + SEM (n = 3) ** indicates P < 0.01; *** indicates P < 0.005
and **** indicates P < 0.001.

Figure 12. Intermittent hypoxia in mice with CDAA-induced liver injury
increases the expression of pro-inflammatory cytokines and inflammasome
components. Mice were placed on choline-supplemented L-amino acid defined
(CSAA) diet as control, or defined diet with choline deficiency amino acids (CDAA) for
22 weeks to induce liver injury and intermittent hypoxia (IH) or normoxia was
applied for the last 12 weeks of the diet as described in Materials and Methods. mRNA

levels of interleukin (IL)-1f3, IL-18, NLRP3, caspase-1, IL-6 and interferon (IFN)-y
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were measured as described in Materials and Methods. Data is shown as mean + SEM
(n = 3) * indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.005; **** indicates
P <0.001.

Figura 13. Intermittent hypoxia in mice with CDAA-induced liver injury
increases cleaved caspase-1. Mice were placed on choline-supplemented L-amino
acid defined (CSAA) diet as control, or defined diet with choline deficiency amino
acids (CDAA) for 22 weeks to induce liver injury and intermittent hypoxia (IH) or
normoxia was applied for the last 12 weeks of the diet as described in Materials and
Methods. Protein levels of pro-caspase-1 and cleaved caspase-1 (p10 and p20) were
determined by Western Blot as described in Materials and Methods. a-Tubulin was
used as a loading control. The sum of p20 and p10 caspase-1 was calculated to
determine the generation of cleaved caspase-1. Data were shown as mean + SEM (n >

3) ** indicates P < 0.01 and *** indicates P < 0.005.
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Highlights

e Obstructive sleep apnea syndrome (OSAS) is an aggravating factor of non-
alcoholic fatty liver disease (NAFLD).

o The effects of cobalt chloride-induced chemical hypoxia on fat-laden
hepatocytes were explored

e Hypoxia amplified hepatocellular damage, promote inflammation and
determine increased expression of inflammasome components.

e Intermittent hypoxia in mice with steatohepatits also promoted a pro-
inflammatory phenotype and inflammasome activation

e Evidence of a crosstalk between steatotic hepatocytes undergoing hypoxia and
Kupffer cells mediated in part by extracellular vesicles was found.
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