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Chronic intermittent hypoxia (CIH) is a pathological characteristic of obstructive
sleep apnea (OSA) that has been linked to the pathogenesis of nonalcoholic
fatty liver disease (NAFLD). The specific link between CIH, autophagic activity,
and NAFLD, however, has not previously been characterized. The goal of this
study was to assess the relationship between CIH-induced autophagy and the
pathogenesis of OSA-associated NAFLD. Western blotting was used to assess
the expression of proteins associated with lipid synthesis, endoplasmic
reticulum (ER) stress, and autophagic activity. To establish an in vivo model
system, C57BL/6 mice were subjected to CIH conditions for 8 h per day over a
12-week period, and were administered chloroquine (CQ) for 1 week prior to
euthanization. Levels of serum and liver triglycerides in these animals were
assessed, as were proteins related to hepatic autophagy, ER stress, and
lipogenesis. gPCR was additionally used to assess hepatic inflammation-
related gene expression, while transmission electron microscopy was used
to monitor lipid droplet (LD) accumulation and ER morphology. OSA patients
and CIH model mice exhibited increases in the expression of proteins
associated with hepatic autophagy, ER stress, and lipogenesis. CIH was also
associated with more pronounced LD accumulation, hepatic inflammation, and
hepatic steatosis in these mice. While serum and hepatic TG and TC levels and
serum ALT/AST were increased in response to CIH treatment, the
administration of CQ to these mice led to reductions in ER stress-related
proteins (XBP1, IREla, EIF2a) and lipogenesis-related proteins (ACC, SCD1,
FASNn), in addition to significantly reducing hepatic inflammation, steatosis,
and LD accumulation in these animals. These results suggest that persistent
CIH can drive dysregulated hepatic autophagic activity, hepatic steatosis, and
ER stress, highlighting potential targets for therapeutic intervention aimed at
preventing or treating OSA-associated NAFLD.
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Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder
in which patients experience the partial or total collapse of the
airway while sleeping, resulting in chronic intermittent hypoxia
(CIH) that can, in turn, contribute to low-level oxidative stress
and inflammatory activity (Arnaud et al., 2009). A number of
adverse metabolic conditions have been linked to OSA,
including insulin resistance and metabolic syndrome (Tasali
and Ip, 2008; Martinez-Ceron et al., 2016; Javaheri et al., 2017).
CIH is a key facet of the pathogenesis of OSA that has been
specifically correlated with metabolic syndrome (Musso et al.,
2013; Borel, 2019; Kuvat et al., 2020), and the primary hepatic
consequence of metabolic syndrome is the development of
fatty (NAFLD) (Kim
Younossi, 2008). As the most prevalent form of chronic liver

nonalcoholic liver disease and
disease, NAFLD patients exhibit steatosis associated with the
accumulation of lipid droplets (LDs) within hepatocytes,
ultimately —resulting in progression to nonalcoholic
steatohepatitis (NASH), fibrosis, and an elevated risk of liver
cancer and cirrhosis (Dulai et al,, 2017). While many prior
studies have identified risk factors tied to the development of
NAFLD, it remains a highly heterogeneous disease, and the
molecular mechanisms governing its progression remain to be
fully clarified. In clinical studies, OSA has been found to be
related to NAFLD onset and progression independent of
obesity or other relevant risk factors (Mesarwi et al., 2019).
While continuous positive airway pressure (CPAP) treatment is
the first-line therapeutic option for OSA patients and can
alleviate nocturnal CIH, one recent randomized clinical trial
found the CPAP treatment of OSA patients with NAFLD to
have no significant impact on triglyceride (TG) levels within the
liver (Ng et al., 2021). As such, further research is needed to
elucidate the complex pathological mechanisms linking OSA
and the pathogenesis of NAFLD.

Animal model research focused on OSA to date has primarily
explored the relationship between CIH and NAFLD progression
mediated by hypoxia-inducible factor (HIF) (Chen et al.,, 2019;
Holzner and Murray, 2021; Mesarwi et al, 2021). When
subjected to CIH treatment, cells engage stress responses
aimed at restoring homeostatic conditions, with the induction
of autophagy being one key component of these stress responses.
Notably, autophagy has also been linked to the pathogenesis of
NAFLD, the inhibition of autophagy has been reported to
contribute to TG storage within LDs, thereby driving LD
accumulation and associated hepatic steatosis (Yang et al,
2010).
manipulation of the autophagy pathway can alleviate NAFLD
and NASH(Lin et al., 2013), while the knockout or inhibition of
autophagy-associated genes has similarly been reported to

In  mouse model systems, pharmacological

suppress LD accumulation and to thereby protect against
hepatic steatosis (Nguyen et al.,, 2017; Li et al., 2018). Despite
some uncertainty regarding the precise role that autophagy plays
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in the context of NAFLD, it is thus nonetheless an important
regulator of hepatic steatosis development.

Recent evidence suggests that endoplasmic reticulum (ER)
stress can profoundly contribute to the pathogenesis of NAFLD
(Lebeaupin et al., 2018), with some studies having reported a link
between ER stress, autophagic activity, and NAFLD development
(Flessa et al., 2021). The disruption of normal autophagic activity
within the liver can promote ER stress induction and the onset of
insulin resistance in obese individuals (Yang et al., 2010). Acute
intermittent hypoxia has been reported to protect against ER
stress and apoptotic death via adaptive increases in cardiac
autophagy (Chang et al., 2019), yet it remains unclear as to
whether CIH can induce dysregulated autophagic activity in
hepatocytes that leads to ER stress.

In the present study, ER stress- and autophagy-associated
protein levels were found to be elevated in hepatocytes from
individuals diagnosed with OSA relative to control hepatocytes.
Further analyses were then conducted with the aim of
determining the role played by autophagy and ER stress in
the pathogenesis of CIH-induced hepatic steatosis.

Materials and methods
Patient samples

Hepatic samples were collected from patients underwent
bariatric surgery or liver tumor underwent hepatic resection at
our institution that were or were not diagnosed with OSA, as
diagnosed via preoperative polysomnography (PSG), prior to
surgery. Patients diagnosed with normal or NAFLD via post-
operative liver pathologic results. All participants received a
clinical examination and without any history of liver diseases.
All samples were stored at —80°C, and the Institutional Review
Board of the First Affiliated Hospital of Anhui Medical
University approved all studies.

Animal model establishment

Male 5-week-old C57BL/6 mice were obtained from the
Model Animal Research Center (Nanjing, China). After
acclimatization for 1 week during which mice were fed a
basal diet in the Laboratory Animal Center of Anhui
Medical University, mice were randomized into three
groups (n = 4/group): a control group, a CIH group (CIH
exposure for 12 weeks), and a CIH + CQ group [CIH exposure
for 12 weeks, within intraperitoneal chloroquine (CQ,
60 mg/kg/d) for the last 1 week of the treatment period
(Lin et al., 2013)].

To establish a model of CIH, all mice were assigned to special
chamber that were equipped with a computer-controlled gas

delivery system that provided alternating cycles of oxygen and
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TABLE 1 Primers sequences for quantitative real-time PCR.

Target gene

TNF-a
IL-6
IL-1p
FASn
SCD-1
ACC

Forward primer sequences

5'-AATGGCCTCCCTCTCATCAGTT-3'
5'"TAGTCCTTCCTACCCCAATTTCC-3'
5'-GAAATGCCACCTTTTGACAGTG-3'
5'-GTAAGTTCTGTGGCTCCAGAG-3'
5'-CTGCACCTCCCTCCGGAAAT-3'
5'-AGGAAGATGGCGTCCGCTCTG-3’

10.3389/fphys.2022.941706

Reverse primer sequences

5'-CCACTTGGTGGTTTGCTACGA-3'
5" TTGGTCCTTAGCCACTCCTTC-3'
5" TGGATGCTCTCATCAGGACAG-3'
5'-GCCCTCCCGTACACTCACTC-3'
5'-TCCTCCAGACGTACTCCAGC-3'
5'-GGTGAGATGTGCTGGGTCAT-3’

nitrogen. Fractional inspired O, (FiO,) levels were decreased
from 21 + 1% to 6 * 1% within 40s, remained at that
concentration for 20's, and then returned to 21 * 1% within
the next 40 s, remaining at that concentration for an additional
20 s. This CIH exposure was maintained each day from 08:00 to
16:00 daily for a 12-week exposure period.

Analyses of serum glucose, serum and
hepatic lipid levels

Serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), glucose, TG and total cholesterol
(TC) levels were assessed with an automated analyzer
(Roche Modular DPP). TG and TC levels in liver samples
were assessed with a colorimetric diagnostic kit (Applygen
Technologies, Inc, Beijing, China) based on provided
directions. Final TG and TC concentrations were adjusted
based on protein content levels.

Histological and transmission electron
microscopy analyses

After fixation with 10% neutral-buffered formalin, liver
sections were paraffin-embedded, cut into 5 puM sections, and
subjected to hematoxylin and eosin (H&E) staining. Oil Red O
staining was performed by embedding samples using an OCT
compound, cutting them to a thickness of 30 uM, and staining
with Oil Red O to facilitate neutral lipid identification (red), with
hematoxylin (blue) used for nuclear counterstaining. TEM was
performed based on a previously published protocol (Wu et al.,
2016).

Quantitative real-time PCR

TRIzol (Invitrogen) was used to isolate total cellular and
tissue sample RNA, after which cDNA was prepared from 1 ug of
RNA per sample with a reverse transcription kit (Thermo). Then,
qPCR was conducted with a Bio-Rad CFX system and a SYBR
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Green I qPCR kit (Promega). The 36B4 reference gene was used
to normalize all gene expression data. Primers sequences were
synthesized by Tsingke Biotechnology Co., Ltd and are showed in
Table 1.

Western blotting

RIPA buffer (Cat.No.P0013B, Beyotime, China) was used
to lyse liver tissue samples, after which extracted proteins were
separated via 12% SDS-PAGE and transferred onto PVDF
membranes (Millipore, MA, United States). Blots were
blocked using 5% non-fat milk in TBST for 1 h, followed
by overnight incubation at 4°C using a anti-EIF2a (1:1,000,
Cat.No.5324S, CST, United States), anti-p-EIF2a (1:1,000,
Cat.N0.3398T, CST, United States), anti-IREla (1:1,000,
Cat.No0.3294S, CST, United States), anti-XBP1 (1:1,000,
Cat.No.PB9463, Boster, China), anti-LC3A/B (1:1,000,
Cat.No.12741S, CST, United States), anti-p62 (1:1,000,
Cat.No.23214S, CST, United States), anti-Beclinl (1:1,000,
Cat.No.3459T, CST, United States), anti-ACC (1:1,000,
Cat.No0.21923-1-AP, Proteintech, China), anti-SCD1 (1:
1,000, Cat.No. SC-515844, Santa Cruz,United States), anti-
FASn (1:1,000, Cat.No. SC-48357, Santa Cruz, United States),
anti-p-Actin (1:1,000, Cat.No.4970S, CST, United States).
Blots were then incubated with appropriate HRP-
conjugated secondary antibodies for 1h with constant
shaking at room temperature, after which they were washed
four times in 1x TBST. Protein bands were then detected with
a chemiluminescence apparatus via an ECL approach. All
bands were analyzed semi-quantitatively using Image]
software.

Statistical analysis

Data were analyzed using GraphPad Prism 9. Comparisons
between two groups were subjected to Student’s t test.
Comparisons between more than two groups were subjected
to one-way ANOV A test followed by Tukey’s post hoc test. p <
0.05 was the threshold of statistical significance.
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OSA patients exhibit increased hepatic steatosis and elevated levels of hepatic proteins associated with autophagy, ER stress, and lipogenesis.

(A) H&E staining of liver tissue samples from patients with and without OSA (Scale bars: 100 and 50 puM). (B) Hepatic FASn, p62, LC3A/B, and p-EIF2a/
EIF2a levels were measured in patients with and without OSA. (C) Quantification of SCD1, FASn, P62 with f-Actin and LC3B/A protein levels serving as
a loading control. In addition, the p-EIF2a/EIF2a ratio was compared in individuals with and without OSA (*p < 0.05).

Results

Obstructive Sleep Apnea patients exhibit
elevated hepatic levels of proteins
associated with endoplasmic reticulum
stress, autophagy, and steatosis

To explore the potential relationship between autophagic
activity and ER stress in the context of OSA-associated NAFLD,
samples from patients with and without OSA were analyzed to
assess the incidence of hepatic steatosis. OSA patient samples
revealed pronounced hepatocyte steatosis and inflammatory cell
infiltration upon H&E staining that was not evident in patients
without OSA (Figure 1A). NAFLD patients have previously been
reported to exhibit impaired hepatic autophagic flux (Park et al.,
2021). As such, autophagy-related marker proteins were detected
in these patient samples to gauge autophagic flux, revealing that
OSA patients exhibited an increased hepatic LC3B to LC3A ratio
and lower levels of p62 as compared to non-OSA patient samples
(Figures 1B,C), consistent with high levels of hepatic autophagic
flux in individuals suffering from OSA. Higher levels of ER stress
have been observed when autophagic activity is impaired in the
development of NAFLD (Gonzalez-Rodriguez et al, 2014).
Consistently, Western blotting revealed that hepatic p-EIF2a
and SCD1 protein levels were elevated in OSA patients as
compared to healthy controls (Figures 1B,C), suggesting that
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ER stress and autophagic flux are correlated in this pathogenic
context. Together, these data thus indicated that dysregulated
autophagic activity and ER stress are both related to the
pathogenesis of OSA-associated NAFLD.

Chronic intermittent hypoxia drives the
induction of excess autophagic activity
and dysregulated autophagic flux in a
murine model system

Next, a CIH mouse model was established in an effort to
model these OSA patient phenotypes. Consistent with the
changes in autophagic activity evident in hepatic samples
from OSA patients, higher levels of autophagosome formation
were observed in liver samples from CIH model mice
(Figure 2A). Western blotting similarly revealed that these
CIH model animals exhibited significantly elevated levels of
the autophagosome markers Beclinl and LC3 turnover,
the
downregulated as compared to control mice. These data were

whereas autophagic flux-related p62 protein was
indicative of excessive dysregulated autophagic activity in the
hepatic tissues of these CIH-treated mice (Figure 2B). To further
examine the mechanisms underlying excessive CIH-induced
autophagy in the pathogenesis of hepatic steatosis, the

autophagic inhibitor CQ was next used to treat these mice.
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OSA model mice exhibit excess autophagic activity and autophagic flux. (A) CIH induced increases in autophagosome formation and
accumulation in the CIH and CIH + CQ group. (B) Hepatic Beclinl, P62, and LC3A/B protein levels were compared among groups. (C) Beclinl and
P62 protein levels were normalized to p-Actin levels, and the LC3B/A ratio was assessed in different groups (Red arrow: autophagosomes; *p < 0.05,

**p < 0.01, ***p < 0.001).

The resultant increases in p62 protein level confirmed the
successful blockade of autophagic activity (Figures 2B,C).
These data suggested that CIH exposure can promote
enhanced autophagosome formation and autophagic flux, in
line with the phenotypic findings in samples from patients
with OSA.

Chloroquine administration alleviates
chronic intermittent hypoxia-induced
changes in hepatic metabolic activity in
mice

The accumulation of lipids within the liver results in
increases in liver weight. Mice in the CIH treatment group
exhibited significant increases in both liver weight relative to
control animals, while both of the liver weight was significant
reduced in the CIH + CQ group compared with CIH group
(Figure 3A).

CIH-treated mice exhibited elevated levels of blood glucose as
compared to controls, while these levels were lower for mice in the
CIH + CQ treatment group (Figure 3B), but these changes were not
statistical significance. Serum and hepatic TG and TC levels were
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significantly elevated in the CIH group relative to the control group,
these indicators were decreased in the CIH + CQ group (Figures
3CD). Oil Red O staining additionally confirmed that the
pronounced steatosis was evident in the livers of mice in the
CIH treatment group, while such steatosis was largely reversed
following CQ treatment (Figure 3E). These data thus suggest that
CIH can induce excessive autophagy in the liver, thereby driving
hepatic steatosis.

Chloroquine administration suppresses
the upregulation of lipogenesis-related
genes in hepatocytes

To examine the mechanisms whereby the excessive autophagic
activity induced in response to CIH can contribute to hepatic
steatosis, lipogenesis-related gene expression was next assessed in
liver samples from these mice. Animals in the CIH group exhibited
increases in ACC, FASn, and SCD-1 mRNA levels relative to control
mice (p < 0.01 or p < 0.001), while these genes were significantly
downregulated following CQ administration (Figure 4A). Western
blotting similarly confirmed that ACC, FASn, and SCDI protein
levels were elevated in hepatic samples from the CIH group as
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levels were compared in different groups. (D) Hepatic TG and TC levels were compared in different groups. (E) Oil Red O staining was used to analyze
liver tissue samples from different groups (Scale bars: 100 and 50 pM) (*p < 0.05, **p < 0.01, ***p < 0.001, ns: no statistical difference).

compared to the control group, yet were downregulated in the CIH
+ CQ group relative to the CIH group (Figure 4B). Hepatic steatosis
is driven by LD accumulation within hepatocytes, and TEM was
thus used to quantify the numbers of LDs within hepatocytes in
these different treatment groups. In line with the above gene
expression data, LD numbers were significantly higher in the
CIH group relative to the control group, while these LD
numbers were significant reduced in the CIH + CQ group
relative to the CIH group. As such, CIH exposure was sufficient
to induce excessive autophagic activity and LD deposition within the
liver (Figure 5A), suggesting that the observed upregulation of
lipogenesis-related genes in response to CIH-induced autophagy
may ultimately contribute to the observed LD accumulation within
murine hepatocytes.
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Chloroquine administration inhibits
chronic intermittent hypoxia-driven
endoplasmic reticulum stress within
hepatocytes

The interplay between ER stress and autophagic activity is
integral to the pathogenesis of NAFLD, while basal autophagy
can protect hepatocytes against ER stress and steatosis
(Gonzalez-Rodriguez et al.,, 2014). As such, the ability of CIH-
induced excess autophagic activity to suppress ER stress in this
murine model system was examined. ER enlargement was
evident within hepatocytes in CIH model mice relative to
mice from the control group, while CQ treatment reversed
this change (Figure 5A). Samples from the CIH group
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The inhibition of autophagic flux reduces hepatocyte lipogenesis-related gene expression. (A) Hepatic SCD1, ACC, and FASn mRNA levels were
compared in different groups. (B) Hepatic SCD1, ACC, and FASn protein levels were compared among groups. (C) Quantification of ACC, FAS, and
SCD1 protein levels, with p-Actin serving as a normalization control (**p < 0.01, ***p < 0.001).
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FIGURE 5

Inhibition of autophagic flux alleviated hepatocyte ER stress and LD accumulation. (A) Changes in ER morphology and LD accumulation in
different groups were assessed. (B) Hepatic XBP1, IREla, and EIF2a protein levels were compared among groups. (C) XBP1 and IREla protein levels
were normalized based on p-Actin levels, and the p-EIF2a/EIF2a ratio was compared among groups. (Yellow arrow: LDs; black arrow: ER; *p < 0.05,
**p < 0.01, ns: no statistical difference).
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Inhibition of autophagic flux alleviates CIH-induced hepatocellular inflammation. (A) H&E staining of hepatic tissues from mice in the indicated
groups (Scale bars: 100 and 50 pM). (B) Serum ALT and AST were compared among groups. (C) Hepatic IL-1f, IL-6, and TNF-a mRNA levels were
compared among groups (*p < 0.05, **p < 0.01, ns: no statistical difference).

additionally exhibited significantly increased XBP1, p-EIF2a
levels as compared to controls, while CQ treatment reversed
these changes in ER stress-related protein expression (Figures
5B,C). These results thus suggested that CIH can induce excessive
autophagic activity in murine hepatocytes, in turn contributing
to the development of ER stress.

Chloroquine administration protects
against hepatic inflammation in chronic
intermittent hypoxia model mice

Inflammation can drive more rapid and severe NAFLD
progression. As such, the relationship between CIH-induced
autophagic activity, hepatic inflammation, and associated
tissue damage was assessed. H&E staining indicated that CIH
exposure was associated with higher levels of inflammatory cell
infiltration and necrotic cell death, while these pathological
changes were largely reversed in the CIH + CQ group
(Figure 6A). Serum AST and ALT levels were higher in CIH
model mice relative to controls, while these levels were significant
reduced in the CIH + CQ group (Figure 6B). Consistently,
hepatic tissue samples from CIH model mice exhibited higher
mRNA levels for proinflammatory cytokines (TNF-a, IL-1p, IL-
6) as compared to control mice, whereas CQ treatment
significantly suppressed the upregulation of two of these three
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genes although the difference in IL-6 expression was not
significant (Figure 6C). These data thus indicated that
exposure to CIH can drive excessive hepatic autophagy, thus
contributing to liver damage and associated inflammatory
activity.

Discussion

OSA and NAFLD are highly prevalent diseases, and there is
strong clinical evidence linking OSA to the pathogenesis and
exacerbation of NAFLD (Jin et al, 2018), with the association
between these two conditions being independent of body weight
(Tanne et al, 2005). While HIF has previously been reported to
shape NAFLD progression in the context of CIH exposure (Chen
et al,, 2019; Mesarwi et al,, 2021), the pathogenesis of NAFLD is
complex and multifactorial, underscoring the need for further
research. Consistently, in the present study, elevated levels of
autophagic flux and ER-stress associated protein expression were
observed in hepatic tissue samples from patients with OSA as
compared to control samples from individuals without OSA.
Lipogenesis-related gene expression was also increased in these
OSA patient liver samples relative to those from healthy controls.
CIH and acute intermittent hypoxia have previously been reported
to differentially impact ER stress induction, with such stress being
induced by the former but not the latter (Sforza and Roche, 2016).
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Here, a CIH mouse model was established and used to explore the
pathogenesis of CIH-associated changes in hepatic lipid metabolism.
Notably, the treatment of these mice with CQ resulted in the
downregulation of lipogenesis- and ER stress-related genes that
were induced in response to CIH exposure in these animals. CTH
also drove
inflammation, and steatosis, while CQ treatment reversed all of

more pronounced LD accumulation, hepatic
these changes, in line with prior evidence (Li et al., 2005; Zhou et al,,
2021). This study is the first to our knowledge to have demonstrated
that CIH can promote NAFLD development through the induction
of excessive autophagic activity.

By breaking down damaged or dysfunctional organelles
and proteins, autophagy can contribute to the maintenance of
cellular homeostasis. Intermittent hypoxia has previously
been shown to induce autophagic activity in both animal
models and in clinical contexts, with one study having
observed elevated Beclin-1 protein levels in OSA patient
serum as compared to patients without OSA, and these
Beclin-1 levels were correlated with oxygen desaturation
index and apnea-hypopnea index values for these patients
2021).
intermittent hypoxia for 6 weeks was linked to an increase

(Schlemmer et al, Consistently, exposure to
in autophagic vacuole formation and to the LC3-1I/LC3-I ratio
within pancreatic B-cells (Song et al., 2018). Such results are
not universal, however, with one study having observed the
inhibition of autophagy in a murine high-fat diet (HFD)/CIH
model system (Ren et al., 2019). In the present study, OSA
patients and CIH model mice exhibited an increase in LC3B/
LC3A ratio values consistent with the induction of autophagy
within hepatocytes in response to CIH exposure.

A relationship between autophagic activity and NAFLD has
previously been reported pertaining to the lipophagy-mediated
degradation of LDs (Martinez-Lopez and Singh, 2015; Zhao
etal.,, 2020). The use of rapamycin and carbamazepine to induce
autophagy resulted in the alleviation of insulin resistance and
hepatic steatosis in a HFD-induced murine NAFLD model
system (Lin et al., 2013). The specific deletion of autophagy-
related genes in hepatocytes has also been found to lead to
exacerbated LD deposition within these cells in animals being
fed a HFD (Singh et al,, 2009), thus supporting the ability of
autophagy to protect the liver from the pathogenesis of
steatosis. In one previous report, S1I00A1l overexpression
was found to activate lipogenesis and autophagy, conversely
resulting in increased lipid accumulation and hepatic steatosis
in animals being fed a HFD (Zhang et al., 2021). FIP200 is the
core mediator of autophagosome formation, and deficient
hepatic FIP200 expression can result in lower liver TG levels
in mice on a HFD (Ma et al., 2013). Hepatic Atg7 deletion in
mice can also protect against the HFD-induced hepatic
accumulation of lipids, insulin resistance, and associated
obesity (Kim et al., 2013). When improperly regulated,
excessive autophagic activity can lead to extensive and
progressive cell death, thereby contributing to a range of
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pathological responses (Clarke and Puyal, 2012; Galluzzi
et al., 2012).

The effects of autophagy on liver function are highly context-
dependent, and can beneficially or adversely impact hepatic
function. In this study, elevated levels of autophagic flux in
OSA patients and CIH model mice coincided with increased
hepatic FASn expression. In the CIH + CQ group, LD
accumulation and hepatic steatosis were alleviated compared
with CIH group. These findings thus indicated that CIH-driven
hepatic autophagy plays a deleterious role in the context of the
pathogenesis of NAFLD.

Basal autophagic activity is essential for cellular survival and
the maintenance of homeostatic activity, but excessive or
unrestrained autophagy can lead to damage. Chang et al.
found that intermittent hypoxia exposure for 3 days in mice
was associated with the induction of myocardial autophagy,
thereby reducing myocardial cell apoptosis in response to ER
stress (Chang et al, 2019). Fang et al. determined that
autophagy can induce opposing effects during different
stages of spinal cord ischemia-reperfusion (I/R) injury
progression, with autophagic induction during the early
stages of such injury being beneficial owing to the inhibition
of inflammation and apoptotic cell death. Conversely, excessive,
prolonged autophagic activity in this system is associated with
more severe I/R injury owing to the induction of autophagic cell
death (Fang et al., 2016). Under conditions of chronic stress,
excess autophagy cannot effectively counteract the damaging
effects of ER stress, contributing to cytotoxic cell death (Khaket
et al, 2018). Yang et al. determined that Xinbao pill
of
autophagy and ER stress so as to protect against myocardial
I/R injury (Yang et al., 2022), while Zhou et al. reported the
induction of ER stress following intermittent hypoxia exposure
for 4 weeks as confirmed by increased in CHOP, ATF6, and
GRP78 protein levels (Zhou et al., 2014). In this study, higher
autophagy-related protein levels were observed in CIH model

administration was capable suppressing — excessive

mice after 12 weeks and in OSA patients, with a corresponding
increase in ER stress-associated protein levels, while CQ
administration was sufficient to suppress the ER stress
induced in response to CIH. Exposure to CIH may thus lead
to increases in autophagic activity and ER stress within
hepatocytes, thereby resulting in adverse homeostatic cellular
outcomes over extended periods of time.

The pathogenic progression of NAFLD has previously been
linked to ER stress (Lebeaupin et al., 2018), in line with the results
of this study, with the interplay between ER stress and autophagy
being particularly important in the development of NAFLD
(Flessa et al., 2021). ER stress has also been reported to
mediate high glucose-induced hepatic lipid accumulation
(Zhao et al,, 2020). Autophagic activity can alleviate ER stress
through the breakdown of excessive unfolded proteins. Baicalin,
for example, can suppress ER stress via downregulating SREBP-
1C and enhancing hepatic autophagic activity, thereby
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preventing the accumulation of lipids within the liver (Zhang
et al., 2022). While studies have reported intermittent hypoxia to
drive enhanced myocardial autophagy as an adaptive response to
ER stress and apoptosis (Chang et al., 2019), such work was
focused on the short-term outcomes associated with intermitted
hypoxia rather than using a CIH model system.

Other studies have generally reported a reduction in
autophagic activity in the context of NAFLD (Flessa et al,,
2021). In contrast, in this study, prolonged CIH exposure
was found to be associated with exacerbated liver damage
characterized by histological changes and the deterioration
of hepatic function, together with elevated levels of ER stress
and autophagic flux in this murine model of OSA-associated
NAFLD. In light of these data, we hypothesize that CIH-
induced autophagic activity and consequent ER stress play
an important role in the pathogenesis of NAFLD. Notably,
the in vivo administration of CQ was sufficient to partially
CIH-induced ER
accumulation.

alleviate stress and hepatic lipid

There are multiple limitations in this study. Firstly, the pre-
operative serum TG levels were not measured in the recruited
patients. Secondly, the sample of each group was small, we will
increase the number of mice in further studies. Thirdly, we did
not verify that CIH induced excessive autophagic activity which
promoted ER stress involved in the pathogenesis of NAFLD,
further research will be explored in this process.

Together, these results suggest that excessive autophagic
activity induced in response to CIH can drive hepatic lipid
accumulation and steatosis, with ER stress playing a central
role in this pathogenic process. The novel identification of
excess autophagy as a mediator of altered hepatic lipid
metabolism in response to CIH highlights several promising
targets that may be leveraged in an effort to treat or prevent the

development of NAFLD in patients affected by OSA.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding author.

included in article/supplementary = material,

References

Arnaud, C., Dematteis, M., Pepin, J. L., Baguet, J. P.,, and Levy, P. (2009).
Obstructive sleep apnea, immuno-inflammation, and atherosclerosis. Semin.
Immunopathol. 31 (1), 113-125. doi:10.1007/s00281-009-0148-5

Borel, A. L. (2019). Sleep apnea and sleep habits: Relationships with metabolic
syndrome. Nutrients 11 (11), E2628. d0i:10.3390/nul11112628

Chang, J. C., Hu, W. F,, Lee, W. S,, Lin, J. H,, Ting, P. C,, Chang, H. R,, et al.
(2019). Intermittent hypoxia induces autophagy to protect cardiomyocytes from
endoplasmic reticulum stress and apoptosis. Front. Physiol. 10, 995. doi:10.3389/
fphys.2019.00995

Chen, J., Chen, J., Fu, H, Li, Y., Wang, L., Luo, S., et al. (2019). Hypoxia
exacerbates nonalcoholic fatty liver disease via the HIF-2a/PPARa pathway. Am.

Frontiers in Physiology

10

10.3389/fphys.2022.941706

Ethics statement

The studies involving human participants were reviewed and
approved by the First affiliated hospital of Anhui medical
No. PJ2022-08-45). The
patients/participants provided their written informed consent

university (Ethical Committee
to participate in this study. The animal study was reviewed and
approved by Anhui medical university (Ethical Committee No.
LLSC20220951).

Author contributions

CG conceived and designed the experiments, the data
analysis; DW, DS, GL, ZD, and XY performed the experiments
and the data analysis; DW and DS wrote the paper; CG revised the
paper.All authors approved the submitted version.

Funding

This work was supported by National Science Foundation of
Anhui Province (2108085MH282) and University Natural
Science Research Project of Anhui Province (KJ2021A0275).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

J. Physiol. Endocrinol. Metab. 317 (4), E710-E722. doi:10.1152/ajpendo.00052.
2019

Clarke, P. G., and Puyal, J. (2012). Autophagic cell death exists. Autophagy 8 (6),
867-869. doi:10.4161/auto.20380

Dulai, P. S., Singh, S., Patel, J., Soni, M., Prokop, L. J., Younossi, Z., et al. (2017).
Increased risk of mortality by fibrosis stage in nonalcoholic fatty liver disease:
Systematic review and meta-analysis. Hepatology 65 (5), 1557-1565. doi:10.1002/
hep.29085

Fang, B., Li, X. Q,, Bao, N.R,, Tan, W. F,, Chen, F. S,, Pi, X. L,, et al. (2016). Role of

autophagy in the bimodal stage after spinal cord ischemia reperfusion injury in rats.
Neuroscience 328, 107-116. doi: 10.1016/j.neuroscience.2016.04.019

frontiersin.org


https://doi.org/10.1007/s00281-009-0148-5
https://doi.org/10.3390/nu11112628
https://doi.org/10.3389/fphys.2019.00995
https://doi.org/10.3389/fphys.2019.00995
https://doi.org/10.1152/ajpendo.00052.2019
https://doi.org/10.1152/ajpendo.00052.2019
https://doi.org/10.4161/auto.20380
https://doi.org/10.1002/hep.29085
https://doi.org/10.1002/hep.29085
https://doi.org/10.1016/j.neuroscience.2016.04.019
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.941706

Wang et al.

Flessa, C. M., Kyrou, I, Nasiri-Ansari, N., Kaltsas, G., Papavassiliou, A. G., Kassi,
E., et al. (2021). Endoplasmic reticulum stress and autophagy in the pathogenesis of
non-alcoholic fatty liver disease (NAFLD): Current evidence and perspectives. Curr.
Obes. Rep. 10 (2), 134-161. doi:10.1007/s13679-021-00431-3

Galluzzi, L., Vitale, I, Abrams, J. M., Alnemri, E. S., Baehrecke, E. H.,
Blagosklonny, M. V. et al. (2012). Molecular definitions of cell death
subroutines: Recommendations of the nomenclature committee on cell death
2012. Cell Death Differ. 19 (1), 107-120. doi:10.1038/cdd.2011.96

Gonzalez-Rodriguez, A., Mayoral, R,, Agra, N., Valdecantos, M. P., Pardo, V.,
Miquilena-Colina, M. E., et al. (2014). Impaired autophagic flux is associated with
increased endoplasmic reticulum stress during the development of NAFLD. Cell
Death Dis. 5, €1179. doi:10.1038/cddis.2014.162

Holzner, L., and Murray, A. J. (2021). Hypoxia-inducible factors as key players in
the pathogenesis of non-alcoholic fatty liver disease and non-alcoholic
steatohepatitis. Front. Med. 8, 753268. doi:10.3389/fmed.2021.753268

Javaheri, S., Barbe, F., Campos-Rodriguez, F., Dempsey, J. A., Khayat, R., Javaheri,
S., et al. (2017). Sleep apnea: Types, mechanisms, and clinical cardiovascular
consequences. J. Am. Coll. Cardiol. 69 (7), 841-858. doi:10.1016/j.jacc.2016.11.069

Jin, S., Jiang, S., and Hu, A. (2018). Association between obstructive sleep apnea
and non-alcoholic fatty liver disease: A systematic review and meta-analysis.
Sleep. Breath. 22 (3), 841-851. doi:10.1007/s11325-018-1625-7

Khaket, T. P., Singh, M. P., Khan, I, Bhardwaj, M., and Kang, S. C. (2018).
Targeting of cathepsin C induces autophagic dysregulation that directs ER stress
mediated cellular cytotoxicity in colorectal cancer cells. Cell. Signal. 46, 92-102.
doi:10.1016/j.cellsig.2018.02.017

Kim, C. H., and Younossi, Z. M. (2008). Nonalcoholic fatty liver disease: A
manifestation of the metabolic syndrome. Cleve. Clin. J. Med. 75 (10), 721-728.
doi:10.3949/ccjm.75.10.721

Kim, K. H,, Jeong, Y. T., Oh, H,, Kim, S. H,, Cho, J. M., Kim, Y. N, et al. (2013).
Autophagy deficiency leads to protection from obesity and insulin resistance by
inducing Fgf21 as a mitokine. Nat. Med. 19 (1), 83-92. d0i:10.1038/nm.3014

Kuvat, N., Tanriverdi, H., and Armutcu, F. (2020). The relationship between
obstructive sleep apnea syndrome and obesity: A new perspective on the
pathogenesis in terms of organ crosstalk. Clin. Respir. J. 14 (7), 595-604. doi:10.
1111/crj.13175

Lebeaupin, C., Vallee, D., Hazari, Y., Hetz, C., Chevet, E., Bailly-Maitre, B., et al.
(2018). Endoplasmic reticulum stress signalling and the pathogenesis of non-
alcoholic fatty liver disease. J. Hepatol. 69 (4), 927-947. doi:10.1016/j.jhep.2018.
06.008

Li, J.,, Grigoryev, D. N,, Ye, S. Q,, Thorne, L., Schwartz, A. R., Smith, P. L., et al.
(20051985). Chronic intermittent hypoxia upregulates genes of lipid biosynthesis in
obese mice. J. Appl. Physiol. 99 (5), 1643-1648. doi:10.1152/japplphysiol.00522.
2005

Li, Y., Chao, X,, Yang, L., Lu, Q,, Li, T., Ding, W. X,, et al. (2018). Impaired fasting-
induced adaptive lipid droplet biogenesis in liver-specific atg5-deficient mouse liver
is mediated by persistent nuclear factor-like 2 activation. Am. J. Pathol. 188 (8),
1833-1846. doi:10.1016/j.ajpath.2018.04.015

Lin, C. W,, Zhang, H., Li, M., Xiong, X, Chen, X,, Chen, X,, et al. (2013).
Pharmacological promotion of autophagy alleviates steatosis and injury in alcoholic
and non-alcoholic fatty liver conditions in mice. J. Hepatol. 58 (5), 993-999. doi:10.
1016/j.jhep.2013.01.011

Ma, D., Molusky, M. M., Song, J., Hu, C. R, Fang, F., Rui, C, et al. (2013).
Autophagy deficiency by hepatic FIP200 deletion uncouples steatosis from liver
injury in NAFLD. Mol. Endocrinol. 27 (10), 1643-1654. doi:10.1210/me.2013-1153

Martinez-Ceron, E., Barquiel, B., Bezos, A. M., Casitas, R., Galera, R., Garcia-Benito, C,,
et al. (2016). Effect of continuous positive airway pressure on glycemic control in patients
with obstructive sleep apnea and type 2 diabetes. A randomized clinical trial. Am.
J. Respir. Crit. Care Med. 194 (4), 476-485. doi:10.1164/rccm.201510-19420C

Martinez-Lopez, N., and Singh, R. (2015). Autophagy and lipid droplets in the
liver. Annu. Rev. Nutr. 35, 215-237. doi:10.1146/annurev-nutr-071813-105336

Mesarwi, O. A., Loomba, R., and Malhotra, A. (2019). Obstructive sleep apnea,
hypoxia, and nonalcoholic fatty liver disease. Am. J. Respir. Crit. Care Med. 199 (7),
830-841. doi:10.1164/rccm.201806-1109TR

Mesarwi, O. A., Moya, E. A,, Zhen, X., Gautane, M., Zhao, H., Wegbrans, G. P.,
et al. (2021). Hepatocyte HIF-1 and intermittent hypoxia independently impact

liver fibrosis in murine nonalcoholic fatty liver disease. Am. J. Respir. Cell Mol. Biol.
65 (4), 390-402. doi:10.1165/rcmb.2020-04920C

Musso, G., Cassader, M., Olivetti, C., Rosina, F., Carbone, G., Gambino, R., et al.
(2013). Association of obstructive sleep apnoea with the presence and severity of

Frontiers in Physiology

1

10.3389/fphys.2022.941706

non-alcoholic fatty liver disease. A systematic review and meta-analysis. Obes. Rev.
14 (5), 417-431. doi:10.1111/0br.12020

Ng, S., Wong, V., Wong, G., Chu, W., Chan, T. O, To, K. W, et al. (2021).
Continuous positive airway pressure does not improve nonalcoholic fatty liver
disease in patients with obstructive sleep apnea. A randomized clinical trial. Am.
J. Respir. Crit. Care Med. 203 (4), 493-501. doi:10.1164/rccm.202005-18680C

Nguyen, T. B,, Louie, S. M., Daniele, J. R,, Tran, Q., Dillin, A., Zoncu, R, et al.
(2017). DGAT1-Dependent lipid droplet biogenesis protects mitochondrial
function during starvation-induced autophagy. Dev. Cell. 42 (1), 9-21. doi:10.
1016/j.devcel.2017.06.003

Park, H. S,, Song, J. W, Park, J. H,, Lim, B. K,, Moon, O. S,, Son, H. Y, et al.
(2021). TXNIP/VDUPI attenuates steatohepatitis via autophagy and fatty acid
oxidation. Autophagy 17 (9), 2549-2564. doi:10.1080/15548627.2020.1834711

Ren, |, Jin, M., You, Z. X., Luo, M., Han, Y., Li, G. C,, et al. (2019). Melatonin
prevents chronic intermittent hypoxia-induced injury by inducing sirtuin 1-
mediated autophagy in steatotic liver of mice. Sleep. Breath. 23 (3), 825-836.
doi:10.1007/s11325-018-1741-4

Schlemmer, F., Zysman, M., Ribeiro, B. B., Audureau, E., Covali, N. A, Ridoux,
A, etal. (2021). Beclin-1 increases with obstructive sleep apnea severity. Sleep. Med.
81, 474-476. doi:10.1016/j.sleep.2021.03.017

Sforza, E., and Roche, F. (2016). Chronic intermittent hypoxia and obstructive
sleep apnea: An experimental and clinical approach. Hypoxia 4, 99-108. doi:10.
2147/HP.S103091

Singh, R, Kaushik, S., Wang, Y., Xiang, Y., Novak, L., Komatsu, M., et al. (2009).
Autophagy regulates lipid metabolism. Nature 458 (7242), 1131-1135. doi:10.1038/
nature07976

Song, S., Tan, J., Miao, Y., Sun, Z., and Zhang, Q. (2018). Intermittent-hypoxia-
induced autophagy activation through the ER-stress-related PERK/eIF2a/
ATF4 pathway is a protective response to pancreatic B-cell apoptosis. Cell.
Physiol. biochem. 51 (6), 2955-2971. doi:10.1159/000496047

Tanne, F., Gagnadoux, F., Chazouilleres, O., Fleury, B., Wendum, D., Lasnier, E.,
et al. (2005). Chronic liver injury during obstructive sleep apnea. Hepatology 41 (6),
1290-1296. doi:10.1002/hep.20725

Tasali, E., and Ip, M. S. (2008). Obstructive sleep apnea and metabolic syndrome:
Alterations in glucose metabolism and inflammation. Proc. Am. Thorac. Soc. 5 (2),
207-217. doi:10.1513/pats.200708-139MG

Wu, W, Lin, C, Wu, K, Jiang, L, Wang, X, Li, W, et al. (2016).
FUNDCI1 regulates mitochondrial dynamics at the ER-mitochondrial contact
site under hypoxic conditions. EMBO J. 35 (13), 1368-1384. doi:10.15252/embj.
201593102

Yang, L., Li, P, Fu, S, Calay, E. S., and Hotamisligil, G. S. (2010). Defective hepatic
autophagy in obesity promotes ER stress and causes insulin resistance. Cell Metab.
11 (6), 467-478. doi:10.1016/j.cmet.2010.04.005

Yang, Y., Chen, T, Liu, J., Chen, S., Cai, R, Wu, L, et al. (2022). Integrated
chemical profiling, network pharmacology and pharmacological evaluation to
explore the potential mechanism of Xinbao pill against myocardial ischaemia-
reperfusion injury. Pharm. Biol. 60 (1), 255-273. doi:10.1080/13880209.2022.
2025859

Zhang, L., Zhang, Z., Li, C, Zhu, T. Gao, J, Zhou, H., et al. (2021).
S100A11 promotes liver steatosis via FOXOI-mediated autophagy and
lipogenesis. Cell. Mol. Gastroenterol. Hepatol. 11 (3), 697-724. doi:10.1016/j.
jemgh.2020.10.006

Zhang, X., Huo, Z,, Luan, H., Huang, Y., Shen, Y., Sheng, L., et al. (2022).
Scutellarin ameliorates hepatic lipid accumulation by enhancing autophagy and
suppressing IRE1a/XBP1 pathway. Phytother. Res. 36 (1), 433-447. doi:10.1002/ptr.
7344

Zhao, T., Wu, K., Hogstrand, C., Xu, Y. H., Chen, G. H., Wei, C. C,, et al. (2020).
Lipophagy mediated carbohydrate-induced changes of lipid metabolism via
oxidative stress, endoplasmic reticulum (ER) stress and ChREBP/PPARy
pathways. Cell. Mol. Life Sci. 77 (10), 1987-2003. doi:10.1007/s00018-019-
03263-6

Zhou, J., Zhao, Y., Guo, Y. J., Zhao, Y. S, Liu, H., Ren, J., et al. (2021). A rapid
juvenile murine model of nonalcoholic steatohepatitis (NASH): Chronic
intermittent hypoxia exacerbates Western diet-induced NASH. Life Sci. 276,
119403. doi:10.1016/j.1fs.2021.119403

Zhou, S., Yin, X., Zheng, Y., Miao, X., Feng, W., Cai, J.,, et al. (2014).
Metallothionein prevents intermittent hypoxia-induced cardiac endoplasmic
reticulum stress and cell death likely via activation of Akt signaling pathway in
mice. Toxicol. Lett. 227 (2), 113-123. doi:10.1016/j.toxlet.2014.03.011

frontiersin.org


https://doi.org/10.1007/s13679-021-00431-3
https://doi.org/10.1038/cdd.2011.96
https://doi.org/10.1038/cddis.2014.162
https://doi.org/10.3389/fmed.2021.753268
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1007/s11325-018-1625-7
https://doi.org/10.1016/j.cellsig.2018.02.017
https://doi.org/10.3949/ccjm.75.10.721
https://doi.org/10.1038/nm.3014
https://doi.org/10.1111/crj.13175
https://doi.org/10.1111/crj.13175
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1152/japplphysiol.00522.2005
https://doi.org/10.1152/japplphysiol.00522.2005
https://doi.org/10.1016/j.ajpath.2018.04.015
https://doi.org/10.1016/j.jhep.2013.01.011
https://doi.org/10.1016/j.jhep.2013.01.011
https://doi.org/10.1210/me.2013-1153
https://doi.org/10.1164/rccm.201510-1942OC
https://doi.org/10.1146/annurev-nutr-071813-105336
https://doi.org/10.1164/rccm.201806-1109TR
https://doi.org/10.1165/rcmb.2020-0492OC
https://doi.org/10.1111/obr.12020
https://doi.org/10.1164/rccm.202005-1868OC
https://doi.org/10.1016/j.devcel.2017.06.003
https://doi.org/10.1016/j.devcel.2017.06.003
https://doi.org/10.1080/15548627.2020.1834711
https://doi.org/10.1007/s11325-018-1741-4
https://doi.org/10.1016/j.sleep.2021.03.017
https://doi.org/10.2147/HP.S103091
https://doi.org/10.2147/HP.S103091
https://doi.org/10.1038/nature07976
https://doi.org/10.1038/nature07976
https://doi.org/10.1159/000496047
https://doi.org/10.1002/hep.20725
https://doi.org/10.1513/pats.200708-139MG
https://doi.org/10.15252/embj.201593102
https://doi.org/10.15252/embj.201593102
https://doi.org/10.1016/j.cmet.2010.04.005
https://doi.org/10.1080/13880209.2022.2025859
https://doi.org/10.1080/13880209.2022.2025859
https://doi.org/10.1016/j.jcmgh.2020.10.006
https://doi.org/10.1016/j.jcmgh.2020.10.006
https://doi.org/10.1002/ptr.7344
https://doi.org/10.1002/ptr.7344
https://doi.org/10.1007/s00018-019-03263-6
https://doi.org/10.1007/s00018-019-03263-6
https://doi.org/10.1016/j.lfs.2021.119403
https://doi.org/10.1016/j.toxlet.2014.03.011
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.941706

	Dysregulated autophagic activity induced in response to chronic intermittent hypoxia contributes to the pathogenesis of NAFLD
	Introduction
	Materials and methods
	Patient samples
	Animal model establishment
	Analyses of serum glucose, serum and hepatic lipid levels
	Histological and transmission electron microscopy analyses
	Quantitative real-time PCR
	Western blotting
	Statistical analysis

	Results
	Obstructive Sleep Apnea patients exhibit elevated hepatic levels of proteins associated with endoplasmic reticulum stress,  ...
	Chronic intermittent hypoxia drives the induction of excess autophagic activity and dysregulated autophagic flux in a murin ...
	Chloroquine administration alleviates chronic intermittent hypoxia-induced changes in hepatic metabolic activity in mice
	Chloroquine administration suppresses the upregulation of lipogenesis-related genes in hepatocytes
	Chloroquine administration inhibits chronic intermittent hypoxia-driven endoplasmic reticulum stress within hepatocytes
	Chloroquine administration protects against hepatic inflammation in chronic intermittent hypoxia model mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


