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Abstract

Purpose Obstructive sleep apnea (OSA) is associated with lung injury. As a novel pathophysiological hallmark of OSA,
chronic intermittent hypoxia (CIH) enhances apoptosis. The present study aims to evaluate the effect of resveratrol (Res) on
CIH-induced lung apoptosis and inflammation in a rat model of CIH.

Methods Rats were randomly allocated to normoxia (control), CIH, and CIH + Res groups (n=10 in each group). The CIH
exposure duration was 12 weeks. Rats in the CIH + Res group were additionally administered Res (50 mg kg™! d!). Inflam-
matory cytokine levels were detected by enzyme-linked immunosorbent assays (ELISAs). A terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay was conducted to evaluate the apoptosis rate. Bax, cleaved caspase-3,
Nrf2 and HO-1 protein levels were detected by western blotting.

Results The IL-6 and TNF-a levels in the serum and alveolar lavage fluid in the CIH group were markedly higher than those
in the control group. The percentage of apoptotic cells in the CIH group was higher than that in the control group. Bax and
cleaved caspase-3 protein levels were increased in the CIH group compared with those in the control group. Nrf2 and HO-1
protein levels were decreased in the CIH group compared with those in the control group (p <0.05). Compared with the CIH
group, rats in the CIH 4+ Res group had lower percentages of apoptotic cells, lower IL-6, TNF-a, Bax and cleaved caspase-3
protein levels, and higher Nrf2 and HO-1 protein levels (p <0.05).

Conclusion Res attenuates CIH-related inflammatory reactions and apoptosis in lung tissue by activating the Nrf2/ARE
pathway.
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Introduction they induce formation of large amounts of reactive oxygen

species (ROS) [2—4]. These newly formed ROS can cause

Obstructive sleep apnea (OSA) is a highly prevalent medical
disorder [1] that affects at least 2—4% of the adult population
and exceeds 30% in those aged 65 years and older. High-fre-
quency intermittent hypoxia (IH), which is the main feature
of this disease, can induce systemic injury, including oxida-
tive stress, systemic inflammation, and endothelial dysfunc-
tion. The cyclical changes in hypoxemia with reoxygena-
tion are similar to those of ischemia—reperfusion injury and
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epithelial and endothelial cell injury in lung tissues [5, 6].
An abundance of evidence has shown that OSA is associated
with a high risk of chronic obstructive pulmonary disease
and pulmonary hypertension [7, 8]. The pathogenic mecha-
nism may be related to lung injury caused by IH. However,
only a few studies have focused on lung injury related to IH.

Apoptosis is an important cellular process that involves
complex networks. Evidence has shown that IH is closely
related to apoptosis. Our previous study indicated that TH
induces differential expression of apoptosis- or autophagy-
related miRNAs in mouse vascular endothelial cells [9].
Song [10] found that apoptosis was a protective response to
pancreatic B-cell autophagy caused by IH. However, studies
focusing on the effect of IH on apoptosis levels in the lung
are scarce.

@ Springer


https://orcid.org/0000-0002-6928-4342
http://crossmark.crossref.org/dialog/?doi=10.1007/s00408-020-00321-w&domain=pdf

324

Lung (2020) 198:323-331

Resveratrol (Res) is known as a natural phytoalexin and
exhibits a variety of biological functions such as antitumor,
anti-inflammatory, and antioxidant properties [11]. Previ-
ous research has found that Res can regulate apoptosis and
autophagy caused by IH in the pancreatic islets and hippocam-
pus [11, 12]. However, it is unknown whether IH-related lung
injury can be affected or alleviated by Res.

The present study aims to evaluate the effects of IH on
lung injury and to further assess the influence of Res in a
rat model.

Materials and Methods
Experimental Animals and Groups

Thirty 12-week-old male Sprague—Dawley rats were pur-
chased from the Chinese Academy of Science Laboratory
Animal Center in Shanghai, China. The rats were individu-
ally housed in a departmental animal facility under a 12-h
light—dark cycle. All rats had free access to food and water.

The rats were randomly assigned to the following three
groups (n=10 in each group): 1. control group (rats exposed
to normoxia; n=10); 2. CIH group (rats exposed to chronic
intermittent hypoxia (CIH) only; n=10); 3. CIH + Res
group (rats exposed to CIH, Res was given orally at a dose
of 50 mg kg— 'd-1).

This study was approved by the Ethics Committee of
The First Affiliated Hospital of Fujian Medical University
and conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

The Establishment of the CIH Model

The CIH model was established based on a previously
described protocol. Briefly, rats were placed in an IH cham-
ber for 8 h/day for a total of 12 weeks. The chamber (made
in the Berman Information Technology Service Center,
Nanjing, China) had a one-way valve and a programmable
instrument that regulated the flow of oxygen, nitrogen, and
compressed air into the chamber. The oxygen concentration
in the chamber was divided into four phases: a declining
oxygen concentration phase, hypoxia phase (6%), increas-
ing oxygen concentration phase, and normoxia phase (21%).
Hypoxia and reoxygenation lasted for 2 min in each cycle.
Thirty cycles were performed in 1 h.
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Sample Preparation

After 12 weeks of exposure, 10 rats from each group
were anesthetized with 10% chloral hydrate at a dose of
0.3 mL/100 g of body weight and exsanguinated by cardiac
puncture. Blood samples were centrifuged, and serum was
stored at — 80 °C. Alveolar lavage was performed by insert-
ing a trocar into the left main bronchus and then ligating and
fixing the bronchus. After removing the needle core, the left
lung was lavaged with 2 mL of ice-cold normal saline and
then slowly drained; approximately 1.5 mL of liquid was
drained each time. This was repeated for three times with
a recovery rate of approximately 75%. Some of the lung
tissue specimens were frozen in liquid nitrogen and then
transferred to a— 80 °C freezer; others were fixed in 10%
formalin.

Lung tissue stored at — 80 °C was homogenized in ice-
cold RIPA lysis buffer and centrifuged at 4 °C for 10 min.
The supernatants were extracted, mixed with sample buffer,
and then stored in a — 20 °C freezer.

Histopathological and Terminal
Deoxynucleotidyl Transferase dUTP
Nick-End Labeling (TUNEL) Assays

Lung tissue fixed in formalin was embedded in paraffin, cut
into 5-um-thick slices, and then stained with hematoxylin
and eosin (HE) and Masson trichrome staining. Damage
to the lung tissue was scored by the pathologist on a scale
of 1 (no injury) to 4 (worst), as described previously [13].
A commercially available Fluorescein in Situ Cell Death
Detection Kit (TUNEL) (Roch Applied Science, China) was
used to detect apoptosis according to the manufacturer’s
instructions. The ratio of cells with TUNEL-positive nuclei
to total cells in the visual field (X400 magnification) was
used to determine the extent of apoptosis.

Western Blotting

The protein concentrations were detected with a bicin-
choninic acid protein assay (Beyotime, Beijing, China). The
Nrf2, HO-1, Bax, and cleaved caspase-3 levels in different
groups were evaluated by western blotting. Equal amounts
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(25 pg) of protein samples from each group were subjected
to 12% SDS-PAGE and transferred to PVDF membranes.
Membranes were blocked in 5% non-fat milk for 2 h at room
temperature, subsequently incubated with primary antibod-
ies (rabbit anti-Nrf2, 1:1000, Abcam; rabbit anti-HO-1,
1:1000, Abcam; rabbit anti-caspase-3, 1:1000, CST; rabbit
anti-Bax, 1:1000, Abcam; and mouse anti-f-actin, TransGen
Biotech) overnight at 4 °C, then washed three times with
TBST buffer (10 mM Tris—HCI, pH 7.5, 150 mM NacCl,
0.05% Tween-20), and incubated with a secondary antibody
at room temperature for 1 h. After the membranes were
washed three times with TBST, they were developed and
exposed using an enhanced chemiluminescence kit (Clar-
ity™ Western ECL Substrate, Bio-Rad). The protein bands
were quantified using image analysis software (National
Institutes of Health, Bethesda, MD, USA). All experiments
were repeated in triplicate.

Enzyme-Linked Immunosorbent Assay
(ELISA)

The TNF-a and IL-6 levels in plasma and alveolar lavage
fluid were determined using solid-phase sandwich ELISA
kits (Rat IL-6 Elisa Kit, 15.6-1000 pg/mL, Servicebio,
China; Rat TNF-alpha ELISA Kit, 15.6-1000 pg/mL, Pro-
teintech, China.) specific for these factors, and the absorb-
ance was measured at 450 nm using a plate reader (BioTek
ELx800, USA).

Statistical Analysis

Data were analyzed using GraphPad Prism software 7.0
(GraphPad Software, Inc., La Jolla, CA, USA). Values
are reported as the means + standard deviation. Statistical
comparisons among groups were conducted using one-way
analysis of variance (ANOVA) and Tukey’s post hoc test for
further comparison between groups. A p value less than 0.05
was considered to indicate statistical significance.

Results
Changes in Lung Histopathology

To determine whether CIH and Res influence the lung archi-
tecture, a histopathological analysis of lung tissue stained by
HE was performed. Compared with the control group, the
CIH group exhibited granulocyte and lymphocyte infiltra-
tion, edema and bleeding in the alveolar compartment, and
increased alveolar wall and vascular wall thickness. Com-
pared with the CIH group, inflammatory infiltration and
alveolar structure destruction were markedly decreased in
the Res group (Fig. 1).

Effect of Res on Inflammatory Markers
in the Serum and Alveolar Lavage Fluid

The IL-6 and TNF-« levels in the serum and alveolar lavage
fluid were significantly increased in the CIH group com-
pared with those in the control group (p <0.05). In contrast,
the CIH + Res group had lower IL-6 and TNF-« levels in
the serum and alveolar lavage fluid than the CIH group
(p<0.05, Fig. 2).

Effect of Res on Apoptosis in the Lung Tissue
of Rats Exposed to CIH

The percentage of apoptotic cells in the CIH group was
higher than that in the control group (p <0.05; Fig. 3), while
treatment with Res effectively reduced the percentage of
apoptotic cells in the lung tissue of rats.

Expression of the apoptotic proteins Bax and cleaved
caspase-3 was increased in the lung tissue of the CIH group
compared with the control group, while Res treatment
reduced the Bax and cleaved caspase-3 levels (p <0.05;
Fig. 4).
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«Fig. 1 Res alleviated CIH-induced inflammatory infiltration and alve-
olar structure destruction in lung tissue. Lung histology was analyzed
via H&E staining and Masson trichrome staining (X400 magnifica-
tion). a Control group; b CIH group; ¢ CIH+Res group; d Quan-
titative analysis of damage score in the lung tissue. All data were
shown as the mean+SD; =10 per group. Statistical significance was
assessed by one-way ANOVA and Tukey’s post hoc test. CIH chronic
intermittent hypoxia, Res resveratrol. ***p <0.001 compared with the
control group; *p <0.05 compared with the CIH group

Res Activated the Nrf2/ARE Pathway in Rats
Exposed to CIH

The western blot results suggested that Nrf2 and HO-1
expression levels were decreased in the CIH group compared
with the control group (p <0.05). However, Nrf2 and HO-1
expression levels in the Res + CIH group were increased
compared with the CIH group (p <0.05, Fig. 5).

Discussion

The results of the current study demonstrated that exposure
to CIH induced the progression of inflammatory reactions
and apoptosis in lung tissue. The damage resulting from CIH
can be effectively inhibited by Res. The underlying mecha-
nism of this protective effect may be due to activation of
the Nrf2/ARE pathway, which was confirmed by western
blotting.

Clinical studies have confirmed that OSA hypopnea syn-
drome patients have a high risk of chronic cough, asthma,
chronic obstructive pulmonary disease, pulmonary hyperten-
sion, pulmonary heart disease, and other respiratory diseases
[14, 15]. The relationship between CIH and lung injury has
been confirmed by several previous studies [7, 8]. However,
less attention has been focused on lung apoptosis induced

by CIH. In this study, a CIH rat model was established by
simulating the OSA hypoxic mode. The results supported
that CIH can cause chronic inflammation and apoptosis of
lung tissue.

The lungs are sensitive to hypoxia, and CIH is similar to
the process of ischemia—reperfusion injury. When the body
undergoes repeated hypoxia-reoxygenation, many oxygen
free radicals are produced. Organ damage caused by oxi-
dative stress may be the common pathogenesis of multi-
ple complications of OSA. Previous studies have detected
8-isoprostane in the exhaled condensate of OSA patients
and confirmed the presence of oxidative stress in the lower
respiratory tract [16]. In addition, the antioxidant capac-
ity was found to be reduced in OSA patients [17]. OSA is
recognized as a low-grade systemic inflammatory disease,
and these inflammatory responses increase the risk of apop-
totic cell death [18]. CIH has been postulated to cause lung
injury partly through apoptosis. A study by Zhao and co-
authors found that CIH results in mitochondrial pathway-
related lung tissue apoptosis [19]. In our study, the levels of
apoptosis-associated proteins increased with activation of
the Nrf2/ARE pathway. Tunnel assay found the percentage
of apoptotic cells in the CIH group was higher than that in
the control group. Most of the apoptotic cells observed in
this study were around the alveolar septa. Apoptosis mainly
occurred in alveolar epithelial cells and pulmonary vascular
endothelial cells during CIH. The Nrf2/ARE pathway is an
essential signaling pathway in regulating oxidative stress.
Nrf2 is an important transcription factor that is used by the
body to reduce ROS and oxidative stress. It can regulate
the expression of downstream antioxidant proteins, reduce
the production of ROS, and reduce oxidative stress-induced
damage to the body. In this study, we found that the Nrf2/
ARE pathway was obviously inhibited in the CIH group
compared with the control group.
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Fig.2 Protective effects of Res
against increased proinflam-
matory cytokine levels induced
by CIH. a The IL-6 levels in
BALF; b The IL-6 levels in
serum; ¢ The TNF-a levels in
BALF,; d The TNF-a levels in
serum. All data were shown

as the mean +SD; =10 per
group. Statistical significance
was assessed by one-way
ANOVA and Tukey’s post hoc
test. ¥**p <0.001 compared
with the control group;*p <0.05
compared with the CIH
group;#p <0.01 compared with
the CIH group. BALF bron-
choalveolar lavage fluid, CIH
chronic intermittent hypoxia,
Res resveratrol
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Res is a type of polyphenol that is mainly found in plants
and has antitumor, anti-inflammatory, and free radical scav-
enging functions. Wei and co-authors found that Res can
upregulate the expression of Nrf2 [20]. Nrf2 and HO-1 gene
therapy are effective for the treatment of heart and kidney
injury induced by ischemia-reperfusion [21]. Cheng et al.
[22] reported that Res attenuates inflammation and oxida-
tive stress via the Nrf2 signaling pathway in myocardial
ischemia-reperfusion injury. In contrast, the effects of the
Nrf2/ARE pathway on CIH-related lung injury are still
unknown. Our study found that Res increased the expression
of Nrf2 and the antioxidant protein HO-1. Additionally, the
current data suggest that Res significantly reduced cleaved
caspase-3 and Bax activity in CIH rats. We speculated that
Res has a lung protective function in OSA patients.

This study had several limitations. First, a Nor-
moxia+ Res group should have been included because
Res may affect apoptosis and inflammation levels under
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normoxic conditions. Second, our present results showed
that Res reduced apoptosis and inflammation levels in lung
tissue during CIH. However, the underlying mechanism has
not been confirmed. In the future, the potential biomecha-
nisms by which CIH leads to lung tissue inflammation and
apoptosis should be confirmed by cell experiments.

Conclusion

The present study elucidated that both inflammation and
apoptosis levels were increased in lung tissue of rats exposed
to CIH. Res treatment ameliorated both inflammation and
apoptosis via the Nrf2 pathway. Therefore, Res may be con-
sidered as a candidate drug for relieving lung injury in OSA
patients.
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Fig.3 Protective effects of Res on apoptosis induced by CIH group. Statistical significance was assessed by one-way ANOVA and
(TUNEL stain). a Control group; b CIH group; ¢ CIH+Res group; Tukey’s post hoc test. ***p <0.001 compared with the control group;
d The percentage of tunnel positive cells of total cells in lung tissue ##1<0.001 compared with the CIH group. CIH chronic intermittent
of three groups. All data were shown as the mean+SD; =10 per hypoxia, Res resveratrol
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Fig.4 Protective effects of Res against increased protein levels of hoc test. ***p<0.001 compared with the control group; **p<0.01
Bax and cleaved caspase-3 induced by CIH. Western blotting analysis compared with the control group; #p <0.01 compared with the CIH
of Bax and cleaved caspase-3 in the lung tissue of three groups (a, group; #p <0.05 compared with the CIH group. CIH chronic intermit-
b). All data were shown as the mean+SD; =10 per group. Statisti- tent hypoxia, Res resveratrol

cal significance was assessed by one-way ANOVA and Tukey’s post
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Fig.5 Effect of Res on the
activation of the Nrf2/ARE

pathway. Western blotting

analysis of Nrf2 and HO-1 in CIH

the lung tissue of three groups
(a, b). All data were shown as
the mean + SD; =10 per group.
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Statistical significance was
assessed by one-way ANOVA
and Tukey’s post hoc test.
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