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Abstract

Objectives: Migration of macrophages and atherosclerosis result in various diseases, including
coronary heart disease. This study aimed to clarify the roles that ghrelin and Rho-associated
coiled-coil-containing protein kinase 2 (ROCK?2) play in migration of macrophages under chronic
intermittent hypoxia (CIH).

Methods: A rat model of CIH was constructed and changes in ghrelin and ROCK2 protein
expression were measured by western blot assay. The migratory ability of macrophages was
determined by the transwell assay. Hematoxylin and eosin staining was applied to detect the
changes in intima-media thickness.

Results: We found that CIH enhanced migration of macrophages, and this effect was attenuated
by exogenous ghrelin. Additionally, the facilitative effect of CIH on migration of macrophages was
strengthened or decreased by upregulation or downregulation of ROCK?2, respectively. This
phenomenon indicated that ROCK2 was involved in CIH-induced migration in macrophages.
Furthermore, western blot and transwell assays showed that ghrelin inhibited CIH-induced
migration via ROCK2 suppression in macrophages.

Conclusions: In summary, the present study shows that ghrelin inhibits CIH-induced migration
via ROCK?2 suppression in macrophages. Our research may help lead to identifying a new molec-
ular mechanism for targeted therapy of atherosclerosis and its associated coronary artery
diseases under intermittent hypoxia.
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Introduction

Coronary heart disease (CHD), which is
commonly caused by atherosclerosis (AS),
is the main reason for heart-related mortal-
ity in older people.! CHD is the leading
cause of death in this population, and
more than 27% of total deaths in men
and 32% in women are attributed to
CHD worldwide.> Chronic intermittent
hypoxia (CIH) in patients with obstructive
sleep apnea (OSA) is equivalent to ische-
mia-reperfusion injury, which accelerates
formation of AS lesions through oxidative
stress.> ® The prevalence of CHD in
patients with OSA is approximately 20%
to 30%, and the 5-year mortality of patients
with CHD combined with OSA is 62%."*
However, the detailed mechanism of CHD
induced by OSA remains unclear.

Accumulation of macrophages is a criti-
cal step during development of chronic
inflammation, which initiates progression
of many devastating diseases, including
AS. Macrophages migrate to the endotheli-
al cell space, and absorb cholesterol and
convert it into lipid streaks or plaques,
which are an important part of the chronic
inflammatory response of the AS vascular
wall.>!? Aziz et al. reported that upregula-
tion of CDI1ld promoted retention of
macrophages in vascular lesions and devel-
opment of AS.'"' Therefore, inhibition of
migration of macrophages is important for
preventing and treating AS.

Ghrelin is an endogenous ligand of
growth  hormone  secretion-promoting
receptor (GHS-R), which has a protective
effect on vascular endothelium.'*"
Proghrelin, a hormone precursor, produces

two important brain—intestinal hormones,
ghrelin and obestatin, through different
splicing and modifications. Recent studies
have shown that mRNA expression encod-
ing ghrelin/obestatin and its receptor is pre-
sent in the hypothalamus, myocardium,
blood vessels, macrophages, and other
sites. These sites are antagonistic to each
other and jointly involved in regulating die-
tary intake, blood lipids, and arterial
inflammation.'*'¢

The present study aimed to determine
the relationships between protein expres-
sion of ghrelin and Rho-associated coiled-
coil-containing protein kinase 2 (ROCK2)
and migration of macrophages or AS
caused by CIH in a rat model. The findings
of our research might provide new direc-
tions for protection and treatment of AS.

Materials and methods

Rat model

Twenty-four male Wistar rats (body weight:
140-160 g) were purchased from Liaoning
Changsheng Biotechnology Co., Ltd.
(License No.: SCXK [Liaoning] 2015-
0001; Benxi, China). The rats were random-
ly divided into three groups (eight in each
group) as follows: control group (normal
oxygen inhalation), CIH group (CIH stim-
ulation with hypoxia chambers; BioSpherix,
Lacona, NY, USA), and ghrelin group
(CIH stimulation and intraperitoneal injec-
tion of 100 ug/kg/day of ghrelin). All rats
were fed with a high-fat diet. In CIH stim-
ulation, the oxygen concentration was
adjusted according to the principle of
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nitrogen dilution. Each cycle lasted for 90 s,
in which the concentration of 5% oxygen
was for 45 s and the concentration of 21%
oxygen was for 45 s. This type of CIH inter-
vention lasted for 8 hours a day for 35 days.
A total of 35 days later, all rats were sacri-
ficed and the carotid artery was harvested.
All animal experiments conformed with the
Regulation of Animal Care Management of
the Ministry of Public Health, People’s
Republic of China. All procedures
were performed under the permission of
the Institute Research Medical Ethics
Committee of the Central Hospital
Affiliated to Shenyang Medical College.

Cell culture and intermittent hypoxic
stimulation

The macrophage cell line RAW264.7 was
provided by the Tissue Engineering
Laboratory of China Medical University
(Shenyang, China), and was cultured in
RPMI-1640 medium (Gibco, El Paso, TX,
USA) supplemented with 10% fetal bovine
serum (Gibco), 100U/mL penicillin G
(Gibco), 100mg/L streptomycin (Gibco),
and 1% glutamine (Gibco). All cells were
incubated in an incubator at 37°C with a
humidified atmosphere containing 5%
carbon dioxide. For intermittent hypoxic
stimulation, RAW264.7 cells were seeded
on a self-made cell culture chamber and
exposed to intermittent hypoxia as previ-
ously reported.'”

Migration of macrophages to the vascu-
lar endothelium is an important reason for
formation of lipid plaques and is closely
related to AS.'> ROCK2 is a protein related
to the cytoskeleton and is involved in a vari-
ety of cell types in migration, including
macrophages.’” To further examine the
role of ghrelin and ROCK2 in CIH-
mediated AS, we applied a macrophage
CIH model at the cellular level.
Macrophages were cultured under the con-
dition of CIH, while 10~7 mmol/L of ghrelin

and 107" mmol/L of obestatin were supple-
mented to CIH macrophages individually.

Western blot analysis

Total protein from tissue samples and
RAW264.7 cells were obtained by using
RIPA  lysis  buffer (Santa  Cruz
Biotechnology, Santa Cruz, CA, USA).
Samples were fractionated using sodium
dodecyl sulfate-polyacrylamide gel electro-
phoresis and were transferred onto a poly-
vinylidene difluoride membrane (Millipore,
Billerica, MA, USA). Membranes were
blocked for 1 hour and were then incubated
with ghrelin-, ROCK2-, and
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific antibodies at 4°C over-
night as follows: anti-ghrelin antibody (1:
250; ab129383; Abcam, Cambridge, MA,
USA), anti-ROCK2 antibody (1 pg/mL;
ab71598; Abcam), and anti-GAPDH anti-
body (1/10000; a181602; Abcam). The next
day, membranes were incubated with sec-
ondary antibodies (Abcam; dilution of
1: 2000) at 25°C for 1 hour. Protein bands
were detected on X-ray film using an
enhanced chemiluminescence detection
system (ECL Western Blotting Substrate
Kit; Abcam).

Hematoxylin and eosin staining

Carotid arteries were fixed with 4% form-
aldehyde. Paraffin sections were dewaxed
by xylene I and II for 5 minutes each,
placed in 100%, 95%, 90%, 80%, and
70% alcohol solution for 3 to 5 minutes,
and then placed in hematoxylin stain for
10 to 15 minutes after distilled water for 3
minutes. The sections were immersed in 1%
hydrochloric acid in ethanol until the sec-
tions turned red. The sections were then
dehydrated in 70% and 80% ethanol for 3
to 5 minutes, counterstained in 1% Yihong
for 10 s, and washed quickly with distilled
water. The sections were placed in 95%
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ethanol (30 s to 1 minute) to remove the
excess red stain after 70%, 80%, and 90%
washing in alcohol solution. The sections
were then placed in absolute ethanol for 3
to 5 minutes and xylene for 3 to 5 minutes
for two times. The sections were photo-
graphed with an optical microscope after
being sealed by neutral gum. The intima-
media thickness (IMT) was measured.

Transwell chamber migration assay

The transwell chamber migration assay was
performed as previously described.'®"”
Macrophages were seeded on upper cham-
bers (BD Biosciences, San Jose, CA, USA).
Culture medium with and without 10%
fetal bovine serum was supplemented into
the lower and upper wells, respectively, and
incubated for 24 hours under intermittent
hypoxic exposure. The next day, non-
migrated cells were wiped out. The filters
were then fixed in 90% ethanol and fol-
lowed by crystal violet staining. Five
random fields were counted per chamber
by using an inverted microscope
(Olympus, Tokyo, Japan).

Statistical analysis

All experiments were repeated in triplicate,
and all data from three independent experi-
ments are expressed as mean =+ standard
deviation. GraphPad Prism V5.0 software
(GraphPad Software, Inc., La Jolla, CA,
USA) and SPSS version 21.0 (IBM Corp.,
Armonk, NY, USA) statistical software
were used for statistical analysis. The corre-
lation between ghrelin and ROCK?2 expres-
sion was analyzed by using two-tailed
Pearson’s correlation analysis. Differences
between two groups were analyzed by the
Student’s t-test or by one-way ANOVA.
Differences were considered as significant
if P was <0.05

Results

Ghrelin expression is decreased and
ROCK2 expression is increased in the AS
model under CIH

We first measured vascular endothelial
changes in the rat models. IMT was signif-
icantly higher in the CIH group than in the
control and ghrelin groups (both P <0.01)
(Figure 1a). However, the effect of CIH was
remarkably weakened by intraperitoneal
injection of ghrelin (P <0.01, ghrelin
group vs CIH group). Additionally, we
determined ghrelin and ROCK2 protein
expression by western blotting. Exposure
to CIH significantly downregulated ghrelin
protein expression (P<0.01 vs control
group), and this was alleviated by ghrelin
injection (P <0.01, ghrelin group vs CIH
group) (Figure 1b). Furthermore, exposure
to CIH significantly upregulated ROCK?2
protein expression (P <0.01 vs control
group), but this upregulation was signifi-
cantly reduced by ghrelin injection
(P<0.01, ghrelin group vs CIH group)
(Figure 1c). We analyzed the relationship
between ghrelin and ROCK2 expression.
A significant inverse correlation was found
between ghrelin and ROCK?2 expression as
shown by Spearman’s correlation analysis
(r=-0.7518, P=0.0315) (Figure 1d).

GhrelinlROCK2 axis is closely involved in
ClIH-induced migration in macrophages

The pressure of oxygen and carbon dioxide,
and pH values in the CIH and control
groups are shown in Table 1. Ghrelin
expression in macrophages in each group
was detected by western blot assay.
Exposure to CIH significantly suppressed
ghrelin protein expression in macrophages
(P<0.01 vs control group), and this sup-
pressive effect was reversed by injection of
ghrelin (P <0.01, ghrelin group vs CIH
group) (Figure 2a). Additionally, ghrelin
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Figure |. Decreased ghrelin, but increased ROCK2, protein expression in the atherosclerosis model under
CIH. (a) Representative photographs of vascular endothelial changes in each group as shown by hematoxylin
and eosin staining. Scale bar, 50 um; magnification, x40. Intima-media thickness was significantly higher in
the CIH group compared with the control group. (b, c) Ghrelin (b) and ROCK2 (c) protein expression in
each group as measured by western blot assays. (d) Ghrelin expression was significantly negatively corre-
lated with ROCK2 expression (Spearman’s correlation analysis). **P<0.01. Data were normalized to the
control group and are shown as mean =+ standard deviation from three independent experiments. ROCK2:
Rho-associated coiled-coil-containing protein kinase 2; CIH: chronic intermittent hypoxia.

Table 1. PO,, PCO,, and pH values in intermittent hypoxic culture of macrophages and controls.

After hypoxia After reoxygenation
PO, (mmHg) PCO, (mmHg) pH PO, (mmHg) PCO, (mmHg) pH

CIH 5022+3.78 3899+1.82 740+£001 79.87+£633 3833+046 7.39£0.0I
Control  79.374+3.33  3839+0.82 735+001 - - -

Data are mean =+ standard deviation. CIH: chronic intermittent hypoxia.

protein expression was inhibited by the  obestatin group vs ghrelin and CIH
selective ghrelin blocker obestatin. We groups) (Figure 2b).

also measured the changes in ROCK2 pro- We used the transwell assay to evaluate
tein expression in macrophages in each  the role of ghrelin in migration of macro-
group. CIH significantly  promoted  phages. In the CIH group, the migratory
ROCK?2 protein expression in macrophages  ability of macrophages was significantly
(P <0.01 vs control group). This facilitative enhanced compared with the control
effect was significantly attenuated by ghre- group (P <0.001, Figure 2c). However,
lin injection (P < 0.01, ghrelin group vs CIH this facilitative effect was remarkably weak-
group), while inhibition of ghrelin promot-  ened by injection of ghrelin (P <0.001,
ed ROCK2 protein expression (P <0.01, ghrelin group Vs CIH group).
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Figure 2. The ghrelin/ROCK?2 axis is closely involved in CIH-induced migration in macrophages. (a) Ghrelin
protein expression was measured by western blotting. (b) ROCK2 protein expression was evaluated by
western blotting. (c) The changes in migratory ability of macrophages were determined by a transwell assay.
Scale bar, 50 um; magnification, x200. (d) Ghrelin expression was negatively correlated with ROCK2
expression (Spearman’s correlation analysis). **P < 0.01, **P < 0.001. Data were normalized to the control
group and are shown as mean = standard deviation from three independent experiments. ROCK2:
Rho-associated coiled-coil-containing protein kinase 2; CIH: chronic intermittent hypoxia.

Additionally, the migratory ability of mac-
rophages was restored by a decrease in
ghrelin (P < 0.001, ghrelin group vs the obe-
statin group). These findings strongly indi-
cated that ghrelin was a major regulator in
CIH-induced migration in macrophages.
Finally, we observed a significant negative
correlation between ghrelin and ROCK?2
expression at the cellular level (r=
—0.8738, P=0.0046) (Figure 2d).

ROCK2 is involved in CIH-induced
migration in macrophages

As mentioned above, we found that ghrelin
and ROCK?2 were involved in CIH-induced

migration in macrophages. We also found
that up- and downregulation of ghrelin

negatively affected ROCK?2 expression.
Therefore, we speculated that ROCK2
was the downstream target of ghrelin. We
applied arachidonic acid (a specific ROCK2
activator) and fasudil (a  seclective
ROCK?2 blocker) to increase and decrease
ROCK?2 expression in CIH-treated macro-
phages, respectively. Western blot analysis
(Figure 3a) showed that ROCK2 protein
expression was significantly up- and down-
regulated by arachidonic acid and fasudil,
respectively (both P <0.01, vs the CIH
group). We further examined the changes
in migratory ability of macrophages. The
transwell assay showed significantly higher
and lower rates of migration of macro-
phages with addition of arachidonic acid
and fasudil, respectively, compared with
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Figure 3. ROCK?2 is involved in CIH-induced migration in macrophages. (a) ROCK2 protein expression
was assessed by western blotting. (b) A transwell assay was performed to evaluate the changes in migratory
ability of macrophages after up- and downregulation of ROCK2. Scale bar, 50 um; magnification, x200.
(c) Ghrelin protein expression was assessed by western blotting. **P < 0.01. Data were normalized to the
CIH group and are shown as mean =+ standard deviation from three independent experiments. ROCK2:
Rho-associated coiled-coil-containing protein kinase 2; CIH: chronic intermittent hypoxia; ARA: arachidonic

acid; n.s: not significant.

CIH-induced migration (both P <0.01,
Figure 3b). Finally, we measured ghrelin
protein expression after addition of arachi-
donic acid and fasudil. We found that up-
and downregulation of ROCK2 had no
significant effect on ghrelin protein expres-
sion (Figure 3c). These findings suggested
that ROCK2 was a downstream target of
ghrelin and mediated migration of macro-
phages after CIH.

Ghrelin inhibits CIH-induced migration via
ROCK2 suppression in macrophages

We showed above that the ghrelin/ROCK2
axis was involved in CIH-induced migra-
tion in macrophages. We then examined
whether the suppressive role of ghrelin on
migration of macrophages was achieved
through ROCK2. We first applied ghrelin
and obestatin to increase and decrease ghre-
lin expression in macrophages. Arachidonic
acid and fasudil were then added to macro-
phages and they up- and downregulated
ROCK2 expression, respectively. Western
blotting showed that up- and downregula-
tion of ROCK?2 did not affect ghrelin pro-
tein expression (Figure 4a and 4d). We

further use the transwell assay to evaluate
the changes in migratory ability of macro-
phages. We found that arachidonic acid
significantly enhanced migration of macro-
phages and fasudil suppressed migration of
macrophages (all P<0.01, Figure 4b and
4e). Finally, western blotting analysis
showed ROCK2 protein expression in each
group (Figure 4c and 4f). In brief, our find-
ings indicated that ROCK2 was a major
downstream regulator of ghrelin-mediated
suppression of migration under CIH.

Discussion

CIH is a unique pathological mechanism of
OSA, and the experimental animal model of
CIH has been widely used in studying
OSA.>® Although the pathogenesis of
occurrence and development of AS induced
by OSA has not been fully determined,
involvement of OSA as an independent
risk factor in development and progress of
diseases, such as CHD or AS, has been
studied extensively.”! In this study, we
mainly focused on the mechanism of AS
induced by CIH and regulation of ghrelin.
In our study, we found that CIH exposure
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Figure 4. Ghrelin inhibits CIH-induced migration via ROCK2 suppression in macrophages. (a and d)
Ghrelin protein expression was assessed by western blotting. (b and e) A transwell assay was performed to
evaluate the changes in migratory ability of macrophages after up- and downregulation of ROCK?2. Scale bar,
50 pm; magnification, x200. (c and f) ROCK2 protein expression was assessed by western blotting.

**P < 0.01. Data were normalized to the CIH group and are shown as mean =+ standard deviation from three
independent experiments. ROCK2: Rho-associated coiled-coil-containing protein kinase 2; CIH: chronic
intermittent hypoxia; ARA: arachidonic acid; n.s: not significant.

increased IMT, and this suggested that CIH
promoted progression of AS. We also
showed that ghrelin expression was
decreased, but ROCK?2 protein expression
was increased, in the AS model.

Ghrelin was isolated and purified from
gastric mucosal cells of rats by Kojima in
1999.2% Increasing evidence has shown that
ghrelin has a wide range of physiological
functions in the body and is closely related
to the pathophysiological processes of var-
ious diseases, such as obesity, cardiovascu-
lar disease, and diabetes.>>2° Ghrelin not
only participates in appetite regulation of
the body, but also has a variety of cardio-
vascular protective effects. These effects

include increased myocardial contractility,
vasodilation, protection of endothelial
cells, ischemia-reperfusion injury and
heart failure after myocardial infarction,
regulation of immunity and the inflamma-
tory response, and improvement of myocar-
dial energy metabolism.?”*® In the present
study, we found that CIH suppressed ghre-
lin expression at the cellular level. We also
found that upregulation of ghrelin alleviat-
ed the facilitative effect of CIH on migra-
tion of macrophages.

The current study focused on the rela-
tionship between ghrelin and ROCK2
expression. ROCK2 belongs to the Rho
kinase family, and is one of the most
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characteristic members of the Ras protein
superfamily (Rho). ROCK2 is a type of
serine/threonine kinase, and it is expressed
in the heart and blood vessels.>*** ROCK2
plays important roles in regulating a variety
of biological behaviors via promoting stress
fiber formation and refactoring the
cytoskeleton, which participates in cell
shrinkage, migration, and morphological
changes.®' In this study, we examined the
relationships between protein expression
of ghrelin and ROCK2 and migration of
macrophages or AS caused by intermittent
hypoxia in a rat model and in macrophages.
We found that ghrelin protein expression
was decreased and ROCK2 protein expres-
sion was increased. Additionally, there was
a negative correlation between ghrelin and
ROCK2 expression during intermittent
hypoxia in the AS rat model and in macro-
phages. Furthermore, ROCK2 was the
downstream target of ghrelin, and ghrelin
was able to negatively regulate ROCK2
expression and slow down the AS process
caused by migration of macrophages under
CIH. These findings will hopefully provide
new directions for the protection and treat-
ment of AS.

Arachidonic acid activates ROCK direct-
ly without Rho.**** Fasudil is a specific
antagonist of ROCK.*** Upregulation of
ghrelin can reduce ROCK2 expression and
prevent progress of AS in rats under CIH.
Furthermore, migration of macrophages is
the underlying cause of vascular plaque for-
mation or AS. In this study, we observed
that migration of macrophages was
increased under the CIH environment and
upregulating ghrelin inhibited migration of
macrophages induced by CIH. Our study
indicates that CIH may induce migration
of macrophages to participate in the AS pro-
cess through the ghrelin/ROCK?2 inflamma-
tory signaling pathway, and that ghrelin is a
protective factor for AS induced by CIH or
vascular endothelial inflammation.

In this study, we found that ROCK2
protein expression was increased in AS
model rats and it induced the migratory
ability of macrophages under CIH.
Additionally, upregulation of ghrelin inhib-
ited the progress of AS in OSA model rats,
migration of macrophages induced by CIH,
and ROCK2 expression in rats or macro-
phages. ROCK?2 was the target of ghrelin,
but upregulation of ROCK2 levels could
not change ghrelin expression in macro-
phages under the CIH condition. Our
study showed that application of ROCK?2
worsened the effect of migration of macro-
phages compared with the effect of ghrelin.
This finding indicated that there was an
opposite effect of ROCK2 and ghrelin
during regulation of progress of AS or arte-
rial inflammation induced by CIH.
Additionally, ROCK?2 was downstream of
ghrelin in the process of AS caused by
migration of macrophages. Through acqui-
sition and deletion function experiments of
macrophages, we were able to clarify the
regulatory characteristics of the ghrelin/
ROCK2 signaling pathway in intervening
in migration of macrophages under CIH
exposure. In conclusion, our study showed
that ghrelin delayed the process of AS
caused by migration of macrophages in
CIH because of negative regulation of
ROCK2.

AS is a complex biological process
involving multiple factors, and the inflam-
matory factor ghrelin and its downstream
sitt ROCK are only a small branch of a
complicated network. Our study findings
may provide a new direction for interven-
tion in AS.
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