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Abstract: In acute lung injury (ALI) and sepsis, the integrity of the endothelial barrier, maintained by endothelial cy-
toskeleton of microvascular endothelial cells, is important to maintain normal microvascular function. In response
to lipopolysaccharide (LPS), F-actin (fibrous actin, F-actin), an essential component of the endothelial cytoskeleton,
has been shown to be critical to maintaining the endothelial integrity. Herein, penehyclidine hydrochloride (PHC),
an anticholinergic agent manufactured in China, was verified to inhibit p38 MAPK activation, reduce Hsp27 expres-
sion, and inhibit LPS-stimulated reorganization of F-actin and formation of stress fiber in this study. Besides, these
roles of PHC in human pulmonary microvascular endothelial cells (HPMVEC) were found to be accompanied with its
upregulation of beta-arrestin-1. Furthermore, the silencing of beta-arrestin-1 with a shRNA-containing plasmid re-
sulted in an antagonistic effect vs. PHC on the endothelial F-actin function of HPMVEC. In summary, beta-arrestin-1
plays an important role in mediating protective effect of PHC on changes of F-actin in LPS-stimulated HPMVEC.
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Introduction

Lipopolysaccharide (LPS), an essential compo-
nent of the outer membrane of Gram-negative
bacteria, is a potent inflammatory mediator
and plays an important role in pathogenesis of
sepsis [1]. In sepsis, microvascular endothelial
cells play a central role in the control of expres-
sion of cytokines and chemokines, which facili-
tate the trafficking of leukocytes to the infected
tissue, and are known to respond to LPS with
the loss of vascular barrier function [2]. Microva-
scular endothelial cells are also responsible for
the development of the lung edema that one
hallmark of acute lung injury is high pulmonary
endothelial permeability [3]. Microvascular
endothelial cell together with the associated
cytoskeletal networks, ultimately determine
the integrity and barrier function of the micro-
vascular endothelium.

Of the major cytoskeletal networks, F-actin
cytoskeleton is the most abundant and affects
the endothelial barrier function in multiple ways
[4]. Beta-arrestins, a known negative feedback
regulators of G-protein coupled receptors
(GPCRs), might play multiple functions collec-
tively contributing to endothelial barrier proper-
ties through regulating the redistribution of
F-actin [5]. Acting as scaffolding proteins, beta-
arrestins can also lead to the assembly of intra-
cellular signals that can activate or inhibit the
function of various signaling cascades, such as
the mitogen-activated protein kinases (MAPKs)
and NF-kB cascades, ultimately affecting gene
expression. This pleiotropic activity of beta-
arrestins can regulate both physiologic and
pathophysiologic responses and play a central
role in the course of pulmonary diseases [6].
Recent studies have uncovered that beta-arres-
tin 1/2 dual-null mice died shortly after birth
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due to pulmonary immaturity [7], and it has
been demonstrated that beta-arrestins play a
critical role in the development of allergic
inflammation in the lung [8], which identify
beta-arrestins as potentially important thera-
peutic targets for pulmonary diseases.

Penehyclidine hydrochloride (PHC) is a new
anti-cholinergic drug, which could inhibit bio-
membrane lipid peroxidation, and decrease
cytokines and oxyradicals. The preliminary
experiment showed that PHC has no obvious
effect on beta-arrestin-2 mRNA expression and
our previous studies have found that PHC could
upregulate expression of beta-arrestin-1 in pul-
monary microvascular endothelial cells [9], and
PHC could downregulate pulmonary microvas-
cular permeability during CLP-induced sepsis
[10]. However, it is unknown whether the effect
of PHC on pulmonary microvascular permeabil-
ity is dependent on its upregulation of beta-
arrestin-1 or not. Then in this study human
pulmonary microvascular endothelial cells
(HPMVEC) were transfected with a shRNA-con-
taining plasmid that specifically targets beta-
arrestin-1 mRNA. F-actin contents and cyto-
skeleton arrangement, Hsp27 protein expres-
sion, p38 MAPK activation, as well as beta-
arrestin-1 protein expression, were examined in
the incubation of LPS and PHC in HPMVEC.

Materials and methods
Materials

PHC was provided by Lisite Corporation
(Chengdu, China). LPS (Escherichia coli 0111:
B4) and RPMI 1640 were purchased from
Sigma (Sigma-Aldrich, St. Louis, MO, USA). Anti-
Hsp27 antibody was purchased from Epitomics
Inc (Epitomics Inc, Burlingame, CA, USA). Anti-
bodies against p38 MAPK and p-p38 MAPK
were purchased from Epitomics Inc (Epitomics
Inc, Burlingame, CA, USA). Antibody against
beta-arrestin-1 was purchased from Abcam
incorporation (Abcam Inc, Cambridge, United
Kingdom) and anti-beta-actin antibody was pro-
vided by Santa Cruz Biotechnology (Santa Cruz
Biotechnology Inc, Dallas, Texas, USA).

Cell culture

HPMVEC were purchased from the ScienCell
Research Laboratories (ScienCell, CA, USA).
Cells were cultured in RPMI1640, 10% stan-
dard newborn calf serum, 50 pug/ml streptomy-

4274

cin, and 50 IU/ml penicillin in a 5% humidified
CO, atmosphere at 37°C (E191TC, SIM CO,
INCUBATOR, USA). The medium was changed
every other day, and cells were characterized by
a typical cobblestone appearance under phase
contrast microscope. When the cells were cul-
tured to 80% confluency, the medium was
changed and washed twice with PBS. The cells
were digested with 0.25% trypsin for 2-3 min
and mixed into a suspension. Take the 4-6 gen-
eration cells for the later experiment.

Depletion of beta-arrestin-1 in HPMVEC

The plasmidpYrl.l constructs expressing
shRNA directed against human beta-arrestin-1
MRNA and the competent e.coliDH 5a were
manufactured by Wuhan Guge biological co.
The shRNA sequences were as follows: beta-
arrestin-1 shRNA: 5'-AGCTCAAAAAACCTTTGAG-
ATCCCTCCAAAcgtcttgaalTTTGGAGGGATCTCAA-
AGG-3. The recombinant plasmid was identi-
fied with restriction endonuclease analysis. The
plasmid expressing beta-arrestin-1 shRNA con-
tained with green fluorescent protein (GFP)
gene. The transfection efficiency of beta-arres-
tin-1 shRNA was observed by fluorescence
microscope. The effects of beta-arrestin-1
knockdown were determined using RT-PCR and
we were able to achieve more than 65% trans-
duction efficiency using the plasmid transfec-
tion system (data not shown).

Cell groups

HPMVEC were treated with specific beta-arres-
tin-1 gene-shRNA or empty plasmid. Cells were
seeded in 6-well plates (2 ml/well) or in culture
flasks (4 ml/flask) with the density of 1x10%/ml,
and randomly divided into empty plasmid group
(A group), LPS+ empty plasmid group (B group),
PHC+LPS+ empty plasmid group (C group),
beta-arrestin 1 gene-shRNA group (D group),
LPS+ beta-arrestin 1 gene-shRNA group (E
group) and PHC+LPS+ beta-arrestin 1 gene-
shRNA group (F group). Cells were treated with
0.1 yg/ml LPS in B group and E group for 60
min, and cells were treated with 2 pyg/ml PHC
for 60 min and then stimulated with a 0.1 ug/
ml concentration of LPS in C group and F group
for 60 min.

Laser scanning confocal microscope of F-actin
arrangement

The coverslips were taken out when cells were
seeded. The coverslips were washed and fixed

Int J Clin Exp Pathol 2017;10(4):4273-4282



PHC regulate F-actin through beta-arrestin-1 in LPS-stimulated endothelial cells

with 4% paraformaldehyde for 5 min at room
temperature. Then, rhodamine-conjugated pha-
lloidin were added to each coverslip after the
cells had grown to confluence and incubated
for 40 min in the dark at room temperature. The
coverslips were washed in PBS and added with
DAPI (Beyotime Institute of Biotechnology,
China) in dark at room temperature for 10 min.
Morphological features were obtained using a
Carl Zeiss 7 confocal laser scanning micro-
scope (Carl Zeiss AG, Jena, Germany). Dual-
channel signal acquisition was used. The signal
of rhodamine was visualized using an excitation
wavelength of 561 nm with fluorescence emis-
sion being captured between 565 nm and 650
nm. The signal of DAPI was visualized using an
excitation wavelength of 780 nm with fluores-
cence emission being captured between 450
nm and 500 nm. Images analysis was carried
out using the standard software zen 2009.

Determination of F-actin contents

After 1 ml 0.25% trypsin digestion, cells were
washed in PBS and collected in flow tubes. The
2 ul anti-F-actin (NH3) antibody (Abcam Inc,
Cambridge, United Kingdom) was added and
samples were incubated for 40 min at 37°C
incubator. Thereafter, cells were centrifuged for
5 min at 1500 rpm, followed by discarding the
supernatant and resuspending the cells with 3
ml PBS. Cells were centrifuged for 5 min at
1500 rpm again and the supernatant was dis-
carded. The precipitations were supernatant
with 100 ul cold PBS. The mixtures were incu-
bated with 2 pl fluorescein isothiocyanate
(FITC)-AffiniPure Goat Anti-Mouse 1gG (Jackson
Immuno Research Laboratories, West Grove,
PA, USA) for 40 min at 37°C incubator. Then
samples were centrifuged for 5 min at 1500
rom, followed by discarding the supernatant
and washing with 3 ml PBS. The samples were
resuspended in 100 pl PBS before being finally
analyzed by flow cytometry (FACsort, BD
Biosciences, San Jose, CA, USA).

Immunofluorescence chemistry

The cells were seeded on coverslip-bottom
dishes and were treated as indicated, followed
by fixation with 4% paraformaldehyde. The cells
were then rinsed with PBS and incubated over-
night at 4°C with primary anti-Hsp27 antibody.
After being washed three times with PBS, cells
were incubated with the fluorescein isothiocya-
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nate (FITC)-labeled goat anti-rabbit IgG (KPL,
Inc. USA) at room temperature for 50 min. Cells
were washed again with PBS and exposed to
DAPI (Beyotime Institute of Biotechnology,
China) in dark at room temperature for 10 min.
Then cells were washed with PBS and dried.
The slides were sealed to microscope slides
with anti-fluorescence quenching sealed tab-
lets. Several sections were randomly taken and
PBS was used instead of antibodies as nega-
tive control. The positively-staining sections
were analyzed with NIS-elements F3.2 auto-
matic image analysis system.

Western blot analysis

Equal amounts of proteins (40 ug) were loaded
onto SDS-polyacrylamide gel, transferred to
nylon membranes, and incubated with primary
antibody overnight at 4°C. Excess antibody was
then removed by washing the membranes in
PBS-0.05% Tween-20, and the membranes
were incubated in secondary antibodies for 30
min. After being washed in PBS-0.05% Tween
20, the bands were detected by enhanced che-
miluminescence (ECL) and the density of the
individual bands was quantified by densitome-
try using Alpha Ease FC software (Genetic
Technologies, Inc. Miami, FL, USA).

Statistical analysis

All data were presented as mean + standard
deviation (X * S). Statistical analysis was per-
formed using Student’s t-test (SPSS 19.0), and
P values of less than 0.05 were considered sta-
tistically significant.

Results

Role of beta-arrestin-1 in effect of PHC on LPS-
induced F-actin arrangement

When exposed to LPS for 60 min, the change in
the cell skeleton detected by the confocal laser
scanning fluorescence microscope suggests
that LPS produced profound effects on the
endothelium. Stress fibers were disorder and
F-actin (red) was depolymerization and frac-
tured. Cell filopodia was unexpectedly detect-
ed, which was quite typical around cell nucleus
(blue). PHC partially inhibited LPS-stimulated
reorganization of F-actin and formation of
stress fiber. And the F-actin became continuous
and regular. But in beta-arrestin-1 gene-shRNA
group, after PHC incubation, the formation of
stress fiber bundles in the central portion of
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LPS empty plasmid

beta-arrestin-1 shRNA

| | ..

exposed them to LPS in beta-
arrestin-1 gene-shRNA trans-
fected cell. However, PHC
didn’t elicit an elevation in
F-actin content during LPS
treatment under this condi-
tion. Moreover, when exposed
to LPS or PHC treatment, there
exist significant differences
between beta-arrestin-1 gene-
shRNA group and empty plas-
mid group (P<0.01) (Figure 2).

Role of beta-arrestin-1 in ef-
fect of PHC on LPS-induced
activation of p38 MAPK and
expression of Hsp27

Activation of p38 MAPK and
subsequent Hsp27 expres-
sion are known to alter F-actin
(stress fiber formation) and
increase endothelial permea-
bility. Therefore, we sought to
determine whether LPS incre-

| ..

Figure 1. F-actin changes in all groups of HPMVEC. F-actin (red) arrange-
ment were detected using confocal laser scanmngﬂuorescence microscope,
and cell nuclei were visualized with DAPI (blue). Human pulmonary micro-
vascular endothelial cells appeared spindle. In control cell, a large number
of F-actin was distributed around the cell nucleus, and stress fibers arranged
regularlyin the cytoplasm. After exposed to LPS, stress fibers were disorder
and F-actin was depolymerization and fractured. Cell filopodia was unexpect-
edly detected, which was quite typical around cell nucleus. When pretreated
with PHC, the F-actin became continuous and neat. But in beta-arrestin-1
gene-shRNA group, after PHC incubation, the formation of stress fiber bun-
dles in the central portion of cells was still obvious, and became discontinu-

ases activation of p38 MAPK
and expression of Hsp27 in
HPMVEC and whether PHC
inhibits that activation. In our
study, LPS induced p38 MAPK
activation in HPMVEC (Figure
4) and also caused an
increase in Hsp27 expression
(Figure 3). In empty plasmid
group, PHC decreased activa-

ous, shorter, or appeared fuzzy.

cells was still obvious, and became discontinu-
ous, shorter, or appeared fuzzy (Figure 1).

Role of beta-arrestin-1 in effect of PHC on
F-actin contents

We sought to determine the changes of F-actin
contents of human pulmonary microvascular
endothelial cells cultured monolayers in res-
ponse to LPS (0.1 ug/ml) for 60 min. The result
showed that the levels of F-actin in HPMVEC
were significantly reduced by LPS (P<0.01).
When pretreated with PHC, the F-actin contents
were increased than that in LPS group (P<0.01).
To test the hypothesis that beta-arrestin-1
plays an important role in the effect of PHC pre-
venting a decrease in F-actin contents, we pre-
treated HPMVEC with PHC (2 ug/ml) and then
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tion of p38 MAPK and expres-
sion of Hsp27.

Then, to determine a possible mechanism by
which PHC action inhibits activation of p38
MAPK and expression of Hsp27, HPMVECs
were transfected with a shRNA-containing plas-
mid that specifically targets beta-arrestin-1
mMRNA. LPS stimulation increased activation of
p38 MAPK and expression of Hsp27 but PHC
had no effect on activation of p38 MAPK and
expression of Hsp27 in LPS-stimulated HPM-
VEC under this condition (Figures 3, 4).

Expression of beta-arrestin-1 protein in differ-
ent groups

Western blot from LPS-exposed HPMVEC
showed a decrease in beta-arrestin-1 protein
expression at different time points of LPS expo-
sure. Pretreatment with PHC 2 pg/ml greatly
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Figure 2. F-actin contents in all groups of HPMVEC. The F-actin contents were detected by flow cytometry. LPS treat-
ment significantly decreased F-actin contents, which was elevated by PHC pretreatment (2 ug/ml). Compared with
empty plasmid group, F-actin contents were decreased in beta-arrestin-1 gene-shRNA group. In addition, PHC had
no effect on F-actin contents in beta-arrestin-1 gene-shRNA group during LPS treatment. Data are expressed as
(mean * SD) (n=5). "P<0.05, "P<0.01.
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Figure 3. Immunofluorescence analysis of Hsp27 expression in all groups of HPMVEC. Hsp27 (green) expressed
in HPMVEC cytoplasm, and cell nuclei were visualized with DAPI (blue). The image is a representative of experi-

Hsp 27 expression
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ment. In empty plasmid group, PHC attenuated LPS-induced increases in Hsp27 expression. Significant changes
of fluorescence signals were observed for cells transfected with beta-arrestin-1 gene-shRNA compared with empty
plasmid group. However, PHC didn’t elicit a change in expression of Hsp27 proteinsin beta-arrestin-1 gene-shRNA
group during LPS treatment. The relative immunofluorescence signal analyzed with NIS-elements F3.2 automatic
image analysis system were shown in the bar graph. Data are expressed as (mean + SD) (n=5). "P<0.05, "*P<0.01.
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Figure 4. Western blot analysis of p38 activation in all groups of HPMVEC. Equal amounts of protein were electro-
phoresed and the levels of protein were determined using specific antibodies. LPS induced p38 activation (p38
MAPK phosphorylation) in HPMVEC and PHC decreased activation of p38 in empty plasmid group. Then, to deter-
mine a possible mechanism by which PHC action inhibits activations of p38, HPMVECs were transfected with a
shRNA-containing plasmid that specifically targets beta-arrestin-1 mRNA. LPS stimulation increased activation of
p38 but PHC had no effect on activation of p38 in LPS-stimulated HPMVEC under this condition. Activation of p38
was greater in beta-arrestin-1 gene-shRNA group than that in empty plasmid group. The relative density was shown
in the bar graph. Data are expressed as (mean + SD) (n=5). “P<0.05, “"P<0.01.

increased beta-arrestin-1 expression com- effect on beta-arrestin-1 expression under this
pared with LPS-treated cells. condition (Figure 5).

To extend the in vitro analysis of beta-arres- Discussion

tin-1, HPMVECs were transfected with a shRNA-

containing plasmid that specifically targets Sepsis is a leading cause of critically ill patients
beta-arrestin-1 mRNA. However, PHC had no with high mortality and morbidity, and is mainly
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Figure 5. Western blot analysis of beta-arrestin-1 expression in all groups of HPMVEC. Equal amounts of protein
were electrophoresed and the levels of protein were determined using specific antibodies. LPS inhibit beta-arres-
tin-1 expression and PHC increased beta-arrestin-1 expression in empty plasmid group. When HPMVECs were trans-
fected with a shRNA-containing plasmid that specifically targets beta-arrestin 1 mRNA, beta-arrestin-1 expression
was inhibited. The relative density was shown in the bar graph. Data are expressed as (mean + SD) (n=5). *P<0.05,

“P<0.01.

initiated by lipopolysaccharides (LPS)-a compo-
nent of the cell walls of gram-negative bacteria
[11]. Increased lung vascular permeability, the
consequence of endothelial cell barrier dys-
function, is a cardinal feature of inflammatory
conditions such as acute lung injury (ALI) and
sepsis and leads to lethal physiological dys-
function characterized by alveolar flooding,
hypoxemia, and pulmonary edema [12].
Microvascular endothelial cells are both key
mediators and targets of LPS-induced inflam-
matory responses, and are central to normal
microvascular function, including maintenance
of the microvascular permeability barrier [13].
In response to LPS, F-actin (fibrous actin,
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F-actin), an essential component of the endo-
thelial cytoskeleton, is important to maintain
the endothelial integrity. The decrease of
F-actin content may result in the increase of
microvascular endothelial permeability. Cell
cytoskeleton has been shown to be critical to
maintaining the endothelial cells integrity. In
our study, LPS also induced a progressive rear-
rangement of the F-actin cytoskeleton. These
support the hypothesis that LPS alters endo-
thelial cell integrity by affecting F-actin rear-
rangement, which is important in maintaining
the adhesion of endothelial cells to other kinds
of cells. In this study, HPMVEC was used to
incubation with LPS, in order to mimic the sep-
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tic status in vitro. The results demonstrated
that LPS induced a decrease in the contents of
F-actin and PHC could increase F-actin con-
tents. Our confocal images also provided the
direct evidence that stabilization of F-actin
microfilaments by PHC prevented the effect of
LPS on cell morphology.

Recent reports by Birukova et al [14] showed
that actin reorganization in endothelial mem-
brane was mediated by activation of mitogen-
activated protein kinase (MAPK) pathway,
which have been shown to play an important
role in controlling cell growth, differentiation,
and apoptosis. One member of the MAPK fami-
ly, p38 MAPK, is activated by a variety of intra-
cellular and extracellular stimuli including LPS,
TNF-a and et al [15]. After stimulation, p38
MAPK activates several downstream factors
such as Hsp27 which are involved in regulation
of cell cytoskeleton [16]. Heat shock protein 27
(Hsp27), a central target downstream of p38
MAPK, is known to be a member of the heat
shock protein family, which is closely associat-
ed with the regulation of actin cytoskeleton
rearrangement in response to LPS and various
types of stress [17]. Hsp27 could change the
content and distribution of F-actin through
modulating actin filament dynamics or struc-
ture, in a manner dependent on its phosphory-
lation status, thereby increase the microvascu-
lar endothelial permeability [18, 19]. Similar to
the previously published data [16], our data
here showed that LPS markedly induced the
activation of p38 and expression of Hsp27,
leading to endothelial F-actin reorganization.
Furthermore, we observed that PHC treatment
markedly inhibited LPS-induced phosphoryla-
tion of p38 MAPK, leading to a decrease in
Hsp27 expression. These results demonstrated
that PHC improved LPS-induced F-actin reorga-
nization in HPMVECs by blocking the p38
MAPK/Hsp27 pathway.

Beta-arrestins are adaptor proteins that func-
tion to regulate G protein-coupled receptor
(GPCR) signaling. Beta-arrestins also function
as scaffold proteins, interacting with several
cytoplasmic proteins. It has been demonstrat-
ed that beta-arrestins have been linked to intra-
cellular signaling pathways such as MAPK acti-
vation suggesting a direct involvement in sig-
naling cascades [20, 21]. It is well-established
that beta-arrestins could prevent the transloca-
tion of MAPK into the nucleus, thereby reducing
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phosphorylation of nuclear substrates and con-
sequently MAPK-dependent gene expression
[22]. Furthermore, beta-arrestin 1/2 double
knockout cells showed greatly enhanced phos-
phorylation of MAPK [23] and beta-arrestins-
deficient cells also showed a markedly
increased activation of the MAPK in LPS-
induced mouse embryonic fibroblasts [24]. In
the present study, we have shown that LPS sig-
nificantly decreased beta-arrestin-1 expression
in the HPMVEC, thereby leading to p38 MAPK
activation and a decrease in F-actin contents.
Interestingly, specific inhibition of beta-arres-
tin-1 with shRNA increased LPS-induced activa-
tion of p38 MAPK. These data suggest that
beta-arrestin-1 is required for endothelial integ-
rity against LPS-induced p38 MAPK activation.

Penehyclidine hydrochloride (PHC) is an anti-
cholinergic agent manufactured in China, with
both antimuscarinic and antinicotinic activity.
In this study, our results indicated that treat-
ment of HPMVECs with PHC resulted in a signifi-
cant increase in expression of beta-arrestin-1,
decrease in phosphorylation of p38 MAPK,
attenuated LPS-induced actin rearrangement
and increased F-actin contents. With the
hypothesis that the biological effects of PHC
may be likely mediated by beta-arrestin-1,
HPMVECs were transfected with a shRNA-con-
taining plasmid that specifically targets beta-
arrestin-1 mRNA and beta-arrestin-1 expres-
sion was silenced by more than 65%. In this
study, compared with LPS alone group, a signifi-
cant increase in F-actin contents and decreas-
es in p38 MAPK activation as well as Hsp27
expression were not found after PHC treatment
in beta-arrestin-1 gene-shRNA group. Further-
more, the gene-repressive effect of PHC on
LPS-induced p38 MAPK activation was nega-
tively affected when beta-arrestin-1 was
knocked down. These results indicated that
PHC interferes with p38 MAPK activation in a
beta-arrestin 1-dependent manner. In line with
this reasoning, we found that the presence of
beta-arrestin-1 was needed for the effect of
PHC on pulmonary microvascular F-actin.

In summary, beta-arrestin-1 is required for the
physiological and pharmacological functions of
PHC. PHC could attenuate p38 MAPK activa-
tion and Hsp27 expression by upregulation of
beta-arrestin-1 expression, thereby implicating
a mechanism by which PHC may exert its pro-
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tective effects against LPS-induced endothelial
cell injury. Our study also point that the pres-
ence of beta-arrestin-1 can allow PHC to exert a
very effective control of these beneficial
responses by targeting a crucial step leading to
microvascular endothelial protection. As PHC is
a muscarinic receptor antagonist, the present
study needs to be followed by further studies
on extending the observations, to investigate
whether the upregulation effects of PHC on
beta-arrestin-1 is dependent on existence of
muscarinic receptor.
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