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Calcium sensitization by the RhoA/Rho-kinase (ROCK) pathway contributes to the contraction in smooth
muscle. Contractile stimuli can sensitize myosin to Ca2þ by activating RhoA/Rho-kinase that inhibits
myosin light chain phosphatase activity. The present study was aimed at investigating the possible in-
volvement of RhoA/Rho-kinase pathway in contractile responses to agonist (phenylephrine) and depo-
larizing (KCl) of mouse lung parenchymal tissues. Also, we investigated the effect of ethanol on RhoA/
Rho-kinase pathway. Phenylephrine (10�8–10�4 M) and KCl (10–80 mM) induced sustained contractions
in parenchymal strips. Ethanol significantly attenuated the contractions to phenylephrine and KCl. The
Rho-kinase inhibitors fasudil (5�10�5 M) and Y-27632 (5�10�5 M) inhibited contractions to in both
control and ethanol-treated parenchymal strips. In addition, the relaxations induced by fasudil (10�4 M)
and Y-27632 (5�10�4 M) on parenchymal strips contracted by phenylephrine but not KCl was decreased
in ethanol-treatment group. Also, RhoA, ROCK1 and ROCK2 expressions were detected in mouse lung
parenchymal tissue. In ethanol-treated group, expression of RhoA and ROCK1 but not ROCK2 decreased
compared to control. Furthermore, ethanol causes apoptotic changes in alveolar type I epithelial cells of
parenchymal tissue. These results suggest that RhoA/Rho-kinase signaling pathway plays an important
role in phenylephrine- and KCl-induced Ca2þ sensitization in mouse lung parenchymal tissue. Also,
ethanol may be decrease phenylephrine- and KCl-induced contraction due to lowering the RhoA/Rho-
kinase-mediated Ca2þ-sensitizing by inhibiting RhoA/Rho-kinase pathway in parenchymal tissue. These
results may be lead to important insights into the mechanisms of lung diseases due to alcohol con-
sumption.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The pharmacological response of lung parenchymal strip has
been attributed to the presence of contractile components in-
cluding bronchiolar smooth muscle (Lulich et al., 1976; Goldie
et al., 1982), parenchymal alveolar interstitial myofibroblasts (Ka-
panci et al., 1974) and vascular smooth muscle (Goldie et al., 1982).
Ca2þ-dependent activation of myosin light chain kinase (MLCK) is
widely accepted the key factor for initiation of smooth muscle
contraction, eliciting to phosphorylation of myosin light chain
(MLC), leading it to interact with actin (Somlyo and Somlyo, 1994).
However, widespread studies reported that the contraction of
smooth muscles is also mediated by intracellular Ca2þ ([Ca2þ]i)-
r).
independent pathways (Uehata et al., 1997; Kawano et al., 2002).
Since, contractile signaling pathways that directly lead inhibition
of MLC phosphatase can enhance contractile force independently
from additional increases in [Ca2þ]i, this mechanism is
called “Ca2þ sensitization” (Somlyo and Somlyo, 1994; Chiba and
Misawa, 2004). Previous studies have demonstrated that the small
G protein RhoA and its downstream effector Rho-kinase/ROK/
ROCK play major role in the Ca2þ sensitization of smooth muscle
contraction due to inhibition of MLC phosphatase activity (Somlyo
and Somlyo, 2000; Fukata et al., 2001). RhoA is a member of the
family of small GTPases and is a pivotal player in the modulation of
various cellular functions such as motility, smooth muscle con-
traction, proliferation and apoptosis (Jaffe and Hall, 2005; Loirand
et al., 2006). Two isoforms of ROCKs, Rho-associated ROCK1/ROKβ
and Rho-kinase/ROCK2/ROCKα, were identified (Nakagawa et al.,
1996). The various contractor agonists, which activate specific
heterotrimeric G protein-coupled receptors (GPCR), increase both
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the intracellular calcium (via Gq/Gi proteins) and calcium sensiti-
zation (mainly via G12/G13 proteins). Previous evidence from
variety smooth muscle preparations (Sward et al., 2003; Sakurada
et al., 2003; Ghisdal et al., 2003; Tsai and Jiang, 2006) suggest that
GTPase RhoA-induced Rho-kinase activation may be a main
mediator of Ca2þ sensitization in response to GPCR activation.
Similarly, receptor-dependent role of Rho-kinase in agonist-in-
duced airway smooth muscle contraction has been reported in
guinea-pig trachea smooth muscle (Schaafsma et al., 2004). Also, it
has been shown that phenylephrine, α-adrenergic receptor ago-
nist, activates Rho-kinase-mediated MYTP1Thr696 and 853 phos-
phorylation and PKC-mediated CPI-17Thr38 phosphorylation to
regulate myosin light chain phosphatase (MLCP) activity and MLC
phosphorylation (Tsai and Jiang, 2006). On the other hand, KCl has
been used as a contractile agent to bypass GPCRs activation. It is
generally accepted that high KCl causes depolarization of mem-
brane potential by activating voltage-operated Ca2þ channels and
elevating [Ca2þ]i levels (Ratz et al., 2005). Several studies have
been reported that KCl can cause Ca2þ sensitization and ROCK
occurs to be contributing in KCl-induced Ca2þ sensitization (Sa-
kurada et al., 2003; Urban et al., 2003; Ratz et al., 2005).

Alcohol (ethanol) is involved in many deleterious effect on the
respiratory system, such as respiratory distress syndrome (Moazed
and Calfee, 2014), pneumonia (Chalmers et al., 2009; Mehta et al.,
2013). The attenuation of smooth muscle contraction by ethanol-
treatment have been demonstrated in several studies (Boselli and
Govoni, 2000; Kesim et al., 2004; Verde et al., 2014). Furthermore,
the effects of ethanol on RhoA activity have been reported and
these effects depend on the type of tissue and ethanol exposure
conditions. In the airway epithelium, short-term alcohol exposure
caused to attenuation of RhoA activity via the NO/cGMP/PKG
pathway (Bailey et al., 2011). On the other hand, acute and chronic
ethanol treatment did not alter RhoA activity in aorta and liver,
respectively (Schaffert et al., 2006; Je et al., 2012). There are con-
tradictory studies about the effect of ethanol on RhoA/Rho-kinase
pathway.

To our knowledge, the underlying mechanisms of the increased
contractile responsiveness of parenchymal tissue, and the role of
RhoA/Rho-kinase pathway in contractions produced with agonist
and high KCl has not been studied in lung parenchymal tissue. In
the present study, we examined the possible involvement of RhoA/
Rho-kinase pathway in contractile responses to phenylephrine and
KCl of mouse lung parenchymal tissues. The effect of ethanol on
RhoA/Rho-kinase pathway in the lung parenchymal tissue or what
mechanism is responsible from the alterations has not been clar-
ified. Also, we investigated the role of RhoA/Rho-kinase pathway
in the inhibitory effect of ethanol on the contraction induced by
phenylephrine and KCl of lung parenchymal tissues. With this
purpose we performed functional, histological and molecular
studies in parenchymal lung strips isolated from control and
ethanol-treated mice. We firstly determined RhoA, ROCK1 and
ROCK2 protein expression of lung tissues isolated from mice. To
explore whether RhoA/Rho-kinase-dependent Ca2þ sensitization
plays a role in the phenylephrine- and high KCl-induced contrac-
tion in mouse lung parenchymal tissue, we studied the effects of
the structurally unrelated Rho-kinase inhibitors, fasudil and
Y-27632, on contractions of parenchymal strips. Furthermore,
electron microscopy studies were evaluated in lung tissues iso-
lated from ethanol-treated mice.
2. Materials and methods

2.1. Experimental animals and ethanol-treatment

Male Swiss albino mice weighing 20–25 g were obtained from
Cukurova University Experimental Research and Application Cen-
ter of Medical Science (DETAUM). Mice were located in Plexiglas
cages and kept under environmentally controlled conditions (12 h
light/darkness cycles) and allowed free access to food and water.
Protocols were approved by local Ethic Committee of the Uni-
versity of Cukurova. Two groups of animals were used as ethanol-
treated mice and control mice.

2.2. Ethanol treatment

For exposure via the inhalation route, we used a method de-
scribed by Goldstein and Pal (1971). Mice put in an inhalation
chamber and continuously exposed to ethanol vapor by inhalation
for 14 days. The inhalation chamber consisted of Plexiglas box
(7.5 L) through which ethanol vapor continuously passed. The 95%
ethanol delivered to filter paper at a rate of 0.0035 ml/min by an
infusion pump. The control group was not exposed to ethanol
vapor but only placed in air vapor chambers under conditions si-
milar to those of the ethanol. At the end of the 2 weeks, control
and ethanol-treated mice were removed from the chamber. In our
previous study, increased blood ethanol level was detected by this
model (Aydinoglu et al., 2008). Blood alcohol levels were mon-
itored throughout the experiments and showed elevated levels of
alcohol in the ethanol groups of mice. As previously reported, no
significant weight loss or nutritional disturbances were observed
in mice treated with ethanol.

2.3. Tissue preparations

Control and ethanol-treated male mice were killed by cervical
dislocation. The lungs from both control and ethanol-treated mice
were removed and two slices were cut from the left lobes. Tissues
were placed in a Petri dish containing Krebs Henseleit solution
(composition in mM; NaCl 119, KCl 4.6, CaCl2 1.5, MgCl2 1.2,
NaHCO3 15, NaPO4 1.2, glucose 11). Lung strips were mounted
under 0.2 g tension in organ bath (10 ml) containing Krebs solu-
tion. The bath medium was maintained at 37 °C and gassed with
5% CO2 and 95% O2. The tissue strips were allowed to equilibrate
for a period of 60 min during equilibration and the bath solution
was replaced every 15 min. The responses were recorded with
isotonic transducer (Ugo Basile, 7006) on a recorder (Ugo Basile
Gemini, 7070).

2.4. Functional studies

To investigate the underlying mechanisms of contractile re-
sponsiveness of parenchymal tissue, agonist (phenylephrine, α1-
receptor agonist)- and depolarizing (KCl)-induced contractions
were obtained in isolated lung tissues from control and ethanol-
treated mice as follows. In the first series of experience, pheny-
lephrine-induced contractions were investigated. Following to
equilibration period of 60 min, parenchymal strips were exposed
to 80 mM KCl in order to calculate percentage of contractile re-
sponse to phenylephrine. The tissues were then washed out with
Krebs solution and the strips were left to re-equilibration for
30 min. After this period, cumulative phenylephrine (10�8–

10�4 M) concentration–response curve was obtained. In the sec-
ond series of experience, KCl-induced contractions were studied in
parenchymal tissue strips isolated from both groups. In this set of
experiments, following to equilibration period tissues were pre-
contracted with phenylephrine (10�4 M) to calculate to percen-
tage of contractile response to KCl. The tissue was then washed out
with Krebs solution and strips were left re-equilibration for
30 min. After this period, cumulative KCl (10–80 mM) concentra-
tion–response curve was obtained. Only one agonist or KCl con-
centration–response curve was studied one each tissue.



F. Aydinoglu et al. / European Journal of Pharmacology 764 (2015) 318–327320
To investigate the involvement of Rho-kinase in contractions
induced by phenylephrine and KCl in isolated lung parenchymal
strips from both of control and ethanol-treated mice, concentra-
tion–response curve to phenylephrine (10�8–10�4 M) and KCl
(10–80 mM) were constructed in presence of two different Rho-
kinase inhibitors fasudil and (R)-(þ)-trans-N-(4-pyridyl)-4-(1-
aminoethyl)-cyclohexanecarboxamide (Y-27632). In this set of
experiments, at first tissues were incubated with fasudil
(5�10�5 M) or Y-27632 (5�10�5 M) for 30 min and then cu-
mulative concentration–response curve obtained with pheny-
lephrine or KCl.

In addition, the relaxant responses to Rho-kinase inhibitors
were studied on the isolated parenchymal strips from both of
control and ethanol-treated mice. In this series, after cumulative
concentration–response curve obtained with phenylephrine
(10�8–10�4 M) or KCl (10–80 mM) and following the contraction
had stabilized, fasudil (10�4 M) or Y-27632 (5�10�4 M) were
added to organ baths.

2.5. Western-blot studies

RhoA, ROCK1 and ROCK2 protein expression were determined
by Western-blot analysis of lung tissues isolated from both of
control and ethanol-treated mice. Tissues that had been frozen
were homogenized in ice cold RIPA buffer system containing and
total protein content determinant by Bradford method. Proteins
from lung tissues were obtained and boiled in the presence of 1�
Laemmli gel loading buffer containing SDS and β-mercaptoethanol
as reducing agent at pH 6.8 and kept at �20 °C until use. Proteins
were separated in a 12% SDS-PAGE gel containing a 4% of stacking
gel, under denaturing conditions at 100 V for 1 h and 45 min at
room temperature. Proteins in the gel were then transferred to a
PVDF membrane (Bio-Rad) which was previously rehydrated in
methanol and equilibrated with transfer buffer. Then a sandwich
cassette was prepared according to the manufacturer's instruc-
tions (Bio-Rad) and proteins were electroblotted on to the PVDF
membrane for 1 h and 45 min at 4 °C. After transfer, the mem-
brane was briefly washed with Phosphate Buffered Saline (PBS) or
Tris Buffered Saline (TBS) containing 1% Tween-20. Bovine serum
albumin (BSA) or skim milk at concentrations varying from 5% to
10% was used in the wash buffer as blocking agents. Membranes
were blocked for 1 h at room temperature with gentle and con-
stant agitation and incubated with primary antibodies RhoA (di-
lution 1:1000, CST-2117), ROCK1 (dilution 1:1000, CST-4035),
ROCK2 (dilution 1:1000, CST-8236), and β-actin (dilution 1:1000,
CST-4970) in blocking buffer, overnight at 4 °C. The membranes
were washed three times for 10 min each with washing buffer and
incubated with an appropriate HRP-conjugated secondary anti-
body in dilution of 1:2000 at room temperature for 1 h with
constant agitation. After briefly drying, the membrane was in-
cubated with 3 ml of HRP ECL substrate mixture (1.5 ml hydrogen
peroxide and 1.5 ml enhancer) (Pierce) and incubated for 1 min at
room temperature. The membranes were wrapped with stretch
film and placed in the X-ray cassette and exposed to an X-ray film
(KODAK) for 1–10 min in a dark room or Biorad ChemiDoc Imaging
System. The bands were quantified the ImageJ program.

2.6. Histological study

Lung samples were fixed with 2.5% glutaraldehyde, postfixed
with 1% osmium tetroxide, dehydrated in graded alcohol series,
cleared with propylene oxide and embedded in epoxy resin. Thin
sections (50–70 nm) were cut by ultramicrotome (Leica UCT-125,
Leica Microsystems GmbH, Wien, Austria) and contrasted with
uranyl acetate and lead citrate. Sections were examined and
photographed by an electron microscope (JEOL JEM-1011, Jeol Ltd.
Tokyo, Japan).

2.7. Drugs and solutions

The following drugs were used; fasudil hydrochloride, Y-27632
dihydrochloride [(R)-(þ)-trans-N-(4-pyridyl)-4-(1-aminoethyl)-
cyclohexanecarboxamide supplied from Tocris], phenylephrine
hydrochloride (Sigma Chemical Co., St. Louis, MO, U.S.A.), po-
tassium chloride (Merck, Darmstadt, Germany) and ethanol
(SISMED Medical Limited Co.). All drugs were dissolved in distilled
water.

2.8. Statistical analysis

The contractile responses to cumulative applied phenylephrine
and KCl were expressed as a percentage of the initial response to
KCl (80 mM) and phenylephrine (10�4 M), respectively. The sen-
sitivity to the agonist was expressed as pD2 (negative logarithm of
the agonist concentration required for half-maximum response).
The maximum relaxation responses to fasudil and Y-27632 were
evaluated as percent decreased from maximum phenylephrine
(10�4)- and KCl (80 mM)-induced contraction. All data are pre-
sented as mean7S.E.M. Differences in results between tissues
were tested by analysis of variance one-way ANOVA and unpaired
t-test corrected for multiple comparisons (Bonferroni corrections).
P values less than 0.05 were considered to be significant.
3. Results

3.1. Contractions induced by phenylephrine

In control lung parenchymal strips isolated from non-ethanol
treated mice, phenylephrine, a selective α1 receptor agonist, ap-
plied at ascending concentrations (10�8–10�4 M) produced sus-
tained contractions in a concentration-dependent manner with a
maximal response attained at 10�4 M phenylephrine (Fig. 1A). A
plateau response was obtained after the addition of each test the
phenylephrine concentration before the addition of a subsequent
dose. In lung parenchymal strips isolated from ethanol-treated
mice, the both sensitivity and the maximum response to pheny-
lephrine was decreased (Figs. 1B and 2). Decreased agonist sensi-
tivity of parenchymal strips from ethanol-treated mice was evi-
dent from a lower mean pD2 value for control (Table 1, Po0.005).
There were significant differences in the maximal response be-
tween the control and the ethanol-treated groups. The maximum
response to phenylephrine (10�4 M) was decreased in ethanol-
treated group (Table 1, Po0.005).

3.1.1. The effect of Rho-kinase inhibitors on phenylephrine-induced
contractions

To determine the involvement of the RhoA/Rho-kinase signal-
ing pathway in mice lung parenchymal strips, we investigated the
inhibitory action of two structurally different Rho-kinase in-
hibitors, fasudil and Y-27632, on contractions induced by pheny-
lephrine group. Pre-treatment with fasudil (5�10�5 M) and
Y-27632 (5�10�5 M) caused significantly desensitization to ac-
tion of phenylephrine in control (Figs. 1C, D and 2). The pD2 values
and maximum contractions were decreased in the presence of
fasudil and Y-27632 in control group (Table 1, Po0.0001 and
Po0.005). Also, pre-treatment of fasudil and Y-27632 significantly
attenuated phenylephrine-evoked maximal contractions and pD2

values in ethanol-treated group (Table 1, Po0.0001 and Po0.005,
Figs. 1E, F and 2). In addition, there were significantly difference of
phenylephrine-evoked maximal contractions and pD2 values be-
tween control- and ethanol-treated group in the presence of Rho-
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Fig. 1. Representative traces showing the cumulative concentration–response curve to phenylephrine (Phe; 10�8–10�4 M) in the lung parenchymal strips isolated from
control (A) and ethanol-treated mice (B), and the effect of fasudil (5�10�5 M) or Y-27632 (5�10�5 M) on the contractile responses to phenylephrine in control (C, D) and
ethanol-treated mice (E, F).
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Fig. 2. The effect of fasudil (5�10�5 M) or Y-27632 (5�10�5 M) on phenylephrine
(Phe; 10�8–10�4 M) concentration–response curve in the lung parenchymal strips
isolated from control and ethanol-treated mice. All values are mean7S.E.M. (n¼6).
*Po0.05 significantly different from control; þPo0.05 significantly different from
ethanol; #Po0.05 significantly different from fasudil or Y-27632; one-way ANOVA
and unpaired t test followed by Bonferroni's comparison test.

F. Aydinoglu et al. / European Journal of Pharmacology 764 (2015) 318–327 321
kinase inhibitors (Table 1, Po0.0001).
In a separate set of experiments, we examined the relaxant

effect of Rho-kinase inhibitors on elevated tone with pheny-
lephrine in mice lung parenchymal strips. fasudil (10�4 M) and
Y-27632 (5�10�4 M) produced relaxation on parenchymal strips
which was cumulatively contracted by phenylephrine (10�8–

10�4 M) in control and ethanol groups (Fig. 3A and B). in the
control group, the maximum relaxant response to fasudil and
Y-27632 were 7379% and 5478%, respectively, whereas the re-
laxant responses to fasudil and Y-27632 on phenylephrine-in-
duced contraction significantly were reduced to 1379%,
(Po0.0001; n¼6) and 2175% (Po0.005; n¼6), respectively, in
ethanol-treated group (Fig. 3C–E).

3.2. Contractions induced by KCl

Cumulative additions of KCl (10–80 mM) produced concentra-
tion-dependent contractions in parenchymal strips isolated from
both control and ethanol-treated mice (Figs. 4A, B and 5). But, in
lung parenchymal strips from ethanol-treated group, the sensi-
tivity and the maximum response to KCl was decreased. Decreased
agonist sensitivity of parenchymal strips from ethanol-treated
mice was evident from a lower mean pD2 value for control (Ta-
ble 1, Po0.05). The maximum response to KCl was significantly
reduced in ethanol-treated group (Table 1, Po0.05).

3.2.1. The effect of Rho-kinase inhibitors on KCl-induced contractions
To evaluate the contribution of Rho-kinase to contractions in-

duced by non-G-protein couple mechanism in parenchymal strips,
dose-response curves to KCl (80 mM) were studied in the presence
of both Rho-kinase inhibitors. Pre-treatment with fasudil
(5�10�5 M) and Y-27632 (5�10�5 M) significantly reduced



Table 1
Mean pD2 and Emax values obtained from control and ethanol-treated mice lung
parenchymal strips in the absence or presence of fasudil (5�10�5 M) or Y-27632
(5�10�5 M).

Phenylephrine KCl

pD2 Emax (%) pD2 Emax (%)

Lung parenchymal strip
Control 5.9270.06 15577 1.4570.12 7474
Fasudil 4.7970.08c 10275c 0.4270.14c 1671c

Y-27632 4.6870.08c 11678b 0.5370.12c 1975c

Ethanol 5.1470.06b 12378b 1.0470.10a 5676a

EthanolþFasudil 3.8170.09cfg 5376cfg 0.3670.15ae 1371cf

EthanolþY-27632 4.0570.08cfg 6775ceg 0.5870.12ad 2474ae

Data represent means7S.E.M. of six experiments.
a Po0.05 significantly different from control.
b Po0.005 significantly different from control.
c Po0.0001 significantly different from control by analysis of variance one-way

ANOVA and unpaired t-test corrected from multiple comparisions (Bonferroni
corrections).

d Po0.05 significantly different from ethanol.
e Po0.005 significantly different from ethanol.
f Po0.0001 significantly different from ethanol by analysis of variance one-

way ANOVA and unpaired t-test corrected from multiple comparisions (Bonferroni
corrections).

g Po0.05 significantly different from Fasudil or Y-27362 by analysis of variance
one-way ANOVA and unpaired t-test corrected from multiple comparisions (Bon-
ferroni corrections).
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contractile response to KCl in control- and ethanol-treated groups
(Figs. 4C–F and 5). Maximal contractile responses to KCl and pD2

values were significantly reduced by fasudil and Y-27632 in the
control group (Table 1, Po0.0001). Likewise, fasudil and Y-27632
markedly decreased maximum contractile responses to KCl and
pD2 in ethanol-treated group (Table 1, Po0.0001 and Po0.005).
There were no significantly differences in the maximum con-
tractile responses to KCl and pD2 values between control-group
and ethanol-treated group, in the presence of Rho-kinase in-
hibitors (P40.005).

In a separate set of experiments, we examined the relaxant
effect of Rho-kinase inhibitors on elevated tone with KCl in mice
lung parenchymal strips. Fasudil (10�4 M) and Y-27632
(5�10�4 M) produced relaxation on parenchymal strips which
was cumulatively contracted by KCl (10–80 mM). In the control
group, the maximum relaxant response to fasudil and Y-27632
were 89710% and 7978%, respectively; also the relaxant re-
sponses to fasudil and Y-27632 on KCl contraction were 7778%
and 65710%, respectively, in ethanol-treated group (P40.05;
n¼6). There were no significant differences in the maximum re-
laxant response to both of Rho-kinase inhibitors in ethanol-treated
group compared to control (Fig. 3F).

3.3. Expression of RhoA, ROCK1and ROCK2

In order to determine RhoA/Rho-kinase pathway in lung par-
enchymal strips, RhoA, ROCK1 and ROCK2 protein expression were
studied with western-blot method. RhoA, ROCK1 and ROCK2 ex-
pressions were detected in the control group. The relative ex-
pression versus β-actin of the RhoA was significantly decreased in
the ethanol-treated group compared to the control (Fig. 6A). Also,
ROCK1 expression was significantly lower in ethanol-treated
group versus control, whereas expression of ROCK2 was not
(Fig. 6B).

3.4. Electron microscopy evaluation

Alveolar type I and type II epithelial cells and endothelial cells
have normal morphologic characteristics in lung parenchymal
tissues isolated from control group (Fig. 7A). Chromatin con-
densation was observed in nucleus of alveolar type II epithelial
cells and endothelial cells (Fig. 7B and C). Some alveolar type I
epithelial cells had normal morphological features in ethanol-
treated group. However, there were degenerative changes and
lacking in some alveolar type I epithelial cells and endothelial cells
in ethanol-treated group (Fig. 7D and E). It was determined
apoptotic changes in some alveolar type II epithelial cells (Fig. 7F).
4. Discussion

In the present study, we investigated the possible involvement
of RhoA/Rho-kinase pathway in contractile responses to pheny-
lephrine and KCl of mouse lung parenchymal tissues. Also, we
investigated the role of RhoA/Rho-kinase pathway in the in-
hibitory effect of ethanol on the contraction induced by pheny-
lephrine and KCl of lung parenchymal tissues. The main findings of
the present study in mouse lung parenchymal tissue demonstrated
that (1) RhoA, ROCK1 and ROCK2 are expressed in the mouse lung
parenchymal tissue; (2) RhoA/Rho-kinase signaling pathway plays
an important role in phenylephrine- and KCl-induced Ca2þ sen-
sitization and; (3) ethanol-induced reduction of contractions
produced with phenylephrine and high KCl may be due to in-
hibition of a RhoA/Rho-kinase-mediated Ca2þ-sensitizing me-
chanism; (4) ethanol causes apoptotic changes in alveolar type I
epithelial cells of parenchymal tissue.

It has been reported that the contractile responses to various
agonists such as noradrenaline, epinephrine, acetylcholine and KCl
were obtained in isolated lung parenchymal strips of human
(Finney et al., 1984), porcine (Goldie et al., 1982) and rat (Trifilieff
et al., 2009). In good agreement with those, we have obtained that
phenylephrine, a selective α1-agonist and KCl, membrane depo-
larizer (via voltage-operated Ca2þ channels activation), induced
contraction in mouse parenchymal strips, suggesting mouse lung
parenchymal tissue contains contractile components. Several evi-
dence in variety of smooth muscle suggest that activation of Rho-
kinase by the activated RhoA may an important mediator of Ca2þ

sensitization in response to both G protein-coupled receptor
(GPCR) and voltage-operated Ca2þ channels activation (Somlyo
and Somlyo, 2000; Ratz et al., 2005; Gosens et al., 2004;
Schaafsma et al., 2006). In this study, to investigate whether RhoA/
Rho-kinase-dependent Ca2þ sensitization plays a role in the
phenylephrine- and high KCl-induced contraction in mouse lung
parenchymal tissue, we studied the effects of the Rho-kinase in-
hibitors, fasudil and Y-27632, on contractions of parenchymal
strips. The pre-incubation of parenchymal strips with fasudil or
Y-27632 reduced contractions induced by different concentrations
of phenylephrine and KCl with relatively greater inhibition of
contraction by lower concentrations of phenylephrine and KCl,
suggesting RhoA/Rho-kinase signaling pathway plays an im-
portant role in agonist- and KCl-induced Ca2þ sensitization. Also,
Rho-kinase inhibition by fasudil and Y-27632 resulted in a sig-
nificant reduction in sensitivity to phenylephrine. The another
evidence that confirming the contribution of RhoA/Rho-kinase
pathway to phenylephrine- and KCl-induced Ca2þ sensitization
and contraction of lung parenchymal strips is an expression of
RhoA, ROCK1 and ROCK2 in this tissue, indicating that the small
GTP-binding protein Rho and its effector Rho-kinase play an im-
portant role in contraction of parenchymal tissue. These results
agree with previous reports showing GPCR stimuli and high
milimolar KCl modulates smooth muscle contractility via RhoA/
Rho-kinase pathway (Sakurada et al., 2003; Teixeira et al., 2005;
Urban et al., 2003). Also, when we evaluated fasudil and Y-27632-
induced inhibition of contractile response, we have observed a
greater reduction of contraction to KCl than to phenylephrine, in
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Fig. 3. Representative traces showing the relaxant effect of fasudil (10-4 M) or Y-27632 (5�10�4 M) on the contraction evoked by phenylephrine (Phe; 10�8–10�4 M) in lung
parenchymal strips isolated from control (A and B) and ethanol-treated mice (C and D). The bar graphs showing the relaxant effects of fasudil (10�4 M) or Y-27632
(5�10�5 M) in lung parenchymal strips isolated from control and ethanol-treated group which pre-contracted by cumulative phenylephrine (10�8–10�4 M; E) and cu-
mulative KCl (10–80 mM; F). All values are mean7S.E.M. (n¼6). *Po0.05 significantly different from control, unpaired t test.
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agreement with those of bovine airway smooth muscle (Gosens
et al., 2004). This may be attributable to differences in mechan-
isms between receptor agonist and high KCl-induced Rho-kinase
activation. Since, Sakurada et al. (2003) indicated that receptor
activation induces greater enhances in the elevation of phos-
phorylated MLC than KCl-mediated depolarization at a given level
of the [Ca2þ]i, suggesting that may be differences of the me-
chanism for Rho activation between receptor agonists and KCl.
Also, previous studies (Mita et al., 2002; Sakamoto et al., 2003)
show that KCl also induces Ca2þ sensitization only by Rho-kinase
activation, not by activation of both Rho-kinase and PKC like many
GPCR stimuli (Eto et al., 2001; Ratz et al., 2005). KCl causes con-
traction by elevating Ca2þ entry and by activating Rho-kinase-
induced Ca2þ sensitization (Ratz et al., 2005), whereas GPCR ac-
tivation by agonist additionally generates PKCα/PKCδ-induced
Ca2þ sensitization involving CPI-17 (Eto et al., 2001). Since, in the
present study, contraction induced by phenylephrine was greater
than that of KCl, supporting the hypothesis that the mechanism for
activating Rho-kinase may not be exactly the same between re-
ceptor agonists and KCl. We used fasudil and Y-27632 at
5�10�5 M concentration which used for inhibition of RhoA/Rho-
kinase signaling pathway (Janssen et al., 2004; Levent and Büyü-
kafşar, 2004) in our study. We cannot exclude the possibility that
fasudil and Y-27632 inhibits other kinases, however, taken
together, our observations suggest that the effects of Y-27632 on
contraction are mediated thorough its interaction with Rho-de-
pendent kinases.

The attenuation of smooth muscle contraction by ethanol-
treatment have been demonstrated in several studies (Boselli and
Govoni, 2000; Kesim et al., 2004; Verde et al., 2014). In accordance
with this, we observed that contractile responses induced by
phenylephrine and KCl significantly reduced in ethanol-treated
tissues compared to control, and ethanol induced-reduction was
similar in both phenylephrine and KCl contractile response. Similar
findings have been observed in rat thoracic aorta (Strickland and
Wooles, 1988), rat vas deferens (Verde et al., 2014) and guinea pig
gall bladder (Masui et al., 1993). In contrast to our findings, en-
hanced (Tirapelli et al., 2006) or unchanged (Aydinoglu et al.,
2008) responses to phenylephrine and/or KCl have been reported
in various smooth muscle preparations. These differences may be
explained by different dose and/or duration of ethanol treatment,
different experimental conditions, including the type of tissue or
contractile drug. Several possible mechanisms have been sug-
gested for the ethanol-induced attenuation of airway responses;
(1) an alteration of membrane potential, (2) a modified calcium
sensitivity, (3) alteration of cAMP-dependent protein kinase A
(PKA) levels and (4) altered nitric oxide (NO)/protein kinase G
(PKG) levels (Oldenburg et al., 2010). Masui et al. (1993) reported
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Fig. 4. Representative traces showing the cumulative concentration–response curve to KCl (10–80 mM) in the lung parenchymal strips isolated from control (A) and ethanol-
treated (B) mice, and the effect of fasudil (5�10�5 M) or Y-27632 (5�10�5 M) on the contractile responses to KCl in the control (C and D) and ethanol-treated mice (E and
F).
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Fig. 5. The effect of fasudil (5�10�5 M) or Y-27632 (5�10�5 M) on KCl (10–
80 mM) concentration–response curve in the lung parenchymal strips isolated
from control and ethanol-treated mice. All values are mean7S.E.M. (n¼6).
*Po0.05 significantly different from control; þPo0.05 significantly different from
ethanol; one-way ANOVA and unpaired t test followed by Bonferroni's comparison
test.
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that ethanol is shown to exert directly inhibition on gall bladder
contraction induced by agonist and KCl via decreasing the calcium
sensitivity of the contractile apparatus of smooth muscle. To our
knowledge, the role of RhoA/Rho-kinase pathway in ethanol-in-
duced inhibition of contractions produced by agonist and high KCl
has not been studied in lung parenchymal tissue. To investigate
the effect of ethanol treatment on RhoA/Rho-kinase-mediated
Ca2þ-sensitizing mechanism, we firstly determined RhoA, ROCK1
and ROCK2 protein expression, and we found that a significant
decrease in protein expression levels of RhoA and ROCK1 in the
lung parenchymal tissue of ethanol-treated mice, indicating that
ethanol inhibits RhoA/Rho-kinase expression in this tissue. Also,
the another evidence that confirming the contribution of RhoA/
Rho-kinase pathway inhibition to ethanol-induced attenuation of
contractions produced by phenylephrine and high KCl is that fas-
udil and Y-27632 led to decrease of both contractions in ethanol
group, suggesting that ethanol-induced attenuation of contrac-
tions produced by phenylephrine and high KCl may be due to in-
hibition of a RhoA/Rho-kinase-mediated Ca2þ-sensitizing me-
chanism. In the presence of Rho-kinase inhibitors, ethanol-pro-
duced inhibition was greater in phenylephrine-induced contrac-
tions than those of KCl. Also, in ethanol-treated mice, the pD2

values to KCl was not changed while the pD2 values to pheny-
lephrine significantly enhanced in the presence of Rho-kinase in-
hibitors, suggesting higher inhibitor response of ethanol-treated
mice to phenylephrine in the presence of fasudil and Y-27632
implied the greater importance of RhoA/Rho-kinase-dependent
Ca2þ sensitization in response to GPCR than voltage-operated
Ca2þ channels activation in lung parenchymal strips. Other sup-
porting evidence that the relaxant effects of fasudil and Y-27632
on phenylephrine-induced contraction but not those to KCl was



Fig. 6. Representative image of western blot analysis for RhoA (A), ROCK-1/ROCK-2 (B) and β-actin in lung parenchymal tissues from control and ethanol-treated mice and
relative protein expression levels of RhoA, ROCK-1, ROCK-2 versus β-actin in lung parenchymal strips from control (▭) and ethanol treated (▬) mice. Values were normalized
by the intensity of each band relative to the intensity of the loading control: β-actin. All values are mean7S.E.M. (n¼4–5). *Po0.05 significantly different from control
(unpaired t-test).

Fig. 7. Electron photomicrographs of lung parenchymal strips in control (A) and ethanol-treated mice (B–F). (A) Alveolar type I (thin arrow) and type II (thick arrow)
epithelial cells and endothelial cell (arrow head) have normal morphological characteristics. (B and C) Chromatin condensation (arrow head) in nucleus (N) of alveolar type II
epithelial cell (black thick arrow) and endothelial cell (thin arrow). Alveolar type I epithelial cell (white thick arrow). (D) Degenerative changes in endothelial cells (thick
arrow), alveolar type I epithelial cells (arrow head), lacking in alveolar type I epithelial cells (thin arrow) in blood vessel. (E) Lacking in endothelial cells (arrow head),
degenerative changes in alveolar type I epithelial cell (arrow). (F) Apoptotic changes in alveolar type II epithelial cell (thin arrow). Mitochondria (m), surfactant vesicles
(asterisk).
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significantly decreased by ethanol, indicating a greater inhibition
of agonist-induced calcium sensitization mediated by RhoA/Rho-
kinase pathway underlie the decreased contraction due to ethanol
in lung parenchymal strips. Our results suggest that ethanol could
decrease phenylephrine- and KCl-induced contraction due to
lowering the RhoA/Rho-kinase-mediated Ca2þ-sensitizing by in-
hibiting RhoA/Rho-kinase pathway. Similarly, in rat brain astro-
cytes has been reported that decreased RhoA activity by chronic
ethanol exposure (Martínez et al., 2007). On the other hand, acute
and chronic ethanol treatment did not alter RhoA activity in aorta
and liver, respectively (Schaffert et al., 2006; Je et al., 2012). There
are contradictory studies about the effect of ethanol on RhoA/Rho-
kinase pathway.

There is less knowledge about the effects of ethanol on RhoA/
Rho-kinase pathway what mechanism involves to the alterations.
In the airway epithelium, short-term alcohol exposure caused to
attenuation of RhoA activity via the NO/cGMP/PKG pathway (Bai-
ley et al., 2011). It is likely that the effects of ethanol on RhoA
activity have been reported and these effects depend on the type
of tissue and ethanol exposure conditions. To define the specific
mechanism(s) of the attenuation of RhoA/Rho-kinase pathway by
ethanol-induced further studies are required. On the other hand,
RhoA/RhoA-kinase is likely only one of the many signaling mole-
cules in the lung parenchymal tissue that is affected by ethanol.
Ethanol may attenuate airway responses by altering regulatory
kinases such as protein kinase G (PKG) or cAMP-dependent protein
kinase A (PKA) activation in airway smooth muscle (Wyatt and
Sisson, 2001; Wyatt et al., 2003; Tabakoff et al., 2001).
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Also, in human airway epithelial cells have been reported that
Rho-kinase inhibition initiates apoptosis (Moore et al., 2004). In
the present study, we demonstrated apoptotic changes in some
alveolar type II epithelial cells l of ethanol-treated mice, suggesting
that ethanol-induced apoptosis of mice lung parenchymal tissue
may be due to inhibition of a RhoA/Rho-kinase-mediated Ca2þ-
sensitizing mechanism by ethanol. These findings consistent with
previous reports that acute and chronic ethanol exposure causes
apoptotic alterations in mice alveolar macrophages and rat vas
deferens (Boé et al., 2010; Verde et al., 2014).

In conclusion, our results suggest that RhoA/Rho-kinase sig-
naling pathway plays an important role in phenylephrine- and
KCl-induced Ca2þ sensitization in mouse lung parenchymal tissue.
Also, ethanol-induced reduction of contractions produced with
phenylephrine and high KCl may be due to inhibition of a RhoA/
Rho-kinase-mediated Ca2þ-sensitizing mechanism. Furthermore,
inhibition of a RhoA/Rho-kinase-mediated Ca2þ-sensitizing me-
chanism by ethanol may be cause apoptosis. Further studies are
required to examine the extent and pharmacological nature of
mouse lung parenchymal tissue contractility.
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