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Gender differences in the regulation of MLC,, phosphorylation
and smooth muscle contraction in rat stomach
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Abstract. Evidence of sex-related differences in gastroin-
testinal (GI) functions has been reported in the literature. In
addition, various Gl disorders have disproportionate prevalence
between the sexes. An essential step in the initiation of smooth
muscle contraction is the phosphorylation of the 20-kDa
regulatory myosin light chain (MLC,,) by the Ca**/calmod-
ulin-dependent myosin light chain kinase (MLCK). However,
whether male stomach smooth muscle inherits different
contractile signaling mechanisms for the regulation of MLC,,
phosphorylation from that in females has not been established.
The present study was designed to investigate sex-associated
differences in the regulation of MLC,, phosphorylation
and thus muscle contraction in gastric smooth muscle cells
(GSMCs). Experiments were performed on GSMCs freshly
isolated from male and female rats. Contraction of the GSMCs
in response to acetylcholine (ACh), a muscarinic agonist, was
measured via scanning micrometry in the presence or absence
of the MLCK inhibitor, ML-7. Additionally, the protein levels
of MLC,,, MLCK and phosphorylated MLC,, were measured
by ELISA. The protein levels of MLC,, and MLCK were
indifferent between the sexes. ACh induced greater contraction
(P<0.05) as well as greater MLC,, phosphorylation (P<0.05) in
male GSMCs compared with female. Pretreatment of GSMCs
with ML-7 significantly reduced the ACh-induced contraction
(P<0.05) and MLC,, phosphorylation (P<0.05) in the male and

Correspondence to: Dr Othman A. Al-Shboul, Department
of Physiology and Biochemistry, Faculty of Medicine, Jordan
University of Science and Technology, Irbid 22110, Jordan

E-mail: oashboul@just.edu.jo

Present address: *Department of Basic Medical Sciences, College
of Medicine, Qatar University, Doha, Qatar

Abbreviations: MLC,,, 20-kDa regulatory myosin light chain; GI,
gastrointestinal; MLCK, myosin light chain kinase; GSMC, gastric
smooth muscle cell; ACh, acetylcholine; ML-7, myosin light chain
kinase inhibitor; ROCK, Rho-associated protein kinase; PKC,
protein kinase C; siRNA, small interfering RNA

Key words: contraction, myosin light chain, gastric, sex, smooth
muscle

female cells, and notably, abolished the contractile differences
between the sexes. In conclusion, MLC,, phosphorylation and
thus muscle contraction may be activated to a greater extent in
male rat stomach compared with that in females.

Introduction

It has been established in previous research that gastrointestinal
(GI) motility function is affected by gender (1). Healthy women
have also been identified to have slower gastric emptying of
solids compared with men (2). This may explain why gastropa-
resis - a chronic stomach motility disorder in which there is a
delayed gastric emptying of food without mechanical obstruc-
tion - is more common in women than men (3,4). Furthermore,
previous studies assessing colonic motility have demonstrated
faster colon transit (shorter transit time) in men compared with
women (5-7). In one study, women exhibited less pressure
activity in the colon, particularly in the transverse/descending
colon,than men (8). Sex-associated differences were also evident
in the anal sphincter contraction and anorectal motility (9). For
instance, Sun and Read (10) identified that healthy men had
stronger anal sphincter pressures compared with women. In
the gallbladder, women have been observed to have a slower
emptying rate than men under normal conditions, and this may
explain the increased probability of gallstone development in
women compared with men (11). Sex-dependent differences
in esophageal motility in terms of duration and velocity of
esophageal contraction have also been also reported (12).

In addition, sex-associated differences have been observed
in various functional GI disorders and colorectal disturbances.
For instance, inflammatory and irritable bowel syndromes,
chronic functional abdominal pain, pelvic floor dysfunction,
constipation, bloating, fecal incontinence, globus and dysphagia
are more prevalent in women compared with men (13,14).

Physiologically, phosphorylation of the 20-kDa regulatory
myosin light chain (MLC,,) is considered an essential step
in GI smooth muscle contraction (15). This phosphorylation
is initiated and regulated by activation of the Ca**/calmod-
ulin-dependent myosin light-chain kinase (MLCK), which
transfers the phosphate group from adenosine triphosphate
(ATP) to the Ser19 hydroxyl group of MLC,, (16). This phos-
phorylation activates the actin-activated myosin ATPase and
actin-myosin interaction, thereby initiating smooth muscle
contraction (15,16).
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Studies on sex differences in GI motility disorders have
generally focused on sex hormone/receptor-mediated effects
on tract function (3,17). However, these sex differences may
also be associated with alterations in the signaling mecha-
nisms of smooth muscle contractile machinery. For example,
our group previously demonstrated greater gastric smooth
muscle contraction in male rats compared with female (1).
In association with this higher contraction, there was greater
activation of the small G protein RhoA and its downstream
effector, Rho-associated protein kinase (ROCK), an impor-
tant pathway in developing and maintaining smooth muscle
tone (18), in the male stomach muscle cells compared with
female (1). The effect of gender on the expression and activity
of other protein kinases and phosphatases that regulate smooth
muscle contraction is less clear.

The aim of the present study was to determine whether
the increased contractions of gastric muscle cells in males
compared with females are attributable in part to sex differ-
ences in the phosphorylation of MLC,,,.

Materials and methods

Materials. ADC protein assay kit (500-0119) was obtained from
Bio-Rad Laboratories, Inc., Hercules, CA, USA. An MLCK
ELISA kit (CSB-ELO015320R A) was purchased from Cusabio
Technology LLC, Baltimore, MD, USA. A phospho-MLC,,
(pSer19 in rat) cell-based ELISA kit (ABIN1380310) was
purchased from antibodies-online, Inc., Atlanta, GA, USA.
An MLC,, ELISA kit (rat MLC polypeptide 9; MBS7201038)
was purchased from MyBioSource, San Diego, CA, USA.
The MLCK inhibitor, ML-7 (ab120848) was purchased from
Abcam, Cambridge, MA, USA. A 500-ym Nitex mesh was
purchased from Amazon, Seattle, WA, USA. All remaining
chemicals were obtained from Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany. Dimethylsulfoxide was used to prepare
a stock solution of ML-7.

Preparation of freshly dispersed gastric smooth muscle cells
(GSMCs). Young mature male and female Sprague-Dawley rats
(~12 weeks of age, 250-300 g, n=37; 20 males and 17 females)
were provided by the animal house of the Jordan University
of Science and Technology, Irbid, Jordan. The animals were
housed under standardized conditions (temperature 20-22°C,
humidity 50-60% and 12-h light/dark cycle) and allowed free
access to food and tap water throughout the experiments. Rats
were euthanized by inhalation of CO, (4.5 I/min flow rate) in
a CO, chamber (30 x 30 x 25 cm; 2 animals per exposure) for
at least 5 min. To further confirm euthanasia an incision was
made through the diaphragm with a scalpel blade. Following
euthanasia the stomach was immediately excised. The current
study protocols were approved and followed the guidelines of
the Animal Care and Use Committee at Jordan University of
Science and Technology.

GSMCs were isolated from the circular muscle layer
of the rat stomach by sequential enzymatic digestion, filtra-
tion and centrifugation as described previously (19). Briefly,
strips of circular muscle free of mucosa from all regions of
the stomach were dissected and incubated at 31°C for 30 min
in HEPES medium (pH was adjusted to 7.4) containing
120 mM NacCl, 4 mM KCl, 2.0 mM CacCl,, 2.6 mM KH,PO,,
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0.6 mM MgCl,, 25 mM HEPES, 14 mM glucose, 2.1%
Eagle's essential amino acid mixture, 0.1% collagenase and
0.01% soybean trypsin inhibitor. The tissue was continuously
gassed with 100% oxygen throughout the isolation procedure.
Following two washes of the partially digested strips with 50
ml of enzyme-free medium, the muscle cells were allowed to
disperse spontaneously for 30 min. The cells were harvested by
filtration through a 500-xm Nitex mesh and centrifuged twice
at 350 x g for 10 min to eliminate broken cells and organelles.
A dye exclusion test was used following cell collection to
determine the number of viable cells present in the collected
cell suspension. Briefly, the cell suspension was mixed for less
than 3 min at room temperature with trypan blue dye and then
visually examined with an inverted Nikon TMS-F microscope
(Nikon Corporation, Tokyo, Japan) to determine whether
cells took up or excluded the dye; live cells possess intact cell
membranes that exclude trypan blue whereas dead cells do
not. The cells were counted in a hemocytometer and it was
estimated that 95% of the cells excluded trypan blue. This cell
isolation procedure consistently yielded spindle-shaped and
viable GSMC:s that exhibited notable contraction in response
to contractile stimuli. All the experiments were performed
within 2-3 h of cell dispersion.

Detection of MLCK and MLC,, protein levels by ELISA. A
total of three repeated freeze-thaw cycles were used to break
up the membranes of the isolated GSMCs. Briefly, in each
cycle, cells were rapidly frozen on dry ice (-78.5°C) and left
for 3 min, then thawed immediately at room temperature for
30 min. Following centrifugation of the lysates at 20,000 x g
for 10 min at 4°C, the protein concentration of the supernatant
was determined with the DC protein assay kit from Bio-Rad
Laboratories, Inc. Samples of equal amounts of protein were
quantitated for MLCK and MLC,, by ELISA according to the
manufacturers' instructions.

MLC,, phosphorylation assay. The phosphorylation level of
MLC,, (pSer-19) was measured by using the phospho-MLC,,
ELISA kit. The assay was performed according to the manu-
facturer's protocol, using 10 ul of protein lysate. The total
starting protein concentration for all samples was 1 mg/ml.

Measurement of contraction in dispersed smooth muscle
cells. Contraction in freshly dispersed GSMCs was deter-
mined by scanning micrometry (20). Aliquots (0.4 ml) of
cells containing approximately 10* cells/ml were prepared
and distributed into either male or female groups. Cells were
stimulated with acetylcholine (ACh; 0.1 xM) for 1 min in the
presence or absence of the MLCK inhibitor, ML-7 (1 uM),
and the reaction was terminated with 1% acrolein at a final
concentration of 0.1%. Acrolein kills and fixes cells without
affecting the cell length. The cells were viewed using a
10x or 20x objective of the inverted Nikon TMS-F microscope,
and cell images were acquired using a Canon digital camera
(DS126291; Canon, Inc., Tokyo, Japan) and ImageJ acquisi-
tion software v1.45 (National Institutes of Health, Bethesda,
MD, USA). The resting cell length was determined in control
experiments in which muscle cells were not treated with ACh.
The mean length of at least 50 muscle cells was measured
with ImageJ from each group. The contractile response to
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Figure 1. ACh-induced MLC,, phosphorylation in the GSMCs of male
and female rats. Phosphorylation of MLC,, was detected from absorbance
at 450 nm. Treatment of GSMCs with ACh significantly increased MLC,,
phosphorylation in each sex. The ACh-induced phosphorylation of MLC,,
was significantly higher in male cells compared with female cells. ML-7 sig-
nificantly inhibited ACh-induced MLC,, phosphorylation in the GSMCs of
male and female rats. ML-7 abolished the sex differences in phosphorylation.
“P<0.05 vs. F/ACh; “P<0.05 vs. M/ACh + ML-7; P<0.05 vs. F/ACh + ML-7.
MLC,,, 20-kDa regulatory myosin light chain; ACh, acetylcholine; ML-7,
myosin light chain kinase inhibitor; GSMC, gastric smooth muscle cell; F,
female; M, male.
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Figure 2. Protein expression of MLC,, in the GSMCs of male and female
rats. The protein expression of MLC,, did not differ between male and
female GSMCs. MLC,, protein levels are expressed as pg/mg of total protein.
Values shown are representative of four independent experiments performed
in triplicate. Data represent the means =+ standard error of the mean. MLC,,,
20-kDa regulatory myosin light chain; GSMC, gastric smooth muscle cell;
F, female; M, male.

ACh was defined as the decrease in the mean length of at
least 50 cells and expressed as the percent of change in length
relative to mean resting length.

Statistical analysis. Data are expressed as the mean + standard
error of the mean. Each experiment was performed on single
gastric muscle cells collected from at least 5-10 different rats
of each sex. Statistical analyses were performed using Prism
5.0 software (GraphPad Software, Inc., La Jolla, CA, USA).
Comparisons between two groups were performed by unpaired
Student's t-tests. Comparisons between more than two groups
were performed by one-way analysis of variance followed by
Fisher's post-hoc analysis. P<0.05 was considered to indicate
statistical significance.
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Figure 3. Expression of MLCK protein in the GSMCs of male and female
rats. The protein expression of MLCK did not differ between male and
female GSMCs. MLCK protein levels are expressed as pg/mg of total protein.
Values shown are representative of four independent experiments performed
in triplicate. Data represent the means + standard error of the mean. MLCK,
myosin light chain kinase; GSMC, gastric smooth muscle cell; F, female; M,
male.

Results

MLC,, phosphorylation. Treatment of freshly dispersed male
or female gastric muscle cells with ACh, a Gaq/13-coupled
receptor agonist (21), for 1 min significantly increased MLC,,
phosphorylation above the basal level (P<0.05; data not shown).
Notably, ACh-induced MLC,, phosphorylation was greater in
male cells compared with female cells (P<0.05; Fig. 1). The
basal MLC,, phosphorylation level was similar in the male
and female groups (data not shown). To determine whether the
sex-dependent phosphorylation of MLC,, was due to the effect
of MLCK activity, GSMCs were treated the MLCK inhibitor,
ML-7. ACh-induced MLC,, phosphorylation was significantly
inhibited by ML-7 in both sexes (P<0.05), and most notably,
sex differences were abolished (Fig. 1).

MLC,, expression. To determine whether the MLC,, protein
expression profile correlated with the phosphorylation differ-
ences in MLC,,, the protein level of MLC,, protein level was
compared between male and female gastric muscle cells by
ELISA. Despite the higher level of agonist-stimulated MLC,,
phosphorylation in male muscle cells compared with female
cells, the expression of MLC,, protein was similar in both
sexes (P>0.05; Fig. 2). This indicates the possibility that
gender differences in MLC,, phosphorylation may be due to
an effect of other upstream kinases, particularly of the key
enzyme MLCK, on MLC,, phosphorylation.

MLCK expression. Despite the greater effect of MLCK inhibi-
tion on MLC,, phosphorylation in male compared with female
cells, the protein expression of MLCK did not differ signifi-
cantly between the groups of cells (P>0.05; Fig. 3).

Smooth muscle contraction. The change in gastric muscle cell
length in response to ACh treatment was measured by scan-
ning micrometry. Resting (not treated with ACh) muscle cell
lengths did not differ (P>0.05) between the sexes (data not
shown). ACh caused muscle cell contraction in both the male
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Figure 4. Effect of the MLCK inhibitor, ML-7, on ACh-induced contraction
in the GSMCs of male and female rats. GSMCs of male or female rats were
stimulated with ACh in the presence or absence of ML-7 and were viewed
under an inverted phase microscope. Images of treated and non-treated
single cells were acquired and the extent of cell contraction was measured.
Contraction in response to ACh was significantly greater in male cells com-
pared with female cells. MLCK inhibitor significantly inhibited ACh-induced
contraction in the GSMCs of male and female rats. ML-7-induced inhibi-
tion of gastric muscle contraction and abolished the sex differences in the
ACh-induced contractions. ‘P<0.05 vs. F/ACh; *P<0.05 vs. M/ACh + ML-7;
P<0.05 vs. F/ACh + ML-7. ACh, acetylcholine; GSMC, gastric smooth
muscle cell; F, female; M, male.

and female groups. Notably, contraction in response to ACh
was significantly greater in male cells compared with female
cells (P<0.05; Fig. 4). To assess the effect of MLCK on the
sex-dependent muscle cell contraction, GSMCs were treated
with ML-7. Preincubation of cells with ML-7 significantly
reduced ACh-induced contraction in the male and female
cells (P<0.05), and this inhibition was to a greater extent in
male compared with female cells (Fig. 4). Most notably, ML-7
abolished the sex differences in cell contraction (Fig. 4).

Discussion

In the present research, elevated MLC,, phosphorylation and
contraction in response to ACh were identified in GSMCs
from male rats compared with those from females. However,
the protein levels of MLC,, were did not differ between males
and females. Inhibition of MLCK reduced MLC,, phos-
phorylation and ACh-induced contraction in both sexes and
abolished sex-dependent differences. These findings suggest
that phosphorylation of MLC,, by MLCK is regulated differ-
ently in GSMCs from males versus females.

Sex differences in smooth muscle function have been
reported in various tissue organs and in different species. For
example, greater myogenic tone has been identified in the
arteries of male rats over that in females (22,23). Furthermore,
women have increased asthma prevalence with changes in
pulmonary smooth muscle contractile behavior compared with
men (24). Most notably, our group recently reported greater
muscle contraction in male stomach muscle cells compared
with the female counterparts (1).

Indeed, gender differences in smooth muscle reactivity
may be related to differential expression and/or activity of sex
hormone receptors (25), effects of sex hormones on the gene
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expression of the specific receptors of contractile agonists (26),
or sex-related differences in the signaling mechanisms
of smooth muscle contraction downstream from receptor
activation (1). It is established that phosphorylation of Serl9
on the regulatory light chain of myosin IT by Ca*/calmod-
ulin-dependent MLCK is essential for the initiation of smooth
muscle contraction (27). MLC,, phosphorylation may also be
increased through inhibition of MLC phosphatase by Rho
kinase and other important kinases, which sustains smooth
muscle contraction without a change in intracellular Ca*
level (28).

Research on gender-related differences in the signaling
mechanisms of smooth muscle contraction in the GI tract
is limited. In the vasculature, studies have demonstrated a
smaller basal intracellular Ca** level in female rats compared
with males, suggesting gender differences in Ca**-handling
mechanisms (29,30). In addition, stronger vasodilator response
to the Rho kinase inhibitor, Y27632, has been observed in
the cerebral circulation of male rats compared with females,
although the measured protein levels of RhoA and Rho kinase
did not differ (31). Other studies have demonstrated that gender
differences in vascular reactivity reflect differences in the
expression and activity of PKC isoforms in vascular smooth
muscle (32-34). Whether these sex variations exist in the GI
tract muscle is currently unknown.

Parallel to previous findings outside the GI tract, our group
recently reported an increased contraction attributable to
greater RhoA/ROCK activation in the stomach smooth muscle
cells of male rats compared with females (1). This provided
a basis for investigating sex differences in other contraction
signaling pathways in the GI tract smooth muscle. To the best
of our knowledge, the present study is the first to indicate
differential activation of the MLCK/MLC,, pathway and its
effect on contraction of single GSMCs between the sexes in
rats.

As sex-related differences in gastric contraction may be due
to differences in various types of stomach cells, studying the
muscle contraction and the regulation of the MLCK/MLC,,
pathway in a multicellular preparation may be difficult and
non-specific. For this reason, the present study was performed
on single smooth muscle cells freshly isolated from the
stomach of rat to avoid the contribution of other non-muscle
cell types.

Consistent with our previous study (1), treatment of muscle
cells with ACh induced muscle contraction and significantly
enhanced MLC,, phosphorylation level in male and female
cells. Despite the differences in MLC,, phosphorylation level,
the protein expression of MLC,, was indifferent between the
sexes. Thus, differences in the expression of MLC,, did not
account for the difference in MLC,, phosphorylation between
the sexes. These results indicate the possibility that the
sex-dependent elevation of MLC,, phosphorylation in males
may be due to differences in the activation of other upstream
regulators of myosin, such as MLCK.

To assess the role of MLCK in sex-dependent differential
MLC,, phosphorylation and contraction, MLC,, phosphoryla-
tion and muscle contraction was measured in the presence or
absence of the MLCK inhibitor, ML-7. ACh-induced muscle
cell contraction was greater in male gastric cells compared
with female cells. The MLCK inhibitor ML-7 inhibited both
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the phosphorylation of MLC,, and muscle contraction. Most
notably, inhibition of MLCK by ML-7 abolished the observed
sex differences and normalized contractions in response
to ACh between male and female cells. This suggests that
enhanced MLCK activity in the stomach of males may mediate
the sex difference. Indeed, the binding affinity of ML-7 for
smooth muscle MLCK is ~100 times higher than its affinity
for other enzymes, and it is more specific than its parent form,
ML-9, in inhibiting MLCK (35,36). However, its ability to
inhibit other enzymes including cyclic adenosine monophos-
phate-dependent protein kinases, protein kinase C (PKC) and
calcium phosphodiesterase can not be excluded (35). A recent
and advanced method for testing the function of a specific
enzyme is to treat cultured GSMCs with small interfering
RNA (siRNA) to block expression of the target gene. However,
due to limited laboratory facilities, these siRNA experiments
could not be performed in the present study. Thus, future
studies using siRNA and more specific inhibitors of MLCK
should be performed.

Various receptor agonists generate both initial/tran-
sient (<1 min) Ca*-dependent and sustained (>5 min)
Ca**-independent contraction in GI smooth muscle cells (37-39).
As the present study treated single gastric muscle cells with
agonist for 1 min, the phosphorylation assay and contraction
results mostly represent sex differences in the initial phase
of contraction. During this phase, MLC,, phosphorylation
is mainly regulated by MLCK (38). Future measurement of
MLCK activity by specific kinase assay techniques may aid to
verify the present results.

When regarding the inhibitory effects of female steroid
hormones, namely estrogen and progesterone, on muscle
contraction (40), the present results are consistent with
previous studies on human myometrial muscle, which demon-
strated significant reduction in MLC,, phosphorylation upon
KCl treatment in tissues from pregnant women compared with
nonpregnant women (41). This KCl-mediated MLC,, phos-
phorylation depends on Ca*" influx through voltage-sensitive
Ca?* channels (42). Both estrogen and progesterone have been
demonstrated to inhibit Ca?* influx in smooth muscle (43,44).
In addition, the current findings are in parallel with other
results on enhanced myosin phosphatase target subunit 1
expression and thus MLC phosphatase activity in pregnancy,
which resulted in decreased basal levels of MLC,, phosphory-
lation (45).

In conclusion, the present study demonstrated that phos-
phorylation of MLC,, and thus smooth muscle contraction
in response to ACh was greater in stomach cells from males
compared with those from females. This sex-dependent
phosphorylation was most probably mediated by increased
activation of MLCK in males compared with females, as the
sex differences were eliminated by the MLCK inhibitor ML-7.
The exact mechanisms by which the MLCK/MLC,, pathway
is differentially regulated between the sexes should be investi-
gated in future studies. Sex differences are present across the GI
system, in which the MLCK/MLC,, pathway serves a crucial
role in GI motility function (46). Further understanding of the
role of the MLCK/MLGC,, pathway in modulating the normal
physiological as well as the pathophysiological functions of
the GI tract may enable more effective and sex-appropriate
treatments for various GI motility disturbances.
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