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Abstract

The purpose of this study was to investigate whether the ERK signaling pathway was involved in ameliorating chronic
myofascial hyperalgesia from contused gastrocnemius muscle in rats. We established an animal model associated with
myofascial pain syndrome and described the mechanism of muscle pain in an animal model. Changes in the mechanical pain
threshold were observed 0.5, I, 2, 3, 4, 5, 8, 12, 18, and 24 h after ERK inhibitor injection around myofascial trigger points
(MTrPs) of the gastrocnemius muscle in rats. Morphological changes in gastrocnemius muscle cells were observed by
hematoxylin and eosin (H&E) staining. ERK signaling pathway activation was detected through immunohistochemistry and
Western blotting. The main morphological characteristics of injured muscle fibers around MTrPs include gathered circular or
elliptical shapes of different sizes in the cross-section and continuous inflated and tapering fibers in the longitudinal section.
After intramuscular injection of U0126 (ERK inhibitor), the mechanical pain threshold significantly increased. The reduction in
mechanical hyperalgesia was accompanied by reduced ERK protein phosphorylation, myosin light chain kinase (MLCK)
protein, p-MLC protein expression, and the cross-sectional area of skeletal muscle cells around MTrPs. An ERK inhibitor
contributed to the attenuation of mechanical hyperalgesia in the rat myofascial pain model, and the increase in pain threshold
may be related to MLCK downregulation and other related contraction-associated proteins by ERK.
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histomorphology of MTrPs in patients with MPS revealed
that some large and small hyperchromatic rounded muscle
cells appeared in the transection of the tissue®. Some large
rounded fibers were found in transverse sections of MTrP
muscle tissue, and some muscle fibers were found in the

Introduction

Chronic pain can weaken the body, affects more than one-
fifth of the world’s population, and is among the most dis-
abling and costly afflictions'2. Myofascial pain syndrome
(MPS) is a general chronic pain disorder characterized by the
existence of one or more myofascial trigger points (MTrPs)
in the corresponding myofascial sites of patients. The signa-

ture feature of MTrPs is a hard, taut band (TB), which con-
sists of a group of contracted muscle fibers that can be
palpated in the muscle and are characterized by distant
referred pain, local twitch responses (LTRs), and sponta-
neous electrical activity’. MTrPs can be clinically classified
as latent or active®. A clinical survey revealed that 40% of
musculoskeletal symptoms occur secondary to pain caused
by active MTrPs®. MTrPs are thought to occur as a result of
muscle strain or injury or psychological stress. Imbalances in
human mechanics, incorrect posture, prolonged muscle
contraction, and muscle atrophy are associated with the
development of MTrPs>. Observations of the muscle
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longitudinal sections with central bulges and narrowing and
lengthening on both sides. These characteristics may be spe-
cific histological markers of MTrPs’, as subsequently con-
firmed by researchers in animal models of MPS®. Although
injured muscle fibers were found around the MTrPs, the
mechanism of chronic muscle pain remains unclear, hinder-
ing the development of appropriate analgesic strategies.

Reports on the biological mechanism of myofascial trig-
gers in humans and rats are limited, and most of them have
been studied to evaluate the effect of clinical therapy.
Recently, in the same model as that used in this study,
inflammatory cytokine expression levels were significantly
increased in the MTrPs of the model group’, and Huang and
colleagues used this model to study proteomics, providing
valuable clues for improved understanding of the pathogen-
esis of myofascial pain'®. A sustained increase in acetylcho-
line in the synaptic cleft may play a key role in MTrP
formation'".

Small foci of contracted sarcomeres have been found in
the human trapezius, which is consistent with the hypothesis
of MTrP formation'?. Studies have demonstrated the pres-
ence of sympathetic hyperactivity at MTrPs, which could
partially explain its symptoms'>. Part of our previous studies
demonstrated that the fibroblast growth factor receptor (P-
FGFR1) sensitizes nociceptive nerves around MTrPs and
mediates pain behaviors in rats'. At present, the diagnosis
of MTtPs is based exclusively on clinical examination'®.

A large body of evidence suggests that the mitogen-
activated protein kinase (MAPK) pathway plays a key role
in the formation of peripheral and central sensitization
through different molecular and cellular mechanisms to pro-
mote hypersensitivity to pain after tissue and nerve dam-
age'>'®. MAPK signal cascades are activated by many
intracellular and extracellular stimuli, including hypoxia,
changes in the Ca®* concentration, physical pressure, and
cytokines'”. The extracellular signal-regulated kinase
(ERK1/2) signaling pathway in animal cells is the most
commonly activated pathway among the MAPK pathways'®.
Through studies of different pain models, peripheral or cen-
tral noxious stimuli were found to abnormally stimulate the
ERK1/2 signaling pathway in the nervous system, and acti-
vated ERK1/2 plays a vital role in the formation and main-
tenance of pain hypersensitivity'®'®. In addition, ERK is
involved in cell contraction through the myosin light chain
kinase (MLCK) signaling pathway**?'. MLCK induces
myosin regulatory light chain (RLC) phosphorylation, which
regulates the contraction of smooth muscle, skeletal muscle,
and cardiomyocytes. Skeletal muscle expresses a specific
MLCK called skeletal muscle type myosin light chain kinase
(skMLCK), which has a vital function in skeletal muscle
contraction.

SKMLCK is a specific Ca®>"/calmodulin-dependent pro-
tein kinase that phosphorylates the RLC of sarcomeric myo-
sin®?. Phosphorylation of RLC in skeletal muscle increases
the isometric contraction force of muscle fibers, the rate of
the production of the submaximum and maximum levels of

Table I. The Number of Animals in Each Group.

Group Behavioral testing H&E/IHC WB
Control 6 3 6
MPS + DMSO 6 3 6
MPS + U0.2 6 3 6
MPS + Ul 6 3 6

DMSO: dimethyl sulfoxide; H&E: hematoxylin and eosin; IHC: Immunohis-
tochemistry; WB: Western blot.

force when Ca®" induces muscle contraction®>. By increas-
ing the calcium sensitivity of skeletal muscle fibers through
the above described mechanism, this effect may enhance the
ability of sarcomeres to contract, thereby affecting dynamic
aspects of overall muscle performance®*. Therefore, abnor-
mal expression of RLC may lead to changes in muscle con-
tractility. The maximum muscle strength of phosphorylated
RLC skinned fibers was increased by 15% compared to that
of reconstituted, nonphosphorylated RLC skinned fibers®.
Abnormal changes in MLCK may lead to abnormal muscle
contractions and even muscle damage. When the skMLCK
gene was knocked out in mice, electrical stimulation of ske-
letal muscle in mice did not result in phosphorylation of RLC
and was accompanied by a decreased muscular tetanic con-
traction potential caused by spasmodic toxin and a signifi-
cantly decreased staircase effect®®. The role of skMLCK in
regulating skeletal muscle contraction, as demonstrated here
and earlier by others, may be more important than was first
suspected or realized.

In this study, to better study the pathogenesis mechanism
of MPS, we attempted to establish an animal model simulat-
ing MPS, which is characterized by the presence of injured
muscle fibers accompanied by persistent muscle pain. We
examined the histological changes around MTrPs and the
role of the ERK signaling pathway in persistent muscle pain
from contused gastrocnemius muscle in rats.

Materials and Methods
Animal Care and Experimental Protocol

The research procedures were authorized by the Animal
Care and Use Committee of Shandong University. The rats
required for the experiment were all maintained in accor-
dance with the “Guidelines for Animal Care and Use in the
Laboratory of Shandong University, People’s Republic of
China.” Six-week-old male Sprague—Dawley (SD) rats
(200250 g) were housed in groups of three under a 12-h
light/dark cycle. To reduce experimental error, all the beha-
vioral tests and tissue separation were performed by the
same person, and other related procedures, such as drug
injection, were performed by another experimenter. This
experiment adopted a double-blind method. In our experi-
ment, animals were randomly divided into different groups
as indicated in Table 1, and the protocol of the experiment is
shown in Fig. 1.
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Figure 1. The flow chart of the experiment.

Animal Modeling

In this study, we used the same animal model as that reported
by Zhang et al®. Rats were randomly divided into four groups
using a web-based random number generator (GraphPad soft-
ware): control group, MPS + dimethyl sulfoxide (DMSO)
group, MPS + U0.2 group, and MPS + U1 group. The model
of MTrP activation in rats was established by blunt striking of
the left gastrocnemius muscle combined with eccentric exer-
cise for 8 weeks followed by a 4-week recovery period. Rats
were briefly anesthetized with 2.5% isoflurane and fixed
under the striking device. The site of the left gastrocnemius
muscle was marked, and then the stick fell 20 cm freely to
strike the marked position with a kinetic energy of 2.352 ]
once each week on the first day of the week. After each blow,
the skin and bone were verified to be intact, and the rats were
fed normally. Every second day of each week, the rats were
run on the running platform (Sans, Nanjing, China) at an angle
of —16°, and the speed was gradually increased to 16 m/min
over 90 min. The general health of the rats during the proce-
dures, such as body weight, condition of the limbs, and move-
ment ability, was monitored weekly. To identify the active
MTrPs, we first palpated and marked the contracture nodule

in the TB. If it was found that acupuncture could cause a LTR,
the labeled nodules were considered as possible active MTrPs.
Second, the mechanical sensitivity to TB was significantly
decreased as further confirmed.

TB Palpation

An obvious tight rope structure felt in the muscle is known as
a TB, and the presence of a TB was examined using the flat
palpation method described by Huang et al’. In brief, the
evaluator palpated the subcutaneous muscle tissue of the rat
gastrocnemius muscle with a fingertip and considered it a
TB if there was a prominent tubercle-like cord in the muscle
fibers rolling under the skin. During the modeling period, the
left gastrocnemius muscle of the rat was palpated on the last
day of each week to determine the presence of a TB.

Behavioral Testing

Mechanical stimulation was used to determine the with-
drawal threshold of the lower limbs to evaluate the
mechanical hyperalgesia of rats. Briefly, we used the
Randall-Selitto instrument (Shandong Provincial Institute
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of Science and Technology, Jinan, China), which has a
round head probe (tip diameter: 8 mm)*’**. Before the
behavioral test, all rats were acclimated to the laboratory
environment for 7 days to reduce errors caused by the envi-
ronment. In addition, we also conducted behavioral adapta-
tion experiments during the adaptation period. During the
measurements, the rats were confined to a cylinder with
their lower limbs exposed. In the measurement with the
Randall-Selitto instrument, the probe continuously pressed
the left gastrocnemius muscle of the rat until the limb
retracted. Each rat was measured seven times at 2-min
intervals. The maximum and minimum values were
removed, and the average value of the remaining values
was taken as the initial value of the withdrawal threshold.
A Randal-Selitto device was used to determine the mechan-
ical withdrawal threshold at 0.5, 1, 2, 3, 4, 5, 8, 12, 18, and
24 h after intramuscular injection of U0126. The blind
method was used in the behavioral test.

Injection of ERK Inhibitor

After successful modeling, the effect of the MAPK kinase
(MEK) inhibitor U0126 (MCE) on the withdrawal threshold
of the left lower limb in rats stimulated by mechanical pres-
sure was studied at week 13. The diagnostic criteria for
active MTrPs were as follows: (1) tender spot in a palpable
TB, (2) elicitation of a LTR by palpation or needle insertion
into the tender spot, and (3) significantly decreased mechan-
ical withdrawal threshold of the TB in the gastrocnemius.
Specifically, if LTR was elicited by needling, the marked
nodule was considered a possible active MTrP. The skin
overlying the TB was disinfected with alcohol. Immediately
after the intramuscular injection of the drug, a thin, indelible
ink pen was used to mark the punctured part of the skin such
that the mechanical withdrawal threshold of the intramuscu-
lar injection site could be repeatedly measured. The ERK
inhibitor which was dissolved with 1% DMSO (0.2 and 1 pg/
pl concentrations) (30 pl/point) was intramuscularly admi-
nistered to the MTrPs (one to three points), and the effect of
the vehicle (1% DMSO) was also tested at the same volume
as that used for the inhibitor in MTrPs or control animals
(one to three points).

Hematoxylin and Eosin Staining

One hour after the TB sites were injected with the drug,
muscle samples around active MTrPs were collected along
the pinholes in the skin marked with a fine-tip indelible ink
pen. The muscle biopsy samples were fixed with formalin,
embedded in paraffin, and sectioned. The samples were
sliced at a thickness of 3 pm, placed on the slide, and stained
with hematoxylin and eosin (H&E). The slices were then
dehydrated in graded ethanol (70%—100%) and xylene and
covered. All slices were evaluated using an optical micro-
scope with a digital camera.

Immunohistochemistry

We performed histomorphological identification of highly
suspected MTrPs by H&E staining to further determine the
accuracy of the sampling location. Typical morphological
characteristics of MTrPs include gathered circular or ellip-
tical shape with different sizes within the cross-section and
continuous inflated and tapering fibers within the longitudi-
nal section. If the muscle tissue of the sampling site con-
formed to active MTrP morphology, the remaining tissue
sections were used for immunohistochemistry (IHC). IHC
was used to label tissues with streptavidin—biotin. Paraffin-
embedded sections were heated at 68°C for 2 h and then
deparaffinized. The sections were subjected to microwave
irradiation with ethylenediaminetetraacetic acid buffer (pH
8) for 15 min. After rinsing twice in phosphate buffered
saline (PBS), the slices were incubated in 3% hydrogen per-
oxide. After washing in PBS thrice, the sections were treated
with normal goat serum at 37°C for 30 min followed by
incubation with ERK antibody (1:200, ab17942, Abcam,
Cambridge, UK) and primary polyclonal rabbit anti-
pERK1/2 antibody (1:400, #4370, CST, Boston, MA, USA)
at 4°C overnight. After washing in PBS thrice, the slices
were incubated with biotin-labeled goat antirabbit serum at
37°C for 30 min and horseradish peroxidase labeled strepta-
vidin complex at 37°C for 30 min (Origene sp-9000). DAB
matrix solution and hematoxylin were used for color devel-
opment. The images were obtained with a BX53 microscope
(Olympus, Tokyo, Japan) using a Qlmaging Micropublisher
camera (Abingdon, Virginia, USA).

Western Blot Analysis

The method of muscle tissue harvesting was described
above. Tissue samples were quickly frozen in liquid nitrogen
for later use in the Western blot (WB) experiments. Muscle
tissue was ground in a liquid nitrogen environment and then
subjected to violent shock in precooled lysis buffer. The
supernatant was collected after centrifugation, and the pro-
tein concentration was determined. The samples of total
protein were separated by 5% and 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis. The proteins
were then transferred to polyvinylidene fluoride membranes.
The membranes were incubated at room temperature in 5%
milk for 1 h. Then, the membranes were incubated overnight
with primary antibody at 4°C followed by secondary anti-
bodies for 1 h. The primary antibodies used in this experi-
ment were as follows: rabbit anti-ERK polyclonal antibody
(1:1,000, ab17942, Abcam), rabbit anti-pERK1/2 polyclonal
antibody (1:2,000, #4370, CST), rabbit anti-MLCK polyclo-
nal antibody (1:1,000, DF9023, Affinity Biosciences,
Changzhou, China), rabbit anti-MLC2 polyclonal antibody
(1:1,000, DF7911, Affinity Biosciences, Changzhou,
China), rabbit anti-p-MLC2 (Serl5) polyclonal antibody
(1:1,000, AF8618, Affinity Biosciences, Changzhou,
China), and goat anti-rabbit antibody as the secondary
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antibody (1:5,000, Zhongshan Golden Bridge, Beijing,
China). The protein bands were visualized with a Fluoro-
Chem 9900 Imaging System, and the expression of the target
protein was quantified by comparing it with the expression
of glyceraldehyde 3-phosphate dehydrogenase (1:1,000,
ProteinTech, Wuhan, China).

Measurement of Cross-sectional Area

Three rats in each group were used for H&E/IHC. We
randomly selected one H&E section from each rat and then
randomly selected three microscope fields (x400). The
cross-sectional area of entire fibers in this field was mea-
sured and averaged.

Predicting the Relationship Between ERK and MLCK

To further confirm the underlying mechanism of the ameli-
orating effect of ERK inhibitor on persistent muscle pain
associated with TB, we searched for the proteins associated
with ERK that were related to muscle contraction in the
STRING database (https://string-db.org/cgi/input.pl). Then,
the related protein was assessed.

Statistical Analyses

Statistical analyses were performed using SPSS 19.0 software
(IBM, Armonk, NY, USA). All data are expressed as the
means + standard error of the mean (SEM). The comparison
between the two groups was analyzed by the 7-test. When
there were at least three groups, the data were analyzed using
one-way analysis of variance to determine the within-group
values. Fisher’s Least Significant Difference post hoc tests
were conducted when appropriate. Statistical significance was
defined as P < 0.05, "P < 0.05, and ~"P < 0.01.

Results

Mechanical Pain Threshold Changes, Number of
MTrPs, and Histomorphological Changes

To investigate the mechanisms underlying myofascial pain,
we established an MPS model in SD rats. The changes in
the mechanical withdrawal threshold of the left lower limb
gastrocnemius muscle in rats were measured using a
Randall-Selitto device every week. No abnormal limb lift-
ing, foot licking, gait instability, or other pain-related beha-
viors were observed in the control group. Two weeks after
the first strike, compared with that in the control group, the
mechanical withdrawal threshold in the MPS group was
significantly decreased, persisting until the 12th week of
the modeling cycle (**P < 0.01) (Fig. 2A). The subcuta-
neous longitudinal cord palpated in the middle of the gas-
trocnemius muscle was a TB. No TB was detected by
palpation in the control group. TBs were first palpated at
2 weeks, and the proportion of palpable TBs reached 100%
starting at 5 weeks and continuing through 12 weeks of the

modeling cycle (Fig. 2B). After successful modeling,
enlarged nodules could be found when palpating the gastro-
cnemius muscle in the MPS group, and acupuncture of the
nodules could induce LTRs. The number of MTrPs was
determined according to the LTRs. Compared with that in
the control group, the number of MTrPs was increased
significantly in the MPS group (Fig. 2C). After H&E stain-
ing, we first used a low-power microscope (x100) to dis-
play the morphological characteristics of the transverse
sections of the two groups of muscle fibers on the whole.
At high magnification (x400), we found that the muscle
fibers were uniform in size, polygonal, and regular in
arrangement in the cross-sectional space in the control
group (arrows). The muscle fibers in the MPS group were
annular or elliptical hyperchromatic muscle fibers of dif-
ferent sizes (arrows). The abnormal fibers aggregated
together, and minimal inflammatory cells were observed
(Fig. 2D). In the longitudinal sections of muscle, the muscle
cells were tightly ordered in the control group. Continuous
expansion of pyramidal muscle fibers was found in the
MPS group. The muscle fiber space was increased, and
obvious inflammatory cell infiltration was observed in the
MPS group (Fig. 2E).

ERK and p-ERK Expressions were Increased in Injured
Muscle Fibers Around MTrPs of the Gastrocnemius
Muscle of SD Rats

We found that ERK and p-ERK were significantly increased
in injured muscle fibers around MTrPs of the gastrocnemius
muscle of SD rats. As demonstrated by immunohistochem-
ical staining, ERK was increased in the cytoplasm of large or
small rounded muscle cells (arrows), and p-ERK was
increased in the cell nuclei of muscle cells (arrows) in the
MPS group (Fig. 3A). WB results revealed that ERK protein
and p-ERK protein expression were significantly increased
in injured muscle fibers around MTrPs in the MPS group
compared with those in the control group (Fig. 3B, C). The
mean cross-sectional area of the injured muscle fibers in the
MPS (with ERK immunohistochemical staining of positive
cells) group was significantly increased compared with that
in the control group and the MPS (no ERK immunohisto-
chemical staining of positive cells) group (Fig. 3D). The
mean cross-sectional area of the injured muscle fibers in the
MPS (with p-ERK immunohistochemical staining of posi-
tive cells) group was significantly increased compared with
that in the control group and the MPS (no pERK immuno-
histochemical staining of positive cells) group (Fig. 3E).

ERK Inhibitor Restrained the Expression of p-ERK in
Injured Muscle Fibers Around MTrPs

To investigate the effect of ERK in mechanical hyperalgesia,
we injected two different concentrations (0.2 and 1 pg/ul) of
the ERK inhibitor U0126 into the gastrocnemius muscle of
SD rats. One hour after injection, we performed western
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Figure 2. The MPS model was successfully generated. (A) Weekly changes in the mechanical withdrawal thresholds measured by the Randall-
Selitto apparatus in the left gastrocnemius muscle of rats. Data are presented as the mean + SEM (n = 6). The data were analyzed by T-tests. *P
< 0.05, *P < 0.01. (B) The proportion of nodules in the left gastrocnemius muscle in each group measured on a weekly basis. In the model
group, the palpable rate of the TBs reached 100% by the fifth week of the modeling cycle. (C) After modeling, the average number of MTrPs in
the two groups is shown. Data are presented as the mean + SEM (n = 6). The data were analyzed by T-tests. *P < 0.05, **P < 0.01. (D) Light
microscopy images of cross-sections of muscle fibers with H&E staining. In the control group, the muscle cells showed polygonal shapes of
uniform size (arrows). In the MPS group, several large and small hyperchromatic rounded muscle cells appeared (arrows), the abnormal fibers
were aggregated together, and slightly inflammatory cells could be observed, showing short cracks and large gaps within the muscle fiber
framework. (E) Light microscopy images of longitudinal sections of muscle fibers with H&E staining. In the control group, the muscle cells were
tightly ordered. In the MPS group, the muscle cells showed continuously inflated and tapering fibers (arrows). H&E: hematoxylin and eosin; MPS:
myofascial pain syndrome; MTrPs: myofascial trigger points; SEM: standard error of the mean; TB: taut band.

blotting to detect the expression of ERK and p-ERK. Total after injection of two different concentrations (0.2 and 1 pg/
ERK expression was not affected by the injection of the ERK  pl) of ERK inhibitor compared to that in the MPS 4+ DMSO
inhibitor U0126. ERK phosphorylation was downregulated  group (Fig. 4).
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Figure 3. ERK and p-ERK expressions were increased in injured muscle fibers around MTrPs of the gastrocnemius muscle of SD rats. (A)
Representative immunohistochemical staining of ERK and p-ERK protein expressions in injured muscle fibers around MTrPs of the
gastrocnemius muscle. ERK was increased in the cytoplasm of large or small rounded muscle cells (arrows) in the MPS group. P-ERK was
increased in the cell nuclei of muscle cells (arrows) in the MPS group. (B and C) Representative bands showing ERK and p-ERK protein
expressions in the gastrocnemius muscle after modeling of the two groups. The quantitative data for both ERK and p-ERK protein
expressions are represented by the means + SEMs (n = 6) based on the band density normalized to that of GAPDH. The data were
analyzed by T-tests. *P <0.05, **P < 0.01. (D) Muscle cell cross-sectional area in the control group, MPS (no ERK) group, and MPS (with ERK)
group. Data are presented as the mean + SEM (n = 3). The data were analyzed using one-way ANOVA. **P < 0.01. (E) Muscle cell cross-
sectional area in the control group, MPS (no p-ERK) group, and MPS (with p-ERK) group. Data are presented as the mean + SEM (n = 3).
The data were analyzed using one-way ANOVA. *P < 0.0]. ANOVA: analysis of variance; GAPDH: glyceraldehyde 3-phosphate dehy-
drogenase; MPS: myofascial pain syndrome; MTrPs: myofascial trigger points; SD: Sprague—Dawley; SEM: standard error of the mean; TB:
taut band.

ERK Inhibitor Ameliorated Muscular Mechanical inhibitor. In our preliminary experiment, no significant dif-
Hyperalgesia and Reduced the Cross-sectional Area in ~ ference in behavior was noted between the Control + Ul
Muscle Cells group and the Control + DMSO group. In the MPS + U0.2

. ) . (n = 6) and MPS + U1 (n = 6) groups, MTrP administration
The mechanical pain threshold of rats was measured usinga  4£ 0126 (one to three points) produced significant recovery

Randall-Selitto apparatus at 0.5, 1,2, 3, 4, 5, 8,12, 18, and  of mechanical hyperalgesia compared with the MPS +
24 h after injection of different concentrations of ERK  pMSO group at 0.5, 1, 2, 3, 4, and 5 h after injection of
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injection. ERK phosphorylation and pERK/ERK were significantly downregulated in the ERK inhibitor U0126 group at two different
concentrations (0.2 and | pg/pl) | h after injection. Data are presented as the mean + SEM (n = 6). The data were analyzed using one-
way ANOVA. *P <0.05, **P < 0.01. ANOVA: analysis of variance; SEM: standard error of the mean.

ERK inhibitor (Fig. 5A). As shown in Fig. 5B, the cross-
sectional area of muscle cells in the MPS + DMSO group
significantly increased (**P < 0.01 compared with that in the
Control + DMSO group). In contrast, the cross-sectional
area of muscle cells in the MPS + U0.2 and MPS + Ul
groups decreased (Fig. 5B; *P < 0.05 compared with that
in the MPS + DMSO group), indicating that the ERK inhi-
bitor effectively relieves muscle contraction.

MLCK is Potentially a Target of ERK Inhibitor Involved
in Ameliorating Muscular Mechanical Hyperalgesia

The relationship between ERK and MLCK was shown by the
bioinformatics prediction performed by using the STRING
database (Fig. 6A). MLCK and p-MLC expressions were
significantly upregulated in the MPS group compared with
the control group. MLCK and p-MLC expressions in injured
muscle fibers around MTrPs were significantly downregu-
lated in the MPS + U0.2 and MPS + Ul groups compared
with the MPS + DMSO group (Fig. 6B).

Discussion

This is the first study demonstrating the role of ERK path-
ways in injured muscle fibers around MTrPs in a rat myo-
fascial pain model. We found that ERK was significantly
increased in injured muscle fibers, and injured muscle fibers
are a typical morphological feature of MTrPs. MTrPs may be
an important cause of recurrent attacks of chronic or regional
pain syndrome, whereas other conditions can also cause the
formation of MTrPs*°. Given that MTtPs play a key role in
the occurrence and persistence of MPS and are also the cause
of central changes, we attempted to reveal a new mechanistic
view at the skeletal muscle cell and molecular levels. The

three main objective criteria for detecting MTrP include
electromyographic recording of LTRs, spontaneous electri-
cal activity at multiple sites of activity in the MTrPs, and
biopsies of MTrPs, which exhibit contraction nodes and
large round muscle fibers’. To reduce the damage caused
by repeated insertion of the fine needle electrode in TB
muscle tissue, we did not utilize electromyography but
ensured the accuracy of the positions by detecting twitch
responses and histomorphology.

MTrtPs are mainly composed of many abnormally con-
tracted sarcomeres (injured muscle fibers). Some studies
suggest that muscle contraction is caused by excessive
release of acetylcholine, causing pain, and disrupting the
underlying cycle may be an effective method to treat symp-
toms. Botox treatment is a method used to achieve this, but
the current clinical use of botulinum treatment is controver-
sial. Are there other contraction pathways in skeletal muscle
cells? ERK/MLCK play important roles in smooth muscle
contraction, so do they play an important role in regulating
skeletal muscle contraction? U0126, a specific inhibitor of
ERK, is currently used to study various factors, such as
neuralgia and inflammatory pain; however, the possibility
that U0126 plays a role in the central nervous system cannot
be excluded. However, the anti-hyperalgesia effect of U0126
is more likely to be caused by inhibiting the ERK signaling
pathway in peripheral nociceptors, which gradually weakens
with the extension of the drug administration time. These
results suggest that the inhibitory effect of U0126 on hyper-
algesia may be achieved by inhibiting the ERK signaling
pathway. Our data demonstrate that ERK is involved in
hyperalgesia in rats. Therefore, we used the ERK-specific
inhibitor U0126 to investigate the mechanism of ERK in
myofascial pain.
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Figure 5. ERK inhibitor ameliorated muscular mechanical hyper-
algesia and reduced the cross-sectional area of muscle cells. (A)
Effects of different reagents on the mechanical pain threshold of
rats. Mechanical pain threshold of rats measured using a Randall-
Selitto apparatus at 0.5, 1,2, 3,4, 5, 8, 12, 18, and 24 h after injection
of different concentrations of inhibitor. Data are presented as the
mean + SEM (n = 6). The data were analyzed using one-way
ANOVA. Red ** indicates the MPS + Ul group versus the MPS
-+ DMSO group, and green ** indicates the MPS + UO0.2 group
versus the MPS + DMSO group. *P <0.05, **P < 0.01. (B) Muscle
cell cross-sectional area in the control + DMSO group, MPS +
DMSO group, MPS + U0.2 group, and MPS + Ul group. Data are
presented as the mean + SEM (n = 6). The data were analyzed
using one-way ANOVA. *P <0.05, **P < 0.01. ANOVA: analysis of
variance; DMSO: dimethyl sulfoxide; MPS: myofascial pain syn-
drome; SEM: standard error of the mean.

Some studies have suggested that MTrPs are caused by
muscle strain, muscle mechanical injury, or mental stress®’.
Improper posture in daily life and work, muscle contusion
caused by direct external force and pulling caused by indi-
rect external force, or insufficient blood supply to muscle
cells caused by other means cause cell membrane damage,
which serves as the initial event in muscle damage®'=2.
Increasing evidence has demonstrated that these causes of
myofascial pain significantly affect ERK activation®*-**,
ERK is key to transmitting signals from surface receptors
to the nucleus involved in cell proliferation and differentia-
tion, cell morphology maintenance, and cytoskeleton con-
struction and may play an important role in a series of
myogenic reactions caused by muscle contraction®>°,
According to our results, ERK may be the key molecule
involved in the abnormal contraction of MTrPs caused by
various mechanical factors. IHC and WB results showed

that ERK and p-ERK protein expressions in injured muscle
fibers around MTrPs were significantly increased. Impor-
tantly, ERK is involved in the activation of many nuclear
transcription factors to adapt the body to different external
stimuli, including local tissue stress caused by muscle con-
traction’”-*®. Phosphorylated ERK1/2 (phospho-ERK1/2,
p-ERK1/2) enters the nucleus mainly in the form of a
homologous dimer via a nuclear localization sequence, and
a small amount of p-ERK1/2 remains in the cytoplasm”.
ERK1/2 may be involved in the adaptive changes in skele-
tal muscle during exercise or other contractile activities by
activating related nuclear transcription factors, such as
Myc, Elk-1, and c-Fos. In other experiments, such as those
performed in vascular smooth muscle and some smooth
muscle endothelial cells, ERK significantly affected
MLCK expression®’*. In our experiment, MLCK protein
expression in the MPS + DMSO group increased, and
MLCK protein expression decreased after ERK inhibitor
injection, indicating that ERK was the upstream factor driv-
ing the change in MLCK levels.

MLCK has been extensively studied in smooth muscle
and its mechanism is relatively clear. However, its role in
skeletal muscle has been rarely studied. Although Ca*"
binds to troponin, resulting in changes in troponin config-
uration that lead to subsequent muscle contraction and rep-
resenting the main mechanism of skeletal muscle
contraction, RLC is essential in regulating the development
of muscle strength®®. Increasing evidence shows that MLCK
plays a major role in muscle fiber contraction®®. RLC phos-
phorylation plays an important role in the enhancement of
the strength of IIb-type muscle fibers*!. In addition, studies
have shown that single nucleotide polymorphisms in
skMLCK are related to the vulnerability of human muscles
to injury during strenuous activities*>. RLC phosphoryla-
tion leads to biochemical memory affecting enhanced
twitch force*!, and this effect may produce an increased
degree of contraction resulting in muscle damage®. Based
on the above research results, the abnormal increases in
MLCK and p-MLC proteins in skeletal muscle cells may
lead to abnormal muscle contraction and the formation of
abnormally contracted sarcomeres. In our study, after the
injection of inhibitors, MLCK and p-MLC expressions
were downregulated, and the cross-sectional area of large
round muscle cells was decreased, indicating that MLCK
was involved in the abnormal contraction mechanism of the
sarcomere.

In our experiment, repeated blunt striking injury and
eccentric exercise caused gastrocnemius hyperalgesia
accompanied by the formation of injured muscle fibers,
which is consistent with the characteristics of MTrPs.
Simons’ integrated hypothesis suggests that MTrPs are
caused by muscle strain and muscle mechanical injury,
which cause excessive acetylcholine release®®. Excessive
release of acetylcholine leads to muscle contraction and
causes local blood circulation disorders, resulting in an
insufficient energy supply to tissues. Tissues release
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Figure 6. MLCK might be the target of the ERK inhibitor involved in ameliorating muscular mechanical hyperalgesia. (A) The relationship
between ERK and MLCK was shown by bioinformatics prediction with the STRING database. (B) The expression of MLCK protein. MLCK
expression was increased in the MPS group compared with that in the control group. MLCK expression was decreased in the ERK inhibitor
group compared with that in the MPS group. Data are presented as the mean + SEM (n = 6). The data were analyzed using one-way
ANOVA. #P < 0.01. (C) The expression of p-MLC protein. p-MLC expression was increased in the MPS group compared with that in the
control group. p-MLC expression was decreased in the ERK inhibitor group compared with that in the MPS group. Data are presented as the
mean + SEM (n = 6). The data were analyzed using one-way ANOVA. *P < 0.01. ANOVA: analysis of variance; MLCK: myosin light chain
kinase; MPS: myofascial pain syndrome; SEM: standard error of the mean.

sensitive substances (ATP, BK, 5-HT, prostaglandins, K+,
etc.) that cause excitability of nociceptors, and peripheral
nerve sensitization can lead to abnormal release of acetyl-
choline. Interestingly, no direct evidence of an increase in
acetylcholine at MTrPs has been reported, and the clinical
efficacy of Botox (a drug that inhibits the release of acetyl-
choline) in treating myofascial pain remains controversial.
Our results further supported the integrated hypothesis of
myofascial MTrPs. During skeletal muscle contraction, the
increased concentration of Ca*" in the cytoplasm can cause
Ca*" to bind to CaM, and then the Ca®"/CaM complex binds
to skMLCK, resulting in activati0n43, which increases the
speed and strength of muscle contractions. When these
changes exceed the regulatory capacity of the cell itself, cell
damage occurs. Excessive activation of MLCK leads to more

energy consumption by muscle cells, which leads to an
energy crisis in the local microenvironment. The persistent
abnormal contraction leads to abnormal expansion of muscle
fibers, an increase in the cross-sectional area, and compres-
sion of the peripheral blood vessels or nerves, resulting in
further pain from ischemia or nerve compression. After we
injected ERK inhibitor, we observed a reduction in hyper-
algesia, which may be related to the reduction of the muscle
fiber cross-sectional area.

The disadvantage of this experiment is that although we
tried our best to obtain the muscle tissue from the MTrP, we
could not precisely obtain the trigger point tissue due to the
three-dimensional structure of the muscle tissue. Because the
tissue we sampled may contain nontrigger point tissue, we
can only study the trigger point and its surrounding injured
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muscle fibers as a whole. We attempted to determine the
causes of persistent muscle pain at the cellular and molecular
levels from this perspective. How to precisely collect trigger
point tissue and how trigger point tissue causes persistent
muscle pain should be further studied.

In conclusion, repeated strikes and eccentric exercise
caused chronic muscular mechanical hyperalgesia accompa-
nied by muscle fiber injury. The present study demonstrated
that ERK and p-ERK were more highly expressed in injured
muscle fibers around MTrPs, leading to an increase in
MLCK expression and abnormal contraction of the muscle
fibers. This mechanism may be the cause of persistent mus-
cle pain around MTrPs from contused gastrocnemius muscle
in rats. This information may provide new ideas and targets
for the treatment of patients with MPS at the cellular and
molecular levels.
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