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Purpose: Few studies have assessed the effects of sphingosine kinase 1/sphingosine-1-phosphate (SPHK1/S1P) on microangiogenesis
at rat myofascial trigger points (MTrPs) using contrast-enhanced ultrasonography (CEUS). This study aimed to address these
deficiencies. Here, we investigated the effects of SPHK1/S1P on MTrP microangiogenesis and the value of CEUS in evaluating
these effects.

Methods: Forty Sprague-Dawley rats were subdivided into two groups: control and MTrP groups. MTrPs were established by 8
weeks of the strike procedure combined with eccentric motion and 4 weeks of recovery. All rats were euthanized after having
undergone CEUS with an overdose of pentobarbital sodium. MTrP and control tissue samples were removed for haematoxylin and
eosin (H&E) staining and transmission electron microscopy (TEM) imaging. The tissue was dehydrated, cleared, and embedded before
sectioning. The sections were then incubated overnight at 4°C, and immunohistochemistry was carried out with primary antibodies
including rabbit anti-CD31, rabbit anti-SPHK 1and rabbit anti-S1PR1.

Results: MTrP rats exhibited spontaneous electrical activity (SEA) and a local twitch response (LTR) during electromyography (EMG)
examination. The CEUS time-intensity curves (TICs) showed that the perfusion intensity in the MTrPs and surrounding tissue area was
increased, with faster perfusion than in normal sites, while the TICs in the control group slowly increased and then slowly decreased. The
correlation coefficient between the microvessel density (MVD) and sphingosine 1-phosphate receptor 1 (S1PR1) was 0.716 (p <0.01).
Spearman correlation analysis revealed that Spearman’s rho (p) values between the MVD and peak intensity (PI), between the MVD and
area under the curve (AUC), and between the MVD and SPHK1 were > 0.5 (p <0.05), > 0.7 (p <0.01), and > 0.7 (p <0.01), respectively.
Conclusion: CEUS is valuable for detecting microangiogenesis within MTrPs, and SPHK1/S1P plays an important role in promoting
MTrP tissue microangiogenesis.
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Introduction
Myofascial trigger points (MTrPs) are easily irritated points in skeletal muscle whose palpation reveals highly sensitive
nodules in tension belts. Their activation commonly leads to clinical symptoms such as tenderness, referred pain, local
muscle twitching, motor dysfunction, and autonomic symptoms. The energy crisis theory states that the complex
pathological mechanism underlying MTrP formation involves a combination of multiple factors, including ischaemia
and hypoxia, inflammation sensitization, and motor endplate functional abnormalities.’

Skeletal muscle injury following blood vessel injury results in ischaemia and hypoxia, and under these conditions,
macrophages, T cells, astrocytes, and smooth muscle cells can secrete vascular endothelial growth factor (VEGF).>* This
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compound is considered to play an important role in angiogenesis, during which endothelial cells grow, migrate, and
eventually form tubes and capillaries.* Recent studies have shown that VEGF levels are greater in individuals with active
MTtPs than in normal control individuals.>® Sphingosine kinase 1 (SPHK1) is one of a small number of important
kinases that regulate sphingolipid metabolism in the body. Studies have shown that VEGF can activate the SPHK1
pathway to induce endothelial cell proliferation, angiogenesis, repair, and other processes through the mediation of
protein kinase C.” Other studies have shown that hypoxia can directly increase the expression level of the SPHK1 protein
in tumour cells, thus affecting their proliferation, migration and invasion.® However, under hypoxic conditions, SPHK 1
can activate the Akt/GSK3b signalling pathway through sphingosine-1-phosphate/sphingosine 1-phosphate receptor 2
(S1P/S1PR2), regulating the level and activity of hypoxia-inducible factor-lo (HIF-1a) and cell survival, thus affecting
the structure of the neovasculum.’

Notably, various biological effects of SPHK1 are realized mainly through its catalytic product S1P, an extremely important
signalling molecule involved in cell growth and metabolism. It is both a second messenger molecule involved in intracellular
signal transduction and a ligand of 5 G protein-coupled receptors outside the cell. S1P activates different signalling pathways
by binding to receptors on the cell surface, thus participating in the regulation of various physiological and pathological
processes in cells.'® S1P can bind to sphingosine 1-phosphate receptors (S1PRs) specifically to regulate various physiological
processes in cells. Sphingosine 1-phosphate receptor 1 (S1PR1) is widely expressed in the lung, liver, heart, kidney, skeletal
muscle and other tissues;'"'? by binding to it, S1P mainly stimulates endothelial cell proliferation, survival, migration and
capillary lumen formation, thus promoting angiogenesis. Previous studies have confirmed that the SPHK1/S1P pathway plays
an important role in angiogenesis, including endothelial cell proliferation, migration, survival, capillary formation and
neovascularization.'*'* Inhibition of SPHK1 in renal vascular endothelial cells significantly reduces angiogenesis in vivo.'
S1P can inhibit the expression of miR-16-5p in rheumatoid arthritis through the c-Src/FAK signalling pathway, increase the
generation of VEGF in osteoblasts, and promote endothelial progenitor cell angiogenesis.'®

Contrast-enhanced ultrasonography (CEUS) has been shown to outperform conventional ultrasound in performing
qualitative diagnoses, particularly via the time-intensity curves (TICs) obtained through CEUS, which can provide
indirect information on blood flow in lesions with different microcirculation perfusion states. The peak intensity (PI)
refers to the signal intensity of the contrast agent in the region of interest (ROI) and reflects the maximum dose of the
contrast agent in the region. The PI is proportional to the average blood volume in the ROI and is strongly correlated with
the perfusion of the tissue. When the ultrasound instrument and the dose of contrast agent are held constant, the area
under the time-intensity curve (AUC) is affected by the blood flow velocity and the volume of blood distributed. By
applying the TIC, quantified analyses of the PI and AUC, as well as contrast agent arrival time (AT), time to peak (TTP),
mean transit time (MTT) and other parameters can be used to accurately measure the blood flow status of the lesion and
objectively reflect the degree of neovascularization within.

However, there are no relevant studies on the use of CEUS for evaluating angiogenesis in MTtPs or the corresponding
role, if any, of SPHK1/S1PR1. Therefore, this study focused on assessing the effects of SPHK1/S1P on microangiogen-
esis at rat MTrPs using CEUS.

Materials and Methods
Compliance with Ethical Standards

All institutional and national guidelines for the care and use of laboratory animals were followed. This study was
approved by the Animal Ethics Committee of Guangxi Medical University (Reference number: 202203003).

Experimental Animals and Modelling

Forty healthy male specific pathogen-free Sprague-Dawley rats (calculated according to preliminary experimental
results) with a body mass of 250-280 g were obtained from the Animal Experiment Center of Guangxi Medical
University [Certificate of Conformity: SCXK Gui2009-0002]. Three animals were placed in each cage and fed freely.
The feeding environment was maintained under a 12 h day/night cycle, with a temperature ranging from 24°C to 26°C
and a humidity ranging from 50% to 70%. After 1 week of adaptive feeding, the 40 rats were randomly divided into

610 https: Journal of Pain Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Fang et al

a control group (n = 10) and an MTrP group (n = 30). The 30 rats in the MTrP group were subjected to blunt strikes of
the right vastus medialis muscle using a 1200 g stick freely dropped from a height of 20 cm with a kinetic energy of
2.352 J. And all injured rats underwent 90 minutes of eccentric exercise on a treadmill (SA101B, Jiangsu Saiangsi
Biological Technology Co., Ltd., Nanjing, China) at a —16° downhill angle and speed of 16 m/min on the second day.
This procedure lasted for 8 weeks as detailed described by Huang.'”

Electromyography (EMG)

An EMG device (Keypoint9033A07, Dendi EMG, Denmark, 20 Hz-10,000 Hz) with a sensitivity of 0.2 mv/grid and
a scanning speed of 10 or 200 ms/grid was used in this study. The rats were anaesthetized by inhalation of isoflurane
(induction concentration 4%, maintenance concentration 2%) and fixed in the supine position with a special fixer. The
right lower limbs of the rats were shaved, and the muscle tension belts or contraction nodules at the modelling site were
identified by palpation. A ground wire was fixed, and a needle electrode was inserted into the tension belts. If a local
twitch response (LTR) was observed, the site was marked, and the electrode was made indwelling; another needle was
then inserted 3—5 mm away from the side as a reference electrode. The electrode was connected to the EMG device to
record spontaneous electrical activity (SEA) in the resting state for 2 min. In the control group, the electromyogram
waveform of the middle of the right vastus medialis muscle was recorded. All the above operations were performed by an
EMG physician with 8 years of experience.

CEUS Processing

For rats in the MTrP group, an MTrP was defined as a hypertension belt or contracture nodule that, after identification
with palpation, produced an LTR and high-frequency SEA on EMG under resting conditions.'® In the evaluation of the
MTrP, a total of 10 rats for whom muscle hypertension belts were not palpated or who had no SEA were excluded.
During modelling, 5 rats were excluded due to excessive anaesthesia or fracture. The remaining 25 rats (MTrP group:
n=15; control group: n=10) underwent CEUS using a Mindray Resonal9 clinical ultrasound (US) system (Mindray Bio-
Medical Electronics Co., Ltd., Shenzhen, China) with a linear array transducer (L9-3s) probe (3.6-9.0 MHz). After
intraperitoneal anaesthesia with sodium pentobarbital (50 mg/kg body weight), the rats were placed in the supine
position, and the MTrPs in the right vastus medialis muscle were palpated and marked by rehabilitation physicians
with extensive palpation experience. The control rats were also labelled at the same position. On greyscale ultrasound,
the femur was used as a marker for identifying the MTrP, and the probe was gently moved without pressure to obtain
a two-dimensional sonogram. Meanwhile, a professional doctor performed left saphenous vein catheterization. The
CEUS imaging mode was turned on, and the imaging area was set. Five millilitres of normal saline were injected into
a SonoVue (Bracco SpA, Milan, Italy) vial, and the bottle was shaken vigorously until the lyophilized powder was
completely dispersed. The agent contains sulfur hexafluoride microbubbles, which enhance ultrasound images by
reflecting ultrasound waves differently than the surrounding tissues. For the selection of contrast agent dosage, sulfur
hexafluoride microbubble suspensions were extracted at a dose of 0.05-0.1 mL/100 g, injected rapidly through the
saphenous vein catheter of the rat and then washed with normal saline. The contrast timer was then started. The contrast
perfusion process was observed in real time, and the images were saved for offline analysis. The following CEUS
parameters were recorded: basal intensity (BI), goodness of fit (GOF), ascending slope (AS), descending slope (DS), AT,
TTP, PI, MTT and AUC. All CEUS examinations were performed by one doctor to maintain as constant and standardized
a speed of bolus injection as possible, and the data were collected by two senior doctors separately, each of whom
performed the analyses three times. After the repeated tests, a single injection of 0.3 mL of contrast agent yielded the best
image quality, the clearest diffusion and regression of the contrast agent on the surface of the femur, and the most
reasonable TIC data. Thus, the dose of contrast agent was determined to be 0.3 mL/time; the agent was then injected
through the saphenous vein, and the tube was quickly rinsed with normal saline after injection. This procedure ensured
that the MTrPs in the rats can be visualized and assessed using CEUS. The meticulous steps, from rat selection to optimal
dosage determination, were designed to ensure accuracy, repeatability, and safety in the process.
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Haematoxylin and Eosin (H&E)

All rats were euthanized after CEUS with an overdose of pentobarbital sodium. The MTrP and control tissue samples
were removed, fixed in 4% paraformaldehyde solution, dehydrated in gradient ethanol, and embedded in paraffin to
produce 3—5 pum pathological sections. The specimens were stained with H&E and observed under a light microscope
(Nikon, Japan, Eclipse Ci-L) to analyse and evaluate histological changes.

Transmission Electron Microscopy (TEM)

Atthe end of the experiment, the rats were anaesthetized, perfused and fixed, and the tissue was trimmed into 1 mmx2 mmx3 mm
tissue blocks with a surgical blade on ice.”” The tissue blocks were then prefixed (2.5% glutaraldehyde for 4 h) and fixed
(1% osmic acid buffer for 2 h). After fixation, the tissue sections were dehydrated, embedded, subjected to ultrathin slicing, and
stained. Finally, the sections were observed under a transmission electron microscope (HITACHI, Japan, HT7800/HT7700). The
observation area was first determined under a low magnification field (X2500), and then the ultrastructure was observed under
a high magnification field (x7000, x15,000), including the arrangement of muscle fibres and the size, distribution, and

morphological changes in the mitochondria.

Microvessel Density (MVD) Assay

Serial sections of paraffin-embedded vastus medialis muscle tissue (4 mm) were dewaxed. CD31 staining of sections
with rabbit anti-CD31 primary antibody (1:500; cat # 28083-1-AP; Proteintech, China) was performed to calculate the
MVD to evaluate neovascularization and blood supply. The sections were incubated overnight at 4°C. Phosphate-
buffered saline (PBS) (pH 7.4) in place of the primary antibody was used as a negative control. The sections were
then incubated with secondary antibody for 25 min at 37°C and stained with diaminobenzidine and haematoxylin. Three
fields (x40) were randomly selected as described previously?' from each immunohistochemically CD31-staining slice,
and the number of microvessels in each field was counted. The mean values were calculated by Image-Pro Plus analysis

software.

Immunohistochemistry

The tissue was dehydrated, cleared, and embedded before sectioning. The sections were then incubated overnight at 4°C,
and immunohistochemistry was carried out as previously described”? with primary antibodies including rabbit anti-
SPHK1 (1:400, cat # 10670-1-AP, Proteintech, China) and rabbit anti-S1PR1 (1:150, cat # 55133-1-AP, Proteintech,
China). After washing with PBS twice, the sections were incubated at room temperature for 2 h with secondary
antibodies. Visualization was performed with a DAB-substrate chromogen system. Brown staining in the cytoplasm
was considered to indicate expression of the SPHK1/S1PR1 protein. Five fields were taken for each sample, and the
mean optical density (IOD/area) values were analysed by the Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville,
MD, USA) image analysis system.

Statistical Analysis

All the data are expressed as the mean (95% confidence interval (CI) of the mean) or median (interquartile range, IQR).
Independent-sample -tests were performed to assess the differences between groups, and Mann—Whitney U-tests were
performed to assess differences for variables with a nonnormal distribution. The correlations between the MVD and MTT
and between the MVD and S1PR1 expression levels were determined by calculating Pearson’s linear correlation
coefficients. Spearman’s rank correlation analysis was employed to assess the associations between CEUS parameters
(including TTP, PI, and AUC) and MVD and between the MVD and SPHK1 expression levels. For all tests used, p <
0.05 indicated statistical significance. Statistical analysis was performed using SPSS 23.0 software (USA), and the data
were plotted using GraphPad Prism (USA).
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Results
Modelling and Sampling

Compared with those in the control group, the rats in the MTrP group exhibited brushing and licking behaviours in the
inner thigh area and a slightly yellow colour to their hair and were more easily irritated or attacked when grasping. The
muscles and fascia of the vastus medialis muscle of the thighs of the rats were dark red and pale and were arranged in
a disorderly manner with obvious adhesion, and obvious muscle tension belts or contractional nodules could be palpated.
During sampling, the muscle and fascia of the inner thigh of the control rats were smooth, continuous, and bright red or
light red, and the muscle tension belts could not be palpated.

EMG Results

Electromyographic signals were obtained from the rats after modelling. The results showed that the control rats mainly
exhibited repeated, low-amplitude endplate noise. In addition to the increased frequency of endplate spikes, there was
more abnormal SEA, such as fibrillation potentials, in the MTtP group (Figure 1).

CEUS Results

Of the 15 rats in the MTrP group, only 5 had clear trigger points on two-dimensional ultrasound (2D-US); these rats
exhibited greater ultrasound elasticity and richer blood flow in the modelling area or adjacent area than did the
control group. The modelling area with the maximum ultrasound elasticity was basically consistent with the area of
abnormal SEA found by EMG. We performed CEUS on the modelling area and adjacent areas of the rats with
unclear trigger points on 2D-US. The TICs of different vascular structures and different microcirculation perfusion
states showed different enhancement patterns within the lesions. In the MTrP group, perfusion of contrast agent was
first observed at the femoral neck, after which it quickly perfused into the trigger point area and the surrounding
area. The contrast agent concentration gradually decreased after the peak value was reached. In general, the TIC

0.2 mV/D 200 ms/D 0.2 mV/D 200 ms/D

A B

Figure | Electromyographic recordings of the two groups. (A) The MTrP group rats show abnormal SEA during EMG (red arrows). (B) The EMG waveform of rats in the
control group was approximately a straight line. (C) The yellow arrow indicates the fibrillation potential as and represents the initial positive and negative biphasic waves. (D)
The control group shows normal spontaneous potentials (endplate noise). (A and B) The sensitivity of the EMG device is 0.2 mv/grid, and the scanning speed is 200 ms/grid.
(C and D) The sensitivity of the EMG device is 0.2 mv/grid, and the scanning speed is 10 ms/grid. n=15 rats in the MTrP group and n=10 rats in the control group.
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curve of the control group showed a slow upwards trend followed by a slow downwards trend. The perfusion
intensity at the trigger point and the surrounding tissue area in the MTrP group increased (trigger point PI 30.91
+4.29 versus normal site PI 21.01£2.27; p <0.0001). The distribution of microbubbles was uneven, and the TIC
curve increased rapidly, followed by a gradual decrease. This imaging pattern suggested that neovascularization
gradually increases during the development of myofascial trigger points, as indicated by a change in blood flow with
the rich blood supply. For the MTrP group, the TTP, AUC and MTT were 42.02+5.73, 2871.52+498.37 and 134.61
+16.11, respectively, which were greater than those of the control group (30.05+6.06, 1655.93+203.89 and 108.81
+17.90, respectively). GOF, AS, DS and AT did not significantly differ between the groups (p > 0.05) (Figure 2).
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Figure 2 CEUS results. (A) The trigger point area as indicated is traced. (B and C) CEUS procedure and presentation of the raw data. The rose-red lines mark the area of
the trigger point, the yellow lines mark the tissue surrounding the trigger point, and the blue lines mark the adjacent normal control tissue. (D-K) Comparisons of CEUS
parameters between the MTrP group and the control group. **Compared to the MTrP group, p <0.001; ****p <0.0001; ns, p >0.05. The data were analysed by the two-
sided Mann—Whitney U-test, and the results are shown as the median (IQR). The data were analysed by the independent-sample t-test, and the results are shown as the
mean (95% CI of the mean); repetitions=3 (that is, the calculation was repeated three times).
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Differences in Pathological Morphology and Ultrastructures Between the Control
Group and the MTrP Group

Microscopic views of H&E-stained muscle fibres from the two groups (400x) were produced. In the MTrP group,
multiple enlarged and round muscle cells of different sizes were observed on cross-section and oblique section, and
relatively small round or oval muscle cells were mostly found around the enlarged muscle cells. There were different
degrees of inflammatory cell infiltration and nuclear migration, and the nucleus was moved to the inner or central region
of the cells. In longitudinal sections, the muscle fibres were of different thicknesses and arranged in a disorderly manner.
There were large adhesion areas at the contracture nodules, accompanied by a large amount of inflammatory cell
infiltration. In the control group, the muscle cells were mostly regular polygons that were uniform in size and were
arranged neatly and regularly on the cross- and oblique sections. Multiple nuclei could be observed at the edge of each
cell. In longitudinal sections, the muscle fibres are arranged closely and regularly and are uniform in thickness, and the
nuclei are mostly distributed under the sarcolemma (Figure 3A-F).

Transmission electron microscopy (TEM) images of muscle fibres from the two groups (2500%, 7000%, and 15,000x%)
were also generated. In the MTrP group, the sarcomeres were shortened, and the Z-lines were distorted and broken. The
mitochondria near the Z-line were deformed, the double-membrane structure was blurred, and the cytoplasm was
oedematous. In the control group, the sarcomeres were uniform in length, the Z-lines were clear and continuous, the
mitochondrial morphology and structure between the myofibrils near the Z-lines were normal, and the bilayer membrane
structure could be clearly observed (Figure 3G-L).

MVD Detection

As shown in Figure 4, the MVD was greater in the MTrP group (117.33+£16.74) than in the control group (83.20 +13.61),
as observed under x40 optical magnification. In addition, compared with those in the control group, the blood vessels in
the MTrP group were disorganized, twisted, and accompanied by new capillary branches.

Comparison of SPHKI and SIPRI Expression Between the Control Group and the

MTrP Group

SPHK1 and S1PRI1 in the tissue were stained yellow—brown. The mean optical densities of SPHK1 and S1PRI in the
MTrP group (0.186+0.012 and 0.232+0.022, respectively) were greater than those in the control group (0.168 + 0.005
and 0.213+0.015, respectively) (p <0.05) (Figure 4).

Pearson’s Correlation Analysis of the MVD with the CEUS Perfusion Parameters and

SIPRI Expression Level in the MTrP Group

In the MTrP group, linear correlation analyses were performed between the MVD and MTT and between the MVD and
S1PRI1 expression level. The correlation coefficient between the MVD and S1PR1 expression level was 0.716, while no
significant correlation was observed between the MVD and MTT (p >0.05; Table 1).

Spearman Correlation Analysis of the MVD with the CEUS Perfusion Parameters and
SPHK Expression Level in the MTrP Group

Spearman correlation analysis yielded Spearman’s p values between the MVD and PI, between the MVD and AUC, and
between the MVD and SPHK1 of > 0.5 (p < 0.05), > 0.7 (p < 0.01), and > 0.7 (p < 0.01), respectively. A significant
correlation between the MVD and TTP was not observed (p > 0.05; Table 2).

Discussion

The series of symptoms caused by MTrPs is commonly referred to as myofascial pain syndrome (MPS). Despite the high

23,24

prevalence of this condition, the pathophysiological mechanism underlying the formation of MTrPs remains unclear.

We agree with Shah and Gilliams, who concluded that “the pathophysiology is only beginning to be understood due to its
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longitudinal section cross section oblique section

MTrP

control

Figure 3 H&E and TEM results. (A—C) In the MTrP group, longitudinal sections show a contracture nodule with lymphocyte aggregation (red arrows), and the cross-
sectional view shows nuclear fragmentation (grey arrow) and neovascularization (green arrow). Oblique sections show that the muscle cells are differently sized, the
intermuscular space is widened, and the muscle cells are disorganized. (D—F) In the control group, the muscle fibres are orderly arranged and uniformly sized. (G-I) In the
MTrP group, the sarcomeres are compressed and tortuous (yellow arrow), the muscle fibres are broken, the sarcomeres are shortened (black arrow), and vacuolar
degeneration of the mitochondria is observed in the lesion area (white arrow). (J-L) In the control group, the sarcomeres are uniform in length, and the mitochondrial
morphology and structure are normal.

enormous complexity”,?> and thus there is a need to continue attempting to truly advance the understanding of the

pathophysiology underlying MTrP formation.

In the present study, H&E staining revealed neovascularization around the MTrPs in most rats, and the microvessel
density was greater in the MTrP group than in the control group. This finding is consistent with the previous findings of
Sikdar on MTrPs. Sikdar performed colour Doppler and dual Doppler examinations of the upper trapezius muscle and
showed obvious blood vessels in 27 of 33 sites containing MTrPs; further colour Doppler flow imaging (CDFI) showed
that large blood vessels directly passed through a trigger point.?® Increased levels of proinflammatory mediators and other
neuropeptides near active (A-)MTrPs have been shown to correlate with vasodilatational and angiogenic effects, and an
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Figure 4 Immunohistochemistry results. (A and B) The cytoplasm of vascular endothelial cells in the vastus medialis muscles of the rats was stained brownish-yellow with
an antibody against the CD31 protein. The contraction nodules in the MTrP group contained more brown, positive particles (black arrows) compared with those in the
control group. (C and D) The SPHKI expression in the MTrP group were greater than those in the control group (black arrows). (E and F) The SIPRI expression in the
MTrP group were greater than those in the control group (black arrows). (G—I) Showing MVD, SPHKI and SIPRI expression levels between groups. *Compared to the
MTrP group, p < 0.05; ***p < 0.001; ****p < 0.0001. The data were analysed by the independent-sample t-test, except for SPHKI, for which the two-sided Mann—Whitney
U-test was used; repetitions=3.

increase in the volume of A-MTrP vascular compartments has been found via computational modelling.?”*® In this study,
the PI and AUC in the MTrP group were greater than those in the control group (p <0.001). According to the perfusion
characteristics of CEUS, we hypothesized that self-repair of the injured area occurred and that many new capillaries
appeared around the lesion area, providing nutrients for the injured muscle cells. Therefore, microcirculation perfusion
was more common in the MTrP tissue than in the normal control tissue. The reason for this perfusion feature may also be
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Table | Pearson’s Correlation Analysis of the MVD with

Parameters and SIPRI Expression Level in the MTrP Group

the CEUS Perfusion

N Mean | Standard P-value Correlation
Deviation (SD) (2-Tailed) Coefficient (r)
MTT 15 134.61 | 16.11 0.957 0.015
SIPRI | IS 0.232 0.022 0.003** 0.716
MVD 15 11733 | 16.74 |

Note: *p<0.01.
Abbreviations: CEUS, Contrast enhanced ultrasonography; MVD, Microvessel density; MTT, Mean transit

time; SIPRI, Sphingosine |-phosphate receptorl.

Table 2 Spearman Correlation Analysis of the MVD with the CEUS
Perfusion Parameters and SPHK| Expression Level in the MTrP Group

N Mean Standard P-value | Spearman
Deviation (SD) rho (p)
TTP 15 42.02 5.73 0.278 —0.300
PI 15 3091 429 0.035% 0.548
AUC 15 2871.52 | 49837 0.001%* | 0.759
SPHK1 | 15 0.186 0.012 0.002** | 0.720

Notes: ?p<0.05; *p<0.01.
Abbreviations: CEUS, Contrast enhanced ultrasonography; MVD, Microvessel density; TTP,
Time to peak; Pl, Peak intensity; AUC, Area under curve; SPHKI1, Sphingosine kinase .

that ischaemia and hypoxia resulting from muscle injury lead to reactive hyperaemia and vasodilatation in the arteries
supplying the lesion area, which eventually leads to an increase in the peak intensity of perfusion in the MTrP area. In
addition, the production of large amounts of granulation tissue during the repair of inflammatory injury can also lead to
enhanced perfusion. Interestingly, the lesion TTP was 42.02+5.73 s, which was longer than that of the normal tissue
(30.05£6.06 s; p <0.001) (Figure 2). We hypothesized that despite an increase in MTrP neovascularization, the new
vessels were immature, demonstrating thin tube walls and poor elasticity, so the MTrP and surrounding tissue maintained
a slow blood flow velocity (longer TTP). Interestingly, we also found that the tissue surrounding the MTrPs seemingly
exhibited greater basal and peak intensities than did the lesion area. According to this CEUS imaging pattern, we
suspected that the blood supply around the lesion may be more abundant. Similarly, in 1990, Bruckle observed
hyperperfusion outside and hypoperfusion (relatively) within the MTrP.*’ In the present study, the PI and AUC were
positively correlated with the MVD of the MTrP tissue, indicating that these parameters indirectly indicate changes in the
internal microvascular system and reflect neovascularization at the MTrP. Collectively, the above findings show that
MTrPs are angiogenesis-dependent chronic muscle inflammatory lesions and that microangiogenesis within MTrPs can
be indirectly inferred via quantitative CEUS parameter analysis. In the Liang et al study, the CEUS results revealed
statistically significant differences in the PI, MTT, and AUC between the focal area and adjacent areas of the MTrP,
indicating that the blood supply to the MTrP was greater than that to the adjacent area.>® The current study complements
the above studies. In this study, we not only specifically discussed the differences between the CEUS pattern of MTrPs
and that of normal muscle tissue but also explored the biomarkers involved in angiogenesis in MTrPs.

SPHK can regulate vascular relaxation, contraction, regeneration and repair through multiple signalling pathways, such as the
VEGF, RAS/ERK and SPK1/SIP-SIRT1 pathways, to avoid stress injury to vascular endothelial cells and maintain the normal
physiological function of blood vessels.” ** The increase in the expression of SPHK 1/S1PR1 in the MTrP group suggested that
SPHK1/S1P plays an important role in the angiogenesis and repair of MTrPs, the mechanism of which may be related to the
regulation of angiogenesis. Experimental studies have confirmed that the overexpression of SPHK can significantly increase
vascular richness around tumours in mice.>* The SPHK/SIP signalling pathway can promote liver fibrosis-related
angiogenesis.>> The SPHK/SIP signalling pathway can promote the development of breast cancer by stimulating angiogenesis
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and lymphangiogenesis.®® In this study, Pearson’s and Spearman correlation analyses revealed positive correlations between the
MVD and SPHK1 and between the MVD and S1PR1. These results indicated that SPHK 1/S1P promote angiogenesis in MTrP
tissue and increase the MVD in the MTtP area. Studies have shown that SIP can promote cell proliferation, increase the number
of adhesion molecules and augment TGF-B expression by binding to receptors in vivo.*’~*® Our previous study®” confirmed that
the TGFB1-Smad pathway is involved in fibrosis in MTrPs. Recent studies have shown that S1P is also a cofactor in the
physiological regulation of the tumour necrosis factor (TNF) receptor-associated factor 2 (TRAF2) E3 ubiquitin ligase complex.
S1P can regulate the TNF-o and NF-«B signalling pathways through TRAF2, thereby participating in a series of inflammatory
responses.*” The inflammatory response and injury repair coexist, and the development of MTrPs is accompanied by a high
expression of inflammatory factors.*'** The unknown role of SPHK1/S1P, however, in the occurrence and development of
MTtPs will continue to be explored.

In this study, a new approach was adopted to perform saphenous vein catheterization for CEUS examination over
traditional contrast agent injection through the tail vein. We found that the effect of tail vein injection was suboptimal,
which may be closely related to the lack of blood supply to the muscle.

Conclusion

The formation of MTrPs can be considered a chronic muscle inflammatory disease that is dependent on angiogenesis. Studies
have shown that when the body experiences ischaemic or vascular injury, SPHK1/S1PR1 can prevent stress injury to vascular
endothelial cells by inducing angiogenesis, regulating vascular contraction, and improving the stress tolerance of vascular
endothelial cells, maintaining the integrity of blood vessels. CEUS can quantitatively and indirectly predict angiogenesis in
MTrPs. In the future, the complex mechanism of MTrP formation will be verified by relevant experiments. Seq-RNA
transcriptomics of the MTrP group and control group will be performed to explore whether SPHK1/SIP is significantly
differentially expressed between the groups and to determine the degree of enrichment in important pathways.
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