S International Journal of

7
Molecular Sciences m\D\Py

Article

Proteins and Signaling Pathways Response to Dry
Needling Combined with Static Stretching Treatment
for Chronic Myofascial Pain in a RAT Model:

An Explorative Proteomic Study

Lihui Li 1'?, Qiangmin Huang *, Marco Barbero 2(7, Lin Liu 3, Thitham Nguyen 4, Anle Xu !
and Lijuan Ji!

1 Department of Sport Medicine and Rehabilitation Center, Shanghai University of Sport, Shanghai 200438,

China; 1610302015@student.sus.edu.cn (L.L.); 1620325008@student.sus.edu.cn (A.X.);

1620325009@student.sus.edu.cn (L.J.)

Rehabilitation Research Laboratory 2rLab, Department of Business Economics Health and Social Care,

University of Applied Sciences and Arts of Southern Switzerland, 6928 Manno, Switzerland;

marco.barbero@supsi.ch

3 Sport and Health Science Department, Nanjing Sport Institute, Nanjing 210014, China; liulinst1989@126.com

4 Faculty of Sport Science, Ton Duc Thang University, Ho Chi Minh City 71000, Viet Nam;
nguyenthitham@tdtu.edu.vn

*  Correspondence: huaqia404@aliyun.com

check for
Received: 26 December 2018; Accepted: 25 January 2019; Published: 29 January 2019 updates

Abstract: A quantitative proteomic analysis of the response to dry needling combined with static
stretching treatment was performed in a rat model of active myofascial trigger points (MTrPs). 36 rats
were divided into a model group (MG), a stretching group (SG) and a dry needling combined with
stretching group (SDG). We performed three biological replicates to compare large-scale differential
protein expression between groups by tandem mass tag (TMT) labeling technology based on nanoscale
liquid chromatography mass spectrometry analysis (LC-MS/MS). Hierarchical clustering, Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment and protein-protein
interaction network analyses were performed for the general characterization of overall enriched
proteins. For validation of the results of TMT, the candidate proteins were verified by parallel reaction
monitoring (PRM) analysis. 285 differentially expressed proteins between groups were identified
and quantified. Tight junction pathway played a dominant role in dry needling combined with static
stretching treatment for the rat model of active MTrPs. Three candidate proteins, namely actinin
alpha 3, calsequestrin-1 and parvalbumin alpha, were further validated, consistent with the results of
LC-MS/MS. This is the first proteomics-based study to report the therapeutic mechanism underlying
dry needling and static stretching treatment for MTrPs. Further functional verification of the potential
signaling pathways and the enriched proteins is warranted.

Keywords: myofascial trigger points; proteomic; chronic myofascial pain; dry needling; stretching;
mass spectrometry; tandem mass tag; actinin alpha 3; calsequestrin-1; parvalbumin alpha

1. Introduction

Pain, which is not an isolated pathological process, is often intertwined clinical problems and
comorbid conditions [1,2]. Numerous studies have demonstrated that active myofascial trigger points
exist in most types of pain [3-6]. Myofascial trigger points (MTrPs) are considered hyperirritable
spots in taut bands of skeletal muscles, which are composed of numerous “contraction knots” in
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myofibers [7-9]. The existence of active MTrPs causes a series of clinical pain-related complaints owing
to the shortening of the muscle fiber and pressure on nearby nerves or veins due to these contraction
knots [10]. Therefore, the inactivation or elimination of MTrPs by various interventions may relieve
chronic myofascial pain.

Dry needling is a commonly applied intervention for MTrPs [11-13]; clinically, static stretching is
usually performed after dry needling treatment [14-16]. More specifically, the dry needling technique
focuses on accurate punctures into the MTrPs, while stretching targets the muscles around the MTrPs.
According to Simons’ integrated hypothesis, in the development of MTrPs local tissue environment
changed [17] and several proinflammatory mediators for instance cytokines, calcitonin gene-related
peptide, substance P, bradykinin, 5-hydroxytryptamin excessively released [18-20]. The peripheral
pain receptors in muscle tissue are dynamic structures and if the local tissue environment altered,
the conformation of the structures would be changed [17]. Our previous study investigated the
changes in acetylcholine (ACh), acetylcholine esterase (AChE) and acetylcholine receptor (AChR)
levels after dry needling at exact MTrPs site in a rat model. The results showed that ACh and AChR
levels significantly decreased, whereas AChE significantly increased after dry needling treatment. [21].
A large number of studies have confirmed the beneficial effects of skeletal muscle stretching on muscle
performance, range of motion and even neurological responses [13-16,22,23]. Recently, a study from
Austria showed that one minute of static stretching increases H-reflex excitability and decreases
muscle spindle sensitivity [16]. Further, our group found that H-reflex pathways were involved in the
pathophysiological mechanism of MTrPs. However, such approaches did not systemically elucidate
the underlying comprehensive mechanism involved in dry needling combined with static stretching
for inactivation of the active MTrPs.

MS-based proteomic analyses are useful for large-scale protein studies [24] aimed at the
elucidation of therapeutic mechanisms in MTrPs. However, to date, there are no studies investigating
the proteomic responses to dry needling combined with static stretching for MTrPs at the protein level.
Accordingly, this study was designed to investigate large-scale differential protein expression after dry
needling combined with static stretching of the relevant muscles as MTrPs treatment.

2. Results

2.1. Body Weight and the Nociception Value

The schematic outline of the experimental workflow is showed in Figure 1. The body weight of
all rats in the three groups significantly increased weekly over the modeling period (p < 0.05) except
from the 8th to the 9th week in MG group, the 10th to the 11th week in SG group and the 3rd to the 4th
week in SDG group (p > 0.05). There was no statistical difference between groups (Figure 2A).
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Figure 1. The schematic outline of the experimental workflow.
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Figure 2. The body weight during the modeling period (A) and the nociception value during the
treatment period (B), n = 12 for each group. Data are shown as mean £ SD. Compared to Baseline in
MG group: ** p < 0.01, * p < 0.05; SG group: # p < 0.01, # p < 0.05; SDG group: "™ p <0.01, P p < 0.05.
Compared to 4-week treatment in SDG group: #* p < 0.01, 4 p < 0.05. Compared to SDG group at the
4-week treatment: 2 p < 0.01,? p < 0.05 by Repeated Measures ANOVA with post hoc tests.

As showed in Figure 2B, the nociception of the left hind paw was significantly decreased at 0-week
treatment (post-modeling/before treatment), 1-week treatment, 2-week treatment 3-week treatment
compared to baseline (pre-modeling) in the three groups (p < 0.05). In the last week (4-week treatment),
the nociception value was significantly decreased only in MG (p < 0.01) and SG group (p < 0.05)
compared to baseline; there was no statistical difference between 4-week treatment and baseline in
SDG; however, at the 4-week treatment the nociception value in SDG group was significantly higher
than both in MG group (p < 0.01) and SG group (p < 0.05).

2.2. Hierarchical Cluster

A total of 285 differentially expressed proteins between groups were identified and quantified
(Supplementary Materials). Of these, 107 proteins (Up-regulated 47; Down-regulated 60) were found
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between the SDG group and MG group (Figure 3A); 131 proteins (Up-regulated 76; Down-regulated 55)
were found between the SG group and SDG (Figure 3B); 47 proteins (Up-regulated 30; Down-regulated
17) were found between the SG group and MG (Figure 3C). The heatmap of the hierarchical cluster
analysis showed that these proteins were well distinguished, which provided improved visualization
of the overall protein change (Figure 3).
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UniprotIDs  Gene symbols  Protein names
D4ADD9Y LOCG81241 Uncharacterized protein

Q9QXT75 Trdn Triadin
ADAOG2JWS8  Kal1 Type | keratin KA11
D4Asv3 N Uncharacterized protein
GIVGE1 Myh2 Myosin-4
D4ASLY N/A Uncharacterized protein
Q8P792 Fhi1 Four and a half LIM domains 1
B2GV06 Oxatt Succinyl-CoA:3-ketoacid coenzyme A transferase 1, mitochondrial
FILRFS Tmem116 Transmembrane protein 116
GAVERS Suox Sultite oxidase
P52944 Pdlim1 PDZ and LIM domain protein 1
P54759 Epha? Ephrin type-A receptor 7
P20717 Padi2 Protein-arginine deiminase type-2
MORDP3 NA Uncharacterized protein
P42123 Ldhb L-lactate dehydrogenase B chain
ADAOG2KAQS  Myoz2 Myozenin 2
ADAOG2KBQE  Uqori0 Ubiquinol-cytochrome ¢ reductase, complex lll subunit X
Lmod2 Leiomodin-2
Tubatb Tubulin alpha-18 chain
Sopept Retinoid-inducible serine carboxypeptidase
Cripl Cysteine-rich protein 1
Hmgn2 Non-histone chromosomal protein HMG-17
LOCE80322 Histono H2A
Tmprss13 Tmprss13 protein
ol Cytochrome c oxidase subunit 1
AtpSif1 ATPase inhibilor, mitochondrial
Smpx Small muscular protein
Cnbp Cellular nucleic acid bmdlng protein
Tmemé5 Transmembrane protein
RGD1311703  Similar to sid2057p
Mfapd Microfibril-associated protein 4
Atox1 Copper transport protein ATOX1
Tkt Transkotolaso
Mien1 Migration and invasion enhancer 1
Akap1 A kinase (PRKA) anchor protein 1, isoform CRA_b
Slc9adr2 Na(+)H(+) exchange regulatory cofactor NHE-RF
Crym Ketimine reductase mu-crystallin
Pkia cAMP-dependent protein kinase inhibitor alpha
Serpinadk Serine protease inhibitor A3
Pdkd. Pyruvate dehydrogenase kinase, isoenzyme 4
NA Uncharacterized protein
Csm3 Cystoine and glycine-rich protain 3
Ambra1 Autophagy and beclin 1 regulator 1
$100a4 Protein S100-Ad
Coltdat Collagen type XIV alpha 1 chain
Lin28b Lin-28 homolog B
Mustnt Musculoskeletal embryonic nuclear protein 1
Igh-1a Ig gamma-28 chain C region
D3ZMSO LOC100911713  Protein C10-like
ADADAOMXU2  Coro? Coronin
ADAOG2JSK1  Serpinadc RCG20603
Q62703 Ren2 Reticulocalbin-2
BOBNS6 Mrps31 28S ribosomal protain S31, mitochondrial
Mbp Myelin basic protein
FILPM3 Sorbs2 Sorbin and SH3 domain-containing protein 2
Q88FQ2 Jam3 Junctional adhesion molecule C
032176 Gpal2 Glycerol-3-phosphate acyltransferase 2. mitochondrial
D3ZAN3 Ganab Alpha glucosidase 2 alpha neutral subunit (Predicted)
MOR629 Myol8b Myosin XVIllb
ADAOG2JY53  Myh15 Myosin, heavy chain 15
D32JG1 Metti21c Mothyltransferaso-like 21C
Q4V8NO Tinagit Lipocalin 7, isoform CRA_a
ADAOG2K132  Frmni2 Formin-like 2
ADA0G2QC23  Gale Galactosylceramidase
32VS2 L2hgdh L-2-hydroxyglutarate dehydrogenase
ADATBOGWWS  Ppfiat PTPRF-interacting protein alpha 1
Loc Protein arg 1-like
B2RZ79 Iscu Iron-sulfur cluster assembly enzyme
| DazxH? Alyref ANREF exportfactor
Q5BKE5 Tmed1
D4AAZS Ir2bp1 Inmﬂomn rogulatory factor 2 binding protein 1 (Pmdlclod)
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FILLZ? Phkat Phosphovylm b kinase regulatory subunit
Qs62C9 Adit hy
P02625 Pvalb Pl alpha
P09812 Pygm Glycogen phosphorylase. muscle form
FIMBPE NA Uncharacterized protein
D3ZNW6 Zswimd Zinc finger, SWIM domain containing 4 (Predicted)
Qsu1z2 Trappc3 Trafficking protein particle complex subunit 3
008729 NA Poly A binding protein
QavIF2 Creld1 Cystoina-rich with EGF-lika domain protein 1
P20760 lgg-2a lg gamma-2A chain C region
D4AGD7 Tie19 peal protein 19,
MORBUO Comp Camlugu oligomeric matrix protein
G3VIME Fbn1 Fibrillin 1
QBIRK4 Slo37ad Solute carrier family 37 (Glucose-8-phosphate transporter). member 4
P00S64 Ckm Creatine kinase M-type
008629 Trim28 Transcription intermediary factor 1-beta
FILPJ2 Ryr3 Ryanodine receptor 3
QBR4IG Actn3 Actinin alpha 3
D3ZA8 Mybpc2 Myosin binding protein C, fast-type (Predicted)
QBGMNS Actn1 Actn1 protein
Q63151 Acsi3 Long-chain-falty-acid--CoA ligase 3
Q84578 Atp2al Sarcoplasmic/endoplasmic reticulum calcium ATPase 1
D32GP9 Dhrs7c Dehydrogenase/reductase 7C
P10759 Ampd1 AMP deaminase 1
P13638 Atp1b2 Sodium/potassium-transporting ATPase subunit beta-2
QeQzve MYHC Type 2X myosin heavy chain
D4ATAS Rab7b Rab7b, member RAS oncogene family
Gavev3 Pygm Alpha-14 glucan phosphorylaso
ADAOG2KICE  Phkb Phosphorylase b kinase regulatory subunit
P13286 Phkg1 Phosphorylase b kinase gamima catalylic chain, skeletal muscle/heart isoform
P Ps1607 Renbp N ucylgluwsamlneZ epimerase
G3V8ss Myh6 in6
Q4V7E3 Zbed3 ch ﬁnger BED domain containing 3, isoform CRA_a
ADAOG2KAY2  Tnnt3 Troponin T, fast skeletal muscle
ADAOG2K484 Myt Myosin4
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Protein names

Ephrin type-A receptor 7

Carbonic anhydrase 3

PDZ and LIM domain protein 1

Actin-binding LIM protein 1

Four and a half LIM domains 1

LIM and cysteine-rich domains 1

Glutathione peroxidase

Zero beta-globin

Heat shock 70 kDa protein 1A

‘Smoothelin-like 1

Hemoglobin subunit alpha-1/2

Globin a4

RCG33981, isoform CRA_a

D-dopachrome decarboxylase

Non-histone chromosomal protein HMG-17

Fatty acid-binding protein, heart

Epsilon 1 globin

Leiomodin-2

Proteasome activator complex subunit 1

Hemoglobin subunit beta-2

Serum albumin

Prefoldin subunit 3

CAP-Gly domain-containing linker protein 1

Uncharacterized protein

Similar to sid2057p

Microfibril-associated protein 4

Small muscular protein

Thioredoxin, mitochondrial

Akinase (PRKA) anchor protein 1, isoform CRA_b

Cellular nucleic acid-binding protein

Uncharacterized protein

Leucine zipper protein 2

Ankyrin repeat domain 2

RCG62531, isoform CRA_g

Similar to Myosin light chain 1 slow a (Predicted)

Troponin T, slow skeletal muscle

Myozenin 2

L-lactate dehydrogenase B chain

Cardiac troponin C

Ketimine reductase mu-crystallin

Phospholipase A(2)

Coactosin-like protein

Fetuin-B

Tubulin alpha-18 chain

RAN-binding protein 1

Elongation factor 1-alpha

Alpha-1-antiproteinase

Similar to tropomyosin 1, embryonic fibroblast-rat, isoform CRA_c

Gamma-synuclein

Cysteine-rich protein 1

Transgelin

Lin-28 homolog B

Corticosteroid-binding globulin

PIs3 protein

Retinoid-inducible serine carboxypeptidase

Ig gamma-1 chain C region

Thymosin beta-4

Migration and invasion enhancer 1

Na(+)/H(+) exchange regulatory cofactor NHE-RF

Lipase

Tubulin polymerization-promoting protein family member 3

UPF0598 protein C8orf82 homolog

Uncharacterized protein

Phosphoacetylglucosamine mutase

Cytochrome ¢ oxidase subunit 1

Cysteine and glycine-rich protein 3

Globin c2

Uncharacterized protein

Alpha glucosidase 2 alpha neutral subunit (Predicted)

Sorting nexin 2

Periostin

Ig gamma-28 chain C region

Myelin basic protein

Sorbin and SH3 domain-containing protein 2

L-2-hydroxyglutarate dehydrogenase

Beta-globin

Glycerol-3-phosphate acyltransferase 2, mitochondrial

Uncharacterized protein

Autophagy and beclin 1 regulator 1

Trafficking protein particle complex subunit 3

Myosin XVIilb

Heterogeneous nuclear ribonucleoprotein U-like 2

Myosin, heavy chain 15

408 ribosomal protein $23

Junctional adhesion molecule C

Transmembrane emp24 domain-containing protein 1

Aly/REF export factor

Iron-sulfur cluster assembly enzyme

Interferon regulatory factor 2 binding protein 1 (Predicted)

Nucleobindin-1

Conserved oligomeric Golgi complex subunit 7

Protein arginine methyltransferase 1-like

Acetylserotonin O-methyltransferase-like

Extra spindle pole bodies-like 1, separase
et

50f19

1 beta 24
Formin-like 2
Collagen type XI alpha 2 chain
Tetratricopeptide repeat protein 19, mitochondrial
Sarco/endoplasmic reticulum calcium ATPase 1b
PET100 homolog
Enoyl-[acyl-carri

[acy protein] reductase,

Fibrillin 1

Creatine kinase M-type

Transcription intermediary factor 1-beta

Ryanodine receptor 3

Transmembrane protein 126A

Galactosylceramidase
Chromodomain-helicase-DNA-binding protein 8
Myosin-4

Actnt protein

Uncharacterized protein

RCG38820

Type 2X myosin heavy chain
Sodium/potassium-transporting ATPase subunit beta-2
Heat shock 70 kDa protein 14

Cartilage oligomeric matrix protein

Actinin alpha 3

N-acylglucosamine 2-epimerase

Poly A binding protein

Potassium channel tetramerisation domain containing 3
Eukaryotic translation initiation factor 3 subunit E
Platelet-activating factor acetylhydrolase IB subunit beta
Di i [N-oxide-forming)

Protein C10-like
Coronin
Type | keratin KA11
Magebl1 protein
Triadin

ima-enolase
Collagen alpha-1(lll) chain
Uncharacterized protein

, isoform CRA_b
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D4ADDY LOCE81241 Uncharacterized protein

e D3ZNX0 Ketd3 Potassium channel tetramerisation domain containing 3
—— Q5PPNS Tppp3 Tubulin polymerization-promoting protein family member 3

MOR7L1 LOC100360690 Lipase
Q64244 NA UPFO0598 protein C8orf82 homolog
F1LZB7 Frmddb FERM domain-containing 48
Q63011 NA Zero beta-globin

Hemoglobin subunit alpha-1/2
Transgelin
Corticosteroia-binding globulin
AHNAK 1
Serum albumin
Globin c2
Similar o tropomyosin 1, embryonic fibroblast-rat, isoform CRA_c
Ubiquitin carboxyl-terminal hydrolase isozyme L1
Phosphorylase b kinase regulatory subunit
fetabolism of cobalamin-associate
Zinc finger, SWIM domain containing 4 (Predicted)
Myosin-binding protein H
PTPRF-interacting protein alpha 1
Periostin
RCG20603
Uncharacterized protein

Platelet-activating factor acetylnydrolase B subunit beta
CAMP-dependent protein kinase inhibitor alpha
Giycerophosphocholine phosphodiesterase GPCPD1
eta-globin
Type | keratin KA11
Evolutionarily conserved signaling intermediate in Toll pathway, mitochondrial
‘Sarcolendoplasmic reticulum calcium ATPase 1b
Keratin, type | cyloskeletal 19
Pyruvate dehydrogenase kinase, isoenzyme 4
Keratin, type Il cytoskeletal 5
Collagen type XI alpha 2 chain
Triadin
N-acylglucosamine 2-epimerase
yosin

Troponin T, fast skeletal muscle
yosin-4
Triadin

Collagen alpha-1(il) chain
288 ribosomal protein $31, mitochondrial

Magebl1 Magebl1 protein

NEWGENE_621351  Collagen, type |, alpha 2

Coltat Collagen alpha-1(I) chain

Figure 3. Hierarchical clustering of differently expressed proteins between SDG and model group (MG)
(A), SDG and SG (B), SG and MG (C) groups, n = 3 samples for each group (3 data points for each bar),
each consisting of tissue of 4 rats. Euclidean distance algorithm for similarity measurements and an
average linkage clustering algorithm for clustering were selected. A heatmap was created as a visual
aid, in addition to the use of a dendrogram. Each column represents one biological replicate. Each
row represents one significant protein. The relative expression level was indicated using the intensity
of each color. Red, blue, and gray colors indicate a relative increase, decrease, or no quantitative
information in protein content for a particular protein, respectively (row).

2.3. GO and KEGG Pathway Enrichment

GO and KEGG pathway enrichment analysis were performed between SDG and MG groups.
The most enriched GO terms of biological processes (BP), molecular functions (MF) and cellular
components (CC) were annotated as a single-organism carbohydrate catabolic process (8 proteins,
richFactor = 0.16), integrin binding (4 proteins, richFactor = 0.17) and supramolecular fibers (20
proteins, richFactor = 0.08), respectively (Figure 4A-B, Table 1).

The results of KEGG pathway analysis showed that the significant enrichment pathways included
those for tight junctions (6 proteins, richFactor = 0.11), the glucagon signaling pathway (6 proteins,
richFactor = 0.15), cardiac muscle contraction (5 proteins, richFactor = 0.10), sulfur metabolism (2
proteins, richFactor = 0.33), carbohydrate digestion and absorption (2 proteins, richFactor = 0.22), and
butanoate metabolism (2 proteins, richFactor = 0.22) (Figure 4C, Table 1).
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Figure 4. The enriched GO terms and KEGG pathways of significantly expressed proteins between SDG

and MG groups, n = 3 samples for each group (3 data points for each bar), each consisting of tissue of 4

rats. (A) Top 20 enriched GO terms. The horizontal axis in the graph represents the three categories (BP:

biological processes; MF: molecular functions; CC: cellular components). The vertical axes represent

the number of significant proteins. The color gradient from orange to red represents the p value; the

closer the color to red, the lower the p value and the higher the significance level corresponding to the

enrichment. The numbers above the bar charts represent the richFactor (richFactor<1), which is the

ratio of the number of proteins that were annotated in this category. (B) Overall enriched GO terms.

The horizontal axis with different colors of the bar charts represents the significance of enrichment of

the three categories (based on 107 proteins significantly expressed proteins). The vertical axes represent
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the number and percentage of significant proteins. (C) The significantly enriched KEGG pathways.

The horizontal axis in the graph represents the enriched KEGG pathways; the vertical axis represents

the number of significant proteins. The colors of the bar charts represent the significant of enrichment

on three categories. The color gradient from orange to red represents the p value; the closer to red

color, the lower the p value and the higher the significance level corresponding to the enrichment. The

numbers above the bar charts indicate the richFactor (richFactor < 1), which is the ratio of significant

proteins compared to the overall proteins in each category.

Table 1. Distribution of proteins and signaling pathways response to dry needling combined with

static stretching treatment based on GO and KEGG analysis.

Terms Count Pvalue FDR (%)  richFactor Protein Names (Gene Names)

GO (gene ontology)
Phosphorylase b kinase gamma catalytic chain, skeletal

(BP) muscle/heart isoform (Phkg1); Phosphorylase b kinase

Single-organism regulatory subunit (Phkal); Phosphorylase b kinase

carbohydrate 8 0.0006 0.2982 0.1633 regulatory subunit (Phkb); Glycogen phosphorylase,

catabolic process muscle form (Pygm); L-lactate dehydrogenase B chain
(Ldhb); Actinin alpha 3 (Actn3); Alpha-1,4 glucan
phosphorylase (Pygm); Gamma-enolase (Eno2)

(MF) Actinin alpha 3 (Actn3); Fibrillin 1 (Fbn1); Actnl protein

Integrin binding 4 0.0125 04795 0.1739 (Actn1); Junctional adhesion molecule C (Jam3)
Type I keratin KA11 (Kal1); Actinin alpha 3 (Actn3);
Troponin T, fast skeletal muscle (Tnnt3); Myosin-4
(Myh?2); Fibrillin 1 (Fbn1); Small muscular protein (Smpx);
Actnl protein (Actn1); Tubulin alpha-1B chain (Tubalb);

(0 Myosin, heavy chain 15 (Myh15);

Supramolecular 20 0.0040 04795 0.0755 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1

fiber ' ’ ’ (Atp2al); Type 2X myosin heavy chain (Myhc); Myosin-4
(Myh1); Myosin-6 (Myh6); Cysteine and glycine-rich
protein 3 (Csrp3); Uncharacterized protein; Leiomodin-2
(Lmod2); Myosin binding protein C, fast-type (Mybpc2);
Microfibril-associated protein 4 (Mfap4); Myozenin 2
(Myoz2); Ryanodine receptor 3 (Ryr3)

Terms Count Pvalue FDR (%)  richFactor Protein Names (Gene Names)

KEGG (kyoto encyclopedia of genes and genomes) pathways

Tight junction 6 0.0189

Glucagon signaling

pathway 6 0.0042
Sulfur metabolism 2 0.0220
Cardiac muscle 5 0.0464

contraction

Carbohydratedigestiorh

and absorption 0.0488
Butanoa.te ) 0.0488
metabolism

0.7500

0.4642

0.7501

0.7501

0.7501

0.7501

0.1132

0.1538

0.3333

0.1020

0.2222

0.2222

Myosin-4 (Myh2); Tubulin alpha-1B chain (Tubalb);
Myosin-4 (Myh1); Junctional adhesion molecule C (Jam3);
Actnl protein (Actnl); Myosin, heavy chain 15 (Myh15)
L-lactate dehydrogenase B chain (Ldhb); Protein arginine
methyltransferase 1-like (LOC100361025); Glycogen
phosphorylase, muscle form (Pygm); Phosphorylase b
kinase regulatory subunit (Phkal); Alpha-1,4 glucan
phosphorylase (Pygm); Phosphorylase b kinase gamma
catalytic chain, skeletal muscle/heart isoform (Phkg1)
Uncharacterized protein; Sulfite oxidase (Suox)
Cytochrome c oxidase subunit 1 (COI);
Ubiquinol-cytochrome c reductase, complex III subunit
X (Ugcer10); Myosin-6 (Myh6);

Sodium /potassium-transporting ATPase subunit beta-2
(Atp1b2); Sarcoplasmic/endoplasmic reticulum calcium
ATPase 1 (Atp2al)

Sodium /potassium-transporting ATPase subunit beta-2
(Atp1b2); Solute carrier family 37 (Glucose-6-phosphate
transporter), member 4 (Slc37a4)
Succinyl-CoA:3-ketoacid coenzyme A transferase 1,
mitochondrial (Oxct1); L-2-hydroxyglutarate
dehydrogenase (L2hgdh)

Abbreviations: BP, biological processes; MF, molecular functions; CC, cellular components; FDR, false discovery
rate. GO and KEGG pathway enrichment were analyzed by the Fisher” exact test based on the entire quantified
protein annotations as the background dataset. Only functional categories and pathways with p-values < 0.05 were

considered as significant.
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2.4. PPI Analysis

In the PPI network, the most enriched two node proteins with high connectivity degree between
SDG and MG groups were shown as orange nodes (Figure 5): actinin alpha 3 (UniProtKB-Q8R416)
and type 2X myosin heavy chain (UniProtKB-Q9QZV8), interacting with four significantly expressed
proteins, exhibited the highest degree of connectivity (Table 2).

Tubalb

m‘:km Rab7b
e o
e [

Atp2al Phkb

X

Myhc
—

= Is(‘:u -
Ldhb ‘ l ; ’
@, m\‘\\Myh v
: % cox1
| -

LOC690675 i

Myh1

o

S
Cripl/

ENSRNOG00000024217

Figure 5. Proteins in the PPI network between SDG and MG groups. The most enriched two node
proteins (marked with orange color) with high connectivity degree interacting with four significantly
expressed proteins.

Table 2. 4-connected proteins of Actinin alpha 3 and type 2X myosin heavy chain.

Degree Uniprot ID Protein Name Gene Name
D3ZA38 Myosin binding protein C, fast-type Mybpc2

Actinin alpha 3 P00564 Creatine kinase M-type Ckm

(4-connected) Q9QZV8 Type 2X myosin heavy chain Myhc
AO0A0G2KAY2 Troponin T, fast skeletal muscle Tnnt3
AO0A0G2KAY2 Troponin T, fast skeletal muscle Tnnt3

Type 2X myosin heavy chain ~ Q8R416 Actinin alpha 3 Actn3

(4-connected) Q64578 ATPase 1 Atp2al
A0A0G2K484 Myosin-4 Myh1

2.5. PRM Validation of TMT-Based Results

Three target proteins namely actinin alpha 3, calsequestrin-1, and parvalbumin alpha were
selected for verification using LC-PRM/MS quantitative analysis. All target peptides of the three
proteins have significant quantitative information in each sample. After normalized, the results of
the relative quantitative expression showed that the three candidate proteins exhibited similar trends
after treatment to those observed in the TMT results, which supports the plausibility and reliability
of the proteomics data (Figure 6). On comparing MG to SDG, the fold change of actinin alpha 3 and
parvalbumin alpha were found to be significant according to both TMT and PRM analysis. Compared
to MG to SG, the change of parvalbumin alpha was significant in both the TMT and PRM analyses;
while the change in calsequestrin-1 was significant only according to the PRM analysis (Figure 6).
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Figure 6. PRM and TMT protein expression quantities of the three candidate proteins, n = 3 samples
for each group (3 data points for each bar), each consisting of tissue of 4 rats. Abbreviations: TMT,
tandem mass tag; PRM, parallel reaction monitoring. Data are shown as mean =+ SD, compared to MG:
*p < 0.05,** p < 0.01; compared to SG: # p < 0.01 by multiple t-test.
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3. Discussion

Previous proteomics-based studies addressing chronic pain have primarily focused on dorsal
root ganglia and spinal cord tissue in animal models of neuropathic pain [25]. In the present study,
rat skeletal muscle of MTrP was chosen as an “experimental model” as it may be more representative
of the therapeutic mechanism underlying MTrPs. In humans, only a small number of studies have
utilized proteomics to explore pain mechanisms; most of these investigations have relied on the
2D-PAGE approach coupled with mass spectrometry (MS) [25]. TMT label-based nanoscale liquid
chromatography tandem mass spectrometry analysis (LC-MS/MS), as an emerging quantification
technology, overcomes the deficiencies of traditional methods when macromolecule and proteins
cannot be quantified [26].

Our previous study compared the healthy muscle to MTrPs muscle using proteomics technology
and a total of 2635 proteins were identified [27]. This is the first study using TMT labeling proteomic
technology on dry needling combined with static stretching treatment of MTrPs. In the present
work, 285 with significantly differential expression were identified in three biological replicates,
and hierarchical cluster analysis showed that these proteins were well distinguished. These results
indicated that the overall proteins were screened with reasonable accuracy. Additionally, we verified
three differentially expressed candidate proteins using MS-based precise quantitative PRM analysis,
and the data showed the data showed trends that paralleled those observed for TMT results. The PRM
method is conceptually similar to western blotting, but independent of the specificity of the antibody,
making it superior to western blotting, especially when a high-quality antibody is unavailable [28].
Hence, the results of these MS experiments are undoubtedly technically reliable.

GO and KEGG enrichment results indicated that dry needling combined with static stretching
treatment significantly regulated the tight junction pathway. Recent reports indicate that inflammatory
pain may be controlled via the modulation of proteins in tight junctions [29-32]. Another study
suggested that changes in tight junction play a role in the pathophysiological mechanisms underlying
headache [33]. Accordingly, we speculate that the tight junction pathway (as well as significantly
expressed proteins such as myosin-4, tubulin alpha-1B chain, junctional adhesion molecule C, actinl
protein and myosin heavy-chain 15 in this pathway) may represent potential therapeutic targets for
MTtPs. The modulating effect of dry needling combined with static stretching may block pain signals
through the tight junctions and those significant related proteins. This is the first report to implicate
changes in tight junctions in skeletal muscles as a possible mechanism underlying the therapeutic
effect of dry needling combined with static stretching in MTrPs.

The first candidate protein, actinin alpha 3, exhibited the highest connectivity degree on comparing
dry needling combined with static stretching treatment and no treatment, by PPl analysis. In the general
population, actinin alpha 3 is associated with the fast muscle-fiber area, muscle mass, strength and
muscle function. The Actn3 knock-out changed muscle adaptation in response to immobilization and
denervation [34]. Additionally, an interesting study showed that the fiber-type-specific expression of
alpha-actinin-2 and -3 in rats resembles that of humans more than closely that of mice [35]. Moreover,
actinin alpha 3 plays an important role in cross linking in actin and other structural proteins to
maintain an ordered myofibrillar array of the Z-disk in skeletal muscle. During the development of
MTxPs, the link between myosin and actin weakens [7,17]. In our study, the expression of actinin
alpha 3 significantly improved after treatment of the rat MTrPs; this finding suggests that such
changes in actinin alpha 3 may be involved in the therapeutic effects of dry needling combined with
static stretching.

A lack of calsequestrin-1 results in increased oxidative stress and mitochondrial damage in
skeletal muscle [36]. Static light scattering experiments and crystallographic studies found that
Ca2* dependent polymerization capabilities of calsequestrin are enhanced, providing a dynamic
“guiderail”’-like scaffold for calsequestrin polymerization [36]. Bron and Dommerholt [6] hypothesized
that, following muscle injury, the cell membranes and sarcoplasmic reticulum were damaged, leading
to the release of large amounts of Ca?* during the development of MTrPs. In this study, according to
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PRM analysis, calsequestrin-1 significantly increased after dry needling combined with static stretching
or simple static stretching treatment alone. Although this increase was not significant according to
TMT-based analysis (this outcome may be affected by many factors, and a high false-positive rate
should be considered), the current findings provide novel insights into potential therapeutic strategies
for MTrPs.

The calcium-binding protein, parvalbumin alpha, maintains the exchange of intracellular
Ca?*. Activation of parvalbumin neurons in the cerebral cortex has been shown to increase pain
sensitivity [37], and dorsal horn parvalbumin neurons are considered gate-keepers of touch-evoked
pain that alleviate mechanical allodynia in neuropathic pain [38]. However, the role of parvalbumin
alpha in muscle tissue function related to musculoskeletal pain or MTrP-related pain is not clear. Our
findings demonstrated that dry needling combined with static stretching, or simply static stretching
treatment alone, significantly increased the expression of parvalbumin alpha in the gastrocnemius
muscle in the present MTrP model. These results identify parvalbumin alpha as another potential
target for the treatment of MTrPs.

4. Materials and Methods

4.1. MTrPs Modeling

All animal experiments were conducted at the Laboratory Animal Center of Shanghai University
of Sport, China. The procedure was approved by the Ethics Committee of the Shanghai University
of Sport (approval code: 2017017 and approval date 07/03/2017). The experiments complied with
the ARRIVE (Animal Research: Reporting of in Vivo Experiments) guidelines. A total of 36 male
Sprague-Dawley rats (7-week age, 220 to 250 g, Shanghai Jiesijie Experimental Animal Co. Ltd.,
Shanghai, China) were housed in groups of three or five in an specific pathogen-free (SPF) animal
experimental laboratory room under a 12 h light/dark cycle, and randomly divided into three groups
by a block randomization method using a web-based random number generator (GraphPad software,
San Diego, CA, USA) (n = 12 each group): a model group (MG), a stretching group (SG), and a dry
needling combined with stretching group (SDG). The rat model of active MTrPs was established by
blunt striking on the left gastrocnemius muscles (GM) and eccentric-based exercise for 8 weeks along
with 4 weeks of recovery. The left GM of rats in all groups was marked and struck by a hand-made
stick device dropped from a height of 20 cm with a kinetic energy of 2.352] once every first day of each
week; then, rats were run on a treadmill (DSPT-202, Duanshi Co., Hangzhou, China) for 1.5h ata —16°
downward angle and speed of 16 m/min every second day of each week. The general health of the
rats during the procedures such as body weight, condition of the limbs, and movement of all rats was
monitored weekly.

To identify the active MTrP, first a contracture nodule in a taut band was palpated and marked,
and an electrode needle was inserted into the marked nodule; if local twitch responses (LTRs) were
found to be elicited by needling, the marked nodule was considered a possible active MTrP. Second,
for confirmation, an EMG device with bipolar electrodes (Z2]-NB-NCC08, NCC Medical Co., Ltd.,
Shanghai, China) was used to verify the potential MTrP. The first needle was kept in situ as one
electrode, and a second electrode needle was longitudinally inserted 3-5 mm away from the first as
a reference electrode. If the spontaneous electrical activity (SEAs) were recorded within 60 s, it was
considered a successfully modeled MTrP [21].

The nociceptive mechanical threshold from left hind paw was measured before and after modeling
by the electronic Von Frey method ((BME-40 electronic Von Frey, Tianjin Bern technology LID, Tianjin,
China). The test tip has a diameter of 0.4 mm? and an area of 0.12 mm? and the force range is
0.1-50 g FORCE. The test tip was placed on the nodule site that can be palpated at the model, and the
investigator applied the tip in the muscle region with a gradual increase in pressure. The intensity
value was recorded in grams (g) when the rat produces the paw flexion reflex action.
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4.2. Static Stretching and Dry Needling Treatment

After the MTrPs model had been successfully generated, the corresponding dry needling and/or
static stretching treatment was adopted, respectively, in the SG and SDG groups once a week, for 4
weeks. In the SG group, the rats were gently placed in a supine position in the palm of one researcher’s
hand (to ensure that the rat’s body was straight and not bent or curled in the palm). Then, the left
hip joint and knee joint were slowly stretched to 180°, and the ankle joint extended to 90° by another
researcher. The static stretching position was maintained for 1 min, followed by rest for 1 min; this
sequence was repeated three times. This stretching treatment was performed by two skilled researchers
each time. In the SDG group, the rats were anesthetized and then fixed on a board. An acupuncture
needle (¢ 0.3 mm) was rapidly inserted and withdrawn precisely at each single MTrP on the GM
to obtain six LTRs [39]. After dry needling, static stretching, as in the SG group, was performed
immediately. The nociceptive mechanical threshold from left hind paw was measured every week
during the treatment period.

4.3. Proteomics Analysis

4.3.1. Tandem Mass Tag (TMT) Sample Preparation

After the treatment was terminated on the 5th day, all rats in each group were deeply anesthetized
(with sodium pentobarbital, 60 mg/kg i.p.) and the left GM tissues were quickly removed, rapidly
frozen in liquid nitrogen, and maintained for 5 min. Four individual samples from the same group
were pooled to constitute a pool. A total of nine pooled samples were prepared (3 data points for each
group), each consisting of tissue of 4 rats.

The SDT lysis buffer (150 mM Tris-HCl, 4% SDS, 100 mM DTT, pH 8.0) was added to the sample
and transferred to 2 mL tube. The lysate was homogenized twice for 60 s using an MP homogenizer
(24 x 2,6.0 M/S). The homogenate was sonicated and then boiled for 15 min. After centrifuging at
14000 g for 40 min, the supernatant was filtered with 0.22 pm filters. The filtrate was quantified with
the BCA Protein Assay Kit (Bio-Rad Inc., Hercules, USA). Protein samples of 20 pg (each sample) were
mixed with 5X loading buffer and the proteins were separated on 12.5% SDS-PAGE gel for 90 min with
a constant current of 14 mA after boiling for 5 min.

Filter-aided sample preparation (FASP) and digestion [40]: firstly, 200 pg of proteins (each
sample) were added to a sample of 30 uL of SDT buffer and then the detergent, DTT and other
low-molecular-weight components were removed using UA buffer (8 M Urea, 150 mM Tris-HCl
pH 8.0) by repeated ultrafiltration (Microcon units, 10 kD). Then 100 pL iodoacetamide (IAA) was
added to block the reduced cysteine residues. The samples were then incubated for 30 min in the
darkness. Then, the filters were washed in triplicate with 100 pL uric acid buffer and washed twice
in100 uL of 100 mM tetraethyl-ammonium bromide (TEAB) buffer. Finally, 4 ug of trypsin in 40 uL of
TEAB buffer was used to digest the protein suspensions with overnight at 37 °C, and the resulting
peptides were collected as a filtrate. Concentration of the peptides can be estimated by UV spectrometer
assuming that 0.1% solution of vertebrate proteins has at 280 nm an extinction of 1.1 absorbance units.

Following sample digestion and immediately before use, the TMT labeled reagents were
equilibrated to room temperature, and 3-plex TMT reagent was applied to label 100 pg of the peptide
mixture of each sample, according to the instructions of the manufacturer (Thermo Fisher Scientific
Inc., Waltham, USA). The peptides were labeled with TMT-127, TMT-130, and TMT-131 for the MG,
SG, and SDG groups for three biological replicates. The incubation reaction was performed for 1 h,
and 8 pL of 5% hydroxylamine was added to the sample; then, the incubation was allowed to proceed
for 15 min.

TMT-labeled samples were fractionated into 10 fractions using a Pierce high-pH reversed-phase
fractionation kit (Thermo Fisher Scientific, Waltham, MA, USA) by an increasing acetonitrile
step-gradient elution. Before nanoscale liquid chromatography spectrometry analysis (LC-MS/MS)
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analysis, the fractions were dissolved in 0.1% formic acid according to the instructions of the
manufacturer (Thermo Fisher Scientific, Waltham, MA, USA).

4.3.2. LC-MS/MS Analysis

The fractionated peptide mixture was placed onto a reverse phase trap column (Home-made
column, 100 pm x 20 mm, 5 um-C18) coupled with the Cl18-reversed phase analytical column
(Home-made tip-column, 75 pm x 200 mm, 3 pm-C18) in a 0.1% formic acid buffer. Then, the
mixture was separated with a linear gradient of the other buffer (0.1% formic acid and 84% acetonitrile).
The flow rate was controlled at 300 nl/min using IntelliFlow technology.

A quadrupole Q-Exactive mass spectrometer coupled to an Easy nLC (Thermo Fisher Scientific,
Waltham, MA, USA) was used to perform LC-MS/MS analysis, and the duration was set to 60 min.
The instrument was run under the peptide recognition enablement mode. A data-dependent top-20
method was used to acquire the MS data. The most abundant precursor ions for higher energy
collisional dissociation (HCD) fragmentation were dynamically selected from the survey scan at a
speed of 300 to 1800 m/z. The dynamic exclusion duration was set to 40 s, and the maximum injection
time was 10 ms, and the automatic gain control (AGC) target was 3 x 10°. The HCD spectrum
resolution was set to 17,500 at 200 m/z (isolation width 2 m/z, TMT 3-plex) and the resolution for
survey scans was 70,000 at 200 m/z. The under-fill ratio was defined as 0.1% and the normalized
collision energy was set to 30 eV.

The MASCOT engine (version 2.2, Matrix Science, London, UK) with Proteome Discoverer 1.4
was used to search MS/MS spectra. Filtered MS/MS spectra were searched against the UniProtKB
Rattus norvegicus decoy database, including both regular and reversed protein sequences for estimation
of false-positive rates. The data were based on a false discovery rate (FDR) < 1% confidence for protein
identification. A threshold of proteins relative expression ratios > 1.2-fold increase or < 0.83-fold
decrease were considered as significantly different expression with a statistic confidence of p-value <
0.05 between two groups.

4.3.3. Bioinformatics Analysis

A bioinformatics analysis between the SDG group and the MG group was performed. Cluster3.0
and Java TreeView software was used to study relative protein expression data by performing a
hierarchical clustering analysis. The protein sequences of differentially expressed proteins were
retrieved in batches from the UniProtKB database in FASTA format. The NCBI BLAST+ software was
used to identify homolog sequences and transferred the functional annotation to the studied sequences
(http:/ /www.blast2go.com /). Top-20 blast hits (E-value < 1 x 10~3) for each query sequence were
retrieved and loaded into Blast2GO (Version 3.3.5) for gene ontology (GO) mapping and annotation.
The protein sequences of differentially altered proteins between the two groups were blasted against
the online kyoto encyclopedia of genes and genomes (KEGG) database (http://www.genome.jp/
kegg /). KEGG1, was subsequently used for mapping the pathways. Only functional categories and
pathways with p-values < 0.05 were considered significant. The protein—protein interaction (PPI)
information of the studied proteins was retrieved from IntAct molecular interaction database by their
gene symbols. The results were downloaded in the XGMML format and imported into Cytoscape
software package (version 3.2.1) to visualize and further analyze functional protein-protein interaction
networks. Furthermore, to evaluate the importance of the protein in the PPI network, the degree of
each protein was calculated.

4.4. Parallel Reaction Monitoring (PRM) Validation

To verify the results of TMT analysis coupled with LC-MS/MS, PRM was performed among all
proteins of differential abundance under each condition. Three proteins of interest, namely actinin
alpha 3, calsequestrin-1, and parvalbumin alpha, were selected for analysis. The remaining sample
of TMT proteome was used for direct enzymatic hydrolysis. 200 pg protein was taken from each
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sample of each group separately, and 10 fmol heavy isotope-labeled peptide DSPSAPVNVTVR was
incorporated as internal standard. DTT was added to a final concentration of 10 mM, and then heated
on the boiling water bath for 15 min following cooling it to room temperature. 200 uL UA buffer (8§ M
Urea, 150 mM Tris-HCl, Ph 8.0) was then mixed in it after centrifuging at 14000 x g for 30 min. 100
uL IAA (50 mM IAA in UA) was added with 600 rpm shaking for 1 min. 100 uL NH4HCO5 buffer
(50 mM) was added after centrifuging at 14000 x g for 20 min twice. Then 40 uL. NH4HCO; buffer
(4 ng Trypsin) was added after shaking at 600 rpm for 1 min. 40 L NH4HCOj3 buffer (50 mM) was
added after centrifuging at 14000 x g for 30 min. The filtrate was collected. The digested peptides were
desalted and lyophilized, then reconstituted with 0.1% formic acid, and the peptide concentration was
determined by OD280.

Chromatographic separation was carried out using the HPLC system Easy nLC. Buffer A is
0.1% formic acid aqueous solution. Buffer B is acetonitrile with 0.1% formic acid aqueous solution
(acetonitrile 84%). Samples were added to the trap column and then gradient-separated using a
Thermo Fisher Scientific EASY column at speed of 300 nL./min. PRM mass spectrometric analysis was
performed using a Q-Exactive HF instrument (Thermo Fisher Scientific, Waltham, MA, USA). The full
scan at the first MS was performed at a resolution of 60,000 (@ 200 m/z), with a scan mass range of 300
to 1800 m/z for 60 min. AGC target: 3 x 10°; Maximum IT: 200 ms. Twenty PRM (MS2 scans) were
collected according to the inclusion list after each full MS scan. The secondary MS parameters were
as follows: isolation window: 1.6 Th; resolution 30,000 (@ 200 m/z); AGC target: 3 X 10%; Maximum
IT: 120 ms; MS2 Activation Type: HCD; Normalized collision energy: 27. The SEQUEST HT database
with Proteome Discoverer 1.4 was used to analyse MS raw files. Raw files were first converted to
centroid mzXML and Filtered MS/MS spectra were searched against the UniProtKB Rattus norvegicus
decoy database, including both regular and reversed protein sequences for estimation of false-positive
rates. The search parameters are set as follows: enzyme: trypsin; missed cleavage: 0; precursor ion
mass tolerance: 10 ppm; fragment ion mass tolerance: 0.02 Da; semi-tryptic termini and two missing
cleavages were allowed; fixed modification: carbamidomethylation (C). The data were based on a
false discovery rate (FDR) < 0.01% confidence for protein identification. The generated .msf file was
used to create a library in Skyline (version 3.5.0, Proteome Discoverer 1.4, Thermo Scientific, Waltham,
MA, USA) [41] and the cut-off score was set as 0.95. Peptide probabilities were calculated by the
percolator algorithm in Proteome Discover and false discovery rate was set to 0.01. We manually
checked and corrected peak picking according to MS/MS spectra, retention time, the transitions, and
mass accuracy. After normalizing the quantitative information by the heavy isotope-labeled peptide, a
relative quantitative analysis was performed on the target peptide and the target protein.

4.5. Statistical Analysis

Proteomics analysis was performed in triplicate (3 data points for each group, each consisting of
tissue of 4 rats), similar results were obtained on at least three separate studies, and the mean value
was calculated. Statistical analysis was performed with SPSS Statistics version 21.0. The data were
presented as the mean + SD. GO enrichment on three categories (biological process, molecular function,
and cellular component) and KEGG pathway enrichment were analyzed by the Fisher” exact test based
on the entire quantified protein annotations as the background dataset. To adjust derived p-values,
Benjamini-Hochberg correction was further applied for multiple testing. Only functional categories
and pathways with p-values < 0.05 were considered as significant. Multiple t-test or Repeated Measures
ANOVA with post hoc tests was performed to analyze the quantitative variables and a p-value < 0.05
was considered to be statistically significant.

5. Conclusions

In conclusion, this is the first study to utilize a TMT-based proteomic approach for the
identification of large-scale differential protein expression after dry needling combined with static
stretching treatment for MTrPs in a rat model. The tight junction pathway was considered to represent
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a potential mechanism involved in the improvement of MTrP in response to dry needling combined
with static stretching treatment. Three proteins (actinin alpha 3, calsequestrin-1, and parvalbumin
alpha) may provide valuable clues towards the elucidation of therapeutic mechanisms underlying
dry needling of MTrP sites and static stretching. Future studies should aim towards the functional
validation of the relevant proteins and signaling pathways.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com /1422-0067/20/3/
564/s1.
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