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Introduction
Pain of the masticatory muscles, such as chronic masticatory 
myalgia (CMM), is one of the myogenous disorders under the 
temporomandibular disorder (TMD) family (Kimos et al. 2007). 
These chronic conditions are often affected by jaw movement, 
function, or parafunction and commonly cause disability 
(Schiffman et al. 2014). CMM represents a significant health 
care issue that frequently results in patients seeking either pri-
mary care (dental or medical) or referral to specialist services. 
However, the etiology and underlying pathogenetic mecha-
nisms of CMM are still not fully understood.

Over the past decades, pain research has been increasingly 
conducted at a level that integrates system biology with cellu-
lar and molecular investigation (Gu et al. 2005). Genetic risk 
factors play an important role in the etiology of chronic pain 
conditions, putatively by modulating the underlying processes, 
such as inflammation, nociceptive sensitivity, psychological 
well-being, and autonomic responses (Nielsen et al. 2008; 
Smith et al. 2011). Advances in molecular biology—such as 
microarray techniques that enable researchers to detect the 
relative expression levels of thousands of genes in a single 
experiment—have become the most common approach for 
studying gene functions, pathway dissection, and drug evalua-
tion (DeRisi et al. 1996; Golub et al. 1999; Momen-Heravi et al. 
2014). Recently, this technology has been increasingly used to 

examine genetic risk factors and therapeutic targets for pain-
related diseases that often overlap TMDs (Aaron and Buchwald 
2003), such as chronic fatigue syndrome (Kerr et al. 2008) and 
fibromyalgia (Smith et al. 2012). However, its potential value 
in CMM has not been explored.

Blood cells travel throughout the body and respond to inter-
nal and external signals. Previous studies identified differential 
gene expression in peripheral blood leukocytes (PBLs) in 
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Abstract
The exact mechanism underlying chronic masticatory myalgia (CMM), a conspicuous symptom in temporomandibular disorders, remains 
unclear. This investigation compared gene expression profiles between CMM patients and healthy subjects. Peripheral blood leukocytes 
were collected in 8 cases and 8 controls and subjected to whole genome microarray analyses. Data were analyzed with Gene Ontology 
and interactive pathways analyses. According to Gene Ontology analysis, categories such as ion transport, response to stimuli, and 
metabolic process were upregulated. The pathway analysis suggested overexpression of the mitogen-activated protein kinase (MAPK) 
pathway in CMM patients and to a higher degree in a pathway network. Overexpression of representative members of the MAPK 
pathway—including MAPK kinase 3 (MEK3), calcium voltage-gated channel auxiliary subunit gamma 2 (CACNG2), and growth arrest 
and DNA damage–inducible gamma (GADD45G)—was validated with real-time polymerase chain reaction. The upregulation of MEK3 
was negatively correlated with the age of the CMM group. In the next step, the authors focused on MEK3, the gene that exhibited the 
greatest degree of differential expression, and its downstream target protein p38 MAPK. The results revealed upregulation of MEK3, as 
well as phosphorylated MEK3 and phosphorylated p38 MAPK, in CMM patients. These results provide a “fingerprint” for mechanistic 
studies of CMM in the future and highlight the importance of MEK3–p38 MAPK activation in CMM.
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patients with complex regional pain syndrome (Kaufmann  
et al. 2007). A study using peripheral blood samples identified 
an association of pathway activity with the immune response 
and homeostasis in fibromyalgia patients (Lukkahatai et al. 
2015). This finding may contribute to a better understanding of 
the pathophysiology of pain progression in these patients.

The present study was designed to identify novel target 
genes involved in CMM by including samples from 8 CMM 
patients and 8 healthy controls in the initial screening experi-
ment. The expression of multiple genes was examined at an 
mRNA level through microarray analysis. The results revealed 
changes in multiple genes and pathways. Candidate genes and 
proteins in the mitogen-activated protein kinase (MAPK) path-
way were verified with real-time polymerase chain reaction 
(PCR) and Western blotting methods. Our discovery of the 
upregulation of MAPK kinase 3 (MEK3) at the gene and pro-
tein levels in CMM patients provides insights into the molecu-
lar mechanisms underlying the pathogenesis of this disorder.

Materials and Methods

Research Subjects and Diagnostic Classification

The current study was conducted in accordance with the 
Declaration of Helsinki. CMM patients were recruited from 
the Center for TMD and Orofacial Pain of Peking University 
School and Hospital of Stomatology. The diagnosis of CMM was 
established with the “Diagnostic Criteria for Temporomandibular 
Disorders” protocol published by the International RDC/TMD 
Consortium Network and Orofacial Pain Special Interest 
Group (Schiffman et al. 2014). Specifically, the criteria for the 
diagnosis included the following: 1) confirmation of pain loca-
tion in the temporalis or masseter muscle; 2) report of familiar 
pain with maximum unassisted or assisted opening movement 
or palpation of the temporalis or masseter muscle; 3) pain cor-
responding to an intensity score ≥3 on a visual analog scale of 
0 to 10 (Wewers and Lowe 1990) and duration of at least 3 mo; 
4) chronic temporalis or masseter pain not attributable to recent 
acute trauma or previous infection; and 5) chronic pain in the 
temporalis or masseter muscle not attributable to active inflam-
mation. Patients with ≥1 of the following conditions were excluded: 
inflammatory, rheumatic, or otherwise painful disease (e.g., 
fibromyalgia or low back pain); dental, sinus, or other infection; 
medication with steroids, narcotic agents, or antidepressants; 
primary psychiatric disease; previous temporomandibular joint 
surgery; epilepsy, cardiac, renal, or hepatic disorder; clinical evi-
dence of dental or periodontal disease. Pregnant or nursing 
women were not included. All subjects were 18 to 70 y of age.

Age- and sex-matched healthy individuals (18 to 70 y of 
age) were recruited from Peking University students and staff 
by distribution of flyers. Exclusion criteria for healthy partici-
pants included a medical/psychological problem, prescribed 
medication, pregnancy or nursing, and a recent history of pain 
at any location.

A total of 43 consecutive CMM patients were included in 
this study. PBLs were collected from all subjects for RNA and 
protein profiling. All individuals provided written informed 
consent for blood collection and use. The study protocol was 

approved by the Ethics Committee of the Peking University 
Health Science Center (PKUSSIRB-2013012).

Blood Sampling and Processing  
for Gene Analysis

A total of 4 to 10 mL of peripheral blood was collected from 
each participant in an ethylenediaminetetraacetic acid (EDTA) 
vacutainer. PBLs were separated and lysed in Trizol (Life 
Technologies). RNA quality and purity were analyzed by spec-
trophotometry with the NanoDrop ND-1000 (NanoDrop 
Technologies) and denaturing gel electrophoresis immediately 
before microarray processing.

Whole-genome microarray analysis of PBLs from a subset 
of 16 subjects (8 CMM cases and 8 controls) was conducted. 
All microarrays were processed in the same laboratory by 1 per-
son following standard operating protocols to minimize nonbio-
logical technical bias. cDNA was generated by use of One-Cycle 
Target Labeling and Control Reagents (Affymetrix), and cRNA 
was created with a GeneChip IVT Labeling Kit (Affymetrix). 
Biotin-labeled, fragmented (≤200 nucleotides) cRNA was 
hybridized for 16 h at 45 °C to Affymetrix GeneChip Human 
Gene 2.0 ST arrays. The arrays were washed, stained, and read 
by the GeneChip Scanner 3000 (Affymetrix). Fluorescence 
excitation was at 570 nm, and all the data were collected on a 
confocal scanner at 3-μm resolution. GeneChip Operating 
Software 1.4 (Affymetrix) was applied to analyze the data. We 
applied the random variance model t test to filter differentially 
expressed genes for the control and CMM groups because this t 
test can raise the degrees of freedom when the sample size is 
small (Wright and Simon 2003). After the significant and false 
discovery rate analyses, we selected the differentially expressed 
genes according to the P value threshold; P < 0.05 was consid-
ered statistically significant (Clarke et al. 2008).

Gene Ontology Category and Pathway Analyses

Differentially expressed genes were organized into hierarchi-
cal categories through Gene Ontology (GO; http://www 
.geneontology.org/). Significant genes were then analyzed with 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base (http://www.genome.jp/kegg/). Details regarding these 
GO and pathway analyses are described in the Appendix.

Real-Time PCR Assays

Total RNA was isolated from the PBLs of all 43 patients and age- 
and sex-matched controls via the same protocol as described for 
the microarray assay. cDNA was synthesized from 1 μg of total 
RNA with a RevertAid First Strand cDNA Synthesis Kit (Thermo 
Scientific). Real-time PCR analyses and data collection were per-
formed on the ABI 7500 PCR system (Applied Biosystems) 
through the primer pairs listed in Appendix Table 1. The reactions 
were performed with an ABI StepOne real-time PCR system 
with the following steps: 50 °C for 2 min and 95 °C for 10 min, 
followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min in 
96-well plates in a volume of 20 μL containing SYBR Green 
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PCR Master Mix (Applied Biosystems). 
Differentiation of mRNA expression was 
analyzed by the comparative Ct method 
(Schmittgen and Livak 2008) with the 18S 
rRNA housekeeping gene as reference. 
Lower deltaCt values indicated higher 
gene expression (Uceyler et al. 2015).

Protein Extraction and Western 
Blotting Analyses

Proteins were extracted from the PBLs of 
all participants, with radio immunoprecipi-
tation assay (RIPA) buffer containing pro-
tease and phosphatase inhibitors (Beyotime 
Biotechnology). The cell lysates were cen-
trifuged at 15,000 g at 4 °C for 20 min. The 
supernatant was collected and measured 
for protein concentration with a bicincho-
ninic acid protein assay kit (Beyotime 
Biotechnology). For each sample, 50 μg of 
protein was loaded per lane onto a 5% to 
8% polyacrylamide gel and then trans-
ferred to a polyvinylidine difluoride mem-
brane (Millipore). After blocking with 5% 
nonfat milk and 0.1% Tween-20 in Tris-
buffered saline at room temperature for 1 h, 
the polyvinylidine difluoride membranes 
were incubated at 4 °C overnight with 1 of 
the following primary anti-rabbit antibod-
ies: anti-MEK3 (1:1,000; Abcam), anti-p-
MEK3 (1:1,000; Abcam), anti-p38 
(1:1,000; Cell Signaling Technology), anti-
p-p38 (1:1,000; Cell Signaling), and anti-
β-actin (1:2,000; ComWin Biotechnology). 
This was followed by incubation for 2 h 
with a horseradish peroxidase–conjugated 
secondary antibody (1:10,000; Proteintech 
Group). The membranes were developed 
in an enhanced chemiluminescence solu-
tion (Beyotime Biotechnology) for 2 min 
and examined with a luminescent image 
analyzer (Fusion FX; Vilber Lourmat). The 
intensity of immunopositive bands was quantified with ImageJ 
1.38 software (National Institutes of Health). Protein levels were 
standardized to β-actin as an internal control.

Statistical Analyses

Continuous variables with normal distribution and equal vari-
ances were analyzed with Student’s t test and are expressed as 
means ± SEM. Continuous variables not following normal dis-
tribution or with unequal variances were analyzed with the 
nonparametric Mann-Whitney U test and are presented as the 
median and interquartile range. Spearman’s correlation was 
used to assess correlations between variables. All statistical 
analyses were performed with SPSS 20.0 software (IBM). P < 
0.05 was considered statistically significant.

Results

Bioinformatics Analysis of Microarray Data

Expression analysis with the mRNA microarrays was per-
formed on PBLs from 8 CMM patients and their corresponding 
controls as an initial screening tool and to guide subsequent 
gene expression studies. Of the 28,869 probes tested, 934 were 
differentially expressed, with 432 upregulated and 502 down-
regulated in the PBLs of CMM patients versus controls. 
Hierarchical cluster analysis is shown in Appendix Figure 1. 
Analysis by the GO database showed that the GO categories 
upregulated significantly in CMM patients involved ion trans-
port, response to stimuli, and metabolic process (Fig. 1A). The 
MAPK signaling, p53 signaling, and Jak-STAT signaling path-
ways played especially important roles in CMM patients, as 

Figure 1.  Gene Ontology (GO) categories and pathways in chronic masticatory myalgia patients 
versus controls. (A) The 10 most significantly upregulated and downregulated GO categories 
identified from microarray data of chronic masticatory myalgia patients versus controls. The 
significant GO category is based on the biological process for upregulated or downregulated genes. 
(B) Significant altered pathways in a pathway network are shown. Log P is the base-10 logarithm of 
the P value.
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analyzed by the KEGG pathways database (Fig. 1B). 
Significantly changed pathways were connected in a pathway 
network (Fig. 2).

Confirmation of Differential Gene  
Expression by Real-Time PCR

Results from the microarray experiments were validated with 
the entire sample (86 subjects). Subject characteristics and 

visual analog scale scores are shown in 
Appendix Table 2. We focused on the 
MAPK pathway and selected 4 genes 
(MEK3, CACNG2, GADD45G, and ECSIT) 
on the basis of their fold change in 
microarray, molecular function, and bio-
logic process for validation (Appendix 
Table 3). Three of the 4 genes (excluding 
ECSIT) upregulated in the microarray 
analysis were confirmed to have signifi-
cantly higher mRNA expression by real-
time PCR (Mann-Whitney U test, P < 
0.05; Fig. 3). MEK3 had the highest fold 
change (Appendix Table 3). The upregu-
lation of MEK3 was negatively correlated 
with age in the CMM group (Spearman’s 
correlation, r = −0.359, P = 0.018). 
There was no correlation between pain 
intensity (or duration) and relative gene 
expression for any of the genes.

Protein Analysis of MEK3, p-MEK3, 
p38 MAPK, and p-p38 MAPK

Among the 3 overexpressed genes, we 
assessed the expression of the MEK3 

protein and its downstream target protein p38 MAPK. The pro-
tein levels of MEK3, p-MEK3, and p-p38 MAPK were signifi-
cantly higher in CMM patients than in the controls. Changes in 
the expression of p38 MAPK did not reach statistical signifi-
cance (Fig. 4). No correlation was found between protein 
expression and other evaluated parameters.

Discussion
Preliminary microarray results in the current study showed dif-
ferences in a variety of interesting genes, functions, and path-
ways between CMM patients and healthy subjects. Availability 
of the initial screening bioinformatic data set should invite fur-
ther analyses to identify typical nuclear genes associated with 
CMM. The GO and KEGG pathway databases were used for 
biological process enrichment analyses. Differentially expressed 
genes were enriched in several GO categories, including ion 
transport, response to stimuli, and metabolic process. The 
upregulation of these GO terms suggest that these biological 
processes are involved in the pathogenesis of CMM. At the 
pathway level, we identified a significant upregulation of the 
MAPK pathway, including overexpression of the MEK3, 
CACNG2, and GADD45G genes. Upregulation of MEK3 in 
CMM patients was detected at both the mRNA and protein lev-
els. Also, phosphorylated MEK3 was elevated in CMM 
patients relative to that of controls, adding further support to an 
increase in activation of MEK3. These results are generally 
consistent with a previous study indicating that MEK3 is nec-
essary for the development of chronic pain following spinal 
sensitization in mice (Sorkin et al. 2009). However, in our 

Figure 2.  Pathway enrichment and interaction network analyses of chronic masticatory myalgia 
patients and controls. Interactions between the significantly changed pathways are connected 
in a pathway network. Each pathway was measured by counting the upstream and downstream 
pathways, which are illustrated as indegree, outdegree, or degree. A higher degree indicates that 
this pathway regulates or was regulated by other pathways, suggesting a more important role in 
the pathway network. Pathways colored in red are upregulated; pathways colored in blue are 
downregulated; and node size means the node degrees. Relations are indicated by arrows. MAPK, 
mitogen-activated protein kinase; TCA, tricarboxylic acid.

Figure 3.  Confirmation of MEK3, CACNG2, GADD45G, and ECSIT gene 
expression in chronic masticatory myalgia (CMM) patients and controls 
by real-time polymerase chain reaction. Lower deltaCt values indicate 
higher gene expression. The results are illustrated as 1/deltaCt in 
boxplots to show the reciprocal value for intuitive data presentation.  
*P < 0.05. **P < 0.01. n = 43 for both CMM and control groups.
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study, we have demonstrated for the first 
time in humans that MEK3 is involved in 
the pathogenesis of CMM.

Although peripheral blood is a com-
plex tissue, previous studies revealed rela-
tively restricted inter- and within-individual 
variation in gene expression when exam-
ined by microarray analysis, and they 
suggested that this variance was remark-
ably less than that observed in disease 
states (Whitney et al. 2003). In this study, 
we controlled for several confounding 
influences on peripheral blood gene 
expression, including age, sex, and medi-
cation use.

Pathway-based methods are powerful 
tools for investigating various biological 
phenomena at the system or functional level (Ishii et al. 2008). 
The results from our study revealed overrepresentation of the 
MAPK pathway and a higher degree of interaction in the path-
way network in CMM patients. This pathway is activated 
under a variety of persistent pain conditions and leads to the 
induction of pain hypersensitivity through transcriptional or 
nontranscriptional regulation (Ishii et al. 2008; Ji et al. 2009). 
Moreover, MAPKs play an important role in the progression to 
chronic pain (Patil and Kirkwood 2007). A study revealed that 
rats with spinal cord injuries required activation of p38 MAPK 
to progress to chronic central neuropathic pain (Crown et al. 
2006). Other authors also suggested that inhibition of p38 
MAPK reversed mechanical allodynia and thermal hyperalge-
sia in chronic neuropathic pain (Anand et al. 2011; Obata et al. 
2004). In addition, our previous research on rats demonstrated 
that MAPKs play significant roles in facial pain induced by 
occlusal interference (Cao et al. 2013).

On the basis of these previous works, we validated the 
expressions of 4 candidate MAPK genes by real-time PCR. 
The results showed that MEK3 was overexpressed with a 
higher fold change in CMM patients. Although most patients 
were women of child-bearing age, consistent with previous 
reports (Greenspan et al. 2007), a negative correlation was 
identified between MEK3 upregulation and age among CMM 
patients. However, we failed to find a similar correlation at the 
protein level, despite the fact that the MEK3 protein was 
upregulated significantly in the CMM group—possibly 
because the quantitative relationship between mRNA levels 
and those of the encoded protein is complex and not well 
understood, even after investigation with the best available 
techniques (de Sousa Abreu et al. 2009; Ostlund and 
Sonnhammer 2012). In addition, we failed to find a correlation 
between gene expression and pain intensity, possibly due to the 
relatively narrow range of pain intensities among patients: 3 to 
4 (on a 10-point visual analog scale) in most patients with 
CMM. MEK3 is activated by mitogenic or stress-inducing 
stimuli and participates in the MAPK signaling cascade. Once 
MEK3 is activated, it specifically phosphorylates and activates 
p38 MAPK, which in turn participates in a variety of cellular 

processes, such as proliferation, differentiation, and transcrip-
tion regulation (Derijard et al. 1995), and induces a variety of 
intracellular responses associated with neuropathic and other 
types of chronic pain (Raman et al. 2007; Lin et al. 2014).

Several studies have defined the mechanisms by which p38 
MAPK is activated in neural tissues in animal models of pain 
(Crown et al. 2006; Zhuang et al. 2007; Ji et al. 2009). Another 
study suggested that MEK3 was necessary for the development 
of chronic pain and phosphorylation of spinal p38 MAPK 
(Sorkin et al. 2009). To further analyze the mechanisms under-
lying CMM, we assessed the protein levels of p38 MAPK in 
CMM and control groups. In our work, we failed to find a sig-
nificant difference in the protein levels of p38 MAPK between 
the 2 groups. However, the level of p-p38 MAPK was signifi-
cantly higher in the CMM patients, indicating that p38 MAPK 
could participate in the pathogenesis of CMM through its acti-
vation to the phosphorylated form instead of upregulation of 
total p38 MAPK protein levels.

P38 MAPK is a crucial contributor for pain relief in several 
chronic pain conditions, and inhibitors of this kinase have been 
tested for their effectiveness against pain in animal models (Ji and 
Suter 2007). However, such inhibitors may produce cardiovascular 
and psychiatric side effects or liver toxicity (Ji and Suter 2007; 
Pradal et al. 2015). The results of the current study show that MEK3 
is crucial in mediating the activation of p38 MAPK in CMM 
patients. Therefore, blocking its activation or expression may be a 
promising alternative for pharmacologic treatment of CMM.

In addition to changes in MEK3 gene regulation, our study 
demonstrated upregulation of CACNG2 and GADD45G at the 
mRNA level in CMM patients. However, we failed to observe 
any changes in the expression of ECSIT by real-time PCR, pos-
sibly due to the limited number of samples.

CACNG2 encodes the α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor regulatory protein, 
which may also serve as a calcium channel subunit involved in the 
trafficking of glutamatergic AMPA receptors and the modulation 
of their ion channel functions. The GO analysis suggested that the 
upregulation of ion transport contributed to the pathogenesis of 
CMM. Although first described as an epileptic factor, CACNG2 

Figure 4.  Increased activation of the MEK3–p38 MAPK signaling pathway in the chronic 
masticatory myalgia (CMM) patient group. The phosphorylation and protein levels of MEK3 and 
p38 MAPK were determined by Western blotting, with β-actin serving as a loading control (upper 
panels). Relative protein levels of MEK3, p-MEK3, p38 MAPK, and p-p38 MAPK were normalized 
to β-actin. Data are expressed as mean ± SEM. **P < 0.01. n = 43 for both the CMM and control 
groups (lower panels). MAPK, mitogen-activated protein kinase; MEK3, MAPK kinase 3.
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was reported as a novel neuropathic pain gene affecting pain sen-
sitivity both in mice and in humans (Nissenbaum 2012). The cur-
rent results are consistent with prior reports that CACNG2 is one 
of the pain-related genes in chronic fatigue syndrome, which 
shares many common features as well as mechanistic underpin-
nings with TMDs (Aaron et al. 2000; Fang et al. 2006).

GADD45G is a gene whose transcript levels are increased 
following stress-related growth arrest or treatment with DNA-
damaging agents. This gene participates in the ontogeny of the 
central or peripheral nervous systems and regulates anatomic 
development and neuronal differentiation (Huang et al. 2010). 
Although little is known about the role of GADD45G in CMM, 
the upregulated expression of this gene indicates that 
GADD45G may contribute to pain hypersensitivity in CMM.

Taken together, the results of the current study provide a 
preliminary description of the genetic fingerprints of CMM. To 
our knowledge, this is the first study that systematically inves-
tigates gene expression in PBLs of CMM patients. Major find-
ings include increased expression of MEK3, CACNG2, and 
GADD45G mRNA in CMM patients. Elevated protein levels 
of MEK3, p-MEK3, and p-p38 MAPK indicated that activa-
tion of the MEK3–p38 MAPK pathway is important in CMM.

Limitations of our study include the case-control design and 
the relatively small sample population. Furthermore, the study 
design (inclusion of only patients with CMM and healthy con-
trols) prevents us from specifically attributing the identified 
changes to CMM. Therefore, large-scale longitudinal cohort 
studies including other chronic pain conditions are required to 
confirm our findings.

Author Contributions

H. Meng contributed to the conception, design, data analysis, and 
acquisition and drafted the manuscript; Y. Gao and Y.F. Kang 
contributed to data analysis and drafted the manuscript; Y.P. Zhao, 
G.J. Yang, and Y. Wang contributed to acquisition and drafted the 
manuscript; Y. Cao and Y.H. Gan contributed to interpretation and 
drafted the manuscript; Q.F. Xie contributed to conception, design, 
analysis, interpretation, and critically revised the manuscript. All 
authors gave final approval and agree to be accountable for all 
aspects of the work.

Acknowledgments

The authors are indebted to the patients and volunteers who par-
ticipated in this study. We thank Jing Li (Cnkingbio Biotechnology) 
for his skillful assistance with the microarrays. This study was made 
possible by the support of the Capital Health Research and 
Development of Special (Q.F. Xie, 2011-4025-01) and the 
National Natural Science Foundation of China (Q.F. Xie, 
81271174). The authors declare no potential conflicts of interest 
with respect to the authorship and/or publication of this article.

References
Aaron LA, Buchwald D. 2003. Chronic diffuse musculoskeletal pain, fibromy-

algia and co-morbid unexplained clinical conditions. Best Pract Res Clin 
Rheumatol. 17(4):563–574.

Aaron LA, Burke MM, Buchwald D. 2000. Overlapping conditions among 
patients with chronic fatigue syndrome, fibromyalgia, and temporoman-
dibular disorder. Arch Intern Med. 160(2):221–227.

Anand P, Shenoy R, Palmer JE, Baines AJ, Lai RY, Robertson J, Bird N, 
Ostenfeld T, Chizh BA. 2011. Clinical trial of the p38 MAP kinase inhibi-
tor dilmapimod in neuropathic pain following nerve injury. Eur J Pain. 
15(10):1040–1048.

Cao Y, Li K, Fu KY, Xie QF, Chiang CY, Sessle BJ. 2013. Central sensitiza-
tion and MAPKs are involved in occlusal interference-induced facial pain 
in rats. J Pain. 14(8):793–807.

Clarke R, Ressom HW, Wang A, Xuan J, Liu MC, Gehan EA, Wang Y. 2008. 
The properties of high-dimensional data spaces: implications for exploring 
gene and protein expression data. Nat Rev Cancer. 8(1):37–49.

Crown ED, Ye Z, Johnson KM, Xu GY, McAdoo DJ, Hulsebosch CE. 2006. 
Increases in the activated forms of ERK 1/2, p38 MAPK, and CREB are 
correlated with the expression of at-level mechanical allodynia following 
spinal cord injury. Exp Neurol. 199(2):397–407.

de Sousa Abreu R, Penalva LO, Marcotte EM, Vogel C. 2009. Global signatures 
of protein and mRNA expression levels. Mol Biosyst. 5(12):1512–1526.

Derijard B, Raingeaud J, Barrett T, Wu IH, Han J, Ulevitch RJ, Davis RJ. 1995. 
Independent human MAP-kinase signal transduction pathways defined by 
MEK and MKK isoforms. Science. 267(5198):682–685.

DeRisi J, Penland L, Brown PO, Bittner ML, Meltzer PS, Ray M, Chen Y, Su 
YA, Trent JM. 1996. Use of a cDNA microarray to analyse gene expression 
patterns in human cancer. Nat Genet. 14(4):457–460.

Fang H, Xie Q, Boneva R, Fostel J, Perkins R, Tong W. 2006. Gene expres-
sion profile exploration of a large dataset on chronic fatigue syndrome. 
Pharmacogenomics. 7(3):429–440.

Golub TR, Slonim DK, Tamayo P, Huard C, Gaasenbeek M, Mesirov JP, Coller 
H, Loh ML, Downing JR, Caligiuri MA, et al. 1999. Molecular classifi-
cation of cancer: class discovery and class prediction by gene expression 
monitoring. Science. 286(5439):531–537.

Greenspan JD, Craft RM, LeResche L, Arendt-Nielsen L, Berkley KJ, Fillingim 
RB, Gold MS, Holdcroft A, Lautenbacher S, Mayer EA, et al.; Consensus 
Working Group of the Sex, Gender, and Pain SIG of the IASP. 2007. 
Studying sex and gender differences in pain and analgesia: a consensus 
report. Pain. 132 Suppl 1:S26–S45.

Gu J, Zhuo M, Caterina M, MacDermott AB, Malmberg A, Neugebauer V, 
Yoshimura M. 2005. Molecular pain: a new era of pain research and medi-
cine. Mol Pain. 1:1.

Huang HS, Kubish GM, Redmond TM, Turner DL, Thompson RC, Murphy 
GG, Uhler MD. 2010. Direct transcriptional induction of Gadd45gamma by 
Ascl1 during neuronal differentiation. Mol Cell Neurosci. 44(3):282–296.

Ishii K, Nakamura S, Morohashi M, Sugimoto M, Ohashi Y, Kikuchi S, Tomita 
M. 2008. Comparison of metabolite production capability indices generated 
by network analysis methods. Biosystems. 91(1):166–170.

Ji RR, Gereau RW, Malcangio M, Strichartz GR. 2009. Map kinase and pain. 
Brain Res Rev. 60(1):135–148.

Ji RR, Suter MR. 2007. P38 MAPK, microglial signaling, and neuropathic pain. 
Mol Pain. 3:33.

Kaufmann I, Eisner C, Richter P, Huge V, Beyer A, Chouker A, Schelling 
G, Thiel M. 2007. Psychoneuroendocrine stress response may impair 
neutrophil function in complex regional pain syndrome. Clin Immunol. 
125(1):103–111.

Kerr JR, Petty R, Burke B, Gough J, Fear D, Sinclair LI, Mattey DL, Richards 
SC, Montgomery J, Baldwin DA, et al. 2008. Gene expression subtypes in 
patients with chronic fatigue syndrome/myalgic encephalomyelitis. J Infect 
Dis. 197(8):1171–1184.

Kimos P, Biggs C, Mah J, Heo G, Rashiq S, Thie NM, Major PW. 2007. 
Analgesic action of gabapentin on chronic pain in the masticatory muscles: 
a randomized controlled trial. Pain. 127(1–2):151–160.

Lin X, Wang M, Zhang J, Xu R. 2014. P38 mapk: a potential target of chronic 
pain. Curr Med Chem. 21(38):4405–4418.

Lukkahatai N, Walitt B, Espina A, Wang D, Saligan LN. 2015. Comparing 
genomic profiles of women with and without fibromyalgia. Biol Res Nurs. 
17(4):373–383.

Momen-Heravi F, Trachtenberg AJ, Kuo WP, Cheng YS. 2014. Genomewide study 
of salivary micrornas for detection of oral cancer. J Dent Res. 93(7):86S–93S.

Nielsen CS, Stubhaug A, Price DD, Vassend O, Czajkowski N, Harris JR. 2008. 
Individual differences in pain sensitivity: genetic and environmental contri-
butions. Pain. 136(1–2):21–29.

Nissenbaum J. 2012. From mouse to humans: discovery of the CACNG2 pain 
susceptibility gene. Clin Genet. 82(4):311–320.

Obata K, Yamanaka H, Kobayashi K, Dai Y, Mizushima T, Katsura H, Fukuoka T, 
Tokunaga A, Noguchi K. 2004. Role of mitogen-activated protein kinase acti-
vation in injured and intact primary afferent neurons for mechanical and heat 
hypersensitivity after spinal nerve ligation. J Neurosci. 24(45):10211–10222.

Ostlund G, Sonnhammer EL. 2012. Quality criteria for finding genes with high 
mRNA-protein expression correlation and coexpression correlation. Gene. 
497(2):228–236.

 at Peking Univ. Health Science Lib. on August 10, 2016 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

© International & American Associations for Dental Research 2016

http://jdr.sagepub.com/


Molecular Changes Involving MEK3–p38 MAPK Activation	 7

Patil CS, Kirkwood KL. 2007. P38 MAPK signaling in oral-related diseases.  
J Dent Res. 86(9):812–825.

Pradal J, Zuluaga MF, Maudens P, Waldburger JM, Seemayer CA, Doelker 
E, Gabay C, Jordan O, Allemann E. 2015. Intra-articular bioactivity of a 
p38 MAPK inhibitor and development of an extended-release system. Eur J 
Pharm Biopharm. 93:110–117.

Raman M, Chen W, Cobb MH. 2007. Differential regulation and properties of 
MAPKs. Oncogene. 26(22):3100–3112.

Schiffman E, Ohrbach R, Truelove E, Look J, Anderson G, Goulet JP, List 
T, Svensson P, Gonzalez Y, Lobbezoo F, et al.; International RDC/TMD 
Consortium Network, International Association for Dental Research; 
Orofacial Pain Special Interest Group, International Association for the 
Study of Pain. 2014. Diagnostic criteria for temporomandibular disorders 
(DC/TMD) for clinical and research applications: recommendations of the 
International RDC/TMD Consortium Network and Orofacial Pain Special 
Interest Group. J Oral Facial Pain Headache. 28(1):6–27.

Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by the com-
parative C(T) method. Nat Protoc. 3(6):1101–1108.

Smith SB, Maixner DW, Fillingim RB, Slade G, Gracely RH, Ambrose K, 
Zaykin DV, Hyde C, John S, Tan K, et al. 2012. Large candidate gene 
association study reveals genetic risk factors and therapeutic targets for 
fibromyalgia. Arthritis Rheum. 64(2):584–593.

Smith SB, Maixner DW, Greenspan JD, Dubner R, Fillingim RB, Ohrbach R, 
Knott C, Slade GD, Bair E, Gibson DG, et al. 2011. Potential genetic risk 
factors for chronic tmd: genetic associations from the OPPERA case control 
study. J Pain. 12(11 Suppl):T92–T101.

Sorkin LS, Boyle DL, Hammaker D, Herman DS, Vail E, Firestein GS. 2009. 
MKK3, an upstream activator of p38, contributes to formalin phase 2 and 
late allodynia in mice. Neuroscience. 162(2):462–471.

Uceyler N, Riediger N, Kafke W, Sommer C. 2015. Differential gene expres-
sion of cytokines and neurotrophic factors in nerve and skin of patients with 
peripheral neuropathies. J Neurol. 262(1):203–212.

Wewers ME, Lowe NK. 1990. A critical review of visual analogue scales in 
the measurement of clinical phenomena. Res Nurs Health. 13(4):227–236.

Whitney AR, Diehn M, Popper SJ, Alizadeh AA, Boldrick JC, Relman DA, 
Brown PO. 2003. Individuality and variation in gene expression patterns in 
human blood. Proc Natl Acad Sci U S A. 100(4):1896–1901.

Wright GW, Simon RM. 2003. A random variance model for detection of dif-
ferential gene expression in small microarray experiments. Bioinformatics. 
19(18):2448–2455.

Zhuang ZY, Kawasaki Y, Tan PH, Wen YR, Huang J, Ji RR. 2007. Role of the 
CX3CR1/p38 MAPK pathway in spinal microglia for the development of 
neuropathic pain following nerve injury-induced cleavage of fractalkine. 
Brain Behav Immun. 21(5):642–651.

 at Peking Univ. Health Science Lib. on August 10, 2016 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

© International & American Associations for Dental Research 2016

http://jdr.sagepub.com/



