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INTRODUCTION
Electromagnetic radiation can be divided into different parts 

based on wavelength. Infrared region lies between microwave and 
visible radiation, and may be further divided into near-, middle-, 
and far-infrared (FIR) rays. FIR region refers to radiation wave-
lengths between 5.6 and 1,000 m that is associated with health 
benefits [1]. 

Similar wavelengths of FIR radiation and vibration frequency 
characteristics of human body allow FIR heat to penetrate 2.5-
cm deep under the skin, to the muscles, blood vessels, lymphatic 

glands, and nerves [2]. Even low-intensity light significantly influ-
ences wound healing [3]. The function of infrared sauna and in-
frared radiator is based on the vibrational effect of FIR radiation 
[4,5]. Vibration frequency required to penetrate the human body 
wavelengths between 6 and 20 m [2]. Recent studies have shown 
that FIR affects, skin microcirculation [6-8], blood flow recovery 
[9-11], reactive oxygen species reduction [4], endothelial nitric ox-
ide synthase up-regulation [12], neuromuscular recovery [13], and 
wound healing [10]. FIR radiation has also been shown to cause 
stimulation of the glutathione-dependent system, including in-
duction of messenger RNA (mRNA) expressions [14]. This proves 
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ABSTRACT Despite increased evidence of bio-activity following far-infrared (FIR) ra-
diation, susceptibility of cell signaling to FIR radiation-induced homeostasis is poorly 
understood. To observe the effects of FIR radiation, FIR-radiated materials-coated 
fabric was put on experimental rats or applied to L6 cells, and microarray analysis, 
quantitative real-time polymerase chain reaction, and wound healing assays were 
performed. Microarray analysis revealed that messenger RNA expressions of rat mus-
cle were stimulated by FIR radiation in a dose-dependent manner in amount of 10% 
and 30% materials-coated. In 30% group, 1,473 differentially expressed genes were 
identified (fold change [FC] > 1.5), and 218 genes were significantly regulated (FC > 
1.5 and p < 0.05). Microarray analysis showed that extracellular matrix (ECM)-receptor 
interaction, focal adhesion, and cell migration-related pathways were significantly 
stimulated in rat muscle. ECM and platelet-derived growth factor (PDGF)-mediated 
cell migration-related genes were increased. And, results showed that the relative 
gene expression of actin beta was increased. FIR radiation also stimulated actin 
subunit and actin-related genes. We observed that wound healing was certainly pro-
moted by FIR radiation over 48 h in L6 cells. Therefore, we suggest that FIR radiation 
can penetrate the body and stimulate PDGF-mediated cell migration through ECM-
integrin signaling in rats.
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that mRNA expression is stimulated by FIR radiation alone. A 
recent study has shown that mid-infrared radiation plays a ben-
eficial role in cancer therapy [15]. Despite increased evidences of 
bio-activity following FIR radiation, mechanism of cell signaling 
to FIR radiation-induced health is poorly understood. It would 
be interesting and important to understand how FIR radiation 
modulates cell survival pathway and promotes wound healing 
pathway as infrared therapies increasing, including IR radiators 
and FIR saunas. 

Integrins are trans-membrane receptors that stimulate at-
tachment with components of the extracellular matrix (ECM) 
during cell migration, and activate the signaling of cell migration 
pathway molecules to mediate direct interaction with both the 
cytoskeleton and ECM [16-19]. Platelet-derived growth factor 
(PDGF) is an important mitotic factor of fibroblasts and one of 
the several growth factors that regulate cell growth, cell migra-
tion, proliferation, blood vessel formation, differentiation, and 
transformation via ECM-PDGF signaling [12,20-27]. PDGF in-
duces ERK phosphorylation and promotes cell migration that is 
specifically PDGF receptor-dependent [28,29]. Also, fibronectin 
has been found to increase with PDGF receptor protein [30,31]. 
Upon integrin-mediated cellular binding to fibronectin via src 
homology 2 (SH2)-domain-mediated association of the growth 
factor receptor-bound protein 2 (GRB2) adaptor protein, then 
GRB2 SH2-domain bind directly to focal adhesion kinase auto-
phosphorylation stimulates alpha-actinin binding [32]. Actin and 
actin-binding proteins are essential for maintaining cell shape, 
motility, division, adhesion, and morphogenesis during intracel-
lular protein trafficking in cytoskeleton [33]. Integrin and actin 
are important physical linkers or scaffolds for cell migration 
that is regulated by cell retraction and adhesion [34,35]. As the 
neuronal cells move, myosin contributes to control cellular shape 
and motility, and alpha-actinin regulates the length and density 
of dendritic spine [33]. Cell migration contributes to tissue repair 
and regeneration. FIR radiation from a ceramic FIR emitter was 
reported to promote burn-wound healing via migration and pro-
liferation of keratinocytes [16,36]. 

In this study, exposure to the FIR was provided using FIR ra-
diated fabric, called bio-active materials-coated fabric (BMCF), 
according to Lee et al. [37]. We examined the effects of FIR on rat 
skeletal muscle tissue and rat skeletal muscle myocyte (L6). We 
aimed to suggest a mechanism of action for the health benefits of 
FIR rays from the FIR-radiated materials-coated fabric.

METHODS

Far-infrared radiated fabric

The fabric samples, provided by Ventex Inc. (Seoul, Korea), 
contained 30 kinds of minerals, such as SiO2, Mg, Al2O3, Na, Ca, 
and Fe2O3 that were blended with acrylic resin at a desired ratio 

and coated on one side of the fabric. Germacolor Inc. (Mespelb-
runn, Germany) and Ventex collaborated to develop this fabric, 
and the clothing made therefrom has a layer that radiates bio-
active energy. The bio-active materials radiate unique energy, 
generated according to the molecular structure and vibration of 
each element. The clothing made from BMCF was put on rats. 
The emission rate between 5 and 20 m was verified by the Korea 
Far Infrared Association (Seoul, Korea) to be 89.5%. The emission 
energy was 3.45 × 102 W/m2 × m, at 37°C (Issue No. KFI-789). 
Any kind of unusual skin reaction was not detected upon safety 
evaluation of BMCF (data not shown).

Animals and groups

Sprague-Dawley rats (12-week-old, male), weighing 350 ± 15 
g, were obtained from Koatech Inc. (Pyeongtaek, Korea). The 
animals were allowed to acclimatize for a week before the ex-
periments, in a standard, controlled-environment housing with 
temperature of 22°C ± 3°C, humidity of 50% ± 10%, 12 h light-
dark cycle, and ventilation 10 to 15 times/h with wind velocity 
of 10 to 20 cm/sec. The animals were fed filtered tap water and 
purified pellet diet. The protocols used conformed to the Guide 
for the Care and Use of Laboratory Animals, National Institutes 
of Health, and were approved by the Ethics Committee for Labo-
ratory Animals of Chung-Ang University (approval number: 14-
0023). The animals were divided into a control group and two 
experimental groups (three animals in each). Cloth made from 
conventional fabric was used for the control group while 10% and 
30% BMCF were used for each experimental group, respectively.

Microarray analysis

The Affymetrix Whole-transcript Expression array was per-
formed according to the manufacturer’s protocol (GeneChip 
Whole Transcript PLUS reagent kit; Affymetrix, Santa Clara, CA, 
USA) in rat sub-trapezial muscle. The sense complementary DNA 
(cDNA) was then fragmented and biotin-labeled with terminal 
deoxynucleotidyl transferase using the GeneChip WT Terminal 
labeling kit (Affymetrix). Approximately 5.5 g of labeled DNA 
target was hybridized to the Affymetrix GeneChip Rat 2.0 ST Ar-
ray (Affymetrix) at 45°C for 16 h. Hybridized arrays were washed 
and stained on a GeneChip Fluidics Station 450 and scanned on 
a GCS3000 Scanner (Affymetrix). Signal values were computed 
using the Affymetrix® GeneChipTM Command Console software 
(Affymetrix) [38]. The pathway analysis of differentially ex-
pressed genes (DEGs) was based on Kyoto Encyclopedia of Genes 
and Genomes (KEGG) and Gene ontology (GO) databases.

Construction of the DEGs interaction network

The DEGs of rat sub-trapezial muscle which fold change (FC) 
> 1.5 and p < 0.05 were analyzed by Search Tool for the Retrieval 
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Table 1. Primer used for quantitative real-time polymerase chain reaction

Primer 
name Forward Reverse Annealing 

temperature (°C)
Product length 

(base pair)

Pdgfrl ACAGCCCCATCAGCCAAAGTCAC GGCCGCTGGGAACCTCTACATAAA 61 217
Pdgfd GGATACAGCTCCGGTTTGACC TGATAGGACACCCCAGAGAA 52 199
Pdgfra CCCGCCAGGCCACGAAAGAGG AGGCCTGCACCTCCACCACGAAC 68 149
Ecm1 CAAGTCCTGCCCGTGATGAATGTT AGGTTGGGGGTGACTCGGCTAAG 61 100
Ecm2 CCATAACAGCACCAGAAGTAACGA TGGACCTATGCCTGAAGAAGTGAT 63 141
Fn1 CTCTACGGGTCGCTGGAAGGAAG GTGTGCTGGCGCTGGTGGTGA 63 164
Actb GCCATGTACGTAGCCATCCA GAACCGCTCATTGCCGATAG 58 374
Mmp14 CACCCGCCAGAACCATCGCTCCTTGAA GATGCCCCCTCAACCCAGAACCACC 68 154
Mmp2 GCCCCATGTGTCTTCCCCTTCAC CCCCACTTCCGGTCATCATCGTA 63 125
RhoB GATCGTTTACGGCCGCTCTCCTACC CTTTACCTCGGGCACCCACTTCTC 63 114
RhoJ TGAAACTGGCGAAAGCGATAGGAGCT CTTGGGGTGGAAAATGGTGAGGAT 63 113
Itga5 CTGCAGCTGCATTTCCGAGTCTGGG GAAGCCGAGCTTGTAGAGGACGTA 67 252
Itga11 AGCAGGGGCGCGTGTATGTGG GCCCCGAAGAGCCTGGTGGAT 67 113

Pdgfrl, platelet-derived growth factor receptor-like; Pdgfd, platelet derived growth factor D; Pdgfra, platelet derived growth factor 
receptor alpha polypeptide; Ecm1, extracellular matrix protein 1; Ecm2, extracellular matrix protein 2; Fn1, fibronectin 1; Actb, actin 
beta; Mmp14, matrix metallopeptidase 14; Mmp2, matrix metallopeptidase 2; RhoB, ras homolog family member B; RhoJ, ras homolog 
family member J; Itga5, integrin alpha 5; Itga11, integrin alpha 11.

of Interacting Genes (STRING; www.string-db.org) ver. 10.5 to 
identify protein, predicted by gene expression, interactions and 
identified herb genes. Twenty two DEGs of 30% group were rep-
resented in the protein-protein interaction network analysis [39].

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

In order to observe the effects of FIR radiation-induced mRNA 
expression of cell migration-related proteins in rat sub-trapezial 
muscle, mRNA expression of PDGF-mediated cell migration-
related genes was verified via LightCycler 2.0 (Roche, Basel, Swit-
zerland). Integrin alpha 5 (Itga5), Itga11, matrix metallopeptidase 
2 (Mmp2), actin beta (Actb), extracellular matrix protein 1 (Ecm1), 
Ecm2, PDGF receptor-like (Pdgfrl), platelet-derived growth fac-
tor D (Pdgfd), PDGF receptor alpha (Pdgfra), ras homolog family 
member B (RhoB) and RhoJ expression were measured by Fast 
Start DNA Master SYBR Green I kit (Roche). All primers used in 
qRT-PCR analysis were described in Table 1. Gapdh was used as 
an endogenous control. Each reaction mixture contained 0.8 l 
MgCl2 (final concentration 3 mM), 0.2 l forward primer (final 
concentration 0.2 M), 0.2 l reverse primer (final concentration 
0.2 M), 1 l LightCycler DNA Master SYBR Green I 10 X, 1 l 
cDNA template, and volume made up to 10 l with distilled wa-
ter.

Wound healing assay

L6 cells were cultured in general medium (10% fetal bovine 
serum [FBS], 1% penicillin/streptomycin in Dulbecco’s modified 
Eagle medium [DMEM]) for 24 h. After incubation, 70 l of cell 
suspension at a density of 8.4 × 105 cells per 1 ml was added to 

Culture-Insert 2 Well (Culture-Inserts 2 Well; Ibidi, Madison, 
WI, USA). For FIR radiation conditions, 0% and 10% materials-
coated fabric were attached inside of the culture dish lid with a 
distance of 1 cm from the cells. Upon incubation at 37°C and 5% 
CO2 for 24 h, the Culture-Insert 2 Well that creates cell-free gap 
of approximately 500 m was removed and washed with PBS to 
remove cell debris and non-attached cells in starvation medium 
(1% FBS, 1% penicillin/streptomycin in DMEM) was applied 
for 48 h. Images were taken at 0, 24, and 48 h with a DCM-800 
digital camera (ScopeTek, Hangzhou, China) and under a IX-50 
microscope (Olympus, Osaka, Japan).

Raw data preparation and statistical analysis

Raw data were extracted automatically in Affymetrix data 
extraction protocol using the software provided by Affymetrix 
GeneChip® Command Console®. After importing CEL files, 
the data were summarized and normalized with robust multi-
average (RMA) method, implemented by Affymetrix® Expression 
ConsoleTM Software. We exported the result with gene-level RMA 
analysis and performed DEG analysis. Statistical significance of 
the expression data was determined using local-pooled-error test 
and FC, in which the null hypothesis corresponded to no differ-
ence among groups. False discovery rate (FDR) was controlled 
by adjusting p-value using Benjamini-Hochberg algorithm. For 
a DEG set, hierarchical cluster analysis was performed using 
complete linkage and Euclidean distance as a measure of similar-
ity. Gene-Enrichment and Functional Annotation analysis for 
significant probe list was performed using GO (www.geneontol-
ogy.org) and KEGG (www.genome.jp/kegg). All data analyses 
and visualization of DEGs were conducted using R 3.1.2 (www.
r-project.org). Statistical significance between the control group 
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and experimental groups was determined using Student’s t-test, 
Bonferroni correction, and FDR. In all cases, a p-value less than 
0.05 was considered to be significant.

RESULTS

FIR radiation from BMCF affects gene expression as 
per cluster analysis-hierarchical clustering heatmap

We used hierarchical clustering (Euclidean method, complete 
linkage) with respect to expression level (normalized value). Re-
sults showed that mRNA was differentially expressed between 
control and experimental groups (10%, 30% BMCF). Control 
group (Control_1–3), 10% group (Test10_1–3), and 30% group 
(Test30_1–3) had differential diagram each, hence proving that 
FIR affects gene expression in a dose-dependent manner in rat 
skeletal muscle (Fig. 1A). The results indicated that these genes 
showed similar expression trends in each group, as per the color 
key of blue and yellow. Based on microarray analysis, a total of 
152 DEGs were identified in the control group v.s. 10% group, 
among which 114 genes were significantly up-regulated and 38 
were down-regulated (FC > 1.5). In control group v.s. 30% group, 
1473 DEGs were identified, among which 1,263 genes were sig-
nificantly up-regulated and 210 were down-regulated (FC > 1.5) 

(Fig. 1B). Between the control and 30% groups, 218 genes were 
significantly regulated (FC > 1.5 and p < 0.05) (Fig. 1C).

Correlation of DEGs in interaction network analysis

Network analysis was performed on 22 significantly DEGs by 
microarray analysis. We showed the interaction relationship net-
work of genes by STRING. The hub gene was identified through 
a centralized location in the interaction network. The hub genes 
identified in this study included Col3a1, Pdgfra, Spacr, and Actb 
(Fig. 2).

FIR causes gene shift in various KEGG pathway 
analysis and GO term analysis

The 1,473 DEGs that were significantly stimulated in the 30% 
group were subjected to DAVID database and KEGG pathway 
mapper to investigate the functional interactions with FIR radia-
tion in a dose-dependent manner. Based on KEGG map analysis, 
the significant differential expression levels in several signal 
pathways involved in focal adhesion, ECM-receptor interaction, 
proteoglycans in cancer and phagosome, etc. GO functions of 
the DEGs were determined according to different categories, 
including biological processes, molecular functions, and cellular 
components. In GO molecular function category of GO analy-

Fig. 1. Microarray analysis of messenger RNA expression in bio-active materials-coated fabric and control rat. (A) Hierarchical clustering heat-
map was classified as color based on differentially expressed genes between Test10 group (10% materials-coated fabric), Test30 groups (30% materi-
als-coated fabric) and control group. Yellow and blue color represents higher and lower than z-score mean. (B) Up- and down-regulated genes count 
were indicated each group (fold change [FC] > 1.5 and 2). (C) Significant genes count was indicated each group (FC < 1.5 and < 2, p < 0.05).
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sis, ECM binding (GO:0050840, 4.92971E-07) was significantly 
stimulated by DEGs, and single-organism process (GO:0044699, 
1.20403E-43) and developmental process (GO:0032502, 3.05774E-
36) were significantly stimulated on the GO analysis category. 
In cellular component category, extracellular region part 
(GO:0044421, 6.05992E-50) and vesicles (GO:0031982, 7.164E-44) 
were significantly enriched. Based on the GO and KEGG analy-
sis, significantly stimulated pathways were listed according to 
cellular functions which involved in cell migration, ECM interac-
tion, and PDGF-related pathway (Table 2).

PDGF-mediated cell migration pathway and related 
genes were activated in rat muscle via FIR radiation

Actin, integrin, and coronin, along with their subunits, were 
found up-regulated in microarray data. ECM and PDGF-medi-
ated cell migration-related genes, such as Pdgfra, Pdgfrl, platelet 
factor 4 (Pf4), Pdgfd, phosphofructokinase platelet (Pfkp), throm-

boxane A synthase 1 platelet (Tbxas1), phospholipase A2 group 
IIA (Pla2g2a), actinin alpha 1 (Actn1), Actn4, actin gamma 1 
(Actg1), Actb, Ecm1, Ecm2, collagen type 3 alpha 1 (Col3a1), Co-
l6a1, laminin alpha 4 (Lama4), laminin beta 1 (Lamb1), laminin 
gamma 1 (Lamc1), Fn1, Itga2, Itga5, Itga11, integrin beta 5 (Itgb5), 
integrin beta-like 1 (Itgbl1), tropomyosin 3 (Tpm3), tropomyosin 
4 (Tpm4), myosin heavy chain 3 (Myh3), and myosin heavy chain 
9 (Myh9) were significantly increased. We re-verified the relevant 
mRNA expression via qRT-PCR (Fig. 3), and the results showed 
that a similar pattern to the FC value indicated in microarray 
analysis (Table 3).

FIR promotes wound healing in L6 skeletal muscle 
cells

Wound healing assay was performed to observe the migration 
of L6 cell line upon FIR radiation. Results showed that gap area of 
FIR groups at 24 h and 48 h in starvation medium was narrower 

Fig. 2. Protein interaction network analysis. Protein interaction network was identified upon 22 differentially expressed genes via Search Tool for 
the Retrieval of Interacting Genes version 10.5 (STRING; www.string-db.org). Col6a1, collagen, type VI alpha 1; Col3a1, collagen, type 3, alpha 1; Nid1, 
nidogen 1; Bgn, biglycan; Mmp14, matrix metallopeptidase 14; Actb, actin beta; Mmp2, matrix metallopeptidase 2; Vim, vimentin; Cd34, cd34 mol-
ecule; Msn, moesin; Gsn, gelsolin; Lcp1, lymphocyte cytosolic protein 1; Bmp4, bone morphogenetic protein 4; Sparc, secreted protein acidic cysteine-
rich; Pdgfra, platelet-derived growth factor receptor alpha polypeptide; Igf1, insulin-like growth factor 1; Tgfb1, transforming growth factor beta 1; 
Plau, plasminogen activator urokinase; Lrp1, low density lipoprotein receptor-related protein 1; Csf1r, colony stimulating factor 1 receptor; Rarres2, 
retinoic acid receptor responder 2; Apoe, apolipoprotein E.
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Table 2. List of significantly differential expression level in results via KEGG and GO pathway map 

MAP ID Pathway Number of genes FDR

GO:0031012 Extracellular matrixb 42 7.22E-40
GO:1903561 Extracellular vesicleb 74 6.01E-36
GO:0048870 Cell motilitya,c 47 1.06E-26
GO:0040011 Locomotiona 49 6.05E-26
GO:0030334 Regulation of cell migrationa 36 8.81E-25
GO:0042060 Wound healinga 29 1.43E-22
GO:0007155 Cell adhesiona,b 42 6.82E-22
GO:0048771 Tissue remodelinga 12 1.72E-08
GO:0050839 Cell adhesion molecule bindinga,b 12 2.63E-08
GO:0005178 Integrin bindingb 7 6.88E-05
GO:0030168 Platelet activationc 7 7.23E-05
KEGG:4510 Focal adhesiona,b,c 9 0.00001
KEGG:4512 ECM-receptor interactionb 5 0.00199
KEGG:4514 Cell adhesion moleculesa,b 4 0.06211
KEGG:4151 PI3K-Akt signaling pathwayc 9 0.00018
KEGG:4145 Phagosomea 6 0.00275
KEGG:4144 Endocytosisa,c 6 0.01180
KEGG:4611 Platelet activationb,c 4 0.03172

KEGG , Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology. The pathways related to acell migration, binteraction of 
extracellular matrix (ECM), and cplatelet-derived growth factor. These pathways were verified by false discovery rate (FDR).

than control group, suggesting the promotion of cell migration 
by FIR radiation (Fig. 4A). Fig. 4B showed the relative scratch gap 
area between control group (0%) and 10% group. And, the FIR 
radiation-induced wound healing effects were significantly in-
creased at 24 h and 48 h (p < 0.01).

DISCUSSION
In this study, we demonstrated that FIR radiation affects the 

PDGF-mediated cell migration pathway in rats. In our previous 
study, we had established an experimental method to study the 
bio-active effects of FIR-radiated fabric on rats [37]. We consid-

Fig. 3. Expression of messenger RNA for platelet-derived growth factor (PDGF)-mediated cell migration-related genes. (A) PDGF D (Pdgfd), 
(B) PDGF receptor alpha (Pdgfra), (C) PDGF receptor-like (Pdgfrl), (D) extracellular matrix protein 1 (Ecm1), (E) extracellular matrix protein 2 (Ecm2), (F) 
matrix metallopeptidase 2 (Mmp2), (G) integrin alpha 5 (Itga5), and (H) actin beta (Actb). FIR, far-infrared. *Statistically significant vs. control group, p < 
0.05; **statistically significant vs. control group, p < 0.01. 
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Table 3. Re-verify microarray results via quantitative real-time polymerase chain reaction (qRT-PCR)

Gene name Gene 
symbol

Microarray data qRT-PCR

Fold change p-value Fold change p-value

 Platelet-derived growth factor receptor-like Pdgfrl 1.8744 1.0000 3.9789 0.0034
 Platelet derived growth factor D Pdgfd 2.0038 0.6532 2.2519 0.0080
 Platelet derived growth factor receptor, alpha polypeptide Pdgfra 2.6485 0.0323 3.9471 0.0303
 Extracellular matrix protein 1 Ecm1 2.8669 0.0474 4.3490 0.0166
 Extracellular matrix protein 2 Ecm2 2.6113 0.0240 4.7810 0.0161
 Fibronectin 1 Fn1 2.2581 0.1847 3.1159 0.0454
 Actin beta Actb 1.8104 0.0075 2.2441 0.1110
 Matrix metallopeptidase 14 Mmp14 2.4566 0.0058 4.6626 0.0050
 Matrix metallopeptidase 2 Mmp2 2.5879 0.0133 3.6830 0.0123
  Ras homolog family member B RhoB 1.5277 0.7800 2.0987 0.0161
 Ras homolog family member J RhoJ 2.1443 0.0096 4.7844 0.0108
Integrin alpha 5 (fibronectin receptor, alpha polypeptide) Itga5 1.6718 0.2792 3.5367 0.0231
Integrin alpha 11 (fibronectin receptor, alpha polypeptide) Itga11 2.3793 0.5675 4.1457 0.0077

Fig. 4. Wound healing assay using L6 cells of 0% and 10% far-infrared (FIR) radiated fabric for 48 h. (A) Images of L6 cell for 0% and 10% FIR ra-
diated fabric were captured upon 0, 24, and 48 h in wound healing assay. (B) Relative scratch gap area was based on 0 h in 0% materials-coated fabric 
group cell and which were calculated using Image J software. **Statistically significant vs. control group, p < 0.01.

ered rat skeletal muscle tissue and L6 cells for the effects of FIR 
radiation via microarray, qRT-PCR, and mRNA expression analy-
sis of PDGF-cell migration-related genes, and verified their dose-
dependence. FIR rays also up-regulated DEGs required for cell 
migration in actin-integrin signaling. Recent studies have shown 
that an improvement of various bio-activities, such as wound 
healing, deep skin heating, blood flow, and blood circulation by 
FIR radiation [1,2,4,6,9,10,12,33]. All of these effects involve cell 
migration processes, and the wound healing process is particu-
larly increased in this study (Table 2 and Fig. 4). However, the 
underlying mechanisms have not been clearly understood. FIR 
rays induce vibration of the water inside human bodies, thereby 
allowing its deeper penetration [2]. Near infrared radiation pen-

etrates into the intracellular space and induces vibration in the 
cell membrane [40]. 

By microarray analysis, we observed that mRNA expression 
was stimulated by FIR radiation in a dose-dependent manner 
(Fig. 1). We also showed that ECM-receptor interaction, focal 
adhesion, and cell motility, in the cell migration-related pathway, 
were significantly stimulated (Table 2). Based on these results, 
we propose that FIR radiation can stimulate ECM and PDGF 
interaction. Recent studies have shown that the expression level 
of PDGF-receptor can be regulated by ECM signaling [41,42]. 
PDGF-receptor-beta has been reported to mediate ECM-induced 
cell migration via tyrosine phosphorylation [31]. 

Interestingly, microarray results showed that ECM and PDGF-
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mediated cell migration-related genes were significantly increased 
and Pdgfra, Pdgfrl, Pf4, Pdgfd, Actn1, Actn4, Actg1, Actb, Ecm1, 
Ecm2, Col3a1, Col6a1, Col6a2, Col6a3, Lama4, Lamb1, Lamc1, 
Fn1, Itga2, Itga5, Itga11, Itgb5, Itgbl1, Myh3, and Myh9 were stim-
ulated (Table 3). Since PDGF-related genes, a cell mobility target 
in FIR-mediated cell migration, were found to be stimulated, a 
significant induction of cell activity by FIR may be possible that 
may lead to an altered ECM, which could co-activate actin bind-
ing, eventually leading to the migration (Fig. 3) [43]. This may be 
explained by the vibration of cell membrane at high frequency 
upon FIR irradiation. Laminin, composed of alpha, beta, and 
gamma subunits, was stimulated by FIR radiation. Together with 
collagen 6, laminin forms the main structure of the basal layer 
and interacts with cell surface components and cellular receptors, 
such as integrin, to participate in cell attachment [44]. Collagen 
interacts with cell surface proteins, including integrins in ECM, 
and along with ECM components, col6a1, col6a2, col6a3, and 
col3a1 that determine tissue morphology and mechanical proper-
ties, are all up-regulated (Fig. 2) [45].

FIR rays stimulate actin subunit and actin-related genes, such 
as actinin, integrin, laminin, collagen, myosin, and fibronectin. 
Relative gene expression of Actb (core protein of cell composition) 
was found to be significantly increased in microarray analysis, al-
though it was applied as a housekeeping gene. PDGF induces ac-
tin accumulation in cell membrane ruffles [46]. PDGF and VEGF 
receptors affect actin accumulation. F-actin accumulation would 
allow receptor activation to control cell migration [47]. Actin sup-
ports cell motility, -division, and -morphogenesis by intracellular 
protein interaction [33]. 

Up-regulated expression of Actb mRNA indicated that accu-
mulated actin plays a pivotal role in wound healing process. Cell 
migration is reported to regulate wound healing by the assembly 
of actin for focal adhesion [48]. In this study, Actb expression did 
not considerably change in cellular experiments, but significantly 
increased in tissue experiment, with the use FIR-radiated fabric in 
a dose-dependent manner. Together, the results suggest that FIR 
radiation mediated wound healing by regulating cell components 
in skeletal muscle tissue.

We observed that wound healing was certainly promoted by 
FIR radiation over a span of 48 h (Fig. 4). Since FIR radiation 
efficacy had been proven in muscle tissue, we further checked 
whether it affects cells as well. Based on our results, we confirmed 
that FIR radiation affects not only tissues, but also cells. We have 
established experimental conditions for applying BMCF to cells 
in a subsequent study.

Therefore, our results propose that FIR radiation stimulates 
PDGF-mediated cell migration pathway via integrin-actin sig-
naling. These mechanisms may prove useful for wound healing-
related treatment. In future, we plan to extend our study to mea-
sure the depolarization of membrane potential by a patch clamp 
method. Measurement of NO product is also required for verify-
ing the expansion of blood vessels and increase in blood pressure, 

essential for microcirculation.
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