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Abstract
Pressure ulcers have been investigated in a few animal models, but the molecular mecha-

nisms of pressure ulcers are not well understood. We hypothesized that pressure results in

up-regulation of inflammatory cytokines and those cytokines contribute to the formation of

pressure ulcers. We measured genome-wide changes in transcript levels after compres-

sion, and focused especially on inflammatory cytokines. The abdominal wall of rats was

compressed at 100 mmHg for 4 hours by two magnets. Specimens were obtained 12 hours,

1, or 3 days after compression, and analyzed by light microscopy, microarray, Real-Time

PCR, and ELISA. The skin and subcutaneous tissue in the compressed area were markedly

thickened. The microarray showed that numerous genes were up-regulated after the com-

pression. Up-regulated genes were involved in apoptosis, inflammation, oxidative stress,

proteolysis, hypoxia, and so on. Real-Time PCR showed the up-regulation of granulocyte-

macrophage colony stimulating factor (GM-CSF), interferon γ (IFN-γ), interleukin 1β (IL-1β),

interleukin 1 receptor antagonist gene (IL1Ra), interleukin 6 (IL-6), interleukin 10 (IL-10),

matrix metalloproteinase 3 (MMP-3), tissue inhibitor of metalloproteinase 1 (TIMP-1), and

tumor necrosis factor α (TNF-α) at 12 hours, IFN-γ, IL-6, IL-10, MMP-3, and TIMP-1 at 1

day, and IFN-γ, IL-6, and MMP-3 at 3 days. Some genes from subcutaneous tissue were

up-regulated temporarily, and others were kept at high levels of expression. ELISA data

showed that the concentrations of IL-1β and IL-6 proteins were most notably increased fol-

lowing compression. Prolonged up-regulation of IL-1β, and IL-6 might enhance local inflam-

mation, and continuous local inflammation may contribute to the pressure ulcer formation.

In addition, GM-CSF, IFN-γ, MMP-3, and TIMP-1 were not reported previously in the wound

healing process, and those genes may have a role in development of the pressure ulcers.

Expression data from Real-Time PCR were generally in good agreement with those of the

microarray. Our microarray data were useful for identifying genes involved in pressure ulcer

formation. However, the expression levels of the genes didn’t necessarily correspond with

protein production. As such, the functions of these cytokines need to be further

investigated.
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Introduction
Pressure ulcers, known as decubitus ulcers or decubitus sores, represent localized areas of tissue
necrosis resulting from prolonged pressure. The ulcers are hard to heal, and treatment requires
a lot of therapeutic agents. Patients pay the high cost of daily treatment until complete healing
was achieved. Therefore, it may become a burden of medical expenses in various countries [1].
Factors causing pressure ulcers vary in patient’s situations, so identifying the main factor is so
hard [2]. Because of this, an animal model is necessary in order to understand the mechanism.
Previous animal studies reported that pressure-induced ischemia, friction, shear force, and
reperfusion were important factors [3–9]. Recently, various disorders are widely studied by
using molecular and biological techniques, but not so extensively concerning pressure ulcers. A
microarray is a technique to provide comprehensive coverage of the transcribed genome, and
is used to measure changes in expression levels simultaneously. To obtain genome-wide
changes in pressure ulcer formation, we modified the magnetic compression model [9] and
performed an Affymetrix DNAmicroarray to screen major genes that potentially play pivotal
roles in the formation of pressure ulcers. Inflammatory cytokines were reported to contribute
various tissue damages, so we hypothesized that inflammatory cytokines are up-regulated after
compression of the skin.

Materials and Methods
A total of 36 male Wistar rats (266.4 ± 20.8 g) aged 8 and 9 weeks were used. Animals were
divided into a sham group and a compression group. The experimental procedures were
approved by the Committee of Research Facilities for Laboratory Animal Science, Natural Sci-
ence Center for Basic Research and Development, Hiroshima University.

Compression group
The abdominal wall was compressed at 100 mmHg for four hours as previously described [9].
The rats were anesthetized and a neodymium magnet (25 × 20 × 2 mm, NeoMag, Ichikawa,
Japan) was inserted into the peritoneal cavity. Then, another neodymium magnet (25 × 20 × 5
mm, NeoMag) was applied on the skin surface. Magnets were removed after compression. The
rats (n = 7 in each group) were euthanized via overinhalation of diethyl ether for sampling at
12 hours, 1 day or 3 days after the start of compression. The skin and the subcutaneous tissue
from 4 out of 7 rats in each group were removed from the abdominal wall, and prepared for
light microscopy, mRNA analysis, and ELISA. One of the four samples in each group men-
tioned above was used for microarray analysis. Histologically, the subcutaneous tissue had
severe damage, so we also analyzed only the subcutaneous tissue. Specimens containing only
subcutaneous tissues were removed from the abdominal wall of 3 rats, and were analyzed by
mRNA analysis.

Sham group
Amagnet was inserted into the peritoneal cavity, but the compression was not done. Rats were
sacrificed at the same time points of the control group (n = 5 in each group). A comparable
part of the abdominal wall as in the compression group was removed. In addition, one of the
four samples in each group mentioned above was used for microarray analysis. Specimen con-
taining only subcutaneous tissues were also removed from the abdominal wall of one rat.
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Light microscopy
The rostral half of all specimens were trimmed and coated with 6% tragacanth gum jelly [9],
[10]. The specimens were frozen in isopentane cooled by liquid nitrogen. Transverse sections
(10 μm in thickness) were cut, stained with hematoxylin and eosin, and observed with an
Olympus B51 light microscope (Olympus, Tokyo, Japan).

RNA Isolation
The skin and the subcutaneous tissue at the central part of the compressed tissue were dissected
into small pieces, and then immediately immersed in RNAlater RNA Stabilization Reagent
(Qiagen, Venlo, The Netherlands). RNA was extracted by using RNeasy Fibrous Tissue Mini
Kit (Qiagen). RNA was assessed with spectrophotometry (UVmini-1240, Shimadzu Corp,
Kyoto, Japan) and agarose gel electrophoresis.

Microarray Analysis
RNA was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, U.S.A). Dou-
ble-stranded cDNA was synthesized from total RNA. An in vitro transcription was performed
to produce biotin-labeled cRNA from cDNA. Finally, cRNA was hybridized to a GeneChip Rat
Genome 230 2.0 Array (Affymetrix, CA, U.S.A) for 16 hours at 45°C. This microarray chip
provides the entire transcribed rat genome on a single array, and analyzes more than 31,000
genes at one time. After hybridization, chips were washed and dried, and then scanned by the
GeneChip Scanner 3000 (Affymetrix). To calculate the fold change, the expression value of
each gene from the compression group was divided by the expression value from the sham
group. The whole microarray working process was accomplished at the Analysis Center of Life
Science, Hiroshima University. Biological information of each probe was obtained from
NetAffx Analysis Center (http://www.affymetrix.com/analysis/index.affx).

Real-Time PCR (Real-Time Polymerase Chain Reaction)
Severe inflammation is assumed to break local tissues [11–13]. Thus we investigated the genes
associated with an inflammatory response referring to Feldmann and Saklatvala [14].

Inflammatory cytokines were analyzed by Real-Time PCR, because Real-Time PCR may be
more reliable than microarray analysis in quantification. For the synthesis of cDNA, 1 μg of
RNA from each sample was reverse-transcribed by using the High Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor (Applied Biosystems, Foster City, CA, U.S.A). This kit
contains Random primer, and all RNA in each solution is reverse-transcribed. Reverse tran-
scription was initiated at 25°C for 10 minutes followed by 37°C for 2 hours, and at 85°C for 5
seconds with a Applied Biosystems 2720 Thermal Cycler (Applied Biosystems). One μl aliquots
of the synthesized cDNA were added to 19 μl PCR mixture containing TaqMan Gene Expres-
sion Master Mix (4369016, Applied Biosystems) and TaqMan Gene Expression Assays
(4331182, Applied Biosystems). The TaqMan Gene Expression Master Mix is a mixed compo-
nent to perform Real-Time PCR without primers, probes, sample template, and water. The
TaqMan Gene Expression Assays use a mixture of primers and fluorochrome (FAM or VIC)-
labeled probes. TaqMan Gene Expression Assays associated with an inflammatory response
(Table 1) were purchased. The relative quantity of the specific RNA in each sample was nor-
malized to the endogenous reference β-actin. The mixed volume was kept at 50°C for 2 minutes
to activate of UDG, which causes the release of uracil and blocking of DNA replication. After
then, samples were incubated at 95°C for 10 minutes to activate the polymerase. The amplifica-
tion conditions were 40 cycles at 95°C for 15 seconds and 60°C for 30 seconds. Real-Time PCR
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was performed with a QPCR system (Mx3000P, Stratagene, CA, U.S.A). Triplicate PCR reac-
tions were measured for each sample. Data were analyzed by optional software MxPro Ver.4.0.
The threshold line for quantification was determined by the software program automatically.
To calculate the fold change, the expression value of each gene from the compression group
was divided by the average expression value from the sham group.

Enzyme-linked immunosorbent assay (ELISA)
The skin and the subcutaneous tissue at the caudal part of a compressed area were dissected
into small pieces, and then immediately immersed in PBS with protease inhibitor cocktail
(P8340, Sigma, U.S.A). The total protein content was determined using a Coomassie Bradford
Protein Assay Kit (23200, Pierce Biotechnology Inc., IL, U.S.A) with bovine serum albumin
supplied as standard. Inflammatory cytokines (IFN-γ: ER-IFNG, IL-1α: ER-IL1A, IL-1β:
ER2-IL1B. IL-6: ER2-IL6, IL-10: ER-IL10, TNF-α: ER3-TNFA, Pierce Biotechnology Inc.) were
measured by an ELISA kit according to manufacturer’s instructions. The absorbance was mea-
sured at 450 nm in an automatic microplate reader (MTP-32, Corona Electric Co. Ibaraki,
Japan). Data were analyzed by the optional software MTP-SF5 Ver.1.5.13. To calculate the fold
change, the density of each cytokine from the compression group was divided by the average
density from the sham group.

Statistical Analysis
Statistical analysis was performed using Excel 2010 (Microsoft, Seattle, WA) with the add-in
software Statcel 3 [15]. The F-test was used to assess the data of the expression levels from each
group, and the values were homoscedastic. Therefore, the values were compared between
experimental and sham group by Student’s t-test. Values of p< 0.05 were considered statisti-
cally significant.

Results
Macroscopic and light microscopic findings are generally in agreement with Hashimoto et al.
[9]. Macroscopically, the compression area was depressed, when the magnet laid on the skin

Table 1. A list of Taqman Assay kits used for Real-time PCR.

Gene Symbol Gene Name Assay ID

β-actin beta-actin Rn00667869_m1

GM-CSF granulocyte-macrophage colony stimulating factor Rn01456851_m1

INF-γ interferon gamma Rn00594078_m1

IL-1α interleukin 1 alpha Rn00566700_m1

IL-1β interleukin 1 beta Rn00580432_m1

IL-1Ra interleukin 1 receptor antagonist gene Rn00573488_m1

IL-2 interleukin 2 Rn00587673_m1

IL-6 interleukin 6 Rn00561420_m1

IL-10 interleukin 10 Rn00563409_m1

MMP-3 matrix metalloproteinase 3 Rn00591740_m1

TGF-β1 transforming growth factor, beta-1 Rn00572010_m1

TIMP-1 tissue inhibitor of metalloproteinase 1 Rn00587558_m1

TNF-α tumor necrosis factor, alpha Rn99999017_m1

doi:10.1371/journal.pone.0132622.t001
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was detached after compression. At 12 hours, edema and redness were observed. Edema and
redness were gradually reduced, and the compression site was indistinguishable from the sur-
rounding area. In the sham group, no changes were observed during the examined period.

Light microscopy
The abdominal wall of rats was composed of the epidermis, dermis, skin muscle, subcutaneous
tissue, and muscle layer [16]. The abdominal wall of the sham group was the same as for a nor-
mal skin structure (Fig 1a). At 12 hours, the dermis and the subcutaneous tissue were increased
in thickness, and infiltrating cells were aggregated (Fig 1b). At 1 day, the dermis and the subcu-
taneous tissue were thinner than those of 12 hours, but edema was still observed (Fig 1c). Infil-
trating cells were significantly increased in the dermis and subcutaneous tissue. At 3 days,
edema was reduced, and fibroblast-like cells were accumulated in the subcutaneous tissue
(Fig 1d).

Fig 1. Hematoxylin and eosin stained sections of the abdominal wall. A typical example of each group is shown. a: sham group. The epidermis (E) is
very thin. The skin and subcutaneous connective tissue are bordered by cutaneous muscle (CM). D; dermis, SC; subcutaneous connective tissue, M; muscle
layer. b: At 12 hours after compression, the skin and subcutaneous connective tissue are markedly thickened. c: At 1 day after compression, the skin and
subcutaneous connective tissue are still thickened. d: At 3 days after compression, thickness of skin and subcutaneous connective tissue are decreased.
The arrow shows a necrotic area observed at the muscle layer, and many infiltrating cells are existing in this area. Scale bar = 1 mm.

doi:10.1371/journal.pone.0132622.g001
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Microarray
GeneChip Rat Genome 230 2.0 Array revealed that numerous genes were up-regulated, e.g.,
4607 genes at 12 hours, 4454 genes at 1 day, and 2368 genes at 3 days. Markedly up-regulated
genes were described in Table in S1 File. A part of these up-regulated genes were associated
with apoptosis, inflammation, oxidative stress, proteolysis, and hypoxia (Table A in S2 File). At
1 and 3 days, genes associated with proteolysis were markedly increased (Tables B, C in S2
File).

Alterations of inflammatory cytokines were represented in Table 2. GM-CSF, IL-1β, IL1Ra,
IL-6, IL-10, IL-11, LT-β, MMP-3, TIMP-1, and TNF-α were markedly increased at 12 hours,
and then decreased gradually to the level of the sham group at 1 and 3 days. IFN-γ, TGF-β2,
and TGF-β3 were most increased at 1 day, and decreased to the level of the sham group at 3
days.

Receptors of inflammatory cytokines such as GM-CSF, IL-1, IL-6, and TNF were slightly
up-regulated (Table in S3 File). On the other hand, receptors for anti-inflammatory cytokines
such as IL-2, IL-10, IL-11, and TGF-β were not changed (Table in S3 File).

Real-Time PCR
Some patterns of mRNA expression were revealed (Fig 2). Most of pro-inflammatory cytokines
were up-regulated at 12 hours, and gradually decreased (Fig 2a and 2d). Expression of several
cytokines remained high (Fig 2b). No changes were observed in some cytokines (Fig 2c).

Table 2. A list of Taqman Assay kits used for Real-time PCR.

Abbreviation Gene Name Probe ID 12h 1d 3d

n = 1 n = 1 n = 1

GM-CSF granulocyte-macrophage colony stimulating factor 1371227_at 8.25 " 1.91 0.61

IFN-γ interferon gamma 1370790_at 0.60 25.00 " 3.71 "
IL-1α interleukin 1 alpha 1368592_at 1.96 0.72 1.42

IL-1β interleukin 1 beta 1398256_at 16.95 " 0.24 # 1.23

IL1Ra interleukin 1 receptor antagonist gene 1387835_at 8.31 " 0.13 # 0.98

IL-2 interleukin 2 1369596_at 1.08 1.22 0.60

IL-4 interleukin 4 1371128_at 1.27 0.78 0.49 #
IL-6 interleukin 6 (interferon, beta 2) 1369191_at 82.42 " 0.01 # 0.74

IL-10 interleukin 10 1387711_at 38.32 " 0.25 # 0.16 #
IL-11 interleukin 11 1369534_at 6.08 " 4.50 " 1.07

IL-12 interleukin 12 1369315_at 1.11 0.59 2.85 "
LT-α lymphotoxin alpha (TNF superfamily, member 1) 1368722_at 0.74 0.53 0.78

LT-β lymphotoxin beta (TNF superfamily, member 3) 1379499_at 15.21 " 0.32 # 1.24

MMP-3 matrix metalloproteinase 3 1368657_at 22.18 " 0.06 # 0.61

TGF-β1 transforming growth factor, beta 1 1370082_at 1.10 0.71 0.49 #
TGF-β2 transforming growth factor, beta 2 1387172_a_at 0.69 2.72 " 1.37

TGF-β3 transforming growth factor, beta 3 1367859_at 1.11 2.13 " 1.69

TIMP-1 tissue inhibitor of metalloproteinase 1 1367712_at 4.83 " 0.36 # 0.40 #
TIMP-2 TIMP metallopeptidase inhibitor 2 1386940_at 0.79 1.71 0.97

TNF-α tumor necrosis factor, alpha (cachetin) 1387691_at 6.05 " 0.99 1.18

Relative expression is calculated as the ratio of expression levels in compression group/sham group. Up-pointing arrows: up-regulated over twice, down-

pointing arrows: down-regulated less than half.

doi:10.1371/journal.pone.0132622.t002
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Analysis of the skin and the subcutaneous tissue showed that GM-CSF, IL-1β, IL1Ra, IL-6,
IL-10, and TNF-α were markedly increased at 12 hours, and gradually decreased to the level of
the sham group at 1 and 3 days (Table 3). MMP-3 and TIMP-1 were most increased at 1 day,
and decreased to the level of the sham group at 3 days.

In addition, the subcutaneous tissue alone contained high level of cytokines (Table 4).
GM-CSF was most increased at 12 hours, and decreased gradually at 1 and 3 days. IFN-γ,
IL1Ra, MMP-3, and TGF-β1 were most increased at 1 day, and decreased after 3 days. On the
other hand, IL-1α, IL-1β, IL-6, TIMP-1, and TNF-α were most increased at 1 day, remained
highly expressed after 3 days.

Fig 2. Relative mRNA expression level by Real-Time PCR. Part of the data of Table 2 were represented by a bar graph. IL-1β in the skin and the
subcutaneous tissue (a), IL-1β in the subcutaneous tissue (b). TGF-β1 in the skin and the subcutaneous tissue (c), TGF-β1 in the subcutaneous tissue (d).
The dotted line indicates the expression level in the sham group.

doi:10.1371/journal.pone.0132622.g002
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Table 3. Results of Real-Time PCR analysis for inflammatory gene.

Abbreviation the skin and the subcutaneous tissue

12h 1d 3d

n = 4 n = 4 n = 4

GM-CSF 7.85 (2.93~17.41) "* 1.71 (1.00~3.49) 0.60 (0.34~1.02)

IFN-γ 2.06 (0.76~3.84) " 2.26 (0.79~5.70) " 4.93 (1.96~8.01) "*
IL-1α 1.97 (0.86~3.75) 0.34 (0.17~0.44) #* 0.33 (0.25~0.47) #*
IL-1β 22.24 (4.88~41.34) "* 1.28 (0.65~1.80) 1.45 (0.88~2.16)

IL-1Ra 3.98 (2.04~6.88) "* 0.73 (0.59~1.03) 0.54 (0.44~0.59)

IL-2 0.64 (0.16~1.34) 0.40 (0.11~0.69) # 0.17 (0.08~0.28) #
IL-6 38.78 (26.26~66.03) "* 10.06 (6.85~12.76) "* 2.52 (1.12~4.53) "
IL-10 4.36 (2.23~5.59) "* 3.95 (2.46~6.29) "* 1.07 (0.71~1.63)

MMP-3 9.01 (3.36~16.10) "* 12.54 (5.70~19.05) "* 2.61 (1.82~3.42) "*
TGF-β1 1.13 (0.56~1.86) 0.59 (0.59~1.19) 1.26 (1.03~1.74)

TIMP-1 2.93 (2.00~4.02) "* 3.35 (2.07~4.14) "* 1.54 (1.27~1.68) *

TNF-α 17.96 (3.07~39.39) "* 1.36 (0.90~1.64) 0.77 (0.59~1.16)

RNAs from the skin and the subcutaneous tissue were analyzed. Values were described as fold changes (minimum value ~ maximum value). Up-pointing

arrows: up-regulated over twice, down-pointing arrows: down-regulated less than half.

* p<0.05.

doi:10.1371/journal.pone.0132622.t003

Table 4. Results of Real-Time PCR analysis for inflammatory gene.

Abbreviation the subcutaneous tissue

12h 1d 3d

n = 3 n = 3 n = 3

GM-CSF 53.76 (13.32~119.96) " 7.52 (3.25~12.46) " 0.16 (0.04~0.40) #
IFN-γ 5.33 (1.43~12.60) " 7.87 (4.02~12.68) " 0.64 (0.09~1.81)

IL-1α 5.72 (0.75~12.22) " 11.11 (2.90~25.89) " 6.33 (0.25~18.16) "
IL-1β 11.27 (3.31~25.04) " 40.87 (17.29~87.90) " 27.47 (0.92~80.32) "
IL-1Ra 3.67 (1.95~6.17) " 6.59 (3.62~12.24) " 1.19 (0.96~1.53)

IL-2 1.31 (0.34~1.95) 0.61 (0.53~1.10) 0.49 (0.39~0.60) #
IL-6 2.66 (1.91~3.07) " 9.82 (2.96~16.46) " 6.31 (3.12~11.94) "
IL-10 0.64 (0.11~1.07) 0.42 (0.17~0.66) # 2.04 (1.13~2.58) "
MMP-3 4.38 (1.30~8.96) " 34 (30.34~36.25) " 1.58 (1.00~1.91)

TGF-β1 5.9 (0.63~8.60) " 7.01 (0.85~11.80) " 1.27 (0.37~3.02)

TIMP-1 3.28 (3.11~3.57) " 3.27 (2.57~4.38) " 3.13 (2.01~4.24) "
TNF-α 0.68 (0.48~0.99) 2.13 (1.04~4.10) " 3.31 (2.05~3.95) "

RNAs from the subcutaneous tissue were analyzed. Values were described as fold changes (minimum value ~ maximum value). Up-pointing arrows: up-

regulated over twice, down-pointing arrows: down-regulated less than half.

doi:10.1371/journal.pone.0132622.t004
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ELISA
The ELISA results showed a slight increase in IL-1β and IL-6 concentrations (Table 5). At 12
hours after compression, IL-1βmRNA was dramatically increased, but the protein concentra-
tion was increased to a much lesser extent. In addition, at 1 day and 3 days after compression,
IL-1β levels were lower than in the sham group. On the other hand, at 12 h and 1 day after
compression, IL-6 levels were higher in the compression group than in the sham group. Con-
trary to the results from the microarray and RT-PCR experiments, ELISA showed that IFN-γ,
IL-1α, IL-10, and TNF-α were insignificantly changed compared to IL-1β and IL-6.

Discussion

Gene expressions associated with an inflammatory response
In this study, mRNA levels of several cytokines were increased, and many of these cytokines
have been reported to be increased after continuous ischemia [17], [18] or re-perfusion before
[19]. Among these cytokines, IL-1β, IL-6, and TNF-α are well known to cause local inflamma-
tion [14], [20], so the significant increments of these genes in the compressed area would be
associated with inflammation.

In addition, an increment of GM-CSF, IFN-γ, IL-10, MMP-3, and TIMP-1 was shown in
this study. However, the roles of these cytokines in the generation of pressure ulcers were not
reported. GM-CSF is known to activate different kinds of cells, such as macrophages, neutro-
phils, monocytes, mast cells, and eosinophils [21], and induces the aggregation of neutrophils
at the inflammation site [22]. Microscopic observation revealed that infiltrating cells were
increased at 12 hours and 1 day. Therefore, GM-CSF seems to contribute to infiltration and
activation of inflammatory cells in the early phase. IFN-γ has a role in activation of macro-
phages, and this cytokine increased at different time point from each analysis. So, IFN-γmust
be checked precisely when the peak of expression occurs. MMP-3 is a key enzyme involved in
the breakdown of the extracellular matrix [23]. High expression of MMP-3 may cause break-
down in the compressed area, and might cause the loosening of the skin and the subcutaneous
tissue. As a result of this, the skin and the subcutaneous tissue could be thickened. The role of
IL-10 and TIMP-1 is inhibition of inflammation [14], [23–25]. The up-regulated levels of these
genes were lower than that of inflammatory cytokines such as IL-1β, IL-6, and TNF-α. So,
edema and redness occurred despite IL-10 and TIMP-1 up-regulation.

Table 5. Results of the ELISAs for detection of inflammatory cytokines.

Abbreviation the skin and the subcutaneous tissue

12h 1d 3d

IFN-γ 0.84 (0.57~1.14) 1.44 (0.76~2.02) 0.3 (0.13~0.51)

IL-1α 0.63 (0.56~0.75) 0.37 (0.17~0.62) 0.52 (0.37~0.75)

IL-1β 1.61 (1.02~2.13) 0.75 (0.34~1.64) 0.52 (0.35~0.63)

IL-6 1.99 (0.66~4.02) 2.49 (1.42~4.03) 0.43 (0.14~0.80)

IL-10 0.37 (0.09~0.55) 1.32 (0.91~1.71) 0.52 (0.34~0.76)

TNF-α 0.28 (0.20~0.41) 1.12 (0.72~1.48) 0.67 (0.61~0.79)

Proteins extracted from the skin and subcutaneous tissues were analyzed. Values were described as fold changes (minimum value ~ maximum value).

doi:10.1371/journal.pone.0132622.t005
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The mRNA of inflammatory cytokines was markedly increased, however the increments of
those proteins were limited. In this study, we observed the alteration after a single compression.
However, severe damage occurred after repeated compression [26]. Tissue only reversibly
healed after two or three repeated compressions. So, the influence of inflammatory cytokines
should be further investigated.

Changes in the subcutaneous tissue
In the subcutaneous tissue, remarkable edema and a number of infiltrating cells were observed
by microscopy. Real-Time PCR revealed that several inflammatory cytokines were up-regu-
lated. In addition, some cytokines kept at high level at 3 days. These findings suggest that the
subcutaneous tissue has important role in the generation of pressure ulcers.

The subcutaneous tissue mostly consists of connective tissue and a small number of cells.
Because of the looseness, connective tissue and the cells in this layer could be affected easily by
external force [16], [27]. Continuous compressions transduce mechanical stress to subcutane-
ous tissue, and cells in this layer would express several cytokines. Light microscopy showed
that infiltrating cells were aggregated in acute phase, and numerous fibroblast-like cells were
observed after 3 days. These cells in the subcutaneous tissue may associate with the production
of the inflammatory cytokines. Stojadinovic et al. [28] showed that the subepidermal separa-
tion affected to the deep tissue injury and our results also showed the importance of deep tissue
alteration.

Responsible genes for pressure ulcers formation
In the subcutaneous tissue, some genes were up-regulated temporarily, and expression of other
gene was kept at a high level. Temporally up-regulated genes, such as IL1Ra, MMP-3, and
TGF-β1, could work at the early phase. On the other hand, IL-1α, IL-1β, IL-6, TIMP-1, and
TNF-α were highly up-regulated even after 3 days. Chen et al. showed that IL-1α, IL-1β, IL-6,
and TNF-α have an important role in the wound healing process [29]. IL-1α, IL-1β, IL-6, and
TNF-α trigger or enhance inflammation [14], and these pro-inflammatory cytokines were
increased markedly more than IL1Ra and TGF-β1, which inhibit inflammation. Anti-inflam-
matory cytokines were up-regulated, but the increment was much lower than for pro-inflam-
matory cytokines. Anti- inflammatory cytokines such as IL-10 and IL1Ra have the possibility
to suppress the inflammatory stimuli [25]. IL1Ra and TGF-β1 seem to be insufficient to sup-
press inflammation. Much more inflammatory cytokines perhaps induce enhanced inflamma-
tion [14]. The ELISA data showed a slight increase in IL-1β and IL-6, while IL-10 was
decreased. This suggests an imbalance of inflammatory cytokines and anti-inflammatory cyto-
kines. IL-1β and IL-6 were increased in preference of other cytokines, which may indicate a
superior role of IL-1β and IL-6 in the formation of pressure ulcers.

MMP-3 decreased at 3 days, and its inhibitor TIMP-1 was highly expressed. TIMP-1 binds
MMPs to inhibit the activation of MMP and promotes the cells to proliferate [23]. So, enough
TIMP-1 may be expressed to contribute the morphological repair. A previous study showed
the importance of anti-inflammatory cytokines in the wound healing process, but not in pres-
sure ulcers formation. Many studies investigating pressure ulcers compress the skin at clinically
unreal pressure. A weak pressure only could enhance the expression of anti-inflammatory cyto-
kines, and strong compression might cause the restriction of those genes.

The microarray also revealed that some receptors of inflammatory cytokines (e.g. GM-CSF,
IL-1, IL-6, and TNF-α) were up-regulated, and receptors of anti-inflammatory cytokines were
not changed (Table in S3 File). These data suggest that an inflammatory signal was activated,
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and that especially GM-CSF, IL-1, IL-6, and TNF-α contributed to the generation of the pres-
sure ulcers.

In conclusion, the microarray showed that the single compression could induce the up-
regulation of numerous genes. Lasting up-regulation of inflammatory cytokines occurred
mainly in the subcutaneous tissue. Most of the up-regulated cytokines could work as activators
of inflammatory cells, and those cytokines may be associated with local tissue damage. How-
ever, the role of inflammatory cytokines was not definitive. Our data showed the up-regulation
of mRNA of inflammatory cytokines, but the elevation of those proteins could not be con-
firmed. In addition, we showed the up-regulation of inflammatory cytokines in healthy rats,
but pressure ulcers are often generated in compromised patients. The role of those cytokines in
the formation of human pressure ulcers must be further investigated. We focused on inflam-
matory cytokines, but other altered genes also have a possible contribution to the pressure
ulcer formation. Our microarray data are very useful to gain a further understanding of pres-
sure ulcers, and continued investigation could lead to the development of preventive or thera-
peutic methods.

Supporting Information
S1 File. Genes up-regulated in the skin and subcutaneous tissue revealed by microarray
analysis. The values are at 12 hours (Table A), at 1 day (Table B), and 3 days (Table C) after
compression. Two hundred kinds of genes were sequentially arranged in descending order of
expression level. EST means Expressed Sequence Tag, and it is a short sequence of a transcribed
spliced nucleotide sequence.
(DOCX)

S2 File. Classification of up-regulated genes. The values are at 12 hours (Table A), at 1 day
(Table B), and 3 days (Table C) after compression. Biological process classified by gene ontol-
ogy (obtained from NetAffx Analysis Center) are represented at left column, and the number
of genes which increased over twice.
(DOCX)

S3 File. Results of Microarray analysis with receptors to inflammatory cytokine. RNAs
from the skin and the subcutaneous tissue analyzed. Up-pointing arrows: up-regulated over
twice, down-pointing arrows: down-regulated less than half.
(DOCX)

Author Contributions
Conceived and designed the experiments: TK SK. Performed the experiments: TK MH. Ana-
lyzed the data: TK JO. Contributed reagents/materials/analysis tools: TK. Wrote the paper: TK
SK.

References
1. Russo CA, Elixhauser A. Hospitalizations Related to Pressure Sores, 2003: Statistical Brief #3. Health-

care Cost and Utilization Project (HCUP) Statistical Briefs. Rockville: Agency for Health Care Policy
and Research; 2006: Available: http://www.ncbi.nlm.nih.gov/books/NBK63508/. PMID: 21938853

2. Salcido R, Popescu A, Ahn C. Animal models in pressure ulcer research. J Spinal Cord. 2007; 30:
107–116.

3. Kosiak M. Etiology and pathology of ischemic ulcers. Arch Phys Med Rehabil. 1959; 40: 62–69. PMID:
13618101

4. Peirce SM, Skalak TC, Rodeheaver GT. Ischemia-reperfusion injury in chronic pressure ulcer forma-
tion: a skin model in the rat. Wound Repair Regen. 2000; 8: 68–76. PMID: 10760216

Gene Expression in Experimental Pressure Ulcers in the Rat

PLOS ONE | DOI:10.1371/journal.pone.0132622 July 15, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132622.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132622.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132622.s003
http://www.ncbi.nlm.nih.gov/books/NBK63508/
http://www.ncbi.nlm.nih.gov/pubmed/21938853
http://www.ncbi.nlm.nih.gov/pubmed/13618101
http://www.ncbi.nlm.nih.gov/pubmed/10760216


5. Dinsdale SM. Decubitus ulcers in swine: light and electron microscopy study of pathogenesis. Arch
Phys Med Rehabil. 1973; 54: 51–56 passim. PMID: 4692634

6. Salcido R, Donofrio JC, Fisher SB, LeGrand EK, Dickey K, Carney JM, et al. Histopathology of pressure
ulcers as a result of sequential computer-controlled pressure sessions in a fuzzy rat model. AdvWound
Care. 1994; 7: 23–24, 26, 28 passim. PMID: 7889250

7. Goldstein B, Sanders J. Skin response to repetitive mechanical stress: a new experimental model in
pig. Arch Phys Med Rehabil. 1998; 79: 265–272. PMID: 9523777

8. Reid RR, Sull AC, Mogford JE, Roy N, Mustoe TA. A novel murine model of cyclical cutaneous ische-
mia-reperfusion injury. J Surg Res. 2004; 116: 172–180. PMID: 14732365

9. Hashimoto M, Kurose T, Kawamata S. Comparison between a weight compression and a magnet com-
pression for experimental pressure ulcers in the rat. Histological studies and effects of anesthesia. Arch
Histol Cytol. 2008; 71: 303–316. PMID: 19556692

10. Daitoku D, Kurose T, Mori E, Hashimoto M, Kawamata S. Changes in the rat subcutaneous connective
tissue after saline and histamine injection in relation to fluid storage and excretion. Arch Histol Cytol
2007; 70: 29–4110. Fantone JC, Ward PA. Polymorphonuclear leukocyte-mediated cell and tissue
injury: oxygen metabolites and their relations to human disease. Hum Pathol. 1985; 16: 973–978.
PMID: 17558142

11. Dallegri F, Ottonello L. Tissue injury in neutrophilic inflammation. InflammRes. 1997; 46: 382–391.
PMID: 9372309

12. Furuichi K, Wada T, Iwata Y, Kitagawa K, Kobayashi K, Hashimoto H, et al. Gene therapy expressing
amino-terminal truncated monocyte chemoattractant protein-1 prevents renal ischemia-reperfusion
injury. J Am Soc Nephrol. 2003; 14: 1066–1071. PMID: 12660342

13. Furuichi K, Wada T, Iwata Y, Kokubo S, Hara A, Yamahana J, et al. Interleukin-1-dependent sequential
chemokine expression and inflammatory cell infiltration in ischemia-reperfusion injury. Crit Care Med.
2006; 34: 2447–2455. PMID: 16849996

14. Feldmann M, Saklatvala J. Proinflammatory cytokines. Cytokine Reference: A Compendium of Cyto-
kines and Other Mediators of Host Defense. 1 Ligands. Scott K. D., Toshio H., Jan V., Nicos A. N. (ed),
Academic Press, New York, 2000: 291–305.

15. Yanai H. Statcel Available: The useful add-in software forms on Excel. 3rd ed. Tokyo Japan: OMS;
2011. pp. 172–175.

16. Kawamata S, Ozawa J, Hashimoto M, Kurose T, Shinohara H. Structure of the rat subcutaneous con-
nective tissue in relation to its sliding mechanism. Arch Histol Cytol. 2003; 66: 273–279. PMID:
14527168

17. Bronneberg D, Bouten CV, Oomens CW, van Kemenade PM, Baaijens FP. An in vitro model system to
study the damaging effects of prolonged mechanical loading of the epidermis. Ann Biomed Eng. 2006;
34: 506–514. PMID: 16482412

18. Dalton SJ, Whiting CV, Bailey JR, Mitchell DC, Tarlton JF. Mechanisms of chronic skin ulceration link-
ing lactate, transforming growth factor-beta, vascular endothelial growth factor, collagen remodeling,
collagen stability, and defective angiogenesis. J Invest Dermatol. 2007; 127: 958–968. PMID:
17218944

19. Saito Y, Hasegawa M, Fujimoto M, Matsushita T, Horikawa M, Takenaka M, et al. The loss of MCP-1
attenuates cutaneous ischemia-reperfusion injury in a mouse model of pressure ulcer. J Invest Derma-
tol. 2008; 128: 1838–1851. doi: 10.1038/sj.jid.5701258 PMID: 18219277

20. Smith JW 2nd, UrbaWJ, Curti BD, Elwood LJ, Steis RG, Janik JE, et al. The toxic and hematologic
effects of interleukin-1 alpha administered in a phase I trial to patients with advanced malignancies. J
Clin Oncol. 1992; 10: 1141–1152. PMID: 1607919

21. Metcalf D, Begley CG,Williamson DJ, Nice EC, De Lamarter J, Mermod JJ, et al. Hemopoietic
responses in mice injected with purified recombinant murine GM-CSF. Exp Hematol. 1987; 15: 1–9.
PMID: 3490993

22. Gomez-Cambronero J, Horn J, Paul CC, Baumann MA. Granulocyte-macrophage colony-stimulating
factor is a chemoattractant cytokine for human neutrophils: involvement of the ribosomal p70 S6 kinase
signaling pathway. J Immunol. 2003; 171: 6846–6855. PMID: 14662891

23. Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: structure,
function, and biochemistry. Circ Res. 2003; 92: 827–839. PMID: 12730128

24. Sato Y, Ohshima T, Kondo T. Regulatory role of endogenous interleukin-10 in cutaneous inflammatory
response of murine wound healing. Biochem Biophys Res Commun. 1999; 265: 194–199. PMID:
10548513

25. King A, Balaji S, Le LD, Crombleholme TM, Keswani SG. Regenerative Wound Healing: The Role of
Interleukin-10. AdvWound Care (New Rochelle). 2014; 3: 315–323.

Gene Expression in Experimental Pressure Ulcers in the Rat

PLOS ONE | DOI:10.1371/journal.pone.0132622 July 15, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/4692634
http://www.ncbi.nlm.nih.gov/pubmed/7889250
http://www.ncbi.nlm.nih.gov/pubmed/9523777
http://www.ncbi.nlm.nih.gov/pubmed/14732365
http://www.ncbi.nlm.nih.gov/pubmed/19556692
http://www.ncbi.nlm.nih.gov/pubmed/17558142
http://www.ncbi.nlm.nih.gov/pubmed/9372309
http://www.ncbi.nlm.nih.gov/pubmed/12660342
http://www.ncbi.nlm.nih.gov/pubmed/16849996
http://www.ncbi.nlm.nih.gov/pubmed/14527168
http://www.ncbi.nlm.nih.gov/pubmed/16482412
http://www.ncbi.nlm.nih.gov/pubmed/17218944
http://dx.doi.org/10.1038/sj.jid.5701258
http://www.ncbi.nlm.nih.gov/pubmed/18219277
http://www.ncbi.nlm.nih.gov/pubmed/1607919
http://www.ncbi.nlm.nih.gov/pubmed/3490993
http://www.ncbi.nlm.nih.gov/pubmed/14662891
http://www.ncbi.nlm.nih.gov/pubmed/12730128
http://www.ncbi.nlm.nih.gov/pubmed/10548513


26. Kawamata S, Kurose T, Honkawa Y, Kubori Y, Muramoto H. Development and repair of experimental
pressure ulcers in the rat abdominal wall induced by repeated compression using magnets. Arch Histol
Cytol. (in press).

27. Langevin HM, Bouffard NA, Badger GJ, Iatridis JC, Howe AK. Dynamic fibroblast cytoskeletal response
to subcutaneous tissue stretch ex vivo and in vivo. Am J Physiol Cell Physiol. 2005; 288: C747–756.
PMID: 15496476

28. Stojadinovic O, Minkiewicz J, Sawaya A, Bourne JW, Torzilli P, de Rivero Vaccari JP, et al. Deep tissue
injury in development of pressure ulcers: a decrease of inflammasome activation and changes in
human skin morphology in response to aging and mechanical load. PLOS ONE. 2013; 8: e69223. doi:
10.1371/journal.pone.0069223 PMID: 23967056

29. Chen L, Arbieva ZH, Guo S, Marucha PT, Mustoe TA, DiPietro LA. Positional differences in the wound
transcriptome of skin and oral mucosa. BMCGenomics. 2010; 11: 471. doi: 10.1186/1471-2164-11-
471 PMID: 20704739

Gene Expression in Experimental Pressure Ulcers in the Rat

PLOS ONE | DOI:10.1371/journal.pone.0132622 July 15, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/15496476
http://dx.doi.org/10.1371/journal.pone.0069223
http://www.ncbi.nlm.nih.gov/pubmed/23967056
http://dx.doi.org/10.1186/1471-2164-11-471
http://dx.doi.org/10.1186/1471-2164-11-471
http://www.ncbi.nlm.nih.gov/pubmed/20704739

