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ABSTRACT. Aim: To facilitate establishment of an effective thermotherapy for osteoarthritis (OA), we
investigated the effects of the thermal environment on articular chondrocyte metabolism in vitro. Meth-
ods: Chondrocytes were isolated from porcine knee joints, and cultured at 32°C, 37°C and 41°C. Cell
proliferation and viability were assessed at Days 2, 4 and 8. In addition, TdT-mediated dUTP nick end
labeling (TUNEL) assay was performed at Day 3 to determine the proportion of apoptotic chondrocytes.
Analysis of genes specific for factors related to the cartilage extracellular matrix (ECM), cartilage de-
struction, and cartilage protection was performed at Day 2. Furthermore, evaluation of heat stress toler-
ance, and heat shock protein 70 (HSP70) mRNA expression and protein synthesis was performed at Day
2 and 3, respectively. Results: Cell proliferation was more at 37°C than at 32°C and 41°C. Cell viability
and the number of TUNEL-positive cells were not affected until Day 8 and 3, respectively. The expression
of the ECM-related genes was up-regulated at higher temperature. The expression of MMP13, a type 11
collagen destructive enzyme, and that of TIMP1 and TIMP2, which are MMP inhibitors, were up-regu-
lated at higher temperatures. Finally, the chondrocytes cultured at 41°C may acquire heat stress toler-
ance, in part, due to the up-regulation of HSP70, and may inhibit apoptosis induced by various stresses,
which is observed in OA. Conclusions: The thermal environment affects articular chondrocyte metabo-
lism, and a heat stimulus of approximately 41°C could enhance chondrocyte anabolism and induce heat
stress tolerance.
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Osteoarthritis (OA) is a highly prevalent degenerative
disease?, characterized by progressive articular cartilage
destruction, which results in pain and decreased physical

Received: January 15, 2014

Accepted: April 7, 2014

Advance Publication by J-STAGE: May 28, 2014

Correspondence to: Hiroshi Kuroki, 53 Kawahara-cho, Shogoin,
Sakyo-ku, Kyoto 606-8507, Japan

e-mail: kuroki.hiroshi.6s@kyoto-u.ac.jp

function. While many approaches for treating various as-
pects of OA have been studied, there exists no established
effective treatment, because severely degenerated articular
cartilage cannot be regenerated, and the specific factors re-
lated to OA development are complex®™.

Physical therapy is often used as a first-line treatment
in the management of OA symptoms. Since it has been re-
ported that exercise intervention has a therapeutic effect
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on pain and physical function®9, exercise therapy has been
recommended in OA treatment guidelines”. On the other
hand, the therapeutic effect of physical therapy modalities
for OA treatment is still under debate’®. In particular, clear
evidence of the therapeutic effect of thermotherapy has not
been shown®!?. However, in a previous study, application
of a heat stimulus to treat OA within an experimental ani-
mal model, showed inhibition of OA development''?. In
addition, when women with chronic knee pain were treated
with long-term thermotherapy in a randomized controlled
trial, their pain was found to decrease; this reduction in pain
and improvement of physical function was attributed to the
combination of thermotherapy and exercise therapy, rather
than to the exercise therapy alone!®. These reports suggest
that thermotherapy could be an effective treatment for OA
if the temperature of the heat stimulus and the duration of
exposure are optimized and if the target region for heat
stimulus application is selected appropriately. However, the
knowledge used as the basis for setting up each condition,
which in many cases is based on empirical rules and not on
objective data, makes it difficult to properly setup condi-
tions. Furthermore, existing thermotherapy research for OA
treatment has considered the effects on pain, blood flow,
and physical function, but, there is little research which
has taken into consideration the influence on the articular
cartilage, which is a primary point of pathological OA pro-
cesses, or the articular chondrocytes which play a key role
in the metabolic activities of the articular cartilage.

Therefore, the purpose of this study was to facilitate
the establishment of an effective thermotherapy for OA by
clarifying the effects of the thermal environment on articu-
lar chondrocyte metabolism. In particular, in this study we
focused on the effects of the thermal environment on cell
proliferation, cell death, gene expression, and heat stress
tolerance for articular chondrocytes.

Materials and Methods

The protocols described for the following experiments
did not require approval of the animal research committee.

Chondrocyte isolation and expansion

Knee joints of 6-month-old pigs were purchased from
a meat processor. Articular cartilage plugs were aseptically
harvested from the femoral condyle using a biopsy punch,
and chondrocytes were isolated as previously described'?.
The isolated cells were suspended in Dulbecco’s modified
Eagle medium/Ham’s F12 (Nacalai Tesque Inc., Kyoto,
Japan) containing 10% fetal bovine serum (Hyclone, Lo-
gan, USA), 50 U/mL penicillin (Nacalai Tesque Inc.), and
50 pg/mL streptomycin (Nacalai Tesque Inc.), were seeded
in culture dishes. The chondrocytes were expanded ina CO,
incubator (5% CO,, 37°C, 95% humidity) to obtain a suf-
ficient quantity of cells (2-3 passages). To investigate the

effects of the thermal environment on chondrocyte metabo-
lism, the chondrocytes were cultured at the following three
conditions: 32°C as normal intra-articular temperature'>!),
37°C as internal body temperature, and 41°C as the thresh-
old temperature for mammalian cell survival'’:!¥,

Cell proliferation, viability, and apoptosis

To assess cell proliferation and viability at the three
different culturing temperatures, the expanded chondro-
cytes were divided into 27 culture dishes at 8.5 x 10° cells/
cm?, and then pre-cultured overnight at 37°C in a CO, in-
cubator. After pre-culture, the dishes were transferred into
three distinct CO, incubators set at 32°C, 37°C, and 41°C, 9
dishes for each. The cells were trypsinized from the culture
dishes at Days 2, 4, and 8 (3 dishes for each day: n=3). The
number of live chondrocytes was counted using a hemo-
cytometer, and cell viability was measured by using a try-
pan blue dye exclusion test. This experiment was repeated
again using cells harvested from another pig to confirm the
accuracy and reproducibility of the results. Additionally, a
TdT-mediated dUTP nick end labeling (TUNEL) assay was
performed to analyze the number of apoptotic chondrocytes
according to the manufacturer’s protocol (In Situ Apoptosis
Detection Kit; Takara Bio Inc., Shiga, Japan). Briefly, the
expanded chondrocytes were sub-cultured into 2-well Lab-
Tek chamber slides (Nalge Nunc International, Naperville,
USA) at 7.2 x 10° cells/cm?. After pre-culture as described
above, the cells were cultured at 32°C, 37°C, and 41°C for 3
days. Subsequently, the cells were fixed in 4% paraformal-
dehyde for 15 min. After digestion with a permeabilization
buffer, the slides were treated with TdT enzyme and incu-
bated at 37°C for 60 min, then further incubated at 37°C for
30 min with an anti-FITC HRP Conjugate and propidium
1odide, which were used as counter stains. More than 3,000
TUNEL-positive and TUNEL-negative cells were counted
from more than 6 views (1272.8 um x 1272.8 um/view)
that were randomly captured using a confocal laser scan-
ning microscope system (FluoView FV10i; OLYMPUS
CO., Tokyo, Japan). The proportion of TUNEL-positive
cells/view was then calculated (n > 6).

Gene expression analysis

Analysis of genes related to cartilage extracellular ma-
trix (ECM) and cartilage-destroying/protecting factors was
performed. The 9 culture dishes of expanded chondrocytes
were transferred into incubators at 32°C, 37°C, and 41°C (3
dishes for each: n = 3), and incubated for 2 days. Total RNA
was extracted using the RNeasy Mini Kit according to the
manufacturer’s protocol (Qiagen Inc., Valencia, USA).
Extracted total RNA was dissolved in water and tested for
purity using a NanoDrop2000 (Thermo Scientific, Wilm-
ington, USA). The gene expression level was quantified by
real-time reverse transcription-polymerase chain reaction
(RT-PCR). Total RNA (300 ng) was reverse-transcribed to
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Table 1. Primer sequences for real-time RT-PCR

Sense (5'-3") Antisense (5'-3") Length (bp)
COL2Al GCTATGGAGATGACAACCTGGCTC CACTTACCGGTGTGTTTCGTGCAG 256
COLI1Al CAGAACGGCCTCAGGTACCA CAGATCACGTCATCGCACAAC 101
aggrecan GAATTTCCTGGCGTGAGAAC GGGGATGTTGCGTAAAAGAC 107
SOX9 GTACCCGCACCTGCACAAC GACTGCTGAATGAGAGCGAGA 68
MMP13 CACCCGTGACCTTATCTTCATC GCTGCGCTTATCCTTTTAACC 132
MMP1 GCCAAATGGACTTCAAGCTG AGCCAAAGGATCTGTGGATG 137
TIMP1 ACCACCTGCAGTTTTGTGG AGTTTGCAGGGGATGGATG 134
TIMP2 GAACGACATCTACGGCAACC TTCTTTCCTCCGATGTCCAG 150
HSP70 TCACCATCACCAACGACAAG TCATGTTGAAGGCGTACGAC 147
Beta-actin AAGCCAACCGTGAGAAGATG TCCATCACGATGCCAGTG 124

synthesize cDNA, and then real-time PCR was performed
using the Applied Biosystems7500 Real-Time PCR System
(Life Technologies Corporation, Carlsbad, USA). cDNA
templates were amplified with PowerSYBR Green PCR
Master Mix (Life Technologies Corporation) in 25-uL re-
actions with 0.2 uM gene-specific primers (Table 1) and
de-ionized water. The PCR reaction was performed for 10
min at 95°C, followed by 40 amplification cycles (15 s at
95°C, 60 s at 60°C). The following target genes were ex-
amined: the ECM-related markers collagen type IIA1 (CO-
L2A1), aggrecan, SRY (sex-determining region Y)-box 9
(SOX9), and collagen type IA1 (COL1AL1); the cartilage-
destroying factors matrix metalloproteinase (MMP)-1 and
MMP-13; and the MMP-inhibitory factors tissue inhibitor
of metalloproteinase (TIMP)-1 and TIMP2. Beta-actin was
used as the control housekeeping gene. This experiment
was repeated again using cells harvested from another pig
to confirm the accuracy and reproducibility of the results.
The data obtained by real-time PCR were analyzed us-
ing the comparative threshold cycle method. Briefly, the
amount of target was normalized to that of beta-actin, the
value of the calibration sample (the cells cultured at 32°C)
was set to 1, and the values for each of the other condi-
tions were shown relative to that of the calibration sample.
Before using the comparative threshold cycle method for
quantitation, we performed a validation experiment, and
the obtained absolute value of which the slope of log input
amount versus delta threshold cycle was less than 0.1.

Heat shock protein 70 synthesis

The 18 culture dishes of expanded chondrocytes were
transferred into incubators maintained at temperatures of
32°C, 37°C, and 41°C, and incubated for 2 or 3 days for the
analysis of heat shock protein 70 (HSP70) mRNA expres-
sion and HSP70 protein synthesis, respectively (3 dishes for
each: n = 3). The HSP70 mRNA expression was analyzed
by the method described above. HSP70 protein synthesis
was evaluated using western blotting. Cell lysates were

prepared in SDS-sample buffer (70 mM Tris-HCL, pH 6.8,
11.2% glycerol, 3% SDS, 0.01% bromophenol blue, and
5% 2-mercaptoethanol). Equal amounts of protein (2 ug)
were loaded on 10% SDS-polyacrylamide gels and blotted
on a polyvinylidene fluoride microporous membrane us-
ing a semi-dry transfer system (Bio-Rad, Hercules, USA).
The primary antibodies used were as follows: rabbit anti-
HSP70 polyclonal antibody (StressGen Biotech. Victoria,
Canada), and mouse anti-beta-actin monoclonal antibody
(BioVision, Mountain View, USA). Blots were probed with
HRP-conjugated donkey anti-rabbit IgG (GE Healthcare,
Little Chalfont, England) for HSP70, and with sheep anti-
mouse IgG (GE Healthcare) for beta-actin, and then visual-
ized using an ECL method (GE Healthcare). Protein levels
were quantified using Image Lab software (Bio-Lad). The
expression level of HSP70 was normalized to that of beta-
actin, and was calculated by comparing to the expression
level of 32°C samples.

Heat stress tolerance

Heat stress tolerance of the cells cultured at 32°C and
41°C was analyzed. 37°C condition was excluded in this ex-
periment, since the expression of the HSP70 on the mRNA
and the protein level didn’t differ from 32°C. The chondro-
cytes cultured at 32°C or 41°C for 7 days were sub-cultured
into 2-well Lab-Tek chamber slides at 1.2 x 10* cells/cm?.
After pre-culture as previously described, the cells were
exposed to excessive heat stress at 48°C for 1 h on a hot
plate and then incubated at 37°C for 1 day. Subsequently,
a TUNEL assay was performed as described above. The
cells were counted from 20 random views (1272.8 yum x
1272.8 um/view), and then the cell number/view and the
proportion of the TUNEL-positive cell/view were calcu-
lated (n = 20).

Statistical analysis
All values are reported as means + standard devia-
tion (SD). Statistical significance was determined using
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unpaired Student’s ¢ test or one-way analysis of variance
(ANOVA) with the post-hoc multiple comparison Tukey-
Kramer test. The differences observed were considered to
be significant if the p value was less than 0.05.

Results

The effects of thermal environment on cell proliferation, vi-
ability, and apoptosis

The cell proliferation, viability, and apoptosis induc-
tion at three different culturing temperatures were assessed.
The cell number increased at each temperature, however,
the cells were more proliferative at 37°C than at 32°C
and 41°C (Fig. 1A). There were no significant differences
between 32°C and 41°C at Day 4 and 8, although 41°C
showed a lower number of cells than 32°C at Day 2. There
were no significant differences in the cell viabilities (Fig.
1B) and the proportion of TUNEL-positive cells (Fig. 1C)
among the three examined temperatures. Under these ex-
perimental conditions, the viability remained high (more
than 94.5%), and the proportion of TUNEL-positive cells
remained low (less than 1%).

Gene expression analysis

The expression of genes related to the ECM, cartilage-
destroying factors, and cartilage-protecting factors were
analyzed at each temperature by real time PCR. The ex-
pression of genes related to the ECM tended to increase
in a temperature-dependent manner. Specifically, COL2A1
mRNA expression at 41°C was approximately 28 times
the expression at 32°C (Fig. 2A). COL1A1 mRNA expres-
sion was also higher at higher temperatures, although in-
crease in expression was apparently less than that of CO-
L2A1 (Fig. 2B). Additionally, aggrecan mRNA expression
was up-regulated at 37°C and 41°C (Fig. 2C), and SOX9
mRNA expression at 41°C was up-regulated approximately
6 times that of the 32°C samples (Fig. 2D). Interestingly,
MMP1 and MMP13, which are cartilage-destroying fac-
tors, showed different trends with respect to each other. The
expression of MMP1 mRNA was higher at lower tempera-
tures (Fig. 2E), while expression of MMP13 mRNA was
higher at higher temperatures (Fig. 2F). The mRNA expres-
sion of both TIMP1 (Fig. 2G) and TIMP2 (Fig. 2H), which
are MMP-inhibitory factors, was up-regulated at 41°C and
was up-regulated in a temperature-dependent manner.

HSP70 synthesis and heat stress tolerance

The HSP70 mRNA and the HSP70 protein were ana-
lyzed by real-time RT-PCR and Western blotting, respec-
tively. A significant increase in mRNA (Fig. 3A) and protein
levels (Fig. 3B) at 41°C was observed, although a signifi-
cant difference was not detected between 32°C and 37°C.

In order to clarify articular chondrocyte heat stress tol-
erance, the cell death after exposure to an excessive heat
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Fig. 1. Effects of the thermal environment on cell
proliferation, viability, and apoptosis. (A) Cell
number and (B) cell viability when cultured at
32°C, 37°C, and 41°C for 2, 4 and 8 days (n =
3). (C) The proportion of TdT-mediated dUTP
nick end labeling (TUNEL)-positive cells. The
TUNEL assay was performed to determine the
proportion of apoptotic chondrocytes cultured
at 32°C, 37°C, and 41°C for 3 days (n > 6).
All values represent the means and standard
deviations (SD). **P < (.01. N.S.; not significant.

stimulus (48°C) was evaluated. There was a significantly
larger number of cells/view at 41°C (Fig. 4A). Moreover,
the proportion of TUNEL-positive cells was significantly
higher at 32°C (Fig. 4B).

Discussion

We investigated the effects of thermal environment on
chondrocyte metabolism from a viewpoint of cell prolifera-
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Fig. 2. Gene expression analysis. Relative mRNA expression of (A) COL2A1, (B) COL1ALl, (C) aggrecan,
(D) SOX9, (E) MMPI, (F) MMP13, (G) TIMP1, and (H) TIMP2 cultured at 32°C, 37°C, and 41°C
for 2 days are shown (n = 3). Values represent the means and SD. *P < 0.05. **P < 0.01.

tion, cell death, gene expression, and heat stress tolerance.
Our results indicated that approximately 37°C (near in-
ternal body temperature) is the most suitable temperature
for cell proliferation (Fig. 1A). The more the temperature
deviates from the internal body temperature, the more the
cellular proliferative potential is inhibited. To the best of our
knowledge, there are few published reports demonstrating
that mammalian cells cultured at temperatures below 37°C
proliferate more than those cultured at 37°C, with all other
conditions being identical. There is only one report indicat-
ing that oligodendrocyte precursor cells cultured at 31.5°C
resulted in an increase of the cell number relative to the cells
cultured at 37°C". Generally, reduced metabolic rate and
expression of cold shock response genes, caused by low
temperatures lead to reduction in the growth rate?®. It has
also been reported that cell cycle arrest has occurred when
cells were exposed to high temperature (42°C)*2. Our re-
sults are consistent with these previous reports. Although
the mature chondrocyte is seldom proliferating in the living
body, in a process of cartilage regeneration, there is a pos-
sibility that 37°C is suitable when cell growth is required.
In research on the cell death, acute reactions caused
by heat stimuli have been well-studied*?%. Wheatley et
al.*® reported that mammalian cells seemed to tolerate

temperatures of 42°C, whereas 43°C appeared to be a criti-
cal threshold, which rapidly led to cell death. Hojo et al.*®
have reported that heat stimulus at 41°C for 15 or 30 min
increased the viability of chondrocytes, and the borderline
temperature that determines the increase or decrease of
their metabolism would be between 41°C and 43°C. More-
over, they have indicated that these effects vary, not only
according to temperature, but also according to the duration
of exposure. However, the influence of chronic exposure
is still unclear?®. In this study, we demonstrated that the
cell viability of the cartilage chondrocytes did not change
in the temperature of the range of 32—41°C until Day 8 of
culture (Fig. 1B). The proportion of TUNEL-positive cells
at Day 3 was also low at < 1% of the total cells (Fig. 1C).
Therefore, at temperatures from 32—41°C, chondrocytes
may not experience cell death, even if exposed for a long
period of time.

The expression of the genes related to cartilage ECM
were up-regulated in a temperature-dependent manner
(Fig. 2). This suggested that the production of cartilage
ECM was enhanced by heat stimulus. Interestingly, MMP1
and MMP13 showed an opposite expression trend. MMP1
tended to be down-regulated while MMP13 tended to be
up-regulated in a temperature-dependent manner. Although
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this up-regulation of MMP13, which is a specific degrada-
tion factor of type II collagen protein, indicates the induc-
tion of cartilage degeneration, both TIMP1 and TIMP2,
which are cartilage-protective factors, were also up-regu-
lated in a temperature-dependent manner. It has been re-
ported that TIMP proteins combine with MMP proteins and
inactivate the function of the MMP proteins®®. Therefore, it
is necessary to consider the relative amounts of both MMP
and TIMP proteins. However, these amounts cannot be as-
sessed at the protein level, but only at the mRNA level in
this study.

The MMP1 mRNA expression, which is of a different
MMP family, was higher at 32°C in our study conditions,
however, it has been reported that the mRNA expression
of MMP1, induced by heat stimulus, was up-regulated in
a temperature-dependent manner in human skin fibroblasts
and epidermal keratinocytes?*®. Although the detailed
mechanism was unknown, these results imply that the in-
fluence of the thermal environment on MMP1 mRNA ex-
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The cell number and (B) the proportion of TUNEL-
positive cells 1 day following heat stimulus were
counted (n = 20). Values represent the means and
SD. *P <0.05.

pression may differ depending on the cell species.

The cells cultured at 41°C were more tolerant to heat
stress than those cultured at 32°C (Fig. 4A, B). It was as-
sumed that the acquisition of this heat tolerance was related
to induction of the HSP family, mainly HSP70. HSPs are
a vital set of chaperone proteins that respond to thermal
stress by assisting denatured proteins in the cytosol to refold
into their native, functional conformations, thereby restor-
ing the homeostasis of the cell®. It has been reported that
the stress tolerance by HSPs shows tolerance to not only
heat stress®”, but also to oxidant stress®", and mechanical
stress®?. Moreover, these effects were confirmed not only
in the articular cartilage''? but also in various organs such
as skeletal muscles®* ), liver*®, and blood vessels®”. There-
fore, the heat stimulus at 41°C might reduce the apoptosis
of chondrocytes, which has been reported as a part of OA
pathology, through the induction of HSPs.

We identified five limitations of this study. First, our
results were obtained from in vitro experiments. Since the
same result may not be obtained in vivo, it is necessary
to verify these findings using animal experiments, and to
also further confirm in a clinical study. Second, the heat
stress tolerance acquired by the heat stimulus did not verify
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whether the tolerance is actually shown to stress other than
the excessive heat stress used in this study, even though it
has generally been reported that tolerance is shown to vari-
ous other stressors. Third, we used 6-month-old pigs in this
study, which are skeletally immature and not osteoarthritic,
and it is likely that juvenile chondrocytes will react differ-
ently to temperature than adult chondrocytes. Fourth, our
results assessing the metabolic change were obtained from
basically mRNA level, not protein level. Since mRNA ex-
pression level does not always correlate with protein syn-
thesis level, we should have also confirmed the effects of the
thermal environment on articular chondrocyte metabolism
in the protein level. Finally, the effects on other cell types
that exist in the constituted synovial joint were not investi-
gated. It has been reported that the metabolic reaction and
the thermotolerance will differ among cell types®*™9. To es-
tablish a safe and effective thermotherapeutic approach, it
is essential to investigate its influence on chondrocytes and
also all other cell types.

Conclusions

We investigated the effects of the thermal environment
on articular chondrocyte metabolism in vitro to facilitate
the establishment of an effective thermotherapy for OA.
Several points were suggested by our results. First, ar-
ticular chondrocyte cell death is not promoted even when
cells are cultured at 32—41°C for a long period of time in
a monolayer culture. Second, cell proliferation is promoted
at 37°C, which is near internal body temperature, and is in-
hibited at temperatures higher or lower than 37°C. Third, in
an environment with temperature higher than 32°C, which
is the normal intra-articular temperature, the expression of
the genes related to the ECM is up-regulated, and the ECM
production may be enhanced. Fourth, although the expres-
sion of MMP13, the main destructive enzyme of type II
collagen, is up-regulated in a temperature-dependent man-
ner, the expression of TIMP1 and TIMP2, which are MMP
inhibitors, are also up-regulated in a similar manner. There-
fore, it cannot be simply concluded that a high-temperature
environment promotes cartilage destruction. Finally, the
chondrocytes cultured at 41°C may acquire heat stress tol-
erance, in part, due to the up-regulation of HSP70, and thus
may inhibit the apoptosis of the chondrocytes induced by
various stresses, which is observed in OA. Taken together,
thermal environment could affect articular chondrocyte
metabolism, and heat stimulus at approximately 41°C may
enhance chondrocyte anabolism and induce heat stress tol-
erance.
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