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Abstract

Neonatal rat primary myocardial cells were subjected to heat stress in vitro, as a model for investigating the distribution and
expression of Hsp27 and aB-crystallin. After exposure to heat stress at 42°C for different durations, the activities of enzymes
expressed during cell damage increased in the supernatant of the heat-stressed myocardial cells from 10 min, and the
pathological lesions were characterized by karyopyknosis and acute degeneration. Thus, cell damage was induced at the
onset of heat stress. Immunofluorescence analysis showed stronger positive signals for both Hsp27 and aB-crystallin from
10 min to 240 min of exposure compared to the control cells. According to the Western blotting results, during the 480 min
of heat stress, no significant variation was found in Hsp27 and aB-crystallin expression; however, significant differences were
found in the induction of their corresponding mRNAs. The expression of these small heat shock proteins (sHsps) was
probably delayed or overtaxed due to the rapid consumption of sHsps in myocardial cells at the onset of heat stress. Our
findings indicate that Hsp27 and aB-crystallin do play a role in the response of cardiac cells to heat stress, but the details of
their function remain to be investigated.
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Introduction aberrantly folded polypeptides and allow their correct refolding
during stress recovery [14,15]. Hsps are named according to their

Exposure to high temperature without proper cooling could be molecular weight, such as Hsp90 (molecular weight=90 kD),
dangerous and even fatal, as high temperatures can damage the Hsp60, Hsp70 and Hsp27 [14].

brain and other internal organs; sudden exposure to heat is
reported to lead to heart attack, stroke and cardiac arrest [1,2].
Heat stroke is defined as an increase in body temperature to higher
than 40.6°C due to environmental heat exposure and lack of
thermoregulation [2]. Several factors influence the induction of
heat stress, such as medication and age-related physiological
changes, which can predispose individuals to heat stroke [3].

Small heat shock proteins (sHsps) are characterized by low
molecular masses (12—43 kDa) and a conserved C-terminal
domain [16]. sHsps are found in most organisms, where they
are induced in response to stress and are involved in protecting
cells from various unfavorable conditions such as anoxia, UV,
glucose deprivation, toxic radicals and carcinogens [17-19]. sHsps
were first detected in the heart, where they were found to be
mainly distributed in the cytosol of cardiac cells, but were also
present in the perinuclear region and nucleus [20-23]. In humans,
10 sHsps have been characterized, but only a few of them, such as
Hsp27, Hsp22 and aB-crystallin, are true Hsps that display
enhanced synthesis in response to several stresses [24,25].

Hsp27 is considered to be a potential diagnostic marker for
cancer [26]. Notably, small oligomers formed by Hsp27 can
sustain cytoskeleton integrity [27,28], which is required to
maintain normal muscular function. aB-Crystallin occurs as large
aggregates, comprising two types of related subunits (A and B). It is
expressed widely in many tissues and plays a role in the
pathogenesis of several diseases [29]. aB-crystallin is reported to
be overexpressed under ischemia and reperfusion conditions
i vitro where it has cytoprotective effects [30,31]. aB-Crystallin

Hyperthermia can induce cellular damage and apoptosis in
many different cell types [4,5]. In particular, pathological changes
in heart cells in response to stress have been investigated in
transported pigs [6] as well as chickens [7]. For instance, a 60%
death rate related to heart failure caused by transport stress was
reported for pigs in Great Britain [8].

It has been reported that the expression of heat shock proteins
(Hsps) 1s increased when cells are exposed to elevated temperatures
or other stresses, such as disease [9]. Hsps are a class of
functionally related proteins that play regulatory roles in
preventing stress injury, protein synthesis (folding and unfolding)
and degradation, immune response generation and apoptosis [10—
13], and they are found in virtually all living organisms, from
bacteria to humans. When cells are exposed to high temperature,
Hsps act as molecular chaperones that counteract the formation of

PLOS ONE | www.plosone.org 1 July 2013 | Volume 8 | Issue 7 | 69066



accounts for up to 3% of the total protein in the heart; moreover,
the overexpression of aB-crystallin in cultured cardiac myocytes
protects them from ischemia-induced cell death and stabilizes
microtubules [32].

Hsp27 and aB-crystallin are found in many cell types, especially
smooth muscle cells. Some researchers have confirmed that Hsp27
and aB-crystallin are abundantly produced in response to various
types of stress in cardiac and skeletal muscles as well as in the brain
wm vivo [29,33]. Although Hsp27 and aB-crystallin display a wide
range of cellular properties, they are mostly known for their ability
to interact with cytoskeletal proteins and play the role of
chaperones. However, the function of Hsp27 and aB-crystallin
in heat-stressed myocardial cells i vitro is still unknown.

Heat-related deaths are sometimes difficult to investigate as it is
difficult to measure environmental and body core temperatures
during field investigations [34,35]. Moreover, it is difficult to
systematically investigate the mechanisms of stress-induced cell
damage and alterations in cellular metabolism i vivo because of
the presence of numerous confounding environmental variables.
Therefore, in the present study, we have conducted an i vitro
examination of variations in the expression and localization of
Hsp27 and aB-crystallin in primary myocardial cell models in
which heat shock was induced after exposure to different durations
of heat stress at 42°C.

Materials and Methods

Cell Culture and Heat Stress Treatment

Two-day-old rat primary myocardial cells were provided by
Shanghai Fu Meng Biological Technology Ltd. Cells were
cultured for 72 h until the fusion rate was higher than 90%.
The cultured cells were divided into nine groups: control group
(0 min) and eight experimental groups exposed to heat stress for
10 min, 20 min, 40 min, 60 min, 120 min, 240 min, 360 min and
480 min. The cells were exposed to heat stress as rapidly as
possible by quickly transferring them from a 37°C incubator to a
42°C humidified atmosphere containing 5% COg and 95% air.

Enzymatic Activities in the Supernatant of Cultured
Myocardial Cells

The supernatant media from myocardial cell cultures were
collected from both the heat stress and control groups, and stored
at —80°C. The activity of aspartate aminotransferase (AST,
C010), lactate dehydrogenase (LDH, A-020-1), and creatine kinase
(CK, A032) in all the media samples was measured according to
the instructions given in the commercial kits (Nanjing Jiancheng
Biochemical Reagent Co., Nanjing, China). Each measurement
was repeated five times. The enzyme activities were formulated by
the enzyme unit (U), which represents the amount of a particular
enzyme.

Cytopathological Examination

Myocardial cells (3-5x10° cells grown on glass coverslips) were
heat stressed at 42°C, fixed in 95% ethanol for 10 min at room
temperature (RT), stained with hematoxylin and eosin (H&E), as
described previously [36] and examined by light microscopy.

Immunofluorescence Analysis

Myocardial cells (2-8x10* cells in 35-mm? plates) were fixed
directly on dishes using pre-cooled 3% formaldehyde in phosphate
buffer solution (PBS) for 30 min at room temperature (RT), and
permeabilized with 0.1% Triton X-100 in PBS for 15 min. After
blocking with 5% skim milk in PBS for 1 h, a 1:200 dilution of
each, anti-rat Hsp27 monoclonal antibody (ab78307, Abcam,
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USA) and aB-crystallin monoclonal antibody (ab13496, Abcam),
was added to the coverslips and they were incubated in a moist
chamber for 1 h at 37°C. After washing with PBS three times, the
coverslips were incubated with rhodamine red-conjugated goat
anti-mouse IgG antibody at a 1:100 dilution (BA1089, Boster,
China) at 37°C for 1 h. After washing with PBS again, the
coverslips were dyed with DAPI solution (H-1000, Vector, USA).
Myocardial cells were observed using an immunofluorescence
microscope (Cx41-32rfl, Olympus, Japan).

Western Blotting Analysis

Myocardial cells were harvested directly in 2x Laemmli buffer
[37]. The protein content was measured using the BCA protein
assay kit (Pierce). Samples were boiled for 5 min. Equal amounts
of protein (20 pg) were loaded on a 10% acrylamide:bisacrylamide
(30:0.8) gel. After separation, the proteins were transferred onto a
nitrocellulose membrane by electrotransfer (200 mA, 2 h). The
membrane was blocked with 5% non-fat milk in Tris-buffered
saline (20 mM Tris-HCI (pH 7.6) and 137 mM NaCl) containing
0.1% Tween-20 (TBST) for 1 h at RT. Then, the membrane was
incubated with anti-rat Hsp27 monoclonal antibody (ab78307,
Abcam, Japan) and aB-crystallin monoclonal antibody (ab13496,
Abcam, USA) at a 1:1000 dilution and anti-rat B-actin monoclonal
antibody (ab8224, Abcam, USA) at a 1:1000 dilution for 16 h at
4°C. After the membrane was washed with TBST, it was further
incubated with peroxidase-conjugated goat anti-mouse IgG
antibody (BA1038, Boster, China) at a 1:1000 dilution at R'T" for
1 h. The antibody-antigen complexes were detected using western
blotting luminal reagent. The bands on the developed film were
quantified with Quantity One 4.6.2 software (Bio-Rad, USA). The
density of each band was normalized to that of B-actin protein.

Detection of hsp27 and aB-Crystallin mRNA by

Fluorescence Quantitative Real-time PCR

Isolation of total RNA and reverse transcription. After
myocardial cells were exposed to heat stress at 42°C, they were
washed with PBS, and total RNA was isolated using the TRIzol
reagent (15596-026, Invitrogen, USA) according to the manufac-
turer’s instructions. The concentration of RNA was determined by
a spectrophotometer (Mx3000P, USA) at 260 nm. Serial dilutions
of RNA were prepared with ribonuclease-free water, and 2 pg of
each sample was synthesized into DNA using the Transcript M-
MLV kit (28025013, Gibco, USA) following the manufacturer’s
protocol. Reaction products were stored at —80°C.

Design of PCR primers. Primer sets were specifically
designed to anneal to each target mRNA. The sequences of
hsp27, aB-Crystallin and f-actin mRNA were obtained from the
National Center for Biotechnology Information’s (NCBI) Genbank
(accession nos. BC081945.1 and NM_031144.2, respectively). The
primers were designed using the Primer Premier 5.0 software for
conventional and RT-PCR amplification. Primer sequences for
the genes were: CGTGGTGGAGATCACTGGCAAGC and
CGGGCCTCGAAAGTGACCGG for hsp27, and CACGAA-
GAGCGCCAGGACGA and CGTCGGCTGGGATCCGG-
TACT for aB-crystallin. The expected size of the Asp27 and aB-
¢rystallin PCR product was 216 bp and 153 bp respectively. The
expected size of the f-actin PCR product was 161 bp, and the
primer sequences were TGCTCCTCCTGAGCGCAAGT and
ACGCAGCTCAGTAACAGTCCGC.

Quantitative real-time PCR. Each DNA sample (2 pL, 25
times dilution) was suspended in 2x SYBR Premix Ex Taq
(DRR041S, Takara, China) with primers (25 pmol of sense and
antisense primers) and double-distilled water to make up a total
volume of 25 pL. Quantitative PCR was performed using an ABI
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7300 gPCR thermocycler (7300, Applied Biosystems, USA). The
thermal profile was established according to the manufacturer’s
protocol. Briefly, enzyme activation was carried out at 95°C for
3 min followed by 40 cycles of denaturation at 95°C for 5 s and
annealing and elongation at 53°C for 30 s. For each run, a
negative control tube without DNA was analyzed along with the
experimental samples. A 2-fold dilution series of the template was
used in the quantitative PCR (qPCR) reactions. The levels of isp27
mRNA and aB-crpstallin mRNA were normalized to those of B-
actin using the following formula:

Relative quantity of hsp27/oB-crystallin mRINA =244

AACt= — |:(Cthsp27/:xB-crystallinmRNA'CtB-aCtin)

controlgroup

- (Cthsp27/onB-cryslallinInRjNA'Ct B-actin ) testgroup]

Statistical Analysis

Differences between the heat stress groups and the control
group were analyzed by one-way analysis of variance (ANOVA)
followed by the LSD multiple comparison test, using the Statistical
Package for Social Sciences (SPSS version 20.0 for Windows).
Results were expressed as the mean = SD of at least three
independent experiments. P-values that were <0.05 were consid-
ered to indicate statistical significance, unless otherwise indicated.
All experiments were performed in triplicate (n = 3).

Results

Cardiomyocyte Damage-related Enzyme Activities in the
Supernatant of Myocardial Cells

The AST, CK, and CKMB (creatine kinase-MB) levels in the
media of primary myocardial cell cultures are shown in Figure 1.
The AST activities in the media of the heat-stressed groups were
significantly higher (P<<0.01) in comparison with the control group.
The level of CK activity displayed an induction tendency (P>0.05)
and increased significantly at 120 min of heat stress (P<0.05). The
levels of CKMB were increased significantly (P<<0.05) at 60 and
120 min of heat stress. Although the enzyme levels of CK and
CKMB started to decrease gradually after 240 min of heat stress,
they were still higher than those of the control group.

Cytopathological Changes in Primary Myocardial Cells
after Heat Stress in vitro

The cytopathological changes that occurred in primary rat
myocardial cells after they were heat stressed at 42°C' in vitro are
shown in Figure 2. Acute degeneration characterized by numerous
fine granular particles in the cytoplasm and enlarged cell size were
observed from the beginning (10 min) to the end of heat stress
(480 min). However, from 40 min to 240 min of heat stress, the
stress damage characterized by the obvious formation of
karyopyknosis and intracellular granules were identified. After
240 min of heat stress, the main lesions of the stressed myocardial
cells were cytomorphosis (enlarged size) and acute degeneration.
There was no obvious pathological change in the control group.

Immunofluorescence Findings for Hsp27 and oB-
crystallin Expression in Myocardial Cells after Heat Stress

Distribution and localization of Hsp27 and aB-crystallin both in
control and the heat-stressed groups are shown in Figure 3A and
3B, respectively.
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Although Hsp27 was distributed in both the nucleus and the
cytoplasm of myocardial cells after stress induction, stronger
signals were found in the cytoplasm. In the unstressed state, Hsp27
signals were distributed as smears, but they were weakly
distributed in the cytoplasm as long as very little can be found
in the nuclei of myocardial cells. After 60 min of heat stress, Hsp27
signals distributed in both the nucleus and cytoplasm of
myocardial cells were obviously observed compared with the
control group. However, Hsp27 was mainly distributed in the
cytoplasm, and weak signals were observed in the nucleus of
myocardial cells after heat treatment for 240 min.

oB-Crystallin signals were characterized by tiny smashed
granules mixed with larger stained granules scattered in the
cytoplasm of myocardial cells in the control group. aB-Crystallin
signals were obviously and consistently present in the cytoplasm of
myocardial cells both in the heat-stressed groups and the control
group. After 60 min of exposure to heat stress, oB-crystallin signals
were found scattered in the cytoplasm. The strongest positive
signals for aB-crystallin were found scattered in both the nucleus
and cytoplasm of myocardial cells at 240 min of heat stress.

Variation in the Expression of Hsp27 and aB-crystallin in
Myocardial Cells after Heat Stress

Variations in the expression of Hsp27 and oB-crystallin,
normalized to myocardial cell B-actin levels, are displayed in
Figure 4. Although there were differences in their expression, it
was not significant (P>0.05) compared to the control group during
480 min of heat shock exposure in vitro.

Variations in hsp27 mRNA and oB-crystallin mRNA
Transcription in Myocardial Cells after Heat Stress

The transcription levels of #&sp27 mRNA and oB-crystallin
mRNA, normalized to myocardial cell f-actin mRNA, are
displayed in Figure 5. Gt values for hsp27 and aB-crystallin were
normalized against B-actin. The expression of this housekeeping
gene did not change in response to heat stress. The transcription
levels of Asp27 mRNA were increased immediately and signifi-
cantly (P<<0.01) after exposure to heat shock. With increase in the
amount of exposure time, the transcription levels of 4sp27 mRNA
persistently increased. The transcription level of £sp27 mRNA was
eight-fold higher at 120 min than that at 60 min of heat stress, and
reached peak levels at 360 min, at which point it was 18-fold
higher than that at 240 min. The transcription levels of aB-
crystallin:. mRINA in the myocardial cells showed a significant
(P<0.01) increase as soon as they were exposed to high
temperature (at 10 min). After 120 min of heat exposure, the
transcription level of oB-¢crystallin mRNA in the heat-stressed
myocardial cells was four-fold higher, and it reached the highest
level at 360 min of exposure.

Discussion

We have found that Hsp27 and aB-crystallin show changes in
their localization and expression in rat primary myocardial cells
exposed to heat stress, based on the results of western blotting,
immunofluorescence analysis, and qPCR.

We first confirmed the induction of cellular damage by
determining the levels of the mitochondrial enzymes CK, CK-
MB, LDH and AST, which are used as cardiac function indicators
to investigate damage to the heart not only in humans but also in
livestock [37-43]. In the present study, these enzymes were useful
and provided for rapid identification of damage to the heart at the
beginning of heat treatment. CK, as well as its isozyme, plays a
particularly important role in tissues with large and fluctuating
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Figure 1. Time course of enzyme activities in the supernatant of myocardial cells exposed to heat stress. A: The activity levels of AST
showed an obvious increase from 10 min of heat exposure at 42°C; B: The activity levels of CK showed an increasing tendency and decreased after
120 min of heat stress; C: The activity levels of CK-MB showed an increasing tendency, reached peak levels after 60 min and 120 min of exposure to
heat stress, and then decreased after 120 min. 2P<0.05; ¥P<0.01.

doi:10.1371/journal.pone.0069066.g001

10pm

g & h ) ~=

Figure 2. Pathological changes in primary rat myocardial cells exposed to heat stress in vitro at 42°C. Myocardial cells were incubated at
37°C, heat stressed at 42°C for 10, 20, 40, 60, 120, 240, 360 and 480 min, stained with H&E and photographed using a Carl Zeiss optical microscope
equipped with an imaging system (400 x). Scale bar=10 um. a. Control cells (37°C). b. After 10 min of heat stress, acute granular degeneration was
observed in the cytoplasm compared to control cells. c. After 20 min of heat stress, the cytoplasm of the swelling myocardial cells was obviously
cloudy. d. After 40 min, numerous red granules were observed in the cytoplasm. e. After 60 min of heat stress, the nuclei were observed to be
markedly basophilic and the cell sizes were enlarged. f. After 120 min of heat stress, karyopyknosis was observed. g. After 240 min, markedly
basophilic nuclei and intracellular vacuoles were observed in the heat stressed myocardial cells. h. After 360 min, the number of intracellular granules
in the cytoplasm of swollen myocardial cells decreased. i. After 480 min of heat stress, the cells remained enlarged and degeneration was evident
compared with the control group.

doi:10.1371/journal.pone.0069066.9002
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(A) Hsp27
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. . 240 min-a
. . 240 min-b

(B) a B-Crystallin
3 3

Figure 3. Distribution of Hsp27 and aB-crystallin in control and heat-stressed myocardial cells. A: Hsp27, a: Hsp27 (Rhodamine); b:
merge. B: aB-Crystallin, a: aB-Crystallin (Rhodamine ); b: merged. 1: Smeared and granular Hsp27 signals can be seen distributed in the cytoplasm and
nucleus of the control myocardial cells; 2: Stronger positive signals for Hsp27 were observed in both the nucleus and cytoplasm at 60 min of heat
stress compared with the control group; 3: Hsp27 was distributed mainly in the cytoplasm after 240 min of heat stress, but weak signals were
observed in the nucleus. 4: aB-Crystallin was found distributed in the form of smashed granules in the cytoplasm of the control myocardial cells. 5:
Stronger aB-crystallin signals were found scattered in the cytoplasm of myocardial cells exposed to heat stress compared with the control group after
60 min of heat stress. 6: After 240 min of heat stress, the strongest positive signals for aB-crystallin were observed in both the cytoplasm and nucleus
of myocardial cells.

doi:10.1371/journal.pone.0069066.9003
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protein) showed that during the 480 min of heat stress exposure, the expression of Hsp27 did not show significant variations (P>0.05) compared to
the control group. aB-Crystallin expression also did not show any obvious variation during the 480 min of heat shock.

doi:10.1371/journal.pone.0069066.g004

energy demands such as those in the muscle and brain [44]. CK is
one of the most abundant enzymes found in heart cells, and it is
used as a specific diagnostic factor for cardiac damage [45]. When

the membrane permeability of myocardial cells increases or these
cells are damaged due to external stress, CK is released from
myocardial cells and its levels are therefore increased in cell media
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Figure 5. Transcription levels of hsp27 mRNA and aB-crystallin mRNA in myocardial cells after heat stress. qPCR Ct values for hsp27 and
aB-crystallin were normalized against -actin. Expression of this housekeeping gene did not change in response to heat stress. The results showed
that the transcription levels of hsp27 mRNA increased immediately and significantly (P<<0.01) from 10 min after the onset of heat shock until
480 min, peaking at 360 min. The transcription levels of aB-crystallin mRNA also showed a significant (P<<0.01) increase from 10 min after exposure to

heat stress until 480 min, and peaked at 360 min. For aB-crystallin mRNA,
doi:10.1371/journal.pone.0069066.g005
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2 p<0.05; ", P<0.01. For hsp27 mRNA, ® P<0.01.
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or blood serum [44]. AST is mainly distributed in the heart, brain,
liver, muscles, kidneys and other organs, which can also be
regarded as key elements for the diagnosis of heart cell damage
[46]. The cytopathological changes of the heat-stressed primary
myocardial cells, characterized by nuclear shrinkage (karyopyk-
nosis) and acute granular degeneration, occurred i vitro as early as
10 min exposure to heat stress, and were particularly evident from
60 min to 240 min. Our results suggest that myocardial cells are
considerably damaged even after 10 min of heat stress at 42°C,
and also that the level of AST can be considered an early indicator
of cardiac damage.

With regard to the role of sHSPs in cardiac damage, our
immunofluorescence results indicate that the distribution densities
of Hsp27 and aB-crystallin in the myocardial cells increased with
time of exposure to heat stress and varied from that in the control
cells even after exposure to heat for a short time. The results are in
agreement with another study, according to which these proteins
were expressed dynamically in rat primary myocardial cells when
they were subjected to stress [47]. According to another report,
Hsp27 was mainly distributed in the cytoplasm, and heat stress
increased the phosphorylation of Hsp27, which led to its transfer
to the nucleus in PC12 cells [48]. In our study, we found that
although Hsp27 and aB-crystallin were distributed both in the
nucleus and cytoplasm of myocardial cells of the control and heat
stress groups, stronger signals were found in the cytoplasm with
heat stress, especially after 240 min of exposure. This may be
related to their role in the refolding of denatured proteins induced
by heat exposure. Also, aB-crystallin showed stronger signals after
240 min of heat stress as compared to Hsp27. This is probably
related to its role as a skeletal protein which can stabilize
myofilament proteins through selective interactions with actin,
titin, nebulette and the intermediate filaments, desmin and
vimentin [49].

Our Western blotting results showed that there was no
significant increase in the expression of both Hsp27 and aB-
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crystallin - during 480 min of heat stress. In contrast, the
transcription of both /#sp27 mRNA and oB-crystallin. mRNA
showed a dramatic and similar increase from the onset of heat
stress (according to the results of gPCR). This suggests that sHsp
expression was delayed or overtaxed due to rapid consumption of
both sHsps at the onset of heat stress, since they are required for
myocardial cell balance in response to stress [6]. It has been
reported that overexpression of mutant aB-crystallin (R120G) in
the heart can lead to cardiomyocyte death, dilation, and heart
failure [50], suggesting that even molecular chaperones like Hsps
need to be in a relatively stable state to play a protective role i vivo
and in vitro.

Similar to our results, it has been shown that £sp27 mRNA and
oB-crystallin mRNA are overexpressed in heart and other smooth
muscles after heat stress, but the expression of their corresponding
proteins does not differ [29]. However, after the addition of
myogenic factor, Hsp27 and aB-crystallin expression increases
significantly [29]. This is probably linked to the function of these
Hsps in the protection of cells against stress or to a specific function
in a particular tissue [6,24]. Hsp27 and aB-crystallin may
modulate interaction between cellular factors by forming small
or large oligomers, undergoing phosphorylation, and inducing
cell—cell contact [51]. However, the detailed functions of these two
sHsps in myocardial cells are not fully understood.

Thus, our results together indicate that Hsp27 and aB-crystallin
do indeed play a regulatory role in the response of cardiac cells to
heat stress, but the details of the mechanism still need to be
mnvestigated.
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