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A B S T R A C T

Aims: To investigate the cardioprotective effects of hypothermic (25 °C) reperfusion on ischemia/reperfusion
injury and the role of transient potential channel M8 (TRPM8) in this process.
Main methods: Western blot and real-time PCR were used to monitor the expression of TRPM8 in myocardium.
Myocardial ischemia/reperfusion injury was induced by 30min of global ischemia followed by 120min of re-
perfusion in Langendorff-perfused hearts from Sprague-Dawley rats. The reperfusion was either normothermic
(37 °C) or hypothermic (25 °C). Infarct size and left ventricular function were assessed, and lactate dehy-
drogenase (LDH), superoxide dismutase (SOD), and malondialdehyde (MDA) in the coronary effluent were
measured spectrophotometrically, and cardiomyocyte apoptosis was detected by TUNEL assay. The expression of
TRPM8, Bcl-2, Bax, cleaved capspase-3, RhoA, and ROCK2 was quantified.
Key findings: TRPM8 protein and mRNA were expressed in rat myocardium. Hypothermic reperfusion decreased
the infarct size, LDH activity, MDA content, apoptosis, and expression of Bax, cleaved caspase-3, RhoA, and
ROCK2 compared with normothermic reperfusion. These effects were associated with improved recovery of left
ventricular contractility, and were reduced by BCTC, a TRPM8 antagonist. Ischemia/reperfusion injury and the
increased expression of Bax, caspase-3, RhoA, and ROCK2 induced by normothermic reperfusion were reduced
by Icilin, a TRPM8 agonist.
Significance: Hypothermic reperfusion at 25 °C has cardioprotective effects against ischemia/reperfusion injury
via activation of TRPM8 to inhibit the oxidative stress-related RhoA/ROCK2 signal pathway.

1. Introduction

It is well known that prolonged myocardial ischemia leads to heart
damage, myocardial cell apoptosis, and cell death. One of the important
means of treating acute myocardial ischemia is myocardial reperfusion
[1]. However, restoration of the blood supply can itself induce cardi-
omyocyte death, known as myocardial ischemia/reperfusion injury
(MIRI), for which there is still no effective therapy. Although ischemic
preconditioning has been shown to protect against MIRI [2], its clinical
application is limited due to its invasiveness.

Recently, many animal and clinical studies have shown that hy-
pothermic reperfusion is beneficial to the ischemic brain, heart, and
other vital organs [3–6], suggesting that hypothermic reperfusion may
be an important potential means of treating MIRI. However, the tem-
perature for reperfusion has not been definitively recommended [7].
Because low temperatures are prone to induce ventricular fibrillation
[8], perfusion at lower temperatures than but close to normal body
temperature may have a protective effect without causing ventricular

fibrillation.
Transient receptor potential (TRP) channels are non-selective ca-

tionic channels widely distributed in the cardiovascular system and are
closely associated with many cardiovascular diseases [9] such as
myocardial fibrosis [10], cardiac hypertrophy [11,12], arrhythmias,
and atrioventricular block [13]. Different TRP channels are sensitive to
various stimuli [14,15]. Interestingly, some TRP channels are tem-
perature-sensitive: TRPV1–4 are thermosensitive [16,17], while
TRPM8, TRPA1, and TRPC5 are cold-sensitive [15,18,19]. The TRPM8
channel is activated at 25 °C [20], at which it exhibits a significant
inward current [21], and a similar temperature threshold has been
demonstrated by Ca2+-imaging [22]. The activation temperature of
TRPA1 is 17 °C and that of TRPC5 is 20 °C [15]; they share some
properties with TRPM8 [21,23]. Hypothermic reperfusion at such low
temperatures may activate these TRP channels [24], but whether they
participate in the cardioprotection provided by hypothermic reperfu-
sion remains unknown. Interestingly, it has been reported that TRPM8
activation inhibits oxidative stress [25,26]. Since oxidative stress is one
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of the main causes of MIRI, activation of TRPM8 may provide cardio-
protective effects by this mechanism. It is worthy of note that, among
the three cold-sensitive TRP channels, the activation temperature of
TRPM8 is closest to normal body temperature.

The heart undergoes oxidative stress during MIRI, and this even-
tually leads to apoptosis in cardiomyocytes [27]. The RhoA/ROCK (Ras
homolog gene family, member A/RhoA kinase) signaling pathway is
involved in oxidative stress-induced apoptosis [28–30]. RhoA is a
subtype of Rho, which is a Ras homolog, while ROCK1 and ROCK2 are
downstream effectors of RhoA [31,32]. The expression of ROCK1 and
ROCK2 differs in different tissues. ROCK1 is expressed more in lung,
spleen, liver, kidney, and testis, while ROCK2 predominates in brain
and heart [33]. Studies have shown that activation of TRPM8 attenu-
ates activation of the RhoA/ROCK2 signal pathway [34,35], suggesting
that TRPM8 may participate in the inhibition of oxidative stress.
However, little is known about the effects of TRPM8 activation on MIRI.

Based on the above evidence, we hypothesized that hypothermic
reperfusion at 25 °C protects the heart against MIRI by activating
TRPM8 to inhibit the oxidative stress-related RhoA/ROCK2 pathway. In
this study, we tested this hypothesis using the isolated Langendorff-
perfused rat heart.

2. Methods

2.1. Experimental animals

Male Sprague-Dawley rats weighing 200–250 g were provided by
the China Three Gorges University Laboratory Animal Center, and
housed in a temperature-controlled room (22–25 °C) at 60% humidity,
under a 12-h light/12-h dark cycle with water and food freely available.

2.2. Chemicals

Krebs-Henseleit (K-H) solution (in mmol/L: 118 NaCl, 4.7 KCl, 2.5
CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 10 C6H12O6), poly-
formaldehyde, xylene, and ethanol (100, 95, 90, 80, 75, and 70%) were
from Sinopharm Chemical; triphenyltetrazolium chloride (TTC) from
Sigma; the LDH, SOD, and MDA detection kits from Nanjing Jiancheng
Bioengineering Institute; the hematoxylin-eosin and TUNEL staining
kits from Beyotime; the TRIzol kit from Invitrogen (Carlsbad, CA); the
PrimeScript RT reagent kit and SYBR Premix from Takara (Shiga,
Japan); GelRed from Biotium (Hayward, CA, USA); the SDS-PAGE kit
from Servicebio; TRPM8 antibody (1:500) from Supan Bio of Shanghai;
RhoA (1:1000) and ROCK2 (1:1500) antibodies from Absin; Bcl-2
(1:500), Bax (1:1000), and cleaved caspase-3 (1:1000) antibodies from
Wanleibio; GAPDH antibody (1:10000) from CST; and ECL solution
from Applygen.

2.3. Preparation of Langendorff-perfused rat hearts

Each rat was anesthetized with pentobarbital sodium, (50mg/kg,
i.p.) and sacrificed by decapitation. The heart was isolated, mounted to
the Langendorff apparatus, and then perfused retrogradely at constant
pressure of 76mmHg with K-H buffer gassed with 95% O2/5% CO2,
equilibrated at pH 7.3–7.4, and maintained at 37 °C. A latex balloon
introduced into the left ventricle via the left atrium and mitral valve
was connected to a pressure transducer, resulting in a left ventricular
end-diastolic pressure (LVEDP) between 8 and 12mmHg. The left
ventricular developed pressure (LVDP), LVEDP, and maximum rate of
increase/decrease (± dp/dtmax) were recorded using PowerLab
(ADInstruments Ltd., Australia). Each heart was allowed to stabilize for
at least 20min.

2.4. Perfusion protocol for isolated hearts

Each isolated heart received 30min of global ischemia by stopping

Fig. 1. TRPM8 expression in myocardial tissue. A, TRPM8 mRNA expression
bands. B, TRPM8 protein expression bands. NC, normal control.

Fig. 2. Effect of hypothermic reperfusion on myocardial infarct size of isolated
hearts. A, representative images of TTC-stained myocardial infarcts in each
group. B, myocardial infarct size in each group. Data are expressed as
mean ± S.E.M. (n= 6; **P < 0.01 versus 25 °C group, ##P < 0.01 vs 37 °C
group; BCTC, TRPM8 antagonist; Icilin, TRPM8 agonist).

Fig. 3. LDH release in coronary effluent from isolated hearts. Data are ex-
pressed as mean ± S.E.M. (n= 6; *P < 0.05, **P < 0.01 vs 25 °C group,
#P < 0.05 vs 37 °C group; BCTC, TRPM8 antagonist; Icilin, TRPM8 agonist).
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the perfusion of K-H buffer, and this was followed by 120min of K-H
buffer reperfusion. Hypothermic reperfusion was achieved by switching
the K-H buffer from 37 °C to 25 °C. In order to assess the effects of
TRPM8 blockade on 25 °C reperfusion, during the first 15min of re-
perfusion at 25 °C, BCTC (a specific TRPM8 antagonist) was adminis-
tered at 8 μmol/L, which is known to block TRPM8 channels [36,37].
To assess the effects of TRPM8 activation on the MIRI induced by 37 °C
reperfusion, during the first 15min of reperfusion at 37 °C, Icilin (a
TRPM8 agonist) was administered at 2 μmol/L, a concentration known
to activate TRPM8 channels [22,38,39].

2.5. Infarct size measurement

At the end of 120min reperfusion, each heart was frozen at −20 °C
for 3 h. The frozen heart was cut into 2-mm transverse slices, which
were incubated in 0.4% w/v TTC phosphate buffer (pH 7.4 and 37 °C)
for 3–5min for staining, then fixed in 4% paraformaldehyde for
8–10min. The risk zone stained red, and the infarcted area was pale.
Infarct and risk areas were measured using planimetry with Image/J
(National Institutes of Health, Bethesda, MD). Infarct size was expressed
as a percentage of the risk zone.

2.6. TUNEL staining

After 2 h reperfusion, each heart was fixed in 4% paraformaldehyde.
Myocardial sections were dehydrated in xylene and an ascending
ethanol series, then cleared in xylene and embedded in paraffin.
Paraffin sections were cut at 4 μm, dewaxed with xylene, and stained
for TUNEL analysis. DNase-free proteinase K (20 μg/mL) was added to
the sections, reacted at 20–37 °C for 15–30min (optimal temperature
and time adjusted according to the tissue), and washed 3 times for
5min each in phosphate-buffered saline (PBS) at 37 °C. The sections
were blocked for 20min with 3% H2O2 in PBS at 25 °C and washed 3
times for 5min each in PBS at 37 °C. TUNEL reaction mixture (50 μL)
was added to the sections, which were incubated for 1 h at 25 °C in a
dark, humidified environment. Then the sections were washed 3 times
in PBS for 5min each at 37 °C. Streptavidin-HRP reaction mixture
(50 μL) was added to the sections and incubated for 30min in a hu-
midified environment at 25 °C, then the sections were washed 3 times
for 5min each in PBS at 37 °C. DAB reaction mixture was added to the
sections and incubated for 10min at 25 °C. The sections were then
washed 3 times for 5min each in PBS 37 °C, stained with hematoxylin
for 3min at 37 °C, and finally cleared with xylene and sealed with
neutral balata gum. The nuclei of apoptotic cells stained brownish
yellow and normal nuclei stained blue; cells were counted using Image-

Fig. 4. Hemodynamic changes. A, LVDP. B, LVEDP. C, +dp/dtmax. D, −dp/dtmax. Data are expressed as mean ± S.E.M. (n= 6; *P < 0.05, **P < 0.01 vs 25 °C,
#P < 0.05 vs 37 °C; BCTC, TRPM8 antagonist; Icilin, TRPM8 agonist).
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ProPlus 5.0. The ratio of the number of brownish-yellow cells to the
total number of cells was calculated, giving the apoptotic index.
TUNEL-stained images were captured with an Olympus microscope at
200× magnification.

2.7. Hemodynamic monitoring

LVDP, LVEDP, and±dp/dtmax were recorded using the Labchart
biological signal processing system.

2.8. Lactate dehydrogenase measurement

The coronary effluent from each Langendorff-perfused heart was
collected at 5 and 10min of reperfusion. The LDH activity in the ef-
fluent was determined spectrophotometrically using a kit (from Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer's instructions and expressed as units per liter.

2.9. Measurement of superoxide dismutase and malondialdehyde

After 2 h of reperfusion, the myocardial tissue was stored at −80 °C
for measurements of SOD activity and MDA content using kits(from
Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according
to the manufacturer's instructions.

2.10. Western blot analysis

Total proteins were assessed using the BCA protein assay. Proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred onto polyvinylidene difluoride membranes after
blocking with 5% non-fat milk for 1.5 h and washing with TBST for
5min, and then incubated with primary antibodies against Bcl-2, Bax,
cleaved caspase-3, RhoA, ROCK2, and GAPDH at 4 °C overnight.
Proteins were detected with horseradish peroxidase-conjugated sec-
ondary antibody and visualized by electrochemiluminescence. The

Fig. 5. Apoptosis in myocardium. A, representative TUNEL staining of myocardial tissue. B, apoptotic rate expressed as the ratio of TUNEL-positive (apoptotic) cells
to the total number of cardiomyocytes. Data are expressed as mean ± S.E.M. (n= 6; **P < 0.01 vs 25 °C group, ##P < 0.01 vs 37 °C group; BCTC, TRPM8
antagonist; Icilin, TRPM8 agonist).
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band densities were normalized to GAPDH.

2.11. Reverse transcription and real-time PCR

Total RNA in myocardial tissue was extracted using a TRIzol kit
(from Invitrogen, Carlsbad, CA) according to the manufacturer's in-
structions. Reverse transcription was performed using a PrimeScript RT
reagent kit (from Takara, Shiga, Japan) according to the manufacturer's
instructions. The following primers were used for real-time PCR: β-
actin, forward: 5′-GAG ACC TTC AAC ACC CCA GCC-3′ and reverse: 5′-
GGC CAT CTC TTG CTC GAA GTC-3′; TRPM8, forward: 5′-GCA GTG
GTA CAT GAA CGG AGT-3′ and reverse: 5′-TGA AGA GTG AAG CCG
GAA TAC-3′. Reactions were carried out on a real-time PCR thermo-
cycler, using SYBR Premix as the fluorescent dye. Real-time PCR pro-
ducts were analyzed by gel electrophoresis on 2% agarose containing
GelRed nucleic acid stain and visualized under a UV illuminator.

2.12. Statistical analysis

Data are expressed as mean ± S.E.M. Statistical comparisons were
performed by one-way analysis of variance and the Newman–Keuls test.
Differences of P < 0.05 were regarded as significant.

3. Results

3.1. Expression of TRPM8 in rat myocardium

The mRNA expression of TRPM8 was detected using real-time PCR
(Fig. 1A), and TRPM8 protein expression was assessed using western
blot analysis of isolated left-ventricular cardiomyocyte homogenates
(Fig. 1B).

3.2. Effect of hypothermic reperfusion on infarct size

Hypothermic reperfusion at 25 °C reduced the infarct size in the
isolated perfused rat heart compared with reperfusion at 37 °C, and this
effect was abolished by BCTC (8 μmol/L), an antagonist of TRPM8.
Administration of the TRPM8 agonist Icilin (2 μmol/L) reduced the
infarct size induced by reperfusion at 37 °C (Fig. 2).

3.3. Effect of hypothermic reperfusion on LDH release

After 30min of global ischemia, the LDH level peaked at 5min of
reperfusion and then began to decrease. Here we selected 2 time points
(5 and 10min) during reperfusion to assess LDH release. The results
showed that the LDH release was lower with 25 °C reperfusion than
with 37 °C reperfusion, and this was abolished by BCTC. Administration
of Icilin reduced the LDH release induced by reperfusion at 37 °C
(Fig. 3).

3.4. Effect of hypothermic reperfusion on hemodynamic parameters

LVDP and± dp/dtmax were significantly higher in hearts with re-
perfusion at 25 °C than at 37 °C, while LVEDP was markedly lower.
However, these effects were reversed by BCTC, whereas Icilin improved
the LVDP and±dp/dtmax (Fig. 4).

3.5. Effect of hypothermic reperfusion on myocardial apoptosis

Myocardium receiving 25 °C reperfusion showed less cardiomyocyte
apoptosis than at 37 °C reperfusion, and this effect was reduced by
BCTC, whereas administration of Icilin reduced the apoptosis induced
by reperfusion at 37 °C (Fig. 5).

3.6. Effect of hypothermic reperfusion on SOD activity and MDA levels in
myocardial tissue

SOD activity in myocardium with 25 °C reperfusion was higher, but
the MDA level was lower, than that with 37 °C reperfusion, and these
effects were reduced by BCTC. The decrease in SOD activity and the
increase in MDA in myocardium re-perfused at 37 °C were reversed by
Icilin (Fig. 6).

3.7. Effect of hypothermic reperfusion on the expression of Bax, Bcl-2,
cleaved caspase-3, and RhoA/ROCK2

In myocardium with 25 °C reperfusion, the expression of Bax,
cleaved caspase-3 and RhoA/ROCK2 was lower, while the Bcl-2 ex-
pression was markedly higher than that with 37 °C reperfusion, and
these effects were abolished by BCTC. Administration of Icilin reversed
the effects induced by 37 °C reperfusion (Fig. 7).

4. Discussion

Our results indicate that: (1) hypothermic reperfusion at 25 °C re-
duces myocardial ischemia-reperfusion injury by activating TRPM8;
and (2) activation of TRPM8 attenuates oxidative stress by inhibiting
the RhoA/ROCK2 pathway.

Using western blot and real time PCR, we demonstrated the

Fig. 6. A, B, effects of hypothermic reperfusion on changes in SOD (A) and MDA
(B) in myocardium from each group of rats. Data are expressed as
mean ± S.E.M. (n= 6; *P < 0.05, **P < 0.01 vs 25 °C, #P < 0.05 vs 37 °C;
BCTC, TRPM8 antagonist; Icilin, TRPM8 agonist).
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expression of TRPM8 in the myocardium of the Sprague-Dawley rat.
Since Demir et al. [40] reported that TRPM8 mRNA is not expressed in
the cardiac tissue of Wistar rats, we suggest that TRPM8 expression may
differ in different strains of rat.

We found that hypothermic reperfusion at 25 °C reduced MIRI by
reducing myocardial infarct size, LDH, and cardiomyocyte apoptosis,
which resulted in an improvement of cardiac function, showing that
hypothermic reperfusion has cardioprotective effects. In order to de-
termine whether TRPM8 participates in these effects, we blocked
TRPM8 with its specific antagonist BCTC, and the results showed that
the cardioprotective effects were significantly attenuated, indicating

that TRPM8 is involved. More importantly, the TRPM8 agonist Icilin
reduced the MIRI induced by reperfusion at 37 °C, further confirming
that TRPM8 activation is involved in the cardioprotection provided by
hypothermic reperfusion and suggesting that TRPM8 activation may be
an effective potential therapy to reduce MIRI.

Oxidative stress plays an important role in MIRI, which produces
large amounts of active oxygen and oxygen free radicals [27,41]. MDA
is one of the most important products of membrane lipid peroxidation,
and SOD is an important endogenous oxygen free radical scavenger.
Their levels indirectly reflect resistance to oxygen free radical damage
[42], so the commonly-used indicators for evaluating cardiac oxidative

Fig. 7. Expression changes of Bax, Bcl-2, cleaved caspase-3, and RhoA/ROCK2. A, representative protein expression bands in myocardium from each group. B–F,
relative expression of RhoA (B), ROCK2 (C), Bcl-2 (D), Bax (E), and cleaved caspase-3 (F). Data are expressed as mean ± S.E.M. (n= 6; *P < 0.05, **P < 0.01 vs
25 °C, #P < 0.05, ##P < 0.01 vs 37 °C; BCTC, TRPM8 antagonist; Icilin, TRPM8 agonist).

Q.-y. Cheng, et al. Life Sciences 232 (2019) 116658

6



stress include SOD and MDA [43]. When MIRI occurs in the heart, its
MDA content increases and the activity of SOD decreases [30,44], re-
flecting the degree of myocardial tissue damage. Our results showed
that hypothermic reperfusion increased the SOD activity and decreased
the MDA content in coronary effluent, whereas inhibition of TRPM8
with its antagonist BCTC abolished these effects, suggesting that acti-
vation of TRPM8 can reduce oxidative stress, consistent with published
reports [26,45]. Our further studies showed that activation of TRPM8
reversed the SOD reduction and MDA elevation induced by reperfusion
at 37 °C, further indicating that activation of TRPM8 mediates the in-
hibition of oxidative stress.

The RhoA/ROCK2 signaling pathway plays an important role in
many cellular functions, including contraction, movement, prolifera-
tion, and apoptosis, and its excessive activity induces oxidative stress
[33,46–48]. In addition, it has been reported to be activated in MIRI
[49,50]. To investigate the mechanism underlying the inhibition of
oxidative stress by activation of TRPM8, we further investigated the
contribution of the RhoA/ROCK2 signaling pathway in this process.
Our results showed that reperfusion at 25 °C reduced RhoA/ROCK2
expression in the myocardium compared to reperfusion at 37 °C, and
this was reversed by inhibition of TRPM8, suggesting that activation of
TRPM8 inhibits the RhoA / ROCK2 signaling pathway.

Apoptosis is thought to play an important role in MIRI [51,52], and
the RhoA/ROCK2 signaling pathway is widely involved in oxidative
stress-induced cardiomyocyte apoptosis [53,54]. Oxidative stress-re-
lated activation of the RhoA/ROCK2 signaling pathway ultimately leads
to increased apoptosis in cardiomyocytes [55]. Apoptosis is mediated
by cleaved caspase 3; in addition, the Bax family promotes apoptosis,
and Bcl-2 plays a key role in the anti-apoptotic process [56]. The bal-
ance between Bax and Bcl-2 determines the inhibition or activation of
apoptosis [57]. In our study, reperfusion at 37 °C was associated with
high expression of cleaved caspase 3 and Bax, but low expression of Bcl-
2, suggesting greater apoptosis than at 25 °C, whereas these effects were
attenuated by treatment with the TRPM8 agonist Icilin. In addition, the
TRPM8 antagonist BCTC reversed the expression of Bax, cleaved cas-
pase 3, and Bcl-2 induced by reperfusion at 25 °C, and increased the
number of TUNEL-positive cardiomyocytes, suggesting that activation
of TRPM8 during hypothermic reperfusion attenuates MIRI by in-
hibiting apoptosis.

In addition to TRPM8, TRPA1 and TRPC5 are also sensitive to cold
stimuli. In the present study, we did not investigate their potential roles
in cardioprotection by hypothermic reperfusion. Since it is unclear
whether these two cold-sensitive channels are involved in this process
at their activation temperatures, they will be investigated in subsequent
studies.

5. Conclusions

In summary, hypothermic reperfusion at 25 °C protects the myo-
cardium against MIRI via activating TRPM8, and inhibition of the oxi-
dative stress-related RhoA/ROCK2 signaling pathway mediated by
TRPM8 is involved in this process.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.

Acknowledgement

The authors are grateful to Dr. IC Bruce for reading the manuscript.

Funding

The National Natural Science Foundation of China (30872716);
Hubei Province Health and Family Planning Scientific Research Project
(WJ2015MB171).

Ethics approval

All procedures were approved by the Ethics Committee for the Use
of Experimental Animals in China Three Gorges University, and com-
plied with the Guide for the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health, USA.

References

[1] A. L, E. M, S. G, et al., Protection of the ischaemic heart: investigations into the
phenomenon of ischaemic preconditioning, Cardiovascular Journal of Africa 20 (1)
(2009) 43–51.

[2] G.W. Z W, H L, et al. Cardioprotective effect of the xanthones from Gentianella
acuta against myocardial ischemia/reperfusion injury in isolated rat heart,
Biomedicine & Pharmacotherapy = Biomedecine & Pharmacotherapie 93 (1)
(2017) 626–635.

[3] D.N. B K, L D, et al. Cardioprotection by very mild hypothermia in mice,
Cardiovascular Diagnosis and Therapy 9 (1) (2019) 64–67.

[4] F. Boccalandro, F.A. Cedeno, Successful re-initiation of therapeutic hypothermia as
adjunctive salvage therapy in a case of refractory cardiogenic shock due to acute
myocardial infarction, Am J Case Rep 20 (1) (2019) 323–329.

[5] A. Nozari, P. Safar, S.W. Stezoski, et al., Critical time window for intra-arrest
cooling with cold saline flush in a dog model of cardiopulmonary resuscitation,
Circulation 113 (23) (2006) 2690–2696.

[6] H. YH, J. JS, K. YW, et al., Impact of immediate post-reperfusion cooling on out-
come in patients with acute stroke and substantial ischemic changes, Journal of
Neurointerventional Surgery 9 (1) (2017) 21–25.

[7] G.S. Feitosa-Filho, J.P. Sena, H.P. Guimaraes, et al., Therapeutical hypothermia
after cardiopulmonary resuscitation: evidences and practical issues, Rev Bras Ter
Intensiva 21 (1) (2009) 65–71.

[8] S. F, A. G, C. C, et al., Mechanistic insights into hypothermic ventricular fibrillation:
the role of temperature and tissue size, Europace: European Pacing, Arrhythmias,
and Cardiac Electrophysiology: Journal of the Working Groups on Cardiac Pacing,
Arrhythmias, and Cardiac Cellular Electrophysiology of the European Society of
Cardiology 16 (3) (2014) 424–434.

[9] J. Rowell, N. Koitabashi, D.A. Kass, TRP-ing up heart and vessels: canonical tran-
sient receptor potential channels and cardiovascular disease, J. Cardiovasc. Transl.
Res. 3 (5) (2010) 516–524.

[10] F. Gao, Y. Liang, X. Wang, et al., TRPV1 activation attenuates high-salt diet-induced
cardiac hypertrophy and fibrosis through PPAR-δ upregulation, PPAR Res. 491963
(2014) 2014.

[11] Q W, S M, D L, et al. Dietary capsaicin ameliorates pressure overload-induced
cardiac hypertrophy and fibrosis through the transient receptor potential vanilloid
type 1. Am. J. Hypertens., 2014,27(12):1521–1529.

[12] B. Z, J. R, S. M, et al., Genetic ablation of TRPV1 exacerbates pressure overload-
induced cardiac hypertrophy, Biomedicine & Pharmacotherapy = Biomedecine &
Pharmacotherapie 99 (1) (2018) 261–270.

[13] H. Watanabe, M. Murakami, T. Ohba, et al., TRP channel and cardiovascular dis-
ease, Pharmacol. Ther. 118 (3) (2008) 337–351.

[14] R. Vennekens, Emerging concepts for the role of TRP channels in the cardiovascular
system, J. Physiol. 589 (Pt 7) (2011) 1527–1534.

[15] K. Uchida, K. Dezaki, T. Yoneshiro, et al., Involvement of thermosensitive TRP
channels in energy metabolism, J. Physiol. Sci. 67 (5) (2017) 549–560.

[16] Y. J, L. B, Q. F, et al., Modular thermal sensors in temperature-gated transient re-
ceptor potential (TRP) channels, Proc. Natl. Acad. Sci. U. S. A. 108 (27) (2011)
11109–11114.

[17] T. S, M. T, Animals must be capable of sensing hazardous temperatures to avoid
physical injury. Recent progress has revealed the molecular mechanisms underlying
this capability. This essential function requires a subset of the transient receptor
potential TRP channel family in both mammals and drosophila. We recently showed
that a drosophila TRP channel D P P H. A temperature-sensitive TRP ion channel,
painless, functions as a noxious heat sensor in fruit flies, Communicative &
Integrative Biology 2 (2) (2009) 170–173.

[18] J. Yao, B. Liu, F. Qin, Modular thermal sensors in temperature-gated transient re-
ceptor potential (TRP) channels, Proc. Natl. Acad. Sci. U. S. A. 108 (27) (2011)
11109–11114.

[19] M. Pertusa, B. Rivera, A. Gonzalez, et al., Critical role of the pore domain in the cold
response of TRPM8 channels identified by ortholog functional comparison, J. Biol.
Chem. 293 (32) (2018) 12454–12471.

[20] M.J.P. de Vega, I G, A F, et al. transient receptor potential melastatin 8 channel
(TRPM8) modulation: cool entryway for treating pain and cancer, J. Med. Chem. 59
(22) (2016) 10006–10029.

[21] MC A, T H, RN S, et al. Pharmacological blockade of the cold receptor TRPM8
attenuates autonomic and behavioral cold defenses and decreases deep body tem-
perature. J. Neurosci., 2012,32(6):2086–2099.

[22] D.A. Andersson, H.W. Chase, S. Bevan, TRPM8 activation by menthol, icilin, and
cold is differentially modulated by intracellular pH, J. Neurosci. 24 (23) (2004)
5364–5369.

[23] VV F, Y Z, Z C, et al. Transient receptor potential melastatin 8 channel inhibition
potentiates the hypothermic response to transient receptor potential vanilloid 1
activation in the conscious mouse. Crit. Care Med., 2014,42(5):e355-e363.

[24] A.M. Peier, A. Moqrich, A.C. Hergarden, et al., A TRP channel that senses cold
stimuli and menthol, Cell 108 (5) (2002) 705–715.

Q.-y. Cheng, et al. Life Sciences 232 (2019) 116658

7

http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0005
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0005
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0005
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0010
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0010
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0010
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0010
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0015
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0015
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0020
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0020
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0020
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0025
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0025
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0025
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0030
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0030
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0030
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0035
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0035
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0035
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0040
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0040
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0040
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0040
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0040
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0045
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0045
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0045
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0050
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0050
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0050
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0055
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0055
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0055
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0060
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0060
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0065
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0065
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0070
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0070
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0075
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0075
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0075
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0080
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0080
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0080
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0080
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0080
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0080
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0080
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0085
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0085
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0085
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0090
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0090
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0090
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0095
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0095
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0095
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0100
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0100
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0100
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0105
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0105


[25] L. Nocchi, D.M. Daly, C. Chapple, et al., Induction of oxidative stress causes func-
tional alterations in mouse urothelium via a TRPM8-mediated mechanism: im-
plications for aging, Aging Cell 13 (3) (2014) 540–550.

[26] E. B, M. N, L. P, et al., ADP-ribose and oxidative stress activate TRPM8 channel in
prostate cancer and kidney cells, Sci. Rep. 9 (1) (2019) 4100.

[27] S. IM, Z. VI, S. IM, et al., Cisplatin and cisplatin analogues perfusion through iso-
lated rat heart: the effects of acute application on oxidative stress biomarkers, Mol.
Cell. Biochem. 439 (1–2) (2018) 19–33.

[28] A.A.D. S, C. L, M. F, et al., Oxidative stress, caspase-3 activation and cleavage of
ROCK-1 play an essential role in MeHg-induced cell death in primary astroglial
cells, Food and Chemical Toxicology: An International Journal Published for the
British Industrial Biological Research Association 113 (3) (2018) 328–336.

[29] S M, W S, O M, et al. Diabetes-induced oxidative stress mediates upregulation of
RhoA/Rho kinase pathway and hypercontractility of gastric smooth muscle. PLoS
One, 2017,12(7):e178574.

[30] F.B. P, H.A. T, K.P. N, et al., Impaired corpus cavernosum relaxation is accompanied
by increased oxidative stress and up-regulation of the rho-kinase pathway in dia-
betic (Db/Db) mice, PLoS One 11 (5) (2016) e156030.

[31] F.H. L, W. X, R.P. S, et al., Expression and activity of RhoA/Rho kinase in re-
modeling of high blood flow pulmonary vessels, Zhonghua Er Ke Za Zhi = Chinese
Journal of Pediatrics 45 (5) (2007) 387–392.

[32] S.S. H S, K S, et al. RhoA/Rho-kinase in the cardiovascular system, Circ. Res. 118 (2)
(2016) 352–366.

[33] M. IF, A. K, O. H, et al., Rho kinase-mediated vasoconstriction in pulmonary hy-
pertension, Adv. Exp. Med. Biol. 661 (1) (2010) 299–308.

[34] M.N. F H, Z. JM, et al., TRPM8 downregulation by angiotensin II in vascular smooth
muscle cells is involved in hypertension, Mol. Med. Rep. 15 (4) (2017) 1900–1908.

[35] T.Y. J S, P W, et al. Activation of cold-sensing transient receptor potential mela-
statin subtype 8 antagonizes vasoconstriction and hypertension through attenuating
RhoA/Rho kinase pathway, Hypertension (Dallas, Tex.: 1979) 63 (6) (2014)
1354–1363.

[36] Z.H. X, C. W, T. F, et al., Action of thymol on spontaneous excitatory transmission in
adult rat spinal substantia gelatinosa neurons, Neurosci. Lett. 606 (1) (2015) 94–99.

[37] M. R, D. T, M. V, et al., Contribution of TRPM8 channels to cold transduction in
primary sensory neurons and peripheral nerve terminals, J. Neurosci. 26 (48)
(2006) 12512–12525.

[38] S.H. Kim, S.Y. Kim, E.J. Park, et al., Icilin induces G1 arrest through activating JNK
and p38 kinase in a TRPM8-independent manner, Biochem. Biophys. Res. Commun.
406 (1) (2011) 30–35.

[39] E. BW, A. ERO, W. AL, et al., The cooling compound icilin attenuates autoimmune
neuroinflammation through modulation of the T-cell response, FASEB Journal:
Official Publication of the Federation of American Societies for Experimental
Biology 32 (3) (2018) 1236–1249.

[40] T. D, O. Y, B. C, et al., Evaluation of TRPM (transient receptor potential melastatin)
genes expressions in myocardial ischemia and reperfusion, Mol. Biol. Rep. 41 (5)
(2014) 2845–2849.

[41] C Sinning, D. Westermann, P. Clemmensen, Oxidative stress in ischemia and re-
perfusion: current concepts, novel ideas and future perspectives, Biomark Med 11

(11) (2017) 11031–11040.
[42] H. Kazemirad, H.R. Kazerani, Nitric oxide plays a pivotal role in cardioprotection

induced by pomegranate juice against myocardial ischemia and reperfusion,
Phytother. Res. 32 (10) (2018) 2069–2077.

[43] P. AM, J. VL, B. JV, et al., The effects of potassium cyanide on the functional re-
covery of isolated rat hearts after ischemia and reperfusion: the role of oxidative
stress, Oxidative Med. Cell. Longev. 2018 (19) (2018) 5979721.

[44] M. M, M. F, S.M. K, et al., Role of central oxytocin in stress-induced cardioprotec-
tion in ischemic-reperfused heart model, J. Cardiol. 61 (1) (2013) 79–86.

[45] G. Bidaux, AS Borowiec, C Dubois, et al., Targeting of short TRPM8 isoforms in-
duces 4TM-TRPM8-dependent apoptosis in prostate cancer cells, Oncotarget 7 (20)
(2016) 29063–29080.

[46] F L, W X, A L, et al. Long-term inhibition of Rho kinase with fasudil attenuates high
flow induced pulmonary artery remodeling in rats. Pharmacol. Res., 2007,
55(1):64–71.

[47] K S, Y F, H S, et al. Rho-kinase: important new therapeutic target in cardiovascular
diseases. American journal of physiology. Heart and circulatory physiology, 2011,
301(2):H287-H296.

[48] S. S, K. S, R. K, et al., Different roles of myocardial ROCK1 and ROCK2 in cardiac
dysfunction and postcapillary pulmonary hypertension in mice, Proc. Natl. Acad.
Sci. U. S. A. 115 (30) (2018) E7129–E7138.

[49] SY L, QH X, G P, et al. The protective effect of Total flavones from planch. On
myocardial ischemia/reperfusion injury and its underlying mechanism. Evidence-
based complementary and alternative medicine: eCAM, 2018,2018(1):6139372.

[50] S.Y. L, S. C, Y.D. Q, et al., Urotensin-II receptor antagonist SB-710411 protects rat
heart against ischemia-reperfusion injury via RhoA/ROCK pathway, PLoS One 11
(1) (2016) e146094.

[51] J X, ZP K, Y S, et al. The cardioprotective effect of thymoquinone on ischemia-
reperfusion injury in isolated rat heart via regulation of apoptosis and autophagy. J.
Cell. Biochem., 2018,119(9):7212–7217.

[52] Z S, J B, Q W, et al. [Antagonistic effect and mechanism of Rosuvastatin on myo-
cardial apoptosis in rats with acute myocardial infarction]. Zhonghua Yi Xue Za Zhi,
2015,95(45):3695–3700.

[53] K H, L Y, CS P, et al. ROCK-dependent ATP5D modulation contributes to the pro-
tection of notoginsenoside NR1 against ischemia-reperfusion-induced myocardial
injury. Am. J. Physiol. Heart Circ. Physiol., 2014,307(12):H1764-H1776.

[54] X.Z. J L, Y H, et al. Blocking RhoA/ROCK inhibits the pathogenesis of pemphigus
vulgaris by suppressing oxidative stress and apoptosis through TAK1/NOD2-medi-
ated NF-κB pathway, Mol. Cell. Biochem. 436 (1–2) (2017) 151–158.

[55] H Z, Y S, L Z, et al. The RhoA/ROCK pathway mediates high glucose-induced car-
diomyocyte apoptosis via oxidative stress, JNK, and p38MAPK pathways. Diabetes
Metab. Res. Rev., 2018,34(6):e3022.

[56] Z. T, C. Y, B. Z, et al., Taxifolin protects rat against myocardial ischemia/reperfusion
injury by modulating the mitochondrial apoptosis pathway, PeerJ 7 (1) (2019)
e6383.

[57] J. L, H. HP, Y. L, et al., Influences of remifentanil on myocardial ischemia-re-
perfusion injury and the expressions of Bax and Bcl-2 in rats, Eur. Rev. Med.
Pharmacol. Sci. 22 (24) (2018) 8951–8960.

Q.-y. Cheng, et al. Life Sciences 232 (2019) 116658

8

http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0110
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0110
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0110
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0115
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0115
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0120
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0120
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0120
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0125
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0125
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0125
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0125
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0130
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0130
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0130
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0135
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0135
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0135
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0140
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0140
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0145
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0145
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0150
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0150
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0155
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0155
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0155
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0155
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0160
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0160
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0165
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0165
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0165
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0170
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0170
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0170
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0175
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0175
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0175
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0175
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0180
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0180
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0180
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf9805
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf9805
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf9805
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0190
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0190
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0190
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0195
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0195
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0195
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0200
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0200
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf9645
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf9645
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf9645
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0210
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0210
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0210
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0215
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0215
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0215
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0220
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0220
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0220
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0225
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0225
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0225
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0230
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0230
http://refhub.elsevier.com/S0024-3205(19)30584-3/rf0230

	Reduced cardiac ischemia/reperfusion injury by hypothermic reperfusion via activation of transient receptor potential M8 channel
	Introduction
	Methods
	Experimental animals
	Chemicals
	Preparation of Langendorff-perfused rat hearts
	Perfusion protocol for isolated hearts
	Infarct size measurement
	TUNEL staining
	Hemodynamic monitoring
	Lactate dehydrogenase measurement
	Measurement of superoxide dismutase and malondialdehyde
	Western blot analysis
	Reverse transcription and real-time PCR
	Statistical analysis

	Results
	Expression of TRPM8 in rat myocardium
	Effect of hypothermic reperfusion on infarct size
	Effect of hypothermic reperfusion on LDH release
	Effect of hypothermic reperfusion on hemodynamic parameters
	Effect of hypothermic reperfusion on myocardial apoptosis
	Effect of hypothermic reperfusion on SOD activity and MDA levels in myocardial tissue
	Effect of hypothermic reperfusion on the expression of Bax, Bcl-2, cleaved caspase-3, and RhoA/ROCK2

	Discussion
	Conclusions
	mk:H1_25
	Acknowledgement
	mk:H1_28
	Funding
	mk:H1_30
	Ethics approval
	mk:H1_32
	References




