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Blockage of transient receptor 
potential vanilloid 4 alleviates 
myocardial ischemia/reperfusion 
injury in mice
Qian Dong1,*, Jing Li1,*, Qiong-feng Wu1,*, Ning Zhao1, Cheng Qian1, Dan Ding1,  
Bin-bin Wang1, Lei Chen2, Ke-Fang Guo3, Dehao Fu4, Bing Han5, Yu-Hua Liao1 & Yi-Mei Du1

Transient receptor potential vanilloid 4 (TRPV4) is a Ca2+-permeable nonselective cation channel and 
can be activated during ischemia/reperfusion (I/R). This study tested whether blockade of TRPV4 can 
alleviate myocardial I/R injury in mice. TRPV4 expression began to increase at 1 h, reached statistically 
at 4 h, and peaked at 24–72 h. Treatment with the selective TRPV4 antagonist HC-067047 or TRPV4 
knockout markedly ameliorated myocardial I/R injury as demonstrated by reduced infarct size, 
decreased troponin T levels and improved cardiac function at 24 h after reperfusion. Importantly, the 
therapeutic window for HC-067047 lasts for at least 12 h following reperfusion. Furthermore, treatment 
with HC-067047 reduced apoptosis, as evidenced by the decrease in TUNEL-positive myocytes, 
Bax/Bcl-2 ratio, and caspase-3 activation. Meanwhile, treatment with HC-067047 attenuated the 
decrease in the activation of reperfusion injury salvage kinase (RISK) pathway (phosphorylation of Akt, 
ERK1/2, and GSK-3β), while the activation of survival activating factor enhancement (SAFE) pathway 
(phosphorylation of STAT3) remained unchanged. In addition, the anti-apoptotic effects of HC-067047 
were abolished by the RISK pathway inhibitors. We conclude that blockade of TRPV4 reduces apoptosis 
via the activation of RISK pathway, and therefore might be a promising strategy to prevent myocardial 
I/R injury.

Ischemia heart disease continues to be the leading cause of human disability and mortality worldwide1. Early 
coronary reperfusion is the most effective strategy to alleviate the ischemic injury; however, reperfusion itself may 
lead to additional myocardial injury, a phenomenon known as ischemia/reperfusion (I/R) injury2. The patho-
physiology of myocardial I/R injury have been reviewed everywhere2,3, and involve intracellular Ca2+ overload 
and oxidase stress, which in turn initiate myocardial cell apoptosis and necrosis. However, to date no clinically 
approved therapy exists3, highlighting the need to identify the new effective targets. There is new increasing evi-
dence that several cation-permeable transient receptor potential (TRP) channels, particularly vanilloid (TRPV) 
subfamily, can influence physiological systems compromised in myocardial I/R injury, and may represent poten-
tial therapeutic targets4–6.

TRPV4 channel, mainly for Ca2+ permeate, is widely distributed in various organs and tissues includ-
ing heart and vessels7,8. It can be activated by a variety of physical and chemical stimuli, including hypotonic 
stimulation, cell swelling, moderate heat (> 24–37 °C), and endogenous metabolites of arachidonic acid9,10. 
Some of these stimuli may be increased under I/R conditions. Indeed, upregulated expression of TRPV4 and 
enhanced TRPV4-mediated Ca2+ influx has been observed in the models of brain I/R11,12, while its selective 
antagonist HC-06704713 attenuated I/R induced brain injury14,15. Furthermore, sustained activation of TRPV4 
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dose-dependently induces apoptosis of retinal ganglion cells16 and neuronal death in the hippocampus17. Recent 
reports have linked excessive TRPV4 activation to heart failure18,19, suggesting it may play a key role in myocardial 
I/R injury.

In the present article, we firstly investigated the expression of TRPV4 in reperfused ischemic myocardium 
and assessed the effects of TRPV4 blockade or deletion on myocardial I/R injury in mice. Similar to our previ-
ous study12, we tested the dose-dependent cardioprotective effects of TRPV4 antagonist HC-067047 and fur-
ther examined the efficacious time-window of HC-067047-mediated cardioprotection. Finally, we explored the 
molecular mechanisms and found that the protection of HC-067047 through the inhibition of apoptosis and the 
activation of the reperfusion injury salvage kinase (RISK) signaling pathway.

Results
TRPV4 increases following myocardial I/R. To test the involvement of TRPV4 in myocardial I/R injury, 
we examined the TRPV4 expression levels in the heart at different reperfusion time points after 30 min ischemia 
(Supplement Fig. 1A). As shown in Fig. 1A, TRPV4 mRNA expression began to increase as early as 1 h following 
reperfusion, reached peak levels at 24 h and then began to decrease. Similar results were observed on TRPV4 
protein abundance except that TRPV4 protein expression seems to peak at 72 h (Fig. 1B). Immunohistochemistry 
pictures show that more expression of TRPV4 on 24 h after I/R compared with the sham group (Fig. 1C). These 
results suggest that the expression of TRPV4 is up-regulated following myocardial I/R.

TRPV4 antagonist HC-067047 reduces myocardial infarction and improves cardiac function 
after I/R. Since myocardial I/R caused the TRPV4 up-regulation, we then sought to determine whether 
TRPV4 up-regulation plays an important role in myocardial I/R injury. For this, we used HC-067047, a specific 
inhibitor that is able to block Ca2+ influx mediated by TRPV4 in vitro13. We first examined the dose-dependent 
action of HC-067047 at 24 h after reperfusion in mice I/R model (Supplement Fig. 1B). Infarction area and area 
at risk (AAR) were determined by triphenyltetrazolium chloride (TTC) staining (Fig. 2A), and no significant 
difference in AAR/ left ventricle (LV) across all groups was found (Supplement Fig. 2A), confirming that the sur-
gical injury was equivalent between treatment groups. However, HC-067047, given at dose ranging from 5 mg/Kg  
to 20 mg/Kg, reduced the infarct size in a dose-dependent manner when compared with vehicle-treated I/R 
mice. The level of serum troponin T (TnT) was likewise significantly decreased by HC-067046 in dose-dependent 

Figure 1. Upregulated expression of TRPV4 after myocardial I/R. Levels of TRPV4 were measured by Real-
time PCR (A) and western blot (B) in the heart after 30 minutes of ischemia and reperfusion at different time. 
n =  6–9/group, *P <  0.05, **P <  0.01, ***P <  0.001 versus sham group. Full-length blots/gels are presented in 
Supplementary Fig. 5. (C) The expression of TRPV4 in hearts was measured at 24 h after reperfusion using 
immunohistochemistry. Scale bar: 50 μ m.
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manner (Fig. 2C). Echocardiography was performed in mice injected with HC-067045 (5 and 10 mg/Kg) to eval-
uate cardiac function. As shown in Fig. 2D,E, mice in vehicle group exhibited marked decreases in fractional 
shortening (FS) and ejection fraction (EF) (P <  0.001) when compared with those in sham group. However, EF 
and FS were improved significant after treatment with HC-067047 as compared with vehicle group (P <  0.05 at 
5 mg/Kg; P <  0.001 at 10 mg/Kg). As HC-067047 showed significant cardioprotection at a dose of 10 mg/Kg, this 
dose was used in the following experiment.

Next, we determined the therapeutic window of HC-067047 on myocardial I/R injury. HC-047067 (10 mg/Kg) 
was first injected at 0 (T0), 1 (T1), 4 (T4), 8 (T8), or 12 (T12) h after reperfusion (Supplement Fig. 1C). Consistent 
with the previous study20, I/R in mice resulted in an average LV infarct area of 36.79 ±  2.02% when they were 

Figure 2. Dose-dependent effects of TRPV4 antagonist HC-067047 on myocardial I/R induced injury. 
(A) Representative images of LV slices from different doses of HC-067047 (5 mg/Kg, 10 mg/Kg, 20 mg/Kg, 
once/8 h) at 24 h after reperfusion as stained by Evan’s Blue and TTC. The non-ischemic area is indicated in 
blue, AAR in red, and the infarct area in white. (B) Quantification of infarct size of myocardial tissues at 24 h 
after reperfusion. (C) Serum concentration of TnT at 24 h after reperfusion. (D) Representative M-mode 
echocardiography images of the LV at 24 h after reperfusion. (E) Quantification of LV ejection fraction and 
fractional shortening at 24 h after reperfusion. n =  8/group, ^^^P <  0.001 vs sham, **P <  0.01, ***P <  0.001 vs 
vehicle, #P <  0.05, ##P <  0.01 vs HC-067047 5 mg/kg.
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treated with vehicle. After administration of HC-067047 at T0, T1, T4, and T8, infarct size was reduced signifi-
cantly to 16.83 ±  2.43%, 18.17 ±  2.67%, 22.33 ±  2.12%, and 28.5 ±  1.56%, respectively. Remarkably, late admin-
istration of HC-067047 at 12 h (T12) after reperfusion still had significant effects on LV infarct size 30.1 ±  2.08% 
(Fig. 3A,B). Likely, treatment with HC-067047 at T0, T1, T4, T8, and T12 also significantly decreased serum TnT 
level (Fig. 3C), but markedly increased cardiac EF and FS levels (Fig. 3D,E). These results suggest that blockage of 
TRPV4 reduces myocardial I/R injury with an efficacious time-window of at least 12 h.

To confirm that prolonged ischemia did not modify the protective effects of HC-067047, the duration of 
ischemia was extended to 1 hour and the period of reperfusion remains at 24 h (Supplement Fig. 1D). As reports 
in Supplement Fig. 3A,B, infarct size measured by TTC staining was significantly reduced by treatment with 
10 mg/Kg HC-067047 compared with vehicle group (24 ±  2.68% vs 40 ±  1.53%, P <  0.01). The AR/LV mass ratio 

Figure 3. Therapeutic window of TRPV4 antagonist HC-067047. Mice were subjected to myocardial I/R 
and HC-067047 (10 mg/kg, once/8 h) was first given at 0 (T0), 1 (T1), 4 (T4), 8 (T8) or 12 h (T12) after the 
beginning of reperfusion. Representative photographs (A) and quantification of infarct size of myocardial 
tissues (B) at 24 h after I/R. (C) Serum concentration of TnT at 24 h after reperfusion. (D) Representative 
M-mode echocardiography images of the LV at 24 h after reperfusion. (E) Quantification of LV ejection fraction 
and fractional shortening at 24 h after reperfusion. n =  8/group, ^^^P <  0.001 vs sham, *P <  0.05, **P <  0.01, 
***P <  0.001 vs vehicle, #P <  0.05 vs T0.
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was unchanged (Supplement Fig. 3C). Serum TnT level was significantly reduced (Supplement Fig. 3D) and the 
cardiac function was markedly improved (Supplement Fig. 3E–G).

TRPV4 knockout ameliorates myocardial I/R injury. Under baseline conditions at 6–8 weeks of age, 
there were no significant differences between TRPV4− /−  mice and their wild-type littermates (TRPV4+ /+ )  
in heart function (Supplementary Table 1, Supplement Fig. 1E). Figure 4A shows the representative photo-
graphs of IA and AAR of both TRPV4+ /+  and TRPV4− /−  mice after myocardial I/R. The accumulated data 
in Fig. 4B indicated that I/R resulted in 32.5 ±  2.4% of IA (IA/AAR) in TRPV4+ /+  mice and 15.5 ±  1.6% in 
TRPV4− /−  mice, a 52% of reduction in infarct size (P <  0.001), although the groups had comparable AAR 
(Supplemental Fig. 2C. Less serious injury was also manifested by lower levels of serum cTnT in TRPV4− /−  
mice (− 44%, P <  0.001, Fig. 4C). In parallel, we observed improved cardiac function, as indicated by elevated 
EF (+ 24%) and FS (+ 33%), in TRPV4− /−  mice after myocardial I/R compared with TRPV4+ /+  (P <  0.001, 
Fig. 4D,E). These results further confirm that TRPV4 plays a pathogenic role in myocardial I/R injury.

TRPV4 antagonist HC-067047 reduced cardiomyocyte apoptosis during myocardial I/R in vivo.  
Previous studies have demonstrated that up-regulation of TRPV4 can effectively induce apoptosis, suggesting 
a possible link between TRPV4 and apoptosis pathway13,16,21. To determine the underlying mechanism for the 
reduced myocardial injury by HC-067047 administration, we investigated the effects of HC-067047 on myocar-
dial apoptosis induced by I/R. TUNEL and cardiomyocyte-specific sarcomeric actinin double staining were per-
formed on the LV sections from a sham animal, and I/R animals after treatment with vehicle and HC-067047 at 
4 h after myocardial I/R. Representative images from each group were shown in Fig. 5A and Supplement Fig. 4A. 
Quantitative analysis revealed that HC-067047 treatment significant reduced the frequencies of TUNEL-positive 
myocytes compared with vehicle group (Fig. 5B). Consistent with TUNEL staining, the induction in cleaved 
caspase-3 expression in response to I/R in ischemic heart was significantly suppressed by HC-067047 treatment 
(Fig. 5C,D). Furthermore, we examined the effects of TRPV4 on expression of proapoptotic protein Bax and 
antiapoptotic protein Bcl-2 using western blot (Fig. 5E,F). The Bax/Bcl-2 ratio was significantly increased in heart 
subjected to I/R. HC-067047 treatment decreased Bax/Bcl-2 ratio. Less TUNEL index was observed in TRPV4− /−   
mice at 4 h after I/R, as compared to TRPV4+ /+  controls (Fig. 6A,B and Supplement Fig. 4B). However, Bax/Bcl2 
and cleaved caspase-3 comparison between the TRPV4− /−  and TRPV4+ /+  group did not reach significance 
(Fig. 6C,D). This result suggested that the anti-apoptosis mechanism of deletion TRPV4 gene may be differ-
ent from that of TRPV4 antagonist HC-067047, which require further studies. Indeed, the caspase-independent 
apoptosis pathway, including the release of apoptosis inducing factor and endonuclease G from mitochondria, 
plays the important role in I/R injury and is likely to be related with the cardioprotective effects22,23.

Figure 4. TRPV4 knockout ameliorated myocardial I/R injury. (A) Representative images of LV slices from 
TRPV4+ /+  and TRPV4− /−  mice at 24 h after I/R. (B) Quantification of infarct size of myocardium at 24 h 
after I/R. (C) Serum concentration of TnT at 24 h after reperfusion. (D) Representative M-mode images of the 
LV after sham and myocardial I/R from TRPV4+ /+  and TRPV4− /−  mice. (E) Quantification of LV ejection 
fraction and fractional shortening at 24 h after reperfusion. n =  12/group, ***P <  0.001 vs TRPV4+ /+ .
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Figure 5. TRPV4 antagonist HC-067047 reduced cardiomyocyte apoptosis in a mouse model of 
myocardial I/R. The TRPV4 antagonist HC-067047 (10 mg/Kg) was intraperitoneally injected at 1 h after 
reperfusion. (A) Representative photographs of TUNEL-stained heart sections from different groups at 4 h after 
reperfusion. Apoptotic nuclei were identified by TUNEL staining (green), cardiomyocyte by anti-sarcomeric 
actin antibody (red), and total nuclei by DAPI staining (blue). Scale bar: 100 μ m (B). Percentages of  
TUNEL-positive nuclei over total number of nuclei. n =  8/group, ^^^P <  0.001 vs sham, **P <  0.01 vs  
vehicle. (C) Representative photographs of cleaved caspase-3 in groups by western blot after 4 h reperfusion.  
Full-length blots/gels are presented in Supplementary Fig. 6. (D) Cleaved caspase-3 in myocardium was 
assessed and the values were normalized to sham, n =  6/group, ^^^P <  0.001 vs sham, ***P <  0.001 vs vehicle. 
(E) Representative photographs of Bcl-2 and Bax in groups after 4 h reperfusion. Full-length blots/gels are 
presented in Supplementary Fig. 7. (F) The results were expressed as ratio of Bax/Bcl-2. n =  6/group, ^^P <  0.01 
vs sham, **P <  0.01 vs vehicle.
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TRPV4 antagonist HC-067047 obviously increased phosphorylation of Akt, ERK1/2 and GSK-3β 
in the myocardium after I/R. We further investigated the potential mechanisms responsible for the cardi-
oprotective effects of TRPV4 inhibition. For these studies, we focused on components of the RISK pathway, a sig-
naling cascade involving prosurvival kinases, including PI3K/Akt, ERK1/2, and the downstream target GSK-3β . 
The concept for the RISK pathway is based on the evidence that activation of certain kinases exerts anti-apoptotic 
effects24. Therefore, it has been postulated that targeting these kinases at the time of reperfusion with pharma-
cological agents would protect the myocardium25. For these studies, mice were again subjected to 30 minutes 
of myocardial ischemia and 4 h of reperfusion. Western blot analysis of left ventricle homogenates from sham, 
vehicle HC-067047 treated mice revealed that I/R injury significantly decreased the levels of phosphorylated Akt, 
ERK1/2 and GSK-3β  (P <  0.001) in the vehicle-treated mice, compared with sham group. However, HC-067047 
treatment markedly increased the levels of phosphorylated Akt (P <  0.001), ERK1/2 (P <  0.05) and GSK-3β  
(P <  0.05), as compared with the vehicle group (Fig. 7). We also examined whether the survival activating fac-
tor enhancement (SAFE) pathway26, which involves activation of TNF-α  and the transcription factor STAT3, 
involved in TRPV4 blockade mediated cardiac protection. As shown in Fig. 7, I/R induced STAT3 activation 

Figure 6. TRPV4 knockout ameliorated cardiomyocyte apoptosis in a mouse model of myocardial I/R.  
(A) Representative photographs of TUNEL-stained heart sections from different groups at 4 h after reperfusion. 
Apoptotic nuclei were identified by TUNEL staining (green), cardiomyocyte by anti-sarcomeric actin antibody 
(red), and total nuclei by DAPI staining (blue). Scale bar: 100 μ m (B). Percentages of TUNEL-positive nuclei 
over total number of nuclei. n =  3/group, **P <  0.01 vs TRPV4+ /+ . (C) Bcl-2 and Bax in myocardium of 
TRPV4+ /+  and TRPV4− /−  mice after 4 h reperfusion. Results were expressed as ratio of Bax/Bcl-2. n =  3/
group. (D) Cleaved caspase-3 in myocardium of TRPV4+ /+  and TRPV4− /−  mice after 4 h reperfusion was 
assessed and the values were normalized to TRPV4+ /+  mice, n =  3/group.
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and HC-067047 did not alter I/R-induced STAT3 phosphorylation. Taken together, these results suggest that the 
protective role of HC-067047 in myocardial I /R injury is related to RISK pathway by the activation of the PI3K/
Akt, ERK1/2 and GSK-3β , but not the SAFE pathway. In addition, the levels of phosphorylated Akt and ERK1/2 
at 4 h after I/R were determined in TRPV4− /−  mice and TRPV4+ /+  controls and showed similar in both groups 
(P >  0.05, data not shown). This result suggested that the cardioprotective effects of deletion TRPV4 gene may be 
through other molecular mechanisms instead of RISK signaling, which require further studies.

Pharmacological inhibition of RISK pathways abolished the cardioprotective effect of TRPV4 
antagonist HC-067047. To further examine the increased activation of the RISK pathway involved in the 
protection of the myocardium from I/R injury in HC-067047 post-treated mice, we administered the PI3K inhibi-
tor Wortmannin and LY294002, and ERK1/2 inhibitor to mice to determine whether the cardioprotective effect of 
HC-067047 can be abolished by these inhibitors (Supplement Fig. 1F). The results demonstrated that HC-067047 
administrated at 1 h after myocardial reperfusion, remarkably reduced the infarct size from 34.2 ±  2.85% in vehi-
cle to 18.6 ±  2.4% in HC-067047 (P <  0.001; Fig. 8A). Simultaneously administration of LY294002, Wortmannin, 
or U0126 completely abolished the infarct size reduction observed in the HC-067047-treated hearts. Additionally, 
none of these inhibitors had significantly effect on infarct size when given alone (Fig. 8A). The AAR of myocar-
dial infarction was comparable among the treatment groups (Supplemental Fig. 2D). Consistent with the above 
results, these inhibitors also abolished serum TnT level reduction effect of HC-067047 (Fig. 8B). Moreover, all 
these inhibitors abolished the anti-apoptotic effects of HC-067047, as evidenced by the decrease in the apoptotic 
index, the cleaved caspase-3 expression and the Bax/Bcl-2 ratio (Fig. 8C–E). These results further confirmed the 
protective effects of TRPV4 blocker HC-067047 were mediated by RISK pathway.

Discussion
The present study is the first to reveal a critical role of TRPV4 in myocardial I/R injury. TRPV4 mRNA and protein 
expression is significant upregulated after myocardial I/R. In addition, inhibition or delete TRPV4 ameliorated 
myocardial I/R injury as demonstrated by reduced infarct size, decreased TnT and improved cardiac function. 
More importantly, TRPV4 antagonist HC-067047 dose-dependently protects the heart against I/R injury when 
given even 12 h after reperfusion. We also demonstrate that this effect relies on reduction of myocardial apoptosis 

Figure 7. Effects of TRPV4 antagonist on the cardiac expression of activated RISK (P-Akt, P-ERK, 
P-GSK-3β ) and SAFE (P-STAT3) pathways at 4 h after myocardial I/R in mice. The TRPV4 antagonist HC-
067047 (10 mg/Kg) was intraperitoneally injected at 1 h after reperfusion. Representative Western blot images 
are shown in A, quantification in B. n =  6/group, ^P <  0.05, ^^^P <  0.001 vs sham, ***P <  0.01 vs vehicle. Full-
length blots/gels are presented in Supplementary Figs 8–11.
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via the activation of RISK pathway including PI3K-Akt, ERK1/2, and GSK-3β . These data highlight the potential 
therapeutic role of TRPV4 in cardioprotection in response to acute myocardial I/R injury.

TRPV4 is wildly expressed in the cardiovascular system, particularly in heart7 as well as isolated cardiomyo-
cytes27–29. However, there are no data demonstrating the role of TRPV4 in heart under either physiological or patho-
physiological conditions, such as myocardial I/R. We found that the levels of TRPV4 mRNA and protein increased 
in a time dependent manner after reperfusion. Although the level of TRPV4 mRNA increased significantly at 24 h 
after reperfusion, the level of TRPV4 protein did increase at 72 h, which is likely due to the synthesis or degradation 
of mRNA and protein inconsistent speed. A similar finding of the increase TRPV4 expression has been described in 
neuronal injury after cerebral I/R11,12. We further assessed the effects of TRPV4 blockades on infarct size, TnT and 
cardiac function using both TRPV4 antagonist HC-067047 and TRPV4 knockout mice. Our results demonstrated 
TRPV4 blockades significant reduced the myocardial I/R injury, suggesting that TRPV4 involved in myocardial 
I/R injury. In addition, we examined the dose-dependent effects of TRPV4 antagonist HC-067047 and found that 
the effective dose ranged from 5 to 20 mg/Kg in mice. Specifically, HC-067047 at 10 mg/Kg was injected beginning 
from 0 to 12 h after perfusion to determine its therapeutic time-window. It was found that HC-067047 produced 
significant reduction in infarct size, decreased the TnT and improved heart function when first administrated was 
initiated within 12 h after reperfusion. Therefore, TRPV4 antagonist HC-067047 dose-dependently protects heart 
against I/R injury with an efficacious time-window of at least 12 h, which consisted with the previous report using 
the mode of brain I/R injury15. Based on our knowledge, the time window of protection afforded by postcondition-
ing with TRPV4 antagonist HC-067047 is much larger than previous reports30, supporting the therapeutic potential 
of TRPV4 blockade for the treatment of myocardial I/R injury.

Apoptosis has been proposed to play a significant role in injury induced by myocardial I/R31. It is mediated 
by caspase 3, a main death executing protein. Moreover, Bcl-2 family consists of pro- and anti-apoptotic mem-
bers. The equilibrium between Bax and Bcl-2 determines apoptosis induction32. Excess Ca2+ entry mediated 
via TRPV4 has been reported to trigger apoptosis in several cells16,17,21,33. For example, application of TRPV4 
agonist promoted the dose-dependent apoptosis of retinal ganglion cells16 and neurons in the hippocampus17. 
Here, we found that myocardial I/R induced severe apoptosis, as confirmed by the increase of TUNEL positive 

Figure 8. RISK signaling contributes to the protective of TRPV4 antagonist HC-067047 on myocardial 
IR injury. Mice were treated with HC-067047 at 1 h after reperfusion. Inhibitors of RISK pathway, LY294002 
(LY) wortmannin (Wor), U0126 were administrated 60 min before ischemia. (A) Quantification of infarct size 
of myocardium at 4 h after I/R. (B) Serum concentration of TnT at 4 h after reperfusion. (C) Percentages of 
TUNEL-positive nuclei over total number of nuclei. (D) Cleaved caspase-3 to caspase-3 ratio. (E) Bax to Bcl-2 
ratio at 4 h after I/R. n =  6–8/group, **P <  0.01, ***P <  0.001 vs vehicle, #P <  0.05, ##P <  0.01, ###P <  0.001 vs HC-
067047.
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cardiomyocytes, Bax/Bcl-2 ratio as well as cleaved caspase-3. However, TRPV4 antagonist HC-067047 treatment 
significant reduced cardiomyocyte apoptosis. Therefore, activation of TRPV4 may trigger cardiomyocyte apop-
tosis in myocardial I/R injury.

RISK (Akt/ERK/GSK-3β ) and SAFE (JNK/STAT3) signaling cascades are critical signaling pathways involved 
in antiapoptotic activities in I/R injury26, and previous in brain I/R injury data suggest that blockade TRPV4 can 
activate them17. Our results demonstrate that blockade of TRPV4 with HC-067047 induced significantly greater 
phosphorylation of Akt, ERK1/2 and GSK-3β  at 24 h after reperfusion compared to vehicle group, but with no 
effects on phosphorylation of STAT3. Therefore, in a murine model of myocardial I/R, HC-067047 activates RISK 
pathway. Consistent with this, treatment with HC-067047 caused a decreased in apoptosis as shown by a reduc-
tion in TUNEL positive cells, the Bax/Bcl-2 ratio and cleaved caspase-3. Importantly, the anti-apoptotic effects 
of treatment with TRPV4 antagonist HC-067047 were abolished by the specific pharmacological blockers of the 
RISK pathway (LY294002, Wortmannin and U0126), which indicate that the cardioprotective actions of blockade 
TRPV4 are mediated by RISK pathway.

In conclusion, we clearly demonstrate that activation of TRPV4 is upregulated during myocardial in I/R and 
inhibition or delete TRPV4 attenuates the myocardial I/R injury. Blockade TRPV4 with HC-067047 reduced 
infarct size, decreased TnT and improved the heart function with a wide therapeutic window. These cardioprotec-
tive effects of treatment with TRPV4 antagonist HC-067047 in murine model of myocardial I/R are mediated by 
activation of RISK pathway, resulting in a reduction of myocardial apoptosis. Our findings suggest that TRPV4 
may be a promising target for treatment of myocardial I/R injury and warrant further investigation.

Methods
Animals. Male C57BL/6 mice of 6–8 weeks were purchased from Vital River Laboratories, Beijing, China. 
TRPV4 knockout mice with a C57BL/6 background were kindly provided by Dr. Atsuko Mizuno (Jichi Medical 
University)34. The mice housed in a temperature and humidity controlled room with a 12/12-h light-dark cycle, 
and fed with standard laboratory animal chow with free access to tap water. All experiments were performed in 
adherence with the National Institutes of Health Guidelines on the Use of Laboratory Animals and were approved 
by the Tongji Medical School, Huazhong University of Science and Technology Committee on Animal Care. All 
efforts were made to minimize animal suffering and to reduce the number of animals used.

In vivo myocardial I/R protocol. The surgical procedures of I/R were performed as previously described35. 
Briefly, mice (22–23 g) were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg), and the 
heart was exposed through a left thoracotomy at the forth intercostal space. The slipknot was tied around the left 
anterior descending coronary artery (LAD) 2–3 mm from its origin under a surgical microscope. Successful LAD 
occlusion was confirmed by ST-segment elevation on ECG (BL-420F, Taimeng instrument, Chengdu, China) 
and the appearance of myocardial pallor. The slipknot was released after 30 min of ischemia to allow reperfusion. 
Sham-operated (sham) animals were subjected to the same surgical procedures except that the slipknot was not 
tied.

Experimental groups and drug administration. For the measurement of TRPV4 expression patterns, 
C57BL/6 mice were subject to sham or 30 minutes ischemia followed by 1, 4, 12, 24, 72 hours and 7 days reperfusion

To evaluate a cardioprotective effect of TRPV4 inhibition, C57BL/6 mice were treated with the specific TRPV4 
antagonist HC-067047 (Sigma) after I/R. HC-067047 was dissolved with 1% dimethyl sulfoxide (DMSO) in nor-
mal saline and administrated by an intraperitoneal injection every 8 h13,17,36. For dose-response experiments, 
mice were treated with 3 different doses of HC-067047 (5, 10, and 20 mg/kg) at the beginning of reperfusion. For 
therapeutic time windows experiments, HC-067047 (10 mg/kg) was firstly injected 0 h (T0), 1 h (T1), 4 h (T4), 8 h 
(T8), and 12 h (T12) after reperfusion. In addition, TRPV4−/− mice were underwent I/R surgical procedure, 
while TRPV4+ /+  mice were also subject to I/R as wild-type controls. Twenty-four hours later, all the mice were 
anesthetized with 1.5% isoflurane, and echocardiographic analysis of cardiac function was recorded. Thereafter, 
all animals were sacrificed and blood samples were collected in dry test tubes without coagulant to get serum for 
TnT levels assay (Roche Diagnostics GmbH, Mannheim, Germany). Heart tissues were harvested immediately for 
determination of myocardical infarct size.

To investigate the mechanisms underlying the cardioprotective effects of HC-067047 on I/R, mice were 
assigned randomly into three groups: sham, vehicle, and 10 mg/kg HC-067047 groups. At 4 hours post reperfu-
sion, mice were used to analyze apoptosis (TUNEL staining, cleaved caspase-3, caspase-3, Bcl-2 and Bax protein 
expression) and the expression of RISK signaling molecules (P-Akt/Akt, P-ERK1/2/ERK, P-GSK-3β / GSK-3β ) 
and SAFE signaling molecules (P-STAT3/STAT3)26.

To further determine the role of RISK signaling in HC-067047 induced cardioprotective effects, mice were 
administered with LY294002 (Selleckchem, an inhibitor of PI3K, 40 mg/kg, i.p.), wortmannin (Selleckchem, an 
inhibitor of PI3K, 1 mg/kg, i.p.), or U0126 (Selleckchem, an inhibitor of ERK1/2, 1 mg/kg, i.p.), at 1 h before the 
mice underwent I/R. The dose and timing of LY294002, wortmannin, and U0126 were selected according to pre-
vious studies37,38. HC-067047(10 mg/Kg) was administered at 1 h after reperfusion. Hearts were then removed at 
4 h after reperfusion for further analysis.

Determination of myocardical infarct size. Mice were briefly re-anesthetized at the end of the reper-
fusion period, and the LAD was re-ligated and 1 ml of 1% Evans Blue dye was infused into the aorta to deline-
ate the AAR. The LV was isolated and cut into 1-mm-thick transverse slices. In order to differentiate infarcted 
from viable tissue, slices were incubated in 1% TTC in phosphate buffer at pH 7.4 at 37 °C for 10 min, then they 
were fixed with 10% formaldehyde for 24 h and photos were taken. Regions negative for Evans Blue staining 
(AAR, red and white) and negative for TTC (infarct area, white) were calculated by a blinded observer using 
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the computer-assisted planimetry function in ImageJ 6.0 (NIH, Bethesda, MD). The myocardial infarct size was 
expressed as a percentage of infarct area over total AAR.

Echocardiographic analysis of cardiac function. A Vevo 2100 high-resolution microimaging system 
with a 30 MHz transducer was used (Visualsonic, Toronto, Ontario, Canada). Mice were anesthetized with 1.5% 
isoflurane and two-dimensional echocardiographic views of the mid-ventricular short axis and parasternal long 
axes were obtained. M-mode images were used to measure LV and LV EF and FS, which were acquired by a 
technician who was blinded to the treatment groups. Data analysis was performed using the VisualSonics data 
analysis suite.

Immunohistochemistry. The heart tissues were fixed with 4% formalin, embedded in paraffin, and sec-
tioned into 5-μ m thick slices. The sections were stained with primary antibodies against TRPV4 (#ACC-034, 
Alomone labs, Israel) followed by incubation with biotin-conjugated secondary antibodies, and then treated 
with avidin-perioxidase. The reaction was developed using the DAB substrate kit (Biossci, Wuhan, China), and 
the sections were then counterstained with haematoxylin-eosin. Staining was examined using light microscopy 
(Advanced microscopy group, Bothell, WA, USA).

Real-Time PCR. Real-time PCR was performed as previously described39,40. The total LV RNA was isolated 
using TRIzol (Invitrogen, Carlsbad, CA, USA). Melting curves established the purity of the amplified band after 40 
cycles of 30 seconds at 94 °C, 30 seconds at 57 °C, and 30 seconds at 72 °C. Amplification reactions were performed 
in duplicate. The results of the real-time PCR data were represented as Ct values, where Ct was defined as the PCR 
threshold cycle at which amplified product was first detected. Gene expression levels relative to GAPDH were deter-
mined using the 2−ΔCt method41. The primers used as followed: TRPV4, 5′ -CGT CCA AAC CTG CGA ATG AAG 
TTC-3′  (forward) and 5′ -CCT CCA TCT CTT GTT GTC ACT GG-3′  (reversed); and GAPDH, 5′ -CAT GAG AAG 
TAT GAC AAC AGC CT-3′  (forward) and 5′ -AGT CCT TCC ACG ATA CCA AAG T-3′  (reverse).

Western blot. Western blotting was conducted according to standard protocols as previously described42. 
Protein-extracts (20 μ g) of snap-frozen whole LV tissues were run on a 10% or 12% SDS-PAGE gel following 
by blotting to a nitrocellulose membrane. Western blot band quantifications were performed with Image Lab 
software (Bio-Rad, Richmond, CA, USA), and the relative values were expressed relative to GAPDH signals. 
Antibodies against the following proteins were used: TRPV4 (#ACC-034, Alomone labs), Bax (#2772,Cell 
Signaling), Bcl-2 (#2870, Cell Signaling), Caspase-3 (#19677, Proteintech), GAPDH (Guge), Akt (#4691,Cell 
Signaling), P-Akt (#4060, Cell Signaling), ERK (#4695, Cell Signaling), P-ERK (#4370, Cell Signaling), GSK-3β  
(#12456, Cell Signaling), P- GSK-3β  (#9331, Cell Signaling). STAT3 (#9132, Cell Signaling) and P-STAT3 (#9131, 
Cell Signaling).

TUNEL assay. Myocardial apoptosis was assessed by TUNEL staining20. The paraffin-embedded LV tis-
sue was cut into sections 4 μ m thick. Tunel staining was performed using the in situ Cell Death Detection kit 
(#11684817910, Roche Diagnostics) for apoptotic cell nuclei. Following this, sections were co-stained with 
anti-sarcomeric actinin antibody (Sigma-Aldrich, St. Louis, MO, USA) to specifically mark cardiomyocytes. 
TRITC goat anti-mouse antibody was applied as secondary antibody. Total nuclei were stained with DAPI. All 
sections were photographed at 20 ×  objective with an Olympus BX-51 epifluorescence microscope. Total nuclei 
(blue) and the TUNEL-positive nuclei (green) were counted by ImageJ 6.0. Apoptotic index was calculated auto-
matically as a percentage of TUNEL-positive nuclei over total number of DAPI -stained nuclei. Results from 
a total of 40 fields per heart were averaged and counted as one sample. All of these assays were performed in a 
blinded manner.

Statistical analysis. Results are reported as mean ±  standard error of the mean (SEM) for at least three 
independent experiments. Two-tailed t tests or one-way ANOVA followed by Bonferroni’s post-hoc test were per-
formed to analyze differences with group comparison. Values of P <  0.05 were considered statistically significant.

References
1. Mozaffarian, D. et al. Heart Disease and Stroke Statistics–2015 Update: A Report From the American Heart Association. Circulation. 

131, e29–e322 (2015).
2. Yellon, D. M. & Hausenloy, D. J. Myocardial Reperfusion Injury. N Engl J Med. 357, 1121–1135 (2007).
3. Hausenloy, D. J. & Yellon, D. M. Myocardial Ischemia-Reperfusion Injury: A Neglected Therapeutic Target. J Clin Invest. 123, 

92–100 (2013).
4. Randhawa, P. K. & Jaggi, A. S. Trpv1 and Trpv4 Channels: Potential Therapeutic Targets for Ischemic Conditioning-Induced 

Cardioprotection. Eur J Pharmacol. 746, 180–185 (2015).
5. Randhawa, P. K. & Jaggi, A. S. Trpv4 Channels: Physiological and Pathological Role in Cardiovascular System. Basic Res Cardiol. 

110, 54 (2015).
6. Strotmann, R., Harteneck, C., Nunnenmacher, K., Schultz, G. & Plant, T. D. Otrpc4, a Nonselective Cation Channel that Confers 

Sensitivity to Extracellular Osmolarity. Nat Cell Biol. 2, 695–702 (2000).
7. Zhou, R. et al. Whole Genome Network Analysis of Ion Channels and Connexins in Myocardial Infarction. Cell Physiol Biochem. 27, 

299–304 (2011).
8. Filosa, J. A., Yao, X. & Rath, G. Trpv4 and the Regulation of Vascular Tone. J Cardiovasc Pharmacol. 61, 113–119 (2013).
9. Nilius, B. & Voets, T. The Puzzle of Trpv4 Channelopathies. Embo Rep. 14, 152–163 (2013).

10. Vriens, J. et al. Cell Swelling, Heat, and Chemical Agonists Use Distinct Pathways for the Activation of the Cation Channel Trpv4. 
Proc Natl Acad Sci USA. 101, 396–401 (2004).

11. Butenko, O. et al. The Increased Activity of Trpv4 Channel in the Astrocytes of the Adult Rat Hippocampus After Cerebral Hypoxia/
Ischemia. Plos One. 7, e39959 (2012).



www.nature.com/scientificreports/

1 2Scientific RepoRts | 7:42678 | DOI: 10.1038/srep42678

12. Jie, P. et al. Activation of Transient Receptor Potential Vanilloid 4 is Involved in Neuronal Injury in Middle Cerebral Artery 
Occlusion in Mice. Mol Neurobiol. 53, 8–17 (2016).

13. Everaerts, W. et al. Inhibition of the Cation Channel Trpv4 Improves Bladder Function in Mice and Rats with Cyclophosphamide-
Induced Cystitis. Proc Natl Acad Sci USA 107, 19084–19089 (2010).

14. Jie, P. et al. Blockage of Transient Receptor Potential Vanilloid 4 Inhibits Brain Edema in Middle Cerebral Artery Occlusion Mice. 
Front Cell Neurosci. 9, 141 (2015).

15. Li, L. et al. Activation of Transient Receptor Potential Vanilloid 4 Increases Nmda-Activated Current in Hippocampal Pyramidal 
Neurons. Front Cell Neurosci. 7, 17 (2013).

16. Ryskamp, D. A. et al. The Polymodal Ion Channel Transient Receptor Potential Vanilloid 4 Modulates Calcium Flux, Spiking Rate, 
and Apoptosis of Mouse Retinal Ganglion Cells. J Neurosci. 31, 7089–7101 (2011).

17. Jie, P. et al. Activation of Transient Receptor Potential Vanilloid 4 Induces Apoptosis in Hippocampus through Downregulating 
Pi3K/Akt and Upregulating P38 Mapk Signaling Pathways. Cell Death Dis. 6, e1775 (2015).

18. Thorneloe, K. S. et al. An Orally Active Trpv4 Channel Blocker Prevents and Resolves Pulmonary Edema Induced by Heart Failure. 
Sci Transl Med. 4, 148r–159r (2012).

19. Willette, R. N. et al. Systemic Activation of the Transient Receptor Potential Vanilloid Subtype 4 Channel Causes Endothelial Failure 
and Circulatory Collapse: Part 2. J Pharmacol Exp Ther. 326, 443–452 (2008).

20. Liao, Y. H. et al. Interleukin-17a Contributes to Myocardial Ischemia/Reperfusion Injury by Regulating Cardiomyocyte Apoptosis 
and Neutrophil Infiltration. J Am Coll Cardiol. 59, 420–429 (2012).

21. Bai, J. Z. & Lipski, J. Involvement of Trpv4 Channels in Abeta-Induced Hippocampal Cell Death and Astrocytic Ca Signalling. 
Neurotoxicology. 41C, 64–72 (2014).

22. Joza, N. et al. Essential Role of the Mitochondrial Apoptosis-Inducing Factor in Programmed Cell Death. Nature. 410, 549–554 (2001).
23. Kim, G. T., Chun, Y. S., Park, J. W. & Kim, M. S. Role of Apoptosis-Inducing Factor in Myocardial Cell Death by Ischemia-

Reperfusion. Biochem Biophys Res Commun. 309, 619–624 (2003).
24. Hausenloy, D. J. & Yellon, D. M. Reperfusion Injury Salvage Kinase Signalling: Taking a Risk for Cardioprotection. Heart Fail Rev. 

12, 217–234 (2007).
25. Hausenloy, D. J. & Yellon, D. M. New Directions for Protecting the Heart Against Ischaemia-Reperfusion Injury: Targeting the 

Reperfusion Injury Salvage Kinase (Risk)-Pathway. Cardiovasc Res. 61, 448–460 (2004).
26. Heusch, G. Molecular Basis of Cardioprotection: Signal Transduction in Ischemic Pre-, Post-, And Remote Conditioning. Circ Res. 

116, 674–699 (2015).
27. Che, H., Xiao, G. S., Sun, H. Y., Wang, Y. & Li, G. R. Functional Trpv2 and Trpv4 Channels in Human Cardiac C-Kit Progenitor 

Cells. J Cell Mol Med (2016).
28. Qi, Y. et al. Uniaxial Cyclic Stretch Stimulates Trpv4 to Induce Realignment of Human Embryonic Stem Cell-Derived 

Cardiomyocytes. J Mol Cell Cardiol. 87, 65–73 (2015).
29. Zhao, Y. et al. Unusual Localization and Translocation of Trpv4 Protein in Cultured Ventricular Myocytes of the Neonatal Rat. Eur 

J Histochem. 56, e32 (2012).
30. Roubille, F. et al. Delayed Postconditioning in the Mouse Heart in Vivo. Circulation. 124, 1330–1336 (2011).
31. MacLellan, W. R. & Schneider, M. D. Death by Design. Programmed Cell Death in Cardiovascular Biology and Disease. Circ Res. 81, 

137–144 (1997).
32. Shamas-Din, A., Kale, J., Leber, B. & Andrews, D. W. Mechanisms of Action of Bcl-2 Family Proteins. Csh Perspect Biol. 5, a8714 (2013).
33. Shi, M. et al. Glial Cell-Expressed Mechanosensitive Channel Trpv4 Mediates Infrasound-Induced Neuronal Impairment. Acta 

Neuropathol. 126, 725–739 (2013).
34. Mizuno, A., Matsumoto, N., Imai, M. & Suzuki, M. Impaired Osmotic Sensation in Mice Lacking Trpv4. Am J Physiol Cell Physiol. 

285, C96–C101 (2003).
35. Xia, N. et al. Activated Regulatory T-Cells Attenuate Myocardial Ischaemia/Reperfusion Injury through a Cd39-Dependent 

Mechanism. Clin Sci (Lond). 128, 679–693 (2015).
36. Yamawaki, H. et al. Role of Transient Receptor Potential Vanilloid 4 Activation in Indomethacin-Induced Intestinal Damage. Am J 

Physiol Gastrointest Liver Physiol. 307, G33–G40 (2014).
37. Kataoka, Y. et al. Omentin Prevents Myocardial Ischemic Injury through Amp-Activated Protein Kinase- And Akt-Dependent 

Mechanisms. J Am Coll Cardiol. 63, 2722–2733 (2014).
38. Tamareille, S. et al. Risk and Safe Signaling Pathway Interactions in Remote Limb Ischemic Perconditioning in Combination with 

Local Ischemic Postconditioning. Basic Res Cardiol. 106, 1329–1339 (2011).
39. Zhao, N. et al. Potent Suppression of Kv1.3 Potassium Channel and Il-2 Secretion by Diphenyl Phosphine Oxide-1 in Human T 

Cells. Plos One. 8, e64629 (2013).
40. Zhao, N. et al. Lovastatin Blocks Kv1.3 Channel in Human T Cells: A New Mechanism to Explain its Immunomodulatory Properties. 

Sci Rep. 5, 17381 (2015).
41. Schmittgen, T. D. & Livak, K. J. Analyzing Real-Time Pcr Data by the Comparative C(T) Method. Nat Protoc. 3, 1101–1108 (2008).
42. Fu, X. X. et al. Interleukin-17a Contributes to the Development of Post-Operative Atrial Fibrillation by Regulating Inflammation 

and Fibrosis in Rats with Sterile Pericarditis. Int J Mol Med. 36, 83–92 (2015).

Acknowledgements
The authors thank Prof. Atsuko Mizuno (Jichi Medical University, Japan) for TRPV4 knockout mice and Ms. 
Qi-Zhi Liu for her excellent technical assistance. This work was supported by the National Nature Science 
Foundation of China (81470421 to Yi-mei Du), (81571270, 31271206 to Lei Chen), (91439207 to Yu-hua Liao) 
and the Science and Technology Department of Jiangsu Province (BK20131122 to Bing Han).

Author Contributions
Q.D., J.L. and Q.-F.W. performed most of the experiments together with C.Q., D.D. and B.-B.W. N.Z., L.C., 
K.F.G., D.F. and B.H. analyzed the data and contributed to study design. Y.-H.L. was involved in study supervise 
and manuscript revise. Y.M.D. designed the experiments, supervised and funded the study and revised the 
manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Dong, Q. et al. Blockage of transient receptor potential vanilloid 4 alleviates myocardial 
ischemia/reperfusion injury in mice. Sci. Rep. 7, 42678; doi: 10.1038/srep42678 (2017).

http://www.nature.com/srep


www.nature.com/scientificreports/

13Scientific RepoRts | 7:42678 | DOI: 10.1038/srep42678

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Blockage of transient receptor potential vanilloid 4 alleviates myocardial ischemia/reperfusion injury in mice
	Results
	TRPV4 increases following myocardial I/R. 
	TRPV4 antagonist HC-067047 reduces myocardial infarction and improves cardiac function after I/R. 
	TRPV4 knockout ameliorates myocardial I/R injury. 
	TRPV4 antagonist HC-067047 reduced cardiomyocyte apoptosis during myocardial I/R in vivo. 
	TRPV4 antagonist HC-067047 obviously increased phosphorylation of Akt, ERK1/2 and GSK-3β in the myocardium after I/R. 
	Pharmacological inhibition of RISK pathways abolished the cardioprotective effect of TRPV4 antagonist HC-067047. 

	Discussion
	Methods
	Animals. 
	In vivo myocardial I/R protocol. 
	Experimental groups and drug administration. 
	Determination of myocardical infarct size. 
	Echocardiographic analysis of cardiac function. 
	Immunohistochemistry. 
	Real-Time PCR. 
	Western blot. 
	TUNEL assay. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  Upregulated expression of TRPV4 after myocardial I/R.
	Figure 2.  Dose-dependent effects of TRPV4 antagonist HC-067047 on myocardial I/R induced injury.
	Figure 3.  Therapeutic window of TRPV4 antagonist HC-067047.
	Figure 4.  TRPV4 knockout ameliorated myocardial I/R injury.
	Figure 5.  TRPV4 antagonist HC-067047 reduced cardiomyocyte apoptosis in a mouse model of myocardial I/R.
	Figure 6.  TRPV4 knockout ameliorated cardiomyocyte apoptosis in a mouse model of myocardial I/R.
	Figure 7.  Effects of TRPV4 antagonist on the cardiac expression of activated RISK (P-Akt, P-ERK, P-GSK-3β ) and SAFE (P-STAT3) pathways at 4 h after myocardial I/R in mice.
	Figure 8.  RISK signaling contributes to the protective of TRPV4 antagonist HC-067047 on myocardial IR injury.



 
    
       
          application/pdf
          
             
                Blockage of transient receptor potential vanilloid 4 alleviates myocardial ischemia/reperfusion injury in mice
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42678
            
         
          
             
                Qian Dong
                Jing Li
                Qiong-feng Wu
                Ning Zhao
                Cheng Qian
                Dan Ding
                Bin-bin Wang
                Lei Chen
                Ke-Fang Guo
                Dehao Fu
                Bing Han
                Yu-Hua Liao
                Yi-Mei Du
            
         
          doi:10.1038/srep42678
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep42678
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep42678
            
         
      
       
          
          
          
             
                doi:10.1038/srep42678
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42678
            
         
          
          
      
       
       
          True
      
   




