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ORIGINAL RESEARCH

Endothelial Transient Receptor Potential 
Canonical Channel Regulates Angiogenesis 
and Promotes Recovery After Myocardial 
Infarction
Xin Wen, PhD*; Yidi Peng, BS*; Mengru Gao, PhD; Yuzhong Zhu , BS; Yifei Zhu, PhD; Fan Yu, MD;  
Tingting Zhou, PhD; Jing Shao, PhD; Lei Feng, PhD; Xin Ma , PhD

BACKGROUND: Transient receptor potential canonical (TRPC) channels play a role in angiogenesis. However, the involvement 
of TRPC1 in myocardial infarction (MI) remains unclear. The present study was aimed at investigating whether TRPC1 can 
improve the recovery of cardiac function via prompting angiogenesis following MI.

METHODS AND RESULTS: In vitro, coronary artery endothelial cells from floxed TRPC1 mice and endothelial cell-specific TRPC1 
channel knockout mice were cultured to access EC angiogenesis. Both EC tube formation and migration were significantly 
suppressed in mouse coronary artery endothelial cells from endothelial cell-specific TRPC1 channel knockout mice. In vivo, 
coronary artery endothelial cells from floxed TRPC1 and endothelial cell-specific TRPC1 channel knockout mice were sub-
jected to MI, then echocardiography, triphenyltetrazolium chloride staining and immunofluorescence were performed to as-
sess cardiac repair on day 28. Endothelial cell-specific TRPC1 channel knockout mice had higher ejection fraction change, 
larger myocardial infarct size, and reduced capillary density in the infarct area compared with coronary artery endothelial cells 
from floxed TRPC1 mice. Furthermore, we found underlying regulation by HIF-1α (hypoxic inducible factor-1α) and MEK-ERK 
(mitogen-activated protein kinase/extracellular signal-regulated kinase) that could be the mechanism for the angiogenetic ac-
tion of TRPC1. Significantly, treatment with dimethyloxaloylglycine, an activator of HIF-1α, induced cardiac improvement via 
the HIF-1α-TRPC1-MEK/ERK pathway in MI mice.

CONCLUSIONS: Our study demonstrated TRPC1 improves cardiac function after MI by increasing angiogenesis via the up-
stream regulator HIF-1α and downstream MEK/ERK, and dimethyloxaloylglycine treatment has protective effect on MI through 
the HIF-1α-TRPC1-MEK/ERK pathway.
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Among the cardiovascular diseases, myocardial in-
farction (MI) is the leading cause of mortality and 
disability worldwide.1 It damages the structure 

and function of the heart, and ultimately leads to car-
diac arrhythmia and heart failure. Nevertheless, the ef-
fective formation of coronary collaterals in the infarcted 
zone is crucial for the maintenance of cardiac func-
tion after MI.2 In this regard, enhanced angiogenesis 

could be a promising approach to improve the post-MI 
prognosis.3,4

Angiogenesis refers to the budding of new ves-
sels from original vessels by migration and prolifera-
tion, with subsequent modification and maturation. 
Through sprouting of capillary networks via the migra-
tion and proliferation of previously differentiated endo-
thelial cells (ECs), angiogenesis is essential to extend 
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the vascular bed initially formed by vasculogenesis. A 
variety of angiogenic growth factors have been used 
in therapy, including vascular endothelial growth fac-
tor (VEGF), fibroblast growth factor, hepatocyte growth 
factor, platelet-derived growth factor, angiotension-1, 
and insulin-like growth factor 1.5–8 However, consider-
ing the advantages and disadvantages of each agent, 
the ideal angiogenic growth factor for therapeutic 
angiogenesis application has not been found so far.9 
Consequently, it is critical to search for other crucial 
angiogenic factors with potential to treat ischemic 
heart disease.

Endothelial transient receptor potential canonical 
(TRPC) channels have long been associated to angio-
genesis and vascular remodeling because of their ability 
to engage intracellular signaling pathways associated 
to endothelial cell proliferation, migration, adhesion, 
tubulogenesis, and permeability.10–12 Endothelial TRPC 
channels affect the angiogenic process by maintaining 
the calcium ion response to pro-angiogenic factors, 
including VEGF, basic fibroblast growth factor, and/or 
by detecting delicate variations in the composition of 
the local microenvironment.13,14 TRPC1 regulates an-
giogenesis following VEGF-, basic fibroblast growth 

factor-, insulin-like growth factor-, and thrombin-
induced stimulation.15 TRPC4 is responsive to oxidized 
low-density lipoprotein, epidermal growth factor, and 
hypoxia.16 TRPC3 is sensitive to VEGF activation and 
erythropoietin, similar to TRPC6, which is mediated 
by thrombin, oxidized low-density lipoprotein, and 
14,15-epoxyeicosatrienoic acid.17 TRPC5 responds to 
oxidized low-density lipoprotein-dependent stimula-
tion, hypoxia, and riluzole.18,19 Although the angiogenic 
effect of TRPC channels is generally understood, their 
involvement in MI is still shrouded in mystery. The aim 
of this study was to explore whether TRPC channels 
mediate post-MI angiogenesis and which TRPC chan-
nel provides an appropriate therapeutic option for isch-
emic heart disease.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Animal Sources and Cell Cultures
Six- to eight-week-old C57BL/6 male mice were pur-
chased from the Shanghai SLAC Laboratory Animal 
Co., Ltd. Coronary artery endothelial cells from 
floxed TRPC1 (TRPC1fl/fl) and Tek-Cre mice were 
from GemPharmatech (Jiangsu, China). EC-specific 
TRPC1 knockout mice (TRPC1fl/fl-Tek-Cre; TRPC1EC

-/-) 
were generated by breeding TRPC1fl/fl mice with Tek-
Cre mice. Littermates without Tek–Cre were used as 
controls. Genotyping was performed by PCR (Figure 
S1) with the use of the F1-R1 and F2-R2 primer sets 
listed below: F1, 5’-CGAGTGATGAGGTTCGCAAG-3’; 
R1, 5’-TGAGTGAACGAACCTGGT-3’; and F2, 5’-CTT  
CTCCTTCCAGTTTCCACTCTG-3’; R2, 5’-CTACTTGA  
TCTACCAGGAGCTGGC-3’. TRPC1 mRNA level was 
reduced in heart, mesentery and aorta of TRPC1EC-/-  
mice (Figure S2A) and almost not expressed in en-
dothelial cells (Figure S2B). Immunohistochemical 
staining confirmed TRPC1 deficiency in endothelial 
layer of artery of TRPC1EC-/- mice (Figure S2C). All 
mice were raised in a specific pathogen free—rated 
environment. Each group had 5 mice. All animal exper-
iments were approved by the Animal Experimentation 
Ethics Committee of Jiangnan University and per-
formed in compliance with the Guide for the Care and 
Use of Laboratory Animals (National Institutes of Health 
publication, 8th edition, updated 2011).

Primary mouse coronary artery endothelial cells 
(MCAECs) were isolated as described previously.20 
Briefly, the freshly taken out heart tissues were col-
lected in PBS, after removing the surrounding excess 
tissues and blood, the hearts were cut to pieces 
until there were no obvious large tissue fragments. 

CLINICAL PERSPECTIVE

What Is New?
•	 Transient receptor potential canonical 1 plays a 

role in recovery of cardiac function via prompt-
ing angiogenesis of coronary artery endothelial 
cells following myocardial infarction.

•	 HIF-1α (hypoxic inducible factor-1α) and MEK-
ERK (mitogen-activated protein kinase/extra-
cellular signal-regulated kinase) affected the 
angiogenetic action of transient receptor poten-
tial canonical 1.

•	 Dimethyloxaloylglycine treatment has a protec-
tive effect on myocardial ischemia through the 
HIF-1α-transient receptor potential canonical 1-
MEK/ERK pathway.

What Are the Clinical Implications?
•	 This finding provides potential therapeutics tar-

geting endothelial TRPC1 to treat myocardial 
infarction.

Nonstandard Abbreviations and Acronyms

MCAECs	 mouse coronary artery endothelial 
cells

TRPC1EC
-/-	 endothelial cell-specific TRPC1 

channel knockout
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Then, the tissues were digested with collagenase 
type IA (Sigma, USA) for 30 to 35 minutes at 37 °C. 
The collagenase solution was harvested and after 
centrifugation at 1200g for 5 minutes, EC pellet was 
resuspended in 1 mL of endothelial cell growth me-
dium (ScienCell, USA) with 5% of fetal bovine serum. 
Cultures were maintained at 37 °C in humidified 
CO2 incubator (Thermo Scientific Pierce, Rockford, 
IL, USA). Medium were changed after the endothe-
lial cells adhered to the plates for 2 hours and then 
were changed regularly according to the cell growth 
situation.

Western Blot
Cells and tissues were lysed for 2 hours in RIPA lysis 
solution freshly prepared with a protease inhibitor 
(Roche). The concentration of extracted proteins was 
determined with a bicinchoninic acid protein deter-
mination kit (enhanced) (P0010, Beyotime, Shanghai, 
China). The extracted proteins were then separated 
by molecular size on SDS-PAGE gels, followed by 
transfer to polyvinylidene fluoride membranes, which 
were incubated at 4 °C overnight with primary anti-
bodies (1:200–1:1000) dissolved in Tris-buffered sa-
line containing Tween 20 containing 5% skimmed milk 
powder. The antibodies were as follows: anti-TRPC1 
(sc-133076, Santa Cruz Biotechnology), anti-HIF-1α 
(abs130612, Absin), anti-MEK (2352S, Cell Signaling 
Technology), anti-p-MEK (ab96379, Abcam), anti-Erk 
(ab32537, Abcam), anti-p-Erk (4370S, Cell signal-
ing technology), and anti-GAPDH (21612, Signalway 
Antibody). Afterwards, the membrane was washed 
with Tris-buffered saline containing Tween 20 and in-
cubated with the corresponding secondary antibod-
ies for 2 hours at room temperature. All the secondary 
antibodies were from Abcam. All blots were detected 
with an ECL substrate (180-5001, Tanon, Shanghai, 
China), and images were captured with Image Lab 
Software (Bio-Rad).

Tube-Formation Assay
Matrigel matrix (354234, BD Biosciences, Oxford, UK) 
with reduced growth factors was thawed overnight at 
4 °C. Ninety-six well plates and tips were initially cooled 
at 4 °C for at least 2 hours, then 50 µL Matrigel was 
added and incubated at 37 °C for 30 to 45 minutes. 
ECs (4×104) were added to the plates after the Matrigel 
had solidified, then the plates were incubated at 37 °C 
for 12 hours. A hypoxic environment was established 
in a humidified multi-gas incubator containing 1% O2, 
5% CO2, and 94% N2 (4040TS, Thermo, MA, USA). 
Images of networks were captured with a microscope-
mounted camera (Nikon Coolpix 54, Tokyo, Japan). 
Five randomly selected regions were used to quantify 
the results of tube formation.

Transwell
Cells were digested and then re-suspended in serum-
free medium at 4×104 cells/chamber. Fetal bovine 
serum containing medium (500 µL) was added to the 
24-well plate in advance, then 200 µL of the cell sus-
pension was added to the chamber. After 24  hours, 
cells were fixed with 4% paraformaldehyde, then 
stained with 0.1% crystal violet. The numbers of mi-
grated cells were counted in 9 to 12 randomly selected 
fields.

Transfection of siRNA
The cells were inoculated on a 6-well plate, and the 
cell density reached 70% to 80% confluence before 
transfection with siRNA. The sequences of siRNAs 
are shown in Table S1. Lipofectamine 2000 (cat. no. 
11668027; Invitrogen; Thermo Fisher Scientific, Inc.), 
Opti-MEM (cat. no. 31985070; Gibco; Thermo Fisher 
Scientific, Inc.), and siRNA were mixed and slowly 
dripped into the 6-well plate. During transfection, the 
6-well plate medium was changed to serum-free me-
dium (1 mL per well). After culture at 37 °C and 5% 
CO2 for 5 to 6 hours, the mixed transfection reagents 
were replaced with complete endothelial cell growth 
medium (without antibiotics), and experiments were 
performed after 48 hours of transfection.21

Reverse Transcriptase-Quantitative 
Polymerase Chain Reaction
Total RNA was extracted using TRIzol (Ambion, 
262301, USA) and reverse-transcribed from RNA to 
cDNA using the corresponding kit (RR036A, TAKARA, 
Japan). The sequences of the primers used to amplify 
the cDNA are listed in Table S2. Reverse transcriptase-
quantitative polymerase chain reaction used the SYBR 
Green kit (RR420A, TAKARA). The thermocycling pro-
cedure was as follows: pre-denaturation at 95 °C for 
30 seconds, followed by 40 cycles of 95 °C for 5 sec-
onds, and 60 °C for 30 seconds using a real-time PCR 
cycler (Roche Light Cycler 480 II, Basel, Switzerland).

Mouse Model of MI
C57BL/6 male mice were anesthetized by intraperi-
toneal. injection of pentobarbital (10  mg·kg−1 body 
weight), while artificial ventilation (SAR-1000 Small 
Animal Ventilator, CWE, Inc.) was used to provide life 
support. After exposing the heart, one third of the 
left anterior descending artery was ligated. Iodophor 
was used to disinfect the incision; 30 000 U of peni-
cillin was injected intramuscularly; and tidal volume 
was adjusted appropriately.22 Echocardiography was 
taken at days 3 and 28 after left anterior descending 
artery ligation, and left ventricle (LV) dimensions were 
quantified by digitally recorded two-dimensional clips 
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and M-mode images from the mid-LV just below the 
papillary muscles to allow for consistent measure-
ments from the same anatomical location in differ-
ent mice. Corresponding index like ejection fraction, 
fractional shortening, diastolic LV internal dimensions 
and systolic LV internal dimensions were measured to 
analyze heart function. After taking echocardiogram, 
mice were euthanized immediately, their hearts were 
harvested and reserved for next experiments. Mice 

received dimethyloxaloylglycine at 20 mg/kg per day 
intraperitoneally for 28 days after surgery.

Triphenyltetrazolium Chloride Staining
Three mice with MI were randomly selected from 
each group, euthanized, and the heart quickly re-
moved. Heart tissue was quickly frozen in a –20 °C 
refrigerator for 20  minutes. The tissue was cut into 

Figure 1.  Transient receptor potential canonical 1 (TRPC1) promotes tube formation and migration in mouse coronary 
artery endothelial cells.
A and B, Representative images of tube formation (measured after 12 hours) and scratch wound assays in primary mouse coronary 
artery endothelial cells pretreated with control or TRPC siRNA (siTRPC) (n=3; **P<0.01 vs ctl, 1-way ANOVA and Dunnett multiple 
comparison test). C and D, Protein expression levels of TRPC1 and TRPC5 in sham and post-infarct heart tissues (n=3; **P<0.01 
vs sham group, unpaired t test). E, Representative images and quantification of tube formation in primary mouse coronary artery 
endothelial cells from floxed TRPC1 (TRPC1fl/fl) and endothelial cell-specific TRPC1 channel knockout (TRPC1EC

-/-) mice (n=4; **P<0.01 
vs TRPC1fl/fl, unpaired t test). F, Representative images and quantification of migrated TRPC1fl/fl and TRPC1EC

-/- mouse coronary artery 
endothelial cells (n=3; **P<0.01 vs TRPC1fl/fl, unpaired t test; scale bar, 50 μm). The data are presented as the mean ± SD. MI indicates 
myocardial infarction; TRPC1, transient receptor potential canonical 1; TRPC1EC

-/-, endothelial cell-specific TRPC1 channel knockout; 
and TRPC1fl/fl; coronary artery endothelial cells from floxed TRPC1.

Figure 2.  Effects of transient receptor potential canonical 1 (TRPC1) on angiogenesis in myocardial infarction-model mice.
A, Representative echocardiogram of coronary artery endothelial cells from floxed TRPC1 (TRPC1fl/fl) and TRPC1EC

-/- mice at 3 days and 
28 days post-myocardial infarction. B, Change in ejection fraction from 3 days to 28 days after left anterior descending artery ligation 
in TRPC1fl/fl and TRPC1EC

-/- mice. C, Quantitative analysis of fractional shortening. D, Quantitative analysis of systolic left ventricular 
internal dimensions. E, Quantitative analysis of diastolic left ventricular internal dimensions. (n=4; **P<0.01 vs TRPC1fl/fl, unpaired 
t test). F, Infarct size in TRPC1fl/fl and TRPC1EC

-/- groups measured by triphenyltetrazolium chloride staining (scale bar, 0.5 cm). G, 
Statistics of the relative infarct size (n=3; *P<0.05 vs TRPC1fl/fl, unpaired t test). H, Representative confocal laser scanning microscope 
images showing capillary density in hearts from TRPC1fl/fl and TRPC1EC

-/- myocardial infarction-model mice (red, cardiac CD31; blue, 
DAPI; scale bar, 20 μm). I, Quantitation of capillary density in remote zone of left ventricle from TRPC1fl/fl and TRPC1EC

-/- myocardial 
infarction-model mice (n=3; *P<0.05 vs TRPC1fl/fl, unpaired t test). The data are presented as mean ± SD. DAPI indicates 4’,6-diamidino-
2-phenylindole; EF, ejection fraction; FS, fractional shortening; LVIDd, diastolic left ventricular internal dimensions; LVIDs, systolic left 
ventricular internal dimensions; MI, myocardial infarction; TRPC1EC

-/-, endothelial cell-specific TRPC1 channel knockout; TRPC1fl/fl, 
coronary artery endothelial cells from floxed TRPC1; and siTRPC, TRPC siRNA.
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slices perpendicular to the long axis and placed 
in 2% triphenyltetrazolium chloride staining solu-
tion (T7788, Sigma-Aldrich) for 25 to 30  minutes, 
protected from light, and the container was gently 
shaken at 5-minute intervals. After that, images of the 
slices were captured.

Immunofluorescence Analysis
In brief, the frozen sections were placed in an oven at 
60 °C for 30 minutes or 2 hours at room temperature, 
blocked in 5% bovine serum albumin in PBS for 30 min-
utes, then 0.1% Triton X‑100 was added and incubated 
for 10 to 20 minutes. All these steps were performed at 
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room temperature. The samples were incubated over-
night at 4 °C with CD31 antibody (1:100; AF3628, R&D 
Systems) to stain microvascular endothelium. Then, the 
sections were incubated with fluorescent secondary an-
tibodies (1:500; 2045332, Invitrogen) for 2 hours at room 
temperature. After that, 4’,6-diamidino-2-phenylindole 
diluted to 1:1000 with PBS was incubated for 8 minutes 
at room temperature. Images were captured on a confo-
cal laser scanning microscope (Leica TCS SP8, Wetzlar, 
Germany). To assess micro-vessel density, the numbers 

of vessels were counted in 5 random locations on every 
fourth section (from each sample) and recorded as 
CD31+ vessels/mm2.

Luciferase Assay
Coronary endothelial cells were transiently co-
transfected using lipofectamine TM2000 (116680119, 
Invitrogen, USA) with 1 μg TRPC plasmids plus 0.5 μL 
HIF-1α siRNA (siHIF-1α) (10 nmol/L) or negative control. 
There was change to cell growth medium 4 hours after 

Figure 3.  Analysis of interplay between transient receptor potential canonical 1 (TRPC1), HIF-1α (hypoxic inducible factor-
1α), and MEK-ERK (mitogen-activated protein kinase/extracellular signal-regulated kinase) in mouse coronary artery 
endothelial cells (MCAECs).
A, Relative mRNA levels of HNF-4α, COX-2, NF-kBp65, FOXO1, Smad3, and Mef2c in hearts from sham and myocardial infarction-
model mice (n=6; **P<0.01 vs sham, paired t test). B, Predicted consequential pairing of TRPC1 region and HIF-1α by Dual-Luciferase 
Assay System in MCAECs. pLUC-TRPC1 vector was co-transfected with HIF-1α siRNA (siHIF-1α) or negative control. TRPC1-1-6 
represents individual mutations at 1-6 sites, respectively. (n=3 independent experiments performed in triplicate. *P<0.05 and **P<0.01 
by unpaired t test). C, Protein expression levels of HIF-1α and TRPC1 in MCAECs from control and si-HIF-1α groups (n=4; *P<0.05 
vs ctl, unpaired t test). D, Representative images and quantification of tube formation in primary MCAECs from wild type primary 
MCAECs treated with scrambled siRNA (control) or siHIF-1α (n=3; **P<0.01 vs ctrl, one-way ANOVA and Dunnett multiple comparisons 
test; scale bar, 50 μm). E, Representative images and quantification of cell migration in primary MCAECs from control and siHIF-1α 
groups (n=3, **P<0.01 vs ctl, one-way ANOVA and Dunnett’s multiple comparisons test; scale bar, 50 μm). F, Protein expression levels 
of pMEK and pERK in MCAECs from control and TRPC1 siRNA (siTRPC1) groups (n=3; **P<0.01 vs ctl, unpaired t test). G, Protein 
expression levels of TRPC1, pMEK and pERK in MCAECs from control and siHIF-1α groups (n=3; **P<0.01 vs ctl, unpaired t test). H, 
Representative images and quantification of tube formation in primary MCAECs from wild type primary MCAECs in the absence and 
presence of 50 μmol/L PD98059 for 24 hours (n=3; **P<0.01 vs ctrl, one-way ANOVA and Dunnett multiple comparisons test; scale 
bar, 50 μm). I, Representative images and quantification of cell migration in primary MCAECs from wild type primary MCAECs in the 
absence and presence of 50 μmol/L PD98059 for 24 hours (n=3, **P<0.01 vs control, 1-way ANOVA and Dunnett multiple comparisons 
test; scale bar, 50 μm). The data are presented as mean ± SD. ERK indicates extracellular signal-regulated kinase; HIF-1α, hypoxic 
inducible factor-1α; MAPK, mitogen-activated protein kinase; and TRPC1, transient receptor potential canonical 1.
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transfection. After 36  hours of transfection, samples 
were collected for dual fluorescence detection. Then 
firefly and Renilla luciferase experiments were meas-
ured consecutively with Dual-Luciferase Reporter 
Assay System (E5331, Promega, USA), according to 
the manufacturer’s instructions and normalized for 
transfection efficiency by the control vector pGL3-
basic (E1751, Promega, USA) that contained Renilla 
luciferase. All the experiments were repeated 3 times.

Statistical Analysis
Comparisons among groups were made using ANOVA 
followed by Dunnett or Tukey multiple comparison 
tests, with P<0.05 as the threshold for a significant 
difference.

RESULTS
TRPC1 Plays a Role in Coronary Artery 
Angiogenesis
To study the contribution of TRPC channels in the angio-
genesis of MCAECs, we first evaluated their role by EC 
tube formation and migration assays. The area of tube 
formation was decreased after knockdown of TRPC1, 
TRPC3, TRPC4, TRPC5, and TRPC6 (Figures 1A and 
1B, S3). Among these, tube formation of MCAECs 
was reduced by 25% (P<0.01) and 28% (P<0.01) upon 
siRNA-mediated knockdown of TRPC1 and TRPC5, 
which resulted in greater impairment of the tube forma-
tion than other groups. However, there was no signifi-
cant difference of tube formation between knockdown 
of TRPC1 and TRPC5. To clarify which one predomi-
nated in post-MI angiogenesis, we next used a mouse 
model of MI to investigate the involvement of TRPC1 and 
TRPC5. As shown in Figure 1C, TRPC1 protein expres-
sion significantly increased in hearts from MI-model mice 
compared with sham-model mice (P<0.01). The protein 
expression of TRPC5 was low in heart tissues and there 
was no difference between MI- and sham-model mice 
(Figure  1D). Thus, TRPC1 may be involved in post-MI 
angiogenesis rather than TRPC5. Because few previous 
studies have been concerned with the role of endothe-
lial TRPC1 in post-MI angiogenesis, we decided to con-
firm the involvement of TRPC1 using primary MCAECs 
from TRPC1fl/fl mice and endothelial cell-specific TRPC1 
channel knockout (TRPC1EC

-/-) mice by tube formation 
and migration assays (Figure 1E and 1F). Both EC tube 
formation and migration were significantly suppressed in 
MCAECs from TRPC1EC

-/- mice by (P<0.01), which also 
indicated a role for TRPC1 in angiogenesis.

TRPC1 Is Involved in Recovery From MI
To validate these in vitro observations, we investigated 
the angiogenic role of TRPC1 in TRPC1fl/fl and TRPC1EC

-

/- MI-model mice. Echocardiography was used to 

quantify the effect of TRPC1 on cardiac function. 
Based on the analysis of echocardiography (Figure 2A 
through 2E), on day 28 after left anterior descending 
artery ligation, TRPC1EC

-/- mice had more significantly 
reduced ejection fraction (P<0.01) and fractional short-
ening (P<0.05), more significantly increased systolic 
left ventricular internal dimensions (P<0.01) and dias-
tolic left ventricular internal dimensions (P<0.01) than 
TRPC1fl/fl mice. Triphenyltetrazolium chloride stain-
ing revealed a larger myocardial infarct in TRPC1EC

-/- 
mice than in TRPC1fl/fl mice (P<0.05) (Figure  2F and 
2G). Using an anti-CD31 antibody to identify ECs, we 
found a significant decrease of capillary density in the 
infarct area of hearts from TRPC1EC

-/- mice compared 
with TRPC1fl/fl mice (P<0.01) (Figure 2H and 2I). These 
data revealed that TRPC1 contributes to the functional 
recovery of the post-ischemic heart and is a potential 
target for treating ischemic heart disease.

Interaction of the HIF-1α and MEK/
ERK Pathway in TRPC1-Regulated 
Angiogenesis
To elucidate the mechanism of TRPC1-mediated post-
infarct angiogenesis, we used reverse transcriptase-
quantitative polymerase chain reaction to assess the 
expression of TRPC1 and several TRPC1-interacting 
factors in hearts from sham and MI mice. As shown 
in Figure  3A, the hearts from the MI group showed 
higher HIF-1α (hypoxic inducible factor-1α) mRNA level 
than hearts from the sham group (P <0.01). However, 
no remarkable changes were found in the expression 
of HNF-4α, COX-2, NF-kBp65, FOXO1, Smad3, and 
Mef2c. Intriguingly, HIF-1α has been documented to 
improve cardiac function and ameliorate MI23,24; it elic-
its therapeutic angiogenesis, restricts infarct size, and 
ameliorates myocardial function after acute coronary 
occlusion. Its reported role as a potent pro-angiogenic 
factor was in accordance with our findings for the roles 
of TRPC1 in the MI model (Figure  2). Therefore, we 
speculated about the relationship between TRPC1 and 
HIF-1α in modulating post-infarct angiogenesis. Then, 
we investigated whether HIF-1α could transcriptionally 
regulate TRPC1 in MCAECs. To validate our hypoth-
esis, a series of TRPC1 promoter truncation mutants 
was generated targeting the potential binding sites 
of HIF-1α on TRPC1 promoter predicted by Jaspar 
(Table S3 and S4). The results of the luciferase assay 
after co-transfected with siHIF-1α showed that the 
regulatory region may be located between −1344 and 
−1016 bp (Figure 3B). Knocking down HIF-1α by siRNA 
in primary MCAECs (Figure 3C) resulted in decreased 
protein expression of TRPC1 (P<0.05). Therefore, we 
proposed that HIF-1α could directly target TRPC1 in 
MCAECs. Next, we evaluated the effect of HIF-1α in 
EC tube formation and migration (Figure 3D and 3E). 
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We found that siRNA-mediated knockdown of HIF-1α 
in MCAECs led to the inhibition of tube formation 
and migration (P<0.01), which was slightly stronger 
than that in MCAECs after siRNA-mediated knock-
down of TRPC1. These findings suggested a relation-
ship between TRPC1 and HIF-1α in the regulation of 
angiogenesis.

The mitogen-activated protein kinase/extracellular 
signal-regulated kinase (MEK-ERK) signaling pathway 
has been demonstrated to regulate different biological 
processes, including proliferation, migration and differen-
tiation, in numerous different cells.25,26 Modulation of the 
MEK/ERK pathway (for example, by therapeutic strategies 
involving insulin-like growth factor, statins, or ischemic 
postconditioning) is a universally recognized and classi-
cal mechanism for the treatment of myocardial ischemia 
injury.27,28 Previous reports show that ERK signaling is 
activated by hypoxia and that HIF-1α is involved in an ERK-
dependent mechanism.29,30 Thus we determined to eval-
uate the possible impact of HIF-1α and TRPC1 on MEK/
ERK signaling pathway.

Knocking down TRPC1 and HIF-1α by siRNA in pri-
mary MCAECs (Figure  3F and 3G) led to decreased 
phosphorylation of MEK and ERK (P<0.01), whereas 
the total MEK and ERK protein levels remained unal-
tered. We also found that treatment of MCAECs with 
the MEK inhibitor, PD98059, resulted in the inhibition of 
tube formation and migration (Figure 3H and 3I), which 
mimicked the angiogenic defects caused by TRPC1 
knockdown. Taken together, these findings indicated 
that HIF-1α and TRPC1 is required for MEK/ERK 

phosphorylation and suggest that disruption of MEK/
ERK signaling by TRPC1 knockdown may account for 
TRPC1 deficiency-induced angiogenic defects.

HIF-1α Activation Enhances TRPC1 
Expression, Which Ameliorates MI-
Induced Ischemia
Dimethyloxaloylglycine, a small molecule drug, is a protea-
somal degradation inhibitor that enhances the expression 
of HIF-1α in cells.31 First, to test whether dimethyloxaloyl-
glycine mediated cardioprotection through promoting 
angiogenesis by MCAECs, we assayed EC tube forma-
tion and migration in MCAECs treated with dimethylox-
aloylglycine compared with saline treatment. Both EC 
tube formation and migration were enhanced in MCAECs 
after dimethyloxaloylglycine treatment (P<0.05; Figure 4A 
and 4B). These data point out that dimethyloxaloylg-
lycine promotes angiogenesis by MCAECs. Western 
blot data showed that dimethyloxaloylglycine enhanced 
both HIF-1α and TRPC1 protein expression in MCAECs 
(P<0.01; Figure 4C). To test whether TRPC1 participated 
in dimethyloxaloylglycine-induced cardiac improvement in 
MI, we further elucidated the regulatory effect of dimethy-
loxaloylglycine on cardiac function, infarct size, and cap-
illary density after MI in TRPC1fl/fl and TRPC1EC

-/- mice. 
Dimethyloxaloylglycine has less significantly reduced ejec-
tion fraction (P<0.01) and fractional shortening (P<0.01), 
less significantly increased systolic LV internal dimensions 
(P<0.05) and diastolic LV internal dimensions (P<0.01) 
(Figure 4D), less myocardial infarct size (P<0.01; Figure 4E) 

Figure 4.  Upregulation of transient receptor potential canonical 1 (TRPC1) by dimethyloxalylglycine (an HIF-1α [hypoxic 
inducible factor-1α] activator) promotes recovery from ischemia.
A, Representative images and quantification of tube formation in primary wild-type mouse coronary artery endothelial cells (MCAECs) 
treated with saline or dimethyloxaloylglycine (200 μmol/L, 24 hours) (n=5; *P<0.05 vs control, unpaired t test; scale bar, 50 μm). B, 
Representative images and quantification of migrated wild-type MCAECs treated with saline or dimethyloxaloylglycine (n=3; *P<0.01 vs 
control, unpaired t test; scale bar, 50 μm). C, Protein expression levels of HIF-1α and TRPC1 in wild-type MCAECs treated with saline or 
dimethyloxaloylglycine (n=4; **P<0.01 vs control, unpaired t test). D, Change in ejection fraction, fractional shortening, systolic LV internal 
dimensions, and diastolic left ventricular internal dimensions from baseline to 28 days after left anterior descending artery ligation in 
coronary artery endothelial cells from floxed TRPC1 (TRPC1fl/fl) and TRPC1EC

-/- mice treated with saline or dimethyloxaloylglycine 
(30 mg/kg per day intraperitoneally) (n=3–5; **P<0.01 vs TRPC1fl/fl + saline, ##P<0.01 vs TRPC1EC

-/- + saline, ++P<0.01 vs TRPC1fl/fl + 
dimethyloxaloylglycine, 1-way ANOVA and Tukey multiple comparisons test). E, Infarct size in TRPC1fl/fl and TRPC1EC

-/- myocardial 
infarction-model mice treated with saline or dimethyloxaloylglycine measured by triphenyltetrazolium chloride staining (n=3; *P<0.05 
and **P<0.01 vs TRPC1fl/fl + saline, ##P<0.01 vs TRPC1fl/fl + dimethyloxaloylglycine, 1-way ANOVA and Tukey multiple comparisons 
test; scale bar, 0.5 cm). F, Representative confocal laser scanning microscope images and statistics for capillary density in TRPC1fl/

fl and TRPC1EC
-/- myocardial infarction-model mice treated with saline or dimethyloxaloylglycine (red, cardiac CD31; blue, DAPI, scale 

bar, 20 μm; n=3; **P<0.01 vs TRPC1fl/fl + saline, ##P<0.01 vs TRPC1fl/fl + dimethyloxaloylglycine, one-way ANOVA and Tukey multiple 
comparisons test). G, Protein expression levels of HIF-1α and TRPC1 in MCAECs of post-infarct hearts from TRPC1fl/fl and TRPC1EC

-/- 
myocardial infarction-model mice treated with saline or dimethyloxaloylglycine (n=3; **P<0.01 vs TRPC1fl/fl + saline, ##P<0.01 vs TRPC1EC

-

/- + saline, ++P<0.01 vs TRPC1fl/fl + dimethyloxaloylglycine, 1-way ANOVA and Tukey multiple comparisons test). H, Representative 
blots and quantitative analysis of Western blot of P-MEK and P-ERK in primary TRPC1fl/fl and TRPC1EC

-/- MCAECs treated with saline 
or dimethyloxaloylglycine (n=3; *P<0.05 and **P<0.01 vs TRPC1fl/fl + saline, ##P<0.01 vs TRPC1EC

-/- + saline, 1-way ANOVA and Tukey 
multiple comparisons test). I, The protein levels of P-MEK and P-ERK in post-infarct hearts from TRPC1fl/fl and TRPC1EC

-/- myocardial 
infarction-model mice treated with saline or dimethyloxaloylglycine (n=3; *P<0.05 and **P<0.01 vs TRPC1fl/fl + saline, ##P<0.01 vs 
TRPC1EC

-/- + saline, 1-way ANOVA and Tukey multiple comparisons test). The data are presented as mean ± SD. DAPI, 4’,6-diamidino-2-
phenylindole; EF, ejection fraction; FS, fractional shortening; HIF-1α, hypoxic inducible factor-1α; LVIDd, diastolic left ventricular internal 
dimensions; LVIDs, systolic left ventricular internal dimensions; MI, myocardial infarction; TRPC1EC

-/-, endothelial cell-specific TRPC1 
channel knockout; and TRPC1fl/fl, coronary artery endothelial cells from floxed TRPC1, P-MEK, phosphorylated mitogen-activated 
protein kinase; and P-ERK, phosphorylatedextracellular signal-regulated kinase.
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and more prominent increased the capillary density 
(P<0.01; Figure 4F) in TRPC1fl/fl group than in TRPC1EC

-/- 
group. In TRPC1EC

-/- mice, treatment of dimethyloxaloylg-
lycine slightly recovered the changes of ejection fraction, 
fractional shortening, systolic LV internal dimensions, and 
diastolic LV internal dimensions of infarcted heart com-
pared with TRPC1EC

-/- saline group (Figure 4D). Besides, 
dimethyloxaloylglycine increased both HIF-1α and TRPC1 
level of MCAECs in MI-model TRPC1fl/fl mice. In MCAECs 
from TRPC1EC

-/- mice, dimethyloxaloylglycine could also 
increase the expression of HIF-1α, but the protein level of 
HIF-1α was lower than that from TRPC1fl/fl mice (Figure 4G). 
These data demonstrate that dimethyloxaloylglycine 

treatment has a protective effect on MI via upregulating 
HIF-1α and TRPC1 expressions. Immunoblots results 
showed that endothelial cell-specific knockout of TRPC1 
significantly reduced the phosphorylated MEK and ERK 
activity in MCAECs, whereas treatment of dimethylox-
aloylglycine caused an apparent increase (Figure  4H). 
We further found that dimethyloxaloylglycine-mediated 
activation of MEK-ERK pathways was also inhibited by 
knockout of TRPC1 in hearts of MI-model TRPC1fl/fl mice 
(Figure 4I), demonstrating the cardioprotective effects of 
dimethyloxaloylglycine via the TRPC1-MEK/ERK pathway. 
In conclusion, we have demonstrated that TRPC1 plays a 
role in mediating cardiac function after MI by stimulating 
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angiogenesis that may involve the HIF-1α-MEK/ERK path-
way and TRPC1 might be a new therapeutic target for 
ischemic heart diseases.

DISCUSSION
Intracellular Ca2+ signaling is an integral second mes-
senger in the regulation of cell proliferation, migration, 
angiogenesis, differentiation, and inflammation.32 It 
participates in a multi-step process that controls an-
giogenesis.33 Store-operated Ca2+ entry is the main 
pathway for Ca2+ entry in miscellaneous cell types 
such as ECs and endothelial progenitor cells.34,35 The 
TRPC1 channel mediating store-operated Ca2+ entry 
is a Ca2+-permeable, non-selective cation membrane 
channel. Knockout of TRPC1 impairs angiogenesis 
by endothelial progenitor cells in vitro by suppressing 
the calmodulin/endothelial nitric oxide synthase signal-
ing pathway.36 Furthermore, the ectopic expression of 
TRPC1 increases the angiogenic sprouting of interseg-
mental vessels in zebrafish.15 Nevertheless, it remains 
unknown whether TRPC1 plays a pro-angiogenesis 
role in ischemic heart disease.

Based on these studies, we proposed that TRPC1 
may be involved in post-ischemic repair during MI. In 
this study, we demonstrated that in the TRP chan-
nel family, TRPC1 was a key regulator of coronary 
EC function and angiogenesis (Figure  1). Moreover, 
TRPC1 facilitated MI-induced adaptive pathophysio-
logical angiogenesis and the restoration of blood flow, 
providing cardioprotection in mouse model of MI in 
vivo (Figure 2). Collectively, these results indicate that 
TRPC1 plays a critical role in the process of angiogen-
esis and the protection of ischemic myocardium after 
MI. Unfortunately, there are no specific and potent ag-
onists available to activate TRPC1, so we evaluated its 
upstream regulators.

Angiogenesis could be triggered by ischemia and 
has the potential to repair ischemic myocardium at 
the post-MI stage. Also, it is of great importance for 
avoiding heart failure during long-term left ventricular 
remodeling.37 HIF-1α, an essential transcription fac-
tor, regulates angiogenesis through transcription of 
a range of hypoxia response genes.38 Interestingly, 
our study showed that the expression of TRPC1 was 
upregulated in MI mice and the upregulation was di-
rectly induced by HIF-1α (Figure 3). There is evidence 
that MEK/ERK pathway plays a critical role in VEGF-
induced angiogenesis by promoting endothelial pro-
liferation, migration and survival.28 A recent study 
demonstrated that ERK might be engaged by store-
operated Ca2+ entry in endothelial progenitor cells to 
stimulate migration in vitro and neovessel formation in 
vivo.39 Intriguingly, store-operated Ca2+ entry in these 
cells is also contributed by TRPC1.14,35 Consistent with 

a recent study,40 we also found that knocking down 
of TRPC1 and HIF-1α significantly inhibited phos-
phorylation of MEK and downstream ERK (Figure 3). 
Together, these results demonstrated the existence of 
a HIF-1α–TRPC1–MEK/ERK signaling axis in MCAECs 
angiogenesis.

Dimethyloxaloylglycine inhibits the proteasomal 
degradation of HIF-1α and upregulates the stability of 
HIF-1α expression.41 Several studies have suggested 
that ischemic preconditioning with dimethyloxaloylgly-
cine can protect heart tissues from ischemic injury.42–44 
However, this is the first study that demonstrated that 
the benefit of dimethyloxaloylglycine treatment or the 
benefit of upregulation of HIF-1α in the heart requires 
TRPC1 expression in coronary artery endothelial cells. 
In our study, upregulation of TRPC1 is a strategy for 
improving cardiac repair by promoting angiogenesis 
after MI. Results from this study demonstrated that 
dimethyloxaloylglycine treatment induces TRPC1 ex-
pression in MCAECs (Figure 4C).

Consistent with previous studies,45,46 we found that 
dimethyloxaloylglycine treatment improved cardiac 
function, promoted angiogenesis, reduced infarct size, 
and continued to improve cardiac function 4  weeks 
after MI. Several mechanisms that may be responsible 
for dimethyloxaloylglycine induced ischemic precon-
ditioning have been reported. Dimethyloxaloylglycine 
treatment upregulated the expression of HIF-1α and 
VEGF in hearts47 and attenuated post-ischemic car-
diac injury through induction of endoplasmic reticu-
lum stress genes.48 Dimethyloxaloylglycine can also 
inhibit PHD3 (prolyl hydroxylase domain protein 3), 
prevent activation of the ATR/CHK1/p53 pathway 
and decrease apoptosis induced by DNA damage.49 
Dimethyloxaloylglycine pretreatment significantly en-
hances angiogenesis by increasing circulating endo-
thelial progenitor cells and bone marrow progenitor 
cells.50 Also, dimethyloxaloylglycine treatment has anti-
inflammatory, anti-apoptotic, and neuroprotective 
effects in ischemic diseases.51,52 Importantly, in our 
study, the actions of dimethyloxaloylglycine were de-
pendent on endothelial TRPC1 expression. Endothelial 
cell-specific knockdown of TRPC1 inhibited the angio-
genesis effect of dimethyloxaloylglycine and verified 
that dimethyloxaloylglycine worked through the HIF-
1α-TRPC1-MEK/ERK pathway in MCAECs (Figure 4). 
Notably, there was still a slight recovery in TRPC1EC

-/-  
mice with dimethyloxaloylglycine treatment compared 
with those without treatment. This suggested that 
HIF-1α can also act through other pathways to in-
duce cardiac improvement, consistent with previous 
research.45 In summary, dimethyloxaloylglycine could 
improve cardiac function through the HIF-1α-TRPC1-
MEK/ERK pathway in MCAECs. Nevertheless, there 
were several limitations: TRPC1 is not the only pathway 
that regulates angiogenesis after MI and we could not 
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rule out the possibility that HIF-1α activates other HIF-1 
target genes, such as erythropoietin or VEGF, which 
may contribute to the observed benefits.43

In conclusion, to our knowledge, our study is 
the first to confirm that upregulation of endothelial 
TRPC1 is a strategy for improving cardiac function 
after MI by stimulating angiogenesis via the up-
stream regulator HIF-1α and downstream MEK/ERK. 
Dimethyloxaloylglycine treatment has a protective 
effect on myocardial ischemia through the HIF-1α-
TRPC1-MEK/ERK pathway. Our study demonstrates 
TRPC1 might be a new therapeutic target for isch-
emic heart diseases.
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Table S1: Sequences of siRNAs. 

        siRNA sequence 

siTRPC1 CAGCCAGAUUCCUAGCUUU 

siTRPC3 GGAAGAACUGCUCUCCUCAUUGCAA 

siTRPC4 TCGAGGACCAGCATACATG 

siTRPC5 CCAAUGGACUGAACCAGCUUUACUU 

siTRPC5 GGAGCUACCAUGUUUGGAATT 

siTRPC6 TCGAGGACCAGCATACATG 

siHIF-1α AGTTCACCTGAGCCTAATA 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2: Primers used in PCR. 

Gene                Sequence (5’-3’)  

TRPC1 Forward  AGCCTCTTGACAAACGAGGA 

Reverse TCTTACAGGTGGGCTTACGG 

TRPC3 Forward  GCCTTCATGTTCGGTGCTC 

Reverse GCGTTCTGGCCCATGTAGT 

TRPC4 Forward  GGCGGACTCCAGGATTACATC 

Reverse CCATGATTCCCGTGGGTTCAG 

TRPC5 Forward  GGGCTGAGACTGAGCTGTC 

Reverse TTGCGGATGGCGTAGAGTAAT 

TRPC6 Forward  AGCCAGGACTATTTGCTGATGG 

Reverse AACCTTCTTCCCTTCTCACGA 

HIF-1α Forward  GCAGCAGGAATTGGAACATT 

Reverse GCAGCAGGAATTGGAACATT 

NF-kBp65 Forward  GGTCCACGGCGGACCGGT 

Reverse GACCCCGAGAACGTGGTGCGC 

HNF4α Forward  AGCCAACGATCACCAAGCAA 

Reverse ACTGGTCCCTCGTGTCACAT 

STAT3 Forward  CCCATATCGTCTGAAACTC 

Reverse TTGCTCCCTTCTGCTCT 

COX2 Forward  CCGGGCCAGGGACTATTCAA 

Reverse TGCAGACTTCGGTCAGTCCA 



FOXO1 Forward  TCGTCATAATCTGTCCCTACACA 

Reverse CGGCTTCGGCTCTTAGCAAA 

Smad3 Forward  TGTGCGGCTCTACTACATCG 

Reverse GCAGCAAATTCCTGGTTGTT 

Mef2c Forward  TCCTGGTGTAACACATAGACCTC  

Reverse TGGTAAAGTAGGAGTTGCTACGG  

GAPDH Forward  AACTTTGGCATTGTGGAAGG 

Reverse ACACATTGGGGGTAGGAACA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3: Potential HIF-1α binding site on TRPC1 promoter. 

Score Relative score Start End Strand Predicted site sequence 

7.282 0.883145232692922 82 89 1 CTGCGTGA 

5.502 0.830043481576361 415 422 1 AGATGTGC 

5.290 0.82371900335349 649 656 1 ACATGTGC 

5.827 0.839739026021801 977 984 1 GGAGGTGC 

5.011 0.815395751352636 1880 1887 1 AGACGCGC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4: Primers for TRPC1 promoter construct. 

Name Sequences 

TRPC1-1MlulF 5'CGACGCGTAGGTTTGAACAACCAGCACTCTTATCCACT-3' 

TRPC1-2MlulF 5'CGACGCGTTTGTTATAAACTTAGTTTGTGATGAAATCA-3' 

TRPC1-3MlulF 5'CGACGCGTTCCTCGGGAGTAAAGGGAGGAGAACATGAA-3' 

TRPC1-4MlulF 5'CGACGCGTTAAGTATGTAGGTATTGTTAGAATGTCCCA-3' 

TRPC1-5MlulF 5'CGACGCGTATATACAAATGTATGGGCGCTCCTCTCTCC-3' 

TRPC1-6MlulF 5'CGACGCGTCCAAGATGCTAGGCGACCGACCAGAGAGGC-3' 

TRPC1-XhoIR 5'CCGCTCGAGACACTAAATTTTATAGATGGCATATAAGTT-3' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S1: Effect of siRNA treatment on the mRNA expression of corresponding TRP 

channels. Scrambled siRNA and targeted siRNAs were added to mouse primary coronary artery 

endothelial cells. After 48 hours, RNA was extracted, and quantitative real time-polymerase 

chain reaction was performed to determine the mRNA level of corresponding TRP channels. 

One-way ANOVA and Dunnett’s multiple comparison test, **P <0.01 versus ctl, n = 3. The data 

are presented as the mean ± standard deviation.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S2: Gene identification of WT and TRPC1EC-/- mice. PCR analysis of the genomic 

DNA from WT and TRPC1EC-/- mice were performed by using two primer sequences (F1-R1, 

F2-R2) indicated by confirm insertion of the lox P sites. In the WT allele, 313-bp (F2-R2) 

fragment were amplified and in the TRPC1EC-/- allele, 390-bp and 415-bp (F2-R2) fragments 

were amplified. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S3: Clarifications of TRPC1EC-/- mice. A, Relative mRNA levels of TRPC1 in heart, 

mesentery and aorta tissues from TRPC1fl/fl and TRPC1EC-/- mice (n = 3; *P <0.05 and **P <0.01 

vs TRPC1fl/fl, paired t test). B, Relative mRNA levels of TRPC1 in primary endothelial cells from 

TRPC1fl/fl and TRPC1EC-/- mice (n = 3; *P <0.05 and **P <0.01 vs TRPC1fl/fl, paired t test). C, 

Representative immunofluorescence images for TRPC1 in coronary arteries, mesenteric arteries 

and aortas from TRPC1EC-/- mice (yellow, CD31; red, TRPC1; blue, DAPI, scale bar, 10 μm). 
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