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a b s t r a c t

Background: Caveolin-1, the scaffolding protein of cholesterol-rich invaginations, plays an important role
in store-operated Ca2þ influx and its phosphorylation at Tyr14 (p-caveolin-1) is vital to mobilize pro-
tection against myocardial ischemia (MI) injury. SOCE, comprising STIM1, ORAI1 and TRPC1, contributes
to intracellular Ca2þ ([Ca2þ]i) accumulation in cardiomyocytes. The purified extract of steamed Panax
ginseng (EPG) attenuated [Ca2þ]i overload against MI injury. Thus, the aim of this study was to investigate
the possibility of EPG affecting p-caveolin-1 to further mediate SOCE/[Ca2þ]i against MI injury in neonatal
rat cardiomyocytes and a rat model.
Methods: PP2, an inhibitor of p-caveolin-1, was used. Cell viability, [Ca2þ]i concentration were analyzed
in cardiomyocytes. In rats, myocardial infarct size, pathological damages, apoptosis and cardiac fibrosis
were evaluated, p-caveolin-1 and STIM1 were detected by immunofluorescence, and the levels of
caveolin-1, STIM1, ORAI1 and TRPC1 were determined by RT-PCR and Western blot. And, release of LDH,
cTnI and BNP was measured.
Results: EPG, ginsenosides accounting for 57.96%, suppressed release of LDH, cTnI and BNP, and protected
cardiomyocytes by inhibiting Ca2þ influx. And, EPG significantly relieved myocardial infarct size, cardiac
apoptosis, fibrosis, and ultrastructure abnormality. Moreover, EPG negatively regulated SOCE via
increasing p-caveolin-1 protein, decreasing ORAI1 mRNA and protein levels of ORAI1, TRPC1 and STIM1.
More importantly, inhibition of the p-caveolin-1 significantly suppressed all of the above car-
dioprotection of EPG.
Conclusions: Caveolin-1 phosphorylation is involved in the protective effects of EPG against MI injury via
increasing p-caveolin-1 to negatively regulate SOCE/[Ca2þ]i.
© 2023 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Myocardial ischemia (MI) leading to myocardial infarction and
followed by cardiac fibrosis represent a life-threatening condition.
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Abundant evidences have suggested that [Ca2þ]i overload might
participate in the pathogenesis and progress of the MI injury [1].
The enhancing Ca2þ influx promoted apoptosis and the effect was
suppressed by removal of extracellular free Ca2þ in ischemic car-
diomyocytes [2], and decrease of Ca2þ overload attenuated
hypoxia-induced apoptosis in primary cardiomyocyte [3]. More-
over, [Ca2þ]i overloading can lead to cardiomyocyte necrosis and a
replacement fibrosis [4]. Therefore, Ca2þ homeostasis is of pivotal
interest for the cardiomyocytes.

Store-operated Ca2þ entry (SOCE) is a ubiquitous Ca2þ influx
mechanism [5]. The molecular components of SOCE include stro-
mal interaction molecule1 (STIM1), Ca2þ release activated Ca2þ
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channel protein 1 (ORAI1) and transient receptor potential canon-
ical 1 (TRPC1) proteins [6,7]. SOCE is triggered in response to
depletion of sarcoplasmic reticulum (SR) Ca2þ stores [7]. After Ca2þ

depletion, STIM1, as Ca2þ sensor localized at the SR membrane,
undergoes a complex conformational rearrangement and re-
distributes to SR-plasma membrane junctions, then, it directly in-
teracts with and opens ORAI1 to refill SR with Ca2þ [8,9]. Evidence
also has shown that STIM1 can couple with and activate TRPC1 to
contribute to SOCE activity [7,10]. The role of SOCE in the regulation
of Ca2þ homeostasis was obtained in cardiomyocytes from embryo
to adult [6,11,12], and there is growing support for the contribution
of SOCE to Ca2þ overload [5,11] and ischemia-reperfusion (I/R)
injury, and SOCE inhibitors can alleviate cardiac injury following I/R
[13].

Caveolae, cholesterol-rich lipid rafts invaginations, orchestrate
signaling in the cardiomyocytes [14]. Caveolin-1, the scaffolding
protein of caveolae, provide protection for myocardium in ischemia
injury [15]. Caveolin-1 phosphorylation (Tyr14) is essential for
myocardial ischemic preconditioning (IPC) to mobilize endogenous
protection [16]. Also, researches have shown that caveolin-1 can
regulate store-operated Ca2þ influx [17]. In addition, caveolin-1
expression plays an anti-apoptotic role in H9c2 cardiac cells [18],
and hypoxia inducing cardiac fibroblast proliferation and pheno-
typic switch are caveolin-dependent in in vitro and in vivo models
of ischemic injury [19].

We previously reported that pretreatment with total saponin of
red ginseng, i.e., purified extract of steamed Panax ginseng (EPG),
attenuated [Ca2þ]i overload in MI injury [20], however, the under-
lying mechanisms remain largely unknown. Ginsenosides, except
ginsenoside Ro, are the steroid-like saponins [21]. Thus, we hy-
pothesized that EPG could affect caveolin-1 phosphorylation
through ginsenosides and further regulate SOCE/[Ca2þ]i. Hence, in
the present study, the impact of inhibiting caveolin-1 phosphory-
lation on EPG against cardiac apoptosis and fibrosis following MI
and the underlying mechanism were explored both in vitro and
in vivo.

2. Materials and methods

2.1. Reagents and materials

The six-year-old red ginseng was purchased from Jilin Kangmei
Xinkaihe Pharmaceutical Co., Ltd (Jilin, China) and authenticated by
associate professor Chenxue Pan of Zhengzhou University. Ginse-
noside Rg1, Re, Rf, Rb1, Rc, Rg2, Rh1, Rb2, Rb3 and Rd (purity > 98%)
were obtained from Chengdu Must-Biotechnology Co., Ltd.
(Chengdu, China). Antibodies of phospho-caveolin-1 (Tyr14) and
caveolin-1 were obtained from Affinity Biosciences and Bioss Inc.
(Beijing, China), respectively. Antibodies of GAPDH, and ORAI1,
TRPC1 and STIM1 were purchased from Servicebio, and Boster
Biological Technology, Wuhan, China, respectively. Terminal deox-
ynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
detection Kit and Masson Stain Kit were provided by Servicebio,
Wuhan, China. Other chemicals, such as 3-(4-chlorophenyl)-1-(1,1-
dimethethyl)-1H-pyrazolo[3,4-d] pyrimidin-4-amine (PP2), and
2,3,5-triphenyltetrazolium (TTC) et al, were obtained from repu-
table sources.

2.2. Preparation and analysis of EPG

EPG was obtained according to our previous method [20]. Gin-
senosides were analyzed by HPLC using Inertex C18 column (5mm,
250mm � 4.6mm). The chromatographic conditions are: flow rate,
1.0 ml/min; detection wavelength, 203 nm; the column tempera-
ture, 30�C; gradient elution of acetonitrile (A) and water (B), 0-
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20min,19% A; 20-40min,19-29% A; 40-55min, 29%A; 55-75min, 29-
40% A; 75- 78min, 40-50%A. The contents of ginsenoside Rg1, Re, Rf,
Rb1, Rc, Rg2þRh1, Rb2, Rb3 and Rdwere 9.62%, 3.93%, 3.14%,13.08%,
12.71%, 3.38%, 7.37%, 0.98% and 3.75%, respectively, accounting for
57.96% in EPG (Supplementary Fig.1).

2.3. Primary culture of neonatal rat cardiomyocytes and cell
viability assay

The neonatal rat cardiomyocytes were obtained and cultured
following the reported method [20]. They were starved by serum-
free DMEM 24 h before experiments. Cell viability were assessed
by cell counting Kit-8 (CCK-8) assay. Optical density (OD) value was
detected at 450 nm with a microplate reader (Thermo, USA). Cells
viability (%) ¼ (OD sample - OD blank) / (OD control - OD
blank) � 100%.

2.4. Inducement of hypoxia injury

The hypoxia model of cardiomyocyte was induced by the
AnaeroPack system as previously published [22]. Briefly, cells were
placed inside a sealed airtight container with an AnaeroPack
(Mitsubishi Gas Chemical, Tokyo, Japan) to generate hypoxic at-
mosphere by absorbing oxygen and producing carbon dioxide.

2.5. Drug treatment

Caveolin-1, as a Src tyrosine kinase substrate, can be activated by
Src and phosphorylated (Tyr14). PP2, a specific Src inhibitor, blocks
caveolin-1 phosphorylation [23]. After cells were pretreated by PP2
(10 mM) for 10min to inhibit caveolin-1 phosphorylation, theywere
maintained in the presence or absence of 200 mg/mL EPG for 10 h
and followed by hypoxia for 6 h. Then cell viability was determined.

2.6. Measurement of myocardial injury biomarkers

The culture medium and the serumwere collected and analyzed
by lactate dehydrogenase (LDH) kit (Jiancheng Bio, Nanjing, China),
B-type natriuretic peptide (BNP) ELISA kit (Zci Bio, Shanghai, China)
and cardiac Troponin I (cTnI) ELISA kit (Novatein Bio, USA) ac-
cording to the instructions.

2.7. Measurement of [Ca2þ]i concentration

Fluo-3 AM (Solarbio, Beijing, China) was used to detect [Ca2þ]i.
The cells were loaded with Fluo-3 AM (5 mM) for 30 min at room
temperature in phosphate-buffered saline (PBS), then washed with
PBS. The change in Ca2þ fluorescence intensity was assessed with
excitation 488 nm and emission 530 nm.

2.8. Animals and experimental protocols

Male SD rats weighing 220-250g were purchased from Labora-
tory Animal Center of Henan (Henan, China) and housed at 25 ± 1�C
and 50% humidity, with light-dark cycle of 12 h and free access to
food and water. All protocols involving animals were approved by
the Laboratory Animal Ethics Committee of Zhengzhou University
and carried out according to the Guidelines of the Care and Use of
Laboratory Animals.

Rats were divided randomly into five groups with 10 animals
per group: sham, MI, 200 mg/kg EPG (body wt.), 10mg/kg PP2þ 200
mg/kg EPG, and 10.8 mg/kg diltiazem as a positive control of a Ca2þ

channel blocker. We previously reported that compared with the
model group, pretreatment with EPG showed a dose-dependent
reduction in infarct size at dose of 50, 100, 200, 400 mg/kg, and
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200 and 400 mg/kg EPG significantly decreased the infarct size
(P < 0.05), therefore 200 mg/kg EPG, the minimal effective dosage,
was used in the present study [20]. EPG and diltiazem were
administered by gavage twice daily for seven consecutive days
prior to heart ischemia operation. Rats in EPG þ PP2 group were
injected with PP2 through caudal vein 20 minutes before each time
administration of EPG. The sham and MI rats received an equal
volume of vehicle that dissolved the drug.
2.9. Acute myocardial ischemia (AMI) rat model

AMI injury of rats was conducted as reported previously [20]
through ligating the left anterior descending coronary artery (LAD).
The sham group underwent all procedures without ligation of LAD.
After 24h of AMI, the blood was sampled from the abdominal aorta
and centrifuged at 3000 rpm for 15 min for obtaining serum, the
heart was collected and rinsed with ice-cold PBS (pH 7.4).
2.10. Determination of infarct size

Myocardial infarct sizes were determined using TTC staining, as
described previously [20]. After the pictures were taken, the for-
mula: Infarct size (%) ¼ (infarct area/whole heart area) � 100%, was
used to normalize.
2.11. Hematoxylin and eosin (HE) staining and masson staining

The hearts fixed in 4% paraformaldehyde for 48 h were sub-
jected to gradient dehydration, transparency and paraffin embed-
ding. Crosswise 3 mm-thick heart sections were cut and stained by
HE and Masson staining according to their respective standard
protocols. Fibrosis area (%)¼ (area of collagen fibers/ area of muscle
fibers and collagen fibers) � 100%.
2.12. TUNEL staining

TUNEL staining was carried out according to the manufacturer's
protocols. The nuclei positive for TUNEL staining were counted in
five randomly chosen fields in a blind manner and expressed as the
percentage of the total number of cardiomyocytes.
2.13. Transmission electron microscopy (TEM)

Cardiac tissue at the apex of the left anterior wall were taken
and cut into small pieces (1 mm3) and fixed in electron microscopy
fixation buffer for 24 h (4 �C). After the samples were washed with
PBS, fixed in 1% osmium tetroxide in PBS for 1 h, dehydrated, and
then permeated and embedded. Next, the ultrathin sections were
cut and stained with 2% uranyl acetate and lead citrate for 15min,
respectively, and dried and photographed by a HT7800 TEM
(Hitachi, Ltd., Tokyo, Japan) operating at 120 kV.
Table 1
Primer Sequence of qRT-PCR

Genes Forward Primer sequence Reverse Primer sequence

Caveolin-1 TGTCTATTCCATCTACGTCCAC TCATATCTCTTTCTGCGTGCTG
ORAI1 AAAGCCTCCAGCCGAACCT AAAAGCAGCGTCCCGATGAC
TRPC1 AAAAAGGACAGCCTCAGACATTC GCACTAAGTTCAAACGCTCTCAG
STIM1 GGATCTCAGAGGGATTTGACCC CATTGGAAGACGTGGCATTGA
GAPDH CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT
2.14. Immunofluorescence

After antigen retrieval was performed on the tissue sections,
they were blocked for 30 min with 3% bovine serum albumin and
incubated with primary antibody against p-caveolin-1 (#AF3386),
or STIM1 (#PB9406) and fluorescent secondary antibody. Next,
sections were stained for 10 min with DAPI staining, washed with
PBS, and then photographed with a fluorescence microscope.
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2.15. Western blotting analysis

The total proteins were extracted from homogenized heart tis-
sue using RIPA lysis buffer with 1% phosphatase and 1% protease
inhibitors (Beyotime, Shanghai, China), and quantified by BCA kit
(Solaibao, Beijing, China). Equal amounts of proteins were sepa-
rated using 12% SDS-PAGE and transferred onto membranes. After
the membranes were blocked and incubated with primary anti-
bodies against caveolin-1 (1:1000; #bs-1453R), p-caveolin-1
(1:1000), ORAI1 (1:1000; #A00909), TRPC1 (1:1000; #M01492),
STIM1 (1:1000), and GAPDH (1:2000; #GB11002), they were wash
and incubated with secondary antibodies (1:10000, #BE0101, Bio-
easy, Shanghai, China). Finally, the bands were visualized using ECL
(Millipore, USA), and normalized to GAPDH.

2.16. Quantitative real-time polymerase chain reactions (qRT-PCR)

Total RNA was extracted from homogenized rat cardiac tissues
using the animal total RNA Isolation Kit (Cwbio, Beijing, China) and
quantified with the Nanodrop 2000 spectrophotometer (Thermo
Scientific, Shanghai, China). 1 mg of total RNA was reverse tran-
scribed into cDNAs with the Servicebio®RT First Strand cDNA
Synthesis Kit (Servicebio, Wuhan, China), qRT-PCR were run on the
CFX Connect™ Real-Time System (BIO-RAD, USA). Primer for RT-
PCR are designed and synthesized by Servicebio, and the se-
quences are listed in Table 1. Data of mRNA were normalized to
GAPDH expression.

2.17. Statistical analysis

All data are presented as the means ± standard deviation (SD).
Student's t-test or one-way analysis of variance (ANOVA) were
used. P < 0.05 was considered statistically significant.

3. Results

3.1. EPG inhibited hypoxia injury in cardiomyocytes

The AnaeroPack System treatment caused a time-dependent
decrease in cardiomyocyte viability (Fig. 1A); LDH could be detec-
ted only in the group treated for 6h (data not shown); therefore, 6 h
was selected as the optimal hypoxia time for further experiments of
cells. Prior to the hypoxia treatment, cells were pretreated by EPG at
100 - 400 mg/mL of EPG for 10 h, a concentration-dependent in-
crease of survival was observed, and starting from 200 mg/mL, the
increase has a significant difference (Fig. 1B). Therefore, 200 mg/mL
was used for subsequent researches.

3.2. Protective effect of EPG on hypoxia injury involved in p-
caveolin-1 in cardiomyocytes

As shown in Fig. 1CeF, PP2 (10 mM), an inhibitor of caveolin-1
phosphorylation, hardly affected the hypoxic cells, however



Fig. 1. EPG increased viability, and reduced injury biomarkers and [Ca2þ]i in hypoxia cardiomyocytes via p-caveolin-1 (three independent experiments done in quintuplicate).
Effect of hypoxia time (A) and EPG doses under hypoxia for 6 h (B) on cells. Effect of PP2 on cells (C) and LDH, BNP and cTnI (D-F) under 200 mg/mL EPG. Fluo-3 fluorescence
measured by microscope (G) and flow cytometry (H, I). ###P < 0.001, ##P < 0.01 vs. normal control; ***P < 0.001, **P < 0.01vs. model, & P < 0.05, && P < 0.01, &&& P < 0.001 vs.
EPG.
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pretreatment with EPG significantly enhanced cell viability,
reduced release of LDH, BNP and cTnI; meanwhile, these im-
provements by EPG were significantly deteriorated after cells were
pretreated by PP2; suggesting p-caveolin-1 may be involved in the
protection of EPG.

3.3. EPG decreased [Ca2þ]i via p-caveolin-1 in cardiomyocytes

Because phosphorylation of caveolin-1 can inhibit Ca2þ influx
[17], we wondered whether the protective effect of EPG via p-
caveolin-1 was related to [Ca2þ]i. The fluorescence of [Ca2þ]i in
hypoxia cardiomyocytes became stronger compared with the
normal control, and was hardly influenced by PP2 (Fig. 1G). EPG
preconditioning decreased the fluorescence of hypoxia cells, which
was enhanced again in PP2 þ EPG group. The Ca2þ positive car-
diomyocytes in flow cytometry assay, represented by the peak on
the right in Fig. 1H, have a significantly higher percent in hypoxia
model than normal control (Fig. 1 I). Compared with model group,
the percent was hardly affected by PP2, but significantly decreased
by EPG to 5.43%. In PP2þEPG group, the percent increased to 10.56%
with significant difference with EPG. A lower percent indicates a
less cardiomyocytes injury. The results suggested that EPG atten-
uated Ca2þ influx via p-caveolin-1 in hypoxic cardiomyocytes.

3.4. Inhibition of caveolin-1 phosphorylation weakened EPG
improvement against myocardial infarct and myocardial injury
biomarkers in rats

Myocardial infarct size of model was significantly bigger than
that of the sham (Fig. 2A and B). Compared with the model, both
EPG and positive drug diltiazem could significantly reduce the
myocardial infarct size (P < 0.001). However, the decrease was
Fig. 2. EPG improved myocardial infarct and injury biomarkers in rats with MI via p-caveoli
and cTnI (C-E). ###P < 0.001 vs. sham; **P < 0.01, ***P < 0.001, vs. model; &P < 0.05, &&

759
significantly increased by the use of PP2 to suppress the caveolin-1
phosphorylation in PP2 þ EPG group, suggesting the protection of
EPG against myocardial infarct was mediated, at least partly, by
caveolin-1 phosphorylation.

LDH, BNP, and cTnI were significantly increased in the model
rats. EPG pretreatment resulted in significant reduction, their levels
were significantly higher in PP2þEPG compared with EPG
(Fig. 2CeE). The results further indicated that p-caveolin-1 was
associated with EPG protection.

3.5. EPG inhibited cardiac apoptosis via caveolin-1 phosphorylation
in rats

Excessive apoptosis contributes to cell death invariably
following ischemia stress [24]. Fig. 3A,C showed that apoptotic
TUNEL positive cells were greatly increased in the cardiac tissues of
model rats compared with that in the sham group; pretreatment
with EPG or diltiazem significantly decreased the percent of TUNEL
positive cells when compared with the model group; however, the
cardiac apoptosis was significantly increased in PP2þEPG group
compared with the EPG group (P < 0.001); indicating that EPG
exerts anti-apoptotic effect in rat heart via caveolin-1
phosphorylation.

3.6. EPG decreased STIM1 via caveolin-1 phosphorylation against
ischemic injury in rats

Given inhibition of p-caveolin-1 significantly lowered EPG-
mediated cardiomyocytes protection and [Ca2þ]i was involved in,
the STIM1 as Ca2þ sensor would also be expected to be related.
Therefore, the expression of p-caveolin-1 and STIM1 in heart tissue
were examined by immunohistochemical staining. After MI,
n-1 (n ¼ 6-10/group). (A) TTC staining. (B) Infarction size (%). (C-E) Release of LDH, BNP
P < 0.01, &&&P < 0.001 vs. EPG.



Fig. 3. EPG inhibited apoptosis and decreased STIM via p-caveolin-1 against MI injury in myocardium of rats (n ¼ 4-6/group). (A) TUNEL staining, apoptotic nuclei (green) and DAPI-
positive normal nuclei (blue). (B) Immuno-histochemical staining of p-caveolin-1 and STIM1. (C) Apoptotic rate (%). (D, E) Quantitative mean fluorescence intensity (MFI).
###P < 0.001 vs. sham, ***P < 0.001 vs. model, & P < 0.05, &&&P < 0.001 vs. EPG.

H.-X. Li, Y. Ma, Y.-X. Yan et al. Journal of Ginseng Research 47 (2023) 755e765
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fluorescence intensity of p-caveolin-1 and STIM1were dramatically
weaker and stronger (P < 0.001), respectively (Fig. 3B and D, E).
Compared with the model, the fluorescence of p-caveolin-1 and
STIM1 were significantly increased and decreased by EPG, and
showed significantly enhanced and a decrease tendency in diltia-
zem, respectively. Meanwhile, PP2þEPG group displayed lower p-
caveolin-1 and higher STIM1 fluorescence intensity than the
respective EPG group with significant differences between them,
suggesting that EPG exerts cardioprotective effects by decreasing
STIM1 expression via, at least partly, p-caveolin-1 expression.

3.7. EPG attenuated cardiac pathological damages in rats

HE staining (Fig. 4A) showed that cardiomyocytes of sham group
were arranged regularly, transverse striationwas clear and ordered,
and intercellular space was uniform, however, cardiomyocytes of
model group swelled and showed extensive necrotic myocardial
tissue with inflammatory cells infiltration, intercellular space
expanded and the cardiac structure was disordered. EPG or diltia-
zem pretreatment improved these damages. Whereas these
ameliorated effect by EPG was attenuated in the PP2þ EPG group,
Fig. 4. EPG improved cardiac pathological damages in rats with MI (n ¼ 4-6/group). (A) HE
flammatory infiltration, respectively. (B) Masson staining, myocardial fibers (red) and c
###P < 0.001 vs. sham, **P < 0.01, *P < 0.05 vs. model. & P < 0.05 vs. EPG.

761
cardiomyocytes of rats showed edema, deep nuclear staining of
nuclear condensation, and transverse striation was disordered.

The Masson staining (Fig. 4B) showed myocardial tissue of sham
group was normal in structure, uniformly stained, and had occa-
sional fibrosis, however, the extensive collagen deposition was
observed in model group, and significant difference was found
between model group (12.42%) and sham group (2.85%) in percent
of fibrosis (Fig. 4D). Pretreatment with EPG and diltiazem signifi-
cantly relieved MI-induced fibrosis, but fibrosis was increased in
PP2þEPG group compared with EPG group and there was signifi-
cant difference between them.

TEM showed mitochondria were arranged regularly under the
myofilament and their structure were normal and clear in the sham
group (Fig. 4C). After AMI, mitochondria are unevenly distributed
and clustered in some regions, and showed pathological changes
such as irregular shape and swelling, mitochondrial cristae injury
and breakage. EPG or diltiazem improved the mitochondria disor-
ders of myocardium. Whereas PP2þEPG group markedly reversed
the improvement by EPG. In short, the above results of pathology
suggested that the amelioration effects of EPG on MI was related to
the caveolin-1 phosphorylation.
staining, Arrows A, B and C indicate myocardial fiber rupture, cells swelling, and in-
ollagen fibers (blue). (C) TEM. (D) Myocardial fibrosis area (%) of Masson staining.
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3.8. P-caveolin-1-dependent regulating SOCE mediated
cardioprotection of EPG against MI in rats

Since EPG decreased the levels of STIM1 via p-caveolin-1 against
MI, and STIM1 is an important component of SOCE, SOCE should be
involved in the protective effect of EPG. As expected, the protein
levels of ORAI1, TRPC1 and STIM1 were significantly increased by
MI (Fig. 5A, D-F), and EPG manifestly suppressed all of them
compared with the model. Diltiazem was also effective in
decreasing these protein levels. However, these protein levels were
increased to 1.26, 1.17 and 1.01 folds in PP2þEPG rats from 0.99,
0.89 and 0.71 folds in EPG rats, respectively, with significantly
difference for all of them between the two groups. And, after MI,
the protein levels of caveolin-1 and p-caveolin-1 were significantly
decreased (Fig. 5B and C). In accordance with the results of
immunohistochemical staining, compared with the model group,
p-caveolin-1 protein was significantly increased by EPG and dilti-
azem, and was significantly reduced in PP2þEPG group compared
with EPG group. Besides, caveolin-1 protein, which had a growing
trend in EPG, was significantly decreased in the PP2þEPG group
compared with EPG group. These data indicate that p-caveolin-1-
dependent regulating SOCE plays a vital role in the car-
dioprotection of EPG against MI.

As shown in Fig. 5 G-J, STIM1, ORAI1 and TRPC1 mRNA were
significantly increased and caveolin-1 mRNA was significantly
decreased after MI. EPG significantly decreased ORAI1 mRNA
Fig. 5. P-Caveolin-1/SOCE pathway mediated EPG-induced protection against MI injury in ra
(BeF) and mRNA expression (G-J). ##P < 0.01, ###P < 0.001 vs. sham; *P < 0.05, ***P < 0
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expression compared with model. And the ORAI1 mRNA in the
PP2þEPG group was significantly enhanced compared to the EPG
group. The results of proteins and mRNA indicate EPG exerts car-
dioprotective effect by regulating ORAI1, TRPC1 and STIM1 proteins
via p-caveolin-1protein, as well as the ORAI1 mRNA.
4. Discussion

P. ginseng is usually supplemented for disease prevention due to
its remarkable tonifying effects. In healthy adults, it improved self-
perception of fatigue and energy [25], reduced drop jump-related
muscle injury markers [26], augmented the improvement of aero-
bic capacity by exercise training [27], and attenuated lymphocyte
DNA damage and low-density lipoprotein oxidation [28]. Mean-
while, some clinical trials from healthy individuals show no effect:
there are no effect on anaerobic capacity and fatigue recovery [29],
glucose regulation [30], and neither hepatoprotective nor hepato-
toxic effects [31]. However under pathological condition, ginseng
exhibits various therapeutic properties, such as against cardiovas-
cular diseases [32] and hepatoprotection [31] et al. Further, sub-
group analysis showed a greater effect in subjects with
prehypertension or hypertension than healthy individuals [33].
These results suggest that human body in health and disease re-
sponds differently to ginseng supplement. Therefore, the selection
of appropriate model is important. In the present study in vitro,
AnaeroPack System, a physical method of inducing hypoxia injury,
ts (n ¼ 4-6/group). (A) Western blot bands. Quantitative analysis of protein expression
.001 vs. model; &P < 0.05, && P < 0.01, &&& P < 0.001 vs. EPG.
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was used, which is different from the chemical method we used
before [20], to make the research be closer to the actual situation of
MI.

P-Caveolin-1 alters the properties of caveolin-1, which is vital to
mobilize endogenous protection of IPC and pharmacological pre-
conditioning against MI injury [15,16,34]. After IPC and isoflurane
preconditioning, mice hearts showed rapid phosphorylation of
caveolin-1; but PP2 reduced caveolin-1 phosphorylation and
abolished isoflurane-induced cardiac protection [35]. Moreover,
caveolin-1 knockout reduced survival in mice subjected to LAD
ligation [36]. In keeping with these reports, we found that EPG-
induced protection along with increased p-caveolin-1 (Fig. 3B, D
and Fig. 5A and B) was significantly reduced after PP2 used (Figs. 1C
and 2A, B). Caveolin-1 is an integral component of caveolae, a
special form of lipid raft enriched in cholesterol, it is plausible that
ginsenosides, similar to cholesterol in structure [21], might interact
with cholesterol and affect caveolin-1 properties. Reports have
showed that Rp1, a ginsenoside derivative, and ginsenoside Rh2
changed lipid raft distribution [37].

One of the most specific markers for cardiac injury is cTnI [38].
And BNP, a cardiac hormone produced mainly by ventricular
myocytes, is significantly positive correlation with clinical out-
comes of MI [39]. In addition, cell necrosis can be determined by
LDH release assay. These biomarkers were significantly lessened by
EPG pretreatment after hypoxic/ ischemic injury (Fig. 1DeF and 2C-
E). But, the decrease was significantly attenuated by PP2 adminis-
tration, further confirming that EPG has the similar protective effect
on MI injury as pharmacological preconditioning via p-caveolin-1.

Myocardial damage is closely related to Ca2þ overload [1], and
caveolin-1 belongs to one of key regulators of the [Ca2þ]i homeo-
stasis [17]. Consistent with these reports, EPG significantly rescued
hypoxia injury by inhibiting Ca2þ influx via caveolin-1 phosphor-
ylation, which is confirmed by PP2 use (Fig. 1CeI and Fig. 2). Given
the effect of EPG on [Ca2þ]i, diltiazem, a Ca2þ channel blocker, was
chosen as a positive drug in the experiment of rats.

During cardiac excitation contraction coupling in normal car-
diomyocytes, the voltage-gated L-type Ca2þ channels (LTCC) are
triggered to open, thereby allowing a small amount of Ca2þ to enter
the cell, which in turn triggers the release of a much greater
amount of Ca2þ from SR and gives rise to the systolic Ca2þ transient
and contraction. The persistent increases in Ca2þ influx through the
LTCC enhances contractility but leads to apoptosis by inducing SR
Ca2þ overload [40]. Ginsenosides mainly may play an inhibitory
role in LTCC in normal cardiomyocytes and thereby prohibiting
influx of Ca2þ: panaxadiol saponins, panaxatriol saponins, and
ginsenoside Rb1, Rb2, Rb3 and Rc had blockade effect on LTCC [41],
ginsenoside Re, Rb1 and Rd suppressed LTCC current (ICa,L) [42e44].
Moreover, in Xenopus oocytes expressing cardiac L(a1C)-type Ca2þ

channels, ginseng total saponins and ginsenoside Rg3, Rh2 exerted
inhibitory effect (Rh2 >Rg3> total saponins) [45]. Importantly,
ginsenoside, such as Rb1, can inhibit the opening of LTCC in
ischemic cardiomyocytes [44]. Therefore, the anti-apoptosis
induced by EPG and diltiazem (Fig. 3A, C) via inhibiting Ca2þ

influx (Fig. 1GeI) may partly attribute to inhibit LTCC. Besides,
accumulating evidences have indicated that approaches aimed at
SOCE (comprising STIM1, ORAI1 and TRPC), a major mechanism of
Ca2þ entry from extracellular in cardiovascular disease, may be
therapeutic [5].

Inhibition of STIM1-induced [Ca2þ]i accumulation exerted anti-
apoptotic activity in cardiomyocyte of hypoxia/reoxygenation
damage [46]. Moreover, knockdown of TRPC1 significantly allevi-
ated myocardial apoptotic injury [47]. Therefore, the decrease of
[Ca2þ]i induced by EPG via p-caveolin-1 (Fig. 1GeI) inhibiting
STIM1 and TRPC1 (Fig. 3B,E and Fig. 5A, E, F) may be one of the
potential mechanisms underlying the anti-apoptosis effect.
763
Excessive apoptosis can promote MI [24]. The anti-apoptosis effect
of EPG partly accounted for its rescue activity onMI rats (Fig. 3A and
B). Similar to our present study, ginsenosides and ginsenoside Rg1
[48], which is up to 9.62% in EPG, had been proven to inhibit
myocardial cell apoptosis against I/R injury.

STIM1 activates TRPC1 via its C-terminal polybasic domain,
which is distinct from its ORAI1-activating domain; and knock-
down of STIM1 dramatically reduces TRPC1-mediated SOCE and
Ca2þ current [7]. Moreover, the transgenic mice with STIM1 over-
expression in the heart showed enhanced Ca2þ entry following
store depletion, and developed sudden cardiac death or heart
failure [8]. Therefore, STIM1 activation is a necessary step for the
opening of SOCE. Our results demonstrated that decrease of STIM1
was involved in myocardial protection of EPG following MI (Fig. 3B,
E and Fig. 5A, F). In addition, EPG-induced STIM1 decrease can be
reversed by the inhibition of p-caveolin-1 (Fig. 3 B, E and Fig. 5A, B,
F), suggesting that caveolin-1 was the upstream of STIM1 in the
protection of EPG against MI.

Caveolin-1 contributes to assembly of SOCE channels by regu-
lating plasma membrane localization of TRPC1 via an interaction
between N terminus of TRPC1 and caveolin-1; importantly,
disruption of TRPC1 localization suppressed SOCE [49]. Moreover,
caveolin-1 can interact with the STIM1-ORAI1 complex to increase
activity of SOCE [17]. Furthermore, STIM1-ORAI1-TRPC1 complex
might be involved in SOCE activation due to knockdown of any of
the three proteins reducing SOCE [7]. The amelioration of EPG and
diltiazem on [Ca2þ]i is mainly due to increasing p-caveolin-1 pro-
tein and decreasing STIM1, ORAI1 and TRPC1 proteins (Fig. 5AeF);
and after PP2 used, these improvements by EPG were significantly
deteriorated and the decreased expression level of ORAI1 mRNA by
EPG was again enhanced (Fig. 5H). Therefore, EPG-regulated p-
caveolin-1 may alter the interaction between caveolin-1 and SOCE,
and thus inhibits the Ca2þ influx, which are in consistent with the
above-mentioned studies and the report of p-caveolin-1 inhibiting
Ca2þ influx [17].

Caveolin-1 is important for maintaining normal mitochondrial
structure of cardiomyocytes after ischemic injury [50]. Moreover,
gobal caveolin-1 knock-out mice altered cardiac mitochondrial
function and increases susceptibility to stress [51]. Furthermore, SR
and mitochondria are dynamic organelles constantly communi-
cating with each other, thus mitochondria play a major role in Ca2þ

buffering to modulate apoptosis in a concerted manner with SR
[52]. EPG improving the abnormalities of mitochondrial ultra-
structure via p-caveolin-1 (Fig. 4C) may ascribe to the decrease of
[Ca2þ]i via p-caveolin-1 inhibiting STIM1 of SR (Fig. 3B, E and
Fig. 5A, F).

Caveolin-1�/� gene knockout mice exacerbated cardiac fibrosis
after MI, and cardiac remodeling can be improved by restoring
caveolin-1 function inwild-type MI mice [53]. And, maintenance of
[Ca2þ]i homeostasis through cardiac-specific overexpression mito-
chondrial Ca2þ uniporter to uptake Ca2þ suppressed heart fibrosis
[4]. The decrease of myocardial fibrosis by EPG (Fig. 4B, D) via p-
caveolin-1 reducing [Ca2þ]i (Fig. 1GeI) is in agreement with these
reports. Ginsenoside Rg2, Rg3 and Re improved myocardial fibrosis
in isoproterenol-induced MI rats by inhibiting TGF-b1/Smad
signaling pathway [54e56], suggesting other than caveolin-1might
also play a role in the effect of EPG on anti-fibrosis.

The abnormalities of platelet activity, whole blood viscosity
(WBV) and blood pressure (BP), also contribute to MI. Red ginseng
extract and its components, such as ginsenoside Rk1, Rg1, Rg3, F4,
Rp1, Rp3, Rp4 and gintonin, have been reported to inhibit platelet
aggregation [57]. And, water decoction of ginseng significantly
reduced the WBP viscosity in vivo and in vitro [58]. In addition,
although hypertension is one of major risk factors of MI, excessive
diastolic pressure drops may jeopardize coronary perfusion.
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Notably, red ginseng had bidirectional regulation effects on BP, i.e.,
not only reducing BP in patients with pre-hypertension and hy-
pertension in acute and long-term [33], but also ameliorating low
BP in patients with hypotension for restoring to normal level [59].
Moreover, improvement of EPG on the coronary blood flow was
confirmed by us in AMI dogs [60]. These benefits may also help
cardioprotection of EPG.

Overall, inhibition of the caveolin-1 phosphorylation signifi-
cantly decreased the cardioprotective effects of EPG. Mechanisti-
cally, the suppression of SOCE/[Ca2þ]i signaling pathway via p-
caveolin-1 was, at least partially, involved in. These findings, for the
first time, implicate that caveolin-1 phosphorylation mediates the
protective effects of EPG against MI injury.
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