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by inducing microRNA-152-3p expression and  
thereby downregulating PTEN
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Abstract: Progressive loss of cardiac myocytes through apoptosis contributes to heart failure (HF). In this study, we 
tested whether tanshinone IIA, one of the most abundant constituents of the root of Salvia miltiorrhiza, protects 
rat myocardium-derived H9C2 cells against apoptosis. Treatment of H9C2 cells with tanshinone IIA inhibited angio-
tensin II-induced apoptosis by downregulating the expression of PTEN (phosphatase and tensin homolog), a tumor 
suppressor that plays a critical role in apoptosis. Furthermore, tanshinone IIA was found to inhibit PTEN expression 
by upregulating the microRNA miR-152-3p, a potential PTEN regulator that is highly conserved in both rat and hu-
man. Notably, the antiapoptotic effect of tanshinone IIA was partially reversed when H9C2 cells were transfected 
with an inhibitor of miR-152-3p. Collectively, our findings reveal a previously unrecognized mechanism underlying 
the cardioprotective role of tanshinone IIA, and further suggest that tanshinone IIA could represent a promising drug 
candidate for HF therapy.
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Introduction

Heart failure (HF), which is occasionally also 
referred to as chronic HF, is caused by various 
heart diseases and is considered the end-stage 
form of heart disease that is associated with 
high mortality [1]. The exact mechanism of HF 
remains unclear, but studies conducted to date 
have indicated that HF progression involves 
multiple contributing factors, such as coronary 
artery disease, blood pressure, alcohol con-
sumption, smoking, infectious diseases, and 
other unknown causes [2-5]. In HF pathology, a 
major contributing factor is reported to be the 
progressive loss of functional cardiac myocytes 
due to apoptosis, and this notion is supported 
by evidence from studies on both humans and 
animal models [6]. Moreover, in heart trans-
plantation, a high level of apoptotic cells has 
been observed in the recipients’ replaced failed 
hearts [7-9].

In healthy people, apoptosis in the myocardium 
is extremely rare: the rate was reported to be 

0.01%-0.001% based on measurements of 
TUNEL-positive cardiac myocytes [10]. Although 
the rate of apoptosis in the human failing heart 
was reported to be substantially below 1% [11], 
low levels of apoptosis can still produce pro-
found effects over a period of years due to the 
limited ability of cardiac myocytes to proliferate 
[10]. An apoptotic rate of 0.1% was hypothe-
sized to result in a 37% reduction in the number 
of cardiac myocytes over one year, and this 
speculation was supported by results obtained 
with transgenic mice that expressed an induc-
ible caspase 8 specifically in cardiac myocytes 
[12, 13]. Moreover, p53, a widely recognized 
tumor suppressor, was also demonstrated to 
critically influence HF development due to its 
role in apoptosis [14-16]. Conversely, although 
HF has been commonly treated by modulating 
β-adrenergic receptor (β-AR)-mediated signal-
ing by using β-blockers [2], studies have also 
reported β-AR-stimulation-induced apoptosis in 
the heart due to long-term application of β-AR-
blocking therapy [17, 18]. Therefore, prevention 
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of the apoptosis of cardiac myocytes has 
emerged as a primary target in HF therapy.

Recently, for the treatment of HF, numerous 
researchers from China have started to investi-
gate the application of traditional Chinese med-
icine (TCM) and TCM-based herbology. In TCM, 
Salvia miltiorrhiza has been used for managing 
cardiovascular diseases for centuries [19]. 
Thus, in this study, we tested whether tanshi-
none IIA-one of the most abundant constitu-
ents of the root of S. miltiorrhiza-protects rat 
myocardium-derived H9C2 cells against apop-
tosis. Our results indicated that tanshinone IIA 
inhibits angiotensin II (AngII)-induced apoptosis 
by downregulating the expression of phospha-
tase and tensin homolog (PTEN). Tanshinone 
IIA treatment of H9C2 cells upregulated microR-
NA-152-3p (hereafter miR-152-3p), a potential 
PTEN regulator that is highly conserved in both 
rat and human, and the antiapoptotic effect of 
tanshinone IIA was partially antagonized by an 
inhibitor of miR-152-3p. Collectively, our data 
further highlight the cardioprotective action of 
tanshinone IIA and suggest that tanshinone IIA 
could represent a promising drug candidate for 
HF therapy.

Materials and methods

Cells and chemicals

H9C2 cells (ATCC® CRL-1446™) were obtained 
from American Type Culture Collection (Mana- 
ssas, VA, USA) and cultured in Dulbecco’s 
Modified Eagle Medium supplemented with 
10% fetal bovine serum (Life Technologies, 
Carlsbad, CA, USA); cultures were maintained 
in a Fisher Scientific™ Isotemp™ CO2 Incubator 
(Thermo Fisher Scientific, Waltham, MA, USA) 
at 37°C under 5% CO2. Apoptosis was induced 
in H9C2 cells by adding 0.2 μM AngII (Sigma-
Aldrich, St. Louis, MO, USA) to the cell-culture 
medium as previously described [20]. Tanshino- 
ne IIA was purchased from Sigma-Aldrich and 
dissolved in methanol at 5 mg/mL according to 

the manufacturer’s instruction. The rat and 
human miR-152-3p mimic and inhibitor and the 
miRNA-mimic negative control (miRNA-scram-
ble control) were purchased from Applied Bio- 
logical Materials Inc. (Richmond, BC, Canada). 
Cells were transfected with the microRNA-mim-
ic or plasmids by using Lipofectamine 2000 
(Thermo Fisher Scientific) according to manu-
facturer instructions.

miRNA microarray and real-time PCR

Total RNA was purified using TRIzol® Reagent 
(Life Technologies), as per manufacturer guide-
lines. RNase-free DNase (Promega, Madison, 
WI, USA) was used to eliminate genomic-DNA 
contamination during RNA isolation. RNA sam-
ples from both control and tanshinone IIA-
treated H9C2 cells were hybridized with the 
Agilent Rat miRNA Microarray Release 16.0, 
8x15K (Agilent Technologies, Santa Clara, CA, 
USA), by following the manufacturer’s protocol. 
Arrays were scanned using an Agilent Microarray 
Scanner and Feature Extractor (software ver-
sion 9.5.1). Array results were confirmed for 
miRNA-152-3p by using qPCR.

H9C2-cell RNA for qPCR was also isolated using 
TRIzol® Reagent. The cDNAs indicating miRNA 
expression were analyzed by using a Hairpin-
it™ miRNA RT-PCR Quantitation kit (GenePhar- 
ma, Shanghai, China) with ABM mo-miR-152-3p 
Primers (Applied Biological Materials Inc.) 
according to the manufacturer’s instructions. 
To quantify cellular gene transcripts, RNA was 
reverse-transcribed by using AMV reverse tran-
scriptase (Promega) with random hexamers as 
per manufacturer instructions, and then real-
time PCR (qPCR) detection was performed with 
SYBR Green Mix (Life Technologies) for the tar-
geted genes as previously described [21, 22]. 
GAPDH and U6 transcripts were also amplified 
from the same samples and used as internal 
controls for normalization; we purchased RNU6 
House Keeping Primers for rat U6 from Applied 
Biological Materials Inc. Relative gene expres-
sion was calculated using the 2-∆∆CT method 
[23]. The sequence of primers for PTEN and 
GAPDH was listed as Table 1.

Cell-viability assay

Trypsinized H9C2 cells were stained with try-
pan blue (Sigma-Aldrich) for counting viable 
cells before further seeding, and then viable 
cells were seeded into 96-well plates at 2 × 104 

Table 1. qPCR Primers and their sequence 
used in this study
Primer name Sequence 
PTEN-F1 ACACTCCAGCTGGGATCTGTAAGAGAA
PTEN-R1 TGGTGTCGTGGAGTCG
GAPDH-F1 CAGTGCCAGCCTCGTCTCAT
GAPDH-R1 AGGGGCCATCCACAGTCTTC
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cells/well. After various treatments, the cells 
were lysed with Passive Cell Lysis Buffer 
(Promega) and then cell viability was measured 
using the CellTiter-Glo® Luminescent Cell 
Viability Assay kit (Promega), according to the 
manufacturer’s instructions.

Western blotting

H9C2 cells were lysed using Laemmli Sample 
Buffer as previously described [22, 24], and 
then the lysates were separated using 12% 
sodium dodecyl sulfate-polyacrylamide gel ele- 
ctrophoresis (SDS-PAGE), transferred to PVDF 
membranes, and western blotted as described 
before [24]. Briefly, the PVDF membranes were 
first probed with a rabbit anti-PTEN antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), and then the specific immunoreactive 
band was detected using a goat anti-rabbit IgG 
conjugated with horseradish peroxidase (Sig- 
ma) and visualized using a chemiluminescence 
substrate. Membranes were also blotted with 
an antibody against tubulin (Santa Cruz), which 
was used as a protein-loading control. The che-
miluminescence signal was recorded digitally 
using a ChemiDoc MP system (Bio-Rad Labo- 
ratories, Hercules, CA, USA), and data were re- 
corded and analyzed using ImageLab Program 
Version 6.1.

Flow cytometry (FCM)-based apoptosis assay

H9C2 cells were exposed to various treat-
ments, and then the treated cells were trypsin-
ized and 1 × 106 cells from each group were 

Figure 1. Tanshinone IIA inhibits angiotensin II (AngII)-induced apoptosis in H9C2 cells. A. Flow cytometry (FCM)-
based analysis of apoptosis in H9C2 cells. H9C2 cells were treated with AngII or AngII plus tanshinone IIA or left 
untreated, and then stained with Annexin V and propidium iodide (PI) for FCM-based apoptosis analysis. B. Quan-
tification of apoptosis. Each bar represents data from at least 3 repeated experiments. Significant differences 
between groups: *P < 0.05.
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fixed with 4% paraformaldehyde (Sigma-Aldri- 
ch). Next, single-cell suspensions were stained 
with FITC-labeled Annexin V and propidium 
iodide, and then the stained cells were ana-
lyzed using a FACSCalibur machine (BD Bio- 
sciences, San Jose, CA, USA) to measure apop-
tosis levels.

Luciferase-based miRNA functional assay

Assays were performed using the human PTEN 
3’UTR reporter plasmid psiCHECK2-PTEN-3’ 
UTR (plasmid #50936, Addgene, Cambridge, 

treated with 0.2 μM AngII to induce apoptosis, 
cells undergoing early and late apoptosis were 
increased to 22.8% and 11.799%, respectively, 
relative to control (Figure 1A). However, tanshi-
none IIA addition resulted in a reduction in 
AngII-induced early and late apoptosis in H9C2 
cells, to 14.587% and 1.1312%, respectively, 
which suggested an antiapoptotic role of tan-
shinone IIA. We repeated the FCM-based apop-
tosis measurement for different groups at least 
3 times each, and statistical analysis confirmed 
that tanshinone IIA suppressed AngII-induced 
apoptosis (Figure 1B).

Figure 2. Tanshinone IIA treatment inhibits PTEN expression in 
H9C2 cells. In all assays presented here, H9C2 cells were treated 
with the indicated doses of tanshinone IIA for 36 h. A. PTEN mRNA 
expression in H9C2 cells treated with tanshinone IIA, analyzed us-
ing qPCR. B. Viability of H9C2 cells treated with tanshinone IIA, 
measured using the CellTiter-Glo kit. For statistical analysis, experi-
ments were repeated 3 times for each group. C. PTEN protein ex-
pression in H9C2 cells after tanshinone IIA treatment; cells were 
harvested using Laemmli Sample Buffer and samples were sub-
jected to SDS-PAGE and western blotting.

MA, USA). HEK293T cells were cotrans-
fected with psiCHECK2-PTEN-3’UTR 
and either miR-152-3p or miR-scram-
ble control, and then luciferase activity 
was evaluated by using the Dual-Glo® 
Luciferase Assay System (Promega) 
according to manufacturer instruc-
tions. The luminescence signal was 
measured using a VICTOR-X5™ Multi- 
label Counter (Perkin-Elmer, Waltham, 
MA, USA). Percentages of luminescen- 
ce intensity were normalized relative 
to that measured for Renilla luciferase 
and were calculated in comparison 
with cells transfected with miR-scram-
ble control.

Statistical analysis

Student’s t tests were used to assess 
the significance of differences in apop-
tosis, PTEN mRNA levels, miR-152-3p 
expression, cell viability, and lucifer-
ase activity among the groups in the 
presence or absence of tanshinone 
IIA, AngII, or miR-152-3p mimic/inhibi-
tor. Two-tailed P < 0.05 was consid-
ered statistically significant.

Results

Tanshinone IIA protects H9C2 cells 
against AngII-induced apoptosis

Tanshinone IIA has been demonstrat-
ed to protect against cardiac hypertro-
phy [25], but whether tanshinone IIA 
can inhibit apoptosis in myocardial 
cells is not known. Here, we tested the 
potential protective role of tanshinone 
IIA in the rat myocardium-derived cell 
line H9C2. When H9C2 cells were 
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Tanshinone IIA inhibits PTEN expression

Because tanshinone IIA inhibited AngII-induced 
apoptosis in H9C2 cells, we sought to investi-
gate the underlying mechanism. In screens per-
formed to detect genes that are regulated by 
tanshinone IIA, we had noted that PTEN expres-
sion was markedly decreased in cells treated 
with tanshinone IIA, and we found that this inhi-
bition of PTEN mRNA expression was dose-
dependent (Figure 2A). The results of cell-via-
bility analysis suggested that this PTEN down-
regulation was not due to the cytotoxicity of 
tanshinone IIA (Figure 2B). Moreover, examina-
tion of PTEN protein levels also confirmed that 
PTEN expression was inhibited following tanshi-
none IIA treatment (Figure 2C).

Tanshinone IIA promotes microRNA-153-3p ex-
pression and thereby targets PTEN expression

PTEN is a critical negative regulator of the PI3K-
Akt signaling pathway and is considered to be a 

tumor suppressor [26, 27], and PTEN overex-
pression can lead to apoptosis and inhibit cell 
proliferation [28]. However, the mechanism by 
which tanshinone IIA downregulated PTEN 
expression was unclear. In other experiments 
that we conducted to screen for microRNA 
expression patterns in tanshinone IIA-treated 
H9C2 cells, we noted that miR-152-3p was sig-
nificantly upregulated following exposure to 
tanshinone IIA (unpublished data). The results 
of sequence analyses indicated that the 3’UTR 
of the PTEN mRNA contains 2 putative binding 
sites for miR-152-3p (Figure 3A), and that 
human and rat miR-152-3p sequences and the 
putative binding sites in PTEN 3’UTR are highly 
conserved between the species (Figure 3A). 
Furthermore, qPCR results confirmed that tan-
shinone IIA treatment upregulated miR-152-3p 
in a dose-dependent manner (Figure 3B). Thus, 
our data suggested that tanshinone IIA-
mediated upregulation of miR-152-3p protect-
ed rat myocardium-derived cells against AngII-

Figure 3. miR-152-3p is a potential PTEN regulator and it is upregulated following tanshinone IIA treatment. A. 
Alignment of 2 putative binding sites for miR-152-3p in human and rat PTEN 3’UTR. B. Tanshinone IIA treatment 
upregulates miR-152-3p expression. H9C2 cells were treated with different doses of tanshinone IIA for 36 h, and 
then the cells were harvested for qPCR analysis of PTEN mRNA expression. Each bar represents data from at least 
3 repeated experiments. C. Luciferase-reporter assay to examine miR-152-3p-mimic targeting of PTEN 3’UTR. Each 
bar represents data from at least 3 repeated experiments. Significant differences between groups: *P < 0.05.
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induced apoptosis by targeting PTEN; this 
raised the intriguing question of whether 
human miR-152-3p functions similarly as its rat 
counterpart. In HEK293T cells transfected with 
human miR-152-3p and the PTEN 3’UTR report-
er plasmid, luciferase activity was significantly 
lower than that in cells transfected with miR-
scramble control, which implied that PTEN is 
also targeted by human miR-152-3p (Figure 
3C). Because miR-152-3p and the gene PTEN 
are highly conserved in both human and rat, 
these data again suggested that tanshinone IIA 
potentially inhibits apoptosis in myocardial 
cells by inducing the expression of miR-152-3p, 
which is a regulator of PTEN.

To further confirm PTEN targeting by miR-152-
3p, H9C2 cells were transfected with a rat miR-
152-3p mimic for 36 h and then subjected to 

qPCR analysis to measure PTEN transcripts. 
Transfection of the cells with the miR-152-3p 
mimic potently lowered the PTEN mRNA level 
(Figure 4A), and PTEN downregulation by the 
miR-152-3p mimic was also confirmed through 
western blotting (Figure 4B). Conversely, trans-
fection of the cells with an inhibitor of miR-152-
3p increased PTEN expression both at the 
mRNA level and protein level (Figure 4A and 
4C).

Antiapoptotic effect of tanshinone IIA is medi-
ated by miR-152-3p

The aforementioned results demonstrated that 
tanshinone IIA inhibited PTEN expression by 
upregulating miR-152-3p, which is a potential 
regulator of PTEN mRNA expression; this 
implied that the protective role of tanshinone 
IIA in H9C2 cells might depend on the upregula-
tion of miR-152-3p. To confirm this, we trans-
fected H9C2 cells with the miR-152-3p mimic 
or inhibitor and then treated the cells with AngII. 
Following transfection with miR-scramble con-
trol, 27% of the cells underwent apoptosis, 
whereas transfection with the miR-152-3p 
mimic led to a significant inhibition of AngII-
induced apoptosis (Figure 5A and 5B). However, 
when H9C2 cells were transfected with the 
miR-152-3p inhibitor, which antagonized tan-
shinone IIA-induced miR-152-3p upregulation, 
the cells undergoing early apoptosis were 
increased to a similar level as in AngII-treated 
cells (Figure 5A and 5B), although the cells 
undergoing late apoptosis were still at a lower 
level than in cells treated with AngII alone 
(Figure 5A and 5B). Collectively, these data 
suggest that tanshinone IIA-mediated protec-
tion partially depends on the ability of tanshi-
none IIA to upregulate miR-152-3p.

Discussion

HF refers to a pathological condition that is 
characterized by insufficient cardiac output [5]. 
Several factors have been shown to contribute 
to HF development and progression, and the 
apoptosis of myocardial cells is considered to 
represent the key factor. Currently, other than 
cardiac transplantation, limited therapeutic 
options are available for managing HF. In China 
and its neighboring countries, S. miltiorrhiza 
has been long used for treating patients with 
myocardial infarction, angina pectoris, stroke, 
diabetes, sepsis, and other adverse health con-

Figure 4. PTEN is targeted by miRNA-152-3p in H9C2 
cells. (A) PTEN mRNA level is regulated by miRNA-
152-3p. H9C2 cells were transfected with miRNA-
152-3p mimic, miRNA-152-3p inhibitor, or miRNA-
scramble control and then PTEN mRNA was analyzed 
using qPCR. Each bar represents data from at least 
3 repeated experiments. Significant differences be-
tween groups: *P < 0.05. (B, C) Western blotting 
analysis of PTEN expression in H9C2 cells transfect-
ed with miR-152-3p mimic or scramble control (B) or 
miR-152-3p inhibitor or scramble control (C).
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ditions [29]. Tanshinone IIA, the major lipophilic 
component and the most abundant constituent 
of the root of S. miltiorrhiza, has been shown to 
exert antioxidant and anti-inflammatory effects 
in various experimental disease models [30, 
31]. Moreover, tanshinone IIA has been widely 
demonstrated to produce cardioprotective effe- 
cts such as reduced inflammatory responses 
during myocardial infarction, endothelium inju-

ry, atherosclerosis, and cardiovascular hyper-
trophy [29, 32-34]. Therefore, this study was 
focused on examining the cytoprotection pro-
vided by tanshinone IIA.

We examined the protective effect of tanshi-
none IIA in the rat myocardial cell line H9C2. 
Our data indicated that treatment of H9C2 cells 
with tanshinone IIA inhibited AngII-induced 

Figure 5. Inhibition of apoptosis by tan-
shinone IIA partially depends on miR-
152-3p upregulation. A. FCM-based 
analysis of apoptosis in H9C2 cells 
exposed to various treatments. H9C2 
cells were transfected with miR-152-3p 
mimic, miR-152-3p inhibitor, or miRNA-
scramble control, treated with AngII 
alone or AngII plus tanshinone IIA or left 
untreated, and then stained with An-
nexin V and PI for FCM-based apoptosis 
analysis. B. Quantification of apoptosis. 
Each bar represents data from at least 
3 repeated experiments. Significant dif-
ferences between groups: *P < 0.05.
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apoptosis by downregulating PTEN expression. 
The results of further analysis demonstrated 
that PTEN downregulation was due to tanshi-
none IIA-induced miR-152-3p expression, and 
our findings suggested that miR-152-3p is 
potential PTEN regulator. Accordingly, inhibition 
of miR-152-3p function by using its inhibitor in 
H9C2 cells partially antagonized the antiapop-
totic effect of tanshinone IIA. Because miR-
152-3p and its putative target PTEN are highly 
conserved in both rat and human, we expect 
tanshinone IIA to similarly protect human myo-
cardial cells against apoptosis.

 Previously, miR-152 was considered to be the 
only functional microRNA generated from the 
miR-152 precursor [35]. However, the current 
database (Target Scan) lists 2 microRNAs, miR-
152-3p and miR-152-5p, as the mature microR-
NAs generated by the miR-152 precursor. The 
previously defined miR-152 is now classified as 
the new miR-152-3p, but the function of miR-
152-5p remains unknown.

Our current results only partially explain the 
mechanism underlying the cytoprotective effe- 
ct mediated by tanshinone IIA: How tanshinone 
IIA treatment of H9C2 cells induces the upregu-
lation of miR-152-3p is unclear. Moreover, when 
miR-152-3p function was blocked by transfect-
ing cells with the miR-152-3p inhibitor, tanshi-
none IIA treatment still resulted in partial pro-
tection: the total number of cells undergoing 
apoptosis was markedly lower after treatment 
with AngII plus tanshinone IIA than after treat-
ment with AngII alone. Combined with previous 
reports regarding the complex manner in which 
tanshinone IIA functions, our results imply that 
tanshinone IIA might modulate additional path-
ways involved in apoptosis and thereby protect 
myocardial cells. In conclusion, our data reveal 
a previously unknown function of tanshinone 
IIA and further suggest that tanshinone IIA 
might serve as a promising drug candidate for 
HF therapy.
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