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 Background: A cardioprotective effect of salvianolic acid A (SalA) has been described, but it is unknown whether SalA can 
protect cardiomyocytes against doxorubicin (Dox)-induced cardiotoxicity. This study aimed to investigate wheth-
er SalA could inhibit Dox-induced apoptosis in H9C2 cells and to uncover the potential mechanism.

 Material/Methods: H9C2 cardiomyocytes exposed to Dox were treated with SalA or not, and then cell viability, apoptosis, and the 
expression of nuclear factor-kB (NF-kB) signaling were detected by Cell Counting Kit-8, TUNEL staining, and 
western blot assays, respectively. Nuclear factor kappa B subunit 1 (NFKB1) was overexpressed in H9C2 cells, 
and then alterations in cell viability and apoptosis in H9C2 cells co-treated with Dox and SalA were investigated.

 Results: SalA (2, 10, and 50 μM) had no effect on H9C2 cell viability, while Dox reduced cell viability in a concentration-
dependent manner. In addition, SalA rescued Dox-decreased cell viability. Dox also triggered apoptosis as ev-
idenced by an increased ratio of TUNEL-positive cells, enhanced expression of pro-apoptotic proteins, and re-
duced expression of anti-apoptotic protein BCL-2, which were all partially blocked by SalA co-treatment. The 
proteins involved in NF-kB signaling including IkBa, IKKa, IKKb, and p65 were activated by Dox but inactivat-
ed by SalA co-treatment. Moreover, Dox increased NFKB1 mRNA and nuclear expression, which was blocked 
by SalA. NFKB1 could bind to plasmacytoma variant translocation 1 (PVT1) and upregulate PVT1 expression. 
Mechanistically, the overexpression of NFKB1 blocked the inhibitory effect of SalA on Dox-induced cell viabili-
ty impairment and apoptosis.

 Conclusions: We demonstrated that SalA may exert a protective effect against Dox-induced H9C2 injury and apoptosis via 
inhibition of NFKB1 expression, thereby downregulating lncRNA PVT1.
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Background

While anticancer drugs bring significant therapeutic effects 
to patients, they also produce many adverse effects, among 
which cardiotoxicity is very important [1]. Chemotherapeutic 
agents used to treat cancer are associated with numerous car-
diovascular complications, such as hypertension, heart failure, 
vascular complications, and arrhythmias [2]. In order to im-
prove the survival quality of patients, investigating why and 
how these cardiotoxicities occur and how to mitigate them is 
of great significance, thus giving rise to the birth and devel-
opment of cardio-oncology [3].

Doxorubicin (Dox) is a pervasive first-line therapeutic schedule 
for lymphomas. However, early in 1979, it was reported that 
Dox induces congestive heart failure [4]. Since then, the car-
diotoxicity of Dox has been reported in an increasing number 
of studies. Dox has been confirmed to cause long-term cardio-
vascular side effects and to decrease the quality of life of can-
cer survivors, which hampers the clinical application of Dox [5]. 
Among the diverse mechanisms underlying the cardiotoxicity 
of Dox, apoptosis is widely accepted to be involved [6]. Both 
in vivo and in vitro studies have shown that Dox treatment 
induces oxidative stress, which is associated with the activa-
tion of cardiomyocyte apoptosis [7]. Studies have shown that 
Dox decreases the ratio of BCL-2/BAX, which results in the ac-
tivation of caspase 3 and caspase 9 and subsequently triggers 
cardiomyocyte apoptosis [8,9]. Therefore, the utility of anti-
apoptotic compounds is very promising for attenuating Dox-
induced cardiotoxicity.

Salvianolic acid A (SalA) is an active component of the Chinese 
traditional medicine Salvia miltiorrhiza, which is effective in 
promoting blood circulation and eliminating stasis, relieving 
menstrual pain, clearing the heart, and cooling blood to subdue 
carbuncles. Thus, it is used to treat chest paralysis and heart-
ache, gastric and abdominal pain, accumulation of mass in the 
abdomen, and heat paralysis and pain [10]. The anti-apoptotic 
property and protective effect of SalA on cardiomyocytes have 
been widely documented. For example, SalA attenuated myo-
cardial infarction-induced apoptosis and inflammation [11]. 
SalA protected the heart from arsenic trioxide-induced inju-
ry via recovering Ca2+ homeostasis and reducing endoplasmic 
reticulum stress-mediated apoptosis [12]. Anti-apoptotic and 
cardioprotective effects of SalA on rat cardiomyocytes follow-
ing ischemia/reperfusion have also been reported [13]. Another 
active ingredient in S. miltiorrhiza, salvianolic acid B, has been 
found to protect against Dox-induced cardiac dysfunction via 
inhibition of endoplasmic reticulum stress-mediated cardio-
myocyte apoptosis [14,15]. However, the effect of SalA on myo-
cardial injury caused by Dox has not been reported.

Nuclear factor-kB (NF-kB) is a transcription factor that regu-
lates inflammatory and apoptotic pathways, and it has been 
extensively associated with Dox-induced cardiotoxicity [16,17]. 
Studies have indicated that blocking NF-kB signaling activation 
may protect cardiomyocytes against Dox-induced injury [18,19]. 
Notably, SalA has been demonstrated to inhibit the transcrip-
tional activation of NF-kB [20,21]. The NFKB1 gene encodes 
the NF-kB precursor protein p105, which can undergo prote-
asomal processing to p50. The protein p50 most commonly 
binds to p65, and together they constitute the classic canon-
ical NF-kB heterodimer that drives expression of pro-inflam-
matory genes [22]. By searching the JASPAR2020 database, we 
found that NFKB1 could bind to the promoter of long-noncod-
ing RNA (lncRNA) PVT1, which has been reported to aggravate 
Dox-induced H9C2 cardiomyocyte apoptosis [23].

In the present study, we aimed to investigate whether SalA 
could alleviate Dox-induced injury of H9C2 cells via suppres-
sion of apoptosis, and to verify whether the effects of SalA 
were dependent on inhibition of NFKB1 expression thereby 
downregulating PVT1.

Material	and	Methods

Cell Culture and Treatment

The rat cardiomyocytes, H9C2 cells, were obtained from 
Shanghai Institutes for Biological Sciences (China) and cultured 
in Dulbecco’s modified Eagle’s medium containing 10% fetal 
bovine serum and 1% streptomycin-penicillin (Thermo Fisher 
Scientific) in a 37°C constant temperature incubator with 5% 
CO2. The medium was changed every 2 days and cells were di-
gested with 0.25% trypsin and passaged when the cells grew 
to a confluence of 80-90%.

For SalA (purity >98%, dissolved in dimethyl sulfoxide and dilut-
ed with phosphate-buffered saline (PBS); Solarbio Life Sciences, 
China) and or Dox (purity >98%, Solarbio Life Sciences) treat-
ment, cells attached to the plate bottom were exposed to 0, 
2, 10, and 50 μM SalA for 12 h; 0, 1, 2, 4, and 8 μM Dox for 
12 h; or SalA and Dox co-treatment for 12 h.

Cell Transfection

The full length of NFKB1 was designed and cloned into a pcD-
NA3.1 vector by Gene Script Biotech Co., Ltd. (Nanjing, China). 
The empty vector pcDNA3.1 was used as the negative control 
(NC). Cells were cultured overnight to reach 60-70% conflu-
ence before transfection. The plasmid transfection was per-
formed using Lipofectamine 2000 (Invitrogen) in strict accor-
dance with the manufacturer’s instructions and cells were 
chosen for subsequent experiments at 48 h after transfection.
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Cell Counting Kit-8

After treatment, cell viability was determined by Cell Counting 
Kit-8 (CCK-8) assay (Beyotime). The cells were seeded in a 96-
well plate at a density of 5×103 cells/well and incubated over-
night at 37°C. Next, 10 μL of CCK-8 solution was added and 
the cells were cultured for 1.5 h at 37°C. The absorbance at 
450 nm was measured in a microplate reader (Bio-Rad, CA).

TUNEL Staining

Cell apoptosis was detected using the TUNEL assay kit 
(Beyotime, China) following the manufacturer’s instructions. 
The normal H9C2 cells or transfected cells were treated with 
or without Dox ± SalA before the fluorescein (green)-labeled 
dUTP solution was added. Finally, the images were captured 
by a fluorescent microscope (Olympus, Japan) with ×200 mag-
nification and analyzed using the ImageJ software.

Western Blot

The total proteins from H9C2 cells were extracted using RIPA ly-
sis (Beyotime, China) and quantified using a BCA kit (Beyotime). 
Equal amounts of sample proteins (20 μg) were resolved by 
12% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred onto a polyvinylidene difluoride membrane. 
After being blocked with 5% nonfat milk for 1 h at room tem-
perature, the membrane was subsequently incubated with 
primary antibodies against BCL-2 (1: 2000), BAX (1: 5000), 
caspase 3 (1: 5000), cleaved (c)-caspase 3 (1: 500), caspase 9 
(1: 5000), c-caspase 9 (1: 500), IkBa (1: 10 000), phosphory-
lated (p)-IkBa (1: 10 000), IKKa (1: 10 000), p-IKKa (1: 1000), 
IKKb (1: 5000), p-IKKb (1: 1000), p65 (1: 10000), p50 (1: 1000), 
Lamin-B1 (1: 1000), and GAPDH (1: 10000). The membrane was 
then washed with Tris-buffered saline with Tween and incu-
bated with suitable horseradish peroxidase-conjugated sec-
ondary antibody in blocking buffer at 24°C for 1 h. The blots 
were developed by enhanced chemiluminescence substrate 
(Millipore, MA, USA) for detecting protein expressions in a 
ChemiDoc Touch Imaging System (Bio-Rad, USA).

Real-Time qPCR

Total RNA from H9C2 cells was extracted using TRIzol re-
agent (Invitrogen, USA) and the contents were measured by 
a NanoDrop (Thermo Fisher, USA). Total RNA was reversely 
transcribed into cDNA using the PrimeScript™ RT reagent kit 
(TaKaRa, Biotechnology Co., LTD, China). Quantitative poly-
merase chain reaction (qPCR) was performed using TaqMan 
Master Mix (Applied Biosystems, USA), and the primers used 
for qPCR to detect Nfkb1 and Pvt1 were as follows:
Nfkb1, forward, 5’-AGCTCGTGAGGGATCTGCTA-3’,
reverse, 5’-CAATGGCCTCTGTGTAGCCC-3’;

Pvt1, forward, 5’-GAAGCCGAGGTGAGAAGCAT-3’,
reverse, 5’-TCTAGGCCCCTTTCCCAGTT-3’;
Gapdh: forward, 5’-CAGGAGAGTGTTTCCTCGTCC-3’,
reverse, 5’-TTTGCCGTGAGTGGAGTCAT-3’.
The following thermocycling conditions were used for qPCR: 
95°C for 2 min, followed by 40 cycles of 95°C for 20 s and 65°C 
for 40 s. Results were analyzed using the CT method after be-
ing normalized to Gapdh.

Luciferase Reporter Assay

To observe interactions between NFKB1 and lncRNA PVT1, 
wild-type (WT) or mutant (MUT) Pvt1 were cloned into the 
pGL4 luciferase reporter vectors and then co-transfected with 
pcDNA3.1-NFKB1 or NC. After transfection for 48 h, a dual 
Luciferase Assay (Promega, USA) was used to determine the 
luciferase reporter activities according to the manufacturer’s 
instructions.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) assays were performed 
according to a standard protocol. Briefly, H9C2 cells at a density 
of 5×107 were washed with cold PBS and then crosslinked with 
1% formaldehyde for 10 min at 37°C. Subsequently, cells were 
subjected to ChIP assay with a High-Sensitivity kit (Abcam). 
The antibodies used in this assay included anti-NFKB1 (p50) 
and IgG (NC). The primer sequences used for the qRT-PCR 
assay were 5’-GAAGCCGAGGTGAGAAGCAT-3’ (forward) and 
5’-TCTAGGCCCCTTTCCCAGTT-3’ (reverse).

Statistical Analysis

All experiments were repeated at least 3 times and results 
were presented as mean±standard deviation (SD). Statistical 
analysis was conducted using GraphPad 6.0 statistical soft-
ware (GraphPad, USA). Differences among 2 groups were an-
alyzed using t-test, and those among multiple groups were as-
sessed using 1-way analysis of variance followed by Tukey’s 
test. P<0.05 was considered statistically significant.

Results

SalA Enhances H9C2 Cell Viability Reduced by Dox

First, we assessed the effect of SalA on H9C2 cell viabili-
ty. Figure 1A illustrates the chemical structure of SalA, and 
Figure 1B shows that the different concentrations of SalA had 
no obvious effect on H9C2 cell viability at the concentrations 
of 2, 10, and 50 μM. H9C2 cells were also exposed to a se-
ries of Dox concentrations, and results in Figure 1C show that 
Dox inhibited H9C2 cell viability in a concentration-dependent 
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manner. We selected 4 μM Dox for the following experiments 
because it resulted in a relatively moderate reduction of cell 
viability. Subsequently, H9C2 cells stimulated with 4 μM Dox 
were co-treated with 2, 10, and 50 μM SalA. We found that the 
reduced H9C2 cell viability was significantly recovered by 10 
and 50 μM SalA, suggesting the beneficial role of SalA in alle-
viating Dox-induced H9C2 cardiotoxicity (Figure 1D).

SalA Inhibits Apoptosis and NF-kB Signaling Activation in 
H9C2 Cells Induced by Dox

Thereafter, TUNEL staining and western blot assays were uti-
lized to estimate the extent of cell apoptosis. As shown in 
Figure 2A and 2B, the number of apoptotic cells was dramat-
ically increased upon Dox stimulation. However, H9C2 cells 
that were co-treated with Dox and SalA exhibited an obvious-
ly lower ratio of cell apoptosis compared with cells that were 
exposed to Dox. The same result was observed in Figure 2C, 
which demonstrated the decreased expression of BCL-2, where-
as increased expression of BAX, c-caspase 3, and c-caspase 9 
were caused by Dox treatment. Expectedly, SalA partially res-
cued the expression of the above proteins. These data indicate 
the inhibitory effect of SalA on Dox-induced H9C2 apoptosis.

Then, we detected the expression of proteins involved in NF-
kB signaling including p-IkBa, p-IKKa, p-IKKb, and p65 in both 
the cytoplasm and the nucleus. Results showed that the ex-
pression of p-IkBa, p-IKKa, p-IKKb, and nuclear p65 were also 
markedly enhanced in response to Dox stimulation, but were 
reversely reduced in the absence of SalA (Figure 3A). The above 
data revealed that SalA could prevent the activation of NF-kB 
signaling induced by Dox.

In addition, we found that the mRNA expression of NFKB1 
was increased upon Dox treatment but instead decreased af-
ter SalA co-treatment (Figure 3B). Consistently, the encoding 
protein of NFKB1, p50, was activated to translocate into the 
nucleus upon Dox treatment, which was also blocked by SalA 
co-treatment (Figure 3C). These data indicate the inhibitory 
effect of SalA on Dox-increased NFKB1 expression.

NFKB1 Binds to lncRNA PVT1 and Upregulates its 
Expression

NFKB1 is predicted to bind to the promoter of lncRNA PVT1, 
based on the JASPAR database (http://jaspar.genereg.net/; 
Figure 4A). To verify the interaction between NFKB1 and PVT1, 
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Figure 1.  The effect of salvianolic acid A (SalA) and doxorubicin (Dox) on H9C2 cell viability. (A) the chemical structure of SalA. 
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we overexpressed NFKB1 in H9C2 cells using pcDNA vectors, 
and the results (Figure 4B, 4C) confirmed the overexpression 
of NFKB1 mRNA and protein in H9C2 cells. The expression of 
PVT1 in H9C2 cells before and after NFKB1 overexpression was 
also measured. We found that the expression of PVT1 was in-
creased by NFKB1 overexpression (Figure 4D). Then, luciferase 
report and ChIP assays were performed to validate the inter-
action between PVT1 and NFKB1, and results confirmed their 
binding (Figure 4E, 4F).

NFKB1	Overexpression	Blocks	the	Protective	Effect	of	SalA	
Against Dox-Induced H9C2 Injury

Finally, we investigated the effect of NFKB1 overexpression on 
H9C2 cells in the presence of Dox and SalA treatment. H9C2 
cells overexpressed with NFKB1 or not were exposed to Dox 
or Dox+SalA. As shown in Figure 5A, Dox resulted in a signif-
icantly increased expression of PVT1, which was instead re-
duced by SalA co-treatment. Whereas, NFKB1 overexpression 
enhanced PVT1 expression. The increased viability caused by 
SalA in Dox-treated H9C2 cells was also blocked by NFKB1 
overexpression (Figure 5B). In addition, the ratio of cell apop-
tosis in H9C2 cells overexpressed with NFKB1 was remarkably 
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higher than that in cells that were transfected with NC vectors, 
in the presence of Dox and SalA (Figure 5C, 5D). The same re-
sult is shown in Figure 5E, with NFKB1 overexpression blunt-
ing the effect of SalA on proteins involved in apoptosis includ-
ing BCL-2, BAX, c-caspase3, and c-caspase-9 in H9C2 cells that 
were stimulated with Dox.

Discussion

Dox is a commonly used anthracycline broad-spectrum antitu-
mor drug that is widely used in the treatment of various cancers. 
However, Dox can cause irreversible myocardial damage and 
heart failure, and there are no effective prevention and treat-
ment measures, which severely limits its clinical application [24]. 
Therefore, finding a cardioprotective agent with high efficien-
cy and low toxicity that does not affect the antitumor effect of 
Dox is urgently needed. The exact pathogenesis of Dox-induced 
cardiotoxicity remains to be fully elucidated. To date, several 
mechanisms have been implicated in the pathophysiology of 

Dox-induced cardiotoxicity, including increased oxidative stress 
and lipid peroxidation [25], DNA damage and apoptosis [6], and 
autophagy [26]. Among these mechanisms, Dox-induced car-
diomyocyte apoptosis plays a crucial role in the cardiotoxicity 
of the drug. Dox activates the apoptosis pathway to trigger car-
diomyocyte apoptosis and the loss of myocardial cells, which 
is closely related to Dox-caused myocardial systolic dysfunc-
tion and heart failure [6]. In the present study, consistent with 
previous studies, we observed that Dox significantly impaired 
H9C2 cell viability and induced obvious cell apoptosis, confirm-
ing the toxicity of Dox to H9C2 cardiomyocytes.

SalA has been proposed to exert its cardioprotective effect 
through an anti-apoptosis mechanism [13]. However, wheth-
er SalA can inhibit Dox-induced apoptosis in H9C2 cells has 
not been investigated. In the current study, SalA markedly res-
cued H9C2 cell viability that was impaired by Dox, indicating its 
protective role in Dox-caused H9C2 injury. Moreover, the pres-
ence of SalA remarkably reduced the ratio of apoptotic cells 
and the expression of pro-apoptotic proteins, suggesting its 
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Figure 3.  The effect of salvianolic acid A (SalA) on doxorubicin (Dox)-activated nuclear factor-kB (NF-kB) signaling and nuclear factor 
kappa B subunit 1 (NFKB1) expression in H9C2 cells. (A) The expression of proteins involved in the NF-kB pathway in H9C2 
cells was detected by western blot. (B) The mRNA expression of NFKB1 in H9C2 cells that were subjected to different 
treatments. (C) The protein expression of cytoplasmic and nuclear p50 in H9C2 cells. *** P<0.001; # P<0.05; ## P<0.01; 
### P<0.001.
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inhibitory effect on Dox-triggered H9C2 apoptosis. The inhibi-
tion of cardiomyocyte apoptosis has been reported to attenu-
ate Dox-induced cardiotoxicity and cardiac dysfunction [27,28]. 
Therefore, our study indicated the beneficial role of SalA in al-
leviating the cardiotoxicity of Dox.

The NF-kB pathway is known to promote an inflammatory re-
sponse and apoptosis, and it is widely accepted to play a role 
in Dox-induced cardiotoxicity [16,17]. As expected, we found 
that the proteins involved in the NF-kB pathway were all mark-
edly activated and the expression of nuclear p65 was signif-
icantly increased upon Dox stimulation, revealing the activa-
tion of NF-kB signaling. However, co-treatment with SalA and 
Dox successfully blocked NF-kB activation. The inhibitory ef-
fect of SalA on NF-kB signaling has also been reported in oth-
er studies [21]. For example, SalA was found to suppress NF-
kB-dependent inflammatory pathways through IKKb inhibition 
[29]. In addition, Zhang et al [30] demonstrated that SalA could 
protect the kidney against oxidative stress by inhibiting the 
NF-kB signaling pathway. Therefore, our study and studies 
by others confirmed the suppressive effect of SalA on NF-kB 
signaling, which may aid in understanding the pharmacology 
and mode of action of SalA. In addition, NFKB1 mRNA expres-
sion and the nuclear translocation of its encoding protein p50, 
which were both enhanced by Dox, were reversed by SalA, in-
dicating that SalA could inhibit NFKB1 expression.
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Figure 4.  The interaction between nuclear factor kappa B subunit 1 (NFKB1) and plasmacytoma variant translocation 1 (PVT1) in H9C2 
cells. (A) The binding sequences between NFKB1 and lncRNA PVT1 promoter. (B, C) The mRNA and protein expression of 
NFKB1 in H9C2 cells overexpressed with NFKB1 or not. (D) PVT1 expression in H9C2 cells overexpressed with NFKB1 or not. 
(E, F) The interaction between NFKB1 and PVT1 was confirmed by luciferase report (E) and chromatin immunoprecipitation 
(F) assays. *** P<0.001.

Notably, using the JASPAR database (http://jaspar.genereg.net/), 
we found that NFKB1 could bind to the promoter of PVT1, 
and the expression of PVT1 was significantly upregulated af-
ter NFKB1 overexpression. Furthermore, the direct interaction 
between NFKB1 and PVT1 was verified. A recent study demon-
strated that lncRNA PVT1 could aggravate Dox-induced cardio-
myocyte apoptosis [23]. We observed increased expression of 
PVT1 in H9C2 cells upon Dox stimulation, while PVT1 expres-
sion was reduced in response to SalA co-treatment. Therefore, 
we speculated that SalA may inhibit NFKB1 expression, there-
by downregulating PVT1 to exert its inhibitory effect on Dox-
induced cardiomyocyte apoptosis. To verify our hypothesis, 
we overexpressed NFKB1 in Dox+SalA co-treated H9C2 cells. 
Results showed that both the protective effect of SalA on vi-
ability and the inhibitory effect of SalA on apoptosis in Dox-
induced H9C2 cells were blocked by NFKB1 overexpression.

This study provides new preventive and therapeutic clues for 
the treatment of Dox-induced cardiotoxicity. However, it has 
some shortcomings. First, the conclusions of this study are only 
based on results from in vitro experiments and they have not 
been confirmed in in vivo studies. In addition, the actions of 
SalA may be involved in multiple signaling pathways, and thus 
further research is required.
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Figure 5.  The effect of nuclear factor kappa B subunit 1 (NFKB1) overexpression on salvianolic acid A (SalA)-inhibited apoptosis in 
H9C2 cells. (A) The expression of plasmacytoma variant translocation 1 (PVT1) in H9C2 cells. (B) Cell viability of H9C2 cells 
that were subjected to indicated treatments. (C, D) Representative images (×200) and quantitative analysis for TUNEL 
staining in H9C2 cells. (E) The expression of proteins related to apoptosis in H9C2 cells was detected by western blot. 
*** P<0.001; ### P<0.001. @ P<0.05; @@ P<0.01; @@@ P<0.001.
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Conclusions

In summary, we found an obvious protective effect of SalA in 
Dox-induced H9C2 cardiotoxicity. SalA inhibited Dox-triggered 
H9C2 apoptosis through inhibition of NFKB1 expression, there-
by downregulating lncRNA PVT1 expression. This study pro-
vides significant insights into the potential mechanisms of the 
cardioprotective effect of SalA.
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