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Abstract

Cellular stress caused by abnormal accumulation of unfolded or misfolded proteins in the endoplasmic reticulum 
(ER) is becoming a possible driver of cardiovascular diseases. The primary aim of our study was to explore Tan-
shinone IIA (Tan IIA)-induced protection against ER-induced apoptosis of human umbilical vein endothelial cells 
(HUVECs). HUVECs were treated with high glucose (HG), administrated with Tan IIA (2.5, 5, and 10 μM), and 
transfected with microRNA-133 (miR-133) mimic or inhibitor. Then cell viability was evaluated by MTT assay, 
the release of lactate dehydrogenase (LDH) was measured by detection kit, and ER stress was analyzed by Western 
blot measurement of ER stress-related indicators. Cell apoptosis was observed through flow cytometry and West-
ern blot analysis of apoptosis-related markers. miR-133 and RAC-1 expressions in HUVECs were assessed. For 
HUVECs, HG inhibited cellular survival, promoted the release of LDH, apoptosis and ER stress, down-regulated 
miR-133, and up-regulated RAC-1. We demonstrated that Tan IIA reverted the damage of HG to HUVECs in a 
concentration-dependent manner. miR-133 could negatively regulate RAC-1 expression, and Tan IIA inhibited 
RAC-1 expression by elevating miR-133, thereby reducing the damage of HG to HUVECs. Tan IIA regulates miR-
133–RAC-1 axis to reduce the apoptosis caused by ER stress in HG-induced HUVECs, which could provide new 
insights for treating cardiovascular diseases.

Keywords: tanshinone IIA; microRNA-133; RAC-1; endoplasmic reticulum stress; apoptosis; human umbilical vein 
endothelial cells

Introduction

Genetic and environmental damages hinder the cell’s 
ability to fold correctly and post-translationally modify 
the secreted and transmembrane proteins in the endo-
plasmic reticulum (ER), leading to the accumulation 
of misfolded proteins, called ER stress (Oakes & Papa, 
2015). The activation of the unfolded protein response is 

a steady-state signal network that coordinates the recov-
ery of ER function. Failure to adapt to ER stress can lead 
to cell apoptosis (Hetz, 2012). Apoptosis is a form of cell 
death through which the body maintains homeostasis 
of the internal environment (Hu et al., 2018). Diabetes 
or high glucose (HG) in circulation triggers a series of 
intracellular responses such as endothelial dysfunc-
tion and apoptosis. One such response is HG-induced 
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Methods and Materials

Cell culture

Human umbilical vein endothelial cells (Cell Bank of 
the Chinese Academy of Sciences, Shanghai, China) 
were cultured in Dulbecco’s modified Eagle’s medium/
F12 (Gibco, CA, USA) and 10% fetal bovine serum (FBS; 
Hyclone, UT, USA). For stimulation of HG, cells were 
treated with 33-mM D-glucose (Sigma, MO, USA) for 
48  h (Zhang et al., 2018). For Tan IIA treatment, cells 
were treated with different concentrations of Tan IIA 
(2.5, 5, 10 20, 40, and 80 μM; Sigma) for 48 h (Zhao et al., 
2021; Zhou et al., 2020).

RNA interference

miR-133 mimic and inhibitor and their corresponding 
negative controls (RiboBio, Guangzhou, China) were 
transfected into HUVECs using Lipofectamine 2000 
(Invitrogen, CA, USA). Follow-up tests were conducted 
48 h after transfection.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay and lactate dehydrogenase (LDH) 
detection

Human umbilical vein endothelial cells (1 × 104) were 
seeded into 96-well plates and cultured for 48 h. Then, 
MTT solution (5 mg/mL; Amresco, OH, USA) was 
added to HUVECs, and crystals were dissolved in 100-
μL dimethyl sulfoxide after 4 h. The absorbance at 490 
nm was read on a microplate reader (Thermo Fisher 
Scientific, MA, USA). The release amount of LDH in the 
supernatant was detected by LDH cytotoxicity assay kit 
(Beyotime, Shanghai, China).

Flow cytometry

The apoptosis rate of HUVECs was measured using 
annexin V-fluorescein isothiocyanate (FITC)/propid-
ium iodide (PI) (BD Biosciences, CA, USA). HUVECs 
were collected after trypsinization and washed with 
cold phosphate-buffered saline (PBS) solution. Next, 
HUVECs were suspended in 1 mL of 1X binding buf-
fer, centrifuged at 300 × g for 10 min. Subsequently, 
the pellets were resuspended in 1 mL of 1 × binding 
buffer to adjust cell density to 1 × 106 cells/mL. Then, 
100 μL of cell suspension was incubated with 5 μL of 
Annexin V-FITC for 10 min and 5 μL of PI for 5 min. 
The staining was identified on an ACEA NovoCyte 
flow cytometer (ACEA Biosciences, San Diego, CA) at 
490 nm.

ER stress in the endothelium (Dong et al., 2017). HG 
induces endothelial injury in vasculature, leading to 
tissue injury in diabetic condition (Yasuda et al., 2019). 
Endothelial dysfunction and senescence are closely 
related to cardiovascular disease; therefore, an in-depth 
understanding of the apoptotic mechanism of human 
umbilical vein endothelial cells (HUVECs) may be the 
mainstay for developing cardiovascular disease treat-
ment strategies.

Tanshinone, a fat-soluble phenanthrenequinone com-
pound with antibacterial effect, is extracted from 
Salvia miltiorrhiza Bunge. From tanshinone, 10 tanshi-
none monomers, including tanshinone I, tanshinone 
IIA (Tan IIA, Phenanthro [1, 2-b]furan-10, 11-dione, 
6,7,8,9-tetrahydro-1, 6,6-trimethyl), tanshinoneIIB, 
cryptotanshinone, isocryptotanshinone, etc. could be 
obtained. Concerning Tan IIA-mediated regulation of 
ER stress, He et al. (2000) explored that ER stress-in-
duced neuronal apoptosis could be attenuated by Tan 
IIA, thereby preventing cognitive decline. According to 
Feng et al. (2016), Tan IIA has cardioprotective effects 
on reducing ER stress-induced apoptosis of cardiomyo-
cytes through microRNA-133 (miR-133) up-regulation. 
Studies have demonstrated that apoptosis of HUVECs 
induced by various insults could be attenuated by Tan 
IIA (Chan et al., 2012) and Tan IIA sodium sulfonate 
(Cheng et al., 2017). In addition, it has been recorded 
that dihydrotanshinone could preserve blood-retinal bar-
rier integrity (Fresta et al., 2020). However, the regula-
tory role of ER stress-induced apoptosis of HUVECs was 
hardly explored. Human antigen R (HuR)–mRNA dis-
ruptors have been suggested to counteract high glucose 
damage in retinal endothelial cells (Platania et al., 2020), 
and miRNAs are linked to specific pathologies such as 
diabetes (Platania et al., 2020). Previous investigations 
have confirmed the Tan IIA-induced modification of 
miR-133 (Song et al., 2017; Zhang et al., 2012). Therefore, 
we selected miR-133 and its target RAC-1 (a targeting 
relation was predicted between miR-133 and RAC-1 on 
the bioinformatics website) as the downstream actors in 
Tan IIA regulating apoptosis of HUVECs. miR-133 has 
been defined as a diagnostic and/or prognostic marker 
that spans different stages of progression of cardiovascu-
lar disease (Navickas et al., 2016). A report has formerly 
indicated that miR-133 could restrain angiogenesis prop-
erties of HUVECs (Soufi-Zomorrod et al., 2016). RAC-
1’s, an important regulator of cytoskeletal dynamics, lack 
of macrophages can prevent atherosclerosis (Payapilly & 
Malliri, 2018). It has been illustrated that reduction of 
RAC-1 could restrain ER stress (Li et al., 2010), and acti-
vation of RAC-1 may be related to endothelial dysfunc-
tion (Chelvanambi et al., 2019). In the present research, 
we particularly investigated HUVECs-specific protec-
tion of Tan IIA to prevent ER stress-induced apoptosis 
through the regulation of miR-133–RAC-1 axis.
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Millipore). After X-ray exposure, optical density analysis 
was performed using the ImageJ (NIH Image) software 
(Zhou et al., 2020).

Dual luciferase reporter gene test

The potential binding relationship between miR-133 and 
RAC-1 was predicted through Starbase (http://starbase.
sysu.edu.cn). The 3′UTR sequence of RAC-1 containing 
the miR-133 wild-type or mutant binding site was inte-
grated into the pmirGLO vector (Promega, WI, USA) to 
form wt-RAC-1 or mut-RAC-1. Then, miR-133 or mimic 
NC was transfected into HUVECs with lipofectamine 
2000 (Invitrogen). A luciferase reporter kit (Promega) 
was employed to check luciferase activity.

Statistical analysis

SPSS 22.0 software was used to process all experimental 
data. Measurement data were expressed in the form of 
mean ± standard deviation. One-Way analysis of variance 
(ANOVA) was conducted for comparing multi-set data, 
and Tukey’s multiple comparisons test for pair-wise com-
parison. P < 0.05 indicated that the difference was statis-
tically significant.

Results

Tan IIA improves the survival of HG-suffered HUVECs

Tan IIA has a protective effect on endothelial cells and 
can protect endothelial tissues from damage (Feng et al., 
2021; He et al., 2021). The effects of different concen-
trations of Tan IIA (0, 2.5, 5, 10, 20, 40, and 80 μM) on 
HUVECs were studied. The results established that Tan 
IIA in the range of 0–10 μM had less impact on cell sur-
vival rate and cytotoxicity. However, with Tan IIA in the 
range of 20–80 μM, HUVECs survival rate decreased and 
LDH release increased in a concentration-dependent 
manner (Figure 1A and B). Tan IIA in the range of 
0–10 μM was selected for follow-up tests. For investigat-
ing the role of Tan IIA in HG-induced endothelial injury, 
HUVECs receiving 33-mM D-glucose were treated with 
different concentrations of Tan IIA (2.5, 5, and 10 μM). 
Afterwards, the viability was analyzed by MTT test and 
the release of LDH was examined. The outcomes demon-
strated that although HG treatment decreased the viabil-
ity and increased the release of LDH in HUVECs, Tan IIA 
could facilitate cell survival and attenuate LDH produc-
tion in a concentration-dependent manner (Figure  1C 
and D). Precisely, Tan IIA can improve the damage of 
HUVECs induced by HG by promoting cell survival and 
inhibiting the release of LDH.

Reverse transcription and real-time polymerase chain 
reaction (RT-PCR)

The total RNA of HUVECs was separated with 
Trizol reagent and its concentration was determined. 
PrimeScript™ II 1st Strand cDNA synthesis kit (Takara, 
Tokyo, Japan) was utilized to reverse-transcribe RNA 
into cDNA. Quantitative RT-PCR was performed using 
SYBR® Premix Ex Taq™ II (Takara, Tokyo, Japan). All-in 
One™ miRNA quantitative PCR (qPCR) detection kit 
(GeneCopoeia, Guangzhou, China) was used to detect 
miR-133. β-actin was used as an endogenous control for 
RAC-1, while U6 for miR-133. Data evaluation was per-
formed using 2-ΔΔCt. The primer sequences used are pre-
sented in Table 1.

Western blot assay

Total protein of HUVECs was amassed using radioim-
munoprecipitation (RIP) assay buffer, followed by protein 
quantification using BCA protein assay kit (Beyotime). 
Protein sample (25 µg) was isolated from HUVECs and 
treated with 10% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis. The separated proteins were trans-
ferred to a polyvinylidene fluoride membrane (Millipore, 
MA, USA), blocked with 5% skim milk in tris-buffered 
saline with Tween 20 for 1 h, followed by incubation 
with primary antibodies (Abcam, MA, USA), including 
anti-RAC-1 (1:1,000, ab155938), anti-Cleaved caspase-3 
(1:500, ab2302), anti-BAX (1:1,000, ab32503), anti-BCL-2 
(1:1,000, ab32124), anti-GRP-78 (1 µg/mL, ab21685), 
anti-XBP-1 (1 µg/mL, ab37152), anti-ATF-6 (1:1,000, 
ab227830), anti-ATF-4 (1:1,000, ab184909), anti-C/EBP 
homologous protein (CHOP) (5 µg/mL, ab11419), and 
anti-β-actin (1 µg/mL, ab8226). Protein bands were incu-
bated with horseradish peroxidase-conjugated second-
ary antibody (1:1,000; CST, MA, USA) and visualized 
using an enhanced chemiluminescence reagent (EMD 

Table 1.  Primes used for RT-qPCR.

Gene Primers (5’–3’)

miR-133 Forward: 5’-CAGGTTGGTCCCCTTCAA-3’

ID: 442890 Reverse: 5’-TCAACTGGTGTCGTGGAGTC-3’

U6 Forward: 5’-CTCGCTTCGGCAGCACA-3’

ID: 26827 Reverse: 5’-AACGCTTCACGAATTTGCGT-3’

RAC-1 Forward: 5’-TCCGCAAACAGATGTGTTCTTA-3’

ID: 5879 Reverse: 5’-CGCACCTCAGGATACCACTTT-3’

β-actin Forward: 5’-CCCTGGAGAAGAGCTACGAG-3’

ID: 728378 Reverse: 5’-CGTACAGGTCTTTGCGGATG-3’

miR-133: microRNA-133.

http://starbase.sysu.edu.cn�
http://starbase.sysu.edu.cn�
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expressions increased under the stimulation of HG, 
which could be suppressed when Tan IIA was adminis-
trated in a concentration-dependent manner (Figure 3). 
Collectively, Tan IIA could inhibit the ER stress of 
HUVECs.

Tan IIA elevates miR-133 and reduces RAC-1 levels

Tan IIA improves the apoptosis of cardiomyocytes 
by up-regulating miR-133 (Song et al., 2017). miR-
133 plays an important role in regulating the cardio-
vascular system (Dong et al., 2010). Studies have also 
established that in HG-induced vascular endothelial 
cells, RAC-1 expression is increased, and inhibition of 
RAC-1 can alleviate vascular endothelial damage and 
ER stress (Li et al., 2010, 2017; Vecchione et al., 2006). 
Therefore, to further study the molecular mechanism 
of Tan IIA regulating HUVECs, miR-133 and RAC-1 
expressions were analyzed. The results exhibited that 
miR-133 expression was reduced, while RAC-1 mRNA 
and protein expression was increased in HUVECs after 
HG treatment. The alternations of miR-133 and RAC-1 
expressions in HG-treated HUVECs were reversed 
by Tan IIA in a concentration-dependent manner 
(Figure 4A–C). Briefly, Tan IIA regulates miR-133 and 
RAC-1 expressions.

Tan IIA inhibits apoptosis of HG-suffered HUVECs

For verifying the effect of Tan IIA on endothelial cell 
apoptosis, flow cytometry was allowed to detect apopto-
sis whereas Western blot test was used to measure pro-
tein expression of apoptosis-related proteins: Cleaved 
caspase-3, BAX, and BCL-2. It was observed that 
under HG treatment, apoptosis was increased, Cleaved 
caspase-3 and BAX protein expressions were induced, 
and that of BCL-2 was reduced. After HUVECs were 
treated with Tan IIA, a relief was observed in apoptosis 
and protein expressions of Cleaved caspase-3, BAX, and 
BCL-2 in a concentration-dependent manner (Figure 2A 
and B). Our results demonstrated that Tan IIA could 
inhibit the apoptosis of HUVECs.

Tan IIA alleviates HG-induced ER stress in HUVECs

Tan IIA can improve cardiomyocyte apoptosis induced 
by ER stress (Feng et al., 2016), and inhibit palmi-
tate-induced apoptosis of HepG2 cells through reduc-
ing ER stress (Wang et al., 2020). In order to verify 
whether Tan IIA can inhibit ER stress, protein levels 
of ER stress-related markers in HUVECs were tested 
by Western blot assay. The findings demonstrated that 
GRP-78, XBP-1, ATF-6, ATF-4, and CHOP protein 
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Figure 1.  Tan IIA improves the survival of HG-suffered HUVECs. A: MTT measured cell survival rate. B: LDH detection kit mea-
sured the level of LDH. C: Viability of HUVECs measured by MTT assay. D: LDH in HUVECs. Repetition = 3. **P < 0.01 vs. the con-
trol group, &P < 0.05, &&P < 0.01 vs. the HG group. The data were expressed as mean ± standard deviation. Comparisons among 
multiple groups must be performed by one-way ANOVA, followed by Tukey’s multiple comparisons test.
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Figure 2.  Tan IIA inhibits apoptosis of HG-suffered HUVECs. A: Apoptosis of HUVECs analyzed by flow cytometry. B: Protein 
expression of Cleaved caspase-3, BAX, and BCL-2 in HUVECs analyzed by Western blot. Repetition = 3. **P < 0.01 vs. the control 
group, &P < 0.05, &&P < 0.01 vs. the HG group. The data were expressed as mean ± standard deviation. Comparisons among mul-
tiple groups must be performed by one-way ANOVA, followed by Tukey’s multiple comparisons test.

Tan IIA inhibits RAC-1 through miR-133

In order to prove whether miR-133 can regulate RAC-1, 
Starbase was applied to predict the targeting site between 
miR-133 and RAC-1 (Figure 5A). Through the dual-lucifer-
ase report experiment, it was found that miR-133 inhibited 

the luciferase activity of wild-type RAC-1 (3’-UTR-WT) 
instead of mutant RAC-1 (3’-UTR-MUT) in HUVECs 
(Figure 5B). Moreover, RT-PCR and Western blot detection 
measured that miR-133 up-regulation decreased RAC-1 
expression, while miR-133 down-regulation had an oppo-
site effect on RAC-1 expression in HUVECs (Figure 5C–E).
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For HUVECs treated with HG and Tan IIA (10 μM), 
Western blot analysis tested that transfection with miR-
133 inhibitor elevated RAC-1 expression (Figure 5F). 
Overall, miR-133 regulates RAC-1 expression, and Tan 
IIA induces miR-133 expression to inhibit RAC-1.

Discussion

In the progression of ER stress-induced apoptosis of 
HUVECs, our research sought to discover whether Tan 
IIA could regulate HG-induced survival of HUVECs, 
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expressed as mean ± standard deviation. Comparisons among multiple groups must be performed by one-way ANOVA, followed 
by Tukey’s multiple comparisons test.
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activate ER in remote non-neuronal cell types through 
cellular nonautonomous mechanisms (Taylor & Dillin, 
2013). ATF-6 loss confers longevity by down-regulation 
of ER calcium buffer (Burkewitz et al., 2020), and ATF-6 
silencing lowers the apoptosis rate and ER stress (Zhang 
et al., 2021). ATF-4 is induced translationally under 
anoxic conditions, mediates part of the unfolded protein 
response following ER stress, and is a critical regulator 
of cell fate (Koditz et al., 2007). The expression of CHOP 
is primarily regulated by the transcription level. CHOP 
is one of the most inducible genes during ER stress 
(Oyadomari & Mori, 2004). It has been determined that 
Tan IIA confers a protective potential to mice with dia-
betic nephropathy, which may be related to suppressed 
ER stress through down-regulating the levels of GRP-78 
and CHOP ( Xu et al., 2020a). Notably, He et al. (2020) 
presented their experimental observations that Tan IIA 
prevents abnormal up-regulation of GRP-78 and the 
activation of CHOP pathway to lessen ER stress-induced 
apoptosis in the brain of mice with Alzheimer’s disease 
Additionally, a late record has elucidated that for injured 
HepG2 cells, increase in GRP78, ATF-6, and CHOP lev-
els could be attenuated after treatment with Tan IIA, con-
tributing to decline of excessive ER stress and subsequent 
cellular apoptosis (Wang et al., 2020). It has been found 
in diabetic mice that intraperitoneal administration of 
Tan IIA is feasible for improving ER stress-induced neu-
ronal apoptosis through inhibiting GRP78 and CHOP 
expressions (Chen et al., 2018).

Subsequently, our analysis found that Tan IIA reversed 
HG-induced down-regulation of miR-133 and up-regu-
lation of RAC-1 in HUVECs. More importantly, Tan IIA 
inhibited RAC-1 expression through miR-133. Indeed, 
Feng et al. (2016) have identified that miR-133 is a down-
stream actor of Tan IIA in protecting cardiomyocytes 
from ER stress-induced apoptosis. Interestingly, RAC-1 
has been identified as a targeting partner of miR-133a (Lu 
et al., 2020). A miRNA profile has suggested that miR-
133 could prevent myocardial ischemia through promot-
ing angiogenesis and vascular remodeling (Moghiman 
et al., 2021). A previous research has demonstrated that 
in the presence of HG, RAC-1 is activated during podo-
cytes undergoing epithelial–mesenchymal transition (Lv 
et al., 2013). Besides, increase of RAC-1 expression is 
detectable in vascular endothelial cells suffered from HG 
(Li et al., 2017) as well as in cardiomyocytes under HG 
treatment (Guo et al., 2015).

Overall, Tan IIA exerts protective potential to HG-treated 
HUVECs through improving cell survival and reducing 
ER stress and ER stress-induced apoptosis. In Tan IIA 
treatment, alternation of miR-133–RAC-1 expression 
is tested in HG-treated HUVECs, but the actual per-
formance of this axis for ER stress-induced apoptosis of 
HG-treated HUVECs is not sufficiently explored, which 

and ultimately validated that with increased concentra-
tion, the protective efficacy of Tan IIA was effective for 
HUVECs under HG conditions.

First, we determined that Tan IIA improved the survival 
of HG-suffered HUVECs by increasing viability and 
reducing the release of LDH in a dose-dependent man-
ner. Another experimental observation was that Tan IIA 
had an anti-apoptotic effect on HG-treated HUVECs by 
suppressing the protein levels of Cleaved caspase-3 and 
BAX and increasing that of BCL-2. In accordant with our 
experimental findings, Li Y et al. have once observed that 
Tan IIA could suppress LDH release and ER stress, so as 
to reduce mycobacterium tuberculosis-induced pyropto-
sis of macrophages (Li Y et al., 2022; Yuan et al., 2021). 
It has been reported that in the presence of Tan IIA, the 
production of LDH is reduced, and the mitochondrial 
apoptotic pathway is blocked, thereby protecting cul-
tured human keratinocyte (HaCaT) cells from oxidative 
injury (Xie et al., 2019). After treatment with Tan IIA, a 
remarkable decrease is examined in the serum levels of 
LDH, and in the cardiomyocyte damage and apoptosis 
of mice with myocardial ischemia reperfusion injury (Li 
et al, 2016). In a mouse-based model of hepatic injury, 
Wang et al. (2016) have examined that LDH release in 
serum could be reduced after administration of Tan IIA 
at a concentration of 30 mg/kg (Wang et al., 2016). For 
mice with myocardial injury, injection of Tan IIA blocks 
myocardial apoptosis whereas for H9C2 cells, incubation 
with Tan IIA abrogates ethanol-induced cardiomyocyte 
apoptosis (Deng et al., 2021). Furthermore, the data pre-
sented in a current publication have elaborated that Tan 
IIA treatment decreases lipopolysaccharide-induced 
apoptosis of chondrocytes through mediating the levels 
of apoptosis-related indicators, caspase-3 and caspase-9 
(Zhou et al., 2021). Moreover, in a cell-based model of 
coronary artery disease, pharmacological targeting of 
Tan IIA in HO-induced H9C2 cells could elevate miR-
133a-3p expression, enhance proliferation, and restrain 
apoptosis ( Xu et al., 2020b). Besides, it has been impli-
cated that Tan IIA suppresses neuronal apoptosis of mice 
with diabetes by reducing ER stress activation (Chen et 
al., 2018). 

Moreover, we examined that Tan IIA could decrease 
GRP-78, XBP-1, ATF-6, ATF-4, and CHOP protein levels 
in HG-treated HUVECs, thus alleviating ER stress. GRP-
78 is one of the ER chaperone proteins, and induction of 
GRP-78 in ER is a protective mechanism used by cells 
to adapt to ER stress (Ravindran et al., 2012). XBP-1 is 
a cell-nonautonomous regulator of stress resistance and 
longevity and is activated in response to ER stress (Ong 
et al., 2018). The age loss of ER protein homeostasis can 
be reversed by expressing constitutively active forms of 
XBP-1 and XBP-1s. Neuron-derived XBP-1s are suf-
ficient to rescue stress resistance, extend lifespan, and 
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cognitive impairments in diabetic rats by attenuating ER 
stress-induced apoptosis. Biomedicine & Pharmacotherapy 104: 
530–536. https://doi.org/10.1016/j.biopha.2018.05.040

Cheng, Q., Zhao, Y. and Li, J., 2017. Sodium tanshinone IIA sulfon-
ate suppresses heat stress-induced endothelial cell apoptosis 
by promoting NO production through upregulating the PI3K/
AKT/eNOS pathway. Molecular Medicine Reports 16: 1612–
1618. https://doi.org/10.3892/mmr.2017.6760

Deng, H., Yu, B. and Li, Y., 2021. Tanshinone IIA alleviates acute 
ethanol-induced myocardial apoptosis mainly through inhib-
iting the expression of PDCD4 and activating the PI3K/Akt 
pathway. Phytotherapy Research 35: 4309–4323. https://doi.
org/10.1002/ptr.7102

Dong, D.L., Chen, C., Huo, R., Wang, N., Li, Z., Tu, Y.J., Hu, J.T., 
Chu, X., Huang, W. and Yang, B.F., 2010. Reciprocal repres-
sion between microRNA-133 and calcineurin regulates cardiac 
hypertrophy: a novel mechanism for progressive cardiac hyper-
trophy. Hypertension 55: 946–952. https://doi.org/10.1161/
HYPERTENSIONAHA.109.139519

Dong, Y., Fernandes, C., Liu, Y., Wu, Y., Wu, H., Brophy, M.L., 
Deng, L., Song, K., Wen, A., Wong, S., Yan, D., Towner, R. and 
Chen, H., 2017. Role of endoplasmic reticulum stress signal-
ling in diabetic endothelial dysfunction and atherosclerosis. 
Diabetes and Vascular Disease Research 14: 14–23. https://doi.
org/10.1177/1479164116666762

Feng, J., Li, S. and Chen, H., 2016. Tanshinone IIA ameliorates 
apoptosis of cardiomyocytes induced by endoplasmic reticu-
lum stress. Experimental Biology and Medicine (Maywood) 241: 
2042–2048. https://doi.org/10.1177/1535370216660634

Feng, J., Liu, L., Yao, F., Zhou, D., He, Y. and Wang, J., 2021. The protec-
tive effect of tanshinone IIa on endothelial cells: a generalist among 
clinical therapeutics. Expert Review of Clinical Pharmacology 14: 
239–248. https://doi.org/10.1080/17512433.2021.1878877

Fresta, C.G., Caruso, G., Fidilio, A., Platania, C.B.M., Musso, N., 
Caraci, F., Drago, F. and Bucolo, C., 2020. Dihydrotanshinone, 
a natural diterpenoid, preserves blood-retinal barrier integrity 
via P2X7 receptor. International Journal of Molecular Sciences 
21(23): 9305. https://doi.org/10.3390/ijms21239305

Guo, S., Yao, Q., Ke, Z., Chen, H., Wu, J. and Liu, C., 2015. Resveratrol 
attenuates high glucose-induced oxidative stress and cardiomyocyte 
apoptosis through AMPK. Molecular and Cellular Endocrinology 
412: 85–94. https://doi.org/10.1016/j.mce.2015.05.034

He, L., Liu, Y.Y., Wang, K., Li, C., Zhang, W., Li, Z.Z., Huang, X.Z. and 
Xiong, Y., 2021. Tanshinone IIA protects human coronary artery 
endothelial cells from ferroptosis by activating the NRF2 path-
way. Biochemical and Biophysical Research Communications 
575: 1–7. https://doi.org/10.1016/j.bbrc.2021.08.067

He, Y., Ruganzu, J.B., Lin, C., Ding, B., Zheng, Q., Wu, X., Ma, R., 
Liu,  Q., Wang, Y., Jin, H., Qian, Y., Peng, X., Ji, S., Zhang, L., 
Yang, W. and Lei, X., 2020. Tanshinone IIA ameliorates cognitive 
deficits by inhibiting endoplasmic reticulum stress-induced apop-
tosis in APP/PS1 transgenic mice. Neurochemistry International 
133: 104610. https://doi.org/10.1016/j.neuint.2019.104610

Hetz, C., 2012. The unfolded protein response: controlling cell fate 
decisions under ER stress and beyond. Nature Reviews Molecular 
Cell Biology 13: 89–102. https://doi.org/10.1038/nrm3270

is the primary limitation of the study. Taken together, our 
study suggests an interesting compound worthy of being 
investigated effectively in cardiovascular diseases.
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