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Aconitine promotes ROS‑activated P38/
MAPK/Nrf2 pathway to inhibit autophagy 
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Abstract 

Background  Aconitine has cardiotoxicity, but the mechanism of cardiotoxicity induced by aconitine is limited. The 
aim of this study was to investigate the mechanism of myocardial injury induced by aconitine.

Methods  Using aconitine, ROS inhibitor N-acetylcysteine(NAC), the autophagy activitor Rapamycin (Rap) or the P38/
MAPK pathway activitor Dehydrocorydaline treats H9C2 cells. CCK-8 assay was used to assay cell proliferation activity. 
Flow Cytometry was used to detect cell apoptosis. Dichloro-dihydrofluorescein diacetate was used to detect ROS lev-
els. The expression of LC3 was detected by Immunofluorescence Staining. Western blotting detected the expression 
of related proteins. The mRNA levels of inflammatory factors were detected by RT-qPCR.

Results  Aconitine inhibits cardiomyocyte proliferation, induces apoptosis and secretion of inflammatory factors. 
Aconitine activates the P38/MAPK/Nrf2 pathway, induces ROS increase, and promotes autophagy. NAC can inhibit 
proliferation inhibition, apoptosis, inflammation and P38/MAPK/Nrf2 pathway activation induced by aconitine. Rap 
and P38 activators can partially recover the effects of NAC on proliferation, apoptosis, inflammation and autophagy 
of cardiomyocytes.

Conclusion  Aconitine promotes ROS-activated P38/MAPK/Nrf2 pathway to inhibit autophagy and promote myocar-
dial injury.
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Introduction
Aconitine, a diterpenoid alkaloid predominantly found 
in Aconitum species such as Aconitum and Aconitum 
kongboense, is widely recognized in traditional Chinese 
medicine for its potent pharmacological properties [1]. 

It has demonstrated potential therapeutic benefits in 
treating a variety of diseases, including cancer, systemic 
lupus erythematosus, and rheumatoid arthritis [2–4]. 
However, aconitine is also a highly toxic compound, with 
pronounced cardiotoxicity and neurotoxicity [5]. The 
cardiotoxicity of aconitine is primarily characterized by 
arrhythmias, hypotension, palpitations, and heart failure, 
which, in severe cases, can be fatal. This toxicity presents 
a major limitation to the clinical application of aconitine 
[6, 7]. Therefore, it is essential to thoroughly investigate 
the mechanisms underlying aconitine-induced cardiotox-
icity to improve its safety and therapeutic potential.Oxi-
dative stress plays a major role in various drug-induced 
toxicities [8]. Cardiotoxicity has been associated with an 
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imbalance of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) levels, leading to subcellu-
lar structural damage and cell death due to insufficient 
antioxidant defenses [9]. Numerous studies have shown 
that aconitine-induced damage to H9c2 cells is caused by 
increased oxidative stress, which triggers apoptosis and 
autophagy, disrupts mitochondrial membrane potential, 
and induces Ca2+ overload [10]. Intracellular calcium 
overload can enhance ROS production, leading to fur-
ther apoptosis or autophagy [10]. Similarly, doxorubicin 
is known to cause cardiotoxicity by increasing ROS levels 
[11]. However, the specific mechanism by which aconi-
tine enhances ROS expression and promotes cardiotoxic-
ity remains elusive.

The MAPK signaling pathway, a critical component of 
the eukaryotic signal transduction network, plays a piv-
otal role in cell proliferation, differentiation, apoptosis, 
and stress response under both normal and pathological 
conditions [12]. This pathway can be divided into three 
major sub-pathways: ERK1/2, p38, and JNK [13]. Among 
these, p38 MAPK has emerged as a key target for pre-
venting and treating inflammation and autophagy, as 
it is frequently activated by environmental stress and 
cytokines, contributing to inflammation, oxidative stress, 
and autophagy [14, 15]. Oxidative stress can induce 
receptor-dependent apoptosis and damage mitochon-
dria in healthy cells [16]. This mitochondrial dysfunc-
tion leads to ROS accumulation, which subsequently 
stimulates the p38 MAPK pathway [17]. Therefore, we 
hypothesize that aconitine-induced cardiotoxicity may be 
due to the activation of the ROS/p38 MAPK pathway. In 
this study, we found that aconitine-induced myocardial 
injury and autophagy are closely associated with oxida-
tive stress, specifically through the activation of the ROS-
regulated P38 MAPK signaling pathway. We then tested 
whether inhibiting these pathways could potentially alle-
viate aconitine-induced myocardial injury and autophagy. 
To explore this hypothesis, we treated the cells with the 
ROS inhibitor NAC, the autophagy activator Rapamycin 
(Rap), and a P38 MAPK activator. Our findings revealed 
that aconitine promotes ROS-mediated activation of the 
P38/MAPK/Nrf2 pathway, which inhibits autophagy and 
exacerbates myocardial injury. This discovery suggests 
a novel approach for developing combination therapies 
that incorporate cardioprotective strategies in clinical 
applications involving aconitine.

Method and material
Cell culture
H9C2 immortalized rat cardiomyocytes were acquired 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in DMEM 
(Gibco, USA) supplemented with 10% FBS (HyClone, 

USA), 100 units/mL penicillin, and 100  μg/mL strepto-
mycin (Solarbio, China), and maintained at 37 °C in a 5% 
CO2. The cells used in this article did not show Myco-
plasma infection. And it has been certified by STR.

Treatment of cells
The experiment was conducted in accordance with the 
following groups: NC group, aconitine group, NAC 
group, NAC + Rap group, and NAC + P38 MAPK path-
way activator group(NAC + P38 activator group). 
Aconitine(Selleck Chemicali, China) was allocated to 
a concentration range of 0, 0.25, 0.5, 1, and 2 μM. Cells 
were treated with the aconitine solution for 24 h and cell 
viability was assessed. The optimal concentration for 
the model was identified. NC group was H9C2 cells in 
normal culture, aconitine group was H9C2 cells treated 
with 1  μM aconitine for 24  h, NAC group was H9C2 
cells treated with 1 μM aconitine and then with 10 mM 
ROS inhibitor N-acetylcysteine [18] (NAC, Sigma, USA), 
NAC + Rap group was H9c2 cells treated with 1  μM 
aconitine and then with 10  μM rapamycin (Rap, Sigma, 
USA), and NAC + P38 activator group was H9C2 cells 
treated with 1  μM aconitine and then with 10  μg/mL 
P38 MAPK pathway activator Dehydrocorydaline (DHC, 
MCE, USA).

Cell viability assay
The cells were seeded into 96-well plates and treated with 
aconitine, NAC, rapamycin, or a P38 activator accord-
ing to the experimental groups. Cell viability was then 
assessed using the CCK-8 assay kit (Jiancheng, China) 
following the manufacturer’s instructions.. Specifically, 
10 μL of the CCK-8 reagent was added to the culture 
medium in each well, and the plate was incubated in 
the dark at 37  °C for 3  h. Absorbance was measured at 
450 nm using a microplate reader (BioTek, USA).

Flow cytometry analysis
The apoptotic rate of the cells was assessed using an 
Annexin V-FITC/PI apoptosis detection kit (Beyotime, 
China). First, the cells were treated according to the 

Table 1  Primers used for RT-qPCR

Gene Primer size Primer sequences (5′-3′)

IL-1β FORWARD 95 TCT​CAC​AGC​AGC​ATC​TCG​ACAAG​

IL-1β REVERSE 95 CCA​CGG​GCA​AGA​CAT​AGG​TAGC​

TNF-α FORWARD 104 CCG​AGA​TGT​GGA​ACT​GGC​AGAG​

TNF-α REVERSE 104 CCA​CGA​GCA​GGA​ATG​AGA​AGAGG​

IL-6 FORWARD 94 GCC​TTC​TTG​GGA​CTG​ATG​TTG​TTG​

IL-6 REVERSE 94 GTC​TGT​TGT​GGG​TGG​TAT​CCT​CTG​
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Fig. 1  Aconitine damages cardiomyocyte injury cells. A CCK-8 was used to detect cell viability. B Western blotting was used to detect 
apoptosis-related proteins. C The expression of IL-1β, TNF-α and IL-6 was detected by RT-qPCR. All values represent means ± SD (n = 3 biological 
replicates). P < 0.01 (**)
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experimental groups. Afterward, 5 × 105 cells were col-
lected and resuspended in 100 μL of 1 × binding buffer. 
Then, 5 μL of Annexin V and 5 μL of PI working solution 
were added to each tube, and the cells were incubated in 
the dark for 15 min. Finally, the apoptotic rate was meas-
ured using a flow cytometer (BD, USA) with an excita-
tion wavelength of 488 nm and an emission wavelength 
of 530 nm.

Detection of ROS levels by immunofluorescence
Intracellular ROS levels were detected using the fluo-
rescent probe dichloro-dihydrofluorescein diacetate 
(DCFH-DA) (Sigma, USA). The cells were initially 
treated according to their groupings and then subjected 
to incubation with 50 μM DCFH-DA at 37 °C in dark-
ness for 30  min. Following this, the cells were washed 
twice with cold PBS (Sigma, USA). Fluorescence images 
of the intracellular ROS were subsequently captured 
using a fluorescence microscope (Olympus a clean ver-
sion without tracked changes or highlights, Japan).

Immunofluorescence staining
After the cells were processed according to the group-
ing information, they were washed three times with 
PBS. Then H9C2 cells were fixed with 4% paraformal-
dehyde (Sigma, USA) for 30 min, washed with PBS for 3 
times, and then treated with 0.2% Triton X-100 (Solar-
bio, China) for 20  min at room temperature. After 
washing with PBS for 3 times, the cells were blocked 
in 5% BSA (Servicebio, China) for 30 min at room tem-
perature. Subsequently, the cells were incubated with 
LC3 primary antibody (CST, USA, Rabbit mAb, 1:1600) 
at 4 °C overnight. After that, the sample was incubated 
with FITC-conjugated secondary antibody (abcam, 
UK, Goat Anti-Rabbit IgG H&L (FITC), 1:5000) at 37° 
C overnight. The cells were then stained with DAPI 

(Wuhan Antgene, China) for 5  min. The images were 
taken using a fluorescence microscope.

Western blotting
Cell protein extraction was performed using a protein 
extraction kit from Thermo Fisher Scientific (USA). The 
cells were homogenized with RIPA protein extraction 
reagent, and the homogenate was separated by SDS-
PAGE (Thermo Fisher Scientific, USA) before being 
transferred to a PVDF membrane (Millipore, USA). 
After blocking the membrane with 5% skim milk (Beyo-
time, China), primary antibodies were incubated at 4 °C 
overnight. The membrane was then incubated with a 
horseradish peroxidase (HRP)-conjugated secondary 
antibody at room temperature for 2  h. Protein bands 
were visualized using ECL (Thermo Fisher Scientific, 
USA) on a chemiluminescent imaging system (Bio-
Rad, USA), and the grayscale values of the target bands 
were quantified using ImageJ. The primary antibodies 
used were Bax (ABclonal, China, Rabbit mAb, 1:2000), 
Bcl2 (CST, USA, Rabbit mAb, 1:1000), cleaved cas-
pase-3 (CST, USA, Rabbit pAb, 1:1000), P62 (abcepta, 
China, Rabbit pAb, 1:2000), LC3 (ABclonal, China, 
Rabbit pAb, 1:1000)), Beclin 1 (CST, USA, Rabbit mAb, 
1:1000), p-p38 (CST, USA, Rabbit mAb, 1:1000), p38 
(CST, USA, Rabbit pAb, 1:1000), and Nrf2 (CST, USA, 
Rabbit mAb, 1:1000). The secondary antibody used was 
goat anti-rabbit IgG (heavy and light chain) (CST, USA, 
1:5000).

RT‑qPCR
Total RNA was isolated from cells by using TRIzol rea-
gent (Invitrogen, USA), which was reverse transcribed 
into cDNA using HiScript® II Q RT SuperMixfor qPCR 
Kit (Vazyme; China). After this, Taq Pro Universal SYBR 
qPCR Master Mix (Vazyme; China) was used for qPCR 

Fig. 2  Aconitine activates the P38/MAPK/ Nrf2 pathway. Western blotting was used to detect the P38/MAPK/ Nrf2 pathway-related proteins. All 
values represent means ± SD (n = 3 biological replicates). P < 0.01 (**)
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Fig. 3  Aconitine exacerbates myocardial cell damage through ROS activation. A ROS was detected by immunofluorescence. Scale bar = 50 μm. 
B CCK-8 was used to detect cell viability. C Apoptosis was detected by flow cytometry. D Western blotting was used to detect apoptosis-related 
proteins. E The expression of IL-1β, TNF-α and IL-6 was detected by RT-qPCR. All values represent means ± SD (n = 3 biological replicates). Compared 
with NC group, P < 0.01 (**). P < 0.05 (*); Compared with aconitine, P < 0.01 (##). P < 0.05 (#)
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with GAPDH as an internal reference. The relative gene 
expression levels were then calculated using the 2−ΔΔCt 
method. The primers (QingKe; China) used are listed in 
Table 1.

Statistical analysis
In this study, each experiment was conducted with three 
biological replicates. Data are expressed as mean ± stand-
ard deviation (SD). Comparisons between two groups 
were made using the Student’s t-test (two-tailed). Com-
parisons between three or more groups were performed 
using one-way ANOVA followed by Tukey’s post hoc 
test. A significance level of P < 0.05 was considered sta-
tistically significant. The software used was GraphPad 
Prism Version 8.0.2 (GraphPad,USA).

Results
Aconitine induces injury in cardiomyocytes
To investigate the impact of aconitine on H9C2 cells, the 
effects of varying concentrations of aconitine (0, 0.25, 
0.5, 1, and 2  μM) on cell viability were examined using 
the CCK-8 assay after a 24-h exposure period (Fig. 1A). 
Aconitine significantly decreased cell viability in a dose-
dependent manner. In response to this observation, 
Western blot analysis was performed to further explore 
the cellular mechanisms, revealing a significant upregu-
lation of the apoptosis-related proteins Bax and cleaved 
caspase-3, along with a downregulation of the anti-apop-
totic protein Bcl-2 (Fig. 1B). Additionally, aconitine expo-
sure led to a significant increase in the mRNA expression 
levels of the pro-inflammatory cytokines IL-1β, TNF-α, 
and IL-6 (Fig.  1C). These results suggest that aconitine 

exerts detrimental effects on H9C2 cells, likely through 
the induction of apoptosis and inflammation.

Aconitine activates the P38/MAPK/ Nrf2 pathway
This study aimed to investigate the effects of aconitine on 
the P38/MAPK/Nrf2 pathway in H9C2, utilizing Western 
blotting to observe a significant increase in the expres-
sion of p-P38 and Nrf2 (Fig. 2). This finding suggests that 
aconitine may activate the P38/MAPK/Nrf2 signalling 
pathway in the H9C2 cells.

Aconitine promotes cardiomyocyte injury through ROS
Research has established a strong link between ROS pro-
duction and the P38/MAPK/Nrf2 signaling pathway, but 
the effects of aconitine on ROS generation in cell lines 
remain unclear. Immunofluorescence imaging demon-
strated that aconitine treatment significantly elevated 
cellular ROS levels (Fig.  3A). In contrast, the antioxi-
dant NAC reduced ROS production (Fig. 3A), improved 
cell viability, and decreased apoptosis compared to the 
aconitine-treated group (Fig.  3C). Furthermore, NAC 
successfully reversed aconitine-induced changes in the 
expression of apoptosis-related proteins and inflamma-
tory factors (Fig. 3D and E). Overall, NAC shows poten-
tial as an effective agent for counteracting the harmful 
effects of aconitine on cardiomyocytes.

Aconitine activates the P38/MAPK/Nrf2 pathway 
through ROS
Previous studies suggest that aconitine may damage car-
diomyocytes by increasing ROS. However, whether ROS 
directly activates the P38/MAPK/Nrf2 signaling pathway 

Fig. 4  Aconitine activates the P38/MAPK/ Nrf2 pathway through ROS. Western blotting was used to detect the P38/MAPK/ Nrf2 pathway-related 
proteins. All values represent means ± SD (n = 3 biological replicates). Compared with NC group, P < 0.01 (**). P < 0.05 (*); Compared with aconitine, 
P < 0.01 (##). P < 0.05 (#)
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remains uncertain. In our further investigation, NAC was 
shown to reduce the expression levels of p-P38/P38 and 
Nrf2 proteins compared to the aconitine group (Fig.  4). 
These findings indicate that aconitine may indeed 

activate the P38/MAPK/Nrf2 pathway through ROS, ulti-
mately leading to cardiomyocyte damage.

Fig. 5  Aconitine promotes cardiomyocyte injury by inhibiting autophagy through ROS. A ROS was detected by immunofluorescence. Scale 
bar = 50 μm. B Western blotting was used to detect LC3 II/LC3 I, Beclin-1, and P62. C: LC3 was detected by immunofluorescence. Scale bar = 50 μm. 
All values represent means ± SD (n = 3 biological replicates). Compared with NC group, P < 0.01 (**). P < 0.05 (*); Compared with aconitine, P < 0.01 
(##). P < 0.05 (#); Compared with NAC, P < 0.01 ($$). P < 0.05 ($)
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Fig. 6  Aconitine promotes cardiomyocyte injury by inhibiting autophagy through ROS. A CCK-8 was used to detect cell viability. B Apoptosis 
was detected by flow cytometry. C Western blotting was used to detect apoptosis-related proteins. D The expression of IL-1β, TNF-α and IL-6 
was detected by RT-qPCR. All values represent means ± SD (n = 3 biological replicates). Compared with NC group, P < 0.01 (**). P < 0.05 (*); Compared 
with aconitine, P < 0.01 (##). P < 0.05 (#); Compared with NAC, P < 0.01 ($$). P < 0.05 ($)
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Aconitine induces cardiomyocyte injury by promoting 
autophagy via ROS
This study aimed to investigate the relationship 
between aconitine-induced myocardial autophagy 
and ROS. We treated cells with aconitine, followed by 
N-acetylcysteine (NAC) or a combination of NAC and 
rapamycin (Rap). Our results show that NAC effectively 
inhibits aconitine-induced ROS production. Interest-
ingly, adding Rap to NAC did not further reduce ROS 
levels compared to NAC alone (Fig. 5A). Western blot 
analysis demonstrated that NAC decreased the lev-
els of autophagy-associated proteins LC3 II/LC3 I and 
P62 while increasing Beclin-1 expression. However, 
Rap partially reversed the effects of NAC (Fig.  5B). 
Additionally, immunofluorescence experiments con-
firmed that NAC reduced LC3 expression, whereas Rap 
increased it (Fig.  5C). These findings suggest that the 
autophagy-promoting effect of ROS induced by aconi-
tine may contribute to its cardiotoxicity.

Aconitine promotes cardiomyocyte injury by inhibiting 
autophagy through ROS
We conducted a cell viability assay using the CCK-8 
reagent and found that NAC significantly increased 
cell survival compared to the aconitine group, while 
Rap reversed this effect (Fig.  6A). To further investi-
gate the impact on apoptosis, we employed flow cytom-
etry and protein blotting. Flow cytometry showed that 
NAC markedly reduced apoptosis in cardiomyocytes 
compared to the aconitine group, whereas Rap negated 
this effect (Fig.  6B). Similarly, protein blotting con-
firmed that NAC inhibited aconitine-induced apoptosis 
(Fig. 6C). Additionally, quantitative real-time PCR (RT-
qPCR) was used to measure the mRNA levels of inflam-
matory factors IL-1β, TNF-α, and IL-6. The results 
indicated that NAC effectively decreased the expres-
sion of these inflammatory factors, while Rap reversed 
this reduction (Fig. 6D).

Aconitine promotes myocardial apoptosis 
and inflammation through the ROS‑activated P38/MAPK/
Nrf2 pathway
This study aimed to determine whether aconitine-
induced myocardial injury is linked to ROS activation 

of the P38/MAPK/Nrf2 signaling pathway. To explore 
this, we treated cells with a P38/MAPK pathway activa-
tor. Western blot analysis revealed a significant increase 
in P38 and Nrf2 expression in the NAC + P38 activator 
group compared to the NAC group (Fig. 7A). Immuno-
fluorescence analysis indicated that the P38 activator had 
no significant effect on ROS levels (Fig. 7B). However, the 
P38 activator inhibited cell proliferation (Fig.  7C) and 
promoted apoptosis (Fig.  7D). Protein blotting further 
confirmed that the NAC + P38 activator group showed 
significantly lower expression of Bax and cleaved cas-
pase-3, along with significantly higher expression of Bcl2, 
compared to the NAC group (Fig. 7E). Additionally, the 
expression of inflammatory factors increased following 
treatment with the P38 activator (Fig.  7F). These find-
ings suggest that aconitine promotes myocardial apop-
tosis and inflammation through the ROS-activated P38/
MAPK/Nrf2 pathway.

Aconitine promotes myocardial autophagy 
through the ROS‑activated P38/MAPK/Nrf2 pathway
This study aimed to explore whether aconitine influences 
autophagy through the ROS-activated P38/MAPK/Nrf2 
signaling pathway. After treating cells with a P38/MAPK 
activator, we observed a significant increase in LC3I/II 
and Beclin-1 expression levels, accompanied by a marked 
decrease in P62 expression (Fig. 8A). These findings were 
corroborated by the immunofluorescence analysis of 
LC3, which showed consistent results with the protein 
expression data (Fig.  8B). Overall, these results indicate 
that aconitine stimulates myocardial autophagy via the 
ROS-activated P38/MAPK/Nrf2 pathway.

Discussion
Aconitine, the primary active component of Aconitum, 
has gained significant attention for its potent anti-inflam-
matory and analgesic properties, as well as its potential as 
an anti-tumor and cardiotonic agent [19]. However, aco-
nitine is also known for causing unpredictable cardiotox-
icities, which can vary widely among individuals [20]. The 
cardiac effects of aconitine has been extensively studied 
in previous research [20–22]. For example, aconitine has 
been shown to inhibit PC12 cell proliferation in a dose-
dependent manner, increase apoptosis, [23] and trigger 
inflammation [24]. Similarly, in our study, we observed 

(See figure on next page.)
Fig. 7  Aconitine promotes cardiomyocyte injury by inhibiting autophagy through ROS. A Western blotting was used to detect P38/MAPK/Nrf2 
pathway-related proteins. B ROS was detected by immunofluorescence. Scale bar = 50 μm. C CCK-8 was used to detect cell viability. D Apoptosis 
was detected by flow cytometry. E Western blotting was used to detect apoptosis-related proteins. F The expression of IL-1β, TNF-α and IL-6 
was detected by RT-qPCR. All values represent means ± SD (n = 3 biological replicates). Compared with NC group, P < 0.01 (**). P < 0.05 (*); Compared 
with aconitine, P < 0.01 (##). P < 0.05 (#); Compared with NAC, P < 0.01 ($$). P < 0.05 ($)
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Fig. 7  (See legend on previous page.)



Page 11 of 14Yang et al. Journal of Cardiothoracic Surgery          (2024) 19:665 	

Fig. 8  Aconitine promotes myocardial autophagy through the ROS-activated P38/MAPK/Nrf2 pathway. A Western blotting was used to detect 
LC3 II/LC3 I, Beclin-1, and P62. B LC3 was detected by immunofluorescence. All values represent means ± SD (n = 3 biological replicates). Compared 
with NC group, P < 0.001 (***), P < 0.0001 (****); Compared with aconitine, P < 0.001 (###); Compared with NAC, P < 0.05 ($)
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that aconitine induced damage to H9c2, evidenced by 
decreased cell viability, increased levels of apoptotic pro-
teins, and elevated inflammatory factors.

The p38/MAPK pathway is involved in numerous phys-
iological and pathological processes, including apoptosis, 
cellular stress, cell cycle regulation, and inflammatory 
response [25]. This pathway can be activated by various 
environmental stressors and inflammatory cytokines 
[26]. Importantly, the p38/MAPK pathway plays a cru-
cial role in cardiac function, particularly in myocardial 
ischemia/reperfusion injury, where it regulates gene 
expression in the heart and influences hypertrophy, 
inflammatory response, energy metabolism, contractile 
function, proliferation and apoptosis of cardiomyocytes 
[27]. The cardiotoxicity of aconitine has also attracted 
a lot of attention [28]. In this study, we investigated the 
relationship between aconitine and the p38/MAPK path-
way in H9c2. We found that aconitine can increase the 
ratio of p-p38 to p38. This suggests that aconitine can 
activate the p38/MAPK pathway. Chu Yan yang et  al. 
found that aconitine can activate the p38/MAPK pathway 
[29]. Aconitine can increase the expression of P38 [30]. 
The Nrf2 pathway is a key cellular defense mechanism 
that primarily responds to oxidative stress and exogenous 
or endogenous stress by regulating the expression of anti-
oxidant and detoxification genes [31, 32]. Upregulation of 

the Nrf2 pathway has been shown to mitigate heart dam-
age [33, 34]. Consistent with these findings, we observed 
that aconitine upregulates Nrf2 expression, further indi-
cating that aconitine activates the P38/MAPK/Nrf2 
pathway.

The generation and clearance of ROS play a positive 
role within cells, maintaining redox balance, facilitat-
ing redox signaling transduction, and regulating cellular 
functions [35]. However, large amounts of ROS are lethal 
to cells and surrounding tissues [36]. Previous studies 
have demonstrated that aconitine increases ROS levels 
in H9c2 cells [37]. NCA effectively reverses excessive 
ROS production [38] and significantly inhibits the pro-
liferation of human liver cancer BEL-7402 cells, inducing 
apoptosis through the mitochondrial apoptosis path-
way mediated by ROS [39]. In our study, we found that 
after the use of NCA, the cell viability was significantly 
increased, the apoptosis level was significantly decreased, 
and the expression levels of IL-1β, TNF-α and IL-6 were 
significantly decreased. Subsequently, we detected the 
P38/MAPK/Nrf2 pathway and found that NCA could 
down-regulate the expression of P38/MAPK/ Nrf2 path-
way. Studies have shown that phosphorylated nuclear 
factor-kappa B p65 and p38 mitogen-activated protein 
kinase activation were blocked by NCA [40]. Our study 

Fig. 9  Aconitine can activate the P38 / MAPK/Nrf2 pathway through ROS, promote autophagy and induce myocardial injury
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suggests that aconitine promotes myocardial cell damage 
through ROS.

Autophagy is a lysosomal dependent catabolic process 
that is evolutionarily conserved and includes cytoplasmic 
components (such as damaged organelles, protein aggre-
gates, and lipid droplets) that are degraded and recycle 
their components [41]. Autophagy plays an important 
role in maintaining cell homeostasis in response to intra-
cellular stress [42]. However, Inhibition of autophagy in 
normal cells can lead to metabolic disorders, inflamma-
tion and cancer [43]. Huang Jie et al. found that the cardi-
otoxic mechanism of aconitine may involve the initiation 
of mitochondrial dysfunction by inducing mitochondrial 
apoptosis and autophagy [44].In addition, some stud-
ies have suggested that the cardiotoxic mechanism of 
aconitine may be related to mitochondrial dysfunction 
caused by autophagy [44].Our study found that after 
inhibition of autophagy, cell viability decreased, apopto-
sis rate increased, apoptosis-related protein expression 
increased, and inflammatory factor expression increased. 
Fu Peng et  al. also found that BNIP3-mediated mito-
chondrial autophagy can alleviate aconitine-induced 
inflammation, apoptosis and decreased cell viability 
[45].This suggests that aconitine inhibits autophagy. 
The ROS expression level was detected to increase after 
autophagy inhibition. This is similar to the findings of Yu 
Ren et al. [46]. Subsequently, we measured the expression 
of autophagy related proteins. The findings suggest that 
aconitine stimulates myocardial autophagy via the ROS-
activated P38/MAPK/Nrf2 pathway.

In summary, aconitine can activate the P38 / MAPK/
Nrf2 pathway through ROS, promote autophagy and 
induce myocardial injury (Fig. 9).
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