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Aconitine is the main bioactive ingredient of Aconitum plants, which are well-known
botanical herbs in China. Aconitine is also notorious for its high cardiotoxicity, as it
can induce life-threatening ventricular arrhythmias. Unfortunately, there are few effective
antidotes to aconitine toxicity. This study aimed to evaluate the potent protective
effects of the ingredients from V. baillonii on aconitine toxicity on H9c2 cell line.
Cell viability was assessed by methylthiazoltetrazolium bromide (MTT). Intracellular
Ca2+ concentration alteration and reactive oxygen species (ROS) generation were
observed by confocal microscopy and flow cytometry, respectively. Cellular oxidative
stress was analyzed by measuring malondialdehyde (MDA) and superoxide dismutase
(SOD) levels. Mitochondrial membrane potential (19) was determined using JC-
1 kit. RT-PCR and Hoechst staining techniques were conducted to determine the
levels of autophagy/apoptosis. The mRNA levels of dihydropyridine receptor (DHPR),
ryanodine receptors (RyR2) and sarcoplasmic reticulum Ca2+-ATPase (SERCA) were
measured by RT-PCR. We screened six components from V. baillonii, among which,
sweroside exhibited the strongest protective effects on aconitine-induced cardiac
toxicity. Sweroside suppressed the aconitine-induced mRNA expressions of NaV1.5
(encoded by SCN5A), RyR2 and DHPR, and reversed the aconitine-induced decrease
in mRNA level of SERCA, thus preventing the aconitine-induced persistent intracellular
Ca2+ accumulation and avoiding intracellular Ca2+ overload. We further found that
sweroside restabilized the aconitine-disrupted mitochondrial membrane potential (19)
and reversed the aconitine-induced increase in the mRNA levels of cell autophagy-
related factors (Beclin-1, Caspase-3, and LC3- II) in H9c2 cells. In the whole-animal
experiments, we observed that sweroside (50 mg/kg) alleviated effectively aconitine-
induced arrhythmias by analysis of electrocardiogram (ECG) recording in rats. Our
results demonstrate that sweroside may protect cardiomyocytes from aconitine toxicity
by maintaining intracellular Ca2+ homeostasis, restabilizing mitochondrial membrane
potential (19) and avoiding cell autophagy/apoptosis.
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INTRODUCTION

Aconitum plants, have been extensively used for centuries as
traditional herbal medicines for a wide range of human maladies
including rheumatism, inflammation in oriental countries.
Aconitine is the main pharmacological ingredient in Aconitum
plants. Despite the therapeutic benefits, aconitine is one of
known cardiotoxins and neurotoxins (Honerjager and Meissner,
1983; Catterall et al., 1992; Ameri, 1998; Chan, 2009), it can
cause lethal malignant ventricular arrhythmias. Aconitine and
its analogs have even been developed into the experimental
tools to establish cardiac arrhythmic models in modern heart
research (Herzog et al., 1964; Sato et al., 1979; Hikino et al.,
1980; Fraser et al., 2003). In clinic, herb-induced aconitine
poisoning occur from time to time, as the narrow therapeutic
index (Lin et al., 2004). However, the detoxification strategies
for aconitine are still limited to supportive treatment, such as
gastric lavage, charcoal hemoperfusion, catheterization, injection
of atropine, or magnesium sulfate, and so on (Lin et al.,
2004; Gottignies et al., 2009; Clara et al., 2015). Although,
amiodarone was reported to successfully treat the aconitine-
induced life-threatening arrhythmias, lidocaine and other classic
antiarrhythmic drugs failed (Yeih et al., 2000), the paucity of
effective and specific agents for aconitine poisoning is obvious.
The aconitine toxicity, thus, needs a more detailed investigation
to develop more effective and safe antidotes.

Veratrilla baillonii Franch (V. baillonii) belongs to the family
of Gentianaceae (Figure 1A). It is an ethnodrug that has long
been used in the Southwest of China (Yang and Zhou, 1980).
Local clinical evidence has indicated that V. baillonii possesses
multiple pharmacological potential, as diverse as antipyretic,
anti-inflammation and curing gastrospasm. Local people also
believe that V. baillonii has preventative effects on toxicity from
aconitum plants (Yang and Zhou, 1980). Our previous studies
further supported this belief, as we observed that aconitine in vivo
damaged the heart, liver, kidney and brain in rat, but the water
extract of V. baillonii, which contains abundant iridoids (Huang
et al., 2016), could attenuate the pathological changes of both
acute (Ge et al., 2016) and subacute (Yu et al., 2016) toxicities
induced by Aconitum brachypodum Diels (A. brachypodum).
However, whether this protective action is mediated by these
iridoids and the clear molecular mechanism remain to be
elucidated.

Here, in this study, we evaluated the detoxication effects
of active components from V. baillonii on aconitine-induced
H9c2 cell injury, and the mechanism was explored in details.
Three iridoids, gentiopicroside, and sweroside, swertiamarin, and
three veratrilosides I, II, and III, were selected to evaluate their
influences on cell activity by MTT assay and by measuring the
lactate LDH release. The most promising active chemical was

Abbreviations: ECG, electrocardiogram; DHPR, dihydropyridine receptor;
DMSO, dimethyl sulfoxide; LDH, lactate dehydrogenase; MDA, malondialdehyde;
MTT, methylthiazoltetrazolium bromide; PVC, premature ventricular
complex; ROS, reactive oxygen species; RyR2, ryanodine receptor; SERCA,
sarco/endoplasmic reticulum Ca2+-ATPase; SOD, superoxide dismutase;
V. baillonii, Veratrilla baillonii Franch; Vf, ventricular fibrillation; VT, ventricular
tachycardia; WVBF, water decoction of Veratrilla baillonii.

then determined. Flow cytometry and real-time PCR were used
to further elucidate the mediation of autophagy, intracellular
calcium ions, intracellular ROS, and oxidative stress induction.
Whole animal experiments were performed to test whether
the compounds possess potential anti-arrhythmia effects in
aconitine-induced arrhythmia rat model.

We found that sweroside, one of the iridoids from V. baillonii,
exhibited protective effects on cardiomyocytes against aconitine
toxicity, and maintaining intracellular Ca2+ homeostasis and
avoiding cell autophagy/apoptosis may be involved in this
protection.

MATERIALS AND METHODS

Guideline Statement
All methods used in this study are in accordance with protocols
approved by the South-Central University for Nationalities. All
animal studies comply with the Guide for the Ethical Committee
in South-Central University for Nationalities (number of
authorization: SYXK20 08-0 0 05).

Materials
Aconitine was purchased from Sigma-Aldrich (Sigma-Aldrich,
St. Louis, MO, United States). Secoiridoids of gentiopicroside,
sweroside and swertiamarin were obtained from Yuanye Bio-
Technology Co, Ltd (Shanghai, China). Veratriloside I, II, and
III were extracted by our laboratory (Huang et al., 2016). The
purities of the above substances were >98% as determined by
HPLC-UV. All the compounds were dissolved in DMSO and
then diluted in Dulbecco’s modified Eagle’s medium (DMEM,
Hyclone, Logan, UT, United States) to the desired concentrations.
The final concentration of DMSO was 0.1% (v/v) (Figure 1B).

Cell culture reagent of high glucose Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Hyclone (Logan,
United States). Trypsin was purchased from Biosharp (Anhui,
China), and fetal bovine serum (FBS) was provided by Sijiqing
Co. Ltd. (Hangzhou, China). The detection kit of 2′, 7′- dichloro-
dihydro-fluorescein diacetate (DCFH-DA) was purchased from
Sigma–Aldrich (St. Louis, MO, United States). The cell-
permeable calcium-sensitive fluorescent dye Fluo-3/AM was
purchased from Beyotime Institute of Biotechnology (Shanghai,
China). Fluro-4/AM was purchased from Invitrogen (Camarillo,
CA, United States).

Cell Cultures and Treatment
H9c2 cells, the rat cardiomyoblast cell line were obtained from
Chinese Academy of Sciences Cell Bank (Shanghai, China).
The cells were cultured in DMEM supplemented with 10%
FBS, penicillin (100 U/mL) and streptomycin (100 µg/mL) in
a 5% CO2 incubator at 37◦C. The cell suspension (1 × 105

cells/ml) was plated into 96 well-plates and subcultured to
60∼75% confluence for the following experiments. Different
concentrations of the sample were prepared in serial dilutions,
and DMSO (0.1%) was used as the control. H9c2 cells were
underwent following treatments: (1) 0.01∼50 µM aconitine for
24 h, and then 10 µM aconitine for the subsequent experiments;
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FIGURE 1 | The main ingredients in V. baillonii. and their chemical structures. (A) The dried stems and roots of V. baillonii. (B) The chemical structures of
swertiamarin, sweroside, and gentiopicroside, which are the main activate components in V. baillonii.

(2) 0∼50 µM iridoidglucosides and 10 µM aconitine; (3)
0∼50 µM Xanthones for 2 h, and then 10 µM aconitine exposure
for 24 h.

Assessment of Cell Viability
Cell survival was observed using a phase-contrast microscope
(OLYMPUS, Japan), and the cell viability was evaluated by
the reduction of MTT and LDH release. Briefly, H9c2 cells
(1× 105 cells/ml) were treated with the suggested concentrations
of the chemicals for the indicated time at 37◦C. After 4 h of
incubation with MTT (0.5 mg/ml), the cells were lysed in DMSO
and the amount of MTT formazan was qualified by determining
the absorbance at 570 nm using a microplate reader (Thermo
Fisher 1510, United States). The cell viability was expressed
as a percent of the control culture value. The level of LDH
was detected with a commercially available kit according to the
manufacturer’s instruction (Jiancheng Bioengineering Institute,
Nangjing, China). The absorbance was measured at 450 nm with
a microplate reader as described above. LDH release (% of total)
was calculated as the percentage of LDH in the medium vs. the
total LDH activity in the cells.

Measurement of MDA Production and
SOD Activity
The MDA contents and SOD activity were determined using
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instruction.
To calculate the concentration of MDA and SOD, the protein
concentrations of lysis buffer were measured by an enhanced
bicinchoninic acid (BCA) protein assay kit (Beyotime Institute
of Biotechnology, Shanghai, China).

Morphological Assessment of Apoptosis
Apoptosis was determined by incubating the cells with 10 µg/mL
Hoechst 33258 for 30 min at 37◦C using the Hoechst staining
kit (Beyotime Institute of Biotechnology, Shanghai, China)
according to the manufacturer’s protocol. Nuclear morphological
changes in the cells were observed under an Olympus

fluorescence microscope (Tokyo, Japan) at a 461 nm emission.
The apoptotic cells appeared with strong blue fluorescence, while
the normal cells appeared with only weak fluorescence.

Measurement of Mitochondrial
Membrane Potential (19)
The change in the mitochondrial membrane potential (19)
was determined using the JC-1 kit (Beyotime Institute of
Biotechnology, Shanghai, China). H9c2 cells from different
treatment groups were washed with DMEM and incubated with
JC-1 (1 µM) in DMEM at 37◦C for 20min. After washing with
DMEM, the cells were immediately detected by flow cytometry.
The ratio of aggregated and monomeric JC-1 was used to
quantify the change of 19 . A decreased JC-1 ratio represents
the depolarization of the mitochondria, indicating a decrease
in 19 .

Flow Cytometry for the Analysis of
Intracellular ROS Generation
Dichloro-dihydro-fluorescein diacetate fluorescent probe
was employed to monitor intracellular ROS. Cells in
logarithmic growth phase were incubated in 6-well plates
for 24 h for stabilization, then the medium was replaced
with those containing 10 µmol/L aconitine or aconitine

TABLE 1 | Primer sequences used for the amplification of target genes.

Gene Forward Reverse

GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Beclin-1 GCCTCTGAAACTGGACACG CCTCTTCCTCCTGGCTCTCT

Caspase-3 GGAGCAGTTTTGTGTGTGTGA AGTTTCGGCTTTCCAGTCAG

LC-3 ACCCTCTACGATGCTGGTGA GCTGTCCTCAATGTCCTTCTG

DHPR CATCTTTGGATCCTTTTTCGTTCT TCCTCGAGCTTTGGCTTTCTC

RyR2 TGCTGCGAGCCGGG TGGCGGTGGCGTAGGA

SERCA2a CAGCCATGGAGAACGCTCA TCGTTGACCCCGAAGTGG

SCN5A CACCCTCAACCTCTTCATCG CTTCTTCTGCTCCTCCGTCA
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FIGURE 2 | The influence of active components from V. baillonii on aconitine-induced cytotoxicity in H9c2 cells. (A) The cell viability influenced by aconitine for 24 h;
(B) The cell viability influenced by pretreatment with iridoidglucosides for 2 h, then exposure to aconitine for 24 h; (C) Effect of sweroside on LDH level in H9c2 cells
subjected to aconitine; (D) The cell viability influenced by pretreatment with xanthones for 2 h, then exposure to aconitine for 24 h. n = 3 (n, the number of
experiments), #P < 0.05 vs. control, ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. aconitine group. WVBF: water decoction of Veratrilla baillonii.

FIGURE 3 | The influence of sweroside on aconitine-induced oxidative stress and intercellular ROS production in H9c2 cells. (A) Effects of sweroside on MDA
content under aconitine treatment in H9c2 cells; (B) Effects of sweroside pretreatment on SOD product in H9c2; (C) Flow cytometry analysis of aconitine-induced
ROS. n = 3 (n, the number of experiments). #P < 0.05 vs. control, ∗P < 0.05 vs. aconitine group.

(10 µmol/L)+sweroside (2–20 µM) for 24 h to observe the
effects. After exposure, the cells were washed with fresh DMEM
three times, and then they were resuspended at a concentration
of 1 × 106 cells/ml and incubated with 10 µM DCFH-DA at

37◦C for 30 min before being detected and analyzed by flow
cytometry. A minimum of 20,000 events were analyzed per
sample and the results were expressed as the fold-change of the
fluorescence intensity over the control.
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FIGURE 4 | Effects of sweroside pretreatment on cell autophagy/apoptosis-related gene mRNA expression levels in H9c2 cells. n = 3 (n, the number of
experiments). #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. control, ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. aconitine group.

FIGURE 5 | The effect of Sweroside on aconitine-induced apoptosis and mitochondrial membrane potential changes. (A) Apoptosis was detected by staining with
Hoechst 33258; (B) Flow cytometry analysis of aconitine-induced mitochondrial injury.

Measurement of Intracellular Ca2+

Levels by Flow Cytometry and Confocal
Microscopy
Employing Ca2+ indicators, Fluo-4/AM and Fluo-3/AM, to
measure the intracellular Ca2+ concentrations ([Ca2+]i). Briefly,
the cells in logarithmic growth phase were seeded in 6-well plates
and incubated for 24 h for stabilization, then the medium was
replaced with those containing 10 µmol/L aconitine or aconitine
(10 µmol/L)+sweroside (2–20 µM) and incubated for 24 h to
observe the effects. After exposure, the cells were washed with
fresh DMEM three times; then, the H9c2 cells were loaded
with 5 µmol/L Fluo-3/AM for 30 min at 37◦C in dark. The
fluorescence intensity was analyzed by flow cytometry.

In confocal experiments, H9c2 cells were seeded in circular
discs and incubated with 10 µM sweroside for 2 h, then loaded
with 2 µM Fluo-4/AM (dissolved in 0.1% DMSO plus pluronic
acid (Life Technologies, Carlsbad, CA, United States) for 15 min

at 37◦C in Tyrode’s solution containing (in mmol/L): NaCl 143,
KCl 5.4, CaCl2 1.8, Na2H2PO4 0.3, MgCl2 0.5, glucose 5.5, and
HEPES 5, pH7.4 adjusted with 10M NaOH. The intracellular
Ca2+ concentration was evaluated by measuring the fluorescence
intensity excited at 488 nm and emitted at 510 nm using the
LSM 700 Laser Confocal Microscopy System (Carl Zeiss, Berlin,
Germany). The fluorescence was read every 5 s, and aconitine was
administered into the discs at a fixed time point. The fluorescence
intensity was determined before and after administrating drugs.

RNA Extraction and Real-Time
Polymerase Chain Reaction (RT-PCR)
Real-time PCR was employed determine the gene expression.
Briefly, the total RNA was extracted from H9c2 cells with
the Trizol reagent (Qiagen, Valencia, CA United States). For
mRNA quantification, cDNA was synthesized from 1 µg of total
RNA using the PrimeScriptTM RT reagent kit (TaKaRa, Dalian,
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FIGURE 6 | The influence of sweroside on the intracellular Ca2+ increase induced by aconitine. (A) The effects of calcium overload were analyzed by flow cytometry
using the fluorescent probe Fluo-3/AM; (B,C) Changes in the intracellular calcium ion levels in H9c2 cells treated with different drug Hank’s media; (D) Effects of
pretreatment with sweroside and aconitine-stimulation on [Ca2+]i in H9c2 cells. ∗P < 0.05 and ∗∗∗P < 0.001 compared between two groups.

China) following the manufacturer’s instructions. Reactions were
performed in a 20 µL volume according to the thermal cycler
manufacturer’s protocol (Rox) using an ABI 7500 Real-Time PCR
system (Applied Biosystems) under the condition: 30 s at 95◦C,
followed by 40 cycles of 15 s at 95◦C, and 34 s at 60◦C (Ge et al.,
2016). The primer sequences used for the amplification of target
genes are listed in Table 1.

Animals and Administration of Drugs
Male Sprague-Dawley rats (200–250 g) were supplied by the
Center of Laboratory Animals of Hubei Province (Wuhan,
China).

A total of 30 rats were used in these serials of experiments. SD
rats were randomly divided into three groups (6 for the control
group, 12 for aconitine group, 12 for sweroside + aconitine
group). The rats in control group received no treatment. The rats
in sweroside+ aconitine group received intraperitoneal injection
(i.p.) of sweroside (50 mg/kg) for 5 days, once per day. Water and
food were freely available for all of the animals.

ECG Recording
Pentobarbital sodium (3% dissolved in physiological salt;
90 mg/kg) was used for anesthesia. Standard Lead II
ECG recording was carried out with a polygraph recorder
(ADInstruments Pty Ltd, Australia). After a 15 min stabilization
period, vehicle (i.e., physiological salt, i.p.) was administered
to the control group, and aconitine (1 mg/kg, i.p.) were
administered to induce arrhythmias in both aconitine group and
sweroside + aconitine group. When the arrhythmias activity
lasted and the ECG recording was continuously conducted
90 min post-administration. Data analysis was performed by
using ECG Auto analysis software, Labchart Pro 8.

Statistical Analysis
All statistical analyses were performed in Origin 9.0 software
(Origin Lab, Northampton, MA, United States). Data are
presented as mean ± standard deviation (SD) and were
analyzed with one-way analysis of variance (ANOVA) or Student-
Newman-Keuls test. P < 0.05 was considered statistically
significant.

RESULTS

Sweroside Displayed Potential Protective
Efficiency on Aconitine-Induced
Cytotoxicity in H9c2 Cells
We first calculated the cytotoxicity of aconitine. As shown
in Figure 2A, aconitine (4–50 µM) dose-dependently reduced
the cell viability of H9c2 cells after incubation for 24 h. The
IC50 value was 32 µM. Then, we screened six compounds
and found that each of them could improve the cell survival,
which had been reduced by 10 µM aconitine (Figure 2B) to
varying degrees. Among these compounds, Veratrilosides I, II,
and III showed weaker protection on H9c2 cells than WVBF
(10 µg/ml) or secoiridoids. It was sweroside that exhibited
the greatest efficiency among them (Figure 2D), so in the
subsequent experiments, we explored its protective activity and
the underlying mechanism in detail. 2 µM sweroside initiated
the significant increase in the cell viability (P < 0.01 vs.
aconitine group), and the efficiency reached its maximum at
a concentration of 50 µM, a level similar to that of WVBF
(10 µg/ml). Since LDH is widely used as a marker of cellular
damage, the cell injury was assessed by determining LDH
activity. The LDH leakage increased markedly in the aconitine
group compared with the control group, but this increase was
significantly blocked by sweroside treatment (2–10 µM) in a
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FIGURE 7 | Effects of sweroside pretreatment on calcium-related gene mRNA expression in H9c2 cells. (A) SCN5A mRNA expression level was measured; the data
showed that aconitine markedly increased SCN5A mRNA expression, however, sweroside effectively reversed this increase. (B–D) Sweroside reduced
aconitine-induced enhancement of RyR2, DHPR, SERCA2a mRNA expression, respectively. n = 3 (n, the number of experiments), #P < 0.05 and ##P < 0.01 vs.
control, ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 vs. aconitine group.

dose-dependent manner (Figure 2C). Together, these findings
indicated that sweroside could promote cell survival and reduce
cell damage in H9c2 cells subjected to aconitine.

Sweroside Pretreatment Reduced
Aconitine-Induced Oxidative Stress and
Intercellular ROS Production in H9c2
Cells
Oxidative stress is one of the direct drivers of cell damage, it is
an increase in the cellular and tissue concentrations of reactive
oxygen species (ROS) due to peroxidation. We tested the level
of lipid peroxidation by measuring the MDA level, which is the
end product of lipid peroxidation. As illustrated in Figure 3A, the
exposure of the cells to 10 µM aconitine resulted in a significant
increase of the MDA level (P < 0.05) compared to that of control
cells. This increase in the content of MDA induced by aconitine
was blocked significantly by pretreatment the cells with sweroside
(2, 10, 20 µM) (P < 0.05) (Figure 3A).

The effect of sweroside on the intracellular ROS production
induced by aconitine was shown in Figure 3C. The cells

incubated with aconitine produced stronger DCF signals than the
control group. However, incubation with both aconitine and a set
of concentrations of sweroside (2–20 µM) resulted in a marked
reduction in the DCF fluorescence (Figure 3C), indicating an
inhibitory effect of sweroside on aconitine-induced intracellular
ROS production.

The SOD activity was measured to further confirm the
antioxidative ability of sweroside. As illuminated in Figure 3B,
aconitine remarkably reduced the SOD activity, however, pre-
incubation with sweroside significantly reversed this reduction
(P < 0.05 vs. aconitine group).

Sweroside Inhibited the Increases in the
mRNA Levels of Cell
Autophagy/Apoptosis-Related Factors
Induced by Aconitine in H9c2 Cells
To further study the protective effects of sweroside on aconitine-
induced cardiac toxicity, a classical autophagy inhibitor, 3-
methyladenine (3-MA), which is a phosphoinositide 3-kinase
inhibitor that exerts its autophagy-inhibited effect before the
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FIGURE 8 | Effect of sweroside on aconitine-induced arrhythmia activities in
rats. (A) aconitine induced various types of arrhythmias. Panel (a), normal
sinus rhythm (NSR) before administration of aconitine; (b), aconitine induced
proarrhythmic premature ventricular complex (PVC); (c), aconitine induced
ventricular tachycardia (VT); (d), aconitine induced ventricular fibrillation (Vf).
Arrow indicates PVC; horizontal line indicates 150 s, vertical line indicates
1mv; (B) sweroside reduced the incidence of VT, Vf, and sudden death (SD)
induced by aconitine. ∗P < 0.05 vs. aconitine group.

formation of the autophagosome was used as a pharmacological
tool. LC3- II is a useful indicator of autophagosome initiation,
and the LC3-II levels can rise with autophagy. As shown
in Figure 4, aconitine could significantly increase the LC3-
II and Beclin-1 mRNA levels (P < 0.01 vs. control group),
indicating the inductive potential of autophagy; it could also
lead to a marked increase of cleaved Caspase-3 mRNA levels as
indicated (P < 0.01 vs. control group), suggesting its inductive
potential for apoptosis. However, treatment with sweroside
could substantially down-regulate all of these increased indexes
induced by aconitine, which is a similar result to that of the
positive control 3-MA. These results suggest that sweroside could
protect cardiomyocytes via suppressing cell autophagy/apoptosis
induced by aconitine.

Sweroside Prevented Aconitine-Induced
Apoptosis Through
Mitochondrion-Dependent Apoptotic
Pathway
Normal living cells with Hoechst staining showed uniform blue
fluorescence in the control group, while apoptotic cells showed

hyperchromatic and dense fluorescent particles within the
massive apoptotic nuclear cytoplasm by fluorescence microscopy
in the aconitine group. As shown in Figure 5A, sweroside could
attenuate the cell apoptosis induced by aconitine.

The ultrastructural changes in H9c2 cells were examined
to evaluate the myocardial damage induced by aconitine
application. The control vs. sweroside group showed no
significant difference. However, the proportion of the JC-1
monomer drastically increased in the group with aconitine
application compared to the control; this increase was
significantly blunted by sweroside pretreatment (Figure 5B).
Mitochondrion is the key organelle mainly responsible for
cell energy supply and cellular apoptosis. A decrease in the
19 causes membrane depolarization and triggers a cascade of
apoptotic signaling (Hamacher-Brady et al., 2007). In the present
study, JC-1 staining showed that sweroside pretreatment abated
the aconitine-induced depolarization of the membrane potential
in H9c2 cells (Figure 5B).

Sweroside Partially Blunted the
Intracellular Ca2+ Increase Induced by
Aconitine
As shown in Figure 6A, 10 µM aconitine significantly potentiated
Fluo-3 fluorescence, demonstrating an elevation in intracellular
Ca2+ concentration. Sweroside (2–10 µM) drastically inhibited
this elevation of the intracellular Ca2+.

To further validated the result above, we performed
experiments to continually observe the dynamic changes of
[Ca2+]i. The administration of 10 µM aconitine led to
a persistent and stable increase in [Ca2+]i compared with
that before the administration (P < 0.001), as shown in
Figure 6B. However, pretreatment with sweroside for 2 h
eliminated this aconitine-induced [Ca2+] elevation (Figure 6C).
The fluorescence intensity changes coincide with the above
description (Figure 6D).

Sweroside Reversed the
Aconitine-Induced Changes of the mRNA
Levels of DHPR, RyR2, and SERCA2a
The total RNA of the H9c2 cells was isolated and analyzed
by semi-quantitative RT-PCR. Cells exposed to such dose
showed significant differences between the aconitine group
and the sweroside treatment group (Figure 7). The increased
mRNA expression levels of DHPR, SCN5A and RyR2 in the
aconitine group (P < 0.05) suggested that aconitine could up-
regulate L-type voltage-dependent Ca2 + channels (LVDCCs),
sarcoplasmic reticulum Ca2+ release channels and Na+ channels.
Aconitine exposure could moderately suppress SERCA2a mRNA
level (P < 0.05), indicating that aconitine inhibited the activity
of SERCA2a. The increased mRNA expression level of DHPR
and RyR2 induced by aconitine were reversed almost completely
by pretreatment with verapamil and sweroside, respectively,
compared to the aconitine group (P < 0.05). Both verapamil
and sweroside also noticeably recovered the aconitine-induced
suppression of the SERCA2a expressions noticeably (P < 0.01),
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FIGURE 9 | The cardiac protective mechanism of sweroside on aconitine-exposed H9c2 cells. Aconitine upregulated the function of Na+ channels to cause increase
of intracellular Na+ ions leading to intracellular Ca2+ overload, which induced excess ROS production. The large accumulation of ROS triggered cellular
autophagy/apoptosis, even death. Sweroside reversed effectively aconitine-induced cell damage.

suggesting that sweroside acts against the aconitine-induced
stimulation on the cardiomyocytes ion channels.

Sweroside Ameliorated
Aconitine-Induced Arrhythmias in Rats
Finally, we assessed whether prevention of sweroside on H9c2
cells could ameliorate cardiac arrhythmias induced by aconitine
in rats. To test this hypothesis, we performed whole rat
experiments. As shown in Figure 8A, in aconitine group, all
of the rats were observed to occur proarrhythmic premature
ventricular complex (PVC) during the ECG recording, 66.7% of
rats developed into VT, 16.7% of which even rapidly deteriorated
into Vf, subsequently, died. In sweroside treatment group,
before aconitine administration, the ECG recording had no
changes, compared with the control group (data not shown);
after aconitine administration, the majority of rats occurred
arrhythmias during the ECG recording, however, there was a
significantly reduced incidence of VT, Vf, and sudden death (SD)
compared with aconitine group (Figure 8B). Thus, sweroside
ameliorated aconitine-induced ventricular arrhythmias and
reduced the risk of death. In control group, there was no
abnormality observed in ECG recording.

DISCUSSION

Although the cardiac toxicity of aconitine has been widely
recognized (Honerjager and Meissner, 1983; Catterall et al., 1992;
Ameri, 1998), there are few antidotes available to countact the
deadly symptoms induced by aconitine or aconitum plants. In
this study, we observed that aconitine caused severe cell damage

in H9c2 cell line, and sweroside strongly prevented the cells from
such damage. These findings are consistent with our previous
in vivo data (Yu et al., 2016). The aconitine-induced toxicity in
H9c2 cells is characterized by increased oxidative stress, inducing
autophagy/apoptosis, disturbing mitochondrion the potential
and triggering Ca2+ overload.

Secoiridoids, a type of monoterpenes that has the general
form of cyclopentanopyran with one of the rings open, are
the characteristic components of the medicinal plants of the
Gentianaceae family, which includes gentiopicroside, sweroside
and swertiamarin (Herzog et al., 1964; Hikino et al., 1980;
Honerjager and Meissner, 1983). The present results revealed that
sweroside could remarkably attenuate the cell death/apoptosis
of H9c2 cells induced by aconitine, suggesting that secoiridoids,
especially sweroside, are the material basis of the therapeutic uses
of V. baillonii for aconitine-induced toxicity. Other Gentianaceae
plants containing secoiridoids may also demenstrate potent
protective effect against the cardiac toxicity induced by aconitum
medicine. However, the specific weight and the influences of
the various secoiridoids remain unknown, which require further
experimental confirmation in the future.

Calcium is one of the most crucial intracellular messengers,
it functions to translate extracellular stimuli into intracellular
signaling pathways that ultimately regulate cellular development,
survival, differentiation and gene expression (Naranjo and
Mellstrom, 2012). Therefore the intracellular calcium
concentration must be precisely regulated to avoid cellular
injury. This delicate calcium balance is maintained by Ca2+-
permeable channels (mainly including DHPR and RyR2),
calcium pumps, and exchangers (Berridge et al., 2000; Carafoli,
2002; Naranjo and Mellstrom, 2012). Any factors or stimuli
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that disrupt this well-defined Ca2+ balance give rise to
heart disease, including arrhythmia (Greiser and Schotten,
2013). This mechanism may be an important cause for the
increased arrhythmias known to occur with aconitine toxicity.
Aconitine increases the accumulation of intracellular Na+
by up-regulation of the function of voltage-gated sodium
channels, and inhibits SERCA2 expressions on the sarcoplasmic
reticulum, leading to membrane depolarization (Sawanobori
et al., 1987; Wright, 2002; Zhou et al., 2013). Such depolarization
is expected to open DHPRs, resulting in Ca2+ influx into
the cells, which then activates the RyR2 channels, leading to
massive release of Ca2+ from the sarcoplasmic reticulums,
and even Ca2+ overload. In addition, the accumulation of
intracellular Na+ also inhibits the SERCA2 to keep cytosolic
[Ca2+]i in sustainable elevation (Li et al., 2012), thereby
exacerbating Ca2+ overload. The most novel finding in
our study is that pretreatment with sweroside reversed the
aconitine-induced changes of the mRNA transcription of
SCN5A, RyR2, DHPR, and SERCA2a, thereby recovering the
aberrant alterations of the intracellular Ca2+ signals induced by
aconitine.

The intracellular calcium overload could enhance intracellular
ROS production, which is a well-known driver of cell
apoptosis/autophagy or even cell death via the mitochondrial
and caspase 3 pathways (Green and Leeuwenburgh, 2002). In
this study, we observed that aconitine induced abundant ROS
production in H9c2 cells. The augmented ROS directly attacks
SERCA2 to decrease its activity, increasing the open probability
of RyRs (Xu et al., 1998; Sun et al., 2008) to give rise to
[Ca2+]i elevation in damaged cells (Di et al., 2016), and then
causing arrhythmias by apoptosis (Frey et al., 2000; Gordan
et al., 2016; Llano-Diez et al., 2016). Apparently, additional
ROS generation and calcium overload promote reciprocally each
other, establishing a vicious circle to exacerbate cell damage.
The present study revealed that sweroside could break this
circle, namely, it simultaneously counteracted aconitine-induced
intracellular ROS production and Ca2+ elevation, thus protecting
the cardiocytes. The cardiacprotective mechanism of sweroside
on aconitine-induced cell damage was proposed in Figure 9.

Autophagy is a dynamic process that turns over organelles
and proteins through a lysosome-associated degradation process,
and it serves a critical function in cellular homoeostasis by
regulating cell survival and cell death pathways (Bhandary et al.,
2012). Autophagy may promote cell death through excessive self-
digestion and the degradation of essential cellular constituents

or it may interact with the apoptotic cascade in the heart
(Cao et al., 2009). Many damaged cardiomyocytes show features
of autophagic/lysosomal cell death during myocardial injury,
including the appearance of cytoplasmic autophagic vacuoles and
the recruitment of LC3 to the autophagosomes (Hamacher-Brady
et al., 2007). The present study confirmed that aconitine induced
autophagy and apoptosis in H9c2 cells by significant increasing
LC3- II, cleaved caspase-3 and Beclin-1 expression as well as by
decreasing the 19 . Sweroside, however, could protect H9c2 cells
against aconitine-induced autophagy and apoptosis.

In view of the excellent protective effects of sweroside on
H9c2 cells, it may be postulated that sweroside could reduce
aconitine evoked arrhythmias. Whole rat experiments revealed
that sweroside prevented aconitine-induced arrhythmias from
deteriorating into lethal types.

In conclusion, the present study revealed that sweroside
from V. baillonii could ameliorate the aconitine-induced cardiac
toxicity in vitro, and reduce the arrhythmia incidence induced by
aconitine in vivo. These results provide a valuable therapy option
for the well-known toxin, aconitine. More investigations on the
clinical influence of sweroside as well as its mother plants are
being conducted in our lab in the future.
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