Acta Cardiol Sin 2015;31:33-41
Original Article

doi: 10.6515/ACS20140422B

Basic Science

Parthenolide-Induced Cytotoxicity in H9c2
Cardiomyoblasts Involves Oxidative Stress
Tien-Yao Tsai,1,2* Paul Chan,3* Chi-Li Gong,4 Kar-Lok Wong,5 Tzu-Hui Su,5 Pei-Chen Shen,6
Yuk-Man Leung7# and Zhong-Min Liu8#

Background: Cardiac cellular injury as a consequence of ischemia and reperfusion involves nuclear factor-kB
(NF-kB), amongst other factors, and NF-kB inhibitors could substantially reduce myocardial infarct size. Parthenolide,
a sesquiterpene lactone compound which could inhibit NF-kB, has been shown to ameliorate myocardial reperfusion
injury but may also produce toxic effects in cardiomyocytes at high concentrations. The aim of this study was to
examine the cytotoxic effects of this drug on H9c2 cardiomyoblasts, which are precursor cells of cardiomyocytes.
Method: Cell viability and apoptosis were examined by MTT and TUNEL assay, respectively, and protein expression
was analyzed by western blot. Reactive oxygen species (ROS) production was measured using DCFH-DA as dye.
Cytosolic Ca2+ concentration and mitochondrial membrane potential were measured microfluorimetrically using,
respectively, fura 2 and rhodamine 123 as dyes.
Results: Parthenolide caused apoptosis at 30 mM, as judged by TUNEL assay and Bax and cytochrome c translocation.
It also caused collapse of mitochondrial membrane potential and endoplasmic reticulum stress. Parthenolide
triggered ROS formation, and vitamin C (antioxidant) partially alleviated parthenolide-induced cell death.
Conclusions: The results suggested that parthenolide at high concentrations caused cytotoxicity in cardiomyoblasts
in part by inducing oxidative stress, and demonstrated the imperative for cautious and appropriate use of this
agent in cardioprotection.
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INTRODUCTION
Ischemia and reperfusion to the heart pose the
threats of energetic stress and oxidative stress, respectively; these threats lead to both apoptotic and necrotic
cell death.1,2 What follows the post-reperfusion healing
process may be long-term damage, where inflammatory
cells infiltrate and produce cytokines and toxic reactive
oxygen species (ROS). One of the key signals in reperfusion injury is nuclear factor-kB (NF-kB), a family of
transcription factors which regulate the expression of
genes involved in inflammation and apoptosis.3,4 Antagonizing the activities of NF-kB could substantially reduce
myocardial infarct size by up to 60%.5
A number of compounds isolated from plants, such
as lignans, sesquiterpenes, diterpenes and triterpenes,
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have been known to be NF-kB inhibitors.6 One of the
sesquiterpenes, parthenolide, has attracted particular
attention in the research community. This sesquiterpene lactone compound is isolated from the leaves and
flowerheads of the plant feverfew (Tanacetum parthenium).7 For instance, parthenolide produces ameliorative
effects on myocardial reperfusion injury in rats, evidenced by a decrease in infarct size, reduction in inflammatory cell infiltration and consequent oxidative damage.8 Furthermore, parthenolide has been shown to enhance the protective effect of sevoflurane anesthetic
preconditioning on ischemia/reperfusion injury in rats.9
However, intermediate to high concentrations of
parthenolide produce toxic effects in cardiomyocytes due
to the release of ROS and the collapse of mitochondrial
membrane potential.10 Therefore, caution needs to be exercised in using this compound in cardioprotection. The
effects of parthenolide on cardiomyoblasts, the precursor cells of cardiomyocytes, remain unexplored. In the
present work we showed that parthenolide triggered ROS
generation, endoplasmic reticulum (ER) stress, mitochondrial membrane potential decrease and eventually caused
apoptotic death in rat H9c2 cardiomyoblasts.

parthenolide and/or other drugs for 15 h. MTT (final concentration at 0.5 mg/ml) was subsequently added to each
well and then further incubated for 4 h. The culture medium was then removed and 100 ml of dimethyl sulfoxide
was added to each well for 15 min (with shaking) to dissolve
the cells. The absorbance at 595 nm was measured using an
ELISA reader and was used as an indicator of cell viability.
Apoptosis was assayed by the terminal deoxynucleotidyltransferase dUTP nick end labeling (TUNEL) method using a kit from Roche Applied Science (Branford,
CT, USA) according to the manufacturer’s instructions.

Microfluorimetric measurement of cytosolic Ca2+
Microfluorimetric measurement of cytosolic Ca2+ concentration was performed using fura-2 as the Ca2+-sensitive fluorescent dye as described previously.11 Briefly, cells
were incubated with 5 mM fura-2 AM for 1 hr at 37 °C and
then washed in extracellular bath solution which contained (mM): 140 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES
(pH 7.4 adjusted with NaOH). When intracellular Ca2+ release was assayed, Ca 2+ -free solution was used. This
Ca2+-free solution was the same as the extracellular bath
solution mentioned above except that Ca2+ was omitted
and 20 mM EGTA was supplemented. Cells were alternately
excited with 340 nm and 380 nm using an optical filter
changer (Lambda 10-2, Sutter Instruments, Novato, CA,
USA). Emission was collected at 500 nm and images were
captured using a CCD camera (CoolSnap HQ2, Photometrics, Tucson, AZ, USA) linked to an inverted Nikon TE
2000-U microscope. Images were analysed with an MAG
Biosystems Software (Sante Fe, MN, USA). All imaging experiments were performed at room temperature (25 °C).

MATERIALS AND METHODS
Materials
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal
calf serum, and tissue culture reagents were purchased
from the Invitrogen Corporation (Carlsbad, CA, USA).
Parthenolide and cyclopiazonic acid were obtained from
Sigma-Aldrich (St Louis, MO, USA). Fura-2 AM and rhodamine-123 were purchased from Calbiochem-Millipore
(Billerica, MA, USA).

Western blot
Western blotting was performed as described previously. 12 In case of separation of cytosolic and mitochondrial fractions, a kit from BioVision (Milpitas, CA,
USA) was used. Briefly, cells were washed in cold phosphate buffered saline (PBS), and then lysed for 30 min
on ice using a radioimmunoprecipitation assay (RIPA)
buffer. Protein samples containing 30 mg protein were
separated on 10% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, Bedford, MA,
USA). The membranes were incubated for 1 h with 5%
nonfat milk in PBS buffer to block nonspecific binding.

Cell culture
H9c2 cells were cultured at 37 °C in 5% CO 2 in
DMEM supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin (Invitrogen).
Assay of cell viability and apoptosis
Cell viability was examined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenltetrazolium bromide (MTT) method. Cells were cultured in a 96-well plate at a density
of 1.5 ´ 104/well, and were then treated with or without
Acta Cardiol Sin 2015;31:33-41
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The membranes were incubated with various primary
antibodies such as anti-actin (1:10000), anti-COX4 (1:
2000), anti-Bax (1:1000), anti-cyt c (1:1000) and antiCHOP (1:1000) (Cell Signaling Technology, Danvers, MA,
USA). Subsequently, the membranes were incubated
with goat anti-rabbit or goat anti-mouse peroxidaseconjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h. The
blots were visualized by enhanced chemiluminescence
(Millipore, Billerica, MA, USA) using Kodak X-OMAT LS
film (Eastman Kodak, Rochester, NY, USA).

concentration-dependent cell death (Figure 1). Cell
death was revealed to be apoptotic by the TUNEL assay
after a 15-h treatment with parthenolide (Figure 2).

ROS assay
H9c2 cells were incubated in serum-free DMEM
containing 20 mM 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma) for 30 min at 37 °C in the dark.
Cells were subsequently treated with or without 30 mM
parthenolide for 1 h and then gently scraped. Then, the
cells were analyzed using a FACS Canto flow cytometer
system (BD Biosciences, San Jose, CA, USA).

Figure 1. Parthenolide caused H9c2 cell lethality. H9c2 cells were
treated with different concentrations of parthenolide for 15 h and then
assayed for cell viability using the MTT assay. Results are mean ± standard error of the mean of 3 experiments. * indicates significant difference (p < 0.05) from the control.

Microfluorimetric measurement of mitochondrial
membrane potential
Cells were loaded with 5 mM rhodamine-123 for 40
min and then treated in the absence or presence of
parthenolide (2 h). Excitation and emission wavelengths
were set at 500 and 542 nm, respectively. Authentic
mitochondrial signals were confirmed by addition of 2
mM carbonyl cyanide 4-trifluoromethoxyphenylhydrazone (FCCP; Sigma-Aldrich, MO, USA) to observe an increase in fluorescence intensity (depolarization).

A

Statistical analysis
Data are presented as means ± standard error of the
mean. The unpaired or paired Student’s t test was used
where appropriate to compare two groups. ANOVA was
used to compare multiple groups, followed by the
Tukey’s HSD post-hoc test. A value of p < 0.05 was considered to represent a significant difference.

B
Figure 2. Parthenolide caused apoptosis in H9c2 myoblasts. (A) Cells
were treated with either parthenolide or hydrogen peroxide for 15 h and
then assayed for apoptosis using the TUNEL assay. Apoptotic cells were
stained green while nuclei were stained blue using DAPI as dye. Magnification: 200X. (B) Quantification of percentage of TUNEL-positive cells.
Results are mean ± standard error of the mean of 3 experiments. * indicates significant difference (p < 0.05) from the control. DAPI, 4’,6diamidino-2-phenylindole; Par, parthenolide; TUNEL, terminal deoxynucleotidyltransferase dUTP nick end labeling.

RESULTS
Cytotoxic effects of parthenolide
Using the MTT assay, we found that treatment of
H9c2 myoblasts with parthenolide for 15 h resulted in a
35
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could cause depletion of intracellular Ca 2+ store and
thus ER stress, was used as a positive control. Both CPA
and parthenolide treatment (4 h) caused the appearance of an ER stress marker, CCAAT/-enhancer-binding
protein homologous protein (CHOP) (Figure 4). It is remarkable that while CPA increased the level of activating transcription factor 6 (ATF6), parthenolide increased
the level of phospho-JNK, suggesting that these two
agents triggered different pathways leading to CHOP expression. Both CPA and parthenolide did not increase
the levels of eIF2-a and phospho-eIF2-a.

Note that after parthenolide and hydrogen peroxide
treatment, there was nuclear shrinkage or condensation
typical of apoptosis (DAPI staining). Furthermore, we
confirmed that parthenolide treatment (4 h) caused
translocation of Bax from cytosol to mitochondria and
translocation of cytochrome c from mitochondria to
cytosol (Figure 3A; quantitative results in Figure 3B).
Therefore, the data suggested that parthenolide caused
apoptotic death in H9c2 myoblasts.

Parthenolide caused ER stress and oxidative stress
Whether parthenolide caused ER stress in H9c2 cells
was then examined. Cyclopiazonic acid (CPA), which

A
A

B
B

Figure 3. Parthenolide induced translocation of Bax and cytochrome c.
(A) Protein levels of Bax and cytochrome c in the cytosol and mitochondria in the absence and presence of parthenolide (30 mM) treatment (4 h)
were analysed by western blot. COX4 was used as a mitochondrial
marker. (B) Quantification of results from (A). Results are mean ± standard error of the mean of 6 experiments. * indicates significant difference
(p < 0.05). Ctl, control; mt, mitochondria; Par, parthenolide.
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Figure 4. Parthenolide induced ER stress. (A) Protein levels of various ER
stress markers in the absence or presence of CPA (50 mM) or parthenolide
(30 mM) treatments (4 h) were analysed by western blot. (B) Quantification
of results from (A). Results are mean ± standard error of the mean of 6
experiments. * indicates significant difference (p < 0.05) from the control.
Con, control; CPA, cyclopiazonic acid; Ctl, control;Par, parthenolide.
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Parthenolide did not trigger a Ca2+ signal or reduce
Ca2+ pool size
Perturbations in Ca2+ homeostasis, such as cytosolic
Ca2+ overload and depletion of intracellular Ca2+ stores,
could be a mediator of apoptotic cell death. We therefore examined whether such perturbations were involved in parthenolide cytotoxic actions. Addition of
parthenolide did not cause an acute elevation of Ca 2+
concentration (Figure 6A). When cells were treated with
parthenolide for 4 h and then examined for CPA-induced
Ca 2+ release (as a measure of Ca 2+ pool size), it was

We also investigated whether parthenolide triggered ROS formation in H9c2 cells. Data revealed that
treatment with parthenolide for 1 h resulted in significant generation of ROS, as assayed by flow cytometry
(Figure 5).

A

A
B

C
Figure 6. Effects of parthenolide on Ca2+ homeostasis in H9c2 cells. (A)
Parthenolide (30 mM) did not cause any acute change in cytosolic Ca2+
concentration in cells bathed in Ca2+-containing bath solution. Results
shown are representative of 6 experiments. (B) Cells were pretreated
with (right panel) or without (left panel) parthenolide (30 mM) for 4 h
and then bathed in Ca2+-free bath solution and were subsequently challenged with 50 mM cyclopiazonic acid (CPA; endoplasmic reticulum Ca2+
pump inhibitor) to examine Ca2+ release. (C) Quantification of results
from (B). Results are mean ± standard error of the mean of 6 experiments.

B
Figure 5. Parthenolide elicited ROS formation. (A) H9c2 cells were
treated with DCFH-DA and then incubated in the absence or presence of
parthenolide (30 mM) for 1 h and ROS generation was assayed using
flow cytometry. (B) Quantification of results in (A). Results are mean ±
standard error of the mean of 4 experiments. * indicates significant difference (p < 0.05) from the control. DCFH-DA, 2,7-dichlorodihydrofluorescein diacetate; FITC, Fluorescein isothiocyanate; Par, parthenolide.
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found that parthenolide did not decrease Ca2+ pool size
but instead slightly enhanced it when compared to the
Ca2+ pool size of the control group (p < 0.05; Figure 6B,
C).

order to confirm the authenticity of mitochondrial
signals.

Cytotoxic mechanism of parthenolide in part involves
oxidative stress
Since parthenolide induced both ER stress and oxidative stress in H9c2 myoblasts (Figures 4, 5), we then
proceeded to determine the relative contribution of
these stresses to cell death. We employed vitamin C and
salubrinol as an antioxidant and an inhibitor of ER
stress, respectively. As shown in Fig.8, parthenolideinduced cell death could be partially prevented by optimal concentrations of vitamin C and salubrinol; a complete prevention of cell death required a combination of
both compounds. To test the specificity of actions of vitamin C and salubrinal, the effects of these two compounds on ER stress and ROS generation were examined. V itamin C did not affect parthenolide-induced
CHOP expression; unexpectedly, the latter was also not
modulated by salubrinal (Figure 9A, B), casting doubt on
the proposal that salubrinal rescued cell death by suppressing ER stress. We also examined the effects of vitamin C and salubrinal on ROS generation. These two
compounds neither elicited ROS production, nor did
they suppress parthenolide-triggered ROS formation.
The observation that vitamin C did not affect parthenolide-triggered ROS formation could be explained by
the fact that vitamin C is able to scavenge, but not inhibit the formation of oxygen free radicals.

Parthenolide caused a collapse in mitochondrial
membrane potential
Collapse of the mitochondrial membrane potential
is often involved in apoptotic cell death. We examined
whether parthenolide affected mitochondrial membrane potential. Parthenolide did not cause an acute
change in mitochondrial membrane potential (not
shown), but treatment of parthenolide for 2 h resulted
in reduction in mitochondrial membrane potential
(thus depolarization, as indicated in an increase in
rhodamine 123 fluorescence) (Figure 7). FCCP was
used to collapse mitochondrial membrane potential in

A

B
Figure 7. Parthenolide depolarized mitochondrial membrane potential in H9c2 cells. (A) Cells were pretreated with (right panel) or without
(left panel) parthenolide (30 mM) for 2 h and then assayed for mitochondrial membrane potential using rhodamine 123 as dye. For authentication of the mitochondrial signals, FCCP (2 mM) was used to collapse mitochondrial membrane potential. (B) Quantification of results from (A).
Results are mean ± standard error of the mean of 37-47 cells from 4 experiments. * indicates significant difference (p < 0.05) from the control.
DMSO, dimethyl sulfoxide; FCCP, carbonyl cyanide4-trifluoromethoxyphenylhydrazone.
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Figure 8. Parthenolide-induced cell death could be rescued by vitamin
C and salubrinal. H9c2 cells were treated with parthenolide and/or different combinations of vitamin C and salubrinol for 15 h and then assayed for cell viability using the MTT assay. Results are mean ± standard
error of the mean of 3 experiments. * indicates significant difference (p
< 0.05) from the control. # indicates significant difference (p < 0.05) from
parthenolide alone. Ctrl, control; Vit C; vitamin C.
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thenolide elicits toxic effects in cardiac myoblasts, the
progenitor cells of cardiomyocytes, is still unknown. We
here reported the toxic actions of parthenolide in rat
H9c2 myoblasts.
Our data supported earlier findings that parthenolide induced oxidative stress and mitochondrial membrane potential collapse in cardiac myocytes (Figures 5,
7). 10 We further confirmed that cell death was apoptotic, as evidenced by the TUNEL assay and translocation of Bax from cytosol to mitochondria and translocation of cytochrome c from mitochondria to cytosol
(Figures 2, 3). Our findings seemed to rule out the involvement of Ca2+ overload and Ca2+ store depletion in
parthenolide-induced cell death (Figure 6).
Interestingly, we observed that parthenolide not
only caused oxidative stress but also ER stress (Figure 4).
The latter is presumably unrelated to Ca2+ store depletion since parthenolide-treated H9c2 cells had functionally intact Ca2+ stores (Figure 6B, C). Further, Ca2+ store
depletion by CPA increased the levels of ATF6 and CHOP,
while parthenolide treatment raised the levels of phospho-JNK and CHOP (Figure 4). While data (triggering of
ROS formation by parthenolide and partial inhibition of
cell death by vitamin C, Figures 5, 8) suggest oxidative
stress contributed to parthenolide-induced cell death,
the role of ER stress is uncertain, since salubrinal failed
to suppress CHOP expression (Figure 9A,B). It is thus
possible that the rescue effect of salubrinal (Figure 8) is
attributable to the effect(s) other than ER stress suppression. However, a definitive understanding of this
mechanism awaits future investigation. We did not deploy another ER stress inhibitor, tauroursodeoxycholic
acid (TUDCA), since the latter has been reported to be
non-specific and show antioxidant activities.13
Parthenolide has been shown to be an anti-inflammatory drug. For instance, it inhibits inflammatory responses on macrophages by suppressing the protease
activity of caspase-1.14 It attenuates lipopolysaccharideinflicted fever in rats by reducing circulating levels of
IL-6 and TNF-a. 15 In addition, parthenolide prevents
down-regulation of PPARb/d-target gene pyruvate dehydrogenase kinase 4 and PPARg coactivator 1 gene expression in lipopolysaccharide-treated H9c2 cells.16 In line
with this, parthenolide has been shown to suppress
cytokine-activated STAT3 and JAK1 activation in cardiomyocytes.17 Its cardioprotective effect is further demon-

A

B

C
Figure 9. Effects of vitamin C and salubrinal on ER stress and ROS
formation. (A) Protein levels of CHOP in the absence or presence of
parthenolide (30 mM), vitamin C (100 mM) or salubrinal (50 mM) treatments (4 h) were analyzed by western blot. (B) Quantification of results
from (A). Results are mean ± standard error of the mean of 4 experiments. * indicates significant difference (p < 0.05). (C) H9c2 cells were
treated with DCFH-DA and then incubated in the absence or presence of
parthenolide (30 mM), vitamin C (100 mM) or salubrinal (50 mM) for 1 h
and ROS generation was assayed using flow cytometry. Results are
mean ± standard error of the mean of 4 experiments. * indicates significant difference (p < 0.05) from the control. Ctl, control; ER; endoplasmic
reticulum; Par, parthenolide; ROS, reactiveoxygen species; Sal, salubrinal; Vit C; vitamin C.

DISCUSSION
Parthenolide has been shown to be a cardioprotective agent in myocardial reperfusion injury because
of its ability to inhibit NF-kB.8,9 However, because of its
reported toxic effects in cardiac myocytes,10 caution is
needed in using this drug. Furthermore, whether par39
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strated by its prevention of pressure overload-induced
left ventricular hypertrophy by inhibiting STAT3 signaling
and fibroblast activation.18 Parthenolide has also been
shown to be an effective anticancer agent in many tumor
cell and models and is currently under clinical trials.19-25
Hitherto, there are no clinical trials yet to investigate the
cardioprotective effects of parthenolide. Given that both
its beneficial and toxic effects in cardiac tissues may happen at close concentration ranges (see next paragraph),
caution must be exercised in future clinical trials to monitor the concentration of this drug to prevent overdose.
In animal studies demonstrating beneficial cardiac
effects of parthenolide,8,9,18 the effective concentrations
of parthenolide were not known. In in vitro studies
using H9c2 cells and cardiomyocytes,16,17 parthenolide
shows protective effects at  10 mM. Our data here
showed that parthenolide at concentrations  30 mM triggered ROS formation, caused mitochondrial membrane
potential collapse and cell death. In rat cardiomyocytes,
parthenolide at  10 mM causes mitochondrial membrane
potential collapse and cell death; at  5 mM it decreases
the levels of reduced glutathione, and it triggers ROS
formation at a concentration as low as 0.5 mM.10 Therefore, beneficial and detrimental effects of parthenolide
may co-exist at overlapping micromolar ranges. One of
the possible strategies to render parthenolide a safer
and more effective cardioprotective agent may be to coadminister anti-oxidants as supplements.
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