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Abstract
The most effective drug, doxorubicin (DOX), is widely used worldwide for clini-
cal application as an anticancer drug. DOX-induced cytotoxicity is characterized
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by mitochondrial dysfunction. There is no alternative treatment against DOX-
induced cardiac damage despite intensive research in the present decades.
Ohwia caudata has emerged as a potential herbal remedy that prevents from
DOX-induced cytotoxicity owing to its pharmacological action of sustaining
mitochondrial dynamics by attenuating oxidative stress and inducing cellular
longevity. However, its underlying mechanisms are unknown. The novel treat-
ment provided here depends on new evidence from DOX-treated H9c2 cells,
which significantly enhanced insulin-like growth factor (IGF) II receptor (IGF-
IIR) pathways that activated calcineurin and phosphorylated dynamin-related
protein 1 (p-Drp1) at ser616 (p-Drp1[ser616]); cells undergo apoptosis due to
these factors, which translocate to mitochondria and disrupt their function and
integrity, and in terms of herbal medicine treatment, which significantly blocked
these phenomena. Thus, our findings indicate thatmaintaining integrity ofmito-
chondria is an essential element in lowering DOX-induced cytotoxicity, which
further emphasizes that our herbal medicine can successfully block IGF-IIR
pathways and could potentially act as an alternative mechanism in terms of
cardioprotective against doxorubicin.

KEYWORDS
cardiac apoptosis, doxorubicin, H9c2 cells, IGF-IIR signaling pathway, mitochondrial damage,
Ohwia caudata

1 INTRODUCTION

Doxorubicin (DOX) is currently used as a chemotherapy
medication over the world in treating diverse malig-
nancies, including breast cancer, lymphomas, leukemias,
and solid tumors.1 However, while potentially an ideal
chemotherapeutic drug, DOX administration has severe
adverse effects, including extravasation, alopecia, vom-
iting, immunological suppression, and, most critically,
cardiotoxicity.2 Cardiomyocyte loss and cardiac dysfunc-
tion mainly happen because of the activation of apoptotic
pathways, as well as myocardial infarction and heart fail-
ure, which are both caused by apoptosis.3,4 During the
initial phases, hypertrophy of the cardiac muscle has a
positive effect, mainly on cardiac function by increas-
ing the morphology of cardiomyocytes, which strengthens
impulses in functional hypertrophy. Nevertheless, sus-
tained stress promotes systolic disorder, which often con-
tributes to chronic hypertrophy and cardiac arrest in the
human body.
Chronic heart failure is caused by vascular remodel-

ing of anatomical changes generated by numerous heart
disorders, including chronic hypertension, myocardial
infarction, or toxic chemical exposure.5 The role of mito-

chondrial imbalance in cell death caused by anticancer
treatments is well recognized, and exposing cardiac cells to
various cardiac diseases changes the activity of mitochon-
drial proteins. However, remodeling of the mitochondrial
formation andmass accompanying the physiological mod-
ifications is less frequent. The drug-induced rapid increase
of mitochondria dysfunction is frequently described in
scientific journals, for example, following the therapy of
cardiac injury.6,7 Our study focuses on the relationship
between apoptosis and alterations in the organization of
mitochondrial mass.
The insulin-like growth factor II receptor (IGF-IIR)

actuates myocardial fibrosis amid myocardial remodeling
and promotes compulsive muscle expansion.8,9 Moreover,
some research groups found that DOX treatment induces
cardiomyocyte apoptosis, drives IGF-IIR accumulation,
and activates subsequent apoptotic pathway.10 IGF-IIR
expression is suppressed by the calcium iron channel
under regular conditions. According to evidence, cardio-
vascular disease (CVD) is among the most common ill-
nesses among different groups of people.11,12 Furthermore,
it has been demonstrated that estrogen-induced elevation
of the IGF-IIR signaling pathways, particularly estrogen
receptors, restrict cardiotoxicity through multiple mech-
anisms, such as JNK1/AKT/p-AKT and calcineurin/NF-
AT3 pathway.13–15 Our previous study revealed that the
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cardioprotective impact via the estrogenic action of some
Chinese herbs hinders IGF-IIR expression from securing
cardiomyocytes.16–18
DOX cardiotoxicity is directly associated to mitochon-

drial injury, which is defined by a rapid decrease of
mitochondrial membrane potential after dysregulation of
mitochondrial regulatory mechanisms.19,20 Mitochondria
continuously experience a combination of fission and
fusion, particularly contributes to mitochondrial quality
assurance, leading to cardiac damage. Several proteins reg-
ulate fusion, for example, mitofusin (MFN) 1 (MFN 1)
and 2 (MFN 2) and optic atrophy 1 (OPA 1). However,
fission is regulated by dynamin-related protein 1 (Drp1),
mitochondrial fission factor (MFF), mitochondrial fission
protein 1 (FIS1), and mitochondrial dynamics proteins
(MiD) 49 (MiD49) and MiD51 kDA.21–23 Mitochondrial
fusion generally enables for the merging of various mito-
chondrial substances, reducing damage to proteins in
the mitochondria and DNA. Fission, on the other hand,
produces less split mitochondrial components, allowing
mitochondria to spread across a cell. Furthermore, exces-
sive separation promotes to heart injury under specific
situations, including DOX therapy, pressure exhaustion,
and ischemia.24,25
Ohwia caudata (OC) is a herb of the family Fabaceae.

It is commonly referred to as Desmodium caudatum in
the genus Desmodium, and is used to treat rheumatic
spinal pain, loose bowels, icterohepatitis, and colds.26
The chemical composition of OC includes flavonoids,
triterpenoids, and alkaloids. The flavonoids in the OC
demonstrated reactive oxygen species quenching and anti-
amyloid beta accumulation experiments.27 Nevertheless,
study onOC’s possible inhibitory effects onCVD still needs
to be completed.
In this work, we attempted to identify possible recov-

ery components for cardiac injuries from aqueous extracts
of OC. We examined mechanisms whereby these herbal
compounds attenuate DOX-induced cytotoxicity, reveal-
ing a novel role of IGF-IIR signals in the mitochondrial
imbalance in cardiomyoblast H9c2 cell line.

2 MATERIALS ANDMETHODS

2.1 Reagents and antibodies

Unless otherwise specified, all analytical-grade reagents
used in thisworkwere provided by Sigma-Aldrich.Mature,
healthy, and dry leaves of OC were offered by a tradi-
tional herbal medicine drug store in Hualien City, Tai-
wan. The following primary antibodies were used in this
study: IGF-IIR (sc-14414), MNF1 (sc-166644), MNF2 (sc-
100560), p-Drp1 (sc-271583), p-AKT (sc-514032), p-GATA-4

(sc-377543), GAPDH (sc-32233), calcineurin (610259) (BD
Biosciences), Tom 20 (#42406), COX IV (#11967), PARP
(#9542), and cleaved caspase 3 (#9664) (Cell Signaling
Technology). All secondary antibodies were obtained from
Santa Cruz Biotechnology.

2.2 Preparation of the aqueous extract
of OC

The OC herbs (50 g) were washed and processed to a
smooth powdery substance. The powder was mixed with
500 mL of purified water and boiled until it was reduced
to 50 mL. To remove any solid impurities, the mixture was
centrifuged for 15 min at 4◦C and 10,000 rpm. The residual
material was removed by filtering the aqueous OC extract
in the supernatant. The filtered extract was kept at −20◦C
for further use.

2.3 Cell culture

H9c2 cardiomyoblasts were procured from the Ameri-
can Type Culture Collection (ATCC) and cultivated in
Dulbecco’s modified essential medium (DMEM) enriched
with fetal bovine serum (10%) in 95% air/5% CO2, peni-
cillin (100 U/mL), glutamine (2 mM), pyruvate (1 mM),
and streptomycin (100 μg/mL) in humidified air at 37◦C.
According to supplier guidelines, H9c2 cells were best
passaged at 70%–80% confluence due to their ability to
differentiate potential.

2.4 Cell viability assay by MTT

To ascertain viability of cells, a colorimetric method using
the conversion of tetrazolium dye to a blue formazan
reagent was employed. H9c2 cardiomyoblast cells were
cultivated in 96-well plates, exposed to varying doses of
0.1−1.5 μM DOX for 6 h, and subsequently, the media
was substituted with 100 μL of 0.5 mg/mL MTT (3-(4,5-
dimethylthiazol-2-yl)–2,5-diphenyltetrazolium-bromide),
allowing for a further 4 h of incubation (37◦C). The purple
crystals of formazan were mixed using 100 μL of DMSO.
A spectrophotometer was used to detect absorbance at
590 nm. The proportion of control viability was used to
calculate cell viability.

2.5 Western blot analysis

To extract total protein, H9c2 cardiomyoblast cells were
lysed (30min) in a cell lysis buffer containingTris (50mM),
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pH 7.5, NaCl (0.5 M), glycerol (10%), β-mercaptoethanol
(BME) (1 mM), ethylenediaminetetraacetic acid (EDTA)
(1.0 mM), IGEPAL-630 (1%), and a proteinase inhibitor.
The supernatants were analyzed using the Bradford assay.
Proteinswere separated by SDS-PAGE (8%–13.5%) and then
shifted to polyvinylidene difluoride (PVDF) membranes
(Millipore). After blocking nonspecific protein binding
(1 h) in Tris-buffered saline Tween-20 (TBST) with skim
milk (5%), primary antibodies (1:1000 dilution in TBST)
were used to blot overnight at 4◦C. Immobilon West-
ern chemiluminescent horseradish peroxidase (HRP) sub-
strate (Millipore) was used to detect protein signals after
1 h of incubation with HRP-conjugated secondary anti-
bodies (1:4000 dilution in TBST). The Amager 2200 digital
imaging equipment was used to assess the immunoblots.

2.6 Immunofluorescence assay

After washing with PBS, the cells were fixed in
paraformaldehyde (4%) for 30 min at room tempera-
ture and then permeabilized in Triton X-100 (0.1%) for
5min at 4◦C. Next, fortified bovine calf serum (10%) in PBS
was used to block the cells for 30min at room temperature.
The primary antibody was then allowed to incubate at
4◦C for 24 h. The cells were rinsed and incubated at room
temperature for 1 h with secondary antibody (bright red
fluorescent-conjugated Alexa Fluor 594 goat anti-rabbit
IgG and bright green fluorescent-conjugated Alexa Fluor
488 goat anti-mouse IgG [A11001, Invitrogen]). After that
the cells were washed with PBS and stained for 5 min
with 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI). An OLYMPUS BX53 microscope and an image
analysis systemwere used to capture the images (Olympus
Corporation).

2.7 Analysis of mitochondria
morphology

The mitochondrial morphology was assessed using Mito-
Tracker Red (M7512, Invitrogen). All experimental pro-
tocols followed to the manufacturer’s instructions. Pho-
tomicrographs were captured with an OLYMPUS BX53
microscope and image analysis system (Olympus Corpo-
ration).

2.8 Determination of mitochondrial
reactive oxygen species

Superoxide production in cell mitochondria wasmeasured
using MitoSOX (Invitrogen) molecular probes. Following
24 h of DOX exposure and OC treatment, the cells were

subjected to treatment with MitoSOX for 30 min (37◦C),
then DAPI for 5 min to inspect the cell nucleus. Mito-
chondrial reactive oxygen species (ROS) production was
evaluated by an OLYMPUS BX53 microscope equipped
with an image analysis system (Olympus Corporation) at
510/580 nm for excitation and emission.

2.9 TUNEL assay

According to the manufacturer’s instructions, apoptotic
cell death in H9c2 cells was identified by terminal
deoxynucleotidyl transferase dUTP-mediated nick-end
labeling (TUNEL) with an in situ cell death detection kit.
The H9c2 cardiomyoblast cells were grown in eight-well
Millicell EZ slides. The cells were permeabilized in Triton
X-100 (0.1%) for 15 min following a 30-min fixation in PBS
containing paraformaldehyde (4%). The slides were then
incubated with the TUNEL reaction mixture at 37◦C for
60min in the dark in a humidified atmosphere. The nuclei
were stained with DAPI (Sigma-Aldrich) at a concentra-
tion of 2 μg/mL for about 10 min. The staining patterns
of DAPI (blue) and TUNEL-positive cells (green) were
evaluated using a fluorescence microscope (Olympus).

2.10 Flow cytometry assay

Flow cytometry analysiswas carried out using theAnnexin
V-FITC/propidium iodide (PI) staining apoptosis detec-
tion kit (BD Biosciences). The cells underwent 6 h of
treatment with DOX, 18 h of treatment with an OC extract,
and two PBS washes. To examine apoptotic cells, BD
Biosciences’ FACS Canto system was employed.

2.11 Measurement of cardiac
hypertrophy

Initially, as was previously mentioned, the TUNEL assay
experimental approach was employed. Subsequently, the
cells were incubated using rhodamine-phalloidin (Invit-
rogen) for the purpose of identifying actin filaments, and
the nucleus was stained using DAPI (Abcam). However,
cell sizes were frequently amplified to 200× and inspected
according to imaging system instructions. Cell surface area
was analyzed using Image J software version 1.46.

2.12 Statistical analysis

Data are shown as mean ± standard deviation (SD). The
results were analyzed using one-way ANOVA. The Stu-
dent’s t-tests were used to compare the means of the
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F IGURE 1 Ohwia caudata (OC) inhibits doxorubicin (DOX)-induced cytotoxicity in H9c2 cells. (A) The dose-dependent inhibition of
DOX-induced cell viability in H9c2 cells. Cells received treatment with 0.1–1.5 μMDOX for 6 h. The cell viability was examined by MTT assay.
(B) OC effectively rescues DOX-induced cytotoxicity in H9c2 cells. Cells received treatment with 1-μMDOX for 6 h, then washed with PBS and
incubated with increasing doses of OC (40, 80, 120, and 200 μg/mL) for 18 h. The cell viability was then measured using the MTT assay. (C)
The structure of cells after 6 h of treatment with 1 μMDOX, morphological changes in H9c2 cells were seen using a phase contrast microscope.
Data are representative of at least three independent experiments. The values are presented as mean ± SD. *p < 0.05, **p < 0.01 indicate
significant differences from the control group. #p < 0.05, ##p < 0.01 indicate significant differences compared with DOX (1 μM)-treated group.

two groups. A p-value of less than 0.05 was considered
statistically significant.

3 RESULTS

3.1 O. caudata inhibits
doxorubicin-induced cytotoxicity in H9c2
cells

To assess DOX’s cytotoxicity on H9c2 cells, we employed
an MTT cell viability experiment. The results showed
that DOX administration significantly reduced the pro-
liferation of H9c2 cells in a dose (0.1–1.5 M)-dependent
manner (Figure 1A). Furthermore, the efficacy of OC to
prevent DOX-induced cytotoxicity was investigated. Our
results showed that OC treatment (40–80 μg/mL) dose-
dependently inhibited 1 μM DOX-induced cell death in
H9c2 cells (Figure 1B). These findings reveal that the OC
confers dose-dependent protection against DOX-induced
cell death in H9c2 cells. Furthermore, the study revealed
that the most efficient treatment concentration was
40−80 μg/mL OC; hence, H9c2 cardiomyoblast cells were
used in the following tests with 40−80 μg/mL OC. Under
phase contrast microscopy, we noticed that DOX (1 μM)
treatment group cells were damaged due to the influ-

ence of the drugs compared to the control group, while
OC treatment (40−80 μg/mL) recovered DOX-induced
cardiomyoblast cell death significantly (Figure 1C).

3.2 O. caudata inhibits
doxorubicin-induced cardiotoxicity by
regulating mitochondrial fission and
fusion in H9c2 cells

We investigated the parameters that influence mito-
chondrial dynamics in our study. As expected, DOX did
not increase mitochondrial fission or fusion (MNF1 and
MNF2) protein levels. However, OC extracts boosted
DOX-induced mitochondrial fission and fusion protein
expression. Notably, in H9c2 cells, p-DRP1 (Ser616)
expression increased, whereas p-DRP (Ser637) expression
decreased in response to DOX (Figure 2A,B). Nevertheless,
OC extracts enhanced the expression of p-DRP (Ser637)
against DOX challenge H9c2 cells. The fluorescence
intensities of MitoTracker Red were used to assess mito-
chondrial localization. In addition, immunofluorescence
staining revealed that H9c2 cells downregulated p-Drp1
Ser616 from the cytoplasm to mitochondria, while OC
inhibited protein expression (Figure 3A). Subsequently,
MitoTracker Red with phosphorylated Drp1 Ser616
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F IGURE 2 Ohwia caudata (OC) inhibits doxorubicin (DOX)-induced cardiotoxicity by regulating mitochondrial fission and fusion in
H9c2 cells. (A) Cells received treatment with 1-μMDOX for 6 h, then washed with PBS and treated with 40 and 80 μg/mL of OC for 18 h.
Western blot analysis was employed to determine the protein expression level of MNF1, MNF2, p-DRP1 (ser637), and p-DRP1 (ser616). The
bars show the relative protein quantitation of MNF1, MNF2, p-DRP1 (ser637), and p-DRP1 (ser616). GAPDH served as an internal control.
Data are representative of at least three independent experiments. The values are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001
indicate significant differences compared with control group. #p < 0.05, ##p < 0.01, ###p < 0.001 indicate significant differences compared
with DOX (1 μM)-treated group.

F IGURE 3 Ohwia caudata (OC) regulates phosphorylated Drp1 ser616 translocation and inhibits mitochondrial fission. (A) Cells
received treatment with 1-μMDOX for 6 h, then washed with PBS and treated with 40 and 80 μg/mL of OC for 18 h. p-Drp1 ser616 expression
(red) identified using immunofluorescence assay, and the mitochondria were labeled with MitoTracker Red. Nuclei were DAPI. Drp1 localizes
to the cytoplasm and can trigger the serine phosphorylation-regulated pathway. Ser616 phosphorylation activates the mitochondrial fission
site via DOX, resulting in mitochondrial fission and mitochondrial malfunction in H9c2 cells. However, OC inhibits this translocation site
with increasing concentration. (B) OC suppresses p-Drp1 ser616 phosphorylation to prevent the mitochondrial fission induced by DOX in
H9c2 cardiomyoblast cells by MitoTracker Red (scale bar = 100 μm).

staining results demonstrated that it could not traverse
cytoplasm to mitochondria (Figure 3B). Phosphorylation
ser637 is a translocated protein, and according to our data,
the DOX group translocated into the nucleus, but OC at
40 and 80 μg/mL to cytoplasm (Figure 4A). Moreover,
MitoTracker Red staining with phosphorylated Drp1 637
exhibited the same result (Figure 4B).

3.3 O. caudata suppresses the
production of mitochondrial reactive
oxygen species by doxorubicin in H9c2 cells

Numerous studies have revealed that ROS implicated
the cell death caused by DOX.28 DOX generates ROS
such as superoxide and peroxynitrite.29 Therefore, in this
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F IGURE 4 Ohwia caudata (OC) regulates phosphorylated Drp1 ser637 translocation and inhibits mitochondrial fusion. (A) Cells
received treatment with 1-μMDOX for 6 h, then washed with PBS and treated with 40 and 80 μg/mL of OC for 18 h. p-Drp1 ser637 expression
(red) identified using immunofluorescence assay and the mitochondria were stained with MitoTracker Red. Nuclei were stained with DAPI.
Drp1 ser637 promoted Drp1 translocation from the cytosol to mitochondria and caused mitochondrial fusion by DOX. Thus, OC inhibits these
translocation sites with a higher concentration. (B) OC inhibits p-Drp1 ser637 phosphorylation, which inhibits the mitochondrial fusion
caused by DOX in H9c2 cells as detected by MitoTracker Red (scale bar = 100 μm).

investigation, we examined whether crude OC extract
altered DOX’s ROS production. Fluorescence microscopy
was used to investigate H9c2 cells for mitochondrial
superoxide production using the MitoSOX. Our data
demonstrate that DOX enhanced mitochondrial superox-
ide production in comparison to untreated control cells.
In contrast, OC treatment attenuated the intensity of
DOX-induced MitoSOX fluorescence (Figure 5A,B). These
findings imply that OC extract prevents DOX-induced
cell death in H9c2 cells by decreasing the generation of
mitochondrial ROS.

3.4 O. caudata prevents
doxorubicin-induced cardiotoxicity in H9c2
cells by regulating mitochondrial calcium
homeostasis

Several recent investigations have demonstrated the bio-
logical significance of mitochondrial biogenesis.29 To test
our hypothesis, we attempted to correlate the expression of
MCU, aswe know that anti-MCU1 regulatesmitochondrial
calcium (Ca2+) homeostasis and calcineurin mitochon-
drial biogenesis in H9c2 cells. Figure 6A,B reveals that
DOX-induced calcineurin and anti-MCU1 expression lev-
els were higher than those in the control group. OC
extracts, on the other hand, suppressed DOX-induced cal-
cineurin and anti-MCU1 expression at various dosages.
Similarly, OC extracts inhibited DOX-induced COX IV
expression at different doses. In contrast, at multiple
dosages, OC extracts increaseDOX-inducedTom20 expres-

sion (Figure 6A,B). These findings indicate that MCU
mainly regulates mitochondrial biogenesis in H9c2 cells
via modulating mitochondrial Ca2+ levels, while OC
extracts substantially reduced protein expression.

3.5 O. caudata suppresses cardiac
apoptosis caused by doxorubicin by
blocking the apoptotic IGF-IIR pathway in
H9c2 cells

We have recently shown that elevated membrane-bound
IGF-IIR causes caspase 3 andAKT-dependent cell death in
response to heart failure damages, such as an abdominal
aorta ligation-induced cardiovascular event or a sponta-
neous hypertension-induced event.30 Therefore, our pri-
mary goal was to determine if IGF-IIR is involved in
DOX-induced heart failure. When DOX doses are high,
caspase 3 activation dramatically increases, resulting in
apoptosis.31 The IGF-IIR signals might mediate DOX-
induced cardiomyoblast cell death, as IGF-IIR expression
was significantly elevated. DOX administration dramati-
cally increased the levels of cleaved caspase 3 and cleaved
PARP in cells lacking IGF-IIR, suggesting that IGF-IIRwas
the cause of the DOX-induced cardiomyoblast cell death
(Figure 7A,B).
On the other hand, OC extract may improve the cell’s

capacity to recover from apoptosis. After OC extracts were
challenged with DOX, TUNEL + cardiomyoblasts were
decreased, and as a result, their viability was also retained
as usual (Figure 8A). Furthermore, flow cytometry data
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F IGURE 5 Ohwia caudata (OC) suppresses the production of mitochondrial reactive oxygen species (ROS) by doxorubicin (DOX) in
H9c2 cells. (A) The MitoSOX Red reagent was employed to measure intracellular ROS. The production of intracellular ROS caused by DOX
was investigated by treating H9c2 cells with 1 μMDOX for 6 h, followed by a PBS wash and incubation with 40 and 80 μg/mL concentrations
of OC for 18 h. The intensity of ROS signals (red color) was detected using fluorescence imaging (scale bar = 100 μm). (B) The bars show the
intensity of MitoSOX fluorescence. The treatment of H9c2 cells with 1-μMDOX increased intracellular ROS levels. However, OC treatment
reduced DOX-induced ROS in H9c2 cells. Data are representative of at least three independent experiments. The values are presented as mean
± SD. ***p < 0.001 indicates significant differences compared with the control group. ##p < 0.01 indicates significant differences compared
with DOX (1 μM)-treated group.

F IGURE 6 Ohwia caudata (OC) prevents doxorubicin (DOX)-induced cardiotoxicity in H9c2 cells by regulating mitochondrial calcium
(Ca2+) homeostasis. (A) Cells received treatment with 1-μMDOX for 6 h, then washed with PBS and treated with 40 and 80 μg/mL of OC for
18 h. Western blot analysis was used to evaluate the levels of the protein expression for calcineurin, anti-MCU1, Tom20, and COX IV. The bars
show the relative protein quantitation of calcineurin, anti-MCU1, Tom20, and COX IV. GAPDH served as an Internal control. Data are
representative of at least three independent experiments. The values are presented as mean ± SD. **p < 0.01, ***p < 0.001 indicate significant
differences compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001 show significant differences compared with DOX
(1 μM)-treated group.
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F IGURE 7 Ohwia caudata (OC) suppresses cardiac apoptosis caused by doxorubicin (DOX) by blocking the apoptotic IGF-IIR pathway
in H9c2 cells. (A) Cells received treatment with 1-μMDOX for 6 h, then washed with PBS and treated with 40 and 80 μg/mL of OC for 18 h.
Western blot analysis measured cleaved PARP, p-AKT, IGF-IIR, and cleaved caspase 3 protein expression level. The bars show the relative
protein quantitation of cleaved PARP, p-AKT, IGF-IIR, and cleaved caspase 3. GAPDH served as an Internal control. Data are representative of
at least three independent experiments. The values are presented as mean ± SD. **p < 0.01 indicates significant differences from the control
group. #p < 0.05, ##p < 0.01, ###p < 0.001 show significant differences compared with DOX (1 μM)-treated group.

indicated that both early and late apoptosis could be
controlled marginally (Figure 8B). These data suggest that
IGF-IIR-triggered apoptotic signaling pathways play an
essential role in DOX-induced cardiomyoblast cell death,
which OC extracts can significantly overcome.

3.6 O. caudatamitigates
doxorubicin-induced cardiac hypertrophy
in H9c2 cells

Previous research showed that DOX can induce
hypertrophy.32 Therefore, DOX treatment was investigated
to see whether it could directly cause cell hypertro-
phy and reactivate hypertrophic markers p-Gata-4 in
H9c2 cardiomyoblast cells. The rhodamine-phalloidin
stain demonstrated that DOX-treated cells had a higher
surface area than untreated controls; nevertheless, dif-
ferent dosages of OC reduced surface area modestly
(Figure 9A,B). Furthermore, Western blot demonstrated
increased protein levels of p-Gata-4 in cells treated
with DOX and a gradual decrease with OC extracts
(Figure 9C,D). In addition, immunofluorescence stain-
ing showed that p-Gata-4 translocated into the nucleus
(Figure 9E,F). Our findings revealed that OC extracts
could diminish cardiac hypertrophy, which is speculated
to be caused by the Gata-4 pathway.

4 DISCUSSION

DOX has a broad range of anticancer properties and is fre-
quently utilized.2 Oxidative stress is the primary cause of
heart damage due to cumulative dose-dependent effects.
ROS and antioxidants are vital in reversing the redox
imbalance that produces DOX-induced oxidative damage.
Although oxidative stress has an impact in DOX-induced
cardiotoxicity, preventive methods remain primarily inef-
fective. Several studies have described DOX-mediated
cardiotoxicity therapy, which includes dexrazoxane or syn-
thetic antioxidants, such as chemically generated antioxi-
dants or natural plant extracts.33,34 Most research focuses
on the myocardium’s mitochondria and endoplasmic
reticulum. Previous research found that oxidative stress
injury,35 calcium excess,36 and mitochondrial damage37
are critical factors in DOX-induced cardiotoxicity. Accord-
ingly, we need to develop new natural herbal medicine
defensive agents that can counteract the detrimental
effects of DOX.
OC, a traditional herbal medicine, is commonly

employed in treating multiple disorders.38,39 Its ingredi-
ents include alkaloids, triterpenoids, and flavonoids.38,39
However, most studies concentrate on the organic extract
rather than the medicinal qualities of the crude extract
of OC, revealing a new area of inquiry for fundamen-
tal investigators to explore the potential medicinal
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F IGURE 8 Ohwia caudata (OC) alleviates doxorubicin (DOX)-induced cardiac apoptosis in H9c2 cells. (A) Cells received treatment
with 1-μMDOX for 6 h, then washed with PBS and treated with 40 and 80 μg/mL of OC for 18 h. The apoptotic cells were identified using the
TUNEL assay (green), and the nuclei were counterstained with DAPI (blue) (scale bar = 10 μm). The bars show the percentage of
TUNEL-positive apoptotic cells. Data are representative of at least three independent experiments. The values are presented as mean ± SD.
***p < 0.001 indicates significant differences compared with the control group. ##p < 0.01, ###p < 0.001 indicate significant differences
compared with DOX (1 μM)-treated group. (B) Flow cytometry was used to examine cell apoptosis in H9c2 cells after stimulation with 1-μM
DOX for 6 h, followed by washing with PBS and treatment with 40 and 80 μg/mL of OC for 18 h. OC significantly reduced cell apoptosis in
DOX-challenged H9c2 cells. The bars show the percentage of apoptotic cells. Data are representative of at least three independent
experiments. The values are presented as mean ± SD. ***p < 0.001 indicates significant differences compared with control group. ###p < 0.001
shows significant differences compared with DOX (1 μM)-treated group.

properties of OC extract. The present study showed that
herbal medicine OC extracts may have cardioprotective
effects by promoting IGF-IIR deactivation and decreasing
calcineurin/p-Drp1 (ser616) activity in DOX-induced
cardiomyopathy and apoptosis. Data analysis revealed
a consistent pattern of elevated ROS generation and
pathological complications in heart function.
DOX-induced heart injury causes mitochondrial dam-

age and impaired mitophagy.40,41 DOX treatment in
H9c2 cells elevated mitochondrial oxidative stress by
dramatically increasing IGF-IIR overexpression. DOX
treatment causes the cumulative accumulation of dam-
aged proteins/organelles, which leads to the loss of
antioxidant proteins and defective autophagy machin-
ery, resulting in cell death and proteotoxicity. Accord-
ing to several reviews, natural herbal remedies derived
from a vegetable in the Allium genus can decrease

ROS production and protect from cardiac cell death.42,43
Our results showed that OC extract treatment resulted
in a dose-dependent reduction in ROS and p-Drp1
(ser616), calcineurin, and anti-MCU1 levels, as well as
an increase in mitochondrial fusion proteins MNF1 and
MNF2.
A recent study found that DOX administration induced

apoptosis44 via IGF-IIR signaling pathways. Our find-
ings demonstrated that IGF-IIR, cleaved caspase 3, and
cleaved PARP levels were decreased in response to a dose-
dependent challenge of OC. OC aqueous extraction had
similar effects on oxidative damage and cardiomyoblast
apoptosis generated by DOX in H9C2 cardiomyoblast
cells, which were comparable with the TUNEL assay
and flow cytometry results. Mechanistically, we found
that our crude extracts reduced DOX-induced cardiomy-
oblast death by inhibiting Drp1/caspase3/PARP signaling.

 14708744, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/bab.2620 by C
H

IH
 Y

A
N

G
 H

U
A

N
G

 - A
cadem

ia Sinica , W
iley O

nline L
ibrary on [14/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



11

F IGURE 9 Ohwia caudata (OC) mitigates doxorubicin (DOX)-induced cardiac hypertrophy in H9c2 cells. (A) F-actin staining was used
to evaluate cardiac hypertrophy in H9c2 cells (actin filaments are stained with Rhodamine-Phalloidin in red, while nuclei are labeled with
DAPI in blue) after they were challenged with 1-μMDOX for 6 h, rinsed with PBS, then treated with 40 and 80 μg/mL of OC for 18 h. DOX
treatment significantly increased cardiomyoblast size compared to the control group. OC-suppressed DOX-induced cell size increases in a
dose-dependent manner (scale bar = 50 μm). (B) The bars show the quantitative analysis of cell area. Data are representative of at least three
independent experiments. The values are presented as mean ± SD. ***p < 0.001 indicates significant differences compared with the control
group. ##p < 0.01, ###p < 0.001 indicate significant differences compared with DOX (1 μM)-treated group. (C) Phosphorylated GATA-4 protein
expression was determined by Western blot analysis. (D) The bars show the relative protein quantitation of p-Gata-4. GAPDH served as an
Internal control. Data are representative of at least three independent experiments. The values are presented as mean ± SD. ***p < 0.001
indicates significant differences compared with the control group. #p < 0.05, ###p < 0.001 show significant differences compared with DOX
(1 μM)-treated group. (E) The immunofluorescence images of phosphorylated GATA-4 nuclear translocation acquired using fluorescence
microscopy (magnification: 400×) are depicted. The nuclei were stained with DAPI (blue), while p-GATA-4 was labeled with Alexa Fluor 488
(green). (F) The bars show the intensity of p-GATA-4. Data are representative of at least three independent experiments. The values are
presented as mean ± SD. ***p < 0.001 indicates significant differences compared with the control group. ##p < 0.01, ###p < 0.001 indicate
significant differences compared with DOX (1 μM)-treated group.

Furthermore, we provided clear evidence that the IGF-IIR
signaling pathways mediated the antioxidant action of
aqueous OC extracts. We also showed that IGF-IIR was
primarily responsible for activating the calcium channel
calcineurin/Drp1. Based on the above findings, we pro-
pose that our aqueous OC extracts are a viable therapeutic
agent against DOX-induced cardiotoxicity via IGF-IIR
signaling pathways (Figure 10).

Cardiac hypertrophy is a frequent complication of
hypertension that raises the possibility of coronary artery
disease and other cardiac problems.45 Extended cardiac
hypertrophy increases the chance of heart failure, which
leads to a higher risk of cardiovascular death.46,47 However,
there have been few cases of using natural herbal therapy
to prevent heart hypertrophy. To the very best of our com-
prehension, this is the first study to explore the impact
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F IGURE 10 Schematic diagram depicting the preventive effects of Ohwia caudata on doxorubicin-induced cardiotoxicity by regulating
mitochondrial dynamics via the IGF-IIR/p-Drp1/PARP signaling pathway.

of herbal therapy on heart injury. Hypertrophy of heart
is defined by enhanced shape of cells and better synthe-
sizing proteins via the transcriptional protein Gata-4.2,48
The current study evaluated the preventive effect of nat-
ural medicine OC fromDOX-induced cardiac hypertrophy
inH9c2 cells. Cardiac hypertrophy is often caused by larger
cells. Our results demonstrated that DOX administration
increases cell size and shape in H9c2 cells, consistent
with previous research. We examined the change in the
cell’s superficial area using F-actin staining. It is evident
that DOX treatment increased cell surface region in H9c2
cells, whereas different doses of OC treatment reduced cell
size. These findings support that OC canminimize cardiac
hypertrophy by reducingDOX-induced cardiotoxicity. Fur-
thermore, the calcineurin signaling pathway leads to the
development of cardiac hypertrophy and advanced heart
failure.

5 CONCLUSION

Our study demonstrates that O. caudata extracts diminish
DOX-induced cardiotoxicity in H9c2 cardiomyoblast cells
by inhibiting the IGF-IIR/p-Drp1/PARP signaling pathway,
which reduces oxidative stress, cardiac dysfunction, and

apoptosis, and thus aids as a potential treatment target
for preventing or alleviating DOX-induced cardiotoxicity.
Nevertheless, further investigation is essential to deter-
mine the active ingredients in the O. caudata extract and
to comprehend the mechanism of action.
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