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Nrf2-dependent antioxidant response mediated the protective
effect of tanshinone ITA on doxorubicin-induced cardiotoxicity
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Abstract. Doxorubicin (DOX), a potent and widely used anti-
cancer agent, can give rise to severe cardiotoxicity that limits
its clinical use by inducing oxidative stress. Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) is the central regulator
of cellular responses to electrophilic/oxidative stress, which
serves a critical role in maintenance of normal cardiac func-
tion. Tanshinone ITA (Tan ITA) has previously been reported
to protect against DOX-induced cardiotoxicity. The aim of
the present study was to elucidate whether Nrf2 signaling
serves a role in the underlying mechanism. In the animal
model, DOX induced acute cardiotoxicity, whereas Tan ITA
pretreatment reduced the activity of myocardial enzymes,
and increased activity of the antioxidant enzymes superoxide
dismutase, catalase and glutathione (GSH). Furthermore,
Tan ITA pretreatment (3-10 M) significantly increased the
cell viability and markedly restored morphological changes
in DOX-injured H9c2 cells, decreased the generation of
reactive oxygen species, and increased the level of intracel-
lular GSH. Additionally, Tan ITA pretreatment also induced
the nuclear accumulation of Nrf2 and its downstream genes
heme oxygenase-1, NAD(P)H dehydrogenase (quinone) 1, and
glutamate-cysteine ligase catalytic subunit in both the mice
cardiac tissues and H9c2 cells. Nrf2 knockdown by small
interfering RNA downregulated Tan ITA-induced Nrf2 activa-
tion and reversed the effect of Tan ITA on the DOX-induced
inhibition of cell viability. These results suggest that the
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Nrf2-dependent antioxidant response mediates the protective
effect of Tan IIA on DOX-induced cardiotoxicity.

Introduction

Doxorubicin (DOX, also known as adriamycin), a typical
anthracycline, ranks as one of the most potent antitumor
agents available for breast cancer, lymphoma, and hematologic
malignancy (1). Unfortunately, the clinical use of DOX is
limited due to the life-threatening cardiotoxicity, which may
ultimately develop into cardiomyopathy and congestive heart
failure (2). Dose limitation strategy is now most commonly
used to reduce the DOX-induced cardiotoxicity, as an associa-
tion between the quantity of DOX accumulated in the heart
and the incidence of cardiac events has been identified (3).
However, lower concentrations may preclude successful
completion of chemotherapy, causing a dilemma for oncolo-
gists and cardiologists (4). Advances in the molecular basis
of anthracycline-induced cardiotoxicity indicate that multiple
mechanisms are involved, among which reactive oxygen
species (ROS) and oxidative stress are the most important
factors (5). Furthermore, endogenous antioxidants decreased
following the DOX treatment. The administration of antioxi-
dants has been demonstrated to prevent cardiac injury induced
by DOX both in vitro and in vivo (6,7).

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a
redox-sensitive transcription factor, is the central regulator
of cellular responses to electrophilic/oxidative stress. It has
previously been revealed that Nrf2 was essential for detoxi-
fication gene activity in mammalian cardiac cells (8). Under
physiological conditions, Kelch-like ECH-associated protein 1
(Keapl), the cytosolic regulatory protein, was tightly bound to
Nrf2 to retain it in the cytoplasm. Nrf2 was then released from
Keapl and translocated to the nucleus in response to oxidants
and electrophiles, which may result in the subsequent binding
to antioxidant responsive DNA elements (AREs) and activate
the transcription of downstream genes, including antioxidants
and phase II and phase III detoxification enzymes (9). As
DOX-induced oxidative stress is the major cause of injury in
cardiac cells (4), enhancing the critical biological functions of
Nrf2 should be a safe and effective strategy to counter DOX
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cardiotoxicity. On this basis, the mechanisms of drug candidates
against DOX-induced cardiotoxicity focus on Nrf2, especially
the bioactive natural products. For instance, aringenin-7-O-glu-
coside, a flavonoid isolated from Dracocephalum rupestre
Hance, protected against DOX-induced cardiomyocyte
apoptosis via the nuclear translocation of Nrf2 (10). Similar
results were also observed in sulforaphane, a natural isothio-
cyanate compound in cruciferous vegetables (7). Furthermore,
Nrf2 mediated the protective effect of a-Linolenic acid on
DOX-induced cardiotoxicity in rats (11).

Tanshinone ITA (Tan ITA), one of the major components
isolated from Radix Salvia miltiorrhiza, exhibits potent
antioxidant activity (12). Emerging experimental studies and
clinical trials have demonstrated that Tan IIA prevents oxida-
tive stress-triggered atherogenesis as well as cardiac injury
and hypertrophy (13). The protective effect of Tan ITA on
DOX-induced cardiotoxicity has been preliminarily investi-
gated (14), but the mechanism remains unknown. In view of
the critical role Nrf2 has in DOX-induced cardiotoxicity, the
present study aimed to determine whether the Nrf2-dependent
antioxidant response mediated the protective effect of Tan ITA
on DOX-induced cardiotoxicity in vivo and in vitro.

Materials and methods

Chemicals andreagents.Sodium Tan I A sulfonate injection was
purchased from Shanghai First Biochemical & Pharmaceutical
Co., Ltd. (Shanghai, China); DOX hydrochloride was purchased
from Shenzhen Main Luck Pharmaceuticals, Inc. (Shenzhen,
China). The detection kit for aspartate aminotransferase (AST)
was purchased from Abbott Laboratories Trading Shanghai
Co., Ltd. (Shanghai, China). The kit for measuring lactate
dehydrogenase (LDH) was purchased from Ningbo Meikang
Biotechnology Co., Ltd. (Ningbo, China). The kit for measuring
creatine kinase (CK) and creatine kinase-muscle/brain
(CK-MB) from Beijing Strong Biotechnologies, Inc. (Beijing,
China). Malondialdehyde (MDA; cat. no. A003-1), reduced
glutathione (GSH; cat. no. A006-2), superoxide dismutase
(SOD; cat. no. A001-3) and catalase (CAT; cat. no. A007-2)
assay kits were from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Dichloro-dihydro-fluorescein diace-
tate (DCFH-DA) was purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany; cat. no. D6883).

Tan IIA (purity, >98%) was purchased from National
Institutes for Food and Drug Control (Beijing, China). DOX,
tertbutyl hydroquinone (tBHQ), dimethyl sulfoxide (DMSO)
and MTT were purchased from Sigma-Aldrich; Merck KGaA.
ROS Assay kit (cat. no. S0033) and BCA protein assay kit
(cat. no. PO009) was purchased from Beyotime Institute of
Biotechnology (Shanghai, China). Small interfering (si) RNA
was purchased from Ribobio Co., Ltd. (Guangzhou, China).
Lipofectamine 2000 was purchased from Invitrogen (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Anti-Nrf2 anti-
body were purchased from Santa Cruz Biotechnology, Inc.
(cat. no. sc-722; Dallas, TX, USA). Anti-proliferating cell
nuclear antigen (PCNA; cat. no. ab18197) and -actin (cat.
no. ab8226) were purchased from Abcam (Cambridge, UK).

Animals and pharmacological treatments. A total of 30
male Institute of Cancer Research mice weighing 25-29 g
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and aged 6 weeks were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China).
The mice were given rodent chow 5001 (Beijing Vital River
Laboratory Animal Technology Co., Ltd.) and distilled
water ad libitum, and housed at room temperature (24+2°C)
under a humidity-controlled (65+5%) condition on a regular
12-h light/dark cycle. The mice were randomly assigned to
5 groups (n=6 in each group) as follows: The control (normal
saline) group, the DOX (18 mg/kg) group, the Tan ITA
(15 mg/kg) + DOX (18 mg/kg) group, the Tan ITA (30 mg/kg) +
DOX (18 mg/kg) group, and the Tan ITA (30 mg/kg) group. The
dose of Tan IIA (15 and 30 mg/kg) was selected based on the
results of a previous study (15). The mice were treated with Tan
ITA or 0.2 ml normal saline from day 1 to day 7, and DOX was
administered at day 5, the mice were then sacrificed at day 8;
all treatments were administered by intraperitoneal injection.
The mice in the control (normal saline) group did not receive
DOX. All animal use procedures were conducted according
to the Regulations of Experimental Animal Administration
issued by the State Committee of Science and Technology of
the People's Republic of China, with the approval of the Ethics
Committee in The Experimental Animal Center of the Second
Xiangya Hospital (Changsha, China).

Heart histopathological examination. The mice hearts of each
group were harvested immediately following blood collection.
Sections of the freshly heart samples were used to analyze
biochemical index. The rest of samples were fixed with 4%
paraformaldehyde for 24 h at 25°C, and embedded in paraffin
blocks. They were then sectioned 4-pm-thick sections and
stained with hematoxylin and eosin (HE) at room temperature
for 3 min. The structure was examined with a light microscope
(magnification, x100) (CKX41; Olympus Corporation, Tokyo,
Japan).

Measurement of serum myocardial enzymes. Blood were
collected from the heart of anesthetized mouse and centri-
fuged (1,006.2 x g, 10 min, 4°C) to obtain the serum samples,
which were assayed for the determination of serum myocar-
dial enzymes (AST, LDH, CK and CK-MB) using kits with an
automatic biochemical analyzer (Abbott Pharmaceutical Co.,
Ltd., Lake Bluff, IL, USA). The experiments were performed
according to the manufacturers' instructions.

Measurement of GSH, SOD, CAT and MDA . The mice hearts
were harvested immediately following blood collection. The
partial myocardial tissues from each heart was minced and
homogenized to prepare for GSH, SOD, CAT, and MDA detec-
tion with corresponding kits. The experiments were performed
according to the manufacturers' protocol.

Cell culture and treatment. The H9c2 rat myoblast cell line
obtained from Xiangya Cell Bank (Central South University,
Changsha, China) was cultured in Dulbecco's modified Eagle's
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) supplemented with 10% FBS (Biological Industries,
Kibbutz Beit Haemek, Israel) and antibiotics (100 pg/ml strep-
tomycin and 100 U/ml penicillin; Hyclone; GE Healthcare
Life Sciences, Logan, UT, USA) in a humidified atmosphere
with 5% CO, at 37°C.
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Gene Forward Reverse

Nrf2 5'-TAGTGCCCCTGGAAGTGTCA-3' 5'-TTGGGATTCACGCATAGGAG-3'

HO-1 5'-AGCCCCACCAAGTTCAAACA-3 5'-TGCCAACAGGAAGCTGAGAG-3'
NQOI1 5'-CAGCCAATCAGCGTTCGGTA-3' 5'-CTTCATGGCGTAGTTGAATGATGTC-3'
GCLC 5'-CAGTCAAGGACCGGCACAAG-3' 5'-CAAGAACATCGCCTCCATTCAG-3'
MRP2 5'-CGCGTCCGGCAGTATATGA-3' 5'-ATAATCTTTGACTCAGTGTGGA-3'
P-gp 5'-CCCATCATTGCAATAGCAGG-3' 5'-GTTCAAACTTCTGCTCCTGA-3'
[B-actin 5'-CATCCTGCGTCTGGACCTGG-3' 5'-TAATGTCACGCACGATTTCC-3'

Nrf2, nuclear factor (erythroid-derived 2)-like 2; HO-1, heme oxygenase-1; NQO1, NAD(P)H dehydrogenase (quinone) 1; GCLC,
glutamate-cysteine ligase catalytic subunit; MRP2, multidrug resistance-associated protein 2; P-gp, P-glycoprotein.

The cells were incubated with 1 gmol/l DOX for 24 h with
or without Tan ITA pretreatment for 4 h at 37°C, except where
indicated otherwise. Tan ITA was dissolved in DMSO and
diluted with cell culture media to achieve the final concentra-
tion (1, 3,5 and 10 uM). The final concentration of Tan ITA was
determined according to previous reported study (16). tBHQ
(50 nM), a classical activator of Nrf2, was used to pretreatment
cells for 4 h and then treat with 1 gmol/DOX for 24 h.

SiRNA transient transfection. The Nrf2 siRNA (sense: 5'-CGU
GAAUCCCAAUGUGAAATT-3'" antisense: 5-UGUUUCACA
UUGGGAUUCACGTT-3") and negative control siRNA (sense:
5-CUUCCUCUCUUUCUCUCCCUUGUGA-3', antisense:
5'-UCACAAGGGAGAGAAAGAGAGGAAGGA-3") were
synthesized and purchased from Ribobio Co., Ltd. (Guangzhou,
China). H9¢2 cells were grown in 96-well plates and transiently
transfected with 0.5 ug Nrf2 or negative control siRNA
constructs using Lipofectamine 2000 transfection reagent,
according to the manufacturer's protocol. After incubating at
33°C and 5% CO, for 36 h, cells were further treated with DOX
and/or Tan IT A prior to the MTT and western blot analyses.

Cell viability analysis. Cell viability was determined by
MTT assay according to the manufacturer's protocol; DMSO
was used to dissolve purple formazan. Percent viability was
defined as the relative absorbance of the treated vs. control
cells at the wavelength of 490 nm. The morphological changes
were detected with a light microscope (magnification, x200).

Measurement of intracellular ROS and GSH. Intracellular
accumulation of ROS was determined by measuring the oxida-
tive conversion of cell permeable DCFH-DA to fluorescent
dichlorofluorescein (DCF) in afluorospectrophotometer (model
F4000; Hitachi, Ltd., Tokyo, Japan). A total of 2x10* cells were
incubated with 0.1 ml DCFH-DA (10 uM) at 37°C for 20 min.
DCF fluorescence distribution was detected by fluorospectro-
photometer analysis at an excitation wavelength of 488 nm and
at an emission wavelength of 535 nm. Intracellular accumula-
tion of GSH was measured using the aforementioned assay kit
according to the corresponding manufacturer's protocol.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Total mRNA was extracted from the heart

tissue or cells with TRIzol (Life Technologies; Thermo Fisher
Scientific, Inc.) and equal amounts of RNA were reverse-tran-
scribed to cDNA using a PrimeScript RT reagent kit with
gDNA Eraser (Perfect Real Time; Takara Bio, Inc., Otsu,
Japan). cDNA amplification was performed with an initial step
for 15 sec at 95°C, followed by 40 cycles (15 sec at 95°C, then
31 sec at 60°C). Data analysis was performed using the 7900HT
Sequence Detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and the 2244 method (17). The level of
[B-actin mRNA was used as the internal standard. The primers
for real-time PCR analysis are presented in Tables I and II.

Western blotting. The heart tissue of the mice and the cell
extracts were prepared in radioimmunoprecipitation assay
buffer (Beyotime Institute of Biotechnology). The nuclear
and cytoplasmic extracts were harvested with NE-PER
nuclear and cytoplasmic extraction reagents (Pierce; Thermo
Fisher Scientific, Inc.) using the manufacturer's protocols.
The total mass of protein was determined using a BCA assay.
Western blotting was performed with some modifications
as described (15). Total protein (20 pug/lane) was loaded and
separated by 10% SDS-PAGE electrophoresis and transferred
to polyvinylidene difluroride membranes. Following blocking
in 5% non-fat milk in 0.05% Tween-20/Tris-buffered saline
for 1 h at room temperature, the membranes were incubated
overnight at 4°C with the following primary antibodies: Nrf2
(1:1,000), PCNA and B-actin (both 1:2,000). The immunoblots
were then incubated with horseradish peroxidase-conjugated
immunoglobulin G secondary antibodies (goat anti-mouse,
cat. no. sc-2005 and goat anti-rabbit, cat. no. sc-2004; both
1:5,000; Santa Cruz Biotechnology, Inc.) at room tempera-
ture for 1 h. The membranes were developed with Pierce™
ECL Western Blotting Substrate (cat. no. 32106; Thermo
Fisher Scientific, Inc.) according to the manufacturer's
protocol. The densities of the bands were determined by an
imaging densitometer and the grayscale value of the bands
were quantified by Imagel analysis software (version 1.43;
National Institutes of Health, Bethesda, MD, USA). PCNA
was used as the nuclear loading control and 3-actin was used
as the cytosolic loading control.

Statistical analysis. All data were presented as the
mean * standard error of the mean. Statistical analysis
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Table II. Rat primers for quantitative polymerase chain reaction.
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Gene Forward Reverse

Nrf2 5'-CCATGCCTTCTTCCACGAA-3' 5'-AGGGCCCATGGATTTCAGTT-3'
HO-1 5'-GCGAAACAAGCAGAACCCA-3 5'-GCTCAGGATGAGTACCTCCCA-3'
NQOI1 5'-AACGTCATTCTCTGGCCAATTC-3' 5'-GCCAATGCTGTACACCAGTTGA-3'
GCLC 5'-GTCTTCAGGTGACATTCCAAGC-3' 5'-TGTTCTTCAGGGGCTCCAGTC-3'
MRP2 5'-GCTGGTTGGAAACTTGGTCG-3' 5'-CAACTGCCACAATGTTGGTC-3'
P-gp 5'-ATCAACTCGCAAAAGCATCC-3' 5'-AATTCAACTTCAGGATCCGC-3'
[p-actin 5'-TACAACCTCCTTGCAGCTCC-3' 5'-GGATCTTCATGAGGTAGTCAGTC-3'

Nrf2, nuclear factor (erythroid-derived 2)-like 2; HO-1, heme oxygenase-1; NQO1, NAD(P)H dehydrogenase (quinone) 1; GCLC,
glutamate-cysteine ligase catalytic subunit; MRP2, multidrug resistance-associated protein 2; P-gp, P-glycoprotein.

Figure 1. Effect of Tan IIA on DOX-induced pathomorphological changes in mice. Mice were treated with Tan ITA or normal saline from days 1-7 and DOX
was administered at day 5. Mice were then sacrificed at day 8 and heart tissues were stained with hematoxylin and eosin. (A) Control; (B) DOX (18 mg/kg);
(C) DOX (18 mg/kg) + Tan ITA (15 mg/kg); (D) DOX (18 mg/kg) + Tan ITA (30 mg/kg); (E) Tan ITA (30 mg/kg). Regions of myocardial fiber fragmentation
and gap enlargement are indicated by black arrows. The magnification of images is x100. Tan ITA, tanshinone IIA; DOX, doxorubicin.

was performed by analysis of variance followed by the
Newman-Student-Keuls test for multiple comparisons using
SPSS 19.0 (IBM Corp., Armonk, NY, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Tan IIA protects against DOX-induced myocardial injury in
mice. HE staining was conducted to detect histopathological
changes, which demonstrated myocardial fiber fragmentation
and gap enlargement in DOX group, which was attenuated
by Tan ITA pretreatment (Fig. 1). Serum myocardial enzymes
(AST, LDH, CK and CK-MB) are the important indexes that
reflect the extent of myocardial injury (18). As presented
in Table III, DOX significantly increased the activity of all
enzymes compared with controls, indicating cardiotoxicity.

Conversely, Tan I1A significantly inhibited the activity of AST,
LDH and CK induced by DOX at 30 mg/kg, and decreased the
CK-MB activity at 15 and 30 mg/kg. These findings suggest
that Tan ITA can protect against DOX-induced myocardial
injury, in accordance with previous studies (13,14).

Antioxidant activity of Tan IIA is associated with its protec-
tive effect against DOX-induced cardiotoxicity in mice. The
level of SOD, CAT, GSH and MDA were measured to evaluate
oxidative stress degree. DOX induced oxidative stress, as
indicated by significantly decreased SOD and CAT activities,
GSH content and increased MDA production compared with
controls. Tan ITA dose-dependently and significantly inhibited
the effect of DOX on SOD, CAT, GSH and MDA level in
DOX+Tan ITA groups, and thus exhibited potent antioxidant
capacity (Table IV).
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Table III. Effect of Tan IIA pretreatment on the serum myocardial enzymes.
Group AST (U/) LDH (U/1) CK (U/n) CK-MB (U/)
Control 127.6+14.3 698.7+60.0 1,866.3+279 4 390.3+714
DOX (18 mg/kg) 372.3+61.6" 1,557.4+214.2* 3,002.0+614.1* 774.5+£205.7*
D+T (15 mg/kg) 333.4+110.9 1,249.5+518.8 2,159.7+£749.7 471.0+171.0°
D+T (30 mg/kg) 183.0£53.2° 1,067.3+273.8° 1,676.9+767.3 366.4+166.6°
Tan ITA (30 mg/kg) 111.9+40.5 570.1£208 4 1,566.5+571.3 336.8+89.6

Data are presented as the mean + standard error of the mean (n=6). “P<0.001 vs. control; "P<0.01 and °P<0.001 vs. DOX. Tan IIA, tanshinone
ITA; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; CK, creatine kinase; CK-MB, creatine kinase-muscle/brain; DOX, doxo-
rubicin; D+T, doxorubicin and tanshinone IIA.

Table IV. Effect of Tan IIA pretreatment on antioxidant capacity in mice heart.

Group GSH (gmol/g) SOD (U/mg) CAT (U/mg) MDA (nmol/mg)
Control 20.2+1.6 106.8+6.1 66.8+5.7 9.5+1.2
DOX (18 mg/kg) 15.0+1.6° 79.0+16.8* 52.0+4.3* 14.4+1.7°
D+T (15 mg/kg) 20.5+3.2¢ 107.5+14.3¢ 63.1£5.6° 11.2+£2.7
D+T (30 mg/kg) 23.5+3.8° 118.6+12.3¢ 71.0£9.6° 9.2+2.0¢
Tan ITA (30 mg/kg) 21.4+2.6 108.8+12.7 68.5+8.3 9.0+4 4

Data are presented as the mean + standard error of the mean (n=6). *P<0.01 and *P<0.001 vs. control; °P<0.05, P<0.01 and °P<0.001 vs. DOX.
Tan IIA, tanshinone IIA; GSH, glutathione; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; DOX, doxorubicin; D+T,

doxorubicin and tanshinone IIA.

Nrf2 signaling is associated with the protective effect of Tan
IIA on DOX-induced cardiotoxicity in mice. To determine
whether Tan ITA protected against DOX-induced cardiotoxicity
via induction of Nrf2 signaling, the expression of Nrf2 and its
downstream genes were measured by western blotting and
RT-qPCR. The mRNA results demonstrated that, compared
with controls, DOX alone had no significant influence on Nrf2,
heme oxygenase (HO)-1 and glutamate-cysteine ligase catalytic
subunit (GCLC), but significantly raised the mRNA expression
of NAD(P)H dehydrogenase (quinone) 1 (NQOI1), multidrug
resistance-associated protein 2 (MRP2) and P-glycoprotein
(P-gp). Compared with DOX alone, Tan ITA pretreatment
significantly increased Nrf2, HO-1, NQOI and GCLC in
DOX+Tan ITA groups, but reduced the expression of MRP2 and
P-gp (Fig. 2). As presented in Fig. 3A and B, the protein expres-
sion of total Nrf2 was significantly increased in the DOX + Tan
ITA groups in a dose-dependent manner compared with DOX
alone, and Tan IIA alone also induced a significant increase
in Nrf2 expression in the heart tissue compared with controls.
As nuclear translocation of Nrf2 was the key to activating
Nrf2-related pathway, nuclear accumulation and cytoplasmic
Nrf2 expression were evaluated. Nuclear Nrf2 expression was
similar to total Nrf2, whereas cytoplasmic Nrf2 was decreased
in the Tan ITA+DOX group and Tan ITA alone group compared
with the DOX or control group (Fig. 3C-E).

Tan IIA protects against DOX-induced injury and oxidative
stress in H9c2 cells. In vitro experiments were performed in

HO9c2 cells. The effect of DOX or Tan ITA treatment alone
for 24 h on the viability of H9c2 cells was investigated
(Fig. 4A and B). DOX decreased the cell viability in a
dose-dependent manner (0.1-1 xM). DOX (1 M) was used
in the subsequent experiments, which was consistent with
previous studies (5,11). Tan ITA (1-10 xM) treatment alone
exhibited no significant effect on cell viability, but the cell
viability was inhibited by Tan IIA at the concentration of 15
and 20 yM. Furthermore, Tan ITA (1-10 M) pretreatment
dose-dependently reversed the inhibitive effect of DOX on
cell viability (Fig. 4C). Additional experiments indicated
that DOX induced cell rounding and detachment, whereas
Tan ITA pretreatment protected the cells from such morpho-
logical changes (Fig. 4D).

To determine whether Tan ITA inhibited the DOX-induced
generation of ROS in H9¢2 cells, the generation of ROS in
DOX-treated and Tan ITA + DOX-treated cells were measured
via fluorescence microscopy with DCFH-DA as a probe
following 24 h incubation (Fig. 4E), in which tBHQ, a clas-
sical activator of Nrf2, was used as the positive control. DOX
significantly increased the ROS accumulation compared with
controls, and co-treatment with Tan ITA dose-dependently
ameliorated the ROS levels. As presented in Fig. 4F, DOX
treatment resulted in significant decreases of GSH levels,
and this inhibition was attenuated by Tan IIA pretreatment,
which enhanced the GSH content dose-dependently. These
findings suggest that Tan ITA alleviated the DOX-induced
oxidative stress.
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GSH was measured with a GSH assay kit. Data are presented as mean * standard error of the mean (n=3). "P<0.05, “P<0.01 and "“P<0.001 vs. the control;
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Nrf2 signaling is associated with the protective effect of Tan
1IA on DOX-induced H9c2 cells injury. The mRNA expres-
sion of Nrf2 was significantly and dose-dependently increased
following pretreatment with Tan ITA in DOX+Tan IIA group
compared with the DOX alone group, as were HO-1, NQOI1
and GCLC levels. Moreover, P-gp and MRP2 expression levels
in the DOX + Tan IIA groups were decreased with 5 and
10 M Tan IIA, but increased with 3 uM Tan IIA compared
with DOX treatment alone, although they remained higher
than those of the control (Fig. 5). Consistent with the mRNA
data, Tan ITA pretreatment dose-dependently increased the
protein expression of total Nrf2 compared with DOX alone
(Fig. 6A and B). The nuclear and cytoplasmic Nrf2 accumula-
tions were also investigated. As presented in Fig. 6C-E, Tan ITA
(5 and 10 uM) pretreatment for 4 h prior to DOX treatment for
24 h significantly increased the nuclear level of Nrf2, whereas

no significant changes were observed at the cytoplasmic level
with all Tan ITA dose or at the nuclear level with 3 M Tan
IIA.

Nrf2 knockdown inhibits the protective effect of Tan IIA on
DOX-induced H9c2 cells injury. To further determine whether
Tan ITA protected H9¢c2 cells against DOX-induced toxicity
in a Nrf2-dependent manner, Nrf2-siRNA was transfected
in H9c2 cells for 24 h to knockdown the Nrf2 expression. As
presented in Fig. 7, the protein level of Nrf2 was reduced to
38.4+9.0% following Nrf2 siRNA transfection compared with
that of the control. It was also observed that nuclear Nrf2 accu-
mulated in the DOX + Tan ITA groups, and was significantly
reduced in the Nrf2-siRNA + Tan ITA groups. Furthermore,
the MTT assay presented in Fig. 8 revealed that DOX treat-
ment significantly decreased the cell viability, while Tan ITA
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inhibited the effect of DOX on H9¢2 cells, which is consistent
with the results in Fig. 4C. Additionally, pre-transfection with
Nrf2-siRNA to knockdown the Nrf2 expression reversed
the effect of Tan ITA on the DOX-induced inhibition of cell
viability. These results suggest that Nrf2 mediates the protec-
tive effect of Tan IIA on DOX-induced H9¢2 cell injury.

Discussion

Nrf2 is a transcription factor that serves a key role in regu-
lation of intracellular redox signaling (19). Under normal
physiological conditions, Nrf2 is bound to Keapl and located
in the cytosol (20). The Keapl protein contains several
cysteine residues with sulfhydryl groups that can react
with ROS and electrophiles (9). When cells are exposed to
cellular stress, like ROS, the cysteine residues of Keapl are
modified by oxidative/electrophilic molecules, which results
in breaking the bonds between Keapl and Nrf2 (21). Once
the bonds are broken, Nrf2 translocates to the cell nucleus
and initiates transcription of antioxidant genes including
SOD, NQOI, GCLC, HO-1, MRP2 and P-gP (22). Imbalance
between free radicals and anti-oxidant defense is associated
with cellular dysfunctions leading to the pathophysiology of
various cardiovascular diseases (23). Therefore, Nrf2 may
be considered as a key regulator in maintenance of normal
cardiovascular function.

DOX is a widely used anti-cancer agent associated with
irreversible cardiomyopathy (2). Although the precise cardio-
toxicity mechanisms have not been clearly documented, it

is widely accepted that overproduction of ROS and oxidative
stress have vital roles (5,24). In view of the potent antioxidant
effect of Nrf2, several studies have investigated the role of Nrf2
in DOX-induced cardiotoxicity in vivo and in vitro (25,26). It
has been reported that Nrf2 mediated the protective effect of
sulforaphane, a-Linolenic acid and naringenin-7-O-glucoside on
DOX-induced cardiotoxicity (7,10,11), which indicated that Nrf2
may be a guided drug target for DOX-induced cardiotoxicity.
Tan IIA, a major bioactive diterpene quinone of
Salva miltiorrhiza, is used in the treatment of coronary
heart disease, cerebrovascular disease, hepatitis and hepa-
tocirrhosis due to its multiple pharmacological activities
including anti-oxidant, anti-inflammatory and anti-neoplastic
effects (12). The potential cardioprotective effects of Tan ITA
on DOX-induced cardiotoxicity have been confirmed in animal
models by decreasing the ST-interval and QRS interval, and
improving the occurrence of myocardium fibrosis (14). On
this basis, the present study further elucidated the inherent
mechanism. Another previous study demonstrated that Tan
ITA modulated Nrf2 expression in JB6 cells through epigen-
etic regulations (16). Others reported that Tan ITA inhibited
atherosclerosis in endothelial cells via an Nrf2-related
pathway (27). In the present study, it was not only discovered
that Nrf2 nuclear accumulation was increased when treated
with Tan ITA alone, but also that Tan IIA induced Nrf2
activity significantly in the Tan ITA + DOX-treated groups in
mice and in H9¢2 cells, and enhanced the expression of HO-1,
NQOI and GCLC. The essential role of Nrf2 in the protective
effects of Tan ITA was further supported by the knock-down
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Figure 6. Effect of Tan IIA on Nrf2 protein expression in DOX-treated H9c2 cells. (A) Representative western blotting and (B) quantitative analysis of total
Nrf2 protein expression. (C) Representative western blotting and (D and E) quantitative analysis of nuclear and cytoplasmic Nrf2 protein expression. Data are
presented as mean + standard error of the mean (n=3). “"P<0.001 vs. the control; ”"P<0.01 and “"P<0.001 vs. DOX. Tan IIA, tanshinone IIA; Nrf2, nuclear
factor (erythroid-derived 2)-like 2; DOX, doxorubicin; tBHQ, tertbutyl hydroquinone; PCNA, proliferating cell nuclear antigen.

experiments. Silencing the expression of Nrf2 by siRNA effec-
tively suppressed the Tan ITA-induced activation of Nrf2 and
at the same time reversed the increase in cell survival rate in
the Tan ITA pretreatment groups. These data strongly suggest
that the protective effect of Tan IIA on DOX-induced cardio-
toxicity was at least partly mediated by the activation of the
Nrf2 signaling pathway.

As Nrf2 induced downstream genes including anti-
oxidants, phase II metabolism enzymes, and phase III drug
transporters, HO-1, NQO1, GCLC, MRP2 and P-gp were
focused on as they had been reported most in previous
studies. HO-1 and NQOI1 are known as important intracel-
lular antioxidants to defend oxidative stress both inside
and outside cells (28). GSH is vital in the detoxification of
xenobiotics, and DOX treatment resulted in the depletion
of GSH levels (29). GCLC is the catalytic subunit of GCL
that catalyzes the rate-limiting step in the biosynthesis of
GSH (30). Tan ITA activated these genes to decrease the
oxidative burden by antioxidants and phase II conjugation
reactions. However, although MRP2 and P-gp were also
downstream targets of Nrf2, their expression exhibited no

significant changes compared with Tan ITA pretreatment
groups with DOX alone. MRP2 and P-gp are phase III drug
transporters which can remove xenobiotics and metabolites
that accumulate in the tissues and lead to toxicity. However,
such transporters are more likely to be studied in metabo-
lism organs like the liver and the kidney (31). Few studies
on transporters in the heart have been published, to the best
of our knowledge, suggesting that transporters are not the
main target of drugs or toxins in the heart. Conversely, Tan
ITA has mostly been demonstrated to have anti-oxidant and
anti-inflammation properties, and the ability of Tan ITA to
modulate drug transporters, particularly MRP2 and P-gp,
may be quite weak (12). In addition, there may be other signal
pathways that can modulate MRP2 and P-gp other than Nrf2.

Notably, it was observed that DOX-treatment induced
oxidative stress but did not activate Nrf2 in the present study.
In addition to Nrf2, many other factors are associated with
DOX-treatment induce oxidative stress, including NADPH and
NQOI (32,33). This may be the cause of the present result. To
the best of our knowledge, previous studies have investigated
the effect of DOX-treatment on Nrf2 nuclear accumulation,
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Figure 8. Effect of Tan IIA pretreatment on H9c2 cells viability following
Nrf2-siRNA transfection. The cell viability was measured by MTT. Data are
presented as mean + standard error of the mean (n=3). “P<0.01 vs. control;
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tanshinone IIA; Nrf2, nuclear factor (erythroid-derived 2)-like 2; siRNA,
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however, yet received inconsistent results. Li ef al (7) and
Han et al (10) demonstrated that DOX-treatment can inhibit
the Nrf2 nuclear transport, whereas Yu et al (11) received

the opposite result. These inconsistent results may be due to
different treatment times and concentrations.

Although several natural or synthetic compounds may be
used to prevent DOX-induced cardiotoxicity (34-36), one of the
major advantages of Tan ITA is that it has already been used
in clinic settings to treat coronary heart disease and angina
pectoris as Tan ITA sodium sulfonate injection with accept-
able bioavailability (37). The dose of Tan ITA used in humans
was 1.5 mg/kg, whereas 30 mg/kg in mice (15), as used in the
present study, can be converted to 4.95 mg/kg in human. This
suggests that the dose of Tan ITA for treating DOX-induced
cardiotoxicity in clinical settings may need to be raised to
>3 times as much as the dose that patients are currently treated
with. Furthermore, Tan ITA was previously demonstrated to be
able to suppress the proliferation of cancer cells and exhibit
anticancer activity (38-40), which may improve anti-cancer
potency when used together with DOX.

A previous study demonstrated the protective effect of
Tan ITA against DOX-induced cardiotoxicity (14), but there
were several limitations. It has previously been suggested that
HO9c2 cells were undifferentiated myoblasts, which may not
be considered as cardiomyocytes (41). Furthermore, the study
by Jiang et al (14) demonstrated that cell viability was not
sufficient to indicate the protective effects of Tan ITA against
DOX-induced cardiotoxicity. More functional assays may be
required in future studies in primary cardiomyocytes to verify



the protective effects of Tan IIA, such as alteration of cell
cycle and apoptosis-related protein expressions.

In conclusion, the present study suggests that the
Nrf2-dependent antioxidant response mediates the protective
effect of Tan ITA on DOX-induced cardiotoxicity, indicating
that Tan ITA may be a promising therapeutic adjuvant that
may prevent the heart from serious side effects of DOX.
Furthermore, these findings emphasize the vital role of Nrf2
signaling as promising targets to identify more potent pharma-
cological agents against DOX-induced cardiotoxicity.
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