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Abstract: Shenfu injection (SFI) and Shenmai injection (SMI) are classical Traditional Chinese Medicine (TCM) for
chronic heart failure (CHF). SFl is used for Yang Deficiency syndrome, while SMI is used for Yin Deficiency. The pres-
ent study aimed to investigate the effects of SFI and SMI on doxorubicin (DOX) induced chronic heart failure (CHF)
in a rat model. A total of 33 CHF rats were successfully established and received 15 days of SFl and SMI treatment,
followed by dividing into the DOX group, SMI group, and SFI group. Another 11 rats were chosen as the control group.
Echocardiograms and carotid artery intubations were performed. Blood samples were collected for assessment of
cardiac function markers and heart tissue homogenate were used for reactive oxygen species (ROS) and antioxidant
enzyme detection. Myocardial tissue was used for histological examinations and apoptosis index analysis. Present
results demonstrated that SFl, instead of SMI, improved survival rates of DOX-induced CHF rats. Both SFl and SMI
administration improved left ventricle systolic and diastolic function and decreased DOX-induced elevated cardiac
function markers. Moreover, SFI showed superior properties in attenuating DOX-induced ROS and inhibition of an-
tioxidant enzyme activities, thus inhibiting DOX-induced cardiac apoptosis. SFI mitigates DOX-induced oxidative
stress via activated Keap1/Nrf2/ARE pathways. In conclusion, this study identified that DOX associated CHF may
belong to Yang Deficiency in TCM and SFI effectively protects against DOX-induced CHF through activation of Keap1/
Nrf2/ARE pathways.
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Introduction ciency [5]. The main function and efficacy of dif-

ferent kinds of TCM vary considerably and some

Chronic heart failure (CHF), a complex clinical
syndrome, is a common and lethal syndrome
manifested by systemic perfusion insufficient
to meet peripheral organ metabolic demands,
resulting from attenuated cardiac pump func-
tion [1]. It has been considered one of the major
challenges in the cardiovascular field in the
twenty-first century due to its high incidence
and low 5-year survival rates, similar to that of
malignant tumors [2, 3]. Traditional Chinese
Medicine (TCM) has played an increasingly
important role in the treatment of heart failure.
The combination of TCM and modern medicine
could help improve the symptoms of CHF and
quality of patient life [4]. According to the theo-
ry of TCM, there are many clinical types of heart
failure, including Yang deficiency and Yin defi-

taboos exist regarding the use of TCM, espe-
cially for patients with acute exacerbation of
CHF [6]. For example, Shenfu injection (SFI) and
Shenmai injection (SMI) are two commonly
used TCMs for the treatment of CHF. However, it
is recommended that SFl is effective for Yang
Deficiency patients, while SMI is effective for
Yin deficiency patients [6]. Some studies have
suggested that SFI has significant positive ino-
tropic effects. Therefore, it should be contrain-
dicated in diastolic heart failure in the absence
of contraction dysfunction [7]. On the other
hand, low blood pressure has been correlated
with Yang Deficiency [8] and SFI has been com-
monly used in patients with hypotensive shock,
but not for heart failure with hypertension, due
to properties in stabilizing blood pressure [8, 9].
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Therefore, dialectical treatment is critical dur-
ing the usage of TCM and exact discrimination
of CHF categories could further promote the
modernization of TCM and clinical rational drug
use for TCM.

Doxorubicin (DOX), an effective anthracycline,
is a chemotherapeutic drug commonly used to
treat a wide range of cancers [10]. However, its
clinical use has been limited by the risk of
severe cardiotoxicity, which can lead to pro-
gressive irreversible heart failure particularly by
multiple cumulative doses [11]. Unfortunately,
no single chemical has been applicable in
reducing the progressive deleterious actions of
DOX without affecting its anti-tumor efficiency.
Thus, the search for an effective drug against
DOX-associated heart failure remains a critical
issue in both cardiology and oncology [12].
Currently, multiple mechanisms are involved in
DOX-induced heart failure [13]. Of these, oxida-
tive stress, an excess production of reactive
oxygen species (ROS), has been increasingly
shown to play a key role in CHF [14]. Nuclear
factor erythroid-2 related factor 2 (Nrf2)-Kelch-
like ECH-associated proteinl (Keapl) system
constitutes the nucleus of signaling pathways
in oxidative stress. Pleiotropic protein Nrf2 may
have protective effects on CHF via suppressing
oxidative stress [15].

The present study aimed to determine the
characteristics of the TCM category of DOX-
induced CHF in Sprague-Dawley rats, investi-
gating the effects of SMI and SFI on DOX-
induced CHF and underlying mechanisms
involved in antioxidant properties and activa-
tion of Nrf2 pathways. This study further aimed
to provide some experimental basis for use of
TCM in clinical practice.

Materials and methods
Animals

Sprague-Dawley (SD) rats, male, specific pa-
thogen-free (SPF) grade, 6 weeks old, and 210
+ 10 g in weight, were obtained from Hunan
Slack Kingda Experimental Animal Co., Ltd.
(Changsha, Hunan, China), license number SC-
XK9 (Hunan) 2013-0004, animal quality ce-
rtificate number no. 43004700007659. The
rats were bred in the Laboratory Animal Cent-
er of Hunan University of Chinese Medicine
(HUCM) (Changsha, Hunan, China). They were
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housed in separate cages and maintained
under a 12-hour light/12-hour dark cycle
at 24°C with free access to rat chow and wat-
er. All animal studies were performed accord-
ing to guidelines of the Institutional Animal
Care and Use Committee of HUCM. Experi-
mental protocols involving the animals and
their care were approved by the Experimental
Animal Ethics Committee of HUCM. All surger-
ies were performed under pentobarbital sodi-
um anesthesia.

Drugs and reagents

Doxorubicin was purchased from Zhejiang
Haizheng Pharmaceutical Co., Ltd. (Hangzhou,
Zhejiang, China, lot number: 130704). SMI was
purchased from Zhengda Qingchun Bao Ph-
armaceutical Co., Ltd. (Hangzhou, Zhejiang,
China, lot number: 1402225) and SFI was pur-
chased from Ya’an Sanjiu Pharmaceutical Co.,
Ltd. (Chengdu, Sichuan, China, lot number:
140205010). Chemical reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO,
USA). Lipid Peroxidation MDA Assay Kit, Ca-
talase (CAT) Assay Kit, Total Superoxide Dis-
mutase (SOD) Assay Kit, Glutathione Reducta-
se (GSH) Assay Kit, and Glutathione Peroxidase
(GPx) Assay Kit were all obtained from Beyotime
(Jiangsu, China). Creatine kinase (CK), creatine
kinase-MB (CK-MB), glutamic oxaloacetic trans-
aminase (AST), and lactate dehydrogenase
(LDH) diagnostic biochemical assay kits were
obtained from Biosino Biotechnology Company,
Ltd. (Beijing, China).

Induction of CHF rats and drug treatment

A total of 40 rats received intraperitoneal injec-
tions of DOX for 7 weeks at a dose of 1.5 mg/
kg (i.e., 0.75 mL/kg, two times per week) to
achieve an accumulative total dose of 21 mg/
kg. Rats in the control group (n=11) were inject-
ed with the same amount of sterile water. After
successful establishment of CHF rat models
with significantly elevated N-terminal pro-brain-
natriuretic peptide (NT-proBNP) and loss of car-
diac function detected by echocardiography,
the rats (n=33) were randomly divided into
three groups: DOX group, SFI group, and SMI
group. They were treated daily with intraperito-
neal injections for 15 days with SFI (6.0 ml/kg,
once a day, equivalent to a human clinical daily
dose), SMI (6.0 ml/kg, once a day, equivalent to
human clinical daily dose), or 0.5% Polysorbate
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Figure 1. SFI improves survival rates of DOX-treated
rats. The number of survival rats in control group,
DOX, SMI, and SFI groups was 11, 5, 5 and 8 (n=11
in each group). "P < 0.05 vs. control group; P < 0.05
vs. SMI group.

80 solution (the common solvent of SFI and
SMI). General conditions of CHF rats were
observed daily and animal survival rates after
administration were calculated.

Echocardiographic examination and hemody-
namic indexes assay

After administration with DOX and injections
with SMI or SFI, echocardiographic examina-
tions were performed to detect cardiac func-
tion, according to methods previously described
[16]. After anesthesia using 40 mg/kg sodium
pentobarbital (Sigma-Aldrich; Merck, Darms-
tadt, Germany), the rats were fixed in a supine
position. The M2 curve was measured in left
ventricular long axis and left ventricular papil-
lary muscle level with a linear probe. Left ven-
tricular end-diastolic volume (LVEDD), left ven-
tricular end-diastolic diameter (LVESD), left
ventricular end-diastolic volume (LVEDV), and
left ventricular end-systolic volume (LVESV)
were surveyed for three cardiac cycles and
means were obtained. Next, the value of EF and
left ventricular shortening scores (LVFS or
LVFS), used as a cardiac function parameter
index, were calculated by the Simpson method
[17, 18].

Hemodynamic indexes were measured using
a BIOPAC-MP150 multi-guided physiologic re-
corder (Biopac systems, inc., Goleta, CA USA).
Briefly, after intraperitoneal anesthesia, the
rats were fixed in supine position and the right
common carotid arteries (CCA) were isolated. A
science pressure catheter was slowly insert-
ed into the left ventricle through the CCA until
the left ventricular pressure wave could be
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observed. When the blood pressure curve sta-
bilized for 3 minutes, left ventricular systolic
pressure (LVSP), left ventricular end diastolic
pressure (LVEDP), maximum left ventricular
pressure (+dp/dt max), and maximum pressure
drop (-dp/dt max) were measured and pro-
cessed by Acqknowledge 4.2 (Biopac systems,
Inc.).

Assessment of cardiac function indices

Blood samples were then collected from the
inner-eye canthus into heparinized capillary
tubes. After 1.5 mL blood was collected, the
capillary glass tube was removed and the point
of insertion was pressed with a medical steril-
ization cotton ball to stop bleeding. Content of
NT-proBNP in the serum was detected by ELISA
and the operation was conducted strictly
according to ELISA kit instructions. Levels of
CK, CK-MB, LDH and AST in serum were mea-
sured, according to manufacturer instructions.
Subsequently, all rats were immediately eutha-
nized and the hearts were rapidly harvested,
washed, and cut longitudinally. These were
thoroughly washed with PBS and kept at-80°C.

Histological examinations

After being sacrificed, the left ventricle of ea-
ch rat was fixed in 10% formalin overnight at
-4°C, embedded in paraffin, and cut into sec-
tions of 5 um thickness. Microscopic myocar-
dial changes were observed and analyzed aft-
er hematoxylin and eosin (H&E) staining. An in
situ cell death detection kit, POD (Roche, Basel,
Switzerland), was used to detect cell apoptosis
in heart tissues. Sections were incubated with
proteinase K at 37°C for 20 minutes. Tissues
were then incubated with the TdT-mediated
dUTP nick end labeling (TUNEL) reaction mix-
ture at37°Cfor 1 hourinthe dark. Subsequently,
the sections were covered with converter-POD
at 37°C for 30 minutes, followed by incubation
with DAB for 3 minutes. After counterstaining
with the nuclear counterstain hematoxylin for
30 seconds, the number of TUNEL-positive
cells was counted with a Leica microscope
(DM1000, Leica) at 200 x magnification.

Measurement of oxidative stress and antioxi-
dant enzyme activity

A 10% cardiac tissue homogenate was pre-

pared in 0.1 M phosphate buffer (pH 7.4) using
a homogenizer (Tissue Tearor, Biospec, Ba-
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Figure 2. SFl and SMI improves cardiac function and hemodynamic indexes of CHF rats. (A) Representative images
of anatomic M-mode echocardiography of Sprague-Dawley rat hearts from control group (n=11), doxorubicin-treated
group (DOX group, n=5), DOX-treated rats with SMI treatments (SMI group, n=5), and DOX-treated rats with SF| treat-
ments (SFI group, n=8). Results of (B) LVEF and (C) LVFS were detected before and after SMI or SFl injections in the
four indicated groups. The hemodynamic indexes of DOX-induced chronic heart failure (CHF) rats including (D) LVSP;
(E) LVEDP; (F) +dp/dt max; (G) -dp/dt max were measured and recorded after administration with SMI or SFl for 15
days. *, P < 0.05 vs. control group; #, P < 0.05 vs. DOX group; $, P < 0.05 vs. SMI group.

rtlesville, OK USA). The homogenate was centri-
fuged at 14,000 x g for 15 minutes at 4°C to
remove cell debris. A fluorometric assay with
DCFH-DA was used for reactive oxygen species
(ROS) detection in a whole cell of cardiac tissue
homogenates. Briefly, cardiac tissue homoge-
nates were loaded with 10 yM DCFH-DA and
incubated in the dark for 30 minutes and 45
minutes, respectively, to allow formation of
DCF. They were then analyzed for fluorescence
(excitation 485 nm/emission 529 nm) using a
F-3000 Hitachi spectrophotometer (Hitachi,
Ltd., Chiyoda-ku, Tokyo, Japan). Values were
expressed as fluorescence intensity normal-
ized/mg protein. Aliquots of the supernatant
were used for determining the levels of MDA
and activities of CAT, SOD, GPx and GSH, in
accordance with manufacturer instructions.

Western blot

Total protein was extracted from heart tissues
using RIPA lysis buffer (Beyotime, Jiangsu,
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China) and equal amounts of protein were sep-
arated by SDS-PAGE and transferred to PVDF
membranes (Millipore, MA, USA). The mem-
branes were then blocked with 5% skim milk for
1 hour at room temperature and hybridized
with primary antibodies against Bcl-2 (1:1000),
Bax (1:1000), caspase-3 (1:1000) and cleaved
caspase-3 (1:1000), as well as B-actin (1:2000)
(antibodies were all obtained from Abcam,
Cambridge, MA, USA) at 4°C overnight. Me-
mbranes were then treated with corresponding
horseradish-peroxidase-conjugated secondary
antibodies for 1 hour at room temperature and
visualized using an ECL detection kit (Beyotime).
Quantity One software (version 4.6) was used
for analysis.

Statistical analysis

All experiments were carried out in triplicate
and repeated three times. Data are expressed
as mean + standard error SD for the indicated
number of independently performed experi-
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Table 1. Effects of SMI and SFI on serum NT-proBNP, CK, CK-MB, LDH, and AST levels in DOX-induced
rats

NT-pro BNP (pg/mL) CK (U/mL) CK (U/mL) LDH (U/mL) AST (IU/mL)
Control (n=11) 98.2£8.3 40.4 £ 2.6 454 +3.1 59.1+3.5 67.7+4.2
DOX (n=5) 541.2 + 29.4" 92.7 +2.8" 94.6 +2.4" 1348+ 7.8" 148.6 + 5.9
SMI (n=5) 409.6 £ 15.2% 76.3 £ 5.5% 71.7 + 4.6% 99.4 £ 5.3% 89.5 + 10.5*
SFI (n=8) 349.7 £ 22.7%% 59.6 + 3.7%* 56.2 + 4.5%% 70.9 £ 5.1%% 76.0 + 9.6%*

Note: “P < 0.05 significantly different from control; *P < 0.05 significantly different from DOX and *P < 0.05 significantly differ-
ent from SMI (one-way ANOVA followed by Tukey’s post hoc test).

ments using SPSS package 22.0 for Windows
(SPSS Inc., Chicago, IL, USA). Statistical signifi-
cance within the parameters was evaluated by
one-way analysis of variation (ANOVA), followed
by Tukey’s post hoc test. P < 0.05 indicates sta-
tistical significance.

Results

SFI, but not SMI, improves survival rates of
CHF rats

After treatment with DOX for 7 weeks, a total of
33 rats survived from DOX-induced toxicity (1
died from malnutrition, 2 for intestinal obstruc-
tion, 2 for pleural effusion, and 2 for heart fail-
ure). The success rate of establishing the CHF
rat model was 82.5% (33/40). After medicine
with SMI or SFI for 15 days, survival rates in
control, DOX, SMI, and SFI groups were 100%,
45.45%, 45.45%, and 72.73% (Figure 1). SFI
significantly improved survival rates, suggest-
ing that SFI plays an effective protection role in
the development of DOX-induced CHF.

SFI and SMI attenuate DOX-induced CHF

Subsequently, this study assessed the effects
of SMI and SFl on cardiac function. As shown in
Figure 2A, M-mode images showed significant
echocardiographic changes in both SMI and
SFI treated groups. Results suggest that LVEF
(Figure 2B) and LVFS (Figure 2C) were signifi-
cantly reduced before administration. However,
LVEF and LVFS were significantly increased in
the SMI group after administration and further
increased in SFI the group. Moreover, hemody-
namic parameters in different groups were
then investigated. Compared to the control
group, DOX treatment markedly interfered with
hemodynamics, as evidenced by reduced LVSP
(Figure 2D), LVEDP (Figure 2D), +dp/dt max
(Figure 2E), and -dp/dt max (Figure 2F), which
were ameliorated by SMI treatment. Results
showed that hemodynamic parameters in the
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SFI group were further recovered, compared
to the SMI group. Results revealed that SFI
showed more excellent properties in improving
cardiac function in DOX-induced CHF rats than
SMI.

SFl and SMI decrease DOX-induced elevated
cardiac function markers

Levels of serum cytokine NT-pro BNP, CK,
CK-MB, LDH and ALT of rats in the DOX-treated
group and SMI or SFI administration groups
were determined. Expectedly, DOX significantly
increased NT-pro BNP levels, as well as serum
levels of CK, CK-MB, LDH and ALT, compared
with those in the control group. There was a
significant reduction in the abovementioned
serum cytokines between the SMI group and
DOX group. Moreover, values of NT-pro BNP and
other cardiac function indices in the SFI group
were obviously decreased, compared with
those in the SMI group (Table 1).

SFI and SMI inhibit DOX-induced ROS and inhi-
bition of antioxidant enzyme activities

H&E staining of the heart sections of the DOX
group demonstrated a great number of inflam-
matory cells, massive cardiomyocyte degen-
eration, and swelling of the myocardial fibers,
compared with the control group. Interestingly,
after SFI and SMI administration, these injuri-
es were significantly reduced (Figure 3A). To
understand cellular mechanisms associated
with the beneficial effects of SFl and SMI, levels
of oxidative stress and endogenous antioxidant
enzyme activities were measured. As illustrat-
ed in Figure 3B, compared with the control
group, levels of ROS were obviously increased
in the DOX group. In contrast, SMI effectively
reduced DOX-induced generation of ROS.
Levels of ROS in the SFI group were further
reduced, compared to the SMI group. Oxidative
stress was characterized by the analysis of lipid
peroxidation and levels of MDA were signifi-
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Figure 3. SFI and SMI repress DOX-activated oxidative stress. (A) Histopathological changes of the myocardial tis-
sue of different groups, which cut longitudinally (upper panel) and transversely (low panel), were observed by light
microscopes after administration (400 x). (B) Levels of reactive oxygen species (ROS) in cardiac tissues were mea-
sured in DOX-induced rats treated with SMI or SFI treatment. (C) Levels of malondialdehyde (MDA), a marker of lipid
peroxidation was detected in the heart homogenates. Cardiac antioxidant enzyme activities of (D) SOD, (E) GSH, (F)
GPx, and (G) CAT and were evaluated in the heart homogenates in four groups. Control group: n=11; DOX and SMI

groups: n=5, SFI group: n=8. *, P < 0.05 vs. control group; #, P < 0.05 vs. SMI group.

cantly increased in the DOX groups, but were
alleviated by SFl and SMI administration (Figure
3C). Moreover, a significant decrease in the
activity of antioxidant enzymes, including SOD,
GSH, GPx, and CAT, was observed in DOX-
treated rats, compared to the control group. In
contrast, SFI and SMI remarkably reversed the
reduction in antioxidant enzyme activity caused
by DOX treatment (Figure 3D-G). Results indi-
cate that SFI showed superior antioxidant
effects to SMI on DOX-induced oxidative stress
and that SFI could markedly enhance antioxi-
dant enzyme activities.
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SFl and SMI protect against DOX-induced car-
diomyocytes apoptosis

Because apoptosis plays a key role in DOX-
induced cardiotoxicity, this study explored the
effects of SFI and SMI on DOX-induced myo-
cardial apoptosis. DOX induced cell apoptosis
was detected by TUNEL staining in cardiac
tissues. Intriguingly, both SFl and SMI adminis-
tration significantly attenuated DOX-induced
apoptosis. Apoptotic rates in the SFI group
were significantly lower than those in the SMI
group (Figure 4A). In addition, the ratio of Bax/

Int J Clin Exp Med 2018;11(12):13169-13179
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Figure 4. SFl and SMI blunt DOX-induced cardiomyocytes apoptosis. A. Representative pictures of TUNEL assay re-
sults (magnification at 400 x) and TUNEL apoptotic index were determined by calculating the ratio of TUNEL-positive
cells to total cells (Control group: n=11; DOX and SMI groups: n=5, SFI group: n=8). B. Representative immunoblots
showing Bax, Bcl-2, caspase 3, and cleaved caspase 3 expression. Blots represent the mean + SD of three separate
experiments. Bar diagram showing densitometric analysis for relative expression of Bax/Bcl-2 ratio and cleaved
cas3/Cas3 ratio. *, P < 0.05 vs. control group; #, P < 0.05 vs. SMI group.
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Figure 5. SFl induces Nrf2-mediated activation of ARE pathways in cardiac tissue. (A) Protein expression profile of
Nrf2 (nuclear), Histone H3, Keapl, Nrf2 (cytosolic), HO-1, and NQO1 in heart tissues from different groups as indi-
cated. The bar diagrams show relative band intensity of (B) Nrf2 (nuclear), (C) Nrf2 (cytosolic), (D) Keapl, (E) HO1,
and (F) NQO1. Results were normalized with Histone H3 for Nrf2 (nuclear), GAPDH for the remaining. *, P < 0.05 vs.
control group; #, P < 0.05 vs. SMI group.

Bcl-2 and cleaved Cas3/Cas3 was dramatically SFI mitigates DOX-induced oxidative stress via
increased in the DOX group but decreased activated Nrf2 pathways

in the SFI and SMI group (Figure 4B). These

results suggest that both SFI and SMI could Next, the present study investigated potential
prevent DOX-induced apoptosis. molecular mechanisms underlying the effects
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of SFI on CHF rats. Under normal conditions,
Nrf2 is located in the cytoplasm and under oxi-
dative stress. Nrf2 can be released from Keapl
and translocates into the nuclear, which con-
trols the expression of phase2 antioxidant
enzymes by binding to the Antioxidant Res-
ponse Element (ARE) region [19, 20]. To deter-
mine whether SFI exerts its function by activat-
ing Nrf2, levels of cytosolic and nuclear Nrf2
protein were analyzed. As shown in Figure
5A-D, DOX decreased nuclear Nrf2 expression,
whereas it increased Keapl and cytoplasmic
Nrf2 expression, compared to the control
group. In contrast, SFI, but not SMI administra-
tion, increased nuclear translocation of Nrf2,
whereas it decreased Keapl and cytoplasmic
Nrf2 expression, compared to the DOX group.
Moreover, alteration of Nrf2 downstream target
proteins was investigated, including HO-1
(Figure 5E) and NQO1 (Figure 5F). Results
showed that DOX treatment downregulated
HO-1 and NQO1 expression in cardiac tissues,
compared to the control group. Administration
of SFI significantly increased expression of
HO-1 and NQO1. Present data indicates that
SFI inhibits DOX-induced oxidative stress
through stimulation of Nrf2/ARE pathways.

Discussion

DOX is active in many tumors but its clinical use
has been limited by the possible development
of heart failure. Cumulative doses associated
with 5% risk of heart failure have been report-
ed, providing oncologists and cardiologists with
limits for safe administration of DOX [21]. In
this study, CHF rat models were established by
injecting DOX intraperitoneally. Results showed
that hemodynamic and pathological changes of
CHF rats were consistent with changes of car-
diomyopathy and chronic congestive heart fail-
ure, as previously described [22-24]. Therefore,
inducing a CHF rat model using DOX is a stable,
reliable, and repeatable method which could be
used for finding novel agents for treatment of
CHF. The present study compared the effects of
SFI and SMI on DOX-induced CHF, finding that
both could be effective in attenuating CHF.
However, SFl showed more excellent protective
properties than SMI when treating DOX associ-
ated CHF. It was assumed that this may largely
due to the reason that SFl is suitable for treat-
ment of Yang Deficiency CHF, whereas SMI is
for Yin Deficiency [6], leading to the different
effects on CHF rats. The excellent properties of
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SFl, compared to SMI, indicate that the syn-
drome of DOX-induced CHF may be via Yang
Deficiency.

Hemodynamic indexes, such as LVEF, LVFS,
LVSP, LVEDP, and +dp/dt max, can reflect the
function of contraction and diastole of the left
ventricle [25]. Values of the above markers
were reduced after DOX treatment, but signifi-
cantly improved with the addition of SMI and
SFI, suggesting the cardioprotective effects of
both SMI and SFI on DOX-induced left ventricu-
lar dysfunction. NT-proBNP plays a central role
in the diagnosis of DOX-induced cardiac dys-
function, as well as CHF in a rat model [26]. In
accordance with previous studies, more than
450 pg/mL was taken as the reference stan-
dard of NT-pro BNP in CHF rats [27]. Admi-
nistration of SFl or SMI significantly reduced its
levels. In parallel, it was found that SFI or SMI
treatment attenuated levels of serum cardiac
injury markers CK, CK-MB, LDH, and AST in
DOX-treated mice. This function may largely be
due to the fact that SFI or SMI could restrict
leakage of cardiac markers into the blood by
stabilizing the membranes of myocardium.

Involvement of oxidative stress in the mecha-
nisms of DOX-induced cardiotoxicity has been
the subject of many reviews [28]. Oxidative
stress is the imbalance between the produc-
tion of reactive oxygen species and intrinsic
antioxidant mechanisms. Lipid peroxidation is
the formation of a free radical chain that alters
membrane permeability and cell function [29].
The present study found increased levels of
MDA, which is the product of lipid peroxidation,
in DOX-treated rats, while administration of SFI
and SMI significantly reduced MDA levels.
Cardiomyocytes are more vulnerable to DOX-
induced damage than other organs due to high-
ly active metabolic machinery in the heart as
well as lower levels of antioxidant enzymes.
Consistent with previous studies [30], present
results showed that DOX depleted levels of
SOD, GSH, GPx, and CAT. You et al. suggested
that Sheng-Mai-San, which owns the same
main components as SMI, could protective
against DOX-induced cardiomyopathy through
attenuation in the DOX-induced increase in
MDA levels and reduction in antioxidant
enzymes [31]. Similarly, Ma et al. found that
Sheng-Mai Yin protects DOX-induced cardiac
toxicity through the restriction of myocardial
fibrosis [32]. The present study confirmed the
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above conclusion. Furthermore, SFI showed
superior ability to SMI in reducing oxidative
stress. SFI may also act as a stimulator of the
activity of antioxidant enzymes. To the best of
our knowledge, although previous studies have
demonstrated the protective effects of SFl on
heart failure [8, 33, 34], this is the first study
revealing the remarkable protective effects of
SFl on DOX-induced CHF in rats.

The present study explored the deep mecha-
nisms of how SFI exerts its function. Nrf2 is a
redox-sensitive transcription factor that trans-
fers to the nucleus to activate expression of
antioxidant genes by binding to ARE [35].
Recently, Nrf2 has been reported to play an
important role in DOX-induced cardiotoxicity
and deficiency of Nrf2 aggravates cardiotoxi-
city and cardiac function [36]. Activation of
Nrf2/ARE signaling attenuates the generation
of ROS and apoptosis of cardiomyocytes, indi-
cating protective effects against DOX-induced
cardiomyopathy [37], and even CHF. Present
data showed that both SMI and SFl administra-
tion could inhibit DOX-induced apoptosis in car-
diac tissues. However, results showed that only
SFI could activate Nrf2/ARE pathways in DOX-
induced cardiac injuries. Consistent with pre-
vious studies [38], DOX treatment caused sig-
nificant apoptosis and increased cytoplasmic
Nrf2 expression, while decreasing Keapl and
Nrf2 nuclear translocation. Downregulation of
Nrf2 target genes, including HO-1 and NQOI lev-
els, was also observed in DOX-treated rats.
Interestingly, it was found that SFI, but not SMI
treatment, stimulated Nrf2 activity. This may
explain the preferable protection of SFI on DOX-
induced CHF. The present study revealed that
the Nrf2/ARE antioxidant signaling axis was
involved in SFI-mediated cardioprotection.

In conclusion, this study demonstrated that SFI
showed superior properties to SMI in protecting
against DOX-induced CHF, suggesting that DOX
association may belong to Yang Deficiency in
TCM. SFI not only prevented DOX-induced CHF,
but also decreased oxidative stress levels,
increased expression of antioxidant enzymes,
and restored the activity of Keapl/Nrf2/ARE
pathways.
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