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Reducing oxidative stress may be important for treating
pirarubicin-induced cardiotoxicity with schisandrin B
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Abstract. The cardiotoxicity of pirarubicin (THP) seriously
affects its clinical application, which cannot be ignored.
The antioxidant effect of schisandrin B (SchB) has been
extensively reported in the context of dietotherapy. However,
whether this antioxidant effect can protect the heart from
THP damage remains unknown. The aim of the present study
was to investigate whether the antioxidant effect of SchB
can antagonize the cardiotoxicity of THP. Changes in elec-
trocardiogram (ECG), echocardiography and serum lactate
dehydrogenase, brain natriuretic peptide, creatine kinase MB
and cardiac troponin T levels were used to detect the degree of
cardiac damage. The levels of superoxide dismutase (SOD),
malondialdehyde, catalase and total antioxidant capacity in
the serum and heart were measured to observe the oxidative
stress state of rats. Primary cardiomyocytes were cultured,
and cell viability and reactive oxygen species (ROS) produc-
tion were detected. Western blotting was used to detect the
expression levels of SOD2, NOX2, pro/cleaved-caspase3
and Bcl-2/Bax in heart tissue and primary cardiomyocytes
to verify the related signaling pathways. THP-treated rats
showed a range of cardiac damage, including an abnormal
ECG, echocardiography and myocardial enzymes. In the
cellular experiments, cell viability decreased and ROS
increased. However, this damage was alleviated after
SchB treatment. Further studies demonstrated that SchB
antagonized THP cardiotoxicity via its antioxidant effect.
In conclusion, SchB protects the heart from THP damage in
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rats, and the mechanism may be closely associated with its
antioxidant effect.

Introduction

Pirarubicin (THP) is a doxorubicin analog that has gradually
replaced doxorubicin in clinical practice (1). The antitumor
effects of THP are more favorable than those of doxorubicin,
with lower toxicity and fewer side effects (2). However,
cardiotoxicity remains an issue (3). Different levels of cardiac
damage have been reported in early THP treatment stages,
and its long-term use may lead to irreversible cardiac damage
and increased cardiovascular end events, thereby limiting
its clinical applications (4,5). Patients with tumors are often
required to reduce or even stop THP therapy due to cardiac
intolerance (6). Previous studies have shown that oxidative
stress injury was implicated in THP-induced cardiac injury
and was the initial step in cardiomyocyte apoptosis and
necrosis, with effects including a reduced Bcl-2/Bax ratio and
activation of the caspase family (7,8). Other studies reported
that reducing or even reversing oxidative stress injury helped
prevent and treat THP-induced cardiac injury (8,9).

Schisandrin B (SchB), which is derived from
Schisandra chinensis, has very high biphenylcyclooctene
lignin levels and has been clinically shown to improve
antioxidant capacity levels and promote cell mitochondrial
functions (10,11). As a raw material, it may be added to func-
tional foods, herbal dietary supplements, antiaging health
care products and skin care products to protect the body from
free radicals (12-14). Recent studies have also reported that
long-term administration of low-dose SchB (Below normal
treatment or modeling concentrations) increased the function
and antioxidant capacity of mitochondria in the brain, heart,
liver and skeletal muscle of young and old experimental
rats (12,15,16). Additionally, SchB administered to rats
(a myocardial infarction model) protected cardiomyocytes
from ischemia/reperfusion injury (17).

Therefore, we hypothesized that SchB could protect the
heart from THP damage via antioxidant mechanisms. To
the best of our knowledge, this hypothesis has not yet been
previously confirmed in vivo or in vitro. Therefore, the current
study investigated the antioxidant effects of SchB during
THP-induced cardiac damage and preliminarily evaluated the
key antioxidant mechanisms.
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Materials and methods

Materials. SchB and THP, purity =98%, were purchased
from Shanghai Aladdin Reagent Co., Ltd. Malondialdehyde
(MDA cat. no. A003-1-2), superoxide dismutase (SOD;
cat. no. A001-3-2), catalase (CAT; cat. no. A007-1-1), total
antioxidant capacity (T-AOC; cat. no. A015-1-2) and lactate
dehydrogenase (LDH; cat. no. A020-2-2) test kits were obtained
from Nanjing Jiancheng Biological Engineering Research
Institute. Brain natriuretic peptide (BNP; cat. no. MB-1608A),
creatine kinase MB (CK-MB; cat. no. MB-6930A) and cardiac
troponin T (cTnT; cat. no. MB-7278A) test kits were purchased
from Shanghai Meixuan Biological Science and Technology,
Ltd. A reactive oxygen species (ROS) detection kit and Cell
Counting Kit (CCK)-8 cell viability and toxicity detection
kits were acquired from Biosharp Life Sciences. Antibodies
against SOD2 (cat. no. 13141S), pro/cleaved caspase-3
(cat. nos. 14220S/9664S) and Bax (cat. no. 14796) were
obtained from Cell Signaling Technology, Inc., and antibodies
against NADPH oxidase 2 (NOX2; cat. no. 19013-1-AP) and
Bcl-2 (cat. no. 26593-1-AP) were obtained from ProteinTech
Group, Inc. All chemicals and reagents were of analytical
grade.

Animal experiments

Animal model. This study was approved by the Animal Ethics
Committee of The First Affiliated Hospital of Chongqing
Medical University (CMU; approval no. 20195101). A total
of 20 male Sprague Dawley (SD) rats (weight, 180-200 g;
age, 6 weeks) were obtained from the CMU Experimental
Animal Center. Rats were kept at a standard room tempera-
ture of 22+3°C with 45+10% humidity under a 12 h light/dark
cycle. The animals were supplied with ad libitum standard
laboratory food and tap water prior to experimentation. Rats
were randomly distributed equally into four groups (n=5 in
each group): Control (CON) group (normal diet for 7 weeks),
SchB group (SchB-supplemented diet, 50 mg/kg for 7 weeks),
THP group (3 mg/kg THP was injected via the caudal vein
once a week with a normal diet for 7 weeks) and SchB +
THP group (3 mg/kg THP was injected via the caudal vein
once a week with an SchB-supplemented diet, 50 mg/kg for
7 weeks). The doses of THP and SchB were converted from
the doses taken by patients clinically and according to our
previous research (18-20). Rats in the CON and THP groups
were fed an AIN-76A diet. The AIN-76A diet contained
~5.2% fat (% by weight, approx. all from corn oil). The SchB
diet in the SchB group and SchB + THP group contained
~0.5%0 SchB in AIN-76A feed. After conversion, 0.5%0 SchB
in the diet=50 mg/kg in rats. Similar feed processing and
feeding schemes can be found in our previous studies (21,22).
AIN-76A feed and SchB feed processing were completed by
Jiangsu Synergy Pharmaceutical Bioengineering Co., Ltd.
Food consumption and body weight were measured twice
a week.

Electrocardiogram (ECG) and Doppler echocardiography.
At week 8, SD rats were anesthetized with inhaled isoflurane
(2%, the maintenance dose was also 2%). Three lead on ECG
was recorded by a BL-420F biological function measure-
ment system (Chengdu Taimeng Software Co., Ltd.). Doppler

echocardiography was measured by using a Vivid E95 ultra-
sonic diagnostic apparatus (General Electric Company).

Sample collection and processing. Rats were sacrificed via
cervical dislocation under anesthesia (inhalation of 2% isoflu-
rane). Blood samples were collected from the abdominal aorta
and centrifuged at 314 x g for 30 min at 4°C. The supernatant
was stored in a refrigerator at -80°C. A cardiac tissue sample
was then removed and stored at -80°C. The levels of LDH,
BNP, CK-MB, cTnT, SOD and MDA in serum were determined
according to the instructions of the kits. A total of ~100 mg
heart tissue was homogenized in normal saline at a ratio of
1:10 and then centrifuged in a low-temperature centrifuge
at 1,250 x g for 15 min at 4°C. The supernatant was obtained
to determine the contents of SOD, MDA and CAT and the
T-AOC in accordance with the manufacturer's protocol.

Cell culture and treatment. The relevant extraction methods for
primary cardiomyocytes have been described in our previous
study (18). A total of 20 neonatal male SD rats (age, 1-3 days;
weight, 5-6 g) were kept at a standard room temperature of
22+3°C with 45+10% humidity under a 12 h light/dark cycle
at the CMU Experimental Animal Center. Animals were not
fed and were immediately anesthetized and disinfected with
75% ethanol. The ventricular areas were quickly isolated under
aseptic conditions. Blood clots, blood vessels and fat in the heart
were removed, and the remaining tissue was washed clean,
cut into chylous shapes (1 mm?), digested by trypsin + type II
collagenase, filtered, centrifuged (200 x g at 26°C for 5 min),
suspended and seeded. Finally, primary rat cardiomyocytes
were obtained by the differential adhesion method and seeded
in six-well plates at a density of 70-80% (18). The obtained
primary rat cardiomyocytes were further cultured for 24-48 h
in DMEM (Gibco; Thermo Fisher Scientific, Inc.) with 10%
FBS (PAN-Biotech GmbH) and 2% penicillin/streptomycin
at 37.5°C, pH 7.2-7.4 and 95% air + 5% CO,. Cardiomyocytes
were then treated (37.5°C) according to the following methods:
Normal group (CON), SchB group (SchB, 50 uM, 14 h),
THP group (THP, 10 uM, 12 h), and THP + SchB coculture
group (SchB, 50 M, 2 h; SchB 50 uM + THP 10 M, 12 h).
Approximately every 15 neonatal rat cardiomyocytes were
placed into a standard six-well plate. A total of ~4 six-well
plates were used, with an average of six wells in each group.
Cell viability and oxidative stress in each group were detected
according to the instructions of the CCK-8 and ROS kits (23).

Western blotting. Heart tissue and primary rat cardiomyocytes
were lysed in RIPA lysis buffer with 1% protease inhibitor
(Beyotime Institute of Biotechnology). A BCA kit was used
to determine the protein concentration in the supernatant
(Beyotime Institute of Biotechnology). In total, ~50 ug heart
tissue lysate or 20 ug cell lysate was used for 12% SDS-PAGE,
and proteins were then transferred to an FL membrane
(MilliporeSigma) at 4°C for 1.5 h. After blocking with 5%
non-fat milk powder (Beyotime Institute of Biotechnology) at
room temperature for 1.5 h, the following primary antibodies
were added and incubated overnight at 4°C: SOD2 (1:1,000),
pro/cleaved caspase-3 (1:1,000), Bax (1:1,000), NOX2 (1:2,000)
and Bcl-2 (1:1,000) were. Subsequently, HRP-conjugated
goat anti-rabbit IgG (H+L) secondary antibodies (1:10,000;
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Figure 1. SchB improves THP-induced body weight, food intake and echocardiographic changes in rats. (A) Body weights and (B) food intake of THP-treated
rats decreased in the third and fourth weeks. (C) EF and (D) %FS decreased, and (E) LVIDd and (F) LVIDs increased in THP-treated rats. After treatment
with SchB, the aforementioned changes were effectively alleviated. All values are presented as the mean + SD. "P<0.05 vs. CON; “P<0.05 vs. THP. EF, left
ventricular ejection fraction; FS, left ventricular shortening fraction; LVIDd, left ventricular internal diameter at end-diastole; LVIDs, left ventricular internal

diameter at end-systole; CON, control; SchB, schisandrin B; THP, pirarubicin.

Thermo Fisher Scientific, Inc.; cat. no. 31460) were added and
incubated at room temperature for 1.5 h. The western blotting
results were analyzed using BeyoECL Plus (Beyotime Institute
of Biotechnology) and Image Lab software (version 5.2.1;
Bio-Rad Laboratories, Inc.). The specific protein expression
levels were normalized to that of GAPDH.

Statistical analysis. Data are presented as the mean + standard
deviation (n=3) and statistical analyses were performed using
SPSS Statistics 26 (IBM Corp.). The significance of differ-
ences between groups was analyzed statistically using one or
two-way ANOVA, followed by Tukey's multiple-comparison
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

SchB improves THP-induced body weight, food intake
and echocardiographic changes in rats. The body weights
(Fig. 1A) and food intake (Fig. 1B) of THP-administered
rats began to decrease in the third and fourth weeks.
However, significant improvements in the aforementioned
changes were observed after treatment with SchB. Similarly,
THP caused echocardiographic damage in rats, such as a
decreased left ventricular ejection fraction (Fig. 1C),
decreased left ventricular fractional shortening (Fig. 1D),
increased left ventricular internal diameter (LVID) at
end-diastole (Fig. 1E) and an increased LVID at end-systole
(Fig. 1F). After treatment with SchB, the aforementioned
changes were effectively alleviated.

SchB effectively improves THP-induced myocardial injury
in rats. THP also caused myocardial injury in rats, including
increased R waves (Fig. 2A) and T waves (Fig. 2B), decreased S
waves (Fig. 2C) and prolonged QT intervals (Fig. 2D). Similarly,
the serum markers of myocardial injury in rats were also
abnormal, including increased LDH (Fig. 2E), BNP (Fig. 2F),
CK-MB (Fig. 2G) and ¢InT (Fig. 2H). After SchB treatment, the
aforementioned changes were significantly improved (Fig. 2A-H).

SchB attenuates THP-induced oxidative stress in rats. The
MDA content (Fig. 3A and E) was increased and the SOD
content (Fig. 3B and F) was decreased in both serum and
heart tissue of the THP group. Similarly, reductions were also
detected with regards to CAT and T-AOC in the serum and
heart. Moreover, SchB improved the THP-induced increase
in MDA and the decrease in SOD, CAT (Fig. 3C and G) and
T-AOC (Fig. 3D and H), indicating that SchB improved the
antioxidant capacity of rats.

Subsequently, the expression of oxidative stress markers and
related downstream proteins in heart tissue were evaluated. As
shown in Fig. 4B, the expression levels of SOD2, pro-caspase-3
and Bcl-2/Bax were decreased, while the expression levels of
NOX2 and cleaved-caspase-3 were increased.

However, after treatment with SchB, the aforementioned
changes were significantly improved, as shown by the
semi-quantitative analyses (Fig. 4C).

SchB improves myocardial tissue changes induced by THP
in rats. As shown in Fig. 4A, the myocardial cells in the THP
group were disordered, the intercellular space was increased
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Figure 2. SchB effectively improves THP-induced myocardial injury in rats. The (A) R wave and (B) S wave increased; the (C) T wave decreased; and the
(D) QT interval was prolonged in THP-treated rats. Similarly, (E) LDH, (F) BNP, (G) CK-MB and (H) ¢TnT increased in the serum of THP-treated rats. After
SchB treatment, the aforementioned changes were significantly improved. All values are presented as the mean + SD. "P<0.05 vs. CON; “P<0.05 vs. THP.
LDH, lactate dehydrogenase; BNP, brain natriuretic peptide; CK-MB, creatine kinase MB; ¢TnT, and cardiac troponin T; CON, control; SchB, schisandrin B;

THP, pirarubicin.

and the myocardial tissue was calcified or denatured. However,
these changes in the heart were alleviated after SchB treat-
ment.

SchB attenuates THP-induced oxidative stress in primary
cardiomyocytes. As shown in Fig. 5A and B, THP reduced
primary cardiomyocyte viability and increased ROS levels.
Similarly, the expression levels of oxidative stress markers and
related downstream proteins in primary cardiomyocytes were
detected. The results suggested that the expression levels of
SOD2, pro-caspase-3 and Bcl-2/Bax were decreased, while
the expression levels of NOX2 and cleaved-caspase-3 were
increased in the THP group (Fig. 5C).

However, after treatment with SchB, the aforementioned
changes were significantly improved, as shown by the
semi-quantitative analyses (Fig. SD).

Discussion

At a 50-mg/kg dose, SchB displayed novel and promising
effects by improving THP-induced cardiotoxicity in rats and
produced considerable improvements in a series of cardiac
injury manifestations. Consistent with our hypothesis, the
key to improving THP-induced cardiac injury by SchB was
combatting increased oxidative stress. Thus, the current study
provided an improved understanding of the pharmacological
effects of SchB and novel insights for the development of
effective natural products to prevent THP cardiotoxicity.

At present, SchB has shown some achievements in the
study of the cardiotoxicity of anthracycline antitumor drugs.
However, the data are relatively old and all focus on adria-
mycin (24,25). Adriamycin has been gradually abandoned
in clinical practice, while other corresponding anthracycline
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Figure 3. SchB attenuates THP-induced oxidative stress in rats. (A and E) MDA content increased and the (B and F) SOD content decreased in both serum
and heart tissue. SchB also increased the THP-induced decrease in (C and G) CAT and (D and H) T-AOC. All values are presented as the mean + SD.
“P<0.05 vs. CON; *P<0.05 vs. THP. SOD, superoxide dismutase; MDA, malondialdehyde; CAT, catalase; T-AOC, total antioxidant capacity; CON, control;
SchB, schisandrin B; THP, pirarubicin.
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Figure 4. SchB improves myocardial tissue changes induced by THP in rats. (A) The myocardial cells in the THP group were disordered, the intercellular
space was increased and the myocardial tissue was calcified or denatured. However, these changes in the heart were alleviated after SchB treatment (magnifica-
tion, x200). (B) The expression levels of SOD2, pro-caspase-3 and Bcl-2/Bax decreased, while the expression levels of NOX2 and cleaved-caspase-3 increased.
However, after treatment with SchB, the aforementioned changes were significantly improved. (C) Semi-quantitative analysis of western blotting results.
Magnification, x200. All values are presented as the mean = SD. "P<0.05 vs. CON; #P<0.05 vs. THP. SOD, superoxide dismutase; NOX, NADPH oxidase;
CON, control; SchB, schisandrin B; THP, pirarubicin.
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oxidase; CON, control; SchB, schisandrin B; THP, pirarubicin.

antitumor drugs, such as THP, are more widely used. THP
is an anthracycline antitumor drug; however, cardiotoxicity
issues have limited its clinical application (3). Often, patients
with cancer must reduce doses or even stop therapy due to
cardiac intolerance (6). Echocardiography and ECG are
commonly used as cardiac function test methods to monitor
patients receiving anthracycline drugs (26,27). Without
intervention, patients or animals on long-term anthracyclines
may incur some level of echocardiography and ECG damage,
which is consistent with our present observations (26,27). In
addition, myocardial injury serum markers, such as CK-MB,
c¢I'nT and BNP, also reflect damage to cardiac function and
structure (28,29).

Cardiotoxicity induced by anthracyclines is closely
associated with oxidative stress (30). High ROS levels
activate cytotoxic signals leading to DNA damage,
mitochondrial dysfunction, altered protein synthesis and
calcium overload, eventually leading to irreversible cardio-
myocyte damage (30,31). The end-product of oxidation is

MDA, which causes cross-linking and polymerization of
proteins, nucleic acids and other key macromolecules to
induce cytotoxicity (32), thereby affecting the activity of
in vitro mitochondrial respiratory chain complexes and key
enzymes in mitochondria (22). SOD is also regarded as a
major destroyer of oxygen free radicals in the body, which
resists, blocks and recovers the damage caused by oxygen
free radicals and repairs damaged cells over time (33,34).
Similarly, in the current THP model, MDA levels increased,
and SOD activity, CAT levels and the T-AOC decreased in
both serum and heart tissue, suggesting that THP induced
abnormal increases in oxidative stress in the model. NOX is
the main ROS source in cardiovascular systems, and NOX?2
is the earliest NOX subtype that transfers NADPH electrons
to molecular oxygen, generating superoxide anions (O*) and
inducing disease (35-37). Increased NOX2 expression in
the rat heart suggested that THP induced ROS overproduc-
tion by activating NOX?2 expression. Similar results were
obtained in vitro.
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Another important finding of the present study was that
SchB had promising protective effects on THP-induced
cardiac injury; these injuries were improved, and SchB
reduced oxidative stress levels in rats and primary cardiomyo-
cytes. Consistent with other studies (12,38), SchB increased
SOD levels, inhibited lipid peroxidation, reduced the release
of LDH, MDA and ROS, and directly scavenged free radicals.
These scavenging effects on oxygen free radicals were a signif-
icant feature of SchB function, and, critically, these effects on
hydroxyl free radicals were greater than those of vitamin C at
the same concentration (39). Excessive oxidative stress in the
heart and myocardial cells also induces apoptosis and eventu-
ally leads to myocardial cell death (40). Consistent with the
present results, excessive ROS production led to activation of
the caspase protein family and decreased the Bcl-2/Bax ratio,
which eventually led to increased cardiomyocyte apoptosis
and affected normal heart function (41,42). SchB effectively
reversed these harmful changes both in vivo and in vitro.

The present study confirmed that the cardiovascular
protective effects of SchB were dependent on reducing oxida-
tive stress levels. The current results provided evidence that
SchB, as a natural molecule, exerted strong cardiovascular
protective effects and highlighted its key potential antioxidant
stress mechanisms. However, at the end of the experiment,
representative images of rats in each group were not captured,
and the general state of rats was not observed. In addition,
how SchB regulated oxidative stress and some specific mecha-
nisms remains unclear. Therefore, further studies are required
to clarify the potential role of SchB as a new and effective
antioxidant drug for drug-induced cardiovascular disease and
other cardiovascular diseases.

In conclusion, the present study identified that SchB
effectively improved heart injury caused by THP, which was
closely associated with its strong antioxidant capacity. Based
on this evidence, SchB may be a promising new drug for the
prevention and treatment of cardiovascular disease caused by
abnormal increases in oxidative stress mediated by drugs or
other causes. A clinical study by the authors will be conducted
soon, but at present the basic research is ongoing and will
explore other mechanisms and therapeutic targets.
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