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Background: Doxorubicin (DOX) is one of the most effective chemotherapeutic agents
available; however, its use is limited by the risk of serious cardiotoxicity. Danshensu (DSS),
an active ingredient in Salvia miltiorrhiza, has multiple cardioprotective effects, but the
effect of DSS on DOX-induced cardiotoxicity has not been reported.

Objectives: Predicting the targets of DOX-induced cardiotoxicity and validating the
protective effects and mechanisms of DSS.

Methods: (1) Using methods based on network pharmacology, DOX-induced
cardiotoxicity was analyzed by data analysis, target prediction, PPI network construction
and GO analysis. (2) The cardiotoxicity model was established by continuous
intraperitoneal injection of 15 mg/kg of DOX into mice for 4 days and the protective
effects and mechanism were evaluated by treatment with DSS.

Results: The network pharmacology results indicate that CAT, SOD, GPX1, IL-6, TNF,
BAX, BCL-2, and CASP3 play an important role in this process, and Keap1 is the
main target of DOX-induced cardiac oxidative stress. Then, based on the relationship
between Keap1 and Nrf2, the Keap1-Nrf2/NQO1 pathway was confirmed by animal
experiments. In the animal experiments, by testing the above indicators, we found that
DSS effectively reduced oxidative stress, inflammation, and apoptosis in the damaged
heart, and significantly alleviated the prolonged QTc interval caused by DOX. Moreover,
compared with the DOX group, DSS elevated Keap1 content and inhibited Nrf2, HO-1,
and NQO1.

Conclusion:  The results of network pharmacology studies indicated that
Keap1-Nrf2/NQO1 is an important pathway leading to DOX-induced cardiotoxicity, and
the results of animal experiments showed that DSS could effectively exert anti-oxidative
stress, anti-inflammatory and anti-apoptotic therapeutic effects on DOX-induced
cardiotoxicity by regulating the expression of Keap1-Nrf2/NQO1.

Keywords: Doxorubicin, Danshensu, network pharmacology, oxidative stress, inflammation, Keap1-Nrf2/NQO1

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1

February 2022 | Volume 9 | Article 827975


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.827975
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.827975&domain=pdf&date_stamp=2022-02-28
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:956266185@qq.com
mailto:1065561615@qq.com
mailto:chuli0614@126.com
https://doi.org/10.3389/fcvm.2022.827975
https://www.frontiersin.org/articles/10.3389/fcvm.2022.827975/full

Qietal.

DSS Ameliorates DOX-Induced Cardiotoxicity

INTRODUCTION

Doxorubicin (DOX), an anthracycline antibiotic, is the first-line
drug for the clinical treatment of chemotherapy. It has been
widely used to treat human tumors like leukemia, lymphoma, and
solid malignant tumor (1). At the same time, the application of
DOX is restricted to a certain extent due to severe heart failure
and irreversible cardiomyopathy (2, 3).

There is no doubt that DOX-induced cardiotoxicity is a
multifactorial process, and oxidative stress is considered to
be a key factor in it (4). Reactive oxygen species (ROS)
are natural byproducts of normal oxygen metabolism and
have an important role in cell signaling and balancing the
oxidative state in vivo. Mitochondria are the main organelle
for ROS production, and once DOX enters the cardiomyocyte,
nicotinamide adenine dinucleotide phosphate oxidase, and
nitric oxide synthase in the mitochondria convert its quinine
group to semiquinone. This semi-quinone reacts with 0%
and is converted to HyO, by superoxide dismutase (SOD).
Dangerously, HO, and O?~ have the potential to produce
highly unstable and toxic hydroxyl radicals (OH™) in the
iron-catalyzed Haber-Weiss reaction (5). High levels of ROS
not only stimulate cell membrane lipid peroxidation, causing
oxidative damage to mitochondria and cell membranes in
cardiomyocytes, but also activate nuclear transcription factor
damage and upregulate expression factors of inflammation
(6). Severe oxidative stress can regulate B-cell lymphoma-2
(BCL-2) and BCL2-associated X (BAX) in mitochondria, and
finally activate Caspase-3 (CASP3) to induce apoptosis (7).
Studies have confirmed that DOX-induced cardiotoxicity triggers
arrhythmias, including prolonged QT interval, bradycardia
and ST-segment elevation (8), cardiomyopathy, left ventricular
insufficiency, and congestive heart failure (9).

DOX-induced cardiotoxicity is classified as “heart failure
disease” and “palpitation” in Chinese medicine (10) with
palpitations and blood stasis as the main symptoms. Treatment
should be based on activating blood stasis and warming
the heart yang (11). Although dexrazoxane is the only
drug approved by the FDA to protect against cardiotoxicity
caused by anthracyclines, it still has side effects such as
causing an increased incidence of second primary malignancies
(12). Currently, numerous pharmacologists are searching for
monomeric components of plants that can mitigate DOX-
induced cardiotoxicity.

Danshen (Salvia miltiorrhiza Bge), coming from the root
and rhizome of Danshen, is widely used to protect against
heart diseases such as myocardial ischemia and atherosclerosis
(13). Danshensu [DSS, CoH;¢Os5, 3-(3, 4-dihydroxy-phenyl)
lactic acid, Figure 1], is a water-soluble constituent from Salvia
miltiorrhiza whose structure is composed of catechol and lactic
acid. Catechol is the main active group that plays an antioxidant
role in protecting the heart from cardiac ischemia-reperfusion
injury (14). DSS has many pharmacological effects, such as
anti-oxidation, anti-apoptosis, treatment of myocardial ischemia,
and relief of myocardial hypertrophy (15-18). In addition,
the protective effect of DSS on the heart may be due to the
decrease of intracellular calcium concentration by inhibiting

HO

HO

FIGURE 1 | Chemical structure of Danshensu.

L-type calcium current and contraction of cardiomyocytes; it
has a similar effect of calcium antagonists (19). However, the
protective effect of DSS pretreatment against DOX-induced
cardiotoxicity needs to be further explored. Studies have shown
that treatment with angiotensin-converting enzyme inhibitors
improves the prognosis of patients with chronic heart failure
(20). As an angiotensin-converting enzyme inhibitor, Captopril
(CAP) has been reported to be a standard protective agent (21)
that significantly ameliorates DOX-induced cardiotoxicity by
inhibiting oxidative stress and inflammation (22, 23). Therefore,
CAP will be used as a positive control drug in this study (24).

Network pharmacology is a method of drug design, based
on the rapid development of bioinformatics, systems biology,
and multi pharmacology. Traditional drug design adheres to
the concept of finding the most selective ligand to act on
a single drug target (25). However, a large number of failed
drug development trials in clinical phase 2 and 3 have taught
us that multi-target synergy in disease may be the key to
finding ligands (26). By matching molecular structures and
screening molecules for absorption, distribution, metabolism,
and excretion in vivo, we can obtain ligands with high correlation
to disease targets (27). Three complementary approaches to
constructing a disease “complex protein/gene” network are
systematic screening, network analysis, and knowledge-based
combinations, and this network has yielded excellent results in
unraveling small molecule regulatory principles and screening for
receptor affinity (25).

According to the existing reports on DOX-induced
cardiotoxicity, this study utilized a network pharmacology
approach to identify key targets, confirm the preventive effects
of DSS in experiments and elucidate the mechanism of action,
providing ideas for further experiments.

MATERIALS AND METHODS

Data Collection and Preparation

In the Comparative Toxicogenomics Database (http://ctdbase.
com/) (28), “Doxorubicin” was used as the keyword to search,
and the results were obtained and exported under “Genes.” In
the GeneCards database (https://www.genecards.org/) (29), we
used the search term “heart damage” as the keyword, gathered the
results directly and exported them. All searches were performed
in the context of Homo sapiens.
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Network Construction and Analysis

The collected targets were used to find the intersection and
imported into Cytoscape 3.7.1 to construct the network diagram.
Then, the intersection targets were first introduced into DAVID
(https://david.ncifcrf.gov/) (30, 31) for Gene Ontology (GO)
analysis and STRING (https://string-db.org/) (32) to construct
protein-protein interaction (PPI) network. “Homo sapiens” was
used as the screening condition, and the minimum interaction
score was set to 0.700, through which the correlation score
was obtained. GO analysis is mainly used to enrich gene
related functional types including biological processes (BP),
molecular functions (MF). The PPI network score was analyzed
by Cytoscape 3.7.1 to extract the core targets and determine the
related indicators of animal experiments.

Materials

DSS was purchased from Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). DOX was purchased from Hisun
Pharmaceutical Co., Ltd (Zhejiang, China). Other chemical
reagents needed in this experiment were purchased from Sigma
Co., Ltd. (MO, USA).

Animals

Six-week old male adult KM mice weighing 18-21 g, given from
the Skbex Biotechnology Co., Ltd (Henan, China). The animals
were kept under standard conditions, i.e., normal administration
of feed and water, maintaining ambient temperature (20 =+
5°C) and humidity (40-60%). The handling of animals in this
experiment has been authorized by the Animal Experiment
Ethics Committee of Hebei University of Traditional Chinese
Medicine, with the record number DWLL2020070.

Experimental Design

After adaptive feeding for a week, and then 60 male adult KM
mice were randomly divided into six groups (10 mice in each
group): CON group, DOX group, DSS group, low-dose DSS
+ DOX group (DSSr), high-dose DSS+DOX group (DSSh),
CAP+DOX group (CAP). The DOX (15 mg/kg) dose was
established based on previous studies (33). The DSSy, and DSSy
groups were administrated with DSS (50, 100 mg/kg/day, i.p.),
and the CAP group was administrated with CAP (45 mg/kg/day,
i.p.) separately. Normal saline was given to the CON group and
DOX group and corresponding doses of drugs were given to the
DSS pretreatment group and CAP group for 3 consecutive days.
After 4 days of pretreatment, DOX was administered 6h after
protective drug injection in days 4-7 (Figure 2) (24).

On day 8, all mice were anesthetized with sodium
pentobarbital (50 mg/kg) and euthanized after ECG collection.
Blood was collected from the inner canthal region, centrifuged
at 3,000 r/min for 15 min, and the serum from the upper layer
was drawn and stored at —20°C. Cardiac tissue was rapidly
removed and part of it was stored in paraformaldehyde fixative
with 0.04%, and the other was stored in liquid nitrogen.

Electrocardiogram (ECQG)
Green, black, and red subcutaneous needle electrodes were
connected to the left upper limb, left lower limb, and right lower

limb of the mice, respectively, and the ECGs were collected
with an RM6240BD biosignal acquisition and processing system
(Chengdu Instrument Co., Ltd., Chengdu, China). The QTc
interval (QTc) was corrected using the Bazett formula: QTc =
QT//R-R, with R-R being the normalized heart rate value.

Histopathological Analysis

The hearts of mice in each group were fixed in 4%
paraformaldehyde for 48h and then embedded in paraffin;
the sample was processed into 3-5 m thick sections and treated
with hematoxylin-eosin (H&E) and examined under a light
microscope (400x).

Serum Biochemical Analysis

After collection, the blood of mice was centrifuged at 3,000 r/min
for 10 min at 37°C. According to the instructions of the Kkits,
determination of creatine kinase (CK) (Catalog number: A032-
1-1), lactate dehydrogenase (LDH) (Catalog number: A020-2-
2), SOD (Catalog number: A001-3-2), catalase (CAT) (Catalog
number: A007-1-1), and Glutathione peroxidase (GSH-Px, GPX)
(Catalog number: A005-1-2) activities and malondialdehyde
(MDA) (Catalog number: A003-1-1) levels in serum. All kits were
purchased from Jiancheng Institute of Biological Engineering
(Nanjing, China).

ROS Level Analysis

The heart tissues were gradient eluted using different
concentrations of ethanol, then immersed in xylene to make the
tissues transparent, and finally paraffin-embedded at 52-54°C.
The sample was cut into 5pum thick sections, and 10 M
dihydroethidium was added, and the ROS staining solution was
added and incubated 30 min in the dark at 37°C. The slides were
washed three times with PBS (5 min/time) before observation.
A fluorescence microscope (Nikon EclipseCl, Nikon, Tokyo,
Japan) was used to detect and collect images. ROS-positive
cells were labeled red with dye and present the results with a
light microscope (200x). The degree of cellular oxidation was
quantified as the area of fluorescent staining.

Inflammatory Factor Levels Analysis

Levels of inflammatory factors were measured by ELISA
with Interleukin- 6 (IL-6) kit (MANO0017508, 88-7064) and
tumor necrosis factor-o. (TNF-a) kit (MANO0017423, 88-
7324) purchased from Thermo Fisher Scientific (Massachusetts,
America). Heart tissue was cut up, added to nine times the
volume of PBS (pH = 7.4), transferred to a glass homogenizer and
made into a 10% homogenate on ice, then further ground using
ultrasonic fragmentation. The prepared tissue homogenate was
centrifuged at 5,000 r for 5min and the supernatant was taken
as reserve. Dilute the antibody with carbonate-coated buffer to a
protein content of 10 pug/ml. Antibodies, enzyme conjugates and
chromogenic substrates were added according to the instructions
of the kit, and the optical density value of each well was measured
at 450 nm using a microplate reader after termination.

Western Blotting
The heart tissue was washed three times with PBS, and nine
times the volume of the tissue lysate was added to get the
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FIGURE 2 | Schematic diagram of the drug delivery protocol.

!

Stroke-physiological saline solution
s Doxrubicin (15mg/kg) mmmmsssssm Danshensu (100mg/kg)
s Danshensu (50mg/kg) s Captopril (45mg/kg)

Day 4 Day 7

homogenate. The homogenate was placed in the ice lysate for
30 min and oscillated every 5min to ensure the complete lysis
of the tissue. The total protein (30-50 |Lg) was extracted from
the supernatant of the lysate after centrifugation at 12,000 r/min
for 10 min at 4°C. Denatured proteins were separated by 10%
SDS-PAGE electrophoresis and transferred to polyvinylidene
fluoride membranes, blocking 5% skim milk in Tris-buffered
saline containing Tween-20 for 1h at room temperature.
Then the membranes were incubated overnight at 4°C with
the following primary antibodies: BAX (Catalog: GB11690),
BCL-2 (Catalog: PAA778Mu01), CASP3 (Catalog: 66470-2-lg),
Kelch-like ECH-associated protein 1 (Keapl) (Catalog: 60027-
1-1g), Nuclear factor-carotenoid 2 (Nrf2) (Catalog: 16396-1-
ap), heme oxygenase 1 (HO-1) (Catalog: 10701-1-ap), quinone
oxidoreductase 1 (NQO1) (Catalog: GB11282), and B-actin
(Catalog: GB12001). After being washed three times with TBST,
the membranes were incubated with HRP-conjugated secondary
antibodies for 1h at room temperature in the dark. All primary
antibody dilution ratios were 1:1,000 and secondary antibody
dilution ratios were 1:3,000. The grayscale value of the bands was
quantified densitometrically by ImageJ analysis software. B-actin
was used as normalized of the relative protein expression.

Statistical Analysis

All quantitative data were expressed as mean =+ standard error
(SEM), using one-way analysis of variance (ANOVA) with
Tukey’s test. All data were imported into SPSS 23.0 software for
analysis, and significant differences were indicated at P < 0.05.

RESULTS

Potential DOX Targets Related to Heart

Damage

According to the retrieval, there are 13,984 targets in the heart
damage and 8058 targets in the DOX; control the accuracy and
quantity of targets, heart damage and DOX targets were screened

A . .

0
o
%0000’

0
%,

Heart damage DOX

FIGURE 3 | The intersection target (A) of heart damage and DOX and its
quantitative expression (B). Among them, pink represents the target of heart
damage, green represents the target of DOX, and brown represents its
intersection.

by correlation score > 3 and interaction count > 5, respectively.
Finally, there are 4,815 targets in the heart damage part and 370
targets in the DOX part (Figure 3A), among which there were
324 identical targets (Figure 3B).

GO Analysis and Construction of PPI

Network
The intersection targets were imported into DAVID for GO
analysis. We found that among the 401 BP, there were 15
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related to oxidative stress, 18 related to apoptosis, six related
to inflammation, and the other four were heart development,
negative regulation of cell growth, cell aging, and negative
regulation of autophagy (Figure4A). Among the 75 ME
ubiquitin protein ligase binding, NF-kB binding, antioxidant
activity, and tumor necrosis factor activated receptor activity
were related to Keapl, inflammation, oxidative stress, and
apoptosis (Figure 4B).

The intersection targets were imported into STRING
(Figure 5A), and the results were imported into Cytoscape3.7.1.
The constructed network graph had 321 points and 9,429 edges
(Figure 5B). In GO analysis, the relationship between ubiquitin
protein ligase binding and Keap1 was the key to investigating anti
DOX-induced myocardial oxidative damage. Therefore, Keapl
related targets were extracted into a new network (Figure 5C),
which had 65 nodes and 1,121 edges. We can see that SOD, CAT,
and GPXI1 are related to oxidative stress, CASP3, BCL2, CASP1,
and BAX are related to apoptosis, TNF and IL-6 are related to
inflammation, and Keapl, Nrf2, and NQO1 are targets of the
Keap1-Nrf2/NQO1 pathway.

Effects of DSS on Body Weight, Food, and

Water Consumption

During 7 days of rearing, final body weight, food consumption,
and water consumption were 19.9, 19.5, and 13.7% lower in the
DOX group than in the CON group, respectively (Table 1, P <
0.01). These indexes were improved in the DSS treatment group
(P < 0.01, P < 0.05), and there was no mortality in all groups.
It has been confirmed in the autopsy that most mice in the DOX
group had ascites of varying degrees. However, there was a dose-
dependent reduction in ascites in the DSS treatment group. There
was no significant difference between the CON group and the
DSS group.

Effects of DSS on ECG

The ECG results showed that the QTc interval in the DOX group
was 2.3 times longer than that in the CON group, accompanied
by significant ST-segment elevation (Figure 6) (P < 0.01). In
contrast, compared with the DOX group, DSS pre-protection
effectively alleviated the prolongation of QTc interval, which
was 23.3 and 44.3% shorter in the DSS; and DSSy groups,
respectively (P < 0.05). This suggests that DSS pre-protection can
attenuate DOX-induced cardiac injury.

Effects of DSS on Cardiomyocyte
Morphology in DOX-Induced Cardiotoxicity

In Figure 7, myocardial tissue sections of the DOX group showed
a large number of necrotic cardiomyocytes and obvious nuclear
lysis. However, the extent of myocardial injury in the DSS-treated
group was distinctly lower than that in the DOX group. Especially
in the DSSy group, where most of the cells remained structurally
normal with clear transverse lines and only a few necrotic
myocardial cells were present. The pathological results indicated
that the DSS-treated group showed a dose-dependent reduction
of cardiac injury. Both the CON and DSS groups showed normal
cardiomyocyte morphology and were not significantly different.
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FIGURE 5 | The PPI network (A) of intersecting targets is represented in (B),
with color as the variable, and the size of the points is related to the degree
value. The closer the color of the points and edges, the greater the
importance, and the closer the color of the points and edges, the smaller the
importance. All the targets related to Keap1 are sorted by the degree value (C).
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TABLE 1 | Summary of changes in body weight and consumption of feed and water in mice.

General observation CON DOX DSS DSS, DSSy CAP
Initial body weight (g) 23.42 £ 0.45 23.04 £0.35 22.89 +£ 0.56 22.63 £ 0.44 22.68 + 0.42 23.73 £0.35
Final body weight (g) 30.17 £ 0.30 24.30 £ 0.36™ 28.22 £0.38 25.71 + 0.28% 26.19 + 0.27% 28.20 + 0.54"#
Mean food consumption (g/mice/day) 6.11£0.15 4.96 £ 0.27* 5.92 +£0.11 5.46 £0.13 5,57 £0.12 5.65 + 0.13%
Mean water consumption (mL/mice/day) 3.86 + 0.05 3.833+0.25 3.89 +0.05 3.51 +0.18 3.90 + 0.10* 3.74 £ 0.05
Mortality (ratio %) 0.00 0.00 0.00 0.00 0.00 0.00

Values are given as mean + SEM (n = 10 and 7) or as ratio. P < 0.01 vs. CON; *P < 0.05; and P < 0.01 vs. DOX.
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FIGURE 6 | Effect of DSS on the ECG of DOX-induced cardiac injury in mice.
(A) Representative electrocardiograms of each group. Black arrows mark
ST-segment elevation and red arrows mark QT interval. (B) Statistics of QTc
interval for each group. Data are presented as the mean + SEM (n = 3). **P <
0.01 vs. CON; #P < 0.05; and ##P < 0.01 vs. DOX.

Effects of DSS on Injury in Heart

As the sign enzymes of heart injury, DOX group CK and LDH
activities were increased 2.9-fold and 1.6-fold compared with the
CON group, respectively (Figure 8, P < 0.01). Compared with
the DOX group, DSSy, reduced CK and LDH by 10.6 and 6.7%,
DSSy reduced CK and LDH by 37.9 and 30.4%, respectively (P
< 0.01). There was no significant difference between the CON
group and the DSS group.

Effects of DSS on ROS and Oxidative

Stress
In Figure 9, ROS content was quantified as fluorescence staining
area. The ROS content in DOX group was 8.9 times higher than
that in CON group (P < 0.01). And compared to the DOX group,
the ROS content was reduced by 16.3 and 65.8% in the DSSy, and
DSSy groups, respectively (P < 0.01). There was no significant
difference between the CON and DSS groups.

Compared to the CON group, the DOX group showed a
1.6-fold increase in MDA concentration, while the DSS; and

DSSy groups significantly downregulated MDA concentration
(17.9 and 43.6%, respectively) (Figure 10, P < 0.01, P < 0.05).
In the DOX group, the activities of SOD, CAT, and GPX were
significantly downregulated (55.4, 71.1, and 56.6%, respectively).
All of the above indicators were inversely regulated compared to
the DOX group, with the DSS;, and DSSy groups upregulating
SOD by 15.5 and 54.4%, CAT by 46.7 and 175.4%, and GPX by
23.1 and 72.3%, respectively (P < 0.01, P < 0.05). There was no
significant difference between the CON and DSS groups.

Effects of DSS on IL-6, TNF-« in Heart

The content of IL-6, TNF-a were measured to indicate the degree
of inflammation of the heart by ELISA (Figure 11). The results
showed that the levels of TNF-a and IL-6 in the DOX group
were 6.9 and 8.9 times higher than CON group, whereas the
levels of IL-6 were down-regulated by 39.1 and 72.6%, and the
levels of TNF-a by 48.2 and 68.4% in the DSS;, and DSSy groups,
respectively (P < 0.01). There was no significant difference
between the CON group and the DSS group.

Effects of DSS on the Expression of BAX,

BCL-2, CASP3

The effect of DSS on the expression of BAX, BCL-2,and CASP3 in
myocardial tissue was detected by Western blotting (Figure 12).
The results showed that BAX/BCL2 was 16.8-fold higher in the
DOX group than CON group, but compared with the DOX
group, BAX/BCL-2 was down-regulated by 72.0 and 87.2% in
the DSS;, and DSSy groups, respectively (P < 0.01, P < 0.05).
Meanwhile, CASP3 expression was 2.5-fold higher in the DOX
group than CON group, but compared with the DOX group,
CASP3 expression was down-regulated by 11.1 and 18.8% in the
DSS;, and DSSy groups, respectively (P < 0.01, P < 0.05). There
was no significant difference between the CON group and the
DSS group.

Effects of DSS on the Expression of Keap1,

Nrf2, HO-1, and NQO1

To explore the role of the Keapl-Nrf2/NQOI1 pathway in
cardiotoxicity induced by DSS in the treatment of DOX, the
expression of Keapl, Nrf2, and its downstream factors HO-1
and NQO1 was determined by Western blotting (Figure 13). The
results showed that the expression of Keapl was up to 2.16-fold
in the DOX group compared with the CON group, while it was
down-regulated by 23 and 32.6% in the DSSy, and DSSy groups,
respectively (P < 0.01, P < 0.05). Meanwhile, DOX significantly
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bar = 50 um (400x).

FIGURE 7 | Effects of DSS on pathological changes of cardiac tissue as surveyed by H&E staining. DSS on H&E staining in DOX-induced cardiotoxicity in mice. Scale

" CON DOX DSS DSS. DSSu CAP

FIGURE 8 | Effect of DSS on CK (A) and LDH (B) activities in DOX-induced cardiotoxicity in mice. Serum was collected from mice hearts of the CON, DOX, CAP,
DSS., DSSy, and DSS. Data are presented as the mean + SEM (n = 10). **P < 0.01 vs. CON; #P < 0.05; and ##P < 0.01 vs. DOX.
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reduced the expression of Nrf2, HO-1, and NQO1 by 50.4, 76.7,
68.3%, respectively (P < 0.01, P < 0.05). Compared with the
DOX group, the expression of Nrf2 was up-regulated by 19.2 and
39.5%, HO-1 by 76 and 188.2%, and NQOI by 62.9 and 128.0%
in the DSS;, and DSSy groups, respectively (P < 0.01, P < 0.05).
There was no significant difference between the CON group and
the DSS group.

DISCUSSION

DOX has a broad anti-cancer spectrum and strong anti-tumor
activity, kill tumor cells that are in various growth cycles.
The major adverse drug reactions it exhibits are leukopenia
and thrombocytopenia and cardiotoxicity, therefore, its long-
term use is limited (34). This study used a combination
of network pharmacology and animal experiments. Network
pharmacology was used to predict the targets of DOX-induced
cardiotoxicity, and the core targets were searched and identified
by constructing PPI networks from the intersecting targets, and

the core mechanisms explored in this study were identified by
GO analysis.

GO analysis clearly shows that ubiquitin protein degradation
is directly related to Keapl, while Nrf2 and NQO1 are binding
and downstream proteins of Keapl. The keapl-Nrf2 pathway
is the essential endogenous anti-oxidative stress pathway with a
memorable role in reducing the extent of cardiac injury (35, 36).
In summary, the Keap1-Nrf2/NQO1 pathway is the focus of this
study in terms of animal experiments.

Keapl1 is a major intracellular regulator of Nrf2, and Keapl-
Nrf2 is normally bound and relatively stable anchored in the
cytoplasm to play an important role in the cellular antioxidant
stress system (37). Nrf2 negatively regulates oxidative stress in
cells; there are seven highly conserved domains named Nehl-
7 (38). Keap1 binds to the Neh2 domain of Nrf2 and promotes
the ubiquitination and degradation of Nrf2 in the cytoplasm by
E3 ubiquitin ligase containing CUL3 under normal conditions
(39). The cysteine residues of Keapl are oxidized when cells are
exposed to oxidative stress, leading to the dissociation of Nrf2
from the Keapl-Nrf2 complex. Free Nrf2 is transferred to the
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nucleus and binds to small Maf transcription factors through the
Neh1 domain (40). The Maf protein belongs to the basic leucine
zipper (BZIP) family, which is mainly located in the nucleus

ROS fluorescence
(Area%)
IS

CON DOX DSS DSS. DSSx CAP

FIGURE 9 | Effect of DSS on the level of ROS in myocardial tissue. Scale bar
= 100 um (200x). The fluorescence intensity and area were expressed as a
percentage. Statistics of ROS fluorescent area. Data are presented as the
mean + SEM (n = 6). **P < 0.01 vs. CON; #P < 0.05; and ##P < 0.01 vs.

and interacts with DNA. Nrf2/Small Maf binds to a cis-acting
enhancer sequence known as the antioxidant response element
(ARE) to control basal and inducible expression of downstream
antioxidant and detoxification genes (41).

Consequently, Nrf2 enhances the antioxidant capacity of
cells by enhancing the expression of detoxifying enzymes such
as HO-1 and epoxide hydrolase (42). HO-1 and NQOL, as the
downstream factors of Nrf2 activation, have been considered
important intracellular antioxidants against intracellular
and extracellular oxidative stress (43). Deletion or repressed
expression of Nrf2 leads to abnormal remodeling of the
myocardium, increased oxidative stress, apoptosis, and fibrosis
(44). Nrf2 expression was found to be downregulated in DOX-
treated mouse hearts and recovered after treatment to reduce
DOX damage to the heart (45). These findings elucidated
that Nrf2 may be a guiding drug target for the treatment of
cardiotoxicity caused by DOX.

Many of myocardial injuries, such as cardiomyocyte
atrophy, oxidative stress, apoptosis, and necrosis have
been widely reported in experimental animals treated
with DOX (46). Therefore, it is urgent to find a suitable
protective agent. In the current study, we investigated
the effects of DSS on oxidative stress, apoptosis, and
inflammation  production  through pre-protection by
establishing a DOX-induced cardiotoxicity model in mice,
and verified whether these effects were related to the
regulation of the Keapl-Nrf2/NQO1 pathway by measuring
protein expression.
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FIGURE 10 | Effect of DSS on MDA content (A), SOD (B), CAT (C), GPX (D) activities in DOX-induced cardiotoxicity in mice. Serum was collected from mice of the
CON, DOX, DSS, DSS|, DSSy, and CAP. Data are presented as the mean & SEM (n = 10, n=10). **P < 0.01 vs. CON; #P < 0.05; and ##P < 0.01 vs. DOX.
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FIGURE 11 | Effect of DSS on the levels of IL-6 (A) and TNF-a (B). Data are presented as the mean & SEM (n =
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FIGURE 12 | Effect of DSS on the protein expressions of BAX, BCL-2, and CASP3 (A). The band intensities of BAX/BCL-2 (B) and CASP3 (C) were normalized to
B-actin. Data are presented as the mean £ SEM (n = 3). **P < 0.01 vs. CON; #P < 0.05; and ##P < 0.01 vs. DOX.
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The weight loss and the reduction of drinking water and
diet of DOX treatment mice were not found in mice pre-
protected with DSS in this experiment. ECG results showed
that DOX caused significant QTc interval prolongation and ST-
segment elevation in the heart, indicating that the model of this
study was successfully established. In addition, histopathological
assessment plays an important role in confirming cardiotoxicity
induced by DOX (47). These results show obvious apoptosis
and nucleolytic in cardiac myocytes were found in the DOX
group, whereas in the DSS pretreatment group, many intact cell
structures and clear muscle striations could be observed under
the microscope. This indicates that the pathological injury of the
DSS group is slighter than that of the DOX group, confirming

the protective effect of DSS pretreatment on DOX-induced
cardiac injury.

CK and LDH are specific serum marker enzymes in the heart
that would exudate when the myocardial tissue is damaged, and
thus test results can indicate the degree of cardiotoxicity (48, 49).
We found that the release of CK and LDH increased significantly
in the DOX treatment group, but decreased significantly in the
DSS pretreatment group (P < 0.01). The reduction of myocardial
marker enzymes confirmed that DSS pretreatment improved the
cardiac function of mice.

ROS is a series of reactive oxygen groups produced by aerobic
cells during metabolism. DOX leads to the accumulation of
many free radicals through the redox cycle, which eventually
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FIGURE 13 | Effect of DSS on the expression of Keap1, Nrf2, HO-1, and NQO1 (A). The band intensities of Keap1 (B), Nrf2 (C), HO-1 (D), and NQO1 (E) were
normalized to B-actin. Data are presented as the mean + SEM (n = 3). *P < 0.05 and **P < 0.01 vs. CON; #P < 0.05; and ##P < 0.01 vs. DOX.

leads to the activation of reactive oxygen species. The release
of a large amount of ROS is one of the main reasons
for cardiotoxicity caused by DOX (50). The results of ROS
fluorescence staining in this study showed that the content of
ROS in the DOX treatment group was significantly higher than
that in the CON group, but remarkably decreased in the DSS
treatment group (P < 0.01). This indicates that pre-protection
with DSS can effectively reduce the release of ROS in the
damaged heart.

Network pharmacology analysis indicates that CAT, SOD,
GPX, IL-6, TNF, BAX, BCL-2, and CASP3 are important targets

of DOX-induced cardiotoxicity. As endogenous antioxidant
enzymes, CAT and SOD catalyze the inactivation of ROS and
are the first line of cellular defense against oxidative stress.
GPX, released by GSH, can reduce peroxide H,O, to O~
and H,O™ (24). ROS and other peroxides, if not removed in
time, can damage the cellular phospholipid layer and cause
membrane lipid peroxidation (51) and the accumulation of
product MDA will lead to membrane dysfunction and membrane
binding enzyme failure and other consequences (52). The
results showed a substantial increase in the lipid peroxidation
product MDA and a significant decrease in the activities of the
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FIGURE 14 | Protective mechanism of DSS against DOX-induced heart damage.

antioxidant enzymes CAT, SOD, and GPX in the DOX group
(P < 0.01), this finding is consistent with previous studies
(53). We found that pre-protection with DSS effectively reduced

the level of MDA and significantly increased the activities of
antioxidant enzymes CAT, SOD, and GPX (P < 0.01). The
results in this section elucidate that the remarkable antioxidant
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effect of DSS is an essential mechanism to attenuate DOX-
induced cardiotoxicity.

It was demonstrated that oxidative stress and inflammation
are inextricably linked to the progression of the disease
(54). Massive accumulation of ROS further activates the NF-
kB pathway and releases pro-inflammatory factors such as
TNF-a and IL-6 (55), triggering a series of inflammatory
reactions (56). These inflammatory reactions can lead to
cardiomyopathy, transmural myocarditis, and biventricular
fibrosis (57). The levels of TNF-a and IL-6 are down-
regulated by pre-protection with DSS, suggesting that DSS
may mitigate DOX-induced cardiotoxicity by exerting anti-
inflammatory effects.

Apoptosis is also an important mechanism leading to
heart injury by DOX. On the one hand, the production of
reactive oxygen species triggers the apoptotic response by
activating apoptosis signal-regulated kinase 1 signal (58). On the
other hand, DOX causes mitochondrial dysfunction, increases
mitochondrial membrane permeability, induces cytochrome
release and activation of caspases (59). As pro-apoptotic and
anti-apoptotic members, BAX and BCL-2 play an important
role in regulating the mitochondrial apoptotic program (60).
Mitochondrial membranes are the main targets of BAX and BCL-
2, with the former preventing membrane permeability changes
and the latter promoting mitochondrial membrane permeability
and cytochrome release. They are antagonistic to each other
in maintaining mitochondrial membrane permeability (61).
Our results showed that DSS pretreatment effectively prevents
the up-regulation of BAX and the down-regulation of BCL-
2 (Figure 12), two key factors that lead to the activation
and hydrolysis of downstream caspase, triggering an apoptotic
cascade response (62). Caspases promoters connect downstream
caspases effectors, leading to activation of the caspase family,
which plays a central role in mediated apoptotic responses (63).
CASP3 belongs to the caspase family, which is a critical effector
for the apoptotic response and responsible for the final step of the
caspase family leading to apoptosis (64-66). Several studies have
shown that DOX-induced apoptosis in cardiomyocytes exhibits
elevated expression of BAX/BCL-2 and CASP3 (53, 67, 68).
In our study, BAX/BCL-2 and CASP3 levels in DOX group
were significantly higher compared to CON group, whereas
DSS pretreatment was effective in reducing them, this suggests
that DSS pre-protection alleviates DOX-induced apoptosis in
cardiac myocytes.

In the present research, treatment with DOX significantly up-
regulate Keapl and down-regulated Nrf2, HO-1, and NQOI.
Therefore, we confirmed that Nrf2 is released to activate
antioxidant function against severe cardiac injury in DOX-
induced cardiotoxicity (P < 0.01 and P < 0.05). On the contrary,
DSS down-regulated Keapl in a dose-dependent manner and
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