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Abstract

Background: Doxorubicin (DOX) is an effective broad-spectrum antitumor drug, but its clinical application is limited due to the side
effects of cardiac damage. Astragaloside IV (AS-IV) is a significant active component of Astragalus membranaceus that exerts cardio-
protective effects through various pathways. However, whether AS-IV exerts protective effects against DOX-induced myocardial injury
by regulating the pyroptosis is still unknown and is investigated in this study. Methods: The myocardial injury model was constructed
by intraperitoneal injection of DOX, and AS-IV was administered via oral gavage to explore its specific protective mechanism. Car-
diac function and cardiac injury indicators, including lactate dehydrogenase (LDH), cardiac troponin I (cTnI), creatine kinase isoenzyme
(CK-MB), and brain natriuretic peptide (BNP), and histopathology of the cardiomyocytes were assessed 4 weeks post DOX challenge.
Serum levels of IL-1β, IL-18, superoxide dismutase (SOD), malondialdehyde (MDA) and glutathione (GSH) and the expression of py-
roptosis and signaling proteins were also determined. Results: Cardiac dysfunction was observed after the DOX challenge, as evidenced
by reduced ejection fraction, increased myocardial fibrosis, and increased BNP, LDH, cTnI, and CK-MB levels (p < 0.05, N = 3–10).
AS-IV attenuated DOX-induced myocardial injury. The mitochondrial morphology and structure were also significantly damaged after
DOX treatment, and these changes were restored after AS-IV treatment. DOX induced an increase in the serum levels of IL-1β, IL-18,
SOD, MDA and GSH as well as an increase in the expression of pyroptosis-related proteins (p < 0.05, N = 3–6). Besides, AS-IV de-
pressed myocardial inflammatory-related pyroptosis via activation of the expressions of nuclear factor E2-related factor 2 (Nrf-2) and
heme oxygenase 1 (HO-1) (p < 0.05, N = 3). Conclusions: Our results showed that AS-IV had a significant protective effect against
DOX-induced myocardial injury, which may be associated with the activation of Nrf-2/HO-1 to inhibit pyroptosis.
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1. Introduction

Doxorubicin (DOX) is an effective antitumor drug that
is used to treat a variety of cancers, including solid organ tu-
mors and hematologic malignancies [1–4]. DOX kills can-
cer cells mainly through the inhibition of DNA synthesis,
interference with topoisomerase II activity, and induction
of oxidative stress [5–7]. However, despite its antitumor ef-
fects, DOX is associated with causing undesired cell death
in healthy tissues and cells [8,9]. The side effects of DOX,
particularly its dose-dependent cardiotoxicity, can lead to
heart failure, which greatly limits its clinical application
[10]. In the past decades, multiple studies have clarified
the pathogenesis of DOX-induced cardiac dysfunction, es-
pecially cell death, which plays an important role in DOX-
induced myocardial injury, including autophagy, apoptosis,
and necrosis [11,12]. In recent years, it has been reported
that pyroptosis is involved in cardiomyocyte death and car-
diac dysfunction induced by DOX. However, its underlying

regulatory mechanism has not been fully investigated [13].
Therefore, further exploration of the specific mechanisms
by which DOX causes cardiomyocyte death could help to
mitigate its cardiotoxic effects.

Pyroptosis is caspase-dependent inflammatory pro-
grammed cell death with inflammasome activation being a
key process in the development of pyroptosis [14]. Among
these, nod-like receptor protein 3 (NLRP3) inflammasome-
mediated pyroptosis is the most important pathway in-
volved in the pathogenesis of cardiovascular diseases [15].
NLRP3 can be activated by external stimuli and interact
with apoptosis-associated speck-like protein (ASC). Af-
ter activation by NLRP3, ASC recruits cysteine protease
caspase-1 (pro-caspase-1) to form the NLRP3 inflamma-
some, which leads to the activation of caspase-1 to form
cleaved caspase-1 [16]. Subsequently, cleaved caspase-
1 cleaves full length gasdermin D (GSDMD-FL) to pro-
duce an N-terminal activated product (GSDMD-N), lead-
ing to the conversion of IL-1β and IL-18 precursors into
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mature inflammatory factors. GSDMD-N mediates the for-
mation of cell membrane pores, leading to cell swelling,
cell membrane rupture, and release of inflammatory fac-
tors, resulting in pyroptosis. Recent studies have demon-
strated that pyroptosis causes DOX-induced myocardial in-
jury [13,17,18]. Besides, it has also been shown to induce
myocardial pyroptosis via the NLRP3-caspase-1 pathway
[19]. Identifying drugs that can inhibit NLRP3-mediated
pyroptosis may effectively alleviate DOX-induced cardiac
damage.

Although some drugs, such as dexrazoxane, can be
used as cardioprotective agents and have been found to re-
duce DOX-induced myocardial damage. However, they
have a potential risk of secondary malignancies [20]. Ad-
ditionally, some traditional drugs for heart disease, such
as angiotensin-converting enzyme inhibitors and beta-
blockers, have not been clearly proven to protect against
DOX-induced myocardial injury, and these drugs also have
also been reported to exhibit adverse effects [20]; hence it
is necessary to explore drugs with few side effects to im-
prove DOX-induced cardiotoxicity. Compared with tradi-
tional compound drugs, natural drugs have the advantages
of fewer adverse effects, less long-term toxicity, and vari-
able bioavailability [21]. Modern research has found that
herbal medicines exert a polypharmacological action and
can effectively prevent and treat cardiovascular diseases
[22]. Astragalus membranaceus is a traditional Chinese
herbal medicine which is widely used in the treatment of
cardiovascular diseases due to its effects of invigorating and
promoting yang, diffusing edema, and detoxifying muscles
[23]. AS-IV is a key active ingredient extracted from Astra-
galus membranaceus and is involved in various pharmaco-
logical properties including antioxidant activity, inhibition
of apoptosis, inhibition of fibrosis, and immune modula-
tion [24]. Among these, its cardioprotective effects are the
most important. It has been reported that AS-IV alleviates
heart failure by improving myocardial energy metabolism
[25,26]. Our previous studies also suggested that AS-IV
has a protective effect against myocardial fibrosis and re-
verse ventricular hypertrophy [27]. Currently, new studies
have found that AS-IV has significant anti-inflammatory
effects [28,29]. AS-IV attenuates pulmonary toxicity and
cerebral ischemia-reperfusion injury by inhibiting NLRP3
inflammasome-mediated pyroptosis. However, there is a
paucity of knowledge as to whether AS-IV protects cardiac
function by inhibiting pyroptosis of cardiomyocytes. Con-
sidering that there is no specific drug for DOX-induced my-
ocardial injury, this study explores whether AS-IV, a tradi-
tional Chinese medicine with low side effects, has a good
curative effect, and aims to investigate its possible mecha-
nism and regulatory pathway.

2. Materials and Methods
2.1 Animal Model

Specific pathogen free (SPF) healthy male C57BL/6
mice (n = 40, weight 22 ± 2 g, 8–10 weeks) were pur-
chased from Jinan Pengyue Experimental Animal Breeding
Co., Ltd. (Jinan, China). The experiments were conducted
in accordance with the principles approved by the Animal
Care andUse Committee of the Affiliated Hospital of Jining
Medical University (Permission number: 2021C104). All
animal procedures conformed to the US of Health Guide-
lines for the Care and Use of Laboratory Animals. Mice
were kept in a temperature- and humidity-controlled en-
vironment (22 ± 2 °C and 12 h dark/light schedule) with
free access to chow and water. One week after acclima-
tion, the mice were divided into four groups (N = 10 per
group) using a random number table method. According
to published articles and our preliminary experiments [30],
mice in the DOX-treated group were intraperitoneally in-
jected with DOX at 2 mg/kg every alternate day with a cu-
mulative dosage of 28 mg/kg. Mice in the control group
(CON) received an intraperitoneal injection of an equiva-
lent volume of saline. The AS-IV treatment groups were
intragastrically administered 40 mg/kg AS-IV (dissolved in
saline) daily for 4 weeks after the first injection of DOX,
according to previous experiments [31]. The AS-IV group
was given only the same dose of AS-IV to eliminate the
effect of AS-IV alone on the results. Mice were sacri-
ficed by over-anesthesia with 100 mg/kg sodium pentobar-
bital (P3761, Sigma-Aldrich (Shanghai) Trading Co.Ltd.,
Shanghai, China) after 4 weeks. The bodyweight of the
mice was recorded, and bloodwas obtained from the carotid
artery of mice. DOX (D8740) was purchased from Solarbio
Science & Technology Co., Ltd. (Beijing, China), and AS-
IV (T2973) was purchased from TOPSCIENCE Biotech
Co., Ltd. (Shanghai, China). The purity of DOX was 99%,
and the purity of ASIV was 99.29%.

2.2 Echocardiographic Assessment
The cardiac function of mice was assessed after 4

weeks. Mice from the four groups were anesthetized
with 1–2% isoflurane (1349003, Sigma-Aldrich (Shang-
hai) Trading Co.Ltd., Shanghai, China), and transthoracic
echocardiography was performed using an animal-specific
ultrasound imaging system with a 40 MHz transducer
(M9Vet, Mindray, Shenzhen, China). Mice were placed
supine and fixed on a board, the parasternal long axis was
taken, and M-mode images were obtained at the inferior
border of the mitral papillary muscle. Left ventricular ejec-
tion fraction (LVEF), left ventricular fractional shortening
(LVFS), left ventricular internal dimension at end-diastole
(LVIDd), and left ventricular internal dimension at end-
systole (LVIDs) were measured and calculated to evaluate
cardiac function.
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2.3 Serum Enzyme-Linked Immunosorbent Assay (ELISA)
Blood samples were collected from the carotid artery

after over-anesthesia. Serum was obtained after centrifu-
gation of whole blood. According to the instructions of
each kit, ELISA was performed to detect the serum con-
centration of the heart failure marker brain natriuretic pep-
tide (BNP, E-EL-M0204c, Elabscience Biotechnology Co.,
Ltd., Wuhan, China), the myocardial injury markers lactate
dehydrogenase (LDH, 12239, MEIMIAN Industrial Co.,
Ltd., Yancheng, China), creatine kinase isoenzyme (CK-
MB, E-EL-M0355c, Elabscience Biotechnology Co., Ltd.,
Wuhan, China), cardiac troponin I (cTnI, E-EL-M1203c,
Elabscience Biotechnology Co., Ltd., Wuhan, China), the
inflammatory markers IL-1β (ab197742, Abcam, Cam-
bridge, UK) and IL-18 (ab216165, Abcam, Cambridge,
UK), and the oxidative stress markers superoxide dismutase
(SOD, JL12237, j&l Biological, Shanghai, China), mal-
ondialdehyde (MDA, JL13329, j&l Biological, Shanghai,
China), and glutathione (GSH, JL20360, j&l Biological,
Shanghai, China). Absorbance was measured at 450 nm
using a microplate reader (BioTek Cytation 5, American
Berten Instrument Co., Ltd., Santa Clara, CA, US).

2.4 Histological Staining
Mice were sacrificed after 4 weeks of DOX and

AS-IV treatment. The heart of each mouse was re-
moved and the weight was recorded. Cardiac tissue was
rinsed with phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde for at least 48 h, and embedded in paraf-
fin. The slices were cut into 5 µm sections and stained
with HE, Masson’s trichrome, and wheat germ agglutinin
(WGA) as previously described [31,32]. Five random fields
of cardiac tissue were imaged using a microscope (Nikon
Eclipse E100, Nikon, Tokyo, Japan). ImageJ software ver-
sion 1.8.0 (National Institutes of Health, Bethesda, MD,
USA) was used to evaluate myocardial fibrosis and the
cross-sectional areas of the cardiomyocytes (≥2 random ar-
eas in ≥3 mice/group).

2.5 Transmission Electron Microscope (TEM)
Fresh myocardial tissue was dissected into small

pieces of approximately 1 mm3 and fixed in 2.5% glu-
taraldehyde (pH 7.4) for 2 h at room temperature (RT). After
rinsing with PBS, the tissues were then fixed in 1% osmic
acid at 4 °C for 2 h. The samples were then dehydrated in
gradient ethanol and embedded in Epon-Araldite resin. Ul-
trathin sections were prepared and collected for microstruc-
ture analysis and then observed using a HITACHI transmis-
sion electron microscope.

2.6 Immunohistochemical Analysis
To determine the expression of NLRP3, caspase-1,

and GSDMD in the heart, immunohistochemical analysis
was performed using anti-NLRP3 (GB11300, Servicebio,
Wuha, China), anti-caspase-1 (sc-56036, Santa Cruz, Dal-

las, TX, USA), and anti-GSDMD (sc-81868, Santa Cruz,
Dallas, TX, USA) antibodies as previously described [33].
Briefly, after dewaxing and antigen repair, the paraffin sec-
tions were placed in 3% hydrogen peroxide for 25 min at
RT. The sections were subsequently incubated with primary
antibodies overnight (16–18 h) at 4 °C and secondary anti-
bodies at RT for 50 min. The sections were stained with
diaminobenzidine (G1211, Servicebio, Wuha, China) and
hematoxylin (G1004, Servicebio, Wuha, China). After suf-
ficient drying, the slides were photographed and evaluated
using the ImageJ software.

2.7 Western Blot Analysis
Heart tissues were fully dissolved in RIPA buffer

(P0013B, Beyotime, Shanghai, China) containing protease
inhibitor (P1045, Beyotime, Shanghai, China) and phos-
phatase inhibitor (P1045, Beyotime, Shanghai, China). Af-
ter examination of protein concentrations using a BCA kit
(P0010, Beyotime, Shanghai, China), 30 µg of protein sam-
ples were separated using 12.5% or 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes. After block-
ing with protein-free rapid blocking solution (1×) at RT for
30 min, the membranes were incubated with primary an-
tibodies at 4 °C overnight. The primary antibodies used
were NLRP3 (ab263899, Abcam, Cambridge, UK), ASC
(#67824, CST, Boston, MA, USA), caspase-1 (A0964,
ABclonal, Wuhan, China), GSDMD (ab219800, Abcam,
Cambridge, UK), GSDMD-N (#10137, CST, Boston, MA,
USA), cleaved caspase-1 (#89332, CST, Boston, MA,
USA), IL-1β (ab283818, Abcam, Cambridge, UK), IL-18
(ab191860, Abcam, Cambridge, UK), Nrf-2 (A1244, AB-
clonal, Wuhan, China), pNrf-2 (#DF7519, Affinity Bio-
sciences, Jiangsu, China), HO-1 (#82206, CST, Boston,
MA, USA), and β-actin (#4970, CST, Boston, MA, USA).
The bands were visualized using a sensitive ECL chemilu-
minescence kit (PK10002, Proteintech, Chicago, IL, USA)
after incubation with horseradish peroxidase-conjugated
secondary antibody (AS014, ABclonal, Wuhan, China) at
RT for 2 h. Images were obtained using the ChemiDoc sys-
tem (Tanon 5800, Shanghai Tanon Technology Co., Ltd.,
Shanghai, China), and quantitative analysis of the blots was
conducted using ImageJ software with β-actin as the load-
ing control.

2.8 Statistical Analysis
All data are expressed as the mean± standard error of

the mean (SEM). One-way analysis of variance followed
by Tukey post-hoc test (homogeneous variance) or Dunnett
T3 post-hoc test (Unequal variances) was performed us-
ing SPSS 26 (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism version 9.0 (GraphPad Software LLC, San Diego,
CA, USA). Statistical significance was set at p < 0.05.
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Fig. 1. AS-IV attenuates DOX-induced cardiac dysfunction. (A) Representative M-mode images of echocardiograms of experimental
animals in each group. (B) Quantitative analysis of left ventricular fractional shortening (LVFS) and left ventricular ejection fraction
(LVEF). (C) Quantitative analysis of left ventricular internal dimension at end-diastole (LVIDd) and left ventricular internal dimension
at end-systole (LVIDs). (D) Quantitative analysis of serum concentration of brain natriuretic peptide (BNP), creatine kinase isoenzyme
(CK-MB), cardiac troponin I (cTnI) and lactate dehydrogenase (LDH). CON, mice treated with an equal volume of saline. AS-IV, mice
treated with 40 mg/kg AS-IV. DOX, mice treated with 2 mg/kg BW doxorubicin every other day with a cumulative dosage of 28 mg/kg.
DOX + AS-IV, mice treated with doxorubicin and AS-IV. Data are shown as mean± SEM, N = 3–10, * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001. Using Shapiro-Wilk test to test the normality of the distribution, all the data are in accordance with the normal
distribution. All the data were compared by one-way analysis of variance followed by Tukey post-hoc test for multiple comparisons.

3. Results
3.1 AS-IV Improves DOX-Induced Cardiac Dysfunction

To investigate the cardioprotective effects of AS-IV,
DOX-treated mice were subsequently treated with AS-IV.
After 4 weeks of intervention, transthoracic echocardiogra-
phy was performed to evaluate cardiac structure and func-
tion in the four groups of mice (Fig. 1A). Our data indicated
that intraperitoneal injection of DOX caused cardiac dys-
function, as evidenced by reduced LVEF and LVFS, com-
pared with that in the control group. However, LVEF and
LVFS significantly improved in mice treated with AS-IV
(Fig. 1B). In terms of heart structure, LVIDd and LVIDs
were increased in the DOX group compared to the con-
trol group, and LVIDd and LVIDs were lower in the AS-
IV-treated mice than in the DOX-treated mice (Fig. 1C).
To further evaluate the effects of DOX and AS-IV on car-
diac function, we measured serum BNP, CK-MB, cTnI,
and LDH levels, which are classical biomarkers of cardiac
injury. As shown in Fig. 1D, the serum levels of BNP,

CK-MB, cTnI, and LDH of the mice in the DOX group
were significantly higher than those in the control group.
Compared with the model group, the serum concentrations
of these heart injury markers were reduced in the AS-IV-
treated group. The results indicate that AS-IV alone does
not alter cardiac function but can improve DOX-induced
cardiac dysfunction.

3.2 AS-IV Attenuates DOX-Induced Myocardial Fibrosis
and Mitochondrial Injuries

Histological examinations were then performed to ex-
amine the microstructural abnormalities of mice in the four
groups. HE staining showed that myocardial fibers in the
control group were neatly and tightly arranged, with dis-
tinct nuclei, while myocardial tissue in the DOX group was
disorganized. However, treatment with AS-IV effectively
improved the histopathological features of the myocardial
tissue (Fig. 2A). Masson-stained collagen was significantly
increased in the DOX group compared to that in the other
groups (Fig. 2B). In addition, WGA staining showed that
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Fig. 2. AS-IV ameliorated DOX-induced myocardial remodeling and myocardial injuries. (A) Representative images of HE (mag-
nification, 400×), Masson (magnification, 400×), WGA (magnification, 400×), and transmission electron microscopy (TEM) images
of the four groups (magnification, 15,000×). (B,C) Quantitative analysis of myocardial fibrosis area and the cross-sectional area of
myocardial cells. (D) the ratio of heart weight to body weight (HW/BW). N = 10, data are shown as mean ± SEM; * p < 0.05, ** p
< 0.01. Using Shapiro-Wilk test to test the normality of the distribution, all the data are in accordance with the normal distribution.
Myocardial fibrosis area and HW/BWwere compared by one-way analysis of variance followed by Dunnett T3 post-hoc test for multiple
comparisons and cross-sectional area (CSA) followed by Tukey post-hoc test.
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Fig. 3. AS-IV ameliorated the release of DOX-induced serum inflammatory factors and oxidative stress levels. (A–E) Quantitative
analysis of serum concentration of IL-1β, IL-18, SOD, MDA and GSH. N = 5–7, data are shown as mean ± SEM; * p < 0.05, ** p <

0.01, *** p < 0.001, **** p < 0.0001. Using Shapiro-Wilk test to test the normality of the distribution, all the data are in accordance
with the normal distribution. All the data were compared by one-way analysis of variance followed by Tukey post-hoc test for multiple
comparisons.

the mean area of cardiomyocytes in the DOX-induced my-
ocardial injury group was significantly lower than that in
the control group, and AS-IV treatment increased the area
of cardiomyocytes (Fig. 2C), which was consistent with the
ratio of heart weight to body weight (HW/BW) (Fig. 2D).
TEM was conducted to further detect the effects of DOX
and AS-IV on the ultrastructure of the cardiomyocytes. In
the absence of DOX, mitochondria were arranged normally
in organized sarcomeres. However, in the DOX-treated
group, mitochondrial damage was observed and was char-
acterized by swelling and vacuolization as well as disar-
rangement of myofilaments, the disappearance of the H-
band, reduced ridge lysis, and widened Z-rays. Fewer in-
juries were observed after AS-IV administration (Fig. 2A).
These results demonstrate that AS-IV attenuates myocar-
dial fibrosis and mitochondrial damage.

3.3 AS-IV Attenuates DOX-Induced Inflammation and
Oxidative Stress

As the activation of inflammasomes and release of in-
flammatory factors are important in the process of pyrop-
tosis and the fact that oxidative stress can cause pyroptosis
[34], we measured the levels of serum IL-1β, IL-18, SOD,
GSH and MDA. The results showed that administration of
DOX increased the serum levels of IL-1β, IL-18, MDA and
decreased the serum levels of SOD and GSH compared to
that in the control group, while AS-IV treatment decreased
serum IL-1β, IL-18, MDA and increased SOD and GSH
levels (Fig. 3A–E). In addition, treatment with AS-IV alone
did not alter the levels of serum inflammatory factors and

oxidative stress indicators. The results showed that DOX
increases the release of inflammatory factors and the level
of oxidative stress, whereas AS-IV treatment reduces the
levels of the inflammatory and oxidative stress markers.

3.4 AS-IV Attenuates DOX-Induced Myocardial Injury by
Inhibiting NLRP3 Inflammasome-Mediated Myocardial
Pyroptosis in Mice

To further investigate whether AS-IV alleviates my-
ocardial injury by inhibiting DOX-induced myocardial py-
roptosis, we first examined the expression of pyroptosis-
related proteins in myocardial tissue using immunohis-
tochemistry (Fig. 4A). Quantitative immunohistochemical
analysis showed that the expression of pyroptosis-related
proteins NLRP3, caspase-1, and GSDMD dramatically in-
creased after DOX treatment, and subsequent treatment
with AS-IV markedly attenuated the expression of these
markers (Fig. 4B–D). In addition, the protective role of
AS-IV was confirmed using immunoblotting (Fig. 5A). As
shown in Fig. 5B,C, DOX significantly upregulated the ex-
pression of NLRP3 and ASC and activated the cleavage of
caspase-1, GSDMD-FL, IL-1β, and IL-18. Treatment with
only AS-IV did not affect myocardial pyroptosis; however,
it rescued DOX-induced activation of pyroptosis. The re-
maining two western blots images can be found in the sup-
plemental file.
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Fig. 4. AS-IV attenuates the expression of pyroptosis proteins in myocardial tissue. (A) Representative immunohistochemical
images of the four groups. (B–D) Quantitative analysis of caspase-1, GSDMD and NLRP3. N = 4, data are shown as mean ± SEM, * p
< 0.05, ** p < 0.01, **** p < 0.0001. Using Shapiro-Wilk test to test the normality of the distribution, all the data are in accordance
with the normal distribution. All the data were compared by one-way analysis of variance followed by Tukey post-hoc test for multiple
comparisons.

3.5 AS-IV Rescues DOX-Induced Inhibition Nrf-2/HO-1
Pathway

The Nrf-2 signaling pathway has been found to have
a potential protective effect on neuronal, vascular endothe-
lial, and cardiac myocyte injury caused by pyroptosis [35–
37]. To further explore the possible regulatory pathways of
pyroptosis, we examined the expression of Nrf-2, pNrf-2
and HO-1 (Fig. 6A). Western blotting results in Fig. 6 re-
veal a reduced expression of Nrf-2, pNrf-2, and HO-1 in the
DOX-treated group. AS-IV activates Nrf-2 to phosphory-
late it and increases the expression of HO-1. The remaining
two western blots images can be found in the supplemental
file.

4. Discussion
Our findings establish that AS-IV activates the Nrf-

2/HO-1 signaling pathway and inhibits cardiomyocyte py-
roptosis, and highlights the protective effect of AS-IV
against DOX-induced myocardial injury. First, we con-
firmed the cardiotoxic effects of DOX, as evidenced by
the reduced ejection fraction, increased myocardial fibro-
sis, and elevated serum markers of cardiac injury. Second,
we demonstrated that AS-IV restored the deleterious effects
of DOX by inhibiting NLRP3-related pyroptosis. Third, we
found the activated Nrf-2/HO-1 pathway to be the potential
mechanism underlying the protective effects of AS-IV in
reducing DOX-induced cardiotoxicity. These findings in-
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Fig. 5. AS-IV inhibits the expression of DOX-induced pyroptosis-associated proteins. (A) Representative images of western blot
from cardiac tissue following DOX and AS-IV treatments. (B,C) Quantitative analysis of NLRP3, ASC, caspase-1, cleaved caspase-1,
GSDMD-FL (full length gasdermin D), GSDMD-N (activated gsdmd), IL-1β, cleaved IL-1β, IL-18 and cleaved IL-18. N = 3, data are
shown as mean ± SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Using Shapiro-Wilk test to test the normality of
the distribution, all the data are in accordance with the normal distribution. All the data were compared by one-way analysis of variance
followed by Tukey post-hoc test for multiple comparisons.

dicate the potential therapeutic implication of AS-IV in in-
hibiting pyroptosis and ameliorating DOX-related cardiac
complications.

DOX is a widely used anti-cancer drug but has limited
clinical applications due to its deleterious effect on multiple
organs, particularly the heart. Previous studies have shown
that oxidative stress and apoptosis are involved in DOX-
induced cardiomyopathy [38–40]. Moreover, excessive in-
flammatory responses have been demonstrated to play vi-
tal roles in DOX-induced multiple organ damage, and in-
hibition of the inflammatory response could potentially al-
leviate the possibility of organ injuries [41,42]. Inflamma-
somes are polyprotein complexes that induce both inflam-
mation and pyroptosis. Studies have provided insights into
the activation and regulation of inflammasome complexes,
including NLRP1, NLRP3, NLR family CARD domain-
containing 4 (NLRC4), and pyrin [43]. Recent evidence
has demonstrated that DOX can cause cardiotoxicity by ac-

tivating NLRP1 inflammasome-induced pyroptosis [44]. It
has also been shown that NLRP3 inflammasome-mediated
pyroptosis plays an important role in the pathogenesis of
DOX-induced non-ischemic dilated cardiomyopathy, and
inhibition of the NLRP3 inflammasome significantly atten-
uates DOX-induced cardiotoxicity in mice [17,45]. Our
study also showed that DOX increases myocardial NLRP3
inflammasome-associated pyroptosis and inflammation, as
evidenced by the increased expression of related proteins.
These studies confirm that inflammation-related pyroptosis
is a key pathogenic mechanism of DOX-induced cardiotox-
icity.

Radix astragali (RA), a traditional Chinese medicinal
herb, is widely used in the treatment of cardiovascular, res-
piratory, and liver diseases as well as immune disorders
[46]. Huangqi injection is derived from RA and is widely
used in the clinical treatment of patients with chronic heart
failure [47,48]. Astragalus polysaccharide, another extract
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Fig. 6. AS-IV inhibits DOX-induced pyroptosis by activating the Nrf-2/HO-1 signaling pathway. (A) Representative images of
western blot analysis of cardiac tissue following DOX and AS-IV treatments. (B–D) Quantitative analysis of Nrf-2, pNrf-2 and HO-1.
N = 3, data are shown as mean ± SEM, * p < 0.05, *** p < 0.001, **** p < 0.0001. Using Shapiro-Wilk test to test the normality of
the distribution, all the data are in accordance with the normal distribution. All the data were compared by one-way analysis of variance
followed by Tukey post-hoc test for multiple comparisons.

of RA, has been shown to improve the quality of life of
cancer patients and reduce side effects [49,50]. AS-IV is
the most critical active ingredient of RA. In the Chinese
Pharmacopoeia, AS-IV is used as a quality control indicator
for RA, whereas the European Pharmacopoeia also specif-
ically considered using AS-IV for testing the quality of RA
[51]. Previous studies have shown that AS-IV reduces en-
dothelial damage and cardiac dysfunction induced by ele-
vated levels of blood glucose, lipids, inflammatory mark-
ers, and reactive oxygen species (ROS) by inhibiting ox-
idative stress, inflammatory responses, and apoptosis [52–
55]. Consistently, we also found that AS-IV increased the
ejection fraction, reversed ventricular remodeling, and im-
proved cardiac function in mice after the DOX challenge.
Moreover, it has been found that AS-IV attenuates cerebral
ischemia-reperfusion injury and PM2.5-induced pulmonary
toxicity by inhibiting pyroptosis [56–58], suggesting its role
in regulating pyroptosis. Therefore, we investigated the
role and mechanisms underlying pyroptosis, stimulated by
AS-IV, in protecting against DOX-induced myocardial in-
juries. Notably, this study found that AS-IV inhibits the ex-
pression of NLRP3 inflammasome-related pyroptotic pro-

teins after the DOX challenge. The present study further
clarifies the role and mechanisms by which AS-IV amelio-
rates DOX-induced myocardial injury by attenuating my-
ocardial pyroptosis.

ROS has been found to play an important role in
NLRP3 inflammasome activation [59–61]. Oxidative
stress, as the upstream signal of NLRP3 inflammasome ac-
tivation, can up-regulate the expression of NLRP3, pro-
caspase-1, and ASC and promote the assembly of the
NLRP3 inflammasome, which in turn causes pyroptosis
[34]. Nrf-2 is an important redox transcription factor that
can improve the oxidative stress status of the body and
maintain the redox balance of cells by regulating the pro-
duction of antioxidant enzymes [62]. Phosphorylation of
Nrf2 has been shown to play a key role in antioxidant stress,
inhibiting the activation of NLRP3 inflammasome [63,64].
HO-1 is regulated by Nrf-2 and is the rate-limiting step that
catalyzes the oxidative degradation of heme, during which
it is converted to bilirubin, and plays a key role in inflam-
mation [65]. Moreover, it was found that the activation of
Nrf-2 could attenuate the classical pyroptosis pathway in-
volved in oxidative stress [37,66]. Our previous study also
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Fig. 7. Schematic diagram of protective mechanism of AS-IV against DOX-induced myocardial injury in mice. AS-IV is extracted
from Radix astragali. DOX inhibits the expression of Nrf-2 and HO-1, which activates the assembly of NLRP3 inflammasome, leading
to the cleavage of Caspase-1. Increased cleaved Caspase-1 then cleaves the inflammatory factors IL-1β and IL-18 to cleaved IL-1β and
cleaved IL-18. GSDMD is also cleaved to GSDMD-N by cleaved Caspase-1, thus promoting the formations of cell membrane pores
and pyroptosis. Moreover, inflammatory factors, including cleaved IL-1β and cleaved IL-18 then release to extracellular matrix. Both
pyroptosis and inflammatory factors thus eventually lead to myocardial injury and cardiac dysfunction. AS-IV inhibits the pyroptosis by
activating the Nrf-2/HO-1 pathway and exerts a cardioprotective effect on DOX-induced cardiac injuries.

found that AS-IV can promote Nrf-2/HO-1 signaling to re-
duce pressure overload-induced heart failure [27]. In this
study, DOX reduced the expression of Nrf2, pNrf2 and HO-
1, which was reversed by AS-IV treatment. Thus, we sug-
gest that AS-IV ameliorates DOX-induced myocardial in-
jury by inhibiting pyroptosis via activation of theNrf-2/HO-
1 pathway. However, other regulatory pathways for DOX-
induced pyroptosis may exist; therefore, additional genetic
modifications of mice or in vitro experiments are needed
to verify the specific mechanism by which AS-IV inhibits
DOX-induced cardiomyocyte pyroptosis.

5. Conclusions
In conclusion, our results suggest that AS-IV exerts

a protective effect against DOX-induced myocardial injury
by activating the Nrf-2/HO-1 signaling pathway and by in-
hibitingNLRP3-mediated pyroptosis (Fig. 7). These results
provide evidence for AS-IV to be employed as a potential
clinical therapeutic agent for mitigating DOX-induced car-
diotoxicity. However, further research using positive con-
trols or gene knockout mice will provide better evidences
for verifying the specific mechanisms of the Nrf-2/HO-
1 pathway in the protective role of AS-IV in suppressing
DOX-induced pyroptosis.
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