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ARTICLE INFO ABSTRACT

Keywords: Doxorubicin (DOX) is a widely used chemotherapeutic drug known to cause dose-dependent
Doxorubi‘cin B myocardial toxicity, which limits its clinical potential. DL-3-n-butylphthalide (NBP), a sub-
Myocardial toxicity stance extracted from celery seed species, has a number of pharmacological properties, such as

Oxidative stress
Nrf2
DL-3-n-Butylphthalide

antioxidant, anti-inflammatory, and anti-apoptotic actions. However, whether NBP can protect
against DOX-induced acute myocardial toxicity is still unclear. Therefore, this study was designed
to investigate the potential protective effects of NBP against DOX-induced acute myocardial
injury and its underlying mechanism. By injecting 15 mg/kg of DOX intraperitoneally, eight-
week-old male C57BL6 mice suffered an acute myocardial injury. The treatment group of mice
received 80 mg/kg NBP by gavage once daily for 14 days. To mimic the cardiotoxicity of DOX,
1uM DOX was administered to H9C2 cells in vitro. In comparison to the DOX group, the results
showed that NBP improved cardiac function and decreased serum levels of cTnl, LDH, and CK-
MB. Additionally, HE staining demonstrated that NBP attenuated cardiac fibrillar lysis and
breakage in DOX-treated mouse hearts. Western blotting assay and immunofluorescence staining
suggested that NBP attenuated DOX-induced oxidative stress, apoptosis, and inflammation both in
vivo and in vitro. Mechanistically, NBP significantly upregulated the Nrf2/HO-1 signaling
pathway, while the Nrf2 inhibitor ML385 prevented NBP from protecting the myocardium from
DOX-induced myocardial toxicity in vitro. In conclusion, Our results indicate that NBP alleviates
DOX-induced myocardial toxicity by activating the Nrf2/HO-1 signaling pathway.

1. Introduction

Doxorubicin (DOX) is a broad-spectrum anthracycline antibiotic commonly used in the treatment of various cancers, including
carcinoma, sarcoma, and hematological malignancies [1]. However, the use of DOX therapy is associated with significant side effects,
particularly cardiotoxicity, which can result in reduced cardiac ejection fraction, arrhythmias, and even heart failure [2,3]. Due to the
dose-dependent myocardial toxicity, the clinical use of DOX is currently limited, with studies suggesting that the maximum safe dose
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for adults is 550 mg/m2 [4]. Dexrazoxane, an FDA-approved drug, is the only available treatment for anthracycline cardiotoxicity [5].
However, it is crucial to remember that there is a potential risk of developing secondary malignancies associated with its use [6].
Therefore, it really matters to acquire a secure and efficient replacement medication for the treatment of DOX-induced myocardial
toxicity.

The mechanism of DOX-induced myocardial toxicity involves various aspects, including oxidative stress [7], autophagy [8],
pyroptosis [9], endoplasmic reticulum stress [10], and iron death [11]. However, it is widely acknowledged that oxidative stress is
primarily responsible for DOX-induced myocardial toxicity [12]. The transcription factor nuclear factor E2-associated factor 2 (Nrf2),
which is a crucial redox-sensitive transcription factor, controls the expression of downstream antioxidant enzymes including heme
oxygenase 1 (HO-1), superoxide dismutase 2 (SOD2), and quinone oxidoreductase 1 (NQO1) to mitigate oxidative stress and maintain
cellular redox homeostasis [13]. Genetic interventions targeting Nrf2 or using Nrf2 activators found in natural compounds have
demonstrated the ability to reverse pathological changes in various cardiovascular disease models, including myocardial infarction
[14], heart failure [15], sepsis-induced myocardial dysfunction [16], hypertension [17], atherosclerosis [18], diabetic cardiomyop-
athy [19], and DOX-induced cardiomyopathy [20]. Importantly, multiple investigations established that the Nrf2/HO-1 signaling
pathway shows reduced expression in DOX-induced cardiomyopathy, and suppressing Nrf2 or blocking its activity can exacerbate
DOX-induced cardiotoxicity while upregulating Nrf2 can attenuate DOX-induced cardiotoxicity [21]. These findings imply that the
modulation of Nrf2 could be a crucial therapeutic approach to treating DOX-induced myocardial toxicity.

DL-3-n-butylphthalide (NBP), a synthetic racemate of L-3-n-butylphthalide extracted from celery seeds, was approved by the State
Food and Drug Administration of China in 2002 for the treatment of ischemic stroke [22]. In recent years, it has been shown that NBP
plays crucial roles in a number of physiological processes, such as the regulation of autophagy and the prevention of inflammation,
apoptosis, endoplasmic reticulum stress, and oxidative stress [23-27]. Wang et al. demonstrated that NBP improved pathological
alterations in mice with Alzheimer’s disease by upregulating Nrf2, inhibiting TXNIP-TrX interactions, maintaining redox homeostasis,
and reducing inflammation [28]. NBP has also been identified to inhibit oxidative stress and ameliorate diabetes-associated cognitive
decline by upregulating Nrf2/HO-1 signaling pathway [24]. Notably, NBP has demonstrated protective effects against cardiovascular
diseases. Previous studies have reported that NBP protects rat cardiomyocytes from ischemia/reperfusion injury through its
anti-oxidative stress properties and influence on the mitochondrial apoptotic pathway [22,29]. NBP also prevents the formation of
atherosclerotic plaques in ApoE—/— mice by activating the Keap-1/Nrf-2 signaling pathway to reduce oxidative stress [30].
Furthermore, NBP has been found to prevent cardiac remodeling and arrhythmia in rats with myocardial infarction by attenuating
fibrosis and Cx43 gap junction remodeling via modulation of the PI3k/Akt/Nrf2/ARE signaling pathway [31]. Additionally, NBP
treatment reduced cardiac hypertrophy and dysfunction in mice [32]. Nevertheless, the extent to which NBP contributes to the
development of DOX-triggered cardiac damage remains largely unexplored. Consequently, the aim of this investigation was to assess
the potential of NBP to alleviate myocardial injury induced by DOX and shed light on the mechanisms involved.

2. Materials and methods
2.1. Drugs and antibodies

Doxorubicin (DOX, #HY-15142), Butylphthalide (NBP, #HY-B0647), ML385 (#HY-100523), Polyethylene glycol 300 (PEG300,
#HY-Y0873), and Dimethyl sulfoxide (DMSO, #HY-Y0320) were obtained from MedChemExpress (New Jersey, USA). Anti-Nuclear
factor E2-related factor 2 (Nrf2, #GTX103322), anti-heme oxygenase 1 (HO-1, #GTX101147), anti-NF-xB P65 (P65,
#GTX102090), and anti-phospho-NF-—«B P65 (P-P65, #GTX133899) were purchased from GeneTex (California, USA). Anti-
interleukin 6 (IL-6, #YT5348) and antitumor necrosis factor a (TNF-a, #YT4689) were obtained from ImmunoWay (Texas, USA).
Anti-IL-1p (#ab283822) was purchased from Abcam (Cambridge, UK). Anti-cleaved caspase3 (C-Caspase3, #9664) was obtained from
Cell Signaling Technology (Massachusetts, USA). Anti-NADPH quinone oxidoreductase-1 (NQO1, #A19586), anti-superoxide dis-
mutase-2 (SOD2, #A1340), anti-B cell lymphoma 2 (BCL-2, #A20777), and anti-BCL-2-associated X protein (BAX, #A11931) were
purchased from ABclonal Technology (Wuhan, China). Anti-a-Tubulin antibody and HRP conjugated Goat Anti-Rabbit IgG were
obtained from Servicebio Technology (Wuhan, China).

2.2. Animals and treatment

In line with the specifications detailed in the document for ethical approval (Approval number: SY2023-004), all experimental
procedures and protocols adhered to the established guidelines. These procedures were duly authorized by the Animal Ethics Com-
mittee of Wuhan Third People’s Hospital. Wuhan Buzz Biological Technology Co., Ltd provided male C57BL/6 mice, which were aged
eight weeks and weighed 20-25g. The mice were accommodated in a regulated environment with a temperature of 20-25 °C, humidity
levels ranging from 45% to 55%, and a 12-h light-dark cycle. Unrestricted access to water and food were provided. Following a period
of seven days for acclimation, the mice were randomly divided into three groups. (1) The control group received intragastric gavage of
50% PEG300 + 50% physiological saline once a day for 14 consecutive days along with a single intraperitoneal injection of physi-
ological saline on day 8. (2) The DOX group received an intraperitoneal injection of 15 mg/kg DOX dissolved in physiological saline on
the 8th day of the experiment to induce acute myocardial toxicity. (3) The DOX + NBP group was pretreated with 80 mg/kg of NBP
dissolved in a solution of 50% PEG300 and 50% saline by gavage once a day for 7 days. On day 8, the mice in this group also received a
single intraperitoneal injection of DOX at a dose of 15 mg/kg. The gavage of NBP continued for an additional 7 days after the DOX
injection. The dosages of doxorubicin and NBP used in the experiment were based on previous literature reports, with appropriate
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adjustments [7,33]. The changes in body weight of the mice were recorded, and at the end of the investigation, their hearts and blood
samples were collected for further analysis.

2.3. Echocardiography

Following anesthesia with 1.5% isoflurane inhalation, the mice’s chest hair was removed using depilatory cream. The mice’s
cardiac function was assessed using a small animal ultrasound instrument (Visual Sonics Inc., Canada). Measurements were taken from
a transverse axis section adjacent to the sternum to evaluate key cardiac parameters, such as left ventricular ejection fraction (LVEF),
left ventricular fractional shortening (LVFS), left ventricular end-diastolic volume (LVEDV), and left ventricular end-systolic volume
(LVESV). The researchers who performed the measurements were unaware of the experimental groups.

2.4. Cardiac injury analysis

Blood samples were collected from mice using the retro-orbital bleeding technique. These blood samples were centrifuged for 15
min using a 4° centrifuge to obtain serum, which was then stored in a —80° refrigerator for a short period of time. The serum levels of
creatine kinase isoenzyme (CK-MB) and lactate dehydrogenase (LDH) were measured using an automated biochemical analyzer (Lei
du, China) and specific assay kits. The lactate dehydrogenase assay kit (Leidu, S03034) and the creatine kinase isoenzyme assay kit
(Changchun Huili, C060) were used. The serum’s cardiac troponin I (cTnl) concentration was determined using an ELISA kit (Uer-
sheng, SEA478Mu). All procedures were conducted following the protocols provided by the respective manufacturers.

2.5. Histological analysis

Following the echocardiographic assessment, the hearts of mice from various experimental groups were collected and preserved in
4% paraformaldehyde. The heart tissues were then embedded in paraffin and sliced into 4-5 pm sections. Hematoxylin and eosin
(H&E) staining was used to evaluate the histological morphology.

2.6. Western blotting

The levels of Nrf2, HO-1, NQO1, SOD2, IL-6, IL-1p, TNF-a, P65, P-P65, Bax, Bcl-2, and cleaved caspase 3 expression in cardiac
tissues and H9C2 cells were assessed by Western blotting. Briefly, mouse cardiac tissues or H9C2 cells were subjected to lysis using
RIPA lysis buffer containing 1% phosphatase inhibitor and PMSF (Servicebio, G2008), while being kept on ice for 30 min. The lysates
were then centrifuged and the protein quantification was performed using the BCA assay kit. Afterward, the denatured protein samples
were separated by SDS-PAGE gel electrophoresis and transferred onto NC membranes. The membranes were blocked and incubated
with primary antibodies overnight at 4 °C, followed by incubation with HRP-conjugated secondary antibodies. The bands were
visualized and a semi-quantitative analysis was performed using ImageJ software. All protein expression levels were normalized to
a-Tubulin.

2.7. Oxidative stress testing

To measure the levels of reactive oxygen species (ROS) in mouse cardiac tissues and H9C2 cells, we employed the DHE assay Kkits.
The experiments were performed in accordance with the manufacturer’s instructions and observed using a fluorescence microscope.
The levels of SOD, MDA, and GSH in heart tissue homogenates and H9C2 cardiomyocyte supernatants were measured using a su-
peroxide dismutase kit (Nanjing Jiancheng, A001-1), malondialdehyde assay kit (Servicebio, G4300) glutathione peroxidase assay kit
(Nanjing Jiancheng, A005), respectively.

2.8. TUNEL testing

Apoptosis was detected using a TUNEL kit (Servicebio, G1501). Paraffin sections of mouse hearts and cell crawls of H9C2 were
prepared following the previously described methods. TUNEL staining was carried out as per the manufacturer’s protocol, and
fluorescence images were captured using a fluorescence microscope. The acquired images were then analyzed for fluorescence in-
tensity using ImageJ software.

2.9. Cell Culture and treatment

Cultures of rat cardiomyocytes H9C2(Procell Life Technologies Co., Ltd., Wuhan, China) were conducted at 37 °C in a 5% CO2
incubator. The medium used in the experiment was modified Eagle’s medium (DMEM) with the addition of 10% fetal bovine serum
(Gibco, USA) and 1% penicillin and streptomycin. When the confluent area of the cells reached approximately 80%, they were
passaged at a 1:3 ratio. DOX and NBP were dissolved in ddH20 at concentrations of 1 mM and 10 mM, respectively. ML385, a classic
Nrf2 selective inhibitor, was dissolved in DMSO to create a 10 mM stock solution. The experiment consisted of four groups: (1) the
control group, (2) the DOX group, (3) the DOX + NBP group, and (4) the DOX + NBP + ML385 group. Each mL of culture medium
contained 0.5 pL of DMSO as vehicle control in the control group, DOX group, and DOX + NBP group. In the DOX group, the H9C2 cells
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were treated with 1 pM DOX for 24 h. In the DOX + NBP group, the cells were pretreated with 20 pM NBP for 24 h, followed by
changing the culture medium and treating it with a culture medium containing 1 pM DOX and 20 pM NBP for 24 h. Similarly, in the
DOX + NBP + ML385 group, the cells were first pretreated with 20 uM NBP for 24 h, followed by co-incubation with 1 pM DOX, 20 pM
NBP, and 5 pM ML385 for 24 h. The supernatant and cellular sediments were collected for subsequent assays.

2.10. CCK-8 assay

Inoculate 100 pL of suspension containing approximately 10% HOC2 cells per well in a 96 well plate. Culture the cells for 12 h until
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Fig. 1. NBP improves DOX-induced cardiac dysfunction and myocardial injury (A) Representative histological images of the HE staining in three
groups. (B) Representative echocardiogram images in three groups. (C) Body weight in the indicated groups 7 days after DOX injection (n = 12). (D)
The ratio of heart weight to tibia length (n = 12). (E) LVEF in the indicated groups (n = 8). (F) LVFS in the indicated groups (n = 8). (G-I) The LDH,
CK-MB, and cTnl levels among groups (n = 6). Values represent mean + SEM. ****p < 0.0001 vs. Ctrl group; *#p < 0.01, **#p < 0.001, *###p <
0.0001 vs. DOX group.
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Fig. 2. NBP inhibited DOX-induced oxidative damage in mice (A) Representative DHE staining images in three groups (n = 4). (B-D) The level of
SOD, MDA, and GSH-PX among groups. (E) Representative Western blots of Nrf2, HO-1, NQO1, and SOD2 protein levels in three groups (n = 6). (F)
Quantitative analysis of fluorescence intensity of DHE staining. (G-J) Statistical analysis of Nrf2, HO-1, NQO1, and SOD2 protein levels in three
groups (n = 6). ****p < 0.0001 vs. Ctrl group; *#p < 0.01, **#p < 0.001, **##p < 0.0001 vs. DOX group.

they fully adhere to the wall. Pretreat the cells with 0, 1, 10, 20, 50, and 100 pM NBP for 24 h. Then incubate the cells with 0, 1, 10, 20,
50, and 100 pM NBP along with 1 pM DOX for 24 h. After completing the experiment, 10 pL of CCK-8 reagent (Servicebio, G4103) was
added to each well.Subsequently, the plate underwent incubation at 37 °C for a duration of 1.5 h to allow for reactions to occur. To
determine cell viability within each group, an enzyme-linked immunosorbent assay reader (TECAN, Infinite M200 PRO, Switzerland)
was employed to measure the absorbance values at a wavelength of 450 nm.

2.11. Statistical analysis

All datas were analyzed using GraphPad Prism software (San Diego, USA). Quantitative datas are presented as mean + standard
error. Comparisons among multiple groups were conducted using non-paired one-way analysis of variance (ANOVA) and post hoc t-
tests. p < 0.05 was considered statistically significant.

3. Result
3.1. NBP protected against DOX-induced cardiac dysfunction and myocardial injury in mice

Our data demonstrated a noteworthy decline in body weight in mice after 7 days of exposure to DOX, which is consistent with other
observations. However, NBP gavage mitigated this DOX-induced weight loss (Fig. 1C). Additionally, we observed that the DOX group’s
heart weight to tibia length ratio was much lower than that of the control group. Nevertheless, NBP administration attenuated the
extent of this reduction (Fig. 1D). To evaluate the impact of NBP on DOX-induced cardiac dysfunction, we assessed cardiac function
using transthoracic echocardiography. Our results revealed that the left ventricular ejection fraction in mice treated with DOX for
seven days was significantly lower (52.383 + 5.080%) compared to the control group (83.426 + 4.689%). However, NBP treatment
ameliorated this decrease by increasing the ejection fraction to 64.114 + 6.292% (Fig. 1B, E). Moreover, the DOX group exhibited a
lower short-axis shortening rate than the control group, indicating impaired cardiac function. Notably, NBP pretreatment attenuated
this DOX-induced decrease in the shortening rate (Fig. 1F). These findings suggest that NBP can potentially improve DOX-induced
cardiac dysfunction in mice. HE staining revealed standard myocardial structure in the control group, whereas the DOX group dis-
played myocardial fiber lysis, breakage, and vacuolar degeneration. However, these effects were improved in the NBP group (Fig. 1A).
Considering that lactate dehydrogenase (LDH), cardiac troponinase (cTnl), and creatine kinase isoenzyme (CK-MB) are commonly
used as diagnostic markers for myocardial injury, we examined the levels of LDH, cTnl, and CK-MB in the serum of mice [21]. The
levels of cTnl, CK-MB, and LDH were discovered to be elevated in the DOX group when compared to the control group. However, NBP
treatment reversed the DOX-induced elevation of these markers (Fig. 1G-I). These findings indicate that NBP treatment has a beneficial
effect in ameliorating DOX-induced myocardial injury.

3.2. NBP attenuates DOX-induced oxidative stress in mouse cardiac tissues

We investigated the levels of ROS in mouse myocardial tissues using DHE staining. Our findings revealed that the control group had
low ROS production. However, the DOX group showed a substantial increase in ROS production, which was significantly reduced after
treatment with NBP (Fig. 2A and F). Additionally, we examined the levels of SOD, MDA, and GSH-PX in cardiac tissues. The results
demonstrated that the DOX group had lower levels of SOD and GSH-PX and higher levels of MDA than the control group. Treatment
with NBP effectively improved these DOX-induced changes in these metrics (Fig. 2B-D). Nrf2, an essential transcription factor
involved in the regulation of oxidative stress, plays a crucial role in regulating the expression levels of downstream antioxidant en-
zymes. Western blotting results indicated that the expression of Nrf2, HO-1, NQO1, and SOD2 was significantly lower in the DOX group
compared to the control group. Conversely, NBP treatment for 14 days increased the expression levels of these proteins (Fig. 2E, G-J).
Based on our findings, it can be inferred that NBP has the potential to mitigate the oxidative stress harm caused by DOX in an in vivo
setting.

3.3. NBP attenuated DOX-induced inflammation and apoptosis in mouse heart tissues

TUNEL staining revealed a deficiency in green fluorescence manifestation in the control group, while a noteworthy upsurge in
green fluorescence manifestation was observed in the DOX group, indicating an elevation in DOX-induced apoptosis. Conversely, the
NBP-treated group exhibited a notable decrease in apoptosis levels (Fig. 3A-C). Furthermore, our findings demonstrated elevated
levels of BAX and Cleaved-caspase3 proteins in the DOX group when compared to the control group. On the contrary, the expression of
BCL-2 was lower in the DOX group compared to the control group. Notably, NBP treatment mitigated the DOX-induced elevation of
BAX and Cleaved-caspase3 and partially restored the DOX-induced decrease in BCL-2 expression (Fig. 3B,D-F). Additionally, we
examined the impact of DOX on inflammatory markers. Western blot analysis revealed that DOX led to increased protein expression of



Heliyon 10 (2024) 27644

D. Liet al

Dox+NBP

Ctrl

<

13aNNL

x
o

Idvd

ofiow

1.5

0.0

(aBueyd pjoy) |aas| ojoydody

22kd

@

26kd

BCL-2

17kd

C-caspase 3

55kd

a-Tubulin

2 2 2 2 T 3
© ~N ~N b B W0
N ~ ~ w o ©
¢ @ ¥ £ 8 8
T T
2 L L 2 W o
=k
o
w -
1 1 | 1
w L] w o
- - = S
uojssaidxe ujejoid ¢ esedses-9
m L |
*
I 1 1 1
o) = o =
< < o 5]

uoisseidxe uiejoid z-1og

Fkkk
[ ] ]

1.5

I 1
< w
- o

uojssaidxa aanejas gad/ged-d

0.0~

- 4
%
| | 1
0 Y 10 c
- - o o
uoissaidxa uiajoid p-INL
w B
S,
e %
¥ (74
H L] L - LvO
4
= 4
2
I 1 1 I
0. i e " =3
o - - o =
uossaldxs ujoad gL-|
* L
QOA\
)
(4
n
b .._T -
u %
- 4,
%
| 1 1
w =] n =]
- - = o

uoyssaidxa upejoud g-|

(caption on next page)



D. Lietal Heliyon 10 (2024) e27644

Fig. 3. NBP attenuated cardiac apoptosis and inflammation in DOX-treated mice (A) Representative TUNEL staining images in heart tissues. (B) The
indicated groups showed representative Western blots of BAX, BCL-2, and Cleaved-caspase3. (C) The quantitative results of TUNEL staining (n = 4).
(E-F) Statistical results of BAX, BCL-2, and Cleaved-caspase3 protein levels in the indicated groups (n = 6). (G) In three groups, representative
Western blots of IL-6, IL-1p, TNF-a, and P-P65 protein levels. (H-J) Statistical analysis of IL-6, IL-1f, TNF-a, and P-P65 protein levels in heart tissues
(n = 6). **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. Ctrl group; #p < 0.05, *#p < 0.01, **#p < 0.001, *#*##p < 0.0001 vs. DOX group.

TNF-a, IL-1p, and IL-6, whereas NBP interventions attenuated the DOX-induced elevation of inflammatory molecules. Moreover, DOX
was found to induce phosphorylation of NF-kB, a transcription factor that translocates to the nucleus to regulate downstream in-
flammatory factor expression [34]. Notably, NBP treatment reduced the phosphorylation level of NF-kB P65 (Fig. 3G-K). Overall, these
findings appear to indicate that NBP can ameliorate inflammation and apoptosis levels in DOX-induced mice in vivo.

3.4. NBP ameliorates DOX-induced oxidative stress in cardiomyocytes through the Nrf2/HO-1 signaling pathway in vitro

To further investigate the protective effect of NBP against DOX-induced cardiomyocytes in vitro, we exposed H9C2 cells to 1pM
DOX for 24 h to simulate DOX-induced myocardial injury in vivo. Using the CCK8 assay to assess cell viability, we observed a sig-
nificant reduction in cell viability after 24 h of DOX treatment. Subsequently, we examined the impact of different concentrations of
NBP (1 pM, 10 pM, 20 puM, 50 pM, and 100 pM) on the viability of DOX-exposed HIC2 cells. Our findings indicated that the effects of 1
pM and 10 pM NBP on cell viability were not statistically different from the DOX group. However, the interventions with 20 pM, 50 pM,
and 100 pM NBP increased cell viability, although these three concentrations did not differ statistically significantly from one another
(Fig. 4B). Based on the previous study and our CCKS8 results, we chose a concentration of 20 uM for the ensuing experiments [29]. In
our vivo experiments, we made a revelation that myocardial injury induced by DOX is closely linked to the signaling pathway of
Nrf2/HO-1. In order to delve deeper into understanding the protective impact of NBP against DOX-induced myocardial injury, we
employed ML385, a specific Nrf2 blocker, to validate the involvement of Nrf2/HO-1 in the safeguarding effect of NBP on car-
diomyocytes. Corresponding to our vivo experiments, we observed that 20 pM of NBP could attenuate DOX-induced ROS production in
HO9C2 cells. However, the inhibitory effect of NBP on ROS production disappeared after the Nrf2 blockade (Fig. 4A-C). Furthermore,
the changes in SOD, MDA, and GSH-PX levels in the cell supernatants demonstrated that ML385 attenuated the protective effect of NBP
against oxidative stress in vitro (Fig. 4D-F). Additionally, Western blotting experiments confirmed that ML385 administration
decreased the protein expression of Nrf2 and its downstream targets HO-1, NQO1, and SOD2 compared to the DOX + NBP group
(Fig. 4G-K). In conclusion, our results suggest that NBP attenuated DOX-induced oxidative stress in vitro, while this protective effect
was abolished after blocking Nrf2.

3.5. NBP ameliorates DOX-induced apoptosis and inflammation in cardiomyocytes through the Nrf2/HO-1 signaling pathway in vitro

Apoptosis and inflammation are important factors in DOX-induced myocardial injury. TUNEL staining revealed that NBP reduced
apoptosis in DOX-treated HOC2 cells, but ML385 hindered the protective effect of NBP (Fig. 5A-C). The Western blotting outcomes also
presented evidence that NBP partially reinstated the decreased quantities of BCL-2 and raised levels of cleaved-caspase 3 and BAX
initiated by DOX in cardiomyocytes, while ML385 blocked this effect (Fig. 5B-D-F). Furthermore, in line with the anti-inflammatory
properties of NBP observed in vivo, protein immunoblotting revealed that NBP decreased DOX-induced phosphorylation of NF-kB P65
and expression of IL-1p, TNF-a, and IL-6 in HI9C2 cells. Once again, ML385 administration reversed these changes induced by NBP
(Fig. 5G-K). These findings suggest that NBP alleviates DOX-induced apoptosis and inflammation in H9C2 cells by potentially
upregulating the Nrf2/HO-1 signaling pathway.

4. Discussion

In this study, we examined the impact of NBP on DOX-induced myocardial toxicity. Our findings indicated that NBP administration
effectively mitigated cardiac dysfunction and myocardial injury caused by DOX exposure. Furthermore, NBP significantly reduced
oxidative stress, apoptosis, and inflammation induced by DOX both in vivo and in vitro. We also discovered that NBP increased the
expression of Nrf2/HO-1 while inhibiting the activation of NF-kB P65. Importantly, when Nrf2 was blocked, the protective function of
NBP against DOX-triggered toxicity in cardiomyocytes in vitro was abolished. In summary, our results demonstrate that NBP protects
against DOX-triggered damage by upregulating the Nrf2/HO-1 signaling pathway.

DOX has been a cornerstone in treating various cancers since its discovery in the 1970s. However, DOX therapy is known to cause
several organ toxicities, including hepatotoxicity, nephrotoxicity, neurotoxicity, gonadotoxicity, and cardiotoxicity [35-38]. With the
increasing use of DOX chemotherapy, cardiovascular toxicity has emerged as a significant cause of premature death in cancer survivors
[39]. Many scientists have been working tirelessly to find drugs capable of treating DOX cardiotoxicity, such as resveratrol and
melatonin [40,41]. However, additional effort is required prior to their practical implementation in clinics, highlighting the need for
further exploration of drugs for DOX cardiotoxicity treatment. NBP, primarily used in the clinic for the treatment of ischemic stroke
and cognitive dysfunction, has shown a wide range of bioactivities and a high degree of safety [42,43]. Over the past few years,
scientists have discovered that NBP also has a protective effect on cardiac ischemia-reperfusion injury, atherosclerosis, and
arrhythmia, which has attracted our attention [29-31]. In the present study, we observed that NBP administration ameliorated the
DOX-induced reduction in ejection fraction and the elevation of myocardial injury markers cTnl, CK-MB, and MDA. Furthermore, NBP
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Fig. 4. NBP ameliorates DOX-induced oxidative stress in cardiomyocytes through the Nrf2/HO-1 signaling pathway in vitro (A) Representative
TUNEL staining images in HI9C2 cells. (B) Cell viability after DOX treatment (n = 5). (C) Quantitative analysis of DHE staining in H9C2 cells. (D-F)
SOD, MDA, and GSH-PX levels in H9C2 cell supernatants. (G-K) Representative Western blots and statistical analysis of Nrf2, HO-1, NQO1, and
SOD2 protein levels in four groups (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. Ctrl group; *p < 0.05, **p < 0.01, **#p < 0.001,
f###p < 0.0001 vs. DOX group; ¥p < 0.05, ** p < 0.01, **% p < 0.0001 vs. DOX + NBP group.

<

attenuated DOX-induced ROS production and subsequent apoptosis both in vivo and in vitro, and it also reduced the downstream
expression of inflammation factor by decreasing the phosphorylation of NF-xB P65. In conclusion, our data suggest that NBP has a
protective effect against DOX-induced cardiomyocyte injury.

The significance of DOX-induced cardiotoxicity has been highlighted by an increasing amount of research, which emphasizes the
role of oxidative stress [12]. Multiple studies have shown that diminishing the generation of ROS can mitigate DOX-induced damage to
the heart [44,45]. Nrf2, an essential antioxidant transcription factor encoded by the NFE2L gene, plays a crucial role in this process
[46]. In its normal state, Nrf2 forms a complex with the Kelch-like ECH-related protein (Keapl) through the double glycine repeat
sequence (DGR) and remains in the cytoplasm. However, when the cell experiences oxidative stress, Nrf2 disengages from Keapl and
translocates into the nucleus. Once within the nucleus, Nrf2 attaches to antioxidant response elements (AREs), leading to the activation
of downstream antioxidant enzymes such as HO-1, NQO1, and glutathione S-transferase (GST). These enzymes enhance the defense
against oxidative stress [47]. Our study found that NBP significantly increased the expression of Nrf2 and its downstream target genes,
HO-1 and NQO1, in cardiomyocytes treated with DOX. This increase in Nrf2 activity resulted in reduced ROS generation and elevated
levels of SOD, GSH-PX, and SOD in the serum. These findings align with previous research demonstrating that NBP can mitigate
diabetes-associated cognitive decline and pathological changes in Alzheimer’s disease by activating the Nrf2-mediated antioxidant
response system [24,28]. To further investigate the role of the Nrf2/HO-1 signaling pathway in NBP’s effect on DOX-induced
myocardial injury, we used the Nrf2 blocker ML385. Our results showed that ML385 nullified the beneficial effects of NBP on car-
diomyocytes in vitro and attenuated the NBP-induced upregulation of the Nrf2/HO-1 signaling pathway. Therefore, our findings
suggest that NBP ameliorates DOX-induced myocardial injury and reduces oxidative stress through the Nrf2/HO-1 signaling pathway.

Apoptosis is one of the essential pathogenic events in myocardial toxicity of DOX, and reduction of apoptosis levels in the heart has
been recommended as a protective measure against DOX-induced myocardial injury. DOX leads to decreased mitochondrial membrane
potential due to excessive production of ROS and lipid peroxidation, resulting in the increased permeability of the mitochondrial
membrane. This, in turn, triggers the release of cytochrome C from the mitochondria into the cytoplasm, activating a cascade reaction
of cysteine asparaginase and ultimately leading to apoptosis [48]. In order to thoroughly investigate the impact of NBP on
DOX-induced myocardial toxicity, we also examined changes in apoptosis levels. Our findings revealed that DOX significantly
increased the expression of BAX in cardiac tissues while decreasing the level of BCL-2, which aligns with the findings of Pan et al. [49].
Interestingly, NBP treatment altered the DOX-induced changes in BCL-2 and BAX, suggesting that NBP has the ability to counteract
DOX-induced apoptosis in cardiomyocytes. This hypothesis was further supported by the analysis of cleaved-caspase3 expression and
the quantification of TUNEL-stained positive cells. Our results are also consistent with the study conducted by Xu et al. in which NBP
attenuated podocyte apoptosis and delayed the progression of diabetic nephropathy in mouse kidneys by reducing endoplasmic re-
ticulum stress and inhibiting the activation of the renin-angiotensin system [50]. Moreover, the in vitro experiments conducted in this
study further demonstrated that NBP prevented DOX-induced apoptosis, and blocking Nrf2 abolished the protective effect of NBP
against apoptosis in H9C2 cells. Therefore, our study suggests that the inhibitory effect of NBP on DOX-induced apoptosis is mediated
through the activation of Nrf2.

In addition to oxidative stress and apoptosis, DOX-induced inflammation has been well-reported in DOX-induced cardiotoxicity.
The overexpression of inflammatory factors is closely associated with DOX-induced myocardial toxicity, and inhibiting the expression
of these factors can partially alleviate DOX-induced myocardial toxicity [51]. Several natural compounds, including dihydrotan-
shinone I, cardamonin, and nerolidol, have been suggested as potential therapeutics to inhibit NF-xB activation and mitigate DOX
cardiotoxicity [52-54]. The team of Wang et al. has reported that dihydrotanshinone I inhibited NF-xB activation by targeting the
TFEB-IKK-NF-«B signaling axis, thereby inhibiting M1 macrophage polarisation and excessive release of pro-inflammatory factors,
achieving improved cardiac function in zebrafish and mice [52]. In our study, we observed a significant increase in the phosphory-
lation level of NF-kB P65 in the DOX group. However, NBP treatment reduced the phosphorylation of NF-kB P65 and the expression of
downstream inflammatory factors IL-1p, TNF-a, and IL-6. These findings are consistent with previous reports that NBP attenuates
inflammation in other injury models, such as renal ischemia-reperfusion injury and LPS-induced lung injury, by down-regulating IL-6,
TNF-a, and IL-1f. This suggests that NBP has excellent potential for anti-inflammatory effects [55,56]. In our next experiment, we
observed that the intervention of ML385 compromised the anti-inflammatory effect of NBP against DOX, indicating that the protective
effect of NBP against DOX-induced myocardial injury is at least partially mediated by the inhibition of NF-kB activation and down-
stream inflammatory factor expression through the activation of Nrf2.

5. Conclusion
To summarize, our investigation demonstrated that the administration of NBP displays a safeguarding impact against myocardial
injury caused by DOX. This protective mechanism is achieved through the activation of the Nrf2/HO-1 signaling pathway. Further-

more, NBP has been observed to augment the expression of Nrf2 and its subsequent target genes, effectively mitigating oxidative stress
and inhibiting apoptosis. Notably, NBP also exhibits a capacity to reduce the phosphorylation level of NF-kB P65 and the expression of
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Fig. 5. NBP ameliorates DOX-induced apoptosis and inflammation in cardiomyocytes through the Nrf2/HO-1 signaling pathway in vitro. (A)
Representative TUNEL staining images in H9C2 cells (n = 3). (B) Representative Western blots of BAX, BCL-2, and Cleaved-caspase3 protein levels in
four groups. (C) Quantitative analysis of TUNEL staining in H9C2 cells. (D-F) Statistical analysis of BAX, BCL-2, and Cleaved-caspase3 proteins
levels (n = 3). (G-K) Representative Western blots and statistical analysis of IL-6, IL-1f, TNF-a, and P-P65 protein levels in four groups (n = 3). **p
< 0.01, ***p < 0.001, ****p < 0.0001 vs. Ctrl group; *p < 0.05, *#p < 0.01 vs. DOX group; *p < 0.05, ** p < 0.01, ¥** p < 0.0001 vs. DOX +
NBP group.

inflammatory mediators, thereby attenuating inflammation. These significant findings indicate the potential suitability of using NBP as
a therapeutic approach for managing DOX-induced myocardial injury.
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