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Abstract

Doxorubicin (DOX) is widely employed in anticancer therapy, but its clinical application is
constrained by its cardiotoxic effects. Trillin, a bioactive compound derived from Trillium
tschonoskii Maxim., has been identified as a natural antioxidant possessing cardiopro-
tective properties. This study aimed to ascertain whether trillin can protect against DOX-
induced cardiotoxicity (DIC) through its inherent antioxidant capabilities. In vivo studies,
C57BL/6 mice were administered DOX (5mg/kg i.p.) via intraperitoneal injection once
weekly for a total of five consecutive weeks and received trillin (25, 50 and 100 mg/kg i.g.)
through intragastric administration once daily for six weeks. In vitro studies, H9c2 cardio-
myocytes were utilized to verify the protective efficacy of trillin (0.5, 1 and 2 uM) against
DIC. Trillin significantly mitigated DOX-induced myocardial damage, which encompassed
improvements in left ventricular function, reductions in serum cardiac enzymes levels, and
diminution of heart cell vacuolation. Moreover, trillin effectively attenuated DIC while pre-
serving the anticancer efficacy of DOX. Trillin also alleviated oxidative injury by elevating
levels of SOD and GSH and reducing MDA levels. Additionally, trillin restored the expres-
sion of Nrf2 and HO-1 in mouse hearts and H9c2 cardiomyocytes treated with DOX. Trillin
safeguarded against DIC by inhibiting oxidative stress via upregulation of the Nrf2/HO-1
pathway. These findings furnish evidence suggesting trillin may serve as a therapeutic
agent for the prevention of DIC.

1 Introduction

Cancer is a destructive disease worldwide that is increasing in incidence and mortality.
Doxorubicin (DOX) is an effective anthracycline chemotherapeutic drug used to treat a wide
range of solid tumors and malignancies [1,2]. However, the clinical application of DOX has
been severely limited due to its cumulative and dose-dependent cardiotoxicity [3]. Accord-
ing to published studies, long-term treatment with DOX can lead to cardiomyopathy, most
notably characterized by a reduction in left ventricular ejection fraction (LVEF), an increase
in ventricular internal diameter, and subsequent severe congestive heart failure [4,5]. Among
patients receiving 400, 550, and 700 mg/m? of DOX, the incidence rates of heart failure are
5%, 26%, and 48%, respectively [6,7]. In addition, among child cancer survivors who have
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undergone DOX treatment, echocardiographic abnormalities are detected in up to 50% of the
patients, and approximately 10% of them develop cardiomyopathy [8,9].

Clinical strategies for preventing cardiotoxicity due to anthracycline drugs include reduc-
ing the cumulative dosage, continuous infusion, and using less toxic analogues [10]. How-
ever, reducing the cumulative dosage of DOX to 550 mg/m? or using analogues of DOX can
significantly impair the antitumor effects. Moreover, the risk of inducing cardiomyopathy is
not reduced [11]. Dexrazoxane is the only drug approved by the US Food and Drug Adminis-
tration (FDA) for treating cardiotoxicity caused by anthracyclines. However, it can exacerbate
chemotherapy-induced myelosuppression and has been shown to increase the risk of sec-
ondary malignancy [12,13]. So, it’s crucial to develop therapeutic agents that effectively treat
DOX-induced cardiotoxicity without exhibiting negative effects or reducing the anticancer
efficacy of DOX.

Numerous studies have shown that the underlying mechanism of DIC is complex and
multifactorial, involving mitochondrial damage, oxidative stress, pyroptosis, ferroptosis and
apoptosis [14]. It is worth noting that during the process of DOX-induced oxidative stress,
free radicals formed by any of these mechanisms continue to damage various cellular com-
ponents, including nucleic acids, and proteins. This leads to mitochondrial dysfunction, and
subsequently activates cytotoxic signaling pathways, causing damage to myocardial tissue
[15]. Therefore, oxidative stress is a key factor in DIC. The expression levels of endogenous
antioxidant enzymes in the heart are relatively low, which makes the heart more susceptible to
DOX-induced damage [16]. Evidence has indicated that DOX induces myocardial oxidative
stress by regulating levels of SOD, and GSH, MDA [17]. A mediator of responses to oxidative
stress, namely, Nrf2 is significantly downregulated in DIC, leading to insufficient expression
of antioxidant enzymes [18]. Research has shown that the activation of Nrf2 reduces DOX-
induced oxidative effects on cardiomyocytes. In addition, the natural compound glycyr-
rhetinic acid alleviates DIC by activating Nrf2 [19]. Activation of the Nrf2 pathway may be
effective in alleviating oxidative stress and cardiac injury.

Trillin (Fig 1) is a steroidal saponin that is abundant in herbal medicinal plants such as
Trillium tschonoskii Maxim., Dioscorea nipponica Makino, and Dioscorea panthaica Prain
& Burkill. Its chemical structure is diosgenin-3-O-p-D-glucopyranoside. Trillin has multi-
ple pharmacological effects, including antitumor, antioxidative, free radical scavenging, and
immunomodulatory effects [20-23]. Previous studies have shown that trillin can inhibit oxi-
dative stress in tissues by activating the Nrf2 pathway, thereby protecting against spinal cord
injury in rats [24]. Moreover, trillin has been reported to protect against D-galactose-induced
myocardial injury by inhibiting myocardial mitochondrial autophagy [25]. We speculated that
trillin may be an effective candidate drug for the treatment of DIC. However, the potential
effects of trillin in treating DIC and their underlying mechanisms have not been thoroughly

Fig 1. Molecular structure of trillin.

https://doi.org/10.1371/journal.pone.0321546.9001
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investigated. So, we investigated the possible cardioprotective effects of trillin through in vivo
and in vitro experiments. Moreover, we also studied whether trillin can protect against DIC by
alleviating oxidative stress via regulation of the Nrf2 pathway.

2 Materials and methods

2.1 Drugs and reagents

Trillin (purity > 98%, CAS No. 14144-06-0, Lot No. MUST-23110713) purchased from
Chengdu MUST Biotechnology Co., Ltd (Chengdu, China). DOX and Nrf2 inhibitor ML385
were purchased from Selleck (Houston, USA). Creatine Kinase-MB Isoenzyme (CK-MB),
lactate dehydrogenase (LDH), and aspartate aminotransferase (AST) detection kits were
purchased from Mindray (Shenzhen, China). Assay kits for CAT, GSH, SOD, and MDA were
purchased from Elabscience Biotechnology Co.,Ltd (Wuhan, China). Anti-Nrf2 and HO-1
antibodies was purchased from Cell Signaling Technology (Boston, USA).

2.2 Animals and treatment

The male C57BL/6] mice (23 - 25g, eight - week - old) were purchased from Si Pei Fu Bio-
logical Technology Co., Ltd. (Beijing, China). The animals were maintained in a room at a
temperature of 22 +2°C under a 12 - hour dark/light cycle. In the experiment, the mice were
housed in a specific pathogen - free (SPF) grade barrier environment. All animal experimen-
tal surgery were anesthetized with isoflurane gas to relieve pain. Then, blood samples were
collected by enucleating their eyeballs, and the mice were euthanized by cervical dislocation.
All animal study protocols were approved by the ethics committee of Guizhou University of
Traditional Chinese Medicine (approval no: TCM-2023-002), and performed according to the
National Institute of Health Guide for the Care and Use of Laboratory Animals.

In the preliminary experiments, we evaluated the effects of Trillin at doses of 10, 15, 25, 50,
100, and 150 mg/kg on echocardiography (LVEF) and myocardial enzymes (CK-MB, LDH)
in DIC mice. The results indicated that Trillin at doses of 25, 50 and 100 mg/kg significantly
improved echocardiographic parameters and myocardial enzyme levels in DIC mice. Based on
these findings, we selected these three doses (25, 50, and 100 mg/kg) for further investigation
in the formal experimental phase.

The mice were divided into five groups: Control; DOX; DOX+Trillin (25 mg/kg); DOX-
+Trillin (50 mg/kg); DOX+Trillin (100 mg/kg). The DOX+Trillin groups were pretreated
with trillin (25, 50, and 100 mg/kg/day) for one week. Except for the control group, DOX was
administered via intraperitoneal injection once a week at a dose of 5 mg/kg for five weeks.
Mice in the trillin groups were treated with trillin (25, 50, and100 mg/kg/day) for six consecu-
tive weeks.

2.3 Echocardiographic assessment of cardiac functions

At the end of the treatment, two-dimensional short-axis M-mode echocardiography was using
the Vevo 3100 system (FUJIFILM VisualSonics, Canada). The mice were anesthetized with
isoflurane gas to alleviate pain, and blood samples were collected by enucleating their eyeballs.
Then, the mice were euthanized by cervical dislocation. And the parameters of heart rate
(HR), LVEE LVFEFS, SV, LVIDs and LVIDd were measured in five consecutive cardiac cycles.

2.4 Measurement levels of CK-MB, LDH, and AST

The mice were anesthetized with isoflurane gas to alleviate pain, and blood samples were
collected by enucleating their eyeballs. Then, the mice were euthanized by cervical dislocation.
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Blood was centrifuged at 3000 rpm for 10 minutes, and the supernatant was collected. The
serum levels of CK-MB, LDH, and AST were measured using an automatic blood biochemical
analyzer (Mindray, China).

2.5 Measurement of antioxidant enzyme and MDA levels

The levels of CAT, GSH, SOD, and MDA in heart tissue were determined using a biochemical
kit (Nanjing Jiancheng, China).

2.6 Heart histopathological examination

Cardiac tissues were fixed with 4% paraformaldehyde embedded in paraffin and sectioned at a
thickness of 5 pm. The sections were stained with H&E and photographed using a microscope
(Leica, Germany).

2.7 Cell culture

The rat H9¢2 myocardial cells (No. GNR 5), HepG2 cells (hepatoma cells, No. SCSP510)

and H460 cells (lung cancer cells, No. SCSP584) were purchased from the National Col-
lection of Authenticated Cell Cultures (Shanghai, China). The 4T1 cells (mammary gland
cancer cells, No. KLA068M) were purchased from Kang Lang Biological Technology Co., Ltd
(Shanghai, China). All cells were cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin and maintained in a culture incubator containing 5% CO, at 37°C.

2.8 Cell viability

H9c2 cells were plated into 96-well microplates (5000 cells/well). After incubated for 24 hours,
and treated with trillin (0.25, 0.5, 1, 2, 4, 8, 16, 20 uM). Briefly, cell viability was detected using
the Cell Counting Kit-8 (CCK8) reagent kit. The selected concentrations of trillin were also
used to treat the cancer cells.

H9c2 cells were digested into a single-cell suspension and mixed thoroughly by pipetting.
Next, 10 pL of the cell suspension was transferred to a hemocytometer for cell counting. Based
on the calculation, culture medium was added to the cell suspension to achieve a cell density
of 5000 cells per 100 uL. The H9c2 cells were plated into 96-well microplates (5000 cells/well).
After incubation for 24 hours, cells were co-treated with DOX (4 uM) and trillin (0.25, 0.5,
1,2, 4, and 8 uM) for an additional 24 hours. Finally, cell viability was assessed using CCK8
reagent kit. The effects of trillin on the antitumor ability of DOX were evaluated in 4T1,
HepG2, and H460 cells. These cells were treated with DOX (4 uM) in the presence or absence
of trillin (0.5, 1 and 2 uM) for 24 hours. Cell viability was determined using CCK8 reagent kit
as mentioned above.

(Experimental well OD - Negative control well OD)*100%/ (Blank well OD - Negative
control well OD)

2.9 Measurement of LDH and ¢TnT levels

The levels of LDH and cardiac troponin T (¢TnT) in H9¢2 cells were determined using a bio-
chemical kit and Elisa kit (Elabscience, Wuhan, China), respectively.

2.10 Oxidative stress detection

The levels of CAT, GSH, SOD, and MDA in cardiac tissue and H9c2 cells were determined
using a biochemical kit (Elabscience, Wuhan, China).
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2.11 Real-time PCR analysis

Total RNAs were extracted from mouse heart tissue and H9¢2 cells using TRIzol reagent and
reverse-transcribed to cDNA. Real-time PCR quantification was performed using the CFX96
System (Bio-Rad, USA).

2.12 Western blot assay

Total protein content was detected using a BCA kit and separated on 10% SDS-PAGE gel. The
separated protein was transferred to nitrocellulose membrane filters, blocked with 5% skim
milk in TBST for 2 hours, and incubated with the primary antibody at 4°C overnight, and
diluted secondary antibody for 2 hours. Finally, using an ECL substrate, protein bands were
imaged on a chemiluminescence imaging analyzer (Tanon, Shanghai, China).

2.13 Inhibition of Nrf2 gene expression in cardiomyocytes

Inoculate H9¢2 cells in a 96-well plate (10,000 cells/well) and treat them with the Nrf2 inhib-
itor ML385 (0, 1, 2, 4, and 8 uM) for 24 hours. Extract total RNA from the cells and evaluate
Nrf2 expression via RT-qPCR to determine the optimal concentration of ML385 that inhibits
Nrf2 expression. Subsequently, H9c2 cells were seeded in a 96-well plate (5,000 cells/well) and
cultured for 24 hours. The control group, DOX group (4 uM DOX), DOX + trillin group (4
uM DOX and 2 puM trillin), and DOX + trillin + ML385 group (4 pM DOX, 2 uM trillin, and
1 uM ML385) were established. After 24 hours of cell treatment, the levels of Nrf2 and HO-1
proteins in H9c2 cells were detected by Western blot assay.

2.14 Statistical analysis

The data were analyzed using SPSS 24.0 software and expressed as the mean = SD. One-way
analysis of variance followed by Tukey’s post hoc tests was performed to compare the mean
values of multiple groups. Statistical significance was considered if P< 0.05 or P< 0.01.

3 Results
3.1 Trillin alleviated DOX-induced myocardial dysfunction in mice

Mice were treated with trillin for six weeks. A mouse model of DIC was then established by
intravenous injection of DOX once each week for five weeks (Fig 2A). Echocardiography was
used to evaluate the protective effect of trillin against DOX-induced left ventricular dysfunc-
tion in vivo. After the mice had received a cumulative dose of 25 mg/kg DOX, significant
changes were observed in the function and structure of their hearts. As shown in Fig 2B-F,
compared with the control group, HR, LVEE LVES, and SV significantly decreased in the
DOX group, whereas LVIDs significantly increased (P< 0.05; P< 0.01). As expected, com-
pared with the DOX group, treatment with trillin significantly reduced the changes in HR,
LVEE LVFS, SV, and LVIDs induced by DOX (P < 0.05). Surprisingly, no significant change in
LVIDd was induced by DOX and trillin (25, 50 and 100 mg/kg) (Fig 2G).

3.2 Trillin alleviated DIC in mice

The release of the myocardial enzymes CK-MB, LDH, and AST into serum indicates the
extent of myocardial injury [26]. Compared with the control group, DOX significantly
increased the levels of CK-MB, LDH, and AST. However, this effect was markedly reduced
by treatment with trillin (50 and 100 mg/kg) (Fig 3A-C). Compared with the control group,
mice in the DOX group exhibited significant decreases in both body weight and heart weight.
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Fig 2. Trillin improved DOX-induced cardiac dysfunction in C57 mice. (A) Schematic protocol for DOX and trillin treatment. (B-G) Echocardiography
parameters of HR, LVEE LVFS, SV, LVIDs, and LVIDd in mice (n=8). *P< 0.05, *P< 0.01 vs control; * P< 0.05, vs DOX.

https://doi.org/10.1371/journal.pone.0321546.9002
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ing, (Scale bar = 50 um). P < 0.01 vs control; * P< 0.05, **P < 0.01 vs DOX.

https://doi.org/10.1371/journal.pone.0321546.9003
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Notably, treatment with trillin (100 mg/kg) effectively reversed these DOX-induced changes
(Fig 3D-E). Furthermore, HE staining of heart tissue revealed that DOX caused severe histo-
pathological damage, including capillary congestion, vacuolation of myocardial cells, intersti-
tial edema, and loss of myocardial cells. Compared with the DOX group, the cell edema index
was significantly reduced in groups treated with trillin (50 and 100 mg/kg) (Fig 3F-G).

3.3 Trillin protected against DIC in H9c2 cells

As shown in Fig 4A, the half maximal inhibitory concentration (IC, ) of trillin was determined
to be 62.95 uM. Our results showed that treatment with trillin (0.5, 1, and 2 uM) increased

cell viability and decreased the leakage of LDH and c¢TnT in a dose-dependent manner (Fig
4B-D). Furthermore, we assessed the effect of trillin on the antitumor activity of DOX. As
indicated in Fig 4E-G, trillin had no effect on the activity of DOX against 4T1 cells. In addi-
tion, co-administration of DOX with trillin (2 pM) induced a decrease in the viability of H460
and HepG2 cells compared with DOX alone.

3.4 Trillin enhanced antioxidant capacity and inhibited MDA production

Oxidative stress is considered a critical cause of DIC [14]. Subsequently, the effects of trillin
on the activity of antioxidant enzymes were further investigated. The levels of the antioxidant
enzyme CAT, GSH, SOD in mice decreased significantly in the DOX group, while the level of
MDA increased (Fig 5A-D). As expected, treatment with trillin mitigated the effects of DOX
by increasing the levels of CAT, GSH, SOD, and decreasing the level of MDA. Consistent with
the in vivo results, trillin reversed the effects observed in cells treated with DOX alone, includ-
ing the decrease in CAT, GSH, SOD levels and the increase in MDA levels (Fig 5E-H).

3.5 Trillin activated Nrf2 signaling in DOX-treated mice and H9¢2 cells

Nrf2 is a key transcription factor that activates the expression of antioxidant genes [27]. As
shown in Fig 6A-D, the mRNA levels of Nrf2 and HO-1 and the protein expression level of
Nrf2 were significantly decreased by DOX. However, treatment with trillin reversed these
changes caused by DOX in mice. Consistent with the in vitro results, trillin upregulated the
mRNA levels of Nrf2 and HO-1 and the protein expression level of Nrf2 in H9¢2 cells (Fig
6E-H). The Nrf2 inhibitor ML385 (1 uM) was used to suppress Nrf2 expression in cardiomy-
ocytes, and DOX and trillin treatments were administered simultaneously. The results showed
that Trillin (2 uM) reversed the inhibitory effects of DOX on Nrf2 and its downstream target
HO-1 expression. Moreever, co-treatment with DOX and ML385 significantly reduced the
expression of Nrf2 and its downstream target HO-1. Nevertheless, Trillin significantly allevi-
ated the inhibitory effects of ML385 on Nrf2 and HO-1 proteins. The results indicated that the
protective effect of trillin against DIC was related to activation of Nrf2 expression.

4 Discussion

In the present study, mice treated with DOX exhibited significant changes in major functional
echocardiographic parameters, as well as increased levels of myocardial enzymes. These mice also
showed cardiac histological injuries, such as vacuolation of myocardial cells, interstitial edema, and
loss of myocardial cells, consistent with previous studies [28]. Our results demonstrated that trillin
significantly alleviated DOX-induced cardiotoxicity, as evidenced by improvements in echocar-
diographic parameters and decreased levels of myocardial enzymes. Trillin also reversed damage
to heart tissue. Furthermore, our in vitro experiments showed that trillin effectively increased cell
viability and decreased the release of LDH and cTnT induced by DOX in H9¢2 cells.
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The impairment of the antioxidant defense system is considered a primary mecha-

nism underlying DIC [29,30]. A previous study demonstrated that water spinach, wood
apple, and linseed protected against DIC by inhibiting oxidative stress in a rat model

[31]. Therefore, upregulating endogenous antioxidant systems is a promising strategy to

mitigate DIC. This study primarily aimed to examine trillin’s protective effects against

DOX-induced oxidative stress. Our data revealed that DOX significantly decreased CAT,
GSH, SOD levels while increasing MDA levels in both mouse cardiac tissue and H9c2
cells. In contrast, trillin treatment significantly reduced oxidative stress induced by DOX.
These results indicate that trillin exerts cardioprotective effects by alleviating oxidative
stress.

Nrf2, a key transcription factor that regulating cellular redox reactions, lacks antioxidant
function on its own. However, when translocated from the cytoplasm to the nucleus, Nrf2
specifically binds to AREs, promoting the expression of the antioxidant gene HO-1 and
conferring resistance to oxidative stress [32]. Numerous studies suggest that Nrf2 is a poten-
tial target for treating DIC, as it is often inhibited or inactivated in DOX-stimulated mod-
els. Activation of the Nrf2/HO-1 pathway can enhance endogenous antioxidant responses
in the myocardium, protecting against DIC [33-35]. Our experiments showed that trillin
significantly upregulated Nrf2 mRNA and protein expression and increased HO-1 mRNA
expression. Collectively, these data suggested that trillin activated the Nrf2/HO-1 pathway to
regulate oxidative stress and thus protects against DIC.
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Fig 6. Trillin increased Nrf2 expression. (A-B) The mRNA levels of Nrf2 and HO-1 in mice. (C-D) The protein level of Nrf2 in mice (n=3). (E-F) The mRNA
levels of Nrf2 and HO-1 in H9¢2 cells. (G-H) The protein level of Nrf2 in H9¢2 cells (n=3). (I-K) After inhibiting of Nrf2 gene expression in cardiomyocytes, the
protein level of Nrf2 in H9¢2 cells (n=3). #*P< 0.01 vs control; ¥ P< 0.05, *P< 0.01 vs DOX; *P< 0.01 vs DOX+ML385.

https://doi.org/10.1371/journal.pone.0321546.9006

Converting drug dosage between animal species is crucial for new drug development. Body
surface area (BSA) correlates well with various biological parameters, including oxygen utili-
zation efficiency, energy expenditure, basal metabolism, blood volume, plasma protein levels,
and renal function in different mammals [36]. Applying the BSA normalization method, we
successfully converted trillin’s dosage from mice to humans. The calculated human equivalent
dose of trillin is 4 mg/kg (240 mg for a 60 kg individual), providing a starting point for future
clinical trials. However, further toxicological studies are essential to ensure trillin’s safety and
efficacy at this and potentially higher doses.
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Safe and effective cardioprotective drugs must reduce heart damage without compromis-
ing DOX’s anticancer efficacy. Studies have shown that trillin inhibits various cancer cells
types and acts as a potent natural anticancer agent [20,37]. We investigated whether trillin
affects DOX’s antitumor activity through in vitro studies on a series of cancer cell lines,
namely, H460, HepG2, and 4T1 cells. Compared to DOX alone, the combination of trillin
and DOX promoted cell death in H460 and HepG2 cells but did not affect 4T1 cells survival.
These results suggest that trillin may enhance DOX’s anticancer in specific cancer cells types.
The cell-selective properties of trillin in H9¢c2 cardiomyocytes and tumor cells likely occur
in a cell-dependent manner. Future research should focus on elucidating the mechanisms
underlying trillin’s selective activation of the Nrf2/HO-1 pathway and its anticancer effects.
Additionally, exploring synergistic interactions between trillin and other chemotherapeutic
agents could uncover new strategies to improve cancer treatment outcomes while minimizing
cardiotoxicity.

5 Conclusions

In conclusion, our research demonstrated that trillin effectively mitigates DIC by inhibiting
oxidative stress through the activation of the Nrf2/HO-1 pathway. This study highlight trillin
as a promising candidate for the development of safe and effective cardioprotective agents
against DOX-induced cardiotoxicity. Exploring the potential synergistic interactions between
trillin and other chemotherapeutic agents could uncover new therapeutic strategies for
improving cancer treatment outcomes while minimizing cardiotoxicity.
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