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Background: Immune checkpoint inhibitor (ICIs)-associated cardiotoxicity is a significant cause of immune-related adverse events
and mortality in cancer immunotherapy, lacking effective preventative or therapeutic strategies. Xihuang Pill (XHW), a traditional
Chinese medicine with established anti-inflammatory properties and clinical use in cancer treatment and adverse event mitigation,
merits investigation for its efficacy against ICIs-induced cardiac toxicity.

Purpose: To investigate XHW’s therapeutic effects on Immune checkpoint inhibitors (ICIs)-associated cardiotoxicity and its under-
lying mechanisms.

Methods: This study utilized mass spectrometry technology to identify the chemical components in XHW. The experimental model
for ICIs-associated myocarditis was generated in BALB/c mice by immunizing them with murine cardiac troponin I (¢Tnl) peptide and
administering anti-programmed death 1 (PD-1) antibodies to mice. Mice received varying XHW dosages (0.39, 0.78, and 1.56 mg/kg).
Myocardial contractility and plasma cardiac injury markers (CK, CK-MB) were assessed. Metabolomics and transcriptomics identified
key signaling pathways modulated by XHW, validated via real-time quantitative PCR (QT-PCR). In addition, a correlation analysis
was conducted between key genes and differential metabolites.

Results: Mass spectrometry identified 171 components in XHW. Pharmacological studies demonstrated that XHW improved cardiac
contractility, reduced plasma cardiac injury biomarkers, and attenuated myocardial injury in the myocarditis model. Integrated
metabolomic and transcriptomic analyses revealed that XHW primarily modulates the HIF-1 signaling pathway, significantly
upregulating HIF-1 mRNA expression and downregulating the mRNA expression of Nppa, Angptl, Angpt2, and Trf. Correlation
analysis identified significant associations between 16 metabolites, including 13-tetradecynoic acid, 1-pentadecanoylglycerol, and
arginyl-glycyl-aspartic acid, and these genes.

Conclusion: These findings suggest that XHW may alleviate ICIs-associated myocarditis via HIF-1 signaling pathway, offering
a promising therapeutic approach for ICls-related cardiotoxicity.
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Introduction

Over the past decade, immune checkpoint inhibitors (ICIs) therapy has revolutionized the treatment paradigm for various
cancers, marking the third wave of innovation in the field of tumor therapy, following cytotoxic chemotherapy and
targeted drug therapy.' Currently, ICIs used in clinical practice mainly include the programmed death-1 (PD-1) inhibitors,
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programmed death ligand 1 (PD-L1) inhibitors, and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) inhibitors.”
However, nearly all ICIs can cause excessive activation of the immune system, potentially leading to immune-related
adverse events (irAEs), such as skin toxicity, endocrine toxicity, pneumonia, hepatitis, and cardiotoxicity.* Among
them, ICIs-associated cardiac toxicity is a rare but severe type of irAEs.” The clinical symptoms encompass myocarditis,
arrhythmia, and heart failure.® The specific mechanism by which ICIs induce cardiac toxicity events remains unclear.
Current research suggests that it may be due to T cells recognizing the same antigen in myocardial and tumor tissues, or
T cells cross-recognizing different antigens with high homology.”* Currently, high-dose steroid pulse therapy is primarily
used for treating ICIs-related myocarditis. However, in clinical diagnosis and treatment, it has been observed that some
patients may experience reduced clinical benefits due to hormone resistance, which may ultimately lead to adverse
cardiovascular events.” Therefore, it is urgent to search effective therapies to prevent and treat ICIs-associated
myocarditis.

Previous clinical practice and multiple studies have demonstrated that traditional Chinese medicine (TCM) is
effective in reducing related adverse reactions and improving patients’ quality of life in fields such as tumor chemother-
apy, targeted therapy and immunotherapy.'®'? Currently, there is relatively little research on the prevention and
treatment of ICIs-related cardiac injury with TCM. However, TCM has achieved important results in tumor cardiology,
especially in chemotherapy-induced cardiac toxicity, which has certain guiding significance for the prevention and
treatment of ICIs-associated cardiac injury.'>'*

Xihuang Pill (XHW) is a blend of four herbal ingredients: Calculus Bovis (derived from Bos taurus domesticus
Gmelin), Moschus (sourced from Moschus berezovskii Flerov), frankincense (derived from Boswellia carterii Birdw.)
and Myrrh (obtained from Commiphora myrrha Engl).'>'® XHW has been extensively employed as an adjuvant therapy
for malignant tumors in China, capable of enhancing the effectiveness of radiotherapy and chemotherapy, minimizing
adverse reactions, and elevating the quality of life for patients.'” Recent studies indicate that both XHW and its
constituent herbs exhibit anti-inflammatory properties.'®'® Furthermore, key components within XHW, including
Boswellic acid, ursolic acid, acetyl-11-keto-beta-boswellic acid, and 11-keto-beta-boswellic acid, possess a protective
effect on the heart.”>?* Nevertheless, it remains uncertain whether XHW can notably alleviate ICIs-related cardiac
toxicity, and the precise mechanism underlying its therapeutic efficacy remains unclear. This study explored XHW to
alleviate ICls-related cardiotoxicity, which may provide a new strategy for the treatment of ICIs-induced cardiac
dysfunction.

Materials and Methods

Reagents and Drugs

Xihuang Pill (Lot#2112015) was purchased from Zhejiang Tianyitang Pharmaceutical Co., Ltd. (China). The anti-mouse
PD-1 monoclonal antibody (clone: RMP1-14, Cat #: BP0146) was sourced from BioXCell (USA). Murine cardiac
troponin I (Tnl) peptide (sequence: HARVDKVDEERYDVEAKVTKNITEIADLTQKIYDLRGKFKRPTLRRVRIS) was
synthesized by Nanjing Jietai Biotechnology Co., Ltd. (Cat #: JT-177503, Nanjing, China). Freund’s adjuvant (Cat #:
642852) was purchased from Beijing Solarbio Science & Technology Co.,Ltd. Other chemicals and reagents were
commercially sourced.

UPLC-MS/MS Settings

We utilized the Exion LC (SCIEX, MA, USA) and SCIEX Zeno TOF 7600 (SCIEX, MA, USA) high-resolution mass
spectrometry systems. Additionally, we employed a Luna Omega Polar C18 (100x2.1mm, 1.6um) chromatographic
column. The mobile phase for liquid chromatography consisted of an aqueous solution containing 0.1% formic acid (A),
along with a mixture of 50% formic acid and 50% acetonitrile (B). The elution gradient was as follows: 0—1 minute, 5%
B; 1-2 minutes, 25% B; 235 minutes, 25-50% B; 35-52 minutes, 50-95% B; 52—-57 minutes, 95% B; 57-60 minutes,
5% B. The total running time was 60 minutes, with a flow rate of 0.2 mL/min. We employed the electrospray ionization
(ESI) method in both positive and negative ion modes, utilizing multiple reaction monitoring (MRM) channels.
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Animal Experimental Plan
Based on relevant literature,”**> a sample size of 6 mice per group was selected. This study established 5 groups, each
consisting of 6 mice, totaling 30 male BALB/c mice aged six weeks (License No.: SCXK 2019-0010), supplied by SPF
(Beijing) Biotechnology Co., Ltd. The mice were maintained in a specific pathogen-free (SPF) environment at 25 + 2°C

and 50 = 10% relative humidity, under a 12-hour light-dark cycle.

Experimental Design and Animal Treatment
All mice, except those in the vehicle group, received subcutaneous immunizations with 250 pg murine cardiac Tnl
peptide in complete Freund’s adjuvant on days 0 and 7. Beginning on day 8, mice received intraperitoneal injections of
anti-mouse PD-1 (10 mg/kg) every 2 days for five administrations to induce ICIs-associated myocarditis.?®

Mice were randomly assigned to five groups (n=6 per group): (I) Vehicle group (vehicle-treated group); (II) Model
group (10 mg/kg anti-mouse PD-1); (III) XHW-L (10 mg/kg anti-mouse PD-1 + 0.39 mg/kg/day XHW, p.o).; IV) XHW-
M (10 mg/kg anti-mouse PD-1 + 0.78 mg/kg/day XHW, p.o).; (V) XHW-H (10 mg/kg anti-mouse PD-1 + 1.56 mg/kg/
day XHW, p.o). The selection of drug dosages is based on the outcomes of initial experiments. The conversion of human-
equivalent doses to those suitable for mice is calculated using body surface area. The mice were administered low,
medium, and high doses of XHW at 0.39 g/kg, 0.78 g/kg, and 1.56 g/kg, respectively, which correspond to half, equal to,
and double the clinical equivalent dose of 6 g/day.”” XHW was crushed into a fine powder and then suspended in a 0.5%
sodium carboxymethylcellulose (CMC-Na) solution. Anti-mouse PD-1 was diluted to Img/mL with PBS. The mice in
the vehicle group were administered an equal volume of 0.5% CMC-Na. XHW administration commenced on day 8 and
continued for 14 consecutive days. Echocardiography was conducted on day 21, after which mice were euthanized with
deep isoflurane (5%) anesthesia, and cardiac tissue was harvested.

Echocardiography

Transthoracic echocardiography was conducted on day 21 using a high-frequency scan probe on all experimental
animals. The mice were anesthetized and maintained with isoflurane and oxygen throughout the procedure. Fractional
shortening (FS) and left ventricular ejection fraction (LVEF) were measured following established protocols. The
measurements were performed by a blinded investigator, and the data was analyzed using Vevo Analysis software.

Biochemical Testing for Myocardial Injury

50 uL of plasma was taken, melted on ice, diluted fourfold with normal saline, and then placed into the sampling frame in
order. The enzyme activities of creatine kinase (CK) and creatine kinase-MB (CK-MB) in the plasma of mice from each
group were detected using an automatic biochemical analyzer.

Plasma Metabolomics Analysis
Fifty microliters of the sample was mixed with 300 microliters of extraction solution (ACN: Methanol = 1:4, V/V)
containing internal standards in a 2 mL microcentrifuge tube. The mixture was vortexed for 3 min and centrifuged at
12,000 rpm for 10 min at 4°C. 200 uL of the supernatant was collected and stored at —20°C for 30 min before a second
centrifugation at 12,000 rpm for 3 min at 4°C. Finally, 180 puL of the supernatant was analyzed by LC-ESI-MS/MS using
an ExionLC AD UPLC system coupled with a QTRAP® mass spectrometer. The LC-ESI-MS/MS system was operated
under the following analytical conditions: A Waters ACQUITY UPLC BEH C18 column (1.8 pm, 2.1 mmx100 mm) was
utilized with a column temperature set at 40°C. The analysis employed a flow rate of 0.4 mL/min and a 2 pL injection
volume. The mobile phase was a mixture of water and acetonitrile, each containing 0.1% formic acid. Time-of-flight
mass spectrometry (TOF MS) parameters were set as follows: m/z 50—1000, 200 ms accumulation time, and dynamic
background subtraction enabled.

Differential metabolites were identified using a two-group comparison based on variable importance in projection
(VIP) scores (VIP > 1) and statistically significant p-values (P < 0.05, Student’s t-test). Unsupervised principal
component analysis (PCA) visualized overall sample relationships. Orthogonal partial least squares discriminant
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analysis (OPLS-DA), performed using the MetaboAnalystR R package, yielded VIP scores, score plots, and permuta-
tion plots (200 permutations) to mitigate overfitting. Data were log2-transformed and mean-centered prior to OPLS-
DA. Identified metabolites were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
and subsequently mapped to KEGG pathways. Further metabolic analyses were conducted on the Metware Cloud
Platform.

RNA Sequencing

The heart tissue samples were sent to Shanghai NovelBio Co., Ltd (http://www.novelbio.com/, Shanghai, China) for

RNA sequencing (RNA-seq). Total RNA was extracted from samples using Trizol reagent (Invitrogen), and its quality
was assessed using an Agilent 2200 Bioanalyzer. Only samples with an RNA Integrity Number (RIN) exceeding 7.0 were
used for cDNA library construction with the VAHTS Universal V6 RNA-seq Library Prep Kit for Illumina (Vazyme).
Raw sequencing reads underwent quality control, including adapter and low-quality read trimming, generating clean
reads. These clean reads were aligned to the mouse genome (mm10 Ensembl100) using HISAT2. Gene counts were
quantified using HTSeq, and gene expression levels were calculated using fragments per kilobase of transcript per million
mapped reads (FPKM). Differentially expressed genes (DEGs) were identified using DESeq2, with a significance
threshold of |log2(fold change)| > 0.58 (corresponding to a fold change > 1.5 or < 0.667), P < 0.05, and false discovery
rate (FDR) < 0.05. KEGG pathway enrichment analysis, employing Fisher’s exact test (P < 0.05), identified significantly
enriched pathways associated with the DEGs. Additional gene analyses were performed using the Metware Cloud
Platform (https://sc.novelbrain.com).

Real-Time Quantitative PCR

Total RNA was extracted from mouse heart tissue using the RNApure Fast Tissue&Cell Kit (Cwbio, Cat #:
CWO0599S, Taizhou, China) according to the manufacturer’s instructions. The RNA concentrations were normal-
ized and then reverse-transcribed into cDNA using the HiFiScript All-in-one RT Master Mix for qPCR (Cwbio,
Cat #: CW3371M, Taizhou, China). Quantitative real-time PCR assays were carried out using an Applied
Biosystems QuantStudio 5 with total RNA and the SuperStar Universal SYBR Master Mix (Cwbio, Cat #:
CW3390M, Taizhou, China). Primers were designed using NCBI/Primer3 plus software and can be found in
Table S1. The qPCR signals were quantified using the AACt relative quantification method with B-actin as the
reference gene.

Correlation Analysis

This study employed Pearson correlation analysis to assess the association between differential metabolites and
differential metabolites. Correlation coefficients were computed using the cor function (R base package; Hmisc) for
each sample pair.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0. Data, presented as mean + standard deviation, were
compared using one-way ANOVA. Statistical significance was defined as p < 0.05 for between-group comparisons.

Results

|dentification of XHW Compounds

We developed a UPLC-MS/MS method to identify the chemical components in XHW and conducted an analysis of the
chemical substances present in XHW extract samples. The typical characteristics of total ion chromatography for XHW
in both positive and negative signal modes are illustrated in Figure 1. Leveraging local databases, fragment ion retention
times, mass charge ratios, and pertinent literature on four herbs containing XHW, we identified 171 components within
XHW through rigorous analysis (Table S2).

15514 hees Journal of Inflammation Research 2025:18


http://www.novelbio.com/
https://sc.novelbrain.com
https://www.dovepress.com/article/supplementary_file/527372/Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/527372/Supplementary%20Materials.docx

Cao et al

Positive ion mode 1886
. 51819
1739
%224
::.; 4e7 u2m
oo . " 47547
o 2 W43 OB ool o 44486 793 50089
2 oo o 20971 'h 141621 552 )
7] 8 070 54 199 e o 35019
S 27 5090 7.160 9434 12149 13333 15045 16332 2120 5 30,138 V1 s (/VWWU
13} 1523 ”‘" | etes | 0732 A A g 768 m“/\_/ z7m \W Aa
1263 - | 4786
= 4376 ] \ JU\/\; 53.960
— e r‘aﬁd’\f"‘“w 5716 58963
28
L .
0e0 =
33 3

3 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 256 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59

Time, min
12e7 | Negative ion mode
1667
a\ie'
O 127 14797
- 1210 479
e ¢ |15
‘D g0 1531 4262 4657 ;.o sova b o
a 8.0e6 1 ors M‘Z;\E/; 10727 1207 \ "\j\ 16.362
O ¢ o A U J 14
= / ‘W“\/Uw\-v*\,,:/\' W'Y
b=t 40e6 1175 58
20e6

by

_j L

2 3 4 5 6 7 8 9 101 1213 1415 16 17 18 19 20 21 22 23 24 25 26 27

@

28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59
Time, min

Figure | Total ion chromatogram of Xihuang Pill (XHW) in positive (A) and negative (B) ion modes.

XHW Alleviates ICls-Related Cardiotoxicity in Mice

To examine the involvement of XHW in ICIs-related cardiotoxicity, we established a mouse model as described above.
The experimental design is illustrated in Figure 2A. On the 21st day, echocardiography was utilized to evaluate both the
function of the left ventricle (Figure 2B). The findings indicated that both the left ventricular ejection fraction and
fraction shortening were notably decreased in the model group when compared to the vehicle group. The XHW-M and
XHW-H groups receiving XHW, instead of the XHW-L group being given XHW, demonstrated a significant enhance-
ment in left ventricular function (Figure 2C and D). In addition, the plasma levels of CK and CK-MB were measured to
assess myocardial injury. As illustrated in Figure 2E and F, the induction of ICIs-related cardiotoxicity resulted in
a significant increase in CK and CK-MB levels compared to the vehicle group. Administration with XHW of 1.56 g/kg
partially reversed CK levels, while the doses of XHW 0.39 g/kg and 0.78 g/kg significantly reduced CK levels.
Furthermore, XHW in 0.39 g/kg, 0.78 g/kg and 1.56 g/kg significantly decreased CK-MB levels. The HE staining
results of myocardial tissue from the vehicle, model, and XHW-M groups are presented in Figure 2G. Compared to the
vehicle group, the myocardial tissue of the model group exhibited varying degrees of inflammatory infiltration induced
by ICIs. However, when compared to the model group, XHW ameliorated the inflammatory infiltration. These findings
suggest that XHW has the potential to mitigate ICIs-related cardiotoxicity in mice.

Effects of XHW on Metabolome in ICls-Induced Cardiotoxicity Mice

To explore the metabolic mechanism by which XHW improves ICIs-related cardiotoxicity, we conducted untargeted
metabolomic studies on plasma samples. Principal component analysis (PCA) was applied to observe true differences
between groups. PCA score scatter plots are shown in Figure 3A (ESI-) and Figure 3B (ESI+) respectively. Quality
control (QC) samples showed consistent concentration, demonstrating instrument stability throughout the experiment.
PCA revealed clear separation between vehicle, model, and XHW groups, highlighting significant metabolic differences
among the three.

To further investigate differential metabolites among the vehicle, model, and XHW groups, orthogonal partial least squares
discriminant analysis (OPLS-DA) was used for classification and discrimination. OPLS-DA scores clearly distinguished the
vehicle, model, and XHW groups (Figure 3C and D). The model parameters (vehicle vs model group: R*X = 0.375, RY =
0.993, Q*=0.858, and P < 0.005; model vs XHW group: R*X = 0.311, R*Y = 0.999, Q? = 0.845, and P< 0.005) demonstrate
the OPLS-DA model’s strong interpretability and predictive power (Figure 3E and F). Metabolites deemed to have a variable
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Figure 2 XHW improved inhibitor (ICls)-related myocarditis. (A) Administration regimen schematic for XHW treatment of ICls-related myocarditis. (B) Representative
images of mouse echocardiography from the different intervention groups. (C), (D) Analyses of ejection fraction (EF) and fraction shortening (FS). (E), (F) Analyses of
plasma levels of creatine kinase (CK) and creatine kinase-MB (CK-MB). (G) Representative images of HE staining from the vehicle, model, and XHW-M groups. Results are
expressed as mean * standard deviation (SD) (n = 6 per group). “*P < 0.01, vehicle vs model; *P < 0.05; **P < 0.01, model vs XHW groups.

importance in projection (VIP) score of > 1.0, a P-value of <0.05, and a fold change of either > 1.5 or <0.67 were classified as
differential metabolites (Figure 4A, D and Figure S1)). In total, 189 differential metabolites were identified when comparing
the vehicle group with the model group, while 152 were found when comparing the model group to the XHW group. Notably,
when comparing the model group to the XHW group, the levels of 111 metabolites exhibited an increase, whereas 41
metabolites showed a decrease. To facilitate a clearer observation of metabolite changes, a qualitative and quantitative analysis
was performed on the primary identified metabolites from each group.

To enhance the identification of pertinent metabolic pathways through which XHW mitigates cardiotoxicity associated
with ICIs, differential metabolites were submitted to the KEGG database for the construction and analysis of metabolic
pathways. Results revealed key pathways including taurine and hypotaurine metabolism, ascorbate and aldarate metabolism,
sphingolipid metabolism, HIF—1 signaling pathway, and Sphingolipid signaling pathway (Figure 4E and Table S3).
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Figure 3 Metabolic changes in the plasma caused by XHW in ICls-related myocarditis mice. (A), (B) Principal component analysis (PCA) score plots from the vehicle, model
and XHW groups in negative electrospray ionization source (ESI-) mode and positive electrospray ionization source (ESI+), respectively. (C), (E) Orthogonal partial least
squares discriminant analysis (OPLS-DA) score plots of the vehicle and model groups, the model and XHW groups. (D), (F) OPLS-DA model test chart of the vehicle and
model groups, the model and XHW groups.

Effects of XHW Supplementation on Cardiac Transcriptome

To explore the biological mechanism of XHW in improving ICls-related myocarditis, RNA sequencing analysis was
performed on heart samples from the vehicle, model, and XHW groups. The PCA analysis indicated a clear separation
among the vehicle, model, and XHW groups, with the XHW group being nearer to the vehicle group (Figures 5A).
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Differentially expressed genes (DEGs) with false discovery rate (FDR) < 0.05 and log2FC > 1 or < —1 were considered
significant. This analysis revealed significant expression differences in 325 genes between the vehicle group and the
model group, comprising 55 upregulated and 270 downregulated genes. The model group and the XHW group exhibited
significant expression differences in 642 genes; 505 were upregulated, and 137 were downregulated (Figure 5B and C).
To identify variables affected by XHW, we employed Venn diagrams to scrutinize the differentially expressed genes
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across the vehicle, model, and XHW groups. Venn diagram analysis of differentially expressed variables between the
vehicle, model, and XHW groups revealed 221 shared variables (Figure 5D and Table S4). These variables showed
differential expression in both the vehicle-model and model-XHW comparisons.

To further investigate the crucial biological pathways through which XHW improves ICIs-related myocarditis,
a pathway enrichment analysis was conducted on 221 DEGs using the KEGG database. In the KEGG analysis of
DEGs, the top 15 significantly enriched pathways included the HIF-1 signaling pathway, which was enriched in the
differential metabolite pathway (Figure S5E and Table S5). These findings indicate that the HIF-1 signaling pathway may
serve as a significant regulatory pathway for XHW in improving IClIs-related myocarditis. The mRNA expression levels
of genes related to the HIF-1 signaling pathway were determined by RT-PCR (Figure 6). The results confirmed that,
compared to the vehicle group, the relative mRNA expression of HIF-1 was downregulated in the model group (P<0.01).
Meanwhile, the relative mRNA expression of Angptl, Angpt2 (P<0.01), Nppa (P<0.01), and 7rf (P<0.05) was upregu-
lated. Compared to the model group, XHW upregulated HIF-1 (P<0.01) and downregulated Angpt! (P<0.05), Angpt2
(P<0.05), Nppa (P<0.01), Trf (P<0.01), and Igfl (P<0.05). This further validated the speculated improvement
mechanism.

Correlation Analysis of Transcriptomics and Metabolomics

To further screen for metabolic markers associated with ICIs-induced myocarditis improved by XHW, we conducted
a correlation analysis between key metabolites and differentially expressed genes in the HIF-1 signaling pathway. By
analyzing the differential metabolites of the vehicle, model and XHW groups using Venn diagrams, we discovered that
among the 31 variables, there is overlap between grbetween the vehicle vs model groups, the model vs the XHW groups
(Figure 7A and Table S6). This suggests that these differential metabolites are closely linked to XHW’s improvement of
ICIs-induced myocarditis. Additionally, we performed a correlation analysis between these metabolites and differentially
expressed genes (Angptl, Angpt2, Nppa, Trf, and IgfT) on the HIF-1 signaling pathway. The correlation analysis network
diagram for 31 metabolites and 5 genes is presented in Figure 7B. We also generated a correlation heatmap between the
two, where the correlation strength between metabolites and DEGs is indicated by the Pearson correlation coefficient
(Figure 7C). Metabolites Carnitine C3:0, Val-Asp-Pro-Val-Asn, H-Tyr-Pro-Phe-Val-Glu-Pro-Ille-OH, Urocanic acid, Thr-
Val-Tyr-Lys-Gly, Leu-Glu-Lys-Glu, and Trp-Arg-Phe exhibited significant positive correlations with Angptl, Angpt2,
Nppa, Trf, and Igf]l. Metabolites such as Glu-Phe-Tyr-Leu-Gly, Emetan (6', 7', 10, 11-tetramethoxy-), Asn-Val-Asp-Glu-
Val, 13-Tetradecynoic acid, 1-Pentadecanoyl-glycerol, Arginyl-glycyl-aspartic acid, Pro-Val-Ala-Glu-Val, 3, 4-Dihydro-
2, 7, 8-trimethyl-2-[(3E, 7E)-4, 8, 12-trimethyl-3, 7, 11-tridecatrienyl]-2H-1-benzopyran-6-ol, and Gln-Val-Leu-Leu-Gly
exhibited a significant negative correlation with Angptl, Angpt2, Nppa, Trf, and Igfl. Their content changes are
illustrated in Figure 8. The trend of changes in the XHW group aligns with that of the control group, yet contrasts
with the trend observed in the model group. In conclusion, these 16 metabolites are deemed as key metabolic markers for
XHW in improving ICls-related myocarditis.

Discussion

Although drugs targeting PD-1/PD-L1 have been employed as a novel cancer treatment strategy in clinical settings, the
toxic effects of PD-1/PD-L1 inhibitors on the myocardium have constrained their broader clinical application. Cardiac
troponin I (cTnl) is regarded as a specific cardiac antigen, contributing to the development of autoimmune

cardiotoxicity.”® In our study, we utilized a ¢TnI/PD-1-induced ICIs model.*®

We assessed the changes in cardiac
function in each group of mice using an echocardiography system and detected biomarkers of myocardial injury in
their serum. The results indicated that mice with IClIs-related myocarditis exhibited decreased LVEF and FS values,
accompanied by increased plasma levels of CK and CK-MB, all of which confirmed the impairment of cardiac function
in mice. However, after administering XHW, the LVEF and FS values of the mice, as well as the plasma levels of CK and
CK-MB, all returned to normal, approaching those of normal mice. The research results indicate that XHW can improve
the cardiac function of mice with myocarditis and alleviate myocardial damage caused by ICIs. N-Terminal Pro-B-Type
Natriuretic Peptide (NT-proBNP) holds significant diagnostic value in identifying heart failure.”” In terms of pathological

correlation, CK and CK-MB are more sensitive indicators of myocardial injury.*® Further testing is required in the future
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Figure 6 The relative mRNA levels of HIF-1, Angpt!, Angpt2, Nppa, Trf and Igfl in the cardiac, normalized to fS-actin. Data are presented as the mean + SD (n = 3). *P< 0.05,
**P < 0.01, ¥*P < 0.001, and ****P < 0.0001; model vs indicated groups.

to examine the impact of XHW on NT ProBNP levels in mice with ICIs-induced cardiotoxicity, in order to elucidate its
role in heart failure. By integrating metabolomics and transcriptomics, it was revealed that XHW inhibits ICIs-related
myocarditis by regulating the HIF-1 pathway, and the expression of HIF-1 pathway-related targets was validated by RT-
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*P< 0.05, *P < 0.01.

PCR. In summary, we believe that XHW may protect the heart from damage by regulating the HIF-1 pathway, and can
serve as a potential therapeutic drug for preventing ICIs-related myocarditis.

PD-1 inhibitor therapy disrupts immune homeostasis and induces metabolic disorders, ultimately compromising the
integrity of the heart.>' Hence, we explore the mechanism by which XHW improves ICIs-related myocarditis from
a metabolomics perspective. Through screening for differential metabolites between the XHW group and the model
group, and utilizing KEGG enrichment analysis, we identified the main enriched pathways as taurine and hypotaurine
metabolism, ascorbate and aldarate metabolism, sphingolipid metabolism, and HIF—1 signaling pathway. Taurine and
hypotaurine metabolism is closely linked to heart-related diseases and plays a role in the metabolic disorders associated
with myocarditis.*® Taurine, being the most abundant free amino acid in the myocardium, is essential for preserving the
heart’s structure and function. Studies indicate that taurine can shield the heart from toxic harm by mitigating oxidative
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Figure 8 Violin plot of 16 differentially expressed metabolites significantly associated with 5 DEGs. Groupings are represented on the x-axis, while the y-axis shows the
relative content of differential metabolites, expressed as original peak area. Data are presented as the mean = SD (n = 6). *P< 0.05, **P < 0.01, **P < 0.001, and ***P <
0.0001; model vs indicated groups.

stress.” Sphingolipid metabolism profoundly affects cardiac function and structure, and can regulate mammalian cardiac
regeneration.®* Changes in sphingolipid metabolism can also mitigate cell death and inflammatory response after
myocardial infarction.”> HIF—1 signaling pathway plays a crucial role in heart disease.”® Recent studies have revealed
that HIF-1a inhibits the proliferation of cardiac fibroblasts by regulating reactive oxygen species (ROS) in mitochondria,
ensuring that fibroblasts do not excessively proliferate and cause fibrosis in the event of myocardial infarction.’’
Currently, there are no relevant reports on the relationship between ascorbate and aldarate metabolism and heart disease,
and further verification is required. Our results indicate that the regulation of metabolic disorders such as taurine and
hypotaurine metabolism, sphingolipid metabolism, and HIF—1 signaling pathway by XHW may be a potential mechan-
ism underlying XHW’s ability to reduce ICIs-induced cardiac injury.

To further elucidate the specific biological mechanism by which XHW ameliorates IClIs-related cardiotoxicity, we
screened for key differentially expressed genes via transcriptomics, focusing on those that contribute to XHW’s reduction
of ICIs-related cardiotoxicity. We then conducted pathway enrichment analysis using the KEGG database. Notably, our
final enrichment results included HIF—1 signaling pathway, aligning with the results obtained from metabolomics
analysis. Consequently, we hypothesize that HIF—1 signaling pathway represents a key pathway through which XHW
mitigates ICIs-related cardiotoxicity. Through further RT-PCR experiments, we verified that the expression levels of key
genes (HIF-1, Nppa, Angptl, Angpt2 and Trf) within HIF—1 signaling pathway align with the transcriptome findings.
HIF-1 is crucial for myocardial protection, serving as a key biomarker associated with cardioprotection.*® Mild hypoxia
elicits HIF-1-mediated apoptosis inhibition, preserving myocardial viability, while prolonged, severe hypoxia triggers
apoptosis to limit damage to surrounding myocardium.*” In ischemic heart disease, sustained HIF-1 expression, amidst
cellular hypoxia, facilitates binding to the vascular endothelial growth factor (VEGF) gene’s hypoxia response element,
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stimulating angiogenesis and improving myocardial perfusion.*® Consistent with these results, this study’s findings
demonstrate elevated HIF-1 expression in both the XHW and control mouse groups compared to the model group.
Nppa is one of the commonly used cardiac injury markers for heart failure in clinical practice, indicating the occurrence
of the decompensated phase of dilated cardiomyopathy and the severity of heart failure symptoms.*'*? This is consistent
with the expression results of Nppa in different groups of mice in this study. Angptl and Angpt2 are angiopoietins crucial
for vascular development and angiogenesis. Angpt2, a marker of vascular instability and poor prognosis in ischemic heart
disease.*** Recent research indicates that blocking Angpt2 could potentially serve as a treatment option for ischemic
heart failure.** Our study demonstrates that XHW reduces Angpt2 expression. This study offers a novel strategy for the
clinical treatment of cardiac dysfunction resulting from ICIs. Nevertheless, the study has its limitations. First, the precise
mechanism by which XHW reduces cardiac toxicity from ICIs through the regulation of the HIF-1 signaling pathway
requires further validation. Secondly, the pharmacodynamic substances and targets of XHW in mitigating cardiotoxicity
induced by ICIs need to be clarified. Additionally, as a traditional Chinese medicine compound consisting of four herbs,
the pharmacokinetics and bioavailability of XHW are relatively complex. Further research is required to clarify these
aspects. Future research should incorporate multi-omics integrated analysis technology and preclinical safety evaluations
to expedite the innovation of TCM in the adjunctive treatment of adverse reactions associated with ICIs.

Conclusion

In conclusion, this study integrated metabolomics and transcriptomics analysis to investigate the regulatory effects and
therapeutic characteristics of XHW in the treatment of ICIs-related myocarditis. Our study provides evidence that XHW
can mitigate IClIs-related cardiac toxicity by regulating the HIF-1 signaling pathway, which may offer a novel strategy for
treating ICIs-induced cardiac dysfunction. Moreover, The findings provide a foundation for further research on XHW’s
potential in preventing and managing adverse reactions related to ICIs.
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