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Integrating Metabolomics and Network Pharmacology to Explore
the Mechanism of Tongmai Yangxin Pills in Ameliorating
Doxorubicin-Induced Cardiotoxicity
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ABSTRACT: Doxorubicin (DOX) is a broad-spectrum chemotherapeutic drug used in
clinical treatment of malignant tumors. It has a high anticancer activity but also high
cardiotoxicity. The aim of this study was to explore the mechanism of Tongmai Yangxin pills
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(TMYXPs) in ameliorating DOX-induced cardiotoxicity through integrated metabolomics g w]
and network pharmacology. In this study, first, an ultrahigh-performance liquid £ ”
chromatography—quadrupole-time-of-flight/mass spectrometry (UPLC—Q-TOF/ MS) me- % "

tabonomics strategy was established to obtain metabolite information and potential
biomarkers were determined after data processing. Second, network pharmacological a0 ]
analysis was used to evaluate the active components, drug—disease targets, and key pathways

of TMYXPs to alleviate DOX-induced cardiotoxicity. Targets from the network !
pharmacology analysis and metabolites from plasma metabolomics were jointly analyzed ceo‘\ s &
to select crucial metabolic pathways. Finally, the related proteins were verified by integrating
the above results and the possible mechanism of TMYXPs to alleviate DOX-induced
cardiotoxicity was studied. After metabolomics data processing, 17 different metabolites were screened, and it was found that
TMYXPs played a role in myocardial protection mainly by affecting the tricarboxylic acid (TCA) cycle of myocardial cells. A total of
71 targets and 20 related pathways were screened out with network pharmacological analysis. Based on the combined analysis of 71
targets and different metabolites, TMYXPs probably played a role in myocardial protection through regulating upstream proteins of
the insulin signaling pathway, MAPK signaling pathway, and pS3 signaling pathway, as well as the regulation of metabolites related to
energy metabolism. They then further affected the downstream Bax/Bcl-2—Cyt c—caspase-9 axis, inhibiting the myocardial cell
apoptosis signaling pathway. The results of this study may contribute to the clinical application of TMYXPs in DOX-induced
cardiotoxicity.

1. INTRODUCTION

Doxorubicin (DOX) is a broad-spectrum chemotherapy drug
commonly used in clinical practice to treat a variety of
malignant tumors, such as solid tumors, leukemia, lymphoma,

Schisandra chinensis (Turcz.) Baill, Codonopsis pilosula
(Franch.) Nannf, Chinemys reevesii (Gray), Ziziphus jujuba
Mill,, and Cinnamomum cassia Presl. It was used for treating qi
and yin deficiency syndrome resulting from coronary heart

and breast cancer.' However, DOX can also cause multiple
adverse reactions, such as hematopoietic inhibition, malig-
nancy, vomiting, tissue extravasation, and hair loss, thus
limiting its wide use to a certain extent. Among them,
cardiotoxicity is a common adverse reaction, which is
manifested as myocardial cell damage, apoptosis, necrotic cell
death, life-threatening left ventricular dysfunction, arrhythmia,
and heart failure.” Alleviating DOX-induced cardiotoxicity is
still a hot current research topic, and it is of great theoretical
significance and clinical application value to search for effective
cardiotoxicity protective agents.

A Tongmai Yangxin pill (TMYXP) is a traditional Chinese
medicine (TCM) formula composed of the following 11 herbs:
Rehmannia glutinosa (Gaertn.) DC., Spatholobus suberectus
Dunn, Ophiopogon japonicus (Thunb.) Ker Gawl., Glycyrrhiza
uralensis Fisch., Polygonum multiflorum Thunb., Equus asinus L.,
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disease and arrhythmia.’> Some studies showed that TMYXP
had antioxidant and anti-inflammatory effects,* which could
regulate the balance of free radicals in cardiomyocytes and
reduce apoptosis.” Therefore, based on the clinical character-
istics of DOX-induced cardiotoxicity and the composition of
TMYXP, this study proposed the hypothesis that TMYXP
could prevent DOX-induced cardiotoxicity by reducing

myocardial cell apoptosis.
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Metabolomics is a new research field, and its comprehensive
view is completely consistent with the overall view of TCM.® Tt
can comprehensively describe metabolite changes by the
environment and drug effects,” and the mechanism of drug
action on the body can be explained from the perspective of
metabolism.® Generation of diseases is often a result of the
accumulation of small defects in many genes, so the treatment
of a single target cannot be completely effective.”'’ Through
network pharmacology, the target interaction network is used
to study the inter-relationship between drugs, organisms, and
diseases as a whole, which is common with the idea of the
overall regulation and synergistic effect of TCM prescrip-
tions.'' At present, network pharmacology has been used to
predict the targets and pathways and also elucidate the
mechanism of action from the protein level of many TCM
prescriptions.'” However, network pharmacology can only be
used to predict potential targets and pathways affected by
chemical components but not to explain the changes of
metabolites in vivo after drug administration, which limited the
in-depth study of the mechanism of toxicity."> Therefore, this
study combined metabolomics and network pharmacology to
reveal the mechanism of alleviating DOX-induced cardiotox-
icity of TMYXP by reducing apoptosis from the metabolic and
molecular levels. First, based on the technology of ultrahigh-
performance liquid chromatography—quadrupole-time-of-
flight/mass spectrometry (UPLC—Q-TOF/MS), the changes
of comprehensive metabolites in vivo DOX model rats after
administration of TMYXP were studied to reveal the
mechanism of action from metabolites. Then, based on the
strategy of multicomponent, multitarget, and multipathway of
network pharmacology, potential targets, and signaling path-
ways were found, and the mechanism of action was explained
from the protein level. Finally, the regulation network of
chemical constituents—targets—pathways—regulatory indica-
tors—metabolites of the TMYXP alleviating DOX-induced
cardiotoxicity was established through integration analysis of
metabolomics and network pharmacology, and the mechanism
of TMYXP alleviating DOX-induced cardiotoxicity by reducing
apoptosis was further elaborated, which provided the reference
for the clinical efficacy and safety of TCM.

2. RESULTS

2.1. Serum BNP Content. B-type natriuretic peptide
(BNP) is an important index for the diagnosis and treatment of
cardiac function. After the experiment, whole blood samples
were obtained in heparinized test tubes, and the supernatant
was centrifuged twice to obtain plasma samples, some of which
were used for the detection of BNP. serum The serum BNP
content was increased significantly (P < 0.05) for DOX group
compared with the control group, while decreased significantly
(P < 0.01) for the TMYXP group compared to DOX group.
(Figure 1).

2.2. Echocardiographic Analysis. The cardiac function
indexes such as ejection fraction (EF), fractional shortening
(FS), left ventricular internal diameter end diastole (LVIDA),
left ventricular internal diameter end-systole (LVIDs), etc.
were measured by an ultrasonic Doppler instrument from the
long-axis section of the sternum. Statistical analysis revealed
that EF, ES, left ventricular posterior wall thickness systole
(LVPWs), and interventricular septum systole (IVSs) in the
DOX group were significantly decreased (P < 0.01), while LV
Vols and LVIDs were significantly increased (P < 0.01),
compared with those in the control group. In addition, data
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Figure 1. Contents of serum BNP in rats of each group.

analysis indicated that EF, FS, and LVPWs of rats in the
middle and high-dose groups of TMYXP increased significantly
(P < 0.01) and LVIDs decreased significantly (P < 0.01),
compared with those in the model group (Figure 2).

2.3. Histopathological Result of Heart Tissue. Histo-
pathological examination of heart tissue was done to further
illustrate DOX-induced cardiotoxicity (Figure 3). The control
group exhibited normal morphological findings. However,
there were significant changes in the DOX group, including
obvious (green arrow) myocardial cell edema, partially visible
vacuoles, dissolution and rupture of myocardial fibers, and
infiltration of a large number of inflammatory cells in the
interstitium. Compared with the DOX group, with the increase
of the dose, the degree of myocardial injury was gradually
reduced and the edema was significantly reduced. A small
infiltration of inflammatory cells and a small amount of
interstitial edema with occasional vacuolated cells were also
observed. The myocardial cells were relatively complete, and
the myocardial tissue was significantly improved, indicating
that TMYXP had a protective effect on DOX-induced
cardiotoxicity.

2.4. Tunel Fluorescent Staining. Histological section
were tested according to TUNEL apoptosis detection kit, and
TUNEL staining showed green color for apoptotic cells and
blue color for nuclei of normal cells. In this experiment, we
could observe that the number of green apoptotic cells was
high in the DOX group (Figure 4B), and the number of green
apoptotic cells decreased gradually with the increase of the
dose of TMYXW administration. Meanwhile, administration of
TMYXP reduced apoptotic cells, among which the high-dose
group performed the best.

2.5. Metabolomics Analysis in the Plasma Sample.
The metabolic spectra of plasma samples in five groups were
obtained by UPLC—Q-TOF/MS analysis. The base peak
intensity (BPI) diagrams of plasma QC samples in positive and
negative ion modes are shown in Supporting Information
Figure S1. The results of the methodological investigation
showed that the peak area was all less than 15%, and the
relative standard deviation (RSD) values of retention time
were all less than 3%. The methodological investigation results
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Figure 2. Effect of TMYXP on LV functions following DOX-induced cardiotoxicity. * P < 0.05, **P < 0.01, compared with the control group; *P <

0.05, #P < 0.01,compared with the DOX group.

Figure 3. H&E staining was performed on ventricular myocardium to observe histopathologic changes (X400 magnification). (A) Control group,
(B) DOX group, (C) DOX + TM (0.5 g/kg) group, (D) DOX + TM (1 g/kg) group, and (E) DOX + TM (2 g/kg) group.

showed that the instrument precision, method precision, and
sample stability were reliable.

After preprocessing the data, SIMCA-P software was used to
establish the unsupervised principal component analysis
(PCA) model for analysis of the five groups of data (Figure
SA1,A2). After removing outliers, the partial least-squares
discriminant analysis (PLS-DA) score graph was constructed

18130

(Figure SB1,B2). It can be seen from the figure that the five
groups presented good classification aggregation, and there
were significant differences between the TMYXP adminis-
tration group and DOX group and between the TMYXP
administration group and the control group, indicating that the
endogenous substances in the TMYXP administration group
were significantly changed compared with those in the control

https://doi.org/10.1021/acsomega.3c01441
ACS Omega 2023, 8, 18128—18139
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Figure 4. TUNEL staining of TMYXP treatment on DOX-induced myocardial apoptosis (X400 magnification). (A) Control group, (B) DOX
group, (C) DOX + TM (0.5 g/kg) group, (D) DOX + TM (1 g/kg) group, and (E) DOX + TM (2 g/kg) group.
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Figure 5. Results of multivariate statistical analysis. (A1) PCA score plot in the positive mode, (A2) PLS-DA score plot in the positive mode, (B1)
PCA score plot in the negative mode, and (B2) PLS-DA score plot in the negative mode.

group and DOX group. Then, VIP > 1.5 was selected, and the
substance was screened in HMDB and other databases with an
adjusted error of 0.01 Da. The substances with significant
differences (P < 0.05) between the control group and DOX
group were screened out by a t-test, and the above discriminant
metabolites were used as potential biomarkers for the
reduction of adriamycin cardiotoxicity by TMYXP.

By searching and comparing the above-mentioned discrim-
inant metabolites in the HMDB database, 17 potential
discriminant metabolites of TMYXP for preventing cardiotox-
icity of DOX were annotated (Table 1). To explore whether
these 17 markers had diagnostic significance, the receiver
operating characteristic (ROC) curve was used. The area
under each curve (AUC) was used to judge the diagnostic
efficiency: the larger the area, the higher the diagnostic value.

18131

Through ROC curve analysis, the area under the curve for each
marker was greater than 0.7, which indicated a high diagnostic
significance (Figure 6A). To show the changing trend of
biomarkers more intuitively, the hierarchical cluster analysis
method was used to analyze the found biomarkers (Figure 6B).
The abscissa was the sample information, and the ordinate was
the marker information, and the depth of color in the figure
could reflect the content of the biomarker in the sample. It can
be seen from the figure that there were significant differences
in the content of the 17 biomarkers in the control group and
DOX group, indicating that cluster analysis can completely
separate the annotated markers and also verify the diagnostic
ability of these biomarkers. The 17 biomarkers were then
introduced into the MetPA database for metabolic pathway
analysis to explore the metabolic mechanism. The metabolic

https://doi.org/10.1021/acsomega.3c01441
ACS Omega 2023, 8, 18128—18139
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Table 1. Potential Biomarkers Annotated in the Rat Serum Sample

error

administration group

RT molecular
no. (min) adduct compound formula
1 2.18 M+ H tryptophan C,;H;,N,0,
2 0.83 M+H pyroglutamine CsHgN,O,
3 761  M+H  lysoPC(20:1(11Z)) CysHyNO,P
4 593  M+H  lysoPC(18:1(11Z)) C,6Hy,NO,P
5 592  M+H  LPC (20:4(82112,142,172)) CogHNO,P
6 5.90 M+H octadecadienoate C5H3,0,
7 0.80 M + Na glutamine CH (N,0,
8 0.76 M + Na glucosylceramide C4sHg3NOy
9 3.84 M + Na corticosterone C,,H300,
10 0.93 M + Na pantothenic acid CoH,,ON
11 0.79 M -H glucose C¢H,,0¢
12 0.93 M- H S-cysteinosuccinic acid C,H,;]NO¢S
13 5.27 M -H docosahexaenoic acid C,H;3,0,
14 0.92 M -H prolyl-hydroxyproline C0H;4N,0,
15 221 M-H hydroxyphenylacetylglycine C,0H;,NO,
16 8.64 M-H 12,13-epoxy-9,15-octadecadienoic acid CH500;
17 3.20 M -H tetradecanedioic acid C,H,0,

caled m/z  obsd m/z  (ppm) M/C TM-L/M TM-M/M TM-H/M
205.0977  205.0991 6.83 1P t 1 1
129.0664  129.0665 0.77 1 t T T
550.3873  550.3816 10.36 1° 1€ 1 T
522356 522.3583 4.40 1 ¢ T 1
5443403 544.3405 0.37 1 t T T
2812481  281.2500 6.75 A i T T
169.0589  169.0599 592 P 1 1 1
834.6799 8346785  —1.68  |° 14 14 14
369.2042 3692029  —3.52 1 1 1° 1°
242.1004  242.1013 3.72 1 1 1 1
179.0556 179.0568 6.70 1 1 1 T
236.0229  236.0242 5.51 1 i i T
3272324 3272349 7.64 1° l 1 !
227.1032  227.1046 6.16 1 t T 1
208.0610  208.063 9.61 1 T T T
2932117 293.2109 -2.73 1 1 T T
257.1753 257.1778 9.72 “ ) ) T

“p < 0.05 compared with the control group. b5 < 0.01 compared with the control group. p < 0.05 compared with the model group. 9y < 0.01
compared with the model group. C, control group; M, DOX group; TM-L, TMYXP low-dose group; TM-M, TMYXP middle-dose group; TM-H,
TMYXP high-dose group. “1” or “|” represents the increased or decreased metabolite.
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Figure 6. (A) ROC curve of the biomarker; (B) heat map analysis of biomarkers, and (C) disturbed metabolic pathways analyzed by MetPA. Note:
(1) pantothenate and CoA biosynthesis, (2) p-glutamine and p-glutamate metabolism, and (3) sphingolipid metabolism.

pathways mainly involved pantothenate and CoA biosynthesis,
D-glutamine and D-glutamate metabolism, sphingolipid metab-
olism, etc. (Figure 6C). 17 biomarkers can affect TCA cycle
energy supply through amino acid metabolism, phospholipid
metabolism and fatty acid metabolism (Supporting Informa-
tion: Figure S2). TMYXP can protect myocardium by affecting
the TCA cycle.

2.6. Network Pharmacology Analysis. Based on 144
chemical components in TMYXP, a total of 257 target points
were predicted through the PharmMapper database, while 119
targets closely related to cardiotoxicity were screened out
based on the disease database. Common targets were selected,
and repeated targets were removed. Finally, 71 TMYXP—
targets were screened out for subsequent pathway enrichment
analysis. The predicted targets were corrected using the
UniProt (https://www.uniprot.org/) database to exclude
nonhuman genes to obtain the potential targets of action of
TMYXP chemical components (Supporting information Table
S1). Through the analysis of the network of TMYXP—targets,
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it was found that there were many compounds acting on the
same target protein in 144 chemical components, and there
were also some monolayers acting on multiple target proteins.
For example, mitogen-activated protein kinase 14 can be
activated by gancaonin L, isoviolanthin, gomisin D, licorice
glycoside A, and other chemical components. Gancaonin L
could also act on inositol monophosphatase, cAMP-specific
3,5-cyclicphosphodiesterase 4D, phosphoenolpyruvate carbox-
ykinase, a-1-antitrypsin, and other targets.

Based on the above results, cellular pathways were analyzed
by the MAS 3.0 database and the KEGG database, and 13
pathways were identified. Among these, 20 were closely related
to cardiotoxicity (Supporting Information Table S2). Pathways
related to immune regulation included the B cell receptor
signaling pathway, T cell receptor signaling pathway, Toll-like
receptor signaling pathway, and JAK—STAT signaling path-
way. Pathways related to coagulation were complement and
coagulation cascades. Inflammatory pathways included the
vascular endothelial growth factor signaling pathway and
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Figure 10. Western blotting band and grayscale analysis of pS3 (A), Bad (B), Bcl-2 (C), PI3K (D), P-Akt (E), FOXO1 (F), Bax(G), Cyt c (H),

and caspase-9 (I).

MAPK signaling pathway. Pathways related to cell metabolism
and apoptosis included the insulin signaling pathway and the
p53 signaling pathway. Finally, Cytoscape software was used to
establish the network diagram of the chemical constituent—
target—pathway (Figure 7), which visually presented the
network of constituent—target—pathway of TMYXP to
ameliorate DOX-induced cardiotoxicity.

According to the above results, 65 components of TMYXP
predicted the insulin signaling pathway, 25 components
predicted the pS53 signaling pathway, and 37 components
jointly predicted the MAPK signaling pathway. KEGG
database annotation of this article 3 signaling pathways
found that the three downstream pathways were closely
related to cell apoptosis. Therefore, a preliminary mechanism
may be predicted that TMYXP ameliorated DOX-induced
cardiotoxicity by regulating the upstream proteins of the
insulin signaling pathway, MAPK signaling pathway, and p53
signaling pathway and then regulating the expression of the
downstream apoptosis-related factors, which can reduce the
apoptosis of cardiomyocytes and play a role in myocardial
protection (Figure 8).

2.7. Network Pharmacology and Metabolomics
Integration Analysis. The main target proteins in the
MAPK signaling pathway, insulin signaling pathway, and p53
signaling pathway were screened out with the network
pharmacology analysis, and the downstream of these target
proteins was found to be the apoptosis signaling pathway in
the KEGG database signaling pathway diagram. According to
the result of the above metabolomics analysis, the 17
metabolites were closely related to the TCA cycle. When
apoptosis was used as a keyword to be cross searched with the
TCA cycle, amino acid metabolism, phospholipid metabolism,
and fatty acid metabolism as keywords, 248, 143, 62, and 237
references were obtained, respectively. The results showed that
the change of the metabolites can directly or indirectly
influence the apoptosis pathway of Bcl-2, Bax, and Cyt ¢

protein expression, and the corresponding relationship was
constructed in Cytoscape software (Figure 9). The results
showed that metabolomics and network pharmacology were
closely related to the proteins of the apoptosis pathway; that is,
TMYXP reduced DOX-induced cardiotoxicity by affecting the
apoptosis-related proteins and inhibiting the apoptosis.

2.8. Western Blotting Analysis. To verify the above
results, the related effector proteins were verified in this study.
Western blotting was used to detect the expression of p53, Bcl-
2, Bad, PI3K, P-Akt, FOXO1, Bax, Cyt ¢, and caspase-9 in the
heart tissues of rats in each group. As shown in Figure 10, the
expression levels of p53, Bad, FOXO1, Bax, Cyt c, and caspase-
9 were significantly increased (P < 0.05) in the DOX group
compared with those in the control group, while these protein
expression changes were attenuated by treatment with
TMYXP. Compared with those in the control group, the
expression levels of PI3K, P-Akt, and Bcl-2 were significantly
decreased (P < 0.05) in the DOX group, while these protein
expression changes were differentially regulated by treatment
with TMYXP. The above results showed that the possible
mechanism of TMYXP reducing DOX-induced cardiotoxicity
was mainly by regulating the upstream proteins of the insulin
signaling pathway, MAPK signaling pathway, and pS3 signaling
pathway and then regulating the expression of downstream
apoptosis-related proteins Bcl-2, Bax, Cyt ¢, and caspase-9,
which inhibited the damage to the mitochondrial outer
membrane in cardiomyocytes and reduced the apoptosis of
cardiomyocytes and thus played a role in myocardial
protection.

3. DISCUSSION

Metabolomics studies showed that the 17 discriminant
metabolites were mainly amino acids, phospholipids, and
fatty acids. In the amino acid group, compared with the control
group, the discriminant metabolites such as tryptophan,
glutamine amide, and pantothenic acid exhibited different
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degrees of downregulation in the DOX group, and these
metabolites had different degrees of callback in the TMYXP
group. As an energy-intensive organ, the heart normally
supplies energy to maintain ion transport, calcium homeostasis,
and sarcolemma functions mainly by fatty acids and
carbohydrates, and at the same time, it also uses amino
acids, lactic acid, and other energy supplies.14 The TCA cycle
is one of the main pathways of energy metabolism in the body,
and interference with the TCA cycle may imply decreased
oxidative metabolism and impaired the mitochondrial
respiratory chain in cardiomyocytes.'”'® Therefore, when the
TCA cycle is inhibited, ATP synthesis of cardiomyocytes is
reduced, resulting in energy shortage and cell apoptosis,
namely, the generation of cardiotoxicity. Among them, because
the intermediate products of the TCA cycle only consist of
amino acids, amino acids play a crucial role in myocardial
energy metabolism.'” Tryptophan, as an essential amino acid
in vivo, plays an important role through metabolic pathways
and metabolites.'® Studies have shown that the reduced plasma
tryptophan content in individuals with coronary heart disease
is associated with inflammation.'” When the body is stable and
healthy, glutamine is the most abundant amino acid, while
when the content of glutamine decreases, the body’s
antioxidant capacity will be reduced, and the body is vulnerable
to infection and immune response.”’ In addition, glutamine
can significantly reduce JNK phosphorylation and caspase-9
activity to reduce apoptosis.”’ It can also reduce JNK protein
activity by increasing glutathione synthesis, preventing
mitochondrial translocation, and inhibiting apoptosis.”* The
metabolite pantothenic acid enters the TCA cycle through
conversion to CoA for energy metabolism. If the conversion
process of pantothenic acid to CoA is inhibited, the synthesis
of glutathione is inhibited, the phosphorylation of JNK protein
is increased, and then apoptosis will be induced.”® In this
study, amino acids in the DOX group showed a downward
trend, while those in the TMYXP group showed an
upregulated trend, indicating that TMYXP could protect
amino acid metabolism of cardiomyocytes.

Phospholipids, compared with the control group, were
downregulated to a different extent in the DOX group and had
a callback in the TMYXP group. Under normal physiological
conditions, most of the energy of myocardium comes from
fatty acid metabolism. Through literature research, it was
found that free fatty acids could affect J]NK and PUMA
proteins and then affect downstream proapoptotic proteins
Bcl-2, Bim, and Bax, which caused mitochondrial apoptotic
pathways, leading to the occurrence of fat apoptosis.””** In
addition, free fatty acids can also be metabolized into
phospholipids, which can be derived into LPC metabolites.
Part of LPC is a component of oxidized low-density
lipoproteins. It is widely distributed and has a variety of
biological effects. It participates in a variety of physiological
activities and is involved in the pathogenesis of atherosclerosis
and inflammation. The onset of apoptosis is induced by
activation of the p38—MAPK pathway,”® which activates
extracellular signal-regulated kinase 1/2 (ERK1/2) and C-Jun
N, N-terminal kinase (JNK). Another study has shown that
PI3K/Akt signaling plays a critical role in LPC-induced
vascular endothelial cell apoptosis and inflammatory response,
which can be achieved through Bax, caspase-3, Bcl-2, and Akt
proteins.””*® It is suggested that after the action of TMYXP on
the organism, it affected fatty acid-f oxidation and
glycerophospholipid metabolism by increasing myocardial

energy supply and thus affected the downstream apoptosis-
related proteins to play a protective role in the heart.
Compared with the control group, the discriminant
metabolite glucosylceramide was downregulated in the DOX
group, and these metabolites had a significant callback in the
TMYXP group. Sphingolipids are a class of bioactive lipids that
mediate many key cellular processes, including apoptosis and
autophagy, and their metabolites have different regulatory
effects on the induction of apoptosis and autophagy.”
Glucosylceramide is used to synthesize sphingolipids by a
glycosylation reaction on Golgi bodies. Sphingolipids have
been shown to be associated with cell growth, cell signaling,
cell differentiation, autophagy, cell death, cell migration,
immune response, and inflammatory response. At the same
time, the synthesis and metabolism of glucosylceramide need
to be completed by ceramide.”® Ceramide can also be involved
in inducing and inhibiting cell apoptosis. In the plasma
membrane, ceramide formed by palmitate metabolism can
activate PP2A phosphatase, leading to the dephosphorylation
and inactivation of Akt and antiapoptotic Bcl-2 protein. In
addition, mitochondrial ceramide can also promote the activity
of proapoptotic protein Bax.>' Glucosylceramide decreased in
the DOX group, disrupting the balance of glycosyllipid
synthesis and metabolism on the golgiosome. Glucosylcer-
amide produced a large amount of ceramide, which led to the
dephosphorylation and inactivation of Akt and the inactivation
of antiapoptotic Bcl-2 protein or the apoptosis of myocardial
cells by promoting the activity of the proapoptotic Bax protein.
Glucosylceramide was significantly increased in the TMYXP
group, indicating that TMYXP acted on the body to inhibit cell
apoptosis, thus playing a protective role in the heart.
Network pharmacology provides a unique and innovative
way to study the mechanism of multiple ingredients.’” In this
study, the proteins enriched in the MAPK signaling pathway,
insulin signaling pathway, and pS53 signaling pathway were
closely related to apoptosis, and the effector proteins had been
verified. Apoptotic pathways can be roughly divided into the
mitochondrial pathway and death receptor pathway, among
which the mitochondrial pathway is a response to cell stress
and can lead to the activation of proapoptotic protein Bim,
which can directly or indirectly activate apoptotic factor Bax
and lead to apoptosis.”** In this study, RTK, IRS, and PDK1
proteins in the insulin signaling pathway were predicted, while
Bim proteins were downstream of the insulin signaling
pathway. Effector proteins PI3K, Akt, and FOXOl were
verified in the western blotting experiment, and the callback
trend in the results could prove that TMYXP reduced the
apoptosis of cardiomyocytes through the PI3K/FOXO1/Bim/
Bax axis. In addition, it was mentioned in the literature that
anisomycin could activate Bax and induce apoptosis by
phosphorylation of JNK and Bim, of which the JNK protein
was predicted in this study and could induce apoptosis by the
downstream Bcl-2 protein.”® p33 is one of the important tumor
suppressor genes, and activation of pS3 and its downstream
targets to induce apoptosis is considered tumor therapy.*’
Shikonin can resist TRAIL bile duct cancer cell apoptosis
through p$3/PUMA/Bax signal transduction.”” In this study,
network pharmacology predicted the JNK protein downstream
of the MAPK signaling pathway and the CHKI protein
upstream of the pS3 signaling pathway, and the two signaling
pathways had a common downstream protein Bcl-2. Analysis
of WB results revealed that the Bcl-2 callback occurred after
the administration of TMYXP; that is, TMYXP could reduce
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myocardial cell apoptosis through JNK/Bcl-2 /Bax signal
transduction and p53/Bcl-2/Bax transduction. Moreover, Bim,
Bcl-2, and Bax were all apoptotic factors on the mitochondrial
outer membrane.>**® Therefore, it is concluded that TMYXP
plays a myocardial protective role by inhibiting the damage to
the mitochondrial outer membrane in cardiomyocytes and
reducing the apoptosis of cardiomyocytes.

4. CONCLUSIONS

In this study, first, 17 discriminant metabolic markers were
screened by metabolomics, and it was found that TMYXP
could protect the myocardium by affecting the TCA cycle
energy supply of cardiomyocytes through amino acid
metabolism, phospholipid metabolism, and fatty acid metab-
olism, and these metabolites were also closely related to
apoptosis-related factors. Second, through network pharmacol-
ogy, it was found that TMYXP could affect the downstream
apoptosis-related factors by regulating the main target proteins
of the insulin signaling pathway, MAPK signaling pathway, and
p53 signaling pathway. Finally, by integrating the above results,
it was found that the mechanism of TMYXP to reduce DOX-
induced cardiotoxicity was by regulating the upstream proteins
of the insulin signaling pathway, MAPK signaling pathway, and
pS3 signaling pathway and regulating metabolites related to
energy metabolism. TMYXP affected the downstream Bax/Bcl-
2—Cyt c—caspase-9 axis, inhibited mitochondrial outer
membrane damage in myocardial cells, protected the TCA
cycle of myocardial cells, and reduced myocardial cell
apoptosis to achieve myocardial protection. In this study,
network pharmacology and metabolomics were combined to
study the mechanism of TMYXP to reduce DOX-induced
cardiotoxicity at the molecular and metabolic levels. It may be
concluded that TMYXP provided an effective approach and
strategy for the treatment of DOX-induced cardiotoxicity in
the clinic.

5. MATERIALS AND METHODS

5.1. Chemicals and Reagents. A Waters Acquity UPLC
liquid chromatograph (Waters), a Waters Xevo G2 Q-TOF
mass spectrometer (Waters), an ACQUITY UPLC BEH C,q
column (2.1 mm X 100 mm X 1.7 um) (Waters) were used.
Antibodies against GAPDH, P-Akt (Thr308), PI3K, Bax, and
Bcl-2 were obtained from Cell Signaling Technology (Beverly,
MA). Cyt ¢, pS3, and FOXO1 were purchased from USCN
Business Co., Ltd. (Wuhan, China), and Bad was purchased
from Proteintech Group Inc. (Wuhan, China). All secondary
antibodies (HRP-conjugated antirabbit and antimouse IgG)
were obtained from Cell Signaling Technology. The rat serum
BNP ELISA kit was purchased from Equation Biotechnology
Co., Ltd. (Beijing, China). The BCA Protein Quantification kit
was purchased from Cell Signaling Technology. DOX and
sodium carboxymethyl cellulose were purchased from Solarbio
Co., Ltd. (Beijing, China). Methanol, acetonitrile, and formic
acid of HPLC grade were purchased from Merck (Darmstadt,
Germany). Pure water was purchased from Watsons (China).

5.2. Drug Preparation. TMYXP (Batch no. 1070353) was
provided by Tianjin Zhongxin Pharmaceutical Group Co., Ltd.,
Lerentang Pharmaceutical Factory (Tianjin, China). The
prescription and preparation of TMYXP are consistent with
the Chinese Pharmacopoeia (2020 Edition). According to the
Chinese Pharmacopoeia (2020 edition), glycyrrhizic acid was
quantified for quality control.

UPLC—Q-TOF-MS/MS techniques were used to analyze
the chemical constituents of TMYXP (Figure S1). Eighty
compounds of TMYXP including flavonoids, coumarins,
iridoid glycosides, saponins, and lignans were annotated
unambiguously or tentatively."’

5.3. Animals and Experimental Design. The animal
experiments were approved by the Animal Ethics Committee
of Tianjin University of Traditional Chinese Medicine. Male
Wistar rats (180—200 g) were purchased from Beijing Weitong
Lihua Technology Co. Ltd. (quality certification number:
SCXK (Jing)2016-0006). The growth environment consisted
of 12 h day/night cycles; ambient temperature was 23 + 2 °C,
with 35 + 5% humidity. All experiments were carried out in
accordance with Chinese national laws and local guidelines.
Rats were acclimated for 7 days before the study. A total of 78
rats were randomly divided into five groups: control group
(0.5% CMC-Na, 10 mL/kg), DOX group (0.5% CMC-Na, 10
mL/kg), DOX + TM group (0.5 g/kg), DOX + TM group (1
g/kg), and DOX + TM group (2 g/kg). The control group
received saline intraperitoneally, and the other groups were
given an injection of DOX (3 mg/kg) once a week for 6 weeks
to achieve an accumulative dose of 18 mg/kg. At the same
time, TMYXP was freshly prepared in 0.5% CMC-Na and
orally administered once daily over a period of 6 weeks.

After 1 week of observation, rats were initially anesthetized
with 2—3% isoflurane (Fischer Scientific) and then echocar-
diography was performed. Left ventricular function was
assessed using a Vevo2100 small animal ultrasound real-time
imaging system (Visual Sonics, Canada).

5.4. Metabolomics Analysis. 5.4.1. Preparation of
Plasma Samples. The plasma samples frozen in a refrigerator
at —80 °C were taken out and thawed at room temperature.
One hundred microliters of plasma samples were mixed with
300 pL of acetonitrile for protein precipitation. After 10 min of
ultrasound in an ice—water bath, the mixture was swirled and
mixed for 1 min. The mixture was centrifuged at 13,000 rpm
for 15 min at 4 °C, and the supernatants were analyzed by
UPLC—Q-TOF/MS. Then, QC samples were prepared
according to the above operations for methodological
investigation of metabonomics. The above samples were
taken for detection in the positive and negative ion modes,
respectively.

Rat heart tissues were obtained after normal saline perfusion.
Several rat heart tissues were randomly selected and fixed with
10% formaldehyde for hematoxylin—eosin (H&E) staining and
TUNEL fluorescence staining, while the rest of the heart
tissues were frozen at —80 °C for subsequent western blotting
analysis.

5.4.2. UPLC—Q-TOF/MS Analysis. Chromatographic con-
ditions: ACQUITY UPLC BEH C,5 columns (2.1 mm X 100
mm, 1.7 pm, Waters); injection volume, 5 uL; column
temperature, 45 °C; flow rate, 0.3 mL/min; mobile phase
composition, phase A was 0.1% formic acid/water, phase B was
0.1% formic acid/acetonitrile; elution conditions: 0—0.5 min,
1%B; 0.5—2 min, 1-50%B; 2—9 min, 50—99%B; 9—10 min,
99%B; 10—11 min, 99—1%B; 11—13 min, 1%B.

Mass spectrometry analysis conditions: ESI was used for
mass spectrometry analysis in positive and negative ion
ionization modes. Reference ions ([M + H]" = 556.2771,
[M — H]™ = 554.2615) were used to ensure the accuracy of
data collection. The scanning range was set at 50—1000 Da;
the capillary voltage was 3.0 kV; the ionization source
temperature was 100 °C; the desolvation temperature was
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400 °C; the desolvation gas flow was 800 L/h; the cone gas
flow was S0 L/h; and the gas flow was 0.3 mL/min.

5.4.3. Statistical Analysis. In this study, the serum samples
of rats were analyzed by UPLC—Q-TOF/MS. The obtained
data were exported by MarkerLynx (version 4.1), and the
obtained strength of each ion was normalized to the total
number of ions. The derived data included retention time, m/z
value, and normalized peak area. The RSD values of peak area
and retention time were calculated by randomly selecting 20
peaks from the obtained QC sample profiles. After 80%
modification of the data, the multivariate data analysis was
performed using SIMICA-P 13.0 software (Umetrics, Sweden)
to establish PCA and PLS-DA models. On the basis of the
PLS-DA model, compounds with significant contributions to
the classification were screened out (VIP > 1.5), and the
substances with P < 0.05 were further screened out by a t-test.
Subsequently, the selected markers were searched and
screened in the HMDB (http://www.hmdb.ca/) database
according to the first-level debris information to determine the
biomarkers of TMYXP to prevent DOX-induced cardiotox-
icity.

In addition, the trends of the markers were analyzed by heat
map and subject operating characteristic curve (ROC). Finally,
the identified biomarkers were analyzed for metabolic
pathways through the MetaboAnalyst (https://www.
metaboanalyst.ca/ ) database.

5.5. Network Pharmacology Study of TMYXP.
Through literature research, 144 chemical components in
TMYXP (Supporting Information: Table S3) were obtained
for subsequent network pharmacology research. First, three-
dimensional (3D) structures were drawn and stored in the .sdf
format. The PharmMapper server was used for potential target
prediction analysis. Target proteins with the first ten fit values
were selected from the results for subsequent analysis. At the
same time, targets related to cardiotoxicity were obtained from
the CTD (http://ctdbase.org/), TTD (http://bidd.nus.edu.
sg/group/cjttd/), Genecard (https://www.genecards.org/),
and OMIM (http://www.omim.org/databases. After matching
with the above constituents-targets, the same target was
removed, and finally TMYXP — targets were obtained. Then,
the above TMYXP — targets were imported into MAS 3.0
database) databases. After matching with the above constitu-
ents—targets, the same target was removed, and finally,
TMYXP—targets were obtained. Then, the above TMYXP—
targets were imported into the MAS 3.0 database to get related
pathways for targets, and the selection of the top channel was
analyzed. Finally, the chemical components of TMYXP,
TMYXP—targets, and the potential signaling pathway were
imported into Cytoscape version 3.4.1 to jointly construct the
chemical constituent—target—pathway network of TMYXP for
ameliorating DOX-induced cardiotoxicity. Then, the screening
biomarkers from metabonomics were imported into the
Pubmed database (https:/ /www.ncbi.nlm.nih.gov/pubmed/ )
for literature investigation, getting the metabolite—target
network of TMYXP for ameliorating DOX-induced cardiotox-
icity, integration of the above results in Cytoscape version
3.4.1, screening the same proteins and pathways for subsequent
validation.

5.6. Western Blotting Analysis. Protein extraction and
western blotting were performed using standard procedures.
Heart tissue was homogenized and quantified with BCA Kkits.
Equal amount of samples were separated by 10% SDS-PAGE
gel, transferred to PVDF membranes, and then blocked with
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5% nonfat milk. Subsequently, the membranes were incubated
with appropriate primary antibodies overnight at 4 °C,
followed by TBST washing and incubation with secondary
antibodies for 2 h. After cleaning, 200 L of luminous fluid for
the UVP chemiluminescence reaction was added and photo-
graphed by an Amersham Imager 600 (GE).

5.7. Statistical Analyses. Data were presented as mean =+
SD and analyzed by SPSS software. The statistical significances
among groups were analyzed by one-way ANOVA, followed by
the Newman—Keuls test. P < 0.05 was considered statistically
significant.
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