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A B S T R A C T

Cyclophosphamide (CTX) is a chemotherapeutic agent with cytotoxic and immunosuppressive activity. It is used
to treat a wide variety of cancers and autoimmune diseases. However, side effects caused by its toxic metabolites,
especially hepatotoxicity, limit its clinical application. The natural dihydroflavonol compound dihydromyricetin
(DHM) has anticancer, anti-inflammatory, and antioxidant properties. This study aimed to evaluate the protective
effects of DHM against CTX-induced hepatotoxicity in mice. Male ICR mice were pretreated with DHM (100, 200,
and 400 mg/kg b.w.) orally before intraperitoneal injection with CTX (100 mg/kg b.w.) for 7 days. The mice were
then sacrificed to analyze biochemical and histological parameters as well as metabolomics profiles. DHM
ameliorated CTX-induced elevations in the liver index, alanine aminotransferase, aspartate transaminase, and
malondialdehyde levels, and pathological changes and increased levels of glutathione and antioxidant enzymes,
such as superoxide dismutase and catalase. Based on a KEGG pathway analysis of altered serum and liver me-
tabolites, OXPHOS may play an important role in the observed protective effects. Further analysis revealed that
DHM increased the activity of Naþ-Kþ-ATPase in mice, which affected CTX-induced mitochondrial energy
metabolism. To conclude, DHM protected against CTX-induced hepatotoxicity, possibly through reducing
oxidative stress and regulating energy metabolism, providing a potential strategy for treatment and prevention.
1. Introduction

Cancer is a common human health issue, and chemotherapy is still the
most widely used treatment method [1]. One of the most common
anti-tumor drugs, cyclophosphamide (CTX), is an alkylating agent with
strong cytotoxicity and immunosuppressive properties. It is widely used
in the treatment of leukemia, lung cancer, breast cancer, neuroblastoma,
and other cancers as well as rheumatoid arthritis, lupus erythematosus,
and other autoimmune diseases [2–4]. However, its good therapeutic
efficacy is accompanied by severe side effects, which limit its clinical
application. CTX is a prodrug that is inactive on its own. It is metabolized
into pharmacologically active forms 4-hydroxycyclophosphamide and
aldophosphamide by cytochrome P450 (CYP450) enzymes in the liver [5,
6] (Fig. 1). Aldophosphamide is further decomposed spontaneously into
acrolein and phosphoramide mustard through β-elimination [7]. Phos-
phoramide mustard is the main metabolite contributing to the anti-tumor
effect of CTX, while acrolein has toxic effects, including bone marrow,
bladder, kidney, liver, heart, and gonadal toxicities [8,9]. In addition,
approximately 10% of CTX will undergo side chain oxidation to generate
dechloroethylcyclophosphamide and chloroacetaldehyde [10].
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Chloroacetaldehyde has serious toxicities, inducing hepatotoxicity,
nephrotoxicity, and neurotoxicity [11–13]. The excessive accumulation
of these toxic metabolites results in the reduction of glutathione (GSH)
and secretion of NO, reactive oxygen species (ROS), and inflammatory
cytokines, which induce lipid peroxidation, DNA damage, ATP con-
sumption, and ultimately cell necrosis [11,14].

The liver is the most susceptible organ to CTX toxicity. The liver is an
important metabolic center of the body. Drugs are usually metabolized in
the liver to form inactive metabolic end-products that are excreted;
however, toxic metabolites can also be generated [15]. Therefore, the
liver plays a dual role as a drug detoxification organ and a target for drug
side effects. However, CTX-induced hepatotoxicity cannot currently be
prevented, reduced, or treated with approved clinical interventions.
Therefore, it is necessary to identify suitable drug supplements for
adjuvant therapy.

Extensive research has shown that the toxic effects of chemotherapy
drugs can be effectively reduced using naturally occurring bioactive
components. Dihydromyricetin (DHM) is a dihydroflavonol compound
found in a wide range of plant taxa, such as Vitaceae [16]. Many recent
studies have revealed that DHM has extensive pharmacological proper-
ties, including antiviral, antibacterial, antioxidant, anti-inflammatory,
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Abbreviations:

CTX Cytoxan, Cyclophosphamide
DHM Dihydromyricetin
ALT Alanine aminotransferase
APAP Acetaminophen
AST Aspartate transaminase
CAT Catalase
CYP450 Cytochrome P450
ESI Electrospray ionization
FMN Flavin mononucleotide
GSH Glutathione

H&E Hematoxylin-eosin
KEGG Kyoto Encyclopedia of Genes and Genomes
LC Liquid chromatography
MDA Malondialdehyde
NAD Nicotinamide adenine dinucleotide
OPLS-DA Orthogonal partial least squares-discriminant analysis
OXPHOS Oxidative phosphorylation
SIL Silymarin
SOD Superoxide dismutase
SPF Specific pathogen-free
VIP Variable importance in projection.
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antitumor, and lipid and glucose metabolism regulatory effects [17–21].
Ma et al. reported that DHM alleviates hepatotoxicity caused by metho-
trexate via inhibiting the TLR4/NF-κB pathway and NLRP3 inflamma-
some/caspase 1 axis [22]. We have previously found that DHM can
protect against liver injury caused by acetaminophen (APAP) through its
role in modulating transformation, lipid homeostasis, cell death, and
regeneration [23]. It is evident that DHM protects against drug-induced
liver injury to some extent. However, the protective effect of DHM on
CTX-induced hepatotoxicity has not been determined.

Metabolomics, as an important component of systems biology, en-
ables qualitative and quantitative analysis of metabolites with a relative
molecular mass of<1000 in complex biological samples. It is mainly used
to study changes in endogenous metabolites in stimulated or disturbed
biological systems [24]. It has extensive applications in various fields,
such as the diagnosis of toxicological diseases, drug toxicology, and
mechanistic analysis [25]. Natural products exert pharmacological ef-
fects through multiple targets and multiple pathways and therefore have
obvious advantages in the treatment of difficult and severe diseases.
However, insufficient information on their mechanisms of action hinders
the clinical application of natural products. With the recent rise of sys-
tems biology, the application of combined metabolomics technology has
provided a basis for mechanistic studies of natural products. For example,
Gong et al. used a metabolomics approach to show that rhubarb
anthraquinone alleviates acute liver injury by regulating inflammation,
oxidative stress, and fibrosis disorders [26]. Various metabolic pathways,
including steroid biosynthesis, linoleic acid metabolism, porphyrin, and
chlorophyll metabolism, and fatty acid biosynthesis, may contribute to
the protective effects of radix gentianae against liver injury [27]. These
findings support the value of metabolomics for the fast, accurate char-
acterization of changes in endogenous small molecule metabolite profiles
in serum and liver samples from mice with CTX-induced hepatotoxicity
with DHM intervention.

In this study, a CTX-induced hepatotoxicity model was developed to
evaluate the protective effect of DHM and to explore the underlying
mechanism from the perspective of metabolomics. The results suggested
that DHM has protective effects against CTX-induced hepatotoxicity
through antioxidant activity and regulating energy metabolism,
providing support for its clinical value.

2. Materials and methods

2.1. Chemicals and reagents

DHMwas obtained from Aladdin Biochemical Technology (Shanghai,
China). CTX was supplied by Sigma-Aldrich (St. Louis, MO, USA). Sily-
marin (SIL) was purchased from Shanghai Yuanye Bio-Technology
(Shanghai, China). The assay kits for alanine transaminase (ALT),
aspartate transaminase (AST), catalase (CAT), glutathione (GSH),
malondialdehyde (MDA), superoxide dismutase (SOD), Naþ-Kþ-ATPase,
and Ca2þ-Mg2þ-ATPase were provided by Nanjing Jiancheng
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Bioengineering Institute (Nanjing, China).

2.2. Animals and treatment

Forty-nine ICRmice (male, 6 weeks old, 32� 2 g) were acquired from
the Experimental Animal Center of Shandong University (Jinan, China).
They were acclimatized for a week in a specific pathogen-free (SPF)
environment (12 h light/dark cycle, 22–25�C, and 50–60% relative
humidity).

Mice were randomly assigned to seven groups (Fig. 2A). Group I
(Control) was treated with saline for a week. Group II (Model) was
injected intraperitoneally with CTX (100 mg/kg) for a week. Group III
(DHM200) was given DHM (200 mg/kg) orally for a week. Group IV
(Model þ SIL200) was given SIL (200 mg/kg) orally and injected intra-
peritoneally with CTX (100 mg/kg) for a week. SIL was selected as the
positive drug for the treatment of liver injury. Group V (Model þ
DHM100), Group VI (Model þ DHM200), and Group VII (Model þ
DHM400) were given 100 mg/kg, 200 mg/kg, 400 mg/kg DHM orally,
respectively, for a week, followed by intraperitoneal injections with CTX
(100 mg/kg) for a week. After 30 min of DHM or SIL treatment, CTX was
administered. At 24 h after the last dose, mice were weighed and
euthanized. The collected mouse serum was stored at �20�C for the
detection of biochemical indicators. Then, the mice were dissected, and
livers were obtained and weighed. The proportion of liver tissue weight
relative to body weight was considered the liver index. After weighing,
part of the tissues was cut and fixed, and the remaining tissues were
frozen at �80�C.

2.3. Histopathological observation

A fresh liver tissue block of approximately 1 cm� 1 cmwas immersed
in 4% paraformaldehyde for 24 h at 4�C and embedded in paraffin. After
hematoxylin-eosin (H&E) staining, images were obtained using a fluo-
rescence microscope (Olympus, Tokyo, Japan).

2.4. Biochemical analysis

AST and ALT levels were determined using the Multiskan SkyHigh
Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) following the procedures of the assay kits.

The levels of CRE, GSH, MDA, and SOD in the liver tissue homoge-
nates were determined. A certain amount of liver tissue was weighed and
mechanically homogenized with saline. The sample was centrifuged at
2500 rpm/min for 10 min at 4�C, and the supernatant was obtained as
the 10% liver tissue homogenate. The protein concentration in tissue
homogenates was measured according to the instructions provided with
the BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China).
Subsequent steps were performed according to the procedures of the
assay kits by using the Multiskan SkyHigh Microplate Photometer
(Thermo Fisher Scientific).



Fig. 1. Metabolism of cyclophosphamide.
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2.5. Metabolomics analysis

2.5.1. Sample preparation
Mouse serum samples were processed using the protein precipitation

method. First, the serum samples were thawed slowly, dissolved, vor-
texed for 1 min, and mixed evenly. Then, 100 μL of the serum sample and
400 μL of methanol were mixed, vortexed for 1 min, and centrifuged at
12000 rpm for 10 min at 4�C. The supernatant was concentrated and
dried under a vacuum. Finally, 150 μL of 2-chloro-L-phenylalanine (4
ppm) solution with 80% methanol in water was added to redissolve the
sample. After mixing, the supernatant was filtered through a 0.22 μm
membrane, and the filtrate was analyzed using liquid chromatography-
mass spectrometry/mass spectrometry (LC-MS/MS).

Mouse liver samples were also processed using the protein
3

precipitation method. First, the appropriate amount of sample was
accurately weighed and added to a 2 mL centrifuge tube, followed by the
addition of 1000 μL of tissue extract [with methanol, chloroform, and
ultrapure water (27:3:10)]. Second, tissues were ground using a tissue
grinder (Meibi, Guangzhou, China), subjected to ultrasound extraction at
25�C for 30 min, and kept on ice for 30 min. Third, they were centrifuged
at 12000 rpm for 10 min at 4�C, and the supernatant was concentrated
and dried under a vacuum. Finally, 200 μL of 2-chloro-L-phenylalanine (4
ppm) solution with 50% acetonitrile solution was accurately added to
redissolve the sample.

2.5.2. Chromatography and mass spectrometry
The Vanquish UHPLC System (Thermo Fisher Scientific) was applied

with an ACQUITY UPLCHSS T3 (150 � 2.1 mm, 1.8 μm) (Waters,



Fig. 2. Schematic illustration of drug administration in animal experiments (A) (the figure of mice was created with BioGDP.com), effects of DHM on the liver index
(B), and histopathological changes in the CTX-induced liver (HE staining, � 200) (C) (black arrows: congestion in the central vein, yellow arrows: pyknosis, blue
arrows: swelling).
Data are shown as mean � S.E.M., n ¼ 6. ###P < 0.001 versus the control group; *P < 0.05 and **P < 0.01 versus the model group.
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Milford, MA, USA) at 40�C. The flow rate was 0.25 mL/min. The mobile
phases were 0.1% formic acid in acetonitrile (v/v) (buffer A) and 0.1%
formic acid in water (v/v) (buffer B) in LC-Electron spray ionization (ESI)
(þ)-MS. In LC-ESI (�)-MS, acetonitrile (buffer C) and ammonium
formate (5 mM) (buffer D) were used as the mobile phases. The gradient
elution steps were as follows: 0–1 min, 2% A or C; 1–9 min, 2%–50% A or
C; 9–12 min, 50%–98% A or C; 12–13.5 min, 98% A or C; 13.5–14 min,
98%–2% A or C; 14–20 min, 2% A or C [28].

The Q Exactive HF-X (Thermo Fisher Scientific) with ESI ion source
was used. The parameters were as follows: capillary temperature, 325�C;
spray voltage, 3.50 kV for ESI (þ) and �2.50 kV for ESI (�); normalized
collision energy, 30%; MS1 range, m/z 81–1000 [28].

2.5.3. Data analysis
The metabolites were identified by matching against HMDB

(http://www.hmdb.ca/), Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.genome.jp/kegg/), and other public databases. All
analysis and modeling of multivariate data utilized Ropls software.
Following data scaling, an orthogonal partial least-square discriminant
analysis (OPLS-DA) was utilized to set up models. P < 0.05 and variable
importance in projection (VIP) values > 1 were set as thresholds to
identify potential biomarkers. A pathway enrichment analysis of these
potential metabolites was performed using MetaboAnalyst software and
the KEGG database.
2.6. Determination of ATPases in liver tissue

Briefly, the 10% liver homogenate was diluted with normal saline to
obtain a 0.25% liver homogenate sample. The activities of Naþ-Kþ-
ATPase, and Ca2þ-Mg2þ-ATPase in the liver homogenate of each group
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were detected from the supernatant and calculated according to the in-
structions provided with the kits.
2.7. Statistical analysis

Significance analysis was conducted using GraphPad Prism 7 software
(GraphPad Software Inc., San Diego, CA). All data are presented as the
mean � S.E.M. When comparing two groups, unpaired Student's t-tests
were used. For comparisons among more than two groups, one-way
ANOVA with Dunnett's post hoc multiple comparisons tests were
employed. P < 0.05 was considered statistically significant.

3. Results

3.1. Effects of DHM on the liver index

The liver index was calculated to evaluate the general impact of CTX
and DHM on the liver. As shown in Fig. 2B, the liver index was signifi-
cantly higher in the Model group than in the Control group (P < 0.001),
suggesting that CTX increased liver weight and may cause liver damage.
The middle (P < 0.05) and high doses (P < 0.01) of DHM attenuated the
CTX-induced changes in the liver index, and the changes were consistent
with the results for the Model þ SIL200 group (P < 0.01). These results
indicated that DHM could ameliorate liver swelling induced by CTX in
mice.
3.2. Histopathological examination of the liver

To evaluate structural damage in the liver, histopathological changes
were evaluated. H&E staining revealed the protective effect of DHM

http://www.hmdb.ca/
http://www.genome.jp/kegg/


Fig. 3. Effects of DHM on biomarkers of hepatic function and oxidative damage in CTX-induced mice. A: AST; B: ALT; C: MDA; D: GSH; E: CAT; F: SOD.
Data are shown as mean � S.E.M., n ¼ 6. #P < 0.05, ##P < 0.01, and ###P < 0.001 versus the control group; *P < 0.05, **P < 0.01 and ***P < 0.001 versus the
model group.
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against liver injury caused by CTX. Based on H&E staining, the overall
structures of liver tissue in the Control and DHM200 groups were basi-
cally normal, with round liver cells, clear nucleoli, radially arranged
hepatic cords, and no obvious inflammatory cell infiltration. After CTX
treatment, the Model group exhibited an abnormal overall liver tissue
structure, with congestion in the central vein (black arrows, Fig. 2C),
pyknosis in some hepatocyte nuclei (yellow arrows, Fig. 2C), and
swelling in some liver cells (blue arrows, Fig. 2C). The degree of liver
tissue injury was alleviated in the Modelþ SIL200 andModelþ DHM200
groups, including the degree of liver cell swelling and area of central
venous congestion. These findings indicate that DHM can improve the
histopathological changes of the liver caused by CTX, thus playing a
protective role.

3.3. Effects of DHM on biomarkers of hepatic function

In clinical practice, ALT and AST are commonly used biochemical
indicators for assessing liver function. The impact of DHM on liver injury
caused by CTX was examined by measuring the levels of ALT and AST in
the mouse serum (Fig. 3A and B). The Model group showed significantly
higher levels of AST (P < 0.05) and ALT (P < 0.01) than those in the
Control group, indicating that CTX caused serious damage to the liver.
Treatment with SIL and DHM decreased AST and ALT levels to varying
degrees. As the DHM dose increased, the activities of AST and ALT were
inhibited in a dose-dependent manner. At 200 mg/kg, DHM was more
effective than SIL in reducing serum AST activity in mice injected with
CTX. These findings further indicated that DHM had a protective effect
against liver injury caused by CTX to a certain extent.

3.4. Effects of DHM on the indicators of oxidative damage

MDA levels (P < 0.001) were higher, and GSH levels (P < 0.01) and
CAT (P < 0.001) and SOD (P < 0.05) activity levels were lower in liver
homogenates of the Model group than in the Control group (Fig. 3C–F).
CTX caused oxidative stress and consumed a large amount of GSH in
mouse livers. Treatment with medium and high doses of DHM or SIL led
to a reduction inMDA levels (DHM: P< 0.05, P< 0.01; SIL: P< 0.05) and
5

an increase in CAT activity (DHM: P < 0.05, P < 0.01; SIL: P < 0.05).
Compared with the Model group, GSH levels and SOD activity were
significantly increased in both the Modelþ SIL (GSH: P< 0.01; SOD: P<

0.05) and Modelþ DHM (GSH: P< 0.05, P< 0.001; SOD: P< 0.001, P<

0.0001) groups as the dose of DHM increased. In particular, DHM
exhibited a greater effect on SOD activity than that of SIL. Therefore,
DHM could alleviate CTX-induced hepatotoxicity by maintaining the
antioxidant system, reducing lipid peroxidation and GSH consumption,
and increasing antioxidant enzyme activity. The changes in GSH sug-
gested that the protective activity of DHM could be associated with the
metabolism of CTX in vivo, and the changes in SOD, CAT, and MDA
might be attributed to oxidative stress caused by the changes in CTX
metabolism.

3.5. Metabolomics analysis of serum and liver samples

To study the impact of DHM on endogenous substances in CTX-
induced liver injury, serum samples from the Control, Model, and
Modelþ DHM200 groups were subjected to an untargeted metabolomics
analysis using LC-MS/MS technology. The OPLS-DA method efficiently
simplifies model complexity and improves interpretability without
reducing predictive accuracy, thereby maximizing the observation of
group differences. It was used for a pattern discriminant analysis to
preliminarily evaluate the differences in serum metabolite profiles
among the Control, Model, and Model þ DHM200 groups (Fig. 4A).
According to the score plots under positive and negative ion modes, the
Control and Model groups (ESIþ: R2X ¼ 0.365, R2Y ¼ 0.999, Q2 ¼ 0.605;
ESI�: R2X ¼ 0.224, R2Y ¼ 0.997, Q2 ¼ 0.561) and Model and Model þ
DHM200 groups (ESIþ: R2X¼ 0.402, R2Y¼ 0.999, Q2¼ 0.520; ESI�: R2X
¼ 0.253, R2Y ¼ 0.994, Q2 ¼ 0.478) could be effectively distinguished.
These three groups showed good separation between groups and aggre-
gation within each group. CTX treatment caused disturbances in physi-
ological parameters and metabolism in mice, and there were significant
changes in the serum metabolic profile after DHM administration. Based
on the distances separating the three groups in OPLS-DA, DHM pre-
treatment gradually restored the serum metabolic profile from an
abnormal to a normal state. To evaluate the reliability of the model and



Fig. 4. Serum metabolomics analysis. A: OPLS-DA score plots for serum samples in mice under positive ion mode and negative ion mode (yellow: Control, red: Model,
blue: Model þ DHM200) (n ¼ 7); B: Permutation test for OPLS-DA in serum samples of mice under positive ion mode and negative ion mode; C: Pathway analysis of
differential metabolites in serum samples of mice.
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Table 1
Differential metabolites co-regulated in serum samples of mice in Control group, Model group and Model þ DHM200 group.

No Name m/z Formula P value VIP Ion mode Model vs Control Model þ DHM200 vs Model

1 5-Valerolactone 100.0514 C5H8O2 0.02622 1.761 positive ↑ ↓
2 Taurine 125.9866 C2H7NO3S 0.03788 1.531 positive ↑ ↓
3 N-Acetylleucine 174.1135 C8H15NO3 0.00408 2.248 positive ↑ ↓
4 gamma-Glutamylalanine 219.0985 C7H11N2O5R 0.00699 2.050 positive ↑ ↓
5 3,30 ,40,5-Tetrahydroxystilbene 227.0669 C14H12O4 0.00699 1.706 positive ↑ ↓
6 Cytidine 244.0938 C9H13N3O5 0.00699 2.120 positive ↑ ↓
7 D-Octopine 247.1412 C9H18N4O4 0.01107 2.017 positive ↑ ↓
8 beta-Citryl-L-glutamate 322.0784 C11H15NO10 0.02622 1.850 positive ↑ ↓
9 Hydrogen phosphate 98.9849 H3PO4 0.02622 1.762 positive ↑ ↓
10 Phenyl acetate 134.8916 C8H8O2 0.02622 1.528 negative ↑ ↓
11 Docosapentaenoic acid (22n-3) 329.2477 C22H34O2 0.02622 1.637 negative ↑ ↓

Note: ↑ means that the content of this metabolite is increased, and ↓ indicates that the content is decreased.
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prevent overfitting, seven-fold cross-validation was used for the OPLS-DA
model (Fig. 4B). The results indicated that the model had high reliability
without overfitting.

According to the OPLS-DA model, variables with VIP > 1.0 and P <

0.05 were identified as candidate biomarkers based on t-tests. There were
28 differential metabolites between the Model group and the Control
group, 21 under positive ion mode and 7 under negative ion mode. As
shown in Table 1, DHM significantly reversed the CTX-induced changes
in 11 differential metabolites to normal levels. These results suggested
that DHM effectively attenuates metabolic disorders caused by CTX. An
enrichment analysis of these 11 potential biomarkers was performed to
explore the metabolic pathways underlying the effects of DHM inter-
vention on liver injury induced by CTX. After DHM pretreatment, the
metabolic imbalance caused by CTX was reversed through the regulation
of ABC transporters, parathyroid hormone synthesis, secretion and ac-
tion, oxidative phosphorylation, Parkinson disease, and other pathways,
resulting in a protective effect on the liver (Fig. 4C).

To further evaluate differences among the Control, Model, and Model
þ DHM200 groups, a clustering analysis of liver metabolites was per-
formed through supervised pattern recognition using OPLS-DA. In both
positive and negative ion modes, the OPLS-DA score plots showed tight
intra-group clustering and good inter-group differentiation (Fig. 5A). The
liver samples treated with CTX and the Control group differed in both
modes (ESIþ: R2X ¼ 0.588, R2Y ¼ 0.999, Q2 ¼ 0.700; ESI�: R2X ¼ 0.463,
R2Y ¼ 0.991, Q2 ¼ 0.705), indicating that CTX induced significant
changes in endogenous metabolites in the liver. The profiles of samples
pretreated with DHM were similar to those of the Control group and
obviously separated from those of the Model group (ESIþ: R2X ¼ 0.399,
R2Y ¼ 0.955, Q2 ¼ 0.114; ESI�: R2X ¼ 0.420, R2Y ¼ 0.989, Q2 ¼ 0.441).
The Model þ DHM200 group exhibited the attenuation of the liver
metabolic disorder induced by CTX to a certain extent. In addition, 200
permutation tests showed that the fitting and prediction ability of the
models were good (Fig. 5B).

In total, 29 differential metabolites were upregulated and 51 were
downregulated in the Model group. The CTX-induced changes in 15
hepatic differential metabolites were reversed in the Model þ DHM200
group (Table 2). These results indicated that DHM had a therapeutic
effect on the changes in liver metabolite levels caused by CTX. To analyze
the mechanism by which DHM affects CTX-induced liver metabolic dis-
orders, the differential metabolites identified in Table 2 were input into
MetaboAnalyst for pathway analysis. After DHM administration, vitamin
digestion and absorption, oxidative phosphorylation, thiamine meta-
bolism, lysine degradation, asthma, and other metabolic pathways were
affected in CTX-treated mice with hepatic dysmetabolism (Fig. 5C).
3.6. Effects of DHM on the mitochondrial energy metabolism

A metabolomics bioinformatics analysis showed that the mouse
serum and liver differential metabolites were significantly enriched for
oxidative phosphorylation (OXPHOS) (in the TOP3 KEGG pathways).
7

More than 90% of the energy required by animal cells comes from
OXPHOS, and the impairment of mitochondrial OXPHOSmay result in an
inability to provide enough ATP to meet cellular needs, thereby affecting
cellular metabolism [29]. ATPase is an important indicator of cellular
metabolic disorders. Naþ-Kþ-ATPase and Ca2þ-Mg2þ-ATPase, as
ATP-driven ion pumps, maintain the ion balance and sustain standard
resting membrane potential [30]. Therefore, to confirm the status of
OXPHOS in mouse livers, the effect of mitochondrial energy metabolism
could be indirectly evaluated by measuring the activities of
Naþ-Kþ-ATPase and Ca2þ-Mg2þ-ATPase (Fig. 6A and B). The activities of
Naþ-Kþ-ATPase (P < 0.0001) and Ca2þ-Mg2þ-ATPase (P < 0.05) in liver
tissues treated with CTX were lower than those in the Control group.
Compared with levels in the Model group, Naþ-Kþ-ATPase activity was
significantly increased in the Model þ DHM200 group (P < 0.05), while
Ca2þ-Mg2þ-ATPase activity showed an increasing trend (however, the
difference was not significant). Overall, DHM increased the levels of
enzymes related to energy metabolism, ultimately regulating mitochon-
drial energy metabolism.

4. Discussion

CTX is a cytotoxic alkylating agent that is widely used to treat various
cancers and autoimmune diseases. Despite its good therapeutic effects, it
also has serious side effects. The toxic metabolites produced by its
metabolism in the liver can cause serious adverse reactions and exert
toxic effects on the liver, kidney, and other organs [31]. Therefore, in-
terventions against multiorgan toxicity caused by chemotherapy drugs
are critical. Natural active ingredients have shown great potential in
preventing or reducing the side effects caused by CTX [32–35]. In a
previous study, we demonstrated that DHM ameliorates APAP-induced
liver damage [23]. Earlier studies have found that DHM exhibits
various pharmacological effects, including antibacterial, antioxidant,
anti-inflammatory, and anti-tumor effects, and protects the liver from
damage [36–39]. However, the protective effect and mechanism of DHM
against CTX-induced hepatotoxicity remain ambiguous. Therefore, this
study sought to determine whether DHM could ameliorate CTX-induced
hepatotoxicity and investigate potential mechanisms.

Different doses of DHM and SIL were administered to mice with liver
injury induced by CTX. Combined with previous studies and preliminary
experiments, doses of 100, 200, and 400 mg/kg DHMwere selected [23].
The liver index and serum liver function indicators were measured as
well as antioxidant enzyme activity, MDA, and GSH levels in liver tissue.
Pathological sections of liver tissue were observed. It was preliminarily
speculated that DHM can protect mice from CTX-induced hepatotoxicity.

Serum and liver samples yield distinct differential metabolites.
Therefore, combining serum and liver metabolomics could help to
comprehensively discover specific differential metabolites and better
clarify the specific mechanism of action of DHM. In this study, changes in
endogenous small molecule metabolite profiles in serum and liver sam-
ples of mice with CTX-induced liver toxicity after DHM intervention were



Fig. 5. Liver metabolomics analysis. A: OPLS-DA score plots for liver samples in mice under positive ion mode and negative ion mode (blue: Control, red: Model,
green: Model þ DHM200) (n ¼ 5); B: Permutation test for OPLS-DA in liver samples of mice under positive ion mode and negative ion mode; C: Pathway analysis of
differential metabolites in liver samples of mice.
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Table 2
Differential metabolites co-regulated in liver samples of mice in Control group, Model group and Model þ DHM200 group.

No Name m/z Formula P value VIP Ion mode Model vs Control Model þ DHM200 vs Model

1 (S)-2,3,4,5-tetrahydropyridine-2-carboxylate 128.0705 C6H9NO2 0.03175 1.850 positive ↓ ↑
2 Pipecolic acid 130.0504 C6H11NO2 0.03175 2.076 positive ↑ ↓
3 Acetylphosphate 139.9818 C2H5O5P 0.01587 2.161 positive ↓ ↑
4 3,4-Dihydroxyphenylglycol 171.0653 C8H10O4 0.01587 2.088 positive ↑ ↓
5 Butyryl-L-carnitine 232.1547 C11H21NO4 0.00794 2.222 positive ↓ ↑
6 6-Hydroxymelatonin 249.1235 C13H16N2O3 0.00794 2.229 positive ↑ ↓
7 Thiamine 265.1107 C12H17N4OS 0.03175 1.794 positive ↓ ↑
8 3-Methoxyapigenin 301.0782 C16H12O6 0.03175 1.586 positive ↓ ↑
9 Prostaglandin D2 335.2215 C20H32O5 0.03175 1.941 positive ↓ ↑
10 Osajin 405.1732 C25H24O5 0.03175 1.652 positive ↓ ↑
11 Nicotinamide adenine dinucleotide (NAD) 664.1094 C21H28N7O14P2 0.00794 2.055 positive ↑ ↓
12 Terephthalate 165.0185 C8H6O4 0.01587 1.754 negative ↑ ↓
13 Hydroxyphenyllactic acid 181.0495 C9H10O4 0.01587 2.055 negative ↑ ↓
14 Epiandrosterone 271.2061 C19H30O2 0.01587 2.109 negative ↓ ↑
15 Flavin mononucleotide (FMN) 437.0866 C17H21N4O9P 0.03175 1.737 negative ↑ ↓

Note: ↑ means that the content of this metabolite is increased, and ↓ indicates that the content is decreased.

Fig. 6. Effects of DHM on mitochondrial energy metabolism in the liver tissues of mice with CTX-induced hepatotoxicity. A: Naþ-Kþ-ATPase; B: Ca2þ-Mg2þ-ATPase.
Data are shown as mean � S.E.M., n ¼ 5. #P < 0.05, ####P < 0.0001 versus the control group; *P < 0.05 versus the model group.

Fig. 7. Comprehensive metabolic pathway analysis. (Red indicates differential metabolites).
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evaluated using metabolomics and multivariate statistical analysis. These
results provide insights into the mechanism by which DHM attenuates
CTX-induced hepatotoxicity and may guide the clinical application of
DHM. Based on changes in serum and liver biomarkers, 200 mg/kg DHM
was used for the metabolomics study. A KEGG enrichment pathway
analysis of differential metabolites in serum and liver further indicated
that DHM pretreatment can affect energy metabolism (oxidative
9

phosphorylation, etc.), vitamin metabolism (vitamin digestion and ab-
sorption, riboflavin metabolism, etc.), ABC transporter, amino acid
metabolism (alanine, aspartate and glutamate metabolism, taurine and
hypotaurine metabolism, lysine degradation, etc.), fatty acid metabolism
(biosynthesis of unsaturated fatty acids, aldosterone synthesis and
secretion, etc.), and pyrimidine metabolism in mice with CTX-induced
hepatotoxicity. The comprehensive metabolic pathway analysis results



Fig. 8. Potential mechanisms underlying the protective effects of DHM on hepatotoxicity and nephrotoxicity induced by CTX. (Differential metabolites are shown on
the ellipse with yellow bottom. Red indicates affected biomarkers and pathways).
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are visualized in Fig. 7. Interestingly, DHM ameliorated CTX-induced
metabolic disorders by modulating OXPHOS in the mouse serum and
liver. OXPHOS is the process by which the energy produced from
oxidation is passed along the respiratory chain to facilitate the conver-
sion of ADP into ATP through phosphorylation. It occurs on the mito-
chondrial inner membrane of eukaryotic cells and involves protein
complexes I to V. The physiological significance of OXPHOS mainly lies
in its promotion of energy production and ROS formation. The devel-
opment of liver diseases is associated with OXPHOS. In carbon
tetrachloride-induced chemical liver injury, oxaloacetate exerts liver
protective effects by increasing ATP production through promoting the
tricarboxylic acid cycle and OXPHOS [40]. In a rat model of alcoholic
steatohepatitis, a dysfunction of mitochondrial respiration, reductions in
the activity of mitochondrial complex I, II, and IV, and the uncoupling of
oxidative phosphorylation were reversed by betulin [41]. Another study
has shown that mitochondrial membrane potential and OXPHOS sub-
units are downregulated in APAP-treated hepatocytes [42]. This study
revealed that CTX elevated the concentrations of hydrogen phosphate in
the serum and nicotinamide adenine dinucleotide (NAD) and flavin
mononucleotide (FMN) in the liver, thereby interfering with OXPHOS,
leading to metabolic disorders, increased ROS production, and mito-
chondrial dysfunction. However, pretreatment with DHM could restore
hydrogen phosphate, NAD, and FMN to normal levels and alleviate the
metabolic disorder of OXPHOS induced by CTX, thereby restoring
mitochondrial function and further reducing oxidative stress.
Naþ-Kþ-ATPase and Ca2þ-Mg2þ-ATPase activities were evaluated to
verify the regulatory effect of DHM on mitochondrial energy metabolism
in CTX-induced mouse livers. This research provided detailed insight into
the protective effect of DHM on CTX-induced hepatotoxicity in mice.

It is worth noting that the current study had limitations. In addition to
the detection of ATPase activity, more indicators of energy metabolism
should be evaluated. Additionally, further exploration of the mechanism
by which each gene and metabolite at the molecular level exerts a pro-
tective effect is needed.

5. Conclusion

In brief, DHM has a potential protective effect against CTX-induced
hepatotoxicity. Specifically, DHM exerted antioxidant activity by atten-
uating CTX-induced changes in relevant biomarkers. A metabolomics
analysis of serum and liver samples showed that DHM could correct the
metabolic disorders induced by CTX. Furthermore, because OXPHOS was
significantly enriched in a KEGG analysis, energy metabolism might be a
pathway through which DHM improved CTX-induced hepatotoxicity,
consistent with the results of analysis of ATPase activity. These results
revealed that DHM alleviated CTX-induced liver injury, which may be
mediated by reductions in oxidative stress and the regulation of energy
10
metabolism (Fig. 8). This study supports the clinical application of DHM,
a natural active ingredient, for the treatment of multi-organ toxicity
caused by chemotherapy drugs.
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