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Abstract: Chemotherapy-induced diarrhea (CID) is a potentially serious side effect that often occurs
during anticancer therapy and is caused by the toxic effects of chemotherapeutic drugs on the
gastrointestinal tract, resulting in increased frequency of bowel movements and fluid contents.
Among these agents, irinotecan (CPT-11) is most commonly associated with CID. Hesperidin (HPD),
a flavonoid glycoside found predominantly in citrus fruits, has anti-oxidation properties and anti-
inflammation properties that may benefit CID management. Nevertheless, its potential mechanism is
still uncertain. In this study, we firstly evaluated the pharmacodynamics of HPD for the treatment of
CID in a mouse model, then used network pharmacology and molecular docking methods to excavate
the mechanism of HPD in relieving CID, and finally further proved the predicted mechanism through
molecular biology experiments. The results demonstrate that HPD significantly alleviated diarrhea,
weight loss, colonic pathological damage, oxidative stress, and inflammation in CID mice. In addition,
74 potential targets for HPD intervention in CID were verified by network pharmacology, with the
top 10 key targets being AKT1, CASP3, ALB, EGFR, HSP90AA1, MMP9, ESR1, ANXA5, PPARG,
and IGF1. The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed
that the PI3K–Akt pathway, FoxO pathway, MAPK pathway, TNF pathway, and Ras pathway were
most relevant to the HPD potential treatment of CID genes. The molecular docking results showed
that HPD had good binding to seven apoptosis-related targets, including AKT1, ANXA5, CASP3,
HSP90AA1, IGF1, MMP9, and PPARG. Moreover, we verified apoptosis by TdT-mediated dUTP nick-
end labeling (TUNEL) staining and immunohistochemistry, and the hypothesis about the proteins
above was further verified by Western blotting in vivo experiments. Overall, this study elucidates
the potential and underlying mechanisms of HPD in alleviating CID.

Keywords: chemotherapy-induced diarrhea; hesperidin; network pharmacology; molecular docking;
experimental validation

1. Introduction

According to the International Agency for Research on Cancer’s “Global Cancer Statis-
tics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in
185 Countries” in 2018, there were 9.65 million cancer-related deaths and 18.08 million new
instances of the disease globally. Asian patients accounted for over 50% of these fatalities
and newly diagnosed cases [1]. This significant cancer burden in China and across Asia
imposes substantial physical and financial strain on patients and their families. Chemother-
apy remains a primary treatment modality for cancer, but it is associated with considerable
adverse effects [2].

Chemotherapy-induced diarrhea (CID) is a common and potentially severe side effect,
resulting from the toxic effects of chemotherapeutic agents on the gastrointestinal (GI) tract,
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leading to increased stool frequency and liquidity [3]. CID often occurs during cancer
treatment with CPT-11 as the first-line agent [4]. The incidence of CID varies depending on
the chemotherapy regimen. For instance, among patients undergoing treatment regimens
that include 5-fluorouracil (5-FU) and CPT-11, the incidence of chemotherapy-induced
diarrhea (CID) ranges from 30% to 80%. The incidence is particularly high in patients
receiving combination therapies or high-dose treatments [5]. CID ranges from mild to
severe, characterized by increased stool frequency and liquidity. Severe diarrhea can result
in dehydration, electrolyte disturbances, and kidney failure. Patients often experience
abdominal cramping, urgency, and in severe cases, fever and bloody stools. The underlying
cause of CID is damage to the intestinal mucosa caused by chemotherapeutic agents. This
damage disrupts the epithelial barrier, leading to inflammation and altered absorption and
secretion in the intestines. Chemotherapy can also modify the gut microbiome, exacerbating
the condition [6]. The etiology of CID includes direct toxic effects of chemotherapy on the
GI mucosa, resulting in mucositis and subsequent diarrhea. Specific drugs, such as CPT-11,
5-FU, and capecitabine, are known to cause high rates of CID due to their mechanisms
of action on rapidly dividing cells in the GI tract [7]. Management of CID involves both
preventive and therapeutic approaches. In addition to treatments such as loperamide and
phenethylpiperidine, the growth inhibitor analogue octreotide and probiotics, including
herbs such as ginger and ginseng, have shown potential benefit in the management of
CID [8].

Hesperidin (HPD), a flavonoid glycoside predominantly found in citrus fruits, such as
oranges, lemons, and grapefruits [9], has been extensively studied for its health benefits,
including antioxidant, anti-inflammatory, and cardiovascular protective effects (Figure 1).
It improves vascular function, lowers blood pressure, and supports overall heart health [10].
These effects are primarily attributed to its ability to enhance endothelial function and
reduce oxidative stress [11]. HPD also shows promise in treating diarrhea, particularly
due to its anti-inflammatory properties. By modulating inflammatory responses in the gut,
HPD can reduce the severity and duration of diarrhea [12]. Its ability to improve blood
flow and support vascular health also contributes to better gut health, potentially reducing
the incidence and severity of diarrhea [13]. However, the mechanism of HPD treatment for
CID remains poorly understood and requires further investigation.

Network pharmacology is a multidisciplinary approach that integrates systems biol-
ogy, bioinformatics, and pharmacology to study the interactions between drugs, targets,
and disease networks. This approach enables a more comprehensive understanding of the
mechanisms of action of drugs, considering their effects on multiple targets and pathways
rather than single-target interactions [14]. In recent years, network pharmacology has
gained attention for its potential in drug discovery, particularly in traditional Chinese
medicine, where complex herbal formulations involve multiple compounds acting on vari-
ous targets [15]. For example, studies have demonstrated how network pharmacology can
be used to predict potential therapeutic effects, identify bioactive compounds, and explore
the mechanisms behind complex diseases like cancer and cardiovascular disorders [16]. By
integrating molecular networks, computational tools, and big data, network pharmacology
offers a novel approach to precision medicine, moving beyond the “one drug, one target”
paradigm [17].

In this study, CPT-11 was utilized to create a CID mouse model to assess the thera-
peutic efficacy of HPD. In addition, we predicted the key targets and pathways for HPD
ameliorating CID by network pharmacology and molecular docking analyses. Further, we
confirmed the predicted key proteins and pathways through in vivo experiments. This
study informs the discovery of drugs for the treatment of CID and provides novel insights
into the therapeutic potential of HPD for CID.
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Figure 2A–D, the variations were significantly improved by HPD treatment. 

Figure 1. The chemical structure of HPD.

2. Results
2.1. Amelioration of HPD on CID
2.1.1. HPD Ameliorates Diarrhea in CID Mice

In this experiment, the control group exhibited normal conditions, whereas the CPT-11
group exhibited poor mental status, lusterless and disheveled fur, reduced food intake,
and severe cases of blood in the stool. Moreover, the CPT-11 group displayed decreased
body weight, increased DAI scores, and shortened colon length. However, as shown in
Figure 2A–D, the variations were significantly improved by HPD treatment.
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of colon tissues (magnification, 100×; scale bar, 100 µm); (F–H) levels of MDA, SOD, and GSH-Px;
(I–M) levels of TNF-α, IL-6, CCL2, PCT, and CRP. Data were presented as the mean ± SD. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns indicates no statistically significant difference (p ≥ 0.05).

2.1.2. HPD Attenuates Intestinal Pathology in CID Mice

The H&E staining showed that the CPT-11 group had mucosal epithelial disruption
and inflammatory cell infiltration. Nevertheless, HPD obviously transformed the pathologi-
cal changes (Figure 2E). The PAS staining showed that goblet cells in the control group were
full and round, whereas the goblet cells in the CPT-11 group exhibited varying degrees of
atrophy and reduction (Figure 2E). The HPD-H, HPD-L, and LMP groups showed reversal
of goblet cell atrophy and an increase in mucus secretion.

2.1.3. HPD Attenuates Intestinal Oxidative Stress in CID Mice

Due to the potent antioxidant effect of HPD, we aimed to verify its effects on CID in
mice. We monitored the oxidative product MDA and the antioxidant enzymes SOD and
GSH-Px (Figure 2F–H). In the CPT-11 group, the MDA levels were elevated; however, this
elevation was inhibited by HPD administration. The levels of SOD and GSH-Px decreased
in the CPT-11 group, but HPD administration increased the levels of SOD and GSH-Px.

2.1.4. HPD Attenuates Intestinal Inflammation in CID Mice

We also assessed the changes in the levels of inflammatory cytokines. The levels
of TNF-α and IL-6 in the CPT-11 group were notably increased, but HPD inhibited this
elevation (Figure 2I,J). In addition, the CPT-11 group showed increased expression of CCL2,
whereas these levels were markedly lower in the HPD groups (Figure 2K).

To monitor intestinal bacterial infections in the CID mice, PCT and CRP concentrations
in the colon tissues were measured. The levels of PCT and CRP were notably higher in the
CPT-11 group, but HPD inhibited this elevation (Figure 2L,M). These results demonstrate
that HPD could alleviate CID in mice.

2.2. The Effect of HPD on CID Analyzed by Network Pharmacology
2.2.1. Network Analysis of Targets

HPD target genes were identified from the PharmMapper database, excluding genes
lacking official gene symbols. Among the 290 active targets identified, 2 duplicates were
removed, leaving 288 included in our analysis. A search of the GeneCards and OMIM
databases for “chemotherapy-induced diarrhea” yielded 974 active targets. After removing
2 duplicates, 972 valid targets were included in the analysis. A total of 74 overlapping genes
between the HPD and CID targets were identified (Figure 3A). The regulatory network
of HPD and CID was built by Cytoscape v3.10.1 (San Francisco, CA, USA) (Figure 3B).
We built the protein–protein interaction (PPI) network of the proteins mentioned above
via STRING. We employed Cytoscape v3.10.1 (San Francisco, CA, USA) for visualization
(Figure 4A). This network included 73 nodes and 1318 edges. The top ten core targets were
AKT1, CASP3, ALB, EGFR, HSP90AA1, MMP9, ESR1, ANXA5, PPARG, and IGF1. The
CytoHubba plugin was subsequently applied to screen for central targets. By integrating
the results from the four algorithms, the targets that overlapped across these screening
methods were identified as the central targets (Figure 4B–E).
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2.2.2. Enrichment Analysis of Overlapped Target

In the GO enrichment analysis, which included 298 BP terms, 43 CC terms, and 84 MF
terms, the top 10 significantly enriched terms were selected for presentation (Figure 5A).
The results indicated that HPD’s potential therapeutic genes for CID were predominantly
enriched in processes such as phosphorylation, negative regulation of the apoptotic process,
and functions including enzyme binding and ATP binding.

The KEGG pathway enrichment analysis identified 135 pathways (p < 0.05), from
which 20 pathways were found to be significant (p < 0.05) (Figure 5B). According to the
KEGG analysis, the PI3K–Akt pathway, FoxO pathway, MAPK pathway, TNF pathway,
and Ras pathway were most associated with HPD’s potential treatment of CID.
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2.3. Molecular Docking Analysis

AutoDockTools 1.5.6 software was used for molecular docking, and we explored the
interaction and binding modes of HPD with target proteins at the molecular level. HPD
was docked into the active pockets of the top ten proteins (AKT1, CASP3, ALB, EGFR,
HSP90AA1, MMP9, ESR1, ANXA5, PPARG, and IGF1), and the theoretical binding modes
were visualized using PyMOL v1.7.2.1 (New York City, NY, USA). The results demon-
strated strong binding of HPD to seven core targets: AKT1, ANXA5, CASP3, HSP90AA1,
IGF1, MMP9, and PPARG, with binding free energies of −7.3 kcal/mol, −6.9 kcal/mol,
−6.1 kcal/mol, −5.2 kcal/mol, −8.1 kcal/mol, −9.3 kcal/mol, and −8.6 kcal/mol, re-
spectively. The molecules formed a conventional hydrogen bond, carbon hydrogen bond,
unfavorable donor–donor, Pi–cation, Pi–anion, Pi–alkyl, Pi–sigma, and Pi–Pi stacked, which
highlighted the role of HPD in the regulation of the key targets. We performed a visual analysis
of the first five targets (Figure 6). Based on these findings, we predicted that these target proteins
may contribute to HPD in relieving CID, prompting further experimental validation.
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Figure 6. Schematic diagram of the interaction between HPD and target proteins. (A) AKT1;
(B) ANXA5; (C) IGF1; (D) MMP9; (E) PPARG; (F) heat map of molecular docking binding energy.

2.4. Verification of HPD on Alleviating CID
2.4.1. HPD Attenuates Enterocyte Apoptosis in CID Mice

The seven proteins above are closely linked to apoptosis, and apoptosis of intestinal
epithelial cells is a critical pathological feature leading to damage of the intestinal mucosal
barrier [18]. Therefore, we conducted a TUNEL staining assay (Figure 7A,B). The results
revealed a significantly higher rate of apoptosis in the CPT-11 group; however, HPD
treatment effectively reversed this change.

Furthermore, Bcl-2 and Bax are intricately involved in apoptosis, with Bcl-2 being anti-
apoptotic and Bax pro-apoptotic. The reciprocal interactions between these proteins affect
cellular survival or death [19]. An immunohistochemistry analysis of Bcl-2 and Bax proteins
is presented in Figure 7C,D. In the CPT-11 group, Bax expression was markedly increased,
and Bcl-2 expression was decreased, indicating enhanced apoptosis. Treatment with HPD
significantly reversed these situations, suggesting its potential to mitigate apoptosis in
colonic mucosal cells by modulating Bcl-2 family proteins.
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Figure 7. HPD attenuates enterocyte apoptosis in CID mice. (A) Representative TUNEL staining of
colon tissues, and immunohistochemistry staining of Bax and Bcl-2 protein (magnification, 400×;
scale bar, 50 µm). Representative images of the rate of apoptosis by TUNEL staining (B), Bax (C), and
Bcl-2 (D) protein level in colon determined by immunohistochemistry. The data were presented as
the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 and ns indicates no statistically
significant difference (p ≥ 0.05).

2.4.2. WB Results for 7 Key Proteins

According to network pharmacology and molecular docking studies, HPD interven-
tion in CID may be strongly associated with seven core target proteins: AKT1, ANXA5,
CASP3, HSP90AA1, IGF1, MMP9, and PPARG. To further validate these findings, we con-
ducted Western blotting experiments (Figure 8). The results demonstrated that in the model
group, the expression levels of AKT1, p-AKT1, ANXA5, CASP3, HSP90AA1, and IGF1 were
increased, while MMP9 was decreased compared to the control group. Administration
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of HPD-H markedly reversed these effects in the CPT-11 group, indicating its regulatory
effect on these proteins.
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HSP90AA1, IGF1, MMP9, and PPARG in the colon tissue from mice as identified through Western
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3. Discussion

CID is a common complication in cancer patients receiving chemotherapy. A study
found that 45 ± 2% of 100 patients receiving chemotherapy experienced diarrhea. Among
them, 66 adjustments were made during the chemotherapy treatment between 56 patients,
including dose reductions in 34%, dose delays in 12%, therapy discontinuations in 23%,
or multiple changes in 17% [20]. CID interferes with patients’ daily activities and has
a bad impact on patients’ quality of life [21]. Notably, CID often occurs during cancer
treatment with CPT-11 as the first-line agent. The mechanism of CPT-11-induced diarrhea
is primarily associated with its active metabolite, SN-38. CPT-11 is converted into SN-38,
which is highly toxic to the intestinal mucosa, leading to apoptosis and mucosal damage,
causing severe diarrhea [22]. The toxic form of SN-38 is stabilized in an acidic environment,
increasing its absorption and toxicity in the intestines. Studies suggest that alkalizing the
intestinal environment, such as with sodium bicarbonate supplementation, can reduce SN-
38 toxicity and alleviate irinotecan-induced diarrhea [23]. HPD comes from a wide range
of sources and possesses anti-inflammatory and antioxidant activities, and some studies
in the literature have reported that HPD can alleviate CID, so we further investigated the
effect and mechanism of HPD in the treatment of CID. The effect of HPD on CID was
examined in the study, and we explored the mechanism of HPD intervention in CID using
network pharmacology and molecular docking. Additionally, we verified the therapeutic
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role of HPD on CID. We found that CID causes severe colonic damage, oxidative stress,
and inflammatory attacks, all of which were significantly reversed by the administration
of HPD.

Oxidative stress is a biological phenomenon resulting from disruptions in the redox
state caused by environmental conditions both inside and outside the cell, which lead to
excessive production of oxides, such as ROS and MDA, as well as decreased SOD activity,
ultimately disrupting oxidative protection mechanisms [24]. GSH-Px is a critical antiox-
idant that inhibits oxygen free radicals and blocks lipid peroxidation reactions, thereby
protecting the body from peroxide-induced damage [25]. Chemotherapy can damage
the colonic mucosa, and oxidative stress is pivotal in the pathogenesis and treatment of
intestinal damage [26]. It has been reported that intestinal arginine and NO metabolism
triggers intestinal barrier dysfunction, low-grade endotoxemia, and aging [27]. Excessive
oxidative stress activation in the intestinal mucosa damages the mucosal epithelium and
impairs mucosal function, thereby exacerbating the inflammatory response. A study found
that cystine (Cys2), a substrate of glutathione (GSH), can locally inhibit oxidative stress-
induced pro-inflammatory responses and thus improve intestinal barrier function [28].
Thus, regulating antioxidant defenses is crucial in treating CID. HPD is a potent antioxidant
with excellent reducing power and chelating activity. Moreover, its antioxidant activity
increases with higher concentrations [29]. The study’s findings demonstrated that HPD
intervention significantly reduced MDA levels while increasing SOD and GSH-Px levels.
These results indicate that HPD enhances the antioxidant capacity of colon tissues.

CPT-11 is converted to SN-38 by hepatic metabolism, and SN-38 is converted to glu-
curonidated SN-38 by uridine diphosphate glucuronosyltransferase-1A1 and 1A9 in the
liver, and the free SN-38 in the intestinal lumen can induce intestinal mucosal injury in
mice [30]. In addition, CID can cause intestinal structural damage to the mucosal barrier by
altering the intestinal flora, causing bacterial entry into the bloodstream and inducing in-
flammation [31]. Among the inflammatory responses induced by CPT-11, production of the
pro-inflammatory factors TNF-α and IL-6 causes connective tissue damage and epithelial
basal cell death [32]. A study indicated that increased levels of CCL2 in macrophages could
promote colitis [33]. HPD exhibits anti-inflammatory effects in both animal models and
human trials [34]. Our study shows that the levels of TNF-α, IL-6, and CCL2 were markedly
higher in the CPT-11 group, but HPD reversed these aberrant changes. Meanwhile, we
measured the concentrations of PCT and CPR in colon tissue to monitor intestinal bacterial
infections in CID mice [35]. The results showed that the levels of PCT and CRP were
notably higher in the CPT-11 group, but HPD inhibited this elevation.

Based on the effectiveness of HPD for the treatment of CID, we predicted the potential
mechanism through network pharmacology. Findings from network pharmacology sug-
gested that the mechanism by which HPD treated CID involved multiple protein targets
and pathways: AKT1, CASP3, ALB, EGFR, HSP90AA1, MMP9, ESR1, ANXA5, PPARG, and
IGF1 were the top ten core potential targets. GO and KEGG analyses displayed that the rele-
vant pathways were the PI3K–Akt pathway, FoxO pathway, MAPK pathway, TNF pathway,
and Ras pathway. Of these, the PI3K–AKT, Ras, and TNF pathways might have influence
on HPD intervention in CID via inflammation suppression and anti-carcinogenesis [36].
A study indicated that the molecular signature of the MAPK pathway may be a potential
biomarker for evaluating the risk of intestinal damage [37]. Another study found that
a FoxO1 inhibitor could significantly reduce intestinal symptoms in an in vivo experi-
ment [38]. To further evaluate the binding ability of HPD to core targets, we performed
molecular docking. Seven key targets were screened by molecular docking, including
AKT1, ANXA5, CASP3, HSP90AA1, IGF1, MMP9, and PPARG.

Apoptosis of intestinal epithelial cells is an important pathological feature that leads
to damage of the intestinal mucosal barrier and triggers diarrhea. It has been reported that
CPT-11-induced apoptosis could eliminate peritoneal resident macrophages, which may
impair the function of peritoneal B-1 cells to maintain intestinal homeostasis, which is one of
the reasons why CPT-11-treated cancer patients can experience diarrhea [39]. Interestingly,
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the seven proteins above are closely related to apoptosis. Molecular docking screened
seven proteins closely related to apoptosis. AKT1 enhances cell proliferation through cell
cycle proteins, such as p21, p27, and cyclin D1, and inhibits apoptosis via proteins like
p53 [40]. ANXA5 is a cell membrane-associated protein with important roles in apoptosis,
coagulation, inflammation, and biomedical fields [41]. MMP9 increases the expression of
pro-apoptotic proteins and DNA damage [42]. Caspase-3 [43], HSP90AA1 [44], IGF-1 [45],
and PPARG [46] can regulate a variety of apoptotic signaling molecules, such as Bcl-2,
to inhibit apoptosis, and these functions are important for maintaining cell survival and
removing damaged cells. A recent study showed that HPD modulates NF-κB signaling,
PI3/Akt/PTE signaling, and microRNA to improve apoptosis in vivo and in vitro [47].
Meanwhile, our study shows that the protein expression of AKT1, p-AK1, ANXA5, CASP3,
HSP90AA1, IGF1, and MMP9 were increased, and PPARG was decreased in the CPT-11
group. However, administration of HPD-H markedly reversed these effects in the CPT-11
group. Therefore, we hypothesize that HPD may alleviate CID by inhibiting the expression
of AKT1, ANXA5, CASP3, HSP90AA1, IGF-1, and MMP9, while enhancing the expression
of PPARG.

In addition, we observed apoptosis by TUNEL staining and immunohistochemical
analysis. The results of the TUNEL staining showed that the rate of apoptosis was notably
increased in the CPT-11 group; however, HPD was able to reverse this change. The endoge-
nous apoptosis pathway is mainly executed by the Bcl-2 apoptosis family proteins, of which
the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2 are the best indicators of
apoptosis [48]. The immunohistochemical results showed that the expression of Bax was
significantly higher, while Bcl-2 was significantly lower in the CPT-11 group. This result
was indicative of apoptosis. HPD treatment reduced the expression of Bax and enhanced
the expression of Bcl-2, suggesting that it can attenuate apoptosis in colonic mucosal cells
by regulating Bcl-2 family proteins. Despite the prospective findings, this study had several
limitations. As a next step, we will further validate the deeper mechanisms through in vitro
experiments using inhibitors and agonists on key proteins of the pathway.

4. Materials and Methods
4.1. Chemicals and Reagents

CPT-11 was supplied by Tianjin JinYao Pharmaceutical Co., Ltd. (Tianjin, China).
HPD, with a purity greater than 98%, was sourced from citrus peels and procured from
Xi’an Yiyang Bio-TECH (Xi’an, China). The malondialdehyde colorimetric assay kit (MDA,
WU148LD87626), total superoxide dismutase activity assay kit (SOD, WU134H066375), glu-
tathione peroxidase activity assay kit (GSH-Px, WU120H4D5123), mouse TNF-α ELISA kit
(TNF, WU12P8808590), mouse interleukin 6 ELISA kit (IL-6, WU10042L5917), mouse mono-
cyte chemotactic protein 1 ELISA kit (CCL2, WU11V2R07171), mouse procalcitonin ELISA
kit (PCT, WU078V441694), and mouse C-reactive protein ELISA kit (CRP, WU06Z4040286)
were from Elabscience Biotechnology Co., Ltd. (Wuhan, China). The AKT1 pAb (AKT,
M29N003), IGF1 pAb (IGF1, N25MA23), MMP9 pAb (MMP9, M12DE14), and PPAR gamma
pAb (PPAR, M04AP01) were from Chengdu Zen-Bioscience Co., Ltd. (Chengdu, China).
The Annexin V pAb (ANXA5, 00107879), Caspase 3/p17/p19 pAb (Caspase-3, 00136098),
and HSP90 pAb (HSP90, 00138548) were from Proteintech Group, Inc. (Wuhan, China).
The Phospho-Akt mAb (PAKT, 25) was from Cell Signaling Technology, Inc. (Danvers, MA,
USA). Other chemicals and reagents were sourced from commercial suppliers.

4.2. Experimental Animals

Healthy male ICR mice were obtained from a licensed supplier, SPF (Beijing) Biotechnol-
ogy Co., Ltd. (Beijing, China). These animals were maintained in plastic cages under controlled
environmental conditions: a temperature of 23 ± 2 ◦C, relative humidity of 50 ± 10%, and a
12 h light/dark cycle. The mice were provided with unrestricted access to food and water.
Efforts were made to minimize animal usage and alleviate their distress.
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4.3. Experimental Design

A total of 60 mice were divided into six groups (n = 10 in each group) at random:
Control group, CPT-11 group, high-dose HPD (HPD-H) group (80 mg/kg), low-dose HPD
(HPD-L) group (20 mg/kg), and loperamide (LPM) group (50 mg/kg). Based on the
literature [49], from days 1 to 4, the Control group received intraperitoneal injections of
saline, while the other groups received intraperitoneal injections of CPT-11 (40 mg/kg/day).
From days 1 to 8, the Control and CPT-11 groups were administered saline orally, while
the LPM, HPD-L, and HPD-H groups received the corresponding doses of their respective
solutions orally.

4.4. Assessment of Severity of CID

The severity of CID was evaluated using the disease activity index (DAI), which
is measured by hematochezia, weight loss, and stool consistency. Weight loss is scored
from zero to four, with zero points for no change or weight gain, one point for weight
loss between 1% and 5%, two points for a loss between 5% and 10%, three points for a
loss between 10% and 15%, and four points for a loss exceeding 15%. Stool consistency
is rated as zero points for normal stools, two points for loose stools, and four points for
diarrhea. Hematochezia is also scored, with zero points indicating no bleeding, two points
for positive occult blood, and four points for visible bleeding. The overall DAI value is
obtained by summing the scores of these three categories [50].

4.5. Histopathological Examination

Colon tissue samples were fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned into 5 µm slices. These sections were then subjected to hematoxylin and eosin
(H&E) staining, terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining, and periodic acid-Schiff (PAS) staining for histological analysis.

4.6. ELISA Determination

The colon tissue samples were homogenized in phosphate-buffered saline (PBS) and
centrifuged at 3000 rpm for 20 min. The supernatant was subsequently collected, and
the optical density (OD) values were measured using an ELISA reader according to the
provided instructions. This procedure was employed to quantify the levels of MDA, SOD,
GSH-Px, TNF, IL-6, CCL2, PCT, and CRP in the tissue samples.

4.7. Network Pharmacology Analysis
4.7.1. HPD Target Prediction and Disease-Related Target Screening

Target prediction for HPD was conducted using the PharmMapper Database [51]
(https://www.lilab-ecust.cn/pharmmapper/ Accessed on 5 December 2023), with the
species restricted to “Homo sapiens”. Additionally, relevant disease targets were identi-
fied by inputting the keywords “chemotherapy-induced diarrhea” into the GeneCards
Database [52] (http://www.genecards.org/ Accessed on 5 December 2023) and OMIM
Database [53] (http://omim.org/ Accessed on 5 December 2023). Subsequently, false-
positive and duplicate targets were removed and integrated. The intersection of HPD
targets and CID targets was determined using R v4.3.2 (Vienna, Austria) packages to
identify potential HPD targets for treating the disease. The common gene targets were
visualized in a Venn diagram [54] (https://www.bioinformatics.com.cn/ Accessed on 5
December 2023). Finally, Cytoscape v3.10.1 (San Francisco, CA, USA) [55] was utilized to
construct the regulatory network of HPD’s action on CID.

4.7.2. Protein–Protein Interaction Network Analysis

The protein–protein interaction (PPI) network of the target genes was retrieved from
the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database [56]
(https://cn.string-db.org/ Accessed on 5 December 2023.) with a minimum required
interaction score of ≥0.4, restricted to the species “Homo sapiens”. The network visualization

https://www.lilab-ecust.cn/pharmmapper/
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https://www.bioinformatics.com.cn/
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Int. J. Mol. Sci. 2024, 25, 9309 15 of 19

was conducted using Cytoscape v3.10.1 (San Francisco, CA, USA). In this PPI network,
nodes denote the target proteins, and edges represent the predicted or experimentally
validated interactions between these proteins. To identify core targets related to CID, the
CytoHubba plugin in Cytoscape v3.10.1 (San Francisco, CA, USA) was employed using
the closeness, degree, maximal clique centrality (MCC), and maximum neighborhood
component (MNC) algorithms. The top 10 targets identified by each method were analyzed,
and the overlapping targets among these methods were considered the central targets [57].

4.7.3. GO and KEGG Pathway Enrichment Analyses

Gene ontology (GO) enrichment analysis encompasses biological process (BP), molec-
ular function (MF), and cellular component (CC) categories. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) serves as a bioinformatics resource for identifying significantly
altered metabolic pathways enriched in the gene list. The clusterProfiler package in R v4.3.2
(Vienna, Austria) was utilized to conduct a GO enrichment analysis (p < 0.05) and a KEGG
pathway analysis (p < 0.05) on the target genes of HPD acting on CID. The results were
visualized using the bioinformatics platform [58] (http://www.bioinformatics.com.cn/).

4.8. Molecular Docking

Based on the results from the previous network pharmacology screening, the 3D
structures of the top ten target proteins were retrieved from the protein database (PDB) [59]
(http://www.rcsb.org/ Accessed on 10 December 2023) and the corresponding PDB format
files were downloaded. PyMOL v1.7.2.1 (New York City, NY, USA) [59] was employed to
remove ligands, ions, and solvent molecules from these structures. The chemical structure
of HPD (PubChem CID 10621) was obtained from the PubChem database [60] (https://
pubchem.ncbi.nlm.nih.gov/ Accessed on 10 December 2023). Additionally, AutoDockTools
1.5.6 software was used to convert the formats of HPD and the target genes to pdbqt format
for molecular docking. In molecular docking, the selection of protein crystals and binding
sites is critical for ensuring docking accuracy. High-resolution structures with a resolution
below 2.5 Å should be prioritized for structural precision [61]. It is essential to consider the
integrity of the protein, prioritizing full-length proteins or those containing key functional
domains while avoiding excessive mutations or modifications. Additionally, structures
bound with known ligands help capture active conformations [23]. For selecting binding
sites, known active sites should be prioritized; in their absence, homology modeling, pocket
detection tools, and molecular dynamics simulations can be used to predict and validate
potential binding pockets [62].

4.9. Immunohistochemical Analysis

The colon paraffin sections were routinely deparaffinized and washed three times
with distilled water for 3 min each time; then, the endogenous peroxidase was sealed with
3% hydrogen peroxide, the sections were incubated with microwave heating antigenic
repair of 10% normal goat serum, drops of p53 antibody diluted 1:100 with PBS were
added, and the samples were stored overnight in a refrigerator at 4 ◦C. Goat anti-rabbit lgG
secondary antibody was added dropwise by oscillation and washed with PBS, the diamine
benzylamine was developed for color development, the hematoxylin was restained, and
the sections were routinely mounted. The film was blocked routinely. After observation,
photos were taken, and the images were analyzed by Image J v1.54f (Bethesda, MD, USA).

4.10. Western Blotting

The colon tissue was homogenized in lysis buffer containing protease inhibitors
thoroughly, then centrifuged at 4 ◦C (12,000 rpm, 15 min). We collected the supernatant
and measured the protein concentration using a BCA protein assay kit. The samples were
incubated in a metal bath at 95 ◦C for 15 min. We then separated the protein samples by
electrophoresis and transferred them to a PVDF membrane. After blocking for 1 h, we then
applied the primary antibodies: Beta-actin (1:10,000), GAPDH (1:10,000), AKT1 (1:3000),

http://www.bioinformatics.com.cn/
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ANXA5 (1:3000), Caspase-3 (1:1000), HSP90 (1:3000), IGF1 (1:1000), MMP9 (1:1000), PPAR
(1:1000), and PAKT (1:1000). The samples were incubated at 4 ◦C overnight. We incubated
the PVDF membrane with the corresponding secondary antibodies for 1 h, then developed
and exposed them using the ChemiScope 6100 chemiluminescence imaging analysis system.
We then analyzed the grayscale using Image J v1.54f (Bethesda, MD, USA).

4.11. Data Analysis

All the data were expressed as mean ± SD. Comparisons among multiple groups
were conducted using one-way analysis of variance (ANOVA). A p-value of <0.05 was
considered statistically significant. Statistical analyses and graphing were performed using
GraphPad Prism 9.0 software (San Diego, CA, USA).

5. Conclusions

During the study, we found that HPD notably alleviated CID in mice. Then, a network
pharmacology analysis displayed that HPD modulates five pathways associated with
CID. Furthermore, a molecular docking analysis indicated that HPD interacts with seven
key targets (AKT1, ANXA5, CASP3, HSP90AA1, IGF1, MMP9, PPARG) involved in the
regulation of apoptosis. It was supported that HPD ameliorated apoptosis and modulated
these seven critical targets by in vivo experiments. In summary, these findings provide
preliminary scientific evidence supporting the use of HPD in treating CID. Moreover, we
plan to follow up with further research to explore the mechanism of HPD for CPT-11-
induced diarrhea.
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