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Abstract

This study evaluated the potential antibacterial activity and chemical profiles of four citrus herbs: Chenpi (CP), 
Qingpi (QP), Zhike (ZK), and Zhishi (ZS). The total flavonoid content was significantly higher in the QP extract 
compared to CP, as well as in the ZK extract compared to ZS. Additionally, the QP extract demonstrated stronger 
antibacterial activity than the CP extract with a minimum inhibitory concentration (MIC) of 2.5 mg/mL against 
both Bacillus cereus and methicillin-resistant Staphylococcus aureus (MRSA). Similarly, the ZK extract exhib-
ited greater potency than ZS, exhibiting MICs of 1.25 mg/mL against B. cereus and 2.5 mg/mL against MRSA. 
Metabolomic analysis revealed variations in the concentration of chemical compounds among the four citrus herb 
extracts. Notably, (−)-quinic acid levels were significantly elevated in the QP extract compared to the CP extract. 
The ZK extract showed markedly higher concentrations of key flavonoids, including hesperidin, naringin, and 
hesperetin 7-O-neohesperidoside, relative to ZS. The upregulated accumulated metabolites in the QP and ZK 
extracts were analyzed using network pharmacology to predict their potential antibacterial targets against bacte-
rial infections. Core targets associated with bacterial infections, including TNF, MMP2, and AKT1, were identi-
fied. These findings highlight citrus herbs, particularly QP and ZK, as promising antibacterial candidates.

Keywords: antibacterial activity; citrus herbs; metabolomics; network pharmacology

Introduction

T﻿he genus Citrus, belonging to the Rutaceae family, 
is globally recognized for its edible fruits and use as a 
source of pharmacological herbs. A variety of citrus spe-
cies are cultivated in China, often processed into tradi-
tional Chinese medicine, for instance, the dried ripe fruit 
of Citrus aurantium L. (Zhike; ZK), the dried unripe fruit 

of C. aurantium L. (Zhishi; ZS), the dried mature peri-
carp of Citrus reticulata Blanco (Chenpi; CP), the dried 
immature pericarp of C. reticulata Blanco (Qingpi; QP), 
the dried mature fruit of Citrus medica L. (Xiangyuan; 
XY), the dried exocarp of immature or nearly mature 
Citrus grandis (L.) Osbeck (Huajuhong; HJH), and the 
dried fruit of C. medica L. var. sarcodactylis Swingle 
(Foshou; FS) (Chen et al., 2021; Tian et al., 2019). It has 
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identified the core targets of the potential active ingre-
dients in citrus herbs for treating bacterial infections. 
Moreover, the proposed potential active components 
and main targets were verified using molecular docking 
technology. This study provides valuable insights into 
the possible antibacterial citrus herbs, which could be 
further explored for the development of complementary 
medicinal formulations or sanitizers to help manage bac-
terial infections.

Materials and Methods

Plant materials and preparation of plant extracts

Citrus herb samples, including CP, QP, ZK, and ZS, were 
purchased from Juyaotang Co., Ltd. (Anguo, China). For 
the preparation of the herb extracts, 2.5 g of powdered 
material was macerated in 100 mL of solvent mixture 
comprising methanol, acetonitrile, and water (2:2:1, 
v/v/v) and sonicated for 30 min. The solvent extracts 
were then filtered through filter paper, and the filtrates 
were evaporated to dryness using a rotary evaporator. 
The resulting dried extracts were stored at −20 °C until 
further use.

Determination of total phenolic content and total 
flavonoid content

The total phenolic content (TPC) and total flavonoid 
content (TFC) of the citrus herb extracts were deter-
mined. The TPC was assessed according to a previously 
reported method (Adusei et al., 2019) with some mod-
ifications. Briefly, 1 mL of appropriately diluted extract 
(1 mg/mL) was mixed with 0.5 mL of freshly prepared 
Folin–Ciocalteu reagent, 1 mL of a 7.5% sodium carbon-
ate solution, and 7.5 mL of distilled water. The reaction 
mixture was incubated in the dark for 1 h at room tem-
perature. Absorbance was measured at 765 nm against a 
blank, which was prepared identically but with distilled 
water replacing the extract. TPC was quantified against 
a gallic acid (GA) standard curve and expressed as milli-
grams of GA equivalents per gram of extract (mg GAE/g 
extract). The TFC was measured as described by Shraim 
et al. (2021). Briefly, 500 µL of the sample (1 mg/mL) was 
mixed with 0.15 mL of sodium nitrite solution, 0.15 mL 
of a 10% aluminum nitrate solution, 2 mL of a 4% sodium 
hydroxide solution, and 2.2 mL of distilled water. After 
incubation at room temperature for 15 min, the absor-
bance was measured at 508 nm. TFC was determined 
using a rutin calibration curve expressed as milligrams of 
rutin equivalents per gram of extract (mg RE/g extract). 
Each experiment was carried out with three replicates.

been reported that citrus varieties contain various bio-
active components, including essential oils, flavonoids, 
limonoids, and alkaloids, which contribute to their ben-
eficial effects on human health (D’Amore et al., 2024; 
Maqbool et al., 2023). Many citrus compounds exhibit 
potential health-promoting effects. Among these, cit-
rus essential oils possess notable antibacterial activity 
against numerous bacteria (Ellouze et al., 2024). The 
essential oils of C. aurantium and Citrus sinensis have 
been shown to influence brain activity and produce anx-
iolytic effects (Mannucci et al., 2018). Flavonoids, such 
as neohesperidin and polymethoxyflavones, derived 
from citrus are primarily associated with antiprolifera-
tive properties, radical-scavenging effects, inhibition of 
microbial growth, alleviation of inflammation, and sup-
pression of cardiovascular diseases (Akhter et al., 2024; 
Gao et al., 2018; Zhao et al., 2018). Citrus limonoids, 
typically found in the peels of citrus fruits, possess anti-
bacterial, antioxidant, and anti-angiogenic properties 
(Liu et al., 2021). Additionally, the main alkaloid compo-
nents in citrus herbs, synephrine and N-methyltyramine, 
have been studied for their health benefits. For example, 
synephrine aids in weight loss by promoting metabolism 
and increasing calorie expenditure (Liu et al., 2021; Yu 
et al., 2018). N-methyltyramine, a naturally occurring 
trace amine, has emerged as a promising candidate for 
modulating adrenergic receptor signaling in the treat-
ment of gastrointestinal disorders (Ni et al., 2019). Thus, 
citrus herbs, as both food and medicinal resources, play 
a crucial role in the regulation and prevention of various 
diseases (Hao et al., 2024; Ma et al., 2022).

The citrus essential oils have demonstrated antimicrobial 
activity against Escherichia coli and Lactobacillus aci-
dophilus, as well as efficacy in controlling the growth of 
fungi, including Aspergillus niger and Penicillium expan-
sum (Cebi et al., 2023; Tang et al., 2023). These properties 
suggest their potential as antibiotic alternatives, aiding 
in extending the shelf life of food products. This study 
reveals the potential antibacterial activity of four citrus 
herbs, QP, CP, ZK, and ZS. Many studies have focused on 
citrus herbs, typically employing chromatographic sepa-
ration, spectrometric analysis, and bioactivity detection 
(Wang et al., 2025; Zhou et al., 2022). Recently, rapid and 
efficient tools, such as pharmacophore analysis, network 
pharmacology, and molecular docking, have emerged in 
the field of pharmacology (Guo et al., 2021; S. Zhao et al., 
2018). However, limited research has explored the anti-
bacterial activity of citrus herbs using a combined exper-
imental and computational approach to identify potential 
antibacterial small molecules and their mechanisms 
of action. In this study, we investigated the underlying 
antibacterial mechanisms of citrus herbs by integrating 
metabolomics analysis and network pharmacology. We 
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Antibacterial activity of citrus herb extracts

The Bacillus cereus CMCC 63302 (B. cereus) and 
E.  coli ATCC 8739 (E. coli) strains were purchased 
from Guangdong Microbial Culture Collection Center 
(Guangzhou, China). Methicillin-resistant S. aureus 
4469  (MRSA) was generously provided by Dr. Bailin Li 
at the South China Botanical Garden. Prior to the exper-
iment, the bacterial strains were cultured in nutrient 
broth for 24 h at 37 °C with shaking. The bacterial sus-
pension was then adjusted to a final inoculum density of 
1–5 × 105 cfu/mL based on its optical density at 600 nm 
(Li et al., 2023).

All extracts of citrus herbs were dissolved in dimethyl 
sulfoxide (DMSO) and diluted with sterilized water to 
obtain a 10% aqueous DMSO solution. The antibacterial 
activity of the samples was measured in sterile 96-well 
plates. Each well received 100 μL of sample extract (at 
concentrations of 5, 2.5, 1.25, 0.63, 0.31, and 0.16 mg/
mL) and 100 μL of the bacterial suspension. Control wells 
contained 100 μL of bacterial suspension with either 
100 μL of 25 μM ampicillin (positive control) or 100 μL 
of 10% aqueous DMSO (blank) in place of the citrus 
herb extract. The microbial growth inhibition curve was 
recorded every 2 h by measuring the absorbance at 600 
nm over a period of 16 h. For each sample, all assays were 
conducted in triplicate.

Metabolome analysis of citrus herbs using LC-MS/MS

Citrus herb samples (25 mg) were extracted with 
1000 μL of solvent mixture composed of methanol, ace-
tonitrile, and water in the ratio 2:2:1 (v/v/v) containing 
deuterated internal standards. The mixed solution was 
vortexed for 30 s, homogenized for 4 min, and soni-
cated for 5 min in an ice-water bath at 4 °C. This vor-
tex–homogenization–sonication cycle was repeated 
twice more for a total of three cycles. The samples were 
subsequently incubated under −40 °C for 1 h to precip-
itate proteins. Following incubation, the samples were 
centrifuged at 12,000 rpm at 4 °C for 15 min. The super-
natant was collected and centrifuged again under iden-
tical conditions. The resulting supernatant was filtered 
through a 0.22 μm microporous membrane. A quality 
control (QC) sample was prepared by pooling equal 
volumes of the final supernatant from each individual 
citrus herb sample.

To obtain the metabolomic profile of citrus herbs, 
LC-MS/MS analysis was performed using an UHPLC 
system (Vanquish, Thermo Fisher Scientific) equipped 
with a Phenomenex Kinetex C18 column (2.1 mm × 
50  mm, 2.6  μm) coupled to an Orbitrap Exploris 120 
mass spectrometer (Orbitrap MS, Thermo). Mobile phase 

A consisted of 0.01% acetic acid in water, and mobile 
phase B was a mixture of isopropanol and ACN (1:1, 
v/v). The column temperature was maintained at 25 °C, 
and the autosampler temperature was set to 4 °C, with an 
injection volume of 2 μL. The total separation time was 
6 min. The MS/MS spectra were acquired in information-
dependent acquisition (IDA) mode, controlled by the 
acquisition software (Xcalibur, Thermo). In this mode, the 
acquisition software continuously evaluated the full scan 
MS spectrum. The electrospray ionization (ESI) source 
conditions were optimized based on the reported method 
(Chen et al., 2022) and set as follows: sheath gas flow rate 
at 50 Arb; aux gas flow rate at 15 Arb; capillary tempera-
ture at 320 °C; sweep gas at 1 Arb; vaporizer temperature 
at 350 °C; full MS resolution at 60,000; MS/MS resolution 
at 15,000; collision energy at 20/30/40 SNCE; and spray 
voltage at 3.8 kV (positive) or −3.4 kV (negative), respec-
tively. All citrus herb extracts were analyzed in triplicate.

Network construction

To identify the potential active ingredients in citrus 
herbs, all upregulated differentially accumulated metab-
olites (DAMs) were subjected to the Traditional Chinese 
Medicine Systems Pharmacology Database and Analysis 
Platform (TCMSP) based on the following drug screening 
criteria: Oral bioavailability (OB) ≥ 20% and Drug-likeness 
(DL) ≥ 0.1 (Cao et al., 2023). The potential active ingre-
dients identified were then analyzed using PubChem and 
Swiss Target Prediction to predict associated target genes 
(Probability > 0.1). Concurrently, the term “bacterial infec-
tion” was employed as a keyword to retrieve bacterial-
related genes from the OMIM and GeneCards databases. 
After compiling all targets and removing duplicates, a 
Venn diagram was constructed to identify the common 
targets between the ingredient-predicted targets and 
the disease-related targets. These common targets were 
uploaded to the STRING database, and the correspond-
ing species were selected. Subsequently, the protein–
protein interaction (PPI) network files were generated and 
imported into Cytoscape 3.10.3 software to screen for the 
core targets associated with antibacterial effects (Shady 
et  al., 2024). To elucidate the functions and metabolic 
pathways of these core genes, they were subjected to Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analyses using 
the DAVID database. Finally, the results of GO and KEGG 
analyses were further visualized and using the bioinfor-
matics website (https://www.bioinformatics.com.cn/). 

Component–target molecular docking 

Molecular docking was used to validate the interac-
tions between small molecule ligands and core targets 
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Several citrus flavonoids, such as naringenin, hesperidin, 
apigenin, rutin, quercetin, nobiletin, and tangeretin, have 
been documented for their potent antibacterial and fre-
quently antifungal properties (Ciriminna et al., 2025). 
Our results suggest that the antibacterial properties of 
citrus herb extracts may be associated with their pheno-
lic and flavonoid content.

Antibacterial activity of citrus herb extracts

The antibacterial efficacy of the citrus herb extracts was 
evaluated based on their capacity to inhibit bacterial 
growth. As illustrated in Figure 2, the QP extract showed 
an inhibitory effect on B. cereus with a minimum inhib-
itory concentration (MIC) of 2.5 mg/mL (Figure  2A). 
Additionally, QP extract also inhibited the growth of 
MRSA exhibiting an MIC of 2.5 mg/mL (Figure 2B). In 
contrast, CP extract did not exhibit inhibitory activ-
ity against either B. cereus or MRSA at the highest 
concentration tested (5 mg/mL). A concentration of 
1.25 mg/mL of ZK extract significantly inhibited B. cereus 
(Figure 2C), while 2.5 mg/mL of ZK extract inhibited the 
growth of MRSA (Figure 2D). The MIC of ZS extract 
against B. cereus was 5 mg/mL, with no effect observed 
on MRSA. It should be noted that the highest concen-
tration of citrus herb extracts (5 mg/mL) did not exhibit 
inhibitory effect on the growth of E. coli. Therefore, the 
QP extract demonstrated a more significant inhibitory 
effect on bacteria compared to CP extract. Similarly, ZK 
extract exhibited greater bacterial inhibitory ability than 
the ZS extract. Previous studies have reported that the 
citrus peel extracts exhibit broad-spectrum antibacte-
rial effects against E. coli, S. aureus, and Bacillus subtilis 
(Zhang et al., 2022). Notably, the essential oil fraction of 
citrus peel has shown particularly effective growth inhi-
bition against E. coli (Ellouze et al., 2024). Our extract 
showed no such effect against the gram-negative strain. 
This is likely due to the intrinsic resistance often exhib-
ited by gram-negative strains, which possess a complex 
outer membrane that limits the penetration of antimi-
crobial compounds (Impey et al., 2020). Alternatively, 
the extraction method may have yielded the active com-
ponents at a concentration below the MIC for E. coli. 
Additionally, citrus flavonoids, including nobiletin, hes-
peridin, and naringin, have demonstrated inhibitory 
effects against Penicillium digitatum (Costa et al., 2019). 
Based on these findings, we hypothesize that the antibac-
terial activity of citrus herb extracts may be attributed to 
naturally occurring flavonoids and essential oils.

Metabolomic profiling of citrus herbs

To correlate antibacterial activity with chemical compo-
sition, the citrus herb extracts were analyzed by LC-MS/

identified in the network analysis. It also predicted the 
binding sites of small molecule ligands with their tar-
gets and assess the binding affinity (Agu et al., 2023). 
Molecular docking analysis was carried out following 
the approach described by Liu et al. (2021). In brief, the 
three-dimensional (3D) structure of the core target was 
retrieved from the Protein Data Bank (PDB) database. 
Using AutoDock tools 1.5.7 software, water and organic 
molecules were removed, nonpolar hydrogen was added, 
and the structure then was saved in PDBQT format. The 
two-dimensional (2D) structures of the active compo-
nents were obtained from the PubChem database. The 
2D structure was processed and transformed into PDB 
format through Chem3D software, and they were saved 
in PDBQT format as docking ligands using AutoDock 
Tools. The core targets served as receptors, while the 
active compounds were employed as ligands. The active 
site of molecular docking was determined by the ligand 
coordinate in the target protein complex. The docking 
process of small molecules with core targets by combin-
ing AutoDock tools with Vina. The conformation with 
the lowest binding affinity was selected for visualization 
using Pymol 2.6.2.

Statistical analysis

Antibacterial activity data, obtained from triplicate mea-
surements, are presented as mean ± SD and were pro-
cessed using Microsoft Excel 2021. For metabolomics 
data, statistical analysis was performed using R Studio, 
with P < 0.05 considered statistically significant.

Results and Discussion

Determination of  total phenolic content and total flavonoid 
content
The content of phenolics and flavonoids in citrus herb 
extracts ranged from 1.99 mg/g to 14.79 mg/g (Figure 1). 
Lower TPC values were observed in the CP extract (1.99 
± 0.26 mg/g) in comparison with the results of the QP 
extract (2.60 ± 0.26 mg/g). The TPC in the ZK extract 
was measured at 2.43 ± 0.32 mg/g. Conversely, a signifi-
cantly higher TPC value was recorded in the ZS extract, 
at 3.61 ± 0.34 mg/g. In addition, the lowest TFC of 6.42 ± 
0.43 mg/g was monitored in the CP extract. In contrast, 
the QP extract exhibited a significantly higher TFC of 
8.34 ± 0.57 mg/g. The TFC in the ZK extract was found 
to be almost two-fold higher (14.79 ± 0.54 mg/g) than 
that in the ZS extract (7.01 ± 0.46 mg/g). Therefore, there 
were differences observed in TPC and TFC among the 
four citrus herb extracts. It was reported that the flavo-
noid extract from pummelo peel (Citrus maxima (Burm.) 
Merr. cv. Shatian Yu) showed antibacterial activity against 
Pseudomonas aeruginosa and S. aureus (Liu et al., 2017). 
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(9.81%), alkaloids (8.92%), amino acids and derivatives 
(7.33%), phenolic acids (5.45%), polyketides (5.35%), 
carbohydrates (5.05%), coumarins (5.05%), and others 
(6.94%) (Figure 3A; Table S1). The metabolite profiles 

MS-based metabolomics. A total of 1009 metabolites 
were identified in the citrus herb extracts, including fla-
vonoids (16.75%), fatty acids and derivatives (16.75%), 
terpenoids (11.99%), shikimates and phenylpropanoids 
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system. The four citrus herb samples were distinctly 
separated from one another in the score plot, particu-
larly QP and CP, indicating significant differences in their 
metabolite profiles. It is essential to note that, despite the 
stringent QC measures and stable system performance, 

of the citrus herbs were visualized using an orthogonal 
partial least squares discriminant analysis (OPLS-DA) 
score plot (Figure 3B). The high clustering of QC samples 
on the OPLS-DA score plot confirmed the stability and 
reliability of the chromatography and quality detection 
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443 corresponding targets of potential active ingredi-
ents in the QP versus CP comparison group and 405 in 
the ZK versus ZS comparison group. Additionally, we 
selected a total of 1752 targets related to bacterial infec-
tion from the OMIM and GeneCards databases (Table 
S3). Notably, Venn analysis revealed 150 common tar-
gets shared between the QP vs CP comparison group and 
bacterial infection, as well as 140 common targets shared 
between the ZK versus ZS comparison group and bacte-
rial infection (Figures 4A and 5A, Table S4). To further 
elucidate the role of citrus herbs in combating bacterial 
infection, the common targets of citrus herbs related to 
bacterial infection were used to construct a PPI network. 
Ultimately, we obtained 30 core targets concerning bac-
terial infection in the QP versus CP comparison group, 
including TNF, GAPDH, AKT1, EGFR, JUN, HIF1A, 
SRC, ESR1, HSP90AA1, IL2, CDK2, ERBB2, MMP9, 
PPARG, PTGS2, GSK3B, CXCL8, CXCR4, CCND1, 
MAPK1, MTOR, MMP2, APP, CTSB, JAK2, MDM2, 
ACE, SYK, MAPK14, and KDR (Figure  4B, Table S5). 
Similarly, 33 core targets associated with bacterial 
infection was identified in the ZK vs ZS comparison 
group, including TNF, GAPDH, AKT1, EGFR, HIF1A, 
HSP90AA1, CASP3, SRC, CDK2, ESR1, MMP9, IL2, 
GSK3B, PTGS2, CXCL8, MAPK1, CCND1, CXCR4, 
MTOR, MAPK14, CASP1, CTSB, MDM2, MAPK8, 
JAK2, MMP2, PARP1, APP, SYK, ABL1, SERPINE1, 
KIT, and EP300 (Figure 5B, Table S5). Systematic analy-
sis of the PPI network revealed that the potential active 
components, including skimmin, linarin, kaempferol 
3-methyl ether, limonin, 2’-O-methylisoliquiritigenin, 
bisdemethoxycurcumin, aurantiamide acetate, 5,7-dihy-
droxy-2-phenyl-chroman-4-one, (S)-scoulerine, praten-
sein, eriodictyol, ostruthin, and auraptene, probably 
interact with the core targets. These targets play cru-
cial roles in a series of interconnected processes closely 
associated with bacterial infection. For instance, AKT1 
is responsible for regulating S. aureus infection, and the 
inhibition of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) activity contributed to the attenuation 
of bacterial growth (Gómez et al., 2019; Xu et al., 2013). 
Moreover, hypoxia inducible factor 1 (HIF1A) has been 
recognized for its significant role in the immune response 
by enhancing autophagy to fight infections caused by var-
ious pathogens (Neubert et al., 2019). Studies have indi-
cated that tumor necrosis factor (TNF) and epidermal 
growth factor receptor (EGFR) are critical components 
of both the antibacterial protective and the inflamma-
tory responses to infections (Chitturi et al., 2022; Liu 
et al., 2024). Additionally, Matrix metalloproteinase 
2 (MMP2) and MMP9 play critical roles in regulating 
infectious inflammation in response to pathogen-associ-
ated molecular patterns. They contribute to extracellular 
matrix (ECM) remodeling, immune cell recruitment, and 
cytokine activation, which are essential for host defense 
but can also exacerbate tissue damage if dysregulated 

the untargeted LC-MS/MS approach still carries an 
inherent risk of false identifications due to factors such 
as spectral similarities, isotopic interference, and limita-
tions in reference spectral libraries.

Variable importance in projection (VIP > 1) from 
OPLS-DA and fold change (FC ≥ 2 or ≤ 0.5) were utilized 
to identify the metabolites contributing to the differences 
among the citrus samples. A total of 239 differentially 
accumulated metabolites (DAMs) were identified as the 
major metabolites responsible for the variations between 
the QP and CP comparison groups, which included 66 
downregulated and 173 upregulated DAMs (Figure 3C). 
Given that QP exhibited stronger antibacterial activity, 
the upregulated DAMs with higher concentrations in the 
QP extract are likely responsible for the enhanced effect. 
Based on this, the relative abundances of these metabo-
lites were compared among the extracts. (−)-Quinic acid 
showed the highest level in both CP and QP samples, with 
a concentration nearly 4.6 times greater in the QP extract 
compared to the CP extract. Furthermore, 2-furoic acid, 
umbelliferone, 6-hydroxycoumarin, 7-hydroxy-4H-
chromen-4-one, and aminohippuric acid were present at 
significantly higher concentrations in the QP sample.

A total of 281 DAMs were identified in the comparison 
group of ZK and ZS, comprising 133 up-regulated and 
148 downregulated DAMs. The ZK sample exhibited 
remarkable antibacterial activity, which may be attributed 
to the predominant upregulated metabolites (Figure 3D). 
(−)-Quinic acid was also the most abundant metabolite 
in both ZK and ZS samples; however, its concentration 
did not differ significantly between the groups, with only 
a 1.7-fold increase in the ZK extract compared to the ZS 
extract. Quinic acid exhibited prominent antibacterial 
activity against S. aureus by damaging the cell membrane 
and disrupting cellular metabolic activity (Bai et al., 
2022). Previous studies have reported that flavonoids are 
abundant in the ZK and ZS extracts, which are known to 
have various bioactive functions, including anti-inflam-
matory, antioxidant, and antibacterial activities (Zhao 
et al., 2018). In our study, the major citrus flavonoids 
identified were hesperidin, naringin, and hesperetin 
7-O-neohesperidoside. The levels of these flavonoids in 
the ZK sample were approximately 3.5–4.2 times higher 
than those in the ZS sample.

Network pharmacology-based analysis

By cross-referencing the upregulated DAMs with the 
TCMSP database, we identified 19 potential active 
ingredients in the QP versus CP comparison group and 
18 in the ZK versus ZS comparison group (Table S2). 
After searching for the target genes of these potential 
active ingredients and removing duplicates, we found 
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Figure 4.  The network of metabolites–targets–bacterial infection in the QP vs CP comparison group. (A) Venn diagram illus-
trating the overlapping targets between the potential active components of the QP vs CP group and bacterial infection. (B) Core 
target network of antibacterial targets of the potential active components in QP, comprising 30 nodes and 383 edges. (C) The top 
10 functional terms from GO enrichment analysis based on the core targets of QP. (D) The top 20 pathways from KEGG pathway 
enrichment analysis based on the core targets of QP.

QP vs. CP Bacterial infection

(D)

(C)

(A) (B)
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Figure 5.  The network of metabolites–targets–bacterial infection in the ZK vs ZS comparison group. (A) Venn diagram illus-
trating the overlapping targets between the potential active components of the ZK vs ZS group and bacterial infection. (B) Core 
target network of antibacterial targets of the potential active components in ZK, containing 33 nodes and 438 edges. (C) The top 
10 functional terms from GO enrichment analysis based on the core targets of ZK. (D) The top 20 pathways from KEGG pathway 
enrichment analysis based on the core targets of ZK.

ZK vs. ZS Bacterial infection

(C)

(D)

(A) (B)
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may influence bacterial survival. This mechanistic over-
lap suggests a promising cross-disciplinary approach in 
which endocrine pathway modulators could be repur-
posed as antibacterial adjuvants. Bacterial infections 
(e.g., Staphylococcus, Pseudomonas) are common in 
immunosuppressed Kaposi sarcoma-associated herpes-
virus (KSHV) infection patients, exacerbating inflamma-
tion and viral reactivation (Angius et al., 2017; Markazi 
et al., 2021). QP and ZK extracts may target bacterial vir-
ulence factors that synergize with KSHV oncoproteins. 
These results indicate that the potential antibacterial 
compounds in citrus herbs exert their effects by interact-
ing with the cancer-related and infection resistance-re-
lated pathways. 

Molecular docking validation of potential active 
components and core targets

To validate the network pharmacology predictions, 
molecular docking was performed to evaluate the binding 
affinity between the key bioactive compounds and their 
corresponding core target proteins. Binding energy val-
ues reflect the likelihood of receptor–ligand interaction, 
where lower energy indicates higher affinity and greater 
complex stability (Noor et al., 2022). Among the tested 
interactions, linarin showed the lowest binding affinity 
with TNF (−10.22 kcal/mol), while limonin exhibited a 
similarly strong binding to GSK3B (−10.22 kcal/mol). The 
molecular docking results are visualized in Figures 6A 
and 6B. Structurally, linarin formed hydrogen bonds with 
Lys98, Ser99, Tyr115, and Gln102 (one bond each), and 
two hydrogen bonds with Arg103 in TNF (Figure 6A). In 
GSK3B, linarin interacted with Gln185 and Tyr140, each 
through a single hydrogen bond (Figure 6B). Previous 
studies have demonstrated that linarin exhibits potent 
inhibitory effects against Chlamydia pneumoniae even at 
low concentrations (Mottaghipisheh et al., 2021). Beyond 
its antibacterial properties, linarin has also been found 

(García-López et al., 2023). Emerging evidence identifies 
glycogen synthase kinase 3β (GSK3β) as a central regula-
tor of innate immune responses to bacterial challenges. 
During bacterial infections, GSK3β activity influences 
phagocytic functions of macrophages and neutrophils, as 
well as the balance between pro- and anti-inflammatory 
responses (Cortés-Vieyra et al., 2021). These findings 
provide valuable insights into the potential antibacterial 
targets of QP and ZK, underscoring their therapeutic 
potential in combating bacterial infections.

To further reveal the mechanisms underlying the sig-
nificant antibacterial activity of QP and ZK extracts, we 
conducted GO functional and KEGG pathway enrich-
ment analyses on the core target genes using the DAVID 
bioinformatics tool. The top 10 biological processes 
(BPs), cellular components (CCs), and molecular func-
tions (MFs) associated with QP and ZK extracts are 
presented in Figures 4C and 5C, respectively. The poten-
tial active components of QP extracts were implicated 
in BPs, including signal transduction, gene expression, 
and positive regulation of transcription by RNA poly-
merase II. Regarding CCs, the notable entries included 
cytoplasm, nucleus, and plasma membrane. In terms of 
MFs, the enriched terms mainly involved protein bind-
ing, ATP binding, enzyme binding, and protein kinase 
activity. In addition, our analysis identified KEGG sig-
naling pathways associated with the antibacterial activ-
ity of QP and ZK extracts, with the top 20 pathways 
displayed in Figures 4D and 5D, respectively. Notably, 
the bacterial infection-related targets of QP and ZK 
extracts were linked to “pathway in cancer,” “endocrine 
resistance,” and “Kaposi sarcoma-associated herpesvirus 
infection.” Extensive research has elucidated the pivotal 
contribution of endocrine resistance pathways to breast 
cancer progression (Dimitrakopoulos et al., 2021). We 
hypothesize that the molecular mechanisms underlying 
endocrine resistance in cancer, such as AKT1/MAPK 
signaling, efflux pump activation, and biofilm formation, 

(A) (B)



326� Quality Assurance and Safety of  Crops & Foods 17 (4)

Li Y et al.

Multivariate analysis showed the significant metabolite 
variations between the QP and CP comparison groups, 
as well as between the ZK and ZS comparison groups. 
Metabolomics profiling of citrus herb extracts, com-
bined with network pharmacology, was employed to 
identify the potential active components and their tar-
gets, highlighting key targets, such as TNF, GAPDH, 
and AKT1. The molecular docking results showed that 
potential active components, such as skimmin, linarin, 
ostruthin, kaempferol 3-methyl ether, and limonin, 
spontaneously bound to core target proteins. Therefore, 
this study identifies antibacterial components in citrus 
herbs and proposes a potential mechanism for prevent-
ing bacterial infections, suggesting their potential as 
natural preservatives in food safety or complementary 
agents against antibiotic-resistant bacteria. However, 
there are some limitations in this study. The network 
pharmacology analysis relied on existing databases, 
which may not comprehensively cover all potential tar-
get genes and pathways related to bacterial infections. A 
more extensive and up-to-date database would improve 
the reliability and accuracy of our predictions. Although 
we combined network pharmacology with molecular 
docking, these approaches could not fully elucidate the 
precise molecular interactions or dynamic biological 
processes underlying the therapeutic mechanisms of ZK 
and QP against bacterial infections. Furthermore, exper-
imental validation using animal models or cell-based 
assays would strengthen our findings. For example, in 
vitro antibacterial assays could be conducted to confirm 
the efficacy of the core components against B. cereus and 
MRSA, and cell-based assays utilizing Western blotting 
and qPCR could be employed to validate the modulation 
of the key targets and pathways.

to suppress key proinflammatory cytokines, such as  
TNF-α, IL-1β, and IL-6, effectively mitigating renal 
inflammation (Qian et al., 2025). Building on this evi-
dence, our findings suggest that linarin may interact 
with key targets identified in this study, highlighting its 
potential as a novel therapeutic strategy against bacterial 
infections. Additionally, ostruthin showed antibacterial 
activity against both S. aureus and MRSA, with MIC 
values of 12.5 and 25 μM, respectively (Zwirchmayr et 
al., 2023). Ostruthin displayed strong binding to MMP2 
(−9.92 kcal/mol), forming two hydrogen bonds with 
Thr146 (Figure 6C). Meanwhile, the small molecule 
kaempferol 3-methyl ether showed a compact binding 
pattern with the AKT1 protein active pocket with low 
binding affinity (−9.31 kcal/mol), stabilizing the complex 
via hydrogen bonds with Thr211 and Ile290 (Figure 6D). 
AKT1 is a significant regulator of cellular signaling path-
ways, regulating cell growth, metabolism, and survival, 
which positions it as a promising therapeutic target for 
inflammatory and cancer-related diseases (Duggal et al., 
2018). Emerging evidence suggests that AKT1-mediated 
signaling may also influence host–pathogen interactions, 
potentially modulating immune responses during bacte-
rial infections. This dual role in both disease pathogen-
esis and host defense establishes AKT1 as a potential 
target for therapeutic intervention in infectious diseases.

Conclusion

The antibacterial activity of citrus herb extracts QP, 
CP, ZK, and ZS was evaluated, indicating that QP 
and ZK extracts exhibited stronger potency against 
both B. cereus and MRSA compared to CP and ZS. 

Figure 6.  The docking model of linarin with TNF (A) and GSK3B (B); ostruthin with MMP2 (C); kaempferol 3-methyl ether with 
AKT1 (D). Active site residues are in green-colored lines. Hydrogen bonds formed between protein and compound are shown as 
yellow dotted lines.

(C) (D)
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