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Cardamine circaeoides Hook.f. & Thomson (CC), a herb of the genus Cardamine
(family Brassicaceae), has a rich historical usage in China for both culinary and
medicinal purposes. It is distinguished by its remarkable ability to hyperaccumulate
selenium (Se). CC has demonstrated efficacy in the prevention of metabolic
disorders. However, investigations into the effects of CC on asymptomatic
hyperuricemia remain scarce. The objective of this study is to elucidate the
mechanism by which CC aqueous extract (CCE) exerts its anti-hyperuricemic
effects on asymptomatic hyperuricemic rats induced by potassium oxonate (PO)
by integratingmetabolomics and network pharmacological analysis. Asymptomatic
hyperuricemia was induced by feeding rats with PO (1000mg/kg) and CCE (0.75,
1.5, or 3 g/kg) once daily for 30 days. Various parameters, including bodyweight, uric
acid (UA) levels, histopathology of renal tissue, and inflammatory factors (IL-1β, IL-6,
IL-8, and TNF-α) were assessed. Subsequently, metabolomic analysis of kidney
tissues was conducted to explore the effects of CCE on renal metabolites and the
related pathways. Furthermore, network pharmacology was employed to explicate
themechanism of action of CCE components identified through UPLC-Q-TOF-MS
analysis. Finally, metabolomic and network-pharmacology analyses were
performed to predict crucial genes dysregulated in the disease model and
rescued by CCE, which were then subjected to verification by RT-qPCR. The
findings revealed that CCE significantly inhibited the UA levels from the 21st day
to the 30th day. Moreover, CCE exhibited significant inhibition of IL-1β, IL-6, IL-8,
and TNF-α levels in renal tissues. The dysregulation of 18 metabolites and the
tyrosine, pyrimidine, cysteine, methionine, sphingolipid, and histidine metabolism
pathways was prevented by CCE treatment. A joint analysis of targets predicted
using the network pharmacology approach and the differentialmetabolites found in
metabolics predicted 8 genes as potential targets of CCE, and 3 of them (PNP gene,
JUN gene, and ADA gene) were verified at the mRNA level by RT-qPCR. We
conclude that CCE has anti-hyperuricemia effects and alleviates renal
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inflammation in a rat model of hyperuricemia, and these efficacies are associated
with the reversal of increased ADA, PNP, and JUN mRNA expression in renal tissues.

KEYWORDS

Cardamine circaeoides Hook.f. & Thomson, Cardamine circaeoides Hook.f. & thomson
aqueous extract, hyperuricemic, potassium oxonate, metabolomics, network
pharmacology

1 Introduction

Asymptomatic hyperuricemia is a non-pathological condition
characterized by elevated levels of uric acid (UA) in the blood,
without the presence of gout or nephritis (Popa-Nita et al., 2008). Its
global prevalence rate is between 10% and 20% (Yip et al., 2020).
Once the concentration of UA, which is the end product of purine
metabolism, exceeds normal levels (Saito et al., 2021), it results in
hyperuricemia (Dewulf et al., 2022). While UA possesses
antioxidant properties at normal physiological levels (Ames et al.,
1981), higher concentrations, especially soluble UA, exhibit pro-
inflammatory effects (Al Shanableh et al., 2022). Joosten et al.
showed that soluble UA activates inflammatory responses by
promoting the generation of intracellular reactive oxygen species
(Joosten et al., 2020). Additionally, Braga et al. (Braga et al., 2017)
demonstrated that soluble UA activates the NLRP3 inflammasome,
leading to the release of pro-inflammatory interleukin-1β (IL-1β).
Furthermore, UA inhibits NO production (Hisatome et al., 2021)
and induces the secretion of interleukin-6 (IL-6) (Guo et al., 2019),
interleukin-8 (IL-8) (Liang et al., 2015), and tumor necrosis factor-
alpha (TNF-a) (Lobo et al., 2013), which contributes to an
inflammatory response.

Furthermore, the persistent elevation of UA concentrations
increases the risk of chronic inflammatory diseases such as gout
and diabetes (Borghi et al., 2020). The current clinical treatment of
hyperuricemia primarily relies on pharmacological interventions

supplemented by diet and lifestyle modifications. However,
prolonged usage of medications aimed at reducing UA levels may
lead to adverse effects such as severe allergic reactions and kidney
damage (Singer and Wallace, 1986; Lee et al., 2021).

Cardamine circaeoidesHook.f. & Thomson (CC) is a herb of the
genus Cardamine (family Brassicaceae) (Liu et al., 2022). In China,
Cardamine has been utilized for hundreds of years as both a culinary
ingredient and a medicinal herb. Its historical usage can be traced
back to the Ming Dynasty, where it was documented in Ye Cai Pu by
Wang Pan. According to this text, the whole herb is a diuretic,
relieves pain, and soothes cough and breathlessness. Local doctors
also used it to treat menstrual irregularities in women, to clear heat
and dampness, and to alleviate diarrhea. CC is known for its ability
to accumulate selenium (Se) in its leaves and roots (Zhu et al., 2019).
It was first discovered in 1957 in Enshi, China (Rao et al., 2020).
Selenium is an essential element (Kiełczykowska et al., 2018) and
offers various beneficial effects, including antioxidant properties,
and improvement of metabolic syndrome. Consequently, CC holds
significant value as a traditional herbal medicine and warrants
further investigation.

Currently, the majority of research on CC has primarily focused
on selenium-enriched peptides, with a limited number of studies on
their chemical composition and pharmacological activities; studies
have shown that selenium-enriched peptides derived from CC can
mitigate oxidative stress and inflammatory response, thereby
preventing obesity and metabolic disorders induced by high-fat
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diets (Yu et al., 2020). However, the effects of CC on asymptomatic
hyperuricemia induced by potassium oxonate (PO) have yet to be
investigated. Therefore, we hypothesized that CC aqueous extract
(CCE) may have an anti-hyperuricemic effect associated with its
anti-inflammatory activity. Additionally, the specific components of
CCE have not been extensively studied and identified. This study
aims to identify its specific ingredients.

Metabolomics can provide a rapid approach for identifying the
overall changes in metabolite associated with the anti-hyperuricemic
effects of CCE (Xiang et al., 2021). Additionally, network pharmacology
can provide insights into the molecular-level mechanisms of CCE by
exploring the interactions between multiple compounds and targets
(Yan et al., 2022). Therefore, the combination of network pharmacology
and metabolomics could help to identify the key gene targets and gain a
deeper understanding of the underlying mechanisms.

In this study, we investigated the pharmacological effects of CCE
in lowering UA levels and studied the pathology and biochemical
alterations of the UA-induced inflammatory state. Network
pharmacology and metabolomics were then employed to gain
comprehensive insights into the potential mechanisms of CCE’s
UA-lowering effects. Finally, by combining the findings from the
two analyses, we could predict and validate essential genes and
elucidate the mechanisms through which these gene targets operate.

2 Methods

2.1 Preparation of CCE

CC was dried and ground to a powder (Se content was 300 ppm,
donated by Enshi Autonomous Prefecture Academy of Agriculture
Sciences, Enshi, Hubei Province, China). The powdered samples were
then subjected to extraction with 10–20 times the volume of water for a
duration of 20–30 min. The resulting solution was filtered, vacuum-
concentrated, and stored at −20°C (hereafter referred to as CCE).

2.2 Composition analysis of CCE

To determine the composition of CCE, UPLC-Q-TOF-MS
analyses were employed, following the methodology described in
a previous paper (Zhu et al., 2023). The specific parameter setup in
this study can be found in the Supplementary Materials TS1, TS2.

2.3 Animals and CCE administration

SD rats (male, SPF, 180–200 g) were provided by Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). The rats
were housed in an SPF laboratory animal room with access to
standardized animal food and water ad libitum. All the procedures
were conducted in accordance with the guidelines approved by the
Medical Ethics Committee of Beijing University of Chinese Medicine
(No. BUCM-4-2022033103-1069). To induce the model, PO was
administered at a dosage of 1000 mg/kg, and CCE was
administrated daily by gavage for 30 days. The rats were randomly
divided into six groups (eight rats per group): The control group
(Control), PO-induced model group (Model), and allopurinol

treatment group (positive group, PG) received a dose of 27 mg/kg;
the low-dose CCE group (L-CCE) received a dose of 0.75 g/kg; the
medium-dose CCE group (M-CCE) received a dose of 1.5 g/kg; and the
high-dose CCE group (H-CCE) received a dose of 3 g/kg. The Model
group was given PO. The PG and CCE groups were given PO first,
followed by administration of PG and CCE after a 4-h interval.

2.4 Serum biochemical assay

Blood samples for measurement of UA levels were collected from
the orbital venous plexus at days 0, 7, 14, 21, 28, and 30. The samples
were allowed to coagulate for 1 h at room temperature, and then the
serum was separated by centrifugation (3,000 rpm for 10min at 4°C).
The levels of serum UA levels (measured using kit no. 120600B
produced by Prodia Diagnostics, Germany), serum creatinine (Scr)
(measured using kit no. 141122015 produced by Shenzhen Mindray
Bio-Medical Electronics Co., Ltd.), and blood urea nitrogen (BUN)
(measured using kit no. 0407608 produced by Prodia Diagnostics,
Germany) were measured using a commercially available
Biochemical kit on an automated biochemical analyzer (Hitachi
7600, China) following the manufacturer’s protocol on the 30th day.

2.5 Renal tissues biochemical assay

Renal tissues were allowed to coagulate for 1 h at room temperature,
and then the tissues were separated by centrifugation (3,000 rpm for
10 min at 4°C). The levels of inflammatory factors (IL-1β, IL-6, IL-8,
andTNF-α levels) weremeasured using a commercially available ELISA
assay kit on an automated biochemical analyzer (TECAN, Switzerland)
following themanufacturer’s protocol. The specific kits used were IL-1β
(E20220607-30206A), IL-6 (E20220607-30219A), IL-8 (E20220607-
30221A), and TNF-α (E20220607-31063A), purchased from
Shanghai Mlbio Co., Ltd.

2.6 Histopathology analysis

The kidney tissues of the rats were first fixed with 10% formalin
and subsequently washed with phosphate buffer solution (PBS).
Then, after dehydration in a graded ethanol solution, the samples
were embedded in paraffin. Tissue section was performed following
a standard protocol, and tissue slices were stained with hematoxylin-
eosin (HE) for routine morphological assessment.

2.7 Metabolomics analysis

2.7.1 Metabolites extraction
500 µL of extraction solution (methanol: acetonitrile: water = 2:

2:1) was mixed with 25 mg kidney sample, which was then
homogenized at 35 Hz for 4 min, followed by sonication in ice
water (3 × 5 min) (Zhao et al., 2022). The sample was then incubated
at −40°C for 1 hour before centrifugation (12000 rpm, 15 min, 4°C)
(Abdelhafez et al., 2020). The supernatant was collected for further
analysis. Additionally, quality control (QC) samples were prepared
to ensure the accuracy and reproducibility of the analysis.
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2.7.2 LC-MS/MS analysis
An ultra-high performance liquid chromatography system

(Vanquish, Thermo Fisher Scientific) was used to perform LC-MS/
MS analyses, which included a UPLC BEH Amide column (2.1 mm ×
100 mm, 1.7 μm) and aQExactiveHFXmass spectrometer. Themobile
phase contains two parts: (A) ammonium acetate (25 mmol/L) mixed
with ammonium hydroxide aqueous solution (25 mmol/L, pH = 9.75),
and (B) acetonitrile. The temperature of the autosampler was set at 4°C.
The injection volume was 2 μL. The ESI source conditions were as
follows: 1) Auxiliary gas flow rate of 25 Arb, 2) sheath gas flow rate of
30 Arb, 3)MS/MS resolution 7,500 Units, 4) collision energies of 10/30/
60 (NCEmode), 5) capillary temperature of 350°C, 6) injection voltages
of 3.6 kV (positive) or −3.2 kV (NCE mode), and 7) full MS resolution
of 60,000.

2.7.3 Data pre-processing and analysis
The acquired raw data underwent conversion to themzXML format

using ProteoWizard. Subsequently, data preprocessing steps including
detection, extraction, comparison, and integration were performed using
R. An in-house MS2 database (BiotreeDB) was developed and was then
applied for metabolite annotation with the threshold set at 0.3. Principal
component analysis (PCA)was employed. Furthermore, theOrthogonal
Projection Latent Structure Discriminant Analysis (OPLS-DA) was
carried out by SIMCA software (version 16.0.2).

2.7.4 Metabolite identification and enrichment
analysis

Differential metabolites were identified and compared between
the Control, Model, and H-CCE groups with Variable Importance in
Prediction (VIP) > 1 and p < 0.05. MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca/) and the KEGG database were employed to
analyze metabolic pathways.

2.8 Network pharmacology analysis

2.8.1 Target prediction
All the identified CCE compounds were retrieved through

PubChem (https://pubchem.ncbi.nlm.nih.gov/) in SMILES format
and were then subjected to target prediction using Swiss Target
Prediction (https://www.swisstargetprediction.ch/). The labeled
targets were analyzed by the UniProt database (https://www.
uniprot.org/) and standardized to official gene symbols.

2.8.2 Collection of hyperuricemia genes
To collect data on disease genes related to hyperuricemia, a

search was conducted using the keyword “hyperuricemia” in
GeneCard (https://www.genecards.org/). Predicted targets and
disease targets were then screened via the Venn tool (version 2.0.
2), and the intersections were considered potential targets.

2.8.3 Construction of a PPI network and analysis of
modules

Targets were submitted to STRING (version 11.0) to elucidate
the relationships between the identified targets and construct PPI
networks. For more convincing genes, a threshold of “medium
confidence” (>0.400) was set. The acquired PPI relationship data
were visualized using Cytoscape (version 3.9.1). Additionally, the

Molecular Complex Detection (MCODE) plugin was utilized, which
allows analysis of the core sub-network in the PPI network and
downstream enrichment analysis.

2.8.4 Functional enrichment and pathway analysis
DAVID (https://DAVID.ncifcrf.gov/, version 6.8) was used for

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment. The DAVID database in
conjunction with the FunRich software (https://www.funrich.org/,
version 3.1.4), was employed to analyze and visualize the gene
ontology results for biological process (BP), molecular function
(MF), and cellular component (CC) ontologies, respectively.
Additionally, KEGG pathways were also analyzed and annotated.

2.9 Predicted key gene targets

MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) was used to
construct a gene-metabolite network. Then, the key gene targets of CCE
were predicted. Based on the genes associated with metabolites in the
network, these genes were considered to be the key gene targets.

2.10 Key gene targets validation

Real-time fluorescence quantitative polymerase chain reaction
(RT-qPCR) was used to examine the expression level of the
predicted key gene targets in 3 kidney tissues from the H-CCE
group. The experimental protocol for RT-qPCR followed the
method described in a previous study (Fei et al., 2022). The
primers used for target genes in this study can be found in
Supplementary Materil TS3.

2.11 Statistical analysis

The effect of each group was analyzed by GraphPad Prism 9
(GraphPad Software, Inc., San Diego, United States) and SPSS 20.0
(SPSS Inc., IBM Corp., Armonk, NY, United States). All data were
expressed as means ± SEM. Statistical analysis was performed using
a one-way analysis of variance, followed by the Least-Significant
Difference (LSD) post hoc test or Dunnett T3 test for comparison of
multiple groups. Statistical significance was considered at p < 0.05.

3 Results

3.1 Compounds analysis in CCE

As shown in Figure 1, 22 compounds (1. N-Fructosyl
pyroglutamate, 2. Uridine, 3. Cyclic guanosine monophosphate
Guanosine, 4. Guanosine, 5. L-tryptophan, 6. Phenylalanylalanine,
7. 3-Methoxy-L-tyrosine, 8. Sinapoylglucose, 9. Komaroveside A
or isomer, 10. Quercetin 3-sophoroside 7-glucoside, 11.
Komaroveside C, 12. Kaempferol 3-sophoroside 7-glucoside, 13.
Quercetin-3-O-sophoroside, 14. Corchoionoside A, 15. Sinapic
acid, 16. Kaempferol-3-O-sophoroside, 17. Hyperoside, 18.
Naringenin-7-O-glucoside, 19. Astragalin, 20. 1,2,2′-
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Trisinapoylgentiobioside, 21. Trihydroxyoctadecadienoic acid,
and 22. Trihydroxyoctadecenoic acid.) were identified as part of
the study and are presented in Supplementary Materil TS4.

3.2 Body weights

As can be seen in Figure 2A, no significant changes in body
weight of the PO-induced hyperuricemic animal model were
present. Furthermore, intervention with CCE did not result in
any noticeable changes in body weight in rats.

3.3 Levels of UA

As shown in Figure 2B, the UA levels in the Model group were
significantly higher from the 7th day to the 30th day. The PG group
exhibited considerably lower levels of UA compared to the Model
group from the 7th to the 30th day, which validates the successful
induction of hyperuricemia in the Model group. In comparison to
the Model group, the L-CCE group showed a tendency towards

lower UA levels from the 21st to the 30th day, and the H-CCE group
demonstrated a significant reduction in UA levels from the 21st to
the 30th day.

3.4 Levels of Scr and BUN

In Figure 2C, the results illustrate that levels of Scr were
significantly increased in the Model group. After treatment with
L-, M-, and H-CCE, a significant reduction in Scr levels was
observed. These reductions were similar to those observed in the
PG group. However, the treatments did not show a significant
difference in BUN levels. These findings indicate that the CCE
had a remarkable protective effect on the kidney.

3.5 Histopathological analysis

Figure 2D demonstrates the histopathological analysis of renal
structure in different groups. In the Control group, the renal structure
appeared normal, with a well-defined outline. The epithelial cells were

FIGURE 1
UPLC-Q-TOF-MS analysis of CCE. (A) ESI(−) mode. (B) ESI(+) mode. (C) UV254 nmmode. X-axis indicates when the peaks appear, and y-axis shows
the intensities of the peaks.
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rounded and intact, with a well-organized and regular arrangement of
the brush border and no apparent abnormalities in the medulla. The
connective tissue between the urinary tubules was interstitial, and there
was no apparent hyperplasia in the interstitium and no noticeable
inflammatory changes. In contrast, a small amount of tubular atrophy
(indicated by the black arrows) and lymphocytic infiltration (indicated
by the red arrows) was seen locally in the renal cortex in the Model
group. However, the supplementation of M-CCE and H-CCE
significantly alleviated the inflammatory changes in the renal
histopathology, indicating that CCE had an excellent protective
effect against hyperuricemic-induced inflammatory changes.

3.6 Metabolomic analysis

3.6.1 Renal metabolomics analysis
UPLC-Q-TOF/MS was employed to collect the data of renal

samples, and 5,433 metabolites were detected in positive ion modes
(ESI(+)) and 7,553 metabolites in negative ion modes (ESI(−)).

The stability and repeatability of the analytical methods and
instruments were assessed using QC samples in the metabolomics
analysis. The QC samples demonstrated excellent reproducibility in
terms of peak response intensity and retention time, indicating the
favorable stability of the instruments throughout the analysis

FIGURE 2
Anti-hyperuricemic Effect and Histopathological Analysis. (A) Effects of CCE on body weight. (B) Effects of CCE on levels of UA. Data are expressed
asmeans ± SEM, n = 8. Compared with Control group: ##p < 0.01, ###p < 0.001; Compared with Model group: **p < 0.01, ***p < 0.001. (C) Effects of CCE
on levels of Scr and BUN. Data are expressed as means ± SEM, n = 8. Compared with Control group: ###p < 0.001; compared with Model group: ***p <
0.001. (D) Histopathological observation of renal tissue (20×).
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process. Principal component analysis (PCA), an unsupervised
pattern recognition analysis method, was employed to visualize
the trends among the groups. As depicted in Figure 3A, the QC

samples were closely clustered in the score plot for both ESI(+) and
ESI(−) modes, indicating the system’s stability and repeatability,
thus ensuring the reliability of the experiment. Subsequently, the

FIGURE 3
Metabolomic Analysis. (A) Score scatter plot for PCA model with QC. (B) OPLS-DA score plots. (C) Permutation tests. The Control group is shown
with purple squares, the Model group with red dots, the CCE group with blue squares, and the QC samples with orange dots. All samples are in ESI(+)
mode and ESI(−) modes separately.
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PCA score plot was used to distinguish the differences between the
Control group, Model group, and H-CCE group. The PCA analysis
revealed a distinct separation of renal metabolite profiles between
the Model group and the other groups in the ESI(+) mode. In the
ESI(−) mode, the Model group showed a clear separation trend from
both the Control group and the H-CCE group. These findings
suggest that hyperuricemia induces metabolic alterations in renal
tissue and perturbs the endogenous small molecule metabolites.

Supervised OPLS-DA was performed to further differentiate the
metabolic profiles between the groups in ESI(+) and ESI(−) modes,
respectively. This analysis identified potential biomarkers that
contribute to the observed variations (Figure 3B). The results

demonstrated significant separation between the Control group
and the Model group (ESI(+): R2Y (cum)=(0, 0.99), Q2 (cum)
=(0, 0.18); ESI(−): R2Y (cum)=(0, 0.99), Q2 (cum)=(0, −0.17)).
Additionally, the H-CCE group exhibited significant separation
from the Model group (ESI(+): R2Y (cum)=(0, 0.96), Q2 (cum)
=(0, 0.01); ESI(−): R2Y (cum)=(0, 0.96), Q2 (cum)=(0, −0.17). The
sample of each group can be completely separated in the
PC1 dimension, indicating distinct characteristics in the renal
metabolomics of rats in each group.

To validate the reliability of the OPLS-DAmode and ensure that
it was not overfitted, 200 displacement tests were performed. The
results, as depicted in Figure 3C, showed that all R2 and Q2 values in

FIGURE 4
Differential Metabolites and pathway analysis. (A) Cluster heat map. (B) Metabolic pathway analysis. (C) Metabolic pathways of biomarkers.
Metabolites with red markers show a significant increase in the Model group compared to the Control group but a decrease in the CCE group compared
with the Model group. Metabolites with blue features indicate a reduction in the Model group compared to the Control group but an increase in the CCE
group compared with the Model group.
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the tests were lower than the original values. Additionally, the
Q2 value approached zero, indicating that the OPLS-DA mode
did not exhibit overfitting. These findings suggest that the results
obtained from the OPLS-DA analysis are highly reliable.

3.6.2 Differential metabolites and pathway
enrichment

By comparing the obtainedmetabolites between the Control and
Model groups with the online METLIN and HMDB databases, a
total of 49 different metabolites were identified, which could be
considered biomarkers of hyperuricemia induction. The metabolites
identified were found to differ between the Model and CCE groups.
Among the 49 biomarkers identified between the Control andModel
groups, 18 metabolites showed alterations after CCE administration,
of which 11 were in the ESI(+) mode, and 7 were in the ESI(−) mode.
The results are presented in Table 1, and a heatmap is shown in
Figure 4A. These 18 differential metabolites were subjected to
signaling pathway enrichment. The results, displayed in Figures
4B, C, revealed the main 5 pathways, which were pyrimidine
metabolism, tyrosine metabolism, cysteine and methionine
metabolism, sphingolipid metabolism, and histidine metabolism
pathways.

3.7 Network pharmacology analysis

3.7.1 Target prediction and construction of the
CCE-compound–hyperuricemia-target network

UPLC-Q-TOF-MS was used to obtain the prototypes of CCE,
resulting in the identification of 379 targets. Additionally,
801 hyperuricemia-related markers were obtained. Then, the
62 overlapping targets were selected using the Venn tool
(Figure 5A). Subsequently, a CCE-compound-hyperuricemia-
target network was constructed, incorporating 22 compounds
and 62 targets, with 86 nodes and 213 edges (Figure 5B).

3.7.2 Functional enrichment and pathway analysis
We next performed the gene ontology (GO) functional

enrichment analysis. 259 BP terms, 34 CC terms, and 48 MF
terms were found significantly enriched. Figure 5C shows that
the top 10 GO analyses in BP revealed target abundance in the
regulation of inflammatory factors, such as NF-κB, IL-1β, IL-6, and
IL-8. In CC, targets were accumulated in the cytoplasm and plasma
membranes, while in MF, targets were primarily responsible for
identical protein binding, protein binding, and enzyme binding.
Furthermore, 83 KEGG pathways were enriched. The 10 key

TABLE 1 Differential metabolites and their change trends.

No. Differential metabolites Mode Model vs control Model vs CCE

VIP Ratio Trend Significant VIP Ratio Trend
Significant

1 Orotidine ESI(−) 6.60 49.98 ↑ *** 5.12 9.23 ↓ ***

2 Orotic acid ESI(−) 4.71 11.13 ↑ ** 4.03 6.00 ↓ *

3 Thymidine ESI(−) 1.80 0.72 ↓ *** 1.32 0.78 ↑ *

4 Cyanuric acid ESI(−) 6.65 72.99 ↑ ** 6.48 44.09 ↓ **

5 4-Acetylbutyrate ESI(−) 1.84 1.51 ↑ ** 1.85 1.49 ↓ *

6 L-Cystine ESI(−) 1.52 0.71 ↓ * 1.95 0.64 ↑ **

7 DL-Dopa ESI(−) 1.56 0.75 ↓ ** 1.58 0.72 ↑ *

8 Deoxycytidine ESI(+) 1.93 0.77 ↓ *** 1.59 0.81 ↑ **

9 3-Methylhistidine ESI(+) 3.33 2.30 ↑ ** 1.65 1.40 ↓ *

10 3-Hydroxyomeprazole ESI(+) 1.48 0.81 ↓ * 1.23 0.85 ↑ *

11 SM(d17:1/24:1 (15Z)) ESI(+) 2.52 0.60 ↓ ** 2.32 0.63 ↑ **

12 SM(d18:1/22:0) ESI(+) 2.03 0.67 ↓ * 2.11 0.68 ↑ **

13 SM(d16:1/24:1 (15Z)) ESI(+) 2.07 0.67 ↓ * 1.95 0.68 ↑ *

14 N-Acetylhistidine ESI(+) 1.95 0.73 ↓ ** 2.07 0.71 ↑ **

15 2-Methoxy-(3 or 5 or 6)-isopropylpyrazine ESI(+) 2.28 1.59 ↑ * 2.29 1.65 ↓ *

16 SM(d18:1/20:0) ESI(+) 1.70 0.76 ↓ * 1.81 0.72 ↑ *

17 PE (P-18:1 (11Z)/16:0) ESI(+) 2.20 0.62 ↓ * 2.33 0.62 ↑ *

18 Lysyl-Asparagine ESI(+) 1.88 0.74 ↓ ** 1.68 0.73 ↑ *

*p < 0.05,

**p < 0.01,

***p < 0.001. The arrows (↑ and ↓) represent the increase or decrease of the biomarkers between groups.
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pathways are shown in Figure 5D, including the IL-17 signaling
pathway and NF-κB signaling pathway.

3.7.3 PPI network and module analysis
As depicted in Figure 5E, the PPI (Protein-Protein Interaction)

network has been constructed, and the MCODE (Molecular
Complex Detection) plugin was used to identify the sub-
networks. We also performed modular analysis and identified
34 hub genes through cluster analysis, as shown in Figure 5F.

3.7.4 Levels of inflammatory cytokines validation
We then conducted ELISA tests on the inflammatory cytokines in

the renal tissues to validate the prediction based on the GO analyses. As
shown in Figure 5G, there was an increase in the levels of IL-1β and IL-6
in theModel group, while L-, M-, andH-CCE treatments were found to
decrease IL-1β and IL-6, reaching a similar level as the PG
group. Additionally, IL-8 levels increased in the Model group, while
H-CCE treatment reduced it to a level comparable to that of the PG
group. Furthermore, TNF-α showed a similar trend, with elevated levels
in the Model group, which was able to be decreased by H-CCE to the
levels in the PG group.

3.8 Prediction of crucial gene targets

Eighteen differential metabolites and 62 targets were imported
into MetaboAnalyst to construct the gene-metabolite network (see
Supplementary Material FS1 for details); the resulting network

contained 12 targets and 4 differential metabolites. The
Compound–Target–Metabolite network was then constructed as
shown in Figure 6A; 8 key gene targets (AGTR1, JUN, REN, ADA,
PNP, PYGM, PYGL, and PYGB) were predicted and further verified
by RT-qPCR.

3.9 RT-qPCR analysis

As shown in Figure 6B, the Model group exhibited significantly
elevated mRNA expression levels of ADA, PNP, and JUN compared
to the Control group. However, treatment with H-CCE
demonstrated a notable reversal of these key gene targets.

4 Discussion

This study employed a comprehensive approach to investigate
the anti-hyperuricemic mechanism of CC using the biochemical test,
histopathological assay, and metabonomics analysis. Furthermore,
metabolomics was integrated with network pharmacology for the
prediction of critical gene targets, followed by RT-qPCR to reveal the
mechanism. By utilizing this multifaceted approach, this study offers
a more in-depth understanding of CC, a valuable and highly
anticipated traditional herbal medicine with Se
hyperaccumulating characteristics, to explore the potential
pharmacological mechanisms of action underlying its anti-
hyperuricemic effects.

FIGURE 5
Target network analysis. (A) Venn diagram; (B) CCE-compound–target–hyperuricemia network; blue V shapes indicate compounds, purple
rhombuses indicate targets, the number of connections of a node is defined as the degree (edges), which is proportional to the importance of the node;
(C) bar chart of GO analysis; (D) bubble chart of KEGG pathways; (E) PPI network analysis; (F)map of the sub-network screened from PPI by MCODE, the
rectangles vary in color from blue to green to yellow, representing the degree from high to low. (G) Effects of CCE on levels of inflammatory factors
on hyperuricemic rats. Data are expressed asmeans ± SEM, n= 8. Comparedwith Control group: ###p < 0.001; compared withModel group: **p < 0.01,
***p < 0.001.

Frontiers in Pharmacology frontiersin.org10

Zhu et al. 10.3389/fphar.2023.1281411

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1281411


4.1 Anti-hyperuricemic effect of CCE
associated with anti-inflammatory activity

The liver is primarily responsible for synthesizing urate, two-
thirds of which is excreted from the body through the kidneys (Yanai
et al., 2021). Scr and BUN levels are essential biochemical indicators
for detecting any abnormalities in renal function (Xu et al., 2021). In
this study, it was demonstrated that CCE reduced serum UA and Scr
levels in hyperuricemic rats. Additionally, the results of the renal
histopathological examination showed that PO induced a small
amount of lymphocyte infiltration localized in the renal cortex,
indicating inflammation caused by urate deposition. However, CCE
treatment reversed this inflammation and improved the lymphocyte
infiltration, which further suggests an anti-inflammatory

mechanism underlying the beneficial effects of CCE in
ameliorating hyperuricemia.

Specifically, inflammation plays a significant role in developing
renal injury caused by urate. Soluble urate activates
NLRP3 inflammatory vesicles, inducing the release of IL-1β
(Zhou et al., 2011) and triggering the inflammatory response.
Urate also causes endothelial damage and vascular dysfunction,
resulting in the release of IL-6, IL-8, and TNF-α (Zhen and Gui,
2017), which further exacerbates renal injury. The findings from this
study confirmed that CCE reversed the elevation of IL-1β, IL-6, IL-8,
and TNF-α in the kidneys of hyperuricemic rats, which suggests that
CCE can alleviate the state of endothelial injury and vascular
dysfunction of the kidneys caused by urate and contribute to the
reduction of UA levels.

FIGURE 6
Prediction of key gene targets and RT-qPCR validation. (A) Compound–target–metabolite network of CCE. The blue diamonds represent CCE; the
purple and red round rectangles represent the targets and key gene targets, and the yellow ellipses represent differential metabolites. (B) Related mRNA
expression levels of the key gene targets. Data are expressed as means ± SEM, n = 3. Compared with Control group: # p < 0.05; compared with Model
group: *p < 0.05, **p < 0.01, ***p < 0.001.
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Based on the findings in the network pharmacology section, it
can be seen that the components responsible for the UA-lowering
effects and improvement of inflammatory conditions of CCE are
likely to be flavonoids, such as hyperoside and astragalin. However,
the UPLC-Q-TOF-MS study revealed that the levels of these two
compounds are very low, and no further investigations into these
individual compounds were conducted in this study. However, it
would be worthwhile to conduct further in-depth research on them.

4.2 Screening and identification of
differential metabolites and signaling
pathways in renal tissues by metabolomics
analysis for CCE anti-hyperuricemia effects

The results from metabolomic analysis demonstrated that the
anti-hyperuricemic effects of CCE are primarily associated with
alterations in pyrimidine, tyrosine, cysteine and methionine,
sphingolipid, and histidine metabolism.

UA, the end product of purine metabolism (Choi et al., 2023), is
derived from the breakdown of purines through a series of catalytic
reactions (Saito et al., 2021). Pyrimidine metabolism involving
orotic acid and orotidine was the first core of the hyperuricemia
metabolic networks. In this study, the content of orotidine and
orotic acid in the renal tissues of the Model group was found to
increase significantly but decrease in the H-CCE group. Conversely,
the content of thymidine and deoxycytidine decreased significantly
in the Model group but increased in the H-CCE group. These
findings suggest that CCE exerts its UA-lowering effects by
influencing pyrimidine metabolism. In addition, amino acid
metabolism plays a crucial role in regulating protein and energy
metabolism. Since abnormal amino acid metabolism can also cause
metabolic disturbances, the metabolism of tyrosine, which is a type
of amino acid, is particularly important.

The increase in tyrosine levels stimulated by monosodium urate
(MSU) and activation of neutrophils and tyrosine kinase Tec can
induce the release of IL-1β, IL-8, IL-1, and tyrosine (Popa-Nita et al.,
2008), which triggers an inflammatory response. The results suggest
that CCE can modulate tyrosine metabolism in the metabolic
pathway of hyperuricemia to reduce the inflammatory response.
Furthermore, histidine metabolism (Stifel and Herman, 1971) is also
closely related to inflammation. It can regulate
NLRP6 inflammasome, leading to downstream secretion of
antimicrobial peptides and promote the secretion of interleukin-
18 (IL-18). CCE can impact histidine metabolism in the metabolic
pathway of hyperuricemia, thereby improving the inflammatory
state caused by urate.

Sphingolipids are a class of amphiphilic lipids that consist of a
sphingolipid backbone and phospholipids, such as ceramide (Cer),
sphingomyelin (SM), and gangliosides (Ogretmen, 2018). In this
study, it was found that CCE reversed the decrease in the
concentration of DL-DOPA in tyrosine metabolism, 3-
Methylhistidine in histidine metabolism, and sm (d18:1/20:0) in
sphingolipid metabolism caused by hyperuricemia. Furthermore,
the elevated cystine levels (the disulphide form of cysteine) were
positively associated with oxidative stress (Chiang et al., 2022) and
endothelial dysfunction (Keller et al., 2019). CCE reversed the
decreased level of L-cystine, which shows the protective effect of

CCE against hyperuricemia-induced vascular endothelial
dysfunction and oxidative stress.

Metabolomic analyses conducted on renal tissues further
demonstrated that CCE may ameliorate the urate-induced
inflammatory status by modulating disturbed metabolic pathways.

4.3 Biological assessment of network
pharmacology-integrated metabolomics
analysis combined with anti-hyperuricemic
effect of CCE associated with anti-
inflammatory activity via regulates ADA,
PNP, and JUN mRNA expression in the renal
tissues

A combination of network pharmacology and metabolomics
was employed to analyze and predict key gene targets so that specific
metabolites could be linked to drug targets to identify key gene
targets and reveal the underlying mechanisms of action of CCE in its
anti-hyperuricemic effect. The results showed that AGTR1, JUN,
REN, ADA, PNP, PYGM, PYGL, and PYGB were the key gene
targets for the anti-hyperuricemic effect of CCE. Further research
confirmed that CCE has the potential to regulate the mRNA
expression of ADA, PNP, and JUN in the kidney, thereby
alleviating hyperuricemia associated with anti-inflammatory
activity.

Adenosine deaminase (ADA) is an essential inflammatory
enzyme involved in the formation of adenosine UA (Moustafa
et al., 2019). One of its critical catalytic enzymes is inosine,
which is phosphorylated by purine nucleoside phosphorylase
(PNP) to produce α-D-deoxyribose-1-phosphate and
hypoxanthine (Tumova et al., 2021). This product plays a crucial
role in purine metabolism (Fekrvand et al., 2019), thus in turn
affecting UA metabolism. The results indicated that CCE inhibited
mRNA expression levels of ADA and PNP in the kidney and
reduced UA levels. Interestingly, our study also showed that CCE
did not affect xanthine oxidase (XOD) activity in serum (see
Supplementary Materil TS5 for details). This finding suggests
that the process by which CCE influences UA metabolism may
be more closely associated with the adjustment of inflammatory
states, which is consistent with the results showing that CCE can
reduce the expression of inflammatory factors. In future studies, we
will conduct experiments to examine XOD activity in the kidney and
liver in order to further investigate this interesting finding and
elucidate the underlying mechanism. It suggests that the mechanism
by which CCE ameliorates the inflammatory condition in
hyperuricemia is closely related to its inhibitory effect on ADA
inflammatory enzymes.

Meanwhile, the FOS and JUN families are part of the AP-1
pathway, which can regulate inflammatory responses by influencing
angiogenesis and invasion (Schonthaler et al., 2011). Originally
located in the cytosol, c-Fos and c-Jun translocate into the
nucleus and dimerize after they are activated by their upstream
kinases, mitogen-activated protein kinases (MAPKs) (Whitmarsh
and Davis, 1996; Schonthaler et al., 2011). MAPKs comprise a family
of serine/threonine protein kinases, notably including extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 (Whitmarsh and Davis, 1996). JNK, c-Jun, and p38 (Silvers
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et al., 2003) can be activated to modulate inflammatory responses.
The results suggest that CCE improves the inflammatory state
associated with hyperuricemia by inhibiting the expression of
JUN mRNA in the AP-1 signaling pathway. Therefore, our
results proved that ADA, PNP, and JUN are the gene targets of
CCE and that their modulation contributes to the anti-
hyperuricemic effect associated with the anti-inflammatory
activity of CCE. However, it is important to note that protein
level assays were not performed in this study due to the specific
methodology employed, which combined metabolomics with
network pharmacological analysis for gene target prediction, and
included validation at the gene expression level. Future studies
should focus on investigating the protein level mechanisms in
order to shed light on the modulation of the anti-hyperuricemic
effect associated with the anti-inflammatory activity of CCE.

Overall, the results of the study suggest that, despite limited data,
it is feasible to employ the metabolomic approach in conjunction
with network pharmacology to predict gene targets that are key to
the UA-lowering effects of CCE. Further analyses confirmed a
correlation between the ability of CCE to reduce UA levels and
the improvement of the inflammatory state of the kidneys. This
approach is based on changes in metabolite levels and incorporates
targets predicted by network pharmacology to find gene targets of
action, enabling predictive analyses of gene targets at the metabolite
level. Therefore, this approach helps to advance the overall
understanding of the mechanism of action of herbal aqueous
extracts. In addition, for in-depth elucidation of the mechanism
of action at the protein level, future studies could consider
incorporating proteomics as well as transcriptomics based on
target proteins, differentially expressed genes, and the final
validation of the key targets.

In conclusion, the results indicated that CCE exhibits a
significant anti-hyperuricemia effect, and the mechanism of
action is associated with its anti-inflammatory activity by
reversing the elevation of renal inflammatory cytokines, restoring
the disordered metabolic pathways, and inhibiting the expression of
ADA, PNP, and JUN mRNA in renal tissues.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by The animal study was approved
by the Ethics Committee of the Beijing University of Chinese Medicine
(No. BUCM-4-2022033103-1069). The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

YZ: Conceptualization, Data curation, Investigation,
Methodology, Validation, Writing–original draft. SD:
Investigation, Methodology, Writing–review and editing. YL:
Investigation, Methodology, Writing–review and editing. WL:
Investigation, Methodology, Writing–review and editing. JL:
Investigation, Methodology, Writing–review and editing. RN:
Investigation, Methodology, Writing–review and editing. WF:
Investigation, Methodology, Writing–review and editing. CW:
Conceptualization, Methodology, Writing–review and editing.
LW: Conceptualization, Methodology, Project administration,
Writing–review and editing. JZ: Conceptualization, Methodology,
Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the National Key R&D Program of China (No.
2018YFC1706800).

Acknowledgments

These authors thank Mr Hongqin Yin from Enshi Autonomous
Prefecture Academy of Agriculture Sciences, Enshi, Hubei Province,
China, who donated the CC.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1281411/
full#supplementary-material

References

Abdelhafez, O. H., Othman, E. M., Fahim, J. R., Desoukey, S. Y., Pimentel-Elardo, S.
M., Nodwell, J. R., et al. (2020). Metabolomics analysis and biological investigation of
three Malvaceae plants. Phytochem. Anal. 31 (2), 204–214. doi:10.1002/pca.2883

Al Shanableh, Y., Hussein, Y. Y., Saidwali, A. H., Al-Mohannadi, M., Aljalham, B.,
Nurulhoque, H., et al. (2022). Prevalence of asymptomatic hyperuricemia and its
association with prediabetes, dyslipidemia and subclinical inflammation markers

Frontiers in Pharmacology frontiersin.org13

Zhu et al. 10.3389/fphar.2023.1281411

https://www.frontiersin.org/articles/10.3389/fphar.2023.1281411/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1281411/full#supplementary-material
https://doi.org/10.1002/pca.2883
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1281411


among young healthy adults in Qatar. BMC Endocr. Disord. 22 (1), 21. doi:10.1186/
s12902-022-00937-4

Ames, B. N., Cathcart, R., Schwiers, E., and Hochstein, P. (1981). Uric acid provides
an antioxidant defense in humans against oxidant- and radical-caused aging and cancer:
a hypothesis. Proc. Natl. Acad. Sci. U. S. A. 78 (11), 6858–6862. doi:10.1073/pnas.78.11.
6858

Borghi, C., Agabiti-Rosei, E., Johnson, R. J., Kielstein, J. T., Lurbe, E., Mancia, G., et al.
(2020). Hyperuricaemia and gout in cardiovascular, metabolic and kidney disease. Eur.
J. Intern Med. 80, 1–11. doi:10.1016/j.ejim.2020.07.006

Braga, T. T., Forni, M. F., Correa-Costa, M., Ramos, R. N., Barbuto, J. A., Branco, P.,
et al. (2017). Soluble uric acid activates the NLRP3 inflammasome. Sci. Rep. 7, 39884.
doi:10.1038/srep39884

Chiang, F. F., Chao, T. H., Huang, S. C., Cheng, C. H., Tseng, Y. Y., and Huang, Y. C.
(2022). Cysteine regulates oxidative stress and glutathione-related antioxidative
capacity before and after colorectal tumor resection. Int. J. Mol. Sci. 23 (17), 9581.
doi:10.3390/ijms23179581

Choi, J., Hyun, J., Jung-Eun, O., Yong-Jin, C., Hwang-Sik, S., and Heo, N. (2023). The
correlation between NAFLD and serum uric acid to serum creatinine ratio. PLoS One 18
(7), e0288666. doi:10.1371/journal.pone.0288666

Dewulf, J. P., Marie, S., and Nassogne, M. C. (2022). Disorders of purine biosynthesis
metabolism. Mol. Genet. Metab. 136 (3), 190–198. doi:10.1016/j.ymgme.2021.12.016

Fei, W., Zhang, J., Yu, S., Yue, N., Ye, D., Zhu, Y., et al. (2022). Antioxidative and
energy metabolism-improving effects of maca polysaccharide on cyclophosphamide-
induced hepatotoxicity mice via metabolomic analysis and keap1-nrf2 pathway.
Nutrients 14 (20), 4264. doi:10.3390/nu14204264

Fekrvand, S., Yazdani, R., Abolhassani, H., Ghaffari, J., and Aghamohammadi, A.
(2019). The first purine nucleoside phosphorylase deficiency patient resembling IgA
deficiency and a review of the literature. Immunol. Invest. 48 (4), 410–430. doi:10.1080/
08820139.2019.1570249

Guo, Y., Li, H., Liu, Z., Li, C., Chen, Y., Jiang, C., et al. (2019). Impaired intestinal
barrier function in a mouse model of hyperuricemia.Mol. Med. Rep. 20 (4), 3292–3300.
doi:10.3892/mmr.2019.10586

Hisatome, I., Li, P., Miake, J., Taufiq, F., Mahati, E., Maharani, N., et al. (2021). Uric
acid as a risk factor for chronic kidney disease and cardiovascular disease - Japanese
guideline on the management of asymptomatic hyperuricemia. Circ. J. 85 (2), 130–138.
doi:10.1253/circj.CJ-20-0406

Joosten, L. A. B., Crişan, T. O., Bjornstad, P., and Johnson, R. J. (2020). Asymptomatic
hyperuricaemia: a silent activator of the innate immune system.Nat. Rev. Rheumatol. 16
(2), 75–86. doi:10.1038/s41584-019-0334-3

Keller, A. C., Klawitter, J., Hildreth, K. L., Christians, U., Putnam, K., Kohrt, W. M.,
et al. (2019). Elevated plasma homocysteine and cysteine are associated with endothelial
dysfunction across menopausal stages in healthy women. J. Appl. physiolCogy (Bethesda,
Md, 1985) 126 (6), 1533–1540. doi:10.1152/japplphysiol.00819.2018

Kiełczykowska, M., Kocot, J., Paździor, M., and Musik, I. (2018). Selenium - a
fascinating antioxidant of protective properties. Adv. Clin. Exp. Med. 27 (2), 245–255.
doi:10.17219/acem/67222

Lee, S. C., Wo, W. K., Yeoh, H. S., Mohamed Ali, N., and Hariraj, V. (2021).
Allopurinol-induced severe cutaneous adverse drug reactions: an analysis of
spontaneous reports in Malaysia (2000-2018). Ther. Innov. Regul. Sci. 55 (3),
514–522. doi:10.1007/s43441-020-00245-w

Liang, W. Y., Zhu, X. Y., Zhang, J. W., Feng, X. R., Wang, Y. C., and Liu, M. L. (2015).
Uric acid promotes chemokine and adhesion molecule production in vascular
endothelium via nuclear factor-kappa B signaling. Nutr. Metab. Cardiovasc Dis. 25
(2), 187–194. doi:10.1016/j.numecd.2014.08.006

Liu, R., Yin, H. Q., Li, L., Huang, K. W., Li, H. X., Zhao, Z. L., et al. (2022). First report
ofMeloidogyne incognita on Cardamine violifolia in China. Plant Dis. 22, 1998. doi:10.
1094/PDIS-07-21-1560-PDN

Lobo, J. C., Stockler-Pinto, M. B., da Nóbrega, A. C., Carraro-Eduardo, J. C., and
Mafra, D. (2013). Is there association between uric acid and inflammation in
hemodialysis patients? Ren. Fail 35 (3), 361–366. doi:10.3109/0886022X.2013.764274

Moustafa, Y. M., Elsaied, M. A., Abd-Elaaty, E. M., and Elsayed, R. A. (2019).
Evaluation of serum adenosine deaminase and inflammatory markers in psoriatic
patients. Indian J. Dermatol 64 (3), 207–212. doi:10.4103/ijd.IJD_420_17

Ogretmen, B. (2018). Sphingolipid metabolism in cancer signalling and therapy. Nat.
Rev. Cancer 18 (1), 33–50. doi:10.1038/nrc.2017.96

Popa-Nita, O., Marois, L., Paré, G., and Naccache, P. H. (2008). Crystal-induced
neutrophil activation: X. Proinflammatory role of the tyrosine kinase Tec. Arthritis
Rheum. 58 (6), 1866–1876. doi:10.1002/art.23801

Rao, S., Yu, T., Cong, X., Xu, F., Lai, X., Zhang,W., et al. (2020). Integration analysis of
PacBio SMRT- and Illumina RNA-seq reveals candidate genes and pathway involved in
selenium metabolism in hyperaccumulator Cardamine violifolia. BMC Plant Biol. 20
(1), 492. doi:10.1186/s12870-020-02694-9

Saito, Y., Tanaka, A., Node, K., and Kobayashi, Y. (2021). Uric acid and cardiovascular
disease: a clinical review. J. Cardiol. 78 (1), 51–57. doi:10.1016/j.jjcc.2020.12.013

Schonthaler, H. B., Guinea-Viniegra, J., and Wagner, E. F. (2011). Targeting
inflammation by modulating the Jun/AP-1 pathway. Ann. Rheum. Dis. 70 (1),
i109–i112. doi:10.1136/ard.2010.140533

Silvers, A. L., Bachelor, M. A., and Bowden, G. T. (2003). The role of JNK and
p38 MAPK activities in UVA-induced signaling pathways leading to AP-1 activation
and c-Fos expression. Neoplasia 5 (4), 319–329. doi:10.1016/S1476-5586(03)80025-8

Singer, J. Z., and Wallace, S. L. (1986). The allopurinol hypersensitivity syndrome.
Unnecessary morbidity and mortality. Arthritis Rheum. 29 (1), 82–87. doi:10.1002/art.
1780290111

Stifel, F. B., and Herman, R. H. (1971). Histidine metabolism.Am. J. Clin. Nutr. 24 (2),
207–217. doi:10.1093/ajcn/24.2.207

Tumova, S., Shi, Y., Carr, I. M., and Williamson, G. (2021). Effects of quercetin and
metabolites on uric acid biosynthesis and consequences for gene expression in the
endothelium. Free Radic. Biol. Med. 162, 191–201. doi:10.1016/j.freeradbiomed.2020.
10.017

Whitmarsh, A. J., and Davis, R. J. (1996). Transcription factor AP-1 regulation by
mitogen-activated protein kinase signal transduction pathways. J. Mol. Med. Berl. 74
(10), 589–607. doi:10.1007/s001090050063

Xiang, Z., Xie, H., Tong, Q., Pan, J., Wan, L., Fang, J., et al. (2021). Revealing
hypoglycemic and hypolipidemic mechanism of Xiaokeyinshui extract combination on
streptozotocin-induced diabetic mice in high sucrose/high fat diet by metabolomics and
lipidomics. Biomed. Pharmacother. 135, 111219. doi:10.1016/j.biopha.2021.111219

Xu, J., Tong, L., and Mao, J. (2021). Hyperuricemia and associated factors in children
with chronic kidney disease: a cross-sectional study. Child. (Basel). 9 (1), 6. doi:10.3390/
children9010006

Yan, P., Wei, Y., Wang, M., Tao, J., Ouyang, H., Du, Z., et al. (2022). Network
pharmacology combined with metabolomics and lipidomics to reveal the hypolipidemic
mechanism of Alismatis rhizoma in hyperlipidemic mice. Food Funct. 13 (8),
4714–4733. doi:10.1039/d1fo04386b

Yanai, H., Adachi, H., Hakoshima, M., and Katsuyama, H. (2021). Molecular
biological and clinical understanding of the pathophysiology and treatments of
hyperuricemia and its association with metabolic syndrome, cardiovascular
diseases and chronic kidney disease. Int. J. Mol. Sci. 22 (17), 9221. doi:10.3390/
ijms22179221

Yip, K., Cohen, R. E., and Pillinger, M. H. (2020). Asymptomatic hyperuricemia: is it
really asymptomatic? Curr. Opin. Rheumatol. 32 (1), 71–79. doi:10.1097/BOR.
0000000000000679

Yu, T., Guo, J., Zhu, S., Li, M., Zhu, Z., Cheng, S., et al. (2020). Protective effects of
selenium-enriched peptides from Cardamine violifolia against high-fat diet induced
obesity and its associated metabolic disorders in mice. RSC Adv. 10 (52), 31411–31424.
doi:10.1039/d0ra04209a

Zhao, D., Zhang, J., Zhu, Y., He, C., Fei, W., Yue, N., et al. (2022). Study of antidepressant-
like effects of albiflorin and paeoniflorin through metabolomics from the perspective of
cancer-related depression. Front. Neurol. 13, 828612. doi:10.3389/fneur.2022.828612

Zhen, H., and Gui, F. (2017). The role of hyperuricemia on vascular endothelium
dysfunction. Biomed. Rep. 7 (4), 325–330. doi:10.3892/br.2017.966

Zhou, R., Yazdi, A. S., Menu, P., and Tschopp, J. (2011). A role for mitochondria in
NLRP3 inflammasome activation. Nature 469 (7329), 221–225. doi:10.1038/
nature09663

Zhu, S., Du, C., Yu, T., Cong, X., Liu, Y., Chen, S., et al. (2019). Antioxidant activity of
selenium-enriched peptides from the protein hydrolysate of Cardamine violifolia.
J. Food Sci. 84 (12), 3504–3511. doi:10.1111/1750-3841.14843

Zhu, Y., Zhang, J., Wang, C., Zheng, T., Di, S., Wang, Y., et al. (2023). Ameliorative
effect of ethanolic echinacea purpurea against hyperthyroidism-induced oxidative stress
via AMRK and PPAR signal pathway using transcriptomics and network pharmacology
analysis. Int. J. Mol. Sci. 24 (1), 187. doi:10.3390/ijms24010187

Frontiers in Pharmacology frontiersin.org14

Zhu et al. 10.3389/fphar.2023.1281411

https://doi.org/10.1186/s12902-022-00937-4
https://doi.org/10.1186/s12902-022-00937-4
https://doi.org/10.1073/pnas.78.11.6858
https://doi.org/10.1073/pnas.78.11.6858
https://doi.org/10.1016/j.ejim.2020.07.006
https://doi.org/10.1038/srep39884
https://doi.org/10.3390/ijms23179581
https://doi.org/10.1371/journal.pone.0288666
https://doi.org/10.1016/j.ymgme.2021.12.016
https://doi.org/10.3390/nu14204264
https://doi.org/10.1080/08820139.2019.1570249
https://doi.org/10.1080/08820139.2019.1570249
https://doi.org/10.3892/mmr.2019.10586
https://doi.org/10.1253/circj.CJ-20-0406
https://doi.org/10.1038/s41584-019-0334-3
https://doi.org/10.1152/japplphysiol.00819.2018
https://doi.org/10.17219/acem/67222
https://doi.org/10.1007/s43441-020-00245-w
https://doi.org/10.1016/j.numecd.2014.08.006
https://doi.org/10.1094/PDIS-07-21-1560-PDN
https://doi.org/10.1094/PDIS-07-21-1560-PDN
https://doi.org/10.3109/0886022X.2013.764274
https://doi.org/10.4103/ijd.IJD_420_17
https://doi.org/10.1038/nrc.2017.96
https://doi.org/10.1002/art.23801
https://doi.org/10.1186/s12870-020-02694-9
https://doi.org/10.1016/j.jjcc.2020.12.013
https://doi.org/10.1136/ard.2010.140533
https://doi.org/10.1016/S1476-5586(03)80025-8
https://doi.org/10.1002/art.1780290111
https://doi.org/10.1002/art.1780290111
https://doi.org/10.1093/ajcn/24.2.207
https://doi.org/10.1016/j.freeradbiomed.2020.10.017
https://doi.org/10.1016/j.freeradbiomed.2020.10.017
https://doi.org/10.1007/s001090050063
https://doi.org/10.1016/j.biopha.2021.111219
https://doi.org/10.3390/children9010006
https://doi.org/10.3390/children9010006
https://doi.org/10.1039/d1fo04386b
https://doi.org/10.3390/ijms22179221
https://doi.org/10.3390/ijms22179221
https://doi.org/10.1097/BOR.0000000000000679
https://doi.org/10.1097/BOR.0000000000000679
https://doi.org/10.1039/d0ra04209a
https://doi.org/10.3389/fneur.2022.828612
https://doi.org/10.3892/br.2017.966
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/nature09663
https://doi.org/10.1111/1750-3841.14843
https://doi.org/10.3390/ijms24010187
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1281411

	Integrative metabolomic and network pharmacological analysis reveals potential mechanisms of Cardamine circaeoides Hook.f.  ...
	1 Introduction
	2 Methods
	2.1 Preparation of CCE
	2.2 Composition analysis of CCE
	2.3 Animals and CCE administration
	2.4 Serum biochemical assay
	2.5 Renal tissues biochemical assay
	2.6 Histopathology analysis
	2.7 Metabolomics analysis
	2.7.1 Metabolites extraction
	2.7.2 LC-MS/MS analysis
	2.7.3 Data pre-processing and analysis
	2.7.4 Metabolite identification and enrichment analysis

	2.8 Network pharmacology analysis
	2.8.1 Target prediction
	2.8.2 Collection of hyperuricemia genes
	2.8.3 Construction of a PPI network and analysis of modules
	2.8.4 Functional enrichment and pathway analysis

	2.9 Predicted key gene targets
	2.10 Key gene targets validation
	2.11 Statistical analysis

	3 Results
	3.1 Compounds analysis in CCE
	3.2 Body weights
	3.3 Levels of UA
	3.4 Levels of Scr and BUN
	3.5 Histopathological analysis
	3.6 Metabolomic analysis
	3.6.1 Renal metabolomics analysis
	3.6.2 Differential metabolites and pathway enrichment

	3.7 Network pharmacology analysis
	3.7.1 Target prediction and construction of the CCE-compound–hyperuricemia-target network
	3.7.2 Functional enrichment and pathway analysis
	3.7.3 PPI network and module analysis
	3.7.4 Levels of inflammatory cytokines validation

	3.8 Prediction of crucial gene targets
	3.9 RT-qPCR analysis

	4 Discussion
	4.1 Anti-hyperuricemic effect of CCE associated with anti-inflammatory activity
	4.2 Screening and identification of differential metabolites and signaling pathways in renal tissues by metabolomics analys ...
	4.3 Biological assessment of network pharmacology-integrated metabolomics analysis combined with anti-hyperuricemic effect  ...

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


