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ARTICLE INFO ABSTRACT
Keywords: Chegianzi Decoction (CQD) is a Traditional Chinese Medicine (TCM) formula comprising four
Cheqianzi decoction (CQD) herbs and is recorded in the Ancient Materia Medica “Shengji Zonglu”. Individually, these four

Hyperuricemia (HUA)
Kidney injury

ABCG2

NLRP3

herbs have been shown to reduce uric acid (UA) levels, to treat hyperuricemia (HUA), and
alleviate kidney damage. However, the therapeutic efficacy of the CQD and related mechanism
are not yet clear.

In this study, high performance liquid chromatography (HPLC) analysis confirmed that the
contents of the chemical components of the four herbal medicines were in accordance with the
provisions of the Chinese Pharmacopoeia. A total of 99 potential targets were identified in the
network pharmacology analysis of CQD, indicating its involvement in the regulation of inflam-
matory and apoptotic signaling pathways, and potential value for treating HUA and alleviating
kidney injury. In vivo pharmacodynamic studies showed that compared with the Model group,
significantly decreased levels of serum uric acid (SUA), serum creatinine (SCr), blood urea ni-
trogen (BUN) (all P < 0.05), and inflammatory factors (P < 0.01) were detected in the CQD group.
Quantitative real-time PCR and Western blot analyses showed that compared with the Model
group, adenosine triphosphate (ATP)-binding cassette efflux transporter G2 (ABCG2) expression
in the CQD group was significantly upregulated (P < 0.01) at both the mRNA and protein levels,
while mRNA expression of Caspase3 and NOD-like receptor family member 3 (NLRP3) (P < 0.05)
and protein expression of NLRP3 (P < 0.01) were significantly downregulated.

In conclusion, CQD promotes UA excretion by activating ABCG2, and induces inflammasome
NLRP3-mediated reduction in inflammatory and apoptotic factors to achieve renal protection.
Thus, our findings indicate the therapeutic potential of CQD in HUA with kidney injury.

1. Introduction

Hyperuricemia (HUA) is a metabolic syndrome characterized by a high level of UA in the blood due to abnormal purine meta-
bolism. HUA is a common disease that has increased in prevalence with improvements in living standards, also showing an increase in
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a younger population. According to nationally representative cross-sectional surveys, the prevalence of HUA among Chinese adults
was 11.1% in 2015-16 and increased to 14.0% in 2018-19 [1]. In addition to being closely related to gout, HUA is also considered to be
an independent risk factor for many diseases, including chronic kidney diseases, cardiovascular diseases, hypertension, and other
metabolic syndrome disorders such as diabetes [2-5]. Furthermore, the degree of kidney injury in patients with HUA increases
gradually with the SUA level [6]. At present, the drugs commonly used to treat HUA include xanthine oxidase inhibitor (allopurinol
and Febuxostat) and UA reabsorption inhibitors (benzbromarone and probenecid) [7,8]. Although these drugs show good effects in
reducing SUA, they do not significantly improve kidney injury associated with HUA [9], and can induce adverse reactions such
hepatotoxicity, increased cardiovascular risk and severe drug eruption, and even death [10-12]. Therefore, research is now focused on
the development of therapeutic approaches that effectively Control UA levels in sera and offer renal protection.

Traditional Chinese Medicines (TCMs) with the functions of heat-clearing, detoxification, diuresis and dehumidification are likely
to produce good curative effects on the pathogenesis of HUA [13]. The CQD, which is composed of extracts of Plantaginis Semen
(cheqianzi), Achyranthis Bidentatae Radix (niuxi), Typhae Pollen (puhuang) and Mori Cortex (sangbaipi), was recorded in volume 98 of
“Shengji Zonglu” in the Song Dynasty, and has marked therapeutic effects on heat stranguria, stagnation and astringency. Most modern
research associates HUA with heat stranguria [14]. Drugs that induce diuresis are widely used to treat HUA, indicating that the diuretic
effects of CQD may be beneficial for the treatment of this condition. According to the records of the Chinese Pharmacopoeia, these four
herbal medicines all have the effects of promoting urination and relieving inflammation. Cheqianzi has been reported to have potential
therapeutic effects on HUA [15]. A lipidomic study confirmed that cheqianzi produces significant anti-HUA, anti-inflammatory and
renoprotective effects by regulating lipid metabolism [16]. Acteoside, the active ingredient in cheqianzi, has also been reported to
reduce SUA levels by inhibiting UA production and preventing its reabsorption [17]. Niuxi has renoprotective effects thought to be
related to its capacity to inhibit apoptosis and oxidation by regulating inflammatory responses and through estrogen-like effects [18].
Sangbaipi reduces the levels of inflammatory factors, inhibits the UA reabsorption, while promoting its excretion, thereby reducing UA
levels and protecting the kidneys [19]. The combination of ancient records and modern pharmacological studies of herbs suggests the
therapeutic potential of CQD in HUA.

The discipline of network pharmacology aims to explore the multilevel interactions of drugs, diseases and targets as a whole [20] to
provide a basis for understanding the mechanism of action and the development of multi-target drugs [21]. In this study, we explored
the compatibility of these herbs in CQD for their therapeutic effects on HUA and alleviating kidney injury as well as the underlying
mechanisms based on network pharmacology analysis to provide a theoretical basis for the development of new treatments for HUA
using CQD.

2. Materials and methods
2.1. Materials and reagents

The following materials and reagents were used in this study: geniposidic acid, verbascoside, typhaneoside, isorhamnetin-3-o-
neohesperidoside, p-ecdysterone and chlorogenic acid chemical composition standard (all purity >95%) were obtained from Yua-
nye Biotechnology Co., Ltd. (Shanghai, China). Ethambutol (Ethb) (Jinhua, Chengdu, China). Adenine (AD) (Sigma-Aldrich, USA).
Allopurinol (Allo) (Shimao Tianjie, Yancheng, China). UA, SCr, BUN test kits (Dibao Medical Supplies, Guangzhou, China). Urate
staining solution (Gomori), hematoxylin eosin (HE) (Solarbio, Beijing, China). Interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a),
interleukin-1p (IL-1p), interleukin-18 (IL-18) Enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, USA). The following
primary antibodies were used for immunoblotting: anti-ABCG2 (Cat No. 4477s, 1:1,000, Cell Signaling Technology, USA), anti-NLRP3
(Cat No. ab263899, 1:1,000, Abcam, UK) and anti-GAPDH (Cat No. sc-365062, 1:1,500, Santa Cruz Biotechnology, USA).

2.2. Preparation of CQD

According to the Shengji Zonglu medical encyclopedia compiled by the government in the Northern Song Dynasty, CQD is a
mixture of 1 liang (%) Chegianzi, 1 liang niuxi, 3 liang sangbaipi, and 1 liang puhuang. CQD is administered at 2 gianbi (&) per
dose, and the number of doses depends on the patient’s needs. According to previously published studies of the Song Dynasty pre-
scription doses [22], 1 liang is approximately equal to 40 g. After conversion, the modern clinical dosage of CQD does not correspond
with the dosage according to ancient prescription records. Due to this discrepancy and because the number of doses is unlimited in the
ancient prescription records, the proportion of the original prescription was used as the basis for determining the dosage of CQD used
in this study. According to the current Chinese Pharmacopoeia, the maximum clinical dosage of sangbaipi in the prescription is 12 g,
and proportionally, maximum clinical dosage of the other herbs is 4 g. This dose was set to best match the usual clinical dose. Due to
the absence of reports on CQD research, this experimental dose formed the basis of subsequent drug development. The herbs were
purchased from Beijing Tongrentang Co., Ltd. and identified by Huasheng Peng, from the Chinese Medicine Resource Center of China
Academy of Chinese Medical Sciences (CACMS) with the following results: Cheqianzi from Plantago asiatica L. and Plantago depressa
Willd. dry mature seeds; niuxi from the dry roots of Achyranthes bidentata BL; sangbaipi from the dry root bark of Morus alba L.;
puhuang from the dried pollen of Typha angustifolia L., Typha orientalis Presl or the same genus in Typhaceae. All plants were verified
and approved by the Medicinal Plant Names Services (http://mpns.kew.org) on September 20, 2022. The herbs were soaked at a ratio
of 1:1:3:1 (w/w/w/w) in 15- fold volumes of distilled water (v/w) for 30 min, and the seeds of cheqianzi and puhuang were
wrap-decocted. After the first decoction, the same volume of distilled water was added and the process was repeated. After filtration,
the solution was evaporated under reduced pressure to yield a suspension with a final concentration of 0.432 g/ml and stored at 4 °C
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for further use.

2.3. HPLC analysis of CQD

To identify the components of CQD, we performed HPLC analysis using a Waters 2998. Infinity chromatographic system fitted with
a C18 chromatographic column (250 x 4.6 mm, 5 pm, Agilent, USA), a column oven, a binary pump, a diode array detector, and an
autosampler (Waters, USA). After washing, the column was activated for injection analysis. Throughout the whole chromatographic
analysis process, the column injector was maintained at 30 °C. The mobile phase consisted of methanol (A; Thermo Fisher Scientific,
USA) and 0.05% acetic acid aqueous solution (B; Beijing, China). A gradient elution was performed with 5% A from 0 to 1 min, 5%-—
60% A from 1 to 40 min, 60%-5% A from 40 to 50 min, and 5% A from 50 to 60 min. After full wavelength scanning, the detection
wavelength was set at 260 nm and each compound was identified according to the pure standard absorbance spectra and retention
time.

2.4. Systemic pharmacological analysis of CQD

2.4.1. Collection and screening of bioactive compounds in CQD

The active ingredients of CQD were screened before the China National Knowledge Infrastructure (CNKI) website was searched to
identify relevant literature on the analysis of the chemical composition of TCMs. The corresponding chemical composition information
was then screened using the CAS Ichemistry (http://www.ichemistry.cn/), Chemical Book (https://www.chemicalbook.com/),
ChemSpider (http://www.chemspider.com/) and other databases to obtain the corresponding English names and CAS numbers of
chemical components, to eliminate duplicates, and determine the main active ingredients of each Chinese medicine.

2.4.2. Recognizing CQD compounds and predicting functional targets

The functional targets were predicted based on the main active ingredients using the BATMAN-TCM analysis platform (http://
bionet.ncpsb.org.cn/batman-tem/). This online bioinformatics analysis tool designed for the study of the molecular mechanisms
underlying the effects of TCM [23] can be used to predict the potential targets of herbs and their component extracts. The scores of the
interaction between all candidate targets and drug components are obtained by the target prediction algorithm, with the potential drug
target identified as that with the highest score using an artificially defined “score cutoff point” [24]. In this study, the “score cutoff” was
set at to 5.785 with an adjusted P-value of 0.05 to maximize the coverage of potential targets.

2.4.3. Identification of potential HUA-associated targets

Potential HUA-associated targets were identified by using the keyword “hyperuricemia” to search the following databases: OMIM
(https://www.omim.org/), GeneCards (https://www.genecards.org/), CTD (http://ctdbase.org/), DisGeNET (https://www.disgenet.
org), HPO (https://hpo.jax.org/app/), DrugBank (https://www.drugbank.ca/), and NCBI-Gene (https://www.ncbi.nlmnih.gov/gene/
). In addition, referring to the disease-related diagnosis and treatment guidelines and literature, we searched for clinical drugs used to
treat HUA, and supplementary information related to their corresponding targets. After removing the duplicated genes, the seven
target subsets obtained in these steps were cross-referenced, and the remaining were identified as potential targets for the treatment of
HUA.

2.4.4. Protein-protein interaction (PPI) network construction

Based on a Venn diagram of drug targets and HUA targets constructed using the Venny 2.1.0 software online platform (https://
bioinfogp.cnb.csic.es/tools/venny/index.html), the intersection was defined as the potential targets of CQD in the treatment of
HUA. For PPI analysis, the targets were then introduced into STRING (https://string-db.org/), an online PPI analysis database used to
analyze each protein-protein interaction based on scoring evidence from multiple sources [25]. After importing the target information,
the species was limited to “Homo sapiens” and the minimum required interaction score was set at a confidence value of 0.500 to obtain
PPI data, which was saved as a tsv. format file for further exploration.

2.4.5. Screening and evaluation of key targets and active compounds

The data obtained in the STRING database analysis were imported into Cytoscape 3.8.2 (https://cytoscape.org/), which is an open-
source software that provides many bioinformatics analysis tools for network analysis. The PPI network was constructed before
network analysis was performed to obtain the core targets using the median of degree, closeness, and between-ness as the limiting
conditions. Finally, the core targets that met these criteria were sequentially mapped to the CQD components using the “VLOOKUP”
function to build a correlation network of “CQD-compounds-core targets-diseases”.

2.4.6. Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analyses

To elucidate the biological processes of the core targets in different clusters and their roles in signaling transduction, we performed
GO and KEGG pathway enrichment analysis using Metascape (https://metascape.org). Next, custom analysis was performed by
entering a list of target gene names with the minimum overlap set to 3, with a P-value <0.01, and a minimum enrichment of 1.5.
Finally, the top 20 entries were entered into a bubble chart for visualization using the online bioinformatics website (http://www.
bioinformatics.com.cn/).
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2.5. Animal pharmacodynamics validation

2.5.1. Establishment of the rat model of HUA and treatment

Our network pharmacology analysis indicated the therapeutic potential of CQD for HUA and possible anti-inflammatory effects.
Therefore, we validated the pharmacodynamics of these predictions in a previously established rat model of HUA with mild kidney
injury [26]. Twenty-four male specific pathogen-free grade Sprague-Dawley (weight 180 + 10 g) were purchased from Beijing Vital
River Laboratory Animal Technology (certificate number SCXK (Beijing) 2016-0006). Animals were housed in laboratory facilities
maintained at 20-26 °C and a relative humidity of 40%-70%, with air changes at least 15 times per hour and a standard 12-h
light/dark cycle. Six rats were housed in one cage, and were given free access to a quantitative fixed-formula granular feed and
filtered tap water. All procedures used in the animal experiments adhered to a protocol that had been approved by the Institutional
Animal Care and Use Committee of the Institute of Chinese Materia Medica, CACMS (Ethics number: 2020B127). 24 rats were fed
freely for one week without any intervention, and then randomly divided into four groups (n = 6 rats per group) as follows: Control,
Model, CQD, and Allo (positive control) groups. From the first day of the experiment, the two treatment groups and Model group were
intragastrically administered a mixed modeling drug containing 100 mg kg~!-d AD solution and 250 mg kg~ -d Ethb solution, while
the Control group received an equal amount of 1% CMC-NA via the same route. The treatment groups received CQD or 20 mg kg~!-d
Allo solution while the model was established, and the rats in Control and Model groups received the same amount of saline. The dose
of CQD was converted from the human clinical equivalent dose. The modeling and treatment process was continued for 7 days.

2.5.2. Collection of blood and urine

After 3 days of intervention, urine and orbital blood samples were collected manually from all rats. After 7 days of intervention,
each rat was placed in a metabolic cage for 10 h, and the urine was collected and weighed. After euthanization by intraperitoneal
injection of 20% ethyl carbamate solution, blood was collected from the abdominal aorta and the kidneys were removed, photo-
graphed and weighed. The kidney index (%) was calculated as kidney weight (g)/fasting body weight (g) x 100%.

2.5.3. Detection of biochemical index and histopathological evaluation

Blood samples collected after 3 days and 7 days of intervention were centrifuged at 3500 rpm for 15 min at 4 °C. Serum levels of
SUA, SCr and BUN were detected using an automatic biochemical analyzer (Toshiba, Japan). Urine was centrifuged under the same
conditions and UUA content was determined. The left kidney was cut along the longitudinal axis. Half of the kidney was immersed in
10% neutral formalin, and then routinely dehydrated, embedded in paraffin, sectioned and stained with HE to evaluate the
morphological changes. The other half of the kidney was soaked in absolute ethanol and Gomori staining was performed to evaluate
urate deposition.

2.6. Detection of inflammatory factors

Kidney tissue stored at —80 °C was thawed and a portion (approximately 100 mg) of the tissue was cut away with scissors. After
adding 10 times the volume of pre-cooled PBS, the tissue was homogenized and placed at —20 °C overnight and then thawed; this
freeze-thaw process was repeated twice. The resulting homogenate was centrifuged at 5, 000 rpm for 15 min at 4 °C and the super-
natant was collected immediately for measurement of the inflammatory factors IL-6, TNF-q, IL-1f and IL-18 by ELISA.

2.7. RT-PCR

Total RNA was extracted from kidney tissue using TRIzol reagent according to the manufacturer’s instructions. After filtration and
washing, the RNA was reverse transcribed into cDNA, for use as a template in the RT-PCR analysis. Primers were designed based on
sequences identified in PubMed searches, and synthesized by Sangon Biotech (Shanghai); details of the primers are shown in Sup-
plementary Table 1. Two-step detection was performed with GAPDH as the internal reference, and relative gene expression was
calculated using the 2722 method.

2.8. Western blot analysis

Kidney tissue stored at —80 °C was thawed and a portion (approximately 60 mg) was placed in RIPA lysis buffer containing and
PMSEF inhibitor for homogenization on ice for 30 min. After centrifugation at 14,000 rpm for 5 min at 4 °C, the protein concentration of
the supernatant was determined using a BCA assay (Beyotime, Shanghai, China). After adding loading buffer and denaturation at
100 °C for 5 min, approximately 50 pg of total proteins per sample were separated by SDS-PAGE and transferred to a PVDF membrane.
After blocking with 5% dried skimmed milk, the membranes were washed with 0.2% Tween-20 PBS and incubated overnight at 4 °C
with primary detection antibodies (anti-ABCG2, anti-NLRP3 and anti-GAPDH). The membranes were then incubated with a horse-
radish peroxidase-conjugated secondary antibody for 2 h at room temperature. Bands were visualized by enhanced chemiluminescence
and analyzed using the Protein Simple Imaging system. The integrated optical density of each band was analyzed using ImageJ.

2.9. Statistical analysis

All statistical analyses were performed using SPSS 20.0 software. Data were presented as mean =+ standard deviation (SD). One-way
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ANOVA was used for comparison of groups. For normally distributed data, the LSD method was used for analysis; otherwise the
Tamhane’s T2 method was used. Graphs were generated using Prism 8.0 software (GraphPad software, USA), and P < 0.05 was
considered to indicate statistical significance.

3. Results
3.1. HPLC analysis of CQD

According to the provisions of the Chinese Pharmacopoeia, the following six chemical components were detected as landmark
components of CQD: (A) geniposidic acid, (B) chlorogenic acid, (C) verbascoside, (D) typhaneoside, (E) isorhamnetin-3-O-
neohesperidoside, (F) p-ecdysterone, among which cheqianzi, niuxi, and puhuang have the corresponding components determined
in the Pharmacopoeia, while sangbaipi is not mentioned. Through reviewing the literature [27,28], we found that chlorogenic acid can
be used as a standard to verify the quality of sangbaipi. The HPLC chromatograms (Fig. 1a—f) indicated that the main chemical
components of each herb complied with the Pharmacopoeia regulations, and were suitable for subsequent experiments.

3.2. Network construction and analysis

3.2.1. CQD-active compound network analysis

After searching the relevant literature, we found that the TCMs cheqianzi, niuxi, puhuang and sangbaipi contained 111, 151, 100
and 218 compounds, respectively. The four TCM contained 7, 14, 18 and 10 superposed components, respectively, which are 23
components. The four TCMs had 104, 137, 82, and 208 unique active ingredients, respectively (Supplemental Figure S1). These results
suggested that different TCMs with the same pharmacological effects may have the same components. Different herbs contain a variety
of effective components, which is an important material basis for the multi-target effects of TCMs.

3.2.2. Identification of CQD and HUA-related targets

By screening the target scores, we identified 16,086, 31,990, 25,810, and 33,928, corresponding targets of chegianzi, niuxi,
puhuang, and sangbaipi, respectively. After standardization, a combined total of 4101 targets of the four TCMs were identified,
demonstrating that many compounds share the same targets. Subsequently, 16,705 targets related to “HUA” were retrieved from
multiple databases. Targets shared by at least two databases were screened, and after removal of duplicates, 740 targets were retained
as HUA-related targets.

3.2.3. Protein-PPI network of CQD therapeutic targets for HUA

The intersection of CQD and HUA targets contained 392 common drug-disease targets (Fig. 2a). These 392 targets were screened
using STRING to obtain the corresponding PPI network (Fig. 2b). Each node represents all proteins produced by a single protein-coding
gene locus, and the edges represent protein-protein associations. The thickness of the network edge indicates the strength of data
support. According to the confidence level, there were 390 network nodes and 4528 edges. The network was found to contain the
corresponding UA-related transporters, while the dense central region contained mostly inflammation-related targets, suggesting that

e f

Fig. 1. HPLC chromatograms. (a) HPLC chromatogram of six chemical standards. A-F represent the following chemical standards: geniposidic acid,
chlorogenic acid, verbascoside, typhaneoside, isorhamnetin-3-O-neohesperidoside and p-ecdysterone. (b) HPLC chromatogram of CQD. (c) HPLC
chromatogram of Chegianzi. (d) HPLC chromatogram of Niuxi. (e) HPLC chromatogram of Puhuang and (f) HPLC chromatogram of Sangbaipi.
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Fig. 2. Network pharmacology analysis results. (a) Venn diagram showing the targets of CQD (blue circle) and HUA (yellow circle), with the
common core targets shown in the overlapping region. (b) PPI network of CQD targets against HUA. (c) Key targets of CQD against HUA. (d) CQD
compound target-HUA network. The green and red rectangles represent the nodes of CQD and HUA. The yellow diamonds represent the nodes of the
four herbs. The blue circle represents the core targets nodes. The purple triangle represents the nodes of the CQD compounds corresponding to core
targets. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

CQD reduces UA levels and exerts nephroprotective effects through an anti-inflammatory mechanism.

3.2.4. The CQD-compound-target-HUA network
Screening of the 390 targets identified in STRING using Cytoscape yielded 99 corresponding core targets (Fig. 2c). Most of the

targets with higher scores were related to inflammation, such as IL-6, TNF-a, IL-1f, IL-18, and NLRP3. A study showed a strong
correlation between NLRP3 activation and high expression of inflammatory factors, such as IL-6, TNF-a, IL-1p, and IL-18 [29].
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of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Combined with other reports, this study indicated that the increase in levels of inflammatory factors and activation of the NLRP3
inflammasome caused by soluble UA is closely related to some kidney diseases [30,31], suggesting that the anti-inflammatory effect of
CQD contributes to its nephroprotective effect. In addition, CQD-related core targets also include the ABCG2 transporter [32],
dysfunction of which is a common mechanism for inducing UA production, leading to decreased extrarenal urate excretion and
increasing the prevalence of HUA [33]. These findings suggested that CQD promotes UA excretion by upregulating the expression of
ABCG2. A “CQD-compound-target-disease network diagram” representing the interactions between CQD and herbs, herbs and com-
pounds, compounds and targets, and targets and diseases is shown in Fig. 2d.

3.2.5. GO and KEGG pathway enrichment analyses

To explore the molecular mechanism underlying the effects of CQD on HUA, we performed GO and KEGG pathway enrichment
analyses of the 99 candidate targets. In total, 1727 different entries were found in the GO analysis, most of which were related to
categories including response to hormone, regulation of defense response, regulation of small molecule metabolic process, and
regulation of apoptosis signaling pathway. Statistical analysis suggested that response to hormone and regulation of small molecule
metabolic process were closely related to the effects of CQD on HUA (Fig. 3a). Furthermore, 177 items were found in the KEGG
pathway enrichment analysis, of which the main pathways included lipid and atherosclerosis, AGE-RAGE signaling pathway in dia-
betic complications, and the NF-kB signaling pathway (Fig. 3b); the lipid and atherosclerosis pathway was identified as the most
important and therefore, selected for further analysis.
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Fig. 4. Biochemical and pathological effects of CQD in rats. (a) Effect of CQD on urine volume. (b) Effect of CQD on kidney index. (c) Effect of CQD
on SUA concentration. (d) Effect of CQD on UUA concentration. (e) Effect of CQD on SCr concentration. (f) Effect of CQD on BUN concentration.
Data represent the mean -+ standard deviation (SD). *P < 0.05 and **P < 0.01 vs Control group. *P < 0.05 and *#P < 0.01 vs. Model group. (g)
Effect of CQD on renal histopathology. The black arrow indicates dilated renal tubules. The yellow and green rectangles indicate inflammatory cells
and sloughed cells, respectively (HE staining). (h) Effect of CQD on urate deposition in renal tissues. The red rectangle indicates the urate crystals in
rat kidneys (Gomori staining). Scale bar: 50 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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3.3. CQD reduces UA and alleviates kidney injury in rats

3.3.1. Effects of CQD on general physiological indexes in rats

Based on the results of our network pharmacology analysis, we then evaluated the therapeutic effect of CQD in a rat model of HUA.
After drug intervention, the urine volume of the Model group was significantly decreased compared with that of the Control group (P
< 0.01), while the volume was significantly increased in the CQD group (P < 0.05); however, there was no significant change in urine
volume in the Allo group (Fig. 4a). These findings suggested that CQD treatment significantly increases urine output, which promotes
UA excretion, while Allo group did not. The kidney index of rats in the Model group was significantly higher than that in the Control
group (P < 0.01), while that of the CQD group was significantly lower. The kidney index of rats in the Allo group did not decrease
significantly, but increased significantly compared with that of the Control group (P < 0.01) (Fig. 4b). In terms of gross appearance, the
kidneys in the Control group were ruddy in color and normal in shape. (Supplement Figure S2), while those in the Model group showed
marked swelling and pallor, with white particles on the surface that were suspected to be urate particles. The kidneys in the CQD group
appeared relatively normal, without obvious lesions, while those in the Allo group showed obvious swelling and pallor, but no white
particles were observed on the surface.

3.3.2. Effects of CQD on biochemical indexes in rats

After day 3 of intervention, the SUA in the Model group was significantly higher than that in the Control group (P < 0.05), and a
further increase of SUA was observed obvious after day 7 (P < 0.01). Compared with the Model group at day 3, the SUA concentrations
of the CQD and Allo groups were decreased slightly, with significant differences between the treatment and Model groups apparent at
day 7 (P < 0.05 and P < 0.01, respectively). Furthermore, the decrease in SUA concentrations was more marked in the Allo group than
that in the CQD group (Fig. 4c). In addition, the UUA level in the Model group was increased compared with that in the Control group,
while it was decreased after treatment, although the effect was but not statistically significant (Fig. 4d). Similar alterations were
observed in the levels of SCr and BUN (Fig. 4e and f). Compared with the Control group, increased levels of SCr and BUN were observed
in the Model group on day 3 of the intervention, although only the change in BUN was statistically significant (P < 0.01). Furthermore,
compared with the Model group, the levels of SCr and BUN decreased in the CQD group, although the change was not statistically
significant. Furthermore, while the levels of SCr and BUN in the Allo group did not change significantly compared with those in the
Model group, the levels were significantly increased compared with Control group (P < 0.05). On day 7 of the intervention, the changes
observed were more marked, with significant increases in the levels of SCr and BUN in the Model group compared to those in the
Control group (P < 0.05 and P < 0.01, respectively). The levels of SCr and BUN in the CQD group were significantly lower than those in
the Model group (P < 0.05 and P < 0.01, respectively). While the levels of SCr and BUN in the Allo group did not change significantly
compared with those in the Model group, the levels were significantly increased compared with those in the Control group (P < 0.01).
These results showed that the levels of SUA, SCr and BUN in the Model group increased significantly over time compared with those in
the Control group. Both CQD and Allo treatment reduced SUA levels. CQD treatment alleviated kidney injury, while Allo treatment did
not.

3.3.3. Effects of CQD on kidney histopathology in rats

Histopathological results showed that there were no obvious pathological changes in the Control group; the shape of the glomerulus
and renal tubules were normal, and there were no abnormalities in the renal interstitium, although a few inflammatory cells were
observed. Marked pathological changes were observed in the kidneys of the Model group; large areas of blood stasis, obvious tubular
dilation and epithelial cell shedding, were observed with severe inflammatory cell infiltration, and occasional eosinophilic degen-
eration and cell necrosis. The trend of renal tubular dilation in the CQD group was less marked than that in the Model group, and the
glomerular morphology was relatively intact, with occasional mild inflammatory cell infiltration. However, the degree of renal tubular
dilatation in the Allo group was greater than that in the Model group, with infiltration by numerous inflammatory cells (Fig. 4g).
Gomori staining revealed that there was no urate crystal deposition in the Control group, while the deposition was marked in the Model
group. However, only few urate crystals were observed locally in the CQD and Allo groups (Fig. 4h).
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Fig. 5. ELISA analysis of the effects of CQD on the relative content of (a) IL-6, (b) TNF-a, (c) IL-1p, (d) IL-18. Data represent the mean + SD (n = 6).
*P < 0.05 and **P < 0.01 vs. Control group. “P < 0.05 and *#P < 0.01 vs. Model group.
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3.4. Effect of CQD on inflammatory factors levels in rat serum

Compared with the Control group, serum levels of inflammatory factors (IL-6, TNF-a, IL-1p and IL-18) were significantly increased
in the Model group (P < 0.01). Compared with the Model group, the serum levels of all inflammatory factors in the CQD group were
significantly decreased (P < 0.01), while the levels in the Allo group were significantly increased, with slightly higher levels of IL-6 and
IL-1p in the Allo group than those in the Model group (Fig. 5a—d).

3.5. Effect of CQD on mRNA expression of ABCG2, NLRP3 and caspase3

Compared with the Control group, mRNA expression of ABCG2 in the Model group was significantly downregulated (P < 0.01),
while after CQD and Allo treatment, its expression was significantly upregulated (P < 0.01) (Fig. 6a). In contrast, mRNA expression of
NLRP3 and caspase3 was significantly upregulated compared with that in the Control group (P < 0.01 and P < 0.05, respectively)
(Fig. 6b and c), while the levels were significantly downregulated after CQD treatment (P < 0.01 and P < 0.05, respectively). There was
no significant difference in mRNA expression of caspase3 in the Allo group compared with that in the Control group, while the mRNA
expression of NLRP3 was significantly upregulated (P < 0.01).

3.6. Effect of CQD on ABCG2 and NLRP3 protein expression

As shown in Fig. 6d, the expression of ABCG2 protein in the Model group was significantly decreased compared with the Control
group, while its expression significantly increased in the CQD and Allo groups (P < 0.05 and P < 0.01, respectively) (Fig. 6e). The
opposite pattern of changes was observed for NLRP3 protein expression. Compared with the Control group, NLRP3 protein expression
in the Model and Allo groups was significantly increased (P < 0.01), while that in the CQD group was significantly lower than that in
the Model group (P < 0.01) (Fig. 6f). The original images without adjustment are shown in the supplementary file figure s3. These
findings suggested that CQD and Allo groups reduce UA by increasing ABCG2 expression at both the mRNA and protein levels,
although only CQD provided renal protection by downregulating the mRNA and protein expression of NLRP3 expression at both the
mRNA and protein levels and reducing the levels of inflammatory factors.

4. Discussion

According to modern medicine, HUA is a chronic metabolic disease caused by dysregulation of purine metabolism. According to
TCM, the pathogenesis of HUA is complex and caused mainly by insufficient endowment, exogenous pathogenic factors, seven
emotions and internal injuries, improper diet, deficiency of viscera, dampness, phlegm, and blood stasis, with the main disease location
in the spleen and kidney [34]. Most of the commonly used clinical drugs are single drug components with direct effects on a single
target. However, the multi-component, multi-target characteristics of TCM are more conducive to improving various symptoms of
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Fig. 6. Analysis of the effect of CQD on mRNA expression of (a) ABCG2, (b) NLRP3, (c) caspase3. Effect of CQD on the protein expression of (d)
ABCG2 and NLRP3. Data represent the mean + SD (PCR: n = 6; Western blot: n = 3). *P < 0.05 and **P < 0.01 vs. Control group. #p < 0.05 and ##P
< 0.01 vs. Model group.
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HUA, thereby providing a more comprehensive treatment approach.

All four herbs in CQD have been included in the 2020 edition of the Chinese Pharmacopoeia [35]. According to the Pharmacopoeia,
we selected genipinic acid and verbascoside to verify cheqianzi, typhaneoside and isorhamnetin-3-O-neohesperidoside to verify
puhuang and p-ecdysterone as the critical marker of the quality of niuxi. However, there is no corresponding quality standard for
sangbaipi, chlorogenic acid has been widely used for this purpose [28,36]. In validate chlorogenic acid as a specific marker to assess
the quality of sangbaipi in CQD, we detected its presence in each herb and confirmed that the other three herbs did not contain
chlorogenic acid.

The emergence of network pharmacology has provided a solution to studying complex TCMs, with their multiple components,
targets and interactions. This discipline has facilitated transformation of the “single target, single drug” model to the “network target,
multi-component therapy” model that can be used to predict and screen the effective components and related targets of TCMs, as well
as their potential mechanisms of action [37]. Previous network pharmacology analysis of the mechanism underlying the therapeutic
effects of Plantaginis Herba in HUA has provided promising new treatment strategies [15]. To obtain the most comprehensive effective
chemical components of CQD, we study searched the literature published in recent years on the detection of TCM components in each
herb. The BATMAN-TCM database was used to integrate the targets of each of the identified components according to the score to
obtain a set of related targets of CQD. A set of 99 core HUA-related targets were used to construct the CQD-compound-target-disease
interaction network. The network was found to contain the UA-related transporter ABCG2, suggesting that CQD may mediate a
reduction in UA, which is consistent with the efficacy reported in ancient texts. IL-6, TNF-a, IL-1p, IL-18, caspase3 and NLRP3 were also
included in the network, and the scores of these inflammatory factors were generally high. These targets indicate that CQD also
regulates inflammation and apoptosis, suggesting that CQD has nephroprotective effects [38]. The GO and KEGG functional enrich-
ment analysis showed that the role of CQD was related to the regulation of defense response and lipid and atherosclerosis pathways,
suggesting key roles for the pathways in the therapeutic effects of CQD on HUA, although further research is required to fully elucidate
the underlying mechanism.

Subsequently, we conducted in vivo pharmacodynamic studies in animals to verify the network pharmacology predictions of
targets associated with the therapeutic effect of CQD on HUA. Compared with the Model group, CQD promoted urination, significantly
decreased the level of SUA, and reduced the black crystals of urate in the kidney, indicating that CQD mediates a reduction in UA. CQD
has shown excellent UA-lowering effects in animal models. HUA is often accompanied by kidney injury, which can lead to vascular and
tubulointerstitial lesions that accelerate the progression of chronic kidney disease [3]. UA activates the immune system and changes
the characteristics of resident renal cells, such as tubular epithelial cells, endothelial cells, and vascular smooth muscle cells to a
proinflammatory and profibrotic state [39]. Therefore, effective treatment of HUA with kidney injury requires drugs with the capacity
to both reduce UA levels and provide renal protection; however, while the drugs commonly used in clinical practice generally have
good UA-lowering effects, the renal protection is less effective. In our study, we found that Allo significantly reduced UA levels
compared with those in the Control group, but without obvious renal protection, and even tended to exacerbate kidney injury over
time. Most of the drugs currently used to treat HUA in clinical practice have the same disadvantages as Allo, which is widely used [40].
We showed that CQD significantly reduced the renal index and levels of SCr and BUN. Furthermore, HE staining indicated that the
degree of kidney injury in the CQD group was significantly reduced compared with the Model group, confirming that CQD has a better
therapeutic effect on HUA with kidney injury.

We also performed network pharmacology analysis to clarify the mechanism underlying the therapeutic effects of CQD on HUA.
ABCG2 was originally discovered in multidrug-resistant breast cancer cell lines [32]. Urate homeostasis in humans is a complex
process involving urate biosynthesis, renal urate reabsorption, and renal and intestinal urate excretion. Dysregulated UA excretion is
one of the common causes of HUA, and ABCG2 is involved in the elimination of urate [41]. Thus, ABCG2 is implicated as a therapeutic
target for HUA. In a recent study, a new antidiabetic agent was shown to promote the expression of the UA transporter ABCG2,
p-AMPK, p-AKT and p-CREB proteins in the kidney and ileum. The same trend was observed in human tubular epithelial (HK-2) cells in
vitro. These changes indicate that ABCG2 is indeed closely related to the reduction of UA [42]. When evaluating the effect of
Yi-Suan-Cha and exploring its mechanism of action, it was found that the increased expression of ABCG2 in the kidney did indeed
increase the UA excretion, and cooperated with various transporters in vivo to reduce UA [43]. In addition, a retrospective cohort
study showed that dysfunction in ABCG2 can lead to elevated serum UA concentrations, with persistent high UA increasing the risk of
induced renal injury. Furthermore, the conditions are more severe in individuals with highly dysfunctional ABCG2 [44]. This new
finding highlights the potential importance of ABCG2 in the pathogenesis of HUA-induced kidney injury. In our study, using a rat
model of HUA, we found that the SUA level was significantly increased in the Model group, and ABCG2 expression was significantly
reduced at both the mRNA and protein levels. In contrast, the levels of SUA were significantly decreased after CQD and Allo
administration, and ABCG2 expression was significantly increased in both groups. The beneficial effects on UA excretion indicate that
CQD reduces UA by upregulating ABCG2 expression to promote UA excretion, thereby alleviating kidney injury.

In addition, the inflammatory factors IL-6, TNF-a, IL-1B, IL-18, and NLRP3 were also identified as core targets in the network.
NLRP3, is a member of a cytoplasmic protein complex that can recognize various stresses, exogenous microorganisms, and endogenous
danger signals, activates caspase-1 and induces the production of IL- 1p and IL-18 [45]. In recent years, accumulating evidence has
demonstrated that HUA-induced autophagy and NLRP3-dependent inflammation are closely related to the development of kidney
injury [46,47], and the inflammatory response leads to apoptosis. In addition, caspase3, an apoptosis-related target in the network,
was also assigned a high score as a CQD target. NLRP3 inflammasome activation has been shown to mediate diverse chronic kidney
diseases through regulation of proinflammatory cytokines, tubulointerstitial injury, glomerular diseases, renal inflammation, and
fibrosis pathways. Autophagy is a characterized by negative regulation of the NLRP3 inflammasome, and some drugs can achieve
renoprotective effects through the inhibition of NLRP 3 inflammasome activation by inducing autophagy [48]. Recent studies have
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shown that UA upregulates autophagy and further activates the NLRP3 inflammasome, leading to pyroptotic cell death. In vitro and in
vivo studies showed that blockade of autophagy improves UA-induced pyroptosis by inhibiting autophagic-inflammasome pathways,
preventing the occurrence of hyperuricemic nephropathy [49]. In addition, following NLRP3 inflammasome and cytokine abundance
were found to be significantly increased in macrophages treated with UA, while miR-223 provided negative feedback regulation of
inflammatory development by inhibiting the production of IL-18 and TNF-a. Thus, these findings provided evidence that UA regulates
cytokine production by targeting the NLRP3 inflammasome [50]. In this study, NLRP3 inflammasome expression was significantly
downregulated at the mRNA and protein levels in the CQD group compared with the Model group, suggesting that CQD exerts a
nephroprotective effect by inhibiting NLRP3 expression and thus, reducing cytokine levels.

In summary, our network and experimental pharmacology analyses demonstrated that CQD significantly reduced UA, inhibited
inflammatory responses, reduced apoptosis, and protected kidneys, thus providing new evidence to support the application of CQD in
the treatment of HUA with kidney injury. However, the related pathways of network pharmacology still need to be verified by further
studies, so as to further investigate the mechanism of action of CQD on HUA treatment and lay the foundation for clinical drug
development.

5. Conclusion

In this study, it is found that CQD reduces UA by acting on the ABCG2 transporter, while inhibiting the NLRP3 inflammasome to
improve inflammatory responses, and reduce apoptosis, thereby exerting a protective effect on the kidneys. These results implicate
CQD as a promising TCM candidate for the treatment of HUA with kidney injury.
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Abbreviations

CQD Chegqianzi Decoction

TCM Traditional Chinese Medicine

UA uric acid

HUA hyperuricemia

HPLC high performance liquid chromatography

SUA serum uric acid
SCr serum creatinine
BUN blood urea nitrogen

ABCG2 adenosine triphosphate (ATP)-binding cassette efflux transporter G2
NLRP3  NOD-like receptor family member 3
Ethb ethambutol

AD adenine

Allo allopurinol

HE hematoxylin eosin
IL-6 interleukin-6
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TNF-a tumor necrosis factor-a

IL-1B interleukin-1p

IL-18 interleukin-18

ELISA  enzyme-linked immunosorbent assay

CNKI China National Knowledge Infrastructure
GO Gene ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
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