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Introduction: Recent studies have underscored the role of interactions between
Traditional Chinese Medicine (TCM) and the gut microbiome (GM) in mediating
therapeutic effects. Jian-Pi-Yi-Shen Formula (JPYSF) has shown ef�cacy in
ameliorating chronic kidney disease (CKD) symptoms, but its mechanisms via
GM modulation remain unclear.

Methods: In this study, 8-week-old rats were assigned to three groups after a
two-week acclimation: C (normal diet for six weeks), M (adenine diet for four
weeks then normal diet for two weeks), and T (same as M, with JPYSF
administered during the �nal three weeks). Fecal samples were collected at
three timepoints (T1: post-acclimation; T2: after three weeks on respective diets;
T3: after three weeks of JPYSF treatment) for metagenomic sequencing. Serum
creatinine (SCR) was measured at T2 and T3.

Results: At T2, adenine-fed rats showed elevated SCR (C: 28.4 ± 1.5 µmol/L; M:
189.6 ± 25.8µmol/L; T: 186.4 ± 32.5µmol/L; p < 0.001). By T3, SCR decreased
more in T (86.0 ± 14.9µmol/L) than in M (119.6 ± 16.3µmol/L; p = 0.012), with C
remaining stable (30.8 ± 4.4µmol/L). Adenine feeding induced signi�cant GM
shifts, evidenced by increased Aitchison distance (p < 0.01) and altered co-
abundance interaction groups (CIGs): CIG3, 6, 9, 10 increased; CIG1, 2, 4, 12
decreased (all p < 0.05). After JPYSF treatment, only CIG4 signi�cantly rebounded
(T3 vs. M, p = 0.0079), and T3-T1 dissimilarity was lower in T than M (p < 0.05).
SCR levels were signi�cantly lower in T than M after returning to a normal diet,
suggesting a renoprotective effect of JPYSF. Co-occurrence analysis linked SCR
positively with toxin-associated CIGs (CIG3, 6, 7, 9, 10) and pathways (purine
metabolism, toluene degradation), and negatively with CIG4.

Discussion: These results demonstrate that JPYSF lowers SCR and selectively
modulates GM modules, particularly CIG4, which inversely correlates with
uremic toxin–producing pathways, suggesting improved renal function and
speci�c gut microbiota modulation in CKD rats.
KEYWORDS

traditional Chinese medicine, Jian-Pi-Yi-Shen formula, chronic kidney disease, gut
microbiome, uremic toxins, metagenomic sequencing
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Introduction

CKD affects an estimated 434.3 million adults across Asia as of
2020 (Liyanage et al., 2022). CKD can lead to end-stage renal
disease (ESRD) and associated conditions such as cardiovascular
comorbidities and cachexia, resulting in nearly 1.2 million deaths
annually (Bikbov et al., 2020; Kalantar-Zadeh et al., 2021). TCM has
demonstrated ef�cacy in alleviating CKD (Mao et al., 2020; Wang
et al., 2020a), yet the underlying mechanisms remain poorly
understood. Recent studies highlight the role of GM dysbiosis in
CKD and underscore the importance of TCM-GM interactions in
disease management (Wang et al., 2020b; Zhang et al., 2022; Wang
et al., 2023).

Emerging studies reported decreased levels of bene�cial bacteria
such as Faecalibacterium, Roseburia, Clostridium cluster IV,
Eubacterium, Bi�dobacterium, Lactobacillaceae, accompanied by
an overrepresentation of Enterobacteriaceae in CKD patients (Hu
et al., 2020; Wu et al., 2020; Wang et al., 2023). Wang et al. found
that Eggerthella lenta and Fusobacterium nucleatum increased
uremic toxin production, contributing to CKD pathogenesis
(Wang et al., 2020b). Probiotic treatment with Bi�dobacterium
animalis A6 reduced these pathogenic bacteria, leading to
decreased serum levels of uremic toxins, creatinine and urea, as
well as attenuated glomerulosclerosis (Wang et al., 2020b).
Additionally, alterations in GM and its metabolome were closely
associated with serum metabolomic pro�les and CKD severity
(Wang et al., 2020b, 2023, 2023).

In addition, GM can impact host metabolism through
interactions with diet and pharmacological agents, including
TCM (Zhang et al., 2020). For example, Gegen Qinlian decoction
(GQD) modulated GM and effectively alleviated type 2 diabetes
(T2D) by lowering fasting blood glucose (FBG) and glycated
hemoglobin (HbA1c) levels (Xu et al., 2015). Similarly, Huang-
qin decoction (HQD) alleviated gastrointestinal disorders and
attenuated dextran sulphate sodium-induced colitis by reducing
the abundance of Desulfovibrio and Helicobacter while increasing
Lactococcus (Yang et al., 2017). Ganoderma lucidum extract
similarly reshaped GM by lowering the Firmicutes/Bacteroidetes
ratio and reducing endotoxin-producing Proteobacteria in a high-
fat diet-induced dysbiosis model (Chang et al., 2015). Moreover,
GM is known to metabolize TCM-derived compounds, mediating
therapeutic outcomes through the biotransformation of �avonoids,
saponins, and anthraquinones (Bae et al., 2000, 2002; Song et al.,
2011; Chiou et al., 2014; Xiao et al., 2016). While the pivotal role of
GM in TCM therapy is increasingly evident, the speci�c
interactions between TCM and GM in CKD remain to be clari�ed.

Jian-Pi-Yi-Shen Formula (JPYSF), a patented traditional
Chinese medicine developed by Professor Li Shunmin, has been
widely applied in the clinical management of CKD for decades and
is regarded as a representative formula that “strengthens the spleen
and kidney.” It comprises eight Chinese medicinal herbs and has
shown promising ef�cacy and safety in CKD treatment (Liu et al.,
2020a, 2021, 2022). Previous studies have demonstrated that JPYSF
exerts multi-targeted effects in delaying CKD progression, including
anti-in�ammatory activity, improvement of iron-de�ciency anemia
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(Li et al., 2023a), inhibition of mitochondrial �ssion, promotion of
mitochondrial fusion, and attenuation of oxidative stress (Liu et al.,
2018). In both 5/6 nephrectomy and adenine-induced CKD rat
models, JPYSF has been shown to attenuate disease progression (Liu
et al., 2018; Zhao et al., 2022). A recent study further demonstrated
that JPYSF attenuates CKD progression by modulating macrophage
polarization and amino acid metabolism, particularly through
tryptophan and betaine pathways (Li et al., 2024b). Nonetheless,
the precise molecular mechanisms underlying its therapeutic effects,
particularly its role in modulating the gut microbiota, remain to be
further elucidated.

In this study, we established the CKD rat model using a diet
containing 0.75% adenine. JPYSF was subsequently administered,
and its renoprotective effects were evaluated by measuring serum
creatinine (SCR) levels. The adenine-induced model is a widely
accepted and reproducible method for inducing CKD in rodents,
and has been extensively employed to study renal pathophysiology
and test therapeutic agents (Lu et al., 2023; Huang et al., 2024; Li
et al., 2024b; Yang et al., 2024). GM dynamic changes in response to
adenine diet and JPYSF therapies were evaluated by metagenomic
analysis. Our �ndings provide insights into the modulation of
JPYSF on GM in the treatment of CKD.
Materials and methods

Animal model

JPYSF is composed of eight traditional Chinese herbal
medicines, including Astragalus mongholicus Bunge (Fabaceae),
Atractylodes macrocephala Koidz. (Asteraceae), Dioscorea
oppositifolia L. (Dioscoreaceae), Cistanche deserticola Ma
(Orobanchaceae), Wurfbainia vera (Blackw), Salvia miltiorrhiza
Bunge (Lamiaceae), Rheum palmatum L. (Polygonaceae), and
Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae). The plant names
have been validated with https://mpns.science.kew.org/mpns-
portal/. All raw herbs were weighed and decocted twice in 8
volumes of double-distilled water (ddH2O, w/v) for 1 hour each
time. The decoction was centrifuged, and the supernatant was
lyophilized and stored at �80°C. Before administration, the
lyophilized powder was reconstituted in ddH2O at room
temperature to obtain the JPYSF extract.

The animal experiment protocol was approved by the Ethics
Committee of Shenzhen TopBiotech Co.,Ltd (TOP-IACUC-2022-
0178). Fifteen male Sprague Dawley (SD) rats (8 weeks old, 200–220
g) were obtained from the Guangdong Medical Laboratory Animal
Center (Guangzhou, China). Rats were housed under a 12-hour
light/dark cycle (07:00–19:00 for light; 19:00–07:00 for dark) with
ad libitum access to food and water, and maintained at a
temperature of 22–25°C and 40–70% humidity. All experimental
manipulations in this study were conducted during the light phase,
speci�cally between 09:00 and 12:00. Each cage measured 470 mm ×
312 mm × 260 mm, providing a �oor area of approximately 1,466.4
cm�. Three rats were housed per cage, ensuring that each animal
had about 488.8 cm� of �oor space, which complies with
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international animal welfare standards. The physical and behavioral
states of the rats were monitored daily. Throughout the
experimental period, no signs of abnormal behavior such as food
or water refusal, aggression, self-injury, bar-biting, persistent
hiding, or immobility were observed. After 14 days of
acclimatization, rats were randomly divided into three groups:
control group (C group, n=5), CKD model group (M group,
n=5), and JPYSF treatment group (T group, n=5). CKD was
induced by feeding rats an adenine-containing diet for 3 weeks.
This rat model was �rst proposed by Yokozawa in 1986 (Yokozawa
et al., 1986) and has been widely used in subsequent studies (Lu
et al., 2023; Li et al., 2024b; Yang et al., 2024). The T group received
JPYSF extract at 10.89 g/kg/day by oral gavage for 3 weeks. At the
end of the study, all rats were anesthetized for blood collection via
the abdominal aorta and euthanized by cervical dislocation
under anesthesia.
Diet composition and preparation

During the experiment, two types of diets were used: a standard
pellet diet for the control group (C group), and an adenine-
containing pellet diet for the CKD model group (M group) and
the JPYSF treatment group (T group).

Standard pellet diet: Rats in the control group were fed a
standard SPF-grade pellet diet (Guangdong Medical Laboratory
Animal Center, Guangzhou, China). This diet was commercially
prepared and widely used for laboratory rodents. It was supplied in
cylindrical pellet form, stored at 4°C in sealed packaging, and
provided ad libitum. The standard diet contained balanced
amounts of protein, carbohydrates, fats, �ber, vitamins, and
minerals, meeting the nutritional requirements for laboratory rats.
No antibiotics or medications were added.

Adenine-containing pellet diet: The adenine powder (purity
�99%, Sigma-Aldrich, USA) was processed into a customized
adenine diet by Guangdong Medical Laboratory Animal Center.
The preparation procedure was as follows: a total of 10 kg of feed
containing 0.75% adenine was prepared, requiring 75 g of adenine
powder. The feed was processed in two separate 5 kg batches. For
each batch, 37.5 g of adenine powder was �rst mixed with 100 g of
base diet powder to form a premix. This premix (137.5 g) was then
blended with 500 g of base diet powder, and �nally, the resulting
mixture was combined with an additional 4362.5 g of base diet
powder to yield a total of 5000 g, with a �nal concentration of 37.5
g/5000 g = 0.75% (w/w) adenine. The same procedure was
repeated to produce the second 5 kg batch. This method
ensured both precise concentration control and uniform
distribution of adenine within the feed. After thorough mixing,
the feed was compressed into cylindrical pellets (diameter: 12–
12.5 mm; length: 30–40 mm) using a pelletizer, followed by drying
at 60°C for 50 minutes. Once cooled to room temperature, the
pellets were irradiated with cobalt-60 at 15 kGy for sterilization,
vacuum-packed, and stored at 4°C until use. This adenine-
containing diet was provided ad libitum to rats in the M and T
groups for 3weeks. Daily feed intake was monitored, and blood
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creatinine levels were assessed after modeling to con�rm
successful induction of CKD.
Sample collection and storage

Blood samples were collected from the caudal vein at T2 for all
groups (C, M, and T) and from the abdominal aorta under
anesthesia at T3. Serum was isolated by centrifugation and stored
at -80°C. Serum creatinine (SCR) levels were measured using a
creatinine assay kit (StressMarq Biosciences, British Columbia,
Canada), following the manufacturer’s protocol. Fecal samples
from the M and T groups were collected at T1, T2, and T3. Fecal
samples were collected individually from each rat to ensure sample
identity and avoid cross-contamination. Rats were housed three per
cage, each identi�ed by ear tags. During collection, one rat at a time
was transferred to a clean environment. Typically, the rat would
defecate within a few minutes. If not, gentle abdominal massage was
applied to promote defecation. Fresh fecal pellets were collected
immediately using sterile 1.5 mL Eppendorf tubes directly from the
anal area, without contacting any external surfaces. Each tube was
labeled and immediately placed into a liquid nitrogen tank for
temporary storage. After all samples were collected, they were
transferred to a –80 °C freezer for long-term storage.
Microbial DNA extraction, sequencing and
data �lter

All microbial DNA was extracted from fecal samples according
to the protocol of the QIAamp DNA stool kit (Qiagen, Germany).
The quality of DNA was assessed via NanoDrop and Qubit (both
from Thermo Fisher Scienti�c, Singapore). Then, the DNA
fragment was selected through agarose gel electrophoresis.
Metagenomic library was generated using NEBNext® UltraTM
DNA Library Prep Kit (NEB, USA), and sequenced by the
Illumina NovaSeq 6000 platform (Illumina, United States) with
2x150bp paired-end. The high throughput sequencing data was �rst
�ltered to remove low-quality sequences, and to trim library
primers and adapters using Trimmomatic (v0.39.2) with default
parameters (Bolger et al., 2014). Then, the host DNA sequences
were removed by mapping �ltered reads against the Mus musculus
genome database (C57BL/6NJ) by bowtie2 (v2.3.5.1) (Langmead
and Salzberg, 2012).
Data annotation

Sprague-Dawley rat’s fecal gene catalog was applied to annotate
�ltered metagenomic sequencing data (Pan et al., 2018). The
abundance of taxonomy and gene function were calculated by
read counts and normalized by Reads Per Kilobase per Million
mapped reads (RPKM) (Pan et al., 2018).

The taxonomic classi�cation and gene function prediction were
also evaluated through other two databases. First, we chose the
frontiersin.org
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canonical microbe-speci�c gene sets from Biobakery suites (Beghini
et al., 2021). The unmapped high-quality reads were classi�ed via
MetaPhlAn3 (v3.0.13), and the gene functional pro�les were
constructed by Humann3 against the build-in marker gene
database. IGC (Integrated non-redundant Gene Catalog)
containing 11M comprehensive human gut microbial genes was
also applied in taxon and gene function annotation using bowtie2
(Xie et al., 2016). Then we assessed the annotation results among
three databases as follows: 1) the reads mapping ratio at phylum,
genus and species level, 2) the unmapped reads ratio, and 3) the
gene functional annotation ratio.
Co-abundance group and CAG-interaction
group analysis

All of annotated genes were clustered into CAG based on the
gene abundance pro�le using the Canopy algorithm with default
parameters (Nielsen et al., 2014). Regard previous study and
rarefaction analysis of taxon annotation and gene number, the
gene clusters with more than 700 genes were de�ned as candidate
CAGs (Nielsen et al., 2014) The abundance pro�les of CAG were
calculated by sample-wise median gene abundance.

The various microbes will interact with other microbes, acting
as interaction groups. Therefore, the correlation distance (1-
correlation coef�cient) calculated by Spearman’s rank correlation
was de�ned as the distance between different CAG. Then, we used
this distance matrix and PERMANOVA (9999 permutations, P <
0.001) to cluster CAGs into GIGs (Nielsen et al., 2014; Zhang et al.,
2015). The abundance of each GIG was calculated as the sum of the
abundance of all the microbial CAGs in the GIG (Nielsen et al.,
2014; Zhang et al., 2015).
Classi�cation of CAG in human GM
reference gene catalogue and public
database

The CAG was supposed to represent one kind of metagenomic
species. The taxonomical classi�cation of all the genes from CAGs
was annotated by mapping genes to human GM reference gene
catalogue. We also conducted the gene sequence similarity analysis
against the NCBI RefSeq database using BLASTN (e-value <1e-5),
and selected the best hit as taxonomical classi�cation. If more than
50% of the genes from one CAG were assigned a taxon, and 90% of
taxonomical genes were mapped to the same taxon, then the CAGs
could be de�ned as one species (Zhang et al., 2015).
Statistics and visualization

Based on unweighted UniFrac, principal coordinates analysis
(PCoA) was performed. Given the relatively small sample size and
the presence of potential non-normal distributions, nonparametric
tests were used. Speci�cally, the Wilcoxon rank-sum test was
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employed to evaluate inter-group differences, while the Wilcoxon
signed-rank test was applied to assess intra-group differences across
time points for the same animals. Spearman coef�cient was used to
evaluate the correlation between CIG as well as between CIG and
GM functional pathways and SCR level. Aitchison distance was
calculated by R package coda.base. It represents the Euclidean
distance after clr transformation, assessing the dissimilarity of two
samples according to microbial compositions. Analysis results were
visualized using R software (version 4.0.5).
Results

Study design

Utilizing the adenine-induced renal failure mouse model, we
evaluated the effects of JPYSF on CKD and the associated changes in
the gut microbiome (GM) under adenine diet and JPYSF
intervention (Figure 1). We analyzed SCR levels in C and T
groups at timepoint T2 to evaluate the detrimental effects of the
adenine diet on kidney function (Figure 1). Additionally, we
explored GM dynamic changes in response to the adenine diet
(Figure 1). Furthermore, SCR levels at timepoint T3 were compared
between the M and T groups to assess the therapeutic ef�cacy of
JPYSF in CKD (Figure 1).
Taxonomic annotation of metagenomics
data

The size of clean reads ranged from 3.67 to 8.45 Gb.
Approximately 45.16% of clean reads could be annotated at the
phylum level when mapped to the rat reference gene catalogue,
while 21.75% and 4.58% could be annotated at the genus and
species levels, respectively. In contrast, only 6.17% of clean reads
could be annotated at the phylum level using MetaPhlAn, with
4.55% and 4.58% at the genus and species levels, respectively.
Moreover, only 6.98%, 5.18%, and 2.66% of clean reads could be
assigned to the human reference gut gene catalogue at the phylum,
genus, and species levels, respectively.
SCR level and GM signi�cantly changed
after feeding adenine diet

Following the adenine diet, rats in the M and T groups exhibited
signi�cantly elevated SCR levels compared to rats in the C group
(T2: C group 28.4 – 1.517 umol/L, M group 189.6 – 25.75 umol/L, T
group 186.4 – 32.52 umol/L) (Figure 2A, Supplementary Table 1).
Additionally, as measured by Aitchison distance, notable variations
in GM were observed after kidney impairment (Figure 2B). Between
T2 and T1, both the M and T groups showed high Aitchison
distances, indicating that the adenine diet induced signi�cant
microbiota shifts compared to baseline. There was no signi�cant
difference between the two groups at this stage (p > 0.05), suggesting
frontiersin.org
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that the CKD model itself caused comparable GM changes in both
(Figure 2C). Among the 12 co-abundance groups (CIGs) for GM
(Figure 2D; Supplementary Table 2), the levels of CIG3, 6, 9, and 10
signi�cantly increased, while the levels of CIG1, 4, 12, and 2
signi�cantly decreased after modeling (Figure 2E; Supplementary
Figure 1A, Supplementary Table 3). These changes were
consistently observed in both M and T groups, re�ecting the
robust impact of the high-adenine diet on GM structure during
disease induction. Further analysis revealed altered levels of GM
functional pathways post-modeling, including elevated levels of
purine metabolism and toluene degradation, as well as reduced
levels of �avonoid biosynthesis (Figure 2F; Supplementary
Figure 1B, Supplementary Tables 4, 5). In the model group (M),
all three alpha-diversity metrics—Chao1 richness, Shannon
diversity, and Simpson diversity—exhibited a progressive increase
from T1 through T3, re�ecting a continual shift in gut microbial
composition during CKD induction. In contrast, the treatment
group (T) showed elevated Chao1, Shannon, and Simpson indices
at T2 relative to T1, but following three weeks of JPYSF
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administration (T3), the upward trajectories of all three metrics
were markedly attenuated. This suppression of diversity increases
by JPYSF suggests that the formula can mitigate CKD-associated
dysbiosis, maintaining microbial richness and evenness closer to
pre-modeling levels (Supplementary Figures 3A–C).
JPYSF signi�cantly reduced SCR levels and
restored speci�c CIGs in the treatment
group compared to the model group

After two weeks on a normal diet (T3), both M and T groups
had elevated SCR levels relative to the C group (M vs. C: p = 0.012;
T vs. C: p = 0.0079), but the T group showed signi�cantly lower SCR
than the M group (T = 86.0 – 14.9 µmol/L vs. M = 119.6 – 16.3
µmol/L; p = 0.012; Figure 2A). In the T3 vs. T2 comparison,
Aitchison distances decreased in both groups, re�ecting some
level of microbiota recovery. However, the T group displayed
signi�cantly higher Aitchison distances than the M group (p =
FIGURE 1

Study design and work�ow. This �gure applied icons in BioRender.com.
frontiersin.org

https://www.BioRender.com
https://doi.org/10.3389/fcimb.2025.1526863
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fcimb.2025.1526863
FIGURE 2

Variations in SCR levels and GM composition following adenine diet modeling. (A) SCR level in C, M and T groups at T2 and T3. The number up the
boxplots represents p value based on Wilcoxon rank-sum test. (B) PCoA analysis based on unweighted UniFrac for all microbial samples. (C) The
Aitchison distance of microbial samples between T1 and T2, as well as T2 and T3 in M and T groups. The p-values above the points indicate
comparisons between M and T groups at corresponding time points, calculated using the Wilcoxon rank-sum test. (D) CAG components in each
CIG. The cluster tree were constructed based on Aitchison distance. (E) Comparison of the relative abundance of selected CIGs between T1
(baseline) and T2 (post-modeling) in 10 rats from both M and T groups. This �gure highlights the immediate impact of the high-adenine diet on GM
composition. **, *** and **** represent p value �0.01, 0.001, 0.0001, respectively. (F) The heatmap of several GM functional pathways. The color
represents log2 value of T2/T1 ratio. M1–5 represent rats in the M group, and T1–5 represent rats in the T group.
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0.0079), indicating that the gut microbiota in the T group
underwent more substantial changes after JPYSF treatment than
the M group did under normal diet alone. This suggests that JPYSF
exerted a greater regulatory effect on gut microbiota composition
than spontaneous recovery (Figure 2C). GM structural shifts
persisted, but samples from the T group displayed reduced
Aitchison dissimilarity between T3 and T1 compared to the M
group (Supplementary Figure 1C).
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To further understand the variations in GM alterations between
the M and T groups, we analyzed the dynamics of 12 CIGs across
the three timepoints. Among the eight CIGs that showed notable
changes after modeling, CIG2, 6, and 9 recovered to pre-modeling
levels in both the M and T groups (Figure 3A). In contrast, CIG1
and 4 maintained low levels, while the level of CIG3 continued to
increase in both groups (Figure 3A). Notably, a signi�cant
difference was observed in the post-treatment level (T3) of CIG4
FIGURE 3

Longitudinal analysis of CIG dynamics in M and T groups across all time points. (A) Dynamic changes in selected co-abundance interaction groups
(CIGs) from T1 (baseline), T2 (after adenine-induced modeling), to T3 (after intervention phase), showing how gut microbiota composition evolved in
M and T groups. The M group resumed a normal diet after T2, while the T group received JPYSF treatment. This �gure captures both the impact of
CKD modeling (T1 to T2) and subsequent group-speci�c changes during the recovery phase (T2 to T3). The p-values above the points indicate
comparisons between M and T groups at each time point, calculated using the Wilcoxon rank-sum test. (B) Different levels of CIG4 between M and
T group at T3. The number up the boxplots represents p value based on Wilcoxon rans-sum test. (C) Co-occurrence network of 12 CIGs. Red and
blue lines represent positive and negative correlation, respectively.
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