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ABSTRACT

Extensive research has explored how Chinese herbal formulations may slow the advancement of chronic kidney
disease (CKD) by modulating colonic microflora and microbiota-derived metabolites. Despite this, it remains
unclear whether FuZhengHuaYuJiangZhuTongLuo (FZHY) exerts regulatory effects on CKD that parallel those
reported for AST-120.To address this question, we systematically compared the influence of FZHY and AST-120
on gut microbiota composition and plasma metabolomic profiles in a chronic kidney disease model. A unilateral
ureteral obstruction (UUO)-induced CKD rat model was established, after which the animals received either
FZHY or AST-120. Plasma, stool, and kidney samples were subsequently evaluated using non-targeted LC-MS
metabolomics, 16S rRNA sequencing, and histopathological assessment. Correlation networks linking bacterial
candidates with key metabolites were also constructed. Both interventions markedly mitigated UUO-associated
renal dysfunction and fibrosis while reshaping microbial communities and metabolic signatures. Relative to the
untreated UUO group, FZHY administration increased the abundance of p Firmicutes and
o_Peptostreptococcales Tissierellales, accompanied by the upregulation of 14 negative-ion and 40 positive-ion
metabolites and the downregulation of 21 and 63 metabolites, respectively. In contrast, AST-120 supplementation
elevated g Prevotellaceac NK3B31 group and f Prevotellaceae, and altered 12 negative-ion metabolites upward
and 23 downward, along with 56 positive-ion metabolites upregulated and 63 downregulated. Furthermore, FZHY
enhanced bacterial biomarkers that showed negative correlations with harmful metabolites such as 4-
hydroxyretinoic acid and positive correlations with beneficial ones like L-arginine. AST-120 enriched bacterial
biomarkers inversely associated with toxic compounds including glycoursodeoxycholic acid, 4-ethylphenol, and
indole-3-acetic acid.Both FZHY and AST-120 alleviated renal injury in the UUO-induced CKD model,
potentially through restoration of disrupted microbial and metabolic pathways. Because each treatment modulated
distinct bacterial taxa and metabolites, FZHY may serve as a valuable complementary therapeutic strategy
alongside AST-120 in CKD management.
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Introduction

Chronic kidney disease (CKD) represents a major global public health challenge, with an estimated 10 % of the
adult population affected worldwide [1]. In the Asian region alone, approximately 434.3 million adults live with
CKD, including 65.6 million individuals who have already progressed to its late stages [2]. CKD encompasses a
range of disorders within the urinary system and typically promotes systemic inflammation alongside the retention
of uremic toxins. These physiological disturbances can culminate in end-stage renal disease (ESRD),
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cardiovascular complications, and other severe outcomes [3—5]. Such complications significantly contribute to
mortality in advanced CKD and place substantial economic strain on healthcare systems [5, 6]. Consequently, the
pursuit of cost-effective and efficient therapeutic strategies for CKD remains an urgent priority.

The gut microbial ecosystem plays essential roles in carbohydrate degradation, intestinal epithelial support,
pathogen suppression, and immune and metabolic regulation. Metabolites originating from gut microorganisms—
including uremic toxins, bile acids, amino acids, lipids, and organic acids—are normally cleared through renal
excretion; however, their accumulation becomes harmful when kidney function declines. CKD is a multifactorial
condition influenced by metabolic, endocrine, and immune dysregulation [7]. Research in CKD animal models
has demonstrated elevated levels of genera such as Ruminococcus and Allobaculum [8—11], alongside increased
Eggerthella lenta, Enterobacteriaceae, and Clostridium spp., with concurrent reductions in Bacteroides eggerthii,
Roseburia faecis, and Prevotella spp. [1]. Microorganisms involved in butyrate production, indole biosynthesis,
and mucin degradation have also been linked to CKD pathology [1]. Imbalances in gut flora not only disturb
microbial composition but also drive shifts in metabolite production. For instance, harmful products such as indole
and p-cresol increase in CKD, whereas beneficial metabolites—including ketone bodies—are produced in lower
quantities [12]. CKD-associated metabolic disturbances further involve glycine-conjugated compounds and
alterations in polyamine pathways [8]. Kidney dysfunction favors the accumulation of toxins such as indole sulfate
(IS), p-cresyl sulfate (p-CS), trimethylamine, and trimethylamine-N-oxide (TMAO) [13], and failure to eliminate
these metabolites accelerates CKD progression and associated comorbidities. Modulation of gut microflora has
therefore emerged as a promising therapeutic avenue targeting gut—heart and gut-brain axes [14].

Interventions such as prebiotics, probiotics, and synbiotics have shown potential for restoring intestinal
microecology in CKD [15]. Increasing attention has also focused on Traditional Chinese Medicine (TCM), which
contains bioactive compounds capable of reshaping gut microbial communities [16—19]. The beneficial effects of
TCM often arise not only from microbial transformation of its active ingredients but also from downstream
alterations in functional lipid metabolites, amino acid metabolism, endotoxemia, and inflammatory cascades [20,
21]. As an alternative and complementary approach distinct from Western pharmacotherapy [22], TCM has been
shown to modulate microbial profiles by elevating Firmicutes and Actinobacteria while reducing
Corynebacterium and Enterococcus, and can lower circulating IS, pCS, endotoxins, and lipopolysaccharides in
CKD [23].

FuZhengHuaYuliangZhuTongLuo (FZHY) is a traditional compound formula used for antifibrotic therapy and
has demonstrated activity against renal fibrosis [24]. Nonetheless, its therapeutic relevance to CKD—one of the
primary clinical manifestations of renal fibrosis—remains insufficiently clarified. In this study, FZHY originates
from an empirical prescription formulated by our research team according to the TCM principle of “treating from
the spleen,” targeting spleen—kidney Qi deficiency. Its components, which incorporate both botanical and
zoological materials, are intended to harmonize meridians [25]. To characterize FZHY composition, we examined
multiple TCM pharmacology databases (TCMSP, TCMID, PubChem, BATMAN-TCM), identifying 316 active
constituents. Network visualization of the “drug—ingredient—target” relationships suggested strong therapeutic
potential for CKD, yet the specific chemical constituents and mechanistic pathways underlying its anti-CKD
actions remain unclear.

Key ingredients such as Astragalus membranaceus and Codonopsis codonopsis are known modulators of gut
dysbiosis [22, 26], and they can improve immune responses, reduce serum cholesterol, and modulate T-cell
activity to mitigate renal fibrosis [27]. By comparison, AST-120 is an orally administered charcoal adsorbent
widely used in CKD [28]. It binds uremic toxins including IS and PCS [29, 30] and influences toxin-producing
gut bacteria to improve renal outcomes [11, 31]. Despite the relevance of both therapeutics, a systematic, side-by-
side evaluation of FZHY and AST-120 has not yet been reported. In the present study, we compared their effects
in a unilateral ureteral obstruction (UUO)-induced CKD model, assessing microbiota composition and metabolic
alterations using 16S rRNA sequencing and metabolomics. These analyses offer deeper insight into shared and
divergent molecular mechanisms through which FZHY and AST-120 act to ameliorate CKD.

Materials and Methods

Preparation of FZHY
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FZHY was prepared using a traditional decoction-based water extraction approach. A total of 131 g of the
combined raw materials was immersed in 250 mL of water and decocted for 25-30 min. The mixture was then
simmered gently for an additional 10—15 min. Two rounds of water extraction were performed using 200 mL each
time, after which the combined filtrates were concentrated to 2.62 g/mL and stored at 4 °C. The formula consisted
of nine botanical and zoological ingredients, and all botanical nomenclature was verified using the Kew Medicinal
Plant Names Services (http://mpns.kew.org/mpns-portal/? ga=1.111763972.1427522246.145907734).

Identification of FZHY components by UHPLC-ESI-HRMS

The FZHY extract (1.25 g/mL) was centrifuged, and the resulting supernatant was filtered through a 0.22-um
Millipore membrane. The filtrate was analyzed via UHPLC-ESI-HRMS. Chromatographic separation employed
a Thermo Scientific Accucore™ C18 column (3 mm x 100 mm, 2.6 pm). The mobile phases consisted of 0.1 %
formic acid in water (A) and 0.1 % formic acid in acetonitrile (B), with the following gradient: 5-50 % B over 0—
30 min; 50-95 % B from 30-35 min; and 99 % B from 35-40 min. A 0.3 mL/min flow rate, 30 °C column
temperature, and 3 pL injection volume were used.

Mass spectrometry was performed in both positive and negative ionization modes. Instrument settings were: spray
voltage 3.2 kV, ion-source temperature 350 °C, sheath gas flow 35 arb, auxiliary gas 10 arb, and capillary
temperature 320 °C. Full MS acquisition was followed by ddMS2 scanning, with a mass range of m/z 10—1000,
70,000 resolution for precursor ions, 17,500 resolution for product ions, and stepped collision energies of 20/40/60
eV.

Animals and the UUO model

Male Sprague—Dawley rats (n = 48, aged 7-8 weeks, 240-280 g) were acquired from the Laboratory Animal
Business Department of the Shanghai Institute of Planned Parenthood Research (Shanghai, China). After a one-
week acclimation period, the animals were randomly assigned to four experimental groups: sham (n = 12), UUO
(n=12), UUO + FZHY (n = 12), and UUO + AST-120 (n = 12).

To establish the unilateral ureteral obstruction (UUO) model, rats were anesthetized with intraperitoneal sodium
pentobarbital. A left abdominal incision was made, the left ureter was exposed, and two ligatures were applied
using 4—0 sutures at the middle and upper third of the ureter. The incision was then closed in anatomical layers.
Sham animals underwent identical surgical handling except that ureteral ligation was omitted.

All procedures adhered to the National Institutes of Health Guidelines for the Use of Laboratory Animals and
were approved by the Ethics Committee of the Hospital of Chengdu University of Traditional Chinese Medicine
(approval no.: 2021DL-016). FZHY—formulated by our research group—was used as the test compound, while
AST-120 served as a positive control due to its established CKD-delaying activity. FZHY was prepared following
the protocol described previously [32], and administered orally at 4.92 g/kg/day [33]. AST-120 (spherical carbon
adsorbent, Kureha Corporation, Japan) was delivered at 4 g/kg/day [34]. Drug administration began on the second
postoperative day and continued once daily for seven consecutive days. At the time of sacrifice, seven rats from
each group were selected at random and euthanized via CO: inhalation. Fecal samples, blood, and kidney tissues
were collected for downstream analyses.

Enzyme-Linked Immunosorbent Assay (ELISA)

Blood was collected to evaluate biochemical indicators and cytokine levels. Serum was isolated by centrifugation
at 3000 rpm for 20 minutes, and concentrations of serum creatinine (SCR, ml058879) and blood urea nitrogen
(BUN, ml730662) were quantified using ELISA kits from Shanghai Enzyme-Linked Biotechnology Co., Ltd.
(Shanghai, China).

Western blotting

Total protein was extracted from kidney tissue using RIPA lysis buffer (Sangon Biotech, Shanghai, China).
Protein concentrations were quantified with a BCA assay (Beyotime, Shanghai, China). Equal amounts of protein
were separated by SDS-PAGE and transferred to NC membranes. After blocking with 5% non-fat milk,
membranes were incubated overnight at 4 °C with primary antibodies against a-SMA (clone 1A4, 1:1000, A2547,
Sigma-Aldrich, USA) or fibronectin (clone 3E2, 1:1000, Sigma-Aldrich, USA). Following TBST washes,
membranes were exposed to secondary antibodies (1:5000) for 2 h at 37 °C. Bands were visualized using enhanced
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chemiluminescence (GE Healthcare Life Sciences, USA), and densitometric analysis was performed using Image]
(version 1.4.0). GAPDH served as the loading control.

Hematoxylin & eosin and masson's trichrome staining

Kidney tissues were fixed with 4% paraformaldehyde, paraffin-embedded, and sectioned at 4 pm. Sections were
processed with xylene, dehydrated in graded ethanol, and stained with H&E or Masson's trichrome (Sigma-
Aldrich; Merck KGaA). After staining and ethanol dehydration (70% and 90%), six random microscopic fields
per sample (400x magnification) were examined using an Olympus optical microscope (Tokyo, Japan) to assess
renal injury and fibrosis.

DNA extraction and 16S rRNA sequencing

Genomic DNA was isolated from fecal samples using the SDS extraction method. DNA purity and concentration
were evaluated using a multimode microplate reader (BioTek Instruments, Inc.). The V4—V5 region of the 16S
rRNA gene was amplified with primers 16S-F (5-GTGCCAGCMGCCGCGG-3') and 16S-R (5'-
CCGTCAATTMTTTRAGTTT-3"). PCR reactions were performed using Phusion® High-Fidelity PCR Master
Mix with GC buffer. Amplicons were purified with the GeneJET Gel Extraction Kit (Thermo Scientific), used to
construct a TruSeq® DNA PCR-Free library, and sequenced on a NovaSeq6000 platform (Novogene
Bioinformatics Technology, Beijing, China).

16S rRNA data processing

Raw sequencing reads generated from NovaSeq PE250 were subjected to quality control with Trimmomatic
(version 0.36). Operational Taxonomic Units (OTUs) were clustered at 97% sequence similarity using UPARSE
(version 7.0.1001). Taxonomic assignments were conducted using the Mothur workflow and the SILVA138 SSU
rRNA database. MUSCLE (version 3.8.31) was applied to align representative OTU sequences and infer
phylogenetic relationships.

Alpha-diversity indices (Shannon, Simpson) were calculated via QIIME (version 1.9.1), and group differences
were evaluated by t-tests. Principal Coordinate Analysis (PCoA) was performed using the vegan package in R
(version 3.6.0). Differentially abundant taxa were identified with LEfSe analysis.

Metabolomics

Untargeted liquid chromatography—mass spectrometry (LC-MS) profiling of plasma metabolites was conducted
as described previously [35]. Data processing, peak alignment, and metabolite identification were performed using
Compound Discoverer 3.1. Data normalization and log-transformation were done using MetaX [36].

Differential metabolites were selected using PLS-DA with the following thresholds:

e VIP>1.0

e FoldChange > 1.5 or < 0.667

e P<0.05[37]

Volcano plots were used for visualization. Associations between altered genera and metabolites were assessed
with Spearman’s correlation (significance defined as |R| > 0.4 and P < 0.05).

Statistical analysis

GraphPad Prism 8.0 (GraphPad Software, San Diego, USA) was used for all computations. Data are displayed as
mean + standard deviation (SD). Differences among groups were assessed using one-way ANOVA, followed by
Tukey’s post hoc comparison. Statistical significance was defined as P < 0.05, with *P < 0.05 and **P < 0.01
marking graded significance levels.

Results and Discussion

Chemical composition of FZHY

FZHY was dissolved in methyl alcohol and examined by UHPLC-ESI-HRMS, which yielded a catalogue of 115
detectable constituents. These components encompassed multiple chemical families: 11 amino acids, 10
flavonoids, eight organic acids, seven alkaloids, six purine derivatives, five volatile oils, four glycosides, and four
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salvianolic acids. Additional compounds were rare (fewer than two per class) or grouped under “Other”.
According to the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform
(https://old.tcmsp-e.com/tcmsp.php), several well-recognized therapeutic constituents were present in FZHY,
including danshensu, hydroxysaftlor yellow A, ononin, baicalin, salvianolic acid B, scutellarin methylester,
calycosin, chrysophanol-8-O-B-D-glucopyranoside, wogonoside, wogonin, rhein, and skullcapflavone II.

Administering either FZHY or AST-120 improved the kidney function of UUO model rats

To determine whether the two treatments could counteract CKD progression, renal functional markers and
morphological alterations were examined in rats subjected to unilateral ureteral obstruction. ELISA revealed
markedly elevated serum SCR and BUN in the UUO group compared with sham-operated controls (Figures 1a
and 1b). Western blotting confirmed that a-SMA and Fibronectin levels were likewise increased in the UUO
kidneys (Figure 1c). Histological staining (H&E and Masson’s trichrome) showed pronounced pathological
features, including dilation of renal tubules, inflammatory infiltration, and extensive fibrosis (Figures 1d and 1e).
Administration of FZHY or AST-120 mitigated these disruptions, yielding lower SCR and BUN values, reduced
a-SMA and Fibronectin expression, and visibly less structural injury in renal tissues (Figures 1a—1e).
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e)
Figure 1. Multiple indicators of renal injury.
(a) Serum creatinine (SCR) levels are compared among rats in the sham, UUO, UUO + FZHY, and UUO +
AST-120 groups.
(b) Blood urea nitrogen (BUN) concentrations are shown for the same four groups.
(c) Western blotting displays the expression of a-SMA and Fibronectin in renal tissues from each
experimental group.
(d) Microscopic evaluation of kidney damage using H&E staining (400%) in all groups.
(e) Renal fibrosis visualized by Masson’s trichrome staining (400x).
Statistical significance: *P < 0.05, **P < (.01.

Administering FZHY or AST-120 influenced the intestinal flora of the UUO model rats

Given that both treatments alleviated renal injury by day 7, we next explored whether these interventions also
shaped gut microbial patterns by performing 16S rRNA sequencing on fecal samples from all groups. To assess
how FZHY or AST-120 affected microbial communities, a-diversity measures (richness and diversity) were
compared among the UUO, UUO + FZHY, and UUO + AST-120 groups. The Shannon and Simpson indices
decreased significantly following FZHY treatment relative to UUO, whereas AST-120 caused a mild increase in
both indices (Figures 2a and 2b).

Beta-diversity analysis (weighted distance) further revealed clear separation among the microbial communities of
the three groups, indicating distinct shifts in overall composition (Figure 2c).

LEfSe analysis was then used to pinpoint microbial taxa that contributed most strongly to the observed differences.
Numerous bacterial groups differed between the UUO and treatment groups. In rats receiving FZHY, taxa
enriched relative to UUO included p_Firmicutes, o_Peptostreptococcales Tissierellales, f Peptostreptococcale,
s Romboutsia, o _Clostridiales, f Clostridiaceaec, g Clostridium_sensu_stricto_1, o Erysipelotrichales,
f Erysipelotrichaceae, g Turicibacter, c Gammaproteobacteria, and p Proteobacteria. Conversely, the UUO
group showed higher abundances of o Clostridia UCG 014, o Oscillospirales, f Lachnospiraceae,
o_Lachnospirales, f Muribaculaceae, p_Bacteroidota, ¢ Bacteroidia, and o Bacteroidales.

Comparison of the UUO and UUO + AST-120 groups indicated that g Prevotellaceac NK3B31 group and
f Prevotellaceae were elevated after AST-120 administration. In contrast, o_Lactobacillales, f Lactobacillaceae,
g_Lactobacillus, f Muribaculaceae, s_Lactobacillus_johnsonii, and s_Lactobacillus_reuteri were more abundant
in the untreated UUO group (Figures 2d and 2e).

Notably, f Muribaculaceae was the only taxonomic group showing changes in response to both FZHY and AST-
120 in the UUO model.
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Figure 2. Differentially abundant microbiota across taxonomic levels
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Shifts in microbial richness and diversity were assessed through a-diversity measurements using the Shannon (a)
and Simpson (b) indices derived from OTU abundance in the UUO, UUO + FZHY, and UUO + AST-120 groups.
Variation in overall community structure was examined through a PCoA plot based on UniFrac distances (c).
LEfSe-based linear discriminant analysis, accompanied by cladogram visualization, identified key taxa that
distinguished the UUO group from the UUO + FZHY group (d) and from the UUO + AST-120 group (e). Taxa
shown in red indicate enrichment in the red-labelled group, whereas green bars denote taxa comparatively
enriched in the green-labelled group. Significance levels are represented as *P < 0.05, **P < 0.01, and ***P <
0.001. Taxonomic abbreviations: p (phylum), ¢ (class), o (order), f (family), g (genus), s (species). For color
interpretation, refer to the online article.
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Administering FZHY or AST-120 improved dysregulated plasma metabolites in UUO model rats

To explore how each treatment modulates metabolic pathways, an untargeted LC-MS metabolomic analysis was
conducted on plasma samples, using both positive and negative ion detection modes.

Principal component analyses revealed clear separations between the metabolic profiles of UUO rats and those
treated with either FZHY or AST-120 in both ion modes (Figures 3a, 3b, 4a and 4b).

Volcano plot comparisons showed that, relative to the UUO group, the FZHY -treated rats exhibited 14 elevated
and 21 reduced metabolites in the negative ion mode, whereas AST-120 produced 12 elevated and 23 reduced
metabolites (Figures 3¢ and 3d). For the positive ion mode, 40 metabolites increased and 63 decreased after
FZHY administration, and 56 increased and 63 decreased with AST-120 treatment (Figures 4c and 4d).
PLS-DA Z-score analyses identified 30 discriminative cationic and anionic metabolites distinguishing the UUO
+ FZHY and UUO groups, as well as the UUO + AST-120 and UUO groups (Figures 3e, 3f, 4e and 4f).

KEGG enrichment analysis of anionic metabolites revealed that the FZHY-associated differences mapped
predominantly to Steroid hormone biosynthesis, Arachidonic acid metabolism, and Amoebiasis pathways, totaling
22 enriched pathways. In contrast, the AST-120-related anionic changes were grouped into 11 pathways, notably
Thiamine metabolism, Terpenoid backbone biosynthesis, and Dopaminergic synapse pathways (Figures 3g and
3h).

The two treatments shared enriched pathways involving Steroid hormone biosynthesis, Dopaminergic synapse,
and Tyrosine metabolism.

In the positive ion analyses, FZHY-associated metabolites mapped to 15 pathways, primarily Oxidative
phosphorylation and Steroid hormone biosynthesis. AST-120 altered 20 pathways, with major enrichment in
Cortisol synthesis and secretion and Cushing’s syndrome pathways (Figures 4g and 4h).

Shared cation-related enrichments between both treatments included Oxidative phosphorylation, Steroid hormone
biosynthesis, 2-Oxocarboxylic acid metabolism, Riboflavin metabolism, Mineral absorption, Drug metabolism—
cytochrome P450, Phenylalanine/tyrosine/tryptophan biosynthesis, Protein digestion and absorption, Amino acid
biosynthesis, Unsaturated fatty acid biosynthesis, Phenylalanine metabolism, Aminoacyl-tRNA biosynthesis,
Neuroactive ligand—receptor interaction, and ABC transporters.
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Partial least squares discriminant analysis (PLS-DA) was used to evaluate overall changes in metabolite profiles,
comparing UUO rats with those treated with FZHY (a) and with AST-120 (b). Volcano plots were generated to
highlight significantly altered metabolites between UUO and UUO + FZHY (c) as well as UUO and UUO + AST-
120 (d). Z-score transformations were applied to illustrate the relative abundance shifts of metabolites in the UUO
versus UUO + FZHY groups (e) and UUO versus UUO + AST-120 groups (f). Furthermore, KEGG pathway
enrichment was performed on the metabolites showing the most pronounced differences under negative ion mode
to identify impacted metabolic pathways in UUO + FZHY versus UUO (g) and UUO + AST-120 versus UUO

(h).
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Figure 4. Metabolomics of negatively charged metabolites

To explore changes in plasma anionic metabolites, PLS-DA was used to visualize global metabolite patterns
between the UUO group and the UUO + FZHY group (a) as well as the UUO and UUO + AST-120 group (b).
Volcano plots highlighted metabolites that were significantly up- or down-regulated in UUO + FZHY versus UUO
(c) and UUO + AST-120 versus UUO (d). Relative abundance changes were further represented using Z-scores
for UUO + FZHY (e) and UUO + AST-120 (f) compared with UUO. Pathway enrichment analysis based on
KEGG databases identified the main metabolic pathways affected by these anionic metabolites for UUO + FZHY
(g) and UUO + AST-120 (h), with results displayed under positive ion mode.

Linking gut microbiota alterations to plasma metabolites
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To determine how shifts in gut microbiota relate to plasma metabolites, Pearson correlation analysis was
conducted. For the UUO + FZHY group versus UUO, correlations were assessed between 21 bacterial biomarkers
and the top 20 positive and 20 negative ion metabolites. FZHY -induced microbial changes were associated with
metabolites such as amino acids, bile acids, and other organic compounds, including citrulline, 23-nordeoxycholic
acid, and homovanillic acid (Figures Sa and 5b).

For the UUO + AST-120 group versus UUO, nine microbial biomarkers were correlated with the most altered
positive and negative metabolites, showing links to bile acids, phenols, and organic acids like
glycoursodeoxycholic acid, 3-indoxyl sulfate, and 4-ethylphenol (Figures 6a and 6b).

Across both treatments, ten metabolites—including cholic acid, androstane steroids, and other organic
compounds—were commonly associated with microbial shifts. In the FZHY group, all ten metabolites showed
strong positive correlations with f Muribaculaceae, whereas in the AST-120 group, only five metabolites—
homovanillic acid, 4-hydroxyretinoic acid, 13,14-dihydro-15-keto prostaglandin J2, taurochenodeoxycholic acid
(sodium salt), and methyltestosterone—remained significantly correlated with f Muribaculaceae.
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Figure 5. Correlation analysis for UUO + FZHY treatment

Correlation relationships between altered gut microbiota and plasma metabolites were examined in the UUO +
FZHY group relative to UUO. A heatmap displays the associations between the differential bacterial taxa and the
top 20 positive ion metabolites (a). Another heatmap illustrates the correlations between the differential
microbiota and the top 20 negative ion metabolites (b). Strong positive or negative relationships are indicated by
the intensity of the colors in the heatmap.
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Figure 6. Correlation analysis for UUO + AST-120 treatment

The relationships between altered gut microbiota and plasma metabolites were assessed in the UUO + AST-120
group relative to UUO. A heatmap demonstrates the correlations between the differential bacterial taxa and the
top 20 positive ion metabolites (a), while another heatmap shows the associations with the top 20 negative ion
metabolites (b). The intensity and color gradient reflect the strength and direction of the correlations.

Recent studies have explored the impact of gut microbiota on clinical outcomes in CKD and compared traditional
Chinese medicine (TCM) formulations with conventional kidney-targeted drugs. For example, the TCM Jian-Pi-
Yi-Shen (JPYS) decoction demonstrated superior therapeutic effects over piperazine ferulate in improving renal
outcomes [22]. Active components of TCM can reach the colon and modulate the intestinal microbiota and its
metabolites, potentially contributing to CKD management. In our investigation, FZHY treatment promoted renal
function recovery and mitigated fibrosis in UUO rats, displaying efficacy comparable to AST-120, though the
patterns of microbiota and metabolite responses differed markedly between the two treatments.

CKD is frequently accompanied by mild systemic inflammation, gut dysbiosis, and compromised intestinal barrier
function [38]. Previous research indicates that AST-120 can partially reverse gut microbial imbalances in CKD
patients [11]. In our study, AST-120 treatment reduced the abundance of Lactobacillus species while increasing
g Prevotellaceae NK3B31 group and f Prevotellaceae, consistent with previous observations linking
Lactobacillus abundance to CKD severity markers such as plasma tryptophan levels [39, 40].
Prevotellaceae UCG 001 NK3B31 group exhibits anti-inflammatory properties and negatively correlates with
IL-6 and TNF-a [41]. Butyrate-producing members of f Prevotellaceae, which are reduced in CKD patients, help
maintain intestinal barrier integrity and modulate inflammation [42]. These findings confirm that AST-120
effectively ameliorates gut microbial dysbiosis in CKD.

FZHY administration also significantly altered the intestinal microbiota of UUO rats. Studies have suggested that
the Firmicutes/Bacteroidetes (F/B) ratio is associated with various diseases, including CKD [43, 44], although
some reports indicate minimal changes in CKD patients [39]. In our study, FZHY increased p_Firmicutes and
decreased p_Bacteroidota in UUO rats, highlighting potential microbiota-modulating effects. The abundance of
o_Clostridiales, which differs significantly between CKD patients and healthy individuals, may act as a probiotic
to support kidney function [45]. Short-chain fatty acid-producing bacteria such as g Clostridium_sensu_stricto 1
enhance intestinal barrier integrity and may facilitate CKD recovery [46]. Other taxa, including
o_Erysipelotrichales, exert renal protective effects and may slow CKD progression [47]. g Turicibacter has
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demonstrated anti-inflammatory activity, and reductions in g Turicibacter and g Clostridium correlate with
decreased tryptophan, lysine, and propionic acid levels, promoting tubulointerstitial fibrosis in CKD [40, 48].
Elevated abundances of ¢_Gammaproteobacteria and p_Proteobacteria are characteristic of CKD [49]. However,
the roles of s Romboutsia and o_Oscillospirales in CKD remain unclear, warranting further investigation.
Imbalances in gut microbiota in CKD rats are closely linked to alterations in plasma metabolites. In this study,
LC-MS analysis of kidney and plasma samples revealed that FZHY treatment significantly reduced the levels of
metabolites such as 4-hydroxyretinoic acid, 5(S),15(S)-DiHETE, 23-nordeoxycholic acid, deoxycholic acid,
ursodeoxycholic acid, taurochenodeoxycholic acid (sodium salt), and citrulline, while elevating L-arginine levels.
These compounds are primarily involved in the metabolism of prenol lipids, phenolic compounds, fatty acyls, bile
acids, and amino acids. Elevated hydroxyretinoic acid is a recognized marker of chronic nephritis [50], and plasma
homovanillic acid levels closely reflect renal clearance function [51]. The inflammatory mediator 5(S),15(S)-
DIiHETE, derived from leukocytes, is typically increased in CKD and correlates with inflammatory status [52].
Bile acids, metabolites generated by gut bacteria, tend to accumulate in the serum of CKD patients and animal
models [53]. Administration of FZHY decreased the concentrations of 23-nordeoxycholic acid, deoxycholic acid,
ursodeoxycholic acid, and taurochenodeoxycholic acid, thereby mitigating CKD-related damage, consistent with
previous reports [54].

Additionally, plasma citrulline levels are higher in early-stage CKD [55], whereas L-arginine supplementation
promotes NO and urea synthesis, supporting detoxification and renal protection [56, 57]. These findings
collectively suggest that FZHY can lower harmful metabolites and contribute to CKD recovery in UUO rats.
Correlation analysis revealed that in FZHY-treated UUO rats, the relative abundance of p Firmicutes,
o_Clostridiales, g_Clostridium_sensu_stricto 1, o_Erysipelotrichales, and g Turicibacter negatively correlated
with bile acids, 5(S),15(S)-DiHETE, and citrulline, while positively correlating with L-arginine. In contrast,
p_Bacteroidota showed an inverse association pattern.

AST-120 treatment yielded similar metabolic effects, including reductions in homovanillic acid, 4-
hydroxyretinoic acid, and taurochenodeoxycholic acid. It also decreased levels of glycoursodeoxycholic acid, 4-
ethylphenol, methyl indole-3-acetate, 3-indoxyl sulfate, indoline-2-carboxylic acid, 5-methoxyindoleacetic acid,
and indole-3-acetic acid, which are involved in bile acid and indole metabolism. Dysregulated bile acid and toxin
metabolism can exacerbate CKD, as supported by prior studies [53, 58, 59]. Correlation analysis indicated that
Lactobacillus abundance positively correlated with toxins such as 4-ethylphenol and indoline-2-carboxylic acid,
while g Prevotellaceae NK3B31 group and f Prevotellaceae showed no significant associations with these
compounds. Both FZHY and AST-120 decreased Muribaculaceae abundance, a bacterial group involved in
complex carbohydrate degradation and positively associated with harmful metabolites such as ursodeoxycholic
acid, citrulline, 4-hydroxyretinoic acid, homovanillic acid, methyl indole-3-acetate, and indoline-2-carboxylic
acid, suggesting its potential role in CKD regulation.

KEGG pathway analysis further revealed that differential metabolites in both UUO + FZHY and UUO + AST-
120 groups were enriched in steroid hormone biosynthesis and amino acid metabolism, including tyrosine and
phenylalanine. Steroids, including vitamin D, are typically deficient in CKD patients [60]. Vitamin D contributes
to renal protection, reduces inflammation, downregulates the renin-angiotensin system, prevents epithelial-to-
mesenchymal transition, and regulates parathyroid hormone levels [61]. Uremic retention solutes such as indoxyl
sulfate (IS) and p-cresyl sulfate (pCS), generated from tryptophan, phenylalanine, and tyrosine by gut microbes,
accumulate in CKD and drive disease progression [63, 63]. Enhanced metabolism of these amino acids increases
p-cresol production, a precursor of uremic toxins that impairs renal function [64].

Overall, these findings indicate that both FZHY and AST-120 may alleviate renal injury by restoring metabolite
homeostasis, a process likely mediated through the gut microbiota. However, their mechanisms differ: AST-120
acts as a charcoal adsorbent that directly removes uremic toxins such as IS from the kidney, indirectly leading to
secondary renoprotective effects including microbiota and metabolite rebalancing. Conversely, FZHY contains
multiple bioactive compounds that not only reduce harmful metabolites in the intestine and suppress their
production but also directly attenuate tubulointerstitial fibrosis [65].

To explore the relationship between the primary chemical constituents of FZHY that were relatively abundant and
gut microbiota, we reviewed the relevant literature. Hydroxysafflor yellow A has been reported to increase the
relative abundance of the genus Romboutsia and reduce the Firmicutes/Bacteroidetes (F/B) ratio [66]. In cases of
intestinal dysbiosis caused by disease, baicalin can restore beneficial bacteria by elevating p_Firmicutes levels
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while reducing the increase in p_ Proteobacteria, thereby helping to reestablish microbial balance [67, 68].
Salvianolic acid B similarly increases p_Firmicutes and decreases p_Proteobacteria [69]. Currently, there is no
literature on the effects of scutellarin methylester or wogonoside on gut microbiota, nor on their potential
associations with f Muribaculaceae, which is influenced by both FZHY and AST-120.

Regarding kidney-related effects, baicalin has demonstrated renoprotective activity by suppressing NF-kB-
mediated inflammatory pathways [70, 71], whereas hydroxysafflor yellow A mitigates renal fibrosis through
inhibition of TGF-Bl-induced epithelial-to-mesenchymal transition (EMT) [72]. Salvianolic acid B also
modulates TGF-B1 signaling and EMT or Nrf2 pathways to protect against kidney fibrosis or ischemia/reperfusion
injury [73, 74]. While the roles of scutellarin methylester and wogonoside in kidney disease remain insufficiently
characterized, the deglycosylated form of wogonoside, mogonin—a key FZHY monomer—has been shown to
exert renoprotective effects [75, 76]. These findings suggest that FZHY contains multiple bioactive components
capable of protecting renal function via modulation of gut microbiota. Nevertheless, the interactions among these
monomers, the microbiota, and anti-CKD effects are complex and require further investigation.

Previous studies on individual active components of FZHY and their influence on plasma metabolites in CKD are
limited, and in some cases, their findings are not fully consistent with ours. This supports the idea that the
therapeutic effects of FZHY likely arise from the synergistic action of multiple components rather than a single
compound [77, 78]. Taken together, our results and prior research indicate that the main active molecules in FZHY
significantly modulate both CKD progression and gut microbiota composition, though each component may exert
distinct or even contrasting effects when administered alone or in combination.

Conclusion

In summary, this study demonstrated that both FZHY and AST-120 alleviate renal injury and fibrosis. While both
treatments influence gut microbiota and plasma metabolites, the mechanisms by which they act differ, as
evidenced by distinct microbial and metabolic profiles. Our findings suggest that FZHY could potentially serve
as a complementary therapy for CKD patients receiving AST-120. However, further research is necessary to
elucidate the specific anti-fibrotic effects of FZHY’s principal active compounds.
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