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Purpose: This study aimed to elucidate the impact of Jiangtang decoction (JTD) on diabetic kidney disease (DKD) and its association 
with alterations in the gut microbiota.
Methods: Using a diabetic mouse model (KK-Ay mice), daily administration of JTD for eight weeks was undertaken. Weekly 
measurements of body weight and blood glucose were performed, while kidney function, uremic toxins, inflammation factors, and 
fecal microbiota composition were assessed upon sacrifice. Ultra-structural analysis of kidney tissue was conducted to observe the 
pathological changes.
Results: The study findings demonstrated that JTD improve metabolism, kidney function, uremic toxins and inflammation, while also 
exerting a modulatory effect on the gut microbiota. Specifically, the genera Rikenella, Lachnoclostridium, and unclassified_c_Bacilli 
exhibited significantly increased abundance following JTD treatment, accompanied by reduced abundance of 
norank_f_Lachnospiraceae compared to the model group. Importantly, Rikenella and unclassified_c_Bacilli demonstrated negative 
correlations with urine protein levels. Lachnoclostridium and norank_f_Lachnospiraceae were positively associated with creatinine 
(Cr), indoxyl sulfate (IS) and interleukin (IL)-6. Moreover, norank_f_Lachnospiraceae exhibited positive associations with various 
indicators of DKD severity, including weight, blood glucose, urea nitrogen (UN), kidney injury molecule-1 (KIM-1) levels, 
trimethylamine-N-oxide (TMAO), p-cresyl sulfate (pCS), nucleotide-binding oligomerization domain (Nod)-like receptor family 
pyrin domain-containing 3 (NLRP3) and IL-17A production.
Conclusion: These findings suggested that JTD possess the ability to modulate the abundance of Rikenella, Lachnoclostridium, 
unclassified_c_Bacilli and norank_f_Lachnospiraceae within the gut microbiota. This modulation, in turn, influenced metabolic 
processes, kidney function, uremic toxin accumulation, and inflammation, ultimately contributing to the amelioration of DKD.
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Introduction
Diabetic kidney disease (DKD) is among the most frequent and severe complications of diabetes mellitus (DM), and is 
linked to elevated morbidity and mortality rates in DM patients.1 DKD afflicts approximately 21.8% to 40% of patients 
with sub-optimal glycemic control.2 Notably, China has witnessed a remarkable surge in the incidence and prevalence of 
DKD over the past decade, with an estimated DKD population of 24.3 million.3 The prevailing projection suggests that 
DKD’s prevalence will continue to escalate unless immediate enhancements are made in the clinical strategies employed 
for its prevention.4,5
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Despite the conventional therapeutic approach centers on meticulous glucose and blood pressure regulation, DKD’s 
inexorable progression towards end-stage renal disease (ESRD) and associated mortality remains unabated.6,7 This 
phenomenon can be attributed not solely to perturbed glucose metabolism and reactive oxygen species (ROS) generation, 
but also to the underlying state of chronic low-grade inflammation.8,9 Modulating the inflammatory cascade, comprising 
the suppression of adhesion molecules, chemokines, cytokines, immune cells, and intracellular signaling pathways, 
assumes pivotal significance.10–12 A series of seminal studies have lately established the involvement of nucleotide- 
binding oligomerization domain (Nod)-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome, inter-
leukin (IL)-6, and IL-17A in diverse metabolic disorders, including DM and DKD.13–15 In 2013, an intriguing connection 
between the gastrointestinal tract and kidneys was proposed, proposing a plausible role of gut microbiota dysbiosis in the 
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pathogenesis of chronic kidney disease (CKD).16 Perturbations in the gut microbiota composition, such as diminished 
Prevotella, Ruminococcaceae, Roseburia, and Faecalibacterium levels alongside augmented Parabacteroides, 
Enterococcus, Enterobacteriaceae,17 and Klebsiella proportions, have been observed in patients with CKD.18,19 

Increased Bacteroidaceae and Clostridiaceae abundance have been associated with systemic inflammation in this patient 
cohort.20 Imbalances in the gut microbiota have also been discerned in DKD patients, typified by elevated levels of 
Proteobacteria, Verrucomicrobia, and Fusobacteria.21 Furthermore, specific metabolites and toxins produced by the gut 
microbiota, such as trimethylamine-N-oxide (TMAO), p-cresyl sulfate (pCS) and indoxyl sulfate (IS), have been 
implicated in the pathological processes underlying DKD.22,23

Jiangtang decoction (JTD), a patented Chinese herbal remedy (Patent Number: 20141002188.3), has gained wide-
spread recognition in clinical practice for its utility in managing DKD.24,25 The formulation comprises Euphorbia 
humifusa Willd, Salvia miltiorrhiza Bunge, Astragalus mongholicus Bunge, Asphodelus asphodeloides Bunge, and 
Cistanche chinensis Franch. Earlier investigations from our laboratory have convincingly demonstrated JTD’s ability 
to mitigate inflammation in DKD via the phosphatidylinositol-3-kinase (PI3K) /protein kinase B (Akt) and nuclear factor- 
k-gene binding (NF-κB) signaling pathways.24 The efficacy of Berberine, a principal constituent of Cistanche chinensis 
Franch, in modulating gut microbiota has been established.26 Similarly, Astragaloside IV (AS-IV), an active moiety 
derived from Asphodelus asphodeloides Bunge, has exhibited regulatory effects on gut microbiota in the context of 
DM.27 These findings collectively endorse the gut microbiota-modulatory potential of JTD.

In this study, our objective centers on investigating the oral administration of JTD in a murine model of DKD, 
meticulously scrutinizing its effects on inflammation and mechanisms associated with uremic toxins. By unveiling the 
intricate facets of JTD’s modulatory actions and delineating its therapeutic implications for DKD, our research endeavors 
aspire to render an improved therapeutic option for this debilitating condition.

Materials and Methods
Grouping and Treatment of Animals
All animal experiments strictly adhered to the guidelines set by the National Institutes of Health (NIH) for the care and 
use of laboratory animals. The study received approval from the Institutional Animal Care and Use Committee of 
Guangdong Provincial People’s Hospital (Approval Number: KY2023-018-01). 15 male KK-Ay mice, aged between 
eight to nine weeks, and five C57BL/6J mice were obtained from Beijing Huafukang Bioscience Co., Ltd. The supplier’s 
license number for sourcing the mice is SCXK (Jing) 2019–0008. KK-Ay mice were subjected to a high-fat diet to induce 
the DKD model, while C57BL/6J mice were fed a regular diet. All mice were housed in a specific pathogen-free (SPF) 
environment maintained at a temperature of 22±1°C with a 12-hour light-dark cycle.

Following a one-week acclimation period, the mice were randomly assigned to one of four groups as follows: (1) C57 
or control group (C57BL/6J mice treated with drinking water), (2) KK or model group (KK-Ay mice treated with 
drinking water), (3) Chinese medicine (CM) group (KK-Ay mice administered 4g/kg weight of Chinese medicine JTD 
decoction, the concentration was made basing on previous research24), (4) Western medicine (WM) group (KK-Ay mice 
administered 30mg/kg weight of western medicine Irbesartan). Oral administration of the respective interventions 
continued for eight weeks until the study endpoint. The selection of the eight-week time point in this study was based 
on previous investigations,24 which has demonstrated that JTD therapy for a duration of 12 weeks exhibited notable 
efficacy in ameliorating DKD. Furthermore, our observation of biochemical parameters following JTD therapy for 
durations of four, eight, and 12 weeks had revealed significant improvements in DKD-related indicators not only at week 
12 but also at week eight. Hence, the current investigation focused on assessing alterations after an eight-week treatment 
period.

Analysis of Fecal Microbiota
Sample Collection, DNA Extraction and PCR Amplification
Fecal samples were acquired from mice eight weeks after treatment. The mice were housed in metabolic cages for 
a duration of 24 hours to facilitate the collection of fecal samples. Genomic DNA was extracted using the PF Mag-Bind 
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Stool DNA Kit and its quality assessed. The hyper-variable region V3-V4 of the bacterial 16S rRNA gene was amplified 
using specific primers.28 The amplification was conducted using an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, 
USA). The PCR products were purified and quantified using a Quantus™ Fluorometer (Promega, USA).

Sequencing and Analysis on the Illumina Novaseq6000
The purified amplicons were pooled and subjected to paired-end sequencing on the Illumina PE250 platform (Illumina, 
San Diego, USA). This allowed for the high-throughput sequencing of microbial DNA. Following demultiplexing, the 
resulting sequences underwent quality filtering using fastp (version 0.19.6),29 and subsequently merged using FLASH 
(version 1.2.7).30 After quality filtering and merging of the sequences, high-quality data was obtained. Amplicon 
sequence variants (ASVs) were generated using the DADA2 plugin31 in the Qiime2 pipeline (version 2022.2).32 The 
number of sequences per sample was standardized to 4115.

Bioinformatic Analysis
ASVs were analyzed using Mothur (version 1.30.2)33 on the Majorbio Cloud platform. Rarefaction curves and alpha 
diversity indices such as observed ASVs, Chao richness, Shannon index, and Good’s coverage were calculated. Various 
visualization methods including Venn plot, bar plots, Circos plots, LDA, and heatmaps were employed to analyze the 
diversity of the microbial communities. To assess the correlation, two-way correlated networks and Spearman 
Correlation Heatmaps were utilized. These methods were employed to compare and analyze the relationships between 
variables. Statistical tests, including the Wilcoxon rank-sum test and Kruskal–Wallis H-test, were performed to assess 
differences in microbiota composition between two or more groups.

Preparation and Quality Control of JTD
Euphorbia humifusa Willd, Salvia miltiorrhiza Bunge, Astragalus mongholicus Bunge, Asphodelus asphodeloides 
Bunge, and Cistanche chinensis Franch were obtained from the Chinese Medicine Pharmacy at Guangdong Provincial 
People’s Hospital. The composition of JTD can be found in Supplementary Table 1. To prepare JTD, these medicine were 
soaked in three volumes of drinking water for 30 minutes and then boiled for one hour. The components of JTD were 
analyzed using high-performance liquid chromatography (HPLC; Agilent 1100, USA) following a previously established 
protocol.23,24

Blood Glucose and Weight Measurement
Blood samples were collected from the mice’s caudal veins every week during the treatment period. Random blood 
glucose levels were measured using the OneTouch Ultra2 blood glucose meter (LifeScan Europe, Switzerland) at the 
same time each week. Additionally, the mice’s weight was measured concurrently.

Kidney Function, Inflammatory Factors and Uremic Toxins Measurement
After an eight-week treatment period, urine and serum samples were collected. The levels of urine protein were analyzed 
using a commercially available kit from Nanjingjiancheng Inc. (Jiangsu, China). Furthermore, the concentrations of 
urinary nitrogen (UN) and creatinine (Cr) in serum were also measured using the chemical kit from Nanjingjiancheng 
Inc. (Jiangsu, China). The concentrations of Kidney Injury Molecule-1 (KIM-1), NLRP3, IL-6, IL-17A, TMAO, pCS, 
and IS in the serum were determined. For this analysis, ELISA kits provided by either ELK biotechnology (Hubei, 
China) or mmbio Inc. (Jiangsu, China) were used. The analysis followed the recommended protocol provided by the 
respective manufacturers.

Ultra-Structural Analysis
Following the conclusion of the eight-week treatment period, the mice’s renal cortexes were surgically extracted and 
immediately fixed in 2.5% glutaraldehyde at 4°C. The tissue samples were then embedded in epoxy resin for preserva-
tion. Thin sections with a thickness of 70–90nm were prepared using an ultramicrotome. These sections were double- 
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stained with 3% uranyl acetate and lead citrate for better contrast. Finally, the samples were observed and analyzed using 
a JEM-1400 electron microscope (JEOL Ltd., Tokyo, Japan) to examine their detailed ultra-structural features.

Statistical Analysis
All data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using SPSS 18.0 (IBM, 
Armonk, NY, USA). Differences between two groups were evaluated using the Student’s t-test. For comparisons among 
multiple groups, one-way analysis of variance (ANOVA) followed by post hoc tests such as the least significant 
difference (LSD) test or Tukey’s test were conducted. Statistical significance was considered achieved if the p-value 
was less than 0.05 (P<0.05).

Results
Composition of the JTD
After performing repeated HPLC analysis on the JTD, the fingerprinting results revealed six primary constituents. These 
components, as shown in Supplementary Figure 1, include calycosin-7-O-β-D-glucoside, which is the principal com-
pound found in Astragalus mongholicus Bunge; salvianolic acid B, the primary component of Salvia miltiorrhiza Bunge; 
coptisine, palmatine and berberine, which are three main components of Cistanche chinensis Franch; and Timosaponin 
BII, the principal compound of Asphodelus asphodeloides Bunge. The quantitative analysis results of JTD can be found 
in Supplementary Table 2.

Improvement of Kidney Function by JTD
As illustrated in Figure 1A, blood glucose levels showed a significant increase over time in the DKD model group, 
compared to the control group. However, treatment with WM demonstrated a mitigating effect on the elevation of blood 
glucose after three, four, five, and six weeks of treatment. Additionally, CM treatment resulted in the reduction of blood 
glucose levels after eight weeks of treatment. Moreover, and after four to eight weeks of WM treatment, a notable 
decrease in body weight was observed compared to the model group (Figure 1B). Similarly, CM treatment showed 
a significant decrease in body weight after seven and eight weeks of treatment.

UN, Cr and urine protein are established markers utilized for evaluating kidney function. In Figure 1C–E, notably 
elevated levels of UN, Cr, and urine protein were observed in the model group compared to the control group. However, 
CM treatment exhibited significant down-regulation of these markers, indicating an improvement in kidney function. 
Furthermore, WM treatment demonstrated a reduction in the levels of Cr and urine protein.

Analysis of the ultra-structure of the renal cortex using electron microscopy revealed mesangial expansion, deposition 
of mesangial matrix, fusion of podocytes and thickening of the glomerular basement membrane in the model group. 
However, these alterations were significantly attenuated in both the CM and WM treatment groups (Figure 1F).

The Expression of Uremic Toxins and Inflammation Was Down-Regulated by JTD
The concentration of uremic toxins in serum were examined. In Figure 2A–C, it was evident that the model group 
exhibited significantly higher levels of serum TMAO, pCS, and IS compared to the control group. However, after eight 
weeks of treatment, a significant decrease was observed in both the CM and WM groups.

After the completion of the eight-week treatment, serum samples were analyzed for inflammation markers. Figure 2D 
and E clearly demonstrated an up-regulation of serum NLRP3 and IL-6 levels in the model group when compared to the 
control group, with a significant difference. However, treatment with CM resulted in significantly lower serum NLRP3 
and IL-6 levels relative to the model group. Moreover, Figure 2F showed a noteworthy decrease in serum IL-17A levels 
following both CM and WM administration compared to the model group. Additionally, as shown in Figure 2G, serum 
KIM-1 levels demonstrated a significant increase in the model group compared to the control group and significantly 
lower concentrations in the CM and WM treatment groups relative to the model group.

The potential correlations between influencing factors including weight, blood glucose, kidney function, uremic toxins and 
inflammation markers were investigated using Spearman’s rank correlation coefficient analysis (Figure 2H). The results 
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revealed several associations: weight and TMAO were positively associated with blood glucose, UN, Cr, pCS, IS, NLRP3, IL- 
6, IL-17A and KIM-1; Blood glucose was positively associated with weight, UN, Cr, pCS, IS, IL-6 and KIM-1, while 
significantly negatively correlated with IL-17A; UN was positively associated with weight, Cr, pCS, IS, IL-6 and KIM-1, but 
significantly negatively correlated with IL-17A; Cr and IS were positively associated with weight, blood glucose, UN, pCS, 
IS, IL-6 and KIM-1; Urine protein was positively associated with IL-17A, but negatively correlated with pCS. Serum pCS was 
positively associated with weight, Cr, TMAO, pCS, IS, NLRP3, IL-17A and KIM-1, while significantly negatively correlated 
with blood glucose, urine protein and IL-6; NLRP3 was positively associated with weight, UN, Cr, TMAO, pCS, IS and IL- 
17A; IL-6 was positively associated with weight, blood glucose, UN, Cr, TMAO, pCS, IS and KIM-1; Serum IL-17A was 
positively associated with weight, UN, urine protein, TMAO, pCS, NLRP3 and IL-17A, but significantly negatively correlated 
with blood glucose; KIM-1 was positively associated with weight, blood glucose, UN, Cr, TMAO, pCS, IS, IL-6 and KIM-1.

An in-Depth Analysis of the Alpha and Beta Diversity of the Gut Microbiota
Figure 3A showed that the coverage increased in the CM group compared to the control group, while remaining relatively 
consistent across all four groups. The fecal alpha-microbial richness, as measured by ACE, was similar across all four groups 
(Figure 3B). However, measures of Chao and Sobs were decreased in the CM group compared to the control group 

Figure 1 The effects of JTD on blood glucose levels, weight, and kidney function. (A) Blood glucose levels were measured to assess the impact of JTD on glycemic control; 
(B) Changes in weight were monitored to evaluate the potential effect of JTD on body weight; (C) Alterations in serum UN levels were examined to understand the impact 
of JTD on kidney function; (D) Changes in serum Cr levels were analyzed as an indicator of kidney function after JTD administration; (E) Fluctuations in urine protein 
concentrations were measured to assess the potential influence of JTD on kidney health; (F) Electron microscopy analysis of the renal cortex was conducted. con, control 
group; mod, model group; N≥3; *P< 0.05 vs control group; #P<0.05 vs model group.
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(Figure 3C and D). The diversity of the gut microbiome, as indicated by the community diversity calculated using the 
Simpson and Shannon index, significantly increased in both the model and CM groups compared to the control group 
(Figure 3E and F). The rarefaction curves of Sobs and Shannon index were depicted in Figure 3G and H.

Figure 2 The impact of JTD on uremic toxins and inflammation. (A) Serum levels of TMAO were measured to assess its alteration after JTD administration; (B) The 
concentration of pCS in the serum was examined to understand any changes associated with JTD treatment; (C) The levels of IS in the serum were analyzed to evaluate its 
alterations following JTD treatment; (D) NLRP3 levels in the serum were investigated to determine any changes related to inflammation after administering JTD; (E) Serum 
IL-6 levels were monitored to assess alterations in its concentration as an indicator of inflammation; (F) Fluctuations in serum IL-17A levels were examined to observe any 
changes associated with JTD treatment; (G) The modulation of serum KIM-1 (kidney injury molecule-1) levels was assessed to evaluate the impact of JTD on kidney health; 
(H) A correlation heat map of influencing factors was created to identify potential relationships between different variables and their impact on uremic toxins and 
inflammation. N≥3; In (A–G), *P< 0.05 vs control group; #P<0.05 vs model group. In Figure H, *P< 0.05; **P<0.01. 
Abbreviations: C57, control group; KK, model group; CM, Chinese medicine group; WM, western medicine group.
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Figure 3 An in-depth analysis of the alpha and beta diversity of the gut microbiota. (A) The Coverage metric was utilized to assess community diversity; (B) The ACE index 
was employed to calculate the richness of microbial taxa present in the samples; (C) The Chao index was used to quantify the richness of microbial taxa; (D) The Sobs 
metric was utilized to estimate the number of observed species; (E) The Simpson index was employed to measure overall microbial diversity; (F) The Shannon index was 
used to quantify community diversity by assessing the dominance or concentration of microbial taxa within the community; (G) Rarefaction curves based on the Sobs index 
were constructed to examine the relationship between sequencing effort and species richness; (H) Rarefaction curves based on the Shannon index were generated to 
evaluate the relationship between sequencing effort and overall microbial diversity; (I) Beta diversity was compared through Principal Coordinates Analysis (PCoA) at the 
Amplicon Sequence Variant (ASV) level. N≥3; *P< 0.05 vs control group; **P<0.01 vs control group. 
Abbreviations: C57, control group; KK, model group; CM, Chinese medicine group; WM, western medicine group.
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Moreover, beta diversity analysis was conducted using principal coordinates analysis (PCoA) based on Bray-Curtis 
distance. The results (Figure 3I) revealed marked differences in the bacterial communities among the fecal samples from 
the four groups (p=0.001).

The Alternation of Gut Microbial Composition, Ranging from Phylum to Class Level
The study investigated the alterations in gut microbial composition at various taxonomic levels, ranging from phylum to class. 
To examine these changes, 16S rRNA gene sequencing was performed to compare fecal microbial differences among the four 
groups. At the phylum level, the Venn diagram presented in Figure 4A illustrated the presence of nine common gut microbiota 
across all four groups. These included Firmicutes, Patescibacteria, Actinobacteriota, Cyanobacteria, Bacteroidota, 
Deferribacterota, Proteobacteria, Desulfobacterota, and unclassified_k_norank_d_Bacteria. The CM, model, and WM groups 
shared one unique phylum (Campilobacterota), while the control and WM groups shared another unique phylum 
(Verrucomicrobiota). The bar plot analysis in Figure 4B indicated that the proportion of Firmicutes increased in the model 
group but can be reduced after CM treatment. Conversely, Bacteroidota showed a decrease in the model group compared to the 
control group, which can be increased in the CM group but decreased in the WM group. Furthermore, the Kruskal–Wallis 
H-test bar plot in Figure 4C demonstrated significant differences at the phylum level. The model group exhibited elevated 
levels of Firmicutes, Desulfobacterota and Campilobacterales, as well as decreased levels of Bacteroidota, Cyanobacteria, 
Actinobacteria and Verrucomicrobiota compared to the control group. CM treatment effectively restored the abundance of 
Firmicutes, Bacteroidota, Desulfobacterota and Campilobacterales, with a statistically significant difference.

At the class level, the Venn map in Figure 4D indicated that there were 11 common microbiota identified at the class level 
among the four groups. The model, CM, and WM groups shared Campylobacteria, CM and WM groups shared 
Alphaproteobacteria, the control and CM groups shared Actinobacteria, and the control and WM groups shared 
Negativicutes and Verrucomicrobiae. The control group exclusively had Cyanobacteria. The bar plot in Figure 4E demon-
strated changes in the abundance of Clostridia, Bacteroidia, Bacilli, Deferribacteres, Desulfovibrionia and Vampirivibrionia 
among the four groups, which were further analyzed using the Kruskal–Wallis H-test in Figure 4F. The model group exhibited 
higher abundance of Clostridia, Desulfovibrionia, Campylobacteria and Gammaproteobacteria, as well as lower richness of 
Bacteroidia, Vampirivibrionia, Actinobacteria, Verrucomicrobiae and Alphaproteobacteria compared to the control group. 
CM treatment was found to regulate the abundance of Clostridia, Bacteroidia, Desulfovibrionia and Campylobacteria, while 
WM treatment regulated the abundance of Campylobacteria, Actinobacteria and Verrucomicrobiae.

The Alternation of Gut Microbial Composition, Ranging from Order to Family Level
The Venn diagram presented in Figure 5A illustrated the presence of 25 shared gut microbiota at the order level across 
the four groups. The control group possessed four unique gut microbiota at the order level, while the CM and WM groups 
had one and three unique gut microbiota, respectively. Campylobacterales was found to be common among the model, 
CM, and WM groups. The bar plot analysis in Figure 5B revealed that the model group exhibited increased proportions 
of Lachnospirales, Oscillospirales, Deferribacterales and Desulfovibrionales, as well as decreased proportions of 
Bacteroidales, Clostridia_UCG-014, Erysipelotrichales, Clostridia_vadinBB60_group and Gastranaerophilales compared 
to the control group. The Kruskal–Wallis H-test in Figure 5C calculated the significant differences, indicating that CM 
treatment reversed the abundance of Bacteroidales, Oscillospirales, Desulfovibrionales, Campylobacterales, RF39 and 
Clostridiales.

At the family level, the Venn diagram in Figure 5D showed the presence of 35 shared microbiota among the four 
groups. The model group uniquely possessed Leuconostocaceae and unclassified_o_Lactobacillales. The bar plot analysis 
in Figure 5E depicted the changes in abundance of Lachnospiraceae, Muribaculaceae, Oscillospiraceae, Rikenellaceae, 
Marinifilaceae, Ruminococcaceae, Bacteroidaceae, Eubacterium_coprostanoligenes_group, Lactobacillaccae, 
Deferribacteraceae, Desulfovibrionaceae, Prevotellaceae, Tannerellaceae and Erysipelotrichaceae among the groups. 
The Kruskal–Wallis H-test bar plot in Figure 5F further demonstrated significant changes in some microbiota.
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Figure 4 A comprehensive analysis of gut microbiota compositions, specifically examining the phylum and class levels. (A) A Venn map was created to illustrate the intergroup 
divergence of microbiota at the phylum level; (B) Community bar plot analysis was conducted to illuminate the distribution of microbial phyla within the gut microbiota; (C) 
Kruskal–Wallis H-test bar plot was generated to identify statistically significant variations in gut microbiota composition at the phylum level; (D) A Venn map was constructed to 
focus on the class-level distinctions in microbiota composition among the groups; (E) Community bar plot analysis was conducted to illuminate the distribution of microbial classes 
within the gut microbiota; (F) Kruskal–Wallis H-test bar plot was used to emphasize notable dissimilarities in gut microbiota composition at the class level. N≥3; *P< 0.05; **P< 0.01. 
Abbreviations: C57, control group; KK, model group; CM, Chinese medicine group; WM, western medicine group.
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Figure 5 The analysis of gut microbiota compositions ranging from order to family level. (A) A Venn map was utilized to visualize the number of distinct microbiota at the order 
level among the different groups; (B) Community bar plot analysis was performed to depict the distribution patterns of microbial orders within the gut microbiota; (C) Kruskal– 
Wallis H-test bar plot was used to identify significant differences in gut microbiota composition at the order level; (D) An Venn map was constructed to represent the differences in 
microbiota at the family level among the groups.; (E) Community bar plot analysis was conducted to illustrate the distribution of microbial families within the gut microbiota; (F) 
Kruskal–Wallis H-test bar plot was generated to highlight statistically significant differences in gut microbiota composition at the family level. N≥3; *P< 0.05; **P< 0.01. 
Abbreviations: C57, control group; KK, model group; CM, Chinese medicine group; WM, western medicine group.
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The Alternation of Gut Microbial Composition at the Genus Level
Finally, we conducted a comparison of the changes in gut microbial composition at the genus level. The Venn diagram 
presented in Figure 6A showed that there were 71 shared microbiota among the four groups. The bar plot in Figure 6B and the 
Kruskal–Wallis H-test in Figures 6C illustrated the significant changes observed in norank_f_Muribaculaceae, Alistipes, 
norank_f_Oscillospiraceae, Roseburia, Bacteroides, Rikenella, Lactobacillus, Oscillibacter, norank_f_Lachnospiraceae, 
norank_f_Ruminococcaceeae, norank_o_Clostridia_UCG-014, Lachnoclostridium, Alloprevotella, Anaerotruncus and 
Parabacteroides.

Figure 6 The analysis of gut microbiota compositions at the genus level. (A) An Venn map was generated to illustrate the number of distinct microbiota at the genus level 
among different groups; (B) Community bar plot analysis was performed to depict the distribution patterns of microbial genera within the gut microbiota; (C) Kruskal– 
Wallis H-test bar plot was used to highlight statistically significant differences in gut microbiota composition at the genus level; (D) The LEfSe was employed, represented by 
a radiating circle from phylum to genus; (E) The histogram of the LDA score was generated. N≥3; *P< 0.05; **P< 0.01. 
Abbreviations: C57, control group; KK, model group; CM, Chinese medicine group; WM, western medicine group.
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Furthermore, the Linear discriminant analysis Effect Size (LEfSe) analysis in Figure 6D demonstrated the hierarchical 
classification, starting from the phylum level down to the genus level. The radiating pattern of the LEfSe plot signified the 
differentiation of specific taxa. Additionally, the histogram of the Linear Discriminant Analysis (LDA) score in Figure 6E 
identified high-dimensional biomarkers associated with the intestinal microflora, providing valuable insights into the microbial 
changes observed.

To further elucidate the specific microbiota involved in CM treatment, a Wilcoxon rank-sum test was conducted to 
compare the alterations of microbiota from the phylum to genus level. Interestingly, Rikenella, Lachnoclostridium and 
unclassified_c_Bacilli were found to be significantly more abundant after CM treatment, accompanied by a lower 
abundance of norank_f_Lachnospiraceae when compared to the model group, as shown in Figure 7A.

To identify the relationship between influencing factors and microbiota, a two-way correlated network analysis and 
Spearman Correlation Heatmap were performed, as depicted in Figures 7B and C. Notably, Rikenella and 
unclassified_c_Bacilli were negatively correlated with urine protein. Lachnoclostridium and norank_f_Lachnospiraceae 
were found to be positively related to Cr, IS and IL6, while norank_f_Lachnospiraceae was also positively related to weight, 
blood glucose, UN, KIM-1, TMAO, pCS, NLRP3 and IL-17A. The complex relationships between microbiota and influen-
cing factors were clearly illustrated in Figure 8.

Discussion
The present study aimed to investigate the influence of JTD on DKD and its association with alterations in the gut microbiota. To 
mimic the early stages of DKD in humans, KK-Ay mice, which exhibit early signs of kidney damage including glomerular 
hypertrophy, thickened basement membrane, mesangial matrix proliferation and sclerotic nodules, were utilized. The adminis-
tration of JTD displayed several notable effects. Firstly, it effectively regulated blood glucose and body weight, ameliorated 
pathological changes associated with DKD, and significantly down-regulated kidney function markers such as KIM-1, UN, Cr 
and urine protein levels. Moreover, JTD led to a reduction in uremic toxins including TMAO, pCS and IS, and exhibited 
a mitigating impact on inflammation factors such as NLRP3, IL-6 and IL-17A. Finally, JTD treatment exerted a modulatory 
influence on the composition of the gut microbiota. Specifically, the genera Rikenella, Lachnoclostridium and 
unclassified_c_Bacilli demonstrated a notable increase in abundance following JTD administration, while the abundance of 
norank_f_Lachnospiraceae decreased compared to the model group. Importantly, Rikenella and unclassified_c_Bacilli exhibited 
negative correlations with urine protein levels. On the other hand, Lachnoclostridium and norank_f_Lachnospiraceae showed 
positive associations with Cr, IS and IL-6. Furthermore, norank_f_Lachnospiraceae displayed positive associations with various 
indicators of DKD severity, including body weight, blood glucose, UN, KIM-1 levels, TMAO, pCS, NLRP3 and IL-17A 
production. These findings emphasized the potential role of gut microbiota-mediated uremic toxins and inflammation in the 
pathogenesis of DKD, which can be modulated by JTD treatment.

DKD pathogenesis involves excessive deposition of ROS due to high glucose levels, leading to oxidative stress, 
fibrosis and inflammation in the kidney.34 Transforming growth factor-beta (TGF-β) is a key factor in DKD-related 
fibrosis, overproduced by mesangial cells under hyperglycemia,35 which contributes to extracellular matrix (ECM) 
accumulation and eventual glomerulosclerosis.36 Furthermore, increased pro-inflammatory factors played a crucial role 
in the progression of kidney dysfunction in DKD.37 Experimental studies have shown that inhibiting the recruitment of 
inflammatory cells into the kidneys can provide protection against DKD.38 Notably, NLRP3 deficiency has been 
demonstrated to improve kidney inflammation and fibrosis in diabetic mice.39 Additionally, the inflammatory response 
and tissue remodeling associated with injury and glomerular sclerosis in DKD were synergistically mediated by IL-17 
and CD40L.40 Blocking IL-17A has been shown to ameliorate kidney dysfunction and slow down disease progression in 
ob/ob mice, indicating that IL-17A is involved in diabetes-induced kidney damage and could be a promising therapeutic 
target for improving DKD. In this study, we observed an up-regulation in the levels of NLRP3, IL-6 and IL-17A in the 
DKD model compared to the control group. However, treatment with JTD resulted in the down-regulation of these 
inflammatory factors. These findings were consistent with previous reports, which demonstrated that JTD improved DKD 
in KK-Ay mice through the regulation of the PI3K/Akt-mediated NF-κB pathways.24 In summary, the inhibition of 
inflammatory cell recruitment and the down-regulation of pro-inflammatory factors like NLRP3, IL-6, and IL-17A were 
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Figure 7 The gut microbiota compositions at the genus level in the model and CM groups. (A) A Wilcoxon rank-sum test bar plot demonstrated significant differences in 
gut microbiota composition; (B) A two-way correlated network was constructed to delineate the intricate relationships between influencing factors and microbiota; (C) 
A Spearman Correlation Heatmap was employed to visually represent the strength and directionality of the relationships between influencing factors and microbiota. N≥3; 
*P< 0.05; **P< 0.01; ***P< 0.001. 
Abbreviations: KK, model group; CM, Chinese medicine group.
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key mechanisms through which JTD exerted its protective effects on DKD. These results support the potential of JTD as 
a therapeutic intervention for DKD by targeting inflammation-related pathways.

Metabolic abnormalities in patients with DKD impaired the digestion and absorption of proteins, leading to the 
production of protein end-products such as p-cresol, indole, phenol, and trimethylamine (TMA) by dysfunctional gut 
microbiota.41–45 These end-products then increased the hepatic production of pCS, IS, and TMAO, which were all 
considered typical uremic toxins.41–45 TMAO could be eliminated through glomerular filtration, making hemodialysis an 
effective method to remove TMAO from the systemic circulation.46 Elevated TMAO levels were associated with a higher 
risk of death in CKD patients.47 In a mouse model of diet-induced obesity, increased TMAO levels were found to be 
related to higher expression levels inflammatory cytokines compared to the control group. However, supplementation 
with a TMA formation inhibitor improved kidney fibrosis and reduced the expression of KIM-1 and proinflammatory 
cytokines in high fat diet -induced mice.48 A significant increase in plasma TMAO levels was found in CKD patients, 
and this rise in plasma TMAO could be transferred to normal mice by transplanting fecal microorganisms from these 
patients.19 High levels of pCS and IS could lead to insulin resistance and kidney tubulointerstitial fibrosis.49,50 

Furthermore, due to the protein-binding properties of pCS and IS, these toxins easily band to albumin and can not be 
adequately removed by traditional hemodialysis. This leads to the accumulation of these solutes in patients with ESRD 
and a potential increase in their toxicity.51 In our study, we observed an up-regulation of uremic toxins in the DKD 
model, which were reduced by JTD treatment. Additionally, we found that the presence of Lachnoclostridium and 
norank_f_Lachnospiraceae in the gut microbiota positively correlated with uremic toxins, suggesting that microbiota- 
mediated uremic toxins may be a crucial mechanism in DKD. Overall, these findings suggested that metabolic 
abnormalities in DKD patients contribute to the production of uremic toxins by disrupted gut microbiota, which in 
turn can lead to various complications and disease progression. JTD treatment showed promise in reducing these uremic 
toxins, highlighting its potential as a therapeutic intervention for DKD. The association between specific bacteria and 
uremic toxins also suggested the involvement of microbiota-mediated mechanisms in the development of DKD.

In recent years, there has been growing recognition of the gut-kidney axis and its implication in the development of 
DKD.52 Studies involving the manipulation of gut microbiota in animals and observational researches on patients with 
CKD have shed light on the role of dysbiosis, intestinal barrier dysfunction and chronic inflammation in kidney 
dysfunction associated with DKD.53 Among the bacteria identified, Rikenella was known for its ability to ferment 
complex carbohydrates and produce short-chain fatty acids, such as propionate, butyrate and acetate.54 Interestingly, 
lower abundance of Rikenella has been observed in db/db mice, which aligns with the findings of our study.37 The 
decrease in Rikenella abundance may contribute to the improvement of kidney function, particularly in terms of 
regulating urine protein. However, a comprehensive understanding of the specific mechanisms underlying the effects 
of Rikenella and its potential role in ameliorating DKD required further investigation. Another significant finding was the 

Figure 8 JTD ameliorated DKD through the regulation of gut microbiota.
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higher prevalence of Lachnospiraceae in DKD mice, which was aligned with their higher basal metabolism and increased 
energy requirements.55 The genus norank_f_Lachnospiraceae, which represented bacteria not currently classified at the 
genus level within the Lachnospiraceae family, was found to be the dominant species in DKD mice.55 Its presence 
exhibited positive associations with various indicators of DKD severity, including weight, blood glucose, UN, Cr, KIM- 
1, TMAO, pCS, IS, NLRP3, IL-6 and IL-17A levels. Additionally, Lachnoclostridium, a genus positively correlated with 
serum cholesterol and triglyceride levels, may play a detrimental role in the development and progression of DKD.56 In 
our study, Lachnoclostridium exhibited positive associations with serum Cr, IS and IL-6 levels, further supporting its 
potential involvement in DKD pathology. In contrast, limited research has explored the relationship between the genus 
unclassified_c_Bacilli and DKD. Nonetheless, our study found a negative association between unclassified_c_Bacilli and 
urine protein, suggesting a potential beneficial effect. Overall, these findings underscored the significance of gut 
microbiota composition in the complex pathogenesis of DKD. Elucidating the functional roles of these specific bacterial 
groups and their potential as therapeutic targets necessitated further investigation.

In traditional Chinese Medicine, diabetes is classified as a “wasting-thirst” disorder, and its pathogenesis is primarily 
attributed to yin deficiency, fire prosperity, and lung and kidney yin deficiency. JTD comprises five herbs, including 
Euphorbia humifusa Willd, Salvia miltiorrhiza Bunge, Astragalus mongholicus Bunge, Asphodelus asphodeloides Bunge, 
and Cistanche chinensis ranch, and HPLC analysis has identified its principal components, namely calycosin-7-O-β- 
D-glucoside, salvianolic acid B, coptisine, palmatine, berberine and timosaponin BII. Notably, calycosin-7-O-β-D-glucoside 
exerted significant intestinal effects by modulating the microbial population.57 Its incubation with the gut microbiota from 
normal and colitic rats stimulated growth of probiotic bacteria like Lactobacillus and Bifidobacterium, indicating that calycosin- 
7-O-β-D-glucoside reciprocally interacts with gut microbiota after oral administration, thereby functioning as an angiogenic 
prodrug and gut microbiota modulator.58 Furthermore, salvianolic acid B has been found to prevent weight gain and regulate gut 
microbiota in high-fat diet-induced obese mice,59,60 while coptisine, palmatine, and berberine have been shown to lower blood 
glucose levels through gut microbiota modulation in db/db mice.61 The metabolic characteristics of gut microbiota may serve as 
a crucial indicator of the pharmacological activity of timosaponin BII.62 This study demonstrated that JTD modulate gut 
microbiota and impacts metabolic processes, kidney function, uremic toxin accumulation and inflammation in DKD. Although 
significant associations have been revealed between microbiota and influencing factors, the underlying mechanism still required 
further exploration. Future research on the gut microbiota-mediated uremic toxins and inflammation will help elucidate the 
mechanism of DKD and provide novel targets for the prevention and treatment of DKD.

JTD has been reported to possess potential benefits for the treatment of DKD. However, due to the intricate and multifactorial 
composition of traditional Chinese medicine (TCM) formulations, along with limitations in research, it is crucial to exercise 
caution regarding potential adverse effects. According to the 2020 edition of the Pharmacopoeia of the People’s Republic of 
China,63 large doses of Euphorbia humifusa Willd may cause hepatotoxicity, nephrotoxicity, and gastrointestinal side effects such 
as diarrhea and vomiting. Salvia miltiorrhiza Bunge has demonstrated a capacity to negatively impact blood coagulation and 
platelet function, and may also induce gastrointestinal side effects such as nausea and abdominal pain. Although Astragalus 
mongholicus Bunge and Asphodelus asphodeloides Bunge may produce mild gastrointestinal side effects, such as diarrhea, they 
are generally deemed safe for use in TCM formulations. Conversely, Codonopsis chinensis Franch has exhibited low toxicity and 
has not been shown to elicit significant adverse effects in animal studies. In summary, like any other medication, TCM 
formulations necessitate the careful and guided use of professionals. TCM theory emphasizes the significance of personalized 
diagnosis and treatment plans, wherein TCM herbal medicine should be administered in accordance with this theoretical 
framework to enhance therapeutic efficacy and mitigate potential side effects.

Conclusion
JTD possessed the ability to modulate the abundance of Rikenella, Lachnoclostridium, unclassified_c_Bacilli and 
norank_f_Lachnospiraceae within the gut microbiota. This modulation subsequently exerted an impact on metabolic 
processes, kidney function, uremic toxin accumulation and inflammation. As a result, these multifaceted effects 
collectively contributed to the amelioration of DKD.
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