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Purpose: This study aims to investigate the effects of Huang Gan formula (HGF), a Chinese herbal prescription used for chronic
kidney disease (CKD), on the regulation of the gut microbiota and colonic microenvironment of CKD.

Methods: CKD rats were induced by 150 mg/kg adenine gavage for 4 weeks, then orally treated with or without 3.6 g/kg or 7.2 g/kg
of HGF for 8 weeks. The renal function and structure were analyzed by biochemical detection, hematoxylin and eosin, Masson’s
trichrome, Sirius red and immunochemical staining. Average fecal weight and number in the colon were recorded to assess colonic
motility. Further, the changes in the gut microbiota and colonic microenvironment were evaluated by 16S rRNA sequencing, RT-PCR
or immunofluorescence. The levels of inflammatory cytokines, uremic toxins, and NF-«kB signaling pathway were detected by RT-
PCR, ELISA, chloramine-T method or Western blotting. Redundancy analysis biplot and Spearman’s rank correlation coefficient were
used for correlation analysis.

Results: HGF significantly improved renal function and pathological injuries of CKD. HGF could improve gut microbial dysbiosis,
protect colonic barrier and promote motility of colonic lumens. Further, HGF inhibited systemic inflammation through a reduction of
TNF-a, IL-6, IL-1B, TGF-B1, and a suppression of NF-kB signaling pathway. The serum levels of the selected uremic toxins were also
reduced by HGF treatment. Spearman correlation analysis suggested that high-dose HGF inhibited the overgrowth of bacteria that
were positively correlated with inflammatory factors (eg, TNF-a)) and uremic toxins (eg, indoxyl sulfate), whereas it promoted the
proliferation of bacteria belonging to beneficial microbial groups and was positively correlated with the level of IL-10.
Conclusion: Our results suggest that HGF can improve adenine-induced CKD via suppressing systemic inflammation and uremia,
which may associate with the regulations of the gut microbiota and colonic microenvironment.
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Introduction

Chronic kidney disease (CKD) is characterized by progressive and irreversible loss of nephrons and functional impair-
ment and is believed to become the fifth-leading global cause of death by 2040." CKD may increase the risks of various
comorbidities, such as cardiovascular disease, bone and mineral disorder, and anemia.' Although renin-angiotensin
system inhibitors are used to treat kidney diseases, cardiovascular events remain a major cause of death in CKD.? Current
studies indicate that a deteriorated blood environment may be an important factor that induces CKD-related complica-

tions. Therefore, interventions that help to purify the blood are necessary.
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Systemic inflammation and uremia are key features of deteriorated blood environment in CKD. They not only hinder
the treatment of CKD itself through altering therapy drug metabolism,” but also trigger other diseases. It is believed that
the inflammation originates from the cascade amplification of inflammatory response in the damaged kidney.* However,
recent studies have found that systemic inflammation and uremia in CKD is associated with microbial dysbiosis and an
impaired intestinal barrier.””” During CKD, there are characteristic changes in the composition of gut flora, with bacteria
in the colon producing more uremic toxins (or their precursors) during proteolysis.® These metabolites, which were
originally removed by the kidney, accumulate in circulation because of reduced renal function. Studies have shown that
these compounds are cytotoxic and can destroy normal colonic barrier. For example, indoxyl sulfate (IS) can suppress the
expression of tight junction-related genes and increase the permeability of the intestinal barrier.” Further, impairment of
the barrier leads to easy entry of bacterial components (eg, endotoxins) into the intestinal lamina propria and blood.
When exposed to endotoxins, innate immune cells are stimulated and induce an inflammatory response through Toll-like
receptor 4, leading to the activation of NF-kB and an inflammatory cytokine storm.'® Together, these events contribute to
the chronic inflammation and uremia in CKD’s progression. Therefore, regulating intestinal microenvironment to reduce
toxin synthesis and/or increase toxin excretion may be a novel strategy for CKD treatment.

Natural products from herbs have been reported to show beneficial effects on CKD via regulating the microbiota.'''?
Huang Gan formula (HGF) is a herbal prescription developed to treat chronic renal failure and has been used in our
hospital for several years. In our previous studies, we focused on the direct reno-protective effects of HGF and found that
they can be achieved by suppressing renal oxidative stress and fibrosis.'*"'* However, the above evidence has highlighted
a reciprocal causation between the deteriorated intestinal status and the progression of CKD. Notably, oxidative stress
and fibrotic signaling pathways can be induced by toxins that are highly produced in the lumen of CKD." In our clinical
practice, oral administration is still the main route of administration, which provides a cozy space-time for the herbs to
“intimate” with gut microbiota. Therefore, this study aims to reveal the effects of HGF on the colonic and blood
environments in the context of CKD. Based on an adenine-induced CKD rat model, we investigated the protective effect
of HGF on the damaged rat kidney. After HGF treatment, systemic inflammation, uremia, changes in gut microbiota and
colonic environment in CKD rats were also evaluated. Further, correlation analysis was used to assess whether HGF’s
renoprotection correlates to gut microbiota modulation.

Materials and Methods

Reagents

Adenine (A6279, purity > 99%), aloe-emodin (A800925, 95.0%), emodin (E808871, 98.0%), rhein (R817294, 98.0%) and
chrysophanol (D806395, 97.0%) were purchased from Macklin (Pudong, Shanghai, China). Kits of hematoxylin and eosin
(H&E) (G1005), Masson (G1006), and Sirius red staining (GC307014) were provided by Servicebio Technology Co., Ltd
(Wuhan, Hubei, China). Commercial kits of serum creatine (SCR) (C011), uric acid (UA) (C012), blood urea nitrogen (BUN)
(C013) and total cholesterol (T-CHO) (A111) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
Jiangsu, China). Reagents for total RNA extraction (R0026), cDNA synthesis (D7185) and SYBR Green dye (D7265) were
purchased from Beyotime Biotechnology (Songjiang, Shanghai, China). ELISA kits for TNF-a. (0180R2), IL-6 (0190R2), IL-
1B (0047R2), IL-10 (0195R2), indoxyl sulfate (IS) (70475R2), p-cresol sulfate (PCS) (70627R2) and endotoxin (0367R2)
were provided by Meimian Industrial Co. Ltd. (Yancheng, Jiangxi, China). Primary antibodies, including fibronectin
(GB11022), type I collagen (GB13091), ZO-1 (GB111981), and occludin (GB111401), were purchased from ServiceBio
Technology Co., Ltd (Wuhan, Hubei, China). TNF-a (60291), IL-6 (21865), TGF-B1 (21898) and GAPDH (60004) were
purchased from ProteinTech Groups (Wuhan, Hubei, China). NF-kB (8242S), p-NF-xB (3033S), IxBa (4814) and p-IxkBa
(2869) were purchased from Cell Signaling Technology (Beverly, Massachusetts, USA).

Preparation of Huang Gan Formula

Dry HGF powder was produced by Jiangxi Bencao Tiangong Technology Co., Ltd (Nanchang, Jiangxi, China). The herbs
in HGF and production process of the powder were strictly in accordance with the requirements of the Chinese
Pharmacopoeia (Version 2020). The batch number of the HGF powder in this study is 202120712. In brief, the extract
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was prepared in boiling water three times for one-hour each time. After filtration, the filtrate was concentrated to
a density of 1.10~1.15 under reduced pressure. An appropriate number of pharmaceutical excipients were dissolved in
water and mixed with the filtrate. After sieving, the mixture was powdered and stored at room temperature. Before
treatment, the powder was completely dissolved in warm drinking water using a magnetic agitator. HGF solution was
freshly prepared daily.

Animal and HGF Treatment

Specific pathogen-free Sprague-Dawley male rats (220-250 g) were provided by Southern Medical University
(Guangzhou, Guangdong, China). The rats were housed at room temperature (25 = 5°C), stable humidity (55 £ 10%),
and under a 12:12h light-dark cycle (7:00am-7:00pm) at the Animal Experimental Center of Shenzhen Hospital of
Southern Medical University (Baoan, Shenzhen, China). The animal experimental procedures strictly complied with all
relevant ethical rules of the Shenzhen Hospital (Approval NO. 2021-0077).

Following adaptive feeding for 1 week, the rats were randomly divided into four groups: 1) CON group (distilled
water); 2) CKD group (150 mg/kg/d adenine); 3) CKD+HGF-L group (3.6 g/kg/d HGF) and 4) CKD+HGF-H group (7.2
g/kg/d). Oral administration of adenine was for 4 weeks, and HGF solution was administered for 8 weeks. The flowchart
of the animal experiments is shown in Figure 1A.

In the fourth week, whole blood was collected by retro-orbital puncture after anaesthetization using isoflurane. In the
end, the rats were euthanized with pentobarbital sodium (150 mg/kg) intraperitoneally after fasting overnight. Blood
samples were collected from abdominal artery. After coagulation overnight at 4°C, the blood was centrifuged at 4°C and
3000 g for 10 min to collect serum. The serum was further divided into three parts and stored at —80°C for biochemistry
and cytokine analysis. Then, both the left and right kidneys were weighed, and one-half of one kidney was placed in 4%
paraformaldehyde for histological analyses. One-cm colon samples were fixed in the stationary fluid for histological and
immunofluorescence analyses. The rest of the renal and colon tissues were immediately frozen using liquid nitrogen and
stored at —80°C for further biochemical analyses.

Serum Biochemistry Assays
The serum levels of SCR, BUN, UA, and T-CHO were detected using enzymatic methods based on protocols from the
manufacturer.

Serum Cytokine and Uremic Toxin Detection
The levels of endotoxin, TNF-a, IL-6, IL-1pB, IL-10, IS, and PCS were determined by using the commercial ELISA Kkits.
Briefly, aliquots of 50 pL standard solution and 50 pL serum samples were added to 96-well plates coated with rat
primary antibodies. After the addition of 100 pL of HRP-conjugated reagent to each well, the well was incubated at 37°C
for 60 min. We then washed and dried the wells five times, added 50 pL of chromogen solutions A and B, and incubated
them at 37°C for 15 min. After 50 pL stop solution was added to stop the reaction, optical density (OD) values (450nm)
were measured using a microplate reader. The concentrations of the cytokines were calculated using a standard curve.
The concentration of advanced oxidative protein products (AOPPs) in serum was detected as described in our
published article.'® Briefly, 200 pL aliquots of chloramine-T (0, 20, 40, 80, and 100 pM), 200 uL of serum samples,
and 200 pL PBS were added to a 96-well plate. Potassium iodide (10 pL, 1.16 mol/L) and acetic acid (20 uL) were then
added to each well. The OD values at 340 nm were measured immediately. The concentration of AOPPs was expressed
as micromoles per liter of chloramine-T equivalent.

Histopathology Analysis

The renal tissues were placed in paraffin, cut into slices (4pm) and processed with HE, Masson’s trichrome, or Sirius Red
staining reagents. For Masson’s trichrome and Sirius Red staining, fibrotic areas of the kidneys were quantified using the
Image] software.'” Blue and red indicate positive areas for Masson and Sirius Red staining, respectively. The areas of the
blue, red, and total sections were measured, and the percentage of blue or red to total areas was calculated.
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Figure | HGF ameliorates renal structure and function of rats with CKD. (A) Schematic diagram of the experiments. (B) Representative pictures of the kidneys. (C) The
left and right kidney indexes. n = 710 rats per group. (D and E) Representative photomicrographs of H&E, Masson, and Sirius Red stains (400x%) (D), and areas of collagen
fiber quantified by Image] software (E). n = 7-9 rats per group. (F and G) Immunochemistry of fibronectin and type | collagen in the renal tissues (400%) (F), and positive
expressions were quantified by Image] software (G). n= 7-9 rats per group. Data are presented as mean + SD. *P < 0.05 and ***P < 0.001.
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Immunohistochemistry and Immunofluorescence
For immunohistochemical analysis, the renal slices were deparaffinized, rehydrated, and rinsed. Slices were washed with citric
acid buffer and heated to achieve antigen retrieval. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide
and incubated at room temperature. After washing with phosphate-buffered saline, slices were covered with 3% bovine serum
albumin (BSA) at room temperature. The sections were then incubated with the following primary and secondary antibodies:
fibronectin (1:500) and type I collagen (1:200) at 4°C overnight. Diaminobenzidine was used to visualize the reaction. Nuclei
were counterstained with hematoxylin. Dehydrate the slices and secure them with neutral glue.

For immunofluorescence, after deparaffinization, antigen retrieval and sealing, ZO-1 (1:3000) and occludin (1:200)
were used as primary antibodies to incubate colonic tissue slices. The slices were then immersed in secondary antibodies.
Images were obtained, and the positive areas were quantified using ImageJ (Fiji) software as previously described.'®

Western Blotting Analysis

Renal tissues were crushed in a RIPA lysis buffer, which contains 1.0 mM protease and phosphatase inhibitor cocktail.
The lysate was centrifuged, and the total protein content was determined using the BCA method. Fifty micrograms of
denatured protein was separated by SDS-PAGE and transferred to PVDF membranes. The membranes were blocked with
5% non-fat milk (for proteins) or BSA (for phosphorylated proteins) in 0.1% TBST for 1.5 h at room temperature. The
membranes were then incubated overnight at 4°C with the following primary antibodies: TNF-a (1:1000), IL-6 (1:1000),
TGF-B1 (1:1000), GAPDH (1:5000), NF-kB (1:1000), p-NF-xB (1:1000), IxkBa (1:1000), and p-IxBa (1:1000). HRP-
conjugated goat anti-rabbit/mouse antibody (1:5000) was used to incubate the membranes at room temperature for 1.5
h. Lastly, the protein bands were visualized using enhanced chemiluminescence, and the integral density of the target
protein bands was calculated using ImagelJ software.

RNA Extraction and Quantitative Real-Time PCR (RT-PCR)

The total RNA from renal tissues was extracted using an RNA extraction kit. Thereafter, the total RNA concentration
was determined, and the RNA was used to synthesize cDNA. Finally, RT-PCR was performed with a 20 uL. mixture. The
recommended procedures were then applied. Relative mRNA expression was calculated using the CT method and
normalized to GAPDH expression. Primers used in this study are listed in Table 1.

16S rRNA Sequencing Analysis

In the fourth and eighth weeks, fecal samples were collected and stored at —80°C. Bacterial DNA was extracted, and the forward
primer 338F (5'-ACTCCTACGGGAGGCAGCAG-3") and reverse primer 806R (5'-GGACTACHVGGGTWTCTAAT-3") were
used to amplify the V3-V4 region of the microbial genes. Sequencing data were processed using the Illumina MiSeq sequencing
platform of Major Bio-Pharm Technology (Pudong, Shanghai, China). The alpha and beta diversities were generated using this
platform. The “ggplot2” package of R software (https://www.r-project.org/) was used to generate principal coordinate analysis

(PCoA) plots. Multistage taxa difference discriminant analysis was performed using Linear discriminant analysis Effect Size
(LEfSe) (http://huttenhower.sph.harvard.edu/galaxy/). Only the average relative abundances were greater than 0.01%, and the

bacterial taxa that reached the linear discriminant analysis (LDA) threshold (4.0) are shown. Comparisons between the two
groups were further analyzed using Statistical Analysis of Metagenomic Profiles (STAMP) software. RDA plots, correlations

Table | Primer Sequences for RT-PCR

Gene Forward Reverse

TGF-81 5'-GCCAGATCCTGTCCAAACTAA-3’ 5-TTGTTGCGGTCCACCATTA-3'
TNF-a 5-GTCTGTGCCTCAGCCTCTTC-3’ 5'-TGGAACTGATGAGAGGGAGC-3’
IL-6 5'-CACTTCACAAGTCGGAGGCT-3’ 5'-TCTGACAGTGCATCATCGCT-3'
ZO-I 5'-TCGAGGTCTTCGTAGCTCCA-3' 5'-GCAACATCAGCAATCGGTCC-3’
Occludin 5-TTCTGTGCTCACAGGTGGTT-3’ 5-TGGGCTGGATGCCAATTTAGT-3’
GAPDH 5-ACTCTCTTCTTCCCCCTTGC-3’ 5’-TCCACGACATACTCAGCAC-3’
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between differentially abundant bacterial genera (top 20), and concentrations of inflammatory cytokines or uremic toxins were
determined using the free Majorbio Cloud Platform (https://cloud.majorbio.com/). Accession number PRINA847394 identifies
all raw sequences in the NCBI Sequence Read Archive.

Statistical Analysis

The experimental data were analyzed using GraphPad Prism software (version 8.0). An unpaired two-tailed Student’s
t-test was used to compare two independent groups. For comparisons between more than two groups, one-way ANOVA
was performed, followed by Sidak or Dunnett’s test. Data are presented as the mean + standard deviation (SD). P < 0.05
was considered statistically significant.

Results
Quality Control of HGF

In our previous study, we have systematically described chem-profiles of HGF and identified the chemical composition of
its extract using HPLC-Q-TOF-MS.'* Eight major compounds were identified, namely iquiritin, tectoridin, luteolin, aloe-
emodin, rhein, emodin, chrysophanol, and physcion. Further, total anthraquinones (TA) in HGF (aloe-emodin, rhein,
emodin and chrysophanol) were preferred as the quality control method in this study (Figure S1). All four anthraquinones
are shown in the HPLC-chromatogram of HGF solution, which was same as in previous studies. The retention time of
aloe-emodin, rhein, emodin and chrysophanol are approximate 20, 30, 54 and 65 min, respectively (Figure S1). Based on
the standards, the quantity of the total anthraquinones of HGF in this study was 3.96 mg/g.

HGF Administration Ameliorated Renal Injury Induced by Adenine

To determine the role of HGF in renal function, we treated male SD rats with adenine for 4 weeks and with or without
HGF treatment for 8 weeks (Figure 1A). We observed significant weight loss, polydipsia, and polyuria in CKD rats
(Table 2); however, HGF did not alter these trends. SCR, BUN, UA, and T-CHO levels were significantly increased in
CKD rats, indicating impaired renal function (Table 2). These changes were reversed by HGF treatment, with a more
powerful efficacy observed in the HGF-H group (Table 2).

As for renal structure, significant renal hypertrophy was observed in the CKD group, which was improved by HGF
treatment, with high-dose HGF treatment being more potent than low-dose treatment (Figure 1B and C). Compared with
the CON group, CKD resulted in extracellular matrix expansion in the renal tissues. Masson and Sirius Red staining
suggested that the percentage of collagen fibers was significantly higher in the renal interstitium (Figure 1D and E). In
contrast, HGF treatment inhibited both matrix deposition and fibrosis. In addition, immunohistochemistry revealed
a larger fibrotic area in the renal tissue of CKD rats, as evidenced by the high expression of fibronectin and type
I collagen (Figure 1F). However, HGF treatment reversed this effect in a dose-dependent manner (Figure 1F and G).
These results suggest that HGF can improve renal function and structure of adenine-induced CKD.

To test whether TA behaves similarly to reno-protective effects with the HGF-H group, CKD rats were treated with
a mix of aloe-emodin, emodin, rhein and chrysophanol. As shown in Figure S2, TA treatment tended to reduce the renal

Table 2 General Status and Biochemical Indices

Parameters CON CKD CKD + HGF-L | CKD + HGF-H
Number 7 10 7 9

Body weight (g) 401.7 £ 2642 | 357.2£26.86 % 377 + 34.88 378 + 35.03

Water intake (mL) | 38.8 = 1.626 60.17 £ 3.496% | 76.42 £ 2.2¥% | 64.33 £ |.8]7%%
SCR (umol/L) 36.98 £ 5589 | 96.77 £ 10.16¥%* | 7624 £ 19.33% | 53.69 £ 17.81%#
BUN (umol/L) 5.507 + 0.9044 | 16.51 + 2.655%* | 1578 + 4.369 8.087 + |.7047##AMA
UA (umol/L) 2857 £ 7472 | 5397 £ 11.88¥% | 3241 £ 1424 | 3519 £ 8.364"
T-CHO (mmol/L) | 1.215 £0.1931 | 2.335 £ 0.3012%% | 1.912 + 0.3783* | 1.838 + 0.253%

Note: *P < 0.05 and *¥*P < 0.001 compared with CON group. *P < 0.05, **P < 0.01, and *#P < 0.001 compared with CKD
group. “P < 0.05 and “*“P < 0.001 compared with CKD + HGF-L group.
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index of the CKD rats, but there is no significant difference when compared with CKD group (Figure S2A and S2B).
However, the levels of SCR and BUN were significantly decreased by TA treatment (Figure S2C and S2D). TA could also
reduce the infiltration of inflammatory cells and the deposition of collagen in renal interstitials (Figure S2E and S2F). These
results show that TA also has reno-protective effects, and the renoprotection of HGF at least partially depends on TA.

Treatment with HGF Improved the Gut Microbial Dysbiosis Induced by CKD
As the results suggested that HGF-H had a more powerful reno-protective effect, we performed stool 16S rRNA
sequencing to identify the gut microbial differences among the CON, CKD and HGF-H groups in the fourth and eighth
weeks. The Shannon index, used to indicate the alpha diversity of the gut flora, was significantly higher in the CKD
group at the fourth weeks. However, HGF-H treatment decreased this index in the fourth week but not eighth week
(Figure 2A and 2E). We also performed principal coordinate analysis (PCoA) to analyze beta diversity of microbial
composition at the genus level. The beta diversities of the flora were significantly different among the groups, with that of
the HGF group being closer to that of the CON group (Figure 2B and 2F). Further, we found that Firmicutes and
Bacteroidetes dominated each group at the phylum level (Figure 2C and 2G). In the CKD group, there was a higher
Firmicutes/Bacteroidetes (F/B) ratio, which was restored in the HGF-H group in the fourth week (Figure 2D and 2H).
Furthermore, we compared the differential bacteria between the CKD and HGF-H groups and found significant differences.
In particular, the abundance of short-chain fatty acid (SCFA)-producing bacteria, such as Prevotella and Bacteroides, was
significantly greater in the HGF-treated group after 4 weeks (Figure 2I), and that of Bacteroides and Coprococcus was greater in
the HGF-H group in the eighth week (Figure 2J). In contrast, some conditional pathogenic bacteria, such as Clostridia and
Ruminococcus, were enriched in the CKD group (Figure 21 and J). These results indicate that the intestinal microbial imbalance
in CKD can be improved by HGF treatment, in a way that regulates the abundance of pathogenic and beneficial bacteria.

Oral HGF Improved Colonic Microenvironment of the CKD Rats

Further, we evaluated the effects of HGF on the colonic environment of rats with CKD. Although there was no obvious
difference between the CON and CKD groups, oral HGF significantly increased average fecal weight (Figure 3A and B).
Moreover, the HGF-treated groups exhibited a significantly less residual feces in the colon (Figure 3C and D). Compared
with the CON group, CKD group showed changes in the structure of the colonic recess, surface irregularity and
inflammatory cell infiltration (Figure 3E). Disruption of tight junctions in the colonic epithelium was further determined
by immunofluorescence and RT-PCR. Although HGF did not significantly affect the mRNA expression of ZO-1 and
occludin (Figure 3F), it significantly increased the mean fluorescence density of ZO-1+ (Figure 3G) and occludin+
(Figure 3H). This efficacy was dose dependent (Figure 3I). Similarly, TA treatment also significantly increased average
fecal weight, tended to restore colon length, and reduced colon injury (Figure S2G—S2J). The results showed that HGF

improved the colonic microenvironment by increasing colonic motility and repairing the colonic barrier.

HGF Intervention Reduced Systemic Inflammation in CKD Rats

The gut microbiota and colonic microenvironment play important roles in defense against external pathogenic factors. We then
evaluated the effects of HGF on the systemic inflammatory responses in CKD rats. The CKD group showed significantly
higher concentrations of TNF-a, IL-6 and IL-1p in the serum than normal rats. Although HGF-L did not significantly affect the
levels of pro-inflammatory cytokines (Figure 4A—C), it significantly induced the secretion of IL-10 in the serum (Figure 4D).
In contrast, HGF-H decreased the levels of inflammatory cytokines and increased IL-10 levels (Figure 4A-D).

HGF can also alleviate renal inflammation by inhibiting the NF-kB signaling pathway. HGF decreased the mRNA
(Figure 5A—C) and protein (Figure 5SD—F) expression of inflammation-related cytokines such as TNF-a, IL-6, and TGF-
B1. NF-kB is a canonical signaling pathway involved in the activation of inflammation. NF-kB, p-NF-kB, and p-IkBa
levels were increased in the CKD group, while the expression of IkBa was downregulated in the kidneys of CKD rats
(Figure 5E). In contrast, HGF treatment reversed these changes in a concentration-dependent manner (Figure 5G and H).

These data indicate that HGF can suppress CKD-induced systemic inflammation.
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Figure 2 HGF improves the gut microbial dysbiosis in adenine-induced CKD. (A-D) In the 4th week, alpha diversity (A), beta diversity (B), relative abundance at the
phylum level (C) and Firmicutes/Bacteroidetes (F/B) ratio (D) of the gut microbiota were analyzed. (E-H) In the 8th week, alpha diversity (E), beta diversity (F), relative
abundance at the phylum level (G) and F/B ratio (H) of the gut microbiota were analyzed. (I and J) Relative abundance of differential bacteria between CKD and CKD +
HGF-H group in the 4th (I) and 8th (J) weeks are shown with Wilcoxon rank-sum test bar plot. Red asterisk (¥, *¥, **) in (I and }) indicate P < 0.05, 0.01 or 0.001,
respectively. n = 6-8 rats per group (4th week), and n = 5 rats per group (8th week). Data represent mean * SD, *P < 0.05, **P < 0.01, and **P < 0.001.

HGF Decreased the Risk of Uremia in Adenine-Induced CKD Rats

Recent studies have found that the altered structure and function of the gut flora in CKD may induce an increase in the
levels of gut-derived toxins. In this study, the concentrations of well-studied toxins, such as indoxyl sulfate, p-cresol
sulfate, advanced oxidation protein products and bacterial endotoxins, increased significantly compared with the CON
group (Figure 6A—D). In contrast, high-dose HGF intervention decreased the levels of all selected uremic toxins in CKD
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Figure 3 Effects of HGF on the colonic microenvironment in the CKD rats. (A and B) Fecal shape (A), and weight per pellet (B) that was calculated as (total wet weight) /
(total numbers), n = 7-8 rats per group. (C and D) Number of residual stools in the colon, n = 7-8 rats per group. (E) Representative images of the colonic tissues using
H&E stains (200x). The black arrows indicate injuries. (F) mRNA expression of ZO-| and Occludin in colon tissues, n = 3 from three independent experiments. (G and H)
Representative pictures of expression of ZO-| and Occludin in colon from immunofluorescence staining (400x). (I) The mean fluorescence intensity of ZO-I and occludin
was quantified by Image] software, n = 6 rats per group. Data represent mean + SD, *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 4 HGF suppresses blood’s inflammation of the CKD rats. Concentration of TNF-a (A), IL-6 (B), IL-IB (C) and IL-10 (D) in rat serum were determined by ELISA, n =
7-8 rats per group. Data represent mean + SD, *P < 0.05, **P < 0.01, and ***P < 0.001.

rats, whereas HGF-L only reduced the level of endotoxin. These results suggest that HGF can reduce the risk of uremia
by decreasing the retention of toxic metabolites in blood.

HGF Alleviated Systemic Inflammation and Uremia Associated with Regulating the Gut

Flora

As shown in Figure 7A, RDA analysis indicated that pro-inflammatory cytokines and uremic toxins were positively
correlated, but they were all negatively correlated with the level of IL-10. Further, we generated an LDA bar graph and
Spearman correlation heat map to determine the correlations between the differential microbiota (at the genus level) and
inflammatory factors. Prevotella, Ruminococcus, and Phascolarctobacterium were enriched in the CON group
(Figure 7B). The abundance of Prevotella was positively correlated with the expression of IL-10 and negatively
correlated with all pro-inflammatory cytokines and uremic toxins (Figure 7C). In the CKD group, bacteria from families
of Muribaculaceae, Dubosiella, Romboutsia and Turicibacter were positively correlated with all inflammatory and
uremic toxins. The genera Bacteroides, Coprococcus and Collinsella were enriched in the HGF-H group and were
nearly independent of inflammatory factors (Figure 7B and C). These results suggest that the increased abundance of
conditional pathogenic bacteria is related to a worse blood environment, whereas a decrease in their percentage by HGF
shows less CKD-associated systemic inflammation and uremia.

Discussion
Due to decreased renal function, CKD patients inevitably experience “toxins” accumulation in the body, which is an
important risk factor for renal injury and its complications.'>'*?® The “toxins” here are not limited to typical uremic
toxins, but also include inflammatory cytokines. Disproportionately high levels of toxins in the blood were the main
features of CKD-related systemic inflammation and uremia, which relates to microbial dysbiosis and barrier
dysfunction.” Therefore, it can be beneficial for CKD treatment to regulate the gut microbiota and improve intestinal
microenvironment.

In this study, adenine gavage resulted in significant weight loss and abnormal levels of biochemical indicators related
to renal function (eg, BUN and SCR). Histopathological analysis revealed visible renal hypertrophy, extracellular matrix
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Figure 5 HGF alleviates renal inflammation by inhibiting NF-kB signaling pathway. (A—C) The mRNA expression of TNF-a (A), IL-6 (B) and TGF-B1 (C) in renal tissue were
detected by RT-PCR. (D and E) The protein expression of TNF-q, IL-6, TGF-B1, NF-kB, p-NF-«B, IkBa, and p-IkBa in renal tissues were detected by Western blot. (F-H)
Optical density of TNF-a, IL-6 and TGF-BI (F), NF-xB and p-NF-xB (G), IxBa and p-lkBa (H) was quantified by Image] software, n = 3 rats per group. The visualization of
the bands was performed by using Rapid Auto-exposure mode of the Image Lab™™ Touch Software that supported by ChemiDoc ™ System from the Bio-Rad. The exposure

time for GAPDH was 3 to 10 second, while that for the tested proteins were a few seconds to several minutes. All data represent mean * SD, *P < 0.05, **P < 0.01, and
P < 0.001.
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Figure 6 HGF reduces the level of uremic toxins in CKD. The concentration of indoxy! sulfate (IS) (A), p-cresol sulfate (PCS) (B), advanced oxidation products (AOPPs)
(C), and endotoxin (D) were detected by ELISA, n = 5-6 rats per group. Data represent mean * SD, *P < 0.05, **P < 0.01, and ***P < 0.001.

deposition and fibrosis in CKD rats. These lesions were consistent with the pathological manifestations reported in other
studies.'®*!** However, HGF and its main ingredients both improved the indicators of renal structure and function after
8 weeks, which became the pharmacological basis of HGF in the treatment of CKD.

The mechanisms underlying HGF’s renoprotection were further investigated. Different from the previous study, we
emphasized the direct inhibition or reversal of renal fibrosis by suppressing the Wnt/B-catenin signaling pathway.'* In
this study, we focus on the effects of HGF on the gut-kidney interactions. Compared with the control group, the
composition and structure of the gut flora were significantly altered in CKD rats. Among these alterations, the alpha
diversity increased in the CKD group, which might be related to an increase in the abundance of some pathogenic
bacteria. In fact, in patients with end-stage renal disease, there is an increased abundance of uremic toxin-producing
microbes, such as Clostridiaceae.”> As shown in Figure 2, Clostridia UCG-014 and Clostridium were enriched in CKD
rats. They are considered to contain urease and form p-cresol through tryptophan metabolism.* Tryptophan metabolism
is the main path through which the gut flora produces indole, a precursor of IS and PCS. IS and PCS are gut-derived
toxins that contribute to the development of CKD and vascular disease via an induction of oxidative stress.'>** Beta
diversity and F/B ratio also indicate that microbial community compositions between the CON and CKD groups are
significantly different. Conversely, after HGF-H treatment, both alpha and beta diversities in CKD rats were corrected.
Moreover, HGF-H increased the abundance of Prevotella, Bacteroides and Coprococcus that involve in producing short
chain fatty acids. SCFAs, which are mainly fermented by bacteria in the colon, are reported to exhibit anti-inflammatory
and anti-oxidation.”> They have also been found to be beneficial for renal diseases, and direct drinking water containing
SCFAs can improve adenine-induced CKD.?® Together, these results suggest that HGF can correct the intestinal
microbiota imbalance in CKD by regulating the abundance of pathogenic and beneficial bacteria.

In CKD mice induced by adenine, gastrointestinal transit time is prolonged,?’ which relates to immune activation and
inflammation in the intestine.”® This may be caused by an increase in pathogenic bacteria and toxins in the colonic
lumen; however, reducing their retention times may be beneficial. For example, lubiprostone, a drug used to treat chronic
constipation, can alleviate renal inflammation and fibrosis in CKD.?* Similarly, rhubarb is a traditional Chinese herb that
is used to treat constipation, it has been developed for the treatment of CKD-related intestinal flora imbalance in recent
years.'> Of note, rhubarb is the major ingredient in HGF, and this is why we choose the quantity of rhubarb
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Figure 7 HGF suppresses systemic inflammation and uremia by regulating the intestinal flora. (A) RDA plots show relationship between the selected cytokines. (B) The
bacteria enriched in groups was determined using linear discriminant analysis. (C) Spearman correlation heatmap presents correlations between the gut flora, inflammatory
cytokines and uremic toxins. P-values of the correlation were shown: *P < 0.05, **P < 0.01, and ***P < 0.001.

anthraquinones as quality control of this study. Toxins increase in lumen and fail to be excreted, increasing the time it
takes for toxins to interact with intestinal epithelial cells. Increased intestinal permeability allows bacterial endotoxins to
enter the blood, which are captured by immune cells, such as macrophages, and TNF-a and IL-6 are secreted.' This
process should be protective in the early stages of pathogen invasion; however, it can cause systemic inflammation when
unresolved. Thus, renal injury and intestinal dysfunction begin and amplify each other. HGF treatment increased colonic
motility and promoted fecal excretion from the lumen. HGF also increases the expression of tight junctions, thus
reducing the entry of bacterial endotoxins into the blood. The results indicate that HGF can improve colonic micro-
environment of CKD.

Intestinal microbial dysbiosis and barrier dysfunction highly relates to systemic inflammation and uremia in CKD.*°
CKD-related inflammation is characterized by high levels of inflammatory cytokines in the renal tissue and circulatory
system. Firstly, we found that HGF significantly reduced the levels of inflammatory cytokines in serum of CKD rats.
Secondly, renal damage recruits innate immune cells to the injury site, which can amplify the inflammatory response by
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activating the NF-kB pathway.’! When inactivated, NF-kB is bound by IkBa in the cytoplasm. Once triggered by
stimulation (eg, TNF-a and IL-6), phosphorylated IkBa is rapidly degraded by the ubiquitin proteasome pathway, which
leads to the translocation of NF-kB into the nucleus, allowing it to regulate downstream gene expression.>” In the CKD
group, significantly increased expression of TNF-a, IL-6 and TGF-B1 was observed in the renal tissues, and the NF-«xB
pathway was activated. However, HGF inhibited the phosphorylation of NF-kB and IkBa, but conversely promoted the
expression of IkBa that restrain the translocation of NF-kB into the nucleus. These results suggest that HGF can reduce
renal inflammation and fibrosis via suppressing NF-«B pathway.

Increased level of IS was reported to inhibit the expression of tight junction in colonic epithelial cells. In contrast,
AST-120 (an oral adsorbent for IS) administration attenuated IS-induced intestinal barrier injury in CKD mice.” AOPPs
are novel protein-bound uremic toxins that are significantly produced in the process of various chronic kidney diseases.*?
AOPPs is a biomarker of inflammation and can induce renal fibrosis through epidermal mesenchymal transition of renal
tubular cell.>** AOPPs also change the activity and expression of drug metabolism enzymes,*> which interferes with the
drug treatment of CKD. Our results suggest that HGF (especially high dose) reduces the levels of uremic toxins, which
are believed to alleviate the notorious effects of these toxins.

Finally, the relationship between inflammation, uremia and the changed gut microbiota was further determined
by correlation analysis. In the CKD rats, there are more harmful microbes that positively correlated with
inflammatory and uremic toxins. However, in the HGF-H group, there are more beneficial bacteria, such as
Prevotella that was negatively correlated with inflammatory cytokines and uremic toxins but positively correlated
with anti-inflammatory cytokine. These results indicate that HGF may regulate the gut microbiota to alleviate
systemic inflammation and uremia.

Conclusion

In summary, a deteriorated intestinal environment may induce systemic inflammation and increase the risk of uremia,
which has become more significant in the progression of chronic kidney disease. This study demonstrated that HGF can
improve CKD outcomes by alleviating systemic inflammation and uremia. These effects can be explained by the

regulation of the gut flora and colonic microenvironment.
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