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Sanziguben polysaccharides improve diabetic nephropathy in mice by regulating
gut microbiota to inhibit the TLR4/NF-kxB/NLRP3 signalling pathway
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ABSTRACT

Context: Sanziguben (SZGB) is an empirical prescription used in traditional Chinese medicine to treat dia-
betic nephropathy (DN). As an abundant and primarily effective component of SZGB, Sanziguben polysac-
charides (SZP) can be digested by flora to generate biological activity.

Objective: Our study aimed to clarify the potential mechanism of SZP in improving chronic DN.
Materials and methods: Male db/db mice were randomized into DN, SZP (500 mg/kg) and metformin
(MET, 300 mg/kg) groups. Wild-type littermates served as the normal control (NC) group. The drug was
orally administered for 8 weeks. Enzyme-linked immunosorbent assay was used to detect the inflamma-
tory factors. Proteins related to inflammation were evaluated using western blotting and immunohisto-
chemical examination. Gut microbiota was analysed using 16S rRNA sequencing.

Results: SZP significantly reduced 24 h urine albumin (p < 0.05) of DN mice. Compared to DN group, SZP
significantly decreased the homeostasis model assessment of insulin resistance index, serum creatinine
and blood urea nitrogen levels (20.27+3.50 vs. 33.64+4.85, 19.22+3.77 vs. 32.52+3.05umol/L,
13.23+1.42 vs. 16.27 £0.77 mmol/L, respectively), and mitigated renal damage. SZP also regulated gut
microbiota and decreased the abundance of Gram-negative bacteria (Proteobacteria, Klebsiella and
Escherichia-Shigella). Subsequently, SZP reduced lipopolysaccharides levels (1.06- to 1.93-fold) of DN mice.
Furthermore, SZP inhibited the expression levels of TLR4, phospho-NF-kB p65, NLRP3 proteins and inter-
leukin (IL)-18 and IL-1.

Conclusions: These results demonstrated that SZP improved intestinal flora disorder and inhibited the

ARTICLE HISTORY
Received 8 September 2022
Revised 21 January 2023
Accepted 24 January 2023

KEYWORDS

Intestinal microbiota;
chronic kidney diseases;
inflammation; NLRP3
inflammasome

TLR4/NF-kB/NLRP3 pathway to alleviate DN.

Introduction

Diabetes mellitus (DM) is a metabolic disease characterized by
glucose metabolism disorder caused by environmental and gen-
etic factors, and it can lead to various complications, such as dia-
betic nephropathy (DN), diabetic cardiomyopathy and diabetic
retinopathy (Guthrie and Guthrie 2004; Schmidt 2018). Diabetic
nephropathy is a severe and common microvascular complication
of diabetes (Xiong and Zhou 2019) and the major cause of end-
stage renal disease, which increases the mortality risk of diabetes
(Wada and Makino 2013). Therefore, DN is an important cause
of death in diabetic patients (Zhang et al. 2020). The pathological
manifestations of DN include glomerular hypertrophy, mesangial
matrix hyperplasia, glomerular basement membrane thickening,
more serious glomerular glomerulosclerosis, renal angiosclerosis
and tubulointerstitial fibrosis (Tervaert et al. 2010). Early DN is
characterized by the appearance of urinary microalbumin excre-
tion and associated symptoms, such as hypertension, oedema and
even renal failure (Xiong and Zhou 2019).

Intestinal flora can participate in the metabolic processes of
nutrients and energy and maintain intestinal epithelial homeosta-
sis and immune defence (Ma et al. 2019). Recent studies have
shown that disorders in intestinal flora are related to the

occurrence and development of DN (Chi et al. 2021). Dysbiosis
of the gut microbiota destroys the integrity of the intestinal epi-
thelium, resulting in the excessive production of endotoxins
(lipopolysaccharide, LPS) produced by Gram-negative bacteria,
which further damages the mechanical barrier formed by intes-
tinal epithelial cells and the tight junction between them
(Stephens and von der Weid 2020; Hua et al. 2022). Some stud-
ies have demonstrated that LPS can enter the blood through the
damaged intestinal mucosa, initiating diabetic renal inflammation
(Fritsche 2015). In addition, a study showed that renal monocyte
infiltration in kidney tissue affects the expression of the NLRP3
inflammasome, and NLRP3 inflammasome induces the secretion
of the pro-inflammatory cytokines interleukin-1 (IL-1B) and
interleukin-18 (IL-18) by activating caspase-1, which promotes
cell death and induces automatic defence and inflammatory
responses (Andrade-Oliveira et al. 2019). The NLRP3 inflamma-
some can be induced and activated by the pro-inflammatory
mediator LPS, and the persistent inflammatory condition caused
by its activation is involved in the occurrence and progression of
DN (Yang et al. 2021).

At present, the drugs used to treat DN are mainly synthetic
hypoglycaemic agents (Samsu 2021). However, prolonged or
overdose of these drugs triggers several side effects, such as
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gastrointestinal disturbances and allergies (Ayodele et al. 2004).
Therefore, bioactive components of natural plants with no or
low toxicity effects have gained wide interest in recent years.
Polysaccharides are widely distributed in nature and exhibit a
broad range of biological activities, including antioxidant, anti-
microbial, antidiabetic, antitumor and immune regulatory activ-
ities (Dedhia et al. 2022; Mukherjee et al. 2022). These biological
activities allow for their wide application in multiple diseases
(Zeng et al. 2019). However, as macromolecular compounds, pol-
ysaccharides cannot be directly absorbed into the blood but exert
biological activities via intestinal microflora. The gut microbiota
can participate in the metabolism of polysaccharides, and its
composition and function are affected by the active ingredients
of polysaccharides to produce beneficial effects on diseases (Ho
Do et al. 2021).

Sanziguben (SZGB) consists of Rosae laevigatae Michx.
(Rosaceae), Phyllanthus emblica L. (Phyllanthaceae), Schisandra
chinensis (Turcz.) Baill. (Schisandraceae) and Gynostemma penta-
phyllum (Thunb.) Makino (Cucurbitaceae), an empirical pre-
scription for the clinical treatment of DN and protection against
kidney injury. Our previous research found that Sanziguben pol-
ysaccharides (SZP) have beneficial effects on renal functions in
DN mice induced by a high-fat diet along with a low dose of
streptozocin through an anti-inflammatory effect (Zhou et al.
2021). Therefore, this study further investigated the protective
effects of SZP against DN in db/db mice and its potential mech-
anism of action.

Materials and methods
Plant materials used and preparation of the polysaccharides

Dried ripe fruits of R. laevigatae were purchased from Bozhou
Shenglin Pharmaceutical Industry Co., Ltd. (Bozhou, China),
dried ripe fruits of P. emblica and S. chinensis were obtained
from Zhongshan Zhongzhi Pharmaceutical Group Co., Ltd.
(Zhongshan, China), and dried whole grass of G. pentaphyllum
was purchased from Hunan Bestcome Traditional Medicine Co.,
Ltd. (Hunan, China). All herbs were identified and authenticated
by Dr. Guangtian Peng, a medicinal botanist in the Guangzhou
University of Chinese Medicine. The voucher specimens (JYZ-
21-WF, YGZ-21-WF, WWZ-21-WF and JGL-21-WEF, respect-
ively) were deposited at the authors’ laboratory in Guangzhou
University of Chinese Medicine.

The above Chinese herbs were mixed in a ratio of 6:5:3:6.
After 24h of desiccation, the SZGB was crushed and screened
through a 50-mesh sieve and degreased three-times with petrol-
eum ether (1:3) for 24 h at room temperature under reflux. After
filtration, the residue was extracted twice with distilled water
(1:12) for 5h at 80°C. The extracts were concentrated by rotary
vacuum evaporation. The concentrate was precipitated using
absolute ethanol. The precipitate was then collected and dis-
solved in distilled water. The step of deproteinization with the
Sevage method was added based on a previous SZP extraction
technique (Zhou et al. 2021). Finally, the deproteinized solution
was lyophilized to obtain crude polysaccharides (SZP). Finally,
the phenol-sulphuric acid method, carbazole-sulphuric acid
method, barium chloride-gelatin method and the bicinchoninic
acid (BCA)-based assays were applied to detect the neutral sugar,
uronic acid, sulphate groups and protein content, respectively.

Chemicals

Metformin (MET) was obtained from Sino-American Shanghai
Squibb Pharmaceuticals, Ltd. (Shanghai, China). All assay Kkits
were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Mouse insulin (CSB-E05071m), LPS (CSB-
E13066m), IL-18 (CSB-EO4609) and IL-1f (CSB-E08054) ELISA
kits were provided by HuaMei Co. (Shanghai, China). Tissue
lysates were prepared using radioimmunoprecipitation assay
(RIPA) lysis buffer (CWBIO) containing a protease/phosphatase
inhibitor cocktail. The following primary antibodies were used:
TLR4 (Affinity, San Francisco, CA, AF7017), NF-kB p65 (CST,
Boston, MA, #8242), phospho-NF-kB p65 (CST, Boston, MA,
#3033), NLRP3 (Abcam, Cambridge, UK, ab263899), ASC
(Affinity, San Francisco, CA, AF6304), caspase-1 (Affinity, San
Francisco, CA, AF5418), ZO-1 (CST, Boston, MA, #8193), occlu-
din (Abcam, Cambridge, UK, ab216327) and P-actin (CWBIO,
Beijing, China, CW0096). The secondary antibodies used were
goat anti-rabbit IgG (CWBIO, Beijing, China) and goat anti-
mouse IgG (CWBIO, Beijing, China).

Animals

Six-week-old male db/db and wild-type (WT) littermate mice
were purchased from GemPharmatech Co., Ltd. (animal produc-
tion license number: SCXK2020-0054) (Nanjing, China). The
animals were maintained at the Guangzhou University of
Chinese Medicine (animal use license number: SYXK2019-0202).
A total of 10 WT mice and 30 db/db mice were reared on alter-
nating 12h light/dark cycle conditions at a relatively constant
temperature of 22+2°C in the study. All animal experiments
were approved by the Laboratory Animal Ethics Committee of
Guangzhou University of Chinese Medicine (approved identifica-
tion: ZYD-2021-166) and performed in accordance with ethical
standards.

Experimental design

The db/db mice were divided randomly into three groups of 10
mice each: DN control group (DN), DN + 300mg/kg MET
group (MET) and DN + 500 mg/kg SZP group (SZP), WT mice
were assigned to the normal control (NC) group and gavaged
with an equal volume of distilled water. Fasting blood glucose
(FBG) levels of 8-week-old mice were measured using handheld
glucometers (Accu-Chek, Roche, Munich, Germany). FBG levels
of db/db mice higher than 16.7 mmol/L were considered as dia-
betic mice. Urine was collected from db/db mice using metabolic
cages on the 8th weekend. The urine of db/db mice with >150%
WT was considered as DN mice. Drug treatment was initiated
9 weeks after the successful establishment of the DN model and
was administered for eight consecutive weeks. The body weights
of the mice were monitored weekly, and the food intake and vol-
ume of water intake were measured once a week. In the concur-
rent phase, the FBG levels of mice were measured once every
2 weeks, and urine was monitored once every 4 weeks. Serum,
cecal contents and kidneys were harvested after 8 weeks.

Detection of serum biochemical indexes

Serum samples were obtained after centrifugation of blood sam-
ples at 3000rpm for 10min. The serum levels of triglyceride
(TG), total cholesterol (T-CHO), serum creatinine (SCr) and



blood urea nitrogen (BUN) were measured according to the
manufacturer’s instructions.

Renal oxidative stress and inflammatory factors assay

Renal tissue was homogenized in cold 0.9% saline to obtain a
10% homogenate. The supernatant was collected via centrifuga-
tion. As per manufacturer’s instruction, the levels of superoxide
dismutase (SOD), catalase (CAT) and malondialdehyde (MDA)
in renal tissue homogenate were determined with corresponding
assay kits. Kidney endotoxin, IL-18 and IL-1f levels were quanti-
fied using ELISA Kkits.

Histology analysis

To evaluate the degree of renal histopathological damage, we
stained renal sections with haematoxylin and eosin (H&E),
Masson, periodic acid-Schiff (PAS) and Sirius red. Briefly, fresh
renal tissues were fixed in 4% paraformaldehyde for 24h and
embedded in paraffin. Thereafter, 4 pm sections of the tissue
samples were obtained and staining was performed as described
above. Morphology, fibrosis, glycogen deposition and collagen
deposition in tissues were observed by H&E, Masson, PAS and
Sirius red staining.

Intestinal microbiota composition analysis

According to the manufacturer’s instructions, total microbial
community genomic DNA was extracted from the cecal contents
of mice using the EZN.A® soil DNA Kit (Omega Bio-tek,
Norcross, GA). The mentioned bacterial DNA extraction was
employed as the template using slightly modified versions of
upstream primer 338F (5-ACTCCTACGGGGGCAGCAG-3TC
sequence and downstream primer 806R (5'-
GGACTACVGGGTWTCTAAT-3') to amplify gene V3-V4
hypervariable region of the 165 rRNA by ABI GeneAmp® 9700
PCR thermocycler (ABI, Foster City, CA). Purified PCR products
were built using the NEXTFLEX Rapid DNA-Seq Kit, and
sequencing was performed using the Illumina MiSeq PE300
platform/NovaSeq PE250 platform (Illumina, San Diego, CA)
and analysed according to the manufacturer’s instructions
(Majorbio Technology Co., Ltd., Shanghai, China).

Immunohistochemical staining

Renal tissue sections were incubated with EDTA for antigen
retrieval. Thereafter, the slides were incubated with TLR4,
NLRP3, ZO-1 and occludin antibodies (1:500 dilution) for
40 min at 37°C. The slides were washed three times with phos-
phate-buffered saline for 5min and incubated with the secondary
antibody for 20min at 37°C. After washing, the slides were
observed under a light microscope.

Western blot analysis

Kidney tissues were homogenized in RIPA lysis buffer containing
1mM phenylmethanesulfonyl fluoride and protease inhibitors.
The supernatant was obtained after centrifugation, and the pro-
tein concentration was determined using BCA assay, after which
5x loading buffer was added and boiled for 10 min. Protein sam-
ples were transferred onto polyvinylidene fluoride membranes
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after electrophoresis. Anti-NLRP3, anti-ASC, anti-caspasel, anti-
TLR4, anti-NF-kB p65 and anti-NF-kB p-p65 antibodies were
incubated overnight at 4°C on a shaker. The membranes were
washed five times with Tris-buffered saline with Tween 20
(TBST) for 6 min and incubated with the secondary antibodies
for 1h at room temperature. After incubation, the membranes
were washed five times with TBST for 6 min. Finally, the mem-
branes were monitored with an enhanced chemiluminescence
reagent and quantified using Image ] software (Bethesda, MD).

Statistical analysis

The results are expressed as mean+SD. All data were analysed
using SPSS (SPSS Inc., Chicago, IL) and GraphPad Prism 8.0.2
(GraphPad Software, La Jolla, CA). Statistically significant differ-
ences were determined by one-way analysis of variance and
reported as p < 0.05.

Results
SZP content

The SZP extracted from SZBG was a brownish-yellow powder.
The yield and content of the total polysaccharides obtained from
SZP were 6.92% and 88.18%, respectively. In addition, 53.37 +
4.78% neutral sugar, 27.39 + 2.83% uronic acid and 7.42+0.64%
sulphate groups of SZP were obtained, and the content of pro-
tein was reduced to 7.73 £ 0.68% after optimized the process of
SZP extraction and purification (Table 1).

SZP alleviated DN in db/db mice

The effects of SZP were evaluated in a db/db DN mouse model.
A flow diagram of the study is shown in Figure 1(A). Weekly
body weights were monitored during drug administration. It was
found that there was no significant change in the body weight
(Figure 1(B)) of DN mice between the different treatment
groups. Based on the weekly water and food intake results, DN
mice showed a significant decrease in water intake (Figure 1(C))
but only a slight effect in food intake (Figure 1(D)) after SZP
and MET treatment. As shown in Figure 1(E-G), FBG, serum
insulin, and the homeostasis model assessment of insulin resist-
ance (HOMA-IR) index were significantly decreased after SZP
and MET treatment compared to those in the DN group. These
findings illustrate that SZP and MET played a role in improving
the symptoms of polydipsia, lowering blood glucose and improv-
ing insulin resistance.

As shown in Figure 1(H,I), serum TG and T-CHO levels were
considerably reduced after SZP and MET administration com-
pared to those in the DN group. As estimated by the KW/BW
ratio, SZP and MET treatment markedly reversed the changes in
renal weight and renal index compared to those in the DN group
(Figure 1(K,L)). The results showed that SZP and MET treatment
attenuated kidney enlargement in mice with DN. Further obser-
vations on 24h proteinuria and serum levels of BUN and SCr
were performed to evaluate the effects of SZP and MET treat-
ment in DN mice (Figure 1(J,M,N)). We observed that the levels

Table 1. Composition of SZP.

Sample Neutral sugar (%) Uronic acid (%)
SZP 53.37+4.78 27.39+£2.83
Data are presented as the mean+SD, n=3.

Sulphate groups (%)
7.42+0.64

Protein (%)
7.73+0.68
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Figure 1. Sanziguben polysaccharides (SZP) ameliorated renal injury in diabetic nephropathy (DN) mice after 8 weeks of administration. (A) Study flow diagram, (B)
body weight, (C) water intake, (D) food intake, (E) fasting blood glucose (FBG), (F) serum insulin, (G) the homeostasis model assessment of insulin resistance (HOMA-
IR) index, (H) triglyceride (TG), (I) total cholesterol (T-CHO), (J) urine albumin, (K) renal weight, (L) renal index, (M) serum creatinine (SCr), (N) blood urea nitrogen
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and Sirius red staining). All data were expressed as the mean+SD (n=6). “p< 0.01, "*p< 0.001 vs. NC group; *p< 0.05, **p< 0.01, ***p< 0.001 vs. DN group.



of the aforementioned indicators were significantly higher in DN
mice, indicating renal metabolic dysfunction, compared to the
NC group. These three indicators were markedly reduced after 8
consecutive weeks of SZP and MET treatment. These findings
revealed that SZP and MET treatment improved DN-induced
metabolic abnormalities in renal and blood lipids.

The levels of CAT and SOD in the kidney tissue were signifi-
cantly decreased, whereas the level of MDA was significantly
higher in DN mice than that in the NC group (Figure 1(0-Q)),
showing that the response to oxidative stress was enhanced in
kidneys of mice with DN. After SZP and MET treatment, the
levels of CAT and SOD were significantly increased, whereas the
level of MDA was considerably reduced. These results suggested
that SZP and MET treatment improved renal oxidative stress
and renal function in DN mice.

SZP ameliorated kidney injury and fibrosis in DN mice

The results of the pathological section analysis are summarized
in Figure 1(R), the HE-stained pathological section showed
glomerular enlargement and mesangial hyperplasia, inflammatory
cell infiltration, and fibrosis of renal interstitium in DN mice.
The improvement of renal injury in the SZP and MET groups
was significant compared to that in the DN group, which is spe-
cifically shown in glomeruli, inflammatory cell infiltration, and
fibrosis of the renal interstitium. PAS staining revealed glomeru-
lar hypertrophy, glomerular basement mesangial hyperplasia and
glycogen deposition in the DN mice. Compared to the DN
group, these pathological changes were ameliorated in the SZP
and MET groups. Masson and Sirius red staining revealed glom-
erular basement mesangial hyperplasia and heavy collagen depos-
ition in the DN mice. The improvement in the collagen
deposition area in the SZP and MET groups was significant com-
pared to that in the DN group. In summary, these results indi-
cate that SZP and MET treatment effectively protected against
renal injury and fibrosis.

SZP improved the dysbiosis of gut microbiota

Faecal microbiota diversity and composition were analysed to
evaluate the effects of SZP on the intestinal flora. The Shannon
index at the operational taxonomic unit level indicated that the
current sequencing quantity was sufficiently large to reflect the
vast majority of microorganisms species (Figure 2(A)). The
Chao, ACE, Shannon and Simpson indices were used to reflect
the diversity and richness of the gut microbiome. The results
showed that the diversity and richness of faecal microbiota were
considerably reduced in DN mice compared to those in NC
mice (Figure 2(B-E)). After SZP treatment, the Chao and ACE
indices were significantly elevated, indicating that faecal micro-
biota richness increased. However, there were no visible effects
on faecal microbiota diversity. We next investigated the B-diver-
sity of the faecal microbiota and demonstrated that the gut
microbiome was remodelled by SZP treatment (Figure 2(F)).

To further evaluate the impact of SZP administration on the
relative abundance of intestinal microbes, we analysed the differ-
ential bacterial composition at the phylum and genus levels. As
shown in Figure 2(G), the microbial composition at the phylum
level in the three groups was significantly different. Compared
with the DN group, the abundance of the phylum
Verrucomicrobia was visibly elevated, whereas the abundance
of Proteobacteria generally decreased after SZP treatment
(Figure 2(H,I)). At the genus level, the abundance of
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Akkermansia was markedly increased, while the abundance of
Klebsiella, Escherichia-Shigella and Marvinbryantia were clearly
reduced in SZP group as compared to the DN group (Figure
2(J-P)). These findings reveal that dysbiosis of the gut micro-
biota was improved by SZP treatment.

SZP suppressed excessive inflammation in DN and its effects
were mediated via inhibiting the TLR4/NF-xB/NLRP3
pathway

The cell-cell junctions of the kidney were disrupted and the
intestinal barrier was damaged in DN, which led to decreased
levels of ZO-1 and occludin. Thus, the kidney receives LPS leak-
ing from the intestine into the blood, which leads to the infiltra-
tion of inflammatory cells in the renal tissue. Inflammation is a
typical feature of DN, and LPS can exacerbate inflammatory
responses (Yang et al. 2020). Our results indicated that SZP
treatment significantly reduced inflammatory infiltration of the
kidney, as demonstrated by the reduced levels of LPS, IL-18 and
IL-1B (Figure 3(A-C)). The protein expression levels of ZO-1
and occludin in colonic tissues and their immunohistochemical
expression in renal tissues were significantly increased by SZP
treatment (Figures 3(K,L) and 4(A,B)), demonstrating that SZP
treatment repaired the endothelial barrier integrity of kidney and
colonic tissues in DN.

The NLRP3 inflammasome comprises various protein com-
plexes that regulate IL-1$ and IL-18 secretion. It has been
reported that the regulation of TLR4 and the downstream signal
NF-kB/NLRP3 have therapeutic implications in DN (Lee et al.
2019; Ram et al. 2020). To further explore the underlying mech-
anism of the role of SZP in DN, the protein expression levels of
TLR4, NF-kBp65, NF-kB p-p65, NLRP3, ASC and caspase-1
were examined in renal tissues. The western blotting results
revealed that the protein levels of TLR4, NF-kB p-p65, NLRP3,
ASC and caspase-1 were significantly increased in DN mice,
whereas these effects were reversed by SZP treatment (Figure
3(D-H)). In addition, immunohistochemistry results indicated
that TLR4 and NLRP3 protein expression levels were decreased
in the SZP treatment group (Figure 3(L]J)). These results imply
that SZP could mitigate the inflammatory response in the kidney
by inhibiting the TLR4/NF-xB/NLRP3 pathway.

Discussion

In recent years, intestinal flora has received wide attention in the
pathogenesis of DN (Yang et al. 2021). Growing evidence has
revealed that Chinese medicinal polysaccharides influence intes-
tinal microflora and exert pharmacological effects (Zhang et al.
2018; Ge et al. 2021). In the present study, we found that the
intestinal microbiota regulated by SZP might be a potential
therapeutic strategy to treat DN. Through 16S rRNA analysis, we
found that SZP regulated the dysregulated intestinal flora and
reduced the abundance of Gram-negative bacteria to reduce the
release of LPS, thereby improving the colon epithelial barrier
and further diminishing the damage of inflammation to the
kidney.

db/db mice are considered a good animal model for DN
(Norgaard et al. 2019; Guo et al. 2020). In the DN group, body
weight, water and food intake, and excretion were increased
compared to those in the NC group. DN mice showed a signifi-
cant decrease in water intake but only a slight effect in food
intake after SZP and MET treatment. This might be related to
the fact that DN mice showed no significant weight loss after
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Figure 3. Sanziguben polysaccharides (SZP) inhibited the inflammatory factors, altered the protein levels of the TLR4/NF-kB/NLRP3 pathway and kidney barrier in kid-
ney tissues. (A) Lipopolysaccharide (LPS), (B) interleukin (IL)-18 and (C) IL-1p levels in kidney were determined by enzyme-linked immunosorbent assay (ELISA) (n =6,
mean = SD). Expression of (D) TLR4, (E) the ratio of NF-xB p-p65 to NF-kB p65, (F) NLRP3, (G) ASC, (H) caspase-1, evaluated by western blot analysis (n=3,
mean + SD). Representative immunohistochemistry (IHC) result for (I) TLR4, (G) NLRP3, (K) ZO-1, (L) occludin (n =3, mean +5D). “p< 0.01, #*p< 0.001 vs. NC group;
*p< 0.05, ¥*¥p< 0.01, ¥*¥*p< 0.001 vs. diabetic nephropathy (DN) group.
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(n =3, mean £ 5D). p< 0.01, “*p< 0.001 vs. NC group; *p< 0.05, **p< 0.01 vs. diabetic nephropathy (DN) group.

SZP and MET treatment. These results indicated that SZP might
not improve the weight of DN mice by controlling food intake.
Insulin resistance is a key link in the occurrence and develop-
ment of DN (Svensson and Eriksson 2006), and HOMA-IR is a
reliable marker of insulin resistance (Ekblad et al. 2015; Cho
et al. 2018). In this study, SZP-treated DN mice showed signifi-
cantly decreased FBG, serum insulin and HOMA-IR index.
These results suggest that SZP may improve insulin resistance.
DN is characterized by proteinuria and renal injury (Wada and
Makino 2013), whereas SCr and BUN are generally used to
evaluate the degree of renal injury (Tang et al. 2021). In this
study, we found that after supplementation with SZP, the levels
of 24h urine albumin, renal index, SCr and BUN were signifi-
cantly decreased in DN mice, indicating that SZP could improve
renal enlargement and renal metabolic dysfunction in DN mice.
Owing to the close correlation between glucose and lipid metab-
olism, the development of DN is associated with abnormal lipid
metabolism (Herman-Edelstein et al. 2014). TG and T-CHO,
which are indicators of blood lipid metabolism, were also
reversed in DN mice after SZP treatment, indicating that SZP
could effectively ameliorate DN-induced dyslipidaemia. Diabetes
is also accompanied by a disorder in glucose metabolism in the
renal tissue (Warren et al. 2019). Abnormal glucose metabolism
caused by hyperglycemia catalyses the production of large
amounts of reactive oxygen species, which enhances oxidative
stress. SOD and CAT are important biological enzymes that
scavenge free radicals in the body, and MDA is a lipid peroxida-
tion biomarker that reflects the extent of membrane damage
(Ding et al. 2018). These results were consistent with our results,
SZP treatment effectively improved renal oxidative stress, as evi-
denced by significantly increased levels of antioxidant enzymes
SOD and CAT, and significantly decreased MDA levels. In add-
ition, we observed the effect of SZP treatment on the renal struc-
ture of DN mice by the pathological staining of the renal tissue.
H&E and PAS staining mainly reflected changes in the renal
structure and glycogen accumulation in DN mice. Masson and
Sirius red staining can be used to stain collagen fibres.
Histological staining showed that SZP treatment alleviated renal
damage in DN mice, reduced the deposition of glycogen and col-
lagen fibres, and significantly reduced the levels of inflammatory
factors.

Our study is consistent with previous studies reporting
decreased intestinal microbiota diversity in DN mice and a
higher abundance of LPS-producing protein bacteria (Sabatino
et al. 2017; Cai et al. 2020). We found that Proteobacteria,
Klebsiella and Escherichia-Shigella were abundantly enriched in
DN mice. As a Gram-negative bacterium, Proteobacteria produ-
ces a large amount of LPS, which increases the oxygen level in
the lumen and leads to an imbalanced structure in the intestine,

which is closely related to the severity of DN (Hu et al. 2020).
Klebsiella is a Gram-negative bacterium that produces various
pathogenic factors, including multiple adhesins, capsular polysac-
charides and LPS (Linh et al. 2022). Besides, Escherichia-Shigella,
which is a Gram-negative bacteria, belongs to Escherichia coli
enriched in DN patients (Thingholm et al. 2019; Hu et al. 2020).
After SZP treatment, the abundance of Gram-negative bacteria,
such as Proteobacteria, Klebsiella and Escherichia-Shigella, was
remarkedly reduced. Previous studies have shown that the abun-
dance of Marvinbryantia is significantly increased in DN and
positively correlated with serum MDA levels and inflammatory
factors in the intestinal mucosa (Haenen et al. 2013; Zhang et al.
2020), which is in line with the results of our study. Compared
with DN mice, the abundance of Marvinbryantia was reversed
after SZP treatment. Gut microbes are essential for maintaining
the integrity of the intestinal epithelium and for protecting the
intestinal ~barrier. Previously, it was demonstrated that
Verrucomicrobia is responsible for the regulation of intestinal
mucosal health (Barlow et al. 2015). Akkermansia was confirmed
to be positively associated with MET treatment for diabetes and
with the expression of tight junction proteins and the integrity
of the intestinal barrier (Gryaznova et al. 2022). Interestingly,
Verrucomicrobia and Akkermansia were individually enriched in
the SZP group, suggesting that SZP treatment enhanced intes-
tinal barrier function. This was clearly supported by the balance
between the composition of the microbiota and the increased
expression levels of tight junction proteins. These results con-
firmed that SZP treatment modulated gut microbiota, reduced
the abundance of harmful intestinal bacteria and increased the
abundance of beneficial intestinal bacteria.

Based on the 16S rRNA gene sequencing results of the gut
microflora, we found that the abundance of Gram-negative bac-
teria was remarkably higher in DN mice. LPS, an essential com-
ponent of the cell wall of Gram-negative bacteria that induces
metabolic inflammatory responses, is released following bacterial
cell death cleavage (Fritsche 2015). Under physiological condi-
tions, low concentrations of non-pathogenic LPS can be detected
in the blood circulation. However, with an increase in the abun-
dance of Gram-negative bacteria, large amounts of LPS are
released in the intestine, which damages the intestinal mucosal
barrier and increases intestinal permeability. Due to the gut-kid-
ney axis, the kidneys receive large amounts of LPS that accumu-
late in the intestine and leak into blood circulation (Hua et al.
2022). A previous study showed that the NLRP3 inflammasome
is composed of ASC, and caspase-1 participates in the inflamma-
tory response in DN and is related to the disorder of intestinal
flora (Ding et al. 2018). LPS induces NF-«xB by activating TLR4
pattern recognition receptor signal transduction and further acti-
vates NLRP3 (Niu et al. 2022). The activated NLRP3



inflammasome converts the precursor pro-inflammatory cyto-
kines IL-18 and IL-1P into their bioactive forms, further aggra-
vating the inflammatory reaction and renal damage (Yang et al.
2021). Our results also indicated that the levels of LPS and pro-
inflammatory cytokines and the expression levels of TLR4/NEF-
kB/NLRP3 pathway-related proteins were significantly increased.
These data indicate that the inflammasome in the kidney of DN
mice was highly activated and aggravated inflammation. The
intestinal mucosal barrier and renal LPS content were improved
by SZP treatment, which inhibited inflammation by blocking the
activation of the TLR4/NF-kB/NLRP3 signalling pathway.

Conclusions

The results of our study indicate that SZP played a protective
role in DN. The mechanisms may involve stabilizing the gut
microbiota, upregulating tight junction protein expression levels,
reducing the levels of LPS, and suppressing the activation of the
TLR4/NF-kB/NLRP3 signalling pathway to improve inflamma-
tion, and eventually alleviate renal injuries in DN mice.
Therefore, SZP as a natural supplement could be considered
potentially effective agent for the treatment of DN.
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