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Hedysarum polybotrys polysaccharide attenuates renal
inflammatory infiltration and fibrosis in diabetic mice
by inhibiting the HMGB1/RAGE/TLR4 pathway
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Abstract. Diabetic kidney disease (DKD) is a leading cause of
kidney failure. Previous studies demonstrated the therapeutic
potential of Astragalus polysaccharide in treating diabetic
nephropathy. Astragalus and Hongqi both come from the
leguminous plant Astragalus, but their species and genera are
different, belonging to the same family and different genera
of traditional Chinese medicinal plants. However, the effects
of Hedysarum polybotrys polysaccharide (HPS), a polysac-
charide compound from Hongqi, on DKD, including its
components and efficacy, have remained elusive. The present
study utilized db/db mice as a DKD animal model adminis-
tered with low (30 mg/kg) and high doses (60 mg/kg) of HPS,
in addition to glyburide (7.2 mg/kg). Blood and urine samples
were collected from mice and blood glucose, serum creatinine,
urinary albumin excretion and urinary f2-microglobulin were
measured. In addition, apoptosis and histological changes in
kidney tissue were observed using TUNEL and HE staining,
respectively, and the secretion and expression of inflamma-
tory factors in kidney tissue were detected using EILSA and
reverse transcription-quantitative PCR. Furthermore, we the
expression of fibrosis-related proteins and NF-kB signaling
pathway proteins was determined using western blot analysis.
HPS was found to reduce the blood glucose concentration,
serum creatinine levels, urinary albumin excretion rates and
urinary B2-microglobulin in a dose-dependent manner. In
addition, HPS treatment mitigated apoptosis and pathological
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damage in the kidney tissues of DKD mice. The expression
levels of fibrosis-related proteins fibronectin, a-smooth muscle
actin and TGF-f1 were observed to be decreased in kidney
tissues of DKD mice following HPS treatment. The secretion
levels of inflammatory factors (IL-6, TNF-a and IL-1f3) were
also reduced in kidney tissues, with high-dose HPS treatment
found to be more effective, similar to the effects mediated
by the glyburide. Further mechanistic analysis revealed that
the therapeutic effects of HPS on DKD mice may be medi-
ated by inhibiting the high mobility group box 1/receptor for
advanced glycation end-products/toll-like receptor 4 pathway.
In conclusion, the present findings could provide insight for
the treatment of DKD.

Introduction

Diabetic kidney disease (DKD) is a microvascular complica-
tion resulting from diabetes mellitus and represents the most
prevalent cause of kidney failure, and ~30% of DKD cases will
develop into renal failure (1). In recent years, the increasing
incidence of diabetes has led to a higher prevalence of DKD.
In Western countries, DKD accounts for 44% of patients
with end-stage renal disease, with >80% of these cases
originating from type 2 diabetes (2). DKD arises from various
consequences associated with aberrant glucose metabolism,
hyperglycemia and altered renal hemodynamics, which can
activate numerous growth factors and cytokines, ultimately
contributing to the development of DKD (3,4). Currently,
DKD diagnosis primarily relies on a patient's medical history
of diabetes mellitus and laboratory tests, including urine
glucose qualitative testing, blood glucose measurement
and urine protein measurement. However, urinary albumin
abnormalities are not observed in all patients with DKD at
stages I and II, making it challenging to confirm the presence
of any irreversible kidney damage in these cases.

Hongqi, the dried rhizome of the leguminous plant
Hedysarum polybotrys Hand.-Mazz, contains numerous
active components, including polysaccharides, flavo-
noids, trace elements, amino acids and saponins (5).
Hedysarum polybotrys polysaccharide (HPS), a complex
alkaloid extracted from the plant Hedysarum polybotrys, is
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the primary component responsible for its reported medicinal
effects, such as strengthening the spleen, promoting diuresis,
reducing cell swelling and purging pus. A recent study
demonstrated that HPS could enhance immunity, regulate
endocrine function whilst also exhibiting antioxidant and
anti-aging effects, as well as lowering blood sugar and anti-
bacterial anti-inflammatory properties (6). Astragalus and
Hongqi both come from the leguminous plant Astragalus, but
their species and genera are different, belonging to the same
family and different genera of traditional Chinese medicinal
plants. Although HPS is not currently used as a standalone
treatment, Astragalus, which has a similar composition
and efficacy, is a commonly used clinical drug (7). Modern
pharmacological research on Astragalus identified astraga-
loside IV as its main active component, which exhibits
anti-oxidative stress, anti-inflammatory, endothelial cell
function improvement and insulin resistance amelioration
properties. Astragaloside I'V has been reported to effectively
attenuate glomerular fibrosis and renal hypertrophy in
type 2 diabetes rats induced by high-fat diet combined with
low-dose streptozotocin (8). In addition, astragaloside IV has
been demonstrated to improve the ultrastructure of the distal
tubule and collecting duct principal cells in septic mice with
cecal ligation and puncture, facilitating humoral regulation
and discharge of excess interstitial fluid, ultimately providing
renal protection (9). Another previous study also demon-
strated that Astragalus polysaccharide could reduce blood
glucose in streptozotocin-induced diabetic mice, decrease
creatinine clearance in collecting duct principal cells,
improve renal ultrastructure, alleviate water and sodium
retention in the kidney and delay diabetic kidney disease
development (10). Astragalus has been observed to slow
down the progression of renal interstitial fibrosis in DKD
mice by downregulating the expression of TNF-a and IL-1p
in the renal interstitium (11).

Considering the anti-inflammatory effects of Astragalus, it
was hypothesized that HPS may be equally protective against
inflammatory injury in diabetic nephropathy. Therefore, in the
present study, DKD mice were treated with HPS at different
doses to observe the changes in body weight, renal function
and renal histomorphology to further explore the potential
therapeutic effects and possible mechanisms of HPS in DKD.

Materials and methods

Animals. A total of six db/m and 24 db/db C57BL/6J mice
(leptin receptor gene-deficient mice, 4-week-old, 37+2 g, half
male and half female) were acquired from the Wuhan Medical
Laboratory Animal Center. After a 1-week acclimation
period, the mice were divided into the following five groups:
i) Control group (db/m mice; oral administration of normal
saline); i) db/db group (oral administration of normal saline);
iii) HPS (Bixiang Biotechnology Co., Ltd) 30 mg/kg group
(db/db mice; oral administration of HPS dissolved in normal
saline); iv) HPS 60 mg/kg group; v) and glyburide (Lingrui
Pharmaceutical Co., Ltd) group (db/db mice; oral administra-
tion of glyburide dissolved in 0.5% sodium carboxymethyl
cellulose, 7.2 mg/kg, as positive control). All mice were housed
in a specific pathogen-free environment under a 12-h light/dark
cycle with free access to food and water. On day 42, mice were

anesthetized by 5% isoflurane inhalation and kidney tissues
were collected. Subsequently, the mice were euthanized by
cervical dislocation. The present study was approved by
the Animal Ethics Committee of the Shaanxi University of
Chinese Medicine (approval no. SUCMDL20211101001).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from tissue samples using the TRIzol™
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total
RNA was reverse-transcribed into single-stranded cDNA
using the PrimeScript™ Reagent Kit (cat. no. RR0O47A; Takara
Biotechnology Co., Ltd.) under the following conditions:
42°C for 50 min, and then 95°C for 5 min and 0°C for 2 min.
RT-qPCR was performed using the SYBR Premix Ex Taq™ Kit
(cat. no. DRR420A; Takara Biotechnology Co., Ltd.) under the
following conditions: 95°C for 1 min, and then 95°C for 20 sec,
56°C for 10 sec and 72°C for 15 sec for 35 cycles. Primers used in
this study were designed and synthesized by Sangon Biotech Co.,
Ltd. The primer pair sequences were as follows: IL-6 forward,
5-ACAACCACGGCCTTCCCTACTT-3' and reverse, 5'-CAC
GATTTCCCAGAGAACATGTG-3'; TNF-a forward, 5'-GCC
ACCACGCTCTTCTG-3' and reverse, 5-GGTGTGGGTGAG
GAGCA-3'; IL-1p forward, 5-TCGTGCTGTCGGACCCAT
AT-3' and reverse, 5-GTCGTTGCTTGGTTCTCCTTGT-3";
and GAPDH forward, 5-AGAACATCATCCCTGCATCC-3'
and reverse, 5'-GGTCCTCAGTGTAGCCCAAG-3'. The mRNA
expression levels were quantified using the 222 method and
normalized to the internal reference gene GAPDH (12).

Western blot analysis. Total proteins were extracted using
RIPA lysis buffer (Beyotime Institute of Biotechnology).
The protein content of each sample was determined by
using the BCA Protein Assay Kit (Thermo Fisher Scientific,
Inc.). Then, equal amounts of proteins (15 pug/lane) were
separated on a 12% SDS-PAGE and transferred to PVDF
membranes (Bio-Rad Laboratories, Inc.). The membranes
were then blocked in 5% (w/v) nonfat dry milk for 2 h at
room temperature and incubated with primary antibodies
overnight at 4°C (all from Abcam) for 12 h. The primary
antibodies used were as follows: GAPDH (1:3,000 dilu-
tion; cat. no. ab8245); fibronectin (1:1,500; cat. no. ab2413);
a-smooth muscle actin (a-SMA; 1:1,000; cat. no. ab5694),
TGF-p1 (1:1,000; cat. no. ab215715), high mobility group box
1 (HMGBI; 1:1,000; cat. no. ab18256), receptor for advanced
glycation end-products (RAGE; 1:1,500; cat. no. ab37647),
toll-like receptor 4 (TLR4; 1:1,000; ab22048), NF-«B
(1:1,500; cat. no. ab32360) and phosphorylated (p-) NF-xB1
(phospho S337, 1:1,000; cat. no. ab194729). Subsequently,
the membranes were incubated with HRP-conjugated goat
anti-rabbit IgG (1:15,000; cat. no. ab205718; Abcam) or goat
anti-mouse IgG (1:5,000; cat. no. ab6789; Abcam) for 1 h at
room temperature. The bands were visualized by using an
ECL Plus Chemiluminescence Reagent Kit (Pierce; Thermo
Fisher Scientific, Inc.) and were photographed by a chemilu-
minescence imaging system. Image J software (v1.8.0.112;
National Institutes of Health) was used to quantify the band
densities.

ELISA. The kidney tissue was collected under sterile condi-
tions, cut into small pieces and ground it thoroughly in a
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Figure 1. Effects of HPS on renal function in diabetic mice. Db/db mice were treated with 30 and 60 mg/kg HPS, respectively. Glyburide was used as a posi-
tive control drug. (A) Body weight measured at day 42. (B) Blood glucose concentration was measured on day 42. (C) Serum creatinine level on day 42. (D)
UAER on day 42. (E) Urinary B2-microglobulin levels on day 42. "P<0.01 vs. Control. “P<0.01 vs. db/db. ¥P<0.01 vs. HPS 30 mg/kg. ns., not significant; HPS,

Hedysarum polybotrys polysacchcaide; UAER, urinary albumin excretion rate.

mortar to obtain tissue homogenate. The secretion levels of
IL-6 (cat. no. SEKM-0007), TNF-a (cat. no. SEKM-0034) and
IL-1p (cat. no. SEKMO0002) were measured using ELISA Kkits
(Beijing Solarbio Science & Technology Co., Ltd.) following
the manufacturer's instructions.

TUNEL staining. Kidney tissue paraffin sections (30 ym)
were initially fixed in 4% paraformaldehyde for 30 min at
room temperature, followed by a 30 min incubation in a 3%
methanol solution at room temperature, and then dehydra-
tion was performed according to standard procedures. The
sections were then treated with a TUNEL reaction mixture
(Beyotime Institute of Biotechnology) for 1 h at 37°C.
Afterwards, the sections underwent 3,3'-diaminobenzidine
(DAB; Beyotime Institute of Biotechnology, 25°C for 10 min)
and hematoxylin staining (30 sec at room temperature) before
being observed and photographed under a light microscope
(Olympus Corporation). Nuclei stained with hematoxylin
appeared blue, whilst pyroptotic nuclei stained with DAB
were brownish-yellow. TUNEL-positive cells, characterized
by their brown staining, were counted at 400x magnifica-
tion. The apoptosis rate was calculated as the percentage of
TUNEL-positive cells with respect to the total number of renal
tubular cells.

H&E staining. Kidney tissue sections were fixed in a 4%
paraformaldehyde solution for 48 h at 4°C, followed by
decalcification using a 20% buffered EDTA solution. The
dehydration was performed according to standard procedures.
Subsequently, the tissues were embedded in paraffin and
a 30-pm slice was prepared, which was stained with H&E
(Sigma-Aldrich; Merck KGaA) and photographed under a
microscope (Carl Zeiss AG).

Measurement of biochemical parameters and kidney index.
The collected blood samples were centrifuged at 1,500 x g for
20 min at 4°C, before the serum was isolated to measure the
blood glucose levels. According to the instructions provided
with the assay kits (Nanjing Jiancheng Bioengineering
Institute), serum creatinine (Scr; cat. no. C011-2-1;
blood samples), urinary albumin excretion rate (UAER;
cat. no. aE038-1-1; 24-h urine sample) and 2-microglobulin
(B2-MG; cat. no. H128-1-1; 24-h urine sample) levels were
measured.

Statistical analysis. All statistical analyses were performed
using SPSS software (version 21.0; IBM Corp). Quantitative
data derived from three independent experiments were
expressed as mean + standard deviation. In animal experi-
ments, there were 6 mice in each group. The Shapiro-Wilk
test was utilized to verify if the data conformed to the normal
distribution, whilst Levene's test was utilized to assess the
homogeneity of the variances. Comparisons between multiple
groups were performed using one-way ANOVA with Tukey's
post-hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Effects of HPS on renal function in diabetic mice. The body
weight in the DKD model group was found to be lower
compared with those in the control group. However, the
HPS groups exhibited heavier mice compared with those
in the db/db group, with those in the high-dose HPS group
showing weights more closely resembling those in the posi-
tive control drug group of glyburides (Fig. 1A). Furthermore,
blood glucose concentration (Fig. 1B), serum creatinine levels
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Figure 2. Effects of HPS on renal apoptosis in diabetic mice. Db/db mice were treated with various doses of HPS or glyburide as positive control, before
apoptosis was observed after the TUNEL staining of kidney tissue sections. "P<0.01 vs. Control. “P<0.01 vs. db/db. ¥P<0.01 vs. HPS 30 mg/kg. Scale bar,
50 pm. Black arrows represent brown-yellow stained positive cells (apoptotic cells). ns., not significant; HPS, Hedysarum polybotrys polysaccharide; TUNEL,

TUNEL positive cells.

(Fig. 1C), urinary albumin excretion rate (Fig. 1D) and urinary
p2-MG levels (Fig. 1E) were all increased in diabetic mice
compared with those in the normal control mice. However,
HPS treatment significantly reversed the aforementioned
increases in renal function indicators, in a dose-dependent
manner (Fig. 1B-E).

Effects of HPS on renal apoptosis in diabetic mice.
Compared with that in the control group, db/db mice exhib-
ited increased apoptosis in the kidney tissue. HPS treatment
reduced the extent of apoptosis in the kidney tissue of db/db
mice. The therapeutic effect of 60 mg/kg HPS was found to
be superior to that of 30 mg/kg HPS, similar to glyburide
(Fig. 2).

Effects of HPS on the renal pathology in diabetic mice. H&E
staining results did not indicate abnormal changes in the
kidney tissues of the control group, which displayed regular
glomerular morphology, clear structure, thin and uniform
basement membrane and no abnormal thickening. In the
db/db group, the kidneys exhibited abnormal changes char-
acterized by a thickened glomerular basement membrane,
abnormally increased extracellular matrix and atrophic or
hypertrophic glomeruli with indistinct borders. In the HPS
(30 and 60 mg/kg) and glyburide groups, it was indicated that
the corresponding treatments ameliorated these pathological
changes to varying degrees, resulting in the thinning of the

Figure 3. Effects of HPS on renal pathology in diabetic mice. The db/db mice
were treated with various doses of HPS, with glyburide used as a positive
therapeutic agent and the pathological changes in the kidneys of the mice
were observed by H&E staining. Scale. bar, 50 ym. Black arrows point to
glomeruli. HPS, Hedysarum polybotrys polysaccharide.

glomerular basement membrane and reduced mesangial
matrix proliferation (Fig. 3).

Effects of HPS on renal fibrosis in diabetic mice. Compared
with that in the control group, the expression of fibronectin
(Fig. 4A and B), a-SMA (Fig. 4A and C) and TGF-f1
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Figure 4. Effects of HPS on renal fibrosis in diabetic mice. (A) Representative western blots and protein level quantification of (B) Fibronectin, (C) a-smooth
muscle actin and (D) TGF-B1 in kidney tissues. "P<0.01 vs. Control. #P<0.01 vs. db/db. “P<0.01 vs. HPS (30 mg/kg). NS, not significant; a-SMA, a-smooth

muscle actin; HPS, Hedysarum polybotrys polysaccharide.

(Fig. 4A and D) proteins was increased in the kidney tissues
of db/db mice. HPS treatment inhibited the expression of
these aforementioned fibrosis-related proteins in the kidney
tissues of mice compared with those in the db/db group, in a
dose-dependent manner.

Effects of HPS on inflammatory infiltration in the kidneys
of diabetic mice. The secretion and mRNA expression of
inflammatory factors (Fig. SA-F) were significantly increased
in the kidney tissues of db/db mice compared with those in
the control mice. However, the inflammatory factor secretion
levels in the kidney tissues were decreased following HPS
treatment compared with those in the db/db group, with the
treatment effect of HPS 60 mg/kg proving superior to HPS
30 mg/kg.

Effects of HPS on the HMGBI/RAGE/TLR4 pathway.
Western blotting results demonstrated increased protein
expression of HMGBI (Fig. 6A and B), RAGE (Fig. 6A and C)
and TLR4 (Fig. 6A and D) in the kidney tissues of db/db
mice, in addition to upregulated phosphorylation of NF-kB
(Fig. 6A and E). HPS treatment decreased the protein expres-
sion levels of HMGBI1, RAGE and TLR4, in addition to the
phosphorylation of NF-«B protein, compared with those in

db/db group. Treatment with the high-dose HPS appeared to
be more effective.

Discussion

DKD is a chronic kidney disorder that is mainly caused by
diabetes mellitus. Clinically, it manifests as persistently
increased albuminuria excretion or a decrease in the glomer-
ular filtration rate, ultimately progressing to end-stage renal
disease (13). Previous evidence suggests that HPS can partially
alleviate hyperglycemia and hyperlipidemia associated with
type 2 diabetes, by promoting insulin secretion and inhibiting
lipid peroxidation (14). Therefore, the present study hypoth-
esized that HPS may also exert protective effects against
diabetic nephropathy. Whilst HPS is not currently utilized as
a standalone treatment in clinical settings, agents with similar
composition and efficacy, such as Astragalus, are commonly
used. Previous studies indicated that the active components of
Astragalus can alleviate fibrosis and inflammation. A recent
study demonstrated that astragaloside IV improved renal func-
tion and mitigated podocyte injury to delay the progression of
diabetic nephropathy in mice by blocking NLRP3 inflamma-
some-mediated inflammation (15). Wang et al (16) previously
found that astragaloside IV possesses anti-oxidative stress,
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Figure 5. Effects of HPS on inflammatory infiltration in the kidneys of diabetic mice. Secretion levels (lower panels) of inflammatory factors (A) IL-6,
(B) TNF-a and (C) IL-18. mRNA expression levels of (D) IL-6, (E) TNF-a and (F) IL-1pB. "P<0.01 vs. Control. “P<0.01 vs. db/db. “P<0.01 vs. HPS 30 mg/kg.
ns., not significant; HPS, Hedysarum polybotrys polysaccharide.
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Figure 6. Effects of HPS on the HMGB1/RAGE/TLR4 pathway. (A and B) HMGBI, (A and C) RAGE and (A and D) TLR4 protein expression was measured
by western blotting. (E) Phosphorylation of NF-kB protein. “P<0.01 vs. Control group. "P<0.01 vs. db/db. ¥P<0.01 vs. HPS 30 mg/kg. NS, not significant; HPS,
Hedysarum polybotrys polysaccharide; HMGBI, high mobility group box 1; RAGE, receptor for advanced glycation end-products; TLR4, toll-like receptor 4.

anti-inflammatory properties and anti-epithelial-mesenchymal  pathway, ultimately ameliorating high glucose-induced renal
transition capabilities. It can inhibit the Wnt/B-cateninsignaling  injury. The present study discovered that HPS could attenuate
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renal inflammatory infiltration and fibrosis in diabetic mice,
suggesting that HPS may have a similar effect as Astragalus
in reducing DKD.

Under hyperglycemic conditions, cellular metabo-
lism undergoes a series of changes, including increased
reactive oxygen species generation and the formation of
angiotensin-converting enzymes (AGEs). AGEs binding to
RAGE can induce a cascade of metabolic responses, resulting
in cytokine production and secretion, including the transfer
of HMGBI to the cytoplasm and extracellular space (17,18).
Extracellular HMGBI, acting as a damage-associated molec-
ular pattern, can activate the immune system by binding
tightly to its high-affinity receptor RAGE to initiate MAPK
and NF-«B signaling downstream (19,20). Activated NF-kB
then enters the nucleus and stimulates the transcription of
adhesion molecules, chemokines, inflammatory cytokines
and other molecules associated with inflammation and
proliferation to promote the production of inflammatory
factors (IL-6, TNF-a and IL-1p), leading to the development
of DKD (21).

Previous studies showed that extracellular HMGBI, as a
key proinflammatory factor, can bind to RAGE/TLR on the
surface of monocytes to promote the synthesis and release of
proinflammatory factors, such as TNF-a, IL-1 and IL-6, with
NF-kB potentially serving a direct role in this regulatory
process induced by HMGBI (22,23). In addition, HMGBI1
can bind to pattern receptors TLR2 and TLR4 on the cell
membrane surface to activate the NF-«kB signal transduc-
tion pathway hubs, which upregulates various inflammatory
factors and promotes inflammatory cascades, further accel-
erating the progression of DKD (24,25). Zhang (26)
previously reported that HMGBI pathway activation medi-
ated the inflammatory response and epithelial-mesenchymal
transition in HK-2 cells, hastening renal fibrosis progression
in diabetic nephropathy. The present study reaffirmed that
inhibiting the HMGBI1 pathway was beneficial in attenu-
ating renal inflammation and fibrosis in mice with diabetic
nephropathy.

IL and TNF-a are among the most extensively studied
cytokines implicated in the molecular mechanisms of
inflammation in DKD. IL is a significant inflammatory
factor secreted by various cells and has broad cellular
effects (27). IL-1, IL-6 and IL-18 can amplify extracellular
matrix deposition, alter cell permeability and stimulate
the production of other inflammatory factors, serving
a pivotal regulatory role in the inflammatory response
of DKD (28,29). In the kidney tissue of DKD mice, the
expression level of IL-1 was shown to be elevated, which
could trigger the release of prostaglandin E2 and increase
the permeability of glomerular endothelial cells, leading
to the increase of urinary albumin, which was mediated
by inducing the expression of adhesion molecules and
chemokines, including cyclooxygenase-2 and prostaglandin
receptor 4, which results in abnormal intraglomerular
microcirculation (30). IL-1 was also shown to induce the
expression of TGF-f3, thereby promoting the proliferation of
mesangial cells and fibroblasts, which accelerated the onset
of renal fibrosis (31).

The present study showed that HPS treatment improved
renal function by mitigating renal apoptosis, alleviating

pathological damage to glomeruli and tubules, whilst inhib-
iting fibrosis and inflammatory factor secretion in renal tissue
of DKD mice. These effects may be mediated through regula-
tion of the HMGB1/RAGE/TLR4 pathway. As a limitation of
the study, background interference of the TUNEL staining was
present, which may have been caused by staining reagents or
staining conditions, and the protocol may require optimizing
to reduce background interference.

The present findings suggest that HPS could be a new alter-
native treatment method for DKD. Glyburide was employed
as a positive control drug and the highest dose of HPS used
in this study was 60 mg/kg. Nonetheless, it remains unclear
whether a higher dose of HPS treatment could be surpassed
by glyburide treatment, necessitating further investigation.
In addition, whilst renal tissue inflammatory infiltration
and fibrosis in diabetic mice were found to be alleviated by
HPS through the modulation of the HMGB1/RAGE/TLR4
pathway, no pathway activators were utilized for further vali-
dation in this study, which represents a potential target for
future research.
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