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Background: In recent years, diabetic kidney disease (DKD) has emerged as a
prominent factor contributing to end-stage renal disease. Tubulointerstitial
inflammation and lipid accumulation have been identified as key factors in the
development of DKD. Earlier research indicated that Astragaloside IV (AS-IV)
reduces inflammation and oxidative stress, controls lipid accumulation, and
provides protection to the kidneys. Nevertheless, the mechanisms responsible
for its protective effects against DKD have not yet been completely elucidated.

Purpose: The primary objective of this research was to examine the protective
properties of AS-IV against DKD and investigate the underlying mechanism,
which involves CD36, reactive oxygen species (ROS), NLR family pyrin domain
containing 3 (NLRP3), and interleukin-1β (IL-1β).

Methods: TheDKD ratmodelwas created by administering streptozotocin alongwith
a high-fat diet. Subsequently, the DKD rats and palmitic acid (PA)-induced HK-2 cells
were treated with AS-IV. Atorvastatin was used as the positive control. To assess the
therapeutic effects of AS-IV onDKD, various tests including blood sugar levels, the lipid
profile, renal function, and histopathological examinationswere conducted. The levels
of CD36, ROS,NLRP3, Caspase-1, and IL-1βwere detected usingwestern blot analysis,
PCR, and flow cytometry. Furthermore, adenovirus-mediated CD36 overexpression
was applied to explore the underlying mechanisms through in vitro experiments.

Results: In vivo experiments demonstrated that AS-IV significantly reduced
hyperglycemia, dyslipidemia, urinary albumin excretion, and serum creatinine levels
in DKD rats. Additionally, it improved renal structural abnormalities and suppressed the
expression of CD36, NLRP3, IL-1β, TNF-α, and MCP-1. In vitro experiments showed
that AS-IV decreased CD36 expression, lipid accumulation, and lipid ROS production
while inhibiting NLRP3 activation and IL-1β secretion in PA-induced HK-2 cells.

Conclusion: AS-IV alleviated renal tubule interstitial inflammation and tubule
epithelial cell apoptosis in DKD rats by inhibiting CD36-mediated lipid
accumulation and NLRP3 inflammasome activation.
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1 Introduction

Diabetic kidney disease (DKD), a significant microvascular
complication of diabetes mellitus (DM), is the primary cause of
end-stage renal disease (ESRD) globally (Chan and Tang, 2013).
Previous studies have primarily focused on glomerular damage, but
emerging research indicates that DKD is not only caused by
glomerular damage, but also by complex interactions among
glomeruli, tubules, renal interstitium, and renal vascular
components (Kanwar et al., 2011). In comparison to glomerular
injury, renal tubule and tubulointerstitial injury exert a more
significant impact on renal function and offer greater predictive
value for DKD progression (Vallon, 2011). Nevertheless, the specific
mechanism behind these observations is still not understood.

Recent studies have demonstrated the prominent role of
inflammatory mechanisms, specifically the cytokine interleukin-1β
(IL-1β) and the NLRP3 inflammasome, in promoting DKD
(Navarro-González et al., 2011). The NLRP3 inflammasome is a
protein complex consisting of NOD-like receptor protein 3
(NLRP3), apoptosis-related speck protein (ASC), and cysteine
aspartate-1 precursor that activates IL-1β family cytokines (Qiu and
Tang, 2016). An increasing body of evidence suggests that activation of
the NLRP3 inflammasome plays a pivotal role in the progression of
DKD. According to Wu et al. (Wu et al., 2018), suppression of the
NLRP3 inflammasome decreases inflammation and fibrosis in renal
tissue in DKD. Furthermore, activation of the NLRP3 inflammasome is
also associated with increased levels of oxidized low-density lipoprotein
(ox-LDL), free fatty acids (FFAs), and lipid accumulation, in addition to
hyperglycemia and oxidative stress (Duewell et al., 2010). There is a
growing body of evidence indicating that inflammation, fibrosis, and
disease progression may be associated with dyslipidemia in patients
with DKD (Herman-Edelstein et al., 2014; Stadler et al., 2015). CD36-
mediated lipid accumulation may be one potential pathogenic factor of
obesity-related glomerulopathy (ORG) and podocyte injury through
inflammatory responses and activation of the NLRP3 inflammasome
(Yang et al., 2018; Zhao et al., 2019). Another study suggests that
CD36 mediates NLRP3 inflammasome activation via suppressing
mitochondrial fatty acid oxidation (FAO) and stimulating
mitochondrial reactive oxygen species (mtROS) production in DKD
(Hou et al., 2021).

CD36, which is recognized as a protein responsible for
transporting fatty acids, is a scavenger receptor B that displays a
wide array of sites for recognizing ligands (Yokoi and Yanagita,
2016). It plays a crucial role in lipid deposition, inflammatory
signaling pathways, energy reprogramming, apoptosis, and renal
interstitial fibrosis. CD36 is predominantly found in tubular
epithelial cells, podocytes, and mesangial cells within the kidney.
It enhances lipid absorption, triggers cell death, and stimulates the
production of ROS (Hua et al., 2015; Yang et al., 2017). Patients with
chronic kidney disease (CKD), especially those with diabetic kidney
disease, exhibit significant expression of CD36. We suggest that the
accumulation of lipids through CD36 and activation of the
NLRP3 inflammasome may play a role in the potential
development of renal tubule injury in DKD.

Astragaloside IV (AS-IV), a bioactive substance derived from
Radix Astragali, demonstrates remarkable abilities in reducing
oxidative stress and inflammation and providing protection to
the kidneys, as well as modulating the immune system (Zhou

et al., 2017; Chen et al., 2018). AS-IV effectively suppresses
oxidative stress and fibrosis induced by palmitic acid (PA)
through the downregulation of CD36 in glomerular mesangial
cells (Su et al., 2019). In our prior investigation, it was shown
that AS-IV alleviates lipid accumulation, decreases damage to
cardiomyocytes, and improves myocardial dysfunction in DCM
rats by inhibiting CD36-mediated ferroptosis (Li et al., 2023).

In the present study, we explored the impact of AS-IV on the
PA-induced inflammation of renal tubular epithelial cells. We also
examined the protective effects of AS-IV in a DKD rat model
induced by streptozotocin along with a high-fat diet. Our
findings demonstrate that AS-IV regulates lipid accumulation,
reduces the production of ROS, and inhibits the activation of
NLRP3 inflammatory bodies by acting on CD36. As a result, it
effectively suppresses the release of the inflammatory factor IL-1β in
renal tubular epithelial cells. This leads to reduced renal
tubulointerstitial inflammation and delayed progression of DKD.
Moreover, the impacts of AS-IV on FFA-induced damage to the
renal tubules and the underlying mechanisms were examined to
elucidate the correlation between CD36 and the protective
properties of AS-IV in HK-2 cells exposed to PA, as well as in a
DKD rat model induced by streptozotocin along with a high-fat diet.

2 Materials and methods

2.1 Chemicals and reagents

The human renal proximal tubular HK-2 cell line (Cat. No. CL-
0109) was acquired from Procell Life Science & Technology Co., Ltd.
(Wuhan, China). PA (C16:0) (Cat. No. P5585) and streptozotocin (Cat.
No. S0130) were obtained from Sigma-Aldrich (St. Louis, MO,
United States). Atorvastatin was purchased from The First Affiliated
Hospital of Guangzhou University of Chinese Medicine. Anti-NLRP3
(Cat. No. 27458-1-AP), anti-CD36 (Cat. No. 18836-1-AP), anti-ASC
(Cat. No. 10500-1-AP), anti-cleaved-caspase-1 (Cat. No. 81482-1-RR),
anti-cleaved-IL-1β (Cat. No. AF4006), Anti-Cleaved-GSDMD (Cat. No.
36425), Anti-GSDMD (Cat. No. 39757), Anti-KIM-1 (Cat. No.
ab78494), Anti-L-FABP (Cat. No. 13626-1-AP), Anti-NGAL (Cat.
No. 26991-1-AP), and anti-α-tubulin (Cat. No. 11224-1-AP) were
purchased from Proteintech Group, Inc. (Wuhan, China). RIPA
lysis buffer (Cat. No. P0013D), the BCA kit (Cat. No.
010719190225), and the SDS-PAGE gel preparation kit (Cat. No.
120120201209) were purchased from Beyotime Biotechnology
(Shanghai, China). The Oil Red O staining kit (Cat. No. G1262) was
obtained from Solarbio Science & Technology (Beijing, China). AS-IV
(purity > 98% as determined by HPLC) was purchased from Nanjing
Chunqiu Bioengineering Co., Ltd. (Nanjing, China).

2.2 Animal grouping and DKD model
establishment

Male Sprague-Dawley rats (170 ± 10 g) were acquired from
the Experimental Animal Center at Guangzhou University of
Chinese Medicine. After 1 week of adaptive feeding, the rats
were randomly divided into two groups: the control group
(normal diet, n = 6) and the high-fat diet (HFD) group (n =
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30). The experimental method refers to our previous study (Li
et al., 2023). Rats were considered diabetic after three
consecutive days of fasting blood glucose levels exceeding
16.7 mmol/L. Rats in the HFD group were randomly assigned
to one of five groups (n = 6 rats per group): the DKD model
group, the positive control group receiving atorvastatin
treatment (10 mg/kg, administered via gavage), and the AS-
IV treatment groups (20, 40, and 80 mg/kg/day). Throughout
the experiment, body weight was evaluated on a weekly basis.
Additionally, fasting blood glucose (FBG) was tested every
4 weeks after a 6-h period of fasting. 24-h urine samples were
collected using individual metabolic cages. All rats were sedated
and sacrificed after 12 weeks of treatment. Serum was collected
for biochemical analysis. For pathological analysis, the left
kidneys were immersed in paraffin, while the right kidneys
were preserved at −80°C. Approval for this study was granted
by the Animal Ethics Committee of the First Affiliated Hospital
of Guangzhou University of Chinese Medicine (approval
number TCMF1-2019009).

2.3 Serum and urine biochemistry

The rat microalbuminuria ELISA Kit (Cat. No. CSB-
E12991r) was utilized to determine the urinary albumin
concentration. The urinary creatinine level was measured
using the Creatinine Assay Kit (Cat. No. C011-2-1, Nanjing
Jiancheng Bioengineering Institute) according to the
manufacturer’s instructions. The levels of serum
triacylglycerol (TG), total cholesterol (TC), low-density
lipoprotein–cholesterol (LDL-C), blood urea nitrogen (BUN),
and serum creatinine (Scr) were measured using a Roche
automatic biochemistry analyzer (Model No. Cobas c702,
Roche, Japan) at the Laboratory Department of the First
Affiliated Hospital of Guangzhou University of Traditional
Chinese Medicine.

2.4 Renal pathology and
immunohistochemistry

To evaluate the histology of the kidneys, the kidney tissues were
first treated with 4% paraformaldehyde for 48 h, followed by
dehydration and embedding in paraffin. Thin tissue sections
(4 μm) were prepared for staining with hematoxylin and eosin
(H&E), periodic acid–Schiff (PAS), and Masson’s trichrome. To
perform immunofluorescence staining, the kidney sections were
treated with anti-NLRP3 as per the guidelines provided by the
manufacturer. Staining analysis was conducted using light
microscopy by two separate blinded observers. The collected
images were assessed using ImageJ 1.8.0 (National Institutes of
Health, United States).

2.5 Cell culture and transfection

HK-2 cells were cultured in DMEM/F12 medium (Cat. No.
BL305A, biosharp, China) supplemented with 10% fetal bovine

serum (Cat. No. 10100147, Gibco, United States), 100 μg/mL
streptomycin, and 100 U/mL penicillin (Cat. No. 10100147,
Gibco, United States) in a 5% CO2 incubator at 37°C. Cells
were divided into five groups: (1) the control group (cells
treated with 1% BSA), (2) the PA group (cells treated with
400 mM PA), and (3–5) the PA + AS-IV groups (20, 40, and
80 µM AS-IV). To investigate the impact of AS-IV on
CD36 expression in PA-induced HK-2 cells, we enhanced the
expression of CD36 in HK-2 cells by utilizing a lentiviral
expression vector. The CD36 overexpression adenovirus was
acquired from Genechem Co., Ltd. (Shanghai, China). HK-2
cells in the 80 μM AS-IV group were transfected with the
CD36 overexpression plasmid. Western blot analysis and PCR
were used to determine the expression levels of CD36 in HK-
2 cells.

2.6 Cytotoxicity test

We assessed the toxic effects of AS-IV by employing the Cell
Counting Kit-8 (CCK-8, MIKX, Shenzhen, China). HK-2 cells were
cultured in 96-well plates at a density of 1 × 104 cells/mL in 100 μL of
culture medium for 48 h. Different concentrations of AS-IV (0, 20,
40, 80, and 120 μM) were added, with or without PA (400 mM), in
10 μL. After incubating for 2 h, 10 μL of CCK-8 reagent was added to
each well, and the cells were incubated again. The absorbance at
450 nm was determined with a microplate reader (Thermo Fisher
Scientific, Waltham, United States). The experiments were carried
out in triplicate.

2.7 Oil Red O staining

HK-2 cells were stained with Oil Red O according to the
manufacturer’s instructions, following the experimental steps
described in our previous study (Li et al., 2023). HK-2 cells
were seeded into six-well dishes and incubated, and the initial
medium was replaced. The cells were rinsed two times using PBS,
treated with Oil Red fixative for 30 min, and finally washed two
times with distilled water. Afterwards, the cells were rinsed with
60% isopropanol for 20–30 s, which was then removed;
subsequently, Oil Red O staining solution was added. After
20 min, the Oil Red O solution was disposed of, and the cells
were washed using 60% isopropanol for 20–30 s until the
interstitial space turned transparent. The dishes were
additionally rinsed five more times using distilled water until
all excess stain was removed. Afterwards, Oil Red O buffer was
introduced and removed within 1 min. In the end, purified water
was included to ensure the cells were fully covered for
examination using a fluorescence microscope.

2.8 Quantitative real-time PCR (RT-
PCR) analysis

Total RNA was extracted from both rat kidney tissues and HK-2
cells using TRIzol reagent (Ca. No. QP020, MRC, United States) and
then converted to cDNA using the FastKing RT Kit (Ca. No. KR116,
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TIANGEN, China) following the manufacturer’s instructions. A
CFX Connect Real-Time PCR System (Bio-Rad, United States) was
utilized for quantitative RT-PCR analyses. Primer sequences are
presented in Table 1.

2.9 Western blot analysis

Total protein was extracted from HK-2 cells or rat renal
tissues using RIPA lysis buffer (Cat. No. P0013B, Beyotime,
China). The protein concentration was determined using a
BCA protein assay kit (Cat. No. P0010S, Beyotime, China)
according to the provided instructions. The protein samples
were mixed with 5× loading buffer (Cat. No. FD002, Fdbio
science, China) and boiled for 5 min. Proteins were separated
by SDS-PAGE and then transferred to membranes, which were
incubated at room temperature in 5% skimmed milk for 1 h and
subsequently exposed to primary antibodies (anti-CD36, anti-
NLRP3, anti-cleaved-IL-1β, anti-cleaved-Caspase-1, anti-ASC,
anti-GSDMD, anti-cleaved-GSDMD, anti-KIM-1, anti-L-
FABP, anti-NGAL, and anti-α-tubulin) overnight at 4°C.
Afterward, the membranes were washed, incubated with goat
anti-rabbit for 1 h at ambient temperature, and washed again.
Enhanced chemiluminescence (ECL, Ca. No. WBKLS0500,
Millipore, United States) was performed using Clarity Max™
Western ECL Substrate (Ca. No.1705062, Bio-Rad,
United States). The western blots were analyzed with ImageJ
software (NIH, MD, United States).

2.10 ROS detection

HK-2 cells were seeded into six-well dishes, incubated,
washed, trypsinized, suspended in PBS, incubated with
MitoSox Red (Cat. No.M36008, Thermo Fisher Scientific Inc.,
United States) at 37°C for 30 min, washed three times with PBS,
and centrifuged. The supernatant was discarded, and flow

cytometry analysis was conducted using a FACSCalibur flow
cytometer (BD, United States).

2.11 Statistical analysis

All data are expressed as mean ± standard deviation.
Statistical analysis was performed using GraphPad Prism
9.5.1 software and SPSS 26.0 software. One-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test
were used for comparisons among all groups. The t-test was
used for pairwise comparisons. Differences were considered
statistically significant if p < 0.05.

3 Results

3.1 Effects of AS-IV on body weight and
glycolipid metabolism in DKD rats

Initially, there were no obvious disparities among the six groups
in body weight (Figure 1A). However, by week 12, the control group
had a significantly higher body weight than the DKD rats (p < 0.05).
Although the AS-IV treatment group exhibited a consistent rise in
weight over the initial 6 weeks compared to the model group, the
body weights of all DKD groups remained almost unchanged
thereafter.

As shown in Figure 1B, the FBG levels in DKD rats were
considerably elevated compared to the control group (p < 0.01).
However, after 8 weeks of AS-IV administration, a significant
decrease in FBG levels was observed in comparison to the model
group (p < 0.05).

Compared to the control group, the levels of TG, TC, and LDL-C
showed a significant increase in DKD rats (Figures 1C–E, p < 0.01).
However, upon administering AS-IV at doses of 40 and 80 µM for a
duration of 12 weeks, a substantial decrease in their levels was
observed (p < 0.01).

TABLE 1 Primer sequences.

Gene Forward sequence Reverse sequence

CD36 TCGGATGGCTAGCTGATTACTT CCTCGTGCAGCAGAATCAAG

NLRP3 TTGTTCTCTGCATGCCGTATCT AGGGTACCCCATAGACTGGC

ACS TTTGTGGACCAACACAGGCA GTTGGTGGTCTCTGCACGAA

Caspase-1 GACCGAGTGGTTCCCTCAAG GACGTGTACGAGTGGGTGTT

CPT-1 CCTACCACGGCTGGATGTTT TACAACATGGGCTTCCGACC

PPAR-α GGCTCTGAACATTGGCGTTC CAAGGGGACAACCAGAGGAC

MCP1 AGCCAACTCTCACTGAAGCC AACTGTGAACAACAGGCCCA

TNF-α ACTGAACTTCGGGGTGATCG GCTTGGTGGTTTGCTACGAC

IL-6 AGAGACTTCCAGCCAGTTGC AGTCTCCTCTCCGGACTTGT

IL-1β GCACAGTTCCCCAACTGGTA ACACGGGTTCCATGGTGAAG

HIF-1a TATGAGCCAGAAGAACTTTTAGGC CACCTCTTTTGGCAAGCATCCTG
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3.2 AS-IV treatment protects renal function
in DKD rats

As shown in Figures 2A–E, DKD rats had elevated levels of 24-h
urine volume, urinary total protein, albumin-to-creatinine ratio (ACR),
BUN, and Scr compared to the control group. Nevertheless,
administration of AS-IV led to a decrease in 24-h urine volume,
urinary total protein, and ACR in DKD rats (Figures 2A–C, p <
0.05). The BUN and Scr levels showed a decline after AS-IV
treatment in comparison to the model group, but the difference was
not statistically significant (Figures 2D, E, p > 0.05).

3.3 AS-IV alleviates renal tubular injury,
tubulointerstitial inflammation, and
NLRP3 in DKD rats

In order to confirm the impact of AS-IV on kidney damage,
kidney tissue was subjected to H&E, PAS, and Masson staining. In
comparison to the control group, rats in the DKD model group
displayed kidney damage, which included enlarged glomeruli,
noticeable growth of mesangial cells, elevated deposition of
extracellular matrix (ECM), fibrosis in the interstitium, swelling
of tubular epithelial cells, vacuolar degeneration, and loss of brush

border (Figure 3A). Nevertheless, these anomalous alterations were
mitigated in both the AS-IV treatment groups and the atorvastatin
treatment group. Furthermore, a notable improvement was
observed in the groups that received 40 and 80 µM AS-IV.

Mori et al. found that renal tubular cells take up fatty acids through
Kidney Injury Molecule-1 (KIM-1), which leads to tubule injury
accompanied by interstitial inflammation and fibrosis in DN (Mori
et al., 2021). Kidney injury molecule 1 (KIM-1), liver fatty acid-binding
protein (L-FABP), and neutrophil gelatinase-associated lipocalin
(NGAL) are urinary biomarkers of renal tubular injury (Fufaa et al.,
2015). The protein levels of KIM-1, NGAL, and L-FABP were
significantly increased in DKD rats compared to the control group,
as shown by Western blot analysis (Figures 3B–E). Additionally, the
protein levels of KIM-1, L-FABP, and NGAL were decreased in the
groups that received 40 and 80 µM AS-IV treatment. Taken together,
these results showed that AS-IV could alleviate renal tubular
injury in DKD.

Figures 3F, G demonstrates a notable decrease in
NLRP3 expression in both the AS-IV treatment groups and the
atorvastatin treatment group, as indicated by immunofluorescence
staining for NLRP3. Furthermore, this reduction was particularly
pronounced in the 40 µM group.

PCR analysis was conducted to determine themRNA levels of IL-1β,
IL-6, TNF-α, andMCP1 in order to explore the protectivemechanism of

FIGURE 1
Effects of AS-IV on body weight, FBG, and serum lipid profiles in different groups after 12 weeks of administration. (A)Weight, (B) FBG, (C) TG, (D) TC,
(E) LDL-C. All data are presented as the mean ± SD (n = 6). ##p < 0.01 vs. Control; *p < 0.05 and **p < 0.01 vs. Model.
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AS-IV against DKD. According to Figures 3H–K, the mRNA levels of
IL-1β, IL-6, TNF-α, and MCP1 were notably increased in DKD rats
compared to the control group (p < 0.01). Following a 12-week
treatment with AS-IV, a significant reduction in the mRNA levels of
these inflammatory indicators was noted in the kidney tissue (p < 0.01).

Furthermore, our study found that HIF-1a expression was
significantly elevated in rats with DKD (Figure 3L), while the HIF-
1a mRNA level was significantly decreased after treatment with AS-IV
or atorvastatin (p < 0.01). Growing evidence indicated that the effect of
hypoxia and hypoxia-inducible factor-1 (HIF-1α) on renal tubules plays
a critical role in the progression of DKD (Sun et al., 2012; Jiang et al.,
2020; Feng et al., 2021). Additionally, hypoxia and HIF-1α promote
podocyte injury and contribute to proteinuria (Nakuluri et al., 2019a;
Nakuluri et al., 2019b). This illustrated that the mechanism by which
AS-IV alleviates renal injury in DKD may be related to improving
renal hypoxia.

3.4 AS-IV inhibits NLRP3 inflammasome
activation and the upregulation of CD36 in
DKD rats

The protein levels of CD36, NLRP3, ASC, cleaved-Caspase-1,
cleaved-IL-1β, cleaved-GSDMD-D, and GSDMD-D were analyzed

to further elucidate the relationship between NLRP3 inflammasome
activation and CD36 upregulation through western blot analysis
using kidney tissue samples (Figures 4A–H). Our findings revealed
that DKD rats exhibited significantly higher protein levels of CD36,
NLRP3, ASC, cleaved-caspase-1, cleaved-IL-1β, cleaved-GSDMD-
D, and GSDMD-D compared to the control group. However, the
expression of these proteins was significantly decreased after
treatment with AS-IV or atorvastatin (p < 0.01).

3.5 AS-IV prevents the reduction in cell
viability, activation of the
NLRP3 inflammasome, secretion of IL-1β,
and activation of caspase-1 in PA-induced
HK-2 cells

The CCK-8 assay was used to assess the effect of AS-IV on the
cytotoxicity of PA in HK-2 cells. Following a 24-h exposure to PA,
there was a notable decline in cell viability, which was restored by
AS-IV at concentrations of 40 and 80 µM (p < 0.01). Nevertheless,
treatment with 20 µM AS-IV did not have a noteworthy impact on
cell viability (p > 0.05). These findings suggest that PA can induce
cell death in HK-2 cells and this effect can be alleviated with AS-IV
at proper concentrations (Figure 5A).

FIGURE 2
AS-IV improves renal function in different groups after 12 weeks of administration. (A) Urine volume, (B) Urinary total protein, (C) ACR, (D) BUN, (E)
Scr. All data are presented as the mean ± SD (n = 6). ##p < 0.01 vs. Control; *p < 0.05 and **p < 0.01 vs. Model.
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Furthermore, PCR and western blot were utilized to assess the
mRNA and protein levels of NLRP3, ASC, Caspase-1, and IL-1β
in order to investigate the impact of AS-IV treatment on PA-
induced HK-2 cells. As depicted in Figures 5B–F, the mRNA
levels of NLRP3, ASC, Caspase-1, IL-1β, and HIF-1a in PA-

induced HK-2 cells were significantly higher compared to the
control group (p < 0.01). However, treatment with AS-IV at
concentrations of 40 and 80 µM resulted in a significant decrease
in these levels (p < 0.01). Additionally, the protein levels of
NLRP3, ASC, cleaved-Caspase-1, cleaved-IL-1β, cleaved-

FIGURE 3
AS-IV ameliorates renal tubular injury in DKD rats. (A) Representative images of the pathological structure of the kidneys after H&E, PAS, and
Masson’s trichrome staining (bar = 100 μm; magnification, ×200). (B) Western blot analysis of KIM-1, NGAL, and L-FABP. (C–E) Protein levels of KIM-1
after normalization to α-tubulin, protein levels of NGAL, and L-FABP after normalization to GAPDH. (F) Representative immunofluorometric images of
NLRP3 (bar = 100 µm). (G) Mean fluorescence intensity of NLRP3 in kidney tissue. (H–L) The mRNA levels of IL-1β, IL-6, TNF-α, MCP1, and HIF-1a
were determined by RT-qPCR. All data are presented as the mean ± SD (n = 6). ##p < 0.01 vs. Control; **p < 0.01 vs. Model.
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GSDMD-D, GSDMD, KIM-1, NGAL, and L-FABP were
evaluated. As shown in Figures 5G–P, the protein levels of
these factors were elevated compared to the control
group. However, they were notably diminished after AS-IV
treatment (p < 0.01).

After treatment with AS-IV, the immunofluorescence staining
for NLRP3 in HK-2 cells was significantly improved, as shown in
Figures 5Q, R. The results indicate that the activation of the
NLRP3 inflammasome is linked to cell demise caused by PA,
whereas AS-IV has the ability to block this.

3.6 AS-IV inhibits CD36 expression,
intracellular lipid accumulation, and ROS
production in HK-2 cells

Previous research has demonstrated that CD36 potentially
assumes a pivotal function in metabolic kidney disorders, while
the accumulation of lipids facilitated by CD36 may be linked to
activation of the NLRP3 inflammasome. In order to further examine

the mechanism by which AS-IV suppresses the activation of the
NLRP3 inflammasome, we measured the levels of CD36 through
quantitative RT-PCR and western blot analysis. As illustrated in
Figures 6B, E, F, the levels of CD36 were significantly higher in the
PA groups compared to the control group (p < 0.01), but they were
significantly decreased after AS-IV treatment. CD36 is a crucial
molecule involved in lipid transport. To confirm the association
between CD36 and lipid metabolism, we investigated the expression
levels of CPT1 and PPAR-α, along with ROS production.
Additionally, intracellular neutral lipid accumulation was assessed
using Oil Red O staining. Exposure to PA resulted in increased levels
of lipid ROS and intracellular lipid accumulation, simultaneously
reducing the expression of CPT1 and PPAR-α (Figures 6C, D, G, H,
p < 0.01). However, these effects were significantly reversed
following AS-IV treatment. The results suggest that PA-
stimulated HK-2 cells exhibit elevated levels of both lipid ROS
and CD36; however, AS-IV effectively attenuated
CD36 expression and inhibited lipid ROS production. Recent
studies (Sheedy et al., 2013; Dai et al., 2017) have demonstrated
that CD36 triggers the NLRP3 inflammasome in atherosclerosis,

FIGURE 4
AS-IV inhibits CD36 production and NLRP3 inflammasome activation in DKD rats. (A) Western blot analysis of ASC, Cleaved-Caspase-1, NLRP3,
Cleaved-IL-1β, CD36, GSDMD-D, and Cleaved-GSDMD-D. (B–H) Protein levels of ASC, Cleaved-Caspase-1, NLRP3, Cleaved-IL-1β, and CD36 after
normalization to α-tubulin, protein levels of GSDMD-D, and Cleaved-GSDMD-D after normalization to GAPDH. All data are presented as the mean ± SD
(n = 6). ##p < 0.01 vs. Control; *p < 0.05 and **p < 0.01 vs. Model.
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FIGURE 5
AS-IV inhibits the PA-induced decrease in cell viability and NLRP3 inflammasome activation in HK-2 cells. (A)HK-2 cells were cultured with different
concentrations of AS-IV for 24 h and cell viability was assessed using the CCK-8 assay. (B–F) The mRNA expression levels of NLRP3, ASC, Caspase-1, IL-
1β, andHIF-1awere determined by RT-qPCR. (G)Western blot analysis of ASC, Cleaved-Caspase-1, NLRP3, Cleaved-IL-1β, GSDMD-D, Cleaved-GSDMD-
D, NGAL, KIM-1, and L-FABP. (H–P) The protein levels of ASC, Cleaved-Caspase-1, NLRP3, and Cleaved-IL-1β after normalization to α-tubulin, the
protein levels of GSDMD-D, Cleaved-GSDMD-D, NGAL, KIM-1 and L-FABP after normalization to GAPDH. (Q,R) Immunofluorescence staining of
NLRP3 in each group. Data are expressed as the mean ± SD. ##p < 0.01 vs. Control; *p < 0.05 and **p < 0.01 vs. PA.
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while inhibition of CD36 suppresses NLRP3 inflammasome
activation (Kang et al., 2016). Taken together, we hypothesize
that AS-IV might alleviate the activation of the
NLRP3 inflammasome by suppressing the expression of CD36 in
PA-induced HK-2 cells.

3.7 AS-IV protects renal function through
inhibiting CD36 expression, lipid
peroxidation, and ROS production

To further confirm the protective impact of AS-IV through its
inhibition of CD36, we conducted a rescue experiment by
introducing a CD36 lentiviral vectors (adenovirus) to enhance
CD36 expression in PA-induced HK-2 cells.
CD36 overexpression diminished the suppressive impact of AS-
IV on intracellular lipid buildup and ROS (Figures 7S, T, p < 0.01).
Additionally, compared with other groups, the expression levels of
CD36, NLRP3, ACS, Caspase-1, and IL-1β were significantly
elevated in the CD36 overexpression groups. Notably, AS-IV
treatment effectively suppressed the PA-induced upregulation of

CD36, NLRP3, ASC, Caspase-1, and IL-1β; however, these
inhibitory effects were reversed upon CD36 overexpression
(Figures 7C–R, p < 0.01). Collectively, these findings indicate that
AS-IV mitigates PA-induced HK-2 cell injury through inhibiting
CD36 expression.

4 Discussion

Diabetes, a prevalent and significant chronic illness, is a crucial
global public health concern. According to the 10th edition of
International Diabetes Federation (IDF) (Sun et al., 2022), the
number of adults aged 20–79 suffering from diabetes in 2021 was
approximately 536.6 million, and it is anticipated to escalate to
783.2 million by 2045. With the increasing number of individuals
with diabetes, the prevalence of DKD, a widely acknowledged
microvascular complication linked to diabetes, is also rising.
Currently, the therapeutic approaches for DKD are mainly
focused on glycemic control and blood pressure management;
however, there are still no effective therapeutic measures
against the progression of DKD, indicating potential involvement

FIGURE 6
AS-IV inhibits CD36 expression, lipid accumulation, and lipid ROS production in PA-induced HK-2 cells. (B–D) ThemRNA expression levels of CD36,
CPT1, and PPAP-α were determined by RT-qPCR. (E,F) The protein levels of CD36 were determined by western blot and normalized to α-tubulin. (G,H)
Lipid ROS productionwas detected by flow cytometric analysis. (I) Lipid accumulation in each groupwas assessed byOil RedO (ORO) staining under light
microscopy (bar = 40 μm). (J) Densitometric analysis of ORO staining. Data are expressed as the mean ± SD. ##p < 0.01 vs. Control; *p < 0.05 and
**p < 0.01 vs. PA.
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FIGURE 7
Overexpression of CD36 promotes PA-induced lipid accumulation, lipid ROS production, and activation of the NLRP3 inflammatory body and
reverses the protective effect of AS-IV on the expression of lipid peroxidation-related proteins and the NLRP3 inflammatory body in PA-induced HK-2
cells. (A–G) The mRNA expression levels of PPAP-α, CPT1, CD36, ASC, Caspase-1, NLRP3, and IL-1β were determined by RT-qPCR. (H–R) Western blot
analysis was conducted to determine the expression of CD36, ASC, Cleaved-Caspase-1, NLRP3, Cleaved-IL-1β, GSDMD-D, Cleaved-GSDMD-D,
NGAL, KIM-1 and L-FABP. (S) Lipid ROS production was detected by flow cytometric analysis. (T) Lipid accumulation was assessed by ORO staining under
light microscopy (bar = 40 μm). Data are expressed as the mean ± SD. ##p < 0.01 vs. Control; *p < 0.05 and **p < 0.01 vs. PA; △p < 0.05 vs. PA + AS-IV 80.
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of alternative mechanisms (Falkevall et al., 2017). Therefore,
it is imperative to explore more effective methods for
reversing DKD.

An increasing body of evidence indicates that the release of
multiple inflammatory factors is a profoundly pathological
phenomenon of DN (Perlman et al., 2015). Both
glomerulosclerosis and renal tubular fibrosis of DKD are
associated with renal inflammation (Mori et al., 2021). Studies
have revealed that tubular epithelial cells play a critical role in
driving interstitial inflammation, in addition to the local
inflammatory cascade response in DKD (Liu et al., 2018). Also, it
has been confirmed that renal tubulointerstitial inflammation,
especially proximal tubular epithelial cell inflammation, plays a
significant role in the pathogenesis of DN (Tang and Lai, 2012).
Therefore, inhibition of renal tubular inflammationmight be a novel
therapeutic strategy to slow down the progression of DKD.
However, pharmacological interventions aimed at preserving
renal tubular cells have not yet achieved clinical significance.
Therefore, traditional Chinese medicine herbs are regarded as a
cost-effective alternative approach.

AS-IV, a key bioactive pharmacological constituent of
Astragalus membranaceus (Fisch.) (Hao et al., 2018), has been
documented for its efficacy in treating diabetes and associated
complications, including DKD, cardiovascular diseases, and
diabetic retinopathy (Ju et al., 2019; Zhang et al., 2019). Several
preclinical investigations have suggested that AS-IV has the capacity
to inhibit the inflammatory reaction in diabetic nephropathy. Gui
et al. (Gui et al., 2013) found that AS-IV alleviated renal injury and
fibrosis by suppressing the expression of inflammatory genes
mediated by NF-κB in streptozotocin-induced diabetic rats. Xing
(Xing et al., 2021) suggested that AS-IV could potentially reduce
podocyte apoptosis by inhibiting oxidative stress through activation
of the PPARγ–Klotho–FoxO1 signaling pathway. Nevertheless,
there is currently a lack of comprehensive pharmacological
evaluations regarding the therapeutic effects of AS-IV on DKD.

In this study, the levels of FBG, TC, TG, and LDL-C all exhibited
an increase in DKD rats compared to the control group. In addition,
significant elevations in urinary albumin, ACR, BUN, and Scr
indicated renal injury in DKD rats. Renal damage was confirmed
by H&E, PAS, and Masson staining. These stains revealed
glomerular hypertrophy, obvious mesangial proliferation,
interstitium fibrosis, tubular epithelial cell swelling, and vacuolar
degeneration in the kidneys of DKD rats. Moreover, renal tubular
injury was additionally confirmed through the protein levels of
KIM-1, L-FABP, and NGAL in the kidney tissue of DKD rats. In
brief, the DKD model induced by streptozotocin and HFD was
proved to be stable. Our results also demonstrated that AS-IV had a
beneficial effect on improving lipid metabolism disorder and renal
function in DKD rats. The buildup of lipids is a frequent occurrence
in individuals diagnosed with DKD (Herman-Edelstein et al., 2014).
It has been discovered that tubular lipotoxicity causes a series of
renal injuries, including endoplasmic reticulum (ER) stress,
oxidative stress (OS), apoptosis of tubular epithelial cells,
tubulointerstitial fibrosis (TIF), mitochondrial dysfunction, and
inflammation (Schelling, 2016; Jao et al., 2019; Ge et al., 2020).
Several studies have demonstrated that dyslipidemia plays a
substantial part in the development of DKD, and it is believed
that tubular injury caused by lipotoxicity is a critical occurrence in

DKD (Wang et al., 2021). In the FIELD study, we also observed that
administration of fenofibrate could decrease albuminuria and
reduce renal dysfunction in individuals diagnosed with type
2 diabetes (Davis et al., 2011). Nevertheless, the impact of statins
(antihyperlipidemic drugs) on the advancement of diabetic
nephropathy remains controversial (Sandhu et al., 2006; Colhoun
et al., 2009).

Our previous study demonstrated that AS-IV can reduce the
levels of TG and TC, downregulate CD36, and attenuate myocardial
dysfunction in diabetic cardiomyopathy rats (Li et al., 2023). In this
study, we also observed that AS-IV modulates lipid metabolism and
protects kidney function. CD36, a multifunctional receptor, is
mainly found in renal tubular epithelial cells and podocytes in
the kidney (Yang et al., 2017). It plays a role in lipid metabolism
and acts as a connection between cholesterol metabolism and
inflammatory activation (Xu et al., 2018). Sheedy et al. (Sheedy
et al., 2013) discovered that the uptake of oxidized LDL (oxLDL)
through CD36 leads to the formation of crystals inside cells and
triggers the activation of the NLRP3 inflammasome. This process
initiates an early pathogenic pathway that connects the buildup of
cholesterol to the chronic inflammatory process of atherosclerosis.
Zhao et al. confirmed that the accumulation of lipids through
CD36 and activation of the NLRP3 inflammasome could
potentially contribute to the pathogenesis of ORG podocyte
injury (Zhao et al., 2019). Liu and others showed that activation
of the NLRP3 inflammasome and secretion of IL-1β were primarily
caused by CD36-mediated production of ROS in response to oxLDL
stimulation (Liu et al., 2014). Yang et al. reported that CD36 could
potentially facilitate the cell death of podocytes by activating the
NLRP3 inflammasome in primary nephrotic syndrome (Yang et al.,
2018). Furthermore, recent evidence indicated that CD36-mediated
NLRP3 inflammasome activation hinders mitochondrial FAO and
promotes mtROS generation within renal tubular epithelial cells in
DKD (Hou et al., 2021). Moreover, recent research has shown that
GSDMD-mediated pyroptosis plays a significant role in the
occurrence and development of DN (Zuo et al., 2021), and AS-
IV could alleviate MI-induced myocardial fibrosis and cardiac
remodeling by suppressing the ROS/Caspase-1/GSDMD signaling
pathway (Zhang et al., 2022). In our study, we observed an increase
in CD36 expression, accumulation of lipids, activation of the
NLRP3 inflammasome, secretion of IL-1β, and the expression of
GSDMD in PA-induced HK-2 cells and renal tissue of DKD rats.
AS-IV suppressed CD36 expression, lipid accumulation,
NLRP3 inflammasome activation, IL-1β secretion, and the
expression of GSDMD. Additionally, tubular injury was
alleviated. These findings indicate that AS-IV may have the
ability to mitigate tubular damage, attenuate lipid accumulation,
reduce the production of ROS, suppress the activation of the
NLRP3 inflammatory body and the expression of GSDMD by
downregulating CD36 expression in both PA-induced HK-2 cells
and DKD rats.

In conclusion, this study showed that AS-IV effectively mitigates
glucolipid metabolism disorders, alleviates renal tubular injury, and
protects the kidney in DKD rats. Furthermore, AS-IV alleviated
renal tubule interstitial inflammation by inhibiting CD36-mediated
NLRP3 inflammasome activation in PA-induced HK-2 cells. The
results suggest that AS-IV has significant potential as a viable
treatment choice for DKD. Certainly, the molecular mechanism

Frontiers in Pharmacology frontiersin.org12

Li et al. 10.3389/fphar.2024.1285797

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1285797


by which AS-IV alleviates DKD may be more complex than
described in our study, and our data does not exclude the
potential involvement of any other mechanisms underlying the
beneficial effects of AS-IV such as protective effects on podocytes
and effects unrelated to renal tubular function. However, the in-vitro
results presented in the study do help define that AS-IV reduced
inflammatory reaction in PA-induced HK-2 cells, and CD36-ROS-
NLRP3 signaling is probably a new mechanism central to renal
tubular protection in DKD. Taken together, our findings provide
novel mechanistic insights into the protective role of AS-IV and may
contribute to the development of new therapies for DKD.
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