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Abstract

BACKGROUND

Diabetic nephropathy (DN) is a severe microvascular complication of diabetes
characterized by inflammation, oxidative stress, and renal fibrosis. Asiaticoside
(AC) exhibits anti-inflammatory, antioxidant, and anti-fibrotic properties,
suggesting potential therapeutic benefits for DN. This study aimed to investigate
the protective effects of AC against DN and elucidate the underlying mechanisms
involving the nuclear factor erythroid 2-related factor 2 (NRF2)/heme oxygenase-
1 (HO-1) antioxidant pathway.

AIM
To investigate the renoprotective effects of AC against DN and elucidate the role
of the NRF2/HO-1 pathway.

METHODS

The effects of AC on high glucose (HG)-induced proliferation, inflammation,
oxidative stress, and fibrosis were evaluated in rat glomerular mesangial cells
(HBZY-1) in vitro. A streptozotocin-induced DN rat model was established to
assess the in vivo impact of AC on renal injury, inflammation, oxidative stress, and
fibrosis. The involvement of the NRF2/HO-1 pathway was examined using
pharmacological inhibition studies in the cell model.
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RESULTS

AC inhibited HG-induced HBZY-1 cell proliferation and significantly improved various indicators of DN in rats,
including reduced body weight, and elevated blood glucose, serum creatinine, blood urea nitrogen, and 24-h urine
protein. Both in vitro and in vivo studies demonstrated that AC decreased inflammation and oxidative stress by
reducing interleukin (IL)-6, IL-8, tumor necrosis factor-alpha, reactive oxygen species, and malondialdehyde levels
while increasing superoxide dismutase activity. Additionally, AC suppressed the expression of fibrogenic markers
such as collagen I, collagen IV, and fibronectin. AC activated NRF2 expression in the nucleus and increased HO-1
and NAD(P)H dehydrogenase (Quinone) 1 protein expression in renal tissues and HG-induced HBZY-1 cells.

CONCLUSION

AC improves DN by reducing inflammation, oxidative stress, and fibrosis through the activation of the NRF2/HO-
1 signaling pathway. These findings not only highlight AC as a promising therapeutic candidate for DN but also
underscore the potential of targeting the NRF2/HO-1 pathway in developing novel treatments for other chronic
kidney diseases characterized by oxidative stress and inflammation.
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Core Tip: This study investigated the protective effects of asiaticoside (AC) in diabetic nephropathy (DN) using in vitro and
in vivo models. AC attenuated high glucose-induced proliferation, inflammation, oxidative stress, and fibrosis in rat
glomerular mesangial cells. In a streptozotocin-induced DN rat model, AC ameliorated renal injury, and reduced inflam-
matory cytokines, oxidative stress markers, and fibrogenic markers. Notably, the renoprotective effects of AC were
associated with the activation of the nuclear factor erythroid 2-related factor 2 (NRF2)/heme oxygenase-1 antioxidant
signaling pathway, suggesting AC’s therapeutic potential for DN by targeting inflammation, oxidative stress, and fibrosis
through NRF2-associated mechanisms.
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INTRODUCTION

Diabetic nephropathy (DN), a severe microvascular complication of diabetes mellitus, is known for its low cure rate, low
awareness rate, high morbidity, and high disability[1,2]. In the advanced stages of diabetes, DN transitions from mild
renal inflammation to various phases of renal fibrosis, renal sclerosis, and ultimately end-stage renal disease (ESRD)[3].
Studies have shown that after 20 years of diabetes, the prevalence of DN could be as high as 30%-40%, with 5%-10% of
patients progressing to ESRD. Projections suggest that DN may become the seventh leading cause of death worldwide by
2030[3-6]. While strict control of blood glucose levels and blood pressure is crucial in managing DN, some cases still
progress to ESRD despite successful glucose control. Therefore, the development of new therapeutic modalities and
drugs for DN is essential.

Before delving into therapeutic options, it is crucial to elucidate the complex pathogenesis of DN, which remains
incompletely understood. Recent research efforts have suggested that hyperglycemia-induced oxidative stress may be a
key factor in the development of renal complications in diabetes. Moreover, inflammation in renal tissues plays a vital
role in the onset and progression of DN[7]. Oxidative stress typically arises from an overproduction of reactive oxygen
species (ROS) or a decrease in antioxidant capacity. In diabetes, elevated ROS levels can disrupt the intracellular
metabolism of DNA, proteins, and lipids through oxidative modifications, leading to renal dysfunction by activating
various cellular signaling pathways[8,9]. The combination of hyperglycemia and excessive intracellular ROS can trigger
renal cells to produce cytokines such as tumor necrosis factor (TNF)-a and interleukin (IL)-6. These ROS and cytokines
then interact, leading to the activation of inflammatory factors, adhesion molecules, and chemokines. The resulting
inflammation contributes to glomerulosclerosis and tubulointerstitial fibrosis, which exacerbates renal damage and
promotes DN progression. Therefore, reducing oxidative stress and mitigating inflammatory damages could be a
beneficial therapeutic approach for managing DN.

Nuclear factor erythroid 2-related factor 2 (NRF2), a protein linked to oxidative stress, plays a significant role in DN
inflammation. Evidence suggests the implication of NRF2 in DN progression, as it has been shown to regulate pro-inflam-
matory cytokine production, reduce inflammation, and counteract oxidative stress for renal protection[10]. NRF2
associates with Kelch-like ECH-associated protein 1 in the cytoplasm. When triggered by external factors, it translocates
to the nucleus to bind to antioxidant response elements in the promoters of genes like heme oxygenase-1 (HO-1) and
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NAD(P)H dehydrogenase (Quinone) 1 (NQO-1). This leads to augmented antioxidant capacity, aiding in the fight against
oxidative stress[11].

Asiaticoside (AC), a primary compound of ursane-type triterpene glycoside derived from Centella asiatica, has a history
of over 2000 years in traditional Chinese medicine for treating a variety of ailments. Multiple studies have shown that AC
exhibits antioxidant, anti-inflammatory, anti-fibrotic, and other important pharmacological properties[12-14].
Additionally, AC has been found to activate NRF2 and suppress ROS production, making it a potent compound to boost
antioxidant capacity[15]. The current study aimed to investigate the protective effects of AC against inflammation,
oxidative stress, and fibrosis in a rat model of DN and high-glucose (HG) induced glomerular mesangial cells, and
elucidate the potential underlying mechanisms involving the Nrf2/HO-1 antioxidant pathway. The impact of AC on HG
induced proliferation of rat mesangial cells (HBZY-1) was initially examined. Furthermore, we established a strepto-
zotocin (STZ)-induced DN rat model to evaluate the in vivo effects of AC on renal injury, inflammation, oxidative stress,
and fibrosis. The role of the NRF2/HO-1 pathway in mediating the protective effects of AC was also explored using
pharmacological inhibition of NRF2. The findings from this study will provide insights into the therapeutic potential of
AC for DN and elucidate a possible mechanism involving the activation of the NRF2 antioxidant pathway.

MATERIALS AND METHODS

Cells and culture conditions

The rat mesangial cell line HBZY-1 was procured from Wuhan Boster Biotechnology Company in Wuhan, China. HBZY-1
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) from HyClone Laboratories Ltd. in Logan, United
States, supplemented with 10% fetal bovine serum from Sangon Biotech in Shanghai, China, 100 pg/mL streptomycin,
and 100 U/mL penicillin from HyClone, and maintained under specified conditions (50 mL/L CO, and 37 °C). The stock
solution of AC (C,H,,0,,; CAS: 16830-15-2; Figure 1A) was obtained from Yuan Ye Biotechnology Co. Ltd. in Shanghai,
China. This solution was prepared by dissolving 95.90 mg of AC in 100 mL of dimethyl sulfoxide from Santa Cruz
Biotechnology. Subsequently, the full culture medium was used to create a working solution of varying concentrations.

Cell Counting Kit assay

HBZY-1 cells in the logarithmic growth phase were harvested and plated at a density of 1 x 10* cells/well in 96-well
plates for overnight incubation to ensure proper attachment. Subsequently, the cells were exposed to various treatments
using AC solutions at different concentrations (0, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 mmol/L), or with AC solutions (0, 2,
4, and 8 mmol/L) in combination with glucose (5.5 mmol/L), mannitol (30.0 mmol/L), and HG (30.0 mmol/L). After 24
h, each well was supplemented with 10% Cell Counting Kit-8 (CCK-8) working reagent (CA1210, Beijing Solebo Science
and Technology Co. Ltd., Beijing, China), followed by incubation at 37 °C for 2 h. Finally, the absorbance values were
determined at a wavelength of 450 nm using a microplate reader. For cytotoxicity assay, cells were treated with AC or
HG for 24 h, and cells were subjected to indicated treatment for 48 h in cell proliferation assay.

Animal model and treatment options

Male Sprague-Dawley rats (n = 40, 8-week-old) were purchased from Shanghai SLAC Laboratory Animal Co. All experi-
mental protocols were approved by the Institutional Animal Ethics Committee of Bengbu Medical College (2022-117). The
rats were randomly assigned to different treatment groups including control, DN model, AC drug, and DN + AC. A rat
model was established based on a previously published study[16], which is a commonly used animal model for diabetes
induction and the study of DN progression. Rats in the DN and DN + AC groups were given a high-fat diet for 8 wk,
while those of the control and AC drug groups were given a normal diet. At week 5, these rats were injected intraperi-
toneally with 60 mg/kg of STZ (v900890-1 g; Sigma, St. Louis, MO, United States), while rats in the control and AC drug
groups received normal saline injections. Changes in body weight, blood glucose, kidney weight/body weight ratio (mg/
g), serum creatinine, blood urea nitrogen, and 24-h urine protein, as well as histological changes, were analyzed to
confirm the onset of DN. After DN induction, rats in the AC and DN + AC groups were administered with AC (dissolved
in normal saline) at 10 mg/kg body weight/d by gavage for 4 wk, while the DN and control groups were administered
the same volume of normal saline alone.

Renal histology and electron microscopy

The samples for the renal histological studies were prepared following a specific protocol. The animals were euthanized
by cervical dislocation. Following euthanasia, the right kidney of each rat was immediately dissected and fixed with 40
g/ L paraformaldehyde at room temperature for over 24 h. Subsequently, the samples underwent standard histological
analysis procedures and were stained with hematoxylin and eosin (H&E), Masson’s, and Periodic acid-Schiff (PAS) stains.
The stained tissue sections were then examined using confocal laser scanning microscopy for analysis. Additionally, to
observe ultrastructural changes in the kidney, the prepared samples underwent transmission electron microscopy (TEM)
following standard procedures. The resulting TEM images were recorded and analyzed.

Quantitative real-time polymerase chain reaction analysis

Total RNA was extracted from digested HBZY-1 cells using Trizol reagent (Invitrogen, Carlsbad, CA, United States).
Subsequently, cDNA was synthesized from 2 pg of total RNA with a cDNA synthesis kit (Takara Co. Ltd., Dalian, China).
The quantitative real-time polymerase chain reaction (QRT-PCR) analysis was carried out using the SYBR Premix Ex
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Figure 1 Effect of asiaticoside on high glucose-induced proliferation of rat glomerular mesangial cells. A: Chemical structure of asiaticoside
(AC); B: Viability of rat glomerular mesangial cells (HBZY-1) treated with AC at different concentrations (0, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 uM) for 24 h detected
by Cell Counting Kit-8 (CCK-8) assay; C: Proliferation levels of HBZY-1 cells after co-treatment of AC at different concentrations (0, 2, 4, and 8 uM) and glucose (5.5
mmol/L) for 48 h detected by CCK-8 assay; D: Proliferation of HBZY-1 cells after co-treatment of AC treatment at different concentrations (0, 2, 4, and 8 M) and
mannitol (30 mmol/L) detected by CCK-8 assay; E: Proliferation of HBZY-1 cells treated with AC at different concentrations (0, 2, 4, and 8 uM) and glucose (30
mmol/L) detected by CCK-8 assay. n = 3 experiments. 2P < 0.001 vs control, °P < 0.01, and °P < 0.001 vs (Glu, 30 mmol/L + AC, 0 uM); not significant (P > 0.05) vs
(Glu, 30 mmol/L + AC 0 uM). AC: Asiaticoside; Glu: Glucose; NS: Not significant.

TAQTM II kit (Takara) to measure IL-6, IL-8, TNF-a, and collagen I levels in HBZY-1 cells from different groups (Con,
HG, HG + 2 pM of AC, HG + 4 pM of AC, and HG + 8 pM of AC), along with mRNA levels of collagen IV and
fibronectin. Finally, the relative fold change in gene expression was determined using the 2 method.

The sequences for the forward (F) and reverse (R) primers are as follows: IL-6: F, 5-CCAGTTGCCTTCTTGGGACT-3
and R, 5-TCTGACAGTGCATCATCGCT-3’; IL-8: F, 5’-GAGTTTGAAGGTGATGCCGC-3" and R, 5'-CTTCTGAACCAT-
GGGGGCTT-3; TNF-a: F, 5-ACTGAACTTCGGGGTGATCG-3" and R, 5'-GCTTGGTGGTTTGCTACGAC-3’; Collagen I:
F, 5’-ACATGTTCAGCTTTGTGGACC-3" and R, 5-CTTTGCATAGCACGCCATCG-3’; Collagen IV: F, 5'-GCCCGTG-
GATCCCATAGGT-3 and R, 5-GGAGCAGCAACAGGATAGGC-3'; Fibronectin: F, 5-GGATCCCCTCCCAGAGAAGT-
3" and R, 5-GGGTGTGGAAGGGTAACCAG-3’; and GAPDH: F, 5-CCGCATCTTCTTGTGCAGTG-3" and R, 5'-
ACCAGCTTCCCATTCTCAGC-3

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) tests were conducted using corresponding kits as per the standard
procedure. Initially, the medium from the treated HBZY-1 cells was collected and centrifuged at 13000 x g for 10 min.
Subsequently, the levels of IL-6, IL-8, and TNF-a in the isolated cell supernatants were determined using commercial
ELISA Kits from Jikai Biotechnology, Shanghai, China, following the instructions provided by the manufacturer.

Redox state assessment

The redox state was assessed by quantifying the levels of malondialdehyde (MDA), superoxide dismutase (SOD), and
ROS. Specifically, MDA content, SOD activity, and ROS content in HBZY-1 cells or tissues were measured with an MDA
assay kit (Nanjing Jiancheng Institute of Biological Engineering), total SOD activity assay kit (Nanjing Jiancheng Institute
of Biological Engineering), and ROS assay kit (Beijing Solebo Technology Co. Ltd.), respectively, following the provided
instructions.

Western blot analysis

HBZY-1 cells or renal tissues were subjected to lysis using Radio Immunoprecipitation Assay (RIPA) buffer containing
protease inhibitor (Beyotime, Shanghai, China). Protein concentrations were determined with the bicinchoninic acid
Protein Assay Kit (ThermoFisher Scientific, Waltham, United States). Subsequently, 30 pg of the lysate was loaded onto a
10% sodium dodecyl sulfate-polyacrylamide gel and electrophoresis was run at 80 V until the sample reached the
separating gel, followed by separation at 120 V. Proteins were then transferred to polyvinylidene difluoride (PVDF,
Millipore, Billerica, MA, United States) membranes after electrophoresis. PVDF membranes were blocked with 5% skim
milk for 1 h at room temperature, followed by overnight incubation at 4 °C with antibodies against NRF2, HO-1, NQO-1,
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collagen I, collagen IV, and fibronectin (Proteintech, Wuhan, China). After washing with Tris-buffered saline with Tween
20 (TBST) buffer, membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (Proteintech)
for 2 h at room temperature, with intermittent TBST buffer washes. Protein bands were visualized using a chemilumin-
escent reagent (Thermo Fisher Scientific) and quantified by densitometry analysis.

Statistical analysis

Data of all the experimental results are represented as the mean + SD. Data analyses were conducted using a t-test or one-
way analysis of variance (ANOVA) followed by the post-hoc Tukey’s test to compare the differences between groups at a
significance level of P < 0.05.

RESULTS
AC inhibits the proliferation of HG-induced HBZY-1 cells

Prior to validating the activity of AC in HG-induced cell model, we initially assessed the cytotoxic impact of various
concentrations of AC (Figure 1A), within the gradient range of 0.5 pM to 32.0 pM on HBZY-1 cells (Figure 1B). CCK-8
results revealed that different doses of AC (ranging from 0.5 pM to 32.0 pM) did not exhibit significant cytotoxic effects
on viability of HBZY-1 cells. Subsequently, we introduced normal glucose (5.5 mmol/L), mannitol (30.0 mmol/L), and
high glucose (HG, 30.0 mmol/L) levels in the medium along with AC to examine their impact on HBZY-1 cell prolif-
eration. As illustrated in Figure 1C-E, the addition of HG notably enhanced the proliferation of HBZY-1 cells (P < 0.001),
while normal glucose and mannitol did not promote cell proliferation. AC at high doses (4 pM and 8 pM) could
effectively inhibit HG-induced proliferation of HBZY-1 cells (P < 0.01). These data suggest the anti-proliferation effect of
AC on HG-induced HBZY-1 cells.

AC reduces HG-induced inflammatory responses and oxidative stress

The impact of different concentrations of AC on HG-induced inflammatory responses and oxidative stress was examined
in HBZY-1 cells. Figure 2A and B demonstrates that the mRNA levels of IL-6, IL-8, and TNF-a in HBZY-1 cells, as well as
their contents in the supernatant, were notably elevated following HG treatment (P < 0.001) compared to those in control
cells. Additionally, AC led to a dose-dependent decrease in the mRNA levels of IL-6, IL-8, and TNF-a in HG-induced cells,
as well as the contents of these cytokines in the supernatants (P < 0.01 or P < 0.001). HG treatment induced significantly
higher levels of ROS and MDA in HBZY-1 cells compared to the absence of HG treatment (P < 0.001), while SOD activity
was markedly reduced post HG treatment. A gradual reduction in ROS and MDA levels, coupled with an increase in
SOD activity, was observed with increasing AC concentrations in the presence of HG treatment (P < 0.01 or P < 0.001)
(Figure 2C-E).

AC suppresses HG-induced fibrosis in HBZY-1 cells

The expression levels of collagen I, collagen IV, and fibronectin serve as markers for cellular fibrosis. As shown in
Figure 3, results from qRT-PCR and WB analysis demonstrated that HG treatment led to significantly elevated mRNA
and protein levels of collagen I, collagen IV, and fibronectin in HBZY-1 cells (P < 0.001) compared to the control group.
Moreover, increasing AC concentrations resulted in a gradual decrease in the mRNA and protein levels of collagen I,
collagen IV, and fibronectin in HG-induced HBZY-1 cells (P < 0.01 or P < 0.001). Therefore, AC suppresses HG-induced
fibrosis in HBZY-1 cells.

AC regulates the HG effect by activating the NRF2/HO-1 pathway

We further observed a decrease in nuclear NRF2 protein expression and total HO-1 and NQO-1 protein levels in HBZY-1
cells following HG treatment. Conversely, AC treatment led to increased levels of nuclear NRF2, total HO-1, and NQO-1
proteins in a dose-dependent manner (Figure 4A). The requirement of NRF2 in the activity of AC was further elucidated
by using the NRF2 inhibitor ML385. The combination treatment of HG + AC + ML385 reduced protein expression levels
of nuclear NRF2, HO-1, and NQO-1 (Figure 4B). Moreover, the anti-inflammatory effect of AC on IL-6, IL-8, and TNF-a
was abolished after ML385 inhibition of NRF2 activity (Figure 4C). Similar results were observed in the oxidative stress,
as evidenced by the elevated ROS and MDA levels, as well as the decreased SOD activity upon ML385 treatment
(Figure 4D). Besides, ML385 treatment also increased the levels of collagen I, collagen IV, and fibronectin proteins after
HG + AC treatment (Figure 4E). These results suggest that AC may modulate the effects of HG by activating the NRF2/
HO-1 pathway.

AC mitigates oxidative stress and fibrosis in a DN rat model

Subsequently, we evaluated the effect of AC administration on oxidative stress and fibrosis in a DN rat model. Compared
with the sham group, no significant differences in the body weight, blood glucose, kidney weight/body weight ratio,
serum creatinine, blood urea nitrogen, and 24-h urinary protein were observed in the AC treatment alone group.
Compared to the sham group, the body weight, blood glucose, serum creatinine, blood urea nitrogen, and 24-h urinary
protein were significantly elevated in the DN group. AC administration significantly reduced body weight and
biochemical parameters in the DN model group, such as blood glucose, serum creatinine, blood urea nitrogen, and 24-h
urinary protein levels (Figure 5A-F).
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Figure 2 Effect of asiaticoside on high glucose-induced inflammatory response and oxidative stress in rat glomerular mesangial cells. A:
Quantitative real-time polymerase chain reaction analysis of the mRNA levels of interleukin (IL)-6, /L-8, and tumor necrosis factor (TNF)-a in rat glomerular mesangial
(HBZY-1) cells treated with asiaticoside at different concentrations (0, 2, 4, and 8 uM) and glucose (30 mmol/L); B: IL-6, IL-8, and TNF-a. in the supernatant of HBZY-
1 cells determined by ELISA; C-E: Reactive oxygen species, malondialdehyde, and superoxide dismutase levels in HBZY-1 cells determined by ELISA using
corresponding kits. n = 3 experiments. 2P < 0.001 vs control, °P < 0.05, °P < 0.01, and ¢P < 0.001 (Glu, 30 mmol/L + AC, 0 uM); not significant (P > 0.05) vs (Glu, 30
mmol/L + AC 0 uM). AC: Asiaticoside; Glu: Glucose; NS: Not significant.

The renal histological observations in the AC group revealed no significant changes in the renal tissues compared to
those in the sham group (Figure 5G). However, HE staining showed an increase in renal inflammatory infiltration in the
DN model group. Additionally, Masson’s staining indicated severe renal interstitial fibrosis in the DN model group, PAS
staining showed glomerular hypertrophy and mesangial matrix dilation, and TEM imaging revealed podocyte
detachment and disappearance. These pathophysiological changes in the rat model were largely mitigated with AC
treatment. Besides, there were no significant differences in the levels of IL-6, IL-8, TNF-0, MDA, and SOD in the serum of
rats of the AC treatment group compared to the sham group. The DN group exhibited significantly increased levels of IL-
6, IL-8, TNF-0, and MDA, with a considerable decrease in SOD activity. AC treatment resulted in a significant reversal of
these changes compared to the DN group, indicating that AC effectively alleviated inflammatory and oxidative stress in
the DN rats (Figure 5H and I).

We further analyzed the expression levels of proteins related to fibrosis in the renal tissues. Compared to the sham
group, there were no significant changes in the levels of collagen I, collagen IV, and fibronectin proteins in the renal
tissues of rats of the AC treatment alone group. The DN group showed significantly higher expression levels of these
fibrogenic markers, while AC administration resulted in a notable decrease in the levels of collagen I, collagen IV, and
fibronectin proteins in the renal tissues of rats of the DN model group (Figure 5]). Additionally, the DN group displayed
decreased levels of nuclear NRF2 and total HO-1, as well as NQO-1 proteins in the renal tissues. However, AC treatment
restored the expression of nuclear NRF2 and total HO-1, as well as NQO-1 protein levels, indicating activation of the
NREF?2 signaling pathway by AC (Figure 5K).
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Figure 3 Effect of asiaticoside on high glucose-induced fibrosis in rat glomerular mesangial cells. A:Quantitative real-time polymerase chain
reaction analysis of the mRNA levels of collagen |, collagen 1V, and fibronectin in rat glomerular mesangial (HBZY-1) cells treated with asiaticoside at different
concentrations (0, 2, 4, and 8 uM) and glucose (30 mmol/L); B: Western blot analysis of the protein levels of collagen I, collagen IV, and fibronectin in HBZY-1 cells. n
= 3 experiments. 2P < 0.001 vs control; °P < 0.05, °P < 0.01, and %P < 0.001 vs Glu (30 mmol/L). AC: Asiaticoside; Glu: Glucose.

DISCUSSION

This study demonstrated that AC inhibited HG-induced proliferation, inflammatory responses, oxidative stress, and
fibrosis in HBZY-1 cells, and ameliorated renal injury in a streptozotocin-induced DN rat model. AC reduced levels of
inflammatory cytokines, ROS, MDA, and fibrogenic markers while increasing superoxide dismutase (SOD) activity.
Notably, the renoprotective effects of AC were associated with the activation of the NRF2/HO-1 signaling pathway,
suggesting that AC may have therapeutic potential for DN by targeting inflammation, oxidative stress, and fibrosis
through NRF2-associated antioxidant mechanisms.

HBZY-1 cells are one of the major cell types used in the study of renal defects such as DN[17]. The abnormal prolif-
eration of mesangial cells is increasingly recognized as potentially playing a crucial role in the pathophysiological
mechanism of early DN. A previous study has indicated that HG can significantly increase the proliferation of HBZY-1
cells, leading to renal interstitial fibrosis and ultimately chronic kidney failure[18]. Building on this foundation, HBZY-1
cells were exposed to normal glucose, high mannitol, and HG in this study. The results showed that HG notably
enhanced the proliferation of HBZY-1 cells, whereas glucose or mannitol had no significant impact on their proliferation.
Treatment with AC inhibited the HG-induced proliferation of HBZY-1 cells in a dose-dependent manner.

Prior research has established a strong correlation between heightened cellular oxidative stress triggered by
hyperglycemia and the onset as well as progression of DN[19]. This increase in ROS levels could directly result from
hyperglycemia-induced oxidative stress[20]. Among the products of oxidative stress, MDA signifies the end product of
lipid peroxidation caused by free radicals, with higher MDA levels indicating a more severe oxidative stress response
[21]. SOD serves as a crucial antioxidant marker that facilitates the conversion of superoxide to oxygen and hydrogen
peroxide[22]. The levels of MDA and SOD are utilized to gauge the degree of oxidative stress in cell and renal tissues. In
this study, a notable rise in ROS and MDA levels was observed in HG-treated HBZY-1 cells and in renal tissues of DN
rats. Additionally, SOD activities were significantly decreased in the HG-induced cell model and in DN rats. Treatment
with AC resulted in a marked reversal of these effects on SOD and MDA levels in both HBZY-1 cells and DN rats,
indicating that AC could effectively mitigate oxidative stress in DN rats and mesangial cells induced by HG.

Inflammatory responses in DN are primarily triggered by oxidative stress, leading to accelerated renal injury in rats.
Tashiro et al[23] found high levels of pro-inflammatory factors in early-stage DN patients. Similarly, our study observed
significant increases in IL-6, IL-8, and TNF-a levels in the serum of DN rats, as well as in the mRNA levels of these
cytokines in HBZY-1 cells treated with HG. Treatment with AC reversed these changes, demonstrating a strong anti-
inflammatory effect which can be attributed to its effect to antagonize the oxidative stress.

The main pathological characteristics of DN involve thickening of the glomerular basement membrane, dilation of the
mesangium, glomerulosclerosis, and tubulointerstitial fibrosis[24]. In this study, we utilized H&E, Masson’s, and PAS
staining techniques to assess the pathogenic changes in the renal tissues. Treatment with AC was found to significantly
mitigate pathological renal damage in rats. Collagen IV and fibronectin are commonly used as fibrosis markers in DN
clinical diagnosis[25,26]. Our findings revealed a notable increase in the expression levels of collagen I, collagen IV, and
fibronectin in the renal tissues of DN rats induced by STZ, indicting a significant rise in renal interstitial fibrosis in DN
rats. In line with this, both mRNA and protein levels of collagen I, collagen IV, and fibronectin were markedly elevated in
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Figure 4 Asiaticoside regulates high glucose-induced effects on rat glomerular mesangial cells by activating the NRF2/ heme oxygenase-
1 pathway. A: Western blot analysis of the NRF2 protein expression and total heme oxygenase-1 (HO-1) and NAD(P)H dehydrogenase (Quinone) 1 (NQO-1)
protein expression in the nucleus of rat glomerular mesangial (HBZY-1) cells treated with asiaticoside (AC) at different concentrations (0, 2, 4, and 8 uM) and glucose
(30 mmol/L); B: Western blot analysis of NRF2 protein expression and total HO-1 and NQO-1 protein expression in the nucleus of HBZY-1 cells treated with AC (8
uM), glucose (30 mmol/L), and ML385 (NRF2 inhibitor, 5 pM); C: Interleukin (IL)-6, IL-8, and tumor necrosis factor-o. levels in the supernatant of HBZY-1 cells; D:
Reactive oxygen species, malondialdehyde, and superoxide dismutase in HBZY-1 cells; E: Western blot analysis of the expression levels of collagen I, collagen IV,
fibronectin, and B-actin in HBZY-1 cells. n = 3 experiments. 2P < 0.001 vs control, °P < 0.001 vs Glu (30 mmol/L), °P < 0.01, and P < 0.001 vs Glu (30 mmol/L) + AC
(8 uM). AC: Asiaticoside; Glu: Glucose.
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Figure 5 Asiaticoside attenuates oxidative stress and fibrosis in a diabetic nephropathy rat model. A-F: Graphical summary of the changes in
body weight, blood glucose, kidney weight/body weight ratio, serum creatinine, blood urea nitrogen, and 24-h urine protein in control, diabetic nephropathy (DN)
model, asiaticoside (AC) drug, and DN + AC groups; G: Results of hematoxylin and eosin (scale bar: 25 pm, orange arrows indicate mesangial hyperplasia),
Masson’s (scale bar: 25 ym, orange arrows mark collagen fiber deposition), and Periodic acid-Schiff staining (scale bar: 25 ym, orange arrows indicate glycogen
deposition), as well as TEM (scale bar: 1 um, orange arrow shows uniform thickening of the basement membrane, and green arrow indicates loss of the podocyte foot
process); H and I: Graphical summary of (H) the contents of interleukin (IL)-6, IL-8, and tumor necrosis factor (TNF)-o., and (1) the contents of malondialdehyde and
superoxide dismutase in rat serum of each experimental group; J: Western blot analysis of the protein expression of collagen I, collagen IV, and fibronectin; K: Protein
expression of nuclear NRF2 and total heme oxygenase-1, as well as NAD(P)H dehydrogenase (Quinone) 1, in renal tissues. n = 6 animals in each group. °P < 0.001
vs Sham, ®P < 0.05, and °P < 0.001 vs diabetic nephropathy. DN: Diabetic nephropathy; AC: Asiaticoside; PAS: Periodic acid-Schiff, TEM: Transmission electron
microscopy; HO-1: Heme oxygenase-1; NQO-1: NAD(P)H dehydrogenase (Quinone) 1; IL: Interleukin; TNF: Tumor necrosis factor; H&E: Hematoxylin and eosin.

HG-treated HBZY-1 cells. Treatment with AC effectively suppressed these changes, suggesting that AC could attenuate
renal injury in diabetic rats by inhibiting renal interstitial fibrosis.

The NRF2/HO-1 signaling pathway plays a significant role in counteracting oxidative stress, and recent research has
highlighted that enhancing NRF2/HO-1 signaling can mitigate renal injury in diabetic rats[27]. In response to oxidative
stress, NRF2 translocates to the nucleus and triggers the expression of HO-1 and NQO-1. We observed a significant
activation of nuclear NRF2 expression, total HO-1, and NQO-1 protein in kidney tissue of DN rats and HBZY-1 cells
following AC treatment. These results suggest that the beneficial effects of AC on inflammation, oxidative stress, and
renal fibrosis may be linked to the activation of the NRF2/HO-1 pathway. Furthermore, by using the NRF2 inhibitor
ML385, the protective effect of AC on inflammatory, oxidative stress, and fibrogenic features in HBZY-1 cells was
suppressed. Overall, these findings support the notion that the anti-inflammatory, anti-oxidative, and anti-fibrotic
properties of AC are closely associated with the activation of the NRF2/HO-1 signaling pathway.

While this study provides valuable insights into the therapeutic potential of AC for DN, certain limitations should be
acknowledged. First, the STZ-induced diabetes model used in this study may not fully recapitulate the complex
pathophysiology of human DN, which often develops gradually over years in the context of chronic hyperglycemia and
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metabolic dysregulation. The effect of AC should be further evaluated in genetically modified animal models. Addi-
tionally, the assessment of renal fibrosis in this study relied primarily on the evaluation of fibrogenic markers (collagen I,
collagen IV, and fibronectin) and standard histological stains (Masson’s trichrome and PAS). The incorporation of
Picrosirius red staining, which specifically stains collagen fibrils and facilitates quantitative analysis of fibrosis, could
have provided more comprehensive and quantitative insights into the extent of renal fibrosis and the mitigating effects of
AC. Future studies are also warranted to elucidate how AC activates NRF2 to antagonize oxidative and inflammatory
stress in DN models.

CONCLUSION

In summary, our study has demonstrated that AC could effectively ameliorate renal damages in a rat model of DN by
attenuating oxidative stress, inflammatory responses, and renal fibrosis through activating the NRF2 pathway. These
findings suggest that AC may be employed as a protective agent for ameliorating DN progression.
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