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Abstract 

Background The treatment options to delay the progression of diabetic nephropathy (DN), a key contributor 

to chronic kidney disease (CKD), are urgently needed. Previous studies reported that traditional Chinese medicine 

Panax notoginseng (PNG) exerted beneficial effects on DN. However, the renoprotective effects of Notoginsenoside 

R2 (NR2), an active component of PNG, on DN have not been investigated. This study aimed to assess the therapeutic 

potential of NR2 in DN and explore its underlying mechanisms.

Methods In vivo models were developed using db/db mice, while in vitro models utilized HK-2 cells exposed to 

high glucose and palmitic acid (HGPA). Online databases and Cytoscape software were employed to predict 

the potential targets of NR2. The expression of associated proteins was measured using immunohistochemis-

try and western blot. Lipid accumulation, oxidative stress levels, mitochondrial function and cell apoptosis were 

also assessed. Small interfering RNA was used in in vitro experiments to examine the effect of c-Src.

Results NR2 ameliorated albuminuria, renal function and renal pathology in db/db mice. The activation of c-Src 

was suppressed in db/db mice and in HK-2 cells exposed to HGPA. NR2 inhibited JNK/STAT1 phosphorylation 

and CD36 overexpression. NR2 also ameliorated lipid accumulation, oxidative stress, mitochondrial dysfunction 

and cell apoptosis in vivo and in vitro. By inhibiting c-Src, HK-2 cells exposed to HGPA experienced less lipid deposi-

tion and mitochondrial damage, indicating the renoprotective effects of NR2 were correlated with the inhibition 

of c-Src.

Conclusion NR2 ameliorated mitochondrial dysfunction and delayed the progression of DN partly through suppres-

sion of c-Src. The protective effects of NR2 might be related to a reduction in lipid accumulation.
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Introduction

Chronic  kidney disease (CKD) is  mainly  attrib-

uted  to  diabetic  nephropathy  (DN). Diabetic individu-

als are estimated to develop DN at an approximate rate 

of 40%, with 50% of these cases advancing to end-stage 

renal disease (ESRD) [1, 2]. �erefore, it is urgent to 

develop innovative interventions to delay the progression 

of DN. Lipids are essential for a wide range of cellular 

functions and are integral to maintaining cellular home-

ostasis. However, excessive lipid accumulation disrupts 

homeostasis, leading to cell dysfunction and ultimately 

triggering cell death [3]. �e patients with DN are usually 

accompanied by dyslipidemia and ectopic lipid deposi-

tion [4]. �e first stage of lipid metabolism is represented 

by the absorption of fatty acids. �e cluster of differen-

tiation 36 (CD36) protein plays a pivotal role in fatty acid 

uptake, as confirmed by previous studies [5, 6]. Hypergly-

cemia has been shown to upregulate CD36 expression, 

thereby promoting fatty acid uptake and exacerbating 

lipid accumulation [7]. Inhibiting CD36 activity could 

restrict the mobilization of fatty acids from adipose tis-

sue to non-adipose tissue [8]. Elevated levels of CD36 are 

associated with an increased production of reactive oxy-

gen species (ROS), which in turn leads to mitochondrial 

dysfunction [9]. Targeting CD36 might represent a novel 

approach to prevent the progression of DN.

Recent studies demonstrated that elevated levels of 

fatty acids alone were insufficient to induce cellular dis-

orders, suggesting that mitochondrial damage might 

also contribute to lipid deposition-induced cellular 

harm [10]. ROS disrupted metabolic pathways by com-

promising the stability and activity of various metabolic 

enzymes [11, 12]. Additionally, ROS inhibited oxygen 

consumption in adipocytes, leading to ectopic lipid 

accumulation [13]. Evidence indicated that mitochon-

drial protection and ROS mitigation might prevent 

renal dysfunction by normalizing dysregulated lipid 

metabolism. Reducing mitochondrial oxidative stress 

decreased lipid deposition, alleviated lipid peroxida-

tion, and mitigated cellular damage [14].

Panax notoginseng saponins (PNS), the active com-

ponents of the traditional Chinese medicine Panax 

notoginseng (also known as Sanqi). Previous stud-

ies  demonstrated that  PNS effectively delayed the 

progression of kidney diseases [15, 16]. PNS con-

tains multiple saponins including Notoginsenoside 

R1, Notoginsenoside R2, Ginsenoside Re, Ginseno-

side Rg1, Notoginsenoside Fc and so on. Our previous 

study demonstrated that Notoginsenoside R1 improved 

podocyte adhesion under diabetic circumstances by 

upregulating α3β1 integrin [17] and Notoginsenoside 

Fc alleviated pyroptosis in glomerular endothelial cells 

by inhibiting the HMGCS2 pathway [18]. Ginsenoside 

Rg1 and Ginsenoside Re inhibited oxidative stress and 

reduced renal fibrosis, thereby slowing DN progression 

[19–21]. However, the effects of Notoginsenoside R2 

(NR2), a novel saponin isolated from Panax notogin-

seng, on DN have not been investigated. �is study 

aimed to assess the therapeutic potential of NR2 in DN 

and explore its underlying mechanisms.

Methods

Chemicals and reagents preparation

Notoginsenoside R2 (HPLC purity: ≥ 98%) was pur-

chased from DeSiTe Biological Technology Co., Ltd. 

(Chengdu, China). Losartan was from Merck Sharp and 

Dohme Ltd. (USA). �e test kits for measuring creati-

nine, urea nitrogen, cholesterol, triglycerides (TG), glu-

cose, alanine transaminase (ALT), aspartate transaminase 

(AST), malondialdehyde (MDA), superoxide dismutase 

(SOD), glutathione (GSH), catalase (CAT), ATP, and 

ELISA kits for mouse urine microalbumin were pur-

chased from Nanjing Jiancheng Bioengineering Institute 

(Nanjing, China). Glutathione Reductase (GR), JC-1, 

TUNEL detection, and antibody p-Tyr416 Src (AF5923) 

were purchased from Beyotime. Staining kit of Oil Red 

O was purchased from Solarbio. BODIPY fluorescent 

dye was supplied by MedChemExpress. MitoSOX Red 

Mitochondrial Superoxide Indicator was obtained from 

�ermofisher. Annexin V-FITC/PI Apoptosis Detection 

Kit was purchased  from BD Biosciences. A small inter-

fering RNA (siRNA) for c-Src was obtained from Ribobio 

Biotechnology (Guangzhou, China). Antibodies includ-

ing p-Tyr416 Src (2101), Src (2123), p-JNK (9252), JNK 

(9251), p-STAT1 (7649), STAT1 (9172), Drp1 (8750), 

Mfn2 (9482), Fis1 (32525), Bcl-2 (3498), cleaved-cas-

pase-3 (9664) were from CST (USA). CD36 (ab252922) 

was obtained from Abcam (UK). Bax (50599–2-Ig), Bcl-2 

(80313–1-RR), p-JNK (80024–1-RR), JNK (66210–1-Ig), 

smooth muscle actin (14395–1-AP), Fibronectin (66042–

1-Ig), Vimentin (10366–1-AP), β-actin (20536–1-AP) 

were from Proteintech (Wuhan, China).

Animal experiments

�e animal experiment protocol was approved by the 

Animal Ethics Committee of Shanghai Sixth People’s 

Hospital Affiliated to Shanghai Jiao Tong University 

School of Medicine. Male C57BKS/Lepr db/db mice 

aged 7–8  weeks and age-matched db/m controls were 

obtained from Ziyuan Experimental Animal Technology 

Co., Ltd. (Hangzhou, China). Temperature-controlled 

environments were prepared for experimental mice with 

ad  libitum access to food and water in a 12-h cycle of 

light and dark. After approximately 12 weeks, urine albu-

min-to-creatinine ratios (ACR) were measured. When 

db/db mice exhibited significantly elevated ACR levels, 
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they were randomly assigned to the following groups: 

the model group (db/db), the group receiving Losartan 

(10 mg/kg/day), the low-dose Notoginsenoside R2 group 

(20  mg/kg/day, NR2. L.D) and the high-dose Notogin-

senoside R2 group (40  mg/kg/day, NR2. H.D). Losartan 

was selected as a positive control based on previous study 

[22]. �e dosages of NR2 were selected according to the 

published literature [23] and our preliminary experiment. 

�e db/m mice were used as the standard control group 

(db/m). Each group consisted of 6 mice and Losartan or 

Notoginsenoside R2 were administered daily via gav-

age for 8  weeks. During the experiment, db/m and db/

db models received equivalent volumes of saline via gav-

age. �e summary of the animal experimental protocol 

is illustrated in Fig. 1B. Following the 8-week treatment 

period, the mice were anesthetized with the use of isoflu-

rane and subsequently euthanized.

Measurement of urine and blood biochemical parameters

Urinary microalbumin and creatinine levels were quan-

tified from the supernatant of urine samples that were 

centrifuged at 3000  rpm for 15  min. Urinary albu-

min excretion was assessed through the albumin-to-

creatinine ratio (ACR). Blood samples were collected 

Fig. 1 Effects of Notoginsenoside R2 on biochemical characteristics in db/db mice. A The chemical structure of Notoginsenoside R2 

(Notoginsenoside R2,  C41H70O13, Molecular Weight 770.99). B Animal experimentation time-series and grouping structure. C The levels of ACR 

in each group of mice at week 4 and 8 (n = 6). D–J The levels of Scr, BUN, Blood glucose, Serum TC, Serum TG, ALT, and AST (n = 6). (*p < 0.05 

and **p < 0.01 compared with db/m mice; #p < 0.05 and ##p < 0.01 compared with db/db mice; ns: no statistical difference compared with db/db 

mice; NS: no statistical difference compared with db/m mice)
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post-sacrifice, and serum creatinine (Scr), blood urea 

nitrogen (BUN), blood glucose, total cholesterol (TC), 

triglycerides (TG), alanine aminotransferase (ALT), and 

aspartate aminotransferase (AST) levels were determined 

using commercial assay kits.

Renal histological analyses

Kidney samples were embedded in paraffin wax following 

fixation in 4% paraformaldehyde. Subsequent to depar-

affinization, the samples underwent staining with Hema-

toxylin and Eosin (HE), Periodic Acid-Schiff (PAS) and 

Masson’s trichrome stains. Light microscopy was then 

employed to inspect the stained slides.

Transmission electron microscopy (TEM) studies

Freshly prepared 2.5% glutaraldehyde was utilized for 

primary fixation. Subsequently, 1 mm kidney tissue sam-

ples were rinsed and subjected to post-fixation using 1% 

osmium tetroxide. After a graded ethanol dehydration 

series, tissues were embedded in epoxy resin. Ultrathin 

sections were stained with lead citrate and 2% uranyl ace-

tate and images were obtained using a TEM at 80 kV.

The screen of the potential target of Notoginsenoside R2

PharmaMapper (http:// lilab ecust. cn/ pharm mapper/ 

submi tfile. html) was employed to search for the potential 

targets of Notoginsenoside R2 and GeneCards (http:// 

www. genec ards. org) was applied to identify the targets 

associated with DN. �e construction and visualization 

of a protein–protein interaction (PPI) network were per-

formed using the STRING database in conjunction with 

Cytoscape software to identify core targets. �e DAVID 

online platform was subsequently applied to perform 

pathway enrichment analysis, revealing potential thera-

peutic targets.

Immunohistochemistry (IHC) staining

IHC staining was performed to evaluate the expression 

of CD36 and phosphorylated c-Src (p-Tyr416) in kid-

ney tissue samples. Tissue sections were cut into 4  μm 

slices and dewaxed using a graded ethanol series. Fol-

lowing the inhibition of endogenous peroxidase activity 

with 0.3% hydrogen peroxide for 15 min, the tissue sec-

tions were incubated in 5% bovine serum albumin (BSA) 

for 1 h to minimize nonspecific binding. �en, for incu-

bation, pre-diluted primary antibodies against CD36 

and p-Tyr416 c-Src were added. Incubation at 4  °C for 

the entire night before being subjected to the second-

ary antibodies. Finally, the sections were counterstained 

with hematoxylin and developed using diaminobenzidine 

(DAB) before being examined under a light microscope.

Assessment of intrarenal lipids

To evaluate lipid accumulation, frozen kidney tissue sec-

tions were stained with Oil Red O. After fixation in 4% 

paraformaldehyde, the sections were immersed in 60% 

isopropanol to facilitate staining. Meanwhile, a fresh 

working solution of Oil Red O was prepared. �e sec-

tions were incubated in the working solution at room 

temperature for 15  min and then rinsed with isopro-

panol. After counterstaining and mounting, images were 

captured under a light microscope.

Kidney tissues were homogenized and supernatants 

were collected by centrifugation at 12,000  rpm for 

15 min. �ese supernatants were then used to assess TG 

content using a triglyceride measurement kit.

Cell intervention

Human renal proximal tubular cells (HK-2) were cul-

tured at 37  °C in DMEM media containing 10% fetal 

bovine serum with 5% CO2. To simulate type 2 dia-

betic conditions, cells were treated with high glucose 

(30  mmol/L) and palmitic acid (200  mmol/L) (HGPA) 

[24]. For the evaluation of NR2 effects, cells at the conflu-

ence of 80% were randomly divided into 6 groups: nor-

mal control group (Ctr), high glucose and palmitic acid 

stimulation group (HGPA), Losartan group (Losartan, 

HGPA + 50  μM Losartan) [22], low dose of NR2 (NR2. 

L.D, HGPA + 10  μM NR2), medium dose of NR2 (NR2. 

M.D, HGPA + 20 μM NR2), and high dose of NR2 (NR2. 

H.D, HGPA + 40 μM NR2) and then incubated for 24 h.

Estimation of lipid peroxide and antioxidant indexes

�e broken-up kidney tissues or HK-2 cells were centri-

fuged to get the supernatants, which were used to meas-

ure antioxidant parameters. Commercial assay kits were 

used to measure MDA, SOD, GSH, GR, CAT, and ATP 

levels.

BODIPY staining

After fixation with 4% paraformaldehyde, the cellular 

lipids were stained for 30 min with BODIPY dye and the 

nuclei were counterstained using DAPI. Images were 

captured using a fluorescence microscope.

ROS detection

Mitochondrial superoxide generation was assessed using 

MitoSOX Red indicator. A 10 μM MitoSOX dye solution 

http://lilabecust.cn/pharmmapper/submitfile.html
http://lilabecust.cn/pharmmapper/submitfile.html
http://www.genecards.org
http://www.genecards.org


Page 5 of 21Guo et al. Chinese Medicine           (2025) 20:10  

was prepared and used to incubate living HK-2 cells for 

20 min. Hoechst 33,342 (Beyotime) was applied to coun-

terstain nuclei and the images were recorded by fluores-

cence microscope.

TUNEL assay

Frozen tissue sections were fixed and permeabilized, 

after which a TUNEL detection solution was applied. �e 

sections were subsequently incubated for 1 h in the dark. 

Sections were counterstained with DAPI, and a fluores-

cence microscope was applied to identify apoptotic cells.

Flow cytometry analysis

Upon trypsinization, HK-2 cells were detached and 

transferred to flow cytometry tubes. �e cell suspen-

sions were centrifuged at 1000  rpm for 5  min, after 

which the supernatant was discarded. Each tube 

received 0.5  mL of culture medium to gently resus-

pend the cell pellet. Subsequently, JC-1 working buffer 

was introduced, and the cells were incubated at 37  °C 

for 30  min. Following this incubation, the cells were 

washed and resuspended in JC-1 buffer, allowing for the 

assessment of mitochondrial membrane potential using 

flow cytometry.

For apoptosis detection, detached HK-2 cells were 

centrifuged and resuspended in pre-warmed culture 

medium. �e labeling reagents FITC and PI were added 

in succession, and the cells were incubated in the dark at 

room temperature for 15  min. Flow cytometry analysis 

was performed after adding binding buffer to the labeled 

cell suspensions.

siRNA transfection

HK-2 cells were subjected to a 12-h starvation period 

upon reaching approximately 50% confluence. �e 

siRNA-c-Src transfection mixture was gently introduced 

to the culture medium. After 24  h of incubation, cells 

were then stimulated with HGPA, and NR2 (40 μM) was 

added into one of the experimental groups. Samples were 

collected for further analysis 24 h later.

Western blot analysis (WB)

To prepare kidney samples or cell lysates containing total 

proteins, RIPA lysis buffer was supplemented with pro-

tease and phosphatase inhibitors in a 1:100 dilution. �e 

resulting protein mixtures were subjected to SDS-PAGE 

for separation, followed by transfer onto PVDF mem-

branes. After blocking, the membranes were incubated 

overnight at 4 °C with primary antibodies. Subsequently, 

secondary antibodies were added, and the target pro-

teins were visualized using an ECL solution. Imaging of 

protein bands was performed using the ChemiDoc Touch 

Imaging System, and band intensity was quantified 

with ImageJ software, normalizing each band to β-actin 

expression. Data were analyzed with GraphPad Prism.

Statistical analysis

Statistical analyses were carried out using GraphPad 

Prism 7.0. Data are expressed as mean ± standard error of 

the mean (SEM). One-way analysis of variance (ANOVA) 

was employed for comparisons among multiple groups, 

with statistical significance set at P < 0.05.

Results

The e�ect of Notoginsenoside R2 on biochemical 

characteristics in db/db mice

Different dosages of Notoginsenoside R2 (Fig.  1A) and 

Losartan were administered to db/db mice exhibiting ele-

vated ACR levels for 8 weeks (Fig. 1B). ACR levels were 

assessed at 4 and 8  weeks after the initiation of treat-

ment and the results showed that NR2 significantly low-

ered ACR levels. Notably, the high dose of NR2 caused a 

greater reduction compared to Losartan (Fig. 1C). Renal 

dysfunction was ameliorated by NR2 treatment, as evi-

denced by ameliorating Scr and BUN levels in high-dose 

NR2-treated db/db mice compared to the untreated 

group (Fig.  1D, E). Although db/db mice exhibited 

increasing levels of blood glucose, the difference between 

treated and untreated mice was not significant (Fig. 1F). 

Serum lipids were also analyzed, revealing that TC levels 

were reduced in the NR2-treated group, while TG levels 

remained unchanged (Fig.  1G, H). We evaluated ALT 

and AST levels to assess potential drug toxicity and the 

results indicated that NR2 did not appear to be toxic to 

the liver (Fig. 1I, J).

Notoginsenoside R2 ameliorated renal histopathological 

impairment in db/db mice

Histological analyses were conducted to further assess 

the renoprotective effects of Notoginsenoside R2. HE 

staining revealed that mesangial expansion, matrix wid-

ening, and dilation of renal tubules were present in the 

model group and these abnormalities were markedly 

ameliorated in db/db mice treated with Losartan and 

NR2 (Fig. 2A). In addition to mesangial cell proliferation 

and renal tubular injury, PAS staining showed glycogen 

deposition in db/db mice, which was mitigated by NR2 

intervention (Fig.  2B). Masson staining suggested that 

NR2 decreased collagen fiber deposition (Fig. 2C), which 

was corroborated by WB analysis. A significant reduction 

in the expression of fibrosis-related proteins, including 

fibronectin, vimentin, and α-SMA was observed in NR2-

treated db/db mice (Fig.  2D–G). Significant podocyte 



Page 6 of 21Guo et al. Chinese Medicine           (2025) 20:10 

foot process effacement was revealed in TEM images of 

db/db mice, however, these abnormalities were lessened 

in mice receiving NR2 treatment (Fig.  2H). Collectively, 

these findings demonstrated that NR2 exerted a protec-

tive effect against kidney histopathological damage asso-

ciated with DN.

Notoginsenoside R2 inhibited CD36 expression and might 

attenuate lipid accumulation by targeting c-Src

We further explored the potential mechanisms underly-

ing the renoprotective effects of Notoginsenoside R2. 

Protein–protein interaction networks and core targets 

were identified by analyzing the intersecting targets of 

NR2 and DN (Fig. 3A). �ese core targets were utilized 

for Kyoto Encyclopedia of Genes and Genomes (KEGG) 

Fig. 2 Notoginsenoside R2 relieved histological impairments in db/db mice. A Representative HE staining images of kidney sections. B 

Representative PAS staining. C Representative Masson staining. D–G The expression of fibronectin, vimentin, and α-SMA in each group of kidney 

tissues detected by Western blot and the quantitative analyses (n = 3). H Representative TEM images. (*p < 0.05 and **p < 0.01 compared with db/m 

mice; #p < 0.05 and ##p < 0.01 compared with db/db mice; ns: no statistical difference compared with db/db mice)
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pathway enrichment analysis, highlighting that NR2 

might influence lipid metabolism pathways (Fig. 3B). To 

corroborate this prediction, kidney sections from db/db 

mice were stained with Oil Red O, revealing the presence 

of lipid droplets, which were significantly reduced by the 

administration of NR2 (Fig. 3C, D). Measurement of tri-

glyceride content in renal tissue indicated lower levels in 

NR2-treated db/db mice (Fig. 3E). C-Src, identified as a 

Fig. 3 Notoginsenoside R2 ameliorated intrarenal lipids and downregulated CD36 expression by inhibiting c-Src in db/db mice. A The protein–

protein interaction network of NR2 and DN. B The result of KEGG signal enrichment analysis. C, D Representative images of Oil Red O staining 

of kidney sections in each group and semiquantitative analysis (n = 3). E The triglyceride content in kidney tissues in each group (n = 6). F–H IHC 

images and semiquantitative analysis of c-Src Tyr416 and CD36 (n = 3). I–M The expression of phosphorylated c-Src Tyr416, CD36, phosphorylated 

JNK, and phosphorylated STAT1 in each group of kidney tissues detected by Western blot and the quantitative analyses (n = 3). (*p < 0.05 

and **p < 0.01 compared with db/m mice; #p < 0.05 and ##p < 0.01 compared with db/db mice; ns: no statistical difference compared with db/db 

mice)
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core target through database predictions (Fig.  3A), was 

reported to function as an upstream regulator of the 

fatty acid transporter CD36 via the JNK/STAT1 path-

way [25]. �e activation of c-Src requires the phospho-

rylation of the tyrosine site Tyr416. As demonstrated 

by IHC staining, the overexpression of phosphoryl-

ated c-Src was found to decrease in the kidneys of db/

db mice upon administering NR2 (Fig.  3F, G). �e WB 

data corroborated the results of the IHC staining (Fig. 3I, 

J). An apparent increase in CD36 expression was also 

detected in the db/db group assessed using IHC and WB 

techniques; however, this increase was significantly sup-

pressed by NR2 treatment (Fig. 3F, H, I, M). Additionally, 

we investigated the expression levels of phosphorylated 

JNK (p-JNK) and phosphorylated STAT1 (p-STAT1). �e 

Fig. 4 Notoginsenoside R2 ameliorated intracellular lipid droplets and overexpression of CD36 by inhibiting c-Src in cells. A MTT experiments 

to determine the dosage of NR2 and the stimulation time of HGPA. B–F Western blot analysis for c-Src p-Tyr416, p-JNK, p-STAT1, and CD36 protein 

expression in HK-2 cells stimulated by HGPA and quantitative analysis (n = 3). G, H Lipid droplets in HK-2 cells measured by BODIPY staining 

and semiquantitative analysis (n = 3). (*p < 0.05 and **p < 0.01 compared with normal control group; #p < 0.05 and ##p < 0.01 compared with HGPA 

model group; ns: no statistical difference compared with HGPA group)
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Fig. 5 Notoginsenoside R2 attenuated renal oxidative stress level and mitochondrial dysfunction in db/db mice. A–F The levels of MDA, SOD, 

GSH, GR activity, CAT, and ATP in kidney tissues of mice (n = 6). G–J Western blot analysis for Drp1, Mfn2, and Fis1 protein expression in kidney 

tissues and quantitative analysis (n = 3). (*p < 0.05 and **p < 0.01 compared with db/m mice; #p < 0.05 and ##p < 0.01 compared with db/db mice; ns: 

no statistical difference compared with db/db mice)
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results showed that the activation of p-JNK and p-STAT1 

was suppressed by NR2 treatment (Fig. 3I, K, L).

Given that proximal tubular cells primarily rely on fatty 

acids as their energy substrate and are therefore more 

susceptible to lipotoxicity [26], HK-2 cells were utilized 

for the in  vitro investigations. �rough MTT assays, 

the optimal dosages of NR2 and the duration of HGPA 

stimulation were determined (Fig.  4A). Following 24  h 

of HGPA stimulation, WB analysis revealed a signifi-

cant upregulation of Tyr416-phosphorylated c-Src in the 

model group, indicating that c-Src activation was dose-

dependently inhibited by NR2 treatment (Fig. 4B, C). �e 

overexpression of p-JNK, p-STAT1, and CD36 was allevi-

ated in the NR2-treated group (Fig.  4B, D–F). By using 

BODIPY staining, HGPA also clearly caused lipid deposi-

tion in HK-2 cells, however, these effects were effectively 

mitigated by NR2 intervention (Fig. 4G, H). Collectively, 

these results indicated that NR2 attenuated CD36 over-

expression via inactivating c-Src and reduced lipid accu-

mulation in vivo and in vitro.

Notoginsenoside R2 ameliorated oxidative stress 

and reversed mitochondrial dysfunction

Mitochondria are crucial for regulating metabolic dis-

turbances, including alterations in lipid metabolism 

under diabetic conditions. Disruptions in mitochon-

drial function led to increased intracellular oxidative 

stress, affecting lipid metabolic pathways [12]. We 

next investigated the impact of Notoginsenoside R2 

on mitochondrial function. In db/db mice, the MDA 

level, indicative of lipid peroxidation, was significantly 

elevated, whereas levels of antioxidant indicators, SOD, 

GSH, GR, and CAT, were conversely diminished. �ese 

impairments were reversed by NR2 administration 

(Fig. 5A–E). NR2-intervened db/db mice exhibited ele-

vated ATP levels relative to the model group (Fig. 5F). 

�ese findings implied that NR2 might alleviate oxida-

tive stress and diminish ROS-induced damage in db/db 

mice. �e expression of Drp1 and Fis1, proteins essen-

tial to mitochondrial fission, was also markedly down-

regulated by NR2 intervention (Fig. 5G, H, J). NR2 also 

improved the reduction of Mfn2, a protein known for 

maintaining mitochondrial morphology and function 

(Fig.  5G, I), highlighting its beneficial effects on mito-

chondrial function.

Intracellular ROS levels were measured using the Mito-

SOX probe. �e red fluorescence intensity increased sig-

nificantly after HGPA stimulation, however, this effect 

was attenuated by NR2 (Fig.  6A, B). HGPA exposure 

led to elevated MDA levels and a reduction in SOD and 

ATP levels, which were counteracted by the high dose of 

NR2 (Fig. 6C). �e mitochondrial potential was assessed 

using JC-1 staining. HGPA treatment led to a decrease in 

mitochondrial membrane potential, as evidenced by an 

increase in JC-1 monomers and a decrease in JC-1 aggre-

gate formation. Treatment with NR2 at both medium and 

high doses mitigated the collapse of the mitochondrial 

membrane potential (Fig.  6D, E). Furthermore, Mfn2 

expression was upregulated, while Drp1 and Fis1 expres-

sions were downregulated with NR2 administration 

(Fig.  6F–I). �ese findings demonstrated that NR2 alle-

viated mitochondrial oxidative damage both in vivo and 

in vitro.

Notoginsenoside R2 alleviated cell apoptosis

TUNEL staining revealed a substantial increase in 

TUNEL-positive cells in db/db mice, which was 

decreased by either NR2 or Losartan treatment (Fig. 7A, 

B). After NR2 treatment, the levels of pro-apoptotic pro-

teins Bax and cleaved-caspase-3 decreased, whereas the 

level of the anti-apoptotic protein Bcl-2 increased, as 

demonstrated by WB analysis (Fig. 7C–F).

In vitro, HGPA stimulation caused the enhancement of 

TUNEL-positive cells, however, this effect was mitigated 

by NR2 intervention (Fig. 8A, B). Additionally, Annexin 

V-FITC/PI staining was employed to assess apoptotic 

cells, revealing that NR2 effectively attenuated HGPA-

induced apoptosis in a dose-dependent manner (Fig. 8C, 

D). HGPA stimulation led to the upregulation of Bax and 

cleaved-caspase-3, while Bcl-2 expression decreased. 

�e intervention of NR2 reversed these abnormalities 

(Fig. 8E–H). Taken together, these results indicated that 

NR2 exerted an anti-apoptotic effect.

Inhibition of c-Src suppressed the expression of CD36 

and mitigated lipid accumulation in HK-2 cells

To further validate that Notoginsenoside R2 exerted 

renoprotective effects by restraining c-Src, we performed 

c-Src knockdown using siRNA transfection. As shown in 

Fig.  9A, B, the upregulation of Tyr416-phosphorylated 

(See figure on next page.)

Fig. 6 Notoginsenoside R2 attenuated oxidative stress and mitochondrial dysfunction in HGPA-induced HK-2 cells. A, B Mitochondrial ROS 

production detected by MitoSOX dye and statistical assessment (n = 3). C The levels of MDA, SOD, and ATP in HK-2 cells (n = 3). D, E The 

mitochondrial membrane potential of each group HK-2 cells measured by flow cytometry (n = 3). F–I Western blot analysis for Drp1, Mfn2, 

and Fis1 protein expression in HK-2 cells and quantitative analysis (n = 3). (*p < 0.05 and **p < 0.01 compared with normal control group; #p < 0.05 

and ##p < 0.01 compared with HGPA model group; ns: no statistical difference compared with HGPA group)



Page 11 of 21Guo et al. Chinese Medicine           (2025) 20:10  

Fig. 6 (See legend on previous page.)
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c-Src induced by HGPA was attenuated following direct 

c-Src inhibition. �e high dose of NR2 was administered 

in the in vitro model, further enhancing the suppression 

of c-Src phosphorylation (Fig. 9C, D). �e expression of 

p-JNK, p-STAT1 and CD36 were upregulated by HGPA 

stimulation, which were markedly reduced follow-

ing c-Src inhibition. �is improvements were further 

Fig. 7 Notoginsenoside R2 alleviated cell apoptosis in db/db mice. A, B Representative images of TUNEL assay for cell apoptosis on kidney sections 

in each group and semiquantitative analysis (n = 3). C–F Western blot analysis for Bcl-2, Bax, and cleaved-caspase-3 protein expression in kidney 

tissues and quantitative analysis (n = 3). (*p < 0.05 and **p < 0.01 compared with db/m mice; #p < 0.05 and ##p < 0.01 compared with db/db mice; ns: 

no statistical difference compared with db/db mice)
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accelerated by NR2 supplementation (Fig.  9C, E–G). 

A remarkable reduction in BODIPY-positive cells was 

observed following c-Src silencing, indicating a beneficial 

effect on lipid accumulation (Fig. 9H, I).

Knockdown of c-Src reversed mitochondrial dysfunction 

and apoptosis in HK-2 cells

HGPA stimulation resulted in elevated ROS levels. Mito-

SOX staining revealed that c-Src inhibition apparently 

decreased red fluorescence intensity, reflecting a decrease 

in mitochondrial ROS (Fig. 10A, D). Suppression of c-Src 

facilitated JC-1 aggregate formation while reducing JC-1 

monomers, indicating restored mitochondrial mem-

brane potential (Fig. 10B, E). Following c-Src inhibition, 

the dysregulated expression of Drp1, Mfn2, and Fis1 was 

normalized (Fig. 10C, F–H). �ese beneficial mitochon-

drial effects were further enhanced when combined with 

NR2 treatment.

TUNEL staining revealed that HGPA-induced apop-

tosis was attenuated by c-Src inhibition and was further 

enhanced with the addition of NR2 (Fig.  10I, L). Con-

sistent findings were observed with Annexin V-FITC/PI 

staining, where both c-Src inhibition and NR2 treatment 

effectively reduced the number of apoptotic cells, with 

a stronger effect detected under combination therapy 

(Fig.  10J, M). C-Src suppression increased Bcl-2 levels 

while reducing Bax and cleaved-caspase-3 expression, 

with further improvements in these markers following 

NR2 co-treatment (Fig.  10K, N–P). �e above findings 

indicated that c-Src was involved in mitochondrial dys-

function and cell apoptosis and these abnormalities could 

be intervened by NR2.

Discussion

Notoginsenoside R2 is a crucial active saponin extracted 

from Panax notoginseng. NR2 exerted neuroprotective 

effects by reducing oxidative stress and inhibiting cell 

apoptosis [27, 28]. Our previous research demonstrated 

that PNS mitigated podocyte apoptosis and improved 

renal function [16], however, the specific benefits of 

NR2 for renal injury remained to be elucidated. �us, we 

aimed to investigate the renoprotective effects of NR2 

and clarified its underlying mechanisms in this study.

According to clinical guidelines, angiotensin recep-

tor blockers (ARBs) are recommended for patients with 

both diabetes and chronic kidney disease [29]. Losartan, 

one of the important ARBs, has demonstrated renopro-

tective benefits in patients with nephropathy, including 

those with both type 1 and type 2 diabetes [30]. Previous 

study demonstrated that the dosage of Losartan (10 mg/

kg) ameliorated hypertension, albuminuria and renal 

histological parameters in db/db mice [31]. Additionally, 

losartan (10  mg/kg) served as a positive control in our 

previous study [22]. In this study, we selected losartan 

(10 mg/kg) as the positive drug to evaluate the therapeu-

tic effects of NR2 on DN.

Both Notoginsenoside R1 and NR2 are saponins iso-

lated from Chinese herb Panax notoginseng. We  pre-

viously  reported  that  Notoginsenoside R1 ameliorated 

albuminuria and histopathology in diabetic animals 

[17]. Previous study further demonstrated that 30 mg/

kg/day of Notoginsenoside R1 ameliorated urinary 

albumin and renal histological abnormalities in db/

db  mice [32].�e dosage of 20  mg/kg/day of NR2 was 

orally given to the mice [23]. �e dosages of NR2 in this 

study were selected according to the published litera-

ture and our preliminary experiment.

Our findings demonstrated that NR2 prevented the 

progression of DN partly through restraining the activa-

tion of c-Src, thereby reducing CD36 overexpression and 

improving lipid metabolism. �e following evidence sup-

ported our conclusion: (1) NR2 treatment ameliorated 

albuminuria, renal dysfunction, and structural abnor-

malities. (2) In both in  vivo  and in  vitro models, NR2 

inhibited Tyr416 phosphorylation of c-Src and downreg-

ulated CD36 expression, while also suppressing the JNK/

STAT1 pathway, an upstream regulator of CD36. (3) NR2 

reduced lipid droplets, mitigated mitochondrial dysfunc-

tion and cell apoptosis in db/db mice and HGPA-induced 

HK-2 cells. (4) C-Src inhibition alone was sufficient to 

decrease CD36 expression and alleviate mitochondrial 

and apoptotic impairments, with these effects further 

enhanced by NR2. �erefore, NR2 might be a therapeutic 

agent for DN management.

�e main Src family kinase (SFK), c-Src, interacts with 

various proteins and protein complexes, functioning as a 

non-receptor tyrosine kinase necessary for signal trans-

duction. �e activation of c-Src is primarily regulated 

by phosphorylation at two key tyrosine residues: Tyr416 

and Tyr527. Under normal physiological conditions, 

(See figure on next page.)

Fig. 8 Notoginsenoside R2 alleviated cell apoptosis in HGPA-induced HK-2 cells. A, B Representative images of TUNEL assay for cell apoptosis 

in each group of HK-2 cells and semiquantitative analysis (n = 3). C, D Annexin V-FITC/PI staining to measure apoptotic cells by flow cytometry 

(n = 3). E–H Western blot analysis for Bcl-2, Bax, and cleaved-caspase-3 protein expression in HK-2 cells and quantitative analysis (n = 3). (*p < 0.05 

and **p < 0.01 compared with normal control group; #p < 0.05 and ##p < 0.01 compared with HGPA model group; ns: no statistical difference 

compared with HGPA group)
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Fig. 8 (See legend on previous page.)
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c-Src remains inactive, with activation initiated by phos-

phorylation of Tyr416. Previous studies reported c-Src 

activation in DN models, where its inhibition was asso-

ciated with reduced albuminuria and the mitigation of 

renal histopathological damage [33, 34]. In our study, we 

observed significant c-Src phosphorylation at Tyr416 in 

both in  vivo (db/db mice) and in  vitro (HGPA-induced 

HK-2 cells) DN models and this phosphorylation was 

effectively suppressed by NR2 treatment. �ese findings 

suggested that the renoprotective effects exhibited by 

NR2 were correlated with the inactivation of c-Src.

Healthy kidneys have a lipid content of less than 3% 

of their wet weight [35]. Animal experiments and clini-

cal studies showed that lipids directly influence the onset 

and progression of renal disorders [36]. �e inhibition of 

CD36 relieved lipid accumulation and improved podo-

cyte dysfunction in obesity-related glomerulopathy [37]. 

In our study, we noted a significant reduction in lipid 

droplets and CD36 expression after NR2 intervention 

in both in  vivo and in  vitro models. Additionally, c-Src 

inhibition attenuated lipid accumulation and downregu-

lated CD36 expression in HGPA-stimulated HK-2 cells, 

alongside reduced phosphorylation of JNK/STAT1, an 

upstream regulatory pathway of CD36.

An imbalance between oxidants and antioxidants is a 

primary driver of oxidative stress, which causes exces-

sive ROS production that damages cells and tissues [38]. 

Superfluous free fatty acids were shown to trigger exces-

sive ROS. Research indicated that exposure to palmitic 

acid (PA) gave rise to significant ROS generation in the 

cytoplasm and mitochondria of podocytes, resulting 

in mitochondrial membrane depolarization, decreased 

ATP synthesis, and apoptosis [39]. Similar results were 

observed in experiments with HK-2 cells [40]. Mito-

chondrial oxidative damage, in turn, further resulted in 

the reprogramming of lipid metabolism, leading to lipid 

droplet formation, impaired fatty acid oxidation, and lipid 

peroxidation, all of which exacerbate the progression of 

DN [14]. Antioxidants lowered ROS levels and mitigate 

oxidative stress, thereby reversing lipid metabolism dis-

orders and reducing lipid accumulation [41]. CD36 fea-

tures a positively charged domain that binds negatively 

charged ligands, such as oxidized HDL, oxidized phos-

pholipids and advanced glycation end-products [35]. �is 

ligand-binding versatility makes CD36 a critical target 

for ameliorating cellular metabolic dysfunction. �e use 

of selective CD36 inhibitors and mitochondrial antioxi-

dants could reduce cellular damage induced by PA [39]. 

Inhibiting CD36 binding sites reduced PA-induced lipid 

accumulation and ROS production [9]. Beyond reversing 

renal dysfunction, glomerular hypertrophy, and tubu-

lointerstitial fibrosis, CD36 depletion showed protective 

effects on mitochondrial function by restoring mitochon-

drial morphology and fatty acid oxidation [42].

In our study, we observed exacerbated oxidative stress 

and disturbances in mitochondrial dynamics in the model 

group. Specifically, the model group exhibited increased 

levels of the lipid peroxide MDA and decreased levels 

of redox capacity markers. Additionally, the expression 

of Mfn2 was downregulated, while the fission proteins 

Drp1 and Fis1 were significantly upregulated. Notably, 

NR2 treatment effectively restored these aberrant expres-

sion patterns, mitigated oxidative stress, and enhanced 

mitochondrial function. In the in vitro model, oxidative 

stress was significantly elevated, as evidenced by elevated 

mitochondrial superoxide levels, collapsed mitochon-

drial membrane potential, and dysregulated expression of 

proteins related to mitochondrial dynamics. �ese per-

turbations were ameliorated by NR2 intervention. Addi-

tionally, the aforementioned aberrant conditions were 

alleviated by c-Src knockdown. Finally, our study demon-

strated that NR2 intervention reversed cell apoptosis, a 

downstream consequence of mitochondrial dysfunction.

Our study clearly demonstrated the protective effects 

of NR2 on DN and explored its underlying mecha-

nisms. We previously reported that Notoginsenoside R1 

improved podocyte adhesion under diabetic conditions 

by upregulating α3β1 integrin [17] and Notoginseno-

side Fc reduced glomerular endothelial cell pyroptosis 

by regulating HMGCS2 expression [18]. In this study, 

we observed that NR2 exerted renoprotective effects in 

DN through different mechanisms. Ginsenoside Rg1 was 

reported to inhibit CD36 overexpression and improve 

lipid metabolism, probably through direct antagonistic 

interaction with CD36, as supported by molecular dock-

ing analysis [20]. Our findings indicated that NR2 down-

regulated CD36 expression by targeting c-Src. �ese 

novel findings suggested differential effects among NR2 

and other saponins of PNS and highlighted c-Src as a 

promising therapeutic target for DN.

Fig. 9 Inhibition of c-Src suppressed the expression of CD36 and mitigated lipid accumulation. A, B The expression of c-Src Tyr416 

in siRNA-transfected HK-2 cells exposed to HGPA stimulation detected by Western blot analysis (n = 3). C–G Western blot analysis for c-Src Tyr416, 

p-JNK, p-STAT1, and CD36 in c-Src suppressed HK-2 cells exposed to HGPA stimulation and quantitative analysis (n = 3). H, I BODIPY staining 

to measure lipid droplets in c-Src knocked-down HK-2 cells exposed to HGPA stimulation (n = 3). (*p < 0.05 and **p < 0.01 compared with normal 

control group; #p < 0.05 and ##p < 0.01 compared with HGPA model group; ns: no statistical difference compared with HGPA group)

(See figure on next page.)
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Fig. 9 (See legend on previous page.)
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Our results also suggested that restoring lipid metabo-

lism might represent a promising therapeutic strategy 

for DN. Metabolic reprogramming, wherein cells adjust 

their metabolic state to satisfy energy demands for sur-

vival and growth, has been linked to DN. Impaired 

mitochondrial biosynthesis dysfunction could trigger 

metabolic reprogramming in diabetic conditions that 

is closely associated with DN progression [43]. Meta-

bolic disorders could induce oxidative stress, inflamma-

tory damage, and apoptosis, which contributed to DN 

development and resulted in renal fibrosis [44]. Previous 

research suggested that mitochondrial oxidative stress 

might influence lipid metabolism-driven reprogramming 

of tubular epithelial cells during DN progression. Restor-

ing dysregulated lipid metabolism to protect mitochon-

drial function might offer a novel therapeutic approach 

for DN [14]. In macrophages, CD36 was associated with 

dysregulated lipid metabolism and mitochondrial oxida-

tive stress, promoting chronic inflammation [45]. In view 

of the ameliorative effects of NR2 in reducing lipid depo-

sition and CD36 expression, NR2 might serve as a poten-

tial strategy for reversing metabolic reprogramming in 

DN, which will be further examined in future studies. 

Lipid metabolism is a complex process and the abnor-

mal accumulation of TG is often associated with dis-

rupted phospholipid homeostasis. �e balance between 

phospholipids, particularly phosphatidylethanolamine, 

plays a crucial role in maintaining lipid homeostasis [46]. 

Whether NR2 could restore lipid homeostasis remains to 

be determined in the future study.

Finally, the toxicity of NR2 on the major organs was 

examined. �e effects of NR2 on liver and kidney func-

tion were assessed by measuring blood ALT, AST, Scr, 

and BUN levels. �e results showed that NR2 did not 

alter the levels of these biomarkers, suggesting that NR2 

did not exhibit apparent toxicity to the liver or kidney.

Our study showed the beneficial effects of NR2 on DN 

for the first time. However, further research is required 

before its practical application. Combining small mol-

ecule with nano-coordinated polymer particles could 

enhance the oral bioavailability and intensify the effec-

tiveness [47]. �ese studies are particularly helpful for 

the future investigations of NR2.

NR2 is one of the components of PNS. Previous 

study demonstrated that PNS improved the pathologi-

cal changes of the thymus and spleen in rats with with 

severe acute pancreatitis [48]. Fermented Notoginseng 

saponins decreased the enlargement of spleen and thy-

mus atrophy and exerted  protective  effects  on immune 

organs in blood deficiency rats [49]. PNS decreased M1 

macrophages in spleen and colon tissues in rats with dex-

tran sulfate sodium-induced colitis [50]. �ese studies 

suggested that PNS might have protective  effect  on the 

spleen and immune organs.

However, there were limitations in our study. Firstly, 

the effects of NR2 on the spleen and immune system 

should be further investigated examined in the future. 

Secondly, the effects of NR2 on fatty acid absorption, 

fatty acid oxidation and cholesterol metabolism should 

be examined in future studies.

Conclusion

In summary, our findings clearly demonstrated that 

NR2 ameliorated mitochondrial dysfunction and 

delayed the progression of DN partly by c-Src suppres-

sion. �e beneficial effects of NR2 might be involved 

in the reduction of lipid accumulation (Fig.  11). �ese 

novel findings might provide a potential novel thera-

peutic strategy for DN.

(See figure on next page.)

Fig. 10 Notoginsenoside R2 reversed mitochondrial dysfunction and apoptosis by suppressing c-Src in HK-2 cells. A Representative images 

of MitoSOX dyeing and semiquantitative analysis. B JC-1 staining performed by flow cytometry to evaluate the mitochondrial membrane 

potential of each group. C Western blot analysis for Drp1, Mfn2, and Fis1 expression in HK-2 cells. D MitoSOX semiquantitative analysis (n = 3). E 

Quantitative analysis of JC-1 (n = 3). F–H Quantitative analysis of Western blot (n = 3). I Representative images of TUNEL assay. J Annexin V-FITC/

PI staining to measure apoptotic cells by flow cytometry. K Western blot analysis for Bcl-2, Bax, and cleaved-caspase-3 expression in HK-2 cells. 

L Semiquantitative analysis of TUNEL assay (n = 3). M Quantitative analysis of Annexin V-FITC/PI (n = 3). N–P Quantitative analysis of Western blot 

(n = 3). (*p < 0.05 and **p < 0.01 compared with normal control group; #p < 0.05 and ##p < 0.01 compared with HGPA model group; ns: no statistical 

difference compared with HGPA group)
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Fig. 10 (See legend on previous page.)
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