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Abstract: The objective of this research is to assess how salvianolate impacts inflammation and oxidative stress in a 

laboratory setting, as well as to investigate the underlying mechanisms. HK-2 cells were subjected to different treatments, 

including normal glucose, mannitol, high glucose and high glucose plus salvianolate. Cell proliferation, death, MDA 

levels, IL-1β, IL-6, TNF-α, MCP-1 concentrations, ROS levels, MMP, MPTP, and ATP levels were assessed using 

various kits. The protein expressions of NOX4, TGF-β1, P-Smad2, P-Smad3, Smad4 and Smad7 were ascertained 

through western blot analysis. Our results indicated salvianolate could reduce the release of IL-1β, IL-6, TNF-α, as well 

as MCP-1, alleviate the levels of oxidative stress markers NOX4 and MDA, and improve mitochondrial function by 

increasing MMP and ATP levels while reducing ROS and MPTP opening. Furthermore, salvianolate inhibited the TGF-

β1/Smad2, Smad3 signaling pathway, suppressed Smad4 expression, and increased Smad7 expression. Salvianolate 

seems to mitigate inflammation and oxidative stress through a variety of mechanisms. These discoveries offer valuable 

understanding into the possible mechanisms by which salvianolate may be employed in the treatment of diabetic 

nephropathy. 
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INTRODUCTION 
 

Chronic kidney disease (CKD) poses a significant public 

health concern among individuals diagnosed with type 2 

diabetes mellitus (T2DM). The elevated occurrence of 

CKD has been brought about by the high prevalence of 

T2DM. According to the data released by Liu et al. (2010), 

the prevalence of diabetic kidney disease (DKD) in China 

is 10.7%, which has emerged as a significant factor 

adding to the disease burden in China. DKD typically 

begins and advances with inflammation and oxidative 

stress, triggering harm to renal cells and consequent 

deterioration in function (Rapa et al., 2019). The current 

treatment for DKD includes lifestyle modifications, 

controlling hypertension and diabetes and reducing 

proteinuria and inflammation. Advanced-stage patients 

can also consider options such as hemodialysis and 

kidney transplantation. However, these measures cannot 

reverse the loss of kidney function (Breyer and Susztak, 

2016). Certain medications may cause adverse reactions, 

such as hypotension and electrolyte imbalances. 

Hemodialysis and kidney transplantation are expensive 

and may be difficult to access in certain regions. 

 

Derived from the roots of the Salvia miltiorrhiza plant, 

salvianolate boasts a lengthy history of traditional 

medicinal usage and is renowned for its favorable safety 

record and well-tolerated nature. It is widely recognized 

for its cardiovascular protective effects and its ability to 

improve symptoms of ischemic stroke (Luan et al., 2020; 

Ren et al., 2019). Due to the fact that patients suffering 

from DKD frequently face an elevated risk of 

cardiovascular diseases and ischemic strokes, there are 

currently limited medications available for simultaneously 

treating the diabetes-related complications of the heart, 

brain and kidneys. Therefore, there is interest in whether 

salvianolate has similar effects of cardiovascular and 

cerebrovascular protection in DKD. Researches on the 

treatment of DKD with salvianolate is still in its early 

stages and has certain limitations and controversies. The 

size and quality of the study samples are limited. 

Furthermore, there are variations in the results among 

different studies. Further research is necessary to validate 

findings, gain mechanistic insights, understand clinical 

implications and develop targeted therapeutic 

interventions.  

 

Conventional inflammatory indicators like IL-1β, IL-6, as 

well as TNF-α hold significant roles in the inflammatory 

response and have undergone extensive research. 

However, our research introduces a new perspective and 

innovation by examining the expression of MCP-1. MCP-

1 performs a unique function in the context of the 

inflammatory response and kidney damage. The changes 

in its expression levels may serve as important indicators 

for assessing the severity of diabetic nephropathy and 

predicting patient prognosis (Tesch, 2008). In recent 

studies, Ma et al. (2021), Du et al. (2021) and Liu et al. 

(2022) have all identified the decrease in MCP-1 levels in 

kidney tissue or cells as one of the indicators of 

improvement in the inflammatory response of diabetic 

kidney disease. By evaluating the levels of MCP-1. Our *Corresponding author: e-mail: 471907791@qq.com 
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research offers a more encompassing evaluation of 

inflammation's role in diabetic nephropathy. The notion of 

"tubulocentric" early diabetic nephropathy underscores 

the pivotal role of renal tubules in the onset as well as 

advancement of diabetic kidney disease, encompassing 

inflammation and oxidative stress within these tubules 

(Vallon and Komers, 2011). HK-2 cells exhibit 

characteristics and functions associated with renal tubules. 

If our study confirms that salvianolate inhibits 

inflammation and oxidative stress in HK-2 cells in vitro, 

It will provide a theoretical basis for the therapeutic 

indication of salvianolate in diabetic nephropathy and 

facilitate further animal and clinical trials.  

 

To substantiate our hypothesis, cell proliferation and 

death were evaluated using the cell proliferation ELISA, 

BrdU kit, and LDH cytotoxicity assay kit. The 

measurement of MDA levels was conducted with the 

MDA assay kit for lipid peroxidation, while the 

concentrations of IL-1β, IL-6, TNF-α, as well as MCP-1 

were quantified through the utilization of their 

corresponding ELISA kits. ROS levels were determined 

utilizing the fluorescent probe 2',7'-

dichlorodihydrofluorescein diacetate in conjunction with 

the ROS assay kit. MMP was evaluated using the 

fluorescent probe JC-1 in conjunction with the MMP 

assay kit. MPTP was detected employing the MPTP 

fluorescence assay kit. ATP levels were gauged with the 

ATP assay kit. The protein expressions of NOX4, TGF-β1, 

P-Smad2, P-Smad3, Smad4 and Smad7 were ascertained 

through western blot analysis. 

 

MATERIALS AND METHODS 
 

Cell culture and treatment 

HK-2 cells (ATCC, Manassas, USA, catalog#: HTX2165) 

was inoculated into 96-well tissue culture plates and 

cultured in K-SFM (Sigma-Aldrich, St. Louis, USA, 

catalog#: 131-500A) which was supplemented with 10% 

FBS (Gibco, Carlsbad, USA, catalog#: 10099141C), 100 

U/mL penicillin and 100U/mL streptomycin (Gibco, 

Carlsbad, USA, catalog#: 15140122). The cells were 

maintained in a humidified chamber at 37°C with 5% 

CO2. Cell quantification in each well was performed 

using a hemacytometer (Reichert, Buffalo, NY).  

 

To establish the experimental setup, cells were allowed to 

reach a confluency of 70% to 80%. Subsequently, they 

were subjected to a 24-hour incubation period in serum-

free medium, aiming to arrest and synchronize cell 

growth. A medium with a glucose (Sigma-Aldrich, St. 

Louis, USA, catalog#: G8270) concentration of 5.5mM 

was utilized as the control group referred to as normal-

glucose (NG). As an osmotic control, the medium was 

composed of 5.5mM glucose along with 24.5mM 

mannitol (Sigma-Aldrich, St. Louis, USA, catalog#: 

M9546), referred to as the osmotic (MA) control. Finally, 

a medium containing 30mM glucose was employed to 

represent the high glucose (HG) group (Li et al., 2022).  

 

Cell proliferation assay and cytotoxicity assay 

Cells were pretreated with different concentrations of 

salvianolate (Shanghai Green Valley Pharmaceutical Co., 

Ltd., Shanghai, China, catalog#: 16110121), including 

0uM, 0.1uM, 1.0uM, 10uM, 50uM, and 100uM, for 24 

hours followed by stimulated with 30mM glucose for 48 

hours. The normal control group comprised cells 

stimulated with 5.5mM glucose, whereas the osmotic 

control group consisted of cells stimulated with 24.5mM 

mannitol in addition to 5.5mM glucose. Then cell 

proliferation assay was performed. Cells were exposed to 

different concentrations of salvianolate (0uM, 0.1uM, 

1.0uM, 10uM, 50uM and 100uM) for a duration of 24 

hours prior to conducting cell cytotoxicity analysis. The in 

vitro assessment of HK-2 cell proliferation following 

treatment with salvianolate utilized the Cell Proliferation 

ELISA, BrdU kit (Roche, Basel, Switzerland, catalog#: 

11647229001) as per the manufacturer's guidelines. The 

measurement of light emissions was conducted using a 

Multi-Mode Micro plate Reader (Epoch 2; BioTek, 

Vermont, USA) equipped with a 450nm absorbance filter 

to determine BrdU incorporation. The impact of 

salvianolate on HK-2 cell cytotoxicity was evaluated with 

the LDH Cytotoxicity Assay Kit (Roche, Basel, 

Switzerland, catalog#: 11644793001) in accordance with 

the manufacturer's guidelines and absorbance 

measurements were conducted at 490 nm using the Multi-

Mode Microplate Reader. These experiments were 

performed in triplicate and reiterated in three distinct test 

runs (Jiang et al., 2021). 

 

Quantification of the IL-1β, IL-6, TNF-αand MCP-1 

HK-2 cells were subjected to a 24-hour treatment regimen, 

either with or without 10μM salvianolate, followed by a 

subsequent 48-hour exposure to 30mM glucose 

stimulation. Thereafter, the supernatant was collected to 

measure the levels of IL-1β (Beyotime, Nanjing, China, 

catalog#: PI305), IL-6 (Beyotime, Nanjing, China, 

catalog#: PI330), TNF-α (Beyotime, Nanjing, China, 

catalog#: PT518) and MCP-1 (Abcam, Cambridge, UK, 

catalog#: ab203359) using their respective ELISA kits in 

compliance with the manufacturer's provided directions. 

The absorbance wavelength used for detecting IL-1β, IL-6, 

TNF-α and MCP-1 is 450 nm using a Multi-Mode 

Microplate Reader and their concentrations were 

calculated according to the standard curve (Yun et al., 

2022). 

 

Measurement of MDA 

Cell treatment same as above. MDA activity in cell 

supernatants was conducted with the MDA assay kit for 

lipid peroxidation (Beyotime, Nanjing, China, catalog#: 

S0131S) according to instructions from manufacturer. Use 

a Multi-Mode Microplate Reader to measure the 
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absorbance at a wavelength of 532 nm and calculate the 

concentration of MDA based on the standard curve (Lu et 

al., 2021). 

 

ROS, MMP, MPTP and ATP levels analysis 

ROS levels were determined utilizing the fluorescent 

probe 2',7'-dichlorodihydrofluorescein diacetate in 

conjunction with the ROS assay kit. (Beyotime, Nanjing, 

China, catalog#: S0033S) following the manufacturer's 

instructions. Fluorescence intensity was evaluated using a 

Multi-Mode Micro plate Reader. The excitation and 

emission wavelengths were set at 485 nm and 528 nm, 

respectively. ROS levels were determined based on 

fluorescent intensity normalized per nanogram of protein. 

MMP was evaluated using the fluorescent probe JC-1 in 

conjunction with the MMP assay kit (Solarbio, Beijing, 

China, catalog#: M8650). In a nutshell, isolated 

mitochondria were combined with the JC-1 staining 

working solution. Following thorough mixing, a Multi-

Mode Micro plate Reader was employed to measure the 

fluorescence intensity of both mitochondrial JC-1 

monomers (green fluorescence; excitation wavelength 

490 nm, emission wavelength 530nm) and aggregates (red 

fluorescence; excitation wavelength 525nm, emission 

wavelength 590nm). MMP was computed by determining 

the fluorescence ratio of red to green per milligram of 

protein. MPTP opening was detected using the MPTP 

Fluorescence Assay Kit (Beyotime, Nanjing, China, 

catalog#: C2009S) following the provided instructions. 

Using a Multi-Mode Microplate Reader, fluorescence 

intensity was measured and the excitation and emission 

wavelengths were configured at 494 and 517nm, 

respectively. MPTP was calculated based on relative 

fluorescence intensity per milligram of protein. ATP 

levels were determined with the ATP assay kit (Abcam, 

Cambridge, UK, catalog#: ab83355), following the 

manufacturer's protocols. Fluorescence intensity 

measurements were conducted utilizing a Multi-Mode 

Micro plate Reader, employing an excitation wavelength 

of 535 nm and an emission wavelength of 587 nm. Finally, 

ATP levels were computed based on a standard curve. All 

data were presented as fold changes compared to the 

control group (Li et al., 2020). 

 

Western blotting 

The cells were collected after treatment and RIPA cell 

lysate (Solarbio, Beijing, China, catalog#: R0010) was 

added. The protein concentration was detected by a BCA 

protein detection kit (Solarbio, Beijing, China, catalog#: 

PC0020). The protein sample was heated and denatured in 

a boiling water bath (HI1210, Leica, Baden-Württemberg, 

Germany). Then, prepare PAGE gel as follow: the lower 

separating gel was prepared using a 12% gel, while the 

upper stacking gel was prepared using a 5% gel. Place the 

prepared PAGE gel into the electrophoresis tank (Mini 

protein 3 cell, BIO-RAD, California, USA) and add an 

appropriate amount of electrophoresis buffer (Glycine 

14.4g, Tris base 3.0g, Methanol 200ml, and make up to 

1L with ddH2O). The denatured protein sample of 20μg 

was added to the loading hole for PAGE gel 

electrophoresis. The stacking gel was run at 80V for 40 

minutes, followed by the separating gel at 120V for 50 

minutes. After the protein was separated, it was 

transferred wet to the PVDF membrane (Millipore, 

Darmstadt, Germany, catalog#: IPVH00010) for electro 

transfer at 90V for 50minutes. The transformed 

membrane was blocked with 5% skimmed milk overnight 

at room temperature. The primary antibodies including 

TGF-β1 (Bioswam, Shanghai, China, catalog#: 

PAB39276); p-Smad2 (Abcam, Cambridge, UK, catalog#: 

ab188334), Smad2 (Bioswam, Shanghai, China, catalog#: 

PAB35421), p-Smad3(Abcam, Cambridge, UK, catalog#: 

ab52903), Smad3 (Bioswam, Shanghai, China, catalog#: 

PAB44700), Smad4 (Bioswam, Shanghai, China, catalog#: 

PAB43811), Smad7 (Bioswam, Shanghai, China, catalog#: 

PAB40077) ； NOX4 (Bioswam, Shanghai, China, 

catalog#: PAB30655) and GAPDH (Bioswam, Shanghai, 

China, catalog#: PAB36269) were diluted (1:1000) and 

incubated for 1 hour at room temperature, and then the 

HRP-conjugated corresponding secondary antibody 

(Bioswam, Shanghai, China, catalog#: SAB43714) was 

diluted (1:20000) and incubated for 1hour at room 

temperature. The immunoreactive proteins were 

visualized with the ECL kit (Millipore, Darmstadt, 

Germany, catalog#: WBKLS0500) and the band densities 

were quantified through TANON GIS software (Tanon, 

Shanghai, China) using a fully automated 

chemiluminescence analyzer (Tanon-5200, Tanon, 

Shanghai, China), Analysis on each protein sample was 

repeated 3 times (Li et al., 2022). 

 

STATISTICAL ANALYSIS 
 

Quantitative data were presented as the mean ± standard 

deviation (SD). Statistical analysis was conducted using 

SPSS 26.0 software for Windows (SPSS Inc., Chicago, 

USA). Group differences were assessed through one-way 

ANOVA, with statistical significance denoted by a P-

value of less than 0.05. 

 

RESULTS 
 

Normal-glucose (NG) medium contained a glucose 

concentration of 5.5 mM as the negative control, mannitol 

(MA) medium consisted of 5.5mM glucose plus 24.5mM 

mannitol as osmotic control and high glucose (HG) 

medium contained 30mM glucose as the positive control. 

Cells were pre-exposed to various concentrations of 

salvianolate, including 0.1μM, 1.0μM, 10μM, 50μM and 

100μM, for a 24-hour period. Subsequently, they were 

stimulated with 30 mM glucose for 48 hours. The treated 

cells were labeled as HG+S (0.1μM), HG+S (1.0μM), 

HG+S (10μM), HG+S (50μM) and HG+S (100μM), 

respectively. The results shown in fig. 1A indicate a 
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marked increase in HK-2 cell proliferation when they 

were cultured under high glucose (HG) conditions, in 

contrast to normal glucose (NG) conditions. However, the 

mannitol (MA) group did not exhibit significant 

proliferation. Salvianolate at concentrations of 1.0uM, 

10uM, 50uM and 100uM significantly inhibited cell 

proliferation under high glucose induction as shown in fig. 

1A with statistically significant differences.  

 

 
Fig. 1: The effects of salvianolate at different 

concentrations on the proliferation and death of HK-2 

cells. 

Salvianolate dose-dependently inhibited the proliferation 

of HK-2 cells prompted by high glucose.(A) . The impact 

of salvianolate on cell death in HK-2 cells at varying 

concentrations.(B). Data were presented as fold of the 

control group. *P<0.05 vs. NG group, #P<0.05 vs. HG 

group. ＄P<0.05 vs. 0uM salvianolate.  

 

The cells were exposed to different concentrations of 

salvianolate (0uM, 0.1uM, 1.0uM, 10uM, 50uM, and 

100uM) and a medium containing 5.5mmol/L glucose for 

a duration of 24 hours prior to conducting cell 

cytotoxicity analysis and these cells were labeled as S 

(0uM), S (0.1uM), S (1.0uM), S (10uM), S (50uM) and S 

(100uM), respectively. The effects of salvianolate at 

concentrations of 0.1uM, 1.0uM and 10uM did not show a 

statistically significant difference in comparison to 0uM 

on cell death. However, compared to 0uM salvianolate, 

the proportion of cell death increased significantly after 

50uM and 100uM salvianolate treatment, as shown in fig. 

1B with statistically significant differences. This suggests 

that salvianolate's inhibitory effect on cell proliferation is 

independent of its cytotoxicity. We chose a concentration 

of 10uM for the next experiment because it had a stronger 

inhibitory effect on cell proliferation and a lesser 

cytotoxicity. 

 

Fig. 2: The impact of salvianolate on the secretion of IL-1

β, IL-6, TNF-α, as well as MCP-1 in HK-2 cells. 

The secretions of IL-1β(A), IL-6 (B), TNF-α(C), as 

well as MCP-1(D) in HK-2 cells were measured after 

exposure to 30mmol/L glucose or mannitol, with or 

without a 1µmol/L dosage of salvianolate. A noteworthy 

distinction was evident amid the NG group and the HG 

group (*P<0.05) and similarly, a fundamental 

differentiation was perceived in the midst of the HG 

group and the HG+S group (#P<0.05). 

 
Cells were exposed to a culture medium embracing 5.5 

mM glucose, which was labeled as the NG group. 

Another set of cells received treatment with a culture 

medium comprising 5.5mM glucose plus 24.5mM 

mannitol, identified as the MA group. Additionally, cells 

were cultured in a medium encompassing only 30mM 

glucose which was referred to as the HG group. Cells 

were pretreated with 10uM salvianolate for 24 hours, 

followed by stimulation with 30mM glucose for 48 hours, 

and labeled as the HG+S group. The secretions of IL-1β, 

IL-6, TNF-α, as well as MCP-1 in the supernatant of HK-

2 cells elevated when incubated in high glucose, in 

contrast to cells treated with normal physiological glucose 

levels. This increase was not due to osmotic stress, as the 

use of mannitol did not evoke an increase in the levels of 

these inflammatory cytokines. Treatment of HK-2 cells 

A 

B 
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with 10umol/L salvianolate instigated a significant 

decrease in the secretions of IL-1β, IL-6, TNF-α, as well 

as MCP-1 in comparison to untreated cells. (see fig. 2A, 

B, C and D). 

 
Fig. 3: The impact of salvianolate on the secretion of 

NOX4 protein in HK-2 cells. 

Western blot and the corresponding quantitative data for 

NOX4 expression in HK-2 cells treated with 30 mmol/L 

glucose or mannitol, with or without 10μmol/L 

salvianolate treatment. GAPDH served as the loading 

control. (##P<0.05 in contrast to HG group; #P<0.05 in 

contrast to NG group). 

 

The findings indicated an intensified NOX4 protein 

secretion in HK-2 cells when cultivated in elevated 

glucose conditions as opposed to standard glucose 

conditions. However, treatment of the HK-2 cells 

containing 10umol/L salvianolate triggered a significant 

decrease of NOX4 protein secretion when compared to 

the cells without salvianolate treatment (as shown in fig. 

3). 

 
Fig. 4: The impact of salvianolate on the levels of MDA 

in HK-2 cells. 

MDA levels were assessed in HK-2 cells subjected to 

treatment with 30mmol/L glucose or mannitol, with or 

without 10umol/L salvianolate treatment. Data were 

presented as fold of the control group. *P<0.05 compared 

to NG group. #P<0.05 compared to HG group.  

 

Diabetic nephropathy involves increased oxidative stress 

activity as an paramount mechanism in its development. 

Our results showed that, when exposed to high glucose 

stimulation, a marked increase occurred in the level of 

MDA, which is a marker of oxidative stress, in HK-2 cells. 

However, a noticeable reduction in the MDA level 

prompted by high glucose was effectively achieved in 

HK-2 cells with the use of 10uM salvianolate. (see fig. 4). 
 

 

Fig. 5: The impact of salvianolate on the levels of 

mitochondrial ROS, MMP, MPTP opening and ATP in 

HK-2 cells. 

Mitochondrial ROS levels (A), MMP (B), MPTP opening 

(C) and ATP (D) were quantified in HK-2 cells subjected 

to treatment with 30mmol/L glucose or mannitol, with or 

without 10 μ mol/L salvianolate. The results were 

presented as fold changes relative to the control group. 

(*P<0.05 in contrast to the NG group; #P<0.05 in contrast 

to the HG group). 

 

 MPTP expression was visualized using MPTP 

fluorescence assay, where stronger fluorescence indicated 

reduced MPTP opening. Cells from the high glucose-

treated HK-2 group exhibited elevated ROS (fig. 5A) and 

MPTP (fig. 5C) levels compared to the normal glucose 

group. Notably, 10μM salvianolate effectively mitigated 

the heightened ROS and MPTP levels impelled by high 

glucose in HK-2 cells. Conversely, the high glucose group 

displayed diminished MMP and ATP levels in HK-2 cells 

contrasted to the normal glucose group (fig. 5B, D). 

Importantly, 10μM salvianolate significantly augmented 

the restoration of MMP and ATP levels in cells from the 

high glucose-treated HK-2 group. 

BOX4 

 

GAPDH 
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Fig. 6: The impact of salvianolate on the protein 

expressions of TGF-β1, P-Smad2, P-Smad3, Smad4 as 

well as Smad7 in HK-2 cells. 

Western blot and the corresponding quantitative data for 

protein expressions of TGF-β1 (A), P-Smad2 (B), P-

Smad3 (C), Smad4 (D) as well as Smad7 (E) in HK-2 

cells treated with 30mmol/L glucose or mannitol with or 

without 10umol/L salvianolate treatment. #P<0.05 versus 

HG group; *P<0.05 versus NG group.  

 

The protein secretion of TGF-β1 showed an increase in 

HK-2 cells subjected to high glucose incubation, as 

opposed to cells maintained under normal physiological 

glucose levels. Stimulation of HK-2 cells with 10μmol/L 

salvianolate triggered a notable decrease in the protein 

secretion of TGF-β1 compared to cells without 

salvianolate treatment (see fig. 6A). The protein 

expressions of P-Smad2, P-Smad3 and Smad4 enhanced 

in HK-2 cells incubated in high glucose in contrast to 

cells cultured in a normal physiological level of glucose. 

Meanwhile, Smad7 decreased under the same conditions. 

Stimulation of HK-2 cells with 10μmol/L salvianolate 

elicited a prominent decrease in the protein secretions of 

P-Smad2, P-Smad3, and Smad4, and a material increase 

in the protein secretion of Smad7 compared to cells 

without salvianolate treatment (see fig. 6B, C, D, E). 

 

DISCUSSION 
 

A high-glucose environment can induce proliferation of 

HK-2 cells, possibly due to increased energy supply and 

stimulation of insulin-like growth factor release. We 

utilized HK-2 cells, a cell line with characteristics of renal 

tubular epithelial cells, as a research model for diabetic 

nephropathy. Cells were exposed to high glucose 

concentrations to mimic hyperglycemia in diabetic 

patients. We observed that high glucose treatment induced 

inflammatory responses, such as increased synthesis of 

inflammatory cytokines like TNF-α and IL-6. We also 

detected abnormalities in cellular energy metabolism, 

such as impaired mitochondrial function and heightened 

oxidative stress. These observations and experimental 

results provide preliminary evidence that a high-glucose 

environment mimics the pathological features and cellular 

responses associated with diabetic nephropathy. However, 

comprehensive validation of the high-glucose model for 

diabetic nephropathy would require further studies, 

including animal models to assess parameters like 

changes in glomerular filtration rate and increased protein 

excretion in urine. Further research is warranted. 

 

In the progression of DKD, inflammation and oxidative 

stress play pivotal roles. Individuals suffering from DKD 

often demonstrate elevated plasma levels of pro-

inflammatory cytokines, incorporating interleukins IL-1 

and IL-6, TNF-α, as well as MCP-1 (Pérez-Morales et al., 

2019). MCP-1 can be found in renal endothelial, 

mesangial and monocytic cells, with its expression being 

regulated by TNF-α and IL-1 (Deshmane et al., 2009) and 

it is further encouraged by oxidative stress in the context 

of diabetes (Singh et al., 2021). Nadkarni et al discussed 

the relationship between MCP-1 and diabetic nephropathy. 

They reported that a strong association was found 

between an elevated urinary MCP-1 level and a decreased 

eGFR in diabetic patients, suggesting that the levels of 

excreted MCP-1 might serve as a valuable marker for 

predicting the occurrence, progression, and outlook of 

diabetic kidney disease (Nadkarni et al., 2016). 

Salvianolate demonstrates anti-inflammatory properties 

by modulating diverse inflammatory mediators and 

signaling pathways. One of the key mechanisms by which 

it alleviates inflammation is through its antioxidant 

activity. Inflammation frequently correlates with the 

evolution of ROS and oxidative stress. Salvianolate's 

antioxidant properties can help neutralize ROS and reduce 

oxidative stress, thereby attenuating inflammation. By 

reducing oxidative stress, salvianolate can alleviate 

inflammation and its detrimental effects on tissues and 

organs, including the kidneys (Liang et al., 2021). Within 

the realm of diabetes, chronic inflammation is intricately 
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linked to the progression of complications, notably DKD. 

Elevated blood glucose levels and other metabolic 

irregularities give rise to the generation of pro-

inflammatory cytokines as well as the initiation of 

inflammatory pathways. This persistent, low-level 

inflammation can have a hand in tissue damage, hindered 

renal function and the onset of diabetic nephropathy 

(Duran-Salgado and Rubio-Guerra, 2014). Salvianolate 

shows potential in alleviating inflammation in diabetes 

and its complications. It can inhibit the secretions of pro-

inflammatory cytokines, for example, IL-1β, TNF-α, as 

well as IL-6, which are engaged in inflammation 

associated with DKD (Hou et al., 2017). Additionally, 

studies have found that salvianolate can modulate several 

signaling pathways participating in inflammation, like 

nuclear factor-kappa B (NF-κB) (Oh et al., 2011) as well 

as mitogen-activated protein kinase (MAPK) pathways 

(Qi et al., 2017). The pathways regulate the expression of 

genes contributing to inflammation. By inhibiting these 

pathways, salvianolate helps to dampen the inflammatory 

response and alleviate the progression of DKD. There is a 

considerable amount of research on salvianolate and 

inflammation. However, most of these studies focus on 

cardiovascular and cerebrovascular diseases. Our study, 

on the other hand, is one of the few that investigates the 

interaction between salvianolate and inflammation in 

diabetic nephropathy. Although our research represents a 

small step in this field, these preliminary findings provide 

valuable insights for further research and clinical practice, 

aiming to explore new avenues for the treatment and 

management of DKD. 
 

DKD has been linked to oxidative stress. The protein 

NOX4 is a pivotal contributor to oxidative stress (Sedeek 

et al., 2010). NOX4 is upregulated in the kidneys of 

diabetic animals. The increase in oxidative stress resulting 

from elevated NOX4 expression can contribute to the 

development and progression of DKD (Sedeek et al., 

2010). Research has shown that NOX4 influences 

overseeing multiple cellular processes, including 

angiogenesis, inflammation, and fibrosis, which are 

closely connected with diabetic nephropathy (Yang et al., 

2018). Moreover, recent findings indicate that suppressing 

NOX4 activity can mitigate oxidative stress and enhance 

renal function in diabetic animal models. Consequently, 

targeting NOX4 may present a promising approach for 

managing this condition (Lee et al., 2020). This study has 

demonstrated that salvianolate can effectively suppress 

NOX4 activity in cells from the kidney cultured in high 

glucose conditions. These findings offer an additional 

theoretical underpinning for employing salvianolate in the 

treatment of DKD. 
 

ROS levels, the change in MMP, the opening of the MPTP, 

The level of ATP in the mitochondria, and the level of 

MDA have demonstrated a strong connection to the 

development and advancement of DKD (Ahmad et al., 

2021; Chang et al., 2005; Jha et al., 2016; Lindblom et al., 

2020; Mise et al., 2020). Elevated ROS and MDA levels 

can contribute to oxidative stress. MMP changes and 

MPTP opening can result in mitochondrial malfunction, 

which has likewise been linked to the progression of 

DKD. Decreased ATP levels in the mitochondria may 

further facilitate oxidative stress. In our study, 

salvianolate has been shown to improve mitochondrial 

function, as measured by changes in ROS levels, MMP, 

MPTP opening and ATP levels in renal cells cultured in 

high glucose. Furthermore, it has been demonstrated that 

salvianolate can diminish MDA levels in kidney cells 

cultivated in elevated glucose conditions. 

 

The TGF-β/Smad signaling pathway is a multifaceted 

cellular signaling system that holds significance in 

numerous physiological and pathological processes, 

notably including the advancement of DKD (Lan, 2012). 

In the context of DKD, the initiation of the TGF-β/Smad 

pathway can give rise to the generation of diverse 

cytokines and growth factors. These molecules, in turn, 

can incite oxidative stress and inflammation, contributing 

to extracellular matrix degradation and the advancement 

of DKD. Conversely, oxidative stress and inflammation 

can also trigger the TGF-β/Smad pathway, creating a 

detrimental cycle that intensifies the disease progression. 

Lu et al (Lu et al., 2019) conducted a study on a rat model 

of renal fibrosis and found that suppressing the TGF-β 

and downstream Smad2, Smad3, and Smad4 signaling 

pathways with salvianolic acid effectively reduced the 

levels of inflammatory factors and improved kidney 

function. Similarly, Ai et al (Ai et al., 2015) discovered 

that GQ5, a small-molecule phenol compound, produced 

impressive renal protective effects by inhibiting the p-

Smad3 induced by TGF-β and blocking the entry of 

Smad2, Smad3, and Smad4 into the nucleus. Jiang et al 

(Jiang et al., 2021) also found that inhibiting the TGF-

β/Smad pathway reduced oxidative stress and 

inflammation in DKD and decreased proteinuria. We also 

believe that inhibiting the TGF-β/Smad pathway is an 

effective method for preventing and treating DKD by 

reducing oxidative stress and inflammation. Therefore, 

salvianolate can inhibit the excessive onset of TGF-

β/Smad pathway induced by high glucose, thus preventing 

and treating DKD. 
 

CONCLUSION 
 

Based on the study results, the mechanism by which 

salvianolate improves DKD can be summarized as 

follows: Inhibition of Inflammatory Response: The study 

results demonstrate that salvianolate can reduce the 

secretions of IL-1β, IL-6, TNF-α, as well as MCP-1. This 

indicates its inhibitory effect on alleviating the 

inflammatory response induced by DKD. 
 

Mitigation of Oxidative Stress: Salvianolate reduces 

oxidative stress levels by decreasing oxidative stress 

markers, namely, NOX4 and MDA. This implies that it 
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can reduce the production of ROS and lipid peroxidation, 

both of which contribute to kidney damage in DKD. 

 

Improvement of Mitochondrial Function: Salvianolate 

enhances mitochondrial function by increasing MMP and 

ATP levels while reducing ROS production and 

preventing the opening of MPTP. This suggests that it 

contributes to improving the energy-generating capacity 

of kidney cells and preserving mitochondrial integrity. 

 

Inhibition of TGF-β1/Smad Pathway: Salvianolate inhibits 

the TGF-β1/Smad2 and Smad3 signaling pathway, 

suppresses Smad4 expression and increases Smad7 

expression. This indicates its potential to modulate the 

TGF-β1/Smad pathway associated with fibrosis and 

inflammation in DKD.  

 

In summary, salvianolate appears to ameliorate high-

glucose-induced inflammation and oxidative stress in 

renal cells through multiple mechanisms. These 

mechanisms encompass inflammation inhibition, 

oxidative stress relief, enhancement of mitochondrial 

function, and modulation of the TGF-β1/Smad pathway. 

These discoveries offer valuable perspectives into the 

potential mechanisms through which salvianolate may 

treat DKD. 
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