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Background: Inflammation and oxidative stress contribute to the development of diabetic nephropathy (DN). Baicalin (BA) shows 
renal protection against DN through its anti-inflammatory and anti-oxidant properties. However, the molecular mechanism by which 
BA exerts the therapeutic effects on DN remains to be investigated.
Methods: The db/db mice and high glucose (HG)-induced HK-2 cells were used as the in vivo and in vitro model of DN, respectively. 
The effects of BA were assessed by detecting the related blood and urine biochemical parameters, kidney histopathology, inflammatory 
cytokine production, oxidative stress indicators, and apoptosis. Cell viability and apoptosis were detected by CCK-8 assay and TUNEL 
assay, respectively. Related protein levels were measured by an immunoblotting method.
Results: In db/db model mice, BA reduced serum glucose concentration, decreased blood lipid levels, ameliorated kidney functions, 
and decreased histopathological changes in kidney tissues. BA also alleviated oxidative stress and inflammation in db/db mice. In 
addition, BA blocked the activation of sphingosine kinases type 1/sphingosine 1-phosphate (SphK1/S1P)/NF-κB pathway in db/db 
mice. In HK-2 cells, BA hindered HG-induced apoptosis, oxidative stress and inflammation, while overexpression of SphK1 or S1P 
could reverse these effects. BA alleviated HG-induced apoptosis, oxidative stress and inflammation in HK-2 cells through the S1P/NF- 
κB pathway. Furthermore, BA blocked the NF-κB signaling by diminishing p65 nuclear translocation via the SphK1/S1P pathway.
Conclusion: Our study strongly suggests that BA protects against DN via ameliorating inflammation, oxidative stress and apoptosis 
through the SphK1/S1P/NF-κB pathway. This study provides a novel insight into the therapeutic effects of BA in DN.
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Introduction
Diabetic nephropathy (DN), the most frequent complication of diabetes mellitus, is the leading cause of end-stage renal 
disease and is responsible for significantly increased cardiovascular morbidity and mortality worldwide.1 The patholo-
gical mechanisms behind DN progression are multifactorial, including the interactions between oxidation, inflammation, 
apoptosis, and ultimately fibrosis in the kidney.2 There is strong evidence that inflammation and oxidative stress are vital 
risk factors in the occurrence and progression of DN.3,4 Current treatments can only slow the progression of DN but 
cannot cure it.5 Therefore, it is necessary to develop safe and effective drugs to treat DN.6

Baicalin (BA), a natural flavone glycoside extracted from Scutellaria root, displays multiple pharmacological effects, 
such as antineoplastic, antimicrobial, antioxidant, and anti-inflammatory activities.7 BA is reported to exert the protective 
effects in various human diseases. For instance, BA has been reported as a potent anti-tumor agent for many cancer cell 
lines by targeting different pathways, such as PI3K/Akt and NF-κB signaling.8 BA attenuates myocardial ischaemia/ 
reperfusion injury through repressing the JAK/STAT pathway to exert anti-inflammatory activity.9 BA protects against 
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fluoxetine-induced hepatic injury by repressing inflammation and oxidative stress.10 BA has also been found to alleviate 
the progression of DN by relieving podocyte injury,11 diminishing renal fibrosis,12 and improving renal function.13 

Moreover, BA exerts a renoprotective role in DN by suppressing inflammation and oxidative stress.14 However, the 
molecular basis underlying BA-mediated inhibitory effects on DN remains to be further observed.

Sphingosine kinase 1 (SphK1), a lipid kinase responsible for phosphorylating sphingosine into sphingosine-1-phos-
phate (S1P), can regulate various cellular processes in a variety of pathophysiological conditions, such as cancer, chronic 
inflammation, and metabolic diseases.15 The SphK1/S1P signaling pathway has been reported to be dysregulated in 
numerous pathological and disease states.16 The SphK1/S1P pathway, activated by hyperglycemia, advanced glycation 
end products, and many proinflammatory cytokines, facilitates glomerular mesangial cell proliferation and extracellular 
matrix accumulation in DN.17 The SphK1/S1P pathway has also been found to be associated with the protective effects 
of several natural compounds on DN. For instance, polydatin alleviates the pathological progression of DN by inhibiting 
AGEs-induced fibronectin (FN) and intercellular adhesion molecule-1 (ICAM-1) expression by the inactivation of the 
SphK1-S1P signaling pathway.18 Resveratrol exerts a renoprotective effect in the cell model of DN through suppressing 
the SphK1/S1P/NF-κB signaling pathway.19 However, there is no study deciphering the correlation between the SphK1/ 
S1P/NF-κB pathway and the protective effect of BA in DN.

By using db/db mice and HG-induced HK-2 cells, we found that BA suppressed inflammation, oxidative stress, and 
apoptosis in DN by inactivating the SphK1/S1P/NF-κB pathway.

Materials and Methods
Animal Experiments
Eight-week-old male db/db mice and db/m mice were purchased from the Model Animal Research Center of Nanjing 
University. All mice were housed in a specific pathogen-free standard environment (temperature, 24 ± 2°C; humidity, 55 
± 5%) with a 12 h light/dark cycle and were given access to food and water ad libitum. After one week of acclimatiza-
tion, diabetic db/db mice were randomly grouped into four designated groups (model group, 25 mg/kg treatment group, 
50 mg/kg treatment group, and 100 mg/kg treatment group), and with 10 mice in each group. Ten db/m mice were used 
as the control group. In the BA treatment groups, mice were administered with the indicated dose of BA 
(MedChemExpress, Shanghai, China) once a day via gavage. Meantime, db/m mice in the control group and db/db 
mice in the model group were gavaged with the same volume of normal saline daily. The drug intervention lasted for 12 
weeks. Body weight and fasting blood glucose were periodically measured. Animal experiments were approved by the 
Animal Ethics Committee of the First Affiliated Hospital of Zhengzhou University and performed according to the 
National Institutes of Health guide for the care and use of Laboratory animals.

Measurement of Fasting Blood Glucose
During the experiment, the blood sample was harvested from mice via the tail vein. Fasting blood glucose was monitored 
by an ACCU-CHEK Performa glucose meter (Roche, Shanghai).

Blood Collection
At the end of the dosing cycle, the mice were fasted for 12 h and anesthetized with 10% chloral hydrate. Then, the blood 
was obtained from the eyeball. After being kept at room temperature for 30 min, the blood samples were separated by 
centrifugation at 3000 rpm for 15 min at 4°C to separate the serum. The serum samples were frozen at −80°C for further 
biochemical assays.

Urine Collection
At the end of the dosing cycle, all mice were individually fed in metabolic cages and 24 h urine samples were collected. 
The urine samples were centrifuged at 1000 g for 10 min at 4°C to obtain the supernatant. Urine samples were stored at 
−80°C for further analysis.
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Serum Biochemical Assay
The levels of total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density 
lipoprotein cholesterol (HDL-C), serum creatinine (Scr), and blood urea nitrogen (BUN) were measured by an automatic 
biochemical analyzer (Beckman Coulter, Brea, CA, USA).

Urine Parameter Assay
Urinary albumin levels were determined using an ELISA kit (Abcam, Cambridge, MA, USA). The creatinine levels were 
measured with an automatic biochemical analyzer (Beckman). Urinary albumin to creatinine ratio (UACR) was 
calculated.

Histopathological Observation
At the end of the experiment, the mice were euthanized and the kidneys were harvested for further analysis. Kidney 
tissues were fixed in 4% paraformaldehyde for 24 h at 4°C, dehydrated with gradient ethanol, embedded in paraffin, 
sectioned (5 µm thickness), and then stained with hematoxylin and eosin (H&E). A light microscope was used to observe 
the histological phenotypes of H&E-stained sections.

Cell Line and Cell Treatment
Human kidney proximal tubular cells (HK-2) (ATCC, Rockville, MD, USA) were cultured in DMEM/F12 medium 
(Gibco, Waltham, MA, USA) with 10% FBS and 1% penicillin-streptomycin at 37°C and 5% CO2. For high glucose 
(HG) stimulation, HK-2 cells were exposed to a complete culture medium containing 30 mM glucose (Sigma-Aldrich, 
St. Louis, MO, USA) for 48 h. Cells cultured with 5.5 mM glucose were used as a control. For BA administration, HK-2 
cells were maintained in growth media for 48 h in the presence of 10 µM of BA. To inactivate the NF-κB signaling, HK- 
2 cells were pretreated with 7.5 µM BAY11-7085 (Sigma-Aldrich) for 1 h prior to BA treatment.

Plasmid, siRNA, and Transient Transfection
Human SphK1 expression plasmid pECMV-SPHK1-3×FLAG (ov-SphK1) and S1P expression construct pEnCMV-S1P 
-3×FLAG (ov-S1P) were acquired from Sangon Biotech (Shanghai, China). To inhibit S1P expression, siRNA targeting 
S1P (si-S1P) was synthesized from GenePharma Co., Ltd (Shanghai, China). For transfection, HK-2 cells were plated at 
1×105 cells per well in 6-well culture dishes. The next day, 10 nM of si-S1P or 3 μg of plasmids were transfected into 
cells using Lipofectamine 3000 (Invitrogen), as described by the manufacturer. Cells were harvested after 24 h and then 
subjected to co-treatment of HG+BA or HG+BA+BAY11-7085 as described above.

Determination of Oxidative Stress Markers
The frozen kidney tissues were homogenized with pre-cooled PBS and then centrifuged at 10,000 g for 10 min. Then, the 
supernatant was collected to evaluate the oxidative stress indicators. The superoxide dismutase (SOD) activity, catalase 
(CAT) activity, and malondialdehyde (MDA) levels in kidney tissues and HK-2 cells were measured by commercial 
assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) as per the instruction.

Detection of Pro-Inflammatory Cytokines
Following the manufacturer’s guidance, the levels of interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and inter-
leukin-6 (IL-6) in mice serum samples and HK-2 cell culture supernatant were detected by corresponding ELISA kits.

Immunoblotting
Kidney tissues and HK-2 cells were homogenized in RIPA buffer (Beyotime, Shanghai, China) containing 1% 
PMSF and protease inhibitor cocktail. The protein concentration was analyzed with a BCA kit (Beyotime). The 
protein lysate (30 µg per lane) was loaded on 10% SDS-PAGE and then transferred onto PVDF membranes 
(Millipore, Bedford, MA, USA). The membranes were incubated with primary antibodies including anti-SphK1, 
anti-S1P, anti-p65, anti-p-p65, anti-GAPDH, and anti-Lamin B at 4°C overnight. After 3 washes with TBST, the 
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membranes were probed with the secondary antibody at 37°C for 1 h. The protein bands were visualized using the 
enhanced chemiluminescence Kit (Millipore) and quantified with the Image J software.

CCK-8 Viability Assay
HK-2 cell viability was analyzed using Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). Cells (4 × 103/well) 
were seeded in 96-well culture dishes and stimulated with HG, HG+BA, or HG+BA+BAY11-7085 as described above. 
At the indicated time points, CCK-8 reagent (10 µL) was added for 1.5 h of incubation. The optical density at 450 nm 
was determined with a Bio-Rad microplate reader.

Lactate Dehydrogenase (LDH) Activity Assay
The LDH activity in HK-2 cells culture supernatant was analyzed with LDH Cytotoxicity Assay Kit (Beyotime).

TUNEL Apoptosis Assay
HK-2 cell apoptosis was examined using TUNEL Apoptosis Assay Kit (Solarbio, Beijing, China). Briefly, treated cells 
were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100 and incubated with a TUNEL reaction 
mixture for 1 h at 37°C. After the nucleus staining with DAPI for 10 min, TUNEL-positive cells were observed under 
a fluorescence microscope.

Statistical Analysis
All values are expressed as means ± SD. Statistical analysis was performed using ANOVA with Dunnett’s post-hoc test 
on GraphPad Prism 8. The statistical significance was defined at P < 0.05.

Results
BA Ameliorates Hyperglycemia and Hyperlipidemia Symptoms in db/db Mice
db/db mice were used as the DN model in vivo to validate the relieving effect of BA on DN. Compared with the db/m mice, 
the body weight and fasting blood glucose levels were significantly higher in db/db mice (Figure 1A and B). After 7 weeks of 
BA administration, db/db mice displayed lower weight gain (Figure 1A). From the sixth week, BA treatment significantly 
reduced the fasting blood glucose levels in db/db mice (Figure 1B). We also determined the impact of BA on blood lipid 
levels, including TC, TG, LDL-C, and HDL-C, at the end of the experiment. Compared with the db/m mice, we observed 
increased TC (Figure 1C), TG (Figure 1D), and LDL-C (Figure 1E), as well as decreased HDL-C (Figure 1F) in db/db mice. 
However, BA administration resulted in dose-dependent decrease in TC, TG, and LDL-C and increase in HDL-C in db/db 
mice (Figure 1C–F). These data indicated that BA reduced blood glucose and lipid levels in db/db mice.

BA Improves Kidney Functions and Histopathological Injury in db/db Mice
Next, we confirmed the protective effect of BA on kidney functions in db/db mice. Compared with control db/m mice, 
db/db mice had higher levels of 24-h urine volume (Figure 2A), urinary albumin (Figure 2B), and UACR (Figure 2C). 
However, these parameters were dose-dependently reduced by BA (Figure 2A–C). We also examined the serum levels 
of SCr and BUN. Compared with the db/m mice, both Scr (Figure 2D) and BUN (Figure 2E) levels were increased in 
db/db mice. After BA treatment, Scr and BUN levels in db/db mice were suppressed (Figure 2D and E). H&E staining 
of kidney tissues showed thickened glomerular basement membrane, dilated mesangial matrix, and increased 
inflammatory infiltration in db/db mice, but these pathological changes were attenuated by BA treatment 
(Figure 2F). These data demonstrated that BA improved kidney functions and abated histopathologic changes in 
db/db mice.

BA Weakens Oxidative Stress and Inflammation in db/db Mice
We further determined the influence of BA on oxidative stress and inflammatory response in db/db mice. Administration 
of db/db mice with BA dose-dependently increased SOD (Figure 3A) and CAT (Figure 3B) activities and reduced MDA 

https://doi.org/10.2147/DMSO.S407177                                                                                                                                                                                                                               

DovePress                                                                                                                                

Diabetes, Metabolic Syndrome and Obesity 2023:16 1196

Ren et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


levels (Figure 3C) in the kidney tissues of db/db mice. Moreover, BA administration also lowered the levels of pro- 
inflammatory cytokines (IL-1β, IL-6, and TNF-α) in serum samples of db/db mice (Figure 3D–F). Together, BA 
attenuated oxidative stress and inflammation in db/db mice.

BA Inactivates the SphK1/S1P/NF-κB Signaling Pathway in db/db Mice
The SphK1/S1P-mediated NF-κB signaling pathway is involved in LPS-induced inflammation and fibrosis in rat 
glomerular mesangial cells, suggesting its significance in the pathogenesis of DN.19 Thus, we attempted to elucidate 
whether this pathway is associated with the ameliorative effect of BA on DN. The results showed that db/db model mice 
exhibited higher protein expressions of SphK1, S1P, and p-p65 in the kidneys than those in the db/m control group 
(Figure 4A and B). Intriguingly, BA administration downregulated the expression of these proteins dose-dependently 
(Figure 4A and B). In conclusion, BA treatment repressed the activation of SphK1/S1P/NF-κB signaling in db/db mice.

Overexpression of SphK1 Reverses the Inhibition of BA on Apoptosis in HG-Induced 
HK-2 Cells
Then, we further investigated whether the protective effects of BA on DN were associated with the downregulation of 
SphK1 in HG-induced HK-2 cells. To address this, an SphK1 cDNA plasmid (ov-SphK1) was introduced into HK-2 cells 
prior to HG and BA stimulation. Treatment of BA significantly decreased SphK1, S1P, and p-p65 protein expressions in 
HG-treated HK-2 cells, whereas the introduction of ov-SphK1 greatly eliminated these effects (Figure 5A and B). 
Additionally, BA treatment promoted cell viability, reduced LDH activity, and hindered apoptosis in HG-treated HK-2 
cells, while these influences were effectively reversed by the overexpression of SphK1 (Figure 5C–E). Collectively, BA 
inhibited HG-induced cell injury by blocking the SphK1 signaling.

Overexpression of SphK1 Abates the Inhibitory Effects of BA on Oxidative Stress and 
Inflammation in HG-Induced HK-2 Cells
Treatment with BA resulted in the increase of SOD and CAT activities and the reduction of MDA levels in HG-treated 
HK-2 cells. However, these effects were weakened by SphK1 upregulation (Figure 6A–C). In addition, the inhibitory 

Figure 1 BA reduces blood glucose concentration and relieves the symptom of hyperlipidemia in db/db mice. (A–F) Diabetic db/db mice were administrated with various 
doses of BA (25, 50, and 100 mg/kg) or the same volume of normal saline (model control) for 12 weeks. The db/m mice were used as the negative controls. (A) Body weight 
was measured weekly during the experiment. (B) Fasting blood glucose levels of the mice were detected every 3 weeks during the experiment. (C–F) The levels of TC (C), 
TG (D), LDL-C (E), and HDL-C (F) in the serum samples of the mice at the end of the experiment. ***P<0.001 vs db/m mice; #P<0.05, ##P<0.01, and ###P<0.001 vs db/db 
model mice. 
Abbreviations: TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.
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effects of BA on the production of inflammatory factors (IL-1β, IL-6, and TNF-α) were effectively alleviated by SphK1 
overexpression (Figure 6D–F). These results supported our hypothesis that BA relieved HG-induced oxidative stress and 
inflammation in HK-2 cells by suppressing SphK1 expression.

BA Attenuates HG-Induced Apoptosis in HK-2 Cells by Inactivating the S1P/NF-κB 
Pathway
To elucidate whether the S1P/NF-κB signaling is responsible for the protective effect of BA on DN, NF-κB inhibitor 
BAY11-7085 was used to treat ov-S1P-transfected HK-2 cells under HG and BA stimulation. As validated by 
immunoblotting, upregulation of S1P abolished the BA-driven reduction of p-p65 protein expression in HG-treated 
HK-2 cells, while co-treatment of BAY11-7085 significantly abated the activation of the NF-κB signaling (Figure 7A). 
These data suggested that BA inactivated NF-κB signaling by inhibiting S1P expression. The ameliorative effect of BA 
on cell viability in HG-treated HK-2 was attenuated due to S1P overexpression, while cell viability was increased after 
BAY11-7085 treatment (Figure 7B). The inhibitory effect of BA on HG-induced cytotoxicity and apoptosis was 
weakened by S1P overexpression, while LDH activity and apoptosis were decreased after further treatment with 

Figure 2 BA ameliorates renal microstructure injury and kidney functions in db/db mice. (A–E) Effects of BA on renal function indexes, including 24-h urine volume (A), 
urinary albumin (B), UACR (C), Scr (D), and BUN (E). (F) Representative images for H&E staining of kidney tissues in the mice. ***P<0.001 vs db/m mice; ##P<0.01 and 
###P<0.001 vs db/db model mice. 
Abbreviations: UACR, urine albumin/creatinine ratio; Scr, serum creatinine; BUN, blood urea nitrogen.
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BAY11-7085 (Figure 7C and D). Based on the above findings, BA inhibited HG-induced cytotoxicity and apoptosis in 
HK-2 cells by blocking the NF-κB signaling pathway via down-regulating S1P expression.

BA Attenuates HG-Induced Oxidative Stress and Inflammation in HK-2 Cells by 
Inactivating the S1P/NF-κB Pathway
After transfection with ov-S1P overexpression plasmid, the alleviating effect of BA on HG-induced oxidative stress in 
HK-2 cells was reversed, while SOD and CAT activities were increased and MDA levels were reduced after further 
treatment with BAY11-7085 (Figure 8A–C). The alleviating effect of BA on HG-induced inflammation in HK-2 cells 
was reversed by S1P overexpression; however, the levels of IL-1β, IL-6, and TNF-α in the culture supernatant were 
decreased after further treatment with BAY11-7085 (Figure 8D–F). These results indicated that BA alleviated HG- 
induced oxidative stress and inflammation in HK-2 cells by inhibiting S1P expression to inactivate the NF-κB signaling 
pathway.

BA Suppresses the Nuclear Translocation of NF-κB in HG-Treated HK-2 Cells 
Through the SphK1/S1P Pathway
Nuclear translocation of NF-κB is an indicator of the activation of NF-κB signaling.20 In HK-2 cells, HG significantly 
increased the protein level of NF-κB p65 in the nucleus and reduced p65 level in the cytoplasm (Figure 9A and B), 
suggesting that HG can promote nuclear translocation of p65 in HK-2 cells. Interestingly, BA treatment repressed p65 
nuclear translocation in HG-treated HK-2 cells, while enforced expression of S1P reversed this effect (Figure 9A and B). 
However, S1P overexpression-mediated promotion of p65 nuclear translocation was abolished by the silencing of S1P in 
HG-induced HK-2 cells with BA treatment (Figure 9A and B). All these findings suggest that BA inactivates the NF-κB 
signaling in HG-treated HK-2 cells by suppressing p65 nuclear translocation by the SphK1/S1P pathway.

Figure 3 BA diminishes oxidative stress and inflammation in db/db mice. (A–C) SOD activity (A), CAT activity (B), and MDA level (C) in the kidneys of mice treated with 
various doses of BA (25, 50 and 100 mg/kg) or the same volume of normal saline for 12 weeks. (D–F) IL-1β secretion (D), IL-6 production (E), and TNF-α level (F) in the 
serum samples of mice in all groups at the end of the experiment. ***P<0.001 vs db/m mice; #P<0.05, ##P<0.01, and ###P<0.001 vs db/db model mice. 
Abbreviations: SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.
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Discussion
Diabetic nephropathy (DN), a microvascular complication in diabetics, occupies 40% of patients requiring renal 
replacement therapy.21,22 Inflammation, oxidative stress, and apoptosis play important roles in the occurrence and 
progression of DN.23 New drugs targeting inflammation and oxidative stress display the potential value in preventing, 

Figure 5 Upregulation of SphK1 abolishes the effects of BA on cell viability and apoptosis in HG-treated HK-2 cells. (A–E) SphK1 protein expression (A), S1P, p65, and 
p-p65 protein levels (B), CCK-8 assay of cell viability (C), LDH activity (D), and TUNEL assay of apoptosis (E) in HK-2 cells transfected with or without ov-SphK1 before 
treatment with HG (30 mM) or HG+BA (10 µM). *P<0.05, **P<0.01, and ***P<0.001 vs control; #P<0.05, ##P<0.01, and ###P<0.001 vs HG treatment; &P<0.05 and &&P<0.01 
vs HG+BA treatment. 
Abbreviation: LDH, lactate dehydrogenase.

Figure 4 BA suppresses the activation of SphK1/S1P/NF-κB signaling in db/db mice. (A and B) SphK1, S1P, p65, and p-p65 protein expression in the kidney tissues from 
different groups was analyzed using immunoblotting. ***P<0.001 vs db/m mice; #P<0.05, ##P<0.01, and ###P<0.001 vs db/db model mice.
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delaying, and treating DN.24,25 Natural products flavonoids, including BA, are reported to alleviate DN primarily by 
regulating oxidative stress and inflammation.26 Our experiments confirmed that BA exerted protective effects in DN by 
reducing inflammation, oxidative stress, and apoptosis. Furthermore, SphK1/S1P/NF-κB signaling pathway was found to 
be responsible for the protective effects of BA in DN.

Poor glycemic control and production of advanced glycation end products (AGEs) are associated with the develop-
ment of DN.27 Dyslipidemia is also demonstrated as a significant contributor to the pathogenesis of DN.28 Thus, 
controlling serum glucose levels and lipid metabolism is essential to prevent or delay diabetes complications.29 

Diabetic db/db mice have been widely used as an in vivo model of DN to perform investigations in DN 
pathogenesis.30,31 By using db/db mice as the mouse model of DN, we found that BA reduced fasting blood glucose 
levels and weight gain in diabetic mice after 12 weeks of treatment. In addition, the serum levels of TC, TG, and LDL-C 
were decreased and HDL-C level was increased in BA-treated db/db mice. These results suggested that BAprotected 
against DN by exerting hypoglycemic and hypolipidemic effects.

During the progression of DN, glomerulosclerosis, renal dysfunction, and proteinuria are usually observed. Clinically, 
albuminuria is the most sensitive biomarker for diagnosing the onset of DN and is generally evaluated by calculating the 
UACR.32 Scr and BUN are also reported as typical indicators of renal function.33 In the current study, BA treatment 
abated the kidney damage in db/db mice, as evidenced by the decrease of 24-h urine volume, urinary albumin, UACR, 
Scr, and BUN. Consistently, H&E staining also confirmed that BA attenuated the structural alterations, such as 

Figure 6 Overexpression of SphK1 reverses the effects of BA on oxidative stress and inflammation in HG-treated HK-2 cells. (A–C) SOD activity (A), CAT activity (B), and 
MDA level (C) in HK-2 cells transfected with or without ov-SphK1 before treatment with HG (30 mM) or HG+BA (10 µM). (D–F) IL-1β secretion (D), IL-6 production (E), 
and TNF-α level (F) in the culture supernatant of HK-2 cells treated as indicated. **P<0.01 and ***P<0.001 vs control; ##P<0.01 and ###P<0.001 vs HG treatment; &P<0.05, 
&&P<0.01, and &&&P<0.001 vs HG+BA treatment. 
Abbreviations: SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.
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glomerular basement membrane thickening, mesangial matrix expansion, and inflammatory infiltration, in kidney tissues. 
These data indicated the renoprotective effect of BA in DN.

Oxidative stress and inflammation are major drivers in the pathogenesis of DN.34 Inflammatory cytokines, including 
IL-1β, IL-6, and TNF-α, are closely involved in the development and progression of DN.35 Excessive ROS production 
can activate the NF-κB signaling to induce the release of cytokines, and the generated pro-inflammatory factors further 
promote ROS production in DN.36 Here, we found that BA repressed oxidative stress in DN mice and HG-stimulated 
HK-2 cells by increasing SOD and CAT activities and decreasing MDA levels. Moreover, BA inhibited inflammation in 
DN mice and HG-stimulated HK-2 cells by reducing the levels of IL-1β, IL-6, and TNF-α. These findings demonstrated 
that BA exerted a beneficial effect on DN by alleviating oxidative stress and inflammation. Consistent with our findings, 
Ou et al revealed that BA attenuated podocyte damage in DN rats partially via the suppression of inflammatory responses 
and oxidative stress by inactivating the PI3K/Akt/mTOR pathway.11 As demonstrated by Yang et al, BA might improve 
renal function and delay disease progression in DN through its anti-inflammatory and anti-oxidative properties.13 Ma 
et al reported that BA treatment suppressed inflammation and oxidative stress in DN by inhibiting the MAPK and Nrf2 
signaling.14 Additionally, previous reports showed that BA treatment repressed the renal fibrosis in streptozotocin (STZ)- 
induced DN mouse model and HG-treated HK-2 cells.12,37 Together with our current results, these data suggest that BA 
may relieve renal injury and improve renal function in DN through its anti-inflammatory and anti-oxidative activities.

The SphK1/S1P/NF-κB signaling pathway is implicated in the regulation of inflammation in different diseases, such 
as spinal cord injury, acute liver failure, and haemorrhagic cystitis.38–40 Inactivation of SphK1/S1P/NF-κB pathway by 
diacerein leads to suppression of apoptosis and oxidative stress in an LPS-induced rat model of acute lung injury.41 It is 
worth noting that resveratrol inhibited LPS-mediated inflammation and fibronectin expression in rat glomerular mesan-
gial cells by blocking the SphK1/S1P/NF-κB pathway.19 These findings prompt us to examine whether SphK1/S1P/NF- 
κB pathway is a downstream mediator of BA in protecting against DN. Expectedly, we uncovered, for the first time, that 
BA suppressed the activation of SphK1/S1P/NF-κB pathway in db/db model mice and HG-stimulated HK-2 cells. Using 
a series of restore experiments, we demonstrated that the SphK1/S1P/NF-κB pathway is responsible for the repressive 

Figure 7 BA alleviates HG-induced cell apoptosis via the S1P/NF-κB pathway. (A–D) HK-2 cells transfected with or without ov-S1P were stimulated with HG, HG+BA, or 
HG+BA+BAY11-7085. (A–D) p65 and p-p65 protein levels (A), cell viability (B), LDH activity (C), and cell apoptosis (D) in HK-2 cells treated as indicated. **P<0.01 and 
***P<0.001 vs control; #P<0.05 and ##P<0.01 vs HG treatment; &P<0.05 and &&P<0.01 vs HG+BA treatment; ^P<0.05 and ^^P<0.01 vs ov-S1P+HG+BA treatment.
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effects of BA on apoptosis, inflammation, and oxidative stress in HG-treated HK-2 cells. More importantly, we proved 
that BA blocked the NF-κB signaling in HG-treated HK-2 cells by suppressing p65 nuclear translocation through the 
SphK1/S1P pathway. Similarly, resveratrol suppresses p65 nuclear translocation to inactivate the NF-κB signaling in 
LPS-induced rat glomerular mesangial cells through the SphK1/S1P pathway.19 Based on these findings, BA appears to 
be a promising new anti-DN drug that can suppress inflammation and oxidative stress. Extensive studies are required to 

Figure 8 BA alleviates HG-induced oxidative stress and inflammation via the S1P/NF-κB pathway. (A–F) HK-2 cells transfected with or without ov-S1P were stimulated 
with HG, HG+BA, or HG+BA+BAY11-7085. SOD activity (A), CAT activity (B), and MDA level (C) in kidney tissues. IL-1β secretion (D), IL-6 production (E), and TNF-α 
expression (F) in serum samples. *P<0.05, **P<0.01 and ***P<0.001 vs control; #P<0.05, ##P<0.01, and ###P<0.001 vs HG treatment; &P<0.05 and &&P<0.01 vs HG+BA 
treatment; ^P<0.05, ^^P<0.01, and ^^^P<0.001 vs ov-S1P+HG+BA treatment. 
Abbreviations: SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.

Figure 9 BA suppresses HG-induced p65 nuclear translocation in HK-2 cells by the SphK1/S1P pathway. (A and B) HK-2 cells transfected with ov-SphK1 or ov-SphK1+si- 
S1P were treated with HG or HG+BA. (A) NF-κB p65 protein levels in the nucleus and cytoplasm were detected by immunoblotting assay, with Lamin B and GAPDH as the 
nuclear and cytoplasmic controls, respectively. (B) Quantitative analysis of NF-κB p65 protein levels in the nucleus and cytoplasm. **P<0.01 and ***P<0.001 vs control; 
##P<0.01 and ###P<0.001 vs HG treatment; &&P<0.01 and &&&P<0.001 vs HG+BA treatment; ^P<0.05 and ^^^P<0.001 vs ov-SphK1+HG+BA treatment.
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elucidate the safety and long-term efficacy of BA in various DN experimental models. However, owing to the low 
bioavailability, BA has a huge limitation in clinical application.26 The field of improving its pharmacokinetic parameters 
in the form of liposomes and nanoparticles is warranted.

In summary, these data highlight that BA exerts a renoprotective effect in DN through suppression of inflammation 
and oxidative stress by inactivating the SphK1/S1P/NF-κB pathway. These findings provide a theoretical basis for 
developing BA as a potential therapeutic drug against DN.
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