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Background: Oxidative stress and inflammation play essential roles in the development and 
progression of diabetic nephropathy (DN). Baicalin (BAI), a natural flavonoid, has been 
showed to have a renoprotective effect in various renal diseases. However, its underlying 
mechanisms in DN remain unclear. In this study, we explored the potential effects and 
underlying mechanisms of BAI on DN using a spontaneous DN model.
Methods: The protective effects of BAI on DN have been evaluated by detecting DN- 
related biochemical indicators, kidney histopathology and cell apoptosis. After that, we 
examined the level of renal oxidative stress and inflammation to explain BAI’s renoprotec-
tive effects. Then, Nrf2 pathway was tested to clarify its antioxidant activity, and kidney 
transcriptomics was conducted to elucidate its anti-inflammatory activity. Finally, Western 
blot was applied for final mechanism verification.
Results: Our results found that BAI effectively ameliorated diabetic conditions, proteinuria, 
renal histopathological changes and cell apoptosis in DN. BAI significantly improved the 
kidney levels of glutathione peroxidase (GSH-PX), superoxide dismutase (SOD) and catalase 
(CAT), and reduced malondialdehyde (MDA) level. Meanwhile, the infiltration of inflam-
matory cells including T-lymphocytes, T-helper cells, neutrophils and macrophages, and the 
mRNA levels of pro-inflammatory cytokines (IL-1β, IL-6, MCP-1 and TNFα) were also 
obviously inhibited by BAI. Afterward, Western blot found that BAI significantly activated 
Nrf2 signaling and increased the expression of downstream antioxidant enzymes (HO-1, 
NQO-1). Kidney transcriptomics revealed that the inhibition of MAPK signaling pathway 
may contribute to BAI’s anti-inflammatory activity, which has also been verified in later 
experiment. BAI treatment did obviously inhibit the activation of canonical pro- 
inflammatory signaling pathway MAPK family, such as Erk1/2, JNK and P38.
Conclusion: In summary, our data demonstrated that BAI can treat DN by alleviating 
oxidative stress and inflammation, and its underlying mechanisms were associated with the 
activation of Nrf2-mediated antioxidant signaling pathway and the inhibition of MAPK- 
mediated inflammatory signaling pathway.
Keywords: baicalin, diabetic nephropathy, oxidative stress, inflammation, Nrf2, MAPK

Introduction
Diabetic nephropathy (DN) is one of the major diabetic microvascular complica-
tions, which has surpassed glomerulonephritis as the primary cause of chronic 
kidney disease (CKD) in China.1,2 It was reported that more than 15–40% patients 
with diabetes mellitus (DM) may develop DN during their lifespan,3 and part of 
them eventually progresses to end-stage renal disease (ESRD). Currently, there is 
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no satisfactory approach for the prevention and treatment 
of DN. Although tight glycemic control and blood pres-
sure control have been proven to be effective, but many 
patients on oral hypoglycemic agents combined with 
angiotensin-converting enzyme inhibitors (ACEIs) or 
angiotensin receptor blockades (ARBs) continue to pro-
gress to ESRD, and patients’ survival rate also has no 
significant improvement due to the limited efficacy and 
some side effects.2,4 Therefore, the development of novel 
agents is of great value in the treatment of DN.

The typical pathological characteristics of DN including 
tubular epithelial cell damage, glomerular sclerosis, apopto-
sis, inflammatory infiltration and renal interstitial fibrosis.5 

To date, the pathogenesis of DN remains unclear. A number 
of evidences have suggested that oxidative stress and inflam-
mation play the key roles in the development of DN.6–8 

Mechanically, chronic hyperglycemia in DM patients is 
regarded as a trigger to initiate the downstream cascade.9 

Briefly, hyperglycemia can induce the excessive production 
of reactive oxygen species (ROS), which invariably leads to 
oxidative stress. Then, oxidative stress arouses a series of 
metabolic and cellular disturbances, including lipid perox-
idation, protein oxidation and DNA damage, ultimately lead 
to cell death.10 Besides, oxidative stress can also promote 
inflammatory response by stimulating the generation of 
related-growth factors, cytokines and transcription 
factors.11 Similarly, in diabetic patients, persistent hypergly-
cemia can also directly induce a chronic low-grade inflam-
matory status since diabetes has already been well 
recognized as a metabolic inflammation.12 Local chronic 
inflammatory stress not only directly causes organ damage 
and cell death but also impairs the antioxidant defense 
systems, thereby aggravating above-mentioned vicious 
cycle.13,14 Taken together, there is a crosstalk between oxi-
dative stress and inflammation in the progression of DN. 
Hyperglycemia-mediated oxidative stress and inflammation 
affect and promote each other, and in concert contribute to 
disease progression.15 In the treatment of DN, anti-oxidative 
stress or anti-inflammation therapies have been widely 
investigated and proven to have certain effects.16,17 Given 
that, compared with single anti-oxidative stress or anti- 
inflammation therapies, multiple pathways (anti-oxidative 
and anti-inflammation)-targeted strategy may exert a better 
efficacy and have gained substantial interest.

Baicalin (BAI), one of the major bioactive flavonoids 
from the root of medicinal plant Scutellaria baicalensis 
Georgi (S. baicalensis), which has been proven to possess 
various pharmacological effects, such as antidiabetic, 

antioxidant, anti-inflammatory and anti-cancer 
properties.18–20 Studies have demonstrated that BAI can 
protect against DN by inhibiting progressive renal fibrosis, 
and the related mechanisms were associated with the inhibi-
tion of NF-κB signaling.21–23 Since organ fibrosis is a result 
of chronic stress and always occurs in the middle and late 
stages of chronic diseases, fibrogenesis may not be the fore-
most promoter in the early stage of DN.24 However, current 
studies about BAI on DN were mainly focused on the renal 
fibrosis, few researches were conducted to explore the effects 
of BAI on the upstream events in DN: oxidative stress and 
inflammation. Intriguingly, a recent clinical trial studied the 
effects of baicalin on DN patients, and it was found that BAI 
improves the renal function and delays the disease progres-
sion in DN patients via anti-inflammatory and antioxidant 
pathways.25 However, further in-depth investigation into 
model animals is still lacking. Based on oxidative stress 
and inflammation, clarifying the underlying mechanisms of 
BAI’s protective effects on DN is significant to the develop-
ment of novel agents.

Given that, we hypothesized that BAI could prevent 
DN by alleviating oxidative stress and inflammation. In 
order to verify our hypothesis, we performed in vivo 
experiments to evaluate the effects of BAI on DN. After 
that, oxidative stress and inflammation levels were deter-
mined to explain the BAI’s renoprotective property. 
Finally, several crucial signaling pathways were verified 
to elucidate the underlying molecular mechanisms. Our 
results shed light on BAI as a potential natural product 
that targets oxidative stress and inflammation to treat DN.

Materials and Methods
Reagents and Chemicals
Baicalin was obtained from Shanghai Yuanye Bio- 
Technology Co., Ltd. (Shanghai, China), and it was resus-
pended using distilled water to 40 mg/mL for the animal 
experiments. Antibodies against P38, Bax, Bcl-2, Caspase-3, 
Erk1/2, Nrf2, HO-1 and β-action were purchased from 
Proteintech (Wuhan, China). JNK, p-JNK and all secondary 
antibodies used in Western blot were obtained from Cell 
Signaling Technology (Beverly, MA, USA). p-P38, p-Erk1/ 
2, NQO-1, CD3 and MPO antibodies were from ABclonal 
Technology (Wuhan, China). CD68 antibody was provided 
by Abcam (Cambridge, MA). CD4 antibody was obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA). Trizol, 
Hifair™ II 1st Strand cDNA Synthesis Super Mix and 
Hieff®qPCR SYBR®Green Master Mix were from Yeasen 
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(Shanghai, China). The TUNEL apoptosis and immunohis-
tochemistry kits were obtained from Wuhan Gugeshengwu 
Technology Co., Ltd. (Wuhan, China). All other regular 
reagents were obtained from Wuhan Gugeshengwu 
Technology Co., Ltd. unless otherwise specified.

Animal Experiment
The animal experiment was overseen and approved by the 
Animal Ethics Committee of Tongji Hospital of Tongji 
Medical College of Huazhong University of Science and 
Technology (HUST) according to the Guideline for Ethical 
Review of Animal Welfare (GB/T 35892–2018). Seven- 
week-old male db/db and db/m mice were provided by 
Nanjing Biomedical Research Institute of Nanjing 
University and housed in the experimental animal center 
(SPF-grade) under conditions of 12 h dark/light cycle, 60 ± 
5% relative humidity and 20 ± 2 °C environmental tempera-
ture. After one-week acclimation, db/db mice were randomly 
divided into two groups: model group (n=8) and BAI group 
(400 mg/kg, n=8), while db/m mice were assigned as control 
group (n=8). In control and model groups, the mice were 
gavaged daily (10 mL/kg body weight) with distilled water, 
and in BAI group, the mice were administered daily with 
BAI suspension (40 mg/mL) in the same dose. Due to natural 
flavonoids have common low oral-bioavailability 

characteristics, the dose was chosen based on previous stu-
dies to ensure its efficacy.26,27 The drug treatment lasted for 
the next 8 weeks until the end of this study. The experimental 
protocol is illustrated in Figure 1A. During the study, body 
weight was measured every three days and fasting blood 
glucose (FBG) was measured weekly. At the end of the 
experiment, all mice were anaesthetized with 1% pentobar-
bital (65 μL/10 g, i.p.). After collecting blood sample, the 
mice were euthanized with CO2.

Measurement of Diabetic Parameters
During the last week of the study, glucose and insulin tolerance 
tests were conducted. Briefly, all mice were fasted overnight 
and intraperitoneally injected with glucose (i.p., 0.75 g/kg) for 
glucose tolerance test (GTT). For insulin tolerance test (ITT), 
the mice were fasted 6 h and intraperitoneally injected with 
insulin (i.p., 1.0 U/kg). The tail vein blood glucose was mea-
sured at 0, 15, 30, 60 and 120 min after glucose or insulin 
administration by glucose strip (ACCU-CHEK Performa, 
Roche). After collecting blood sample, serum insulin levels 
were determined by ELISA kit (Bioswamp Life Science Lab, 
Wuhan, China) followed manufacturer’s protocol. 
Homeostasis model assessment insulin resistance (HOMA- 
IR) index was calculated according to the following for-
mula: 
HOMA � IR ¼ FBG mMð Þ � fasting insulin mU=Lð Þ=22:5 
.

Figure 1 BAI administration significantly ameliorates diabetic conditions in db/db mice. (A) Animal experimental protocol of this study. (B) Body weight of mice was 
recorded every 3 days during the experiment. (n=8) (C) Fasting blood glucose of mice was recorded weekly during the experiment. (n=8) (D) HOMA-IR index was 
calculated according to standard formula: HOMA-IR= FBG (mM) × fasting insulin (mU/L)/22.5. (n=8) (E) For GTT, mice were fasted overnight and intraperitoneally injected 
with glucose (i.p., 0.75 g/kg), blood glucose was measured at 0, 15, 30, 60 and 120 min after glucose administration; the bar graph represents average area under the curve. 
(n=6) (F) For ITT, mice were fasted overnight and intraperitoneally injected with insulin (i.p., 1.0 U/kg), blood glucose was measured at 0, 15, 30, 60 and 120 min after insulin 
administration; the bar graph represents average area under the curve. (n=6) All data are presented as means ± SD. *p <0.05, **p < 0.01, ***p < 0.001.
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Kidney Function Tests
In the last week of drug treatment, mice urine samples of 
24 h were collected individually using metabolic cages. 
After that, urine albumin levels were measured by 
ELISA kit (Bioswamp Life Science Lab, Wuhan, 
China). Urine and serum creatinine and serum urea nitro-
gen (BUN) were determined by Creatinine (Cr) and Urea 
assay kits (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) according to the corresponding manu-
facturer’s instructions. Urine albumin excretion rate 
(AER) was calculated according to the following for-
mula: AER (μg/24h) = Urine albumin (μg/mL) × 24 
h urine volume (mL/24 h). Urine albumin/creatinine 
ratio (ACR) was calculated according to the following 
formula:  
ACR mg=mmolð Þ¼ Urine albumin μg=mLð Þ

� 1000=Urine creatinine μMð Þ
. 

Creatinine clearance rate (Ccr) was calculated according to the 
following formula:  

Ccr mL=min=kgð Þ¼
Urine creatinine μMð Þ

�24h rine volume mLð Þ � 1000

� �

=
Serum creatinine μMð Þ

�body weight gð Þ � 1440 minð Þ

� �

Kidney Histology and Electron 
Microscopy
Paraffin-embedded kidney slides were stained with peri-
odic acid Schiff (PAS) according to the standard protocol 
for histological analysis. Firstly, kidney images were taken 
by an Olympus BX51 system (Olympus, Japan). Then, 
images were scanned and profile areas were traced using 
Image J. The glomerular area was calculated based on the 
average area of 10 glomeruli in each group, and the 
mesangial fraction was defined as a ratio between PAS- 
positive and nuclei-free area to PAS-positive area (includ-
ing nuclei area).

To uncover the ultrastructure changes in the glomeru-
lus, transmission and scanning electron microscopy 
(Hitachi, Tokyo, Japan) were also applied for observing 
ultrastructure histopathology.

Determination of Oxidative Stress 
Indicators
Frozen kidney samples were homogenized in PBS, and the 
supernatant of tissue homogenates was employed to esti-
mate oxidative stress indicators. Glutathione peroxidase 

(GSH-PX), superoxide dismutase (SOD), catalase (CAT) 
and malondialdehyde (MDA) assay kits were obtained 
from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). These biochemical indicators were 
examined according to the instructions.

Immunohistochemistry Staining
Paraffin-embedded slides were dewaxed by dimethylben-
zene, polarized with descending concentrations of alcohol, 
and rinsed with deionized water. Endogenous peroxidase 
activity was blocked by incubating slides in 3% H2O2 at 
room temperature for 30 minutes after antigen retrieval. 
The 20% normal goat serum was used to block the slides 
for 1 h. Primary antibodies were applied overnight at 4 °C 
followed by incubation of HRP-conjugated secondary anti-
body for 60 min at room temperature. The slides were 
visualized by DAB and counterstained with hematoxylin. 
Images were taken by an Olympus BX51 system and 
analyzed by Image J software (National Institutes of 
Health, USA).

TUNEL Staining
According to the manufacturer’s protocol, kidney slides 
were used for TUNEL apoptosis kit (Gugeshengwu 
Technology, Wuhan, China). An Olympus BX51 system 
(Olympus, Japan) was used to observe TUNEL-positive 
cells.

Transcriptomics Analysis
The transcriptomics analysis was conducted by Seqhealth 
Technology Co., LTD (Wuhan, China). Total RNA of fresh 
kidney tissue was isolated using Trizol reagent. The RNA 
concentration and purity were determined by Nanodrop™ 
OneC spectrophotometer (Thermo Fisher Scientific Inc., 
US). RNA integrity was tested by 1.0% agarose gel electro-
phoresis. Two microgram total RNAs were used for stranded 
RNA sequencing library preparation using KC-DigitalTM 

Stranded mRNA Library Prep Kit for Illumina® (Catalog 
NO. DR08502, Wuhan Seqhealth Co., Ltd. China) following 
the manufacturer’s instruction. After cDNA library construc-
tion, the concentration and quality of libraries were evalu-
ated by Qubit 2.0 (Life Technologies, US) and agarose gel 
electrophoresis. Afterward, 200–500 bp products were 
enriched, quantified, and finally sequenced in HiSeq X10 
system (Illumina, San Diego, CA, USA).

For the RNA-seq data analysis, raw data were first 
filtered by Trimmomatic software (version: 0.36) in 
which low-quality reads were discarded, and adaptor 
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sequences were trimmed. Clean reads from each sample 
were mapped to the GRCm38 mouse reference genome 
using the Star program (2.3.0). A corrected P-value cutoff 
of 0.05 and fold change cutoff of 1 were used to judge the 
statistical significance of the differentially expressed genes 
(DEGs). Gene ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis of 
DEGs was conducted using Metascape database.

Real-Time Quantitative Polymerase Chain 
Reaction PCR (RT-qPCR)
Tissue RNA was extracted using Trizol reagent according to 
the standard protocol. After reverse-transcription, RT-qPCR 
was performed on LightCycler®96 system (Roche 
Diagnostics, Mannheim, Germany). The mRNA level of tar-
get genes was normalized and analyzed by the 2−ΔΔCT method. 
Sequences of the primers used in this study are listed in 
Table 1.

Western Blot Analysis
Total proteins were extracted by RIPA buffer supplemented 
with 1% of PMSF and protease inhibitor cocktail followed 
the standard protocol, and then protein concentrations were 
quantified using a bicinchoninic acid (BCA) protein assay kit. 
Equal amounts of protein extracts were loaded on SDS- 
PAGE (80 V, 0.5 h and then 120 V, 1 h) and electrotransferred 
to a 0.45 μm nitrocellulose membrane or 0.22 μm PVDF 
membrane (280 mA, 1 kDa/min). The membranes were 
blocked with 5% nonfat milk for 1 h at room temperature 
and incubated with primary antibodies overnight at 4 °C. On 
the next day, fluorescence-conjugated secondary antibodies 
were applied to the membranes for 1 h at room temperature. 
The membranes were visualized with Odyssey Infrared 
Imaging (LI-COR Biosciences, USA). Target proteins were 
normalized to β-actin and quantified by Image J software.

Statistical Analysis
Statistical analyses were performed following this rule: Firstly, 
the normality of data is tested by QQ plot together with 

Shapiro–Wilk test; Secondly, ANOVA test with Tukey post- 
hoc analysis was used for data following the normal distribu-
tion and Kruskal–Wallis test with Dunn’s post hoc test for 
skewed data (not obeying the normal distribution). Data fit the 
normal distribution are presented as means ± SD, and skewed 
data are presented as median (min–max). Statistics were ana-
lyzed using the GraphPad Prism 8.0 and SPSS 24.0, and p < 
0.05 was considered as statistically significant.

Results
BAI Administration Significantly 
Ameliorates Diabetic Conditions in Db/ 
Db Mice
In this work, db/db mice were used as the spontaneous DN 
model. Firstly, we examined the diabetic indicators under BAI 
treatment. As shown in Figure 1B, BAI administration 
obviously prevented weight gain compared to model group 
at the end of the experiment (Control group vs model group 
p < 0.001, BAI group vs model group p = 0.022). Compared 
with control group, fasting blood glucose (FBG) of model 
group was remarkedly elevated, while BAI administration 
significantly reduced FBG (Control group vs model group 
p < 0.001, BAI group vs model group p = 0.013) 
(Figure 1C). After collecting samples, the fasting insulin 
level was also detected. It was found that model and BAI 
groups all showed a reactive increased insulin level compared 
to control group, but there was no difference in fasting insulin 
level between model and BAI groups (Control group vs model 
group p < 0.001, BAI group vs model group p = 0.7637) 
(Supplementary Figure 1). This result indicated that BAI 
may have no effects on insulin secretion. Due to the improved 
FBG conditions, the homeostasis model assessment insulin 
resistance (HOMA-IR) index was still decreased by BAI 
administration compared to model group (Control group vs 
model group p < 0.001, BAI group vs model group p = 0.0256) 
(Figure 1D). In addition, the glucose metabolism state was 
also assessed by glucose and insulin tolerance tests. Consistent 
with the above results, BAI administration can increase 

Table 1 Primers Used for RT-qPCR

Gene Forward (5ʹ-3ʹ) Reverse (5ʹ-3ʹ)

IL-1β TCATTGTGGCTGTGGAGAAG AGGCCACAGGTATTTTGTCG

IL-6 CCCCAATTTCCAATGCTCTCC CGCACTAGGTTTGCCGAGTA

MCP-1 CGCACTAGGTTTGCCGAGTA TGTCTGGACCCATTCCTTCTTG
TNFα CCCTCACACTCACAAACCACC CTTTGAGATCCATGCCGTTG

β-actin GTGACGTTGACATCCGTAAAGA GAAACAGTCCGCCTAGAAGCAC
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glucose clearance rate and improve insulin sensitivity (GTT: 
Control group vs model group p < 0.001, BAI group vs model 
group p = 0.0034; ITT: Control group vs model group p < 
0.001, BAI group vs model group p = 0.0114) (Figure 1E and 
F). Although BAI-treated db/db mice are still far from normal 
mice in terms of diabetes status, but compared BAI group with 
model mice, it was apparent that BAI administration signifi-
cantly ameliorates diabetic conditions in db/db mice. 
Therefore, there is no doubt that BAI possesses antidiabetic 
effect. Taken together, all these data demonstrated that BAI 
administration significantly ameliorates diabetic conditions in 
db/db mice.

BAI Administration Reduces Proteinuria 
and Improves Histopathological Changes 
in DN
Under normal conditions, db/db mice will spontaneously 
develop diabetic kidney injury over time. Based on that, 
we further investigated the protective effects of BAI on 
kidney function through examining various biochemical 

indicators. Compared with control group, mice from 
model group displayed typical symptom of microalbumi-
nuria (Figure 2A), which also suggested that our DN 
model is successful. BAI treatment significantly decreased 
urine albumin level, urine albumin/creatinine ratio (ACR) 
and urine albumin excretion rate (AER) compared to 
model group (Urinary albumin: Control group vs model 
group p < 0.001, BAI group vs model group p < 0.001; 
ACR: Control group vs model group p < 0.001, BAI group 
vs model group p = 0.0021; AER: Control group vs model 
group p < 0.001, BAI group vs model group p < 0.001) 
(Figure 2A). Compared with control group, 24 h urine 
volume in model and BAI group were also obviously 
increased, in which BAI administration led to a trend of 
reduction in urine volume although it was not statistically 
significant (Control group vs model group p < 0.001, BAI 
group vs model group p = 0.3624) (Supplementary 
Figure 2). Additionally, we found that there was no differ-
ence in serum urea nitrogen (BUN), serum creatinine and 
creatinine clearance rate (Ccr) between different groups 

Figure 2 BAI administration reduces proteinuria and improves histopathological changes in DN. (A) The urine albumin level, urine albumin/creatinine ratio (ACR) and urine 
albumin excretion rate (AER) of different groups. (n=8) (B) Kidney images of different groups. Scale bar, 1 cm (n=8) (C) Kidney weight of different groups. (n=8) (D) 
Representative kidney PAS staining of different groups. Scale bar, 50 μm. (n=8) (E) Glomerular area and mesangial fraction of different groups. (n=8) (F) Representative 
kidney SEM images of different groups. Scale bar, 2 μm. (n=8) (G) Representative kidney TEM images of different groups. Scale bar, 1 μm. (n=8) All data are presented as 
means ± SD. *p <0.05, **p < 0.01, ***p < 0.001.
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(BUN: Control group vs model group p = 0.1334, BAI 
group vs model group p = 0.5229; Scr: Control group vs 
model group p = 0.1289, BAI group vs model group p = 
0.7232; Ccr: Control group vs model group p = 0.7153, 
BAI group vs model group p = 0.9914) (Supplementary 
Figure 2). This phenomenon was in our expectation. In 
this study, the reason why we employed a relatively short 
intervention time was to make DM mice with typical 
proteinuria but not kidney dysfunction (early stage of 
DN). These results indicated that BAI can exert an obvious 
effect in reducing proteinuria.

Morphologically, the kidney size and weight of model 
group was apparently larger than that of control group, and 
BAI treatment decreased kidney size and weight in model 
mice (Control group vs model group p < 0.001, BAI group 
vs model group p = 0.0375) (Figure 2B and C). However, 
it was found that kidney indexes (kidney weight/body 
weight ratio) of model and BAI groups were all smaller 
than that of control group, and there was no difference 
between these two groups (Control group vs model group 
p < 0.001, BAI group vs model group p = 0.8462) 
(Supplementary Figure 3). This result was also related to 
our early DN model. In addition to persistent proteinuria, 
histopathological changes like glomerular hypertrophy, 
mesangial matrix expansion, glomerular basement mem-
brane (GBM) thickening and podocyte injury are also the 
important features in DN. Histological analysis of PAS 
staining showed that BAI significantly attenuated glomer-
ular hypertrophy and mesangial matrix expansion com-
pared to model group (Glomerular area: Control group vs 
model group p < 0.001, BAI group vs model group p < 
0.001; Mesangial fraction: Control group vs model group 
p < 0.001, BAI group vs model group p < 0.001) 
(Figure 2D and E). Scanning and transmission electron 
microscopy (SEM and TEM) images showed significant 
histological changes, such as podocyte detachment, foot 
process effacement and GBM thickening in DN mice, 
which were obviously reversed by BAI treatment 
(Figure 2F and G). Collectively, our data suggested that 
BAI can reduce proteinuria and improve histopathological 
changes in DN mice.

BAI Administration Suppresses Cell 
Apoptosis in DN
It has been proved that cell apoptosis plays a key role in the 
development and progression of DN.28 In DN, apoptosis can 
be triggered by various factors, including hyperglycemia, 

oxidative stress and inflammation, and it can occur in multiple 
cell types, like tubular epithelial cells, endothelial and inter-
stitial cells.29 In order to determine whether BAI could affect 
cell apoptosis in DN, terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) staining was used to 
observe apoptotic cells. TUNEL staining results revealed 
that apoptosis level of model group was significantly induced 
compared to that of control group (green area), and BAI 
administration suppressed excessive cell apoptosis compared 
to model group (Figure 3A). Meanwhile, we examined the 
expression levels of apoptosis-related proteins, including Bax, 
Bcl-2 and cleaved caspase-3. Consistently, model group 
exhibited increased expression of pro-apoptotic proteins, Bax 
and cleaved caspase-3, and reduced expression of anti- 
apoptotic protein, Bcl-2, which was reversed by BAI admin-
istration (Cleaved caspase-3: Control group vs model group 
p < 0.001, BAI group vs model group p < 0.001; Bax: Control 
group vs model group p < 0.001, BAI group vs model group 
p < 0.001; Bcl-2: Control group vs model group p < 0.001, 
BAI group vs model group p < 0.001) (Figure 3B and C). 
Together, these data suggested that BAI administration can 
suppress cell apoptosis in DN.

Baicalin Administration Alleviates 
Oxidative Stress in DN
To evaluate the effects of BAI on oxidative stress, we tested 
the kidney levels of oxidative stress indicators, including 
glutathione peroxidase (GSH-PX), superoxide dismutase 
(SOD), catalase (CAT) and malondialdehyde (MDA). As 
shown in Figure 4, compared with model group, the levels 
of GSH-PX, SOD and CAT were significantly improved, and 
the level of MDA was significantly reduced in BAI group 
(SOD: Control group vs model group p = 0.006, BAI group 
vs model group p = 0.0438; GSH-PX: Control group vs 
model group p = 0.0071, BAI group vs model group p = 
0.0259; CAT: Control group vs model group p < 0.001, BAI 
group vs model group p = 0.0197; MDA: Control group vs 
model group p = 0.0034, BAI group vs model group p = 
0.032). These results demonstrated that BAI administration 
can alleviate oxidative stress injury via enhancing antioxi-
dant enzyme activities.

Baicalin Administration Alleviates 
Inflammatory Response in DN
Next, we investigated the effects of BAI on local inflam-
matory response in DN. First, inflammatory cell infiltra-
tion was detected using immunohistochemistry staining. 
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According to Figure 5A, it was apparent that more inflam-
matory cells, including T-lymphocytes (CD3-positive), 
T helper cells (CD4-positive), neutrophils (MPO- 
positive) and macrophages (CD68-positive), were 
observed in model group, whereas few inflammatory 
cells were detected in control group. Compared with 
model group, BAI group showed a significant reduction 
in various inflammatory cell infiltration. Then, the mRNA 
levels of typical pro-inflammatory cytokines, such as IL- 
1β, IL-6, MCP-1 and TNFα, were also determined by RT- 
qPCR. Similarly, in DN mice, the mRNA levels of IL-1β, 
IL-6, MCP-1 and TNFα were obviously elevated compared 
to control group, and BAI treatment decreased their tran-
scriptional levels (IL-1β: Control group vs model group 
p = 0.0017, BAI group vs model group p = 0.0232; IL-6: 

Control group vs model group p < 0.001, BAI group vs 
model group p < 0.001; MCP-1: Control group vs model 
group p = 0.0013, BAI group vs model group p = 0.0466; 
TNFα: Control group vs model group p = 0.0056, BAI 
group vs model group p = 0.0307) (Figure 5B). Therefore, 
these findings showed that baicalin administration can 
exert an ameliorative effect on renal inflammatory 
response in DN.

Baicalin Administration Activates 
Nrf2-Mediated Antioxidant Pathway in 
DN
After confirming the antioxidant effect of BAI, we further 
explored the potential mechanisms. Nuclear factor ery-
throid-derived 2-related factor 2 (Nrf2) plays a pivotal 

Figure 4 Baicalin administration alleviates oxidative stress in DN. The levels of SOD, GSH-PX, CAT and MDA in kidney tissue extracts of different groups. (n=6) All data are 
presented as means ± SD. *p <0.05, **p < 0.01, ***p < 0.001.

Figure 3 BAI administration suppresses cell apoptosis in DN. (A) Representative kidney TUNEL staining of different groups. Scale bar, 50 μm. (n=6) (B) Representative 
Western blots for caspase-3, cleaved caspase-3, Bax and Bcl-2 protein expressions in kidney tissue extracts. (n=6) (C) The quantification of cleaved caspase-3, Bax and Bcl-2 
protein Western blots. All data are presented as means ± SD. ***p < 0.001.
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role in the antioxidant system.30 In response to oxidative 
stress, activated Nrf2 translocates into nucleus, and thus 
leads to the expression of antioxidant response element 
(ARE)-driven genes, such as heme oxygenase-1 (HO-1) 
and NAD(P)H: quinone oxidoreductase-1 (NQO-1).31 Our 
results showed that the activation of Nrf2 signaling and the 
levels of antioxidant enzymes (HO-1, NQO-1) were 
obviously inhibited in DN mice, while BAI treatment 
significantly activated Nrf2 signaling and increased the 
protein expression of HO-1 and NQO-1 (Nrf2: Control 
group vs model group p < 0.001, BAI group vs model 
group p < 0.001; HO-1: Control group vs model group p = 
0.0013, BAI group vs model group p = 0.0011; NQO-1: 
Control group vs model group p < 0.001, BAI group vs 
model group p < 0.001) (Figure 6A and B). These results 
indicated that the antioxidant effects of BAI may be asso-
ciated with the activation of Nrf2 signaling pathway.

Baicalin Administration Inhibits Activated 
MAPK Signaling Pathway in DN
As mentioned above, baicalin administration can exert an 
ameliorative effect on renal inflammatory response, but the 
underlying mechanisms remain unclear. To clarify the 
underlying mechanisms of BAI’s anti-inflammatory 

effects, we applied transcriptomics analysis. In this study, 
a total of 780 differentially expressed genes (DEGs) were 
identified in BAI group versus model group, 453 of which 
were upregulated and 327 were downregulated 
(Figure 7A). Then, the results of Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis on 
DEGs showed that the regulation of MAPK signaling 
pathway may be the major pathway under BAI adminis-
tration (Figure 7B).

Since Mitogen-activated protein kinase (MAPK) sig-
naling is well-recognized canonical pro-inflammatory 
signaling pathway, thus we further examined the activa-
tion of MAPK family proteins, including Erk1/2, JNK 
and P38 signaling. Compared with control group, the 
phosphorylation of Erk1/2, JNK and P38 was remark-
edly increased in model group, suggesting that the 
MAPK signaling in DN was obviously activated. BAI 
administration significantly inhibited the increased phos-
phorylation of Erk1/2, JNK and P38 in DN mice, which 
proved that baicalin can inhibit activated MAPK signal-
ing pathway in DN (p-JNK: Control group vs model 
group p < 0.001, BAI group vs model group p < 
0.001; p-P38: Control group vs model group p < 
0.001, BAI group vs model group p < 0.001; p-ERK: 

Figure 5 Baicalin administration alleviates inflammatory response in DN. (A) Representative immunohistochemistry staining for CD3 (T-lymphocytes), CD4 (T helper cells), 
MPO (neutrophils) and CD68 (macrophages). Scale bar, 50 μm. (n=6) (B) The mRNA levels of IL-1β, IL-6, MCP-1 and TNFα of different groups. (n=6) All data are presented as 
means ± SD. *p <0.05, **p < 0.01, ***p < 0.001.
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Control group vs model group p < 0.001, BAI group vs 
model group p = 0.0091) (Figure 7C and D). Taken 
together, these results demonstrated that the anti- 
inflammatory effects of BAI may be associated with 
the inhibition of MAPK signaling pathway.

Discussion
Although the therapeutic approaches of DN have been 
explored for decades and proved to be effective to 
a certain extent, but the population of DN is still growing 
rapidly. Currently, the main principle for DN treatment is 

Figure 6 Baicalin administration activates Nrf2-mediated antioxidant pathway in DN. (A) Representative Western blots for Nrf2, HO-1 and NQO-1 protein expressions in 
kidney tissue extracts. (n=6) (B) The quantification of Nrf2, HO-1 and NQO-1 protein Western blots. All data are presented as means ± SD. **p < 0.01, ***p < 0.001.

Figure 7 Baicalin administration inhibits activated MAPK signaling pathway in DN. (A) Volcano map showed the number of DEGs in BAI group versus model group; heatmap 
of these DEGs was also presented. Blue means downregulated gene, red means upregulated gene. (n=4) (B) KEGG enrichment analysis for DEGs identified by 
transcriptomics analysis. (C) Representative Western blots for p-JNK, JNK, p-P38, P38, p-Erk1/2 and Erk1/2 protein expressions in kidney tissue extracts. (n=6) (D) The 
quantification of p-JNK, JNK, p-P38, P38, p-Erk1/2 and Erk1/2 protein Western blots. All data are presented as means ± SD. **p < 0.01, ***p < 0.001.
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the combination of glycemic control and blood pressure 
control.32 In clinic, the application of ACEIs and ARBs in 
DN exerts a certain effect in reducing proteinuria, but it is 
difficult to correct the progressive kidney damage due to 
its complicated pathogenesis.33 So, a large unmet need 
remains for the development of more effective therapy 
for DN. Baicalin is derived from traditional Chinese med-
icinal plant Scutellaria baicalensis Georgi which is also 
widely used for the prevention and treatment of diabetes 
and its complications and has been proven effective.34 In 
this present study, we explored the potential effects and 
underlying mechanisms of BAI on DN. Our results 
demonstrated that BAI can alleviate oxidative stress, by 
activating Nrf2-mediated antioxidant pathway, and inflam-
mation, by inhibiting MAPK signaling pathway, thereby 
protecting against DN.

Previous studies have indicated that BAI can prevent 
DN via suppressing renal fibrosis.21–23 As we all know, 
renal fibrosis is not an initial factor in the development of 
CKD but may play an important role in the later stage. On 
the contrary, renal fibrosis is usually induced under 
chronic stress environment.35 However, BAI’s investiga-
tions on the upstream events of DN: oxidative stress and 
inflammation are still lacking. Therefore, we conducted 
this study. Usually, spontaneous DM mice (db/db or ob/ 
ob) will develop typical DN symptom and pathological 
changes including fibrosis at 20 weeks or older. So, in our 
work, we applied relatively short intervention time (12 
weeks) to avoid the influence of fibrosis. As expected, 
our DN model did not show significant tubulointerstitial 
fibrosis (Supplementary Figure 4), but showed typical 
microalbuminuria and histopathological changes of DN. 
This early DN phenotype is more suitable for our purpose. 
In line with that, there was also no kidney dysfunction 
presented in our DN mice.

Oxidative stress is considered to be a key pathway in 
the diabetic kidney damage under metabolic and hemody-
namic abnormalities.36 ROS family includes molecular 
oxygen and its derivatives, like superoxide anion (O2−), 
hydroxyl radical (HO•), hydrogen peroxide (H2O2), per-
oxynitrite (ONOO−), hypochlorous acid (HClO), nitric 
oxide (NO) and lipid radicals. Studies found that the 
main sources of ROS include mitochondrial respiratory 
chain, xanthine oxidase, NADH/NADPH oxidases, NO 
synthase and some other hemoproteins. Oxidative stress 
develops when excessive ROS exceeds endogenous anti-
oxidant system, and then bioactive molecules such as 
carbohydrates, proteins, lipids and DNA will be oxidized, 

contributing to cell damage.37 Due to the diverse sources 
of ROS, it is conceivable that hyperglycemia-mediated 
ROS generation involves various different mechanisms,38 

in which diacylglycerol (DAG)-protein kinase C (PKC)- 
and NADPH-oxidase axis is suggested as the major dan-
gerous metabolic route.39 Whatever, one thing is certain, 
that is, hyperglycemia will lead to oxidative stress injury. 
This point was confirmed in our study. DN mice showed 
a significant oxidative stress state with decreased antiox-
idant enzymes (GSH-PX, SOD and CAT) and increased 
MDA. BAI treatment successfully prevented excessive 
ROS production in kidney and reduced tissue damage. 
From these results, we can confirm that BAI alleviates 
hyperglycemia-induced oxidative stress in DN. In endo-
genous antioxidant defense system, transcription factor 
Nrf2 is believed to be the most important signaling mole-
cular. Under oxidative stress stimulation, activated Nrf2 
protein translocates into nucleus, and binds to the ARE 
sequence of downstream gene promoter, finally induces 
the gene expressions.40 The transcriptional regulation of 
HO-1, NQO-1, glutathione S-transferase (GST) and glu-
tathione peroxidase (GPx-1) are all controlled by Nrf2 
activation.41 Therefore, activating Nrf2 signaling has 
been regarded as an effective approach for the treatment 
of diabetic complications. Many studies have confirmed 
that the activation of Nrf2 signaling improves DN though 
relieving oxidative stress.42,43 Therefore, we assumed that 
BAI exerts the antioxidant effects by activating Nrf2- 
mediated antioxidant pathway. Consistently, our data 
found that BAI treatment indeed significantly activated 
Nrf2 signaling and increased its downstream protein 
expression (HO-1 and NQO-1). Together, these results 
demonstrated that BAI alleviates oxidative stress in DN 
by activating Nrf2-mediated antioxidant pathway.

In addition to oxidative stress, inflammation undoubt-
edly constitutes another crucial promoter in the pathogen-
esis of DN.7,8 Lots of studies have indicated that the 
activation of inflammation signaling and inflammatory 
cell infiltration is essential to the development of DN.44 

Hence, we investigated the effects of BAI on the inflam-
matory responses, and found that BAI significantly inhibits 
the infiltration of various inflammatory cells 
(T-lymphocytes, T helper cells, neutrophils and macro-
phages) and the expression of pro-inflammatory cytokines 
like IL-1β, IL-6, MCP-1 and TNFα. Then, renal mRNA- 
sequencing was applied to clarify the potential mechan-
isms of BAI’s anti-inflammatory effects on DN. We found 
that BAI’s anti-inflammatory effects may attribute to its 
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inhibitory activity on the classic pro-inflammatory signal-
ing MAPK pathway. As a canonical pro-inflammatory 
pathway, excessive activation of MAPK pathway has 
been proven to be strongly associated with many inflam-
matory diseases. In fact, many MAPK inhibitors have been 
evaluated preclinically in a wide range of disease models 
with a considerable efficacy.45 Our results were consistent 
with many previous works. Under chronic hyperglycemia, 
MAPK pathway can be activated, thus leading to local 
inflammatory response.46 A number of studies reported 
that many natural products, including celastrol,47 

ginsenoside,48 and apigenin,49 could suppress renal inflam-
mation in DN by inhibiting MAPK signaling pathway. As 
a medicinal plant, Scutellaria baicalensis Georgi 
(S. baicalensis) has been applied in China for centuries. 
To date, there is no report of severe side effects from 
in vivo studies of BAI. On the contrary, BAI as a natural 
flavonoid is widely used in cosmetics. Therefore, com-
bined with our results, it was justified to conclude that 
BAI can act as a natural antioxidant and anti-inflammation 
agent in clinical practice with high safety spectrum.

As mentioned before, there is a complex interaction 
between oxidative stress and inflammation. This relation-
ship is also existing between Nrf2 and MAPK signaling 
pathways. Studies have indicated that the activation of 
Erk1/2 can inhibit Nrf2 activity, thereby contributing to 
oxidative stress.43 Meanwhile, the inhibition of MAPK 
signaling can enhance Nrf2 activity and HO-1 
production.50 The MAPK family can affect Nrf2 activity, 
and in turn, Nrf2 activity can also regulate the activation 
of MAPK signaling pathway. It was found that the forced 
activation (adenoviral overexpression) of Nrf2 can signifi-
cantly suppress Erk1/2 activation.43 On the contrary, the 
function loss of Nrf2 led to the activation of MAPK 
signaling and increased inflammation.51 In a word, abnor-
mal Nrf2 and MAPK signaling transductions together pro-
mote the development of DN by the modulation of 
oxidative stress and inflammation. Although the complex 
crosstalk between these mechanisms needs to be further 
clarified, the promotive direction of these factors in DN is 
definite. Whatever, our findings demonstrated that BAI not 
only activates Nrf2 signaling pathway but also inhibits 
MAPK signaling pathway, and then in concert alleviates 
upstream oxidative stress and inflammation, thereby pre-
venting DN (Figure 8).

This work verified that both oxidative stress and 
inflammation are closely related to the pathogenesis of 
DN, and our results introduced BAI as an effective agent 

for the treatment of DN. Moreover, due to many diabetic 
complications share common upstream pathogenesis, pub-
lished evidences have demonstrated that BAI can also 
improve diabetic cardiac diseases and diabetic retinopathy 
via inhibiting oxidative stress and MAPK-inflammation 
pathway.52,53 We believe that this feature can also be 
deduced from other natural products with both antioxidant 
and anti-inflammatory properties during the treatment of 
diabetic complications. Additionally, these findings pro-
vided compelling evidence that Nrf2 and MAPK signaling 
pathways were promising targets for diabetic nephropathy.

Limitations of the Present Study
There are still some limitations of our work. This current 
study indicated that BAI could treat DN by alleviating 
oxidative stress and inflammation, but based on our 
in vivo evidence, we cannot point to a specific cell type. 
So, in this stage, we did not perform in vitro study. The 
pathogenesis of DN is complex and associated with many 
specific cell types, like podocyte, glomerular endothelial 
cell, mesangial cell and tubule epithelial cell. Overall, 
many studies have revealed that oxidative stress and 
inflammation can affect all these cells and together con-
tribute to the progression of DN. Therefore, we hope more 
comprehensive targeted-investigations will be conducted 
in the future. In addition, for RNA-seq, we applied two 
group-based (drug vs model group) analysis, not three 
group-based (combine model vs control group with drug 
vs model group) analysis. Although two group- and three 
group-based analyses are both widely used in pharmaco-
logical transcriptomics analysis,54–57 the latter is more 
precise. For two group-based analysis, we can tell the 
overall effects of drug on certain disease model by com-
paring drug group to model group; For three group-based 
analysis, we can tell the corrective effects of drug on 
certain disease model by integrating model vs control 
group with drug vs model group. We humbly believed 
that after confirming the therapeutic effects of drug 
(BAI) on certain disease model (DN), the two group- 
based analysis is closely to the three group-based analysis. 
Therefore, at that time, we only conducted RNA-seq for 
drug and model groups in this study. Although the RNA- 
seq result is logical and convincing, more precise solutions 
are more in line with scientific requirements.

Conclusion
In conclusion, this study explored the potential effects and 
underlying mechanisms of BAI on DN. These results 
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indicated that BAI also has a significant impact on the 
upstream events in the pathogenesis of DN, rather than 
concentrating on later fibrogenesis. Our data demonstrated 
that BAI can treat DN by alleviating oxidative stress and 
inflammation, and its underlying mechanisms were asso-
ciated with the activation of Nrf2-mediated antioxidant 
signaling pathway and the inhibition of MAPK-mediated 
inflammatory signaling pathway.
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Figure 8 Baicalin alleviates oxidative stress and inflammation in diabetic nephropathy via Nrf2 and MAPK signaling pathway. In DM, persistent hyperglycemia can induce 
oxidative stress and inflammation, which play essential roles in the development and progression of diabetic nephropathy. BAI administration can treat DN by alleviating 
oxidative stress and inflammation, and its underlying mechanisms were associated with the activation of Nrf2-mediated antioxidant signaling pathway and the inhibition of 
MAPK-mediated inflammatory signaling pathway.
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