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Introduction: Kidney tubular epithelial injury is one of the key factors in the progression of 
diabetic nephropathy (DN). Wogonin is a kind of flavonoid, which has many pharmacolo
gical effects, such as anti-inflammation, anti-oxidation and anti-fibrosis. However, the effect 
of wogonin in renal tubular epithelial cells during DN is still unknown.
Materials and Methods: STZ-induced diabetic mice were given doses of wogonin (10, 20, 
and 40 mg/kg) by intragastric administration for 16 weeks. The metabolic indexes from blood 
and urine and pathological damage of renal tubules in mice were evaluated. Human tubular 
epithelial cells (HK-2) were cultured in high glucose (HG) condition containing wogonin (2μM, 
4μM, 8μM) for 24 h. Tubular epithelial cell inflammation and autophagic dysfunction both 
in vivo and in vitro were assessed by Western blot, qRT-PCR, IHC, and IF analyses.
Results: The treatment of wogonin attenuated urinary albumin and histopathological 
damage in tubulointerstitium of diabetic mice. We also found that wogonin down-regulated 
the expression of pro-inflammatory cytokines and autophagic dysfunction in vivo and 
in vitro. Molecular docking and Cellular Thermal Shift Assay (CETSA) results revealed 
that mechanistically phosphoinositide 3-kinase (PI3K) was the target of wogonin. We then 
found that inhibiting PI3K eliminated the protective effect of wogonin. Wogonin regulated 
autophagy and inflammation via targeting PI3K, the important connection point of PI3K/Akt/ 
NF-κB signaling pathway.
Conclusion: Our study is the first to demonstrate the novel role of wogonin in mitigating 
tubulointerstitial fibrosis and renal tubular cell injury via regulating PI3K/Akt/NF-κB signal
ing pathway-mediated autophagy and inflammation. Wogonin might be a latent remedial 
drug against tubular epithelial injury in DN by targeting PI3K.
Keywords: diabetic nephropathy, tubular epithelial cell, wogonin, inflammation, autophagy, 
PI3K/Akt/NF-κB pathway

Introduction
Diabetic nephropathy (DN) is one of the most important complications of diabetic 
patients, and it is also the main cause of end-stage renal disease (ESRD).1 Studies have 
shown that renal tubular cells were already damaged in early DN, and chronic exposure 
to high blood glucose levels lead to tubulointerstitial changes in overt DN.2,3 Clinically, 
a decrease in glomerular filtration rate correlates better with tubulointerstitial injury than 
with glomerular damage.4 The continuous decline in renal function is closely related to 
the progressive accumulation of extracellular matrix (ECM) proteins.5 Under high 
glucose (HG) condition, renal tubular epithelial cells show phenotypic and functional 
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changes, which convert from tubular structure to interstitial.6 

Excessive matrix disperses between and around the tubular 
structures. With the progression of disease, it evolved into the 
accumulation of ECM of tubulointerstitial fibrosis, which 
ultimately caused irreversible injury to renal structure.7

Wogonin (5, 7-dihydroxy-8-methoxyflavone), a flavonoid, 
has many pharmacological effects such as anti-inflammation, 
anti-oxidation and anti-fibrosis.8,9 Studies have shown that 
wogonin can inhibit the level of α-smooth muscle actin (α- 
SMA) and collagen I (Col-I) induced by TGF-β1, thereby 
inhibiting the fibrosis of renal tubular epithelial cells.10 

Furthermore, wogonin can effectively inhibit inflammation 
and fibrosis in HG-induced mesangial cells.11 Wogonin 
enhances oxaliplatin-induced gastric cancer cell death by pro
moting excessive autophagy.12 However, the role of wogonin 
in renal tubular epithelial cells during DN is unknown.

Long-term chronic inflammation is a critical factor in 
the development of DN.13 Recent research results have 
shown that the expression of pro-inflammatory cytokines 
in diabetic patients is increased.14–16 At the same time, the 
urinary albumin in DN patients also stimulated proximal 
tubule cells to produce a series of inflammation response, 
leading to renal tubular cell damage.17,18

Autophagy is an important degradation mechanism to 
degrade the damaged organelles and proteins to maintain 
cell homeostasis under diverse stress conditions.19 More 
and more studies have shown that autophagic dysfunction 
can make disease worse in renal disease.20–23 Cytokines 
released under inflammatory stress condition may contri
bute to dysfunction of tubular autophagy in diabetes and 
decrease autophagic clearance, which leads to accumulation 
of damaged proteins that aggravate kidney damage.24–26 

Studies have shown that autophagy is significantly inhibited 
in STZ-induced diabetic mice, which is manifested by 
accumulation of autophagy substrate P62/SQSTM1 caused 
renal tubular cell damage.27 Therefore, regulating autopha
gic activity plays a critical role in DN.

Now, our research showed that protective effect of 
wogonin on renal tubular epithelial cells in diabetic mice, 
and firstly found that wogonin regulated autophagy and 
inflammation via targeting phosphoinositide 3-kinase 
(PI3K), the important connection point of PI3K/Akt/NF- 
κB signaling pathway. Moreover, we preliminarily con
firmed that wogonin may bind to PI3K through molecular 
docking and CETSA. When cells were pre-treated with 
PI3K inhibitor (PI3Ki), LY294002, it was further deter
mined that wogonin was unable to reverse HG-induced 
cell injury after inhibiting PI3K. Hence, we demonstrated 

that wogonin functioned through PI3K-dependent path
ways. Together, wogonin might be a latent therapeutic 
drug against DN by targeting PI3K.

Materials and Methods
Drugs and Reagents
Wogonin was acquired from Aladdin Biology Technology 
Institute (W101155, CAS 632–85-9, Shanghai, China). 
Streptozotocin (STZ) was obtained from Sigma-Aldrich 
(Saint Louis, MO, USA). PI3K inhibitor LY294002 was 
acquired from MedChem Express (Princeton, USA). DMEM 
was obtained from Gibco (Gibco, CA). The NF-κB p65 and 
p-NF-κB p65 antibody, anti-LC3 antibody, anti-P62 antibody, 
anti-Beclin1 antibody, anti-Akt and anti-p-Akt were obtained 
from Cell Signaling Technology (Danvers, MA, USA). The 
antibodies anti-KIM-1, anti-Atg7 and anti-fibronectin (FN) 
were obtained from Abcam (Cambridge, USA). Anti-α-SMA 
and anti-E-cadherin antibodies were acquired from 
Proteintech (Wuhan, China). Anti-Col-I antibody was 
acquired from Bioss (Shanghai, China). Anti-PI3K and Anti- 
p-PI3K were obtained from Affinity Biosciences (Affinity, 
USA). Periodic acid-Schiff (PAS), creatinine (CRE), blood 
urea nitrogen (BUN) kits were purchased from Jiancheng 
Biology Technology Institute (Nanjing, China). Albumin 
ELISA kit was acquired from Abcam (Cambridge, USA).

STZ-Induced Diabetic Mice Models
Weight-matched C57/BL male mice (6–8 weeks) were 
obtained from the Experimental Animal Centre, Anhui 
Medical University. Mice were confirmed to be diabetic 
mice models after intraperitoneal injection of 50 mg/kg 
STZ for 5 days. The mice were kept in an animal facility 
with a 12 h light/dark cycle, allowing free access to normal 
water and food in a room with a steady temperature of 22°C 
±2°C and a humidity of 60%. The mice were randomly 
divided into six groups (n = 6–8): normal control (NC), 
normal control + wogonin (40 mg/kg, Wog), diabetes group 
(DM), DM + wogonin group (10 mg/kg, 20 mg/kg, 40 mg/ 
kg). The DM+Wog groups and the Wog group were received 
with wogonin every other day for 16 weeks. DM and NC 
groups were given with the same amount of saline. Animal 
experiments were conducted in accordance with “Guide for 
the Care and Use of Laboratory Animals” (National Institutes 
of Health Publication No. 85–23, revised 1996). Ethical 
approval and experiments were approved by Anhui 
Medical University Ethics Committee (approval 
No. 20200066).
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Biochemical and Physical Assay
Fasting blood glucose levels were measured by an Accu- 
Chek glucose meter (Roche diagnostics device). The 24 
h urinary albumin levels, CRE and BUN were detected 
with kits obtained from the Jiancheng Biology Technology 
Institute (Nanjing, China). Each mouse’s body weight and 
kidney weight were measured.

Kidney Histology
Renal tissue was fixed in 4% paraformaldehyde for 24 h. Renal 
tissue sections from paraffin-embedded kidneys cut into 4 μm 
thickness. After deparaffinization, periodic acid-Schiff (PAS) 
and Masson’s trichrome were performed to estimate renal 
morphology, glycogen accumulation and collagen accumula
tion. Photographs were taken by microscope (Zeiss AX10 
microscope, Carl Zeiss Canada Ltd, Canada) at ×400 magnifi
cation. The staining kits were purchased from Beijing Solarbio 
Science & Technology Co., Ltd. Sections were visualized after 
counterstained with hematoxylin under a microscope.

Immunohistochemistry Assay
The samples were soaked in xylene and graded ethanol. 
The antigens were exposed by heat-induced epitope retrie
val. Renal tissue sections were blocked with goat serum at 
37°C for 45 min and incubated with antibodies against 
TNF-α, Col-I, FN, E-cadherin and α-SMA, at 4°C over
night. Subsequently, secondary antibodies for 30 min at 
37°C. Sections were visualized after counterstained with 
hematoxylin under a microscope.

Cell Culture
HK-2 cells were supplied by Professor Huiyao Lan from 
the Chinese University of Hong Kong. HK-2 cells were 
cultured in low glucose (5.5 mM glucose) DMEM contain
ing 10% FBS and conditions were maintained at 37°C, 5% 
CO2. Then, HK-2 cells were cultured in low glucose (5.5 
mM glucose, LG), mannitol (5.5 mM glucose+24.5 mM 
mannitol, MG), low glucose with wogonin (LG+8 μM, 
Wog), high glucose (30 mM glucose, HG), and high glu
cose with wogonin (2 μM, 4 μM, 8 μM) mediums for 24 
h. LG and MG mediums were used as controls. Cell 
experiment has been approved by Anhui Medical 
University Ethics Committee (approval No. 20200018).

MTT Assay
HK-2 cells were seeded in 96-well plates and cultured in 
different concentrations of wogonin for 24 h and then added 

in high glucose DMEM (30 mM glucose) for 24 
h. Subsequently, put 5 mg/mL of MTT solution in each well 
and incubated for 4 h at 37°C. Finally, the optical density (OD) 
was measured by a microplate reader (Multiskan MK3, 
Thermo, USA) at 550 nm.

PI3K Inhibitor
The suitable concentration of PI3Ki concentration used in 
study was determined by MTT and Western blot. Then, 
HK-2 cells were cultured in low glucose (5.5 mM glu
cose), high glucose (30 mM glucose, HG) and high glu
cose with wogonin (2 μM, 4 μM, 8 μM, HG+Wog) 
mediums with or without PI3Ki for 24 h.

Transmission Electron Microscopy
The cells were prefixed with 2.5% glutaraldehyde for 72 
h and 1% osmium tetroxide for 1 h. Polymerization was 
accomplished in gelatin capsules at 60°C for 48 h and 
observed under a transmission electron microscope 
(H-7700166 Tokyo, Japan).

ELISA Assay
The pro-inflammatory cytokines IL-1β, TNF-α and MCP-1 
contents were measured by ELISA Kits (Jianglai 
Biotechnology Co. LTD, Shanghai, China) according to 
product specifications.

RNA Isolation and qRT-PCR
The TRIZOL reagent (Invitrogen, CA) was used to iso
lated total RNA according to product specifications. The 
concentration and purity of RNA were determined by 
NanoDrop2000 spectrophotometer (Thermo Fisher 
Scientific, MA). One microgram of RNA was reversed 
transcriptase to produce cDNA. qRT-PCR was performed 
using the CFX96 real-time PCR system (Bio-Rad, CA) 
with SYBR Premix Ex Taq™ II (Takara, Japan). The 
primer sequences:Mouse IL-1β:F 5ʹ-GCCTCGTGC 
TGTCGGACCCATAT-3ʹ, R 5ʹ-TCCTTTGAGGCCC 
AAGGCCACA-3ʹ; Mouse TNF-α: F 5ʹ-CATCTTCTCAA 
AATTCGAGTGACAA-3ʹ, R 5ʹ-TGGGAGTAGACA 
AGGTACAACCC-3ʹ; Mouse MCP-1: F 5ʹ-CTTC 
TGGGCCTGCTGTTCA-3ʹ, R 5ʹ-CCAGCCTA 
CTCATTGGGATCA-3ʹ; Mouse β-actin: F 5ʹ-CATT 
GCTGACAGGATGCAGAA−3ʹ, R 5ʹ-AT GGTGC 
TAGGAGCCAGAAGC-3ʹ; Human IL-1β: F 5ʹ-ATGAT 
GGCTTATTACAGTGGCAA-3ʹ, R 5ʹ-GTCGGAGAT 
TCGTAGCTGGA-3ʹ; Human TNF-α: F 5ʹ-TCAAT 
CGGCCCGACTATCTC-3ʹ, R 5ʹ-ATGTTCGTCCTC 
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CTCACAGG-3ʹ; Human β-actin: F 5ʹ-CCCTGG 
AGAAGAGCTACGAG-3ʹ, R 5ʹ-GGAAGGAAGGC 
TGGAAGAGT-3ʹ.

Western Blot
The cell extract and fragments of renal tissue were 
obtained by using lysis buffer (Beyotime, Jiangsu, 
China), and then protein concentration to be detected by 
BCA kit (Beyotime, Jiangsu, China). Ten percent SDS- 
PAGE gels were used to separate proteins, and then trans
ferred to nitrocellulose membrane. The membranes were 
sealed with blocking buffer containing 5% skimmed milk 
at 37°C for 1 h and incubated with the corresponding first 
antibodies overnight at 4°C. After incubation with HRP- 
conjugated secondary antibody for 45 min at 37°C, the 
brands were detected with ECL developer.

Immunofluorescence Assay
HK-2 cells were grown on glass coverslips and then treated 
with HG, which were either pre-treated or not pre-treated 
with wogonin for 24 h. HK-2 cells were fixed in 4% paraf
ormaldehyde for 10 min, and sealed with 10% BSA (bovine 
serum albumin). Subsequently, the primary antibodies were 
incubated overnight. The cells were then incubated with the 
FITC-conjugated donkey anti-rabbit IgG, and incubated with 
DAPI for 5 min to stain the nuclei. Finally, slides were 
examined by using a fluorescence microscope (Zeiss Spot; 
Carl Zeiss Canada Ltd, Canada).

Molecular Docking
The potential interactions between wogonin and PI3K 
were studied by molecular docking. Discovery Studio 
2017 R2 (BIOVIA Software, Inc., San Diego, CA, 
United States) software was employed in this study. The 
structure of wogonin was optimized by Minimize protocol. 
Co-crystallized structure of PI3K (PDB ID: 1E7V) was 
downloaded from the RCSB Protein Data Bank. PI3K was 
prepared by Prepare protein protocol. The use of 
CDOCKER protocol was to molecular docking. Other 
parameters were set to default values.

CETSA
HK-2 cells were cultured with or without wogonin for 24 
h. After that, cellular proteins were extracted by using RIPA 
buffer. Adjust the sample to a similar concentration accord
ing to the BCA results. Each sample was allocated into 
multiple PCR tubes and processed at different temperatures 

for 10 min on a PCR thermal cycler (Eppendorf, Germany). 
These proteins were then examined by Western blot.

Statistical Analyses
All experiments were conducted independently for 3 
times. Data were presented as the mean ± standard devia
tion (SD). Statistical significance of differences were con
firmed by student’s two-tailed t-test or one-way ANOVA 
using GraphPad Prism 5 software. P<0.05 was regarded as 
statistically remarkable.

Results
Wogonin Alleviates Renal Injury in 
STZ-Induced Diabetic Mice
The molecular structure of wogonin is shown in Figure 1A. To 
test the effect of wogonin in diabetic mice, diabetic mice were 
received wogonin (10, 20, 40 mg/kg). In our data, kidney/body 
weight, blood glucose, CRE, BUN and 24 h urine albumin 
levels in DM group were higher than those in NC group. After 
treatment with wogonin, there was no available difference in 
blood glucose level between DM group and DM+Wog groups. 
However, the other three indexes were markedly reduced by 
wogonin treatment in DM+Wog groups, indicating that wogo
nin treatment protected kidney from damage (Figure 1B–F). In 
the result of PAS staining, we found that wogonin treatment 
attenuated the glomerular mesangial expansion index and 
tubulointerstitial injury index in STZ-induced diabetic mice 
(Figure 1G–I). Moreover, result from Western blot showed 
that level of KIM-1 in diabetic mice was increased, and 
wogonin suppressed level of KIM-1 in a dose-dependent 
manner (Figure 1J).

Wogonin Attenuates Inflammation and 
Autophagic Dysfunction in STZ-Induced 
Diabetic Mice
In the current study, we found wogonin had anti- 
inflammatory effect on diabetic mice and immunohistochem
istry data found that wogonin reduced the level of TNF-α 
(Figure 2A). The mRNA levels of IL-1β, TNF-α and MCP-1 
were dramatically up-regulated in diabetic mice (Figure 2B), 
and after treatment with wogonin, these cytokines were 
decreased. To demonstrate the change of autophagy under 
diabetic pathological stress, we found that autophagy-related 
proteins were enriched after treatment with wogonin. The 
results from Western blot showed that autophagy-related 
proteins such as LC3, Beclin1, and Atg7 were markedly 
decreased in diabetic mice, and wogonin enhanced the 
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Figure 1 Primary metabolic parameters and kidney injury in diabetic mice. (A) The molecular structural formula of wogonin. (B) Analysis of urine albumin excretion. (C) 
Kidney/body weight. (D) Blood glucose. (E) Serum creatinine assay. (F) Serum BUN assay. (G) Histological observations of renal sections stained with PAS. (H) 
Glomerulosclerotic index. (I) Tubulointerstitial injury index. (J) The protein expression level of KIM-1 in mice renal tissues. Results represent means ± SEM for 6–8 
mice. ###p < 0.001 VS NC. *p < 0.05, **p < 0.01, ***p < 0.001 VS DM. Scale bar = 50μm. 
Abbreviations: BUN, blood urea nitrogen; CRE, creatinine; DM, diabetes mellitus; KIM-1, kidney injury molecule 1; NC, normal control; PAS, periodic acid–Schiff; Wog, 
wogonin.
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Figure 2 Wogonin attenuates renal inflammation and autophagic dysfunction in diabetic mice. (A) Immunohistochemistry of TNF-α in mice kidney. (B) Real-time PCR of IL- 
1β, TNF-α, and MCP-1 in mice kidney. (C) Western blot analysis of LC3, P62, Beclin1 and Atg7 in mice kidney. Results represent means ± SEM for 6–8 mice. ##p < 0.01, 
###p < 0.001 VS NC. *p < 0.05, **p < 0.01, ***p < 0.001 VS DM. Scale bar = 50μm. 
Abbreviations: DM, diabetic mellitus; IL-1β, interleukin-1β; MCP-1, mononuclear chemotactic protein-1; NC, normal control; TNF-α, tumor necrosis factor-α; Wog, 
wogonin.
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induction. Western blot analysis also showed that P62 widely 
used to monitor autophagic activity was up-regulated in 
diabetic mice, and wogonin inhibited P62 expression 
(Figure 2C).

Wogonin Ameliorates Fibrosis in 
STZ-Induced Diabetic Mice
It was well known that the accumulation of ECM was an 
essential pathological feature of tubulointerstitial fibrosis. 
By Masson staining, we found that collagen deposition in 
STZ-induced diabetic mice were significantly up-regulated, 
while wogonin-treated was markedly reduced (Figure 3A). 
Meanwhile, wogonin reduced the expression of Col-I, FN 
and α-SMA. Moreover, loss of E-cadherin staining was 
observed in diabetic mice, suggesting that epithelial adhe
sion perhaps disrupted, while wogonin treatment attenuated 
the inhibition (Figure 3B). Consistent with these notions, 
Western blot also confirmed the results (Figure 3C).

Wogonin Induces Autophagy via the 
Inhibition of PI3K/Akt/mTOR Signaling 
Pathway in STZ-Induced Diabetic Mice
The PI3K/Akt/mTOR signaling pathway is known to reg
ulate the autophagic processes. We used Western blot to 
analyze the effect of wogonin treatment on this pathway. 
Treatment with wogonin in diabetic mice leads to dose- 
dependent decreases in the levels of p-PI3K, p-Akt and 
p-mTOR (Figure 4).

Wogonin Inhibits Inflammation via the 
Inhibition of NF-κB Signaling Pathway in 
STZ-Induced Diabetic Mice
Therefore, we evaluated the role of NF-κB signaling path
way in diabetic mice. Western blot results showed that the 
phosphorylation level of NF-κB p65 was increased in the 
renal tissues of diabetic mice and was suppressed in tis
sues of wogonin treated (Figure 4).

Wogonin Attenuates HG-Induced Tubular 
Epithelial Cells Injury
To detect the effect of cell viability, HK-2 cells were 
treated with different concentrations of wogonin. The 
results in Figure 5A showed that concentration of wogonin 
was less than 16 μM restored the viability of HG-treated 
cells. In addition, we evaluated the effect of wogonin by 
detecting level of KIM-1. Result showed that KIM-1 was 

significantly down-regulated by effect of wogonin in 
a dose-dependent manner (2, 4, 8 μM) (Figure 5B).

Wogonin Attenuates Inflammation and 
Autophagic Dysfunction in HG-Induced 
Tubular Epithelial Cells
The gene expressions of the salient pro-inflammatory cyto
kines, IL-1β and TNF-α were increased in tubular epithelial 
cells, and wogonin markedly reduced inflammatory cytokines 
(Figure 5C). In addition, ELISA analysis suggested that 
wogonin decreased levels of inflammatory markers, such as 
IL-1β, TNF-α, and MCP-1 (Figure 5D). The levels of autop
hagy-related proteins LC3, Beclin1, and Atg7 were decreased 
and P62 was up-regulated in HG-induced cells, and wogonin 
reversed these phenomena (Figure 6A). By transmission 
electron microscopy, autophagic vacuoles commonly noted 
in HK-2 cells, were barely observed in HG-induced cells and 
markedly reinstated by wogonin treatment (Figure 6B).

Wogonin Suppresses the HG-Induced 
ECM Accumulation
To detect the role of wogonin, HK-2 cells were exposed to 
30 mM glucose to induce DN cell model. Results revealed 
that levels of ECM proteins such as Col-I, FN and a-SMA 
were augmented in HG-induced cells. The reduction of 
E-cadherin, a specific epithelial cell marker, has been 
shown in HG-induced cells, and after wogonin treatment 
level of E-cadherin was up-regulated (Figure 7A). 
Similarly, this was consistently in favor of result from IF 
of a-SMA (Figure 7B). These results indicated that wogo
nin suppressed EMT progression.

Wogonin Induces Autophagy via the 
Inhibition of PI3K/Akt/mTOR Signaling 
Pathway in HG-Induced Tubular Epithelial 
Cells
The PI3K/Akt/mTOR signaling pathway is one of the 
crucial pathways regulating autophagy. We measured the 
effects of HG on PI3K/Akt/mTOR signaling pathways in 
HK-2 cells. The expressions of the phosphorylation of 
PI3K, Akt, mTOR were examined by Western blot analy
sis. Exposure of HK-2 cells to HG leads to significantly 
enhanced expressions of the phosphorylation of PI3K, 
Akt, mTOR. Treatment with wogonin suppressed HG- 
induced upregulation of p-PI3K and activation of Akt, 
mTOR in HK-2 cells (Figure 8).
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Figure 3 Wogonin attenuates renal fibrosis in diabetic mice. (A) Masson staining and score of severity. (B) Immunohistochemistry of Col-I, FN, E-cadherin and α-SMA in 
mice kidney. (C) Western blot analysis of Col-I, FN, E-cadherin and α-SMA in mice kidney. Results represent means ± SEM for 6–8 mice. ##p < 0.01, ###p < 0.001 VS NC. 
*p < 0.05, **p < 0.01, ***p < 0.001 VS DM. Scale bar = 50μm. 
Abbreviations: α-SMA, α-smooth muscle actin; Col-I: collagen I; DM, diabetic mellitus; FN, fibronectin; NC, normal control; Wog, wogonin.
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Figure 4 Wogonin inhibits PI3K/Akt/ NF-κB Signaling pathway in diabetic mice. Western blot analysis of p-PI3K, p-Akt, p-mTOR, p-NF-κB p65 protein levels in kidney mice. 
Results represent means ± SEM for 6–8 mice. ###p < 0.001 VS NC. **p < 0.01, ***p < 0.001 VS DM. 
Abbreviations: Akt, protein kinase B; DM, diabetes mellitus; mTOR, mammalian target of rapamycin; NC, normal control; PI3K, phosphoinositide 3-kinase; Wog, wogonin.
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Figure 5 Wogonin attenuates inflammation in HG-treated HK-2 cells. (A) MTT assay of wogonin on HK-2 cells viability and HG-treated HK-2 cells viability. (B) Western 
blot analysis of KIM-1 in HK-2 cells. (C) Real-time PCR of IL-1β and TNF-α in HK-2 cells. (D) ELISA of IL-1β, TNF-α and MCP-1 in HK-2 cells. Results represent means ± 
SEM for three independent experiments. ##p < 0.01, ###p < 0.001 VS LG. *p < 0.05, **p < 0.01, ***p < 0.001 VS HG. 
Abbreviations: HG, high glucose; IL-1β, interleukin-1β; KIM-1, kidney injury molecule 1; LG, low glucose; MG, mannitol glucose; TNF-α, tumor necrosis factor-α; Wog, 
wogonin.
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Figure 6 Wogonin attenuates autophagic dysfunction in HG-treated HK-2 cells. (A) Western blot analysis of LC3, P62, Beclin1 and Atg7 and in HK-2 cells. (B) 
Representative transmission electron microscopy of autophagosome in HK-2 cells. In the enlarged view of the boxed area, autophagic vacuoles (red arrowhead indicate 
autolysosome), Scale bar = 500nm. Results represent means ± SEM for three independent experiments. ###p < 0.001 VS LG. *p < 0.05, **p < 0.01, ***p < 0.001 VS HG. 
Abbreviations: HG, high glucose; LG, low glucose; MG, mannitol glucose; Wog, wogonin.
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Figure 7 Wogonin reduces the ECM in HG-treated HK-2 cells. (A) Western blot analysis of Col-I, FN, E-cadherin and α-SMA in HK-2 cells. (B) IF of α-SMA (green). Nuclei 
were counterstained with DAPI (blue). Results represent means ± SEM for three independent experiments. ##p < 0.01, ###p < 0.001 VS LG. *p < 0.05, **p < 0.01, ***p < 
0.001 VS HG. 
Abbreviations: α-SMA, α-smooth muscle actin; Col-I, collagen I; ECM, extracellular matrix; FN, fibronectin; HG, high glucose; IF, immunofluorescence; LG, low glucose; 
MG, mannitol glucose; Wog, wogonin.
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Figure 8 Wogonin inhibits PI3K/Akt/NF-κB pathway in HG-treated HK-2 cells. Western blot analysis of p-PI3K, p-Akt, p-mTOR, p-NF-κB p65 protein levels in HK-2 cells. 
Results represent means ± SEM for three independent experiments. ###p < 0.001 VS LG. *p < 0.05, **p < 0.01, ***p < 0.001 VS HG. 
Abbreviations: Akt, protein kinase B; HG, high glucose; LG, low glucose. MG, mannitol glucose; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase; 
Wog, wogonin.
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Wogonin Inhibits Inflammation via the 
Inhibition of NF-κB Signaling Pathway in 
HG-Induced Tubular Epithelial Cells
The protein level of NF-κB signaling pathway was 
detected to explore the mechanism of wogonin in down- 
regulation of inflammatory response. Western blot results 
demonstrated that the phosphorylation of NF-κB p65 in 
the HG group was higher than that of the LG groups, while 
the wogonin treatment induced significant decreases in 
dose-dependent. Therefore, wogonin could be considered 
to inhibit inflammation (Figure 8).

Wogonin May Bind to PI3K in 
HG-Induced Tubular Epithelial Cells
Just like with the protein kinases, the ATP binding site of 
PI3K is located in a cleft between the N- and the 
C-terminal lobes of the catalytic domain (Figure 9A). 
The structures showed that wogonin may bind with many 
interactions in this site of PI3K. The interactions in PI3K 
involved conventional hydrogen bond between the carbo
nyl of GLU880 and the -OH group of wogonin, carbon 
hydrogen bond between the carbonyl of VAL882 and -H of 
wogonin and other interactions, such as van der Waals, pi- 
alkyl, and pi-pi T-shaped, which contributed to the binding 
affinity of wogonin with PI3K. The docking energy value 
of the highest scoring position, evaluated by CDOCKER, 
was 36.2118 kcal/mol. All the results showed that wogo
nin makes more widespread interactions with this site than 
the ATP does.

To evaluate target engagement, we confirmed the inter
action between wogonin and PI3K protein by CETSA. The 
results indicated that the denaturation temperature of PI3K 
differed in the range of 50°C–65°C with or without wogo
nin treated. Interestingly, after treated with wogonin, PI3K 
had significantly greater thermal stability in HK-2 cells. 
These results demonstrated that wogonin may bind to the 
PI3K protein to improve the thermal stability (Figure 9B).

Wogonin Attenuates HG-Induced 
Autophagy, Inflammation, and ECM 
Accumulation Through PI3K-Dependent 
Mechanisms
First, the suitable concentration of PI3Ki concentration 
(10μM) used in the present study was determined by 
MTT (Figure 9C). Then, we inhibited the expression of 
PI3K by PI3Ki (Figure 10A). When PI3K was inhibited, 

wogonin could not further suppress KIM-1, autophagy- 
related protein levels and pro-inflammatory cytokines 
(Figure 10B–D). Meanwhile, we found that wogonin 
could not inhibit the accumulation of ECM after PI3K 
was inhibited, suggesting that wogonin mainly plays 
a role by targeting PI3K (Figure 11A). Importantly, results 
showed that inhibition of PI3K could decrease HG- 
induced Akt phosphorylation and mTOR mediated autop
hagy response significantly. Moreover, results showed that 
inhibition of PI3K expression could decrease HG-induced 
NF-κB mediated inflammatory response (Figure 11B). 
That was to say, in the case of PI3K inhibited, wogonin 
was unable to play its cellular protective role.

Discussion
DN is a chronic renal disease characterized by progressive 
renal fibrosis. Renal interstitial fibrosis reflecting the 
degree of kidney damage was better than glomerulosclero
sis, is one of the important pathological bases of DN.2 

Thereby, it is necessary to make sense the pathogenesis of 
DN and look for a new therapy. Our laboratory found that 
wogonin could reduce glomerular sclerosis, urinary albu
min, and tubular epithelial cell injury in vivo. We also 
found that wogonin down-regulated the level of pro- 
inflammatory cytokines and autophagic dysfunction 
in vivo and in vitro. The mechanism was that wogonin 
reduced renal tubular inflammatory response and autopha
gic dysfunction to decrease of the expression of ECM 
proteins by targeting PI3K.

Wogonin is a kind of flavonoids, which has many 
pharmacological effects, such as anti-oxidation, anti- 
inflammatory and anti-fibrosis.8–10 Wogonin inhibits the 
proliferation of HG-treated mesangial cells.11 Wogonin 
inhibits H2O2-induced angiogenesis via suppressing 
PI3K/Akt/NF-κB pathway.28 In order to better understand 
the effects of wogonin, our laboratory tested biochemical 
indices in diabetic mice. The results confirmed that wogo
nin reduced urinary albumin, CRE and BUN in dose- 
dependently, but did not reduce the level of blood glucose 
compared with diabetic mice. In stark contrast, kidneys 
from mice treated with wogonin exhibited lessened renal 
tubular lesions in a dose-dependent mode.

Our study confirmed that HG condition was suitable 
for producing pro-inflammatory cytokines, IL-1β, TNF-α, 
and MCP-1, which play critical roles in DN. Wogonin 
inhibited HG-induced production of these inflammatory 
cytokines in vivo and in vitro. More and more studies 
have confirmed that DN is a micro-inflammatory disease, 
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Figure 9 Wogonin may bind to PI3K in HG-treated HK-2 cells. (A) Co-crystallized structure of PI3K (PDB ID: 1E7V) was downloaded from the RCSB Protein Data Bank. 
(B) CETSA analysis of HK-2 cells. (C) MTT assay of PI3Ki in HK-2 cells viability. Results represent means ± SEM for three independent experiments. #p < 0.05, ###p < 0.001 
VS LG. ***p < 0.001 VS HG. 
Abbreviations: CETSA, Cellular Thermal Shift Assay; HG, high glucose; PI3K, phosphoinositide 3-kinase; PI3Ki, PI3K inhibitor; Wog, wogonin.
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Figure 10 Wogonin fails to reduce the HG-induced cells inflammatory response and autophagy dysfunction in PI3K-inhibited HK-2 cells. (A) Western blot of PI3K in HK-2 
cells. (B) Western blot of KIM-1 in HK-2 cells. (C) Real-time PCR of IL-1β and TNF-α in HK-2 cells. (D) Western blot analysis of LC3, P62, Beclin1 and Atg7 and in HK-2 
cells. Results represent means ± SEM for three independent experiments. ###p < 0.001 VS Control. ***p < 0.001 VS HG. $$$p < 0.001 VS Blank. 
Abbreviations: HG, high glucose; IL-1β, interleukin-1β; KIM-1, kidney injury molecule 1; PI3K, phosphoinositide 3-kinase; PI3Ki, PI3K inhibitor; TNF-α, tumor necrosis 
factor-α; Wog, wogonin.
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Figure 11 Inhibited PI3K and treatment with wogonin have cellular protective role. (A) Western blot analysis of Col-I, FN, E-cadherin and α-SMA in HK-2 cells. (B) 
Western blot analysis of p-Akt, p-mTOR, p-NF-κB p65 protein levels in HK-2 cells. Results represent means ± SEM for three independent experiments. ###p < 0.001 VS 
Control. ***p < 0.001 VS HG. $$$p < 0.001 VS Blank. 
Abbreviations: Akt, protein kinase B; α-SMA, α-smooth muscle actin; Col-I, collagen I; FN, fibronectin; HG, high glucose; mTOR, mammalian target of rapamycin; PI3K, 
phosphoinositide 3-kinase; PI3Ki, PI3K inhibitor; Wog, wogonin.
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in which the structure of glomerulus and renal tubules is 
changed.13,29,30 Recent studies have confirmed that HG 
induced the activation of NF-κB pathway through signal 
transducer, leading to accumulation of cytokines in the 
intrinsic cells of kidney, which can damage intrinsic cells 
of kidney and aggravate the procession of DN.31,32

Autophagy is an important mechanism to degrade cellu
lar damaged organelles and protein aggregates to promote 
cell survival and maintain homeostasis.19 Our laboratory has 
found that HG-inhibited expressions of LC3, Beclin1 and 
Atg7, at the same time induced expression of P62, suggesting 
that autophagy was dysfunction in tubular epithelial cells. 
However, wogonin increased the induction of autophagy. 
Thus, lack of autophagy may be deleterious. Study has 
found that renal tubular epithelial cells showed high expres
sion of autophagy and autophagic dysfunction could induce 
renal tubular epithelial cell damage in vivo and in vitro.33,34 

Autophagy has the potential to suppress kidney damage from 
chronic inflammation.35 Autophagy sustains cellular home
ostasis through inactivation of inflammatory responses by 
regulating the degradation of NF-κB signaling components, 
thus terminating the activation of NF-κB.36–38 Therefore, 
autophagy can regulate the inflammatory response to reduce 
the pathological changes of the kidney.

Through our experimental study, we found that Masson’s 
trichrome staining showed increased accumulation of col
lagen fibers in diabetic mice. Meanwhile, PAS staining 
showed that glomerular mesangial expansion index and tubu
lointerstitial damage index were increased in diabetic mice. 
In this study, an immunohistochemical assay was used to 
identify the deposition of ECM proteins in tubulointersti
tium, and wogonin could reverse these. Our study further 
corroborated that the action of wogonin reduced ECM accu
mulation in HG-induced HK-2 cells. DN is a chronic kidney 
disease characterized by progressive renal fibrosis, in which 
renal tubulointerstitial fibrosis is the main pathological fea
ture and plays a vital role in the progression of DN.39 The 
continuous decline of renal function is related to the exces
sive accumulation of ECM proteins.5 Renal epithelial-to- 
mesenchymal transition (EMT) is the key linked of renal 
tubulointerstitial fibrosis.6 A recent study showed that tubular 
epithelial cells can express fibroblast markers in DN, which 
contribute to the accumulation of tubulointerstitial and 
matrix proteins in DN.40

In vivo and in vitro experimental results indicated that 
wogonin effectively suppressed HG-induced inflammatory 
response and autophagic dysfunction by inhibiting the PI3K/ 
Akt/NF-κB pathway. The structures found that wogonin 

binds with many interactions in this site of PI3K. The inter
actions in PI3K involved conventional hydrogen bond 
between the carbonyl of GLU880 and the -OH group of 
wogonin, carbon hydrogen bond between the carbonyl of 
VAL882 and -H of wogonin and other interactions, such as 
van der Waals, pi-alkyl, and pi-pi T-shaped, which contrib
uted to the binding affinity of wogonin with PI3K. The 
docking energy value of the highest scoring position, eval
uated by CDOCKER, was 36.2118kcal/mol. Further, 
CETSA was used to confirm that wogonin may bind to 
PI3K with a high affinity. With PI3K inhibitor, wogonin did 
not further remission in HG-induced high levels of produc
tion of autophagic dysfunction and pro-inflammatory cyto
kines, which hinted that wogonin played a protective role by 
targeting PI3K. It has been reported that PI3K/Akt pathway 
plays a critical role in DN.41 The mTOR, mainly mediated by 
PI3K/Akt signaling transduction, can negatively regulate 
autophagy.24 In diabetic patients, a large amount of undis
solved P62/SQSTM1 was detected in the proximal tubular 
epithelial cells, indicating that there is a lack of 
autophagy.27,42 The protein is itself degraded by autophagy 
and may serve to link ubiquitinated proteins to the autophagic 
machinery to enable their degradation in the lysosome. Since 
P62 accumulates when autophagy is inhibited, and decreased 
level can be observed when autophagy is induced, P62 may 
be used as a marker to study autophagic flux.43 Autophagy is 
responsible for the degradation of P62.44 Thus, the destruc
tion of autophagy is usually accompanied by a large accu
mulation of P62. Importantly, the autophagy cargo receptor 
P62, regulates NF-κB signaling activation.45 NF-κB activa
tion leads to increased release of pro-inflammatory cytokines 
and aggravates kidney damage.31,32

Taken together, our experiment firstly found that wogonin 
regulated autophagy and inflammation via targeting PI3K, 
the important connection point of PI3K/Akt/NF-κB signaling 
pathway reducing tubular injury in diabetic mice. However, 
it is still a need to further explore the pathogenesis of DN.

Abbreviations
Akt, protein kinase B; BUN, blood urea nitrogen; CETSA, 
Cellular Thermal Shift Assay; CRE, creatinine; DN, diabetic 
nephropathy; DM, diabetic mellitus; ESRD, end-stage renal 
nephropathy; ECM, extracellular matrix; EMT, epithelial-to- 
mesenchymal transition; HK-2, human tubular epithelial 
cells; HG, high glucose; IF, immunofluorescence; IHC, 
immunohistochemistry; LG, low glucose; MG, mannitol 
glucose; mTOR, mammalian target of rapamycin; NC, nor
mal control; PAS, Periodic acid–Schiff; PI3K, 
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phosphoinositide 3-kinase; PI3Ki, PI3K inhibitor; STZ, 
streptozotocin; Wog, wogonin.
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