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Abstract

Introduction: Diabetic kidney disease (DKD) is a complication of systemic diabetic microangiopathy, which has a high risk of developing
into end-stage renal disease and death. This study explored the mechanism underlying autophagy in DKD vascular endothelial cell injury.
Material and methods: DKD and vascular endothelial cell injury models were established using Sprague Dawley rats and human umbili-
cal vein endothelial cells (HUVECs). HUVECs overexpressing Kruppel-like factor 4 (KLF4) were constructed by transient transfection of
plasmids. Biochemical determination of urinary protein and blood urea nitrogen (BUN), superoxide dismutase (SOD), and creatinine (Scr)
levels was performed. Renal pathology was observed by periodic acid-Schiff (PAS) staining. Cell Counting Kit-8 (CCKS8), terminal deoxy-
nucleotidyl transferase dUTP nick end labelling (TUNEL), and immunocytochemistry (ICC) were used to analyse the growth and apoptosis
of HUVECs. Microtubule-associated protein light chain 3 (LC3) expression was observed by immunofluorescence (IF). The reactive oxygen
species (ROS) levels were measured using flow cytometry. Monocyte chemoattractant protein-1 (MCP-1), KLF4, and tumour necrosis factor
alpha (TNF-a) levels were detected using enzyme-linked immunosorbent assay (ELISA). The expression of KLF4, p62 protein, and LC3
was analysed using reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR). S6 kinase (S6K), p70 ribosomal S6
kinase (p-S6K), Beclinl, ATG5, LC3, p62, Caspase-3, mammalian target of rapamycine (mTOR), and phsophorylated mTOR (p-mTOR)
expressions were detected by western blotting.

Results: PAS-positive substances (polysaccharide and glycogen) and S6K protein levels increased, and LC3 protein expression decreased
in DKD rats. The levels of urinary protein, BUN, and Scr increased, and KLF4 decreased in DKD rats. High glucose (HG) levels decreased
the proliferation and increased the apoptosis rate of HUVECs. The expression of ROS, TNF-«, MCP-1, and p62 increased, while the ex-
pression of SOD, KLF4, Beclin1, ATG5, and LC3 decreased in HG-induced HUVECs. KLF4 overexpression significantly increased Beclin1,
ATG5, and LC3 protein expression and decreased p62 protein expression compared to the oe-NC group in HG-induced HUVECs. KLF4
overexpression inhibits the expression of Caspase-3, p-mTOR, and p-S6K in HG-induced HUVECs.

Conclusions: KLF4-p62 axis improved vascular endothelial cell injury by regulating inflammation and the mTOR/S6K pathway in DKD.
(Endokrynol Pol 2022; 73 (5): 837-845)
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Introduction

Worldwide, diabetic kidney disease (DKD) is the leading
cause of end-stage renal disease [1]. DKD is a devastat-
ing complication of diabetes mellitus and is diagnosed
based on microalbuminuria [2]. Leakage of proteins,
such as albumin, through glomerular capillaries can

result in the presence of albumin in the urine, which
is a hallmark of kidney disease and can reflect a loss of
vascular integrity in the microvascular bed, as described
elsewhere [3]. DKD is also a serious microvascular
complication of diabetes [4]. In addition, microvascu-
lar damage associated with hyperglycaemia leads to
a vicious cycle of damaged capillaries, inflammation,
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extracellular matrix deposition, fibrosis, and nephron
loss [5]. High glucose (HG)-induced vascular endothe-
lial cell injury is a key initiating factor for diabetic vas-
cular complications. Therefore, studying its mechanism
and corresponding protective measures has important
theoretical significance and practical application value
in the treatment of diabetic vascular complications.
Kruppel-like transcription factor 4 (KLF4) affects
the expression of genes involved in the pathogenesis
of DKD and decreases in animal models and humans
with proteinuria [6]. A clinical study also found that
KLF4 mRNA expression in the type 2 diabetic group
was 1.60 times lower than that in the control group,
and KLF4 mRNA expression in DKD was 2.92 times
lower than thatin the type 2 diabetic group [7]. KLF4 can
also reduce transforming growth factor beta 1 (TGF-41)-
induced inflammation and fibrosis in human proximal
renal tubular cells [8]. These studies have shown that
KLF4 has renal protective effects in DKD, which are
related to autophagy activation and inflammation
and may be involved in mammalian target of rapamy-
cine (mTOR) autophagy-related signalling pathways.
The p62/sequestosome-1 is an important selec-
tive autophagy adaptor protein, which contains
a ubiquitin-related domain, Kelch-like epchloropro-
pane-related protein field, microtubule-associated
protein light chain 3 (LC3) domain, tumour necrosis
factor receptor-related factor domain, Phox and Bem1p
structure domain, and ZZ type zinc finger functional
domains [9]. Preliminary functional assessment showed
that autophagy was reduced in induced pluripotent
stem cell-derived retinal pigment epithelial cells from
patients with type 2 diabetes through the accumula-
tion of ubiquitin-binding protein p62 [10]. KLF4 plays
a role in promoting survival autophagy by binding to
the promoter region and increasing the expression of
sequentosome-1, which encodes the ubiquitin-binding
adaptor protein p62 [11]. Elevated p62 levels are gen-
erally considered a marker for the inhibition of au-
tophagy activity [11]. p62-LC3 is one of the pathways
involved in autophagy-lysosomal systemic degradation,
and p62 can inhibit autophagy by directly activating
the mTORC1 complex [11, 12]. Autophagy is a protein
and organelle degradation pathway that is dependent
on lysosomal enzyme digestion, which is of great physi-
ological significance for maintaining cell homeostasis
[13]. Studying the role of autophagy in the injury of
vascular endothelial cells induced by HG levels has
important implications for the regulation of autophagy
of vascular endothelial cells to prevent and treat diabetic
vascular complications. Therefore, we hypothesized
that KLF4 may regulate p62 expression and play
a pro-survival autophagy role to protect DKD vascular
endothelial cell damage. This study aimed to explore
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the mechanism of KLF4-p62 axis and autophagy in DKD
to provide a theoretical basis for the treatment of DKD.

Material and methods

HUVEC culture and HG-induced HUVEC model

construction

Primary HUVECs were cultured in Dulbecco's Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS) + 1%
double antibody at 37°C, 5% CO,, and saturated humidity. HUVECs
were cultured in DMEM (5.5 mM glucose) for 12 h and then treated
with 40 mM glucose (final concentration) for 24 h as a model group
[14-16]. The control group was cultured in DMEM (5.5 mM glucose).

Construction of HUVECs overexpressing KLF4
Logarithmically growing HUVECs were divided into an oe-NC
group (cells transfected with no-load plasmid only, oe-NC)
and an oe-KLF4 group (cells transfected with 2.5 ug/mL plasmid
overexpressing KAT2A, oe-KLF4). The specific steps were as fol-
lows: KLF4 overexpression plasmid and no-load plasmid were
removed and defrosted on ice. Serum-free DMEM medium (95 L)
was added to two centrifuge tubes, following which 2.5 ug KLF4
overexpression plasmid (Honorgene, Changsha, China) and 5 uL
Lipofectamine 2000 (11668019, Invitrogen) were added. The same
procedure was performed for the oe-NC group. The 2 tubes were
incubated for 5 min and mixed until a liposome complex was
formed. Finally, the mixture was added evenly to the wells for
transfection and mixing. After 6-h culture in a 37°C incubator, fresh
complete culture medium was added.

Construction of the DKD rat model

The study protocol was approved by the Committee of Animal Care
and Use of Shandong Provincial Hospital Affiliated to Shandong
First Medical University (NO.2018-550) and conducted in accor-
dance with the Declaration of Helsinki.

Twenty SPF male SD rats weighing 220-250 g were purchased from
Hunan Slyke Jingda Animal Laboratory Company. Animals were
randomly divided into a control and a DKD group (n = 10/group).
The control group was fed normal water and diet, and the DKD
group was fed a high-fat diet (HFD). After 4 weeks of HFD treat-
ment, the DKD group was intraperitoneally injected with 50 mg/kg
streptozotocin (STZ, V900890-1g, Sigma) once (fasting the night
before STZ induction), and the control group was treated with
an equal dose of citric acid buffer [17]. Three days after STZ induc-
tion, blood glucose was detected, and successful induction of diabe-
tes was considered when the blood glucose value was > 16.7 mm.

Periodic acid-Schiff (PAS) staining

The kidney tissue was fixed in 10% neutral buffered formalin
and cut into 4-um-thick sections. The slices of rat kidney were
incubated at 60°C for 12 h and washed with distilled water after
dewaxing. Then, 50 uL of periodate acid was added to quickly cover
the tissue, and it was allowed to stand for 5-7 min. The slices were
then washed with tap water for approximately 10 min and stained
with Schiff’s solution (Wellbio, Changsha, China) for 3-5 min.
The slices were nucleated with haematoxylin (Wellbio, Changsha,
China) for approximately 20 s (shallow staining), rinsed with dis-
tilled water, re-blued with PBS, and dried in cold air using a hair
dryer. The slices were dehydrated with gradient alcohol, sealed with
neutral gum, and observed under a microscope (BA410T, Motic).

TUNEL staining

The cells were fixed with 4% paraformaldehyde for 30 min
and washed 3 times with PBS for 5 min each. Proteinase K working
solution, TdT enzyme reaction solution, and streptavidin-TrITC
labelling working solution were prepared using a TUNEL kit
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(40306ES50, Shanghai Yisheng Biology), and staining treatment was
carried out according to the manufacturer’s instructions. The sec-
tions were stained with DAPI working solution (Wellbio, China)
and washed with PBS. The sections were sealed with buffered
glycerol (Wellbio, China) and observed under a fluorescence mi-
croscope (BA410T, Motic).

Immunocytochemistry (ICC)

The cells were fixed with 4% paraformaldehyde and washed
with PBS. The slides were incubated with 3% H,O, to inactivate
endogenous enzymes at room temperature, and washed with PBS.
The slides were incubated with suitably diluted primary anti-Ki67
(ab92742, 1:50, ABCAM, UK) overnight at 4°C. The slides were in-
cubated with drops of 50-100 L anti-rabbit IgG (H + L) antibody
(SA00013-2, Proteintech, USA). DAB working solution (50-100 L) of
a prepared chromogenic agent was added to the slides. The slides
were re-stained with haematoxylin and stained blue with PBS.
The slides were dehydrated, sealed with neutral gum, and observed
under a microscope (BA410T, Motic).

Immunofluorescence (IF)

The slices were placed in Sudan black dye solution and washed un-
der running water. The cells were fixed with 4% paraformaldehyde.
Next, 0.3% Triton was added, permeable at 37°C, and washed with
PBS. The slices and cell slides were sealed with 5% BSA, incubated
with suitably diluted primary anti-LC3 (14600-1-AF, 1:1000, Protein-
tech, USA), and rinsed with PBS overnight at 4°C. Anti-Rabbit IgG
(H+L)-labelled fluorescent antibody (50-100 uL; SA00013-2, Protein-
tech, USA) was added, incubated at 37°C for 60-90 min, and washed
3 times with PBS for 5 min. The slices and cell slides were stained
with DAPI (Wellbio, China) and rinsed with PBS. The slices and cell
slides were sealed with glycerine buffer (Wellbio, China) and ob-
served under a fluorescence microscope (BA410T, Motic).

Biochemical tests

The urine protein quantitative test kit (C035-2-1, NJIBE, China), urea
nitrogen test kit (C013-2-1, NJIBE, China), creatinine determination
kit (C011-2-1, NJIBE, China), and superoxide dismutase (SOD) assay
kit (A001-3-2, NJIBE, China), along with a Multifunctional Enzyme
Marker Analyzer (MB-530, HEALES), were used to analyse the uri-
nary protein, BUN, Scr, and SOD using the CBB, urease, WST-1,
and sarcosine oxidase methods, respectively.

Flow cytometry

The cell precipitate was collected by centrifugation, washed once
with RPMI 1640 complete medium (R8758, Sigma), and centri-
fuged at 1500 rpm for 5 min, and the supernatant was discarded.
DCFH-DA (50033S, Beyotime Biotechnology) with serum-free me-
dium at 1:1000. Diluted DCFH-DA was added to the cell pre-
cipitate to suspend the cells. The cells were then incubated in
the dark and collected by centrifugation. The green fluorescence
of ROS-FITC (excitation wavelength, Ex = 488 nm; emission
wavelength, Em = 530 nm) was detected using a flow cytometer
(A00-1-1102, Beckman) via the FITC channel.

ELISA

Whole blood samples were placed at room temperature for 2 h
and centrifuged at 2-8°C at 1000 g for 15 min, to collect the superna-
tant for detection. The supernatant of cell cultures was collected for
detection by centrifugation at 2-8°C and 1000 g for 15 min. The cells
were washed and transferred to an appropriate centrifuge tube,
and 1 X PBS (pH = 7.2-7.4) was added. After the cell membrane
was destroyed by ultrasonic crushing, the cells were centrifuged
at 2-8°C and 5000 g for 5 min to remove the supernatant for detec-
tion. Monocyte chemoattractant protein-1 (MCP-1) (CSB-E04655H,
CUSABIO), tumour necrosis factor alpha (TNF-«) (CSB-E04740H,
CUSABIO), and KLF4 (JL51834, Shanghai Jianglai Biotechnology

Co., Ltd) and a Multifunctional Enzyme Marker Analyzer (MB-530,
HEALES) were used to analyse MCP-1, TNF-«, and KLF4 levels in
blood, cell supernatant, and cells, respectively.

CCK8

The cells were digested, counted, and inoculated at a density of
5 x 10° cells/well in a 96-well plate (0030730119, Eppendorf). CCK8
solution prepared with complete medium at a ratio of 1:9, and 10
uL/well CCK8 (NU679, Japanese counterparts), was added to each
well. The absorbance value was analysed using a Multifunctional
Enzyme Marker Analyzer (MB-530, HEALES) after further incuba-
tion at 37°C for 4 h.

RT-gPCR

After the experiment, kidney tissues and HUVECs were collected,
and total RNA from tissues and cells was extracted using TRIzol
reagent (Thermo, USA). cDNA was synthesized using a reverse
transcription kit (CW2569; CWBio, China). The primer sequences
were as follows: KLF4, F AAGTCCCGCCGCTCCATTACCAA, R
CATCATCCCGTGTGTCCCGAAG; LC3, F GCGAGTTACCTCCC-
GCAG, R GTACCTCCTTACAGCGGTCG; P62, F GGTCGCGCT-
CACCTTTCT, R TCCTTTCTCAAGCCCCATGTT, and p-actin, F
ACCCTGAAGTACCCCATCGAG, RAGCACAGCCTGGATAGCAAC.
mRNA expression levels were analysed using the UltraSYBR Mix-
ture (CW2601, CWBIO, China) and the 224" method.

Western blotting

Kidney tissues and HUVECs were collected, and the protein con-
centration was determined by radioimmunoprecipitation analysis
(RIPA), lysis buffer solution, and bicinchoninic acid (BCA) method.
Proteins were separated by 12% sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE). The isolated proteins
were transferred onto polyvinylidene fluoride (PVDF) membranes.
The primary antibody was then incubated at 4°C overnight.
The antibodies included anti-S6K (ab32529, 1:5000, Abcam, UK),
anti-p-S6K (ab32529, 1:5000, Abcam, UK), anti-Beclin1 (11306-1-AB
1: 5000, Proteintech, USA), anti-ATG5 (ab109490, 1:5000, Abcam,
UK), anti-LC3 (14600-1-AD 1: 1000, Proteintech, USA), anti-p62
(18420-1-AT, 1:2000, Proteintech, USA), anti-KLF4 (11880-1-AP, 1: 500,
Proteintech, USA), anti-caspase 3 (19677-1-AP 1:500, Proteintech,
USA), anti-p-mTOR (ab109268, 1: 5000, Abcam, Cambridge, UK),
anti-mTOR (ab32028, 1:2000, Abcam, UK), and anti-$-actin (60008-1-
IG, 1:5000, Proteintech, USA). It was then combined with secondary
anti-IgG antibodies (1:5000, SA00001-1; 1:6000, SA00001-2, Protein-
tech, USA). Visualization and imaging analyses were performed
using chemiluminescence (Millipore, USA) and imaging software
(GE Healthcare, Life Sciences, USA).

Data analysis and processing

SPSS 21.0 (IBM, USA) was used for statistical analysis of the data in
this study. The measurement data are expressed as mean * stan-
dard deviation. First, normality and homogeneity of variance tests
were performed. The test conformed to a normal distribution,
and the variance was homogeneous. The non-paired t-test was used
between groups, one-way ANOVA or ANOVA of repeated mea-
surement data was used for a multigroup comparison, and Tukey’s
post hoc test was carried out. p < 0.05 indicated that the difference
was considered statistically significant.

Results

KLF#4 expression was related to autophagy

in DKD model rats

Pathological observation of the renal tissue re-
vealed that PAS-positive substances (polysaccharides
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Figure 1. Construction of a diabetic kidney disease (DKD) mouse model and pathological changes in kidney tissue. A. Periodic acid—Schiff
(PAS) staining was used to observe the pathological changes in renal tissue structure (Scale bar = 100 wm; magnification 100X. Scale
bar = 25 um; magnification 400X ); B. Analysis of 24-hour urinary protein, blood urea nitrogen (BUN), and creatinine (Scr) levels;
C. Enzyme-linked immunosorbent assay (ELISA) analysis of Kruppel-like factor 4 (KLF4); D. Western blot analysis of the autophagy-related
receptor S6 kinase (S6K) and p70 ribosomal S6 kinase (p-S6K) protein expression; E. Microtubule-associated protein light chain 3 (LC3)
expression detected by immunofluorescence staining (Scale bar = 25 wm; magnification 400X ). *Compared with control group, p < 0.05

and glycogen) were red or purplish red with blue nuclei
(Fig. 1A). Compared with those in the control group,
PAS-positive substances (polysaccharide and glycogen)
increased significantly in the DKD group (Fig. 1A).
A routine 24-h blood analysis showed increased uri-
nary protein, BUN, and Scr levels in the DKD group
(Fig. 1B). KLF4 levels in the blood of DKD rats were
decreased (Fig. 1C). Autophagy-related protein detec-
tion showed that the phosphorylation of S6K protein
increased and the expression of LC3 protein decreased
in the DKD group (Fig. 1D, E). These results suggested
that KLF4 expression in the DKD model rats may be
related to autophagy.
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KLF4 expression was low in HG-induced
HUVECs

We constructed a vascular endothelial cell injury model
of HG-induced HUVECSs, and CCKS8 detection showed
that the growth of HUVECs in the model group de-
creased (Fig. 2A). HG induced severe apoptosis of
HUVECs (Fig. 2B), and HG treatment increased reactive
oxygen species (ROS) levels and decreased SOD levels
in HUVECs (Fig. 2C, D). An inflammatory factor analy-
sis showed that TNF-a and MCP-1 levels were increased
in HG-induced HUVECs (Fig. 2E). Compared with
that in the control group, the HG-induced expression
of KLF4 in HUVECs decreased significantly (Fig. 2F).
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Figure 2. High glucose induced human umbilical vein endothelial cells (HUVEC) damage and inflammation. A. Cell proliferation detected
by Cell Counting Kit 8 (CCK-8), B. Apoptosis detected by terminal deoxynucleotidyl transferase dAUTP nick end labeling (TUNEL) staining
(Scale bar = 25 um; magnification 400X ); C. Reactive oxygen species (ROS) levels detected by flow cytometry. D. Superoxide dismutase
(SOD) levels detected by the WST-1 method; E. Expression of tumour necrosis factor alpha (TNF-at) and monocyte chemoattractant
protein-1 (MCP-1) detected by enzyme-linked immunosorbent assay (ELISA); E. Kruppel-like factor 4 (KLF4) expression detected by
reverse transcription quantitative real-time (RT-gPCR). *Compared with control group, p < 0.05

These results indicated that HG levels induced HUVEC
injury and low expression of KLF4.

HG inhibited HUVEC autophagy

We detected autophagy levels induced by HG in HU-
VECs. The IF analysis showed that the fluorescence in-
tensity of the LC3 protein in the model group decreased
(Fig. 3A). Compared to that in the control group, ex-
pression of Beclin1, ATG5, and LC3 proteins decreased
significantly, and that of p62 increased significantly in
the model group (Fig. 3B). These results indicated that
HG inhibited autophagy in HUVECs.

Overexpression of KLF4 regulated the expression
of p62 and promoted survival autophagy

We constructed KLF4-overexpressed HUVECs and es-
tablished an HG-induced cell injury model. Compared
with those in the oe-NC group, KLF4 and LC3 ex-

pressions increased significantly, and the expression
of p62 decreased significantly in the oe-KLF4 group
(Fig. 4A). The protein expression analysis showed
that Beclin1, ATG5, and LC3 expression increased sig-
nificantly and p62 expression decreased significantly
in the oe-KLF4 group (Fig. 4B). Overexpression of
KLF4 regulated the expression of p62 and promoted
HG-induced survival of HUVECs.

Overexpression of KLF4 improved HUVEC
damage by inhibiting the mTOR/S6K
pathway

The flow cytometry analysis showed that KLF4 over-
expression decreased ROS levels in HG-induced HU-
VECs (Fig. 5A). KLF4 overexpression increased SOD
levels in HG-treated HUVECs (Fig. 5B), decreased
TNF-a and MCP-1 levels in HG-induced HUVECs
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(Fig. 5C), and promoted HG-induced proliferation of
HUVECs (Fig. 5D). The protein expression analysis
showed that KLF4 overexpression inhibited the expres-
sions of Caspase-3, mTOR, and S6K in HG-induced
HUVEGCs (Fig. 5E, F). These results suggested that KLF4
overexpression protected against HUVEC injury in
DKD by inhibiting the mTOR/S6K pathway.

Discussion

DKD is a major microvascular complication of diabetes
[18]. The natural course of DKD includes glomeru-
lar hyperfiltration, progressive proteinuria, decreased
glomerular filtration rate, and end-stage renal disease
[19]. The STZ rat model, the most widely used model
of type 1 diabetes, presents significant renal morpho-
logical changes similar to human DKD, including hy-
perglycaemia, mesangial area dilation, and proteinuria
[20]. STZ-induced DKD rats showed increased urinary
protein, creatinine, urea nitrogen, and renal hyper-
trophy index, as well as inflammatory cell infiltration
and renal interstitial fibrosis [21]. Our study showed that
PAS-positive substances (polysaccharides and glycogen)
and S6K proteins were increased and LC3 protein was
decreased in DKD rats. Moreover, the levels of urinary
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protein, BUN, and Scrincreased, and KLF4 decreased in
DKD rats. These results were consistent with previous
reports, confirming that the DKD model constructed in
this study could be used for further research.

Insufficient podocyte autophagy in diabetic patients
and rats, accompanied by high proteinuria and podo-
cyte loss, suggest that autophagy plays a key role
in maintaining podocyte lysosomal homeostasis in
diabetic patients [22]. Our study showed that, compared
with that in normal rats, the renal injury of diabetic
rats was aggravated, the renal autophagy level of DKD
rats was inhibited, and the expression level of LC3 de-
creased [23]. In addition, a very low-protein diet may
ameliorate advanced diabetic kidney injury, including
tubulointerstitial injury, by inhibiting the mTORC1
pathway to restore autophagy [24]. The above-men-
tioned studies prove that we successfully constructed
a DKD rat model, and autophagy is a potential target
for the treatment of DKD; however, its mechanism
requires further study.

Autophagy is an important mechanism for main-
taining glomerular and tubule homeostasis and plays
an important role in human health and disease [25].
Ablation of the proximal renal tubule autophagy-asso-
ciated gene 7 leads to autophagy deficiency and more
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Figure 5. Overexpression of Kruppel-like factor 4 (KLF4) improved human umbilical vein endothelial cells (HUVECs) damage
by inhibiting the mammalian target of rapamycine (mTOR)/S6 kinase (S6K) pathway. A. Reactive oxygen species (ROS) levels
detected by flow cytometry; B. Superoxide dismutase (SOD) levels detected by WST-1 method; C. Levels of tumour necrosis factor
alpha (TNF-a) and monocyte chemoattractant protein-1 (MCP-1) were detected by enzyme-linked immunosorbent assay (ELISA);
D. Immunocytochemical analysis of Ki-67 expression (Scale bar = 100 wm; magnification 100X. Scale bar = 25 wm; magnification
400x); EE. Protein expression of Caspase-3, S6K, mTOR, phsophorylated mTOR (p-mTOR), and p70 ribosomal S6 kinase (p-S6K)
detected by western blot. *Compared with oe-NC group, p < 0.05

severe renal hypertrophy, tubular injury, inflamma-  and SOD, KLF4, Beclinl, ATG5, and LC3 protein
tion, fibrosis, and proteinuria in diabetic mice, sug-  expression levels decreased. Renal macrophage infil-
gesting that autophagy plays a protective rolein DKD  tration is the main pathological feature of DKD [28§,
[26]. Evidence of the protective role of autophagy in ~ 29]. High fructose intake during pregnancy leads to
kidney disease has stimulated interest in autophagy  long-term changes in renal inflammation and au-
as a potential therapeutic strategy [27]. In this study,  tophagic flux in adult female offspring [30]. These
HUVECs were induced by HG to construct an in  studies have shown that inhibition of autophagy is
vitro model, which showed that cell proliferation  related to renal inflammatory infiltration and glo-
decreased, the apoptosis rate increased, ROS, TNF-,  merular injury, and activation of autophagy might be
MCP-1, and p62 protein expression levels increased,  an effective method to treat DKD.
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The enhancement of autophagy response can
improve the renal dysfunction of DKD [31]. Hepato-
cellular growth factor-treated diabetic mice showed
increased autophagic activity, such as decreased p62
accumulation and increased microtubule-associated
protein LC3 II/I ratio [32]. KLF4 plays a key role in
autophagy regulation and inhibition of mTOR activity,
which can prevent DNA damage and cell apoptosis
by activating autophagy [33]. Knockout of KLF4 at-
tenuates YAP increase and nuclear translocation, as
well as renal deterioration and interstitial fibrosis in
ischaemia-reperfusion mice, whereas KLF4 overex-
pression leads to the opposite effect [34]. Our study
also found that overexpression of KLF4 increased
Beclinl, ATG5, and LC3 protein expression, decreased
p62 protein expression compared to the oe-NC group,
and promoted the activity of HG-induced HUVECs.
Our results confirm that KLF4 may play a potential
protective role through autophagy, which is consistent
with the aforementioned studies.

In addition, KLF4 overexpression reduced the levels
of urinary albumin, Scr, and BUN in rats with DKD
and decreased mesangial matrix expansion and mesan-
gial cell proliferation [35]. Following the in vitro overex-
pression of KLF4, the expression levels of the p-mTOR
and p-S6K proteins decreased [35]. KLF4 regulates
the reduction of autophagy in human aortic vascular
smooth muscle cells induced by hyperhomocysteine
through the mTOR signalling pathway [36]. Activation
of KLF4 can enhance autophagy and M2 polarization
of macrophages [37]. Similarly to these studies, our
study also found that KLF4 overexpression inhibited
the expression of Caspase-3, mTOR, and S6K proteins
in HG-treated HUVECs. Therefore, our study proved
that the KLF4—p62 axis regulates the survival autophagy
of the m-TOR/S6K pathway to protect against DKD vas-
cular endothelial cell damage, to provide a theoretical
basis for the treatment of DKD.
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