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Senolytic combination of dasatinib and quercetin protects
against diabetic kidney disease by activating autophagy
to alleviate podocyte dedifferentiation via the Notch pathway
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Abstract. The senolytics dasatinib and quercetin (DQ) alle-
viate age-related disorders. However, limited information is
available regarding the effects of DQ on diabetic kidney disease
(DKD). The present study aimed to explore the effects of DQ
on DKD and its potential molecular mechanism(s). Dasatinib
(5 mg/kg) and quercetin (50 mg/kg) were administered to
diabetic db/db mice by gavage for 20 weeks. Body weight,
urine albumin-creatinine ratio (ACR), serum creatinine (Scr),
and blood urea nitrogen (BUN) were recorded at the indicated
time periods. Periodic acid-Schiff and Masson's staining were
performed to assess the histopathological changes of kidney
tissues. Immunohistochemical analysis, immunofluorescence
and western blotting were performed to evaluate the expres-
sion levels of extracellular matrix (ECM) proteins, autophagic
and podocyte differentiation-related proteins. In addition,
mouse podocytes were administered with high-glucose, DQ
and 3-methyladenine (3-MA), and the expression levels of
autophagic and podocyte differentiation-related proteins were
measured. Moreover, following overexpression of the Notch
intracellular domain (NICD), the expression levels of NICD,
autophagic and podocyte differentiation-related proteins were
further assessed. DQ significantly reduced the body weight,
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blood glucose, ACR, Scr and BUN levels and improved the
histopathological changes induced in diabetic db/db mice.
In addition, DQ caused a significant downregulation of the
expression levels of the ECM proteins, improved autophagy
and induced an upregulation of the expression levels of podo-
cyte differentiation-related proteins. Administration of 3-MA
to mice significantly reduced podocyte differentiation, and
overexpression of NICD could reverse the effects of DQ on
autophagy and podocyte differentiation in vitro. The present
study suggests that DQ protects against DKD by activation
of autophagy to alleviate podocyte dedifferentiation via the
Notch pathway.

Introduction

Diabetic kidney disease (DKD) is a major complication of
diabetes and the prominent cause of chronic kidney disease
and end-stage kidney disease (ESKD). It has been reported
that DKD develops in 30% of individuals with type 1 diabetes
mellitus (DM) and in 20-50% of patients with type 2 DM
(T2DM) (1). The prevalence of DKD has been increasing
worldwide, which parallels the great rise in the prevalence of
diabetes, hypertension, obesity and aging (2,3). DKD causes
a tremendous global disease burden and markedly upsurges
the risk of renal failure and cardiovascular diseases (4). It
was reported that the number of deaths caused by DKD was
increased by 94% between 1990 and 2012 (5). Currently,
the application of the renin-angiotensin-aldosterone system
(RAS) inhibitor and multidisciplinary treatments, such as
control for blood glucose, blood pressure and lipid levels, have
been shown to be effective in treating DKD (6). In addition,
sodium-dependent glucose transporters 2 (SGLT2) inhibitors
have been shown to be a novel treatment option for DKD (7,8).
It has been reported that 5.27% (116/2,202) of patients with
DKD continue to develop ESKD even if they are treated with
RAS and SGLT?2 inhibitors (6). Therefore, there is an urgent
need to identify novel therapeutic treatment agents for this
disease.

Autophagy is a highly conserved intracellular catabolic
process that extensively degrades a number of damaged
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proteins and organelles to preserve cell homeostasis under
various stress conditions through the lysosomal pathway (9). It
has been reported that autophagy can regulate systemic blood
glucose and lipid metabolism in mammals. Moreover, higher
levels of basal autophagy are responsible for podocyte homeo-
stasis (10), and activation of autophagy enhances the adaptive
response in podocytes. In addition, autophagy is also reported
to be responsible for podocyte differentiation, contributing to
the development of the mouse kidney (11). Therefore, targeting
autophagy may be used as a potential novel therapeutic treat-
ment for DKD (12).

Recently, an increasing body of evidence suggests that
senolytic drugs, such as the combination of dasatinib and quer-
cetin (DQ) present beneficial effects on various age-related
disorders, such as Alzheimer's disease (AD) (13) and inter-
vertebral disc degeneration (14). The potential mechanisms
include removal of senescent cells, reduction of inflammation
and modulation of the gut microbiome (15,16). Dasatinib
is a second-generation dual-specificity tyrosine kinase
inhibitor that is permitted for the treatment of chronic myeloid
leukemia (17). Quercetin is a flavonoid and a natural substance
with a phenolic structure, which is abundant in several fruits,
vegetables, leaves, seeds and grains (18). Quercetin possesses
antioxidant, anti-inflammatory and anticancer activities.
However, a limited number of studies have explored the effects
of DQ on DKD (19,20). A recent study showed that single 3-day
oral course of DQ selectively decreases the number of senes-
cent cells in patients with DKD (19). In addition, another study
revealed that DQ alleviated insulin resistance, proteinuria and
podocyte dysfunction in high fat diet-induced or genetically
obese mice by targeting senescent cells (20). The effects of DQ
on DKD and its specific pathways and molecular mechanisms
require further exploration.

Although autophagy and senescence share a number of
characteristics and are closely related, they are not necessarily
interdependent responses. It has not yet been established
whether the effects of DQ on DKD are mediated by targeting
autophagy. Therefore, in the present study, in vivo and in vitro
experiments were performed to verify these effects and clarify
the associated mechanism. The present study may provide a
novel option for the treatment of DKD.

Materials and methods

Animals and treatment. A total of 8-week-old male diabetic
db/db mice (n=16) and age-matched wild-type non-diabetic
db/m mice (n=8) were purchased from Charles River
Laboratories, Inc. The animals were raised in a specific
pathogen free room at 22+2°C with a relative humidity of
40-60% and a 12-h light-12-h dark cycle. The mice were
provided free access to standard pellet food and fresh water.
The animals were randomly divided into three groups (n=8
in each group) as follows: db/m, db/db and db/db + DQ. The
diabetic model was successfully induced if the fasting blood
glucose was =16.7 mM. The mice in the db/m and db/db groups
were administered PBS, while the mice in the db/db + DQ
group were treated with senolytic cocktail dasatinib (5 mg/kg,
LC Laboratories) and quercetin (50 mg/kg, Sigma-Aldrich;
Merck KGaA) by gavage for 20 weeks (Fig. 1A). The health
and behavior of the mice was monitored once a day and the

body weight of the mice was measured weekly from week 10
to 20. The duration of the experiment was 20 weeks. Mice
were anesthetized with isoflurane inhalation (4.0% induction
and 2% maintenance) (21) and euthanized by cervical disloca-
tion following anesthesia. Mouse death was verified by the
cessation of respiratory movements. A total of 24 mice were
used and euthanized in the experiment, and no death occurred
before the end of the experiment. Animal death was confirmed
if respiratory and cardiac arrest, and pupil dilation were
observed for =10 min. All animal welfare considerations were
taken, including efforts to minimize suffering and distress, use
of analgesics or anesthetics, or special housing conditions. The
animal experiments were carried out according to the Guide
for the Care and Use of Laboratory Animals of the National
Research Council and approved by the Ethics Committee of
The First Affiliated Hospital of China Medical University
[approval no. (2019) 136].

Blood and urine tests. Blood glucose was determined using
the Accu-Chek® Aviva glucometer (Roche Diabetes Care
Limited), and the levels of urine albumin-creatinine ratio
(ACR) were assessed using the immunoturbidimetric assay
with Tina-quant Albumin Gen.2 (ALBT?2; Roche Diagnostics)
at the indicated time (week 10, 12, 16 and 20). Serum creati-
nine (Scr) was examined using the compensated Jaffé method
in a Roche/Integra 400 Analyzer (Roche Diagnostics) and
blood urea nitrogen (BUN) was assessed by a urea assay kit
(BioAssay System) at week 20.

Immunohistochemical (IHC) staining. Kidneys were fixed with
10% neutral buffered formalin for 24-48 h at room tempera-
ture, embedded in paraffin and cut into 4-ym-thick sections.
After deparaffinization and rehydration in ethanol baths of
100, 90 and 60%, respectively, for 5 min each, the sections
underwent antigen retrieval using microwave heating at high
heat (>100°C) for 8 min, medium and low heat (50-60°C) for
20 min, and cooled at room temperature for 1 h. The sections
were washed with PBS for 5 min x3 times at room temperature.
Subsequently, the sections were blocked with 5% normal goat
serum in PBS at 37°C for 30 min and then incubated with a
primary antibody against either fibronectin (FN; cat. no. ab2413;
Abcam) or nephrin (cat. no. ab216341; Abcam) overnight for
12 h at 4°C, followed by incubation with secondary antibodies
against biotin-conjugated goat anti-rabbit IgG H&L (1:500; cat.
no. ab207995) for 1 h at room temperature. Following staining
with diaminobenzidine at room temperature for 2-5 min and
counterstaining with hematoxylin at room temperature for
3 min, the sections were visualized using a light microscope
(BX53, Olympus Corporation) at a magnification of x400.

Histological staining. The histopathological changes of the
kidney tissues were assessed by periodic acid-Schiff (PAS)
and Masson's trichrome staining. Briefly, tissues were fixed
with 10% buffered formalin for 24 h at room temperature,
embedded in paraffin and cut into 4-ym-think sections.
Subsequently, the sections were stained with either PAS solu-
tion for 15-20 min at room temperature (Scylek Laboratories,
Inc.) according to the manufacturer's guidelines as previously
described (22). For Masson's trichrome staining, the sections
were stained in Weigert's iron hematoxylin staining for
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Figure 1. DQ improves the renal function in the diabetic mice. (A) Study design schematic of the study. (B) Body weight of the mice in each group. (C) Blood
glucose of the mice in each group. (D) Levels of urine ACR in each group. (E) Levels of Scr and (F) BUN in each group. “compared with the db/m group;
*/“compared with the db/db group. “P<0.05, "P<0.05 or “"P<0.01. DQ, senolytic combination of dasatinib and quercetin; ACR, albumin-creatinine ratio; Scr,

serum creatinine; BUN, urea nitrogen.

3 min at room temperature, rinsed under running water and
differentiated with 1% hydrochloric acid alcohol. Then, the
sections were stained in Biebrich scarlet-acid fuchsin solution
for 5-10 min at room temperature, washed in distilled water
and differentiated in phosphomolybdic-phosphotungestic
acid solution for 1-3 min at room temperature. Thereafter, the
sections were transferred to aniline blue solution for 3-6 min
at room temperature and differentiated in 1% acetic acid solu-
tion. After gradient dehydration with ethanol, the sections were
stained with eosin solution for 5 min at room temperature.
The images were captured using a light microscope (BX53,
Olympus Corporation) at a magnification of x200 or x400.
PAS was performed to assess the tubular injury. The tubular
damage score was evaluated based on a semiquantitative scale
of 0-5* (23) as follows: i) 0, no lesion; ii) 1%, <10%; iii) 2*,
11-25%; iv) 3*, 26-45%; v) 4%, 46-75%; and vi) 5*, =76%.

Immunofluorescence (IF) staining. The frozen sections (3 ym)
of the kidney tissues were fixed with 4% paraformaldehyde for
15 min at room temperature. Podocytes cultured on coverslips
were fixed with cold methanol/acetone for 10 min at room
temperature. Following blocking with 10% donkey serum for
60 min at room temperature, the slides were immunostained
with primary antibodies against FN (cat. no. ab2413; Abcam),
podocin (cat. no. SAB4200810; Sigma-Aldrich; Merck KGaA),
synaptopodin (synap; cat. no. SAB3500585; Sigma-Aldrich;
Merck KGaA), LC3 (cat. no. ab192890; Abcam), p62 (cat.
no. MA5-27800; Invitrogen; Thermo Fisher Scientific, Inc.) at
4°C; subsequently, they were incubated with a secondary anti-
bodies against Alexa Fluor 647-conjugated donkey anti-rabbit

IgG H&L antibody (1:700; cat. no. ab150075; Abcam), Alexa
Fluor 647-conjugated goat anti-mouse IgG H&L antibody
(1:700; cat. no. ab150115; Abcam), Alexa Fluor® 488-conju-
gated goat anti-mouse IgG H&L antibody (1:500; cat.
no. ab150113; Abcam) for 2 h at 37°C. The counterstaining
of the cell nuclei was performed using 4',6-diamidino-2-phe-
nylindole (Sigma-Aldrich; Merck KGaA) for 10 min at room
temperature. The images were obtained using a confocal
microscope at a magnification of x400.

Western blotting. Total protein was extracted from both kidney
tissues and mouse podocytes using RIPA buffer (Cell Signaling
Technology, Inc.) and quantified by the bicinchoninic acid
protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). The
samples (30 pg) were subjected to 8-15% SDS-PAGE and the
proteins were transferred to polyvinylidene fluoride membranes
(Pierce; Thermo Fisher Scientific, Inc.). Subsequently, the
membranes were blocked with bovine serum albumin (BSA; cat.
no. A7030; Sigma Aldrich; Merck KGaA) at 37°C for 1 h, and
incubated with the following primary antibodies overnight for
12 h at 4°C: FN (1:500; cat. no. ab2413; Abcam), type I collagen
(Col I; 1:500; cat. no. ab260043; Abcam), nephrin (1:500; cat.
no. sc-376522; Santa Cruz Biotechnology, Inc.), podocin (1:500;
cat. no. ab181143; Abcam), synap (1:500; cat. no. SAB3500585;
Sigma-Aldrich; Merck KGaA), LC3 (1:500; cat. no. ab192890;
Abcam), p62 (1:500; cat. no. abl09012; Abcam) and Notch
intracellular domain (NICD; 1:500; cat. no. ab52627; Abcam).
B-actin was used as a reference. Following washing, the
membranes were incubated with secondary antibodies against
HRP-conjugated goat anti-rabbit IgG H&L antibody (1:5,000;
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cat. no. ab6721; Abcam) or HRP-conjugated goat anti-mouse
IgG H&L antibody (1:5,000; cat. no. ab205719; Abcam) for
2 h at room temperature. The protein bands were imaged
with Millipore Immobilon Western Chemiluminescent HRP
Substrate (MilliporeSigma). The images were finally quanti-
fied by ImageJ software (version 1.51j8; National Institutes of
Health).

Cell culture and treatment. Conditionally immortalized
mouse podocytes were kindly provided by Dr Perter Mundel
(Mount Sinai School of Medicine) and cultured in RPMI-1640
medium (Sigma-Aldrich; Merck KGaA) supplemented with
10% fetal bovine serum (Sigma-Aldrich; Merck KGaA),
100 U/ml penicillin and 100 pg/ml streptomycin at 37°C and
5% CO, (24). Conditionally immortalized cells refer the cell
lines with unlimited proliferation capacity and resistance
to apoptosis, which are created by transduction of specific
cellular or viral immortalizing genes. All experiments were
performed on passage 10-14 podocytes. The podocytes were
treated with 5.5 mmol/l glucose corresponding to a normal
glucose (NG) group or with 30 mmol/] glucose corresponding
to a high-glucose (HG) group. In addition, DQ (250 nM dasat-
inib + 50 ym quercetin) (25) and 3-methyladenine (3-MA;
1 mg/ml, Sigma-Aldrich; Merck KGaA) (26) were treated with
the cells under HG conditions.

Cell transfection. Lipofectamine® 3000 (Invitrogen; Thermo
Fisher Scientific, Inc.) was used for cell transfection according
to the manufacturer's instructions. Briefly, podocytes
(1x10* cells/well) were plated in 96-well plates. When the
cells reached 70-80% confluency, the podocytes were trans-
fected with lentivirus-mediated NICD overexpression plasmid
(Genepharm, Inc.) at 37°C for 6 h using the transfection reagent.
The empty vector was used as a control for overexpression
vector. The overexpression plasmid backbone was amplified
and cloned by Gibson assembly. The concentration of nucleic
acid was 500 ng/ml. The 3rd generation of lentiviral packaging
system was used and DNA was transfected into 293T cells
(American Type Culture Collection) at 37°C for 48 h. The ratio
used for the lentivirus, packaging and envelope plasmids was
4:3:1. The collection of lentiviral particles was 20 transduc-
tion unit with a multiplicity of infection of 20. The quantity of
lentiviral plasmid used for transfection was 5 ug. The duration
of transfection into the cells of interest was 16 h. Subsequent
experiments were performed 48 h after transfection.

Transmission electron microscopy (TEM). TEM was
performed to examine ultrastructural changes in podocytes as
previously described (27). Briefly, podocytes were fixed with
2.5% glutaraldehyde solution (cat. no. P1126; Beijing Solarbio
Science & Technology Co., Ltd.) in PBS overnight at 4°C for
12 h. Subsequently, the ultrathin sections (40-50 nm) were
treated with 1% osmium tetroxide (Epon812; SPI), washed,
and dehydrated in graded ethanols at room temperature (50, 70,
90, 95 and 100%) for 8 min each, embedded in Spurr resin for
3-4 h at 60°C, and polymerized for 48 h at 60°C. Thereafter, the
ultrathin sections were stained in 5% uranyl acetate for 30 min
at room temperature followed by 0.1% lead citrate for 10 min
at room temperature. Finally, the samples were observed using
TEM (LL7650, Hitachi, Ltd.) at a magnification of x4,000.

Statistical analysis. The data are expressed as mean + standard
deviation. Comparisons between two groups were performed
using unpaired Student's t-test, and those between =3 groups
were performed with one-way analysis of variance and Tukey's
post hoc test using SPSS (version 20.0; IBM Corp.). P<0.05
was considered to indicate a statistically significant difference.

Results

DQ improves renal function in diabetic mice. The body
weight of the mice in each group was measured weekly. The
results indicated that the body weight was increased as the
age of mice increased in each group. The body weight was
significantly higher in the db/db group than that noted in the
db/m group at each week of age (P<0.05); the body weight
was decreased in the db/db + DQ group compared with that of
the db/db group following 3 weeks of intervention (P<0.05 or
P<0.01). This change was more apparent following 6 weeks of
intervention (Fig. 1B). The blood glucose levels were detected
at different time points in each group, and it was found that
they were higher in the db/db group than those in the db/m
group at each time point (P<0.05); the blood glucose levels
were reduced in the db/db DQ group following 2 weeks of
intervention compared with those of the db/db group (Fig. 1C).
The most significant glucose-lowering effect was noted
following 6 weeks of intervention (Fig. 1C). In addition, it
was observed that the levels of urine ACR were significantly
increased in the db/db group compared with those of the db/m
group at week 12, 16 and 20 (P<0.05), while the levels of urine
ACR were significantly decreased in the db/db + DQ group
compared with those of the db/db group at week 16 and 20
(P<0.01; Fig. 1D). Scr and BUN were measured at week 20
of age, and it was found that their levels were significantly
downregulated in the db/db DQ group compared with those in
the db/db group, indicating that DQ significantly improved the
renal function of db/db mice (Fig. 1E and F).

DQ improves pathological changes in diabetic mouse kidneys.
Kidney tissues were collected from mice at week 20 and stained
with PAS and Masson's stains to assess the degree of pathological
changes in the kidneys of the mice from each group. The results
indicated that glomerular basement membrane thickening and
mesangial matrix hyperplasia were observed in the kidney tissues
of the db/db mice. The glomerular damage score and renal fibrosis
levels were significantly increased compared with the db/m group
(P<0.01). Treatment with DQ for 10 weeks significantly improved
these histopathological changes, including reduction of glomer-
ular damage score (P<0.01) and renal fibrosis levels (P<0.01;
Fig. 2A-D). IHC and IF analyses revealed that the expression
levels of FN in the glomeruli of db/db mice were significantly
increased compared with those of the db/m mice (P<0.01) and
the expression levels of FN could be significantly reduced with
DQ treatment for 10 weeks (P<0.01; Fig. 2E-H), respectively. The
expression levels of the extracellular matrix (ECM) proteins FN
and Col I in the kidney tissues of the groups were detected by
western blotting. The protein expression levels of FN and Col I
were significantly increased in the db/db renal tissues compared
with those in the db/m group (P<0.01). DQ administration signifi-
cantly reduced the protein expression levels of FN and Col I in the
db/db + DQ group (P<0.01; Fig. 2I-K).
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DQ alleviates podocyte dedifferentiation in diabetic mice.
Western blotting was used to detect the expression of podocyte
differentiation proteins in mice. The results demonstrated
that the expression levels of synap, podocin and nephrin were
significantly downregulated in db/db mice compared with those
in the db/m mice (P<0.01), whereas they were significantly
upregulated following DQ intervention in the db/db + DQ
group compared with those in the db/db group (P<0.05 or 0.01;
Fig. 3A-D). IHC staining was used to detect the localization and
expression of nephrin and its expression trend was consistent
with the western blotting results (Fig. 3E). IF was used to detect

the expression levels of podocin and synap; results demonstrated
that both the fluorescence intensity of podocin and synap were
apparently decreased in db/db mice and increased following
DQ intervention (Fig. 3F and G). The aforementioned results
suggested that DQ protected against diabetic podocyte injury by
alleviating podocyte dedifferentiation.

DQ activates autophagy in diabetic mice. Podocyte autophagy
dysfunction plays an important role in diabetic podocyte differ-
entiation. Therefore, the levels of autophagy were examined in
the renal tissues of each group. IF staining was performed to
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detect the localization and expression levels of LC3 and p62.
The results indicated that the fluorescence intensity of LC3
was weakened, whereas the fluorescence intensity of p62 was
markedly increased in db/db mice. However, the fluorescence
intensity of LC3 and p62 was noticeably decreased following
the intervention of DQ (Fig. 4A). Western blotting was further
performed to detect the expression levels of autophagy-related
proteins. The results revealed that the expression levels of
LC3II/LC3I were significantly decreased and the expression
levels of the p62 protein were significantly increased in db/db
mice (P<0.01). This effect could be reversed following DQ
intervention (P<0.01; Fig. 4B-D). The aforementioned results
suggested that DQ intervention could significantly promote
autophagy in diabetic mice.

DQ protects against diabetic podocyte injury by activa-
tion of autophagy to alleviate podocyte dedifferentiation.
To further verify whether DQ exerted protective effects
on podocytes through autophagy, the autophagy inhibitor
3-MA was added to mouse podocytes by establishment of
the cell hyperglycemia model. As shown in Fig. 5A and B, it
was observed that the expression levels of LC3II/LC3I were
significantly decreased, whereas the expression levels of p62
were significantly increased in podocytes cultured under
HG conditions; however, they were significantly reversed
by administration of DQ (P<0.01). Moreover, the expression
levels of the podocyte differentiation protein synap were
significantly decreased under HG conditions, whereas its
levels were significantly overturned by treatment with DQ
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(P<0.01). Furthermore, the number of autophagic vesicles was
measured by TEM. The results displayed that DQ interven-
tion could apparently upregulate the number of autophagic
vesicles (Fig. 5C). However, the aforementioned results were
further reversed by addition of 3-MA, suggesting that 3-MA
inhibited the protective effect of DQ on podocytes. These
results implied that DQ exerted protective effects on diabetic
podocyte injury by activation of autophagy to alleviate podo-
cyte dedifferentiation.

DQ protects against diabetic podocyte injury through acti-
vation of autophagy to alleviate podocyte dedifferentiation
via the Notch pathway. The transfection efficiency of NICD
was shown in Fig. S1. The results showed that NICD was
markedly upregulated by transfection with NICD overex-
pression plasmid, indicating high transfection efficiency.
Further, the effects of NICD overexpression on expression
of autophagy-related proteins and differentiation proteins
were explored. The results indicated that DQ intervention
caused a significant downregulation of the expression of
NICD and p62 (P<0.01) and a significant upregulation of
the expression of LC3II/LC3I, synap, podocin and nephrin
(P<0.01). Addition of a NICD overexpression plasmid
significantly reversed the aforementioned results (P<0.01;
Fig. 6A and B). These data suggested that DQ exerted
protective effects on diabetic podocyte injury by activating
autophagy to promote podocyte differentiation via the
Notch pathway.

Discussion

In recent years, DKD has become a life-threatening disease
that affects human life. Despite tremendous advances in the
development of renal protective medicine, the management of
DKD remains a challenge for clinicians and researchers (28).
Therefore, it is essential to understand the potential patho-
logical mechanism of DKD to develop innovative therapeutic
approaches. The senolytic combination of DQ has been
reported to be effective in DKD (19,20). Nevertheless, the
potential mechanism requires further exploration.

To explore the effects of DQ on DKD, a DKD animal model
was established using db/db mice. The mice were administered
5 mg/kg D and 50 mg/kg Q by gavage for 20 weeks. The doses
of D and Q used were reported in previous studies (25,29-31).
Subsequently, the levels of several indices of DKD were evalu-
ated, and the results indicated that DKD could significantly
reduce body weight, blood glucose, ACR, Scr and BUN levels.
This demonstrated that DQ alleviated renal function in diabetic
mice. The histopathological changes noted in mice were
investigated following DQ intervention. The results indicated
that treatment with DQ for 10 weeks significantly reduced
glomerular damage score and renal fibrosis levels. These
results implied that DQ exerted protective effects on kidney
function of diabetic mice. The present study is in line with
a previous study (20). The potential molecular mechanism of
DQ was further assessed. The disturbance in glomerular ECM
is involved in the progression of DKD (32). FN and Col I are
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notable ECM-related proteins found in glomerular basement
membranes. The increase in FN and Col I levels contributes to
basement membrane thickening (33). The data demonstrated
that DQ could decrease the expression levels of FN and Col I,
indicating reduction of ECM deposition by DQ treatment.

It has been acknowledged that podocyte injury and
dedifferentiation are essential for the loss of selective perme-
ability at the glomerular barrier in DKD (34). Podocyte loss
is an important disorder contributing to the development of
DKD (35). Podocytes are terminally differentiated cells and
the loss of podocytes is an irreversible event that results in a
deteriorated function of the glomerular filtration barrier (36).
Therefore, improvement of podocyte dedifferentiation and
survival may be beneficial for the treatment of DKD. Synap
is a specific synaptic junction protein that is exclusively found
in the podocyte foot (37). Loss of synap is a hallmark of podo-
cyte differentiation (38). Nephrin is a key transmembrane
protein in the slit diaphragm complex contributing to the
survival of podocytes (39). Podocin is an integral membrane
protein that is found in the glomerular slit diaphragm, which
interacts with nephrin and anchors it into the lipid raft (40).
In addition, podocin has been reported to be a promising
marker for early detection of DKD in T2DM (41). Therefore,
the expression levels of the three proteins were examined by
western blotting, IHC and IF. The results revealed that DQ
could significantly upregulate the expression levels of synap,
nephrin and podocin, suggesting that it could alleviate podo-
cyte dedifferentiation.

Targeting or reducing senescent cells has been reported to
be one potential mechanism for the effects of the senolytics
DQ on DKD. For example, Hickson et al (19) suggested
that DQ decreased senescent cells in patients with DKD.
Palmer et al (20) indicated that DQ could largely alleviate
insulin resistance, proteinuria and renal podocyte dysfunction
in DKD by targeting senescent cells. Senescence and autophagy
are two distinct cellular responses to stress, which are involved
in acute kidney injury and renal repair (42). Although they
are distinct, they have various common characteristics and
are closely interconnected. In addition, it has been reported
that interfering with autophagy suppresses senescence (43).
Therefore, it was hypothesized that the effects of DQ on DKD
may also be mediated via regulation of autophagy. Previous
studies suggested that profound autophagy dysregulation
was responsible for both glomerular and tubulointerstitial
pathologies in DKD (44.,45). Autophagy is activated when
kidney cells are under stress conditions, such as hypoxia and
oxidative stress, and plays a key role in cell survival (46).
However, autophagy was suppressed in proximal tubules (47)
and podocytes (48) of streptozotocin-induced diabetic
animals. Activation of autophagy may be a therapeutic target
for DKD (44,49,50). To confirm this hypothesis, the levels of
the autophagy-related proteins were measured including LC3
and p62 following treatment with DQ. It is noteworthy that
the results of the present study demonstrated that DQ could
upregulate the expression levels of LC3II/LC3I and down-
regulate the expression levels of p62, indicating the activation
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of autophagy by DQ. To further confirm these results, in vitro
experiments were performed in mouse podocytes. The podo-
cytes were administered with the autophagy inhibitor 3-MA
under HG conditions. Subsequently, the expression levels of
autophagy-related proteins were measured again. The results
demonstrated that 3-MA could reverse the effects of DQ on the
expression of autophagy-related proteins, which suggested that
DQ protected against diabetic podocyte injury by activation of
autophagy. In consideration of the function of podocyte dedif-
ferentiation and deregulated autophagy in the development of
DKD, it was further hypothesized that a potential link may
be present between podocyte differentiation and autophagy
that contributes to the protection of DQ on DKD. To address
this hypothesis, the levels of podocyte differentiation-related
proteins were assessed following administration with 3-MA
under HG conditions. It is noteworthy that 3-MA could reduce
the ability of podocyte differentiation by downregulation of
synap levels. The data demonstrated that DQ could protect
against DKD by activation of autophagy to alleviate podocyte
dedifferentiation. The present study is similar with a previous
study, in which the authors demonstrated that autophagy
contributed to normal kidney development and podocyte
differentiation (11). The present study is the first to demon-
strate a link between autophagy and podocyte differentiation
in DKD.

It has been reported that the Notch pathway plays a
significant role in podocyte injury in DKD (51) and is
also responsible for the regulation of autophagy-related
proteins (52). Niranjan et al (53) demonstrated that activation
of Notch in mature podocytes of diabetic mice and humans
leads to the development of glomerular disease. Moreover,
ectopic expression of NICD in genetically engineered
mouse podocytes results in severe glomerular abnormalities
resembling focal segmental glomerulosclerosis in humans.
Walsh ef al (54) also reported an increased expression of the
Notch signaling pathway-related proteins in the tubulointer-
stitial section of patients with diabetic nephropathy. Selective
activation of Notch in adult podocytes is accompanied by
apoptosis and activation of Notch is able to prompt podocyte
foot process regression and depletion, leading to albuminuria
and glomerulosclerosis (54). Abnormal expression of NICD in
Notch transgenic mice induced severe podocyte foot process
effacement and decreased expression of specific podocyte
markers including nephrin and podocin (55). In the present
study, the levels of NICD were overexpressed and the protein
levels of autophagy-related proteins and specific podocyte
markers were assessed. Similarly, the present study demon-
strated that overexpression of NICD significantly decreased
the levels of autophagy and the expression levels of synap,
nephrin and podocin, indicating that the protective effects of
DQ on DKD were mediated by the enhancement of autophagy
to reduce podocyte differentiation through the Notch pathway.

However, it seems that the relationship between autophagy
and apoptosis should also be discussed to a certain extent. It
has been reported that DQ can effectively reduce apoptosis,
which contributes its protective effects (56). It is noteworthy
that autophagy and apoptosis are not mutually exclusive. The
two pathways share several of the same regulatory signals, and
each pathway can regulate and alter the activity of the other,
thereby having different effects on the fate of the stressed cells.

The functional cross-talk between autophagy and apoptosis is
complicated and usually manifests in three situations (57-59).
Firstly, autophagy antagonizes apoptosis by promoting cell
survival and removing damaged organelles that act as oxida-
tive stressors, by breaking down cellular molecules to provide
energy and nutrient sources, or by degrading unfolded protein
aggregates to limit endoplasmic reticulum stress. Secondly,
autophagy acts upstream of apoptosis, allowing apoptotic
signaling to be transmitted, or participating in certain
ATP-dependent morphological changes in the final stage of
apoptosis, such as phosphatidylserine exposure, membrane
cleavage and apoptotic body formation. Thirdly, autophagy
and apoptosis can cooperate in parallel, or autophagy can
assist apoptosis and promote cell death. Whether DQ enhances
autophagy through regulation of apoptosis in DKD requires
further exploration.

In conclusion, the present study demonstrated that the
combination DQ protected against DKD by activating
autophagy to alleviate podocyte dedifferentiation via the
Notch pathway.
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