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Notch inhibitor mitigates renal ischemia-reperfusion injury
in diabetic rats
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Abstract. Diabetes mellitus can exacerbate renal isch-
emia-reperfusion (I/R) injury (RI/RI) in diabetic rats.
Previous studies have shown that Notch signaling is involved
in renal disorders. The aim of the present study was to eval-
uate the protective effect of the Notch inhibitor y-secretase
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester (DAPT) on RI/RI in a streptozocin (STZ)-induced
diabetic rat model. STZ-induced diabetic rats were randomly
grouped for different treatments. Cisplatin was used to trigger
the Notch signaling pathway and the animals were precon-
ditioned with DAPT to block the signaling pathway. Renal
function, oxidative stress and inflammatory factors were
examined. DAPT-treated diabetic rats demonstrated mitigated
renal injury and function, antioxidative activity was signifi-
cantly improved and HIF-1a was upregulated. Notch inhibitor
DAPT is a potential therapeutic target to improve the outcome
of RI/RI in STZ-induced diabetic rats in part via the regula-
tion of anti-oxidation and HIF-1a.

Introduction

Diabetes mellitus (DM) has become a global public health
problem increasing each year and the management of diabetic
patients requires extensive resources and care (1). It is esti-
mated that diabetes will affect roughly 55% of old adults in the
next two decades and is thus considered a major human health
problem (2). Patients with DM exhibit vascular damage, as
well as kidney and nerve injury (2,3). DM has also been asso-
ciated with chronic kidney disease (CKD), which exacerbates
into renal ischemia/reperfusion (I/R) injury (RI/RI) (3-5).
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Physicians and scientists have made efforts in identifying
novel therapeutic targets to mitigate the complications of DM.

Signaling pathways have evolved over years in many
species (6), for instance during kidney development. Wnt
signaling has been shown to function in renal injury (7,8).
Notch signaling activation is involved in renal injury and
glomerular disease (9). Blocking the Notch signaling pathway
has been proven to be effective in rescuing the damage
incurred in diabetic conditions (10). One main discovery is
that induction of Notch signaling triggers cell death, which
further harms tissue activity (11). However, the underlying
mechanism of Notch signaling in this diabetic model remains
to be elucidated.

To explore the mechanism of Notch signaling in
renal function in diabetic models, the present study used
a streptozocin (STZ)-induced RI/RI diabetic rat model.
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester (DAPT), a y-secretase inhibitor of Notch signaling, was
administered to animals to examine potential recovery in
renal injury. Cisplatin has been reported to induce Notch
signaling (12) and thus whether the induction of Notch
signaling can be inhibited by DAPT was tested. Its function in
renal function and tissue recovery was assessed in a diabetic rat
model to provide novel insights on DAPT for potential use in
translational clinical studies.

Materials and methods

Diabetic animal models. A total of 60 Sprague-Dawley male
rats (weight: 250-260 g; age: 8 weeks) were obtained from
The Shanghai Animal Center. The rats were housed under
climate-controlled conditions with a 12-h light/dark cycle and
provided with standard food and water ad libitum for 10 days.
The rats were randomly dived into two groups; one the control
group (n=10) and the remainder the experimental group (n=50),
used for the generation of diabetic rat model. The experimental
group fasted for 12 h and then a single dose of STZ (dissolved in
citrate buffer, pH 4.5, 60 mg/kg body weight) (13) was injected
into the abdominal cavity of rats to generate an STZ-induced
diabetic rat model. The control group were injected with citrate
buffer (pH 4.5). After 72 h, the tail blood was collected to
test the levels of serum glucose and those with serum glucose
concentrations of >16.7 mmol/l were deemed diabetic rats. After
1 week of observation, the diabetic rats were used in subsequent
experiments, apart from 6 rats which died due to side effect of
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STZ injection and four rats were not successful for the diabetic
rat model. All the experiments complied with the guidance
by the animal use and care of The First Affiliated Hospital of
Zhengzhou University and the agents were approved by the
ethical committee of animal care and use.

Experimental groups. A total of 40 STZ-induced diabetic rats
were housed for 16 weeks and randomly assigned into four
groups: i) Sham-operated group (sham group), where rats were
only treated by separating the bilateral renal arteries and veins
and then treated with 10% dimethyl sulfoxide (DMSO, 1 ml/kg
bw, i.v.) (14-16); ii) RI/RI group (vehicle group), where the rats
were treated with ischemia through clamping the bilateral renal
arteries and veins for 45 min followed by 24 h reperfusion with
DMSO (1 ml/kg bw, iv.); iii) I/R+ DAPT group (DAPT group),
where DAPT (dissolved in DMSO, 15 mg/kg) was adminis-
tered as a pretreatment for rats via a single-dose injection into
the abdominal cavity at 30 min prior to the I/R procedure;
and iv) I/R+ DAPT + cisplatin group (Cisplatin group), where
cisplatin (15 mg/kg) was intraperitoneally administered to rats
at 24 h prior the I/R procedure and DAPT was administered
to the animals in the same way as the DAPT group. Animal
experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals of Zhengzhou
University. The protocol was approved by the Committee on
the Ethics of Animal Experiments of Zhengzhou University.

Tissue collections. Following reperfusion for 24 h, the
animals were euthanized using CO, in a flow rate lower than
30% chamber vol/min and then decapitated to collect blood
samples from the abdominal aorta. The collected tissues were
centrifuged at 4,000 x g at 4°C for 20 min to isolate the sera.
The entire kidneys were removed and weighed and immedi-
ately placed on dry ice or kept at -80°C until further analysis.
The kidneys from each group were homogenized in cold
normal saline and centrifuged at 4,000 x g at 4°C for 20 min to
obtain the supernatant, which was used for the determination
of various parameters.

Renal damage examination. Renal function was evaluated
based on the analysis of blood urea nitrogen (BUN) and serum
creatinine (SCr). The concentration of BUN and SCr were
analyzed using an automatic biochemistry analyzer (Hitachi
76000; Hitachi High-Technologies Corporation ) according to
the manufacturer's protocols.

Analysis of anti-oxidation in renal tissues. Superoxide
dismutase (SOD) activity and malondialdehyde (MDA) content
in kidney tissues were used as two anti-oxidative markers. SOD
activity and MDA were respectively examined at wavelengths
of 550 nm and 532 nm according to the xanthine oxidase and
thiobarbituric acid method (Roche Diagnostics GmbH). The
level of lipid peroxides was expressed as U of SOD/mg protein
and nmol of MDA/mg protein.

ELISA. Tumor necrosis factor (TNF) a, interleukin (IL) 10
and hypoxia-inducible factor (HIF) 1a levels in kidney tissues
were assessed. TNF-a (cat. no. ab4607; Abcam) and IL-10
(cat.no. ab108872; Abcam) levels were measured using ELISA
kits according to the manufacturer's protocols. For the HIFla
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Table I. Serum level of BUN and SCr in streptozocin-induced
diabetic rats.

Groups BUN, mmol/l SCr, umol/l
Sham 6.88+0.43 27.86x£2.53
Vehicle 36.50+3.19* 118.96+5.15°
DAPT 20.19+2 .43 52.29+5.14%>
DAPT + Cisplatin 25.51+2.72%¢ 77.34+6 .40

“P<0.05 vs. sham group; "P<0.01 vs. vehicle group; ‘P<0.05 vs.
DAPT group. BUN, blood urea nitrogen; SCr, serum creatinine;
DAPT,  N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester.

evaluation, the quantitative sandwich ELISA method (cat.
no. MANO0O014317; Thermo Fisher Scientific, Inc.) following
the manufacturer's protocols was performed to test the level
of HIFla in diabetic rat model. Briefly, HIF1A standards and
samples are captured by a polyclonal HIF1A antibody on the
pre-coated plate and detected using a biotinylated monoclonal
HIF1A antibody reactive to epitopes other than the capture
antibody. The biotinylated detection antibody is then bound
to streptavidin-HRP, which catalyzes the conversion of TMB
to a colored derivative. Color development is linear for the
assay's dynamic range and directly proportional to the amount
of HIF1A present in the sample, and the absorbance was
measured on a plate reader at 450-550 nm.

Western blotting. Protein levels were examined by western
blotting. Briefly, ~200 ug kidney proteins were extracted with
T-PER Tissue Protein Extraction Reagent (cat. no. 78510;
Thermo Fisher Scientific, Inc.) and separated 10% SDS-PAGE.
The proteins were transferred to nitrocellulose membranes.
After blocking with 5% bovine serum in TBS buffer containing
0.1% Tween 20 (TBST) for 1 h, the membranes were incu-
bated at 4°C overnight with the following primary antibodies:
IL-10 (1:500; cat. no. ab34843; Abcam), TNF-a (1:500; cat.
no. ab6671; Abcam) and HIF1A (1:1,000; cat. no. ab243861;
Abcam). Following three washes with TBST buffer, the
membrane was incubated with the AP-conjugated secondary
anti-rabbit antibody at 4°C overnight and then further devel-
oped using BCIP/NBT (Roche Diagnostics GmbH) to visualize
the bands. The protein [3-actin was used as a control to confirm
equal loading of protein in the gel lanes and to correct western
blot signals. Images were captured using a GelView system
(Carolina Biological Supply Company).

Reverse transcription-quantitative (RT-q)PCR. Kidney tissues
(40-60 mg) were frozen in liquid nitrogen and 1 ml of TRIzol®
was added (Invitrogen; Thermo Fisher Scientific, Inc.). Total
RNA isolation was performed as previously described (17).
First-strand cDNA was performed using Superscript II
RNase H™ Reverse Transcriptase (Invitrogen; Thermo Fisher
Scientific, Inc.). qPCR was performed using the SYBR Select
Master Mix (cat. no. 4472908; Thermo Fisher Scientific, Inc.).
Different primers were used to analyze the levels of target
genes: Notchl, mRNA forward primer: 5-GATGGCCTC
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Figure 1. Transcripts of Notch signaling components in streptozocin-induced diabetic rats. Expression levels of Notchl, Notch2, Notch3, Jagl and Hesl in
diabetic rats were reduced in the DAPT group. mRNA expression levels were normalized against GAPDH. n=3. "P<0.05 and “P<0.01 compared with the sham
group. DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; Jagl, Jagged1.

AATGGGTACAAG-3' and reverse primer: 5-TCGTTGTTG
TTGATGTCACAGT-3'; Notch2, forward primer: 5-GAG
AAAAACCGCTGTCAGAATGG-3'; reverse primer: 5'-GGT
GGAGTATTGGCAGTCCTC-3"; Notch3, mRNA forward
primer: 5'-AGTGCCGATCTGGTACAACTT-3'; reverse
primer: 5'-CACTACGGGGTTCTCACACA-3'; Jagged-1,
mRNA forward primer: 5'-AACTGGTACCGGTGCGAA-3'
and reverse primer: 5“TGATGCAAGATCTCCCTGAAAC-3'
primers; HES-1, forward primer: 5-CGACACCGGACAAAC
CAAA-3, reverse primer: 5-GAATGTCTGCCTTCTCCA
GCTT-3"; and GAPDH, forward primer: 5'-GCAAGAGAG
AGGCCCTCAG-3, reverse primer: 5-TGTGAGGGAGAT
GCTCAGTG-3". The standard conditions for JPCR were: 50°C
for 10 min and 95°C for 2 min; followed by 50 cycles of dena-
turation at 95°C for 15 sec and 45 sec annealing/elongation
at 58°C or 60°C. Relative genes expressions were calculated
using the 2444 method and the housekeeping gene GAPDH
was used as an internal control.

Statistical analysis. Data are presented as the mean + standard
deviation, and analyzed using SPPS 18.0 (SPSS, Inc.).
Comparisons between groups were performed using one-way
ANOVA followed by Bonferroni's post hoc test. Unpaired
Student t-test was used to analyze the significance between
groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Renal function analysis of STZ-induced diabetic rats. The
levels of BUN and SCr were examined to evaluate changes
of renal function. BUN and SCr levels significantly increased
in the RI/RI (vehicle group) compared with the sham group,
which was roughly five-fold higher. However, BUN and SCr
levels in the DAPT and DAPT-cisplatin groups decreased, and
those of the DAPT-cisplatin group slightly increased compared
with the DAPT group, suggesting that cisplatin-induced Notch
signaling was blocked by DAPT (Table I).
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Figure 2. Expression levels of inflammatory factors in streptozocin-induced
diabetic rats. After treatment with DAPT, IL-10 and TNF-a expression sig-
nificantly increased. "P<0.05 and “"P<0.01 compared with the sham group.
DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester; IL, interleukin; TNF, tumor necrosis factor.

Activation of Notch signaling in a diabetic rat model induced
by cisplatin. To investigate whether DAPT is sufficient to inhibit
the expression of Notch signaling components in STZ-induced
diabetic rats, the expression patterns of Jagged1, Notch1, Notch2,
Notch3 and Hesl were analyzed. The data demonstrated
that DAPT can significantly reduce the expression of Notch
signaling components. DAPT is the inhibitor that was used to
block the Notch signaling pathway and injecting DAPT induced
the downregulation of Jaggedl, Notch 1-3 and Hesl in the renal
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Figure 3. Level of (A) SOD, (B) MDA, (C) catalase and (D) HIF-1a in streptozocin-induced diabetic rats. "P<0.05 and “P<0.01 compared with the sham group.
SOD, superoxide dismutase; MDA, malondialdehyde; HIF, hypoxia-inducible factor; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester.

tissues of STZ-induced diabetic rats, whereas the injection of
cisplatin, which is an activator of the Notch signaling pathway,
followed by DAPT injection demonstrated similar reductions
in the expression of Notch signaling components in diabetic
rats (Fig. 1). This data indicates that the upregulation of Notch
signaling is reduced in renal tissue after DAPT treatment.

DAPT influences inflammatory factors in SZT-induced
diabetic rats. Inflammatory factors have been previously
reported to be associated with renal dysfunction in diabetic
rats (18,19). The expression of IL-10 (an anti-inflammatory
factor) and TNF-a (a pro-inflammatory factor) was exam-
ined in the present study. In the vehicle group, the levels of
IL-10 (20.01+9.26 pg/g vs. 27.87+3.17 pg/g, P<0.01) and
TNF-a (0.66+0.11 ng/g vs. 0.45+0.07 ng/g, P<0.01) were
slightly significantly higher than the sham group (Fig. 2).
After treatment with DAPT, IL-10 expression significantly
increased by roughly two-fold compared with the vehicle
rats (44.15+9.53 pg/g vs. 20.01+9.26 pg/g) and the concentra-
tion of TNF-a significantly increased by roughly three-fold
(1.81+£0.09 ng/g, P<0.01) compared with the vehicle group.
In the DAPT + cisplatin group, IL-10 (30.13+3.21 ng/g) and
TNF-a (0.95+0.12 ng/g) decreased compared with the DAPT
group (Fig. 2), suggesting that DAPT may function through
the regulation of inflammatory factors to reduce the damage
in ischemia-reperfusion injury in diabetic rats.

DAPT attenuates oxidation and HIF levels in STZ-induced
diabetic rats. To further explore the effects of DAPT on oxida-
tion, biomarkers for oxidative stress were analyzed. In the
vehicle group, SOD activity in the renal tissues significantly
decreased compared with the sham group (12.32+2.50 U/mg
vs. 25.16+£3.21 U/mg, P<0.01). After DAPT treatment, the
DAPT group exhibited a significant increase in SOD activity
(40.2+1.47 U/mg) in the renal tissues compared with the
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Figure 4. Proposed mechanism of action of DAPT in the cisplatin-induced
Notch signaling pathway in STZ-induced diabetic rats. (A) Western blot-
ting demonstrated that DAPT treatment induced higher level of IL-10,
TNF-a and HIFla expressions. (B) Cisplatin triggers the Notch signaling
pathway to increase its levels of oxidation and HIF expression, which
induces further damage of the renal tissues. Blockage of Notch using
DAPT mitigates renal tissue damage in STZ-induced diabetic rats. DAPT,
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester;
STZ, streptozocin; IL, interleukin; TNF, tumor necrosis factor; HIF,
hypoxia-inducible factor.

vehicle group (P<0.01). In the DAPT + Cisplatin group, SOD
activity significantly decreased compared with the DAPT
group (35.2+2.45 U/mg) (P<0.05) but was still higher than the
vehicle group (Fig. 3).

Similarly, in the vehicle group, MDA levels increased
compared with the sham group (18.08+1.33 nmol/mg vs.
14.78+1.50 nmol/mg, P<0.05). In the DAPT group, MDA levels
significantly decreased (10.33+1.47 nmol/mg) in the renal
tissues compared with those of the vehicle group (P<0.01). In
the DAPT + Cisplatin group, MDA levels decreased compared
with the DAPT group, although this was not statistically
significant (1.21+0.06 nmol/mg, P>0.05; Fig. 3).

In the vehicle group, the level of catalase activity
decreased compared with the sham group (0.12+0.03 K/mg vs.
0.18+0.05 K/mg, P<0.05). In the DAPT group, catalase levels
(0.25+0.05 K/mg) significantly decreased in the renal tissues
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(P<0.01). In the DAPT + Cisplatin group, the level of catalase
activity significantly decreased compared with the DAPT
group (0.16+0.06, P<0.05; Fig. 3).

HIF-1la expression decreased in the vehicle group
compared with the sham group (320+12.8 pg/ml vs.
350+12.5 pg/ml, P<0.05). A significant increase in HIF-1a
expression (450+15.3 pg/ml) was observed in the renal
tissues after treatment with DAPT (P<0.01). In the DAPT
+ Cisplatin group, HIF-1a expression levels significantly
decreased compared with the DAPT group (410+14.8 pg/ml,
P<0.05; Fig. 3).

Western blotting confirms the function of DAPT in diabetic
rats. Western blotting using kidney tissue confirmed TNF-a
level in renal tissues in different groups, but the IL-10 levels
between DAPT and DAPT + Cisplatin group do not demon-
strate a significant difference. Based on the data, DAPT is
sufficient to induce the level in ischemia-reperfusion injury
in diabetic rats (Fig. 4A). HIF-1a was significantly expressed
in the DAPT groups (Fig. 4A). Overall, our data indicated
that DAPT is a suitable factor in reducing renal damage in
ischemia-reperfusion injury in STZ-induced diabetic rats via
the inhibition of Notch signaling (Fig. 4B).

Discussion

DM is a serious challenge to human health and often leads
to CKD, exacerbating RI/RI (20). Finding a suitable target to
rescue potential renal injury in diabetes animal models is thus
imperative. To date, several molecules have been investigated
for their effects in mitigating renal injury in different models.
The Wnt signaling pathway has been shown to be an ideal
target for rescuing renal function in diabetic rat models (21).
The inhibitor GSK-3f3 has been tested for its effects in isch-
emic diseases and TDZD-8 has been shown to reduce I/R
injury by inhibiting inflammation and cell apoptosis (22-24).
Notch signaling is an evolutionarily conserved signaling
system in cell-cell communications that can regulate cell
fate during development. Notch signaling serves a critical
role in nephron formation and segmentation and has been
reported to be involved in kidney disease. In mouse models,
Notch signaling in adult mice has been shown to be patho-
genic, leading to defective differentiation of podocytes, cell
apoptosis and ultimately renal failure. Blocking the Notch
signaling pathway using y-secretase inhibitors has been
shown to reduce the levels of Notch signaling components
in nephrons and podocytes (25). The present study provided
further evidence that blocking Notch signaling can rescue
the renal defects in STZ-induced diabetic rats, indicating that
this may potentially be utilized as a therapeutic approach.
However, whether the combination of signaling pathways such
as Wnt and Notch can produce more promising therapeutic
effects, as well as how these signaling pathways coordinate
the regulation of renal function in diabetic models, remains
unclear.

Several previous studies have used DAPT to modulate the
Notch signaling pathway in diabetic models (11,25-27). DAPT
treatment has been shown to enhance neovascularization and
reperfusion in diabetic mice (28). DAPT has also been shown to
be effective in the treatment of diabetic neuropathic pain (29).

587

Renal damage is alleviated after DAPT injection (30). Further
evidence has indicated that the Jaggedl/Notch signaling
pathway serves a critical role in TGF-f2-induced EMT in
human RPE cells (31). The Notch pathway may precipitate
diabetic nephropathy via TGF-f3 activation (32) and the
Notchl/Hesl-Pten/Akt signaling pathway is involved in a
diabetic myocardium (33). Notch signaling has been shown
to serve a protective role in RI/RI-associated inflammation
and apoptosis (34). The present study demonstrated that
DAPT treatment can increase the levels of inflammatory
factors as well as anti-oxidative activities and HIF-1a expres-
sion, which in turn reduce renal ischemia-reperfusion injury
in STZ-induced diabetic rats, thus providing novel insights
into the protective role of DAPT in renal function in diabetic
models. Although our data demonstrated promising applica-
tion of DAPT in the recovery of renal damage in I/R injury
in STZ-induced diabetic rats, we should be cautious of the
potential side effect of Notch inhibition as this intercellular
signaling serves myriad roles during development and physi-
ology in vertebrates.

DAPT is a suitable therapeutic target to mitigate mitigates
RI/RI in STZ-induced diabetic rats. The role of DAPT in renal
function may in part work through the regulation on oxidative
stress, inflammatory activity and the HIF-1a.
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