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Abstract: Background: It remains elusive that Notch pathway mediates podocyte injury and stimulates accumula-
tion of extracellular matrix (ECM) in diabetic nephropathy (DN). This study is aimed at examining the effect of Notch 
pathway inhibited by γ-secretase inhibitor on podocyte injury and ECM synthesis in DN. Methods: We examined 
the expression of Notch1, Notch intracellular domain 1 (NICD1), nephrin, podocin, transforming growth factor-β1 
(TGF-β1), type IV collagen and laminin in high glucose (HG)-induced podocytes and the kidney of diabetic mice 
using immunofluorescence, immunohistochemistry, Western blot and real-time PCR. The levels of TGF-β1, type IV 
collagen and laminin were determined in the culture medium of the podocytes by enzyme-linked immunosorbent 
assay. Results: The Notch1, NICD1, TGF-β1, type IV collagen and laminin expression increased and the nephrin 
and podocin expression decreased in HG-induced podocytes and the kidney of diabetic mice. Inhibition of Notch 
pathway increased nephrin and podocin expression, decreased TGF-β1 level and prevented type IV collagen and 
laminin expression. Conclusions: These findings indicate that Notch pathway mediates podocyte injury and ECM 
synthesis in DN.
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Introduction

Notch pathway plays an important role in cells 
differentiation, acting primarily to determine 
and regulate cell survival [1-3]. The binding of  
a ligand and receptor induces a conformatio- 
nal change of the Notch receptor, which allows 
an extracellular metalloprotease to cleave the 
receptor and releases the Notch intracellular 
domain (NICD). Then, NICD travels into the nu- 
cleus where it activates the transcription of 
downstream genes [4].

Diabetic nephropathy (DN) is one of the most 
common complications of diabetes and has 
become a major cause of end-stage kidney  
disease [5, 6]. It is believed that dysfunction  
of the podocyte, a type of glomerular epithe- 
lial cell, plays a pivotal role in the onset of pr- 
oteinuria and the progression of DN [7]. Pr- 
evious studies have been revealed that high 
glucose (HG) in glomerular disease increases 
the synthesis of extracellular matrix (ECM) co- 
mponents, including collagens and laminin [8]. 
It is well established that transforming growth 
factor-β1 (TGF-β1) is a potent stimulator of  

ECM production in glomerular injury and may 
be the most important growth factor in deter-
mining the extent of renal fibrosis after injury 
[9]. 

Niranjan et al. [10] reported that Notch path- 
way was activated in podocytes in humans wi- 
th DN and in mice models thereof. We have al- 
so found that Notch pathway may mediate 
HG-induced podocytes apoptosis [11]. Here  
we hypothesize podocyte injury and produc- 
tion of ECM through Notch pathway in diabe- 
tic nephropathy. The activation of Notch path-
way maybe change expression of nephrin, po- 
docin, TGF-β1 and ECM in HG-induced podo-
cytes and the kidney of streptozotocin (STZ)-
induced diabetic mice. Inhibition of Notch pa- 
thway activation can prevent podocyte injury, 
ECM accumulation and glomerulosclerosis.

Materials and methods

Cell culture

Conditionally immortalized mouse podocytes 
purchased from the Cell Resource Center (Pe- 
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king Union Medical College, Beijing, China). 
Podocytes were firstly cultured in RPMI-1640 
medium (Gibco-BRL, Gaithersburg, MD, USA) 
supplemented with 10% fetal bovine serum 
(FBS; Gibco-BRL) and 10 U/ml γ-interferon 
(Peprotech, Rochy Hill, NJ, USA) in 33°C 5%  
CO2 atmosphere to induce proliferation, then 
incubated in RPMI-1640 medium supplement-
ed with 10% FBS and deprived of γ-interferon  
in 37°C 5% CO2 atmosphere for 10-14 days  
to induce quiescence and the differentiated 
phenotype, as previously described [12]. Po- 
docytes were grown to 80% confluence und- 
er growth restrictive conditions and growth-
arrested in serum-free RPMI-1640 for 24 h  
to synchronize the cell growth. After this time 
period, the media were changed to fresh ser- 
um-free media containing normal glucose (NG, 
5.5 mmol/l; Sigma, St-Louis, MO, USA) and HG 
(30 mmol/l; Sigma) at 48 h. We had found ac- 
tivation of Notch pathway in a time-dependent 
manner and the maximum expression of Not- 
ch pathway was at 48 h after stimulation of  
HG in podocytes [11]. For inhibitor studies, ce- 
lls of HG plus γ-secretase inhibitor (GSI; Sig- 
ma) group need pretreatment with GSI (1 
μmol/l) for 30 min.

Experimental animals

Male CD-1 mice at five weeks of age and 20- 
25 g of body weight were purchased from the 
Vital River Laboratory Animal Technology (Bei- 
jing, China) and housed in a pathogen-free ani-
mal facility with free access to food and wat- 
er. The experimental protocols were approv- 
ed by the Institutional Animal Care and Use 
Committee of Hebei Medical University. Mice 
were injected i.p. with STZ (150 mg/kg; Sigma) 
dissolved in 0.1 M citrate buffer (pH 4.5) to 
induce diabetes mellitus (DM). The mice of co- 
ntrol group were injected with an equivalent  
volume of saline (150 mg/kg). Three days af- 
ter injection, DM was confirmed by a concen- 
tration of blood glucose higher than 16.7 
mmol/l and urine glucose (+++) or above, whi- 
ch was determined using a glucometer (Joh- 
nson, USA). Mice in the DM plus γ-secretase 
inhibitor (DAPT; Sigma) group were adminis-
tered intraperitoneally daily with DAPT (10 mg/
kg) dissolved in dimethyl sulfoxide (DMSO, Si- 
gma). Mice in the control group and DM gr- 
oup were only administered daily with the sa- 
me volume of DMSO solution. We had found 
that the maximum expression of Notch path-
way was at 4 week in diabetic mice. At 4 weeks 

after treatment, 6 mice from each group were 
housed individually for 24 h in metabolic cages 
to collect mouse urine to measure 24-hour uri-
nary albumin (using a Siemens IMMULITE 1000 
chemistry analyzer, Munich, Germany). These 
sera were prepared for the measurement of 
serum blood glucose. Both kidneys were dis-
sected and weighed. The left kidney was fixed 
in 4% paraformaldehyde in 0.01 mol/l phos-
phate-buffered saline for histological examina-
tion and immunohistochemical staining. The 
cortex of right kidney was used for Western blot 
and real-time PCR analyses.

Immunofluorescence

Podocytes were planted on cover slides in 
6-well plates. Cells were fixed with 10% forma-
lin at room temperature for 15 min. After pre-
treatment of 0.3% Triton X-100 for 20 min at 
37°C, cells were blocked with goat serum for 
30 min at 37°C. Cells were incubated with rab-
bit anti-nephrin (1:50, Santa Cruz Biotechno- 
logy, CA, USA) and podocin (1:100, Santa Cr- 
uz) polyclonal antibody overnight at 4°C. After 
washing with phosphate buffer saline (PBS)  
for three times slides were incubated with FI- 
TC-conjugated goat anti-rabbit secondary anti-
body (Santa Cruz) for 2 h at 37°C. Then slid- 
es were observed after being rinsed with PBS 
for three times.

Histology

Paraffin-embedded renal tissue sections (4 
μm) were prepared and stained with periodic 
acid-Schiff (PAS). Renal cortical sections were 
observed using light microscopy with a com-
puter image analysis system.

Immunohistochemistry

Paraffin-embedded renal tissue sections (4 
μm) were deparaffinized with xylene and rehy-
drated in graded ethanol solutions. Endogen- 
ous horseradish peroxidase activity was blo- 
cked by pretreatment with 3% H2O2 for 10 min 
at room temperature. Antigen recovery was 
performed using a microwave. To block nons- 
pecific binding, the sections were incubated at 
37°C for 30 min in PBS containing 10% goat 
serum. Finally, the sections were incubated 
with rabbit polyclonal antibodies against neph-
rin (1:50, Santa Cruz) and podocin (1:50, San- 
ta Cruz), overnight at 4°C. On the next day, af- 
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ter incubation with the PV-9000 Polymer De- 
tection System (Zhongshan Golden Bridge Bi- 
otechnology, Beijing, China), the sections were 
stained with 3,3-diaminobenzidine (DAB) and 
counterstained with hematoxylin. Negative con-
trols were obtained by replacing the primary 
antibody with PBS.

Western blot

Total protein extracts from cells and animal  
tissues. Protein was loaded and separated on 
SDS-polyacrylamide gel and then transferred  
to polyvinylidene fluoride (PVDF) membrane 
(Millipore Corp., Billerica, MA, USA). The mem-
brane was blocked with 5% dry milk and incu-
bated overnight at 4°C with rabbit anti-Notch1 
(1:200, Abcam, Cambridge, MA, USA), NICD1 
(1:200, Abcam), nephrin (1:400, Santa Cruz), 
podocin (1:1000, Santa Cruz), TGF-β1 (1:1000, 
Proteintech, Chicago, IL, USA), type IV colla- 
gen (1:1000, Proteintech), laminin (1:1000, 
Proteintech) and β-actin (1:1000, Santa Cruz) 
polyclonal antibodies. After washing, the mem-
brane was incubated with goat anti-rabbit IgG 
horseradish peroxidase conjugate (Proteinte- 
ch). Proteins in Western blot were quantified  
following acquisition and analysis of the ima- 
ge using the software of a UVP Image Sta- 
tion Lab works 4.5. Proteins expression was 
quantified by comparison with internal-control 
β-actin.

Real-time PCR

Total RNA was extracted from podocytes with 
TRIzol reagent (Invitrogen) and extracted from 
the animal tissues using the SV-total RNA iso- 
lation system (Promega, Madison, WI) accord-
ing to the instructions of the manufacturer and 
reverse transcribed using oligo (dT) primer in 
the presence of avian myeloblastosis virus 
reverse transcriptase to make cDNA. cDNA was 
amplified on the 7900HT Sequence Detection 

System (Applied Biosystems) at default ther- 
mal cycling conditions: 2 min at 50°C, 10 min 
at 95°C for enzyme activation and then 40 
cycles of 15 s at 95°C for denaturation and  
1 min at 60°C for annealing and extension. 
Results were analyzed using the relative stan-
dard curve method of analysis/ΔCt method of 
analysis. Two oligonucleotide primers were: 
18S, forward 5’-CGC CGC TAG AGG TGA AAT 
TC-3’ and reverse 5’-CCA GTC GGC ATC GTT TAT 
GG-3’; Notch1, forward 5’-GTG GAT GAC CTA 
GGC AAG TCG-3’ and reverse 5’-GTC TCC TCC 
TTG TTG TTC TGC A-3’; nephrin, forward 5’-TAC 
CAC CAG CAT TTC CAC G-3’ and reverse 5’-GGG 
CTC GGC TGT ATG TAT T-3’; podocin, forward 
5’-GTG TCC AAA GCC ATC CAG TT-3’ and reverse 
5’-GAC CTT TCC TTC TCG TAA CG-3’; TGF-β1, for-
ward 5’-ACC GCA ACA ACG CAA TCT ATG-3’ and 
reverse 5’-ATT CCG TCT CCT TGG TTC AG-3’; 
type IV collagen, forward 5’-GTC AAA CTA CTG 
CTA TCC CTC CGT GTC-3’ and reverse 5’-CAT 
TCT ATA AAT GGA CTG GCT CGG AAT-3’; laminin, 
forward 5’-CCT GCC AAA TTC CTC GGT AAC-3’ 
and reverse 5’-ACA TCG TAG GCA GAC GGC 
TG-3’.

Enzyme-linked immunosorbent assay

After the cells were cultured in 6-well plates 
under the different experimental conditions, 
the supernatants were collected. The TGF-β1, 
type IV collagen and laminin protein was qu- 
antified using a commercial quantikine enzy- 
me-linked immunosorbent assay kit (ELISA; 
R&D Systems, Minneapolis, MN, USA) accord-
ing to the manufacturer’s descriptions.

Statistical analysis

Data presented as bar graphs are the means  
± standard deviation (SD) of at least three in- 
dependent experiments. Statistical analysis 
was performed using one-way analysis of va- 
riance by SPSS13.0 software (SPSS Inc., Ch- 
icago, IL, USA). The results were considered 
statistically significant at P<0.05.

Results

Basic parameters and morphological changes

As shown in Table 1, the blood glucose (BG) 
and urinary albumin excretion (UAE) levels we- 
re dramatically higher in the DM group com-

Table 1. Changes in basic parameters in the 
control, DM and DM+DAPT groups

Group BG (mmol/L) UAE  
(mg/24 h)

KW/BW 
(mg/g)

Control 7.38±1.12 0.35±0.09 9.37±0.93
DM 28.73±7.65** 4.14±0.76** 17.83±2.74**

DM+DAPT 29.43±7.66** 3.21±0.58# 15.23±1.82#

**P<0.01 vs. control group. #P<0.05 vs. DM group. BG, blood 
glucose; UAE, urinary albumin excretion; KW, kidney weight; 
BW, body weight.
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pared to the control group (P<0.01). DAPT did 
not modulate hyperglycemia because BG con-
centrations were similar in diabetic mice (P 
>0.05). However, the amount of UAE in the 
DM+DAPT group was significantly lower com-
pared to the DM group (P<0.05). The size of  
the kidney, which was evaluated by the ratio of 
kidney/body weight (KW/BW), increased in the 
DM group compared to the control group; tre- 

atment with DAPT was associated with a sig- 
nificant reduction in the KW/BW ratio (P< 
0.05 or P<0.01). The pathological changes of 
glomeruli were not observed in the control 
group. However, the basement membrane was 
thickened and the mesangial matrix was in- 
creased in the DM group. DAPT significantly 
attenuated the pathological changes of glom-
eruli compared to the DM group (Figure 1).

Figure 1. Morphological changes in glomeruli. Renal tissue sections obtained from the mice of the control, DM and 
DM+DAPT groups were stained with PAS (×400).

Figure 2. Effect of Notch pathway inhibition on expression of Notch pathway in HG-induced podocytes and the 
kidney of diabetic mice. The protein expression of Notch1 and NICD1 in HG-induced podocytes was analyzed by 
Western blot (Α). The protein levels of Notch1 and NICD1 in HG-induced podocytes were quantified by densitometry 
(Β). The Notch1 mRNA level in HG-induced podocytes was analyzed by real-time PCR (C). The protein expression of 
Notch1 and NICD1 in diabetic mice was analyzed by Western blot (D). The protein levels of Notch1 and NICD1 in dia-
betic mice were quantified by densitometry (E). The Notch1 mRNA level in diabetic mice was analyzed by real-time 
PCR (F). Protein expression was normalized to β-actin. mRNA expression was normalized to 18S. Data are presented 
as the means ± SD. **P<0.01 vs. NG or control group, ##P<0.01 vs. HG or DM group.
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Figure 3. Effect of Notch pathway inhibition on expression of nephrin and podocin in HG-induced podocytes and 
the kidney of diabetic mice. The protein expression of nephrin and podocin in HG-induced podocytes was showed 
by immunofluorescence (×400) (A). The protein expression of nephrin and podocin in HG-induced podocytes was 
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Notch pathway inhibition increases nephrin 
and podocin expression in HG-induced podo-
cytes and the kidney of diabetic mice

Western blot and real-time PCR analyses re- 
vealed that GSI or DAPT did not inhibit Not- 
ch1 protein and mRNA overexpression in HG- 
induced podocytes and the kidney of diabetic 
mice (P>0.05) (Figure 2). When podocytes we- 
re incubated with HG, HG markedly increased 
NICD1 protein expression; However, GSI inhib-
ited HG-induced the NICD1 protein level (P< 
0.01) (Figure 2A and 2B). Compared with the 
kidney of the control group, NICD1 protein level 

significantly increased in the DM group (P 
<0.01). DAPT decreased the protein overex-
pression of NICD1 in diabetic mice (P<0.01) 
(Figure 2D and 2E). Figure 3A showed the re- 
sults of indirect immunofluorescence studies 
on podocytes by using polyclonal rabbit antise-
rum against nephrin and podocin. The protein 
expression of nephrin and podocin was located 
in cytoplasm of podocytes and cells stimulated 
with HG showed low blue fluorescence that  
was enhanced with GSI treatment. The protein 
levels of nephrin and podocin were markedly 
lower in podocytes stimulated with HG than  
the cells treated with NG and were dramatically 

analyzed by Western blot (B). The protein levels of nephrin and podocin in HG-induced podocytes were quantified by 
densitometry (C). The mRNA levels of nephrin and podocin in HG-induced podocytes were analyzed by real-time PCR 
(D). The protein expression of nephrin and podocin in diabetic mice was showed by immunohistochemistry (×400) 
(E). The protein expression of nephrin and podocin in diabetic mice was analyzed by Western blot (F). The protein 
levels of nephrin and podocin in diabetic mice were quantified by densitometry (G). The mRNA levels of nephrin 
and podocin in diabetic mice were analyzed by real-time PCR (H). Protein expression was normalized to β-actin. 
mRNA expression was normalized to 18S. Data are presented as the means ± SD. **P<0.01 vs. NG or control group, 
##P<0.01 vs. HG or DM group.

Figure 4. Effect of Notch pathway inhibition on expression of TGF-β1, type IV collagen and laminin in HG-induced 
podocytes and the kidney of diabetic mice. The protein expression of TGF-β1, type IV collagen and laminin in HG-
induced podocytes was analyzed by Western blot (A). The protein levels of TGF-β1, type IV collagen and laminin in 
HG-induced podocytes were quantified by densitometry (B). The mRNA levels of TGF-β1, type IV collagen and laminin 
in HG-induced podocytes were analyzed by real-time PCR (C). The protein expression of TGF-β1, type IV collagen and 
laminin in diabetic mice was analyzed by Western blot (D). The protein levels of TGF-β1, type IV collagen and laminin 
in diabetic mice were quantified by densitometry (E). The mRNA levels of TGF-β1, type IV collagen and laminin in dia-
betic mice were analyzed by real-time PCR (F). Protein expression was normalized to β-actin. mRNA expression was 
normalized to 18S. Data are presented as the means ± SD. **P<0.01 vs. NG or control group, #P<0.05, ##P<0.01 
vs. HG or DM group.
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increased in response to GSI (P<0.01) (Figu- 
re 3B and 3C). Real-time PCR showed the si- 
milar changes of nephrin and podocin mRNA 
after treatment with GSI (P<0.01) (Figure 3D). 
Immunohistochemical staining (Figure 3E) re- 
vealed that nephrin and podocin protein expr- 
ession was detected in the glomeruli, which 
protein expression was decreased in the glom-
eruli of the DM group compared to the control 
group; in the DM+DAPT group, the nephrin and 
podocin protein expression was significantly 
stronger in the glomeruli than the DM group. 
Using Western blot (Figure 3F and 3G), the pro-
tein levels of nephrin and podocin were mark-
edly lower in the kidney of diabetic mice than 
that in the control mice and were dramatically 
increased in response to DAPT (P<0.01). Real-
time PCR showed similar changes in nephrin 
and podocin mRNA in the kidney of diabetic 
mice after treatment with DAPT (P<0.01) (Fi- 
gure 3H).

Notch pathway inhibition decreases ECM 
production in HG-induced podocytes and the 
kidney of diabetic mice

As shown in Figure 4A-C, incubation with HG 
resulted in a significant up-regulation in TGF-
β1, type IV collagen and laminin protein and 
mRNA expression than the cells in NG (P< 
0.01). However, the alternations of TGF-β1, 
type IV collagen and laminin levels in HG- 
induced podocytes were reversed by addition 
of GSI in HG culture medium (P<0.05 or P< 
0.01). TGF-β1, type IV collagen and laminin pr- 
otein and mRNA levels in the kidney of diabe- 
tic mice increased than that in the control mice 

(P<0.01) (Figure 4D-F). Compared with the DM 
group, TGF-β1, type IV collagen and laminin pr- 
otein and mRNA levels significantly decreased 
in the kidney of diabetic mice treated with DA- 
PT (P<0.05 or P<0.01). The concentration of 
the TGF-β1, type IV collagen and laminin was 
examined in the culture medium of the podo-
cytes with ELISA (Figure 5). We found that the 
podocytes exposed to HG showed higher levels 
of TGF-β1, type IV collagen and laminin in su- 
pernatants than those cultured under NG (P 
<0.01). Compared to HG-induced overexpres-
sion of TGF-β1, type IV collagen and laminin in 
supernatants, the expression of TGF-β1, type  
IV collagen and laminin decreased significant- 
ly after treatment of GSI (P<0.05 or P<0.01).

Discussion

Notch pathway is an evolutionarily conserved 
local cell-signaling mechanism that participa- 
tes in a variety of cellular processes and pays 
an important role in glomerular development 
and podocyte injury of DN [10, 13, 14]. In this 
study, we found that HG induced podocyte inju-
ry and increased ECM synthesis via activation 
of Notch pathway. Notch pathway also took part 
in podocyte injury and increased ECM synthe-
sis in the kidney of diabetic mice.

The slit-diaphragm (SD) is an important struc-
ture between adjacent foot processes, which  
is a major component of the protein barrier 
between the circulation and Bowman’s space 
[15]. Nephrin localized to the SD was originally 
thought to provide the structural link between 
foot processes, without which it is not possible 
to maintain the foot process structure [16]. 
Podocin interacted with nephrin also be identi-
fied as important components of the SD [17]. 
Both of nephrin and podocin appear to be pr- 
esent in a complex within lipid rafts and are 
associated with the cytoskeleton [18, 19], 
which are reduced in human podocytes of DN 
[20]. We found that the levels of nephrin and 
podocin were markedly lower in podocytes st- 
imulated with HG. Notch pathway inhibition us- 
ing GSI increased nephrin and podocin expres-
sion in podocytes, which showed HG chang- 
ed nephrin and podocin levels and induced po- 
docytes injury via Notch pathway. Notch path-
way was also activated in podocyte in diabe- 
tic mice, which was a major molecular mecha-
nism of decreased nephrin and podocin expr- 
ession [21].

Figure 5. Effect of Notch pathway inhibition on con-
centration of the TGF-β1, type IV collagen and lam-
inin in the culture medium of HG-induced podocytes 
by ELISA. Data are presented as the means ± SD. 
**P<0.01 vs. NG, #P<0.05, ##P<0.01 vs. HG.
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ECM accumulation of glomeruli is considered 
the most common destructive pathway asso- 
ciated with DN, which is characterized by re- 
modeling of the interstitial ECM, resulting in 
excessive deposition of ECM including type  
IV collagen and laminin [22]. It is well estab-
lished that TGF-β1 is a potent stimulator of  
ECM production in DN and may be the most 
important growth factor in determining the ex- 
tent of renal fibrosis after injury. It has been 
shown that TGF-β1 mediates the production of 
type IV collagen and laminin in mesangial cells 
under conditions of HG [23]. Exposure of po- 
docytes to TGF-β1 also increased the produc-
tion of the basement membrane components 
[24]. We found that the exposure of podocytes 
to HG induced type IV collagen and laminin 
accumulation by increasing TGF-β1 mRNA and 
protein synthesis. Furthermore, the finding that 
Notch pathway inhibition by GSI markedly pre-
vented HG-induced TGF-β1 upregulation sug-
gested that HG induced TGF-β1 expression via 
Notch pathway. Aoyagi-Ikeda et al. [25] found 
that Notch pathway induced myofibroblast dif-
ferentiation through TGF-β1 that raised SMA 
expression in alveolar epithelial cells, and 
increased migratory behavior in pulmonary 
fibrosis. Blocking Notch pathway activation sig-
nificantly attenuated liver fibrosis and decre- 
ased the expression of TGF-β1 in hepatic st- 
ellate cell line [26]. We also found that TGF- 
β1, type IV collagen and laminin protein and 
mRNA levels in diabetic mice increased than 
that in the control mice. Inhibitiong of Notch 
pathway by DAPT significantly decreased TGF-
β1, type IV collagen and laminin protein and 
mRNA levels, reduced proteinuria and prevent-
ed glomerulosclerosis in diabetic mice.

In summary, our data demonstrated that acti-
vation of Notch pathway was found in HG- 
induced podocytes and the kidney of diabetic 
mice, which decreased nephrin and podocin, 
increased TGF-β1 and the synthesis of ECM 
components in podocytes. In addition, the 
blockade of Notch pathway using the chemical 
inhibitor suppressed podocyte injury and the 
synthesis of ECM components in podocytes of 
DN. Since Notch pathway is involved in podo-
cyte injury in DN, targeting Notch pathway may 
be an effective method to therapy DN.

Acknowledgements

This study was supported by grants from He- 
bei Natural Science Foundation of China (H20- 

14206294) and Department of Education of 
Hebei Province of China (QN2016014).

Disclosure of conflict of interest

None.

Address correspondence to: Feng Gao, Department 
of Pathology, The Third Hospitai of Hebei Medical 
University, 139 Ziqiang Road, Shijiazhuang 050051, 
Hebei, P.R. China. E-mail: alan846829@163.com

References

[1] Cook KM and Figg WD. Angiogenesis inhibi-
tors: current strategies and future prospects. 
CA Cancer J Clin 2010; 60: 222-243.

[2] Ji X, Wang Z, Geamanu A, Sarkar FH and Gupta 
SV. Inhibition of cell growth and induction of 
apoptosis in non-small cell lung cancer cells by 
delta-tocotrienol is associated with notch-1 
down-regulation. J Cell Biochem 2011; 112: 
2773-2783.

[3] Mertens PR, Raffetseder U and Rauen T. Notch 
receptors: a new target in glomerular diseases. 
Nephrol Dial Transplant 2008; 23: 2743-2745.

[4] McCright B. Notch signaling in kidney develop-
ment. Curr Opin Nephrol Hypertens 2003; 12: 
5-10.

[5] Li G, Li Y, Liu S, Shi Y, Chi Y, Liu G and Shan T. 
Gremlin aggravates hyperglycemia-induced 
podocyte injury by a TGFβ/smad dependent 
signaling pathway. J Cell Biochem 2013; 114: 
2101-2113.

[6] Liu Y. New insights into epithelial-mesenchy-
mal transition in kidney fibrosis. J Am Soc 
Nephrol 2010; 21: 212-222.

[7] Ma R, Liu L, Liu X, Wang Y, Jiang W and Xu L. 
Triptolide markedly attenuates albuminuria 
and podocyte injury in an animal model of dia-
betic nephropathy. Exp Ther Med 2013; 6: 
649-656.

[8] Xie X, Xia W, Fei X, Xu Q, Yang X, Qiu D and 
Wang M. Relaxin inhibits high glucose-induced 
matrix accumulation in human mesangial cells 
by interfering with TGF-β1 production and me-
sangial cells phenotypic transition. Biol Pharm 
Bull 2015; 38: 1464-1469.

[9] Hu C, Sun L, Xiao L, Han Y, Fu X, Xiong X, Xu X, 
Liu Y, Yang S, Liu F and Kanwar YS. Insights 
into the mechanisms involved in the expres-
sion and regulation of extracellular matrix pro-
teins in diabetic nephropathy. Curr Med Chem 
2015; 22: 2858-2870. 

[10] Niranjan T, Bielesz B, Gruenwald A, Ponda MP, 
Kopp JB, Thomas DB and Susztak K. The Notch 
pathway in podocytes plays a role in the devel-
opment of glomerular disease. Nat Med 2008; 
14: 290-298.

mailto:alan846829@163.com


Notch pathway in diabetic nephropathy

1881 Int J Clin Exp Med 2018;11(3):1873-1881

[11] Gao F, Yao M, Shi Y, Hao J, Ren Y, Liu Q, Wang 
X and Duan H. Notch pathway is involved in 
high glucose-induced apoptosis in podocytes 
via Bcl-2 and p53 pathways. J Cell Biochem 
2013; 114: 1029-1038.

[12] Mundel P, Reiser J, Zuniga Mejia Borja A, 
Pavenstadt H, Davidson GR, Kriz W and Zeller 
R. Earrangements of the cytoskeleton and cell 
contacts induce process formation during dif-
ferentiation of conditionally immortalized 
mouse podocyte cell lines. Exp Cell Res 1997; 
236: 248-258.

[13] Cheng HT, Kim M, Valerius MT, Surendran K, 
Schuster-Gossler K, Gossler A, McMahon AP 
and Kopan R. Notch2, but not Notch1, is re-
quired for proximal fate acquisition in the 
mammalian nephron. Development 2007; 
134: 801-811.

[14] Sirin Y and Susztak K. Notch in the kidney: de-
velopment and disease. J Pathol 2012; 226: 
394-403.

[15] Suvanto M, Jahnukainen T, Kestilä M and 
Jalanko H. Podocyte proteins in congenital and 
minimal change nephrotic syndrome. Clin Exp 
Nephrol 2015; 19: 481-488.

[16] Liu Y, Liang W, Yang Y, Pan Y, Yang Q, Chen X, 
Singhal PC and Ding G. IQGAP1 regulates actin 
cytoskeleton organization in podocytes through 
interaction with nephrin. Cell Signal 2015; 27: 
867-877.

[17] Kawachi H, Suzuki K, Miyauchi N, Hashimoto T, 
Otaki Y and Shimizu F. Slit diaphragm dysfunc-
tion in proteinuric states: identification of novel 
therapeutic targets for nephrotic syndrome. 
Clin Exp Nephrol 2009; 13: 275-280.

[18] Fukuyo Y, Nakamura T, Bubenshchikova E, 
Powell R, Tsuji T, Janknecht R and Obara T. 
Nephrin and Podocin functions are highly con-
served between the zebrafish pronephros and 
mammalian metanephros. Mol Med Rep 2014; 
9: 457-465.

[19] Schwarz K, Simons M, Reiser J, Saleem MA, 
Faul C, Kriz W, Shaw AS, Holzman LB and Mun-
del P. Podocin, a raft-associated component of 
the glomerular slit diaphragm, interacts with 
CD2AP and nephrin. J Clin Invest 2001; 108: 
1621-1629.

[20] Denhez B, Lizotte F, Guimond MO, Jones N, 
Takano T and Geraldes P. Increased SHP-1 pro-
tein expression by high glucose levels reduces 
nephrin phosphorylation in podocytes. J Biol 
Chem 2015; 290: 350-358.

[21] Gagliardini E, Perico N, Rizzo P, Buelli S, Longa-
retti L, Perico L, Tomasoni S, Zoja C, Macconi 
D, Morigi M, Remuzzi G and Benigni A. Angio-
tensin II contributes to diabetic renal dysfunc-
tion in rodents and humans via notch1/snail 
pathway. Am J Pathol 2013; 183: 119-130.

[22] Lennon R, Byron A, Humphries JD, Randles MJ, 
Carisey A, Murphy S, Knight D, Brenchley PE, 
Zent R and Humphries MJ. Global analysis re-
veals the complexity of the human glomerular 
extracellular matrix. J Am Soc Nephrol 2014; 
25: 939-951.

[23] Tang DQ, Wei YQ, Yin XX, Lu Q, Hao HH, Zhai YP, 
Wang JY and Ren J. In vitro suppression of 
quercetin on hypertrophy and extracellular ma-
trix accumulation in rat glomerular mesangial 
cells cultured by high glucose. Fitoterapia 
2011; 82: 920-926.

[24] Herman-Edelstein M, Thomas MC, Thallas-
Bonke V, Saleem M, Cooper ME and Kanthari-
dis P. Dedifferentiation of immortalized human 
podocytes in response to transforming growth 
factor-β: a model for diabetic podocytopathy. 
Diabetes 2011; 60: 1779-1788.

[25] Aoyagi-Ikeda K, Maeno T, Matsui H, Ueno M, 
Hara K, Aoki Y, Aoki F, Shimizu T, Doi H, Kawai-
Kowase K, Iso T, Suga T, Arai M and Kurabayas-
hi M. Notch induces myofibroblast differentia-
tion of alveolar epithelial cells via transforming 
growthfactor-{beta}-Smad3 pathway. Am J 
Respir Cell Mol Biol 2011; 45: 136-144.

[26] Chen Y, Zheng S, Qi D, Zheng S, Guo J, Zhang S 
and Weng Z. Inhibition of Notch signaling by a 
γ-secretase inhibitor attenuates hepatic fibro-
sis in rats. PLoS One 2012; 7: e46512. 


