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Abstract: The apoptosis of podocytes may contribute to the development of diabetic nephropathy (DN). MAPK sig-
naling pathway had a vital role in apoptosis. Meanwhile, IQ domain GTPase-activating protein 1 (IQGAP1) is an
important scaffolding protein regulating MAPK signaling pathway. So we aimed to investigate the role of IQGAP1
under the medium of high glucose (HG). In vitro, human podocyte cells (HPC) were divided into 5 different groups
named A-E and treated with glucose with normal concentration as control, mannitol, HG, HG with benazepril and
HG with u0126, respectively. Expression of IQGAP1 was measured by quantitative real-time PCR (Q-PCR), western
blotting and immunofluorescence assay, respectively. Apoptosis of HPC was detected by flow cytometry. The content
of ERK1/2 and p-ERK1/2 were measured by western blotting. In vitro, HG suppressed the expression of IQGAP1,
increased the level of p-ERK1/2 and contributed to the apoptosis of HPC. But benazepril, an angiotensin converting
enzyme inhibitor, can attenuate the suppression of IQGAP1, down-regulated the level of p-ERK1/2 and attenuated
the apoptotic rate of HPC caused by HG. Meanwhile, u0126, the ERK1/2 activation inhibitor, had no effect on HG
induced suppression of IQGAP1, but significantly reduced the apoptotic rate of HPC. In conclusion, HG contributed
to the apoptosis of HPC accompanied with the down-regulation of IQGAP1 and the increasing content of p-ERK.
Benazepril could attenuate the HG-induced apoptosis of HPC and up-regulated the expression of IQGAP1.
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Introduction

Diabetic nephropathy (DN) is one of the major
complications of diabetes and becoming the
leading cause of end-stage kidney disease
worldwide. DN is characterized by the expan-
sion of extracellular matrix in the glomeruli, and
finally results in proteinuria and renal failure.
The underlying pathogenesis of DN remains
unclear. Recent investigations reported that
the apoptosis of podocytes, a type of glomeru-
lar epithelial cell, can contribute to the prog-
ress of DN [1, 2]. Furthermore, high-glucose
(HG) can induce the apoptosis of podocytes,
and several investigations have been conduct-
ed to explore the underlying mechanisms of
this physiological phenomenon [3, 4].

1Q motif-containing GTPase activating protein 1
(IQGAP1) is a scaffolding protein containing a
variety of protein-interacting domains [5-7]. It

has been proved that IQGAP1 has multiple
functions in regulating biological process, such
as cell proliferation [8], cell-cell adhesion [9],
cytoskeletal architecture [10] and selected sig-
naling pathways [11]. Recently, a rising number
of investigations demonstrated that IQGAP1
can binds with extracellular signal-regulated
kinase 1/2 (ERK1/2) and modulates its activity
[8, 12]. It is well known that many apoptosis
process can be activated or inhibited by the
regulation of ERK1/2 [13-15]. So we suspected
that whether HG induces the apoptosis of podo-
cytes through MEK-ERK1/2 pathway regulated
by IQGAP1. Moreover, HG stimulated the gen-
eration of angiotensin Il (Angll) [16], and res-
earches demonstrated that Angll can induce
the podocytic apoptosis under unclear mecha-
nisms [17, 18]. So we supposed that IQGAP1
may play a vital role in regulating podocytic
apoptosis associated with the regulation of
Angll and ERK1/2.
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In this present study, we investigated the
expression changes of IQGAP1 under the treat-
ment of HG, and explored how Angll influenced
on IQGAP1 under HG, as well as how IQGAP1
regulated ERK1/2 pathways in HPC in vitro.

Material and methods
Cell culture and treatments

Conditionally, human podocytes (HPC) were a
kind gift provided by Department of Medicine,
Shandong University, China. HPC were incubat-
ed in RPMI 1640 medium containing 10% Fetal
Bovine Serum (FBS) and y-interferon (10 U/ml)
and cultured in incubators under 33°C and with
a content of 5% CO, for proliferation. Then cells
passage culture were continued with RPMI
1640 medium only containing 10% FBS under
the conditions of 37°C and 5% CO, containing.
After incubated for 10 to 14 days, the differen-
tiated HPC were collected for subsequent
experiments. After pretreatment of the collect-
ed HPC, the HPC were divided into five groups
named A-E and treated as follows: glucose (5.5
mmol/L), mannitol (24.5 mmol/L) and glucose
(5.5 mmol/L), high glucose (30 mmol/L glu-
cose), high glucose (30 mmol/L glucose) and
benazepril (10 pmol/L), high glucose (30
mmol/L glucose) and u0126 (10 pmol/L),
among which group A was used as control.

Quantitative real-time PCR

Total RNA were separately extracted when
treated for O h, 24 h and 48 h using Trizol
reagent (SunShineBio, Shanghai, China). To
obtain the cDNA, the RNA samples were treat-
ed with a reverse transcription system (Sun-
ShineBio, Shanghai, China). Then the obtained
cDNA were utilized as templates for quantita-
tive real-time PCR (Q-PCR) analysis. Q-PCR was
employed to detect gene expression levels. In
this study, B-actin was used as internal stan-
dard. The primers sequences were as follows:
IQGAP1, forward 5-AGAACGTGGCTTATGAGTA-
CCT-3' and reverse 5-CCAGTCGCCTTGTATCT-
GGT-3'. B-actin, forward 5-CAGTCGGTTGGAG-
CGAGCAT-3’ and reverse 5-GGACTTCCTGTA-
ACAACGCATCT-3. Q-PCR was performed with
the 2xSYBR gqPCR Mix (Promega, Beijing, China)
in a 20 pL volume using a Line Gene 9600
Real-time System. The amplification proce-
dures were as follows: pre-denaturation at
95°C for 3 min; 40 cycles at 95°C for 15 sec,
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60°C for 1 min; and a single melt cycle from
60°C to 95°C.

Immunofluorescence assay

This step was conducted when HPC were treat-
ed by A-EforOh, 12 h,24 h,48 hand 72 h. Cell
suspension were dropped onto a glass slide
and cultured for 2 h, then 2 mL cell culture
medium was added and continued to incubate
for 6 h. After fixing, 50-100 uL permeabilization
was added and incubated for 10 min. Then HPC
were incubated with anti-IQGAP1 antibody
(1:200, Abcam, Cambridge, Britain) overnight
at 4°C. Subsequently, they were subjected to
FITC-conjugated goat anti-rabbit 1gG (1:150,
JINGKEBIO, Anhui, China) for 50 min at 37°C in
darkness. And finally they were treated with
anti-fade fluorescence mounting medium with
DAPI (HelixGen, Guangzhou, China). Cells were
washed by phosphate buffered saline (PBS) in
each step. All microscopic images were collect-
ed by upright fluorescence microscope (Nikon
Eclipse Cl, Tokyo, Japan).

Western blotting

HPC were cultured in RPMI 1640 medium with
10% FBS, penicillin and str. Total protein were
extracted separately when incubated for O h,
24 h and 48 h under the treatment of A-E. The
supernatants were collected by centrifuge at
12,000 rpm, 4°C for 20 min after HPC were
treated by lysis buffer which was made up
referred to Liu et al. [19]. Each sample was
boiled and mixed with sodium dodecyl sulfa-
te (SDS) loading buffer. Equal amount of sam-
ples were separated by SDS- polyacrylamide
gel with a 5% spacer gel and a 12% separation
gel, respectively. Then electrophoretic gels
were transferred into a polyvinylidene fluori-
de (PVDF) membrane (Millipore, Shanghai,
China). Membranes were dipped with TBS buf-
fer (50 mmol/L Tris, 15 mmol/L NaCl) from
the bottom up and block for 1 h. Then membr-
anes were incubated by anti-ERK (Cell Signaling
Technology, USA), anti-p-ERK (Cell Signaling
Technology, USA) and anti-IQGAP1 antibodies
(1:2000) overnight at 4°C, respectively. A hor-
seradish peroxidase-conjugated goat anti-rab-
bit 1gG (SunShineBio, Shanghai, China) were
utilized as secondary antibody (1:1000). After
incubated for 1 h, images were collected by gel
imaging system (Jieda, Nanjia, China). The inte-
grated optical density of each band was calcu-
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lated by software that affiliated to gel imaging
system.

Measurement of apoptosis

HPC apoptosis were detected by Annexin V-FITC
Apoptosis Detection Kit (KeyGEN BioTECH,
Nanjing, China). The propidium iodide (PI) and
fluorescein isothiocyanate (FITC) conjugated
annexin V was mainly used to identify apoptotic
cells under different treatments at O h, 24 h
and 48 h. The apoptotic cells were analyzed by
Becton Dickinson FACS Calibur and CELLQuest
software version 3.0 (USA). Cells in the lower-
left quadrant were normal living cells, the
upper-right area were nonviable apoptotic cells
and the lower-right domain were viable apop-
totic cells. Among these, cells in upper-right
and lower-right areas were identified as
apoptotic.

Statistical analysis

All data were presented as mean + SD. Com-
parisons among different groups were per-
formed by one-way ANOVA. The statistical anal-
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Figure 1. Expression of IQGAP1 detected by real-time
PCR. A. The expression of IQGAP1 when treated by
A (5.5 mmol/L glucose), B (24.5 mmol/L mannitol
and 5.5 mmol/L glucose), C (30 mmol/L glucose,
HG), D (30 mmol/L glucose and 10 umol/L Bena-
zepril) and E (30 mmol/L glucose and 10 pymol/L
u0126) for O h. B. The expression of IQGAP1 when
treated by A-E for 24 h. C. The expression of IQGAP1
when treated by A-E for 48 h. "P < 0.05 versus A, #P
< 0.05 versus C.

yses were conducted by SPSS v17.0. A P value
< 0.05 was considered as significant diffe-
rence.

Results

Functions of HG on IQGAP1 transcripts identi-
fied by Q-PCR

In order to examine the expression changes of
IQGAP1 under different treatments, Q-PCR was
employed to detect the transcript levels. As
shown in Figure 1, the expression of IQGAP1
was significantly down-regulated when treated
by HG for 24 h (group C), while no significant
difference was observed when treated by man-
nitol (group B). However, the suppression by HG
was attenuated when benazepril, which can
inhibit the generation of Angll, was added
(group D). There was no significant difference
occurred when u0126 (ERK1/2 inhibitor) was
mixed with HG (group E). The expression trends
of IQGAP1 treated for 48 h was consistent with
24 h, except that the inhibition of HG became
stronger on IQGAP1.
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Figure 2. Distribution and expression of IQGAP1 detected by immunofluorescence assay.

Distribution and expression of IQGAP1 identi-
fied by immunofluorescence assay

We performed with the immunofluorescence
assay to observe the distribution and expres-
sion changes of IQGAP1 under different treat-
ments. As shown in Figure 2, IQGAP1 existed
both in nucleus and cytoplasm (mainly expre-
ssed in nucleus). The fluorescence intensity
significantly weakened under the treatment of
HG (group C), which were consistent with the
results of Q-PCR. Furthermore, the fluores-
cence intensity were weakened under the treat-
ment of HG with benazepril, but was larger than
HG at the corresponding time point (group D).
Results under the treatment of E group were
similar to that of C group. All these results were
consistent with Q-PCR, which confirmed the
exact of our conclusion.

Effects of HG on protein levels

To further explore the effects of HG on HPC, we
detected the protein content of IQGAP1, p-ERK
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and ERK after treatment by A-E for O h, 24 h
and 48 h. As shown in Figure 3, the protein lev-
els of IQGAP1 were consistent with the tran-
scripts trends of IQGAP1 under the treatment
of A-E. There was no obvious variation occurred
in ERK protein levels under different treat-
ments. Notably, the protein content of p-ERK
was significantly induced by HG treatment
(group C) but inhibited by HG with u0126 (group
E). HG with benazepril (group D) was also
induced the generation of p-ERK but not as
much as group C.

Effects of HG on HPC apoptosis

Finally, we examined the apoptotic of HPC
under different treatments through flow cytom-
etry. As shown in Figure 4, HG contributed to
the occurrence of apoptosis (group C), but the
process can be attenuated by benazepril (group
D). In addition, apoptosis can be significantly
inhibited by u0126 (group E).

Int J Clin Exp Pathol 2016;9(8):8199-8206
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Discussion

In the current investigation, we came to the
conclusion that HG can induce the apoptosis of
HPC, meanwhile, the expression of IQGAP1 was
down-regulated at both mRNA level and protein
level. Besides, the protein level of p-ERK1/2
was significantly increased but no obvious
changes were observed compared to normal
control group. Significantly, the results caused
by HG were attenuated by benazepril, including
the apoptotic rate of HPC and the suppression
of IQGAP1.
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Figure 3. Protein levels of IQGAP1, p-ERK1/2
and ERK1/2 under the treatment of A-E. A.
Representative western-blotting of IQGAP1, p-
ERK1/2 and ERK1/2 expressions in different
groups treated for O h, 24 h and 48 h, respec-
tively. B-D. The relative protein levels of ERK1/2,
p-ERK1/2 and IQGAP1, respectively. *P < 0.05
versus A, *P < 0.05 versus C.

Our results showed that HG suppressed the
expression of IQGAP1, which was consistent
with a previous study described by Zhou et al.
[20]. Furthermore, we found that HG-induced
apoptosis was attenuated by benazepril, and
the suppression of IQGAP1 was released as
well. It is well known that benazepril is an inhibi-
tor for angiotensin-converting enzyme, which
can transform Angl into Angll [21]. So it seems
that the block of Angll reduced the apoptosis of
HPC, and increased the expression of IQGAP1.
The latter conclusion was opposite to a study
by Liu [19] which demonstrated that Angll stim-

Int J Clin Exp Pathol 2016:9(8):8199-8206
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Figure 4. Flow cytometry analysis of apoptosis. A. The results of flow cytometry. Cells in upper-right and lower-right
areas were identified as apoptotic. B-D. The apoptotic rate of each group when treated for O h, 24 h and 48 h, re-

spectively. "P < 0.05 versus A, #*P < 0.05 versus C.

ulated the expression of IQGAP1 and contrib-
uted to apoptosis of podocytes. It is confused
about the function of IQGAP1.

Besides the above results, Our study also
observed that HG could induce the activation of
ERK1/2 pathway in HPC, and the activation of
ERK1/2 contributed to the development of
apoptosis. Various studies have demonstrated
that IQGAP1 can regulated cell physiology by
binding ERK1/2 [12, 22]. And an investigation
have discovered that the absence of IQGAP1
impaired the activation of ERK1/2 [23]. This
was disagreed with our conclusions.

Have all data together, the behavior of IQGAP1
was perplexing. Both our study and a study by
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Zhou et al. [20] discovered that under HG medi-
um, the expression of IQGAP1 was down-regu-
lated but the level of p-ERK1/2 was increased
significantly and contributed to the apoptosis of
HPC finally. Just as Zhou et al. [20] described
that IQGAP1 may have an important role in
maintaining the content of p-ERK1/2 at proper
levels under HG medium. It was consistent with
the results that benazepril down-regulated the
p-ERK1/2 levels and at this point the IQGAP1
was up-regulated. We proposed that there may
be an unknown regulatory factor mediating
HG-induced apoptosis of HPC through ERK1/2
pathway.

In conclusion, our findings revealed that
HG-induced apoptosis of HPC was accompa-

Int J Clin Exp Pathol 2016;9(8):8199-8206
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nied with the decrease of IQGAP1 as well as the
activation of ERK1/2 pathway. In addition,
benazepril can attenuated the apoptosis of
HPC under HG condition. Our discoveries pro-
vide a new direction for the exploration of the
mechanisms underlying HG-induced apoptosis
of HPC, and made a foundation for new thera-
pies to DN.

Acknowledgements

We wish to express our warm thanks to Beijing
Springer Medical Research Institute (Jinan) for
the professional translation and paper polish-
ing for us.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Xiang-Dong Yang,
Department of Nephrology, Qilu Hospital of Shan-
dong University, 107 Wenhuaxi Road 107, lJinan
250012, Shandong Province, China. Tel: 86-0531-
82169114; Fax: 86-0531-82169114; E-mail: xdy-
ang0215@163.com

References

[1] Butt A and Riaz S. Study of protein profiling of
human urine in diabetic hypertensive nephrop-
athy versus normal healthy controls. Diabetes
Technol Ther 2010; 12: 379-386.

[2] Piwkowska A, Rogacka D, Audzeyenka |,
Jankowski M and Angielski S. High glucose
concentration affects the oxidant-antioxidant
balance in cultured mouse podocytes. J Cell
Biochem 2011; 112: 1661-1672.

[3] Liu BC, Song X, Lu XY, Li DT, Eaton DC, Shen
BZ, Li XQ and Ma HP. High glucose induces
podocyte apoptosis by stimulating TRPC6 via
elevation of reactive oxygen species. Biochim
Biophys Acta 2013; 1833: 1434-1442.

[4] Wang XM, Yao M, Liu SX, Hao J, Liu QJ and Gao
F. Interplay between the Notch and PI3K/Akt
pathways in high glucose-induced podocyte
apoptosis. Am J Physiol Renal Physiol 2014;
306: F205-F213.

[5] Briggs MW and Sacks DB. IQGAP1 as signal
integrator: Ca?*, calmodulin, Cdc42 and the cy-
toskeleton. FEBS Lett 2003; 542: 7-11.

[6] Briggs MW and Sacks DB. IQGAP proteins are
integral components of cytoskeletal regula-
tion. EMBO Rep 2003; 4: 571-574.

[71 Mateer SC, Wang N and Bloom GS. IQGAPs: in-
tegrators of the cytoskeleton, cell adhesion
machinery, and signaling networks. Cell Motil
Cytoskeleton 2003; 55: 147-155.

8205

(8]

(10]

(11]

[12]

(13]

(15]

(17]

(18]

MaY, Jin Z, Huang J, Zhou S, Ye H, Jiang S and
Yu K. IQGAP1 plays an important role in the cell
proliferation of multiple myeloma via the MAP
kinase (ERK) pathway. Oncol Rep 2013; 30:
3032-3038.

Tanos BE, Bay AEP, Salvarezza S, Vivanco |,
Mellinghoff I, Osman M, Sacks DB and Rodri-
guez-Boulan E. IQGAP1 controls tight junction
formation through differential regulation of
claudin recruitment. J Cell Sci 2015; 128: 853-
862.

Kim H, White CD and Sacks DB. IQGAP1 in mi-
crobial pathogenesis: targeting the actin cyto-
skeleton. FEBS Lett 2011; 585: 723-729.

Roy M, Li Z and Sacks DB. IQGAP1 is a scaffold
for mitogen-activated protein kinase signaling.
Mol Cell Biol 2005; 25: 7940-7952.

Roy M, Li Z and Sacks DB. IQGAP1 binds ERK2
and modulates its activity. J Biol Chem 2004;
279: 17329-17337.

Ying TH, Yang SF, Tsai SJ, Hsieh SC, Huang YC,
Bau DT and Hsieh YH. Fisetin induces apopto-
sis in human cervical cancer Hela cells
through ERK1/2-mediated activation of cas-
pase-8-/caspase-3-dependent pathway. Arch
Toxicol 2012; 86: 263-273.

Liu X, Li Q, Dowdell K, Fischer ER and Cohen JI.
Varicella-zoster virus ORF12 protein triggers
phosphorylation of ERK1/2 and inhibits apop-
tosis. J Virol 2012; 86: 3143-3151.

Chen C, Chang YC, Lan MS and Breslin M.
Leptin stimulates ovarian cancer cell growth
and inhibits apoptosis by increasing cyclin D1
and Mcl-1 expression via the activation of the
MEK/ERK1/2 and PI3K/Akt signaling path-
ways. Int J Oncol 2013; 42: 1113-1119.
Vidotti D, Casarini D, Cristovam P, Leite C,
Schor N and Boim M. High glucose concentra-
tion stimulates intracellular renin activity and
angiotensin Il generation in rat mesangial
cells. Am J Physiol Renal Physiol 2004; 286:
F1039-F1045.

Nadarajah R, Milagres R, Dilauro M, Gutsol A,
Xiao F, Zimpelmann J, Kennedy C, Wysocki J,
Batlle D and Burns KD. Podocyte-specific over-
expression of human angiotensin-converting
enzyme 2 attenuates diabetic nephropathy in
mice. Kidney Int 2012; 82: 292-303.

Leung JC, Chan LY, Saleem M, Mathieson P,
Tang SC and Lai KN. Combined blockade of an-
giotensin Il and prorenin receptors ameliorates
podocytic apoptosis induced by IgA-activated
mesangial cells. Apoptosis 2015; 20: 907-
920.

Liu Y, Liang W, Yang Q, Ren Z, Chen X, Zha D,
Singhal PC and Ding G. IQGAP1 mediates an-
giotensin ii-induced apoptosis of podocytes via
the ERK1/2 MAPK signaling pathway. Am J
Nephrol 2013; 38: 430-444.

Int J Clin Exp Pathol 2016:9(8):8199-8206


mailto:xdyang0215@163.com
mailto:xdyang0215@163.com

[20]

[21]

8206

Mechanism of high glucose-induced apoptosis of podocytes

Zhou H, Yao C, Bian A, Qian J, Zhao X, Zhao Y,
Wang W and Xing C. The Ras GTPase-activat-
ing-like protein IQGAP1 is downregulated in hu-
man diabetic nephropathy and associated with
ERK1/2 pathway activation. Mol Cell Biochem
2014; 391: 21-25.

Liu XP, Pang YJ, Zhu WW, Zhao TT, Zheng M,
Wang YB, Sun ZJ and Sun SJ. Benazepril, an
angiotensin-converting enzyme inhibitor, allevi-
ates renal injury in spontaneously hyperten-
sive rats by inhibiting advanced glycation end-
product-mediated pathways. Clin Exp Phar-
macol Physiol 2009; 36: 287-296.

[22]

[23]

Jameson KL, Mazur PK, Zehnder AM, Zhang J,
Zarnegar B, Sage J and Khavari PA. IQGAP1
scaffold-kinase interaction blockade selective-
ly targets RAS-MAP kinase-driven tumors. Nat
Med 2013; 19: 626-630.

Sbroggio M, Bertero A, Velasco S, Fusella F, De
Blasio E, Bahou WF, Silengo L, Turco E, Bran-
caccio M and Tarone G. ERK1/2 activation in
heart is controlled by melusin, focal adhesion
kinase and the scaffold protein IQGAP1. J Cell
Sci 2011; 124: 3515-3524.

Int J Clin Exp Pathol 2016;9(8):8199-8206



