
ORIGINAL ARTICLE

Enhanced expression of naofen in kidney of streptozotocin-
induced diabetic rats: possible correlation to apoptosis
of tubular epithelial cells

Yuko Sato • Guo-Gang Feng • Lei Huang • Jun-Hua Fan • Chang Li •

Jun An • Koji Tsunekawa • Shuji Kurokawa • Yoshihiro Fujiwara •

Toru Komatsu • Fumio Kondo • Naohisa Ishikawa

Received: 26 November 2009 / Accepted: 18 February 2010 / Published online: 12 March 2010

� Japanese Society of Nephrology 2010

Abstract

Background Hyperglycemia/high glucose may induce

apoptosis in diabetic kidney, but the mechanism is not fully

understood. Naofen was found as a Shiga toxin (Stx)-2-

related protein. Based on renal dysfunction in infection

with Stx-producing Escherichia coli and on participation of

naofen in apoptosis of human embryonic kidney cells, the

present study was undertaken to investigate the mechanism

of renal dysfunction in diabetes mellitus with particular

reference to naofen.

Methods In in vivo studies utilizing streptozotocin

(STZ)-induced diabetic rats, and also in in vitro cultured

rat kidney epithelial (NRK52E) cells, naofen messenger

RNA (mRNA) and protein expressions were analyzed.

Naofen mRNA location in diabetic kidney was studied by

in situ hybridization. Apoptosis was assessed by caspase-3

activity assay.

Results Rat diabetic kidney showed significant increases

in caspase-3 activities and naofen mRNA. Naofen was

mainly observed at both proximal and distal urinary

tubules. Incubation of NRK52E cells in high glucose

medium resulted in elevated naofen mRNA expression,

whereas neither interleukin-1, interleukin-6, nor tumor

necrosis factor-a elicited such action. Moreover, treatment

of NRK52E cells with naofen small interfering RNA

(siRNA) inhibited naofen mRNA expression induced by

high glucose and blocked the increase in caspase-3 activity.

Conclusions These data suggest that naofen expression

may be upregulated by hyperglycemia, with possible cor-

relation to apoptosis of tubular epithelial cells and thereby

to diabetic nephropathy.

Keywords Diabetic nephropathy � Hyperglycemia �
Apoptosis

Introduction

Diabetic pandemic is a major cause of morbidity and

mortality worldwide [1, 2], diabetic nephropathy being the

largest single cause of end-stage renal disease [3, 4]. An

emerging area of research has focused on the role of

apoptosis in mediating some of the effects of diabetes [5].

High concentration of glucose (high glucose)-induced

apoptosis has received much attention in recent years, but

the mechanism remains unclear. Among them, in the

mitochondrial intramembrane space, cytochrome c may

mediate the allosteric activation and hepta-oligomerization
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of the adaptor molecule apoptosis-protease activating fac-

tor 1 (Apaf-1), a WD-repeat (tryptophan-aspartate repeat)

protein, in the presence of adenosine triphosphate (ATP),

and generate a complex known as the apoptosome [6].

Each apoptosome can recruit seven dimers of caspase-9,

promoting the activation of the enzymes, leading to pro-

teolytic self-processing and subsequently catalytic matu-

ration of caspase-3 and biochemical and morphological

features of apoptosis [7].

Naofen (GenBank access no. EF613262) is a novel WD-

repeat protein of 1170 amino acids found by cloning the

brain/spinal cord complementary DNA (cDNA) library of

rats, as a reactive substance to an antibody against the

Shiga toxin (Stx)-2 released from Stx-producing Esche-

richia coli (STEC) [8]. Since Stx-2 may induce apoptosis

of many types of cells, including renal tubular epithelial

cells as well as glomerular capillary endothelial cells [9,

10], and vascular endothelial cells [11], we hypothesized

that naofen may also be related to apoptosis. Thus, recently

we have reported that naofen may possibly participate in

apoptosis via activating caspase-3, and additionally that

naofen siRNA inhibited apoptosis induced by tumor

necrosis factor (TNF)-a in human embryonic kidney

(HEK293) cells (unpublished observation), suggesting that

naofen induced by TNF-a may mediate activation of

caspases.

The present study was undertaken to evaluate the roles

of naofen especially in the kidney of streptozotocin (STZ)-

induced diabetic model of rats and also in rat kidney epi-

thelial (NRK52E) cell line cultured in high glucose

medium.

Materials and methods

Animal experimental protocol and tissue preparation

All animal experiments were conducted in accordance with

our institutional guidelines for animal research. Male Wi-

star rats (aged 8 weeks), weighing 200–220 g at the start of

the experiment, were purchased from SLC (Shizuoka,

Japan) and allowed free access to food and water.

Diabetes was induced by intraperitoneal injection of

65 mg/kg streptozotocin (STZ; Sigma–Aldrich, USA)

prepared in 0.1 M citrate buffer (pH 4.5), after overnight

fast. Control rats were injected with only an equal volume

of citrate buffer. Diabetes was confirmed at 48 h after

STZ injection; rats with blood glucose levels more than

300 mg/dl were selected and used for this study. Rats were

killed at 8, 12, 16, and 24 weeks after STZ injection. After

anesthesia with pentobarbital sodium (50 mg/kg, i.p.), right-

side kidney samples were stored in liquid nitrogen for

mRNA analyses. Blood was washed out with saline, and

then 4% paraformaldehyde (PFA) solution dissolved with

phosphate-buffered saline (PBS) was infused into the cir-

culation via the left ventricle. Then, left-side kidney tissues

were transversally sliced and fixed in 4% PFA solution for

24 h, being then embedded in paraffin, cut to 5 lm thick-

ness, and used for histological analyses.

In situ hybridization (ISH) assay

In situ hybridization was performed in an incubator (Micro

Probe Incubator; Fisher Biotech, Fisher Scientific, Pitts-

burgh, PA, USA), using the procedure provided by the

manufacturer, with a probe produced as biotin-labeled

Brigati-tailed probe (Falma, Tokyo, Japan). The sequence

of the naofen probe was as follows: 50-GCAGAAAGGA-

TATATGCTCTGTGTACTTTA-30. Hybridization was

performed at 105�C for 5 min and 74�C for 60 min, with a

probe diluted at 1:2500. Positive regions were visualized

with diaminobenzidine (DAB; Falma, Tokyo, Japan), thus

resulting in brown staining, and then counterstained with

hematoxylin for microscopic examination.

Western blot analysis

Samples from kidney were homogenized in lysis buffer

[50 mM Tris–HCl, pH 7.4, 1 mM ethylenediamine tetra-

acetic acid (EDTA), 150 mM NaCl, 1 mM phenylmethyl-

sulfonyl fluoride (PMSF), 1% Triton X-100, 10% glycerol]

containing a mixture of protease inhibitors (CompleteTM

tables; Roche Applied Sciences, Mannheim, Germany) and

incubated for 1 h on ice. Cell lysates were centrifuged for

10 min at 4�C at 15,000 9 g, and protein concentrations of

samples were determined by utilizing DC protein assay

(Bio-Rad Laboratories, Hercules, CA). Protein levels of

naofen and glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) were analyzed by Western blotting with anti-

naofen638-656 peptide antibody, anti-naofen1104-1120 peptide

antibody (1:100; produced and purified by Peptide Insti-

tute, Osaka, Japan), and anti-GAPDH antibody (1:500;

Santa Cruz, CA, USA). Detection was performed with

Western blotting reagent ECL (GE healthcare, Bucking-

hamshire, UK). The protein level was quantified by den-

sitometric scanning with Gel-Pro Analyzer (Media

Cybernetics, Inc., USA) and expressed as the ratio to

GAPDH as described previously [12].

Apoptosis analysis by terminal deoxynucleotidyl

transferase-mediated dUTP nick end labeling (TUNEL)

assay

Apoptosis was evaluated by utilizing the TUNEL assay.

TUNEL staining using the ApopTag� Plus peroxidase in

situ apoptosis detection kit (Millipore Corporation,
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Billerica, MA, USA) was performed according to the

manufacturer’s instructions. The number of TUNEL-posi-

tive cells was counted in five randomly selected fields of

view under 1009 magnification for each animal, and six

animals were studied per group.

Cell line culture experiments

Normal rat kidney epithelial (NRK52E) cells were pur-

chased from the Health Science Research Resources Bank

(Tokyo, Japan). NRK52E cells were maintained in normal-

concentration glucose (5 mM) Dulbecco’s Minimal

Essential Medium (DMEM; Wako, Osaka, Japan) con-

taining 10% heat-inactivated fetal bovine serum with

100 units penicillin and 100 lg/ml streptomycin (Gibco

BRL, Grand Island, NY, USA). Cells were maintained at

37�C in humid air with 5% CO2. The culture medium was

replaced every 2–3 days. To prepare the cell suspension,

cells were treated with trypsin (0.25%)-EDTA (1 mM)

(Gibco BRL, Grand Island, NY, USA), then transferred

into a 6-cm culture plate at 1 9 105 cells, and cultured

overnight.

To determine the relevance of naofen in diabetic

nephropathy, naofen mRNA expressions were measured in

NRK52E cells maintained in DMEM containing either 5 or

25 mM glucose, in the absence or presence of TNF-a
(30 ng/ml; PeproTech Inc., Rocky Hill, USA) for 18 h. In

order to examine whether the effects of high glucose on

naofen expression were induced by high osmotic pressure,

naofen expression was analyzed under high osmotic pres-

sure with 25 mM mannitol (Wako, Osaka, Japan). Exper-

iments were performed in triplicate and repeated seven

times.

siRNA transfection and naofen knockdown

Small interfering RNA (siRNA) for rat naofen (NF-siRNA,

siRNA ID: s235456) and control-siRNA (negative con-

trol#1 siRNA, catalog no. 4390843) were purchased from

Ambion (Austin, TX, USA). The sequence of NF-siRNA

was as follows: 50-GGAUGAAUGCUGUACAAUAtt-30

(sense), 50-UAUUGUACAGCAUUCAUCCac-30 (anti-

sense). The negative control siRNA is a circular plasmid

encoding a hairpin siRNA, whose sequence is not found in

the mouse, human, or rat genome databases.

Transfection of NF-siRNA (final concentration 10 nM)

or control-siRNA (final concentration 10 nM) was per-

formed by using Lipofectamine RNAiMAX (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s pro-

tocol. At 24 h after transfection with NF-siRNA, the

knockdown efficiencies of NF-siRNA were verified at the

RNA level by real-time polymerase chain reaction (PCR).

In experiments with high glucose treatment, high glucose

medium was added at 24 h post transfection and cultured

for another 18 h until caspase-3 activity assays were per-

formed. At least six experiments were performed inde-

pendently for each siRNA assay.

Quantitative real-time PCR (qPCR) analysis

Total RNA (1 lg), extracted using TRIzol� reagent

(Invitrogen, USA) from kidney tissues of rat or cultured

NRK52E cells, was reversely transcribed using a ReverTra

Ace� qPCR RT kit (Toyobo, Osaka, Japan). qPCR was

performed with an ABI StepOne Plus real-time PCR system

using the TaqMan detection gene expression assay (Applied

Biosystems, Tokyo, Japan) according to the manufacturer’s

instruction. The primers and TaqMan MGB probe sets for

rat naofen, which was designed by Applied Biosystems

(Custom TaqMan� Genomic Assay Service), were 50-CG

ATTTCTGCATTTTGGCCACAA-30 (forward primer),

50-TCCAAGGGTGTGCCAATAGAATT-30 (reverse pri-

mer), and 50-CAAACTGAGGGTGATTTT-30 (TaqMan

MGB probe). The relative abundance of the target was

obtained by calculating against a standard curve and nor-

malized to internal control (GAPDH, Rn99999916_sl)

compared with the control group according to the DDCT

method as previously reported [13].

Measurement of caspase-3 activities

Activities of caspase-3 in the kidney of diabetic rats or

cultured NRK52E cells were determined using the caspase-

3/CPP32 fluorometric assay kit (Medical & Biological

Laboratories, Nagoya, Japan) according to the manufac-

turer’s instruction. These assays are based on detection of

the cleavages of a specific fluorometric caspase substrate,

which are DEVD (Asp-Glu-Val-Asp)-AFC (7-amino-4-

trifluoromethyl coumarin) for caspase-3. In brief, samples

were homogenized in cell lysis buffer supplied in the kit.

Samples (200 lg protein) were mixed with 29 reaction

buffer [containing 10 mM dithiothreitol (DTT)]. After

incubation at 37�C for 2 h, free AFC cleaved by caspase

from specific substrates was quantified by Fluoroskan

Ascent FL (Labsystems, Helsinki, Finland) with excitation/

emission (Ex/Em) = 400/505 nm as previously reported

[14].

Statistical analysis

All results are expressed as mean ± standard error of the

mean (SEM), and were analyzed for statistical significance

by Kruskal–Wallis one-way analysis of variance

(ANOVA). Differences were considered significant at

P \ 0.05.
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Results

Establishment of the diabetic nephropathy model

After one-shot injection of streptozotocin (STZ), body

weight and blood glucose concentrations were recorded

until the time of killing animals. Blood glucose levels in

the diabetic rats were significantly increased after STZ

injection, leveling off at the fourth week (Fig. 1a). Body

weights in the acutely induced diabetic group were sig-

nificantly lower than those obtained in the control group

(Fig. 1b). Hematoxylin and eosin (H&E) staining showed

glomerular hypertrophy, thickening of the glomerular

basement membrane, tubular atrophy, and interstitial

fibrosis in diabetic kidney (data not shown).

Naofen mRNA expressions in vivo in the kidney

of STZ-induced diabetic rats

Naofen mRNA expression significantly increased from

baseline (control) obtained without STZ to 1.5 ± 0.11 at

the 8th week (P \ 0.05), to 2.44 ± 0.28 at the 16th week

(P \ 0.01), and further to 2.03 ± 0.16 at the 24th week

(P \ 0.01) (Fig. 2a).

In situ hybridization showed that naofen mRNA, in the

control rats, was little observed and existed weakly in renal

tubular epithelial cells and glomerular basement membrane

(Fig. 2b), whereas in diabetic rats strong staining of naofen

mRNA was obtained, especially in renal proximal/distal

tubular epithelial cells in the preparations at the 16th and

24th weeks (Fig. 2c, d, respectively).

Western blot analysis of naofen

Western blot examination with anti-naofen1104–1120 anti-

body showed a band of naofen at 130 kDa in diabetic

kidney, and similar results were obtained with anti-nao-

fen638–656 antibody (Fig. 2e), while GAPDH (internal

control protein) was demonstrated at 37 kDa. The amounts

of naofen in the kidney of STZ-treated rats at the 16th and

24th weeks were significantly greater than those in the

control (P \ 0.01) (Fig. 2f).

Apoptosis in diabetic kidneys

Caspase-3 activities obtained at the 8th week were 1.5

times greater than those in the control group (P \ 0.05),

and 2.1 times at the 12th week (P \ 0.01) (Fig. 3a).

To assess whether apoptotic cell death may appear in

diabetic kidney, tissue sections were labeled by in situ

TUNEL assay (Fig. 3b–d). Apoptosis was obvious in both

cortex and medulla of diabetic kidney: estimation of renal

apoptosis revealed nearly eightfold increase in TUNEL-

positive nuclei in diabetic kidneys compared with normal

ones (Fig. 3e), and epithelial cells of both proximal and

distal tubules were TUNEL positive.

Naofen mRNA expression in vitro in NRK52E cells

NRK52E cells were exposed to 5 mM (normal glucose,

NG) or 25 mM (high glucose, HG) glucose, in the absence

or presence of TNF-a (30 ng/ml) for 18 h. Naofen mRNA

expression was significantly higher in the high glucose

medium in either presence or absence of TNF-a in

NRK52E cells (P \ 0.05), no affected with TNF-a
(Fig. 4a). These data suggest that naofen expression may

be upregulated by high glucose environments. Also, man-

nitol (25 mM) did not affect naofen mRNA expression

(data not shown), indicating that the results obtained with

high glucose described above were not due to high osmotic

pressure.

Effect of naofen-siRNA on naofen mRNA expression

and caspase-3 activation

At 24 h after transfection with NF-siRNA (10 nM), cells

were collected to detect expression of naofen mRNA by

real-time PCR. Expression of naofen mRNA was signifi-

cantly diminished by 75%, while control-siRNA elicited

almost no effect on naofen mRNA expression (P \ 0.01;

Fig. 1 Effects of a single dose

of streptozotocin (STZ) on blood

glucose levels (a) and body

weight (b). Body weight and

blood glucose levels were

measured at the indicated weeks

after STZ injections.

**P \ 0.01 and ***P \ 0.001,

compared with normal rats.

Experimental number was 6 in

each group
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Fig. 4b). These results indicate that naofen mRNA was

effectively knocked down by transfection of siRNA in

NRK52E cells.

To investigate caspase-3 activation induced by naofen

knockdown, 24 h after transfection with NF-siRNA

(10 nM), NRK52E cells were stimulated with normal or

high glucose medium and cultured for another 18 h until

the caspase-3 activity assay. Treatment with high glucose

significantly increased caspase-3 activities in NRK52E

cells (P \ 0.05; Fig. 4c), and such an increase in caspase-3

activities was inhibited by transfection of NF-siRNA

(P \ 0.05). Treatment with normal glucose did not affect

caspase-3 activities, with or without NF-siRNA treatment.

Also, mannitol (25 mM) did not affect caspase-3 activity in

NRK52E cells (data not shown). These data show that

naofen may regulate caspase-3 activity in high-glucose-

induced apoptosis.

Discussion

In STZ-induced diabetic kidney of rats, TUNEL staining

and caspase activation showed apoptosis of proximal/distal

tubular epithelial cells. Meanwhile, naofen mRNA

expression was obviously induced, but not in liver (data not

shown). Reportedly apoptosis in tubulo-interstitial cells

may be closely correlated to fibrosis in kidney, resulting in

renal dysfunction [15, 16]. Although TNF-a may be

expressed in glomerular and proximal tubular cells in STZ-

induced diabetic kidney, contributing to the pathogenesis

of diabetic nephropathy [17–19], neither TNF-a (as shown

in Fig. 4a), interleukin-1, nor interleukin-6 (data not

shown) influenced naofen expression in the NRK52E cells,

but high glucose enhanced it. These results indicate that

naofen in NRK52E may be induced directly by high glu-

cose, but probably not indirectly through inflammatory

mediators such as TNF-a.

Western blotting performed with two kinds of anti-

naofen antibodies (anti-naofen638–656 and anti-nao-

fen1104–1120 antibodies) showed the same band of 130 kDa,

almost equal to the calculated molecular weight of naofen,

which consists of 1170 amino acids. In each antibody,

naofen expression in STZ-induced diabetic kidney was

increased, similar to the results obtained for mRNA.

However it is still obscure how high glucose may enhance

naofen expression.

Fig. 2 Naofen expression in

kidney of streptozotocin (STZ)-

induced diabetic and normal

rats. Naofen mRNA expressions

were measured by real-time

PCR and are shown as values

relative to GAPDH as an

internal control (a). *P \ 0.05

and **P \ 0.01, compared with

the control group, i.e., not

treated with STZ. In situ

hybridization for naofen was

performed in the normal rats

(b), and STZ-treated rats at the

16th and 24th weeks (c, d,

respectively). Horizontal bar in

d indicates 100 lm. Western

blotting was performed with

anti-naofen638–656 and anti-

naofen1104–1120 peptide

antibody, the same location of a

band of 130 kDa was

confirmed, and the amounts

were calculated as ratios to

GAPDH (e, f). **P \ 0.01,

compared with the control

group. Experimental number

was 6 in each group
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Treatment of NRK52E cells with naofen siRNA clearly

inhibited the increase in caspase-3 activity induced by

incubation in high glucose medium. Such a result indicates

that naofen might partly play a role in promoting caspase

activity, especially in high-glucose-induced apoptosis of

NRK52E cells. Ortiz et al. [20] and Kumar et al. [21]

reported that STZ may cause apoptosis in kidney, espe-

cially in epithelial cells of both renal proximal and distal

tubules. Many other investigators have also reported the

possibility that hyperglycemia directly mediates apoptotic

cell death in glomerular cells [22, 23], cultured endothelial

cells [24], mesangium [25], and renal proximal tubules

[26].

The blood glucose concentration obtained in STZ-

induced diabetes of rats increased over time, leveling off

4 weeks after STZ injection, whereas the increase in nao-

fen mRNA of kidney was also associated with glucose

concentration, but the peak was obtained 16 weeks later.

The caspase-3 activities were enhanced and leveled off

12 weeks after the injection, and the TUNEL staining

positive cell population was also increased 24 weeks later.

From the time courses of the in vivo studies, the increases

in naofen expression and caspase activities were followed

by morphological apoptotic changes. Reportedly, some

factors, e.g., insulin-like growth factor-1 [27] and hepato-

cyte growth factor [28], may inhibit caspase-3 activity,

preventing high-glucose-induced apoptosis. In such a

context, the dissociation of peak times between caspase-3

(at the 12th week) and naofen (at the 16th week) may or

may not be explained by these inhibitory factors. Further-

more, cell death through apoptosis has been documented in

the course of renal injury in both animal models and

clinical renal diseases [29, 30]. In diabetic nephropathy,

tubular lesions such as the increases in apoptotic cell

population related to tubular atrophy [31–33] might play a

role in the development of renal functional changes in

diabetes [34]. Thus, based on the results obtained in the

present study, we hypothesize that naofen may elicit an

important action in the development of apoptosis of tubular

epithelial cells.

Fig. 3 Relative caspase-3

activities (a), TUNEL staining

(b–d), and number of TUNEL-

positive cells per field (e).

Caspase-3 activities were

measured with fluorescence

methods, relative values being

shown as ratios to the control,

i.e., not treated with

streptozotocin (STZ), at each

time point after STZ injection.

*P \ 0.05 and **P \ 0.01,

compared with the control

group. Experimental number

was 6 in each group. Results

with TUNEL staining are shown

for the normal rat kidney (b),

and for STZ-induced diabetic

rats at the 16th week after STZ

injections (c) and at the 24th

week (d). Arrows indicate

TUNEL-positive cells.

Horizontal bar indicates

100 lm. Number of TUNEL-

positive cells per field at 1009

magnification in renal tubular

epithelial cells are shown in the

control, and STZ-treated rats at

the 16th and 24th weeks after

STZ injections (e).

***P \ 0.001, compared with

normal rats
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Noteworthy was that the TUNEL-positive cells

observed in Fig. 3c, d were only sparse, while ISH with

naofen probe showed much greater extent of both proximal

and distal tubular epithelial cells. Caspase-3 activity in

kidney of STZ-induced diabetic rats was increased twofold

compared with in control rats. It was conceivable that

TUNEL-positive cells may appear after caspase-3 activa-

tion through increased naofen expression.

In summary, the results obtained in the present in vivo

and in vitro experiments suggest that naofen mRNA

expression was increased under high glucose concentration

in the plasma of STZ-treated rats, as well as in cultured

NRK52E cells. Since knockdown of naofen inhibited cas-

pase-3 activity and prevented high-glucose-induced apop-

tosis, naofen may be an important cytosolic protein which

promotes apoptosis in diabetic kidney through hypergly-

cemia, especially in tubular epithelial cells. It is

conceivable that naofen may be relevant to pathophysio-

logical investigations.
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