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Abstract
Aims/hypothesis B cell CLL/lymphoma 2 (BCL-2)-interacting
cell death suppressor (BIS), known as an anti-stress and anti-
apoptotic protein, has been reported to modulate susceptibility
to oxidative stress. This study investigated the potential role of
BIS as an antioxidant protein in diabetic nephropathy.
Methods Diabetes was induced in BIS-heterozygote (BIS-HT)
mice via streptozotocin injections and the resulting phenotypes
were compared with those of BIS-wild-type (BIS-WT) mice
over the 20 weeks following diabetes induction.

Results Renal injuries, represented by increased plasma cre-
atinine levels and increased albuminuria, were greater in dia-
betic BIS-HT mice than in diabetic BIS-WT mice, and were
accompanied by a significant increase in reactive oxygen
species (ROS) and oxidative stress markers. Moreover, renal
pathological changes and the apoptotic process were acceler-
ated in diabetic BIS-HT mice compared with diabetic
BIS-WT mice with the same degree of hyperglycaemia; all
were restored by 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-
oxyl (tempol) treatment. The levels of NADPH oxidase and
related proteins were not significantly higher in diabetic
BIS-HTmice compared with diabetic BIS-WTmice. However,
levels of superoxide dismutase (SOD)1 and SOD2 increased on
the induction of diabetes in BIS-WT mice but not in BIS-HT
mice, correlating with the total SOD activity. An in vitro study
showed that knockdown of BIS production also resulted in
impaired induction of SOD activity as well as SOD levels in
HK-2 and NMS cells, concomitant with significant ROS
accumulation.
Conclusion/interpretation Our results suggest that the de-
creased antioxidant capacity of BIS aggravates diabetic ne-
phropathy in diabetic BIS-HT mice, possibly as a result of the
disruption in the regulation of SOD protein quality under
oxidative stress.
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BAG BCL2-associated athanogene
BCL-2 B cell CLL/lymphoma 2
BIS BCL-2 interacting cell death suppressor
BIS-HT(-DM) Bis-heterozygote (with diabetes)
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BIS-WT(-DM) Bis-wild-type (with diabetes)
Col IV Type IV collagen
DCF-DA 2′7′-Dichlorofluorescein diacetate
DHE Dihydroethidine
F4/80 Cell surface glycoprotein F4/80
HIF-1α Hypoxia-inducible factor 1-α
HK-2 Human kidney-2 [cells]
HSP70 Heat shock 70 kDa protein
NOX NADPH oxidase
NMS Normal mesangial [cells]
8-OH-dG 8-Hydroxy-deoxyguanosine
RAC1 Ras-related C3 botulinum toxin substrate 1
ROS Reactive oxygen species
si Small interfering
SOD Superoxide dismutase
STZ Streptozotocin
Tempol 4-Hydroxy-2,2,6,6-tetramethylpiperidine-

N-oxyl

Introduction

Diabetic nephropathy is a severe microvascular complication
observed in both type 1 and type 2 diabetes; it is the leading
cause of renal failure. Increasing evidence indicates that ex-
cessive reactive oxygen species (ROS) induced by chronic
hyperglycaemia play a central role in the development of
diabetic complications [1–3]. ROS can activate several pro-
inflammatory transcriptional factors, resulting in the produc-
tion of cytokines, chemokines and adhesion molecules, as
well as an influx of inflammatory cells into the kidney
[4, 5]. The importance of redox balance in diabetic nephrop-
athy has been demonstrated in diabetic mice overexpressing
antioxidant enzymes; these animals are protected from inter-
stitial fibrosis and their proximal tubule cells do not undergo
apoptosis [6–9]. Therefore, the preservation of antioxidant
defence capacity in kidneys may be a major determinant of
the severity of diabetic nephropathy caused by sustained
hyperglycaemic oxidative stress.

B cell CLL/lymphoma 2 (BCL-2)-interacting cell death
suppressor (BIS; also known as BCL2-associated athanogene
[BAG]3 or carboxyamido-triazole-stressed [CAIR]-1), was
originally identified based on its ability to interact with the
BCL-2 protein and enhance its anti-apoptotic activity [10].
Recent studies have shown that BIS is involved in the regula-
tion of cell survival in various cellular environments [11–14],
as well as in protein quality during ageing [15, 16]. BIS
upregulation has been observed in cells exposed to a variety
of stresses [17–20]. Notably, oxidative stress has been shown
to be a potent inducer of BIS expression in mouse retina or
reactive astrocytes in the rat hippocampus [18, 20]. Further-
more, the suppression of BIS expression has been reported to

sensitise leukaemic cells to death induced by a glutathione-
depriving agent, and the overexpression of BIS attenuates
apoptosis induced by the electrophilic 4-hydroxynonenal,
suggesting that the induction of BIS could be related to
protecting cells exposed to oxidative stress [11, 21]. However,
the molecular pathway by which BIS modulates cell survival
is not well understood, though the binding of BIS to BCL-2 or
heat shock 70 kDa protein (HSP70) has provided some in-
sights into this process [10, 22]. We recently reported that the
downregulation of BIS in C6 glial cells leads to accelerated
cell death on oxygen–glucose deprivation (OGD), accompa-
nied by the accumulation of ROS and an impairment in the
activation of superoxide dismutase (SOD)1 at the transcrip-
tional level [23]. These findings suggest that modulation of
BIS expression may affect the development of diabetic ne-
phropathy, in which the accumulation of ROS could trigger a
cascade resulting in cell death.

We previously demonstrated that the deletion of the Bis
gene (also known as Bag3 ) in mice results in growth retarda-
tion and early lethality with serious metabolic deterioration
[24, 25], suggesting that BIS is critical for postnatal growth
and survival. In contrast toBis-knockout mice, the growth and
reproduction of Bis -heterozygote ([Bis+/−]; BIS-HT) mice
appeared to be normal. Therefore, BIS-HT mice were used
in this study to investigate whether BIS haploinsufficiency
could have an effect on renal damage in a streptozotocin
(STZ)-induced diabetes mouse model. Our results indicate
that diabetic nephropathy is intensified in BIS-HT mice, and
is accompanied by increased oxidative stress. The modulation
of SOD expression and activity may be a possible molecular
basis for increased susceptibility to oxidative stress in BIS-HT
mice.

Methods

Experimental mouse model The heterozygousmutant BIS-HT
mice were prepared as previously described [24] and
maintained on a C57/BL6 background to generate BIS-HT
and Bis-wild-type (BIS-WT) littermates. Only male BIS-HT
andBIS-WTmice were used for the studies. Mice were housed
in a sterile environment with 12 h/12 h light/dark cycles and
had free access to food and water. The induction of diabetes
mellitus was performed by intraperitoneal injection of STZ
(50 mg kg−1 day−1) for 5 days to BIS-HT mice of 8 weeks of
age (BIS-HT DM; n =8) and BIS-WT mice of equivalent age
(BIS-WTDM; n =8). The control mice (BIS-WTand BIS-HT)
were each injected with 0.1 mmol/l sodium citrate (n =6). To
define the role of SOD in diabetic nephropathy, 4-hydroxy-
2,2,6,6-tetramethylpiperidine-N-oxyl (tempol; Sigma-Aldrich,
Steinheim, Germany), a SOD mimetic, was given to BIS-WT
DMandBIS-HTDMmice in drinkingwater (20μg kg−1 day−1)
from 13 weeks after injection of STZ to 20 weeks (n=8).
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All research procedures involving animals were performed
in accordance with the Laboratory Animals Welfare Act and
the Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use
Committee (IACUC) at the College of Medicine, Catholic
University of Korea, Korea.

At 20 weeks after induction of diabetes, the animals were
housed in metabolism cages (Nalgene, Rochester, NY, USA)
for 24 h to collect urine. The mice were then killed and the
kidneys were rapidly dissected and stored in buffered formalin
(10%) for subsequent immunohistochemical analysis. Clinical
variables in plasma and urine were determined as previously
described [26].

Histology Kidney samples were fixed in 10% (vol./vol.) buff-
ered formalin and embedded in paraffin. Histology was
assessed by haematoxylin–eosin, periodic acid–Schiff’s re-
agent (PAS) and Masson’s trichrome staining. Mesangial ma-
trix area and glomerular tuft area were quantified for each
glomerular cross-section using PAS-staining sections. More
than 30 glomeruli that were cut through the vascular pole were
counted per kidney and the average was used to determine the
fractional mesangial area. We also performed immunohisto-
chemistry for nitrotyrosine, TGF-β1, type IV collagen
(Col IV), hypoxia-inducible factor 1-α (HIF-1α) and cell
surface glycoprotein F4/80 (F4/80). The proportion of apo-
ptotic cells was determined by active caspase-3 expression
and TUNEL assay. See the electronic supplementary material
(ESM) methods for further details.

Assessment of renal oxidative stress To evaluate oxidative
DNA damage and lipid peroxidation, we measured serum
and 24 h urinary 8-hydroxy-deoxyguanosine (8-OH-dG;
OXIS Health Products, Portland, OR, USA) and 24 h urinary
8-epi-prostaglandin F2α (isoprostane; OXIS Health Products)
concentrations, respectively. The total SOD activities were
measured using a commercial kit (Enzo Life Science,
Farmingdale, NY, USA), based on the inhibition of a water-
soluble tetrazolium salt-1 reduction. Determination of ROS
accumulation in renal tissues and cultured cells was carried
out using the oxidative fluorescent dyes dihydroethidine
(DHE) and 2′7′-dichlorofluorescein diacetate (DCF-DA), re-
spectively. For detailed information, see ESM Methods.

Cell culture and small interfering RNA transfection Rat nor-
mal mesangial cells (NMS) cells and human kidney-2 cells
(HK-2) were maintained in RPMI 1640 medium with
11.1 mmol/l of glucose and DMEM with 25 mmol/l glucose,
respectively, supplemented with heat-inactivated 10%
(vol./vol.) FBS (HyClone Laboratories, Logan, UT, USA).
Suppression of BIS production was performed by transfection
of Bis -targeted small interfering (si)RNA (50 nmol/l,
5′-AAGGUUCAGACCAUCUUGGAA-3′) using G-fectin

(Genolution Pharmaceuticals, Seoul, Korea) in HK-2 cells,
or Neon Transfection system (Invitrogen, Carlsbad, CA,
USA) in NMS cells at 1350 V with 30 ms pulse. After 48 h
of transfection, NMS and HK-2 cells were exposed to 25 and
50 mmol/l glucose (respective final concentrations based on
the glucose concentration of normal culture conditions), for an
additional 72 h.

Western assay and quantitative real-time PCR Western assays
were performed on total protein from the kidney tissues from
each group and from in vitro cell lines using specific antibod-
ies for NADPH oxidase (NOX)-1, NOX-4, cytochrome b -245
light chain (p22phox), Ras-related C3 botulinum toxin sub-
strate 1 (RAC1), SOD1, SOD2 and β-actin. The transcript
levels of Sod1 and Sod2 were evaluated with quantitative
real-time PCR methods [27]. For the detailed procedure, see
the ESM Methods and ESM Table 1.

Statistical analysis Data were expressed as means ± SE. Dif-
ferences between groups were examined by two-way
ANOVA with Bonferroni’s correction (SPSS v. 11.5; IBM,
Armonk, NY, USA). A p value of less than 0.05 was consid-
ered significant.

Results

Decreased renal function in diabetic BIS-HT mice As shown
in Table 1, the body weights of BIS-WTDM and BIS-HTDM
mice were significantly lower than those of control BIS-WT
and BIS-HT mice (p <0.05) at 20 weeks after the induction of
diabetes. The kidney-to-body-weight ratios were significantly
higher in BIS-WT DM and BIS-HT DMmice compared with
control BIS-WT and BIS-HT mice (p <0.05 and p <0.01,
respectively). While there were no differences in serum lipid
levels among all experimental groups, blood glucose and
HbA1c levels were higher in both groups of diabetic mice
compared with the controls (Table 1). However, the values
of these variables were not significantly different between
BIS-HT DM mice and BIS-WT DM mice. In contrast, the
plasma creatinine levels were higher and creatinine clearance
was lower in BIS-HT DM mice than in any other group
(Fig. 1a, b). Urinary albumin excretion increased in both
BIS-WT DM mice and BIS-HT DM mice, but BIS-HT DM
mice exhibited more severe albuminuria than BIS-WT DM
mice over the course of 20 weeks after the induction of
diabetes (Fig. 1c). Thus, BIS deficiency appeared to aggravate
renal function in the diabetic mouse model.

Increased oxidative stress is associated with the aggravation
of diabetic nephropathy in BIS-HT mice We then investigated
whether the kidneys of BIS-HTmice were more susceptible to
renal damage resulting from increased diabetes-associated
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oxidative stress than kidneys from BIS-WT mice. During the
entire study period, the 24 h urinary isoprostane levels in
BIS-HT DM mice were remarkably higher compared with
the corresponding values for BIS-WT DM mice (Fig. 2a, b).
Notably, after 12 weeks of diabetes, the urinary isoprostane
levels of BIS-HT DM mice significantly increased and were
7.6-fold higher than those of BIS-WT DM mice 20 weeks
after induction of diabetes, showing a pattern similar to the
24 h urinary albumin levels (Figs 1c, 2a). Serum 8-OH-dG

levels were also significantly higher in BIS-HT DMmice than
in any other mice, including BIS-WT DMmice (Fig. 2c). The
24 h urinary 8-OH-dG levels of BIS-HT DM mice were
twofold higher than those of BIS-WT DM mice at 20 weeks
after induction of diabetes (Fig. 2d). Furthermore, the DHE
fluorescence signals, reflecting superoxide levels, were obvious-
ly increased in kidney from BIS-HT DM mice (Fig. 3a, c). In
addition, staining for nitrotyrosine indicated that peroxynitrite
levels, formed by nitric oxide and superoxide by diffusion-
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Fig. 1 Increased renal damage in BIS-HT DM mice. Serum creatinine
(a) and creatinine clearance (b) were measured in vehicle-treated control
and diabetic BIS-WT (white) and BIS-HT (black) mice with or without
tempol at 20 weeks following the induction of diabetes. The urinary
excretion of albumin over 24 h was determined every 4 weeks up to
20 weeks in control (circles) and diabetic (squares) BIS-WT (white) and
BIS-HT (black) mice (c), and the effect of tempol on albuminuria was
determined at 20 weeks after diabetes induction (d). The values represent
the mean ± SE of 6–8 mice/group. *p <0.05 and ***p <0.001 vs corre-
sponding BIS-WT. †††p <0.001 vs diabetic BIS-HT mice without tempol
treatment. DM, diabetes; temp, tempol

Table 1 Physical and biochemical characteristics of control and diabetic BIS-WT and BIS-HTwith or without tempol

Variable BIS-WT (n) BIS-HT (n)

Control (6) DM (8) DM + tempol (8) Control (6) DM (8) DM + tempol (8)

Body weight (g) 33.1±0.9 30.2±0.6* 31.5±1.5* 34.5±0.7 30.1±1.1* 28.2±0.6**

Kidney/body weight ratio (×100) 0.55±0.06 0.72±0.06* 0.55±0.04 0.55±0.06 0.87±0.06** 0.64±0.02

Glucose (mmol/l) 10.16±0.83 30.64±2.44** 23.03±2.61** 9.82±0.44 33.91±2.16** 27.03±3.16**

HbA1c (%) 4.7±0.4 8.8±0.4** 8.4±0.8 4.2±0.1 9.3±0.4** 8.8±0.7**

HbA1c (mmol/mol) 27.9±4.7 72.7±4.5** 68.3±8.4 22.4±1.7 78.1±4.3** 72.7±7.1**

Triacylglycerol (mmol/l) 1.89±0.12 1.64±0.14 1.68±0.18 1.93±0.19 1.90±0.14 1.80±0.15

Total cholesterol (mmol/l) 3.34±0.16 2.75±0.36 2.80±0.31 3.21±0.23 3.19±0.26 3.00±0.26

NEFA (mmol/l) 1.08±0.12 1.14±0.12 1.13±0.08 1.1±0.08 1.02±0.03 1.04±0.07

Numbers of animals in each group are presented in parentheses

*p <0.05 and **p <0.01 compared with control groups in BIS-WT and BIS-HT mice
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Fig. 2 Oxidative stress was potentiated in diabetic BIS-HT mice. The
time course of 24 h urinary isoprostane over 20 weeks in control mice
(circles) and after the induction of diabetes (squares) in BIS-WT (white)
and BIS-HT (black) mice (a). The effect of tempol on the urinary
isoprostane level at 20 weeks after diabetes induction (b). Serum and
24 h urinary 8-OH-dG levels (c , d) were determined at 20 weeks of the
study. n =6–8/group. The values represent the mean ± SE of 6–8 mice/
group. ***p <0.001 vs corresponding BIS-WT mice. †††p <0.001 vs
BIS-HT DMmice without tempol treatment. DM, diabetes; temp, tempol
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controlled reaction [28], were also increased considerably in
BIS-HTDMmice (Fig. 3b, d). Thus, in addition to the oxidative
stress markers in serum and urine, renal ROS levels were
markedly enhanced per se in BIS-HT DM mice.

To verify whether the acceleration of diabetic nephropathy
in BIS-HT mice could be attributed to increased oxidative
stress, we examined the effects of antioxidant on renal func-
tion and oxidative damage in diabetic BIS-WT and BIS-HT
mice. Based on the increases in isoprostane and albuminuria,
we investigated the effect of tempol, a SOD mimetic, which
was administered 12 weeks after the induction of diabetes. As
shown in Fig. 2, tempol treatment over the course of 8 weeks
resulted in significant downregulation of serum 8-OH-dG con-
centrations as well as urinary 8-OH-dG and 8-isoprostane
concentrations to the corresponding levels in control BIS-HT
mice. These changes in oxidative markers correlated with a
decrease in albuminuria in diabetic BIS-HT mice administered
with tempol, from 78 to 22 μg/24 h (Fig. 1d). In addition,
tempol treatment at 12 weeks after the induction of diabetes
restored the kidney-to-body-weight ratios, serum creatinine
levels and creatinine clearance to the corresponding levels
in control BIS-HT mice, though the level of hyperglycaemia
remained unchanged (Table 1 and Fig. 1a, b). These
findings suggest that aggravated renal damage in BIS-HT
DM mice is associated with an increased susceptibility to

oxidative stress, which can be ameliorated by antioxidant
treatment.

Ef fec t s o f BIS haplo type and tempol on renal
histopathology Histological analyses using light microscopy
showed that there were no apparent differences between con-
trol BIS-WTand BIS-WT DMmice with respect to mesangial
fractional areas and tubulointerstitial fibrosis (Fig. 4). Quanti-
tative analyses also indicated that the mesangial fractional
areas and degree of tubulointerstitial fibrosis were not signif-
icantly higher in BIS-WT DM mice than in BIS-WT mice. In
contrast, the mesangial fractional areas and tubulointerstitial
fibrosis in BIS-HT DM mice were 2.5 and 3.7 times greater,
respectively, than those in BIS-HT mice; these differences
were statistically significant (p <0.001 for both). Consistent
with the change in the mesangial fractional area, the expres-
sion of pro-fibrotic growth factors TGF-β1 and HIF-1α [29],
together with levels of extracellular matrix type IV collagen
(Col IV) and F4/80-positive inflammatory cells in the glomer-
ulus and tubulointerstitial area were significantly higher in
BIS-HT DM mice compared with BIS-HT and BIS-WT DM
mice (Fig. 5). All the excess phenotypes of diabetes-induced
renal changes and inflammation seen in BIS-HT DM mice,
even under experimentally established diabetic nephropathy,
were recovered by the tempol treatment (Figs 4, 5).

We also investigated the degree of apoptosis in the kidneys
from the four experimental groups. Compared with other
groups, BIS-HT DM mice showed a significant increase in
the number of TUNEL- and active caspase-3-positive cells in
the glomerulus and cortical tubular areas (ESM Fig. 1).
Tempol treatment also reduced the proportion of apoptotic
cells in BIS-HT DM mice compared with BIS-HT mice.
Therefore, decreased BIS expression also resulted in increased
apoptosis in diabetic kidneys, which is associated with an
increase in oxidative stress.

Impaired induction of SOD in BIS-HT DM mice Intracellular
ROS levels are maintained by the balance between ROS
production and antioxidant capacity. Figure 6a shows that
the production of NOX-4, which has been implicated as the
main superoxide-producing enzyme in the kidney [30, 31],
was not notably increased by diabetes induction in either BIS-
WTor BIS-HTmice. NOX-1 levels were increased in diabetic
BIS-WT and BIS-HT mice to a similar extent (1.6- and
1.4-fold increases vs controls, respectively). The densitomet-
ric analysis also indicated that there were no significant dif-
ferences in the expression of p22phox and RAC1 proteins, the
catalytic components of the NOX family, between control and
diabetes groups for both BIS-WT and BIS-HT mice. We then
examined whether BIS deficiency affects the expression or
activity of SOD, the primary antioxidant defence enzyme, on
high-glucose-induced oxidative stress in the kidneys of
BIS-HT mice. Figure 6b shows that production of SOD1 was
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2.4-fold higher in BIS-WT DM mice compared with control
BIS-WT mice (p< 0.05). SOD2 production was slightly
higher in BIS-WT DM mice (about 1.3-fold) compared with
BIS-WT mice. However, in BIS-HT mice, the levels of both
SOD1 and SOD2 were not increased, but rather decreased, by
the induction of diabetes (0.9- and 0.8-fold compared with
controls, respectively). Notably, the basal expression levels of

SOD1 and SOD2 in control BIS-HT mice were higher than
those in the control BIS-WT mice (2.8- and 1.5-fold, respec-
tively). In addition, the total SOD activity was 2.3-fold higher
in BIS-WT DM mice than in control BIS-WT mice (284 vs
125 U/mg), whereas SOD activity was not substantially dif-
ferent between BIS-HTDM and control BIS-HTmice (141 vs
161 U/mg), which is also consistent with the western blot
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factors. Immunohistochemical staining was performed for TGF-β1 (b),
Col IV (c), HIF-1α (d) and F4/80 (e) in the glomerulus of control and
diabetic BIS-WT (white) and BIS-HT (black) mice with or without
tempol treatment (a ; original magnification, ×400). Quantitative assess-
ment of TGF-β1, Col IV, HIF-1α and F4/80 immunostaining in the

glomeruli of the indicated groups (b–e). Data are shown as fold change
compared with mean intensities of control BIS-WT mice. For F4/80, the
positive cells per glomerulus were presented, n =6–8/group; ***p <0.001
vs BIS-WT DM mice. †††p <0.001 vs BIS-HT DM mice without tempol
treatment. DM, diabetes; temp, tempol
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result (Fig. 6c). Thus, these results indicate that impaired
induction of SOD expression, rather than increased induction
of NOX, in response to hyperglycaemic oxidative stress, is
responsible for the increased susceptibility to oxidative stress
in BIS-HT DM mice.

BIS modulates expression of SOD1 and SOD2 induced by
high glucose in NMSmesangial cells and HK-2 kidney tubular
cells To verify whether the impaired induction of SOD activ-
ity on induction of diabetes in the kidneys of BIS-HT mice is
the direct result of a BIS deficiency, we performed in vitro
experiments using an siRNA strategy and high-glucose treat-
ment. High-glucose treatment resulted in an increase in SOD
activity in both control NMS and HK-2 cells in a time-
dependent manner up to 72 h, as observed in BIS-WT and
BIS-WT DMmice. However, downregulation of BIS resulted
in impaired induction of SOD activity and notable decreases
in SOD activity, by 42% and 41%, respectively, after 72 h of
high-glucose treatment in NMS and HK-2 cells, compared

with activity in control cells (Fig. 7a, e). It is noteworthy that
the basal SOD activity was higher in BIS-knockdown NMS
and HK-2 cells than in control NMS and HK-2 cells, as
BIS-HT mice had higher basal SOD activity than BIS-WT
mice (Fig. 6c).Western blot assays and densitometric analyses
showed that production of SOD1 and SOD2 protein in both
control NMS and HK-2 cells was induced by exposure to high
glucose concentrations in a time-dependent manner, and cor-
related with an increase in SOD activity (Fig. 7b–d, f–h).
NMS and HK-2 cells in which BIS expression was suppressed
showed similar SOD2 expression patterns but a retarded pro-
file, compared with control cells. The increasing pattern of
SOD1 expression was not observed in BIS-knockdown NMS
and HK-2 cells. The same concentration of mannitol had no
significant effect on the induction of SOD1 or SOD2 in either
cell line, and was not suppressed by BIS knockdown (ESM
Fig. 2). Densitometric analysis revealed that the SOD1 ex-
pression profile in BIS-knockdown NMS and HK-2 cells
showed a pattern of slightly decreased levels after high-
glucose treatment, similar to the profile of SOD activity. The
suppression of BIS expression had no effect on the transcript
levels of Sod1 and Sod2 in NMS and HK-2 cells (ESM
Fig. 3). Thus, these results suggest that BIS deficiency mod-
ulates the protein stability of SOD1 and SOD2 on glucose-
induced oxidative stress rather than the transcription rates or
mRNA stability of Sod1 and Sod2 . Finally, we demonstrated
that the ROS accumulation caused by high-glucose treatment
was greatly enhanced by BIS knockdown in NMS and HK-2
cells (p <0.001 for both cells, Fig. 8), as observed in the renal
tissues of BIS-HT DMmice (Fig. 3). Control NMS and HK-2
cells also showed an increase in ROS levels of 4.5 and
2.6-fold, respectively, on high-glucose treatment, consider-
ably less than for Bis -siRNA-treated cells.

Discussion

From the significant increase in albuminuria and decrease in
the glomerular filtration rate, which are two major clinical
features of diabetic nephropathy, BIS-HT mice were found to
exhibit more severe STZ-induced diabetic nephropathy than
BIS-WT mice (Fig. 1). Furthermore, compared with the find-
ings for the BIS-WT DM mice, the significant increase in
oxidative DNA damage and lipid peroxidation as well as
enhanced ROS accumulation in BIS-HT DM mice indicate
that BIS-HT mice were exposed to increased oxidative
stress induced by hyperglycaemia (Figs 2, 3). The oxidative
damage in BIS-HT DM mice was closely related to the
glomerulosclerosis associated with increases in TGF-β1, Col
IV and HIF-1 α expression in the glomerulus as well as
tubulointerstitial fibrosis (Figs 4, 5). Our results suggest that
the increased oxidative stress in BIS-HT DMmice may be the
molecular basis for severe diabetic nephropathy. This

a

NOX-1

p22phox

β-Actin

RAC1

NOX-4

SOD2

SOD1

b

β-Actin

BIS-WT BIS-HT

Control DM Control DM

c

***

S
O

D
 a

ct
iv

ity
 (

U
/µ

g)

Control

0.4

0.3

0.2

0.1

0.0
DM

†††

BIS-WT BIS-HT

Control DM Control DM

Fig. 6 Levels of NOX and SOD proteins and determination of total SOD
activity in diabetic kidney from BIS-WT and BIS-HT mice. Western blot
analysis of NOX-1, NOX-4, p22phox and RAC1 proteins (a) and SOD1
and SOD2 (b) in renal tissues from control or diabetic BIS-WT and
BIS-HT at 20 weeks after the induction of diabetes. The results from
two mice per indicated group are shown. The total SOD activity was
measured in kidney from control and diabetic BIS-WTand BIS-HT mice
using a commercial kit and the mean values are presented with ± SE (c ;
n=5, BIS-WT, white; n=4, BIS-HT mice, black). ***p<0.001 vs BIS-
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presumption was confirmed by the restoration of all the severe
renal phenotypes of BIS-HTDMmice by treatment of tempol.
The experiments with tempol demonstrated that, even in the

case of advanced diabetic nephropathy, antioxidant treatment
could slow the progress of renal damage and subsequently
restore renal phenotypes. We also demonstrated that
hyperglycaemia in BIS-haploinsufficient mice caused apopto-
sis in subpopulations of mesangial and tubular cells with
increased caspase-3 activity (ESM Fig. 1). Apoptosis in
BIS-HT DM mice was efficiently suppressed by the tempol
treatment, indicating that the accumulation of ROS is the
primary event leading to apoptosis.

Increased oxidative stress in diabetic nephropathy could be
attributed to an imbalance between ROS production and its
removal capacity. Althoughmultiple enzymatic pathways have
been implicated in the generation of ROS in hyperglycaemia,
NOX might be an important ROS source in diabetic kidney
[32]. In particular, NOX-4 levels were shown to increase early
in the STZ-induced diabetic rat model and NOX inhibition
prevented diabetic changes of kidney [30, 31, 33]. On the other
hand, the central role of SOD in diabetic nephropathy has been
also demonstrated in previous studies. Notably, in mice, the
overexpression of SOD has been found to abrogate diabetes-
induced renal injuries, most likely due to reduced superoxide–
NO interactions [9]. In addition, ablation of the Sod1 gene has
been found to result in an acceleration of diabetic renal injuries
in both STZ-induced C57BL/6 strains and in C57BL/6-Akita
strains [34, 35]. Recently, a human genetic study revealed that
diabetic risk is correlated with polymorphisms in SOD1 and
SOD2 genes [36–38]. In the present study, we demonstrate that
total SOD activity and SOD expression were enhanced in
BIS-WT DMmice, but not BIS-HT DMmice, compared with
normal WT mice, while NOX expression as well as catalytic
protein levels were not notably different between BIS-WTand
BIS-HT mice with or without diabetes (Fig. 6). Moreover,
suppression of BIS expression resulted in an impaired
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induction of SOD activity as well as SOD expression on
treatment with high glucose concentrations in proximal tubule
or mesangial cells in vitro (Fig. 7). These findings corroborate
the results of our previous study, which showed that the
downregulation of BIS sensitised glioma cells to hypoxic
stress, accompanied by an impaired induction of SOD activity
[23]. Therefore, we speculate that BIS is required for the
induction or maintenance of SOD expression against oxidative
stress, rather than the modulation of NOX expression, under
pathophysiological conditions. Accordingly, BIS deficiency
may result in decreased SOD expression and SOD activity,
limiting the removal of excess ROS induced by chronic
hyperglycaemia. Our results support the critical role of renal
SOD activity as a primary antioxidant defence for high-
glucose-induced ROS, which eventually determines the prog-
ress of overt diabetic nephropathy. However, a more compre-
hensive study on NOX and related proteins using renal tissues
from earlier time points after diabetes induction should be
performed to clarify the possible role for BIS in the
mitochondria-derived ROS production at early stages in the
progression of diabetes.

Although our results demonstrate that the induction of SOD
expression and activity is influenced by a BIS deficiency in
BIS-HT mice as well as the in vitro response of NMS and
HK-2 cells to glucose-induced oxidative stress, the mechanism
by which BIS regulates SOD induction remains unclear. In
BIS-expressing glioma cells, the induction of SOD1 mRNA
has previously been found to be impaired on hypoxic stress,
which correlates with SOD activity [23]. However, in the
present study, the transcript levels of Sod1 and Sod2 were
not affected by BIS knockdown in HK-2 cells as well as in
NMS cells, and SOD1 and SOD2 protein expression was
impaired or delayed by glucose treatment compared with the
patterns of increasing expression observed in control cells. The
induction of total SOD activity in NMS and HK-2 cells was
abrogated by BIS knockdown, correlating with decreased
SOD1 expression comparedwith that of SOD2. Taken together,
BIS primarily regulates SOD1 induction in response to high-
glucose-induced oxidative stress by modulating the translation
or degradation of SOD1 protein rather than its transcriptional
levels, which requires a different mechanism as indicated by
previous observations of glial cells subjected to hypoxic stress.

In the case of pro-oxidant or aggregation-prone status, BIS
has been suggested to interact with HSP70 to activate
macroautophagy, whereas interaction of BAG1 with HSP70
is known to be essential for effective proteasomal degradation
[16, 22]. The misfolding and aggregation of SOD have been
shown to increase with oxidative stress in neuronal cells [39].
Thus, it can be simply speculated that, with deficiency of BIS,
BAG1 may replace BIS in the formation of complex with
HSP70 and facilitate the proteasome-dependent degradation
of SOD, resulting in impaired induction of SOD1 or SOD2
expression. Supporting this idea, BIS has been recently

reported to stabilise myeloid cell leukaemia sequence 1
(BCL2-related) (MCL-1), preventing its HSP70-dependent
degradation [40]. However, the constitutive expression of
SOD1, as well as SOD2, was higher in BIS-HT mice than in
BIS-WT mice before induction of diabetes, which correlates
with basal SOD activity. BIS knockdown in NMS and HK-2
cells also resulted in increased basal SOD activity. Thus, the
constitutive expression and activity of SOD appear to be
modulated through a different mechanism that involves induc-
ible expression in response to oxidative stress.

In conclusion, our results indicate that diabetic nephropa-
thy is aggravated in the condition of BIS haploinsufficiency,
probably through inadequate induction or maintenance of
SOD expression, suggesting that the maintenance or enhance-
ment of BIS expression in the kidney is a potential therapeutic
option for treating diabetes-induced oxidative renal damage. In
addition, the BIS-HT mice, which exhibit normal phenotypic
growth and reproduction in the physiological conditions, could
be used as an aggressive diabetic mouse model for the devel-
opment of an intervention strategy to slow the progress of
diabetic nephropathy.
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