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Abstract

Superoxide dismutase (SOD) is a major defender against excessive superoxide generated under 

hyperglycemia. We have recently reported that renal SOD1 (cytosolic CuZn-SOD) and SOD3 

(extracellular CuZn-SOD) isoenzymes are remarkably down-regulated in KK/Ta-Ins2Akita diabetic 

mice, which exhibit progressive diabetic nephropathy (DN), but not in DN-resistant C57BL/6- 

Ins2Akita (C57BL/6-Akita) diabetic mice. To determine the role of SOD1 and SOD3 in DN, we 

generated C57BL/6-Akita diabetic mice with deficiency of SOD1 and/or SOD3 and investigated 

their renal phenotype at the age of 20 weeks. Increased glomerular superoxide levels were 

observed in SOD1−/−SOD3+/+ and SOD1−/−SOD3−/− C57BL/6-Akita mice but not in 

SOD1+/+SOD3−/− C57BL/6-Akita mice. The SOD1−/−SOD3+/+ and SOD1−/−SOD3−/− C57BL/6-

Akita mice exhibited higher glomerular filtration rate, increased urinary albumin levels, and 

advanced mesangial expansion as compared with SOD1+/+SOD3+/+ C57BL/6-Akita mice, yet the 

severity of DN did not differ between the SOD1−/−SOD3+/+ and SOD1−/−SOD3−/− C57BL/6-

Akita groups. Increased renal mRNA expression of transforming growth factor-β1 (TGF-β1) and 

connective tissue growth factor (CTGF), reduced glomerular nitric oxide (NO), and increased 

renal prostaglandin E2 (PGE2) production were noted in the SOD1−/−SOD3+/+ and 
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SOD1−/−SOD3−/− C57BL/6-Akita mice. This finding indicates that such renal changes in 

fibrogenic cytokines, NO, and PGE2, possibly caused by superoxide excess, would contribute to 

the development of overt albuminuria by promoting mesangial expansion, endothelial dysfunction, 

and glomerular hyperfiltration. The present results demonstrate that deficiency of SOD1, but not 

SOD3, increases renal superoxide in the setting of diabetes and causes overt renal injury in 

nephropathy-resistant diabetic mice, and that SOD3 deficiency does not provide additive effects 

on the severity of DN in SOD1-deficient C57BL/6-Akita mice.
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1. Introduction

Diabetic nephropathy (DN) is the leading cause of end stage renal disease. A large body of 

studies has shown that cellular oxidative stress plays a central role in the pathogenesis of 

DN. In the diabetic kidney, superoxide anion (O•−
2) is generated through numerous 

pathways and factors, including mitochondrial electron-transport chain, NAD(P)H oxidase, 

uncoupled endothelial nitric oxide synthase (eNOS), angiotensin II, oxidized-LDL, and 

advanced glycation end products (AGEs) [1,2]. Overproduction of superoxide results in the 

formation of secondary reactive oxygen species, activation of glycolytic damaging 

pathways, induction of proatherogenic genes, and reduction of anti-atherogenic enzymes 

such as eNOS and prostacyclin synthase, leading to diabetic renal injury [1,2]. Thus, 

superoxide excess is considered as a key component in the pathogenesis of DN.

The superoxide dismutase (SOD) family of antioxidant enzymes is a major defense system 

against the superoxide anion, converting superoxide into hydrogen peroxide (H2O2) and 

molecular oxygen (O2) [3]. The hydrogen peroxide is subsequently detoxified to water 

(H2O) by catalase or glutathione peroxidase. Three SOD isoforms have been identified in 

mammalian species; cytosolic CuZn-SOD (SOD1), mitochondrial Mn-SOD (SOD2), and 

extracellular CuZn-SOD (SOD3) [3]. Growing evidence suggests an important role of SOD 

enzyme in DN. There is substantial evidence that SOD activity in peripheral blood cells is 

reduced in the diabetic patients with DN as compared with those without diabetic 

complication [4–7]. In addition, recent studies have implicated SOD1 and SOD2 gene 

polymorphisms in human DN risk [8–10]. Lastly, the transgenic mice with SOD1 gene were 

shown to be resistant to DN [11,12].

Recent studies have shown that genetic factors significantly affect the development and the 

severity of DN in mice as well as in human [13,14]. Among the inbred mice, KK and 

DBA/2 strains have been identified as DN-prone strain, whereas the widely-used C57BL/6 

strain is resistant to DN. Akita mouse, C57BL/6-Ins2Akita (C57BL/6-Akita), is a well-

characterized mouse model of nonobese and hypoinsulinemic diabetes and develops marked 

hyperglycemia as early as 4 weeks of age because of a single mutation in cysteine 96 to 

tyrosin in the insulin 2 gene (Ins2Akita) [15,16]. However, the Akita mouse does not develop 

progressive DN due to DN-resistant C57BL/6 strain. We have recently generated a new 
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Akita mouse model KK/Ta-Ins2Akita (KK/Ta-Akita) that develops advanced DN by 

backcrossing the C57BL/6-Akita mouse onto the DN-prone KK/Ta strain mouse [17]. In 

comparison between the two Akita mouse models, C57BL/6-Akita and KK/Ta-Akita, we 

found that renal expression of SOD1 and SOD3, but not SOD2, is prominently down-

regulated in the KK/Ta-Akita mice that develop progressive DN, whereas renal SOD 

expression is unaltered in DN-resistant C57BL/6-Akita mice [17]. These findings suggest 

that down-regulation of SOD1 and SOD3 isoenzymes may contribute to the development 

and progression of DN.

To further determine the role of SOD1 and SOD3 isoenzymes in DN, here we generated 

C57BL/6-Akita diabetic mice with deficiency of SOD1, SOD3, or both SOD1 and SOD3. 

Our results demonstrate that deficiency of SOD1, but not SOD3, induces overt nephropathic 

changes via enhanced renal oxidative stress, increased renal expression of fibrogenic 

cytokines such as transforming growth factor-β1 (TGF-β1) and connective tissue growth 

factor (CTGF), reduction of glomerular nitric oxide (NO), and increased renal prostaglandin 

E2 (PGE2) in the DN-resistant C57BL/6-Akita mice without affecting the severity of 

diabetes. The findings indicate an important role of SOD1 in the development of DN.

2. Materials and methods

2.1. Experimental Animals

C57BL/6-Akita mice were purchased from SLC (Hamamatsu, Japan). Heterozygous (+/−) 

SOD1-deficient mice with C57BL/6 background were purchased from Jackson Laboratory 

(JAX, Bar Harbor, ME, USA). Homozygous (−/−) SOD3-deficient mice with C57BL/6 

background were kindly gifted from Dr. Stefan L. Marklund [18]. SOD1-deficient 

C57BL/6-Akita (C57BL/6-Akita-SOD1−/−SOD3+/+), SOD3-deficient C57BL/6-Akita 

(C57BL/6-Akita-SOD1+/+SOD3−/−), and C57BL/6-Akita with deficiency of both SOD1 and 

SOD3 (C57BL/6-Akita-SOD1−/−SOD3−/−) mice were generated using C57BL/6-Akita, 

C57BL/6-SOD1+/−, and C57BL/6-SOD3−/− mice. Genotyping for SOD1 was performed 

according to the manufacturer's protocol as described on the JAX Web site. Genotype for 

SOD3 was determined by polymerase chain reaction (PCR) with the sense primer (5'-CCA 

CGA AGT TGC CAA AGT C-3') and the antisense primer (5'-GCG ACA CGC ATG CCA 

AAG-3'). The thermal cycle reaction was performed as follows: 94°C for 3 min, followed by 

35 cycles at 94°C for 45 s, 55°C for 45 s, 72°C for 4 min, and 72°C for 2 min. The SOD3−/− 

mice showed only a band of ~1.5 kb. Male mice with or without deficiency of SOD1 and/or 

SOD3 were used for the study. The mice were allowed unrestricted access to standard rodent 

chow and water. Animal experiments were carried out in accordance with the Animal 

Welfare Guidelines of Akita and Vanderbilt University. All procedures were approved by 

the Committee on Animal Experimentation of Akita and Vanderbilt University.

2.2. Blood and urine parameters

Blood glucose was measured on samples obtained after a 6-h daytime fast using Glucocard 

Diameter (Arkray, Tokyo, Japan). Blood urea nitrogen (BUN), plasma total cholesterol, and 

plasma triglycerides were enzymatically measured by an autoanalyzer (Fuji Dry-Chem 

5500, Fuji Film, Tokyo, Japan). Urinary albumin excretion was assessed by determination of 

Fujita et al. Page 3

Metabolism. Author manuscript; available in PMC 2015 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



albumin-to-creatinine ratio on morning spot urine as previously described [13]. Urine 

albumin and creatinine were measured by Albuwell-M Murine Microalbuminuria ELISA kit 

and Creatinine Companion kit (Exocell, Philadelphia, PA, USA), respectively.

2.3. Physiological parameters

Systolic blood pressure was measured in conscious trained mice using a non-invasive tail 

cuff and pulse transducer system (BP-98A, Softron, Tokyo, Japan). Glomerular filtration 

rate (GFR) was measured by a single-bolus FITC-inulin injection and clearance method as 

previously described [13].

2.4. Renal superoxide production and SOD activity

Renal superoxide levels were assessed by a water-soluble tetrazolium salt (WST-1, 2-[4-

lodophenyl]-3-[4-nitrophenyl]-5-[2, 4-disulfophenyl]-2H-tetrazolium) reduction assay and 

dihydroethidium (DHE) histochemistry as previously described [17]. The specificity of the 

assay was evaluated by pre-incubating the kidney tissue with SOD-PEG (20 units; Sigma-

Aldrich, St. Louis, MO, USA) overnight at 37 °C [17]. SOD activity in renal cortex was 

measured using a SOD assay kit-WST (Dojindo Molecular Technologies, Gaithers-burg, 

MD, USA) [17]. The amount of protein was measured using a bicinchoninic acid protein 

assay (Sigma-Aldrich). Enzymatic activity was expressed in units per mg protein.

2.5. Measurement of plasma and renal thiobarbituric acid-reactive substances (TBARS) 
levels

Plasma and renal TBARS levels were measured using a TBARS assay kit (Cayman 

Chemical, Ann Arbor, MI, USA) according to the manufacturer's instructions. Renal 

TBARS levels were expressed as renal cortical TBARS to protein ratio.

2.6. Western blot analysis

The kidney lysates prepared for SOD activity assay were used in Western blot analysis. 

Twenty micrograms of protein was separated by SDS-PAGE and subjected to immunoblots. 

The following primary antibodies were used [17]; rabbit anti-Cu/Zn SOD (SOD1; 1:10,000; 

Stressgen, Ann Arbor, MI, USA), rabbit anti-Mn SOD (SOD2; 1:10,000; Stressgen), rabbit 

anti-EC SOD (SOD3; 1:2,000; Stressgen), and rabbit anti-eNOS (1:1,000; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) polyclonal antibodies. Loading of the lysate proteins 

was evaluated by immunoblot using rabbit antiactin antibody (1:1000; Sigma-Aldrich).

2.7. Histologic analysis

Renal histopathology was assessed at 20 weeks of age. The mice were anesthetized with 

pentobarbital sodium (50 mg/kg body weight, i.p.) and the kidneys were perfused via left 

ventricle with PBS followed by 4% paraformaldehyde in PBS, removed, and fixed in 4% 

paraformaldehyde in PBS for overnight at 4 °C. Two μm-thick paraffin sections were 

stained with periodic acid-Schiff (PAS). A semi-quantitative score was used to evaluate the 

degree and extent of glomerular mesangial expansion as previously described [17]. Five 

mice per group were analyzed, and more than sixty cortical glomeruli were assessed in each 

mouse.
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2.8. Quantitative real-time PCR

Total RNA was extracted from 30 mg of frozen renal cortex using RNeasy Mini kit (Qiagen, 

Tokyo, Japan). After reverse transcription was performed using PrimeScript 1st strand 

cDNA Synthesis Kit (TaKaRa, Ohtsu, Shiga, Japan), expression of TGF-β1 and CTGF 

mRNA was assessed by quantitative real-time PCR using Universal ProbeLibrary assays 

with predesigned probe and primers (Roche Diagnostics, Tokyo, Japan). 18S ribosomal 

RNA expression was used for normalization.

2.9. In situ detection of NO

Intracellular NO production in the glomeruli was assessed as previously described [19]. 

Briefly, mice were anesthetized, and a cannula was inserted in the left ventricle. After the 

mice were perfused with phosphate-buffered saline (PBS) containing 0.01 mmol/L 

diaminofluorescein-2 diacetate (DAF-2DA; Sekisui Medical, Tokyo, Japan) and 0.1mmol/L 

L-arginine, the kidneys were removed. Fluorescent images of NO were taken using confocal 

laser microscopy (LSM510; Carl Zeiss, Jena, Germany) with excitation at 495 nm and 

emission at 515 nm. The NO fluorescence intensity of glomeruli was semiquantified using 

Adobe Photoshop (version CS5; Adobe systems, San Jose, CA, USA).

2.10. Measurement of renal PGE2 levels

Renal PGE2 levels were measured using freshly isolated renal cortical tissue as previously 

described [20]. The levels were expressed as renal cortical PGE2 to protein ratio.

2.11. Statistical analysis

All data were presented as means ± SEM. Statistical analysis of the data was performed 

using GraphPad Prism software (GraphPad, San Diego, CA, USA). Differences between 

multiple groups were determined by one-way ANOVA followed by Bonferroni's multiple 

comparison test. P < .05 was considered statistically significant.

3. Results

3.1. Biochemical and physiological parameters in C57BL/6-Akita mice with deficiency of 
SOD1 and/or SOD3

Table 1 shows biochemical and physiological data in each group of mice at 20 weeks of age. 

Compared with wild-type C57BL/6 mice without deficiency of SOD1 and SOD3 (C57BL/6-

WT-SOD1+/+SOD3+/+), C57BL/6-Akita diabetic mouse groups with or without deficiency 

of SOD1 and/or SOD3, C57BL/6-Akita-SOD1+/+SOD3+/+, C57BL/6-Akita-

SOD1−/−SOD3+/+, C57BL/6-Akita-SOD1+/+SOD3−/−, and C57BL/6-Akita-

SOD1−/−SOD3−/− exhibited markedly elevated blood glucose levels (>400 mg/dL), 

significantly lower body weight, higher systolic blood pressure, higher BUN levels, higher 

GFR, and higher kidney weight. Significant differences in these parameters except for GFR, 

however, were not observed between the four C57BL/6-Akita diabetic mouse groups, 

indicating that deficiency of SOD1 and SOD3 does not affect the severity of diabetes and 

diabetes-related parameters. No difference was observed in these parameters between the 

two non-diabetic mouse groups with or without SOD1 and SOD3 deficiency, C57BL/6-WT-
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SOD1+/+SOD3+/+ and C57BL/6-WT-SOD1−/−SOD3−/−. Interestingly, the two C57BL/6-

Akita diabetic mouse groups with SOD1 deficiency (C57BL/6-Akita-SOD1−/−SOD3+/+ and 

C57BL/6-Akita-SOD1−/−SOD3−/−) exhibited significantly higher levels of urinary albumin 

and GFR relative to C57BL/6-Akita-SOD1+/+SOD3+/+, whereas C57BL/6-Akita diabetic 

mouse group with deficiency of SOD3 alone did not show these changes. Significant renal 

phenotype was not observed in non-diabetic C57BL/6-WT-SOD1−/−SOD3−/− mice.

3.2. Effects of SOD1 and SOD3 deficiency on renal SOD and oxidative stress

Through Western blot analysis, we first confirmed selective deletion of SOD1 and/or SOD3 

proteins in the kidneys of SOD1−/− and/or SOD3−/− mice (Fig. 1A). It is of note that renal 

SOD2 expression was not altered by SOD1 and/or SOD3 deficiency in C57BL/6-Akita 

mice. Also, SOD1 deficiency did not alter renal SOD3 expression, and SOD3 deficiency 

also did not affect renal SOD1 expression in C57BL/6-Akita mice.

Renal SOD activity and superoxide levels were measured in each group of mice at the age of 

20 weeks. As shown in Fig. 1B, the mice with SOD1 deficiency showed significantly 

reduced renal SOD activity relative to those without SOD1 deficiency when compared 

between C57BL/6-WT groups and between C57BL/6-Akita groups. Deficiency of SOD3 

alone did not affect renal SOD activity. This would be because SOD3 expression is limited 

to glomerular and arterial vessel walls, while SOD1 is broadly expressed in renal cells and 

serves as a major SOD enzyme in kidney [17,18]. Renal superoxide production was assessed 

using DHE histochemistry and WST-1 reduction assay. The glomeruli in C57BL/6-Akita 

diabetic groups showed intense hydroethidium fluorescence, indicating increased glomerular 

superoxide production in these mice, and notably the C57BL/6-Akita diabetic mice with 

SOD1 deficiency showed stronger glomerular DHE fluorescence than those without SOD1 

deficiency (Fig. 1C). As shown in Fig. 1D, C57BL/6-Akita diabetic groups showed 

significantly increased renal super-oxide levels as compared with the C57BL/6-WT non-

diabetic group, C57BL/6-WT-SOD1+/+SOD3+/+. Consistent with the results of DHE 

histochemistry, SOD1-deficient C57BL/6-Akita diabetic groups exhibited significantly 

higher renal superoxide levels than SOD1-present C57BL/6-Akita diabetic mouse groups 

(C57BL/6-Akita-SOD1+/+SOD3+/+ and C57BL/6-Akita-SOD1+/+SOD3−/−), despite 

comparable levels of hyperglycemia (Fig. 1D). In contrast, deficiency of SOD3 did not 

affect renal superoxide levels in the C57BL/6-Akita diabetic mice. To further assess the 

degree of oxidative stress, plasma and renal levels of TBARS, a sensitive marker of 

oxidative stress, were measured in each group of mice at the age of 20 weeks. As shown in 

Fig. 2, C57BL/6-Akita diabetic groups showed significantly increased levels of plasma and 

renal TBARS as compared with the C57BL/6-WT non-diabetic group, C57BL/6-WT-

SOD1+/+SOD3+/+. Furthermore, SOD1-deficient C57BL/6-Akita diabetic groups exhibited 

significantly higher levels of plasma and renal TBARS than SOD1-present C57BL/6-Akita 

diabetic mouse groups. It is noteworthy that deficiency of SOD1 and SOD3 did not affect 

renal superoxide and TBARS levels in the C57BL/6-WT non-diabetic mice. These findings 

indicate that SOD1 serves as the major SOD isoenzyme in kidney, accounting for majority 

of renal SOD activity, and the lack of SOD1 increases renal superoxide production and 

oxidative stress in the setting of diabetes.
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3.3. Renal histopathology in the SOD1 and/or SOD3-deficient C57BL/6-Akita diabetic mice

Renal histopathology was assessed at 20 weeks of age. As shown in Fig. 3A, the two SOD1-

deficient C57BL/6-Akita diabetic groups, C57BL/6-Akita-SOD1−/−SOD3+/+ and C57BL/6-

Akita-SOD1−/−SOD3−/−, exhibited moderate mesangial expansion, while mesangial 

expansion was mild in C57BL/6-Akita diabetic group with deficiency of SOD3 alone 

(C57BL/6-Akita-SOD1+/+SOD3−/−). Non-diabetic groups, C57BL/6-WTSOD1+/+SOD3+/+ 

and C57BL/6-WT-SOD1−/−SOD3−/−, displayed normal glomerular histology (Fig. 3A). 

Histologically, obvious tubulointerstitial injury was not observed in all groups. Semi-

quantitative analysis of PAS-stained glomeruli revealed greater mesangial expansion scores 

in diabetic mice, and the SOD1-deficient diabetic mice showed significantly higher 

mesangial expansion score than C57BL/6-Akita-SOD1+/+SOD3+/+ diabetic mice (Fig. 3B).

3.4. Renal TGF-β1 and CTGF mRNA expression in the SOD1 and/or SOD3-deficient 
C57BL/6-Akita diabetic mice

Because TGF-β1 and CTGF are critically involved in the development of renal hypertrophy 

and mesangial expansion in diabetic nephropathy [21,22], we examined renal mRNA 

expression of these two fibrogenic cytokines at 20 weeks of age. Fig. 4 shows renal mRNA 

expression levels of TGF-β1 and CTGF in non-diabetic and diabetic mouse groups. 

C57BL/6-Akita diabetic groups showed significantly increased renal mRNA expression 

levels of TGF-β1 and CTGF as compared with the C57BL/6-WT non-diabetic group, 

C57BL/6-WT-SOD1+/+SOD3+/+. Consistent with the results of renal histological analysis, 

SOD1-deficient C57BL/6-Akita diabetic groups which developed moderate mesangial 

expansion showed significantly higher renal mRNA expression levels of TGF-β1 and CTGF 

than SOD1-present C57BL/6-Akita diabetic mouse group, C57BL/6-Akita-

SOD1+/+SOD3+/+. Renal mRNA expression levels of TGF-β1 and CTGF were similar 

between SOD1-present C57BL/6-Akita diabetic mouse groups (C57BL/6-Akita-

SOD1+/+SOD3+/+ and C57BL/6-Akita-SOD1+/+SOD3−/−). Increases in renal mRNA 

expression levels of TGF-β1 and CTGF were not observed in non-diabetic C57BL/6-WT-

SOD1−/−SOD3−/− group which displayed normal glomerular histology.

3.5. Glomerular NO levels in the SOD1 and/or SOD3-deficient C57BL/6-Akita diabetic mice

It is known that reduction of glomerular NO accelerates nephropathic changes in diabetic 

mice, including albuminuria and mesangial expansion [23–25]. Since increased superoxide 

anion may reduce NO levels in the glomeruli, we next examined whether glomerular NO is 

reduced in SOD1-deficient C57BL/6-Akita diabetic mice which showed increases in 

glomerular superoxide. Generation of NO in the glomeruli was evaluated by the fluorescent 

intensity of DAF-2DA reaction. Fig. 5 shows glomerular NO levels in non-diabetic and 

diabetic mouse groups. As expected, the four C57BL/6-Akita diabetic mouse groups showed 

decreased glomerular NO levels relative to the non-diabetic mouse group, C57BL/6-WT-

SOD1+/+SOD3+/+. Notably, the SOD1-deficient C57BL/6-Akita diabetic groups, C57BL/6- 

Akita-SOD1−/−SOD3+/+ and C57BL/6-Akita-SOD1−/−SOD3−/−, exhibited lower NO levels 

in the glomeruli than the SOD1-present diabetic group, C57BL/6-Akita-SOD1+/+SOD3+/+ 

and C57BL/6-Akita-SOD1+/+SOD3−/−. In contrast, SOD3 deficiency did not affect 

glomerular NO levels in C57BL/6-Akita diabetic mice. In the two non-diabetic groups, 
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C57BL/6-WT-SOD1+/+SOD3+/+ and C57BL/6-WT-SOD1−/−SOD3−/−, abundant NO 

production was observed in the glomeruli, and there was no significant difference in 

glomerular NO levels between these two groups. Renal expression of eNOS, which is a 

major enzyme responsible for glomerular NO production, was not significantly different 

among the groups (Fig. 5C and D).

3.6. Renal cortical PGE2 levels in the SOD1 and/or SOD3-deficient C57BL/6-Akita diabetic 
mice

Lastly, we investigated whether the levels of renal cortical PGE2 are different in C57BL/6-

Akita diabetic mice with and without deficiency of SOD1 and/or SOD3, as PGE2 is known 

to be increased by reactive oxygen species and to play an important role in the development 

of glomerular hyperfiltration and DN [26,27]. Interestingly, the SOD1-deficient C57BL/6-

Akita diabetic groups, C57BL/6-Akita-SOD1−/−SOD3+/+ and C57BL/6-Akita-

SOD1−/−SOD3−/−, exhibited remarkably increased renal cortical PGE2 levels than SOD1-

present C57BL/6-Akita groups, C57BL/6-Akita-SOD1+/+SOD3+/+ and C57BL/6-Akita-

SOD1+/+SOD3−/− (Fig. 6). Non-diabetic C57BL/6-WT group with SOD1 and SOD3 

deficiency did not show increased renal cortical PGE2 levels (Fig. 6).

4. Discussion

The present study was performed to investigate whether anti-oxidative enzymes, SOD1 and 

SOD3, are a key determinant for the development of DN. Our results demonstrate that 

SOD1 is the major SOD isoenzyme in kidney, accounting for majority of renal SOD 

activity, and that deficiency of SOD1 increases renal superoxide production and oxidative 

stress as shown by elevated renal TBARS levels in the setting of diabetes and causes overt 

renal injury in nephropathy-resistant diabetic mice, as evidenced by pronounced albuminuria 

and mesangial expansion. The findings indicate a crucial role of SOD1 in the pathogenesis 

of DN. Furthermore, our data demonstrate that SOD3 is not a major factor involved in the 

development of DN, and that deficiency of SOD3 in addition to SOD1 does not provide 

additive effects on the development and progression of DN.

Recently, DeRubertis et al has also shown acceleration of diabetic renal injury in C57BL/6-

strain SOD1 deficient mice with high-dose streptozotocin (STZ) diabetes [28]. Although our 

data support their conclusions in essence, clearly there are some differences in renal 

outcomes between these two studies. The STZ-SOD1−/− mice exhibited lower blood glucose 

levels, reduced renal hypertrophy, and significant tubulointerstitial injury as compared with 

STZ-SOD1+/+ mice. However, these findings were not observed in the SOD1-deficient 

C57BL/6-Akita mice. In addition, albuminuria in STZ-SOD1−/− mice is definitely more 

severe than that in SOD1-deficient C57BL/6-Akita mice, exceeding 3.0 mg/24 h. It is 

known that STZ induces non-specific toxicity in multiple organs including kidney, liver and 

arteries, especially when it is used at a high dose [29,30]. Furthermore, STZ was shown to 

stimulate superoxide production [31] and induce robust oxidative stress in kidney as 

compared with spontaneous diabetic mice [32]. Hence, it is likely that these deleterious 

effects of STZ caused more severe renal injury in STZ-SOD1−/− mice, and it may be 

difficult to assess the precise role of SOD1 isoenzyme in DN by STZ model. In this context, 
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our model provides more accurate information about the role of SOD1 in DN. Further 

studies are warranted to determine the mechanisms responsible for renal injury in the SOD1-

deficient C57BL/6-Akita mice.

To elucidate the mechanism by which SOD1 deficiency causes overt albuminuria in the 

nephropathy-resistant C57BL/6-Akita diabetic mice, we examined glomerular levels of NO 

whose reduction was shown to confer albuminuria to C57BL/6 diabetic mice [24]. 

Albuminuria in DN is thought to be caused by glomerular hyperfiltration [33,34] and 

impaired charge or pore-size selectivity in glomerular capillary wall [35–37]. The 

glomerular capillary filtration barrier comprises three layers: endothelial cell layer, basement 

membrane, and podocyte layer. This barrier restricts the passage of anionic macromolecules 

such as plasma protein through its charge and size selectivity property [38]. The endothelial 

cell layer has anionic charges and serves as a charge-selective barrier in the glomerular 

capillary wall [39,40]. NO seems to be important for maintaining charge selectivity in the 

endothelial cell layer and preventing albuminuria and diabetic glomerular injury. Arcos et al 

showed that chronic NO inhibition impairs glomerular charge selectivity barrier and causes 

albuminuria in experimental rats [41]. Furthermore, experimental studies of diabetic rats and 

mice have indicated that decreased renal NO levels are associated with the development of 

renal histologic lesions [42], and that NO deficiency by endothelial NO synthase (eNOS) 

knockout causes glomerular endothelial injury and overt albuminuria [24]. Thus, it is 

plausible that glomerular NO level is a key factor determining the development of 

albuminuria in diabetic state. In the present study, we showed that glomerular NO levels 

were markedly reduced in SOD1-deficient C57BL/6-Akita diabetic mice, but renal eNOS 

expression was not reduced in these mice. Superoxide excess scavenges NO from 

endothelial cells and promotes the formation of cytotoxic secondary reactive oxygen species 

(ROS) such as peroxynitrite (ONOO−) [43,44]. Furthermore, increased ROS induces eNOS 

uncoupling, resulting in reduction of NO production and bioavailability in glomeruli 

[19,45]. Therefore, it is thought that reduction of glomerular NO levels in the SOD1-

deficient C57BL/6-Akita diabetic mice resulted from higher glomerular superoxide and 

uncoupled eNOS. Thus, albuminuria in the SOD1-deficient C57BL/6-Akita diabetic mice 

may result partly from reduced glomerular NO bioactivity caused by glomerular superoxide 

excess.

Glomerular hyperfiltration is another important factor involved in the development of 

albuminuria in diabetic state. Reactive oxygen species including superoxide anion induce 

overproduction of PGE2 through cyclooxygenase-2 up-regulation [46,47] and phospholipase 

activation [48]. PGE2 is a vasodilator for afferent arterioles and excessive PGE2 could cause 

glomerular hyperfiltration in early DN [49,50]. In the present study, we found that SOD1-

deficient C57BL/6-Akita diabetic mice exhibited higher GFR and remarkably increased 

renal PGE2 levels as compared with non-SOD1-deficient C57BL/6-Akita diabetic mice. 

These findings indicate that renal PGE2 overproduction resulted in glomerular 

hyperfiltration and also contributed to the development of overt albuminuria in the SOD1-

deficient C57BL/6-Akita diabetic mice.

Adding to albuminuria, SOD1 deficiency resulted in pronounced mesangial expansion in 

C57BL/6-Akita diabetic mice. It is well known that increased oxidative stress activates 
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protein kinase C and mitogen-activated protein kinase pathways [51,52] and up-regulates 

fibrogenic cytokines such as TGF-β1 and CTGF [22,53], leading to mesangial cell 

proliferation and extracellular matrix production. Recent studies of STZ-induced and 

C57BL/6-Akita diabetic mice have shown that chronic hyperglycemia increases renal 

mRNA expression of TGF-β1 and CTGF [53–55]. Our study also indicated that C57BL/6-

Akita diabetic mouse groups have higher renal expression levels of TGF-β1 and CTGF than 

non-diabetic mouse group. Notably, the present study revealed that SOD1 deficiency leads 

to marked increases in renal expression of TGF-β1 and CTGF in the C57BL/6-Akita 

diabetic mice, possibly due to increased renal superoxide production and oxidative stress. 

Hence, it is conceivable that these fibrogenic cytokines are involved in the advanced 

mesangial expansion in SOD1-deficint C57BL/6-Akita diabetic mice.

As evidenced by the present result that non-diabetic SOD1−/−SOD3−/− mice did not show 

superoxide excess in the glomeruli and kidney at 20 weeks of age, renal oxidative 

homeostasis can be preserved without SOD1 and SOD3 in physiological conditions at least 

up to this age. More recently, we have demonstrated that NAD(P)H oxidase which is a 

major source of superoxide anion is up-regulated in the kidney of C57BL/6-Akita diabetic 

mouse model [56]. Therefore, as shown in the present study, renal SOD1 disruption fails to 

remove excessive glomerular and renal superoxide generated under hyperglycemic 

conditions, resulting in the development of overt diabetic renal injury. Lastly, SOD1 was 

shown to play an important role in the protection of oxidative stress in various tissues and 

organs, including carotid and cerebral arteries [57], heart [58], liver [59], and retina [60]. 

Hence, extra-renal tissues may also be affected in SOD1-deficient diabetic mice, though 

principal organs showed normal external appearance in the mice. Further investigation 

would be required on this issue.

Thus, the present study verified a crucial role of SOD1 in the pathogenesis of DN without 

the toxic effects of STZ. The SOD1-deficient C57BL/6-Akita mouse model would facilitate 

precise assessments and further elucidation of the molecular pathways through which SOD1 

deficiency accelerates diabetic renal injury.
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Fig. 1. 
Renal SOD isoform expression, SOD activity, and superoxide production in experimental 

mice at 20 weeks of age. A, Renal SOD isoform expression. B, Renal SOD activity. Data are 

presented as means ± SEM. n = 5 per group. * P < .001. C, Representative glomerular DHE 

staining in each group of mice. a: C57BL/6-WT-SOD1+/+SOD3+/+. b: C57BL/6-WT-

SOD1−/−SOD3−/−. c: C57BL/6-Akita-SOD1+/+SOD3+/+. d: C57BL/6-Akita-

SOD1−/−SOD3+/+. e: C57BL/6-Akita-SOD1+/+SOD3−/−. f: C57BL/6-Akita-

SOD1−/−SOD3−/−. D, Renal superoxide production. Data are presented as means ± SEM. 

SOD+: kidney tissue preincubated with SOD-PEG protein. SOD–: kidney tissue without 

SOD-PEG protein. n = 5 per group. * P < .001.
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Fig. 2. 
Plasma and renal TBARS levels in 20-week-old mice. Data are presented as means ± SEM. 

n = 5 per group. * P < .05. † P < .001. ‡ P < .01. MDA, malondialdehyde.
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Fig. 3. 
Glomerular histopathology in 20-week-old mice. A, Representative glomerulus in each 

group of mice. a: C57BL/6-WT-SOD1+/+SOD3+/+. b: C57BL/6-WT-SOD1−/−SOD3−/−. c: 

C57BL/6-Akita-SOD1+/+SOD3+/+. d: C57BL/6-Akita-SOD1−/−SOD3+/+. e: C57BL/6-

Akita-SOD1+/+SOD3−/−. f: C57BL/6-Akita-SOD1−/−SOD3−/−. PAS stain. B, Glomerular 

mesangial expansion scores. The scores were determined as described in materials and 

methods. Data are presented as means ± SEM. n = 5 per group. * P < .001.
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Fig. 4. 
Renal mRNA expression of TGF-β1 and CTGF in 20-week-old mice. The mRNA 

expression relative to 18S ribosomal RNA is expressed as percentage of C57BL/6-

WTSOD1+/+SOD3+/+. Data are presented as means ± SEM. n = 4 per group. * P < .001.
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Fig. 5. 
Glomerular NO levels in 20-week-old mice. A, Representative images of glomerular NO in 

each group of mice. a: C57BL/6-WT-SOD1+/+SOD3+/+. b: C57BL/6-WT-

SOD1−/−SOD3−/−. c: C57BL/6-Akita-SOD1+/+SOD3+/+. d: C57BL/6-Akita-

SOD1−/−SOD3+/+. e: C57BL/6-Akita-SOD1+/+SOD3−/−. f: C57BL/6-Akita-

SOD1−/−SOD3−/−. Arrows indicate glomerulus. Note: Images of panels d and f were taken 

with higher sensitivity; thereby, non-specific tubular fluorescence is seen. B, Semiquantified 

fluorescence intensity of glomerular NO in each group of mice. Data are presented as means 

± SEM. n = 5 per group. * P < .01. † P < .001.
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Fig. 6. 
Renal cortical PGE2 levels in 20-week-old mice. Data are presented as means ± SEM. n = 5 

per group. * P < .001.
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Table 1

Biochemical and physiological parameters in 20-week-old mice.

C57BL/6-WT C57BL/6-Akita

SOD1+/+SOD3+/+ SOD1−/−SOD3−/− SOD1+/+SOD3+/+ SOD1−/−SOD3+/+ SOD1+/+SOD3−/− SOD1−/−SOD3−/−

BW(g) 33.1 ± 1.1 31.4 ± 0.3 25.3 ± 0.7
†

26.0 ± 0.7
†

24.8 ± 1.0
†

25.2 ± 0.7
†

SBP (mmHg) 93 ± 2 94 ± 4 107 ± 5* 110 ± 3* 112 ± 3* 115 ± 2*

BG (mg/dL) 112 ± 2 106 ± 7 456 ± 24
†

452 ± 14
†

470 ± 18
†

443 ± 21
†

BUN (mg/dL) 25.8 ± 1.1 24.8 ± 1.2 40.6 ± 3.9* 39.2 ± 2.9* 40.6 ± 0.9* 41.9 ± 4.2*

TC (mg/dL) 86 ± 6 89 ± 4 110 ± 12 117 ± 9 109 ± 9 116 ± 10

TG (mg/dL) 78 ± 8 70 ± 5 78 ± 8 71 ± 7 78 ± 4 79 ± 7

ACR (μg/mg Cr) 15.3 ± 1.7 16.3 ± 3.7 58.4 ± 3.6 115.1 ±16.9
†,§ 55.3 ± 6.1 135.3 ± 13.4

†,§

GFR (μL/min/g BW) 10.4 ± 0.3 10.2 ± 0.4 15.5± 0.8
†

18.2 ± 0.5
†,‡

15.5 ± 0.4
†

18.5 ± 0.7
†,‡

LKW/BW (g/kg) 5.6 ± 0.2 5.6 ± 0.1 10.7 ± 0.7
†

11.6 ± 1.0
†

10.8 ± 0.4
†

11.4 ± 0.9
†

BW, body weight; SBP, systolic blood pressure; BG, blood glucose; BUN, blood urea nitrogen; TC, total cholesterol; TG, triglyceride; ACR, 
urinary albumin-to-creatinine ratio; GFR, glomerular filtration rate; LKW, left kidney weight.

Values are means ± SEM. n = 5 per group.

*
P < .05 vs. C57BL/6-WT SOD1+/+SOD3+/+.

†
P < .001 vs. C57BL/6-WT SOD1+/+SOD3+/+.

‡
P < .05 vs. C57BL/6-Akita SOD1+/+SOD3+/+.

§
P < .001 vs. C57BL/6-Akita SOD1+/+SOD3+/+.
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