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Oxidative stress has been suggested to play an important role in the pathogenesis of
diabetic nephropathy because it increases under diabetic conditions and is known to
induce cellular dysfunction in a wide variety of cells. To protect cells against oxidative
stress, cells possess defensive mechanisms such as intracellular antioxidants. Although
it has been reported that central enzymes in the antioxidative defense mechanisms of
the cell are induced under hyperglycemic conditions, the oxidative stress level remains
high. On the other hand, there are endogenous inhibitors of antioxidants, such as
thioredoxin interacting protein (Txnip). In the present study, the relationship between
diabetic nephropathy and Txnip was investigated using streptozotocin (STZ)-induced
diabetic mice. Eight-week-old male C57BL/6 mice were treated with either STZ or
citrate vehicle. After 24 weeks of treatment, diabetic nephropathy and oxidative stress
were assessed by biochemical analyses of urine and histological analyses of the kidneys.
In addition, the expression of Type IV collagen al chain (Col4Al), Transforming
growth factor-f (TGF-f), and Txnip were evaluated by real-time polymerase chain
reaction. Albuminuria, renal hypertrophy, and expansion of the mesangial area, which
are the hallmarks of diabetic nephropathy, were confirmed in the diabetic mice. The
mRNA expression of COL4A1 and TGF-f3 was dramatically increased in diabetic mice
in comparison with the control mice. Moreover, associated with the increased renal
expression of Txnip, diabetic conditions increased oxidative stress as determined by
urinary excretion of 8-hydroxy-2'-deoxyguanosine and acrolein adduct, which are
oxidative stress markers. Moreover, Txnip may be a therapeutic target in diabetic
nephropathy.

Diabetic nephropathy is a common cause for end-stage renal disease in industrialized
countries (1,8). The characteristic features of this disease are persistent albuminuria and
structural alterations, such as thickened glomerular basement membrane and progressive
accumulation of extracellular matrix proteins in the glomerular mesangium (19,24).
Although the number of patients with diabetic nephropathy has been increasing, the
mechanisms responsible for the disease have not been clearly identified.

The involvement of various derangements associated with diabetes can be considered in
the development of diabetic nephropathy. Among them, oxidative stress has been suggested
to play an important role in the pathogenesis of this condition. Oxidative stress is induced by
a variety of mechanisms including the glycation reaction (2), the polyol pathway (7), protein
kinase C-dependent activation of membranous NADPH oxidase (9), and the mitochondrial
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electron transport chain (3,15) under diabetic conditions, and is known to induce cellular
dysfunction in a wide variety of cells, such as mesangial and endothelial cells.

To protect against oxidative stress, cells possess defensive mechanisms such as
intracellular antioxidants. The antioxidants regulate cellular redox balance and control the
formation and reduction of reactive oxygen species (6,17,21). However, there are
endogenous inhibitors of antioxidants. Thioredoxin interacting protein (Txnip) is one of such
inhibitors (16) that restrains the function of thioredoxin 1, which is a major intracellular
antioxidant (14). An in vitro study reported that high glucose levels induce Txnip expression
and enhance the thioredoxin/Txnip interaction, leading to functional inhibition of
antioxidative thioredoxin (23). However, the involvement of Txnip in diabetic nephropathy
remains unclear. In the present study, the relationship between Txnip and diabetic
nephropathy was examined using streptozotocin (STZ)-induced diabetic mice.

MATERIALS AND METHODS

Animals and experimental design

Eight-week-old male C57BL/6 mice weighing 19-26 g were randomly divided into
control or diabetic groups. The number of animals per experimental group was 10. Mice in
the diabetic group were intraperitoneally injected with STZ (Sigma Chemical Co., St. Louis,
MO, USA) (100 mg/kg body weight in 100 pl of sterile citrate buffer, pH 4.5) for two
consecutive days. The control group mice were injected with citrate vehicle. The mice with
venous blood glucose levels of over 17 mmol/L were considered diabetic. The blood samples
were obtained from the tail and the glucose levels were measured using Glutest-Ace (Sanwa
Kagaku Kenkyusho, Nagoya, Japan). Throughout the experiment, the mice were provided
with sufficient food and water. The body weight and hemoglobin Alc (HbAlc) levels were
measured at 0 and 24 weeks after STZ or vehicle treatment. The venous blood HbAlc levels
were determined using DCA2000 analyzer (Bayer Medical, Tokyo, Japan) from the blood
sample obtained from the tail.
Sample preparation

After 24 weeks of STZ treatment, 24-h urine collection was done for each mouse using
metabolic cages. The urine was kept at —20°C until urinary albumin excretion (UAE),
8-hydroxy-2'-deoxyguanosine (8-OHdG), and acrolein adduct were determined. Further, the
mice were killed under ether anesthesia. The kidneys were quickly removed from the
animals and the surrounding fat was cleaned. They were washed in a sterile saline solution
and weighed. The right kidneys were immediately fixed by immersion in phosphate-buffered
4% paraformaldehyde solution, and routinely embedded in paraffin for light microscopy
using conventional fixatives and techniques. The left kidneys were immediately frozen for
gene expression analysis. The procedures were approved by the Institutional Animal Care
and Use Committee guidelines at Kobe University Graduate School of Medicine.
Determination of albumin, 8-OHdG, and acrolein adduct in urine

Albuminuria was evaluated using Albuwell M (Exocell Inc., Philadelphia, PA, USA). To
evaluate the degree of oxidative stress in the animals, urinary 8-OHdG, a sensitive indicator
of oxidative DNA damage, and urinary acrolein adduct, a sensitive indicator of lipid
peroxidation were measured. Urinary 8-OHdG and acrolein adduct levels were determined
using a sandwich enzyme-linked immunosorbent assay kit (NOF Corporation, Tokyo,
Japan).
Renal histology and morphometric analyses

The kidney was cut into 5-um thick sections and stained with periodic acid Schiff (PAS)
and periodic acid-silver methenamine (PAM). At least 30 glomerular tuft profiles per sample
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were photographed with a digital camera (Olympus 1X71; Olympus, Tokyo, Japan) and
imported into Viewfinder Lite ver.1.0 (Pixera Japan, Kanagawa, Japan). The evaluation of
mesangial matrix expansion was performed as described in the previous study (18). In brief,
the mesangial matrix area identified by dense PAM staining and the whole glomerular tuft
area from each glomerulus were measured using Lumina Vision ver.1.13 (Mitani
Corporation, Fukui, Japan). The mesangial matrix index was calculated using the formula
[(mesangial matrix area/glomerular tuft area) x 100 (%)]. All evaluations were performed in
a blinded fashion.
Quantitative real-time PCR analysis

Type IV collagen al chain (Col4Al) is an extracellular matrix protein associated with
the basement membrane in glomeruli (20), and Transforming growth factor-f (TGF-p) is the
key regulator of extracellular matrix remodeling in the mesangium leading to mesangial
expansion (26). Renal mRNA expression of these proteins and Txnip, an endogenous
inhibitor of antioxidants (16), were evaluated. Total RNA was extracted from the left kidneys
using RNeasy (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The
RNA was dissolved in RNase-free water and stored at —80°C until it was used. Total RNA
was reverse transcribed to evaluate gene expression levels. Equal amounts of total RNA from
each sample were converted to cDNA by TagMAN Reverse Transcription Reagents (Applied
Biosystems, Foster City, CA, USA) with random hexamer primers according to the
manufacturer’s manual (Applied Biosystems). Real-time quantification of the target genes
was performed using a Light Cycler system (Roche Diagnostics, Basel, Switzerland). The
primers were a Light Cycler primer probe set purchased from Roche Diagnostics. Relative
quantities of target gene expression were compared after normalization to the value of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a housekeeping gene.
Statistical analysis

Results were expressed as mean + SD. Statistical analysis was performed using SPSS for
Windows ver. 12.0 (SPSS Inc., Chicago, IL, USA). Data were examined by the unpaired
Student’s t test. p < 0.05 was considered statistically significant.

RESULTS

Animal profiles

The body weight and HbAlc levels at the beginning and end of the study are shown in
Table 1. It was observed that the body weight increased in the control mice. In contrast,
diabetic mice showed little gain in weight. Therefore, the body weights of the diabetic
animals were significantly (p < 0.01) reduced in comparison with the controls at the end of
the experiment. HbAlc levels in the controls did not change throughout the experiment. In
contrast, HbAlc levels were significantly (p < 0.01) higher in the diabetic group than in the
control group. These results indicate that hyperglycemia in diabetic mice was persistent and
not transient.
Urinary albumin excretion and renal hypertrophy

An increase in the levels of UAE and renal hypertrophy are the earliest manifestations of
renal disorder in diabetes. The 24-h UAE was markedly (p < 0.01) higher in diabetic mice
than in control mice (Fig. 1A). Furthermore, the kidney weight/body weight ratio was
significantly (p < 0.01) increased in diabetic mice in comparison with the control mice in the
24th week after STZ treatment (Fig. 1B). These results indicate that the renal disorder in
STZ-induced diabetic mice, which is early stage diabetic nephropathy, is similar to that seen
in humans.
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TABLE 1. Changes in body weight and HbAlc levels.

Body weight (g) HbAlc levels (%)
Initial Final Initial Final
Control mice 22.65+1.44 31.77+2.94 3.0+0.3 34+04
Diabetic mice 22.29 +1.58 24.10 +£2.85* 29+04 10.0 +1.8%*

Data were obtained at 0 and 24 weeks after STZ or citrate vehicle treatment. The body weights in
the diabetic animals were significantly reduced in comparison with the control values at the end
of the experiment. HbAlc levels were significantly higher in diabetic groups than in the control
groups.

Data are presented as means + SD. *p < 0.01 vs. control mice.
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FIG. 1. Albuminuria and renal hypertrophy

The 24-h urinary albumin excretion was markedly higher in diabetic mice than in control
mice (A). Furthermore, the kidney weight/body weight ratio was significantly increased in
diabetic mice in comparison with the control mice at the 24th week after STZ treatment (B).
Data are mean + SD. Closed bar = control mice; open bar = diabetic mice. *p < 0.01 vs.
control mice.

Morphologic changes of the kidney

The diabetic mice showed extensive mesangial matrix expansion (Fig. 2B, D), whereas
no change was observed in the control mice (Fig. 2A, C). Quantitative analysis of the
mesangial matrix index of at least 30 glomeruli per mouse revealed that the area occupied by
matrix per glomerulus was significantly (p < 0.01) greater in diabetic mice than in control
mice (Fig. 2E).
Col4A1 and TGF- mRNA expression in renal tissue

The mRNA expression of COL4A1, which is an extracellular matrix protein that is
associated with the basement membrane in glomeruli, was dramatically (p < 0.01) increased
in diabetic mice in comparison with the control mice (Fig. 3A). In addition, the mRNA
expression of TGF-f, which is the key regulator of extracellular matrix remodeling in the
mesangium leading to mesangial expansion, was significantly (p < 0.01) increased in the
diabetic animals (Fig. 3B).
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FIG. 2. Mesangial matrix expansion

The kidneys were removed after 24-weeks of STZ or vehicle treatment. Renal tissues were
stained with PAS (A, B) and PAM (C, D). Diabetic mice showed extensive mesangial
matrix expansion (B, D), whereas no change was observed in control mice (A, C).
Quantitative analysis revealed that diabetic mice demonstrated a significant increase in the
area occupied by matrix per glomerulus in comparison with the control mice (E).
Magnification is x 400. Data are mean + SD. Closed bar = control mice; open bar = diabetic

mice. *p <0.01 vs. control mice.
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FIG. 3. The expression of Col4A1 and TGF-f mRNA in renal tissue

Gene expression was analyzed using quantitative real-time PCR by comparing the
expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control.
(A) The expression of Col4A1 mRNA. (B) The expression of TGF-B mRNA. Data are
mean + SD. Closed bar = control mice; open bar = diabetic mice. *p < 0.01 vs. control
mice.

Oxidative stress makers and Txnip mRNA expression

To evaluate the degree of oxidative stress in the mice, the urine levels of 8-OHdG and
acrolein adduct were determined. Both markers were remarkably (p < 0.01) higher in
diabetic mice than in the control mice (Fig. 4A, B). Furthermore, quantitative real-time PCR
analysis revealed that the mRNA expression of Txnip in the kidney was significantly (p <
0.01) increased in diabetic mice in comparison with the control mice 24 weeks after STZ
treatment (Fig. 4C).
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FIG. 4. Oxidative stress makers and Txnip mRNA expression

The excretion of urinary 8-OHdG (A) and acrolein adduct (B) were remarkably higher in diabetic mice
than the control mice. Quantitative real-time PCR analysis revealed that the mRNA expression of
Txnip in the kidney was significantly increased in diabetic mice in comparison with the control mice at
24 weeks after STZ treatment (C). Data are mean + SD. Closed bar = control mice; open bar = diabetic
mice. *p <0.01 vs. control mice.

DISCUSSION

In the present study, albuminuria, renal hypertrophy, and expansion of mesangial area,
which are the hallmarks of diabetic nephropathy, were confirmed in STZ-induced diabetic
mice. In addition, the mRNA expression of COL4A1 and TGF-B3 was dramatically increased
in diabetic mice in comparison with the control mice. Collagen accumulation is the hallmark
of glomerular sclerosis, and increase of COL4Al plays a central role in this process (22).
Moreover, TGF-f is the key regulator of extracellular matrix remodeling in the mesangium
leading to mesangial expansion (26), and induction of TGF-f is a well-documented
molecular event during the development of diabetic nephropathy both in vitro (10,27) and in
vivo (10,25). Taken together, these results suggest that the nephropathy in the STZ-induced
diabetic mice mimics the diabetic nephropathy seen in humans with diabetes.

Among the various derangements associated with diabetes, oxidative stress has been
suggested to play an important role in the pathogenesis of diabetic nephropathy. Our results
demonstrate that diabetic conditions increase oxidative stress as determined by urinary
excretion of 8-OHdG (a sensitive indicator of oxidative DNA damage) and acrolein adduct (a
sensitive indicator of lipid peroxidation). These findings suggest a relationship between
oxidative stress and the development of diabetic nephropathy.

To protect against increased oxidative stress under diabetic conditions, it is reported that
superoxide dismutase, glutathione peroxidase, and catalase, which are central enzymes in the
antioxidative defense mechanisms of cells, are induced under hyperglycemic conditions (4).
Moreover, it has been reported that thioredoxin 1, which is a major intracellular antioxidant
(14), is induced under diabetic conditions (11,12). TRX is cytokine-like factor with
radical-scavenging functions (5,13,14), and it has been suggested that the regulation of
cellular reduction/oxidation (redox) by TRX plays an important role in signal transduction
and cytoprotection against oxidative stress (5,13,14). However, oxidative stress levels remain
high in the diabetic milieu.

In the present study, we demonstrated that renal expression of Txnip increased
dramatically in diabetic mice. Since Txnip inhibits the antioxidative function of thioredoxin
(16), our results suggest that diabetic conditions enhance the thioredoxin/Txnip interaction,
leading to functional inhibition of the antioxidative thioredoxin function. The interaction
results in a shift of the cellular redox balance that promotes increased intracellular oxidative
stress. In other words, an increase in Txnip expression may be a mechanism by which
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oxidative stress levels remain high under diabetic conditions. To clarify the mechanism of
the development of diabetic nephropathy, further studies linking diabetic nephropathy to
oxidative stress and Txnip are required.

In conclusion, our study demonstrated increased oxidative stress associated with Txnip

induction in STZ-induced diabetic nephropathy. Moreover, Txnip may be a therapeutic target
in diabetic nephropathy.

ACKNOWLEDGMENTS

We thank T. Nii-Kono and Y. Otani (Kobe University Graduate School of Medicine) for

technical assistance.

10.

11.

12.

REFERENCES

Bojestig, M., Arnqvist, H.J., Hermansson, G., Karlberg, B.E., and Ludvigsson, J.
1994. Declining incidence of nephropathy in insulin-dependent diabetes mellitus. N
Engl J Med 330:15-18.

Brownlee, M. 1995. Advanced protein glycosylation in diabetes and aging. Annu Rev
Med 46:223-234.

Brownlee, M. 2001. Biochemistry and molecular cell biology of diabetic complications.
Nature 414:813-820.

Ceriello, A., dello Russo, P., Amstad, P., and Cerutti, P. 1996. High glucose induces
antioxidant enzymes in human endothelial cells in culture. Evidence linking
hyperglycemia and oxidative stress. Diabetes 45:471-477.

Ericson, M.L., Horling, J., Wendel-Hansen, V., Holmgren, A., and Rosen, A. 1992.
Secretion of thioredoxin after in vitro activation of human B cells. Lymphokine
Cytokine Res 11:201-207.

Griendling, K.K., Sorescu, D., Lassegue, B., and Ushio-Fukai, M. 2000. Modulation
of protein kinase activity and gene expression by reactive oxygen species and their role
in vascular physiology and pathophysiology. Arterioscler Thromb Vasc Biol
20:2175-2183.

Hodgkinson, A.D., Sondergaard, K.L., Yang, B., Cross, D.F., Millward, B.A., and
Demaine, A.G. 2001. Aldose reductase expression is induced by hyperglycemia in
diabetic nephropathy. Kidney Int 60:211-218.

Ibrahim, H.N., and Hostetter, T.H. 1997. Diabetic nephropathy. ] Am Soc Nephrol
8:487-493.

Inoguchi, T., Li, P.,, Umeda, F., Yu, H.Y., Kakimoto, M., Imamura, M., Aoki, T.,
Etoh, T., Hashimoto, T., Naruse, M., Sano, H., Utsumi, H., and Nawata, H. 2000.
High glucose level and free fatty acid stimulate reactive oxygen species production
through protein kinase C-dependent activation of NAD(P)H oxidase in cultured vascular
cells. Diabetes 49:1939-1945.

Isono, M., Mogyorosi, A., Han, D.C., Hoffman, B.B., and Ziyadeh, F.N. 2000.
Stimulation of TGF-beta type II receptor by high glucose in mouse mesangial cells and
in diabetic kidney. Am J Physiol Renal Physiol 278:F830-838.

Kakisaka, Y., Nakashima, T., Sumida, Y., Yoh, T., Nakamura, H., Yodoi, J., and
Senmaru, H. 2002. Elevation of serum thioredoxin levels in patients with type 2
diabetes. Horm Metab Res 34:160-164.

Miyamoto, S., Kawano, H., Hokamaki, J., Soejima, H., Kojima, S., Kudoh, T.,
Nagayoshi, Y., Sugiyama, S., Sakamoto, T., Yoshimura, M., Nakamura, H., Yodoi,

59



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

60

Y. HAMADA et al.

J., and Ogawa, H. 2005. Increased plasma levels of thioredoxin in patients with glucose
intolerance. Intern Med 44:1127-1132.

Nakamura, H., De Rosa, S., Roederer, M., Anderson, M.T., Dubs, J.G., Yodoi, J.,
Holmgren, A., Herzenberg, L.A., and Herzenberg, L.A. 1996. Elevation of plasma
thioredoxin levels in HIV-infected individuals. Int Immunol 8:603-611.

Nakamura, H., Nakamura, K., and Yodoi, J. 1997. Redox regulation of cellular
activation. Annu Rev Immunol 15:351-369.

Nishikawa, T., Edelstein, D., Du, X.L., Yamagishi, S., Matsumura, T., Kaneda, Y.,
Yorek, M.A., Beebe, D., Oates, P.J., Hammes, H.P., Giardino, 1., and Brownlee, M.
2000. Normalizing mitochondrial superoxide production blocks three pathways of
hyperglycaemic damage. Nature 404:787-790.

Nishiyama, A., Matsui, M., Iwata, S., Hirota, K., Masutani, H., Nakamura, H.,
Takagi, Y., Sono, H., Gon, Y., and Yodoi, J. 1999. Identification of thioredoxin-binding
protein-2/vitamin D(3) up-regulated protein 1 as a negative regulator of thioredoxin
function and expression. J Biol Chem 274:21645-21650.

Nordberg, J., and Arner, E.S. 2001. Reactive oxygen species, antioxidants, and the
mammalian thioredoxin system. Free Radic Biol Med 31:1287-1312.

Okada, S., Shikata, K., Matsuda, M., Ogawa, D., Usui, H., Kido, Y., Nagase, R.,
Wada, J., Shikata, Y., and Makino, H. 2003. Intercellular adhesion
molecule-1-deficient mice are resistant against renal injury after induction of diabetes.
Diabetes 52:2586-2593.

Osterby, R., Gall, M.A., Schmitz, A., Nielsen, F.S., Nyberg, G., and Parving, H.H.
1993. Glomerular structure and function in proteinuric type 2 (non-insulin dependent)
diabetic patients. Diabetologia 36:1064-1070.

Park, LS., Kiyomoto, H., Abboud, S.L., and Abboud, H.E. 1997. Expression of
transforming growth factor-p and type IV collagen in early streptozotocin-induced
diabetes. Diabetes 46:473-480.

Prieto-Alamo, M.J., Jurado, J., Gallardo-Madueno, R., Monje-Casas, F., Holmgren,
A., and Pueyo, C. 2000. Transcriptional regulation of glutaredoxin and thioredoxin
pathways and related enzymes in response to oxidative stress. J Biol Chem
275:13398-13405.

Pugliese, G., Pricci, F., Pugliese, F., Mene, P., Lenti, L., Andreani, D., Galli, G,
Casini, A., Bianchi, S., and Rotella, C.M. 1994. Mechanisms of glucose-enhanced
extracellular matrix accumulation in rat glomerular mesangial cells. Diabetes
43:478-490.

Schulze, P.C., Yoshioka, J., Takahashi, T., He, Z., King, G.L., and Lee, R.T. 2004.
Hyperglycemia promotes oxidative stress through inhibition of thioredoxin function by
thioredoxin-interacting protein. J Biol Chem 279:30369-30374.

Steffes, M.W., Bilous, R.W., Sutherland, D.E., and Mauer, S.M. 1992. Cell and
matrix components of the glomerular mesangium in type 1 diabetes. Diabetes
41:679-684.

Yamamoto, T., Nakamura, T., Noble, N.A., Ruoslahti, E., and Border, W.A. 1993.
Expression of transforming growth factor B is elevated in human and experimental
diabetic nephropathy. Proc Natl Acad Sci U S A 90:1814-1818.

Ziyadeh, F.N., Hoffman, B.B., Han, D.C., Iglesias-De La Cruz, M.C., Hong, S.W.,
Isono, M., Chen, S., McGowan, T.A., and Sharma, K. 2000. Long-term prevention of
renal insufficiency, excess matrix gene expression, and glomerular mesangial matrix
expansion by treatment with monoclonal antitransforming growth factor-p antibody in



27.

A POSSIBLE ROLE OF TXNIP IN DIABETIC NEPHROPATHY

db/db diabetic mice. Proc Natl Acad Sci USA 97:8015-8020.

Ziyadeh, F.N., Sharma, K., Ericksen, M., and Wolf, G. 1994. Stimulation of collagen
gene expression and protein synthesis in murine mesangial cells by high glucose is
mediated by autocrine activation of transforming growth factor-f. J Clin Invest
93:536-542.

61



