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Taurine Administration after Appearance of Proteinuria
Retards Progression of Diabetic Nephropathy in Rats
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Oxidative stress has been postulated to be involved in the development of diabetic
nephropathy. In the present study, we evaluated the effect of taurine, an endogenous
antioxidant, on diabetic nephropathy by mixing it with the daily drinking water (1%
w/v) of streptozotocin-induced diabetic rats from the beginning of the fourth month
after the induction of diabetes, during which the urinary protein excretion in untreated
diabetic rats showed significant increase in comparison with nondiabetic rats. The
taurine administration significantly suppressed further increase in urinary protein
excretion in diabetic rats, accompanied by the reduction of mesangial extracellular
matrix expansion and TGF-B expression in the renal glomerulus. Immunohistochemical
study showed that taurine administration suppressed the intensified stainings to the
three different types of oxidative stress markers, such as 8-hydroxyl-2’-deoxyguanosine
(8-OHdG), pentosidine, and nitrotyrosine observed in the renal tissues of untreated
diabetic rats. These findings suggest that taurine has the ability to suppress the
progression of diabetic nephropathy at least in part by its antioxidant property. Since
this beneficial effect of taurine was obtained even if its administration was started after
the time point when urinary protein excretion already became apparently higher than
that of age-matched nondiabetic animals, taurine administration was potentially
expected to be applied in clinical field to retard the development of nephropathy in
diagnosed diabetic patients.

The severity of diabetic nephropathy is one of the major factors determining the
prognosis of diabetic patients. Several lines of evidence have indicated that hyperglycemia
causes diabetic nephropathy through a variety of mechanisms, including the induction of
oxidative stress (13) and the acceleration of glycation reaction. In fact, various oxidative
stress markers, including 8-hydroxydeoxyguanosine (8-OHdG) and nitrotyrosine, have been
demonstrated to accumulate in the renal tissues of diabetic animals (12) and humans (27).
On the other hand, it has also been postulated that formation of advanced glycation
endproducts (AGEs) in the renal tissues is involved in the pathogenesis of diabetic
nephropathy (16, 25). Especially, the glycoxidation products, such as pentosidine, are
reported to accumulate in the renal glomerulus of diabetic subjects (26).

Local oxidative stress has been postulated to play an important role in the establishment
of diabetic glomerular lesions by up-regulation of TGF-B, that accelerates extracellular
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matrix (ECM) production in the glomerulus (17). Therefore, several experimental trials have
been performed to suppress the development of diabetic nephropathy through the attenuation
of local oxidative stress in the kidneys of diabetic animals. For example, we have proved that
overexpression of thioredoxinl, an endogenous antioxidative protein, successfully prevent
the development of diabetic nephropathy accompanied by suppression of ECM production
(14). However, such gene therapy is hardly applicable in the clinical field at present.

We therefore paid attention to taurine (2-aminoethanesulphonic acid), since it has been
orally administered to both animals and humans without significant adverse effects. Taurine
is a ubiquitous B-amino acid and is considered as an endogenous antioxidant (6, 8, 33).
Recent studies have suggested that taurine potentially protects renal tissues against damage
from excess oxidative stress (1, 4, 13, 28, 29). Trachtman et al. (29) showed marked
reduction of proteinuria in diabetic rats with decreased lipid peroxidation in the kidney by
oral supplementation of taurine from the point when diabetes was induced by streptozotocin
(STZ) injection. In the present study, we investigated whether this beneficial effect of taurine
on diabetic nephropathy was reproduced even when treatment was started at the time point
when urinary protein excretion already showed significant increase in comparison with
non-diabetic animals. In addition, we evaluated the effect of taurine treatment on oxidative
stress to clarify the relationship between oxidative stress and pathological changes, as well as
expression of TGF-p in the glomeruli of diabetic animals.

MATERIALS AND METHODS

Materials

Taurine was purchased from Wako Pure Chemical Industries (Osaka, Japan). All other
chemicals were also of analytical grade and purchased from Wako Pure Chemical Industries,
unless otherwise noted.
Animals

All animal experiments were conducted according to the Guidelines for Animal
Experimentation at Kobe University School of Medicine. Male Sprague Dawley rats (8
weeks old) were obtained from CLEA Japan, Inc. (Osaka, Japan) and randomly divided into
three groups as follows: control (n = 6), diabetic rats (n = 6), and taurine-treated diabetic rats
(n = 6). Diabetes was induced by a single intravenous injection of STZ (60 mg/kg body
weight) freshly dissolved in 200 ul of sterile citrate buffer (pH4.5). Only rats with plasma
glucose level over 20 mM one week after STZ treatment were included in the study. Animals
were provided with water ad libitum and fed a standard laboratory chow. Taurine was added
to the drinking water (1 % wi/v) for rats of the treatment group. The administration of taurine
was started at the beginning of the fourth month after the induction of diabetes, since we
found a significant increase in urinary protein excretion rate in the diabetic rats in
comparison with control rats at the end of the third month. Fasting blood glucose level was
determined by the glucose oxidase method using Glutest Sensor and Glutest Ace (Sanwa
Kagaku Kenkyusyo, Nagoya, Japan) (31). Glycated hemoglobin was determined with
DCA2000 analyzer (Bayer Medical, Tokyo, Japan). Blood urea nitrogen (BUN) and serum
creatinine levels were also measured using an autoanalyzer (Hitachi Model 7700, Tokyo,
Japan), immediately before starting taurine-treatment and at the end of animal experiment.
Rats were placed in individual metabolic cages once a month, and 24 h urine samples were
collected to determine the excreted protein by the method of Bradford (3). Rats had free
access to water while in the metabolic cages. Urinary protein excretion rate was corrected by
body weight.
Histological study and morphometric analyses
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After 7 months of the induction of diabetes, the rats were sacrificed under ether
anesthesia. The kidneys were dissected and fixed with 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (PB, pH 7.2) for 48 hours at room temperature, dehydrated through a series
of graded ethanol and embedded in paraffin. The 5-mm-thick sections were stained with
periodic acid-Schiff (PAS) and periodic acid-methenamine (PAM). Thirty glomeruli were
randomly selected from each rat. Evaluation of the mesangial matrix expansion was
performed as described elsewhere (23). In brief, the mesangial matrix area, which was
identified by dense PAM staining and whole glomerular tuft area from each glomerulus, was
measured using WinROOF image processing software (Mitani Corp., Tokyo, Japan). The
mesangial matrix index was calculated using the formula [(ECM area / glomerular tuft area)
x 100 (%)].

Measurement of 8-OHdG in urine

Urinary 8-OHdG concentrations after 7 months of the induction of diabetes were
measured by competitive enzyme-linked immunosorbent assay kit (8-OHdG check; Japan
Institute for the Control of Aging, Shizuoka, Japan) according to the manufacturer’s
instructions. The contents of creatinine in the same sample were determined using the
Creatinine Assay Kit (Cayman, Ann Arbor, MI). Urinary 8-OHdG was expressed as ng/mg
creatinine.

Immunohistochemical study

The sections were dewaxed, hydrated, and treated with 0.03 % hydrogen peroxidase for
10 min to block endogenous peroxidase activity. After blocking, the sections were reacted
with either rabbit anti-human TGF-B which is a polyclonal antibody possessing
cross-reactivity with rat TGF-B (Santa Cruz Biotechnology, Santa Cruz, CA), mouse
monoclonal antibody to pentosidine (TransGenic Inc., Kumamoto, Japan), mouse
monoclonal antibody to 8-OHdG (Japan Institute for the Control of Aging, Shizuoka, Japan),
or mouse monoclonal antibody to nitrotyrosine (Upstate Biotechnology Inc., Lake Placid,
NY) for 1 hr at room temperature. The slides were washed with Tris buffer (pH 7.6), and
then incubated with biotinylated secondary antibody for 1 hr at room temperature. The
avidin-biotin-peroxidase complex method was used with a commercial kit (DAKO,
Carpinteria, CA). Final development of the sections reacted with anti-8-OHdG antibody
was carried out by the MaxiTags immunoperoxidase system with DAB chromogen (Shandon
Lipshaw, Pittsburgh, PA, USA) and counterstained with light-green (Merck, Whitehouse
Station, NJ, USA). The other sections were carried out with DAB chromogen (DAKO,
Glostrup, Denmark) and counterstained with hematoxylin.

Statistical analysis

The data are expressed as mean + SD. Comparison between groups was performed using
one-way ANOVA followed by a Bonferroni / Dunn multiple comparison test. A p value less
of than 0.05 was considered significant.

RESULTS

In vivo studies

Changes in body weight, plasma glucose level, and glycated hemoglobin (Hb) level
during the study were presented in Fig. 1. At baseline, no significant difference was found in
these three parameters among the groups. Body weight steadily increased in control rats,
while diabetic rats showed almost no gain. Thus, a difference in weight between control and
diabetic rats became statistically significant (p < 0.01) (Fig. 1a). Plasma glucose level and
glycated Hb level were significantly (p < 0.01) higher in diabetic groups than those of
control rats during the experimental period (Fig. 1b, 1c). Taurine administration did not
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influence any of the parameters described above in diabetic groups. The level of BUN was
increased in diabetic rats compared with control rats after 3 months of the induction of
diabetes (37.2 £ 8.1 vs. 18,5 = 3.4 mg/dl, p < 0.01). Taurine administration from the
beginning of the fourth month showed tendency to suppress the subsequent increase in BUN
in diabetic rats (control vs. untreated diabetic vs. taurine-treated diabetic; 18.8 + 7.1 vs. 46.3
+ 3.6 vs. 38.8 £ 7.1 mg/dl at the seventh month after the induction of diabetes), though the
difference in BUN level between untreated and taurine-treated diabetic rats did not reach
statistical significance. On the other hand, the level of serum creatinine was significantly
decreased in diabetic rats probably due to the loss of muscle tissues, so that creatinine was
not a good surrogate marker to assess renal function in this animal model (control vs.
untreated diabetic vs. taurine-treated diabetic; 0.39 £ 0.14 vs. 0.24 £ 0.05 vs. 0.21 + 0.02
mg/dl at the seventh month after the induction of diabetes).
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Fig. 1 Time course of changes in body weight, plasma glucose, and glycated Hb

Increase in body weight was significantly suppressed in diabetic rats (a). Both plasma glucose (b) and
glycated Hb (c) levels were significantly higher in diabetic rats compared with control rats. Treatment
of diabetic rats with oral taurine did not influence any of these three parameters.

open circles = control rats; closed circles = diabetic rats; open triangles = diabetic rats with oral taurine

administration starting from the beginning of the fourth month after the induction of diabetes. * p <
0.01 vs. control rats.
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Urinary protein excretion rate

Urinary protein excretion rate gradually increased in diabetic rats, which became
significantly different from the control group at 3 months and later (25.5 + 6.4 vs.38.0 £ 12.2
mg/24 hr/kg BW at 3 month, p < 0.01, Fig. 2). Taurine administration from the beginning of
the fourth month significantly suppressed the subsequent increase in urinary protein
excretion in diabetic rats compared with the untreated diabetic rats (62.3 + 49.7 vs. 114.9 +
49.5 mg/24 hr/kg BW at 7 month, p < 0.05, Fig. 2).
Renal histology and morphometric analyses

Both PAS and PAM stainings showed extensive mesangial matrix expansion in the
glomeruli of untreated diabetic rats compared with control rats (Fig. 3). However, taurine
administration significantly suppressed the expansion of mesangial matrix in the glomeruli of
diabetic rats (Fig. 3c, 3f). Quantitative analysis with the mesangial matrix index revealed that
the area occupied by extracellular matrix per glomerulus in untreated diabetic rats was
significantly higher than that in control rats (18.7 + 2.3 vs. 11.0 + 0.3%, p < 0.001, Fig. 3g).
On the other hand, the mesangial matrix index of taurine-treated diabetic rats was markedly
reduced to almost control level (12.5 + 2.1 %, p < 0.01 vs. untreated diabetic rats).
Urinary 8-OHdG excretion rate

Urinary 8-OHdAG excretion was significantly increased in untreated diabetic rats
compared with control rats (44.0 + 40.6 vs.4.1 + 2.2 ng/mg creatinine, p < 0.05, Fig. 4).
Treatment of diabetic rats with taurine showed tendency to suppress the increase in excretion,
but the difference did not reach statistically significant level (28.8 + 19.2 ng/mg creatinine).
Immunohistochemical studies

Immunohistochemical studies using anti-TGF-p antibody showed intensified staining in
the mesangial area of glomeruli in untreated diabetic rats at 7 months after induction of
diabetes (Fig. 5b). In contrast, only a weak immunoreactivity was found in the glomeruli of
age-matched control rats (Fig. 5a). Taurine administration prevented the enhancement of
TGF-B expression in the glomeruli of diabetic rats (Fig. 5¢). To assess the status of oxidative
stress in the renal tissue, we performed immunohistochemical stainings using three different
types of oxidative stress markers, such as pentosidine (Fig. 6a-c), nitrotyrosine (Fig. 6d-f),
and 8-OHdG (Fig. 6g-i). As a result, intensified stainings to all these oxidative stress markers
were found in the glomeruli of the untreated diabetic rats (Fig. 6b, e, h) compared with
control rats (Fig. 6a, d, g). In contrast, these stainings were significantly attenuated in the
taurine-treated diabetic rats (Fig. 6c, f, i). Furthermore, intensified stainings to nitrotyrosine
in the vascular endothelial cells of the untreated diabetic rats were shown compared with
control rats (Fig.7), which, in contrast, were also attenuated in the taurine-treated diabetic
rats (Fig. 7c).

-~ DM Fig. 2 Urinary protein excretion rate

200 =+ DM + taurine * Urinary protein  excretion rates were
o= control * significantly increased in diabetic rats (closed
circles and open triangles) after 3 months of
induction of diabetes compared with control
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triangles)  significantly  suppressed  the
increase in urinary protein excretion rates in
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* p < 0.05 vs. control, # p < 0.05 vs.
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Fig.3 PAS and PAM stainings of renal tissues

PAS (a-c) and PAM stainings (d-f) were performed
on the kidney sections. The glomeruli of diabetic
rats (b, e) showed extensive matrix expansion
compared with control rats (a, d). Treatment of
diabetic rats with taurine considerably quenched the
stainings (c, f). The mesangial matrix index of
untreated diabetic rats was significantly higher than
control rats, while that of taurine-treated diabetic
rats was markedly reduced to almost control level(g).
(x400)

* p < 0.001 vs. control, # p < 0.01 vs. untreated
diabetic rats.
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Fig. 4 Urinary 8-OHdG excretion rate

Urinary 8-OHdG excretion rates after 7 months of induction of diabetes in untreated diabetic rats were
significantly (p < 0.05) increased compared with control rats. Treatment of diabetic rats with taurine
showed tendency to suppress the increase, but the difference did not reach statistical significance.

* p < 0.05 vs. control rats.
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Fig. 5 Immumohistochemical studies of TGF-$

Immunohistochemical staining was performed using anti-TGF-f antibody. Marked immunostaining
was observed in the glomeruli of untreated diabetic rats (b) compared with control rats (a). Treatment
of diabetic rats with taurine considerably quenched the immunostaining to almost control level (c).
(x400)

Fig. 6 Immumohistochemical studies of oxidative stress markers

Immunohistochemical stainings were performed using anti-pentosidine antibody (a-c),
anti-nitrotyrosine antibody (d-f), and anti-8-OHdG antibody (g-i). Intensified immunostainings to all
the markers were observed in the renal tissue of untreated diabetic rats (b, e, h) compared with control
rats (a, d, g). Treatment of diabetic rats with taurine markedly quenched the enhanced immunostainings
in diabetic rats (c, f, i). (x400)
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Fig. 7 Immumohistochemical detection of nitrotyrosine in renal vascular endothelial cells

Marked immunostaining (arrows) was observed in the renal vascular endothelial cells of untreated
diabetic rats (b) compared with control rats (a). Treatment of diabetic rats with taurine showed
tendency to attenuate the immunostaining (c). (x400)

DISCUSSION

In the present study, the development of the hallmarks of diabetic nephropathy, such as
proteinuria and expansion of mesangial area, was efficiently suppressed even if taurine
administration was started after the appearance of significant proteinuria. These beneficial
effects of taurine were independent of blood glucose status, since both plasma glucose and
glycated Hb levels were not influenced by taurine treatment. With reference to the action of
taurine in vivo, its property as an osmolyte (18, 30), antioxidant (6, 18, 33), calcium
modulator (18, 20), neurotransmitter (5), and so forth have been suggested. Among them, its
antioxidant property has been paid attention in relation to animal models of kidney diseases.
For example, taurine reportedly ameliorated the pathological changes in age-related
progressive renal fibrosis (4) and puromycin aminonucleoside nephropathy (28) through its
antioxidant property.

We also found an increased TGF- expression in the glomeruli of STZ-induced diabetic
rats, which was suppressed to almost control level in the diabetic rats with taurine treatment.
TGF-B has been postulated to play an important role in the establishment of mesangial
expansion by accelerating ECM production in diabetic renal tissues. Although the precise
mechanism by which taurine suppressed TGF-B expression remains to be elucidated, several
lines of evidence have suggested that this taurine-effect is also related to its antioxidant
properties. First, a direct relationship between formation of hydrogen peroxide-induced
reactive oxygen species and TGF-B expression in cultured human mesangial cells has been
reported (19). Under diabetic condition, NADPH oxidase is known to play a pivotal role in
the formation of reactive oxygen species. In fact, Asaba et al demonstrated that activation of
NADPH oxidase in mesangial cells increased TGF- expression and caused fibronectin
accumulation in the glomerulus of diabetic rats (2). Furthermore, Studer et al. (24) showed
that taurine inhibited high glucose-related overexpression of TGF-f in cultured mesangial
cells, in similar fashion to that of N-acetylcystein, another antioxidant. Considering that
mesangial cell is an essential cellular component in the glomerulus, these findings provide at
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least in part an explanation for taurine-induced attenuation of TGF-f expression noted in our
in vivo study.

Thus, we next investigated the effect of taurine administration on the status of oxidative
stress in vivo. We first evaluated urinary excretion of 8-OHdG, a marker of systemic
oxidative DNA damage. As a result, taurine treatment showed a tendency to suppress the
urinary excretion of 8-OHdG in diabetic rats, though the difference was not statistically
significant. On the other hand, immunohistochemical study revealed that an increased
intensity of 8-OHdG in the glomerulus of diabetic rats was efficiently attenuated in the
taurine-treated diabetic rats. We further found that taurine treatment suppressed the
intensified immunostaining to pentosidine, a glycoxidation product, which is consistent with
the report by Odetti et al. (22). However, in the latter case, taurine administration was started
at the induction of diabetes. In addition, nitrotyrosine, a marker of peroxynitrite-induced
injury and nitrosative stress, was also attenuated by taurine treatment in the renal glomeruli
of diabetic rats. Furthermore, the intensified immunostaining to nitrotyrosine was found in
the renal vascular endothelial cells of untreated diabetic rats, which was attenuated by taurine
treatment. In this regard, Wu et al. have demonstrated that taurine attenuates the
high-glucose-induced human umbilical vein endothelial cells apoptosis partly through
inhibition of intracellular reactive oxygen species formation in vitro (32). Therefore, the
observed inhibitory effect of taurine on the formation of nitrotyrosine in the vascular
endothelial cells may partly contribute to the suppression of the development of diabetic
nephropathy through the prevention of hyperglycemia-induced vascular injury. These
findings suggest that taurine possesses renoprotective effect mainly through local antioxidant
property in diabetic animals.

Evidence for beneficial effects of taurine on diabetic nephropathy has been accumulating
(13, 29). For example, Ha et al. (13) reported that taurine suppresses the expression of
TGF-B at both mRNA and protein levels. Furthermore, Trachtman et al. (29) showed that
taurine-administration to diabetic rats diminished immunohistochemical staining for type IV
collagen in glomeruli, accompanied by a reduced malondialdehyde, a lipid peroxidation
product in the kidney. However, all these results were obtained by taurine administration to
animals from the time-point when they were induced diabetes. In contrast, the present study
proved that the beneficial effect of taurine on diabetic nephropathy was still active even if
taurine treatment was started at the time when urinary protein excretion became apparently
higher than that of age-matched nondiabetic animals. Since the BUN level of diabetic rats in
the present study was relatively lower than the renal failure animal models, such as
lithium-induced nephropathy (7) and 5/6-nephrectomized rats (21) (BUN > 80 mg/dl), the
stage of renal dysfunction in the present study seems not to the point of end-stage renal
disease. Considering that pharmacological treatment usually starts after some interval from
the onset of diabetes in the clinical field, we believe that the present experimental design can
be modeled to actual clinical application. In addition, taurine seems quite safe in terms of
adverse effects, since it is an endogenous compound. Furthermore, taurine has been reported
to exhibit additional beneficial effects on diabetes-related disorders, including an increase in
platelet aggregation (8, 9, 10, 11,15). The present findings, therefore, may be useful in taking
another step toward prevention and treatment of diabetic nephropathy.

REFERENCES

1. Alvarado-Vasquez, N., Zamudio, P., Ceron, E., Vanda, B., Zenteno, E., and
Carvajal-Sandoval, G. 2003. Effect of glycine in streptozotocin-induced diabetic rats.
Comp Biochem Physiol C Toxicol Pharmacol. 134: 521-527.

E43



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

E44

S. HIGO et al.

Asaba, K., Tojo, A., Onozato, M. L., Goto, A., and Fujita, T. 2007. Double-edged
action of SOD mimetic in diabetic nephropathy. 49: 13-19.

Bradford, M.M. 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72:
248-254.

Cruz, C. I, Ruiz-Torres, P., del-Moral, R. G., Rodriguez-Puyol, M., and
Rodriguez-Puyol, D. 2000. Age-related progressive renal fibrosis in rats and its
prevention with ACE inhibitors and taurine. Am. J. Physiol. 278: F122-129.

Davison, A. N., and Kaczmarek, L. K. 1971. Taurine--a possible neurotransmitter?
Nature 234: 107-108.

Devamanoharan, P. S., Ali, A. H., and Varma, S. D. 1998. Oxidative stress to rat lens
in vitro: protection by taurine. Free. Radic. Res. 29: 189-195.

Efrati, S., Averbukh, M., Berman, S., Feldman, L., Dishy, V., Kachko, L.,
Weissgarten, J., Golik, A., and Averbukh, Z. 2005. N-Acetylcysteine ameliorates
lithium-induced renal failure in rats. Nephrol. Dial. Transplant. 20: 65-70.

Franconi, F., Bennardini, F., Mattana, A., Miceli, M., Ciuti, M., Mian, M., Gironi,
A., Anichini, R., and Seghieri, G. 1995. Plasma and platelet taurine are reduced in
subjects with insulin-dependent diabetes mellitus: effects of taurine supplementation.
Am. J. Clin. Nutr. 61: 1115-1119.

Franconi, F., Di Leo, M.A., Bennardini, F., and Ghirlanda, G. 2004. Is taurine
beneficial in reducing risk factors for diabetes mellitus? Neurochem Res. 29: 143-150.
Franconi, F., Loizzo, A., Giovanni, G., and Seghieri, G. 2006. Taurine
supplementation and diabetes mellitus. Curr Opin Clin Nutr Metab Care. 9: 32-36.
Franconi, F., Miceli, M., Fazzini, A., Seghieri, G., Caputo, S., DiLeo, M. A., Lepore,
D., and Ghirlanda, G. 1996. Taurine and diabetes. Humans and experimental models.
Adv. Exp. Med. Biol. 403: 579-582.

Ha, H., Kim, C., Chung, M. H., and Kim, K. H. 1994. DNA damage in the kidneys of
diabetic rats exhibiting microalbuminuria. Free. Radic. Biol. Med. 16: 271-274.

Ha, H., Yu, M. R,, and Kim, K. H. 1999. Melatonin and taurine reduce early
glomerulopathy in diabetic rats. Free. Radic. Biol. Med. 26: 944-950.

Hamada, Y., Miyata, S., Nii-Kono, T., Kitazawa, R., Kitazawa, S., Higo, S.,
Fukunaga, M., Ueyama, S., Nakamura, H., Yodoi, J., Fukagawa, M., and Kasuga,
M. 2007. Overexpression of thioredoxinl in transgenic mice suppresses development of
diabetic nephropathy. Nephrol Dial Transplant. 22: 1547-1557

Hansen, S. H. 2001. The role of taurine in diabetes and the development of diabetic
complications. Diabetes Metab Res Rev. 17: 330-346.

Heidland, A., Sebekova, K., and Schinzel, R. 2001. Advanced glycation end products
and the progressive course of renal disease. Am. J. Kidney Dis. 38 :S100-106.

Horie, K., Miyata, T., Maeda, K., Miyata, S., Sugiyama, S., Sakai, H., van Ypersele.
de Strihou, C., Monner, V. M., Witztum, J. L., and Kurokawa, K. 1997.
Immunohistochemical colocalization of glycoxidation products and lipid peroxidation
products in diabetic renal glomerular lesions. Implication for glycoxidative stress in the
pathogenesis of diabetic nephropathy. J Clin Invest. 100: 2995-3004.

Huxtable, R. J. 1992. Physiological actions of taurine. Physiol. Rev. 72: 101-163.
Iglesias-de-la-Cruz, M. C., Ruiz-Torres, P., Alcami, J., Diez-Marques, L.,
Ortega-Velazquez, R., Chen, S., Rodriguez-Puyol, M., Ziyadeh, F. N., and
Rodriguez-Puyol, D. 2001. Hydrogen peroxide increases extracellular matrix mRNA
through TGF-beta in human mesangial cells. Kidney Int. 59: 87-95.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

EFFECT OF TAURINE ON DIABETIC NEPHROPATHY

Li, Y. P., and Lombardini, J. B. 1991. Inhibition by taurine of the phosphorylation of
specific synaptosomal proteins in the rat cortex: effects of taurine on the stimulation of
calcium uptake in mitochondria and inhibition of phosphoinositide turnover. Brain Res.
553: 89-96.

Miyazaki, T., Aoyama, I., Ise, M., Seo, H., and Niwa, T. 2000. An oral sorbent
reduces overload of indoxyl sulphate and gene expression of TGF-betal in uraemic rat
kidneys. Nephrol. Dial. Transplant. 15: 1773-1781.

Odetti, P., Pesce, C., Traverso, N., Menini, S., Maineri, E.P., Cosso, L., Valentini, S.,
Patriarca, S., Cottalasso, D., Marinari, U.M., and Pronzato, M.A. 2003.
Comparative trial of N-acetyl-cysteine, taurine, and oxerutin on skin and kidney
damage in long-term experimental diabetes. Diabetes. 52: 499-505.

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.

Studer, R. K., Craven, P. A., and DeRubertis, F. R. 1997. Antioxidant inhibition of
protein kinase C-signaled increases in transforming growth factor-beta in mesangial
cells. Metabolism 46: 918-925.

Suzuki, D., Miyata, T., Saotome, N., Horie, K., Inagi, R., Yasuda, Y., Uchida, K.,
lzuhara, Y., Yagame, M., Sakai, H., and Kurokawa, K. 1999. Immunohistochemical
evidence for an increased oxidative stress and carbonyl modification of proteins in
diabetic glomerular lesions. J. Am. Soc. Nephrol. 10: 822-832.

Tsukahara, H. 2007. Biomarkers for oxidative stress: clinical application in pediatric
medicine. Curr. Med. Chem. 14: 339-351.

Thuraisingham, R. C., Nott, C. A., Dodd, S. M., and Yaqgoob, M. M. 2000. Increased
nitrotyrosine staining in kidneys from patients with diabetic nephropathy. Kidney Int.
57: 1968-1972.

Trachtman, H., Del-Pizzo, R., Futterweit, S., Levine, D., Rao, P. S., Valderrama, E.,
and Sturman, J. A. 1992. Taurine attenuates renal disease in chronic puromycin
aminonucleoside nephropathy. Am. J. Physiol. 262: F117-123.

Trachtman, H., Futterweit, S., Maesaka, J., Ma, C., Valderrama, E., Fuchs, A,
Tarectecan, A. A., Rao, P. S, Sturman, J. A., Boles, T. H., Fu, M. X., and Baynes, J.
1995. Taurine ameliorates chronic streptozocin-induced diabetic nephropathy in rats.
Am. J. Physiol. 269: F429-438.

Uchida, S., Nakanishi, T., Kwon, H. M., Preston, A. S., and Handler, J. S. 1991.
Taurine behaves as an osmolyte in Madin-Darby canine kidney cells. Protection by
polarized, regulated transport of taurine. J. Clin. Invest. 88: 656-662.

Ueda, H., Ikegami, H., Yamato, E., Fu, J., Fukuda, M., Shen, G., Kawaguchi, Y.,
Takekawa, K., Fujioka, Y., Fujisawa, T., Nakagawa, Y., Hamada, Y., Shibata, M.,
and Ogihara, T. 1995. The NSY mouse: a new animal model of spontaneous NIDDM
with moderate obesity. Diabetologia 38: 503-508.

Wu, Q. D., Wang, J. H., Fennessy, F., Redmond, H. P., and Bouchier-Hayes, D.
1999. Taurine prevents high-glucose-induced human vascular endothelial cell apoptosis.
Am. J. Physiol. 277: C1229-1238.

You, J. S., and Chang, K. J. 1998. Effects of taurine supplementation on lipid
peroxidation, blood glucose and blood lipid metabolism in streptozotocin-induced
diabetic rats. Adv. Exp. Med. Biol. 442: 163-168.

E45



