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Abstract
Diabetic neuropathy is one of common complications of diabetes mellitus.
Hyperglycemiainduced oxidative stress involves in the development of diabetic neuropathy,
which could be reversed by supplementation of taurine, an endogenous antioxidant. This
experiment was conducted to evaluate alterations in the expressions of transcription factors
[nuclear factor kappa B (NF-κB), nuclear factor-E2-related factor-2 (Nrf2), and
hemeoxygenase 1 (HO-1)] and glucose transporters and glucose metabolism in the brain of
diabetic rats. In a 2x2 factorially arranged groups, taurine (2%) or water was administered per
orally to healthy and streptozotocin (STZ)-induced diabetic rats (n=10 per group) for 8 weeks.
Diabetes was associated with weight loss, hyperglycemia, and oxidative stress as reflected by
increased serum malondialdehyde (MDA) concentrations. Diabetic rat brains had increased
the NF-κB expression and decreased the Nrf2, HO-1, GLUT1,3 expressions as compared to
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healthy rat brains. Supplemental taurine did not alter body weight and blood glucose
concentration, but partially reduced serum MDA concentration in the diabetic rats. Taurine
also partially alleviated neuroinflammation as reflected by suppressed the NF-κB expression
and enhanced the Nrf2, HO-1, GLUT1,3 expressions in the diabetic rats. In conclusion,
taurine reduces the severity of oxidative stress through activating antioxidative defense
signaling pathway in diabetic rat brain.

Keywords: Diabetic neuropathy; oxidative stress; taurine; NF-κB; Nrf2; HO-1

Abbreviations:
ARE, antioxidant response element; Body weight, BW; GLUT1, glucose transporter protein
1; GLUT3, glucose transporter protein 3; HO-1, heme oxygenase 1; IR, insulin receptor;
Keap1, Kelch-like ECH-associated protein; MDA, malondialdehyde; NF-κB, nuclear factor
kappa B; Nrf2, nuclear factor-E2-related factor-2; ROS, reactive oxygen species; STZ,
streptozotocin.

1. Introduction
Diabetes mellitus is a chronic metabolic disorder leading to serious complications, such as
neuropathy, retinopathy, and autonomic dysfunctions. Neuropathy is one of the most common
complications and its prevalence is more than 50% among diabetic patients (Sima and
Sugimoto, 1999). Diabetes is associated with an increased oxidative stress due to excessive
production of reactive oxygen species (ROS) and/or defects in antioxidant defense system,
which lead to nerve hypoxia/ischemia, impaired nerve growth factor support (Van Dam,
2002; McCrimmon et al., 2012), and neuroinflammation (Vincent et al., 2008) as well as
neuronal damage in the central and peripheral nervous systems (Little et al., 2007).
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Nuclear factor-kappa B (NF-κB), a transcription factor, has complex roles in neuron
survival and functions as well as cell cycle changes when cellular stress is provoked, ROS is
produced and DNA damage is occurred (Massa et al., 2006; Mosley et al., 2006). It involves
in the pathogenesis of several inflammatory diseases including diabetic neuropathy (Cameron
and Cotter, 2008). The activation of NF-κB is extremely important for both oxidative stress
and inflammatory signaling pathway in diabetic rat brain.
Nuclear factor erythroid 2-related factor 2 (Nrf2), another transcription factor, is
considered the primary cellular defence against cytotoxicity caused by oxidative stress,
through regulating induction of phase II detoxifying (glutathione S-transferases) or
antioxidant enzymes (heme oxygenase-1, HO-1) (Jaiswal, 2004; Itoh et al., 2004). Nrf2
retains in the cytoplasm with Kelch-like ECH-associated protein (Keap1) under normal
conditions and is separated from Keap1, and then is Nrf2 is translocated into the nucleus
where it binds to antioxidant response element (ARE) to augment a number of antioxidative
genes when severe oxidative stress occurs (Itoh et al., 1999; Li and Kong, 2009). Namely,
Nrf2 is evaluated as the hub of defense against oxidative stress in the pathophysiology of
diabetic neuropathy (Negi et al., 2011a).
Because glucose is a predominant fuel, its homeostasis is crucial to cerebral tissues.
Insulin in the central nervous system is highly critical in terms of whole body metabolism and
nutrient availability as well as uptake (Porte et al., 2005; Anitha et al., 2012). Insulinstimulated glucose metabolism occurs in the brain-insulin receptors (IR). Glucose transporters
(GLUTs) play essential functions in the delivery of glucose. GLUT1-3 are neuron-specific
glucose transporter and responsible for neuronal glucose homeostasis (Duelli and Kuschinsky,
2001). Intracellular vesicles storing GLUTs are translocated to the plasma membrane and
facilitate glucose uptake during insulin stimulation. Under diabetic conditions, reduced
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expression of GLUTs results in the disruption of insulin signaling and glucose uptake and
utilization. Overall, these alterations favor hyperglycemia (Nizamutdinova et al., 2009).
Several studies suggest that some micronutrient including taurine can prevent or
reverse the hyperglycemia-induced cerebral and neuronal dysfunctions (Obrosova et al., 2001;
Terada et al., 2011; Ito et al., 2012). Taurine, a free sulfonic acid, is synthesized from the
metabolism of methionine and cysteine mainly in the liver and brain (Jacobsen and Smith,
1968; Tappaz et al., 1992). Meat, seafood, and milk are rich in taurine (Huxtable, 1992).
Taurine is abundantly found in a variety of organs of most mammals, including brain, heart,
and kidney, but it is essential nutrient in cats (Hansen, 2001). It acts as a neuromodulator, a
neuroprotector, an antioxidant, and an anti-inflammatory agent (Hagar, 2004; Banerjee et al.,
2008; Pan et al., 2010; 2011; Sun et al., 2011). It has been reported that insulin dependent and
non-insulin dependent diabetic patients had low plasma taurine concentrations (Franconi et
al., 2004; 2006; Schaffer et al., 2009). The hippocampus and hypothalamus taurine contents
were shown to increase by taurine supplementation (Dawson et al.,1999) because exogenous
taurine could pass blood-brain barrier upon ingestion (Huxtable, 1992). Taurine
supplementation has been shown to have rewarding effects on reducing the severity of
diabetes mellitus and diabetic complications through ameliorating oxidative stress (Obrosova
and Stevens, 1999; Obrosova et al., 2001; Franconi et al., 2004; Ito et al., 2012) and
enhancing insulin secretion (Chang and Kwon, 2000; Pandya et al., 2010). However, the exact
mechanism by which supplemental taurine exerts hypoglycemic action in diabetic subjects
has not been fully elucidated. Therefore, this experiment was conducted to evaluate
alterations in the transcription factors and GLUTs and glucose metabolism in the cerebrum of
diabetic rats.

2. Materials and methods
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2.1. Animals, experimental design, and diabetes induction
Forty male Wistar rats (8 weeks old; 180–200 g) were obtained from the Animal
Experimental Unit, Firat University. Rats were kept in a room with a temperature of 22±3°C
and relative humidity of 55±5%% and subjected to 12 h light:12 h dark cycle. The animals
were on a standard diet with tap water available ad libitum. All animal procedures were in
accordance with the guidelines for care and use of laboratory animals and were approved by
the Animal Experimentation Ethics Committee of Firat University (Elazig, Turkey).
After providing compliance with the conditions the rats were randomly divided into 4
groups, each containing 10 animals. The groups were as follows: (i) Control group: Rats
administered with water as placebo, (ii) Taurine group: Rats administered with 2% taurine
orally (w/v in water), (iii) STZ group: Rats administered with single dose of streptozotocin
(STZ) to induce diabetes, and (iv) STZ+Taurine group: Diabetic rats treated with taurine
orally (2% w/v in water) starting from day 4 relative to STZ injection. The experiment lasted
for 8 weeks.
Diabetes was induced by a single intraperitoneal injection of STZ after overnight
fasting [60 mg/kg body weight (BW) in 0.1 M cold citrate buffer (pH 4.5), (Sigma, St. Louis,
MO, USA)]. The positive control group was given single dose citrate buffer within water via
intraperitoneal injection. Taurine (Carl Roth GmbH, Karlsruhe, Germany) was dissolved in
water (2%, w/v) (Yao et al., 2009).

2.2. Laboratory analyses
2.2.1. Blood glucose and serum malondialdehyde (MDA) concentrations
Fasting blood glucose concentration was measured using a portable glucometer (Accu-Check
Active, Roche Diagnostics, Mannheim, Germany) on days 2, 28, and 56 relative to the
experiment.
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Blood samples were centrifuged at 3000 ×g for 10 min and sera were separated for
analysis of MDA using a fully automatic HPLC (Shimadzu, Kyoto, Japan), consisting of a
pump (LC-20AD), a UV–visible detector (SPD-20A), an inertsil ODS-3 C18 column (250 X
4.6 mm, 5 m), a column oven (CTO-10ASVP), an autosampler (SIL-20A), a degasser unit
(DGU-20A5), and a computer system with LC solution Software (Shimadzu) (Barim and
Karatepe, 2010).

2.2.2. Western blot analysis
Rats were sacrificed by cervical dislocations and brains were promptly removed at the end of
the experiment. Prior to protein isolation, the brain sample was homogenized (10% w/v) in an
ice-cold 1 ml of hypotonic buffer A containing 10 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES, pH 7.8), 10 mM KCl, 2 mM MgCl2, 1 mM
dithiothreitol (DTT), 0.1 mM ethylene diaminetetraacetic acid (EDTA), and 0.1 mM
phenylmethylsulfonyl fluoride (PMSF). The homogenates were added with 80 μl of 10%
Nonidet P-40 (NP-40) solution and then centrifuged at 14,000 ×g for 2 min. The supernatant
was collected as a cytosolic fraction for HO-1 and GLUTs 1,3. The precipitated nuclei was
washed with 500 μl of buffer A plus 40 μl of 10% NP-40, centrifuged, re-suspended in 200 μl
of buffer C [50 mM HEPES (pH 7.8), 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA), 1 mM
DTT, 0.1 mM PMSF, and 20% glycerol], and re-centrifuged for 5 min at 14,800 ×g. The
supernatant containing nuclear protein was collected for determination of NF-κB and Nrf2.
Concentration of the protein was determined according to the procedure described by Lowry
using a commercial protein assay kit (Sigma).
For SDS-PAGE buffer containing 2% β-mercaptoethanol was added to the
supernatant. Equal amounts of protein (50 μg) were electrophorezed and subsequently
transferred to nitrocellulose membranes (Schleicher and Schuell Inc., Keene, NH, USA).
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Nitrocellulose blots were washed twice in phosphate-buffered saline (PBS) and blocked with
1% bovine serum albumin in PBS for 5 min at room temperature for 1 h prior to application
of the primary antibody (Abcam, Cambridge, UK). Primary antibody was diluted (1:1000,
1:1000, 1:1000, 1μg/ml, 1:8000 for NF-κB, Nrf2, HO-1, and GLUT1, and GLUT3,
respectively) in the same buffer containing 0.05% Tween-20. The nitrocellulose membrane
was incubated overnight at 4ºC with protein antibody. The blots were washed and incubated
with horseradish peroxidase-conjugated goat anti-mouse IgG (Abcam). Protein loading was
controlled using a monoclonal mouse antibody against β-actin antibody (Abcam). Blots were
performed at least three times to confirm data reproducibility. Bands were analyzed
densitometrically using an image analysis system (Image J; National Institute of Health,
Bethesda, USA).

2.2.3. Data analysis
Data were analyzed by a one-way ANOVA using the GLM Procedure (SPSS version 13.0,
Chicago, IL, USA). The Tukey’s post-hoc test option was employed to elucidate group mean
differences. Difference was considered significant at P<0.05.

3. Results
3.1. Effects of taurine on BW and blood parameters in diabetic rats
Body weight and blood parameters are shown in the Table 1. Taurine administration did not
alter final BW. Diabetes caused 29.2% regression in final BW as compared to the control
group (P<0.05). However, taurine administration did not recover BW loss in the diabetic rats.
Taurine administration did not affect blood glucose concentration. Diabetic rats had a
5.28-fold higher blood glucose concentration than the control rats (P<0.0001). Despite taurine
administration blood glucose concentration of the diabetic rats remained unchanged.
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Serum MDA concentrations of rats in the control and taurine groups were similiar.
Diabetes was associated with a 2.37-fold elevation in serum MDA concentration (P<0.0001).
Taurine administration partially alleviated oxidative stress, as reflected by 33.59% reduction
serum MDA concentration as compared to the unsupplemented diabetic rats (P<0.05).

3.2. Effects of taurine on NF-κB and Nrf2/HO-1 expressions in diabetic rats
Taurine administration did not affect the NF-κB expression in the healthy rats. Diabetes
caused a 65.52%-increase in the NF-κB expression (Fig. 1A; P<0.0001). Taurine
administration partially suppressed elevation in the NF-κB expression in the diabetic rats (Fig.
1A; 25.07% decrease; P<0.05).
Taurine administration affected expressions of neither Nrf2 (Fig. 1B) nor HO-1 (Fig.
1C) in healthy rats. Diabetic status, however, was associated with 50.39 and 61.96%
suppressions in the Nrf2 (Fig. 1B) and HO-1 (Fig. 1C) expressions, respectively (P<0.0001
for both). While taurine administration partially alleviated suppression in the Nrf2 expression
(Fig. 1B; 36.27% increase; P<0.05) in the diabetic rats, it was not affective to ameliorate
suppression in the HO-1 expression (Fig. 1C).

3.3. Effects of taurine on GLUT1 and GLUT3 expressions in diabetic rats
The GLUT1 (Fig. 1D) and GLUT3 (Fig. 1E) expressions in the healthy rats did not change in
response to taurine administration. Diabetes was associated with 35.19 and 46.65%
suppressions in their expressions, respectively (Fig. 1D and E; P<0.0001 for both). Taurine
administration to the diabetic rats partially alleviated suppressions in the expressions of both
GLUT1 (Fig. 1D; 22.59%) and GLUT3 (Fig. 1E; 22.78%) in the diabetic rats (P<0.05 for
both).
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4. Discussion
The BW loss, hyperglycemia, and oxidative stress (Table 1) ascertained establishment of
diabetes induction. The weight loss in diabetes results from increased muscle wasting (Ravi et
al., 2004). The destruction of pancreatic β cells by STZ administration can lead to
hyperglycemia (Yamamoto et al., 1981) and ROS generation (Shanmugam et al., 2011) as
reflected by elevated serum MDA concentration. Despite occurrence of a partial alleviation in
oxidative stress, weight loss and hyperglycemia were not normalized by taurine treatment in
the diabetic rats (Table 1).
The etiology of diabetic neuropathy is multifactorial, which includes oxidative stress
resulting from hyperglycemia (Vincent et al., 2004; Edwards et al., 2008). The role of
oxidative stress in the pathogenesis of diabetic complications is linked to either enhanced
ROS production or suppressed ROS-scavenging capacity. In agreement with our data (Table
1), Obrosova et al. (2001) reported that taurine supplementation reduced an increase in serum
MDA concentration in the diabetic rats. Das et al. (2012) also reported that STZ-induced
diabetes decreased BW and caused hyperglycemia and hypoinsulinemia, elevated the cardiac
damage markers and led to alterations in plasma lipid profile. The diabetic rats had a
decreased activity of antioxidant enzymes and increased activity of oxidant enzymes (i.e.,
xanthine oxidase) as well as increased level of lipid peroxidation, protein carbonylation, ROS
generation, proinflammatory cytokines’ release (Das et al., 2012). Taurine treatment
normalized hypoglycemia and alleviated diabetes-evoked oxidative stress (Das et al., 2012).
In another experiment, it was shown that taurine supplementation to diabetic rats reduced
plasma MDA and nitric oxide concentrations and increased plasma glutathione level as
compared to untreated diabetic rats (Pandya et al., 2010). Water consumption is increased in
diabetic subjects due to polydipsia. The suggested taurine level in diabetes studies is 1-2%
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(Das et al., 2012; Yao et al., 2009). In this study, however, water consumption was not
measured. Thus, actual taurine intake remained uncertain for suggestion.
Nrf2 is key regulator of the antioxidative defense pathway (Motohashi and
Yamamoto, 2004) and it is activated in STZ-induced diabetes and diabetic neuropathy (Negi
et al., 2011a; 2011b). The induction of HO-1 is an adaptive cellular defense response against
oxidative stress and protection of cells in pathophysiological states including diabetes (Song
et al., 2007). Similar to our data (Fig 1B; Fig. 1C; Table 1), Kumar et al. (2012) also showed
decrease in the expressions of Nrf2 and HO-1 as serum MDA increased in experimentally
induced diabetic neuropathy. Taurine supplementation partially recovered the expression of
HO-1, cytoprotective anti-oxidant enzyme (Fig. 1C), through activating the Nrf2 expression
(Fig. 1C).
Normally, Nrf2 is present in the cytosol. Stressing conditions make it be translocated
into the nucleus. In hyperglycemia, ROS production stimulates the signal transduction
pathway to activate the expressions of the transcription factor NF-κB that helps control the
expression of numerous genes involving in inflammation (i.e., cytokines, chemokines, growth
factors, immune receptors, cellular ligands, and adhesion molecules) (Kuhad and Chopra,
2009). Nuclear factor-kappa B plays a critical role in pathophysiology of diabetic neuropathy
and accompanying inflammation and oxidative stress (Cameron and Cotter, 2008; Kumar and
Sharma, 2010; Baker et al., 2011; Kumar et al., 2011). These conditions activate the NF-κB
expression as a body response (Song et al., 2009; Baker et al., 2011) as in the present
experiment (Fig. 1A). Studies coping with taurine supplementation also showed inhibition of
NF-κB protein abundance in lung (Giri et al., 2000; Gurujeyalakshmi et al., 2000) and cardiac
(Das et al., 20012) tissues, which were associated with suppression of nitric oxide, release of
proinflammatory cytokines, and activity of myeloperoxidase.
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GLUT1 and GLUT3 are important for the transport of glucose in brain tissue. Glucose
transport in the blood-brain barrier is mediated by GLUT1 which is particularly expressed in
endothelial cells of blood brain barrier (Virgintino et al., 1997; Vannucci et al., 1998). GLUT3, a neuron-specific glucose transporter, is solely responsible for the delivery of glucose into
neurons (Duelli and Kuschinsky, 2001). A number of studies coping with diabetes show that
mRNA abundance of GLUT1 and GLUT3 protein decreases (Reagan et al., 1999;
Kainulainen et al., 2003; Zhang et al., 2009). In STZ-induced diabetic animals, glucose
utilization by cerebral tissues (Duelli et al., 1994) and glycolytic enzymes' activities (Plaschke
and Hoyer, 1993) decrease. Moreover, IR, IGF-1, and GLUT mRNA expressions are
suppressed in diabetic rats, which are accompanied by low insulin production (Anitha et al.,
2012; Reagan et al., 1999). Duelli et al. (2000) reported that hyperglycemia was associated
with reduced GLUT1 expression and unaltered GLUT3 expression in rat brain. Taurine may
function directly on IRs and GLUTs to facilitate glucose uptake by the cardiac tissues
(Maturo and Kulakowski, 1988; Das et al., 2012). Taurine activates hepatic PI3 Kinase, Akt,
hexokinase and augments the translocation of GLUT2 to hepatic membrane in diabetic rats
(Rashid et al., 2013). Das et al. (2012) reported that taurine supplementation to diabetic
conditions increased phosphorylation at tyrosine residue of IR and IR substrate 1 as well as
GLUT4 expressions for uptake by the cardiac tissues. In the present study, diabetic rats had
lower GLUT1,3 expressions in the brain than healthy rats (Fig. 1D, Fig. 1E), which were
partially enhanced by taurine administration (~23%)..
In conclusion, diabetic status is accompanied by weight loss, hyperglycemia, and
oxidative stress as well as enhanced the NF-κB expression and suppressed the Nrf2, HO-1,
GLUT1, and GLUT3 expressions. Taurine partially suppressed the NF-κB expression and
enhanced Nrf2, HO-1, GLUT1, and GLUT3 expressions. Taurine appears to reduce the
severity of oxidative stress through activating antioxidative defense signaling pathway in
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diabetic rat brain. In order to determine the need, further studies coping with supplemental
taurine in diabetic condition should monitor water intake if it is provided via water.
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Fig. 1. Effects of taurine administration (2%, w/v, p.o. for 8 weeks) on (A) nuclear factor-kappa B (NF-κB), (B)
nuclear factor-E2-related factor-2 (Nrf2), (C) heme oxygenase 1(HO-1), (D) glucose transporter protein 1
(GLUT1) and (E) glucose transporter protein 3 (GLUT3) expressions in the brain of streptozotocin (STZ)induced diabetic rats. Results are expressed as percent of the control. Blots were repeated at least 4 times and a
representative blot is shown. Actin was included to ensure equal protein loading. Bars without a common
superscript differ among the experimental groups [control (water), taurine (2%, w/v, p.o), streptozotocin (60
mg/kg body weight, i.v.) to induce diabetes, and tarurine administration to diabetic rats)] (Turkey's post-hoc test,
P<0.05).
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Table 1. Effect of taurine administration on final body weight and blood glucose and serum
malondialdehit (MDA) concentrations in rats with streptozotocin (STZ)-induced diabetes.
Groups1
Variable

Control

Taurine

STZ

STZ+Taurine

275.0±0.33a

270.9±0.16a

194.6±0.39b

207.2±0.41b

Blood glucose, mg/dl

92.5±2.9c

97.0±2.62c

488.6±23.88a

453.5±16.37a

Serum MDA, µmol/L

0.331±0.031c

0.337±0.035c

0.783±0.089a

0.520±0.041b

Body weight, g

1

Control = rats received water (p.o.); Taurine = rats received 2% taurine (w/v, p.o.); STZ = rats received single

administration of streptozotocin (i.v.); STZ+Taurine = diabetic rats received 2% taurine (w/v, p.o.). Means
within the same row without a common superscript differ (P < 0.05).

Highlights
•
•
•

Diabetes may promote neuropathy.
Taurine supplementation (2%) via drinking water activates antioxidaditive defense
system.
Taruine reduces serum MDA concentration, suppresses the NF-κB expression, and
enhances the Nrf2, HO-1, GLUT1,3 expressions.

