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Abstract This study investigated the possible role of
glutathione (GSH) in diabetic complications and its bio-
chemical safety in experimental diabetic rats. Serum bio-
chemical parameters and the histology of the pancreas were
investigated. Seven rats were separated as controls. To
create the diabetes in rats, 45 mg/kg single-dose strepto-
zotocin (STZ) was administered i.p. The treatment was
continued for 1 month. STZ was administered to the dia-
betes + GSH group, then reduced GSH, dissolved in iso-
tonic salt solution (200 mg/kg), was applied i.p. two times
a week. The GSH group received i.p. GSH. Serum bio-
chemical parameters were determined by autoanalyzer.
Immunohistochemical procedures were used to determine
the percentage of the insulin-immunoreactive B-cell area in
the islets of Langerhans. The biochemical parameters
changed to different degrees or did not change. Pancreatic
cells of the control and GSH groups were healthy, but in
the diabetic and GSH-treated diabetic groups we found
damage in different numbers. The results from these
analyses show that GSH supplementation can exert bene-
ficial effects on pancreatic cells in STZ-induced diabetic
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rats and can safely be used for therapy in and protection
from diabetes and complications of diabetes.
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Introduction

Diabetes mellitus is a common illness with high morbidity
and an early mortality rate, causing vascular, renal, retinal
and neuropathic disorders in the long term as well as acute
metabolic complications. Research has shown that long-
term hyperglycemia causes adverse changes in blood ves-
sels. Hyperglycemia, which occurs long before diagnosis,
may cause organ damage. Therefore, early diagnosis is
important for the treatment of patients with diabetes mel-
litus (Molitch 1990; Borodaco 2007; ADA 2011).

Glutathione (GSH) plays a protective role as an anti-
oxidant defense system against reactive oxygen species
(ROS)-mediated tissue damage. Diabetes causes a number
of alterations in the antioxidant defense system (Lim et al.
2010). Alterations in its concentration have also been
demonstrated to be a common feature of many pathological
conditions including diabetes, cancer, AIDS and neurode-
generative and liver diseases. Additionally, GSH catabo-
lism has been recently reported to modulate redox-sensitive
components of signal-transduction cascades (Franco et al.
2007).

GSH is a dietary supplement used as an antioxidant to
help protect the body from many diseases and conditions. It
is also used to treat infertility (difficulty getting pregnant),
cancer, cataracts and human immunodeficiency virus
(HIV). GSH is used to detoxify the body of various
chemicals. In carrying out several of the above functions,
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GSH plays very important roles in maintaining mitochon-
drial function and integrity, regulating cell proliferation
and supporting the immune system (Van Konynenburg
2004).

Experimental animal models are widely used to under-
stand the pathogenesis and prevention of various diseases
and to determine treatment possibilities. Experimental
models of diabetes have an important role in the investi-
gation of complications caused by diabetes and the deter-
mination of treatment approaches. This study investigated
the possible role of GSH on the biochemical parameters of
blood serum and histological changes in the pancreas in
rats with experimental diabetes induced experimentally
with streptozotocin (STZ).

Material and Methods
Materials

For this study, 28 Wistar-Albino rats 7-8 weeks old and
weighing 180-210 g were used. Rats were housed in cages
with ad libitum food and fresh water, a 12-h dark/light cycle
and temperature set to 22 £ 2 °C during the 4-week trial.

Methods
Experimental Design

Rats were divided into the following groups.

Control Group: Selected randomly, seven rats were
separated for the control group. A single dose of sterile,
cold 0.9 % saline was injected i.p.

Diabetes Group (D): Single-dose STZ (45 mg/kg) was
applied to seven rats; 72 h later glucose levels in blood
samples taken from the tail vein were determined using
PlusMED Accuro brand glucometer (Plusmed Trad.,
Estonia) equipment and its strips. Those rats with blood
glucose 270 mg/dl and above were regarded as diabetic and
included in the study. Treatment was started on the second
day after STZ injection, and this was considered the first
day of treatment. Treatments were continued for 1 month.

Diabetes + GSH Group (D + GSH): STZ was admin-
istered to the group of seven rats i.p.; 72 h later, glucose
levels in blood samples taken from the tail vein were
determined by the PlusMED Accuro brand biosensor glu-
cometer. Reduced GSH, dissolved in isotonic salt solution,
was applied i.p. at 200 mg/kg two times a week for
1 month to those rats with blood glucose levels of 270 mg/
dl and above.

GSH Group (G): Reduced GSH, dissolved in isotonic
salt solution, was applied i.p. (Chen et al. 2000) at 200 mg/
kg two times a week for 1 month.
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Sample Collection

Blood samples were taken from the animals, under ether
anesthesia, from the left ventricle of their hearts and placed
in tubes with gel. Glucose levels were determined in blood
samples taken from the tail vein.

Biochemical Analysis

Glucose, total bilirubin levels, enzyme activity (alanine
aminotransferase [ALT], amylase), protein (albumin, total
protein, BUN, creatinine, globulin) and macromineral (Ca,
P, Na, K) metabolism were determined by autoanalyzer
(VetScan; Abaxis, USA).

Immunohistochemical Procedures

Pancreatic tissues were fixed in 10 % neutral buffered
formalin, embedded in paraffin and sectioned at 5 pm
thickness. Immunocytochemical reactions were performed
by S-ABC (streptavidin-biotinylated horseradish peroxi-
dase; DakoCytomation, Glostrup, Denmark) (Kanter et al.
2006). The procedure involved the following steps: (1)
endogenous peroxidase activity was inhibited by 3 % H,0,
in distilled water for 30 min; (2) sections were washed in
tap water for 30 min and in distilled water for 10 min; (3)
nonspecific binding of antibodies was blocked by incuba-
tion with normal goat serum (X 0907; Dako, Glostrup,
Denmark) with PBS, diluted 1:4; (4) sections were incu-
bated with monoclonal mouse antisera against human
insulin protein (18-0066; Zymed, San Francisco, CA),
diluted 1:50 for 3 h, and then at room temperature; (5)
sections were washed in PBS three times for 3 min each;
(6) sections were incubated with biotinylated anti-mouse
IgG (Dako LSAB 2 Kit); (7) sections were washed in PBS
three times for 3 min each; (8) sections were incubated
with ABC complex (Dako LSAB 2 Kit); (9) sections were
washed in PBS three times for 3 min each; (10) peroxidase
was detected with an aminoethylcarbazole substrate kit
(AEC kit, Zymed); (11) sections were washed in tap water
for 10 min; (12) nuclei were stained with hematoxylin; and
(13) sections were mounted in glycerin—gelatin.

Eight islets of Langerhans from each rat (60 islets for
each group) were chosen randomly. All experimental
groups were scored for intensity of staining with anti-
insulin antibodies of B-cells in pancreatic islets (compared
with control) as 4+ (weak), ++ (moderate), +++ (strong)
or ++++ (very strong). The percentage of the insulin-
immunoreactive B-cell area in the islets of Langerhans (80
islets for each group) was then estimated, and the total
percentage of insulin-immunoreactive B-cells was calcu-
lated from these results (Karaca et al. 2010).
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Preparations were evaluated by means of a bright-field
microscope and photographed (Optiphot 2; Nikon, Tokyo,
Japan).

Statistical Analysis

Data are expressed as means == SEM. Data from control
and experimental groups were analyzed with a one-way
analysis of variance, and the Duncan test was applied for
multiple comparisons. Differences were considered sig-
nificant when p < 0.05.

Results
Biochemical Results

The highest blood glucose, BUN and creatinine concen-
trations were detected in the experimental diabetic group
(D) (p < 0.05). Blood glucose concentrations were same
levels in the control and GSH groups, and, high glucose
levels of both of diabetic groups (D and D + GSH) were
not significantly different, but BUN levels of the GSH
group were not different from those of the control groups.
Total bilirubin levels did not change.

Albumin and total protein levels of the control and
diabetes groups were higher (p < 0.05) than those of the

ALT activity was increased in the D and D 4+ GSH
groups (p < 0.05). The highest amylase activity was
detected in the control group, and the lowest activity was
found in the D 4+ GSH group (Table 1).

The P concentrations in the D + GSH and GSH groups
were significantly lower than those of the control and D
groups (p < 0.05). The P concentrations did not affect
experimental diabetes. However, Na levels in GSH-treated
groups were higher than those of the control and D groups
(»p < 0.05). GSH treatment decreased K concentrations in
the D group (p < 0.05) (Table 1).

Histological Results

Immunohistochemical quantification showed that the total
number of insulin-positive cells was increased in the pan-
creas of GSH-treated rats compared with untreated diabetic
rats (control) (Table 2; Fig. 1).

All cells of rats in the control and GSH groups were very
strongly positive for insulin. The cells of 48 and 12 rats in
the diabetic group were weakly and moderately positive,
respectively; but a strongly or very strongly positive

Table 2 Semiquantitative analysis of immunohistochemical staining
of insulin in B-cells in pancreatic islets of Langerhans in control,
GSH, D and D + GSH groups

Group noo+ ++ +++

other groups. Globulin levels decreased (p < 0.05) in all (weak) (moderate) (strong)  (very strong)
experimental gr(.)ups compared to the cor'ltrol group, but the Control 0 - ~ _ 60
D group had higher (p < 0.05) globulin levels than the G 0 - B B 60
D + GSH and GSH groups. The A/G ratio of the D and D €0 48 12 ~ B
D + GSH groups was increased (p < 0.05) compared to D+GSH 60 20 » " ;
the control and GSH groups (Table 1).
Table 1 Some biochemical parameters
Parameters Control group GSH group Diabetes (D) group Diabetes + GSH (D + GSH)
n=17) n="17 n="17 group (n = 7)
Glucose (mmol/l) 5.76 £ 043 4.32 £ 0.95* 19.54 & 4.64° 16.71 £ 3.85
Total bilirubin (pumol/l) 6.00 + 0.44 6.40 + 0.74 6.13 £ 0.39 5.85 £0.14
BUN (mmol/l) 422 £ 0.17* 736 £+ 0.71*° 10.26 + 1.94° 11.08 + 1.93°
Creatine (pumol/l) 28.80 + 4.07* 26.00 + 2.58" 45.00 + 4.85° 26.14 + 2.71*
Albumin (g/1) 46.20 + 1.79* 34.80 & 3.22° 51.80 + 2.59* 38.28 + 4.11°
Total protein (g/1) 68.20 + 1.11* 48.60 + 3.42° 72.88 + 2.58* 49.57 £+ 2.03°
Globulin (g/1) 22.40 + 1.03* 13.80 + 2.01° 17.20 + 1.46° 11.43 + 1.13¢
A/G ratio 2.06" 2.52° 3.01° 3.35°
ALT (U/D) 25.20 + 5.85* 20.20 + 2.65* 34.62 4+ 4.07° 40.71 + 8.68"
Amylase (U/1) 763.80 + 43.21* 589.60 + 61.80° 640.20 + 35.11° 422.14 £ 69.17°
Phosphorus (mmol/I) 1.74 £ 0.21° 0.33 & 0.02° 1.34 + 0.20* 0.29 + 0.06
Sodium (mmol/l) 136.40 + 0.81° 139.40 & 1.20° 135.20 + 2.76" 138.00 £ 1.75"
Potassium (mmol/l) 3.84 + 0.16" 3.33 + 1.51° 4.83 £ 0.19* 1.07 + 0.67°

Within rows, between control and treated animals, means with different superscript letters differ significantly (p < 0.05)
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Fig. 1 Semiquantitative
analysis of
immunohistochemical staining
of insulin in B-cells in
pancreatic islets of Langerhans
in control (a), GSH (b), D

(c) and D + GSH (d) groups

reaction for insulin in B-cells was not detected in diabetic
group. The cells of 18 rats in the GSH-treated diabetic
group were strongly or very strongly positive for insulin
(Table 2; Fig. 1).

Discussion

Diabetes mellitus is characterized by disturbances of car-
bohydrate, lipid and protein metabolism. GSH is a ubig-
uitous intracellular peptide with diverse functions that
include detoxification, antioxidant defense, maintenance of
thiol status and modulation of cell proliferation. Manipu-
lation of the GSH synthetic capacity is an important target
in the treatment of many of these disorders (Lu 2008).

There is considerable interest in the contribution of
oxidative stress to diabetes mellitus. An increase in the
generation of ROS can occur by nonenzymatic glycation
and glucose autoxidation. The working hypothesis is that
the loss of glucose homeostasis reduces the capacity to
respond to oxidative damage (Stoppa et al. 2006). ROS are
elevated by metabolic changes in diabetes, including
autoxidation and increased advanced glycation. Antioxi-
dant treatment corrects the blood flow deficit and pro-
motes normal endoneurial oxygenation (Cameron and
Cotter 1999).

Some clinical studies have reported that diabetic patients
had lower GSH content in erythrocytes or plasma. More-
over, alloxan-induced diabetes significantly decreased GSH
levels in blood, kidney, liver and testis compared to controls
(Sheng et al. 2005). The plasma GSH/GSSG ratio seems to
play a major role in the modulation of glucose homeostasis
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mainly in diabetics (Paolisso et al. 1992). Abnormal intra-
cellular GSH redox status plays an important role in
reducing insulin sensitivity in non-insulin-dependent dia-
betes mellitus patients (De Mattia et al. 1998). In diabetic
rats, decreased levels of GSH in the liver and kidney were
observed (Shabeer et al. 2009). The hyperglycemia in dia-
betes causes free radicals to be formed and the antioxidant
system to become insufficient, thus increasing oxidative
stress (Karasu 1999; Shabeer et al. 2009).

Dietary antioxidant compounds may offer some pro-
tection against early-stage diabetes mellitus and its com-
plications. Endogenous protection by the GSH redox cycle
is also compromised by the competing NADPH require-
ment of elevated polyol pathway flux (Cameron and Cotter
1999). Oral GSH can increase GSH concentrations in
several tissues following GSH depletion (Aw et al. 1991).
For example, oral GSH treatment restored the hepatic GSH
concentration to normal levels in STZ-induced diabetes
(Loven et al. 1986), and it can increase myocardial GSH
content and antioxidant defense capacity, thereby protect-
ing the intact heart against oxidative damage and functional
retardation (Ramires and Ji 2001). The effects of reduced
GSH were evaluated in the response of the renal vascula-
ture and aortic rings ex vivo of 4-week alloxan-diabetic
rabbits; reduced GSH directly improved the endothelium-
dependent response of renal arterioles and aortic rings of
diabetic rabbits (Nascimento et al. 2003). Treatment with
GSH, a free radical scavenger, is partially effective in the
prevention of diabetic neuropathy in STZ-induced diabetic
rats (Bravenboer et al. 1992).

In the present study, the glucose levels of the diabetic
group were significantly higher, and GSH treatment
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slightly decreased glucose levels; but this level was still
higher than that in the control group.

Oxidative stress may play a key role in the pathogenesis
of diabetic nephropathy. It also decreased serum urea
concentrations, attenuated the diabetes-evoked decline in
the GSH/GSSG ratio and abolished hydroxyl free radical
accumulation in the serum, liver and kidney cortex (Win-
iarska et al. 2009). Some researchers reported that diabetic
rats had higher creatinine and urinary albumin (Abo-Salem
et al. 2009; Thorp 2005). Propolis and taurine were used as
antioxidants, which can ameliorate oxidative stress and
delay the occurrence of diabetic nephropathy in diabetes
mellitus (Abo-Salem et al. 2009; Thorp 2005; Winiarska
et al. 2009).

The level of urea was increased (significantly) in plasma
of diabetic rats compared to the control group (El-Dem-
erdash et al. 2005; Abo-Salem et al. 2009). BUN accu-
mulates in the blood when the kidney malfunctions,
indicating that dehydration is present. Serum BUN levels in
diabetic control rats increased above normal reference
values (Lim et al. 2010). There was a significant elevation
in serum urea, while the serum insulin level significantly
decreased in the diabetic rats (Eidi et al. 2006).

Diabetic nephropathy presents in its earliest stage with
low levels of albumin (microalbuminuria) in the urine. A
strong association has been noted between acute increases
in serum creatinine levels and diabetic nephropathy (Thorp
2005). Administration of taurine to alloxan-diabetic rabbits
effectively improved renal function, as concluded from
decreased serum urea and creatinine concentrations as well
as diminished albuminuria (Winiarska et al. 2009).

Creatinine accumulates in the blood when the kidney
malfunctions, indicating that dehydration is present (Lim
et al. 2010). Some researchers have reported that diabetic
hyperglycemia induces elevation of plasma levels of urea
and creatinine, which are considered to be significant
markers of renal dysfunction (El-Demerdash et al. 2005;
Eidi et al. 2006; Lim et al. 2010). In this study, BUN
increased in the D and D 4+ GSH groups, but no difference
was observed in the other groups. Creatinine levels of the D
group were higher than those in the other groups. GSH
treatment decreased creatinine to near control levels.

The levels of bilirubin were significantly increased in
plasma of alloxan-diabetic rats compared to the control
group (El-Demerdash et al. 2005). However, in this study,
total bilirubin levels did not change.

Albumin is the most abundant plasma protein and a
powerful extracellular antioxidant (Hu 1994; Bourdon et al.
1999). Total protein and albumin of the D group were
lower than those of the control group (Yiiksek 2012). But,
in this study, albumin and total protein levels of the D and
control groups were similar to but higher than those of the
G and D + GSH groups.

The urinary albumin level was three times higher in dia-
betic animals compared to controls (Winiarska et al. 2009).
Diabetic animals presented no alterations in the concentra-
tions of total protein and serum albumin; no protein degra-
dative metabolism was observed in the diabetic dams
(Damasceno et al. 2002). HbA ¢ levels were significantly
increased, whereas serum albumin levels were significantly
decreased compared to those of controls. Glucose and
HbA ¢ levels were significantly increased, whereas serum
albumin was decreased compared to controls (Memisogul-
lari et al. 2003). Diabetes mellitus leads to metabolic disor-
ders in which proteins and lipids are among the prime targets
for oxidative stress (Ramakrishna and Jailkhani 2008).
Oxidative stress may play a key role in the pathogenesis of
diabetic nephropathy. Compared to control rats, diabetic rats
had higher blood urinary albumin (Abo-Salem et al. 2009).

Globulin fractions (a1, o2 and B) of the D group were
lower than those of the control group (Yiiksek 2012). In
this study, globulin levels of all experimental groups were
decreased compared to the control group. But the D group
had higher globulin levels than those of the G and
D + GSH groups. This situation may cause elevation of
gamma-globulin levels and reflect immune system activa-
tion of diabetes.

In this study, A/G ratios were increased in all experi-
mental groups compared to the control group. Similarly,
Yiiksek (2012) reported that the highest A/G ratio was
observed in the diabetic group.

Some researchers have found that ALT activity
increased in experimental diabetic rats, and this elevation
indicates the protective effect of rutin against the hepatic
and cardiac toxicity caused by STZ (El-Demerdash et al.
2005; Eidi et al. 2006; Shabeer et al. 2009; Fernandes et al.
2010). But there is information that diabetes mellitus alone
did not alter ALT (Fadillioglu et al. 2008). In this study, the
ALT activity increased in the D group but GSH treatment
did not affect it.

Liu et al. (2008) reported that for pancreatic exocrine
function in alloxan-induced diabetic rats, amylase in the
serum was measured and amylase activity decreased in the
diabetic group. As one of the pancreatic exocrine enzymes,
amylase exhibited reduced activity in the diabetic group.
Reduced serum amylase activity has been regarded as one
of the factors impairing pancreatic exocrine function in
diabetes. Similarly, in this study the amylase activity of the
D group decreased compared to the control group. The G
and D + GSH groups had low amylase activities.

But some researchers have reported that the activity of
amylase was elevated in poorly controlled diabetes and
related complications. It has also been reported that amy-
lase activity increases according to the degree of hyper-
glycemia (Quiros et al. 2008; Abou-Seif and Youssef 2004;
Rizvi 2003).
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Metal ions are known to play an essential role in living
systems, both in growth and in metabolism. It has been
reported that the urinary excretion of calcium is increased
in two types of diabetes mellitus, causing a decrease in
blood levels of these elements from these patients (Abou-
Seif and Youssef 2004). The P levels of the G and
D + GSH groups decreased significantly in this study, and
the Na levels of these groups increased.

The K levels of the G group were lowest and did not
change in the diabetic groups in this study. Low serum K is
strongly related to glucose intolerance. Reduced serum K
increases the risk of lethal ventricular arrhythmias. In
uncontrolled diabetes mellitus, as a result of glucose
osmosis, both hypertonicity and insulin deficiency impede
the entry of K into cells (He and MacGregor 2008). Aci-
dosis increases K levels, and glucose administered with
insulin lowers them (Trachtenbarg 2005). Serum K con-
centration and abnormal glucose metabolism are closely
related to cardiac dysfunction (Takagi et al. 2009). There is
a depletion of body stores of K, but hypokalemia is usually
absent. A few small studies have shown that intermittent
hyperkalemia occurs frequently in diabetes.

Semiquantitative analysis of immunohistochemical
staining of insulin in B-cells in pancreatic islets of Lan-
gerhans in the control group and the G group was ++++
(very strong), showing no damage, as expected. The cells of
the D group were + (weak) =48 and ++ (moder-
ate) = 12. Most of the cells damaged after STZ treatment
and in type 1 diabetes recovered, as expected. Actually, it is
interesting that the cells of the D 4+ GSH group were
stronger than those of the D group (+ = 20, ++ = 22,
+++ =11, ++++ = 7) and the number of damaged
cells and the level of damage decreased. This could indicate
that GSH treatment can protect the B-cells in pancreatic
islets of Langerhans from the harmful effects of STZ.

Positive results have been obtained from clinical
research of antioxidant treatment in diabetic complications.
For example, vitamin E lowers blood sugar levels in type 1
diabetic rats with an unknown mechanism. Alpha-lipoic
acid is licensed for use in diabetic patients in Germany.
Research has indicated that GSH could be the most
important tissue antioxidant. Blood glucose levels and
oxidative stress effects have been controlled using antiox-
idant therapies (Vincent et al. 2004). Veno et al. (2002)
reported that a sufficient supply of GSH may prevent or
delay renal and neural dysfunctions in diabetes by pro-
viding protection against oxidative stress.

In conclusion, our present results obtained from bio-
chemical and immunohistochemical analyses show that
GSH supplementation can exert beneficial effects on pan-
creatic cells in STZ-induced diabetic rats. GSH may be
used safely for therapy and protection in diabetes and
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related complication of diabetes. The optimal dose and
therapy procedure of GSH treatment in diabetes need fur-
ther and detailed studies.
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