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Abstract. In this study, we aimed to investage the relationship among trace elements (Cu, Fe, Zn
and Mg) on oxidative and anti-oxidative substances in liver and kidneys tissues in streptozotocin
(STZ) diabetic rat model. The mean levels of Fe and Cu were found significantly higher in the liver
and kidneys of the diabetic rats, in comparison to the control rats. On the other hand, the mean
levels of Zn and Mg in the liver and kidneys of the diabetic rats were significantly lower than in the
control rats.

The liver and kidneys malonaldehyde (MDA) levels of the experimental group were found to be
higher than in the control group (p < 0.001; p < 0.01, respectively) after 4 weeks of the experimental
period. Superoxide dismutase (SOD) activities and glutathione (GSH) levels in the liver tissue of
STZ-induced diabetic rats were found to be lower in the experimental group than in the control group
(p < 0.01). SOD activity and GSH concentration in kidneys of the diabetic rats were significantly
diminished with respect to the control group (p < 0.01). In conclusion, the present results indicate
that the increase of Fe and Cu together with decreas of Zn and Mg concentration in liver and kid-
ney of STZ-induced diabetic rats may be involved in disturbances of oxidative balance in both the
tissues. Therefore, these findings may contribute to explain the role of impaired ion metabolism of

some elements in the progression of diabetic oxidative complications.
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Introduction

Diabetes-related dysfunctions are the major causes of
mortality and morbidity for diabetic patients. Although the
precise mechanism by which hyperglycemia induces organ
dysfunction is not fully understood, one of the hypothesis
to explain this phenomenon is mainly focused on the role
of free radicals in disease. Free radicals are continually
produced in the body as a result of normal metabolic proc-
esses and interaction with environmental stimuli. Under
physiological conditions, a wide range of antioxidant
defense mechanisms protect against the adverse effects of
free radical production in vivo (Baynes 1991; Halliwell and
Gutteridge 1999). Oxidative stress results from an imbal-
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ance between radical-generating and radical-scavenging
systems, i.e. increased free radical production or reduced
activity of antioxidant defense mechanism or both these
phenomena. Oxidative stress is currently suggested as
mechanism underlying diabetes and diabetic complica-
tions. Several studies have confirmed that hyperglycemia
plays a key role in inducing oxidative stress in diabetes
mellitus (Muchovid et al.1999; Forbes et al. 2008). Diabetes
is associated with the generation of reactive oxygen species
(ROS), causing oxidative damage particularly to various
tissues (Mohamed et al.1999). Glucose level was found to
increase the production of free radicals, as determined by
cell damage markers such as malonaldehyde (MDA) and
conjugated dienes (Cuncio et al. 1995). Hyperglycemia
can cause oxidative stress, which in turn may result in cel-
lular tissue damage. The harmful influence of diabetes on
metabolism of tissues and organs is well known. Likewise,
uncontrolled hyperglycemia can lead to disturbances in
the structure and functions of organs (Gupta et al. 2004).
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A number of evidence suggest that hyperglycemia might
have adverse effects on many biochemical pathways like
glucose oxidation, the formation of advanced glycation
end-products (AGE), and activation of polyol pathways,
which are related to generation of ROS and result in high
level of oxidative stress in many tissues. However, it is not
completely understood how hyperglycemia leads to increase
in oxidative stress (Wang et al. 2006; Zheng et al. 2008; Wei
et al. 2009). The contribution of other factors, including
the alternations in the homeostasis ions of some trace and
transition elements as Fe and Cu on the occurrence and
progression of the disease is still being discussed in litera-
ture (Eaton and Qian 2002; Viktorinova et al. 2009). In the
presence of certain metals (particularly iron or copper ions),
a hydroxyl radical, which is the most powerful ROS, can
be produced via the Fenton or the metal-catalyzed Haber-
Weiss reaction (Repetto et al. 2010). These two chemical
reactions appear to account for most of the hydroxyl radical
production in biological systems and explain, at least in
part, why metals such as Fe and Cu produce oxidative stress
and ROS-induced injury in cells. Tissue accumulation of
transition metals ions is extremely toxic, leading to many
pathologic conditions consistent with oxidative damage
to biologic membranes and molecules (Halliwell and Gut-
teridge 1999; Ozcelik and Uzun 2009). Transition metal
ions strongly bind to phospholipids and alter the liposome
bilayer and increase their susceptibility to lipid peroxida-
tion (Oteiza et al. 2004). Both the essentiality and toxicity
of these metals ions in the pathogenesis of diabetes mellitus
and diabetic complications are often reported (Walter et
al. 1991; Aguilar et al. 2007; Zheng et al. 2008). Transition
metals ions also play a role in protein glycation induced by
hyperglycemia. It has been shown that glycated proteins
have a substantial affinity for the transition metals, and
the bound metal retains redox activity and participates in
catalytic oxidation (Qian et al. 1998). Although the toxicity
of transition metals is well known at present; however, the
mechanism behind their toxicity is still obscure in diabetes
and diabetic complications. On these grounds, alterations in
the tissue ion concentrations of several trace and transition
elements might be responsible for oxidative stress in kidney
and liver in diabetes mellitus.

Thus, the present study aims to investigate the effects of
empirically created diabetes on element concentrations in
liver and kidney tissues as well as on the formation of lipid
peroxidation and antioxidant enzymes. For this purpose, it
was aimed to evaluate lipid peroxidation status and antioxi-
dative systems in normal and streptozotocin (STZ)-induced
diabetic rats by measuring ion concentrations of Zn, Cu, Fe
and Mg and MDA levels as well as the activity of antioxidant
enzymes, superoxide dismutase (SOD) and non-enzymatic
antioxidant glutathione (GSH) levels in kidney and liver
tissues of the rats.

Materials and Methods

Animals and protocols

In the present study, Male Wistar albino rats weighing
210-230 g that obtained from the University of Istanbul
Animal Research Laboratory were used. The rats were
kept in the same unit and fed chow (Eris Chow Industry,
Istanbul, Turkey) ad libitum. All rats had free access to tap
water. All animals received humane care in compliance with
the National Institutes of Health criteria for care of labora-
tory animals. The rats were divided into two groups - the
control group (consisted by the non-diabetic rats) and
group consisted of diabetic rats. Diabetes was induced by
a single dose intraperitoneally (i.p.) injection of STZ (Sigma,
St. Louis, MO, USA; 60 mg/kg, single dose, i.p.). On the
2nd day following STZ injection, blood glucose levels were
measured and rats with blood glucose at least threefold of
the pre-injection levels were used as diabetics group in our
experiments. At the beginning of the study, blood glucose
levels and body weights of all rats were measured. Experi-
ments were carried out over 4 weeks and were started 3
days after STZ injection.

At the 1st and 28th day of the experiment, all rats from
each group were housed in metabolic cages in order to col-
lect 24-h urine samples. All rats were sacrificed at the end
of 4th week under ether anesthesia. After decapitation, the
kidney and liver tissues were quickly excised and stored at
-70°C for further experiments.

Blood glucose

At the 1st and 28th day of the experiment, blood glucose
levels of all groups were measured using reagent strips
(Accu-Check Active Glucose test strips, Roche, Germany)
with a glucometer (Accu-Check Active, Roche, Germany)
in samples obtained from the tail vein.

Tissue homogenization

Liver and kidney samples were weighed, washed in 0.9%
NaCl, and homogenized in 0.15 M 10% KCI (w/v), for lipid
peroxidation parameters and for the other studies after they
were melted. Homogenates of 20% were obtained and soni-
cated two times at 30-sec intervals at 4°C. After sonication,
homogenates for lipid peroxidation and biochemical studies
were centrifuged at 500 x g for 10 min and at 12,500 x g for
15 min, respectively. Aliquots of the supernatants were used
for both studies. The assayed parameters were expressed per
milligram of protein. The protein content of the aliquots was
determined on the HCl blank pellets spectrophotometrically
using a Folin kit (Sigma Diagnostics, St.Louis, MO, USA) by
the method of Lowry et al. (1951).
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Lipid peroxidation

Lipid peroxidation was ascertained by the formation of
MDA as an end product of fatty acid peroxidation. MDA
levels were measured in tissue homogenates by the thio-
barbituric acid reactivity assay as previously described
(Angel etal. 1998). Thiobarbituric acid-reactive substances
(TBARS) concentration was calculated using 1.56 x 10~
M~Lcm™! as molar extinction coefficient. Tissue MDA
levels were expressed as nanomoles per milligram of pro-
tein.

Superoxide dismutase level

Cu-Zn-superoxide dismutase (Cu-Zn-SOD) activity was
determined by the method of Sun et al. (1988). The assay
involves inhibition of nitroblue tetrazolium (NBT) (Sigma
Co., St. Louis, USA) and reduction with xanthine-xanthine
oxidase (Sigma Co., St. Louise, USA) that was used as
a superoxide generator. One unit of SOD is defined as the
amount of protein that inhibits the rate of NBT reduction
by 50%. Tissue SOD activities were expressed as units per
milligram of protein.

Glutathione level

Tissue GSH concentrations were determined according to
the method of Beutler et al. (1963) using metaphosphoric
acid for protein precipitation and 5',5'-dithiobis(2-nitroben-
zoic acid) for color development. GSH concentration was
calculated using 1.36 x 10* M™'.cm™! as the molar absorp-
tion coefficient. Tissue GSH concentrations were expressed
as umol per gram of protein.

Biochemical studies were performed using an autoana-
lyser (Hitachi 717).

The tissue element analysis

Approximately 0.5-1 g of tissue was obtained from each ani-
mal for this purpose. After wet-ashing of tissues with nitric
and perchloric acid, the liver and kidney tissue Zn, Cu, Fe
and Mg levels were studied by atomic absorption spectro-

Table 1. General characteristic of the experimental animals

photometry (Shimadzu AA-680, Japan) with an air-acetylene
flame. The tissue concentrations of element are expressed as
micrograms per gram of wet weight (Clegg et al. 1981).

Urine collection and metal analysis

Urine samples from control rats and STZ-diabetic rats were
collected during experiments.

All rats from each group were housed in metal-free meta-
bolic cages in order to collect 24-h urine samples. The urine
volumes were measured, and samples were centrifuged at
3000 x g for 10 minutes to remove bacteria, cells, casts and
other particulate materials. Urine samples were stored at
-20°C. The levels of Zn, Cu and Mg in urine were measured
by atomic absorption spectrophotometry (Shimadzu AA-
680, Japan) with an air-acetylene flame.

Statistical analysis

All results are expressed as mean + standard deviation.
Comparisons between the groups were performed by the
Mann-Whitney U-test and a p < 0.05 was accepted as sta-
tistically significant.

Results

General characteristics of experimental animals

After two days following STZ injection the rats showed
a significant increase (p < 0.01) in blood glucose levels, as
expected. After four weeks following STZ injection, diabetes
also caused a significant reduction (p < 0.05) in body weight
compared to control animals. In STZ-induced diabetes, the
daily urine output levels were measured significantly higher
(p < 0.01) than the non-diabetic rats (Table 1).

Total concentrations of elements in organs of diabetic and
control rats

The comparison of concentrations Cu, Fe, Mg and Zn
in the liver, kidney and urine of the STZ-diabetic and

Groups Body weight (g) Blood glucose (mg/dl) Urine output (ml)
start 209.88 + 8.32 91.00 + 1.69 13.88 +3.44
Control (n=7)
end 228.50 + 19.03 93.37 £ 2.77 16.00 + 1.07
Diabetic (n=8)  start 21138 + 11.31 39325 +1529" 15.25 +2.12
end 182.50 + 25.55° 426.75 £ 73.14" 4738 +3.117

Start, the beginnig of the experiment; end, the end of the experiment. Values were given as mean + SD. * p < 0.05; ** p < 0.01 vs. control

group animals.
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the control rats after four weeks following STZ injection
are presented in Figure 1. The mean levels of Fe and Cu
in the liver of the diabetic rats were significantly higher
(p < 0.05) than in the control rats. On the other hand, the
mean levels of Zn and Mg were significantly lower (p <
0.01) in the liver of the diabetic rats, in comparison to
the control rats. In kidney, the Fe and Cu concentration
in the diabetic rats was significantly higher than in the
control rats (p < 0.05, p < 0.01, respectively) whereas for
Mg and Zn, their concentrations in the diabetic rats were
statistically lower (p < 0.01) than in the controls. Analysis
of the effect of STZ-induced diabetes revealed that the
Zn and Mg concentration significantly increased in the
daily urine output of the diabetic rats (p < 0.01 and p <
0.001, respectively), while the concentrations of Cu in the
diabetics were slightly lower (p < 0.05) than in the control
rats (Figure 1).

300 - Fe
*
250 - *
2 200 -
=2
L 150 -
()
?
2 100 -
}_
50 +
0
Liver Kidney
80 -+ Zn - 80
< 60 | 160
& *%k g
(2]
\?; *% IS]
c 40 | 140 o
N %k 7
g @
2 20+ 420
0 - -0
Urine Liver Kidney

SOD activity and GSH and MDA levels of the liver and
kidney

SOD activity and GSH and MDA levels of experimental
and control groups obtained from the measurement of
related tissues are given in Table 2. The liver MDA levels
of the experimental group were found to be higher than
in the control group (p < 0.001). SOD activities in the liver
tissue of STZ-induced diabetic rats were lower than in
that of the control group (p < 0.01). Liver GSH levels were
found to be lower in the experimental group than in the
control group (p < 0.01). The MDA content of the kidneys
of STZ-induced diabetic rats was significantly higher than
in the control rats after 4 week of the experimental period
(p <0.01). SOD activity in kidney of the diabetic rats were
significantly diminished with respect to the control group
(p < 0.01). In kidney, the measured GSH concentration
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Figure 1. Comparison of liver, kidney and urine concentrations of Cu, Zn, Fe and Mg in control and STZ-diabetic rats. (1 control group,
B STZ-diabetic group. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group animals.
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Table 2. Comparison of kidney and liver tissue levels of MDA, SOD, and GSH in control and diabetic rats

Tissue MDA GSH SOD
(nmol/mg of protein) (umol/mg of protein) (U/mg of protein)
Liver Control 1.020 £ 0.126 N 80.01 +£8.73 . 170.57 + 10,46 .
Diabetic 1.605 £+ 0.122 67.41 £ 5.69 110.14 +13.76
Kidney Control 0.213 £ 0.029 . 116.74 + 13.%4 1.51 +0.08 .
Diabetic 0.538 + 0.057 94.47 + 8.57 1.41 +0.03

Values were given as mean + SD. ! p<0.01, Mp < 0.001 vs. control group.

seems to significantly decrease with the induction of the
diabetes (p < 0.01).

Discussion

In the present study, a significant increase was observed in
blood glucose level in STZ-induced diabetic rats due to the
destruction of pancreatic  cells by STZ. On the other hand,
a significant decrease was determined in body weight com-
pared to those of control rats, and daily urine output levels
were significantly higher than those of non-diabetic rats.
These results are in accordance with the results previously
reported after STZ treatment of diabetic rats (Lau and Failla
1984; Yanardag et al. 2003; Ravi et al. 2004).

There are many studies using experimental diabetic
modeling and reporting increases in lipid peroxidation or
changes in element metabolism in diabetic patients (Wilson
etal. 2003; Song et al. 2005). Previous researchers have sug-
gested an interrelationship between diabetes and various
micronutrients, including Mg, Cr, Fe, Zn, Cu, etc. Moreover,
several studies have shown an increased lipid peroxidation
in clinical and experimental diabetes (Niskanen et al. 1995;
Kakar et al. 1998; Viktorinova et al. 2009). However, nearly
of all these studies are separate studies demonstrating the
effects of diabetes on oxidative stress or metabolism of
some elements. The present study investigates the forma-
tion of oxidative stress in liver and kidney tissues and the
changes in the ion concentrations of some elements in the
same tissues with changing antioxidant levels by using an
empirically formed diabetic rat modeling with a different
approach. For this purpose, the role of diabetes on ion
alterations of transition and trace metals (Fe, Cu, Zn and
Mg) in liver and kidney tissues of STZ-diabetic rat were
investigated in the present study. Besides, oxidative stress
was assessed by measuring MDA concentration and the
activity of antioxidant enzymes SOD and non-enzymatic
antioxidant GSH levels in both tissues of STZ-induced
diabetic rats. In the experimental study model, resulting
induction of diabetes clearly demonstrated that impaired
ion metabolism of trace elements is observed in liver and
kidney tissues of STZ-diabetic rats.

In the present study, the concentrations of Cu and Fe in
liver and kidney of the diabetic rats were found significantly
higher than in the control rats, while Zn and Mg concentra-
tions were significantly lower in diabetic rats in comparison
with all the observed tissues of the control rats. The levels of
Zn and Mg were also found significantly higher, while the
level of Cu was significantly lower in urinary excretion with
STZ-diabetic rats. The results of the present study confirmed
that urinary excretion of Mg and Zn is increased in diabetes
as reported by Walter et al. (1991). In STZ-induced type
1 diabetic mice, a significant decrease was observed in hepatic
Znlevels in diabetic mice at 1 or 3 months after hyperglycemia
(Wang et al 2006). Cai et al. (2002), reported that the hepatic
Zn, Cu, and Fe levels were significantly decreased in the dia-
betic rats at 6 months. In contrast, renal Cu and Fe levels were
increased in diabetic rats with no change in renal Zn levels.
Abou-seif and Youssef (2004) also found that hyperglycemia
was associated with increased plasma levels of copper.

In conclusion, many studies in literature regarding the
STZ-diabetic rats reported that the impaired absorption or
the excess excretion of these metals in urine (glycosuria)
could be effective on the impairment of homeostasis of
these elements.

Impaired metabolism of trace elements is observed in dia-
betic patients. It has been reported that the urinary excretion
of Ca, Zn and Mg s increased in two types of diabetes mellitus,
causing a decrease in blood levels of these elements from these
patients (Cunningham et al. 1994; Brown et al. 1999). Another
study reported that the levels of Zn and Mg were significantly
lower, while the level of Cu was significantly higher in serum
of patient with IDDM (insulin-dependent diabetes mellitus
(Isbir et al. 1994). Failla and Kiser (1983) have reported that
the concentration and the tissue contents of Cu in liver and
kidney were significantly elevated by 1 week after STZ injec-
tion and increased thereafter, attaining two- and five-fold
higher levels, respectively, than controls by 4 weeks.

In accordance with the findings of the present study,
Dogukan et al. (2009) found that concentrations of Zn in liver
and kidney of the diabetic rats were significantly lower than
in the control rats. In contrast, higher Fe and Cu levels were
found in tissues from diabetic versus the non-diabetic rats.
The findings regarding the tissue contents of Cu in liver and
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kidney were also supported by Failla and Kiser (1981) who
found that some trace metals accumulated in the organs of the
diabetic rats. Raz and Havivi (1988) found that the levels of
Zn and Cu in the liver of STZ-diabetic rats were significantly
higher than the control animals, but the concentrations in the
kidneys were similar of the diabetic and control rats. Although
Johnson and Evans (1984) found that the concentrations of Fe
in the liver and kidney of the STZ-diabetic rats were higher
than in the control rats, contradictory results were obtained
by Feng et al. (2001) who found lower Fe concentrations in
both liver and kidney of STZ-diabetic rats.

There are certain differences among the studies in litera-
ture considering the changes in element concentrations in
tissues; however, nearly all of these studies reported increases
in Fe and Cu concentrations and decreases in Zn and Mg
concentrations in kidney and liver tissues, which is compat-
ible with the findings of the present study.

The results of the present study also indicated increases
in MDA levels, product of increased lipid peroxidation in
kidney and liver tissues of STZ-diabetic rats, and decreases in
the activity of antioxidant enzyme SOD and non-enzymatic
antioxidant GSH levels. These findings demonstrated that the
oxidative balance in liver and kidney tissues of STZ-diabetic
rats is impaired. The studies on diabetes patients and diabetic
patient models reported that lipid peroxidation significantly
increases in liver and kidney, which is compatible with the
findings of the present study (Kakkar et al.1998; Obrosova
etal. 2003). As indicated in the previous studies, free radical
production is considered as one of the major mechanisms
responsible for the toxicity of transition metals ions such as
Cu and Fe (Repetto et al. 2010). Intake and excretion of Fe
and Cu, essential for organism, are required for a balanced
organism. Excessive tissue accumulation of redox-active tran-
sition metals ions can be cytotoxic, in particular because per-
turbations in metal homeostasis result in an array of cellular
disturbances characterized by oxidative stress and increased
free radical production. They not only catalyze the formation
of free-radical species that can start lipid peroxidation, but
also the decomposition of previously formed lipid peroxides
to spread lipid peroxidation (Parmar et al. 2002).

The findings of the studies demonstrated significantly
higher increases in Fe and Cu concentrations in liver and
kidney of diabetic rats as well as in MDA concentration,
measured as an indicator of lipid peroxidation.

The transition metals Fe and Cu are integral parts of im-
portant enzymes involved in vital biologic processes. There
are suggestive evidences that Fe plays a pathogenic role in
diabetes and its complications such as microangiopathy and
atherosclerosis. Diabetes mellitus is associated with altered
Fe homeostasis in both human and animal diabetic models.
Excess Fe has been implicated in the pathogenesis of diabetes
and its complications (Thomas et al. 2004). The increased
levels of Cu, a transition metal that is a redox-active and

catalyzes lipid peroxidation, may enhance oxidation of low-
density lipoproteins (LDL), causing increased level of TBARS
in diabetic patients as reported by Heinecke et al.(1984).

In the light of these findings, the accumulation of transi-
tion metals Fe and Cu in liver and kidney could play a cata-
Iytic role in increasing oxidative stress in these tissues.

In the present study, diabetes is also found associated with
alterations in the oxidant defense system. This was shown
by the lower GSH levels and SOD activity in the kidney and
liver of the STZ-diabetic animals compared to the controls.
The decrease in antioxidants may be due to the deficiency
of tissue Zn and Mg in diabetic rats. These observations are
supported by the findings that Zn and Mg have antioxidant
activities because not only do they constitute the active sites
and/or stabilize the conformation of several antioxidant
enzymes, but they also compete for Fe- and Cu-binding
sites and can provide protection against transition metal-
mediated and free radical-induced injury (Alcock 1996).
These findings are in agreement with the results of Wohaieb
and Godin (1987) who found decreased SOD activity in
the kidneys of rats with STZ-induced diabetes. Kawamura
et al. (1992) found decreased SOD activity in erythrocytes
of diabetic patients and ascribed it to glycation of the
enzymatic protein, which led to a decrease in its activity.
Similarly, Simonian et al. (1987) reported a decrease in the
contents of Cu-Zn-SOD and catalase purified from rat liver
at the terminal stages of alloxan-induced diabetes. Adachi
et al. (1994) have reported that SOD levels were higher in
the serum of patients with liver disease and diabetes than
in normal subjects. GSH participates in the cellular defense
system against oxidative stress by scavenging free radicals
and reactive oxygen intermediates; in addition, its level is
reduced in DM. Venkateswaran and Pari (2003) observed
a significant decrease in GSH levels in liver tissue during
diabetes and they suggested that the decrease in GSH levels
represents the increased utilization due to oxidative stress.
GSH also binds endogenous metals, such as Cu, Se, Cr, and
Zn via non-enzymatic reactions. GSH is one of the most
versatile and pervasive metal-binding ligands and plays an
important role in metal transport, storage, and metabolism.
Thus, the decrease in GSH level might reflect a direct reaction
between GSH and free radicals generated by hyperglycemia
in diabetes (Yoshida et al. 1995).

In conclusion, the results of the present study indicate an
imbalance in amounts of some elements including Cu, Fe,
Zn and Mg in STZ-diabetic rats compared to their levels in
healthy subjects. In addition, oxidative stress parameters like
MDA level are found higher in liver and kidney tissues, while
the activity of antioxidant enzyme SOD and non-enzymatic
antioxidant GSH levels are reduced in these tissues. The
disturbed oxidative balance in both tissues might be affected
by the increases in Fe and Cu as well as the decreases in Zn
and Mg levels in liver and kidney of STZ-induced diabetic
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rats. Therefore these findings may contribute to explain the
role of impaired ion metabolism of some elements in the
progression of diabetic oxidative complications.
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