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ARTICLE INFO ABSTRACT
Keywords: In diabetes, increased oxidative stress and impaired trace element metabolism play an important role in the
ACE inhibitor pathogenesis of diabetic nephropathy. The objective of this research was to examine the outcomes of blocking the

AT1 receptor blocker
Diabetes

Diabetic nephropathy
Oxidative stress
Trace elements

renin-angiotensin system, using either the angiotensin-converting enzyme inhibitor (ACEI), perindopril, or the
angiotensin II type 1 (AT1) receptor blocker, irbesartan, on oxidative stress and trace element levels such as Zn,
Mg, Cu, and Fe in the kidneys of diabetic rats that had been induced with streptozotocin.

Thirty-two Wistar albino male rats were equally divided into four groups. The first group was used as a
control. The second group of rats developed diabetes after receiving a single intraperitoneal dose of STZ. The
third and fourth groups of rats had STZ-induced diabetes and received daily dosages of irbesartan (15 mg/kg b.
w/day) and perindopril (6 mg/kg b.w/day) treatment, respectively.

Biochemical analysis of the kidneys showed a distinct increase in oxidative stress, indicated by heightened
levels of malondialdehyde (MDA) and decreased superoxide dismutase (SOD) activities, as well as reduced
glutathione (GSH) levels in the kidneys of diabetic rats. In the kidneys of diabetic rats, the mean levels of Fe and
Cu were found to be significantly higher than those of the control group. Additionally, the mean levels of Zn and
Mg were significantly lower in the diabetic rats compared to the control rats. Both perindopril and irbesartan
decreased significantly MDA content and increased SOD activities and GSH levels in the kidneys of rats with
diabetes. The Zn and Mg concentrations in the kidneys of diabetic rats treated with perindopril and irbesartan
were markedly higher than in untreated STZ-diabetic rats, while the Cu and Fe concentrations were significantly
lower. The urinary excretion of rats treated with perindopril and irbesartan showed a pronounced increase in Cu
levels, along with a significant reduction in Zn and Mg levels. Although diabetic rats demonstrated degenerative
morphological alterations in their kidneys, both therapies also improved diabetes-induced histopathological
modifications in the kidneys.

Finally, the present results suggest that manipulating the levels of Zn, Mg, Cu, and Fe - either through ACE
inhibition or by blocking AT1 receptors - could be advantageous in reducing lipid peroxidation and increasing
antioxidant concentration in the kidneys of diabetic rats.

1. Introduction oxidative stress in diabetes, but the main factor appears to be hyper-

glycaemia, commonly termed “glucose toxicity” [2]. The main source of

Diabetes mellitus is associated with various complications including radicals under hyperglycemic conditions are glucose auto-oxidation,

nephropathy, and it is one of the most life-threatening diseases. Chronic activation of the polyol pathway and non-enzymatic glycation of pro-
hyperglycemia causes an increase in oxidative stress due to a disparity teins [3-5].

between the generation and elimination of reactive oxygen species Micronutrients may impact the removal of protectants or pollutants

(ROS) [1]. Several mechanisms contribute to the development of as they are integral components of crucial enzymes in intracellular
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antioxidant defence systems. The imbalance caused by their scarcity or
abundance can lead to a pro-oxidant/antioxidant imbalance, thus pro-
moting the growth of secondary problems as the illness advances.
Micronutrients are involved in complex processes in the development of
secondary complications of diabetes-mellitus in many different areas.
These could potentially act as complimentary components of different
antioxidant enzymes (such as Cu, Zn, and Mn superoxide dismutase and
Se in glutathione dehydrogenase), cofactors in crucial enzymatic pro-
cesses within glucose and lipid metabolisms (such as Mn and Cu), or
potential pro-oxidant catalysers (such as Cu and Fe). There is debate in
the literature regarding the role of various factors, including alterations
to the homeostasis of certain trace and transition elements, such as Fe
and Cu, in the development and prognosis of the condition [6,7].

Recent studies have shown that the kidneys’ ROS reactions have a
particular inclination towards oxidative stress actions, which are
believed to be a contributing factor to the pathogenesis of diabetic ne-
phropathy [1-3]. The increasing lipid peroxidation and reduced anti-
oxidant enzyme activity are found to be associated with the albuminuria
prognosis in diabetic rats [8,9]. Patients with diabetes often experience
impaired kidney function, resulting in an inability to adequately process
water, sodium, and glucose [10].

Activation of the intrarenal renin-angiotensin system (iRAS) has also
been implicated as a key player in the pathogenesis of diabetic ne-
phropathy. The angiotensin-converting enzyme (ACE) is a critical
regulator of the iRAS and a major contributor to renal damage [11].

Several studies have investigated the beneficial nephroprotective
effects of angiotensin-converting enzyme inhibitors (ACEIs). Research
has shown that the use of ACEIs or AT1 receptor blockers (ARBs) to
block Angiotensin II can reduce protein oxidation and lipid peroxidation
while enhancing antioxidant enzyme activity in models of diabetes both
in animals and humans. It was also shown that these medicines have
antioxidant properties. It is well-established that AT1 receptor antago-
nists reduce proteinuria and decelerate the advancement of diabetic
nephropathy [12-15]. Angiotensin receptor blockers do not prevent the
production of angiotensin II. Instead, they occupy the high-affinity type
1 AT1 receptor of this substance, thereby preventing its ability to exert
its biological activity [16]. Several studies have demonstrated that using
Irbesartan, an AT1 receptor blocker, leads to a notable reduction in the
rate at which albumin is excreted [17,18], as well as reduction in renal
mass in STZ-diabetic rats [18,19]. The positive impact of various ACEIs,
including perindopril, on the progression of nephropathy in experi-
mental diabetes has been investigated. The reduction of kidney weight
and microalbuminuria levels, as well as the protective impact on the
renal tissue, has been demonstrated in diabetic rats treated with peri-
ndopril [20]. Furthermore, there is clinical and experimental evidence
indicating that ACEIs and ARBs have renoprotective benefits in addition
to their antihypertensive properties, reducing the progression of diabetic
nephropathy [19,21,22]. However, the mechanism of the neph-
roprotective effects could not be fully revealed. Some potential advan-
tages of the use of ACEIs and ARBs in diabetes may be associated with
their effects on the content of minerals like basic metals.

Therefore present study designed to examine the potential regulatory
impact of perindopril, an ACE inhibitor, and irbesartan, an AT1 receptor
blocker, on renal element concentrations in diabetic rats. For this pur-
pose, it was aimed to evaluate element levels and lipid peroxidation
status in streptozotocin (STZ)-induced diabetic rats by measuring the ion
concentrations of Zn, Cu, Fe, Mg and malondialdehyde (MDA) levels as
well as the activity of antioxidant enzymes, superoxide dismutase (SOD)
and non-enzymatic antioxidant glutathione (GSH) levels in the kidney
tissues of the rats before and after perindopril and irbesartan treatment.

2. Materials and methods
2.1. Animals

Thirty-two male Wistar albino rats weighing between 210 and 240g
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were obtained from the Animal Research Laboratory (ARL) of the Uni-
versity of Istanbul. The animals were contained at the ARL and allowed
to feed ad libitum on a commercially available rat chow (Eris Chow In-
dustry, Istanbul, Turkey). The Animal Welfare Act and the Istanbul Uni-
versity Guide for the Care and Use of Laboratory Animals were followed
in the maintenance and use of the animals. Starting three days following
the injection of STZ, the experiments were conducted over a 4-week
period.

2.2. Experimental design

Rats were randomized into four groups (n = 8 in each group). The
first group was the non-diabetic control group (C) in which non-
diabetic, unsupplemented rats were given 0.9 % w/v saline by gastric
gavage.

Diabetes was induced through an intraperitoneal injection of strep-
tozotocin (STZ; Sigma, St. Louis, MO, USA) at a dose of 60 mg/kg body
weight, dissolved in 0.9 % sodium chloride buffer immediately prior to
administration. After injection, animals had free access to food and
water. To confirm the diabetic state, after 3 days of STZ injection fasting
blood samples were obtained and fasting blood glucose was determined
(>300 mg/dl). The rats with blood glucose of 350 mg/dL were consid-
ered to be diabetic. Hyperglycemic rats were used for the experiment
and classified as follows: The second group was the untreated STZ-
diabetic group (STZ). The third group (STZ + Irb) were STZ-diabetic
rats treated with irbesartan (Sanofi, TURKEY) dissolved in 0.9 % w/v
saline (15 mg/kg b.w/day; for 30 days) via gastric gavage. The fourth
group (STZ-D + Per) were STZ-diabetic rats treated with perindopril
(Servier, TURKEY) dissolved in 0.9 % w/v saline (6 mg/kg b.w/day, 30
days) via gastric gavage. On the 1st and 28th day of the experiment, all
rats were kept individually in metabolic cages for the collection of 24 h
urine samples and urine volume was measured.

Once the experimental period is finished, the animals were eutha-
nized under anesthesia after that kidney tissue samples were quickly
excised and stored at —70 °C for further experiments.

2.3. Evaluation of blood glucose and microalbuminuria

On the first and the 28th day of the experiment, sample collected
from the tail vein were used to measure the blood glucose levels with
glucose test reagent strips and a glucometer manufactured by Accu-
Check Active, Roche, Germany. The microalbuminuria levels were
assessed using Micral urine test strips (Micral test II urine strips, Roche
Diagnostics GmbH, Germany) on the same days that 24-h urine samples
were collected.

2.4. Body and kidney weights

The body weight of the rats was recorded at the beginning and end of
the experimental period. At the end of the experiment the rats eutha-
nized under anesthesia and dissected to obtain the kidneys. Each rat’s
left kidney was weighed and noted.

2.5. Histological analysis

At the end of the experiments, rats were anesthetized, and renal
tissue samples were obtained for morphological studies before fixation
in neutral formalin, followed by embedding in paraffin. Periodic Acid
Schiff (PAS) staining were used for histological examinations. Without
being aware of the source group, the tissues were examined under a light
microscope.

2.6. Preparation of kidney samples for lipid peroxidation and antioxidant
analyses

The kidneys used for this procedure were twice bathed in a cold
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saline solution, transferred into glass bottles, labelled, and maintained in
a deep freezer (—70 °C) without no longer than 10 h. After being
weighed, half of the kidney samples were placed on ice, cut into small
pieces and homogenized for 2 min at 5000 rpm in 1:5 w/v of ice-cold 50
mM, pH 7.4 Tris-HCI buffer using a glass Teflon homogenizer. The ho-
mogenates, which were still on ice, were mixed with 4-L/mL butylhy-
droxytoluene and utilized to measure the levels of malondialdehyde
(MDA), glutathione (GSH), and superoxide dismutase (SOD)
immediately.

2.7. Assessment of lipid peroxidation and protein levels

Lipid peroxidation was determined by measuring the MDA levels in
tissue homogenates through the thiobarbituric acid reactivity assay
using a method previously described using an extinction coefficient ¢ =
01.56 x 105 M ' cm ! ata wavelength A = 532 nm [23]. Micromoles
were used to express the tissue MDA levels per gram of protein. The
Lowry et al. method [24] was used to determine the amount of protein in
kidney tissue. Bovine serum albumin used as the standard.

2.8. Superoxide dismutase (SOD) activity

Cu-Zn-superoxide dismutase (Cu-Zn-SOD) activity was determined
by the method of Sun et al. [25]. The assay involves inhibition of
nitroblue tetrazolium (NBT) and reduction with xanthine-xanthine ox-
idase (Sigma Co., St.Louise, USA) that was used as a superoxide gener-
ator. 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.

2.9. Glutathione (GSH) level

Tissue GSH concentrations were determined according to the method
of Beutler et al. [26]. using metaphosphoric acid for protein precipita-
tion and 5',5-dithiobis(2-nitrobenzoic acid) for color development. GSH
concentration was calculated using 1.36 x 104 M~ em ™! as the molar
absorption coefficient. Tissue GSH concentrations were expressed as
pmol per gram of protein. Biochemical studies were performed using an
autoanalyzer (Hitachi 717).

2.10. Measurement of element levels in kidney tissue

From each animal, 0.5-1 g of tissue was extracted for this experi-
ment. 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 spectrophotometry photometry (Shimadzu AA-680, Japan)
with an air-acetylene flame. The tissue concentrations of the element are
expressed as micrograms per gram of wet weight [27].

2.11. 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
metabolic cages in order to collect 24-h urine samples. The urine vol-
umes were measured, and samples were centrifuged at 3000xg for 10
min 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 (Shi-
madzu AA-680,Japan) with an air-acetylene flame.

2.12. Statistical analysis

The findings are shown as means standard deviation (SD). The sta-
tistical analysis of the data was performed by using SPSS Statistical
program (v 10.0, SPSS Inc.Chicago, Illinois, USA). The Mann-Whitney U
test was applied to analyze the significance of differences between the
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four groups. The significance level was set at p < 0.05.

3. Results
3.1. General metabolic and renal parameters

General metabolic and renal parameters are summarized in Table 1.
After three days following STZ injection the rats showed a significant
increase (p < 0.01) in blood glucose levels, as expected. After four weeks
from the STZ injection, STZ-diabetic rats exhibited significantly higher
daily urine output levels and microalbuminuria amounts compared to
the control group (p < 0.001). Kidney weight was significantly reduced
in both treated groups (STZ + Irb and STZ + Per) as compared to the
untreated-STZ-diabetic group (p < 0.01, p < 0.001, respectively). Sig-
nificant reduction in the levels of daily urine output (p < 0.05) and
microalbuminuria (p < 0.001) were observed in both STZ + Irb and STZ
+ Per groups compared to the STZ-diabetic group. The blood glucose
values and body weight levels were not significantly different in both
treatment groups as compared to the untreated-STZ-diabetic group.

3.2. Renal oxidative stress biomarkers

Renal MDA levels were significantly increased (p < 0.001), whereas
levels of the nonenzymatic antioxidant GSH(p < 0.01) and activities of
the antioxidant enzymes SOD (p < 0.01) were significantly decreased in
untreated-STZ-diabetic rats compared with controls (Fig. 1 A,B,C). The
treatments of both irbesartan and perindopril resulted in a significant
decrease of renal MDA (p < 0.05, p < 0.01, respectively) (Fig. 1A) and
significantly elevated renal GSH levels (p < 0.05) and significantly
increased renal SOD activity (p < 0.05) as compared to the STZ-diabetic
group (Fig. 1B and C).

3.3. Changes in Zn, mg, Cu and Fe levels

The levels of Fe and Cu in the kidney of the diabetic rats were
significantly higher (p < 0.01, p < 0.001, respectively) than in the control
rats (Fig. 2B, D). On the other hand, the levels of Zn and Mg were
significantly lower (p < 0.01) in the kidney of the diabetic rats, in
comparison to the control rats (Fig. 2 A,C).

Analysis of the effect of STZ-induced diabetes revealed that the Zn
and Mg concentrations significantly increased in the daily urine output
of the diabetic rats (p < 0.01, p < 0.001, respectively) (Fig. 2 A,C), while
the concentrations of Cu in the diabetics were slightly lower (p < 0.05)
than in the control rats (Fig. 2C).

Treatments of both irbesartan and perindopril resulted in a signifi-
cant decrease of renal Fe (p < 0.05) and Cu (p < 0.05, p < 0.01,
respectively) (Fig. 2 B,D) and significantly elevated renal Zn and Mg
levels (p < 0.01, p < 0.05, respectively) as compared to the STZ-diabetic
group (Fig. 2 A,C). Both treatments tended to normalize urinary excre-
tion and element levels. There was a significant decrease in urinary Zn
and Mg concentration of STZ + Irb and STZ + Per groups as compared to
the STZ-diabetic group (p < 0.001) (Fig. 2 A,C), while the concentrations
of Cu in the STZ + Irb and STZ + Per group were significantly higher (p
< 0.05) than in the STZ-diabetic group (Fig. 2B).

3.4. Histopathology

The kidneys of nondiabetic rats showed normal histopathological
structure (Fig. 3A). In contrast, in untreated-STZ-diabetic rats exhibited
glomerular basal membrane thickening, hypertrophic glomeruli, tubular
degeneration and dilatations (Fig. 3B). In STZ + Irb (Fig. 3C) and STZ +
Per groups (Fig. 3D) glomerular pathology and tubulointerstitial injury
were improved, although some cortical and medullary tubules are still
degenerated.
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Table 1
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General metabolic and renal parameters in Control (C), untreated-STZ-diabetic (STZ), irbesartan-treated (STZ + Irb) and perindopril-treated (STZ + Per) diabetic rats.

Groups(n = 8) Blood glucose (mg/dl) Body weight (g)

Microalbuminuria (mg/l/24 h)

Urine output (cc) Kidney weight (mg)

C start 95.50 + 3.89 221.01 £ 9,84
end 95.50 + 3.85 234.50 + 5,07
STZ start 426.01 + 39.21* 222.12 + 6.08
end 485.12 + 52.95% 199.02 + 8.71%
STZ + Irb start 433.25 + 43.5% 223.37 £10.36
end 482.72 + 63.45% 189.75 + 0.93%
STZ + Per start 439.12 + 4.43% 228.37 £ 6.09
end 470.75 + 45.92% 206.00 + 23.12%

1.00 + 0,00 14.12 + 2.69 891.25 + 77.54
1.00 + 0,00 15.75 + 0.70°

1.00 + 0,00 14.37 +2.13 1191.25 + 73.18*
2.12 + 0,357 49.00 + 2.72

1.00 + 0,00 14.37 + 2.13 1030.12 + 65.74%¢
1.62 + 0,519 21.50 + 3.25°

1.00 % 0,00 14.50 + 2.61 975.75 + 67.85%
1.124+0,35¢ 24.37 +£2.92°

start; the beginning of the experiment, end; the end of the experiment. Values were given as mean + SD.
2p < 0.001 vs. non-diabetic control group (C), by < 0.05, °p < 0.01, 9p < 0.001; vs. untreated-diabetic group(STZ).

A MDA
o.6 b
[ =]
0.5 T
=
= o.4a
=
= 1
=] 0.3
=
s
—
= (o Jor 2 T
=
=
0.1
o
= sTZ STZ+Irb STZ+Per
B GSH
140
=]
120 T
= a
=2 100
s
==
g 2O
£
= IS
£
=1 a0
20
o
c sSTZ STZ+Irb STZ+Per
e SOD
L=
1s - RO I
=
=
=]
= 1
by
=3
(=Y}
=
=
=
0.5
o
C sSTZ STZ+Irb STZ+Per

Fig. 1. Changes in renal oxidative stress biomarkers malondialdehyde (MDA) (A), Glutathione (GSH) levels (B) and Superoxide dismutase (SOD) enzymatic activity
(C), in Control (C), untreated-STZ-diabetic (STZ), irbesartan-treated (STZ + Irb) and perindopril-treated (STZ + Per) diabetic rats. 2p<0.01, °p < 0.001, vs Control; °p

< 0.05,% < 0.01 vs. untreated-STZ-diabetic group.
4. Discussion

The current research reveals that rats injected with STZ exhibited
common symptoms of diabetes mellitus, including hyperglycemia,
polyuria, and developmental delay. Furthermore, it is apparent that
there is an increase in urinary albumin excretion in diabetic rats
compared to control rats. This is consistent with other reports [28,29]
showing a significant increase in oxidative stress, which can increase
renal damage in rats and lead to a progressive increase in urinary al-
bumin excretion. The results of this study also showed that the mean

levels of Zn and Mg in the renal tissue of diabetic rats were significantly
lower than in the control group. The mean levels of Fe and Cu were
found significantly higher in the kidneys of the diabetic rats compared to
control rats, in agreement with our previous results [30] and those of
Gren et al. [31].

In the present study, however, the levels of Zn and Mg were also
found to be significantly higher, while the level of Cu was significantly
lower in the urinary excretion with STZ-diabetic rats. We were not able
to measure the iron values of the rats’ urine due to limited amounts of
the collected urine. Disturbances in the metabolism of trace elements are
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Fig. 2. Changes in (£1) urine (pg/24h) and (@) kidney (pg/mg) concentrations of Zinc (Zn) (A), Copper (Cu) (B), Magnesium (Mg) (C) and Iron (Fe) (D) in Control
(C), untreated-STZ-diabetic (STZ), Irbesartan -treated (STZ + Irb) and perindopril-treated (STZ + Per) diabetic rats. *p<0.05, bp < 0.01, °p < 0.001, vs. control; dp

< 0.05, °p < 0.01, p < 0.001vs.untreated-STZ-diabetic group.

Fig. 3. Light photomicrographs of PAS-stained sections of kidney tissues in experimental groups; non-diabetic control group (A), untreated diabetic (B), Irbesartan
treated diabetic group (C) and perindopril-treated diabetic group (D). The asterisk (*) indicates glomeruli, arrow (—) shows tubular dilatations and arrowhead (»)

tubular degenerations. (Bar: 20 pm).
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observed in diabetics. It has been reported that the urinary excretion of
calcium, zinc and magnesium is increased in two types of diabetes
mellitus, leading to a decrease in blood levels of these elements in these
patients [30,32,33].

We also found a significantly increased oxidative stress in the kid-
neys of STZ-diabetic rats as compared to the control rats. STZ treatment
caused many changes in renal antioxidant levels, including an increase
in MDA, a decrease in GSH, and antioxidant enzymes such as SOD,
which represent the presence of excess peroxides and hydroxyl radicals
in diabetic kidneys and are responsible for impaired renal function.

The increased lipid peroxidation and reduced activity of antioxidant
enzymes in the kidneys of STZ-diabetic rats revealed in this study are
consistent with previous findings and support the hypothesis that free
radicals play an important role in the pathophysiology of diabetic ne-
phropathy [3,34]. The decrease of antioxidants may be due to the
deficiency of kidneys zinc and magnesium levels in diabetic rats. These
observations are supported by the findings that Zn and Mg have anti-
oxidant activities, not only because they form the active sites and/or
stabilise the conformation of several antioxidant enzymes, but also
because they compete for iron and copper binding sites and can provide
protection against transition metal-mediated and free radical-induced
damage [35]. Previous researchers have suggested an association be-
tween diabetes and various micronutrients, including Mg, Cr, Fe, Zn, Cu,
etc. In addition, many studies have shown increased lipid peroxidation
in clinical and experimental diabetes [7,36,37]. The results of our pre-
vious studies show that impaired ion metabolism of some elements may
play a role in the progression of diabetic oxidative complications [30].
Critical elements are essential components of several key enzymes in
intracellular antioxidant defence and can have protective or scavenging
effects. Their deficiency or excess can result in a shift in the
pro-oxidant/antioxidant balance, leading to additional problems as the
disease progresses [38].

Hyperzincuria and poor intestinal absorption of zinc in diabetic pa-
tients indicate that they are more prone to zinc deficiency, which may be
caused by hyperglycaemia, reduced intestinal absorption or increased
urinary Zn loss [30,39]. Increased intracellular oxidants and free radi-
cals, as well as deficits in intracellular zinc and zinc-dependent antiox-
idant enzymes, may be associated with certain diabetic problems [40].
Zinc reduces the severity of diabetes-related problems in a variety of
animal models. It also plays a crucial role in controlling the function of
the islets of Langerhans [41] and their protective effect against diabetic
kidney tissue damage by stimulating metallothionein production and
regulating oxidative stress [42].

Magnesium is a cofactor of several enzymes involved in carbohydrate
oxidation and plays a vital role in the cell membrane glucose transport
mechanism. Magnesium salts have been shown to be effective in the
treatment of non-insulin dependent diabetes [43]. Prabodh et al. [44]
found that Mg had a significant negative association with cases of dia-
betic nephropathy.

Changes in metal concentrations in the body occur as a result of the
action of reactive oxygen species, but on the other hand, some metals
can induce the formation of free radicals, which may be involved in the
development of diabetes [45]. The transition metals Fe and Cu are in-
tegral components of important enzymes involved in vital biological
processes. There is suggestive evidence that Fe plays a pathogenic role in
diabetes and its complications such as atherosclerosis. Excess Fe has
been implicated in the pathogenesis of diabetes and its complications
[46]. The increased levels of Cu, a transition metal that is redox-active
and catalyzes lipid peroxidation, may enhance oxidation of
low-density lipoproteins, causing increased levels of TBARS in diabetic
patients as reported by Heinecke et al. [47].

In the excess of certain metals (particularly Fe or Cu ions), a hydroxyl
radical, which is the most powerful ROS, can be produced via the Fenton
or the metal-catalysed Haber-Weiss reaction [48]. These two chemical
reactions appear to account for the majority of the hydroxyl radical
production in biological systems and explain, at least in part, why metals
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such as Fe and Cu induce oxidative stress and ROS-induced damage in
cells. Tissue accumulation of transition metal ions is extremely toxic and
leads to many pathological conditions associated with oxidative damage
to biological membranes and molecules [49].

Angiotensin-converting enzyme inhibitors are a class of drugs that
have been shown to protect the kidneys. They may reduce the pro-
gression of diabetic nephropathy by regulating haemodynamics in the
renal glomerulus, reducing proteinuria and slowing the progression of
diabetic nephropathy. Similarly, AT1 receptor antagonists have a similar
effect in reducing proteinuria and delaying the progression of diabetic
nephropathy, despite the absence of bradykinin effects [19,21,22].
However, the mechanism of their action is not fully understood. As these
drugs are commonly used in the treatment of diabetic nephropathy,
their effect on Zn, Mg, Cu and Fe concentrations may be additive,
resulting in a more pronounced concentration of these elements in
diabetic rat tissues.

To the best of our knowledge, no prospective studies have investi-
gated the effect of treatment with the ACEIs and ARBs on renal tissue
concentrations of Zn, Mg, Cu and Fe in STZ diabetics.

In this prospective study, we examined the hypothesis that irbe-
sartan, an AT1 receptor blocker, and perindopril, an ACE inhibitor, may
have an effect on elemental metabolism by investigating the effects of
these drugs on Zn, Mg, Cu and Fe levels in the renal tissue of STZ-
diabetic rats. We used the 15 mg/kg dose of irbesartan, an AT1 recep-
tor antagonist, because other studies [17,50] have shown that this dose
reduces systemic blood pressure, regulates renal haemodynamic
changes and reduces intraglomerular pressure. On the other hand, we
have used the 6 mg/kg dose of perindopril, an ACEI in another group of
STZ diabetics. Kelly et al. [51] and Yao et al. [52] showed that in this
dose range perindopril reduced systemic blood pressure, decreased
urinary albumin excretion rate and protected renal function in normo-
tensive early diabetic nephropathy and diabetic rats. Our data show that
there are statistically significant changes in kidney tissue and urinary
Zn, Mg, Cu and Fe concentrations.

In the current study, the concentrations of Zn and Mg were found to
be significantly higher in the kidneys of diabetic rats treated with per-
indopril and irbesartan than in the untreated STZ-diabetic rats, whereas
the concentrations of Cu and Fe were significantly lower in the treated
rats compared to all tissues observed in the untreated STZ-diabetic rats.
The levels of Zn and Mg were also significantly lower, while the level of
Cu was significantly higher in the urine excreted with perindopril and
irbesartan treatment. The loss of these minerals may be attributed to the
impaired absorption and/or the excess excretion of these metals in the
urine of diabetic patients, which may lead a deficiency or marginal state
of these minerals in the blood of diabetic patients [53]. We suppose that
the increased kidney tissue levels of Zn and Mg may be due to the
decrease in urinary excess by these drugs as well as a possible action of
this on the renal cation transporters. Tubek [54] showed that urinary
excretion of Zn is normalised in patients with primary arterial hyper-
tension after treatment with perindopril.

In our study, the effect of ACE inhibitor and AT1 receptor blockers on
the investigated parameters of oxidative stress in the diabetic kidney
tissues were also studied. Our studies revealed that perindopril and
irbesartan significantly decreased MDA levels and increased SOD ac-
tivities and GSH levels after 4 weeks of therapy. These findings are in
agreement with the results of Kedziora-Karnatowska [12] who showed
that both enalapril and losartan reduced lipid peroxidation in the kid-
neys of diabetic rats during the early stages of the development of dia-
betic nephropathy. ACE inhibitors have also been shown to reduce lipid
peroxidation in diabetic rat tissues [13] and to increase antioxidant
defences in mouse tissues [14]. Irbesartan administration attenuated the
increased lipid peroxidation and decreased the antioxidant defence
mechanism along with altering renal glomerular filtration rate. This is in
line with other observations that chronic treatment with candesartan
and losartan, AT1 receptor antagonists, can attenuate oxidative stress
and alter the renal function of experimentally induced diabetic animals
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[15]. Mastan et al. [55] have reported that Angiotensin-II blockage by
the ACEIs (i.e Captopril, Enalapril, Lisinopril) have been shown to in-
crease total antioxidant status (TAS) and reduce total oxidative status
(TOS) in the serum during the diabetes, especially in the captopril
treated diabetic group. It has also been reported that enalapril, an ACEI,
has beneficial effects on the increased oxidative stress in the diabetic
rats. To investigate the relationship between the RAS and antioxidant
defences, Cavanagh et al. [56] have been administered enalapril to
STZ-induced diabetic rats. The results of this study showed that total
glutathione and antioxidant enzyme activities were higher in the heart,
kidney and liver of enalapril-treated rats than in untreated diabetic rats.

As previously described, the kidneys of STZ rats showed morpho-
logical changes such as thickening of the glomerular basal membrane,
hypertrophic glomeruli, tubular degeneration and dilatation [57]. The
results revealed that diabetic animals treated with irbesartan and peri-
ndopril showed a significant improvement in renal function, together
with an attenuation of increased renal oxidative stress and morpholog-
ical changes. It has been reported in another study that treatment with
irbesartan can prevent the changed morphology in diabetic kidneys [18,
58]. This finding is consistent with previous research showing that the
ACE inhibitor enalapril and the AT1 receptor blocker valsartan can
prevent renal impairment and reduce oxidative stress in diabetics [59,
60].

The data from our present study confirm the role of oxidative stress
in the development of diabetic nephropathy in the first stage of diabetes
development and suggest the possible antioxidant mechanism of the
nephroprotective effect of both angiotensin receptor antagonists and
angiotensin-converting enzyme inhibitors.

In conclusion, the results of the present study indicate an imbalance
in the levels of some elements, including Cu, Fe, Zn and Mg, in the
kidney tissue of STZ-diabetic rats. In addition, oxidative stress param-
eters such as MDA levels are higher in kidney tissue, while the activity of
the antioxidant enzyme SOD and the non-enzymatic antioxidant GSH
levels are reduced in the tissue. The disturbed oxidative balance in tis-
sues could be affected by the increase in Fe and Cu and the decrease in
Zn and Mg levels in the kidneys of STZ-induced diabetic rats. Therefore,
all these findings may help to explain the role of impaired ion meta-
bolism of some elements in the progression of diabetic oxidative
complications.

In the present study, we have shown in an experimental diabetic
animal model that treatment with both irbesartan, an AT1 receptor
blocker, and perindopril, an ACE inhibitor, effectively regulate the levels
of these elements (Zn, Mg, Cu and Fe) and improve antioxidant levels in
the kidney, resulting in a delay in the progression of diabetic nephrop-
athy. Finally, the present results suggest that modulation of the same
elements (Zn, Mg, Cu and Fe) by either ACE inhibition or AT1 receptor
blockade may be beneficial in reducing lipid peroxidation and
increasing antioxidant levels in diabetic rat kidneys.
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