
European Review for Medical and Pharmacological Sciences

1642

Abstract. – OBJECTIVE: Ischemia/reperfu-
sion (I/R) injury is a major cause of acute organ
dysfunction and I/R related acute renal failure is
a common clinical problem. Diabetes mellitus is
defined as a risk factor for the development of
acute renal injury as diabetic nephropathy com-
promises the renal tolerance to ischemia. The
aim of this study was to investigate the protec-
tive effect of magnesium sulfate in a diabetic rat
renal I/R injury model.

MATERIALS AND METHODS: Diabetes melli-
tus was induced using streptozotocin. Thirty-
five rats were divided into five groups: Group
I: Nondiabetic sham group; Group II: Diabetic
sham group; Group III: Diabetic I/R group;
Group IV: Diabetic I/R + prophylactic (preis-
chemic) MgSO4; and Group V: Diabetic I/R +
therapeutic (following reperfusion) MgSO4

group. MgSO4 was administered 200 mg/kg in-
traperitoneally. Renal I/R (45 min ischemia + 4
h reperfusion) was induced in both kidneys.
Histomorphological, immunohistochemical
(caspase-3 and iNOS) and biochemical (BUN,
Creatinine) methods were performed to as-
sess the blood and tissue samples.

RESULTS: Histomorphological injury scores
and immunostaining intensities (for both cas-
pase-3 and iNOS) were significantly lower in
the MgSO4 administered groups (prophylactic
and therapeutic) than in the Diabetic IR group.
There were no significant differences in bio-
chemical parameters (BUN, Cr) between the
MgSO4 administered groups and the Diabetic
IR group.

CONCLUSIONS: In the present study, it was
demonstrated by histomorphological and im-
munohistochemical methods that magnesium
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Introduction

Ischemia/reperfusion (I/R) injury is a major
cause of acute organ dysfunction and as the kid-
neys are highly sensitive to ischemia, I/R injury
related acute renal failure is a common clinical
problem with high mortality and morbidity1-3.
Renal I/R injury can be observed in clinical situ-
ations, such as renal transplantation, partial
nephrectomy, suprarenal aortic surgery, car-
diopulmonary bypass, cardiopulmonary resusci-
tation and other urologic conditions3-5. The
pathogenesis of renal I/R injury is mediated by
multiple mechanisms including oxidative stress,
systemic and local inflammatory responses, en-
dothelial dysfunction, apoptosis and necrosis6,7.
Caspase becomes activated in ischemic tissues as
a result of intracellular calcium (Ca2+) accumula-
tion and is an indicator of cell death8,9. Inducible
nitric oxide synthase (iNOS) is a protein regulat-
ed by hypoxia. Nitric oxide (NO) generated by
iNOS is involved in many pathological states, in-
cluding renal I/R, and leads to oxidative damage
of critical cellular macromolecules10-12.
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Diabetes mellitus (DM) is a common chronic
disease progressing with hyperglycemia, dyslipi-
demia, and metabolic disorders and has several
major complications including macrovascular
and microvascular lesions13. Diabetic microvas-
cular lesions compromise the renal tolerance to
I/R; therefore, DM is defined as a risk factor for
the development of acute renal injury. It was
demonstrated that short ischemia period (for 30
min) in nondiabetic rats resulted in reversible
acute renal failure but caused a progressive in-
jury with end-stage renal failure in diabetic
rats12,14. However, the mechanisms underlying
the enhanced susceptibility of the kidney to I/R
in DM have not been thoroughly established.

Several different methods have been devel-
oped to prevent I/R injury. Pharmacological con-
ditioning is one of the most commonly preferred
methods used to reduce the effects of I/R in-
jury15. Various studies with different drugs for
reducing renal I/R injury have been conducted. It
has been reported that agents, including magne-
sium sulfate, N-acetylcysteine, activated protein
C, captopril, insulin and dexmedetomidine, re-
duce renal I/R injury16-21. Magnesium sulfate
(MgSO4) has a potent anti-inflammatory effect
and is a powerful antioxidant. It inhibits the en-
dotoxin-dependent inflammatory molecule up-
regulation22. Magnesium is a L-type calcium
channel blocker and L-type calcium channel
blocking may be effective in preventing I/R in-
jury by decreasing the calcium overload related
to tissue damage23. There are limited experimen-
tal studies on the protective effect of MgSO4 on
renal I/R injury17,20,24 but no study related to the
effect of MgSO4 on I/R injury in diabetic kidneys
was found in our PubMed and EMBASE search. 

The aim of this study was to evaluate the ef-
fects of MgSO4 administration before ischemia
(prophylactic) or after reperfusion (therapeutic)
by using biochemical (BUN, Cr), histomorpho-
logical and immunohistochemical methods in a
diabetic rat renal I/R injury model.

Materials and Methods

Animals
After approval of the Institutional Animal Ex-

perimentation Ethics Committee (Document
Date: 16.06.2015, Protocol No: 27/2015), the
study was conducted at the Multidisciplinary
Laboratory of Animal Experiments in our institu-
tion. In total, 35 adult female Wistar albino rats

weighing 216-249 g were used in this study. The
animals were housed in a light controlled room
(12 h light/dark cycle, 22 ± 1°C) and allowed
free access to standard pellet diet and water. All
experimental procedures and animal care meth-
ods were performed in accordance with local An-
imal Experimentation Ethics Committee rules
and national guidelines.

Induction of Diabetes
Freshly prepared streptozotocin (STZ) was

used to induce diabetes by a single intraperi-
toneal (i.p.) injection (45 mg/kg, [STZ, Sigma
Chemical Co., St. Louis, MO, USA])25. Strep-
tozotocin was prepared in a 0.1 M phosphate-
citrate buffer (pH: 4.5) and an equal volume of
buffer was injected i.p. into the non diabetic
sham group. The induction of diabetes was
controlled on the third day following STZ ad-
ministration. Blood samples were taken from
the tail vein and rats with random blood glu-
cose > 250 mg/dL (13.9 mmol/L) on glucome-
ter  (Accu-Chek; Roche Diagnostics,
Mannheim, Baden-Wurttemberg, Germany)
were accepted as diabetic and included in the
study. The rats were observed for 18 days (two
weeks following diabetes inducement) in the
laboratory and weight changes with blood glu-
cose measurements (basal, third, 13th, 18th

days) were recorded. The study was conducted
on the 18th day of observation.

Experimental Design and 
Surgical Procedure

Rats were randomly divided into five groups:
Group I (sham, n=7), nondiabetic sham operated
group; Group II (Diabetic sham, n=7), diabetic
sham operated group; Group III (Diabetic IR,
n=7), diabetic I/R group; Group IV (Diabetic IR
+ Mg-P, n=7), diabetic I/R + prophylactic preis-
chemic administration (200 mg/kg, i.p., 5 min
before ischemia) of MgSO4 (Magnesium sulfate,
1500 mg/ 10 ml amp, Biofarma, Turkey); Group
V (Diabetic IR + Mg-T), diabetic I/R + therapeu-
tic postischemic administration (200 mg/kg, i.p.,
5 min after reperfusion) of MgSO4.

The rats were anesthetized with ketamine (50
mg/kg, i.p.) and xylazine hydrochloride (10
mg/kg, i.p.) and in order to maintain anesthetic
depth supplemental ketamine (25 mg/kg, i.p.)
was administered considering reflex responses.
Following anesthesia, all rats were secured to
the operation table in supine position and
warmed with a heating lamp to maintain a rectal
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body temperature of 37-37.5°C throughout the
procedure. Laparotomy was performed with a
midline abdominal incision and bilateral renal
pedicles were carefully exposed. To prevent hy-
povolemia, isotonic saline solution (3 ml/kg,
i.p.) was administered hourly and the abdomen
was closed with a moist sterile pad during the
reperfusion period. In the sham groups (Group I
+ Group II) bilateral renal pedicles were ex-
posed without any intervention after laparotomy
and rats were kept under anesthesia for an addi-
tional 285 min (ischemia + reperfusion dura-
tion) to standardize the anesthesia duration for
all groups. In Groups III + IV + V, for I/R in-
jury model, bilateral renal pedicle occlusion
was performed with atraumatic microvascular
clamps for 45 minutes. Adequate occlusion was
confirmed by the lack of pulsation in renal pedi-
cles and presence of pallor in the kidneys. This
sustained ischemia model using same clamps
was confirmed in our previous studies by using
a laser current meter (Laser Flo BPM2,
Vasamedic, St Paul, MN, USA)9,26. At the end
of the ischemic period, the clamps were re-
moved to start the reperfusion phase for 4
hours. In Group IV (IR + Mg-P), MgSO4 (200
mg/kg, i.p.) was administered 5 min before re-
nal ischemia (prophylactic) and then renal I/R
(45 min ischemia + 4 h reperfusion) was in-
duced in both kidneys. Different from Group
IV, MgSO4 (200 mg/kg, i.p.) was administered
5 min after reperfusion (therapeutic) in Group V
(IR + Mg-T). At the end of reperfusion, the ani-
mals were anesthetized, blood samples were
drawn from the right atrium for the measure-
ment of biochemical parameters (BUN, Cr) and
left kidneys were excised, then the rats were
sacrificed by a cardiac puncture exsanguination.
The kidneys were fixed in 10% buffered
formaldehyde and embedded in paraffin wax for
histomorphological examination.

Rats in need of resuscitation were excluded
from the study.

Histomorphological Evaluation
Each kidney tissue was fixed with 10%

formaldehyde. All histomorphological analyses
described below were performed by two histolo-
gists blind to experimental groups. Kidney tis-
sues were processed by routine histological
methods and embedded in paraffin blocks. Paraf-
fin blocks were placed in a rotary microtome
(Leica RM 2135, Leica Instruments, Nussloch,
Germany) with disposable metal microtome

blades (Type S35, Feather Company, Osaka,
Japan) to obtain serial coronal sections of 4-5 μm
thickness. Three chosen transverse sections from
each sample were stained with hematoxylin-
eosin. Then the sections were examined under
light microscopy (Olympus BX-51, Olympus,
Tokyo, Japan) in terms of structural changes in
proximal tubules (tubular atrophy, loss of tubular
brush border, vacuolization, tubular dilatation,
cast formation), mononuclear cell (MNC) infil-
tration, capillary dilatation, interstitial structural
changes, renal corpuscle morphology, and
necrotic/apoptotic cells. Histomorphological in-
jury scoring was carried out using a semiquanti-
tative method based on a scale of 0 to 4 as fol-
lows: 0 = None, 1 = 1-25%, 2 = 26-50%, 3 = 51-
75% and 4 = 76-100%21.

Immunohistochemical Methods
(iNOS and Active Caspase-3)

Active caspase-3 and iNOS immunohisto-
chemistry were applied to the paraffin sections.
After deparaffinization and rehydration, sections
were treated with 10 mM citrate buffer (Cat
No.AP-9003-125 Labvision, Fremont, CA, USA)
for five minutes. Then, sections were incubated
in a solution of 3% H2O2 for 5 min to inhibit en-
dogenous peroxidase activity. They were then in-
cubated with blocking solution (Invitrogen, His-
tostain -Plus Kit Broad Spectrum, 85-9043).
Then the sections were incubated overnight at
4˚C with the specific primary antibody; anti-iN-
OS monoclonal (anti-iNOS mouse monoclonal
Ab, Genetex, Irvine, CA, USA) and active cas-
pase-3 (AB3623, Millipore, Temecula, CA,
USA, and Polyclonal antibody) antibody. On the
next day, sections were incubated with biotiny-
lated IgG secondary antibodies and then with
streptavidin for 30 min each prepared according
to kit instructions (Invitrogen Plus Broad Spec-
trum, 85-9043). Sections were finally stained
with DAB (3,3’-diaminobenzidine substrate) and
counter-stained with mayer hematoxylin and ex-
amined using a light microscope (Olympus
BX51, Olympus Optical Co. Ltd, Tokyo, Japan).

Semi-quantification of 
Immunostaining Data

A grading system was used to score the quan-
tity of iNOS and active caspase-3 positive stain-
ing in the sections. The score was defined as the
following: 0 = no immunoreactivity; 1 = remark-
ably a little positive staining; 2 = positive stain-
ing was moderate; 3 = strong positive staining
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was evenly distributed in the whole image. To
maintain consistency of scoring, each section
was graded by two histologists blind to experi-
mental groups.

Measurement of Biochemical Parameters
Serum creatinine and blood urea nitrogen

(BUN) were used as indicators of impaired renal
function. The blood samples collected 4 hours af-
ter reperfusion were placed in the refrigerator at
4°C for 20 min and centrifuged (6000 rpm for 3
min) to separate serum. These biochemical para-
meters (BUN, CR) were analyzed photometrical-
ly with an autoanalyzer (Beckman Olympus AU
5800, Brea, CA, USA) in our hospital central
biochemistry laboratory.

Statistical Analysis
SPSS 15.0 (Statistical Package for the Social

Sciences ver. 15, Chicago, IL, USA) was used
for statistical analyses. A Kruskal-Wallis analy-
sis of variance was performed to assess the dif-
ferences among all groups. For univariate analy-
sis, Mann-Whitney U-test was used for compari-
son of two independent groups. Wilcoxon Signed
Rank was conducted in order to determine
weight and blood glucose level changes over
time within groups. All data are presented as
mean ± standard deviation (mean ± SD) and me-
dian (minimum-maximum). A value of p < 0.05
was considered statistically significant.

Results

A total of 35 rats were included in the study.
One diabetic rat died in the observation period
before the experiment. One rat in the Diabetic IR

group (Group III) died during the reperfusion pe-
riod and was excluded from the study. Also, his-
tomorphological evaluation could not be per-
formed on one rat in the Mg prophylaxis group
(Group IV) due to a technical problem. Thus, 33
biochemical and 32 histomorphological variables
were analyzed for the study.

There was no significant difference between di-
abetic and nondiabetic rats in terms of basal
weights (p = 0.508) and basal blood glucose levels
(p = 0.639). Blood glucose levels increased signif-
icantly within observation period both in nondia-
betic and diabetic groups, the latter being more
distinct (resp., p = 0.018 and p < 0.001). In the
nondiabetic group, mean weight increased signifi-
cantly in the observation period, whereas in the di-
abetic group there was even an insignificant de-
crease (resp., p = 0.018 and p = 0.207) (Table I).

The histomorphological injury scores of all
groups are presented in Table II. As a general his-
tomorphological evaluation, total cell injury (TCI)
scores of the Nondiabetic sham group were signif-
icantly lower than those in the Diabetic sham and
Diabetic IR groups (resp., p = 0.001 and p =
0.001). Diabetic IR group TCI scores were signifi-
cantly higher than the Diabetic sham group (p =
0.019). The TCI scores in Diabetic IR+Mg-P and
Diabetic IR+Mg-T groups were significantly low-
er than the Diabetic IR group (resp., p = 0.011 and
p = 0.006). There was no significant difference be-
tween the TCI scores of Diabetic IR+Mg-P and
Diabetic IR+Mg-T groups (p = 0.859). 

Mononuclear Cell Infiltration
The MNC infiltration scores of the Nondiabet-

ic sham group were significantly lower than
those in the Diabetic sham and Diabetic IR
groups (resp., p = 0.001 and p = 0.001). The dif-
ference between the MNC scores of Diabetic

Blood Glucose (mg/dL) Weight (g)

Basal Day 18 p* Basal Day 18 p*

Nondiabetic rats (n = 7) 100.86 ± 4.56 154.86 ± 22.26 0.018 233.43 ± 9.03 257.29 ± 8.34 0.018
(102.0) (154.0) (237.0) (260.0)

Diabetic rats (n = 27) 99.74 ± 7.24 408.04 ± 88.90 < 0.001 236.22 ± 8.28 230.59 ± 20.09 0.207
(99.0) (402.0) (237.0) (230.0)

p** 0.639 0.508

Table I. Blood glucose levels and weights of the rats.

Data are presented as mean±SD and median; (*)Blood glucose and weight changes with time in nondiabetic and diabetic rats;
Wilcoxon Signed Rank test; (**)Comparison of basal glucose and weight values for nondiabetic and diabetic rats; Mann-Whit-
ney U test.
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sham and Diabetic IR groups was not statistically
significant (p = 0.206). The MNC infiltration
scores in Diabetic IR+Mg-P and Diabetic
IR+Mg-T groups were significantly lower than
the Diabetic IR group (resp., p = 0.030 and p =
0.002). Also, Diabetic IR+Mg-T group scores
were significantly lower than the Diabetic
IR+Mg-P group (p = 0.018).

Capillary Vasodilatation
The capillary vasodilatation scores of the Non-

diabetic sham group were significantly lower
than those in the Diabetic sham and Diabetic IR
groups (resp., p = 0.003 and p = 0.002). The dif-
ference between the capillary vasodilatation
scores of Diabetic sham and Diabetic IR groups
was not statistically significant (p = 0.057); how-
ever, the scores in Diabetic IR group were slight-

ly higher. There were no significant differences
between the capillary vasodilatation scores of Di-
abetic IR and Diabetic IR+Mg-P; Diabetic IR
and Diabetic IR+Mg-T; and Diabetic IR+Mg-P
and Diabetic IR+Mg-T groups (resp., p = 0.057,
p = 0.067 and p = 0.999).

Proximal Tubules Injury
The proximal tubules injury (PTI) scores of the

Nondiabetic sham group were significantly lower
than those in the Diabetic sham and Diabetic IR
groups (resp., p = 0.001 and p = 0.001). The PTI
scores in the Diabetic IR group were significantly
higher than the Diabetic sham group (p = 0.030).
The scores in Diabetic IR+Mg-P and Diabetic
IR+Mg-T groups were significantly lower than the
Diabetic IR group (resp., p = 0.030 and p =
0.009). There was no significant difference be-

MNC Capillary Proximal Total cell 
Groups infiltration vasodilatation tubules injury injury score

Group I (Nondiabetic sham) 0.0 0.14±0.38 0.0 0.0
(n = 7) 0.0 0.0 0.0 0.0

0-0 0-1 0.0 0.0

Group II (Diabetic sham) 1.83 ± 0.75 1.33 ± 0.52 1.50 ± 0.55 1.50 ± 0.55
(n = 6) 2.0 1.0 1.5 1.5

1-3 1-2 1-2 1-2

Group III (Diabetic IR) 2.33 ± 0.52 2.17 ± 0.75 2.33 ± 0.52 2.5 ± 0.55
(n = 6) 2.0 2.0 2 2.5

2-3 1-3 2-3 2-3

Group IV (Diabetic IR+Mg-P) 1.50 ± 0.55 1.33 ± 0.52 1.50 ± 0.55 1.33 ± 0.52
(n = 6) 1.5 1.0 1.5 1.0

1-2 1-2 1-2 1-2

Group V (Diabetic IR+Mg-T) 0.57 ± 0.53 1.29 ± 0.76 1.14 ± 0.69 1.29 ± 0.49
(n = 7) 1.0 1 1 1.0

0-1 0-2 0-2 1-2

p* values

p1,2 0.001 0.003 0.001 0.001
P1,3 0.001 0.002 0.001 0.001
p1,4 0.001 0.003 0.001 0.001
p1,5 0.023 0.008 0.003 0.001
p2,3 0.206 0.057 0.030 0.019
p2,4 0.423 0.999 0.999 0.575
p2,5 0.010 0.999 0.335 0.447
p3,4 0.030 0.057 0.030 0.011
p3,5 0.002 0.067 0.009 0.006
p4,5 0.018 0.999 0.335 0.859

Table II. Histomorphological injury scores in groups.

Group I; Nondiabetic sham, Group II; Diabetic sham, Group III (Diabetic IR); Renal ischemia/reperfusion in diabetic rats, Group
IV (Diabet IR+Mg-P); Renal ischemia/reperfusion diabetics rats with prophylactic Mg, Group V (Diabetic IR+Mg-T) Renal is-
chemia/reperfusion in diabetic rats with therapeutic Mg. Data are presented as mean ± SD, median, minimum and maximum.
*Mann-Whitney U test. p1,2: Comparison of Nondiabetic sham and Diabetic sham; p1,3: Comparison of Nondiabetic sham and Dia-
betic IR; p1,4: Comparison of Nondiabetic sham and Diabetic IR + Mg-P; p1,5: Comparison of Nondiabetic sham and Diabetic IR+
Mg-T; p2,3: Comparison of Diabetic sham and Diabetic IR; p2,4: Comparison of Diabetic sham and Diabetic IR + Mg-P; p2,5: Com-
parison of Diabetic sham and Diabetic IR + Mg-T; p3,4: Comparison of Diabetic IR and Diabetic IR + Mg-P; p3,5: Comparison of
Diabetic IR and Diabetic IR + Mg-T; p4,5: Comparison of Diabetic IR + Mg-P and Diabetic IR + Mg-T.
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tween PTI scores of Diabetic IR+Mg-P and Dia-
betic IR+Mg-T groups (p = 0.335).

Histomorphological Examination
Nondiabetic sham group kidney sections

showed a normal structural organization with

normal proximal, distal tubules and glomerulus
in the cortex. The brush border and the basal
membranes were intact. There were no loss and
irregularity noticed (Figure 1-A). In the Diabetic
sham group, infiltration of MNCs, brush border
loss in the proximal tubule cells, tubular atrophy,

Figure 1. Representative light-microscopic images of hematoxylin-eosin stained kidney sections belong to; (A) Nondiabetic Sham
group (¥40), (B) Diabetic Sham group (¥40), (C1,2) Diabetic ischemia-reperfusion (IR) group (resp., ¥20 and ¥100), (D) Diabetic
IR+Mg-P group (¥40) and (E) Diabetic IR+Mg-T group (¥40). Hyalin substance deposition (the accumulation of proteinaceous ma-
terial in tubules) is marked with a black arrow (Æ) and debris in the lumen of the proximal tubule is marked with a black star (´).
In micrographs proximal tubules, distal tubules and renal glomerulus are shown with (P), (D), (G), respectively.
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and tubular dilatation were observed in some ar-
eas. In addition, proteinaceous material deposi-
tion, rarely cell debris in tubule lumens and ery-
throcyte extravasations were observed in some
tubules (Figure 1-B). In the Diabetic IR group,
MNC infiltrations, erythrocyte extravasations,
tubular atrophy, tubular dilatation, proteinaceous
material deposition and cell debris in the tubule
lumens were more prominent when compared
with the Diabetic sham group (Figure 1-C1,2). In
the Diabetic IR+Mg-P group, the histomorpho-
logic changes, especially in MNC infiltration,
tubule cells degeneration, proteinaceous material
deposition and erythrocyte extravasations, de-
creased when compared with the Diabetic IR
group (Figure 1-D). In the Diabetic IR+Mg-T
group, similar histomorphological changes were
observed as in the Diabetic IR+Mg-P group (Fig-

ure 1-E). In a histomorphologic comparison of
Diabetic IR+Mg-T and Diabetic IR+Mg-P
groups, MNC infiltration, the brush border loss
in proximal tubule cells, proteinaceous material
deposition, cast formation, and cell debris in the
lumen of tubules were observed less in Diabetic
IR+Mg-T group.

Immunohistochemical Evaluation
(Active Caspase-3 and iNOS)

The immunohistochemical staining intensity
scores of all groups are presented in Table III.
In the Nondiabetic sham group, caspase-3 and
iNOS immunostaining intensities were signifi-
cantly lower than those in the Diabetic sham
group (resp., p = 0.011 and p = 0.009). Im-
munostaining intensities of caspase-3 and iNOS
were significantly lower in the Nondiabetic

Groups Caspase i-NOS

Group I (Nondiabetic Sham) 0.71 ± 0.49 0.57 ± 0.53
(n=7) 1.0 1.0

0-1 0-1

Group II (Diabetic Sham) 1.67 ± 0.52 1.67 ± 0.52
(n = 6) 2.0 2.0

1-2 1-2

Group III (Diabetic IR) 2.33 ± 0.52 2.33 ± 0.52
(n = 6) 2.0 2.0

2-3 2-3

Group IV (Diabetic IR+Mg-P) 1.33 ± 0.52 1.5 ± 0.55
(n = 6) 1.0 1.5

1-2 1-2

Group V (Diabetic IR+Mg-T) 1.43 ± 0.53 1.43 ± 0.53
(n = 7) 1.0 1.0

1-2 1-2

p* values

p1,2 0.011 0.009
p1,3 0.002 0.002
p1,4 0.054 0.018
p1,5 0.030 0.018
p2,3 0.056 0.056
p2,4 0.269 0.575
p2,5 0.409 0.409
p3,4 0.014 0.030
p3,5 0.018 0.018
p4,5 0.014 0.030

Table III. Immunostaining intensity scores (i-NOS and active caspase-3) in groups.

Group I; Nondiabetic Sham, Group II; Diabetic Sham, Group III (Diabetic IR); Renal ischemia/reperfusion in diabetic rats, Group
IV (Diabet IR+Mg-P); Renal ischemia/reperfusion diabetics rats with prophylactic Mg, Group V (Diabetic IR+Mg-T) Renal is-
chemia/reperfusion in diabetic rats with therapeutic Mg. Data are presented as mean ± SD, median, minimum and maximum.
*Mann-Whitney U test. p1,2: Comparison of Nondiabetic Sham and Diabetic sham; p1,3: Comparison of Nondiabetic Sham and Di-
abetic IR; p1,4: Comparison of Nondiabetic Sham and Diabetic IR + Mg-P; p1,5: Comparison of Nondiabetic Sham and Diabetic
IR+ Mg-T; p2,3: Comparison of Diabetic sham and Diabetic IR; p2,4: Comparison of Diabetic Sham and Diabetic IR + Mg-P; p2,5:
Comparison of Diabetic Sham and Diabetic IR + Mg-T; p3,4: Comparison of Diabetic IR and Diabetic IR + Mg-P; p3,5: Compari-
son of Diabetic IR and Diabetic IR + Mg-T; p4,5: Comparison of Diabetic IR + Mg-P and Diabetic IR + Mg-T.



Discussion

In this experimental study, the effects of
magnesium sulfate administration before is-
chemia (prophylactic) or following reperfusion
(therapeutic) were investigated in a diabetic rat
renal I/R model and both methods were signifi-
cantly found to reduce I/R injury according to
histomorphological and immunohistochemical
results. However, this protective effect of Mg-
SO4 was not significantly determined by using
biochemical parameters (BUN, Cr).

Renal I/R injury is a major cause of acute re-
nal failure and may occur during several clinical
conditions3-5. Diabetes mellitus is defined as a
risk factor for the development of acute renal in-
jury, as diabetic nephropathy compromises the
renal tolerance to I/R injury. Glomerular lesions,
infiltration of inflammatory cells, tubular atro-
phy, and interstitial fibrosis are the common
histopathologic features of the diabetic
nephropathy. Ischemia/reperfusion injury in a di-
abetic kidney results in a severe inflammatory re-
sponse14,16. Increased susceptibility to renal I/R
injury has been reported in several studies with
diabetic rat models27,28. As DM is a common dis-
ease with an increasing prevalence, preventing
renal I/R injury in diabetic patients by investigat-
ing possible protective and therapeutic strategies
is clinically important.

In our experimental diabetes model, a single
dose of STZ (45 mg/kg, i.p.) was used to induce
DM in rats and a random blood glucose level of
> 250 mg/dL (13.9 mmol/L) was accepted as dia-
betic19,25,26,29. There were no significant differ-
ences between diabetic and nondiabetic rats in
terms of basal weights and basal blood glucose
levels. Although different observation durations
following the induction of diabetes were reported
in the rat models12,19,27, the rats were observed for
15 days following STZ administration to develop
diabetic nephropathy14,16. In our study; all histo-
morphological injury scores, immunostaining in-
tensities (for both caspase-3 and iNOS) and BUN
values were significantly higher in the Diabetic
sham group than in the Nondiabetic sham group.
These results suggest that diabetic nephropathy
was successfully induced in diabetic rats.

Renal IR injury is a complex inflammatory
phenomenon that begins during ischemia and
progresses with the reperfusion of ischaemic re-
nal tissue that initiates a complex series of cellu-
lar events. Both inflammation and apoptosis de-
velop in renal IR injury. Inflammatory cell infil-

sham group compared with the Diabetic IR
group (resp., p = 0.002 and p = 0.002). There
were no significant differences in immunostain-
ing intensities between the Diabetic sham and
Diabetic IR groups (for both, p = 0.056). In the
Diabetic IR+Mg-P group, caspase-3 and iNOS
immunostaining intensities were significantly
lower than in the Diabetic IR group (resp., p =
0.014 and p = 0.030). Similarly, immunostain-
ing intensities of the Diabetic IR+Mg-T group
were significantly lower than in the Diabetic IR
group (for both, p = 0.018). Caspase-3 staining
intensity of the Diabetic IR+Mg-P group was
significantly lower than in the Diabetic IR+Mg-
T group (p = 0.014); however, iNOS staining
intensity of the Diabetic IR+Mg-P group was
significantly higher than in the Diabetic
IR+Mg-T group (p = 0.030).

Nondiabetic sham kidneys were nearly nega-
tive for active caspase-3 and iNOS immunos-
taining in renal tubular structures other than
very small numbers of immunpositive proximal
tubule epithelial cells (Figure 2-A, Figure 3-A).
In contrast, active caspase-3 and iNOS were ex-
pressed highly in the Diabetic sham and Diabet-
ic IR groups in several proximal and distal
tubules; however, immunostaining intensities
were more prominent in the Diabetic IR group
(Figure 2-B, C1,2; Figure 3-B, C1,2). Compared
with the Diabetic IR group, the Diabetic
IR+Mg-P and Diabetic IR+Mg-T groups
showed less immunostaining intensities for both
active caspase-3 and iNOS antibodies (Figure
2-D, E; Figure 3-D, E).

Biochemical Parameters
The biochemical evaluation of all groups is

presented in Table IV. The BUN values of the
Nondiabetic sham group were significantly low-
er than those of the Diabetic sham and Diabetic
IR groups (resp., p = 0.032 and p = 0.010). The
Nondiabetic sham group had significantly lower
Cr values than the Diabetic IR group (p =
0.022), but there was no significant difference
between the Nondiabetic sham and Diabetic
sham groups (p = 0.774). In means of BUN and
Cr levels, there were significant differences be-
tween the Diabetic sham and Diabetic IR
groups (resp., p = 0.016 and p = 0.004). The Di-
abetic IR+Mg-P and Diabetic IR+Mg-T groups
had no significant differences compared to the
Diabetic IR group in means of BUN and Cr val-
ues (resp. for BUN; p = 0.999, p = 0.999, for
Cr; p = 0.283, p = 0.391).
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tration, increased microvascular permeability, in-
terstitial edema, parenchymal cell dysfunction,
interstitial/tubular structural changes, apoptosis
and acute tubular necrosis have been shown
histopathologically in various experimental stud-
ies of renal I/R injury26,30-32. Besides, apoptosis

and ischemic cell injury could be demonstrated by
different immunohistochemical methods including
caspase-3 and iNOS immunoreactivity8-12. Cas-
pase-3 and iNOS become activated in ischemic
tissues and are indicators of cell death. These
changes can occur during the initial 24 h follow-

Figure 2. A, Representative light-microscopic images of anti-active caspase-3 immunohistochemically stained proximal and
distal tubule cells in the kidney sections; (A) Nondiabetic Sham group, (B) Diabetic Sham group, (C1,2) Diabetic ischemia-
reperfusion (Diabetic IR) group, (D) Diabetic IR + Mg-P group and (E) Diabetic IR + Mg-T group. The active caspase-3 im-
mune positive cells were observed in different quantities for all groups in the proximal and distal tubule epithelial cells. The
positive immunostained cells are marked with black arrow (Æ) in sections A, B, C, D and E (Original magnification ¥100).
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ing reperfusion and continue progressively corre-
lated with high levels of BUN and serum creati-
nine14,26,32,33. In the present study, histomorpho-
logical, immunohistochemical (caspase-3, iNOS)
and biochemical (BUN, Cr) methods were used
to evaluate the effect of magnesium sulfate on re-
nal I/R injury.

Renal I/R injury can be induced in experimental
animal models using two different methods; either
by unilateral nephrectomy and clamping the con-
tralateral renal pedicle/artery or by clamping the
bilateral renal pedicles/arteries. The duration of re-
nal ischemia is important and generally varies be-
tween 30 and 60 min in several studies14,23,26,34. Al-

Figure 3. Representative light-microscopic images of anti-iNOS immunohistochemically stained proximal and distal tubule
cells in the kidney sections in; (A) Nondiabetic Sham group, (B) Diabetic Sham group, (C1,2) Diabetic ischemia-reperfusion
(Diabetic IR) group, (D) Diabetic IR + Mg-P group and (E) Diabetic IR + Mg-T group. The iNOS immune positive cells were
observed in different quantities for all groups in the proximal and distal tubule epithelial cells. The positive immunostained
cells are marked with black arrow (Æ) in sections A, B, C, D and E (Original magnification ¥100). 
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so, different reperfusion durations were used in rat
renal I/R injury models in previous studies12,14,32,34.
Williams et al32 reported that following 45 min of
renal ischemia, IR injury occurred earliest at the
4th h and peaked at the 24th h of reperfusion in
nondiabetic rats. However, Melin et al14 demon-
strated that early signs of ischemic injury could be
observed in the renal medulla after 2 h of reperfu-
sion in diabetic rats. In this study, bilateral renal
pedicles were clamped to induce ischemia for 45
min followed by reperfusion for 4 h. Histomor-
phological injury scores (total cell injury and
proximal tubulus scores) and biochemical values
(for both BUN and Cr) were significantly higher
in the Diabetic IR group than in the Diabetic sham
group. Although there was a remarkable increase
in the immunostaining intensities (for both cas-

pase-3 and iNOS) in the Diabetic IR group, the
difference was not significant (p=.056). In contrast
with the results of some studies21, significant in-
creases determined in BUN and Cr values in an
early postischemic period (4th hour of reperfusion)
suggest that these biochemical markers can be re-
liable in acute renal injury32. These findings
demonstrate that renal I/R injury was successfully
induced in diabetic rat groups.

Pharmacological conditioning is one of the
most commonly preferred methods used to re-
duce the effects of I/R injury and may be used as
a prophylactic (preconditioning) and/or therapeu-
tic (postconditioning) method15. Magnesium sul-
fate is a noncompetitive antagonist of N-methyl-
D-aspartate (NMDA) receptor and renal I/R in-
jury leads to NMDA receptor activation or up-

Groups BUN (mg/dL) Cr (mg/dL)

Group I (Nondiabetic Sham) 33.39 ± 17.74 0.550.43
(n=7) 28.80 0.40

18.70-71.30 0.32-1.52

Group II (Diabetic Sham) 47.57 ± 12.26 0.43 ± 0.67
(n=6) 42.10 0.43

38.50-70.10 0.35-0.52
Group III (Diabetic IR) 72.05 ± 10.11 1.45 ± 0.20
(n=6) 72.55 1.37

56.6-86.0 1.28-1.84

Group IV (Diabetic IR+Mg-P) 72.26 ± 8.70 1.30 ± 0.24
(n=7) 69.5 1.28

61.0-88.5 0.94-1.70

Group V (Diabetic IR+Mg-T) 66.73 ± 20.49 1.21 ± 0.52
(n=7) 70.40 1.21

24.1-87.3 0.35-2.01
p* values

p1,2 0.032 0.774
p1,3 0.010 0.022
p1,4 0.009 0.018
p1,5 0.035 0.073
p2,3 0.016 0.004
p2,4 0.015 0.003
p2,5 0.063 0.027
p3,4 0.001 0.283
p3,5 0.001 0.391
p4,5 0.949 0.848

Table IV. Biochemical values of the groups.

Group I; Nondiabetic Sham, Group II; Diabetic Sham, Group III (Diabetic IR); Renal ischemia/reperfusion in diabetic rats,
Group IV (Diabet IR+Mg-P); Renal ischemia/reperfusion diabetics rats with prophylactic Mg, Group V (Diabetic IR+Mg-
T) Renal ischemia/reperfusion in diabetic rats with therapeutic Mg. Data are presented as mean ± SD, median, minimum
and maximum. *Mann-Whitney U test. p1,2: Comparison of Nondiabetic Sham and Diabetic sham; p1,3: Comparison of Non-
diabetic Sham and Diabetic IR; p1,4: Comparison of Nondiabetic Sham and Diabetic IR + Mg-P; p1,5: Comparison of Nondi-
abetic Sham and Diabetic IR+ Mg-T; p2,3: Comparison of Diabetic sham and Diabetic IR; p2,4: Comparison of Diabetic
Sham and Diabetic IR + Mg-P; p2,5: Comparison of Diabetic Sham and Diabetic IR + Mg-T; p3,4: Comparison of Diabetic IR
and Diabetic IR + Mg-P; p3,5: Comparison of Diabetic IR and Diabetic IR + Mg-T; p4,5: Comparison of Diabetic IR + Mg-P
and Diabetic IR + Mg-T.



regulation in damaged kidneys34,35. It rearranges
microcirculation during reperfusion, increases
the total blood flow to the organ, and reduces
edema36. Magnesium plays a fundamental role in
many aspects of cellular functions besides the
noncompetitive NMDA receptor and endogenous
Ca2+ channel blockage. It may cause vasodilata-
tion by stimulating endothelial prostacyclin re-
lease, and decrease I/R injuries by directly in-
hibiting lipid peroxidation37. The protective ef-
fect of MgSO4 on I/R injury of different organs
was investigated in several experimental models,
but the results are inconsistent according to sev-
eral factors including the dose or administration
route. Kao et al22 showed that MgSO4 (50, 100
mg/kg, i.v.) administered just after reperfusion
reduced lung I/R injury, and Kaplan et al36 estab-
lished that MgSO4 (35 mg/kg/h, i.v.) adminis-
tered before and following the ischemia as con-
tinuous infusion mitigated spinal I/R injury. In
contrast, Hwang et al37 reported that MgSO4 (30,
100, 300 mg/kg, i.v.) administered before is-
chemic insult did not prevent spinal I/R injury,
and Gormus et al38 showed that MgSO4 (5
mg/kg, i.v.) had no protective effect on muscle
I/R injury. Similarly, the results of the clinical
studies about the effect of MgSO4 on I/R injury
are inconsistent, as positive35,39-41 and negative42,43

outcomes were reported in the literature.
There are limited experimental studies on the

protective effect of MgSO4 on renal I/R injury.
Xiao et al24 administered MgSO4 (25 mg/kg/h,
i.v.) before and following the ischemia as a con-
tinuous infusion in a rat renal I/R injury model
and reported that MgSO4 reduced renal I/R in-
jury. In another study, de Araujo et al17 investi-
gated the effects of magnesium on renal IR in-
jury and established that although magnesium
had a protective effect on renal functions (GFR),
it could not prevent tubular damage. Besides, the
authors determined higher histomorphological
vasodilatation scores in rats treated with magne-
sium and attributed this to the vasodilator effect
of magnesium. Pundir et al20 administered Mg-
SO4 (600 mg/kg, i.p.) for five days before is-
chemic insult and conducted a rat renal I/R study
with 40 min ischemia/24 h reperfusion periods.
They showed that MgSO4 reduced renal I/R in-
jury according to biochemical (BUN, Cr) and
histomorphological assessment. In addition,
Pundir et al20 established that the protective effect
of MgSO4 was related to its antagonistic action
on NMDA receptors, consistent with the results
of several studies34,35. 

To our best knowledge, the effect of MgSO4

on renal I/R injury in diabetic kidney models
has not been investigated previously. In the
present study, MgSO4 was administered before
(prophylactic) or following ischemic insult
(therapeutic) as it can potentially be used in
clinical practice. Histomorphological injury
scores (total cell injury, MNC infiltration and
proximal tubulus scores) and immunostaining
intensities (for both caspase-3 and iNOS) were
significantly lower in the both MgSO4 adminis-
tered groups (Mg-P and Mg-T) than the Diabet-
ic IR group. We could not detect a significant
difference in capillary vasodilatation scores be-
tween the MgSO4 administered groups and the
Diabetic IR group that might be related to the
vasodilator effect of MgSO4. In contrast with
the study of Pundir et al20 in which they used a
higher MgSO4 dose and a longer reperfusion
period, significant differences were not found
in biochemical parameters (BUN, Cr) between
the MgSO4 administered groups and the Diabet-
ic IR group in our study. In a comparison of the
two administration methods (prophylactic or
therapeutic), the iNOS immunostaining intensi-
ty and MNC infiltration scores were signifi-
cantly lower in the therapeutic (Mg-T) group,
but caspase-3 immunostaining intensity was
significantly lower in the prophylactic (Mg-P)
group. Thus, we can assume that therapeutic
administration of MgSO4 was slightly superior
to prophylactic administration in this renal I/R
injury model.

This study has some limitations. Reperfusion
period might be longer as 24 h/48 h to determine
the late histomorphological and biochemical
changes. In addition, we did not perform West-
ern blotting or quantitative polymerase chain re-
action analyses to confirm the immunohisto-
chemical methods.

Conclusions

Our histomorphological and immunohisto-
chemical results established that preishemic (pro-
phylactic) or postischemic (therapeutic) adminis-
tration of MgSO4 reduced renal I/R injury in this
diabetic rat model. As MgSO4 is a highly safe
drug which has been commonly used in clinical
practice for many years, we suggest conducting
further clinical studies to determine the effective
dose and administration methods of MgSO4 in
patients with diabetic nephropathy. 
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