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SUMMARY

The purpose of our study was to determine the effects of co-treatment with vitamins C and E on
gentamicin-induced nephrotoxicity and to quantify renal structural changes through morphometric analysis.
Experiments were done on 24 Wistar rats divided into three groups of 8 animals each. The GM group animals
were treated with gentamicin in the dose of 100 mg/kg. The GMEC group received both vitamin E in the dose of
100 mg/kg and vitamin C in the dose of 200 mg/kg together with gentamicin. The control group received normal
saline. We confirmed nephrotoxicity in the GM group of rats by increased concentrations of creatinine and urea,
altered parameters of oxidative stress (CAT, MDA, AOPP) and histopathological analysis of renal sections.
Morphometric analysis showed increased glomerular basement membrane thickness and significant changes of
glomerular and tubular parameters in the GM group. Analysis of parameters of oxidative stress showed that
vitamins C and E significantly attenuated nephrotoxic effect of gentamicin; in addition, histological and
morphometric analysis showed reduced histopathological damages of renal structures in the GMCE group. This
study indicated that vitamins C and E could provide a significant protective effect against gentamicin-induced
morphological and functional kidney alterations.
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INTRODUCTION

Gentamicin is an aminoglycoside antibiotic very
effective in the treatment of Gram-negative bacterial
infections (1). However, many investigations document-
ed that it causes dose-dependent nephrotoxicity in 10-
25% of treated patients (2). Some studies indicate the
importance of reactive oxygen and nitrogen species in its
nephrotoxicity. Together with increase in lipid peroxi-
dation and decrease in antioxidative enzyme levels, they
cause kidney damage (3).

GM-induced nephrotoxicity is functionally mani-
fested as proteinuria, increased serum urea and creati-
nine levels, and decreased glomerular filtration rate
which all lead to acute kidney failure (4).

Recent data implicate the development of in-
flammation which is characterized by mononuclear infil-
trations with consecutive release of proinflammatory
cytokines and activation of NF-kB as a response to oxi-
dative stress, which mediates gentamicin-induced kid-
ney damage (5, 6).

Target spot in GM-induced kidney impairment is
the renal cortex, precisely glomerules and proximal tu-
bules. Morphological alterations include necrosis and
apoptosis of tubular cells (7-9), mitochondrial vacuoliza-
tion and lysosomal swelling (10, 11).

Gentamicin-treated rat kidneys are very sensitive
to reactive oxygen species (ROS) due to decreased acti-
vity of endogenous antioxidative enzymes such as man-
ganese superoxide dismutase, glutathione peroxidase,
glutathione reductase and catalase (12). Enormous ROS
production has a direct impact on certain macromolecu-
les and causes cellular damage and necrosis through
mechanisms which include membrane lipid peroxida-
tion, protein denaturation and DNA damage. It is im-
portant to point out that oxidative stress (13) and mito-
chondrial cytochrome C leakage (14) is not the only me-
chanism of renal damage in GM-induced nephropathy;
carbonyle stress also has a certain role in its pathophy-
siology (15).

Many studies investigated protective effects of dif-
ferent antioxidants in GM-mediated nephrotoxicity, in-
cluding selenium, lipoic acid, melatonin, vitamin E,
green tea, N-acetyl cysteine and other (16-18).

Vitamin E is a well-known endogenous antioxi-
dant which attenuates cellular damage by protecting es-
sential fatty acids against free radical-mediated oxidative
deterioration. Vitamin C has a strong antioxidative acti-
vity. Its mechanism of action is through ROS neutrali-
zation, amelioration of DNA and plasma membrane
dam-age and reducing mutations (19).

Some investigations documented better effect in
co-treatment of these two antioxidants. Co-supplementa-
tion of vitamin C and E decreases lipid peroxidation and
enhances antioxidative enzyme activity in diabetic rat
kidneys (13, 20, 21). However, in this experimental mo-
del, alterations of glomerules, GBM and tubules were
not quantified through morphometric analysis before
nor were advanced oxidation protein products (AOPP)
determined, which was the main goal in our study.

MATERIAL AND METHODS

Adult Wistar rats (n = 24; weighing 250-300 g)
housed at the vivarium of the Institute for Biomedical
Research, Faculty of Medicine, University of Nis were
used in this study. Animals were kept in sterile (patho-
gen-free) polycarbonate cages under controlled condi-
tions with a 12 hour day / night cycle at 20 + 2 °C, with
humidity around 60%, with food and water ("VET-
FARM'"-Subotica) available ad libitum. The animals were
acclimated one week before the experiment and ran-
domly divided into three groups. All experimental pro-
cedures were conducted in accordance with the prin-
ciples for the care and use of laboratory animals in
research, the Declaration of Helsinki and European Com-
munity guidelines for the ethical handling of laboratory
animals (EU Directive of 2010; 2010/63/EU), and were
approved by the local Ethical Committee (No. 01-2625-
7).

EXPERIMENTAL PROTOCOL

All rats were randomly divided into three groups,
each consisting of 8 animals. The treatment protocol was
designed as follows:

Group I — control (C) group, received normal
saline 1 ml/day intraperitoneally (i.p.)

Group II — the first experimental group (GM
group) was treated with gentamicin (Galenika AD, Bel-
grade, Serbia) i.p. in the dose of 100 mg /kg body weight
(BW)/24 h.

Group III - the second experimental group (GEC
group) received oil solution of vitamin E in the dose of
100 mg/kg BW/24 h (Pharmamagist, Budapest, Hun-
gary) and vitamin C (Galenika AD, Belgrade, Serbia) i.p.
in the dose of 200 mg/kg BW/24 h together with the
same dose of gentamicin as in the GM group.

All animals were treated for eight consecutive
days and after the last treatment, i.e. 9 days after the
beginning of the experiment; the animals were anaes-
thetized with 80 mg/kg of ketamine (10% Ketamidor,
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Richter pharma AG, Wien, Austria). Blood samples were
taken from the aorta and the serum for biochemical
analysis was separated after centrifugation at 2000 rpm
for 10 minutes. Both kidneys were dissected from ani-
mals where one was used for biochemical analysis, while
the other was used for histopathological processing and
further light microscopic examination.

HISTOLOGICAL ANALYSIS

Dissected kidneys were fixed in 10% buffered
formaldehyde, dehydrated in different alcohol solutions
and further processed for paraffin embedding. Kidney
tissue species were cut at a thickness of 5 um using a
HistoRange microtome (model: LKB 2218, LKB-Pro-
dukter AB, Bromma, Sweden). Tissue samples were rou-
tinely stained with hematoxylin—eosin (HE), Periodic
Acid Schiff (PAS) and Jones methenamine silver accor-
ding to the conventional staining protocols. For histopa-
thological examination of kidney tissue, the microscope
(LEICA DM 2000 LED) and digital camera (LEICA DFC
450) were used.

BIOCHEMICAL ANALYSIS

Blood samples were analyzed for markers of
kidney function impairment. Urea, creatinine, sodium
and potassium concentrations in serum were measured
by using an automatic biochemical analyzer (A25 Bio-
systems, Barcelona, Spain).

KIDNEY TISSUE HOMOGENIZATION AND
DETERMINATION OF OXIDATIVE STRESS
PARAMETERS

Kidney tissue was cut and homogenized in ice-
water with homogenizer (IKA Works de Brasil Ltda
Taquara, R] 22, 713-00). Kidney homogenates were cen-
trifuged at 4000 rpm for 10 minutes at 4 °C in order to
obtain clear supernatants. The protein content was mea-
sured according to the Lowry’s method (22) using bo-
vine serum as standard. The amounts of AOPP in the
renal tissue homogenates were determined using spec-
trophotometric method described by Witko-Sarsat et al.
(23). Lipid peroxidation was measured by determining
malondialdehyde (MDA) levels that in reaction with
thiobarbituric acid (TBA) give colored product which
absorbance was measured at 532 nm (24). Renal catalase
(CAT) activity was determined using a standard method
previously described by Goth (25).
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MORPHOMETRIC ANALYSIS

For quantification of changes determined by the
histological analysis of kidney tissue, morphometric ana-
lysis was used to examine the structures of kidneys (glo-
meruli, glomerular basement membrane, proximal and
distal tubules and cell nuclei of kidneys interstitium).
Morphometric analysis was performed using a light mi-
croscope Leica DMR (Leica Microsystems AG, Wetzlar,
Germany) using the computer program Image J:
(http://rsbweb.nih.gov/ij/). All experimental animals were
analyzed. Spatial calibration, by object micrometer (1:100),
as well as optical density calibration were performed
before each analysis.

For the analysis of glomeruli, samples stained
with HE method were used and photographed under
the lens magnification of 10 times. The analysis included
all observed glomeruli at magnification of 10x, according
to the principle of random selection of selected visual
fields per one case. In the observed glomeruli, the fol-
lowing morphometric parameters were determined:
GBM thickness, cellularity, area, perimeter, Feret's dia-
meter as well as circularity.

Morphometric analysis of the renal tubules was
performed on the samples stained with PAS method
and photographed under lens magnification of 10x. The
analysis included 10 tubules, according to the principle
of random selection of selected visual fields per one case.
In each visual field five randomly selected proximal and
five randomly selected distal tubules were analyzed. The
following parameters were determined: area and nuc-
leo-cytoplasmic ratio. The analysis included only those
tubules whose contours were clearly visible.

Morphometric analysis of interstitial cells nuclei
was performed on the samples stained with HE method
and photographed under lens magnification of 40x, on a
total of 10 randomly selected fields. Morphometric ana-
lysis included 10 randomly selected nuclei for each field
of view (a total of 100 nuclei per case). We determined
the following parameters: area, optical density, perime-
ter, Feret's diameter and circularity.

STATISTICAL ANALYSIS

The obtained parameters were expressed as the
mean + SD. Statistical significance between different
groups was determined by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for multi-
ple comparison (Graphpad Prism version 5.03, San Diego,
CA, USA). P < 0.05 was considered to be statistically
significant.
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RESULTS
HISTOLOGICAL ANALYSIS

Control group of rats showed normal histological
tissue features (Figure 1a and b). In some proximal tu-
bules of the experimental group treated with gentami-
cin, coagulation-type necrosis was present, while in other
tubules pre-necrotic changes with eosinophilia, conden-
sation of cytoplasm and nuclei hyperhromasia were ob-
served (Figure 1c). In some tubules, eosinophilic hyaline
cylinders were found. Glomeruli in the GM group of rats
were enlarged and edematous, with reduction of Bow-
man's space, while GBM was blurred. Epithelial cells of
distal tubules showed signs of reversible damage, while

mononuclear infiltrate was present in the interstitium.
On the samples stained with Jones method, irregularly
thickened GBM can be seen as well as the coagulation
necrosis with the presence of dark inclusions and vacuo-
lation of the cytoplasm of cells of proximal tubules that
still have nuclei (Figure 1d). The kidney cortex of rats in
GEC group had relatively preserved morphology. In the
epithelium of particular proximal tubules, discrete signs
of parenchymatous degeneration were present. In the
interstitium, focal mononuclear inflammatory infiltrate
was predominantly composed of lymphocytes and his-
tiocytes (Figure le). Mild congestion was present in the
capillary network of glomeruli. The distal tubules were
of normal appearance. GBM was significantly thinner
compared to the GM group (Figure 1f).

Figure 1. Histopathology of renal glomeruli and tubules of (A) control group of rats showed normal histological
tissue features (HE x 200); (B) control group of rats with normal structure of glomeruli (JONES x 400); (C)
gentamicin-treated rats showed areas of proximal convoluted tubule epithelial necrosis and vacuolation of
cytoplasm (HE x 200); (D) gentamicin-treated rats showed enlarged glomeruli with reduction of Bowman's space,
while GBM was irregularly thickened (JONES x 400); (E) GMCE group with discrete signs of parenchymatous
degeneration in proximal tubules (HE x 200); (F) GMCE group with thinner GBM than in the GM group.
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BIOCHEMICAL ANALYSIS

The analysis of biochemical parameters showed
significant increase in the concentrations of urea and
creatinine in the GM group when compared to the con-
trol group (p < 0.001). Creatinine and urea concentra-
tions in rats treated with gentamicin and vitamins C and
E were significantly lower compared to the GM group (p
<0.001). The concentration of potassium in the GM group
was significantly decreased in comparison with the C
group (p <0.001), while the concentration of sodium was
also decreased, but with no statistical significance. The
concentration of potassium in the GMCE group was sig-
nificantly higher than in the GM group (p < 0.001), while
the concentration of sodium in this group was not sig-
nificantly different from the other groups (Table 1).

ANALYSIS OF OXIDATIVE STRESS

Analysis of oxidative stress marker AOPP show-
ed significantly elevated renal levels of AOPP in the GM
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group compared to the control group of rats (p < 0.001).
Simultaneous administration of vitamin C and E with
gentamicin reduced oxidative stress, which was eviden-
ced by a significant decrease in renal AOPP levels com-
pared to those in the GM group (p <0.001) (Table 2).

Gentamicin administration to rats significantly in-
creased the MDA levels in the kidney tissue compared
to the C group (p < 0.001). Administration of vitamins C
and E in the GMCE group reduced lipid peroxidation,
which was evidenced by a significant decrease in MDA
levels in this group compared to those obtained for the
GM group (p <0.001) (Table 2).

The determination of renal catalase activity show-
ed significantly reduced activity of this parameter in the
GM group compared to the control group (p < 0.001).
The activity of CAT in the GMCE group was signifi-
cantly lower than in the control group (p <0.01), but was
also significantly elevated compared to the GM group (p
<0.001) (Table 2).

Table 1. Serum concentrations of creatinine, urea, sodium and potassium in
experimental and control group of rats

Biochemical parameter C GM GMCE
CREATININE 56.78 £ 9.61 395.9 £ 82.17* 88.66 + 18.04*
UREA (mmol/L) 6.72+0.43 41.24 +7.28% 15.05 + 3.82%*
Na (mmol/L) 145.9 +4.44 142.2 +2.22 145.1 + 3.03
K (mmol/L) 5.58 + 0.40 4.46 +0.19* 5.35 + 0.26¢

Data are presented as a mean + SD. *p <0.001 vs. C group; **p <0.01 vs. C group; #p <0.001 vs. GM group

Table 2. Parameters of oxidative stress in kidney homogenates
of experimental and control group of rats

Biochemical parameter C GM GMCE
AOPP (umol/mg) 6.802 + 0.7401 21.64 + 5.575% 9.174 + 1.194¢
MDA (nmol/mg) 2.531 £ 0.06165 10.04 + 1.903* 4.907 + 0.4657*

CAT (kU/g) 13.37 + 0.6352 2.885 + 0.6582* 10.75 + 0.4951**

Data are presented as a mean + SD. *p <0.001 vs. C group; **p <0.01 vs. C group; #p <0.001 vs. GM group
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MORPHOMETRIC ANALYSIS

The glomerular morphometric parameters of ani-
mals from the experimental and control group are pre-
sented in Table 3. Statistically significant differences were
found between the experimental group of animals treat-
ed with gentamicin and the control group in glomerular
size (glomerular area, perimeter and Feret’s diameter) (p
< 0.001), which proved glomerular congestion. In ani-
mals treated with combination of vitamins C and E and
gentamicin (GMCE group) glomerular area, perimeter
and Feret’s diameter were significantly lower compared
to the group of rats treated with gentamicin only (p <

0.001). The cellularity was significantly lower in the GM
treated group compared to the control group of animals
(p < 0.001). In the GMCE group, cellularity was signi-
ficantly higher compared to the GM group (p < 0.001).
Analysis of glomerular circularity showed statistically
significant differences between the GM and control group
(p <0.05) and between the GMCE and control group (p <
0.01).

The mean glomerular membrane thickness was
significantly higher in the GM group compared to the C
group of rats (p < 0.001). In the GMCE group, the mem-
brane thickness was decreased when compared to the
GM group (p <0.001) (Figure 2).

Table 3: Glomerular morphometric parameters of the experimental and control group of rats

Morphometric parameter C GM GMCE
AREA (um? 7152 +424.4 9873 + 1079* 7932 + 331.4%
PERIMETER (um) 315.6 £11.19 363.8 + 20.85* 324.7 +7.98¢
FERETS DIAMETER (um) 112.5+6.36 128.8 + 6.44* 114.1 + 4.42¢
CELLULARITY (cells/um? 0.00742 + 0.00187 0.00474 + 0.00049% 0.00721 + 0.00060*
CIRCULARITY 0.9019 +0.0275 0.9260 + 0.0058*** 0.9381 + 0.0102**

Data are presented as a mean + SD.
*p <0.001 vs. C group; **p <0.01 vs. C group;

1.04
0.8

0.6

pm

0.2+

0.0 T

**p <0.05 vs. C group; #p <0.001 vs. GM group

GM GMCE

Figure 2. Glomerular membrane thickness in experimental and the control group of rats.
Data are presented as the mean * SD. *p < 0.001 versus C group, #p < 0.001 versus GM group
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The measured parameters of proximal and distal
tubules in each group are shown in Figure 3. The area of
proximal tubules was statistically significantly decreased
in the group of animals treated with gentamicin in com-
parison to the control group (p < 0.05). In the GMCE
group, the area of proximal tubules was significantly in-
creased compared to the GM group of animals (p < 0.05)
(Figure 3A). The value of nuclear-cytoplasmic ratio in
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the epithelial cells of proximal tubules in the GM group
of animals was statistically significantly larger when
compared to the control and GMCE group (p < 0.001)
(Figure 3B). The area of distal tubules and nuclear-
cytoplasmic ratio in the epithelial cells of distal tubules
showed no statistically significant difference between the
control and experimental group of animals (Figure 3c
and 3d).

0.0

0.8+

0.6

0.2+

0.0

O

d

Figure 3. Morphometric analysis of proximal and distal tubules in experimental and control group of rats showing
(A) area of proximal tubules; (B) N/C ratio of epithelial cells of proximal tubules; (C) area of distal tubules; (D) N/C
ratio of epithelial cells of distal tubules. Data are presented as the mean * SD. *p < 0.05 versus C group, **p < 0.001
versus C group, #p < 0.05 versus GM group, ##p < 0.001 versus GM group.

Table 4. Interstitial morphometric parameters of the experimental and control group of rats

Morphometric parameter C GM GMCE
AREA (um? 32.76 £2.18 17.75+1.23* 21.96 + 2.54*
PERIMETER (um) 2422 +0.97 15.31+0.57* 17.31 £ 1.17*#
FERETS DIAMETER 10.16 £ 0.54 5.36 +0.27* 6.23 +0.44**
CIRCULARITY 0.7009 + 0.0399 0.9381 + 0.0087* 0.9151 + 0.0099*
OPTICAL DENSITY 0.4589 + 0.0226 0.6218 + 0.0607* 0.5176 + 0.0314**#

Data are presented as a mean + SD.

*p<0.001 vs. C group; **p<0.05 vs. C group; #p<0.01 vs. GM group; ## p<0.001 vs. GM group
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Morphometric parameters of interstitial cell nuc-
lei from the experimental and control groups are pre-
sented in Table 4. The tested parameters (area, perime-
ter, Feret’s diameter, circularity, optical density) in the
GM group of animals were significantly different com-
pared to the control group of rats, whereby area, peri-
meter and Feret’s diameter were significantly lower (p <
0.001), while circularity and optical density were signi-
ficantly higher (p < 0.001). Area and Feret's diameter in
the GMCE group were significantly increased compared
to the GM group (p < 0.01). The values of perimeter in
GMCE group were significantly increased (p < 0.001),
while the values of optical density were significantly de-
creased compared to the GM group (p < 0.001).The
values of area, perimeter and Feret's diameter in the
GMCE group were significantly lower (p < 0.001), while
circularity was significantly higher (p < 0.001) compared
to the control group. Optical density in the GMCE group
was also higher compared to the control group (p <0.05).

DISCUSSION

Aminoglycoside antibiotics, including gentami-
cin, can cause nephrotoxicity in humans. Proximal tu-
bular cells appear to be the most severely affected in
patients treated with gentamicin or amikacin (26). Gen-
tamicin binds the cell wall phospholipids, thus blocking
the chain reactions of the phosphatidyl inositol pathway
leading to the impairment of cell integrity (27).

In our experimental study, acute renal failure
(ARF) was induced by intraperitoneal injection of genta-
micin. Histological and morphometric analysis showed
direct cellular toxic injury primarily on the proximal but
also partly on the distal tubules, which indicates genta-
micin nephrotoxicity.

Rats from the GM group were found to have
proximal tubular impairment in the form of coagulation
necrosis, epithelial desquamation and cytoplasmic vacu-
olization. Other tubules showed prenecrotic changes
with condensed cytoplasm and hyperchromatic nuclei
which caused tubular lumen to be dilated. The obtained
results are in accordance with other studies (16). In
Jones-stained microscopic slides, GBM of GM treated rats
was unequally thickened. Marked coagulation necrosis
was noticed with the presence of dark inclusions and
cytoplasmic vacuolization of cells that posses nuclei,
which is in accordance with our previous results (28).

GEC group of rats showed clearly alleviated glo-
merular changes when compared to the GM group
where glomeruli were mildly enlarged (Table 3). Some
of the proximal tubules contained hyaline cylinders, but
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no overt coagulation necrosis was present. Some of the
proximal tubulocytes had cytoplasmic vacuoles. In Jo-
nes-stained microscopic slides, it was recorded that the
GBM thickness of rats from the GEC and control group
was significantly smaller than the one in the GM group.
This result was confirmed through morphometric ana-
lysis which assessed the GBM thickness of all experi-
mental groups.

Serum urea and creatinine concentrations in the
GM group of rats were significantly increased, while
sodium and potassium levels were significantly decrea-
sed in comparison with the GMCE and control group.
These findings indicate renal damage, precisely proxi-
mal tubular impairment with the retention of uremic
toxins and electrolyte imbalance, in the form of hypo-
natremia and hypokalemia.

To the best of authors’ knowledge, there are no
available data concerning the morphometric analysis of
glomerular and tubular parameters in this experimental
model, except those that are part of our previous re-
search that confirmed correlation of histological changes
of previously mentioned kidney structures with the ana-
lysis of some morphometric parameters (29).

Our results implicate that in gentamicin-induced
AREF, histological findings are compatible with the mor-
phometric ones. Morphometric analysis of the GM group
showed a significant decrease in optical densities of pro-
ximal and distal tubules, which clearly indicates nuclear
damage of tubular cells caused by gentamicin.

Morphometric analysis of proximal and distal tu-
bules of the GEC group showed significantly higher
values of nuclear optical densities when compared to the
GM group, which demonstrates considerable protective
effects of vitamin C and E co-supplementation on nuc-
lear chromatin, which is in accordance with the results of
other authors who investigated the preventive effects of
vitamin C against a double-strand DNA damage indu-
ced by UV light. Their research found that vitamin C
showed dose-dependent protection against DNA deteri-
oration. It is assumed that the protection is managed
through the vitamin C effect on highly compact polynu-
cleosomic structures (30).

Morphometric analysis of proximal tubules rec-
orded a significantly smaller epithelial area and a higher
nucleo-cytolasmic ratio. The reason might lie in the fact
that the measurements could be done only on tubules
that underwent the initial phase of necrosis, but were not
completely necrotic. That pathology development caused
a decrease in the amount of cytoplasm in the proximal
tubules. It is in accordance with previous studies that
demonstrated proximal tubules (S1 and S2 segments) to
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be the primary location of gentamicin toxicity (31). The
same study of glomerules recorded results that implicate
that GEN group glomerules were enlarged which corre-
lates our histological findings. This indicates that genta-
micin apart from affecting the proximal tubules, also
exerts its toxic effects on glomerular capillaries. It is well
known that gentamicin causes proliferation and apop-
tosis of glomerular mesangial cells (32). In our study,
due to cell counting, we established that in this model of
gentamicin nephrotoxicity, apoptosis is the dominant
process. Interstitium study showed that the cells with
smaller nuclei with increased circularity prevail, possibly
because of massive leukocyte peritubular infiltration that
is common in gentamicin damage. This peritubular in-
filtration can be brought in connection with increased
amounts of AOPP in GM group, which is known to be
the true proinflammatory mediator in uremia (33). Vita-
min C and E injection alleviated histological and mor-
phometric changes caused by gentamicin, which indi-
cates their protective effect, probably through antioxi-
dative activity.

Gentamicin-induced morphological changes cause
functional impairment such as: glomerular chemo-dyna-
mic disruption with the increse of capillary resistance,
reduction of renal perfusion, reduction of ultra-filtration
area, ultrafiltration coefficient (Kf) and glomerular filtra-
tion, retention of uremic toxins and electrolite disturban-
ce.

In the complex mechanism of gentamicin neph-
rotoxicity, oxidative stress is probably the main patho-
logical cause of cell damage. In our study, we confirmed
the development of oxidative stress through investiga-
ting the levels of biochemical parameters MDA, CAT
and AOPP. The amount of MDA is an indicator of lipid
peroxidation and our study confirmed other data which
indicated that gentamicin caused oxidative changes of
cellular lipids (16). This cellular lipid damage, especially
cell membrane, can be directly connected with the pa-
thohistological findings which include tubule cell lyisis
and consequenitional desquamation (34). Such changes
are in good correlation with the decrease in proximal
tubule cell area and nucleo/cytoplasimic ratio found in
GM group (Figure 3).

Catalase is one of the most important endogenous
antioxidative enzymes. Our research documented that
gentamicin decreased its activity and thus disturbed the
balance between production and elimination of ROS.
This probably further disrupted cellular function, signa-
ling pathways and caused cell death.

AQOPP is a parameter that indicates a degree of
oxidatively modified proteins. Up to date, in this expe-
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rimental model its levels were not estimated. Increased
AOPP in the GM group indicates that GM caused con-
siderable ROS-mediated protein damage. Our results are
in accordance with other studies which documented that
gentamicin nephrotoxicity is caused by: production of
ROS, increased intracellular Ca?* concentration, active-
tion of lipid peroxidation and synthesis of various cyto-
kines, PG, TX A2 and TNF-alpha (35). All together, they
cause cellular damage through an increase in NO and
the occurrence of endothelial dysfunction, apoptosis and
necrosis. These changes in cell function possibly resulted
in alteration of proximal tubule cell appearance, i.e. their
size (area) and nucleo/cytoplasmic ratio (Figure 1 and 3).
The role of superoxide anion in gentamicin toxicity is
noted when different amount of superoxide dismutase
was found to be effective in its reduction (36). Co-treat-
ment of vitamin C and E together with gentamicin consi-
derably improved oxidative status and decreased oxida-
tive parameters changes induced by it.

Some studies showed that the use of antioxidants
reduces GM-induced nephropathy (37, 38). Vitamin C is
a non-enzymatic antioxidant and active reducing agent
in many biological processes (19). It attenuates gentami-
cin caused lipid peroxidation and glutathione depletion.
Many studies investigated dose-dependent protective ef-
fects of vitamin C on gentamicin-induced ARF (39). Its
use would prevent free radical activation and consecu-
tive progression of oxidative stress-mediated kidney da-
mage. Some researchers studied cooperability between
vitamin C and glutathione (40) and concluded that vita-
min C treatment prevents gentamicin-induced reduction
of renal glutathione. Vitamin C considerably decreases
the level of mutations caused by H20». Glutathione dep-
letion causes cytotoxicity and increases HOz-induced
mutation rate, but their frequency is considerably redu-
ced in impaired cells that were previously treated with
vitamin C. These results clearly indicate that high intra-
cellular calcium concentrations can protect human cells
against mutations induced by oxidative stress (41).

Investigations showed that gentamicin-induced
lipid peroxidation could be inhibited by injecting medi-
um and high doses of vitamin C. It is assumed that low
concentration of vitamin C can cause increase in lipid pe-
roxidation, while high concentration decreases it (42). Vi-
tamin C capability to significantly decrease in vivo lipid
peroxidation enables antioxidants from food to maintain
membrane integrity in renal tissue in oxidative stress (43,
44). Also, vitamin C pretreatment prevents serum crea-
tinine increase and reduction of its clearance in gentami-
cin-induced nephrotoxicity (45). Vitamin C, as an anti-
oxidant, either inhibits chain reaction in reactive oxygen
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species production or mediates their elimination before
they manage to cause disruption of renal function. Vita-
min C is able to regenerate other antioxidants by acting
as co-antioxidant (46). It is most often applied as co-sup-
plementation with vitamin E which ensures better anti-
oxidative activity and protective effect in gentamicin-in-
duced nephrotoxicity (47). Vitamin C decreases genta-
micin-induced enzyme increase (40). Previous vitamin E
injection, apart from inhibition of GM-induced activity
of urinary enzymes, also prevents a reduction of GSH
levels without considerable improvement of GFR. Co-
supplementation of vitamin C and E significantly redu-
ces GM-induced nephrotoxicity, due to maintenance of
GFR and GSH levels and prevention of increased acti-
vity of urinary enzymes (47). In increased concentra-
tions, antioxidative vitamins inhibit pathology develop-
ment. Vitamin E is the main endogenous antioxidant
which through reacting with oxygen species prevents
their chain reaction and protects plasma membrane (18,
48). However, antioxidant depot, such as vitamin E,
gradually decreases due to interaction with free radicals.
Vitamin C use helps restoring them, whereas high doses
of vitamin C act as an oxidative agent (49). Thus, in this
study, in order to amplify their effects, dosage of vita-
mins C and E were modified in their co-supplement-
ation. Other study also documented protective effects of
their co-supplementation in GM-induced nephrotoxi-
city. Similarly to our results, co-treatment with vitamin C
and probucol improves biochemical parameters of renal
function and antioxidant enzymes level in GM-induced
toxicity (13). Other studies found synergism between
vitamin C and selenium in the prevention of renal dam-
age (20, 50), documented attenuation of lipid peroxi-
dation and increase in the levels of antioxidative enzy-
mes and thiole components when applying alpha toco-
pherol and ascorbic acid. Besides the biochemical level

(increase in antioxidative renal defenses), our study de-
tected a significant reduction in kidney structure chan-
ges, such as glomerules and tubules (Table 2 and Figure
3), that are the direct consequence of gentamicin dama-
ging effects.

CONCLUSION

Our results indicate that co-treatment with vita-
min C and E considerably reduces histological and fun-
ctional glomerular and tubular impairment in gentami-
cin nephrotoxicity, which is in correlation with our pre-
vious study when we separately investigated the pro-
tective effects of these two vitamins against gentamicin
nephrotoxicity (29, 51). Since literature data implicate
that gentamicin causes oxidative stress that initiates the
whole specter of complex biochemical reactions with the
consequence of cellular damage, in our experiment we
demonstrated that vitamin C and E co-supplementation,
possibly through enhancing of endogenous antioxida-
tive renal defense, decreases or inhibits free radical acti-
vity. Through this action, their co-treatment has protect-
tive effect, alleviates morphological and functional kid-
ney damage, decreases urea and creatinine concentra-
tions, which was documented in our experimental mo-
del.
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Korelacija izmedu biohemijskih i morfometrijskih parametara kod
nefrotoksicnosti izazvane gentamicinom: uloga suplementacije
vitaminima Ci E
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SAZETAK

Cilj ovog istrazivanja bio je ispitivanje efekata istovremene aplikacije vitamina C i E kod nefrotoksicnosti
izazvane gentamicinom, kao i kvantifikacija ostecenja bubreznih struktura morfometrijskom analizom. Ekspe-
rimenti su izvedeni na 24 Wistar pacova koji su bili podeljeni u tri eksperimentalne grupe od po osam Zivotinja.
Zivotinje u GM grupi bile su tretirane gentamicinom u dozi od 100 mg/kg, dok su zivotinje iz GMEC grupe
dobijale vitamin E u dozi od 100 mg/kg i vitamin C u dozi od 200 mg/kg zajedno sa gentamicinom. Zivotinje iz
kontrolne grupe primale su fizioloski rastvor NaCl. U GM grupi utvrden je porast koncentracija uree i kreatinina
u serumu, statisticki znacajne promene parametera oksidativnog stresa (CAT, MDA, AOPP), kao i znacajne
strukturne promene na histopatoloskom nalazu isecaka bubrega. Morfometrijska analiza je pokazala povecanu
debljinu glomerularne bazalne membrane i signifikantne promene glomerularnih i tubularnih parametara u GM
grupi. Analiza parametara oksidativnog stresa pokazala je da aplikacija vitamina C i E (grupa GMCE) statisticki
znacajno umanjuje nefrotoksicne efekte gentamicina. Takode, histoloska i morfometrijska analiza pokazala je da
je istovremena primena vitamina C i E dovela do znacajnog smanjenja histoloskih i morfometrijskih promena
struktura bubrega izazvanih gentamicinom. Ovo istraZivanje pokazalo je da vitamini C i E mogu znacajno da

ublaZe gentamicinom indukovane morfoloske i funkcionalne promene bubrega.

Kljuéne reci: Gentamicin, vitamin C i E, nefrotoksi¢nost, morfometrija, oksidativni stres
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