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Abstract

Extensive experimental evidence confirms the role of oxidative stress as a major contributor to
the pathogenesis of acute kidney injury (AKI). However, less information is available on the evolution
of prooxidant-antioxidant parameters from early to end-phase renal function decline in humans. This
study aimed to determine the oxidative status in dynamic throughout the evolutionary phases of the
disease. The study included patients with cardiovascular pathology and AKI hospitalized in the inten-
sive care unit (n = 69) and age-matched healthy controls (n = 30). They were followed through three
phases of AKI; first phase was the phase of diagnosis, which is characterized by oliguria/anuria, second
phase was established diuresis, and third phase was the polyuric phase. In these phases of the disease,
blood samples were taken from the patients for biochemical analysis. From the collected whole blood,
we measured spectrophotometrically prooxidants: index of lipid peroxidation, measured as Thiobar-
bituric acid reactive substances (TBARS), nitrite (NO, ), superoxide anion radical (O,) and hy-
drogen peroxide (H,0,), and antioxidants: activity of superoxide dismutase (SOD), catalase (CAT) and
reduced glutathione (GSH) from erythrocyte lysate. Comparing the results of the three measurements,
a significant difference was found in the levels of NO, and GSH, both of which increased in the second
phase (P < 0.05) and then decreased in the third phase, and a significant increase in TBARS, which
was elevated in the second phase (P < 0.05) and did not change significantly until the third phase. Our
results showed phase-dependent modification in 3 parameters of the oxidative status (TBARS, NO,
and GSH). Whether these changes contribute to the deterioration of renal function in AKI remains
to be established.
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Introduction of prooxidants and their subsequent amelioration via

the antioxidant defense system (ADS) becomes

Oxidative stress is a condition in which the skewed in favor of prooxidants (18). Prooxidants, i.e.
delicate balance that exists between the production reactive oxygen and nitrogen species (RONS), are
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constantly being generated in the body to a small
extent and, since they have a potential to react with
a variety of chemical species, they have multiple func-
tions in cell signaling and enzymology (11, 23, 24).
On the other hand, excessive ROS production, that
appears to be induced by both psychological and physi-
cal stress, may lead to oxidative damages and numer-
ous pathological processes (7, 13, 36, 41, 45, 48).

Considering the biological effects of ROS, in the
past decades, numerous experimental and clinical
studies have addressed the role of oxidative stress in
the setting of renal ischemia/reperfusion injury (22,
39, 49). Acute kidney injury (AKI) is a sudden re-
duction in glomerular filtration rate of individual
nephrons with tubular function disorder that occurs
due to ischemia-reperfusion or toxic damage (9, 10).

In recent years, there are several published studies
that discuss the prevalence of various parameters of
oxidative stress in patients with AKI such as uric acid
(29), and proinflammatory cytokines were significantly
increased in patients with AKI as compared to healthy
subjects (18). Several experimental studies have been
done using animal models (ischemic, toxic and several
subtypes), which confirmed the reduction of gluta-
thione in the renal parenchyma in AKI (14, 51). Pa-
tients with AKI commonly suffer from heart disease.
Both cardiac and renal diseases are present in the same
patient and these diseases have been associated with
increased costs of care, complications and mortality
(32). Cardiorenal syndromes (CRS) have been further
classified in five defined entities which represent
clinical circumstances in which both the heart and
the kidney are involved in bidirectional injury and
dysfunction via a final common pathway of cell-to-
cell death and accelerated apoptosis mediated by oxi-
dative stress (32). On the other hand, studies address-
ing the contribution of oxidative stress in different
phases of AKI are lacking. Determination of the
phase characterized by the most important oxidative
damage will become the major therapeutic target. Ac-
cordingly, the present study aimed to dynamically assess
the redox status in patients with AKI throughout the
evolution of the disease.

Materials and Methods
Study Population

The study group consisted of 69 patients with
AKI (average age 65 years, SD + 12.86) with car-
diovascular pathology, usually after cardiovascular
surgery, who were recruited in intensive care units
at the Clinical Center Serbia. The diagnosis of AKI
was based on the increase in serum creatinine by
50% compared to the reference values according to
the RIFLE criteria, recommended by Acute Dialysis

Quality Initiative. At the time of the study, all pa-
tients were treated with appropriate therapy depend-
ing of the phase of disease. Control group included
30 age-matched healthy individuals. The study was
approved by the Ethical Committee, Clinical Center
Serbia. This study was performed in accordance with
the principles of the Declaration of Helsinki.

Patients were followed through three phases of
AKI: [1] at admission, which is characterized by
oliguria/anuria (first phase); [2] established diuresis
(second phase), and [3] polyuric phase (third phase).
In these phases of the disease, blood samples were
taken from the patients for biochemical analysis for
the following parameters of oxidative stress: index
of lipid peroxidation, measured as TBARS, nitrite
(NO,"), superoxide anion radical (O,") and hydro-
gen peroxide (H,0,) while antioxidants: activity of
superoxide dismutase (SOD), catalase (CAT) and gluta-
thione (GSH) were measured from erythrocyte lysate,
using a spectrophotometer.

Biochemical Assays
Superoxide Anion Radical (O, ) Determination

The level of superoxide anion radical (O, ) was
measured using NBT (nitro blue tetrazolium) reaction
in TRIS-buffer combined with plasma samples and
read at 530 nm (1).

H>0, Determination

The protocol for measurement of H,O, was based
on oxidation of phenol red in the presence of horse-
radish peroxidase (42). Two hundred microliter sample
with 800 ul PRS (Phenol Red Solution) and 10 pl
POD (Horseradish Peroxidase) were combined at 1:20.
The level of H,O, was measured at 610 nm.

NO,™ Determination

Nitric oxide (NO) decomposes rapidly to form
stable metabolite nitrite/nitrate products. NO, was
determined as an index of NO production with Griess
reagent (21). 0.1 ml 3N PCA (perchloric acid), 0.4 ml
20 mM EDTA (ethylenediaminetetraacetic acid) and
0.2 ml plasma were put on ice for 15 min, then cen-
trifuged 15 min at 6,000 rpm. After pouring off the
supernatant, 220 ul K,CO; was added. Nitrites were
measured at 550 nm. Distilled water was used as a
blank probe.

Index of Lipid Peroxidation (TBARS) Determination

The degree of lipid peroxidation in plasma was
estimated by measuring TBARS using 0.4 ml 1%
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thiobarbituric acid (TBA) in 0.05 NaOH mixed with
0.8 ml of plasma, incubated with plasma at 100°C
for 15 min and read at 530 nm. Distilled water was
used as a blank probe. TBA extract was obtained by
combining 0.8 ml plasma and 0.4 ml trichloroacetic
acid (TCA), and the samples were then put on ice for
10 min, and centrifuged for 15 min at 6,000 rpm. This
method was described by Ohkawa et al. (38).

Determination of CAT, SOD, and GSH

Isolated RBCs were washed three times with 3
volumes ice-cold 0.9 mmol/l NaCl and hemolysates
containing about 50g Hb/I, prepared according to
McCord and Fridovich (31), were used for the CAT.
CAT activity was determined according to Beutler
(6). Lysates were diluted in distilled water (1:7 v/v)
and treated with chloroform-ethanol (0.6:1 v/v) in
order to remove haemoglobin. Then, 50 ul catalase
buffer, 100 pl sample and 1 ml 10 mM H,O, were
added. Measurement was done at 360 nm. Double
distilled water was used as a blank probe. SOD ac-
tivity was determined by the epinephrine method of
Misra and Fridovich (35) in which 100 ul lysate and
1 ml carbonate buffer were mixed, and then 100 pl
epinephrine was added. Determination was done at
470 nm. Level of GSH was determined according to
Beutler (5) based on GSH oxidation via 5,5 dithiobis-
6,2-nitrobenzoic acid (DTNB). GSH extract was ob-
tained by combining 0.1 ml 0.1% EDTA, 50 ul eryth-
rocyte lysate and 750 ul precipitation solution. After
vortexing and extraction on cold ice for 15 min, centri-
fugation at 4,000 rpm was performed for 10 min.
Three hundred microliter lysate, 750 ul Na,HPO, and
100 ul DTNB was pipetted into test tubes. As a blank
probe, distilled water was used. Concentration and
the amount of reduced glutathione were determined
on the basis of a standard curve for each assay. For
standard curve construction, standard stock-solution
of GSH at a concentration 1, 5 mmol/l was used.
Measuring of absorbance was performed at A, =
412 nm.

Statistical Analysis

Results are expressed as the mean (X) + standard
deviation (SD). To check whether a variable had a
normal distribution, the Kolmogorov-Smirnov test
and the Shapiro-Wilk test were used. After checking
data distribution, the appropriate parametric or non-
parametric test was used. The differences between two
groups were assessed using f-test or Mann-Whitney
test. For testing according to two categorical variables
were used in Pearson’s Chi-square test and Fisher’s
test. Multiple linear regression analyses were used
to identify variables associated with pro- and antioxi-

dans. P < 0.05 were considered statistically signifi-
cant. The statistical analysis was performed with
SPSS for Windows version 10.0 (SPSS Inc, Chicago,
IL, USA).

Results

Level of Prooxidant Parameters Through Various
Phases of Disease

TBARS Values

The mean value of TBARS in the oliguric phase
was 2.91 £ 0.22 nmol/ml plasma, with 95% confi-
dence interval from 2.38 to 3.43 nmol/ml and a me-
dian of 2.27 nmol/ml. The empirical distribution of
the TBARS values in the oliguric phase was highly
significantly different from the theoretical normal
curve (P < 0.05). In the phase of established diure-
sis, there was an increase in the mean values of
TBARS 4.00 + 0.44 nmol/ml and a median of 2.54
nmol/ml, which was confirmed by a statistically
significant increase (Z = 2.116, P < 0.05) and 95%
confidence interval ranged from 2.96 to 5.04 nmol/ml
of plasma. Empirical distribution of TBARS in the
phase of established diuresis was significantly differ-
ent from normal (P < 0.05). In the polyuric phase,
there was an increase in the mean values of TBARS
4.62 + 0.88 nmol/ml and a median of 2.64 nmol/ml,
which was confirmed as a statistically significant
increase (Z = 1.864, P < 0.05) and 95% confidence
interval ranged from 2.49 to 6.76 nmol/ml of plasma.
Empirical distribution of TBARS in the polyuric phase
was significantly different from normal (P < 0.05),
between the oliguric and polyuric phases was statis-
tically significant increase (Z = 2.623, P < 0.05) (Fig.
1).

NO, Values

The mean value of NO, in the oliguric phase
was 14.95 + 1.79 nmol/ml, with 95% confidence
interval of 12.97 to 16.93 nmol/ml and a median of
15.16 nmol/ml of plasma. The empirical distribu-
tion of NO, values in the oliguric phase was on the
verge of significance from a theoretical normal curve
(P > 0.05). In the phase of established diuresis,
there was an increase in mean NO, 19.41 + 0.88
nmol/ml and a median of 19.48 nmol/ml plasma,
which was confirmed by a statistically significant in-
crease (Z = 2.326, P < 0.05) and 95% confidence in-
terval ranged from 16.33 to 22.50 nmol/ml of plasma.
Empirical distribution of NO, in the phase of es-
tablished diuresis was not statistically significantly
different from normal (P > 0.05). In the polyuric
phase, there was a decrease in the mean NO, to
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Fig. 1. TBARs dynamics during different phases of AKI (*P <
0.05, **P < 0.01).
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Fig. 2. Nitrites dynamics during different phases of AKI (*P <
0.05, **P < 0.01).

16.90 + 1.21 nmol/ml and a median of 15.16 nmol/
ml, which was confirmed as statistically significant
decrease (Z = 1.925, P <0.05) comparing to the oligu-
ric phase, and the 95% confidence interval ranged
from 13.86 to 22.50 nmol/ml. Empirical distribution
of NO, ™ in the polyuric phase was not significantly
different from normal (P > 0.05) (Fig. 2).

H,0, Values

The mean value of H,O, in the oliguric phase
was 5.47 + 1.28 nmol/ml, with 95% confidence inter-
val of 3.81 to 7.01 nmol/ml and a median of 2.76
nmol/ml of plasma. The empirical distribution of
the values of H,O, in the oliguric phase was signifi-
cantly different from the theoretical normal curve (P <
0.05). At the phase of established diuresis, there was
an increase in the mean H,0, 6.23 + 1.11 nmol/ml
plasma and a median of 3.27 nmol/ml plasma, which
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Fig. 3. Superoxide anion radical dynamics during different
phases of AKI.

was confirmed as a statistically significant increase
(Z=1.213, P> 0.05) and 95% confidence interval for
the values of H,0O, in the phase of established diuresis
was from 4.06 to 8.40 nmol/ml plasma. Empirical
distribution of H,O, in the phase of established diure-
sis was significantly different from normal (P < 0.05).
In the poliuric phase, there was increase of H,O, to
7.89 £ 1.26 nmol/ml plasma, and a median of 2.78
nmol/ml plasma, which was not confirmed as a sta-
tistically significant decrease. Comparing values of
H,0O, through various phases of disease, statistically
significant changes were not found (Fig. 3).

O, Values

The mean value of O, in the oliguric phase
was 7.65 + 1.54 nmol/ml, with 95% confidence in-
terval of 5.50 to 9.80 nmol/ml and a median of 4.28
nmol/ml of plasma. The empirical distribution of
the values of O, in the oliguric phase was signifi-
cantly different from the theoretical normal curve
(P <0.05). At the phase of established diuresis, there
was an increase in the mean of O, 10.16 + 1.03
nmol/ml plasma and a median of 6.43 nmol/ml
plasma, which was not confirmed as a statistically
significant increase (Z = 1.637, P > 0.05) and 95%
confidence interval for the values of O, in the phase
of established diuresis was from 7.13 to 13.20
nmol/ml plasma. Empirical distribution of O, in the
phase of established diuresis was significantly differ-
ent from normal (P < 0.05). In the poliuric phase,
there was a decrease of O, to 8.30 + 1.57 nmol/ml
plasma, and a median of 5.11 nmol/ml plasma, which
was not confirmed as a statistically significant de-
crease (Z = 0.435; P> 0.05) comparing to phase of
established diuresis, and the confidence interval was
4.74-11.85 nmol/ml plasma. Comparing the oliguric
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Fig. 4. Hydrogen peroxide dynamics during different phases
of AKI.

and polyuric phases, we did not found statistically
significant changes in the values of O, (Z = 1.067;
P > 0.05) (Fig. 4). Compared to the control group,
values of all pro-oxidant markers were significantly
increased in our study group, at admission (Table 3).

Level of Antioxidant Parameters Through Various
Phases of Disease

CAT Values

The mean value of CAT in the oliguric phase
was 27.01 + 2.29 U/g Hbx10%, with 95% confidence
interval of 20.54 to 33.47 U/g Hbx10? and a median
of 18. The empirical distribution of the values of
CAT in the oliguric phase was significantly different
from the theoretical normal curve (P < 0.05). At the
phase of established diuresis, there was a decrease in
the mean of CAT 20.20 + 1.62 U/g Hbx 10> and a median
of 13.75 U/g Hbx10%, which was not confirmed as a
statistically significant decrease (Z = 1.041 P > 0.05)
and the 95% confidence interval for the CAT values
in the process of establishing diuresis was from 14.64
to 25.75 U/g Hbx10>. Empirical distribution of CAT
in the phase of established diuresis was significantly
different from normal (P < 0.05). The mean value of
CAT decreased in the polyuric phase to 17.13 + 1.12
U/g Hbx10* with a median of 6.13 U/g Hbx10?, which
was not confirmed as a statistically significant de-
crease (Z =1.707, P> 0.05), comparing to phase of
established diuresis, and the 95% confidence interval
was 8.07 — 26.19 U/g Hbx10° (Fig. 5).

SOD Values

The mean value of SOD in the oliguric phase
was 1343.09 + 145.29 U/g Hbx 10>, with 95% con-
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Fig. 5. Catalase activity during different phases of AKI.

fidence interval of 925.72 to 1760.45 U/g Hbx10°
and a median of 903.54 U/g Hbx10>. The empirical
distribution of the values of SOD in the oliguric
phase was significantly different from the theoreti-
cal normal curve (P < 0.05). At the phase of estab-
lished diuresis, there was a decrease in the mean of
SOD 1212.13 + 122.41 U/g Hbx10* and a median of
826.21 U/g Hbx10°, which was not confirmed as a
statistically significant decrease (Z = 0.754 P > 0.05)
while the 95% confidence interval for the SOD val-
ues in the phase of established diuresis was from
789.11 to 1643.14 U/g Hbx10?. Empirical distribu-
tion of SOD in the phase of established diuresis was
significantly different from normal (P < 0.05). Al-
though there was an increase in the value of SOD in
the poliuric phase to 1564.69 + 176.23 U/g Hbx10°
with a median of 516.89 U/g Hbx10°, statistically sig-
nificant difference was not noticed comparing with
the polyuric phase, with the 95% confidence interval
from 811.08 to 2318.29 U/g Hbx10° (Fig. 6).

GSH Values

The mean value of GSH in the oliguric phase
was 442.20 + 9.93 nmol/ml, with 95% confidence
interval of 416.87 to 467.53 nmol/ml and a median
of 435.48 nmol/ml of erythrocytes. The empirical
distribution of the values of GSH in the oliguric phase
was significantly different from the theoretical nor-
mal curve (P < 0.05). At the phase of established
diuresis, there was an increase in the mean of GSH
1148.05 + 147.56 nmol/ml plasma and a median of
469.56 nmol/ml of erythrocytes, which was confirmed
as a statistically significant increase (Z = 2.941, P <
0.05) and the 95% confidence interval for the values
of GSH in the phase of established diuresis was from
258.36 to 2554.47 nmol/ml erythrocytes. Empirical
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Fig. 6. Superoxide dismutase activity during different phases
of AKI.

distribution of GSH in the phase of established diure-
sis was not significantly different from normal (P >
0.05), but had low borderline significance (P > 0.05).
The mean value of GSH decreased in the polyuric
phase to 439.98 + 81.47 nmol/ml of erythrocytes with
median of 439.27 nmol/ml of erythrocytes, which
was confirmed as a statistically significant decrease
(Z =2.898, P <0.05), comparing to phase of estab-
lished diuresis, and the 95% confidence interval was
405.52 — 474.43 nmol/ml of erythrocytes (Fig. 7).
When compared to the control group, the CAT values
at admission were significantly decrecased whereas
the GSH and SOD values increased (Table 3).

Discussion

AKI can be triggered or aggravated by reactive
oxygen species (ROS), but established AKI per se
might also affect the antioxidant defense mechanisms
of the organism (33). In that sense, increases in oxi-
dative stress could be an important moment for nu-
tritional and pharmacological effects of therapy in pa-
tients with AKI (33). Generation of ROS and NO in
hypoxia-reperfusion injury may form a cytotoxic me-
tabolite, peroxynitrite, which is capable of causing
lipid peroxidation and DNA damage (28). Revascu-
larization of the ischemic tissues may be followed
by microvascular dysfunction, which leads to local
and remote cellular and organ failure. In addition
to numerous other mechanisms, pathophysiology of
ischemia-reperfusion injury concerns impaired NO-
mediated relaxation of smooth muscles and NO-O,
imbalance in endothelial cells tipped in favor of su-
peroxide (2, 19, 20, 45).

Development of oxidative stress in acute renal
ischemia-reperfusion has long been suggested (26,
39). Although, we did not find statistically signifi-
cant changes in the levels of O, in this study is well
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Fig. 7. Reduced glutation activity during different phases of
AKI (**P <0.01).

accepted that superoxide anions participate in cel-
lular damage in an ischemia-reperfusion model, but
the precise molecular species responsible for cellular
damage remain uncertain. The relative lack of a de-
tectable effect of SOD (Table 2) may be explained by
its consumption in the first line of antioxidant pro-
tection, which correlates with statistically insignifi-
cant changes in O, and H,O, (Table 1).

NO production in the kidneys can be increased
as a consequence of high blood pressure (HBP). Re-
cently, up-regulation of iNOS mRNA in renal medul-
lary tissue has been shown in HBP rats (47). Further-
more, Yu et al. (52) first suggested that inhibition
of NOS in hypoxic proximal tubules results in im-
proved cell survival. Deleterious effect of iNOS in
ischemic acute kidney injury was previously demon-
strated using antisense oligonucleotides targeting
iNOS (37). These findings were further supported by
the establishment of improved tubular cell viability
after hypoxic insults in iNOS-deficient mice (27).
It has been proposed that cellular damage is attribut-
able to a powerful and cytotoxic oxidant peroxynitrite,
which is generated by the diffusion-limited interac-
tion of NO with superoxide. The reactivity of per-
oxynitrite is reported as pH-dependent (12). It is
readily isomerized from stable cis to reactive trans
peroxynitrous acid in acidic conditions like the reper-
fusion phase in an ischemic kidney. Among oxidative
reactions of peroxynitrite, its hydroxyl radical-like
reactivity is extremely potent (3) and may lead to the
propagated lipid peroxidation. Because hydroxyl radi-
cals convert virtually any organic molecule to the
corresponding free radicals, and because they can be
particularly damaging to cell membranes rich in poly-
unsaturated fatty acids, the initiation of free radical
chain reactions based on abstraction of the allylic
hydrogen is highly plausible (16). These reactions
should amplify cell damage. One of the oxidative
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Table 1. Values of prooxidant parameters during different phases of AKI

Oliguric Phase Established Diuresis Phase Polyuric Phase
Mean + SD Mean + SD Mean + SD

TBARS 291+0.22 4.00 £ 0.44" 4.62 +0.88"

NO,~ 1495+ 1.79 19.41 +0.88" 16.90 +1.21*
O, 7.65 +1.54 10.16 +1.03 830+ 1.57
H,0, 547+ 1.28 6.23 £ 1.11 7.89 £1.26

Mean + SD represents average value + standard deviation. *P < 0.05 compared to admission — oliguric phase. °P < 0.01

compared to admission — oliguric phase

reactions initiated by peroxynitrite is the nitration
of phenolic rings (4). Both NO and superoxide are
required for the generation of peroxynitrite. Inhibi-
tion of either molecular species with SOD (antioxi-
dants) was associated with improved renal function
and decreased oxidative damage to lipids. An additive
effect could be achieved by combining antioxidants
and its buffered compounds, further supporting the
notion that the observed cytotoxicity was due to the
generation of peroxynitrite and other prooxidant
species in ischemic-reperfused kidneys.

Apart from scavenging peroxynitrite, GSH and
its adjuvant substances have been proposed to in-
hibit the peroxidation of membrane phospholipid, to
inhibit lipoxygenase in the arachidonate cascade, to
block the production of superoxide anions from ac-
tivated leukocytes, inhibit iNOS, and thus exhibits
a sustained protective effect against peroxynitrite (50).

Amelioration of renal dysfunction in ischemic
kidneys provides not only a strong argument in favor
of the proposed prooxidant-driven mechanism of
lipid peroxidation and DNA damage but also intro-
duces antioxidants as a potential therapeutic tool in
ameliorating reperfusion injury (30). The data pre-
sented herein demonstrate the role of oxidative and
nitrosative stress, leading to possible peroxynitrite
formation in renal damage and confirm the utility
of the developed method for the measurement of
oxidative stress, escorted to the degree of oxidative/
nitrosative damage.

Analyzing the dynamics of oxidative stress pa-
rameters (TBARS, O,, H,O, and NO, ) as well as
the response of the antioxidant system (SOD, CAT
and GSH), it is observed that the changes are due to
ischemia/reperfusion injury and are characterized
by an increased production of free radicals (TBARS
and NO,, Table 1) that can lead to damage of cell
membranes and increased lipid peroxidation (40).
This dynamic for these two parameters is different:
TBARS is continuously increased after established
diuresis in polyuric phases (Table 1, Fig. 1), while
nitrite levels returned to the levels similar to the
oliguric phase in the polyuric phase after significant
increases in the phase of established diuresis (Table 1,

Fig. 2). This nitrite dynamic is more likely to be a
consequence of typical ischemia/reperfusion injury
(8). Unfortunately, TBARS levels has led us to con-
clude that the antioxidative defense system cannot
scavenge increased production of ROS in polyuric
phases, which lead in continuously increased oxida-
tive stress (Table 1, Fig. 1).

In our study, the values of all pro-oxidant markers
(TBARS, NO, ", O,7, and H,0,) were significantly in-
creased compared to the control group of patients,
which can be expected, and may indicate that in the
first (oliguric phase) of AKI, production of free rad-
icals is prominent, compared to both controls (Table
3) and other phases (Table 1) of this pathophysio-
logical state. This result is in correlation with find-
ings of Mishra and coworkers (34), who recorded
raised levels of lipid peroxidation products (ma-
londialdehyde) and nitrites in children with AKI in
comparison with controls. They also suggested that
cutoff levels of plasma nitrite might be most accu-
rate in predicting mortality in ARF patients (34).

Schuck et al. reported increased kidney level of
TBARS in a rat model of AKI (44). Other authors
also showed rises in values of both TBARS and nitrites
in the rat model of rat mercuric chloride-induced neph-
rotoxicity (17). Moreover, studies on human noted
increases in values of TBARS, nitrites, nitrate and
their sum (NOx) in patients with unilateral nephre-
ctomy (53). Findings of this investigations could,
generally, suggest that regardless of human or ani-
mal studies, ROS may be increased in both plasma
and tissues in AKI patients.

During all phases, the levels of other ROS in the
plasma, such O, and H,O,, were not significantly
changed compared to admission (Table 1, Figs. 3 and
4). These results refer to systemic levels of ROS, but
the same could have been generated locally in reli-
able amounts in a phase-dependent manner and causes
tissue damages. Thus, these findings suggest no changes
in the plasma values of O, and H,O, in these patients,
without data about ROS production in kidneys itself,
which may have important role in this pathophysio-
logical phenomenon.

The levels of both measured antioxidative en-
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Table 2. Values of antioxidant parameters during different phases of AKI

Oliguric Phase Established Diuresis Phase Polyuric Phase
Mean + SD Mean + SD Mean + SD
CAT 27.01 £2.29 20.20 + 1.62 17.13 £ 1.12
SOD 1343.09 + 145.29 1212.13 + 122.41 1564.69 + 176.23
GSH 442.20 £ 9.93 1148.05 + 147.56" 439.98 + 81.47°

Mean + SD represents average value + standard deviation. °p<0.01 compared to admission — oliguric phase. “P < 0.01

compared to established diuresis

Table 3. Comparison of the status of free radicals and antioxidants in healthy controls and AKI patients

Controls AKI Patients at Admission (Oliguric Phase)
Mean + SD Mean + SD

TBARS 1.06 £0.17 2.91+£0.22%
NO, 25.09 + 1.64 14.95 +1.79°
0, 3.04 +0.38 7.65 +1.54°
H,0, 2.39+0.13 547 +1.28°
CAT 38.85 £2.88 27.01 +£2.29°

SOD 643.46 +200.63 1343.09 + 145.29°
GSH 93.290 +2.45 44220 +9.93°

Mean + SD represents average value + standard deviation. *P < 0.05 control compared to admission (oliguric phase).

°P <0.01 control compared to admission (oliguric phase)

zymes (SOD and CAT) supported that data, because
the dynamic of both enzymes was not significantly
changed in our investigation (Table 2, Figs. 5 and 6).
On the other hand, only the dynamic changes of GSH
may be an indicator of adequate response to the specific
disease process and reperfusion phenomenon. In fact,
during the second phase of the disease (established
diuresis), GSH dramatically increased (Table 2, Fig.
7), with consequent drop in the polyuric phase, what
exhibits similar dynamic with nitrites and suggest
appropriate response to ischemia/reperfusion injury.
Data regarding GSH are particularly interesting
when considering that the first line of defense (SOD
and CAT) did not change significantly. Our results
suggest the contribution of other reactive species to
the global oxidative damage from acute kidney injury
when considering the ‘quiescence’ of the cascade
0, /SOD/ H,0,/CAT.

Compared to controls, patients with AKI at ad-
mission had significantly decreased values of CAT,
while GSH and SOD values increased (Table 3). One
of possible explanations for this result may be com-
pensatory response of anti-oxidative defense system
(Table 2) in the first (oliguric) phase of AKI, when
oxidative stress is increased (Table 1). Other studies
also pointed out changes in activity of antioxidative
enzymes during AKI. Metnitz et al. have found pro-
nounced depression of antioxidative system activity
(CAT, SOD and glutathione-peroxidase) in patients

with multiple organ failure (MOF) and associated
AKI (33).

Our results clearly suggest that redox (im)bal-
ance may in part play role in acute kidney injury,
similar with our previous experience in other patho-
physiological conditions. Namely, we found increased
levels of pro-oxidants and lower antioxidant activity
in patients with acute coronary syndromes (ACS) (25),
as well as in the maternal and fetal bloods of preg-
nancies with fetal distress (43).

However, in the present investigation, it seems
that the O, /SOD/H,0,/CAT cascade was not a major
player, while we noticed significant role of lipid per-
oxidation, nitrites and compensation through increase
of GSH level as a major intracellular antioxidant.
Relative limitation of the study was the absence of
some other measured parameters such peroxynitrite
(ONOO") and oxidized glutathione (GSSG). Results
from the present paper may be of clinical importance
regarding better understanding the role of oxidative
stress in the pathogenesis of acute kidney injury, and
thus improvement in the treatment of such complex
pathophysiological phenomenon, in the sense of in-
volvement of anti-oxidative adjuvant therapy in these
patients.
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