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Abstract. The eﬀects of nitroglycerin (glyceryl trinitrate – GTN) are mediated by liberated nitric oxide
(NO) and formed reactive nitrogen species, which induces oxidative stress during biotransformation
in red blood cells (RBCs). The aim of this study was to evaluate eﬀects of GTN on antioxidative defense
system (AOS) in rat erythrocytes (without) and reticulocytes (with functional mitochondria). Rat
erythrocyte and reticulocyte-rich RBC suspensions were aerobically incubated (2 h, 37°C) without
(control) or in the presence of diﬀerent concentrations of GTN (0.1–1.5 mM). After incubation, concentrations of non-enzymatic components of AOS, activities of antioxidative enzymes and oxidative
pentose phosphate (OPP) pathway activity were followed in RBC suspensions. In rat reticulocytes,
GTN decreased the activity of mitochondrial MnSOD and increased the activity of CuZnSOD. In
rat RBCs, GTN induced increase of Vit E concentration (at high doses), but decreased glutathione
content and activities of all glutathione-dependent antioxidative enzymes; the OPP pathway activity signiﬁcantly increased. GTN biotransformation and induction of oxidative stress were followed
by general disbalance of antioxidative capacities in both kinds of RBCs. We suggest that oxidative
stress, MnSOD inhibition and depletion of glutathione pool in response to GTN treatment lead to
decreased bioavailability of NO after GTN biotransformation in rat reticulocytes.
Key words: Antioxidative defense system — MnSOD — Nitric oxide — Nitroglycerin — Red
blood cells

Introduction
The main role of erythrocytes is the transport of hemoglobin
(Hb) which supplies oxygen to all tissues in the body. The
hem iron is carried in a ferrous state (Fe(II)), a reduced form
that can be oxidized to the ferricFe(III) form (methemoglobin-MetHb), analogous to the cytochrome system (Umbreit
2007). The auto-oxidation of oxyhemoglobin to MetHb generating superoxide anion radical (O2•–) represents the main
source of free radicals in the erythrocytes (Nikolic-Kokic et
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al. 2010). When Hb (Hb(Fe(II))O2) is autooxidized to MetHb
(Hb(Fe(III)), MetHb is recycled back to Hb(Fe(II), so that in
the steady state the amount of intracellular MetHb is <1%.
Hence, Hb also regulates vascular tone and inﬂammation
via redox coupled with MetHb (Umbreit 2007). MetHb is
reduced by the NADH-cytochrome b5-metHb reductase,
and also by several alternative pathways such as direct reduction by intracellular ascorbate and glutathione (Umbreit
2007). Red blood cells (RBCs, including mature erythrocytes
and immature reticulocytes) are also the main site of nitric
oxide (NO) metabolism. Hemoglobin in deoxy-form acts
as nitrite reductase, yielding NO and MetHb (Cosby et al.
2003; Huang et al. 2005).
Reticulocytes, as premature erythrocytes, do not possess
a full range of metabolic pathways compared to proliferat-
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ing cells, but they are still equipped with a set of metabolic
pathways, due to the presence of mitochondria and ribosome
(Rapoport 1986). In experimental conditions, reticulocytosis
is induced by bleeding or by phenylhydrazine-hydrochloride
(PhCl) treatment (Rapoport 1986). In comparative studies,
reticulocytes and erythrocytes were used as simple model systems to diﬀerentiate the mitochondria-dependent metabolic
processes in these cells (Marković et al. 2006, 2007, 2011).
In reticulocytes, primary consumers of oxygen and primary
ATP generators are mitochondria which are a permanent
source of reactive oxygen species (ROS). Oxidative stress as
a consequence of increased production of ROS and reactive
nitrogen species (RNS) and depletion in antioxidant protection (antioxidative defense system – AOS) induces dysfunction
and death of cells (Dröge 2002; Kuka et al. 2013).
Exogenous donation of NO may be useful in the treatment
of some disease states. The action of nitroglycerin (glyceryl
trinitrate – GTN) is mediated by the liberation of NO after
enzymatic biotransformation by mitochondrial aldehyde
dehydrogenase – ALDH-2 (Chen et al. 2002; Sydow et al.
2004). Also, direct interaction of GTN with low-molecularweight thiols may produce vasodilator S-nitrosothiols in vivo
(Boesgaard 1995), as well as, biotransformation of GTN by
erythrocytes is due to the interaction with Hb (Bennett et al.
1985). Previously, we showed that GTN biotransformation
was diﬀerent in erythrocytes and reticulocytes due to the
presence of mitochondria in the latter (Marković et al. 2006).
In rat erythrocytes, GTN biotransformation was primarily
connected with Hb, while in reticulocytes, two pathways of
GTN biotransformation existed: one generating mitochondria-dependent RNS and the other connected with Hb as in
erythrocytes. Metabolic pathways of endogenous synthesis
and degradation of NO are closely connected with metabolic
pathways of redox and antioxidative metabolism, especially
with glutathione system (Hogg 2002). Literature data showed
that mitochondrial Mn superoxide dismutase (MnSOD) may
have been included in NO metabolism (Niketić et al. 1999;
Filipović et al. 2007). Sydow et al. (2004) and Daiber et al.
(2009) suggest that GTN-induced increase in ROS production contributes to inhibition of ALDH-2 and consequently
mediates nitrate tolerance.
In this study, we have examined the eﬀects of GTN on
antioxidative defence system and biotransformation of GTN
in rat erythrocytes and reticulocytes, considering the role of
mitochondria in the latter.
Materials and Methods
Reagents
GTN (a Nirmin ampule) was obtained from Zorka (Šabac,
Serbia). Phenylhydrazine-hydrochloride (PhCl), Hepes,
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5,5-dithio-bis-6,2-nitrobenzoic acid (DTNB), glutathione
reductase (GR), GSH, GSSG, N-ethylmaleimide (NEM),
pyrogallol, nicotinamide adenine dinucleotice phosphate
(NADPH), t-butyl-hydroperoxide, 1-chloro-2,4-dinitrobenzene (CDNB), [1-14C]-glucose and [6-14C]-glucose,
phenetylamine were purchased from Sigma (St. Louis, MO).
All other chemicals used were of the highest purity commercially available.
Animals
Erythrocyte and reticulocyte-rich RBC suspensions of
Wistar albino, rats, (body weight 250–350 g) were used in
this study. The animals were kept at 21 ± 1°C and exposed
to a 12 h light/12 h dark cycle. All rats were housed in individual cages and given standard diet and water ad libitum.
Reticulocytosis was induced by PhCl treatment (35 mg/kg
body mass during three days) (Kostić et al. 1990). Rats were
divided in the two experimental groups: untreated (for
erythrocyte-rich RBC suspension collection) and PhCltreated rats (for reticulocyte-rich RBC suspension collection). During experiments with animals our in-house ethical
committee-approved protocol was followed.
Experimental protocol
Untreated and PhCl-treated (after 7–8 days of the ﬁrst PhCl
injection) rats were anaesthetized using ether, and blood
was taken by exsanguinations. Blood was pooled from
two or three animals in each experimental group and each
individual experiment. In the blood obtained from PhCltreated rats the reticulocytes amounted 86.57 ± 1.28% of
total RBCs. Three times washed (in 0.9% NaCl) erythrocytes
(obtained from untreated rats), as well as reticulocyte-rich
RBC suspensions (obtained from PhCl-treated rats) were
resuspended in an incubation buﬀer containing 50 mM
Hepes, 100 mM NaCl, 1 mM MgCl2, 1 mM NaH2PO4,
5 mM glucose and 2 mM CaCl2, pH 7.4 at 37°C (Kostić et al.
1990). Cell suspensions contain about 20% of RBCs (exact
ﬁnal hematocrits were measured for each cell suspensions
during each individual experiment; these values used for
calculation of amount of RBCs and expressed in ml cells).
Cell suspensions which were obtained in this way were
aerobically incubated for 2 hours, without (control), or in
the presence of diﬀerent concentrations of GTN (0.1, 0.25,
0.5, 1.0 and 1.5 mM). GTN was added at the beginning of
the incubation (at 0 min). Extractions were performed after
incubations. Our previous results showed that reticulocytes
had higher MetHb level compared with untreated erythrocytes, while GTN treatment induced increase of MetHb in
both cells (Marković et al. 2006). Concentration of superoxide anion radical decreased in rat RBCs in the presence
of GTN (Marković et al. 2006).
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Analytical methods
Determination of non-enzymatic components of AOS
Non-enzymatic components of AOS were determined by
using spectrophotometric techniques. After saponiﬁcation
and esteriﬁcation of samples, vitamin E (Vit E) level was determined according to Desai (1984). Vitamin C (Vit C) was
determined according to Day et al. (1979). Levels of reduced
glutathione (GSH) were determined on the basis of GSH
oxidation with 5,5-dithio-bis-6,2-nitrobenzoic acid (Beutler
1975a). The concentrations of oxidized glutathione (GSSG)
were determined enzymatically by glutathione reductase,
after inhibition of GSH oxidation by N-ethylmaleimide
(Beutler 1975b). Concentration of followed parameters were
expressed in μg (for Vit E), μmol (for Vit C and GSH) and
nmol (for GSSG) per ml cells, which calculated on the bases
of exact hematocrit value measured for cell suspensions
before incubation.
Evaluation of AOS enzymes activities
Antioxidative enzyme activities were determined in lysates
of erythrocyte and reticulocyte-rich RBCs suspensions.
Superoxide dismutase (SOD) activity was determined
after extraction using following protocol: to remove the Hb,
1.0 ml of an ethanol/chloroform (1:1,v/v) mixture was added
to an aliquot (0.5 ml) of the lysate cooled on ice. This mixture
was stirred constantly for 15 min before being diluted with
0.5 ml of distilled water. After centrifugation for 10 min at
5000 rpm, the pale yellow supernatant was separated from
the protein precipitate and was used to assay SOD enzyme
activity. Owing to its ability to inhibit the auto-oxidation
of pyrogallol, SOD activity was determined according to
the method of Marklund and Marklund (1974). MnSOD
activity was determined as SOD activity remaining after 15
minutes of reticulocyte-rich lysates incubation with 8 mM
KCN, an inhibitor of CuZn containig SOD (CuZnSOD), at
room temperature.
Catalase (CAT) activity was measured by the method
of Beutler (1982). The method is based on the rate of
H2O2 degradation by the action of CAT contained in the
examined samples and followed spectrophotometrically
at 230 nm in 1 M Tris-HCl solution, containing 5 mM
EDTA, pH 8.0.
Glutathione peroxidase (GSH-Px) activity was assayed
following the oxidation of nicotinamide adenine dinucleotice phosphate (NADPH) with t-butyl-hydroperoxide as
a substrate (Maral et al. 1977). The activity of glutathione
reductase was determined using the method of Glatzle et al.
(1974). The method is based on the capacity of GR to catalyze
the reduction of GSSG to GSH using NADPH as substrate.
Glutathione-S-transferase (GST) activity towards 1-chloro-

2,4-dinitrobenzene (CDNB) as a substrate was measured
according to the method of Habig et al. (1974).
The activities of SOD, CAT, GSH-Px, GR and GST were
expressed in U/ml cells (units of activities per ml cells, which
calculated on the bases of exact hematocrit value).
The evaluation of oxidative pentose phosphate (OPP) pathway
activity
For estimation of OPP pathway 14CO2 formation was measured by Warburg technique. The incubation of erythrocytes
with [1-14C]-glucose and determination of [1-14CO2], released during the conversion of glucose-6-phosphate into
pentose phosphates, represent the direct measure of OPP
pathway activity, since in mature RBCs (erythrocytes) it is the
only site for metabolic production of CO2 (Rapoport 1986).
However, for estimation of OPP pathway in reticulocytes,
the ratio between the radioactivities of CO2 derived from
[1-14C]-glucose and [6-14C]-glucose should be used. In
these cells which possess mitochondria and oxidative phosphorylation, [6-14C]-glucose must be employed since 14CO2
is mainly formed in tricarboxilic cycle. The OPP pathway
activity was determined according to the method described
by Yunis and Yasmineh (1969). Cell suspensions without
(control) or with GTN (01, 1, 0.25, 0.5 and 1 mM) were
aerobically incubated at 37°C for 60 minutes in the presence
of either [1-14C]-glucose (erythrocytes), or [1-14C]-glucose
and [6-14C]-glucose (reticulocyte-rich RBC suspensions).
After addition of labelled glucose to the cell suspensions, the
speciﬁc radioactivity of glucose was usually 2500 cpm/nmol.
All incubations were performed in duplicate. Phenetylamine
(0.2 ml) was added as CO2 absorbent. The incubations were
terminated by adding 0.5 vol. of cold 20% trichloracetic acid,
followed by 30 minutes of shaking for the complete absorption of released 14CO2. The radioactivity of the formed CO2
was measured in a toluene scintillator (Rack Beta Spectral,
LKB Wallac). Glucose ﬂux via OPP pathway was calculated
and expressed in nmol glucose/ml cells/h. In order to obtain
the value for “pure”, 100% reticulocyte suspensions, the following equation was used: OPP rtcs (nmol glucose/h/ml
rtcs) = [OPP cells – (OPP ercs × % ercs/100)] / % rtcs/100
(ercs, erythrocytes; rtcs, reticulocytes).
Statistical analysis
All values are expressed as mean ± SEM. Statistical evaluation was calculated by Paired Sample T-Test and One-Way
ANOVA, LSD Posthoc test (SPSS for Windows, ver. 17, 2008,
Chicago, IL). For all comparisons, p < 0.05 was considered
signiﬁcant. The magnitude of correlation between variables
was done using a SPSS (Chicago, IL) statistical software
package (SPSS for Windows, ver. 17, 2008). Results were
given from ﬁve independent experiments.
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Results

(Vit C and GSH) were included in antioxidative defence
of RBCs.

The eﬀects of GTN on concentrations of non-enzymatic
components of AOS in rat RBCs
Aerobic in vitro incubation of erythrocyte and reticulocyterich RBCs in the presence of GTN caused changes in the
levels of antioxidative non-enzymatic components. According to the data presented in Tab. 1, GTN induced decrease
of Vit C level (there is evident decreasing tendency without
signiﬁcant changes, except in 0.25 mM GTN in erythrocytes;
in reticulocytes high doses of GTN induces Vit C decrease).
GTN signiﬁcantly (in high doses) and dose-dependently
(Tab. 3) increased Vit E level in both kinds of cells. The
changes in antioxidative vitamin contents were higher in
erythrocytes than in reticulocytes after GTN treatment.
After a 2-hour incubation of rat reticulocytes with GTN,
the GSH content decreased signiﬁcantly (p > 0.05) and dosedependently, while GSSG level did not changed (Tabs. 2, 3).
In erythrocytes, only high doses of GTN induced depletion
of complete glutathione pool (GSH and GSSG) (Tabs. 2, 3),
indicating possible impairment of overall glutathione synthesis. These changes did not disturb the GSSG/2GSH ratio
(Tab. 2). All data indicate that water soluble antioxidants

The eﬀects of GTN on antioxidative enzymes activities in rat
RBCs
Antioxidative enzymes are also a very important part of
AOS which speciﬁcally eliminates ROS. One of them is
SOD, which catalyses dismutation of O2•– to H2O2 and O2.
Two hours after treatment with GTN (Fig. 1), the CuZnSOD activity in erythrocytes did not change signiﬁcantly.
In reticulocytes, two main isoforms of SOD exist: cytosolic
CuZnSOD and mitochondrial MnSOD. Our results showed
that GTN induced signiﬁcant increase of CuZnSOD activity,
while signiﬁcantly and dose-dependently decreased MnSOD
activity (Fig. 1, Tab. 3). Total SOD activity remained stable
during the GTN treatment.
The activity of catalase, the next antioxidative enzyme
which transforms H2O2 to H2O and O2, was also followed in
RBCs in the presence of GTN. The obtained results showed
that GTN did not change catalase activity in erythrocytes
and reticulocytes (data not shown).
Three glutathione-dependent enzymes are also included
in AOS as following: GSH-Px decomposes H2O2, GR reduces

Table 1. Eﬀects of glyceryl trinitrate (GTN) on vitamin C (Vit C) and vitamin E (Vit E) concentrations in rat erythrocytes and reticulocytes
GTN
(mM)

Vit C (μmol/ml cells)
Erythrocytes

Vit E (μg/ml cells)

Reticulocytes

Erythrocytes

Reticulocytes

0
166.74 ± 23.97
89.93 ± 16.15
5.10 ± 1.89
3.00 ± 0.53
0.1
164.05 ± 22.88
72.64 ± 14.84
6.03 ± 1.21
3.04 ± 0.28
0.25
117.34 ± 11.08*
74.45 ± 13.36
7.80 ± 1.75
2.66 ± 0.55
0.5
147.77 ± 24.98
59.28 ± 13.85*
5.55 ± 1.65
3.55 ± 0.35
1.0
122.47 ± 23.23
70.30 ± 17.76
11.07 ± 1.09*
4.54 ± 0.28*
1.5
122.47 ± 36.37
57.70 ± 3.47*
10.32 ± 2.61*
4.93 ± 0.47*
Values represent mean ± SEM for 5 experiments. * p < 0.05, control (0 mM GTN) versus GTN (other concentrations).
Table 2. Eﬀects of GTN on concentrations of reduced (GSH) and oxidized (GSSG) form of glutathione in rat erythrocytes and reticulocytes
GTN
(mM)

GSH (μmol/ml cells)
Erythrocytes

Reticulocytes

GSSG (nmol/ml cells)
Erythrocytes

Reticulocytes

GSSG/2GSH × 10–3
Erythrocytes

0
2.22 ± 0.20
3.51 ± 0.32
0.58 ± 0.10
0.62 ± 0.09
0.13
0.1
2.06 ± 0.16
3.30 ± 0.34*
0.58 ± 0.07
0.73 ± 0.11
0.14
0.25
1.92 ± 0.13
3.50 ± 0.39
0.54 ± 0.11
0.70 ± 0.08
0.14
0.5
2.10 ± 0.20
3.16 ± 0.34*
0.54±0.13
0.70 ± 0.16
0.13
1.0
1.78 ± 0.28*
2.96 ± 0.29*
0.47 ± 0.11
0.72 ± 0.07
0.13
1.5
1.25 ± 0.26*
2.83 ± 0.25*
0.30 ± 0.05*
0.65 ± 0.08
0.12
Values represent mean ± SEM for 5 experiments. * p < 0.05, control (0 mM GTN) versus GTN (other concentrations).

Reticulocytes
0.09
0.11
0.10
0.11
0.12
0.115
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Figure 1. Eﬀects of glyceryl trinitrate (GTN) on CuZn superoxide
dismutase (CuZnSOD), MnSOD and total SOD (tSOD) activities
in rat erythrocytes and reticulocytes. Values represent mean ± SEM
for 5 experiments. Values for SOD are in U/ml cells × 104. * p < 0.05,
control (0 mM GTN) versus GTN (other concentrations).

Figure 2. Eﬀects of glyceryl trinitrate (GTN) on glutathione peroxidase (GSH-Px), glutathione reductase (GR) and glutathione S-transferase (GST) activities in rat erythrocytes and reticulocytes. Values
represent mean ± SEM for 5 experiments. Values for GSH-Px and
GST are in U/ml cells × 103 and for GR in U/ml cells × 105. * p < 0.05,
control (0 mM GTN) versus GTN (other concentrations).

oxidized form of glutathione to GSH, GST catalyses GSH
conjugation with diverse xenobiotics, inactivating or metabolizing them. The basal (control, untreated RBCs) activities of all glutathione-dependent enzymes were signiﬁcantly
lower in reticulocytes compared with erythrocytes (Fig. 2).
The incubation of rat erythrocytes and reticulocytes in the
presence of GTN resulted in signiﬁcant decrease of GSH-Px,
GR and GST activities in both cells (Fig. 2), mostly dosedependently (negative correlation with GTN concentration,
Tab. 3). Also, there are evident increases of GSH-Px activity
in erythrocytes and GR activities in both erythrocytes and
reticulocytes in the presence of low doses of GTN (Fig. 2),
indicating initially antioxidative capacity of these enzymes
to protect RBCs from oxidative damage.

Table 3. Linear correlation between concentrations of GTN and
eﬀects on followed parameters

The eﬀects of GTN on OPP pathway activity
Finally, we followed the activity of OPP pathway which supplied RBCs with reduced nicotinamide adenine dinucleotide
phosphate (NADPH), a cofactor in antioxidative metabolism
and glutathione metabolic pathway. The obtained results
showed that GTN signiﬁcantly increased glucose utilization through OPP pathway in both treated cells (Fig. 3),

Correlation with GTN doses (r)
Erythrocytes
Reticulocytes
Vit C
–0.672
–0.717
Vit E
0.844*
0.953**
GSH
–0.923**
–0.936**
GSSG
–0.953**
0.227
CuZnSOD
–0.785
0.945**
MnSOD
–
–0.922**
tSOD
–
–0.028
CAT
0.884*
–0.791
GSH-Px
–0.688
–0.928**
GR
–0.871*
–0.922**
GST
–0.829*
0.793
OPP
0.999**
0.993**
GTN, glyceryl trinitrate; Vit C, vitamin C; Vit E, vitamin E; GSH,
reduced glutathione; GSSG, oxidized glutathione; SOD, superoxide
dismutase; tSOD, total SOD; CAT, catalase; GSH-Px, glutathione
peroxidase; GR, glutathione reductase; GST, glutathione S-transferase; OPP, oxidative pentose phosphate; r, coeﬃcient of correlation; * correlation is signiﬁcant at the 0.05 level (2 tailed) and ** at
the 0.01 level (2 tailed).
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suggesting the increase of reduced capacity for antioxidative
defense of RBCs.
Discussion
The mitochondria had a signiﬁcant role in the enzymatic
biotransformation of GTN (Chen et al. 2002; Sydow et al.
2004; Daiber et al. 2009). Previously, we showed that GTN
induced inhibition of energy production through oxidative
phosphorylation and stimulation of uncoupled oxygen consumption in rat reticulocytes (Maletić and Kostić 1999). The
increase of uncoupled oxygen consumption is the result of
elevated RNS (peroxynitrite) and ROS (hydrogen peroxide)
levels and the oxidative stress in these cells (Marković et al.
2006). GTN increased glucose utilization through glycolysis
pathway (Maletić and Kostić 1999; Maletić et al. 2000) and
through OPP pathway in rat erythrocytes and reticulocytes
(results of this study), which indicates the elevation of
reductive capacities (NADH and NADPH, respectively)
as a primary cell response to the induced oxidative stress.
However, these elevations in reduced capacity of RBCs were
not enough to prevent GTN-induced general depletion of
glutathione-dependent antioxidative pool (results of this
study) and consequent oxidative damage of cells (Marković

Figure 3. Eﬀects of glyceryl trinitrate (GTN) on oxidative pentose
phosphate (OPP) pathway activities in rat erythrocytes and reticulocytes. Values represent mean ± SEM for 4 experiments. * p < 0.05,
control (0 mM GTN) versus GTN (other concentrations).
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et al. 2006). Literature data suggest that biotransformation
of organic nitrates should proceed via two steps, where
NO2– is an intermediate and precursor of NO (Chen et al.
2002). Nitrite reductase activity has been linked, except the
others metabolic/enzymatic pathways, to the mitochondrial electron transport system (Kozlov et al. 1999) and
deoxyhemoglobin (Cosby et al. 2003; Huang et al. 2005).
The primary role for ALDH-2 in mediating the biotransformation of organic nitrates to NO, resulting in increased
cGMP accumulation and vasodilatation was established
(Chen et al. 2002; Sydow et al. 2004). Moreover, recombinant
ALDH 3A1 showed in vitro organic nitrate bioactivation
(Lin et al. 2013). On the other side, in vivo studies suggest
that GTN induced vasorelaxation through soluble guanylat
cyclase (sGC)/cGMP pathway without intermediacy of NO
(Kleschyov et al. 2003). Also, recent study suggests that in
an intact cell system (porcine renal epithelial cells with
intact NO-sGC-cGMP signalling system), neither overexpression nor depletion of ALDH-2 aﬀects GTN-induced
cGMP formation, indicating that ALDH-2 does not mediate
biotransformation of GTN to an activator of sGC (D’Souza
et al. 2013). Seabra et al. (2013) suggest that glyceraldehyde3-phosphate dehydrogenase catalyses nitrite generation
from GTN. So, there are evidences that biotransformation
of GTN is not simple and mediated by diﬀerent enzymatic
and nonenzymatic pathways in cells.
Literature data showed that mitochondrial O2•–, causing
reduced bioactivation of NO, has a central role in the nitrate
tolerance that develops during GTN treatment (Münzel et al.
1995; Sydow et al. 2004; Daiber et al. 2009). Mitochondrial
MnSOD dismutate O2•– to H2O2, thereby preventing peroxynitrite (ONOO–) formation. Daiber et al. (2005) noted
more pronounced nitrate tolerance in a mouse model of
heterozygous deletion of MnSOD. Our results showed that
NTG decreased MnSOD activity in reticulocytes, probably as
a consequence of peroxynitrite induced inhibition (Filipović
et al. 2007). It is widely assumed that the major source of
ONOO- in vivo is the extremely rapid reaction of NO with
O2•–.(.NO + O2•– → ONOO–). Peroxynitrite is a strong
oxidant and nitration agens and a number of studies have
pointed to MnSOD as a predominant nitrated protein and
MnSOD is inhibited under those conditions (Filipović et
al. 2007). Previous results show that MnSOD-catalyzed NO
dismutation into nitrosonium and nitroxyl species under
anaerobic conditions (Niketić et al. 1999) is also operative
in the presence of molecular oxygen which in reaction with
nitrosonium gives peroxynitrite (Filipović et al. 2007). Reduction of RNS by GSH can suppress inhibition of MnSOD
(Filipović et al. 2007). We showed that GTN caused an
increase in the concentration of nitrites and peroxynitrite,
leading to the development of oxidative damage in reticulocytes (Marković et al. 2006), and signiﬁcant decrease of
GSH concentration (results of this study). All these data
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suggest possibly a novel, important role of MnSOD in GTN
biotransformation.
Our results also showed that GTN increased CuZnSOD
activity in reticulocytes, which followed by lower O2•– and
higher H 2O 2 concentration of (Marković et al. 2006).
Transformation of GTN in reticulocytes leads to increased
NO production. Extremely rapid reaction of NO with
O2•– produce ONOO–, which induce inhibition of MnSOD.
Measured increased CuZnSOD activity at high GTN dose
may consequence of compensatory reaction in the cytosol
of reticulocytes. According to given results, CuZnSOD
successfully compensates MnSOD contribution in redox
metabolism.
In erythrocytes without mitochondria, reduced Hb and
low molecular weight thiols have a signiﬁcant role in GTN
biotransformation (Bennet et al. 1985; Boesgaard 1995). The
study of Boesgaard (1995) suggested that in vivo intracellular GSH played a critical role in the metabolism of GTN
and that intracellular depletion of GSH was involved in the
conversion of NO2– to NO. Our previous results showed that
biotransformation of GTN in erythrocytes were primarily
connected with Hb and increased MetHb level (Marković et
al. 2006). Nitrites, which are released after the biotransformation of GTN, react with deoxyHb to form NO and MetHb
in the erythrocytes (Cosby et al. 2003; Dejam et al. 2005).
The proposed mechanisms is that released NO can react
with GSH to form S-nitrosoglutathione (GSNO), which can
react with GSH and produce NO- and GSSG (Hogg 2002).
Decreased concentration of GSH (results of this study) suggests that the biotransformation of GTN may occur through
the formation of GSNO. GSSG, which is generated in this
reaction, can be reduced to GSH enzymatically by GR, or
can be excreted from the erythrocytes (Huang and Huang
2002). According to our results, GR activity provides the
conversion of GSSG to GSH at low doses of GTN. At higher
doses of GTN, GR activity decreases and GSH/GSSG ratio is
maintained probably through excretion of GSSG from cells.
The obtained results suggest that Hb and GSH dependent
metabolism of GTN exist in reticulocytes as well.
Our results showed that the basal (control, untreated
RBCs) activities of all glutathione-dependent enzymes were
signiﬁcantly lower in reticulocytes compared with erythrocytes, indicating immature state of glutathione metabolic
pathway in reticulocytes (Rapoport 1986). Another explanation for these data is that PhCl-induced reticulocytosis
is followed by up-regulated oxidative stress in reticulocytes
(Marković et al. 2006) and consequently ROS/RNS-induced
inhibition of glutathione-dependent enzymes (Becker et al.
1998). GTN treatment at low doses increases GSH-Px and
GR activities (except for GSH-Px in reticulocytes) and in
higher doses it decreases the activities of all investigated
glutathione-dependent enzymes in rat RBCs. The increased
activity of GSH-Px at low GTN doses protects RBCs from

oxidative damage. Reduction of GSH-Px activity and induction of oxidative damage of RBCs are the consequence of
GSH loss, caused by high doses of GTN. Kinetic studies show
that GSNO is a competitive inhibitor of GST and GR, and it
has been proposed as activity modulator of these enzymes
(Becker et al. 1995; Keese et al. 1997). In addition, direct inactivation of glutathione-dependent enzymes in the reaction
of RNS with SH-groups of their active centers (Becker et al.
1998) may be the cause of GTN-induced inhibition of these
enzymes in rat RBCs. Also, the peroxynitrite, which increases
under the inﬂuence of GTN in reticulocytes (Marković et
al. 2006) can nitrate tyrosine residues of GST, which leads
to inhibition of activity (Wong et al. 2001).
The results of our study showed that GTN had tendency
to decrease of Vit C level (more details in Results), while
at high doses it increased Vit E level in both erythrocytes
and reticulocytes. Studies showed that oxidative stress and
depletion of Vit C had an important role in development of
nitrate tolerance during GTN treatment (Kollau et al. 2007;
Wölkart et al. 2008). Also, Vit C plays an important role in
maintaining the level of Vit E (Beyer 1994). Acting as a chain
breaking antioxidant, Vit E can stop the chain reaction of
lipid peroxidation and contribute to maintain the stability of
the cell membrane (Beyer 1994). Considering that GTN at
high doses induced lipid peroxidation (Marković et al. 2006),
the increased concentration of Vit E had a protective eﬀect
on the RBCs membrane. The data obtained in this study
indicate that water soluble Vit C and GSH were engaged
in antioxidative defense of RBCs after GTN induction of
oxidative stress. As a consequence, the pool of fat soluble
Vit E was preserved. In our experimental design, PhCl-induced reticulocytosis was followed by up-regulated oxidative
stress and reticulocytes were adapted to oxidative stress in
contrast to the erythrocytes (Marković et al. 2006).
In conclusion, according to our results, RBCs have
a signiﬁcant role in the biotransformation of GTN and
preservation of NO bioactivity. Hemoglobin and GSH play
critical roles in the biotransformation of GTN in rat erythrocytes and partly in reticulocytes where MnSOD probably
had the main role. We suggest that oxidative stress, MnSOD
inhibition and depletion of glutathione pool in response to
GTN treatment lead to decreased bioavailability of NO after
GTN biotransformation in rat reticulocytes. This study is
signiﬁcant in deﬁnition the reticulocytes as an experimental
model system for investigation of mitochondria-dependent
metabolic pathways.
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