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Stimulated erythropoiesis and reticulocytosis can be induced by daily bleeding, or by phenylhydrazine 
(PHZ) treatment. We compared the in vivo effects of PHZ and bleeding treatment on haematological, 
energy and redox status parameters in red blood cells (RBC) of rats. The results showed that all followed 
haematological parameters were significantly lower in bleeding, compared to PHZ-treated rats. PHZ 
induced even 2.5S-fold higher reticulocytosis as compared to bleeding treatment. Although PHZ induced 
higher reticulocytosis, respiration intensity and energy production was lower than in bleeding-induced 
reticulocytes. These alterations were the consequence of increased superoxide anion and peroxynitrite 
concentrations in PHZ-treated rats. Bleeding treatment resulted in increased activity of an antioxidative 
enzyme, superoxide dismutase. In conclusion, differences in these two experimental models for reticulo
cytosis may be used as tools for appropriate pharmacological testing of redox-active substances consider
ing energy and redox processes, as well as apoptosis pathways. 
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INTRODUCTION 

In mammals, the process of erythropoiesis includes maturation of haematopoietic 
stem cells through increased haemoglobin synthesis and loosing of genetic material 
and all organelles in mature erythrocytes. The last but one stadium of this differentia
tion, the reticulocytes do not possess a full range of metabolic pathways compared to 
proliferating cells. However, reticulocytes are still equipped with a set of metabolic 
pathways, due to the presence of mitochondria and ribosomes [21]. Primary consum
ers of oxygen and primary ATP generators are mitochondria and are a permanent 
source of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in cells 
[4,8]. In comparative studies, the reticulocytes and erythrocytes were used as simple 
model systems to differentiate the metabolic processes in these cells. In addition, 
reticulocytes are adequate model system for investigations of mitochondrial proc-
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esses, considering energy and redox metabolism [12, 14, 15], as well as mechanisms 
of apoptosis. 

In experimental conditions, reticulocytosis can be induced by bleeding or by phe
nylhydrazine-hydrochloride (PHZ) treatment. The amount of bleeding-induced 
reticulocyte generation is a 30-40% increase [16,28], whereas PHZ-induced reticu
locytosis in rats is over 80% [10, 12, 14, 15]. Phenylhydrazine and its derivatives are 
well-known active substances that induce deleterious changes of red blood cell (RBC, 
including both erythrocytes and reticulocytes) properties and lead to haemolysis and/ 
or phagocytosis. Tt is generally assumed that all these changes are mediated by forma
tion of superoxide radicals, hydrogen peroxide, phenyl radicals and other reactive 
species derived from PHZ [18]. In RBCs, PHZ reacts with oxyhaemoglobin to form 
methaemoglobin, oxidizes to haemichrome, and causes Heinz body formation, induc
ing membrane alterations due to lipid peroxidation and changes in membrane pro
teins [26]. Studies in vitro showed that PHZ induced significant changes in energy 
metabolism of RBCs in humans [11] and rabbits [28]. 

Recent studies showed that PHZ-induced reticulocytes are simple model system of 
anaemia and apoptosis investigation [5, 20, 24]. In order to clearly define this model 
system, the question which we tried to resolve in this study is whether PHZ-induced 
reticulocytosis produce the energy functional cells. We compared in vivo effects of 
PHZ treatment with bleeding regarding respiratory processes and energy production 
in reticulocytes of rats. In addition, we followed redox status parameters in RBC of 
treated groups ofrats and found positive correlation between PHZ-induced inhibition 
of energy production and oxidative stress appearance. 

MATERIALS AND METHODS 

Chemicals 

PHZ, chemicals for solutions and enzymes were obtained from Sigma (St. Louis, 
MO, USA) and Merck (Darmstadt, Germany). 

Animals, RBCs collection and incubation 

In this study, RBCs of rats (Wistar albino, male, 250-350 g body mass) were used. 
The animals were kept at 21 ± I QC 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. 
Control groups were obtained from untreated (I) and 0.9% NaCI-treated (0.5 ml 0.9% 
NaCI for three days) rats (ll). Reticulocytosis was induced by PHZ treatment (35 mg/ 
kg body weight for 3 days) (Ill) and by daily bleeding ofrats (1.5-2 ml of blood from 
tail vein) for 8 days (IV). After 7 (1, II and Ill) and 9 days (IV) rats were anaesthetized 
by ether and blood was taken by exsanguinations. Blood was collected into tubes 
containing heparin. 
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Haematocrit value (Hct) , haemoglobin concentration (Hb), amounts of erythro
cytes (Ercs), leukocytes (Lcs), platelets (Plts), and percentage of reticulocytes (Rtcs) 
were measured in the collected blood samples. Formation of Heinz bodies (HB) was 
also determined in the collected blood samples. 

For energy production determination, collected blood was centrifuged 10 min at 
5000 rpm, plasma and leukocytes were separated, while RBCs were washed three 
times with NaCI 0.9%. Washed RBCs were resuspended in incubation buffer con
taining 50 mmol!l Hepes, 100 mmol!l NaCI, I mmol!l MgClb I mmol!l NaH2P04, 

5 mm oI!l glucose and 2 mmol!l CaClb pH 7.4 at 37 QC [10]. Cell suspensions (final 
haematocrit value about 0.20) obtained from bleeding and PHZ-treated rats were 
incubated aerobically for 2 h at 37 QC. 

For redox status determination, the collected blood was centrifuged for 10 min at 
5000 rpm, plasma and leukocytes were separated, while RBCs were washed three 
times with NaCI 0.9%. Washed-out RBCs were lysed with dH20 (1 : 3, v/v) at 0 QC 
for 30 min. All samples were extracted from lysates. After extraction, the samples 
were stored at -80 QC until analysis. 

Haematological parameters 

Haematocrit value determination was preformed using the full blood taken with 
standard microhaematocritic tubes (75 mm length) and centrifuged for 5 minutes on 
12,000 rpm, expressed in litre ofRBCs per litre of blood (L/L). Hemoglobin concen
tration in blood and lysate of RBCs was determined by cyanmethemoglobin method 
[6]. Amounts of erythrocytes, leukocytes and platelets were counted microscopically 
and were expressed in number of Ercs xI 012/L of blood, Lcs x 109/L of blood and 
Pits x I 09/L of blood, respectively. Supravital dying technique was used for measuring 
the amount of reticulocytes. Substantia reticulofilamentosa, which is an artificial 
residue and a supravital phenomenon after dying (1 % Brilliant cresyl blue in 150 mM 
NaCI), could be seen under the microscope with immersion glass. The amount was 
expressed in % rtcs (number of reticulocytes per total number ofRBC xI 00%). 

Heinz body formation level 

Heinz body amount was determined by turbidometric measurement [2]. Cell suspen
sion (0.1 mL) and Na-P04 buffer (3 mL, 5 mM, pH 7.4) were mixed together and 
incubated for 15 minutes on room temperature in dark. The amount of HB formation 
was measured spectrophotometrically at a wavelength of 700 nm. 
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Oxygen consumption measurement and evaluation of energy production 

Oxygen consumption (L102) was measured by the Warburg technique [27]. Coupled 
L102 (the part of total L102 used for ATP production in oxidative phosphorylation -
OxP) was calculated as the difference between total and (5 ~M) oligomycin-resistant 
(uncoupled) L102 [25]. The oxygen consumption intensity was calculated and 
expressed as ~mol/h/ml reticulocytes. Energy production through OxP was calculated 
on the basis of the estimated coupled L102 and the estimated PlO ratio of 2.5 (1 M 
atoms of oxygen consumed equivalent to 2.5 M produced ATP) [25]. 

Evaluation of ROS concentrations 

The concentrations of ROS and RNS were determined after extraction using the fol
lowing protocol: Y2 vol 3 M perchloroacetic acid and 2 vol 20 mM EDTA were added 
to 1 vollysate. After extraction on ice (15 min) and centrifugation (4 minl15,000 
rpm), extracts were neutralized using 2 M K2C03. 

The spectrophotometric determination of the superoxide anion (Or) was based on 
the reduction ofNitro Blue Tetrazolium (NBT) in the presence of 02"- [1]. The deter
mination of the hydrogen peroxide (H20 2) concentration was based on the oxidation 
of Phenol Red (PR) in the presence of Horse Radish Peroxidase (HRPO) as a catalyst 
[19]. 

The spectrophotometric determination of nitrites - N02- (indicator of the nitric 
oxide - NO level) was performed using the Griess method [9]. The concentration of 
3-nitrotyrosine (3-NT) as an indicator of the peroxynitrite (ONOO-) ion was per
formed using Riordan and Val1e's method [23]. 

Evaluation of Antioxidative System (AOS) enzymes activities 

Superoxide dismutase (SOD) activity was determined after extraction using the fol
lowing protocol: to remove the haemoglobin, 1.0 ml of an ethanol/chloroform (I: I, 
v/v) mixture was added to an aliquot (0.5 ml) ofthe 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 yel10w supernatant was sepa
rated from the protein precipitate and was used to assay SOD enzyme activity. SOD 
activity was determined owing to its ability to inhibit the auto-oxidation ofpyrogal101 
according to the method of Marclund and Marclund [13]. 

Catalase (CAT) activity was measured by the method of Beutler [3]. The method 
is based on the rate of H20 2 degradation by the action of CAT contained in the exam
ined samples followed spectrophotometrically at 230 nm in 1 M Tris-HCl solution, 
containing 5 mM EDTA, pH 8.0. The activities of SOD and CAT were expressed as 
U/mlRBC. 
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Statistical analysis 

All values are expressed as mean ± SEM. Statistical evaluation was calculated by one 
way ANOVA. For all comparisons, p<0.05 was considered as significant. 

RESULTS 

Haematological parameters 

The haematological parameters of bleeding and PHZ-treated rats are shown in Table 
1. Value for "mock-treated" control (ll) was not different in comparison to control (I). 
In PHZ-treated rats (Ill) concentration of Hb was lower (p> 0.05), while PIts number, 
percentage of Rtcs and HB levels were significantly higher, compared to control (I). 
In bleeding rats (IV), RBC's parameters were lower, while Lcs and PIts number, per
centage of Rtcs and HB levels were significantly higher, compared to control (I). 
When compared PHZ- (Ill) and bleeding-treated (IV) rats, Hct value, Ercs and PIts 
number, percentage of Rtcs and HB levels were significantly lower in group IV, indi
cating that anaemia in bleeding rats was more pronounced than in PHZ-treated rats. 
Moreover, PHZ treatment induced a 2.58-fold higher reticulocytosis compared with 
bleeding treatment. In addition, extreme elevation of Heinz bodies' level (12.58-fold 
higher than in control group), indicated oxidative stress appearance in RBC of PHZ
treated rats. 

Table 1 
The haematological parameters in control (I and TT), PHZ-treated (TIT) and bleeding rats (IV) 

I TT TIT IV 

Hct (UL) 0.43 ±0.02 0.39±0.02 0.40±0.02 0.30±0.06u 

Hb (g%) 12.02±0.84 11.89 ± 1.09 8.92± 1.21 6.71 ±0.56* 

Ercs (x I 012/L) 7.09±0.35 6.84± 0.42 7.18±0.30 5.08±0.53u 

Lcs (x 109/L) 11.90± 1.00 12.16± 1.09 10.91 ± 0.66 17.07±2.71u 

PIts (x 109/L) 203.33 ± 15.77 221.60± 10.0 645.71 ± 13.40* 545.37 ± 15.26*# 

Rtcs (%) 2.45±0.17 3.67±0.39 84.11±4.60* 32.55 ± 0.96u 

HB 51.16±3.46 59.40 ± 7.77 643.71 ± 23.42* 97.25±4.01*# 

Values represent mean ± SEM for 7 animals per each group. *p < 0.05, compared with control 
group (I), #p < 0.05, PHZ-treated versus bleeding rats. 

Oxygen consumption and energy production 

The total i102 amounted to 13.48 ± 1.08 and 25.04 ± 3.23 !-tmol/hlml rtcs in PHZ and 
bleeding induced reticulocytes, respectively (Fig. 1). AIthough PHZ-treatment 
induced a higher reticulocytosis (Table 1), respiration intensity was lower than in 
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Fig. 1. Oxygen consumption level and energy production in reticulocytes obtained from the PHZ-treated 
(TIT) and bleeding rats (TV). Values represent mean ± SEM for 7 animals per each group. #p < 0.05, PHZ

treated versus bleeding rats 

bleeding-induced reticulocytes (Fig. 1). The coupled ~02 was even "two-fold" lower 
in PHZ-treated rats. On the basis of the coupled ~02' the energy production in OxP 
was calculated and showed (Fig. 1). The energy production was even "two-fold" 
lower in PHZ-treated, compared with bleeding rats, indicating PHZ-induced inhibi
tion of energy producing processes. 

ROS and RNS concentrations 

The concentration of 02"- and H20 2 in RBC of treated animals are shown in Figure 2. 
Concentration of 02"- was significantly higher in PHZ-treated rats (TIT) compared to 
control, while significantly lower in bleeding rats (TV), compared to control (I) and 
PHZ-treated groups (TIT). Level of H20 2 was not changed in the investigated groups 
of animals (Fig. 2). 

RNS (nitrite and peroxynitrite) concentrations are shown in Figure 3. Nitrite level 
was not different in investigated groups of animals. On the other hand, peroxynitrite 
level was significantly higher in RBC of PHZ-treated rats (TIT), compared to control 
(I) and bleeding rats (IV). These results indicate accumulation of superoxide and 
peroxynitrite in RBC of PHZ-treated rats. Oxidative stress appearance may be cause 
of oxygen consumption and energy production damage in PHZ-induced reticulocytes. 
Therefore, the following step was the determination of AOS enzymes activities. 
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Fig. 2. The lysate ROS concentrations in control (I and TT), PHZ-treated (TIT) and bleeding rats (IV). 
Values represent mean ± SEM for 5 animals per each group. Values for 02'- are in nmol/ml RBC x 10-1• 

*p < 0.05, compared with control group (I), #p < 0.05, PHZ-treated versus bleeding rats 

Fig. 3. The lysate RNS concentrations in control (1 and 11), PHZ-treated (lll) and bleeding rats (IV). 
Values represent mean ± SEM for 5 animals per each group. Values for 3-NT are in nmol/ml RBC x 10-1• 

*p < 0.05, compared with control group (I), #p < 0.05, PHZ-treated versus bleeding rats 

Fig. 4. The activities of lysate Cu, Zn containing superoxide dismutase (CuZnSOD) and catalase (CAT) 
in control (1 and 11), PHZ-treated (lll) and bleeding rats (IV). Values represent mean ± SEM for 5 animals 
per each group. Values for CuZnSOD are in Wml RBC x 104, and for CAT are in Wml RBC x 106 . 

*p < 0.05, compared with control group (I), #p < 0.05, PHZ-treated versus bleeding rats 

Acta Biologica Hungarica 62, 2011 



RBC energy and redox status after PHZ treatment and bleeding in rat 129 

AOS enzyme activities 

Figure 4 shows that the CuZnSOD activity was significantly higher in bleeding rats 
(IV), when compared to both control (I) and PHZ-treated rats (Ill). The CAT activity 
was not different in the investigated groups of rats. 

DISCUSSION 

Anaemia is usually induced by bleeding or PHZ treatment under experimental condi
tions [21]. Successive bleeding of animals or humans causes stimulation of erythro
poiesis, and results in the increase of number of reticulocytes in peripheral blood. 
PHZ-induced anaemia is the result of rapid haemolysis due to damage and complex 
interactions between PHZ and RBCs' proteins and lipids [26]. Results of this study 
showed that PHZ treatment induced even 84.11 ± 4.60% reticulocytes, which was 
2.58-fold higher than in bleeding rats. Our results are in accordance with the pub
lished data [10, 12, 14-16, 28]. In addition, according to the presented data, severe 
anaemia occurred in bleeding, compared with PHZ-treated rats, although Redondo et 
al. [22] showed similar decrease of Hct and Hb concentration in two of the same 
experimental groups. Our results showed that PHZ-induced experimental anaemia in 
rats yielded a greater degree of reticulocytosis with less anaemic problems than 
bleeding treatment. 

Significantly elevated number of leukocytes and platelets in bleeding rats were 
found in this study. High level of leukocytes may be the consequence of some infec
tion during bleeding procedure, while stimulated megakaryopoiesis followed by high 
level of platelets may be physiological response ofhematopoietic system on bleeding. 
PHZ treatment also induced higher level of platelets, in comparison to control and 
bleeding groups of animals. Freedman and Karpatkin [7] showed that intravenous 
injection ofPHZ into intact rabbits resulted in thrombocytosis and megathrombocy
tosis, as consequence of splenic blockade by RBC haemolysate. 

The one of the essential metabolic processes for energy production - OxP was fol
lowed in this study. Total and coupled ~02 was almost 2-fold lower in reticulocytes 
obtained from PHZ-treated than in bleeding rats. Studies in vitro showed that PHZ 
caused inhibition of coupled ~02 in rabbit reticulocytes [28]. Due to the lower cou
pled ~02 in reticulocytes of PHZ-treated rats, ATP production via OxP was signifi
cantly diminished, compared to bleeding rats, indicating PHZ-induced inhibition of 
energy producing processes. 

The presented results showed that concentration of 02"- and peroxynitrite were 
significantly higher in PHZ-treated rats, compared to control and bleeding rats. The 
accumulation of Or and peroxynitrite is the consequence of two facts: (i) reticulo
cytes contain functional mitochondria, which is one of the main source of ROS and 
RNS in cells [4, 8] and (ii) PHZ metabolism in the cells results in the formation of 
reactive species [18]. Peroxynitrite formation is the result of the reaction between 
nitric oxide (NO) and 02"-. NO level (determined as its oxidative product - nitrites) 
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was not different in investigated groups of animals, and perhaps NO was metabolized 
to peroxynitrite. Taking everything into account, the depletion of energy production 
during OxP in reticulocytes of PHZ-treated rats was the consequence of irreversible 
inhibition of enzymatic complexes (I-V) of the respiratory chain by peroxynitrite [4]. 
In feedback, high production of Or was a consequence of PHZ-induced inhibition of 
OxP [4]. 

The high level of 02"- results in extremely elevated formation of Heinz bodies in 
RBC of PHZ-treated rats (12.58-fold higher than in control group and 6.62-fold 
higher than in bleeding group) and indicate oxidative stress appearance. Namely, in 
RBCs, PHZ reacts with oxyhaemoglobin to form methaemoglobin, oxidises to hae
michrome, and causes Heinz body formation [26]. Due to the fact that there was not 
any change in lipid peroxidation in the investigated groups of animals (data not 
shown), it seems that proteins (haemoglobin) are the main site of PHZ-induced dam
age of RBC, which is in accordance with literature data [17]. In addition, 1.90-fold 
higher levels of Heinz bodies in bleeding rats, compared to control, indicate instabil
ity of Hb molecules in these cells as the consequence of oxidative stress. 

The activities of CuZnSOD and CAT, two AOS enzymes included in 02"- and H20 2 

metabolism were not different in RBC of PHZ-treated rats. On the other hand, the 
CuZnSOD activity was significantly higher in bleeding rats, compared to control and 
PHZ-treated rats. The high CuZnSOD activity in bleeding RBCs may be the conse
quence of erythrocyte maturation and the cause of lower 02"- concentration in RBC 
of bleeding rats. 

In conclusion, bleeding-induced experimental anaemia in rats was followed by 
relatively low amount of reticulocytes and low level of haematological parameters in 
peripheral blood (strong anaemia). The RBCs obtained after bleeding had stable 
energy production and redox status. On the other hand, anaemia caused by PHZ 
yielded a greater degree of reticulocytosis with lower haematological anaemic prob
lems. There is inhibition of energy production in PHZ-induced reticulocytes, as the 
consequence of oxidative stress in these cells. However, the energy processes in PHZ
induced reticulocytes were stable enough, resulting in maturation of these cells into 
normal erythrocytes [10]. Differences in these two experimental models for reticulo
cytosis may be used as tools for appropriate pharmacological testing of redox-active 
substances. 
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