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Effects of theophylline, lidocaine, cyclophosphamide, hyoscine N-butyl
bromide, tranexamic acid and cytarabine on hexokinase (HK) from human
erythrocytes have been investigated in vitro. In addition, in vivo effects of
theophylline and lidocaine were investigated in rats. HK was purified from
human red blood cells by DEAE-Sephadex A50 ion exchange chromatogra-
phy. HK activity was measured spectrophotometrically at 25°C in a system
coupled with glucose 6-phosphate dehydrogenase, according to Beutler’s
method at 340 nm. Cyclophosphamide, hyoscine N-butyl bromide, tranex-
amic acid and cytarabine had no effects on human erythrocyte HK activity in
in vitro conditions. On the other hand, human erythrocyte HK was inhibited
by theophylline, but activated by lidocaine. IC

��
value for theophylline was

0.013 M. In the case of in vivo studies, 6 mg kg�� of theophylline inhibited
the rat HK activity by 43% at the first 1.5 h (p < 0.001). A dose of 5 mg kg��

of lidocaine activated the rat HK activity by 41% (p < 0.001), 22%
(p < 0.001), and 11% (p < 0.05), at 1.5, 3 and 6 h, respectively.
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INTRODUCTION

Hexokinase (HK: E.C.2.7.1.1) plays a key role
in the metabolic regulation of the red blood cell
(RBC) because the energy in RBC is produced en-
tirely through glycolysis and HK is a rate-limiting
enzyme [6]. HK is one of the rate-limiting enzymes
of glycolysis catalyzing the phosphorylation of glu-
cose to glucose 6-phosphate with MgATP as the
phosphate donor [12]. HK in mammalian tissues
exists as four isoenzymes with distinct kinetic
properties and tissue distribution which are called
HK-I, HK-II, HK-III and HK-IV [17]. In the RBC,
the heterogeneous forms of HK-I were described
originally by electrophoretic separation [15]. The
proportion of these isoenzymes appears to be adap-
tive and can be altered by developmental, hormo-
nal, and dietary changes [18]. Two or more molecu-
lar forms of HK exist in human, rabbit, cow, dog,
horse, and pig erythrocytes [10, 13, 19]. Deficiency
of the enzyme in RBC can cause hemolytic anemia
in human [20]. In case of deficiency of some en-
zymes such as glucose 6-phosphate dehydrogenase
(G6PD), hemolysis occurs in older erythrocytes af-
ter exposure to antimalarials, antipyretics, sulfona-
mides, nitrofurans, some antibiotics and vitamin K
derivatives, fava beans and some other drugs and
chemicals that produce peroxide and cause oxida-
tion of hemoglobin and erythrocyte membrane [2].
These drug effects sometimes may be dramatic and
systemic [5].

Therefore, in the present study, investigation of
the effects of some medical drugs on the activity of
human erythrocyte HK in vitro and on rat HK in
vivo was proposed. For this purpose, HK was puri-
fied from human RBCs. Theophylline, lidocaine,
cyclophosphamide, hyoscine N-butyl bromide,
tranexamic acid and cytarabine were selected for
investigation since they are commonly used in the
treatment of many diseases.

MATERIALS and METHODS

Materials

2’,5’-ADP Sepharose 4B was purchased from
Pharmacia (Sweeden). DEAE-Sephadex A50, NA-
DP(, ATP, glucose, glucose 6-phosphate, protein
assay reagent, and chemicals for electrophoresis
were purchased from Sigma Chem. Co. (USA). All
other chemicals used were of analytical grade and

were purchased either from Sigma or from Merck
(Germany).

Preparation of the hemolysate

Blood samples collected on EDTA were centri-
fuged (15 min, 2,500 × g), and plasma was re-
moved. The pack of red cells was washed three
times with KCl (0.16 M) and hemolyzed with 5 vo-
lumes of ice-cold water and then centrifuged (+4°C,
10,000 × g, for 30 min) to remove the ghosts and
intact cells [1, 16].

Ammonium sulfate precipitation and dialysis

The hemolysate was subjected to sequential
precipitation with ammonium sulfate (10–20%,
20–30%, 30–40%, 40–50%, 50–60%, and 60–70%).
For each respective precipitation, the enzyme activ-
ity was determined both in supernatant and in pre-
cipitate. G6PD and HK enzymes were observed
to precipitate at 35–65% (NH#)!SO#. The solutions
of G6PD and HK were dialyzed against 50 mM
K-acetate plus 50 mM K-phosphate buffer (pH 7.0),
and 5 mM phosphate buffer, respectively for 2 h
with two changes of buffer.

Purification of HK by ion exchange chromatog-

raphy

DEAE-Sephadex A50 was suspended in 5 mM
sodium potassium phosphate buffer, pH 7.4, then,
packed in a column (3 × 30 cm), equilibrated and
washed with the same buffer. The flow rates for
washing and equilibration were adjusted by peri-
staltic pump to 20 ml h)*. Dialyzed sample was
loaded on DEAE-Sephadex A50 column and the
gel was washed with 5 mM phosphate buffer, pH
7.4. Washing was continued until absorbance at 280
nm was 0.05. Bound protein was eluted with a gra-
dient from 0 to 500 mM potassium chloride, con-
taining 5 mM glucose at 20 ml h)* flow rate. Elu-
ates were collected in 2 ml tubes and for each of
them absorbance and HK activity were separately
determined at 280 and 340 nm, respectively. Active
fractions were collected. All procedures were per-
formed at 4°C [4].

Determination of HK activity

HK activity was measured spectrophotometri-
cally at 25°C in a system coupled with G6PD as
previously described. For each molecule of glucose
utilized, for in vitro and in vivo studies, 1 and 2 mo-
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lecules of NADP( are reduced, respectively. One
unit of HK activity is defined as the amount of en-
zyme which catalyzes the formation of 1 �mol of
glucose-6 phosphate per minute at 25°C [1].

Purification of G6PD by affinity chromatography

For 10 ml of bed volume, 2 g of dry 2’,5’-ADP
Sepharose 4B was washed several times in 400 ml
of distilled water. With several washings, the impu-
rities were removed, and the gel conditioned. After
removal of the air from the gel, it was resuspended
in the buffer (0.1 M K-acetate + 0.1 M K-phos-
phate, pH 6.0) with a ratio of 25% buffer and 75%
gel and was packed in a column (1 × 10 cm). After
precipitation of the gel, it was equilibrated with the
same buffer using a peristaltic pump (flow rate: 50
ml/h). The dialyzed enzyme solution obtained pre-
viously was loaded on the column, and the flow
rate was adjusted to 20 ml/h. Then, the column was
sequentially washed with 25 ml of 0.1 M K-acetate
+ 0.1 M K-phosphate, (pH 6.0) and 25 ml of 0.1 M
K-acetate + 0.1 M K-phosphate (pH 7.85). The
washing with 0.1 M KCl + 0.1 M K-phosphate, (pH
7.85) was continued until the final absorbance dif-
ference became 0.05. Finally, the enzyme was
eluted with the solution of 80 mM K-phosphate
+ 80 mM KCl + 0.5 mM NADP( + 10 mM EDTA
(pH 7.85). The enzyme activity was measured in fi-
nal fractions, and the tubes showing activity were
pooled together. In the resultant solution, the pro-
tein was determined. The temperature was kept at
+4°C during all procedures [16].

Activity determination

The enzymatic activity was measured by Beut-
ler’s method [1]. One enzyme unit was defined as
the enzyme amount reducing 1 �mol of NADP( per
1 minute.

Protein determination

Protein concentration was measured spectro-
photometrically at 595 nm according to Bradford’s
method, with bovine serum albumin used as a stan-
dard [3].

SDS polyacrylamide gel electrophoresis (SDS-

PAGE)

The enzyme purity was controlled using Laem-
mli’s procedure [11], with 3% and 8% acrylamide
concentrations for running and stacking gel, re-

spectively. The 10% SDS was added to the gel so-
lution. The gel was stabilized in the solution
containing 50% propanol + 10% TCA + 40% dis-
tilled water for 30 min. The gels were stained for
about 2 h in the solution of 0.1% Coommassie Bril-
liant Blue R-250 + 50% methanol + 10% acetic
acid. Finally, the washing was carried out in the so-
lution of 50% methanol + 10% acetic acid + 40%
distilled water until protein bands were clear.

Kinetics studies on human erythrocyte HK and

G6PD. In vitro study

Theophylline, lidocaine, cyclophosphamide, hy-
oscine N-butyl bromide, tranexamic acid and cyta-
rabine were used in the experiments. Human eryth-
rocyte HK and G6PD activities were measured at
4.56, 9.12, 13.6, 18.2, 22.8 mM for theophylline, at
8.5, 17, 25.5, 34, 42.5 mM for lidocaine, at 30.8,
77, 154, 308, 437 mM for cyclophosphamide, at
18, 45, 90, 135, 180 mM for hyoscine N-butyl bro-
mide, at 25.6, 64, 128, 192, 256 mM for tranexamic
acid and at 32.8, 82, 164, 246, 328 mM for cytara-
bine as cuvette concentrations. Drugless cuvette ac-
tivity was accepted as 100%. Drug concentration
which produced 50% inhibition (I"$) was calcu-
lated from graph for theophylline.

Kinetics studies on rat HK activity. In vivo study

Twelve adult male Sprague-Dawley rats (150 to
200 g) were used. All animals were fed with stan-
dard laboratory chow and water before the experi-
ment. The animal room was windowless with auto-
matic temperature (25 ± 1°C) and lighting controls
(14 h light/10 h dark). All animals, six in each
group, were housed in different cages. For control,
0.5 ml of blood was taken from tail vein before
drug administration. Then, 6 mg kg)* theophylline
was administered ip to the first group (n = 6) and
1.5, 3 and 6 h after drug administration, 0.5 ml
blood samples were taken again from tail vein.
Lidocaine (5 mg kg)*) was injected ip to the second
group (n = 6) and 1.5, 3 and 6 h after drug admini-
stration, 0.5 ml of blood were taken again from tail
vein. All blood samples were drawn to test tubes
containing EDTA. Hemolysate was prepared as de-
scribed for in vitro studies. HK activity was meas-
ured at 25°C according to Buetler’s method [1, 16,
18]. Results were given as mean ± SD. Data were
analyzed using the paired t-test and p values less
than 0.05 were considered as indicative of signifi-
cance.
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RESULTS

As shown in Table 1, HK was purified from hu-
man erythrocytes 581 times using two-step proce-
dure: ammonium sulfate precipitation and ion ex-
change chromatography on DEAE-Sephadex A50.
Specific activity of the final enzyme preparation
was 0.726 U/mg of protein and purification yield
was 6.12%. Ammonium sulfate precipitation al-
lowed for removal of impurities and for concentra-
tion of the enzyme solution to be loaded on
DEAE-Sephadex column.

Table 2 shows purification scheme of the human
erythrocyte G6PD. The enzyme was purified 5435
times in two steps: ammonium sulfate precipitation
and affinity chromatography on 2’,5’-ADP Sepha-
rose 4B. The final enzyme preparation was charac-
terized by a specific activity of 50 EU/mg of pro-
tein, and purification yield was 34.2%. It was found
that both HK and G6PD precipitated at 35–65%
saturation with ammonium sulfate.

SDS-PAGE was carried out after the purifica-
tion of the enzymes and electrophoretic patterns
were presented in Figures 1 and 2. From in vitro
studies, it is understood that human G6PD was not
inhibited by theophylline, lidocaine, cyclophospha-

mide, hyoscine N-butyl bromide, tranexamic acid
and cytarabine. As shown in Figures 3 and 4, while
human erythrocyte HK was inhibited by theophyl-
line, it was activated by lidocaine in in vitro condi-
tions. The inhibitor concentrations causing up to
50% inhibition were determined from the regres-
sion analyses graph. IC"$ value for theophylline
was calculated as 0.013 M.
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Table 1. Purification scheme of hexokinase from human erythrocytes

Purification step Activity
(EU/ml)

Total volume
(ml)

Protein
(mg/ml)

Total protein
(mg)

Total activity
(EU)

Specific activity
(EU/mg)

Yield
(%)

Purification
factor

Hemolysate 0.032 160 25.58 4092.8 5.12 0.00125 100 1

Ammonium sulfate
precipitation (35-65)%

0.043 100 14.25 1425 4.3 0.0030 83.9 2.4

DEAE-Sephadex A50
ion exchange
chromatography

0.053 6 0.073 0.438 0.318 0.726 6.12 581

Table 2. Purification scheme of human erythrocytes glucose 6-phosphate dehydrogenase

Purification step Activity
(EU/ml)

Total volume
(ml)

Protein
(mg/ml)

Total protein
(mg)

Total activity
(EU)

Specific activity
(EU/mg)

Yield
(%)

Purification
factor

Hemolysate 0.38 150 41.2 6180 57 0.0092 100 1

Ammonium sulfate
precipitation (35–65)%

0.90 25 1.02 25.5 22.5 0.8823 39.4 95.9

2’,5’-ADP Sepharose
4B affinity
chromatography

3.25 6 0.065 0.39 19.5 50 34.2 5.435

Fig. 1. SDS-polyacrylamide gel electrophoresis of glucose
6-phosphate dehydrogenase purified by affinity gel. (Lanes 1
and 10 are human carbonic anhydrase-I, lanes 2–5 buffalo milk
lactoperoxidase and lanes 6–9 are human erythrocyte G6PD)



The results of in vivo effects of theophylline
and lidocaine are presented in Tables 3 and 4. In
theophylline-treated group of animals, the control
enzyme activity was 0.268 ± 0.014 EU/gHb, while
the respective values determined 1.5, 3 and 6 h after
drug administration were 0.153 ± 0.071, 0.256 ±
0.017, and of 0.263 ± 0.006 EU/gHb. On the other
hand, in lidocaine-treated group of animals, the
control enzyme activity was 0.282 ± 0.064 EU/gHb,
and 1.5, 3, and 6 h after drug treatment it amounted
0.398 ± 0.098, 0.345 ± 0.064, and 0.314 ± 0.069
EU/gHb, respectively.

In vivo studies showed that theophylline signifi-
cantly inhibited the activity of rat HK at the rate of
43% at the first 1.5 h (p < 0.001; Tab. 3). As shown
in Table 4, lidocaine significantly increased the ac-
tivity of rat HK at the rate of 41% (p < 0.001), 22%
(p < 0.001) and 11% (p < 0.05) in 1.5, 3 and 6 h, re-
spectively.

DISCUSSION

One of the earliest known evidences of drug-
induced hemolysis came from the observations on
Panamanian plantation workers being given qui-
nine derivatives for malaria treatment [7]. The dis-
covery that the hemolysis was seen in men with
G6PD deficiency came in the 1950’s as a result of
anti-malarial trials with primaquine [8]. Using "*Cr
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Fig. 2. SDS-polyacryl-
amide gel electropho-
resis of hexokinase pu-
rified by ion exchange
gel. (Lanes 1 and 2 are
human HK, lane 3 is
yeast HK)
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Fig. 3. Activity (%) vs [theophylline] regression analysis graphs
for human erythrocyte hexokinase in the presence of theophyl-
line at five different concentrations in vitro

0

50

100

150

200

250

0 5 10 15 20 25 30

[lidocaine] mM

A
ct

iv
it

y
%

Fig. 4. Activity (%) vs [lidocaine] regression analysis graphs for
human erythrocyte hexokinase in the presence of lidocaine at
five different concentrations in vitro

Table 3. In vivo effects of theophylline on rat red blood cell
hexokinase activity (n = 6)

Time (h) Activity (EU ± SD)
(gHb)��

p

Control

1.5

3

6

0.268 ± 0.014

0.153 ± 0.071

0.256 ± 0.017

0.263 ± 0.006

–

< 0.001

> 0.05

> 0.05

Table 4. In vivo effects of lidocaine on rat red blood cell hexo-
kinase activity (n = 6)

Time (h) Activity (EU ± SD)
(gHb)��

p

Control

1.5

3

6

0.282 ± 0.064

0.398 ± 0.098

0.345 ± 0.064

0.314 ± 0.069

–

< 0.001

< 0.001

< 0.05



tagged red cells, it was possible for Beutler and
co-workers to show that the hemolytic effect of the
drug was due to an abnormality intrinsic to the red
cell and that the hemolysis was self-limited even if
the administration of drug was continued. The lat-
ter observation was found to be a function of the
age of the red cell. In G6PD deficient men, the
older erythrocytes had defective enzymes and were
quickly damaged by an oxidant drug, whereas the
younger erythrocytes, freshly collected from the
marrow, had sufficient G6PD activity to survive for
a longer period. The mechanism of hemolysis ap-
pears to be similar to that for unstable hemo-
globins. The lack of G6PD leads to a lack of re-
duced glutathione necessary to detoxify an oxida-
tive drugs. Cross linkages of sulfhydryl groups
occur both in hemoglobin and membrane. Heinz
bodies form and contribute to the rigidity of the red
cell membrane resulting in their early removal
from the circulation [14].

Premature destruction is the erythrocyte abnor-
mality most often associated with the toxic effects
of commonly used drugs. The mechanisms of ery-
throcytes destruction include: denaturation of un-
stable hemoglobins, oxidation of sulfhydryl groups
in hemoglobin and the erythrocyte membrane in
the presence of G6PD deficiency, direct effects on
enzymes, cholesterol or phospholipids of erythro-
cyte membrane, and various autoimmune reactions.
Therapy includes stopping the drug use and trans-
fusions when anemia is severe. Splenectomy and
steroids are rarely needed. A knowledge of detailed
medical history and use of drugs only for good in-
dications may allow to avoid many of these reac-
tions [9].

In spite of the fact that most cells regenerate
ATP by oxidative phosphorylation, granulocytes,
lymphocytes and platelets depend more or less
heavily on energy supplied by glycolysis. How-
ever, impaired metabolic functions have only been
observed in platelets. That finding might be ex-
plained by the higher expression rate of HK III,
which was found in lymphocytes but not in plate-
lets. Twenty five percent of the patients with resi-
dual HK I activity suffer from severe chronic non-
spherocytic hemolytic anemia (CNSHA) and 50%
of them have reticulocytosis. The rate of glycolysis
as well as ATP and 2,3P!G formation is decreased.

HK and phosphofructokinase deficiencies are
causes of rare non-spherocytic hemolytic anemia.
Sometimes multiple enzyme defects in erythrocyte

can be seen. Oxidative stress can cause hemolytic
epizode when some oxidant drugs are used in enzy-
me-deficient patients. It was seen that cyclophos-
phamide, hyoscine N-butyl bromide, tranexamic
acid and cytarabine have no effects on G6PD and
HK activities in vitro. Thus, these drugs can be
used in therapy in the presence of HK deficiency.
Although lidocaine and theophylline do not show
any effects on human G6PD activity, lidocaine acti-
vates while theophylline inhibits HK activity in vi-
tro. Hence, these six drugs can be used in therapy
in the presence of G6PD deficiency. After oral ad-
ministration, plasma theophylline level reaches the
peak concentration within approximately 90 min.
The half life of it in plasma is 3–9.5 h. In our study,
significant inhibition of HK activity by theophyl-
line was seen within 1.5 h after drug administra-
tion. These results show that there is an accordance
between the peak plasma level of theophylline and
inhibition of HK activity.

In conclusion, we think that lidocaine, cyclo-
phosphamide, hyoscine n-butyl bromide, tranex-
amic acid and cytarabine may be used in a patient
with HK or G6PD deficiency. Additionally, theo-
phylline should not be given alone or together with
potentially hemolytic drugs to the HK-deficient
person. If it is required to give this drug to the pa-
tient with HK deficiency, its dosage should be
strictly determined to decrease the hemolytic side
effect.
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