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Objectives. To investigate the participation of thyroxine in the regulation of energy metabolism
in neutrophilic polymorphonuclear leukocytes and their bone marrow precursors.

Materials and Methods. The influence of L-thyroxine (T
4
; 4 mg/kg every 12 hr from day 2 to

10 of age) was estimated on the activity of hexokinase (HK), phosphofructokinase (PFK), pyru-
vate kinase (PK), lactate dehydrogenase (LDH), glucose-6-phosphate dehydrogenase (G-6-PDH),
NADP-dependent isocitrate dehydrogenase (ICDH) and cytochrome C-oxidase in bone marrow
myeloid cells and circulating neutrophils of 3, 5 and 10 day (d) old piglets. Serum T

4
 and 3,5,3'-

triiodothyronine (T
3
) concentrations were estimated at every stage of experiment by radioimmu-

noassay. Bone marrow cells of myeloid lineage and blood neutrophilic polymorphonuclear leuko-
cytes were separated by differential centrifugation of haematopoietic cell suspension using Ficoll-
Hypaque gradients.

Results. The hyperthyroid status resulted in significant increase in PFK and LDH activity in
myelocaryocytes of 3 and 3-5 d piglets, while the activity of HK and PK in the cells of 3-10
d animals remained unchanged. Moreover, ICDH activity in myelocaryocytes increased on day 10
and that of cytochrome C oxidase in bone marrow cells at all intervals. Marked increase in HK and
LDH activity on day 3-5 was found also in blood polymorphonuclear granulocytes, while PFK and
PK activity was increased during the whole period. At the same time even the increase in ICDH and
cytochrome C-oxidase activity was observed, respectively, in 3 and 5-10 d old piglet neutrophils.
Besides that, T

4
 inhibited G-6-PDH activity in myeloid cells on day 3 to 10 and did not influence

the enzyme activity in circulating leucocytes.
Conclusions. The administration of T

4
 resulted in preferential stimulation of oxidative stages of

carbohydrate catabolism in myelocaryocytes, while the activity of glycolytic enzymes in these
cells was less affected. On the contrary, the enzymes of glycolysis in blood neutrophils showed
higher sensitivity to T

4
 action as compared to catalysts of oxidative reactions. The intensity of

pentose phosphate pathway seems to be inhibited in bone marrow myelocaryocytes of T
4
 treated

animals, while that in blood leukocytes remained unaffected.
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Neonatal organism is unusualy vulnerable to sev-
eral infections due to the impairment in function-
ing of immune system during the early postnatal
period (YANG and HILL 1994). Such immune defi-

ciency in newborn organism is mainly caused by
abnormal functions of neutrophilic polymorphonu-
clear leukocytes that further results in impaired
hemotaxis, adherence, aggregation, phagocytosis
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and intracellular killing (HILL 1987). It is known
that important role in maintaining functional activ-
ity of circulating neutrophils in mammalian organ-
ism is being played by energy generating system
(STYRT 1989; THELEM et al. 1993). Appropriate in-
tensity of energy reactions is essential to provide
the adequate rate of proliferation processes in hae-
matopoietic tissue. On the other hand, several stag-
es of energy metabolism (such as pentose phosphate
pathway) in mature leukocytes play significant role
in maintaining appropriate levels of NADPH � com-
ponents of NADPH-oxidase and glutathione reduc-
tase (HILL 1987, CHRISTENSEN 1990). In this view
the processes of energy metabolism in polymorpho-
nuclear neutrophils and their bone marrow precur-
sors seem to be of great importance in the mecha-
nism of host defense and reactions of cellular im-
munity in animal organism.

Despite of numerous experimental studies the
mechanisms underlying the impairment of neutro-
philic polymorphonuclear leukocyte functions in
early postnatal period as well as regulation of ener-
gy metabolism in marrow myeloid cells and blood
granulocytes have not yet been completely investi-
gated. It is known, however, that the cells of myeloid
lineage remain under the influence of growth fac-
tors, hormones and other bioregulators (BOKOCH

1995; FERRANTE et al. 1996; PRICE at al. 1996; AK-
MAYEV 1997). Thyroid hormones are important regu-
lators of metabolic reactions in animal and human
organism (DE GROOT et al 1989; HARPER et al. 1993;
MC NABB 1995) and participate in the regulatory
mechanisms of cell differentiation in several tissues
(KOEHRLE et al. 1995; KLAUSHOFER et al. 1995; BER-
NAL and NUNEZ 1995; EL HADRI et al. 1996; PERRIN et
al. 1997). Iodothyronine receptors have been found
in both blood leukocytes and bone marrow myeloid
cells (CHOMIENNE et al. 1995; MEIER 1997). Howev-
er, there is little evidence of thyroxine involvement
in the regulation of energy metabolism in these cells.
Nevertheless, such investigations could elucidate the
effect of increased levels of iodothyronines in mam-
malian blood in the period of neonate (GIRARD and
FERRE 1982).

The aim of this study was to evaluate the effects
of thyroxine on the activity of glycolysis rate limit-
ing enzymes, Krebs cycle and hexose monophosphate
pathway dehydrogenases as well as on cytochrome

C oxidase activity in bone marrow myelocaryocytes
and blood neutrophils in neonatal pigs.

Materials and Methods

Animals. The suckling piglets 1-10 days of age were
maintained at 23 oC under 12:12 h light:dark cycle.

Reagents and enzymes. All reagents and enzymes
were obtained from Sigma Chemical Co.(St. Louis,
MO), except for Ficoll and Hypaque which were from
Pharmacia Fine Chemicals (Piscataway, NJ). All
measurements were performed using Specord M-40.

Induction of hyperthyroidism. Disodium L-thy-
roxine was dissolved in a small amount of NaOH
(0.1 mol/l) and diluted with water. Each animal of
studied group (n=15) received i.p. injection of this
hormone in a dose of 4mg/kg every 12 hours from
the 2nd to 10th day of age. Animals of control group
(n=15) were treated with an equivalent volume of
0.85 % NaCl, by the same route, for the 9 days.

Separation of bone marrow cells. Piglets of con-
trol and thyroxine treated groups were sacrificed by
rapid decapitation at 3, 5 and 10 days of age (5 ani-
mals at every stage of investigation). Cells of mye-
loid lineage were separated by differential centrifu-
gation of haematopoietic cell suspension using Fi-
coll-Hypaque gradients (HARRISON et al. 1981). Brief-
ly, bone marrow was removed from animal long
bones immediately after sacrifice and gently disagre-
gated in 10 ml of LMES medium (0.3 M lactose, 14
mM 2-thioethanol, 2mM EDTA (pH 8.0), 150 mM
NaCl) to form a single cell suspension, by using pi-
pettes of 4 mm and then of 2 mm diameter aperture
sequentially. The cells were pelleted at 150 x g for 5
min, washed with further 10 ml of LMES medium
and pelleted again. The cells were then resuspensed
in approximately 1 ml of PBS medium and filtered
through nylon. Cell concentration in this suspension
was determined by counting a diluted sample in
haemocytometer.

A three-step Ficoll-Hypaque gradient was pro-
duced by sequentially layering each gradient frac-
tion (1.10 g/ml, 1.09 g/ml, 1.03 g/ml) into the bot-
tom of a 50 ml centrifuge tube from a 10 ml syringe
under gravity flow. Bone marrow cells (1x109) were
loaded, after thorough resuspension, into the top of
the gradient in 2 ml of PBS medium and the gradi-
ent was centrifugated at 3000 g for 10 min. Frac-
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tions (2 ml) were collected by hand from the top of
gradient by using a fired Pasteur pipette and the cell
distribution was determined by counting each frac-
tion. To remove Ficoll-Hypaque, the combined frac-
tions were diluted 20-fold with PBS medium and the
cells were pelleted at 300 g for 5 min.

Separation of blood neutrophiles. Neutrophil
polymorphonuclear leukocytes were obtained ac-
cording to BOYUM (1968). The heparinized blood
was treated with gelatine (10 %) for 15-30 min.
Plasma with the suspended leukocytes was removed
by aspiration and resuspended in medium 199.
A two-step Ficoll-Hypaque gradient was produced
by sequentially layering each gradient fraction
(1.119 g/ml and 1.077 g/ml) into the bottom of a 50
ml centrifuge tube from 10 ml syringe under grav-
ity flow. The cell suspension was layered into the
top of gradient and centrifugated at 3000xg for 15
min. The fraction of granulocytes was collected
from the interface of gradient and treated with 0.83
% NH

4
Cl in a ratio of 1 part cell suspension per 8

parts NH
4
Cl and centrifugated at 120 g for 3 min.

The resulting pellet was washed twice with 0.83 %
NH

4
Cl to ensure elimination of contaminating

erythrocytes. This procedure resulted in a cell sus-
pension composed primarily of neutrophils. The
cells were suspended in salt-Tris buffer (pH 7.4,
composed of 137 mM NaCl, 5 mM KCl, 0.7 mM
Na

2
HPO

4
, 0.5 % dextrose) supplemented with 2 %

fetal bovine serum. Cell viability was determined
using Trypan blue exclusion.

Enzyme assays. The activity of hexokinase (EC
2.7.1.1), phosphofructokinase (EC 2.7.1.11), pyru-
vate kinase (EC 2.7.1.40), lactate dehydrogenase (EC
1.1.1.27), glucose-6-phosphate dehydrogenase (EC
1.1.1.42), NADP-isocitrate dehydrogenase (EC
1.1.1.42) were measured according to the methods,
described by KRAAIJENHAGEN et al. (1980), VORA

(1981), LESTAS et al. (1982), FUJII and MIWA (1983),
DEUTSCH (1983), GOLDBERG and ELLIS (1983).

The extraction medium for enzyme assays con-
tained 25 mmol Tris-HCl/l, 1 mmol EDTA/l at pH
8.0. For the assay of hexokinase the following medi-
um was used: 75 mmol Tris-HCl/l, 0.5 mmol D-glu-
cose/l, 1 mmol ATP/l, 0.5 mmol MgCl

2
/l, 0.5 mmol

NADP+/l, 0.3 U glucose-6-phosphate dehydrogena-
se, pH 7.5. The assay medium for pyruvate kinase
consisted of Tris-HCl (75 mmol/l), 1 mmol phos-

phoenolpyruvate (1 mmol/l), KCl (10 mml/l), MgCl
2

(5 mmol/l), (1 mmol/l), NADH (0.05 mmol/l), 0.3
U lactate dehydrogenase, pH 7.5. The assay medi-
um for glucose-6-phosphate dehydrogenase consist-
ed of Tris-HCl (75 mmol/l), glucose-6-phosphate (1
mmol/l), NADP+ (0.5 mmol/l), MgSO

4
 (5 mmol/l),

pH 7.5. The assay medium for lactate dehydrogena-
se consisted of Tris-HCl (75 mmol/l), pyruvate Na
(1 mmol/l), NADH (0.05 mmol/l), MgCl

2
 (3 mmol/

l), pH 7.5. The medium for NADP-isocitrate dehy-
drogenase assay consisted of Tris-HCl (75 mmol/l),
NADP+ (0.5 mmol/l), MgSO

4
 (1.7 mmol/l), DL-isoc-

itrate (1.5 mmol/l), pH 7.5.
Cytochrome c-oxidase (EC 1.9.3.1) activity was

assayed as described by WHARTON and TZAGOLOFF

(1967).
The isoenzyme pattern of lactate dehydrogenase

was determined by disk-electrophoresis on 7.5 %
polyacrylamide gel according to DAVIS (1964) at pH
7.5. Staining for the enzyme activity was performed
as described by SETCHENSKA and ARNSTEIN (1978).

Determination of energy substrates. The deter-
mination of glucose, lactate and pyruvate levels were
made by enzymatic methods using glucose oxidase
and peroxidase for glucose measurements (HANSON

1981) and lactate dehydrogenase for both lactate and
pyruvate measurements (HANSON 1981; CZOK and
LEMPRECHT 1974).

Protein estimation. Protein content in the cells
was measured by the method of LOWRY et al. (1951).

Statistical analysis. Results are presented as
means±S.E.M. The results were initially analyzed by
two-way analysis of variance (ANOVA). When the
ANOVA detected differences among the groups, Stu-
dent�s test was used to determine the significance
level which was assumed to be different when the
comparison showed a significance level of at least
P<0.01.

Results

Repeated T
4
 administration resulted in 3.7- and

8.5-fold increase in serum T
4
 level and 4.2- and 3.4-

fold increase in serum T
3
 concentration in 3- and 10-

day old piglets, respectively (data not shown) which
showed the hyperthyroid state. Such hormonal chang-
es were accompanied by the alterations in white blood
cell and bone marrow myelocaryocyte metabolism.
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Tab. 1 shows the stability in the rates of hexoki-
nase and pyruvate kinase reactions in myeloid cells
of 3- and 10-day old animals treated by thyroxine. In
spite of this, myelocaryocytes of 3-day old piglets
exerted the 4-fold increase in phosphofructokinase
activity. These data may suggest the intense forma-
tion of glucose-6-phosphate (precursor of phospho-
fructokinase substrate) in phosphoglucomutase re-
action due to the enhancement of glycogenolysis in
the cells under the influence of thyroxine (FOWDEN

and SILVEL 1995).
The glycolytic enzymes in circulating granulocytes

also demonstrated significant increase in catalytic
activity after hormone administration (Tab. 2). In
particular, 2-fold stimulation of hexokinase activity
within 24 hours of T

4
 treatment was observed in these

cells. This was presumably conditioned by signifi-
cant increase of glucose concentration in white blood
cells after hormone treatment (Tab. 3). The reaction
rate remained increased during the further period of
investigation. Phosphofructokinase and pyruvate ki-

nase activities in blood neutrophils were similarly
stimulated in hyperthyroid conditions (Tab. 2).

In 3- and 5-day old T
4
 treated animals the activity

of lactate dehydrogenase in myelocaryocytes was
increased (Tab. 1), while such hormonal effect was
diminished in the cells of 10-day piglets. Simulta-
neously, the significant stimulatory influence of T

4

on lactate dehydrogenase activity was observed in
blood neutrophils. Tab. 2 shows more then 4-fold
increase in lactate dehydrogenase reaction rate in
polymorphonuclear granulocytes of 3- and 5-day old
animals.

At the same time significant decrease in lactate
concentration was found in both leukocytes and my-
elocaryocytes of 10-day old T

4
 treated pigs simulta-

neously with the increase in pyruvate level in the cells
of 5- and 10-day old animals (Tab. 3). Thus, in view
of the data represented in Tab. 4, it can be suggested
that T

4
 provides enhancement of pyruvate formation

in lactate dehydrogenase reaction (EVERSE and KA-
PLAN 1975) by means of increase in H

3
M

1
 and H

2
M

2

TABLE 1
Activities of enzymes of energy metabolism in bone marrow myeloid cells of piglets treated with thyroxine. Values are

means ± S.E.M. of five piglets in each group

3-day piglets 5-day piglets 10-day piglets

Enzyme control T4 control T4 control T4
Hexokinase 20.50±1.16 23.44±1.48 19.78±1.05 12.49±1.40 16.50±1.20 11.39±0.42
(nmol NADP. min-1. mg protein-1)

Phospho-fructokinase 93.2±12.3 376.2±22.3* 128.4±17.2 151.5±12.0 154.4±21.7 180.8±14.7
(nmol NADH. min-1 . mg protein-1)

Pyruvate kinase 65.4±5.0 62.6±5.8 48.2±4.6 67.20±7.32 39.8±2.4 45.37±5.74
(nmol NADH. min-1 . mg protein-1)

Lactate
Dehydrogenase 157.0±8.0 184.5±7.8* 82.8±2.8 125.3±5.9* 78.5±6.8 76.3±7.1
(nmol NADH. min-1 . mg protein-1)

Isocitrate
Dehydrogenase 4.60±0.18 3.87±0.11 4.46±0.27 5.67±0.42 4.78±0.21 8.56±0.79*
(nmol NADP. min-1 . mg protein-1)

Cytochrome
c-oxidase 2.94±0.15 12.56±0.75* 3.21±0.25 7.39±0.87* 3.58±0.32 8.03±0.79*
(nmol.min�1 .mg protein-1)

Glucose-6- phosphate-
dehydrogenase 46.6±4.2 28.4±2.5* 45.3±6.0 23.0±1.5* 64.9±4.6 31.5±3.1*
(nmol NADP. min-1 . mg protein-1)

*P < 0.05 compared with the control animals
T4 � group of thyroxine injected animals
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lactate dehydrogenase isozymes contents. On the
other hand, reducing in lactate formation rate may
be due to the preferential intensification of NADH
utilization by glycerophosphate dehydrogenase which

is known to be positively regulated by thyroid hor-
mones (MULLER and SEITZ 1994).

To estimate the T
4
 provoked changes in aerobic

reaction rates in bone marrow and blood cells the

TABLE 2
Activities of enzymes of energy metabolism in neutrophilic polymorphonuclear leukocytes of piglets treated with

thyroxine. Values are means ± S.E.M. of five piglets in each group.

3-day piglets 5-day piglets 10-day piglets
Enzyme control T4 control T4 control T4
Hexokinase
(nmol NADP. min-1. mg protein-1)

3.53±0.41 7.15 ±0.59* 5.70 ±0.51 17.89±1.35* 7.74 ±0.41 7.98 ±0.53

Phospho-fructokinase
(nmol NADH. min-1 . mg protein-1)

89.9 ±4.5 117.4 ±7.9* 112.3 ±8.0 396.3±31.7* 133.2 ±5.2 170.2 ±9.5*

Pyruvate kinase
(nmol NADH. min-1 . mg protein-1)

30.5±1.60 126.8 ±5.4* 23.8 ±0.95 59.3 ±6.4* 25.4 ±1.3 64.02 ±3.53*

Lactate
Dehydrogenase
(nmol NADH. min-1 . mg protein-1)

37.6 ±2.1 175.3 ±7.9* 54.1 ±2.3 241.8 ±9.5* 166.5 ±9.9 135.2 ±9.2

Isocitrate
Dehydrogenase
(nmol NADP. min-1 . mg protein-1)

2.91±0.21 4.83 ±0.37* 4.58 ±0.53 6.03 ±0.45 3.80 ±0.46 4.52 ±0.25

Cytochrome c-oxidase

(nmol.min-1. mg protein-1)

3.28±0.14 3.76 ±0.40 4.04 ±0.17 10.84±0.62* 4.35 ±0.51 5.83 ±0.27*

Glucose-6- phosphate-
dehydrogenase
(nmol NADP. min-1 . mg protein-1)

9.26±0.35 8.54 ±0.35 8.90 ±0.48 9.08 ±0.63 8.15 ±0.68 7.73 ±0.55

*P < 0.05 compared with the control animals
T4 � group of thyroxine injected animals

TABLE 3
Levels of glucosea, lactatea and pyruvateb in bone marrow myeloid cells and blood neutrophilic polymorphonuclear

leukocytes of piglets, treated by thyroxine. Values are means ± S.E.M. of five piglets in each group.

3-day piglets 5-day piglets 10-day piglets
control T

4
control T

4
control T

4

Bone marrow myeloid cells

Glucose 1.25±0.07 1.79±0.08 1.37±0.08 1.46±0.09 1.98±0.11 1.60±0.09
Lactate 0.40±0.02 0.34±0.02 0.43±0.03 0.35±0.02 0.53±0.02 0.37±0.01*
Pyruvate 46.8±1.8 57.0±2.5* 50.6±1.7 59.3±2.2* 62.7±2.3 75.2±3.8*

Neutrophilic polymorphonuclear leukocytes

Glucose 0.85±0.04 1.15±0.09* 0.94±0.05 1.18±0.06* 0.81±0.05 1.03±0.07
Lactate 0.35±0.02 0.20±0.03* 0.22±0.01 0.10±0.03* 0.29±0.02 0.10±0.01*
Pyruvate 37.1±2.2 54.0±3.7* 44.5±4.1 57.8±2.9* 42.3±3.1 61.2±3.5*

Levels are expressed as: a)1mol .106 cells-1, b) nmol .106 cells-1 measured after 1 h of incubation.
*P < 0.05-0.001 compared with the control animals
T

4
 � group of thyroxine injected animals
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analysis of alterations in NADP-dependent isocitrate
dehydrogenase activity has been performed. The
obtained data suggested the stimulation of enzyme
catalytic activity in neutrophils during the initial pe-
riod of experiment, while the stimulatory effect of
T

4
 on the reaction rate in bone marrow myelocaryo-

cytes was seen in 10-day old piglets (Tab. 1 and 2).
The results suggest that catalytic activity of cyto-

chrome C-oxidase in investigated cell populations is
also susceptible to the influence of T

4
. Thus, signifi-

cant increase in enzyme reaction rate was established
in myelocaryocytes within 48 hours after the first
injection of hormone (Tab. 1). The stimulation of
cytochrome C-oxidase reaction was observed in
myeloid cells of 5- and 10-day old animals as well.
However, the activity of cytochrome C-oxidase in
blood granulocytes demonstrated less sensitivity to
hormone influence and reached increased levels in
the cells of 5-and 10-day old piglets (Tab. 2).

In order to estimate the changes in intensity of hex-
ose monophosphate shunt reactions under T

4
 action

we investigated the functional activity of glucose-6-
phosphate dehydrogenase in bone marrow myeloid
cells and blood leukocytes. During the period of thy-

roxine treatment significant inhibition of enzyme cat-
alytic action was established in myelocaryocytes, while
no detectable effect on basal glucose-6-phosphate
dehydrogenase activity was observed in blood neu-
trophils of hormone injected animals (Tab. 1, 2).

Discussion

Thyroid hormones are well known important met-
abolic regulators in many cell types, including eryth-
roid cells and the cells of lymphopoietic system,
where iodothyronines are involved in the regulation
of both energy processes and synthesis of organic
compounds, and participate in the regulatory mech-
anisms of cell proliferation and differentiation (DE

GROOT et al. 1989; HARPER et al. 1993; KLAUSHOFER

et al. 1995; BERNAL and NUNEZ 1995; EL HADRI et al.
1996; PERRIN et al. 1997). The results of present in-
vestigations provided the evidence that the energy
metabolism also in the cells of myeloid lineage of
mammalian bone marrow and blood is influenced
by thyroxine. As found, significant changes in the
activity of enzymes of energy metabolism occurred
simultaneously with the alterations in glucose, lac-
tate and pyruvate contents and took place in bone
marrow myelocaryocytes and blood neutrophilic
polymorphonuclear leukocytes of neonatal pig after
repeated injections of T

4
 (4 mg/kg). In previous stud-

ies we have established that the treatment with above
mentioned dose of T

4
 provides the development of

hyperthyroid state in animal organism and causes
significant changes in erythroid cell metabolism in
both adult rats and neonatal pigs (SUKHOMLINOV et al.
1986; ANTONYAK 1999).

It was found that the increase of glycogenolysis in
the cells of several tissues plays important role in
the mechanism of T

4
 action on the metabolism in

animal organism (FOWDEN and SILVEL 1995). On the
one hand, the enhancement of this process causes
the increase in plasma glucose concentration, and
respectively, activation of the mechanism that pro-
vides intensification of carbohydrate transmembrane
transport into the myeloid cell. On the other hand,
such effect is associated with the enhancement of
intracellular glycogen utilization in myelocaryocytes
and blood granulocytes. The high activity of phos-
phofructokinase as observed in the cells of myeloid
lineage after T

4
 treatment suggests that glycogen

TABLE 4
The relative activities of lactate dehydrogenase isoenzymes

in bone marrow myeloid cells and blood neutrophilic
polymorphonuclear leukocytes of 5-day old piglets.

Values are means ± S.E.M. of five animals in each group.

Lactate Relative activities of isoenzymes in the
dehydrogenase cells of 5-day old piglets %)
isoenzymes Control T

4

Bone marrow myeloid cells

H
4

54.5±2.9 47.2±3.8
H

3
M

1
20.1±1.3 26.0±1.7*

H
2
M

2
11.5±0.7 15.3±1.1*

H
1
M

3
8.1±0.6 6.5±0.4

M
4

5.8±0.3 5.0±0.3

Neutrophilic polymorphonuclear leukocytes

H
4

23.6±2.0 22.0±1.6
H

3
M

1
8.8±0.5 12.2±0.7*

H
2
M

2
20.4±1.2 23.8±1.5

H
1
M

3
34.0±2.3 32.0±2.5

M
4

12.2±0.9 13.0±1.1

*P < 0.05 compared with the control animals
T

4
 � group of thyroxine injected animals
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seems to be the main energy substrate in both bone
marrow myeloid cells and polymorphonuclear gran-
ulocytes in the conditions of hyperthyroidism.

However, the data shows different responses of my-
elocaryocyte enzyme systems to the influence of T

4
 as

compared to mature neutrophilic leukocyte enzymes.
In our experiment T

4
 administration resulted in prefer-

ential stimulation of oxidative stages of carbohydrate
catabolism in neonatal pig myelocaryocytes, while the
activity of glycolytic enzymes in these cells was less
effected. Such effect seems to be similar to thyroid hor-
mone action on the metabolism in several other tissues,
where iodothyronines stimulate the processes of oxi-
dative phosphorylation (NELSON 1990). On the contrary,
oxidative stages of energy metabolism in piglet blood
neutrophils are less sensitive to the influence of T

4
 in

comparison to that in bone marrow cells. In particular,
the activity of cytochrome C-oxidase increased signif-
icantly in leukocytes of 5- and 10-day old T

4
 treated

piglets, while significant increase in activity of myelo-
caryocytes enzyme was observed within 48 hours after
the first injection of hormone. This may suggest that
bone marrow precursors are the primary target for T

4

action, while mature leukocytes with increased enzyme
activity appear in circulation at later stages of experi-
ment. At the same time the glycolytic enzymes in poly-
morphonuclear granulocytes demonstrated higher sen-
sitivity to thyroid hormone as compared to the cata-
lysts of oxidative reactions.

Significant activation of glycolytic enzymes ob-
served in polymorphonuclear neutrophils after T

4

injections suggests the participation of iodothy-
ronines in the regulation of leukocyte activity, since
glycolysis in these cells represents the main source
of ATP for energy support of chemotaxis and phago-
cytosis (STRAUSS and MAUER 1978).

On the contrary to the activation of glycolytic en-
zymes, the activity of glucose-6-phosphate dehydro-
genase in blood neutrophils did not change signifi-
cantly in the cells of T

4
 treated pigs. However, the

marked decrease in the enzyme activity was observed
in bone marrow myelocaryocytes under the influence
of T

4
. In view of these data the intensity of pentose

phosphate pathway seems to be inhibited in bone
marrow myelocaryocytes of T

4
 treated animals. It can

be suggested that such effect leads to limited forma-
tion of ribose-5-phosphate � a product of this path-
way, and, respectively, to the inhibition of nucleotide

synthesis in myelocaryocytes. In particular, impair-
ment in proliferative activity of myeloid cells of T

4

treated piglets was found in previous studies (BABYCH

et al. 1998; ANTONYAK 1999).
It is necessary to note that the most visible effects

of T
4
 action in the investigated cells were observed

during the 3rd and especially 5th day of animal life,
while the influence of hormone seemed to be dimin-
ished in the cells of 10-day piglets. This may be due
to the involvement of iodotyronines in the regula-
tion of enzyme molecules synthesis. The regulatory
influence of hormone consisted in the stimulation of
this process during the first days of experiment fol-
lowed by inhibition of enzyme activities with rising
concentrations of products of reactions. On the oth-
er hand, the increase in several reaction rates in gran-
ulocytes of 5-day old animals could be explained by
the appearance of young cells that are more respon-
sive to hormone action, in animal blood.

Taken together, the obtained data provide evidence
of thyroid hormone involvement in the regulation of
energy metabolism in bone marrow myeloid cells and
blood polymorphonuclear leukocytes. The present-
ed results suggest that the cells of myeloid lineage
are highly sensitive to thyroxine influence in the neo-
natal period of animal development. As regards the
mechanism of thyroxine participation in the regula-
tion of haemopoiesis, it should be noted the func-
tioning of thyroxine to triiodothyronine conversion
system in the pig bone marrow (ANTONYAK et al. 1997;
BABYCH et al. 1998, 1999). Beside that, the influence
of thyroxine on both glucocorticosteroid and insulin
secretion can play significant role in the metabolic
effects of this iodothyronine in the cells of haemato-
poietic tissue and blood in the conditions of hyper-
thyroidism (LENZEN and BAILEY 1984).
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�Steroids are remarkable molecules: basically they
look almost alike, being derivatives of cholesterol,
but the few slight chemical differences suffice to give
them the extraordinary diverse biological specifici-
ties that are important in animal physiology and
medical therapeutics� � these are words of the Edi-
tors of this comprehensive and delighting mono-
graph.

It has been known for a long time that the brain is
a target organ for peripheral steroid hormones. How-
ever, in 1981 E.E. Baulieu proposed a new term �neu-
rosteroid� which applies to such steroids which ac-
cumulate in the central and peripheral nervous sys-
tem independently of the supply of peripheral endo-
crine glands and which can be synthesized de novo
in the nervous system.

This monographs brings up to date comprehen-
sive review on the present state of art in this new and
rapidly developing field. Twenty chapters written by
selected experts and carefully edited cover most of
major fields of actual interest from molecular biolo-
gy, biosynthesis and metabolism, mechanisms of re-
ceptor transmission and interactions with the recep-
tors of several other neurotransmitters. The distribu-
tion of neurosteroidogenic enzymes in the central and
peripheral nervous system suggests that neuroster-
oidogensis appears to be developmentally regulated
and that the initial steps of biosynthesis are common
to all steroidogenic structures. Special chapters are

dealing with cytochrome P450 in CNS, with the key
role of steroidogenic factor 1 in adrenal and gonadal
development and in endocrine function. Of special
interest are several chapters on the distribution and
function of individual steroid receptors in CNS, on
the neurosteroid binding sites and modulations of
the action of benzodiazepine, GABA-ergic, acetyl-
choline, glutamate and opioid receptors by neuros-
teroids including either their potentiation or inhibi-
tion. Similar modulatory effects of neurosteroids
were found also on neuronal voltage-gated calcium
channels. From these basal findings further gener-
ate the studies on the role of neurosteroids in brain
functions starting with their effects on the synaptic
plasticity in the brain which is closely related to the
presence and distribution of steroid receptors in the
brain. Finaly, there are several observations on the
effects of steroids on the developing brain, on their
memory-enhancing effects and even on several path-
ways to the future perspectives of promising psy-
chopharmacological profile of neurosteroids and
their analogues including the considerations on their
membrane and genomic effects.

This monograph will be of great to endocrinolo-
gists, biochemists, pharmacologists, neurologists,
psychiatrists and all those dealing with any functions
of nervous system and its integrative role.

Pavel Langer


