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Extract 

Fifteen red cell enzyme activities of growth-retarded patients with 
and without growth hormone (GH) deficiency were investigated 
before and after GH administration. The 15 enzymes were Hexoki
nase, phosphoglucomutase, glucose phosphate isomerase, phospho
fructokinase, fructose diphosphate aldolase, glyceraldehyde-3-phos
phate dehydrogenase, triosephosphate isomerase, 2,3-diphospho
glycerate mutase, 3-phosphoglycerate kinase, 3-phosphoglycerate 
mutase, enolase, pyruvate kinase, glycose-6-phosphate dehydrogen
ase, 6-phosphogluconic dehydrogenase, glutathione reductase. 

Sixty-six subjects were studied: 30 normal control subjects 
(group N) and 36 patients (aged 5- 23 years) with short stature. 
Complete endocrine evaluation showed 21 (group / ) to have GH 
deficiency (10 patients with isolated GH deficiency) and 15 (group 
II) to have normal hypothalamic and pituitary function except for 
two patients with a moderate hypothyroidism. Both had been 
receiving thyroid hormone treatment for a long time before our 
studies. All 36 patients were treated with 2 mg human growth 
hormone intramuscularly for 7 days. 

Before GH treatment no significant difference was observed 
between hematologic data in group I (GH deficiency) and group II 
(no GH deficiency). After GH therapy there was a significant 
increase in reticulocyte count in both groups of patients with short 
stature. The mean pretreatment value in group I was 1.294% ± 
0.084 (SEM); the mean post-treatment value was 2.081 % ± 0.287 
(SEM), P < 0.005. The mean pretreatment value in group II was 
1.0% 0.184 (SEM ); the mean post-treatment value was 1.407% 
± 0.193 (SEM), P < 0.01. 

In group II (no GH devidiency ) mean pretreatment erythrocyte 
enzyme activities were not significantly different from those activi
ties observed in normal control subjects (group N). However, in 
patients who lacked GH, the pretreatment activities of five red cell 
enzymes (glucose phosphate isomerase, triosephosphate isomerase, 
glyceraldehyde-3-phosphate dehydrogenase, 2,3-diphosphoglycerate 
mutase, 3-phosphoglycerate kinase) were significantly decreased 
before GH administration compared with the values in normal 
control subjects. The reduction in a further red cell enzyme (3-
phosphoglycerate mutase ) was statistically not significant. 

With GH treatment eight red cell enzyme activities showed a 
significant increase, one of them (hexokinase ) significantly rising in 
both groups of patients. The remaining seven erythrocyte enzymes 
(3-phosphoglycerate mutase, glucose phosphate isomerase, triose
phosphate isomerase, 2,3-diphosphoglycerate mutase, enolase, 
pyruvate kinase , glucose-6-phosphate dehydrogenase) exhibited 
significantly elevated activities only in patients lacking GH. In three 
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of these enzymes the increase was significantly above the control 
value. 

Enzyme activities which were significantly decreased before GH 
administration rose significantly after GH therapy except for two 
enzyme activities (3-phosphoglycerate kinase and glyceraldehyde-3-
phosphate dehydrogenase). The data may suggest the presence of a 
younger red cell population after GH administration. 

Speculation 

The increase in red cell enzyme activities after GH treatment is 
supposedly due to stimulation of erythropoiesis by growth hormone. 
An additional stimulatory effect of GH on nucleated red cell enzyme 
synthesis is less likely but cannot be definitively excluded. 

The strong a nabolic action of GH resulting in increased protein 
synthesis is well known ( 15). Enzyme activities eleva ted because of 
GH administration were also reported . In some enzymes this was 
the result of inc reased synthesis of the enzyme protein (16, 23). 

Afte r hypophysecto.my, erythropoiesis is impaired in anim als 
and man, resulting in a decreased number of nucleated erythroid 
cells in the bone ma rrow and in a reduced red cell volume (3, 8, 13, 
31, 36). In rodents , hypophysectom y causes a peripheral anemia 
(7), whereas in dogs, monkeys (36), and man (8, 31) the impa ired 
erythropoiesis is associa ted with a pa ra llel decrease in plasma 
volume, so th at hem oglobin concentration a nd hem atocrit rem ain 
relatively constant or a re only modera tely reduced ( 13). Patients 
with GH defi ciency exhibited dimini shed red cell volume and 
plasma volume to a degree comparable with patients with pan
hypopituitarism (31 ). 

[n this context it appeared worthwhile to in vestigate red cell 
enzyme act ivities of g rowth -reta rded patients with and wi th out G H 
deficiency befo re and after GH administration. 

MATERIALS AND M ETHODS 

A tota l of 66 subjects was examined : 30 of these were norm al 
control subjects consisting of healthy young adults of both sexes 
(blood donors and laboratory technicia ns) (group N). The rem ain
ing were 36 pa tients with growth reta rda tion aged 5- 23 yea rs. Our 
control group is comparable with this group of pa tients, since there 
are no sex diffe rences in red cell enzyme activities known in normal 
persons. In addition, erythrocyte en zyme activities were compared 
in our labora tory in norm al adults and in normal children aged 
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l0- 14 years and 5- 10 years, respectively. Similar red cell enzyme 
activities were found in all three groups of normal persons. 

All patients with growth retardation underwent detailed physical 
and laboratory examination. To evaluate GH secretion, GH 
response to insulin-induced hypoglycemia and arginine infusion 
was investigated. Thyroid-stimulating hormone was evaluated 
indirectly by determination of thyroid 1321 uptake and by measure
ment of serum protein-bound iodine. In the assessment of ACTH 
secretion the oral 2-day Metyrapone test and the ACTH-infusion 
test were employed. As a rough screening test for adiuretin 
deficiency the specific gravity was repeatedly measured in the first 
urine portion in the morning. 

In 21 of the 36 patients with short stature, GH deficiency was 
established (group I , aged 5- 23 years) . The mean maximum GH 
response to insulin-induced hypoglycemia was 1.195 ng/ml ± 
0.173 (SEM) and to arginine infusion 1.314 ng/ml ± 0.203 (SEM). 
Ten of these 21 patients were suffering from isolated GH 
deficiency. However, the definite diagnosis of an isolated GH 
deficiency must await the appearance of puberty. In 3 of the 10 
patients puberty had already begun and the remaining 7 patients 
could not have gone into puberty considering their retarded bone 
age. 

In the remaining 15 of the 36 patients with growth retardation, a 
GH deficiency was excluded (group II, aged 5-17 years). The 
mean maximum GH response to insulin-induced hypoglycemia 
was 17.10 ng/ ml ± 2.32 (SEM) and to arginine infusion 13.68 
ng/ ml ± 2.94 (SEM). The remaining tests evaluating hypotha
lamic and pituitary function likewise revealed no endocrine disease 
in this group with the exception of two patients in whom a 
moderate hypothyroidism was found. In both patients appropriate 
thyroid hormone medication had already been started a long time 
before our investigations so that these patients were euthyroid 
when studied. The group of the remaining 13 growth-retarded 
patients without GH deficiency included 5 children with constitu
tional delay in growth and sexual maturation, 4 patients with 
familial short stature, 3 patients with familial short stature 
combined with constitutional delay in growth and sexual matura
tion, and I patient with Russell-Silver-syndrome. 

Before and after GH therapy blood was obtained for estimation 
of erythrocyte count, hemoglobin concentration, hematocrit, reti
culocyte count, and red cell enzyme activities. All 36 patients were 
treated daily with 2 mg human growth hormone intramuscularly 
for 7 days. Human growth hormone was commercially obtained 
and prepared by the Roos method with a potency of 2 I U / mg (38) . 
Some metabolic effects of this GH preparation have recently been 
investigated by two of us (NS, WB) in growth-retarded children 
with and without GH deficiency (32). This hormone preparation 
has been successfully used in the treatment of all of our 23 
hypopituitary dwarfs. 

GH was determined by the double antibody radioimmunoassay 
method (26). The lower limit of sensitivity of this assay in our 
laboratory is 0.5 ng/ ml. Routine hematologic studies were per
formed by standard methods. Activities of 15 red cell enzymes 
were assayed: hexokinase, phosphoglucomutase, glucose phos
phate isomerase, phosphofructokinase, fructose di phosphate aldo
lase, glyceraldehyde-3 -phosp)late dehydrogenase, triosephosphate 
isomerase, 2,3-diphosphoglycerate mutase, 3-phosphoglycerate ki
nase, 3-phosphoglycerate mutase, enolase, pyruvate kinase, glu
cose-6-phosphate dehydrogenase, 6-phosphogluconic dehydrogen
ase, and glutathione reductase. The activity of these erythrocyte 
enzymes was measured spectrophotometrically at 37° in hemo
lyzed red cells. The assay procedures for all red cell enzymes have 
been previously reported (30). 

STATISTICAL EVALUATION 

Bartlett's test for homogeneity of variance was performed before 
tests concerning the difference of two means. According to these 
results nonparametric tests (the Mann-Whitney U-test for inde-

pendent samples and the Wilcoxon sign-rank test for correlated 
data) or the one-tailed I-test were carried out (5). Investigations in 
animals and man (3, 4, 7, 8, 11, 13, 15, 16, 23 , 24, 28, 31, 36) 
produced convincing evidence justifying a one-tailed test (6, 29). 
Since results of enzyme activity assays were not available in every 
patient, sample size of data was different. Furthermore, a result 
was taken into account only when the enzyme activity of a 
simultaneously assayed control was within the range of a normal 
sample. These conditions resulted in a reduction of sample size in 
some erythrocyte enzymes. 

RESULTS 

HEMATOLOGIC DATA 

Before GH treatment there was no significant difference 
between the mean values of erythrocyte count, hematocrit, hemo
globin concentration, and reticulocyte count in group I (G H 
deficiency) and group II (no G H deficiency). With G H therapy no 
significant change of erythrocyte count, hemoglobin concentration 
or hematocrit was observed in group I and II. However, after GH 
administration reticulocyte count was significantly increased in 
both groups of patients: in group I mean pretreatment value was 
1.294% ± 0.084 (SEM), mean post-treatment value 2.08 I% ± 
0.287 (SEM), P < 0.005. In group II mean pretreatment value 
was 1.0% ± 0.184 (SEM), mean post-treatment value 1.407% 
± 0. 193 (SEM), P < 0.01. Our data indicate that GH treatment 
induced a significant increase in reticulocyte count in both groups 
of patients with short stature. 

PRETREATMENT ENZYME ACTIVITIES IN GROUP I AND fl 

COMPARED WITH THOSE IN NORMAL CONTROL 
SUBJECTS (GROUP N) 

There was no significant difference between the mean pretreat
ment erythrocyte enzyme activities in group II (no GH deficiency) 
and the enzyme activities in normal control subjects (group N). In 
G H-deficient patients (group I) the mean pretreatment activities in 
5 out of 15 erythrocyte enzymes were significantly below the range 
obtained in the control group (glucose phosphate isomerase, 
triosephosphate isomerase, glyceraldehyde-3-phosphate dehydro
genase, 2,3-diphosphoglycerate mutase, 3-phosphoglycerate ki
nase). The reduction in one further red cell enzyme activity 
(3-phosphoglycerate mutase) was statistically not significant (Fig. 
I). 
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Fig. 1. Decreased pretreatment activities of erythrocyte enzymes (mean 

± SEM) in growth hormone-deficient patients (expressed as percentage of 

activities in normal control subjects). GP!: glucose phosphate isomerase; 

PGM: 3-phosphoglycerate mutase;GAPDH: glyceraldehyde-3-phosphate 

dehydrogenase; TPI: triosephosphate isomerase;DPGM: 2,3-diphospho

glycerate mutase; PGK: 3-phosphoglycerate kinase. 
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CHANGES IN ERYTHROCYTE ENZYME ACTIVITY IN GROUP I AND 
II WITH GH THERAPY 

With G H therapy seven enzyme act ivities (phosphoglucomutase, 
fructose diphosphate aldolase, 6-phosphogluconic dehydrogen ase, 
glutathione reductase, glyceraldehyde-3-phosphate dehydrogen
ase, phosphofructokinase, 3-phosphoglycerate kinase) showed no 
significant increase. In eight erythrocyte enzyme activities a 
significant increase was induced by GH treatment, one of them 
(hexokinase) significantly rising in both groups of growth-retarded 
patients. The remaining seven red cell enzymes showed signifi
ca ntly elevated activities only in patients lacking GH (3-phospho
glycerate mutase, gl ucose phosphate isomerase, triosephosph ate 
isomerase, 2,3-diphosphoglycerate mutase, enolase, pyruvate ki
nase, glucose-6-phosphate dehydrogenase) (Table I, Fig. 2). 

Table I . Activity of erythrocyte enzymes before and after growth 

Enzyme ' 

hormone treatment 

Pret rea tment 
activity' 

Post- trea tment 
activity' p3 

I. No signiflcanc increase after growth hormone therapy 
PGLUC 

II 

ALO 

II 

6-PGD 

II 

GR 

II 

GAPDH 

II 

PFK 

II 

PGK 

II 

HK 

II 

PGM 

II 

5. 15 1 ± 0.185 
(16) 

5.333 ± 0.5 I 8 
(14) 

7.372 ± 0.344 
(20) 

7.345 ± 0.413 
( 15) 

9.799 ±0.417 
(18) 

10.48 1 ± 0.808 
(14) 

9.236 ± 0.398 
(14) 

10.542 ± 0.633 
(14) 

205.60 1 ± 6.436 
( 18) 

223.09 ± 11.831 
(13) 

22.223 ± 0.943 
(15) 

20.899 ± 1.436 
(ll) 

109.817 ± 6.701 
(15) 

11 8.665 ± 12. 197 
( 11) 

4.843 ± 0.185 
(16) 

5.364 ± 0.590 
(14) 

7.216 ± 0.274 
(20) 

7.708 ± 0.487 
( 15) 

10.569 ± 0.590 
( 18) 

11.238 ± 0.8 17 
( 14) 

9.56 ± 0.608 
(14) 

11.149 ± 0.702 
(14) 

20 1.761 ± 8.043 
(18) 

233.609 ± 17.207 
( 13) 

24.926 ± 2.206 
(15) 

22.938 ± 1.110 
( 11) 

128.566 ± 8.520 
(15) 

121 .972 ± 6.993 
( 11 ) 

2. S ign ificant increase with growth hormone therapy 
a. In group I and fl 

1.049 ± 0.063 
(14) 

1.069 ± 0.090 
(14) 

1.286 ± 0.107 
(14) 

1.249 ± 0.081 
( 14) 

b. Only in group I 

60.641 ± 3.781 
(17) 

64 .725 ± 3.178 
(15) 

66.755 ± 2.640 
(17) 

69.405 ± 3.495 
(15) 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

n. s. 

n.s. 

n.s. 

n_.s. 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

< 0.025 

<0.025 

<0.05 

n.s. 

Pretreatment Post-treatment 
Enzyme' activity' activity ' p 3 

GPI 
42.445 ± 1.028 45.996 ± 1.80 I < 0.025 

(14) (14) 
II 46.85 1 ± 2.859 47.77 ± 2.540 n.s. 

(14) (14) 
TPI 

1,895.875 ± I 18.536 2,255.188 ± I 15.099 < 0.025 
(16) (-16) 

II 2,223.923 ± I I 3.848 2, 145.077 ± 148.006 n. s. 
(13) (13) 

DPGM 
3.404 ± 0.221 3.989 ± 0. 302 < 0.05 

(16) (1 6) 
II 3.833 ± 0.1 84 3.408 ± 0.508 n.s. 

(12) (12) 
EN 

I 16.614 ± 0.592 18.435 ± 0.976 < 0.05 
(17) (17) 

II 17.287 ± 0.82 1 18.369 ± 1.222 n. s. 
(14) ( 14) 

PK 
19.708 ± 0. 643 22.438 ± 1.379 0.05 

(13) ( 13) 
II 20.058 ± 1.094 2 1.66 ± 1.54 1 n.s. 

(12) (12) 
G6PD 

11 .693 ± 0.441 12.709 ± 0.598 < 0.05 
( 17) ( 17) 

II 12.262 ± 0.892 12.552 ± 0.855 n.s . 
(13) (13) 

1 PGLUC: phosphoglucomutase; ALO: fructose diphosphate aldolase; 
6-PGD: 6-phosphogluconic dehydrogenase; GR: glutathione reductase; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PFK: phosphofruc
tokin ase; PGK: 3-phosphoglycerate kinase; HK: hexokinase; PGM: 
3-phosphoglycerate mutase; G PI: glucose phosphate isomerase; TPJ: 
triosephospha te isomerase; DPG M: 2,3-diphosphoglyce rate mutase; EN: 
enolase; PK: pyruvate kinase; G6PD: glucose-6-phosphate dehydrogenase; 
group ! : growth hormone-deficient patients; group fl: patients with short 
stature without growth hormone deficiency. 

' Micromoles of substrate utili zed per min per g hemoglobin . Values are 
means ± SEM. Sam ple size is shown in pa rentheses. 

3 Significance level of differences in means. n.s.: not significant. 

POST-TREATMENT ENZYME ACTIVITIES IN GROUP I AND II 
COMPARED WITH THOSE IN NORMAL CONTROLS (GRO UP N) 

In GH-deficient patients the mea n post-treatment activities of 
three red cell enzymes were significa ntly elevated above the range 
obtained in the normal control group: hexokinase (P < 0.0 I), 
enolase (P < 0.05), and glucose-6-phosphate dehyd rogen ase (P = 
0.025). One red cell enzyme remained significantly below the 
control va lue: glyceraldehyde-3-phosphate dehydrogenase (P < 
0.005). In group II (no GH deficiency) only one red cell enzyme 
activity was significantly increased above the co ntrol value a fter 
GH treatment; thi s was hexok inase (P < 0.005). 

DISCUSSION 

An elevated act ivity of one erythrocyte enzyme (glucose-6-phos
phate dehydrogenase) during GH therapy of hypopituita ry dwa rfs 
had been · reported previously (4, 28). Our study showed a 
significant increase in 8 of 15 investigated red cell enzyme activities 
after GH treatmen t in patients lacki ng GH; in three of these 
enzymes the increase was significantly a bove the control value. It is 
apparent that activities of erythrocyte enzymes which were reduced 
signifi cantly in GH-deficient patients before therapy increased 
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Fig. 2. Significantly increased eryth rocyte enzyme activities after growth hormone treatment. Enzyme act ivities (mean ± SEM) expressed as 

percentage of pretreatme nt act ivity. Hatched columns represent patients with short stature without growth hormone deficiency, clear columns represent 

growth hormone-lack ing patients. GP!: glucose phosphate isomerase; G6 PD: glucose-6-phospha te dehydrogenase; PGM: 3-phosphoglyce ra te mutase: 

EN: enolase; PK: pyruvate kinase; DPGM: 2,3-diphosphoglycerate mutase; TPI: triosephosphate isomerase; HK: hexokinase . 

significantly during G H treatment with two exceptions: the 
increase in 3-phosphoglycerate kin ase was statistically not signifi
cant and glyceraldehyde-3-phosphate dehydrogenase remained 
significantly reduced after G H treatment. In patients without G H 
deficiency one red cell enzyme activity showed a significant 
increase due to GH administration; thi s enzyme activity was 
significantly elevated above the control value. The difference in the 
effect of GH treatment in both groups of patients can be explained 
by the known fact that patients lacking GH show a much stronger 
response to this hormone than do normal ind ividuals (25). As GH 
therapy results in a proportiona l rise in plasma volume (27), the 
hemoglobin concentration and hematocrit showed no significant 
alteration in our patients during G H treatment. 

In two laboratories GH showed an inhibitory effect on glucose 
consumption by erythrocytes in vitro, the activity of phosphofruc
tokinase was decreased ( 19, 22). H owever, these observations were 
not confirmed by extended studies in another laboratory (33). In 
addition, the results of these in vitro studies cannot be compared 
with our results, since the GH concentrations in vitro were much 
higher than the concentrations achieved in our patients during GH 
treatment. 

The reduced pretreatment activities of six erythrocyte enzymes 
in patients lacking GH might be due to red cell aging. Enzyme 
studies have shown that the activity level of several erythrocyte 
enzymes progressively decreases with age. This metabolic defi
ciency results in structural and functional alterations of the 
erythrocyte, finally causing its lysis (I 0, 20). From the 60th day of 
red cell lifespan there is a progressive decrease of phosphorylated 
compounds, especially of ATP ( 17). Four of the five enzymes 
showing significantly reduced pretreatment activity in G H-defi
cient patients are among those red cell enzymes for which activity 
declined with age: glucose phosphate isomerase (I, 10, 20), 
triosephosphate isomerase ( I 0, 18), glyceraldehyde-3-phosphate 
dehydrogenase (I , 10, 18), and 3-phosphoglycerate kinase (10, 18). 
Glyceraldehyde 3-phosphate dehydrogenase activity, in pa rticula r, 
diminishes very quickly with age, having a half-time of 34 days 
( 17). Moreover, in one patient with " true medullary aplasia," an 
abnormal low activity of 2,3-diphosphoglycerate mutase was found 
(2) . However, whether the decreased activity of some red ce ll 
enzymes in patients lacking G H before therapy suggests the 
presence of a relatively aged red cell population is open to 
question. Only a substantially prolonged red cell lifespan would 
result in reduced erythrocyte enzyme activities. However, to 

elucidate this question, one would have to study red cell lifespan by 
methods using radioactive compounds. For ethical reasons we did 
not perform such studies. 

The increase in red cell enzyme activities induced by GH cannot 
be due to an activation of pre-existing enzyme molecules, since GH 
added to erythrocytes in vitro did not increase red cell enzyme 
activities (4). It is well established that several glycolxtic enzymes 
are present at a higher activity level in younger red cells. This is 
true of those enzymes which a lso had higher levels in our patients 
after GH therapy: hexok inase ( 14, 35, 37), 3-phosphoglycerate 
mutase ( 14, 34), glucose phosphate isomerase (14, 34), triosephos
phate isomerase (14, 34), enolase (14, 34), pyruvate kinase ( 14, 34, 
35, 37), glucose 6-phosphate dehydrogenase (14, 34, 35, 37), and 
phosphofructokinase ( 14, 34). A moderately elevated activity was 
also found in 3-phosphoglycerate kinase ( 14 ). In our patients the 
greatest increase in activity was exhibited by hexokinase, the 
rate-limiting enzyme of glycolysis (I 0, 17). It was also the only 
enzyme activity which rose significantly in both groups of pa
tients. It may be assumed that GH therapy in our patients stimu
lated erythropoiesis resulting in a red cell population with a 
younger mean cell age. The observed rise of reticulocytes is in 
support of this explanation of our results after G H treatment. 

These findings are in agreement with studies in hypophysecto
mized animals (7 , 11, 24, 36) and a recent study in hypopituitary 
patients (13) demonstra ting an erythropoietic effect of GH. 

Two mechanisms of G H action on erythropoiesis a re di sc ussed: 
an indirect and a direct stimulatory effect on red cell production. 
In animals and man hypophysectomy induces a decrease in oxygen 
consumption (7, 8). Therefore it was concluded that G H influences 
erythropoiesis by increasi ng the oxygen need of the tissues. Recent 
studies have indicated th at G H acts through increased erythropoie
tin (12) production (Li , 24, 31, 36). However, GH exerts its 
erythropoietic effect by also a ffecting the bone marrow directly (9). 

Whether G H in our patients in addition to stimulation of 
erythropoiesis also induced an increased enzyme sy nthesis in the 
bone marrow is open to question. Elevated enzyme activities due to 
de novo synthesis of the enzy me protein after GH administration 
have been reported ( 16, 23). Judging from a previous study (35), 
the observed rise of hexok inase activity correlates approximately 
to the rise of reticulocyte count and may thus be fully explained by 
the erythropoietic action of GH. However, the possibility that GH 
also exerted a direct stimulatory effect on nucleated red cell 
enzyme synthesis cannot definitively be excluded. 
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SUMMARY 

The effect of G H on 15 erythrocyte enzyme act1V1t1es was 
investigated in 36 growth-retarded patients with and without GH 
deficiency . Before GH administration the activity was significantly 
lower in five red cell enzymes in patients lacking GH compared 
with the activity obtained in 30 normal control subjects. G H 
treatment resulted in a significant increase in eight red cell enzyme 
activities in patients with GH deficiency, and increase in one eryth
rocyte enzyme activity in patients without GH deficiency. The 
elevation of enzyme activities after G H treatment was associated 
with a significant increase in reticulocyte count in patients with and 
without GH deficiency . 
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