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Abstract-The action of growth hormone on the metabolism of collagen was studied 
with r4C-proline. (a) When laC-proline was injected 20 days after the beginning of 
growth hormone injections, the total activity of 14C-hydroxyprJine in the collagen 
fractions of the skin and in the nonfractionated collagen of the femurs was higher in the 
rats treated with growth hormone than in the controls. The distribution of 14C-hydroxy- 
proline between the soluble and insoluble collagen of the skin was similar in the treated 
rats and the conttols. The total activity of urmary 1‘Ghydroxyproline was higher in the 
treated rats than in the controls, and this increase was of the same magnitude as in the 
r*C-hydroxyproline of the skin and bone. (b) When 14C-proline was injected 12 days 
before the beginning of growth hormone injections, administration of growth 
hormone caused an increase in the total activity of urinary 14C-hydroxyproline com- 
pared to the controls. The results of the present study suggest that the rate of collagen 
synthesis was increased by growth hormone, and this effect was followed by an 
increased urinary excretion of hydroxyproline. No marked changes were found in the 
rate of conversion of soluble collagen into insoluble collagen or in the rate of catabolism 
of soluble collagen when expressed per unit of soluble collagen. The rate of catabolism 
of insoluble collagen was increased by growth hormone, and this effect contributed to the 
increased urinary hydroxyproline excretion. 

HYDROXYPROLINE is an amino acid found in the tissues of vertebrates almost exclusively 
in collagen, and studies on the biosynthesis of this protein have indicated that the 
hydroxyproline in collagen is synthesized by hydroxylation of proline in a large 
polypeptide precursor of collagen (for review, see ref. 1). Consequently, the presence 
of hydroxyproline in tissues, serum or urine can be used as a measure of collagen or of 
degradative products of collagen. 1 Administration of growth hormone increases the 
content of free hydroxyproline in the bloods and the excretion of hydroxyproline in 
the urines of rats. Urinary excretion of hydroxyproline is also increased in patients 
with active acromegaly4-s and reduced in children with hypopituitarism.4 Studies on 
tissue collagen have indicated that growth hormone increases the content of acid 
soluble collagen in the skins and the incorporation of labelled amino acids into 
collagen it? z~itro.l0-~2 These findings are in agreement with the well known stimulatory 
effect of growth hormone on the synthesis of proteins. 

Relatively little is known of the effect of growth hormone on the other steps involved 
in the metabolism of collagen. Studies with r4C-proline in rat@-I5 and monkey36 
have indicated that urinary hydroxyproline is derived partly from the catabolism of 
recently synthesized soluble collagens and partly from the catabolism of mature 
insoluble collagen fibres. Thus the increased excretion of hydroxyproline after ad- 
ministration of growth hormone could be due solely to changes in the rate of collagen 
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synthesis and increased pool sizes of soluble and insoluble collagen, or to changes in 
the rate of degradation of soluble or insoluble collagen, or to changes in the rate 
of conversion of soluble collagen into insoluble form. In the present study isotope 
techniques were used to study the mode of action of growth hormone on the metabolism 
of collagen in ho. In these experiments, 14C-proline was administered to rats, and the 
radioactivities of 14C-hydroxyproline were determined in the collagen fractions of the 
tissues and in the urine. 

MATERIAL AND METHODS 

The experimental animals were female albino Wistar rats, 5 months of age at the 
beginning of the experiments. They were fed a commercial pelleted diet (Hankkija Oy) 
which had a hydroxyproline content of about 0.05 per cent of the dry wt. The hydroxy- 
proline excretion with this diet and with a completely hydroxyproline-free diet 
differed by less than 10 per cent. During the urine collections the animals were fed 
a completely hydroxyproline-free diet consisting of cheese and water, and this diet 
was begun 3 hr before the start of urine collection. Subcutaneous injections of por- 
cine pituitary growth hormone (Somacton, Ferring AB, Malmo, Sweden) were given 
daily, as indicated in Tables 1-6. Uniformly labelled i4C-proline (8.2 &/PM, The 
Radiochemical Centre, Amersham) was injected i.p. in 1.00 ml of 0.9 % sodium chloride 
solution. The i4C-proline used in these experiments was assayed for 14C-hydroxy- 
proline radioactivity after chromatography in a Dowex 50-X8 column with carrier 
hydroxyproline and found to contain less than 0.01% 14C-hydroxyproline. 

Urine was collected under toluene during the periods indicated under Results. 
It was stored at + 4” until hydrolyzed with an equal volume of 12 N HCI for 3 hr 
at 124”, and used for determination of the amount and specific activity of hydroxy- 
proline excreted during the collection period. 

The skin specimens were fractionated for 0.45 M sodium chloride soluble collagen 
hydroxyproline and insoluble collagen hydroxyproline, as described earlier.l7Js The 
values for each animal were obtained by independent analyses of two specimens of 
dorsal skin. The procedures used in the determination of the total radioactivity of 
crude 0.45 M sodium chloride soluble protein fraction of the skin, and in the determin- 
ation of the amount and specific activity of hydroxyproline in the bones have also 
been described earlier.ls 

The quantity of hydroxyproline was determined as described by Kivirikko et al.19 
and the specific activity of 14C-hydroxyproline by the method of Peterkofsky and 
Prockop.2e Because of the high radioactivity of 14C-proline in the urine samples 
collected during the first 12 hr after administration of the radioisotope, hydroxy- 
proline was preliminarily separated from proline in these samples in a Dowex 50-X8 
column with 2 N HCl as eluting agent. The counting efficiency of the liquid scintilla- 
tion counter was 80 per cent for the samples of l4C-pyrrole in the 14C-hydroxyproline 
assays, and 71 per cent for the samples of total radioactivity of crude 0.45 M sodium 
chloride soluble protein fraction. The observed cpm were corrected for aliquots and 
for loss of one carbon in the 14C-hydroxyproline assay, and converted to dpm. The 
total activity of 14C-hydroxyproline was calculated from the quantity and sp. act. of 
hydroxyproline. The content of free prolinezl and sp. act. of free 14C-proline in the 
serum were determined after deproteinization of the serum with trichloroacetic acid. 
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RESULTS 

Effect of growth hormone on the synthesis of coIlagen 

The effect of growth hormone on the synthesis of collagen was studied in experi- 
ments in which hormone administration was started 20 days before the injection of 
14C-proline, and incorporation of 14C-proline into 14C-hydroxyproline was determined 
in the nonfractionated collagen of the femurs and in the 0.45 M sodium chloride 
soluble collagen fraction of the skin. 

Administration of growth hormone for 20 days had no effect on the total amount 
of hydroxyproline in the nonfractionated collagen of the femurs (Table 1). However, 

TABLE 1. EFFECT OF GROWTH HORMONE ON THE AMOUNT OF HYDR~XYPROLINE, AND 

ON THE SPECIFICACTIVITYAND TOTAL ACTIVITYOFW-HYDROXYPROLINE INTHETOTAL 

COLLAGEN OF THE FEMURS AFTER ADMINISTRATION OF~~C-PROLINE 

Time 
(hr after 

W-proline 
injection) 

Group 
Hydroxyproline 

&g/femur) 

Total femur collagen 

Specific activity Total activity 
of hydroxyproline of hydroxyproline 

(dpm/cLg) (dpmlfemur) 

12 

120 

Controls 4270(3670-5050) 0.93 (0.59-1.34) 4010(2060- 5460) 
G.H. 4260(3450-5350) 1.95 (1.08-2.36) 8600(3880-11900) 
Controls 4510(325&5200) 1.44 (1.25-1.59) 6480(4750- 8300) 
G.H. 3790(3000-4260) 2.36 (2+CL2%3) 8750(8500- 9100) 

Daily administration of 3 mg of growth hormone (G.H.) was begun 20 days before administration 
of 12 PC of 14C-proline. Three rats in both control groups, and 4 rats in both G.H. groups. Mean 
wt. of rats when 1W-proline was injected: Controls 208 g; G.H. 216 g. 

the sp. act. and total activity of 14C-hydroxyproline were considerably higher 
in the rats receiving growth hormone than in the controls 12 hr and 120 hr after the 
14C-proline injection. In the soluble collagen of the skin the content of hydroxyproline 
was higher in the rats receiving growth hormone than in the controls (Table 2). There 
was no difference in the sp. act.‘s of 14C-hydroxyproline between the controls and the 
animals receiving growth hormone, but the total activity of 14C-hydroxyproline in 
the animals receiving growth hormone was about 150 per cent of that of the controls 
12 hr and 120 hr after administration of K-proline in both experiments. 

II? order to establish whether the differences in the collagen 14C-hydroxyproline 
were due to differences in the rates of collagen synthesis or in the specific activities 
of the free I%-proline pools, the content and specific activity of free 14C-proline was 
determined in the serum after injection of 14C-proline. The content of free proline 
in the serum was 27.4 (22.6-29.6) pg/ml in four control rats, and 20.5 (18.7-23.6) 
pg/ml in four animals receiving growth hormone. When 3&J ofl4C-proline was injected 
into the rats, the sp. act. of serum free 14C-proline was 16.0 (15.0; 16.9) dpm/pg in two 
control rats, and 12.5 (11.7; 13.3) dpm/pg in two rats receiving growth hormone 3 hr 
after 14C-proline injection. Eight hr after 14C-proline injection the corresponding 
values were 8.5 (8.4; 8.6) dpm/pg, and 7.9 (7.7; 8.1) dpm/pg. These values suggest that 
the sp. act. of serum free 14C-proline was not higher in the rats receiving growth 
hormone than in the controls. 

In order to establish whether growth hormone had a stimulatory effect on the syn- 
thesis of other skin proteins besides collagen, the total radioactivity of the crude 
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TABLE 2. EFFECT OF GROWTH HORMONE ON THE CONTENT OF HYDROXYPROLINE, AND 

ON THE SPECIFIC ACTIVITY AND TOTAL ACTIVITY OF W-HYDROXYPROLINE IN THE SOLUBLE 

COLLAGEN FRACTION OF THE SKIN AFTER ADMINISTRATION OF W-PROLINE 

Experiment Time* Group 
(br) Content of 

hydroxyproline 
@g/g of skin) 

I 12 Controls 370 (340- 450) 
G.H. 510 (48(X 550) 

120 Controls 420 (390- 440) 
G.H. 630 (590- 670) 

II 12 Controls 480 (38@- 5dti) 
G.H. 710 (63CL 790) 

120 Controls 480 (330- 67Oj 
G.H. 1040 (830-l 190) 

Soluble collagen 

Sp. act. of 
hydroxyproline 

(dpm/pg) 

Total activity 
of hydroxyproline 

(dpm/g of skin) 

20.7 (17.3-25.1) 7900 ( 6000-l 1,200) 
24.4 (22.625.3) 12,600 (ll,lOC-14,000) 

2.2 ( 2.0- 2.3) 920 ( 820- 1030) 
2.3 ( 2.0- 2.7) 1450 ( 1270- 1690) 

10.4 ( 9.2-l 1.4) 4960 ( 4050- 6100) 
11.0 ( 8.9-15.2) 7650 ( 646% 9620) 
3.1 ( 2.7- 3.6) 1540 ( 103& 2380) 
2.2 ( 1.9- 2.3) 2250 ( 1930- 2800) 

Daily administration of 3 mg of growth hormone (G.H.) was begun 20 days before administration 
of l*C-proline. In experiment I the dose of W-proline was 15 PC, and there were 4 rats in each group. 
Mean wt of the rats, when 14C-proline was injected in experiment I: controls 210 g, growth hormone 
227 g. The rats in exp. 11 were the same rats as were used for determinations of bone collagen (for 
details, see Table 1). 

* Hr after 14C-proline injection. 

0.45 M sodium chloride soluble protein fraction of the skin was determined. No change 
was observed in the radioactivity of this fraction after administration of growth 
hormone (Table 3), even though in the same experiment the total activity of 14C- 
hydroxyproline in the soluble collagen of the skin was considerably increased (Table 2, 

experiment II). 

TABLE 3. EFFECT OF GROWTH HORMONE ON THE TOTAL RADIOACTIVITY OF THE CRUDE 

0.45 M SODIIJM CHLORIDE SOLUBLE PROTEIN FRACTION IN THE SKIN AFTER ADMINISTRATION 

OF W-PROLINE 

Time 
(hr after 

14C-proline 
injection) 

Group 0.45 M NaCl soluble protein 

Total activity 
(dpm/g of skin) 

12 Controls 49,900 (48,40&51,500) 
G.H. 53,600 (43,30(X-59,100) 

120 Controls 18,200 (16,000-21,000) 
G.H. 20,200 (15,60@-22,900) 

Experiment II. Same rats as were used for determinations of 
skin soluble collagen (Table 2), and of bone collagen (for 
details see Table 1). 

EfSect of growth hormone on the conversion of soluble collagen into yoluble col’agen 
and on the catabolism of soluble collagen 

The conversion of soluble collagen into insoluble collagen was studied by determin- 
ing the W-hydroxyproline in the insoluble collagen of the skin 12 hr and 120 hr after 
1Gproline injection. The content of hydroxyproline in the insoluble collagen was 
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similar in the control rats and in the rats treated with growth hormone (Table 4). 
The sp. act. and total activity of 14C-hydroxyproline were considerably higher in the 
treated rats than in the controls (Table 4). When the total activities of I%-hydroxy- 
proline in insoluble and soluble collagen were calculated as percentages of the total 
l4C-hydroxyproline in soluble (Table 2) and insoluble collagen (Table 4) combined, 
the following values were obtained: At 12 hr about 18 per cent of the observed 
14C-hydroxyproline radioactivity was present in the insoluble collagen, and 82 per 
cent in the soluble collagen in the control rats. The corresponding values in the rats 
treated with growth hormone were about 20 per cent and 80 per cent. At 120 hr about 
88 per cent of the observed 14Ghydroxyproline radioactivity was in the insoluble 
collagen and 12 per cent in the soluble collagen both in the controls and in the 
treated rats. 

TABLE 4. EFFECT OF GROWTH HORMONE ON THE CONTENT OF HYDROXYPROLINE, AND 

ON THE SPECIFIC ACTIVITY AND TOTAL ACTIVITY OF 14C-~~~~~~~~~~~~~~ IN THE 

INSOLUBLE COLLAGEN OF THE SKIN AFTER ADMINISTRATION OF W-PROLINE 

Time 
(hr after 

W-proline 
injection) 

Group 

Content of 
hydroxyproline 
(mg/g of skin) 

Insoluble collagen 

Specific activity 
of hydroxyproline 

(dpm/pg) 

Total activity 
of hydroxyproline 

(dpm/g of skin) 

12 

120 

Controls 
G.H. 
Controls 
G.H. 

16.9 (15.3-18.5) 0.10 (0~06-0~13) 
168 (15.3-19.3) 

1700 (lOOO- 2300) 
0.19 (0.16-0.22) 3200 (2500- 3800) 

18.4 (17.5-19.3) 0.35 (0.284.41) 6400 (5300- 7200) 
18.4 (15.3-19.4) 0.59 (0.50-063) 10,100 (9500-11,000) 

Experiment I. Same rats that were used for determinations of skin soluble collagen (for details, 
see Table 2). 

The catabolism of soluble collagen was studied by determining the l4C-hydroxy- 
proline excreted in the urine during the first 12 hr after ~‘Gproline jinjection. The 
amount of hydroxyproline excreted by the rats receiving growth hormone was about 
150 per cent, and the total activity of the urinary r4C-hydroxyproline about 180 
per cent of the values for the controls (Table 5). The mean increase in the total activity 

TABLE 5. EFFECT OF GROWTH HORMONE ON THE URINARY EXCRETION OF HYDROXYPROLINE 

AND ON THE SPECIFIC ACTIVITY AND TOTAL ACTIVITY OF URINARY 14C-~~~~~~~~~~~~~ 

DURING THE FIRST 12 HR AFTER ADMINISTRATION OF 14C-~~~~~~~ 

Group Urinary hydroxyproline 

pg during Sp. act. Total activity 
collection (dpm/pg) (dpm) 

Controls 256 f 61 13.3 f 3.8 3400 f 710 
G.H. 382 * 84+ 17.0 f 3.2 6250 f llOO* 

Experiment II. Same rats as were used for the determinations of 
skin soluble collagen (Table 2) and of bone collagen (Table 1) 
partly at 12 hr and partly at 120 hr. Thus there were 6 rats in the 
control group and 8 rats in the growth hormone group. Values are 
exlqs$ ;a mean i S.D. 

. . 
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of urinary W-hydroxyproline was slightly greater than the mean increase in the total 
activity of W-hydroxyproline in the soluble collagen of the skin (Table 2), and slightly 
smaller than that in the total nonfractionated collagen in the femurs (Table I), 
but it seems that the magnitude of all these increases was similar. 

E#ect of growth hormone on the catabolism of insoluble collagen 
The catabolism of insoluble collagen was studied in an experiment in which W- 

proline was injected 12 days before the start of the growth hormone injections, and 
the urinary l~C-hydroxyproline was followed during the growth hormone treatment. 
Before the start of growth hormone treatment the l*C-hydroxyproline excretion was 

TABLE 6. EFFECT OF GROWTH HORMONE ON THE URINARY EXCRETION OF HYDROXYPROLINE 

AND 0~ THE SPECIFIC ACTIVITY AND TOTAL ACTIVITY OF URINARY 14C-~~I)~0XyPR~~~~E 

AFTER ADMINISTRATION OF 14C-~~~~~~~ 

Collection 
Deriod* 

Group 
Urinary hydroxyproline 

pg during collection SP. act. (dpm/pg) Total activity (dpm) 

16-17 Controls 332 (244-410) 2.08 (1#85-2.21) 650 (52&900) 
(4-5) G.H. 274 (263-294) 2.24 (1.87-262) 610 (510-690) 

2I-22 Controls 354 (282-424) 1.62 (1.25-2.31) 550 (440-650) 
(S-10) G.H. 460 (334-692) 1.31 (0.93~l-62) 570 (540-640) 

26-27 Controb 346 (272-435) 1.32 (l+Ol-1.75) 460 (27O-580, 
(14-15) G.H. 762 (570-874) 0.94 (0.83-1.10) 720 (470-880) 

30-31 Controls 369 (263-570) 1.10 (0.90-1.24) 390 (310-510) 
(18-19) G.H. 669 (482-792) 0.95 (0.76-1.20) 620 (510-710) 

Daily administration of 3 mg of growth hormone (G.H.) was begun 12 days after a~inistration 
of 2.5 PC of W-proline. Four rats in both groups. Mean wt of the rats, when l*C-proline was injected: 
Controls 210 g, G.H. 208 g, and 31 days later: Controls 207 g; G.H. 228 g. 

* Days after IT-proline injection; in brackets: days after the beginning of growth hormone 
injections. 

similar in the two groups. After 14 and 18 growth hormone injections the urinary 
excretion of hydroxyproline was about 2-fold that of the controls, and the total 
activity of urinary l*C-hydroxyproline had increased to about 160 per cent, suggesting 
an increase in the rate of the catabolism of insoluble collagen at this stage of the 
experiment. 

DISCUSSION 

Several factors, including the rate of collagen synthesis, the rate of conversion of 
soluble collagen into insoluble form, and the rates of catabolism of soluble and in- 
soluble collagen, may affect the amount of hydroxyproline excreted in the urine (see 
ref. 1). However, with isotope techniques it is possible to use the combined measure- 
ments of hydroxyproline in the collagen fractions in the tissues, and of the urinary 
hydroxyproline excretion to determine the principal sites of action of various agents 
on the metabolism of collagen.lJ+ls The synthesis of collagen can be studied by 
determination of the radioactivity of 1W-hydroxyproline in the soluble collagen or 
total nonfractionated collagen after injection of 14C-proline, and the conversion of 
soluble collagen into insoluble form by measuring the conversion of l*C-hydroxy- 
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proline of soluble collagen into WY-hydroxyproline of insoluble collagen. The catabol- 
ism of soluble collagen can be studied by measuring the urinary W-hydroxyproline 

shortly after K-proline injection, and the catabolism of insoluble collagen can be 
studied by determination of the urinary W-hydroxyproline in experiments in which 
14C-hydroxyproline is allowed to become incorporated into insoluble collagen before 
the start of administration of the agent studied. 

In the present study, the experiments on the effect of growth hormone on the 
synthesis of collagen indicated an increase in the rate of collagen synthesis, for the 
total activity of 14C-hydroxyproline was increased in the soluble collagen of the skin 
and in the total nonfractionated collagen of the bones after administration of 1% 
proline. Determinations of the sp. act. of free W-proline in the serum 
suggested that the differences in collagen were due not to differences in the free 
14C-proline pools but to differences in the rates of collagen synthesis. These results 
are consistent with the well known stimulatory effect of growth hormone on protein 
synthesis, and with the results of earlier studies suggesting an increase caused by growth 
hormone in the rate of collagen synthesis in vitro. lo-l2 In the present study, the in- 
corporation of W-proline into other proteins of the crude 0.45 M sodium chloride 
soluble protein fraction of the skin was not increased by growth hormone administra- 
tion, which suggests that the effect of growth hormone on the synthesis of soluble 
collagen in the skin was a selective one compared to its effect on the synthesis of other 
soluble proteins in the skin. 

Growth hormone did not have any direct effect on the conversion of soluble 
collagen into insoluble form. The increase in the radioactivity of insoluble collagen 
hydroxyproline was similar to that in the soluble collagen hydroxyproline, and the 
distribution of W-hydroxyproline radioactivity between soluble and insoluble 
collagen was similar in controls and in treated rats. Neither did growth hormone 
seem to have any notable direct effect on the rate of catabolism of soluble collagen. 
During the first 12 hr after 14C-proline injection, the urinary excretion of W-hydroxy- 
proline was higher in the rats receiving growth hormone than in the controls, but the 
increase was of the same magnitude as in the radioactivity of 14C-hydroxyproline in 
the soluble collagen of the skin and in the total collagen of the bones. The results 
suggest, therefore, that a main effect of growth hormone on the metabolism of collagen 
is to increase the rate of synthesis of soluble collagen. This leads to increased pool 
sizes of newly-synthesized soluble collagen, and increased excretion of hydroxy- 
proline in the urine, whereas there seem to be no marked changes in the rate of 
catabolism of newly-synthesized collagen expressed per unit of newly-synthesized 
collagen. The rate of catabolism of mature insoluble collagen was found to increase 
after administration of growth hormone, and thus hydroxyproline derived from 
insoluble collagen also contributed to the increased hydroxyproline excretion. 

The present study was carried out with non-hypophysectomized animals receiving 
excessive doses of growth hormone, and the results do not necessarily represent the 
action of physiological doses of growth hormone on the metabolism of collagen. 
However, the changes described above may be related to those occurring in patients 
with hypersecretion of growth hormone, since greatly increased urinary excretion of 
hydroxyproline is found in patients with active acromegaly.4-s 
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