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SUMMARY

CutroNEO, KENNETH R. & CounTs, DaviD F. (1975) Anti-inflammatory steroids
and collagen metabolism: glucocorticoid-mediated alterations of prolyl hydroxylase
activity and collagen synthesis. Mol. Pharmacol., 11, 632-639.

Several daily injections of triamcinolone diacetate to newborn rats resulted in a decrease
of prolyl hydroxylase activity in skin. After labeling of glucocorticoid-treated animals
with radioactive proline, hydroxyproline formation was decreased to a greater extent
than total proline incorporation, indicating a specific effect on collagen biosynthesis. In
contrast, 12 hr after a single injection of steroid, when enzyme activity was only slightly
decreased, the depressed level of hydroxyproline formation was almost totally accounted
for by the decrease of total proline incorporation. The specific activity of the proline
precursor pool was unchanged in animals receiving one or three injections of drug as
compared to controls. After 3 days of steroid treatment the amounts of deoxyribonucleic
acid, protein, and proteinaceous hydroxyproline per skin were decreased to the same
extent as skin weight. Our data indicate that the general antianabolic effect of glucocor-
ticoids on protein synthesis is succeeded by a specific effect on collagen synthesis. The
decrease of prolyl hydroxylase which is realized only after multiple injections of glucocor-
ticoids is associated with this specific effect on hydroxyproline formation. These data
suggest that the decrease of prolyl hydroxylase following treatment with glucocorticoids
is involved in the molecular mechanism of action of this class of drugs on collagen
biosynthesis.

INTRODUCTION
Administration of triamcinolone diace-
tate to newborn rats results in a decrease
of prolyl hydroxylase in various tissues (1).
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Recent studies have indicated that prolyl
hydroxylase activity is not affected at
times after steroid treatment when incor-
poration of proline into proteins is mark-
edly decreased (2—4). In these studies ad-
ministration of glucocorticoids resulted in
decreased incorporation of radioactive pro-
line into protein and decreased hydroxypro-
line formation in bone (3) and granuloma
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tissues (2) at a time when prolyl hydroxyl-
ase was unaffected. These observations
suggested that a general decrease of pro-
tein synthesis following steroid treatment
resulted in a decreased synthesis of colla-
gen polypeptide, thereby accounting for
the total antianabolic effect of this class of
drugs on collagen metabolism.

In the present study our data indicate
that after multiple injections of triamcino-
lone, when prolyl hydroxylase activity is
decreased in skin, hydroxyproline forma-
tion is decreased to a level not accounted
for by the decrease in total proline incorpo-
ration, thus indicating a specific effect on
collagen synthesis. The results suggest
that the decrease of prolyl hydroxylase ac-
tivity following multiple injections of anti-
inflammatory steroids is involved in the
molecular action of this class of drugs on
collagen biosynthesis.

MATERIALS AND METHODS

Sprague-Dawley rats (1 day old) were
used throughout this study. Animals were
given either one or three daily intraperito-
neal injections of triamcinolone diacetate
(50 mg/kg). Animals receiving a single in-
jection of steroid were killed 12 hr after-
ward. Animals receiving multiple daily in-
jections were killed 24 hr after the last
injection. Powdered triamcinolone diace-
tate was kindly supplied by Dr. J. M.
Smith of Lederle Laboratories. A suspen-
sion of this drug was prepared in 0.9%
NaCl. Control animals received 0.9%
NaCl. [4-*H]Proline (15 Ci/nmole) was pur-
chased from Schwarz/Mann. [**C]Proline
(200 mCi/mmole) was obtained from New
England Nuclear Corporation. Samples
were counted in a liquid scintillation mix-
ture as described (1).

Prolyl hydroxylase activity. At death the
animals were decapitated and whole
skins, excluding that on limbs and tails,
were dissected free and weighed on a Met-
tler balance. The skin was then homoge-
nized with a Polytron ST homogenizer in 5
ml of 0.25 M sucrose. An aliquot of the
homogenate was centrifuged at 16,000 x g
for 20 min, and the resulting supernatant
was assayed for protein by the method of
Lowry et al. (5) and for enzyme activity by
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the method of Hutton et al. (6) as described
).

DNA content. Two ml of 0.5 N NaOH
was added to 0.5 ml of the original homoge-
nate. The sample was heated in a 70° wa-
ter bath for 1 hr. An aliquot of the sample
solution was then added to an equal vol-
ume of 1 N HCl. The sample was centri-
fuged at 10,000 x g for 10 min, and the
resulting supernatant was assayed for di-
phenylamine-reactive material by the
method of Burton (7).

Total tissue hydroxyproline content.
Trichloracetic acid (10%, w/v) was added to
the remaining homogenate. The sample
was centrifuged at 10,000 X g for 5 min.
The resulting pellet was resuspended in
5% (wl/v) trichloracetic acid and recentri-
fuged. This was repeated twice. Then 10
ml of 6 N HC] were added to the tissue
pellet, and the sample was hydrolyzed for
18 hr in an autoclave. Norit A (500
mg/sample) was added to the hydrolysate,
and the sample was filtered through What-
man No. 1 filter paper. The sample was
evaporated and resuspended in 4 ml of
deionized water, and an aliquot of this
sample was assayed for ninhydrin-reactive
material (8). Two drops of phenol red were
added, and the sample was neutralized
with 4 N KOH and then applied toa 20 x 1
cm Dowex 50W-X8 (200-400 mesh) cation-
exchange column. The sample was washed
onto the column with 50 ml of deionized
water and eluted with 1 N HCI. The first 40
ml were collected and evaporated to dry-
ness. The sample was resuspended in 1 ml
of deionized water and assayed for hy-
droxyproline by the method of Prockop
and Udenfriend (9). For calibration of the
Dowex column the elution of both *H- and
14C-labeled proline and hydroxyproline
was determined. The purity of these radio-
active amino acids was checked by descend-
ing paper chromatography on Whatman
No. 1 paper with butanol-acetic acid-wa-
ter (63:27:10) as solvent. The radioactivity
applied to the paper ran with the Ry of
either pure hydroxyproline or pure pro-
line. Furthermore, the radioactive sam-
ples from tissues eluting in either the pro-
line or hydroxyproline region after Dowex
chromatography were routinely concen-
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trated and chromatographed in descend-
ing fashion as another check on the Dowex
cation-exchange chromatographic method.
We also routinely applied radioactive tis-
sue samples containing 5 mg of pure hy-
droxyproline to the Dowex column. The
column was then eluted with 1 N HCl. An
aliquot of each fraction was counted. To
the remaining aliquot were added an
equal volume of 1 N NaOH, 2 ml of isopro-
pyl alcohol, and 1 ml of 0.02 M Chloramine-
T solution, in the order given. The samples
were incubated at room temperature for 20
min, followed by addition of 2 ml of Ehr-
lich’s reagent (9). After 40 min at room
temperature the fractions were read at
Asg. The colorimetrically detectable hy-
droxyproline was found only in those frac-
tions containing labeled hydroxyproline.

Total incorporation and hydroxyproline
formation. Either 30, 60, or 90 min prior to
death each animal was injected intraperito-
neally with 5 uCi of [“Clproline. Tissue
homogenates were prepared and processed
for Dowex cation-exchange chromatogra-
phy of the trichloracetic acid-insoluble ma-
terial as previously described. The radioac-
tivity of the sample and the amount of
ninhydrin-reactive material were deter-
mined prior to Dowex chromatography for
the quantitation of total incorporation.
[“C]Hydroxyproline was separated from
[“Clproline by collecting 1-ml fractions
and pooling the radioactive hydroxypro-
line peak. The pooled fraction was evapo-
rated to dryness and redissolved in 4 ml of
deionized water. An aliquot was counted
for radioactivity, and another aliquot was
chemically assayed for hydroxyproline con-
tent (9).

Measurements of free proline pool. The
amounts of radioactive proline and total
proline of the trichloracetic acid pool in
skin from control and drug-treated ani-
mals were determined. The trichloracetic
acid-soluble fraction was evaporated, redis-
solved in 10 ml of 6 N HCI, and hydrolyzed
for 18 hr in an autoclave. After the addi-
tion of Norit A and filtering through What-
man No. 1 paper the sample was evapo-
rated, redissolved in 4 ml of water, neutral-
ized, and applied to a 20 X 1 cm Dowex
cation-exchange column. One-milliliter
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fractions were collected, and those contain-
ing proline, which was eluted between frac-
tions 40 and 80, were pooled, evaporated,
and redissolved in 4 ml of water. One ali-
quot was assayed for proline by the
method of Troll and Lindsley (10), and an-
other aliquot was counted. Essentially all
of the labeled proline in the trichloracetic
acid-soluble pool was in the free form as
determined by DEAE-Sephadex chroma-
tography by the method of Carnegie
(11). Of the total amount of radioactivity
in the trichloracetic acid-soluble frac-
tions, 95% was ['*C]proline and 5%
was ["*C]hydroxyproline as determined by
Dowex cation-exchange chromatography.

RESULTS

The effects of either a single or daily
multiple injections of glucocorticoid on the
wet weight of skin and the amounts of
DNA, protein, and hydroxyproline per
skin are presented in Table 1. After multi-
ple injections of glucocorticoid the values
for control animals were approximately 2-
fold greater than those for steroid-treated
animals (Table 1). Since the wet weight of
the total skin was elevated to the same
extent as total DNA, protein, and hydroxy-
proline, these differences are due to gen-
eral antianabolic effects of the glucocorti-
coid on growth. The amount of proteina-
ceous hydroxyproline per unit of protein
was not significantly different from the
control value after three injections of gluco-
corticoid.

Recently administraton of triamcino-
lone diacetate to newborn rats has been
shown to decrease prolyl hydroxylase in
various tissues (1). The effect of adminis-
tration of triamcinolone diacetate after
either a single or multiple injections on
prolyl hydroxylase activity is summarized
in Table 2. Twelve hours after one injec-
tion of anti-inflammatory steroid, enzyme
activity was slightly decreased. However,
after three injections of anti-inflammatory
steroid, prolyl hydroxylase was decreased
by 35%.

In order to determine whether the de-
creased level of prolyl hydroxylase follow-
ing repeated injections of glucocorticoid
was associated with a specific effect of this
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TaBLE 1
Effect of administration of triamcinolone on skin weight and content of DNA, protein, and proteinaceous
hydroxyproline
Values represent the means + standard errors of 6-17 animals. Animals receiving a single injection of
triamcinolone diacetate (50 mg/kg intraperitoneally) were killed 12 hr later, while animals receiving
multiple injections were killed 24 hr after the last injection. The amount of hydroxyproline was determined
on the basis of the ninhydrin-reactive material of whole skin, using leucine as a standard.

Treatment Skin wet weight DNA Protein Hydroxyproline
g mg/skin mglskin pmoles/skin  pmoles/mmole
Leu Eq

1 injection

Control 0.64 = 0.05 4.1+04 53.4 + 4.0 2.1 0.2 249 = 1.7

Triamcinolone 0.65 + 0.03 4.1+0.3 56.8 = 2.1 2.3 +0.1 234 + 1.2
3 injections

Control 1.45 = 0.09 9.0 =04 116.9 = 4.5 5.1 0.5 22.8 = 1.7

Triamcinolone 0.71 * 0.05° 4.2 + 0.2° 62.0 + 4.0° 2.6 = 0.3° 26.1 = 1.6

° Significantly different from control at p = 0.05.

TABLE 2
Prolyl hydroxylase activity in skin after single or

multiple injections of triamcinolone diacetate

The values represent the means + standard er-
rors of enzyme activity from six animals. One-day-
old rats were treated daily with triamcinolone diace-
tate (50 mg/kg intraperitoneally). The groups receiv-
ing a single injection were killed 12 hr later. Those
groups receiving multiple injections were killed 24
hr after the last injection. No comparison can be
made of the levels of enzyme activity between experi-
ments 1 and 2, since different substrate preparations
were used to assay for enzyme activity.

Expt. No. of Prolyl hydroxylase activity
injec-
tions Control Triamcinolone
dpm X 107*/mg protein
1 1 404 = 58 368 = 2.0
3 44.7 £ 2.5 29.3 + 1.8°(35%)
2 1 25.1 + 2.3 23.6 = 2.6

3 26.4 £ 1.4 15.6 = 1.5 (38%)

¢ Significantly different from control at p = 0.05.

class of drugs on collagen synthesis, hy-
droxyproline formation was determined.
Animals received 5 uCi of ["Clproline
either 30, 60, or 90 min prior to death (Fig.
1). The amount of total proline incorpo-
rated into protein as either proline or hy-
droxyproline and the specific activity of
hydroxyproline were determined. Both to-
tal incorporation and hydroxyproline for-
mation were linear for at least 60 min.
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Fic. 1. Time course of incorporation of

['*Clproline into proteins and formation of peptidyl-
["Chydroxyproline in skin of newborn rats.

Newborn rats each received 5 uCi of [**Clproline
(200 mCi/mmole). At the times indicated the ani-
mals were killed, two skins per sample were homoge-
nized, and total incorporation into proteins and the
specific activity of proteinaceous ['*Clhydroxy-
proline were determined as described in the text.
Values are the means * standard errors of two or
three samples.

Subsequently animals receiving a single
or multiple injections of triamcinolone di-
acetate were pulsed with 5 uCi of
[**Clproline 30 min prior to death. Total
proline incorporation after one injection of
drug was decreased by 70% (Table 3). Hy-
droxyproline formation was decreased by
82%. Since there were approximately 25
pmoles of hydroxyproline per millimole of
total amino acids (Table 1), and assuming
a hydroxyproline to proline ratio of 0.8,
approximately 51% of the total radioactiv-
ity was in collagen peptides as either pro-
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TABLE 3
Triamcinolone-mediated decrease of total proline incorporation and hydroxyproline formation after either one
or three injections of drug

The values represent the means + standard errors of six to eight animals. Newborn rats were treated
daily with triamcinolone diacetate (50 mg/kg intraperitoneally). The groups receiving a single injection
were killed 12 hr later. Those groups receiving multiple injections were killed 24 hr after the last injection.
Thirty minutes prior to death all animals were given 5 uCi of ["*Clproline (200 mCi/mmole) per rat. The
amount of proline incorporation into protein and the amount of radioactive hydroxyproline formed were
determined as described in the text. Control and drug-treated animals were litter mates. The differences
observed in total proline incorporated and hydroxyproline formed by controls are accounted for by differ-
ences in the ages of these animals.

Treatment Total incorporation Hydroxyproline formation
dpm/umole Leu Eq dpm x 10~ umole Hyp
1 injection
Control 557 + 53 5.1 +04
Triamcinolone 165 + 7¢ (70%) 0.9 + 0.05 (82%)
3 injections
Control 243 + 24 2.2 +03
Triamcinolone 163 + 16° (37%) 0.5 + 0.04 (77%)

 Significantly different from control at p = 0.06.

line or hydroxyproline residues. Since hy-
droxyproline formation represents both in-
corporation of proline into collagen pep-
tides and subsequent hydroxylation of cer-
tain prolyl residues, the decreased level of
hydroxyproline formation after a single in-
jection of steroid was almost totally ac-
counted for by the decrease in total proline
incorporation. However, after three daily
injections of triamcinolone diacetate, total
proline incorporation was decreased by
only 37% while the specific activity of pro-
teinaceous hydroxyproline was decreased
by 77%. After three daily injections of ste-
roid, when prolyl hydroxylase was de-
pressed, hydroxyproline formation was de-
creased to a level hardly accounted for by
the decrease in total proline incorporation.
In other experiments, in which animals
treated with three injections were given
labeled proline 90 min or 12 hr prior to
death, the decreased level of proteinaceous
hydroxyproline formation was not ac-
counted for by the decrease observed in
total proline incorporation (Table 4),
which indicated a specific effect on colla-
gen biosynthesis. The decrease observed in
hydroxyproline formation represented
either a decrease of proline incorporation
specifically into collagen polypeptides
and/or a decrease in the hydroxylation

step. This specific effect on collagen synthe-
sis was associated with a decreased level of
prolyl hydroxylase.

The differences in total incorporation be-
tween 1- and 4-day-old control animals re-
ceiving labeled proline 30 min prior to
death were accounted for by differences
observed in the specific activity of the pre-
cursor proline pools (Table 5). No differ-
ences were observed in the specific activity
of the precursor pool after one or three
injections of triamcinolone when compared
to the appropriate control value. These
data indicate that the decreased level of
proline incorporation observed after ste-
roid treatment (Table 3) represented a true
decrease of protein synthesis. The amount
of labeled proline in the trichloracetic acid-
soluble fraction of tissue homogenates in
animals receiving one injection was the
same as in controls (Table 5). However, in
animals receiving three injections of drug,
an elevated level of labeled proline in the
acid-soluble fraction was observed. The in-
creased amount of radioactive proline in
the acid-soluble fraction did not represent
an increase in uptake, since the total
amount of labeled proline in this tissue—
that is, both the amount of radioactivity in
the precursor pool and that incorporated
into proteins—was the same for controls
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and animals receiving three daily injec-
tions of triamcinolone diacetate. The total
content of proline in the trichloracetic
acid-soluble fraction was the same in ani-
mals receiving one injection and was ele-
vated in animals receiving three daily in-
jections. The concomitant alterations of
proline content and the amount of radioac-
tive proline in the acid-soluble fraction of
animals receiving three steroid injections
resulted in no net change in the specific
activity of the precursor proline pool.

DISCUSSION
Administration of pharmacological
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doses of anti-inflammatory steroids pro-
duces marked alterations in collagen me-
tabolism of both normal and inflamed tis-
sues (12-15). These effects ultimately re-
sult in a decrease of the tensile strength of
tissues (16, 17) and are believed to be due
to a decrease in the collagen biosynthetic
process. Our data indicate that glucocorti-
coid treatment of newborn rats results in
general antianabolic effects on metabolism
of skin. The decrease in hydroxyproline
formation 12 hr after administration of
drug, when no decrease in prolyl hydroxyl-
ase was observed, is totally accounted for
by the decrease in total proline incorpora-

TABLE 4
Comparison of total proline incorporation into skin proteins and hydroxyproline formation in newborn rats
treated with multiple injections of triamcinolone diacetate

The values represent the means + standard errors of six to eight animals. Newborn rats were treated for
3 consecutive days with triamcinolone diacetate (50 mg/kg intraperitoneally). The animals were killed 24 hr
after the last injection. Either 90 min or 12 hr prior to death the animals received 5 uCi of [*C]proline (200
mCi/mmole) per rat. The amount of proline incorporated into protein and the amount of radioactive
hydroxyproline formed were determined as described in the text.

Pulsing time Total incorporation Hydroxyproline formation
Control Triamcinolone Control Triamcinolone
hr dpm/umole Leu Eq dpm x 10~¥umole Hyp
1.5 859 + 66 532 + 322 (38%) 14.6 = 2.1 3.0 = 0.2° (79%)
12.0 1150 + 64 857 + 76* (25%) 13.8 = 0.7 6.4 * 0.8° (54%)
¢ Significantly different from control at p = 0.05.
TABLE 5
Specific activity of free proline pool in animals receiving either one or three injections of triamcinolone
diacetate

The values represent the means + standard errors of six animals. Newborn rats were treated daily with
triamcinolone diacetate (50 mg/kg intraperitoneally). The groups receiving a single injection were killed 12
hr later. The groups receiving multiple injections were killed 24 hr after the last injection. Thirty minutes
prior to death each animal received 5 uCi of [**Clproline (200 mCi/mmole). The trichloracetic acid-soluble
fraction was prepared as described in the text. Differences in control values may be accounted for by

developmental changes after birth.
Treatment Radioactive proline Total proline Specific activity
dpm x 10~mg DNA nmoles x 10"*/mg DNA dpm x 10~*/umole Pro

1 injection
Control 8.5 = 1.0° 3.4 04 256.7 = 2.0°
Triamcinolone 7.7+05 3.5 +0.2 22.2 + 1.2

3 injections
Control 3.7+0.2 29+ 04 13.1 = 1.1
Triamcinolone 5.3 £ 0.1* 4.0 + 0.2 134 = 0.9

* Significantly different from other control at p = 0.05.

® Significantly different from control at p = 0.05.
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tion. However, after repeated injections of
anti-inflammatory steroid, when prolyl hy-
droxylase was decreased, proteinaceous hy-
droxyproline formation was decreased be-
yond the level accounted for by the de-
crease of proline incorporation, whicl. indi-
cates a specific effect on the collagen bio-
synthetic process. The observed decreases
of both collagen and non-collagen protein
synthesis in skin are not the result of ste-
roid alteration of the specific activity of the
acid-soluble proline pool.

The decrease of hydroxyproline forma-
tion may result from a decrease in the
prolyl hydroxylation step and/or a specific
decrease in collagen polypeptide synthesis.
Since the decrease of 35—-40% in prolyl hy-
droxylase seen after 3 days of drug treat-
ment is not enough to account for the 77%
decrease in hydroxyproline formation, at
least half the decrease of hydroxyproline
synthesis in drug-treated animals must be
due to a decrease in collagen polypeptide
synthesis. The decrease of enzyme may
either result in synthesis of underhydroxy-
lated collagen or be associated with a fur-
ther decrease of collagen polypeptide syn-
thesis. One must also entertain the
thought that steroid treatment may result
in aberrant proline incorporation into colla-
gen, so that normal hydroxylation may not
occur.

Recently the decreased synthesis of pro-
teinaceous hydroxyproline following ste-
roid treatment was attributed to a de-
crease in general protein synthesis. Ad-
ministration of hydrocortisone and fluori-
nated anti-inflammatory steroids to organ
cultures of chick embryo tibiae (3) and
granuloma tissue in vivo (2) resulted in a
decrease of incorporation of radioactive pro-
line into proteins and subsequent conver-
sion to hydroxyproline at a time when pro-
lyl hydroxylase activity was unaltered. We
have found that addition of a wide range of
concentrations of drug to either organ or
cell culture systems failed to elicit a re-
sponse in prolyl hydroxylase.? However, in
the whole animal a temporal decrease in
the level of prolyl hydroxylase activity fol-
lowing steroid treatment is observed. The

3 Unpublished observations.
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data reported here indicate that after 2 or 3
days of treatment decreases of both en-
zyme and hydroxyproline formation are ob-
served. Since proteinaceous hydroxypro-
line formation is not totally accounted for
by the decrease in total proline incorpora-
tion, a specific effect on collagen biosyn-
thesis is indicated.

Although the decrease of prolyl hydrox-
ylase following steroid treatment is second-
ary to a decrease in incorporation of amino
acids into total skin, it may be specifically
involved in the molecular action of these
anti-inflammatory steroids on collagen bio-
synthesis. The decreased level of prolyl
hydroxylase could result in the synthesis
of underhydroxylated collagen, which
might account for the abnormal physical
properties of skin after chronic treatment
with anti-inflammatory steroids. Alterna-
tively, the decreased level of prolyl hydrox-
ylase may result in a coordinate decrease
of collagen polypeptide synthesis. An ob-
servable decrease in enzyme amount
would be a function of the rate of enzyme
degradation. Thus, to detect a coordinate
effect of the steroid on both collagen poly-
peptide synthesis and prolyl hydroxylase
shortly after drug administration would
require that the synthetic rate of the en-
zZyme be measured.
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