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SUMMARY

NewwMmAN, RoBerT A. & CuTRONEO, KENNETH R. (1978) Glucocorticoids selectively

decrease the synthesis of hydroxylated collagen peptides. Mol. Pharmacol., 14,
185-198.

Multiple daily injections of triamcinolone diacetate to newborn rats result in decreased
body and skin weight gain, which is related to a specific decrease of collagen polypeptide
synthesis. The effects of glucocorticoid administration on protein synthesis of the
dermis was determined by measurement of the incorporation of labeled proline. The
percentage decrease in collagen synthesis in triamcinolone-treated animals was greater
than that of non-collagen protein synthesis at all doses examined, indicating a selective
effect of glucocorticoids on collagen synthesis. This selective decrease of collagen
synthesis was greatest after multiple injections at higher doses of the steroid. DNA
synthesis was also suppressed after multiple injections of steroid. Steroid administration
resulted in a decrease in prolyl hydroxylase activity (EC 1.14.11.2) in a dose- and time-
dependent manner. Lysyl hydroxylase activity (EC 1.14.11.4) was decreased to the
same extent as prolyl hydroxylase activity, while glucose 6-phosphate dehydrogenase
activity (EC 1.1.1.49) was unchanged and tyrosine aminotransferase activity (EC
2.6.1.5) was slightly elevated. Collagenase digestion of nascent polypeptide chains
released from dermal polysomes demonstrated a selective, dose-dependent decrease in
collagen polypeptide synthésis. Furthermore, collagen nascent chain synthesis was
decreased to the same extent as hydroxyproline formation, indicating that glucocorti-
coids do not cause the synthesis and subsequent accumulation of underhydroxylated
collagen.

INTRODUCTION effect on normal growth and develop-

In young growing animals and children,
glucocorticoids have a profound inhibitory
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mental processes (1-3). Despite the impor-
tance of growth inhibition, the mechanism
whereby this occurs remains unknown.
Although glucocorticoids have been shown
to induce the syntheses of several liver
enzymes (4), these steroids also depress
the hepatic synthesis of DNA (5) and pro-
tein (6). These antianabolic effects are also
evident in skin (7-10) and other peripheral
tissues, where DNA and protein syntheses
are decreased following glucocorticoid ad-
ministration (11).

The administration of glucocorticoids re-
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sults in altered connective tissue metabo-
lism. The excretion of hydroxyproline in
urine is decreased both in young rats (9,
12) and in children (13) following glucocor-
ticoid therapy, which suggests a decrease
in collagen turnover. Administration of
glucocorticoids has also been shown to
decrease the content of acid-soluble colla-
gen in skin (9, 10). Several investigations
have demonstrated glucocorticoid-me-
diated decreases in the incorporation of
labeled amino acids into collagen in skin
(7-10), bone (14), and granuloma tissues
(15-17). The decrease in newly synthesized
proteins, at least in skin tissue, is not
associated with an alteration of precursor
pool specific activity (7).

The decreased rate of collagen synthesis
in skin (8-10), bone (13), and granuloma
(16-19) tissues after a single injection of
glucocorticoid was initially thought to re-
sult from nonselective inhibition of protein
synthesis, since hydroxyproline formation
was decreased to approximately the same
extent as total proteinaceous proline incor-
poration. However, following multiple in-
jections of triamcinolone diacetate to new-
born rats, hydroxyproline formation was
decreased in whole skin to a much greater
extent than total proline incorporation (7).
Since prolyl hydroxylase activity was con-
comitantly reduced, this finding suggested
that glucocorticoids selectively decreased
either the rate of collagen polypeptide syn-
thesis and/or the rate of prolyl hydroxyl-
ation.

In the present study the rate of collagen
synthesis relative to non-collagen synthe-
sis was quantitated in dermis at both the
tissue and ribosomal nascent chain levels.
The activity of prolyl hydroxylase as well
as the degree of proline hydroxylation of
collagen nascent chains was determined.
The results indicate that glucocorticoids
selectively decrease collagen polypeptide
synthesis in rat dermis, which may ac-
count for the selective decrease in newly
synthesized acid-soluble collagen previ-
ously reported (9, 10). While prolyl hydrox-
ylase activity is decreased in a dose- and
time-dependent manner by triamcinolone
diacetate, there is no concomitant decrease
in the extent of hydroxylation of nascent
collagen polypeptides.
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MATERIALS AND METHODS

Sprague-Dawley rats (1 day old) were
used throughout this study. Animals were
given one to three intraperitoneal injec-
tions of either triamcinolone diacetate, te-
trahydrocortisol, or 0.9% (w/v) sodium
chloride. Powdered triamcinolone diace-
tate was kindly supplied by Dr. E. W.
Cantrall of Lederle Laboratories; tetrahy-
drocortisol, calf thymus DNA, Triton X-
100, and B-aminopropionitrile fumarate
were obtained from Sigma; and protease-
free bacterial collagenase was obtained
from Advance Biofactures Corporation
(Lynbrook, N. Y.). [2,3-*H]Proline (20 Ci/
mmole), [4-*Hlproline (27 Ci/mmole), [4,5-
3H]lysine (60 Ci/mmole), and [G-
SH]hydroxyproline (5 Ci/mmole) were pur-
chased from New England Nuclear. [5-
3H]Proline (29 Ci/mmole) and [methyl-
3H]thymidine (50 Ci/mmole) were pur-
chased from Amersham/Searle. Dowex
50W-X8 (200-400 mesh) was obtained from
Bio-Rad, and acid-soluble calf skin colla-
gen was obtained from Calbiochem.

Dermis preparation. Animals were
killed by decapitation, and their skins
were removed for the determination of dry
skin weight. The fascia and musculature
were removed by dissection. The tissue
was dried at 70° for 24 hr and then
weighed. For other procedures whole
skins, excluding that on limbs and tail,
were dissected free from the carcasses and
rinsed in 200 mM KCI1-0.05 m Tris-HCl
(pH 17.5). The subcutaneous layer was
scraped free, and the dermis was dissected
from the epidermis and weighed. The re-
moval of epidermis and subcutaneous lay-
ers was periodically accessed by histologi-
cal examination.

Prolyl and lysyl hydroxylase activities.
Dermal tissue was suspended in 4 volumes
of 0.25 M sucrose, 10 uMm dithiothreitol, 10

M EDTA, and 0.05 m Tris-HCI (pH 17.5),

omogenized for 30 sec at full speed with
the Polytron ST system, made 0.1% (v/v)
with Triton X-100, and homogenized again
for 15 sec. The homogenate was then cen-
trifuged at 20,000 x g for 20 min, and the
resulting supernatant was assayed for en-
zyme activities. Protein content of the su-
pernatant was determined by the method
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of Lowry et al. (20), using bovine serum
albumin as standard.

Prolyl hydroxylase activity was assayed
with [4-*H]proline substrate by a modi-
fication of the method of Hutton et al. (21)
as described (22), except that the assay
mixture contained 0.2 mg/ml of catalase
and 10 mg/ml of bovine serum albumin.
Lysyl hydroxylase activity was assayed
with [4,5-*H]lysine substrate as described
(23).

Glucose 6-phosphate dehydrogenase
and tyrosine aminotransferase activities.
Dermis was isolated as described above
and homogenized in 3 volumes of 150 mM
KCl and 1 mm EDTA (pH 7.0) for 30 sec,
using the Polytron ST system. The homog-
enate was centrifuged at 30,000 x g for 30
min, and the resulting supernatant was
either used directly for determination of
tyrosine aminotransferase activity or di-
luted 1:4 (v/v) with buffer for the glucose
6-phosphate dehydrogenase assay. Tyro-
sine aminotransferase activity was as-
sayed by the method of Diamondstone (24)
as modified by Granner and Tomkins (25).
Glucose 6-phosphate dehydrogenase activ-
ity was determined by a modification of
the method of Meyer and Kunin (26). Ali-
quots of the 30,000 x g supernatant were
incubated at 25° for 2 min in the presence
of 80 mm Tris-HC1 (pH 7.6) and 0.5 mm
NADP. Glucose 6-phosphate was then
added to the reaction mixture to a final
concentration of 0.5 mm, and the change
in absorbance at 340 nm was monitored
with time. Both tyrosine aminotransferase
and glucose 6-phosphate dehydrogenase
activities are expressed as enzyme units,
1 enzyme unit being defined as 1 umole of
product formed per minute per milligram
of supernatant protein.

DNA synthesis. Animals were injectd
intraperitoneally with 3 uCi/g of [methyl-
3H]thymidine. Dermis was isolated as de-
scribed above, rinsed, and homogenized
with the Polytron ST system for 45 sec in
10 ml of a solution containing 2 mm EDTA
and 1.5 mm Tris-HC] (pH 7.5). DNA was
isolated from the homogenate by the
Schmidt-Thannhauser extraction proce-
dure (27), using perchloric acid as sug-
gested by Ogur and Rosen (28). DNA con-
tent was determined according to the di-
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phenylamine procedure of Burton (29) as
modified by Giles and Myers (30), using
calf thymus DNA as standard. Radioactiv-
ity incorporated into DNA was determined
by counting an aliquot of this extract in a
Triton scintillation mixture.

Collagen and non-collagen protein syn-
thesis. Animals received 5 uCi/g of [5-
3H]proline intraperitoneally 30 min before
death. Dermis was isolated as described
above and homogenized in 6 volumes of
0.6 M NaCl-0.05 M Tris-HCI (pH 7.5) for
45 sec, using the Polytron ST system. The
samples were placed in a boiling water
bath for 10 min and then homogenized for
30 sec. Aliquots were removed for deter-
mination of protein and DNA contents.
Another aliquot was assayed for collagen-
ase-digestible radioactivity as described
(23). Maximum collagenase digestion was
obtained at 1 hr. The amount of collagen-
ase-digestible product was not increased
by doubling the amount of collagenase.
Collagenase digestion solubilized greater
than 85% of the proteinaceous [*H]-
hydroxyproline, which was isolated by
Dowex cation-exchange chromatography
as previously described (7).

Standard skin collagen preparation.
The efficiency with which different colla-
genase preparations were able to digest
labeled skin collagen was monitored
throughout this study by determining the
percentage solubilization of a [2,3-
SH]proline-labeled standard collagen prep-
aration. The collagenase preparations
used throughout these studies solubilized
85-90% of the standard collagen prepara-
tion. To prepare the standard collagen
preparation, 2-day-old rats were injected
intraperitoneally for 3 consecutive days
with B-aminopropionitrile, 10 mg/rat. One
hour after the last B-aminopropionitrile
injection the animals were injected intra-
peritoneally with [2,3-*H]proline (50 nCi/
rat) and then killed 8 hr later. The skins
were removed from the carcasses, minced,
and homogenized in 4 volumes of 0.6 M
NaCl-0.05 M Tris-HCl1 (pH 7.5) with the
Polytron ST system. The homogenate was
centrifuged at 160,000 x g for 2 hr, using
a Beckman 42.1 rotor. The resulting super-
natant was strained through glass wool,
saturated to 30% with (NH,)SO,, stirred
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for 2 hr, and centrifuged at 30,000 x g for
60 min. The pellet was suspended in 25 ml
of the Tris-NaCl buffer and extensively
dialyzed against three changes of the
buffer at 4° overnight. The sample was
made 20% (w/v) with respect to sodium
chloride, stirred overnight, and centri-
fuged at 30,000 x g for 90 min. The result-
ing pellet was dissolved and dialyzed
against the Tris-NaCl buffer and stored
in aliquots at —60°. An aliquot of the
collagen was subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
by the method of Weber and Osborn (31).
Comparison with an acrylamide gel of
commercially obtained acid-soluble calf
skin collagen showed the sample to con-
tain predominately o, and a, chains.
Isolation of dermal polysomes. Animals
received intraperitoneally 10 uCi/g of [5-
3Hlproline 30 min or 3 hr prior to death.
The skins were removed, rinsed, and
soaked in 200 mm KCl, 1 mm DTT,? 0.3
mmMm EDTA, 250 mm RNase-free sucrose,
10 mm MgCl,, 10 units/ml of heparin, 10
wg/ml of polyvinylsulfate, and 0.05 m Tris-
HCl (pH 7.5). Three volumes of buffer
were added to 12 g of minced dermis iso-
lated as described above, and the resulting
solution was made 0.25% (w/v) with re-
spect to sodium deoxycholate and 0.5% (w/
v) with respect to Triton X-100. The sam-
ple was homogenized for 45 sec with the
Polytron ST system and then centrifuged
at 10,000 x g for 30 min. The supernatant
was layered over a 6-ml cushion of 1.5 M
RNase-free sucrose made up in homogeniz-
ing buffer, and the sample was centrifuged
at 136,000 x g for 4.5 hr in a Beckman
42.1 rotor. Each polysomal pellet was
rinsed with 1 ml of buffer and resuspended
in 3 ml of 1 mm MgCl,, 0.1 mm EDTA, 1
mM DTT, and 0.25 m RNase-free sucrose
adjusted to pH 7.0 with 1 N KOH. The
sample was clarified by centrifugation at
8000 x g for 10 min. The supernatant was
layered over another 1.5 M sucrose cush-
ion, and the sample was centrifuged at
136,000 x g for 4.5 hr. The resulting pellet

3 The abbreviations used are: DTT, dithiothreitol;
HEPES, N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid.
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was resuspended in 2 ml of the sucrose-
MgCl.-EDTA-DTT solution and stored at
—60° for less than 1 week. The polysomes
were pelleted twice through a sucrose
cushion to remove nonspecifically associ-
ated proteinaceous material. No radioac-
tive proteinaceous material was released
when these double-cushion polysomes
were centrifuged through a 15-30% (w/v)
sucrose gradient (Fig. 6). This latter find-
ing indicated that the ribosomes were free
of associated proteinaceous material.
Release and isolation of ribosomal nas-
cent chains. Nascent chains were released
by incubating the polysomes in a wheat
germ lysate system prepared by a modifi-
cation of the method of Roberts and Pater-
son (32). Six grams of wheat germ (Gen-
eral Mills) were mixed with 6 g of acid-
washed glass beads and 28 ml of 0.1 M
KC], 1 mM magnesium acetate, 2.0 mm
CaCl;-2H;0, 1.2 mm DTT, and 0.02 M
HEPES buffer (pH 7.6). The mixture was
ground at 4° and centrifuged at 30,000 x
g for 10 min. The supernatant (S-30) was
applied to a Sephadex G-25 column (2.5 X
40 cm) equilibrated with 0.12 M KCl, 5
mM magnesium acetate, 1.2 mm DTT, and
0.02 M HEPES (pH 7.6). The most turbid
fractions in the void volume were col-
lected, and stored at —60°. Protein concen-
tration of the S-30 preparation was deter-
mined by the method of Lowry et al. (20).
To release nascent peptides, 40 A,
units (1 Aze unit = 50 ug of RNA) of
polysomes were added to a mixture con-
taining 10 mM puromycin, 155 mm KCl,
4.6 mM magnesium acetate, 2 mm DTT,
0.8 mm ATP, 16.7 um GTP, 6.7 mM crea-
tine phosphate, 33 ug/ml of creatine phos-
phokinase, 17 um 20 unlabeled amino
acids, 20 mm HEPES (pH 7.6), and 2 mg of
S-30 protein made to a final volume of 5.75
ml with deionized water. After incuba-
tion at 25° for 60 min, the reaction
mixture was centrifuged at 170,000 x g
for 2 hr in a Beckman 65 rotor. The nas-
cent chain supernatant solution was con-
centrated by ultrafiltration with an Ami-
con PM30 system. Proline incorporation
into collagen and non-collagen nascent
chains was determined by collagenase
digestion as previously described (33).
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RNA content of the polysomal prepara-
tions was determined by the orcinol
method (34).

To determine the nascent nature of the
radioactive peptides released in the lysate
system, 5-8 A, units of polysomes which
had been incubated with puromycin as
described above were placed on 30 ml of a
15-30% (w/v) sucrose gradient containing
5 mm MgCl,, 1 mm DTT, and 10 mm Tris-
HCI1 (pH 17.5). The gradient samples were
centrifuged at 82,000 x g for 2.5 hr in a
Beckman SW 27 rotor and were analyzed
using an Isco gradient fractionator by con-
tinuously monitoring A,s, and collecting
0.6-ml fractions. A 0.5-ml aliquot of each
fraction was counted in a Triton scintilla-
tion mixture.

Determination of extent of hydroxylation
of collagen nascent polypeptide chains. To
determine the amount of hydroxyproline
formed per collagen nascent chain, ani-
mals received 10 uCi/g of [5-*H]proline
intraperitoneally 3 hr before death. Der-
mal tissue was isolated and polysomes
were prepared as described above. Ten to
fifteen A, units of polysomes were com-
bined with cofactors and collagenase in 1
ml as described (23). Samples were incu-
bated at 37° for 120 min, 1 ml of 3.8 M Tris
(pH 10) was added, and the samples were
incubated for an additional 20 min. The
samples were placed on ice, precipitated
with 2 ml of 50% trichloracetic acid, and
filtered through Millipore filters. Dried
filters were counted in a toluene scintilla-
tion mixture. For determination of radio-
active hydroxyproline formed, 30-40 A,,,
units of dermal polysomes were combined
with an equal volume of concentrated HCI,
and the sample was hydrolyzed for 18 hr,
evaporated, resuspended in 2 ml of deionized
water, applied to a Dowex cation-exchange
column, and eluted as previously described
™.

Preparation of ribosomal subunit
markers. Ribosomal subunits were pre-
pared by a modification of the method of
Holder and Lingrel (35). Thirty-five A,
units of dermal polysomes were suspended
in a final volume of 3 ml with 2.2 mm
sodium pyrophosphate and 0.1 M Tris-HCl
(pH 7.8). The sample was incubated for 20
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min at room temperature and then layered
on 30 ml of a 10-40% (w/v) linear sucrose
gradient containing 1 mm DDT and 10
mM Tris-HCl (pH 7.5). The samples were
centrifuged in a Beckman SW 27 rotor for
14 hr at 81,000 x g. Gradients were ana-
lyzed by monitoring A,s, and pooling the
appropriate fractions. After lyophilization,
the 40 S and 60 S subunit preparations
were separately dissolved in 6 ml of dis-
tilled water and then dialyzed against wa-
ter. Aliquots of each subunit preparation
were stored frozen.

RESULTS

Multiple injections of glucocorticoid re-
sulted in a dose-dependent decrease in
neonatal dry skin weight that closely par-
alleled the inhibition of body weight gain.
Maximum growth-inhibitory effects of
body and skin weight gain were obtained
at doses between 5 and 10 mg/kg of steroid
(Fig. 1).

Dermis, a tissue rich in fibroblasts, was
used to study the effects of glucocorticoid
on collagen synthesis. Incubation of skins
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F1G. 1. Dose response of animal weight gain and
dry skin weight to triamcinolone diacetate

Newborn rats received three daily intraperito-
neal injections of triamcinolone diacetate (0.1 ml/10
g of rat). The dry skin weight was determined as
described in the text. Values represent means *
standard errors of determinations from three to
eight animals.
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tissue to be free from contaminating cells
mal from epidermal tissues. Histological of the epidermis (Fig. 2). In addition, der-

in a buffer containing 200 mm KCl greatly examination of the dermis indicated this

facilitated the physical separation of der-

F1G. 2. Photomicrographs of whole skin, epidermis, and dermis
A. Whole skin (x 100). B. Epidermis (x 400). C. Dermis (x 250)
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mal tissue contained 13 times more specific
activity of prolyl hydroxylase than did the
epidermis (Table 1).

The effects of glucocorticoid administra-
tion on dermal protein synthesis were de-
termined by measurement of the incorpo-
ration of [5-*H]proline. Incorporation of
labeled proline into both collagen and non-
collagen proteins of rat dermis was linear
for up to 1 hr (Fig. 3). Subsequent mea-
surement of tissue protein synthesis was
made with a pulse time of 30 min. Al-
though proline incorporation into both col-
lagen and non-collagen proteins at a dose
of 12 mg/kg of triamcinolone was less than
the corresponding control values, there

TasLE 1

Localization of prolyl hydroxylase activity in dermis

Dermis and epidermis were isolated from skin,
and the relative specific activities of prolyl hydrox-
ylase for the two tissues were determined as de-
scribed in the text. Values represent the means =
standard errors of enzyme activity from 8-11 ani-
mals.

Tissue Prolyl hydroxylase activity
dpm x 10~3/mg supernatant pro-
tein
Dermis 37.7+ 44
Epidermis 2.8 +0.4°

¢ Significantly different at p = 0.05.
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was a much more marked change in pro-
line incorporation into collagen protein.

Animals were treated with daily injec-
tions of triamcinolone to determine the
dose response of changes in protein syn-
thesis. The percentage decrease in dermal
collagen synthesis was greater than that
of non-collagen protein synthesis at doses
of 1 mg/kg and higher (Table 2). While
this selective effect was noted even at a
dose as low as 1 mg/kg, it was more
evident at the higher doses. At 12 mg/kg,
collagen synthesis was almost totally sup-
pressed while non-collagen protein synthe-
sis was decreased by 58%. The glucocorti-
coid-mediated selective inhibition of tissue
collagen synthesis was also evident by the
progressive dose-dependent decrease in
the collagen to non-collagen ratio, there-
fore suggesting that an alteration of pre-
cursor pool specific activity did not account
for the total decrease in collagen synthe-
sis.

The effect of multiple glucocorticoid in-
jections on labeled thymidine incorpora-
tion was determined. Incorporation in vivo
of [*H]thymidine was linear for up to 30
min (Fig. 4), and thus a pulse time of 20
min was used. Multiple injections of
triamcinolone at doses as low as 0.5 mg/
kg resulted in 20% inhibition of thymidine

200
§|50-
£
T I
b ™
x
=
a
G sof
s 4 o5 173 3
Time (hrs)

F16. 3. Incorporation of [*H]proline into collagen and non-collagen protein of rat dermis

One-day-old rats received three daily intraperitoneal injections of triamcinolone diacetate (12 mg/kg)
and were killed 24 hr after the last injection. Thirty minutes prior to death the animals received [5-
3H]proline (5 «Ci/g). Proline incorporation into collagen (A) and non-collagen protein (B) was determined
by collagenase digestion as described in the text. The values represent the means + standard errors of
determinations from three to six control (O) or triamcinolone-treated (®) animals.
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TaBLE 2
Dose response of collagen, non-collagen protein, and DNA syntheses in rat dermis to triamcinolone diacetate
Values represent the means + standard errors of determinations from four to eight animals. Steroid-
treated animals received three daily intraperitoneal injections of triamcinolone diacetate at the doses
indicated and were killed 24 hr after the last injection. All rats received intraperitoneally either 5 uCi/g of
[5-*H]proline for determination of collagen and non-collagen protein synthesis or 3 uCi/g of [methyl-
3H)thymidine for determination of DNA synthesis. Proline incorporation into collagen and non-collagen
protein was determined by collagenase digestion as described in the text. The numbers in parentheses

represent the percentage decrease from the control value.

Triamcino- Collagen (A) Non-collagen protein (B) A:B [*H]Thymidine incorpo-
lone dose ration
mglkg dpm x 10~*/mg DNA dpm x 10~*/mg DNA
0 141.5 = 18.5 195.3 + 13.1 0.724 93.3 £ 9.7
0.5 134.4 = 20.5 185.2 + 26.2 0.726 74.1 £ 2.9° (20%)
1.0 122.3 =+ 17.1 (14%) 182.3 £ 26.2 (7%) 0.670 53.8 + 8.8° (42%)
2.0 95.9 + 8.6° (32%) 173.2 = 8.2° (11%) 0.5564 44.9 + 5.4° (52%)
4.0 64.3 + 10.6° (54%) 133.3 + 16.1° (32%) 0.482 34.5 + 6.9° (63%)
7.0 40.0 = 4.4° (72%) 129.3 + 10.5° (34%) 0.309 28.9 * 4.9° (69%)
12.0 17.0 = 3.6° (88%) 82.7+ 5.4° (58%) 0.206 12.4 = 1.4° (88%)

¢ Significantly different from non-steroid-treated control at p = 0.05.

TABLE 3
Dose response of dermal prolyl hydroxylase activity
to triamcinolone diacetate

One-day-old rats were treated for 3 consecutive
days with triamcinolone diacetate at the doses indi-
cated and were killed 24 hr after the last injection.
Prolyl hydroxylase activity in the 20,000 x g super-
natant of dermal homogenates was determined as
described in the text. The values represent the
means * standard errors of enzyme activity from
five to eight animals. The numbers in parentheses

g

g

DPM [methyl->H] thymidine x 104/ mg DNA
g

sor indicate the percentage decrease of enzyme activity
compared with the control value.
L X L Triamcinolone Prolyl hydroxylase activity
° R
5 10 5 20 30 60 dose
Time (min.) mglkg dpm x 10-*/mg supernatant pro-
Fic. 4. Incorporation of [*H}hymidine into rat tein
dermis 0 154.5 + 4.2
Animals were injected with [*H]thymidine (3 0.25 162.9 £ 6.0
uCi/g) at the times indicated prior to death. DNA 0.5 131.9 = 7.0 (15%)
was extracted from dermal tissue, and its specific Lo 113.9 = 5-3: (26%)
activity was determined as described in the text. 2.0 101.2 = 6.la (35%)
Values represent the means + standard errors of 4.0 87.7 + 4.1° (43%)
three to six animals. 7.0 68.3 = 4.3° (56%)
12.0 65.8 + 4.3 (57%)

¢ Significantly different from non-steroid-treated

incorporation (Table 2). Higher doses of
control at p = 0.05.

steroid produced greater reductions of
DNA synthesis.

Daily injection of triamcinolone resulted
in a dose-dependent decrease in prolyl hy-
droxylase activity (Table 3). The maxi-
mum decrease in prolyl hydroxylase activ-
ity was obtained with doses of 7 mg/kg or
more. The activities of lysyl hydroxylase,

glucose 6-phosphate dehydrogenase, and
tyrosine aminotransferase were also deter-
mined (Table 4). After multiple injections
of 12 mg/kg, lysyl hydroxylase activity
was also decreased by 61%. However, glu-
cose 6-phosphate dehydrogenase activity
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was unchanged, while tyrosine amino-
transferase activity was slightly elevated
above the control value. Furthermore, the
active form of glucocorticoid was required
to produce a decrease in dermal prolyl
hydroxylase activity. Multiple injections
of tetrahydrocortisol, a major metabolite
of cortisol, had no effect on enzymatic
activity (data not shown).
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The temporal response of collagen and
non-collagen protein synthesis to daily in-
jections of either 2 or 12 mg/kg of triamci-
nolone is shown in Table 5. Significant
decreases in both collagen and non-colla-
gen syntheses were observed as early as 6
hr after the initial drug administration at
both dose levels. At all time intervals
collagen synthesis was decreased to a

TABLE 4
Effect of triamcinolone diacetate on glucose 6-phosphate dehydrogenase, tyrosine aminotransferase, and
lysyl hydroxylase activities of rat dermis

One-day-old rats received intraperitoneally three daily injections of triamcinolone diacetate (12 mg/kg)
and were killed 24 hr after the last injection. Values represent the means + standard errors of four to
eight determinations. The numbers in parentheses represent the percentage of the control value. EU
represents the micromoles of product formed per minute at pH 7.6 and 37° for tyrosine aminotransferase
activity and at 25° for glucose 6-phosphate dehydrogenase activity.

Group Glucose 6-phosphate  Tyrosine aminotransferase Lysyl hydroxylase
dehydrogenase
EU x 10%*/mg protein EU x 10%/mg protein dpm x 10~3/mg protein
Control 6.6 0.3 2.6 £ 0.1 3.6+03
Triamcinolone 7.2+0.5 3.5 +0.12 (135%) 1.4 £ 0.1° (61%)

¢ Significantly different from control at p = 0.05.

TaABLE 5
Temporal response of collagen and non-collagen protein syntheses in rat dermis to triamcinolone diacetate
One-day-old rats received daily intraperitoneal injections of triamcinolone diacetate (2 or 12 mg/kg) and
were killed at the times indicated. Each animal received intraperitoneally 5 uCi/g of [5-*H]proline 30 min
prior to death. Proline incorporation into collagen and non-collagen protein was determined by collagenase
digestion of rat dermis as described in the text. The values represent the means + standard errors of

determinations from 3-12 animals. The numbers in parentheses represent the percentage decrease from
the control value.

Time after in- Triamcinolone Collagen (A) Non-collagen protein (B) A:B
itial triamci- dose
nolone injec-
tion
mglkg dpm x 10~*/mg DNA
0 0 916+ 7.5 1245+ 7.0 0.736
6 0 72.8 £ 4.2 108.2 + 9.5 0.673
2 39.0 £+ 4.5° (46%) 72.6 = 5.7° (33%) 0.537
12 40.9 + 8.6° (44%) 80.1 + 16.5 (26%) 0.511
12 0 58.2 + 4.5 103.4 =+ 4.0 0.563
2 29.4 =+ 4.8° (49%) 56.4 + 14.4° (456%) 0.521
12 16.6 =+ 1.4° (73%) 43.2 + 4.9° (58%) 0.361
30 0 54.1+ 5.2 919+ 5.0 0.589
2 33.6 =+ 4.8° (38%) 759+ 7.8 (17%) 0.443
12 8.1+ 1.3°(85%) 33.0 + 4.2° (64%) 0.245
54 0 54.2 + 5.2 90.6 + 7.8 0.598
2 31.5 + 12.0° (42%) 63.3 + 7.5° (30%) 0.498
12 6.5+ 0.4° (88%) 32.7+ 3.0¢ (64%) 0.199
78 0 514+ 6.4 879+ 8.6 0.585
2 114+ 0.6° (78%) 30.6 + 2.7¢ (66%) 0.373
12 3.5 0.4°(93%) 22.3 + 2.7° (75%) 0.157

@ Significantly different from respective non-steroid-treated control at p = 0.05.
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greater extent than was non-collagen pro-
tein synthesis.

The temporal response of prolyl hydrox-
ylase activity to triamcinolone administra-
tion is shown in Fig. 5. Three hours after
a single injection at either 2 or 12 mg/kg,
prolyl hydroxylase activity was slightly
elevated. Enzyme activity at both doses
then returned to the control level at 6 hr.
Multiple injections of triamcinolone re-
sulted in decreased prolyl hydroxylase ac-
tivity. Enzyme activity was decreased to a
greater extent following multiple injec-
tions of 12 mg/kg than of 2 mg/kg. How-
ever, the maximum steroid-induced de-
crease in prolyl hydroxylase activity did
not equal the maximum percentage de-
crease in tissue collagen synthesis at
either 2 or 12 mg/kg (Table 5).

To determine whether the observed
changes in the amounts of proteinaceous
labeled proline in dermal tissue resulted
from an actual decrease in peptide synthe-

Percent of Control

1o ') ¢ 4
10 20 30 40 50 60 70 80 9
Time (hrs)

F1c. 5. Temporal response of dermal prolyl hy-
droxylase activity to triamcinolone diacetate

One-day-old rats were injected with 2 mg/kg (O)
or 12 mg/kg (@) of triamcinolone diacetate at the
times indicated by the arrows. Prolyl hydroxylase
activity in the 20,000 x g supernatants of dermal
homogenates was determined as described in the
text. The values represent the mean percentage of
control values from three to five samples.
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sis, dermal polysomes were isolated from
rats which had received radioactive pro-
line. The distribution of radioactivity
throughout the sucrose gradient followed
the A, profile (Fig. 6A). The quantity of
radioactivity associated with the A, pro-
file of triamcinolone-treated tissue poly-

DPM / Fraction

)

Froction Number

Fic. 6. Sucrose gradient profiles of ribosome-as-
sociated radioactivity

Newborn rats received three daily intraperito-
neal injections of triamcinolone diacetate. Poly-
somes were isolated and chromatographed on a 15-
30% sucrose gradient as described in the text. The
radioactivity of the gradient fractions was then
determined. A. Sucrose gradient A, profile of 8
A4 units (approximately 400 ug of RNA) of control
polysomes. B. Sucrose gradient A, profile of 8 Ay
units of dermal polysomes isolated from triamcino-
lone-treated rats. C. Sucrose gradient A, profile of
8 A.g units of control dermal polysomes chromato-
graphed after incubation at 25° for 30 min in the
presence of puromycin in the wheat germ lysate
system as described in the text. ——, Ay O,
radioactivity.
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somes was markedly reduced (Fig. 6B).
Steroid treatment did not significantly al-
ter the polysomal profile, suggesting poly-
ribosomal integrity. The nascent nature
of the labeled polysomal peptides was de-
termined by release from the ribosomes
by incubation in the wheat germ lysate
system containing puromycin. As shown
in Fig. 6C, essentially all the radioactivity
formerly associated with specific poly-
somal A, peaks was released to the top
of the gradient.

Animals were treated with multiple in-
jections of 1, 4, or 12 mg/kg of triamcino-
lone diacetate and then received radioac-
tive proline 30 min before death. Poly-
somes were isolated, and the labeled nas-
cent peptides were released and digested
with bacterial collagenase. At all doses
examined, collagen peptide synthesis was
selectively inhibited to approximately
twice the extent observed for non-collagen
peptide synthesis (Table 6). Thus glucocor-
ticoids caused a selective antianabolic re-
sponse evident at the ribosomal nascent
chain level. At a dose of 12 mg/kg, the
percentage decrease in both collagen and
non-collagen peptide synthesis was less
than that observed for dermal tissue ho-
mogenates. This may indicate some catab-
olism of both species of tissue protein at
this relatively high dose.

The degree of hydroxylation of nascent
collagen polypeptide chains was deter-
mined by measuring radioactive hydroxy-
proline formed per collagenase-digestible
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nascent peptide (Table 7). No change in
the degree of hydroxylation of nascent
chains was observed in any of the triamci-
nolone-treated groups, since collagen poly-
peptide synthesis was decreased to the
same extent as hydroxyproline formation.

DISCUSSION

The administration of pharmacological
doses of anti-inflammatory steroids pro-
duces profound effects on collagen metab-
olism in both normal and inflamed connec-
tive tissues (7, 9, 14-19). Although inves-
tigators generally are in agreement that
the anti-inflammatory steroid-mediated
alteration of collagen metabolism is mainly
antianabolic in nature, the mechanisms
by which glucocorticoids exert their effects
at the cellular and molecular levels re-
main unknown. Based on parallel changes
of prolyl hydroxylase activity and collagen
synthesis in both normal and diseased
tissues, it has been suggested that this
enzyme may be either rate-limiting or at
least involved in a regulatory mechanism
coordinate with that of collagen synthesis
(36, 37). Following multiple injections of
glucocorticoids to rats, both prolyl hydrox-
ylase activity and hydroxyproline forma-
tion are decreased coordinately (7). There-
fore in the present study the relationship
between glucocorticoid-mediated changes
in prolyl hydroxylase activity and collagen
peptide synthesis was further examined.

Dermal protein synthesis is markedly
altered by administration of triamcino-

TABLE 6
Dose response of collagen and non-collagen nascent polypeptide syntheses to triamcinolone diacetate

One-day-old rats received three daily intraperitoneal injections of triamcinolone diacetate at the doses
indicated and were killed 24 hr after the last injection. All animals received 10 uCi/g of [5-*H]proline 30
min before death. Nascent polypeptide chains were released from ribosomes with 10 mm puromycin in a
wheat germ lysate system as described in the text. The amount of labeled proline incorporated into
collagen and non-collagen nascent chains was determined by collagenase digestion. Values represent the
means + standard errors of determinations from three to five animals. The numbers in parentheses

represent the percentage decrease from the control value.

Triamcinolone dose Collagen (A) Non-collagen protein (B) A:B
mglkg dpm x 10-3/mg RNA

0 475 = 8.1 63.4 = 11.8 0.749

1 38.7 £ 2.0 (19%) 64.3 + 13.3 0.601

4 18.2 = 1.5° (62%) 44.1 = 1.5° (30%) 0.413

12 10.4 + 0.8° (78%) 36.8 = 2.4 (42%) 0.283

¢ Significantly different from non-steroid-treated control at p = 0.05.
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TaABLE 7

Effect of triamcinolone diacetate on hydroxyproline
formation in collagen nascent polypeptides

One-day-oid rats received three daily intraperi-
toneal injections of triamcinolone diacetate at the
doses indicated and were killed 24 hr after the last
injection. All animals received (5-*H)proline (10
uCi/g) 3 hr before death. The amount of labeled
proline incorporated into ribosomal collagen pep-
tides and the amount of hydroxyproline formed were
determined as described in the text. The numbers in
parentheses represent the percentage decrease from
the control value.

Triamci- Hydroxyproline Collagen (B) A:B
nolone (A)
dose

mglkg dpm x 10~*/mg RNA

0 18.6 33.7 0.552

1 14.4 (23%) 26.7 (21%) 0.539

2 11.9 (36%) 22.6 (33%) 0.526

4 10.5 (43%) 18.3 (46%) 0.574

12 3.3 (82%) 5.5 (84%) 0.600

lone. Multiple injections of steroid produce
dose-dependent, selective inhibition of tis-
sue collagen synthesis relative to non-col-
lagen protein synthesis. Furthermore, a
significant decrease in collagen and non-
collagen protein syntheses (7) is evident
with doses as low as 2 mg/kg. Conse-
quently, even relatively low doses of glu-
cocorticoid may selectively decrease the
content of collagen in tissues. After a sin-
gle injection of triamcinolone at either 2
or 12 mg/kg, proline incorporation into
tissue proteins is significantly depressed.
As early as 6 hr after drug administration,
collagen synthesis is selectively inhibited
relative to non-collagen protein. Contin-
ued daily injections of triamcinolone result
in further dose-dependent, selective inhi-
bition of collagen synthesis.

In order to determine whether the ob-
served glucocorticoid-mediated changes in
tissue protein synthesis resulted from cor-
responding changes in nascent chain syn-
thesis, polysomes were isolated from the
dermis of rats that had received radioac-
tive proline. Multiple injections of triam-
cinolone produced a significant reduction
in the quantity of radioactive peptide
chains associated with polyribosomes.
However, the polysomal profile of the ste-
roid-treated sample remained largely un-
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altered, indicating the integrity of polyri-
bosomal structure. This finding is in good
agreement with the report of Gould and
Manner (38), who observed that the distri-
bution of polysomes from chick embryos
was not greatly affected even by relatively
high doses of hydrocortisone. However, a
more direct relationship existed between
the dose of steroid and the uptake of la-
beled proline into collagen as well as non-
collagen proteins. The decrease of proline
incorporation into collagen nascent chains
is probably not the result of steroid altera-
tions of the specific activity of the precur-
sor pool, since neither a single nor multi-
ple injections of triamcinolone at doses as
high as 50 mg/kg affected the specific
activity of the acid-soluble proline pool in
skin (7). Under these circumstances, how-
ever, hydroxyproline synthesis was signif-
icantly decreased.

After multiple injections of steroid, a
decrease in prolyl hydroxylase activity in
skin was observed (7), which was paral-
leled by a decrease in the amount of en-
zyme protein (39). In the present study
multiple injections of triamcinolone pro-
duced a dose-dependent decrease in der-
mal prolyl hydroxylase activity, with the
maximum effect occurring at doses greater
than 7 mg/kg. At a dose of 12 mg/kg, this
alteration of prolyl hydroxylase activity
was paralleled by an almost identical
change in dermal lysyl hydroxylase activ-
ity. These changes in dermal collagen hy-
droxylase activities are not due to a non-
specific decrease in total tissue enzymatic
activity, since neither glucose 6-phosphate
dehydrogenase nor tyrosine aminotrans-
ferase activity was reduced.

Examination of the temporal response
of prolyl hydroxylase to triamcinolone ad-
ministration indicated an early rise in -
enzymatic activity. Three hours after the
initial steroid injection, prolyl hydroxylase
activity was slightly elevated over control
values. The reason for this early elevation
of enzyme activity is not known. After
multiple injections of steroid prolyl hy-
droxylase activity decreased.

During the biosynthesis of collagen, the
hydroxylation of proline residues occurs
before helix formation of the peptide
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chains (40-44). Since the extent of hydrox-
ylation of proline residues of collagen is
directly related to the structural stability
of the molecule, an inhibited hydroxylat-
ing system could possibly influence the
quality and quantity of newly synthesized
collagen. In a previous study (7), multiple
injections of triamcinolone resulted in a
decrease in hydroxyproline formation in
neonatal rat skin, which was greater than
the decrease in total proline incorporation
into tissue proteins. This finding sug-
gested that underhydroxylated collagen
may be synthesized in the skin of glucocor-
ticoid-treated animals. Accordingly, the
degree of hydroxylation of collagen nas-
cent polypeptides was determined. No evi-
dence for the presence of underhydroxy-
lated collagen polypeptides was found. The
degree of inhibition of hydroxyproline for-
mation was identical with the decrease in
ribosomal nascent chain synthesis. It
would appear that during glucocorticoid
treatment alteration of the activity of en-
zymes involved in translational modifica-
tion reactions is not involved in the regu-
lation of collagen polypeptide synthesis.
Alternatively, the regulation of collagen
polypeptide synthesis probably occurs at
the transcriptional or translational level.

The dramatic decrease in DNA and pro-
tein synthesis, especially collagen forma-
tion, may be responsible for many of the
therapeutic and toxic effects of glucocorti-
coid therapy in animals undergoing rapid
growth and reparative or inflammatory
processes. Our data indicate that the re-
sponse of connective tissue to pharmaco-
logical doses of glucocorticoid is related to
a selective decrease in collagen nascent
chain synthesis. It is therefore suggested
that this selective effect of glucocorticoid
to decrease tissue collagen synthesis may
be an important mechanism of action of
this class of drugs on connective tissue
metabolism. Although after multiple in-
jections of glucocorticoid the decrease in
prolyl hydroxylase activity does not result
in the synthesis of underhydroxylated col-
lagen, enzyme activity and collagen syn-
thesis are both decreased. The triamcino-
lone-mediated decreases in collagen syn-
thesis and prolyl and lysyl hydroxylase

197

activities suggest coordinate regulation of
several key steps in collagen biosynthesis
at the translational -or transcriptional
level.
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