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Abstract

The regulation of the expression of interstitial collagenase and
tissue inhibitor of metalloproteinases (TIMP) was examined in
response to both retinoid compounds and glucocorticoids. Ef-
fective retinoids induced a dose-dependent, specific increase in
the production of TIMP of ~ two- to threefold by monolayer
cultures of human fibroblasts derived from various tissues,
while simultaneously causing a decrease in collagenase secre-
tion of similar magnitude. These effects were apparent by 8-12
h in culture and disappeared within 24 h after the withdrawal
of retinoid compounds. The retinoid effect on TIMP produc-
tion was mediated via an increased biosynthesis of new inhibi-
tor protein. Similarly, increased steady state levels of TIMP
messenger RNA (mRNA) accompanied by decreased quanti-
ties of collagenase mRNA were demonstrated, suggesting
transcriptional control of the retinoid action. The data suggest
that retinoids co-regulate the expression of collagenase and
TIMP, and do so in an inverse manner.

Dexamethasone caused a dose-dependent, specific de-
crease in collagenase production without altering the biosyn-
thesis of TIMP. These findings were paralleled by a marked
reduction in collagenase mRNA, without any accompanying
change in TIMP mRNA. Therefore, TIMP and collagenase
expression appear to be independently modulated by glucocor-
ticoids.

Introduction

The degradation of interstitial collagens is dependent upon the
activity of collagenase, the enzyme that catalyzes the initial
cleavage of the native collagen molecule (1). Control over col-
lagenase activity in vivo is likely to be a complex biologic
process involving factors such as the regulation of procolla-
genase biosynthesis, enzyme secretion from the cell, zymogen
activation, and inhibition of active collagenase by proteinase
inhibitors. Human skin fibroblasts in monolayer culture pro-
duce a collagenase inhibitor (tissue inhibitor of metallopro-
teinases [TIMP])' that has been extensively studied and char-
acterized (2, 3), and that may serve to regulate collagenase
activity in the extracellular space.
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Human fibroblast TIMP is a 28,500-D glycoprotein (2)
that inhibits a variety of metalloproteinases of connective tis-
sue origin, including collagenase, gelatinase, and proteoglycan-
ase (4). The purification of human skin fibroblast TIMP to
homogeneity and subsequent development of specific anti-
body (2) led to the identification of this protein as a secretory
product of human fibroblasts of diverse tissue origin, smooth
muscle cells, osteoblasts (3), and human mononuclear phago-
cytes, including alveolar macrophages (5). Human skin fibro-
blast TIMP was also identified in several body fluids, including
plasma, serum, and amniotic fluid (2), and as a constituent of
the a-granule of human platelets (6). The primary structure of
human TIMP has recently been determined both by the isola-
tion of the corresponding complementary DNA (cDNA) clone
and nucleotide sequencing (7, 8), as well as by primary amino
acid sequence analysis (8). This inhibitor molecule is capable
of inhibiting active collagenase on a 1:1 molar stoichiometric
basis (9) via the formation of a very high affinity (inhibition
constant < 10™° M), though noncovalent, enzyme-inhibitor
complex (10, 11). The ubiquity of human TIMP and its ability
to regulate the activity of several degradative enzymes suggests
a major role for this molecule in modulating the turnover of
human connective tissues.

A number of physiologic and pharmacologic agents have
been identified that can regulate the production of collagenase
by fibroblasts (12-19), but only phorbol esters and interleukin
1 (IL-1) have also been studied extensively with regard to their
action on TIMP biosynthesis. Phorbol esters have been dem-
onstrated to induce a dose-dependent increase in the produc-
tion of both collagenase and TIMP by human fibroblasts (20,
21). Similarly, IL-1 has been shown to stimulate the synthesis
of collagenase (13, 16, 18, 20) and of TIMP (20) by a variety of
human fibroblasts and synovial cells. These results have sug-
gested to some investigators that collagenase and TIMP ex-
pression are generally regulated in the same direction, perhaps
even in a coordinate manner.

Since both the retinoid compounds (14, 22, 23) and gluco-
corticoids (12, 24, 25) have been shown to specifically dimin-
ish collagenase production in fibroblasts, we examined the ef-
fect of such agent upon the expression of TIMP. Our data
indicate that effective retinoids induce a dose-dependent, spe-
cific increase in TIMP synthesis that is generally two- to three-
fold above basal secretory rates, while simultaneously reducing
collagenase secretion by a similar magnitude. The retinoid ef-
fect on TIMP and collagenase production is apparent by 8-12
h in culture, and disappears within 24 h after removal of the
agent. The enhanced production of TIMP is mediated by an
increase in the biosynthesis of new inhibitor protein as shown
by metabolic labeling and immunoprecipitation, and is ac-
companied by increased steady state levels of TIMP messenger
RNA (mRNA). Since the efficacy of different retinoid com-
pounds, dose response, time course, and modulation of
mRNA levels are very similar for both TIMP and collagenase,
retinoids appear to co-regulate the expression of these fibro-



blast proteins, albeit in an inverse manner. In addition to the
retinoid compounds, we have also studied regulation by glu-
cocorticoids such as dexamethasone. These steroids promote a
dose-dependent, specific decrease in collagenase production
that is not accompanied by any change in the synthesis of
TIMP. Therefore, collagenase and TIMP expression appear to
be independently regulated by glucocorticoids. These data in-
dicate that multiple mechanisms exist for controlling the ex-
pression of TIMP and collagenase by human fibroblasts.

Methods

Reagents

All-trans-retinoic acid, retinal, retinol, and dexamethasone were ob-
tained from Sigma Chemical Co. (St. Louis, MO). Etretinate (R010-
9359), etretin (RO10-1670), and 13-cis-retinoic acid (R04-3780) were
kindly provided by Dr. Peter Sorter of Hoffmann-La Roche, Inc.
(Nutley, NJ). All retinoids were stored at —80°C, protected from light,
and were used within 8 wk of receipt. [*H]leucine (NET-460, 146.5
Ci/mmol) was obtained from New England Nuclear (Boston, MA) and
stored at 4°C.

Culture methods

Cells. Monolayer cultures of normal adult human skin fibroblasts were
inititated from cells obtained from the American Type Culture Col-
lection, Rockville, MD (CRL 1454 and 1471) and the Human Genetic
Mutant Cell Repository, Camden, NJ (GM 3651 and 4390), or by
explant culture techniques (JoHa) (26). Human gingival fibroblasts
were obtained from the American Type Culture Collection (CRL
1292). Adult human lung fibroblasts were kindly provided by J. Clark,
University of Washington, Seattle (BaHa). Human fetal lung fibro-
blasts were purchased from the Human Genetic Mutant Cell Reposi-
tory (AG 4393). Human fetal skin fibroblasts were obtained from
explant culture by techniques described previously (EGA 5209) (26),
and from the Human Genetic Mutant Cell Repository (AG 4449).

Retinoids and dexamethasone. Both the retinoid compounds and
dexamethasone were prepared from powder as 1072 M solutions. The
retinoids were dissolved in Me,SO and the steroid in absolute ethanol.
Each agent was then added to culture medium and diluted accordingly.
Control cultures contained an appropriate concentration of either
Me,SO or ethanol. Any excess retinoid or dexamethasone was dis-
carded after each experiment.

Cell culture. Fibroblasts were subcultured as monolayers in Dul-
becco’s modified Eagle’s medium: high glucose plus glutamine
(DMEM; Sigma Chemical Co.) containing 10% fetal calf serum, 200
U/ml penicillin, 200 ug/ml streptomycin, and 30 mM Hepes buffer
(pH 7.6). Cultures were maintained in humidified air with 5% CO,
at 37°C.

For all experiments, identical secondary cultures of fibroblasts were
initiated from a single pool of cells and grown to visual confluence
(~ 4 X 10°-9 X 10° cells/35-mm-diameter cluster well; 1 X 10%-2
X 10° cells/25-cm? flask; 4 X 10°-5 X 10° cells/75-cm? flask). Serum-
containing medium was then removed and the cells were washed sev-
eral times with Hanks’ balanced salt solution (HBSS; KC Biological
Inc., Lenexa, KS). Culture medium containing 10% fetal calf serum or
0.4% bovine serum albumin (BSA), and retinoid, dissolved in Me,SO,
or dexamethasone, in absolute ethanol, was then added to the cell
layer. Control cultures contained Dulbecco’s modified Eagle’s me-
dium with either serum or 0.4% BSA, plus an appropriate concentra-
tion of Me,SO or absolute ethanol. All experiments were performed
using two to four replicates for each tested condition.

Dose response. To assess the effect of all-zrans-retinoic acid and of
dexamethasone upon the production of collagenase and TIMP by
human skin fibroblasts, replicate secondary cultures were grown to
confluence in 35-mm-diameter cluster wells. The cell layers were then
exposed to concentrations of all-trans-retinoic acid ranging from 1072
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to 10> M or dexamethasone, from 107! to 107 M for 48 h. The
conditioned media were collected and assayed by enzyme-linked im-
munosorbent assay (ELISA) for collagenase (27) and TIMP (3). Simi-
lar methodology was employed to examine the effect of all-zrans-reti-
noic acid upon collagenase and TIMP production by fibroblasts of
various tissue origin; however, these cells were exposed to 1075 and
10~ M concentrations of the retinoid compound.

Time course. The time course characterizing the effect of all-trans-
retinoic acid on collagenase and TIMP production was examined by
incubating confluent cultures of human skin fibroblasts in 75-cm?
flasks with 20 ml of serum-containing medium which included 10~° M
all-trans-retinoic acid or the appropriate concentration of Me,SO, and
then removing 400 ul aliquots from each flask after 2, 4, 8, 10, 12, 24,
36, and 48 h of incubation. To study the release of cells from retinoid
effects, replicate 75-cm? flasks were exposed to 10~° M all-trans-reti-
noic acid or Me,SO alone for 48 h. The cultures were then washed
several times with HBSS, after which 20 ml of fresh serum-containing
medium without retinoid was added to the flasks. Samples of condi-
tioned media (400 ul) were removed at 4, 8, 24, 36, and 56 h for
analysis of immunoreactive collagenase by ELISA. Since TIMP pro-
duction in culture tended to plateau after 48 h, probably due to the
depletion of essential nutrients from culture medium, the release of
TIMP expression from the effects of retinoid were examined using a
slightly different experimental design. After exposure to retinoid for 48
h, culture medium was changed to retinoid-free conditions and ali-
quots were collected after 8, 24, and 30 h; at 48 h, the medium was
replaced again and samples were removed after an additional 6, 12,
and 24 h for analysis of immunoreactive inhibitor protein.

Effect of different retinoids. To study the ability of different retinoid
compounds to modulate the production of TIMP, replicate secondary
cultures of human skin fibroblasts were exposed to 10~° and 10 M
concentrations of all-trans-retinoic acid, retinal, retinol, 13-cis-retinoic
acid, etretin, and etretinate in serum-containing medium for 48 h.
Samples of conditioned media were then analyzed for immunoreactive
TIMP by ELISA.

Assay procedures

Collagenase and TIMP levels in conditioned media were quantitated
immunologically by ELISA, each assay having a sensitivity of ~ 5 ng
(3, 27). Each ELISA measures the total amount of that particular
protein, whether it is present in a free or bound state. Furthermore, the
same samples of conditioned media were generally assayed for both
collagenase and TIMP.

To examine any possible effects upon total new protein synthesis
by all-trans-retinoic acid or dexamethasone, replicate cultures of
human skin fibroblasts were initiated in 35-mm-diameter cluster
wells. After exposure to either retinoid, steroid, or the appropriate
solvent control, the cells were washed three times with HBSS and then
incubated for 8 h in otherwise identical culture medium containing 10
uCi/ml of [*H]leucine. The conditioned media were collected, after
which the cell layer was scraped with a rubber policeman into a 1-ml
volume of buffer (phosphate-buffered saline, pH 7.5), and then sub-
jected to sonication. New protein synthesis was determined as the
amount of [*H]leucine incorporated into trichloroacetic acid-insolu-
ble material in the medium and cells. Conditioned media were simul-
taneously assayed for collagenase and TIMP by ELISA.

DNA content was determined by lysing the cell layer with 0.3 M
NaOH and assaying for DNA by established methods (28).

Metabolic labeling and immunoprecipitation of TIMP. Metabolic
labeling studies designed to immunoprecipitate newly synthesized
TIMP were conducted by exposing replicate cultures of fibroblasts in
35-mm-diameter cluster wells to serum-containing medium with and
without 10~° and 107 M all-trans-retinoic acid for 24 h. After exten-
sive washing of the cell layer, the cultures were incubated for an addi-
tional 24 h in leucine-free, serum-free medium containing 10~ and
10-% M all-trans-retinoic acid or an appropriate concentration of
Me,SO, and 30 xCi/ml of [*H]leucine. Aliquots of 400 ul of pulsed
medium were then immunoprecipitated using TIMP-specific antibody
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(2, 3) and subjected to sodium dodecyl sulfate (SDS)-gel electrophore-
sis (29) and autoradiography (30) as described previously (21).

Isolation of RNA and Northern blot analysis. Human skin fibro-
blasts in 850-cm? roller bottles were incubated with 100 ml of culture
medium containing all-trans-retinoic acid (10~ and 10°® M), dexa-
methasone (1077 M), or the appropriate solvent control. Four roller
bottles were employed for each condition, and after 24 or 48 h of
incubation total cytoplasmic RNA was isolated according to estab-
lished procedures (31). The total RNA was then fractionated on a 1.2%
agarose gel containing 2.2 M formaldehyde (32), transferred to nitro-
cellulose filters, and hybridized to a nick-translated collagenase cDNA
probe as previously described by Goldberg et al. (33). Hybridization to
a nick-translated cDNA TIMP probe was accomplished by incubating
the nitrocellulose filter in 10-15 ml of 0.27 M sodium phosphate (pH
7.2) containing | mM EDTA, 1% BSA (wt/vol) and 7% SDS (wt/vol) at
65°C for 16 h. The buffer was then replaced with an equal volume of
identical buffer containing the 3*P-labeled cDNA TIMP probe titrated
to 107¢ cpm/ml, and the filter was exposed to this mixture at 65°C for
16-24 h. The filter was then washed twice with 500 ml of buffer at
65°C for 15 min. Autoradiography was performed at —70°C using
Kodak XAR-5 X-Omat AR film (30).

Results

The effect of various concentrations of all-trans-retinoic acid
on the production of TIMP and collagenase by human skin
fibroblasts is shown in Fig. 1. Concentrations of all-trans-reti-
noic acid ranging from 1073 to 10~ M in serum-containing
culture medium caused a dose-dependent increase in the se-
cretion of immunoreactive TIMP (Fig. 1 A), reaching levels
generally two- to threefold in excess of basal production rates.
Production of inhibitor was 50% of maximal at ~ 5 X 1077 M
retinoid and maximal at 1 X 107> M. However, when colla-
genase production was examined, a biphasic response was ob-
served. Collagenase secretion was sharply diminished in the
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Figure 1. Dose response
of all-frans-retinoic acid
on the expression of
TIMP (A) and collage-
nase (B). Confluent cul-
tures of human skin fi-
broblasts were incu-

\ L | L ) bated with the indicated
1072 107 108 10°® concentrations of all-
RETINOID CONCENTRATION (M) trans-retinoic acid for
48 h as described in
Methods. Aliquots of
conditioned media were
then assayed for both
immunoreactive TIMP
(A) and collagenase (B)
by ELISA. The data are
expressed as percent
change (£SD) in the
production of TIMP
and collagenase relative
to levels observed in
control cultures.

% CHANGE IN INHIBITOR PRODUCTION

% CHANGE
IN COLLAGENASE PRODUCTION
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presence of 1075 and 107® M all-trans-retinoic acid, whereas
lower retinoid concentrations (1077-10"° M) mildly stimu-
lated the release of this proteinase (Fig. 1 B). The decrease in
collagenase secretion, to values less than half of basal produc-
tion rates, was maximal at 1 X 107> M retinoid and 50% of
maximal at ~ 8 X 1077 M, similar to the corresponding con-
centrations that modulated TIMP expression. When these ex-
periments were performed in culture medium lacking fetal
bovine serum, similar results were obtained (data not shown).

To determine whether this response to retinoic acid was a
generalized biologic phenomenon, several lines of human fi-
broblasts derived from a variety of tissues were next examined.
All strains tested, including four lines of adult human skin
fibroblasts, two lines of fetal human skin fibroblasts, and one
line each of adult lung, fetal lung, and gingival fibroblasts,
manifested a significant decrease in collagenase production
and a concomitant increase in TIMP secretion when exposed
to 107% or 107® M all-trans-retinoic acid (Table I). The magni-
tude of the reduction in-collagenase secretion produced by the
retinoid ranged from 49-74% of baseline values. The increase
in TIMP production ranged from 29 to 230% of basal rates,
averaging 83%. In a single experiment, one line of adult
human skin fibroblasts manifested a 618% increase in inhibi-
tor secretion (CRL 1454; data not shown).

To examine the specificity of the regulatory effects of reti-
noic acid on TIMP and collagenase production, total new pro-
tein synthesis was determined by pulsing culture medium with
[*H]leucine and measuring isotope incorporation into trichlo-
roacetic acid—insoluble protein. Control cultures incubated for
42 h before pulse labeling secreted 4.85 ug of TIMP/10 ug
DNA; in the presence of 107> and 107 M all-trans-retinoic
acid, such cells produced 14.79 ug of TIMP/10 ug DNA and
11.65 ug of TIMP/10 ug DNA, respectively. After an 8-h pulse
of the same cultures with [*H]leucine, the counts per minute
precipitated by 20% trichloroacetic acid in the 10~° and 107¢
M all-trans-retinoic acid and control cellular lysates were
28,790, 38,937, and 37,843, respectively. The counts per min-
ute precipitated in the 107> and 107 M all-trans-retinoic acid
and control conditioned media samples were 5,664, 5,703, and
4,869, respectively. Thus, total protein synthesis was not sub-
stantially altered in either cellular lysates or conditioned media
by the presence of all-trans-retinoic acid. Total DNA content,
determined in this and all other experiments, was also unaf-
fected by retinoic acid conditioning (data not shown).

The time course that characterizes the regulatory action of
all-frans-retinoic acid on TIMP and collagenase production
was next examined. As shown in Fig. 2 A, during the st 4 h of
exposure to retinoic acid, there was no apparent effect on the
accumulation of TIMP in culture medium. However, after § h
of exposure, the retinoic acid-conditioned media contained
increased amounts of TIMP as compared with control sam-
ples. Maximal stimulation of TIMP synthesis was observed
between 24 and 36 h; from 36 to 48 h, the ratio of inhibitor
secreted by retinoic acid-conditioned cells vs. untreated cells
remained constant. Similar results were obtained for collagen-
ase production (Fig. 2 B). An inhibitory effect of all-trans-reti-
noic acid on collagenase secretion was apparent after 12 h in
culture, and became maximal by 24 h.

Experiments were next performed to examine the release
of human skin fibroblasts from the action of all-frans-retinoic
acid. Cells were incubated in the presence of 10> M all-trans-
retinoic acid for 24 h, after which the culture medium was



Table 1. Effect of All-Trans-Retinoic Acid on the Expression of Collagenase and Collagenase Inhibitor
by Fibroblasts of Different Tissue Origin

Collagenase (ug/10 ug DNA)

Collagenase inhibitor (ug/10 ug DNA)

All-trans-retinoic
Acid

All-trans-retinoic Acid

- Maximal Maximal
Cell line Control 1073 107¢ percent change Control 1073 107¢ percent change
M M % M M %
Human adult skin fibroblasts
CRL 1454 7.11 3.31 4.68 -53 3.61 11.91 8.66 +230
CRL 1471 393 1.70 3.03 —57 393 5.34 4.77 +36
GM 4390 0.95 0.47 1.10 -51 3.73 7.41 5.48 +99
GM 3651 0 0 — 2.03 3.07 4.74 +133
Human fetal skin fibroblasts
AG 4449 0.46 0.24 n.d. —49 2.39 3.03 3.09 +29
EGA 5209 — — — — 1.57 2.04 2.20 +40
Human adult lung
fibroblasts
BaHa 0.25 0.16 0.11 -57 11.78 15.99 11.89 +36
Human fetal lung fibroblasts
Ag 4393 n.d. n.d. n.d. — 5.60 8.60 8.48 +54
Human gingival fibroblasts
CRL 1292 3.87 1.25 1.01 -74 20.38 38.59 32.85 +89

Confluent monolayer cultures of human fibroblasts derived from various tissues were incubated in serum-containing medium with 1073 or 107
M all-trans-retinoic acid or the appropriate solvent control. At 48 h, the conditioned media were collected for determination of immunoreac-
tive collagenase and TIMP levels by ELISA, and the cells were harvested for measurement of total DNA. Data are expressed as the mean of
three or four replicate cultures. The percent change is expressed as the maximal percent increase or decrease in the 1075 and 107 conditions,

relative to the control value. n.d., Nondetectable.

15k @ Retinoid
© Control

IMMUNOREACTIVE INHIBITOR (ug/ 10:g DNA)

024 81012 2 36
TIME (hours)

A Retinod
4 Control

~
[

w
o
T

[N)
[
T

IMMUNOREACTIVE COLLAGENASE (ug/10pg DNA)
>

—
48

8r

L L
8 12 24
TIME (hours)

o
INA

48

Figure 2. Time course of
TIMP (A4) and collagenase (B)
production after exposure to
all-trans-retinoic acid. Con-
fluent cultures of human skin
fibroblasts were incubated in
culture medium containing
107 M all-trans-retinoic acid

or the appropriate solvent con-

trol. Aliquots were removed at
2,4,8,10, 12, 24, 36, and 48

h and analyzed for immunore-

active TIMP (4), and at 4, 8,
12, 24, 36, and 48 h and as-
sayed for immunoreactive col-
lagenase (B).
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replaced with fresh, otherwise identical medium lacking reti-
noid and aliquots removed at regular intervals thereafter. As
shown in Fig. 3 4, fibroblasts ceased to produce elevated levels
of TIMP ~ 24 h after the removal of retinoid from culture
medium. Similarly, when conditioned media samples were as-
sayed immunologically for collagenase (Fig. 3 B), at 4 and 8 h
after the removal of retinoid, enzyme production continued at
a diminished level as compared with control cells. However,
by 24 h after removal, the cells preconditioned with retinoic
acid were secreting collagenase at the same rate as the un-
treated cells. Thus, the effects of all-trans-retinoic acid on the
production of TIMP and collagenase were essentially indistin-
guishable with respect to parameters of time of onset, time of
maximal effect, and duration of action.

To examine the spectrum of vitamin A derivatives that
were capable of stimulating TIMP production, replicate cul-
tures of human skin fibroblasts were exposed to 107> and 1076
M concentrations of all-frans-retinoic acid, 13-cis-retinoic
acid, etretinate, etretin, retinal, or retinol (Table II). Condi-
tioned media were collected after 48 h and assayed for immu-
noreactive TIMP by ELISA. The naturally occurring retinoic
acids, all-rrans and 13-cis, showed the greatest capacity to
stimulate TIMP production, while incubation with retinal and
retinol resulted in more moderate effects. The synthetic reti-
noid etretinate and its metabolite, etretin, failed to produce a
consistent change in the level of immunoreactive TIMP se-
creted into culture medium.
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A Figure 3. Release of
TIMP (A) and collage-
nase (B) production
® fram the effect of all-
trans-retinoic acid.
Confluent cultures of
human skin fibroblasts
° were incubated with
10~° M all-trans-reti-
noic acid or the appro-
priate concentration of
solvent for 48 h, after
which the cells were
washed and replaced
B with fresh culture me-
dium lacking retinoid.
To determine the recov-
ery of TIMP production
(A), aliquots were re-
moved at 8, 24, 30, 48,
54, 60, and 72 h, as de-
tailed in Methods, and
analyzed for immuno-
reactive inhibitor by
ELISA. To determine
the recovery of colla-
genase production (B),
aliquots were obtained
at4,8,24,36,and 56 h
after removal of all-trans-retinoic acid and analyzed for immunore-
active collagenase.
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Table I1. Effect of Different Retinoid Compounds on the
Expression of TIMP by Human Skin Fibroblasts

TIMP Percent
Retinoid Concentration (#g/10 ug DNA) change
M %
Control 2.58 +£0.15
All-trans-retinoic acid 10°3 4.89 + 0.08 +90
1076 5.89 + 1.05 +128
13-cis-Retinoic acid 1073 5.22+0.73 +102
10°¢ 3.58 +£0.72 +39
Retinal 103 4.02 +£ 0.56 +56
10°¢ 4.86 + 0.65 +89
Retinol 1073 4.56 +0.30 +77
10°¢ 4.26 + 0.40 +65
Etretinate 103 3.10 £0.22 +20
10-¢ 2.50 £ 0.40 -3
Etretin 1073 3.84 £ 0.25 +49
10°¢ 3.36 £ 0.42 +30

Human skin fibroblasts were incubated with 10~ or 10-5 M concen-
trations of different retinoid compounds for 48 h, as detailed in
Methods. Aliquots of conditioned media were tested for immunore-
active inhibitor by ELISA, and the.cell layer was analyzed for DNA
content. The data are expressed as the mean values of four different
experiments, plus or minus the standard error, each using a different
cell line of human skin fibroblasts. Percent change indicates the in-
crease in TIMP production as compared with the appropriate Me,SO
control.
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To gain insight into the mechanisms whereby retinoic acid
alters the pattern of TIMP and collagenase production by
human fibroblasts, metabolic labeling and immunoprecipita-
tion studies as well as Northern hybridization analyses were
performed. Human skin fibroblasts, either untreated or reti-
noid-conditioned, were exposed to [*Hlleucine, and the la-
beled medium proteins were subjected to immunoprecipita-
tion using TIMP-specific antibody (2, 5). As shown in Fig. 4,
the fibroblasts exposed to 107> or 107 M retinoic acid synthe-
sized greater quantities of TIMP than untreated cells. Further-
more, this increase in the biosynthesis of TIMP paralleled the
increased amounts of inhibitor protein secreted into culture
medium as measured by ELISA. Assessment of TIMP and
collagenase mRNA levels in response to retinoid treatment
was accomplished by the isclation of total RNA and Northern
blot analysis. As shown in Fig. 5, fibroblasts incubated with
1075 and 107° M all-trans-retinoic acid possessed much higher
steady state levels of TIMP mRNA than control cells. Fibro-
blasts incubated with 10> M all-frans-retinoic acid contained
significantly lower steady state levels of collagenase mRNA
than control cells. Furthermore, such changes in steady state
mRNA levels paralleled the changes observed in immunoreac-
tive TIMP and collagenase present in the culture medium
conditioned by these cells. Thus, the stimulation in TIMP
production by retinoic acid appears to be mediated via an
increase in the biosynthesis of new inhibitor protein and is
accompanied by a parallel increase in steady state levels of
inhibitor mRNA. Similarly, the diminution in collagenase
production caused by retinoic acid is mirrored by reduced
steady state levels of collagenase mRNA.

We now focused our attention on whether the glucocorti-
coid compounds, agents known to suppress collagenase pro-
duction (12, 24, 25), can also regulate TIMP expression.
Human skin fibroblasts in monolayer culture were incubated
with concentrations of dexamethasone ranging from 107! to
10”7 M under serum-free conditions for 48 h. Conditioned
media were then collected and assayed for both collagenase
and TIMP by ELISA. As shown in Fig. 6, dexamethasone
induced a dose-dependent decrease in immunoreactive colla-
genase, but failed to alter appreciably the amounts of secreted
TIMP. Such results were also observed using three additional
human skin fibroblast cell lines, subjected to either dexameth-
asone or hydrocortisone (data not shown). Experiments per-

(10-5M) (lo0ém)  Figure 4. Metabolic labeling and im-
C; het C Ret munoprecipitation of TIMP. Con-
' BT fluent cultures of human skin fibro-
-67K - blasts were conditioned for 24 h with
1073 or 10¢ M all-trans-retinoic acid
T or Me,SO. The cells were then ex-
ok posed to [*H]leucine for 24 h as de-
e tailed in Methods, and the labeled
G : medium proteins were subjected to
immunoprecipitation using TIMP-
e . specific antibody. ELISA measure-

ments were simultaneously per-
formed on the labeled conditioned
media, providing values for immuno-
reactive TIMP of 5.67 ug/10 ug DNA
with 10~ M retinoic acid exposure
vs. 1.66 ug/10 ug DNA for the control sample. Fibroblasts condi-
tioned with 1076 M retinoic acid produced 6.33 ug/10 ug DNA vs.
1.75 ng/10 ug DNA for the control. C, control; Ret, retinoic acid.
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noic acid. Confluent human
skin fibroblasts were incubated
for 48 h with 10~° or 10 M
all-trans-retinoic acid or
Me,SO, as detailed in
Methods. The cell layer was
employed for RNA isolation
while the conditioned media
were subjected to ELISA.
Total cytoplasmic RNA was
harvested, and Northern hy-
bridizations performed using
TIMP and collagenase cDNA
probes. The same samples of
total RNA (control vs. retinoic
acid) were utilized in each
Northern blot at 10~° M reti-
noic acid (TIMP, actin, and
collagenase). 10 ug of total
RNA were applied per slot.
The TIMP cDNA hybridized
to mRNA of 0.9 kilobase (kb)
in size (8), whereas the colla-
genase cDNA hybridized to
mRNA of 2.5 kb (33). ELISA
measurements of the retinoic
acid vs. control media showed
9.68 ug TIMP/10° cells vs.
3.99 ug TIMP/10° cells, and
0.12 ug collagenase/10° cells
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vs. 0.29 ug collagenase/10° cells, respectively, for cells conditioned with 103 M all-trans-retinoic acid. When 107% M retinoic acid was em-
ployed, values of 7.42 ug TIMP/10° cells vs. 4.25 ug TIMP/10° cells (control) were obtained. C, control; Ret, retinoic acid.

formed in the presence of serum gave less consistent collage-
nase effects and required higher concentrations of the gluco-
corticoids, presumably due to steroid binding to serum
proteins (data not shown).

To analyze these glucocorticoid effects further, total RNA
was harvested from dexamethasone-treated and control fibro-
blasts and subjected to Northern hybridization using TIMP
and collagenase cDNA probes. As shown in Fig. 7, fibroblasts
incubated in the presence of 107 M dexamethasone contained
much reduced steady state levels of collagenase mRNA as
compared with control cells, but very similar amounts of
TIMP mRNA. Thus, both the protein and mRNA data suggest
that glucocorticoids are potent suppressors of collagenase pro-

Figure 6. Effect of dexa-
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5 g 100 z cultures of human skin
ES s Z fibroblasts were incu-
gf g bated with the indicated
w § 50 Z concentrations of dexa-
22 5 Z methasone or solvent

e Z control for 48 h, as de-
g - tailed in Methods. Ali-
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quots of conditioned
media were assayed for
immunoreactive TIMP and collagenase. The data are expressed as
the level of each immunoreactive protein in culture media in pico-
moles per 10 ug DNA (£SD).
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duction, but do not modulate TIMP expression to any signifi-
cant extent.

Discussion

The data presented in this report clearly indicate that the regu-
lation of fibroblast interstitial collagenase and TIMP, proteins
integrally involved in collagen turnover, can occur by a variety
of mechanisms. The retinoid compounds, a group of naturally
occurring and synthetic vitamin A derivatives, appear to in-
duce a specific increase in the biosynthesis of TIMP, while
concomitantly causing a selective reduction in collagenase
production. Our results, therefore, both confirm and extend
the earlier preliminary observations of Bauer et al. (23) and
Brinckerhoff et al. (34). These effects, by and large, are present
only at higher retinoid concentrations (10~° and 107 M), but
are apparent in human fibroblasts of diverse tissue origin, in-
cluding skin, lung, and gingiva, whether the cells are adult or
fetal in nature. Modulation of collagenase and TIMP expres-
sion by retinoids is therefore very different from the regulatory
effects exerted upon these proteins that have been previously
described for phorbol esters (20, 21) and the cytokine IL-1
(20). Both the phorbol compounds and IL-1 cause selective
augmentation in the production of collagenase and TIMP,
leading to consideration of the possibility that their release
from cells is usually modulated in same direction, perhaps
even in a coordinate manner. Our findings demonstrate that
this need not be the case and that the synthesis and release of
interstitial collagenase and TIMP may be governed by a vari-
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Figure 7. Steady state mRNA levels after treatment with dexametha-
sone. Confluent human skin fibroblasts were incubated for 24 h with
107 M dexamethasone or absolute ethanol, as detailed in Methods.
The cell layer was used for RNA isolation, while the conditioned
media were subjected to ELISA. Total cytoplasmic RNA was har-
vested, and Northern hybridizations was performed using TIMP and
collagenase cDNA probes. The same samples of total RNA (control
vs. dexamethasone) were employed for each Northern blot (TIMP
and collagenase). 10 pg of total RNA were applied per slot. As com-
pared with controls, dexamethasone-conditioned media from the
same cultures had much lower levels of immunoreactive collagenase
(0.01 ug/10° cells vs. 0.36 ug/10° cells) but similar amounts of immu-
noreactive inhibitor (0.36 ug/10° cells vs. 0.31 ug/10° cells in control
medium). C, control; Dex, dexamethasone.

ety of mechanisms. Expression appears to be co-regulated in
an inverse manner by retinoids and independently modulated
by dexamethasone, but elucidation of the exact intracellular
mechanisms underlying the effects of such agents will require
additional studies directed at the gene level.

The ability of glucocorticoid compounds such as hydro-
cortisone and dexamethasone to suppress interstitial collage-
nase production has been well established by a variety of pre-
vious investigations (12, 24, 25). This phenomenon has been a
consistent finding in studies of human fibroblasts (25), human
skin explants (12), and rat uterus explants (12). In the present
report, we have also documented the capacity of dexametha-
sone to induce a marked diminution in collagenase production
from human skin fibroblasts, as evidenced by both decreased
secretion of immunoreactive material into culture medium
and by suppressed steady state levels of enzyme-specific
mRNA (Figs. 6 and 7). However, even at concentrations of
dexamethasone as high as 10~ M, sufficient to suppress colla-
genase production by ~ 70%, there was no effect observed on
either immunoreactive TIMP protein secreted into culture
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medium or in steady state levels of TIMP mRNA by Northern
hybridization. Higher concentrations of dexamethasone (10
M) in serum-free medium reduced the production of TIMP,
but always by an amount essentially equal to the level of sup-
pression observed in total new protein synthesis as measured
by the incorporation of [*H]leucine into trichloroacetic acid-
precipitable protein, presumably reflecting cellular toxicity
caused by this high concentration of the glucocorticoid (data
not shown). At this point, our data differ from results obtained
from synovial cultures (35). In these cultures, a stimulation
in the expression of TIMP occurs upon exposure to glucocor-
ticoids. It may well be that synovial cells and fibroblasts are
regulated by the retinoids in a different manner. On the other
hand, it may be that the availability to us of immunologic and
cDNA probes to examine the production of TIMP and colla-
genase individually has provided more accurate measurements
than were possible in previous investigations that were forced
to rely solely upon determinations of functional activity.

The data presented in this report provide some insights
into the mechanisms whereby retinoid compounds exert their
action on collagenase and TIMP expression by human fibro-
blasts. Examination of immunoreactive material secreted into
culture medium indicate a detectable diminution in the rate of
collagenase production and a measurable stimulation of inhib-
itor release within 8-12 h after the addition of retinoid (Fig. 2).
The augmentation in TIMP expression is paralleled by an
equivalent increase in the biosynthesis of new inhibitor pro-
tein, as demonstrated by pulse labeling of the cells and im-
munoprecipitation usign TIMP-specific antibody (Fig. 4). Fur-
thermore, these events are also correlated with the presence of
elevated steady state levels of TIMP mRNA as measured in
Northern blot analysis using a specific cDNA probe (Fig. 5).
Previous work has demonstrated that all-trans-retinoic acid
diminishes collagenase production via a transcriptional mech-
anism, decreasing collagenase mRNA steady state levels with-
out affecting mRNA half-life (36). Our findings confirm this
work in part, in that the decrease in collagenase released from
retinoic acid—exposed cells was mirrored by substantially re-
duced levels of collagenase mRNA isolated from such fibro-
blasts, and also suggest that the vitamin A derivatives exert
their effects upon TIMP expression at a transcriptional level of
regulation. In any event, the results presented in Fig. 3 also
clearly indicate that the effect of retinoid compounds upon
such cells is reversible. Within ~ 24 h after the removal of
retinoic acid from culture medium, basal levels of both colla-
genase and TIMP secretion from the cells are resumed.

The results of our experiments may also have implications
regarding the in vivo effects of retinoid and glucocorticoid
compounds on collagen metabolism and connective tissue
turnover. In the case of the glucocorticoids, there is consider-
able evidence that such compounds markedly diminish colla-
gen synthesis (37), also decrease collagenase production (12,
24, 25), and from the present data appear to have no effect on
the elaboration of TIMP. Although this modulation of colla-
gen and collagenase expression would be expected to result in
opposing influences upon collagen turnover, the effect of glu-
cocorticoids on the structural protein’s biosynthesis is likely to
be the dominant factor, as such agents clearly reduce the mass
of connective tissues when employed pharmacologically (38).
Similarly, the vitamin A derivatives have been reported to
decrease collagen synthesis in vitro (39), and also decrease the
production of interstitial collagenase (14, 22, 36). From the



experiments detailed in the present report, however, this re-
duction in collagenase expression is accompanied by a con-
comitant stimulation in the elaboration of TIMP. These find-
ings may have implications for pathological states of connec-
tive tissue turnover in which maintaining a mature connective
tissue matrix, rather than enhancing the deposition of colla-
gen, is a therapeutic goal. The fact that the effect on collage-
nase and TIMP expression could be demonstrated in a variety
of human fibroblasts from different tissues of origin suggests
that systemic retinoid administration could result in wide-
spread effects on connective tissue turnover. Furthermore, it
would appear that retinoid compounds that are capable of
enhancing TIMP biosynthesis (Table II) are the same ones that
suppress collagenase release (23). Our studies indicate that the
naturally occurring retinoic acids, all-frans-retinoic and 13-
cis-retinoic acids, are quite potent in stimulating TIMP pro-
duction, whereas the synthetic compounds etretinate and its
metabolite etretin have little or no significant effect. However,
these effects are produced only at the higher levels of retinoids
employed in this study, concentrations of at least 10~ M. In
fact, our data provide evidence that collagenase modulation
may be biphasic in nature, with some stimulation of enzyme
production occurring at lower retinoid concentrations (Fig. 1).

Whereas the regulation of collagen turnover is undoubt-
edly a complex biologic process involving not only the produc-
tion of collagenase and TIMP, but also factors such as procol-
lagenase activation, extracellular compartmentalization, and
the formation and removal of enzyme-inhibitor complexes,
our data do suggest that there are a variety of mechanisms
whereby regulatory agents can modulate the expression of
these fibroblast proteins. Further complexity is added by the
knowledge that proteins identical to fibroblast interstitial col-
lagenase and TIMP are elaborated by other cell types such as
mononuclear phagocytes (5), which likely participate in me-
diating collagen turnover both in normal connective tissue
metabolism and in disease states. Future investigations will
therefore necessarily focus upon aspects of the regulation and
interplay of such resident and inflammatory cells in modulat-
ing collagen turnover.
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