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Abstract. Glucocorticoids are potent immunosuppressants shown to be effective in 
the treatment of inflammatory diseases. Reportedly, they work, in part, by inhibiting 
cytokines and other transcription factors including AP-1. In this study we investigated 
the mechanisms of efficient repression of collagenase gene expression by dexameth- 
asone in the human gingival fibroblast. Northern analyses showed that IL-l- 
dependent collagenase mRNA production was significantly decreased in the presence 
of dexamethasone. The influence of dexamethasone on the transcription factor NF- 
KB, STAT3, and AP-1 was investigated by using the gel mobility shift assay with 
nuclear extracts prepared from the cells grown in the presence of dexamethasone. We 
observed that in addition to AP-1, binding of NF-KB and STAT3 to DNA was also 
decreased significantly. Additionally, dexamethasone induced the transcription of the 
IKB-a gene suggesting that in the presence of dexamethasone, NF-KB quickly reas- 
sociates with newly synthesized 1~B-a and markedly reduces the amount of NF-KB. 
CAT transfection studies utilizing collagenase promoter demonstrated a dose- 
dependent transcriptional inhibition of IL-1-induced gingival collagenase gene ex- 
pression by dexamethasone. These data reveal that collagenase gene expression can 
be regulated by the impairment of IL-1-stimulated NF-KB, STAT3, and AP-1 activities, 
and can highlight a possible molecular mechanism for the anti-inflammatory effects of 
glucocorticoids. [P.S.E.B.M. 1998, Vol 218 ] 

ncreased levels of interleukin- 1 (IL- 1) and collagenase 
activity are reported in inflamed gingiva and in the gin- I gival crevicular fluid (1, 2, 3). Extracellular collagen 

degradation is a central feature of inflammatory connective 
tissue lesions, and its level has been reported to be quite 
high in a number of diseases. Destructive lesions of joints, 
periodontium, and cornea are associated with secretion of 
collagenases and related matrix metalloproteinase (MMP) 
enzymes that can cleave and degrade collagens and connec- 
tive tissue matrix molecules at physiological pH and tem- 
perature (4). A high level of collagenase activity can even 
be observed from the exudates obtained from affected sites 
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in periodontal disease, and a direct correlationship has been 
established between neutrophilic collagenase activity and 
periodontal tissue destruction (5) .  Several in vivo studies 
demonstrated mRNA expressions of interstitial collagenase 
(MMP-1) by fibroblasts and macrophages in synovial tis- 
sue, and active collagenase has been identified in fluid from 
rheumatoid arthritis joints (6). Apart from MMP-1, which is 
the major enzyme responsible for tissue destruction, other 
collagenolytic enzymes, like MMP-8, gelatinase B, and 
MMP-9 are also secreted. They act along with myelooxi- 
dase and elastases. IL-1 is believed to contribute to the 
pathophysiology of periodontal diseases by activating col- 
lagenase gene expression. One of the earliest actions of the 
IL-1 signal is the induction of immediate early response 
genes that are important in the regulation of gingival colla- 
genase expression. Recently, it was shown that the activator 
protein- 1 (AP- 1) family of transcription factors could play a 
major role in regulating collagenase gene expression. In 
addition, we have shown that induction of the nuclear fac- 
tor, NF-KB, by IL-1 was associated with the gingival col- 
lagenase mRNA production (7). These immediate early re- 
sponsive genes have been shown to be critical regulators of 
several genes involved in the immune and inflammatory 
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responses (7, 8, 9). Thus, understanding the mechanisms of 
the suppression of gingival collagenase production by these 
key regulators of inflammation may be beneficial in pre- 
venting the soft tissue destruction associated with destruc- 
tive periodontal diseases. 

The modulation of IL-1 production may be useful for 
the control of various types of inflammatory reactions. Glu- 
cocorticoids (GCs) have been used as physiological inhibi- 
tors of inflammatory responses and immunosuppressive 
agents for decades, and mechanisms of their action is well 
understood (10). The present data will refine the molecular 
mechanism particularly in the context of collagenase gene 
expression and periodontal disease. GCs induce target genes 
through the glucocorticoid receptor (GR), a ligand-activated 
transcription factor. GCs repress gene expression through 
transcriptional interference between the activated GR and 
other transcription factors, most notably AP- 1 and NF-KB 
through a cross-coupling mechanism (8). Recently, GCs 
have been shown to repress members of the NF-KB-re1 tran- 
scription factor family by inducing the transcription of NF- 
KB inhibitor 1 ~ B - a  (12, 13). These reports have also shown, 
however, that AP-1 and NF-KB activity could not account 
for the full spectrum of immunoregulatory genes affected by 
GCs. We initiated this study by extending our analyses of 
the transcriptional regulation of gingival collagenase gene 
expression by AP-1, NF-KB, and STAT3 in periodontal dis- 
eases. The STATs (signal transducers and activators of tran- 
scription) family of transcription factors have been shown to 
be activated by a number of cytokines and growth factors 
(14). STAT3 has been shown to have affinity for an element 
(SIE) in the c-fos promoter and may be in part responsible 
for activation of the c-fos gene during mitogen stimulation 
mediated by EGF and other growth factors (15, 16, 17). In 
this study, we analyzed the molecular mechanism of IL-l- 
dependent collagenase gene suppression by dexamethasone 
in human gingival fibroblasts and showed that dexametha- 
sone could have an important association with the suppres- 
sion of AP-1, NF-KB, and STAT3 activities. 

Materials and Methods 
Cell Culture. Discarded samples from gingivectomy 

procedures were collected in DMEM medium. The gingival 
tissues were minced and after trypsin (0.1 % in HBS for 1 hr 
at 37°C) and collagenase (200 unitdm1 in complete medium 
for 20 min at 37°C) treatments, fibroblasts were allowed to 
grow to confluency . Human primary gingival fibroblasts 
were maintained in Eagle’s medium (GIBCO Life Tech, 
Inc., Gaithersburg, MD) supplemented with 10% fetal bo- 
vine serum, glutamate, and pedstrep. These primary cells 
were serum-deprived overnight (-16 hr) by replacing the 
medium with medium containing only 0.05% fetal bovine 
serum. This allowed the cells to reach the same phase of cell 
division as well as reduce the background signal due to high 
serum concentration. The cells were treated with IL-1 at a 
final concentration of 100 ng/ml and/or dexamethasone at 1 
pM and 10 kA4 concentrations. 

RNA Preparation and Northern Blot Analysis. 
RNA was isolated by Ultraspec RNA isolation method as 
described by the manufacturer (Biotecx Lab, Inc., Houston, 
TX). RNA (10 pg) were electrophoresed on 1% agarose gel 
containing 2.2 M formaldehyde and blotted on to BA-S 
nitrocellulose (Schleicher and Schull, Inc., Keene, NH). The 
blots were baked at 80°C under vacuum and hybridized with 
radiolabeled probes in 10% dextran sulfate, 40% (v/v) for- 
mamide, 5 x SSC (1 x SSC = 0.15 M NaCI, 0.015 M sodium 
citrate), 5% Denhard’s solution (1 x Denhardt’s = 0.025% 
BSA, 0.025% Ficoll, and 0.025% Polyvinylpyrrolidone), 7 
mM Tris-HC1 (pH 7.4) buffer and 0.002% heat-denatured, 
sonicated salmon sperm DNA at 42°C for 16 hr. Blots were 
washed twice for 10 min each in 2 x SSC containing 0.1% 
SDS at room temperature and twice for 30 min each in 0.1 % 
SSC containing 0.1% SDS at 50°C. The blot was then ana- 
lyzed on the phosphoimager by autoradiography . To moni- 
tor equal loading and intactness of RNA, the same blot was 
deprobed by putting it in boiling 0.5% SDS solution for 30 
min and rehybridized with a housekeeping gene, G3PDH, 
glyceraldehyde-3-phosphate dehydrogenase. The intensity 
of collagenase and IKB-a signals were corrected according 
to the signal of G3PDH. The results from three separate 
experiments were averaged, and intensities were plotted. 

Gel Shift Analysis. The protein binding reactions 
were performed essentially as previously described (7). The 
consensus oligonucleotides were obtained from Promega as 
double-stranded pre-annealed DNA. The sequences for NF- 
KB, STAT3, and AP-1 oligos were 5’-ATG TGAGGG- 

TCCTAGATC-3’, and 5’-CGCTTGATGACTCAGCCG- 
GAA-3‘, respectively. Bold sequences denote the binding 
sites. The oligo nucleotides were end-labeled by poly- 
nucleotide kinase using y-ATP3’ by standard procedure. 
Then 10 pg of nuclear extracts were incubated with radio- 
labeled oligonucleotide (1 ng, 5-10,000 cpm) for 30 rnin at 
room temperature in 20 pl binding buffer (20 mM HEPES, 

eroU0.5 mM PMSF/O.5 mM DTT/1% Nonidet P-40). After 
incubation, samples were electrophoresed through 5% poly- 
acrylamide gels in 0.5 x TBE Buffer (44 mM Tris/44 mM 
Boric acid/l mM EDTA). The gels were dried and exposed 
to Kodak x-ray film. 

Transfection and CAT Assay (chloramphenicol 
acetyltransferase). The cells were split in 100-mm 
plates and transfected with 10 pg collagenase-CAT (chlor- 
amphenicol acetyltransferase) along with RSV-P-gal con- 
struct, 5 pg, using the calcium phosphate co-precipitation 
method for 4 hr as per manufacturer’s protocol (Promaga 
Inc., Madison, WI). Slycerol shock was given to the cells 
by putting 15% of glycerol in Hank’s Balanced Salt Solu- 
tion for 2 min. The glycerol solution was removed, and the 
cells were washed three times with PBS. Subsequently, the 
cells were incubated in complete medium containing 10% fetal 
bovine serum. The cells were treated with dexamethasone 
( 10 pm) for 24 hr and further with IL- 1 (100 ng/ml) for 12 hr. 

GACTTTCCCAGGC-3’, 5’-GATCCTTCTGGGAAT- 

pH 7.9/60 mM KC1/5 mM MgC1,/0.2 mM EDTA/lO% glyc- 
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CAT Activity. Cells were washed twice with phos- 
phate buffered saline (PBS) prior to being harvested in 1 ml 
PBS and stored in ice. After bench top centrifugation, pel- 
lets were resuspended in 200 p1 of 0.25 M Tris-HC1 (pH 
7 3 ,  and extracts were prepared by three cycles of freezing 
and thawing. Cellular debris was pelleted, and the superna- 
tant was assayed for protein content by the Bradford method 
(30). To measure beta galactosidase activity, 10 pg of pro- 
tein from each extract were taken, and fractions containing 
equal amounts of activity were incubated with 0.5 pCi [I4C] 
Chloramphenicol (57 mCi/mmol) and 0.53 mM butyryl 
CoA in 150 p1 reaction volume containing 0.25 M Tris-HC1 
(pH 7.8). After incubation at 37°C for 60 min, the acetylated 
[I4C] Chloramphenicol was extracted with 2 volumes of 
ethyl acetate and dried under speed vac. The pellets were 
redissolved in 30 pl of ethyl acetate and analyzed by thin- 
layer chromatography in chlorofodmethanol (97:3). The 
TLC plates were exposed with plates of phosphoimager for 
2 to 3 hr, and quantitation was done using a Fuji Phospho- 
imager counter. 

Results 
Effect of Dexamethasone on Collagenase 

mRNA Production. Total RNA was extracted at differ- 
ent intervals from human gingival fibroblasts treated with 
IL-1 for 12 hr in the presence or absence of dexamethasone 
and subjected to Northern blot analysis. Figure 1A shows 
that in the presence of dexamethasone, IL- 1-inducible col- 
lagenase mRNA production was significantly inhibited even 
at 1 pM concentration. However, this inhibition was maxi- 
mum at 10 p M  of dexamethasone, and the intensity of col- 
lagenase signal reached the level of the control signal. 
Quantitation of the autoradiograms by phosphoimager and 
correction of the values against G3PDH mRNA levels, re- 
vealed that dexamethasone-inhibited IL- 1 induced collage- 
nase mRNA production by approximately 90%, at 10 pM 
concentration (Fig. 1B). These results suggest that dexa- 
methasone could inhibit the IL- 1-induced transcription of 
the collagenase gene. 

Effect of Dexamethasone on Collagenase CAT 
Reporter Gene Expression. To determine if dexa- 
methasone can inhibit the transactivation of the collagenase 
gene associated with its own promoter region, collagenase- 
CAT activities were determined in the construct containing 
3.8 kb of 5’-flanking DNA of human collagenase gene 
linked to the CAT reporter gene. This construct contains the 
binding sites for AP-1, PEA3, and NF-KB as well as the 
collagenase TATA box and a transcriptional start site. When 
cells were transfected with the above vector (pcoll-CAT) 
and CAT assays were performed, dexamethasone inhibited 
the IL- 1-induced CAT activities significantly (Fig. 2). 
Quantitation of the autoradiograms by phosphoimager re- 
vealed that there was about 10% acetylation in control cells 
without IL-1 or dexa due mainly to the endogenous trans- 
acting factors. Upon treating the cells with IL-1 alone, the 
percent CAT activity increased to about 60%, around six- 
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Figure 1. Northern blot analysis of the effect of dexamethasone on 
collagenase mRNA in human gingival fibroblasts. Quiescent human 
gingival fibroblasts were cultured alone or in the presence of IL-1 and 
both IL-1 and dexamethasone. [A] Total cellular RNA was extracted 
and analyzed by Northern blot analysis using 32P-labeled c-DNA 
probes for collagenase and G3PDH. The resulting mean fold inhibi- 
tion of three assays was determined with the aid of a Fuji phospho- 
imager. [B] Values were corrected according to the relative intensi- 
ties of the G3PDH band. Label ‘C’ in A and B, denotes control RNA 
(i.e., without any treatment). 

fold as compared to the basal activity. Interestingly, upon 
treating the cells with IL-1 in the presence of dexametha- 
sone, the percent acetylation of chloramphenicol was re- 
duced drastically to about 8%, which is below the basal 
level. This shows that dexamethasone inhibited transactiva- 
tion of the collagenase gene by approximately 100%. This 
confirms that the effect of dexamethasone is mainly at the 
transcriptional level. 

Induction of IKB-CY Gene by Dexamethasone. 
Dexamethasone activates IKB-a gene transcription resulting 
in a rapid formation of IKBCY-NF-KB complex which, in 
turn, could reduce the translocation of NF-KB into the 
nucleus. To determine if the GC-mediated gingival collage- 
nase mRNA repression was accompanied with the increased 
IKB-CY mRNA, Northern analyses were performed with the 
total RNA derived from gingival fibroblast cells treated 
with dexamethasone for increasing time periods. As shown 
in Figure 3, dexamethasone induces a significant increase in 
1 ~ B - a  mRNA, in a biphasic manner, reaching to its maxi- 
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Figure 2. Analysis of inhibition of collagenase-CAT constructs of 
dexamethasone. Human gingival fibroblasts were transiently trans- 
fected with 10 pg of Coll-CAT3 and 5 vg of RSV beta galactosidase 
construct. Following glycerol shock, cells were allowed to recover for 
16 hr in DMEM with 10% FCS. Cells were then treated with dexa- 
methasone for 24 hr and then IL-1 for 12 hr. After treatment, cells 
were harvested, and CAT activities were determined. Values shown 
represent the mean percent acetylation of three separate determi- 
nations that were corrected for 6-galactosidase activity. 

mum in 1 and 8 hr. In agreement with others (12, 13), our 
data also suggest that GCs could also directly activate the 
1 ~ B - a  gene transcription in the gingival fibroblast cells, 
leading to a rapid turnover of I K B ~  protein and thus, restrict 
the entry of NF-KB into the nucleus. This suppression of 
NF-KB could potentially decrease the IL- 1-induced colla- 
genase gene expression. 

Effect of Dexamethasone on the Activation of 
NF-KB, STAT3, and AP-1 Binding Activity. TO ex- 
amine the effect of dexamethasone on the binding of NF- 
KB, Stat3, and AP-1, required for the collagenase gene ac- 
tivation by IL-1, we performed gel shift assays using the 
sequences of individual nuclear factor binding sites. 
Nuclear proteins extracted from human gingival fibroblasts, 
which were treated with IL-1 in the presence or absence of 
dexamethasone, were subjected to gel shift assays. We ob- 
served that the IL-1 induced the formation of the NF-KB 
complex, which was maximum at 15 min. At 30 min, we 
still found the complex formation many fold less than at 15 
min. In the presence of dexamethasone, we found a signifi- 
cant reduction in the complex formation during both periods 
of incubation (Fig. 4A). Recently, we have shown that IL-1 
induces the STAT3 and is involved in collagenase gene 
regulation (unpublished). As shown in panel B, maximum 
induction of STAT3 protein takes place at 15 min of incu- 
bation, as in the case of NF-KB, and the latter is inhibited in 
the presence of dexamethasone. In the case of AP-1 (panel 
C), the maximum induction is observed at 15 min, as in the 
above two cases. In the presence of dexamethasone, the 
complex formation was inhibited more than five-fold. In 
contrary to NF-KB and STAT3, we find slightly more signal 
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Figure 3. Time course of stimulation of IKB-w by dexamethasone. 
Gingival fibroblasts were cultured alone or in the presence of dexa- 
methasone/lL-1 for the indicated time. [A] RNA was then prepared, 
and Northern blot analysis was performed. [B] The intensities of RNA 
signals were determined with the aid of a Fuji Phosphoimager, the 
average results from three experiments are shown. Values shown 
have been corrected with the intensities of the G3PDH housekeep- 
ing gene. 
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Figure 4. Characterization of the NF-KB, Stat3, and AP-1 DNA- 
binding activity inhibited in gingival fibroblasts by dexamethasone. 
Gingival cells were cultured to confluency before incubation with 
dexamethasone (10 pg/ml) and IL-1 (100 ng/ml). Nuclear extracts 
were prepared at 15 and 30 min of treatment. [A] NF-KB [B] STAT3, 
and [C] AP-1 DNA-binding activities were determined by electropho- 
retic mobility gel shift assay. Essentially identical results were ob- 
tained in three independent experiments. The presence and ab- 
sence of dexa/lL-1 have been shown as + and - signs. Numbers 
indicate the time of induction with IL-1 in minutes. “C” denotes un- 
treated control cells. 
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of AP-1 at 30 min of incubation in the presence of dexa- 
methasone than we find in its absence. However, this sig- 
nal is much less and may be due to some basal levels of 
these factors in the cells. Our results indicate that NF-KB, 
STAT3, and AP- 1 are maximally induced within 15 min of 
IL-1 treatment, and this induction is downregulated by 
dexamethasone. 

Discussion 
Glucocorticoids are used as immunomodulators and in- 

hibit the transcription of several cytokine genes, particularly 
IL-1, which is involved in the inflammatory process ( 1  1, 
18). Despite the widespread use, the molecular mechanisms 
that underline their therapeutic effects are poorly under- 
stood (19) in the context of periodontal diseases. In this 
work, we studied the molecular mechanisms of repression 
of IL- 1-induced collagenase gene in gingival fibroblast 
cells. It has been shown that glucocorticoids could target 
AP-1 and NF-KB transcription factors for their actions, but 
the molecular effects are still poorly understood. The in- 
hibitory effect of dexamethasone is mediated through the 
glucocorticoid receptor. For NF-KB, which contains mostly 
P50 and P65 subunits (20), another possible mediator of the 
inhibitory action of dexamethasone is IKB-a (1 1, 12). The 
short lived IKB-a protein is encoded by the MAD-3 gene 
and its degradation is further enhanced by various NF-KB 
inducers (21, 22). The low level of protein stimulates its 
own synthesis in a feedback manner that terminates NF-KB 
activation. Inhibition of NF-KB activation has been sug- 
gested for many immunosuppressive and anti-inflammatory 
activities of glucocorticoids as NF-KB plays a central role in 
induction of a large number of important immunoregulatory 
genes including IL-1 (1 1, 23). 

We report here, that dexamethasone could suppress the 
transcription of gingival collagenase mRNA. Consistent 
with these observations, we have also shown that transac- 
tivation of the collagenase-CAT reporter gene is signifi- 
cantly affected by dexamethasone. Addition of dexametha- 
sone also induces steady state mRNA levels of IKB-CY (Fig. 
3). Other studies suggest that dexamethasone increases 
1 ~ B - a  protein level through an increase in the transcription 
of IKB-cx gene (11-12, 24, 26). Our gingival fibroblast re- 
sults suggest that the activities of NF-KB could be reduced 
due to the binding of newly synthesized IKB-CY proteins with 
NF-KB and result in poor translocation into the nucleus. In 
addition to this mechanism, the newly synthesized IKBCY 
may enter the nucleus and inhibit the preexisting NF-KB 
activity (27). 

AP-1 has been found to be involved in the regulation of 
several inflammatory genes including collagenase. Dexa- 
methasone is believed to down regulate AP- 1 activity via an 
interaction between the DNA-binding domain of the ligand 
steroid receptor and the leucine-zipper peptide motif of c- 
jun (28). Recently, STAT3 factors have been shown to have 
affinity for an element (SIE) in the c-fos promoter and may 
be in part responsible for activation of the c-fos gene during 

mitogen stimulation mediated by EGF and other growth 
factors (16, 29). We have recently shown that transcription 
of the gingival collagenase gene could be modulated sig- 
nificantly by IL- 1-induced AP- 1 and STAT3 transcription 
factors (unpublished). The identification of AP- 1, NF-KB 
and STAT3 as early factors in gingival fibroblasts provides 
additional clues as to the signal transduction pathways that 
are activated in the periodontal diseases within the first 
minutes of the IL-1 stimulation. We also checked whether 
the glucocorticoid interfered with the binding of AP-1 and 
STAT3 factors in the collagenase gene promoter and rep- 
resented its activation. For this purpose, gel shift analyses 
were performed using the cell extracts of human gingival 
fibroblast cells treated with IL-1 in the presence or absence 
of dexamethasone. Our studies revealed that dexametha- 
sone, besides NF-KB, also inhibited the binding activity of 
AP-1 and STAT3. 

These results demonstrate that the inhibitory effect of 
glucocorticoids occurs through transcription and transacti- 
vation of the collagenase promoter. In addition, inhibition of 
AP-1, NF-KB, and STAT3 activity suggests that these sites 
are important not only for gingival collagenase induction by 
IL-1, but also for the inhibition of these responses by dexa- 
methasone. Our results further show that glucocorticoids 
could inhibit gingival collagenase gene expression through 
different mechanisms and that this repression could have an 
important role in future studies and expression of a number 
of immunoregulatory genes. 
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