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Abstract-A seminal experiment involv ing a germ-ji·ee rat 
moclel of connective tissue breakdown (followecl soon thereafter 
by a series of in vitro stuclies) iclentified an unexpectecl non-
antimicrobial prope1ty of tetracyclines (TCs). This ability of TCs 
to inhibit matrix metalloproteinases (MMPs) such as collagenase 
was found to reflect multiple clirect ancl inclirect mechanisms of 
action, ancl tobe therapeutically useful in a variety of dental (e. g., 
adult perioclontiti s) and meclical (e.g. , arthriti s, osteoporosis, 
c<mcer) cliseases. The site on the TC molecule responsible for its 
MMP-inhibitory act ivity was iclentified which led to the 
development of a series of chemically moclitiecl non-antimicrobial 
analogs, callecl CMTs, wh ich also have therapeutic potential but 
clo not appear to induce ant ibiotic sicle-effects. Longitudinal 
double-blind studies on humans with adult perioclontiti s have 
eiemonstrared th at a sub-antimicrobial close of cloxycycline 
Cpr~ v 10u s ly reported to suppress co llagenase activity in the 
penodontal packet) is safe ancl effective ancl has recently been 
approvecl by the FDA as an adjunct to scaling ancl root planing. 

Key words: Non-antimicrobial tetracyclines , doxycycline, 
collagenase, matnx metalloproteinases, host moclulation. 

Pres ented at th e Workshop on th e "Non-Ant ib iotic 
Properlies of'Tetracyclines", held November 13- 14, 1997, in 
Garden City, New York, sponsored by the Long /stand Jewish 
Medtcal Center, CollaGenex Pharmaceuticals, Jnc., and the 
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A s recently reviewecl, the early sc ie nce ( 1972-
1982) that lecl to the cliscovery , by Golub ancl his 
"Stony Brook" g roup , of tetracycline's a nti -
coll ageno lytic properties was orig ina lly clirected 

at exp lainin g how diabetes increases the seve rity of 
perioclontal di sease, and why cliabetics are often (not a lways) 
refractory to periodontal therapy (Go lub et al., 1996). In their 
init ial stucl ies on thi s systemic disease/local disease 
interaction, they observed that alloxan-incluced type 1 (insulin-
deficient) diabetes in the rat increased the urinary excretion 
of hyclroxyproline, an amino acid " marker" of col lagen and 
its clegraclation fragments , ancl recl ucecl the solubility (at 4oC) 
of collagen in the g ing iva l tissues (Ramamurthy et al., 1972). 
These a nd a series of subseq uent experim e nts led to the 
concl usion that experimental cliabetes producecl a cascade of 
abnormalities in collagen metabolism in the pe rioclontal and 
other ti ssues, including: enhanced collagen breakdown (both 
intrac e llul ar ly following synthes is of the proc o llagen 
precurso rs, a nd extrace llularly after incorporation of the 
secreted and processed collagen into the matrix) ; suppressed 
intracellular collagen biosynthesis; and increased formation 
of intermo leCLilar covalent cross links in the extracellular 
matrix fibrils (premature "ag ing" of co llagen), the latter 
mecliated both enzymatica ll y by lysyl ox icl ase, and non-
enzymatically following binding of g lucose to co llage n to 
form aclvancecl glycosylation e nd -p roclucts, or "AGEs" 
(Golub et al., 1978a,b; Schneir et al. , 1982; Ramamurthy et 
al. , 1983; Leung et al. , 1986; Ryan et al. , 1995). One ora l 
manifestation of these abnormalities was the detect1on of 

. . . f' c1· b t .. ·ats (Ram 'JlllLJrthy et al. osteoporos1s 111 the JHWS o Ja e IC ' ' . . • 
1973a), with type 1 coll agen constituting 90% of the organ1c 

· f b Only 1·ecently has the re latJOnshq) between matnx o one. . .. 
osteoporos is (s uch as that seen in .estrogen-dehc1ent post-
menopausal women as weil as lll diabetJcs) and accelerated 
pe riodontal breakdown begun to be c lanhecl (Ryan et al., 
1995; Grodstein et al., 1996; Payne et al. , 1997). 

Although inclucing diabetes in the rat with e ither of two ß-
cell-clestructive agents, a lloxan and streptozotoc in , produced 
th e comp lex se ri es of co ll agen abnormalities described 
above, the observati on whic h eventua ll y lecl to the seminal 
tetracyclineexperimentwas o ur finding in the 1970's that 
g ingival tissues from hyperg lycem ic cliabetic rats produced 
dramatically e levated col lagenase activity compared w1th the 
low activ ity of thi s specific neutral proteinase generated by 
non-diabetic controls (Ramamurthy et al ., 1973b; Golub et 
al. , 1978b). lnte rstitial co llagenase was the first-di scovered 
(early 1960 's ) of a family of ca ++_cJep e nclent zn++ 
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enclope ptidases (Gross and La i . c 
matri x metallopt·ote · (M p .e te, 1962) , no w called the 

mases MPs) Th 
res p o n s ibl e fo r d ecr .. ct· · ese MMPs are largely o ld tn <> th e V'lrl O . . connective ti ssues d .· "' ' u s c o n s tttu e nt s o f Llltng normal re m d I. . ti ssue bre·tkdow (G 0 e mg and patho log tc 

• < n reenwald et 1 1998 . 
1998). Since colhne . h . · a .. , ; Konttme n et al. , <"' nase as Ion <> been tl ".1 . b 
Proteinase 'lbl e t d . "' . 10Ll o 1t to e the onl v , o eg l a cl e th e tnple I I. I 
molecttle under h s iolo a· , , . . - l e t ca c o II a ge n 
A. d Q . P Y o 1c condttt o ns (a ltho u<>h rece ntl y 

tmes an Ut <>Jey f 1995) d 0 ' . '" emonstratecl that another M M p 
gelatmase A , also possesses " t .· 1 h 1. " . . ' 

· 11 P e e tcase acttvtty ) we 
concludecl that the excess urin·try ex,. t. f ' . 

• - • . < cte to n o hyclroxyprolme 
ex htbtted by dtabettc rats (see abo ) . d . .· . ' ve , a n the unus ually 
severe pett odo ntdl breakdown ex hibt.tecl b . . . . y man y (not a ll ) 
clt a bett c p a tt e nt s a ncl dtabe ti c rat s . Iei b . . ·, cou e re la te d to 
tncreased e xpresston ancl activity of col1 ·1cr (G 1 b c . . , oenases o u et 
al. , 1978b). Cut1 e ntl y at leas t tl11·ee c· 11 . , • o age na ses a re 
recogmzed, MMP- 1, MMP-8, ancl MMP- 13, althouoh MMP-
1 could not have been respo nsibl e fo1- OLl. b . "' · · . . . . · 1 o servat1 o ns m 
dwbettc rats, sn1ee tht s co ll a<>enase 1·s 110t p ·od ' b d . "' . 1 ucec. y ro ent tt ssues (Greenwalcl el al ., 1998). 

Semina) tetracycline experiment 
A s o utline cl in F iu I we . · 

o · '. nex t qu es t10n e cl w he th e r th e 
e levatecl collagenase act1vity in tl1e u1.11 o 1·v·1 t' tl cl ' b · 

. o "' ' o 1e ta e t1 c rat 
could be ex plamed by a shift tow·1rd ·1 11101-e b . G . . . . , ' anae ro 1c ram-
negatJ ve mJcrotl ora 1n the <> inui v·ll c1·ev1'ce th · 

b b ' ' us ue nerattno 
e levated enclotox in Ie ve ls whi ch could pe netrate th: cliabetes~ 
da maged crev1cular epithe lium/baseme nt me mbrane into the 
subepithe lial connective ti ssue and stimulate host ce ll s, such 
as fibro bl as ts ancl/o r macrophages , to produce excess ive 
collagenase (McN amara et a/. , 1982). Our alternative hypo-
th es ts was th a t clwbe tes tncrease c! g in g iv a l collage nase 
activity and , as a result , acceleratecl periodo ntal breakdow n 
by a mecha ni s m independent o i' mi c ro bi al factors anc! clue 
onl y to altered host respo nses (e .g., Vlassara et a l. 11 988 1 
proposed that e levatecl ex pr~ss ion o f MMPs by mac rophages 
in the chabe t1C tt ssues was mcluced by bincling o l· AGEs to 
s urface rece pto r: o n th ese ce ll s) . T o ide ntify whe th e r 
mi crobta l or host tactors were cau a ti ve, Golub et al. ( 1983) 
re ported th at treatme nt o f th e hype rg lyce mi c cl iabeti c rat s 
w ith min ocyc lin e, a se mi -sy nth e ti c te tracyc lin e (TC), 
" normalized" the excess co llagenase acti vity generated by thc 
g ing iva l ex plants in c ulture , eve n th o ug h th e dru g c!id not 
affect the severi ty o f hyperg lycemia. T o cletermine whethe r 
th e T C th e ra p y was sec undari/v re du c in g m a mmali a n 
coll agenase activity in the g ingiva by .first suppress ing the 
G ra m - negative mi c ro fl o ra (the latte r wo uld pres uma bl y 
reduce bac teri al enclotox in Ieve ls in the g ingival crevice and , 
as a re sult, suppress g ing ival Coll agenase ac ti vit y: Fig. I), the 
in ves ti gato rs carri ed out a second ex pe rime nt , us ing ge nn -
fr ee rat s which we re re nei e red cli abe ti c by s tre ptozo toc in 
inj ec ti o n and treat d with a TC. to e liminate a ny mi crobial 
factors. To the amazeme nt (ancl cle light) o f the investi gato rs, 
min ocyc line tre atm e nt pro c!u ced th e sam e re clu c ti o n in 
co ll aoe nase ac ti v ity in the ge rm - free rat s, whi c h lac kecl a 
micr~'l ora, just as it die! in conve ntio nal rat s whi ch ex hibit a 
complex oral mic ro fl o ra (Go lub er al. , 1983 . 1984) . These 
ancl a series o f subsequent expenments c learl y de monstratecl 

(---8~ 
I 

f t Sub-gingival 
Altered Gram-negative 

host microorganisms 
metabolism ) 

t Endotox in 

t Gingival 
collagenase 

t 
t Collagen 

destruction 

Fig . 1- Ex tJ e rim enta/ diob e te s induces e.rcess g in g i val 
collagenase acti vitv in tissue culture: mediared by microbial 
or hostjäc/ors ~ 

that T Cs possess a n un cx pec ted pro pc rt y and led us to 
propose the fo ll o wing : (i) that TCs can inhibit mamma li an 
co ll age nol yti c ac ti v it y by mechani sms indeJiendent o r th e 
antimicrobial property o r these antibi otics, ancl ( ii ) that thi s 
new ly cli scove recl prope rt y o f these dru gs could pro vide a 
nove l the rape uti c approach to the treatme nt o f a vari e ty o r 
de ntal (e.g. , pe ri oclo ntiti s , root caries, intra-o ral ul cers, _a nd 
a rthriti s o f th e te mp o ro rn a ndibular j o int ) a nc! me dl c al 
di seases (e .g ., the arthritides. different types o f osteoporos is, 
cancer in vas io n and me tas tas is) c harac te ri zed by excess ive 
co ll agen breakclown. A number o f papers at thi s sy mpos ium 
adclressed both o r these working hypotheses. 

To begin to iclentify mec hani sms, we examined the e llects 
o f T Cs in vilro Oll th e co ll age nase ac ti v it y in ext ract s o r 
po lymorphonuc lear le ukocy tes (PMNLs) and in conditi o ned 
meclia o l· cultured macrophages (both types o r inrl a mmato ry 
ce ll s we re iso lat e cl fr o m g lycoge n-indu ce cl pe rit o nea l 
ex udates o f syste mi ca ll y normal adult rat s) and founclthat: (i) 
the acldition o f minocyc line (but not othe r antibi oli es such as 
peni c illin , stre ptom yc in , and metroniclazo le) to thc inc ubati o n 
mi xture, in concentrati ons ran ging l'ro m 2-25 J.LglmL (Ievels 
J'ound in the serum and GCF o r humans o rall y ad mini sterccl 
thi s o r other TCs) , inhibitecl thc ac ti vity o r Co llagenase rro m 
bo th cell ty pes in a dosc-de pe nde nt fas h io n (Go lub et al .. 
1983, 1994) ; ancl (ii ) addin g inc reas ing co ncentra tio ns o r 
C a++ to the inc ubati o n mi xture progress ive ly b loc kcd th e 
ability of minocyc line to inhibit co llage nasc acti vit y in vitm 
(Go lub et al ., 1983) . More rece nt in l'ilm stucli es showed that 
p.M co nce ntrations of Z n++ (L. Yu el al .. 199 1: Lee er al .. 
1992) could produ ce th e sam e ' ' bl ock" o f thi s anti -MMP 

Exh. 1027



14 
GOLU/J ET AL. Am' DfNT Rn NovEMIIER !998 

property of TCs a s m~ concentrati ons of Ca++. These earl y 
stud1es w~re rap1d ly fo ll owed by wide-ranging efforts by a 
11Li mber of research teams to confirm this non-antim icrobia l 
property of TCs, to elucidate the mechani sms involved, and 
to ex plore the immense therapeutic potential of thi s di scovery 
(Golub et al., 1987, 199 1, 1997 ; Tamargo et al., 199 1; L. Yu 
et a l., 199 1; So to mayo r et al. , 1992; Co le et al ., 1994 ; 
Masumori et al., 1994 ; Brandt, 1995b; Paeman et al., 1996; 
W illi ams et a/., 1996; Greenwald et al., 1998). 

TCs PLEIOTROPIC THERAPEUTIC EFFECTS: 
ADDITIONAL NON-ANTIMICROBIAL 

MECHANISMS OF COLLAGENOLYTIC 
INHIBITION 

TC-me~iated EXTRACELLULAR anti-collagenolytic 
mechamsms 
In a seri es of ex periments addressing mechani sms, in additi on 
to the earl y approach whic h was direc ted at inhibiti o n of 
extracellular active forms of coll agenase in vitro (see above), 
Go lub and hi s co ll eagues in ves ti gated the spec ific ity o f the 
anti-collageno lyt ic ac tivity of TCs and located the s ite on the 
TC mo leet!l e respo ns ibl e fo r thi s hos t-modul at ing, no n-
antimicrobia l property of the drug (Golub et a/., 1987 , 199 1, 
1992) . Regarding the former mechani sm, TCs were found to 
directl y inhibit co ll agenases from a wide variety of human 
a nd a nim a l ce ll s, in c ludin g ( but no t limite d to) PMN 
le ukocy tes, m ac ro ph ages, os teo bl as ts, os teoc las t s, 
chondrocytes, and mali gnant me lanoma cell s (Zucker et al. , 
1985; Golub et al., 1987, 1992; Ramamurthy et al. , 1990). 
Other inves ti gato rs confirmed thi s effect us ing additi o nal 
human and animal sources o f co ll agenase (Maehara et a/. , 
1988; Burns et al., 1989; McCulloch et al. , 1990; Cole et al., 
1994 ; Mas umo ri et al., 1994 ) . lt is no w recog ni zed th a t 
coll agenase-3 (MM P-1 3) is more sensiti ve to TC inhibition 
OC50 < l J.LM ) than coll agenase-2 (MMP-8; !C50 - 30 J.LM ) 
and that coll agenase- 1 (MMP- 1) is the least sensitive (IC50 > 
200 J.LM) to the inh ibition of enzy me act ivity by these drugs 
in vitro (Golub et al., 1995; Smith et al. , 1996; Greenwa ld et 
al., 1998), a lthough the mechani sms are more complex than 
o ri g in al ly tho ug ht (see be low). O th e r MMPs- na me ly , 
ge la tin ase A (MMP-2 ) a nd ge la tin ase B ( MMP-9) a nd 
macrophage metall oelas tase (MMP- 12) and other ty pes of 
M M Ps- are a lso inhi bited by these drugs, whereas o the r 
classes of prote inases such as serine prote inases (e.g., PMN 
e las tase and plasm in ogen ac t ivator) a nd ac id prote inases 
(e.J:., catheps ins Band L) a re not (G reenwald et a / ., 1987 ; 
Go lub e t a l. , 199 1, 1992; Pae m e n et a l ., 1996) . On e 
excepti o n to th is pa ttern o f p ro te in ase in h ibiti o n was 
identifi ed by S imon et al. (unpubli shecl res ul ts): A highl y 
lipophili c non-antimicrobia l TC analog, 6-demethy l 6-deoxy 
4-de-cl imethy la mino te tracycl ine (now ca ll e cl CMT- 3; see 
below), but not other TCs, appears to inhibit PMN elas tase, a 
serine prote inase, competiti ve ly. 

Regard ing the s ite on the TC mo lec ule respons ible for its 
ant1 -MMP actt v1ty, Go lub et a/. ( 1987) producecl the first o f 
the ir ch e mi ca ll y moclifi e cl T Cs, now ca ll ed C MTs, by 
re m ov tn g the cl tm e th y la min o g ro up fro m the car bo n-4 

positi o n [thi s s ide-cha in is required for the a nt imicrobi a l 
ac ti vity of TCs (Mitscher, 1978)] and found that the resttl ting 
compound, 4-de-dimethyl amin~ TC, or CMT- l , had lilli.1 its 
antimi c ro bi a l pro perty but re ta in e d (a c tuall y s ho wed 
enhancecl) anti coll age nase acti vity both in vitro and in vivo 
(Go lu b et al ., 1987; Z. Yu et a l ., 199 1 ). C urre ntl y, I 0 
di ffe re nt no n-a nt imic ro bi a l c hem ic a lly modi f ie d TCs, 
namely, CMT- 1 through CMT- 1 0, have been generated, with 
diffe re nt s ide-c ha in s re m oved and/o r add e d to th e T C 
moleettle, and 9 of the I 0 compounds were fo und to be non-
antibacte ri a l MMP inhibitors (see rev iews by Greenwald er 
al., 1998; Golub et al., 1992; Ryan et al., J996b). However, 
when the carbonyl oxygen at C- 11 and the hydroxyl group at 
C- 12 were repl aced by nitrogen atoms, thus produc ing the 
pyrazo le analog of TC (Valcavi et al., 1963), now call ed 
C MT-5, thi s compound was found to be the onl y CMT which 
lost its MMP inhibitory acti vity (Golub et al., 199 1 ). These 
stucli es de monstrated that thi s important (but not the only) 
Ca++ and Zn++ binding s ite (the ß-di ke tone mo iety at C- 1 I 
ancl C-12) was responsible, at least in part , for inhibiting the. 
extracellular acti vity o f MMPs (intrace llular mechani sms ol 
M M P reg ulati o n by T Cs a re desc ribe d be low). Rece nt 
enzy me kinetic stucli es have inclicated that doxycycline, the 
most potent MMP inhi bitor of antimicrobial TCs (B urns ef 
a /., 1989 ; Golub et al., 1995), acts as a no n-competitive 
inhibi tor o f collagenase (Sorsa et al. , 1994), whereas C MT-3, 
among the most potent collageno lyti c inhi bitors of th e non-
antimicrobi a l TC anal ogs (Rifkin et al., 1994; Ryan et al. , 
1996b; Greenwald et al., 1998), appears to exhibit thi s, plus 
more complex mechani sms of inhibi tion, at least for cancer 
cell MMP-2 (ge latinase A) and isa more potent inhibitor than 
doxycyc line in vilro (Se ftor et a /., 1998). ln thi s regard , (i) 
th e re la ti ve e ff icacy o f T Cs a nd C MTs a ppea rs to be 
pos iti ve ly corre lated to the Z n++ bincling e ff icacy of these 
compounds (Us man et a /., 1996), and (ii ) converting anti -
microbial TCs, such as doxycyc line, to their nonantimicrobia l 
ana logs (s uch as C MT-8, the no n-a ntimi cro bi a l ana log of 
doxycyc lin e), a ppears to in c rease the MMP- inhi b ito ry 
effi cacy and some other therapeuti c, matri x-sparing, acti viti es 
o f these drugs (Paemen et a /., 1996; Zernic ke et a /., 1997; 
Greenwald et al., 1998; Ohyori et al., 1998). 

Numerous stuclies have found th at TCs/CMTs can inhibit 
MMP acti vity and connecti ve ti ssue breakdown in vivo and in 
vitro in vari ous di seases in humans and ex perimental animals. 
As examples of in vitro eff icacy, TCs and CMTs were found 
to inhibit bone reso rpti o n in both o rga n a ncl ce ll culture, 
rega rcll ess o f w he th e r t he reso rpti o n was inclu ce d by 
parathyroid hormo ne (PT H), PGE0 , o r bacteri al endotoxi n 
(Go lub et al. , 1984; Gomes et al. , (984; Ri fk in et a/., 1994). 
Doxycycline CDOXY) was the most potent MMP inhibitor o f 
the an timicrobia l TCs. Of the non-ant imicrobia l C MTs tested, 
CM T - 1 a nd -3 a nd C MTs-6, -7, a nd -8 we re eff ec ti ve 
inhibi to rs o f bo ne reso rpti o n in c ul ture (C MT- 8 was the 
s ing le most potent compound), whereas C MT-2, -4 , and -5 
were not. (Note: CMT-2 and -4 did block PMN coll agenase 
but no t b o ne ce ll co ll age nase, w he reas C M T-5 was 
ine ffective as an inh ibitor in a ll ac ti ve col lageno lytic systems 
teste cl. ) As ot he r exa mpl es : min ocyc lin e a nd C MT - 1 
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TABLE 

TETRACYCLINES (TCs) INHIBIT CONNECTIVE TISSUE BREAKDOWN: PLEIOTROPIC MECHA N ISMS 

(A) Mediated by extracellular mechani sms 
• Direct inhibitio n of active MMPs-depe nde nt on Ca++ and Zn++ binding properties of TCs 
• Inhibition of ox idati ve ac tivation o f Pro-MMPs- indepe nde nt of catio n-binding properlies of TCs 
• TCs disrupt activation by promoting excess ive proteolysis o f pro-MMPs into enzy mati call y-inacti ve frag me n ts-

depe ndent (?) on cation binding of TCs 
• Inhibition of MMPs protects a

1
-PI , thus INDIRECTLY 1 serine prote inase (e.g . , PMNL e lastase) activity 

(ß) Mediated by cellular regulati o n 
• TCs 1 cytokines, iNOS , PLA,, prostagtandin synthase 
• Effects on protein kinase C, c~1lmodu lin 

(C) Mediated by pro-anabolic effects 
• TCs i collagen producti on 
• TCs i osteoblast activity & bone form ation 

inhibitecl mali gnant me lanoma ce ll coll agenase in vitro ancl 
blocked these cance r ce lls from lysin g co-cultured host ce ll s 
(Zucker et a/. , 1985), and these same (ancl other) TCs in vitro 
inhibitecl MMPs deri ved from inflamecl human g ing iva and 
rheumatoid synovium (Go lub et o/., 1987; Gree nwald et ol .. 
1987) , fro m human lung cance r ce ll s (Zucker et a l .. 1989), 
from cliabetic rat skin ancl ging iva (Golub et al .. 1983 . 1987). 
from rachiti c rat cartilage (Greenwalcl e t al ., 19 88 ), from 
osteo -arthritic human ca rtilage (L. Yu et al ., 1991 ) , from 
ulce rate cl rabbit cornea (Seedor et al. , 1987; Burn s et al. , 
1989), and fro m human g ing iva l fluid (Golub e t al .. 1983, 
1991; Maehara e t al. , 19 88; M c Culloch e t al . , 1990) . 
Moreover, whe n TCs or CMT-1 were aclmini s te red p.o. in 
vi vo , the y we re founcl to recluce patho log icall y e xcessive 
collagenase (ancl gelatinase) activity, ancl/or to inhibit matri x 
breakclown , in the g ing ival ti ss ue ancl GCF of humans (TCs 
onl y) wit h adult pe rioclontiti s (Golub et al. , 1983, 1995 , 
1990a) , in s ynovia l tissu e ancl fluid of human s with 
rh e umatoicl arthriti s (Greenwa lcl e t al. , 19 87) , in skin a nd 
g ing iva of rats w ith diabetes (Go lu b et al .. 1983 , 1987) , in 
cartilage of dogs with osteo-arthriti s (ßrandt, 1995b) and rats 
with rick ets (Gree nwalcl et al. , 1988), and in humans and 
rabbits with sterile cornealulcers <Seedor et al ., 1987) . (Note : 
CMTs have no t ye t been approved fo r hum a n use by th e 
FDA , although th e National Cance r In stitute has rece ntly 
initiated preliminary stucli es, using CMT-3. on humans with 
cancer .) M o re re c e nt s tucli es ha ve d e mon s trat e d th e 
the rapeutic po tentia l of TCs ' anti -MMP ac ti vity in in vi vo 
and ce ll cu lture mode ls of cance r invasion , me tastasis, ancl 
an g ioge nes is (Zuc ker et al .. 1985 : Tamargo e t a/. , 1991 ; 
Sotomayor et a/ ., 1992; Masumori et a/ .. 1994; Lokeshwar et 
a/ ., 1997 ; Se ftor et al. , 1998) . 

A s s ummari ze cl in th e Tab le. e ve n th e ex trace llular 
mechani sms (intrace llul ar are cli scussed in a later section of 
thi s paper) of TC inhibitio n o f rnatri x clegraclation are now 
recog ni 7.e cl to be p le iotropic ; additional ex ampl es no w 
follow: 

TC effects on pro-MMP activation 
The initial ex perime nts on thi s mechani sm were carri ecl out 

b y m e an s of an anim a l m o d e l o f mi c robiall y inclu ce d 
p e ri o dontal bre akd ow n. In bri ef, thi s m o d e l in vo lv e d 
infecting e ithe r germ-free o r pathogen-reduced rats with the 
human pe ri od on t opa l ho ge n . Po rph v romona s g in g i va I is 
(P.g.) . whi ch results in c levated MMP (co llage nase or MMP-
8 and ge latinase o r MMP-9) acti vit y in the g ing ival ti ss ues 
(as ex pec ted. MMP-1 was not t'ound in the ra t ti ss ues) a nd 
sevc re al veolar bone resorption ; in vivo admi ni s tration or 
e ithe r doxycycline or C MT- 1 by cla il y oral gavage reduccd all 
o f these ·' mark c rs" of pe riodontal di sc ase lo es se ntially 
normal Ieve ls (Chang et al. , 1994; G o lu b e t al .. 1994 a) . 
Rece nt ex pe rim e nt s idc ntifi ed a two- wee k "window" ot' 
di sease ac tivity . c harac lc ri zcd by e lcvat ed Ieve ls of ac ti ve 
coll agenase. aclive ge latinase, and rapid alveo lar bone loss in 
thi s animal mode l o r mi c robiall y induced period<Jntal di sease 
(Ryan et al. , 1997). Howcve r, the initial scries of stuclics with 
thi s mode l found that. at th e e nd o f a seven-wee k in l'i l'o 
protocol , the elevat ed co llage nase (and gc latinase) activity in 
th e g ing iva of th e P . g . - i~t'ec t e d rals~ was present a s th e 
inacti ve o r late nt fo rm (pro-co ll agenase) . These pro- MMPs 
required in vitro acti vation e ither by APMA or ox idative ly by 
hypochlora us ac id (HOC !) I in vivo acti vati o n or pro-MMPs 
is thought tobe primarily med iat ed by limi ted proteol ys is by 
ne ut ral prote inases s uc h as plas min . o r tumor-assoc ia ted 
trypsin (TAT-2), or e ve n other MMPs suc h as s trom e lys in 
(Sorsa e r al .. 1997 ) ; ho we ve r , Sorsa e t a/ . ( 1992 ) ha ve 
propo se d that le uk ocy te -type pro - MMPs , MMP -8 and 
MMP-9, are primaril y acti va tcd by reac ti ve oxygen spec ies 
(ROS), e.g .. HOCI. produced by inflammatory ce ll s l. Based 
on the seque nce o f aclcling thc fo ll ow ing reagent s- name ly. 
C MT- 1, excess C a++ (50 mM in stead of th e tl s ua l 5 mM 
co ncentration in the bulle r). and HOC I- to th c inc ubation 
mi xture conta ini ng ex tract of g ing iva t'ro m thc P.g.- infccted 
rat s. p lu s the racli o labe lcd co ll age n substralc , Golub et o/. 
( 1994a) t'ouncl th a t th e T C anal og inhibit cd lwth ac tiv e 
collagenasc (convc rtecl from thc pro- form by APM A) and thc 
o x idat i ve con ve rs ion or pro -collagc nase i nt (l l he ac t i vc 
e nzyme by HOC !. Based on these ex pe rime nt s and on thc 
fo llow ing in vitro Obse rvations. it was pro posed th at these 
two anti-MMP fun c tion s ot' C MTs (and oth e r T Cs) may 
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Fig . 2-Gelatinase in whole-mouth GCF (coll ec ted by 
mouthrinse technique) _fi-om Jour adult periodontitis patients 
I mo cifter scaling and prophylaxis (Sc) and cifier a four~ 
month regim.en of LDD: ejf"ects on molecular species (top) 
and activity (bollom) of this matrix metalloproteinase. (top) 
Enzyrnograph ofwhole-mouth GCF was carried out with the 
use o/ denalured type I collagen (gelati11.; I mg/mL) co-
polymerized with 10 % SDS-po lya c ry lamide and 
electrophoresed at 3 m Altane for 45 min. A.fier overnight 
incubation, the gels were stained with Coonwssie 8/ue, and 
the lytic zones in each lane shmv th e dUferen t types of 
gelotinase. Lane I shows macropfwge-conditioned media (m 
0 CM) containing 92-kDa ge latinase (MMP-9) and its 
homodimer (Golub e t al. , 1995), plus 72 -kDa gelatinase 
(MMP -2) obtainedfi·om Tripie Point Biologics (Foresl 
Grove, OR). Lanes 2-5 show predominantly 92 kDa and its 
h.omodimer, plus an in terrned iate band, presum.ably 
reflecting a hererodimer of MMP-9 complexed to lipocalin 
or TIMPs (Golub et a l. , 1995). Lan es 4 & 5 show the 
different species of MMP-9, as in. Iones 2 & 3, plus an 
additional smaller-molecular- weight band seen afier 2 & 4 
months ' treatment with LDD. ( bottom) Gelatinolytic activity 
(assessed with. [3Hj methyl gelcllin used CIS substrate) of 
whole-mouth GCF in the swne patients and at the sam.e time 
p e riods CIS shown for zymography Iones 2 -5, above. 
Gelatinolytic activity was measured bef'ore treatm.ent (- 1M) 
and I mo afier subjects received .fitll-mouth scaling and 
prophylaxis (OM) . Then, at firn e = OM, a/1 subjects were 
adrninistered LDD every day ./(Jr 4 mos, and gelatinolytic 
activity was measured after 2 mos (2M) and 4 nws (4M) of 
drug th e rap y . Each value represe nt s the 111 ea n of 4 
determinations ± SEM. The reduction i11. gelotinase activity 
due to LDD therapy was statistically significant (p < 0.05) 
cornpored with the time = OM va!ue. 

reside in different parts of the drug moleCLtle: When CMT-1 
and excess Ca++ were added to the partially purified g ingival 
extract together with HOCI , CMT- I was still able to inhibit 
the oxidative activation of the g ingival pro-collagenase. 
However, when the pro-collagenase was act ivated by HOC! 
prior to the add ition of CMT- 1 and Ca++, the excess meta! 
ion preve nted the dru g from blockin g a lready -active 
coll agenase, as described previous ly. Consistent with these 
studies o n g ingival co llagenase, (i) the addition of excess 
Ca++ (mM) or Zn (fLM) clid not prevent TCs from inhibiting 
the oxidative activation of pro-collagenase sec reted by 
osteoblasts in culture (Ramamurthy et a/., 1993), and (ii) 
CMT-5, the pyrazole analog of TC, which is the only one of 
I 0 CMTs to have lost the ability to inhibit already-active 
co ll agenase, presumably due to the Ioss of the Ca++ ancl Zn++_ 
binding s ite at the cm·bon- I I and carbo n-12 positions , 
reta ined its ability to prevent pro-collagenase act ivat ion by 
HOC! (Sorsa et al., 1998). 

Jn addition to scavenging ROS, thus preventing pro-MMP 
act ivation, TCs appear to interact directly with pro-MMPs as 
weil, thus affect ing other mechanisms of activation. In thi s 
reg arcl , Brandt ancl hi s gro up st udi ed th e effect of 
doxycycline on recombinant human pro-MMP-8 and detectecl 
two different mechani sms of inhibition (Branclt, 1995a; Smith 
et a/., 1996). As reviewecl by Ryan et al. ( 1996b), when 
doxycycline was added in vitro after the activation of pro-
MMP-8 (activation was achievecl either by Iimited proteolys is 
or by the organomercurial agent, APMA), approx imately 30 
fLM of the dru g was required to inhibit the Co llage nase 
act ivity by 50%, an IC50 s imil ar to that clescribecl by others 
(Sorsa et al. , 1994; Go lub et a/. , 1995) . In contrast, when 
doxycycline was added during activation , the IC50 droppecl to 
5- I 2 fLM. Based on Western blot analysis of the different 
molecular species of MMP- 8, Brandt and hi s colleag ues 
(Smith er a/., I 996) proposed that doxycycline binds to the 
pro-MMP (poss ibly complexing with Ca++ in the enzyme), 
th us a lter ing the enzyme 's conformation a nd res ulting in 
excess ive degradation of the prote inase precursor, during 
activation , to small-molecular-weight, enzymatically inactive 
fragments. Thi s mechani sm of MMP inac tivation , although 
attractive , remains controversial, s ince Sorsa et al. ( 1994) 
were unable to cle tect any frag mentation of wi Id-type Pro-
MMP-8 during activation by APMA in the prese nc e o f 
doxycyc line. Of extreme interest, thi s mechani sm may extend 
to other MMPs, since MMP- 13 was recently found to be 
inhibitecl by very Iow concent rat ions ( < I fLM) of several 
CMTs (CMT-3, CMT-7, and especiall y CMT-8) as weil as 
doxycycline (IC50 - I 0 fLM) in vitro whe n the TCs were 
added together with APMA cluring activation (Greenwald et 
al. , I 998). However, when the drugs were added qfier pro-
MMP- I 3 was APMA-activated , thi s co ll age nase was found 
tobe re latively res istant to TC inhibition (Lindy et al., 1997) . 
Th e re leva nce of th is mec hani s m to hum a n di sease is 
suggestecl by preliminary data clescribed Iate r in thi s paper: 
When ad ult perioclontitis patients were ad ministered a four-
month reg imen of non -antimicrobial Iow-dose cloxycyc line, 
MMP activity in whole-mouth ging ival crevicular fluid (GCF) 
samples was reduced coi ncident with the appearance, at the 
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two- ·mct f' . MM ' . our-month time periods, of small-molecular-we1ght 
p fragments and reduced pro-MMP Ievels (see Fig. 2). 

;es lndirectly inhibit serine proteinases: a
1
-PI protection 

11 Vtfro, cel l culture, and in vivo approaches have all been 
u(Ssect to determine the effects of TCs o n a 1-PI inactivation 

ors L a et al., 1993; Go lub et al., l 994a; C rout et al. , 1996; 
ee et al. , 1997 ) . The reaso ns? a 1- PI (a lso cal led a 1-

proten1 ase inhibitor or a
1
-ant itryps in ) is th e m ajor 

endogena us inhi bitor of anothe r class of ti ssue-destructive 
enzymes, the serine proteinases (particularl y PMN leukocyte 
ela_stase), and a

1
-PI is known to be inactivated , e. g., during 

lnO a mmatory diseases, both by reac ti ve oxygen s pecies 
(ROS) and by MMPs including co ll agenase (Carp and Janoff, 
1979; Michaeliset al., 1990; Desrocl1ers et al., 1992). 

When the an imal model of periodontiti s described above 
Was used, in addition to the detection of severe a lveo lar bone 
loss and e levated MMPs in the g ing iva- namel y, coll agenase 
and gelat inase (presumabl y MMP-8, MMP- 13, and MMP-9, 
Slnce MMP- 1 is not fou ncl in roclent tissues and MMP-2 was 
not found to be e levate cl in thi s expe riment)- e las ta se 
activ ity was also seen to be e levated in ex tracts o f g ing iva 
from these P. gingiva lis (P .g.)-infected rats (Go lu b et al .. 
l994a). Th is g ing ival elastase activity was character izecl as a 
se rine prote in ase, not a me tall o pro te in ase , base cl o n its 
response to a series of proteinase inhibito rs suc h as PMSF, 
EDTA, l , I 0-phenanthroline, and CMT-1 , a ncl when the P. g .-
infected rats were treated in vivo by da il y oral gavage w ith 
CMT- 1, th e excess ive e lastase act ivity ( li ke that o f the 
MMPs) was recluced to esse nti a ll y norm a l Ie ve ls . S ince 
g ing ival extracts from the untreated P.g. -infec tecl rats were 
founcl to convert the 52-kDa a 1-P l to the inactive 48-kDa 
degraclat ion fragment , wh ich was not seen when these rats 
were treatecl with e ither doxycyc line or CMT- 1, it appeared 
th at th ese TCs inclirect ly recluc ecl elastase activ it y by 
proteering its host-cleri vecl (or e nclogenous) inhibitor, a 1-Pl , 
from MMP or ROS attack. 

This hypo thes is is supported by two recent stucli es on 
humans w ith adu lt perioclontiti s (AP): Us ing Wes tern b lot 
analys is, Lee et al. ( 1997) founcl that ( i) the intact 52-kDa a

1
-

P l , see n in the GCF of the hea lth y g ingiva l c rev ice. was 
large ly recovered as 48-kDa deg radation fra gme nts in th e 
pe riodonta l lesions (pocke ts) of th e AP pati e nt s, and (ii) 
based on in vitro and in viFo studies, the primary source of 
thi s a 1- PI-d eg radin g (serp in o lyt ic) ac ti v it y in th e 
infl ammatory ex udate ( g in gival crev icular fluid , or GCF) of 
pe riodontal pockets was MMP-8 or PMN-type co ll age nase . 
In a lo ng itudin a l placebo-co ntroll ed do uble- blind stud y, 
C rout el al. ( 1996) admini ste red a six-month regimen of low-
d ose doxycyc lin e to AP pati e nt s a nd fo und th at both 
coll agenase and a

1
-Pl-degracling activ ity in the GCF (as well 

as seve rity o f clisease) we re recl uc e cl by thi s th e rapy; of 
inte rest, the conce ntrati on of doxycyc line in vitro requ irecl to 
inhibit 50% of the co ll agenase acti vity and the serpin o lytic 
activ ity. with I' H-1 collage n and I 1H I a 1-P I as s ubstrates , 
respect ive ly, was about 30 f.LM for both (Lee e t al .. 1997)-
an IC,

0 
essenti all y the same as that reqlllred t·or doxycyc hne 

to inh.ibit MMP-8 (Sorsa et a/ ., 1993; Golu b el al. , 1995). 

However, the explanation of a 1-Pl protection by TCs may 
ex tencl beyund the ab ili ty of these clrugs to inhibi t MMP-8 
acti v ity. As clesc r ibed above, ROS (e .g. , O~·, H ~O~ , OH) , 
particul arl y HOC!, generated by infl am matory cell s, can also 
inac tivate a

1
-PI , a ncl th e abili ty of TCs to scavenge ROS 

provieles ano the r mechani sm of a 1-P I pro tection by these 
cl ru gs (Lee e i a l .. 1997). In thi s rega rcl , Whi tema n a nd 
Halli we ll ( 1997) attributed nitri c ox icle (NO)-mecliatecl tissue 
injury cluring inflammation , in part , to its rapid react ion with 
o7· to procluce peroxy nitrite (a react ive nitro~en spec ies ), 
wl1ich is also abl e to inactivate a 1-PI. As cliscussecl in the 
next section , TCs can clownregul ate incluc ible NO sy nthase 
and decrease NO procluction, which coulcl contribute not onl y 
to suppress ing intrace llular mec hani sm s assoc iated with 
tis sue breakdown (N o te : NO can upregul ate cy tok ine a ncl 
PGE7 production , as we il as gene rar ing peroxy nitrite which 
ca n Jamage DN A) , but co ul cl a lso a ll ow TCs to protec t 
ex trace llul ar a 1-Pl from in ac ti vat ion by peroxy nitrite, thu s. 
aga in inclirectly inh ibiting serin e prote inases such as PMN 
e lastase. 

TC-mediated INTRACELLULAR 
anti-collagenolytic mechanisms 
In recent years, several stuclies have founcl that tetracyc lines 
can clownreg ul at e the ex press ion o f p ro- inflammato ry a ncl 
autoimmune med iators, inc luding cytok ines rTNFa ancl !L-
I ß), iNO synthase, and PGE7 . S uch drug e llec ts on these ce ll 
mod ul ators woul d be expected to inhibit ex trace llular mat ri x 
breakclown , includ ing bone reso rpti on. in part by recluc ing 
MMP (co ll agenase ancl ge latinase) ex press ion (Ral ston ancl 
G rabowsk i, 1996; Mi lano et al .. 1997). 

TC ejf'ects Oll cytokines 
The Iipopo lysacc haricle component or me mbranes of Gram-
negati ve bacteri a (endotoxin) incluces the production o r pro-
infl a mmat o ry cy tok in es, TNFa and IL - 1 ß, w hi c h c an 
med iate septic shock sys te micall y a ncl connec tive ti ss ue 
breakclown , in c ludin g bone reso rpti o n. Ioca ll y . The loca l 
e ffec t is a like ly host- mediate cl pa th ogenic pathway for 
mi c rob ia ll y induced pe rioclonta l di sease. In thi s rega rd . 
e ncl o tox in - inclu ced b o ne reso rpti o n and th e excess 
Co ll agenase ac ti v ity sec re te cl by e ncl otoxin-s timul a ted 
macrophages were both inh ibited by TCs aclded to the culture 
mecl ia (Golub et al. , 1984. 1994b). 

Recent stucli es have shown that TCs can protec t rodents 
from Iethai endotoxemi a and signifi ca ntl y reduce TNFa ancl 
IL- 1 Ievels in the ir serum (Shap ira et al. , 1996; Mi lano el al., 
1997). Howeve r. the e ffi cacy o f TCs as inhi bitors ot' cy tok ine 
secretion by endotox i n-s ti mulatecl human mon ocytes in ce ll 
culture (S hapira el al. , 1996) was not confinned in cultured 
mouse rnacrophages (Mi lano et al. , 1997)- thi s controversy 
poss ib ly re fl ec tin g the re lati ve degree of d iffc rentia ti o n o r 
these monon uc lear inrtammatory ce ll s. o r the different orig in 
of these cell s (humans 1'.1'. mi ce) in these two stu dics . 

Since the inhibition o r cytok ine secretion by TCs appears to 
refl ect a post-transcripti onal e llect (cy tok ine mRNA was not 
reclucecl by these drugs). the prev iously recognized ab ilit y or 
these drugs to inh ibit MMP act ivit y may play a ro le for the 
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fo ll owing reason: MMPs have been show n to convert 
membrane-bound pro-TNFa into its biologically active soluble 
form , a secre tory process that can be inhibited by anti -
coll agenase agents such as hydroxamic acid derivatives (Mohler 
et a /., 1994) . C learly , the abi li ty of TCs to inhibit cytokine 
production, by whatever pathway, provieles another mechanism 
for these drugs to inhibit MMP activity in the extrace llular 
matri x, thus protecting the latter from pathologic destruction. 

TC effects on nitric oxide (NO) 
and arachidonic acid (AA) metabolism 
One example of the complex interaction of these various cell 
regulators in ti ssue clestruction was clescribecl by Ralston and 
Grabowsk i ( 1996), who stated that cytokines Iikely stimulate 
osteoclast-mediated bone resorption by altering "the balance 
betwee n Ieve ls of NO and PGE/' . Nitric ox ide (NO) is a 
short-li ved messenger mo lecule -w ith numerous function s, 
includin g (but not limitecl to) smooth musc le re laxation , 
ne urot ran s mi ss ion , ancl tumor cell ki llin g , as we il as 
participat ion in the inflammatory process ancl ti ss ue 
breakdown, and is produced from L-arg inine by nitric ox ide 
synthase, .or NOS (Nathan and Xie, 1994). NOS

1 
and NOS3 

are const Jtuti ve isoforms of the e nzy me founcl in neuronal 
and endothe li a l cell s, respecti ve ly, whil e the inducib le form 
(N0S 2 o r iN OS) is exp ressed by va ri o us ce ll s s uc h as 
macrophages and fibrob lasts (Trachtman et al. , 1996). 

Recently, a flurry of studi es examinecl the effects of TCs 
on thi s multifunctio nal ce ll mod ul ator. Am in et al. ( 1996) 
fo uncl th a t minocyc lin e ancl do xycyc lin e b locked NOS 
ac ti vity in IL-1 ß -s timu lated human osteoa rthri tic cart il age 
explants and inhibited enclotox in-: timulated iNOS in murine 
macrophages in culture. These effects were not due to a direct 
inhibition by these TCs o f NOS act ivity in vitro, but were 
fo und to re fl ect suppressed ex press ion and trans lation of 
these enzy mes. In subsequent studi es by two separate teams, 
a seri es of C MTs exhibited the following efficacy as NOS 
inhibito rs: CMT-3 ancl C MT-8 (I C50 - 10 ].LM and - 25 
].LM, respect ive ly) > C MT- 1 ancl CMT-2 > CMT-5 (the latte r 
ex hibiting no inhibitory ac ti vity) (Trachtman el al., 1996; 
A min et al ., J 997) . These data suggested that the re lative 
potency of these compouncls as inhibitors of NO production 
was pos itively correlatecl to their ability to function as MMP 
b lockers . Regarcling mechanisms, the Suppress io n of NO 
sy nth es is by C MTs was founcl to be associated w ith 
recl uct io ns in iNOS ex press io n (Trachtman et a/., 1996), 
apparentl y retl ecting enhancecl clegraclati on of this enzyme's 
mR NA (A min et al., 1997). Since NO is known to inh ibit the 
sy nth es is of matri x co nst itu e nt s s uc h as co ll agen a nd 
proteoglycans, as we il as upregu la te MMP express ion (see 
Amin el a /. 11 996j for a rev iew), the response of NOS to TCs 
provieles an additi o na l hos t-moclulating non-antimic rob ia l 
therapeutic ra ti o na le fo r thi s fa mil y of drugs (see " Pro-
anabo lie effects of TCs", below). 

Concerning arac hidoni c ac id (AA) metabo li sm, the TCs 
have been fo uncl to have an impact at se veral steps in this 
pathway. Phospho li pase A2 (PLA7 ) is a pro- infl ammatory 
enzyme th at parti c ipates earl y in the- arac hidoni c acicl cascade 
(it hydrolyzes g lyce rophospho li pids in cell me mbranes -7 

AA), a nd it s Ieve ls in ti ss ue fluid s are co rre lated to 
connective tissue destructive activity during diseases such as 
rhe umato id arthritis. Pruzansk i et al. ( 1992) measured the 
ac tivit y of PLA 7 in vitro , us ing 14C- Ia be le d membrane 
phospholipid as s-ubstrate, and found that both minocycline 
and doxycyc line were inhibitory , exhibiting an IC50 of 18 
].Lg/mL and 47 f.Lg/mL , respective ly. Reco mbinant PLA2 
showed lower IC50s (i.e., - 3-4 ].Lg/mL) fo r both TCs. In 
contrast to their actions on MMPs, these TCs inhibitecl PLA2 
activity by a mechani sm which did not invo lve interaction 
with meta! ions, i.e. , calcium. 

Earlier, EIAttar et al. ( 1988) reported that re latively high 
concentrations ( - 50 ].Lg/mL) of minocycl ine were required 
to inhibit prostaglanclin E7 (PGE7 ) synthesis by fibrob lasts in 
culture. An intriguing mechanisrn is suggestecl by the ability 
of T Cs to clampen react ive nitrogen as weil as reac tive 
oxygen species (Land ino et al ., 1996): By inhibiting iNOS 
(and nitric oxide production) and scaveng ing ROS, TCs could 
suppress peroxynitrite Ievels (see previous section) which , in 
t urn , co ul d s uppress cyc lo-oxygenase ac tivity a nd 
prostag lanclin biosynthes is. PGE2 and other arachiclonic acid 
metabolites have long been recogni zecl as mecl iators of 
connective tissue breakclown, inc lucling bone ancl ca rtil age 
destruction, in part by inclucing MMP express ion ancl activity 
(Golub et al., 1984; Zhang et al., 1997). 

TC effects on other cell regulatory pathways-
protein kinase C and calmodulin 
Webster et al. ( 1994) de mon s trated th a t TCs ca n inhibi t 
prote in kinase C (PKC) . PKC mediates the transcriptional 
activation o f se ve ra l MMPs , ~ u c h as St rom e lys in a ncl 
co ll agenase. One poss ibili ty in volves the acti vatin g protein 
factor- 1 com pl ex (AP-1); the latte r bincl s to th e MMP 
promoter, thus st imul a tin g transcription o f these e nzy me 
protei ns. However, Jo nat et al. ( 1996) pro posecl th a t the 
inhibition of MMP tran sc ripti o n by TC was not du e to a 
block of AP- 1 act ivity , since thi s effect o f the clrug occurred 
upstream of the A P- 1 bincling site . To date, it is not c lear 
w hi ch s ig na lin g pat hway for MMP expres s io n i down-
regul atecl by TCs. 

Calmoclu lin is an intracellul a r ca lc ium-bin cl ing prote in 
wh ich ac ti vates phosphod iesterase, enabling th is enzy me to 
h y dro lyze cA MP w hi c h , in turn , cou lcl affect MMP 
expression in at least some cells, e.g., monocytes (Zhang et 
a /. , 1997) ancl cartil age cell s (R icharcl el a /. , 199 1 ). As one 
example, the cAM P seconcl messenger system can moclu late 
cytok ine OL-l )- inclucecl PGE, procluction as a mechani sm fo r 
e nhan ce cl tissue breakdow-n, a nd the inhibiti o n of thi s 
Ca++fca lmodulin pathway may clampen thi s ti ssue-destruc ti ve 
cascacle (Tatakis et a/., 199 1 ). In th is regarcl , Richard et a/. 
( 199 1) repo rtecl that ca lm o clulin antagon is ts, suc h as 
s ulfo na micl e d e ri vat ives, downregu la te cl int e r s titial 
Co ll agenase at least in human osteoa rth ritic cart il age ce ll s. 
Thus, the reportecl abi lity of TCs to bind to Ca++fca lmodulin, 
thu s preventing it s activation o f ph os ph od ies te ra se 
(Schlondorff ancl Satri ano, 1985) , co ul d proviele yet another 
ce ll -regulatory (i.e., cAMP-d e pe nd e nt) mec hani s m fo r 
inhibiting MMP-mediatecl connective ti ssue breakclow n. 
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'fC-med' Iated pro-anabolic effects 
on connect' t' . . 
Abou . Ive ISS~es mclu~mg bone . _ . . 

1 a decade after the d1 scovery ot the MMP-mhibitory 
Propert' f' T . . Ies o Cs, 1t became ev iden t that these compounds 
c~ul? also prevent extracellu lar matri x (ECM) degradati on by 
a d1t10na l m e chani s m s involvina .enhanced co ll age n 
Prod . · . o uct10n and mcreased bone Formation , at least when these 
~roces_ses were suppressed during di sease . In thi s regard , 
. chne1r e t al. ( 1990) reported that minoc yc line th e rap y 
Increased the conversion of injected [3Hj proline into I3H] 
h ydroxypro lin e (the latte r , an amino ac id " mark e r" of 
collagen) in insulin-deficient diabetic rats, indicating that the 
suppressed rate of co llagen sy nthes is in their sk in (a nd , 
presumably , in other ECM s, e.g. , gingiva and bone) was 
re~urned to normal by thi s TC wirbout affecting the severity 
ot hyperglycemia (Go lub et al. , 1990b). S ince CMT-1 was 
subsequently founcl to have the same pro-anabolic effect on 
the sy nthesis of [3H] hyclroxyproline-labe led coll agen, and in-
creased the steacly-state Ieve l of mRNA of type I procollagen, 
both effects observed in vivo (Crai g et al. , 1998) , the TCs 
clearly appear to enhance the ex press ion of thi s major ECM 
constituent by a non-antimicrobialmechani sm. . 

Additional studies, utili z ing the techniques of ultracyto-
chemistry , autoradiography, and dynamic hi stomorphometry. 
on th e osteo po ro ti c bo nes of both cl iabe tic a nd ova ri -
ectomi zed rats, demonstrated similar inc reases in co llage n 
production and bone formation by osteob lasts during TC ; nd 
C MT therap y (Golub e t a l .. 1990b; Sasaki e r al .. 1992; 
Williams et a/ ., 1996; Bain et al. , 1997). In the estrogen-
defi c ient osteoporotic rat, the increased producti on of new 
bone appeared to " bridge the gaps" betwe n, and increase 
"connectivity" o f, the resorbecl, discontinuous trabecul ae in 
the metaphy s is of lon g bon es (Ohyor i et al. , 199 7) . 
Moreove r, thi s T C/C MT-induced new ly sy nthes ized bone 
ICMT -8 is th e mo s tpot e nt of th e T C co mp o und s in 
preventin g bone loss (Ohyori et a/. , 1997; Ramamurthy et a/., 
1997)] appears to inc rease the biomechani ca l stre ngth of 
bone based o n co ntro ll ed fr ac ture- t ype s tucli es o n the 
adjuvant arthritic rat model (Zernicke et al .. 1997) . Although 
th e studi es just describecl address th e production of type 1 
coll agen land , perhaps. other ECM constituents. such as type 
I! co ll agen and proteog lycans as we il CCo le et al. , 1994)\, 
Karimbu x et a/. ( 1997) repo rted th at th e exp ress io n of a 
minor but structurall y important co ll agen co nst itue nt in 
Ii gaments, type XII coll agen. was al so upregulated during in 
v i vo C MT- 1 th e rapy. Thi s col la ge n was lost in th e 
pe ri odonta l Ii ga me nt o f rats w ith micro bially indu ced 
ex perimental periodontitis but was regenerated when these 
animal s were administered C MT-1. 

Mos t ex pe rime nt s tm·geting th e e ffec t of TCs o n the 
sy nthes is o f ECM constitue nt s ha ve bee n carri ecl out on 
anima l mocl e ls o f di seases c harac te ri zecl b y excess iv e 
coll agenolysis and/or depressed col lagen synthesis. However, 
o ne intri g uin g pre limin ary s tud y sugges ted that T Cs , 
administered over a prolonged time. could also increase bone 
formation in healthy animals (monkeys). whi ch was assessed 
hi s tom orph o metri ca ll y in th e ir mandibl es <Po lso n er al. , 
1986). One therapeutic implicati on raised by thi s observati on 

is that bone density might be inc reased prophy lactically in 
women who are deemecl at ri sk for future deve lopment o f 
osteoporos is. 

The mechani sms by which TCs and CMTs exert this pro-
anabo li c effect on Osteob last ac ti v ity and on co ll agen and 
bo ne formati o n are no t ye t known. Ho weve r , seve ra l 
poss ibilities deserve investigati on, inc luding the fo llowing : 
( I) Schneir el af. ( 1990) suggested th at TCs could increase 

the rate of co ll age n prod uct io n in connect ive t issues 
during ex perimenta l (and human) diabetes by increasi ng 
th e procluction and/or bio log ic activity of insulin -li ke 
grow th fac tor OGF-1 ). In thi s regard , thi s proanaboli c 
activity of TCs mi ght refl ect, at least in part, the earlie r-
recog ni zed anti -ca t a boli c ( i. e., MMP - inhibit o ry ) 
properlies of these drugs fo r the foll ow ing reason: The 
increased prote inase activity in skin (and other tissues) of 
diabetic rats was recently assoc iated with an increase in 
low-molecu lar-weight IGF-binding pro te in s- the latter 
suppress th e bi o log ic activity o f thi s g row th fa c to r 
(Cechowska-Pasko e t a/. , 1996). Thu s, th e previously 
di sc ussed abilit y of T Cs/C MTs to inhibit pro te in ase 
ac tivity in the diabetic rat could redu ce the Ieve l of these 
low-mo lecular-weight " inacti vating" binding pro te in s. 
thus " normali z ing" IGF-1 activi ty. 

(2) As clesc ribed earlie r. advanced g lycosy lat ion end-products 
(AGEs) are producecl in e levated amount s dur ing aging. 
osteoarthriti s, and particu larl y durin g poorly contrq lled 
diabetes (see Ryan et a l .. l 996b, for re view) . Rece nt 
studi es incli ca te that AGEs can suppress os ten bla s t 
activity and bone formation (Katayama e t al .. 1996). 
w hi c h c o uld m cliate os teo 1 o ro s is sy s te mi ca ll y ancl 
unu suall y aggress ive periodontal bo ne loss loca ll y. as 
compli cat ions of longte rm diabetes (Ryan et al., 1996b; 
Bain e t al .. 1997). ln this regarcl . Rya n et a/. ( 1995) 
observecl that several C MTs can inhib it non-enzymatic 
g lycosy lat io n o f proteins suc h as s rum albumin and 
co ll agen. an effect in the diabetic rat whi ch could prevent 
the inhibitory effect of AGEs on bone formati on. 

(3) As de sc ribecl above. pro-inflammatory ce ll regul ato rs 
suc h a · arac hi don ic ac icl rn etabo lite s iPGE,), ce rtain 
cytok ines (e.g .. IL- 1. TNFt~) . and nitric ox icle (NO) are 
all believed to contribute to connecti ve ti ssue breakdown 
not onl y by enhancing proteolytic cascades but also by 
suppress ing the sy nthes is of ECM constituent s. Thus, 
thi s last-described exa mple by whi ch TCs/CMTs could 
ge nerate pro-anabo lic e llects is for these dru gs to inhibit 
iNOS ex press ion and activity. thu s suppress in g NO 
production (Amin er al .. 1996 : Trachtman et al. , 1996), 
w hich wo uld prevent NO inhibiti on o l· co ll age n and 
proteoglycan sy nthes is (Taskiran et al., 1994). 

THERAPEUTIC POTENTIAL 
OF THE NON-ANTIMICROBIAL PROPERTIES 

OF TCs AND CMTs 

Several earlie r and recent rev iew artic les have addressed the 
numerous di seases in volving connecti ve ti ss ue abn ormaliti cs 
th a t sho w evi de nce, e ilhe r fr om th e use o f expe rim e ntal 
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animal models or from clinical tri als, of responding favorab ly 
to th e newly di scove red propert ies of TC s and CMTs 
described in the prev ious sections. Severa l of these di sease 
cond itions w e re d iscussed by ot her sp ea ke rs at thi s 
symposium, and the reader is referred to these papers and to 
earli e r rev iews, particularly those by Ryan er a/. ( 1996a,b) 
and Golub et al. ( 199 1, 1992, 1994a,b). A partial listing of 
such TC-res ponsive di seases includes : vario us arth ritides, 
inc luding rh eumatoid , osteo-, and reactive arthriti s; several 
types o f osteoporos is , including tho se assoc iated with 
di a be tes mellitus a nd es troge n defi c iency; add iti onal 
compli cations of diabetes, including impaired wound healing 
and nephropathy; steril e cornea l ulcers; ao rtic aneurysms; 
bullous and ulcerati ve sk in lesions; and cancer, includ ing the 
inhibition by TCs a nd CMTs of invas io n, metastasi s, and 
ang iogenes is. 

However, becau se the initi a l di scove ry of the anti-
co ll ageno lytic property of TCs, in dependent of th e 
antimicrob ial activity of these drugs, was made with the use 
of animal models of periodontal disease, and because human 
c lin ica l trial s for thi s therape utic target are at an advanced 
stage (not to mention the background of the first author), the 
therapeutic potential of non-antimicrobial formulati ons of the 
drugs in the trea tme nt o f th is de nta l di sease wi ll now be 
addressed to conclude thi s paper. 

Low-dose doxycycline (LDD) formulations: 
effect on biologic and clinical "markers" 
of ECM degradation in adult periodontitis (AJ>) patients 
In their earl y studi es, Golub et a/. reported that regtdar doses 
of ant imi crob ia l TCs, inc lucling minocyc line, doxycycline, 
and TC itself, cou ld in hibit collagenase act ivity in the GCF of 
AP pat ie nt s during sho rt-term (seve ral weeks' duration) 
longitudinal studi es (Gol ub el a/. , 1983, 1991 , 1994b). These 
Observati ons were confirmed in humans with different types 
of arthriti s (rh eumaroid , osteo-, and reac tive arthriti s) who 
were admini stered regtdar doses of these TCs (G reenwald e / 

a /., 1987; Gol ub el a /. , 199 1; Brandt, 1995b; Laubio el al., 
1995; Ryan el al., 1996b). More recently , these in ves ti gators 
focused on the therapeutic poten ti a l of spec iall y formu lated 
LDD capsul es as an MMP inhibitor in humans. These LDD 
formulation s (prepared by a co ll aborating pharmacist), each 
containing 20 mg doxycyc line per capsul e (in some ex peri-
ments, 30 mg/cap) , rather than the commercia ll y available 50 
mg or 100 mg/cap, were acl mini stered dail y to AP patients in 
ex periments whi ch ranged from two weeks' to six months' 
duration ; doxycyc line was selected over other TCs for these 
ex perimen ts because it was found to be a more potent Co ll a-
genase inhibitor tha n minocycline and TC itself (Maehara et 
a/ ., 1988; Burns el a/ ., 1989; Go lub el a/. , 1990a, 1994b). 

ln brief, these in ves tigators found the foll owing: 
( I) The LDD reg imen significantly recluced the co llagenase 

act ivity not onl y in the GCF of these pat ients but also in 
ext rac ts of th e ir g in g iv a l ti ss ue re moved durin g 
periodontal surgery (Go lu b el a/., 1990a); placebo caps 
co ntainin g in ac ti ve fill e r had no e ffec t on g in g ival 
coll agenase ac ti vity in a separate group of AP subj ects. 
Studi es by others <Bouwsma e / a/. , 1992a,b) confirmed 

these res ult s by demon s trating that a three-month 
regimen of LDD (in a double-blind , placebo-controlled 
study) s ig nificantly recluced GCF co ll age nase activity 
and , as an acljunct to supra- and subgingival calcul us 
re mova l, reduced the severity of periodonta l di sease 
assessed by traditional c lini ca l parameters, e.g., 
periodontal attachment loss. 

(2) The LDD regimen produced a dramatically lower blood 
Ievel of thi s TC than regul ar-close cloxycycline (ROD) 
caps (McNamara et al. , 1990) ; the peak serum DOXY 
concentration, 4 hrs after the last LDD or ROD cap was 
taken , was found to be 0.29 ::!:: 0.01 and 3 .2 ::!:: 0.2 
p .. g/mL, respectively, based on a bioassay. 

(3) Presumably because of the sub-antibiotic blood Ievels just 
desc ribed, LDD die! not appear to res ult in the si de-
e ffects of ROD (see below) , w hi ch inclucle gas tro -
intestinal disturbance ancl the emergence of TC-resistant 
micro-organisms (Korn man ancl Kar! , 1982; Eacly et a/., 
1990; Fiehn a nd Weste rgaarcl , 1990). In two ea rly 
clouble-blincl stuclies, one of two weeks' ancl the other of 
three months' durati on, AP patients were adm inisterecl 
LDD or placebo caps twice daily , ancl whe n se lectecl 
periopathoge ns ( Fusobaclerium nucleatum., Bacteroides 
s pp ., Actinomyces s pp .) w e re iso late d from their 
s ub g in g i va l plaqu e, th e y w e re found not to have 
cleveloped e ither TC or pan-antibiotic res istance or any 
other s ide-e ffects (Schroeder el al., 1990, 1992). These 
initial experiments have recently Iee! to double-blind , 
placebo-controlled clinical trial s which demonstrated that 
the daily use of LDD , over a one-yea r time period , 
showed e ffi cacy as a therape uti c adjunct w ithout any 
ev ide nce of microbiolog ica l o r other s icl e -effect s 
(Tho mas e/ al., 1995; Caton et ({/. , 1997). A one-year 
mul ti-center double-blind pl acebo-co ntro ll ed study , on 
ove r 430 AP pati ent s, was cli sc ussed in detail at thi s 
symposium by Ciancio and Ash ley (thi s vo lume). 

Two other recent studies o n humans with AP indi catecl 
that LDD therapy improves both the biochemical and clinical 
"markers" of periodontal breakdown (CJ·out et al., 1996; Lee 
et u/., 1997). In the First study, the effects of peri ocl onta l 
cli sease severity on the concentration and moleCLtlar form of 
a

1
-Pl (a "serpin" or serine-proteinase inhibitor) in the GCF of 

g ing ival crev ices/periodontal pockets, ancl the in vilro effect 
of doxycy c lin e on "se rpinolyti c" (or a

1
-P I-d eg radin g) 

activ it y in th e GCF, we re exa min e d . Th e o th e r s tudy 
acldressed the c hange in a 1-PI degradation ( mediated by 
co ll age nase? see be low) ancl the clinical re spon se of the 
periodonta l ti ssues res tdting from a s ix-month "cyc li ca l" 
reg imen of LDD. fn the first study (Lee e/ a/., 1997), GCF 
was co ll ected from 5 1 human subjects, with e ither healthy 
gingiva, gi ng iviti s, or adu lt peri odontiti s, on filter paper strips 
inserted into se lected cre vices ancl pockets . The strips were 
th en ex tractecl, and the a

1
-PI in the GCF was quantifiecl from 

a standa rd c urve constructed from dot-blot analys is, and 
charac te ri zecl by Wes tern blot , with a rabbit ant i-se n11n 
agai nst human a

1
-PI. Although the GCF a

1
-PI concentration 

was in crease d as the seve rity of pe riodontal di sease 
i ncreasecl , the proportion of the a 

1
- PI , in the GCF, that was 
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conven d f' deor e. rom the intact 52-kDa prote in into th_e 48-kDa 
. "' adat10n Fragment also mcreased. Two lmes ot ev1dence 
Jn thi s s t d . d' . MM u Y 111 Icated that mammalian coll age nase (l!ke ly 

P-8) 111 the GCF was responsib le for partially de<>radin<T anct · . . . . . o o 
"· llldCtJvatmg a 1-PI: (i) 8oth co ll age nase act ivity and 
tl~=rpmolytic" ~or a 1-PI-degrading) ac~ivity in the GCF from 

se patJents 111creased 111 a parallel fash10n w1th mcreasmg 
seventy of inflammation , and (ii) the "serpinolytic" activity 
~~ ~he GCF was characteri zed as a mammalian coll agenase 

sed on Its in vitro response (or Iack of response) to a pane l 
of diffe rent prote inase inhibitors ( e.g . , EDTA , I , I 0 -
phenanthroline, PMSF, eriochrome black T); in thi s regard, 
doxycycline was al so found to inhibit the a 1-P! -degrading 
activity of the GCF in vitro, and the concentration of thi s TC 
required to inhibit thi s serp ino lytic ac tivity was the same 
(lCso - 30 !-LM) as that required to inhibit leukocyte-type 
Co llag e nase (MMP-8), which is the domin a nt type of 
Coll agenase in the GCF of AP pati ents (Sorsa et a l., 1994; 
Golub et al., 1997). 

In the second, thi s time a longitudinal, study (CI·out et al .. 
1996), one group of AP human subjects was admini stered a 
"cyclical " regimen of LDD <Golub et ol., 1994b). i. e .. 2 
months on the drug, the next 2 months no drug. and the final 
2 month s back o n th e dru g . Th e co ntro l g roup was 
admini ste red pl acebo capsul es conlainin g inac tive fill e r 
accord ing to the same schedu le . Using th e collagenase and 
<X1-P !-degrad ing ("serpinolytic" ) assays for GCF alreacly 
describecl. plu s vario us clinica l meas ure ments includin g 
periodontal a ttachme nt Ieve ls (PAL) w ith th e compute r-
ass isted , constant-pressure Florida disc probe , C rout e t al. 
( 1996) found: (i) that the LDD-treated g roup showecl a 26-
39% reduction in pocket cle pth at the two-, four- , ancl s ix-
month time periods (p < 0 .0 I), whereas the control group 
showed no change; (ii) that the contro l group tendecl to lose 
attachment, whereas the LDD group gain ed atlachment , so 
that at the six-month time peri od the difference between the 
two groups was - 0 .7 mm (p < 0.05) ; (iii) that no significant 
clifferences were seen between the two g roups for c lini cal 
measures of severity of g ing iva l infl ammat io n and plaque 
formation at any time period; and (iv) th at the LDD group 
showed th e sa me 40-50 % redu ct io n in GCF co ll agenase 
activity and GCF ' 'serpin o lyt ic" (a 1-Pl-degracling) activity 
clu rin g the s ix- month protoco l, whe reas the contro l g roup 
showed no change. 

These studies strongly s uggested thal pro longed LDD 
therapy can proteer the perioclontal ti ss ues in the AP palienl 
fro m proteo lytic attack by both direct ancl ind irec t 
mech a ni s m s , wh ic h are s umm a ri ze d a s fo ll ows : Th e 
inhibition of MMPs (collage nase and ge latinase) by no n-
ant imi c ro bial TC formulation s <LDD , CMTs) not onl y 
clirectly protects collagen fibe rs from deg rad ati on but a lso 
protects a 1-Pl from inactivation by these proteinases as weil. 
Since a -PI is a major " host-defense protein"- it is the major 
e ndoge:10u s inhib.itor of se rin e prote in ases. parti c ularl y 
PMNL e lastase-thi s wou ld a lso e nabl e T Cs to indirect ly 
inhibit the degradati on of other ECM constituents-namely. 
the e lastase-susceptibl e e lastic fib e rs. p ro teog lyca ns and 
fibronect in , baseme11t me mbranes. e tc. Moreover. s ince 

elastase is also known partiall y to eieg rade and inac tivate 
another " host-defe nse prote in ", a , -macrog lo bulin (wh ic h 
inhi bits a ll MMPs and othe r prote il1 ases), thi s would allow 
TCs indirec tl y to inhibit sti ll ot her MMPs , such as 
stromelysin (MMP-3). whi ch may not be direc tly inhibited by 
these drugs. 

TUE EFFECT OF LDD THERAPY 
ON "MARKERS" OF BONE METABOLISM 

IN AP PATIENTS 

To conclude thi s paper. we now add ress the to pic of the effect 
of LDD th e ra py on '·markers" of bone me tabo li sm in A P 
pati e nt s, since bon e loss is th e signature eve nt in the 
pathogenesis of periodontal disease. In thi s regard, a recent 
aclvance in the cliagnos is of me taboli c bo ne diseases (e.g. , 
diffe rent types of osteoporosis, Paget's d isease) has been the 
deve lo pment of tec hniqu es to assess "markers" of bon e 
resorption in the serum and urine of patient s 1 see Greenwald 
( 1996) ancl G iannobil e ( 1997) for rev iews ! basecl o n th e 
detection of pyridino line-containing cross lin k fra gments of 
type 1 (and ot her types o f) co llage n. In collaboration w ith W. 
Giannobile at the 1-!arvard School of Dental Medicine. Golub 
et al. ( 1997) measured these bone-type collagen degraclat ion 
fra g m e nt s ( ICTP ) in th e GCF co ll ec te d from inflam e d 
pe ri odo nt a l pock e t s: th e antibodi es us e cl in this 
raclio immunoassay assay were clirected aga inst a 12-20-kDa C-
te lopepticle pyridinoline-containing fragment of type I collagen 
releasecl by proteolytic cli gestion of human bone matri x. This 
assay has been founcl to re fl ect e levated bone resorption during 
per iodo ntal disease (G iannobil e er al. , 1995) and durin g 
vari ous metabolic bone di seases (Ri ste li e t al., 1993) whe n 
measured in the GCF and serum. res pectively . 

In a recentl y published study (Go lub el o/., 1997) where 
thi s tec hnology was appli ed. 18 human subj ec ts with AP 
ap pea red to ex hibit an abnorma ll y e leva ted ratio of bone 
resorption (assessed by the ICTP '·marker' ') re lati ve to bone 
fo rm a ti on ( th e latt e r asse ssed b y RIA m ea sure me nl o f 
os teoc alcin in the GCF). 1-! oweve r. dur ing a two-month 
reg imen of LDD. the bone resorption " marke r" in the GCF 
(] CTP) was reducecl by 50-60%, w hil e no significant e ffect 
was seen on bone formati on (GCF osteoca lc in) , indicating 
th a t thi s th e rapy res to re d a favo ra bl e balanc e in bo ne 
remode ling in these AP pati ents. The co ntro l subj ec ts, who 
did not rece ive LDD during the two-month pro toco l, dicl not 
show any improvemenl in e ither GCF ICTP or osteocal c in. In 
the same stud y, co ll agenase activity . assessed fun ctionall y 
w ith I ' I-I - m e th y l! co lla ge n as th e substrate, was a lso 
significantl y reduced in the GCF of the LDD-treated pat ie nt s. 
At the one-monlh time peri ocl . both MMP-8 (which made up 
- 96% of the total col lagenase protein in the GCF of these 
AP pati ent s. basecl on Western blot anal ys is) and MMP- 13 
(also assessed by Wes te rn blot . and iclentil'i ed l'or the l'irst 
time in the GCF) were reduced equall y. by - SW!r•. 1-!owever. 
at th e two- month tim e pe riocl . th e MMP- 13, but not th e 
MMP-8. was reduced by an additional 40 '/(,, so that thi s 
" bone- type" co llage nase (a lso called co llage nase-3) now 

Exh. 1027



22 GOLU/J ET AL ADV DEN"/' RES NOVDIBER /998 

constituted only - 1-2% of the total collagenase in the GCF, 
rather than the 3-4% seen at the beginning of the study. Thus, 
pro longed treatment with LDD appeared pre feren tially to 
suppress "bone-type" (MMP-1 3) rather than "leukocyte-type" 
(MMP-8) collagenase in the periodontal pocket, which may 
exp la1n the sharp red uc tion in " b o ne- type" collagen 
breakdown fragments in the GCF of periodontal pockets, and 
the ev ide nce of reduced a lveo lar bone Ioss dia <> nosed by 
subtraction radi ography in AP patients on Jong-~erm (one-
year) LDD therapy (Caton et al., 1997). 

Recent preliminary data, now discussed, confirmed and 
extended these observations. GCF samples were collected on 
filter paper strips, then extracted as described by Golub et al. 
( 1997), from se lected periodontal pockets in four additional 
human subjects with AP who were treated with a four-month 
reg im e n o f LDD. Prior to thi s collection procedure , 
mo uth r in se sa mpl es [which collects full - mouth GCF; 
Ga~1gbar et a l. ( 1990) ] were obta in ed; the seve rity of 
penodontal d1 sease, assessed by clinical parameters (GI, Pli, 
PAL, GCF flow ), was cl e te rmin ed a ft e r th e GCF was 
collected on filter strips and at the same pocket sites. In brief, 
GCF ICTP Ievels were significantly (p < 0.02) reclucecl by 
6 1% at the two-month cluration of LDD therapy (consistent 
wJth the earlier study; see above), bu t the Ievel of this bone 
resorpt ion "marker" at the four-month time period appeared 
tobe reduced to a lesser extent ( p > 0.05) , poss ibly refl ecting 
reduced compliance of the patient with thi s claily treatment 
reg ime n at thi s Ionge r time period. Of interest, the pro-
inflammatory cytoki ne, IL-1 ß, which has been assoc iated 
with bone resorption in humans systemically and locally in 
GCF (Uematsu et al., 1996), was also reducecl by thi s LDD 
therapy. The Ieve ls of thi s cytokine (expressed as pg/1 0-
seco ncl co ll ec ti on ± SEM) a t th e two pre-treatment 
appointments (the seconcl appointment was I mo after a 30-
minute sca ling and prophylaxis for the remova l of de nta l 
plaque ancl ca lculu s) , then at 2 mos and 4 mos of LDD 
therapy, were 75 .9 ± II. I , 68.9 ± 14.0, 29.6 ± 8.3, ancl 37.8 
± 9.8, respectively. Thus, at two and four months' duration 
of LDD therapy, the Ieve ls of GCF IL-1 ß were recl ucecl by 
61 % and 50%, res pec tive ly, whereas dental scaling ancl 
prophylaxis, in thi s study, were ineffect ive. 

The data from thi s pre liminary stucly on the mouthrinse 
samples, which represent poo led GCF fo r the entire mouth , 
proviclecl additional interesting insights into the mechanisms 
of TC inhibition of MMP activity. As shown in the zy mo-
g ra ms in Fig. 2, mos t of the ge latinase ac ti v ity in the 
mouthrinse samples of the AP patients was characterizecl as 
MMP-9, i.e., 92 kDa, which is consistent with the observa-
ti ons in GCF clescribed prev iously (Golub et al. , 1995). Not 
su rpri s in g ly, the whole-mouth GCF ge latinase ac ti v ity, 
assessed functionally w ith J3H-methyl! ge i<Jtin used as the 
substrate, was reduced at both the two- and four-month time 
periods of LDD therapy by abo ut 50% (p < 0.05). However, 
base~ on an examination of the different moleCLJi ar spec ies of 
ge latmase assessed by zymog raphy, although the 92-kDa pro-
MMP-9 bands :vere seen to decrease slightly in intens ity at 
th e two- a ncl f·our- mo nth LDD treatment time pe ri ods, 
acld JtJon a l sma ll-m o lecular-weight band s, - 30-35 kDa , 

appeared at these tim es. Western bl o t analy s is with 
monoclonal antihoclies to MMP-9 confirmed this Ioss of 92-
kDa gelat inase and the appearance of small-molecular-weight 
MMP-9 fragments ( < 50 kDa) during thi s prolonged LDD 
th erap y (data not shown). lntere s tin g ly , thi s 
"autodegradation" of Pro-MMP-9 was not seen fo r Pro-
MMP-8. These in vivo data on humans support the hypothesis 
proposed by Brandt and his colleagues based on in vitro 
st udies (Brandt, 1995 ; Smith et al., 1996) and are 
summari zed as follows: Doxycycline (or other TC analogs) 
reacts with pro-MMP-9, poss ibly binding to Ca++ in the 
structure of this e nzyme pro tein, which is nee ded fo r 
conformational stability. Then, during extrace llular activation 
of thi s zymogen, possibly mediated by bacterial proteinases 
in the saliva or GCF (Sorsa et al., 1992) , thi s partially 
denatured Pro-MMP is excessively degraded to s mall-
molec ul ar-we ight enzy mat ica lly inact ive (or less active) 
fragments , contributing to the suppressed MMP activity in 
the periodontal pockets of these patients. 

CONCLUSIONS 

Since the first demonstration in germ-free rats that these 
dru gs ca n inhibit MMPs a nd other ti ss ue- d es tructiv e 
pathways, dramatic progress has been made toward real izing 
the enormous therapeutic potential o f the non-antimicobial, 
ma tri x-s parin g prope rti es of TCs and their chemically 
modified ana logs. The mechani s ms ide ntifi ed to date are 
pl e iotropic and co mpl ex, involving th e previou s ly 
unrecogni zed ability of these antibiotics to modulate intra-
and ex trac e llular anabolic and catabolic processes in 
connective tissues . Sites on the TC moleetde, responsible for 
some of these benefici al metabo li c effects, are now known, 
and , based on thi s new knowledge , new TC analogs and 
formul ati ons, devoid of antimicrobial activity (thus avoicling 
antibiotic s ide-effects), are being developecl . Human clinical 
trial s have already demonstrated their safety and efficacy for 
periodontal di sease; studies on patients with various types of 
cancer have just begun . The expec tat ion is that additi onal 
tri a ls in vol v i ng cluon ic degenerat ive diseases s uch as 
osteoporosis, arthriti s, and respiratory and cardiovascular 
diseases will soon follow. 
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