How the Tadpole Lost its Tail; Travels of a Dental Scientist; New Therapeutic Uses for an Old Family of Drugs; and Other (seemingly unrelated) Topics Impacting the Future Treatment of Periodontal (and other) Diseases.  Lorne M. Golub, DMD, MSc, MD (honorary) and Vinayak M. Joshi, BDS, MDS, School of Dental Medicine, SUNY at Stony Brook, NY, USA  
How the Tadpole Lost its Tail:  Our story begins back in the 1950’s when Dr. Jerome Gross, a Professor of Rheumatology and Medicine at Harvard, set out to, and eventually did, discover the biologic mechanisms by which tadpoles lose their tails during metamorphosis into frogs.  Of course, we now know that this seemingly eccentric strategy resulted in the historic discovery of the lst enzyme, produced by animal or human tissue, showing an ability to degrade the triple helical collagen molecule under physiologic conditions of pH and temperature [Note that years of earlier studies by other scientists had only produced the frustrating knowledge that numerous then-known neutral proteinases such as trypsin, elastase and kallikrein could not degrade the collagen molecule in its physiologic conformation.  The question then arose: how could one explain the massive collagen breakdown that occurs during a variety of diseases such as periodontitis, arthritis, osteoporosis, dermatologic, cardiovascular and pulmonary diseases, cancer- - not to mention collagen breakdown that occurs during normal connective tissue turnover including bone remodeling?].  The enzyme that Dr. Gross discovered, collagenase, was the lst of 28 (or more) such neutral proteinases in a new class of enzymes now called the matrix metalloproteinases or MMPs (Gross & LaPiere, 1962).  In fact, we now know that there are at least 3 types of collagenases including MMP-1, MMP-8 & MMP-13, as well as two gelatinases (MMP-2 & MMP-9), several types of stromelysins, membrane- bound MMPs (e.g., MMP-14), etc.  The members of this family of proteinases collaborate with each to breakdown the various constituents of uncalcified (e.g., dermis, periodontal ligament, tendons) and calcified (e.g., bone)  connective tissues including the genetically distinct types of collagens (e.g., types I, II, III & IV), fibronectin, elastic fibers, proteoglycan ground substance, and even basement membranes.  All of these MMPs are characterized by: requiring the metal ions, calcium & zinc, to maintain their normal conformation and proteolytic activity; initially being produced as inactive precursors which have to be activated by limited proteolytic modification or, less commonly, oxidatively; and having to escape from endogenous inhibitor proteins (TIMPs—tissue inhibitor of metalloproteinases) to be effective in degrading connective tissues. 
Travels of a Dental Scientist From North to South (and back again several times):  A few years after Dr. Gross published his discovery in 1962, L. Golub (a then-recent graduate of a Canadian dental school in Winnipeg - - a city north of North Dakota), began the 3-year Post-doctoral fellowship program at the Harvard School of Dental Medicine (HSDM) in Boston, across the lawn from the Harvard medical school (HMS) where Dr. Gross was a Professor.   Just prior to arriving at the HSDM, Golub had completed his M.Sc. degree in oral biology, as well as his dental degree, with a focus on research on parathyroid hormone and bone resorption.  He felt that the HSDM Periodontics program was “his cup of tea” because, although it provided clinical training as a specialist, it also had a heavy research component.  In fact, the head of Periodontics at HSDM, Dr. Paul Goldhaber, was internationally recognized for his research on bone resorption and collagenolytic mechanisms using the then-new organ culture model.  Moreover, Goldhaber worked closely with Dr. Melvin Glimcher, Professor of Orthopedic Surgery at HMS and Massachusetts General Hospital, who was also widely recognized for his research on the structure, function and metabolism of collagen in bone and its calcification.  At the end of his 3-year program, Golub defended his thesis (like the other post-docs in the program) describing his research (mentored by Drs. Goldhaber and Glimcher) and his primary examiner was, you guessed it, the “father of collagenase,” Dr. Jerome Gross himself.  However, just before he completed his program and returned to Winnipeg (Univ. of Manitoba) to take up his first academic position, he became aware of the landmark discovery by Dr. Harold Fullmer, an oral pathologist at the Nat. Inst. of Dental Research /NIH.  Fullmer was the lst to describe the role of animal collagenase in any human disease, of course the disease was periodontitis (Fullmer & Gibson, 1966).  This discovery led to the current understanding of the role of the Host-Response as the essential mediator of collagen, connective tissue, and bone destruction during periodontitis (and numerous other diseases), and that the role of the subgingival microflora (biofilm) is to induce an inflammatory response in the gingiva resulting in the up-regulation of a variety of host-derived mediator molecules  (prostanoids, cytokines and nitric oxide) and effector molecules including collagenase and other MMPs, elastase, and other neutral proteinases.

Returning to Canada, and with new funding from the Medical Research Council of Canada (which, earlier, had supported his post-graduate studies in Boston), Golub continued his studies on collagen, collagenase and bone.  During this time (1968-1973), he also became interested in the diagnostic potential of the gingival crevicular fluid (GCF) and, in collaboration with his chairman at Manitoba, Dr. Israel Kleinberg, they invented the Periotron®, an electronic instrument which rapidly quantifies GCF flow, in nanoliters per minute, at the chairside and which is still in use today.  In addition, Golub was among the lst to discover collagenase activity in the GCF of human periodontal pockets and immediately recognized its diagnostic potential to differentiate actively-destructive from inactive pockets (Golub et al., 1976).  He characterized this activity as mammalian, not of  bacterial origin, related its activity to the severity of periodontal disease, and found that it was reduced by periodontal therapy.  Subsequent development of commercially-available diagnostic “kits”, by others, to measure GCF collagenase were based on this discovery.  Also during this time, Golub began to investigate whether alterations in collagen structure and metabolism might provide mechanisms by which diabetes mellitus increases the severity of periodontitis.  He invited N. Ramamurthy, PhD, who was doing a post-doc at Univ. of Manitoba to join his new research team (“Rama” was beginning to develop expertise in small animal models) and they soon published a series of studies showing that inducing diabetes not only altered collagen structure (e.g., underhydroxylation of the collagen (-components), organization (e.g., excessive intermolecular covalent crosslinking), and rate of synthesis (e.g., depressed activity of prolyl and lysyl hydroxylases), but also increased the production and activity of collagenase and other MMPs in gingival tissues.  It was now 1972 and time for (the restless) Golub to move again, this time to a brand new dental school, largely founded by his former HSDM colleagues now on Long Island, ie., the State Univ. of New York at Stony Brook.
New Therapeutic Uses for an Old Family of Drugs:  This story has been published several times so the authors will try to be brief; details can be found in several reviews (Golub et al. 1991, 1996, 1998; Goldhaber 1998; Greenwald 1999).  

When Golub moved to Stony Brook in 1973, he immediately applied for and, over the next 32 years, was repeatedly funded by the NIDR (now called the NIDCR) of NIH - - as of today, his lab continues to be funded by the NIDCR.  He again invited Dr. Ramamurthy (then, still in Winnipeg) to join his new team and also invited a new faculty member at Stony Brook, Dr. Thomas F. McNamara (TFM), to also join because TFM provided expertise in microbiology, germ-free rat models (see below), and interactions with pharmaceutical companies.  In his lst of a series of NIH grants, Golub proposed to identify which of their two hypotheses could explain the increased collagenase in gingiva of diabetic rats as a mechanism of unusually aggressive periodontal breakdown associated with this systemic condition.  In hypothesis #1, they proposed that diabetes lst causes a shift in the subgingival microflora to one which is predominantly gram-negative; that this “shift” would result in elevated endotoxin levels in the gingival crevice (endotoxin being a constituent of the cell wall of these bacteria); that the increased endotoxin would readily penetrate the diabetes- damaged epithelium and basement membrane lining the gingival crevice and would then stimulate the host cells, e.g., fibroblasts and macrophages, to produce excessive collagenase and MMPs thus accelerating periodontal breakdown.  

In their competing hypotheses #2, Golub et al proposed that diabetes increases collagenase production in the gingiva independent of any microbial effect.  Their “favorite” pathway at the time was that diabetes increased blood and tissue fluid glucose levels; the elevated glucose would then react non-enzymatically with various body proteins such as hemoglobin, serum albumin, collagen, etc… to produce glycated proteins.  These glycated proteins, after maturation into advanced glycation end-products (AGEs), would then react with receptors for AGEs called RAGEs on the surface of cells such as fibroblasts and macrophages.  This AGE-RAGE interaction would stimulate the production of inflammatory cytokines and MMPs which could accelerate collagen breakdown and periodontal destruction.  To identify which of these two hypotheses was correct, the Stony Brook investigators decided to suppress the gram-negative oral microflora, relevant to hypothesis #1, by treating the diabetic rats with a tetracycline antibiotic (they chose minocycline because Golub’s colleague, Dr. Sebastian Ciancio at SUNY Buffalo, had been using this form of tetracycline successfully on his periodontal patients).   They soon found that inducing diabetes (DM) in the rat dramatically increased collagenase production by gingiva explanted onto radioactively-labeled collagen gels in organ culture (one of the techniques that Golub had learned in the Goldhaber lab at HSDM), and that orally administering TC to these DM rats reduced the pathologically – excessive collagenase activity to near-normal levels seen in non-DM rat gingiva.  Although the initial interpretation of these data was that they supported DM-induced overgrowth of gram-negative bacteria in the gingival crevice (observed earlier by us) as the cause of the excess gingival collagenase, Golub and his colleagues decided to repeat the exact same experiment in germ-free (GF) rats [Golub and McNamara had, earlier, received a grant from the Kroc Foundation for Medical Research to set-up and test the GF rat system to explore mechanisms of altered collagen metabolism independent of a bacterial influence].  Of extreme importance, the effect of TC (minocycline) administration to the GF rats, rendered diabetic, was the SAME as that in the conventional diabetic rats which exhibited a complex oral microflora; that is, diabetes increased collagenase in the gingiva in both types of diabetic rats demonstrating that hypothesis #2, and NOT microbial factors, was  the cause of enhanced collagenase production during diabetes.  Even more important, as just described, TC once again reduced pathologically-excessive collagenase in the gingiva, this time in the GF rats, and in the absence of bacteria.  After celebrating this unexpected observation, and then running additional experiments including the demonstration that TCs could inhibit collagenase in other tissues such as skin in vivo and that TCs (but not other antibiotics) could inhibit collagenase and other host-derived MMPs in vitro,  the investigators concluded: (1) That TCs, but not other antibiotics, can inhibit collagenases and other MMPs, and by a mechanism(s) independent of the antibiotic activity of these drugs, and (2) That this newly discovered property of TCs could provide a new therapeutic approach to the treatment of diseases, such as periodontitis, but also including a wide variety of medical diseases involving pathologically-excessive collagen breakdown.  As one example, early in this series of experiments, Golub teamed up with Dr. Robert Greenwald, Chief of Rheumatology at an affiliated medical center on Long Island (LIJ Hospital), and found that patients with rheumatoid arthritis requiring surgical intervention, who were administered a tetracycline, showed a 67% reduction in collagenase activity in extracts of their diseased synovial tissue (Greenwald et al. 1987). 

Our group, and others, then carried out, over the next several decades (1981 – present time), a series of experiments that indentified the multiple mechanisms by which TCs inhibit MMPs and reduce connective tissue (including bone) breakdown.  These mechanisms included the ability of TCs: (i) to block the activity of activated forms of  collagenase, a mechanism associated with the Ca++ and Zn++ binding properties of these drugs, (ii) to block the conversion of the inactive precursor forms of MMPs (ie., procollagenase and progelatinase) into the activated forms of these tissue-destructive enzymes; this mechanism is NOT associated with the metal-ion binding properties of TCs, and (iii) to inhibit the synthesis of these MMPs, likely a result of the TCs also down-regulating the production of inflammatory mediators such as phospholipase A2 (and prostaglandins), cytokines (e.g., IL-1, TNF( & IL-6) and nitric oxide (Golub et al., 1998).  In this regard, the TCs were found to directly inhibit the activity of MMPs (collagenase, gelatinase, macrophage elastase) in vitro (but not serine proteinases, such as neutrophil elastase and plasminogen activator) from a wide variety of human and animal sources including acute and chronic inflammatory cells, from bone cells and cartilage cells, MMPs extracted from the inflamed gingiva of humans and rats with periodontitis, or extracted from the inflamed joint tissues of human and rats with arthritis, or extracted from the diseased skin of rats with dermatologic disorders.


Of extreme importance to the development of new drugs, Golub et al (1987, 1991), by removing various side-chains on the TC molecule, identified the site on the drug responsible for its MMP-inhibitor property, namely a metal ion-binding site comprised of the carbonyl oxygen at carbon-11 and the hydroxyl group at carbon-12.  In addition, by removing the dimethyl amino group at carbon-4 (this side-chain is responsible for the antibacterial or antibiotic activity of TCs), plus additional modifications of the drug, the investigators generated a series of 10 different chemically-modified TCs which were stripped free of their antibiotic activity but which retained (even enhanced) their MMP inhibitory properties.  These 10 compounds, now called CMTs 1-10 (or COLs 1-10) have demonstrated efficacy as MMP inhibitor (MMPI) drugs in vitro, cell culture, and in vivo in various animal models of disease including (but not limited to) periodontitis, arthritis, osteoporosis, cardiovascular and pulmonary disease, and cancer.  One of these compounds, CMT-3 (or COL-3) is among the most potent MMPI (and most lipophilic) drugs of these TC compounds and has been tested by the National Cancer Institute (NIH) in humans with refractory types of cancer.  During these studies, CMT-3 was found to exhibit excellent pharmacokinetics in patients with a serum half-life of 40 hours, compared to a half-life of 18h and 4-6 h for doxycycline and TC, respectively.  This implies that compliance and, therefore, clinical efficacy should be superior because CMT-3 only has to be taken orally 1/day, rather than 2/day for doxycycline and 4/day for TC.  In the clinical trials sponsored by the NCI, CMT-3 was found  to be anti-angiogenic in patients with HIV-associated Kaposi’s sarcoma.  Other in vitro and in vivo studies on animal models have shown that this same compound, CMT-3, can: (1) prevent death in a 40% fatal disease called acute respiratory disease syndrome (ARDS) by, in part, reducing cytokines and tissue-destructive proteinases (MMPs and elastase) released by degranulating PMN leukocytes infiltrating the lung alveoli (Steinberg et al., 2005), and (2) counteract lethal toxin, a metalloproteinase produced by anthrax bacillus, thus possibly functioning as a drug to combat bioterrorism (Kocer  et al., 2005).  More recently, much lower oral doses of CMT-3 have been shown to reduce inflammatory lesions in patients with a dermatologic disease of adults called rosacea.  Additional clinical studies are currently underway testing low-dose CMT-3 in patients with other inflammatory disease such as (but not limited to) periodontitis.

Host Modulation Therapy (HMT) for Periodontal Disease:  In 1992, Golub et al described a new therapeutic approach, which they called HMT, to the management of the periodontal patient.  This concept involves the use of pharmaceutical agents to modulate the patients host response to bacterial irritants, in combination with the traditional antimicrobial approach; the latter, of course, includes the use of scaling and root planing and surgery, when necessary, to reduce the bacterial “load” in the periodontal pocket, as well as topical antibiotics and antiseptics.  The new concept was largely based on his earlier work on the non-antibiotic properties of TCs as MMP-inhibitor and cytokine-inhibitor drugs, plus research by other groups using non-steroidal anti-inflammatory drugs (NSAIDS) and bisphosphonates (e.g., alendronate) to modulate the periodontal patient’s host response (see Golub et al., 1992; Jeffcoat et al., 1995; Tenenbaum et al., 2002, for reviews).  Of course, TCs had long been known to be beneficial in the management of the periodontal patient, but this therapeutic efficacy had traditionally been attributed to the drugs’ antibiotic/antibacterial activity particularly against the anaerobic gram-negative bacteria which induce periodontal inflammation.  However, as described earlier, we now know that TCs produce therapeutic benefits independent of their antibiotic activity and these effects include an ability to inhibit MMP-mediated connective tissue breakdown, including the inhibition of osteoclasts and bone resorption (note that bone matrix is 90% type I collagen) plus the ability of TCs to up-regulate osteoblast activity and bone formation (Golub et al., 1998).


As a result, about 20 years ago, the Stony Brook team created specially-formulated low-dose doxycycline (LDD) capsules, each containing 20 mg of drug in contrast to the typical 100mg doxycycline per capsule found in traditional antibiotic formulations.  The purpose was to use LDD (now called sub-antimicrobial dose doxycycline or SDD, or Periostat®) to modulate the patients host response without generating antibiotic side-effects (see Golub et al., 1998; Ryan & Golub, 2000, for reviews).  Since then, a number of double blind placebo-controlled clinical studies, at various dental schools in the USA and other countries, have found that SDD administered to patients with chronic periodontitis when used adjunctively to mechanical debridement (scaling and root planing; SRP) is significantly more effective in reducing attachment loss and disease activity than SRP alone.  In addition, Golub et al (2001) reported that SDD: (i) significantly reduces host-derived tissue-destructive MMPs (collagenases and gelatinases) in the gingiva and GCF; (ii) does NOT produce blood levels of doxycycline high enough to be effective antibiotically or antimicrobially; ie., the peak blood level for Periostat or SDD is about 0.5-0.7 µg/ml, compared to 1-4µg/ml in patients on antimicrobial dose doxycycline (100 mg/pill); (iii) does NOT produce typical side-effects of long-term antibiotic administration; ie., SDD does NOT result in the emergence of antibiotic-resistant bacteria in the subgingival plaque or in other parts of the body (e.g., the intestinal and skin microflora), does NOT increase the tendency to sunburn, and does NOT produce G.I. disturbance; and (iv) in a double-blind placebo controlled study on patients operationally defined as exhibiting actively-destructive pockets (ie., repeatedly exhibiting high collagenase activity in these pockets), those subjects administered SDD adjunctive to repeated scaling and prophylaxes DID show a significant reduction in pathologically-excessive collagenase activity and NO progression of periodontal breakdown over 9 months, whereas those patients on repeated mechanical debridgement plus placebo showed no significant reduction in periodontal pocket collagenase activity and continued to show  significant progressive loss of clinical attachment (Golub et al., 2001).  Since then, numerous clinical studies have shown that SDD adjunctive to SRP not only inhibits attachment loss but can even produce attachment gain in periodontitis patients, effects seen in smokers, non-smokers, institutionalized patients, etc. 

LDD is now the first-ever MMP-inhibitor drug approved by the U.S. Food & Drug Administration (or by any other countries regulatory agency) for any disease.  The disease happens to be chronic periodontitis, but LDD (Periostat®) is now showing evidence of efficacy in a number of medical diseases as well including the dermatologic diseases, acne and rosacea; including bullous (blistering) lesions in the oral cavity, benign mucous membrane pemphigoid; as well as in patients with rheumatoid arthritis when LDD is combined with the anti-arthritic drug, methotrexate; and, recently, in patients with acute coronary syndromes (Brown et al., 2004).  In this latter placebo-controlled double-blind study, a 6-month regimen of LDD, in these patients with a history of cardiac disease plus current unstable angina, significantly reduced the level of biomarkers of systemic inflammation, e.g., C-reactive protein, IL-6 and MMP-9, in their plasma whereas placebo capsules had no effect on any of these diagnostic measures of progressive heart disease.

As a result of this new data, the Stony Brook group has proposed a new strategy in the management of periodontal disease - - the “two-pronged” approach (Figure 1).  The recognition of the need for this new therapeutic strategy is based, in part, on research in periodontics indicating that periodontitis is not only the major cause of tooth loss in the adult population world-wide, but also that this chronic inflammatory oral disease can impact negatively on the systemic health of the patient (a topic now called “Periodontal Medicine”).  In brief, a number of studies (see Ryan et al., 2004, for a review) have shown that destructive periodontitis can be a significant risk for coronary artery disease, stroke, bacterial pneumonia, low birth weight babies, and less manageable diabetes.  The first “prong” in this more comprehensive therapeutic strategy (ie., the antimicrobial approach) involves the use of mechanical debridement, scaling and root planing, and surgery to reduce the bacterial “load” in the periodontal pocket, as well as topical antibiotics and antiseptics.  The second “prong” involves the use of HMT as an adjunct to the antimicrobial approach.  HMT can consist of the use of MMP-inhibitor drugs (the only government-approved MMPI drug currently available in the US, Canada and Europe is LDD or Periostat®) or, possibly in the future, also NSAIDs and bisphosphonates.  In the future, combinations of these HMT drugs might prove to be even more effective as suggested by the recent study by Lee et al. (2004).  They found that a combination of LDD plus a low-dose of the NSAID, flurbiprofen, synergistically reduced the activity of collagenase and gelatinase and also reduced elastase in the gingival tissues surgically excised for therapeutic purposes from periodontitis patients.  Yet another recent study showed that a combination of scaling and root planing, plus controlled release delivery of an antibiotic (high dose doxycycline) plus long-term HMT using LDD was dramatically more effective than mechanical debridement (SRP) plus placebo (Polson et al., 2005).

Summary and Conclusions:  For decades it has been recognized that collagen is the major structural protein of all of the periodontal tissues.  For example, type I and type III collagens make up about 60% of the connective tissue matrix of the gingiva and periodontal ligament, and type I collagen makes up about 90% of the organic matrix of the alveolar (& other) bone(s).  However, the essential role of collagen breakdown in the pathogenesis of periodontitis has not received the same emphasis as other relevant topics such as the role of the subgingival microflora, the immune response, etc…  This, in spite of the fact that the complex mechanisms which mediate the degradation of collagen and the other connective tissue constituents have been elucidated, in large part, since the breakthrough discovery of host-derived collagenase by Jerome Gross in the 1960’s.  In our essay, we briefly review some highlights in this history and extrapolate this topic from the laboratory bench-top to clinical application by describing new approaches to the management of the periodontal patient.  In this regard, we describe how this story led to a  “medical” approach as an adjunct to the long-time traditional mechanical/surgical approach to the treatment of periodontitis.  More specifically, this “medical” approach involves new biologically-based diagnostic tests, such as measuring mammalian collagenase activity, or measuring bone-collagen degradation fragments in the GCF to determine (i) the severity of disease at that pocket site, (ii) whether a particular pocket is “active” (and requires aggressive therapy at that point in time) or “inactive” (and requires less aggressive, maintenance therapy only), and (iii) the response of that pocket to the various stages in the treatment protocol.  In addition, and in part based on the biological tests just described, the “medical” approach involves the use of pharmaceuticals, such as MMP-inhibitor drugs, as adjuncts to the mechanical/surgical approach to optimally treat periodontitis.  And, finally, with the current recognition of the impact of local periodontal disease on the systemic health of the patient, the need to integrate the “medical” model into the management of the periodontal patient will become even more compelling in the future. 
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