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1  | INTRODUC TION

In this article we focus on a pharmacologic strategy for managing 
patients with chronic inflammatory periodontal disease. This strat‐
egy, termed “host‐modulation therapy”, was developed almost 3 
decades ago by Golub et al1,2. To date, the only host‐modulation 
therapy used clinically in the USA (approved by the US Food and 
Drug Administration) and beyond (Canada, Europe) is a nonantibiotic 
formulation of doxycycline, a member of the tetracycline antibiotics 
(discussed below). This seemingly counterintuitive approach arose 
from seminal discovery experiments more than 3 decades ago,3‐7 
which resulted in an initial series of review articles a few years later 
that proposed the clinical use of this nonantibiotic formulation as a 
novel, safe, and effective therapeutic strategy as an adjunct to scal‐
ing and root planing. 1,2,6,7 This strategy has also been tested in sur‐
gical regimens of periodontal therapy.9

As reviewed in several publications since, 10‐16 2 major categories 
of host‐modulation therapy have received the most attention. The 
first category modulates the host's inflammatory response either by 
inhibition18 or, as described more recently, by resolution.15‐17,19‐21 
The second category (the main focus of this chapter) modulates the 
host's pathologic collagenolytic response in the soft tissues (gingiva 
and periodontal ligament), as well as the alveolar bone. It should 
be stressed that collagens in periodontal tissues, comprised mostly 
of type I but also other collagens, such as type III, are the major 

structural proteins of all of these soft and calcified tissues. In fact, 
this ubiquitous fibrous protein comprises over 90% of the organic 
matrix of the calcified periodontal tissues, the bone, and the cemen‐
tum, and about 60% of the gingiva and periodontal ligament.1,2

Regarding the first category of host‐modulation therapies,2 
approaches have been intensively investigated. The earliest stud‐
ies involved nonsteroidal anti‐inflammatory drugs, but this strat‐
egy has been rejected. In brief, the nonsteroidal anti‐inflammatory 
drug that received the most attention in animal studies, and then in 
clinical trials, was flurbiprofen. Similar to other nonsteroidal anti‐in‐
flammatory drugs, flurbiprofen suppresses the host's inflammatory 
response, including its well‐known mediators (eg, prostanoids, cy‐
tokines), but also inhibits osteoclast activity and bone resorption.18 
However, because of significant adverse events in long‐term clinical 
trials testing nonsteroidal anti‐inflammatory drug efficacy in peri‐
odontal patients, including a rebound effect of accelerated alveolar 
bone loss after cessation of this drug,22 these compounds have not 
been approved for clinical use as a host modulator by governmental 
regulatory agencies in any country.

In contrast to nonsteroidal anti‐inflammatory drugs, there is 
great interest in a new category of host‐modulation therapies to reg‐
ulate inflammation. These novel compounds, the resolvins, do not 
suppress acute inflammation, which is essential to combat infection 
and to promote optimal wound healing, but they do prevent its pro‐
longation. These compounds include derivatives of omega‐3 fatty 
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acids, docosahexanoic acid, eicosapentanoic acid, as well as lipoxins 
derived from arachidonic acid.19‐21 These host‐modulation therapies 
are not discussed herein as they are detailed in another article in this 
volume.

The primary focus of this article is the second category of 
host‐modulation therapies (see above), which modulate the host's 
pathologic collagenolytic response during periodontitis and other 
diseases.1,2,23 One group of these drugs is based on novel nonan‐
tibiotic modifications of tetracyclines (notably doxycycline). The 
formulations include 2 Food and Drug Administration (and Canada 
and Europe)‐approved medications for the management of chronic 
inflammatory periodontal disease and chronic inflammatory skin 
disease, and both are administered systemically by the oral route. 
They include Periostat®, now generic, and Oracea®, the latter 
widely prescribed by dermatologists and some periodontists.2,13,24 
The only nonantimicrobial compositions of tetracyclines, i.e., 
chemically‐modified tetracycline‐3: CMT‐3 [6‐demethyl 6‐deoxy 
4‐de‐dimethylamino tetracycline], also known as COL‐3, that has 
been tested in preliminary clinical trials on patients, are those 
with periodontal disease 25 and in patients with cancer (Kaposi's 
sarcoma).26 However, none of the chemically modified tetracy‐
clines has been government approved for treating patients in any 
country.

The second group of novel anticollagenolytic compounds has 
not yet been approved for clinical use in humans, but has demon‐
strated safety and efficacy in various animal (mouse, rat, rabbit, 
dog) models of periodontal disease and relevant medical diseases, 
such as arthritis, diabetes, and cancer. These compounds are novel 
chemical modifications of curcumin, the key ingredient of the nat‐
ural spice, turmeric. In this review, we focus on the most promising 
of this category, chemically modified curcumin‐2.24, a triketonic 
phenylaminocarbonyl curcumin (similar in structure to natural 
diketonic curcumin but different from other diketonics, like the 
tetracyclines), and its mechanisms of action as a pleiotropic ma‐
trix metalloproteinase inhibitor for inflammatory/collagenolytic 
diseases.27‐32

To complete this chapter, other host‐modulation strategies will 
be briefly addressed, including the sirtuins and resveratrol.

2  | CURRENT CLINIC AL HOST‐
MODUL ATION AGENTS: DISCOVERY AND 
THER APEUTIC R ATIONALE

Since the initial discovery experiments of Golub et al,5,6 over 
40 years ago (see below), the earliest review articles detailing the 
previously unrecognized multiple mechanisms of action of tetracy‐
cline antibiotics, as host modulators, were those published by the 
same group.1,2 These research efforts focused on: (1) the ability of 
different formulations of subantimicrobial‐dose doxycycline and 
compositions (eg, the chemically modified tetracyclines) as non‐
antimicrobial tetracyclines, to inhibit the pathologic breakdown of 
collagen‐rich tissues, including the resorption of bone; and (2) to 

explain their mechanisms of action, which are outlined in Table 1 
and are discussed briefly below. More than 10 years later, the 
field had expanded so dramatically in both dentistry and medicine 
that 2 issues of Pharmacological Research33,34 were published fol‐
lowing a number of related scientific symposia (eg, the New York 
Academy of Science, The Gordon Research Conferences, etc.) 
dedicated to the multiple clinical uses of these tetracycline‐based 
host modulators (mostly doxycycline) for a number of “inflamma‐
tory/collagenolytic” diseases, including (but not limited to) peri‐
odontitis, arthritis, dermatologic diseases, cardiovascular and lung 
diseases, and cancer. In addition, the discovery of tetracyclines as 
host modulators for various medical as well as dental diseases was 
highlighted in 2 editorials published in JAMA.35,36

As background, and of relevance to the drug‐discovery exper‐
iments (for more detail, see Golub et al1,2), a series of studies was 
designed to elucidate abnormalities in collagen structure, synthesis, 
crosslinking/maturation, and degradation, as a complication of ex‐
perimental diabetes. These experiments led to the discovery that 
this hyperglycemic state upregulated the synthesis and secretion of 
the only host‐derived neutral proteinases, the collagenases (ie, ma‐
trix metalloproteinase‐1, ‐8, and ‐13), capable of degrading the tri‐
ple‐helical collagen molecule under physiologic conditions of pH and 
temperature.4,37 Consistent with this observation, diabetes was also 
found to result in accelerated aging of collagen in connective tissues 
(including gingiva, skin, bone matrix), characterized by a reduction 
in the ratio of newly synthesized uncrosslinked (soluble) collagen to 
older highly crosslinked (insoluble) collagen. The production of ex‐
cess collagenase provided a mechanism (in addition to decreased pro‐
collagen synthesis and excessive lysyl oxidase/crosslinking enzyme 
activity), the newly synthesized collagen is much more susceptible to 

TA B L E  1   Nonantibiotic tetracyclines as host modulators inhibit 
connective tissue breakdown: pleiotropic mechanisms of actiona

A. Extracellular mechanisms
• Direct inhibition of activated matrix metalloproteinases in con‐

nective tissues, dependent on Zn++ and Ca++ binding by nonanti‐
biotic tetracyclines

• Inhibition of promatrix metalloproteinase activation by reactive 
oxygen species scavenging, independent of cation binding by 
nonantibiotic tetracyclines

• Inactivation (by partial proteolysis) of promatrix metallopro‐
teinases, dependent on the binding of cations by nonantibiotic 
tetracyclines

• Indirect inhibition of serine proteinases (eg, elastase) by pre‐
venting the matrix metalloproteinase‐mediated breakdown of 
serum alpha1‐proteinase inhibitor (ie, alpha1‐PI, also known as 
alpha1‐antitrypsin)

B. Cellular mechanisms
• Decreased expression of inflammatory cytokines, nitric oxide, 

and phospholipase A2, thus suppressing promatrix metallopro‐
teinase expression

C. Proanabolic effects
• “Upregulated” collagen synthesis, osteoblast activity, and bone 

formation

aModified from Golub et al.2 



188  |     GOLUB and LEE

collagenolytic attack than the older “leather‐like” highly crosslinked 
collagen. Also consistent with the high level of diabetes‐induced 
pathologically‐excessive matrix metalloproteinase (collagenolytic) 
activity was the excessive urinary excretion of hydroxyproline (an 
amino acid unique to collagen molecules), compared with that in 
normal glycemic rats, and the accelerated breakdown of the colla‐
gen‐rich periodontal (and other) tissues often seen in patients with 
diabetes.4,37 As discussed below, these observations of accelerated 
breakdown of recently synthesized collagen, mediated by excessive 
matrix metalloproteinase activity in rats with diabetes, has been 
translated into clinical applications. In this regard, Frankwich et al38 
reported that the treatment of obese patients with type 2 diabe‐
tes, with the doxycycline‐based matrix metalloproteinase inhibitor 
detailed below, “resulted in decreased inflammation and improved 
insulin sensitivity.” The mechanism proposed was that pathologically 
elevated matrix metalloproteinase activity during diabetes, which is 
known to degrade the insulin receptor (thus impairing glucose me‐
tabolism), was significantly reduced by a 3‐month treatment with 
doxycycline, a proven matrix metalloproteinase inhibitor. Earlier, 
Lauhio et al 39 had shown that matrix metalloproteinase‐8 is effec‐
tive in degrading the membrane‐bound insulin receptor. 39

This background on diabetes‐induced collagen molecular pa‐
thology resulted in the discovery experiments on the unexpected 
ability of tetracyclines to inhibit host‐derived matrix metalloprotein‐
ase activity by mechanisms unrelated to their antibiotic activity. The 
rationale for these experiments, and the resulting development of 
nonantibacterial tetracycline formulations and compositions, is re‐
viewed below (for additional details, see references1,2,13,24).

Moreover, the beneficial therapeutic results from a number of 
clinical trials in which the administration of the nonantimicrobial 
doxycycline‐based host‐modulation drug was tested as an adjunct to 
scaling and root planing have been reviewed over several decades, 
including the following reports: (1) the American Dental Association 
evidence‐based guidelines, which supported this adjunctive treat‐
ment as safe and effective, whereas other local (ie, sustained‐release 
antibiotics or antiseptics, as well as photodynamic and laser thera‐
pies) and systemic (azithromycin and ampicillin antibiotic) treatments 
were not recommended;40,41 and (2) several meta‐analyses, which 
also supported the efficacy of subantimicrobial‐dose doxycycline as 
an adjunct to nonsurgical periodontal therapy.14,42,43 Moreover, it 
should also be mentioned that in an extensive, multicenter, 6‐month 
clinical trial of 180 patients, scaling and root planing combined with 
systemically administered subantimicrobial‐dose doxycycline (host‐
modulation therapy) and a topically applied antimicrobial (Atridox®) 
resulted in a significantly greater clinical improvement compared 
with scaling and root planing alone.44

The discovery experiments, which ultimately resulted in the 
first (and still the only) government‐approved host‐modulation 
drug for periodontal disease, have been described in several addi‐
tional published studies,1,5,6,10 and the reader is referred to these 
and other articles for details. It should also be recognized that not 
only is nonantibiotic doxycycline (also known as subantimicro‐
bial‐dose doxycycline) the only host‐modulation therapy available 

by prescription for the management of periodontitis (Periostat®), 
a modified once‐a‐day sustained‐release version of nonantibi‐
otic doxycycline is also the only matrix metalloproteinase inhib‐
itor drug available by prescription to dermatologists (Oracea®), 
although it and Periostat® can be prescribed off‐label for other 
dental and medical clinical applications. Other experimental ma‐
trix metalloproteinase inhibitors, commonly based on zinc‐binding 
hydroxamic acid peptides, have been found to be potent inhibitors 
of matrix metalloproteinases, but have resulted in significant clini‐
cal adverse events, as it is now recognized that low levels of these 
neutral proteinases are required to maintain normal physiologic 
connective tissue turnover.12,23,45

Thus, with the early discovery of excessive matrix metallopro‐
teinase activity and abnormal collagen turnover in the gingival tis‐
sues of rats with diabetes (and, later, in humans with diabetes), 2 
competing hypotheses were proposed to explain the mechanisms of 
accelerated periodontal breakdown during this systemic disease and 
which resulted in drug discovery.2,5

Hypothesis 1: Diabetes and hyperglycemia alter the oral and 
crevicular environment (eg, oxygen levels, pH), thus promot‐
ing the overgrowth of anaerobic gram‐negative bacteria. This 
pathogenic microflora could then result in elevated levels of 
lipopolysaccharide (endotoxin) in the gingival crevice in individ‐
uals with diabetes, which would induce pathologically excessive 
host‐derived expression of collagenase, and consequent break‐
down of collagen, in the adjacent gingival tissues; or
Hypothesis 2: Diabetes increases gingival collagenase activity 
and pathologic collagen breakdown by mechanisms independent 
of any bacterial “shifts” and reflects, instead, a diabetes‐induced 
alteration in the host response.

To identify which of these 2 hypotheses was correct, the tetracy‐
cline antibiotic, minocycline, was administered to rats with diabe‐
tes to suppress the diabetes‐induced altered crevicular microflora 
(hypothesis 1), and was found to reduce substantially the excessive 
host‐derived collagenase activity (in the absence of any reduction 
of hyperglycemia). These observations initially appeared to support 
hypothesis 1. However, when the experiment was repeated using 
germ‐free rats, maintained in germ‐free environments, minocycline 
therapy again reduced the pathologically excessive gingival colla‐
genase activity in the rats with diabetes back to normal rat levels. 
These observations eliminated hypothesis 1 and supported hy‐
pothesis 2. Moreover, these data, plus additional in vivo and in vitro 
(mechanistic) studies, clearly demonstrated that tetracyclines (mino‐
cycline, doxycycline, other tetracyclines) had a previously unrecog‐
nized ability to inhibit mammalian (host) tissue‐derived collagenases 
(and later, other matrix metalloproteinases), and by mechanisms in‐
dependent of their antibiotic activity (outlined in Table 1).2,5 These 
findings immediately drove the development of nonantimicrobial 
formulations (of which doxycycline was found to be the most potent 
matrix metalloproteinase inhibitor) and compositions (the chemically 
modified tetracyclines, such as chemically modified tetracycline‐3; 
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discussed below) of tetracyclines that would not result in the side 
effect of antibiotic‐resistant bacteria and fungal overgrowth with 
long‐term administration, as prolonged treatment would be needed 
to modulate the host response.

2.1 | Therapeutic rationale

Golub et al2 then designed 2 strategies of drug development to 
suppress connective tissue breakdown, including bone loss during 
periodontitis, and other dental and medical diseases, using nonanti‐
bacterial tetracyclines. Both strategies have recently been reviewed 
by this group.13,24 In brief, the first strategy involved the custom for‐
mulation, then testing, of capsules containing standard levels of dox‐
ycycline (50 and 100 mg), which have antibiotic activity, as well as 
capsules containing lower levels of doxycycline (30, 20, and 10 mg), 
which are recognized to have non therapeutic antibiotic activity. In 
this program of design and testing, the 20 mg formulation in clinical 
studies was found to produce peak blood levels that were signifi‐
cantly lower than the >1.0 μg/mL needed for antibiotic activity. This 
low‐dose formulation yielded peak blood levels of 0.3‐0.6 μg/mL 
compared with peak blood levels for the antibiotic (100 mg) doxy‐
cycline dose of 2‐5 μg/mL. Unlike the antibiotic regimen, which is 
known to result in antibiotic‐resistant bacteria in a short period of 
time (eg, 2 weeks),46 the regimen of 20 mg twice a day (once every 
12 hours) showed no evidence, in long‐term clinical trials, of antibi‐
otic resistance in the oral microflora or in the microflora from the 
intestine, vagina, and skin.8,47 Similarly, the sustained‐release once‐
per‐day formulation (Oracea®) of nonantimicrobial‐dose doxycycline 

did not result in the emergence of antibiotic‐resistant bacterial 
strains13,24,49. More recently, a National Institutes of Health‐funded 
clinical trial on 128 postmenopausal women found that a 2‐year 
regimen of subantimicrobial‐dose doxycycline (20 mg twice a day) 
showed no difference compared with placebo capsules (vehicle 
only) in the emergence of an antibiotic‐resistant microflora47,50,51 
and no difference in adverse events between the control and sub‐
antimicrobial‐dose doxycycline groups over this prolonged period of 
time (Table 2). However, consistent with medical applications of sub‐
antimicrobial‐dose doxycycline, the women on the 2‐year regimen 
of the Food and Drug Administration‐approved dental medication 
did show a statistically significant reduction in dermatologic adverse 
events (Table 2) as well as statistically significant improvements 
in periodontal disease and systemic biologic parameters (Table 3). 
Beneficial long‐term results were also seen in clinical trials on pa‐
tients with rheumatoid arthritis,52 acne,49 and other medical condi‐
tions, as discussed later in this review.

3  | CURRENT CLINIC AL HOST‐
MODUL ATION AGENTS: THER APEUTIC 
EFFIC ACY AND SAFET Y

As reviewed by our group and others,1,2,11,13,14 the repeated dem‐
onstration of tetracycline's unexpected ability, by nonantibiotic 
mechanisms, to inhibit pathologic collagenolysis (including bone 
loss) during periodontal diseases and other diseases, drove the 
development of 2 novel, systemically administered, therapeutic 

Adverse events

Study drug group count (% of patients)

Placebo
Subantimicrobial‐dose 
doxycycline P value

Ache/pain 35 (55) 33 (52) .7

Arthritis/inflammation 5 (8) 7 (11) .5

Cancer 3 (5) 2 (3) >.9

Cardiac: blood pressure, cholesterol, 
myocardial infarction

5 (8) 4 (6) >.9

Cold/cough/respiratory 28 (44) 34 (53) .3

Dermatologic 11 (17) 1 (2) .002a

Gastrointestinal upset 14 (22) 15 (23) .8

Hearing/vision 5 (8) 0 (0) .06

Infection 22 (34) 14 (22) .1

Injury 5 (8) 5 (8) >.9

Minor surgery 7 (11) 6 (9) .8

Oral events and lesions 3 (5) 3 (5) >.9

Osteoporosis 0 (0) 3 (5) .2

Psychological/sleep/neurological 6 (9) 8 (12) .6

Other 3 (5) 7 (11) .2

aAdapted from Payne et al.66 
bSee Table 3 for the efficacy of a 2‐y regimen of Periostat® in postmenopausal women with peri‐
odontitis and (systemic) osteopenia. 

TA B L E  2   Adverse events in 
postmenopausal women (n = 126 subjects) 
given Periostat® or placebo twice a day 
for a 2‐y durationa,b
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regimens: (a) nonantibiotic formulations of doxycycline, Food and 
Drug Administration‐approved for the treatment of periodon‐
titis (Periostat®, now generic) and acne/rosacea (Oracea®) (both 
medications have also been approved in Canada as Periostat® and 
Apprilon® and in Europe as Periostat® and Efracea®) and (b) a se‐
ries of nonantibacterial compositions of tetracyclines. These novel 
compounds were created by structural modification (removal of 
the dimethylamino group at the carbon‐4 site of the A ring), which 
eliminated their antibacterial activity. However, they were also 

designed to retain and enhance the ability to inhibit matrix metal‐
loproteinase activity, in part by preserving the zinc‐ and calcium‐
binding beta‐diketone moiety at carbon‐11 and carbon‐12 of the 
tetracycline molecule. It should be noted that confirmation of this 
beta‐diketone as the active site for matrix metalloproteinase inhi‐
bition was achieved by structurally eliminating this cation‐bind‐
ing moiety. This was accomplished by converting the tetracycline 
molecule to its pyrazole analog, which lacks this metal ion‐binding 
site, and, which, as a result, did not inhibit matrix metalloprotein‐
ases. One of the most potent chemically modified tetracyclines 
as a matrix metalloproteinase inhibitor, chemically modified tetra‐
cycline‐3, has been tested in phase I and phase II clinical trials by 
the National Cancer Institute and Harvard Medical School, and in 
much lower doses in preliminary studies on patients with chronic 
periodontitis.25,26 The results of these studies are presented later 
in this review.

3.1 | Safety and efficacy of subantimicrobial‐dose 
doxycycline as an adjunct to nonsurgical and surgical 
periodontal therapy in humans

As described earlier, a number of studies over the past several dec‐
ades have demonstrated that scaling and root planing plus host‐
modulation therapy, with subantimicrobial‐dose doxycycline as the 
adjunct, produced improved clinical results compared with scaling 
and root planing plus a placebo, as assessed by traditional diagnos‐
tic measures, including probing depth, clinical attachment level, 
bleeding on probing, radiographic bone loss,2,11,44,53 and reduced bi‐
omarkers/mediators of inflammatory/collagenolytic disease, includ‐
ing cytokines and chemokines (interleukin‐1beta, tumor necrosis 
factor‐alpha, interleukin‐6, interleukin‐17, monocyte chemoattract‐
ant protein‐1),22,54 matrix metalloproteinases (notably matrix metal‐
loproteinase‐8 and matrix metalloproteinase‐9), pyridinoline bone 
type I collagen breakdown fragments, or type I collagen carboxy‐
terminal telopeptide (ICTP) and, by indirect mechanisms of action, 
also inhibited elastase (serpinolytic) activity. This therapeutic regi‐
men also reduced pathologically excessive levels of reactive oxygen 
species (eg, sodium hypochlorous acid) and nitric oxide in gingival 
crevicular fluid and in the adjacent gingival tissues.1,2,54,55 These 
and other observations are summarized in Tables 1 and 3. In addi‐
tion, Lee et al55 reported that a novel combination host‐modulation 
therapeutic regimen (subantimicrobial‐dose doxycycline plus low‐
dose flurbiprofen) enhanced the efficacy of subantimicrobial‐dose 
doxycycline in suppressing matrix metalloproteinases, in addition 
to reducing serpinolytic (alpha1‐antitrypsin‐degrading) activity, as a 
result of the ability of the nonsteroidal anti‐inflammatory drug to en‐
hance the delivery of the matrix metalloproteinase inhibitor drug to 
the inflamed tissues, including the diseased gingiva and the arthritic 
joint.55‐57

Of particular interest regarding the clinical efficacy of nonanti‐
microbial tetracyclines (especially doxycycline, a more potent matrix 
metalloproteinase inhibitor than tetracycline itself, or minocycline) 
as host modulators, is the issue of substantivity, which reflects the 

TA B L E  3   Efficacy of a 2‐yr regimen of subantimicrobial‐
dose doxycycline in postmenopausal women with periodontitis 
and (systemic) osteopenia: a double‐blind placebo‐controlled 
randomized clinical triala,b

A. Clinical results
• Overall intent‐to‐treat analysis: subantimicrobial‐dose doxycy‐

cline reduced periodontal disease progression, based on pocket 
depth measurements over time, by 19%‐43% (the latter among 
individuals not on concomitant medications)

• Subgroup analyses: (a) subantimicrobial‐dose doxycycline re‐
duced bleeding on probing by 30% in nonsmokers, (b) subanti‐
microbial‐dose doxycycline reduced bleeding on probing by 
34% in protocol‐adherent individuals, (c) subantimicrobial‐dose 
doxycycline reduced the odds of more progressive periodontal 
disease, based on probing depth changes with time, by 43%

B. Radiographic/subtraction radiography and computer‐assisted 
densitometric image analysis 

• Subantimicrobial‐dose doxycycline reduced progressive alveolar 
bone height loss by 36% (per‐protocol analysis), and by 29% in 
women> 5 yr postmenopause

• Subantimicrobial‐dose doxycycline reduced loss of alveolar bone 
density in sites with pocket depths ≥ 5 mm

C. Gingival crevicular fluid biomarkers
• Subantimicrobial‐dose doxycycline reduced gingival crevicular 

fluid collagenase activity by 22%, which reflected a 60% reduc‐
tion in matrix metalloproteinase‐8, the most dominant of three 
collagenases in gingival crevicular fluid

• Subantimicrobial‐dose doxycycline reduced gingival crevicular 
fluid ICTP by 19% (collagenase activity and type I collagen car‐
boxyterminal telopeptide were positively correlated at baseline, 
1‐, and 2‐yr time periods)

• Subantimicrobial‐dose doxycycline reduced gingival crevicular 
fluid interleukin‐1beta by 51% in women > 5 yr postmenopause

D. Systemic benefits
• Subantimicrobial‐dose doxycycline significantly (P = .003) 

reduced serum ICTP and marginally reduced carboxy‐terminal 
collagen crosslinks (CT X)(P = .06) bone resorption biomarkers, 
with no effect on bone formation (the doxycycline blood level, 
0.59 μg/mL, was consistent with the pharmacokinetics of sub‐
antimicrobial‐dose doxycycline therapy in humans)

• Subantimicrobial‐dose doxycycline reduced the serum inflamma‐
tory biomarkers, high sensitivity C‐reactive protein and matrix 
metalloproteinase‐9

• Among women more than 5 yr postmenopause, subantimicro‐
bial‐dose doxycycline increased the high‐density lipoprotein 
cholesterol level

aModified from Payne and Golub51 and Golub et al.54,64 
bAll results described in sections A, B, C, and D were statistically signifi‐
cant, P ≤ .05.ICTP, type I collagen carboxyterminal telopeptide. 
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ability of the medication to produce a therapeutic effect for some 
time after drug administration has stopped.

In early studies, Golub et al6 administered subantimicrobial‐dose 
doxycycline to patients with periodontitis for 2 weeks (control sub‐
jects received placebo capsules twice a day) and reported “that this 
regimen dramatically reduced the mammalian collagenase activity, 
not only in the gingival crevicular fluid, but also in the adjacent gin‐
gival tissues that were surgically excised for therapeutic purposes.” 
However, subsequent clinical trials indicated that although increas‐
ing the regimen of subantimicrobial‐dose doxycycline to 4 weeks 
also reduced periodontitis biomarkers, cessation of host‐modulation 
therapy resulted in a rapid rebound of collagenase activity back to 
placebo levels.10,13 As a result, the duration of host‐modulation ther‐
apy as an adjunct to scaling and root planing was increased in later 
clinical trials by various groups10,50,53,58,59 to regimens of 3, 6, and 
9 months, and 1 and 2 years. This strategy provided solid evidence 
not only of prolonged clinical efficacy and safety, but also of sub‐
stantivity, which is discussed below.

After early discovery studies demonstrated that short‐term 
regimens of subantimicrobial‐dose doxycycline inhibited inflam‐
matory/collagenolytic biomechanisms of periodontal disease in 
humans, and without the emergence of antibiotic‐resistant micro‐
organisms,2 longer‐term studies were then carried out.8 As an ex‐
ample of the impressive scope of some of these studies, Ciancio and 
Ashley61 described a multicenter, placebo‐controlled double‐blind 
randomized clinical trial of 531 patients with chronic periodontitis 
to assess long‐term efficacy of subantimicrobial‐dose doxycycline. 
In brief, clinical improvements were seen, over a 12‐month time pe‐
riod, in pocket depth, clinical attachment level, bleeding on prob‐
ing, alveolar bone height (assessed using subtraction radiography), 
and disease activity (defined as “incidences of rapid progression”).61 
Moreover, the 1‐year administration of subantimicrobial‐dose dox‐
ycycline produced a safety profile of adverse events that was the 
same as for the placebo (there was also no effect on diagnostic 
laboratory parameters, including liver and kidney function), and 
no microbial resistance was developed to tetracyclines or other 
antibiotics in the patients treated with subantimicrobial‐dose 
doxycycline.

Subsequent clinical studies addressed the substantivity of host‐
modulation therapy, namely the ability of subantimicrobial‐dose 
doxycycline to produce therapeutic benefits for months after the 
patient has stopped taking the medication, which are now discussed.

Although Caton and Ryan10 reported that a 1‐month treatment 
with subantimicrobial‐dose doxycycline was not sufficient to pro‐
duce a long‐term benefit, a 3‐month regimen did produce prolonged 
improvement during the subsequent no‐treatment phase of the 
study. Consistent with these findings, a 1‐year double‐blind pla‐
cebo‐controlled study of 190 participants with chronic periodontitis, 
which involved 5 dental centers, reported significant reductions in 
probing depth, gains in clinical attachment, and prevention of dis‐
ease progression, over a 9‐month time period of subantimicrobial‐
dose doxycycline therapy. These clinical benefits were maintained 
for at least 3 months after the treatment was stopped.

This substantivity of clinical improvement was also seen in stud‐
ies of patients with rapidly progressing severe periodontitis. In one 
such study, participants with severe disease were administered a 
6‐month regimen of subantimicrobial‐dose doxycycline adjunctive 
to repeated scaling and root planing treatments. The dramatic im‐
provement in clinical response, compared with repeated scaling and 
root planing plus placebo treatments, was maintained for at least 
3 months after the cessation of host‐modulation therapy.14,48,62 In 
another study, a 3‐month regimen of subantimicrobial‐dose doxy‐
cycline adjunctive to nonsurgical therapy administered to smokers 
with severe periodontitis also produced significant substantivity.53 
Moreover, a demonstration of prolonged substantivity was provided 
by Emingil et al.63 In this 1‐year placebo‐controlled double‐blind 
study, the patients with periodontitis were administered adjunc‐
tive subantimicrobial‐dose doxycycline for only the first 3 months. 
Of note, the improved clinical measures (gingival index, probing 
depth, clinical attachment gain) and biomarker responses (gingival 
crevicular fluid levels of interleukin‐6, tumor necrosis factor‐alpha, 
monocyte chemoattractant protein‐1), compared with placebo ad‐
ministration, were maintained for at least 9 months after the cessa‐
tion of medication.

A more recent 2‐year randomized double‐blind placebo‐con‐
trolled study of 128 postmenopausal women, a category of indi‐
viduals at risk for progressive periodontal disease and bone loss, 
provides further evidence for the safety and efficacy of prolonged 
subantimicrobial‐dose doxycycline therapy. These data are summa‐
rized in Tables 2 and 3.50,51,54,64‐66 As shown in Table 2, there was 
no evidence of adverse events in the postmenopausal women taking 
subantimicrobial‐dose doxycycline, adjunctive to nonsurgical ther‐
apy, for the 2‐year study period compared with placebo.66 However, 
1 category did show a significant effect, but it cannot be described as 
an adverse event; namely, the women who were administered sub‐
antimicrobial‐dose doxycycline showed a highly significant (P = .002) 
90% reduction in dermatologic adverse events. As discussed below, 
this observation supports the efficacy of subantimicrobial‐dose dox‐
ycycline in managing a variety of chronic inflammatory/collagenolytic 
diseases, such as (but not limited to) rheumatoid arthritis, cardio‐
vascular and pulmonary diseases, as well as dermatologic diseases, 
including acne and rosacea. Regarding periodontitis in the post‐
menopausal women in the above study, the 2‐year regimen of sub‐
antimicrobial‐dose doxycycline produced significant improvements 
(compared with placebo administration) in clinical measures (pocket 
depth, bleeding on probing, and periodontal disease progression), 
radiographic bone loss (observed using subtraction radiography and 
computer‐assisted densitometric image analysis), and gingival crevic‐
ular fluid biomarkers (cytokines, matrix metalloproteinases, and ICTP; 
Table 3). Also of interest, particularly in this group of individuals who 
exhibited mild systemic (skeletal) bone loss diagnosed as osteopenia, 
the postmenopausal women who were administered subantimicro‐
bial‐dose doxycycline showed a significant reduction in ICTP in their 
systemic circulation, indicating that this host‐modulation therapy for 
their periodontal disease might also be reducing their risk for devel‐
oping more severe systemic bone loss or osteoporosis.50,64
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Additional evidence of efficacy, safety, and substantivity of 
subantimicrobial‐dose doxycycline, as adjunctive therapy following 
periodontal surgery, was provided by the Forsyth/Michigan group.9 
In this 1‐year study, 24 patients with severe chronic periodontitis 
were administered subantimicrobial‐dose doxycycline (Periostat®) 
or placebo capsules twice a day for the first 6 months after access 
flap surgery. The response to this host‐modulation therapy was as‐
sessed by clinical measures, gingival crevicular fluid bone‐resorption 
biomarkers (ICTP), and microbial DNA analysis of multiple bacterial 
species. The most profound clinical outcome of subantimicrobial‐
dose doxycycline therapy compared with placebo was a significant 
reduction of pocket depth, a benefit that was still observed 6 months 
after discontinuing this host‐modulation therapy. The authors con‐
cluded that subantimicrobial‐dose doxycycline promoted more rapid 
wound healing “by preventing collagen disruption and indirectly 
encouraging collagen formation,” interpretations consistent with 
earlier observations listed in Table 1 on the ability of nonantibiotic 
tetracyclines to upregulate collagen synthesis, osteoblast activity, 
and bone formation.

In summary, numerous short‐ and long‐term clinical trials, over 
several decades of investigation, have demonstrated, without any 
contradictory evidence, that subantimicrobial‐dose doxycycline 
(Periostat®), now generic in the USA, and more recently Oracea®, are 
safe and effective adjuncts in the management of chronic periodon‐
titis and its more aggressive forms. Regarding these more aggressive 
forms of periodontitis147, subantimicrobial‐dose doxycycline has also 
demonstrated efficacy in reducing periodontal disease severity in 
highly susceptible categories of patients, including institutionalized 
geriatric individuals,67 smokers,14,53 patients with diabetes,68,69 and 
cardiovascular patients.70‐72 Later sections will address the ther‐
apeutic potential of chemically modified tetracyclines and of the 
dosage regimens of nonantibiotic tetracyclines in the management 
of several medical diseases, including the fields of ophthalmology, 
dermatology, cardiac and pulmonary disorders, diabetes, arthritis, 
and cancer.

4  | THE CHEMIC ALLY MODIFIED 
TETR ACYCLINES:  DE VELOPMENT AND 
PRELIMINARY CLINIC AL STUDIES

Soon after the development of nonantibiotic formulations or dosage 
regimens of doxycycline (20 mg twice a day) as safe and effective 
host‐modulator medications, a second strategy emerged involving 
the chemical modification of the tetracycline (or doxycycline or mi‐
nocycline) molecule to eliminate its antibacterial activity selectively, 
but to retain or even enhance its matrix metalloproteinase‐inhibitory 
(host‐modulating) properties. As first described by Golub et al,2,147 
this involved the removal of a side‐chain on the tetracycline mol‐
ecule, the dimethylamino group at carbon‐4 of the A ring, which is 
responsible for the drug's antibiotic activity, and the preservation 
of the zinc‐ and calcium‐binding site (the beta‐diketone moiety) at 
carbon‐11 and carbon‐12, which we identified as the site on the 

tetracycline molecule responsible for its matrix metalloproteinase‐
inhibitory activity. The elimination of this metal ion‐binding site, 
by chemically converting the tetracycline molecule to its pyrazole 
analog, eliminated the drug's matrix metalloproteinase‐inhibitory 
properties.2 As a result of these, and additional chemical modifica‐
tions, a series of nonantibacterial matrix metalloproteinase‐inhibi‐
tory tetracyclines was developed. One of these, chemically modified 
tetracycline‐3, was found, based on in vitro and animal studies, to be 
a potent matrix metalloproteinase inhibitor with significant thera‐
peutic potential.24 In vitro, chemically modified tetracycline‐3 was 
found to inhibit matrix metalloproteinase expression and activity in 
human colon and breast cancer cells, in addition to cytostatic ef‐
fects on human renal and prostate cancer. In vivo administration of 
this novel compound to rats with prostate cancer inhibited tumor 
growth and metastasis.2,73‐76 As a result of these and other stud‐
ies, the National Cancer Institute (National Institutes of Health) in 
collaboration with Dezube et al 26 (Beth Israel Deaconess Hospital, 
Harvard Medical School) tested chemically modified tetracycline‐3 
in phase I and phase II clinical trials. In phase I trials, the maximum 
tolerable dose was determined to be 150 mg/d. When administered 
orally, the compound was found to be rapidly absorbed, producing 
a peak blood level of 2‐5 μg/mL, with a prolonged serum half‐life 
of approximately 40 hours.75,77,78 In this study, chemically modified 
tetracycline‐3 (CMT‐3, or COL‐3) was administered once a day to 
patients with AIDS‐related Kaposi sarcoma, who exhibited a 44% re‐
sponse rate, reflecting a decrease of angiogenic lesions, which was 
associated with a suppression of matrix metalloproteinase‐2 levels 
in the circulation. In a larger phase II clinical trial, a group of patients 
with Kaposi sarcoma, who received a daily oral dose of 50 mg of 
chemically modified tetracycline‐3, showed a significant reduction 
of angiogenic lesions, whereas the individuals who were adminis‐
tered the higher dose (100 mg once a day) did not. One explanation 
is that the increased side effects of the higher dose resulted in de‐
creased patient compliance. Significant reductions in plasma levels 
of matrix metalloproteinase‐2 and matrix metalloproteinase‐9 were 
observed, and the most common adverse events were photosensi‐
tivity and rash, which could be quite severe.26,75

The same compound was found to reduce mortality in a pig and 
other animal models of an often‐fatal lung disorder, acute respira‐
tory distress syndrome, and showed evidence of efficacy in mod‐
els of septic shock.79‐82 The only human study testing chemically 
modified tetracycline‐3 on periodontal disease was a pilot trial, 
conducted by Ryan et al.25 A low dose of chemically modified tet‐
racycline‐3 (10 mg/d) was administered to patients with chronic 
periodontitis and showed modest evidence of efficacy in reducing 
interleukin‐1beta and matrix metalloproteinase‐8 in gingival crevic‐
ular fluid samples, with no evidence of the severe side effect of 
photosensitivity previously seen in the extensive studies of Kaposi 
sarcoma patients using higher doses of chemically modified tetracy‐
cline‐3. As described below, newer chemically modified polypheno‐
lic compounds derived from a common food supplement, curcumin, 
are being developed by the Stony Brook group. These compounds 
are potent inhibitors of matrix metalloproteinases and reduce the 
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levels of inflammatory mediators. They appear to be much safer 
than chemically modified tetracycline‐3, although clinical trials on 
humans have not yet been carried out.

5  | NONANTIBIOTIC TETR ACYCLINES: 
ADDITIONAL CLINIC AL APPLIC ATIONS IN 
MEDICINE

Because collagen is the major structural protein in connective tis‐
sues, including (but not limited to) skin, bone, tendon, ligaments, 
cornea of the eye, cartilage of the joints, etc., and because the only 
host‐derived neutral proteinases able to degrade the triple‐helical 
collagen molecule under physiologic conditions of pH (7.4‐7.6) and 
body temperature are the collagenolytic matrix metalloproteinases 
(essentially the three collagenases matrix metalloproteinase‐1, 
matrix metalloproteinase‐8, and matrix metalloproteinase‐13, and, 
to a lesser extent, matrix metalloproteinase‐2 and matrix metal‐
loproteinase‐14), it is not surprising that any new medication that 
can inhibit these matrix metalloproteinases would be expected to 
have widespread medical as well as dental applications. In this re‐
gard, two special issues of the journal, Pharmacological Research, 
had “Clinical Applications of Non‐antibacterial Tetracyclines” as 
their theme and most chapters focused on medical disorders in‐
cluding cardiovascular and pulmonary diseases, dermatology, oph‐
thalmology, rheumatology, and cancer, with extensive detail on 
each disease.33,34

5.1 | Ophthalmology

Soon after the discovery of tetracyclines as matrix metalloprotein‐
ase inhibitors, one of the first medical applications was for non‐
infected or sterile corneal ulcers.83 Perry reported that a patient 
with a sterile corneal ulcer, refractory to standard treatment, re‐
sponded dramatically within 48 hours after initiating tetracycline 
therapy, with no recurrence long term (see Figure 1). In a follow‐
up case series involving 18 patients with persistent sterile corneal 

defects, most patients had healed lesions within 48 hours after 
initiating oral tetracycline therapy and all lesions were resolved 
within 2 weeks.84 Given that various cell types in the cornea, in‐
cluding the epithelium, fibroblasts, macrophages, and neutrophils, 
produce a variety of matrix metalloproteinases (matrix metallopro‐
teinase‐1, ‐8, ‐2, ‐9), the response to tetracycline host‐modulatory 
therapy, although profound, was not surprising.85 Subsequently, 
both topical and systemic tetracycline therapies were effective in 
rabbit models of sterile corneal ulcers86 and all three tetracyclines, 
including minocycline and doxycycline, were effective inhibitors 
of corneal collagenases.87 Federici88 reviewed a number of studies 
using tetracyclines for sterile corneal ulcers, chemical burns of the 
eye, and blepharitis of the eyelid, and concluded that these (and 
other ophthalmic diseases, such as cataract, macular degenera‐
tion, and diabetic retinopathy) may benefit from the nonantibiotic 
properties of tetracyclines and other novel matrix metalloprotein‐
ase inhibitors.

5.2 | Dermatology

Early reports on tetracycline's efficacy in serious dermatologic le‐
sions, soon after their matrix metalloproteinase‐inhibitory properties 
were discovered,1,2 focused on the hope that this safe collagenase 
inhibitor would be useful in a rare, and often fatal, skin disease, dys‐
trophic epidermolysis bullosa. In this regard, White89 described two 
cases of dystrophic epidermolysis bullosa in which minocycline ther‐
apy substantially reduced dermal blisters and ulcers. The rationale 
for this therapy was the demonstration, in patients with epidermoly‐
sis bullosa, of excessive collagenase (matrix metalloproteinase‐1) 
and other matrix metalloproteinases (matrix metalloproteinase‐3), 
which could accelerate degradation of type VII collagen anchor‐
ing the dermis to the type IV collagen of the epidermal basement 
membrane.90,91 However, in a more recent review, Monk et al49 did 
not find sufficient evidence to support treatment of epidermolysis 
bullosa with tetracyclines. The same authors, however, did conclude 
that tetracyclines, by their nonantibiotic properties, were effica‐
cious in a more common skin blistering disorder, bullous pemphigoid. 

F I G U R E  1   The clinical response of a patient with a sterile corneal ulcer refractory to standard ophthalmological treatment. A, Note 
the “moon crater” painful ulcer associated with severe inflammation of the sclera. B, Significant healing of the sterile corneal ulcer and 
reduction of inflammation 48 hours after initiating doxycycline anticollagenase therapy. C, Complete healing after 1 month of doxycycline 
administration (reproduced with permission from Henry Perry, MD)
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The mechanism proposed involved tetracycline's inhibition of vari‐
ous matrix metalloproteinases (matrix metalloproteinase‐2, matrix 
metalloproteinase‐9, matrix metalloproteinase‐13), which mediate 
the degradation of a basement membrane constituent, type XVII 
collagen. Another dermatologic application was described by 
Humbert et al.90 They found that doxycycline treatment completely 
healed the sterile, deep, painful skin ulcers in patients with alpha1‐
antitrypsin‐deficiency panniculitis. This disorder affects a significant 
number of northern Europeans characterized by a genetic deficiency 
of this endogenous proteinase inhibitor, which can also be degraded 
by matrix metalloproteinases. Thus, doxycycline, by directly inhibit‐
ing matrix metalloproteinases (including their ability to degrade the 
serum protein, alpha1‐antitrypsin) enables even any remaining low 
levels of this endogenous serine proteinase inhibitor in these pa‐
tients to continue preventing the breakdown of dermal connective 
tissue constituents.

Finally, Cohn et al92 reported that patients with benign mucus 
membrane pemphigoid showed a reduction of oral mucosal blisters 
and ulcers after a 3‐month regimen of nonantibiotic doxycycline. 
In this oral disease, nonantibiotic doxycycline inhibited accelerated 
degradation of the hemidesmosomal protein, type XVII collagen, 
by matrix metalloproteinase‐9, thus preventing blister formation. 
Anecdotal observations indicated enhanced efficacy when this regi‐
men was combined with a nonsteroidal anti‐inflammatory drug, con‐
sistent with similar observations in rheumatology (discussed below).

However, the most immediate medical impact of nonantibiotic 
doxycycline has been on the common skin disorders, acne and ro‐
sacea. As described earlier in this chapter, a major clinical trial on 
postmenopausal women that focused on the long‐term response of 
periodontal and systemic (osteopenia) bone loss to nonantimicrobial 
doxycycline resulted in a 90% (P = .002) reduction in dermatologic 
adverse events (eg, acne, rash) compared with the incidence of ad‐
verse events in individuals given a placebo (Table 2).

As summarized by Monk et al,49 rosacea is characterized by 
erythema patches in the facial skin, as well as other inflamma‐
tory lesions, including pustules and papules, and swollen veins 
(telangiectasia) in the nose and cheeks. The repeated success of 
subantimicrobial‐ or nonantimicrobial‐dose doxycycline, either 
in a novel sustained‐release formulation of 40 mg once per day 
(ie., Oracea®) (note: 40 or 50 mg doxycycline, as standard formu‐
lations, do produce antibiotic blood levels and side effects) or as 
now‐generic, 20 mg twice a day (Periostat®), "provides the most 
abundant clinical evidence, to date, that tetracyclines are effective 
through their nonantimicrobial actions."49 The efficacy of suban‐
timicrobial‐dose doxycycline in these patients has been ascribed 
to multiple mechanisms of action, including decreased cytokine 
production, reduced inducible nitric oxide synthase activity, re‐
active oxygen species inhibition, antiangiogenesis, and collagen 
preservation as a result of both matrix metalloproteinase inhibi‐
tion and enhanced collagen production.49 The literature support‐
ing the safety and efficacy of subantimicrobial‐dose doxycycline 
in this dermatologic disorder is substantial. Among the most ex‐
tensive published clinical studies, Del Rosso et al93 carried out 

2 multicenter, 4‐month phase III clinical trials of 537 adults and 
found significant improvements in numbers of inflammatory skin 
lesions (papules, pustules, nodules) and decreased erythema. In a 
subsequent study, the same investigators94 found that although 
nonantibiotic doxycycline was as efficacious as higher (100 mg) 
antibiotic‐dose doxycycline, the lower dose produced significantly 
fewer adverse events. Subantimicrobial‐dose doxycycline was 
also found to be significantly more effective in treating rosacea, 
even when combined with topical metronidazole.95 As with ro‐
sacea, acne has also responded significantly to subantimicrobial‐
dose doxycycline in randomized clinical trials, with reductions in 
inflammatory skin lesions, including papules, pustules, and com‐
edones. Nonantibacterial mechanisms of action of doxycycline 
and other tetracyclines have been ascribed to the inhibition of 
interleukin‐8, lipoxygenase, matrix metalloproteinase‐1, and reac‐
tive oxygen species, as well as altered neutrophil chemotaxis and 
activation.49,96,97

5.3 | Rheumatology

As reviewed by Greenwald,57 early studies on the scientific basis 
for tetracycline treatment of arthritic disorders were focused on 
the drug's antibiotic properties and, later, on its anti‐inflammatory 
efficacy, the latter characterized by reduced leukocyte chemotac‐
tic and phagocytic activity. Then, in a seminal paper, Greenwald 
et al56 described data on a cohort of patients with arthritis who 
required bilateral total knee replacements. In each of 6 patients 
with rheumatoid arthritis, the synovial tissue from one knee was 
harvested, with the tissue from the other knee being harvested 2 
weeks later. Minocycline or placebo capsules were administered 
orally on a daily basis during the interval. When the tissues were 
extracted, partially purified, and analyzed in a blinded protocol, 
the inflamed synovial tissues of the patients treated with mino‐
cycline showed a 67% reduction in matrix metalloproteinase/col‐
lagenase activity compared with the tissues of patients given a 
placebo. Smith et al98 followed a similar protocol in patients with 
osteoarthritis, with similar results obtained using doxycycline.98 
Israel et al,99 in a dentally relevant case study, described clinical 
and radiologic evidence of improvement in osteoarthritis of the 
temporomandibular joint. Perhaps the most compelling evidence 
of tetracycline's host‐modulatory efficacy in arthritis was the 
long‐term clinical trial by O'Dell et al.52 Sixty‐six patients diag‐
nosed with rheumatoid arthritis, based on clinical, radiographic, 
and biomarker (rheumatoid factor‐positive) criteria, were admin‐
istered subantimicrobial‐dose doxycycline (20 mg), 100 mg of 
doxycycline, or placebo capsules over a 2‐year period. All patients 
received standard‐of‐care methotrexate, in addition to the test 
medications. Both groups that were given doxycycline exhibited 
a similar 2‐ to 3‐fold improvement in rheumatoid arthritis scores 
(eg, joint pain, number of swollen joints, grip strength, erythro‐
cyte sedimentation rate, etc.) compared with the control subjects, 
and the subantimicrobial‐dose doxycycline group experienced the 
same incidence of adverse events as the group that were given a 
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placebo. By contrast, the individuals given higher antibiotic‐dose 
doxycycline showed more adverse events over the 2‐year protocol.

Animal studies (rats, dogs) on experimentally induced rheuma‐
toid arthritis and osteoarthritis also provide further evidence of the 
efficacy of nonantibiotic tetracyclines as host modulators. In some 
of these studies, a chemically modified tetracycline (eg, chemically 
modified tetracycline‐1; 4‐dedimethylamino tetracycline) was tested 
and, when combined with a nonsteroidal anti‐inflammatory drug 
(such as indomethacin, flurbiprofen), a synergistic therapeutic re‐
sponse was observed.100,101 Subsequent studies demonstrated that 
the administration of doxycycline in human osteoarthritis produced 
these benefits in association with suppression of the matrix metallo‐
proteinases, collagenase and gelatinase.98

5.4 | Cardiovascular, pulmonary, and other 
medical disorders

The research and development of nonantibiotic tetracyclines as host 
modulators continues to expand into additional medical conditions. 
However, because these initial studies and biologic mechanisms 
have been reviewed extensively,13,33,34 and because the results of 
longer‐term randomized clinical trials that demonstrate the efficacy 
of host‐modulation therapies on diseases such as cardiovascular dis‐
ease, pulmonary disorders, etc., have yet to be reported, these top‐
ics will only be briefly discussed.

Regarding cardiovascular disease, animal studies have shown 
reductions in the severity of hypertension and aortic aneurysm ex‐
pansion, ascribed in part to inhibition of matrix metalloproteinase‐9 
and matrix metalloproteinase‐12 by chemically modified tetracy‐
cline and doxycycline, which preserves collagen and elastic fibers in 
blood vessel walls.72,102,103 Regarding atherosclerosis, the analysis of 
thousands of records by Meier et al104 identified a reduced risk for 
acute myocardial infarction in those patients who had been treated 
for infection with a tetracycline over a 5‐year period. By contrast, 
no effect was seen in those patients treated with a different antibi‐
otic (erythromycin, penicillin, cephalosporin). Initially, the antibiotic 
superiority of tetracyclines to suppress Chlamydia pneumoniae (pre‐
viously, but not currently, associated with cardiovascular disease) 
was speculated. However, Golub et al71 proposed that tetracycline's 
unique ability to inhibit matrix metalloproteinase‐mediated rupture 
of the collagen‐coated atheromatous plaque lining coronary arteries 
was the mechanism. A study showing evidence of the efficacy of 
subantimicrobial‐dose doxycycline in patients with acute coronary 
syndromes70 provides support for this hypothesis.

Several short‐term (1 and 6 months) double‐blind placebo‐con‐
trolled studies of patients with cardiovascular disease have shown 
promising responses on biomarkers of systemic inflammation and col‐
lagenolysis. Brown et al70 reported that patients with acute coronary 
syndrome who were administered Periostat® for 6 months showed 
significant reductions in high‐sensitivity C‐reactive protein, inter‐
leukin‐6, and matrix metalloproteinase‐9 in their plasma. In addition, 
elevations in cardioprotective high‐density lipoprotein cholesterol 
(and its core molecule, ApoA1 lipoprotein) were also seen in patients 

exhibiting both cardiovascular disease and periodontitis who were 
treated with scaling and root planing and adjunctive Periostat®.105,106

Similar beneficial cardiovascular disease biomarker responses 
in a long‐term (2‐year) Periostat® study were confirmed in a major 
National Institutes of Health‐supported randomized placebo‐con‐
trolled clinical trial of 128 postmenopausal women, a patient cohort 
at risk for cardiovascular disease.51,65 Schulz107 provided a novel 
mechanism for the observations described above, which involved 
the previously unrecognized ability of tetracyclines to inhibit matrix 
metalloproteinase degradation of intracellular contractile proteins 
(actin, myosin, troponin) in the cytoplasm of cardiac myocytes.

In pulmonary disease, the most dramatic life‐saving response 
to the host‐modulating properties of nonantibiotic doxycycline was 
that described by Moses et al108 in a patient with lymphangioleio‐
meiomatosis. Her case report in the New England Journal of Medicine 
was soon followed‐up with similar positive results in 30 patients in 
Brazil.109 In brief, this rare and fatal lung disease is characterized by 
the progressive loss of lung function mediated by uncontrolled inva‐
sion of lung tissue by neoplastic smooth muscle cells, which express 
excessive levels of matrix metalloproteinases, especially the collagen 
and elastic fiber‐degrading gelatinases/type IV collagenases, matrix 
metalloproteinase‐2 and matrix metalloproteinase‐9. Treatment was 
initiated with subantimicrobial‐dose doxycycline (20 mg once a day, 
then 20 mg twice a day), which began to reduce symptoms and bio‐
markers. The dose was then increased to 100 mg, with significant clin‐
ical improvement. The result was an improved quality of life and the 
cancellation of lung transplant surgery. Another pulmonary disease 
that has responded, at least in animal models, including a clinically ap‐
plicable porcine model, is acute respiratory distress syndrome.82 In 
this, and other studies, a potent matrix metalloproteinase‐inhibitor, 
nonantimicrobial chemically modified tetracycline‐3, reduced signs 
and symptoms, including fatal outcomes.81,82

5.5 | Diabetes and postmenopausal bone loss

The impact of nonantibiotic tetracycline host modulators (chemi‐
cally modified tetracyclines and subantimicrobial‐dose doxycycline) 
on two major medical conditions, namely diabetes and postmeno‐
pausal bone loss (oral and skeletal), has been summarized in several 
articles, including a recent review by our group.24

Historically, the concept of host‐modulation therapy originated 
from early experiments by our group targeting the impact of type 
1 diabetes on periodontal inflammation, collagen turnover, and 
bone loss.2,4‐6 The breakthrough occurred when tetracycline ther‐
apy was found to modulate the host response effectively even in 
germ‐free rats with diabetes. Subsequent studies by Ryan et al68 
found similar periodontal and systemic biologic changes in rats 
with type 2 diabetes treated with host‐modulating tetracyclines. 
One long‐held controversy in this field involved the reported effi‐
cacy of nonsurgical periodontal therapy (scaling and root planing 
combined with oral hygiene instruction and antiseptic mouth‐
rinses) in reducing hyperglycemia in patients with diabetes.110,111 
As recently reviewed,24 this was subsequently challenged in a 
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multi‐institutional clinical trial by Engebretson et al,112 who did 
not find any significant improvement in glycated hemoglobin 
levels as a result of nonsurgical periodontal therapy. The same 
author reported that although scaling and root planing alone, or 
combined with adjunctive antibiotic therapy, did not significantly 
reduce glycated hemoglobin levels, when a 3‐month regimen of 
host‐modulation therapy (nonantibiotic doxycycline, 20 mg twice 
a day) was added to the scaling and root planing treatment proto‐
col, the level of glycated hemoglobin was reduced.58 Clearly this 
important topic in dentistry and medicine needs further investiga‐
tion to confirm whether subantimicrobial‐dose doxycycline, with 
prolonged administration, can significantly reduce hyperglycemia; 
and whether host‐modulating periodontal therapy should be in‐
corporated into the management protocol for diabetes, which is an 
increasingly prevalent and devastating disease worldwide.

The final topic to be discussed, before addressing newer host‐
modulation therapies being developed (see Section 6), is the local 
and systemic benefits of subantimicrobial‐dose doxycycline in post‐
menopausal women with periodontitis (local bone loss) and skeletal 
(systemic) osteopenia.51 The substantial basic science foundation 
for launching this major National Institute of Dental and Craniofacial 
Research National Institutes of Health‐supported and ‐monitored 
long‐term study included the following early observations: tetracy‐
clines, by nonantibacterial mechanisms, were found to inhibit, directly, 
excessive bone resorption in organ culture,113 osteoclast activity 
in cell culture,114 and alveolar bone loss in experimental periodonti‐
tis.1,2,116 The biologic rationale for these studies included the follow‐
ing: type 1 collagen constitutes 90% of the organic matrix of bone, 
and matrix metalloproteinases (notably the collagenases and gelati‐
nases, and others, such as membrane type 1‐matrix metalloprotein‐
ase/matrix metalloproteinase‐14) produced by bone cells (osteoclasts, 
osteoblasts, osteocytes) mediate collagenolysis during bone resorp‐
tion. Thus, the matrix metalloproteinase‐inhibitory properties of tet‐
racyclines and their chemically modified nonantimicrobial analogs (the 
chemically modified tetracyclines) could be expected to downregu‐
late bone resorption. Unexpectedly, however, these host‐modulatory 
agents were also found to upregulate bone formation. Evidence for 
this pro‐anabolic tetracycline effect included host‐modulation ther‐
apy‐enhanced expression of type 1 procollagen mRNA, together with 
increased collagen synthesis and bone formation, all of which were 
suppressed in rats with diabetes.114,116‐118 Another compelling ratio‐
nale for testing subantimicrobial‐dose doxycycline in a randomized 
clinical trial of postmenopausal women was an early study by Golub 
et al.119 Using the standard animal model of postmenopausal oste‐
oporosis, the ovariectomized rat, the investigators found that the 
oral administration of chemically modified nonantibiotic doxycycline 
(chemically modified tetracycline‐8) inhibited gingival matrix metal‐
loproteinase activity and periodontal breakdown, while also reducing 
the severity of skeletal osteoporosis. Consistent with these observa‐
tions, Scarpellini et al120 reported that doxycycline administered to 
postmenopausal women “normalized” biomarkers of bone formation 
(osteocalcin and alkaline phosphatase) and bone resorption (urinary 
excretion of hydroxyproline).

A preliminary 1‐year clinical trial was then carried out on post‐
menopausal women who were diagnosed with both local (peri‐
odontitis) and systemic (osteopenia/osteoporosis) bone loss. 
Subantimicrobial‐dose doxycycline, compared with treatment with 
placebo capsules, as an adjunct to periodontal maintenance therapy, 
reduced alveolar bone loss and suppressed the progressive loss of 
clinical attachment.50 The totality of the in vitro, animal, and pre‐
liminary clinical study just described, led to a major bi‐institutional 
(University of Nebraska and Stony Brook University) double‐blind 
clinical trial on 128 postmenopausal women administered subantimi‐
crobial‐dose doxycycline or placebo capsules for 2 years adjunctive 
to periodontal maintenance therapy every 3‐4 months. These data 
were published in a variety of dental, medical, and biology journals, 
and were summarized by Payne and Golub.51 In brief, the 2‐year regi‐
men of host‐modulation therapy did not produce adverse events, only 
benefits, (ie, the women on Periostat showed a 90% [P = .002] reduc‐
tion in dermatologic adverse events, which included acne, rosacea, 
and rash) (Table 2). Regarding examples of efficacy in this extensive 
study, a 36% lower odds of progressive alveolar bone loss was found 
in women within 5 years of menopause, for those who were proto‐
col‐adherent, compared with those administered placebo (P = .03), 
plus significant reductions in both clinical attachment loss and ac‐
tive pockets. The postmenopausal women on subantimicrobial‐dose 
doxycycline also showed significant reductions in collagenase, pre‐
dominantly matrix metalloproteinase‐8, in gingival crevicular fluid, as 
well as significant reductions in bone collagen degradation fragments 
(ICTP) in periodontal pockets (Table 3). A similar response of ICTP 
and a newer biomarker of bone collagen degradation (carboxy‐termi‐
nal collagen crosslinks) in serum samples led to the conclusion that 
this host‐modulation therapy reduced the risk of mild systemic bone 
loss, osteopenia, progressing into the more severe form of skeletal 
deficiency, osteoporosis.64

6  | FUTURE HOST‐MODUL ATION AGENTS: 
THE CHEMIC ALLY MODIFIED CURCUMINS

6.1 | Introduction

Although the discovery of the unexpected property of tetracy‐
clines as matrix metalloproteinase inhibitors has been translated 
into novel first‐generation (Periostat®, Oracea®) and second‐
generation (chemically modified tetracycline‐3) pharmaceutical 
agents, a third generation of related host‐modulating therapeutics 
is now being developed (Figure 2). Based on our previous identi‐
fication of the matrix metalloproteinase‐inhibiting active site on 
the 4‐phenolic‐ring tetracyclines,1,2,24 we began to focus on diphe‐
nolic compounds with the same cation (Zn++, Ca++)‐binding site, the 
beta‐diketone moiety. These included the bis‐aroyl methanes and 
curcumin. The bis‐aroyl methane compounds exhibited positive, 
but weak, matrix metalloproteinase‐inhibitory efficacy in vitro, 
namely high IC50 (μm) values, and were quickly abandoned.30,31 
Curcumin, a dietary herbal ingredient derived from turmeric, has 
historically been advocated as a safe and effective treatment for a 
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variety of diseases.30‐32 However, it has long been known that this 
compound's insolubility and poor absorption by the oral route has 
limited its clinical application.123‐125

Recently, our Stony Brook University laboratories (Oral Biology 
and Chemistry departments, Dr. Francis Johnson) have synthe‐
sized, developed, and tested a series of novel chemically modified 
curcumins with various side chains added to the carbon‐4 position 
of this biphenolic compound (Figure 2). Based on these studies, a 
lead triphenolic compound, a triketonic phenylaminocarbonyl cur‐
cumin‐2.24, was identified, which has been tested in vitro, in cell 
and tissue culture, and in vivo using various animal species, including 
mice, rats, rabbits, and, most recently, dogs.

6.2 | Discovery and therapeutic rationale

Based on their in vitro efficacy as inhibitors of matrix metallopro‐
teinase‐mediated degradation of a fluorogenic synthetic peptide 
substrate with the susceptible glycine‐leucine peptide bond, the 
original series of 16 different chemically modified curcumins, all 
with a carbon‐4 substituent, was reduced to several promising 
novel triketonic compounds. Two of these, chemically modified 
curcumin‐2.24 (4‐phenylaminocarbonyl curcumin) and chemi‐
cally modified curcumin‐2.5 (4‐methoxycarbonyl curcumin), were 
then compared with diketonic natural curcumin to determine 
their potency as matrix metalloproteinase inhibitors. Chemically 
modified curcumin‐2.24 was found to bind most strongly to Zn++ 
and to serum albumin, consistent with its enhanced potential to 
function in vivo (discussed below) as a potent inhibitor of Zn++‐de‐
pendent collagenases, and to retard decomposition of the serum 
albumin‐bound chemically modified curcumin, thus enhancing 

its bioavailability.30,31 Preliminary cell culture studies on human 
monocytes stimulated with microbial lipopolysaccharide/endo‐
toxin demonstrated that chemically modified curcumin‐2.24 was 
superior to chemically modified curcumin‐2.5 as an inhibitor of ma‐
trix metalloproteinase‐9 (92 kDa gelatinase). A similar result was 
seen in macrophages derived from rats with diabetes that were 
orally administered the same compounds.30,31 Therefore, although 
chemically modified curcumin‐2.5 was superior to the parent com‐
pound curcumin as a matrix metalloproteinase‐9 and a matrix 
metalloproteinase‐13 (collagenase‐3) inhibitor in vitro, with similar 
effects in vivo, it has since been abandoned in favor of chemically 
modified curcumin‐2.24. Like chemically modified curcumin‐2.5, 
curcumin‐2.24 was also more effective than curcumin in suppress‐
ing the inflammatory mediators interleukin‐1beta, interleukin‐6, 
prostaglandin E2, and monocyte chemoattractant protein‐1, as 
well as matrix metalloproteinase‐9 secretion, by human mono‐
cytes in culture. The effects of chemically modified curcumin‐2.24 
were recently associated with decreased activation/phosphoryla‐
tion of nuclear factor kappa‐light‐chain‐enhancer of activated B 
cells, which regulates transcription of a number of gene products 
associated with inflammatory diseases.29

In addition to chemically modified curcumin‐2.24 exhibiting 
superior efficacy compared to curcumin or chemically modified 
curcumin‐2.5 as an inhibitor of inflammatory mediators and ma‐
trix metalloproteinases, this novel compound was found to be even 
more effective in reducing alveolar bone loss in vivo. In this regard, 
Guimarães et al126 reported that although curcumin was effective in 
suppressing inflammatory mediators in the rat model of lipopolysac‐
charide‐induced periodontal disease, natural curcumin had no effect 
on alveolar bone loss, an observation that was later confirmed.127 

F I G U R E  2   The development scheme of first‐generation (1a, nonantibiotic doxycycline formulations), second‐generation (1b, nonantibiotic chemically 
modified tetracycline‐3 [CMT‐3]), and third‐generation (3a, b, chemically modified curcumins [CMCs]) host‐modulating therapeutics. This strategy was 
based on these tetra‐, tri‐, and diphenolic compounds all exhibiting the Zn++‐binding beta‐diketone (1a, 1b, 2) or triketone (3a, 3b) moieties in the 
structures illustrated30,31
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They also found that natural curcumin and chemically modified cur‐
cumin‐2.24 reduce the severity of inflammation in experimental peri‐
odontal disease by different mechanisms, and only the latter decreased 
the number of osteoclasts characterized immunohistochemically as 
tartrate‐resistant acid phosphatase‐positive (TRAP‐positive) and 
caspase‐3‐positive cells. Elburki et al,27,28 in a preliminary study (later 
confirmed; see below) using the same rat model of periodontitis, 
found that pathologic alveolar bone loss was completely prevented by 
orally administered chemically modified curcumin‐2.24. This dramatic 
effect on periodontal bone loss in vivo was associated with suppres‐
sion of the proinflammatory cytokine, interleukin‐1beta, and reduced 
levels of pro and activated forms of leukocyte‐type gelatinase (matrix 
metalloproteinase‐9) in the gingival tissues. Moreover, this locally in‐
duced periodontitis, and its treatment with chemically modified cur‐
cumin‐2.24, exhibited systemic manifestations ie, the elevated levels 
in the circulation of interleukin‐1beta and the activated form of matrix 
metalloproteinase‐8 [leukocyte‐type collagenase] in the circulation of 
rats with experimental periodontitis were both significantly reduced 
by oral administration of chemically modified curcumin. 

To explore further the potential of our lead compound as a host 
modulator, chemically modified curcumin‐2.24 was orally adminis‐
tered to 2 different animal models of severe periodontal breakdown 
27‐29. In both the locally (microbial endotoxin/lipopolysaccharide) and 
the systemically (diabetes)‐induced rat models of disease, chemically 
modified curcumin‐2.24 treatment resulted in a marked reduction of 
inflammatory cytokines and matrix metalloproteinases in the gingival 
tissues, decreased bone loss, and decreased activation of p65 nu‐
clear factor kappa‐light‐chain‐enhancer of activated B cells and p38 
mitogen‐activated protein kinase pathways.29 These data further 
supported the potent ability of this chemically modified curcumin 
to modulate intra‐ and extracellular mechanisms that are associated, 
at least in part, with the zinc‐binding characteristics of this and re‐
lated compounds.29 This pattern of efficacy is also consistent with 
the pleiotropic characteristics of the zinc‐binding nonantimicrobial 
tetracyclines.2,24

The potency of chemically modified curcumin‐2.24 therapy has 
also been demonstrated in a challenging, but clinically relevant, den‐
tal/medical situation using an animal model that mimics a patient with 
poorly controlled diabetes and severe periodontitis. Once again, chem‐
ically modified curcumin‐2.24 did not reduce the severe hyperglycemia 
(at least during the 1‐month experimental protocol), yet completely 
prevented alveolar bone loss, which was induced by multiple lipopoly‐
saccharide injections into the gingiva of rats with severe diabetes.29 
Addressing the causality of this decreased periodontal breakdown, 
this novel therapeutic also suppressed the excessive levels of pro‐ and 
activated matrix metalloproteinase‐2 and matrix metalloproteinase‐9 
(gelatinases/type IV collagenases) in the diseased gingival tissues, as 
well as the activated (lower molecular weight) form of the dominant 
collagenase, matrix metalloproteinase‐8, in these oral tissues. The 
dominant cytokines in the inflamed gingiva, interleukin‐1beta and in‐
terleukin‐6 (tumor necrosis factor‐alpha was not detected), were also 
reduced locally by this treatment, and similar beneficial biomarker 
changes were seen systemically in the circulation, as well as in skin. 

Collagen atrophy and excessive collagen crosslinking (ie, “leather‐like” 
texture) were also normalized in the animals with diabetes that were 
treated with chemically modified curcumin‐2.24. This is of particular 
relevance to a common medical complication in patients with diabetes 
ie, impaired healing of wounds in skin, gingiva, and other tissues 32.

The clinical complications (adverse events) associated with 
the severely hyperglycemic state in this rat model of type 1 di‐
abetes, which included bleeding under the nails, inflammation 
of the sclera, and impaired wound healing, were also prevented 
by this treatment.28,29 It should be noted that impaired wound 
healing in skin, especially in the lower extremities, can be a life‐
threatening complication in patients with diabetes and is a major 
cause of limb amputation in humans.128,129 This important com‐
plication and other serious medical disorders, and their response 
to chemically modified curcumin‐2.24, are also discussed in the 
next section.

6.3 | Chemically modified curcumin: additional 
medical implications

6.3.1 | Wound healing

The novel host‐modulation therapy highlighted in this review was 
recently found to be exceptionally effective in normalizing, not just 
improving, the healing of skin wounds categorized as standard and 
severe in rats with type 1 diabetes.32 Of particular interest, the ther‐
apeutic response occurred even in the presence of severe hypergly‐
cemia (blood glucose levels of 500 mg/dL) and was equally effective 
when applied either topically or systemically. A 1% suspension of 
chemically modified curcumin‐2.24, applied topically, produced 
optimal results (assessed using clinical, biochemical and histomor‐
phometric measurements) based on a significant reduction of patho‐
logically excessive matrix metalloproteinase‐8 (collagenase‐2) and 
hydroxyproline levels in wound tissue. An additional mechanism 
currently being investigated is the ability of chemically modified cur‐
cumin‐2.24 to normalize a key resolvin (RvD1; a docosahexanoic acid 
derivative) and interleukin‐10 (an anti‐inflammatory cytokine), which 
are both underexpressed in macrophages isolated from severely hy‐
perglycemic rats with diabetes.130,131

6.3.2 | Pulmonary disease

A recent study by Wang et al122 demonstrated that chemically 
modified curcumin‐2.24, administered by oral gavage, was more 
effective than natural curcumin in reducing lung injury in a stand‐
ard mouse model of pneumonia and acute respiratory distress 
syndrome. In brief, Staphylococcus aureus administered by intratra‐
cheal inoculation was used to create the lung disease. Based on 
analysis of bronchioalveolar lavage fluid and lung tissue, chemi‐
cally modified curcumin‐2.24 significantly reduced lung tissue 
apoptosis. In bronchoalveolar lavage fluid, alveolar neutrophils 
and macrophages, the matrix metalloproteinases, matrix metal‐
loproteinase‐2, matrix metalloproteinase‐9 (gelatinases, type IV 
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collagenases), matrix metalloproteinase‐12 (macrophage met‐
allo‐elastase), and nuclear factor kappa‐light‐chain‐enhancer of 
activated B cells 65 were all significantly reduced. The authors 
concluded that, in this model, chemically modified curcumin has 
the potential to attenuate lung injury and reduce mortality.

6.3.3 | Arthritis

In contrast to the tetracycline‐based host modulators that have 
been studied extensively in human and experimental rheumatoid 
arthritis and osteoarthritis, the chemically modified curcumins are 
just beginning to receive attention. In this regard, Katzap et al132 
compared the efficacy of several of these novel compounds, in‐
cluding chemically modified curcumin‐2.14, ‐2.5 and ‐2.23, and our 
lead compound, chemically modified curcumin‐2.24, with natural 
curcumin, in a standard tissue culture model of arthritis. Bovine 
cartilage explants, labeled with S35‐sulfate, were incubated with 
interleukin‐1beta and oncostatin to induce cartilage breakdown. 
Chemically modified curcumin‐2.24 was the compound most effec‐
tive in reducing chondrolysis. In vivo studies using the rabbit model 
of arthritis are currently underway to confirm the therapeutic po‐
tential of this compound.

6.3.4 | Cancer

Taking into account the previous studies described in this paper on 
the chemically modified tetracyclines in humans and animals with 
various cancers, and the similar cation‐binding site of curcumin 
and these nonantibacterial tetracycline compounds, several stud‐
ies using chemically modified curcumin‐2.24 are now discussed. As 
a new generation taxol, SBT‐1214, was found to downregulate the 
expression of multiple genes in cancer stem cells in culture, and as 
natural curcumin was found to enhance the cytotoxic effects of a 
number of anticancer drugs, Botchkina et al133 tested this taxoid in 
combination with the novel curcuminoid, chemically modified cur‐
cumin‐2.24. They found that this treatment was more effective than 
SBT‐1214 alone in upregulating proapoptotic genes and suppressing 
multiple transcription factors in prostate cancer stem cells. As stated 
by the authors, this experimental therapeutic regimen has “high po‐
tential as a novel anti‐cancer drug combination.”133 Moreover, the 
potent characteristics of chemically modified curcumin‐2.24 as an 
inhibitor of matrix metalloproteinases is consistent with these host‐
derived proteinases functioning as stromal effectors of carcinoma 
progression.134

As this application of chemically modified curcumin in cancer 
treatment continues to emerge, several recent studies support this 
novel therapeutic approach. Wright et al121 reported that in a mouse 
model of medulloblastoma, treatment with chemically modified 
curcumin‐2.24 combined with a curcumin‐phosphatidyl choline (to 
improve bioavailability) showed therapeutic efficacy in controlling 
tumor growth. Of particular interest, Mackenzie's group at Stony 
Brook's Cancer Center recently demonstrated that chemically mod‐
ified curcumin‐2.24 induced apoptosis in pancreatic cancer cells and 

reduced pancreatic tumor growth by inhibiting active Ras and sig‐
nal transducer and activator of transcription‐3 phosphorylation.135 
Moreover, even at high (1000 mg/kg) oral doses, the animals treated 
with chemically modified curcumin‐2.24 showed no evidence of tox‐
icity (Heta Bhatt et al., unpublished data).

7  | FUTURE HOST‐MODUL ATION 
C ANDIDATES FOR CLINIC AL APPLIC ATION

Several additional host modulators have also demonstrated poten‐
tial therapeutic value based on in vitro studies and animal studies 
but have not yet reached the stage of development to justify rand‐
omized clinical trials. Further studies on animal models of periodon‐
tal disease are also required. These compounds include the sirtuins 
and resveratrol.

As reviewed recently by Mendes et al,136 the subset of sirtuins 
that are of particular relevance to periodontal disease include 7 pro‐
teins (sirtuins 1‐7) with different subcellular locations, mitochondria, 
cytoplasm, or nucleus. However, because of their deacylation ac‐
tivity, the nuclear sirtuins (sirtuins 1, 2, 6, and 7) in particular have 
been the focus of efficacy studies in several inflammatory diseases. 
One example of this strategy includes sirtuin 1, which suppresses 
nuclear factor kappa‐light‐chain‐enhancer of activated B cells activ‐
ity, thus decreasing the expression of inflammatory mediators, cy‐
clooxygenase‐2, inducible nitric oxide synthase, and the cytokines, 
interleukin‐1beta, tumor necrosis factor‐alpha, interleukin‐6, and 
interleukin‐8.137

Resveratrol, the phytochemical component of red wine often 
credited for its multiple health benefits, activates sirtuin 1138 and 
increases brown adipose tissue as part of complex cellular processes 
associated with aging, apoptosis, and inflammation.139 sirtuin 1 and 
other sirtuins can be inhibited by Zn++‐binding agents, such as the 
matrix metalloproteinase inhibitor, hydroxamic acid, suggesting 
additional mechanisms and therapeutic medications already high‐
lighted in this review, including the nonantibiotic tetracyclines and 
curcuminoids. Although clinical trials testing these futuristic host 
modulators, (eg, resveratrol) for various diseases, such as diabetes, 
cancer, psoriasis, and colitis, are ongoing, their potential role in peri‐
odontitis has only been addressed in a relatively small number of 
animal studies. However, a recent study by Ikeda et al,140 using a 
mouse model of ligature‐induced periodontitis, provides grounds 
for optimism. Using techniques of morphometry/microcomputed 
tomography to quantify alveolar bone loss 3‐dimensionally, quan‐
titative reverse transcriptase‐PCR to assess gene expression of 
gingival tissue cytokines (interleukin‐1beta, interleukin‐6), as well 
as quantifying tartrase‐resistant acid phosphatase‐positive osteo‐
clasts in cell culture, the authors found that a natural source of res‐
veratrol inhibited periodontal breakdown associated with decreased 
oxidative stress and reduced osteoclast differentiation and activity. 
Regarding resveratrol's therapeutic potential, significant issues re‐
main, including poor bioavailability associated, in part, with rapid 
urinary excretion.141
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8  | CONCLUDING COMMENTS AND 
FUTURE DIREC TIONS

With the increasing recognition of the overarching importance of 
the host's inflammatory/collagenolytic responses as the "driver" of 
tissue breakdown during periodontitis, new treatment paradigms 
are emerging. Accordingly, this chapter has highlighted the 2 most‐
developed host‐modulation therapy strategies to date. However, 
the specialty of periodontics has increasingly incorporated the 
placement of dental implants in its treatment strategies. This re‐
flects, at least in part, its (and the public's) recognition of the sig‐
nificant enhancement of the dentition's function and esthetics by 
this technology.

However, a surprisingly high incidence of peri‐implant mucositis 
and peri‐implantitis (19%‐65%) has been recognized as a significant 
complication, but with very limited treatment options (see the edi‐
torial by Giannobile and Lang142). Considering the well‐established 
negative impact of periodontitis around natural teeth, on systemic 
inflammation and health (eg, increased risk for cardiovascular dis‐
ease), similar adverse systemic effects may also occur with peri‐im‐
plant diseases. This chapter has highlighted the safety and efficacy 
of government‐approved host‐modulation therapies for periodon‐
tal disease and their systemic benefits. There is now a compelling 
rationale for future studies: (1) that define the impact, if any, of 
peri‐implant disease on systemic inflammation; and (2) that assess 
the efficacy of host‐modulation therapies both locally (on inflamed 
peri‐implant tissues) and systemically (on circulating biomarkers of 
"inflammatory/collagenolytic" diseases) as adjuncts to conventional 
local disinfection treatments. These proposals are also driven by 
several studies that have addressed new diagnostic concepts. In 
this regard, Xu et al143 demonstrated a higher level of leukocyte‐
type collagenase (matrix metalloproteinase‐8) in peri‐implantitis 
sulcular fluid than that seen in gingival crevicular fluid from patients 
with periodontitis. Moreover, based on numerous clinical studies 
(as recently reviewed by Alassiri et al144 and Al‐Majid et al145), Sorsa 
et al 144,145have translated into clinical practice a novel chairside 
diagnostic test that detects pathologically elevated levels of acti‐
vated matrix metalloproteinase‐8 in both gingival crevicular fluid 
and peri‐implantitis sulcular fluid. In closing, these novel diagnostic 
and therapeutic developments provide a "window" into future clin‐
ical applications of the basic and translational research described 
in this review.

ACKNOWLEDG MENTS

This work was supported, in part, by grants, over the years, from 
the National Institute of Dental and Craniofacial Research (NIH), 
R37‐DE03987, K16DE‐00275, K11DE‐00363, R01DE012872, 
1R41DE024946‐01, R42‐DE024964 and additional support from 
US Department of Defense; Johnson & Johnson; CollaGenex 
Pharmaceuticals, Inc.; Galderma R&D; Kroc Foundation Med. 
Res.; Kuraray Chemical Co.; Traverse Biosciences Inc.; New York 
State Diabetes Association; Stony Brook University (Stony Brook 

Center for Advanced Biotechnology; Stony Brook Applied Research 
and Development [ARAD] Program; Vice‐President's Research 
Infrastructure Grant). We also wish to acknowledge a number of col‐
leagues with whom we have collaborated on this topic over many 
years, including Drs Maria Ryan, Jeffrey Payne, Timo Sorsa, Ying 
Gu, Francis Johnson, Robert Greenwald, Mark Wolff, Nungavarum 
Ramamurthy, Thomas McNamara, Sanford Simon, Clay Walker, 
Sebastian Ciancio, Howard Tenenbaum, Jack Caton, Bal Lokeshwar, 
Barry Rifkin, Carlos Rossa Jr., and others.

DISCLOSURE S

Drs Golub and Lee are listed as inventors on patents on the medi‐
cations/compounds described in this review, and these have been 
fully assigned to their institution, Stony Brook University, State 
University of New York.

R E FE R E N C E S

 1. Golub LM, Wolff M, Roberts S, Lee HM, Leung M, Payonk GS. 
Treating periodontal diseases by blocking tissue‐destructive en‐
zymes. J Am Dent Assoc. 1994;125:163‐169.

 2. Golub LM, Lee HM, Ryan ME, Giannobile WV, Payne JB, Sorsa 
T. Tetracyclines inhibit connective tissue breakdown by multiple 
non‐antimicrobial mechanisms. Adv Dent Res. 1998;12:12‐26.

 3. Golub LM, Siegal K, Ramamurthy NS, Mandel I. Some char‐
acteristics of collagenase activity in gingival crevicular fluid 
and its relationship to gingival disease in humans. J Dent Res. 
1976;55:1049‐1057.

 4. Golub LM, Greenwald RA, Zebrowski EJ, Ramamurthy NS. The ef‐
fect of experimental diabetes on the molecular characteristics of 
rat tail tendon collagen. Biochim Biophys Acta. 1978;534:73‐81.

 5. Golub LM, Lee HM, Lehrer G, et al. Minocycline reduces gingi‐
val collagenolytic activity during diabetes: preliminary observa‐
tions and a proposed new mechanism of action. J Periodontal Res. 
1983;18:516‐526.

 6. Golub LM, Ramamurthy NS, McNamara TF, et al. Tetracyclines 
inhibit tissue collagenase activity: a new mechanism in the treat‐
ment of periodontal disease. J Periodontal Res. 1984;19:651‐655.

 7. Vernillo AT, Ramamurthy NS, Golub LM, Rifkin BR. The nonantimi‐
crobial properties of tetracycline for the treatment of periodontal 
disease. Curr Opin Periodontol. 1994;2:111‐118.

 8. Walker C, Preshaw PM, Novak J, Hefti AF, Bradshaw M, Powala 
C. Long‐term treatment with sub‐antimicrobial dose doxycycline 
has no antibacterial effect on intestinal flora. J Clin Periodontol. 
2005;32(11):1163‐1169.

 9. Gapski R, Barr JL, Sarment DP, Layher MG, Socransky SS, 
Giannobile WV. Effect of systemic matrix metalloproteinase in‐
hibition on periodontal wound repair: a proof of concept trial. J 
Periodontol. 2004;75(3):441‐452.

 10. Caton J, Ryan ME. Clinical studies on the management of peri‐
odontal diseases utilizing subantimicrobial dose doxycycline 
(SDD). Pharmacol Res. 2011;63(2):114‐120.

 11. Giannobile WV. Host‐response therapeutics for periodontal dis‐
eases. J Periodontol. 2008;79(8 Suppl):1592‐1600.

 12. Golub LM, Gu Y, Tenenbaum H, Goldberg M, Sorsa T. A “point‐
by‐point” statement on periodontal host‐modulation therapy: 
SAFETY FIRST! Oral Health. 2018:1‐8. www.oralh ealth group.com

 13. Gu Y, Walker C, Ryan ME, Payne JB, Golub LM. Non‐antibacte‐
rial tetracycline formulations: clinical applications in dentistry and 
medicine. J Oral Microbiol. 2012;4:19227.

www.oralhealthgroup.com


     |  201GOLUB and LEE

 14. Preshaw PM, Hefti AF, Jepsen S, Etienne D, Walker C, Bradshaw 
MH. Subantimicrobial dose doxycycline as adjunctive treatment 
for periodontitis. A review. J Clin Periodontol. 2004;31(9):697‐707.

 15. Van Dyke TE. The management of inflammation in periodontal dis‐
ease. J Periodontol. 2008;79(8 Suppl):1601‐1608.

 16. Van Dyke TE. Commentary: periodontitis is characterized by 
an immuno‐inflammatory host‐mediated destruction of bone 
and connective tissues that support the teeth. J Periodontol. 
2014;85(4):509‐511.

 17. Van Dyke TE. Pro‐resolving mediators in the regulation of peri‐
odontal disease. Mol Aspects Med. 2017;58:21‐36.

 18. . Williams RC, Jeffcoat MK, Howard Howell T, et al. Altering 
the progression of human alveolar bone loss with the non‐
steroidal anti‐inflammatory drug flurbiprofen. J Periodontol. 
1989;60(9):485‐490.

 19. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual 
anti‐inflammatory and pro‐resolution lipid mediators. Nat Rev 
Immunol. 2008;8(5):349‐361.

 20. Serhan CN. Controlling the resolution of acute inflammation: a 
new genus of dual anti‐inflammatory and proresolving mediators. 
J Periodontol. 2008;79:1520‐1526.

 21. Serhan CN. Novel pro‐resolving lipid mediators are leads for reso‐
lution physiology. Nature. 2014;510(7503):92‐101.

 22. Elavarasu S, Sekar S, Murugan T. Host modulation by therapeutic 
agents. J Pharm Bioallied Sci. 2012;4(Suppl 2):S256‐S259.

 23. Sorsa T, Tjäderhane L, Konttinen YT, et al. Matrix metalloprotein‐
ases: contribution to pathogenesis, diagnosis and treatment of 
periodontal inflammation. Ann Med. 2006;38(5):306‐321.

 24. Golub LM, Elburki MS, Walker C, et al. Non‐antibacterial tet‐
racycline formulations: host‐modulators in the treatment of 
the periodontitis and relevant systemic diseases. Int Dent J. 
2016;66(3):127‐135.

 25. Ryan ME, Lee HM, Tenzler R, et al. Effects of short‐term COL‐3 on 
local biomarkers of periodontitis. J Dent Res. 2008;87(Spec. Issue) 
abstract #0040.

 26. Dezube BJ, Krown SE, Lee JY, Bauer KS, Aboulafia DM. Randomized 
phase II trial of matrix metalloproteinase inhibitor COL‐3 in AIDS‐
related Kaposi's sarcoma: an AIDS malignancy consortium study. J 
Clin Oncol. 2006;24(9):1389‐1394.

 27. Elburki M, Rossa C, Guimaraes MR, et al. A novel chemically‐ modi‐
fied curcumin reduces severity of experimental periodontal disease 
in rats: initial observations. Mediators Inflamm. 2014;2014:959471.

 28. Elburki MS, Moore DD, Terezakis NG, et al. A novel chemically‐
modified curcumin reduces inflammation‐mediated connective 
tissue breakdown in a rat model of diabetes: periodontal and sys‐
temic effects. J Periodontal Res. 2016;52(2):186‐200.

 29. Elburki MS, RossaJr C, Guimarães‐Stabili MR, et al. A chemically 
modified curcumin (CMC 2.24) inhibits NFκB activation and in‐
flammatory bone loss in murine models of LPS‐induced experi‐
mental periodontitis and diabetes‐associated natural periodontitis. 
Inflammation. 2017;40(4):1436‐1449.

 30. Zhang Y, Gu Y, Lee HM, et al. Design, synthesis and biological 
activity of new polyenolic inhibitors of matrix metalloprotein‐
ases: a focus on chemically‐modified curcumins. Curr Med Chem. 
2012;19:4348‐4358.

 31. Zhang Y, Golub LM, Johnson F, Wishnia A. pKa, zinc‐ and serum al‐
bumin‐binding of curcumin and two novel biologically‐active chem‐
ically‐modified curcumins. Curr Med Chem. 2012;19:4367‐4375.

 32. Zhang Y, McClain SA, Lee HM, et al. A novel chemically modi‐
fied curcumin “normalizes” wound‐healing in rats with exper‐
imentally induced type I diabetes: initial studies. J Diabetes Res. 
2016;2016:5782904.

 33. Golub LM, Greenwald RA, eds. Special issue (part 1). Clinical 
applications of non‐antibacterial tetracyclines. Pharmacol Res. 
2011;63(2):97‐156.

 34. Golub LM, Greenwald RA, eds. Special issue (Part II). Clinical 
applications of non‐antibacterial tetracyclines. Pharmacol Res. 
2011;64(6):549‐550.

 35. Editors of JAMA. From the NIH: tetracyclines block collagenase 
activity. JAMA. 1984;252(15):1989.

 36. Loe H. Broad payoffs from oral tissue research. JAMA. 
1994;271(1):14.

 37. Ramamurthy NS, Zebrowski EJ, Golub LM. Collagenolytic activity 
of alloxan diabetic rat gingivae. Diabetes. 1973;22:272‐274.

 38. Frankwich K, Tibble C, Torres‐Gonzalez M, et al. Proof of concept: 
matrix metalloproteinase inhibitor decreases inflammation and im‐
prove muscle insulin sensitivity in people with type 2 diabetes. J 
Inflamm. 2012;9(1):35.

 39. Lauhio A, Farkkila E, Pietilainen KH, et al. Association of MMP‐8 
with obesity, smoking and insulin resistance. Eur J Clin Invest. 
2016;46(9):757‐765.

 40. Smiley CJ, Tracy SL, Abt E, et al. Systematic review and meta‐
analysis on the nonsurgical treatment of chronic periodontitis by 
means of scaling and root planing with or without adjuncts. J Am 
Dent Assoc. 2015;146(7):508‐524.e5.

 41. Smiley CJ, Tracy SL, Abt E, et al. Evidence‐based clinical practice 
guideline on the nonsurgical treatment of chronic periodontitis by 
means of scaling and root planing with or without adjuncts. J Am 
Dent Assoc. 2015;146(7):525‐535.

 42. Reddy MS, Geurs NC, Gunsolley JC. Periodontal host modulation 
with antiprotease, anti‐inflammatory and bone‐sparing agents. A 
systematic review. Ann Periodontol. 2003;8(1):12‐37.

 43. Sgolastra F, Petrucci A, Gatto R, Giannoni M, Monaco A. Long‐
term efficacy of subantimicrobial‐dose doxycycline as an adjunc‐
tive treatment to scaling and root planing: a systematic review and 
meta‐analysis. J Periodontol. 2011;82(11):1570‐1581.

 44. Novak MJ, Dawson DR, Magnusson I, et al. Combining host‐modu‐
lation and antimicrobial therapy in the management of moderate to 
severe periodontitis: a randomized multi‐center trial. J Periodontol. 
2008;79(1):33‐41.

 45. Gomis‐Rüth FX. Third time lucky? Getting a grip on matrix metal‐
loproteinases. J Biol Chem. 2017;292(43):17975‐17976.

 46. Centers for Disease Control and Prevention. Antibiotic resistance: 
threats in the United States. 2013. http://www.cdc.gov/drugr esist 
ance/threat‐report‐2013/pdf/arthr eats‐2013‐508.pdf. Accessed 
on July 12th, 2019.

 47. Walker C, Puumala S, Golub LM, et al. Subantimicrobial dose 
doxycycline effects on osteopenic bone loss in post‐menopausal 
women: microbiology results. J Periodontol. 2007;78:1590‐1601.

 48. Kornman KS, Robertson PB, Williams RC. Commentary: knowledge 
that shaped the field of periodontology: the American Academy 
of Periodontology centennial commentaries. J Periodontol. 
2014;85(1):1‐2.

 49. Monk E, Shalita A, Siegel DM. Clinical applications of non‐
antimicrobial tetracyclines in dermatology. Pharmacol Res. 
2011;63(2):130‐145.

 50. Payne JB, Reinhardt RA. Potential application of low‐dose doxycy‐
cline to treat periodontitis in post‐menopausal women. Adv Dent 
Res. 1998;12(2):166‐169.

 51. Payne JB, Golub LM. Using tetracyclines to treat osteoporotic/os‐
teopenic bone loss: from the basic science laboratory to the clinic. 
Pharmacol Res. 2011;63(2):121‐129.

 52. O'Dell JR, Elliott JR, Mallek JA, et al. Treatment of early seropos‐
itive rheumatoid arthritis: doxycycline plus methotrexate versus 
methotrexate alone. Arthritis Rheum. 2006;54(2):621‐627.

 53. Needleman I, Suvan J, Gilthorpe MS, et al. A randomized‐con‐
trolled trial of low‐dose doxycycline for periodontitis in smokers. J 
Clin Periodontol. 2007;34(4):325‐333.

 54. Golub LM, Lee HM, Stoner JA, et al. Subantimicrobial‐dose 
doxycycline modulates gingival crevicular fluid biomarkers of 

http://www.cdc.gov/drugresistance/threat-report-2013/pdf/arthreats-2013-508.pdf
http://www.cdc.gov/drugresistance/threat-report-2013/pdf/arthreats-2013-508.pdf


202  |     GOLUB and LEE

periodontitis in postmenopausal osteopenic women. J Periodontol. 
2008;79:1409‐1418.

 55. Lee HM, Ciancio SG, Tuter G, Ryan ME, Golub LM. Sub‐antimicro‐
bial dose doxycycline efficacy as a matrix metalloproteinase inhib‐
itor in chronic periodontitis patients is enhanced when combined 
with an NSAID. J Periodontol. 2004;75:453‐463.

 56. Greenwald RA, Golub LM, Lavietes B, et al. Tetracyclines inhibit 
human synovial collagenase in vivo and in vitro. J Rheumatol. 
1987;14:28‐32.

 57. Greenwald RA. The road forward. The scientific basis for tet‐
racycline treatment of arthritic disorders. Pharmacol Res. 
2011;64(6):610‐613.

 58. Engebretson SP, Hey‐Hadavi J. Sub‐antimicrobial doxycycline for 
periodontitis reduces hemoglobin A1c in subjects with type 2 dia‐
betes: a pilot study. Pharmacol Res. 2011;64:624‐629.

 59. Ryan ME, Golub LM. Modulation of matrix metalloproteinase ac‐
tivity in periodontitis as a treatment strategy. Periodontol 2000. 
2000;24:226‐238.

 60. Korman KS, Karl EH. The effect of long‐term low‐dose tetracycline 
therapy on the subgingival microflora in refractory adult periodon‐
titis. J Periodontol. 1982;3:604‐610.

 61. Ciancio S, Ashley R. Safety and efficacy of sub‐antimicrobial‐dose 
doxycycline therapy in patients with adult periodontitis. Adv Dent 
Res. 1998;12:27‐31.

 62. Preshaw PM, Hefti AF, Novak MJ, et al. Subantimicrobial dose 
doxycycline enhances the efficacy of scaling and root plan‐
ing in chronic periodontitis: a multicenter trial. J Periodontol. 
2004;75(8):1068‐1076.

 63. Emingil G, Gurkan A, Attila G, Kantarci A. Subantimicrobial dose 
doxycycline and cytokine‐chemokine levels in gingival crevicular 
fluid. J Periodontol. 2011;82:452‐461.

 64. Golub LM, Lee HM, Stoner JA, et al. Doxycycline effects on 
serum‐bone biomarkers in post‐menopausal women. J Dent Res. 
2010;89:644‐649.

 65. Payne JB, Stoner JA, Lee HM, Nummikoski PV, Reinhardt RA, 
Golub LM. Serum bone biomarkers and oral/systemic bone loss in 
humans. J Dent Res. 2011;90(6):747‐751.

 66. Payne JB, Stoner JA, Nummikoski PV, et al. Subantimicrobial dose 
doxycycline effects on alveolar bone loss in postmenopausal 
women. J Clin Periodontol. 2007;34:776‐787.

 67. Mohammad AR, Preshaw PM, Bradshaw MH, Hefti AF, Powala CV, 
Romanowicz M. Adjunctive subantimicrobial dose doxycycline in 
the management of institutionalised geriatric patients with chronic 
periodontitis. Gerodontology. 2005;22(1):37‐43.

 68. Ryan ME, Ramamurthy NS, Sorsa T, Golub LM. MMP‐mediated 
events in diabetes. Ann N Y Acad Sci. 1999;878:311‐334.

 69. . Ryan ME. Diagnostic and therapeutic strategies for the man‐
agement of the diabetic patient. Compend Contin Educ Dent. 
2008;1:32‐38, 40‐44.

 70. Brown DL, Desai K, Vakili BA, Nouneh C, Lee HM, Golub LM. 
Clinical and biochemical results of the metalloproteinase inhibi‐
tion with subantimicrobial doses of doxycycline to prevent acute 
coronary syndromes (MIDAS) pilot trial. Arterioscler Thromb Vasc 
Biol. 2004;24:733‐738.

 71. Golub LM, Greenwald RA, Thompson RW. Tetracycline use and risk 
of acute myocardial infarction (Letter). JAMA. 1999;282:1997‐1998.

 72. Thompson RW, Baxter BT. MMP inhibition in abdominal aortic an‐
eurysms. Rationale for a prospective randomized clinical trial. Ann 
N Y Acad Sci. 1999;78:159‐178.

 73. Lokeshwar BL, Selzer MG, Zhu B, Block NC, Golub LM. Inhibition 
of cell proliferation, invasion and metastasis by an oral non‐anti‐
microbial tetracycline analogue (COL‐3) in a metastatic prostate 
cancer model. Int Cancer. 2002;98:297‐309.

 74. Lokeshwar BL. Chemically modified non‐antimicrobial tetra‐
cyclines are multifunctional drugs against advanced cancers. 
Pharmacol Res. 2011;63(2):146‐150.

 75. Richards C, Pantanowitz L, Dezube BJ. Antimicrobial and non‐an‐
timicrobial tetracyclines in human cancer trials. Pharmacol Res. 
2011;63:151‐156.

 76. Seftor REB, Seftor EA, DeLarco JE, et al. Chemically modified tet‐
racyclines: novel inhibitors of melanoma tumor cell invasion and 
metastasis. Clin Exp Metastasis. 1998;16:217‐225.

 77. Cianfrocca M, Cooley TP, Lee JY, et al. Matrix metalloproteinase 
inhibitor COL‐3 in the treatment of AIDS‐related Kaposi's sar‐
coma: a phase I AIDS malignancy consortium study. J Clin Oncol. 
2002;20(1):153‐159.

 78. Rudek MA, Figg WD, Dyer V, et al. Phase I clinical trial of oral 
COL‐3, a matrix metalloproteinase inhibitor, in patients with re‐
fractory metastatic cancer. J Clin Oncol. 2001;19(2):584‐592.

 79. Carney DE, Lutz CJ, Picone A, et al. A matrix metalloproteinase 
inhibitor prevents acute lung injury after cardiopulmonary bypass. 
Circulation. 1999;100:400‐406.

 80. Roy SK, Kubiak BD, Albert SP, et al. Chemically modified tetracy‐
cline 3 prevents acute respiratory distress syndrome in a porcine 
model of sepsis + ischemia/reperfusion‐induced lung injury. Shock. 
2012;37(4):424‐432.

 81. Steinberg J, Halter J, Schiller H, et al. Metalloproteinase inhibition 
reduces lung injury and improves survival after cecal ligation and 
puncture in rats. J Surg Res. 2003;111:185‐195.

 82. Steinberg J, Gatto L, Schiller H, Lee HM, Golub LM, Nieman G. 
Chemically modified tetracycline prevents the development of 
septic shock and acute respiratory distress syndrome in a clinically 
applicable porcine model. Shock. 2005;24:348‐356.

 83. Perry H, Golub LM. Systemic tetracyclines in the treatment of non‐
infected corneal ulcers. Ann Ophthalmol. 1985;17:742‐744.

 84. Perry HD, Kenyon KR, Lamberts DW, Foulks GN, Seeder JA, Golub 
LM. Systemic tetracycline hydrochloride as adjunctive therapy in 
the treatment of persistent epithelial defects. Ophthalmology. 
1986;93(10):1320‐1322.

 85. Ralph RA. Tetracyclines and the treatment of corneal stromal ul‐
ceration: a review. Cornea. 2000;19:274‐277.

 86. Seedor JA, Perry HD, McNamara TF, Golub LM, Buxton DF, 
Guthrie DS. Systemic tetracycline treatment of alkali‐induced cor‐
neal ulceration in rabbits. Arch Opthalmol. 1987;105:268‐271.

 87. Burns FR, Stack MS, Gray RD, Paterson CA. Inhibition of purified 
collagenase from alkali‐burned rabbit corneas. Invest Ophthalmol 
Vis Sci. 1989;30:1569‐1575.

 88. Federici TJ. The non‐antibiotic properties of tetracyclines: 
clinical potential in ophthalmic disease. Pharmacol Res. 
2011;64(6):614‐623.

 89. White JE. Minocycline for dystrophic epidermolysis bullosa. 
Lancet. 1989;1(8644):966.

 90. Humbert P, Renaud A, Millet J, et al. Evaluation of the effect of 
heparin and tetracycline on the cohesion of the dermal‐epidermal 
junction. Acta Derm Venereol. 1989;69(5):434‐436.

 91. Seltzer JL, Eisen AZ, Bauer EA, Morris NP, Glanville RW, Burgeson 
RE. Cleavage of type VII collagen by interstitial collagenase and 
type IV collagenase (gelatinase) derived from human skin. J Biol 
Chem. 1989;264(7):3822‐3826.

 92. Cohn DM, Lee HM, Bhattacharyya I, Sensat MI, Payne UB, Golub 
LM. Effective treatment for cicatricial pemphigoid using a novel 
combination therapy. J Dent Res. 2000;79:627.

 93. Del Rosso JQ, Webster GF, Jackson M, et al. Two randomized 
phase III clinical trials evaluating anti‐inflammatory dose doxycy‐
cline (40‐mg doxycycline, USP capsules) administered once daily 
for treatment of rosacea. J Am Acad Dermatol. 2007;56(5):791‐802.



     |  203GOLUB and LEE

 94. Del Rosso JQ, Schlessinger J, Werschler P, et al. Comparison of 
anti‐inflammatory dose doxycycline versus doxycycline 100 mg in 
the treatment of rosacea. J Drugs Dermatol. 2008;7(6):573‐576.

 95. Sanchez J, Somolinos AL, Almodóvar PI, Webster G, Bradshaw M, 
Powala C. A randomized, double‐blind, placebo‐controlled trial 
of the combined effect of doxycycline hyclate 20‐mg tablets and 
metronidazole 0.75% topical lotion in the treatment of rosacea. J 
Am Acad Dermatol. 2005;53(5):791‐797.

 96. Skidmore R, Kovach R, Walker C, et al. Effects of subantimicro‐
bial‐dose doxycycline in the treatment of moderate acne. Arch 
Dermatol. 2003;139(4):459‐464.

 97. Toossi P, Farshchian M, Malekzad F, Mohtasham N, Kimyai‐Asadi 
A. Subantimicrobial‐dose doxycycline in the treatment of moder‐
ate facial acne. J Drugs Dermatol. 2008;7(12):1149‐1152.

 98. Smith GN Jr, Yu LP Jr, Brandt KD, Capello WN. Oral administra‐
tion of doxycycline reduces collagenase and gelatinase activi‐
ties in extracts of human osteoarthritic cartilage. J Rheumatol. 
1998;25(3):532‐535.

 99. Israel HA, Ramamurthy NS, Greenwald R, Golub LM. The potential 
role of doxycycline in the treatment of osteoarthritis of the tem‐
poromandibularjoint. Adv Dent Res. 1998;12(2):51‐55.

 100. Brandt KD. Modification by oral doxycycline administration 
of articular cartilage breakdown in osteoarthritis. J Rheumatol. 
1995;43:149‐151.

 101. Leung MK, Greenwald RA, Ramamurthy NS, et al. Tenidap and 
Flurbiprofen enhance the uptake of matrix metalloproteinase in‐
hibitor 4‐dedimethylaminotetracycline in inflamed joints of adju‐
vant arthritic rats. J Rheumatol. 1995;22:1726‐1731.

 102. Curci JA, Petrinec D, Liao S, Golub LM, Thompson RW. 
Pharmacologic suppression of experimental abdominal aortic an‐
eurysms: a comparison of doxycycline and four chemically modi‐
fied tetracyclines. J Vasc Surg. 1998;28:1082‐1093.

 103. Lindeman JH, Abdul‐Hussien H, van Bockel JH, Wolterbeek R, 
Kleemann R. Clinical trial of doxycycline for matrix metallopro‐
teinase‐9 inhibition in patients with an abdominal aneurysm: dox‐
ycycline selectively depletes aortic wall neutrophils and cytotoxic 
T cells. Circulation. 2009;119(16):2209‐2216.

 104. Meier CR, Derby LE, Jikk SS, Vasilakis C, Jick H. Antibiotic and 
risk of subsequent first‐time acute myocardial infarction. JAMA. 
1999;281:427‐431.

 105. Bench TJ, Jeremias A, Brown DL, et al. Matrix metalloproteinase 
inhibition with tetracyclines for the treatment of coronary artery 
disease. Pharmacol Res. 2011;64(6):561‐566.

 106. Tuter G, Kurtis B, Aykon T, Okyay K, Walker SG, Golub LM. The 
effects of periodontal therapy and subantimicrobial dose doxy‐
cycline on patients with both chronic periodontitis and coronary 
artery disease. J Clin Periodontol. 2007;34:673‐681.

 107. Schulz R. Intracellular targets of matrix metalloproteinase‐2 in 
cardiac disease rationale and therapeutic approaches. Ann Rev 
Pharmacol Toxicol. 2007;46:211‐242.

 108. Moses MA, Harper J, Folkman J. Doxycycline treatment for lymph‐
angioleiomyomatosis with urinary monitoring for MMPs. N Engl J 
Med. 2006;354(24):2621‐2622.

 109. Pimenta SP, Baldi BG, Kairalla RA, Carvalho CR. Doxycycline use in 
patients with lymphangioleiomyomatosis: biomarkers and pulmo‐
nary function response. J Bras Pneumol. 2013;39(1):5‐15.

 110. Aldridge JP, Lester V, Watts TL, Collins A, Viberti G, Wilson RF. 
Single‐blind studies of the effects of improved periodontal health 
on metabolic control in type 1 diabetes mellitus. J Clin Periodontol. 
1995;22(4):271‐275.

 111. Grossi SG, Skrepcinski FB, DeCaro T, et al. Treatment of periodon‐
tal disease in diabetics reduces glycated hemoglobin. J Periodontol. 
1997;68(8):713‐719.

 112. Engebretson SP, Hyman LG, Michalowicz BS, et al. The effect 
of nonsurgical periodontal therapy on hemoglobin A1c levels in 

persons with type 2 diabetes and chronic periodontitis: a random‐
ized clinical trial. JAMA. 2013;310(23):2523‐2532.

 113. Gomes BC, Golub LM, Ramamurthy NS. Tetracyclines inhibit 
parathyroid hormone‐induced bone resorption in organ culture. 
Experientia. 1984;40:1273‐1275.

 114. Sasaki T, Ohyori N, Debari K, Ramamurthy NS, Golub LM. Effects 
of chemically‐modified tetracyclines, CMT‐8, on bone loss and 
osteoclast structure and function in osteoporotic states. Ann N Y 
Acad Sci. 1999;878:347‐360.

 115. Ramamurthy NS, Rifkin BR, Greenwald RA, et al. Inhibition of ma‐
trix metalloproteinase‐mediated periodontal bone loss in rats: a 
comparison of 6 chemically‐modified tetracyclines. J Periodontol. 
2002;73:726‐734.

 116. Bain S, Ramamurthy NS, Impeduglia T, Scolman S, Golub LM, Rubin 
C. Tetracycline presents cancellous bone loss and maintains near‐
normal rates of bone formation in streptozotocin diabetic rats. 
Bone. 1997;21:147‐153.

 117. Craig RG, Yu Z, Xu L, et al. A chemically‐modified tetracycline 
inhibits streptozotocin‐induced diabetic depression of skin colla‐
gen synthesis and steady‐state type I procollagen mRNA. Biochim 
Biophys Acta. 1998;1402:250‐260.

 118. Sasaki T, Ramamurthy NS, Golub LM. Tetracycline administration 
increases collagen synthesis in osteoblasts of diabetic rats: a quan‐
titative autoradiographic study. Calcif Tissue Int. 1992;50:411‐419.

 119. Golub LM, Ramamurthy NS, Llavaneras A, et al. A chemically 
modified nonantimicrobial tetracycline (CMT‐8) inhibits gin‐
gival matrix metalloproteinases, periodontal breakdown, and 
extra‐oral bone loss in ovariectomized rats. Ann N Y Acad Sci. 
1999;878:290‐310.

 120. Scarpellini F, Scarpellini L, Andreassi S, Cosmi EV. Doxycycline may 
inhibit postmenopausal bone damage. Preliminary observations. 
Ann N Y Acad Sci. 1994;6(732):493‐494.

 121. Wright A, Stuart B, Ruggieri R, et al. Meriva® and a novel chem‐
ically‐modified curcumin for the treatment of medulloblas‐
toma. ASPHO (The American Society of Pediatric Hematology/
Oncology), Pediatric Neuro‐oncology Basic and Translational 
Research Conference, New York, February, 2017.

 122. Xu Y, Ge L, Abdel‐Razek O, et al. Differential susceptibility of 
human sp‐b‐genetic variants on lung injury caused by bacterial 
pneumonia and the effect of a chemically modified curcumin. 
Shock. 2016;45(4):375‐384.

 123. Aggarwal BB, Sundaram C, Malani N, Ichikawa H. Curcumin: the 
Indian solid gold. Adv Exp Med Biol. 2007;595:1‐75.

 124. . Aggarwal BB, Harikumar KB. Potential therapeutic effects of cur‐
cumin, the anti‐inflammatory agent, against neurodegenerative, 
cardiovascular, pulmonary, metabolic, autoimmune and neoplastic 
diseases. Int J Biochem Cell Biol. 2009;41(1):40‐59.

 125. Anand P, Kunnumakkara AB, Newman RA, Aggarwal BB. 
Bioavailability of curcumin: problems and promises. Mol Pharm. 
2007;4(6):807‐818.

 126. Guimarães MR, de Aquino SG, Coimbra LS, Spolidorio LC, 
Kirkwood KL. Curcumin modulates the immune response associ‐
ated with LPS‐induced periodontal disease in rats. Innate Immun. 
2012;18(1):155‐163.

 127. Curylofo‐Zotti FA, Elburki MS, Oliveira PA, et al. Differential ef‐
fects of natural curcumin and chemically modified curcumin on 
inflammation and bone resorption in model of experimental peri‐
odontitis. Arch Oral Biol. 2018;91:42‐50.

 128. Deresinski S. Infections in the diabetic patient: strategies for the 
clinician. Infect Dis Rep. 1995;91(1):1‐12.

 129. Lipsky BA. Evidence‐based antibiotic therapy of diabetic foot in‐
fections. FEMS Immunol Med Microbiol. 1999;26(3‐4):267‐276.

 130. Deng J, Gu Y, Lee HM, Raja V, Johnson F, Golub LM. Novel modi‐
fied‐curcumin: resolution of cytokines and MMPs in cell culture. J 
Dent Res. 2018;97(special issue):abstract #129.



204  |     GOLUB and LEE

 131. Gu Y, Deng J, Lee HM, et al. Chemically‐modified‐curcumin: resol‐
vin activity in experimental diabetes. J Dent Res. 2017;96(special 
issue):abstract #1173.

 132. Katzap E, Goldstein MJ, Shah NV, et al. The chondroprotective 
properties of curcumin (Curcuma longa) and curcumin derived 
polyenolic zinc binding inhibitors against IL‐1β and OsM‐induced 
chrondrolysis. Trans Orthoped Res Soc. 2011; abstract #36.

 133. Botchkina GI, Zuniga ES, Rowehl RH, et al. Prostate cancer stem 
cell‐targeted efficacy of a new generation taxoid, SBT‐1214 and 
novel polyenolic zinc‐binding curcuminoid, CMC2.24. PLoS One. 
2013;8(9):e69884.

 134. . Basset P, Okada A, Chenard MP, et al. Matrix metalloproteinases 
as stromal effectors of human carcinoma progression: therapeutic 
implications. Matrix Biol. 1997;15(8‐9):535‐541.

 135. Mallangada N, Vargas J, Thomas S, et al. A novel tricarbonylmeth‐
ane agent (CMC2.24) reduces human pancreatic tumor growth in 
mice by targeting Ras. Mol Carcinog. 2018;57(9):1130‐1143.

 136. Mendes KL, Lelis DF, Santos SHS. Nuclear sirtuins and in‐
flammatory signaling pathways. Cytokine Growth Factor Rev. 
2017;38:98‐105.

 137. Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC. HIF‐1 
mediates adaptation to hypoxia by actively downregulating mito‐
chondrial oxygen consumption. Cell Metab. 2006;3(3):187‐197.

 138. Borra MT, Smith BC, Denu JM, et al. Mechanism of human SIRT1 
activation by resveratrol. J Biol Chem. 2005;280(17):17187‐17195.

 139. Schiedel M, Robaa D, Rumpf T, Sippl W, Jung M. The current state 
of NAD+ ‐dependent histone deacetylases (Sirtuins) as novel ther‐
apeutic targets. Med Res Rev. 2018;38(1):147‐200.

 140. Ikeda E, Ikeda Y, Wang Y, et al. Reseveratrol derivative‐rich melinjo 
seed extract induces healing in a murine model of established peri‐
odontitis. J Periodontol. 2018;89:586‐595.

 141. Corrêa MG, Pires PR, Ribeiro FV, et al. Systemic treatment with 
resveratrol and/or curcumin reduces the progression of experi‐
mental periodontitis in rats. J Periodontal Res. 2017;52(2):201‐209.

 142. Giannobile WV, Lang NP. Are dental implants a panacea or should 
we better strive to save teeth? J Dent Res. 2016;95(1):5‐6.

 143. Xu L, Yu Z, Lee HM, et al. Characteristics of collagenase‐2 from 
gingival crevicular fluid and peri‐implant sulcular fluid in periodon‐
titis and peri‐implantitis patients: pilot study. Acta Odontol Scand. 
2008;66(4):219‐224.

 144. Alassiri S, Parnanedn P, Rathnayake N, et al. The ability of quan‐
titative, specific, and sensitive point‐of‐care/chair‐side oral fluid 
immunotests for aMMP‐8 to detect periodontal and peri‐implant 
diseases. Dis Markers. 2018;2018:1306396.

 145. Al‐Majid A, Alassiri S, Rathnayake N, Tervahartiala T, Gieselmann 
DR, Sorsa T. Matrix metalloproteinase‐8 as an inflammatory and 
prevention biomarker in periodontal and peri‐implant diseases. Int 
J Dent. 2018;2018:7891323.

 146. Golub LM, McNamara TF, D'Angelo G, et al. A non‐antimicrobial 
chemically‐modified tetracycline inhibits mammalian collagenase 
activity. J. Dent. Res. 1987;66:1310–1314.

 147. Novak MJ, Johns LP, Muller RC, et al. Adjunctive benefits of sub‐
antimicrobial dose doxycycline in the management of severe, gen‐
eralized, chronic periodontitis. J. Periodontol. 2002;73:762–769.

How to cite this article: Golub LM, Lee H‐M. Periodontal 
therapeutics: Current host‐modulation agents and future 
directions. Periodontol 2000. 2020;82:186–204. https ://doi.
org/10.1111/prd.12315 

https://doi.org/10.1111/prd.12315
https://doi.org/10.1111/prd.12315

