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O R I G I N A L  R E S E A R C H
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Purpose: CMC2.24, a novel 4-(phenylaminocarbonyl)-chemically-modified-curcumin, is a pleiotropic MMP-Inhibitor of various 
inflammatory/collagenolytic diseases including periodontitis. This compound has demonstrated efficacy in host modulation therapy 
along with improved resolution of inflammation in various study models. The objective of current study is to determine the efficacy of 
CMC2.24 in reducing the severity of diabetes, and its long-term role as an MMP-inhibitor, in a rat model.
Methods: Twenty-one adult male Sprague-Dawley rats were randomly distributed into three groups: Normal (N), Diabetic (D) and 
Diabetic+CMC2.24 (D+2.24). All three groups were orally administered vehicle: carboxymethylcellulose alone (N, D), or CMC2.24 
(D+2.24; 30mg/kg/day). Blood was collected at 2-months and 4-months’ time-point. At completion, gingival tissue and peritoneal 
washes were collected/analyzed, and jaws examined for alveolar bone loss by micro-CT. Additionally, sodium hypochlorite(NaClO)- 
activation of human-recombinant (rh) MMP-9 and its inhibition by treatment with 10μM CMC2.24, Doxycycline, and Curcumin were 
evaluated.
Results: CMC2.24 significantly reduced the levels of lower-molecular-weight active-MMP-9 in plasma. Similar trend of reduced 
active-MMP-9 was also observed in cell-free peritoneal and pooled gingival extracts. Thus, treatment substantially decreased 
conversion of pro- to actively destructive proteinase. Normalization of the pro-inflammatory cytokine (IL-1ß, resolvin-RvD1), and 
diabetes-induced osteoporosis was observed in presence of CMCM2.24. CMC2.24 also exhibited significant anti-oxidant activity by 
inhibiting the activation of MMP-9 to a lower-molecular-weight (82kDa) pathologically active form. All these systemic and local 
effects were observed in the absence of reduction in severity of hyperglycemia.
Conclusion: CMC2.24 reduced activation of pathologic active-MMP-9, normalized diabetic osteoporosis, and promoted resolution of 
inflammation but had no effect on the hyperglycemia in diabetic rats. This study also highlights the role of MMP-9 as an early/ 
sensitive biomarker in the absence of change in any other biochemical parameter. CMC2.24 also inhibited significant activation of pro- 
MMP-9 by NaOCl (oxidant) adding to known mechanisms by which this compound treats collagenolytic/inflammatory diseases 
including periodontitis.
Keywords: matrix metalloproteinases, diabetes mellitus, resolvin, anti-oxidant activity, host modulation therapy

Introduction
Diabetes mellitus, which affects approximately 21 million people in the United States, is characterized by a group of 
metabolic disorder, which are marked by defects in insulin production, insulin action or both resulting in 
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hyperglycemia.1,2 Long-term hyperglycemia leads to the formation of advanced glycation end products (AGEs) and is 
associated with the activation of immune responses that lead to various macro- and micro-vasculature diabetic 
complications.3,4 This latter activation initiates local responses characterized by the release of pro-inflammatory 
cytokines (such as TNF-α, IL-1β and IL-6), free radicals, increase tissue oxidant stress and collagenolytic MMPs, all 
of which are similar to the complications seen in the tissues of the classic diabetic complications.5–8 AGEs contribute to 
tissue destruction (as a result of up-regulation of inflammatory collagenolytic mediators, eg, MMP-8 and MMP-9) and 
cause a loss of attachment, which is a hallmark of periodontitis seen more in diabetic compared to non-diabetic 
individuals.4,9

Recent literature has highlighted the role of MMPs, particularly MMP-9, in the pathogenesis of various diseases 
accompanied by acute and chronic inflammation, including diabetes and periodontitis.10–15 Matrix Metalloproteinase-9 
(MMP-9, 92 kDa) is produced by polymorphonuclear neutrophils (PMNs), macrophages, and fibroblasts.16,17 It can be 
activated to a lower molecular weight protein (82 kDa), the pathologically active form of MMP-9,18,19 which when 
present in excessive levels, has been implicated in contributing to a variety of inflammatory and malignant disorders, 
including periodontitis, periimplantitis, and pericoronitis, and a number of cancerous tumors.16,20,21 Various mechanisms 
are described in the literature on how MMP-9 pro-enzyme (92 kDa) may be activated to lower molecular weight active 
form (82 kDa) of the protein.22–26 Studies have recently indicated that oxidative stress and pro-inflammatory cytokines 
contribute to the elevation of gelatinase MMPs in inflammatory diseases like diabetes.

Both diabetes and periodontitis are associated with increased levels of markers of inflammation, namely MMP-9, pro- 
inflammatory cytokines, and oxidative stress.13,27–31 Although diabetes has long been recognized as a key risk factor for 
severe periodontitis (a well-known complication of diabetes) the latter can also increase the severity of diabetes (bi- 
directional).32,33 Increased levels of MMPs (a hallmark of both diseases) degrade the insulin receptors and this results in 
decreased insulin sensitivity and so promotes hyperglycemia which in turn leads to severe periodontitis and an increased 
level of cytokines, in a self-perpetuating manner.34 To break this self-promoting cycle of local and systemic inflamma
tion, newer therapies such as host modulation therapy (HMT) are being developed.

The novel chemically modified curcumin (CMC2.24), a 4- (phenylaminocarbonyl) derivative, has been identified as 
a potent HMT and has down-regulated both the inflammatory and oxidative stress markers in various disease 
models.28,35–44 It acts as a strong (tri-ketonic cation-binding) MMP-inhibitor45 through various pleiotropic mechanism 
along with potent antioxidative,44 anti-inflammatory, and resolvin-generating activity with no obvious cytotoxicity or 
antimicrobial activity.28,35–38,40,42,46–48 The aim of the present study is to assess over a period of 4 months, the effect of 
this novel pleiotropic HMT on hyperglycemia and associated inflammation and bone loss, in the absence of antibiotic 
therapy. Consequently, the objectives of the current study are to determine whether CMC2.24, a potent inhibitor (in vitro 
and cell culture) of MMPs, also effective in vivo i) can reduce the severity of long-term diabetes and diabetes-induced 
periodontitis and ii) inhibits the activation of the MMP-9 proenzyme.

Materials and Methods
Chemical Reagents
CMC 2.24 was synthesized and provided by Chem-Master Intl. Inc. (99.5% pure, Stony Brook, NY, USA). 
Carboxymethyl cellulose as a vehicle was purchased from Sigma (C-4888, Sigma, USA). All cell culture reagents and 
chemical reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Animal Studies
Twenty-one adult male Sprague-Dawley (SD) rats (Strain code: CD001, Body Weight: 276–400 grams; viral antibody 
free; Charles River Laboratories International, Inc., Wilmington, MA, USA) were acclimatized to the study environment 
one week prior to the initiation of the experiment, then were randomly distributed into 3 experimental groups: non- 
diabetic normal controls (N), diabetics (D), diabetics with CMC2.2.4 treatment (D+2.24) (n = 6–8 rats per group).

After the rats had been acclimatized, those in the N group (n = 6), were given an intraperitoneal (i.p) injection of 10 
mM citrate saline buffer, pH 4.5 (vehicle-alone). Those in the D and D+2.24 groups (n = 16) were given an i.p. injection 
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of streptozotocin (STZ, 55mg/kg body weight; ENZO Life Sciences, Inc., Plymouth Meeting, PA, USA) to induce type 
I diabetes. All rats were hosed singly, the ambient temperature being maintained at 18–24°C, while the lights were turned 
on/off automatically at 06:00 AM/18:00 PM. There was access to unlimited food and water. After 1-week, all of the STZ- 
injected rats (D and D+CMC2.24 groups) exhibited pathologically elevated glucose levels in their urine. The diabetic 
status (hyperglycemia; glucosuria) of the rats was monitored weekly by means of nonenzymatic test strips (CTMI 4 LN; 
Cole-Tayler Marketing Inc., Redsa, CA, USA), which regularly can read >2% glucose in urine (~500 mg/dL glucose in 
serum).28 The hyperglycemic rats in D+CMC2.24 groups were then orally administered CMC2.24 daily (Monday- 
Friday) (30 mg/kg) for a period of 16 weeks. The untreated diabetic rats (D group) and the non-diabetic controls (N 
group) were administered vehicle-alone (1 mL of a 2% carboxymethylcellulose suspension in water) by oral gavage for 
the same period of time. The CMC2.24 (or placebo) treatment was initiated 1-week after STZ administration.

After all rats were confirmed as hyperglycemic their body weights were measured at day 1 (ie, baseline), 1 
week, 8 week and 16 weeks. Blood plasma and serum were collected through tail vein to measure blood glucose, 
HbA1c, MMPs and inflammatory cytokines at 8 weeks and through cardiac puncture at 16 weeks. Blood was 
collected only at 2 time-points for the entire duration of the 4-month study, to avoid the formation of non-healing 
ulcers (as observed in previous studies) which are a known diabetic complication.28,46 At the end of the 16-weeks 
period (4-months) of therapy, all rats in each experimental group (N, D, and D+CMC2.24 groups, n = 6–8 rats/ 
group) were fasted overnight and then euthanized by CO2 inhalation. The heads were collected and stored at 
−80°C until processed and used for alveolar bone analysis by micro-computerized tomography (μCT).49

Animals were housed in the Division of Laboratory Animal Resources (DLAR) at Stony Brook University with care 
provided by the Center’s personnel and all experimental procedures having been approved by Stony Brook University’s 
Institutional Animal Care and Use Committee (IACUC # 230617) at the same location. This facility follows the Animal 
Welfare (USDA enforced) Act, the Public Health Service Act (OLAW enforced), and NY State law (DOH enforced), and 
is an AAALAC International accredited facility.

Resident Peritoneal Washes (rPW)
Non-elicited resident peritoneal washes (rPW) were collected by peritoneal lavage following injection of 15mL of sterile- 
cold phosphate-buffered saline (PBS)/3mM EDTA into the peritoneal cavity. After gently massaging the peritoneum for 1 
min, resident peritoneal washes (rPW) were collected (~12mL), then stored on ice (4°C), and centrifuged at 1000 rpm, 
40°C, 5 min to separate the supernatant cell-free peritoneal fractions (CFPFs) from the mixed cells in the peritoneal 
cavity.

Gingival Tissue Extraction
The gingival tissues from the maxillary jaws were excised, weighed, and pooled for each experimental group (n = 
3 rats per group) as described previously.38 The pooling of gingival tissues for each group is necessary because 
individual rats do not yield sufficient gingiva for enzyme analyses. The gingival tissues were extracted and the 
MMP content of the extract was partially purified as described previously.50,51 In brief, the samples were 
homogenized (all procedures at 4°C) with a glass grinder (Kontes, Glass Co., Vineland, NJ) attached to 
a T-Line Lab stirrer (Model 106 Taboys Engineering Corp., NJ) in 50 mM Tris-HCl buffer (pH 7.6) containing 
5 M urea, 0.2 M NaCl and 5 mM CaCl2, then extracted overnight and centrifuged at 15,000 rpm for 1 hour. The 
supernatants were collected and dialyzed exhaustively against 50 mM Tris buffer (pH 7.8) containing 0.2M NaCl 
and 5 mM CaCl2. Ammonium sulfate was added to the dialysate (to produce 60% saturation) which was then 
allowed to stand overnight. The resulting precipitate containing the MMPs was collected by centrifugation at 
15,000 rpm for 90 min, then the pellets were dissolved in the Tris buffer (pH 7.8) containing NaCl, CaCl2 and 
0.05% Brij and exhaustively dialyzed against the same buffer. Protein content of the extracts was determined by 
Bio-Rad Protein Assay.
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Blood Glucose and HbA1c Analysis
Blood was collected from the rat tail vein after 8 weeks and by cardiac puncture at 16 weeks, for analysis of glucose 
contents (One Touch Ultra Glucometer; Johnson & Johnson, New Brunswick, N.J.) and HbA1c (Bayer A1CNow Self 
check, Sunnyvale, CA) levels.

Gelatin Zymography for MMPs Analysis
Assays for MMP-2 (pro-form: 72 kDa; activated-form: 63 kDa) and MMP-9 (pro-form: 92 kDa; activated-form: 82 kDa) 
in CFPFs in rPW, blood plasma and gingival tissue extract were conducted by gelatin zymography as described 
previously.28,45,52,53

ELISA Assay
The CFPFs in rPW, blood plasma and gingival tissue extracts were analyzed for cytokines (IL-1β, IL-6, and TNF-α) and 
resolvins (RvD1). Quantikine® ELISA kits for IL-1β (Catalog# RLB00, SRLB00, PRLB00), IL-6 (Catalog# R6000B, 
SR6000B, PR6000B), and TNF-α (Catalog# RTA00, SRTA00, PRTA00) were purchased from R&D Systems, Inc. 
(Minneapolis, MN, USA). RvD1 (Catalog# 500380) is purchased from Cayman Chemical (Ann Arbor, Michigan, USA). 
All measurements of cytokines and resolvins were performed according to manufacturer’s instructions.

Micro Computerized Tomography (μCT) Imaging and Morphometric Analyses
In this experiment, the heads were thawed at 4 °C, fixed and stored in 70% ethanol at room temperature. The maxillae 
were scanned with a Scanco MicroCT (μCT40; Scanco Medical, Bassersdorf, Switzerland) at 20.0 μm of voxel size, 
followed by reconstruction of the μCT images. Results were analyzed on the HP open platform (OpenVMS Alpha 
Version 1.3–1 session manager) using μCT V6.0 software. The volume of interest was defined on the axial planes 
between the distal root surface of the first molar and the mesial root surface of the third molar (Figure 1A, white box). 
A three-dimensional volume of interest was generated using the contours delineated continuously from every plane of the 
distal root surface of the first molar till the mesial root surface of the third molar.46,54 The relative bone volume of interest 
was calculated by first excluding the root and tooth volume from the total volume of interest, then using a bone volume 
fraction [bone volume/total volume (BV/TB)] to obtain the volume of mineralized bone per unit volume of the sample, 
based on counting voxels (Figure 1A, red box).46,54 Bone mineral density (BME) was calculated by mean voxel value in 
units of hydroxyapatite density (mg HA/cm3) as described previously.46,49,54

Activating Human Recombinant MMP-9
MMP-9 (Proenzyme, Human, Recombinant) (rh-MMP-9) was obtained from Calbiochem (EMD Millipore Corporation, 
CA, USA). This was diluted to 0.4ng/μL in 50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05% Brij-35 (w/v), pH 7.5 
(TCNB) buffer and then activated by adding Sodium Hypochlorite (NaClO) solution from Sigma-Aldrich (St. Louis, 
MO, USA) to achieve a final concentration of 100 μM. Stock solutions of Doxycycline, Curcumin and CM2.24 were 
dissolved in DMSO (purchased from Sigma-Aldrich, St. Louis, MO, USA) at concentration of 1mM. Doxycycline and 
Curcumin were used as controls. The rh-enzyme was incubated for 24 hours at 37°C with NaOCl with or without 
Doxycycline, Curcumin or CM2.24 at a final concentration of 10 μM. The reaction mixture was then analyzed for pro- 
and activated-MMP-9 by gelatin zymography.

Statistical Analysis
For body weight, HbA1c, blood glucose, and MMP-9 in plasma, because time is introduced, the linear mixed model was 
used to evaluate the “value” between different experimental groups, with p < 0.05 taken as a statistically significant 
difference. Other MMP levels, cytokines, and bone assessment, for the different experimental groups were analyzed by 
ANOVA, with p < 0.05 taken as a statistically significant differences. Differences between groups were represented by *p 
< 0.05, **p < 0.01, ***p < 0.005, **** p < 0.001, #p < 0.0005, ##p < 5×10−5.
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Results
Systemic Measurements: Plasma and Cell-Free Peritoneal Fraction (CFPFs)
Based on densitometric analysis of MMP-9 in the plasma, the levels of lower (MW) activated form of MMP-9 (82 kDa) 
increased significantly in Diabetic group at 4 months compared with those at 2 months (p value <0.05) (Figure 2). By 
comparison, this increase was significantly reduced in the D+CMC2.24 group at 4 months (p value <0.05) (Figure 2). 

Figure 1 Morphometric analysis of diabetes-induced osteoporosis measured by μCT. (A). The total volume of interest (VOI) area indicated in the white box. And the bone 
volume of interest area indicated in the red box. (B). Morphometric imaging shows the porosity of maxillary bone surface was obviously increased in diabetic rats in 
comparison with normal control and D+CMC2.24 treated rats. (C). The analysis of bone volume fraction (BV/TV) by μCT. VOX: based on counting voxels; TV: total volume 
(mm3); BV: bone volume (mm3). (D). The analysis of bone mineral density (BMD) by μCT based on calculating the units of hydroxyapatite density (mg HA/cm3). White bar: 
N, normal group; Black bar: D, diabetic group; Gray bar: D+CMC2.24, diabetes+CMC2.24 treatment group. Each value represents Mean (n=6/group) ± Standard Error (S.E. 
M.) *Indicates p<0.05 values compared between groups at the same time period.
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The levels of total- and Pro- MMP-9 in the D+CMC2.24 group showed a significant increase at 4 months compared to its 
levels at 2 months (p value <0.05; p value <0.01) (Figure 2). Unlike MMP-9, there was no statistically significant 
difference in the levels of the MMP-2 in plasma between any of the three groups: normal (N), diabetic (D), and treatment 
(D+2.24) groups (data not shown).

Analysis of the data of the level of MMP-9 in the cell-free peritoneal fractions (CFPFs) from the non-elicited/resident 
peritoneal washes (rPW) of rats reveals that there is a significant increase in total MMP-9 for D group compared to the 
control group at end of the study (p < 0.05) (Figure 3A). This increase in the diabetic rats was 218% higher than in the 
non-diabetic control, compared to only a 62% increase in the treatment group compared to non-diabetic control. The 
activated-form of MMP-9 (82 kDa) showed a trend (not statistically significant) of increase in the D group (increased to 
158%) compared to non-diabetic controls, whereas the D+2.24 group exhibited levels similar to normal group 
(Figure 3A), a pattern similar to blood plasma. Total MMP-2 levels were increased significantly in both the D and D 
+2.24 groups (p value < 0.005) (Figure 3B). However, the increase was 270% for D group, and only 151% for the D 
+CMC2.24 group compared to non-diabetic controls (N). However, the latter value was not statistically different from 
the placebo-treated diabetics.

It is noteworthy that plasmas and CFPFs showed no difference in their levels of pro-inflammatory cytokines (IL-1ß, 
IL-6, and TNF-A) in the three experimental groups (Data not shown). We also measured resolvin (RvD1) levels in the 
CFPFs. CMC2.24 treatment significantly increased resolvin-RvD1 levels in CFPFs by 68% (p < 0.05), compared to the 
non-diabetic control (N) group, and by 44% (p < 0.05) compared to the diabetic (D) group (Figure 4). This indicates that 
CMC2.24 has a resolvin-stimulating ability and thus likely can prevent the prolongation (chronicity) of acute inflamma
tion (Note: RvD1 was not measured in peripheral blood plasma).

Figure 2 Effect of CMC 2.24 treatment on levels of pro-, activated-and total MMP-9 in blood plasma. STZ-diabetic rats in treatment group were administered daily by oral 
gavage CMC2.24 (30mg/kg) for 4-months. Blood plasma was collected at 2-months and 4-months. Gelatinase activities were analyzed by gelatin zymography and scanned by 
densitometer. Black bar: pro-MMP-9 activity; White bar: activated-MMP-9 activity; Gray bar: total-MMP-9 activity. Control (2 Mo): normal group at 2-months; Control (4 
Mo): normal group at 4-months; Diabetic (2 Mo): diabetic group at 2-months; Diabetic (4 Mo): diabetic group at 4-months; D+2.24 (2 Mo): diabetes+CMC2.24 group at 
2-months; D+2.24 (4 Mo): diabetes+CMC2.24 group at 4-months. Each value represents Mean (n=6-8 rats/group) ± Standard Error (S.E.M.) *Indicates p<0.05; **Indicates 
p<0.01, #Indicates p<0.0005 values compared between groups at the same time period.
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Local/Oral Measurements: Gingiva and Alveolar Bone
Gingival tissues from 3 rats of each group were pooled, extracted, and partially purified as described above, and analyzed 
for both gelatinases, MMP-9, and MMP-2 using gelatin zymography (preliminary data not shown). These results show 
that the total amount of MMP-9 in both the D and D+2.24 group increased by 70% compared to that in gingival tissue 
extracts from non-diabetic controls. However, the Diabetic (D) group showed a 300% increase of activated form (82 
kDa) of MMP-9 (a pattern similar to that was seen by systemic measurements) which was decreased to 52% upon 

Figure 3 Effect of in vivo CMC 2.24 treatment on levels of pro-, activated-and total MMP-9 and Total-MMP-2 in rat non-elicited CFPF. STZ-diabetic rats in treatment group 
were administered daily by oral gavage CMC2.24 (30mg/kg) for 4 months. Resident CFPFs were collected on the day of sacrifice. Gelatinase activities were analyzed by 
gelatin zymography and scanned by densitometer. (A). MMP-9 in CFPFs. White bar: pro-MMP-9 activity; Black bar: activated-MMP-9 activity; Gray bar: total-MMP-9 activity. 
N, normal group; D, diabetic group; D+CMC2.24, diabetes+CMC2.24 treatment group. (B). MMP-2 in CFPFs. White bar: MMP-2 activity in Normal group; Black bar: MMP-2 
activity in Diabetic group; Gray bar: MMP-2 activity in Diabetes+CMC2.24 treatment group. N: normal group; D: diabetic group; D+CMC2.24: diabetes+CMC2.24 treatment 
group. Each value represents Mean (n=6-8 rats/group) ± Standard Error (S.E.M.) *Indicates p<0.05, **Indicates p<0.01, ***Indicates p<0.005, #Indicates p<0.0005 values 
compared between groups at the same time period.

Figure 4 Effect of in vivo CMC 2.24 treatment on resolvin-enhancing activity in rat CFPE. CFPF were then analyzed for resolvin-enhancing activity by ELISA. RvD1 levels (ng/ 
mL) in Cell Free Peritoneal Exudate. White bar: RvD1 levels in Normal group; Black bar: RvD1 levels in Diabetic group; Gray bar: RvD1 levels in Diabetes+CMC2.24 
treatment group. N, normal group; D, diabetic group; D+CMC2.24, diabetes+CMC2.24 treatment group. Each value represents Mean (n=6-8/group) ± Standard Error (S.E. 
M.) *Indicates p<0.05; **Indicates p<0.01 values compared between groups at the same time period.
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treatment with CMC2.24 (preliminary data not shown). There was no difference seen in the levels of the MMP-2 in 
gingival tissue extract (3 rats pooled/group) in any of the three groups: N, D, and D+2.24 groups (data not shown).

Analysis of the pro-inflammatory cytokine, IL-1ß, in pooled gingival tissue extracts shows that Diabetes increases the 
levels of this pro-inflammatory cytokine compared to Control group by 371% (preliminary data not shown). Upon 
treatment with CMC2.24, IL-1ß was decreased by 59% compared to D group (Data not shown). Other pro-inflammatory 
cytokines (IL-6 and TNF-A) did not show any difference between the experimental groups at 4 months in pooled gingival 
tissue extracts.

Evidence of diabetes-induced osteoporosis was provided by μCT morphometric analysis of bone volume and bone 
mineral density in the maxilla, as well as visual evidence of increased porosity of the sectioned jaw bones in the untreated 
D group (Figure 1A–). Morphometric imaging analyses of maxilla, measured by micro-CT, showed a clear increase in 
porosity in the diabetic rats (D) compared to both non-diabetic controls and D+2.24 treated rats. Based on the analysis of 
bone volume fraction (BV/TV), the diabetic rats exhibited significantly lower values of BV/TV (p < 0.05), indicating 
lower relative bone volume in this group (Figure 1B). Moreover, analysis of bone mineral density (BMD) was consistent 
with results of relative bone volume. This showed a substantial reduction (p < 0.05) of the units of hydroxyapatite density 
(mg HA/cm3) in the diabetic jaw bones (Figure 1C). In contrast, in the D rats treated with CMC2.24, morphometric 
imaging analyses of maxilla showed almost the same lack of porosity as the non-diabetic normal control group 
(Figure 1A). In addition, based on bone-volume-fraction analysis, CMC2.24 treatment appeared to improve the relative 
bone volume although not back to levels seen in the normal rat jaws (Figure 1B). The reduced bone mineral density in 
the diabetic rats was also improved when they were treated with CMC2.24 (Figure 1C).

Blood Glucose and Glycated Hemoglobin
At 2 months and 4 months both the diabetic and treatment groups had a significant and similar increase in both the blood 
glucose and HbA1c protein compared to the normal group (p value < 0.0001, Figure 5A and Figure 5). There was no 
significant change in blood glucose or HbA1c levels in treatment group when compared to the diabetic group even after 
a period of 4 months (Figure 5A and Figure 5).

Diabetic Complications & Adverse Events
Three diabetic complications were observed in both the diabetic and treatment groups, namely, cataract, diabetic 
gastroparesis, and caries. The rats in the non-diabetic controls showed no complications. Although the treatment with 
CMC2.24 seemed to have a beneficial effect on these complications (data not shown), however, this and other 
complications would have to be the subject of another designed study. The rats in all the three groups, normal, diabetic 

Figure 5 Comparison of blood glucose and glycated hemoglobin (HbA1c) levels between the 3 groups of rats. (A). It shows the levels of blood glucose (mg/dL) in normal/ 
control (non-diabetic), untreated diabetic and the CMC2.24-treated diabetic rats, respectively. Black bar: 2 months; White bar: 4 months. And (B). It shows the levels of 
HbA1c (%) in normal/control (non-diabetic), untreated diabetic and the CMC2.24-treated diabetic rats, respectively. Black bar: 2 months; White bar: 4 months. N, control 
(non-diabetic) group; D, diabetic group; D+CMC2.24, diabetes+CMC2.24 treatment group. Each value represents Mean (n=6/group) ± Standard Error (S.E.M.) ##Indicates 
p value < 5×10−5 values compared between groups at the same time period.
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and treatment, showed increases in the body weight at all time points during the 4-month study (data not shown). This 
indicates that treatment with CMC2.24 had no adverse effect on any of the rats to which it was administered.

Effect of Oxidative Stress & CMC2.24 Treatment on Recombinant Human MMP-9
By means of zymography, it was found that incubating human recombinant 92kDa rh-MMP-9 (obtained from 
Calbiochem, EMD Millipore Corporation, CA, USA) with 100μM of Sodium Hypochlorite (NaClO) significantly 
increased the percentage of active-MMP-9 (82 kDa) from 7% to 23% (p value < 0.001, Figure 6). Moreover, treatment 
with 10μM of Doxycycline (p value < 0.001), Curcumin (p value < 0.01), and CMT-3 (p value <0.0001) all significantly 
decreased this activation to about 8%, 8% and 5.8%, respectively (similar to control values). The treatment with 10μM 
CMC2.24 appeared to be somewhat more effective since it decreased this activation of MMP-9 (82 kDa) to 6.3% (p 
value < 0.0001, Figure 6). This demonstrates that incubating rh-MMP-9 with oxidants like NaClO activates it to a lower 
molecular weight (82 kDa) active-form which is inhibited upon treatment with CMC2.24, demonstrating its antioxidant 
activity consistent with previous reports, by Kim et al44

Discussion
Earlier studies in our laboratory demonstrated the host modulatory activity of the novel CMC2.24 compound using an in 
vivo “short-term” rat model of experimental diabetes induced periodontitis and also in cell culture.28,39,46 Although these 

Figure 6 Effect of in vitro CMC 2.24, Doxycycline, Curcumin, and CMT-3 treatment on human recombinant MMP-9 activity. Human recombinant MMP-9 was activated with 
sodium hypochlorite (NaClO) and treated with CMC 2.24, Doxycycline, Curcumin, and CMT-3 incubated at 37°C. Active MMP-9 activities were analyzed by gelatin 
zymography and scanned by densitometer. Black bar: active MMP-9. Each value represents Mean (n=2-4/group) ± Standard Error (S.E.M.). *Indicates p<0.05 #Indicated 
p<0.0005, ##Indicated p<5 x 10−5, ###Indicates p< 1×10−6 values compared between groups at the same time period.
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earlier studies were limited to 3 weeks – 4 weeks and used models of severe type I diabetes (induced with STZ 
administered intravenously (i.v) at 70 mg/kg), CMC2.24 treatment accomplished beneficial effects in rats with severe 
periodontal disease, even in the presence of continuing severe hyperglycemia. Therefore, based on the literature 
available, it was reasonable to hypothesize that longer-term studies (eg, of 4 months duration) of CMC2.24, 
a pleiotropic MMP-Inhibitor, in a less severe model of diabetes may reduce both blood glucose and HbA1c levels. 
This maybe because there is a reduction in non-enzymatic protein glycation together with a decreased inflammatory 
burden in the periodontal and other tissues. However, this did not happen! All of the beneficial effect on the inflammatory 
mediators and MMPs occurred in the ABSENCE of any significant improvement in hyperglycemia, at least during the 
4-month time period of study.

In this current longer-term study, we describe a novel protocol to induce diabetes in rats using streptozotocin (STZ) at 
concentration of 55 mg/kg of body weight, intraperitoneally (i.p) in contrast to 70 mg/kg of intravenous (i.v) protocol 
used earlier. Consistent with earlier short-term studies, this longer-term study did not show any change in hyperglycemia 
due to treatment with CMC2.24 over the period of 4 months (Figure 5A and Figure 5). However, some pro-inflammatory 
cytokines (IL-1ß), and tissue-destructive enzymes like active- MMP-9 from various samples (plasma, gingival tissue 
extract, cell-free peritoneal fraction, cell supernatant) that were analyzed, did increase in the D group, but were decreased 
upon treatment with CMC2.24. Total MMP-9 in the treatment group increased significantly compared to the diabetic 
group (Figure 2). This increase in levels of total MMP-9 can be attributed to the increase in pro-MMP-9 levels in the 
treatment group (Figure 2). A similar trend of decrease, due to CMC2.24, in active MMP-9 was also seen in other 
systemic (CFPFs) (Figure 3) and local (gingival tissue extracts) tissue measurements (data not shown). We could not 
show data for gingival tissue extracts as even after pooling the gingiva from three rats, the sample size was small and we 
could not calculate any statistical significance for the same.

Consistent with previous studies36,37,42,46,47 on the resolvin-inducing property of CMC2.24, there was a significant 
increase in the resolvin (RvD1) in the group treated with CMC2.24 compared to the diabetic and non-diabetic controls 
(Figure 4). Derived from docosahexaenoic acid (DHA), this key pro-resolving lipid mediator belongs to a unique class of 
lipid mediators with anti-inflammatory.55,56 RvD1 helps regulate transmigration and infiltration of polymorphonuclear 
leukocytes (PMNs) during acute inflammation.55–57 Resolvins also have anti-inflammatory properties by reducing pro- 
inflammatory cytokines and preventing the prolongation of acute phase of inflammation.55–59

When the bone volume and bone mineral density were analyzed, we also observed the potent ability of CMC2.24 to 
reduce diabetes-induced osteoporosis in the upper jaws similar to previous short-term studies (Figure 1A–).36,37,39,46 This 
complication could be observed visually in the rats with severe and uncontrolled hyperglycemia, evidenced by increased 
roughness and porosity of maxillary jaws seen in a 3D-reconstructed image. Additionally, this was confirmed by micro- 
CT morphometric analysis of bone volume and bone mineral density. Although these decreased significantly in the 
diabetic group, there was no significant difference in these characteristics between the CMC2.24-treated diabetic rats and 
the non-diabetic controls. This demonstrates that CMC2.24 prevents systemic bone loss and osteoporosis even in the 
presence of persistent hyperglycemia. It is important to note that maxillary bone which mainly comprises trabecular bone 
is more prone to quick and severe osteoporosis when there is a demand for calcium as compared to the mandibular bone 
(made mostly of cortical bone).60,61 This strongly suggests that treatment of CMC2.24 could reduce the risk for 
pathologic fracture of skeletal bones. However, further studies are needed to confirm this hypothesis.

This new long-term study of less severe diabetic rats shows that active MMP-9 is an early sensitive molecular marker 
that reflects the chronic inflammatory state in vivo in the absence of any upregulation of other inflammatory cytokines, 
and before any increase in blood glucose, or HbA1c can be detected. A recent study by our group using a dog model of 
natural periodontitis also demonstrated that MMP-9 may be used as an early, specific, and sensitive biomarker in 
detecting early biochemical response to any proposed treatment, and an indication of future clinical changes.35 Excessive 
secretion of MMP-9 (and MMP-8) may contribute to the pathogenesis of tissue destructive processes in a wide variety of 
diseases. High levels of MMP-9 have been related to the pathogenesis of chronic inflammatory conditions such as 
diabetes,62 periodontitis,63 rheumatoid arthritis,64 cancer,65 and others. MMP-9 is involved in tissue damage and 
inflammation by degrading matrix proteins and activating cytokines/chemokines via proteolytic activation.22 Recent 
literature shows that MMP-8 and MMP-9 levels in biological fluids reflect the severity of chronic inflammatory diseases 
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and certainly are diagnostically significant markers for the progression of inflammatory and destructive changes in 
periodontal disease.66–72

MMP-9 pro-enzyme can be activated by proteolytic removal of the propeptide or disruption of the zinc- 
cysteine bond by other proteases, other MMPs, heavy metals or organomercury compounds such as aminophe
nylmercuric acetate (APMA), oxidants (hypochlorous acid, etc) and alkylating agents.22–26 Activation of pro-MMP 
-9 can occur when the cysteine switch is disrupted. This disruption can occur, at physiological concentrations of 
reactive oxygen species (ROS), because of oxidation of the cysteine thiol group.22,24 The pathogenesis of many 
diseases, including diabetes and its complications, is often oxidative stress, a result of excessive ROS production 
and the suppression of the antioxidant defense system for ROS removal.73 Increased levels of blood glucose in 
vivo affects MMP-9 activity in various models.74,75 We hypothesize that MMP-9 may be activated in this 
experimental-diabetes model due to increased oxidative stress.73,74 One rational is that diabetes is characterized 
by high glucose concentrations that lead, via several mechanisms (such as glucose autoxidation, stimulation of the 
polyol pathway, activation of the reduced form of nicotinamide adenine dinucleotide phosphate oxidase, and 
production of advanced glycation end products), to an increased production of reactive oxygen species.27,73,74

The decrease in the levels of active MMP-9 in the treatment group when compared to the placebo-treated diabetic group 
suggests a possible mechanism by which the novel MMP-inhibitor CMC2.24 inhibits the activation of pro-enzyme form of 
MMP-9 in vivo. Since there are various mechanisms by which this novel MMP-inhibitor, CMC2.24, can prevent the activation 
of MMP-9, we examined the antioxidant activity. CMC2.24 has already demonstrated higher antioxidant activity than either 
resveratrol, vitamin C, or natural unmodified curcumin.44 In the current study, activation of MMP-9 was significantly decreased 
when rh-MMP-9 activated with NaClO (an oxidant) along with 10 µM of CMC2.24, Doxycycline, or Curcumin (Figure 6). 
The inhibition of the activation of MMP-9 was significantly greater when treated with CMC2.24 than with doxycycline. This 
highlights its potent antioxidant activity, but further studies are needed to outline the mechanism of action more clearly.

Conclusion
In conclusion, the current study indicates that long-term in vivo administration of CMC2.24 to diabetic rats can: (a) 
significantly suppress tissue-destructive, pathologically elevated levels of active MMP-9 (aMMP-9) both systemically 
and locally; (b) significantly enhance resolvin (RvD1) activity; and (c) reduce the severity of systemic bone loss 
(diabetes-induced osteoporosis). Moreover, these anti-collagenolytic, anti-inflammatory, and pro-resolving benefits 
occurred without any effect on severe hyperglycemia strongly indicating the therapeutic potential of this novel 
compound even in uncontrolled diabetics. This study also indicates that an increase of active MMP-9 even in the 
absence of changes in other biochemical parameters supports the role of a-MMP-9 as an earlier and more sensitive 
biomarker than cytokines in inflammatory/collagenolytic disease. This is consistent with, and supports the idea, 
currently clinically available as a diagnostic aid, a-MMP-8, a clinical diagnostic marker of active periodontal sites 
(as opposed to that are not active and respond to therapy).67–69,71,72 The significant antioxidant activity demonstrated 
by CMC2.24, which contributes to reduced levels of MMP-9, demonstrates the possible mechanism by which this 
novel compound therapeutic reduces the oxidative stress associated with periodontitis and other collagenolytic/ 
inflammatory diseases.
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