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Abstract

Background—Periodontitis is a chronic, polymicrobial inflammatory disease that degrades 

connective tissue and alveolar bone and results in tooth loss. Oxidative stress has been linked to 

the onset of periodontal tissue breakdown and systemic inflammation, and the success of 

antiresorptive treatments will rely on how effectively they can ameliorate periodontal disease–

induced oxidative stress during oral infection.

Methods—Rats were infected with polybacterial inoculum consisting of Porphyromonas 

gingivalis, Treponema denticola, and Tannerella forsythia, as an oral lavage every other week for 

12 weeks. Daily subcutaneous injections of enoxacin, bisenoxacin, alendronate, or doxycycline 

were administered for 6 weeks after 6 weeks of polybacterial infection in rats. The serum levels of 

oxidative stress parameters and antioxidant enzymes, including glutathione peroxidase, superoxide 

dismutase, and catalase, were evaluated in each of the infected, treated, and sham-infected rats.

Results—Rats infected with the periodontal pathogens displayed a five-fold increase in the 

oxidative stress index compared with controls as a result of increased levels of serum oxidants and 

decreases in total antioxidant activity. The overall decrease in antioxidant activity occurred despite 

increases in three important antioxidant enzymes, suggesting an imbalance between antioxidant 

macromolecules/small molecules production and antioxidant enzyme levels. Surprisingly, the 

bone-targeted antiresorptives bis-enoxacin and alendronate inhibited increases in oxidative stress 

caused by periodontitis. Bis-enoxacin, which has both antiresorptive and antibiotic activities, was 

more effective than alendronate, which acts only as an antiresorptive.

Conclusion—To the best of the authors’ knowledge, this is the first study to demonstrate that 

the increased oxidative stress induced by periodontal infection in rats can be ameliorated by bone-

targeted antiresorptives.
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Periodontal disease is a common, chronic polymicrobial immunoinflammatory disease 

initiated by a complex subgingival bacterial biofilm and results in the inflammatory 

breakdown of tooth-supporting tissues, including the gingivae, periodontal ligament, and 

alveolar bone. In addition to eventual tooth loss, periodontal disease has been linked to 

various systemic illnesses, including atherosclerosis, cardiovascular disease, diabetes, 

rheumatoid arthritis, Alzheimer disease, and adverse pregnancy outcomes.1–6 One potential 

mechanism by which periodontal disease can manifest its systemic effects is through the 

generation of systemic oxidative stress (SOS).7 In recent years, strong evidence emerged to 

implicate reactive oxygen species (ROS) as the cause of oxidative stress and lipid 

peroxidation (LPO) in the pathogenesis of periodontal disease in humans.7–10 Free radical–

induced LPO and the effect of ROS were implicated in the pathogenesis of several 

pathologic disorders.11 Mammals contain an array of antioxidant defense mechanisms 

consisting of non-enzymatic and enzymatic antioxidants to protect themselves, remove 

harmful ROS as soon as they are formed, and prevent their deleterious effects.12 If the level 

of oxidants outweighs the level of antioxidants, cells will be under oxidative stress.12 The 

presence of excess reactive oxidants is thought to provide a fertile soil for the progression of 

various diseases. If periodontal disease stimulates SOS, this could plausibly accelerate 

disease progression and provide a mechanism by which SOS can cause or enhance distant 

systemic disease. Several studies reported the role of antioxidant enzymes, including 

glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase (SOD), in 

periodontitis in humans9,10,13–15 and rats.16

Subgingival bacteria and their products, such as lipopolysaccharides and proteases, are 

responsible for initiating the production of cytokines that are responsible for tissue 

breakdown in periodontal disease. Pathogens, such as Porphyromonas gingivalis, 

Treponema denticola, and Tannerella forsythia, interact with the host and may lead to 

systemic inflammation characterized by the induction of proinflammatory cytokines, 

chemokines, and an enhanced immune response, resulting in an increase in the number and 

activity of polymorphonucleocytes (PMNs). These PMNs produce the ROS superoxide 

(O2
−) via the respiratory burst mechanism as part of the defense response to infection.17 The 

inflammatory response also stimulates increased osteoclastic bone resorption, which 

degrades the alveolar bone supporting the teeth in the infected area. Thus, production of 

ROS constitutes a component of the bone-resorptive process during periodontal disease.

Enoxacin (ENX) is an oral broad-spectrum fluoroquinolone antibacterial agent effective 

against many Gram-positive and -negative bacteria,18 and it also possesses anticancer 

properties because of its ability to enhance microRNA activity.19 ENX also blocks 

osteoclastogenesis and bone resorption without altering the expression levels of numerous 

osteoclast-specific proteins.20–22 ENX was very recently shown to reduce titanium particle–

induced osteolysis via suppression of the c-Jun N-terminal kinase (JNK) signaling 
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pathway.22 Bis-enoxacin (BE) is a bisphosphonate ester of ENX. Like ENX, BE blocks 

osteoclastogenesis and bone resorption without altering the expression levels of numerous 

osteoclast-specific proteins. BE has antiresorptive activity and inhibits osteoclast 

differentiation and bone resorption in vitro. It inhibits orthodontic tooth movement, an 

osteoclast-dependent process, and alveolar bone loss triggered by experimental periodontitis 

in rats.23,24

BE, like other bisphosphonates, adheres to mineralized matrix at sites of osteoclast 

resorption and inhibits osteoclast formation and bone resorption in a manner that resembles 

the mechanism by which ENX functions.23 In addition to its antiresorptive activity, BE is 

also an antibiotic.25 Alendronate (ALN) is a nitrogen-containing bisphosphonate that is a 

potent inhibitor of bone resorption. It blocks the prenylation of the Rho family guanosine 

triphosphatases (including Rho, Ras-related C3 botulinum toxin substrate 1 [Rac], and cell 

division cycle 42) in osteoclasts after it is mobilized by osteoclast activity. 26 ALN does not 

have antibiotic activity. Doxycycline (DOX) is amember of the tetracycline antibiotics 

group and is used to treat a variety of infections. It was reported that low doses of DOX 

decrease attachment loss by decreasing the levels of prostaglandins and phospholipase A2 

and inhibiting the production and activation of the matrix metalloproteinases. 27

Because BE has both antiresorptive and antibiotic activities, in a previous study, BE was 

tested as a therapeutic agent to prevent alveolar bone resorption in a polybacterial rat model 

of periodontitis and found it to be extremely effective.24 In this current study, SOS was 

examined in the serum of rats infected with periodontal pathogens and treated with BE, 

ALN, DOX, and ENX, as well as in shaminfected and/or untreated control rats to confirm 

whether periodontal disease stimulates SOS. The ability of these four drugs to control SOS 

induced by periodontal pathogens was also examined.

MATERIALS AND METHODS

Bacterial Strains and Microbial Inocula

P. gingivalis FDC 381, T. denticola ATCC 35404, and T. forsythia ATCC 43037 were 

grown anaerobically at 37°C, and the inoculum was prepared as described previously.28,29 

Bacterial cell concentrations for each species were enumerated, and bacteria were suspended 

in reduced transport fluid. P. gingivalis was mixed with an equal quantity of T. denticola 

and T. forsythia. The bacterial suspension was mixed with an equal volume of 4% sterile 

carboxymethylcellulose.||

Oral Infection and Oral Sampling

Forty-eight female Sprague-Dawley rats (10 weeks old) were obtained from the supplier.¶ 

Water was given ad libitum, and the rats were fed powdered normal chow.#28,29 All rat 

procedures were performed in accordance with the approved protocol (protocol no. 

201004367) guidelines set forth by the Institutional Animal Care and Use Committee of the 

||Sigma-Aldrich, St. Louis, MO
¶Harlan, Indianapolis, IN.
#Teklad Global Diet, Harlan.
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University of Florida. The University of Florida has an Assurance with the Office of 

Laboratory Animal Welfare and follows Public Health Service policy, the Animal Welfare 

Act and Animal Welfare Regulations, and the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. The University of Florida is also accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care. In addition, 

adequate measures were taken to minimize pain or discomfort to rats during oral bacterial 

infection and plaque sampling. Rats were administered 0.05 mg/mL kanamycin in their 

drinking water, followed by administration of 0.12% chlorhexidine gluconate mouthrinse to 

inhibit microorganisms endogenous in the rat oral cavity. Polymicrobial inocula containing 

P. gingivalis, T. denticola, and T. forsythia of 109 cells were administered as oral lavage 

every other week for 12 weeks to establish periodontal infection, whereas sham-infected 

control rats received sterile 4% carboxymethylcellulose only. Oral plaque samples were 

collected after every bacterial infection cycle by swabbing the oral cavity with sterile cotton 

tips.**

Treatment Groups

Forty-eight Sprague-Dawley rats were randomly divided into eight groups as follows: 1) 

polybacterial infection with P. gingivalis, T. denticola, and T. forsythia; 2) polybacterial 

infection plus treatment with BE (5 mg · kg−1 · d−1);23 3) polybacterial infection plus 

treatment with BE (25 mg · kg−1 · d−1);23 4) polybacterial infection plus treatment with ALN 

(1 mg · kg−1 · d−1);30 5) polybacterial infection plus treatment with ALN (10 mg · kg−1 · 

d−1);30 6) polybacterial infection plus treatment with ENX (5 mg · kg−1 · d−1);21,23 7) 

polybacterial infection plus treatment with DOX (5 mg/d);31 and 8) shaminfected and 

untreated controls. A daily subcutaneous injection of these treatments was administered for 

6 weeks after 6 weeks of initial infection. The lower-dose 5 mg/kg mixture of BE powder 

was suspended in sterile PBS, whereas the higher dose of 25 mg/kg was more difficult to 

dilute and therefore was suspended in 5% ethanol. ENX (5 mg/kg) powder was suspended in 

0.1 M NaOH. Both 1 mg/kg ALN mixture and the 5 mg/d DOX mixture were suspended in 

sterile PBS. After 12 weeks of bacterial infection, rats were euthanized, and blood, jaws, and 

internal organs (heart, spleen, liver, kidney, lung, and brain) were collected for analysis.29 

Serum was separated, stored at −20°C, and used for oxidative stress analysis in this study.

Analysis of Biochemical Parameters

Polybacterial pathogen–infected, sham-infected, and infected and ENX-, BE-, ALN-, or 

DOX-treated rat serums were used to determine the level of the antioxidant/oxidant status 

and oxidative stress (total antioxidant status [TAS], total oxidant status [TOS], and oxidative 

stress index [OSI]), LPO product malondialdehyde (MDA), and antioxidant enzymes GPx, 

SOD, and CAT.

Analysis of TAS

Serum TAS levels from six rats in each of the groups 1 through 8 were determined using a 

commercially available assay kit.†† Briefly, the method is based on bleaching of color from 

**VWR, Radnor, PA
††Rel Assay Diagnostics, Gaziantep, Turkey
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a stable 2,2-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) radical cation by 

antioxidants. Antioxidants in the sample reduced the dark green–colored ABTS radical to a 

colorless reduced ABTS form.16,32

Measurement of TOS

Serum TOS levels from six rats in each of the eight groups were determined using a 

commercially available assay kit.‡‡ The method is based on oxidation of ferrous ion to ferric 

ion. The oxidation reaction is prolonged by enhancer molecules present in the reaction 

medium. The ferric ion makes a colored complex with chromogen in an acidic medium. The 

color intensity is related to the total amount of oxidant molecules present in the sample at 

660 nm.16,32,33

Measurement of OSI

OSI for six rats in each of the eight groups was calculated using the percentage ratio of 

TOS-to-TAS. OSI value was calculated using the following formula: OSI = [(TOS, μmol/L)/

(TAS, mmol Trolox equivalent/L)].16

Analysis of LPO Levels

This method is based on the reaction of MDA in the samples with thiobarbituric acid (TBA) 

to generate the MDA–TBA adduct. The MDA–TBA adduct can be quantified by the 

colorimetric method at 532 nm by a spectrophotometer.34 This assay was performed using 

the spectrophotometric assay kit.§§

Measurement of GPx Activity

Quantification of GPx activity is based on reducing cumene hydroperoxide with GPx while 

oxidizing glutathione (GSH) to glutathione disulfide (GSSG). The generated GSSG is 

reduced to GSH with the consumption of nicotinamide adenine dinucleotide phosphate 

(NADPH) by glutathione reductase (GR). The decrease of NADPH measured at 340 nm is 

proportional to GPx activity.35 GPx activity was measured from sera from six rats in each 

group using spectrophotometric assay kits according to the instructions of the manufacturer. 

Briefly, GPx activity was measured through a coupled reaction with GR. The method was 

based on oxidized GSH produced when cumene hydroperoxide is reduced by GPx. The 

decrease of NADPH was accompanied by a decrease in absorbance at 340 nm, which 

provided the spectrophotometric means of monitoring. Negative control experiments were 

performed by deleting the sample or substrate.

Measurement of SOD Activity

SOD activity was quantified from sera of six rats in the eight groups using 

spectrophotometric assay kits according to the instructions of the manufacturer. Briefly, the 

SOD assay used a highly water-soluble tetrazolium salt (WST-1) that produced a water-

soluble formazan dye that is reduced by superoxide anion. The rate of the reduction with a 

‡‡Lipid Peroxidation (MDA) Fluorometric/Fluorometric Assay Kit, BioVision, Mountain View, CA.
§§OxiRed, BioVision.
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superoxide anion was linearly related to the xanthine oxidase activity and was inhibited by 

SOD. The inhibition activity of SOD was determined by a colorimetric procedure using a 

spectrophotometric reader at 450 nm, and SOD activity was expressed as inhibition rate 

percentage.36

Measurement of CAT Activity

CAT activity was quantified from sera from six rats in each of eight groups using 

spectrophotometric assay kits according to the instructions of the manufacturer. Briefly, 

CAT was first reacted with hydrogen peroxide (H2O2) to produce water and oxygen. The 

unconverted H2O2 was then reacted with a probe|||| to produce a product, which was 

measured by colorimetry at 570 nm.36 CAT activity was expressed as nanomoles of H2O2 

decomposed.

Statistical Analyses

All data were presented as mean ± SD. An unpaired, two-tailed Student t test was used to 

compare two independent groups. Statistical software was used for analysis,¶¶ and P <0.05 

was considered significant.

RESULTS

Experimental Periodontal Disease Increases SOS But Elevates Antioxidant Parameters

To determine whether periodontal disease triggered SOS in rats, the serum levels of TAS, 

TOS, specific markers of oxidation (LPO), and levels of antioxidant enzymes (GPx, SOD, 

and CAT) were evaluated. The OSI was calculated as the ratio of TOS and TAS 

measurements. Polybacterial oral infection significantly (P <0.01) decreased serum TAS 

levels in rats compared with sham-infected rats (Fig. 1A). In contrast, polybacterial infection 

significantly (P <0.01) increased serum TOS levels in rats compared with sham-infected rats 

(Fig. 1B). OSI levels were significantly higher (P <0.001) (approximately five-fold) in 

polybacterial-infected rats than in the sham-infected rats (Fig. 1C). Consistent with 

increased TOS, it was found that serum LPO was also significantly higher (P <0.01) in 

infected rats compared with shaminfected rats (Fig. 1D). Similarly, serum levels of GPx, 

SOD, and CAT were all significantly elevated (P <0.001, P <0.05, and P <0.001, 

respectively) in polybacterial-infected rats compared with sham-infected rats (Figs. 1E 

through 1G).

Bone-Targeted Antiresorptives Reduce Elevated SOS Triggered by Periodontal Disease

Both BE and ALN were reported to reduce alveolar bone resorption stimulated by 

experimental periodontal disease in rats.24 Using the same study rats, polybacterial 

infection–induced SOS was examined in rat serum, as was the effect of bone-targeted 

antiresorptives and antibiotics in altering the SOS by measuring total antioxidant capacity 

(TAS). Polybacterial infection significantly (P <0.01) decreased serum TAS levels in rats 

compared with shaminfected and untreated rats (group 8) (Fig. 2A). In contrast, treatment 

||||OxiRed, BioVision.
¶¶Prism for Windows v.5.0, GraphPad Software, San Diego, CA.

Oktay et al. Page 6

J Periodontol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with BE (5 and 25mg · kg−1 · d−1), ALN (1 mg · kg−1 · d−1), and DOX significantly (P 

<0.05) enhanced TAS levels in rats relative to infected and untreated rats (group 1). When 

comparing antioxidant levels between treatments with BE and ALN, BE (5 mg · kg−1 · d−1) 

enhanced TAS levels more efficiently (P <0.05) than ALN (1 mg · kg−1 · d−1). ENX was 

ineffective at increasing antioxidants (Fig. 2A). Furthermore, infection-induced SOS was 

examined, as was the effect of bone-targeted antiresorptives and antibiotics in altering the 

SOS in rat serum by measuring TOS levels (Fig. 2B). As expected and quite the opposite of 

serum TAS levels, polybacterial infection significantly (P <0.01) increased serum TOS 

levels in rats compared with those in sham-infected and untreated rats (group 8). In contrast, 

treatment with BE (5 and 25mg) and ALN (1 and 10 mg) significantly (P <0.05 and P 

<0.01, respectively) inhibited/decreased TOS levels in rats compared with infected and 

untreated rats (group 1). TOS levels were not significantly different from those of sham-

infected and untreated rats (Fig. 2B). Neither ENX nor DOX antibiotics significantly 

reduced TOS levels. OSI levels were significantly higher (P <0.01) in polybacterial-infected 

rats than in the sham-infected and untreated rats. Both BE and ALN significantly (P <0.01) 

prevented increased OSI resulting from periodontal disease (Fig. 2C).

Effects of Therapeutic Agents on LPO

LPO is a measure of the presence of reactive oxidants in the blood. Polybacterial infection 

with three bacteria significantly (P <0.001) induced LPO in rats compared with uninfected 

and untreated rats. In contrast, BE at a lower dose (5 mg · kg−1 · d−1) and a higher dose (25 

mg · kg−1 · d−1) significantly (P <0.05 and P <0.001, respectively) reduced LPO levels in 

rats compared with infected and untreated rats (group 1), whereas ALN (both doses) and 

ENX had no inhibitory effect on LPO induced by polybacterial infection (Fig. 3). 

Furthermore, DOX, an antibiotic, significantly (P <0.01) reduced LPO levels in rats 

compared with infected and untreated rats (group 1). Similarly, DOX-treated rats 

significantly (P <0.01) reduced LPO levels in rats compared with ENX (Fig. 3).

Effects of Therapeutic Agents on Antioxidant Enzymes Found in Blood

The antioxidant enzymes GPx, SOD, and CAT, which are intracellular ROS-preventive 

enzymes, play an important role in periodontal disease. GPx activity was significantly (P 

<0.001) elevated in rats infected with periodontal bacteria compared with shaminfected rats. 

All three therapeutic agents, BE, ALN, and ENX, decreased serum levels of GPx 

significantly (P <0.05, P <0.01, and P <0.001, respectively) compared with infected and 

untreated rats (Fig. 4). However, the GPx levels in the treated group are higher than in sham-

infected rats. Similarly, SOD activity was significantly (P <0.05) elevated in rats infected 

with periodontal bacteria compared with sham-infected rats (Fig. 5). The administration of 

BE and ALN decreased serum levels of SOD significantly (P <0.05) compared with infected 

and untreated rats (Fig. 5). Similar to GPx and SOD, CAT activity was significantly (P 

<0.001) elevated in rats infected with periodontal bacteria compared with sham-infected rats 

(Fig. 6). The administration of BE, ALN, ENX, and DOX decreased serum levels of CAT 

significantly (P <0.01, P <0.001, P <0.05, and P <0.01 respectively) compared with infected 

and untreated rats. In addition, antibiotic DOX treatment decreased CAT activity 

significantly (P <0.001) compared to ENX (Fig. 6).
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DISCUSSION

To the best of the authors’ knowledge, this is the first study to show that bone-targeted 

bisphosphonates efficiently reduce the SOS associated with periodontal disease. The present 

results are consistent with previous studies that showed that periodontal disease is associated 

with chronic inflammation and increases SOS.7,37 In healthy organisms, there is a balance 

between oxidants and antioxidants. If the balance is disrupted, cells will be under oxidative 

stress, which results in the activation of free radical–scavenging enzymes to neutralize the 

toxic effects of ROS, which include damage to DNA, LPO, amino acid oxidation, and 

inactivation of enzymes attributable to oxidation of cofactors.37 To counter these deleterious 

effects, elevated levels of ROS induce increased expression of antioxidant enzymes, such as 

GPx, SOD, and CAT. These enzymes are part of the machinery that protects cells against 

the harmful effects of ROS.

Our previous study examined the effects of therapeutic agents on alveolar bone resorption in 

periodontal disease and other indicators of the effectiveness of the therapeutic agents in 

vivo.24 BE and ALN were found to be effective at preventing alveolar bone resorption 

associated with periodontal disease, and neither DOX nor ENX significantly inhibited 

periodontal disease–induced alveolar bone resorption.24 In the current study, it is found that 

experimental periodontal disease significantly increased TOS and OSI, the levels of LPO, 

and GPx, CAT, and SOD activities, which shows the continuous activation of the immune 

response during the chronic inflammatory process.7,34,37 A significant decrease in TAS level 

in infected rats was observed; however, the BE and ALN treatment groups showed increased 

TAS levels and decreased oxidative stress. The overall decrease in antioxidant activity 

occurred despite increases in three important antioxidant enzymes, suggesting that these 

increases were more than offset by decreases in antioxidant macromolecules or small 

molecules. Decreased levels of antioxidant enzymes and LPO in the BE and ALN treatment 

groups can be construed as the result of decreased oxidative stress and an increased immune 

response in these groups by treatment. Decreased levels of TOS again support this idea in 

these groups.

Both BE and ALN efficiently reduced the levels of serum oxidants. Neither DOX nor ENX 

affected the levels of oxidants. BE also efficiently increased serum antioxidant levels 

through reduction of presumably secondary levels of antioxidant enzymes. Neither ENX nor 

DOX was effective at reducing the TOS associated with periodontal disease, although DOX 

modestly raised antioxidants. Overall, both BE and ALN reduced OSI, which is an effective 

indicator of the oxidant–antioxidant balance. These data suggest that OSI is likely associated 

with bone resorption itself or with intercellular communication associated with the bone 

microenvironment.

The nitrogen-containing bisphosphonate minodronate was shown previously to reduce 

advanced glycation end product–induced vascular adhesion molecule-1 expression in 

endothelial cells by suppressing ROS.38 It was hypothesized that minodronate had an effect 

on endothelial cell production of ROS as a result of disruption of prenylation of Rac, a 

component of NADPH oxidase in endothelial cells.

Oktay et al. Page 8

J Periodontol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Previous studies showed increased levels of LPO in serum, saliva, or gingival crevicular 

fluid in patients with periodontitis compared with control groups.15,37,39 The present results 

are consistent with those findings. Increased LPO levels were found in the infected group, 

and the levels of LPO were significantly decreased in groups treated with BE and DOX, 

suggesting that treatment protects against cellular damage by inhibiting LPO. Previous 

studies reported differing results about the role of GPx activity in patients with periodontitis 

compared with healthy controls.9,10,13,14 GPx has an important role in cellular defense 

against toxic LPO products, and GPx activity provides protection against oxidative stress to 

the cell. CAT is another antioxidant enzyme of the defense system and helps to detoxify 

H2O2 in the host system. Increased levels of CAT activity were also found in a previous 

study of patients with periodontitis.9 The observed increase in CAT activity in the infected 

rats could be attributed to elevated oxidative damage via ROS. In addition, increased SOD 

activity was reported in two studies of patients with periodontitis and control groups.9,15

The present authors became interested in ENX because of its ability to block a binding 

interaction between vacuolar H+-adenosinetriphosphatase (VATPase) and microfilaments.20 

This interaction was targeted based on data indicating that it is crucial for the specialized 

function of osteoclasts.40–42 BE also blocks this interaction.23 The present data support the 

hypothesis that both ENX and BE block osteoclast function by inhibiting this 

interaction.21,23 However, it is not yet known whether BE, like ENX, has the ability to block 

JNK signaling or stimulate microRNA activity. JNK is activated by oxidative stress and 

stimulates forkhead box O (FoxO) signaling. 43–45 Inhibition of the JNK pathway could 

reduce FoxO signaling, which would reduce the expression of CAT and SOD, consistent 

with the present results. Whether general stimulation of microRNAs would have effects on 

oxidative stress is not known, but it was proposed that microRNA dysregulation may play a 

vital role in the induction of oxidative stress.46 Additional study will be required to uncover 

the mechanism(s) involved in the reduction of SOS associated with BE and ALN.

CONCLUSIONS

To the best of the authors’ knowledge, this is the first study to show that bone-directed 

bisphosphonates reduce SOS stimulated by periodontal disease. Two types of 

bisphosphonates were effective. ALN, a classic nitrogen-containing bisphosphonate, 

reduced SOS but was less effective than BE. A previous study23 suggested that BE inhibits 

osteoclast formation and bone resorption by competitively blocking an interaction between 

the B2-subunit of V-ATPase and microfilaments. However, it is also known that BE is an 

antibiotic, which could contribute to its therapeutic effect. In addition, preliminary studies 

suggest that BE, like ENX, stimulates microRNA activity (Taylor Capasso, Dontreyl Holsey 

and LSH, Department of Orthodontics, University of Florida College of Dentistry, and 

Edward K. Chan, Department of Oral Biology, University of Florida College of Dentistry; 

unpublished data). The effects of generally stimulating microRNA activity are impossible to 

predict at this point. It is possible that bone-directed agents can be used therapeutically to 

ameliorate SOS associated with periodontal disease in addition to preventing alveolar bone 

resorption, but given the link between bisphosphonates (and antiresorptives in general) and 

osteonecrosis of the jaw, caution must be exercised.
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Figure 1. 
Polybacterial infection–induced SOS and antioxidant enzymes in rats. Rat serum levels of 

TAS (A), TOS (B), OSI (C), LPO (D), GPx (E), SOD (F), and CAT (G). The error bars 

represent mean ± SD for each group. *P <0.05, †P <0.01, ‡P <0.001 versus sham-infected 

rats. POLY = polybacterial infection; CONT = shaminfected control.
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Figure 2. 
Effect of subcutaneous injections of ENX (5mg · kg−1 · d−1), BE (5 and 25 mg · kg−1 · d−1), 

ALN (1 and 10 mg · kg−1 · d−1), or DOX (5 mg/d) on the serum TAS (A), TOS (B), and OSI 

(C). The error bars represent mean ± SD for each group. Pg = P. gingivalis; Td = T. 

denticola; Tf = T. forsythia. *P <0.05, †P <0.01 versus infected untreated; ‡P <0.05 versus 5 

mg BE; §P <0.01 versus uninfected untreated.
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Figure 3. 
Effect of subcutaneous injections of ENX (5mg · kg−1 · d−1), BE (5 and 25 mg · kg−1 · d−1), 

ALN (1 and 10 mg · kg−1 · d−1), or DOX (5mg/d) on serum LPO. The error bars represent 

mean ± SD for each group. Pg = P. gingivalis; Td = T. denticola; Tf = T. forsythia. *P 

<0.05, †P <0.01, ‡P <0.001 versus infected untreated; §P <0.01 versus 5 mg ENX; || P 

<0.001 versus uninfected untreated.
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Figure 4. 
Effect of subcutaneous injections of ENX (25 mg · kg−1 · d−1), BE (5 and 25 mg · kg−1 · 

d−1), ALN (1 and 10 mg · kg−1 · d−1), or DOX (5mg/d) on serum GPx activity. The error 

bars represent mean± SD for each group. Pg= P. gingivalis; Td = T. denticola; Tf= T. 

forsythia.*P <0.05, †P <0.01, ‡P <0.001 versus infected untreated; §P <0.001 versus 

uninfected untreated.
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Figure 5. 
Effect of subcutaneous injections of ENX (5mg · kg−1 · d−1), BE (5 and 25 mg · kg−1 · d−1), 

ALN (1 and 10 mg · kg−1 · d−1), or DOX (5mg/d) on serum SOD activity. The error bars 

represent mean ± SD for each group. Pg = P. gingivalis; Td = T. denticola; Tf = T. forsythia. 

*P <0.05 versus infected untreated; †P <0.05 versus uninfected untreated.
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Figure 6. 
Effect of subcutaneous injections of ENX (5mg · kg−1 · d−1), BE (5 and 25mg · kg−1 · d−1), 

ALN (1 and 10mg · kg−1 · d−1), or DOX (5mg/d) on serum CAT activity. The error bars 

represent mean ± SD for each group. Pg = P. gingivalis; Td = T. denticola; Tf = T. forsythia. 

*P <0.05, †P <0.01, ‡P <0.001 versus infected untreated; §P <0.001 versus 5 mg ENX; ||P 

<0.001 versus uninfected untreated.
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