
Cyclooxygenase-2 inhibitor
reduces simvastatin-
induced bone
morphogenetic protein-2
and bone formation in vivo

J. D. Bradley1, D. G. Cleverly1,
A. M. Burns1, N. B. Helm1,
M. J. Schmid1, D. B. Marx2,
D. M. Cullen3, R. A. Reinhardt1

1Departments of Surgical Specialties and Oral
Biology, University of Nebraska Medical Center
College of Dentistry, Lincoln, NE, USA,
2Department of Biometry, University of
Nebraska-Lincoln, Lincoln, NE, USA and
3Osteoporosis Research Center, Creighton
University, Omaha, NE, USA

Simvastatin is used to lower serum

cholesterol. The topical application of

this drug in the bone microenviron-

ment has also been shown to stimulate

new bone formation (1–4). Under-

standing the pathways of bone growth

involved following simvastatin

implantationmay facilitate the develop-

ment of local therapeutic strategies

designed to repair isolated bony

anomalies, such as periodontitis lesions

and ridge defects, without systemic

side-effects. In vitro models have been

used in an attempt to define the

mechanisms and pathways used by

statins to induce bone growth. The

most likely candidates, from the pre-

ponderance of in vitro evidence, appear

to be nitric oxide synthase and bone

morphogenetic protein-2 (1,5).

Statins also have been shown to

increase inducible cyclooxygenase-2

and subsequent prostaglandin E2 (6),

thereby increasing collagen synthesis

(7) and bone morphogenetic protein-2-

mediated osteoblast differentiation

in vitro (8). Local administration of

prostaglandin E2 to rat tibia has been

shown to induce new woven bone (9)

and to increase type I collagen and
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Background and Objective: Simvastatin, a cholesterol-lowering drug, also stimu-

lates oral bone growth when applied topically, without systemic side-effects.

However, the mechanisms involved in vivo are not known. We hypothesized that

bone morphogenetic protein-2, nitric oxide synthase, and cyclooxygenase-2 are

involved, based on prior in vitro evidence.

Material and Methods: A rat bilateral mandible model, where 0.5 mg of sim-

vastatin in methylcellulose gel was placed on one side and gel alone on the other,

was used to quantify nitric oxide, cyclooxygenase-2 and bone morphogenetic

protein-2 (via tissue extraction, enzyme activity or immunoassay), and to analyze

the bone formation rate (via undecalcified histomorphometry). Cyclooxygenase-2

and nitric oxide synthase inhibitors (NS-398 and L-NAME, respectively) were

administered intraperitoneally.

Results: Simvastatin was found to stimulate local bone morphogenetic protein-2,

nitric oxide and the regional bone formation rate (p < 0.05), whereas

NS-398 inhibited bone morphogenetic protein-2 and reduced the bone formation

rate (p < 0.05).

Conclusion: These data suggest an association between simvastatin-induced bone

morphogenetic protein-2 and bone formation in the mandibular microenviron-

ment, and the negative effect of cyclooxygenase-2 inhibitors on bone growth.
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fibronectin in osteoblasts (10), similar

to that seen with simvastatin in vivo (3).

However, little data are available as to

whether bone morphogenetic protein,

nitric oxide synthase, or cyclooxy-

genase/prostaglandin E2 are involved

in simvastatin-induced bone growth

within the bone microenvironment.

The main aim of this study was to

confirm the knowledge, from in vitro

studies, that simvastatin induces the

aforementioned mediators when

applied in an in vivo model. We hypo-

thesized that when simvastatin was

applied adjacent to rat mandibular

periosteum, the production of candi-

date mediators (bone morphogenetic

protein-2, nitric oxide, cyclooxygenase-

2) would increase in the vicinity, as well

as the regional bone formation rate.

Conversely, inhibiting nitric oxide

synthase (by the inhibitor L-NAME)

and cyclooxygenase-2 (by the inhibitor

NS-398) pathways (no practical in vivo

bone morphogenetic protein-2 inhibi-

tors are available) would cause reduc-

tion of the levels of local mediators

involved and subsequent bone forma-

tion rates in the mandible.

Material and methods

Rat bilateral mandible model and
local delivery system

All animal procedures were approved

by the Institutional Animal Care &

Use Committee at the University of

Nebraska. A bilateral mandible model

using retired-breeder female Sprague-

Dawley rats (approximately 300 g;

>1 year old) was used, as described

previously (3). Briefly, simvastatin

(Merck & Co., Rahway, NJ, USA) and

control sides were selected randomly

for each animal. Each side received an

impermeable, biocompatible polylactic

acid dome carrying either 30 ll of a

methylcellulose gel/0.5 mg simvastatin

mixture, or gel alone. Each dome was

inserted supraperiosteally onto the

lateral surface of the rat mandible

under sedation.

Phase I of the study was designed to

test the hypothesis that locally

implanted simvastatin would increase

cyclooxygenase-2, nitric oxide, and

bone morphogenetic protein-2 in

adjacent tissues. Unblocked rats sys-

temically treated only with the vehicle

used for blocking experiments in

phase III intraperitoneal injections of

ethanol/sterile saline (1 : 5, v/v); n ¼
20 were analyzed for bone morpho-

genetic protein-2, cyclooxygenase-2,

and nitric oxide activity after being

killed (by CO2 asphyxiation) at days 3,

7 or 14 postimplantation.

Phase II of the study addressed the

hypothesis that inhibiting cyclooxyge-

nase-2 and nitric oxide synthase would

reduce simvastatin-induced local

mediator levels. Rats were blocked for

cyclooxygenase-2 with NS-398 (Cay-

man Chemical Co., Ann Arbor, MI,

USA; intraperitoneal administration,

2 mg/kg/d; n ¼ 10) or for nitric oxide

with L-NAME (Cayman; intraperito-

neal administration, 25 mg/kg/d; n ¼
10) and killed at days 7 or 14 postim-

plantation. These time-points were

based on the following: day 7, peak

osteoblast activity, as reported from a

previous study (3), and immediately

after completion of blocking-drug

therapy; day 14, phase I peak cyclo-

oxygenase-2 and nitric oxide values for

simvastatin vs. gel alone and near the

beginning of calcein labeling (phase

III). Drugs were administered on the

following schedule: day )1, intraperito-
neal blocking agent/vehicle; day 0,

simvastatin/gel alone implants; days

+1 to +6, intraperitoneal blocking

agent/vehicle. L-NAME and NS-398

concentrations were based on previous

publications showing the blocking of

appropriate pathways and reduction of

inflammation in rats (11,12).

Phase III of the study was used to

analyze bone formation rates in ani-

mals treated as in phases I and II, but

labeled with calcein at days 17 and 24

postimplantation and killed on day 27

(n ¼ 30). This phase allowed testing of

the hypothesis that inhibiting nitric

oxide synthase and cyclooxygenase-2

pathways would reduce simvastatin-

induced bone formation rates.

Biochemical analyses

The tissue samples harvested from both

gel alone and simvastatin sides for

analysis of bone morphogenetic pro-

tein-2, cyclooxygenase-2, and nitric

oxide consisted of the portions of the

masseter muscle and periosteum which

enveloped the polylactic acid dome.

Each tissue sample was cut into � 1 g

specimens, homogenized (Kontes tissue

grinder #21; Kontes Scientific Glass-

ware, Vineland, NJ, USA) into phos-

phate-buffered saline and protease

inhibitor cocktail (P2714; Sigma,

St Louis, MO, USA) and centrifuged.

Commercially available kits were used

to evaluate cyclooxygenase-2 (Cayman)

and nitric oxide (R & D Systems,

Minneapolis, MN, USA) activities, as

well as bone morphogenetic protein-2

(R & D Systems) and total protein

(bicinchonic acid; Pierce, Rockford, IL,

USA) concentrations. Cyclooxygenase

values were based on colorimetric eval-

uation of the peroxidase activity of

cyclooxygenase, while nitric oxide val-

ues were based on colorimetric detec-

tion of nitrite as an azo dye product of

the Griess Reaction. Bone morpho-

genetic protein-2 values were deter-

mined using a sandwichenzyme

immunoassay technique, and bicinch-

onic acid used bicinchoninic acid for

colorimetric quantitation of total

protein.

Histomorphometry

On days 17 and 24 following dome

implantation, the rats were injected

with 0.3 ml (8 mg/kg) of calcein to la-

bel new bone mineralization. On day

27, the rats were killed and mandibles

were surgically removed and prepared

for undecalcified histomorphometry, as

previously described (13). Briefly,

mandibles were immediately immersed

in 70% alcohol for a minimum of 48 h.

After initial fixation, the mandibles

were dissected free of soft tissue. The

bone posterior to the implanted mem-

brane was cut away perpendicular to

the occlusal plane for producing sub-

sequent transverse serial sections.

Samples were placed into Villanueva

stain for 72 h and returned to 70%

alcohol. During the next 14 d, the

specimens were dehydrated in graded

ethanol and acetone, and then embed-

ded individually in modified methyl

methacrylate. All specimens were

coded so that they could be evaluated

by two independent examiners without
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knowledge of experimental conditions.

Cross-sections (80 lm thick) of man-

dibles under the domes were viewed

using a light/epifluorescent microscope

and a video camera interfaced with the

BIOQUANT OSTEO software (R & M

Biometric, Nashville, TN, USA).

Multiple measurements in the inferior

2 mm of the mandible were taken of

bone perimeter (total, lateral, medial,

and inferior surfaces) at ·40 magnifi-

cation; single, double, and woven

fluorescent label perimeter (sLPm,

dLPm, and WoPm, respectively) found

on the total bone perimeter (BPm) at

·200 magnification; and interlabel

thickness (IrLTh) at ·400 magnifica-

tion. Calculations were then made with

these measurements to determine the

mineral apposition rate (MAR ¼
IrLTh/7 d), lamellar bone formation

rate [LamBFR ¼ (0.5sLPm + dLPm)/

BPm · MAR], woven bone formation

rate (WBFR ¼ WoPm/BPm · 5 lm/d),

and total bone formation rate (BFR ¼
LamBFR + WBFR) (14). The woven

bone was seen either as a massive

expanse or as a continuum from rapid

lamellar formation; in either case, the

rate of formation was not measurable

directly. As the woven formation oc-

curred more rapidly than the lamellar

formation, the mineral apposition rate

was estimated at 5 lm/d, based on the

peak lamellar mineral apposition rate.

We measured a total of 420 bone sur-

faces (including lateral, medial, infer-

ior) and found eight surfaces with an

average mineral apposition rate of

4–5 lm/d and three surfaces with an

average of ‡ 5 lm/d.

Statistical analysis

Data analyzed included ratios of bio-

chemical markers divided by total

protein in each tissue sample, to adjust

for differences among individual sam-

ples. Comparisons of biochemical

markers among treatment groups, time

periods, and the interaction of treat-

ment groups and time periods were

conducted using two-way analysis of

variance. Histomorphometry was ana-

lyzed using a mixed-model analysis of

variance for difference between groups

as a result of blocking agent, within

animal as a result of gel or simvastatin

implant, and the interaction of sim-

vastatin and blocking agent. Signifi-

cant effects were tested between groups

with Dunnet’s post hoc test and within

animals with the paired-sample t-test.

Results

Biochemical data

Unblocked rats tolerated the implants

well, gaining an average of 3.7 ±3.1 g

(mean ± standard error) over the

experimental period. Rats subjected to

L-NAME and NS-398 also continued

to thrive and gain weight (18.1 ±

4.5 g). Rats not treated with systemic

blocking agents (L-NAME or NS-398)

were analyzed first to determine how

mediator levels in tissue surrounding

simvastatin compared with those

adjacent to gel alone in the same ani-

mal (Fig. 1). A significant group effect

from analysis of variance averaged for

all days (3, 7, and 14) demonstrated

that both local nitric oxide activity and

bone morphogenetic protein-2 were

up-regulated by simvastatin. The pri-

mary impact of simvastatin enhance-

ment of bone morphogenetic protein-2

over gel alone occurred on day 3, while

nitric oxide increases were apparent on

days 3 and 14 (Table 1).

L-NAME significantly reduced, but

did not eliminate, simvastatin-induced

nitric oxide activity at day 14 (Fig. 2;

Table 1), whereas NS-398 reduction of

cyclooxygenase-2 activity failed to

reach significance. Both NS-398 and

L-NAME significantly reduced bone

morphogenetic protein-2 levels

(Fig. 2), with the primary effect

occurring on day 14 (Table 1).

Bone formation rate

Bone formation rate was highest in

both gel alone and simvastatin on the

lateral surface of the mandible adjacent

to the dome and along the inferior

border of the mandible, several mm

away from dome placement (Figs 3 and

4). There were no differences between

the control gel and simvastatin im-

plants on the lateral surface for blocked

or unblocked groups. Bone formation

rate on the inferior and medial surfaces

was elevated by simvastatin, compared

with gel implants, in the unblocked and

L-NAME-treated animals (Fig. 4).

While NS-398 treatment did not signi-

ficantly reduce the cyclooxygenase-2

response to simvastatin (Fig. 2), these

animals showed no difference in bone

formation rate between simvastatin

and gel implants on any surface, and

the formation rates on the simvastatin

and gel-treated sides were similar to

those of gel treatment in the unblocked

group. NS-398 nearly abrogated the

medial bone formation rate in the

presence of simvastatin (Fig. 4).

Discussion

The implantation of simvastatin or gel

alone, or the intraperitoneal injections

of L-NAME or NS-398 over a 7-d

period, did not appear to impair the

animals’ ability to eat or function, as

all rat groups (mature females) gained

weight from baseline. The greater

weight gain in the rats treated with

blocking drugs may have been a result

of the shorter acclimation time fol-

lowing shipping until baseline in the

blocked rats (4 d) compared with

unblocked rats (14 d). This may have

allowed weight lost during shipping to

Fig. 1. Local production of mediators

(cyclooxygenase-2, nitric oxide, and bone

morphogenetic protein) in the presence of

simvastatin, adjusted for total protein in the

tissue sample. The percentage change in

simvastatin in gel dome values, relative to

domes with gel alone (GEL ¼ 100%), in

unblocked animals is shown. The results are

expressed as means ± standard errors

averaged for all days (3, 7, 14) postdome

implantation, of an average of seven ani-

mals per day. BMP, bone morphogenetic

protein; COX-2, cyclooxygenase-2; NO,

nitric oxide; SIM, simvastatin.
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be regained during the experiment,

thereby resulting in more weight gain

in the blocked groups. However, the

impact of this systemic weight gain

probably had little influence on local

sample weight, total protein, or sim-

vastatin metabolism because: (i) all

specimens were dissected at harvest to

be approximately the same size (1 g), a

small portion of the 300 g rat; (ii)

sample weights did not vary signifi-

cantly from blocked to unblocked rats;

and (iii) all animals received an equiv-

alent dose of simvastatin, which did

not affect the bone formation in the

presence of gel alone (Fig. 4C).

Simvastatin applied adjacent to

mandibular periosteum significantly

up-regulated both bone morphogenetic

protein-2 and nitric oxide activity in

the surrounding tissue (Fig. 1). This

effect is consistent with in vitro studies

showing statin stimulation of bone

morphogenetic protein-2, endothelial

nitric oxide synthase and constitutive

nitric oxide synthase (1,5,15–18), and

confirms the ability of simvastatin to

stimulate bone morphogenetic protein-

2 and nitric oxide in vivo. Nitric oxide

activity tests used in this study provi-

ded a practical and functional method

to assess nitric oxide synthase involve-

ment, but lacked the ability to identify

nitric oxide synthase forms (endothe-

lial nitric oxide synthase, constitu-

tive nitric oxide synthase), which is a

limitation of the protocol. Review of

the literature indicates that the current

study represents the first quantification

of bone morphogenetic protein-2,

nitric oxide, and cyclooxygenase-2

activity in the bone microenvironment

resulting from simvastatin application.

The early appearance of bone mor-

phogenetic protein-2 (day 3) is similar

to the first immunolocalization of bone

morphogenetic protein-2 (day 4)

around simvastatin/collagen in a rabbit

parietal bone graft model (4).

Seven intraperitoneal doses of

L-NAME, at 25 mg/kg/d, caused a

significant reduction in nitric oxide

activity in the mandibular bone

microenvironment (Fig. 2). While

other reports of the L-NAME effects

on bone nitric oxide activity associated

with simvastatin are lacking, previous

studies have shown that a single dose

of L-NAME, in a range of 5–25 mg/

kg, caused a dose-related inhibition of

carrageenan-induced hindpaw edema

in the rat (12). No studies have shown

an effect of NS-398 on simvastatin-

induced cyclooxygenase activity, but

NS-398 doses of � 2 mg/kg used in the

current study have been shown to

block prostaglandin synthesis in car-

rageenan-induced subcutaneous rat air

pouch inflammation (19). Importantly,

a slightly smaller NS-398 dose, but a

similar protocol, has been shown to

inhibit osteoblast numbers and bone

growth in the simvastatin implant, rat

mandible model (3). These investigators

also showed a reduction in the amount

of inflammatory infiltrate around the

simvastatin implants and bone. Cyclo-

oxygenase-2 inhibitors are classified as

anti-inflammatory drugs, and prosta-

glandin E is a primary inflammatory

mediator reduced by cyclooxygenase-2

inhibitors. Prostaglandin E has also

been shown to promote bone formation

in the jaw (20), and cyclooxygenase-2

activity was found to be necessary for

bone fracture healing (21), so cyclo-

oxygenase-2/prostaglandin E reduction

resulting from cyclooxygenase-2 inhib-

itors may inhibit this bone growth. It is

therefore likely that simvastatin-

induced bone growth and cyclooxy-

genase-2-induced inflammation are

intertwined. However, the intraperito-

neal dose of cyclooxygenase-2 inhibitor

used in this study was not able to reduce

cyclooxygenase-2 activity significantly

around the simvastatin implants, as a

result of high variability. Statistical

significance may have been achieved by

altering the NS-398 dose or increasing

the number of rats.

Interestingly, the level of bone mor-

phogenetic protein-2 in the simvastatin

bone microenvironment was reduced

after systemic administration of NS-

398 (66% of unblocked levels) and

L-NAME (63%), neither of which

were selected to block bone morpho-

genetic protein-2 specifically (Fig. 2).

These findings are supported by in vitro

Table 1. Mean ratios of bone morphogenetic protein-2, cyclooxygenase-2 or nitric oxide

activity divided by total protein (bicinchonic acid) in peri-implant tissue

Day Treatment

BMP-2/BCA

(pg/lg)
COX-2/BCA

(activity U/lg)
NO/BCA

(nitrite nmol/lg)

3 SIM 1.569 ± 0.264 0.095 ± 0.120 1.873 ± 0.291

GEL 0.598 ± 0.264 0.057 ± 0.120 1.165 ± 0.291

7 SIM 0.285 ± 0.173 0.137 ± 0.078 0.600 ± 0.190

GEL 0.245 ± 0.173 0.086 ± 0.078 0.580 ± 0.190

SIM + NS-398 0.273 ± 0.097 0.098 ± 0.152 –

SIM + L-NAME 0.212 ± 0.097 – 0.694 ± 0.227

14 SIM 0.536 ± 0.145 0.293 ± 0.066 1.426 ± 0.159

GEL 0.300 ± 0.145 0.221 ± 0.066 0.859 ± 0.159

SIM + NS-398 0.264 ± 0.063 0.179 ± 0.010 –

SIM + L-NAME 0.308 ± 0.068 – 0.994 ± 0.160

Data are expressed as mean ± standard error.

BCA, bicinchonic acid; BMP-2, bone morphogenetic protein-2; COX-2, cyclo-oxygenase-2;

GEL, gel alone; NO, nitric oxide, SIM, 0.5 mg simvastatin.

Fig. 2. Inhibition of simvastatin-induced

mediators by blocking agents. The percent-

age change in simvastatin is shown for

cyclooxygenase-2, bone morphogenetic

protein-2, and nitric oxide in animals

receiving systemic blocking agent (NS-398

for cyclooxygenase-2 or L-NAME for nitric

oxide synthase: Blocked). The data obtained

from blocked animals were divided by data

from animals receiving no systemic blocking

agent (unblocked from experiments in

Fig. 1 ¼ 100%) (means ± standard errors

averaged for days 7 and 14 for cyclooxyge-

nase-2 and bone morphogenetic protein-2,

and day 14 for nitric oxide; an average of five

animals per day were analyzed). BMP-2,

bone morphogenetic protein-2; COX-2,

cyclooxygenase-2 activity; NOS, nitric oxide

activity.
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evidence that NS-398 suppresses bone

morphogenetic protein-2 expression in

human mesenchymal stem cells (22).

Bone morphogenetic protein-2 has also

been shown to reverse the negative

effects of a cyclooxygenase inhibitor

(ketorolac) on bone formation during

posterolateral intertransverse process

spine fusion healing in rabbits (23). To

our knowledge, the current study rep-

resents the first report of cyclooxy-

genase-2 or nitric oxide synthase

inhibitors affecting statin-induced bone

morphogenetic protein-2 levels in the

bone microenvironment.

The use of randomized contralateral

mandible treatments within an animal

allowed the separation of surgical

manipulation and simvastatin effects.

Surgical implantation of the gel alone

and simvastatin domes had a local

excitatory effect on the adjacent lateral

bone surface that resulted in rapid

woven and lamellar bone formation in

both groups, thereby obscuring the

simvastatin effect. Greater than 65% of

the forming surface was comprised of

woven bone. The new bone area was

generally greater on the simvastatin

side (Fig. 3), consistent with our earlier

reports (3). The surgical reaction dis-

sipated with distance from the dome.

The medial surface, which was more

than 5 mm distant from the dome,

demonstrated the lowest response to

gel alone, showing a minimal bone

formation rate, yet the bone formation

rate in the presence of simvastatin

remained relatively high (Fig. 4C).

Lamellar bone formation, as part of

normal bone remodeling, represented a

higher percentage of the forming sur-

face, and woven bone was limited in

this area. These data demonstrated a

regional effect of simvastatin implants.

That is, a simvastatin implant may

affect bone formation in a limited area

beyond that in direct contact with the

implant dome, but not systemically.

This phenomenon may have therapeu-

tic implications in regenerating isolated

bony defects, such as those found with

periodontitis or alveolar ridge defects,

prior to dental implant placement.

While observations in the current study

excluded any evaluation of endosteal

bone, the primary goal of periodontal

osteogenic procedures is to add dense,

supportive bone onto the periosteal

surface of the intrabony or ridge

defect. Bone in the current study

resembled cortical bone more than

trabecular bone. This would seem to

contradict Oxlund et al. (24), who

found that simvastatin administered

perorally to mature female rats in-

creased vertebral cancellous, but not

cortical, bone. However, the current

study applied simvastatin adjacent to

cortical bone periosteum of the man-

dible, and trabecular bone was sparse

in this area and relatively inaccessible

to the drug. These contrasting findings

emphasize how topical statin delivery

differs from traditional oral dosing.

Evaluation of the inferior and med-

ial bone surfaces showed that

L-NAME did not reduce the bone

formation rate (Fig. 4), even though

treatment with L-NAME significantly

reduced the nitric oxide activity

(Fig. 2). However, NS-398 clearly

blocked the simvastatin-induced bone

formation rate on the medial mandib-

ular surface (p ¼ 0.001), and, on the

inferior surface, it reduced the differ-

ence between simvastatin and gel alone

to where it was no longer significant.

Fig. 3. Photomicrographs from one animal, showing the gel control on the left and sim-

vastatin on the right. Light microscope view (top) at ·20 magnification and ultraviolet light

view of the inferior surface (bottom) at ·200 magnification. Calcein label of new bone

formation shows an inferior surface double label in the gel section and irregular woven bone

in the simvastatin section. The gel dome resulted in limited lateral woven bone and a good

double label on the inferior surface. The simvastatin dome caused massive lateral and inferior

woven bone, and limited medial woven bone. SIM, simvastatin.
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This is consistent with the reduction in

overall bone area and osteoblast sur-

face reported earlier using a similar

simvastatin mandibular model (3).

Cyclooxygenase-2 inhibition has also

been shown to decrease the loading-

induced bone formation rate on the

periosteal surface of the ulna (25),

fracture healing (26), and osteoblast

numbers in vivo (27). In cyclooxyge-

nase-2 knockout mice, intramembra-

nous bone formation from fibroblast

growth factor-1 was reduced by 60%

compared with wild-type or cyclo-

oxygenase-1 knockouts (28).

The results of the current study

show that, even though this low dose

of NS-398 failed to reduce cyclooxyg-

enase-2 activity significantly in the

vicinity, it still inhibited bone forma-

tion. This suggests that cyclooxy-

genase-2 inhibitors may affect bone by

altering mediators additional to those

traditionally associated with inflam-

matory bone turnover. Bone morpho-

genetic protein-2 would be a good

candidate, a strong mediator of in vitro

statin-induced bone formation (1,5).

Simvastatin up-regulated both bone

morphogenetic protein-2 and the bone

formation rate, and NS-398 down-

regulated bone morphogenetic protein-

2 using the same protocol which

dramatically reduced the simvastatin-

induced bone formation rate. These

results suggest an association between

simvastatin-induced bone morpho-

genetic protein-2 production and bone

growth in the microenvironment of the

mandibular periosteum, and confirm

the negative impact of cyclooxygenase

inhibitors.
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