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Abstract. Simvastatin, a cholesterol synthesis inhibitor, enhances BMP2 expression in

osteoblasts. The purpose of the present study was to examine whether simvastatin stimulates

bone regeneration when combined with calcium sulfate as a carrier. Critical-sized bone defects

in rat calvaria were treated with calcium sulfate or with combination of 1 mg simvastatin and

calcium sulfate. In the combination group, although the least amount of bone formation with

intense soft tissue inflammation was observed at 2 and 4 weeks, remarkable bone formation was

evident at 8 weeks. Conclusively, the combination of simvastatin and calcium sulfate stimulated

bone regeneration in spite of the inflammatory response.
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The demand for use of alloplastic materials is increas-

ing since there are limitations in grafting autogenous

bone. To develop more effective bone graft materials

with enhanced osteogenic properties, alloplastic materials

are combined with osteoinductive substances such as

BMPs. Topically applied simvastatin, a cholesterol-

lowering drug, has been shown to stimulate bone growth

of mouse calvaria by stimulating BMP-2 (1, 2). Other

studies demonstrated that local application of statins

with different carriers induced osteogenesis and bone

growth (3 – 6). Calcium sulfate is highly biocompatible,

bioresorbable, and osteoconductive; and its potential as a

carrier for local release of antibiotics and growth factors

has been reported (7 – 13). Thus, the combination with

simvastatin and calcium sulfate seems to be attractive as

a new bone substitute enhancing bone growth. In the

present study, we examined the effects of this combina-

tion on healing of critical-sized bone defect in the rat.

This study was approved by the institutional committee

for animal experiments. Simvastatin powder (1 mg)

(Merck & Co., Inc., Whitehouse Station, NJ, USA) was

incorporated into 60 mg calcium sulfate powder (Grade

for thin layer chromatography; Wako Pure Chemical

Industries, Ltd., Osaka). The powder was mixed with

sterilized distilled water in a ratio of 1:0.4. Then, the

mixture was poured in a template to form a disc of 8-mm

diameter and 1-mm thickness. Calcium sulfate discs of

the same dimension were prepared without simvastatin

incorporation. Forty-five male Wistar rats (14-week-old)

were used divided into three groups. Under anesthesia

with a combination of ketamine (40 mg /kg) – xylazine

(5 mg /kg), a flap was raised and a bone defect of 8-mm

diameter was created with a bone trephine bur. In the

three groups, the defect was treated differently: no

treatment, calcium sulfate, and the combination of

simvastatin and calcium sulfate. The flap was reposi-

tioned and sutured. The animals were sacrificed at 2, 4,

and 8 weeks after the surgery. The calvaria were dis-

sected out and examined with soft X-ray radiography

and dual-energy X-ray absorptiometry for small animals

(DCS-600; Aloka Co., Ltd., Tokyo). They were further

analyzed with micro CT (InspeXio; Shimadzu Science

East Corporation, Tokyo) and the bone volume in the

defect area was measured. The differences in morpho-

metric values of the three groups at each time point were

analyzed with One Way ANOVA and Scheffe post-hoc

multiple comparison tests.

In calcium sulfate–simvastatin group, the skin over
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the bone defect site showed intense inflammation

(redness and edema) at about one week post-operation,

and scab formation occurred by 2 weeks. The inflamma-

tion and scabs continued up to 5 weeks, after which they

became subsided and healed normally. Calcium sulfate

showed only a faint radiopacity in the radiographs

obtained at 2 weeks, and it could not be detected in soft

X-ray radiographs at 4 weeks in both the calcium sulfate

group and calcium sulfate-simvastatin group. At

8 weeks, radio-opaque areas were detected in the

calcium sulfate-simvastatin group. According to the

analytical values obtained with dual-energy X-ray

absorptiometry (DXA), the calcium sulfate-simvastatin

group showed the least amount of bone compared to the

other groups at 4 weeks. However, at 8 weeks, bone

area and bone mineral content of the calcium sulfate-

simvastatin group became significantly higher than

those of the other groups (P = 0.01 and P<0.01, respec-

tively) (Table 1). Bone volume measured with micro CT

also showed the least amount of bone in the calcium

sulfate-simvastatin group compared to those of the

other groups at 2 and 4 weeks (P<0.01, for each). At

8 weeks, bone volume in the calcium sulfate-simvastatin

group dramatically increased and it was significantly

higher than those of the other groups (P = 0.01, for

each) (Figs. 1 and 2).

Previous studies demonstrated the bone promoting

effect of local simvastatin application with different

carriers in various animal models. Wong et al. applied

collagen sponge containing 0.5 mg simvastatin to

parietal bone defects in rabbits and showed tiny but

statistically significant stimulation of bone repair (3).

We used either bovine atelo-collagen or calcium sulfate

to carry 2.0 mg simvastatin and applied them to rat

incisor tooth extraction socket. We observed extensive

increase in alveolar bone thickness when calcium sulfate

Table 1. Measurement of bone at the defect sites

2 weeks 4 weeks 8 weeks

Control C.S C.S + statin Control C.S C.S + statin Control C.S C.S + statin

BA (cm2) 0.88 ± 0.2 1.09 ± 0.04* 0.95 ± 0.02 0.93 ± 0.03 0.93 ± 0.02 0.91 ± 0.04 0.97 ± 0.02 0.98 ± 0.05 1.15 ± 0.01#

BMC (mg) 49.6 ± 2.41 56.3 ± 2.18 49.9 ± 2.37 58.7 ± 1.7* 55.52 ± 2.1 50.24 ± 1.87 62.22 ± 3.1 68.2 ± 3.26 79.48 ± 3.23**

BMD (mg /cm2) 55.9 ± 1.73 51.7 ± 1.6 52.3 ± 2.04 62.8 ± 0.62 56.2 ± 1.44 55.7 ± 2.95 63.9 ± 2.08 69.6 ± 2.08 69.3 ± 2.45

One Way ANOVA with Scheffe’s post-hoc multiple comparison: *P<0.05, **P<0.01, #P = 0.01, significantly higher than other groups at the same

study period. Bone defects were prepared and treated with calcium sulfate (C.S) or with the combination of calcium sulfate and simvastatin

(C.S + statin), whereas in the control group, the defects were not treated. Bone area (BA), bone mineral content (BMC), and bone mineral density

(BMD) including the defect site were measured with DXA at 2, 4, and 8 weeks after the surgery. Values are expressed as the mean ± S.E.M. for

five animals in each group.

Fig. 1. Micro CT images of the defects sites. Bone defects were

prepared and treated with calcium sulfate (C.S) or with the combina-

tion of calcium sulfate and simvastatin (C.S + statin); in the control

group, the defects were not treated. Micro CT images were taken at

2, 4, and 8 weeks after the surgery.

Fig. 2. Bone volume at the defect sites. Bone defects were prepared

and treated with calcium sulfate (C.S) or with the combination of

calcium sulfate and simvastatin (C.S + statin); in the control group,

the defects were not treated. Bone volume at the defect sites were

measured with micro CT at 2, 4, and 8 weeks after the surgery.

Values are expressed as the mean ± S.E.M. for five animals in each

group.



M Nyan et al386

was used as carrier, which suggests the potential of

calcium sulfate as simvastatin carrier (4). On the other

hand, Thylin et al. applied methylcellulose gel contain-

ing 2.2 mg simvastatin with or without polylactide

membrane coverage over murine calvaria periosteum.

They reported that simvastatin gel with the membrane

stimulated bone apposition with inflammation and

scabbing of the overlying skin (5). Stein et al. examined

the effect of local application of simvastatin (0.1, 0.5,

1.0, and 2.2 mg) with the same methyl cellulose gel

and membrane placed over periosteum of rat mandible.

In this study each simvastatin dose except 0.1 mg

showed significantly more bone area than control group

with significant soft tissue inflammation (6). Thus, it

seems apparent that local application of simvastatin

increases bone, whereas it also elicits inflammation,

which is carrier and dose dependent.

In the present study, 1.0 mg simvastatin was combined

with calcium sulfate and grafted in rat calvarial defect.

Similar to the previous studies, soft tissue inflammation

over the defect area was observed from 1 to 5 weeks,

albeit without a significant bone formation during

this period. The soft tissue inflammation observed

exclusively in the calcium sulfate-simvastatin group

coincided with the least bone amount in this group

among the experimental groups at 2 and 4 weeks.

Interestingly, at 8 weeks, when the soft tissue inflam-

mation had completely subsided, a significant amount of

bone was observed in the calcium sulfate-simvastatin

group.

According to these findings, bone formation in the

calcium sulfate-simvastatin group seemed to be delayed

as a result of intense soft tissue inflammation, induced

by a burst release of simvastatin following an early

resorption of calcium sulfate. Bone formation seemed to

take place only after 5 weeks when the inflammation in

the defect area became subsided. It is not clear whether

the previously released simvastatin or that released by a

small amount of calcium sulfate, which possibly

remained unresorbed after 4 – 5 weeks, was responsible

for that bone formation. Significant bone formation

was not observed in the calcium sulfate group as

compared to the control group up to 8 weeks. Calcium

sulfate used in this study was the pure grade for thin

layer chromatography and it seemed to be resorbed

quickly in the bone defect. Much slower resorption of

carrier with consequently gradual release of simvastatin

is preferable for a faster bone formation in the defect

without inducing an intense inflammation. Further

studies should be performed using an appropriate

carrier scaffold that can release an optimal amount of

simvastatin gradually through a slow degradation and

also provide an osteoconductive surface over which

bone formation can take place.

Conclusively, the 1.0 mg simvastatin and calcium

sulfate graft combination appeared to promote bone

formation in the critical-sized rat calvarial defect at

8 weeks after a significant soft tissue inflammation

over the defect area up to 5 weeks.
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