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Transdermal Lovastatin Enhances Fracture Repair in Rats

Gloria E Gutierrez,'* James R Edwards,” Ian R Garrett,' Jeffry S Nyman,® Brandon McCluskey,! Gianni Rossini,"
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ABSTRACT: Statins have been shown to stimulate BMP2 transcription and bone formation. This raises the
possibility that they could be useful for enhancing rates of fracture repair. Observational studies in patients
treated with oral statins for lipid-lowering have been controversial. The likely reason for their inconsistent
effects is that the statin concentration reaching the periphery was too low after oral administration to produce
a reproducible biologic effect. Thus, we examined the effects of lovastatin (LV) given transdermally in a
well-described preclinical model of fracture repair. Effects on the healing fracture callus were assessed by
biomechanical strength, radiographs, and quantitative morphology. LV was administered transdermally (TD)
for 5 days after fracture in several doses (0.1-5 mg/kg/d) and compared with vehicle-treated control rats and
rats treated with LV by oral gavage (PO) at 5-25 mg/kg/d for 5 days from the day of fracture. Radiological
evaluation of bones treated with TD LV showed enhanced fracture repair at 2 and 6 wk. BMD in the callus
area at 6 wk was also increased in the TD group compared with vehicle-treated controls (p < 0.05). The force
required to break TD-treated bones (0.1 mg/kg/d for 5 days) was 42% greater than vehicle-treated controls
(p < 0.02), and there was a 90% increase in stiffness (p < 0.01). PO LV at much higher doses (10 and 25
mg/kg/d) showed increased stiffness but no change in other biomechanical properties. By histological exami-
nation, a significant increase was also observed in the size of the callus, surrounding proliferating cell nuclear
antigen—positive cells, and osteoblast and osteoclast number in TD-treated rats compared with controls at day
8 after fracture (n = 6). In summary, we found that TD LV in low doses accelerates fracture healing, whereas
10-fold the lipid-lowering dose was required to produce any effect when it was administered orally. These
studies provide valuable information on the potential of statins and TD delivery as a new and effective
therapeutic modality in fracture repair.
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INTRODUCTION tically possible. BMP2 has been found to improve fracture
healing and to repair bone defects in various animal models
and human studies."'~* However, there are some problems
associated with the therapeutic use of BMP2. It is a peptide
growth factor and has to be given by injection. It is expen-
sive to manufacture, and it is not possible to obtain reim-
bursement in many countries. These costs are passed on to
the patient and are prohibitive to the widespread use of
BMP2. Moreover, the practical application of this protein is
dependent on the carrier system used to deliver it to the site

HERE ARE ~6.8 MILLION traumatic fractures in the
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crease BMP2 transcription in bone cells.® Statins are not
effective in reproducibly stimulating bone formation sys-
temically when given in those doses used to lower choles-
terol, because they are subject to first-pass metabolism and
do not reach sufficient high serum concentrations to pro-
duce systemic effects beyond the liver. We have recently
shown that transdermal statins stimulate bone formation in
rats when given in low doses and are more effective than
oral statins.(®

We found that local application of statins at fracture sites
in rats can improve fracture healing,”” and Skoglund and
Aspenberg® have shown that local application of simvas-
tatin by continuous injection to mouse femoral fractures
improves parameters of biomechanical strength. However,
not all fractures are amenable or suitable for local injections
at the fracture site, and a safe systemic therapy with easy
applicability that enhanced rates of fracture healing would
be very attractive.

To determine whether systemic application of lovastatin
(LV) enhances rates of fracture healing in a preclinical
model, we examined the effects of transdermal (TD) LV in
femoral fractures in rats. We analyzed the effect of LV on
(1) callus formation, maturation, and fracture healing using
radiographic evaluation; (2) callus mechanical strength and
integrity using three-point bending; and *3) cell growth ac-
tivity in the developing callus.

MATERIALS AND METHODS
Fracture model

For these experiments, we used 2-mo-old virgin female
Sprague-Dawley intact rats, obtained from Harlan Labora-
tories, weight-matched and divided into several treatment
groups. The study protocol was approved by the Animal
Care and Use Committee at the University of Texas Health
Science Center, San Antonio, TX, USA.

LV (Stason Pharmaceuticals) was administered by TD
application in the dorsal region of the rat after shaving with
an electric clipper. The solution was applied to the same
area in each rat using gloves and applying 25 strokes or by
oral gavage for 5 days from the same day the fracture was
created. The well-described uniform and reproducible frac-
ture defect using a pinned closed transverse rat femoral
model was used. This model was chosen because it has been
previously characterized by mechanical and histological
methods.”” Animals were anesthetized, and stainless steel
Kirschner wires (K wires) (1.1-mm diameter) were inserted
in a retrograde fashion through the right femoral shaft ex-
iting the greater trochanter. A standard closed fracture was
made in the midshaft using a custom made three-point
bending fracture device. Radiographs were taken immedi-
ately after the creation of the fracture. Only animals with
well-aligned midshaft transverse fractures were included in
the study. The procedure was tolerated without complica-
tions, and animals were freely mobile after recovery from
anesthesia. For histological evaluation, 6 animals/group
were killed at day 8 (0 and 2.5 mg/kg/d TD and 25 mg/kg/d
orally [PO]).

Subsequently, radiographs were obtained at 2, 4, and 6
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wk after fracture. Animals were allowed full weight bear-
ing, free cage activity, and food and water ad libitum. At the
completion of the experiment (6 wk), animals were anes-
thetized with ketamine (10 mg/ml) at a dose of 100 mg/kg
body weight and killed by cervical dislocation. Femurs were
harvested, stripped of muscle tissue, and stored in 0.145 M
NaCl at —70°C for mechanical testing. To determine an
effective dose of TD LV, we performed one experiment
using doses of 0, 1, and 2.5 mg/kg/d and compared with
higher doses of PO LV at 10 and 25 mg/kg/d because we
have shown previously(® that we obtain better efficacy with
transdermal delivery (experiment A = five groups, n = 8).
We then tried to determine the minimal effective dose of
TD LV for fracture healing in a subsequent experiment.
Fractured bones were analyzed at 6 wk after receiving 0,
0.1, 1, and 5 mg/kg/d and compared with 5 mg/kg/d of PO
LV (experiment B = five groups, n = 10). Some bones
were eliminated from the final analysis because of displace-
ment of the pin. Three rats died during anesthesia after
taking radiographs.

Radiological analysis

Radiographic analysis was the primary method to assess
healing parameters, namely periosteal reaction (callus for-
mation), and bone remodeling. Appearance of the fracture
callus was judged by the number of cortices with bridging
callus using two radiographic views/animal (anterior—
posterior and lateral). Radiographs at 2 and 6 wk after
fracture were assessed blindly by four independent investi-
gators using the scoring scale described previously.” Basi-
cally, a scale (0-5+) was assigned to each animal according
to rebridgement (no rebridgement, partial, or complete) of
one to four cortices and remodeling of the defect. Once the
score was completed, the mean was obtained, and results
were expressed as percentage change from vehicle-treated
groups (vehicle-treated = 100%).

BMD

BMD of rat femora was evaluated for groups in experi-
ment B using a mouse densitometer, Piximus (GE Medical
Systems); BMD was calculated by dividing bone mineral
content (g) by the projected bone area (cm?) and assessed
in the region of the callus at 6 wk.

Biomechanical testing

To determine mechanical properties, hydrated femurs
from experiments A and B were monotonically loaded in
three-point bending using an EnduraTEC material testing
system (ELF 3300; Bose Corp.). Each rat femur was hori-
zontally positioned on the support rollers (which were 12
mm apart) such that the vertical, rounded impactor loaded
the callus. Special care was taken to keep a consistent ori-
entation within each experiment (i.e., bending occurred
about the medial-lateral axis). The force-displacement
curve was recorded as the impactor loaded the femur at a
rate of 3 mm/min into the callus. This data provided the
following structural properties: breaking force (maximum
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load), stiffness (average slope of linear portion of the curve
before yielding), and work-to-fracture (area under the
force-displacement curve).

Histological and immunohistochemical analysis

After animals were killed, fractured femora from experi-
ment A were removed at 8 (n = 6) and 42 days (n = 7)
after the procedure. Extreme care was taken not to trau-
matize the callus. The bone was cleaned of soft tissue, fixed
in 10% formalin for 48 h, demineralized, processed using
standard techniques, and sectioned transversally at the frac-
ture site following a previously described method.'®
Briefly, the midposition of the fracture callus was deter-
mined from the baseline radiographs, and tissue sections
(5 pm in thickness) were generated proximal and distal to
the fracture site at fixed increments (500 wm). These sec-
tions were stained with H&E or used for TRACP staining
and immunohistochemistry.

Immunohistochemistry: PCNA antibody was obtained
from Novus Biologicals. Several consecutive levels of his-
tological sections next to the fracture site, distal and proxi-
mal (500 pm), were cut and mounted on poly-L-lysine—
coated glass slides. The slides were incubated for 10 min at
30°C in normal horse serum diluted in PBS and triton
buffer to block nonspecific antibody staining, and the same
procedure was followed as previously described.!'? Histo-
morphometric analysis was performed using a semiauto-
mated Osteomeasure System (Osteometrics) and digitizing
pad and by following standard histomorphometric tech-
niques. Ten regions (0.9 x 0.9 mm in size) containing sub-
periosteal osteoblastic cells (also including osteoprogenitor
cells) were analyzed in each section. The number of
PCNA™ cells was counted on day 8 after fracture (experi-
ment A: groups 0 and 2.5 mg/kg/d TD and 25 mg/kg/d PO),
and the ratio of PCNA™ cells to total cells was calculated
and expressed as a percentage. The average measurement
obtained was used as the PCNA score.

Analysis of osteoclast and osteoblast numbers in areas of
cancellous bone in the callus: The number of osteoclasts
(Oc.Surf/BSurf) and osteoblasts (Ob.Surf/BSurf) at day 8
after fracture from vehicle-treated, TD (2.5 mg/kg/d), and
PO LV (25 mg/kg/d) were assessed in demineralized histo-
logical sections of the fracture site after H&E staining or
staining for the TRACP enzyme. Ten regions (0.9 x 0.9 mm
in size) containing cancellous bone were analyzed in each
section. The osteoclast and osteoblast surface index were
calculated, and the average measurement was determined
and expressed using nomenclature described previously by
Parfitt et al.("®

Callus dimensions: Callus diameter (CDm) was mea-
sured in two orthogonal planes at the fracture line using a
sliding caliper at 8 days and 6 wk after fracture.

Statistical analysis

Data are expressed as the mean + SE. Statistical differ-
ences between groups were evaluated with one-way
ANOVA. When the ANOVA performed over all groups
was significantly different among the groups, statistical dif-
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ferences between two groups were subsequently analyzed
using Tukey’s multiple comparison test. p < 0.05 was con-
sidered significant.

RESULTS
Radiological analysis

Callus formation was observed on radiographic examina-
tion by 2 wk in all animals. In experiment A, in groups
treated with TD LV, fractured femurs showed enhanced
repair at 2 wk compared with vehicle-treated animals. By
week 6, almost complete healing of the TD-treated femurs
was observed, with very small callus present, whereas large
callus and incomplete bridging of cortical bone could
clearly be seen radiographically in the vehicle-treated ani-
mals. Radiographs from experiment B also showed a sig-
nificant acceleration of healing even at the lowest dose
tested, 0.1 mg/kg/d (Fig. 1). In this experiment, TD LV at 1
and 5 mg/kg/d showed similar results as with experiment A
(data not shown).

Using a grading scale based on rebridgement of the cor-
tices and acceleration of healing as described in the Mate-
rials and Methods section, radiological evaluation of ani-
mals treated with TD LV at 2 and 6 wk indicated a
significant increase in the healing rate (close to 40% com-
pared with vehicle-treated) as shown in Fig. 2 (p < 0.001).

BMD

All the femurs from experiment B were analyzed at the
callus region, and BMD is presented in Fig. 3. There was an
increase in BMD in the groups treated with TD LV, being
significant at 0.1 mg/kg/d. No changes were seen in the
group treated with PO LV (data not shown).

Histomorphometric analysis

Histomorphometry was performed in one of the experi-
ments (experiment A). The fractured bones at 8 days after
fracture in TD LV-treated rats (1 and 2.5 mg/kg/d) showed
significant increase in the size of the callus (Table 1: 22%
and 13%, respectively), with newly formed cartilage and
trabecular bone within the callus (data not shown). The
presence of cell proliferation in the fracture calluses was
studied using immunohistochemistry with anti-PCNA
monoclonal antibodies as described in the Materials and
Methods section. Eight days after the fracture, many
PCNA™ cells could be found in the entire callus, more
abundantly in the fibrous layers the periosteum. The num-
ber of PCNA™ cells increased significantly with TD LV
(Fig. 4, top). We also observed an increase in the osteoclast
number in groups treated with PO (25 mg/kg/d) and TD LV
(2.5 mg/kg/d; Fig. 4, bottom) compared vehicle-treated ani-
mals, but only TD LV showed a significant increase in os-
teoblast number (see table for histomorphometric analysis).
In the TD group, areas of endochondral ossification could
be detected in the callus.

Cross-sectional images comparing controls with groups
treated with TD LV showed more active endochondral os-
sification that appeared subperiosteally as new and more
mature bone at the end of the 6 wk (Fig. 5).
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FIG. 1. Radiographic images of fractured
femurs (experiments A and B) at 2 and 6 wk
after procedure was performed. Two images
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FIG. 2. Radiological score obtained at 2 and 6 wk for experi-
ment B (TD LV groups) using the grading scale presented in the
Materials and Methods section (n = 10). Bars represent percent-
age increase compared with vehicle treated group + SE.

Biomechanical testing: three-point bending

After 6 wk of healing, femurs of rats treated with TD LV
for 5 days at 1 and 2.5 mg/kg/d in experiment A and at 0.1
mg/kg/d in experiment B were significantly stronger than
the controls (Table 2). The force required to break the bone
was 42% greater than vehicle-treated controls. Oral LV
showed some increase in structural strength at 5, 10, and 25
mg/kg/d, but this effect was not significant. The structural
stiffness of the fractured femur was also significantly in-
creased when rats were treated with TD LV even at 0.1
mg/kg/d. In comparison, PO LV only significantly increased
stiffness at high doses (10 and 25 mg/kg/d).

DISCUSSION

In this study, we showed that LV administered transder-
mally stimulates rates of fracture healing in a well-described

representative of each group (vehicle and TD
LV) are shown (n = 8, experiment A;n = 10,
experiment B).
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FIG.3. BMD of the total callus at the fracture site was obtained
for experiment B at 6 wk (n = 6). Bars represent mean + SE and
percentage increase compared with vehicle-treated is shown in-
side each bar. p < 0.05.

model of fracture repair in rats, as has been previously
shown for BMP2.7"' The effects were seen at much lower
doses of TD LV than those required by the oral route to
cause any effect on bone. Rats were treated with TD LV for
(once daily for 5 days only) after fracture, and results
showed accelerating healing of fractures as assessed by ra-
diological evaluation, biomechanical testing, and histologi-
cal examination. LV administered transdermally accelerat-
ed the maturation process that resulted in faster healing and
improved structural strength of the fractured femur. LV,
however, did not improve work-to-fracture, likely because
of the nature of the healing callus. Intact bones exhibit a
certain degree of displacement after yielding, and this post-
yield displacement contributes to the work-to-fracture.
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TABLE 1. CALLUS DIAMETER (CDM) AT 8 DAYS AND 6 WK
AFTER FRACTURE

Experiment A 8 days (mm) (n =4) 6 wk (mm) (n=238)

Vehicle 6.82 +0.07 5.84+0.35
PO 10 ND 4.85+0.22
PO25 8.32+0.73 491 +0.22
TD 1 9.61 +0.8" 4.56 + 0.19°
TD 2.5 9.47 + 1.05% 4.92 +0.14

CDm (mm) was measured at 8 days and 6 wk after fracture for experi-
ment A. Number of animals for each time point is indicated in the table.
After 8 days of fracture, TD LV (1 and 2.5 mg/kg/d) had a larger callus
(>40% than control), but after 6 wk, the callus size decreased substantially
and was <22% than the control group.

* Significantly different from vehicle, p < 0.001.

¥ Significantly different from vehicle, p < 0.05.

Healing calluses, on the other hand, typically break near the
yield point, and so their work-to-fracture is a product of
maximum force and stiffness. Because treatment by LV
tended to stiffen the callus, the displacement at fracture was
less pronounced. Given that work-to-fracture is a function
of both force and displacement, treatment did not increase
this property. At a later time point of healing in which the
callus has undergone significant remodeling, the postyield
behavior would be expected to return increasing the work-
to-fracture.

The callus size at the time when biomechanical testing
was performed (6 wk) was significantly smaller with TD LV
than the control, indicating an improvement in material
properties. In contrast, the callus size 1 wk after fracture
was significantly bigger in femurs treated with TD LV with
increase in PCNA™ cells and osteoclast and osteoblast num-
ber, suggesting acceleration of tissue regeneration starting
the first week after fracture. Similar to our studies in pre-
clinical models of osteoporosis,® LV did not give a classical
sigmoidal dose-response curve. This has been found by oth-
ers with simvastatin® and with biological effects of other
growth factors, as well as BMP2 itself.(' The reasons are
not entirely clear but may be caused by counter-regulatory
mechanisms common in growth factor cascades when
higher doses are used. An alternative possibility is that LV
uptake may be saturated at low drug concentrations at sites
of drug uptake. Flat dose-response effects have been re-
ported with other commonly used effective drugs, including
B-blockers (hypotensive effect) and benzodiazepines (du-
ration of apnea).('>!®

We have previously shown that LV administered trans-
dermally increased trabecular bone volume in intact and
ovariectomized rats.> Now we showed its effects on frac-
ture healing in a well-established rat model. Young rats
were used in this experiment because we wanted to evalu-
ate the statin effect in a model where the early period of
fracture healing is not compromised. Future experiments
will include older animals and ovariectomized rats.

Normal fracture healing is a complex, multistep process
involving cellular events influenced and regulated by local
and systemic factors. The most common biological failure in
fracture healing involves an improperly formed callus dur-
ing the first weeks after fracture. Despite statistics from the
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American Academy of Orthopaedic Surgeons indicating
that ~6.8 million fractures occur in the United States each
year, the treatment of fractures has remained essentially
unchanged for centuries. In addition, 5-10% of these frac-
tures will have some difficulty healing. Frost"”'® proposed
that treatments that reliably induce callus formation will
resolve the problem of biological failures and improve rates
of fracture healing. Whereas progress has been made in the
treatment of more complex fractures with the use of tech-
niques like intramedullary fixation, ultrasound, electricity,
etc., most cases are routinely treated with rest and cast
immobilization. However, recent advances in understand-
ing the regulatory factors controlling fracture healing have
suggested that a number of compounds may be used to
stimulate bone growth and initiate and enhance the cascade
of events involved in callus formation and maturation.

It is known now that the expression of members of the
TGEFB superfamily, especially BMPs, may be crucial in frac-
ture healing. In several animal models, BMP2 has been
shown to accelerate skeletal defect repair and fracture heal-
ing, as indicated by radiographic assessment and increased
biomechanical strength.'™> BMP receptors and signaling
proteins have also been identified within bone cells of the
fracture callus.**% As a result, the BMP family has been
suggested to be actively involved in fracture healing.*'*?

BMPs, particularly BMP2, which is well known for its
osteogenic activity, are highly expressed during fracture re-
pair. Bostrom,®® using monoclonal antibodies against
BMP2 and BMP4, showed increased expression of these
BMPs in the healing fracture callus. Immediately after the
fracture occurs, very few cells express these factors, but as
the process of endochondral ossification continues, there is
substantial increase in their expression by primitive mesen-
chymal and chondrocytic cells. In the callus undergoing in-
tramembranous ossification, there is also increased expres-
sion of BMPs by periosteal cells and osteoblasts, suggesting
a critical role of these proteins in fracture repair. In recent
years, clinical trials using a highly concentrated human ex-
tract of BMP have shown promising results for the treat-
ment of nonunions and spine fusion, and BMPs have been
approved for clinical applications in nonunions of bone
fractures resistant to conventional therapy. However, the
delivery of BMPs has proven to be difficult, particularly in
the selection of optimal carriers. Ideal conditions for their
use as osteoinductive factors in fracture repair still need to
be clarified before they can be widely used for this indica-
tion.

Statins stimulate bone formation in vitro by increasing
expression and production of BMP2, which acts as an au-
tocrine-paracrine factor in osteoblast differentiation.**
The effects of the statins on bone formation in vivo are
impaired in transgenic mice, which are unresponsive to
BMP2.@» Importantly, however, even transient exposure
to the drug leads to prolonged effects. In vitro, a mere 6-h
exposure to a statin leads to a prolonged effect on bone
formation in bone organ cultures, apparent even after 14
days of continuous culture (IR Garrett, GE Gutierrez, and
GR Mundy, unpublished data, 2001). Similar results have
been found in vivo in rats, where statin administration to
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FIG. 4. Representative histological sections
comparing vehicle-treated vs. TD LV (2.5
mg/kg/d for 5 days) after 8 days of fracture.
Several sections 500 pm proximal and distal
to the fracture site were stained for the analy-
sis. Ten regions as described in the Materials
and Methods section were analyzed in each
section. The table under the images shows the
results of the histomorphometric analysis. Os-
teoclast and osteoblast surface as well as the
number of PCNA™ cells were counted, and
the ratio of PCNA™ cells to total cells was
calculated and expressed as a percentage.

FIG. 5. Two representative images of trans-
verse sections (at fracture site) 6 wk after
fracture. Sections were stained with H&E (n
= 06). Fracture can still be observed in the
control sections. In the TD LV-treated group,
the primary cortex and the new layer of bone
have been remodeled and replaced with com-
pact bone underlying the new external peri-
osteal layer.
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TABLE 2. BIOMECHANICAL TESTING

Experiment B

Experiment A

TD TD TD

PO

PO TD TD

25

PO

10

Parameter

0.1

2.5

Dose (mg/kg/d)

192.6 +17* 175 +15.8* 1542 +£9.8

161.5 +13.7

138.0+ 1.1 178.1 + 12* 149 +7.6* 1354 +17.2
T718.5%

1350 +11

1255 +82

T14%
419 + 60*

T29%
382 + 49*

T 42%

T19%
2754 + 38

T10% T42%

596.2 + 102*

17.6%

Maximum force (N)

477 + 58%
1T90%
54 +

566 + 89* 594 +26* 252 +55

T76%
577 +5

559 + 68.7*
T74%

192+1.6

321 +£20.2

T67%

152%
54132

T85% 1T9%
62.6 +13.7

271 +25

185.7%

Stiffness (N/mm)

61 +8.7

8.9

70.8 £ 16

26.6 £5.8

35415

T63%

Work to fracture (N-mm)

Biomechanical testing evaluated at 6 wk by three-point bending for experiments A and B in groups treated with PO and TD lovastatin. Number of femora tested for each treatment groups is indicated in the table.

Results are expressed as mean + SE. Numbers after arrows represent the percentage increase compared with vehicle-treated controls.

*p < 0.02, compared with vehicle control.
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the skin for 5 days is associated with a 150% increase in
bone formation rates 35 days later.(®

The effect of statins on bone is related to their capacity
to inhibit HMG-CoA reductase, because other nonstatin
compounds that reduce concentrations of this enzyme
also stimulate BMP2 production and bone formation. In
addition, downstream metabolites of mevalonic acid block
the effects of statins on bone formation and on BMP2
expression.® Statins enhance the generation of NO by
bone cells, and this seems to be a key intermediate in their
effects on the BMP2 promoter. These effects are blocked
by pharmacologic inhibitors of endothelial nitric oxide syn-
thase (eNOS) and are abrogated in eNOS-null mutant
mice. 027

Statins are a group of HMG-CoA reductase inhibitors
that are widely prescribed as potent cholesterol-lowering
agents. Also, statins have been shown to dramatically in-
crease bone formation rates in rodents®>® and BMD in
postmenopausal women.®® Statin-treated osteoblastic cells
show increased levels of osteoblast differentiation markers
including type 1 collagen, alkaline phosphatase, and osteo-
calcin.®” This effect is a result of increased transcription
and prolonged stimulation of the BMP2 gene in osteo-
blasts,>*%3D chondrocytes,*® and smooth muscle cells.®

Recently, fractures in mice infused with simvastatin have
shown increased callus transverse areas and mechanical
strength, resulting in improved fracture healing.® These
results correlate with our own observations when histologi-
cal sections were analyzed 8 and 42 days after fracture.
Statins have also been shown to exert a protective effect
against nonpathological fracture among older women 4%
and have been associated with a significant reduction in
fracture risk in elderly men.G7>®

Others have also shown acceleration in fracture healing
in an ovariectomized rat model when simvastatin was ap-
plied locally by multiple daily injections into the adjacent
subcutaneous tissue.*” However, the DMSO formulation
described would not be suitable for human use, multiple
local injections would be problematic for patients, and the
effective dose was 100-fold higher than the effective trans-
dermal dose described here.

In conclusion, statins may represent a novel therapeutic
approach for the treatment of skeletal fractures, with sub-
stantial clinical advantages over existing treatment modali-
ties. Relatively large oral doses of statins are required to
induce bone formation in humans, and high statin concen-
trations have been associated with side effects such as myo-
toxicity.**~*» However, this study showed the efficacy of
low doses of TD- compared with PO-delivered LV to en-
hance callus formation and progression in a preclinical rat
mid-diaphyseal fracture model.
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