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Abstract

The use of statins for bone regeneration is a promising and growing area of research. Statins,
originally developed to treat high cholesterol, are inhibitors of the enzyme 3-hydroxy-3-
methylglutaryl, the rate-limiting enzyme of the mevalonate pathway. Because the mevalonate
pathway is responsible for the synthesis of a wide variety of important biochemical molecules,
including cholesterol and other isoprenoids, the effects of statins are pleiotropic. In particular,
statins can greatly affect the process of bone turnover and regeneration via effects on important
cell types, including mesenchymal stem cells, osteoblasts, endothelial cells, and osteoclasts.
Statins have also been shown to have anti-inflammatory and antimicrobial properties that may be
useful since infection can derail normal bone healing. This review will explore the pleiotropic
effects of statins, discuss the current use of statins for bone regeneration, particularly with regard
to biomaterials-based controlled delivery, and offer perspectives on the challenges and future
directions of this emerging area of bone tissue engineering.
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INTRODUCTION

Statin drugs have become a mainstay in the treatment of high cholesterol since the discovery
in the 1970s that molecules produced by Penicillium citrinum, called citrinin and compactin
(mevastatin), are potent inhibitors of an important enzyme in the cholesterol production
pathway, 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase) [1,2]. Though
the earliest HMG-CoA reductase inhibitors were never marketed due to adverse effects seen
in animals, it was not long until another naturally derived statin, lovastatin, was derived
from Aspergillusterreusin 1979 by Merck researchers and found to have an acceptable
toxicity profile. Since the discovery of the naturally occurring lovastatin, six additional
statins have been introduced to the market. Two of these are semi-synthetic (simvastatin and
pravastatin) and four are synthetic (fluvastatin, atorvastatin, rosuvastatin, and pitavastatin)
[1,2]. Cerivastatin, another synthetic statin, was withdrawn from market in 2001 due to
concerns over side effects.
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The initial impetus behind the search for HMG-CoA reductase inhibitors was the fact that
this enzyme is the rate-limiting enzyme in the mevalonate pathway, which is responsible for
the production of non-sterol and sterol isoprenoids, most notably cholesterol. As
hypercholesterolemia is associated with adverse cardiovascular events, this enzyme was an
obvious target for therapeutics. As seen in Fig. 1, the mevalonate pathway can be inhibited
at a number of points, most notably at the conversion of HMG-CoA to mevalonic acid by
statins and at the conversion of dimethylallyl pyrophosphate to geranyl pyrophosphate by
bisphosphonates [3].

Given the variety of biomolecules produced by the mevalonate pathway, it comes as little
surprise that statins may have pleiotropic effects that extend beyond the expected
cardioprotective properties. In particular, statins have begun to gain traction as a pro-
osteogenic molecule after initial reports that lovastatin can stimulate the production of
important osteogenic growth factors and reports of modest improvement in clinical
parameters for osteoporotic patients receiving statins. Given these two important pieces of
evidence, many laboratories have begun to investigate statins for use in bone regeneration
and tissue engineering applications, particularly through acellular biomaterials-based local
delivery strategies. However, the recent literature in this area has had varied results. In this
review, the wide range of potential uses for statins will be discussed as well as the increasing
relevance statins may have to the field of bone regeneration and tissue engineering.

PLEIOTROPIC EFFECTS OF STATINS

Anti-inflammatory and immunomodulatory properties of statins

Recent evidence in the literature suggests that part of the protective effects of statins with
regard to cardiovascular events may be related to anti-inflammatory and immunomodulatory
effects of statins. In 1995, a prospective trial of cardiac transplant patients randomized to
receive either pravastatin or no statin post-transplant revealed that after 1 year, the
pravastatin group had significantly lower cholesterol levels, less frequent rejection
accompanied by hemo-dynamic compromise, better survival, and lower in cidence of
coronary vasculopathy [4]. This study, as well as other reports that statins can significantly
reduce the risk of stroke and vasculopathy post-transplant, supported the hypothesis that
statins have an effect beyond simply decreasing circulating cholesterol levels and spurred
interest into investigation of the anti-inflammatory effects of statins [5,6]. In vitro studies
have shown that statins can reduce the production of inflammatory cytokines and modulate
the ability of the immune system to recognize and attack allotransplanted cells [7,8].
Prospective trials such as the PRINCE (pravastatin inflammation/CRP evaluation) trial
further support the anti-inflammatory properties of statins by showing that median C-
reactive protein, a blood marker of inflammation, levels were reduced 16.9% at 24 weeks in
patients taking pravastatin (P < 0.001) [9]. Additionally, a recent randomized, double-blind,
multi-center trial indicates that patients on high-dose atorvastatin have less inflammation in
atherosclerotic plaques than patients on low-dose atorvastatin [10].

While statins were initially developed for use in reducing cardiovascular events, their
putative anti-inflammatory and immunomodulatory properties make them appealing for a
wide variety of pathologies in diverse fields. Since many neurologic disorders are affected
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by lipid metabolism and inflammation, statins are being investigated for their possible
neuroprotective properties with regard to diseases such as persistent seizures and
Alzheimer's disease [11-13]. In the field of orthopedics, statins are being investigated as a
possible solution to the destruction of cartilage by inflammation, as seen in osteoarthritis.
While some studies support the use of statins to reduce inflammation, leading to increased
survival of chondrocytes, another study has noted detrimental effects of atorvastatin and
pravastatin with regard to the development of osteoarthritis [14-17]. When used in bone
applications, locally applied simvastatin has been found to cause increased inflammation in
a dose-dependent manner [18,19]. However, this effect may be a particular effect of
simvastatin and not of statins in general. Subramanian et al. have found that patients on
high-dose rosuvastatin (80 mg/day) had reduced periodontal inflammation compared to
patients on low-dose rosuvastatin (10 mg/day) [20].

Use of statins for osteoporosis

Osteoporosis and low bone mass affect almost 80% of elderly women, as well over 40% of
elderly men [21]. The disease is characterized by a decrease in bone mineral density (BMD),
causing ‘brittle” bones, but its effects are seen in the increased frequency of non-
pathological fractures that are caused by the weakening of the bones [22]. Bisphosphonates
are a class of drugs that are used currently to prevent the loss of bone mass [1]. Although
bisphosphonates have seen clinical efficacy in a variety of pathologies, such as cancer
metastases, multiple myeloma, Paget's disease of the bone, and osteoporosis, they can also
cause serious side effects, most notably osteonecrosis of the jaw [1]. Given the high affinity
of bisphosphonates for bone, some hypothesize that the accumulation of intravenously
administered bisphosphonates in bone can lead to later necrosis of soft tissue and bone in the
mandible and maxilla, especially following dental procedures [1,23,24]. As seen in Fig. 1,
bisphosphonates inhibit an enzyme in the mevalonate pathway downstream of HMG-CoA
reductase, giving rise to the hypothesis that statins could also be beneficial in pathologies
related to loss of bone mass, such as osteoporosis, while reducing the potential for later
osteonecrosis. In vitro studies have indicated that statins have direct anti-osteoclast activity,
interfering with osteoclast function, although in vivo conclusions are conflicting [25-28].

When studying osteoporosis, two factors may be used to judge the severity of the disease:
BMD and fracture risk. Various clinical studies have indicated that patients who had used
statins to treat hyper-cholesterolemia experienced a beneficial effect in fighting
osteoporosis. In the study of statins’ effects on osteoporosis, BMD and fracture risk have
been examined in systemic statin users, both in cross-sectional retrospective studies and in
controlled randomized trials. Within the literature, there have been widely varying opinions
on the efficacy of statins to increase BMD and reduce fracture risk.

Initially, observational studies generally reported an overall beneficial effect of statins on
combating osteoporosis. Several studies have suggested that statins may increase BMD in a
broad selection of patients, alone and in combination with hormone replacement therapy and
other treatments, though many of these studies do not reach significance and advocate for
further randomized controlled trials in order to establish a causal relationship [29-34].
However, positive effects were not seen in fluvastatin users [35,36], indicating that not all

Natl Sci Rev. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shah et al.

Page 4

statins have the same effects on bone turnover and resorption, and many observational
studies reported no significant effect on BMD [37,38]. The latter studies primarily focused
on postmenopausal women, finding that the statins had no effect in reducing bone loss in
these patients, perhaps indicating that statins are better suited towards prevention of
osteoporosis rather than as a general, systemic treatment. In addition, controlled clinical
studies tended to cautiously report more positive effects of statins for improving BMD,
although some report neutral effects as well [39-43]. Effects of statins in these types of
studies can be difficult to evaluate because bone mass loss often occurs within the setting of
comorbidities, such as Type 2 diabetes mellitus and hormonal disturbances. It is likely that
any positive effects of statins may be more beneficial for certain patient populations. Of
note, several of these studies have suggested that there may be different effects seen with
hydrophobic statins, such as simvastatin, compared to hydrophilic statins, such as
pravastatin [36,39].

Many cross-sectional studies in several population types have investigated whether statin
users have a reduced risk of fracture. Although there continues to be dissent among the
reports, with many finding that statins had no effect on fracture risk [37,44], the majority of
studies found that statins led to a reduced risk of fracture as high as 71%; however, there is a
large range of reduced fracture risks, with the lowest seeing no reduction in risk [32,45-49].
The beneficial effects were not seen in pravastatin and fluvastatin [50], though combining
statins with hormone replacement therapy again showed positive results [51]. Furthermore,
increased accumulated statin use corresponded to a subsequent decrease in the risk of
fracture [46—48]. Due to the necessity of a long time frame in order to accurately assess the
fracture risk in statin users, fewer controlled studies have been performed to examine the
effects of statins on fracture frequency, although the few that have been performed have not
seen any marked benefits from statin use in regard to reduced fracture risk [50,52].

Extensive reviews and meta-analyses of the literature regarding the use of statins for
osteoporosis have been conducted by others [53], and a representative summary of important
studies can be found in Table 1.

Because of the inconclusive nature of the present literature, some have raised the question of
whether the reduced risk of fracture was a result of the ‘healthy drug-user effect’, which in
this context asserts that patients who use a cholesterol-reducing drug like statins would in
general work to have better health, which could lead to a false positive in regard to statins’
protective effects for bone [54]. In order to assess this risk, independent studies were
conducted that examined statin users compared to users of other lipid-lowering drugs, and
although there was one dissenting study [54], statin users were found to have a reduced risk
of fracture compared to users of non-statin lipid-lowering drugs [45,47,55].

A cautiously positive trend in favor of the use of statins in prevention of osteoporosis can be
found in the current literature, although the existence of conflicting reports necessitates
further studies. Aside from the ‘healthy drug-user effect’, it may be possible that the dosage
used for cardiovascular effects is suboptimal or that the limited concentration of statins
available to bone via oral delivery is inadequate to limit the onset and effects of
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osteoporosis. This hypothesis inspires further study of statins in concentrated, local delivery
systems within the context of bone tissue engineering.

Antimicrobial properties of statins

Sepsis

Given that the search for statins began as a screen of fungi metabolites that would inhibit
HMG-CoA reductase, it is perhaps unsurprising that statins can display antimicrobial
properties [2]. A major challenge in bone regeneration is the healthy integration of scaffolds
that facilitate bone tissue regeneration into the injured area. Often, opportunistic bacterial,
fungal, and viral infections complicate healing and become even harder to treat when they
form biofilms that are more difficult to fight with traditional systemic antibiotic treatment,
which may not reach the affected area in high enough doses. As the number of strains of
bacteria that are resistant to traditional antibiotics increases, new treatments for infection are
becoming necessary. Recently, there has been evidence that various statins have
antimicrobial properties that, when combined with their other potentially helpful effects,
make them a useful tool for bone tissue engineering.

Due to the anti-inflammatory effects that spurred the use of statins for treatment of heart
disease, it has been of interest as to whether the drugs could have positive benefits for sepsis
patients who also suffer from severe systemic inflammation. A review of clinical evidence,
comprised primarily of retrospective studies, indicates that statin use assists in the treatment
of patients with sepsis [56]. Additionally, during a randomized double-blind placebo-
controlled trial, high doses of atorvastatin (40 mg/day) were seen to reduce the severity of
sepsis by preventing its progression; however, it did not significantly reduce mortality rates
[57]. This trend was observed in other clinical studies, where statin use was associated with
improved 28-day mortality rates, but no statistically significant improvement was seen in
90-day mortality rates [58,59]. Additionally, statin use was not observed to affect IL-6
levels, a critical inflammation marker for sepsis, although there was a lower baseline in
previous statin users [59]. However, there is a strong indication that statins can lower IL-6
levels by blocking isoprenoids, thereby blocking post-translational lipid modifications
essential to the immune response and production of IL-6 [60-63]. More evidence is needed
to definitively determine if statins affect IL-6 levels, a subject of some current trials.

Antiviral and fungicidal

Additionally, various statins have been shown to have antiviral and fungicidal effects.
Through their inhibition of HMG-CoA, statins help to impede the creation of lipid rafts that
carry the hepatitis C virus (HCV). Many statins, especially fluvastatin with simvastatin and
atorvastatin exhibiting moderate activity, have a synergistic effect with PEGylated inter-
feron, a staple of HCV management, thereby assisting in the treatment of HCV [64,65].

Candida albicans is an opportunistic human pathogenic fungus; lovastatin was seen to have
a minimum inhibitory concentration (MIC) of 16 pg/mL and showed strong fungistatic
effects against C. albicans [66]. Moreover, several statins, especially simvastatin and
fluvastatin, were seen to act synergistically with various antifungals, showing strong
fungicidal effects in vitro [67,68].
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Antibacterial effects of statins have also been found [69]. Statin therapy has been shown as
beneficial in the treatment of bacteremia caused by Staphylococcus aureus, possibly by
interfering with the inflammation caused by the S. aureus a-toxin [70,71]. Additionally,
prolonged simvastatin therapy had a dose-dependent protective effect against
Sreptococcus.pneumoniae and reduced the bacterial concentration in the lungs, but
mortality rates were equivalent to controls in an in vitro study in rats [72].

Further studies have been conducted to test the efficacy of a variety of statins, primarily
simvastatin, against several clinically important bacteria. Atorvastatin and simvastatin were
effective against various strains of bacteria, including methicillin-sensitive Staphylococcus
aureus (MSSA), when dissolved in dimethyl sulfoxide (DMSO), although they were less
effective against clinically isolated strains like methicillin-resistant Staphylococcus aureus
(MRSA) [73]. When methanol was used as a solvent, simvastatin and fluvastatin treated
both MSSA and MRSA, with simvastatin being the most effective against MSSA with an
MIC of 29.2 mg/L, dissolved in methanol [73]. Simvastatin and atorvastatin were tested
against S. aureus, Enterococcus faecium, Pseudomonas aeruginosa, and other bacteria in
vitro. Simvastatin had an MIC of 32 ug/mL for S. aureus and 64 pug/mL for E. faecalis, but
MICs of >128 ug/mL for all other strains; atorvastatin had an MIC of >128 ug/mL for all
strains [74]. Although this suggests that the statins tested are not clinically relevant in
systemic concentrations, higher, effective doses can be achieved by local delivery
achievable in tissue engineering contexts.

Many experiments testing the antimicrobial effects of statins use pure methanol as a solvent;
this study found that simvastatin in 100% methanol performed only marginally better than
pure methanol, and simvastatin in 5% methanol (pH adjusted to improve solubility) was
more than an order of magnitude less effective [75]. This indicates that the use of methanol
and other organic solvents for testing of low-water-soluble statins may confound testing;
however, this could be improved by pH adjustment that improves statin solubility in water.
Additionally, it was recently found that simvastatin in 2.5% DMSO, a solvent solution
which did not exert any antibacterial effects by itself, was found to kill Spneumonia and
Moraxella catarrhalisin a dose-dependent manner with an MIC of 15 pg/mL [76]. This
suggests that further tests are needed with non-organic solvents to assess the interference
that occurs from the antimicrobial effects of many solvents. Additionally, an interesting
topic of study is the assessment of any synergistic effects of statins with conventional
antibiotics, of which there is limited information in the literature.

BONE REGENERATION, AND BONE TISSUE ENGINEERING

The canonical tissue engineering paradigm involves using a combination of biomaterial
scaffolds, cells, and/or bioactive factors to augment or stimulate regeneration of lost tissue
[77]. Traditional replacement of missing tissue has been accomplished through
transplantation of tissue from a donor. However, transplantation has serious drawbacks,
including suboptimal tissue quality, potential for disease transmission, and inadequate donor
volume to meet patient specific and population needs [77]. The goal, therefore, of tissue
engineering is to replace tissue transplantation with implantation of constructs that stimulate
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endogenous regeneration and repair. While the traditional paradigm focuses heavily on the
use of cell-seeded constructs, there are several practical and regulatory challenges associated
with the translation of cell-based therapies and products into the clinic [78]. Because of
these challenges, there is increased interest in acellular, biomaterials-based delivery of pro-
osteogenic drugs for bone regeneration. Controlled delivery of shelf-stable small molecules,
such as statins, that can stimulate endogenous cells to produce functional bone is particularly
attractive because it circumvents important regulatory issues such as cell implantation and
practical issues of implementation and clinical use, resulting in the development of a shelf-
stable and relatively low cost therapeutic for bone regeneration.

Stimulation of growth factor expression

For bone tissue engineering applications, much of the literature regarding regeneration of
bone has focused on the delivery of bone morphogenetic proteins (BMPs) and vascular
endothelial growth factor (VEGF), two growth factors that have been widely investigated for
use in the regeneration of bone [79-81]. However, these factors are expensive, have a
relatively short half-life, and can be difficult to process into scaffolds and delivery vehicles
due to the 3D conformation required for bioactivity. Thus, small molecule drugs that can be
processed into sustained delivery vehicles and that can stimulate endogenous cells to
increase production of BMPs and/or VEGF are valuable in the tissue engineering field.

The effects of statins on VEGF production are beginning to be elucidated. Simvastatin,
atorvastatin, and cerivastatin, but not pravastatin, have been found to augment VEGF
MRNA expression in osteoblastic cells in vitro [82]. This study investigated the effect of
concentration and found that 1-10 pM simvastatin, 10-100 pM atorvastatin, and 0.1-1 pM
cerivastatin were able to stimulate increased expression of VEGF mRNA. A study of
ischemic hind limb injury in normocholesterolemic mice showed that systemic
administration of cerivastatin (6 mg/kg/day for 3 days) resulted in increased collateral blood
flow to the limb compared to saline controls [83]. These effects were also seen in a hind
limb ischemia mouse model with administration of simvastatin (0.20 mg/kg/day for 21 days)
and mesenchymal stem cells (MSCs) [84]. The stimulation of VEGF production by statins is
dependent not only on statin type but also on cell type. Frick et al. reported that atorvastatin,
simvastatin, and lovastatin in the range of 1-10 uM have reduced basal levels of VEGF
production in human vascular smooth muscle cells and microvascular endothelial cells while
increasing VEGF synthesis in human umbilical vein endothelial cells in vitro [85]. In
addition, a concentration-dependent effect was seen in which low concentrations of statins
displayed pro-angiogenic activity in umbilical vein endothelial cells while high
concentrations of statin inhibited angiogenesis, despite increased levels of VEGF synthesis
[85]. Weis et al. also describe this biphasic effect of statins on VEGF production using
cerivastatin and atorvastatin with microvascular endothelial cells [86]. As with any pro-
angiogenic factor, there are associated concerns with neovascularization that can lead to
problems such as retinopathy, though currently available studies do not indicate that
therapeutic doses for cholesterol control have a deleterious effect [87,88]. As seen in Fig. 1,
the increased production of VEGF seen with statin administration in vitro is likely mediated
by the Akt/phosphatidylinositol-3 kinase pathway [89,90].
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In 1999, Mundy et al. reported that from a screen of over 30 000 compounds from a
collection of natural products, lovastatin was the only compound in the collection that
increased the expression of BMP-2 in an immortalized murine osteoblast cell line [91].
Following this discovery, many investigators have sought to clarify the influence of statins
on the production of BMPs and elucidate the mechanism behind the observed expression
[92,93]. Evidence suggests that the increased production of BMP-2 is mediated via the Rho
pathway [94, 95]. Some studies have also found that not all statins stimulate the production
of BMP-2 to equal extent. Sugiyama et al. studied the stimulation of BMP-2 promoter in
human osteosarcoma cells treated with compactin, simvastatin, and pravastatin, and found
that only compactin and simvastatin were capable of stimulating the BMP-2 promoter [96].
Additionally, the treatment of different cell types with the same statin results in differential
promotion of BMP-2 expression. These results were further elaborated upon by Kupcsik et
al. by looking at the effects of pravastatin, lovastatin, and simvastatin on clinically relevant
human MSCs [97]. Upregulation of BMP-2 mRNA expression was seen in lovastatin- and
simvastatin-treated groups, but not in pravastatin-treated groups. A hypothesis for this
difference is that water-soluble statins such as pravastatin do not localize heavily within the
cell since they must enter the cell via active transport, whereas hydrophobic statins such as
lovastatin, simvastatin, and compactin can passively diffuse through the cell membrane
[96,97]. However, a study utilizing another water-soluble statin, rosuvastatin, found that this
statin was able to induce osteoblastic differentiation of rat MC3T3-EL1 cells, indicating that
perhaps specific transporter proteins influence the suitability of a particular statin for
osteogenesis in addition to water solubility and hydrophobicity [98]. Interestingly, BMP-2
may act as a tumor suppressor for some colorectal cancers, and there is some epidemiologic
evidence that suggests that long-term use of statins may decrease the incidence of colorectal
cancer [99,100].

In vivo bone regeneration and osseous integration

After the discovery that lovastatin could promote the expression of BMP-2, Mundy et al.
injected lovastatin and simvastatin subcutaneously over the calvaria of mice and found
marked increases in the amount of bone formed in treated mice, as shown in Fig. 2 [91].

Since then, many studies have examined whether statins can aid in the healing of fractures
and bone defects. While many animal studies support the hypothesis that orally administered
statins can enhance fracture healing and bone regeneration, other studies have questioned
whether the increase in BMP-2 expression translates to increased bone healing [101,102].

Closely related to the applications of fracture and defect repair, statins are being investigated
for their potential to enhance osseous integration of implanted materials through systemic
delivery and local delivery. This is of particular interest in both the orthopedic and
craniofacial fields, as metallic implants are common modes of fixation and reconstruction.
Masuzaki et al. found that fluvastatin-loaded microparticles injected at a distant site
enhanced the osteogenesis around titanium rods implanted into a rat tibia [103]. This
delivery technique was unique in that it utilized a local delivery vehicle to achieve systemic
delivery through a non-parenteral and non-intravenous route. Similarly, Ayukawa et al.
found that intraperitoneally delivered systemic simvastatin also enhances the integration of
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titanium rods in rat tibiae [104]. As seen in Fig. 3, Du et al. applied tibial screws in
ovariectomized rats with osteoporotic bone changes and showed that oral administration of
simvastatin is capable of improving osseointegration of the screws compared to
ovariectomized rats not receiving simvastatin [105].

However, conflicting studies on the efficacy of statins with respect to osseointegration can
also be found. Pauly et al. conducted a study in which rats received retrograde nailing of the
femur with titanium implants coated with simvastatin for local release and reported that
coated implants displayed decreased fixation strength compared to uncoated controls [106].
Additionally, another osteoporotic rat model showed no discernible advantage of local
release from a simvastatin-coated titanium tibial implant, though a bisphosphonate-coated
implant showed improved osseointegration over control [107]. While the models used are
not precisely comparable, the discrepancy in results may be attributable in part to the
disparity in total dosage provided to the animals. In the studies where positive effect of
either fluvastatin or simvastatin was noted, whether locally delivered or orally delivered, the
total dosage was determined by weight and supplied of the order of milligrams
[103,105,108]. In the studies where negative or no effect was seen, simvastatin was supplied
of the order of micrograms per implant, approximately a 1000-fold decrease compared to the
studies that showed a positive effect [106,107].

Local release

The demonstrated potential of statins to promote bone regeneration has spurred an interest in
the development of local delivery strategies for statins. Local delivery is of interest for a
number of reasons. First, systemic administration of statins can result in rare but serious side
effects, most notably liver toxicity, myositis (inflammation of the muscle), and
rhabdomyolysis (severe muscle inflammation and damage) [109,110]. Second, local
delivery allows an adequate dosage to be delivered to the desired area without relying on
systemic administration, which depending on the situation may be hindered by impaired
vascularity. Local administration may lessen the possibility of widespread muscle and liver
damage and obviate any unintended effects of statin usage given its pleiotropic effects while
providing therapeutic benefit to the delivery area. Additionally, the concentrations needed to
take advantage of the antimicrobial nature of statins would be difficult to achieve with
systemic delivery, but are feasible with local delivery. Local delivery vehicles for small
molecule drugs can face several challenges. Most importantly, small molecular weight drugs
tend to release more quickly than large molecular weight drugs since the mesh size has less
of an impact on small drugs than large drugs, such as proteins and peptides. However,
biomaterials engineers can attempt to manipulate release rate through choosing and
modifying material parameters such as hydrophilicity/hydrophobicity, rate of degradation,
mode of degradation, crosslinking density, and swelling.

Hydrogels are a popular method of local delivery for bone applications, and modifications of
these systems for statin delivery have been investigated. Hydrogels are a heterogeneous
group of biomaterials and can be either naturally derived or synthetic. Hydrogels such as
collagen, gelatin, and poly(ethylene glycol) have the distinct advantage of being able to
swell with water, making them very easy to load with drugs. In addition, modifications can
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be performed in order to impart desired characteristics, such as degradation or retention of
bioactive factors. Benoit et al. synthesized a novel fluvastatin-releasing hydrogel with
fluvastatin covalently tethered via lactic acid linkages into a poly(ethylene glycol) hydrogel
and released by degradation of lactic acid into the surrounding area [111]. This system
allowed for tuning of release rate by modulation of lactic acid repeats, and released
fluvastatin tested on human MSCs resulted in greater BMP-2 production and mineralization
[111]. This work was further elaborated upon by introducing heparin domains to sequester
BMP-2 in order to more closely mimic the native extracellular matrix (ECM) surrounding
bone and enhance the rate of stem cell differentiation [112]. Zou et al. have investigated an
injectable, dual-hydrogel delivery system with simvastatin-loaded gelatin microparticles
incorporated into a bulk phase of carboxymethylcellulose loaded with clodronate, a
bisphosphonate. By utilizing two distinct hydro-gels for each drug, temporal spacing of drug
delivery was achieved, allowing the bisphosphonate to first inhibit resorption of bone
followed by stimulation of osteogenesis by statins [113]. A gelatin delivery system has been
used to deliver simvastatin to a femoral fracture in vivo and been found to be effective at
potentiating the regeneration of bone and blood flow in mice [114]. Collagen sponges have
been used to deliver water-soluble statins. Alam et al. delivered pravastatin locally to a nasal
bone defect in rabbits and found that statin-treated animals showed similar amounts of
BMP-2-positive cells compared to rhBMP-2-treated rabbits [115]. Monjo et al. delivered
rosuvastatin to critical size rabbit tibial defects via collagen sponge and found a dose-
dependent increase in BMP-2 mRNA expression in cells surrounding the implant area as
well as new bone formation in rosuvastatin-treated defects not seen in sham animals [116].
Jeon et al. sought to further refine the use of statins for bone regeneration by developing a
cellulose acetate phthalate/Pluronic F-127 sintered-microparticle multi-layered construct for
alternating release of parathyroid hormone (PTH) and simvastatin [117]. This strategy takes
advantage of the interesting property that while continuous release of PTH results in bone
resorption, intermittent delivery of PTH results in increased trabecular bone volume and
improved BMD, biomechanical strength, and microarchitectural parameters in vivo, likely
mediated through triggering of the osteogenic genes insulin-like growth factor 1 as well as
BMPs [118,119]. Jeon et al. demonstrated that alternative release of PTH and simvastatin
resulted in additive effects of the two therapies rather than synergistic, though they
acknowledge that further optimization of dosage and timing could be performed [117].

Ceramics and synthetic polymers are also being investigated as carriers for statins. Ceramic
bone cements are readily available in FDA-approved formulations and provide a framework
upon which bone can grow. In some cases, it is resorbable, allowing native bone to slowly
replace it, and has been well characterized as a delivery vehicle for other small molecule
drugs such as antibiotics. Simvastatin loaded into calcium phosphate cements has been
shown to enhance both the osteogenic potential and degradation rates of these materials
[120-122]. Similarly, simvastatin-loaded calcium sulfate cement has been shown to increase
bone regeneration in a rat calvarial defect at eight weeks compared to non-simvastatin
treated rats, despite the induction of a robust inflammatory response [123]. Simvastatin-
loaded hydroxyapatite has also been characterized, though the slow degradation rate of this
ceramic limits the bone-forming potential [120]. Synthetic polymers are another alternative
to naturally derived polymers and have the advantage of being highly modifiable and
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tunable, though they also lack natural environmental cues to direct tissue growth.
Poly(lactic-co-glycolic acid) (PLGA) and poly(lactic acid) are common synthetic polymer
carriers for statins, either as microparticles or a membrane [103,124-126]. Stein et al.
combined hydrogel and poly(lactic acid) to locally deliver simvastatin to the lateral aspect of
the rat mandible and investigated dose response, finding that a low dose applied locally
could achieve bone growth while avoiding the inflammation that occurs with administration
of high doses [19]. Pauly et al. utilized simvastatin-loaded poly(lactic acid) to coat
Kirschner wires for stabilization of closed rat tibial fractures and found comparable healing
with application of simvastatin-coated wires compared to rhBMP-2-coated wires [127].
Simvastatin-loaded electrospun poly(e-caprolactone) has also been investigated for
regeneration of cranial defects [128]. In this study, scaffolds that displayed a burst release of
simvastatin did not increase bone regeneration, but scaffolds with sustained release had
significantly increased bone regeneration over both untreated controls and burst released
statin-loaded scaffolds [128]. For load-bearing applications, stronger and slower degrading
polymers could potentially be used, such as poly(propylene fumarate) (PPF) [129]. These
polymers can be made porous to facilitate loading with drug-loaded microparticles so that
the construct acts as a scaffold for bone growth while releasing osteogenic factors for
recruited stem cells. Fig. 4 shows scanning electron micrographs of atorvastatin-loaded
PLGA microparticles and a composite scaffold composed of PPF made porous using a
hydrogel porogen and loaded with atorvastatin-loaded PLGA microparticles.

The optimal release kinetics of statins for bone regeneration have yet to be identified and in
fact may differ based on type of statin. Release of hydrophobic statins from PLGA-based
carriers appears to generally follow either zero-order release kinetics or an attenuated burst
release followed by sustained release [103,125]. The low water solubility of hydrophobic
statins combined with the hydrophobicity of PLGA may combine to extend the release of
these drugs through low water penetration into the carrier and minimal solubilization of
drug, though it is difficult to make any definitive conclusions due to the difference in
geometries and release conditions between studies. Interestingly, hydrogels and hydrogel
microparticle carriers can also show a moderate burst release (~40%) followed by sustained
release despite the high water content of hydrogels, as seen in Fig. 5 [113,130].

In contrast, release of the water-soluble statin rosuvastatin from an absorbable collagen
sponge showed the typical burst release pattern, with 82% of loaded drug released during 24
h [116]. These distinct release patterns could affect the differentiation and proliferation of
recruited stem cells and alter the activity of mature osteoblasts in the treated area via the
amount and duration of release. The choice of appropriate polymer type will depend on the
release kinetics determined to be the best for osteogenesis, with hydrogels generally
releasing high concentrations of drug for shorter duration and polymers having a more
tunable release profile.

engineering
Because canonical tissue engineering involves the use of a combination of scaffold, cells,

and bioactive factors in order to stimulate the regeneration and repair of native tissue, there
is currently a relative dearth of studies in this emerging niche using true tissue engineering
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scaffolds. Thus far, most researchers have relied primarily upon controlled acellular delivery
of statins to act upon MSCs recruited through the natural inflammatory response. Benoit et
al. have encapsulated human MSCs within a fluvastatin-releasing hydrogel with growth
factor binding heparin domains and have shown that the use of MSCs within this construct is
able to further augment MSC differentiation compared to fluvastatin release alone [112].
While acellular delivery is perhaps more desirable from the standpoint of immune response
and ease of clinical translation, Benoit et al. have demonstrated that there are still clear
benefits to the use of the traditional tissue engineering paradigm. As scaffolds that release
statins in a controlled manner continue to be developed and characterized and the role of
statins in the regenerative process becomes elucidated, the use of statins for tissue
engineering scaffolds may become increasingly popular. As it stands currently, however,
very few researchers have endeavored to use cellularized scaffolds with concomitant
controlled release of statins either in vitro or in vivo.

Challenges and perspectives on future directions

It is clear that there are many challenges left to address in the emerging area of statin-
stimulated bone regeneration. First, meaningful comparisons between types and effective
concentrations of statins are difficult to elucidate from published in vitro and in vivo studies
due to the differences in methodology and administration methods. With regard to type of
statin, some efforts have been made to distinguish why different statins cause different
effects, and there is some evidence that the answer may lie in the water solubility or
hydrophobicity of the different types [96,97]. Another question that remains is to elucidate
how other pleiotropic effects of statins could affect bone regeneration. For instance, initial
inflammation is necessary for bone healing, but excessive inflammation is detrimental to
bone regeneration [131,132]. It is possible that the anti-inflammatory properties of statins,
which appear to differ based on specific type, may aid by limiting inflammation.
Alternatively, given the effects that some statins have on angiogenesis, it is possible that the
formation of blood vessels, another key process in bone healing, leads to the regeneration of
bone. Most likely, the effect of statins on bone healing is a complex interaction of the many
pleiotropic effects of statins that will require systematic experimentation to elucidate.
Because of this, there remains concern that the effects of statins may be inconsistent and
unpredictable, making this strategy unappealing for clinical translation.

The cells used to evaluate statins are not standardized and include a broad range of cell
types, most commonly non-human primary cells and osteosarcoma MC3T3-E1 cell lines and
less commonly, human primary cells [91,97,133]. The wide range of concentrations used in
the studies published thus far are also indicative that each statin may have an optimal
concentration for a particular cell type, and concentrations found to be optimal in a cell line
such as MC3T3-E1 may not translate to human MSCs, which are the most relevant cell type
for bone tissue engineering.

With regard to acellular controlled release of statins, further work still remains to be done to
determine what type of release profile, burst release or sustained release, is optimal for bone
regeneration. If sustained release is necessary, it will also be important to determine

threshold dosages as well as the duration of delivery. Several of the studies discussed in this
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review drew conclusions regarding the efficacy of locally delivered statins for in vivo
osseointegration and in vitro differentiation of cells. However, these conclusions were based
on estimates of the appropriate dosage and timing parameters. Though some systematic
experimentation to determine the optimal concentration of certain statins on different cell
types has been performed [134,135], the effects of total dosage and release kinetics of local
delivery systems on the in vitro differentiation of MSCs and bone regeneration in vivo
should be addressed and optimized. The appropriate dosing for controlled release
applications may be very difficult to determine given that many patients already receive
statins systemically for cardioprotective purposes. However, given the conflicting results of
prospective randomized trials regarding the use of statins for osteoporosis, systemic
administration may or may not be of clinical significance for bone regeneration applications.

The use of statins could be expanded beyond acellular controlled release by introducing cells
into statin-loaded constructs to investigate whether the co-delivery of cells and statins can
stimulate earlier tissue regeneration in vivo. Dual delivery of statins with other biomolecules
such as PTH or BMP-2 may be further investigated to determine whether synergistic effects
on bone regeneration can be elicited. Furthermore, given the antimicrobial and antifungal
properties of some statins, local release of statins may have some interesting effects in
contaminated bone defects. These areas are ripe for investigation, and addressing any of
these issues would greatly progress the field and further inform the utility of statins for bone
regeneration and tissue engineering.

CONCLUSIONS

Statins show an impressive range of effects in the human body and can be leveraged for a
wide variety of potential applications other than hyperlipidemia, including transplant
medicine, infectious diseases, and neurologic disorders. In particular, statins show incredible
promise as a therapeutic agent in the area of bone regeneration and bone tissue engineering.
While systemic delivery of statins at current therapeutic doses has shown conflicting results
with regard to prevention of osteoporosis, pre-clinical in vivo studies of local administration
of statins from scaffolds demonstrate that local release appears to be an attractive solution to
the problem of maintaining therapeutic doses at the affected area while minimizing
undesired side effects. Further investigation will be required to determine appropriate local
delivery concentrations to promote bone regeneration without inducing toxicity, as well as to
assess the feasibility of using this molecule as a potential concomitant antimicrobial drug.
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Figure 1.

A simplified flowchart of the biochemical effects of statins [3]. Statins inhibit the rate-
limiting enzyme, HMG-CoA reductase, of the mevalonate pathway, which is primarily
responsible for the production of steroid and non-steroid isoprenoids. In addition, statins can
activate the AKT1/PI3K pathway, leading to some similar downstream effects as the
inhibition of HMB-CoA reductase. Important downstream effects of statin administration
are shown with blue arrows. The exact effects of statins can vary based on the specific statin
and its concentration. PP, pyrosphosphate; BMP-2, bone morphogenetic protein-2; VEGF,
vascular endothelial growth factor; PI13K, phosphatidylinositol-3 kinase; MSC,
mesenchymal stem cell; OB, osteoblast; EPC, endothelial progenitor cell; EC, endothelial

cell; OC, osteoclast.
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Figure 2.
Histologic images from Mundy et al. of explanted murine treated with 1 uM simvastatin for

four or seven days. Panels 1 and 2 show calvaria treated with control media or simvastatin,
respectively, for four days. Panels 3 and 4 show calvaria treated with control media or
simvastatin, respectively, for seven days. Simvastatin-treated calvaria displayed increased
new bone formation compared to control, as well as an increase in mature osteoblasts. This
figure is reprinted from [91] with permission.
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Figure 3.
Histologic images from Du et al. showing the osseous integration of screw-shaped titanium

implants in the tibiae of non-ovariectomized rats (a, d), ovariectomized rats (b, €), and
ovariectomized rats receiving 5 mg/kg/day simvastatin orally post-surgery (c, f) at 84 days
post-implantation. Non-ovariectomized rats and ovariectomized rats receiving simvastatin
showed significantly thicker new bone formation compared to ovariectomized rats receiving
no simvastatin. This figure is reprinted from [105] with permission.
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Figure4.
Scanning electron micrographs of (a) PLGA microparticles loaded with 30 wt% atorvastatin

and (b) a cross-section of a dried composite scaffold comprising 40 wt% atorvatastin-loaded
PLGA microparticles, 40 wt% of the porogen carboxymethylcellulose hydrogel (9 wt%
carboxymethylcellulose), and 20 wt% PPF on a wet basis imaged prior to leaching of the
porogen. In (b), the distribution of drug-loaded PLGA microparticles and porogen can be
appreciated. Note that the scale bar in (a) is 500 um and in (b) is 1 mm.
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Figureb5.
Biomaterial carriers and formulations for local release can significantly affect the release

kinetics. Park et al. demonstrated that simvastatin loaded into hydrogels using a 1 mg/mL
solution displays different release kinetics based on varying hydrogel stiffnesses. The
hydrogel stiffnesses tested were 1800, 5800, and 8400 Pa for Hydro-gell, Hydrogel2, and
Hydrogel3, respectively. This figure is adapted from [130] with permission.
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A summary of conclusions on the effects of statins on indicators of osteoporosis. The sources are sorted by
indicator measured as well as the type of study that was performed. Studies included in the various subsection
under statin type evaluated statins as a general drug class and did not distinguish the differences in results
between specific types.

Statin type | Study method | Measured observable | General results | References Comments
Observational Positive 31] Improved BMD and lower levels of bone
29] turnover, especially when combined with HRT
30]
34]
BMD 33]
Prospective No Effect [37] No significant effect on BMD in
[38] postmenopausal women
32] Reduced risk of fracture, synergistic effects
49] with HRT
Various 51]
Positive 47 Reduced risk of fracture compared to non-
Observational 46] statin lipid-lowering agents
- 55]
Fracture Risk [45]
[54] Increased incidence rate compared to beta-
blockers
No Effect
Prospective [37] No significant effect on incidence of clinical
[44] fractures in postmenopausal women
Observational Fracture Risk [48] Reduced risk of fracture
Positi [39] Reduced bone resorption and increased BMD
ositive [40] and bone formation markers in osteopenic and
Simvastatin ) [42] osteoporotic patients, including
Prospective BMD [36] postmenopausal women
No Effect [43] No significant effect on BMD in
postmenopausal women
BMD Positive [41] Improvement in BMD over bisphosphonates
[36] alone
Atorvastatin Prospective
Fracture Risk No Effect [52] No improvement of the relative risk ratio over
two years
Observational [47] Non-pravastatin statin use was associated with
[46] a reduced risk of fracture (up to 0.52)
compared against other lipid-lowering drugs;
Pravastatin Fracture Risk No Effect pravastatin use showed no beneficial effects
Prospective [50] No improvement of the relative risk ratio,
[52] possible negative effects
Fluvastatin Prospective BMD No Effect [55] No reduction in bone loss or increase bone
[50] growth in postmenopausal women with
[36] osteoporosis
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