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Hypolipidemic statins can stimulate osteoregeneration. However, such effects are observed only after 
administration methods that are unacceptable for patients (prolonged infusions or huge oral doses). The aim 
of our research was to compare the osteoregeneration effects of lovastatin administered alone as a com-
mon pharmaceutical formulation and as lovastatin-containing chitosan nanoparticles (LccN) in a drill-hole 
model of bone damage in rats. White inbred rats were randomly divided into four groups: group 1 – intact 
rats; group 2 – rats with bone defect without treatment (control group); group 3 – rats with bone defect, which 
received common pharmaceutical formulation of lovastatin at doses of 0.1, 1.0 and 5.0 mg/kg; group 4 – rats, 
which received 0.1 mg/kg lovastatin in the form of lovastatin-containing chitosan nanoparticles (LccN). a 
dental drill of 2.0 mm in diameter was used to form the tibial bone defect. Rats were sacrificed 3, 7, 14 and 
28 days after bone defect formation. calcium (ca), phosphorus (P) and sialic acid concentrations, alkaline 
and acidic phosphatase activities, mineralization index, and collagenolytic activity were measured in blood 
serum. computed tomography (cT) and histological study were used to estimate the regenerative processes 
in the bone. It was found that therapeutic doses of lovastatin (0.1 and 1.0 mg/kg) are ineffective for bone de-
fect healing. Only high doses of lovastatin (5.0 mg/kg) promote osteoregeneration. LCCN were more efficient 
compared to lovastatin alone, as confirmed by CT examination of bone defects and significant changes of Ca, 
P, and sialic acid concentrations, alkaline and acidic phosphatase activities, mineralization index, and colla-
genolytic activity. Lovastatin-containing chitosan nanoparticles effectively enhance fracture healing in used 
preclinical model. This finding suggests the possibility that a similar approach may be effective in hastening 
fracture repair in humans.
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introduction 

Bone defects are widespread and may be caused 
by trauma, surgery, some hereditary pathologies or 
infections [1]. There are three phases in the body’s 
response to fractures: inflammation, renewal and re-
modeling, which involve cytokine cascade reactions , 
and innate and adaptive immune processes [1, 2]. 
Primarily, catabolic processes dominate, then later 
the shift to the anabolic phase occurs to promote 
overall stability of the fixation and immobilization 

of the fracture [1, 3]. The role of growth factors in 
regeneration is crucial, including bone morphogenic 
proteins (BMPs). The most studied members of this 
transforming growth factor-beta (TGF-β) superfami-
ly are BMP-2, BMP-3, BMP-4 and BMP-7 [4, 5]. 
Despite the fact that BMP-2 could be the most ef-
fective for fracture healing [6], its administration 
is still questionable. Some clinical trials did not 
demon strate any benefits of BMPs [7]. Also, BMP-
2 may produce side effects, namely severe edemas, 
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undesirable  ectopic bone formation, delayed bone 
formation and probably increased cancer risks [5] 
and is quite expensive [8]. 

Stimulation of bone regeneration by targeting  
molecular signaling pathways indirectly seems 
more promising. It was reported that the lipid-lowe-
ring statin drugs (e.g., lovastatin, pravastatin) could 
stimulate BMP-2 expression by bone cells and fos-
ter bone repair [9–11]. Statins block the activity of 
β-hydroxy β-methylglutaryl-CoA (HMG-CoA) re-
ductase, also known as 3-hydroxy-3-methylglutaryl-
CoA reductase, acting as a chemical analogue of 
substrate HMG-CoA and resulting in the upregula-
tion of BMP-2 gene expression by decreasing pro-
tein prenylation of isoprenoids intermediates, such 
as farnesyl pyrophosphate and geranylgeranyl py-
rophosphate [12, 13]. The inhibition of protein pre-
nylation causes a reduction of transforming protein 
RhoA, which is a prenylated protein and results in 
the increase of BMP-2 gene expression. Hagihara et 
al. have also confirmed that the inhibition of RhoA 
was able to promote BMP-2 induced osteoblastic 
differentiation processes [14]. Moreover, the reduc-
tion of RhoA stimulates VEGF expression via the 
activation of the P13-Kinase/Akt pathway and up-
regulation of eNOS. In turn, VEGF promotes osteo-
blast differentiation and angiogenesis resulting in the 
stimulation of bone formation [15]. Previous reports 
show that statins can act both as bone anabolic and 
as anti-resorptive agents [16, 17]. 

However, the need for long duration intrave-
nous infusions or administration of large oral doses 
of statins are not acceptable [18]. Thus, the search 
for an appropriate drug-delivery nanocarrier is a 
challenge for bone regeneration medicine. For our 
study we choose lovastatin, which was the first sta-
tin developed, and has few adverse effects compared 
to atorvastatin, simvastatin or rosuvastatin which 
demonstrate evident hepatotoxicity and myopathy in 
animal models [19-21]. The aim of our research was 
to compare the osteoregeneration effects of lovasta-
tin administered alone as a common pharmaceutical 
formulation and as lovastatin-containing chitosan 
nanoparticles (LCCN) in a drill-hole model of bone 
damage in rats. 

materials and methods

Three-month-old male Wistar rats weighing 
200±20 g were obtained from the Ternopil National 
Medical University (TNMU) laboratory animal re-
source unit. All rats were fed a standard diet and 

given ad libitum access to water.  Animal investiga-
tions conformed to the European Convention for the 
Protection of Vertebrate Animals Used for Experi-
mental and Other Scientific Purposes (Strasbourg, 
1986). The study design was approved by the TNMU 
Ethical Committee, protocol No 41 from 1 June 2017. 

Fabrication of LccN. Chitosan nanoparticles 
were prepared according to the procedure reported 
by Wu et al. (2005) [22] based on the ionic gelation 
of chitosan with tripolyphosphate (TPP) anions. 
Chitosan (Sigma-Aldrich Co., St. Louis, Missouri, 
USA) solution (25 ml, 0.2%, w/v) was prepared in 
acetic acid (1%, v/v) and incubated with 10 ml of 
50 mg/ml lovastatin (Sigma-Aldrich Co., USA) for 
30 min at room temperature. LCCN were spontane-
ously formed by adding 10 ml of TPP aqueous solu-
tion (0.1% w/v) to the reaction mixture in a dropwise 
manner under constant magnetic stirring at 700 rpm. 
Finally, the resulting LCCN were harvested by ul-
tracentrifugation (28000 rpm/48000 g) for 30 min, 
washed several times with saline and subsequently 
resuspended. 

Measurement of LccN size. The resulting 
LCCN obtained after ultracentrifugation were ex-
amined by transmission electron microscopy (TEM) 
using the morphometric program Video-test–5.0, 
Kappa Image Base (Sumy Electron Optics, Sumy, 
Ukraine). For TEM analysis, a drop of LCCN disper-
sion (in distilled water) was placed onto the copper 
microgrid that was natively stained by phosphotung-
stic acid and allowed to evaporate and dry at room 
temperature (25 ± 2°C). Subsequently, the dried mi-
crogrids were viewed at different resolutions. The 
manufactured nanoparticles ranged in size from 
40–100 nm in diameter. 

Measurement of lovastatin concentration. To 
determine the amount of lovastatin in LCCN the 
nanoparticles harvested by ultracentrifugation were 
completely degraded. LCCN degradation was per-
formed as follows: nanoparticles were suspended in 
HCl (2.0 M) at 72°C for 3 h and ultrasonicated using  
ultrasonic dispersant USDN-M750T (20-25 kHz, 
750 W) for 10 min [23]. Lovastatin content was de-
termined by the dual-wavelength UV spectropho-
tometry method using Perkin Elmer Lambda 25 UV/
Vis spectrophotometer (Shelton, Connecticut, USA) 
[24]. Briefly, the spectrum of lovastatin was recorded 
in absorbance mode. The radiation source was a deu-
terium lamp emitting a continuous UV spectrum. 
The absorbencies at 246 nm, which is the charac-
teristic absorption peak of lovastatin, and at 254 nm 

O. O. Shevchuk, Ya. V. Panasiuk, M. M. korda



26

ISSN 2409-4943. Ukr. Biochem. J., 2021, Vol. 93, N 2

were recorded and used to plot a calibration curve 
for calculating the UV spectrum lovastatin content. 
The lovastatin standard solution was prepared by 
dissolving an accurately weighed amount (3.2 mg) 
of lovastatin in 50 ml of 75% ethanol. This stock 
solution was used to prepare working solutions by 
adding an appropriate volume of 75% ethanol. The 
calibration curve was constructed by recording the 
UV spectrum of solutions with final lovastatin con-
centrations 3.2, 6.4, 12.8, 19.2, 25.6, 32.0, 38.4, 44.8, 
51.2, and 57.6 mg/ml. The absorbances of lovastatin 
at 246 and 254 nm were monitored separately, and 
the A246-A254 value was used to calculate the con-
tents of lovastatin in samples.

In vivo rat bone defect model and treatments. 
Animals were randomized into 4 groups: 1st group – 
intact rats (n = 8); 2nd group – rats with bone defect 
without treatment (control group) (n = 32); 3rd group – 
rats with bone defect that received the common 
pharmaceutical formulation of lovastatin at doses  of 
0.1, 1.0 and 5.0 mg/kg (n = 96); and 4th group – rats 
that received 0.1 mg/kg of lovastatin in the form of 

Fig. 1. Study design. LccN – lovastatin-containing chitosan nanoparticles

LCCN (n = 32) (Fig. 1). Intraperitoneal injection of 
5 mg/kg ketamine was used to anesthetize the ani-
mals. The skin was shaved and scrubbed with an an-
tiseptic solution (1% iodine). After exposing the right 
proximal tibia, a standardized 2.0 mm diameter non-
critical bone defect was created by transosseous per-
foration using a motorized drill under irrigation with 
saline solution [25]. The procedures were tolerated 
without complications. Three, seven, fourteen and 
twenty-eight days after the bone defect formation, 
the rats were sacrificed (eight animals from each 
group for each time point) under thiopental-induced 
general anesthesia. 

A 50 µl volume of either lovastatin alone at 
doses  of 0.1, 1.0 and 5.0 mg/kg [8] or LCCN (0.1 mg/
kg of lovastatin) was injected directly into the bone 
defect site once daily throughout the entire experi-
ment. All animals received analgesic meloxicam 
(2 mg/kg subcutaneously) and antibiotic ceftriaxone 
(30 mg/kg intramuscularly) once daily for 3 days 
after bone defect formation to manage the postope-
rative pain and to prevent infectious complications 
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[26, 27]. The health condition and behavior of the 
animals were observed daily after surgery until re-
trieving.  

Sample collection. Blood was collected from 
the heart in terminal anesthesia through cardiac  
puncture. Blood was centrifuged for 10 min at 
3000 rpm and serum samples were stored at −20°C 
until measurements were made.

Biochemical tests of bone metabolism. Cal-
cium (Ca) and phosphorus (P) concentrations were 
measured photometrically using kits from PLIVA-
Lachema (Brno, Czech Republic). Alkaline phos-
phatase (ALP) and acidic phosphatase (ACP) activi-
ties were determined photometrically with assay kits 
from Human Diagnostics, (Darmstadt, Germany). 
The mineralization index (MI, units) was calculated 
as the ratio of ALP and ACP activities. To assess 
liver function, transaminases activity, alanine ami-
notransferase (ALT) and aspartate aminotransferase 
(AST), total bilirubin and serum total protein level 
were measured photometrically (with standard as-
say kits from Human Diagnostics (Darmstadt, Ger-
many) and PLIVA-Lachema (Brno, Czech Republic) 
respectively). Collagenolytic activity and sialic acid 
content were determined spectrophotometrically ac-
cording to methods described previously [28-30]. 
All measurements were performed on the Lambda 
25 spectrophotometer (PerkinElmer, Inc., Shelton, 
Connecticut, USA).

radiographic estimation of bone defect repair. 
The diameter of the bone defect was studied on the 
14th and 28th days of the experiment by computer to-
mography (CT) examination. A Somatom Emotion 
16-Slice (Munich, Germany) was used to image the 
bones. The bone mineral density and strength of the 
tibia area, as well as diameter of bone defect were 
estimated.

histology of bone tissues. The harvested bones 
were dissected and fixed in 10% neutral buffered for-
malin solution for 48 h, to free them from soft tis-
sues with a decalcification procedure using 10% ni-
tric acid solution for 30 days. The decalcified bones 
were then dehydrated in graded ethanol (70–100%), 
cleared in xylene, embedded in paraffin, and finally, 
8-10 µm thick sections were prepared and stained 
with hematoxylin and eosin (H&E) and van Gie-
son stains. The histological sections were examined 
using  a light microscope (Olympus BX51; Olympus, 
Tokyo, Japan) and blindly scored by two independent  
pathologists. The histopathological characteristics 
were evaluated in the tissue sections after H&E and 
van Gieson staining on the 3rd, 7th, 14th and 28th days. 

Statistical analysis. The data are presented as 
mean ± SE (standard error). Statistical analysis was 
performed by the Statistica 10.0 program (StatSoft 
Inc., Tulsa, Oklahoma, USA). The distribution of 
indices was estimated using the Shapiro-Wilk nor-
mality test. Results of CT examination were ana-
lyzed using Kruskal–Wallis non-parametric test fol-
lowed by Tukey post-hoc comparisons test. Data of 
biochemical analyses were analyzed using repeated 
measures non-parametric ANOVA test for multiple 
comparisons. A probability level of less than 0.05 
was considered as statistically significant.

results and discussion

The most common biomarkers of bone metabo-
lism are byproducts produced from the bone remode-
ling process. All of them can be classified as either 
markers of bone formation (e.g., ALP, procollagen 
type 1 N-terminal propeptide (P1NP), osteocalcin) or 
as markers of bone resorption (e.g., hydroxyproline, 
ACP) [31-33]. 

No infection or any other adverse reactions at 
the operative site or throughout the body was ob-
served following the drilled bone defect during the 
experiment period. The biochemistry examination 
revealed that there were no significant differences in 
the ALT and AST activities and total bilirubin or 
serum total protein levels between any of the test 
groups and the control group as well as the intact rat 
group (data not shown). These findings demonstrated 
the absence of hepatotoxicity signs.  

Ca concentration in the serum of intact rats was 
2.23±0.13 mmol/l. Bone defect caused an increase 
of the Ca concentration on the 3rd day compared to 
intact rats: in the control group by 56.0% (P < 0.05), 
in the experimental 0.1 mg/kg lovastatin group by 
52.9%, the 1.0 mg/kg group by 65.9%, the 5.0 mg/
kg group by 61.9% (P < 0.05 in all cases) and in 
the LCCN group by 43.9% (P < 0.05). There were 
no significant differences in serum Ca concentra-
tions between rats with untreated bone defect and 
rats treated with different doses and pharmaceutical 
formulations of lovastatin. There was only a signifi-
cant difference in the serum Ca concentration on the 
7th day between the group of animals treated with 
LCCN and rats treated with lovastatin alone at the 
dose of 5.0 mg/kg (Table 1). Ca level was normali-
zed on the 14th day in all groups except in rats which 
received lovastatin at the dose of 0.1 mg/kg. 

We observed the same tendency for the P con-
centration in serum (Table 2), which is expected be-
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T a b l e  1. calcium concentration in serum of rats with bone defect and correction with lovastatin alone or 
LCCN (М ± m)

Group
Day of experiment

3rd 7th 14th 28th

Intact rats (n = 8) 2.23 ± 0.13
Control group (n = 32) 3.48 ± 0.17* 3.14 ± 0.20* 2.47 ± 0.11 2.81 ± 0.11*
Lovastatin, 0.1 mg/kg (n = 2) 3.41 ± 0.19* 3.20 ± 0.18*   2.63 ± 0.08* 2.56 ± 0.12
Lovastatin, 1.0 mg/kg (n = 32) 3.70 ± 0.21* 3.10 ± 0.21* 2.56 ± 0.11  2.88 ± 0.15*
Lovastatin, 5.0 mg/kg (n = 32) 3.61 ± 0.17* 3.33 ± 0.22* 2.47 ± 0.12   2.59 ± 0.10*,#

LCCN (n = 32) 3.21 ± 0.14* 2.69 ± 0.14*,† 2.51 ± 0.12 2.40 ± 0.16
Note. Significant difference (P < 0.05) compared to: *intact rats, #rats receiving lovastatin at the dose of 1.0 mg/kg, †rats 
receiving lovastatin at the dose of 5.0 mg/kg. LCCN – lovastatin-containing chitosan nanoparticles. Calcium concentra-
tion – mmol/l

T a b l e  2. Phosphorus concentration (mmol/l) in serum of rats with bone defect and correction with lovasta-
tin alone or LCCN (М ± m)

Group
Day of experiment

3rd 7th 14th 28th

Intact rats (n = 8) 1.81 ± 0.10
Control group (n = 32) 2.62 ± 0.12* 2.31 ± 0.1* 1.89 ± 0.12 2.04 ± 0.14
Lovastatin, 0.1 mg/kg (n = 2) 2.47 ± 0.12*   2.21 ± 0.12* 2.11 ± 0.12 2.01 ± 0.14
Lovastatin, 1.0 mg/kg (n = 32) 2.71 ± 0.15*   2.38 ± 0.20*    2.19 ± 0.10** 2.19 ± 0.14
Lovastatin, 5.0 mg/kg (n = 32) 2.73 ± 0.13*  2.39 ± 0.14* 2.00 ± 0.11 2.20 ± 0.17
LCCN (n = 32) 2.64 ± 0.11*     1.91 ± 0.12**,† 2.01 ± 0.15 1.77 ± 0.11

Note. Significant difference (P < 0.05) compared to: *intact rats, **control group, †rats receiving lovastatin at the dose of 
5.0 mg/kg. LCCN – lovastatin-containing chitosan nanoparticles. Phosphorus concentration – mmol/l

cause of the tight balance and correlation between 
Ca and P metabolism. 

The ALP activity is considered an indicator 
of osteoblast cell activity and the formation of new 
bone, while ACP has been used as a serum marker  
of bone resorption. We found that ALP activity was 
increased in the control group on the 3rd (by 46.3%, 
P ˂ 0.05) and 7th (by 34,7 %, P ˂ 0.05) days after 
the bone defect compared to intact rats (Fig. 2). 
Administration of lovastatin alone did not result in 
any significant changes compared to untreated rats 
(control group). At the same time, administration of 
LCCN led to the significant increase in ALP activi-
ty compared to untreated rats on the 14th (by 46.3%, 
P ˂ 0.05) and 28th (by 26.9%, P ˂ 0.05) days of the 
experiment. Moreover, in the groups of animals 
treated with LCCN, the ALP activity was higher in 
comparison with animals treated with some doses 
of lovastatin only on the 7th, 14th and 28th days af-
ter the bone defect was made. These findings could 

be evidence of more intensive bone repair processes 
under the effect of LCCN compared to the effect of 
lovastatin alone. 

Bone defect resulted in the marked increase of 
the serum ACP activity on the 3rd day of the experi-
ment (by 74.4%, P < 0.05 compared to intact rats). It 
should be noted that LCCN or the common pharma-
ceutical formulation of lovastatin did not significant-
ly affect ACP activity in comparison to the control 
group. 

In the next stages, this parameter gradually de-
creased in untreated animals and on the 28th day it 
already did not differ significantly from the intact 
rats. Only the highest dose (5.0 mg/kg) of lovastatin 
alone on the 14th day resulted in the significant de-
crease of serum ACP activity compared to control 
group animals. On the 14th day the administration of 
LCCN resulted in a significant decrease of ACP ac-
tivity in comparison with rats treated with lovastatin 
alone (Fig. 3).



29

Fig. 2. ALP activity (mcat/l, М ± m) in serum of rats with bone defect treated with lovastatin alone or LCCN. 
Significant difference (P < 0.05) compared to: *intact rats, **control group, ‡rats receiving lovastatin at the 
dose of 0.1 mg/kg, #rats receiving lovastatin at the dose of 1.0 mg/kg, †rats receiving lovastatin at the dose of 
5.0 mg/kg. aLP – alkaline phosphatase; LccN – lovastatin-containing chitosan nanoparticles; mcat – micro-
katal

Fig. 3. ACP activity (IU/l, М ± m) in serum of rats with bone defect treated with lovastatin alone or LCCN. 
Significant difference (P < 0.05) compared to: *intact rats, **control group, ‡rats receiving lovastatin at the 
dose of 0.1 mg/kg, #rats receiving lovastatin at the dose of 1.0 mg/kg. acP – acidic phosphatase; IU – interna-
tional units; LccN – lovastatin-containing chitosan nanoparticles
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Based on the indices of the phosphatase activi-
ties (ALP, ACP) the MI was calculated (Table 3). 
Bone defect did not significantly change the ratio 
between ALP and ACP activities in experimental 
groups compared to intact rats. The high dose of 
lovastatin (5.0 mg/kg) increased this parameter on 
the 14th and 28th days in comparison with intact rats 
but not with the untreated group of animals. Instead, 
the long-term administration (for 14 and 28 days) of 
LCCN led to significant increases in the MI com-
pared to both intact and control rats. Moreover, long-
term administration of LCCN increased MI more ef-
fectively than low doses of lovastatin alone.

Collagenolytic activity reflects metabolic pro-
cesses in connective tissue. On the 3rd day it in-
creased by 58.1% in the control group (P < 0.05) as 
well as in groups of rats that received lovastatin in 
doses of 0.1 mg/kg (by 52.4%), 1.0 mg/kg (by 69.3%) 
and 5.0 mg/kg (by 37.6%) compared to intact ani-
mals (Fig. 4). 

Rats administered LCCN showed significantly 
lower collagenolytic activity on the 3rd and 7th days of 
the experiment in comparison with both the control 
group and lovastatin treated groups. On the 7th and 
28th days this parameter was insignificantly different 
in all experimental groups compared with intact rats. 

The serum sialic acid concentration is a bio-
chemical marker which characterizes the intensity of 
inflammatory and destructive processes in connec-
tive tissue and is also a valuable criterion for diag-
nostic evaluation of bone tissue status. We observed 
the marked increase of this parameter in the early 
stages (on the 3rd day it was higher by 46.6% and on 
the 7th day by 38.0% compared to the intact group) of 
the bone regenerative process. Lovastatin in a dose 
of 5.0 mg/kg injected for 7 days decreased the serum 

Note. Significant difference (P < 0.05) compared to: *intact rats, **control group, ‡rats receiving lovastatin at the dose 
of 0.1 mg/kg, #rats receiving lovastatin at the dose of 1.0 mg/kg. LCCN – lovastatin-containing chitosan nanoparticles

T a b l e  3. Mineralization index in rats with bone defect and correction with lovastatin alone or LccN 
(М ± m)

Group
Day of experiment

3rd 7th 14th 28th

Intact rats (n = 8) 6.63 ± 0.37
Control group (n = 32) 5.66 ± 0.52 5.87 ± 0.50 6.02 ± 0.39 6.50 ± 0.54
Lovastatin, 0.1 mg/kg (n = 2) 5.55 ± 0.37 5.60 ± 0.38 5.80 ± 0.27 6.89 ± 0.48
Lovastatin, 1.0 mg/kg (n = 32)  5.52 ± 0.17* 6.11 ± 0.55 6.11 ± 0.38 6.47 ± 0.30
Lovastatin, 5.0 mg/kg (n = 32) 5.67 ± 0.49 5.95 ± 0.60 8.59 ± 0.83* 7.66 ± 0.36*
LCCN (n = 32)  5.31 ± 0.17* 6.73 ± 0.41 9.38 ± 0.37*,**‡# 8.70 ± 0.69*,**#

sialic acid level in rats with bone defect. Administra-
tion of LCCN for 7 days decreased the sialic acid 
concentration compared to both control rats and rats 
treated with lovastatin alone (Fig. 5). This finding 
could be evidence of suppression of the inflamma-
tion cascade reaction by lovastatin and especially 
by LCCN in this time frame after the bone defect 
formation. On the 14th and 28th days there were no 
significant differences in sialic acid levels among the 
experimental groups. 

Histological examination of bone repair in 
the drill-hole model in rats demonstrated that the 
common pharmaceutical formulation of lovastatin 
has positive effects on bone remodeling only at the 
highest dose of 5.0 mg/kg (Fig. 6, c) compared to 
the control group of rats (Figs. 6, a-b). We observed 
the decrease of blood thrombi size on the 7th day. 
From the 14th day blood thrombi were substituted 
by fibrous-reticular tissue, and loose connective tis-
sue with osteocytes was formed up to the 28th day. 
The most pronounced effect was observed with the 
administration of LCCN (Fig. 6, d). In this group 
of rats, granulations were formed on the 7th day. On 
the 14th day granulations were substituted by fibrous-
reticular tissue, and on the 28th day dense connective 
tissue occurred at the site of the bone defect. 

The diameter of the bone defect and the bone 
mineral density were studied on the 14th and 28th 
days of the experiment by CT examination. Radio-
graphic dynamics of bone defect closure reflects the 
speed of post-traumatic regeneration. While bone 
mineral density is proportional to bone robustness 
and characterized the biochemical features of the 
callus. CT evaluation demonstrated that lovastatin 
administration at the doses of 0.1 and 1.0 mg/kg did 
not promote bone defect repair. Only the highest 
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Fig. 4. collagenolytic activity in blood plasma (mmol/l·h, М ± m) of rats with bone defect and correction with 
lovastatin alone or LCCN. Significant difference (P < 0.05) compared to: *intact rats, **control group, ‡rats 
receiving lovastatin at the dose of 0.1 mg/kg, #rats receiving lovastatin at the dose of 1.0 mg/kg, †rats receiving 
lovastatin at the dose of 5.0 mg/kg. LccN – lovastatin-containing chitosan nanoparticles
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Fig. 6. histology of tibia with defect in rats of the control group on the 3rd (a) and 28th (b) day, rats treated with 
lovastatin at the dose of 5.0 mg/kg (c) and LccN (d) on the 28th day. 1 – damaged bone, 2 – blood thrombi at 
the site of the bone defect, 3 – fibrous-reticular tissue, 4 – loose connective tissue, 5 – dense connective tissue.  
hematoxylin and eosin (h&e). a: ×100; b, c, d: ×200. LccN – lovastatin-containing chitosan nanoparticles

a b

dc

dose of lovastatin (5.0 mg/kg) and LCCN promo-
ted partial closure of the defect and increased bone 
mine ral density compared with the control. 

Originally, the diameter of the drill-hole was 2 
mm. It is known that bone defect closure starts at the 
stage of osteoregeneration (bone formation). That is 
why CT examinations were performed on the 14th and 
28th days of the experiment. On the 14th day in un-
treated rats, the diameter was 2.04±0.03 mm (Fig. 7, 
a), and in rats treated with lovastatin at the doses of 
0.1 and 1.0 mg/kg it was even larger: 2.11±0.14 and 
2.18±0.29 mm, respectively. The enlargement may 
be due to a predominance of the processes of bone 
destruction. Lovastatin at the dose of 5.0 mg/kg re-
sulted in a decrease of the hole size to 1.78±0.15 mm, 
a 12.7% reduction compared to the control group. 
On the 14th day, LCCN shrank the hole diameter to 

1.68±0.15 mm (reductions of 17.6% compared to the 
control group and 20.4% compared to rats treated 
with 0.1 mg/kg lovastatin). 

The diameter of the drill-hole in the control 
group was 1.42±0.2 mm on the 28th day of the ex-
periment. Lovastatin administration promoted full 
closure of the defect in 1/3-1/2 of rats at the doses of 
0.1 and 1.0 mg/kg, while the dose of 5.0 mg/kg led 
to the closure of the hole in all animals (Fig. 7, b). 
In the case of LCCN administration, the complete 
closure of the bone defect was also accompanied by 
increased bone density (Fig. 7, c). 

Bone tissue regeneration is a booming area of 
investigation and involves diverse scientific fields 
(e.g., cell signaling, biomaterial sciences) to meet the 
demands for bone repair. Many challenges regarding 
the application of statins in bone healing remained 



33

unanswered. A large number of factors could im-
pact bone repair: systemic factors such as age, nu-
trition, physical activity, endocrine pathology (dia-
betes mellitus, thyroid gland function), obesity and 
other concomitant pathology; some medical agents 
(NSAIDs); hypovitaminosis of A, C, D, and E; im-
mune response of the body; traumatic CNS injury; 
alcohol consumption, smoking; and local factors 
such as infectious complications, incorrect reposi-
tioning, poor local blood circulation, and peripheral 
neuropathy [34-36].

Fig. 7. Computed tomography (CT) of tibia of the 
control group rats on the 14th day (a), rats treated 
with lovastatin at the dose of 5.0 mg/kg on the 28th 

day (b), and rats treated with LccN on the 28th day 
(c). LccN – lovastatin-containing chitosan nano-
particles

a

b

c

One of the strategies to increase the efficacy 
of bone regeneration via increasing the number of 
osteoblasts or their maturation is targeting molecu-
lar signaling pathways, in particular the pathway 
resulting  in hyperexpression of BMPs (e.g., BMP-2, 
BMP-3, BMP-4 and BMP-7) [4, 5]. However, admin-
istration of BMPs may produce side effects and is 
very expensive [8]. It has been shown that statins 
can increase BMP expression by bone cells [9-11], 
but the results of studies that investigated the effect 
of statins on bone repair are ambiguous [21, 37, 38]. 
These findings could be explained by the exten-
sive liver metabolism of this class of drugs, which 
leads to a critically low concentration of statins in 
bone tissue after oral or intravenous administration. 
A potential solution for this problem could be the 
develop ment of a delivery system for statins that 
transfers them directly to the site of the bone defect. 
Polymeric nanoparticles are the most appropriate for 
this purpose because of their excellent pharmaceu-
tical properties such as high entrapment efficiency, 
controlled release rates, and reduced enzymatic deg-
radation [39, 40]. Among various polymers, chitosan 
has attracted remarkable attention for its use in pre-
paring polymer nanoparticles because it has mucoad-
hesive properties and it enhances tissue penetration 
through disruption of intercellular tight junctions 
[40-42]. Chitosan is a linear cationic heteropolymer 
composed of N-acetylglucosamine and β-1,4-linked 
glucosamine residues. It was found that it is the most 
similar to glycosaminoglycans, biocompatible and 
biodegradable, and produces a minimal immune re-
sponse. It can be easily processed into drug delivery 
systems [26-28]. Therefore, it is highly desirable to 
synthesize biocomposite materials for the enhance-
ment of tissue regeneration properties. The low cost 
and relatively good safety profile are the basis for 
new applications of statins. Lovastatin used to treat 
hypercholesterolemia also demonstrates anabolic 
actions on bone through the stimulation of BMP-2 
expression. The exact mechanism of action may be 
realized not only via its activity on HMG-CoA re-
ductase in the mevalonate pathway, as some authors 
have supposed [8-10].  Statins may also antagonize 
osteoclasts by increasing expression of osteoprote-
gerin, thereby influencing the receptor activator of 
the NF-κB ligand (RANKL)-osteoprotegerin (OPG) 
pathway. Lovastatin is a natural statin which can be 
used to treat various diseases including atheroscle-
rosis, sepsis, peripheral arterial disease, ischemic 
disease and bone fracture. It was reported that a 
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high dose of statin given orally to femoral-fractured 
mice promoted fracture healing [43]. Howe ver, sta-
tin given orally at a cholesterol-lowering dose does 
not reach the bones very well and only a minor frac-
tion reaches the fracture site, so a high oral dose is 
required to achieve sufficient concentration of sta-
tin at the bone fracture site. However, high doses 
of statin can cause adverse effects such as liver 
failure, kidney disease and rhabdomyolysis. In or-
der to achieve sufficient statin concentration at the 
fracture site without using high doses, it needs to be 
delivered  directly to the fracture site. We incorpora-
ted lovastatin  into chitosan nanoparticles and found 
that administration of this pharmaceutical formula-
tion enhances fracture repair in a preclinical bone 
defect model more effectively than administration of 
lovastatin alone. We have shown that when delivered 
this way, lovastatin accelerated the healing rate and 
improved the histological characteristics of the bone 
at the defect site. It is worth noting that the minimal 
therapeutic dose of lovastatin (0.1 mg/kg) adminis-
tered in the form of nanoparticles showed the higher 
radiographic score, the smaller defect gap, and better 
histological characteristics in comparison with the 
50 times higher dose of lovastatin alone (5.0 mg/kg). 

As far as limitations of this study, it should be 
noted that we did not monitor the kidney function of 
experimental rats and did not do comparative analy-
sis concerning the risks factors which could affect 
bone repair outcomes. 

The present study showed that these agents 
were effective in improving osteoporotic fracture 
healing when administered with a targeted delivery 
system. Earlier results of combined targeted delive-
ries of tocotrienol and lovastatin showed improve-
ment in mineralization and strength of callus formed 
during fracture healing of osteoporotic bone [15]. 
Using this delivery system, low doses of the agents 
are combined with their suitable carriers and they 
are released slowly with a single injection to main-
tain high concentrations at the bone microenviron-
ment. 

conclusion. Post-traumatic osteoregeneration 
is a complex cascade of biochemical and physiologi-
cal reactions as a response to bone damage. Any 
interruption of these cascade processes could have 
negative impacts on bone repair. Our study showed 
the inexpediency of lovastatin use in therapeutic 
doses for bone repair. It was proposed that local ap-
plication at fracture sites of chitosan nanoparticles 
loaded with lovastatin has promising potential for 
the treatment of bone fractures. Further randomized 

clinical trials with larger samples and histological 
studies are necessary to confirm its effect. 
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із Ловастатином сприяє 
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Відомо, що статини прискорю-
ють остеорегенерацію. Однак цей ефект 
спостерігається лише в разі значного збіль-
шення їх терапевтичної дози або за їх введен-
ня шляхом інфузії, що є неприйнятним для 
пацієнтів. Метою нашого дослідження було 
порівняння ефектів ловастатину в звичайній 
лікарській формі та хітозанових наночасти-
нок, що містять ловастатин на відновлення 
кісткового дефекту в щурів. Дослідження про-
водили на білих нелінійних щурах, яких було 
розподілено на 4 групи: 1 – інтактні тварини; 2 – 
тварини з післятравматичним кістковим дефек-
том без корекції (контрольна група); 3 – тварини, 
з кістковим дефектом, які отримували ловаста-
тин у дозах 0,1, 1,0 та 5,0 мг/кг; 4 – тварини, які 
отримували хітозанові наночастинки з ловаста-
тином (НЛВ) з розрахунку 0,1 мг/кг. Кістковий 
дефект моделювали в проксимальному відділі 
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правої великогомілкової кістки за допомогою 
стоматологічного бора (2,0 мм в діаметрі) шля-
хом трансосальної перфорації. Щурів виводи-
ли з експерименту на 3-ю, 7-у, 14-у та 28-у добу 
після формування дефекту. У сироватці крові 
піддослідних тварин визначали концентрацію 
кальцію (Ca), фосфору (P), сіалових кислот, 
активність лужної та кислої фосфатаз, індекс 
мінералізації та колагенолітичну активність. 
Для візуалізації регенеративних процесів кістки 
проводили комп’ютерну томографію (КТ) та 
гістологічне дослідження. Встановлено, що за-
стосування ловастатину в терапевтичних дозах 
(0,1 та 1,0 мг/кг)  неефективне для відновлення 
кісткового дефекту. Лише високі дози препа-
рату (5,0 мг/кг) сприяли остеорегенерації. Вве-
дення НЛВ перевищувало ефекти ловастатину 
в звичайній лікарській формі, про що свідчили 
результати КТ та вірогідні зміни показників Ca, 
P, сіалових кислот і активність лужної та кислої 
фосфатаз, індекс мінералізації, колагенолітична 
активність. Показано, що хітозанові наноча-
стинки з ловастатином ефективно стимулюють 
загоєння переломів у щурів, що дає змогу при-
пустити застосування такого підходу для поси-
лення остеорегенерації в людей. 

К л ю ч о в і  с л о в а: хітозанові наночас-
тинки, ловастатин, перелом, кісткова регене-
рація у щурів.
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