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Cyclosporine A impairs bone repair
in critical defects filled with different
osteoconductive bone substitutes

Abstract: The aim of this study was to assess the influence of
cyclosporine administration on the repair of critical-sized calvaria
defects (CSDs) in rat calvaria filled with diverse biomaterials. Sixty
animals were divided into two groups: the control (CTR) group
(saline solution) and the cyclosporine (CCP) group (cyclosporine,
10 mg/kg/day). These medications were administered daily by
gavage, beginning 15 days before the surgical procedure and lasting
until the day the animals were euthanized. A CSD (5 mm ) was
made in the calvaria of each animal, which was allocated to one
of 3 subgroups, according to the biomaterial used to fill the defect:
coagulum (COA), deproteinized bovine bone (DBB), or biphasic
calcium phosphate ceramics of hydroxyapatite and p-phosphate
tricalcium (HA/TCP). Euthanasia of the animals was performed
15 and 60 days after the surgical procedure (n = 5 animals/period/
subgroup). Bone repair (formation) assessment was performed through
microtomography and histometry, while the analyses of the expression
of the BMP2, Osteocalcin, and TGFp1 proteins were performed
using immunohistochemistry. The CSDs not filled with biomaterials
demonstrated lower bone formation in the CCP group. At 15 days, less
bone formation was observed in the CSDs filled with DBB, a smaller
volume of mineralized tissue was observed in the CSDs filled with
HA/TCP, and the expression levels of BMP2 and osteocalcin were lower
in the CCP group compared to the CTR group. The use of cyclosporine
impaired bone repair in CSD, and this effect can be partially explained
by the suppression of BMP2 and osteocalcin expression.

Keywords: Bone Regeneration; Bone Substitutes; Inmunosuppression.

Introduction

Solid organ transplantation is the procedure of choice for the treatment
of terminal diseases that can lead to death of the host." To effectively
transplant organs, specific blockage of the immune system is necessary to
avoid rejection of the transplanted organ.' Immune reactions are blocked
through the use of immunosuppressive drugs, such as cyclosporine,
which has been shown to effectively avoid the rejection of organs, such
as the heart,? liver,® and kidney.* This drug has a mechanism of action
that is based on the blockade of the calcineurin formation, which is an
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intracellular protein that participates in the induction
of differentiation and proliferation of T [ymphocytes.>®
However, the use of cyclosporine A has also been
related to the reduction of the expression of proteins
related to the formation and maturation of bone
tissue,”® reduction of vitamin D levels,” reduction
of osteoblastic differentiation and activity,*’ and
an increased number of osteoclasts.”” These effects
of cyclosporine A may induce imbalance of bone
turnover and, consequently, lead to a reduction of bone
mineral density," and fractures of the long bones."

The increased life expectancy of transplanted
patients has increased the number of individuals
who may undergo oral rehabilitation treatment
with osseointegrated implants and bone grafts.”
Preclinical studies have shown conflicting results
about the effect of cyclosporine A on osseointegration.
It has been observed that cyclosporine consumption
did not interfere' or harm the establishment' and
maintenance of osseointegration.”'® A clinical study
has shown that the use of cyclosporine did not
interfere with the osseointegration process or in the
clinical outcomes of implant-supported prosthesis
installed in transplanted patients after 1 year of
follow-up,” suggesting that the use of cyclosporine
A may not interfere with the short-term success rates
of dental implants.

However, note that the direct placement of implants
in the native bone of the host is not always possible,
and when these situations occur, it is necessary to
use bone substitutes to promote a bone availability
compatible with the installation of implants in a proper
position.”” The effect of cyclosporine A on the healing
of areas grafted with bone substitute materials has not
been explored in detail. The use of cyclosporine A has
been previously evaluated in a preclinical study ina
pig model to evaluate its potential to avoid rejections
of vascularized homogenous bone grafts, and this
drug has been shown to be effective in preventing
rejection of the portion of the grafted bone, however,
cyclosporine A use was associated with the reduced
mineral density of the graft.®

It has also been shown that the use of cyclosporine
did not impair the healing of non-critical defects
in rat femurs filled with B-tricalcium phosphate
associated with bone marrow aspirates® or filled
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with xenogeneic and homogenous grafts.?” Due
to the limited information about the effect of
the use of cyclosporine A on bone repairs in
grafted areas with xenogenic and alloplastic bone
substitutes, the aim of this study was to assess the
influence of cyclosporine A administration on the
repair of critical-sized calvaria defects (CSD) in
rats filled with coagulum (COA), deproteinized
bovine bone (DBB) and biphasic calcium phosphate
ceramics of hydroxyapatite and B-phosphate
tricalcium (HA/TCP).

Methodology

Animal allocations and groups

In the present study, sixty adult male rats (Rattus
norvegicus var. albinus, Holtzman) approximately
4 months of age were used. The animals presented
with body masses between 350 and 400 grams and
were kept in an environment with controlled light
and temperature cycles. Ad libitum access to rat chow
and water was maintained before and during the
experimental period. This study was approved by
the Ethics Committee on the Use of Animals (CEUA
n°® 01/2012).

The animals were randomly allocated to 2 groups
(30 animals in each group), according to the type of
medication used: the control (CTR) group (saline
solution) and the cyclosporine A (CCP) group
(10 mg/kg/day of cyclosporine A, Sandimmune®,
Novartis Pharma AG, Rotkreuz, Switzerland). The
saline solution and the drug were applied daily by
gavage starting 15 days before the surgical procedures
and continuing until the day of euthanasia.

At the moment of the surgical procedures, after
the preparation of the CSDs, the animals in each
group were randomly divided into subgroups
(with 10 animals each), according to the type of
biomaterial used to fill the CSDs: COA (coagulum),
DBB (deproteinized bovine bone, Bio-Oss®, Geistlich
AG, Wolhusen, Switzerland), and HA/TCP (biphasic
calcium phosphate ceramics of hydroxyapatite and
B-phosphate tricalcium (Bone Ceramic®, Straumann
AG, Basel, Switzerland)). The animals were submitted
to euthanasia at 15 and 60 days after the surgical
procedure (n = 5 animals/group/period).
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Surgical procedures

The animals were anesthetized using a combination
of ketamine (0.08 ml/100 g, Francotar, Virbac do Brasil
Ind. Com. Ltda, Sao Paulo, Brazil) with xylazine
(0.04 ml1/100 g, Virbaxyl 2%, Virbac do Brasil Ind.
Com. Ltda, Sao Paulo, Brazil). A surgical access was
created on the anterolateral portion of the calvaria
to expose the bone tissue. Then, a 5-mm circular
bone defect was made in the lateral portion of the
calvaria in the parietal bone, immediately after the
vertex of the coronal suture of the animal by the
same single operator (GJO). After the insertion of the
biomaterials in the CSDs, all defects were covered
with the periosteum and sutured in planes. For post-
surgical care, the animals received a single dose of
MultiBiotic (Subcutaneous: 0.3 ml/kg; Pentabiotico
Veterinario Veterinaria, Zoetis Dodge, Sao Paulo,
Brazil) and two doses of sodium dipyrone (IM-12 h:
0.6 ml/kg; Ibasa, Porto Alegre, Brazil). Fifteen and
60 days after the surgical procedure, the animals
were submitted to euthanasia, and their calvaria
were harvested en bloc. The calvaria were then fixed
in 4% paraformaldehyde for approximately 48 hours
and stored in alcohol 70°.

Micro-computed tomography (uCT)

The calvaria were scanned with microcomputed
tomography (SkyScan Micro-CT, Kontich, Belgium)
with the following parameters: camera pixel 12.45,
X-ray tube potential 65 kVP, X-ray intensity 385 pLA,
integration time 300 ms, filter Al-1 mm, and voxel size
18 pm?®. The generated images were reconstructed,
spatially reoriented and analyzed with specific
softwares (NRecon/DataViewer/CTan, Skyscan,
Aartselaar, Belgium). The volume of the mineralized
tissues was obtained within a circular region of
interest (5 mm in diameter), which encompassed the
entire thickness of the calvaria, using a threshold
of 65-255 of the grayscale as a reference for the
mineralized tissue. This analysis was performed by
a blinded and trained examiner (FCG).

Histomorphometry

After the scanning, the calvarias were decalcified
in EDTA 7% for 12 weeks and then submitted to
laboratory processing for inclusion in paraffin. The

samples were cut at a thickness of 5 um and stained
using the hematoxylin & eosin (HE) technique. Six
histological sections that were 240 um apart were used
for the histometry analysis. The histological images
were captured with the aid of an optical microscopy
(DM 2500, Leica-Reichert & Jung products, Wetzlar,
Germany), with a 25x magnification. The images were
measured using Image]J software (San Rafael, USA).
The area of the original defect was determined by
referencing the reversion lines that marked the new
bone formation. The quantity of tissues that filled
the defect (bone and biomaterial) was determined
through histometric analysis, as a percentage relative
to the original area of the defect. This analysis was
performed by a blinded and trained examiner (FCG).

Immunohistochemistry

Histological sections measuring 5 pm in thickness
were prepared for immunohistochemical evaluation
bone morphogenetic protein (BMP-2), osteocalcin
(OCN) (and transforming growth factor f1 (TGFp1).
A descriptive analysis was performed based on a
score of the extent of the staining, which represented
the protein expression levels: (0) absent, (1) mild,
(2) moderate, and (3) strong, which represented
0%, 0-20%, 20-60% and above 60% of cellular and
matrix marking, respectively.” These analyses
were performed in three areas that were randomly
selected for the evaluation: two at the periphery
of the defects (which included neoformed bone
tissue and the connective tissue associated with the
biomaterial) and one at the center of the defect (which
included the connective tissue, biomaterial, and new
bone). This evaluation was executed with the aid
of an optical microscope (DM 2500, Leica-Reichert
& Jung products, Wetzlar, Germany), with 400x
magnification of the original augmentation. The
mean of the 3 values obtained was considered to
be the value of the sample. The extent of staining
was recorded by a trained and blinded examiner
for the experimental groups (GJO).

Statistics

All data from this study were evaluated using
non-parametric tests. The Kruskal-Wallis test
supplemented by the Dunn test was used for
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between-group evaluations in each evaluation
period, and the Mann-Whitney test was used for
evaluations within each group by varying the
experimental period. GraphPad Prism 5.0 software
(San Diego, CA, USA) was used for the statistical
tests. All tests were performed with the confidence
level set at 95%.

Results

All animals survived and supported the
experimental tests. Thus, all the samples were used
in the analysis proposed.

Microcomputed tomography

The use of cyclosporine-induced a lower volume
of mineralized tissues in the COA subgroups in both
periods and in the HA/TCP subgroup at the 15-day
evaluation compared to the CTR group. In both groups
(CTR and CCP), the CSDs filled with DBB presented
higher volumes of mineralized tissues than the COA
subgroups in all evaluation periods (Figure 1).

Histomorphometry

The use of cyclosporine was associated with a lower
amount of bone tissue in the COA subgroups in both
experimental periods and in the DBB subgroup at
the 15-day evaluation. The DBB subgroup presented
lower amounts of bone tissue than the COA subgroup
at 60 days in the CTR group and in both evaluation
periods in the CCP group. The HA/TCP subgroup
presented lower percentages of bone than the COA
subgroup at 15 days in the CTR group. The use of
cyclosporine did not alter the amount of biomaterial
in the repaired tissue in relation to the CTR group.
However, there was a tendency toward a greater
amount of DBB at 15 days and of HA/TCP at 60 days
in the CCP group (p = 0.09) (Figure 2).

Immunohistochemistry

The administration of cyclosporine promoted
a reduction in the expression of BMP2 and OCN
in relation to the CTR group. The COA subgroup
of the CTR group presented a higher expression
of BMP2 at 15 days and of OCN in both evaluation
periods compared to the same subgroup of the CCP
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group. At 15 days, the DBB subgroup of the CTR
group had higher expression of BMP2 and OCN
in relation to the same subgroup in the CCP group.
It was also verified in the HA/TCP subgroup that
the animals in the CTR group presented higher
expression of BMP2 (60 days) and of OCN (15 days)
in relation to the same subgroup in the CCP group.
There were no between-group differences in the
TGFpB1 expression (Figure 3). Images representing
the BMP2, OCN, and TGFp1 expression levels in
the CTR and CCP groups are provided in Figures 4
and 5, respectively.

Discussion

This study demonstrated that in general, the use
of cyclosporine A reduced the formation of bone
tissue in CSD filled with coagulum and DBB and
delayed the formation of repaired tissue in CSD
filled with HA/TCP. In addition, a tendency that
the use of cyclosporine A reduced the resorption of
biomaterials was shown, which may have contributed
to a lower amount of bone tissue primarily observed
in the CSDs filled with DBB.

The reduction of bone formation observed in
CSDs filled with coagulum in the CCP group may
have occurred because of the known effects of
cyclosporine A in reducing the differentiation and
activity of osteoblasts.””? These results corroborate
with preclinical studies of rabbits, which have
demonstrated that the use of cyclosporine A delays
the process of osseointegration® and may even reduce
the quality of bone tissue around implants that
were previously osseointegrated.’>® An important
fact is that in vitro studies have demonstrated that
cyclosporine A has an inducing effect of bone
tissue formation as a consequence of increased
osteoblastic activity,® whereas a preclinical study
and a clinical study have demonstrated that the
use of cyclosporine A did not adversely affect the
process of osseointegration and did not interfere in
the success rates of implants installed in transplant
patients after one year of follow-up.” Cyclosporine
A have as an mechanism of action the inhibition of
the calcineurin partway due to specific blockage
of the Nuclear Factor of Activated T Cells (NFAT)®
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Figure 1. Representative images and graphs of uCT analysis. It is possible to observe that the use of cyclosporine reduced the
volume of mineralized tissue in the COA subgroup and in the HA/TCP subgroup in relation to the control group. The use of DBB
increased the amount of mineralized tissues within the area of interest compared to the defects filled only by the coagulum. In the
bar-graphs, significant between-group differences are indicated by the connecting brackets **p < 0.01 (Mann-Whitney test); ##p

< 0.01 (Kruskal-Wallis and Dunn s test).

that is an active transcriptional complexes in the
nucleus which is essential for driving osteoblasts
differentiation due to the latter expression of the
osterix gene.?* Note that the effect of cyclosporine A
on bone tissue metabolism is dose-dependent, and
lower doses are related to the increased osteoblastic

activity due to the inefficacy of the low concentrations
of cyclosporine A to overexpress the NFATc1, and
higher doses are related to suppression of this
stimulus due to the reduction of the expression of
the NFAT. It is likely that the dosage used in this
study influenced the formation of bone tissue in
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Figure 3. Representative graphs of the expression levels of the proteins BMP2, OCN, and e TGF B1. In general, there was less
expression of BMP2 and OCN at the 15-day mark in the CCP group. It was also observed that the CCP group demonstrated
decreased expression of BMP2 in the HA/TCP subgroup and OCN in the COA subgroup than the same subgroups in the CTR
group. There were no differences in the expression of the TGFB1. In the bar-graphs, significant between-group differences are
indicated with the connecting brackets *p<0.05 (Mann-Whitney U test).

CSDs because the same dosage used in this study
has hampered the osseointegration process in
other studies.>**

The use of bone substitutes has been indicated
to promote bone volume availability to allow the
dental implants placement.'”??¢ In fact, the use of
biomaterials to fill the CSDs promoted a higher
volume of mineralized tissues compared to CSDs
that were not filled with DBB and HA/TCP in the

CTR and CCP groups, however, this higher volume of
mineralized tissues was only statistically significant
when the CSDs were filled with DBB. The higher
volume of mineralized tissues associated with DBB
use is related to the lower resorption rates of this
biomaterial compared to the HA/TCP, as demonstrated
in other studies.””?

Another important finding of this study is that
in the CCP groups, the biomaterials tended to be
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Control

(-) Control

TCP/HA

Figure 4. Panel of the representative images of expression of the proteins BMP2, OCN and TGFB1 of the CTR group. The black
arrows point to sites where the brown staining marks the proteins. Note that BMP2 is primarily expressed in connective fissue at
the margins of the defect, around the biomaterial particles, and in the matrix of the new bone. OCN was primarily expressed in
the matrix of the bone tissue, whereas TGFB1 was weakly expressed in the cells and in the connective tissue matrix on the edges
of the CSD (original magnification, 100x).

Cyclosporine A

() Control BMP2 OCN TGFB1

COA

DBB

TCP/HA

Figure 5. Panel of the representative images of the expression levels of the proteins BMP2, OCN and TGFB1 of the CCP group.
The black arrows point to sites where the brown staining mark the proteins. It was found that BMP2, OCN, and TGFB1 showed
similar expression sites as in the CTR group, however, the BMP2 and OCN expression levels were weak compared with the CTR
group (original magnification, 100x).

resorbed with greater difficulty, a fact that has not not induce greater resorption of bone substitutes of
been observed in other studies. Preclinical studies xenogenic and homogenous origin® and alloplastic
have demonstrated that the use of cyclosporine A did origin enriched with aspirate of bone marrow,"
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and it did not alter the formation of bone tissue
when the above-mentioned bone substitutes were
used to fill non-critical defects in rat femurs.'#*%%
Vossen et al.’® have demonstrated that although
the use of cyclosporine reduced bone density of a
homogenous vascularized graft of radio in a pig
model, it prevents the graft rejection, allowing its
remodeling and reestablishment of its function.
Other factors, such as different types of biomaterials,
different types of defects and different dosages of
cyclosporine A in these studies, may explain the
different results compared to this study.

Although the use of biomaterials is essential for
the increase of the repaired tissue volume within
the bone defects, it has been demonstrated that the
osteoconductive biomaterials occupy the space that
would be filled by bone tissue, which is why the
defects filled with biomaterials presented smaller
amount of newly formed bone then the defects filled
with coagulum.” This finding was corroborated by
the findings of the present study, in which the defects
filled with DBB at 60 days in the CTR group and at
both experimental periods in the CCP group, as well
as defects filled with HA/TCP at 15 days in the CTR
group, presented less bone compared to the defects
that were not filled with biomaterials. The greatest
impact of the impaired bone formation observed
in the DBB subgroups may be associated with the
reduced resorption rate of this biomaterial compared
to the HA/TCP.#*

The impairment of bone formation in defects
not filled with biomaterials, or the delayed healing
in grafts CSDs in the animals that have received
cyclosporine, may be related to suppression
of BMP2 protein and osteocalcin expression.
These proteins have been related to osteoblastic
differentiation and activity,* and these proteins are
also related to the maturation of the bone matrix.*!
Regarding the suppression of the BMP2 caused by
the cyclosporine administration, although it has
been demonstrated that osteoblastic cells are not the
only producers of this protein and that its absence
does not blockage the process of bone regeneration,*
the presence of BMP2 has been shown to accelerate
the bone healing process® and this fact must have
been especially important in this study because

the bone formation in the experimental model
used was probably guided by the periosteal cells
that was previously related as drivers of the bone
grafts healing.** Furthermore, the results of this
study was in accordance with studies that showed
that the use of cyclosporin reduced the osteocalcin
expression in post-extraction alveolar sockets in rats
and this finding was associated with a delayed bone
healing.® Furthermore, the used of cyclosporine
in patients submitted to renal transplantation was
associated with the reduction of the bone mass
and the decrease of the osteocalcin expression.* In
addition, it was not observed in this study that the
cyclosporine A administration altered the TGFf1.
Previous studies have shown an ambiguous effects
of the cyclosporine A on TGF1 expression since it
was showed that the cyclosporine A increased the
TGFplexpression in inflamed gingiva,” and reduced
the TGFplexpression in human lung fibroblasts.®
This dual effect of the cyclosporine A observed in
these different inflammatory conditions may be
the reason of the absence of the interference of this
drug on the TGFBlexpression in the model used in
this study. The action of cyclosporine reducing the
volume of the mineralized tissues and the quality of
the repaired bone tissue formed may mean that the
waiting time for the implant installation after the
bone grafting procedures with DBB and HA/TCP
should be prolonged clinically in cyclosporine users
compared with healthy individuals because the
healing associated with the use of DBB and HA/
TCP may be slower in cyclosporine A users.

A methodological consideration of this study was
the use of microcomputed tomography to analyze
the volume of mineralized tissues. Although the
volumetric measurement of the bone tissue has
been reported as being of high accuracy,” it was not
possible to separate the bone tissue component from
the biomaterials in this study. It is likely that the
radiopacity of these biomaterials produces artifacts
that hinder the correct identification of the bone and
the biomaterial.*°

The findings of this study should be interpreted
with caution due to some limitations that prevent
the extrapolation of these findings to daily clinical
practice. The limited sample size prevented the use
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of parametric statistical tests and some evaluations
that showed a trend of significant differences
could have been detected if the sample size were
larger. The cyclosporine A users have varied doses,
according to the signs of rejection and the type of
organ transplanted,*® therefore, the pre-clinical
studies with controlled dosage provide only a
clue as to what might occur in humans. Finally,
transplanted patients are administered a range
of medications and rarely use cyclosporine A as
a monotherapy, and some of these drugs, such as
glucocorticoids, have deleterious effect on mineral
density* and bone healing,*> which may potentiate
the damage to bone repair in transplant patients
using additional medications.
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It can be concluded that the use of cyclosporine
A impairs the bone formation in CSDs filled with
coagulum and delays the healing of CSDs filled with
DBB and HA/TCP, and this effect may be associated
with reduced expression levels of the proteins related
to bone turnover.
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