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Alendronate induces postnatal
maxillary bone growth by
stimulating intramembranous
ossification and preventing
premature cartilage
mineralization in the midpalatal
suture of newborn rats

J. 8. Vieira, E. J. Cunha, J. F. de Souza, R. D. Sant’Ana, J. C. Zielak, T. A. Costa-
Casagrande, A. F. Giovanini: Alendronate induces postnatal maxillary bone growth
by stimulating intramembranous ossification and preventing premature cartilage
mineralization in the midpalatal suture of newborn rats. Int. J. Oral Maxillofac. Surg.
2019; 48: 1494-1503. © 2019 International Association of Oral and Maxillofacial
Surgeons. Published by Elsevier Ltd. All rights reserved.

Abstract. Cleft palate is a common malformation of craniofacial development, and
postnatal deficiencies in palate formation may occur. The aim of this study was to
determine whether alendronate treatment could induce maxillary mineralization
and thus reduce the need for surgical procedures. The effects of alendronate on
maxillary bone development, the midpalatal suture, and the levels of transforming
growth factor beta-1 (TGF-[31), bone morphogenetic protein 2 (BMP-2), collagen I
and II, and V-ATPase were evaluated in newborn rats. Thirty newborn rats were
placed in a control group and 30 in a group that received intraperitoneal alendronate
(2.5 mg/kg/day). The animals were euthanized on day 7 or 12, and the heads were
subjected to histological and immunohistochemical analyses. Specimens from rats
that received alendronate presented larger bone matrix deposition in areas of
intramembranous ossification of the maxillary bone when compared to controls.
Furthermore, higher levels of TGF-31, BMP-2, and collagen I were observed,
whereas osteoclasts showed no V-ATPase. The alendronate group also showed
higher levels of TGF-31 and collagen II in the midpalatal suture, whereas BMP-2
levels were lower than in controls. These results coincided with an expansion of the
chondroid. In conclusion, alendronate increased the intramembranous ossification
in the maxillary bone in association with increased expression of TGF-[31, BMP-2,
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and collagen I and decreased V-ATPase. The drug induced an expansion of
chondrocytes and a decrease in mineral bone deposition despite the high levels of
TGF-[31 in this area. Alendronate may therefore be useful in the treatment of

diseases affecting bone growth.

1495

Key words: alendronate; bone; development;
TGF-[31; BMP-2; collagens; V-ATPase.

Accepted for publication 1 April 2019
Available online 1 May 2019

Growth disorders and likely cleft palate
formation constitute the most prevalent
deformities of craniofacial development,
and affect approximately 1 to 25 per
10,000 newborns worldwide'.

The disruption of craniofacial develop-
ment seems to be the invariable result of a
reduction or even suppression of the pro-
liferation and migration of cranial neural
crest cells (CNCC), due to the mutation of
Msh homeobox 1 (Msx-1) and the conse-
quent failure of the mesenchyme derived
from CNCC to interact with the cranio-
pharyngeal ectoderm®. This is a result of
the suppression of bone morphogenetic
proteins (BMPs) and of distal-less homeo-
box 5 (DIx-5) for osteoblastogenesis of the
palate®, as well as the suppression of sonic
hedgehog (Shh) and transforming growth
factor beta-3 (TGF-[33), which play an
important role in regulating growth and
morphogenesis in middle-line formation
during the palate®” to posterior palate
fusion process, which commonly occurs
during week 15 to 16 of embryonic devel-
opment (E15-El 6)°.

In pathological situations of maxillary
growth deficiency or submucous cleft of
the hard palate, the use of a substance or
drug instead of a surgical approach would
appear to be beneficial to minimize com-
plications and morbidity. In this context, it
was hypothesized that alendronate, a ni-
trogen-containing bisphosphonate, could
be a likely drug candidate for inducing
growth of the maxillary bone in newborn
rats’"®,

The postnatal use of alendronate is not
expected to mimic the exact effect of em-
bryonic development, because bisphospho-
nates inhibit Msx-1 expression and do not
promote an excitatory effect on CNCC”’.
Conversely, bisphosphonates stimulate
osteoprogenitor mesenchymal cells, in-
creasing the expression of DIx-5 and
BMP-2 and promoting osteoconduction’
' This drug also seems to exert chondro-
protective'? and anti-resorptive effects’.

The pathways by which alendronate
activates these osteoproteins remain un-
clear. However, there is evidence of alen-
dronate properties that increase the
expression and activity of transforming
growth factor beta-1 (TGF-31), which

seems to contribute to repair and postnatal
osteogenesis'>.

Although TGF-[31 is not a specific pro-
tein that works during embryological devel-
opment of the palate, this cytokine acts in
nearly all processes of hard and soft tissue
proliferation in postnatal tissue maturation,
inducing chemotaxis and the proliferation
of progenitor stem cells', as well as con-
tributing to the differentiation of bone
lineages by inducing the gene expression
of specific proteins such as BMP-2''6.

The pleiotropic effect of TGF-31 also
contributes to mesenchymal scaffolding
formation, and it is required to produce
the architecture of the extracellular ma-
trix'’. Among the extracellular matrix
proteins induced by TGF-[31, the produc-
tion of specific collagen types is consid-
ered relevant for  differentiated
anatomical sites and tissue. Thus, the
action of TGF-[31 seems to be crucial
to intramembranous ossification (by con-
tributing to the synthesis and deposition
of collagen I) and to endochondral ossifi-
cation (by producing collagen II in areas
that require chondroid differentiation and
maturation)'®"".

On the basis of these hypotheses, the
aim of the present study was to determine
whether the use of alendronate could con-
tribute to bone deposition in the maxillary
area of newborn rats. In addition, it was
sought to investigate the immunohisto-
chemical presence of TGF-BI, BMP-2,
and collagen I and II, and the expression
of V-ATPase, a hydrogen pump that may
be used as a marker of activated osteo-
clasts.

Materials and methods
Animals

The Principles of Laboratory Animal Care
(NIH Publication 85-23, revised in 1985)
and national laws on animal use were
observed during this study. The study
was approved by the institutional ethics
committee for animal research.

Ten female rats (Rattus norvegicus albi-
nus, Holtzman) aged 2-3 months and
weighing approximately 242-260g were
used. The animals were maintained at a

controlled temperature (22 £ 2 °C) and hu-
midity (55=+5%), with a 12h/12h light/
dark cycle and food and water available ad
libitum. Using a cotton swab soaked in
saline solution (pH 7.0), vaginal oncotic
cytology samples were collected daily from
all of these female rats. The cytological
material obtained was spread on a glass
slide and stained with the Papanicolaou
technique to identify the oestrus period of
the rats based on characteristics of epithelial
cells and the presence or absence of inflam-
matory cells*’. Female rats in the oestrus
period were mated overnight with male rats
(two females per male in one cage). Early
the following morning, oncotic cytological
vaginal smears were again taken from the
female rats, stained using Shorr’s method,
and observed under a light microscope
to verify the presence of sperm. The pres-
ence of sperm in the vaginal smears was
considered as indicating the first day of
pregnancy.

Drug treatment

Pregnant rats were single-housed in poly-
propylene cages until after the birth of the
pups. The newborn rats were randomly
allocated to two groups: a control group
(n=30) and a test group (alendronate
group) (n=30). Rats in the control group
received 1 ml of sterile 0.9% saline solu-
tion per day, while rats in the test group
received 2.5 mg/kg/day of alendronate tri-
hydrate (Biolife, Curitiba, Brazil; lot num-
ber: 14042132C). As alendronate exerts its
stimulation or impairment of osteoblasts
and osteoclasts in a dose-dependent man-
ner, it was decided to use the average of
the dose range of 1.0 to 5.0 mg/kg/day (i.
e., 2.5mg/kg/day). According to a study
published by Bone et al.*', this dose was
well-tolerated and produced dose-depen-
dent increases in bone density without
evidence of a plateau formation. The sa-
line and alendronate solutions were ad-
ministered intraperitoneally daily until
euthanasia, which occurred on day 7
(for 15 rats in each group) and day 12
(for 15 rats in each group) after birth.
Euthanasia was performed by brief expo-
sure to isoflurane.
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Histological processing

Immediately after euthanasia, the heads of
the newborn rats were removed and the
surgical pieces obtained were immersed in
fixative solution for 48h at 18-20°C in
4% formaldehyde (prepared from parafor-
maldehyde) set to pH 7.2 with 0.1 M so-
dium phosphate. After decalcification for
3 weeks in 7% disodium ethylenediami-
netetraacetic acid (EDTA) containing
0.5% formaldehyde in 0.1 M sodium phos-
phate (pH 7.2), the specimens were dehy-
drated in graded concentrations of ethanol,
cleared in xylene, and embedded in paraf-
fin. Serial 3-m-thick histological sec-
tions were obtained from each specimen
in the anterior—posterior direction accord-
ing to the coronal anatomical plane. Some
sections were stained with haematoxylin
and eosin (H&E), Masson trichrome, or
Alcian blue to verify the histomorphology
and histomorphometry of bone and chon-
droid matrix, while other sections were
adhered to silanized slides (Sigma-Aldrich
Chemie, Steinheim, Germany) for the
immunohistochemical detection of TGF-
B1, BMP-2, collagen I and II, and V-
ATPase.

Immunohistochemistry processing

Sections 3 wm thick from each specimen
were subjected to immunohistochemical
detection of proteins. For antigen retrieval,
deparaffinized sections were immersed in
10 mM sodium citrate buffer (pH 6.0) and
subjected to 3 x 5-min cycles in a micro-
wave oven for V-ATPase and collagen I
and II, whereas 1% pepsin (pH 1.8) was
used for TGF-31 and BMP-2. After cool-
ing and inactivation of endogenous perox-
idase with 5% hydrogen peroxide, the
sections were incubated for 30min at
room temperature with 2% bovine serum
albumin (BSA; Sigma-Aldrich Chemie,
Steinheim, Germany). The sections were
then incubated overnight at 4 °C with the
following primary antibodies: anti-TGF-
31 (200 mg/ml, sc-146; Santa Cruz Bio-
technology, Santa Cruz, CA, USA) at a
dilution factor of 1:200, anti-BMP-2
(0.5mg/ml, ab6285; Abcam, Cambridge,
UK) at a dilution factor of 1:150, anti-
collagen I (100ng, ab88147; Abcam,
Cambridge, UK) at a dilution factor of
1:1700, anti-collagen II (250 I,
ab185430; Abcam, Cambridge, UK) at a
dilution factor of 1:1200, and anti-V-
ATPase (200 mg/ml, sc-166848; Santa
Cruz Biotechnology, Santa Cruz, CA,
USA) at a dilution factor of 1:150. A
labelled streptavidin/biotin antibody bind-
ing detection system (Universal HRP

Immunostaining Kit; Diagnostic Biosys-
tems, Foster City, CA, USA) was
employed to detect the primary antibodies.
After washing in 0.05M Tris—HCI buffer
(pH 7.2), the sections were incubated for
30min at room temperature in biotiny-
lated anti-rabbit/mouse/goat immuno-
globulin  (LSAB-plus  Kit;  Dako,
Copenhagen, Denmark). Sections were
counterstained with Harris haematoxylin.
For the negative control group, the prima-
ry antibodies were omitted, and the sec-
tions were incubated with non-immune
serum.

Image analysis

Images of both histological and immuno-
histochemical sections were captured with
a digital camera (Samsung, South Korea)
under a light microscope with a magnifi-
cation of x100 and x200. The digital
images were collected and saved at 300
dpi resolution (image size 115 x 75 cm).

The amount of bone matrix deposited in
the body of the maxillary bone and the
amount of chondroid tissue in the midpala-
tal area was determined for each histologi-
cal slice. Additionally, all measurements of
histomorphometric data for bone matrix
deposition and of immunopositivity for
TGF-[31 and BMP-2 were performed using
Image] software version 1.31 for Mac (Na-
tional Institutes of Health, Bethesda, MD,
USA; https://imagej.nih.gov/ij).

For the histomorphometric and immu-
nohistochemical measurements, the mi-
croscopy images were processed using
Adobe Photoshop version 11.0 for Mac.
In each image, a line was inserted that was
tangent to the lower edge of the nasal
septum cartilage. The maxillary area be-
low this line was considered the region of
interest for the present study, and this was
the region in which all measurements were
performed. The lateral borders were estab-
lished by lines drawn longitudinally along
the midline of the molar teeth that were in
the histological section, while the lower
limit consisted of the epithelial lining of
the mucosa. Fig. 1A shows the area that
was evaluated in each specimen.

Each  micrograph  obtained was
imported into ImageJ] software (https://
imagej.nih.gov/ij) and the total area, as
well as the area of bone matrix, areas of
chondroid tissue and matrix (stained with
Masson trichrome and Alcian blue), and
areas positive for collagen I and II (brown-
ish colour) were carefully selected and
measured. Cells positive for TGF-31
and BMP-2 were manually counted and
tagged. The presence of V-ATPase re-
stricted to multinucleated cells consistent

with osteoclasts was also determined. The
image of a 1-mm slide micrometer was
used to calibrate all measurements. The
average of three measurements for each
parameter was then calculated for each
specimen. After obtaining counts, all data
were transformed into percentages.

Statistical analysis

For histomorphological and immunohisto-
chemical analysis, the data were evaluated
within the monitoring period. The
Shapiro—Wilk test was used to determine
data normality, following which the
Kruskal-Wallis non-parametric test was
used to determine any significant differ-
ences among the groups. A P-value of
<0.05 was considered to be statistically
significant.

Results

Histological and histomorphometric
effects of alendronate (Fig. 1)

Quantitative data for the histomorpho-
metric analysis of the percentage bone
matrix deposited are given in Fig. 1B.
Relevant changes were detected on day
7, especially in the area of intramembra-
nous ossification that forms the maxillary
bone, when the control group (Fig. 1C)
and alendronate group (Fig. 1D) speci-
mens were compared. In specimens that
received the drug, the maxillary bone
showed integral intramembranous fusion
throughout the range analyzed, whereas
only three of 15 specimens in the control
group demonstrated total intramembra-
nous fusion; however, this fusion was
unilateral (two on the left side and one
on the right side). In contrast, neither the
control group nor the test group showed
mineralization in the midpalatal suture
area. In this topography, all specimens
were composed of evident chondroid tis-
sue (Fig. 1G-I) (Masson trichrome), a
matrix rich in glycoproteins (Alcian
blue-positive) (Fig. 1L-N), and a thin
layer of dense connective tissue in the
midpalatal suture area.

On day 12, all groups showed only
integral intramembranous fusion through-
out the range analyzed (Fig. 1E, F). How-
ever, the specimens that received
alendronate showed a larger bone matrix
deposition that also exhibited compact and
haversian characteristics, whereas the con-
trol group showed bone matrix forming a
diploé surrounding a clear medullar area
(not shown). In the midpalatal suture area,
the control group contained a few chon-
drocytes (Fig. 1J) and chondroid matrix
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Fig. 1. (A) The region enclosed within the dashed line indicates the area that was used to determine all histomorphometric measurements in this
study, as described in the Materials and methods section (H&E, original magnification x40). (B) Quantitative assessment of the percentage of
bone matrix deposited in the delimited area. Histological analysis of deposited bone matrix in day 7 samples: (C) control group and (D) alendronate
group; note the lack of bone integration in the region of membranous ossification in the control group (arrow), as well as in the area of the
midpalatal suture (bracket) in both groups (H&E, original magnification x 100). Histological analysis of deposited bone matrix in day 12 samples:
(E) control group and (F) alendronate group (H&E, original magnification x100). (G) Quantitative assessment of the percentage of chondroid
tissue deposited in the delimited area (specifically in the midpalatal suture). Histological analysis of chondroid in day 7 samples: (H) control group
and (I) alendronate group (Masson trichrome, original magnification x200). Histological analysis of chondroid in day 12 samples: (J) control
group and (K) alendronate group (Masson trichrome, original magnification x200). (L) Quantitative assessment of the percentage of chondroid
matrix in the delimited area. Histological analysis of chondroid matrix in day 7 samples: (M) control group and (N) alendronate group; chondroid
matrix indicated by arrows (Alcian blue, original magnification x200). Histological analysis of chondroid matrix in day 12 samples: (O) control
group and (P) alendronate group; chondroid matrix indicated by arrows (Alcian blue, original magnification x200). C=control group,
Aln=alendronate group; P < 0.05 indicates a statistically significant difference.
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with a larger area of mineralization sepa-
rated by a thin line of connective tissue
(Fig. 10). In contrast, the amount of chon-
droid tissue and matrix (containing Alcian
blue) was increased in specimens that
received alendronate (Fig. 1K, P).

Effects of alendronate on selected
immunohistochemical markers

A detailed description of the quantitative
immunohistochemistry data is given in
Figs 2—4.

TGF-BI (Fig. 2)

All groups were positive for TGF-31
(Fig. 2A). On day 7, the control group
presented positive signals along the depo-

Percentage of TGF-f1+
in maxillary bone

sition of bone matrix and weak signals in
areas adjacent to the developing bone
(Fig. 2B), whereas in the alendronate
group, positive signals were seen diffusely
and in cells surrounding the neoformed
bone fragment in areas of intramembra-
nous ossification (Fig. 2C). In the midpa-
latal suture, a few positive signals for
TGF-B1 (Fig. 2F) were detected in the
control group, restricted to chondrocytes
(Fig. 2G), whereas in specimens that had
received alendronate, the signals were
seen in both chondrocytes and fusiform
cells in fibrous tissue in the suture area
(Fig. 2H). On day 12, the distribution
pattern of TGF-1 was similar to that
on day 7 for both groups, although the
number of cells positive for TGF-1 de-
creased in the control group (Fig. 2I) and
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increased in specimens treated with alen-
dronate (Fig. 27J).

BMP-2 (Fig. 3)

All groups showed positive signals for
BMP-2 (Fig. 3A-E). On day 7, the speci-
mens from the control group presented
positive signals for BMP-2 in bone tis-
sue. Furthermore, discrete signals adja-
cent to neoformed bone matrix, as well
as in front of the growing maxillary
bone, which remained disconnected in
the intramembranous area, were ob-
served (Fig. 3B). In the alendronate
group, positive signals were observed
in the deposited bone matrix. In addi-
tion, the signals were observed diffusely
in cells that surrounded the neoformed

Fig. 2. (A) Quantitative assessment of the percentage of TGF-[3 1-positive cells in the area of study; note the higher positivity for the alendronate
group as compared to the control group. The pattern of distribution of TGF-31 in cells (arrows) in day 7 samples: (B) control group and (C)
alendronate group; and day 12 samples: (D) control group and (E) alendronate group (original magnification x 100). (F) Quantitative assessment of
the percentage of TGF-3 1-positive cells specifically in the chondroid area (midpalatal suture). TGF-1 positivity in the chondroid area in day 7
samples: (G) control group and (H) alendronate group (original magnification x400); positivity both in chondrocytes (arrow heads) and connective
tissue (arrows). Note the higher positivity for TGF-31 in the alendronate group specimens. This condition remained in day 12 samples: (I) the
control group and (J) alendronate group (original magnification x400). C=control group, Aln=alendronate group; P < 0.05 indicates a

statistically significant difference.



Percentage of BMP-2+
in maxillary bone

Alendronate and postnatal maxillary bone growth

A

p=0.0041
| 11
60— p=0.0002 p< 0.0001
1 I 1
40+ =0.3817
Aln. L *Aln
30+
L p0.0753 $
20+
& ¢ L p<0.0001
104
0 }
7 12
Percentage of BMP-2+
in chondroid area p—0.0446
80— I 1
p<0.0001 p<0.0001
I 1T 1
|
60—
I C
40+ '
s
2oL . Aln p=0.0001
. p=0.1003 JAln
o t |
12 days

1499

Fig. 3. (A) Quantitative assessment of the percentage of BMP-2-positive cells in the area of study; note the higher positivity in the maxillary bone
(the region of intramembranous ossification) for the alendronate group as compared to the control group. The pattern of distribution of BMP-2 in
cells (arrow heads) and bone matrix (arrows) in day 7 samples for (B) the control group and (C) the alendronate group, and in day 12 samples for
(D) the control group and (E) the alendronate group (original magnification x40). (F) Quantitative assessment of the percentage of BMP-2-
positive cells specifically in the chondroid area (midpalatal suture); a higher percentage of BMP-2 was found for the control group, while
immunopositivity was scarce in the alendronate group. The pattern of positivity for BMP-2 in chondrocytes (arrows) in day 7 samples for (G) the
control group and (H) the alendronate group, and in day 12 samples for (I) the control group and (J) the alendronate group (original magnification
% 100). C=control group, Aln=alendronate group; P < 0.05 indicates a statistically significant difference.

bone fragment in areas of intramembra-
nous ossification (Fig. 3C). In the mid-
palatal suture, positive signals for BMP-
2 were detected in chondrocytes in both
groups, although the protein levels were
clearly lower in chondrocytes of the
group that had received alendronate
(Fig. 3H, J). The BMP-2 immunolocali-
zation pattern on day 12 was similar to
that on day 7 in both groups, although
the clear presence of BMP-2 was ob-
served in the midpalatal suture in the
control group (Fig. 31), whereas in the
specimens that had received alendro-
nate, the BMP-2-positive cells were con-
centrated in the maxillary bone
(Fig. 3E).

Collagen I (Fig. 4)

Collagen I was present in the body of the
maxillary bone in areas of intramembra-
nous ossification (Fig. 4A—C). The pattern
in the control and alendronate groups was
similar on days 7 and 12 (Fig. 4B-E).
However, a clearly larger amount of this
protein was observed in the group that had
received the drug.

Collagen II (Fig. 4)

Collagen Il was assessed only in areas where
chondroid tissue was observed (Fig. 4F).
Low levels of this protein were detected in
the control group, exhibiting fine and deli-

cate fibre morphology surrounding the chon-
drocyte area (Fig. 4G, I). In the alendronate
group, high levels of collagen II were
detected, filling the entire inter-chondrocyte
area, both on day 7 (Fig. 4H) and day 12
(Fig. 4]). In contrast, on day 12, the protein
was not observed in the median palate suture
area in the control group.

V-ATPase and number of osteoclasts
(Fig. 4)

Similarities were found in the number of
osteoclasts in the control and alendronate
groups. On day 7, the median number of
osteoclasts was 18 multinucleated cells/
mm? (range 13-21 cells/mm?) in the con-
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Fig. 4. (A) Quantitative assessment of the percentage area of collagen I measured in the body of the maxillary bone (intramembranous
ossification); note the higher positivity of collagen I in the alendronate group as compared to the control group. The area of distribution of collagen
I (bracket) in day 7 samples from (B) the control group and (C) the alendronate group, and in day 12 samples from (D) the control group and (E) the
alendronate group (original magnification x200). (F) Quantitative assessment of the percentage of collagen II specifically in the chondroid area
(midpalatal suture). The distribution of collagen II in day 7 samples from (G) the control group and (H) the alendronate group (original
magnification x 100); note the lower and more fibrillar collagen II deposition in the control group (arrow heads), while the deposition of collagen II
in the alendronate group was extensive both in chondrocytes (arrows) and chondroid matrix (arrow heads). A similar pattern of collagen II is seen
in chondrocytes (arrows) in (I) the control group and (J) the alendronate group in the day 12 samples (original magnification x100). (K)
Quantitative assessment of the percentage of V-ATPase in osteoclasts. (L) V-ATPase positivity (arrow) in the control group and the presence of a
Howship lacuna (arrow head) in the adjacent bone (original magnification x400). (M) In contrast, note the negative V-ATPase in osteoclasts in the
alendronate group (arrow) adjacent to intact and linear bone tissue (arrow head) (original magnification x400). C=control group, Aln=
alendronate group; P < 0.05 indicates a statistically significant difference.

trol group and 16 cells/mm? (range 12—19
cells/mm?) in the alendronate group (P=
0.0642). On day 12, the median number of
osteoclasts was 21 multinucleated cells/
mm? (range 16-23 cells/mm?) in the con-

trol group and 19 cells/mm? (range 17-22
cells/mm?) in the alendronate group (P=
0.0588).

However, the presence of V-ATPase
proton pump was observed in most osteo-

clasts surrounding the bone trabeculae in
the group control (Fig. 4K) on both days 7
and 12 (Fig. 4L). In contrast, limited V-
ATPase was detected in osteoclasts in the
alendronate group (Fig. 4M).



Discussion

A likely genetic therapy that may promote
CNCC migration, reorganization of the
interaction between the mesenchyme de-
rived from CNCC and the craniopharyn-
geal ectoderm, and activation of the
intrinsic pathways for the cellular differ-
entiation that occurs in the embryonic
stage has not been established thoroughly
in the medical literature®>. However, new
strategies or alternative therapies with the
aim of promoting new bone formation and
the restructuring of facial harmony are
consistently sought.

Although some evidence suggests that
alendronate does not exert an effect on
CNCC?, this drug may promote an excit-
atory effect on osteoconduction and osteo-
differentiation'®. This study assumed the
hypothesis that the postnatal use of alen-
dronate could help maxilla and palate
development when applied in newborn
rats.

The results of this study show that
alendronate induced a larger bone matrix
deposition. On the other hand, the drug
delayed bone matrix formation in the mid-
palatal suture area, where a larger expan-
sion of chondrocytes occurred. These
changes occurred concomitantly with a
significantly increased number of TGF-
B1-positive cells in these anatomical
areas. The presence of a higher number
of TGF-B1-positive cells in specimens
that received alendronate is supported
by previous studies, which have shown
that this drug may be responsible by in-
creasing and maintaining higher levels®,
as well as higher expression of this cyto-
kine in bone sites’*. Thus, TGF-B1 may
explain the growth of the maxillary bone
in some pathological situations during
development.

TGF-31 is a multifunctional cytokine
that may regulate many biological pro-
cesses during development, including cell
proliferation and differentiation, as well as
the inhibition of proliferation at other
sites”. In bone tissue, TGF-B31 is one of
the most abundant cytokines stored in the
matrix, and when activated it promotes
osteoprogenitor cell proliferation and
mesenchymal stem cell recruitment to ac-
tive bone remodelling sites*® in intramem-
branous ossification. However, in
endochondral areas, TGF-B1 seems to
have different effects.

It should be noted that the effects of
TGF-31 on skeletal cells are controver-
sial. Some studies have demonstrated that
TGF-[31 may compromise the differentia-
tion of osteoprogenitor cells into function-
al osteoblasts, because this cytokine seems

Alendronate and postnatal maxillary bone growth

to have an antagonistic effect on BMP-2%7.
In contrast, the present study demonstrat-
ed a direct correlation between increased
numbers of BMP-2-positive cells and
TGF-[31-positive cells in specimens that
received alendronate. In addition, these
results are consistent with a larger area
of deposition of collagen I, the prevalent
type of collagen in bone extracellular ma-
trix. In this regard, the study results are
consistent with those of some studies that
have indicated that TGF-B], in response
to binding to its receptor, may be directly
or indirectly responsible for the transcrip-
tion of other genes, among them the BMP-
2 gene”®. This activation and the conse-
quent higher number of BMP-2-positive
cells appear to be responsible for the
increased osteoconductive and osteoin-
ductive properties®’, and may underlie
the histological results of the present
study.

Another factor that may contribute to an
increase in bone deposition in the maxil-
lary bone is the presumed inhibition of
osteoclast activity by alendronate that cul-
minates in decreased bone resorption’’.
However, no differences in the numbers
of osteoclasts detected (multinucleated
cells peripherally located to the bone ma-
trix) were observed. These results are
consistent with the findings of Cheng
et al.®, who described not only similarities
in the number of osteoclasts in their speci-
mens, but also found no difference in
tartrate-resistant acid phosphatase
(TRAP) signals in a similar bisphospho-
nate-free animal model.

In an attempt to improve our under-
standing in this context, it was assumed
that the function of osteoclasts could be
associated with the presence or absence of
the endogenous ATP-dependent electro-
genic proton pump known as V-ATPase.
Evaluation of the presence of this protein
seems to be relevant, because V-ATPase is
highly expressed during the formation of
osteoclasts and is involved in distinct
physiological stages of osteoclast matura-
tion and function, including polarization
as well as extracellular acidification®'. As
expected, in contrast to the control group,
a significant reduction in V-ATPase ex-
pression in specimens that had received
alendronate was observed, indicating that
the inhibition of osteoclast activity also
contributed to the large bone matrix depo-
sition in this study.

In different circumstances, alendronate
seems to delay the chondro-substitution
for bone matrix in the midpalatal suture
area, because an expansion of the chon-
droid area occurred in specimens that
received the drug. This increase in carti-
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lage may be attributed to the use of alen-
dronate, and a hypothesis that should be
taken into consideration is the likely close
relationship between chondrocytes and
increases in TGF-B1 levels’** promoted
by alendronate. In fact, cartilage has lim-
ited self-formation potential, which
requires both chondrocyte differentiation
and expansion and subsequent mineraliza-
tion in cases of endochondral ossifica-
tion®*. Of note, the deposition of
calcium in chondrocytes requires previous
differentiation into hypertrophic chondro-
cytes, which may contribute to delays in
mineralization of cartilage and of the su-
ture.

Corroborating the hypothesis suggested
herein, Tekari et al. revealed that the
expansion of chondrocytes seems to be
strictly associated with functional endog-
enous TGF-3 signalling®. They demon-
strated that the TGF-[3 receptor inhibited
the cytokine-dependent pathway, a condi-
tion that coincided with a cessation of
cartilaginous growth and chondroid differ-
entiation.

The chondroblastic effect of TGF-31
signalling may be suggested here, as the
specimens that received alendronate pre-
sented a larger cellular chondroid (dem-
onstrated by Masson trichrome) and an
increase in collagen II levels and in the
proteoglycan-rich matrix (area Alcian
blue-positive), which are the fundamental
types of collagen and protein found in
chondroid matrix’®. In addition, collagen
II has no mineralization effect and
requires the transition to collagen I, a
condition that seems to be delayed when
alendronate is used.

In conclusion, the results of this study
demonstrated that alendronate inhibited
bone resorption, because it reduced V-
ATPase levels and increased the expres-
sion of TGF-B1 and BMP-2. These
changes enhanced the peripheral levels
of collagen I and induced the growth of
maxillary bone in an intramembranous
ossification. Concomitantly, alendronate
impaired the early mineralization of endo-
chondral ossification through chondrocyte
expansion induced by TGF-31 and the
deposition of collagen II. These conditions
are required for orthopaedic growth of the
maxilla, providing new evidence that alen-
dronate may be a likely candidate for the
treatment of patients who present maxil-
lary growth disorders.
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