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Abstract

BACKGROUND

The epiphyseal growth plate is an important anatomical segment localized on the
ends of a long bone. Despite the abovementioned atractive reasons for
alendronate’s use, few data on the effect of alendronate during epiphyseal
growth exist.

AIM

Verify the effect of alendronate on the growth epiphyseal plate, and compare its
effect with the size of the femur during the double-staining of the
immunolocalization of transforming growth factor-p1 (TGF-p1) and bone
morphogenetic protein-2 (BMP2) in endochondral ossifing in specimens that have
received alendronate.

METHODS

Forty newborn rats were randomly divided into two groups: a control group
(were given applications of 1 mg/kg physiologic saline) and a group that
received Alendronate (a dose of 2.5 mg/kg). These groups were then divided into
two subgroups for euthanasia in two and 12 d of life. After euthanasia, the
femurs were removed, and the femoral bones were measured linearly between
the apex of the greater trochanter until the lower intercondylar midlle face to
verify the probable bone growth between 3 and 12 d in control and alednroanto
treated rats. Posteriorly, the surgical pieces were also sent to the histopathology
laboratory to produce histological slides. The obtained slides were stained with
hematoxylin and eosin to measure each of the cartilage zones in endochondral
development. and other slides were immunohistochemically tested for anti- TGF-
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B1 and BMP-2 antibodies to investigate the immunolocalization of these proteins
in the epiphyseal plaque area.

RESULTS

On the third day, some diferences between the control group and specimens
treated with alendronate were verified. Macroscopiccaly, we found similarities in
size between the femoral bones when we compared the control group with the
specimens that received alendronate. On the 12 day, the bone size of the mice
receiving the drug was significantly smaller than those of the control group.
These results coincide with changes in the TGF-B1 and BMP-2 expression. In the
specimens that received alendronate, the TGF-p1 was expressed in some sites of
trabecular bone that was neoformed, peripherally to the bone marrow area. The
BMP-2 was also positive in proliferative chondrocytes and hypertrofic
chondrocytes. On the 12* day, all layers of chondrocytes exhibited positivity for
BMP-2 in the specimens that received alendronate. In the interface between the
trabecular bone and cartilage, an area of disorganized bone deposition was
evident. Neoformed bone also appeared to be different at 12 d. In the control
group, BMP-2 was positive in an intense area of bone trabeculae, whereas the
alendronate-treated group showed TGF-P1 positive trabeculae and a greater bone
area.

CONCLUSION

Alendronate alters the immunolocalization of TGF-p1 and BMP-2
simultaneously, a condition that changes the usual histological aspects of the
cartilage zone and impairs epiphysis growth and femur growth.

Key words: Alendronate; Bone development; Epiphyseal plate; Bone morphogentic
protein-2; Transforming growth factor-f1

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: This is the first study that addresses the likely action of alendronate in
appendicular bone development. Through of macroscopic, immunohistochemical and
histological analysis, we revealed that alendronatemay impairs the bone growth, since
alters the usual development of epiphyseal plate associated to changes in the
immunolocalization of transforming growth factor-f1 and bone morphogenetic protein-
2.
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INTRODUCTION

The epiphyseal growth plate is an important anatomical segment localized on the
ends of a long bone. It is responsible for the longitudinal growth of children’s long
bones through coordinated sequence changes to the cartilage histomorphological
aspects. The zones encountered in the growth plate include the reserve, proliferative,
maturation, and hypertrophy zones. The zone of hypertrophy!'! is where the
substitution of a portion of cartilage in the osteoprogenitor cells takes place. This is
where bone matrix deposition appears posteriorly®.

This well-orchestrated histomorphological transition for diverse chondroid aspects
takes place until effective endochondral ossification occurs, and it seems to be
regulated through autocrine and paracrine stimulation. An important growth factor
that operates during stages of chondroid modification and endochondral ossification
is the transforming growth factor-p1 (TGF-p1).

Supporting this context, the TGF-p1 works to maintain the reserve of chondrocyte
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clones, inhibits premature terminal hypertrophic differentiation in pre-hypertrophic
chondrocytes”, arrests differentiation at an early stage of hypertrophy, and induces
the coexistence of bone proteins that culminates in an osteoblastic appearancel’l.

For osteoblast differentiation, the induction of bone morphogenetic protein-2
(BMP2) expression through TGF-B1F! in hypertrophic chondrocytes appears to be
crucial. BMP-2 directs mesenchymal cells to the osteoblast lineage, triggers the
expression of major bone matrix protein genes, and orchestrates the production of
phosphatase alkaline to mineralize the matrix so as to form bonel“.

Given the important roles of TGF-f1 in chondrogenesis and osteogenesis, a lack of
transcription in this cytokine invariably leads to skeletal disorders and developmental
defects in children-for example, fibrodysplasia ossificans progressival’, Camurati-
Engelmann diseasel”, and brachydactyly, especially type A2LL.

Thus, pharmacological agents that may stimulate a source of TGF-f1 at the same
time, which may contribute to chondroprotection and modulate bone formation, are
widely required for treatments for childrenl'*"”. It is established in the literature that
the prolonged administration of alendronate, which is a nitrogenous bisphosphonate,
may improve and mantain for a higher period of time the expression of TGF-p1 on an
organism!'?. On other hand, the use of this drug has also been used to protect the bone
tissue against the hyperactivity of osteoclasts or the bone metastasis of several
neoplasms.

Despite the abovementioned atractive reasons for alendronate’s use, few data on
the effect of alendronate during epiphyseal growth exist. Thus, the aim of this study
was to verify the histological response of the epiphyseal growth plate under the action
of alendronate in newborn rats and to compare these results with that of double-
staining the immunolocalization of TGF-B1 and BMP-2. We compare these
histological and immunohistochemical aspects with the size of the femur.

MATERIALS AND METHODS

The principles of laboratory animal care and national laws on animal use were
observed for the present study with the approval of the Ethical Committee for Animal
Research of Positive University (Protocol #266).

Obtainig the speciemens

Seven two old months female rats (Rattus norvegicus albinus, Holtzman), weighing
aproximately 250 g, were used as a progenitress source. The animals were maintained
in a department with controlled temperature (22 + 2 °C), humidity (55% + 5%), with a
12h/12h light/dark cycle and food and water available ad libitum.

In this study, the species of neonatal rats were obtained from natural generation
according to the study by de Souza et al!"’l.

A group of newborn rats received a sterile 0.9% saline solution (n = 20 - control
group), whereas other newborn rats (n = 20) received 2.5 mg/kg per day of
alendronate trihydrate (Biolife, Curitiba, Brazil, Lote: 14042132C) (alendronate group).
All solutions (saline or drug) were administered intraperitorially daily up to the
euthanasia time period, which occurred on the third and 12" days after the rat’s
birthday (n = 10 for group for each time period). All euthanasia was performed by
using overdoses of isofluorane.

Macroscopic measurement of femur

After euthanasia, the legs of the newborn rats were immediately removed, and the
femur was measured linearly between the apex of the greater trochanter and the
lower intercondylar midface using a pachymeter. The values were tabulated and
subjected to statistical analysis.

Processing of specimens for microscopic analysis

Following mensuration, each surgical piece obtained was immersed in a fixative
solution for 48 h at room temperature in 4% formaldehyde that was buffered to pH
7.2 with 0.1 mol/L sodium phosphate and posteriorly immersed in 7% disodium
ethylenediaminetetraacetic acid for decalcification for aproximately 2 wk. After
decalcification each the specimens were dehydrated in ethanol, cleared in xilene, and
embedded in paraffin.

From each specimen, serial 3-pm-thick fragments were obtained and adhered to
slides. The sections were carefully formed in the longitudinal plane of the femoral
bone in the anterior-posterior section. Some slides containing the fragments were
stained with hematoxilin and eosin to verify the histological aspects of bone, whereas
other sections of fragments were submitted for double immunohistochemical
detection for anti-TGF-p1 and BMP-2.
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Immunohistochemistry processing

From each specimen, sections 3 micrometers thick were submitted to the
immunohistochemical detection of all proteins. For antigen retrieval, deparaffinized
sections were immersed in 10 mmol/L sodium citrate buffer (pH 6.0) and subjected to
a microwave three times for 5-min cycles. The sections were then incubated overnight
at 4 °C with primary BMP-2 (0.5 mg/mL, ab6285; Abcam, Cambridge, United
Kingdom) with a dilution factor of 1:150. The labeled akaline-phosphatasis antibody-
binding detection system (Universal HRP immunostaining kit - Diagnostic
Byosystem, Foster City, CA, United States) was employed to detect the primary
antibodies for 30 min, whereas the revelation of the immunohistochemical reaction
was performed with Fast Red substrate, producing a red color in positive protein
sites. The specimens were washed in phosphate-buffeed saline (pH 7.2), the sections
were incubated overnight at 4 °C with primary TGF-p1 (200 mg/mL, sc-146; Santa
Cruz Biotechnology, Santa Cruz, CA, United States), with a dilution factor of 1:200.
The labeled streptavidin biotin antibody-binding detection system (Universal HRP
immunostaining kit - Diagnostic Byosystem, Foster City, CA, United States) was
employed to detect the TGF-B1. Following washing in 0.05 mol/L Tris-HCl buffer (pH
7.2), the sections were incubated for 30 min at room temperature in biotinylated anti-
rabbit/mouse/goat immunoglobulin (LSAB-plus Kit, Dako, CA, United States) and
were revealed with diamine benzidine, producing a brownish color in the sites
positive for protein. All of the sections were counterstained with Harris hematoxylin.
For the negative control, the primary antibodies were omitted.

Analyses

Images of immunohistochemistry sections were taken with a digital camera (DP-71,
Olympus, Tokyo, Japan) connected to a microscope (BX-51, Olympus, Tokyo, Japan),
and DP Controller software (Version 2.1.1.183, Olympus, Téquio, Japan) with an
original magnification of x 100. The digital images were collected and saved with a
resolution of 300 dpi (image size 113.66 cm X 75.95 cm). All histomorphometric
measurements were made with Image ] software. The data were counted manually.
The perimeter of each morphological zone of endochondral ossifying was carefully
drawn and measured, and they are presented in mm? The immunohistochemistry
protein identified as a brown color for TGF-p1 or a red color for BMP-2 were
manually counted and tagged. An image of a 1-mm slide micrometer was used to
calibrate all measurements for areas, whereas positive cells for both proteins were
transformed into a percentage. The slides were analyzed for each of the above
parameters. An average of the three measurements for each parameter was then
calculated for each specimen.

Statistical analysis

The linear measurement of the femur, the areas of histological chondroid zones, and
percentages of immunohistochemical data for each zone were evaluated within the
monitoring period. An analysis of variance and Shapiro-Wilk analysis were used to
determine the normality, followed by the Kruskal-Wallis non-parametric test to verify
significant differences among groups. A P value < 0.05 was considered to be
statistically significant.

RESULTS

Femur size

On the third day of analysis, the median values of the specimens that received
alendronate were slightly larger than the median values of the linear measures of the
femurs of the control species. In contrast to the control species, the growth between
three to 12 d of analysis was scarce in the group that received alendronate. Thus, on
the 12 day of analysis, the measures of the femurs of the specimens that received the
drug were significantly lower when compared with the alendronate-free specimens.
All data are present in Table 1.

Histological and histomorphometric data
A brief description of the histologic features found among groups is described bellow
while the histomorphometric parameters are summarized in Table 2 (P < 0.05).

On the third day (Figure 1A), it was possible to verify that the areas of the reserve,
proliferative, and maturation zones were similar (Figure 1Aa and b), whereas the
hypertrophic zone was significantly larger in terms of the number of specimens that
received alendronate (Figure 1Ab). On the 12* day, the control group exhibited
similar characteristics when compared with the third day (Figure 1Ba). In contrast, the
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Table 1 Median, minimum and maximum values of linear value found between the apex of the

greater trochanter until to the lower intercondylar midlle face

Linear Size of Femur (cm)

Day P value
Control Alendronate

3 5.93 (5.67 - 6.04) 6.85 (5.99 - 7.21) P =0.062

12 12.72 (11.67-13.52) 8.84 (8.43 - 9.08) P =0.027

For each same time period values P > 0.05 are statistically similar.

specimens that received alendronate demonstrated significantly fewer areas of
maturation and hypertrophic zones. However, an unorganized bone matrix
deposition was observed between the hypertrophic zone and cortical bone (Figure
1Bb).

Double-staining for TGF-1 and BMP-2

On the third day, only TGF-p1 was observed in the maturation and hpertrophic zones
in the control group. In these specimens, the BMP-2 was positive in bone matrix
deposition. All zones of cartilage revealed positivity for BMP-2, whereas the TGF-f31
was present in some proliferative cells and in the majority of cells that compounded
both the maturation and the hypertrophic zone. In addition, intense double positivity
for TGF-P1 and BMP-2 was observed in the bone matrix. On the 12* day, the control
group exhibited a similar immunohistochemical pattern; however, it was possible to
verify positivity for BMP-2 in hypertrophic cartilage and the medullary bone matrix.
The alednronate group displayed the presence of BMP-2 in cartilage and in the bone
matrix. In the area of the unorganized matrix, the BMP-2 was prevalent, whereas in
the larger medular bone matrix, both proteins were detected (Table 3).

DISCUSSION

The study demonstrated that alendronate decreased the longitudinal femur size from
three to 12 d post the prolonged administration of alendronate, a situation that
coincided with changes in the usual histological aspects of chondroid zones,
especially in the maturation and hypertrophic strata, as well as changes in co-
immunoexpression between TGF-p1 and BMP-2.

To understand the changes that occurred, one must comprehend the importance of
the usual immunolocalization of each protein and the likely effect that each protein
exerted in usual conditions of endochondral growth.

In hyaline cartilage, TGF-B1 presence is required for the homeostasis of this
anatomical area, and this cytokine seems to play a fundamental role in the production
and remodelation of the chondroid extracellular matrix.

However, the action of TGF-P1 for each stratum of cartilage of the methaphisyae of
long bones seems to be distinct!*. In this pathway, D’ Angelo et all"! (2001) indicated
that maturing and hypertrophic chondrocytes produce and express active TGF-f1,
and this cytokine operates in paracrine form in another layer of cartilage. In this way,
TGF-f1 influences maturation, proliferation, and hypertrophy, whereas its presence
inhibits the terminal differentiation of mature chondrocytes. This effect may help
chondrocytes to remain in the pre-hypertrophic stage, thus inhibiting their terminal
differentiation to hypertrophic chondrocytes.

It is noteworthy that TGF-P1 positively regulates the expression of specific cartilage
proteins during re-differentiation; conversely, substantial evidence shows that
chondrocyte exposure to TGF-p1 during the proliferative phase obstructs these cells’
re-differentiation potential™*'?l. This condition may explain the positivity seen in the
TGEF-p1 prevalent in the prehypertrophic and hypertrophic zones of cartilage as seen
in our control group on the third and 12* days of analysis, despite the fact that some
hypertrophic chondrocytes during this period exhibited positivity for BMP-2, whereas
in the precocious time period, BMP-2 was positive only in the bone matrix.

In contrast, for specimens that received alendronate, we observed TGF-f1 in all
strata of chondrocytes, a fact that coincided with a significantly larger area of the
hypertrophic zone on the 3 day. Furthermore, the cells of all chondroid strata also
exhibited concomitant expression with BMP-2. This peculiar situation coincided with
an unorganized bone matrix formation between a thinner layer of hypertrophic
chondrocytes and trabecular bone on the 12™ day of analysis. These results suggest
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Table 2 Median, minimum and maximum values of area in mm2 of each chondroid zone

Area accounted (mm?)

Cartilage zone 3 day 12 day

Control Alendronate P value Control Alendronate P value
Reserve 6.12 (5.52-6.51) 5.63 (5.07-5.71) P =0.061 3.33 (3.22-3.51) 2.26 (2.11-2.29) P =0.056
Proliferative 4.02 (3.82-4.44) 4.12 (3.98-4.58) P=0.071 3.38 (3.35-3.43) 3.11 (3.05-3.26) P =0.061
Maturation 0.4 (0.32-0.46) 0.36 (0.29-0.40) P =0.073 0.27 (0.16-0.29) 0.04 (0.01-0.06) P =0.002
Hipertrophic 4.12 (3.66-4.31) 7.59 (7.31-7.77) P=0.032 4.02 (3.96-4.26) 2.17 (2.11-2.32) P < 0.0001

For each same time period values P < 0.05 were considered statistically different.

that alendronate may promote the cartilage expansion of the maturated and
hypertrophic chondroid zones only during the early stages of the administration of
the drug. However, the concomitant expression between TGF-p1 and BMP-2 in areas
of the chondroid zones featuring endochondral ossification also indicates the likely
premature transdifferentiation from cells of chondroid lineage to osteoprogenitor
cells, especially when these specimens were exposed to the drug for a prolonged
period of time.

It is noteworthy that our result is not an isolated finding in the literature and that
some evidence shows that alendronate possesses an important osteogenic capacity.
Supporting this perspective, Wang et al"”! (2010) demonstrated that the administration
of alendronate in animal models was responsible for the transcription of
osteoprogenitor genes in medullar mesenchymal cells. They also added that
osteogenic potential occurs because the alendronate stimulates the MAP kinases’
pathways, which, in turn, may excite the expression of osteoproteins. These effects
may indicate and explain the previous radiological results published by Silva et al"*]
(2010), who demonstrated sclerotic metaphyseal lines in the long bones of young
patients treated with alendronate. They may also indicate that the extended use of
alendronate compromises the usual growth of children and its bone development.

Thus, alendronate impairs the epiphysis growth plate at the same time as the
growth of the femur, as it simultaneously alters the immunolocalization of TGF-f1
and BMP-2, and it may produces a precocious transdifferentiation from chondroid
cells to osteogenic cells-a condition that impairs the usual development and
epiphyseal plate, thus impairing femoral growth.

However, it should be highlighted that this study has some limitations. Herein, we
evaluated the macroscopic, histological and immunohistochemical aspects on 3rd and
12th day of development and none data may be stipulated in the intermediated stages
of development of epiphyseal plate. The immunohistochemistry staining identifies
proteins present either chondroid matrix or bone matrix, regardless of the time when
they were expressed.

In addition, this study focused only on epiphyseal plate area and the present results
may not be extrapolated to total appendicular as well as craniofacial bones!"".
However, this study may give an important information, and it may contribute to the
discussion over the clinical use of alendronate in earlier stages of bone development.
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Table 3 Percentage in median, minimum and maximum for transforming growth factor-g1 and bone morphogenetic protein-2 values in

cells for chondroid zone

TGF-b1 BMP-2
Chondroid layer Day P value P value
Control Alendronate Control Alendronate
Reserve 3 - - - - 12 (10-14) P <0.001
12 - - - = 34 (30-36) P <0.001
Proliferative 3 23.01 (19-26) 16.27 (14-19) P =0.047 - 72.21 (70-75) P <0.001
12 19.12 (17-23) 2.33 (0-3) P <0.001 = 67.43 (66-69) P <0.001
Maturation 3 89.64 (85-93) 93.07 (91-94) P=0.673 - 88.61 (86-81) P <0.001
12 83 (80-84) 1.06 (0-1) P <0.001 13 (12-15) 94.05 (92-98) P <0.001
Hipertrophic 3 96.35 (94-99) 97.66 (95-98) P=0.772 2(2-3) 82.17 (80-85) P <0.001
12 93.52 (92-95) 92.31 (90-93) P =0.694 42 (41-44) 93.00 (90-95) P =0.027

For each same time period values P < 0.05 were considered statistically different.

Figure 1 Histological and histomorphometric data. A: Endochondral ossification on 3! day on control (a) and after Alendronate administration (b). Reveals
positivity for transforming growth factor-p1 (TGF-B1) (brownish color) in proliferative (Chevron arrow), maturation (keys) and hyperplasic stratum of cartilage, while
reserve stratum was negative. On other hand the group that received Alendronate there was an intense positivity for bone morphogenetic protein-2 (BMP2) (red color)
in reserve stratum (arrow) and proliferative (head of arrow) zones, while maturation (chevron arrows) and hyperplasic stratum (brackets) of cartilage demonstated
positivity for both TGF-B1 (brown) and BMP-2 (red). B: Endochondral ossification on 12t day. The micrographs (a) reveals the control group, and demonstrates
similar pattern for TGF-B1, but also shows evident presence of BMP-2 in hyperplasic chondrocites (head of arrows). Micrograph (b) reveals the mantaining of
presence of BMP-2 on all stratum of cartilage, at the same time that show an ectopic mineralization (brackets) and decrease of hypertrophic zone of chondrocytes with
intense positivity for BMP-2.

ARTICLE HIGHLIGHTS

Research background

Endochondral ossifying constitutes the fundamental model for the development of appendicular
skeletal formation. This process requires well-organized changes on the cartilage morphological
aspects that includes the resting, proliferative, prehypertrophic, hypertrophic segments which it
is followed by replacement of mineralized hypertrophic cartilage with osteoprogenitor cells, and
the calcified cartilage is subsequently replaced by bone. Under pathological situation this usual
development does not occur, promoting growth deficiencies. Since alendronate may contribute
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either for chondrogenic or osteogenic development, herein we evaluated the likely effect of
alendronate in epiphyseal plate of newborn rats, in order to verify the real effect of alendronate
during earlier development of appendiclar bones.

Research motivation

The fundamental topics adressesd in the present study were: (1) Would be alendronate a drug
that should be able to improve the chondrogenic and osteogenic in eralier stage of development;
and (2) Alendronate alters the correlation between transforming growth factor-f1 (TGF-f1) and
bone morphogenetic protein-2 (BMP2) during endochondral ossification? The answer of this
question, could give us a direction between for a likely therapy apporach in child that possess
congenital deficies of growth.

Research objectives

Thus, the main objective of this study was to verify how alendornate acts on the epifeaseal
developmental plaque. In addition, we evaluated which region of endochondral development is
most stimulated or inhibited by alendronate, as well as whether the drug may cause early
ossification.

Research methods

Thus, we analyzed the evaluation of femoral bone growth of neonatal rats by measuring the
distance between the apex of the greater trochanter until the lower intercondylar midlle face. We
also measured the area of each stratification of the endochondral histological zones, as well as
where the ossifications occurred - late or early. We also evaluated by immunohistochemistry, the
immunopresence of TGF-B1 and BMP-2 in each of these endochondral zones.

Research results

Here we reveal that specimens given alednroanto developed greater cartilage hypertrophy while
the reserve zone was decreasing. These results also coincide with changes in co-immunolocation
between TGF-P1 and BMP-2. Here we demonstrate a greater presence of osteoprotein in areas
where endochondral proliferation and endochondral diphonication should occur, triggering
early ossification. These results also coincide with lower bone growth.

Research conclusions

In this study we may conclude that: (1) Alendronate may compromise the usual development
and growth of epiphyseal plaque. (2) This pathological event may occur as alednronate provides
prior expression of BMP-2, while TGF-1 immunolocation decreases. And (3) the fundamental
result found here indicates that alendronate does not induce appendicular bone growth. Thus, it
may indicate that the use of this drug is not a plausible conduct for children suffering from
endochondral growth disorders.

Research perspectives

Here we suggest the perspective that alendronate compromises the development of long bones.
There is a need for research using other drugs to try to promote greater growth of endochondral
zones, ossification in suitable areas, conditions that are important for appendicular bone growth.
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