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A B S T R A C T

The periodontal ligament (PDL) is a highly vascularized connective tissue surrounding the root of a tooth. In
particular, the PDL is continuously exposed to mechanical stresses during the phases of mastication, and it pro-
vides physical, sensory, and trophic functions. It is known that the application of orthodontic force creates a
change in periodontal structures. In fact, these forces generate a pressure on the ligament that closes the vessels.
The aim of this study is to observe the modifications of vascular endothelial growth factor (VEGF) in the PDL and
extracellular matrix proteins after application of a pre-calibrated and constant orthodontic force at different
phases of treatment. We used a 50-g NiTi coiled spring and in vivo samples of PDL of maxillary and mandibular
premolars of patients subjected to orthodontic treatment. These teeth were extracted at 1, 7, 14, 21, and 30 days,
respectively, by application of force. The extraction of the PDL was effectuated by scarifying the radicular surface
on the pressure and tension sides. The mechanical stress induced by the application of force caused an increase in
the reactive type of metabolism of extracellular matrix proteins and modulation of neoangiogenesis until
restoration.
1. Introduction

The periodontal ligament (PDL) is a narrow band of highly vascu-
larized fibrous connective tissue that lies between the hard tissues of the
alveolar bone and the root surface (Lindhe et al., 2006). This tissue
provides physical, sensory, and trophic functions (Berkovitz, 2004).
Under physiological conditions, the synthesis and the degradation of
periodontal structures are at a low level to maintain tissue homeostasis
(Bhaskar, 1990; Kimmel, 1993).

PDL and alveolar bone cells are exposed to physical forces in vivo in
response to mastication and orthodontic tooth movement (OTM), but the
compression applied by orthodontic forces induces remodelling of the
PDL and gingival tissue, including oedema, gradual obliteration of blood
vessels, and breakdown of the vein walls, with leakage of blood into the
extravascular space (Kumar et al., 2015).

It is known that orthodontic forces produce pressure and tension re-
gions in the PDL, and this strain modifies the vascularization and blood
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flow of affected tissues, generating a favourable microenvironment for
tissue resorption (Kohno et al., 2002; Matarese et al., 2017). The
“compression region” is the area where the orthodontic forces press the
blood vessels. Therefore, blood flow and periodontal tissue changes may
adapt to the compression force. At the pressure region, the PDL displays
disorganization, decreased cell replication, and reduced fibre production
as a result of vascular constriction (Rygh, 1973).

The “tension region” is characterized by a stretching of the PDL fibres,
which determines the increment of cell replication (Tan et al., 2009). The
blood vessels on the side of PDL tension become distended, and fibro-
blasts are rearranged in the direction of the strain. The stretched fibro-
blasts appear spindle-shaped in the middle of the PDL and spherical near
the alveolar bone. Findings by Garant and Cho (1979) suggest that these
fibroblasts secrete new Sharpey's fibres in the PDL simultaneously with
the deposition of a new matrix on the adjacent alveolar bone socket wall.
In this condition, PDL and alveolar bone are degraded to create space for
the moving tooth, while new PDL is formed to maintain the attachment
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(Thilander et al., 2005).
The use of orthodontic forces produces three distinct phases: initial

phase, lag phase, and post lag phase (Burstone, 1962). Recently, OTM
was divided into four phases: initial, arrest, acceleration, and linear
phases (Pilon et al., 1996). A close relationship exists between the
vascular integrity of the PDL and the type of resorption resulting from an
applied force (Gianelly, 1969).

The initial vascular response of OTM is the release of vasoactive
neuropeptides by the stimulated sensory nerve ending. The changes on
the pressure side are characterized by compression, occlusion, and partial
disintegration of blood vessels. Immediately after force application, the
bloods vessels respond with increase of permeability. In this phase, it a
decrease of CD31, an adhesion molecule on endothelial cells, occurs,
suggesting an increased potential for vascular permeability (Mendes
et al., 2018). During orthodontic therapy, biological activity is charac-
terized by an increase in cellular response (Baumrind, 1969; Storey,
1973). The different modifications of fibrillar and vascular components
of PDL during OTM can be monitored by analysis of the expression of the
different proteins that compose it (Ten Cate et al., 1976; Bumann et al.,
1997; Bruckner and Van der Rest, 1994).

In our previous study, we analysed collagen type I, collagen type IV,
and fibronectin behaviour in PDL during OTM in the early stages of
treatment until 14 days, demonstrating that the OTM induced important
hemodynamic and structural modifications of PDL (Anastasi et al., 2008;
Feller et al., 2015). Moreover, the response of fibronectin to mechanical
force during OTM was important in the mechanosignalling and trans-
duction pathway, leading to extracellular matrix (ECM) remodelling
(Engel et al., 1981). The mechanical stimulation of the PDL alters the
production of collagen type I and fibronectin through the alteration of the
synthesis of ECM by the fibroblasts of the PDL (Yamada, 1983).

On this basis, in the present report, we re-evaluate our previous re-
sults (Anastasi et al., 2008), extending the time of the application force
up to 30 days, because at this stage, hyalinization exists in the region of
compression (Zainal Ariffin et al., 2011) and the movement is stopped
(Pilon et al., 1996). Moreover, considering our previous results regarding
collagen type IV, indicating a loss of vascular component at 14 days
(Anastasi et al., 2008), we also investigate the modifications in vascular
components, monitoring the staining pattern of vascular endothelial
growth factor (VEGF), since this protein is one of the most important
regulators of angiogenesis (Ferrara, 1999, 2009; Ferrara et al., 2003), and
it participates in the regulation of wound healing during OTM (Kaku
et al., 2008; Hazan-Molina et al., 2013). All proteins were investigated 1,
7, 14, 21, and 30 days after orthodontic treatment.

Furthermore, to verify an effective angiogenesis and the integrity of
the vascular wall, we performed double-localization reactions between
VEGF and CD31 and between collagen type IV and CD31 only at 30 days,
because in this phase, the movement is finished and the initial conditions
are restored.

2. Materials and methods

2.1. Subjects

For this study, we analysed in vivo human samples of PDL of 72 first
maxillary and mandibular premolars of 18 subjects, scheduled for or-
thodontic treatment, at the Department of Dentistry of Messina Univer-
sity, Italy.

All patients met the following criteria: 1) all 4 first premolars were
extracted for orthodontic reasons; 2) the patient was in good general
health, and the periodontium was healthy with no radiographic evidence
of bone loss and no gingival inflammation; and 3) no antibiotics or anti-
inflammatory drugs were used in the month before the study. All subjects
received repeated oral hygiene instructions about how to use a tooth-
brush, dental floss, and interdental brush before the placement of the
orthodontic appliance. The subjects, 11 females and 7 males (mean age
15.4 years; range, 13–18 years), not matched by age and sex, were
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randomly divided into 6 main groups; each group consisted of 3 subjects.

Group I: Twelve premolars from 3 subjects, not subjected to ortho-
dontic force, were extracted, and the PDL samples were used as
control.
Group II: Twelve premolars from 3 subjects were extracted 1 day after
the application of orthodontic force, and each PDL sample was ana-
lysed on both the tension and pressure side.
Group III: Twelve premolars from 3 subjects were extracted 7 days
after the application of orthodontic force, and each PDL sample was
analysed on both the tension and pressure side.
Group IV: Twelve premolars from 3 subjects were extracted 14 days
after the application of orthodontic force, and each PDL sample was
analysed on both tension and pressure side.
Group V: Twelve premolars from 3 subjects were extracted 21 days
after the application of orthodontic force, and each PDL sample was
analyzed on both tension and pressure side.
Group VI: Twelve premolars from 3 subjects were extracted 30 days
after the application of orthodontic force, and each PDL sample was
analysed on both tension and pressure side.

The older subjects (18 years) gave their informed consent for inclu-
sion before they participated in the study; for minors, informed consent
was provided by their parents or legal guardians. All procedures were
performed according to the Helsinki Declaration of 1975. The research
protocols were approved by the Ethics Committee of Azienda Ospeda-
liera Universitaria Policlinico “G. Martino” of Messina (project identifi-
cation code XX 18-18 07/03/2018).

2.2. Clinical procedures

For the application of orthodontic force during experimental tooth
movement, we directly bonded 0.022 inc, LP tubes, and master brackets
(American Orthodontics Sheboygan, Wisconsin, USA) to the buccal sur-
faces of the maxillary first premolars and molars. The premolars were
subjected to a buccally directed tipping force (50 g) with a nickel tita-
nium closed-coil spring (American Orthodontics). Bonding of the
brackets, bending of the springs, and calibration of force with a strain
gauge (Dentaurum, Ispringen, Germany) were performed by the same
clinician. After the experimental period was established for each group,
the premolars were extracted by the same surgeon with no surgical
trauma to the root. The PDL sampling was obtained by scraping the
radicular surface of the premolars. This scraping was carried out in the
compression area of the ligament that corresponds to the direction of the
buccal orthodontic force application and the contralateral area of
tension.

2.3. Immunofluorescence

The PDL samples were fixed in 3% paraformaldehyde in 0.2 M
phosphate buffer at pH 7.4. After numerous rinses in 0.2 M phosphate
buffer and phosphate-buffered saline (PBS), the samples were infiltrated
with 12% and 18% sucrose and frozen in liquid nitrogen. By cryostat, the
samples were cut into 20-μm-thick sections collected on glass slides
coated with 0.5% gelatine and 0.005% chromium potassium sulphate.

First, we performed a negative control on PDL, exclusively incubating
the secondary antibody, for 1 h at room temperature in a dark room to
verify the accuracy of the reactions.

On obtained sections, four different single-localization reactions were
performed to mark the collagen type I, collagen type IV, fibronectin, and
VEGF. To block nonspecific sites and to create permeablemembranes, the
sections were preincubated with 1% bovine serum albumin and 0.3%
Triton X-100 in PBS at room temperature for 15 min. Finally, the sections
were incubated with the primary antibodies for 2 h at room temperature
(Anastasi et al., 2007; Di Mauro et al., 2009; Cutroneo et al., 2015). The
following primary antibodies were used: mouse monoclonal
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anti-collagen type I antibody, diluted 1:400 (Sigma Aldrich, S. Louis,
Missouri, USA); mouse monoclonal anti-collagen type IV antibody,
diluted 1:400 (Sigma Aldrich); mouse monoclonal anti-fibronectin anti-
body, diluted 1:400 (Sigma Aldrich); and mouse monoclonal anti-VEGF
antibody, diluted 1:400 (Novus Biologicals, Littleton, USA). All primary
antibodies were stained with fluorescein isothiocyanate (FITC)–conju-
gated immunoglobulin G (IgG) anti-mouse, diluted 1:100 (Jackson
ImmunoResearch Laboratories, West Grove, PA); the fluorochrome was
applied for 1 h at room temperature in a dark room. In the same re-
actions, 40,6-diamidino-2-phenylindole (DAPI; Sigma Chemicals) was
used for nuclear staining diluted 1:1.000 in PBS for 10 min.

For double-localization reactions between collagen type IV and CD31
and between VEGF and CD31, after incubation of the secondary antibody
conjugated with FITC IgG anti-mouse, the rabbit polyclonal antibody
anti-CD31 was applied diluted at 1:50 at 4 �C overnight (Thermo Fisher
Scientific, Waltham, Ma, USA). The primary rabbit polyclonal antibody
was stained with Texas Red–conjugated IgG anti-rabbit (Jackson
ImmunoResearch Laboratories), applied for 1 h at room temperature in a
dark room (Anastasi et al., 2006).

Sections were then observed and photographed using a Zeiss LSM 5
DUO (Carl-Zeiss, Jena, Germany) tested using a META scanning module.
For the image detection, an argon laser (458 and 488 nm) was used. All
images were digitized at a resolution of 8 bits into an array of 2048 �
2048 pixels.

Optical sections of fluorescence specimens were obtained using HeNe
laser (543 nm) and argon laser (458) at a 1-min 2-sec scanning speed
with up to 8 averages. Thick sections (1.50 μm) were obtained using a
pinhole of 250. Contrast and brightness were established by examining
the most brightly labelled pixels and choosing a setting that allowed clear
visualization of structural details while keeping the highest pixel in-
tensities near 200. Settings used for all images were the same as those
obtained from other samples that had been processed in parallel.

To measure the intensity of the immunofluorescence of all tested
proteins, we used the “Histo” function of the confocal laser scanning
microscope. In detail, we observed 10 optical sections for each group of
patients and 20 microscopic fields for each section; all of these fields had
1.048.576 pixels and an area of 50.652 μm2. The “Histo” function
allowed us to convert each single pixel to obtain a numerical value that
indicates the intensity of immunofluorescence excluding any type of
error. Furthermore, we observed all samples of recruited subjects to
demonstrate that the images shown in this report are representative of all
remaining analysed samples.

Digital images were cropped, and figures were prepared using Adobe
Photoshop 7.0.

2.4. Statistical analysis

For statistical analysis, we used the confocal laser scanning micro-
scopy function, called “Histo” (previously described), using numerical
values in order to calculate the distribution and to obtain the real mean
intensity of fluorescent pixels for each acquired image.

For each group of premolars, the following independent variables
were considered: type I collagen, fibronectin, type IV collagen, and VEGF.
Their measurements were performed on both the pressure and the ten-
sion side. The numerical data are expressed as mean and standard de-
viation (SD).

Examined variables did not present normal distribution, as verified by
Kolmogorov-Smirnov test; consequently, the nonparametric approach
was used.

The Kruskal-Wallis test was used to compare measurements of the
stained area of type I collagen, fibronectin, type IV collagen, and VEGF in
the control group and after 1, 7, 14, 21, and 30 days. The significance
level was set at P < 0.05. The Bonferroni method was applied for the
correction of the type I error in the presence of multiple tests on the same
data (α divided by the number of the hypotheses considered).

Statistical analyses were performed using the SPSS 25.0 (IBM SPSS
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Statistics, New York, USA) for Window package.

3. Results

Immunofluorescence reactions were performed to verify the immu-
nostaining patterns of collagen type I, fibronectin, collagen type IV, and
VEGF in human PDL in both normal conditions and after 1, 7, 14, 21, and
30 days from orthodontic treatment on both the tension and the pressure
side. The sections were analysed using a stack of 16 sections (0.8 μm of
scan step) and carried out on 20-μm-thick cryosections of PDL.

Initially, we performed a negative control on PDL, omitting the pri-
mary antibodies for collagen type I (Fig. 1A), fibronectin (Fig. 1B),
collagen type IV (Fig. 1C), and VEGF (Fig. 1D); the black image allows us
to attest that the fluorochrome did not link to the secondary antibody,
demonstrating the accuracy of the reaction. The transmitted light for
each negative control was shown to demonstrate the presence of
microscopic fields.

3.1. Collagen type I

3.1.1. Tension side
Immunofluorescence reactions performed on PDL from control sub-

jects showed a clearly detectable staining pattern for collagen type I
(Fig. 2A). The fluorescence pattern for this protein, 1 day (B) after
treatment, was increased with respect to observations on PDL obtained
from control subjects. Its staining pattern was reduced at 7 days (C) and
more severely reduced at 14 days (D); the fluorescence pattern was
notably increased at 21 days (E) and 30 days (F) in comparison with the
previous stage. In all images, the DAPI staining (blue channel) confirmed
the presence of collagen type I in cells.

3.1.2. Pressure side
The staining pattern for collagen type I, 1 day (G) after treatment was

increased as compared with PDL obtained from control subjects. At 7
days (H), the staining pattern for this protein slightly increased, whereas
it notably increased at 14 (I), 21 (J), and 30 days (K) of treatment. In all
images, the DAPI staining (blue channel) showed specific staining for
collagen type I in cells.

3.2. Fibronectin

3.2.1. Tension side
Immunofluorescence reaction performed on PDL from control sub-

jects showed a clearly detectable staining pattern for fibronectin
(Fig. 3A). The staining pattern for this protein, after 1 day (B), showed
low fluorescence as compared with control findings. After 7 days (C) and
14 days (D), it was possible to observe a decrease for this staining pattern,
and at 21 days (E) and 30 days (F), this pattern increased. In all images,
the DAPI staining (blue channel) confirmed the presence of fibronectin in
cells.

3.2.2. Pressure side
The results of the staining pattern for fibronectin showed low fluo-

rescence at 1 day (G) of treatment, whereas at 7 (H), 14 (I), and 21 days
(J), it increased gradually, and at 30 days (K), the fluorescence pattern for
this protein still increased considerably. In all images, the DAPI staining
(blue channel) confirmed the presence of fibronectin in cells.

3.3. Collagen type IV

3.3.1. Tension side
The immunofluorescence reaction performed on PDL from control

subjects showed a clearly detectable staining pattern for collagen type IV
(Fig. 4A). Immunofluorescence results for this protein demonstrated a
decrease in staining pattern at 1 day (B); after 7 days (C), the fluorescence
slightly decreased, but it became more evident at 14 (D), 21 (E), and 30



Fig. 1. Compound panel showing immunohistochemical findings in periodontal ligament omitting the primary antibodies for collagen type I (A), fibronectin (B),
collagen type IV (C), and VEGF (D); the black image confirms that the fluorochrome did not link to the secondary antibody, demonstrating the accuracy of the reaction.
The transmitted light for each negative control is shown to demonstrate the presence of microscopic fields.
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Fig. 2. Compound panel showing immunohistochemical findings on samples immunolabelled with antibody against collagen type I. The staining pattern for this
protein show clearly detectable fluorescence in the periodontal ligament from control subjects (A). On the tension side, after 1 day of treatment, it was gradually
increased (B); at 7 days (C) and severely at 14 days (D), the collagen type I staining pattern was reduced, whereas the fluorescence pattern was notably increased at 21
(E) and 30 days (E). On the pressure side, the staining pattern for collagen type I slightly increased after 1 (G) and 7 days (H) of treatment, whereas at 14 (I), 21 (J),
and 30 days (K) of treatment, it notably increased. The blue fluorescence represents nuclear-staining DAPI confirming the presence of the cells.
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days (F) of treatment. Furthermore, at 30 days of treatment, the collagen
type IV staining pattern was mainly localized around the blood vessels. In
all images, the DAPI staining (blue channel) confirmed the presence of
collagen type IV in cells.

3.3.2. Pressure side
The results of the staining pattern for collagen type IV showed a low

fluorescence at 1 day (G) as compared with control subjects. After 7 days
(H), this protein showed an evident decrease, whereas at 14 (I), 21 (J),
and 30 days (K), it became gradually more evident. In all images, the
DAPI staining (blue channel) confirmed the presence of collagen type IV
in cells. A double-localization reaction between collagen type IV (green
channel in L) and CD31 (red channel in L), performed at 30 days, showed
a yellow fluorescence due to overlap of CD31 on collagen type IV,
demonstrating a co-localization between two proteins; furthermore,
these proteins had a similar staining pattern distributed around the
vessels.
3.4. VEGF

3.4.1. Tension side
Immunofluorescence reaction performed on PDL from control sub-

jects showed a clearly detectable staining pattern for VEGF (Fig. 5A).
Immunofluorescence findings for this protein on the tension side showed
a strong fluorescence pattern at 1 day (B), which decreased from 7 (C) to
14 days (D) and increased at 21 (E) and 30 days (F) of treatment. In all
images, the DAPI staining (blue channel) confirmed the presence of VEGF
in cells.
5

3.4.2. Pressure side
Results obtained on the pressure side showed a weak fluorescence

pattern at 1 day (G) and a more severely reduced staining pattern at 7 (H)
and 14 days (I) of treatment. Results after 21 (J) and 30 days (K) showed
an increase in VEGF staining pattern. In all images, the DAPI staining
(blue channel) confirmed the presence of VEGF in cells. The double-
localization reaction between VEGF (green channel in L) and CD31
(red channel in L), performed at 30 days, showed a yellow fluorescence
due to overlap of CD31 on VEGF, demonstrating a co-localization be-
tween the two proteins.

3.5. High magnifications

Performing higher magnification of any previous image, it is possible
to demonstrate the specific staining of the cells (Fig. 6). In particular, on
the tension side, we found collagen type I at 1 day (A), fibronectin at 21
days (B), collagen type IV at 1 day (C), and VEGF at 30 days (D); on the
pressure side, we found collagen type I at 21 days (E), fibronectin at 1 day
(F), collagen type IV at 1 day (G), and VEGF at 14 days (H). The same
condition was observed for other stages of treatment (data not shown).

3.6. Statistical analysis

The results obtained with confocal laser scanning microscopy were
analysed and elaborated, and the values for collagen type I, fibronectin,
collagen type IV, and VEGF in relation to the site of pressure/tension
collection for each group are summarized in Table 1, indicating mean
intensity and standard deviation.



Fig. 3. Compound panel showing immunohistochemical findings on samples immunolabelled with antibody against fibronectin. The staining pattern for this protein
shows a clearly detectable fluorescence in the periodontal ligament from control subjects (A). On the tension side, the staining pattern for this protein shows a very low
staining pattern at 1 day (B), whereas at 7 (C) and 14 days (D), it shows a decrease. At 21 (E) and 30 days (F) of treatment, the staining pattern increases. On the
pressure side, the results show a low fluorescence at 1 day (G), whereas at 7 (H), 14 (I), and 21 (J) days, it increases gradually. At 30 days (K), it is possible to observe a
strong increase in staining pattern for this protein. The blue fluorescence represents nuclear-staining DAPI confirming the presence of the cells.
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The Kruskal-Wallis test revealed a highly significant difference (P <

0.05) among the treated groups in association with the independent
variables.

Analysing the multiple comparisons, it is possible to denote that
collagen type I was significantly increased (P ¼ 0.000) at 1 and 30 days
after treatment and reduced at 14 days (P ¼ 0.000) on the tension side as
compared with control group, while immunofluorescence values at 7 and
21 days were not significantly modified (P ¼ 1.000, 1.000, respectively)
compared with the control group. On the pressure side, immunostaining
for this protein was significantly increased at 1, 7, 14, 21, and 30 days
after treatment (P ¼ 0.001, 0.002, 0.000, 0.000, and 0.000, respectively)
compared with the control group (Table 1, Fig. 2).

Fibronectin, on the tension side, was significantly reduced (P ¼
0.000) at 1, 7, and 14 days after treatment and not significantly modified
after 21 and 30 days (P ¼ 0.256, 1.000, respectively) compared with the
control group. On the pressure side, after 14, 21, and 30 days, its im-
munostaining was significantly increased (P ¼ 0.000) and not signifi-
cantly modified after 1 and 7 days (P ¼ 0.539, 1.000, respectively)
compared with the control group (Table 1, Fig. 3).

Collagen type IV was significantly reduced compared with the control
group, both on the tension (P ¼ 0.000) and on the pressure side (P ¼
0.000) at 1, 7, and 14 days, while at 21 and 30 days, its immunofluo-
rescence was not significantly modified compared with the control group
for both the tension (P¼ 0.596, 0.787, respectively) and pressure sides (P
¼ 0.350, 1.000, respectively; Table 1, Fig. 4).

VEGF was significantly increased compared with control group on the
tension side at 1 day (P ¼ 0.002), while its staining pattern was
6

significantly reduced at 14 days (P ¼ 0.000) compared with the control
group. At 7, 21, and 30 days, its immunofluorescence was not signifi-
cantly modified (P ¼ 0.030, 0.041, 0,047, respectively). On the pressure
side, this protein was significantly reduced (P ¼ 0.000) at 1, 7, and 14
days compared with the control group, while at 21 and 30 days, its
immunofluorescence was not significantly modified (P ¼ 0.678, 0.597,
respectively; Table 1, Fig. 5).

4. Discussion

The PDL consists of fibrous connective tissue containing cells, nerves,
and blood vessels (Nemoto et al., 2010) and plays a key role in regulating
the bone remodelling that occurs during tooth movement (Rygh, 1972;
Roberts and Ferguson, 1984). It is known that the mechanical stress
exerted on the teeth during OTM provokes changes in the structure of
PDL. Moreover, the mechanical forces influence not only the PDL but also
the state and composition of the crevicular fluid, playing a role in the
development of periodontal disease (McDevitt et al., 2003; Fiorillo et al.,
2018).

OTM has been defined as the result of a biologic response of the facial
bones by an externally applied force, with interference in the integrity of
the tissues (Anastasi et al., 2008; De Ponte et al., 2017). The tissues
involved in OTM are alveolar bone and the periodontal tissues; more-
over, the applied force causes the compression of the alveolar bone and
the PDL on one side, while on the opposite side, the PDL is stretched
(Masella and Meister, 2006; Isola et al., 2017).

Baumrind (1969) hypothesized that during pressure and tension, the



Fig. 4. Compound panel showing immunohistochemical findings on samples immunolabelled with antibody against collagen type IV. The staining pattern for this
protein shows a clearly detectable fluorescence in the periodontal ligament from control subjects (A). On the tension side, immunofluorescence results showed a
decrease in staining pattern for collagen type IV at 1 day (B); after 7 days (C), this staining pattern slightly increased, becoming more evident at 14 (D), 21 (E) and 30
(F) days. On the pressure side, the staining pattern for collagen type IV showed a low fluorescence at 1 day (G), whereas at 7 (H), 14 (I), 21 (J), and 30 (K) days, the
staining pattern is gradually increased. The blue fluorescence represents nuclear-staining DAPI confirming the presence of the cells. The double-localization reaction
between collagen type IV (green channel in L) and CD31 (red channel in L) at 30 days on the tension side shows a yellow fluorescence due to overlap of CD31 on
collagen type IV, demonstrating a co-localization between two proteins.
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PDL acts as a continuous hydrostatic system, suggesting that the forces
are transmitted equally. Therefore, several studies have investigated the
behaviour of PDL components during OTM, but much of the research has
been conducted in on animal models (Maltha et al., 2004), in particular
on rats (Rygh, 1973; Ren et al., 2004), and there are structural differences
between animals and humans in terms of the arrangement of the peri-
odontal fibres during experimental OTM (Reitan and Kvam, 1971;
Miyoshi et al., 2001). Studies on human PDL tissues have been conducted
in vitro on cell cultures (Kurol and Owman-Moll, 1998; Zhao et al.,
2008). Moreover, other authors have shown the distribution of me-
chanical force in the PDL areas during OTM (Chen et al., 2014).

The orthodontic forces during OTM are transmitted to endothelial
cells, promoting the migration of leukocytes, which secrete many sig-
nalling molecules, such as cytokines, chemokines, and growth factors, as
well as inflammatory mediators that stimulate PDL and alveolar bone to
remodel the ECM (Di Domenico et al., 2012; Mendes et al., 2018).
7

Moreover, the experimental data suggest that the intensity of the
orthodontic force should not exceed 50 g, to induce tooth movement and
promote cellular differentiation without vascular modification. This light
force selected should induce frontal bone resorption with consequent
tooth movement until the next activation (Kohno et al., 2002; Cheng
et al., 2009).

Here, we have performed an in vivo study on human PDL compo-
nents, including collagen type I, fibronectin, collagen type IV, and VEGF,
over a period of 30 days by the application of pre-calibrated light or-
thodontic force on the maxillary and mandibular premolars.

Our results show that collagen type I increases on the pressure side
after 21 days of treatment and it decreases on the tension side at 14 days.
Relative to the pressure side, we can hypothesize that an increase in
synthesis processes exists; these results are supported by previous studies
suggesting that orthodontic force induces PDL remodelling, with an in-
crease in collagen metabolism similar to wound-healing processes (Timpl



Fig. 5. Compound panel showing immunohistochemical findings on samples immunolabelled with antibody against VEGF. The staining pattern for this protein shows
a clearly detectable fluorescence in the periodontal ligament from control subjects (A). Results on the tension side showed a strong fluorescence pattern at day 1 (B)
that decreased from 7 (C) to 14 days (D) and increased from 21 (E) to 30 (F) days of treatment. On the pressure side, a weak fluorescence pattern is demonstrated at
day 1 (F), 7 (G), and 14 (H) of treatment. Results after 21 (I) and 30 (J) days showed an increase in VEGF staining pattern, which was uniformly distributed along the
tissue. The blue fluorescence represents nuclear-staining DAPI confirming the presence of the cells. The double-localization reaction between VEGF (green channel in
L) and CD31 (red channel in L), performed at 30 days on the tension side, shows yellow fluorescence due to overlap of CD31 on VEGF, demonstrating a co-localization
between the two proteins.
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et al., 1981). Relative to the tension side, our data suggest that an in-
crease in degradation processes exists. These results seem to be in
accordance with the literature demonstrating that the tension side is
characterized by low proliferative activity; there is also an increase in the
degradation processes during OTM (Zainal Ariffin et al., 2011). The most
important results are that, on the tension side, a collagen type I staining
pattern increases from 14 to 30 days, whereas on the pressure side, it
increases from 7 to 30 days. Thus, we can assume that after 30 days of
treatment, the staining pattern for collagen type I has been restored,
hypothesizing that the production of this protein seems to be time
dependent, as for collagen type IV (Oono et al., 1993).

The increase of collagen type I from 14 days to 30 days of treatment
on the tension side suggests that, in the presence of tensional stimuli, the
ECM is more synthetized; this is in accordance with reports that have
hypothesized a potential increase in matrix synthesis associated with
8

orthodontic forces (Timpl et al., 1981).
The positive trend of fibronectin from 1 to 30 days on the pressure

side and from 14 to 30 days on the tension side suggests that when a force
is applied, fibronectin could participate in reparative events to restore the
PDL structure.

Our results show a low signal for collagen type IV at 1 day of force
application, at both the tension and pressure sides. These data suggest
that both tensional and compressive forces could affect basal lamina
integrity. From 7 to 30 days, the staining pattern for collagen type IV
increased at both the tension and pressure side; this suggests that the
application of forces could promote angiogenesis processes order to
restore vascularization. Moreover, the OTM leads to a decrease in blood
flow, resulting in inflammation and hypoxia (which are closely related),
regulating angiogenesis events (Feller et al., 2015). Finally, our results on
the double-localization between collagen type IV and the CD31 staining



Fig. 6. Higher magnifications of previous images demonstrated the specific staining of the cells. In particular, on the tension side is shown collagen type I at 1 day (A),
fibronectin at 21 days (B), collagen type IV at 1 day (C), and VEGF at 30 days (D); on the pressure side is shown collagen type I at 21 days (E), fibronectin at 1 day (F),
collagen type IV at 1 day (G), and VEGF at 14 days (H). The same condition was observed for other stages of treatment (data not shown).

Table 1
Main intensity and standard deviation values of tested proteins on tension and pressure side of all treatment phases. Kruskal Wallis Test was used for pairwise com-
parisons between control group and orthodontically treated groups.

TENSION Groups (days after orthodontic treatment)

Protein Control 1 7 14 21 30

Collagen type I 180.88 � 3.546 235.74 � 3.557* 175.89 � 6.221 121.65 � 4.058* 176.44 � 3.601 204.81 � 3.161*
Fibronectin 181.55 � 4.804 164.01 � 3.143* 163.32 � 3.564* 146.02 � 5.487* 172.33 � 1.748 182.03 � 2.656
Collagen type IV 182.55 � 5.136 145.75 � 3.622* 143.25 � 4.022* 145.62 � 3.851* 175.55 � 2.617 176.03 � 3.629
VEGF 181.22 � 2.819 233.77 � 3.422* 174.21 � 2.263 144.68 � 3.757* 174.48 � 3.633 174.53 � 3.364

PRESSURE

Protein Control 1 7 14 21 30

Collagen type I 180.88 � 3.546 234.28 � 3.934* 238.47 � 1.464* 255.69 � 3.497* 250.54 � 5.066* 255.32 � 3.429*
Fibronectin 181.55 � 4.804 144.34 � 3.325 186.11 � 3.445 213.22 � 3.422* 234.53 � 3.822* 264.11 � 3.512*
Collagen type IV 182.55 � 5.136 138.29 � 4.277* 105.75 � 3.059* 115.10 � 3.161* 173.88 � 3.341 183.66 � 2.869
VEGF 181.22 � 2.819 154.65 � 3.819* 134.40 � 3.729* 116.01 � 3.289* 174.66 � 4.677 174.33 � 3.725

*P < 0.05 vs control.
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pattern, showing these proteins around the vessels, confirmed that
angiogenesis is finished at 30 days, when the vascular wall becomes
impermeable.

Our results on VEGF, observed in both sides, are in accordance with
reports demonstrating that the mechanical forces stimulate the pro-
duction of VEGF (Kaku et al., 2001; Salom~ao et al., 2014). It has been
reported that the application of orthodontic force produced significant
changes in blood vessel number (Lew, 1989). From our results showing
a decrease in VEGF staining pattern from 7 to 14 days at both pressure
and tension sides, we can hypothesize that activity of this protein is
reduced and consequently also that its role in bone remodelling and in
promoting angiogenesis processes, during initial application of force, is
reduced. However, from 14 to 30 days, the VEGF staining pattern
increased, at both pressure and tension sides, suggesting that regen-
erative processes exist in this phase, with formation of new bone and
vascular structures. On this basis, we suppose that during treatment,
severe neoangiogenesis is established. The double-localization reaction
between VEGF and CD31 confirm the integrity of vascular
endothelium.

Our present results, obtained on human PDL, demonstrate that the
application of light force allows orthodontic movement until 30 days,
without damage to the protein architecture of the ligament.
9
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