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ARTICLE INFO ABSTRACT

Keywords: The exact role of inflammatory immune response in bone healing process is still unclear, but the success of the
Bone alveolar bone healing process seems to be associated with a moderate and transitory inflammatory response,
Inflammation while insufficient or exacerbated responses seems to have a detrimental influence in the healing outcome. In this
Cytokine

context, we performed a comparative analysis of mice strains genetically selected for maximum (AIRmax) or
minimum (AIRmin) acute inflammatory response to address the influence of inflammation genes in alveolar
bone healing outcome. Experimental groups comprised 8-week-old male or female AIRmax and AIRmin sub-
mitted to extraction of upper right incisor, and evaluated at 0, 3, 7, 14 and 21 days after upper incision ex-
traction by micro-computed tomography (uCT), histomorphometry, birefringence, immunohistochemistry and
molecular (PCRArray) analysis. Overall, the results demonstrate a similar successful bone healing outcome at the
endpoint was evidenced in both AIRmin and AIRmax strains. The histormophometric analysis reveal a slight but
significant decrease in blood clot and inflammatory cells density, as well a delay in the bone formation in
AIRmax strain in the early times, associated with a decreased expression of BMP2, BMP4, BMP7, TGFb1, RUNX2,
and ALP. The evaluation of inflammatory cells nature reveals increased GR1 + cells counts in AIRmax strain at
3d, associated with increased levels of neutrophil chemoattractants such as CXCL1 and CXCL2, and its receptor
CXCR1, while F4/80+ cell prevails in AIRmin strain at 7d. Also, our results demonstrate a relative pre-
dominance of M2 macrophages in AIRmin strain, associated with an increased expression of ARG1, IL10, TGFb,
while M1 macrophages prevail in AIRmax, which parallel with increased IL-1B, IL-6 and TNF expression. At late
repair stage, AIRmax presents evidences of increased bone remodeling, characterized by increased density of
blood vessels and osteoclasts in parallel with decreased bone matrix density, as well increased levels of MMPs,
osteoclastogenic and osteocyte markers. In the view of contrasting inflammatory and healing phenotypes of
AlIRmin and AIRmax strains in other models, the unpredicted phenotype observed suggests the existence of
specific QTLs (Quantitative trait loci) responsible for the regulation ‘sterile’ inflammation and bone healing
events. Despite the similar endpoint healing, AIRmax strain delayed repair was associated with increased pre-
sence of neutrophils and M1 macrophages, supporting the association of M2 cells with faster bone healing.
Further studies are required to clarify the elements responsible for the regulation of inflammatory events at bone
healing sites, as well the determinants of bone healing outcome.
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1. Introduction

Bone is a complex and dynamic mineralized connective tissue
characterized by constant remodeling, which involves coupled cycles of
bone resorption and subsequent bone formation. Bone tissue also pre-
sents a considerable potential for healing, being the cooperative action
of bone forming and resorptive cells essential to restore the architecture
and function of damaged tissue [1-3].

The bone healing process involves an injury-triggered local in-
flammatory immune reaction, whose extent and intensity are thought
to influence the healing process outcome [4-6]. Chronic and ex-
acerbated inflammatory responses are usually associated with impaired
healing [7-9]. Conversely, a transitory and moderate inflammatory
process is thought to contributes to healing by promoting the local
production of growth factors and mediating the chemotaxis of cells
associated with the repair process [7-9]. Indeed, along the alveolar
bone healing in C57Bl/6 mice, diverse inflammatory mediators are
detected along the different stages of healing, reinforcing the potential
involvement of host response in this process [10,11]. In this scenario,
the ‘constructive inflammation’ concept is supported by the association
between anti-inflammatory drugs and delayed bone healing [11,12] .

However, the majority of information linking inflammation with
bone originates from chronic inflammatory osteolytic conditions, and
the exact influence of inflammatory response nature and extent in bone
healing outcome remains unclear [12-14]. In this setting, knockout
mice strains have been a useful tool to demonstrate a cause-and-effect
relationship between different pro- and anti-inflammatory cytokines
and bone in vivo [15,16]. However, knockout (KO) mice, albeit of being
a remarkable experimental tool, represent an extreme and non-natural
situation where a given cell or mediator is completely absent. Conse-
quently, unnatural KO-conditions do not mimic physiological in-
dividual variations that could account for the healing dissimilarities
and deviations, such as the ones characteristically observed in humans
[17]. Alternatively, the comparative analysis of mice strains with dis-
tinct inflammatory phenotypes could allow a cause-and-effect analysis
of the inflammatory balance and bone healing outcome.

In this context, mice strains genetically selected for maximum
(AIRmax) or minimum (AIRmin) acute inflammatory reaction, which
also differ in chronic inflammatory responsiveness, comprise a useful
model for studying the mechanisms linking inflammation to multiple
outcomes [18,19]. Genetic studies indicated that the contrasting in-
flammatory responsiveness of AIRmin and AIRmax strains involves at
least 11 QTLs (Quantitative trait loci) [20]. Additionally, subsequent
studies identified six inflammatory QTLs associated with the tissue re-
generation phenotype in AIR strains [21]. These loci, located on chro-
mosomes 1, 7, 8, 12, 14, and 16, harbor several candidate genes for the
characteristic AIR phenotypes [22]. Interestingly, in addition to the
distinct inflammatory phenotypes AIRmin and AIRmax were also de-
scribe to present distinct healing capacities. Indeed, a study focused in
ear soft tissue healing demonstrated that the AIRmax strain presents a
high regenerative capacity when compared to AIRmin [23]. Im-
portantly, favorable wound healing outcome was associated with leu-
kocyte infiltration [23], reinforcing the potential link between in-
flammation and healing. Additionally, QTLs on chromosomes 1 and 14
were identified to modulate ear wound healing [23], with also points to
possible common determinants of inflammatory and healing capacities
in AIRmin and AIRmax strains.

In this context, we hypothesize that AIRmin and AIRmax strains,
due to their distinct inflammatory responsiveness and healing potential,
can also present distinct bone healing outcomes. Therefore, their
comparative analysis can provide important information regarding the
link between inflammation and bone healing. In this study, AIRmax and
AIRmin mice were submitted to the extraction of the upper right incisor
and comparatively evaluated regarding the intensity and nature of the
inflammatory response along alveolar bone healing, as well as re-
garding the healing outcome evaluated by means of microtomographic,
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histological, histomorphometric and molecular analyses.

2. Materials and methods
2.1. Animals

Experimental groups comprised 8-week-old AIRmin and AIRmax
mice (strains generated and bred at Butantan Institute, Sao Paulo,
Brazil), maintained during the experimental period in the animal fa-
cility of FOB/USP. AIRmin and AIRmax strains were obtained through
bidirectional genetic selection, starting with a genetically hetero-
geneous founder population (FO) produced by intercrossing eight iso-
genic strains of mice of independent origins (A/J, DBA/2J, P/J, SWR/J,
SJL/J, CBA/J, BALB/cJ, and C57BL/6J) [18,23].The derived popula-
tions inflammatory phenotype was determined by the local exudation
and leukocyte influx quantification in response to polyacrylamide beads
(Biogel), which allowed the subsequent bidirectional intercrossing and
the progressive divergence of the AIRmax and AIRmin lines in the in-
flammatory readouts, derived from homozygotic accumulation of al-
leles in QTL endowed with opposite and additive effects on the in-
flammatory response [18,23].Throughout the period of the study, mice
were fed with sterile standard solid mice chow (Nuvital, Curitiba, PR,
Brazil) and sterile water. Each experimental protocol was carried out
using equivalent numbers of male and female mice. The experimental
protocol was approved by the local Institutional Committee for Animal
Care and Use following the Guide for the Care and Use of Laboratory
Animals principles (CEEPA-FOB/USP, process # 003/2014).

2.2. Experimental protocol and mice tooth extraction model

Animals were submitted to extraction of upper right incisor as
previously described [24]. Male or female AIRmax and AIRmin mice
(N = 5/time/group) were anesthetized by intramuscular administra-
tion of 80mg/kg of ketamine chloride (Dopalen, Agribrans Brasil
LTDA) and 160 mg/kg of xylazine chloride (Anasedan, Agribrands
Brasil LTDA) in the proportion 1:1, according to the animal body mass.
Importantly, animals presenting fractured teeth during the extraction
were excluded from further analysis. At the end of the experimental
periods (0, 3, 7, 14 and 21 days post tooth extraction), the animals were
killed with an excessive dose of anesthetic and the maxillae samples
were collected. The maxillae samples were analyzed by micro-com-
puted tomography (uCT), after the maxillae samples were dissected and
prepared for histomorphometry and collagen birefringence analyses or
molecular analyses.

2.3. Micro-computed tomography (uCT) assessment

The maxillae samples were scanned by the Skyscan 1174 System
(Skyscan, Kontich, Belgium), at 50 kV, 800uA, with a 0.5 mm alumi-
nium filter and 15% beam hardening correction, ring artifacts, reduc-
tion, 180 degrees of rotation and exposure range of 1 degree. Images
were captured with 1304x1024 pixels and a resolution of 14 pm pixel
size. Projection images were reconstructed using the NRecon software
and three-dimensional images obtained by the CT-Vox software.
Morphological parameters of trabecular bone microarchitecture were
assessed using the CTAn software in accordance with the recommended
guidelines [25]. A cylindrical region of interest (ROI) with an axis
length of 3mm (100 slices) and diameter of 1 mm was determined by
segmenting the trabecular bone located from the coronal to apical
thirds. Trabecular measurements included the tissue volume (TV,
mm?), bone volume (BV, mm®) bone volume fraction (BV/TV, %),
trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, 1/mm),
and trabecular separation (Tb.Sp, mm) [25,26].
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Fig. 1. Micro-computed tomography (uCT) analysis of bone healing process kinetics in AIRmin and AIRmax mice. Samples from 8-week-old male or female mice were
scanned with the pCT System (Skyscan 1174; Skyscan, Kontich, Belgium) 0, 3, 7, 14 and 21 days post tooth extraction time points for the kinetics evaluation of the
bone healing process. Images were reconstructed using the NRecon software and three-dimensional images obtained with the CT-Vox software. The sectioned maxilla
are represented at the transverse and coronal planes. The delimited area is representing the bone healing process kinetics in mice.

2.4. Histomorphometric analysis

Serial sections (8 semi-serial sections of each maxilla, with a 5um
thickness for each section) were obtained using a microtome (Leica
RM2255, Germany) and stained with H.E. (hematoxylin and eosin).
Morphometric measurements were performed by a single calibrated
investigator with a binocular light microscope (Olympus Optical Co.,
Tokyo, Japan) using a 100x immersion objective and a Zeiss kpl 8X
eyepiece containing a Zeiss II integration grid (Carl Zeiss Jena GmbH,
Jena, Germany) with 10 parallel lines and 100 points in a quadrangular
area. The grid image was successively superimposed on approximately
13 histological fields per histological section, comprised of all tooth
sockets from the coronal limit adjacent to the gingival epithelium until
the lower apical limit. For each animal/socket, sections from the cor-
onal, medial and apical thirds were evaluated. In the morphometric
analysis, points were counted coinciding with the images of the fol-
lowing components of the alveolar socket: clot, inflammatory cells,
blood vessels, fibroblasts, collagen fibers, bone matrix, osteoblasts, os-
teoclasts and other components (empty space left by the inflammatory
exudate or intercellular liquid and bone marrow); similar to previous
descriptions in other models [4,27,28]. The results were presented as
the mean of volume density for each evaluated structure.
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2.5. Picrosirius-polarization method

The Picrosirius-polarization method and quantification of bi-
refringent fibers were performed to assess the structural changes in the
newly formed bone trabeculae matrix based on the birefringence of the
collagen fiber bundles, as previously described [29,30]. Serial sections
(8 semi serial sections of each maxilla) with 5um thickness were cut
and stained with Picrosirius Red Stain; all sections were stained si-
multaneously to avoid variations due to possible differences in the
staining process. Picrosirius Red-stained sections were analyzed
through a polarizing lens coupled to a binocular inverted microscope
(Leica DM IRB/E), and all images were captured with the same para-
meters (the same light intensity and angle of the polarizing lens 90° to
the light source). AdobePhotoshopCS6 software was used to delimit the
region of interest (alveolar area comprised of new tissue with the ex-
ternal limit comprised of the alveolar wall). The quantification of the
intensity of birefringence brightness was performed using the AxioVi-
sion 4.8 software (CarlZeiss). For quantification, the images were bi-
narized for definition of the green, yellow and red color spectra and the
quantity of each color pixels® corresponding to the total area enclosed
in the alveoli were measured. Mean values of 4 sections from each
animal were calculated in pixels?.
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Fig. 2. Morphological parameters of the trabecular bone microarchitecture. Data were assessed using the CTAn software from the cylindrical region of interest (ROI)
determined by segmenting the trabecular bone located from the coronal to apical thirds. Trabecular measurements analyzed included: (A) tissue volume (TV, mm?®),
(B) bone volume (BV, mm?), (C) bone volume fraction (BV/TV, %), (D) trabecular thickness (Tb.Th, mm), (E) trabecular number (Tb.N, 1/mm) and (F) trabecular
separation (Tb.Sp, mm). Results are presented as mean ( = SD). Different letters indicate significant statistical differences (p < 0.05) between the periods within
each group; no statistically significant differences were observed upon the comparison of AIRmin and AIRmax groups in each time point.

2.6. Immunohistochemistry analysis

Histological sections from 3, 7, 14 and 21 days were deparaffinised
following standard procedures. The material was pre-incubated with
3% Hydrogen Peroxidase Block (Spring Bioscience Corporation, CA,
USA) and subsequently incubated with 7% NFDM to block serum pro-
teins. The histological sections from of all groups were incubated with
antibodies specific for a particular target, such as, and anti-Grl poly-
clonal antibody (sc-168490) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-F4/80 polyclonal antibody (sc-26642) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) anti-CD80 monoclonal antibody
(sc-9091) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-
CD206 polyclonal antibody (sc-34577) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at 1:50 concentrations for 1h at room tempera-
ture. The identification of antigen-antibody reaction was performed
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using 3-3’-diaminobenzidine (DAB) and counter-staining with Mayer's
hematoxylin. Positive controls were assessed in mouse spleen for po-
sitive Grl, F4/80, CD80 and CD206 receptors. The analysis of im-
munolabeled cells was performed by a single calibrated investigator
with a binocular light microscope (Olympus Optical Co., Tokyo, Japan)
using a 100x immersion objective, and performed in a blinded way for
groups and time points. The quantitative analysis for the different
markers was performed throughout the alveolar extension. The abso-
lute number of immunolabeled cells was obtained to calculate the mean
for each section.

2.7. RealTime PCR array reactions

RealTimePCR array reactions were performed as previously de-
scribed [31-33]. The extraction of total RNA from the remaining
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Table 1
Trabecular bone microarchitecture from uCT assessment of the tooth extraction sockets along the bone healing process in AIRmin and AIRmax mice.
AIRmin
Parameters 3d 7d 14d 21d
BV (mm®) 0.06 * 0.01° 0.10 * 0.02° 0.50 = 0.09" 0.47 = 0.11°
BV/TV (%) 6.62 * 1.55° 11.9 + 3.26%¢ 54.4 + 13.4° 44.6 * 10.7°¢
Tb.Th (mm) 0.03 * 0.01% 0.06 + 0.01% 0.14 + 0.03° 0.15 + 0.02°
Tb.N (1/mm) 1.56 * 0.19* 2.08 = 0.36™° 3.94 + 1.19° 2.87 + 0.43"¢
Tb.Sp (mm) 0.53 + 0.02° 0.52 * 0.08° 0.18 + 0.05° 0.18 + 0.05"
AIRmax
Parameters 3d 7d 14d 21d
BV (mm®) 0.06 + 0.02* 0.07 * 0.02*" 0.41 * 0.11° 0.46 + 0.09°
BV/TV (%) 6.74 + 2.80* 8.57 + 2.74>P 45.0 * 13.0° 43.6 + 9.21°
Tb.Th (mm) 0.03 * 0.01° 0.05 * 0.009*° 0.12 + 0.02° 0.12 + 0.03°
Tb.N (1/mm) 1.53 * 0.44° 1.67 * 0.41° 3.97 + 0.85° 3.39 = 1.00°°
Tb.Sp (mm) 0.57 * 0.07° 0.58 * 0.07% 0.21 * 0.07> 0.17 * 0.04°

Different letters indicate significant statistical differences (p < 0.05) between the periods within each group.

alveolus was performed with the RNeasyFFPE kit (Qiagen Inc, Valencia,
CA) according to the manufacturers’ instructions. RNA samples in-
tegrity was verified by analyzing 1 ug of total RNA in a 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA) according to the manu-
facturers’ instructions, and the complementary DNA was synthesized
using 3 pg of RNA through a reverse transcription reaction (Superscript
111, Invitrogen Corporation, Carlsbad, CA, USA). RealTimePCR array
was performed in a Viia7 instrument (LifeTechnologies, Carlsbad, CA)
using a custom panel containing targets “Wound Healing” (PAMM-
121), “Inflammatory cytokines and receptors” (PAMM-011) and “Os-
teogenesis” (PAMM-026) (SABiosciences, Frederick, MD) for gene ex-
pression profiling. RealTimePCR array data were analyzed by the RT?
profiler PCR Array Data Analysis online software (SABiosciences, Fre-
derick, MD) for normalizing the initial geometric mean of three con-
stitutive genes (GAPDH, ACTB, Hprtl) and subsequently normalized by
the control group (the AIRmin and AIRmax controls mean was used as
overall ‘control group’ for normalization), and expressed as fold change
relative to the control group; as previously described [34,35].

2.8. Statistical analysis

Data were presented as means * SD, initially the data distribution
were tested by the Shapiro-Wilk normality test. Differences among data
sets were statistically analyzed by ANOVA (followed by the Tukey test)
or Kruskal-Wallis (followed by the Dunn's test), for the comparative
analysis of the different time point in each strain, or student's t-test or
Mann-Whitney test for the comparative analysis of AIRmin and AIRmax
strains in individual time points. PCR array data were analyzed by the
Mann-Whitney test followed by Benjamini-Hochberg test. Values of
p < 0.05 were considered statistically significant. All were performed
with Graph-Pad Prism 5.0 software (GraphPad Software Inc, San Diego,
CA).

3. Results
3.1. Micro-computed tomography (uCT) analysis

Three-dimensional puCT analysis from the maxillae depicts the al-
veolar bone healing process in AIRmin and AIRmax mice over time
(Fig. 1). In the initial time (0 day), in both strains the alveolus was
completely void without hyperdense areas. After 3d timepoint, hy-
perdense areas become evident, with and evidences of centripetal bone
formation from the lateral and apical walls of the extraction sockets
toward the center and the coronal region of the alveolus in both strains,
followed by an increase in hyperdense regions, which includes
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increasing trabecular number and thickness, until the endpoint, where
the alveoli appears to be filled with neo formed bone, characterizing a
successful healing outcome (Fig. 1) The quantitative analysis of pCT
data confirms the qualitative three-dimensional analysis observations
(Fig. 2). In both strains, the kinetic analysis demonstrated a progressive
increase over the periods in bone volume (BV), bone volume fraction
(BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb.N),
along a marked reduction in trabecular separation (Tb.Sp) from 14 days
(Fig. 2A-F, Table 1). However, no significant differences in the bone
healing parameters between AIRmin and AIRmax strains were observed
in the pCT analysis. Importantly, no significant differences were ob-
served in healing features in males and females, used in equivalent
numbers in the experiments (data not shown).

3.2. Histological, histomorphometrical and birefringence evaluation

The histological and histomorphometrical analyses was performed
to the qualitative and quantitative analysis of characteristic element of
distinct bone healing stages, namely blood clot, inflammatory cells,
fibroblasts, collagen fibers, blood vessels, bone matrix, osteoblasts, os-
teoclasts and other structures; and reveals some differences between the
strains (Fig. 3 and Fig. 4). Overall, the socket of both AIRmin and
AlRmax strains exhibited predominantly blood clot at day 0 (im-
mediately after tooth extraction) with a negligible number of leuko-
cytes (Fig. 3A and B). The clot density was found to be smaller in
AIRmax strain at the day 0 time point, and to be subsequently reduced
over time in both strains (Fig. 4A). Additionally, we observed an
abundant amount of granulation tissue (fibers, fibroblast, blood vessels
and connective tissue) (Fig. 4B—E) with leucocytes infiltration at 3 days,
with significant lower leukocyte counts in AIRmax strain at this time
point (Fig. 4F). At 3d time point, the initial evidences of osteogenesis
were detectable, with lower density of bone matrix, osteoblasts and
bone tissue observed in AIRmax strain (Fig. 4G, H and J). From 7d time
points, the substitution of granulation tissue by newly formed bone
becomes evident, with evidences of a slight but significant delay in
AIRmax strain (Fig. 3A and 3B), characterized by with lower density of
bone matrix and bone tissue, and increased collagen fibers, in com-
parison with AIRmin strain (Fig. 4G, J and B). At 14d and 21d time
points, the bone remodeling activity was evidenced by the presence of
osteoclasts, which were present in a higher density in AIRmax strain
(Fig. 41). The volume density of other structures, comprised in the early
times by the presence of interstitial fluid, was found to be increased in
AIRmax strain at oh time point; as well be increased at 7d and 14 in this
strain, when other structures are basically represented by the increased
presence of bone marrow when compared to the AIRmin strain (4L). In
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Fig. 3. Histological aspects of the medial and apical thirds from tooth sockets in the bone healing process. (A) representative sections of the alveolar bone healing
kinetics at 0, 3, 7, 14 and 21 days post-extraction of the upper right incisor in AIRmin mice, as well as (B) representative sections of the alveolar bone healing in

AIRmax mice. HE staining, original magnification 10x and 40x.

the birefringence analysis, the new organic matrix consisting pre-
dominantly of collagen fibers bundles were more evident after 7d time
point, followed by a progressive presence in the sockets of both AIRmin
and AIRmax strains, as evidenced by polarized light images (Fig. 5A
and B). The quantitative analysis showed a similar pattern in the matrix
maturation dynamics during the time points in both strains, char-
acterized by the initial prevalence of collagen fibers in green tones
(thinner and immature fibers) at 3d and 7d time points, followed by the
prevalence of collagen fibers emitting yellow and red color spectrum
(thicker and mature collagen) at the latter time points, with a decrease
of in red fiber in AIRmax strain at 21d time point (Fig. 5C and D).

3.3. Immunohistochemical analysis of Gr1+, F4/80+, CD80+ and
CD206 + cells

The immunohistochemical analysis was used to detect the presence
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of Grl+ (granulocytes), F4/80+ (macrophages), CD80+ (M1 macro-
phages) and CD206 + (M2 macrophages) cells in the sites of alveolar
bone repair process (Fig. 6A, 6B, 6C and 6D). The quantitative analysis
of immunostained cells demonstrated higher counts of Grl + in AIRmax
strain at 3d, while decreased counts were observed in AIRmax strain at
14d and 21d time points when compared to AIRmin (Fig. 7A). The
overall counts of F4/80+ cells were similar in both strains, except for
7d time point, where AIRmin presented increased counts in comparison
with AIRmax (Fig. 7B). Regarding M1 and M2 markers, CD80 + cells
were presented in higher counts in AIRmax strain at 3d and 14d time
points, while CD206 + cells counts were lower in AIRmax strain at 7d,
when compared to AIRmin strain (Fig. 7C and D).

3.4. Molecular analysis using realtime PCRArray

Differential gene expression of several molecules involved in bone
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the alveolar socket. (A) clot, (B) fibers, (C) fibroblasts, (D) blood vessels, (E) total density of connective tissue (represented by the sum of fibers, fibroblasts, blood
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between the periods.

healing (i.e., growth factors, bone formation markers, immunological
markers, and putative MSC markers) were investigated in AIRmin and
AlRmax strains. An initial exploratory analysis was performed with a
samples pool from all time points, and subsequently, the targets with a
differential expression between AIRmin and AIRmax were analyzed in
according to their kinetics of expression along all experimental periods
individually. Among several growth factors, the molecules BMP4 and
BMP?7 expression were up regulated along bone healing in the AIRmin
in comparison to AIRmax (Fig. 8A) with an expression peak at 3d and
7d (Fig. 9). VEGFA and VEGFB expression were up regulated in the
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AlRmax strain (Fig. 8A), with an mRNA expression peak at 7d time
point (Fig. 9). Considering the inflammatory and immunological fac-
tors/markers analyzed, ARG1, CCR5, CCL5, CCL20 and CX3CL1 were
upregulated in the AIRmin in comparison with AIRmax (Fig. 8A and
8B), with a peak of mRNA levels at 7 days followed by a gradual de-
crease in their expression in the subsequent experimental periods
(Fig. 9), while IL-13, TNF-a, CXCR1, CXCL1 and CXCL2 expression
were up regulated in the AIRmax in comparison to the AIRmin (Fig. 8A
and 8B), with an overall expression peak at the early experimental time
points (Fig. 9). Among the extracellular matrix markers, MMP8, MMP9
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and MMP13 were up regulated in bone repair process in the AIRmax
compared to the AIRmin (Fig. 8C), with an early expression peak for
MMP8 and later expression peaks for MMP9 and MMP13 (Fig. 9). MSC
marker NANOG were found positively up regulated in the AIRmin while
CD34 levels were higher in AIRmax strain (Fig. 8C), both markers
presented a similar expression kinetics, peaking at 7d and 14d time
points (Fig. 9). Among bone markers, the early bone formation marker
RUNX2 and the late bone formation markers PHEX and SOST were
upregulated in the AIRmin strain (Fig. 8C), with kinetic expression
patterns compatible with the early and late expression (Fig. 9). RANKL
and CTSK markers were found up regulated in the AIRmax (Fig. 8C)
peaking at 14d and 21d time points (Fig. 9).
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Airmax )

4. Discussion

While a transitory and moderate host response allegedly contributes
to bone healing, exacerbated responses seems to have a detrimental role
in this process. However, the exact role of inflammatory immune re-
sponse in bone healing process remains unclear. In this context, this
study took advantage of mice strains genetically selected for maximum
(AIRmax) or minimum (AIRmin) acute inflammatory response to study
the relationship between contrasting inflammatory responsiveness
genotypes/phenotypes and bone healing outcome. Remarkably, despite
a slight, but significant, delay in the bone formation in AIRmax strain, a
similar successful bone healing outcome at the endpoint was evidenced
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Fig. 6. Inmunohistochemistry analysis for (A) GR1+, (B) F4/80+, (C) CD80+ and (D) CD206 + cells present in the bone repair process in the AIRmin and AIRmax
mice. Representative sections from medial thirds of the socket at days 3, 7,14 and 21 days after tooth extraction. Indirect staining MACH4 + DAB, anti-staining Mayer
hematoxylin; objective of 100x.

in both AIRmin and AIRmax strains, as demonstrated by microtomo- some significant differences observed in determined time points were
graphic and histological/histomorphometric analysis, which similar observed, and can provide interesting insights into the inflammation
features to that previously reported in C57Bl/6 mice [24]. However, and healing interplay at alveolar area.
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Initially, in the view of extreme and contrasting inflammatory and
healing phenotypes previously described to AIRmin and AIRmax strains
[21,22], it is possible to consider that the overall similarity in bone
healing outcome in these strains comprises an unpredicted phenotype.
The existence of common QTLs influencing the healing processes in
different tissues is supported by the description of a heritable strong
genetic correlation between cartilage and ear regeneration [36]. In-
deed, numerous QTLs potentially involved in soft tissue healing out-
comes have been identified, including the specific QTLs underlying
AIRmin and AIRmax differential healing [22,37]. However, a previous
study described that intramembranous bone regeneration was largely
independent of known heritable traits, including soft tissue healing
[38]. In this context, it is possible to suggest that the genetic basis of
intramembranous bone repair is likely distinct from the overall healing,
which could account for the divergent ear and bone healing outcomes
observed in AIR strains. Importantly, despite the description of genetic
influence in fracture healing among different inbred mouse strains [39],
and of numerous QTLs associated with bone features (i.e. composition,
microarchitecture and biomechanical performance) [40-42], the QTLs
associated with bone healing remain to be determined.

At this point, it is also mandatory to consider that the inflammatory
phenotype observed at healing sites in the AIR strains was also un-
predicted. Indeed, while AIRmin/AIRmax strains present a notable di-
chotomy in diverse acute and chronic inflammatory processes
[17,18,43-45], similar inflammatory cell counts in the AIRmin and
AlRmax strains were observed at bone healing sites. Primarily, it is
necessary to consider that the nature of inflammatory process in al-
veolar bone healing significantly differ from the other models where
AIRmin/AIRmax strains were investigated. Alveolar bone healing
comprise an ‘sterile’ inflammation process, being the inflammatory
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response theoretically triggered by DAMPs derived from tissue damage
[24]. Also, alveolar bone healing requires a major clotting process to
fulfill the alveolar socket; followed by a transitory inflammatory reac-
tion and of the formation of granulation tissue [24]. Such transitional
tissue, upon inflammation resolution evolves to a newly formed bone
tissue [24]. Importantly, the ‘AIR’ genotypes/phenotypes selection was
based in leukocyte and serum protein accumulation in the exudate in
response to a neutral substrate (suspension of polyacrylamide mi-
crobeads) in the subcutaneous compartment [18]. Additionally, the
infectious and chronic inflammation models which replicates opposing
minimal and maximal inflammatory phenotypes [17,18,43-45] also
clearly differ from the bone healing scenario, where the inflammatory
response is supposedly triggered by DAMPs in a different cellular en-
vironment.

Therefore, it is plausible that different QTLs may control the in-
flammatory responsiveness in different contexts, i.e. involving distinct
stimuli and different tissues. Indeed, QTLs on chromosomes 12 and 16
are suggested to modulate development and resolution of sterile in-
flammation in AXB-BXA RI strains [46], while QTLs chromosomes 1
and 14 are associated with AIRmin/AIRmax inflammatory and healing
capacity [18,23]. It is also important to understand the complexity of
the genetic influence in complex multi-stage processes such as ear or
bone healing. Indeed, individual QTLs can modulate specific stages
and/or events involved in healing, such as clotting [47], early in-
flammatory events [21], angiogenesis [48], collagen production
[49,50], tissue mineralization [51]. The existence of multiple putative
‘QTL control points’ highlights the complexity of genetic network un-
derlying bone healing outcome. Indeed, genetic control of in-
flammatory and healing phenotypes in AIR strains involves diverse
QTLs and specific genes/alleles, such as Slc11al [21], which account
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for a significant extent for the differential response between the strains
[22]. Slc11al alleles are named R or S once they confer resistance (R) or
susceptibility (S) to a series of infectious conditions [52,53]. In fact,
subsequent studies have demonstrated significant frequency differences
on these alleles in the AIRmax and AIRmin strains, the R allele being
predominate AIRmax animals, while the presence of the allele S is
characteristic of the AIRmin strain [52].

However, despite similar healing outcome, AIRmin and AIRmax
strains presents some significant differences in bone healing kinetics/
stages which can provide interesting insights into the inflammation/
healing relationship. Initially, the histormophometric analysis reveal a
slight but significant delay in the bone formation in the early times in
AIRmax strain when compared with AIRmin counterpart. Accordingly,
such alteration was accompanied by a decreased expression of BMP2,
BMP4, BMP7 and TGFbl, collectively responsible by osteoblastic dif-
ferentiation, RUNX2, the master transcription factor responsible for
osteoblastic phenotype acquisition, and ALP, a key enzyme of bone
mineralization process [54-57].

Looking for possible reasons underlying the initial delay in bone
formation in AIRmax strain, a decrease in blood clot and inflammatory
cell density were also observed in the early times when compared with
AlIRmin strain. Accordingly, the clotting process is classically described
as an essential element of alveolar healing [9].The proper clot forma-
tion allows the subsequent recruitment of different inflammatory cell
subsets, which is a key step of healing process [58]. Interestingly, while
the histomorphometric analysis reveals an overall quantitative simi-
larity in the inflammatory infiltrate, the nature of the cells comprising

the inflammatory infiltrate differ between AIRmin and AIRmax strains.

Initially, it becomes evident the initial predominance of neutrophils
(i.e.GR1 + cells) in the initial inflammatory response in AIRmax strain,
in parallel with increased levels of CXCL1 and CXCL2, and its receptor
CXCR1. Accordingly, CXCL1 and CLXCL2 exerts a major role in neu-
trophil chemoattraction via CXCR1 [52]. Previous studies describe that
AIRmax mice features a higher neutrophil production in the bone me-
dulla, a higher concentration of neutrophils in blood and an increased
resistance of locally infiltrated neutrophils to spontaneous apoptosis
[44,53], which could also contribute to the increased neutrophil in-
filtration. A recent study describe that neutrophil recruitment is es-
sential to create an provisional extracellular matrix and initiate
downstream responses that mediate bone fracture healing [59,60].
However, neutrophils inhibit the synthesis of mineralized extracellular
matrix [61], which could account for the delayed repair in AIRmax
strain due increased neutrophil counts and activity. It is necessary to
consider that the proper repair observed in AIRmin strain was asso-
ciated with increased neutrophil counts in the latter stages, which add
some complexity to the neutrophils/healing interplay. One possible
explanation refers to the relatively recent description of neutrophils N1
and N2 subsets [62], which could account for distinct outcomes of
healing [63]. However, neutrophils subsets are still unclear, and further
studies are required to explore its potential modulation of healing
stages.

Regarding the putative influence of macrophages subsets in bone
healing, M2 macrophages (i.e CD206+ cells) are in relative pre-
dominance in AIRmin strain, while M1 macrophages (i.e CD80+ cells)
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prevail in AIRmax. Macrophages polarized into a M1 phenotype are
considered pro-inflammatory cells, being able to produce high levels of
pro-inflammatory cytokines like TNF and IL-6, and iNOS [64]. Con-
versely, M2 macrophages are characterized by high expression of anti-
inflammatory and pro-reparative/anabolic cytokines such as IL-10 and
TGFp1, as well as ARG-1 [65-67]. Accordingly, the molecular analysis
demonstrated increased levels of M2 markers (ARG1, IL-10, TGFb) in
AIRmin strain, while pro-inflammatory M1-related factors (IL1B, IL6,
TNF) prevail in AIRmax strain. While the initial M1 macrophages has
been implicated as essential for activation of acute inflammatory re-
sponse, M2 cells are considered favorable for regenerative outcome
[68-72]. Indeed, previous studies demonstrate that the repair process
involves an initial M1 polarization that rapidly evolves to M2 [73]. In
this context, the initial M1/M2 imbalance in AIRmax strain could ac-
count for the bone healing delay observed. It is also important to
mention that the F4/80+ cells counts in AIRmin outnumber those
observed in AIRmax healing sites. Such data reinforces the potential
involvement of macrophages in the bone healing, since these cells un-
dergo its polarization towards a proper phenotype [74]. Accordingly,
the increased macrophage migration is supported by the expression of
the chemokines CCL2 and CCL5, and the chemokine receptors CCR2
and CCRS5, characteristically involved in macrophages chemotaxis [75].

Finally, when comparing the later healing stages between the AIR
strains, we observed evidences of a larger bone remodeling in AIRmax
strain, characterized by increased density of blood vessels, osteoclasts
in parallel with decreased bone matrix density. Accordingly, AIRmax
healing sites presents increased levels of angiogenesis- (VEGFA and
VEGFB) and osteoclasts- (RANKL, CATEPK) -related factors, char-
acteristic markers of bone remodeling and osteoclastic activity [76,77].
Interestingly, an increased M1/M2 ratio was described to contribute to
osteoclastogenesis [68,78], which also could rationalize the increased
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osteoclasts counts in AIRmax strain. Interestingly, a regulatory feed-
back mechanism was recently described, where osteoclasts suppress M1
state via oc-stamp [79]. Therefore, it is possible to assume the existence
of a complex regulatory pathway operating in bone healing sites, where
the initially increased M1/M2 ratio boosts osteoclastogenesis, and is
subsequently a target of the regulatory loop. Also, healing sites of
AIRmax strain presented lower levels of mature bone makers PHEX and
SOST [24], which support the evidence of the increased remodeling
activity. The increased remodeling activity is also supported by the
decrease of mature (red birefringent) fibers, and increased expression of
MMP2, MMP8 and MMM13 in AIRmax strain. Accordingly, MMPs are
important for the migration of inflammatory cells, degradation and
remodeling of the extracellular matrix proteins and in the angiogenesis
processes [80-82].

5. Conclusion

In summary, the present study demonstrated an overall similar in-
flammatory response at healing sites and similar healing outcome in
AIRmin and AIRmax strains. In the view of contrasting inflammatory
and healing phenotypes of AIRmin and AIRmax strains in other models,
the unpredicted phenotype observed suggests the existence of specific
QTLs responsible for bone healing, as well for the regulation of ‘sterile’
inflammation process that takes place as an initial step of bone healing
events. Despite the similar endpoint healing, our results demonstrate
that the delayed repair observed in the AIRmax strain was associated
with increased presence of neutrophils and M1 macrophages, sup-
porting the association of M2 cells with faster bone healing. Further
studies are required to clarify the elements responsible for the regula-
tion of inflammatory events at bone healing sites, as well the de-
terminants of bone healing outcome.
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