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Objective: This systematic review aimed to address whether the alveolar socket repair after a tooth extraction is
impacted by an osteoporotic phenotype and propose methodological observations.

Design: A search strategy in MEDLINE/PubMed, EMBASE, Web of Science, and Scopus databases was performed.
Quality assessment was carried out through the SYRCLE Risk of Bias tool.

Results: Out of the 1147 potentially relevant records, 25 met the inclusion criteria. Most of the studies were
performed in rats, and ovariectomy (OVX) was the most frequent osteoporosis induction method. Histo-
morphometry, micro-computed tomography (microCT), and immunohistochemistry were the main bone repair
evaluation methods. Most of the included studies (88 %) presented negative impacts of osteoporosis on the
alveolar socket repair. Only three studies (12 %) showed no statistical differences among groups. Overall, most of
the quality assessment categories presented a high percentage of unclear risk of bias due to insufficient infor-
mation in the studies.

Conclusions: The results indicated that an osteoporotic phenotype seems to impair alveolar socket repair after
tooth extraction. However, there is still a lack of information and standardization. Therefore, further studies
should consider the proposed methodological aspects regarding animal characteristics, OVX associated with a
low calcium diet, waiting 8 weeks to osteoporosis induction, maxillary molars as the best option for tooth
extraction, confirming and reporting OVX and osteoporosis success, and an appropriate method of repair
analysis.

1. Introduction

Osteoporosis is a systemic skeletal disease characterized by lower
bone mass and bone microstructure deterioration (Kanis et al., 2019). It
was estimated that 27 million people were affected by this disease up to
2010 only in the European Union (Hernlund et al., 2013). Besides, the
actual current scenario may be at least 10 times higher since most cases
still go underdiagnosed, and these estimates are expected to worsen with
the aging population (Hernlund et al., 2013; Hiligsmann et al., 2019;
Nuti et al., 2019; Pietschmann et al., 2009).

The pathophysiology of osteoporosis is characterized by a high
osteoclastic activity, which prevails over the osteoblastic one

(Pietschmann et al., 2009; Rachner et al., 2011). Menopause is the
leading risk factor of osteoporosis, characterized by decreased ovarian
function, consequently causing an estrogen deficiency. Estrogen is a
hormone with variable functions in bone homeostasis, such as stimu-
lating osteoblastic function and differentiation; inhibiting osteoclastic
differentiation and activity by cellular effects or inhibiting the produc-
tion of RANKL by mesenchymal stem cells, osteoblasts, and osteocytes;
and regulation of cytokines related to the stimulus of bone resorption
(Curtis et al., 2016; Eastell et al., 2016; Kerschan-Schindl et al., 2018;
Pietschmann et al., 2015). Considering the estrogen function and its
effects, a lack of this hormone may lead to an unbalance in bone turn-
over, ultimately favoring its resorption (Kerschan-Schindl et al., 2018).
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Even though menopause is the most frequent determinant for osteopo-
rosis, there are many other potentially associated risk factors, namely
advanced age, genetics, smoking, and alcohol consumption (Curtis et al.,
2016). These other potential risk factors for osteoporosis also present
similar pathogenic mechanisms related to a consequent lack of estrogen
(Kerschan-Schindl et al., 2018).

The consequent bone deterioration caused by osteoporosis signifi-
cantly increases the susceptibility to bone fractures, potentially
impairing the process of bone repair (Cheung et al., 2016; Kanis et al.,
2019; Nikolaou et al., 2009). However, whether osteoporosis actually
impairs osseous healing is still a matter of debate with no consensus
(Féron & Mauprivez, 2016; Gorter et al., 2020; Hak, 2018). The current
literature of clinical studies evaluating bone healing is scarce due to the
difficulty of conducting research with osteoporotic patients and not
being affected by other variables such as aging, endocrine disorders, and
medications (Hak, 2018). On the other hand, the literature currently
supposes that osteoporotic healing is similar to the normal bone yet
delayed (Féron & Mauprivez, 2016). Apart from that, there are some
studies that held that the osteoporosis aggravates the chances of im-
plants loss, functional outcomes issues, and non-unions during the
fracture healing processes (Barrios et al., 1993; Biiylikkurt et al., 2012;
Fitzpatrick et al., 2012)

To reduce the risk of bone fractures, different medications are pre-
scribed for osteoporotic patients (Hegde et al., 2016; Kanis et al., 2019;
Simpson et al., 2020). In jawbones, a focus on the effect of osteoporosis
medications on the jaws-related osteonecrosis events has been exten-
sively studied (Beth-Tasdogan et al., 2017; Escobedo et al., 2020; Khan
et al., 2015; Nicolatou-Galitis et al., 2019). On the other hand, the
impact of osteoporosis without the effect of medications is still unclear
and needs to be further addressed since a significant number of aged
patients’ lives with an osteoporotic phenotype and may be under-
diagnosed or even failing to take the medications regularly (Hiligsmann
et al., 2019; Martin et al., 2020).

Tooth extraction is one of the most common procedures in alveolar
bones, and tooth loss is one of the most critical oral health indicators (de
Weijden et al., 2009; Haworth et al., 2018; Susin et al., 2005). Even
though its rates have been dropping over the last years, 158 million
people are still affected by severe tooth loss (Kassebaum et al., 2014).
Epidemiological studies reveal a strong positive correlation between age
determinant and missing teeth (Haworth et al., 2018; Susin et al., 2005).
In parallel, osteoporosis is also strongly correlated to age (Johnell &
Kanis, 2006; Kerschan-Schindl et al., 2018; Khosla et al., 2018;
Pietschmann et al., 2009). In this context, the relationship between
osteoporosis and tooth extraction should be further verified. Some
preclinical studies have already addressed conclusions about this issue,
indicating that an osteoporotic-phenotype delay alveolar bone repair
after tooth extraction (Arioka et al., 2019; Chen et al., 2018; de Oliveira
Puttini et al., 2019; Liu et al., 2019; Luvizuto et al., 2010a, 2010b, 2011;
Miranda et al., 2020; Pereira et al., 2007; Shimizu et al., 2000; Teéfilo
et al., 2004). Although the process of extraction socket healing is widely
comprehended (de Weijden et al., 2009; Marmary et al., 1986), no re-
view has been conducted to verify whether this process occurs differ-
ently in osteoporotic bones.

To the best of our knowledge, there are no clinical studies that
evaluate the bone repair of a socket post tooth extraction in osteoporotic
patients without medication. The OVX procedure has been widely used
to induce osteoporosis in experimental animal studies (Iwaniec &
Turner, 2013; Thompson et al., 1995; Yousefzadeh et al., 2020). Other
procedures to induce osteoporosis in animals have also been described
(Iwaniec & Turner, 2013).

Considering that osteoporosis is a prevalent disease, and tooth
extraction is a common surgical procedure for aged individuals, the
comprehension of the socket repair process in these cases is of crucial
clinical relevance. Taking the pathophysiology of osteoporosis into ac-
count, we hypothesize that an osteoporotic condition may impair the
process of alveolar socket repair. In this sense, the current systematic
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review aimed to address whether alveolar socket repair after a tooth
extraction is impacted by an osteoporotic phenotype and propose
methodological aspects for future preclinical studies.

2. Methods
2.1. Protocol registration and focused question

This review was registered at the National Institute for Health
Research, International Prospective Register of Systematic Reviews
(http://www.crd.york.ac.uk/PROSPERO#CRD42019150539). Accord-
ing to Preferred Reporting Items for Systematic Reviews (PRISMA)
guidelines (Moher et al., 2009), the following specific question was
framed for this systematic review: "Does osteoporosis impair alveolar
socket repair after tooth extraction?"

2.2. Search strategy

According to the Populations, Interventions, Comparison, Outcomes,
and Study Design (PICOS) principle, the search strategy was con-
structed. Individual search strategies were designed for the following
electronic databases: MEDLINE/PubMed, EMBASE, Web of Science, and
Scopus. The electronic databases were searched to identify relevant
studies published up to and including August 2020. The searched pub-
lications were only considered in the English language, with no re-
strictions on publication year. The search strategy contained a
combination of controlled predefined Medical Subject Heading (MeSH)
terms and free terms using the Boolean operators (i.e., OR, AND), always
adapted to the syntax rules of each bibliographic database. Supple-
mentary Table 1 details the search strategies performed in the electronic
databases. Additionally, it was also conducted a manual search of bib-
liographies and reference lists of the included studies to locate any po-
tential unidentified study.

2.3. Eligibility criteria

2.3.1. Inclusion criteria

The present systematic review was based on original preclinical
research studies considering animal models with osteoporotic-like bony
phenotype. The animals should be submitted to tooth extraction pro-
cedures and evaluation of alveolar bone repair. The studies inclusion
criteria were: (1) populations: extraction socket; (2) intervention: oste-
oporosis induction; (3) comparisons: no intervention; (4) primary out-
comes: quantitative data on the newly formed bone; or secondary
outcomes: qualitative data on the newly formed bone.

2.3.2. Exclusion criteria

Review papers, letters to the editor, monographs, conference papers,
book chapters, unpublished data, and studies published in a language
other than English were excluded. Ex vivo and in vitro studies were also
disregarded. Original animal research studies were excluded when: (1)
the animals presented other systemic diseases or comorbidities; (2) the
study did not show a non-osteoporotic control group; and (3) the study
compared different treatments for osteoporosis; (4) the outcomes
involved alveolar ridge preservation.

Table 1
Reasons for exclusion after full-text reading.

Reason for exclusion n (studies)

No osteoporosis induction 13
No alveolar socket repair analysis 16
No healthy/sham/control group 9
Not an experimental study 9
Group OVX subjected to other treatments/interventions 3
Full-text article not found; 1
n= 51
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2.4. Study selection and data extraction

Titles and abstracts of all studies were reviewed. It was first selected
the studies that met the inclusion criteria based on their titles and ab-
stracts. Studies that failed the inclusion criteria were excluded. The
finally included papers were thoroughly read. Two reviewers (F.M.S.; B.
B.S.) conducted the process of research independently and in duplicate.
The two reviewers discussed with a third one (M.D.D) when there was a
disagreement. The required information from the eligible studies was
collected by one of the reviewers (B.B.S.). For each study, the following
data were extracted, using a standardized data collection form: (1)
publication details (first author and year); (2) animal model; (3) samples
characteristics (groups/environmental characteristics/sex/age); (4)
tooth extraction characteristics; (5) osteoporosis induction method; (6)
method of repair analysis; (7) primary outcomes on the newly formed
bone; and/or secondary outcomes on the newly formed bone. All the
data extracted were inserted in a database on the EndNote software
(Thompson Reuters, New York, NY, USA).

2.5. Risk of bias assessment

The assessment for possible existing bias at the selected studies was
performed using the Systematic Review Centre for Laboratory Animal
Experimentation Risk of Bias (SYRCLE RoB Tool). This instrument was
specifically developed for the risk of bias in animal research and based
on the Cochrane Collaboration (Hooijmans et al., 2014). The SYRCLE
RoB Tool consists of 10 entries, classified as the sort of bias: selection
bias, performance bias, detection bias, attrition bias, reporting bias, and
others. For "others" section, 3 entries were added to adapt this tool to the
present study. The following 3 new entries were considered to be
essential for bias assessment in the field of osteoporosis and alveolar
socket repair: (1) Reporting an evaluation method for the success of
OVX; (2) Adequate time between OVX and tooth extraction; (3) Evalu-
ating and reporting osteoporosis confirmation. For each entry, the
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studies received a score of "high risk of bias" (when the study does not
meet one or more criteria for that entry); "unclear risk of bias" (when the
study does not present the necessary data for this entry or partly meet
one or more criteria), or "low risk of bias" (when all the requirements
were met for this entry).

2.6. Data synthesis and statistical analysis

Due to methodological heterogeneity, a quantitative analysis of the
obtained results was not feasible. Consequently, the results were quali-
tatively analyzed and descriptively summarized. In order to increase the
comprehension and better address the focused question of this review,
the results will be separated into two parts: "primary outcomes" in which
the results of the newly formed bone area or volume will be presented. In
the second part, there will be the "secondary outcomes" in which the
results from qualitative analysis of the newly formed bone obtained by
other methods will be described. Data were tabulated and processed
using Microsoft Excel®.

3. Results
3.1. Study selection

A total of 1147 potentially relevant records were identified and
further processed according to the PRISMA statement (Fig. 1) (Moher
et al., 2009). After that, duplicate removal was performed, and there
were 759 records to examine based on title and/or abstract. Then, 684
records were removed since they did not meet the eligibility criteria for
this study. Seventy-five articles were selected to be full-text read. Sub-
sequently, 51 articles were excluded according to the reasons described
in Table 1. After a manual search of bibliographies, one study was
further included. Overall, a total of 25 studies were finally included in
the present review (Arioka et al., 2019; Bezerra et al., 2013; Chavarry
etal., 2019; Chen et al., 2018; de Oliveira et al., 2019; de Oliveira Puttini

1147 potentially relevant

database searches

l

759 records after removal
of duplicates

759 screened records

75 articles detailed assessed
for eligibility

!

25 studies included in the
qualitative synthesis

|

0 studies included in the
quantitative synthesis (meta-
analysis)

|[ELIGIBILITY| [SCREENING| [IDENTIFICATION|

[INCLUSION|

records identified from |-

H Studies identified by database:
i PubMed (MEDLINE): 285
EMBASE: 141

i - Web of Science: 227

H Scopus: 494

684 records excluded on the
basis of the title and/or
abstracts :

1 additional studies from
manual search.

Fig. 1. PRISMA flow diagram for systematic search and studies selection strategy.
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et al., 2019; Hsieh et al., 1995; Jee et al., 2010; Kim et al., 2015; Liu
et al., 2014; Liu et al., 2019; Luvizuto et al., 2010a, 2010b, 2011;
Machado et al., 2010; Miranda et al., 2020; Pereira et al., 2007; Prado
et al., 2012; Ramalho-Ferreira et al., 2017; Shimizu et al., 1998, 2000;
Shoji et al., 2008; Tanaka et al., 2001; Tedfilo et al., 2004; Zecchin et al.,
2005).

3.2. Study characteristics

The general descriptions of the included studies are summarized in
Table 2. The 25 included articles were published between 1995 and
2020. The studies were conducted in different countries: the USA,
Canada, Brazil, United Kingdom, Japan, China, and South Korea. The
majority of the studies (56 %) were performed in Brazil. Considering the
animal models, 22 (88 %) out of the 25 studies used rats, 2 (8 %) mice,
and 1 (4 %) rabbits. From the 22 studies using rats, the majority of
lineages were Wistar. From the available data, the age of the animals
ranged from 4 weeks to 6 months (mean age: 99 + 57days). The majority
of the studies used female animals (92 %), and the maxillary molars (44
%) and the upper incisors (32 %) were the most prevalent teeth groups
submitted to tooth extraction. Some studies presented additional
experimental groups that were not of interest to the present review.

3.3. Osteoporosis induction methods

The period between the induction of osteoporosis and tooth extrac-
tion ranged from O to 60 days (33.7 + 22.2 days). Among the studies that
confirmed that the animals were osteoporotic, the mean period between
osteoporosis induction until confirmation, and then tooth extraction,
was 50.5 days (+£18.1).

For the osteoporosis induction method, 19 studies (76 %) employed
OVX, 2 (8 %) the orchiectomy (ORQ), and 3 (12 %) the OVX and low
calcium and phosphate diet (Chavarry et al., 2019; Ramalho-Ferreira
et al., 2017; Teofilo et al., 2004). Prado et al. (2012) was the only study
that performed two different methods and compared them, an OVX
group and an OVX with a low calcium and phosphate diet group.

Confirmation of OVX procedure was reported in 9 (36 %) studies by
estrous cycle assessment, estradiol depletion, absence of ovaries, and
atrophy of the uterine horns after autopsy observation. Additionally,
confirmation of osteoporosis was reported in only 7 (28 %) of the studies
by bone densitometry, microCT, histomorphometry of tibia, humerus,
femur, and lumbar vertebrae. Only 3 (12 %) studies confirmed an
osteoporotic phenotype in the jaw skeleton (Arioka et al., 2019; Chen
et al., 2018; Liu et al., 2019).

3.4. Method of analysis for alveolar socket repair after tooth extraction

Several methods for bone repair analysis were employed in the
included studies. Thirteen studies (52 %) used the histomorphometric
analysis to assess the bone repair process. Nine studies (36 %) used
immunohistochemistry through the following different antibodies:
RANKL, OPG, osteocalcin, TRAP, alkaline phosphatase, Wnt, osteo-
pontin, bone sialoprotein. The imaginological examination for bone
repair analysis was used in 8 (32 %) of the included studies. The other
types of analysis are described in Table 2.

The period of socket repair analysis ranged from 3-70 days. The most
frequent analysis period was 7 days, which was performed in 13 (52 %)
of the studies. After 7 days, the other most frequent analysis periods
were 14 and 28 days, both used in 9 (36 %) of the studies. The different
analysis periods performed in the studies are presented in Table 2. The
analysis period’s median was 21 days.

3.5. Overall results of the included studies

Twenty-two studies (88 %) presented negative effects of osteoporosis
on alveolar socket repair, and only 3 (12 %) reported no differences in
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alveolar socket repair when comparing osteoporosis inducted and con-
trol groups. None of the studies in this review presented positive effects
of osteoporosis on alveolar socket repair. Relevant topics regarding the
primary outcomes (quantitative results of the newly formed bone) and
secondary outcomes (qualitative results from the newly formed bone) of
the negative effects will be presented in the following section.

3.6. Primary outcomes

The following studies conducted quantitative analysis of the newly
formed bone which were considered to be primary outcomes of this
review. Out of the 20 studies that performed this quantitative assess-
ment, 80 % showed significantly less amount of neoformed bone tissue
in OVX groups compared to control (evaluated through histo-
morphometry, microCT, scanning electron microscope or backscattered
electron image). Table 4 highlights the amount of newly formed bone
with absolute values provided by some studies with histomorphometric
analysis.

In the study of Teofilo et al. (2004), a significant decrease in the bone
volume fraction was observed by means of histometric volume fraction
of bone trabeculae of the alveolar sockets of OVX rats at 3- and 9-weeks
post-extraction (PE), associated with a larger volume fractions of con-
nective tissue and/or coagulum remnants. Also, by histomorphometry,
Pereira et al. (2007) demonstrated that the volume fraction of newly
formed bone was significantly lower in the OVX group at 14, 21, and 28
days PE. Likewise, Luvizuto et al. (2010a, 2010b) evaluated neoformed
bone area at 7, 14, 21, 28, and 42 days after tooth extraction also by
means of histomorphometric analysis, and observed that OVX presented
a significantly lower bone area comparing to the sham group at all these
periods analyzed. The results obtained by Machado et al. (2010) also
showed a decrease in the newly formed bone area in the middle and
cervical thirds of the alveolar socket regions of rats in the OVX group
compared with sham at 7 and 14 days PE. On the other hand, Prado et al.
(2012) demonstrated that estrogen hormonal deficiency alone did not
delay alveolar bone repair in OVX rats. However, the estrogen deficiency
associated with a calcium-deficient diet led to a lower amount of alve-
olar trabecular volume at 7- and 45-days PE compared to control and
estrogen-deficient + regular diet groups. At 8 days PE, Bezerra et al.
(2013) showed a reduction of the new bone formation was observed in
the OVX group alveolus, while the control group presented the highest
newly formed bone percentage also by means of histometric analysis.
Still, Liu et al. (2014) pointed out a decrease in the number of bone
trabeculae in the OVX group comparing to control at 4 weeks PE.
Another type of bone area quantification performed in pixels with An-
iline blue staining was performed by Chen et al. (2018), and a signifi-
cantly lower alveolar socket repair in the extraction socket was noticed
at 7- and 21-days PE comparing to control. Still by means of histo-
morphometric analysis, Miranda et al. (2020) evaluated newly formed
bone at 10, 20, and 30 days. But significant differences were perceived
between OVX and control only at 30 days PE, being OVX with less newly
formed bone.

Regarding microCT analysis, the study of Arioka et al. (2019) showed
that bone volume was significantly lower at the OVX animals’ extraction
socket at 7 days PE. Likewise, Liu et al. (2019) demonstrated that
extraction socket repair in OVX mice was delayed to 8 weeks PE while
control healed at 4. Also, employing the bone volume analysis through
microCT, the authors observed that, at the healed extraction socket, the
control group presented a significantly smaller amount of bone volume
fraction than OVX. Also employing microCT, De Oliveira Puttini et al.
(2019) observed that the group with a osteoporosis induction presented
a significantly lower amount of newly formed bone volume 60 days PE.

Employing Energy Dispersive X-Ray Microanalysis, the study of
Tanaka et al. (2001) was not able to observe a difference in newly
formed bone inside the alveolar socket neither in the quantities of cal-
cium and phosphate between OVX and control groups. However, these
authors showed a significant decrease in the vestibular bone surface of
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Table 2

Description of the main characteristics from the included studies.
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Author, year Animal species ~ Samples Experimental groups  Osteoporosis Tooth Method of healing Main outcomes
/ Strain characteristics / Number of animals  induction: extraction analysis Type Period of
Sex Age method/ characteristics analysis
period
Females Group 1: OV¥ + ovX MS; MS: This dynamic me‘asure
tooth extraction / 6 represents the magnitude
Group 2: tooth of active mineralization at
extraction + sham MAR; the bone area analyzed at
operation / 5 that specific time,
indicated by the quantity
of labeled surface, and did
not show differences
between OVX and sham in
the present study
. . MAR: This dynamic
ht 11
Hsieh et al. (1995)  Rats / NI Right maxillary measure represents the
. molar
35 days-old Group 3: sham No waiting rate of osteoblasts” work
o er:tio.n + 1o tooth Mean width of the and also did not
P . alveolar bonel0 days demonstrate differences
extraction / 5
among groups.
Mean width of alveolar
bone: there were no
significant differences in
the alveolar socket width
from gingivobuccal to
apical region among
groups.
Females Bilaterally OVX / 5 OovVX SEM: New bone formation
was increased in OVX in
th 1 iods i
SEM: mean percentage ¢ ear y periocs In
. comparison to sham but
of bone formative or
. . . R then decreased. At 60
Shimizu et al. Rats / Wistar Non-OVX control: Right maxillary resorptive areas from davs. bone formation was
(1998) 6 months-old sham surgical 60 days first molar the surfaces around the VS, .
already static in sham.
procedure / 5 extracted sockets 4, 7, .
30, 60 days Bone resorption was
’ stimulated and long-
lasting in OVX rats
comparing to sham.
Females Bilaterally OVX / NI [0)7:¢ BSE: newly formed bone
BSE: mean area of area wa.s mgnlﬁcantly.
newly formed greater in sham than in
maxillary bone at OVX rats at both 7 and 60
.y days. OVX significantly
buccal side of decreased bone formation
Shimizu et al. . Non-OVX control: Maxillary first extraction socket and .
. Rats / Wistar . throughout the healing
(2000) 6 months-old sham surgical 60 days molars mean percentage of
processes both at the
procedure / NI newly formed alveolar .
maxillary bone surface
bone of extracted e
and within the extracted
alveolar socket 7, 30,
alveolar sockets. Bone
60 days . .
resorption was stimulated
and long-lasting in OVX.
SEM: No differences were
b. d ding th
SEM: mean percentage ObsSErved regarcing the
. mean percentage of the
of bone formative or newly formed bone area
Females Bilaterally OVX / NI [0)%):¢ Maxillary first bone resorptive areas in y .
on maxillary surfaces at 7
bone surface observed
from the occlusal side and 30 days. At 60 days,
’ OVX presented the
highest.
BSE: Within the alveolar
k iffe
BSE: mean area of socket, no di efences
were observed in the mean
Tanaka et al newly formed bone at percentage of newly
; | Rats / Wistar the buccal side of
(2001) alveolar sockets: mean formed bone between
percentage of néwly sham and OVX at 30 and
Non-OVX control: alveolar bone of 62;[2:' S?tr:?;c:ge less
6 months-old sham surgical 7 days molars extracted alveolar P » SI8 Y

procedure / NI

sockets.

EDX: quantitative
analysis of Ca and P
weight percentage 7,
30, 60 days

newly formed bone area
on the buccal side of OVX
but only at 60 days.

EDX: microanalysis
showed that on newly
formed bone matrices of
OVX and sham, Ca and P
weight % and the ratio

(continued on next page)



B.B. S6 et al.

Table 2 (continued)
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Author, year Animal species Samples Experimental groups  Osteoporosis Tooth Method of healing Main outcomes
/ Strain characteristics / Number of animals  induction: extraction analysis Type Period of
Sex Age method/ characteristics analysis
period
between Ca/P, suggesting
that OVX neither
increased nor decreased
mineralization processes.
OVX +low Ca . Qualitative histological =~ HMM: A significant
Femal h ht
emates Sham /30 and P diet Upper rig analysis; decrease was observed in
the bone volume fraction
- HMM: volume fraction filling the alveolar sockets
Tedfilo et al. ) of OVX rats, both 3 and 9
(2004) Rats / Wistar of bone trabeculae, weeks after tooth
50-60 days OvVX/ 30 2 weeks incisors connective tissue, and .. .
extraction, in parallel with
coagulum remnants 1, .
larger volume fractions of
2, 3, 9 weeks .
connective tissue and/or
coagulum remnants.
Gene expression: semi-
quantitative RT-PCR Gene expression: The
Females Control (sham) / 33 ovVX (MMP-2, MMP-9, Type P o
absence of estrogen in
I collagen, Type III .
OVX animals promoted a
. Second collagen); . .
Zecchin et al. . ) > . decrease of gelatinolytic
. Rats / Wistar mandibular Protein expression: .
(2005) activities of MMP-2 and
molars western blots ((MMP-2, . R R
MMP-9. Tyoe I MMP-9 in all time-periods
4-weeks OVX /33 21 days » VP and types I and III collagen
collagen, Type III
mRNA levels.
collagen).
3, 5, 7 days
RA: Densitometric x-rays
showed asignificant
reduction in OD readings
Females Control (sham) / 30 (0)7:¢ RA: Bone densitometry  in the OVX group, which
means a decreased bone
content in the absence of
t .
Pereira et al First ;SI\;OMge]gurin the first
PO Rats / Wistar mandibular : &
(2007) . . week, there were no
molars HMM: % epithelial R
differences between the
coverage,volume studied groups in respect
fracti f fibroblast
4-6-weeks OvVX/ 30 21 days raction o roblasts, to bone formation. At 14,
collagen, and newly 21, and 28 days.Sham
formed bone 3,5,7,14, presentz 5
21,28d
’ ays significantly higher
amounts of bone volume.
Females Control / 8 [0)7:¢ Colony assays; Colony assays: Short-term
estrogen depletion
significantly increased the
percentage of AP-positive
CFU-F in both vehicle and
Gene expression: in situ Dex-treated cultures
hybridization derived from mandibular
(osteocalcin mRNA bone, suggesting that the
expression). effect of OVX on
. osteoprogenitors in the
. Rats /Sprague- Incisor of the A o
St t al. (2008 t dibl
hoji et al. ( ) Dawley 6-months ovX /8 14 days right mandible rﬁ.zgenera 10§ mandible 1s
either smaller or later
occurring.
Gene expression:
Osteocalcin mRNA
present on labeled
osteoblasts of the
4-weeks .
regenerating bone surface
was not significantly
different between control
and OVX.
MicroCT: a qualitative MicroCT: No clear
Females Sham-operated / 5 (0)7:¢ analysis of new bone difference in the healing
formation; process was observed.
RA: radiographic RA: At 4-weeks post-
. density extraction, there were
Jee et al. (2010) Rats /Sprague- L'eft maxillary significant differences in
Dawley first molars radiographic densities
5-weeks OVX + saline / 7 NI &rap .
between the OVX saline
2, 4, 6-weeks

and sham-operated, OVX
rats presented low bone
densities in the extraction

(continued on next page)
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Author, year

Animal species
/ Strain

Samples
characteristics
Sex Age

Experimental groups
/ Number of animals

Tooth
extraction

Osteoporosis
induction:
method/
period

characteristics

Method of healing
analysis Type Period of
analysis

Main outcomes

Luvizuto et al.
(2010a)

Luvizuto et al.
(2010b)

Machado et al.
(2010)

Luvizuto et al.
(2011)

Prado et al. (2012)

Females

Rats / Wistar
70-days

Females

Rats / Wistar

70-days

Female

Rats / Wistar
4-6 weeks old

Females

Rats / Wistar
70-days

Rats / Wistar Female

Sham-operated / 40

OVX + oil / 40

Sham-operated / 40

OVX + oil / 40

Sham OVX/NaCl /
20

OVX/NaCl / 20

Sham-operated / 40

OVX + oil / 40

Sham / 21

(0)7:¢

At least 26
days
(depending on
the period of
analysis)

Right maxillary
incisor

OovX

Right maxillary
incisor

At least 26
days
(depending on
the period of
analysis)

(0)7:¢

Right maxillary

At least 30 L
incisor

days (not
specified)

(0)7:¢

At least 26
days
(depending on
the period of
analysis)

Right maxillary
incisor

(0)7:¢ Bilateral

HMM: neoformed bone
area;
IHC: RANKL and OPG

7,14, 21, 28, 42-days

HMM: neoformed bone
area and trabecular
thickness;

IHC: osteocalcin

7, 14, 21, 28, 42-days

HMM: Bone area.

7 and 14 days

IHC: OPG/RANKL,
TRAP.

7, 14, 21, 28, 42-days

socket comparing to
control rats.

HMM: Animals in the
sham group showed
greater bone formation in
the middle third in all
periods of analysis,
whereas OVX had lower
bone formation. There
was a significant
difference between the
quantity of bone
formation in the sham
group in comparison with
the bone formation in the
other groups (7 and 14-
days).

HMM: Sham group
showed a greater bone
mass in the middle term in
all periods analyzed. In
OVX, the trabecular
thickness was significantly
thinner and quantitatively
smaller than it was in the
other experimental
groups.

THC: OVX decreases the
mineralization process
and osteocalcin
expression.

HMM: A marked decrease
in the newly formed bone
area was observed in the
middle and cervical thirds
of rat alveolar regions in
the OVX/NaCl compared
to the sham OVX/NaCl
group 7 and 14 days after
extraction. The results
obtained show that there
was considerable delay in
new bone formation in
OVX rats.

THC: At 14 postoperative
days, it was observed
RANKL immunolabelling
similar to the previous
period of all groups. Sham
showed similar OPG
immunolabelling
compared to the previous
analyzed period, whilst
OVX + oil showed a
decrease in OPG
immunolabelling.

OVX + oil group showed
intense TRAP
immunolabelling, discrete
for sham. At 21
postoperative days, the
OVX + oil group showed a
decreasing OPG
immunolabelling. At 28
and 42 postoperative
days, the OVX + oil group
showed a decrease in the
OPG immunolabelling, as
well as a significant
increase in RANKL
immunolabelling.

(continued on next page)
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Table 2 (continued)

Author, year Animal species ~ Samples Experimental groups  Osteoporosis Tooth Method of healing Main outcomes
/ Strain characteristics / Number of animals  induction: extraction analysis Type Period of
Sex Age method/ characteristics analysis
period
Qualitative histological =~ HMM analysis: OVX only
analysis; did not modify the
HMM: trabecular trabecular and osteoid
OvVX /21 volume and osteoid volume in all periods
volume; analyzed (7, 21- and 45-
days PE). However, the
OVX + low calcium diet
demonstrated lower
trabecular volume at 7-
Analysis of t cells.
AYSIs ot mast cetis and 45-days PE. After all,
extraction socket healing
3-month-old 15 days mandibular first w?s impaired or.1ly by-OVX
. molars with a low calcium diet.
OVX + low calcium .
diet / 21 Analysis of mast cells:
sham and OVX groups had
similar counts of mast
cells, but the OVX + low-
7, 21, and 45 days calcium diet increased the
presence of these cells.
The presence of these cells
may indicate an increased
bone resorption activity.
HMM: Bone healing FIMM: Per'cen'tages of
bone healing in the
(newly formed bone .
distobuccal root of the
percentage calculated . X
the number of maxillary first molar were
Female Control / 15 [0)7:¢ X . . lower in the OVX than in
intersections with new the control grou
Bilateral bone x 100/total X group,
Bezerra et al. . R . . showing reduced newly
Rats / Wistar maxillary number of intersections .
(2013) formed bone in the
molars on the alveolus);
alveolus.
Gene expression: Gene expression: No gene
OVX and non- quantitative RT-PCR evaluateil reser;te q agn
90 days ingestion of caffeine 43 days (BMP-2, BMP-7, BSP, sieni ﬁcantpdifferences y
/15 OPN). alion Toups.
8 days € groups.
HMM: At 4w, the OVX
HMM: new bone g-r ou-p. presented a
volume, trabeculae significantly lower
Female Control (sham)/ 20 OovX First left > trabecular number and
number, trabecular C .
. significantly higher
separation; .
separation compared to
the control group.
Gene expression: Gene expression: TNF-o
quantitative RT-PCR mRNA was significantly
(TGF-p1 and TNF-a); higher in the OVX group at
ELISA assay: TGF-p1 both 4 and 8 weeks
and TNF-«. indicating higher
osteoclastic activity. TGF-
p1 mRNA was
Liu et al. (2014) ﬁ:;l/eSprague significantly lower in the
¥ OVX group at both 4 and 8
weeks indicating less bone
. formation activity.
3-months OVX /20 8 weeks maxillary molar ELISA assay: TNF-a
protein was significantly
4 and 8 weeks higher in the OVX group at
both 4 and 8 weeks
indicating higher
osteoclastic activity. TGF-
p1 protein was
significantly lower in the
OVX group at both 4 and 8
weeks indicating less bone
formation activity.
MicroCT: tissue
volume, bone volume,
b i 1 i All th h
OvC (Ovariectomy The lower left one mineral density, the OV.C and sham
. Rats / Sprague-  Female [0)7:¢ X . trabecular number, control animals presented
Kim et al. (2015) Control) first to third R .
Dawley trabecular thickness, a normal healing course.
molars
and trabecular
separation;
16 weeks ShC (Sham Control) 6 weeks

(continued on next page)
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Author, year Animal species Samples Experimental groups  Osteoporosis Tooth Method of healing Main outcomes
/ Strain characteristics / Number of animals induction: extraction analysis Type Period of
Sex Age method/ characteristics analysis
period
MicroCT: No differences

Qualitative histological =~ between control and OvC

analysis; in all parameters
analyzed.

HMM: tissue area, bone ~ HMM: No differences

area, bone surface, and between control and OvC

number of osteoclasts. in all parameters
analyzed.

Bone area/Total area,

number osteoclasts/

bone area and number

of osteoclasts/bone

surface, and empty

lacunae.; Bone biomarkers: No

Bone biomarkers: )

serum CTX, C-terminal differences between.

crosslinked telopeptide control and OVC neither
for CTX or TRACP 5b.

of type I collagen and

serum TRACP 5b,

Tartrate-resistant acid

phosphatase isoform

5b;

8 weeks
HMM: Sham group
showed the greatest
responses regarding bone
formation as well as a

HMM: blood clot area, decrease in blood clot and

Female Sham / 16 OVX connective tissue. area, .con.nec.tive tissue area,
and bone formation indicating that the

area; alveolar bone healing
process occurred normally

Ramalho-Ferreira . Right upper However no dlf.ferences
et al. (2017) Rats / Wistar incisor were observed in terms of
newly formed bone. area

IHC: OPG, TRAP, THC: Sham presented

RANKL, and higher osteocalcin

Osteocalcin. expression than the OVX
group. RANKL was higher

3 months OVX /16 38 days in the OVX group.

14 and 42 days Alveolz?r bone healing
dynamics were negatively
affected in osteoporotic
rats.

Female Group 1 (extraction [0)7:¢ IHC: On day 7, AP
) HMM: Newly formed indicated that there wa's
performed at the Bllat'eral bone area detected by new bone at the extraction
time of OVX) / (30) 8 weeks maxillary first aniline blue pixels; sockets from the control
group, and OVX presented
significantly less.

THC: AP. HMM: In 7 days, control
presented significantly
more newly formed bone
than OVX. By day 21,

Rats / Wistar 6-week-old ;};f;r: :Sasizlleg;a;gzolszs
Chen et al. (2018) and Charles (young) and 12- .
River month-old . SPCKEFS’ and it was .
(aged) Group 2 (extraction 51g‘m‘ﬁcantl)‘/ less than in
was performed 8 uninjured sites. As control
weeks following the molars 1, 7, and 21 days. had a similar bone area as
OVX) / 30 the uninjured tissues
surrounding, it was
concluded that the
extraction sockets of OVX
rats were still in the
process of healing, and
control was already
healed by 21 days.
Male SHAM / 18 ORQ IHC: TRAP, Al'>, WNT, IHC: Wnt protein was
De Oliveira et al. ) Right upper an'd Osteocalcin; more intensely expressed
(2019) Rats / Wistar ORQ NT (no incisor MicroCT: bone volume in sham than ORQ NT,
NI 30 days fraction, trabecular revealing that bone

treatment) / 18

thickness, trabecular

formation was active,

(continued on next page)



B.B. S6 et al.

Table 2 (continued)

Archives of Oral Biology 125 (2021) 105054

Author, year Animal species Samples Experimental groups  Osteoporosis Tooth Method of healing Main outcomes
/ Strain characteristics / Number of animals  induction: extraction analysis Type Period of
Sex Age method/ characteristics analysis
period

separation, and which represents normal

trabecular number. processes of alveolar bone
healing and a slower
process for the ORQ NT
group.

14 and 42 days MicroCT: Trabecular
thickness, trabecular
number, and separation
between the trabeculae
indicated that a better-
quality bone was observed
in animals of the sham
group, while a worse-
quality bone was observed
in the ORQ NT group.
However, no differences
were found in terms of
newly formed bone
volume.

MicroCT: At day 7, OVX
alveolar sockets presented
Bil 1 Mi T: b s
Mice /BALB/c;  Female Young / 9 OovVX ! at-era icroCT: bone significantly less bone
maxillary volume/total volume; .
volume fraction compared
to young control.
Histological:
Histological; .lsw ogica On day 7,
. histologic
Arioka et al. !
(2019) evaluation demonstrated
T ges o0
+; R26R™T™MG/ and 8 weeks OVX /9 8 weeks molars ) & Y
n (young) slower to heal.
young, THC: At all time points

0, 1, 3 (IHC) and 7 examined, it remained a

(MicroCT) deficit of Wnt- responsive
cells and their progenitors.

Upper and MicroCT: bone volume MicroCT: No differences
Female OVX 4+ Pbo / 10 OvX lower left first fraction, trabecular Yvere found among groups

premolars (10 pattern factor, in all parameters

weeks analysis) structure model index, analyzed.

trabecular number,

trabecular thickness,

White rabbits / trabecul.alj separat'lon, CBCT: Significantly higher
connectivity density,

Chavarry et al. New Zealand R amounts of type 1 collagen

) bone surface density, :
(2019) (Oryctolagus Upper and the were found in the control

f . X and degree of .
cuniculus) 1 monthand 6  lower right first ) group and higher amounts

6 months SHAM +Pbo / 6 anisotropy; .
weeks premolars (4 of pentosidine,
. CBCT: fractal e
weeks analysis) . . deoxypyridinoline, and

dimension, Type I S . .

. pyridinoline combined in
collagen analysis by the OVX erou

High-performance group-

liquid chromatography

4 and 10 weeks

Female Young / 4 OVX MicroCT: Bone MicroCT and histology: In
volume/total volume; the young control group,
OVX/ 4 Histology. extraction sites were
healed b k 4. In th
Mice / Wild- . caled by week 4. In the
e BALB/C Bilateral OVX, extraction sites took
Liu et al. (2019) :?;121 maxillary 8 weeks to heal. At the
1. h N iti )t heal ion site, thy
Axin2Lacz/+ 5 months Aged / 4 o waiting molars 4 and 8 weeks ealed extraction site, the
OVX group presented a
significantly less
percentage of bone
volume.
THC: Higher ratio of
PCR: RANKL, OPG, RANKL/OPG was
Mal SHAM / 26 OR .
ake / Q RANKL/OPG; observed in the ORQ
group.
Puttin et al Right upper Histological; MicroCT: The worse
(2019) o Rats / Wistar incgisor PP IHC: OPG, RANKL; trabecular pattern was
observed in the ORQ
6 months ORQ / 26 30 days group. Bone volume was

10

MicroCT: total bone
volume and porosity;

significantly higher in
sham group at the periods
analyzed.

(continued on next page)
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Author, year Animal species Samples Experimental groups  Osteoporosis Tooth Method of healing Main outcomes
/ Strain characteristics / Number of animals induction: extraction analysis Type Period of
Sex Age method/ characteristics analysis
period
Confocal laser Confocal laser
microscopy: MAR and microscopy: Loss of
fluorochrome area. calcium deposition in
bone from ORQ group.
Female Estrogen-sufficient / ovX 42 and 60 days HMM: Bone healing
24 (newly formed bone
HMM: No calculated by the [number
differences on of intersections presenting
the newly new bone x 100]/total
formed bone at number of intersections on
10 but at 20 the entire socket);
days and 30 Histochemistry: TRAP;
days post-
extraction, the
estrogen-
deficient group
Miranda et al. . resented lower Maxillary left
(2020) Rats / Wistar Eone healing first mo?alrs
than the others.
The estrogen-
deficient group
presented larger
spaces between
the trabeculae Estrogen-
formed at 20- 90 days deficient / 24 21 days
and 30-days.
IHC: OCN, OPN, His.to.chen}istry: TBAP
BSP, RANKL, staining did not differ
and OPG. among groups at 10 and
20 days.
IHC: The
estrogen-
10, 20, and 30 :ﬂ;‘em
days exhibited
lower RANKL
expression.

AP, alkaline phosphatase; BMP-7, bone morphogenetic protein; BMP-9, bone morphogenetic protein 9; BSE, backscattered electron image; BSP, bone sialoprotein;
BSP, bone sialoprotein; CBCT, Cone-beam computed tomography; CFU-F, colony formation unit, fibroblast; CFU-O, colony formation unit, osteoprogenitors; Dex,
dexamethasone; EDX, energy-dispersive X-Ray; HMM, histomorphometry; IHC, immunohistochemistry; MAR, mineral apposition rate; MicroCT, microtomography;
MS, mineralizing surfaces; NI, not informed; OCN, osteocalcin; OD, optical densitometry; OPG, osteoprotegerin; OPN, osteopontin; OPN, osteopontin; ORQ, or-
chiectomy; OVX, ovariectomy; Pbo, placebo; RA, radiographic analysis. RANKL, receptor activator of nuclear factor kappa B ligand; RT-PCR, real-time polymerase
chain reaction; SEM, scanning electron microscopy; TBA, trabecular bone area; TGF-$1, transforming growth factor beta 1; TNF-a, Tumor Necrosis Factor alfa; TRAP,

tartrate-resistant acid phosphatase.

the OVX group, concluding that the acute estrogen deficiency induced
by OVX stimulated bone resorption associated with a minor effect on
bone formation.

Shimizu et al. (2000) demonstrated by quantitative backscattered
electron image analysis that the newly formed bone area significantly
was greater in sham-operated controls than OVX rats at 30 and 60 days,
without differences at 7 days PE. Another study by Shimizu et al. (1998)
showed that bone resorption was stimulated and long-lasting in OVX
compared to the control group by means of scanning electron micro-
scopy analysis around the alveolar socket.

3.7. Secondary outcomes

This section will focus on the qualitative outcomes of the newly
formed bone within the alveolar socket obtained from the included
studies.

Luvizuto et al. (2010a, 2010b, 2011) demonstrated that OVX was
associated with an increase in osteoclastogenesis-related immunoex-
pressions compared to control groups. Similarly, in the study of Ram-
alho-Ferreira et al. (2017), the expression of RANKL was higher in the
OVX group, and the sham group presented the highest osteocalcin
immunoexpression. In another study by Luvizuto et al. (2010b), it was
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found that OVX decreased osteocalcin expression, indicating a delay in
the alveolar socket repair process due to interference in the extracellular
matrix turnover. On the other hand, de Oliveira et al. (2019) found no
significant difference in the immunoexpression of osteocalcin, TRAP,
and alkaline phosphatase between ORQ and sham groups. In this study,
the only difference was found in Wnt immunolabelling, which was
moderate and intense for the sham group, and mild and intense for the
ORQ group at 14- and 42-days PE for both, respectively. The authors
concluded that there is a delay in the chronology of socket repair in ORQ
animals. De Oliveira Puttini et al. (2019) observed a significant differ-
ence in the RANKL/OPG ratio between sham and ORQ groups in all
periods analyzed in the study. Moreover, ORQ alveolar bone repair
presented a worse trabecular pattern with a more significant amount of
intertrabecular connective tissue and a loss of bone calcium deposition.
In the study of Chen et al. (2018), alkaline phosphatase activity was also
lower in the OVX sockets at 7 days PE. In the study of Arioka et al.
(2019), Ki67 and Runx2 markers were also significantly lower in the
OVX group at 3 days PE.

Regarding the studies that performed gene expression analysis, the
results from Liu et al. (2014) showed that TGF-f1 was significantly lower
in the OVX group than the control. Simultaneously, TNF-a was signifi-
cantly higher in OVX than in the control group. With similar analysis



B.B. S6 et al.

methods but different genes, Bezerra et al. (2013) observed no differ-
ences among groups in the gene expression of BMP-2, BMP-7, BSP, and
OPN. In the study of Zecchin et al. (2005), it was found that the absence
of estrogen in OVX animals lacking estrogen presented a decrease of
MMP-9 and types I and III collagen mRNA.

There were 2 studies that evaluated radiographic density analysis.
Pereira et al. (2007) performed a densitometric analysis and verified
that OVX had lower densitometric values than control at all periods PE
analyzed (3, 5, 7-, 12-, 21-, and 28-days PE). Contrastingly, Jee et al.
(2010) also evaluated radiographic density between OVX and control at
0-, 2-, 4- and 6-weeks PE buy observed that the OVX group presented a
lower bone density comparing to control only at 4 weeks PE.

An analysis of type 1 collagen by Chavarry et al. (2019), showed
significantly higher amounts in the control group and higher amounts of
pentosidine, deoxypyridinoline, and pyridinoline in the OVX group,
concluding that there was increased bone resorption in the OVX group.

3.8. Risk of bias assessment

Considering all the twelve entries evaluated through the adapted
SYRCLE’s RoB tool, the one with the highest risk of bias was "Evaluating
and reporting osteoporosis confirmation," followed by "Reporting an
evaluation method for the success of ovariectomy," both from "other
source of bias category." In decrescent order, the following entries also
presented some degree of bias: "Selective outcome reporting (reporting
bias)," "Random housing (performance bias)," "Adequate time between
ovariectomy and tooth extraction (other sources of bias), "Blinding
(performance bias)," "Baseline characteristics (selection bias)" and
"Incomplete outcome data (attrition bias)." The remaining entries,
"Sequence generation (selection bias)," "Allocation concealment (selec-
tion bias)," "Random outcome assessment (detection bias)," and "Blind-
ing (detection bias)" did not present any clear risk of bias. The results
from the risk of bias assessment and authors’ judgment for each included
study are shown in Table 3 and Fig. 2.

4. Discussion

Osteoporosis is a systemic condition that causes major public health
concerns because of its high prevalence, risk of bone fractures, and a
consequent increase in hospitalizations (Eastell et al., 2016; Kanis et al.,
2019). Additionally, this disease is a challenge to health professionals
since only a small fraction of the population who should receive

Table 3
Risk of bias assessment.
Low Unclear  High
Sequence generation (selection bias) 0% 100 % 0%
Baseline characteristics (selection bias) 40 56 % 4%
%
Allocation concealment (selection bias) 0% 100 % 0%
Random housing (performance bias) 12 60 % 28 %
%
Blinding (performance bias) 88 0% 12%
%
Random outcome assessment (detection bias) 0% 100 % 0%
Blinding (detection bias) 44 56 % 0%
%
Incomplete outcome data (attrition bias) 36 60 % 4%
%
Selective outcome reporting (reporting bias) 68 0% 32%
%
Reporting an evaluation method for the success of 36 0% 64 %
ovariectomy (other) %
Adequate time between ovariectomy and tooth 72 8% 20 %
extraction (other) %
Evaluating and reporting the osteoporosis confirmation 28 0% 72 %
(other) %

Adapted from the SYRCLE’s risk of bias tool (Hooijmans et al., 2014).
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treatment is provided with it compared to the great majority of those
undertreated (Hiligsmann et al., 2019; Kanis et al., 2019). Considering
that, it is justified the necessity to enlighten the effect of osteoporosis on
the alveolar bone repair after tooth extraction, which is one of the most
common oral clinical procedures. To the best of our knowledge, no
systematic review has been yet carried out on this subject. The analysis
performed in the present systematic review demonstrated that an oste-
oporotic phenotype in the majority of the included experimental studies
negatively impacted the alveolar socket repair.

In this context, animal models have been remarkably useful to
osteoporosis studies. Among them, OVX has been the most common
method to induce osteoporosis, being recommended by the US Food and
Drug Administration (FDA) (Thompson et al., 1995). Accordingly, the
present review also found that 76 % used OVX or even 88 %, including
OVX associated with other methods. It is clearly not ethically feasible to
perform a clinical study with osteoporotic patients and not treat them
even though a great part of the osteoporotic population is undertreated
(Hiligsmann et al., 2019; Nuti et al., 2019). For this reason, systematic
reviews of animal studies are a valuable tool for studying osteoporosis,
and several methods have already been proposed (Iwaniec & Turner,
2013; Thompson et al., 1995).

Regarding socket repair analysis, most of the included studies per-
formed histomorphometric analysis. With this method, it is possible to
measure the bone area, trabecular number, trabecular thickness, and
other parameters to assess bone repair and bone quality. Through the
histomorphometric analysis, the majority of the included studies
demonstrated a significantly lower bone area in osteoporosis inducted
animals (Bezerra et al., 2013; Luvizuto et al., 2010b, 2011; Miranda
et al., 2020; Pereira et al., 2007; Shimizu et al., 2000; Teéfilo et al.,
2004) in the periods analyzed. Histomorphometry is a valuable
approach to analyze socket healing as it evidences bone cellularity and
metabolism. Besides, it is currently considered the gold standard for
trabeculae and cortical bone crest analysis. Nevertheless, an important
weakness related to histomorphometric analysis is that it only provides
data on the two-dimensional stereological characteristic of bone, thus
precluding the assessment of bone volume microstructure (Romao et al.,
2015). On the other hand, microCT is a method of analysis that can
perform reconstructions and provide high-definition three-dimensional
information of the cortical and trabecular bone (Bouxsein et al., 2010).
This socket healing method of analysis allowed 32 % of the studies to
measure bone volume, trabecular number, trabecular thickness, and
other parameters in the alveolar socket and compare the osteoporotic to
the healthy bone. The studies that performed this type of analysis
observed that the osteoporotic group presented a lower bone volume
and a more inferior bone quality in the parameters analyzed (Arioka
et al., 2019; de Oliveira Puttini et al., 2019; Jee et al., 2010; Liu et al.,
2019). Immunohistochemistry is a useful technique to verify in which
stage the process of bone healing is as it can identify specific proteins
expressed in a tissue. Several proteins participate in bone healing, being
OPG and RANKL likely the most important ones. The ratio between these
two antibodies can point out the tendency to bone resorption (RANKL)
or formation (OPG) (Hassumi et al., 2018). In this review, 36 % of the
studies performed this method of analysis and observed that osteopo-
rotic animals presented a higher proportion of osteoclastic markers
and/or lower proportion of osteoblastic markers (Chen et al., 2018; de
Oliveira et al., 2019; de Oliveira Puttini et al., 2019; Luvizuto et al.,
2010a, 2010b, 2011; Miranda et al., 2020). Even though immunohis-
tochemistry provides useful information regarding the stage of bone
healing, a disadvantage of this method is that it is not possible to obtain
data from the amount of neoformed bone tissue.

Conversely, three studies could not observe differences in alveolar
socket repair between a healthy and an osteoporotic phenotype. A
possible explanation is that there is still no consensus concerning the
methodology in animal models, making it unfeasible to determine which
aspect was different in these studies that provided them with adverse
outcomes. Moreover, a systematic review of Calciolari et al. (Calciolari
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the most frequent animal model. Regarding animal age, the literature is
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controversial. Medical studies claim that studying postmenopausal
osteoporosis rats should be around 8 months old (Iwaniec & Turner,
2013; Yousefzadeh et al., 2020). However, in the present review, the
mean age was around 100 days (approximately 3 months and 10 days),
and some studies in this review demonstrated an osteoporotic phenotype
in much younger animals, even 6-weeks-old (Arioka et al., 2019; Chen
et al., 2018; Liu et al., 2019). Conversely, such young animals are not
recommended. According to Lee et al. (2019b) citing Kalu (1991), in
young animals, lower bone mass in OVX animals may be confounded
with the inhibited growth compared to the control group instead of the
accelerated bone loss caused by OVX (Francisco et al., 2011; Iwaniec &
Turner, 2013; Yousefzadeh et al., 2020). Considering that, for future
studies, around 3 months of age, sexually mature models, at the time of
the induction is recommended since the skeletally mature models (12
months old) may present comorbidities related to aging (Lee et al.,
2019b). Concerning animal sex, female animals are suggested to
perform OVX as an osteoporosis induction procedure since it is the most
common method for osteoporosis induction, according to previous
studies (Iwaniec & Turner, 2013; Lelovas et al., 2008; Yousefzadeh et al.,
2020).

Although upper incisors and maxillary molars were the most
frequent extracted teeth, maxillary molars are considered a better
alternative since rat incisors have continuous growth, making them
relatively different from the human tooth (Pereira et al., 2007). Addi-
tionally, a study of Hsu et al. (Hsu et al., 2016) observed that, even
though osteoporosis had been confirmed in the femurs, OVX affected
only the microarchitecture of trabecular bone in the mandible.
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Trabecular bone is primarily affected by osteoporosis (Osterhoff et al.,
2016) and is more metabolically active than cortical bone (Kerschan--
Schindl et al., 2018). Therefore, procedures may work better in the
maxilla due to the more significant trabecular bone proportion
compared to the mandible (Deguchi et al., 2008).

Previous studies have been demonstrating the challenge to develop
an osteoporotic-phenotype in jawbones with OVX only (Hara et al.,
2001; Prado et al., 2012; Ramalho-Ferreira et al., 2017; Tedfilo et al.,
2003). Considering that, some studies have investigated an association
with other methods to OVX such removal of occlusal loading or low
calcium diet to OVX and demonstrated that it accelerates the estab-
lishment an osteoporotic-phenotype in maxilla and mandible as well as
in other bones of the skeleton (Ejiri et al., 2006; Elovic et al., 1995; Gao
et al., 2014; Hara et al., 2001; Jiang et al., 2003; Lelovas et al., 2008;
Prado et al., 2012; Ramalho-Ferreira et al., 2017; Teofilo et al., 2003,
2004; Zaffe et al., 1999). Therefore, even though this association of a
low calcium diet to OVX was not the most employed method of osteo-
porosis induction in the present review, we still recommend employing
this resource in future studies since it may increase the rates of success in
developing an osteoporotic animal model in jawbones. Another impor-
tant aspect to consider is the period of osteoporosis induction. The
depletion of estradiol hormones is reached at least 21 days after OVX as
previously reported (Marcondes et al., 2002). For this reason, assessing
and reporting the animal estrous cycle is strongly recommended
(Ceschin et al., 2004). Another approach to evaluate the success of OVX
is to measure the plasmatic concentrations of estradiol (Luvizuto et al.,
2010b). Even though the depletion is usually reached in 21 days
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(Marcondes et al., 2002) and the median period was 30 days in this
review, the currently available evidence consistently shows that a much
longer period is necessary to induce osteoporosis in jawbones (Hsu et al.,
2016; C. Lee et al., 2019a; X. L. Liu et al., 2015; Teoéfilo et al., 2003). A
previous study by Lee et al. (2019a) demonstrated that a significant
microarchitectural change in the mandible is observed 36 weeks after
OVX. Another study associated OVX with a low calcium diet and
observed that the combination of these two methods was capable of
accelerating the bone loss in maxillary bone in rats, even in 5 weeks,
some differences could be found comparing to OVX alone and sham
group (Teofilo et al., 2003). Furthermore, in this review, a longer period
for osteoporosis induction was observed in the studies that performed an
evaluation and confirmed the osteoporotic phenotype in the animals’
skeleton, approximately 50 days. According to the quality assessment in
this review, these studies are less biased in terms of the osteoporotic
establishment. Based on the scientific evidence above, we recommend 8
weeks to start the experimental procedures to guarantee osteoporosis
induction success. In addition, reporting confirmation of the osteopo-
rosis phenotype is also highly recommended. For this purpose, there are
several methodological alternatives such as microCT (Arioka et al.,
2019; Chen et al., 2018; Y. Liu et al., 2019), bone densitometry (Pereira
et al., 2007; Zecchin et al., 2005), backscattered electron micrograph
(Shimizu et al., 2000) and histometric analysis (Pereira et al., 2007)
from the tibia (Pereira et al., 2007; Zecchin et al., 2005), femur (Arioka
et al., 2019; Chen et al., 2018; Y. Liu et al., 2019), lumbar vertebrae (Y.
Liu et al., 2019) or humerus (Shimizu et al., 2000).

Appropriate comprehension of the current state of knowledge of the
impact of osteoporosis on socket healing is of extreme relevance. First,
implant rehabilitation is usually performed in people over 50, the same
age group of people with increased risk for osteoporosis (Kanis et al.,
2019; Starr & Maksoud, 2006). Additionally, immediate implant
placement still presents a considerable number of limitations, and
several strict clinical criteria are required (Ragucci et al., 2020; Romao
et al., 2015). Considering that implant placement immediately after a
tooth extraction is not possible in all cases, an adequate bone repair
process with a bone of good quality is necessary. This preclinical review
demonstrated that it is likely that osteoporotic socket healing occurs
slower than healthy ones and also may result in a smaller amount of
bone after healed. On the other hand, further studies are still necessary
to confirm these trends on the results due to current methodological
heterogeneity and high risk of bias in crucial aspects. Supposing that the
present review results’ tendency remains in further research, in that
case, new therapeutic strategies will demand investigations to improve
bone healing in these situations and guarantee a safe implant placement
for these patients.

According to the results observed in the present systematic review, it
may be evidenced that an osteoporotic phenotype potentially impairs
the alveolar socket repair after tooth extraction in animals. Linking the
overall results to humans, we may assume that patients who are more
likely to be affected by osteoporosis might present a slower alveolar
socket repair or bone of lower quality after tooth extraction. However,
limitations of experimental studies presented here require cautious
interpretation since the quality assessment was overall unclear, meth-
odologies were diversified, and poorly reported. Therefore, further
studies should be conducted in this field and consider the methodolog-
ical proposal to reduce the risk of bias and increase standardization
among studies.

Summary of the methodological proposal for future studies:

1 Report animal species, strain, age, weight, and sex.

2 Female rats between 3 and 8 months of age.

3 Perform OVX associated with a low calcium diet to induce
osteoporosis.

4 Wait at least 8 weeks after the osteoporosis induction to start
experimental procedures.

5 Tooth extraction in maxillary molars.
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6 Confirm OVX by evaluating levels of estradiol or animal estrous
cycle.

7 Confirm the osteoporotic phenotype by microCT, bone densitometry,
backscattered electron micrograph, or histometric analysis at the
tibia, femur, lumbar vertebrae, or humerus bone.

8 Use histomorphometric, microCT, or immunohistochemical analysis
of tooth extraction socket.

9 Consider the available evidence to choose a period of socket repair
analysis to allow comparisons. The most frequent are 7, 14, and 28
days.
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