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Steffens JP. Evidéncias da associacdo entre testosterona e doenca
periodontal no sexo masculino [tese de Doutorado]. Araraquara:
Faculdade de Odontologia da UNESP; 2013.

RESUMO

A hipétese deste trabalho é que hormdnios sexuais participam da etiopatogenia da
doenca periodontal (DP). Diferentes niveis de evidéncia cientifica testaram esta
hipdtese, avaliando: i. associacado entre horménios sexuais e DP em homens; ii. a
influéncia de niveis sub- e suprafisioldgicos de testosterona (T) sobre a DP em ratos;
lii. se este mecanismo de acéo envolve respostas de osteoblastos e osteoclastos in
vitro. Dados do Il NHANES relacionados com diagnéstico de DP e mensuracéo
hormonal em homens com 30+ anos foram analisados para correlacionar estas duas
variaveis. Em ratos, niveis subfisioldgicos foram alcancados através da orquiectomia
e hiveis suprafisiolégicos pelo tratamento com T. Metade dos animais em cada
grupo foi submetida a DP utilizando—se modelo de ligadura. In vitro, células
RAW264.7 foram diferenciadas em osteoclastos na presenca de T (1nM-1uM) e
identificados por TRAP. Cultura primaria de osteoblastos murinos foi utilizada para
avaliar a expresséo de osteocalcina, RANKL e OPG na presenga de T. Em homens,
altos niveis de T biodisponivel e baixa razdo estradiol:T se correlacionaram
significativamente com DP. Em idosos, baixos niveis de AAG, metabdlito da
dihidrotestosterona, também apresentaram correlacdo significativa. Em ratos, niveis
sub- e suprafisiolégicos de T aumentaram significativamente a perda Ossea e
modularam a expressdo de citocinas inflamatérias. In vitro, doses fisiolégicas de
testosterona preveniram a osteoclastogénese e diminuiram a expressdo de
osteocalcina, RANKL e razdo RANKL:OPG por osteoblastos. Concluiu-se que a T
modula a resposta do hospedeiro a DP no sexo masculino, regulando a

diferenciacao de osteoclastos direta e indiretamente (via osteoblastos).

Palavra — chaves: Hormonios Esteroides Gonadais, Periodontite, Inflamag&o



Steffens JP. Evidence of the association between testosterone and
periodontal disease in males [tese de Doutorado]. Araraquara:
Faculdade de Odontologia da UNESP; 2013.

ABSTRACT

The hypothesis of this work is that sex hormones participate in the etiopathogenesis
of periodontal disease (PD). Different levels of scientific evidence tested that
hypothesis, evaluating: i. The association between sex hormones and PD in men; ii.
The influence of sub- and supraphysiologic testosterone (T) levels on PD in rats; iii. If
that mechanism of action involves osteoblast and osteoclast responses in vitro. Data
from NHANES III related to diagnosis of PD and hormones measurement in 30+-
year-old men were assessed to correlate those two variables. In rats, subphysiologic
levels were obtained by orchiectomy and supraphysiolgic levels by T treatment. Half
of the animals in each group received PD using a ligature model. In vitro, RAW264.7
cells were differentiated into osteoclastos in the presence of T (1nM-1uM) and
identified by TRAP-staining. Murine osteoblast primary culture was used to evaluate
the expression of osteocalcin, RANKL and OPG in the presence of T. In men, high
levels of bioavailable T and low estradiol:T ratio significantly correlated with PD. In
older men, low levels of AAG, a metabolite of dihydrotestosterone, also presented a
significant correlation. In rats, low and high T levels significantly increased bone loss
and modulated the expression of inflammatory cytokines. In vitro, physiologic T
doses prevented osteoclastogenesis and decreased the expression of osteocalcin,
RANKL and RANKL:OPG ratio produced by osteoblasts. We concluded that T
modulates host response to PD in males, regulating osteoclast differentiation direct

and indirectly (through osteoblasts).

Keywords: Gonadal Steroid Hormones; Periodontitis; Inflammation
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1 Introducao

O envelhecimento populacional é observado como uma tendéncia em muitos
paises do mundo. No Brasil, o Instituto Brasileiro de Geografia e Estatistica (IBGE)
estimou que, para a proxima década, a taxa de crescimento da populacao de 0 a 24
anos seja negativa, enquanto a populacdo com 75 anos ou mais aumentara em
3,81%, chegando a um crescimento de 7,43% entre 2030 e 2050*. A transicdo
demografica, e consequente envelhecimento populacional, levam a uma transicao
epidemioldgica, o que significa que a prevaléncia e incidéncia de doencas infecto-
contagiosas decresce enquanto doencas crbnicas se tornam mais frequentes.
Dentre os varios fatores tempo-dependentes que podem desencadear diferentes
doencas crbnicas, a diminuicdo/supressdo da producdo de hormonios sexuais
devera constituir um importante problema, sendo que a mesma esta intimamente
relacionada com a resposta do hospedeiro as condi¢cdes do organismo e externas™.

A testosterona, principal horménio sexual no homem, € sintetizada pelas
células de Leydig e pelo coértex adrenal,’ apresentando efeitos bioldgicos
morfogénicos irreversiveis e efeitos reversiveis excitatorios/de manutencdo®®. A
manutencao de niveis fisioldgicos de testosterona € critica para a saude masculina.
Niveis baixos de testosterona sédo extensamente correlacionados com uma série de
alteracdes da normalidade clinica, incluindo perda de libido e funcdo sexual, perda
de forca muscular, fadiga, alteracées cognitivas e de humor,?> bem como aumento de

marcadores para doenca cardiovascular,® mortalidade,” diabetes mellitus,*>*®

sindrome metabdlica® e risco aumentado para fratura 6ssea®***%1719,
Por outro lado, doses suprafisiolégicas de testosterona, como aquelas

apresentadas por usuarios de anabolizantes esteroidais androgénicos que buscam

estética e/ou melhora na performance de atividades fisicas, também tém sido
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associadas com consequéncias meédicas graves, incluindo complicacbes
cardiovasculares, enddcrinas e psiquiatricas*”.

Recentemente, o termo “Endocrinologia Reprodutiva Periodontal” foi proposto
para a representar a area de estudo que avalia a possivel participacdo dos
horménios esteroides sexuais na patogénese e progressdo da doenca periodontal™®.
Nossa hipétese principal foi que a testosterona exerce importante influéncia sobre a
resposta imunoinflamatoria e metabolismo 0sseo, ndo apenas em situacdes
homeostéticas e fisioldgicas, mas também em condi¢cdes associadas a inflamacao
cronica, como a doenca periodontal. O objetivo deste trabalho de tese foi avaliar a
relacdo entre testosterona e doenca periodontal em diferentes niveis de evidéncia
cientifica:

» Associacdo entre niveis hormonais e presenca e severidade de periodontite
em homens;

* Relagdo causal entre modulagcdo dos niveis séricos de testosterona e
alteracbes no periodonto e na resposta do hospedeiro a periodontite
experimental em ratos;

e Mecanismo de acdo das observagbes in vivo utilizando cultura de

osteoblastos e precursores de osteoclastos.
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CAPITOLOS
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2 Capitulos

A relacdo entre testosterona e a doenca periodontal no sexo masculino foi

avaliada em diferentes niveis de evidéncia cientifica:

- Em humanos, através de um estudo observacional transversal utilizando dados de
uma amostra representativa da populacdo norte-americana:

Capitulo 1. Steffens JP, Wang X, Spolidorio LC, Van Dyke TE, Starr J, Kantarci A.
Sex hormones correlate with periodontitis in men: Results from NHANES III. Artigo a

ser submetido ao Journal of Dental Research.

- Para se avaliar a relacdo causal entre androgenos e severidade da doenca

periodontal, foi realizado um estudo piloto em ratos para validacado de metodologia:

Capitulo 2: Steffens JP, Coimbra LS, Ramalho-Lucas PD, Rossa Jr. C, Spolidorio
LC. The effect of supra- and subphysiologic testosterone levels on ligature-induced
bone loss in rats - A radiographic and histologic pilot study. J Periodontol 2012; 83:

1432-9.

- Para aprofundar a compreensdo desta relacdo, e também para se identificar

possiveis mecanismos de acao, foram realizados ensaios in vivo (ratos) e in vitro:

Capitulo 3: Steffens JP, Coimbra LS, Rossa Jr C, Kantarci A, Van Dyke TE,
Spolidorio LC. The impact of testosterone on inflammation-induced periodontal bone

loss in rats. Artigo a ser submetido ao Journal of Bone and Mineral Research.

Capitulo 4: Steffens JP, Herrera BS, Stephens D, Spolidorio LC, Kantarci A, Van

Dyke TE. Resolvin D2 ameliorates testosterone-derived downregulation of
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osteocalcin and osteoprotegerin on primary murine osteoblasts. Artigo submetido ao

Hormones and Metabolic Research.

- Para sugerir novas perspectivas sobre a relacdo entre envelhecimento e doenca

periodontal, que ndo pelo mecanismo hormonal, realizou-se a revisao da literatura:

Capitulo 5: Steffens JP, Masi S, D’Aiuto F, Spolidorio LC. Telomere length and its
relationship with chronic diseases - New perspectives for periodontal research. Arch

Oral Biol 2013; 58: 111-7.

Uma descricdo detalhada dos materiais e meétodos utilizados pode ser
encontrada no Apéndice A. Todos os procedimentos experimentais foram aprovados
pela Comiss&o de Etica no Uso de Animais (CEUA) da Faculdade de Odontologia de
Araraquara — Unesp (Anexo A). As permissfes das revistas cientificas para

reproducao dos artigos publicados estéo dispostas no Anexo B.



CAPITOLO 2
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ABSTRACT

Sex hormones have the ability to influence inflammation and bone turnover. The goal
of this study was to explore the potential association between sex hormones and
periodontitis using data from the Third National Health and Nutrition Examination
Survey (NHANES).

The dataset from 772 individuals aged 30+ years who had blood tests for
assessment of serum testosterone, estradiol, sex hormone binding globulin (SHBG)
and androstenediol glucuronide (AAG) levels were included in the analysis.
Bioavailable testosterone (CBT) and estradiol over testosterone ratio (ETR) were
also calculated. Periodontitis was defined as a combination of clinical attachment
loss (CAL)=3mm and probing pocket depth (PPD)=4mm. The presence and severity
of periodontitis were correlated with categories of the sex hormones.

The prevalence of persons presenting PPD<3mm or CAL<2mm was decreased when
low or high testosterone levels were present, as well as in men with low estradiol.
When adjusted for confounding factors, high CBT and low ETR displayed a
significant odds ratio for both presence and severity of the disease. The strength of
association between sex hormones (or their interactions) and periodontitis was
different according to the age intervals studied.

Our findings suggest that sex hormones present an age-dependent association with

both presence and severity of periodontitis in men.

Keywords: gonadal steroid hormones; periodontitis; inflammation; androgens.
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INTRODUCTION

Sex steroid hormones are known to regulate a variety of functions, such as
growth, reproduction and differentiation (Nava-Castro et al., 2012). In men, the main
sex steroid hormone is testosterone, which is primarily produced by the Leydig cells
in the testicles, but can also be derived from the adrenal precursor
dehydroepiandrosterone. The production of testosterone by the testes is regulated
through a hypothalamus-pituitary axis feedback mechanism (Mawhinney and
Mariotti, 2013). Testosterone can act directly, by binding to the nuclear androgen
receptor, or indirectly. The indirect action is mediated by the enzyme 5a-reductase,
expressed in tissues like the liver, kidneys, skin and prostate, that converts
testosterone to dihydrotestosterone (DHT), which is metabolically more active than
testosterone and binds the androgen receptor (AR) with greater affinity. Also,
testosterone can be converted to estradiol by the enzyme aromatase, produced by
macrophages and fibroblasts in the liver, kidneys, brain and adipose tissue, which
exerts its action by binding to estrogen receptors (ER) a, B and G protein-coupled
receptor 30 (GPR30) (Ohisson and Vandenput, 2009; Vandenput and Ohlsson,
2010).

Physiologic testosterone levels vary greatly between individuals and also
throughout a man’s life. Peaks of testosterone are achieved three times in life: in the
middle of embryo development, during the 2"-5" month of age, and in puberty
(Harvey and Berry, 2009). However, after the 40 years of age, total testosterone
levels start to decline gradually and continuously at a rate of 1-2% a year (Gray,
2005). Also, the globulin that binds the hormone with great affinity, SHBG, increases,
further reducing the amount of bioavailable testosterone (free and albumin-bound

testosterone) (Yeap, 2009).
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Low testosterone levels have been extensively correlated with medical
disorders, such as low libido, sexual dysfunction and muscle strength loss, fatigue,
cognitive and mood alterations (Bain, 2010). Low testosterone has also been
reported to be associated with increased low grade systemic inflammation
biomarkers (tumor necrosis factor-alpha, macrophage inflammatory protein 1-alpha
and 1-beta) (Bobjer et al., 2013), markers for cardiovascular disease (Del Fabbro et
al., 2010) and mortality (Laughlin et al., 2008), diabetes mellitus (Selvin et al., 2007,
Stellato et al., 2000), metabolic syndrome (Laaksonen et al., 2004) and increased
risk for bone fracture (Meier et al., 2008; Mellstrom et al., 2006). In rats, we have
described that both low and high serum testosterone levels modulate periodontal
bone loss (Steffens et al., 2012). However, it is not clear whether the impact of
testosterone in men’s health, especially in bone metabolism, is derived from the
activation of ARs, by testosterone and DHT, or through its aromatization to estradiol
(Clarke and Khosla, 2009).

Recently, the term ‘Periodontal Reproductive Endocrinology’ was proposed to
represent the field of Periodontology dedicated to studying the interactions between
sex steroid hormones and the periodontium (Mariotti, 2013). Along those same lines,
the objective of this study was to explore the potential impact of abnormal serum
levels of sex steroid hormones on the prevalence and severity of periodontitis in men
using data from the Third National Health and Nutritional Examination Survey

(NHANES 11I).

MATERIALS AND METHODS

Study Design
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Third National Health and Nutrition Examination Survey (NHANES IIl) was a
cross-sectional study conducted from 1988 to 1994 by the National Center for Health
Statistics (NCHS), which is part of the Centers for Disease Control and Prevention
(CDC). This program of studies was designed to assess the health and nutritional
status of adults and children in the United States. It was designed as a multistage,
stratified, clustered probability sample of the US civilian non-institutionalized
population at least 2 months old. The protocols for the conduct of NHANES Il were
approved by the institutional review board of the NCHS, CDC. Informed consent was
obtained from all participants (Plan and operation of the Third National Health and
Nutrition Examination Survey, 1988-94. Series 1. programs and collection
procedures, 1994).

A subset of male participants in the first phase of NHANES IIl (1988-1991)
had concentrations of testosterone, SHBG, androstenediol glucuronide (AAG, a
metabolite of DHT) and estradiol recorded. These measurements were made on
stored serum specimens from 1,637 men aged 12 or more who were examined in the
morning sample of the first phase of NHANES IIl (1988-1991). Blood was drawn after
an overnight fast for participants during either an examination at the medical
examination center or during an abbreviated examination at home (Selvin et al.,
2007). Competitive electrochemiluminescence immunoassays on the 2010 Elecsys
autoanalyser (Roche Diagnostics, Indianapolis, IN, USA) were used to quantify
testosterone, estradiol and SHBG concentrations, while AAG was detected by an
enzyme immunoassay (Diagnostic Systems Laboratories, Webster, TX, USA). The
lowest detection limits [and coefficients of variation] of the assays were: testosterone
0.02ng/mL [5.9%(2.5ng/mL), 5.8% (5.5ng/mL)]; estradiol 5pg/mL [6.5%(102.7pg/mL),

6.7%(474.1pg/mL)]; AAG 0.33ng/mL [9.5%(2.9ng/mL), 5%(10.1ng/mL)]; SHBG 3nM
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[5.3%(5.3nM), 5.9%(16.6nM)]. The assay of stored serum specimens was conducted
at the Children’s Hospital, Boston, MA, and the protocol was approved by the
Institutional Review Boards at the Johns Hopkins Bloomberg School of Public Health
and the NCHS, CDC (Rohrmann et al., 2011).

Among individuals who had their serum specimens assessed, we identified
participants who were 30 years old or older, had at least 6 teeth present and had
received periodontal examination (n=772). Thirty years of age was chosen because
of the rarity of periodontitis in younger individuals. According to NHANES criteria,
each individual had 2 randomly selected quadrants evaluated: one upper and one
lower quadrant. Only fully erupted teeth were analyzed (excluding third molars), and
a maximum of 14 teeth per individual was examined. Periodontal measurements
used in this study included clinical attachment loss (CAL) and probing pocket depth
(PPD). These measurements were performed in the mesio-buccal and mid-buccal
sites of each tooth. PPD was described as the distance between the free gingival
margin and the bottom of the pocket/sulcus, while CAL was defined as the distance
between the cement-enamel junction and the bottom of the pocket/sulcus. All
measurements were performed by trained dentists using NIDR periodontal probes
(Albandar et al., 1999).

Classification of Sex Hormone Levels

Total testosterone levels in serum were classified as very low (2.3 ng/mL),
low (2.3-3.5 ng/mL), and reference (>3.5-7.67 ng/mL) (Wang et al., 2008), whilst the
90™ percentile was used as cutoff for ‘high’ values (>7.67 ng/mL) (Rohrmann et al.,
2011). Calculated bioavailable testosterone (CBT) was performed based on
previously described equations (Vermeulen et al., 1999) and the albumin value was

standardized as 4.5 g/dL. Low CBT (<1 ng/mL) and high CBT (>4.2 ng/mL) cutoffs
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were based on generally accepted levels. Estradiol over testosterone ratios (ETR)
were calculated by dividing estradiol levels by total testosterone values. The 10" and
90™ percentiles were used as lower and higher limit cutoffs, respectively, for all
measurements and interactions (CBT, estradiol, ETR, SHBG and AAG) (Rohrmann
et al., 2011).
Classification According to Extent and Severity of Periodontitis

We used the classification of extent and severity of periodontitis proposed in
the latest NHANES periodontal analysis by Eke et al., 2012:

- Severe periodontitis: presence of 2 or more interproximal sites with CAL=6
mm (not on the same tooth) and 1 or more interproximal site(s) with PPD=5
mm.

- Moderate periodontitis: 2 or more interproximal sites with 4 mm <CAL<6 mm
(not on the same tooth), or 2 or more interproximal sites with PPD=5 mm, also
not on the same tooth.

- Mild periodontitis: 2 or more interproximal sites with 3 mm <CAL<4 mm and 2
or more interproximal sites with PPD=4 mm (not on the same tooth) or 1 site

with PPD=5 mm.

Total periodontitis was the sum of severe, moderate and mild cases of
periodontitis (Eke et al., 2012).
Statistical Analysis
All data analyses were performed with STATA version 12 with SVY package, which
uses weights to account for the multi-stage stratified, clustered sampling method of
NHANES IIl. Possible confounding factors considered in this analysis were defined a
priori as follows: age (continuous), current smoking (yes/no), alcohol drinking

frequency (drinks per week, continuous), waist-to-hip ratio, race/ethnicity (non-
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Hispanic white / non-Hispanic black / others), diabetes mellitus (self-reported,
yes/no). We fit logistic regression models to estimate the association between
presence or absence of periodontal disease and the various hormones. Ordinal
logistic models were used to further evaluate the association of covariates with the
severity of periodontal diseases. Unless otherwise stated, all values are expressed

as mean + SEM.

RESULTS

After assessing and screening the NHANES Il dataset, 772 men (age
45.5+0.5 years) were included in this study. The baseline characteristics of the study
population are shown in table 1.

Among the people presenting with the reference total testosterone levels, 61.1
+ 3.2% had PPD <3 mm and 46.8 = 2.5% had AL <2 mm, indicating periodontal
health. The prevalence of periodontal health was decreased in men presenting with
testosterone levels lower or higher than the reference group. Table 2 contains the
raw non-adjusted data for prevalence of periodontitis by category (PPD and CAL) for
various sex hormone concentrations.

After classification of presence and severity of periodontitis and statistical
adjustments, high CBT levels and low ETR were the only variables to correlate with
periodontitis. The adjusted odds ratios for presence and severity of periodontitis
based on sex steroid hormone concentrations can be found in table 3.

Table 4 demonstrates the prevalence and adjusted odds ratio for presence
and severity of periodontitis by sex steroid hormone concentrations grouped
according to age. Low ETR correlates with the presence and severity of periodontitis

in young adult men (30-45 years). In middle-aged adults (46-60 years), we observed
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a correlation with the severity, but not presence of periodontitis. We noted a similar
trend of association of age with high total testosterone levels. In addition, low
estradiol and high ETR were correlated with the presence of periodontitis. In older

men (>60 years) only low AAG correlated with presence and severity of periodontitis.

DISCUSSION

Sex hormones are important for a variety of characteristics that
individuals develop throughout life. Several factors may contribute to hormone
variations in males, which can be physiologic (e.g. puberty), pathologic (e.g.
Klinefelter syndrome and hypergonadotropic hypogonadism), pharmacologic (e.g.
steroid abuse and testosterone replacement therapy), genetic (e.g. race and
ethnicity) or behavioral (e.g. smoking and alcohol consumption). Physiological
testosterone levels are believed to regulate inflammation, since low testosterone
levels have been linked to the presence of several inflammatory medical disorders
(Maggio and Basaria, 2009; Traish et al., 2009a; Traish et al., 2009b; Traish et al.,
2009c¢). Similarly, anabolic-androgenic steroid abuse that results in high levels of
testosterone has adverse actions, such as alterations in the cardiovascular, central
nervous and endocrine systems (Basaria, 2010). We have previously demonstrated
bimodal actions of testosterone; both low and high testosterone levels increase bone
resorption in an inflammatory dental model in rats (Steffens et al., 2012).

Many epidemiological studies have shown men at higher risk for presence and
severity of attachment loss and destructive periodontal disease than women
(Albandar, 2002; Corbet et al., 2001; Mack et al., 2004; Susin et al., 2005). Although
it is plausible that this difference could be hormonally mediated, gender-based

differences in behavior could also explain, at least in part, the greater prevalence.
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Men tend to have poorer oral hygiene, increased consumption of alcohol and
tobacco, and less utilization of oral health care services than women (Haytac et al.,
2013). In the elderly population, men were reported to have higher prevalence and
greater severity of periodontitis, as shown in cross-sectional (Holtfreter et al., 2010;
Mack et al., 2004) and longitudinal studies (Hirotomi et al., 2002; Ogawa et al.,
2002).

Several mechanisms have been proposed to explain the regulation of
periodontal disease by sex steroid hormones, including: (i) hormones increase
growth of pathogenic microflora; (ii) promote an alteration in vascular characteristics;
(iii) periodontal tissue responses are exacerbated by immune-endocrine interactions;
(iv) specific populations of fibroblasts and epithelial cells are modulated by sex
steroid hormones (Mariotti and Mawhinney, 2013). However, the host response in a
multifactorial disease, such as periodontal disease, most probably cannot be
simplified and represented by one mechanism of action only; a combination of factors
is likely involved.

Previous observational studies conducted to evaluate the possible role of sex
hormones in the development of destructive periodontal disease reported no
significant correlations between hormone levels and the prevalence of periodontitis
(Daltaban et al., 2006; Unsal et al., 2008). However, design features of some of
these studies limit conclusions and preclude direct comparisons with our data (for
instance, small sample size and restriction to hypogonadic men). In a prospective
study of a cohort of community-dwelling ambulatory men aged 65 years or older, no
correlation was observed between sex hormones and the progression of periodontitis
(Orwoll et al., 2009). The criteria for defining periodontitis were different (proximal

CAL=5mm in at least 30% of teeth examined), but the outcome was similar showing
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no significant correlation between total testosterone or estradiol and periodontitis in
our oldest age group.

We observed a linear relationship between total testosterone levels and
presence or severity of periodontitis, though the 95% confidence intervals were very
wide. If the clinically generally accepted level of 10 ng/mL is used as a high cutoff
value, the correlation is still significant, but the small sample size could bias the result
(n=10). To our knowledge, we are the first group to report that high CBT and low ETR
are correlated with periodontitis. This observation is consistent with high testosterone
and low estradiol levels being harmful to the periodontium. The sex hormone
estradiol alone, which is generally accepted as the main regulator of bone loss in
men, did not associate with periodontitis in any age group. However, we assessed
the levels of the hormone only in serum, whereas estradiol can be generated locally
in the tissues (such as bone) using testosterone as a precursor.

As a matter of fact, some studies have shown that testosterone treatment has
a suppressive effect on leukocyte count on orchiectomized mice and young male rats
(Kamis and Ibrahim, 1989; Yao et al.,, 2003). Those results also showed that
testosterone treatment decreases monocyte count, CD4+/CD8+ ratio, and also
inhibits proliferative responses of lymphocytes (Yao et al., 2003). Due to the
immunosuppressive properties of testosterone, it can be suggested that high
endogenous levels of that hormone increases susceptibility to infectious diseases,
such as periodontitis.

Even though a smaller prevalence of healthy subjects (as inferred from CAL<2
mm and PPD<3 mm) can be observed in the reference levels of total testosterone
when compared to the other groups (Table 2), we could not see this same trend after

adjusting for confounding factors. After adjustments, very low and low testosterone
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levels were associated with a non-significant decrease in the odds ratios for
prevalence and severity of periodontitis (Table 3), a direction opposite to what we
had proposed. This difference with other medical disorders and our animal findings
can be attributed to the fact that periodontitis is a multifactorial disease and highly
depends on patient-based biofilm control. That was also the rationale for
investigating presence and severity of periodontitis, as to test whether sex hormones
could interfere in the initiation or progression of periodontitis.

The sex hormones (and their interactions) exhibit age-dependent associations
with periodontitis. ETR correlates with the presence and severity of periodontitis in
young and middle-aged adults. In middle-aged adults, low estradiol correlates with
the presence of periodontitis and high total testosterone correlates with severity of
periodontitis. In older men only low AAG correlates with presence and severity of
periodontitis, reinforcing the importance of androgens on this disease.

Among the various limitations of a reliance on NHANES 1l data is the difficulty
in developing accurate measures of disease and disease severity (Albandar, 2011;
Eke et al., 2010). The primary disadvantage is that data collection was from only two
sites per tooth in two randomly assigned quadrants, an approach that underestimates
the prevalence of periodontitis. However, our objective was not to give the absolute
prevalence of periodontitis in the studied population, but rather compare the
prevalence in groups that were evaluated with the same criteria.

Our findings suggest that high CBT and low ETR correlate with periodontitis
prevalence and severity in men, and these correlations are age-dependent. In older
men (>60 years) low AAG, a metabolite of DHT, significantly correlates with higher

prevalence and severity of periodontitis. Causality remains to be determined.
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Table 1: Characteristics (SEM) of the study population.
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Overall

Unweighted sample number (n) 772
Age (years) 45,5 (0.5)
Race/Ethnicity (prevalence, %)

Non-Hispanic White 79 (3.0)

Non-Hispanic Black 8 (1.0)

Other 13 (2.0)
Diabetes (prevalence, %) 5(1.0)
Current smoking (prevalence, %) 30 (2.0)
Education: high school and above (prevalence, %) 54 (4.0)
Body Mass Index (BMI) 26.91 (0.31)
Waist-to-hip ratio (WHR) 0.96 (0.005)
Alcohol drinking frequency (times/month) 14.00 (1.07)
Total Testosterone* (ng/mL) 4.85 (0.10)
Estradiol* (pg/mL) 34.70 (0.77)
SHBG* (nM) 34.96 (0.65)
AAG* (ng/mL) 11.10 (0.36)
PPD, mean (mm) 1.66 (0.04)
CAL, mean (mm) 1.40 (0.06)
Periodontitis (prevalence, %) 30 (2.0)

*geometric mean.

SHBG= sex hormone binding globulin; AAG= androstenediol glucuronide; PPD= probing pocket depth; CAL= clinical

attachment loss
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Table 2: Prevalence (SEM) of persons presenting categories of probing pocket depth (PPD in mm) and clinical attachment loss (CAL in mm) according to sex

hormone concentrations.

PPD<3 3<PPD<6 PPD=6 CAL=2 2<CAL<5 CAL=5
TT Very Low (£2.3 ng/mL) 51.7(9.6) 29.8(11.2) 18.5(12.6) 38.3(11.9) 45.8(11.1) 15.9(5.2)
Low (2.3-3.5 ng/mL) 46.9(5.9) 28.3(4.7) 24.9(5.7) 40.5(6.3) 40.1(5.8) 19.4(4.5)
Reference (>3.5-7.67 ng/mL) 61.1(3.2) 22.5(2) 16.4(2.3) 46.8(2.5) 28.5(2.3) 24.7(2.8)

90" percentile (>7.67 ng/mL) 46.5(9.7) 38.6(8.9) 14.9(3.9) 38.4(6.6) 35.7(6.2) 25.9(5)
CBT Low (<1 ng/mL) 49.5(9.6) 32.9(9.2) 17.6(6.3) 23.7(9.7) 43.4(9) 32.9(9.3)
Reference (1-4.2 ng/mL) 57.9(2.8) 24.4(1.7) 17.7(2.2) 46(1.9) 30.2(2.2) 23.8(2.3)
High (>4.2 ng/mL) 57.8(11.7) 31.4(7.6) 10.8(8.3) 40(10.5) 41.2(7.5) 18.8(9.3)
Estradiol 10" percentile (<24.88 pg/mL) 70.8(6.1) 15.2(5.2) 14.1(6.9) 52.7(8.8) 25.8(6.7) 21.5(4.6)
Reference 58.2(2.9) 25(1.9) 16.8(2) 45.6(2) 32.6(2.4) 21.8(2.2)
90" percentile (>49.2 pg/mL) 38.9(7) 35.1(4.4) 25.9(7.5) 31.1(6) 24.8(6) 44.1(6.1)
ETR (*1,000) 10" percentile (<0.0047) 65.1(7.8) 26.7(7) 8.2(3.4) 62.4(7.4) 19.9(5.3) 17.7(5.5)
Reference 57.7(2.9) 24.1(1.8) 18.1(2.6) 43.8(2.2) 31.8(2.4) 24.4(2.5)
90" percentile (>0.0109) 49.3(7.1) 31(5.1) 19.7(6) 36.1(5.5) 38(5.8) 25.9(6.1)
SHBG 10" percentile (<20.7 nM) 56.8(8.3) 25.3(8) 18(5.9) 51.6(8.1) 29.7(6.5) 18.7(5.4)
Reference 58.3(3.1) 24(2.2) 17.7(2.1) 45.7(2) 31(2.4) 23.2(2.2)

90" percentile (>59.2 nM) 52.5(6.1) 33.3(5) 14.3(4.3) 30.7(7) 33.4(6.2) 35.9(6)
AAG 10" percentile (<5.26 ng/mL) 51.9(7.9) 35.6(7.4) 12.4(4.4) 21.8(5.3) 35.7(6.6) 42.6(7.3)

to be continued...
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... continued.
Reference 57(3.4) 23.7(1.8) 19.3(2.7) 48.4(2.4) 28.8(2.5) 22.8(2.4)
90" percentile (>22.28 ng/mL) 68.3(5) 25(5.9) 6.7(3.1) 41.9(6.2) 47.2(6.7) 10.9(3.9)

TT= total testosterone; CBT= calculated bioavailable testosterone; ETR= estradiol over testosterone ratio; SHBG= sex hormone binding globulin; AAG= androstenediol glucuronide
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Table 3: Adjusted* OR (95% CI) for presence and severity of periodontitis according to sex steroid

hormone concentrations.

Presence

OR (95% Cl)

Severity

OR (95% Cl)

TT*

CBT

Estradiol

ETR

SHBG

Very Low (£2.3 ng/mL)

Low (2.3-3.5 ng/mL)
Reference (>3.5-7.67 ng/mL)
90" percentile (>7.67 ng/mL)
Low (<1 ng/mL)

Reference (1-4.2 ng/mL)
High (>4.2 ng/mL)

10" percentile (<24.88 pg/mL)
Reference

90" percentile (>49.2 pg/mL)
10" percentile (<0.0047)
Reference

90" percentile (>0.0109)

10" percentile (<20.7 nM)
Reference

90" percentile (>59.2 nM)
10" percentile (<5.26 ng/mL)
Reference

90" percentile (>22.28 ng/mL)

0.31(0.06-1.63)
0.45(0.19-1.04)
1.00 (1.00-1.00)
2.21(0.95-5.11)
0.44(0.12-1.53)

1.00 (1.00-1.00)

4.67(1.04-20.88)"

0.88(0.41-1.86)
1.00 (1.00-1.00)
1.12(0.45-2.77)
3.28(1.11-9.72)"
1.00 (1.00-1.00)
0.6(0.23-1.59)
0.8(0.27-2.36)
1.00 (1.00-1.00)
1.91(0.81-4.55)
1.81(0.78-4.18)
1.00 (1.00-1.00)

0.92(0.37-2.27)

0.3(0.07-1.34)
0.49(0.2-1.24)
1.00 (1.00-1.00)
2.07(0.96-4.43)
0.36(0.11-1.11)
1.00 (1.00-1.00)
3.62(1.14-11.46) "
0.8(0.43-1.49)
1.00 (1.00-1.00)
0.83(0.4-1.72)
4.43(1.62-12.11)"
1.00 (1.00-1.00)
0.61(0.23-1.6)
0.76(0.28-2.06)
1.00 (1.00-1.00)
1.72(0.68-4.35)
1.82(0.89-3.72)
1.00 (1.00-1.00)

1.11(0.42-2.91)

* adjusted for age, race/ethnicity, smoking, education, waist-to-hip ratio, diabetes mellitus, and alcohol drinking.
** further adjusted for estradiol.
T (bold) statistically significant.
TT= total testosterone; CBT= calculated bioavailable testosterone; ETR= estradiol over testosterone ratio;
SHBG= sex hormone binding globulin; AAG= androstenediol glucuronide
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Table 4: Prevalence [%(SEM)] and adjusted* OR (95% CI) for presence and severity of periodontitis by sex steroid hormone concentrations grouped according to

age intervals.

TT Very low
Low
Ref.

90" perc.

CBT Low
Ref.

High

Estradiol
Ref.

90" perc.

ETR
Ref.

90" perc.

SHBG
Ref.

90" perc.

AAG
Ref.

90" perc.

10" perc.

10" perc.

10" perc.

10" perc.

30-45 years 46-60 years 61+ years
%(SEM) Presence Severity %(SEM) Presence Severity %(SEM) Presence Severity
4(2.7) 1.57(0.15-16.19) 1.47(0.16-13.3) 2.3(1.7) 0.08(0-2.93) 0.07(0-5.31) 6.4(2.6) 0.35(0.04-2.72) 0.34(0.04-2.7)
6(3.2) 0.93(0.12-7.27) 0.91(0.15-5.62) 7.8(2.6) 0.28(0.07-1.09) 0.26(0.07-1.02) 18.9(6.1) 0.29(0.04-2.24) 0.48(0.04-5.13)
70.9(7.5) 1.00 (1.00-1.00) 1.00 (1.00-1.00) 69.6(6.9) 1.00(1.00-1.00) 1.00 (1.00-1.00) 72(7.7) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
19.1(7.7) 1.59(0.4-6.29) 1.52(0.41-5.6) 20.3(5.8) 4.31(0.84-22.2) 3.7(1.02-13.49)" 2.7(2.3) 2.4(0.15-39.22) 1.97(0.18-21.29)
- - - 3.4(2.1) 2.55(0.53-12.22) 8.58(0.28-266.52) 11.8(3.8) 0.71(0.16-3.08) 0.57(0.2-1.64)
82.2(8.2) 1.00 (1.00-1.00)  1.00 (1.00-1.00) 92.8(3.3) 1.00(1.00-1.00) 1.00(1.00-1.00) 88.1(3.8) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
11.9(8) 3.28(0.5-21.64) 3(0.62-14.67) - - - - - -
16.3(6.3) 0.7(0.16-3.06) 0.63(0.15-2.63) 18.4(5.7) 8.27(1.69-40.38)  2.15(0.63-7.29) 8.3(3.1) 1.22(0.14-10.89) 0.8(0.18-3.54)
77.4(6.4) 1.00 (1.00-1.00) 1.00(1.00-1.00) 75.8(5.9) 1.00(1.00-1.00) 1.00(1.00-1.00) 75.7(5.4) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
6.4(4) 0.97(0.17-5.6) 0.95(0.18-5.12) 5.8(2.7) 0.87(0.31-2.47) 0.78(0.3-2.07) 16(5.6) 1.11(0.13-9.41) 0.74(0.13-4.06)
8.3(5) 5.24(1.26-21.76)" 8.88(1-78.77)" 13.3(5) 2.43(0.45-13.14) 5.26(1.31-21.07)"  3.4(2.4) 1.34(0.22-7.99) 0.95(0.3-3.05)
82.1(6.6) 1.00 (1.00-1.00)  1.00(1.00-1.00) 76.3(4.9) 1.00(1.00-1.00) 1.00(1.00-1.00) 78.6(5.5) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
9.6(3.1) 1.55(0.19-12.37) 1.41(0.23-8.61) 10.5(2.6)  0.3(0.14-0.67)' 0.26(0.11-0.64)" 18(4.3) 0.46(0.09-2.45) 0.56(0.08-4.19)
8.4(3.3) 0.54(0.19-1.57) 0.53(0.19-1.52) 6.7(1.8) 0.79(0.19-3.34) 0.75(0.19-2.99) 4.8(4.1) 0.3(0.01-10.18) 0.19(0.01-5.83)
84(3.9) 1.00 (1.00-1.00) 1.00(1.00-1.00) 76.8(4.3) 1.00(1.00-1.00) 1.00(1.00-1.00)  73.8(5.7) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
7.6(3.2) 0.96(0.16-5.82) 0.89(0.16-4.99) 16.5(3.8) 2.51(0.61-10.25) 2.97(0.79-11.19) 21.3(4.9) 0.8(0.21-3.04) 0.56(0.16-1.91)
11.3(6) 1.62(0.32-8.33) 1.35(0.28-6.55)  18.4(6.6) 0.8(0.2-3.21) 1.09(0.3-3.96) 23.9(6.6) 7.41(1.51-36.34)"  5.15(2.01-13.21)'
79.5(5.4) 1.00 (1.00-1.00) 1.00(1.00-1.00) 76.5(7.2) 1.00(1.00-1.00) 1.00(1.00-1.00) 63.5(8.7) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
9.2(4.3) 1.19(0.24-5.86) 1.17(0.26-5.22) 5.1(3.1) 0.32(0.08-1.23) 0.41(0.05-3.33) 12.6(4.7) 2(0.52-7.67) 3.13(0.7-14.01)

*adjusted for age, race/ethnicity, smoking, education, waist-to-hip ratio, diabetes mellitus and alcohol drinking.
f (bold) statistically significant.

TT= total testosterone; CBT= calculated bioavailable testosterone; ETR= estradiol over testosterone ratio; SHBG= sex hormone binding globulin; AAG= androstenediol glucuronide; Ref.= reference; Perc.=

percentile.
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The Effect of Supra- and Subphysiologic
Testosterone Levels on Ligature-Induced
Bone Loss in Rats — A Radiographic
and Histologic Pilot Study

Joao P. Steffens,* Leila S. Coimbra,* Pablo D. Ramalho-Lucas,* Carlos Rossa Jr.,T
and Luis C. Spolidorio*

Background: Testosterone is the primary male sexual hor-
mone, and varying concentrations of the hormone mediated
by physiologic, pathologic, or pharmacologic mechanisms
may induce large variations in the body. Data regarding the
general role of testosterone in mediating inflammation are
still inconclusive. Therefore, the purpose of this study is to as-
sess the consequences of supra- and subphysiologic levels of
testosterone on ligature-induced bone loss in rats.

Methods: Three male adult Holtzman rats were used to ob-
serve the course of serum testosterone concentration follow-
ing orchiectomy (Ocx) and testosterone injections. Another
60 rats were randomly assigned to the following groups: 1)
sham-operation controls (n = 10); 2) sham-operation and
ligature-induced bone loss (n = 10); 3) orchiectomy without
ligature (Ocx; n = 10); 4) Ocx and ligature (n = 10); 5) Ocx
plus 250 mg/kg body weight intramuscular testosterone es-
ters injection without ligature (Ocx+T; n = 10); and 6) Ocx, T,
and ligature (n = 10). The ligatures were placed 30 days post-
orchiectomy (or sham-operation) and maintained for 15 days.
Thereafter, the rats were sacrificed, and their hemimandibles
were used for radiographic evaluation of bone loss along with
histologic and histometric analyses of gingival tissue.

Results: The results indicated a significant increase in bone
loss in the Ocx and Ocx+T groups in the presence and absence
of inflammation, respectively. In addition, the Ocx and Ocx+T
groups presented increased gingival area accompanying
ligature-induced bone loss.

Conclusions: Both sub- and supraphysiologic testoster-
one levels may influence bone metabolism, but only subphy-
siologic levels significantly increase ligature-induced bone
loss. Moreover, testosterone has a regulatory effect on the
gingival area. J Periodontol 2012;83:1432-1439.

KEY WORDS

Bone remodeling; gingival overgrowth; inflammation;
testosterone.
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ndrogens are hormones respon-
Asible for regulating primary and
secondary sexual characteristics
in men.! Testosterone, the primary male
sex hormone, is related to the develop-
ment and maintenance of muscle mass,
erythropoiesis stimulus, increased brain
perfusion, influence of mood and cog-
nition, and bone health.2 Testosterone
rises to comparable adult male levels
during three life phases: 1) the midpoint
of embryonic development, 2) the first 2
to 5 months of life, and 3) throughout
puberty.!-3
Approximately 95% of the testoster-
one in a healthy man is produced by
the testes, whereas the other 5% is con-
verted into testosterone from adrenal-
produced precursors.*® Testosterone
may act directly by binding to the intra-
cytoplasmic androgen receptor or can be
converted to dihydrotestosterone (DHT)
or estrogen. DHT is responsible for an
even greater activation of the androgen
receptor, whereas estrogen, the primary
regulator of bone homeostasis in men,
acts by binding to estrogen receptors.*>
After 40 years of age, testosterone
levels in men may decrease gradually
and continuously at a rate of 1% to 2%
per year. It is estimated that 50% of
men aged 60 years or older may have
considerably decreased testosterone
levels.3: Clinically, low testosterone

doi: 10.1902/jop.2012.110658
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levels may influence sexual function and libido,
muscle strength, bone density, fatigue, cognition,
mood, adipose tissue, or even affect periodontal
disease.®8

In contrast, supraphysiologic levels of testoster-
one may be induced by synthetic drugs used by body
builders and other athletes to increase performance.
The effects of these drugs include an increase in
body weight, fat-free mass production, and enlarge-
ment of muscle size and mass. The reported side
effects are sexual dysfunction; liver toxicity; and
alterations of the psyche, behavior, and cardiovas-
cular system.® Additionally, a case-control study
reported that the prolonged use of anabolic andro-
genic steroids is associated with significant levels
of gingival enlargement. !9

However, the effect of testosterone on inflamma-
tion remains unclear. Androgens have been shown
to be protective in certain conditions, and harmful
in others.!! They contribute to inflammation by
influencing the activity of leukocytes and inflam-
matory cells such as neutrophils,!? monocytes,!3
macrophages, !4 mast cells, % and platelets.16:17 Al-
though androgens protect males from inflammatory
disorders such as atherosclerosis and rheumatoid
arthritis, 18-20 they may also exacerbate wound in-
flammation.21-22

Polymerase chain reaction mRNA analysis sug-
gests that androgen receptors are also expressed in
human periodontal and gingival tissue. In addition,
testosterone may modulate its own receptors, which
indicates that supra- and subphysiologic levels of
the hormone could modify tissue response.?3 Many
in vitro experiments using periodontal cells and
tissues have been performed to identify the role
of testosterone on inflammatory markers such as
prostaglandins and interleukins, as well as on the
proliferative capacity of bone cells.?4"27 However,
in vivo experiments are still needed to understand
the influence and consequences of the variations
of testosterone levels in the periodontium. There-
fore, the primary purpose of this pilot study is to
evaluate the consequences of supra- and subphy-
siologic testosterone levels on ligature-induced
bone loss in rats.

MATERIALS AND METHODS

Animals

A total of 63 male adult Holtzman rats (Rattus
norvegicus albinus) weighing 300 to 400 g were
housed under similar conditions in cages with ac-
cess to food and water ad libitum. During the entire
experimental protocol, the rats were kept in a quiet
room with controlled temperature (23 + 2°C),
humidity (65% to 75%), and a 12-hour light-dark
cycle. All experimental protocols were approved by

Figure 1.

Diagram illustrating the points used to evaluate the connective tissue and
epithelial height and width measurements. Connective tissue (1) and
buccal epithelium (2) areas were obtained by mu/tip/yinég each tissue’s
height by its width. Modified from Corréa et al. (2005).*

the local Ethics Committee for Animal Experimenta-
tion and conducted in accordance with the guidelines
of the Brazilian College of Animal Experimentation.

Orchiectomy and the Dynamics of Testosterone
Levels After Exogenous Testosterone
Administration

Three rats were used to evaluate the dynamics of
testosterone levels after orchiectomy and testoster-
one injections. Surgical orchiectomy was performed
under anesthesia using ketamine (1 mL/kg/body
weight [bw]) and xylazine (0.4 mL/kg/bw). In brief,
after a scrotal incision, both testicles were removed
and the incision sutured under sterile conditions. The
rats were given acetaminophen (300 mg/kg/bw;
orally) for postoperative pain relief and an intramus-
cular dose of penicillin and streptomycin (1 mL/kg/
bw). After the procedure, the animals were kept in
separate cages for 7 recovery days. Three days
postorchiectomy, the animals were given a single
intramuscular injection of a long-lasting mixture of
testosterone esters (30 mg testosterone propionate,
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the rats were sacrificed via an
overdose of anesthesia.

Radiographic Evaluation

After the rats were sacrificed,
the mandibles were removed,
and the right hemimandible
was evaluated radiographically
as previously described.?? In

brief, digital x-ray images were
used to estimate alveolar bone
loss by examining the distance
between the cemento-enamel

junction (CEJ) and the height
of alveolar bone in the mesial
root surfaces of the mandibular
right first molars. The analysis
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Figure 2.

Mean (£ SEM) testosterone serum levels (ng/mL) at baseline, postorchiectomy, and post-testosterone

injection (n = 3). OCX = orchiectomy; T= testosterone injection.

60 mg testosterone phenylpropionate, 60 mg testos-
terone isocaproate, and 100 mg testosterone dec-
anoate),’ 250 mg/kg/bw, diluted to 0.1 mL in corn
0il.28 Venous blood (400 pL) was collected from the
tail at baseline; 1, 2, and 3 days postorchiectomy;
and 8 hours, 1, 2, 3, and 7 days post-testosterone
injection. A blood sample was centrifuged for 10
minutes at 3,000 rpm to obtain approximately 150
pL of serum. Each serum sample was analyzed for
total testosterone levels using a chemiluminescence-
based immunoassay.$

Experimental Protocol

Sixty rats were randomly assigned to the following
groups: 1) sham-operation controls (Sham; n =
10); 2) sham-operation and ligature-induced bone
loss (Sham+L; n = 10); 3) orchiectomy without lig-
ature (Ocx; n=10); 4) Ocx and ligature (Ocx+L; n=
10); 5) Ocx plus testosterone injection without lig-
ature (Ocx+T; n=10); and 6) Ocx, T, and ligature
(Ocx+T+L; n = 10). Thirty days postorchiectomy
(or sham operation), the ligatures were placed
bilaterally on the mandibular first molars as pre-
viously described and maintained for 15 days.?°
The Ocx+T group received injections of testos-
terone esters (250 mg/kg/bw, intramuscularly; di-
luted to 0.1 mL in corn 0il)?8 every 7 days until
the rats were sacrificed, starting 3 days postorch-
iectomy. At the end of the experimental period,
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was conducted with the aid of
software.|

Histologic and Histometric
Evaluation

The left hemimandibles were
soaked in formalin (10%) for
48 hours. A quick decalcifying
agent containing EDTA, so-
dium and potassium tartrate,
chloric acid, and deionized
waterl was used for a 10-hour decalcification. Serial
paraffin 5-pm-thick sections were made on the mesial
and distal aspects of the whole mandibular right first
molars and stained with hematoxylin and eosin.
The gingival epithelium and connective tissue areas
were measured in a modification of a previously de-
scribed method.3!:32 In brief, histologic sections of
each rat were photographed at 100x magnification,
and the connective tissue and epithelial height and
width were measured with the aid of software.* The
connective tissue and buccal epithelium areas were
obtained by multiplying each tissue’s height by
width (Fig. 1).

Statistical Analyses

One-way ANOVA, Tukey post hoc tests, and pair-
wise comparisons (Student t test) were used to as-
sess the differences among the quantitative data.
Whenever the groups did not reach homogeneity of
variances or did not present a normal distribution,
the Kruskal-Wallis (Dunn post hoc) or Mann-Whit-
ney { tests were used. A paired t test was used to
assess baseline and final weight differences. The
data were expressed as mean + SEM. All tests were

# Durateston, MSD Animal Health, Milton Keynes, UK.

§ Immulite 2000, Diagnostic Products Corporation, Gwynedd, UK.

| ImageTool for Windows 3.0, The University of Texas Health Science
Center at San Antonio, San Antonio, TX.

9 Allkimia, Campinas, Sao Paulo, Brazil.

# BioEstat 5.0, Manuel Ayres, Belém, Porto Alegre, Brazil.
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Figure 3.

A) Mean (x SEM) distance from CEJ to alveolar bone height (ABH) (mm)
measured in mesial root surfaces for each group (n= 10 animals/group).
Same letters indicate no statistically significant difference (ttest; P >0.05).
B) Representative radiographs of each experimental group.

performed using software,**

level was set at P=0.05.

and the significance

RESULTS

All animals were alive at the end of the experimental
period. The animals in the group that received a tes-
tosterone injection demonstrated aggressive be-
havior and were placed in isolated cages. The three

Steffens, Coimbra, Ramalho-Lucas, Rossa, Spolidorio

animals that were used to evaluate the dynamics of
testosterone levels after orchiectomy and testoster-
one injection presented mean baseline testosterone
levels of 2.01 £ 0.07 ng/mL, which decreased to
non-detectable levels 24 hours postorchiectomy.
The testosterone injections resulted in a mean 11-
fold maximum increase compared with the base-
line serum levels 8 hours after drug administration.
Seven days postinjection, testosterone levels de-
creased to values comparable to the baseline.
The effect of orchiectomy and testosterone injec-
tion on the serum levels of testosterone is shown
in Figure 2.

The mean baseline weight for each group was: 1)
Sham =388 £4 g; 2) Sham+L =381 +2 g; 3) Ocx =
386+5g;4) Ocx+L=384+7g; 5) Ocx+T =398 +
4 g;and 6) Ocx+T+L=379+6 g (P=0.1). The mean
final weight for each group was: 1) Sham =445 +
8 g; 2) Sham+L =445 + 5 g; 3) Ocx =442 + 9 g;
4) Ocx+L =418 £ 8 g; 5) Ocx+T =404 £4 g; and
6) Ocx+T+L = 379 £ 8 g. Paired statistical testing
indicated that the baseline and final weight mea-
surements significantly differed for all groups
(P <0.0001), except for the Ocx+T and Ocx+T+L
groups (P>0.05).

Bone loss was successfully induced by ligature;
the non-ligature groups significantly differed from
the ligature-induced bone loss groups (P<0.05). When
inflammation was absent (non-ligature groups), a tes-
tosterone injection after orchiectomy significantly
increased bone loss compared with either the orchiec-
tomy alone or sham operation groups. In contrast, in
the presence of inflammation (ligature groups), orchi-
ectomized, but not testosterone-treated rats, pre-
sented an increased bone loss compared with sham
operation controls (P <0.05). The mean bone loss
(£ SEM) for each group is shown in Figure 3.

Histometric analyses indicated that, in the pres-
ence of inflammation, both supra- and subphysio-
logic levels of testosterone significantly increased
the gingival area, but there was no increase in gingi-
val area when inflammation was absent. Ligature-
induced inflammation resulted in a significantly
increased buccal epithelium in Ocx and Ocx+T
groups compared with sham operation controls
(P <0.05), whereas connective tissue was signifi-
cantly increased in only the Ocx+T group. The
mean (+ SEM) gingival area (um?2) for each group
at each experimental period is listed in Table 1.
Representative histologic images of each experi-
mental group are shown in Figure 4.

** BioEstat 5.0, Manuel Ayres.
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Table 1.

Mean (+ SEM) Gingival Area (um?) for Each Group (n = 10 animals/group)

Tissue Type Treatment Sham Ocx Ocx+T

Buccal epithelium Control 6,662 + 947 3,438 + 383 4,875 £ 1,260
Ligature 737 £271%* 7,245 * 1,826 14,995 + 8,209

Connective tissue Control [ 18,815+ 15,693 [21,159 £ 10,734 99436 + 7,806
Ligature 62,264 + 243057 120,319 £ 16,287 147,186 £ 8,295

* Statistically significant difference compared with Ocx and Ocx+T (Mann-Whitney {; P=0.01).
T Statistically significant difference compared with Ocx+T (Mann-Whitney U; P=0.02).

DISCUSSION

The effects of testosterone hormone on the peri-
odontium and periodontal cells have been assessed
both in humans® 1 and in vitro,33-34 but there is in-
sufficient evidence to fully understand the exact
effect of testosterone on periodontal tissues and
inflammation in general. This issue is important,
given the increasing age of most populations and
the associated hormonal imbalances.! Using an
animal model enables evaluation of the effects of
hormonal imbalances in vivo with the additional
advantage of enabling ex vivo analyses.

Sex steroid hormones, such as testosterone, carry
out their function in adipose tissues by both geno-
mic and non-genomic mechanisms, which leads to
lipolysis.3® As testosterone regulates the amount
and distribution of adipose tissues, it would be ex-
pected that supraphysiologic levels would lead to
fat burning compatible with the lack of statistically
significant differences between final and baseline
weights observed in the testosterone-treated rats. Ad-
ditionally, the stress provided by weekly injections of
a medication could have contributed to this finding.

Bone loss was significantly induced by ligatures
in every ligature group, thus validating the method
used. The authors observed that orchiectomized rats
presented increased bone loss when compared with
sham operation controls, but this difference was
not observed when the ligature was not placed
around the teeth, even though measuring bone loss
only in the mesial surface of the tooth could result in
an underestimation of bone loss. Daltaban et al.8
demonstrated that in humans, clinical attachment
levels were not statistically different in patients with
hypergonadotropic hypogonadism compared with
controls, although these authors observed a nega-
tive correlation between gingival index and free tes-
tosterone levels. In rats, bone marrow plasma and
the bone marrow cell extract receptor activator of
nuclear factor-kappa B ligand (RANKL), an essen-
tial cytokine for bone resorption, are significantly in-
creased 1 and 2 weeks postorchiectomy.3° It would,
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therefore, be expected that a decrease of testoster-
one levels would also decrease peripheral estrogen
levels (also a product from testosterone conver-
sion), which are closely related to bone metabolism
regulation. However, in rats, 30-day orchiectomy
significantly decreased serum testosterone and
DHT levels, but not estrogen, whereas supraphy-
siologic testosterone treatment was related to sig-
nificantly increased serum testosterone, DHT, and
estrogen levels.3”

Testosterone injections significantly increased
both the connective tissue and epithelial areas in
the presence of inflammation when compared with
sham operation controls (P <0.05). These results
are in accordance with findings in humans that
revealed the association between prolonged use of
steroids and gingival enlargement.!? The fact that
sub- or supraphysiologic levels of testosterone did
not influence the gingival area of non-ligature ani-
mals could be at least partially attributed to the
inflammation-induced higher conversion of testos-
terone to DHT.33:34 Gingival fibroblasts present an-
drogen receptors (but not estrogen receptors), and
DHT upregulates their proliferation.?® However,
our results clearly demonstrate that orchiectom-
ized animals also present increased epithelial area
when compared with sham operation controls. In
fact, one study suggests that bone may contain
an intraskeletal reservoir of sex steroids that are
capable of producing biologic effects, and 30-day
orchiectomy did not alter the testosterone or es-
trogen reservoir but instead increased DHT levels
by 39%.37 This suggests a role for the increased in-
traskeletal DHT reservoir following orchiectomy
or other testosterone-related mechanisms that
may be involved in gingival tissue regulation.

Supraphysiologic levels of testosterone were
induced by the injection of testosterone esters,
which resulted in amean 11-fold maximum increase
when compared with baseline serum levels 8 hours
after drug administration. This represents a light hor-
mone overdose (drug abusers usually take 10 to 100
times higher doses than those used for medical
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Control

Figure 4.
Representative histologic images of each experimental group (H&E staining).

conditions).!? Our results clearly demonstrate that
the medication dose used (250 mg/kg) provides
7-day supraphysiologic testosterone levels, thus
indicating that the method used provided high
levels of testosterone throughout the experiment.
Supraphysiologic levels of testosterone groups

were also subjected to orchi-
ectomy to verify the effect of
synthetic hormone on the tis-
sues and to serve as controls
for the orchiectomy group.
We did not use a hormone repo-
sition group (physiologic levels)
because the non-operation an-
imals served as normal tes-
tosterone-level controls.

As this was an initial study,
only the consequences of ab-
normal testosterone levels on
rats’ periodontal tissues in the
presence or absence of inflam-
mation were assessed. However,
the mechanisms by which tes-
tosterone deficiency excessively
influenced bone remodeling or
epithelial and connective tissue
areas of periodontal tissues in
health and disease should be
further investigated.

Ligature

CONCLUSIONS

Both sub- and supraphysio-
logic levels of testosterone
may influence bone metabo-
lism, but only subphysiologic
levels significantly increase
ligature-induced bone loss, thus
suggesting a protective effect
of normal testosterone levels
on inflammation-induced al-
veolar bone resorption. Last,
testosterone has a regulatory
effect on the gingival area.
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Abstract

Testosterone, the main androgen, can be present at different levels within an individual’s
lifespan, which could alter host susceptibility to diseases. Periodontitis is an infectious disease
that leads to inflammation and consequent bone loss around the teeth. The objective of this
study was to evaluate the impact of different testosterone levels on ligature-induced
periodontitis in vivo, assessing associated bone markers and cytokines expression, as well as
to investigate the impact of testosterone on osteoclastogenesis in vitro.

A total of 80 male adult rats were used in the study and subjected to treatments that resulted in
subphysiologic (L), normal, or supraphysiologic (H) serum concentrations of testosterone.
Forty rats were subjected to bilateral orchiectomy and 40 rats received testicular sham-
operation. Twenty of the sham-operated animals received flutamide (F), an androgen receptor
antagonist. Three days after orchiectomy, 20 of the rats started receiving testosterone
injections. Four weeks after surgery, half of the rats received a subgingival cotton ligature
around the lower first molars, which is an experimental model for periodontitis, and were
killed two weeks later. In vitro, osteoclasts were generated from RAW264.7 precursors for 4
days. Test groups were treated with testosterone at doses of 1, 10, 100 nM or 1uM. F
(100nM) was added to the 100nM testosterone group.

In ligated animals, gingival levels of IL-13 were increased in L group, while F significantly
reduced gingival IL-6 when compared to sham-operated animals. Linear analysis of bone loss
using micro-computed tomography was increased for L, F and H groups when compared to
ligated controls. Similarly, the number of osteoclasts was significantly reduced only when 10
and 100nM testosterone was added, which was successfully reversed by F. Testosterone also
dose-dependently reduced TNF and RANTES.

Testosterone modulates host response to periodontitis in rats, interfering at a molecular level
in the progression of the disease.

Keywords: testosterone; periodontitis; inflammation; androgens; gonadal steroid hormones.
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Introduction

Aging can be defined as a gradual and time-dependent decline of various
physiological functions, leading to the end of lifespan [1]. Nine hallmarks of aging have been
described: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication [2]. In 2000, the term “Inflammaging”
was proposed to represent the low-grade pro-inflammatory status developed during the aging
process, that predisposes the individual to age-related diseases [3]. Indeed, several
experiments support this concept; aging mammals express an increase in genes related to the
immune-inflammatory response; activation of nuclear factor kappa B (NF-kB) signaling (a
key regulator of inflammation); and increased serum pro-inflammatory cytokines [4-8].

It was recently demonstrated that the aging process induces activation of inhibitor of
nuclear factor kappa B kinase subunit beta (IKK-B) and NF-kB in the hypothalamus of mice,
and mechanistic studies revealed that those proteins inhibited gonadotropin-releasing
hormone (GnRH) [1]. In men, hypothalamic GnRH is responsible for regulating the release of
interstitial cell-stimulating hormone by the pituitary gland, which in turn stimulates the
Leydig cells to produce testosterone [9]. The decline of GnRH, and consequently testosterone,
indicates the closing of the reproductive period of life — which is necessary for the quality of
the species — but also contributes to systemic aging [1].

Declines in testosterone have broader consequences beyond reproduction. The
maintenance of physiologic levels of testosterone is critical for overall men’s health. Cross-
sectional and prospective studies show that low testosterone levels are related to increased
serum soluble interleukin (IL)-6 receptor (sIL-6r) in older men, although results for IL-6 were
controversial [10, 11]. In addition, testosterone replacement therapy in hypogonadal men
significantly decreased serum pro-inflammatory cytokines IL-1p and tumor necrosis factor

(TNF) [12]. A recent cross-sectional study demonstrated that macrophage inflammatory
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protein l-alpha (MIP-1a), 1-beta (MIP-13) and TNF are negatively associated with total
testosterone in young men, before any concurrent manifestation of age-related systemic
diseases, suggesting that low testosterone levels also promotes an aging-independent pro-
inflammatory status [13].

Other studies have shown that testosterone treatment of orchiectomized mice and
young male rats suppresses leukocyte counts [14, 15]. The results also showed that
testosterone treatment decreased monocyte counts, CD4'/CD8" ratio, and inhibited
proliferative responses of lymphocytes [15]. Due to the immunosuppressive properties of the
doses of testosterone used, animals that were treated with testosterone were more susceptible
to infection [14].

Periodontitis is a chronic inflammatory disease affecting the supporting structures of
teeth that is characterized by an overproduction of innate immune cytokines, such as I1L-1p,
IL-6, and TNF, leading to tissue breakdown, and consequent loss of clinical attachment and
alveolar bone [16]. The loss of bone in periodontitis is thought to be a consequence of altered
coupling of bone resorption and formation. The disease etiology is infectious; it is initiated
and maintained by specific microorganisms organized on the tooth surfaces as an oral biofilm.
Since the pathogens associated with periodontitis are commensal, susceptibility and host
response are key regulators of disease initiation and progression, and have been investigated
at genetic, cellular and molecular levels [17].

Since periodontitis is an infection-derived inflammatory disease, we used a model of
experimental periodontal disease in rats to test the hypothesis that sub- and supraphysiologic
testosterone levels impact host susceptibility to periodontal bone loss. The objective of the
present study is to evaluate the actions of testosterone in an experimental model of
periodontitis in vivo, assessing associated bone markers and cytokine expression, as well as to

investigate the impact of testosterone on osteoclastogenesis in vitro.
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Materials and Methods
Animals

Eighty male adult Holtzman rats weighing 300-400g were kept in cages under similar
conditions (controlled temperature 23+2°C, humidity 65-75% and 12-hour light-dark cycles).
Food and water were provided ad libitum. Randomization of animals was performed using a
riffle method. AIll experimental protocols were approved by the Institutional Ethics
Committee for Animal Experimentation (protocol #25/2010) and performed in accordance
with the guidelines of the Brazilian Society of Science on Laboratory Animals (SBCAL). This
study conforms to the ARRIVE guidelines.
Induction of Sub- and Supraphysiologic Serum Testosterone Levels

After 1 week of acclimatization, forty rats received orchiectomy to suppress
testosterone production. Briefly, a scrotal incision was performed for bilateral testicular
removal and the incision was sutured under anesthesia using ketamine [1 mL/kg/body weight
(bw)] and xylazine (0.4 mL/kg/bw) under sterile conditions. The rats were given
acetaminophen (300 mg/kg/bw; orally) for postoperative pain and a single intramuscular dose
of penicillin and streptomycin (1 mL/kg/bw). After the procedure, the animals were kept in
individual cages for recovery for 7 days. Starting three days after orchiectomy, twenty of the
rats received 250 mg/kg of a long-acting mixture of testosterone esters — 30 mg testosterone
propionate, 60 mg testosterone phenylpropionate, 60 mg testosterone isocaproate, and 100 mg
testosterone decanoate (Durateston, MSD, Campinas, SP, Brazil). The medication was diluted
to 0.1mL in corn oil and injected intramuscularly every 7 days until sacrifice. Twenty other
rats received the same surgical procedure except for the testicular removal and were
considered sham-surgery controls.
Assessment of the Role of Androgen Receptors on Testosterone-Related Responses

Flutamide (Sigma-Aldrich, Saint Louis, MO, USA; 50mg/kg), an androgen receptor

antagonist, was administered intragastrically, every other day, to twenty sham-surgery
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controls until sacrifice. Flutamide was diluted to 25mg/mL in distilled water and Tween-20.
The treatment was started three days after sham-surgery [18].
Induction of Experimental Periodontal Disease

Four weeks after orchiectomy (or sham-surgery), half of the rats in each group
(n=10/group) were anesthetized as above. A 3.0 cotton ligature was placed in a subgingival
position around the lower first molar tooth. Ligatures enable bacterial accumulation leading to
inflammation and bone loss. The other 10 animals in each group served as controls. The
ligatures were maintained for 2 weeks at which time all rats were sacrificed. A schematic
representation of the in vivo study design is shown in figure 1.
Blood Assessment

A blood sample was collected from every animal at the end of the experiment. After
clotting for 45 minutes at room temperature, the sample was centrifuged for 10 minutes at
3,000 rpm to obtain serum. Each serum sample was analyzed for total testosterone levels
using a chemiluminescence-based immunoassay (Immulite 2000, Diagnostic Products
Corporation, Gwynedd, UK): biochemical colorimetric tests for calcium (Ca"), alkaline
phosphatase (ALP) and phosphorus (P) (Bioclin, Quibasa, Belo Horizonte, MG, Brazil); and
enzyme-linked immunosorbent assays (ELISA) for the detection of interleukin (IL)-1p and
IL-6, using commercially available kits (R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions.
Micro Computed Tomography (uCT) Analyses

For quantitative and qualitative three-dimensional (3D) analysis of the alveolar bone,
mandibles of 5 animals per group were scanned using a uCT system (Skyscan, Aartselaar,
Belgium). The specimens were scanned at a resolution of 18 pum in all three spatial
dimensions. CTan/CTvol software (Skyscan) was used for imaging and analysis. The region

of interest (ROI) was interpolated and drawn including all bone medial to the mesial roots of
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the second molar to the mesial surface of the first molar, using a slice-based method. Bone
volume fraction (BV/TV) was analyzed by the CT-scan software.

Additionally, the linear distance between the cemento-enamel junction and alveolar
bone was measured on the mesial surface of the first molars using Dataviewer 1.4.3,
(Skyscan) software. The measurement was performed three times by a calibrated individual,
who was blinded to the treatment groups, and under the same background conditions. The
mean of all three measurements was considered one sample and used for statistical analysis.
Local Expression of Cytokines in the Tissue

The mucogingival tissues around the first molars of the remaining 5 animals per group
were removed and processed for concentrations of IL-18 and IL-6 using commercially
available ELISA kits (R&D Systems), according to the manufacturer’s instructions. Total
protein content in each sample was determined using the Bradford method and the results
were used for normalization.
Increasing Testosterone Concentration and Osteoclast-like Cells

The RAW264.7 murine monocyte/macrophage cell line was obtained from ATCC
(Manassas, VA, USA) and cultured in T-75 flasks containing MEM-alpha supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin until approximately 90% cell
confluence, with media replacement every three days. On day 4, cells were seeded at 2.5x10"
cells/mL in 96-well plates (200uL/well) in the same media with the addition of 50ng/mL
recombinant murine SRANKL (PeproTech, Rocky Hill, NJ, USA).

Testosterone (Sigma-Aldrich) was diluted in DMSO to a stock concentration of 100
mM and further dilutions were performed using medium. The tested doses included 1nM,
10nM, 100nM and 1pM. 1% DMSO was added to each control well. Flutamide (Sigma-
Aldrich), 1uM, was used alone or in addition to testosterone to evaluate the role of androgen
receptors on cell responses. Each treatment was performed in quintuplicate, and each plate

was repeated three times.
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After 5 days, the supernatants were collected under denaturizing conditions for the
analysis of IL-6, IL-10, Tumor Necrosis Factor (TNF) and Regulated on Activation Normal T
cells Expressed and Secreted (RANTES), using a multiplex ELISA approach (Millipore,
Billerica, MA, USA). The attached cells were then washed with PBS, fixed with 10%
formalin for 5 minutes, and stained using tartrate-resistant acid phosphatase (TRAP) using a
commercially available kit (Sigma-Aldrich), according to the manufacturer’s instructions.
After staining, each well was divided into 4 quadrants, photographed at 40x magnification,
and osteoclasts were counted using Image J software (National Institute of Health, Bethesda,
MD, USA); and ImageTool, (UTHSCSA, San Antonio, TX, USA). Osteoclasts were defined
as TRAP-positive cells containing 3 or more nuclei.

Caspase-3 Analysis

The apoptotic marker caspase-3 was analyzed in separate experiments as above ending
on day 3. The supernatant was discarded and the cell lysate was obtained using the buffer
supplied in the Caspase-3 Colorimetric Kit (Invitrogen, Life Technologies, Carlsbad, CA,
USA). All procedures were conducted according to the manufacturer’s instructions. The
samples were read at 405nm.

Androgen Receptor Expression Analysis

The expression of androgen receptors was assessed by Western Blot. After 5 days, the
cell lysate was obtained using RIPA buffer containing 1% protease inhibitor cocktail (P8340,
Sigma-Aldrich). Incubation with the primary antibody (sc-816, Santa Cruz Biotechnology,
Dallas, TX, USA), diluted 1:200 in 5% milk/TBS-T, was performed overnight at 4°C. p-actin
reactive bands served for densitometry normalization, which was performed with the aid of
software (ChemlImager 5500 system, Alpha Innotech Corp., USA).

Statistical Analysis
Tests for homogeneity of variance and normal distribution were performed. If data

satisfied both criteria, one-way analysis of variance (ANOVA) and post-hoc Tukey tests were
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performed. Pairwise analyses were also performed using t tests where appropriate. If
normality criteria were not met, the non-parametric Kruskal-Wallis and Dunn’s post-test were
performed. Alternatively, Mann-Whitney was performed for pairwise comparisons. All tests
were performed using GraphPad Prism 5.0 for Mac OS X software (GraphPad Software, San
Diego, CA, USA). The significance level was set at p<0.05. Fold-change calculations were
performed by dividing all data by the average of the control group. Data are expressed as

mean + SEM, unless otherwise stated.

Results

Orchiectomy significantly decreased the levels of testosterone to below the detection
point of the assay; administration of testosterone provided a 20-fold increase in the serum
hormone concentration. Calcium serum concentration was not modulated by any treatment in
the control group; was increased in orchiectomized and testosterone-treated animals with
ligature induced periodontitis. Phosphorus and alkaline phosphatase levels were significantly
decreased in the control and ligated testosterone-treated animals, and ligature also reduced
ALP concentration in sham and orchiectomized animals when compared to their controls
(Figure 2).

Three-dimensional analysis of bone volume fraction (BV/TV) demonstrated that
ligature successfully induced periodontal bone loss, but only testosterone-treated animals had
higher bone loss than the ligated sham-operated animals. Linear analysis of the bone on the
mesial surface of the first molars showed that the distance between cemento-enamel junction
and alveolar bone was increased for both orchiectomized and testosterone-treated ligated
animals. The same pattern was observed in vitro, where the number of osteoclasts was
significantly diminished in the presence of 10 and 100nM testosterone, but the lower and

higher tested doses were not different from control. Caspase-3 activity was dose-dependently
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increased by testosterone treatment, with a significant increase at the 100nM dose. At the
highest dose, caspase-3 activity decreased again (Figure 3).

Orchietomy significantly increased gingival levels of IL-1p in ligated animals, which
was reversed by testosterone treatment, but had no impact in controls. In vitro, IL-6 and 1L-10
were not modulated by testosterone treatments, but TNF and RANTES were dose-
dependently decreased (Figure 4).

Flutamide-treated animals had serum testosterone levels 5 times as high as sham-
operated controls, and that difference was also significant when compared to orchiectomized
animals. In the ligature animals, the linear bone loss evaluation demonstrated similar loss to
that observed in orchiectomized animals, and was also significantly higher than sham-
operated animals. Local expression of IL-1p3 with ligature, as opposed to orchiectomy alone,
was not increased in flutamide-treated animals. I1L-6 levels, however, were significantly
decreased in the local tissue in flutamide-treated ligated animals (Figure 5).

In vitro, testosterone treatment dose-dependently increased the expression of androgen
receptor on osteoclasts, with a significant increase at the dose of 1uM. Flutamide treatment
antagonized the actions of the 100nM dose of testosterone, but failed to reverse the impact of

the 1uM dose on TNF and RANTES production (Figure 6).

Discussion

Sex hormones have many functions including modulating the host response. With
respect to ‘Inflammaging’, it is still unclear whether the decline in testosterone levels leads to
a deregulation of systemic inflammation or it is a consequence of the aging process and its
associated inflammation. Periodontitis is a chronic inflammatory disease triggered and
maintained by specific pathogenic microorganisms in the oral biofilm that involves soft and
hard tissue loss. Many in vitro studies have assessed the role of androgens on different

periodontal soft tissue cells: in gingival connective tissue, testosterone inhibits prostaglandin
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formation [19], and in inflamed gingiva there is an increase in 5-alpha-reductase activity [20].
In fibroblasts, increasing concentrations of androgens inhibits IL-6 production [21, 22] and
increases cell proliferation [23]. Our group previously demonstrated that low and high
testosterone levels in rats increase both gingival and connective tissue areas [24]. The impact
of sex hormones on periodontal health has recently been revisited in publications, with the
proposal of the term “‘Periodontal Reproductive Endocrinology’ [25].

In this study using adult rats, it was demonstrated that orchiectomy decreases serum
testosterone levels that can be reversed with exogenous administration of testosterone to
achieve supraphysiologic levels providing a model for the impact of testosterone levels in
periodontitis and oral health. The testosterone concentration used therapeutically was
effective in maintaining supraphysiologic levels for up to 7 days, when a second injection was
required [24]. Ligature-induced periodontal disease in sham-operated animals did not change
serum calcium or phosphorus levels when compared to their respective non-periodontitis
controls, which is in accordance with Nassar et al., 2004 [26]. In contrast, we observed a
significant decrease of alkaline phosphatase in sham-operated animals due to the insertion of
the ligature, which is in accordance with the findings of Goes et al., 2012 [27]. A previous
study had also reported that orchiectomy does not change serum calcium levels [28],
suggesting that the body may exert a strict regulation on ionic absorption/secretion, most
probably to protect the neuromuscular system and other calcium-dependent processes rather
than maintaining the skeleton integrity. Some studies had also reported no statistically
significant difference in alkaline phosphatase levels, which is in accordance with our results
[28, 29]. However, low levels of free androgen have been correlated with low levels of bone
markers in men [30]. Interestingly, the pattern of the impact of testosterone modulation on
bone markers is similar in health and disease. One should notice that the most profound

effects on the studied bone markers are those presented by testosterone-treated groups.
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Our results showed that testosterone modulates periodontal bone loss in an
inflammatory environment, but it was not enough to increase bone loss in control rats. Again,
high testosterone levels presented the highest impact on bone loss, as it was the only group
that differed from sham-operated rats with ligature when three-dimensional analysis was
performed. On the other hand, both orchiectomy and orchiectomy plus testosterone rats
presented with higher bone loss during inflammation than sham-operated controls. As a
matter of fact, some of our previous studies also demonstrated that measuring the mesial
surface of the ligated teeth was a more sensitive analysis than the three-dimensional one. This
may be due to the great impact that 14 days of ligature have on bone loss at all periodontal
areas (furcation, mesial and distal sites), and also that the knot is placed on the mesial surface
of the tooth.

Similar results have been found using an osteoclast differentiation assay. Apart from
the 1uM dose, we showed here that testosterone dose-dependently decreases osteoclast
formation from RANKL-stimulated RAW264.7 cells. A similar study showed that this
happens through a selective regulation of c-Jun, a key transcription factor that is essential for
osteoclast formation [31]. Other studies have shown that androgens decrease
osteoclastogenesis from stimulated mouse unfractionated bone cell culture [32] and human
peripheral blood CD14+ monocytes [33], as well as decrease bone resorption by primary
avian cell culture, primary murine cell culture, and human osteoclasts from giant cell tumors
[34]. Our findings also suggest that this observation is due to increased apoptosis, as can be
derived from the increase in caspase-3 apoptotic marker. However, just like in the in vivo
experiment, we also demonstrate that there is a saturation limit where the impact is reversed,
as can be seen in the dose of 1uM.

Indeed, testosterone levels in men may vary greatly among individuals and in different
race/ethnical populations [35]. A nationally representative sample of Americans, for example,

present with a total testosterone concentration mean of 20.68nM (IC 95%: 19.54-21.93) when
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they are 20-29 years old, declining to 15.89nM (I1C 95%: 14.85-17.00) at late adulthood (50-
59 years) [36]. In rats, we have shown that mean serum concentration of the hormone was
approximately 7nM and a 10-fold reduction in these levels was obtained following
orchiectomy as a model of hypogonadism [24]. On the other hand, abusive anabolic
androgenic steroid users, such as bodybuilders and those who use it for athletic purposes,
generally use these drugs in a concentration 10-100 times as high as those used for medical
conditions [37]. However, it is possible that the concentration of the hormone in bone is
higher than in serum [38]. Based on that, even though many studies used 10nM testosterone
to represent ‘physiologic’ levels, we tested 4 different testosterone concentrations in an
attempt to cover some possible clinical presentations of testosterone in bone tissue.

We demonstrated that orchiectomy upregulates IL-1p production only at the site of
inflammation (and not systemically), but it had no effect on IL-6 either locally or
systemically. Both IL-1p and IL-6 are important cytokines that regulate osteoclast number
and activity and are therefore related with bone loss [16]. Our findings are not in accordance
with experiments in male mice and murine bone marrow-derived cells, where it was shown
that testosterone decreases the expression of IL-6 gene and that IL-6 mediates the
upregulation of osteoclastogenesis and bone loss [39]. At the same time, I1L-10 production and
release in osteoclast culture was not affected by testosterone treatment. IL-10 is an anti-
inflammatory cytokine produced by T cells, B cells, eosinophils, keratinocytes, mast cells and
monocytes/macrophages [40] and it downregulated osteoclastogenesis when RAW264.7 cells
were used as precursors [41]. Previous studies have shown that testosterone increases 1L-10
production by CD4+ T lymphocytes in mouse splenocyte culture [42]. Also, in humans, IL-10
was significantly increased in hypogonadal men who received testosterone replacement
therapy when compared to the control group [12].

RANTES, also known as CCL-5, is a chemokine that is induced when human bone

resorbing cells differentiate from monocyte precursors in vitro and can stimulate
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differentiation of cells with visual appearance of osteoclasts [43]. Additionally, 6-month-old
RANTES-deficient mice display osteopenia associated with decreased bone formation and
increased osteoclastogenesis [44]. Taken together, these data may imply that RANTES
expression can limit or modulate osteoclastogenesis. We demonstrated here that testosterone
treatment dose-dependently inhibits RANTES expression, which is in accordance with the
osteoclast number finding, although we expected the highest dose to increase again. That
suggests that low and high testosterone doses have different pathways and mechanisms to
maintain the osteoclast number similar to the control group. As for TNF, a cause and effect
relationship between this cytokine and bone loss in several chronic inflammatory diseases
have been demonstrated [45]. Similarly to RANTES, our results show that testosterone dose-
dependently decreased TNF, even though the difference was significant only for the two
higher hormone doses. In humans, some conflicting results have been demonstrated regarding
the relationship between cytokines and testosterone. A cross-sectional study demonstrated an
inverse correlation between testosterone and soluble 1L-6 receptor in older men (sIL-6r), but
no correlation was found for other markers, such as IL-6, IL-1p or TNF [10]. Differently,
induction of 4-week hypogonadism in older men increased both IL-6 and sIL-6r in older men
[11], but those results seem not to be maintained in longer periods of hypogonadism [46].
Testosterone replacement therapy in hypogonadal men significantly decreased IL-1f and
TNF, but had no effect on IL-6 levels [12]. When testosterone replacement therapy was
withdrawn, a significant increase in IL-6 and decrease in TNF levels was observed two weeks
later [47].

Flutamide was used to isolate the impact of low testosterone levels, which could also
imply in lower estrogen levels, to those effects related to androgen receptor activation.
Estrogen is a key regulator of bone turnover, and its impact in men has been documented [48].
We showed that periodontal bone loss is increased in flutamide-treated animals in a fashion

similar to that observed in orchiectomized animals, even though serum testosterone
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concentration was increased. This finding suggests that the androgen receptor activation is
necessary for the beneficial effects of testosterone on bone. However, local cytokine
expression suggests that these two models of testosterone action deprivation work through
different pathways. IL-13 was not increased in flutamide-treated animals as it was for the
orchiectomized ones. Additionally, IL-6 was significantly decreased in flutamide-treated
animals. A possible explanation is that IL-6, besides its bone resorption-related effects, also
displays anti-inflammatory and immunosuppressive effects, contributing to the resolution of
acute and chronic inflammation [49].

In vitro, we show that androgen receptor expression is enhanced with increasing offer
of testosterone. The presence of androgen receptor in mice osteoclast-like cells had already
been demonstrated [50, 51], as well as the increase in androgen receptor expression and
specific binding with increasing doses of androgens in osteoblastic cells [52]. Flutamide was
able to reverse the significant androgen-derived decrease in osteoclast number, which is in
accordance with previous studies that showed an antagonizing effect for both osteoclast
number [32] and activity [33, 34]. However, the impact of high doses of testosterone in TNF
and RANTES seem not to be related with the androgen receptor. As a matter of fact, the
aromatase enzyme that converts testosterone into estradiol is expressed in osteoclast and
osteoclast precursors cell culture, and therefore could be implicated in these findings [53].

Our study was designed to represent three possible clinical conditions of testosterone:
low, normal and high serum concentrations. Orchiectomy was also performed to the
testosterone-treated animals so they could serve as controls for the orchiectomized-only
group. The choice of 30-day period before placing ligature was due to the induction of
osteopenia/osteoporosis that follows long periods of low testosterone levels [54] and could
insert other variables to the study other than testosterone levels.

Taken together, our results indicate that testosterone modulates host response to

periodontal disease, interfering in the progression of periodontitis. This action is mediated, at
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least in part, via the androgen receptor. Additionally, regulation of osteoclastogenesis is one
of the mechanisms involved. Future studies should be performed to evaluate if
nonphysiological testosterone levels, and also if endogenous variations in testosterone levels,
could contribute to spontaneous initiation of periodontal disease. Additionally, it should be

tested if treatment outcomes are modified by varying levels of testosterone.
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Figure 1: Schematic representation of the in vivo study design.
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Figure 2: Impact of testosterone levels modulation on serum concentration of A) total
testosterone; B) Calcium (Ca*?); C) Phosphorus (P); D) Alkaline Phosphatase (ALP).

* p<0.05; ** p<0.01; *** p<0.001 when compared to the respective Control or Ligature SHAM group, unless
otherwise connected.
# p<0.05; ## p<0.01; ### p<0.001 when compared to the same treatment Control group.
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Figure 3: Testosterone modulation affects bone metabolism in vivo and in vitro. A)
Representative uCT images; B) Bone volume fraction (BV/TV); and C) linear distance
between cemento-enamel junction (CEJ) and alveolar bone (AB) on the mesial surface of the
first molars of each experimental group in each experimental condition. D) Fold-change in the
number of RAW264.7 and RANKL-derived TRAP-positive osteoclasts with 3 or more nuclei;
and E) Colorimetric detection of caspase-3 in the presence of increasing doses of testosterone.

* p<0.05; ** p<0.01; *** p<0.001 when compared to the respective Control or Ligature SHAM group, unless
otherwise connected.
# p<0.05; ## p<0.01; ### p<0.001 when compared to the same treatment Control group.
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Figure 4: Testosterone modulation affects cytokines expression in vivo and in vitro. Fold-
change in the serum and tissue concentration of A) Interleukin (IL)-1p; and B) IL-6 for each
experimental group in each experimental condition. Fold-change in the osteoclast-derived
supernatant concentration of C) IL-6; D) IL-10; E) Tumor Necrosis Factor (TNF); and F)
Regulated on Activation, Normal T cell Expressed and Secreted (RANTES) in the presence of
increasing doses of testosterone.

* p<0.05; ** p<0.01; *** p<0.001 when compared to the respective Control or Ligature SHAM group, unless
otherwise connected.
# p<0.05; ## p<0.01; ### p<0.001 when compared to the same treatment Control group.
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Figure 5: Androgen receptor blockade using flutamide also affects bone metabolism in vivo,
but through different mechanisms. A) Serum total testosterone levels; B) Representative uCT
images and linear distance between cemento-enamel junction (CEJ) and alveolar bone (AB)
on the mesial surface of the first molars. Fold-change in the serum and tissue concentration of
C) Interleukin (IL)-1B; and D) IL-6 for each experimental group in each experimental
condition.

* p<0.05; ** p<0.01; *** p<0.001 when compared to the respective Control or Ligature SHAM group, unless

otherwise connected.
# p<0.05; ## p<0.01; ### p<0.001 when compared to the same treatment Control group.
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Figure 6: Androgen receptor (AR) expression and involvement in testosterone-derived
responses in vitro. A) Fold-change in AR densitometry with increasing doses of testosterone.
Fold-change in B) the number of RAW264.7 and RANKL-derived TRAP-positive osteoclasts
with 3 or more nuclei; C) TNF; and D) RANTES when flutamide was added to the
testosterone concentration that had a significant impact on each variable.

* p<0.05; ** p<0.01; *** p<0.001 when compared to the respective Control or Ligature SHAM group, unless
otherwise connected.
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Abstract:

The objective of this study was to evaluate the impact of different testosterone doses on
osteoblasts using markers of osteoblast activity and osteoclast differentiation in primary
murine cell culture. Additionally, we assessed the reversibility of those actions using the
pro-resolving mediator resolvin (Rv) D2 (10 nM). Osteoblasts were differentiated from
neonatal mice calvariae for 10 days and then treated with testosterone 10 nM
(physiologic), a low (1 nM) or a high dose (100 nM) for 48 hours. The cell lysates and
conditioned media were used for the determination of alkaline phosphatase,
osteocalcin, RANKL and osteoprotegerin (OPG) protein concentrations. Physiologic
testosterone dose significantly decreased osteocalcin, RANKL and OPG levels, while
the high dose significantly increased the RANKL:OPG ratio. RvD2 partially reversed the
negative impact of 10 nM testosterone on osteocalcin and OPG. These findings suggest
that physiologic testosterone levels are protective against osteoclastogenesis, but that
impact is weakened by the disadvantageous down-regulation of osteocalcin and OPG.

The pro-resolving mediator RvD2 could partially reverse those findings.

Keywords: Testosterone; Osteoblasts; Docosahexaenoic Acids; RANK Ligand;

Osteocalcin; Osteoprotegerin.
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Introduction

Testosterone is the primary sex hormone in men with actions related to the
development and maintenance of muscle mass, stimulus of erythropoiesis, increased
brain perfusion, influence of mood and cognition, and bone health [1]. Low levels of
testosterone are associated with a decrease in muscle mass and strength, an increase
in central body fat, and a decrease in bone mass and osteoporosis [2]. Similarly,
anabolic-androgenic steroid abuse that results in high levels of testosterone has
adverse effects, such as alterations in the cardiovascular, central nervous, and
endocrine systems [3]. We have previously demonstrated bimodal actions of
testosterone; both low and high testosterone levels increase bone resorption in an
inflammatory dental model in rats [4].

From these clinical and experimental observations, it is clear that testosterone
plays a role in inflammation and bone metabolism. Several in vitro studies demonstrated
that androgens (mainly testosterone and 5a-dihydrotestosterone - DHT, a non-
aromatizable androgen) can directly decrease osteoclast differentiation or activity in
avian, mouse, rat and human cells [5-7]. However, it has also been suggested that
some of the impact of androgens on osteoclastogenesis can be mediated through cells
of the osteoblast lineage [7, 8].

Androgens have several functions, including inhibition of PTH- and IL-1a-
derived Prostaglandin E, production in cultured neonatal mouse calvariae [9];
suppression of IL-6 production, a cytokine related to osteoclastogenesis and bone loss,
in both cultured bone marrow stromal cells and osteoblasts [10-12]; and increase

Transforming Growth Factor B (TGF-B), which is a mitogen for osteoblasts, in a murine
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calvarial cell system. TGF-B mRNA is up-regulated in normal human osteoblastic cells
[13] and in osteoblast-like human osteosarcoma cells (HOS TE85) [14], but not in
normal human osteoblast-like cells (hOB) [15]. Overall, androgens stimulate
proliferation of osteoblast progenitors and differentiation of mature osteoblasts while
inhibiting apoptosis of osteoblasts [8].

Osteoblasts can produce and release receptor activator of nuclear factor kappa-
B ligand (RANKL) and osteoprotegerin (OPG), which play important roles in osteoclast
differentiation; binding of RANKL to RANK on osteoclast precursors induces
differentiation. OPG is a scavenger receptor for RANKL; hence, the RANKL:OPG ratio
is critical in osteoclastogenesis [16]. The actions of androgens in RANKL:OPG
regulation are controversial. OPG was found to be significantly upregulated by
androgens in primary murine cells, osteoblast-like cells, and in a co-culture system of
human cells [7, 17], but dose-dependently down-regulated in human cells [18]. Yet,
other reports suggest that RANKL mRNA has not been consistently detected and/or has
been described as not regulated by androgens [17, 18].

Inflammation plays a critical role in bone pathology and endogenous control of
inflammation through agonists of resolution of inflammation play a critical role in
maintaining bone homeostasis [19]. Once an inflammatory response is initiated by
trauma or infection, a cascade of pro-inflammatory events aimed at elimination of the
noxious stimuli is set into action. A basic tenet of modern medicine is that upon
neutralization of the stimulus, inflammation resolves due to catabolism of ‘pro-
inflammatory’ mediators. The resolution of inflammation is a highly coordinated and

active process. The process, similar to ‘pro-inflammatory’ mechanisms, utilizes cells and
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various messenger molecules generated by cells to provide ‘stop signals’ that lead to
shutdown and clearance of inflammatory cells [20]. Thus, inflammation includes both
pro-inflammatory and resolving mechanisms inherent to the body where the host
attempts to confine and/or eliminate the invaders and, when accomplished, actively
resolves the response to limit damage to self [21]. Hence, the capacity to actively
control inflammation is endogenously programmed.

Resolution programs require the local biosynthesis of endogenous specialized
pro-resolving lipid mediators. These mediators include the lipoxins, resolvins, protectins
and maresins [19], which are enzymatically synthesized via sequential steps involving
lipoxygenases and cyclooxygenases. These mediators are dual functioning because
they limit neutrophil accumulation and stimulate non-phlogistic activation of
macrophages in vivo [22]. Resolvin (Rv) D2 was originally identified in resolving
exudates, and is considered to be a potent endogenous regulator of excessive
inflammatory responses that acts via multiple cellular targets to stimulate resolution and
preserve immune vigilance [23]. However, its impact on bone cells is yet to be
determined.

Due to the important role played by osteoblasts in osteoclastogenesis and
consequent bone turnover, the objective of this study was to evaluate the impact of
testosterone on osteoblasts using markers of osteoblast activity (alkaline phosphatase
and osteocalcin) and osteoclast differentiation (RANKL, OPG and RANKL:OPG ratio) in
primary murine cell culture. Additionally, we demonstrate that RvD2 reverses the
negative impact of testosterone on the expression of osteocalcin and OPG by

osteoblasts.
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Materials and Methods

Materials

BalbC mice were obtained from Charles River Laboratories (Wilmington, MA) and bred
in house. Minimal Essential Medium (MEM)-a was purchased from Life Technologies
(Grand Island, NY), Fetal Bovine Serum (FBS) from ATCC (Manassas, VA),
Penicillin/Streptomycin from Corning (Corning, NY), and testosterone was purchased
from Sigma-Aldrich Co. (St. Louis, MO). A single plex OPG and multiplex RANKL-
Osteocalcin Milliplex Map kits were purchased from EMD Millipore (Billerica, MA).
Minimum detectable concentration (MinDC) for the OPG single plex defined as 2.3
pg/mL. The RANKL-Osteocalcin multiplex kit defined a MinDC of 2.7 pg/mL for RANKL
and 4.7 pg/mL for Osteocalcin. Milliplex assays were read on a Bio-Plex 200 from Bio-
Rad Laboratories Inc. (Hercules, CA). Alkaline Phosphatase (ALP) Enzyme-Linked
Immunosorbent Assay (ELISA) kit was purchased from Life Sciences Advanced
Technologies Inc. (Saint Petersburg, FL). All protocols were performed according to the

manufacturers’ instructions.

Primary Murine Osteoblast Culture

Neonatal mouse calvarial osteoblasts were isolated from litters (7-8 mice) by dissection
of the scalp skin and removal of the calvariae. Calvariae were incubated in a-MEM
medium supplemented with 10% FBS and 10,000 IU penicillin, 10,000pg/mL
streptomycin and then incubated for 10 min at 37°C in a 4mM Na,; EDTA solution 3

times in order to demineralize the extracellular matrix; the supernatants were discarded.
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The calvariae were then incubated twice at 37°C in a freshly prepared collagenase type
2 solution (Worthington, LS004176) in 137 mM NacCl, 2.7 mM KCI, 3 mM NaH;PO4 x
H,O on an orbital shaker to separate the cells from the extracellular matrix; the
supernatants were discarded. The digests from five sequential incubations with
collagenase were pooled, centrifuged, and resuspended in a-MEM media supplemented
with 10% FBS, 10,000 IU penicillin, 10,000 pg/mL streptomycin. Cells were plated at a
density of 5 x 10° cells in 75 ml flasks and upon reaching 90% confluence, cells were
passaged into 24-well plates at a density of 2x 10* cells/mL (1mL/well). Ascorbic acid
(50 pg/mL) and B-glycerophosphate (10 mM) were added to the medium every other

day for 10 days to allow osteoblast differentiation.

Testosterone Treatment

Testosterone was diluted in DMSO to a stock solution of 100 mM. A 0.1% DMSO
solution was used as control and further testosterone dilutions were performed using
culture medium. After 10 days of osteoblast differentiation with ascorbic acid and -
glycerophosphate, cells were treated with 10—fold increasing concentrations of
testosterone (1-100 nM). ‘Physiologic’ testosterone dose was considered to be 10 nM.

All experiments were performed in quadruplicate and repeated at least 3 times.
Resolvin Treatment

To assess the reversibility of the negative impact of testosterone on osteoblast

expression of osteocalcin and OPG by pro-resolving mediators, RvD2 (10 nM) was
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simultaneously added to 10 nM testosterone groups. Data were normalized to the

control group (value 1) and are shown as fold-change.

Biomarker Analyses

Two days after testosterone (with or without RvD2) treatment, the conditioned media
and cell lysates were collected. Cells were recovered using lysis buffer containing 1%
phosphatase inhibitor. Samples were stored at -80°C until analysis. Conditioned media
was used for the detection of ALP, Osteocalcin and OPG, while RANKL analyses were
performed in cell lysates. The RANKL:OPG ratio was obtained by dividing the RANKL

levels by OPG levels in each sample.

Statistical Analysis

One-way analysis of variance (ANOVA) was used for group comparisons. Tukey post-
hoc test or an unpaired t test was used for pairwise comparisons. All data were
analyzed using GraphPad Prism version 5.0 for Mac OS X software, San Diego,
California, USA. The significance level was set at a=0.05. All data are expressed as

mean = SEM.

Results
Impact of testosterone on bone markers
ALP concentration in the control group was 0.58 + 0.03 ng/mL and testosterone

treatment did not significantly alter its production at any concentration (p=0.7).
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Osteocalcin concentration was significantly decreased by 10 nM testosterone when
compared to the control (375.90 £ 69.75 pg/mL) or 1 nM groups (p<0.05).

Cell lysates contained a 17.34 + 2.31 pg/mL concentration of RANKL in the
control group, which was significantly reduced by 10 nM testosterone treatment
(p<0.05). The difference was also significant when comparing 10 and 100 nM doses
(p<0.05). All testosterone-treated groups exhibited decreased levels of OPG when
compared to the control group (1361 £ 132.4 pg/mL), although the difference was
statistically significant only for the 10 (p<0.01) and 100 nM (p<0.05) groups.
Physiologic levels of testosterone (10 nM) protected against osteoclastogenesis as
observed by the significantly lower RANKL:OPG ratio when compared to the control
group (p<0.05). It should also be noted that the highest dose, 100 nM, significantly
increased the RANKL:OPG ratio when compared to control, 1 nM (p<0.01) and 10 nM
doses (p<0.001).

The impact of testosterone concentration on osteoblast expression of ALP,

osteocalcin, RANKL, OPG and RANKL:OPG ratio are shown in figure 1.

Impact of RvD2 on 10 nM testosterone-derived down-regulation of osteocalcin
and OPG

RvD2 rescued osteocalcin expression inhibited by 10 nM testosterone by 235%
(p>0.05). When OPG levels were evaluated, RvD2 resulted in a more modest 49%
increase, which was statistically significant (p<0.01). The expression of osteocalcin and

OPG in testosterone-treated cells with or without RvD2 is illustrated in figure 2.
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Discussion and Conclusions

In this report, the impact of testosterone on bone homeostasis is demonstrated
through direct actions of low and high levels of testosterone on osteoblasts. The
proresolution agonist, RvD2, apparently binds to osteoblasts reversing the actions of
testosterone and increasing osteocalcin and OPG secretion.

Testosterone levels in men may vary greatly among individuals and in different
race/ethnical populations [24]. A nationally representative sample of Americans, for
example, revealed a total testosterone concentration mean of 20.68 nM (IC 95%: 19.54-
21.93) in 20-29 year olds, declining to 15.89 nM (IC 95%: 14.85-17.00) in late adulthood
(50-59 years) [25]. In rats, we have shown that mean serum concentration of the
hormone is approximately 7 nM and a 10-fold reduction in these levels was obtained
following orchiectomy as a model of late onset hypogonadism [4].

People who abuse anabolic androgenic steroids, such as bodybuilders and
professional athletes, generally use these drugs in a concentration 10-100 times higher
than those used for medical conditions [26]. However, it is possible that the
concentration of the hormone in bone is higher than in serum [27]. In this study, we
tested 3 different testosterone concentrations in an attempt to simulate the possible
clinical presentations of testosterone levels.

We observed no difference in ALP levels after 48 hours of testosterone
treatment. Accordingly, Vaishnav et al. [28] used human bone cells treated with vitamin
D to demonstrate that stanozolol, an anabolic steroid, did not affect ALP concentration
after 48h culture, and only the 10 nM dose (of the 4 doses tested) significantly

increased ALP levels after 24h culture. Kasperk et al. [29] reported that ALP
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concentration was increased with DHT treatment in human cells as observed by cell
staining. They later attributed the increase in ALP to the higher TGF-f levels observed
in testosterone-treated osteoblasts [30]. Chen et al. [31] also showed that 100 pg/mL
testosterone increased proliferation, ALP activity, accelerated cell cycle and reduced
apoptosis in chicken osteoblasts. Hofbauer et al. [32] observed that 10nM testosterone
decreased ALP levels in human cell lysates additionally treated with vitamin D. The
same authors demonstrated that osteocalcin is not significantly altered by testosterone
treatment using a competitive immunoassay. In stanozolol-treated cells, lower doses
produced the highest osteocalcin secretion, with decreasing osteocalcin with increasing
stanozolol concentration, for both 24 and 48h incubations [28]. Additionally, it was
recently demonstrated that 24-hour supernatants from primary murine osteoblasts
enhanced the production of testosterone by testis explants as well as Leydig cells, and
this effect was attributed to osteocalcin [33]. Interestingly, our results demonstrated that
osteocalcin expression is diminished in the presence the ‘physiologic’ 10 nM
testosterone concentrations. This could represent a feedback loop to regulate
testosterone production in vivo.

If testosterone demonstrates a dose-dependent inhibition in osteoclast culture, it
would be reasonable to hypothesize that if this impact was to be maintained in vivo,
there should be down-regulation of RANKL, an upregulation of OPG, or both, resulting
in a down-regulation of the RANKL:OPG ratio. Our results evaluating protein levels are
in accordance with this hypothesis: both RANKL and OPG are reduced by 10 nM
testosterone, but RANKL reduction is greater, leading to a decreased ratio. Previously,

RANKL mRNA had not been consistently detected and/or was described as not

Georg Thieme Publishers KG, RiidigerstraBe 14, 70469 Stuttgart, Germany

Page 12 of 21



Page 13 of 21

O©CoOoONOOPDWN-

Manuscript Submitted to HMR

regulated by androgens [18], but we were able to detect RANKL expression in cell
lysates but not on cell supernatants. OPG mRNA was significantly increased in the
presence of 10 nM testosterone in primary murine cells and osteoblast-like cells [17],
and the protein was increased in a co-culture system of human cells [7], but significantly
and dose-dependently decreased when human cells were treated with DHT [18]. Our
study is consistent with these findings. Those authors suggest that these observations
partially explain the weaker anti-resorptive effects of testosterone as compared to
estrogens. Most importantly, the RANKL:OPG ratio was significantly diminished with the
‘physiologic’ 10 nM dose, meaning that this dose is protective against excessive
osteoclastogenesis and favors bone homeostasis. The ‘superphysiologic’ 100 nM dose
was demonstrated to be inductive for osteoclastogenesis, which can explain, at least
partially, our in vivo results showing that high testosterone levels lead to increased bone
resorption using an inflammatory dental model in rats [4].

Previous studies from our group have already shown that osteoclast
differentiation, activity and thus, bone remodeling, can be modulated by RvE1 with
direct actions on bone, rescuing OPG production and restoring a favorable
RANKL:OPG ratio [34, 35]. Here, we test the hypothesis that RvD2 reverses the
undesirable testosterone-derived down-regulation of osteocalcin and OPG at
‘physiologic’ levels. Similar to RvE1, RvD2 also had a positive impact on osteoblasts,
either by bringing osteocalcin levels back to control levels or by significantly increasing
OPG levels. This partial rescue can be explained by the simultaneous addition of the
two treatments to the media, so that cells have a receptor agonist stimulus to respond

to.
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Taken together, these findings suggest that ‘physiologic’ testosterone levels in

osteoblasts down-regulate osteocalcin production, but are also protective against

osteoclastogenesis as observed by the lower RANKL and RANKL:OPG ratio levels.

High doses of testosterone increase the RANKL:OPG ratio and can stimulate

osteoclastogenesis. At the same time, the down-regulation of OPG may be an

explanation why testosterone is weaker than estrogens regulating bone metabolism.

Additionally, the pro-resolving mediator RvD2 can ameliorate testosterone-derived

down-regulation of osteocalcin and OPG by primary murine osteoblasts.
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Figure 1: Concentration (meantSEM) of Alkaline Phosphatase, Osteocalcin, RANKL,
OPG and RANKL:OPG ratio expressed by primary murine osteoblasts with increasing

doses of testosterone.

O©CoOoONOOPDWN-

11 * ANOVA,; p<0.05; ** p<0.01; *** p<0.001 when compared to control, unless otherwise connected.
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Figure 2: Fold-change of the concentration (meantSEM) of Osteocalcin and OPG
expressed by primary murine osteoblasts upon testosterone-treated cells (10 nM) with

or without RvD2 (10 nM).

* t test; p<0.05; ** p<0.01 when compared to control, unless otherwise connected.
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1. Introduction

Telomeres are heterochromatic domains composed of repeti-
tive DNA (TTAGGG repeats) bound to an array of specialized
proteins. They cap the ends of chromosomes, protecting them
from unscheduled DNA repair and degradation.™? Telomere
sequences end in a 100-200 bp nucleotide 3’ single strand
overhang forming a loop structure.®* This sequence is similar
for mammalians, but the length and exact sequence of the
repeat may vary from species to species.?

As telomeres shorten with each cell division they chronicle
the replicative history of somatic cells. However, in progenitor
and stem cells telomere length is partially maintained by the
activity of a ribonucleoprotein enzyme: the telomerase. A
recent study with highly purified telomerase extracts has
demonstrated that the telomerase enzyme contains two
molecules each of the telomerase reverse transcriptase
subunit (Tert) and the telomerase-associated RNA molecule
(Terc), as well as one molecule of dyskerin, a protein known to
stabilize the telomerase complex.®

It has been suggested that telomere length inversely
correlates with lifespan for many mammals.” In humans,
the ability of leukocyte telomere length (LTL) to predict future
mortality has been extensively investigated.®'° In somatic
cells, telomeres undergo erosion at each cell replication. The
loss of telomere length is due to the inability of DNA
polymerase to replicate the lagging DNA strand at its
terminus, a phenomenon called the ‘end-replication prob-
lem’." Therefore, telomere length acts as a mitotic clock for
somatic cells, potentially providing information about the
number of cell replications undertaken by each cell during its
lifespan. However, cell divisions may occur to a certain extent
when telomere reaches a length that cannot be further
reduced. This point, when cell enters senescence and cannot
go under another replication, is known as the Hayflick limit.*?
Thus, it is not surprising that several epidemiological reports
have described a strong association between LTL and
chronological age because cells from older individuals have

likely undergone more replication cycles compared to cells
from younger individuals. Fig. 1 illustrates the telomere
structure and describes the factors known to induce telomere
shortening.

Recent evidence suggests that chronic inflammatory
diseases, such as type 2 diabetes mellitus,'*** atherosclero-
sis,'* obesity'® and rheumatoid arthritis’® are associated with
shorter LTL, independent of an individuals’ age. Interestingly,
these chronic diseases are associated with an increased risk of
premature mortality, suggesting that the shorter LTL could
reflect a premature ageing process. However, given that older
people may be more susceptible to chronic inflammatory
diseases, a reverse causality cannot be excluded.’

Despite the large amount of evidence on the role of
telomeres in the pathogenesis of a number of chronic
diseases,**® studies investigating the relationship between
periodontal diseases and telomere shortening are scarce and
inconclusive. Therefore, the aims of this review were to (i)
present background knowledge regarding the telomere struc-
ture and its relationship with ageing, inflammation and
chronic diseases in general and (ii) assess and discuss studies
that investigated the relationship between telomere length
and periodontitis.

2. Literature review
2.1. Ageing, telomere shortening, and inflammation

As amatter of fact, an increase in the mean age of a population
is a worldwide phenomenon and is one of the most important
epidemiological changes of the 20th century. According to the
World Health Organization, the proportion of people aged 60
or over is growing faster than any other age group. Between
1970 and 2025, approximately 223% growth in the number of
older persons is expected.’ Increased life expectancy and
diminished fertility rates contribute to this new epidemiologic
scenario. The challenges of an ageing population have already
begun to present themselves; over the past decades, the

Cell replication
Ageing
Inflammation
Oxidative stress

Fig. 1 - The telomere structure. Eukaryotic chromosome-end tandem DNA (TTAGGG) repeats, ending in a 100-200 base-pair
nucleotide 3’ single strand overhang that preserves genome integrity, ensures complete replication and prevents

chromosomes from erosion and end-to-end fusion.?*
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oldest-old group (aged > 85 years) has been the most rapidly
expanding segment of the population in developed coun-
tries.?® Because the elderly population represents the most
susceptible age group for the development of diseases and
disabilities, the promotion of healthy ageing represents a
major challenge for populations of developed countries.
Research on ageing has the potential to identify specific
biological pathways that could be targeted to more effectively
reduce the ageing-related disease burden.

There are several theories for cell ageing and senescence
mechanisms, which are cellular events that accompany the
ageing process, and environmental and intrinsic factors may
contribute to this process.?’ Short telomeres are usually
detected in aged individuals but their lengthening may be
highly variable depending on heritable factors, cell lineage and
disease/conditions.?? For example, individuals with dysker-
atosis congenital, an inherited bone marrow failure syndrome
thatis characterized by a triad of dysplastic nails, lacy reticular
skin pigmentation, and oral leukoplakia, is related with
abnormally short telomeres due to lower telomerase activity.
These biological features result in clinical signs of early ageing
phenotypes and increased cancer risk.>?*%

Additionally, inflammation has been shown to account for
a faster rate of LTL attrition. It is associated with an increased
number of circulating leukocytes and increased levels of
leukocyte turnover. The continuous demand to maintain high
numbers of leukocytes may promote an increased number of
cell replications, which in turn may be reflected in an
increased rate of telomere shortening due to the ‘end-
replication problem’.! Furthermore, inflammatory responses
are often associated with increased production of reactive
oxygen species (ROS). Oxidative stress is thought to strongly
impact the standard telomere sequence.>***® Indeed, guanine
(G) bases on genomic DNA are highly sensitive to hydroxyl
radicals, which can produce single-strand breaks either
directly or as an intermediate step in the repair of oxidative
base modifications. The telomeric sequence contains GGG
triplets and, compared to the rest of the genome, has been
reported to be deficient in the repair of single-strand breaks.
Thus, increased oxidative stress could result in a longer
stretch of telomeres being lost with each cell replication.?®

Mitochondrial dysfunction is also commonly observed in
aged individuals and the resulting increase in intracellular
oxidative stress levels may be linked with shortened
telomeres. It has been proposed that mitochondrial produc-
tion of reactive oxygen species could be considered a
determinant of telomere-dependent senescence and that
could explain the heterogeneity of the replicative lifespan of
human cells.*® More recently, Sahin et al. have demonstrated
aninteraction between telomere dysfunction, p53 expression
and mitochondrial dysfunction.’® According to their data,
telomere dysfunction induces p53 expression which may
promote cell-growth arrest, apoptosis or PGC-1 downregula-
tion. PGC-1 is a family of master regulators of mitochondrial
function, and its reduced activity may result in mitochondri-
al-derived accumulated reactive oxygen species, which in
turn damage mitochondrial DNA.'®*! Consequently, this
process may lead to several age-related conditions and
diseases such as muscle atrophy, progressive loss of vigour,
diabetes, and cardiomyopathy.*?7°

2.2. Telomere shortening and chronic diseases

Several chronic, inflammatory and age-related diseases may
dramatically impact on telomere length. The prevalence of
type 2 diabetes mellitus increases in the elderly and in vivo
studies demonstrated that telomere deficiency could affect B-
cell metabolism. Furthermore, TERC-deficient mice presented
impaired insulin secretion and glucose intolerance, although
these features do not seem to be related with a reduced beta
cell number.'>** Additionally, the upregulation on gluconeo-
genesis observed in quiescent and highly proliferative organs
of telomerase deficient mice may potentially contribute to the
increased circulating glucose levels.’® Taken together these
findings suggest that diabetes mellitus could be an age-related
disease. Indeed, case-control studies found an association
between shortened LTL and the presence of type 2 diabetes,
even in non-elderly individuals.***” This association may be
attributed to the higher levels of oxidative stress recorded in
diabetic individuals rather than to a rate of cellular replication
in diabetic individuals.

The association between short telomere length and
clinical signs of atherosclerosis is one of the best character-
ized. A recent study evaluated telomere length in patients
presenting with atherosclerosis who underwent a surgical
procedure; patients presenting with atherosclerosis who did
not receive surgery; and healthy controls. The results
demonstrated that arterial tissues with atherosclerosis
presented shorter telomeres than tissues without the
disease.™ These findings also suggest a relationship between
atherosclerosis and telomere length independently from age.
Additionally, an in vitro experiment observed that CD14+ and
CD16+ monocytes with shorter telomeres shows higher
expression of chemokine receptors and increased adhesion
to endothelial cells.®® In mice, severe telomerase dysfunction
led to left ventricular diameter increase and thinning of left
ventricular wall, which are signs of end-stage cardiomyopa-
thy.'® In humans, the association between telomere length
and heart diseases has been proposed®**° but is still
controversial,*>*2 since this involves several variables, such
as age, sex, cigarette smoking, body mass index and other
coexisting diseases.

Obesity is another chronic disease characterized by a
high inflammatory burden which has been associated with
shorter telomeres. A case-control study with 793 French
children and young people aged 2-17 years old demonstrat-
ed that obese individuals presented telomeres 24% shorter
than nonobese controls.'® A great concern about that result
is that, interestingly, another study found that former obese
individuals present shorter telomeres in adipose tissue cells
when compared to control individuals, which means that
alteration in telomere length may be an irreversible
phenomenon.*® However, the relationship between adipo-
cytes and leucocyte telomere length still needs further
investigation.

Other diseases/conditions related to telomere length
include rheumatoid arthritis,’® major depressive disorder,**
alcohol consumption,* osteosarcoma®® and periodontitis.*”
Furthermore, while it is not a subject of this review, telomeres
dynamic and telomerase activity play an important role in
cancer biology.*®
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2.3. Telomere shortening and periodontitis

We searched MEDLINE (1950 to January 2012) and ISI WEB OF
SCIENCE (1950 to January 2012) databases for the combination
of the MeSH terms ‘telomere’ and ‘periodontitis’. Only full-text
articles were considered for inclusion. The search retrieved
two results***® and their findings are summarized and
discussed below.

In 2004, Takahashi et al. investigated LTL in peripheral
blood and also assessed telomere length in gingival fibro-
blasts established by cellular outgrowth from explants of
patients suffering from aggressive periodontitis (AgP) and
compared telomere length in these patients to age-matched
controls without periodontal disease. The results were
consistent with a difference in LTL between AgP and controls
that was not statistically significant. The small sample size of
this study and the high degree of variability in LTL between
individuals could help to explain these findings. Neverthe-
less, the authors confirmed that there was no association
between LTL and gingival fibroblast telomere length (at
passage number 3). This led to the conclusion that patients
with AgP do not show telomere attrition in circulating cells or
in gingival fibroblasts.*’

More recently, Masi et al. reported a larger case-control
study on LTL in people with chronic periodontitis (CP), AgP and
healthy controls. The authors measured LTL and correlated
these measures with biomarkers of systemic inflammation
and cumulative markers of systemic oxidative stress. Their
findings are consistent with shorter LTL (compared to
controls) in individuals with CP, but not those with AgP. This
effect appeared to be independent of age differences, since
controls and CP patients had similar mean ages. Furthermore,
LTL was negatively correlated with age, measures of oxidative
stress and the severity of periodontitis. The authors suggested
that the local and systemic effects of oxidative stress in people
with periodontitis could be the main causes of LTL shortening
via a state of chronic inflammation.*

3. Discussion

Senescent cells are involved in metabolic changes and
increased susceptibility to many disorders. Aged cells present
shorter telomeres, mitochondrial dysfunction and limited
replicative capacity.’® Oxidative stress and inflammation may
promote premature ageing, with early telomere shortening.?

CHRONICPERIODONTITIS l

Some disabilities and diseases have been related with
telomere shortening, including muscle atrophy, progressive
loss of vigour, type 2 diabetes, cardiomyopathy, atherosclero-
sis and obesity. 43273543

Many studies have investigated the associations between
short telomeres and systemic chronic diseases. However, the
vast majority presents an observational approach (mostly
case—control studies), and the direct cause—effect relationship
remains to be determined. In fact, age is a very important
confounding factor when telomeres and chronic diseases are
assessed, even though the studies that report an association
between these two variables perform statistical adjustments.

Only two studies evaluated the relationship between LTL
and periodontitis. Although one study observed no impact of
periodontitis on telomere length,* the other demonstrated
that loss of periodontal attachment was negatively correlated
with LTL.*” A number of factors could account for the different
results reported by these two studies: sample size (71 vs. 563);
inclusion criteria (AgP only vs. AgP and CP); LTL measurement
method (Southern blotting vs. gPCR). However, neither study
reported an association between AgP and shorter LTL. Authors
speculated that CP, but not AgP, is associated with shorter LTL
because of the longer inflammatory exposure that charac-
terizes the chronic evolution of CP.*” Although this could
represent a potential explanation, it should be noted that the
exact age at which AgP and CP developed was unknown and,
although patients with AgP were significantly younger than
those with CP, the AgP group included subjects who were 40
years of age or older.”’ This means that patients in the AgP
group could have had an even longer exposure to the chronic
disease if one considers its usual early onset. Furthermore, as
stated before, case-control studies provide limited evidence
on the temporal association between these two factors and
therefore do not confirm causality. This means that there are
three hypotheses which could account for the relationship
between short LTL and CP: 1 - CP promotes telomere
shortening; 2 - shorter telomeres increase susceptibility to
CP; or 3- CP and telomere shortening are predisposed/induced
by similar mechanisms, but they occur independently (Fig. 2).

First, CP could promote telomere shortening as suggested
by Masi et al. via increased systemic inflammation and
oxidative stress, both of which are known to induce telomere
shortening.?®*’ Previous studies have reported an association
between periodontitis, higher oxidative stress®® and increased
levels of systemic inflammatory markers, such as C-reactive
protein.”*>2 Exposure to a chronic inflammatory environment,

ﬂ 2‘ 3 |SYSTEMICCHRONICINFLAIVIMATION

SHORTER TELOMERES

Fig. 2 - Schematic representation of the three hypotheses for the relationship between shorter telomere length and CP; CP
promotes telomere shortening; shorter telomeres increase susceptibility to CP; CP and telomere shortening are
predisposed/induced by similar mechanisms but they occur independently.
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as the one provided by periodontitis, may accelerate telomere
attrition and shorter LTL appears as a result. This hypothesis is
in accordance with the findings of Masi et al.*’

An alternative hypothesis is that shorter telomeres
increase patient susceptibility to periodontitis. This is sup-
ported by the percentage of individuals presenting with 3 mm
or more of periodontal attachment loss increasing with age.>?
However, including age as a risk factor for periodontitis is
controversial. Borrell and Papapanou argued that increased
age may reflect the cumulative exposure to true risk factors
and that predisposed individuals will develop periodontitis
during adolescence or adulthood.>* In spite of this possibility,
ageing could be a risk factor for periodontitis, albeit one
without well-designed studies addressing its relationship to
periodontitis.>® It is also possible that younger individuals
with periodontitis have premature cell ageing (i.e., shorter
telomeres), predisposing these individuals to chronic diseases.
As telomere length becomes critically shortened, many
cellular activities become dysfunctional. This dysfunctional
phenotype usually precedes the irreversible arrest of the
replication machinery, a feature of senescent cells. Therefore,
in individuals with CP, short telomeres recorded in immune
cells could reflect dysfunction in the activity of the immune
system, promoting the proliferation of local gingival bacteria
and favouring the evolution of oral disease. In this model, local
tissues could also have a role in the amplification of the local
inflammatory response. Indeed, a recent report by Rodier et al.
demonstrated that human fibroblasts with persistent activa-
tion of DNA damage response due to short telomere length
start to produce high levels of IL-6.°° These findings support
the idea that the increased susceptibility to periodontitis in CP
patients could be related to shorter telomere length. The set
point of telomere length in mice is determined by the parents’
telomere length.>” Telomere length may also be inherited in
humans.”®*? It is therefore possible that, even without any
significant differences in patient age among the groups in the
study performed by Masi et al., individuals born with shorter
LTL could be more likely to develop periodontitis.

Finally, we could hypothesize that both CP and telomere
shortening are induced by similar mechanisms but occur
independently. Even if periodontitis itself does not induce
telomere shortening, or vice-versa, there are other possible
pathways underlying this relationship. As previously reported,
several systemic chronic diseases, including diabetes, may be
correlated with telomere shortening.'>'® At the same time,
extensive studies have been performed to establish interrela-
tionships between periodontal diseases and diabetes, and some
findings suggest that this relationship may be bidirectional.>>?
This could be an indication that other systemic chronic
diseases, such as diabetes, could possibly play an important
role in the relationship between periodontitis and shorter
telomeres. Interestingly, other conditions related to shorter
telomeres, such as atherosclerosis, smoking and obesity, are
also associated with periodontitis.5*°¢

Nevertheless, it is important to notice that the methods
for telomere measurement can vary and that makes compar-
isons among studies more difficult. Although highly specific
methods that can reliably quantify telomere length do
not exist yet, southern blot has been shown to be more
accurate than gPCR, although it is more time-consuming.®’

Additionally, studies demonstrating differences in telomere
length tend to be more rapidly accepted than studies that find
the contrary and this publication bias should be considered.

4, Conclusion

CP, but not AgP, is associated with shorter LTL. This
association may represent a mechanism of premature ageing
in periodontitis patients, a cellular basis for including age (and
its consequent shorter telomeres) as a risk factor for
periodontitis, or a new pathway for the correlation between
periodontitis and systemic inflammatory diseases. Because
cellular ageing is an emerging multidisciplinary research field
that may clarify the current understanding of the pathogene-
sis of periodontitis and other chronic diseases, new longitudi-
nal and experimental studies are necessary to better
understand this issue.
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3 Conclusao

Avaliados em conjunto, nossos dados sugerem que 0s hormoénios sexuais,
em especial a testosterona, estdo associados a presenca e severidade de
periodontite em homens, sendo que esta relacdo pode ser causal, uma vez que
nossos estudos em animais demonstraram que a modulacao dos niveis séricos de
testosterona alteram a perda éssea alveolar e area gengival em um modelo de
periodontite experimental em ratos. A regulacdo da expressédo de Interleucina-13
local e da osteoclastogénese, diretamente ou através da regulacdo da expressédo de
RANKL e OPG por osteoblastos, parecem ser mecanismos envolvidos.

No entanto, ndo esta claro se as variacdes nos niveis fisiol6gicos de
testosterona participam também da iniciacdo da doenca periodontal; se a
testosterona é fator igualmente protetivo em fémeas; ou ainda se a terapia de

reposicao hormonal favorece o tratamento periodontal.
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APENDICE A

MATERIAL E METODOS

- EXPERIMENTO IN VIVO:

Foram utilizados 80 ratos (Rattus norvergicus albinos, Holtzman), machos,
com peso médio de 300-400 g, provenientes do Biotério Central da UNESP, Campus
de Araraquara. Os animais foram aleatoriamente separados em grupos de igual
namero e mantidos em gaiolas plasticas em um ambiente com temperatura
controlada (23+2°C), umidade (65-75%) e ciclos de luz (12h claro-12h escuro) e
alimentados com agua e racdo ad libitum. Os grupos e condi¢cbes experimentais

foram os seguintes:

* Sham - “controle” (n=10) e “periodontite” (n=10)

* Orquiectomia (OQX) - “controle” (n=10) e “periodontite” (n=10)

* Orquiectomia + Testosterona (OQX+T) - *“controle” (n=10) e
“periodontite” (n=10)

¢ Sham + Bloqueador de Receptor de Andrégeno (SHAM+BRA) -

“controle” (n=10) e “periodontite” (n=10)

O protocolo experimental foi aprovado pelo Comité de FEtica de
Experimentacdo Animal local e realizado de acordo com as normas da Sociedade

Brasileira de Ciéncia em Animais de Laboratério (SBCAL).

- Orquiectomia (OQX)
Os animais foram submetidos & anestesia geral através de injecdo intra-

peritoneal de 1 mL/kg de peso corporal de cetamina (Francotar, Virbac, Sdo Paulo,
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SP, Brasil) e 0,4 mL/kg de peso corporal de Cloridrato de Xilazina (Virbaxil, Virbac).
Foi realizada a tricotomia na bolsa escrotal, no local da cirurgia e a seguir foi feita
uma incisdo com auxilio de um bisturi n°® 15 expondo os testiculos. Apds a exposicdo
ocorreu incisdo na tunica albuginea e foi feita a ligadura do corddo espermatico com
fio de algodao, o que facilitou a retirada dos testiculos com auxilio de uma lamina de
bisturi n°® 15. Posteriormente, foi feita a sutura com fio reabsorvivel e desinfeccéo
com alcool iodado. Todos os processos cirargicos foram feitos sob condicbes
estéreis, com o objetivo de evitar eventuais infeccfes pos-operatdrias. Os animais
foram colocados em caixas desinfectadas com alcool 70°, com maravalha e racao
autoclavada, além da administracdo de amoxicilina (1 mL/kg) via subcutdnea e em
dose Unica, e da administracdo de acetaminofeno (dose Unica). Os animais foram

mantidos durante 28 dias no biotério até a inducéo de doenca periodontal.

- Tratamento Com Propionato de Testosterona

Trés dias ap0s a cirurgia, 0s ratos orquiectomizados pertencentes ao grupo
OQX+T receberam 250 mg/kg de peso corporal de ésteres de testosterona
(Durateston, MSD, Campinas, SP, Brasil), via intramuscular, dissolvido em 0,1 mL

de veiculo oleoso (6leo de milho), semanalmente, até o sacrificio.

- Tratamento Com Bloqueador De Receptor De Androgeno (Flutamida)

A fim de se verificar o papel da conversao da testosterona em estrégeno, no
grupo “SHAM+BRA” os receptores de andrégeno foram blogueados através da
utilizacao de flutamida oral (50 mg/kg), a cada 2 dias, dissolvida em 25 mg/mL de

agua destilada e Tween-20, até o sacrificio dos animais.
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- Inducédo Da Doencga Periodontal Experimental

No dia 28, apdés anestesia geral, os animais pertencentes aos grupos
“periodontite” foram posicionados em mesa operatéria apropriada, para permitir uma
manutencado adequada de abertura bucal dos ratos, facilitando o acesso aos dentes
da regido posterior da mandibula. Com o auxilio de instrumental adequado, foi
colocado um fio de algodao estéril n° 30 ao redor dos primeiros molares inferiores
dos lados direito e esquerdo. Esta ligadura atua como irritante gengival na inducao
da resposta inflamatéria, favorecendo o acumulo de biofilme dental e assim,
representando de forma apropriada a situacao clinica da doenca periodontal em

humanos. Todos os animais foram sacrificados 2 semanas apdés este procedimento.

- Impacto Dos Tratamentos Sobre Os Niveis Séricos De Testosterona

Apos o periodo experimental, os animais foram submetidos a anestesia geral
conforme descrito anteriormente e 3 mL de sangue foram coletados através de
puncdo cardiaca com auxilio de uma seringa. Apdés a obtencdo do soro por
centrifugacdo, a concentracdo sérica de testosterona foi analisada utilizando-se
ensaio de quimioluminescéncia (Immulite 2000, Diagnostic Products Corporation,

Gwynedd, Reino Unido), no Hospital Estadual de Américo Brasiliense.

- Avaliac&o Bioquimica Dos Parametros Do Metabolismo Osseo

Apés a obtencdo do soro por centrifugacdo, foram analisadas as
concentracdes de Ca?* (Célcio Arsenazo Ill), fésforo (UV Crystal), fosfatase alcalina
Ossea através de testes colorimétricos, utilizando Kit comercial (Bioclin, Quibasa,

Belo Horizonte, MG, Brasil).
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- Microtomografia Computadorizada (uCT) Das Mandibulas

No momento do sacrificio dos animais, as hemi-mandibulas do lado esquerdo
de 5 animais por grupo foram removidas para andalise por microtomografia
computadorizada. Essas pecas foram fixadas em formol 10% por 48 horas e
transferidas para etanol 70%. O escaneamento das pecas em microtomégrafo
(Skyscan, Aartselaar, Bélgica) foi feito com as seguintes especificacfes: resolucéo
2000 x 1336, filtro AR 0,5 m, 50 kV, 495 pA, Skyscan 1176, 18 um. Nas imagens
tridimensionais das pecas, incluindo os primeiros molares inferiores e tecidos
adjacentes, foi delimitada uma regido de interesse (ROI) em pontos de reparo
anatdmico padronizados. Com o auxilio do software que acompanha o equipamento
(CTAnN), as seguintes analises foram realizadas: fracdo de volume 6sseo (BV/TV) e
analise linear da distancia entre juncdo amelocementéaria e crista 0ssea alveolar na

mesial do primeiro molar.

- Avaliacao Microscopica

No momento do sacrificio dos animais, as hemi-mandibulas do lado esquerdo
de 5 animais por grupo foram removidas para analise histolégica. As pecas foram
fixadas em formol 10% durante 48 h, e entdo desmineralizadas em um
descalcificador rapido (Allkimia, Campinas, SP, Brasil) durante 10 horas. Cortes
seriados de 5 um de espessura foram obtidos na direcdo vestibulo-lingual, montados
em laminas de vidro e corados com Hematoxilina & Eosina (H&E) para andlise
descritiva do processo de doenca periodontal. Foi realizada histometria dos tecidos
conjuntivo e epitelial para determinar a &rea gengival, utilizando-se software

(Imaged, NIH, Bethesda, MD, Estados Unidos).
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- Avaliacdo Dos Efeitos Da Testosterona Na Modulagcdo Da Resposta

Inflamatodria

O papel da testosterona na modulagéo da resposta inflamatéria foi avaliado
por ensaios ELISA em amostras de soro e também de proteina total mucogengival
extraida com o reagente T-Per (Pierce, Thermo Fisher) — 100uL - e quantificadas
segundo o método de Lowry (DC protein assay, Bio-Rad). Foram utilizados kis de
ELISA comercialmente disponiveis para deteccdo das citocinas IL-1pB e IL-6 (R&D
Systems). Amostras provenientes de quatro animais por grupo experimental
(controle e periodontite) de cada condicdo (cirurgia sham, OQX, OQX+T,
SHAM+BRA) foram analisadas em duplicata, sendo que a amostra mucogengival foi
diluida 2 vezes, enquanto o soro ndo foi diluido. O procedimento foi realizado
segundo instrucdes do fabricante, e as leituras foram realizadas em leitor de placas

a 450 nm com corregédo a 570 nm.

- EXPERIMENTO IN VITRO

- Papel Da Testosterona Na Osteoclastogénese

A fim de se buscar mecanismos de a¢ao para os achados do estudo in vivo,
foi realizada esta parte in vitro. A linhagem de monécitos/macréfagos murinos Raw
264.7 foi utilizada como precursora de osteoclastos. Estas células foram cultivadas
em ao-MEM suplementado com 10% de soro fetal bovino inativado por calor e 100
Ul/mL de penicilina e 100 pg/mL de estreptomicina em incubadora de CO,. Estas
células foram plaqueadas em placas de 96 pocos, e cultivadas por 5 dias na
presenca de RANKL (50 ng/mL) com e sem adicdo de doses crescentes de

testosterona multiplas de 10 (1 nM - 1 uM). Flutamida (1uM) foi utilizada para avaliar
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a reversdo dos efeitos da testosterona. O grupo controle recebeu DMSO 1%,
produto utilizado na diluicdo da testosterona. A identificacdo dos osteoclastos foi
feita pela visualizacdo, em microscopia Optica de luz comum, de células TRAP-
positivas contendo ao menos 3 nucleos. A coloracdo TRAP foi realizada utilizando-
se kit comercialmente disponivel (Sigma-Aldrich, Saint Louis, MO, Estados Unidos) e
a identificacdo de osteoclastos com o auxilio de software (Image J e Image Tool,
UTHSCSA, San Antonio, TX, Estados unidos). Todos os experimentos foram
realizados pelo menos em quadruplicata e por pelo menos 3 vezes.

O sobrenadante foi utilizado para avaliacdo da expressao das
citocinas/quimiocinas Interleucina (IL)-6, IL-10, Fator de Necrose Tumoral (TNF) e
Reguated on Activation Normal T cell Expressed and Secreted (RANTES),
utilizando-se ensaio multiplex (Millipore, Billerica, MA, Estados Unidos).

A expresséao de receptor de andrégeno nas células tratadas com testosterona
foi avaliada através de Western Blot. Apds realizacdo do experimento conforme
descrito acima, o lisado celular foi coletado utilizando-se RIPA buffer contendo
inibidor de protease. O anticorpo primario utilizado (sc-816, Santa Cruz, Dallas, TX,
Estados unidos) foi diluido 1:200 em solucdo 5% de leite/TBS-T e a incubacédo
ocorreu overnight a 4°C. As bandas de B-actina serviram para normalizacdo dos
resultados no momento da densitometria.

A inducdo de apoptose pela testosterona em células precursoras e em
osteoclastos foi avaliada pela deteccdo de caspase-3 por ensaio colorimétrico
(Invitrogen, Carlsbad, CA, Estados Unidos). Em sintese, as células Raw 264.7 foram
cultivadas conforme descrito anteriormente e o experimento foi terminado no dia 3.
O lisado celular, extraido sobre gelo, foi utilizado para deteccdo do marcador, de

acordo com as instrucdes do fabricante.
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- Papel Da Testosterona Sobre Osteoblastos

Osteoblastos de calvaria de camundongos neonatos (7-8 camundongos)
foram incubados em meio de cultura a-MEM suplementado com 10% soro fetal
bovino, 10.000 IU penicilina e 10.000 pug/mL de estreptomicina por 10 min a 37°C em
solucdo 4mM Na, EDTA 3 vezes para desmineralizacdo da matriz extracelular. Os
sobrenadantes foram entdo descartados. As calvarias foram entdo encubadas por 2
vezes a 37°C em uma solucéo de colagenase tipo 2 para separagdo das células da
matriz extracelular. Os sobrenadantes foram descartados. O remanescente das
cinco incubacgdes sequenciais foram adicionados em um pool, centrifugados, e
resuspendidos em a-MEM suplementado. As células foram plaqueadas em uma
densidade de 5x10° e, ao alcancar confluéncia de 90%, transferidas para placas de
24 pocos em densidade 2x10* células/mL (1mL/poco). Acido ascérbico (50 pg/mL) e
B-glicerol-fosfato (10 mM) foram adicionados ao meio a cada 2 dias durante 10 dias
para permitir diferenciagéo de osteoblastos.

Apo6s os 10 dias, as concentracfes utilizadas de testosterona foram de 1, 10 e
100 nM. Dois dias ap6s o tratamento com testosterona, os sobrenadantes e lisados
celulares foram coletados e analisados para deteccdo de osteocalcina,
osteoprotegerina e RANKL utilizando-se Luminex (Millipore) e fosfatase alcalina por
ELISA (Life Sciences Advanced Technologies Inc., Saint Petersburg, FL, Estados
Unidos). Todos os protocolos foram realizados de acordo com as instrucdes dos

fabricantes.
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