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Abstract

This study evaluated the alveolar bone response to testosterone and the impact of Resolvin D2 

(RvD2) on testosterone-induced osteoblast function. For the in vivo characterization, 60 male 

adult rats were used. Treatments established sub-physiologic (L), normal (N), or supra-physiologic 

(H) concentrations of testosterone. Forty rats were subjected to orchiectomy; 20 rats received 

periodical testosterone injections while 20 rats received testicular sham-operation. Four weeks 

after the surgeries, 10 rats in each group received a subgingival ligature around the lower first 

molars to induce experimental periodontal inflammation and bone loss. In parallel, osteoblasts 

were differentiated from neonatal mice calvariae and treated with various doses of testosterone for 

48 h. Cell lysates and conditioned media were used for the determination of alkaline phosphatase, 

osteocalcin, RANKL, and osteoprotegerin. Micro-computed tomography linear analysis 

demonstrated that bone loss was significantly increased for both L and H groups compared to 

animals with normal levels of testosterone. Gingival IL-1β expression was increased in the L 

group (p < 0.05). Ten nM testosterone significantly decreased osteocalcin, RANKL, and OPG 

levels in osteoblasts; 100 nM significantly increased the RANKL:OPG ratio. RvD2 partially 

reversed the impact of 10 nM testosterone on osteocalcin, RANKL, and OPG. These findings 

suggest that both L and H testosterone levels increase inflammatory bone loss in male rats. While 

low testosterone predominantly increases the inflammatory response, high testosterone promotes a 

higher osteoblast-derived RANKL:OPG ratio. The proresolving mediator RvD2 ameliorates 

testosterone-derived downregulation of osteocalcin, RANKL, and OPG in primary murine 

osteoblasts suggesting a direct role of inflammation in osteoblast function.
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Introduction

Sex hormones are potent modulators of inflammation and bone turnover [1–3]. Variations in 

their systemic levels lead to dysregulation of biological processes. Testosterone is the main 

androgenic hormone involved in a variety of activities in humans [4]. Low levels of 

testosterone have been associated with a number of chronic inflammatory diseases, 

including an increase in cardiovascular disease markers [5], mortality [6], diabetes mellitus 

[7, 8], metabolic syndrome [9], and increased risk for bone fracture [10–15]. High levels of 

testosterone, due to the use of anabolic androgenic steroids, have also been linked to severe 

medical consequences including cardiovascular, endocrine, and psychiatric complications 

[16, 17] suggesting that both sub- and supra-physiologic serum concentrations of 

testosterone may be pathological.

Testosterone potentially impacts bone metabolism through inflammation. Proposed 

mechanisms include cytokine regulation and direct actions on osteoblast and osteoclast 

precursors [12, 18]. Both testosterone and its nonaromatizable metabolite 5α-

dihydrotestosterone have been shown to decrease osteoclast differentiation or activity in 

avian, mouse, rat, and human cells [18–20]. This impact has been, in part, linked to the 

osteoblastic regulation of osteoclastogenesis [18, 21], suggesting that the bone turnover and 

osteoblast/osteoclast coupling are targeted by the changing levels of testosterone in 

circulation. As a part of this process, androgens may stimulate the proliferation of the 

osteoblast progenitors, differentiation of mature osteoblasts, but inhibit apoptosis [21]. 

While these activities suggest the involvement of several pathways of bone turnover, the 

data is still inconclusive. For example, actions of androgens on osteoblast-derived Receptor 

Activator of Nuclear Kappa B Ligand (RANKL) and osteoprotegerin (OPG) are 

controversial [18, 22, 23]. Therefore, more work is needed for elucidation of the impact of 

changes in testosterone levels and bone metabolism and how inflammation influences this 

scenario.

Bone response to the testosterone may also represent a failure of the resolution of the 

inflammatory process. Indeed, some studies have suggested that endogenous testosterone 

actively regulates tissue healing, inhibiting cutaneous repair associated with an increased 

inflammatory response [24, 25]. Inflammation resolution is a highly coordinated process 

[26] and requires the local biosynthesis and activity of endogenous specialized proresolving 

lipid mediators [27]. Resolvin D2 (RvD2) is a potent regulator of excessive inflammatory 

responses via multiple cellular targets to stimulate resolution and preserve immune vigilance 

[28]. RvD2 could thus play a role in the stabilization of bone metabolism in response to 

variations in testosterone levels.

As a chronic inflammatory disease, periodontitis affects teeth-surrounding tissues and results 

in extensive bone loss. The etiology is infectious and involves complex interactions between 

the host and the microbial biofilm [29]. It is not fully clear how fluctuations in levels of 

testosterone are associated with periodontal disease progression; however, potent risk factors 

such as aging and male gender suggest that there is a common link [30]. In this study, our 

aim was to test the hypothesis that changes in testosterone levels enhance inflammatory-

induced bone loss. We have evaluated the impact of low and high levels of testosterone on 
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ligature-induced periodontitis and bone loss and assessed markers of bone metabolism and 

cytokine expression. In addition, we have studied the impact of testosterone on primary 

murine osteoblasts in vitro. Finally, we have tested the impact of RvD2 on testosterone-

treated osteoblasts.

Materials and Methods

Materials

A commercially available mixture of testosterone esters including 30 mg testosterone 

propionate, 60 mg testosterone phenylpropionate, 60 mg testosterone isocaproate, and 100 

mg testosterone decanoate (Durateston) was purchased from MSD (Campinas, SP, Brazil). 

The biochemical colorimetric tests of calcium (Ca+2), alkaline phosphatase (ALP), and 

phosphorus (P) were purchased from Bioclin, Quibasa (Belo Horizonte, MG, Brazil). 

Minimal Essential Medium (MEM)-α was purchased from Life Technologies (Grand Island, 

NY, USA), Fetal Bovine Serum (FBS) from ATCC (Manassas, VA, USA), penicillin/

streptomycin from Corning (Corning, NY, USA), and testosterone was purchased from 

Sigma-Aldrich Co. (St. Louis, MO, USA). A single plex OPG and multiplex RANKL-

osteocalcin kits were purchased from EMD Millipore (Billerica, MA, USA). Minimum 

detectable concentration for the OPG was 2.3 pg/ ml; 2.7 pg/ml for RANKL, and 4.7 pg/ml 

for osteocalcin. Analyses were done on a Bio-Plex 200 from Bio-Rad Laboratories Inc. 

(Hercules, CA, USA). Enzyme-Linked Immunosorbent Assay (ELISA) kit for detection of 

ALP was purchased from Life Sciences Advanced Technologies Inc. (Saint Petersburg, FL, 

USA). Commercial kits for the detection of interleukin (IL)-1β and IL-6 were purchased 

from R & D Systems (Minneapolis, MN, USA). All protocols were performed according to 

the manufacturers’ instructions.

Animal model

Holtzman rats were obtained from Unesp Animal Facility (Araraquara, SP, Brazil). Sixty 

male adult Holtzman rats weighing 300–400 g were kept in cages under controlled 

conditions (controlled temperature 23 ± 2 °C, humidity 65–75 %, and 12-h lightdark cycles). 

Food and water were provided ad libitum. All experimental protocols were approved by the 

Institutional Ethics Committee for Animal Experimentation (protocol #25/2010) and 

performed in accordance with the guidelines of the National Council for Animal 

Experimentation Control (CONCEA).

In order to test the impact of “low testosterone (Low)”, we have used an orchiectomy model 

based on the literature [31]. After 1 week of acclimatization, 20 rats received orchiectomy to 

suppress the testosterone production and study the impact of decreased testosterone on bone 

metabolism. 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 relief and an intramuscular dose of penicillin and 

streptomycin (1 ml/kg/bw). After the procedure, the animals were kept in individual cages 

for 7 days for recovery. As a model for “high testosterone (High)”, we have used a method 

that was previously described [32–34]. This approach involves orchiectomy followed by an 
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exogenous administration of testosterone. In order to reproduce this model, 20 rats were 

orchiectomized as described above and received supra-physiologic testosterone injections. 

Starting 3 days after the orchiectomy, a 250 mg/kg long-lasting mixture of testosterone 

esters was diluted to 0.1 ml in corn oil and injected intramuscularly every 7 days until 

sacrifice. In order to control for the stress of the surgery itself, 20 rats underwent sham-

surgery and received the same surgical procedure except for the testicular removal. This 

group was used as the “normal testosterone” control group (Normal). Table 1 demonstrates 

the confirmation of low and high levels of testosterone in these experimental groups 

compared to the normal controls.

In order to induce experimental periodontitis as a model for inflammatory bone loss, half of 

the rats in each group (n = 10/group) were anesthetized and received 3.0 cotton ligatures in a 

subgingival position, bilaterally, around the lower first molar teeth 4 weeks after the surgery. 

Ligatures enabled bacterial accumulation around the teeth, resulting in inflammation and 

bone loss. The other 10 animals in each group served as nonligated controls. The ligatures 

were maintained for 2 weeks and after that all rats were sacrificed.

Bone markers and inflammatory cytokines in circulation

Morning blood samples were collected from every animal at the end of the experiment and 

after clotting for 45 min at room temperature the sample was centrifuged for 10 min at 3 000 

rpm to obtain blood serum. Each serum sample was analyzed for: total testosterone levels 

using a chemiluminescence-based immunoassay (Immulite 2000, Diagnostic Products 

Corporation, Gwynedd, UK.); calcium (Ca+2), alkaline phosphatase (ALP), and phosphorus 

(P) by biochemical colorimetric tests; and interleukin (IL)-1β and IL-6 by ELISA.

Expression of cytokines in gingiva

Total protein was extracted in T-per lysis buffer (Pierce, Thermo-Fisher) supplemented with 

proteinase inhibitors (Complete, Roche) from gingivomucosal tissues encircling the first 

molars of 5 animals per group used in the evaluation of IL-1β and IL-6 concentrations. Total 

protein concentrations in each sample were determined using the Bradford method and used 

for normalization.

Micro-computed tomography (µCT)

For quantitative and qualitative three-dimensional (3D) analysis of the alveolar bone, hemi-

maxillae of 5 animals per group were scanned dorsum ventrally using a microfocus X-ray 

CT system (Skyscan, Aartselaar, Belgium). The sagittal plane of the specimens was set 

parallel to the X-ray beam axis. The specimens were scanned at a resolution of 8.8 µm in all 

3 spatial dimensions. The scans were Gaussian filtered and segmented using a multilevel 

global thresh holding procedure for the segmentation of bone. We used CTan/CTvol 

software (Skyscan) for imaging and analysis. A standardized rectangular region of interest 

(ROI) measuring 1.13 × 0.97 mm was positioned at the furcation area (region among the 

roots of the teeth), in a slice-based method. The histogram settings were standardized at 90–

130 and 101 serial slices were selected in each sample. Bone volume fraction (BV/TV) was 

analyzed by the CT-scan software. The linear distance between cementoenamel junction 

(CEJ)–a reference point on the tooth–and alveolar bone (AB), which can be more sensitive 
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to detect local bone loss, was measured in the mesial surface of the first molars using 

software (Dataviewer 1.4.3, Skyscan). The measurement was performed 3 times by a 

calibrated individual, who was blinded to the treatment groups, and under the same 

background conditions. The mean of all 3 measurements was considered one sample and 

used for statistical analysis.

Primary murine osteoblast culture

In order to study the role of osteoblast response to testosterone, BalbC mice were obtained 

from Charles River Laboratories (Wilmington, MA, USA) and bred. Neonatal mouse 

calvarial osteoblasts were isolated from litters (7–8 mice) by dissection of the scalp skin and 

removal of the calvariae as previously described [35]. Ascorbic acid (50 µg/ml) and β-

glycerophosphate (10 mM) were added to the medium every other day for 10 days to allow 

osteoblast differentiation.

Testosterone was diluted in DMSO to a stock solution of 100 mM. A 0.1 % DMSO solution 

was used as control. Further testosterone dilutions were done using culture medium. After 

10 days of osteoblast differentiation with ascorbic acid and β-glycerophosphate, cells were 

treated with 10-fold increasing concentrations of testosterone (1–100 nM) for 48 h. All 

experiments were performed in quadruplicate and repeated at least 3 times. To assess the 

impact of RvD2 on testosterone-treated osteoblasts, RvD2 was added at 10 nM. Data were 

normalized to the control group (value 1) and shown as fold-change.

Conditioned media and cell lysates were collected 48 h after testosterone treatment. Cells 

were recovered using the ELISA kit lysis buffer containing 1 % protease inhibitor cocktail 

(P8340, Sigma-Aldrich). Samples were stored at −80 °C until analysis. Conditioned media 

was used for the detection of ALP, osteocalcin and OPG, whereas RANKL expression was 

assessed in the cell lysates by Luminex. The RANKL:OPG ratio for each sample was 

calculated.

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. When data did not present 

normal distribution or homogeneous variances the nonparametric Kruskal– Wallis test and 

Dunn’s post-test were used. 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 α = 0.05. 

All data were expressed as mean ± SD.

Results

All animals survived the procedures. In nonligated healthy animals, baseline weight was 

similar among all groups (p > 0.05). At the end of the experiment, the mean weight in 

nonligated animals was significantly lower in the High group (p < 0.01 compared to Normal 

and Low groups), demonstrating that supra-physiologic levels lead to weight loss probably 

through increased fat metabolism.
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In ligated animals where periodontal inflammation and bone loss was experimentally 

induced, the mean weight was statistically significantly reduced in the Low group (p < 0.05 

compared to Normal) and in the High group (p < 0.01 compared to Normal and Low), 

suggesting that inflammation combined with abnormal levels of testosterone results in 

decreased body weight (Table 1).

Periodontal disease and low or high testosterone levels

In nonligated animals, Low or High testosterone levels were not associated with any 

significant variations in alveolar bone volume or height. Ligature-induced periodontitis 

resulted in statistically significant bone loss, observed as lower BV/TV, in Normal, Low, 

and High groups compared to the nonligated animals (p < 0.001). Periodontitis in Low and 

High testosterone groups led to an increased loss in alveolar bone height compared to the 

Normal animals (p < 0.01). Fig. 1a–c show representative images, bone volume fraction at 

the furcation area (region among the roots of the tooth), and linear bone loss, respectively. 

Serum levels of phosphorus and ALP were significantly reduced in the High testosterone 

group when compared to both Normal and Low testosterone groups (p < 0.001) in 

nonligated animals. The presence of ligature-induced periodontal inflammation significantly 

reduced ALP concentration for Normal (p < 0.05) and High testosterone groups (p < 0.001), 

but not for Low testosterone when compared to their nonligated controls. In periodontitis 

animals, Low testosterone significantly increased calcium concentration (p < 0.05), while 

High testosterone increased calcium (p < 0.001) and decreased phosphorus and ALP levels 

(p < 0.01) suggesting an uncoupling between bone formation and resorption. Fig. 1d–f 

demonstrate the serum levels of calcium, phosphorus and ALP, respectively.

In order to study the impact of the testosterone levels on periodontal disease in an 

inflammatory environment, we measured the circulating and local expression of IL-1β and 

IL-6. In nonligated (and noninflamed) animals, changes in testosterone levels did not affect 

the systemic and gingival concentrations of IL-1β and IL-6. Periodontal inflammation 

significantly increased serum IL-1β for Normal testosterone animals (p < 0.05) and serum 

and gingival IL-1β levels for Normal and Low testosterone when compared to their 

respective nonligated controls (p < 0.05). High testosterone increased gingival IL-6 in the 

presence of ligature when compared to their nonligated controls. In the presence of 

inflammation, local IL-1β was significantly increased in the Low testosterone group when 

compared to Normal and High testosterone groups (p < 0.05). Fig. 2 shows serum and 

gingival levels of a IL-1β and b IL-6.

Impact of testosterone on osteoblasts

The impact of testosterone on the levels of ALP, osteocalcin, RANKL, and OPG generated 

by the osteoblasts in culture and RANKL:OPG ratio is shown in Fig. 3. Testosterone 

treatment did not significantly change the ALP production at any concentration. 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). Osteocalcin levels in response to 

100 nM of testosterone was not significantly different compared to control or 1 nM while 

there was an increase over the 10 nM dose (p = 0.053). Testosterone resulted in a reduction 

of RANKL at 1 nM and 10 nM; the decrease was statistically significant at 10 nM 
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testosterone compared to control (p < 0.05). At the higher dose (100 nM) of testosterone, 

there was a significant increase in RANKL compared to 10 nM, fully restoring the RANKL 

levels to nontreated levels (p < 0.05). Testosterone dose-dependently decreased OPG levels 

when compared to the control group; the difference was statistically significant for 10 nM (p 

< 0.01) and 100 nM (p < 0.05). The RANKL:OPG ratio was significantly decreased in 

response to 10 nM testosterone when compared to the control group (p < 0.05). High dose 

testosterone (100 nM), significantly increased the RANKL:OPG ratio when compared to 

control, 1 nM (p < 0.01) and 10 nM doses (p < 0.001).

Impact of RvD2 on 10 nM testosterone-derived downregulation of osteocalcin, RANKL, and 
OPG

Since the major impact of the testosterone on osteoblast markers was observed at 10 nM, we 

studied the actions of RvD2 on 10 nM-testosterone-treated cells. The expression of 

osteocalcin, RANKL, and OPG in testosterone-treated cells with or without RvD2 is 

illustrated in Fig. 4. Osteocalcin and RANKL expression, which were decreased by 10 nM 

testosterone, were restored back to baseline levels in response to RvD2 treatment. RvD2 

resulted in a more modest (49 %) but statistically significant (p < 0.01) restoration of OPG 

levels in cultures treated with 10 nM testosterone.

Discussion and Conclusions

The aim of this study was to test the impact of changes in testosterone levels on bone 

metabolism using a ligature-induced periodontal inflammation model and in vitro 

characterization of the osteoblast response. RvD2 was used as an active agonist of resolution 

of inflammation in osteoblast cultures. In the absence of inflammation, low or high levels of 

testosterone did not result in any bone loss. Inflammation stimulated pronounced bone loss 

and the impact was substantial in animals with low or high testosterone levels. We have 

further observed that osteoblast expression of RANKL is significantly decreased in the 

presence of 10 nM testosterone whereas 100 nM promoted a significant increase in 

RANKL:OPG ratio, suggesting that osteoclastogenesis is increased in vivo. Lastly, our data 

suggest that RvD2, a proresolution agonist, acts directly on osteoblasts reversing the actions 

of testosterone and rescuing the expression of osteocalcin, RANKL, and OPG.

Testosterone levels vary greatly among individuals and in different racial/ethnic populations 

[36]. High doses of testosterone are observed in bodybuilders and others using products for 

enhancement of athletic performance. This group of people generally use the compounds at 

concentrations of 10–100 times higher than normal [37]. We have recently shown that serum 

concentration of testosterone was approximately 7 nM in rats; a 10-fold reduction in these 

levels can be obtained following orchiectomy as a model of late onset hypogonadism in a rat 

model [34]. In parallel, the findings from our previous study and the current work showed 

that rats can be used for low or high levels of testosterone studies, with the advantage of 

enabling evaluation of the hormonal imbalances in vivo and ex vivo analyses [34]. Our 

results also reveal that testosterone modulates periodontal bone loss in an inflammatory 

environment without resulting in any significant change in healthy animals. This observation 

suggests that variations in testosterone levels are not associated with bone resorption in the 
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absence of an inflammatory stimulus. When animals were exposed to an inflammatory bone 

loss, high testosterone levels aggravated the pathology; associated also with decreased 

phosphorus and ALP levels, and increase calcium levels. One possible explanation for these 

findings is that testosterone possesses immunosuppressive properties, as demonstrated by 

the suppressive effect on leukocyte count on orchiectomized mice and young male rats [38, 

39]. Along those same lines, a recently published paper demonstrated that men using 

anabolic androgenic steroids present with more severe forms of periodontitis and higher 

prevalence of periodontopathogenic microorganisms, including some species of Candida 

[40]. We demonstrated that Low testosterone upregulates IL-1β production only at the site of 

inflammation (and not systemically), but it had no impact on IL-6 either locally or 

systemically. Both IL-1β and IL-6 are important cytokines that regulate osteoclast number 

and activity, and are therefore related to bone loss [41]. In humans, conflicting results have 

been reported regarding the relationship between cytokines and testosterone. A cross-

sectional study demonstrated an inverse correlation between testosterone and soluble IL-6 

receptor in older men (sIL-6r), but no correlation was found for other markers, such as IL-6, 

IL-1β, or tumor necrosis factor (TNF) [42]. Conversely, induction of 4-week hypogonadism 

in older men increased both IL-6 and sIL-6r [43], but those results seem not to be 

maintained in longer periods of hypogonadism [44]. Testosterone replacement therapy in 

hypogonadal men significantly decreased IL-1β and TNF, but had no effect on IL-6 levels 

[45]. When testosterone replacement therapy was withdrawn, a significant increase in IL-6 

and decrease in TNF levels was observed 2 weeks later [46].

In vitro, we conducted a set of experiments to observe the impact of different testosterone 

doses on primary murine osteoblasts. We observed no difference in ALP levels after 48 h of 

testosterone treatment on primary murine osteoblasts, which is in accordance with a 

previous study using a different anabolic steroids (stanozolol) [47]. On the other hand, 

Hofbauer et al. [48] observed that 10 nM testosterone decreased ALP levels in human cell 

lysates. In stanozolol-treated cells, lower doses produced the highest osteocalcin secretion, 

with decreasing osteocalcin with increasing stanozolol concentration. This is in accordance 

with our results, which showed that osteocalcin expression is diminished in the presence of 

10 nM testosterone. Our results suggest a feedback loop to regulate testosterone production 

in vivo, since it was recently demonstrated that osteocalcin from murine osteoblasts 

supernatants enhance the production of testosterone by testis explants as well as Leydig cells 

[49].

Our results showed that both RANKL and OPG are reduced by 10 nM testosterone, but 

RANKL reduction is greater, leading to a decreased RANKL:OPG ratio. RANKL and OPG 

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 [50]. OPG was found to be significantly 

upregulated by androgens in primary murine cells, osteoblastlike cells, and in a co-culture 

system of human cells [18, 23], but dose-dependently downregulated in human cells [22]. 

Our study is consistent with these last findings. The authors [22] suggest that these 

observations partially explain the weaker antiresorptive effects of testosterone as compared 

to estrogens. Yet, other studies report that RANKL mRNA has not been consistently 

detected and/or has been described as not regulated by androgens [22, 23]. We were able to 

Steffens et al. Page 8

Horm Metab Res. Author manuscript; available in PMC 2015 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detect RANKL expression in cell lysates, but not on cell supernatants. Most importantly, the 

RANKL:OPG ratio was significantly diminished with the 10 nM dose, suggesting that this 

dose may be protective against excessive osteoclastogenesis and favors bone homeostasis. 

The 100 nM dose was demonstrated to be inductive for osteoclastogenesis, as suggested by 

the significantly increased RANKL:OPG ratio, which can explain, at least partially, our in 

vivo results which showed high testosterone levels to increase periodontal bone resorption.

Previous studies from our group have already shown that osteoclast differentiation, activity 

and thus, bone remodeling, can be modulated by RvE1, an analogue of RvD2, with direct 

actions on bone, rescuing OPG production and restoring a favorable RANKL:OPG ratio [51, 

52]. Here, we tested the hypothesis that RvD2 reverses testosterone-derived downregulation 

of osteocalcin, RANKL and OPG. Similarly to RvE1, RvD2 also had a positive impact on 

osteoblasts, either by bringing osteocalcin expression back to control levels or by 

significantly increasing OPG levels. This partial rescue can be explained by the 

simultaneous addition of the 2 treatments to the media, so that cells have a receptor agonist 

stimulus to respond to. On the other hand, RvD2 also increased, although not significantly, 

RANKL expression when combined with 10 nM testosterone. It is important to note that the 

cells used in the experiment were not subjected to any stimulus [like bacterial 

lipopolysaccharide (LPS) or IL-6] and thus should reflect physiologic conditions.

Not many studies are available using RvD2, and therefore many connections have to be 

suggested using RvE1 findings. In vivo, RvE1 was shown to decrease leukocyte infiltration, 

osteoclast differentiation, and decrease alveolar bone loss on an experimental model of 

ligature and Porphyromonas gingivalis-induced periodontal disease in rabbits [53]. RvE1 

also restored lost periodontal tissue, including bone [54]. The specific binding sites for RvE1 

has been identified as the human chemokine-like receptor 1 (ERV aka chemR23 or 

CMKLR1) and the overexpression of this receptor in transgenic mice indicates that in 

addition to antiinflammatory actions, RvE1 directly impacts bone remodeling by 

suppressing bone resorption [52]. The present proof of principle study suggests an 

interaction between sex hormones and the proresolving mediator RvD2 on the osteoblast 

level. In vivo experiments should be performed to further explore this issue, not only in 

physiologic but also in pathological conditions, such as inflammatory diseases.

Taken together, our findings suggest that both low and high testosterone levels increase 

ligature-induced periodontal bone loss in male rats. The mechanisms, however, may be 

different: low testosterone increases gingival IL-1β while high testosterone can promote 

higher osteoblast-derived RANKL:OPG ratio. Additionally, the proresolving mediator 

RvD2 can ameliorate testosterone-derived downregulation of osteocalcin, RANKL, and 

OPG by primary murine osteoblasts.
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Fig. 1. 
Testosterone (T) modulation affects bone metabolism in vivo. a Representative µCT images; 

b Bone volume fraction (BV/TV); c linear distance between cemento-enamel junction (CEJ) 

and alveolar bone (AB) on the mesial surface of the first molars; and serum concentration of 

d calcium (Ca+2); e phosphorus (P), and f alkaline phosphatase (ALP) of each experimental 

group in each experimental condition. *p < 0.05; **p < 0.01; ***p < 0.001 when compared 

to the respective non-ligated or ligated normal T group, unless otherwise connected. # p < 

0.05; ### p < 0.001 when compared to the same treatment nonligated group.
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Fig. 2. 
Testosterone (T) modulation affects cytokines expression in vivo. Fold-change in the serum 

and tissue concentration of a Interleukin (IL)-1β; and b IL-6 for each experimental group in 

each experimental condition. *p < 0.05 when compared to the respective non-ligated or 

ligated normal T group, unless otherwise connected. # p < 0.05; ## p < 0.01 when compared 

to the same treatment non-ligated group.
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Fig. 3. 
Concentration (mean ± SD) of alkaline phosphatase, osteocalcin, RANKL, OPG, and 

RANKL:OPG ratio expressed by primary murine osteoblasts with increasing doses of 

testosterone. *p < 0.05; **p < 0.01; ***p < 0.001 when compared to control, unless 

otherwise connected.
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Fig. 4. 
Fold-change of the concentration (mean ± SD) of osteocalcin, RANKL, and OPG expressed 

by primary murine osteoblasts upon testosterone-treated cells (10 nM) with or without RvD2 

(10 nM). *p < 0.05; **p < 0.01 when compared to control, unless otherwise connected.
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Table 1

Mean (±SD) serum testosterone concentration and weight for animals in each experimental group.

Normal testosterone Low testosterone High testosterone

Final serum testosterone concentration (nM) 4.42 ± 2.9 0.74 ± 0.2AA** 111.10 ± 32.4*

Baseline weight (g) 384.5 ± 10.5 385 ± 19.9 384.5 ± 15.0

Final weight – nonligated animals (g) 445±26.6 442±28.2A 404±10.7**

Final weight – ligated animals (g) 445±15.1 417.8±23.9A* 378.9±24.2**

*
p < 0.05;

**
p < 0.01 when compared to Normal testosterone group

A
p < 0.01;

AA
p < 0.001 when compared to High testosterone group
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