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SUMMARY: Sex hormones actively participate in skeletal physiology, resulting in known sexual dimorphism in bone size and strength.

The aim of this study was to comparatively assess the rate and quality of peri-implant bone remodeling in skeletally matnuoidenzle

rabbits 3 months after the insertion of titanium screws into the femoral diaphysis. Titanium screws (5 mm length, 2 mihwdsenieiszrted

into a standardized osteotomy site. Histological analyses were performed on tissues surrounding the implants. Femalesreatiitey
processes dominated by the resorptive (osteoclastic) phase, characterized by large resorption spaces and precaricostsitigtbetiveen

newly formed subperiosteal bone and the deeper cortex. In contrast, males demonstrated significantly more advanced aehiediling,
structural equilibrium between resorption and formation, with minimal empty spaces and the presence of maturing ostean &ylstesns)
indicative of superior cortical reorganization. This disparity highlights a clear lag in the consolidation phase in fehial8smabnth time

point, suggesting that the androgenic environment in males facilitates a more rapid and robust post-traumatic osseous response.
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INTRODUCTION

In veterinary and biomedical sciences, it is wellof its size, geometry, and the density conferred by ongoing
established that sexual dimorphism exists in skelete@modeling processes (Paréttal, 2000).
morphology and strength, favoring males (Kihal, 2003).
This difference is largely driven by a greater rate of periosteal While extensive literature describes sex differences
apposition in males compared to females, leading to largduring bone growth and development, the comparison of
bone diameters and thicker cortices (luliano-Bwrhal, sex-based kinetics in bone repair and consolidation following
2001, 2009). Consequently, male bones exhibit superivsauma remains less explored. Given that peri-implant
mechanical resistance, a phenomenon evidenced clinicdtiyaling involves a complex, localized repair and remodeling
by the higher incidence of stress fractures in military womerascade, investigating potential sex-linked variations in this
compared to men (Jonesal, 2002). process is critical for orthopedic surgery and implantology.
Therefore, the aim of this study was to conduct a comparative
For studying bone implants in cortical or spongynvestigation into the osseous repair and consolidation
bone, the hind limbs of rabbits are frequently used at presemrg@sponse around metallic implants in sexually mature male
Rabbits offer advantages over large animal models laynd female rabbits.
reaching skeletal maturity at a relatively young age (8-11
months) and advantages over small rodents by transitionifttATERIAL AND METHOD
to secondary osteon remodeling (Wancket, 2015). Bone
dimensions and cortical area are positively correlated wiknimals and Ethical Approval
both body size and mechanical loading, with skeletal tissue
being most receptive to mechanical stimuli during the growth Ten skeletally mature, 11-month-old German giant
phase (Schoenaet al, 2001; Riggset al, 2004). The rabbits (5 males, 5 females) were used for this study. The
ultimate mechanical competence of the skeleton is a functicabbits were sourced from a controlled breeding colony at
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the Biobase of the Faculty of VeterinaryRESULTS

Medicine, Cluj-Napoca. The animals were

housed under standardized conditions (2024 At 3 months post-implantation, bone remodeling processes were
ambient temperature, 12-hour natural light/darkevident along the entire circumference of the bone at the intervention
cycle) with commercial granulated feed andsite in both groups. However, there were significant differences in the
water ad libitum. The experimental protocolstage and extent of these processes.

received approval from the Bioethics Committee

of the University of Agricultural Sciences andFemale Group Findings

Veterinary Medicine of Cluj-Napoca (No. 384/

20.08.2023). The females were intact and The predominant feature in the female group was active bone
considered to be sexually cycling; their specificesorption. A high concentration of osteoclasts was observed at the interface
estrous phase was not determined at the time loétween the newly proliferated subperiosteal bone and the original cortical

surgery or euthanasia. bone (Fig. 1). This lytic activity resulted in the formation of large resorption
spaces (Fig. 2). Zone of Resorption - Female, Goldner's Trichrome, (40X)

Surgical Procedure that were temporarlly dev0|d of newly mineralized tissue.

N~

Anesthesia was induced with an

the femoral diaphysis.

A standardized osteotomy site was created
using a 1.8 mm diameter drill bit with continuous
saline irrigation. A self-tapping titanium screw
(5 mm length, 2 mm diameter) was manually|
inserted. The soft tissues and skin were close
in layers. Postoperative care included Meloxical
(1 mg/kg s.c. for 3 days) and Enrofloxacin (20
mg/kg s.c. for 5 days).

Fig. 1. Peri'-implant area - female: black arrow - implant éite; yellow arrow -
medullary canal (Tricrom Goldner, ob. 2X)

Tissue Harvesting and Histological
Preparation

At three months (90 days) post-
implantation, the animals were euthanizedis
(intravenous pentobarbital sodium). The femur<s
were harvested, and bone segments containing
the implant site were fixed in 10 % neutral (Iﬁ_ SR
buffered formaldehyde for 10 days. i <

93

The samples were decalcified using; 3“ t “
trichloroacetic acid, dehydrated through agrade(ﬁ / f_‘,'
alcohol series, cleared in 1-butanol, andy
embedded in paraffin wax. Sections were cut al
5 um thickness and stained using Goldner’s
Trichrome method for visualization of s
mineralized bone (green/blue) and unmineralizec
osteoid (red). Sections were examined using a

Olympus BX41 microscope equipped with anFig. 2. Peri- Limplant area - female: black arrow - resorptlon space yellow
Olympus E-330 digital camera. arrow - osteoclasts (Tricrom Goldner, ob. 40X)
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The subperiosteal bone proliferation was present but teuctural continuity, with virtually no empty spaces
structural continuity with the deeper cortical bone was precarioassignificant osteoclast accumulation comparable to
over large zones due to the extensive osteoclast-mediated gaps. filei$emales. This morphology suggests that the bone
morphology indicates that the tissue at this 3-month time pointfe@mation (apposition) phase was in equilibrium with,
still primarily in a resorptive or initial consolidation phasepr had rapidly followed, the resorption phase,
characterized by young, trabecular-like bone with only incipiemdicating a faster overall remodeling turnover.
organization into osteon-like structures.

Furthermore, the new bone in males
Male Group Findings demonstrated a high degree of structural maturity and
reorganization (Fig. 3). Osteon—complex, concentric

The male group exhibited a significantly more advancddmellar structures indicative of mature cortical
stage of bone remodeling and consolidation compared to the fematesie—were present over wide areas and were

observed in medium to advanced stages of

Crucially, the transition zone between the proliferatedrganization (Fig. 4). Advanced Remodeling with
subperiosteal bone and the deeper cortical bone showed immedisteon - Male, Goldner's Trichrome, (40X). The
extent and distribution of this highly organized new
bone were clearly superior to the females, suggesting
a higher mechanical competence of the peri-implant
bone.

DISCUSSION

The findings of this study demonstrate a clear
and significant sexual dimorphism in the rate of peri-
implant bone remodeling in the rabbit model, with
males exhibiting a faster and more structurally mature
consolidation response at 3 months post-surgery. This
distinction is evident in the transition from a
resorption-dominant state in females to an
equilibrium/formation-dominant state in males.

_ % -
iy Wy e g Remodeling Kinetics and Mechanical Adaptation
Fig. 3. Peri-implant area - male: black arrow - implant site; yellow arrow -
medullary canal (Tricrom Goldner, ob. 2X) The trauma of screw insertion necessitates a
¥ Y N 7 AT I So systemic adaptation to restore the biomechanical
3 G Fallin integrity of the compromised long bone. The principle
governing this repair is rooted in Wolff's Law, where
the bone adapts to mechanical loads (Frost 2003).
The implant insertion introduces a new mechanical
environment, and the differences in remodeling rates
suggest a sex-specific sensitivity or efficacy of the
mechanobiological response.

The high osteoclastic activity and resulting
large resorption spaces observed in females suggest
that the initial phase of lytic removal of damaged bone
is robust, but the subsequent phase of osteoblastic bone

"':-’ "
¥ formation is comparatively delayed or slower (Sabou
QL
( § L ‘ Ny o= etal, 2023, 2025). This transient situation results in a
(5 : )i .
/fl @ETE Y weak point in the bone structure at 3 months.
Fig. 4. Peri-implant area - male: black arrow - advanced bone remodelling  In contrast, the male response is characterized
(Tricrom Goldner, ob. 4X) by rapid completion of the remodeling cycle, wherein
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osteoblasts effectively fill resorption cavities to establisthe apoptosis of osteoblasts and osteocytes while promoting
continuity. This rapid completion is confirmed by thethe apoptosis of osteoclasts, thereby maintaining bone
formation of numerous, organized osteon, which represdrdlance (Manolaga al, 2000). However, in the immediate
the highest level of structural reorganization necessary post-traumatic environment, the estrogen-regulated balance
restore or even surpass the original strength of the corticaight be less effective than the potent anabolic drive of
bone (Marcuet al, 2022; Dumeet al, 2023, 2025). This androgens in accelerating the formation phase required to
efficiency likely reflects the male body's greater inhererill large defects. The prolonged resorptive phase observed
capacity for periosteal bone formation, as established i females may be linked to a less powerful proliferative
growth studies (Schoenatial, 2001). signal following the initial trauma. Furthermore, deficiencies
or fluctuations in estrogens can lead to an increase in bone
Pantoret al (2022) demonstrated hematogenouseemodeling rate by increasing the lifespan of osteoclasts
marrow's high tolerance to direct titanium implant conta¢anderschuereat al, 2004).
in rabbit femurs, with no rejection or fibrosis after 7 days
and rapid new bone covering over half the intra-marro®tudy Limitations
implant surface, driven by progenitor cells and growth
factors. Ratiuet al (2022) revealed that endosteum- A limitation of this descriptive study is the reliance
penetrating implants accelerate early osseointegration va qualitative histological assessments. Future work must
marrow influence, achieving direct interface bone formatiorigorously apply the proposed quantitative
superior to aspirated marrow techniques. Rattal (2025) histomorphometric indices (BIC, BA/TA, Oc.S/BS) and use
highlighted periosteum, endosteum, and marroappropriate statistical methods to confirm the magnitude of
contributions, forming thick peri-implant bone layersthe observed sex differences. Additionally, the lack of data
trabecular extensions, and remodeling osteons by six weeks the estrous cycle phase for the females means the
to restore mechanical integrity. Collectively, these studiésfluence of specific estrogen fluctuations on the observed
confirm marrow's compatibility and stimulatory role,3-month outcome remains speculative.
supporting marrow-engaging implant strategies for dental
and orthopedic success (Pantbral, 2022; Ratiwet al, CONCLUSION
2022, 2025).
Bone remodeling processes around titanium implants
Role of Sex Hormones are significantly influenced by sex. At 3 months post-
implantation, male rabbits demonstrate a markedly faster
The disparity in remodeling rates is strongly linkedand more structurally advanced consolidation characterized
to the regulatory role of sex steroids (Fereeal, 2025). by organized osteon and osseous continuity. Female rabbits
The greater bone size, geometry, and strength commoaelyhibit a significant lag, with persistent large resorption
observed in males (Kimt al, 2003) are linked to the action spaces indicating a prolonged dominance of the lytic phase.
of androgens mediated by the Androgen Receptor (ARhis finding underscores the necessity of considering sex as
which promotes periosteal apposition (Kawanhal., 2003; a critical biological variable in the design and interpretation
Venkenet al, 2006). Androgen deficiency or resistancef preclinical orthopedic research. However future studies
severely impairs cortical and trabecular bone mashould consider quantitative histomorphometric
(Vanderschuereat al, 2004; Vandenpudt al., 2004). determinations to reinforce our findings.

The better hor_monal balan(?e and highersteady—stqg TRUT-TICULEANU, C. S.: REPCIUC, C. C.: RATIU C.:
levels of androgens in males, which can also be convertg NA, L. . BOGDAN, A. C.: PETRUT-TICULEANU, R. &
to estrogens via P450 aromatase, appear to provide a pfGpOR, A. La influencia del sexo en los procesos de
anabolic environment for bone healing (Riggsl, 2002;  remodelacion dsea periimplantariat. J. Morphol., 44(31L071-
Khoslaet al, 2002). This environment likely promotes1075, 2026.
osteoblast differentiation and prolongs their lifespan,
accelerating the bone formation phase necessary for ~RESUMEN: Las hormonas sexuales participan

osseointegration and structural maturity. actlva_ment_e en la fisiologia esqueletlga, lo que da IL_ngi\r a un
conocido dimorfismo sexual en el tamafio y la resistencia 6sea. El

objetivo de este estudio fue evaluar comparativamente la tasa y la

WhlleﬁEStrOQer:js are, primarily k?%wn for thelr,am'_ lidad de la remodelacion 6sea periimplantaria en conejos machos
resorptive effects and maintenance of bone mass In a mbras con madurez esquelética, 3 meses después de la insercion

femalgs, _the qverall balance b?twe_en resor_ptipr?_aae tornillos de titanio en la diafisis femoral. Se insertaron tornillos
formation is delicate. Estrogens primarily act by inhibitinge titanio (5 mm de longitud, 2 mm de didmetro) en un sitio de
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osteotomia estandarizado. Se realizaron andlisis histolégicos debone marrow on the early osseointegration of a titanium implant which
los tejidos que rodeaban los implantes. Las hembras mostraronpenetrates the endosteumt. J. Morphol., 40(1)188-93, 2022.
procesos de remodelacién dominados por la fase reabsortR@jiu: C-A.; Sinescu, C.; Dejeu, D.; Tica, O.; Moisa, C.; Croitoru, C. A.;
(osteoclastica), caracterizada por grandes espacios de reabsorcigRatd |- A» Duma, V. F.; Todor, A.; Miclaus, V. & Rus, V. Participation
Lo . ... _of the periosteum, endosteum, and hematogenous marrow in the early
y un?. continuidad estructural ,preca”a entre el hueso subperlOStICoosseointegration of a titanium implant inserted in contact with the
recién formado y la corteza mas profunda. En contraste, los machoshematOgenous marroMedicina (Kaunas), 61(1a)841, 2025.
demostraron una remodelacion significativamente mas avanzadygs, B. L.; Khosla, S. & Melton, L. J. IIl. Sex steroids and the construction
alcanzando un equilibrio estructural entre reabsorcion y formacion, and conservation of the adult skelet&mdocr. Rev., 23(279-302,
con espacios vacios minimos y la presencia osteonas en maduracior002.
indicativos de una reorganizacion cortical superior. Esta disparidBi9s. B. L.; Melton, L. J. lll; Robb, R. A.; Camp, J. J.; Atkinson, E. J.;
pone de manifiesto un claro retraso en la fase de consolidacién enPéterson, J. M.; Rouleau, P. A.; McCollough, C. H. & Khosla, S.
las hembras a los 3 meses, lo que sugiere que el entorno androgénic?OpUIatlon'based study of age and sex differences in bone volumetric

. 3 - . -, . density, size, geometry, and structure at different skeletal &it8sne
en los machos facilita una respuesta ésea postraumatica mas rapld@Iiner Res.. 19(12)945-54, 2004

y robusta. Sabou, I.; Gal, A. F.; Matei-Latiu, M. C.; Rus, V.; Miclaus, V.; Ratiu, C.;
Martonos, C. O.; Oros, N. & Oana, L. Does the diameter of the titanium
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