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Abstract

Background: Steroidal anti-inflammatory drugs like dexamethasone are commonly prescribed for
managing pain after oral and maxillofacial surgeries. However, their preoperative use may impair bone
healing. This study investigated the histological effects of dexamethasone on mandibular fracture healing
in male and female rats.

Materials and Methods: This experimental animal study included 64 Wistar Albino rats (12 weeks old, 250—
300 g) that underwent surgically induced mandibular fractures and were randomized into 8 groups.
Experimental groups received dexamethasone (1 mg/kg), while controls received normal saline. Animals
were sacrificed at 2 and 4 weeks postoperatively for histological evaluation. Parameters assessed included
union, bone integration, cortical and cancellous bone integrity, bridging of the defect, inflammation,
cellularity, and cellular morphology. Data were analyzed using the Kruskal-Wallis and Mann—Whitney U
tests with Bonferroni correction (a = 0.05).

Results: Control groups showed significantly better healing outcomes than dexamethasone-treated rats,
with higher scores for bone union, integration, cortical and cancellous bone formation, defect bridging,
cellularity, and morphology (all p < 0.001, except cellularity p = 0.011). Dexamethasone groups exhibited
significantly more inflammation (p < 0.001). Female rats demonstrated poorer healing in early stages,
though differences between sexes diminished over time.

Conclusion: Dexamethasone (1 mg/kg) delays mandibular bone healing and enhances local inflammation in
both sexes, particularly in females during early healing. Its use in maxillofacial fractures should be
approached with caution. Further studies are recommended.
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Introduction
Despite advancements in maxillofacial surgery and

standardized treatment protocols for human fractures
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and bone defects, incomplete or delayed bone healing
still occurs in approximately 5% to 20% of cases,
which remains a major challenge for treatment teams
and imposes significant burdens on healthcare
systems, with outcomes influenced by both biological
and mechanical factors. (1)

Bone regeneration is a complex biological process
involving three phases: inflammation, repair, and
delayed remodeling. Intricate molecular mechanisms

tightly regulate this process. Systemic and local
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factors, as well as various cell types and growth factors
delivered to the injury site via surrounding tissues and
the bloodstream, contribute to bone healing. (2,3)
While various strategies, such as growth factors and
anabolic agents, have been explored to enhance bone
regeneration, few have addressed their role in
counteracting glucocorticoid-induced bone
impairment. (4-6) Conversely, certain medications,
such as specific antibiotics, have been reported to
delay or impair bone healing. (7) Identifying and
avoiding these drugs may promote more optimal bone
regeneration. Estrogen plays a pivotal role in
modulating bone turnover by promoting osteoblast
activity and  suppressing  osteoclast-mediated
resorption. Fluctuations or deficiencies in estrogen,
particularly in females, may impair the coupling
between bone formation and resorption, thereby
influencing the rate and quality of bone healing. (8) In
addition to perfusion, systemic metabolism, and age,
previous animal studies have suggested that female
sex may be a risk factor for impaired bone healing.
This may be due to hormonal differences, particularly
fluctuations in estrogen, which influence bone
remodeling by altering the balance between osteoblast
and osteoclast activity. Clinically, both sex and
mechanical stability simultaneously affect bone defect
healing. Understanding the influence of these factors
could guide gender-specific modifications to fracture
treatment protocols, potentially improving bone-
healing outcomes.(1)

Glucocorticoids have well-documented effects on
bone density and influence the activity of osteoblasts
and osteoclasts. (9) Moreover, preoperative or pre-
fracture administration of glucocorticoids, especially
dexamethasone, has been associated with delayed
bone healing. (10)

Steroidal anti-inflammatory drugs (e.g.,
hydrocortisone) are widely used to manage pain and

inflammation, including those related to bone

fractures and postoperative maxillofacial pain. Among
these, dexamethasone is a potent, long-acting
glucocorticoid with stronger anti-inflammatory effects
than hydrocortisone and is frequently used in clinical
settings involving orthopedic and maxillofacial
surgery. However, to the best of the authors'
knowledge, no study has specifically investigated the
effects of these drugs on bone healing across both
sexes. Dexamethasone was selected as an appropriate
preclinical model due to its high potency, long half-
life, and widespread clinical use in controlling
surgery- and fracture-related inflammation and pain.
Given its common clinical application, understanding
its potential impact on bone regeneration is essential.
Moreover, considering evidence of sex-related
differences in healing, this study aimed to compare the
histological effects of the steroidal anti-inflammatory
drug dexamethasone on fracture healing in male and

female rats.

Materials and Methods

This experimental laboratory study used an animal
model. The study protocol was reviewed and approved
by the Ethics Committee for Medical Research of
Islamic Azad University, Khorasgan Branch (ethical
code: IR.IAU.KHUISF.REC.1401.397). All
experimental procedures were performed in
accordance with internationally accepted guidelines
for the care and use of laboratory animals.

A total of 64 Wistar Albino rats, including both males
and females, were included in the study. All animals
were clinically healthy and free of systemic disease,
infection, or pathological conditions that could
interfere with bone healing. The rats were 12 weeks
old and weighed 250-300 g at the beginning of the
experiment.

Animals were maintained under standard laboratory
conditions with controlled temperature (22 + 2 °C),

relative humidity (40—-60%), and a 12-hour light/dark
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cycle. Standard laboratory chow and water were
provided ad libitum.

Following fracture induction, animals were randomly
allocated into eight experimental groups (n = 8 per
group) based on sex and pharmacological
intervention:

e Control groups (Groups 1 and 2): male and
female rats receiving daily intraperitoneal
injections of normal saline

e Dexamethasone-treated groups (Groups 3
and 4): male and female rats receiving
intraperitoneal dexamethasone
(Dexamethasone Sodium Phosphate, Darou
Pakhsh, Iran) at a dose of 1 mg/kg/day for
two consecutive days

Each group was further divided into two equal
subgroups. Animals were euthanized at 2 weeks and 4
weeks postoperatively (n = 8 at each time point).
General anesthesia was induced by intraperitoneal
administration of ketamine (70 mg/kg) (Ketamine
hydrochloride, Alfasan International B.V.,
Netherlands) and xylazine (12 mg/kg) (Xylazine
hydrochloride, Alfasan International B.V.,
Netherlands). To achieve local anesthesia and
hemostasis, 0.5 mL of articaine with epinephrine
(1:200,000) was injected at the surgical site(11).

A standardized fracture was created at the inferior
border of the mandible using a 1.1-mm surgical bur,
without internal fixation.

Postoperative pain control was achieved by
intramuscular injection of tramadol (1 mg/kg)
(Tramadol Hydrochloride, Darou Pakhsh, Iran) for all
animals. A multimodal analgesic protocol was applied
to minimize pain and stress. At the designated time
points, animals were euthanized using an overdose of
ketamine, and death was confirmed by a qualified
veterinarian based on standard clinical criteria.
Following euthanasia, mandibular specimens were

harvested immediately and fixed in 10% neutral

buffered formalin. After routine tissue processing,
specimens were embedded in paraffin, and 4-pm-thick
sections were prepared. All sections were stained with
hematoxylin and eosin (H&E) for histological
evaluation.
Histological analysis was performed by a blinded
examiner using a light microscope (Nikon
Instruments, Japan). Bone healing was assessed using
a semi-quantitative scoring system adapted from
previously validated studies. The following
parameters were evaluated:

e Degree of bone union

e Integration with the adjacent bone

e Cortical integrity

e cancellous bone

e inflammatory

e  bridging of the bone defect

e  Cellularity

e  Cellular Morphology
Each parameter was graded according to predefined
criteria, and the overall histological healing score was
calculated for each specimen. These scores were used
for subsequent statistical analysis.
After confirming data normality using the Shapiro—
Wilk test, the data were analyzed using the Kruskal—
Wallis test and the Bonferroni post hoc test, with a

significance level set at p < 0.05.

Results

The Kruskal-Wallis test revealed that all bone healing
and regeneration indices, including bone union,
integration of the lesion with adjacent bone, cortical
integrity, cancellous bone, and bridging of the bone
defect, were significantly higher in the placebo group
compared with the dexamethasone-treated group (p <

0.001) (Table 1).
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Table 1. Bone healing and regeneration indices in placebo and dexamethasone groups according to gender and time

. Intejgratlon Cortical cancellous bridging of
. Bone union with the . . the bone
Groups Gender Time adjacent bone integrity bone defect
Mean = SD Mean = SD Mean = SD Mean+SD  Mean £+ SD
Female 2 weeks 4+0 2.63 £0.52 4+0 3+0 3+0
Female 4 weeks 4+£0 30 4+0 3+0 3+0
Placebo
Male 2 weeks 4+£0 3+0 4+0 3+0 3+0
Male 4 weeks 4+£0 3+0 4+£0 3+0 3+0
Female 2 weeks 1.88 £0.35 1.5+£0.53 1.5+£0.53 2.25+0.46 1.88 £0.35
Dexamethasone Female 4 weeks 2.38+0.74 1.88 +£0.35 1.88 +£0.35 2.63 £0.52 1.87 £0.35
Male 2 weeks 2.62+0.74 2+0.53 2.13+£0.64 2.38+0.52 2.5+0.76
Male 4 weeks 2.38+£0.52 2.25+0.46 2+0.76 2.75+0.71 2.75+£0.46
P value <0.001 <0.001 <0.001 <0.001 <0.001

In pairwise comparisons using the Mann—Whitney U
test with Bonferroni correction, all placebo subgroups,
regardless of sex or time point, exhibited significantly
higher bone-healing scores than their corresponding

dexamethasone-treated subgroups (p < 0.05). For most
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of these indices, no significant differences related to
sex or time were observed within the dexamethasone
group (p > 0.05); however, in some subgroups,
particularly at the second week, the reduction in bone-

healing parameters was more pronounced (Figure 1).
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Figure 1. Pairwise comparisons of (a) bone union, (b) integration with adjacent bone, (c) cortical integrity, and (d) cancellous

bone in dexamethasone- and placebo-treated animals according to sex and time.

Significance levels: *p <0.05; **p <0.01; ***p < 0.001
g p p p
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According to the Kruskal-Wallis test, inflammatory

scores  were  significantly  higher

in

the

dexamethasone-treated group than in the placebo

group (p <0.001) (Table 2).

Table 2. Inflammatory scores in placebo and dexamethasone groups according to gender and time

Inflammation
Groups Gender Time P value
Mean + SD
Female 2 weeks 0.1+£0
Female 4 weeks 0.1+£0
Placebo
Male 2 weeks 0.1+0
Male 4 weeks 0.1+0
<0.001
Female 2 weeks 1.88 £0.35
Female 4 weeks 1.25+0.46
Dexamethasone
Male 2 weeks 1.63 +£0.52
Male 4 weeks 1.63 £0.52

Pairwise comparisons using the Mann—Whitney U test
with Bonferroni correction showed that inflammatory
scores in female rats at the second week were
significantly lower in the placebo group than in the
dexamethasone group (p < 0.01). In contrast, no
significant differences in inflammation severity were
observed in the remaining subgroups (p > 0.05).
Furthermore, no  significant differences in
inflammatory scores were observed between male and
female rats within the dexamethasone group at any

time point (Figure 2).
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Figure 2. Pairwise comparisons of inflammatory scores in
dexamethasone- and placebo-treated animals according to

sex and time.(Significance level: **p < 0.01)

The Kruskal-Wallis test also showed that cellular
indices, including cellularity and cellular morphology
scores, were significantly higher in the placebo group
than in the dexamethasone-treated group (p < 0.001)
(Table 3).

Table 3. Cellularity and cellular morphology scores in placebo

and dexamethasone groups according to sex and time

Cellular
Cellularity

Groups Gender Time morphology

Mean £ SD Mean + SD

Female 2 weeks 2.38 +0.52 5+0
Female 4 weeks 2.38 +0.52 5+0
Male 2 weeks 2.38 +£0.52 5£0
Male 4 weeks 2.50+0.53 5£0

Placebo

Female 2 weeks 1.38+0.52 2.38+0.52
Female 4 weeks 2.38 £0.52 3.13+0.83
Male 2 weeks 2.13+£0.64 4.38+0.52
Male 4 weeks 2.63+0.52 4.50+0.53

Dexamethasone

P value 0.011 <0.001

In pairwise analyses using the Mann—Whitney U test
with Bonferroni correction, a significant reduction in
cellularity and cellular morphology scores was
observed in dexamethasone-treated female rats,
particularly at the second week, compared with the

placebo group (p < 0.05). Additionally, within the
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dexamethasone group, female rats at the second week
exhibited significantly lower cellular indices than

male rats (p < 0.05), whereas no significant differences

Cellularity

Mean of pathology score
- »n
1 1

e

were observed in the other comparisons (p > 0.05)

(Figures 3).
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Figure 3. Pairwise comparisons of (a) cellularity and (b) cellular morphology scores in dexamethasone- and placebo-treated

animals according to sex and time. Significance levels: *p < 0.05; **p <0.01()

Overall, dexamethasone administration resulted in a
significant reduction in bone healing, bone
regeneration, and cellular indices, accompanied by
increased inflammatory severity.
The effects of sex and time were limited across most
variables and were mainly observed in cellular
parameters, particularly at the second-week time
point.

Representative histological images illustrating the
effects of dexamethasone and normal saline on bone
healing in mandibular fractures are presented in
Figures 4 and 5, highlighting differences in bone
formation, tissue remodeling, and cellularity between

the treatment groups.

Figure 4. Histological appearance of wound healing in
female mice at (a) 2 weeks and (b) 4 weeks, and in male mice
at (c) 2 weeks and (d) 4 weeks following dexamethasone
administration, illustrating tissue changes, bone formation,

and cellularity throughout the healing process.
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Figure 5. Histological appearance of wound healing in
female mice at (a) 2 weeks and (b) 4 weeks, and in male mice

at (c) 2 weeks and (d) 4 weeks in the placebo group.

Discussion

Although glucocorticoids such as dexamethasone are
commonly administered in maxillofacial surgery (11),
their influence on bone healing remains incompletely
elucidated, especially given the puzzling lack of
research on gender differences in facial injury. The
goal of this study was to assess the histological effect
that dexamethasone has on the healing of mandibular
fractures in both male and female rats.

The study focused on nine crucial parameters of
mandibular fracture healing: the degree of connection,
integration into the bone, exposure of the cortex,
formation of spongy bone, inflammation, bridging of
bony tissue, cell population within the defect, and
defect geometry. The results demonstrate that the
dosage of 1 mg/kg of dexamethasone markedly
impaired all parameters of healing, particularly in
females. Nevertheless, the initial differences between
the genders lessened over time. The rats treated with a
placebo showed significantly superior results in all
evaluated parameters, except for inflammation and
early-stage fibrous bridging, which were also
observed in some dexamethasone-treated groups.
However, more advanced bridging was consistently
seen in the placebo group. The data imply delayed

bone healing, which aligns with other researchers'

findings in rabbits and rats using glucocorticoids for
tibial fracture healing. (9,12)

Singh et al. (13) conducted a systematic review and
concluded that preoperative systemic corticosteroid
therapy worsened postoperative oral and maxillofacial
surgical wound healing. In our results, the
inflammation = scores were higher in the
dexamethasone group. As described previously,
inflammation is the body's response and an essential
first phase of wound healing, involving increased
vascular permeability, chemotaxis, cytokine and
growth factor release, and macrophage activation. (14)
Corticosteroids prescribed in these conditions usually
have an anti-inflammatory action, but in this case have
also been shown to restrict cellular migration,
proliferation, and angiogenesis, which delays healing.
In addition, corticosteroids inhibit collagen synthesis
17) and also decrease procollagen type I mRNA
activity (15)

Wound healing occurs in three overlapping stages:
inflammation, remodeling, and proliferation. The
progression of capillary formation and collagen fiber
deposition is key to maintaining the process. (16)
Angiogenesis is an active process, with the fibrin clots
being substituted with granulation tissue rich in blood
vessels that ultimately matures into scar tissue with
collagen. (15,17) In this experiment, inflammation in
the dexamethasone-treated female rats in week two
was significantly higher compared to the controls,
which could not be said for the controls. The disparity
in this regard decreased in week four. Mean
inflammation scores were 1.0 for the placebo-treated
and 1.88 for the dexamethasone-treated female rats in
week two. Dromush et al. (18) also observed increased
vascularity and inflammatory cell infiltration
following dexamethasone treatment. According to
Chen et al. (19), dexamethasone administration
reduced macrophage recruitment during the

inflammatory phase. This paradoxical increase in
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inflammation despite dexamethasone's known anti-
inflammatory properties may reflect a rebound
inflammatory response or impaired resolution of acute
inflammation due to disrupted macrophage regulation.
Moreover, short-term glucocorticoid administration,
such as the 2-day regimen used here, has been
associated with rebound inflammation upon abrupt
withdrawal, thereby impairing the resolution of the
inflammatory phase. This paradoxical effect may
partially  explain  the unexpectedly  higher
inflammation scores in the dexamethasone-treated
groups. Alternatively, the finding may reflect a
limitation of the model or indicate the need for further
investigation to rule out experimental artifacts.
Cellularity scores remained lower in females treated
with dexamethasone at week two. These changes
suggest an incomplete transition from the
inflammatory to the proliferative phase, along with
inflammatory and vascular alterations. In the control
group, advanced collagen deposition,
reepithelialization, and reduced numbers of
inflammatory cells indicated more mature granulation
tissue and scar tissue—characteristic of accelerated
healing, as documented in rodent models of wound
healing. (20)

Bone connection scores were higher in all placebo
subgroups. One study by Snill et al. (10) showed that
36.8% of patients treated with dexamethasone
developed delayed healing, compared with 11.1% in
the control group, suggesting that short-term, high-
dose  corticosteroid use is associated with
complications such as infection and delayed union.
These findings underscore the need for caution,
particularly with short-term, high-dose
dexamethasone regimens, and note that its impact may
be less pronounced in young, healthy adults, as shown
by Snill et al. Another study in the same cohort
showed that 24.4% of zygomatic fracture patients

treated with dexamethasone developed impaired

healing as compared with 3.2% of the control group.
(21) They further stated that the age of the patients also
had an impact on the rate of delayed healing, with
patients older than 25 years having elevated rates of
impaired  healing. = Nonetheless,  preoperative
dexamethasone use did not significantly affect healing
rates in young, healthy adults free of infection. (22)
These results demonstrate different study designs,
dosages, as well as the conditions of the patients being
used in the studies, in indication of the need for further
scrutiny.

Dexamethasone may impair fracture healing by
promoting infection, suppressing angiogenesis, and
exerting immunosuppressive effects. Bone-healing
disruption is likely multifactorial, and the role of
infection appears central. The drug's biological half-
life of 36—54 hours means its impact extends beyond
the initial healing period. (23-25) Based on our
results, short-term, high-dose dexamethasone should
be considered a potential risk factor for impaired
mandibular fracture healing. Caution is warranted,
particularly in clinical scenarios resembling our
model, although lower doses or prolonged regimens
may exhibit different outcomes. This aligns with
findings by Snéll et al. (10), who reported no
significant adverse effects in young, healthy adult
patients.

Inflammatory responses may also be influenced by
systemic immune modulation. Dexamethasone has
been shown to suppress macrophage polarization
toward pro-inflammatory phenotypes and reduce
macrophage migration. (26,27) However, some
studies suggest these effects are limited or
inconsistent. (28,29) Our findings support the notion
that corticosteroid-mediated immune regulation plays
a key role in delaying healing.

Male rats in this study generally exhibited better
healing outcomes than females. The lowest scores for

bone integration, cortical integrity, cancellous bone
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formation, and tissue morphology were observed in
female rats treated with dexamethasone, especially at
two weeks. Straub et al. (30) reported similar gender-
based disparities in fracture healing, attributing
reduced mechanical properties of callus and lower
callus cross-sectional area in females to fewer
mesenchymal stem cells. Although the MSC function
is reportedly independent of gender, females generally
exhibit fewer MSCs.

Even with the initial delays, female rats were closing
in on the male healing capacity by week four,
indicating delayed, not deficient, healing. Zanotti et al.
(31) found that adult female rats had reduced
cancellous bone content, lower osteogenic markers
(osteocalcin and alkaline phosphatase), and fewer
mineralized nodules. These are thought to play a role
in decreased bone regeneration.

Osteogenic capacity is not sexually dimorphic;
however, female rats had greater osteoclast numbers,
indicative of greater osteoblastic activity. With respect
to time, some of the differences appeared to equalize,
corroborating observations from Sprague-Dawley rat
models that noted gender differences in
osteoblastogenic potential (30). Hormonal variations
also influence the function of the skeleton in estrogen
and androgen (32), but the authors sought to control
for hormonal factors by using prepubescent subjects.
Thus, it seems most likely that genetic factors explain
the observed sex differences in healing patterns.
(33,34)

Bone bridging was also quicker in male rats. Straub's
team claimed no differences in bridging by six weeks,
which promotes the notion that female healing is just
slower. This is consistent with our observation that
gender disparity was less pronounced by week four.
Previous animal studies focused mostly on young rats.
(35,36) For this study, the authors used 12-week-old
rats, considered mature enough to exhibit gender

differences in healing. (37,38) However, using 12-

week-old rats limits generalizability to older human
patients, whose bone healing dynamics and hormonal
responses differ. Using 12-week-old rats, which are
equivalent to young adults, offers insight into healing
patterns in younger subjects but limits extrapolation to
older populations. Given that age-related declines in
bone regeneration and hormonal responses are well
documented in humans, future studies should
specifically include aged animal models to evaluate
the age-dependent effects of dexamethasone. The
limited number of *MSCs* in females, together with
lower secretion of osteoinductive factors, likely
explains their reduced regenerative potential. (30,39)
Variability in glucocorticoid studies stemming from
differences in drugs, dosages, routes of administration,
and durations of administration makes comparisons
problematic. (40,41) Dexamethasone was selected in
this case due to its minimal effect on glucose levels, a
well-known factor in bone healing.

A key factor is that rat healing differs from human
healing. Whereas humans repair via granulation and
epithelialization, rat repair primarily occurs through
rapid tissue contraction. Additionally, our non-fixated
mandibular fracture model differs from human clinical
fractures, which are often rigidly fixated. This limits
translational relevance, as fixation alters mechanical
stability, vascularization, and healing dynamics. These
physiological make-up differences need to be
considered when using animals in clinics.
Dexamethasone is cost-effective and routinely
prescribed, but should be considered in relation to its
healing effects, especially in low-regenerative patients
or complex fractures of the maxillofacial complex.
Retinoic acid has been suggested as a potential
alternative due to its effects on collagen synthesis and
wound strength. Retinoic acid, a metabolite of vitamin
A, plays a role in osteoblast differentiation and
collagen synthesis. Its potential in enhancing bone

matrix composition and tensile strength has drawn
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attention in tissue engineering and bone repair
research. Although not yet widely adopted in clinical
protocols, preclinical studies suggest that it may
support wound strength by increasing hydroxyproline
content, a marker of collagen deposition. While Wicke
et al. (42) reported increased hydroxyproline content
after 17 days of treatment, its role in bone healing
remains largely hypothetical and warrants further

investigation. (14)

Conclusion

Dexamethasone markedly delays mandibular bone
healing in female rats by impairing osteogenesis,
angiogenesis, and cell proliferation while increasing
local inflammation, highlighting sex-specific
corticosteroid sensitivity. Caution is warranted in
using dexamethasone for maxillofacial fractures, and
sex-adapted strategies or adjunct therapies should be
considered to preserve bone regeneration without

compromising anti-inflammatory effects.
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