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Physical exercise alone or
combined with omega-3 modulates
apical periodontitis induced in rats
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Apical periodontitis (AP) results from bacterial contamination of the pulp tissue, with its progression
highly influenced by the host’s immune response. This study aimed to evaluate the impact of moderate
physical exercise, alone or combined with omega-3 supplementation, on AP induced in rats. The
analysis focused on the immuno-inflammatory profile, bacterial presence in the root canal and apical
region, bone loss, and collagen fiber production. Thirty Wistar rats were divided into three groups:
Control, Physical Exercise (PE), and Physical Exercise + Omega-3 (PEO). Omega-3 supplementation was
administered by gavage for 60 days. The swimming protocol included two stages: acclimatization to
the aquatic environment and swimming training. AP was induced on the 30th day, and the rats were
euthanized on the 60th day. Upper molars were processed and stained using Hematoxylin and Eosin
(H&E), Brown and Brenn (BB), Picrosirius Red (PSR), and immunohistochemistry for IL-17, TNF-a,
and tartrate-resistant acid phosphatase (TRAP). Microtomographic analysis was also performed.
Scores from the analyses were evaluated using Kruskal-Wallis, Tukey, Shapiro-Wilk, Mann-Whitney,
and One-Way ANOVA tests, with a significance level of 5% (p <0.05). The control group exhibited the
highest intensity of inflammatory infiltrate (p <0.05). PE alone reduced TNF-a immunostaining and
limited bacterial spread (p<0.05). Combined with omega-3 supplementation, PE further reduced IL-
17 immunostaining and increased the percentage of birefringent immature collagen fibers (p <0.05).
Microtomographic analysis revealed smaller areas of alveolar bone loss in animals subjected to PE
(p <0.05). The control group showed a significantly higher number of TRAP-positive cells (p <0.05).

In conclusion, PE alone enhanced defense mechanisms by reducing inflammation through TNF-a
modulation and controlling bacterial contamination. Combined with omega-3 supplementation,

PE further improved inflammatory regulation by modulating IL-17 levels, reducing bone loss, and
stimulating collagen production, thereby limiting inflammation and decreasing osteoclastic activity.
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Apical periodontitis (AP) results from the infiltration of microorganisms into the root canal system!. When the
infectious process and the associated inflammatory response reach the tooth apex, a periapical lesion develops.
In an attempt to control the invading microorganisms, the host’s inflammatory response intensifies, leading to
the recruitment of defense cells, the release of inflammatory mediators, and the resorption of bone tissue? . The
progression of this process largely depends on the host’s immune response®”.

If the immune response fails to suppress the bacteria, an overactive reaction from defense cells may occur®.
Macrophages, T lymphocytes, and other immune cells release chemical mediators such as tumor necrosis factor-
alpha (TNF-a), interleukin-17 (IL-17), prostaglandins, and bradykinins. At elevated levels, these mediators can
indirectly trigger osteoclastogenesis’. IL-17 plays a dual role, either mediating host defense against bacterial
infections or contributing to chronic inflammation, while TNF-a is linked to bone loss and stimulates the
synthesis of prostaglandins and proteases®°.

Pro-inflammatory cytokines, such as IL-17 and TNEF-a, play pivotal roles in pathological bone resorption by
promoting osteoclastogenesis and amplifying inflammatory responses!’. In addition to these cytokines, tartrate-
resistant acid phosphatase (TRAP) is a central enzyme in bone resorption. Secreted by activated osteoclasts,
TRAP degrades the bone matrix and acts as a critical biomarker of osteoclast functionality'!. Its role extends
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beyond osteoclastic activity, as TRAP also modulates inflammatory processes, linking it closely to inflammation-
driven bone loss and the pathogenesis of bone-related diseases.

Physical exercise (PE) is a well-established strategy for promoting immunomodulation and enhancing the
host’s immune response!2. It is one of the most influential factors in regulating the defense system, sensitizing the
immune response, and reducing susceptibility to inflammation and infections'>!3. Regular, moderate-intensity
exercise can strengthen the immune system throughout life by suppressing abnormal inflammatory cytokine
production, fostering anti-infective and antioxidant agents, increasing immune cell counts, and reducing tissue
inflammation'*-1¢ .

Omega-3 polyunsaturated fatty acids (w-3 PUFAs) are widely recognized as dietary supplements with
therapeutic effects against chronic inflammatory diseases!”"'8. Eicosapentaenoic acid and docosahexaenoic acid,
the primary w-3 PUFAs, have anti-inflammatory properties that inhibit bone resorption, suppress lipid mediator
synthesis, lower arachidonic acid levels, alter polymorphonuclear leukocyte functions, modulate lymphocyte
proliferation, and reduce pro-inflammatory cytokine production. Additionally, they stimulate bone regeneration
and enhance the host’s antioxidant capacity®>!*?. w-3 PUFAs also prevent bone tissue resorption®! and are used
in dentistry for treating gingivitis, periodontal disease, AP, and stomatitis®2.

Given the lack of studies analyzing the effects of physical activity on AP, this study aimed to evaluate, in
Wistar rats, the impact of moderate-intensity physical activity, alone or in combination with w-3 PUFAs, on
infectious and inflammatory oral diseases of endodontic origin. The null hypothesis tested was that physical
activity alone or combined with w-3 PUFAs would not influence bone loss and inflammation caused by AP.

Results

The histological analysis of the teeth of the rats in all groups is shown in Fig. 1. Specimens from all groups exhibited
pulp necrosis and periapical lesion formation 30 days after pulp exposure. The intensity of the inflammatory
infiltrate was significantly higher in group C (3/10 scored 2, 4/10 scored 3, 3/10 scored 4) compared to the PE
(7/10 scored 2, 3/10 scored 3) and PEO (10/10 scored 2) groups (p < 0.05). No statistical difference was observed
between the PE and PEO groups (p>0.05).

Immunohistochemical analysis revealed moderate levels of the cytokines IL-17 and TNF-a in group C
(p<0.05). The PE group exhibited few immunoreactive cells for TNF-a and moderate immunostaining for IL-
17 (p<0.05). In the PEO group, low immunoreactivity for both IL-17 and TNF-a was observed, with two rats
showing extremely low immunoreactivity for TNF-a (p <0.05) (Table 1; Fig. 2).

Table 2 presents data on bacteriological findings in the thirds of the root and statistical differences among the
groups. Figure 3 illustrates the scores assigned based on the presence of bacteria in the root canal and periapical
region.

When evaluating the predominance of collagen fibers, statistical analysis of immature fibers revealed that
the PEO group exhibited a higher percentage of birefringent structures, which was significantly different from
groups C and PE (p<0.05) (Table 3). Groups C (a) and PE (b) displayed a higher percentage of red fibers,
whereas the PEO group (c) demonstrated a higher percentage of green fibers.

The microtomographic analysis showed that the animals that performed the physical activity of swimming
had less loss of alveolar bone volume compared (165.5+2.8 mm?) to group C (194.5+6.6 mm?) (p<0.05). In
animals that received omega-3 supplementation, the volume of bone structure loss was even smaller (143.7 £6.0
mm?) (p<0.05).

Figure 4 represents the immunohistochemical analysis of each group. It is noted that the groups that
performed physical activity had fewer cells immunolabeled for TRAP (osteoclasts) (31.9 + 6.17), with even better
results when omega 3 was associated (20.8 £ 1.47), when compared to the control (42.1 + 15.34), with statistically
significant differences between each group (p <0.05.)

Discussion

This study evaluated the impact of moderate-intensity physical exercise, alone or in combination with omega-3
supplementation, on the inflammatory and immunohistochemical profile, bacterial location and distribution,
and collagen fiber production following AP induction. Physical exercise alone influenced the progression of
periapical lesions, TNF-a and TRAP immunostaining, and apical bone loss. Notably, this is the first study to
demonstrate that the combination of moderate physical exercise with omega-3 supplementation significantly
improved the inflammatory condition induced by AP by limiting bacterial progression, reducing bone tissue
loss, modulating pro-inflammatory cytokine immunostaining, and stimulating fibroblast activity. Based on
these results, the null hypothesis was rejected, as both physical activity alone and in combination with w-3
PUFAs demonstrated significant effects on bone loss and inflammation caused by AP.

Exercise reduces oxidative stress and regulates the immune system, thereby strengthening the body’s defense
against infections?*?*. Previous studies have demonstrated its role in mitigating periodontal disease by reducing
prevalence, lesion progression, inflammation, and alveolar bone loss!>?>~%’. This study employed a gradually
increased moderate swimming regimen without weight loading, consistent with prior research?®%. Swimming
was selected for its natural compatibility with rats and its low-impact nature, which minimizes musculoskeletal
stress?®. Additionally, swimming in rats has been shown to mimic exercise adaptations observed in humans,
reinforcing its translational relevance?’. Our findings indicate that swimming effectively modulates the
immune system, thereby enhancing resistance to microbial infections.

The inflammatory profile revealed that moderate PE significantly reduced AP-associated inflammation. Rats
without PE exhibited more intense inflammation and greater apical bone resorption, aligning with the findings
of Andrade et al. (2018)*!, where swimming reduced inflammation caused by periodontal disease in diabetic
rats. Additionally, Ferreira et al. (2024)3? assessed the local and systemic effects of physical activity on AP,
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Fig. 1. Representative images of histological analysis of the periapical region after 30 days of pulp exposure.
Group C (A, al, a2) presented a moderate to intense inflammatory infiltrate, in addition to an extensive area

of periapical bone resorption; group PE (B, b1, b2) exhibited a mild to moderate inflammatory infiltrate and a
smaller area of bone resorption. The PEO group (C, cl, c2) exhibited a mild inflammatory infiltrate and a small
area of apical bone resorption. ab, alveolar bone; ce, cementum; pn, pulp necrosis; (hematoxylin-eosin stain,
original magnification x100 and x400).

demonstrating that AP associated with physical activity resulted in smaller lesion volumes and better preservation
of bone trabeculae in the remaining alveolar bone surrounding the lesion. These findings are corroborated by the
present study, which offers a more detailed explanation of the positive effects of physical activity on endodontic
disease by incorporating additional analyses, such as BB, PSR, and immunohistochemistry for IL-17, TNF-a,
and TRAP. Furthermore, this study uniquely explores the combined effects of moderate physical exercise and
omega-3 supplementation on AP development, providing novel insights into their synergistic benefits.

The role of omega-3 in AP management has been extensively discussed®!®33. Omega-3 PUFAs function
as anti-inflammatory and antioxidant agents while promoting the resolution of inflammation!. This study
combined systemic omega-3 supplementation with physical exercise, yielding significant results.

IL-17 exacerbates inflammation in periapical lesions by stimulating the release of pro-inflammatory
cytokines®. Rats subjected to swimming and omega-3 supplementation exhibited low IL-17 immunoreactivity,
indicating reduced AP-associated inflammation. In the PE group, moderate IL-17 immunostaining may have
resulted from increased bacterial presence in the apical and periapical regions, consistent with findings linking
bacterial presence to the release of inflammatory?.

TNF-q, associated with bone loss and inflammation®, showed reduced immunoreactivity in rats subjected
to physical exercise, indicating decreased bone resorption and inflammation. This finding supports previous
research suggesting that exercise improves serum levels of inflammatory cytokines, including TNF-a’¢. Su et
al. (2022)% reported that combining exercise with resistance training reduced serum inflammatory factors in
diabetic patients.

Our results highlight the impact of physical exercise on bacterial control. The PEO group exhibited bacterial
colonies primarily confined to the canal’s middle third, with no bacteria detected in the apical foramen or
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Groups
Inflammatory mediators | Scores | Control | PE | PEO | P value
0 0/10 0/10 | 0/10
1 0/10 0/10 | 0/10
2 1/10 2/10 | 9/10
IL-17 3 7/10 8/10 | 1/10 | p<0.001
4
5

1/10 0/10 | 0/10
1/10 0/10 | 0/10
Median* | 3° 3@ |2b
0 0/10 0/10 | 0/10
1 0/10 0/10 | 2/10
2 2/10 9/10 | 6/10
TNF-a 3 7/10 1/10 | 2/10 | p<0.01
4
5

1/10 0/10 | 0/10
0/10 0/10 | 0/10
Median* | 32 2b | 2b

Table 1. Scores, median and P values of immunohistochemical findings in rats from all groups. *Different
superscript letters represent statistically significant differences, p <0.05.

Fig. 2. Representative images of IL-17 immunoreaction between groups: (al) group C; (b1) PE group; (c1)
PEO group. Representative histological sections of TNF-a immunoreaction between groups: (a2) group C; (b2)
PE group; (c2) PEO group. (Immunohistochemistry of IL-17 and TNF-a, magnificationx1000).

periapical tissues. This finding suggests enhanced systemic conditions and bacterial containment due to omega-
3’s antimicrobial properties3®.

PSR staining revealed collagen fiber deposition patterns, with greenish-yellow fibers indicating immature
collagen and yellowish-red fibers representing mature collagen. The PEO group showed a higher prevalence of
immature fibers, likely due to active tissue repair driven by omega-3-induced inflammation resolution*!. While
the PE group also showed more immature fibers than the control group, the differences were not statistically
significant.

TRAP, a marker for osteoclast activity?’, was more prevalent in the control group, indicating greater bone
resorption. Consistent with prior studies*!, the PE and PEO groups exhibited smaller periapical lesions, less
bone loss, and reduced osteoclast activity. Omega-3’s role in promoting bone formation while inhibiting bone
resorption further supports these findings!®.
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1 0/10 0/10 | 0/10
2 0/10 0/10 | 4/10
3 0/10 7/10 | 6/10
Presence of Bacteria p<0.001
4 8/10 2/10 | 0/10
5 2/10 1/10 | 0/10
Median* | 4* 3|3

Table 2. Scores, median, and P values of bacteriological findings in thirds of the root canal and periapical
region. *Different superscript letters represent statistically significant differences, p <0.05.
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Fig. 3. Representative images of the scores attributed to the presence of bacteria in the thirds of the root canal
and periapical region. (A) score 0; (B) score 1; (C) score 2; (D) score 3; (E) score 4; (F) score 5. d, dentin; cs,
root canal space; p.a., periapical area; (BB stain, original magnificationx1000).

Green fibers* | 0.28+0.10° | 0.33+£0.12* | 0.64%0.13> | p<0.001

PSR

Red fibers* 56.31£3.99% | 54.22+7.54* | 42.62+7.32" | p=0.002

Table 3. Percentage of immature and mature collagen fibers by group. Different superscript letters represent
statistically significant differences, p <0.05.

There are inherent limitations to this study due to the use of an animal experimental model. Well-standardized
rat models are commonly used in AP and exercise studies?®*2. A limitation of this study was the use of male rats,
as sex-based differences in swimming behavior and cytokine expression have been documented*>*!. Future
research should explore female rats’ responses under similar conditions. The use of rats offers the advantage of a
homogeneous sample, enabling greater control of external interferences and reducing variability in the results.
This model also minimizes bias and provides a basis for future clinical studies. However, while our findings
provide valuable insights, extrapolation to humans should be approached with caution. Another limitation of
this study is the absence of blood serum analysis. Our primary focus was on the local aspects of AP. However,
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Fig. 4. TRAP-positive multinucleated cells in the alveolar bone surface. Immunohistochemistry images of C
group (a-al); Images of PE group (b-b1). Images of PEO group (c—cl). (H&E staining, x100 and x400 original
magnification).

a more comprehensive evaluation of the systemic effects of physical exercise—such as assessing blood serum
markers—should be considered in future research. Addressing these systemic aspects could provide a broader
understanding of the interplay between physical exercise, omega-3 supplementation, and AP.

In conclusion, physical activity alone enhanced immune defense, reducing TNF-a-mediated inflammation
and bacterial contamination. Combining exercise with omega-3 supplementation further improved
inflammatory regulation by controlling IL-17 levels, reducing bone loss, and stimulating collagen production,
thereby mitigating osteoclastic activity.

Methods

Experimental design

The experimental protocol was approved by the Animal Ethics Committee (CEUA 0062-2021) of the Sdo Paulo
State University (UNESP) School of Dentistry, Aragatuba, Sdo Paulo, Brazil. All experiments were conducted in
accordance with relevant guidelines and regulations, and the study adhered to the ARRIVE guidelines (PLoS Bio
8(6), e1000412, 2010).

Thirty male Wistar rats, aged 6 weeks and weighing approximately 200 g, were obtained from the central
vivarium of the Sdo Paulo State University (UNESP), School of Dentistry, Aragatuba, and included in the study.
The rats were housed in a temperature-controlled room (25°C) with a 12-hour light/dark cycle and received water
and rodent food ad libitum. The exclusion criterion was the inability of rats to perform 60 min of swimming by
the end of the acclimatization week to the aquatic environment.

The sample size was determined based on previous studies**. A difference of 1 in the scores was considered
significant, with an alpha error of 5% and a power of 95%. The minimum sample size calculated was 7 rats per
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Fig. 5. Flowchart representing the study design.

group. To account for potential losses during the experiments, 3 additional rats were included per group. The rats
were randomly distributed into 3 groups (n=10):

« Control (C): Rats with AP, without swimming training, and without omega-3 supplementation.

o Physical Exercise (PE): Rats with AP, subjected to moderate physical exercise (swimming) but not receiving
omega-3 supplementation.

o Physical Exercise + Omega-3 (PEO): Rats with AP, subjected to moderate physical exercise (swimming) and
receiving omega-3 supplementation.

A flowchart representing the study design is shown in Fig. 5.

Omega-3 supplementation

Rats in the PEO group received omega-3 (Omega-3 Catarinense; Laboratorio Catarinense SA, Joinville, SC,
Brazil) once daily by gavage, at a dosage of 40 mg/kg (60% EPA and 40% DHA), diluted in 1 mL of distilled water,
for 60 days>. Rats were weighed twice a week to adjust the omega-3 dosage. Control and PE groups received 1 mL
of distilled water daily as a placebo for the same period.

Training protocol

Swimming training was conducted in polypropylene tanks [100 cm (L) x 80 cm (W) x 90 cm (H)] with water

maintained at 32-34°C. PVC pipes were placed inside the tanks to serve as lanes, ensuring separation between

rats during swimming sessions, with 5 rats per tank. Training sessions were consistently conducted at the same
time each day.
The training protocol included two stages: acclimatization and swimming training?>%.

o Acclimatization Period: Over 6 days, the rats in the PE and PEO groups began with a 10-minute swim on
the first day, with the duration increasing by 10 min each day until they reached 60 min by the sixth day. The
seventh day was designated as a rest day. All rats successfully completed 60 min of swimming by the end of
the acclimatization week.

o Swimming Training: For 6 weeks, rats swam for 60 min/day, 5 days a week, with 2 rest days per week. Train-
ing was conducted without adding any overload. Rats in the Control group were placed in shallow water
for 1 min/day, 5 days a week, for 6 weeks to simulate the same water stimulus as the trained rats. After each
session, all rats were dried with cloth towels.

Induction of apical periodontitis

Rats were anesthetized with an intramuscular injection of 87 mg/kg ketamine (Vetaset; Fort Dodge Animal
Health Ltd, Sao Paulo, Brazil) and 13 mg/kg xylazine (Coopazine; Coopers Ltd Brasil, Sdo Paulo, Brazil). AP was
induced by exposing the pulp on the occlusal surface of the upper and lower right first and second molars using
round surgical burs (LN Long Neck Drill; Maillefer, Dentsply Ind e Com Ltda, Petrépolis, R], Brazil). The pulp
was left exposed for 30 days, leading to the formation of periapical lesions*2.
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Euthanasia

On the 60th day, rats were euthanized with an overdose of sodium thiopental anesthetic (240 mg/kg -
Thiopentax, Cristalia Produtos Quimicos Farmacéuticos Ltda.). A flowchart summarizing the experimental
design is provided in Fig. 5.

Sample processing

The right maxillae were collected and fixed in a buffered 4% formaldehyde solution at neutral pH for the first
22 h. Subsequently, the samples were washed in running water for 12 h. After washing, the maxillae were
decalcified in 10% EDTA (Sigma-Aldrich) for 3 months. Following the demineralization process, the samples
were washed again in running water, dehydrated in alcohol, clarified in xylene, and embedded in paraffin. After
embedding, 5-pum-thick serial sections of the upper first molar were prepared using a microtome (Leica - RM
2045). The sections were stained with Hematoxylin and Eosin (H&E), Brown and Brenn (BB), and Picrosirius
Red (PSR) techniques.

Immunohistochemical analysis was performed using the indirect immunoperoxidase technique to evaluate
TNF-a, IL-17,and TRAP markers. Histological sections of the maxillary molars were deparaffinized in xylene and
hydrated in ethanol. Antigen retrieval was performed by placing the slides in a citrate buffer solution (Antigen
Retrieval Buffer; Spring Bioscience, Pleasanton, CA, USA) in a pressurized chamber (Decloaking Chamber;
Biocare Medical, Concord, CA, USA) at 95 °C for 10 min. Slides were washed with phosphate-buffered saline at
each phase of the immunohistochemical reaction.

The slides were then placed in a 3% H2O2 solution for 1 h and 20 min and in 1% bovine serum albumin for
12 h to block the activity of endogenous peroxidase and nonspecific binding. Histological slides were incubated
with primary antibodies anti-TNF-a and anti-IL-17 (Santa Cruz Biotechnology, Santa Cruz, CA) for 24 h.
Following incubation, the slides were treated with a biotinylated secondary antibody for 1 h and 30 min and with
streptavidin-horseradish peroxidase for 1 h and 30 min (Dako Labeled Streptavidin-Biotin Universal Kit; Dako
Laboratories). The reaction was developed using the chromogen 3,3’-diaminobenzidine tetrahydrochloride
(DAB Chromogen kit; Dako Laboratories) and counterstained with Harris hematoxylin®.

Histological and immunohistochemical analysis
The intensity of periapical inflammation in groups C, PE, and PEO was analyzed using H&E staining and scored
as follows:

e Score 1: No inflammation (0-10 cells).

o Score 2: Mild inflammation (> 10 and <25 cells).
o Score 3: Moderate inflammation (25-125 cells).
« Score 4: Severe inflammation (> 125 cells)*2.

The presence of microorganisms was assessed using BB staining under optical microscopy with oil immersion.
Gram-positive bacteria appeared dark blue, while Gram-negative bacteria appeared red?’. A modified scoring
system from Samuel et al. (2019)? was used to evaluate bacterial penetration:

 Score 0: Absence of bacteria.
o Score 1-5: Progressive bacterial presence from the cervical third to the periapical region.

Collagen fiber maturation levels were evaluated using PSR staining under polarized light microscopy. Greenish-
yellow fibers were classified as immature and thin, while yellowish-red fibers were considered mature and thick.
The software (Leica QWin V3, Leica Microsystems) automatically calculated the marked area for each type of
fiber®,

Immunohistochemical analysis for TNF-a and IL-17 was assessed based on the brown staining in the cell
cytoplasm and extracellular matrix. Immunoreactivity scores were assigned as follows:

» Score 0: Absence of immunoreactive cells.
« Scores 1-5: Increasing levels of immunoreactivity®.

For TRAP analysis, immunoreactivity was defined by brown staining in the cell cytoplasm and extracellular
matrix. The perimeter of bone resorption due to AP was analyzed, and TRAP-positive multinucleated cells were
counted. The ratio of positive cells to the resorption perimeter was calculated'®.

All analyses were performed by a blinded, calibrated researcher to ensure unbiased interpretation of the data.

Micro-CT analysis

The right jaws were scanned using the uCT system (Bruker SkyScan 1272, Aartselaar, Belgium). The specimens
were positioned individually, with the incisor facing upwards. The region of interest (ROI) was defined as the
empty space of periapical bone resorption. Alveolar bone volume (BV) was measured using CTAn software
(SkyScan)*.

Statistical analysis

Data from each group were tabulated. Non-parametric data were analyzed using the Kruskal-Wallis, Tukey,
Shapiro-Wilk, and Mann-Whitney tests, along with one-way ANOVA. A significance level of 5% (p <0.05) was
adopted.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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