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1.1 Background/Rationale

Periradicular surgery, also known as apicoectomy, is the preferred treatment for persistent
lesions after nonsurgical root canal therapy (NSRCT) or retreatment [1] [2]. The concept of
periradicular surgery has evolved significantly since the late 19th and early 20th centuries [3] [4],
with recent technological advancements like cone-beam computed tomography (CBCT) and
dental operating microscopy (DOM) improving its predictability and overall outcome [5]. From
both economic viability and treatment success perspectives, periradicular surgery is considered
the preferred treatment option over alternatives [6] [7]. Several studies, with follow-up periods

ranging from 4 to 10 years, have reported success rates of 91.5% [8], 75.9% [2], and 93.3% [9].

Nevertheless, it is imperative to note that surgical procedures can often involve longer
recovery periods and more postoperative complications, including inflammation, pain, and
swelling [3] [10] compared to non-surgical alternatives. Postoperative pain following surgery is
directly linked to the degree of tissue injury and trauma, resulting in a heightened immune
response and release of inflammatory mediators [11]. A significant portion of these inflammatory
mediators instigates the downstream activation of protein kinases and phospholipases, prompting

the generation of signaling molecules, such as prostaglandins. These molecules are recognized



for their role in sensitizing peripheral nociceptors [12] [13] [14] [15], which can precipitate
central sensitization. Moreover, a prolonged and dysregulated immune response impedes
complete healing and causes neutrophil mediated tissue destruction that can result in scar tissue

and/or irreversible bone loss [16] [17] [18].

Currently, the primary pharmacological strategy for managing conditions involving
inflammation and pain relies on cyclooxygenase (COX) inhibitors. In this context, these anti-
inflammatory drugs attenuate prostaglandin biosynthesis, thereby decreasing prostaglandin levels
and alleviating the cardinal signs of inflammation [19]. While these medications effectively
mitigate mild to moderate symptoms, they are often inadequate for managing more severe cases.
In instances of pronounced inflammation, glucocorticoids are frequently employed to modulate
the immune response, whereas severe pain often necessitates the use of opioid analgesics to
achieve sufficient pain relief. Despite their clinical utility, each of these drug classes presents
significant limitations. Non-selective COX inhibitors such as nonsteroidal anti-inflammatory
drugs (NSAID) can increase the risk of gastrointestinal bleeding and ulcers, while selective
COX-2 inhibitors such as celecoxib have been linked to a higher incidence of cardiovascular
complications. Prolonged systemic use of glucocorticoids is not advisable due to their extensive
side effect profile, and opioids are commonly associated with adverse effects such as drowsiness,
cognitive dysfunction, nausea, constipation, and sedation. Given these limitations, there is a
critical demand for new pharmacological treatments that can effectively address both
inflammation and pain while minimizing adverse effects.

In contrast to earlier research, which primarily focused on identifying specific pathogens
that initiate inflammation, current approaches emphasize regulating the inflammatory response.

This shift is based on emerging evidence that the inflammatory response is dynamically



supported by endogenous lipid mediators derived from omega-6 and omega-3 fatty acids [20].
Specialized pro-resolving mediators (SPMs) which include Lipoxins, Resolvins, Protectins, and
Maresins are essential for organ development and the modulation of inflammatory responses in
utero to childhood. The lipoxins, derived from arachidonic acid (AA), were the first group of
mediators identified for their anti-inflammatory and pro-resolving effects, followed by the
discovery of two new families of compounds within the resolution phase, known as resolvins
(Rv) and protectins (PD [21]. SPMs work by functioning as receptor agonists and attenuate
neutrophil infiltration at the site of injury [22] [23]. Additionally, these pro-resolution molecules
stimulate antimicrobial activities by orchestrating the macrophage clearance of apoptotic
neutrophils and microbes [24]. Resolvin E1 (RvE1) and Lipoxin A4 (LXA4) exhibit therapeutic
potential in a range of inflammatory human diseases, including periodontitis, atherosclerosis,
diabetes, asthma, and retinopathy [25] [26] [27]. Moreover, studies indicate that the combined
application of RvE1 and LXA4 exerts a more pronounced effect on resolving inflammation
compared to using either molecule in isolation.

The forementioned COX inhibitors, while effective as anti-inflammatories, do not
function as pro-resolution agents. In contrast to pro-resolving mediators, they block both
exogenous and endogenous proinflammatory mediators and are resolution-toxic, potentially
delaying the resolution phase and prolonging tissue inflammation [28]. Furthermore, SPMs
experience a rapid decline with age and are not sustained beyond 20-22 years. To address these
limitations, we aim to create an innovative scaffold encompassing two main components:
RvE1;LXA4 and Hydrogel. The purpose of this scaffold is to deliver key SPMs, addressing
inflammation and facilitating the restoration of tissue homeostasis after inducing osteolytic

lesions in rats. Furthermore, there is compelling evidence suggesting that periradicular surgery



outcomes are less favorable when the apical lesion communicates with the oral environment,
attributable to microbial contamination of the root canal system [29] [30]. In such clinical
scenarios, grafting the osteotomy site with scaffold should optimize the retrograde seal following
the procedure. This is further affirmed by the growing acknowledgment of the importance of
guided tissue regeneration (GTR) in augmenting the recovery process of extensive endodontic
lesions [31].

1.2 Specific aim: To observe animal pain behavior post-surgery using the Von Frey filament test.
The Von Frey filament test is a widely utilized method for assessing mechanical allodynia in
rodents, particularly in animal models of neuropathic and inflammatory pain following surgical
interventions. Originally developed by the German scientist Max von Frey in the late 19th
century, the test was initially designed to evaluate sensory thresholds for mechanical stimulation
in humans. Over time, however, the filaments and their calibration have been refined and
optimized by various researchers in sensory neuroscience. As a result, the Von Frey test has
become a standard tool in preclinical pain research, particularly in rodents, due to its non-
invasive and reproducible nature. In this method, calibrated mechanical stimuli are applied to the
surgical site of the animal using filaments of varying gauges. The animal's response, typically in
the form of withdrawal, is recorded as an indicator of pain sensitivity. The force required to elicit
a response is used to establish the pain threshold, with a lower threshold signifying heightened
sensitivity. In this context, an increased threshold to mechanical stimulation following treatment
with RvE1 and LXA4 would suggest a reduction in pain sensitivity, thereby supporting their

potential utility in post-operative pain management.



Figure 1: Digital illustration of Von Frey filament testing
set-up. As per ADA Forsyth animal facility's image policy,
taking pictures of the animals was prohibited. The Von
Frey filament was applied to the surgical site on the rat’s

face on actual experiment.

1.3 Hypothesis: We hypothesize that the rats in the group receiving RvE1 & LXA4 + Hydrogel
to fill osseous defect after mandibular surgery will exhibit a reduced response to Von Frey
filament testing compared to the Hydrogel and Hydrogel + TCP groups.

2. Approach

2.1 Experimental design:

e 15 male Sprague Dawley rats were randomly divided into three groups, with five rats in

each group.

1. Group 1: Hydrogel only.

2. Group 2: Hydrogel + Tricalcium Phosphate (TCP).

3. Group 3: Hydrogel + RvE1 & LXAA4.

e All rats were housed in individual cages at the same animal facility and handled prior and

during all behavioral studies in an identical manner by the same investigator.

o Baseline Von Frey testing:



1.

One day before the surgical procedure, rats were moved to the surgery room and
given a minimum 30-minute acclimation period in their cages, ensuring an

undisturbed environment.

Following this acclimation period, one rat was individually placed in a smaller

plastic container without a lid to limit its movement.

Using a hands-off approach, the investigator assessed the baseline sensitivity of
the rats by gently administering three von Frey filaments with bending forces of

4g, 8g and 15g to both sides of the rat's face.

Stimulus application: In ascending order of force, each von Frey filament was

applied to one side of the rat's face five times and will be held for 5 seconds.

Response recording: The number of withdrawal responses to each von Frey

filaments from the face were observed and recorded.

Percentage calculation: Withdrawal responses were recorded as an overall

percentage for each von Frey filament. For example, if a rat withdrew to 6 out
of the total 10 von Frey applications, it was recorded as 60% overall response

to that specific von Frey filament.

Ipsilateral side testing: The same method was applied to the ipsilateral side of

the rat's face and withdrawal responses were recorded as percentages.

Post-testing procedure: After completing the von Frey baseline testing, the rat

was returned to its cage and the next rat was evaluated in the same manner

after a 10-minute rest period to avoid potential carryover effects.



Surgical procedure:

Figure 2: Digital rendering of mandibular osteotomy at
surgical site. As per ADA Forsyth animal facility's
image policy, taking pictures of the animals was

prohibited.

Anesthesia: Ketamine: 60 mg/kg and Xylazine: 6 mg/kg in sterile PBS by
intraperitoneal injection.

After checking the anesthesia status, injected Buprenorphine-extended release
(72h) 0.65 mg/kg.

Removed the hair of the rat’s mandibular angle region and sterilize the area with
Povidone-iodine swabbing three times.

Covered the neighboring surgical area with disinfected towels and exposed the
surgical site.

Changed into new gloves.

Injected 0.3 ml of 2% lidocaine with 1:100,000 epinephrine submucosally, along
the alveolar ridge.

Made an extra-oral incision through the masseter muscle and exposed the angle of

the mandible and ramus bilaterally.



8. Created 4*3*1 mm osteotomy with at least 1 mm of distance to the lateral border
of the mandible and the mandibular canal using a sterilized bur with intermittent
rinses of PBS.

9. Filled the osseous defect with 1. Hydrogel 2. Hydrogel+TCP or 3. Hydrogel+SPM

10. After applying scaffold, closed the masseter muscle and skin with resorbable
POLYSORSB suture.

11. For reversing anesthesia, injected 1 mg/kg Atipamezole intraperitoneally.

12. Follow up care: monitored twice daily for the first 3 days.

e Post-operative Von Frey Testing: Post-operative Von Frey filament testing on the surgical
site of all rats was conducted on Day 4 and Day 7 after surgery following the same exact
method as baseline Von Frey filament testing.

2.2 Statistical analysis:

The Kruskal-Wallis test was performed due to the non-continuous nature of the data, ensuring an
appropriate non-parametric analysis for comparing differences between groups. This test was
selected to address the violation of continuous data assumptions and provided a valid comparison
across multiple treatment conditions. A one-way ANOVA was conducted to facilitate multiple
comparison testing among the treatment groups. This analysis allowed for the identification of
statistical differences between the groups while controlling for potential confounding variables.
The Shapiro-Wilk test was applied to assess the normality of the data. This test is a reliable
method for determining whether the data follow a normal distribution, informing the selection of
appropriate subsequent statistical tests. The Area Under the Curve (AUC) was calculated to

evaluate the overall pain response over time. This analysis provides a comprehensive summary



of the data across multiple time points, offering an integrated measure of response trends
throughout the experiment.
3. Results:
e Shapiro-Wilk Normality Analysis:
1. Baseline: Both Hydrogel and Hydrogel+TCP groups passed the normality test (W
=0.881, p=0.314 for both groups). However, Hydrogel+SPM group did not pass
the normality test (W = 0.7709, p = 0.046).
2. Day 4: Both Hydrogel and Hydrogel+TCP groups failed to pass the normality test
(W =0.684, p=10.0065 for both). In contrast, Hydrogel+SPM passed the
normality test (W =0.881, p=0.314).
3. Day 7: All three groups passed the normality test (W = 0.9609, p = 0.814 for

Hydrogel; W = 0.8835, p = 0.3254 for Hydrogel+TCP; W = 0.9609, p = 0.814 for

Hydrogel+SPM).
Shapiro-Wilk Normality Test Summary
Hydrogel Hydrogel+TCP Hydrogel+SPM

Baseline W 0.881 0.881 0.7709
P value 0314 0.314 0.046

Passed normality test (alpha=0.05)? Yes Yes No

P value summary ns ns *

D4 W 0.684 0.684 0.881
P value 0.0065 0.0065 0.314

Passed normality test (alpha=0.05)? No No Yes

P value summary > ** ns
D7 W 0.9609 0.8835 0.9609
P value 0.814 0.3254 0.814

Passed normality test (alpha=0.05)? Yes Yes Yes

P value summary ns ns ns

Table 1: The Shapiro-Wilk test was used to determine whether there were significant differences in the distribution of
data among the three groups (Hydrogel, Hydrogel+TCP, Hydrogel+SPM) at baseline, D4 and D7.



e Kruskal-Wallis analysis:
1. Baseline: The p-value (0.6476) was greater than the significance threshold of
0.05, suggesting no significant difference in the medians across the groups at
baseline.
2. Day 4: The p-value (0.0203) was less than 0.05, indicating a statistically
significant difference in the medians across the groups at Day 4.
3. Day 7: The p-value (0.6526) was greater than 0.05, suggesting no significant

difference in the medians across the groups at Day 7.

Kruskal-Wallis Analysis Summary

Baseline P value 0.6476
Exact or approximate P value!? Exact

P value summary ns

Do the medians vary signif. (P < 0.05)! No
Day4  Pvalue 0.0203
Exact or approximate P value? Exact

P value summary

Do the medians vary signif. (P < 0.05)? Yes
Day7  Pvalue 0.6526
Exact or approximate P value? Exact
P value summary ns
Do the medians vary signif. (P < 0.05)? No

Table 2: The Kruskal-Wallis test was used to analyze whether there were significant differences
among the three groups (Hydrogel, Hydrogel+TCP, Hydrogel+SPM) at Baseline, Day 4, and
Day 7.

e One-way ANOVA analysis: The analysis revealed no significant differences at baseline (p
=0.5462) or Day 7 (p = 0.647). However, a statistically significant difference was

observed on Day 4 (p = 0.0076) consistent with the Kruskal-Wallis analysis.



One-way ANOVA Analysis Summary

Baseline F 0.6364

P value 0.5462
P value summary ns
Significant diff. among means (P < 0.05)? No
R squared 0.09589

Day4 F 7.538
P value 0.0076
P value summary *
Significant diff. among means (P < 0.05)? Yes
R squared 0.5568

Day7 F 0.4516
P value 0.647
P value summary ns
Significant diff. among means (P < 0.05)? No
R squared 0.07

Table 3: The one-way ANOVA was used to analyze whether there were significant differences among
the three groups (Hydrogel, Hydrogel+TCP, Hydrogel+SPM) at Baseline, Day 4, and Day 7.

e Tukey’s multiple comparison analysis showed statistically significant differences between
the Hydrogel and Hydrogel + SPM groups, as well as between the Hydrogel + TCP and
Hydrogel + SPM groups at day 4. However, no significant difference was observed

between the Hydrogel and Hydrogel + TCP groups.

Tukey's Multiple Comparisons Analysis Summary

Day 4 Mean Diff. 95.00% CI of diff. Below threshold? Summary Adjusted P Value
Hydrogel vs. Hydrogel+TCP 0 222110 22.21 No ns >0.9999
Hydrogel vs. Hydrogel+SPM 28 5.786 to 50.21 Yes * 0.0145
Hydrogel+TCP vs. Hydrogel +SPM 28 5.786 to 50.21 Yes * 0.0145

Table 4: The Tukey’s multiple comparisons test was used to analyze which group (Hydrogel, Hydrogel+TCP, Hydrogel+SPM)
showed statistically significant difference at Day 4



Effect of Treatment on Pain Behavior in Rats Across Different Time Points
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Figure 3: Grouped bar chart showing the pain response across different time points for the three experimental
groups. The error bars represent the standard error and p<.05 is considered statistically significant.

e Area under the curve (AUC) analysis: The Hydrogel group exhibited higher AUC values,
indicating greater overall pain responses over time. In contrast, the Hydrogel+SPM group
demonstrated consistently lower AUC values, suggesting a potential reduction in pain
compared to the other groups. The Hydrogel+TCP group showed intermediate values,
indicating a response pattern between the two extremes. These findings suggest that
treatment with SPM may have influenced pain trajectories, further supporting the

observed differences at Day 4 in both the Kruskal-Wallis and one-way ANOVA analyses.

- Hydrogel (Rat 1)

Hydrogel Hydrogel + TCP Hydrogel + SPM Fvdrogel (Rat2)

—#- Hydrogel (Rat 3)

-o- Hydrogel (Rat 4)

520 350 180 g 100 Hydrogel (Rat 5)
§ -e- Hydrogel + TCP (Rat 1)
13 »  Hydrogel + TCP (Rat 2)
450 450 280 8 Hydrogel + TCP (Rat 3)
g Hydrogel + TCP (Rat 4)
490 490 350 g Hydrogel + TCP (Rat 5)
] -o Hydrogel + SPM (Rat 1)
320 520 490 a 5+ Hydrogel + SPM (Rat 2)

-o- Hydrogel + SPM (Rat 3)

310 460 350 Hydrogel + SPM (Rat 4)

#- Hydrogel + SPM (Rat 5)

Table 5: AUC analysis of each rat in all three groups. Figure 4: Line graph showing AUC analysis of each
rat in all three groups.
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Area under curve Mean Diff. 95.00% CI of diff. Below threshold? = Summary  Adjusted P Value
Hydrogel vs. Hydrogel + TCP 36 -194.4 to 122.4 No ns 0.8195
Hydrogel vs. Hydrogel + SPM 88 -70.43 to 246.4 No ns 0.3334
Hydrogel + TCP vs. Hydrogel + SPM 124 -34.43 10 282.4 No ns 0.1341

Table 6: AUC analysis showing comparisons between each group. No statistically significant difference seen between groups over time.

e Preoperative weight ANOVA analysis: The analysis revealed no statistically significant
differences, confirming baseline comparability and reducing the risk of confounding
effects. Given that preoperative weight could potentially influence treatment outcomes,
the absence of significant differences ensures that any observed effects are more likely

attributable to the treatment rather than initial weight disparities.

ANOVA Analysis Summary (Preop weight)

F 0.2441
P value 0.7872
P value summary ns
Significant diff. among means (P < 0.05)? No

Table 7: ANOVA comparing preoperative weights across the three groups.



4. Discussion/future directions:

Effective pain management following surgical procedures remains a significant challenge in
endodontics. An ideal therapeutic agent should not only provide symptomatic relief but also
address the underlying inflammatory processes responsible for pain sensitization. Inflammation-
induced pain hypersensitivity is a major concern in post-operative recovery, and conventional
analgesics, such as NSAIDs and opioids, are associated with adverse effects, including
gastrointestinal complications, renal toxicity, and the potential for dependency. Given these
limitations, the exploration of alternative, biologically driven strategies for pain resolution are
imperative. SPMs have emerged as promising candidates as potential therapeutic agents for
inflammation and pain resolution, with numerous preclinical and clinical studies demonstrating
their effectiveness. Our study contributes to this growing body of evidence by investigating the
effects of RvE1 and LXA4 on post-operative pain in a rodent model. Our analysis revealed a
statistically significant reduction in pain sensitivity at Day 4 post-surgery, suggesting an early
modulatory effect of SPMs on pain perception. Although it did not reach statistical significance
across all time points, a general trend was observed in which the experimental group exhibited a
lower pain trajectory throughout the study. If these effects are replicated in human trials, SPMs
could provide significant clinical benefits, offering a biologically driven alternative to traditional
analgesics. Despite these promising results, several limitations must be acknowledged. The study
was conducted in a rodent model, and while animal studies provide valuable preliminary
insights, further research is required to establish the translational relevance of SPMs in human
patients. Additionally, the relatively small sample size may have limited the statistical power of
the study, potentially contributing to the lack of normal distribution and statistical significance in

some comparisons. Future studies with larger cohorts could help validate the observed trends and



provide more definitive conclusions. Additionally, directly comparing SPMs to existing
analgesics in a controlled experimental setting would provide greater clarity regarding their
relative effectiveness in post-operative pain management. Another critical direction for future
research should involve elucidating the molecular mechanisms underlying SPM-mediated pain
relief. Since our study identified a statistically significant reduction in pain responses at Day 4,
subsequent investigations should focus on post-surgical collection of trigeminal ganglion (TG)
tissue at this time point, followed by quantitative immunohistochemical analysis of key
neuropeptides involved in nociceptive signaling, such as substance P (SP) and calcitonin gene-
related peptide (CGRP). These neuropeptides play critical roles in transmitting nociceptive
signals within primary sensory neurons and contribute to hyperalgesia and central sensitization
[32]. SP-induced hypersensitization is a consequence of its ability to enhance the activity of the
transient receptor potential vanilloid subtype 1 (TRPV1) in the presence of peripheral
inflammation. It has been documented that the introduction of a low dosage of RvVE1 efficiently
inhibits TRPV1 activity through both peripheral and spinal/systemic routes of administration
[25] [33]. In summary, our findings suggest that SPMs, specifically RVE1 and LXA4, may play a
role in resolving post-operative pain by modulating inflammatory pathways and nociceptive
signaling. While the trends observed in this study are promising, further research is needed to
establish statistical significance and elucidate the precise mechanisms underlying SPM-mediated
pain resolution. Future studies should focus on expanding sample sizes, comparing SPMs with
existing analgesics, and incorporating molecular analyses to validate their efficacy as a novel
therapeutic approach in post-operative pain management. If substantiated in clinical studies,
SPMs could represent a transformative advancement in endodontic surgery and broader fields of

regenerative medicine.
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