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Abstract

This study aimed to evaluate the ability of w-3 to modulate the tissue response in rats

with MRONJ, focusing on histopathological and immunohistochemical parameters. Forty
Wistar rats were subjected to bilateral ovariectomy and, three months later, the medication
regimen with ZOL (100pg/kg; groups ZOL and ZOL-w3) of vehicle (VEH and VEH-w3)
was initiated. Following 3 weeks of ZOL or VEH, experimental periodontitis was induced
around the mandibular left first molars of all animals. Then, 14 days later (one day before
tooth extraction), daily dietary supplementation with w-3 was given to animals belonging
to groups VEH-w3 or ZOL-w3. Euthanasia was performed 21 days after tooth extraction.
Histologic, histometric (newly-formed bone tissue [NFBT] and non-vital bone tissue
[NVBT]), and immunohistochemical (TNF-a, a-SMA, ALP, IL-13, VEGF, OCN, and TRAP)
analyses were performed. Dietary supplementation with w-3 reduced the amount of NVBT
and controlled the intensity and extension of the inflammatory infiltrate in ZOL-w3, as com-
pared with ZOL. Osteoclast and osteoblast activity were not statistically different between
groups ZOL and ZOL-w3. The structure of the epithelium and the underlining connective
tissue were improved by the supplementation with w-3 in animals under ZOL therapy.

Oral supplementation with omega-3 controlled the inflammation and reduced the amount
of non-vital bone at the tooth extraction site of ovariectomized rats treated with ZOL and
attenuating the severity of MRONJ.

Introduction

Unlike the 9:1 ratio of medication-related osteonecrosis of the jaw (MRON]) between cancer
and osteoporotic patients estimated in the past [1], a monocentric retrospective study con-
ducted from December 2004 to March 2021 reported that 40% of cases occur in osteoporotic
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patients [2]. The recent data by Debiéve et al. raises awareness of a dramatic concern that
antiresorptive drugs may favor MRON] regardless of prescription (cancer or osteoporosis) [2].
Although multiple drugs are related to this adverse event, an assessment of the Food and Drug
Administration Adverse Event Reporting System Database found the 20 most common medi-
cations leading to MRON] reports, of which Zoledronate (ZOL) represented 35.1% of cases [3].

Since American Association of Oral and Maxillofacial Surgeons (AAOMS) position
paper in 2014 [4], clinical and animal data have significantly widened the knowledge of the
pathophysiology of MRONYJ, however, remaining debatable [5]. Bone remodeling inhibition,
inflammation or infection, angiogenesis inhibition, innate or acquired immune dysfunction,
and genetic predisposition are included in the leading hypothesis unraveling the disease speci-
ficity unique to the jaws [4-7].

Modulating hosts inflammatory and/or immune systems effectively address conditions
driven or perpetuated by inflammation [8,9]. A new category of modulators, the resolvins,
do not suppress acute inflammation (essential to promote optimal healing) [10], but they do
prevent its prolongation [11,12]. These immunoresolvents include derivatives omega (w)-3
fatty acids, the eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids [13,14]. Mediators
of inflammation resolution exhibit specialized function on multiple types of cells rather than
merely controlling white blood cell function. They exhibit control of stem cells that differenti-
ate into fibroblasts and osteoblasts [15,16], as well as receptor-mediated control of osteoclasts
[17,18]. Additionally, specialized pro-resolvin lipid mediators regulate macrophages towards a
pro-healing phenotype (M2-like) over pro-inflammatory (M1-like) activation [19].

The increased risk of MRONT in patients with periodontal diseases underlines the role of
periodontal pathogens in the development of this condition [20]. Interestingly, EPA and DHA
significantly reduced the strains of pathogens in an in vitro multi-species subgingival biofilm
model [21]. Also, w-3 may positively act on the inhibited vascularization component of the
pathogenesis of MRONTJ since a fish oil-enriched diet is associated with improved neovascu-
larization in response to ischemia [22].

Early diagnosis and prevention of MRONTJ are paramount to mitigate the need for more
invasive surgical interventions required at advanced stages [23-26]. Owing to this rationale,

a significant number of preventive approaches, such as ozone therapy [27], mesenchymal
stromal cell sheets [28], Sildenafil [29], strontium ranelate [30], and pentoxifylline and
a-tocopherol [31], have been proposed to prevent MRONJ. Therefore, considering that w-3
can act positively on various agents in the pathophysiology of MRONT, this study aimed to
evaluate the ability of w-3 to modulate the tissue response in rats with MRONJ, focusing on
histopathological and immunohistochemical parameters.

Materials and methods
Animals

Forty four-month-old female rats (Rattus norvegicus, albinus, Wistar) weighing 300-350g
were kept under 12/12h light/dark cycles, 22°C +2°C ambient temperature, 20 air changes per
hour and air humidity about 55% + 5% and housed in plastic cages, receiving feed and water
ad libitum. The experimental protocol was approved by the Ethics Committee in Animal Use
(#299-2021) at the School of Dentistry, Sdo Paulo State University (UNESP), Aragatuba. This
study was conducted according to the ARRIVE Guidelines [32].

Sample size calculation

The sample size was estimated according to the previous literature experience [28,29]. The
estimation for each outcome measure was performed to achieve a 0.8 power and 0.05 alpha
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error. Ervolino et al., [33] showed that 7 animals were enough to assure statistical significance
for histology, histometry, and immunohistochemistry. To compensate for possible dropouts,
10 animals per group used.

Randomization method

The study following a single-blind, randomized, controlled design. Numbers from 1 to 40
were labeled in the upper tail of animals. A blinded staft external to the study uploaded the
number sequence to the software Minitab® 17 (Minitab Inc., State College, PA, USA) to gen-
erate a randomization table for allocating (1:1) the animals to groups vehicle (VEH), VEH-w3,
ZOL, and ZOL-w3.

Experimental design

Bilateral ovariectomy (OVX) was performed in all animals 3 months prior to initiating
the drug regimen with ZOL (Sigma-Aldrich, MO, EUA) or VEH (Equiplex Industria
Farmacéutica, Aparecida de Goiénia, GO, Brazil). Following OVX and estrous cycle
completed, the treatment with vehicle (VEH and VEH-w3) or ZOL (ZOL and ZOL-w3)
was performed every three days during 3 weeks. The vehicle consisted of 0.45ml (which
corresponds to the volume of ZOL administered) [34] of 0.9% sodium chloride solution.
The ZOL dose was 100 pg/kg, diluted in 0,45mL of the vehicle, based on human protocols
adapted to rats [34,35].

Three weeks after initiating the drug regimen, experimental periodontitis (EP) was induced
in all animals by a blinded staff (O.A.P.V). To induce PE, after general anesthesia, the animals
were positioned on the operating table to allow adequate access to the oral cavity as well as to
favor the maintenance of mouth opening, after which a #24 cotton thread (Coats Corrente,
Sao Paulo, SP, Brazil) was placed subgingivally around the first mandibular molar on the left
side using an adapted instrument and held in position by simple surgical knots in the mesial
region (free face), favoring the accumulation of bacterial plaque [36,37]. Fourteen days after
EP, was initiated the daily supplementation with w3 (VEH-w3 and ZOL-w3) or distilled water
(VEH and ZOL) via gastric gavage (GG). The next day, tooth extraction was performed in all
animals (Fig 1).

Sedation and general anesthesia

The surgical interventions were stated by sedation and general anesthesia, obtained by the
combination of 70 mg/kg of ketamine hydrochloride (Francota®, Virbac, SP, Brazil) and 6 mg/
kg of xylazine hydrochloride (Rompum®, Bayer, RS, Brazil), intramuscularly.

Ovariectomy and estrous cycle

After a septic preparation, bilateral ovariectomy was performed in all animals (O.A.P.V).
For that, bilateral 10 mm incisions were performed caudal to the last pair of ribs aiming to
gain access to the abdominal cavity. Then, the ovaries were removed along with a safety
margin. Wound closure was obtained by suture on two planes, with resorbable (5-0 Vic-
ryl®, Ethicon Inc, Johnson & Johnson, USA) and non-resorbable threads (5-0 Nylon,
Ethicon Inc, Johnson & Johnson, USA) [38]. Each animal received post-surgical intra-
muscular injections of 24 000 IU of penicillin G-benzathine (Zoetis, SP, Brazil). The daily
cytological examination was performed in all animals to determine their cycle phase in the
3 months preceding the beginning of the drug treatment plan. The cytological examination
was performed based on the study of Marcondes et al. [39] by quantifying epithelial cells,
cornified cells, and leukocytes.
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Fig 1. Experimental design. Experiment design timeline showing periods of application of substances, periods of euthanasia and group divisions.

https://doi.org/10.1371/journal.pone.0320413.9001

Protocol for supplementation with omega-3

-3 and its solvent were administered daily, via GG. Animals belonging to groups VEH-w3
and ZOL-w3 received 40 mg/kg of w3 (w3 of animal origin - salmon; 60% EPA and 40% DHA;
DrogaVET Bauru - Farmdacia de Manipulagao Veterinaria SA, Bauru, SP, Brazil) [40]. The
solvent (distilled water; 0.2 mL) was given to animals from groups VEH and ZOL.

Tooth extraction

Tooth extraction was carefully performed in all animals by a blinded staff (R.H.B.D). For that,
the animals were positioned and 10% povidone-iodine (Rioquimica, Sdo José do Rio Preto,
SP, Brazil) was used for antisepsis of the oral cavity. Syndesmotomy, luxation, and extraction
of the mandibular left first molar were performed by means of adapted surgical tools [41].
Sutures with resorbable threads were performed to achieve primary closure of all extraction
sockets (5-0 Vicryl®, Ethicon Inc, Johnson & Johnson, USA).

Euthanasia and sample processing

The animals were euthanized 21 days after the tooth extraction, which was carried out under
strict technical and ethical control. The method used for euthanasia was chemical, by admin-
istering an excessive dose of anesthetic, following the guidelines established by regulatory
bodies such as the National Council for the Control of Animal Experimentation (CONCEA/
Brazil) and the American Veterinary Medical Association (AVMA) [42]. The euthanasia
procedure was carried out with a lethal dose of Thiopental Sodium (150 mg/kg; Cristalia Ltda.,
Itapira, SP, Brazil), after general anesthesia. Considering that the Thiopental solution has
an alkaline pH and can therefore cause irritation or pain, lidocaine (4mg/kg; Bravet, Rio de
Janeiro, R], Brazil) was added to the solution. The substances were injected intraperitoneally
after fasting [42]. To confirm the animal’s death, complementary methods were used to assess
vital signs, such as checking for the absence of cardiac, respiratory and pupillary reflexes and
any residual brain activity [42].

The left mandibles were collected and fixed in 4% buffered formaldehyde solu-
tion for 48 hours. After fixation, all samples were demineralized in 10% EDTA (EDTA;
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Ethylenediaminetretraacetic acid, Sigma-Aldrich Co.) buffered for 60 days. Subsequently,
paraffin embedding was carried out. Sections 4pm thick from the extraction socket (pre-
viously occupied by the roots) were obtained in the sagittal plane using microtomy, which
the sections were collected on conventional glass microscope slides (Olen®, Kasvi Produtos
Laboratory Products), impregnated with polylysine, and on silanized glass slides for micros-
copy (Platinum Line® StarFrost, Mercedes Medical LLC., Sarasota/FL, USA). Six equidistant
sections comprising the furcation from each specimen were stained with hematoxylin and
eosin (HE) for histological and histometric analyses of newly formed bone area (BA), and ten
other equidistant sections (two for each biomarker), also comprising the central portion of the
furcation, were submitted to immunohistochemistry for the detection of tartrate-resistant acid
phosphatase (TRAP), tumor necrosis factor (TNF)-q, interleukin (IL)-1p, vascular endothe-
lial growth factor (VEGF), alkaline phosphatase (ALP), a-smooth muscle actin (a-SMA) and
osteocalcin (OCN).

The indirect immunoperoxidase technique was performed as described in Matheus et
al. [43] Following deparaffinization and hydration, antigen retrieval was performed with
the heat-induced epitope retrieval (HIER) method, by immersing the histological slides
in citrate buffer solution (Diva decloaker, Biocare Medical, Concord, CA, EUA) in pres-
surized chamber (Decloaking chamber, Biocare Medical, Concord, CA, EUA) at 95° for
20 minutes. Following, blocking of endogenous peroxidase and non-specific binding sites
were done using 3% hydrogen peroxide for 1h and 1% bovine serum albumin for 12h,
respectively. Next, the sections were divided into four batches, each of them incubated with
one of the following primary antibodies: anti-TNFa (1:100; orb11495; Biorbyt, Cambridge,
United Kingdom), anti-IL1p (1:100; orb382131; Biorbyt), anti-VEGF (1:100; orb191500;
Biorbyt, Cambridge, United Kingdom), anti-OCN (1:100; orb259644; Biorbyt, Cambridge,
United Kingdom), anti-ALP (1:100; orb1563120; Biorbyt, Cambridge, United Kingdom),
anti-aSMA (1:100; orb704355; Biorbyt, Cambridge, United Kingdom) and anti-TRAP
(1:200; orb2250; Biorbyt, Cambridge, United Kingdom). For signal amplification, uni-
versal biotinylated secondary antibodies (1:200; anti-goat IgG + anti-rabbit IgG + anti-
mouse IgG) and streptavidin conjugated with horseradish peroxidase (HRP) (Universal
Dako Labeled HRP Streptavidin-Biotin Kit, Dako Laboratories, CA, EUA) were used. The
reaction was developed using the chromogen 3,3'-diaminobenzidine tetrahydrochloride
(ImmPACT DAB Substrate, Vector Laboratories). Lastly, Harris Hematoxylin was used as
counterstaining.

Analysis of the results

The histopathologic and histometric analyses were performed by staffs masked to the treat-
ments performed (H.D.T. and E.E,, respectively). A digital camera (AxioCam MRc5, Carl
Zeiss Microscopy GmbH, NI, Germany) coupled to a light microscope (Axio Scope, Carl
Zeiss Microscopy GmbH, NI, Germany) was used to record the regions of interest (ROI) [33].
In summary, ROI consisted of a 4mm x 4mm area which included the portion of the tooth
extraction site formerly occupied by the mesial and distal roots of the lower left first molar
and adjacent tissues.

Histopathological analysis of the extraction site and adjacent tissues

The histologic analysis evaluated the following parameters: 0) intensity of local inflammatory
response; 1) extension of inflammatory process; 2) cellular and structure pattern of epithelial
tissue; 3) cellular and structure pattern of connective tissue; 4) cellular and structure pattern of
bone and tissue.
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Histometric analysis of NFBT and NVBT

Image analysis software ImageJ (Image]J, U. S. National Institutes of Health, Bethesda, Mary-
land, USA) was used to measure the total amount of bone. Then, the same software was used
to determine NFBT and NVBT. The results for both outcome measures are expressed as the
percentage of area occupied by vital (NFBT) or non-vital (NVBT). It was considered non-vital
bone when ten or more neighboring lacunae of osteocytes were empty or containing necrotic
remnants of osteocytes [44].

Immunohistochemical analysis

The immunohistochemical analysis for all markers was performed by a certified histologist
masked to the experimental groups (E.E). Were considered immunoreactive (IR) cells the ones
presenting dark brown coloration confined to the cytosolic compartment (TRAP) or confined
to the cytosolic compartment and poorly to the extracellular matrix (TNF-a, ALP, a-SMA,
IL-1f, VEGE and OCN).

A semi-quantitative analysis of the immunolabeling of TNF-a, ALP, a-SMA, IL-1f3, VEGE
and OCN was performed based on the criteria of Gusman et al., [45] as follows:

« Score 0: no immunolabeling (total absence of IR cells);
o Score 1: low immunolabeling (IR in ~1/4 of cells per area);
o Score 2: moderate immunolabeling (IR in ~1/2 of cells per area);
o Score 3: high immunolabeling (IR in ~3/4 of cells per area).
For TRAP analysis, the following parameters were considered:
« Score 0: total absence of IR cells;
o Score 1: 1 - 6 immunolabeling cells/mm?;
o Score 2: 7 - 12 immunolabeling cells/mm?;

o Score 3: more than 12 immunolabeling cell/mm?.

Primary and secondary outcomes

The primary outcome was defined as the amount of non-vital bone (NVBT) at the post-
extraction socket. Secondary results are related to histopathological features and immunobhis-
tochemical results.

Statistical analysis

Data were analyzed using BioStat (BioStat version 5.0, Belém, PA, Brazil). Shapiro-Wilk test
was used to assess the normality of the data. For TRAP, TNF-a, ALP, a-SMA, IL-1p, VEGE
and OCN, the significance of the differences among groups was determined by a Kruskal-
Wallis test, followed by a post-hoc Student-Newman-Keuls test (p<0.05). For NFBT and
NVBT, the significance of differences among groups was determined by one-way analysis of
variance (ANOVA), followed by a post-hoc Tukey test (p <0.05).

Results

All ligatures were maintained for 14 days (no ligatures were lost). In four animals, the apical
third of the root fractured and the fragment was removed using non-traumatic instruments.
All the data is available in the support information section (S1 File).
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Intra-oral and tooth extraction site clinical features

No macroscopic differences were observed in the oral clinical examination at the extraction
site for the VEH, VEH-w3 and ZOL-w3 groups. However, some animals in the ZOL group
showed areas of bone exposure at the extraction site, consistent with the pathological charac-
teristics of MRON]J and confirmed by the histopathological results, our primary variable.

Percentage of NFBT and NVBT in tooth extraction sites

The groups treated with ZOL (ZOL and ZOL-w3) exhibited lower percentage of NFBT when
compared with groups treated with VEH (VEH and VEH-w3). NFBT did not differ between
groups VEH and VEH-w3, neither between ZOL and ZOL-w3 (Fig 2). The ZOL group exhibited
the highest percentage of NVBT as compared with all other groups (ZOL-w3, VEH, and VEH-
®3). The percentage of NVBT was lower in ZOL-w3 as compared with ZOL. The percentage of
NVBT was higher than in groups treated with VEH (VEH and VEH-w3). No statistically signifi-
cant difference in the percentage of NVBT when comparing VEH and VEH-w3 (Fig 2).

Histopathological analysis of the tooth extraction site and adjacent tissues

When considering the intensity and extension of the inflammatory response, the specimens
from group ZOL-w3 were almost evenly distributed within scores 1 and 2, while in group ZOL
most specimens presented a large amount of inflammatory cells (score 3). Also, while in group
ZOL-w3 most specimens presented an inflammatory process confined to the connective tissue
(score 2), in ZOL the inflammatory process extended to the whole connective tissue and to the
alveolar bone (Tables 1 and 2).

In ZOL-w3, the specimens were distributed between scores 1 and 2, with most animals
exhibiting thin epithelial tissue overlining strictly the edged of the tooth extraction site. On
the other hand, in group ZOL, all specimens presented complete absence of epithelial tissue
overlining the tooth extraction. Similar distribution of the specimens from groups ZOL-w3
and ZOL to each score was observed when evaluating the connective tissue and the alveolar
bone structure. For these parameters, all specimens from group ZOL were included in score 3,
while most specimens from group ZOL-w3 were in score 2 (Tables 1 and 2).

Immunolabeling pattern for TNF-a and IL-1f in tooth extraction sites

The immunolabeling for TNF-a and IL-1f was predominantly observed in inflammatory cells

and extracellular matrix (Fig 3). The ZOL group exhibited higher immunolabeling pattern for

both TNF-a and IL-1f as compared with all other groups (ZOL-w3, VEH, and VEH-w3). The

immunolabeling patter for TNF-a and IL-1P was lower in ZOL-w3 as compared with ZOL.

No statistically significant differences were observed regarding the immunolabeling for TNF-a
and IL-1f between VEH and VEH-w3 (Fig 3).

Immunolabeling pattern for ALP and OCN in tooth extraction sites

ALP and OCN immunolabeling was observed in osteoblasts. The immunolabeling pattern for
ALP and OCN was lower in ZOL and ZOL-w3 as compared with their controls, VEH and VEH-
w3, respectively. No statistically significant differences were observed regarding the immunola-
beling for ALP and OCN when comparing VEH and VEH-w3 or ZOL and ZOL-w3 (Fig 4).

Immunolabeling pattern for VEGF and aSMA in tooth extraction sites

VEGF immunolabeling was mainly observed in fibroblasts and osteoblasts, while a-SMA
immunolabeling was confined to
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Fig 2. Vital (NVBT) and non-vital bone tissue in the tooth (NFBT) extraction site. (A) Percentage of newly formed
bone tissue (NFBT), (ct): connective tissue and (ii) inflammatory infiltrate in the extraction site in the different experimen-
tal groups at 21 postoperative days. (F) percentage of non-vital bone tissue (NVBT) in extraction site in the different exper-
imental groups at 21 postoperative days. Black arrows indicate regions where the lacunae are occupied by viable osteocytes.
Red arrows indicate regions where the lacunae are completely empty of occupied the remains of osteocytes. Statistical tests:
Tukey test followed by post-hoc Tukey test (P <0.05). (B-E) Photomicrographs showing percentage of NFBT in extraction
site previously occupied by mesial root of first molar in groups VEH (c), ZOL (b), VEH-w3 (d) and ZOL-w3 (e). (G-J) Pho-
tomicrographs showing percentage of NVBT in extraction site previously occupied by mesial root of first molar in groups
VEH (g), ZOL (h), VEH-w3 (i) and ZOL-w3 (j). Staining: HE. Scale bars: 100 pm. Source: from the authors themselves. (1)
statistically significant difference with group VEH; (%) statistically significant difference with group ZOL; () statistically
significant difference with group VEH-w3.

https://doi.org/10.1371/journal.pone.0320413.g002
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Table 1. Scores and specimens’ distribution according to the parameters of the histopathologic analysis assessing the levels of inflammation at the tooth

extraction site and adjacent tissues.

Histopathologic analysis: Level of inflammation

Scores for each parameter Percentage of specimens

Experimental groups

VEH ‘ ZOL VEH-w3 ZOL-w3
Intensity of local inflammatory response
(0) absence of inflammation 100% - 100% -
(1) small amount of inflammatory cells (less than 1/3 of the cells are inflammatory) - - - 60%
(2) moderate amount of inflammatory cells (between 1/3 and 2/3 of the cells are inflammatory) - 20% - 40%
(3) large amount of inflammatory cells (more than 2/3 of the cells are inflammatory) - 80% - -
Median 1 47 1* 2"
Extension of the inflammatory process
(0) absence of inflammation 100% - 100% -
(1) extending to part of the connective tissue - - - 20%
(2) extending to the whole connective tissue - 20% - 80%
(3) extending to the whole connective tissue and to the alveolar bone - 80% - -
Median 1 4" 1* 2"

Statistical tests: Kruskal-Wallis test followed by post-hoc Student Newman-Keuls test (P <0.05). Symbols:

7, statistically significant difference with group VEH;
¥, statistically significant difference with group ZOL;
S, statistically significant difference with group VEH-w3.

https://doi.org/10.1371/journal.pone.0320413.t001

myofibroblast. The immunolabeling pattern for VEGF and aSMA was lower in ZOL and

ZOL-w3 as compared with their controls, VEH and VEH-w3, respectively. No statistically sig-
nificant differences were observed regarding the immunolabeling for VEGF and aSMA when
comparing VEH and VEH-w3 or ZOL and ZOL-w3 (Fig 5).

TRAP in tooth extraction sites

TRAP immunolabeling was confined to the cytosolic compartment of osteoclasts. The osteo-
clasts observed in groups treated with ZOL (ZOL and ZOL-w3) were bigger in size, round,
hypernucleated, and considerably distant from the bone matrix (not coupled) (Fig 6). The
immunolabeling pattern for TRAP was lower in ZOL and ZOL-w3 as compared with their
controls, VEH and VEH-w3, respectively. No statistically significant differences were observed
regarding the immunolabeling for TRAP when comparing VEH and VEH-w3 or ZOL and
ZOL-w3 (Fig 6).

Discussion

Genome-wide and whole-exome sequencing studies have uncovered the genetic component of
the pathophysiology of MRON] [46,47], thus adding this condition to a vast and concerning
list of “complex diseases”. Complex diseases are the result of a combination of genetic, envi-
ronmental, and lifestyle factors [48], most of which have not yet been identified. Achieving
optimal prevention or therapeutic success when dealing with simultaneous and overlapping
inflammatory/immune, vascular, microbial, environmental (medications), and genetic factors
is a great challenge to researchers and clinicians. In this study, although not preventing the
occurrence of MRONT in all animals, w-3 supplementation significantly reduced the amount
of NVBT in the extraction sites.
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Table 2. Scores and specimens’ distribution according to the parameters of the histopathologic analysis assessing the structural organization of the tooth

extraction site and adjacent tissues.

Histopathologic analysis: Structural pattern

Scores for each parameter

Percentage of specimens

Experimental groups

VEH | ZOL | VEH- | ZOL-
w3 w3

Structural pattern of the underlining epithelial tissue
(0) epithelial tissue with moderate thickness completely overlining the tooth extraction site 40% | - 60% |-
(1) thin epithelial tissue completely overlining the tooth extraction site 60% | - 40% | 40%
(2) thin epithelial tissue overlining strictly the edged of the tooth extraction site - - - 60%
(3) absence of epitelial tissue overlining the tooth extraction site - 100% | - -
Median 2 4 1 30
Pattern of the connective tissue structure
(0) moderate amount of fibroblasts and large 60% |- 60% |-
amount of collagen fibers (dense connective tissue)
(1) moderate amount of fibroblasts and collagen fibers 40% |- 40% | 20%
(2) small amount of fibroblasts and collagen fibers - - - 80%
(3) severe tissue breakdown and areas with necrosis - 100% | - -
Median 1 4" 1* 3hHs
Pattern of the alveolar bone structure
(0) absence of non-vital bone in adjacencies of extraction site and trabecular bone filling more than half of tooth socket 100% | - 100% | -
(1) absence of non-vital bone in adjacencies of extraction site and trabecular bone filling less than half of tooth socket - - - 20%
(2) presence of few areas with non-vital bone in adjacencies of extraction site and trabecular bone filling less than a third of tooth socket | - - - 80%
(3) presence of many areas with non-vital bone in adjacencies of extraction site and trabecular bone filling less than a third of tooth socket | - 100% | - -
Median 1 4" 1* 3¢

Statistical tests: Kruskal-Wallis test followed by post-hoc Student Newman-Keuls test (P <0.05). Symbols:
T, statistically significant difference with group VEH;

¥, statistically significant difference with group ZOL;

S, statistically significant difference with group VEH-w3.

https://doi.org/10.1371/journal.pone.0320413.t002

Suppression of intracortical remodeling induced by bisphosphonates (BPs) has been
widely accepted as a critical player in the pathogenesis of MRON] [49,50]. Unlike humans
and large animals [51], rodents do not feature spontaneous intracortical remodeling, which

could limit the value of rats/mice studies investigating this condition. However, OVX alone

was capable of inducing intracortical remodeling in skeletally mature mice and rats (3
months old) [52,53], fostering reliable clinical inferences. It is also essential to emphasize
equivalency in a plurality of the biological features in the morphology and physiology of
pristine alveolar [54] and on tooth extraction socket healing when comparing swine and

rodents [55]. In summary, morphofunctional modifications in trabecular bone, along with

alterations in indicators related to bone metabolism, were observed in rodents subjected to
OVX [38]. These changes include a reduction in levels of OCN, ALP, and procollagen type
I N-terminal propeptide (PINP), an increase in C-terminal telopeptide of type I collagen
(CTX1), a decrease in bone mineral density, and a reduction in mandibular and long bone
volume [38,53,56]. These factors establish significant alterations in bone turnover. Further-
more, there was a reduction in vascularization and changes in biomechanical parameters.
Song et al., [38] demonstrated that the period between 8 and 16 weeks post-OVX in rats is
consistent with the development of osteoporotic characteristics. These characteristics arise
from estrogen deficiency and include intracortical remodeling. In the present experiment,
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Fig 3. Immunolabeling pattern for TNF-a and IL-1f in the tooth extraction site. (A) Graph showing the median and
interquartile range of the scores for TNF-a in the furcation for each group and period. (F) Graph showing the median and
interquartile range of the scores for IL-1p in the furcation for each group and period. Statistical tests: Kruskal-Wallis test
followed by post-hoc Student Newman-Keuls test (P <0.05). (B-E) Photomicrographs showing immunolabeling pattern
for TNF-a in the tooth extraction site in groups VEH (B), ZOL (C), VEH-w3 (D) and ZOL-w3 (E). (G-J) Photomicro-
graphs showing immunolabeling pattern for IL-1p in the tooth extraction site in groups VEH (G), ZOL (H), VEH-w3 (I)
and ZOL-w3 (J). Counterstaining: Harry’s Hematoxylin. Scale bars: 30 um. Source: from the authors themselves. (1) statisti-
cally significant difference with group VEH; (4), statistically significant difference with group ZOL.

https://doi.org/10.1371/journal.pone.0320413.g003

analyses were initiated 13 weeks after OVX. Hence, aiming to closely emulate an ideal clinical
scenario for developing MRONT, our rat preclinical model combined activation of intracor-
tical bone remodeling in rats (achieved with OVX) with high dosages of ZOL and local risk
factors (periodontitis and tooth extraction) [57].
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Fig 4. Immunolabeling pattern for ALP and OCN in the tooth extraction site. (A, B) Graph showing the median and
interquartile range of the scores for ALP (A) and OCN (B) in the furcation for each group and period. Statistical tests:
Kruskal-Wallis test followed by post-hoc Student Newman-Keuls test (P<0.05). (A, B) Photomicrographs showing immu-
nolabeling pattern for ALP (C, D, G, H) and OCN (E, E L, ]) in the tooth extraction site in groups VEH (C, E), ZOL (D,

F), VEH-w3 (G, I) and ZOL-w3 (H, J). Counterstaining: Harry’s Hematoxylin. Scale bars: 30 um. Source: from the authors
themselves. (1) statistically significant difference with group VEH; (¥) statistically significant difference with group ZOL;
(9) statistically significant difference with group VEH-w3.

https://doi.org/10.1371/journal.pone.0320413.9004

As previously mentioned, periodontitis and tooth extraction are considered local risk
factors that directly influence the pathophysiology of MRONT] [58]. In ligature-induced
periodontitis, as employed in this study, the positioning and type of ligature used lead to
bacterial plaque adherence and ulceration of the sulcular epithelium, facilitating bacterial
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Fig 5. Immunolabeling pattern for VEGF and aSMA in the tooth extraction site. (A, B) Graph showing the median and
interquartile range of the scores for VEGF (A) and aSMA (B) in the furcation for each group and period. Statistical tests:
Kruskal-Wallis test followed by post-hoc Student Newman-Keuls test (P<0.05). (A, B): Photomicrographs showing immu-
nolabeling pattern for VEGF (C,D,G,H) and aSMA (E, E 1, ]) in the tooth extraction site in groups VEH (C, E), ZOL (D,
F), VEH-w3 (G,I) and ZOL-w3 (H, J). Counterstaining: Harry’s Hematoxylin. Scale bars: 30 um. Source: from the authors
themselves. (1) statistically significant difference with group VEH; (¥) statistically significant difference with group ZOL;

(9) statistically significant difference with group VEH-w3.

https://doi.org/10.1371/journal.pone.0320413.g005

penetration into epithelial and connective tissues, alongside the apical migration of the
junctional epithelium [59-61]. This process promotes uncontrolled immunoinflam-
matory response, resulting in the loss of periodontal ligament fibers and, consequently,
the destruction of bone tissue [59-61]. Considering the synergistic characteristics of the
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Fig 6. Immunolabeling pattern for TRAP in the tooth extraction site. (A) Graph showing the median and interquartile range
of the scores for TRAP in the furcation for each group and period. Black arrows indicate osteoclasts of normal dimensions,
which are active, as observed by their coupling to Howship lacunae. Red arrows indicate abnormally huge round-shaped osteo-
clasts, hypernucleated, and distant from the bone matrix, all features that indicate inactivity. Statistical tests: Kruskal-Wallis test
followed by post-hoc Student Newman-Keuls test (P <0.05). (B-I) Photomicrographs showing immunolabeling pattern for
TRAP in the tooth extraction site in groups VEH (B, D), ZOL (C, E), VEH-w3 (E, H) and ZOL-w3 (G, I). Counterstaining: Har-
ry’s Hematoxylin. Scale bars: 15 um and 150 pum. Source: from the authors themselves. () statistically significant difference with
group VEH; (%) statistically significant difference with group ZOL; (9) statistically significant difference with group VEH-w3.

https://doi.org/10.1371/journal.pone.0320413.9006

pathophysiology of periodontitis associated with tooth extraction and the exacerbation
of MRONYJ, previous studies, such as that of Aghaloo et al., [62] observed an increase

in MRON] associated with ligature-induced periodontitis in rats, particularly in groups
treated with high doses of ZOL, demonstrating significant bone tissue disruption through
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the intensification of the inflammatory response and the presence of exposed necrotic
bone. Furthermore, the deterioration of periodontal condition often necessitates den-

tal extractions, a procedure linked to a higher incidence of MRON]. Soundia et al., [63]
demonstrated that in rats with induced periodontitis combined with subsequent tooth
extraction and exposure to ZOL, a persistent inflammatory infiltrate, a greater amount of
necrotic bone tissue, and intensified collagenolytic activity were observed, findings sup-
ported by Zhang et al., [64] who highlighted that when tooth extraction is performed in the
presence of periodontitis, there is an increased incidence of MRONJ.

The mechanism of MRONJ has not been fully understood so far, however, the participation
of intense and persistent inflammatory infiltration in MRONT] lesions is irrefutable [5,57,65].
Microarray analysis based on the datasets of high-throughput sequencing is one of the most
important technologies for the investigation of the diagnosis methods and pathogenic mech-
anisms of disease [66-68]. Ma et al. [69] excavated the biological information of the chips
in GEO database to identify critical factors of osteonecrosis via analyzing the gene network
and revealing signaling pathways by enrichment analysis. Their Protein-Protein Interaction
Network Analysis showed that the progression of osteonecrosis of the jaw is related to (but
not only) TNF and IL-1p. TNF-a and IL-1p are important regulators of the inflammatory
response, overexpressed in inflammatory osteolysis [70,71]. The beneficial effects of w-3 in
reducing the severity of MRONYJ, reported in this study, might rely on the positive modulation
of the local inflammatory infiltrate, evidenced by the low to moderate expression of TNF-a
and IL-1p in ZOL-w3, opposed to the high immunoreactivity of both markers in group ZOL.

There is a confounding issue when determining whether microbial shift or immune
response is the trigger for developing periodontitis [72], a major local risk factor for MRON]
[5]. Indeed, one cannot be there without the other. However, the “Inflammation-Mediated
Polymicrobial-Emergence and Dysbiotic-Exacerbation” model suggests that the inflamma-
tion continuum is the driving force for the selective expansion of periodontal pathogens [73],
which only plays a role at a late stage of periodontitis. Studies have supported this hypothe-
sis when reporting the capacity of resolvins, as monotherapy (no scaling and root planning
performed), in preventing alveolar bone loss in animal models of periodontitis [74,75]. Also,
Serhan et al. [76] compiled evidence on pro-resolving mediators bridging the resolution of
infectious inflammation to tissue regeneration. These data suggest that regardless of infection
being a primary etiological factor or a result of immune imbalance, the capacity of resolvins or
their precursors, w-3, to govern the resolution of inflammation and tissue repair ought to be
exploited in the setting of prevention or treatment of MRON].

After circulating BPs are absorbed into the bone, the bone resorption process promoted
by osteoclast dissociates BPs from the bone surface and allows intracellular uptake into
osteoclasts by fluid phase endocytosis [77]. Inside osteoclast, BPs specifically inhibit farnesyl
pyrophosphate synthase, a key branch-point enzyme in the mevalonate pathway, that gener-
ates isoprenoid lipids utilized in sterol synthesis and for the post-translational modification
of small GTP-binding proteins essential for osteoclast function [78-80]. Although this study
focusing on changes restricted to the extraction socket, the potent action of ZOL was evi-
denced by osteoclasts featuring characteristics of inactivity (large rounded, hypernucleated
cells, without cell polarization and distant from the bone matrix), and, corroborating with
other experiments, dramatic reduction in the number of TRAP-positive cells/mm? [33,80].

Although the direct toxicity and inhibition of osteoblast differentiation had been already
shown [81], Hadad et al., [82] added that ZOL negatively impacts the differentiation of human
bone marrow stem cells (hBMSCs) towards the osteoblastic lineage in a dose-dependent
manner. Their findings corroborate with Fleifel et al., [83] which reported a bifunctional
activity of ZOL, either enhancing osteogenic differentiation and in-vitro mineralization of
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human mesenchymal stem cells (hMSCs) at low concentration or inducing hMSCs death at
high concentrations. The reduced amount of newly-formed bone combined with the lower
immunolabeling pattern for OCN and ALP in group ZOL and ZOL-w3 reinforces that the
imbalance in bone turnover in individuals under nitrogen-containing BPs therapy relies on
mechanistic changes not restricted to osteoclasts’ activity, which were not restored by supple-
menting animals with w-3.

Keratinocytes, fibroblasts, and endothelial cells are essential cell lines that orchestrate alve-
olar bone repair and are alarmingly compromised by ZOL [63,84,85]. In our study, there was
no statistical significance between the immunolabeling pattern of VEGF and aSMA in groups
ZOL and ZOL-w3. However, while animals in group ZOL were equally distributed between
scores 0 and 1, most animals in group ZOL-w3 presented low immunolabeling (score 1). Also,
the beneficial properties of w-3 or its derivatives in keratinocytes [86] and gingival fibroblasts
[87] might have supported the improved characteristics of the epithelium, lamina propria, and
structuring of collagen fibers in the mucosa overlying the tooth extraction site in ZOL-w3.

Recently, Hadad et al. [76] accurately stratified the percentage of rat ZOL oncologic dose
that corresponds to human use into three categories (physiologic [<200%], supraphysiologic
[>200% < 1000%], and extremely supraphysiologic [>1000%]). Based on their calculation, the
dosage used in the present experiment is extremely supraphysiologic. In an animal experiment
aimed to create a reliable scenario of the development of MRON] considering the rapid rat
metabolism, it is reasonable to use higher dosages of the drug. However, it might be consid-
ered that benefits achievable in a clinical setting are potentially masked by extremely supra-
physiologic dosages of ZOL. Given the impact of MRONTJ on the quality of life of patients,
the promising findings of the use of dietary supplementation with w-3 on the development
of MRONJ, and the emergence of resolution [88,89], we encourage future research assessing
specialized pro-resolving mediators for prevention and treatment of MRONJ.

Conclusion

Oral supplementation with omega-3 controlled the inflammation and reduced the amount of
non-vital bone at the tooth extraction site of ovariectomized rats treated with ZOL and atten-
uating the severity of MRON].

Supporting information

S1 File. Availability of data from all analyses.
(DOCX)

Acknowledgments

The authors acknowledge the Department of Diagnosis and Surgery—Division of Periodon-
tology, Sao Paulo State University (UNESP), School of Dentistry, Aragatuba, Sdo Paulo, Brazil.

Author contributions

Conceptualization: Juliano Milanezi de Almeida, Halef Diego Turini, Henrique Rinaldi
Matheus.

Data curation: Halef Diego Turini, Otdvio Augusto Pacheco Vitdria, Bianca Rafaeli Piovezan,
Ruan Henrique Barra Dalmonica, Elisa Mara de Abreu Furquim.

Formal analysis: Edilson Ervolino.

Funding acquisition: Juliano Milanezi de Almeida, Henrique Rinaldi Matheus.

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320413  March 26, 2025 16/22



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320413.s001

PLOS ONE

Omega-3 attenuates the severity of medication-related osteonecrosis of the jaws in rats

Investigation: Halef Diego Turini, Otavio Augusto Pacheco Vitdria, Bianca Rafaeli Piovezan,
Ruan Henrique Barra Dalmonica, Elisa Mara de Abreu Furquim.

Methodology: Juliano Milanezi de Almeida, Henrique Rinaldi Matheus, Otavio Augusto
Pacheco Vitéria.

Project administration: Juliano Milanezi de Almeida, Halef Diego Turini, Otdvio Augusto
Pacheco Vitéria, Ruan Henrique Barra Dalmonica, Elisa Mara de Abreu Furquim.

Resources: Henrique Rinaldi Matheus, Edilson Ervolino.

Supervision: Juliano Milanezi de Almeida, Henrique Rinaldi Matheus.

Validation: Juliano Milanezi de Almeida, Henrique Rinaldi Matheus, Edilson Ervolino.
Visualization: Juliano Milanezi de Almeida.

Writing - original draft: Halef Diego Turini, Otavio Augusto Pacheco Vitdria, Bianca Rafaeli
Piovezan, Ruan Henrique Barra Dalmonica, Elisa Mara de Abreu Furquim.

Writing - review & editing: Juliano Milanezi de Almeida, Henrique Rinaldi Matheus, Edilson
Ervolino.

References

1. Migliorati CA, Brennan MT, Peterson DE. Medication-related osteonecrosis of the jaws. J Natl Cancer
Inst Monogr. 2019;2019(53):19gz009. https://doi.org/10.1093/jncimonographs/Ilgz009 PMID: 31425596

2. Debieve M, Castiaux L, van Maanen A, Magremanne M. Medication-related osteonecrosis of the jaw,
a risk to reassess in osteoporotic patients. J Stomatol Oral Maxillofac Surg. 2023;124(1S):101316.
https://doi.org/10.1016/j.jormas.2022.10.015 PMID: 36273739

3. Ahdi HS, Wichelmann TA, Pandravada S, Ehrenpreis ED. Medication-induced osteonecrosis of the
jaw: a review of cases from the Food and Drug Administration Adverse Event Reporting System
(FAERS). BMC Pharmacol Toxicol. 2023;24(1):15. https://doi.org/10.1186/s40360-023-00657-y PMID:
36879299

4. Ruggiero SL, Dodson TB, Fantasia J, Goodday R, Aghaloo T, Mehrotra B, et al. American association
of oral and maxillofacial surgeons position paper on medication-related osteonecrosis of the jaw--
2014 update. J Oral Maxillofac Surg. 2014;72(10):1938-56. https://doi.org/10.1016/j.joms.2014.04.031
PMID: 25234529

5. Ruggiero SL, Dodson TB, Aghaloo T, Carlson ER, Ward BB, Kademani D. American Association of
Oral and Maxillofacial Surgeons’ position paper on medication-related osteonecrosis of the jaws-2022
update. J Oral Maxillofac Surg. 2022;80(5):920—43. https://doi.org/10.1016/j.joms.2022.02.008 PMID:
35300956

6. Hel, Sun X, Liu Z, QiuY, Niu Y. Pathogenesis and multidisciplinary management of medication-
related osteonecrosis of the jaw. Int J Oral Sci. 2020;12(1):30. https://doi.org/10.1038/s41368-020-
00093-2 PMID: 33087699

7. Lee KH, Kim S-H, Kim CH, Min BJ, Kim GJ, Lim Y, et al. Identifying genetic variants underlying
medication-induced osteonecrosis of the jaw in cancer and osteoporosis: a case control study. J
Transl Med. 2019;17(1):381. https://doi.org/10.1186/s12967-019-2129-3 PMID: 31747953

8. Golub LM, Lee H-M. Periodontal therapeutics: current host-modulation agents and future directions.
Periodontol 2000. 2020;82(1):186—204. hitps://doi.org/10.1111/prd.12315 PMID: 31850625

9. Van Dyke TE, Sima C. Understanding resolution of inflammation in periodontal diseases: Is chronic
inflammatory periodontitis a failure to resolve? Periodontol 2000. 2020;82(1):205-13. https://doi.
org/10.1111/prd.12317 PMID: 31850636

10. Williams RC, Jeffcoat MK, Howell TH, Rolla A, Stubbs D, Teoh KW, et al. Altering the progression of
human alveolar bone loss with the non-steroidal anti-inflammatory drug flurbiprofen. J Periodontol.
1989;60(9):485-90. https://doi.org/10.1902/jop.1989.60.9.485 PMID: 2677301

11.  Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-inflammatory and pro-resolution
lipid mediators. Nat Rev Immunol. 2008;8(5):349—61. hitps://doi.org/10.1038/nri2294 PMID: 18437155

12. Serhan CN. Treating inflammation and infection in the 21st century: new hints from decoding resolu-
tion mediators and mechanisms. FASEB J. 2017;31(4):1273-88. hitps://doi.org/10.1096/f|.201601222R
PMID: 28087575

PLOS ONE | https://doi.org/10.1371/journal.pone.0320413  March 26, 2025 171722



https://doi.org/10.1093/jncimonographs/lgz009
http://www.ncbi.nlm.nih.gov/pubmed/31425596
https://doi.org/10.1016/j.jormas.2022.10.015
http://www.ncbi.nlm.nih.gov/pubmed/36273739
https://doi.org/10.1186/s40360-023-00657-y
http://www.ncbi.nlm.nih.gov/pubmed/36879299
https://doi.org/10.1016/j.joms.2014.04.031
http://www.ncbi.nlm.nih.gov/pubmed/25234529
https://doi.org/10.1016/j.joms.2022.02.008
http://www.ncbi.nlm.nih.gov/pubmed/35300956
https://doi.org/10.1038/s41368-020-00093-2
https://doi.org/10.1038/s41368-020-00093-2
http://www.ncbi.nlm.nih.gov/pubmed/33087699
https://doi.org/10.1186/s12967-019-2129-3
http://www.ncbi.nlm.nih.gov/pubmed/31747953
https://doi.org/10.1111/prd.12315
http://www.ncbi.nlm.nih.gov/pubmed/31850625
https://doi.org/10.1111/prd.12317
https://doi.org/10.1111/prd.12317
http://www.ncbi.nlm.nih.gov/pubmed/31850636
https://doi.org/10.1902/jop.1989.60.9.485
http://www.ncbi.nlm.nih.gov/pubmed/2677301
https://doi.org/10.1038/nri2294
http://www.ncbi.nlm.nih.gov/pubmed/18437155
https://doi.org/10.1096/fj.201601222R
http://www.ncbi.nlm.nih.gov/pubmed/28087575

PLOS ONE

Omega-3 attenuates the severity of medication-related osteonecrosis of the jaws in rats

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature.
2014;510(7503):92—-101. https://doi.org/10.1038/nature 13479 PMID: 24899309

Norris PC, Serhan CN. Metabololipidomic profiling of functional immunoresolvent clusters and
eicosanoids in mammalian tissues. Biochem Biophys Res Commun. 2018;504(3):553-61. hitps://doi.
org/10.1016/j.bbrc.2018.03.037 PMID: 29524409

Hong S, LuY, Yang R, Gotlinger KH, Petasis NA, Serhan CN. Resolvin D1, protectin D1, and
related docosahexaenoic acid-derived products: analysis via electrospray/low energy tandem
mass spectrometry based on spectra and fragmentation mechanisms. J Am Soc Mass Spectrom.
2007;18(1):128—44. https://doi.org/10.1016/j.jasms.2006.09.002 PMID: 17055291

Cianci E, Recchiuti A, Trubiani O, Diomede F, Marchisio M, Miscia S, et al. Human periodontal stem
cells release specialized proresolving mediators and carry immunomodulatory and prohealing prop-
erties regulated by lipoxins: stem cells and lipid mediators of inflammation. Stem Cells Transl Med.
2016;5(1):20-32. https://doi.org/10.5966/sctm.2015-0163 PMID: 26607175

Gao L, Faibish D, Fredman G, Herrera BS, Chiang N, Serhan CN, et al. Resolvin E1 and
chemokine-like receptor 1 mediate bone preservation. J Immunol. 2013;190(2):689-94. hitps://doi.
0rg/10.4049/jimmunol. 1103688 PMID: 23241890

Zhu M, Van Dyke TE, Gyurko R. Resolvin E1 regulates osteoclast fusion via DC-STAMP and NFATc1.
FASEB J. 2013;27(8):3344-53. https://doi.org/10.1096/f].12-220228 PMID: 23629863

Sima C, Montero E, Nguyen D, Freire M, Norris P, Serhan CN, et al. Author correction: ERV1 Overex-
pression in myeloid cells protects against high fat diet induced obesity and glucose intolerance. Sci
Rep. 2018;8(1):4143. https://doi.org/10.1038/s41598-018-22520-5 PMID: 29500456

Kwoen M-J, Park J-H, Kim K-S, Lee J-R, Kim J-W, Lee H, et al. Association between periodontal dis-
ease, tooth extraction, and medication-related osteonecrosis of the jaw in women receiving bisphos-
phonates: A national cohort-based study. J Periodontol. 2023;94(1):98—107. https://doi.org/10.1002/
JPER.21-0611 PMID: 35856336

Ribeiro-Vidal H, Sanchez MC, Alonso-Espafiol A, Figuero E, Ciudad MJ, Collado L, et al. Antimicro-
bial activity of EPA and DHA against oral pathogenic bacteria using an in vitro multi-species subgingi-
val biofilm model. Nutrients. 2020;12(9):2812. https://doi.org/10.3390/nu12092812 PMID: 32937742

Turgeon J, Dussault S, Maingrette F, Groleau J, Haddad P, Perez G, et al. Fish oil-enriched diet pro-
tects against ischemia by improving angiogenesis, endothelial progenitor cell function and postnatal
neovascularization. Atherosclerosis. 2013;229(2):295-303. https://doi.org/10.1016/j.atherosclero-
sis.2013.05.020 PMID: 23880179

On S-W, Cho S-W, Byun S-H, Yang B-E. Various therapeutic methods for the treatment of
medication-related osteonecrosis of the jaw (MRONJ) and their limitations: a narrative review on
new molecular and cellular therapeutic approaches. Antioxidants (Basel). 2021;10(5):680. https://doi.
0org/10.3390/antiox10050680 PMID: 33925361

Mauceri R, Coniglio R, Abbinante A, Carcieri P, Tomassi D, Panzarella V, et al. The preventive care of
medication-related osteonecrosis of the jaw (MRONJ): a position paper by Italian experts for dental
hygienists. Support Care Cancer. 2022;30(8):6429—-40. https://doi.org/10.1007/s00520-022-06940-8
PMID: 35292850

Dimopoulos MA, Kastritis E, Bamia C, Melakopoulos |, Gika D, Roussou M, et al. Reduction of
osteonecrosis of the jaw (ONJ) after implementation of preventive measures in patients with multiple
myeloma treated with zoledronic acid. Ann Oncol. 2009;20(1):117-20. https://doi.org/10.1093/annonc/
mdn554 PMID: 18689864

Owosho AA, Liang STY, Sax AZ, Wu K, Yom SK, Huryn JM, et al. Medication-related osteonecrosis of
the jaw: An update on the memorial sloan kettering cancer center experience and the role of premed-
ication dental evaluation in prevention. Oral Surg Oral Med Oral Pathol Oral Radiol. 2018;125(5):440—
5. https://doi.org/10.1016/j.0000.2018.02.003 PMID: 29580668

Pereira-Silva M, Hadad H, de Jesus LK, de Freitas Santana Oliveira ME, de Almeida JM, Nimia HH,
et al. Ozone therapy effect in medication-related osteonecrosis of the jaw as prevention or treatment:
microtomographic, confocal laser microscopy and histomorphometric analysis. Clin Oral Investig.
2024;28(2):151. https://doi.org/10.1007/s00784-024-05547-z PMID: 38360985

Nishimaki K, Kaibuchi N, Washio K, Yamato M. Application of mesenchymal stromal cell sheets
to prevent medication-related osteonecrosis of the jaw with titanium implants in rats. Odontology.
2024;112(3):938-49. https://doi.org/10.1007/s10266-024-00900-w PMID: 38367068

Mroczek T, Delfrate G, Mecca LEA, Andreis JD, Lipinski LC, Fernandes D, et al. Sildenafil reduces
bisphosphonate-induced jaw osteonecrosis in rats. Clin Oral Investig. 2023;27(5):2437—-48. https://doi.
0rg/10.1007/s00784-023-04890-x PMID: 36764974

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320413  March 26, 2025 18/22



https://doi.org/10.1038/nature13479
http://www.ncbi.nlm.nih.gov/pubmed/24899309
https://doi.org/10.1016/j.bbrc.2018.03.037
https://doi.org/10.1016/j.bbrc.2018.03.037
http://www.ncbi.nlm.nih.gov/pubmed/29524409
https://doi.org/10.1016/j.jasms.2006.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17055291
https://doi.org/10.5966/sctm.2015-0163
http://www.ncbi.nlm.nih.gov/pubmed/26607175
https://doi.org/10.4049/jimmunol.1103688
https://doi.org/10.4049/jimmunol.1103688
http://www.ncbi.nlm.nih.gov/pubmed/23241890
https://doi.org/10.1096/fj.12-220228
http://www.ncbi.nlm.nih.gov/pubmed/23629863
https://doi.org/10.1038/s41598-018-22520-5
http://www.ncbi.nlm.nih.gov/pubmed/29500456
https://doi.org/10.1002/JPER.21-0611
https://doi.org/10.1002/JPER.21-0611
http://www.ncbi.nlm.nih.gov/pubmed/35856336
https://doi.org/10.3390/nu12092812
http://www.ncbi.nlm.nih.gov/pubmed/32937742
https://doi.org/10.1016/j.atherosclerosis.2013.05.020
https://doi.org/10.1016/j.atherosclerosis.2013.05.020
http://www.ncbi.nlm.nih.gov/pubmed/23880179
https://doi.org/10.3390/antiox10050680
https://doi.org/10.3390/antiox10050680
http://www.ncbi.nlm.nih.gov/pubmed/33925361
https://doi.org/10.1007/s00520-022-06940-8
http://www.ncbi.nlm.nih.gov/pubmed/35292850
https://doi.org/10.1093/annonc/mdn554
https://doi.org/10.1093/annonc/mdn554
http://www.ncbi.nlm.nih.gov/pubmed/18689864
https://doi.org/10.1016/j.oooo.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29580668
https://doi.org/10.1007/s00784-024-05547-z
http://www.ncbi.nlm.nih.gov/pubmed/38360985
https://doi.org/10.1007/s10266-024-00900-w
http://www.ncbi.nlm.nih.gov/pubmed/38367068
https://doi.org/10.1007/s00784-023-04890-x
https://doi.org/10.1007/s00784-023-04890-x
http://www.ncbi.nlm.nih.gov/pubmed/36764974

PLOS ONE

Omega-3 attenuates the severity of medication-related osteonecrosis of the jaws in rats

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44.

45.

46.

Mecca LE de A, Fischborn AR, Andreis JD, Delfrate G, Mroczek T, Rigo NM, et al. Absence of
medication-related jaw osteonecrosis after treatment with strontium ranelate in ovariectomized rats.
Braz Oral Res. 2022;36:€084. https://doi.org/10.1590/1807-3107bor-2022.vol36.0084 PMID: 35703709

Delfrate G, Mroczek T, Mecca LEA, Andreis JD, Fernandes D, Lipinski LC, et al. Effect of pentoxifyl-
line and a-tocopherol on medication-related osteonecrosis of the jaw in rats: Before and after dental
extraction. Arch Oral Biol. 2022;137:105397. https://doi.org/10.1016/j.archoralbio.2022.105397 PMID:
35286947

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:
the ARRIVE guidelines for reporting animal research. PLoS Biol. 2010;8(6):e1000412. hitps://doi.
org/10.1371/journal.pbio.1000412 PMID: 20613859

Ervolino E, Statkievicz C, Toro LF, de Mello-Neto JM, Cavazana TP, Issa JPM, et al. Antimicrobial
photodynamic therapy improves the alveolar repair process and prevents the occurrence of osteone-
crosis of the jaws after tooth extraction in senile rats treated with zoledronate. Bone. 2019;120:101-13.
https://doi.org/10.1016/j.bone.2018.10.014 PMID: 30339908

Toro LF, de Mello-Neto JM, Santos FFVD, Ferreira LC, Statkievicz C, Cintra LTA, et al. Application
of autologous platelet-rich plasma on tooth extraction site prevents occurence of medication-related
osteonecrosis of the jaws in rats. Sci Rep. 2019;9(1):22. https://doi.org/10.1038/s41598-018-37063-y
PMID: 30631095

Ervolino E, Olivo MB, Toro LF, Freire J de OA, Ganzaroli VF, Guiati 1Z, et al. Effectiveness of antimi-
crobial photodynamic therapy mediated by butyl toluidine blue in preventing medication-related osteo-
necrosis of the jaws in rats. Photodiagnosis Photodyn Ther. 2022;40:103172. https://doi.org/10.1016/.
pdpdt.2022.103172 PMID: 36283616

Johnson IH. Effects of local irritation and dextran sulphate administration on the periodontium of the
rat. J Periodontal Res. 1975;10(6):332—45. https://doi.org/10.1111/].1600-0765.1975.tb00042.x PMID:
129558

de Almeida JM, Pazmino VFC, Novaes VCN, Bomfim SRM, Nagata MJH, Oliveira FLP, et al. Chronic
consumption of alcohol increases alveolar bone loss. PLoS One. 2020;15(8):e0232731. https://doi.
org/10.1371/journal.pone.0232731 PMID: 32817640

Song L, Bi Y-N, Zhang P-Y, Yuan X-M, Liu Y, Zhang Y, et al. Optimization of the time window of interest
in ovariectomized imprinting control region mice for antiosteoporosis research. Biomed Res Int.
2017;2017:8417814. https://doi.org/10.1155/2017/8417814 PMID: 29119115

Marcondes FK, Bianchi FJ, Tanno AP. Determination of the estrous cycle phases of rats: some helpful
considerations. Braz J Biol. 2002;62(4A):609—14. hitps://doi.org/10.1590/s1519-69842002000400008
PMID: 12659010

Azuma MM, Cardoso C de BM, Samuel RO, Pipa CB, Bomfim SRM, Narciso LG, et al. Omega-3 fatty
acids alter systemic inflammatory mediators caused by apical periodontitis. J Endod. 2021;47(2):272—
7. https://doi.org/10.1016/j.joen.2020.11.015 PMID: 33245969

Statkievicz C, Toro LF, de Mello-Neto JM, de Sa DP, Casatti CA, Issa JPM, et al. Photomodulation
multiple sessions as a promising preventive therapy for medication-related osteonecrosis of the jaws
after tooth extraction in rats. J Photochem Photobiol B. 2018;184:7-17. https://doi.org/10.1016/}.jphoto-
biol.2018.05.004 PMID: 29777942

Barra RHD, Piovezan BR, Matheus HR, Vitéria OAP, de Abreu Furquim EM, Fiorin LG, et
al. Effect of coenzyme Q10 on tibial fracture resistance in nicotine-exposed rats. PLoS One.
2025;20(1):e0315462. https://doi.org/10.1371/journal.pone.0315462 PMID: 39752356

Matheus HR, Ervolino E, Gusman DJR, Alves BES, Fiorin LG, Pereira PA, et al. Association of hyal-
uronic acid with a deproteinized bovine graft improves bone repair and increases bone formation in
critical-size bone defects. J Periodontol. 2021;92(11):1646-58. https://doi.org/10.1002/JPER.20-0613
PMID: 33258112

Martelli SUR, Damian MF, Gomes APN, Schinestsck AR, Silva AER, Vasconcelos ACU. Comparison
of effects of zoledronic acid and clodronate on the bone structure: imaginological and histomorpho-
metrical study in vivo. J Oral Pathol Med. 2017;46(8):632—6. https://doi.org/10.1111/jop.12546 PMID:
28054399

Gusman DJR, Ervolino E, Theodoro LH, Garcia VG, Nagata MJH, Alves BES, et al. Antineoplastic
agents exacerbate periodontal inflammation and aggravate experimental periodontitis. J Clin Peri-
odontol. 2019;46(4):457-69. https://doi.org/10.1111/jcpe. 13101 PMID: 30854670

Yang G, Singh S, McDonough CW, Lamba JK, Hamadeh I, Holliday LS, et al. Genome-wide associa-
tion study identified chromosome 8 locus associated with medication-related osteonecrosis of the jaw.
Clin Pharmacol Ther. 2021;110(6):1558-69. https://doi.org/10.1002/cpt.2397 PMID: 34390503

PLOS ONE | https://doi.org/10.1371/journal.pone.0320413  March 26, 2025 19/22



https://doi.org/10.1590/1807-3107bor-2022.vol36.0084
http://www.ncbi.nlm.nih.gov/pubmed/35703709
https://doi.org/10.1016/j.archoralbio.2022.105397
http://www.ncbi.nlm.nih.gov/pubmed/35286947
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
https://doi.org/10.1016/j.bone.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/30339908
https://doi.org/10.1038/s41598-018-37063-y
http://www.ncbi.nlm.nih.gov/pubmed/30631095
https://doi.org/10.1016/j.pdpdt.2022.103172
https://doi.org/10.1016/j.pdpdt.2022.103172
http://www.ncbi.nlm.nih.gov/pubmed/36283616
https://doi.org/10.1111/j.1600-0765.1975.tb00042.x
http://www.ncbi.nlm.nih.gov/pubmed/129558
https://doi.org/10.1371/journal.pone.0232731
https://doi.org/10.1371/journal.pone.0232731
http://www.ncbi.nlm.nih.gov/pubmed/32817640
https://doi.org/10.1155/2017/8417814
http://www.ncbi.nlm.nih.gov/pubmed/29119115
https://doi.org/10.1590/s1519-69842002000400008
http://www.ncbi.nlm.nih.gov/pubmed/12659010
https://doi.org/10.1016/j.joen.2020.11.015
http://www.ncbi.nlm.nih.gov/pubmed/33245969
https://doi.org/10.1016/j.jphotobiol.2018.05.004
https://doi.org/10.1016/j.jphotobiol.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29777942
https://doi.org/10.1371/journal.pone.0315462
http://www.ncbi.nlm.nih.gov/pubmed/39752356
https://doi.org/10.1002/JPER.20-0613
http://www.ncbi.nlm.nih.gov/pubmed/33258112
https://doi.org/10.1111/jop.12546
http://www.ncbi.nlm.nih.gov/pubmed/28054399
https://doi.org/10.1111/jcpe.13101
http://www.ncbi.nlm.nih.gov/pubmed/30854670
https://doi.org/10.1002/cpt.2397
http://www.ncbi.nlm.nih.gov/pubmed/34390503

PLOS ONE

Omega-3 attenuates the severity of medication-related osteonecrosis of the jaws in rats

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Kim S, Mun S, Shin W, Han K, Kim M-Y. Identification of potentially pathogenic variants associated
with recurrence in medication-related osteonecrosis of the jaw (MRONJ) patients using whole-
exome sequencing. J Clin Med. 2022;11(8):2145. https://doi.org/10.3390/jcm11082145 PMID:
35456240

Hunter DJ. Gene-environment interactions in human diseases. Nat Rev Genet. 2005;6(4):287-98.
https://doi.org/10.1038/nrg1578 PMID: 15803198

Allen MR, Burr DB. The pathogenesis of bisphosphonate-related osteonecrosis of the jaw: so many
hypotheses, so few data. J Oral Maxillofac Surg. 2009;67(5 Suppl):61-70. https://doi.org/10.1016/].
joms.2009.01.007 PMID: 19371816

Landesberg R, Woo V, Cremers S, Cozin M, Marolt D, Vunjak-Novakovic G, et al. Potential pathophys-
iological mechanisms in osteonecrosis of the jaw. Ann N'Y Acad Sci. 2011;1218:62—79. https://doi.
org/10.1111/j.1749-6632.2010.05835.x PMID: 21291478

Jowsey J. Studies of Haversian systems in man and some animals. J Anat. 1966;100(Pt 4):857-64.
PMID: 4961449

Kubek DJ, Burr DB, Allen MR. Ovariectomy stimulates and bisphosphonates inhibit intracortical
remodeling in the mouse mandible. Orthod Craniofac Res. 2010;13(4):214—-22. https://doi.org/10.1111/
j-1601-6343.2010.01497.x PMID: 21040464

Li CL, Lu WW, Seneviratne CJ, Leung WK, Zwahlen RA, Zheng LW. Role of periodontal disease in
bisphosphonate-related osteonecrosis of the jaws in ovariectomized rats. Clin Oral Implants Res.
2016;27(1):1-6. https://doi.org/10.1111/cIr.12502 PMID: 25371026

Pilawski I, Tulu US, Ticha P, Schipbach P, Traxler H, Xu Q, et al. Interspecies comparison of alveolar
bone biology, part I: morphology and physiology of pristine bone. JDR Clin Trans Res. 2021;6(3):352—
60. https://doi.org/10.1177/2380084420936979 PMID: 32660303

Pan J, Pilawski |, Yuan X, Arioka M, Ticha P, Tian Y, et al. Interspecies comparison of alveolar bone
biology: Tooth extraction socket healing in mini pigs and mice. J Periodontol. 2020;91(12):1653—-63.
https://doi.org/10.1002/JPER.19-0667 PMID: 32347546

Molez AM, do Nascimento EHL, Haiter Neto F, Cirano FR, Pimentel SP, Ribeiro FV, et al. Effect

of resveratrol on the progression of experimental periodontitis in an ovariectomized rat model of
osteoporosis: Morphometric, immune-enzymatic, and gene expression analysis. J Periodontal Res.
2020;55(6):840-9. https://doi.org/10.1111/jre. 12775 PMID: 32976639

Yan R, Jiang R, Hu L, Deng Y, Wen J, Jiang X. Establishment and assessment of rodent models
of medication-related osteonecrosis of the jaw (MRONJ). Int J Oral Sci. 2022;14(1):41. hitps://doi.
org/10.1038/s41368-022-00182-4 PMID: 35948539

Ficarra G, Beninati F, Rubino |, Vannucchi A, Longo G, Tonelli P, et al. Osteonecrosis of the
jaws in periodontal patients with a history of bisphosphonates treatment. J Clin Periodontol.
2005;32(11):1123-8. https://doi.org/10.1111/j.1600-051X.2005.00842.x PMID: 16212571

Klausen B. Microbiological and immunological aspects of experimental periodontal disease in rats:
a review article. J Periodontol. 1991;62(1):59-73. https://doi.org/10.1902/jop.1991.62.1.59 PMID:
2002433

Graves DT, Fine D, Teng Y-TA, Van Dyke TE, Hajishengallis G. The use of rodent models to investi-
gate host-bacteria interactions related to periodontal diseases. J Clin Periodontol. 2008;35(2):89-105.
https://doi.org/10.1111/j.1600-051X.2007.01172.x PMID: 18199146

Vargas-Sanchez PK, Moro MG, Santos FAD, Anbinder AL, Kreich E, Moraes RM, et al. Agreement,
correlation, and kinetics of the alveolar bone-loss measurement methodologies in a ligature-induced
periodontitis animal model. J Appl Oral Sci. 2017;25(5):490-7. https://doi.org/10.1590/1678-7757-2016-
0517 PMID: 29069146

Aghaloo TL, Kang B, Sung EC, Shoff M, Ronconi M, Gotcher JE, et al. Periodontal disease and
bisphosphonates induce osteonecrosis of the jaws in the rat. J Bone Miner Res. 2011;26(8):1871-82.
https://doi.org/10.1002/jomr.379 PMID: 21351151

Soundia A, Hadaya D, Esfandi N, Gkouveris |, Christensen R, Dry SM, et al. Zoledronate impairs
socket healing after extraction of teeth with experimental periodontitis. J Dent Res. 2018;97(3):312—
20. https://doi.org/10.1177/0022034517732770 PMID: 28954199

Zhang Q, Atsuta |, Liu S, Chen C, Shi S, Shi S, et al. IL-17-mediated M1/M2 macrophage alteration
contributes to pathogenesis of bisphosphonate-related osteonecrosis of the jaws. Clin Cancer Res.
2013;19(12):3176-88. https://doi.org/10.1158/1078-0432.CCR-13-0042 PMID: 23616636

Zhang W, Gao L, Ren W, Li S, Zheng J, Li S, et al. The role of the immune response in the devel-
opment of medication-related osteonecrosis of the jaw. Front Immunol. 2021;12:606043. https://doi.
0rg/10.3389/fimmu.2021.606043 PMID: 33717086

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320413  March 26, 2025 20/22



https://doi.org/10.3390/jcm11082145
http://www.ncbi.nlm.nih.gov/pubmed/35456240
https://doi.org/10.1038/nrg1578
http://www.ncbi.nlm.nih.gov/pubmed/15803198
https://doi.org/10.1016/j.joms.2009.01.007
https://doi.org/10.1016/j.joms.2009.01.007
http://www.ncbi.nlm.nih.gov/pubmed/19371816
https://doi.org/10.1111/j.1749-6632.2010.05835.x
https://doi.org/10.1111/j.1749-6632.2010.05835.x
http://www.ncbi.nlm.nih.gov/pubmed/21291478
http://www.ncbi.nlm.nih.gov/pubmed/4961449
https://doi.org/10.1111/j.1601-6343.2010.01497.x
https://doi.org/10.1111/j.1601-6343.2010.01497.x
http://www.ncbi.nlm.nih.gov/pubmed/21040464
https://doi.org/10.1111/clr.12502
http://www.ncbi.nlm.nih.gov/pubmed/25371026
https://doi.org/10.1177/2380084420936979
http://www.ncbi.nlm.nih.gov/pubmed/32660303
https://doi.org/10.1002/JPER.19-0667
http://www.ncbi.nlm.nih.gov/pubmed/32347546
https://doi.org/10.1111/jre.12775
http://www.ncbi.nlm.nih.gov/pubmed/32976639
https://doi.org/10.1038/s41368-022-00182-4
https://doi.org/10.1038/s41368-022-00182-4
http://www.ncbi.nlm.nih.gov/pubmed/35948539
https://doi.org/10.1111/j.1600-051X.2005.00842.x
http://www.ncbi.nlm.nih.gov/pubmed/16212571
https://doi.org/10.1902/jop.1991.62.1.59
http://www.ncbi.nlm.nih.gov/pubmed/2002433
https://doi.org/10.1111/j.1600-051X.2007.01172.x
http://www.ncbi.nlm.nih.gov/pubmed/18199146
https://doi.org/10.1590/1678-7757-2016-0517
https://doi.org/10.1590/1678-7757-2016-0517
http://www.ncbi.nlm.nih.gov/pubmed/29069146
https://doi.org/10.1002/jbmr.379
http://www.ncbi.nlm.nih.gov/pubmed/21351151
https://doi.org/10.1177/0022034517732770
http://www.ncbi.nlm.nih.gov/pubmed/28954199
https://doi.org/10.1158/1078-0432.CCR-13-0042
http://www.ncbi.nlm.nih.gov/pubmed/23616636
https://doi.org/10.3389/fimmu.2021.606043
https://doi.org/10.3389/fimmu.2021.606043
http://www.ncbi.nlm.nih.gov/pubmed/33717086

PLOS ONE

Omega-3 attenuates the severity of medication-related osteonecrosis of the jaws in rats

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Neumann T, Herzog VA, Muhar M, von Haeseler A, Zuber J, Ameres SL, et al. Quantification of exper-
imentally induced nucleotide conversions in high-throughput sequencing datasets. BMC Bioinformat-
ics. 2019;20(1):258. https://doi.org/10.1186/s12859-019-2849-7 PMID: 31109287

Komarova N, Barkova D, Kuznetsov A. Implementation of high-throughput sequencing (HTS) in
aptamer selection technology. Int J Mol Sci. 2020;21(22):8774. https://doi.org/10.3390/ijms21228774
PMID: 33233573

Brabbing-Goldstein D, Reches A, Svirsky R, Bar-Shira A, Yaron Y. Dilemmas in genetic counseling for
low-penetrance neuro-susceptibility loci detected on prenatal chromosomal microarray analysis. Am J
Obstet Gynecol 2018;218:247.e1-247.e12. hitps://doi.org/10.1016/j.ajog.2017.11.559

Ma H, Zhang W, Shi J. Differentially expressed genes reveal the biomarkers and molecular mech-
anism of osteonecrosis. J Healthc Eng. 2022;2022:8684137. https://doi.org/10.1155/2022/8684137
PMID: 35035862

Kaneko N, Kurata M, Yamamoto T, Morikawa S, Masumoto J. The role of interleukin-1 in general
pathology. Inflamm Regen. 2019;39:12. hitps://doi.org/10.1186/s41232-019-0101-5 PMID: 31182982

Nguyen L, Dewhirst FE, Hauschka PV, Stashenko P. Interleukin-1 beta stimulates bone resorption
and inhibits bone formation in vivo. Lymphokine Cytokine Res. 1991;10(1-2):15-21. PMID: 1873357

Van Dyke TE, Bartold PM, Reynolds EC. The nexus between periodontal inflammation and dysbiosis.
Front Immunol. 2020;11511. https://doi.org/10.3389/fimmu.2020.00511 PMID: 32296429

Ott LW, Resing KA, Sizemore AW, Heyen JW, Cocklin RR, Pedrick NM, et al. Tumor necrosis factor-
alpha- and interleukin-1-induced cellular responses: coupling proteomic and genomic information. J
Proteome Res. 2007;6(6):2176-85. hitps://doi.org/10.1021/pr060665! PMID: 17503796

Hasturk H, Kantarci A, Ohira T, Arita M, Ebrahimi N, Chiang N, et al. RvE1 protects from local
inflammation and osteoclast- mediated bone destruction in periodontitis. FASEB J. 2006;20(2):401-3.
https://doi.org/10.1096/fj.05-4724fje PMID: 16373400

Mizraji G, Heyman O, Van Dyke TE, Wilensky A. Resolvin D2 restrains Th1 Immunity and prevents
alveolar bone loss in Murine periodontitis. Front Immunol. 2018;9:785. https://doi.org/10.3389/
fimmu.2018.00785 PMID: 29922275

Serhan CN, Chiang N, Dalli J. New pro-resolving n-3 mediators bridge resolution of infectious
inflammation to tissue regeneration. Mol Aspects Med. 2018;64:1-17. https://doi.org/10.1016/j.
mam.2017.08.002 PMID: 28802833

Coxon FP, Thompson K, Roelofs AJ, Ebetino FH, Rogers MJ. Visualizing mineral binding and uptake
of bisphosphonate by osteoclasts and non-resorbing cells. Bone. 2008;42(5):848—60. https://doi.
org/10.1016/j.bone.2007.12.225 PMID: 18325866

Soares AP, do Espirito Santo RF, Line SRP, Pinto M das GF, Santos P de M, Toralles MBP, et al.
Bisphosphonates: Pharmacokinetics, bioavailability, mechanisms of action, clinical applications in
children, and effects on tooth development. Environ Toxicol Pharmacol. 2016;42:212-7. hitps://doi.
org/10.1016/j.etap.2016.01.015 PMID: 26895384

Luckman SP, Hughes DE, Coxon FP, Graham R, Russell G, Rogers MJ. Nitrogen-containing
bisphosphonates inhibit the mevalonate pathway and prevent post-translational prenylation of
GTP-binding proteins, including Ras. J Bone Miner Res. 1998;13(4):581-9. hitps://doi.org/10.1359/
jomr.1998.13.4.581 PMID: 9556058

Kim J-W, Cha I-H, Kim S-J, Kim M-R. Biomarkers for bisphosphonate-related osteonecrosis of
the jaw. Clin Implant Dent Relat Res. 2016;18(2):281-91. https://doi.org/10.1111/cid. 12297 PMID:
25726720

Patntirapong S, Singhatanadgit W, Chanruangvanit C, Lavanrattanakul K, Satravaha Y. Zoledronic
acid suppresses mineralization through direct cytotoxicity and osteoblast differentiation inhibition.
J Oral Pathol Med. 2012;41(9):713—20. https://doi.org/10.1111/].1600-0714.2012.01154.x PMID:
22563819

Hadad H, Matheus HR, Chen JE, Jounaidi Y, Souza FA, Guastaldi FPS. Dose-dependent effects
of zoledronic acid on the osteogenic differentiation of human bone marrow stem cells (hBMSCs).
J Stomatol Oral Maxillofac Surg. 2023;124(6):101479. https://doi.org/10.1016/j.jormas.2023.101479
PMID: 37080358

Fliefel R, El Ashwah A, Entekhabi S, Kumbrink J, Ehrenfeld M, Otto S. Bifunctional effect of Zoledronic
Acid (ZA) on human mesenchymal stem cells (hMSCs) based on the concentration level. J Stomatol
Oral Maxillofac Surg. 2020;121(6):634—41. hitps://doi.org/10.1016/j.jormas.2020.03.004 PMID: 32171967

Scheper MA, Badros A, Chaisuparat R, Cullen KJ, Meiller TF. Effect of zoledronic acid on oral fibro-
blasts and epithelial cells: a potential mechanism of bisphosphonate-associated osteonecrosis. Br J
Haematol. 2009;144(5):667-76. https://doi.org/10.1111/{.1365-2141.2008.07504.x PMID: 19036117

PLOS ONE | https://doi.org/10.1371/journal.pone.0320413  March 26, 2025 21/22



https://doi.org/10.1186/s12859-019-2849-7
http://www.ncbi.nlm.nih.gov/pubmed/31109287
https://doi.org/10.3390/ijms21228774
http://www.ncbi.nlm.nih.gov/pubmed/33233573
https://doi.org/10.1016/j.ajog.2017.11.559
https://doi.org/10.1155/2022/8684137
http://www.ncbi.nlm.nih.gov/pubmed/35035862
https://doi.org/10.1186/s41232-019-0101-5
http://www.ncbi.nlm.nih.gov/pubmed/31182982
http://www.ncbi.nlm.nih.gov/pubmed/1873357
https://doi.org/10.3389/fimmu.2020.00511
http://www.ncbi.nlm.nih.gov/pubmed/32296429
https://doi.org/10.1021/pr060665l
http://www.ncbi.nlm.nih.gov/pubmed/17503796
https://doi.org/10.1096/fj.05-4724fje
http://www.ncbi.nlm.nih.gov/pubmed/16373400
https://doi.org/10.3389/fimmu.2018.00785
https://doi.org/10.3389/fimmu.2018.00785
http://www.ncbi.nlm.nih.gov/pubmed/29922275
https://doi.org/10.1016/j.mam.2017.08.002
https://doi.org/10.1016/j.mam.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28802833
https://doi.org/10.1016/j.bone.2007.12.225
https://doi.org/10.1016/j.bone.2007.12.225
http://www.ncbi.nlm.nih.gov/pubmed/18325866
https://doi.org/10.1016/j.etap.2016.01.015
https://doi.org/10.1016/j.etap.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26895384
https://doi.org/10.1359/jbmr.1998.13.4.581
https://doi.org/10.1359/jbmr.1998.13.4.581
http://www.ncbi.nlm.nih.gov/pubmed/9556058
https://doi.org/10.1111/cid.12297
http://www.ncbi.nlm.nih.gov/pubmed/25726720
https://doi.org/10.1111/j.1600-0714.2012.01154.x
http://www.ncbi.nlm.nih.gov/pubmed/22563819
https://doi.org/10.1016/j.jormas.2023.101479
http://www.ncbi.nlm.nih.gov/pubmed/37080358
https://doi.org/10.1016/j.jormas.2020.03.004
http://www.ncbi.nlm.nih.gov/pubmed/32171967
https://doi.org/10.1111/j.1365-2141.2008.07504.x
http://www.ncbi.nlm.nih.gov/pubmed/19036117

PLOS ONE

Omega-3 attenuates the severity of medication-related osteonecrosis of the jaws in rats

85.

86.

87.

88.

89.

Soares MQS, Van Dessel J, Jacobs R, da Silva Santos PS, Cestari TM, Garlet GP, et al. Zoledronic
acid induces site-specific structural changes and decreases vascular area in the alveolar bone. J Oral
Maxillofac Surg. 2018;76(9):1893-901. https://doi.org/10.1016/j.joms.2018.03.007 PMID: 29626448

Shen §, Yan G, Cao'Y, Zeng Q, Zhao J, Wang X, et al. Dietary supplementation of n-3 PUFAs
ameliorates LL37-induced rosacea-like skin inflammation via inhibition of TLR2/MyD88/NF-«kB path-
way. Biomed Pharmacother. 2023;157:114091. hitps://doi.org/10.1016/j.biopha.2022.114091 PMID:
36481403

Zgorzynska E, Wierzbicka-Ferszt A, Dziedzic B, Witusik-Perkowska M, Zwolinska A, Janas A, et al.
Docosahexaenoic acid attenuates oxidative stress and protects human gingival fibroblasts against
cytotoxicity induced by hydrogen peroxide and butyric acid. Arch Oral Biol. 2015;60(1):144-53. https://
doi.org/10.1016/j.archoralbio.2014.09.009 PMID: 25455128

Hadad H, Matheus HR, Pai Sl, Souza FA, Guastaldi FPS. Rodents as an animal model for studying
tooth extraction-related medication-related osteonecrosis of the jaw: assessment of outcomes. Arch
Oral Biol. 2024;159:105875. https://doi.org/10.1016/j.archoralbio.2023.105875 PMID: 38160519

Panezai J, Van Dyke TE. Resolution of inflammation: intervention strategies and future applica-

tions. Toxicol Appl Pharmacol. 2022;449:116089. https://doi.org/10.1016/j.taap.2022.116089 PMID:
35644268

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320413  March 26, 2025 22/22



https://doi.org/10.1016/j.joms.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29626448
https://doi.org/10.1016/j.biopha.2022.114091
http://www.ncbi.nlm.nih.gov/pubmed/36481403
https://doi.org/10.1016/j.archoralbio.2014.09.009
https://doi.org/10.1016/j.archoralbio.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25455128
https://doi.org/10.1016/j.archoralbio.2023.105875
http://www.ncbi.nlm.nih.gov/pubmed/38160519
https://doi.org/10.1016/j.taap.2022.116089
http://www.ncbi.nlm.nih.gov/pubmed/35644268

