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Introduction: Periodontitis is an immune-mediated inflammatory disease
affecting almost half of the adult population and is the leading cause of tooth
loss in the United States. The role of extracellular nucleotide signaling including
nucleotide metabolizing enzyme CD73 adds an important layer of interaction of
purine mediators capable of orchestrating inflammatory outcomes. CD73 is able
to catabolize 5'-adenosine monophosphate into adenosine at the extracellular
level, playing a critical role in regulating many processes under physiological and
pathological conditions. Here, we explored the role of CD73 in ligature-induced
periodontitis in vivo comparing wild-type C57Bl/6J and CD73-deficient mice.
Methods: We assessed gingival levels of inflammatory cytokines in vivo and in
murine gingival fibroblasts in vitro, as well as bone loss, and RANKL-induced
osteoclastogenesis. We have also analyzed CD73 mRNA in samples derived from
patients diagnosed with severe periodontitis.

Results: Our results in mice show that lack of CD73 resulted in increased
inflammatory cytokines and chemokines such as IL-1f, IL-17, Cxcll and Cxcl2 in
diseased gingiva relative to the healthy-controls and in comparison with the
wild type. CD73-deficient gingival fibroblasts also manifested a defective healing
response with higher MMP-13 levels. CD73-deficient animals also showed
increased osteoclastogenesis in vitro with increased mitochondrial metabolism
typified by excessive activation of oxidative phosphorylation, increased
mitochondrial membrane potential and accumulation of hydrogen peroxide.
Micro-CT analysis revealed that lack of CD73 resulted in decreased bone
mineral density, decreased trabecular bone volume and thickness as well as
decreased bone volume in long bones. CD73 deficiency also resulted in
increased alveolar bone loss in experimental periodontitis. Correlative studies of
gingival samples from severe (Grade C) periodontitis showed decreased levels of
CD73 compared to healthy controls, further supporting the relevance of our
murine results.
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Conclusion: In conclusion, CD73 appears to play a protective role in the gingival
periodontal tissue and bone homeostasis, regulating hyper-inflammatory state of
stromal fibroblasts and osteoclast energy metabolism and being an important
candidate for future target therapies to prevent or control immune-mediated
inflammatory and osteolytic diseases.
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Although periodontitis is a chronic inflammatory disease,
presenting a late onset in the majority of the patients, our
knowledge about the mediators and markers associated with more
severe manifestation of the disease and hyper-inflammatory
responses leading to osteolytic destruction are unclear. In this
context, the influence of nucleotide metabolizing enzymes such as
ecto-5"-nucleotidase (NT5E), also known as CD73, characterizing
purinergic influence on inflammatory alveolar bone loss is very
limited. CD73 is a cell surface marker that generates adenosine,
which can be critical to resolve persistent inflammation by binding
to adenosine receptors. It has been demonstrated CD73-generated
extracellular adenosine promotes resolution of neutrophil-mediated
tissue injury (1), being generally regarded as a homeostatic
mediator against tissue damage and stress conditions (2).

Regarding bone biology, CD73/adenosine signaling is a key
mechanism of osteoblast differentiation and activation during
development and murine bone homeostasis (3). Previous study in
CD73 ~'~ knockout mouse model, revealed an essential role for
CD73 in bone healing of tibial defect in aged mice (4). The
metabolic profile of bone resorptive cells is a field of intensive
investigation in osteoclast biology (5). Because of high energy
demand of bone-resorbing activity, osteoclasts rely on mitochondrial
metabolism as the main source of reactive oxygen species which are
used to fuel RANKL-induced differentiation and activation (6).

In this study, we discovered gingival fibroblast hyper-inflammatory
response and osteoclast mitochondrial metabolism and activity is
highly dependent on CD73, ultimately affecting the magnitude of
bone loss. Our approach consisted of cause-and-effect studies in
CD73 knockout in vivo model and loss of function in vitro analysis,
combined with human correlative studies using severe periodontitis
and healthy samples. Our results suggest that CD73 plays a
protective role in bone metabolism and by controlling inflammation-
associated gingival fibroblast state. We also demonstrated the
importance of CD73 in mitochondrial metabolic function driving
RANKL-induced osteoclastogenesis and alveolar bone loss.

Ethics statement

The Institutional Animal Care and Use Committee (IACUC) of

Augusta  University  (protocol# 2021-1054) approved all

experimental procedures.
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Animal ligature-induced periodontitis

Mature adult (3-6 months) sex-matched males and females
C57BL/6] mice or CD73-deficient (B6.129S1-Nt5etm1Lft/]; Strain
#:018986) were purchased from the Jackson Laboratory (JAX
mice) and subjected to ligature placement on maxillary second
molar using silk 5-0 (n =8/group). For ligature placement, mice
were anesthesized by intraperitoneal injection of a rodent
cocktail consisting of ketamine (100 mg/kg) and xylazine (10 mg/
kg). The ligature was left in place in all mice for 8 days of
experimental period. The contralateral molar tooth in each
mouse was left un-ligated to serve as baseline internal control for
alveolar bone loss measurements. At the end of the 8 days,
animals were euthanized by carbon dioxide followed by cervical
dislocation as secondary method, and hemimaxillae harvested for
assessment of alveolar bone loss by microcomputed tomography
(micro-CT). Gingival tissues were harvested from the same
animals and further processed for RT-qPCR, and primary
gingival fibroblasts were primarily cultured for gene expression,
protein analysis and wound healing assays. Femurs were
extracted from male mice for micro-CT analysis and for
differentiation of osteoclasts and subsequent assays in vitro. For
the micro-CT analysis of femurs and maxillae the investigator
was blinded during all analyses. They were housed in cages of
five animals maximum per cage in a room with controlled
humidity and temperature, and light/dark cycles of 12h.
Approximately 48 animals were used in total.

Fibroblast cell culture and treatments

Primary murine gingival fibroblasts (mGF) were isolated from
healthy mouse gingiva (C57Bl/6] or CD73™'7). Briefly, murine cells
were isolated and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 20% fetal bovine serum and 100 UI/
ml penicillin/streptomycin. mGF were cultured in a 5% CO,
incubator at 37°C. The growth media was replaced every 2-3
days. Experiments were performed using cells between the 2nd
and 8th passages, at approximately 80% confluence as detailed in
figure legends. Viable cells were automatically counted using a
cell counter and Trypan Blue staining and seeded in uniformity
of cell distribution the day before each experiment. Fibroblast
characterization was monitored per the expression of Vimentin
and Collagen type I (Collal) positive staining. For cell
treatments, 1 ng/ml mouse recombinant IL-1f (401-ML, R&D
systems) was used for the time indicated in each figure legend.
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RNA isolation, cDNA synthesis and
quantitative PCR (RT-qPCR)

RNA was extracted from 1 x 10° cells/well with the Invitrogen
PureLink RNA Mini Kit (ThermoFisher Scientific) according to the
manufacturer’s instruction. Reverse transcription was performed
using a SuperScript IV VILO Master Mix (ThermoFisher Scientific)
to obtain ¢cDNA from Nanodrop read samples. The quantitative
PCR was performed using the following inventoried Taqman
assays: murine 1113 [MmO00434228_ml]; 1117a [Mm00439618_m1]
Cxcll [Mm04207460_ml]; Cxcl2 [Mm00436450_m1l]; Collal
[MmO00801666_gl1]; Tgfbl [MmO01178820_ml]; in a 10uL final
volume using TagMan Fast Advanced Master Mix in a StepOne
Plus Real-Time PCR system (Applied Biosystems). Relative
quantitation of the reference gene (i.e., Actb—Mm02619580_g1)
vs. the target gene was performed in duplex reactions and
calculated using the comparative Ct (44ACt) values to generate
the RQ for each sample based on the established cycle threshold
for each target. Analysis was performed using the StepOne Plus
software and Graph Pad Prism.

Wound healing assay

CytoSelect 24-well wound healing assay (Cell Biolabs, Inc) was
used to consistently measure cell migration and/or proliferation for
wound closure between mGF derived from WT and CD73-
deficient animals. Briefly, mGF were seeded (5 x 10° cells/ml) in
the presence of the wound healing inserts for 24 h. After
confirmation that a monolayer of cells was formed, the inserts
were removed generating a 0.9 mm “wound field”. Cells were left
undisturbed and monitored for wound closure after 24 h. mGF
were fixed and labeled with DAPI fluorescence to stain cell
nuclei. The experiment was done in triplicate for each group and
repeated at least 3 times to ensure reproducible results. Pictures
were taken using a fluorescence microscope (Keyence BZ-X800
Series) in 4x objective lens and the wound closure was measured
per the total fluorescence area using the Fiji software.

Zymography

Murine gingival fibroblasts were generated as above described.
After 24 h of culture, MMP-2 and MMP-9 activity was measured in
fibroblast supernatant. In total, 500 ul of mGF supernatant was
concentrated by centrifugation for 15min at 13,000 g using
centrifugal filter untis Amicon Ultra Centrifugal Filters (Millipore
Sigma). Briefly, 15ul of supernatant was loaded in 10%
Zymogram Plus (Gelatin) Protein Gel to detect MMPs activity.
After electrophoresis, gels were incubated for 30 min in 100 ml
of 1x Renaturing Buffer. After Renaturing Buffer, the gels were
incubated for 30 min in 100 ml of 1x Developing Buffer, then
incubated overnight at 37°C in fresh 100 ml of 1x Developing
Buffer. Next day, the gels were washed 3x for 5min each with
100 ml of deionized water. The gels were stained in 40 ml of
Page Blue Staining solution for 2h and washed 3x with
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deionized water before imaging. Images were acquired using a
ChemiDoc Touch Imager (Bio-Rad). The bands on the blots
were quantified using the Image Lab Software (Bio-Rad) relative
to WT control. Data are representative of three independent
experiments in duplicate with similar results.

Osteoclast differentiation

Osteoclast differentiation was performed as previously described
(7). Briefly, bone marrow cells isolated from male femurs were
cultured in a-MEM supplemented with 1% penicillin/streptomycin
and 10% fetal bovine serum (FBS) in the presence of murine
Macrophage colony-stimulating factor (M-CSF) (30 ng/ml). After
3 days, adherent cells were treated with M-CSF (30 ng/ml) and
murine Receptor activator of nuclear factor kappa beta ligand
(RANKL) (10 ng/ml). The medium was changed every other day.
After 3 days, cells were stained by tartrate-resistant acid
phosphatase (TRAP) staining (Millipore Sigma) and images were
captured using the BZ-X810 microscopy (Keyence) using 10x
objective lens. Cells were treated and collected according to each
set of experiments. TRAP + cells containing three or more nuclei/
cell were quantified. Total mature osteoclasts were counted and
represented as TRAP + cells/well.

Resorption pit assay

Murine adherent cells were seeded onto 96-well
hydroxyapatite-coated ~ plates  (OsteoAssay-Corning)  using
osteoclastogenic media, as described in our osteoclast

differentiation protocol. After 4 days, the cells were removed, and
the extent of bone resorption was quantified by measuring the
size and number of resorption pits formed by osteoclasts on the
bone substrate. Image analysis software (Image]) was employed
to calculate the pit area and resorption activity after acquiring
images in a Keyence BZ-X800 Series microscope using a 10x
objective lens. The investigator was blinded during all analyses.

Western blot

For Western blot (WB) analyses, cold RIPA buffer
(ThermoFisher) was applied to extract total protein from 1 x
10° cells/mL in 24 well plates. The extracted proteins were
measured using the BCA protein assay reagent kit (Pierce
Protein Biology). An equal amount of total protein (10 ug of
protein/lane) was then resolved with a 5%-12% SDS-PAGE gel
and electrotransferred onto a polyvinylidenedifluoride (PVDF)
membrane (Bio-Rad) in a fast-transfer mode. The blots were
(ECL)
detection kit (Bio-Rad) and visualized using a ChemiDoc Touch

developed using an enhanced chemiluminescence
Imager (Bio-Rad). The bands on the blots were quantified using
the ImageLab Software (Bio-Rad) and normalized for the loading
control for densitometry analysis. Data are representative of three

independent experiments in duplicate with similar results. The
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original uncropped images of all WB figures presented are provided
in

Antibodies

WB experiments were performed using the following
antibodies with respective dilutions: Antibodies from Abcam:
Total OXPHOS Rodent WB cocktail (1:1,000, ab110413);
Cathepsin K (1:3,000 #ab207086); Goat Anti-rabbit IgG (HRP)
(1:25,000 #ab97051); Antibodies from Cell Signaling: Catalase
(1:1,000, #14097); HRP Conjugate A-Tubulin (9F3) (1:1,000,
#5346); HRP conjugate H3 (1:1,000 # 12648), HRP conjugate
B-Actin (1:1,000 # 12620); HRP Conjugate GAPDH (1:1,000,
#3683); CD73 (1:1,000, #PA5-85958, Invitrogen); ATP6V0OD2
(1:1,000 #NBP1-54595, Novus Biologicals).

Hydrogen peroxide (H,0,) measurement

H,O, levels were measured using the ROS-GLO H,O, assay
(Promega), following the manufacturer’s instructions. Briefly,
osteoclasts were seeded in opaque 96-well plates as described in
our osteoclast differentiation protocol. On day 3 of RANKL
differentiation, the H,O, substrate solution was added to the cell
culture at a final concentration of 25uM and incubated for 6 h.
After this period, the cells were incubated at room temperature
for 20 min with 100 pl of detection solution containing luciferin.
Next, the relative luminescence units were recorded using a
luminescence plate reader (SynergyH1, BioteK).

Assessment of mitochondrial membrane
potential

Mitochondrial membrane potential was assessed with Cell
Meter™ JC-10 Mitochondrion Membrane Potential Assay Kit
(AAT Bioquest) following the manufacturer’s recommendations.
Briefly, cells were seeded onto 96 well black/clear bottom plate
and cultured as described in our osteoclast differentiation protocol.
On day 3, the JC-10 dye solution was added for 30 min at 37°C,
5% CO,. The fluorescent intensities for both J-aggregates and
monomeric forms of JC-10 were analyzed by a plate reader
(SynergyH1, BioTek) at Ex/Em =490/525 and 540/590 nm.

Human sample data

Transcript (mRNA) levels of CD73 were derived from stored
peripheral blood mononuclear cell (PBMCs) cDNA from Grade
C molar/incisor pattern vs. healthy individuals (n = 30/group) as
previously described (8). All research subjects were enrolled in
the previous study (8) after providing written informed consent
approved by the Institutional Review Board (IRB) of the
University of Florida in Gainesville (IRB#201400349) and
University of Kentucky (IRB#44933). The cohort re-examined in
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this study was part of a registered clinical trial (Clinicaltrials.gov
#NCT01330719).

Statistical analysis

Statistical analysis was conducted for three independent
experiments using the GraphPad Prism v9 software (GraphPad,
San Diego, CA, USA) using ANOVA followed by multiple
comparison tests. Data are presented as mean+S.D. The cell
number per well was chosen based on cell density optimization
experiments for the specific assay. The significance level of p
is indicated in each graph and in figure legends (*p<0.05;
**p <0.01; **p <0.001; ****p < 0.0001).

CD73 deficiency leads to increased gingival
inflammatory markers in experimental
periodontitis and hyper-inflammatory
response with defective healing capacity of
gingival fibroblasts

In a previous study, we have shown CD73-dependent adenosine
dampens the inflammatory-associated phenotype of human gingival
fibroblasts typified by hyper secretion of CXCL8 chemokine induced
by IL-1B (9). In the present study, the local inflammatory response in
murine gingiva was determined ex vivo by measuring mRNA levels of
key inflammatory markers in the pathogenesis of periodontitis using
ligature-induced periodontitis model as previously described (10) and
previously performed by our group (11). We detected a significant
increase in mRNA levels of Interleukin (IL)-1B, IL-17 and the
chemokines Cxcll and Cxcl2 which are important neutrophil
chemoattractants (corresponding to Cxcl8 in humans) in gingival
tissue derived from CD73-deficient animals with periodontitis

,B,F,G). We then isolated
explants

when compared to the WT (

the primary fibroblasts from of murine gingiva
( ) and challenged them in vitro with murine IL-18
(1 ng/ml) to see the response of the gingival dominant cells in
periodontium. Inflammatory-associated state of gingival fibroblasts
induced by IL-1B revealed significantly higher expression of Cxcll
and Cxcl2 in CD73-deficient fibroblasts with decreased Collal and
increased Tgf-B1 (

of Tgf-B1 on fibroblast proliferation are inconsistent in existing

,E,;HLI). Even though the implications

literature and may typically be context-dependent of other

interacting mediators (12) many studies have reported
antiproliferative effects (13, 14). A previous study has demonstrated
loss of CD73 being context determinant for increased Tgf-p (15),
which in our model combined with decreased Collal could impact
healing outcome. We also detected decreased wound healing
capacity of CD73-deficient fibroblasts, using the wound healing
assay in vitro which resulted in significantly lower area covered by
CD?73-deficient fibroblasts both in the presence or absence of IL-1f
( ). Representative images of decreased closure of the

wounded area (dashed lines) are shown in -N. Further
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Cd73 deficiency leads to increased gingival inflammatory markers in experimental periodontitis, hyper-inflammatory response with defective healing
capacity and increased MMP-13 in gingival fibroblasts. The gingival mMRNA expression of murine (A) Interleukin-1 beta (IL)-1B, (B) IL-17, (F) Cxcll, and
(G) Cxcl2 relative to B-actin as a reference gene were measured by RT-gPCR in WT and CD73~/~ animals comparing control (unligated side) vs.
periodontitis (ligated side). (C) Primary murine gingival fibroblasts (mGF) explants depicts primary cells after 8 days of culture. The mGF mRNA
expression of (D) Cxcll (E) Cxcl2 (H) Collagen-1(Collal), and (I) Tgf-B (Tgfbl) relative to B-actin as a reference gene by RT-gPCR after 24 h of murine
IL-1B stimulation (1 ng/ml). (J) Total Fluorescence area of wound closure for WT and CD73-deficient fibroblasts submitted to wound healing assay
Representative images of wound healing assay demonstrating the cell invasion into the cell-free region (outlined) is impaired in CD73-deficient cells
Images depicting (K) WT control or (L) WT with IL-1B, (M) CD73~'~ control and (N) CD737/~ with IL-1B. Cell nuclei were stained with DAPI (4',6-
diamidino-2-phenylindole) blue-fluorescent DNA stain to determine total fluorescence area representing wound closure after 24 h. (O) MMP-9 and
MMP-2 activity by zymography image and respective (Q) densitometric analysis of mGF supernatants derived from WT or CD73~/~ -animals with or
without IL-1B stimulation (1 ng/ml) for 24 h. (P) MMP-13 protein expression by immunoblot of mGF extracts derived from WT or CD73™/~ -animals
with or without IL-1B stimulation (1 ng/ml) for 24 h. (R) MMP-13 densitometry analysis compared to -Tubulin as loading control. Data are presented

as mean + S.D. (*p<0.05; **p <0.01; ***p <0.001; ****p <0.0001). Scale bars: 100 um.

analyzed was the activity of gelatinases MMP-2 and MMP-9
(Figure 10) and the protein expression of collagenase MMP-13
(Figure 1P), since previous research has shown the importance of
MMPs in wound healing (16). Previous studies have demonstrated
the relevance of MMP-2 and MMP-9 in periodontal diseases (17)
and increased MMP-13 activity in both murine model of
periodontitis (18) and human periodontitis (19). In our model,
densitometry analysis revealed that constitutive activity of MMP-2
was not different between WT or CD73-deficient cells, but MMP-9
activity was significantly lower in fibroblasts derived from CD73™/~
mice (Figure 1Q). The full functional implications of MMP-9 in
CD?73-deficient fibroblasts remain to be defined. However, MMP-9
seems to play a key role in modulating tissue reorganization
mediated through fibroblast contractile activity (20) and mice that
lack MMP-9 display delayed wound healing (21), consistent with
our results. Furthermore, we detected significantly higher MMP-13
in CD73-derived fibroblasts challenged with IL-1B (Figure IR).
These results indicate the consequences of CD73 deficiency in
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fibroblasts
response, defective healing capacity and increased MMP-13
expression in the context of periodontal inflammation.

stromal which presented a hyper-inflammatory

CD73 deficiency leads to bone loss and
aggravate ligature-induced alveolar bone loss

Due to recent studies revealing that MMP-13 produced by
mesenchymal cells plays a role in the loss of bone mass (22) and
because bone resorption is the hallmark of periodontitis, we then
decided to investigate the role of CD73 in bone loss in our
experimental model of ligature-induced periodontitis. We ligated
the upper right second molar according to our previous work (11)
and left the upper left second molar unligated to serve as an
internal control for alveolar bone loss. After 8 days of ligature-
induced periodontitis, we assessed the alveolar bone loss by micro-
CT. We confirmed significant bone loss in the ligated site (right

frontiersin.org
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side) vs. the unligated control site (left side) after 8 days of disease
induction (Figures 2A-D). Our results revealed a significantly
greater alveolar bone loss reflected by the distance from the
cemento-enamel junction to the alveolar bone crest in mm in
CD73-deficient animals when compared to WT (Figure 2E).

Since adenosine signaling has been investigated previously in
bone metabolism and the signaling via adenosine receptor A2bR
has been described to play an important role in bone
homeostasis (23) positively regulating osteoblast differentiation
(3), we decided to check the long bone phenotype of CD73-
deficient animals. The phenotype of aggravated bone loss in
CD73-deficient animals was also seen in long bones (Figures 2F,
G). When we compared the long bones (femurs) of the C57Bl/6]
wild-type (WT) vs. CD73 knockout mice (CD737'7), we detected
a significant lower bone mineral density, percent bone volume,
trabecular bone volume and trabecular thickness (Figures 2H-K)
as also shown in the cross section slices presented in Figures 2F,G.
These data confirmed that in the absence of functional CD73, bone
loss was increased which then prompted us to investigate
specifically the phenotype of osteoclasts which are key players
controlling bone resorption.
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The lack of CD73 leads to increased
osteoclastogenesis in vitro

We then investigated the role of CD73 in the differentiation and
activation of osteoclasts. Our osteoclast differentiation model using a
combination of M-CSF and RANKL is shown in Figure 3A. We
detected a peak of CD73 expression on day 2 of osteoclast
differentiation (Figure 3B), and as cells progressed towards a more
differentiated state with 3 days, the CD73 expression decreased in
WT-derived cells (Figures 3B,C). When we compared the
osteoclast differentiation between WT and CD73-deficient cells, we
saw a significantly higher osteoclast differentiation by Tartrate-
resistant acid phosphatase (TRAP)-positive staining in CD73-
deficient cells (Figure 3D). Both the number and size of
osteoclasts were increased with the lack of functional CD73
(Figures 3H,I). CD73-deficient osteoclasts also resorbed more
bone in vitro, as detected per the higher pit resorption in CD73™/~
cells compared to WT (Figure 3D—lower panels, J).

Bone resorption relies on the extracellular acidification
function of vacuolar (V-) ATPase proton pump(s) present in the
Because ATP6VO0D2,

plasma membrane of osteoclasts. an
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isoform of the d subunit in the V-ATPase has been shown to be
highly expressed in mature osteoclasts, being a regulator of cell
fusion in osteoclast differentiation (24), we investigated the
protein expression of ATP6VOD2 in osteoclast extracts. We have
also investigated the expression of Cathepsin K, which is a
lysosomal cysteine protease whose highest expression is found in
osteoclasts being the active form localized in the ruffled borders
of osteoclasts (25). The enzymes V-ATPaseD2 (ATP6VO0D2)
(Figures 3E,F) and Cathepsin K (Figures 3E,G)
significantly increased in CD73-deficient osteoclasts confirming
increased bone-resorbing activity of osteoclasts in the lack of CD73.

were

CD73 deficiency leads to increased
osteoclastogenesis through higher
oxidative phosphorylation

Our previous work showed that adenosine boosts mitochondrial
health in stromal cells through mitochondrial biogenesis, leading to
decreased inflammation (26). Accordingly, we assessed how
mitochondrial metabolism of osteoclasts is impacted by lack of
adenosine resulting from CD73 deficiency. Mitochondrial oxidative

Frontiers in Oral Health

phosphorylation (OXPHOS) is the main bioenergetic source for
human osteoclast formation (27). Our hypothesis is that the
increased osteoclastogenesis detected in CD73-deficient cells is
driven by increased expression of the OXPHOS complexes in
CD73-deficient We oxidative
phosphorylation was increased as
upregulation of mitochondrial complexes of the electron transport
chain (ETC), such as subunits of complex V, III and II in CD73-
deficient osteoclasts compared to WT cells (Figures 4A-E). The
mitochondrial membrane potential was also increased in CD73-
deficient cells (Figure 4F), which supports our hypothesis that the
higher osteoclastogenesis in CD73-deficient cells was associated
with higher mitochondrial activity in these cells.

The OXPHOS is not only responsible for producing high-
energy phosphates, such as ATP, but are also involved in various

osteoclasts. confirmed

evidenced by significant

cellular processes, including generating reactive oxygen species
(ROS) (6, 28). Osteoclasts from CD73-deficient mice exhibited
higher H,0, levels during RANKL-induced differentiation as
compared with WT-derived cells (Figure 4G). Because we
detected high levels of ETC proteins and ROS, we examined the
expression of the enzyme catalase, a crucial antioxidant enzyme
responsible for breaking down hydrogen peroxide into water and
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levels. Increased mitochondrial oxidative phosphorylation detected through (A) increased expression of OXPHOS protein complexes in CD737/~ -derived
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-derived osteoclasts with the respective (I) densitometry analysis relative to g-actin as loading control. Data are
presented as mean + S.D. (*p <0.05; **p <0.01; ***p <0.001, ns = not significant).

oxygen. As expected, catalase was decreased in CD73-deficient
osteoclasts (Figures 4H,I) which corroborates the notion that the
lack of CD73 showed to accumulate functional osteoclasts due to
increased OXPHOS leading to the accumulation of H,O, and
lack of clearance of ROS, because of decreased catalase.

Decreased CD73 level is associated with
severe grade C molar-incisor periodontitis

Because we wanted to assess the relevance of CD73 in regards
to the severity of periodontitis, in this study we assessed the
mRNA levels of CD73 in PBMCs from patients affected with a
severe manifestation of the disease classified currently as Grade
C molar-incisor pattern (C/MIP) from an existing cohort of
patients (8). We detected a significant reduction in CD73 levels
in periodontitis Grade C/MIP compared to healthy individuals
age matched (5-25 years old) (Figure 5A). We also compared
the baseline levels with the CD73 expression after 3 months or
6 months post non-surgical periodontal treatment [scaling and
root planing (SRP)] (Figure 5B). Our results demonstrated
increased CD73 mRNA after 3 months or 6 months of SRP
compared to baseline (Figure 5B) which confirms the relevance
of the CD73
periodontitis, specially in a clinical pattern of severe, rapid rate

ectonucleotidase to the pathogenesis of

of bone destruction and early onset form of disease. A

summary of our findings is provided in the schematic drawing
in Figure 5C.

Frontiers in Oral Health

Discussion

In the present study, we demonstrated for the first time that the
ectonucleotidase CD73 [also known as 5 -nucleotidase ecto
(NT5E)] has a protective role in periodontitis. By combining in
vivo ligature-induced periodontitis mouse model in CD73-
deficient animals with ex vivo and in vitro cell analysis
comparing WT and CD73-deficient cells, we showed higher
levels of pro-inflammatory markers in local gingiva with
decreased healing capacity and higher levels of MMP-13 in
CD73-deficient fibroblasts, hyper-
inflammatory profile in gingival fibroblasts as a consequence of
the lack of CD73.

We have previously shown CD73-dependent adenosine was

stromal revealing a

implied in decreased inflammatory chemokine production by
human gingival fibroblasts through adenosine receptors (9),
emphasizing its role as a negative regulator of gingival
inflammation. Recently, we demonstrated the mitochondrial
metabolism and generation of new mitochondria was
mechanistically involved in the anti-inflammatory effects
observed upon extracellular adenosine exposure in IL-1B-
fibroblasts  (26). In

conditions, adenosine produced by CD73 enzymatic activity

stimulated  gingival physiological
protects tissues against excessive inflammation. Therefore, our
results obtained in the present study are consistent with our
previous reports and with the notion that the absence of
CD73 leads to a dysregulation in endogenous modulated
inflammation, leading to a hyper-inflammatory response in
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Cd73 ectonucleotidase is decreased in severe periodontitis and mRNA levels are rescued after 3 or 6 months of periodontal treatment. Human correlative
studies showing (A) NT5E (CD73) mRNA levels in healthy and periodontitis samples (n = 30/group) classified as Grade C/MIP. (B) increased CD73 mRNA in
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gingival stromal cells due to the lack of adenosine-mediated
homeostasis.

There is a large body of evidence showing CD73 expression
dictates reparative properties and anti-inflammatory activity in
models of cardiac repair in different cells such as mesenchymal
stem cells (29) or regulatory T-cells (30, 31). It is also
noteworthy that CD73 has been recognized as a surface marker
for cultured fibroblasts expressing mesenchymal stem cell-
associated surface markers (32). In humans, gingival fibroblast
secretome accelerates wound healing as inflammation within
the wound bed was decreased with gingival fibroblast or the
conditioned media while collagen deposition was improved
(33). Here, we observed the lack of CD73 resulted in worse
healing outcome in vitro and decreased transcription for
collagen type I in mGF, which could also be due to the
The exact
mechanism involving the role of CD73 in gingival fibroblast

alteration in stemness properties of these cells.

healing response is currently under further investigation in our
lab. We also investigated MMP-2, MMP-9 and MMP-13 levels
and interestingly, MMP-13 levels were significantly higher in
CD73-derived mGF challenged with IL-1B. Previous studies

have shown the correlation of MMP-13 with increase in

Frontiers in Oral Health

severity of inflammation in human periodontitis (19) and
different models of experimental periodontitis (34) and that
inhibition of MMP-13 reduced inflammatory bone resorption
find it
mesenchymal-derived MMP-13 can also be responsible for

in vivo (18). Furthermore, we intriguing that
increase in osteoclast number and activity (22). Thus, although
that CD73

ectonucleotidase regulates MMP-13 levels in stromal gingival

speculative at this point it is possible
compartment which in turn can influence osteoclast activity.
The lack of CD73 not only showed a more destructive bone
phenotype in long bones but also an increased alveolar bone
with higher osteoclast
RANKL-induced

osteoclastogenesis in vitro was characterized by a significantly

loss in experimental periodontitis

differentiation and  activity.  Increased
upregulation of metabolic activity of CD73-deficient osteoclasts
via oxidative phosphorylation. The loss of function of CD73 lead
to decreased catalase-1, which is one of the antioxidant enzymes
functioning to prevent H,0, accumulation and cell damage in
osteoclasts (28). An increase in oxidative phosphorylation in
osteoclasts refers to an enhanced metabolic process occurring
within these bone-resorbing cells. Therefore, it indicates that

these cells are experiencing higher energy demands to carry out
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bone resorption (35). This energy-intensive process requires ATP
to fuel the enzymatic reactions involved in breaking down the
bone (36, 37) and are indicative of development of mature

osteoclasts, confirming pathways previously implicated in
osteoclast biology (35). In other words, the CD73-dependent
maximization of mitochondrial activity we observed in our
followed by the

multinucleation, resulting in more bone resorption. Cell-cell

model was optimization of osteoclast
fusion and multinucleation were previously described to enhance
the mitochondrial activity required for resorptive activity in
). Here we also show the lack of CD73 leads to
H,0, higher
membrane potential and higher expression of the main subunits
of the ETC, which have all been reported to be critical for the
differentiation and survival of bone resorbing osteoclasts (27, 39).

osteoclasts (

intracellular accumulation, mitochondrial

Notably, the fact that mitochondria-related enzyme catalase was
significantly lower in CD73-deficient osteoclasts, leading to the
predominance of oxidative stress confirm our hypothesis that
excessive osteoclast mitochondrial function is involved in the
increased osteoclastogenesis in our model.

The role of OXPHOS as a predominant bioenergetic pathway
during osteoclast differentiation has been previously investigated
including inhibition of ETC
complexes and disruption of the mitochondrial network. Lack of

through various approaches,
Ndusf4 (Complex I subunit) or blockade of Complex I activity as
a model of mitochondrial dysfunction in precursor cells inhibits
osteoclast differentiation and the formation of resorption pits in
vitro (39). Inducing mitochondrial dysfunction by a double
conditional knockout model deleting mitofusins (Mfnl and
Mifn2) in osteoclast precursors, knockdown of Dynamin-related
protein 1(Drpl), or deficiency of Opatic atrophy 1 (Opal), which
are essential proteins involved in mitochondrial fusion and
fission also leads to decreased osteoclastogenesis by impairing
signaling to NFATcl, a master transcription factor for osteoclast
(40-42).

biogenesis, and

differentiation Ultimately, glucose metabolism,

mitochondrial oxidative respiration were
identified as essential pathways that alter osteoclast differentiation
and resorptive activity (43).

We revealed a previously unappreciated relationship between
lower CD73 levels and severe manifestation of periodontitis (in
the form of Grade C/MIP), at least at the mRNA level in young
individuals since the present cohort involved ages 5-25 years old.
Surprisingly, CD73 transcript levels were upregulated at 3
months and 6 months of follow up after scaling and root
planning, which could indicate CD73 as a potential candidate
biomarker for treatment monitoring or perhaps a prognosis
indicator associated with evolution of the disease. Of course, here
we recognize the limitation of the sample size and the nature of
the data obtained at the mRNA level, which prompts the need of
more research to measure accurately the prognostic and
predictive value of CD73 expression in periodontal pathogenesis,
including age-matched cohort for mild to moderate
manifestation of periodontitis.

Although the major damage occurs in periodontal tissues,
peripheral blood leukocytes, as the source of local leukocytes, can

contribute to periodontitis by influencing the destructive host
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immune response (44). Recent report on transcriptome changes
of PBMCs in periodontitis at single-cell resolution sustain the
relevance and appropriateness of analyzing this type of sample.
Single-cell RNA seq data revealed the systemic immunological
effects of periodontitis and identified periodontitis-specific
predictors of inflammation. In addition, based on the immune
pathways that were

responsive to therapy,

pathways to treatment that can increase the risk of comorbidity

nonresponsive
were found (45). Given the limitations of the data presented in
our study, we believe it is relevant to explore the CD73 levels in
cDNA derived from PBMCs. There is an increasing interest in
establishing peripheral/systemic biomarkers to enhance precision/
personalized periodontal medicine for diagnosis, treatment-
response prediction and prognosis. Our findings are summarized
in

In summary, our data reveal a key protective role for the
ectonucleotidase CD73 in the pathogenesis of periodontitis. We
showed the lack of CD73 activity leads to increased gingival
inflammatory markers and an inflammation-associated gingival
fibroblast state with an impaired wound healing profile. We also
revealed CD73 deficiency leads to higher bone loss, increased
ligature-induced alveolar bone loss, and more osteoclastogenesis
characterized by increased mitochondrial oxidative phosphorylation
and dysregulation of H,O,/catalase levels. Our in vivo and in vitro
data is in agreement with our clinical correlative studies, which
unveiled decreased CD73 levels associated with severe periodontitis
characterized by rapid rate of bone destruction. Our data reveal
CD73 as a new potential biomarker, which can be considered to
track excessive osteoclast activity in periodontitis, uncovering novel
avenues for future preventive strategies or early therapeutic
intervention in inflammatory and osteolytic diseases.
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in the article/ , further inquiries can be

directed to the corresponding author.

The studies involving humans were approved by the Institutional
Review Board (IRB) of the University of Florida in Gainesville
(IRB#201400349) and University of Kentucky (IRB#44933). The
cohort re-examined in this study was part of a registered clinical
trial  (Clinicaltrials.gov ~ #NCT01330719). The
conducted in accordance with the local legislation and institutional

studies  were
requirements. Written informed consent for participation in this
study was provided by the participants” legal guardians/next of kin.
The animal study was approved by the Institutional Animal Care
and Use Committee (IACUC) of Augusta University (protocol#


https://doi.org/10.3389/froh.2023.1308657
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Ramos-Junior et al.

2021-1054). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

ESR]: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Writing — original
draft, Writing - review & editing. SD: Data curation, Formal
Analysis, Investigation, Methodology, Writing - review & editing.
WR: Data curation, Formal Analysis, Investigation, Writing -
review & editing. BC: Data curation, Formal Analysis, Investigation,
Writing - review & editing. RS: Data curation, Investigation,
Writing - review & editing. MR: Data curation, Formal Analysis,
Investigation, Writing - review & editing. RB: Data curation,
Formal Analysis, Investigation, Writing - review & editing. RZ:
Data curation, Formal Analysis, Investigation, Writing — review &
editing. JGF: Data curation, Formal Analysis, Writing - review &
editing. LMS: Data curation, Formal Analysis, Funding acquisition,
Investigation, Resources, Writing - review & editing. CWC:
Resources, Writing — review & editing. ACM: Conceptualization,
Funding acquisition, Project administration, Resources, Supervision,
Writing — original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.

This study was supported by start up funds to ACM and ESR]J
by Augusta University and the clinical cohort was part of a study
supported by NIH/NIDCR R01DE019456 to LMS. RB and MR
were funded by scholarships from the Center of Undergraduate
Research at Augusta University to ACM lab.

References

1. O’Brien BJ, Faraoni EY, Strickland LN, Ma Z, Mota V, Mota S, et al. CD73-
generated Extracellular adenosine promotes resolution of neutrophil-mediated tissue
injury and restrains metaplasia in pancreatitis. FASEB J. (2023) 37(1):e22684.
doi: 10.1096/1j.202201537R

2. Pasquini S, Contri C, Borea PA, Vincenzi F, Varani K. Adenosine and
inflammation: here, there and everywhere. Int J Mol Sci. (2021) 22(14):7685.
doi: 10.3390/ijms22147685

3. Takedachi M, Oohara H, Smith BJ, Iyama M, Kobashi M, Maeda K, et al. CD73-
generated Adenosine promotes osteoblast differentiation. J Cell Physiol. (2012) 227
(6):2622-31. doi: 10.1002/jcp.23001

4. Bradaschia-Correa V, Josephson AM, Egol AJ, Mizrahi MM, Leclerc K, Huo J,
et al. Ecto-5"-nucleotidase (CD73) regulates bone formation and remodeling during
intramembranous bone repair in aging mice. Tissue Cell. (2017) 49(5):545-51.
doi: 10.1016/j.tice.2017.07.001

5. Indo Y, Takeshita S, Ishii KA, Hoshii T, Aburatani H, Hirao A, et al. Metabolic
regulation of osteoclast differentiation and function. J Bone Miner Res. (2013) 28
(11):2392-9. doi: 10.1002/jbmr.1976

6. Kim H, Lee YD, Kim HJ, Lee ZH, Kim HH. SOD2 and Sirt3 control
osteoclastogenesis by regulating mitochondrial ROS. ] Bone Miner Res. (2017) 32
(2):397-406. doi: 10.1002/jbmr.2974

7. Taira TM, Ramos-Junior ES, Melo PH, Costa-Silva CC, Alteen MG, Vocadlo D],
et al. HBP/O-GIcNAcylation metabolic axis regulates bone resorption outcome. J Dent
Res. (2023) 102(4):440-9. doi: 10.1177/00220345221141043

Frontiers in Oral Health

1

10.3389/froh.2023.1308657

Aknowledgments

The content of this manuscript has been presented in part and
awarded first place to ACM at the 2023 Joseph Lister Award at the
Conferences 2023 AADOCR/CADR Annual Meeting and the 2023
TADR/LAR General Session with WCPD []J Dent Res v102 Spec
Iss A/B).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/froh.2023.

1308657/full#supplementary-material

8. Fernandes ] G, Morford LA, Harrison PL, Kompotiati T, Huang H, Aukhil I, et al.
Dysregulation of genes and microRNAs in localized aggressive periodontitis. J Clin
Periodontol. (2020) 47(11):1317-25. doi: 10.1111/jcpe.13361

9. Ramos-Junior ES, Pedram M, Lee RE, Exstrom D, Yilmaz O, Coutinho-Silva R,
et al. CD73-dependent Adenosine dampens interleukin-1lbeta-induced CXCL8
production in gingival fibroblasts: association with heme oxygenase-1 and
adenosine monophosphate-activated protein kinase. J Periodontol. (2020) 91
(2):253-62. doi: 10.1002/JPER.19-0137

10. Abe T, Hajishengallis G. Optimization of the ligature-induced periodontitis
model in mice. ] Immunol Methods. (2013) 394(1-2):49-54. doi: 10.1016/j.jim.2013.
05.002

11. Elsayed R, Elashiry M, Liu Y, Morandini AC, El-Awady A, Elashiry MM, et al.
Microbially-Induced exosomes from dendritic cells promote paracrine immune

senescence: novel mechanism of bone degenerative disease in mice. Aging Dis.
(2023) 14(1):136-51. doi: 10.14336/AD.2022.0623

12. Frangogiannis N. Transforming growth factor-beta in tissue fibrosis. ] Exp Med.
(2020) 217(3):e20190103. doi: 10.1084/jem.20190103

13. Reisdorf P, Lawrence DA, Sivan V, Klising E, Martin MT. Alteration of
transforming growth factor-betal response involves down-regulation of Smad3
signaling in myofibroblasts from skin fibrosis. Am ] Pathol. (2001) 159(1):263-72.
doi: 10.1016/50002-9440(10)61692-6

14. Dobaczewski M, Bujak M, Li N, Gonzalez-Quesada C, Mendoza LH, Wang XF,
et al. Smad3 signaling critically regulates fibroblast phenotype and function in healing

frontiersin.org


https://www.frontiersin.org/articles/10.3389/froh.2023.1308657/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/froh.2023.1308657/full#supplementary-material
https://doi.org/10.1096/fj.202201537R
https://doi.org/10.3390/ijms22147685
https://doi.org/10.1002/jcp.23001
https://doi.org/10.1016/j.tice.2017.07.001
https://doi.org/10.1002/jbmr.1976
https://doi.org/10.1002/jbmr.2974
https://doi.org/10.1177/00220345221141043
https://doi.org/10.1111/jcpe.13361
https://doi.org/10.1002/JPER.19-0137
https://doi.org/10.1016/j.jim.2013.05.002
https://doi.org/10.1016/j.jim.2013.05.002
https://doi.org/10.14336/AD.2022.0623
https://doi.org/10.1084/jem.20190103
https://doi.org/10.1016/S0002-9440(10)61692-6
https://doi.org/10.3389/froh.2023.1308657
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Ramos-Junior et al.

myocardial infarction. Circ Res. (2010) 107(3):418-28. doi: 10.1161/CIRCRESAHA.
109.216101

15. Kurnit KC, Draisey A, Kazen RC, Chung C, Phan LH, Harvey JB, et al. Loss of
CD?73 shifts transforming growth factor-betal (TGF-betal) from tumor suppressor to
promoter in endometrial cancer. Cancer Lett. (2021) 505:75-86. doi: 10.1016/j.canlet.
2021.01.030

16. Kandhwal M, Behl T, Singh S, Sharma N, Arora S, Bhatia S, et al. Role of matrix
metalloproteinase in wound healing. Am ] Transl Res. (2022) 14(7):4391-405.

17. Luchian I, Goriuc A, Sandu D, Covasa M. The role of matrix metalloproteinases
(MMP-8, MMP-9, MMP-13) in periodontal and peri-implant pathological processes.
Int ] Mol Sci. (2022) 23(3):1806. doi: 10.3390/ijms23031806

18. Guimaraes-Stabili MR, de Medeiros MC, Rossi D, Camilli AC, Zanelli CF,
Valentini SR, et al. Silencing matrix metalloproteinase-13 (Mmp-13) reduces
inflammatory bone resorption associated with LPS-induced periodontal disease in
vivo. Clin Oral Investig. (2021) 25(5):3161-72. doi: 10.1007/s00784-020-03644-3

19. Hernandez M, Valenzuela MA, Lopez-Otin C, Alvarez J, Lopez JM, Vernal R,
et al. Matrix metalloproteinase-13 is highly expressed in destructive periodontal
disease activity. J Periodontol. (2006) 77(11):1863-70. doi: 10.1902/jop.2006.050461

20. Kobayashi T, Kim H, Liu X, Sugiura H, Kohyama T, Fang Q, et al. Matrix
metalloproteinase-9 activates TGF-beta and stimulates fibroblast contraction of
collagen gels. Am J Physiol Lung Cell Mol Physiol. (2014) 306(11):L1006-15. doi: 10.
1152/ajplung.00015.2014

21. Kyriakides TR, Wulsin D, Skokos EA, Fleckman P, Pirrone A, Shipley JM, et al.
Mice that lack matrix metalloproteinase-9 display delayed wound healing associated
with delayed reepithelization and disordered collagen fibrillogenesis. Matrix Biol.
(2009) 28(2):65-73. doi: 10.1016/j.matbio.2009.01.001

22. Ponte F, Kim HN, Warren A, Iyer S, Han L, Mannen E, et al. Mmp13 deletion in
mesenchymal cells increases bone mass and may attenuate the cortical bone loss caused
by estrogen deficiency. Sci Rep. (2022) 12(1):10257. doi: 10.1038/s41598-022-14470-w

23. Corciulo C, Wilder T, Cronstein BN. Adenosine A2B receptors play an
important role in bone homeostasis. Purinergic Signal. (2016) 12(3):537-47. doi: 10.
1007/s11302-016-9519-2

24. Wu H, Xu G, Li YP. Atp6v0d2 is an essential component of the osteoclast-
specific proton pump that mediates extracellular acidification in bone resorption.
] Bone Miner Res. (2009) 24(5):871-85. doi: 10.1359/jbmr.081239

25. Janiszewski T, Kolt S, Ciaston I, Vizovisek M, Poreba M, Turk B, et al.
Investigation of osteoclast cathepsin K activity in osteoclastogenesis and bone loss
using a set of chemical reagents. Cell Chem Biol. (2023) 30(2):159-74.e8. doi: 10.
1016/j.chembiol.2023.01.001

26. Paladines N, Dawson S, Ryan W, Serrano-Lopez R, Messer R, Huo Y, et al.
Metabolic reprogramming through mitochondrial biogenesis drives adenosine anti-
inflammatory effects: new mechanism controlling gingival fibroblast hyper-
inflammatory state. Front Immunol. (2023) 14:1148216. doi: 10.3389/fimmu.2023.
1148216

27. Lemma S, Sboarina M, Porporato PE, Zini N, Sonveaux P, Di Pompo G, et al.
Energy metabolism in osteoclast formation and activity. Int J Biochem Cell Biol.
(2016) 79:168-80. doi: 10.1016/j.biocel.2016.08.034

28. Bartell SM, Kim HN, Ambrogini E, Han L, Iyer S, Serra Ucer S, et al. Foxo
proteins restrain osteoclastogenesis and bone resorption by attenuating H202
accumulation. Nat Commun. (2014) 5:3773. doi: 10.1038/ncomms4773

29. Tan K, Zhu H, Zhang J, Ouyang W, Tang J, Zhang Y, et al. CD73 Expression on
mesenchymal stem cells dictates the reparative properties via its anti-inflammatory
activity. Stem Cells Int. (2019) 2019:8717694. doi: 10.1155/2019/8717694

Frontiers in Oral Health

12

10.3389/froh.2023.1308657

30. Zhuang R, Meng Q, Ma X, Shi S, Gong S, Liu J, et al. CD4(+)FoxP3(+)CD73(+)
Regulatory T cell promotes cardiac healing post-myocardial infarction. Theranostics.
(2022) 12(6):2707-21. doi: 10.7150/thno.68437

31. Borg N, Alter C, Gorldt N, Jacoby C, Ding Z, Steckel B, et al. CD73 On T cells
orchestrates cardiac wound healing after myocardial infarction by purinergic
metabolic reprogramming. Circulation. (2017) 136(3):297-313. doi: 10.1161/
CIRCULATIONAHA.116.023365

32. Ge S, Mrozik KM, Menicanin D, Gronthos S, Bartold PM. Isolation and
characterization of mesenchymal stem cell-like cells from healthy and inflamed
gingival tissue: potential use for clinical therapy. Regen Med. (2012) 7(6):819-32.
doi: 10.2217/rme.12.61

33. Ahangar P, Mills SJ, Smith LE, Gronthos S, Cowin AJ. Human gingival fibroblast
secretome accelerates wound healing through anti-inflammatory and pro-angiogenic
mechanisms. NPJ Regen Med. (2020) 5(1):24. doi: 10.1038/s41536-020-00109-9

34. de Aquino SG, Guimaraes MR, Stach-Machado DR, da Silva JA, Spolidorio LC,
Rossa C Jr. Differential regulation of MMP-13 expression in two models of
experimentally induced periodontal disease in rats. Arch Oral Biol. (2009) 54
(7):609-17. doi: 10.1016/j.archoralbio.2009.03.007

35. An E, Narayanan M, Manes NP, Nita-Lazar A. Characterization of functional
reprogramming during osteoclast development using quantitative proteomics and
mRNA profiling. Mol Cell Proteomics. (2014) 13(10):2687-704. doi: 10.1074/mcp.
M113.034371

36. Park-Min KH. Metabolic reprogramming in osteoclasts. Semin Immunopathol.
(2019) 41(5):565-72. doi: 10.1007/500281-019-00757-0

37.Da W, Tao L, Zhu Y. The role of osteoclast energy metabolism in the occurrence
and development of osteoporosis. Front Endocrinol (Lausanne). (2021) 12:675385.
doi: 10.3389/fendo.2021.675385

38. Ahmadzadeh K, Pereira M, Vanoppen M, Bernaerts E, Ko JH, Mitera T, et al.
Multinucleation resets human macrophages for specialized functions at the
expense of their identity. EMBO Rep. (2023) 24(3):e56310. doi: 10.15252/embr.
202256310

39. Jin Z, Wei W, Yang M, Du Y, Wan Y. Mitochondrial complex I activity suppresses
inflammation and enhances bone resorption by shifting macrophage-osteoclast
polarization. Cell Metab. (2014) 20(3):483-98. doi: 10.1016/j.cmet.2014.07.011

40. Ballard A, Zeng R, Zarei A, Shao C, Cox L, Yan H, et al. The tethering function
of mitofusin2 controls osteoclast differentiation by modulating the Ca(2+)-NFATcl
axis. J Biol Chem. (2020) 295(19):6629-40. doi: 10.1074/jbc.RA119.012023

41. Jeong S, Seong JH, Kang JH, Lee DS, Yim M. Dynamin-related protein 1
positively regulates osteoclast differentiation and bone loss. FEBS Lett. (2021) 595
(1):58-67. doi: 10.1002/1873-3468.13963

42. Nishikawa K, Takegami H, Sesaki H. Opal-mediated mitochondrial dynamics is
important for osteoclast differentiation. MicroPubl Biol. (2022) 2022. doi: 10.17912/
micropub.biology.000650

43. Ledesma-Colunga MG, Passin V, Lademann F, Hofbauer LC, Rauner M. Novel
insights into osteoclast energy metabolism. Curr Osteoporos Rep. (2023). doi: 10.1007/
$11914-023-00825-3

44. Sorensen LK, Havemose-Poulsen A, Sonder SU, Bendtzen K, Holmstrup P.
Blood cell gene expression profiling in subjects with aggressive periodontitis and
chronic arthritis. J Periodontol. (2008) 79(3):477-85. doi: 10.1902/jop.2008.070309

45. Lee H, Joo JY, Sohn DH, Kang ], Yu Y, Park HR, et al. Single-cell RNA
sequencing reveals rebalancing of immunological response in patients with
periodontitis after non-surgical periodontal therapy. J Transl Med. (2022) 20(1):504.
doi: 10.1186/s12967-022-03702-2

frontiersin.org


https://doi.org/10.1161/CIRCRESAHA.109.216101
https://doi.org/10.1161/CIRCRESAHA.109.216101
https://doi.org/10.1016/j.canlet.2021.01.030
https://doi.org/10.1016/j.canlet.2021.01.030
https://doi.org/10.3390/ijms23031806
https://doi.org/10.1007/s00784-020-03644-3
https://doi.org/10.1902/jop.2006.050461
https://doi.org/10.1152/ajplung.00015.2014
https://doi.org/10.1152/ajplung.00015.2014
https://doi.org/10.1016/j.matbio.2009.01.001
https://doi.org/10.1038/s41598-022-14470-w
https://doi.org/10.1007/s11302-016-9519-2
https://doi.org/10.1007/s11302-016-9519-2
https://doi.org/10.1359/jbmr.081239
https://doi.org/10.1016/j.chembiol.2023.01.001
https://doi.org/10.1016/j.chembiol.2023.01.001
https://doi.org/10.3389/fimmu.2023.1148216
https://doi.org/10.3389/fimmu.2023.1148216
https://doi.org/10.1016/j.biocel.2016.08.034
https://doi.org/10.1038/ncomms4773
https://doi.org/10.1155/2019/8717694
https://doi.org/10.7150/thno.68437
https://doi.org/10.1161/CIRCULATIONAHA.116.023365
https://doi.org/10.1161/CIRCULATIONAHA.116.023365
https://doi.org/10.2217/rme.12.61
https://doi.org/10.1038/s41536-020-00109-9
https://doi.org/10.1016/j.archoralbio.2009.03.007
https://doi.org/10.1074/mcp.M113.034371
https://doi.org/10.1074/mcp.M113.034371
https://doi.org/10.1007/s00281-019-00757-0
https://doi.org/10.3389/fendo.2021.675385
https://doi.org/10.15252/embr.202256310
https://doi.org/10.15252/embr.202256310
https://doi.org/10.1016/j.cmet.2014.07.011
https://doi.org/10.1074/jbc.RA119.012023
https://doi.org/10.1002/1873-3468.13963
https://doi.org/10.17912/micropub.biology.000650
https://doi.org/10.17912/micropub.biology.000650
https://doi.org/10.1007/s11914-023-00825-3
https://doi.org/10.1007/s11914-023-00825-3
https://doi.org/10.1902/jop.2008.070309
https://doi.org/10.1186/s12967-022-03702-2
https://doi.org/10.3389/froh.2023.1308657
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

	The protective role of CD73 in periodontitis: preventing hyper-inflammatory fibroblasts and driving osteoclast energy metabolism
	Introduction
	Methods
	Ethics statement
	Animal ligature-induced periodontitis
	Fibroblast cell culture and treatments
	RNA isolation, cDNA synthesis and quantitative PCR (RT-qPCR)
	Wound healing assay
	Zymography
	Osteoclast differentiation
	Resorption pit assay
	Western blot
	Antibodies
	Hydrogen peroxide (H2o2) measurement
	Assessment of mitochondrial membrane potential
	Human sample data
	Statistical analysis

	Results
	CD73 deficiency leads to increased gingival inflammatory markers in experimental periodontitis and hyper-inflammatory response with defective healing capacity of gingival fibroblasts
	CD73 deficiency leads to bone loss and aggravate ligature-induced alveolar bone loss
	The lack of CD73 leads to increased osteoclastogenesis in vitro
	CD73 deficiency leads to increased osteoclastogenesis through higher oxidative phosphorylation
	Decreased CD73 level is associated with severe grade C molar-incisor periodontitis

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Aknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


