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A B S T R A C T

Background: Medication-related osteonecrosis of the jaw (MRONJ) is a serious complication associated with
antiresorptive and antiangiogenic medications, of which impaired angiogenesis is a key pathological alteration.
Since Magnesium (Mg)-based implants possess proangiogenic effects, we hypothesized that the biodegradable Mg
implant could alleviate the development of MRONJ via enhancing angiogenesis.
Methods: MRONJ model was established and divided into the Veh þ Ti group (Vehicle-treated rat, with Titanium
(Ti) implant), BP þ Ti group (Bisphosphonate (BP)-treated rat, with Ti implant), BP þ Mg group (BP-treated rat,
with Mg implant), BP þ Mg þ SU5416 group (BP-treated rat, with Mg implant and vascular endothelial growth
factor (VEGF) receptor-2 inhibitor), BP þ Mg þ BIBN group (BP-treated rat, with Mg implant and calcitonin gene-
related peptide (CGRP) receptor antagonist), and BP þ Mg þ SU5416þBIBN group (BP-treated rat, with Mg
implant and VEGF receptor-2 inhibitor and CGRP receptor antagonist). The occurrence of MRONJ, alveolar bone
necrosis, new bone formation and vessel formation were assessed by histomorphometry, immunohistochemistry,
and micro-CT analysis.
Results: Eight weeks after surgery, the BP þ Mg group had significantly reduced occurrence of MRONJ-like lesion
and histological osteonecrosis, increased bone microstructural parameters, and increased expressions of VEGFA
and CGRP, than the BP þ Ti group. By simultaneously blocking VEGF receptor-2 and CGRP receptor, the vessel
volume and new bone formation in the BP þMg group were significantly decreased, meanwhile the occurrence of
MRONJ-like lesion and histological bone necrosis were significantly increased.
Conclusion: Biodegradable Mg implant could alleviate the development of MRONJ-like lesion, possibly via
upregulating VEGF- and CGRP-mediated angiogenesis. Mg-based implants have the translational potential to be
developed as a novel internal fixation device for patients with the risk of MRONJ.
The Translational potential of this article: This work reports a biodegradable Mg implant which ameliorates the
development of MRONJ-like lesions possibly due to its angiogenic property. Mg-based implants have the potential
to be developed as a novel internal fixation device for patients at the risk of MRONJ.
1. Introduction

Antiresorptive and antiangiogenic medications, such as bisphospho-
nates (BPs) and receptor activator of nuclear factor-κB ligand inhibitors,
are mostly used for treating osteopenia and osteoporosis as well as for
preventing and treating skeletal-related events associated with bone
metastases in patients with cancer [1,2]. Medication-related osteonec-
rosis of the jaw (MRONJ) is a serious complication associated with use of
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antiresorptive and antiangiogenic medications, with an incidence
ranging from 0.3% to 5% [3–7]. The treatment of MRONJ is challenging.
Although more pieces of evidence have emerged to support the use of
surgery to treat MRONJ [1,2,8], the success rate of surgical treatment for
MRONJ ranges from 58.5% to 75.2% [9–11], and the risk of recurrent or
secondary MRONJ is still significant [12–14]. Therefore, new methods of
management for MRONJ are desirable.

To date, the advantages of magnesium (Mg) implants to bone fixation
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and regeneration have been fully validated in various clinical indication-
orientated animal models, and the biodegradability and pro-osteogenic
function make Mg implant a promising internal fixation device for or-
thopaedic surgery [15–17]. Our previous work demonstrated that Mg
ions derived from the implants enhance the synthesis of calcitonin
gene-related peptide (CGRP) at dorsal root ganglia and its release in the
periosteum, and CGRP-mediated pathway is the major mechanism un-
derlying Mg-promoted bone regeneration [18]. CGRP is a strong proan-
giogenic growth factor contributing to bone development and
remodeling [19], and our recent study showed that Mg implants applied
in distraction osteogenesis present the angiogenic effect via CGRP-focal
adhesion kinase (FAK)- vascular endothelial growth factor (VEGF)
signaling axis [20].

Since inhibition of angiogenesis caused by antiresorptive and anti-
angiogenic medications is one of the potential mechanisms underlying
MRONJ pathophysiology [1,21], the proangiogenic effect of Mg implant
might antagonize the adverse effect of antiresorptive and antiangiogenic
medications locally, and the biodegradability of Mg is another ideal
property to avoid the surgical trauma of device removal which may
trigger secondary MRONJ. Therefore, we hypothesized that the biode-
gradable Mg implant could alleviate the development of MRONJ via
enhancing angiogenesis. In this study, we established an animal model
simulating a MRONJ-risk factor in patients who are going to undergo jaw
surgery. We aimed to investigate the effects of Mg on the occurrence and
histological osteonecrosis of MRONJ-like lesion, and the role of VEGF-
and CGRP-mediated angiogenesis under the pathogenesis of MRONJ,
thus providing a piece of evidence for the design of Mg-based devices in
the surgical management of challenging MRONJ.

2. Materials and methods

2.1. Establishment of animal models

MRONJ model was established in 50 male Sprague Dawley rats (8-
week-old), with an average weight of 376 g (ranging from 309 to 450 g).
Rats were divided into 6 groups (shown in Table 1): (1) Veh þ Ti group
(Vehicle-treated rat, implanted with a titanium (Ti) rod in the mandible;
5 rats in total), (2) BPþ Ti group (BP-treated rat, implanted with a Ti rod
in the mandible; 15 rats in total), (3) BP þ Mg group (a pure Mg rod,
fabricated following the published protocol [18], was implanted into the
mandible of BP-treated rat; 15 rats in total), (4) BPþMgþ SU5416 group
(BP-treated rat, implanted with a Mg rod in the mandible and injected
Table 1
Study design.

Group Animals
(n/group)

Treatment Euthanasia

Veh þ Ti 5 Saline for 5 weeks
Surgery with Ti implant

8 weeks after
surgery

BP þ Ti 10 þ 5 ZA þ DX for 5 weeks
Surgery with Ti implant

8 weeks after
surgery

BP þ Mg 10 þ 5 ZA þ DX for 5 weeks
Surgery with Mg implant

8 weeks after
surgery

BP þ Mg þ
SU5416

5 ZA þ DX for 5 weeks
Surgery with Mg implant
VEGF receptor-2 inhibitor for
8 weeks

8 weeks after
surgery

BP þ Mg þ BIBN 5 ZA þ DX for 5 weeks
Surgery with Mg implant
CGRP receptor antagonist for
2 weeks

8 weeks after
surgery

BP þ Mg þ
SU5416þBIBN

5 ZA þ DX for 5 weeks
Surgery with Mg implant
VEGF receptor-2 inhibitor for
8 weeks, and CGRP receptor
antagonist for 2 weeks

8 weeks after
surgery

Ti, titanium; ZA, zoledronic acid; DX, dexamethasone; Mg, magnesium; VEGF,
vascular endothelial growth factor; CGRP, calcitonin gene-related peptide.
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with VEGF receptor-2 inhibitor SU5416 (100 μM, 0.1 ml/48 h) for 8
week s; 5 rats in total), (5) BP þ Mg þ BIBN group (BP-treated rat,
implanted with a Mg rod in the mandible and injected with CGRP re-
ceptor antagonist BIBN4096BS (300 μg/kg, every 48 h) for 2 weeks; 5
rats in total), (6) BP þ Mg þ SU5416þBIBN group (BP-treated rat,
implanted with a Mg rod in the mandible, then injected with VEGF
receptor-2 inhibitor SU5416 (100 μM, 0.1 ml/48 h) and CGRP receptor
antagonist BIBN4096BS (300 μg/kg, every 48 h) for 8 and 2 weeks,
respectively; 5 rats in total).

Each rat received once-weekly intraperitoneal injections of zole-
dronic acid (ZA; 130 μg/kg) and dexamethasone (DX; 3.8 mg/kg), or
vehicle (saline), for 5 weeks. These doses were converted from human
doses of ZA (4 mg/person/3 weeks) and DX (40 mg/person/week) ac-
cording to the National Institute of Health guidelines [22]. One week
after completion of ZA and DX combination therapy, all rats were sub-
jected to surgical interventions. Rats were anesthetized by intraperito-
neal injection with ketamine (60 mg/kg) and xylazine (10 mg/kg). With
an extra-oral incision parallel to the inferior border of the left mandible,
subcutaneous tissues and masseter muscle were elevated to expose the
mandible. A penetrating mandibular tunnel with a diameter of 1.3 mm
was made around the first molar root apex with a fissure bur at low speed
and copious saline irrigation, then a 1 mm wide bone defect was made
below the drilling hole. A sterilized Ti or Mg rod (diameter ¼ 1.3 mm,
length ¼ 3 mm) was inserted into the penetrating canal. After the
extra-oral incision was closed, the left mandibular 1st molar was
removed by dental forceps and the alveolar socket was cleaned using a
round bur to remove any remaining root fragments (Fig. 1A). The rats
were housed in an environmentally controlled animal-care laboratory
after surgery, given analgesia with subcutaneous injection of buprenor-
phine (0.03mg/kg) for three consecutive days. Eight weeks after surgery,
animals were sacrificed using intraperitoneal injection of pentobarbital
(200 mg/kg), and then samples were collected and fixed with 10%
buffered formalin. Microcomputed tomography (micro-CT) analysis for
new bone formation in bone defect, micro-CT based angiography for new
vessel formation, H&E staining for alveolar bone necrosis, immunohis-
tochemistry (IHC) staining for evaluating expressions of VEGFA and
CGRP, were conducted.

All animal procedures described above were performed with a pro-
tocol approved by the University Ethics Committee on the Use of Live
Animals in Teaching and Research (CULATR No. 4835–18) of the Uni-
versity of Hong Kong.

2.2. Criteria for MRONJ-like lesion

The determination of MRONJ-like lesion in each animal was diag-
nosed by the following histological criteria [1,23]: (1) presence of ul-
cerative lesion with exposed and necrotic bone and/or osteolysis, and (2)
presence of sequestrum. The occurrence rates of MRONJ-like lesions
were compared among groups.

2.3. Micro-CT based bone analysis

At week 4 and week 8 after surgery, each animal was scanned using a
micro-CT (Skyscan1076, Aartselaar, Belgium) under anesthesia. The
acquisition settings were at a pixel size of 17.3 μm with an X-ray tube
voltage of 88 kVp and an intensity current of 100 μA. Microarchitectural
properties of the newly-formed bone in the mandibular bone defect were
evaluated within a conforming volume of interest (VOI), defined as a 3 �
3 � 1 mm3 volume in the bone defect. Tissue volume (TV; mm3), bone
volume (BV; mm3), percentage of bone volume (BV/TV; %), bone min-
eral density (BMD; g HA/cm3), trabecular thickness (Tb.Th; mm),
trabecular number (Tb.N; #/mm), and trabecular separation (Tb.Sp;
mm), were calculated.



Fig. 1. BP þ Mg group presented alleviated MRONJ occurrence and enhanced bone defect repair as compared to the BP þ Ti group (A) Schematic and intraoperative
images of surgical procedures for establishing the MRONJ model with implant fixation, bone defect creation and dental extraction. A Mg rod (with a purity of 99.99%,
3 mm in length, and 1.3 mm in diameter) or a Ti rod (pure titanium, the same size with Mg rod) was implanted into the mandible; a 1 mm-wide bone defect was cut
inferior to the implantation site; the mandibular 1st molar was extracted. Scale bar: 3 mm (B) Representative photos and coronal micro-CT images of extraction sites
(Ext) at 8 weeks after surgery, showing complete healing mucosae (Left and Right) and a MRONJ-like lesion with exposure of necrotic bone and sequestrum (Middle).
Scale bar: 3 mm (C) Occurrence rate of MRONJ-like lesion in three groups at 8 weeks after surgery. Veh þ Ti group n ¼ 5, BP þ Ti group n ¼ 9, and BP þ Mg group n
¼ 10, by Chi-square test (D) Representative sagittal micro-CT images and 3D reconstructed coronal images of mandibular bone defect (red dotted box) in three groups,
4 weeks and 8 weeks postoperatively. Scale bar: 1 mm (E) Bone micro-architectural morphometric assessment on the newly formed bone in the defect at 4 weeks and 8
weeks after surgery by micro-CT. Column and bar indicate mean and SD, respectively. n ¼ 5 for each group, by One-way ANOVA with Bonferroni post hoc test. *, p <

0.05. **, p < 0.01. ***, p < 0.001.
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2.4. Micro-CT based angiography

Microfil perfusion was performed in the mandible of the rats in each
group (n ¼ 5). Under anesthesia, prewarmed 10 ml heparin (50 IU/ml),
60 ml saline, and 10 ml 10% formalin were sequentially injected into the
left cervical artery to clear and fix vessels in mandible, followed by the
injection of 10 ml liquid compound (Microfil MV-122; Flow-Tech,
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Carver, MA, USA). Then the rats were euthanized with overdose of an-
esthetics. The cadavers were store at 4 �C overnight. The harvested
mandibles were decalcified with 15% EDTA for 4 weeks and then scan-
ned using a micro-CT (Skyscan1172, Aartselaar, Belgium). The acquisi-
tion settings were at a pixel size of 14.9 μmwith an X-ray tube voltage of
80 kVp and an intensity current of 100 μA. An entire region of the
mandible (756 slices; each slice¼ 14.9 μm) was scanned for each animal.



Fig. 2. Comparison of histological osteonecrosis and TRAP-positive osteoclasts at MRONJ-like lesions (A) Representative H&E staining and TRAP staining images of
extracted tooth socket 8 weeks after removal in three groups. Imp, implant. M, molar. Nec, necrotic bone. Yellow arrow points the empty lacunae. Black arrow points
the TRAP-positive stained osteoclast. Scale bar in H&E stain: 1 mm. Scale bar in TRAP stain: 100 μm (B) Histomorphometric assessments of H&E staining on the degree
of alveolar bone necrosis, and TRAP staining on the number of TRAP-positive cells among groups. Column and bar indicate mean and SD, respectively. Veh þ Ti group
n ¼ 5, BP þ Ti group n ¼ 9, and BP þ Mg group n ¼ 10, by One-way ANOVA with Bonferroni post hoc test. *, p < 0.05. **, p < 0.01. ***, p < 0.001.
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The vessels with the infused radiopaque substance were defined at a grey
threshold ranging from 50 to 255. Quantitative analysis was performed
to evaluate the volume of the vessels per tissue volume (Vessel V/TV; %),
vessels thickness (Vessel.Th; mm), and vessels number (Vessels.N;
#/mm), within the mandible region.
2.5. Histological and histomorphometric analysis

Harvested samples were decalcified in 15% EDTA for 4–6 weeks at
room temperature and then dehydrated in a series of ethanol and xylene
before embedding in paraffin. Sections with a thickness of 6 μm were
prepared for H&E staining, tartrate-resistant acid phosphatase (TRAP)
staining (#387 A-1 KT, Sigma–Aldrich), and IHC staining. In each section
focusing on the site of extraction, 3 randomly chosen fields (200 �
magnification) were examined, excluding sequestrated and separated
bone fragments. To quantify the degree of alveolar bone necrosis, the
ratio of empty lacunae to total osteocyte lacunae, the number of empty
156
lacunae per bone area (N.Empty Lacunae/B.Ar), the number of osteo-
cytes per bone area (N.Osteocytes/B.Ar), the number of osteoclasts per
bone area (N.Oc/B.Ar), and the number of osteoclasts per bone surface
perimeter (N.Oc/B.Pm), were calculated and compared among groups.
Expressions of VEGFA, CGRP and CD31 were evaluated by anti-VEGFA
primary antibody (ab231260, Abcam), anti-CGRP primary antibody
(ab47027, Abcam) and anti-CD31 primary antibody (AF3628, R&D).
2.6. Statistical analysis

All statistics were calculated using SPSS Statistics (version 26.0; IBM
Corporation, Chicago, IL, USA) and GraphPad Prism (version 8.0;
GraphPad Software Inc, San Diego, CA, USA). Data were presented as
mean with standard deviation (SD). Chi-square test was used for
comparing the difference of occurrence rate of MRONJ-like lesions
among groups. One-way ANOVA with Bonferroni's post hoc tests were
used in the comparisons of micro-CT bone analysis, angiography, and
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histomorphometric analysis. P < 0.05 was considered statistically
significant.

3. Results

3.1. Mg alleviated MRONJ-like lesion development and enhanced bone
defect repair

In this part, 14 rats survived without adverse events, except one in BP
þ Ti group died after surgery. Eight weeks after surgery, incidences of
MRONJ-like lesion diagnosed by histological criteria in Vehþ Ti, BPþ Ti
and BP þ Mg groups were 0%, 100% and 50%, respectively. Dental
extraction sites of the BP þ Ti group had significantly higher occurrence
of MRONJ-like lesions than the Veh þ Ti group and BP þ Mg group
(Fig. 1B and C). Micro-CT bone analysis showed enhanced bone defect
repair in the BP þ Mg group than the Veh þ Ti and BP þ Ti groups
(Fig. 1D and E). At week 8, newly formed bone in the defect of the BP þ
Mg group had significantly increased BV/TV and BMD than the BP þ Ti
group, and significantly increased BV/TV, BMD, Tb.N. and reduced Tb.
Sp. than the Veh þ Ti group. No significant difference in bone defect
repair was observed between the Veh þ Ti and BP þ Ti groups.

The alleviation of MRONJ-like lesions by Mg was also indicated by
the histology results (Fig. 2). Evaluation of H&E and TRAP stained sec-
tions of the extraction site was carried out at 8 weeks after surgery. The
Fig. 3. VEGFA and CGRP expression compared among Veh þ Ti, BP þ Ti and BP þM
three groups, respectively. Black arrow points the positive stained cell. Scale bar: 400
indicate mean and SD, respectively. n ¼ 5 for each group, by One-way ANOVA with
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BPþ Ti group had a significantly higher ratio of empty lacunae, N. Empty
Lacunae/B.Ar, N. Oc/B.Ar, and N. Oc/B.Pm, than the Veh þ Ti and BP þ
Mg groups. The Veh þ Ti and BP þ Mg groups had no significant dif-
ference in alveolar bone necrosis.

3.2. VEGFA and CGRP might play important roles in Mg-alleviated
MRONJ-like lesion development

Eight weeks after surgery, in the BP þ Mg group, the alveolar bone
region presented significantly higher expressions of VEGFA (p < 0.001)
and CGRP (p < 0.001) than the Veh þ Ti group and BP þ Ti group,
indicated by IHC results (Fig. 3). Negative controls of IHC without pri-
mary antibodies were shown in supplemental data (Appendix Fig. 1A). In
the vessel-like tissue indicated by highly expressed CD31 staining, posi-
tive areas of VEGFA and CGRP were frequently observed near the Mg
implant.

3.3. By simultaneously blocking VEGF receptor-2 and CGRP receptor, Mg
lost the effects of angiogenesis and coupled osteogenesis in MRONJ

In this part, 33 of 35 rats survived without adverse events, 2 rats in BP
þ Ti and BP þ Mg groups died after surgery. The representative 3D
reconstructed images demonstrated that more vessels and mineralized
bone were found in the BP þ Mg group, BP þ Mg þ SU5416 group, and
g groups (A) Representative images of IHC staining of CD31, VEGFA and CGRP in
μm (B) Corresponding quantitative data of VEGFA and CGRP. Column and bar
Bonferroni post hoc test. ***, p < 0.001.



Fig. 4. Mg enhanced angiogenesis and coupled osteogenesis in MRONJ, which could be inhibited by blocking VEGF receptor-2 and CGRP receptor simultaneously, as
indicated by micro-CT based angiography and bone histomorphometry analysis (A) Representative 3D reconstructed images of micro-CT based angiography showing
the differences of vessel volume compared among the BP þ Ti, BP þ Mg, and BP þ Mg þ inhibitor/antagonist groups at 8 weeks after surgery. Scale bar: 5 mm (B)
Quantitative analysis of angiography in different groups at 8 weeks after surgery (C) Representative 3D reconstructed images showing the differences of newly formed
bone in the defect compared among groups at 8 weeks after surgery. Scale bar: 1 mm (D) Quantitative analysis of newly formed bone in different groups at 8 weeks
after surgery. SU5416, VEGF receptor-2 inhibitor; BIBN, CGRP receptor antagonist. Column and bar indicate mean and SD, respectively. n ¼ 4–5 for each group, by
One-way ANOVA with Bonferroni post hoc test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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BPþMgþ BIBN group 8 weeks after surgery, as compared to the BPþ Ti
group and BP þ Mg þ SU5416þBIBN group (Fig. 4).

Quantitative micro-CT-based angiography results showed that per-
centages of vessel volume in the BP þ Ti group and BP þ Mg þ
SU5416þBIBN group were significantly lower than that of the BP þ Mg
group and BP þMg þ SU5416 group at 8 weeks after surgery. There was
no significant difference in vessel volume percentage among the BP þ Ti
group, BP þ Mg þ BIBN group, and BP þ Mg þ SU5416þBIBN group
(Fig. 4B). Meanwhile, the results of bone defect repair demonstrated
significantly reduced BMD in the BP þ Ti group and BP þ Mg þ
SU5416þBIBN group at 8 weeks after surgery, indicated by micro-CT
bone analysis (Fig. 4D).

3.4. VEGF- and CGRP-mediated angiogenesis can be responsible for Mg-
alleviated MRONJ-like lesion development

At 8 weeks after surgery, incidences of MRONJ-like lesion in BP þ Ti,
BP þ Mg, BP þ Mg þ SU5416, BP þ Mg þ BIBN, and BP þ Mg þ
SU5416þBIBN groups were 100%, 25%, 40%, 20% and 100%, respec-
tively. All rats in the BP þ Ti group and BP þMgþ SU5416þBIBN group
developed MRONJ-like lesions, while the BP þ Mg group, BP þ Mg þ
SU5416 group, and BP þ Mg þ BIBN group had significantly reduced
occurrence of MRONJ-like lesions (Fig. 5A). Histology results showed a
Fig. 5. Mg-alleviated MRONJ-like lesion development, possibly due to angiogenesis
Mg, and BP þ Mg þ inhibitor/antagonist groups at 8 weeks after surgery (B) Histom
(H&E staining) (C) IHC staining of VEGFA (brown) and CGRP (brown) in the alveo
Corresponding quantitative data from (C). Column and bar indicate mean and SD, re
with Bonferroni post hoc test (B and D). **, p < 0.01; ***, p < 0.001 (E) Illustration of
the development of MRONJ via VEGF- and CGRP-mediated angiogenesis.
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significantly increased ratio of empty lacunae and N. Empty Lacunae/
B.Ar in the BP þ Ti group and BP þ Mg þ SU5416þBIBN group, as
compared to the BPþMg group, BPþMgþ SU5416 group, and BPþMg
þ BIBN group (Fig. 5B). Meanwhile, no significant difference in the ex-
pressions of VEGFA or CGRP among groups implanted with Mg rods
(Fig. 5C and D; Negative controls without primary antibodies were
shown in Appendix Fig. 1B). These results indicated that the Mg-induced
alleviation of MRONJ-like lesion development was abrogated by simul-
taneously blocking VEGF receptor-2 and CGRP receptors. Furthermore,
no remarkable difference in alveolar bone necrosis degree was observed
among the BP þ Mg and single inhibitor/antagonist applied groups,
suggesting that the VEGF and CGRP played similar and complementary
roles in the Mg-induced angiogenesis (Fig. 5E).

4. Discussion

In this study, we established a novel animal model to simulate a
MRONJ-risk patient receiving jaw surgeries of dental extraction, implant
fixation and bone defect creation, based on conventional MRONJ models
in rodents [24,25]. The dosage of BP therapy received by rats was con-
verted from human dosage, and 8 weeks as the diagnosis of MRONJ-like
lesion was utilized simulating human diagnostic criteria of MRONJ and
ensuring repeatability. We found that the BP-treated rats implanted with
and osteogenesis (A) Occurrence rate of MRONJ-like lesion in the BP þ Ti, BP þ
orphometric assessments on the degree of alveolar bone necrosis among groups
lar bone region in each group at 8 weeks after surgery. Scale bar: 100 μm (D)
spectively. n ¼ 4–5 for each group, by Chi-square test (A), and One-way ANOVA
the underlying mechanism of biodegradable magnesium implant on attenuating
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Mg rod had significantly reduced rate of MRONJ-like lesion occurrence
and alleviated histological necrotic degree in the extraction site, through
upregulating VEGF- and CGRP-mediated angiogenesis. To the best of our
knowledge, this is the first study investigating the effects of Mg implants
on MRONJ and the underlying mechanism.

To explore the pathogenesis of MRONJ in rodents, systematic reviews
and meta-analyses summarize that the incidence of osteonecrosis asso-
ciated with ZA monotherapy and ZA þ DX combination therapy ranged
from 30% to 100%, and mucosal defects with exposed bone, more
necrotic bone with increased empty lacunae, decreased numbers of os-
teocytes, and severe infiltration of polymorphonuclears, are the most
commonly observed pathological findings of MRONJ-like lesions [24,
25]. In our study, all rats in BPþ Ti group developed MRONJ-like lesions
8 weeks postoperatively, with similar histological features as observed in
MRONJ patients. As expected, reduced occurrence rate of MRONJ-like
lesion, empty lacunae ratio, and empty lacunae number per B.Ar was
found in the BP-treated rats implanted with aMg rod. Notably, our results
also demonstrated a significantly decreased number of TRAP-positive
osteoclasts in the Mg group. Some studies show that ZA therapy signifi-
cantly increased the number of osteoclasts in the tooth extraction sockets
4 weeks after extraction than control [26,27], and the
anti-osteoclastogenic effect of Mg [28,29] also could explain our results.
Besides, numerous vessel-like tissues in the alveolar bone region were
observed in the group implanted with Mg rods, companied with highly
expressed VEGFA and CGRP. As important signal protein and sensory
neuropeptides in angiogenesis, the Mg-induced VEGFA and CGRP might
be involved in the attenuation of MRONJ-like lesions.

Mg possesses multiple osteopromotive properties in bone tissue
regeneration [17,30]. The previous work done by our team showed that
Mg ion improved the healing in bone fracture and ligament reconstruc-
tion by upregulating CGRP [18,31,32], and recently the CGRP-FAK-VEGF
signaling axis linking sensory nerve and endothelial cells was further
revealed to be responsible for the Mg-accelerated bone defect repair
during distraction osteogenesis [20]. In our present in vivo experiments
injected with inhibitor and/or antagonist, either injection of VEGF
receptor-2 inhibitor or CGRP receptor antagonist could not block the
Mg-induced angiogenesis and coupled osteogenesis in the BP-treated
jawbone, and the Mg-enhanced tissue regeneration could only be
blocked by the combined action of VEGF receptor-2 inhibitor and CGRP
receptor antagonist, which were consistent with the occurrence rate and
histological results of MRONJ-like lesion. It indicated that the main
mechanism responsible for alleviating MRONJ-like lesion development
was the enhancement of angiogenesis induced by Mg, which might be
mediated by VEGF and CGRP, respectively. On one hand, either
Mg-upregulated CGRP released from sensory nerve [20,33,34] or direct
Mg ion stimulation on bone marrow stromal cells and endothelial cells
[35–37] can upregulate VEGF, thus leading to angiogenesis. On the other
hand, activation of the CGRP receptor also results in Gαs-mediated
activation of adenylate cyclase in endothelial cells, inflammatory cells,
and vascular smooth muscle cells, causing a subsequent increase in cyclic
adenosine monophosphate and activation of nitric oxide synthase [38].
And nitric oxide promotes new vessel formation via cyclic guanosine
monophosphate-protein kinase G pathway [39,40]. In this BP-treated
model, the VEGF- and CGRP-mediated angiogenic effects might have
equally important roles in attenuating the development of MRONJ,
possibly via endothelial cells, which warrants further investigation.

Nevertheless, there were several limitations in this study. Firstly, the
concentration of Mg ion derived from the implant in the mandible was
unknown. Conflicting results of the osteogenic capacity of Mg ion have
been observed by some studies, which indicate multiple roles of Mg ion
with different concentrations in the complex biological process of bone
healing [41–43]. Secondly, although most MRONJ studies are using ro-
dent animals, there is still a debate concerning the use of small animal
models for MRONJ research due to different anatomy and metabolism
from humans. Since the unique features of the human jawbone can be
responsible for the specific occurrence site of MRONJ [44], preclinical
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studies on rodents lacking the Haversian canal in the mandible need
more pieces of evidence before clinical investigations [45].

In conclusion, our study demonstrated for the first time that the
biodegradable Mg implant could alleviate the development of MRONJ-
like lesions, possibly via upregulating VEGF- and CGRP-mediated
angiogenesis. Mg-based implants have the potential to be developed as
a novel internal fixation device for patients at the risk of MRONJ. Further
studies focusing on the exact mechanisms underlying the effects of Mg on
MRONJ are needed.
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