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Allogeneic Mesenchymal Stem Cell Therapy
for Bisphosphonate-Related Jaw Osteonecrosis in Swine

Yunsheng Li,1,2,* Junji Xu,1,* Lisha Mao,1 Yi Liu,1 Runtao Gao,1 Zongmei Zheng,1

Wanjun Chen,3 Anh Le,4 Songtao Shi,4 and Songlin Wang1,5

Bisphosphonates (BPs), which are used to treat a variety of clinical disorders, have the side effect of jawbone
necrosis. Currently, there is no reliable treatment for BP-related osteonecrosis of the jaw (BRONJ) due to a lack of
understanding of its pathogenesis. To investigate the pathogenesis of BRONJ and observe the treatment effect
of bone marrow mesenchymal stem cell (BMMSC) transplantation, we established a preclinical animal model of
BRONJ in miniature pigs (minipigs). After treatment with zoledronic acid, the clinical and radiographic mani-
festations of BRONJ could be observed in minipigs after first premolar extraction. The biological and immu-
nological properties of BMMSCs were impaired in the BP-treated minipigs. Moreover, the ratio of Foxp3-positive
regulatory T-cells (Tregs) in peripheral blood decreased, and interleukin (IL)-17 increased in the serum of BP-
treated minipigs. After allogeneic BMMSC transplantation via intravenous infusion, mucosal healing and bone
reconstruction were observed; IL-17 levels were reduced; and Tregs were elevated. In summary, we established
a clinically relevant BRONJ model in minipigs and tested a promising allogeneic BMMSC-based therapy, which
may have potential clinical applications for treating BRONJ.

Introduction

Bisphosphonates (BPs) have been widely used to prevent
skeletal-related events, reduce bone pain, and improve

the quality of life. However, literatures suggest that the use of
BPs may be associated with osteonecrosis of the jaw [1,2]. BP-
related osteonecrosis of the jaw (BRONJ) is defined as exposed
bone in the maxillofacial region that persists for more than 8
weeks in patients with current or previous BP treatment
without a history of radiation therapy to the jaw [3]. Lately,
many risk factors, including BP potency, duration of BP
therapy, dentoalveolar surgery, inflammatory dental dis-
eases, and increased age, have been reported related to
BRONJ [4]; however, the pathogenesis of BRONJ still remains
unclear [5]. Previously, we developed a mouse model of
BRONJ-like disease, disclosed the immunity-based mecha-
nism of BRONJ-like disease, and reversed it with bone mar-
row mesenchymal stem cells (BMMSCs) [6]. However,
treatment of BRONJ in the clinical setting is still a challenging
issue [7], and preclinical studies based on a well-established
large-animal model are needed.

Compared with rodents, large-animal models are superior
because of their similarities in gross anatomy and physiology
to humans as well as spontaneous development of diseases
seen in humans involving similar processes [8]. We previ-
ously generated a miniature-pig (minipig) model of ad-
vanced osteoradionecrosis and cured it with BMMSC
transplantation [9]. In the present study, we established a
large-animal model of BRONJ in minipigs and observed the
biological and immunological properties of BMMSCs in this
animal model. Further, we demonstrated that allogeneic
BMMSC transplantation cured BRONJ in minipigs. Because
of the close similarity between minipigs and humans in
terms of histology and functions of the orofacial tissues [8],
this experimental design may yield important preclinical
information about the application of stem cell-based therapy
for treating BRONJ in humans.

Materials and Methods

All study procedures were reviewed and approved by the
animal care and use committee of the Capital Medical

1Molecular Laboratory for Gene Therapy & Tooth Regeneration, Beijing Key Laboratory of Tooth Regeneration and Function
Reconstruction, Capital Medical University School of Stomatology, Beijing, China.

2Department of Stomatology, Coal General Hospital, Beijing, China.
3Mucosal Immunology Section, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, Maryland.
4Center for Craniofacial Molecular Biology, Herman Ostrow School of Dentistry, University of Southern California, Los Angeles,

California.
5Department of Biochemistry and Molecular Biology, Capital Medical University School of Basic Medical Sciences, Beijing, China.
*These two authors contributed equally to this study.
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University. All the methods conformed to the Animal Re-
search Reporting In Vivo Experiments guidelines.

Animals and generation of a BRONJ animal model

Inbred Wuzhishan minipigs [8], aged 12 months and
weighing 30 to 40 kg, were obtained from the Institute of
Animal Science of the Chinese Agriculture University (Beijing,
China), and eight BRONJ models were successfully setup
by being intravenously injected with zoledronic acid (ZA;
Zometa; 4 mg every 2 weeks) and the first premolar extrac-
tion. Three minipigs served as control. The miniature pigs
were anesthetized with a combination of 6 mg/kg ketamine
chloride and 0.6 mg/kg xylazine (intramuscular injection)
before all experimental procedures. Computed tomography
(CT, 96 DPI; GE Medical Systems HiSpeed NX/i, General
Electric Company) was used in the Beijing Friendship Hos-
pital, Capital Medical University, Beijing, China, to assist in
designing of the irradiation plan and for morphological ob-
servation. Teeth were extracted in a sterile animal operating
room. Animals were anesthetized, and the first premolar was
extracted with dental forceps. After tooth extraction, animals
were given penicillin (30,000 U/kg, intramuscular injection)
to prevent infection (see Supplementary Methods for more
details; Supplementary Data are available online at www
.liebertpub.com/scd).

BMMSC isolation, cell culture, and characterization

Porcine BMMSCs were isolated from iliac crest bone aspi-
rates. For bone marrow harvesting, animals were anesthetized,
and bone marrow was harvested from iliac crest bone aspi-
rates by a syringe. For MSC characterization, cell surface
marker such as STRO-1 and CD146 cells were observed; BrdU,
CCK8, and carboxyfluorescein succinimidyl ester (CFSE) were
used for self-renewal capacity determination, and multilineage
differentiation potentials such as adipogenic and osteogenic
were also observed (see Supplementary Methods for details).

BrdU staining, cell counting, and CFSE labeling

The proliferation of BMMSCs was detected by BrdU
staining, cell counting, and CFSE labeling. BrdU was added in
the medium and stained; the BrdU-positive cells were counted
and expressed as a percentage of the total number of cells. For
cell counting, CCK-8 (Dojindo Laboratories) was used and
measured at 450 nm. CFSE (Invitrogen) was used for cell
staining (5mM/1 · 106 cells/mL) and proliferation index flow
cytometric analysis (see Supplementary Methods for details).

Determination of apoptotic cells

BMMSC apoptosis was evaluated using the Annexin-
V-FLUOS apoptosis staining kit (Roche Diagnostic). A total
of 106 cells were washed with phosphate-buffered saline
(PBS; Invitrogen) and centrifuged at 200 g for 5 min. The cell
pellet was resuspended in 100mL of Annexin-V-FLUOS la-
beling solution, incubated, and analyzed by flow cytometry.

Flow cytometry of BMMSCs

BMMSCs were harvested and incubated for 1 h with spe-
cific monoclonal antibodies against Stro-1 (R&D Systems),
CD146 (Abcam), SLA-I (AbD Serotec), and SLA-II (AbD
Serotec) for 1 h. After washing with PBS (Invitrogen), the
cells were incubated with FITC-conjugated goat anti-mouse
IgG, IgM, and IgA antibodies (AbD Serotec) for 30 min in the
dark at room temperature. The antibodies were used at the
concentrations suggested by the manufacturers. The cells
were analyzed by fluorescein-activated cell sorter (FACS)
Calibur flow cytometry.

Immunoregulatory activity of BMMSCs

Human peripheral blood lymphocytes (hPBLs) from
healthy donors were cocultured with equal numbers of
BMMSCs. The proliferation of hPBLs was determined by
CCK-8 (see Supplementary Methods for details).

FIG. 1. Generation of a minipig model of bisphosphonate (BP)-related osteonecrosis of the jaw (BRONJ). (A) Schematic
illustration of the timeline of the procedures conducted in this study. Eight minipigs were intravenously injected with 4 mg
zoledronic acid (ZA) alone once every 2 weeks. Three minipigs were injected with physiological saline as controls. Clinical
assessments and computed tomography (CT) examinations were performed for all animals before BP delivery, 24 weeks
before tooth extraction, after jaw bone necrosis, and 12 weeks after bone marrow mesenchymal stem cell (BMMSC) infusion.
Jaw bone tissue samples were taken for histopathological analysis from all BRONJ minipigs and untreated normal controls
before allogeneic BMMSC infusion and 12 weeks after the infusion. (B) Four weeks after extraction, the clinical examination
showed incomplete mucosal healing (black arrowhead) in all pigs in the BP treatment group, but no pigs in the untreated group
(scale bar = 1 cm). (C) Eight weeks after extraction, necrotic bone was exposed in the oral cavity of BP-treated minipigs (black
arrowhead), but not in the untreated group (scale bar = 1 cm). (D) After tooth extraction, destruction and enlargement of the
cortical bone were seen in the BRONJ model on the CT scan. Both osteolysis and osteosclerosis were observed in the necrotic
jaw bone (yellow arrowhead) (scale bar = 1 cm). (E) The CT scan showed a healed alveolar socket (yellow frame) in the control
group (scale bar = 1 cm). (F) The 3D images of CT scan showed destruction of the bone in the BP-treated group. (G) Scanning
electronic microscopy (SEM) analysis showed collapsed collagen fibers in the necrotic jaw bone of the BP-treated group and
normal collagen of the control group at baseline. Transmission electron microscopy (TEM) revealed pyknosis of the nuclei
(upper panel) and empty bone lacuna (lower panel). (H) Hematoxylin and eosin (H&E) staining of the minipig BRONJ model
showed the presence of fibrosis and inflammatory infiltrate areas and necrotic bone (NB) areas with empty lacunae and
fibrosis (scale bar = 50 mm). (I) Histological analysis of normal swine jawbones showed regular arrangement of the lamina and
active osteocytes in lacunae (scale bar = 50 mm). ( J) The area of fibrosis and inflammatory infiltrate over the tissue area were
significantly higher in the jawbones of minipigs with BRONJ (***P < 0.001). (K, L) Trichrome staining of BRONJ (K) and
normal (L) swine jawbones showing necrotic bone and a lack of new bone (osteoid, red staining) in the jaws from minipigs
with BRONJ (scale bar = 200 mm). (M) The area of osteoid over the tissue area was significantly decreased in the jawbones of
minipigs with BRONJ (**P < 0.01).

‰

2048 LI ET AL.

D
ow

nl
oa

de
d 

by
 P

E
N

N
 L

IB
R

A
R

Y
 U

N
IV

E
R

SI
T

Y
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
15

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



MSC TREATMENT FOR JAW BRONJ 2049

D
ow

nl
oa

de
d 

by
 P

E
N

N
 L

IB
R

A
R

Y
 U

N
IV

E
R

SI
T

Y
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
15

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Multilineage differentiation potential

BMMSCs were cultured in adipogenic differentiation and
osteogenic differentiation media. Oil-red-O stain, alizarin red
stain, and real-time (RT) PCR of PPARc2 and alkaline phos-
phatase (ALP) were used to determine the BMMSC differen-
tiation potential (see Supplementary Methods for details).

Immunological changes in peripheral blood
mononuclear cells

To investigate the immunological changes in the minipigs,
we obtained blood from the precaval vein and performed

flow cytometric staining analysis using the immunological
markers CD3, CD4 (Abcam), CD25 (AbD Serotec), and gdT
(VMRD) cells and Q-PCR detection of Foxp3 and interleukin
(IL)-17 expression at 0, 4, 8, 16, and 24 weeks after BMMSC
transfusion (see Supplementary Methods for details).

RT-PCR for assessing gene expression

Samples were frozen and crushed into powder. Total
mRNA was extracted and reverse transcribed. We obtained
the gene sequences for ALP, tartrate-resistant acid phos-
phatase (TRAP), IL-6, and interferon-g (IFN-c) from Gen-
Bank. The cDNAs were amplified by PCR with the following

FIG. 2. Impairment of biological and immunological functions of BMMSCs in the BP-treated minipigs. (A) BMMSCs in the BP
group could hardly adhere compared with controls 1 week after isolation (scale bar = 2.0 mm). (B) Annexin V staining for
apoptosis showed that *43% of BMMSCs from the BRONJ group were positive for the early or late stages of apoptosis, but
fewer apoptotic cells (4.14% – 0.6%) were found in the untreated control group (**P < 0.01). (C) Quantified BrdU-positive cells
were significantly decreased in the BP-treated groups (**P < 0.01). (D) CCK-8 tests showed a decreased proliferative ability of
cells in the BP groups compared with the untreated group. (E) The carboxyfluorescein succinimidyl ester (CFSE) test indicated a
declined proliferation index (*P < 0.05) in the treatment group compared with the untreated control group. (F) There was no
significant difference between the treatment and untreated control groups for both the Stro-1 and CD-146 markers (Stro-1:
64.38% – 1.19% vs. 64.46% – 0.93%; CD-146: 58.89% – 0.42% vs. 55.17% – 0.81%, both P > 0.05). (G) In mixed lymphocyte reaction,
when tested with CCK-8, there was no difference in the stimulation index between the BP and control groups (0.19% – 3.2% vs.
0.21% – 4.3%, P > 0.05), when mixed PBLs and BMMSCs, in the presence of phytohemagglutinin (PHA), the stimulation index
increased in the BP groups (0.57% – 9.6% vs. 0.22% – 6.5%, *P < 0.05) (a: PBLs; b: PBLs + PHA; c: PBLs + BMMSCs of BP groups;
d: PBLs + BMMSCs of control group; e: PBLs + PHA + BMMSCs of BP groups; f: PBLs + PHA + BMMSCs of control group). (H)
The differentiation potential of BMMSCs stained with Oil red O or (I) alizarin red S (scale bar = 50mm) is shown; BMMSCs from
BP-treated animals have significantly lower adipogenic differentiation and osteogenic differentiation potential (**P < 0.01). ( J) Q-
PCR showed that PPARc2 and alkaline phosphatase (ALP) were expressed. Adipose potential, as well as osteogenic potential,
was significantly different between the treatment and untreated control groups (**P < 0.01; *P < 0.05).
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thermocycler conditions: 95�C for 2 min, then 40 cycles of
95�C for 15 s, and 60�C for 1 min.

Histological analysis and cell tracing in regenerated
bone tissues

Tissue samples were taken from the necrotic area of three
animals to perform histological analysis with hematoxylin and
eosin (H&E) staining, trichrome staining, and TRAP staining.
For osteoclast/osteoblast counting and fibrosis inflammatory
area determination, the H&E-stained sections and TRAP-
stained sections were photographed, and osteoclast/osteo-
blast count and fibrosis inflammatory area over tissue area
were calculated per field at · 200 magnification by Image-Pro
Plus version 6.0 software. For bone formation determination,
trichrome-stained sections were photographed, and the red-
stained area over tissue area was calculated per field at · 200
magnification by Image-Pro Plus version 6.0 software. Five
sections for each animal were counted with an average of 10
fields/tissue by an experienced expert of histopathology un-
der blinded fashion. Five fields per animal were analyzed for
TRAP-stained sections. Samples collected from the cortical
bone of BRONJ and control animals were examined under an
S-520 scanning electron microscope and transmission electron
microscope (Hitachi Company).

For cell tracing, BMMSCs from healthy male minipigs
were transferred into female minipigs with BRONJ. Bone
tissue was taken, and the sections were stained with an
RBMY1 antibody 12 weeks later (see Supplementary Methods
for details).

Osteoid measurement

Bone samples were taken from the same extraction fields
of the mandibles of minipigs. After trichrome staining, the
sections were photographed, and the percentage of red-
stained area (osteoid area) was calculated per field at · 200
magnification by Image-Pro Plus version 6.0 Software. Five
entire sections for each animal were counted, with an aver-
age of 5 fields/section, by an experienced histopathology
expert in a blinded fashion.

BMMSC transplantation for treating BRONJ
in minipigs

The animals with BRONJ were randomly divided into a
BMMSC group treated with allogeneic BMMSCs (n = 5)
from male minipigs and a group that was treated with
physiological saline (n = 3). Minipigs in the untreated con-
trol group received no ZA treatment (n = 3) (see Supple-
mentary Methods for details).

FIG. 3. Immunological changes in the BP-treated minipigs and bone remodeling and immunoregulation improvement after
BMMSC infusion. (A) CD4 + CD25 + T-cells were significantly decreased in the peripheral blood from the BP-treated groups at
24 weeks after the BP treatment compared with the untreated control group (P < 0.05). (B) BP treatment also resulted in
slightly reduced Foxp3 + levels in the peripheral blood at 24 weeks after BP treatment (P = 0.05). (C) interleukin (IL)-17 levels
in the peripheral blood in the BP-treated groups were increased compared with the untreated control group at 24 weeks after
BP treatment (P < 0.05). (D) The levels of gdT cells in the BP groups were significantly increased compared with the control
group at 24 weeks after BP treatment (P < 0.05). At 12 weeks after BMMSC transplantation, the level of CD4 + CD25 + T-cells
recovered (P < 0.05) (E); the level of Foxp3 mRNA tended to increase in BRONJ minipigs (P < 0.05) (F); and IL-17 levels were
also reduced after treatment (P < 0.05) (G). The level of gdT cells in peripheral blood decreased in the BMMSC group (P < 0.05)
(H). The expression of ALP (I) and TRAP ( J) increased 12 months after BMMSC treatment, whereas the levels of IFN-g (K) and
IL-6 (L) decreased (*P < 0.05; **P < 0.01; ***P < 0.001). IFN, interferon; TRAP, tartrate-resistant acid phosphatase.
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FIG. 4. Allogeneic BMMSC
transplantation cured BRONJ
in the minipig model. (A) The
open alveolar socket with NB
in the minipig model of
BRONJ before BMMSC infu-
sion (black arrowhead) (scale
bar = 1 cm). BRONJ minipigs
that received BMMSC infu-
sions showed healing with
complete soft tissue 12 weeks
and 12 months after infusion
(scale bar = 1 cm), whereas the
exposure of NB in minipigs
with BRONJ before saline in-
fusion was still present with a
wider exposure in the same
minipigs with BRONJ (black
arrowhead) 12 weeks and 12
months after saline infusion
(scale bar = 1 cm). (B) The CT
image showing the necrotic
right mandible of minipigs
with BRONJ before BMMSC
infusion and the disappear-
ance of necrotic bone and
healing of the BRONJ 12
weeks after BMMSC infusion
(yellow frame) (scale bar = 1
cm); more NB was found in
the alveolar process (yellow
arrowhead) and the lingual
side of the right mandible 12
weeks after saline infusion
(scale bar = 1 cm). (C) Three-
dimensional images of the CT
scan also showed healing of
the bony defects compared
with the saline-treated group
in the BMMSC-treated group
12 weeks after treatment.

FIG. 5. Histological observation of bone reconstruction in the BMMSC-treated BRONJ minipig model. (A) H&E staining
showed new bone formation in the NB area 12 weeks and 12 months after BMMSC infusion (scale bar = 300 mm), and NB was
still present in minipigs with BRONJ treated with saline (scale bar = 300mm). (B) Positive staining of Y-chromosomes (red) in
regenerated bone of the BRONJ region (yellow arrowhead). (C–F) Bone remodeling of the mandible in minipigs after treatment
with BMMSCs. Osteoclasts (C, black arrowhead) and osteoblasts (E, green arrowhead) were observed in H&E-stained sections 12
weeks after BMMSC infusions (bar = 50 mm). Means of osteoclast/field (D) and osteoblast/field (F) in H&E-stained sections
were also significantly higher in the BMMSC-treated group **P < 0.01. (G) Trichrome staining revealed new bone formation
(osteoid, red staining) in the collagen matrix (scale bar = 300 mm) of the group treated with BMMSCs 12 months postinfusion,
whereas minipigs with BRONJ treated with saline showed no marked new bone formation (scale bar = 300 mm). (H) TRAP
staining showed that the osteoclasts (black arrowhead) were observed in the group treated with BMMSCs 12 months post-
infusion, whereas minipigs with BRONJ treated with saline showed few osteoclasts (bar = 50mm). A significant increase in the
osteoid area (I) and osteoclasts ( J) over the tissue area in the group treated with BMMSCs compared with the group treated
with saline (***P < 0.001).
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Statistical analysis

Data were analyzed using one-way analysis of variance
with pairwise comparisons using the Bonferroni method. P
values < 0.05 were considered significant.

Results

Minipig model of BRONJ induced by BP delivery

A clinically relevant BP delivery regimen was used to
generate the large-animal model (Fig. 1A). Four weeks after
tooth extraction, the clinical examination revealed incomplete
mucosal healing in all BP-injected pigs (Fig. 1B). Eight weeks
after tooth extraction, all BP-treated minipigs had exposed
necrotic bone in the oral cavity (Fig. 1C) that persisted until
stem cell treatment was administered. A CT scan showed
destruction and enlargement of the cortical bone with both
osteolysis and osteosclerosis in the necrotic jaw bone (Fig. 1D–
F). Scanning electronic microscopy showed collapsed collagen
fibers in the necrotic jaw bone (Fig. 1G, left). Transmission
electron microscopy revealed pyknosis of the nuclei and
empty bone lacuna (Fig. 1G, right). Histological analysis
showed the presence of increased inflammatory infiltrates and
necrotic bone areas with empty lacunae as well as fibrosis
compared with normal bone (Fig. 1H–J). Measurement of
osteoid from trichrome staining, which was sensitive for to
mark the active bone formation, showed significant decreases
in osteoid in minipigs with BRONJ compared with normal
controls (Fig. 1K–M). These findings showed that a large-
animal model of BRONJ was successfully established in the
minipigs.

Biological and immunological properties of BMMSCs
were impaired in the BP-treated minipigs

BMMSCs from only two of the eight animals in the BP-
treated group were successfully isolated and cultured be-
cause of the biological impairment (Fig. 2A); BP-treated
BMMSCs also exhibited much more cell apoptosis than the
control group (Fig. 2B). BrdU, CCK-8, and CFSE staining
indicated a decreased proliferation of cells in the BP-treated
groups (Fig. 2C–E). Flow cytometric analysis identified no
significant differences in the surface markers of BMMSCs,
including Stro-1 and CD146, between the BP-treated and
control groups (Fig. 2F). In a mixed-lymphocyte reaction
assay, the stimulation index in phytohaemagglutinin-stimu-
lated hPBLs was higher when cultured with BP-treated
MSCs compared with the control MSCs (Fig. 2G). The adi-
pose and osteogenic differentiation potential of BMMSCs
was tested using Oil-red-O (Fig. 2H) and alizarin red S (Fig.
2I) staining, and PPARc2 and ALP mRNA analysis (Fig. 2J).
We found a significant difference in both adipose and oste-
ogenic potential between the BP-treated and control groups.

Regulatory T-cells were suppressed and IL-17
was increased in BP-treated minipig peripheral blood

Pigs treated with ZA showed a significant decrease in
CD4 + CD25 + T-cells and Foxp3 mRNA in the peripheral
blood (Fig. 3A, B). In contrast, the levels of IL-17 mRNA and
gdT cells in the peripheral blood of pigs in the treatment
groups increased (Fig. 3C, D). The immunological changes

between the BP- and saline-treated groups began at week 4
and reached the highest level in week 24 (Fig. 3A–D).

BMMSC-based therapy improved suppressed
regulatory T-cells and elevated IL-17 levels
in BRONJ minipigs

The effect of BMMSC on regulatory T-cells (Tregs) and IL-
17 was found on 12 weeks after cell infusion (Fig. 3, E–H).
After BMMSC transplantation, the level of CD4 + CD25 + T-
cells and Foxp3 expression increased in the BMMSC group
(Fig. 3E, F). The IL-17 and gdT cell levels were declined after
BMMSC treatment (Fig. 3G, H). Moreover, the expression of
ALP (Fig. 3I) and TRAP (Fig. 3J) increased 12 months after
BMMSC treatment, whereas the level of IFN-g (Fig. 3K) and
IL-6 (Fig. 3L) decreased, indicating active bone remodeling
and immunoregulation 12 months after BMMSC infusion.

Allogeneic BMMSC transplantation cured
BRONJ in minipigs

Twelve weeks after the BMMSC treatment, the open al-
veolar sockets of all five minipigs with BRONJ healed with
complete soft tissue coverage, whereas the exposed necrotic
bone with inflamed soft tissue still remained in the three
saline-treated minipigs (Fig. 4A). CT examinations showed
healing of the bony defects compared with the saline-treated
group 12 weeks after BMMSCs infusion (Fig. 4B, C). Histo-
logical analysis showed new bone formation in previously
necrotic areas (Fig. 5A) in BMMSC-treated minipigs with
BRONJ 12 weeks and 12 months after infusion, and the ap-
pearance of osteoclasts (Fig. 5C, D) and osteoblasts (Fig. 5E,
F), indicated bone remodeling 12 weeks after BMMSC
treatment. Cell tracing showed positive Y-chromosome
staining in the jaw bone of the BMMSC-treated animals 12
weeks after infusion, indicating that the transferred alloge-
neic BMMSCs mediated bone regeneration in the BRONJ
lesion (Fig. 5B). A significant increase in the osteoid area over
the tissue area and osteoclast count was observed (Fig. 5G–J),
indicating marked new bone formation in the necrotic re-
gion. Taken together, BRONJ in minipigs was clinically
cured by treatment with allogeneic BMMSC infusions.

Discussion

BRONJ is defined as treatment with a BP, exposed necrotic
bone for at least 8 weeks, and no history of radiation to jaws
[3,4]. In the present study, we used a clinically relevant
protocol of intravenous delivery of ZA and generated an
animal model of BRONJ in minipigs successfully. Clinical
and histological examinations and CT analysis showed jaw
features, including sequestrum and radio-opaque alveolar
bone. The exposed necrotic bone persisted until BMMSC
treatment was administered, coinciding with the current di-
agnosis criteria of human BRONJ [3,4].

In daily activities, particularly during chewing, jaw bones
are cyclically strained, leading to microdamage and bone
reconstruction [10]. Although BPs do not inherently affect
bone formation, they can affect bone formation indirectly
through reductions in resorption. This may be a timing issue
in that early on, bone formation was normal, but at the time
of histological assessment, the osteoid was no longer being
formed. Since jaw bones have frequent microdamage and
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reconstruction, BP-related osteonecrosis happened there
mostly. Previously, we developed a mouse model of BRONJ-
like disease [6]; however, well-established large-animal
models are needed for preclinical studies and will provide
researchers with the opportunity to elucidate the mecha-
nisms underlying BRONJ and to explore potential thera-
peutic approaches, particularly those that are difficult to
implement in small-animal models such as rodents due to
the small size of the orofacial region. Because of the high
similarity between swine and humans in terms of histology
and functions of the orofacial tissues [8,11,12], the miniature
pig is increasingly used as a large-animal model for a variety
of biomedical studies [13,14].

The findings from the present study showed that ZA
treatment can suppress Treg levels in peripheral blood while
increasing the levels of gdT cells and IL-17 in peripheral
blood. BPs can increase the level of IL-17 and gdT cells and
decrease the level of Tregs, suggesting that BPs can affect the
function of cells in both the innate and acquired immunity
pathways [15]. Macrophages could phagocytose apoptotic
cells and secrete TGF-b, which could induce Treg differen-
tiation. However, osteoclasts, monocytes, and macrophages
are the cells most likely to be affected by the administration
of BPs. Additionally, it was reported that serum IL-6 increased
on days 1 and 2 after ZA infusion [16]. Since IL-6 participates
in driving Th17 differentiation with TGF-b, more TGF-b was
consumed in Th17 differentiation. The BP-induced decrease in
TGF-b and increase in IL-6 may contribute to suppressed Treg
levels in peripheral blood. Th17 cells are important in the
pathogenesis of several inflammatory diseases such as multi-
ple sclerosis and rheumatoid arthritis [17], whereas gdT cells
play a significant role in innate immunity against pathogens
and also produce IL-17 [18]. Our data suggest that ZA treat-
ment enhances the immune response in minipigs, which may
be involved in the pathogenesis of BRONJ.

BMMSCs have the capacity to self-renew and differenti-
ate into different cell lineages [19–21] and have unique
immunomodulatory properties, both in vitro and in animal
models and humans [22,23]. In the present study, we rec-
ognized a decreased proliferative capacity of BMMSCs after
BP use, and ZA induced MSC apoptosis. Thus, an impaired
BMMSC function may also contribute to the pathogenesis of
BRONJ.

Previously, post-BP-treated autogenic bone marrow pro-
genitor cells, including hematopoietic, mesenchymal, endo-
thelial, and other progenitor cells, were used locally in jaw
bone to treat BRONJ in humans [24]. However, we have
showed in the present study that BMMSCs in BP-treated
bone marrow were impaired. BMMSCs are capable of
homing in to injured tissues after intravenous delivery [25]
and are capable of anti-inflammatory effects [26]. The data
from the present study based on a minipig model of BRONJ
showed complete healing of the soft tissue as well as primary
healing of the bony defects after infusion of BMMSCs. Since
no specific treatments, including surgery for the necrotic
bone, was delivered, we believed that the infused BMMSCs
can migrate to local necrotic bone for vascular regeneration
and bone reconstruction [9]. In the present study, we also
found tracer cells in bone 12 weeks after infusion. After
systemic infusion of BMMSCs, BP-induced increases in IL-17
and gdT cells in the peripheral blood were markedly sup-
pressed, whereas the decreased levels of Tregs observed in

the peripheral blood were partially restored. The restoration
of impaired immunity by systemic infusion of BMMSCs may
play an important role in curing BRONJ.

In summary, we successfully established a large-animal
model of BRONJ in minipigs that more closely mimics the
disease in humans and provides direct evidence of a link
between BPs and osteonecrosis of the jaw. More importantly,
we discovered that allogeneic BMMSC-based infusion pro-
vides a safe and effective therapeutic modality for treating
BRONJ, which sheds light on potential clinical applications
for treating BRONJ patients.
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