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Abstract

Medication-related osteonecrosis of the jaw (MRON]J) is a serious adverse effect of antiresorptive agents like bisphospho-
nates. Abnormal concentrations of various trace metallic elements contained in bone minerals have been associated with
MRONI. In this study, we focused on trace metallic elements contained in the MRONIJ sequestrum; their content and distribu-
tion were compared to those in osteomyelitis and non-inflammatory bones using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and synchrotron radiation X-ray fluorescence analysis (SR-XRF). On ICP-AES analyses, various
trace elements (Co, Cr, Cu, Fe, K, Mg, Ni, Sb, Ti, V, Pb) were significantly more in MRONIJ sequestra than non-inflammatory
bones. The Cu content was significantly higher in MRONI sequestra than osteomyelitis and non-inflammatory bones. The
Cu content in MRONIJ sequestra was high even after decalcification. Additionally, Cu was distributed along the trabecular
structures in decalcified MRONIJ specimens, as observed using SR-XRF analysis. Therefore, this study was indicative of the
characteristic behavior of Cu in MRONJ.

Keywords Medication-related osteonecrosis of the jaw (MRONJ) - Trace metallic element - Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) - Synchrotron radiation X-ray fluorescence analysis (SR-XRF)

Electronic supplementary material The online version of this Introduction

article (https://doi.org/10.1007/s00774-018-0975-3) contains

supplementary material, which is available to authorized users. Medication-related osteonecrosis of the jaw (MRONI) is a
rare but serious adverse effect of antiresorptive or antian-
giogenic agents that was first reported in 2003 in a patient
who received bisphosphonate (BP) [1]. According to the
American Association of Oral and Maxillofacial Surgeons,
patients may be considered to have MRONI if all of the fol-
lowing characteristics are present: (1) current or previous

treatment with antiresorptive or antiangiogenic agents; (2)
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exposed bone or bone that can be probed through an intra-
oral or extra-oral fistula in the maxillofacial region and that
has persisted for more than 8 weeks; and (3) no history of
radiation therapy to the jaws or obvious metastatic disease to
the jaws [2]. The risk of developing MRONJ was reported to
be 0.7-8.5% among cancer patients treated with BP therapy
[3, 4]. The risk of MRONIJ for osteoporosis patients receiv-
ing BP therapy was reported to be 0.1% but increases to
0.21% among patients with more than 4 years of oral BP
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exposure [5]. Recently, the risk for similar adverse effects
was reported among patients receiving the receptor-activated
nuclear factor kappa-B ligand (RANKL) inhibitor (deno-
sumab), a different type of antiresorptive agent [6]. Impor-
tantly, invasive dental treatment—e.g., tooth extraction—
triggers MRONJ in most cases [7]. However, the underlying
mechanism of pathogenesis remains unclarified. To identify
biomarkers associated with MRONI, several studies have
investigated changes in the chemical components of bones
exhibiting MRONIJ development [8, 9]; however, a clear
association could not be found. On the other hand, various
trace metallic elements contained in bone minerals offer an
alternative avenue to study the pathogenesis of MRONI.
Cu and Zn are among the most typical factors assessed as
potential markers by clinical laboratories. Concerning osteo-
porosis, disorder of plasma zinc (Zn) concentrations was
reported among patients [10]. In addition, an association
between BP treatment and decreases of Zn and Cu concen-
trations in the oral epithelium was reported by an animal
experiment [11]. We aim to build upon such findings by
focusing on the abnormal concentrations of trace metallic
elements in patients with MRONJ sequestrum. A previous
study that conducted a micro-scale elemental distribution
analysis found an accumulation of Cu in the MRONJ seques-
trum [12]. The present study performed a similar analysis
using synchrotron radiation X-ray fluorescence (SR-XRF),
a technique that emits extremely strong and highly colli-
mated electromagnetic waves, including X-ray, and allows
for high sensitivity in the analysis of micro-areas and the
trace-element distribution of a specimen without inducing
damage. However, accurate quantification of a trace element
with SR-XRF is subject to limitations. The elemental distri-
bution image that the method provides only indicates relative
concentration. In addition, current SR-XRF facilities expose
the optic to the air, which absorbs the fluorescent X-ray from
light elements. The analysis of light elements (e.g., B, Al,
Na), thus, becomes impossible. To reveal the effect of the
trace elements in bone on MRONJ development, the quan-
titation of the trace metallic elements in MRONIJ sequestra
and a comparison of such data with other inflammatory or
non-inflammatory disease bones were required to clarify
the significance of the trace-element accumulation to the
development of the condition. An alternative method was,
therefore, required for the quantitative analysis of the trace
elements in bones.

Inductively coupled plasma atomic emission spectros-
copy (ICP-AES) is the most common method for highly sen-
sitive trace-element detection (especially cation species) and
accurate quantification in solution specimens. The technique
is usually applied once the solid specimen is dissolved with
acid treatment, which compromises the inhomogeneity of
the trace elements and precludes the characterization of ele-
mental distribution and localization by ICP-AES. Therefore,

ICP-AES and SR-XRF are complementary methods for the
analysis of trace elements inhomogeneously contained in
solid specimens; the former obtains the distribution and
localization of a trace element within a sequestra, while the
latter allows for the trace element’s quantitation.

Thus, the present investigation was aimed at quantify-
ing and comparing the trace-metallic-element contents in
MRONIJ, osteomyelitis, and non-inflammatory bones using
ICP-AES. The tested bones were then analyzed using SR-
XRF to reveal elemental distributions. By the two differ-
ent analytical methods in tandem, the relationship between
MRONJ development and trace-metallic-element accumula-
tion was further elucidated.

Materials and methods
Bone specimens

Bone specimens were supplied by Tokyo Medical and Den-
tal University Hospital. The samples included 14 MRONIJ-
induced sequestrum specimens that had received antiresorp-
tive agent (BP or denosumab) therapy, 10 osteomyelitis, and
6 torus mandibularis specimens that did not receive antire-
sorptive agent therapy. Osteomyelitis sequestrum is caused
by infectious bone degradation not induced by an antiresorp-
tive agent; these specimens were, therefore, used as a refer-
ence for inflammatory bone disease. The excised bones from
jaw deformities and exostosis were used as an additional
reference of non-inflammatory bone disease independent of
exposure to medication and infection. All patients provided
informed consent and the study protocol was approved by
the Ethical Committee of Tokyo Medical and Dental Uni-
versity (D2016-002). Table 1 shows the clinical data for all
specimens.

The present study conducted three analyses: (1) ICP-
AES analysis without any sample treatment, e.g., fixation
or decalcification; (2) SR-XRF elemental distribution; and
(3) ICP-AES analysis with decalcification. The size of the
specimens informed which analyses were applied: if the
specimen was large enough, it was split into three parts and
analyses 1-3 were performed (MRO1, MR02, MR03, MROS5,
MRO06, MR10); if the specimen was not large enough, it
was halved and analyses 1-2 were conducted; the smaller
specimens were used only for analysis 1. For analysis 3,
half of the specimen was fixed in 4% phosphate-buffered
saline—formalin, and decalcification was performed with
Plank—Rychlo solution before the ICP-AES analysis to
ascertain the effect of decalcification process for the trace-
element concentration.

For analysis 2, the specimen was fixed and decalcified
according to the aforementioned method, embedded in paraf-
fin, and sliced into two thicknesses (4 pm and 10 pm). The
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Table 1 List of specimens used in this study and their clinical data

No. Sex Age Diagnosis Region Dose Dosing period Underlying disease
MRONJ
MRO1 M 79 MRONIJ Maxilla Zoledronic acid hydrate 4 years 2 months Carcinoma
Denosumab 3 months
MRO2 F 87 MRONJ Maxilla Alendronate sodium hydrate 7-8 years Osteoporosis
MRO3 F 87 MRONJ Mandible Ibandronate sodium hydrate 8 years Fracture, rheumatoid arthritis
MR0O4 M 67 MRONJ Maxilla Zoledronic acid hydrate 1 year 3 months ~ Multiple myeloma
MRO5S F 79 MRONJ Maxilla Minodronic acid hydrate 3 years Osteoporosis
MR0O6 M 70 MRONIJ Maxilla Denosumab 1 year 4 months  Carcinoma
MRO7 F 79 MRONJ Maxilla Denosumab 2 years Carcinoma
MRO8 F 81 MRONJ Mandible Alendronate sodium hydrate 20 years Osteoporosis
Ibandronate sodium hydrate
Denosumab
MR0O9 F 69 MRONIJ Mandible Zoledronic acid hydrate Deno- 4 years 1 year Carcinoma
sumab
MR10 F 62 MRONJ Maxilla Zoledronic acid hydrate 9 years Carcinoma
MRI1 F 8 MRONJ Mandible Alendronate sodium hydrate 6 years Osteoporosis
Ibandronate sodium hydrate 2 years
Denosumab 6 months
MR12 M 82 MRONJ Maxilla Alendronate sodium hydrate 5 years Osteoporosis
MR13 F 84 MRONJ Maxilla Minodronic acid hydrate 5 years Osteoporosis
Osteomyelitis
OMOl F 96 Osteomyelitis Maxilla
OMO02 M 47 Osteomyelitis Mandible
OMO03 F 80 Osteomyelitis Mandible
OM04 M 69 Osteomyelitis Mandible
OMO5 M 65 Osteomyelitis Mandible
OMO6 M 78 Osteomyelitis Mandible
Non-inflammatory bone diseases
NBO1 M 65 Exostosis Mandible
NB02 M 43 Jaw deformity Maxilla and Mandible
NBO3 F 59 Exostosis Maxilla and palatal
NB04 M 24 Jaw deformity Maxilla and Mandible
NBOS M 70 Exostosis Maxilla
NBO6 M 55 Jaw deformity Maxilla and Mandible
NBO7 F 45 Exostosis Mandible
NBO8 F 27 Jaw deformity Maxilla and Mandible
NB09 F 69 Exostosis Maxilla and palatal
NBIO M 40 Jaw deformity Maxilla and Mandible

10-pm sample was placed on Kapton film (12.5-pm thick;
Du Pont-Toray Co., Ltd., Tokyo, Japan) and subjected to ele-
mental distribution analyses. The adjacent section was sliced
to a thickness of 4 pm, stained with hematoxylin and eosin
(H-E), and subjected to histopathological examination.

Quantitation of the trace-element concentrations
in the bone specimens

The specimens of the MRONIJ sequestra, osteomyelitis
bone, and non-inflammatory bone were weighed while
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wet and dissolved with concentrated nitric acid (HNOj5;
38 w/v%, UltraPur100, Kanto Chemical Co. Ltd., Tokyo,
Japan) overnight at 90 °C. The trace-element concentra-
tions in the solutions were quantitated using ICP-AES
(Spectro Arcos, Hitachi High-technologies, Tokyo, Japan).
As the standard solutions for ICP-AES analyses, multi-
element standard solution (100 ppm, XSTC-22, Seishin
Trading Co., Ltd., Kobe, Japan) and Sr standard solution
(1000 ppm, Nakarai-tesque, Kyoto, Japan) were used.
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Elemental distribution analysis using
the synchrotron radiation X-ray fluorescence
spectroscopy (SR-XRF) analysis

SR-XRF analyses of the bone specimens were carried out at
BL-4A of the Photon Factory at the High Energy Accelera-
tor Research Organization (Tsukuba, Japan). The incident
X-ray (12.9 keV) was focused to a region of approximately
30 pm using polycapillary optics, and the specimen was irra-
diated. The specimen stage was scanned in the X-Y plane
to obtain elemental distribution images. The scanning areas
varied within several millimeters: the scanning steps varied
from 40 pm to 100 pm. The obtained XRF data were pro-
cessed with PyMCA software (Version 4.7.3) after elemental
distribution images were obtained.

Statistical analysis

The statistical analyses of the trace-element contents were
performed using JMP software (version 11.2.0, SAS Institute
Japan Inc., Tokyo, Japan). The Steel-Dwass test was used to
compare trace-element contents among the MRONJ, osteo-
myelitis, and non-inflammatory bone. The Wilcoxon rank
sum test was used to compare trace-element contents before
and after decalcification of MRONIJ specimens.

Results

Table 2 shows the trace-element contents in the MRONJ
sequestra, osteomyelitis bones, and non-inflammatory
bones measured by ICP-AES (the contents of Cu and Zn
in all specimens are shown in Supplementary Table S1).
The content of various trace metallic elements (Co, Cr,
Cu, Fe, K, Mg, Ni, Sb, Ti, V, Pb) in MRONIJ sequestra
was significantly higher than in non-inflammatory bones.
Al, Fe K, and Mo content in the osteomyelitis bones was
significantly higher than in the non-inflammatory bones.
MRONIJ sequestra showed significantly higher Cu con-
tent (24.3 ppm) compared to both osteomyelitis and non-
inflammatory bones. Table 3 shows the comparison of
trace-element contents of the MRONIJ sequestra between
non-treated and decalcified samples. The element content
after decalcification was calculated from the wet weight
of the specimen before the decalcification treatment. The
concentrations of Li, Mo, B, Ba, Fe, Cr, and Cu, were not
significantly decreased by the fixation and decalcification.
The concentrations of Li and Mo were low both before and
after decalcification. The average content of B and Ba did
decrease with decalcification, but the difference was non-
significant. Concerning Fe and Cr, decalcification caused

Table 2 Element content (ppm)

. . Element Type of specimens Statistical analysis
in the specimens measured by
ICP-AES MRONIJ (MR) Osteomyelitis (OM) Non-inflamma- MR vs OM MR vs NB  OM vs NB
tory bone (NB)
Al 58.7 (50.9) 72.1 (45.2) 18.3 (9.43) *
B 45.0 (33.9) 73.3 (64.7) 20.7 (11.1)
Ba 6.98 (11.6) 3.85(1.54) 2.51(1.73)
Cd 0.32 (0.31) 0.97 (2.15) 0.88 (1.46)
Co 0.23 (0.38) 0.47 (0.84) 0.75 (0.55) *
Cr 1.05 (0.70) 1.60 (1.21) 2.13 (0.91) *
Cu 24.3 (34.8) 1.36 (0.92) 0.73 (0.35) * *
Fe 44.8 (19.8) 35.4 (19.5) 6.33 (3.28) * *
K 892 (437) 808 (681) 272 (82.7) * *
Li 0.87 (1.97) 2.47 (5.91) 2.23 (3.99)
Mg 1690 (615) 2170 (359) 2390 (233) *
Mn 0.09 (0.33) 0.00 (0.00) 0.02 (0.07)
Mo 0.53 (0.48) 0.37 (0.16) 0.60 (0.19) *
Na 5440 (1570) 6350 (795) 5490 (632)
Ni 0.16 (0.55) 0.04 (0.10) 0.40 (0.36) * *
Pb 2.77 (1.76) 3.58 (1.73) 4.69 (1.54) *
Sb 3.51(1.67) 4.89 (2.67) 6.41 (1.86) *
Ti 0.29 (0.49) 0.45 (0.50) 0.86 (0.46) *
\% 0.27 (0.35) 0.95 (2.00) 1.33 (1.30) *
Zn 85.6 (49.8) 83.0 (20.4) 74.8 (10.9)
Sr 37.9 (14.5) 41.3 (9.53) 49.2 (9.82)

Standard deviation is indicated in parentheses,* p <0.05
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Table 3 Element content (ppm) in the non-decalcified and calcified
MRONIJ specimens (for MRO1, MR02, MR03, MR0O5, MR06, MR10)
measured by ICP-AES

Element Non-decalcified Decalcified Statis-
tical
analysis

Al 40.5 (29.0) 265 (267) *

B 20.1 (10.9) 9.29 (8.39)

Ba 5.65 (3.09) 2.41(4.49)

Cd 0.47 (0.40) n.d. *

Co 0.45 (0.51) n.d. *

Cr 1.24 (0.85) 8.44 (20.6)

Cu 16.8 (15.4) 22.3(31.7)

Fe 459 (11.4) 84.1 (153)

K 667 (267) 10.8 (7.18) *

Li 1.78 (2.74) 1.02 (2.04)

Mg 1260 (489) 3.28 (2.48) *

Mn n.d. n.d.

Mo 0.70 (0.68) 0.49 (0.40)

Na 4900 (1280) 158 (122) *

Ni n.d. n.d.

Pb 3.18 (1.90) n.d. *

Sb 4.09 (1.77) n.d. *

Ti n.d. n.d.

v 0.57 (0.32) n.d. *

Zn 67.2 (17.1) 4.15(5.72) *

Sr 26.9 (11.6) n.d. *

Standard deviation is indicated in parentheses, *p < 0.05

a nonsignificant increase in their content; the standard
deviations of their concentrations after decalcification
were also large, suggesting decalcification-induced con-
tamination. On the other hand, Cu content remained stable
across decalcification and consequently showed no signifi-
cant difference, indicating that the accumulated Cu was
not dissolved or removed by the decalcification process.
A typical elemental distribution image (S, Ca, Fe, Zn,
and Cu) of an entire specimen of MRONI obtained using
SR-XRF with a step of 100 pm step is shown in Fig. 1a. The
distribution of each element was visualized as a pseudo-
color image. An H-E-stained image of a similar region from
adjacent slices is also shown. The entire shape of the speci-
men and the similarity of the observation area between the
two images can be observed in the S-distribution image in
Fig. 1a, b. Ca distributions demonstrated no characteristic
localization, suggesting that the demineralization of the
specimen was successfully completed. Fe was detected in
the ICP-AES analysis but could not be detected clearly via
the SR-XRF. In contrast, the Cu and Zn distribution images
show characteristic distributions in the MRONIJ seques-
trum. The white-box region of Fig. 1a was analyzed using
SR-XRF with a higher resolution (40-pm steps) (Fig. 1b).

@ Springer

When referenced to the H-E image, Cu and Zn localization
appeared to be situated along the bone trabecula structure.
Cu and Zn localization could be identified in the distribution
images of other MRONJ specimens when the concentra-
tion was high enough (specimens MR0O1, MR03, MR09, and
MR12; Fig. 2). In the osteomyelitis and non-inflammatory
bone specimens, no accumulation of trace metallic elements,
including Cu and Zn, was observed in their respective ele-
mental distribution images.

Discussion

The present study applied both methods to the quantitative
and distribution analysis of the trace elements in MRONJ
sequestra and compared their concentrations and distribu-
tions with those found in osteomyelitis and non-inflam-
matory bones. The trace-element contents in MRONIJ,
osteomyelitis, and non-inflammatory bone specimens were
quantitated by the ICP-AES analysis, as shown in Table 2.
The trace-element contents of non-inflammatory bones were
almost higher than were found by a previous report [13]. We
suspect that this difference may be attributed to our not hav-
ing treated bone specimens before conducting ICP-AES; the
previous report washed and dehydrated the bone specimens
prior to testing. Some trace elements that dissolve as ionic
species in liquid would be removed via the washing and
dehydration treatments.

Relative to non-inflammatory bone, the following trace-
element contents were found in significantly higher concen-
trations in the MRONIJ sequestra and osteomyelitis bone,
respectively: Co, Cr, Cu, Fe, K, Mg, Ni, Sb, Ti, V, and Pb;
and Al, Fe, K, and Mo. It is noteworthy to underscore that
in both MRONJ and osteomyelitis specimens, Fe and K
concentrations were significantly higher than those in non-
inflammatory bone. K is one of the major ionic components
of body liquid, while Fe in the human body mainly exists in
erythrocytes. As both MRONJ and osteomyelitis exhibited
inflammation, blood infiltration, and bone degradation, they
contained more liquid components, including blood cells,
than did the non-inflammatory bone specimen; the K and
Fe provided by the increased liquid and blood cells, respec-
tively, thus, accounts for the significantly different concen-
trations. However, the characteristic accumulation of K and
Fe were not clearly observable via SR-XRF. As the SR-XRF
specimens were fixed, decalcified, and dehydrated, the trace
elements contained in the liquid component may have been
removed by the treatment prior to analysis. This further sup-
ports our speculation that K and Fe were derived from the
liquid component. Because of the large standard deviation,
significant differences in the present study were seldom
identified. The Al and B in both MRONIJ and osteomyelitis
specimens showed a higher average concentration relative
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Fig. 1 Histopathological image [hematoxylin and eosin (H-E) stain-
ing] and elemental distribution images of MRONJ sequestra speci-
men (MRO7) obtained by SR-XRF. a Entire region image (100 pm
step), b detailed image of the white-box region of Fig. la (40 pm

to those of non-inflammatory bones. The effect of Al and B
on bone metabolism has been reported previously [14, 15];
the inflammation or remodeling disorder would cause an
abnormal concentration of Al and B. Ni content in MRONJ
and osteomyelitis specimens was significantly different from
that in non-inflammatory bone diseases (Table 2). However,
all Ni contents were in the order of sub-ppm. Therefore, the
clinical implications of this difference could not be clearly
determined.

In comparison with the trace-element content in osteo-
myelitis and non-inflammatory bone, the MRONIJ sequestra
demonstrated a higher concentration of Cu: an average of
24.3 ppm that varied widely, from 3.14 ppm to 132 ppm.
As indicated by the elemental distribution analysis with
SR-XREF, the variance in Cu accumulation and localization
among and within MRONIJ sequestra accounts for the large
standard deviation of Cu content MRONI sequestra. How-
ever, even at the minimum concentration indicated by the
range, Cu content was higher in MRONIJ sequestra than in
osteomyelitis or non-inflammatory bone. Excess Cu accu-
mulation in MRONIJ sequestra was, thus, confirmed.

As shown in Table 3, the concentrations of most of the
trace elements decreased after decalcification. The fixation
and dehydration processes exchange the liquid component
of the specimens, dissolving and removing the ionic species
from the specimens. However, the excess Cu remained even

0 — s high (f.s.)
Fluorescent X-ray counts

step). Numbers in parentheses following the symbol of elements indi-
cate the full scale (f.s.) of fluorescent X-ray counts (count per second)
of each element

after the decalcification process. SR-XRF Cu distribution
images show the characteristic distribution of the decalcified
specimens (Figs. 1, 2). The Plank—Rychlo solution, which
was used for the decalcification process, contains approxi-
mately 1 mol/L HCI. The acidic decalcification solution
could dissolve the bone apatite, removing the trace elements
contained in the apatite thereby. Despite this removal pro-
cess, Cu contents in MRONIJ sequestra were not significantly
changed by decalcification. These findings indicate that Cu
in MRONIJ sequestra was neither dissolved in ionic species,
nor was it incorporated in the bone apatite; it likely accumu-
lated in a chemically stable state that could not be dissolved
or removed by the acidic decalcification solution.

The SR-XRF Cu distribution image confirms the ele-
ment’s characteristic localization (Figs. 1, 2). The specimens
which showed the characteristic distribution of Cu via the
SR-XRF also exhibited high concentrations in the ICP-AES
test, indicating an agreement between the methods. The
H-E-stained image further indicated that the Cu depositions
were localized along the trabecular bone (Fig. 1b).

Concerning Zn content, ICP-AES analysis indicated a
non-significant difference between the concentrations of the
element in the in MRONIJ sequestra and non-inflammatory
bone. However, SR-XRF analysis revealed a distribution
of Zn similar to that exhibited by Cu. As a substituent of
Ca, Zn is a minor component of bone apatite but highly
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Fig.2 Cu and Zn distribution images of other MRONIJ sequestra
specimens obtained by SR-XRF. Numbers in parentheses following
the symbol of elements indicate the full scale (f.s.) of the fluorescent
X-ray counts (count per second) of each element. White scale bar is
equal to I mm

concentrated (~100 ppm) relative to Cu (~1 ppm). The vari-
ance between the two analyses can be attributed to the decal-
cification that removed most of the Zn contained in apatite
prior to the ICP-AES analysis.

A previous study [12] first visualized characteristic
localizations of Cu and Zn in MRONIJ sequestra and pos-
ited that Cu assumed a chemically stable complex—e.g.,
BP-Cu complex—in MRONIJ sequestra. The characteristic
Cu accumulation found by the present study was related to
its excessively high concentration; it remained even after
decalcification, providing further support for the chemical
stability of accumulated Cu in MRONIJ sequestra.

@ Springer

Cu is an essential trace metallic element that features
an important role in redox reactions and DNA synthesis.
Maintaining Cu concentrations within a specific range is
essential to health; Wilson’ disease and Menkes disease
are conditions associated with the overload or deficiency
of Cu, respectively [16, 17]. Concerning the relationship of
Cu and bone metabolism, the association of Cu deficiency
and osteoporosis reportedly contributes to low birth weight
among infants [18]. In the case of adults, low serum Cu
levels (<98.5 pg/dL) has been found to correlate with low
bone mineral density and high total bone fracture risk [19].
In addition, the potential therapeutic application of supple-
mental Cu for osteopenia has been reported [20]. On the
other hand, the harmful effects of excess Cu have also been
reported. Toxic effects were observed for Cu levels higher
than 5 pg/mL in chick embryo bone tissue culture media
[21], and the presence of Cu levels higher than 2.5 pM
caused a decrease in collagen content in the femur due to an
inhibition of collagen synthesis [22]. It is also reported that
Cu levels higher than 5 pM inhibit in vitro osteogenic dif-
ferentiation of rat bone marrow mesenchymal stem cells and
collagen formation by stem cells implanted in rats [23]. In
those in vitro estimations, the Cu content required to express
a negative effect was different based on the estimation sys-
tem, where the thresholds varied and were reported on the
order of ppm. In the in vivo estimation, there was a negative
correlation between Cu content in bone (0.4-1.1 ng/mg dry
wt.) and bone density, Ca content, and collagen content in
bone [24]. In another report [19], a group with higher serum
Cu levels (> 134 pg/dL) showed the highest fracture risk.
Those reports were based on different methods of estima-
tion; therefore, the threshold level of Cu excess could not be
determined. However, in those reports, the harmful effect
of Cu was exhibited at 5 pg/mL or less. The present inves-
tigation estimated the average accumulated Cu content in
MRONIJ sequestra to be 24.3 ppm (pg/g) (Table 2). As this
value represents an average across the entire specimen, the
concentrations at the sites of Cu deposits shown in Figs. 1,
2 would be several orders of magnitude above the aver-
age value. The Cu concentration in MRONJ sequestra was
higher than the threshold noted above from previous studies.
Though Cu fulfills essential roles to normative functioning
as aforementioned, the excess of Cu found in samples of
bone degradation in MRONIJ sequestra suggests its potential
toxicity.

There were some limitations in this study. First, the deri-
vation of the accumulated Cu could not be determined. The
total amount of accumulated Cu in excised sequestra can
be calculated from the Cu content and weight. The excised
sequestra from the MRONIJ patients in this study did not
exceed 10 g. Based on the average Cu content (23.9 ppm),
the total amount of accumulated Cu in the sequestra per
patient would be smaller than 1 mg. The adult human body
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contains approximately 50—120 mg of Cu, and the Cu con-
tent in serum is in the range of 0.8—1.2 pg/mL [25]. There-
fore, the accumulated Cu could originate from the serum. In
this study, the serum Cu level could not be determined; this
should be estimated in a future study.

Second, the precise structure of accumulated Cu in
MRONIJ sequestra, as well as the mechanism underlying its
suspected toxicity, is also unknown. The inhibition of col-
lagen formation by excess Cu has been reported [22-24],
and this might be one of the causes of MRONIJ development.
Regarding the structure of accumulated Cu, it was assumed
to be the BP—Cu complex in a previous report [12]. How-
ever, the patients medicated with denosumab in this study,
which is a non-BP anti-resorptive agent, also showed Cu
accumulation. In those cases, the formation of that com-
plex could not explain the Cu accumulation. In addition, the
harmful effect of accumulated Cu was assumed in MRONI,
however, there is still a possibility that Cu accumulation
resulted from the disorder of bone metabolism in MRONIJ.
These possibilities should be investigated in further research.

In conclusion, our study demonstrated significant Cu
accumulation and a characteristic distribution of trace metal-
lic elements in MRONJ sequestra. These findings help to
elucidate the effect of trace metallic elements on the devel-
opment of MRONIJ. The distribution analysis of the trace
metallic elements in bones could serve as a new index to
study bone metabolism and related disorders. Moreover, our
study demonstrated that the pairing of the quantitative analy-
sis with ICP-AES and distribution analysis with SR-XRF
provides complementary information of the trace elements
in bone. We believe that this combination could be useful
for the analysis of various bone diseases associated with
abnormal trace-element content.
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