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Abstract

Hypophosphatasia (HPP) is a congenital bone disease caused by tissue-nonspecific mutations in the alkaline phosphatase
gene. It is classified into six types: severe perinatal, benign prenatal, infantile, pediatric, adult, and odonto. HPP with femoral
hypoplasia on fetal ultrasonography, seizures, or early loss of primary teeth can be easily diagnosed. In contrast, pediatric,
adult, and odonto types of HPP over 4 years of age are less likely to be diagnosed because they do not have typical symptoms.
Consequently, it may be misdiagnosed as common osteoporosis, and treatments incompatible with HPP may be implemented.
The purpose of this study was to analyze the effects of bisphosphonate preparations administration on the femur of Akp2*/~
mice, a mild-type HPP mice model. Zoledronic acid (Zol) was subcutaneously administered to 4-week-old Akp2+/~ mice
at 1 mg/kg (volume: 200 pL) once a week for a total of 5 times. Afterward, spontaneous locomotor activity analysis was
performed, and serum and femur bones were collected at 9 weeks of age. Additionally, micro-computed tomography (CT)
analysis, histological analysis, and analysis of the expression levels of various marker proteins and genes were performed.
Age-matched Akp2** mice served as controls. The results demonstrated that the administration of Zol to Akp2*/~ mice,
compared to Akp2*'* mice, insufficiently promotive bone formation, torn femoral head cartilage, and decreased spontaneous
locomotor activity. Therefore, it is important to accurately diagnose patients with mild-type HPP.
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Introduction

Hypophosphatasia (HPP) is a congenital bone disease
caused by decreased alkaline phosphatase (ALP) activity
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other symptoms, and mutations in the Alp/ gene were found
in 57% of the patients [7]. The incidence of HPP is estimated
to be approximately 1/100,000, and it is considered a rare
disease with a low incidence [8]. However, recently, this
low incidence has been attributed to the incidence of severe
perinatal- and infantile-type HPP, with an actual incidence
of approximately 1/6370 to 1/508. This suggests that mild-
type HPP is not accurately diagnosed [8—10].

If a diagnosis of osteoporosis is made without a diagnosis
of HPP, treatment may be harmful. It has been pointed out
that if bisphosphonate preparations (BPs) are used incor-
rectly in patients with HPP, they may worsen osteomalacia
or increase the risk of atypical fractures [11-14]. This is
suggested to be due to a decrease in bone turnover [15].
Additionally, because the structure of BP is similar to that
of pyrophosphate [16], a substrate for alkaline phosphatase
and a mineralization inhibitor, the mineralization inhibitory
effect may be exacerbated [13]. However, the corresponding
details remain unclear.

Therefore, the purpose of this study was to administer
zoledronic acid (Zol), a BP, to mice with mild-type HPP
(Mouse Alpl gene =Akp2), analyze its effects on the femur,
and measure the amount of spontaneous locomotor activity.

Methods
Animal Procedures

All experiments were approved by the Recombinant DNA
Experiment Safety Committee and Animal Research Ethics
Committee at Tokyo Dental College (DNA2101 and No.
300706). Mild-type HPP often exhibits autosomal domi-
nant inheritance with a pathogenic mutation in only one
allele, and heterozygous Akp2*'~ mice are commonly used
as a model for mild-type HPP [17]. Immediately after birth,
genotyping was performed using forward, 5'-AGTCCGTGG
GCATTGTGACTA-3', and reverse, 5'-TGCTGCTCCACT
CACGTCGAT-3' primers according to the method previ-
ously reported, and Akp2** and Akp2*'~ mice were distin-
guished [18]. First, we investigated the distribution of the
BP preparations within the femurs of Akp2™~ mice. We used
Zol-FAM (BioVinc LLC, CA, USA), a BP in which zole-
dronic acid (Zol) is labeled with the fluorescent substance
FAM (FAM-Zol). FAM-Zol was diluted with physiological
saline (PBS) and subcutaneously administered to 4-week-old
Akp2** or Akp2*'~ mice at 200 pg/kg (volume: 100 pL), and
femurs were collected 24 h later [19].

Next, we investigated the effects of long-term admin-
istration of zoledronic acid hydrate on the femurs of
Akp2+/ ~ mice. Zol (Novartis, Basel, Switzerland) 1 mg/kg
(volume: 200 pL) diluted in PBS was administered subcu-
taneously to 4-week-old Akp2*"* or Akp2*/~ mice [20, 21].
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The mice were administered the drug once a week until they
were 8 weeks old (five times total), and sampling was per-
formed at 9 weeks of age. Akp2™* or Akp2*~ mice admin-
istered with the same amount of PBS were used as controls.

Distribution of BPs

The sampled femurs were cut into upper (containing the
femoral head) and lower (containing the growth plate) sec-
tions. The samples were fixed using 4% paraformaldehyde
(PFA) at 4 °C for 1 day. Sucrose substitution was performed,
and the samples were encapsulated in Super Cryoembedding
Medium (Leica Microsystems, Wetzlar, Germany) without
decalcification. According to the Kawamoto method, the
specimen was sliced to a thickness of 10 pm and attached
to a Cryofilm Type IIC (9) (Leica Microsystems, Wetzlar,
Germany). Hoechst 33342 solution (DOJINDO LABORA-
TORIES, Kumamoto, Japan) was diluted 1/1000 for nuclear
staining and mounted with SCMM-G1 (Leica Microsystems,
Wetzlar, Germany), a glycerin-based mounting medium. The
thin sections were mounted on MAS-coated glass slides
(Matsunami Glass, Tokyo, Japan) and observed under a
confocal microscope LSM880 (Carl Zeiss AG, Jena, Ger-
many) (n=73).

Histological Analysis

Harvested femurs were fixed in 0.1 M phosphorus acid
buffer (pH 7.4) containing 4% paraformaldehyde (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan). They were
decalcified in 10% ethylenediaminetetraacetic acid (Muto
Junyaku, Tokyo, Japan) for 3 weeks, dehydrated in alcohol,
cut into the upper part containing the femoral head and the
lower part containing the growth plate, and embedded in
paraffin. The prepared paraffin blocks were sectioned into
serial sections of 4 pm thickness using a rotary microtome
SM2000R (Leica Microsystems, Wetzlar, Germany). Thin
sections were stained with hematoxylin—eosin (HE) stain-
ing (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) to confirm tissue morphology. The sections were
stained with Alcian blue (FUJIFILM Wako Pure Chemi-
cal Corporation, Osaka, Japan) to detect the chondrocyte
matrix. Additionally, a TRAP/ALP Staining Kit (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) was used
to identify the osteoclasts. Photographs were captured using
an Axio Imager M2 upright microscope (Carl Zeiss AG;
n=3).

Micro-computed Tomography Imaging
Harvested femurs were stored in 4% PFA at 4 °C overnight

and fixed, and micro-computed tomography (micro-CT)
imaging was performed. Two bone samples were excluded
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from the study due to accidental breakage during sampling.
The femoral head was imaged using a micro-CT50 (JEOL/
SCANCO, Tokyo, Japan). Imaging conditions were as fol-
lows: tube voltage, 70 kV; tube current, 57 pA; voxel size,
14.8 X 14.8 X 14.8 um. The growth plate area was imaged
using a CosmoScan FX (Summit Pharmaceuticals Interna-
tional Corporation, Tokyo, Japan). Imaging conditions were
as follows: tube voltage, 90 kV; tube current, 88 pnA; voxel
size, 10X 10X 10 pm. The captured data were imaged using
software TRI/3D-SRF (Ratoc System Engineering, Tokyo,
Japan; n=06).

Bone Morphology Analysis

Based on the micro-CT images taken above, trabecular bone
(TB) and cortical bone (CB) morphometry were performed
using a 2-mm-thick area 0.5 mm away from the growth
plate as the region of interest. Bone mineral density (BMD),
bone mineral content (BMC), bone volume/tissue volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), trabecular separation (Tb.Sp), trabecular spacing
(Tb.Spac), marrow space star volume (V* m.space), average
cortical thickness (Ct.Th), and cortical area fraction (Ct.Ar),
which are used as typical bone morphometry parameters,
were automatically calculated according to the TRI/3D-SRF
software (Ratoc System Engineering) manual (n=06).

Measurement of ALP Activity, PINP, CTX-1,
and a-SMA

Blood collected from the inferior vena cava at 9 weeks
of age was left at room temperature for 30 min and then
centrifuged at 4 °C and 12,000 rpm for 15 min to obtain
the serum. The collected bone marrow of the femur was
flushed with PBS, and the remainder was placed in a Cell-
Cover solution (Anacyte Laboratories, Hamburg, Ger-
many) and stored at 4 °C overnight. Thereafter, the cells
were homogenized using EzRIPA Lysis Buffer (ATTO
Corporation, Tokyo, Japan) to obtain a protein extract. The
obtained serum and protein extract were used to measure
ALP activity; procollagen 1 intact N-terminal propeptide
(PINP), a bone formation marker; type I collagen cross-
linked C-terminal telopeptide (CTX-1), a bone resorption
marker; and alpha-smooth muscle actin (a-SMA), a myofi-
broblast marker. As previously reported, ALP activity was
determined by measuring the wavelength at 405 nm, taking
advantage of its ability to convert the substrate p-nitrophe-
nol phosphate to the strong yellow-soluble product p-nitro-
phenol under alkaline conditions. The amount of enzyme
required to catalyze the production of 1 pmol p-nitrophe-
nol per min was calculated as 1 U. Measurements were
carried out using the MBS3805180 PINP ELISA Kit
(MyBioSource Inc., San Diego, CA, USA) for PINP, the

AC-06FI CTX-1 ELISA kit (RatLapsTM, Immunodiag-
nostic System Ltd, Boldon, United Kingdom) for CTX-1,
and the NBP2-66429 a-SMA ELISA kit (Novus Biologi-
cals, Colorado, USA) for a-SMA according to the attached
protocols. Protein concentrations of the serum and pro-
tein extracts were measured using a DC Protein Assay Kit
(Bio-Rad, Hercules, CA, USA), and each measurement
result was corrected to a value per milligram (n=35).

RNA Extraction and Real-Time PCR

The collected femurs were pretreated in the same man-
ner as for the protein extracts described prior. RNA was
extracted using a RNeasy Mini Kit (QIAGEN, Hilden,
Germany), according to the manufacturer’s instructions.
The extracted RNA was immediately synthesized into
cDNA using SuperScript® Reverse Transcriptase (Thermo
Fisher Scientific, Massachusetts, USA) with random hex-
amers. Relative quantification by the AACT method was
then performed using QuantStudio 7Pro (Applied Biosys-
tems, Massachusetts, USA). Runx2, sp7, collal, Bglap,
and col2al were measured on TB Green® Premix Ex
Taq™ II (Clontech Laboratories, TaKaRa Bio Company,
Ohtsu, Shiga, Japan) using the primers shown in Supple-
mentary Table 1, and the remaining Alpl, BMP2, cartilage
oligomeric matrix protein (COMP), collOal, CCAAT/
Enhancer Binding Protein-p (C/EBPp), and Smad ubiq-
uitination regulatory factors-2 (Smurf2) were measured
using a custom TagMan® array plate from Thermo Fisher
Scientific. Both systems used /8S rRNA as the endogenous
control. Gene names and Assay IDs are listed in Supple-
mentary Table 1. The obtained data were analyzed using
ExpressionSuite ™ Software v1.3 (Applied Biosystems;
n=>5).

Spontaneous Locomotor Activity

After the last Zol administration, 8-week-old mice under-
went spontaneous locomotor activity measurements using
a wheel cage RWC-15 (MELQUEST, Toyama, Japan). The
amount of movement of the mice was measured for the
activity time, total distance, average speed, and accelera-
tion for 3 days, and the average values were calculated from
the results on the second and third days, excluding the first
day as a training period. The average speed was calculated
by averaging the values, excluding those where the distance
traveled per minute was zero, and the maximum value was
calculated for acceleration. The average speed was detected
using the momentum data recording and analysis system
CIF-4S (MELQUEST) and analyzed using the Actmaster
software (MELQUEST) (n=_8).
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Statistical Analysis

All data are presented as the mean + SD. Statistical analy-
ses were performed using the Prism 10 software (Graph-
Pad Software, La Jolla, CA, USA). Significant differences
between two groups were analyzed using an unpaired two-
tailed Student's ¢ test. Significant differences among the four
groups were determined using two-way ANOVA and Sidak's
multiple comparison tests. Statistical differences were con-
sidered significant at P < 0.05, and statistical analyses and
graphing were performed using Prism 10 (GraphPad Soft-
ware, La Jolla, CA, USA).

Results

No Difference was Observed in the Distribution
of Zol Between Akp2*"* and Akp2*'~ Mice

Akp2*'~ mice have a mutation in the Alpl gene in one allele;
therefore, they are a common mouse model for mild-type
HPP syndrome, which is often inherited in an autosomal

Fig. 1 Distribution of Zol in the
femur. Zoledronic acid hydrate
(Zol) conjugated with the fluo-
rescent dye FAM (FAM-Zol)
was subcutaneously adminis-
tered to 4-week-old Akp2*'* or
Akp2*'~ mice, and its distribu-
tion was confirmed. The green
part shows the area where
FAM-ZOL was distributed,

and the blue part shows the
nuclear staining area. a Growth
plate of Akp2** mice. Scale
bars, 1 mm. b Growth plate of
Akp2*'~ mice. Scale bars, 1 mm.
¢ Femur head of Akp2*/* mice.
Scale bars, 400 um. d Femur
head of Akp2*'~ mice. Scale
bars, 400 um

Akp2
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growth plate

dominant manner [17, 22]. Similar to the clinical phenotype
of mild HPP, Akp2*'~ mice showed delayed calcification and
hypoplasia (Supplementary Fig. Sla—c).

FAM-Zol was subcutaneously administered to Akp
and Akp2+/ ~ mice, and the following day, the femurs were
sampled, sections were prepared, and the distribution of Zol
was examined by confocal microscopy. There was no differ-
ence between Akp2*"* and Akp2*/~ mice, and Zol was dis-
tributed to the femur on the day after administration. There
was no difference between the two groups in distribution
within the femur, and Zol was distributed on the cortical
bone surface, cancellous bone surface, and perichondrium.
In particular, it was strongly distributed directly beneath the
growth plate and subchondral bone (Fig. 1a—d).

2+/+

Femoral Head Cartilage Rupture Upon Zol
Treatment in Akp2*'~ Mice

Damage and tearing of the femoral head cartilage was
observed in Akp2+/ ~ mice, in which Zol was administered
subcutaneously (Fig. 2d). No abnormal findings, such as

femoral head
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Fig.2 3D and tomographic images of the femoral head. Zoledronic
acid hydrate (Zol) was subcutaneously administered once a week
from week 4 to week 8 for a total of 5 times, and the femoral head
was photographed using micro-CT to construct 3D (diagram on
the left) and tomographic images (diagram on the right). a Control

tears, were observed in the other groups, and their corre-
sponding morphologies were normal (Fig. 2a—c).

For a more detailed analysis, paraffin sections were
prepared and subjected to three types of staining: hema-
toxylin and eosin (HE), Alcian blue, and TRAP/ALP stain-
ing, and histological observation was performed. There
was no particular difference between control Akp2*'* and
Akp2*'~ mice, and many multinucleated TRAP-positive cells
were observed in the growth cartilage zone of the femoral
head (Fig. 3a, b). In the groups in which Zol was subcutane-
ously administered to Akp2*'+ and Akp2™'~ mice, the femoral
head cartilage was more strongly stained with Alcian blue
than in the control group. In addition, TRAP/ALP staining
revealed a decrease in TRAP-positive cells, and most of the
stained cells were mononuclear (Fig. 3c, d). Furthermore,
in the group in which Zol was subcutaneously administered
to Akp2+/ ~ mice, the fibrous tissue that was not stained with
Alcian blue but deeply stained with eosin was observed at
the ruptured site of the femoral head cartilage. Nuclei were
observed in this fibrous tissue (Fig. 3d).

Zol Administration Promotes Bone Formation
in Akp2*'~ but to a Lesser Effect Than in Akp2*'* Mice

Micro-CT imaging near the femoral growth plate showed
that control Akp2*'~ mice had less trabecular bone and
numerous low-density green areas in the cortical bone BMD
images than control Akp2** mice (Fig. 4a, b). When Zol
was administered, the bone marrow was filled with trabecu-
lar bone compared to the control group. However, even in
the same Zol administration group, the amount was smaller

Akp2*™* mice. Scale bars, 1 mm. b Control Akp2*'~ mice. Scale bars,
1 mm. ¢ Zol-treated Akp2** mice. Scale bars, 1 mm. d Zol-treated
Akp2*"~ mice. The yellow arrow indicates the area where rupture of
the femoral head cartilage was confirmed. Scale bars, 1 mm

in Akp2*'~ mice than in Akp2*/* mice, and more low-density
light blue was observed in the BMD images (Fig. 4c, d).
BMD and BMC measurements were considerably higher
when Zol was administered compared to those in the control
groups.

BMD and BMC measurements were significantly higher
in Zol-treated mice than those in control mice, except for the
comparison of TB BMD between control and Zol-treated
Akp2*'~ mice. Additionally, TB BMD, CB BMD, and CB
BMC measurements were significantly lower in Zol-treated
Akp2*'~ mice compared to those in Zol-treated Akp2*'* mice
(Fig. 4e—h). However, for TB BMC, Zol-treated Akp2+/ ~ mice
tended to have higher values than Zol-treated Akp2*/* mice,
although the difference was not significant (Fig. 4g). Similarly,
the results of BV/TV and Tb.Th indicated significantly higher
values in the Zol-treated group than in the control group, with
the Zol-treated Akp2™'~ mice exhibiting significantly lower
values than those of the Zol-treated Akp2™* mice (Fig. 41, j).
For Tb.N, control Akp2*/~ mice exhibited significantly lower
values than those in control Akp2+/ * mice; however, there was
no significant difference between Zol-treated Akp2*'~ and Zol-
treated Akp2*'+ mice (Fig. 4k). Moreover, Tb.Sp, Tb.Spac, and
V* m.space were significantly lower in the Zol-treated groups
than in the control groups. Tb.Sp was extensively higher in
Zol-treated Akp2*/~ mice than in Zol-treated Akp2*"* mice
(Fig. 41). Although, Tb.Spac and V* m.space values were
significantly higher in control Akp2*'~ mice than in control
Akp2*"* mice, there was no significant difference between Zol-
treated Akp2*~ mice and Zol-treated Akp2** mice (Fig. 4m,
n). In the cortical bone analysis, no difference was observed
in Ct.Th between all groups; however, Ct.Ar was markedly
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Fig. 3 Histological findings of the femoral head. Histological find-
ings of the femoral head treated with zoledronic acid hydrate (Zol)
for 5 weeks. The image on the left shows hematoxylin and eosin
staining, that in the middle shows Alcian blue staining, and that on
the right shows TRAP/ALP staining. The top image shows the over-
all image of the femoral head (Scale bars, 400 um), and the bottom

higher in the Zol-treated groups than in the control groups,
similar to the trabecular bone analysis. However, this value
was significantly lower in Zol-treated Akp2*'~ mice than in
Zol-treated Akp2*'+ mice (Fig. 40, p).

Differences in Bone-Like Structure Below
the Growth Plate Following Zol Administration

No particular histological differences were observed
between control Akp2*'* and Akp2*'~ mice, and in both
groups, many multinucleated TRAP-positive cells were
confirmed just below the growth plate and on the trabecular
bone surface (Fig. 5a, b). When Zol was administered, bone-
like structures were formed just below the growth plate in
both Akp2** and Akp2*'~ mice, but unlike normal cancel-
lous bone, they contained many nuclei. Furthermore, the
inner matrix was deeply stained with Alcian blue. In addi-
tion, many mononuclear TRAP-positive cells were observed
in the bone-like structure (Fig. 5c, d).

Administration of Zol Decreased Bone Formation
and Bone Resorption Markers

Regarding ALP activity, which is an indicator marker of
HPP, control Akp2*™'~ mice had considerably lower values
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Alcian blue staining TRAP/ALP staining

Akp2 - Zol

image shows a high view (Scale bars, 100 um) of the area surrounded
by the black square in the top image. a Control Akp2*"* mice. b Con-
trol Akp2*'~ mice. ¢ Zol-treated Akp2*"* mice. d Zol-treated Akp2*'~
mice. The area indicated by the black arrow indicates the area where
fibrous tissue was confirmed

than control Akp2™"* mice. In addition, ALP activity in the

protein extracts markedly decreased when Zol was admin-
istered (Fig. 6a, e). Compared to control Akp2*'* mice,
Zol-treated Akp2*'~ mice had considerably lower levels of
PINP and CTX-1. In particular, the value of CTX-1 in the
protein extract was even lower in Zol-treated Akp2+~ mice
compared to that in Zol-treated Akp2*'+ mice (Fig. 6b, c, f,
g). Furthermore, a-SMA showed different trends in serum
and protein extracts. Serum a-SMA was considerably higher
in Zol-treated Akp2*'~ mice than in control Akp2*/~ mice
(Fig. 6d). However, a-SMA in the protein extract, like other
bone markers, was markedly lowered upon the administra-
tion of Zol (Fig. 6h).

Administration of Zol to Akp2*/~ Mice Increases C/
EBPf and Smurf2

To investigate this underlying mechanism, bone formation-
related marker genes (Runx2, Alpl, sp7, collal, Bglap, and
BMP?2) and cartilage marker genes (col2al and COMP) were
investigated. C/EBPf, which is involved in cartilage degen-
eration, and Smurf2, which controls bone induction, were
measured using real-time PCR. In terms of Runx2, Alpl,
and sp7, bone formation markers, Zol-treated Akp2+/ ~ mice
exhibited considerably higher expression levels than those



Administration of Bisphosphonate Preparations to Mice with Mild-type Hypophosphatasia Reduces...

Page70f13 30

Akp2* Con ©
BVAV(%)
s 88 8

C
©°
N 20
(Bt ¢ con 20
kp2 =
8 P
<
m
d
©°
N .-
< 250
N 200 ’_‘
§. %m
< 100
e
50
o

con Zol
y e

kp2

Fig.4 Micro-CT image and bone morphology analysis of a femo-
ral growth plate upon Zol administration. Images were taken 2 mm
above each femoral growth plate, excluding 0.5 mm, using micro-CT,
and images were constructed using the TRI/3D-SRF software (a—d).
The left panel shows cortical bone extraction images, trabecular bone
extraction images, BMD cross-sectional images, and BMD longitu-

of control Akp2*'~ mice. In particular, Runx2 and BMP2
expression levels were markedly higher in Zol-treated
Akp2*'~ mice than in Zol-treated Akp2*'* mice (Fig. 7a—f).
The expression of Col2al, a cartilage collagen marker, was
markedly decreased upon the administration of Zol com-
pared to that in the control (Fig. 7g). Conversely, regarding
the cartilage non-collagen glycoproteins COMP, C/EBPJ,
and Smurf2, Zol-treated Akp2*'~ mice had considerably
higher values than those of the other groups (Fig. 7h—j).

Administration of Zol to Akp2*'~ Mice Reduced
Spontaneous Locomotor Quality

The mice in all groups were visually indistinguishable and in
good health, with no significant differences in body weight
(Supplementary Fig. S2).

Spontaneous locomotor activity showed no difference in
activity time between the groups (Fig. 8a). Nevertheless,
the total distance, average velocity, and acceleration were
considerably lower in Zol-treated Akp2™~ mice than in con-
trol Akp2** mice. In particular, regarding the total distance
traveled and average speed, Zol-treated Akp2*'~ mice had
lower values than Zol-treated Akp2*'* mice (Fig. 8b—d).
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dinal sectional images. Scale bars are 0.5 mm, and the color scale is
blue for low-density BMD values, yellow for medium density, and red
for high density. Regarding the same region of interest, bone mor-
phometry was also performed using TRI/3D-SRF (e—p). Dots indi-
cate the respective values; error bars represent SD (n=6). *P <0.05,
*#P<0.01, ¥**P <0.005, ****P <0.001. ns not significant

Discussion

As a result of subcutaneous administration of Zol to
Akp2+/ ~ mice, rupture was observed in the femoral head
cartilage, and bone formation directly below the femoral
growth plate was found to be less than that in normal-type
mice. Furthermore, it was found that C/EBPf, a marker of
cartilage degeneration, and Smurf2, which suppresses BMP
osteoinduction, were considerably elevated in the femurs of
Zol-treated Akp2™'~ mice. A decline in the quality of spon-
taneous locomotor activity was also observed.

First, regarding the femoral head, when Zol was adminis-
tered to the Akp2+/ ~ mice, a tear was observed in the femoral
head cartilage, and a fibrous structure was found to have
wandered into the tear site. Because nuclei were present
in this fibrous structure, we suspected fibrosis caused by
myofibroblasts. Therefore, when we quantified the amount
of a-SMA, a myofibroblast marker, in the serum, it was
found to be high in Zol-treated Akp2*'~ mice. Furthermore,
col2al, a fibrous component of normal cartilage, was con-
siderably lowered upon Zol administration. COMP, a car-
tilage non-collagen glycoprotein, was markedly higher in
Zol-treated Akp2*'~ mice than in Zol-treated Akp2+'* mice,
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Fig.5 Histological findings of a femoral growth plate upon Zol
administration. The image on the left shows hematoxylin and eosin
staining, that in the middle shows Alcian blue staining, and that on
the right shows TRAP/ALP staining. The top image shows the over-
all image of the femoral head (Scale bars, 400 um), and the bottom

and C/EBPf, a maker of cartilage degeneration [23, 24],
was also higher in Akp2*~ mice treated with Zol. Based on
these results, we hypothesized that the BMD of the acetabu-
lum, which comprises the socket for the femoral head and
the subchondral bone part of the femoral head, increased
after Zol administration, resulting in excessive mechanical
stress. It has been reported that COMP expression increases
in areas subjected to excessive mechanical stress, such as
cartilage tissue damage sites due to osteoarthritis, to protect
the cartilage [25, 26]. The increase in COMP that occurs
only in Zol-treated Akp2*'~ mice confirms that excessive
mechanical stress is applied. The cartilage of Akp2*/~ mice
was unable to cope with this excessive mechanical stress
and degenerated; furthermore, continued mechanical stress
resulted in rupture of the femoral head cartilage, necessitat-
ing repair by muscle fibers.

Next, regarding changes in the bone near the growth
plate, the bone marrow area directly below the growth plate
was filled with bone-like structures in both Akp2** and
Akp2*'~ mice due to the administration of Zol. Considering
the density of the micro-CT image, the bone-like structure
that formed just below the femoral growth plate appeared
similar to bone. However, it contained numerous nuclei and
stained deeply with Alcian blue. These characteristics reveal
that the properties of this bone-like structure are clearly dif-
ferent from those of the normal trabecular bone. Chondroid
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image shows a high view (Scale bars, 200 um) of the area surrounded
by the black square in the top image. a Control Akp2*/* mice. b Con-
trol Akp2*'~ mice. ¢ Zol-treated Akp2*"* mice. d Zol-treated Akp2*'~
mice

bone is a calcified tissue in which chondroid-like cells are
surrounded by a bone matrix and has been reported to pos-
sess properties of both cartilage and bone [27]. It is formed
in areas where mechanical stress is applied and bone for-
mation progresses rapidly [28]. Thus, we interpreted that
the chondroid bone formed just below the growth plate and
that bone resorption was inhibited upon BP administration,
resulting in rapid bone formation.

In addition, the results of morphometric measurements
using micro-CT revealed that seven parameters—CB BMD,
TB BMC, CB BMC, BV/TV, Tb.Th, Tb.N, and Ct.Ar—
were significantly higher in Zol-treated Akp2*'~ mice than
in control Akp2*"~ mice. Although TB BMD also tended
to be higher in the Zol-treated group, the difference was
no significant. Tb.Sp, Tb.Spac, and V* m.space were sig-
nificantly lower in Zol-treated Akp2*'~ mice than in control
Akp2*'~ mice. Although Tb.N, Tb.Spac, and V* m.space
values were significant differences observed between con-
trol Akp2*/~ mice and control Akp2*"* mice, there were
no differences between Zol-treated Akp2*'~ mice and Zol-
treated Akp2*"* mice. At the RNA level, the expression of
Runx2, Alpl, and sp7, bone formation markers, was consid-
erably higher in Zol-treated Akp2*'~ mice than in control
Akp2*'~ mice. In particular, Runx2 and BMP2 expression
levels were markedly higher in Zol-treated Akp2*~ mice
than in Zol-treated Akp2*/* mice. These results were
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Fig.6 Changes in various markers upon Zol administration. We
quantified the changes in various markers in the serum and pro-
tein extracts from the femur when Zol was administered. Serum
and protein extracts were measured for ALP with low HPP values;

presumed to be due to the therapeutic effects of Zol. On the
other hand, six parameters—TB BMD, CB BMD, CB BMC,
BV/TV, Tb.Th, and Ct.Ar—were significantly lower in Zol-
treated Akp2*'~ mice than in Zol-treated Akp2*'* mice.
Furthermore, Tb.Sp was higher in Zol-treated Akp2™~ mice
than in Zol-treated Akp2*'* mice. If the previously suggested
mechanism is correct—that the calcification inhibitory
effect is promoted due to the structural similarity between
pyrophosphate, a calcification inhibitor, and bisphospho-
nates (BPs)—then the bone morphometry results of the
Zol-treated Akp2*'~ mice would be lower than those of the
control Akp2*/~ mice. Additionally, some bone morphom-
etry results showed lower values in Zol-treated Akp2™/~ than
in Zol-treated Akp2*"* mice. Therefore, we hypothesized
that compared to control Akp2*~ mice, bone formation in
Zol-treated Akp2*'~ mice progresses toward enhancement
but decreases compared to that in Akp2™* mice, which may
have occurred as a result of a mechanism that is not yet clear.
We analyzed the gene expression level of Smurf2, which has
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PINP, a bone formation marker; CTX-1, a bone resorption marker;
and a-SMA, a myofibroblast proliferation marker. Dots indicate
the respective values; error bars represent SD (n=5). *P<0.05,
**P<0.01, ¥***P <0.005, ****P <0.001. ns not significant

been shown to suppress the BMP/Smad signal [29, 30], and
found that it was considerably higher only in Zol-treated
Akp2*'~ mice. Thus, bone formation due to the administra-
tion of Zol was promoted in both Akp2*/* and Akp2*/~ mice,
but bone formation was partially suppressed in Akp2*'~ mice
treated with Zol due to Smurf2. Therefore, we believe that
bone formation is reduced in Zol-treated Akp2*'~ mice com-
pared to that in Zol-treated Akp2™* mice.

Finally, we conducted spontaneous locomotor activity
analysis to determine whether these changes were simply
histological or had a negative impact on athletic perfor-
mance. As a result, Zol-treated Akp2+/ ~ mice had lower total
distance and average speed compared to Zol-treated Akp2*'*
mice, despite having the same activity time. Therefore,
the changes in Zol-treated Akp2*'~ mice described above
appeared to result in a decline in the quality of spontaneous
locomotor activity.

Based on these results, the statement that BP adminis-
tration should be avoided for patients with HPP, which is
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Fig.8 Spontaneous movement analysis. After the administration of
Zoledronic acid hydrate (8 weeks of age), the locomotor ability of
the mice in each group was quantified using a wheel cage. a Activ-
ity time (min/day). b Total distance (m/day). ¢ Average speed (m/

included in the “Clinical Practice Guidelines for HPP” of the
Japanese Pediatric Endocrine Society, is valid [31]. While
HPP is highly recognized among obstetricians, gynecolo-
gists, pediatricians, and pediatric dentists, its recognition
among doctors and dentists in other medical departments
is extremely low [32]. When diagnosed with general osteo-
porosis, Japan's “2015 Guidelines for Prevention and Treat-
ment of Osteoporosis” lists proximal femur fractures as
fractures that should be prevented from the perspective of
maintaining life prognosis and quality of life. Therefore, BPs
are considered first-line drugs for patients at high risk of hip
fracture [33]. To avoid administering BP to patients with
HPP, it is important to accurately diagnose patients with
mild HPP who do not exhibit typical symptoms. We believe
that it is essential for people to be aware of the existence of
HPP.

This study has some limitations. First, this experiment
assumed that because patients with mild-type HPP repeat-
edly suffer from fractures at a relatively young age, BP
administration would be started early, leading to greater
accumulation in the bones. Therefore, the dose was rather
high. In future research, it is necessary to investigate whether
changing the dose would have the same effect. Second,
although Smurf2 has been suggested to be involved in bone
changes near the growth plate in Zol-treated Akp2™~ mice,
it remains unclear why Smurf2 was increased only in Zol-
treated Akp2+'~ mice. Previous reports have suggested that
ALP may act as an anti-inflammatory nucleotidase [34].
The lower ALP activity in Akp2*'~ mice than in Akp2*/*
mice might be due to a weaker anti-inflammatory effect;
however, further verification is needed. Third, although
there was no significant difference in TB BMC, Zol-treated
Akp2*'~ mice tended to have higher than Zol-treated Akp2+/*
mice. This result is inconsistent with the imaging findings.
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This discrepancy arises because Zol-treated Akp2™"* mice

have more areas where the cortical and TBs are continuous,
which may lead to some of the trabecular bone being misi-
dentified as CB. To address this issue, a more detailed analy-
sis using micro-CT equipment that can distinguish between
cancellous and cortical bones may be required.

Conclusion

When BP was administered to mice with mild-type HPP,
rupture occurred in the femoral head cartilage. This was pre-
sumed to have occurred because excessive mechanical stress
was generated by BP-induced bone hardening, resulting in
cartilage degeneration. Furthermore, bone formation directly
below the femoral growth plate was reduced compared with
that in normal mice. This difference may be related to the
inhibition of bone formation by Smurf2. In addition to these
histological changes, a decline in the quality of spontaneous
locomotor activity was also observed.
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