Heliyon 6 (2020) e03499

Contents lists available at ScienceDirect

Heliyon
CellPress Heliyon
journal homepage: www.cell.com/heliyon cabres
Effects of ultraviolet irradiation with a LED device on bone metabolism R

Check for

associated with vitamin D deficiency in senescence-accelerated mouse P6™ | %

Daigo Morita ™", Yoshitoshi Higuchi?, Kazuya Makida?, Taisuke Seki?, Kunihiro Ikuta?,

Naoki Ishiguro ®, Yoshihiro Nishida®"

@ Department of Orthopaedic Surgery, Nagoya University Graduate School of Medicine, Nagoya, Aichi, Japan
Y Department of Orthopaedic Surgery, Hamamatsu Medical Center, Hamamatsu, Shizuoka, Japan

ARTICLE INFO ABSTRACT

Keywords: Aims: This study investigated effects of narrow-range ultraviolet irradiation (UVR) by a new UV-LED device on
Physiology vitamin D supply and changes of bone in senescence-accelerated mouse P6 (SAMP6) with vitamin D deficiency.
Endocrinology Main methods: We used female SAMP6 mice as a senile osteoporotic model. We set a total of 3 groups (n = 4 per
pM;;colﬁ)ogS;(detal system group); D-UVR+ group (vitamin D deficient-dietary and UVR), D- (vitamin D deficient-dietary), and D+ groups
Metabolism (vitamin D contained-dietary). Mice in the D-UVR + group were UV-irradiated (305nm) with 1 kJ/m? twice a
Osteoporosis week for 12 weeks from 20 to 32 weeks of age. Serum 25(0OH)D, 1,25(0H),D, and micro-computed tomography
Vitamin D (CT) were assessed over time. Mechanical test, and histological assay were performed for femurs removed at 32

LED weeks of age.

Key findings: UVR increased both serum 25(OH)D and 1,25(OH)D levels at 4 and 8 weeks-UVR in the D-UVR+
group compared with that in the D- group (P < 0.05, respectively). Relative levels of trabecular bone mineral
density in micro-CT were higher in the D-UVR+ group than in the D- group at 8 weeks—UVR (P = 0.048). The
ultimate load was significantly higher in the D-UVR+ group than in the D- group (P = 0.036). In histological
assay, fewer osteoclasts and less immature bone (/mature bone) could be observed in the D-UVR+ group than in
the D- group, significantly.

Significance: UVR may have possibility to improve bone metabolism associated with vitamin D deficiency in
SAMP6 mice.

Bone mineral density

1. Introduction

Vitamin D is a molecule that plays an important role in bone meta-
bolism. Clinically, it has been recognized that vitamin D deficiency led to
osteomalacia [1] or osteoporosis [2] in adults. Data from clinical ran-
domized, double-blind studies in elderly subjects have reported that
vitamin D and calcium improved bone density and significantly reduced
fracture risk in subjects [3, 4]. Presently, however, vitamin D insuffi-
ciency and deficiency is a global health issue throughout all age groups
[5, 6, 7]. Furthermore, it was reported that 87.2% had vitamin D insuf-
ficiency of deficiency, especially among the oldest old [8]. Thus, pre-
vention of vitamin D deficiency is an important concern in our modern,
increasingly aging society. A new low-cost, conservative or minimally
invasive, generally useful treatment for vitamin D deficiency and bone

brittleness associated with vitamin D deficiency is required, and could be
a valuable tool in the reduction of medical costs.

More than 90% of vitamin D required by humans comes from sun
exposure [9, 10]. As the first step in the vitamin D pathway, when the
skin is exposed to ultraviolet (UV) light from the sun, previtamin D is
synthesized by epidermal 7-dehydrocholesterol (7-DHC). Previtamin D
leads to the formation of vitamin D (cholecalciferol) through a thermo-
chemical reaction. Vitamin D is transported to the liver where it is con-
verted to stored 25-hydroxyvitamin [25(OH)D], next, it is converted to
the active form, 1,25-dihydroxyvitamin D [1,25(OH).D], or the inactive
form, water-soluble calcitroic acid, in the kidneys [11, 12]. However,
although UV exposure is the most important source for vitamin D supply,
there are many elderly patients with osteomalacia or osteoporosis who
have difficulties in getting enough exposure to sunlight.
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UV-light-emitting diodes (UV-LED) device can generate stable
narrow-range wavelengths of deep UV light when compared with in-
candescent or fluorescent UV light. Previously, we reported positive ef-
fects of short-term UV irradiation (UVR) on vitamin D supply, and
determined effective wavelengths in young mice using this device [13].
However, in this short-term UVR study, we did not observe apparent
positive effects on bone morphology in a young mice model. We hy-
pothesized that longer duration of UVR could improve bone morphology
in senile osteoporotic bone metabolism. Therefore, the aim of this study
was to analyze the effects of long-term UVR with the UV-LED device on
vitamin D supply, bone morphology, and bone mechanical strength in
senescence-accelerated mouse P6 (SAMP6) with vitamin D deficiency.

2. Material and methods
2.1. Study design

All experimental procedures on animals were approved by the Insti-
tutional Animal Utilization Study Committee of Nagoya University
(Permit Number; 28106), and were in accordance with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals. All
experiments were performed under sodium pentobarbital or isoflurane
anesthesia, and all efforts were made to minimize suffering. Female
12-week-old SAMP6 mice were fed with a vitamin D-deficient diet until
the end of this study (32 weeks of age). The mice were divided into two
groups at 20 weeks of age, including a 305nm UV irradiation group (D-
UVR+) and a control group (D- group) skin was shaven, without UV
irradiation). Another group of control mice was fed with a vitamin
D-containing diet from 12 to 30 weeks of age, skin was shaven, without
UV irradiation (D+ group). There were three groups with four mice per
group. Serum examinations for 25(OH)D and 1,25(0H),D, and micro-
—computed tomography (CT) for bone morphology were performed over
time during the study period. The mice were sacrificed at 32 weeks of age
and specimens were collected for mechanical tests or histological assays
(Figure 1).

2.2. Mice and diet

SAMP6 mice were obtained from Japan SLC, Inc. (Hamamatsu,
Japan) after approval of the Council for SAM Research (Kyoto, Japan).
SAMPE6 is an established senile osteoporotic mouse model that sponta-
neously develops osteoporosis early in life. Osteoporotic change in these
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mice is characterized by a decrease in osteoblastogenesis and an increase
in adipogenesis within the bone marrow, with these features similar to
those seen in human senile osteoporosis [14, 15, 16]. The bone pheno-
type of SAMP6 in a long, tubular bone is thinning of the cortex and
trabeculae [14]. Such bone loss is observed at 4 months of age with 5%—
10% lower total bone mass and cortical thickness index (CTI) compared
with that of normal SAM (SAMR1, SAMR2, SAMP1, and SAMP2). After 4
months of age, the annual loss rate is approximately 2% for CTI and 7%
for total bone mass in female mice, although both losses progress grad-
ually. Only female mice were used. Because they are more sensitive to
vitamin D production by UVR than male mice [17]. The mice were kept
at 25 °C with a 12-h light-dark cycle and shielded from UV light. We
used AIN93GA-2 (Oriental Yeast Co ltd., Tokyo, Japan) as the vitamin
D-deficient diet and AIN93G as the vitamin D-containing diet [18].
AIN93GA-2 contains no vitamin D, 0.50% calcium, and 7.00% total fat,
while AIN93G contains 1000 IU/kg, 0.50%, and 7.00% respectively.

2.3. UV irradiation (UVR)

A surface mount device UV lamps for the LED system, jointly devel-
oped by Nikkiso Co. Ltd (Tokyo, Japan) with our research institute, were
used as the UV source. For all experiments, we applied a LED module
emitting UVB at a 305 nm wavelength, since this is the wavelength
closest to UVA that has been shown to have a positive effect on the
vitamin D supply in the early stages of UVR [13]. The wave spectrum of
this LED module measured using a UV radiometer, USR-45 DA-10
(Ushio Inc., Tokyo, Japan), was demonstrated to be within a very nar-
row-range [13] (Figure 2). As a previous study described [19], a 2 X
4—cm back patch of skin was cleanly shaved and served as the irradiated
area. It is equivalent to approximately 7% of the body surface area [20],
which is slightly less than the relative surface area of the unilateral upper
limb in humans [21]. Mice were irradiated twice a week in 4 x 6-cm
clear acrylic compartments with 1 kJ/m? at 0.54 mW/cm? of intensity
according to a previous study for a total of 12 weeks (from 20 to 32 weeks
of age) [13, 22]. The lamps were placed 10 cm above the dorsal patch.
Irradiation of 185 s was required. We determined 32 weeks of age as the
end point for irradiation because femoral fractures might occur in elderly
SAMP6 mice [14]. No obvious complications including erythema of the
skin were observed during the irradiation period. In the control (D- and
D-+) groups, mice (2 x 4—cm shaven skin patch) were illuminated with an
incandescent light for the same duration (185 s) and period (12 weeks) as
the UV-irradiated mice.
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Figure 1. The experimental protocol. The number of mice was four per group. SAMP6, senescence-accelerated mice P6; UV, ultraviolet; UVR+, ultraviolet irradiation;

D-, vitamin D-deficient diet; D+, vitamin D-containing diet.
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Figure 2. Relative spectral irradiance of a LED module emitting 305 nm
wavelength. The wave spectrums and intensity were measured using a
UV radiometer.

2.4. Serum metabolites

Blood samples were obtained from the orbital venous plexus at 12, 20
(initiation of UVR), 24 (4—weeks of UVR), and 28 weeks of age (8-weeks
of UVR) for four mice in each group (Figure 1). The volume of blood
sample at a single collection was 0.2 ml for each mouse. The samples
were centrifuged, and the collected serums were protected from room
light and stored at —20 °C until quantification. Serum 25(OH)D and
1,25(0H)2D levels were measured using a mini column containing a
solid—phase monoclonal antibody followed by radioimmunoassay (RIA)
using an 1251 Jabeled 25(0H)D and 1,25(0OH),D derivative tracer and
Sac—cell separation according to the manufacturer's protocol (SRL,
Tokyo, Japan) within 3 days after blood collection. The vitamin D levels
were classified as follows: deficiency, 25(OH)D < 25 nmol/L; normal, 25
nmol/L < 25(0OH)D < 90 nmol/L; sufficiency, 25(OH)D > 90 nmol/L, as
a previous study described [23].

2.5. Micro-CT

Micro—CT scans of the right distal femur metaphysis were performed
every 4 weeks from 12 to 32 weeks of age for four mice alive in each
group (Figure 1) with a high-resolution micro-CT scanner using a spe-
cific software (SkyScan 1176; SkyScan, Kontich, Belgium), as previously
described [13, 24]. As a brief, each scan was performed with a source
voltage of 50 kV, a current of 500 pA, and a 0.5° rotation step, performing
as full rotation over 180° with 0.5 mm aluminum filter to reduce beam
hardening. The pixel size and exposure time were 9 pm and 0.89 s,
respectively. The scan also included a phantom bone to analyze bone
mineral density (250 mg/cc and 750 mg/cc) to normalize grayscale
values and maintain consistency between runs. Three-dimensional (3D)
microstructural image data were reconstructed with a specific software
(NRecon, SkyScan) and morphometric parameters were calculated with a
specific software (CT Analyzer, SkyScan). To analyze trabecular
morphometric parameters, the volume of interest (VOI) started 0.17 mm
proximal of the distal growth plate of the femur and extended 2 mm
toward the diaphysis, comprising the trabecular bone and the marrow
cavity [13, 24]. To examine morphometric parameters of cortical bone,
the VOI started at the proximal end of the trabecular VOI and extended 2
mm toward the midshaft, comprising the cortical shell [13]. Trabecular
bone parameters [bone volume fraction (Tb.BV/TV, %), trabecular
thickness (Tb.Th, pm), spacing (Tb.Sp, mm), number (Tb.N, 1/mm), and
bone mineral density (Tb.BMD, mg/cc)], and marrow area (Ma.Ar,
mmz), cortical bone parameters [cortical area (Ct.Ar, mmz), cortical
thickness (Ct.Th, mm), percent cortical area (Ct.Ar/Tt.Ar, %), and bone
mineral density (Ct.BMD, mg/cc)] were measured according to guide-
lines for assessing rodent bone microstructure using micro-CT [25].
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2.6. Mechanical test

Mechanical tests of the retrieved right femurs at 32 weeks of age were
performed at room temperature using a materials testing machine
(MZ500D; Maruto, Tokyo, Japan). The mid-diaphysis of the femur was
placed on two supports of the test apparatus located 6 mm apart. The load
of a three-point bending test was applied in the anteroposterior direction
at the midway point between the two supports. Load-displacement
curves were recorded at a crosshead speed of 2.0 mm/s. Mechanical
parameters [ultimate load (N), stiffness (N/mm), displacement of frac-
ture (mm), and work to failure (N*mm)] were calculated using CTR win.
Ver. 1.05 software (System Supply, Nagano, Japan).

2.7. Bone histology

Retrieved left femurs at 32 weeks of age were fixed in 10% formalin
and decalcified. To identify osteoclasts, coronal sections of medial met-
aphysis of 5 pm in thickness were stained with tartrate-resistant acid
phosphatase (TRAP). As a quantitative analysis, osteoclast stained with
TRAP in random ten different low magnification fields in the distal
metaphysis proximally to the growth plate were measured under a light
microscope (magnification 100x). Numbers of osteoclast were counted
and divided by the total number of fields. All decalcified specimen were
further assessed with Masson's trichrome stain for coronal sections of
distal metaphysis of 5 pm in thickness [26]. As a quantitative analysis,
the proportions of cartilaginous matrix and fibrous tissue areas as
immature bone to mineralized mature bone in random ten different low
magnification fields of cortical bone in the distal metaphysis proximally
to the growth plate were measured under a light microscope (magnifi-
cation 100x). The mean proportion of immature bone to mineralized
mature bone was calculated by the total number of fields. We determined
the number of field for each histological assessments as ten in order to
estimate the whole area of distal metaphysis more than twice.

2.8. Evaluation of UV-irradiated skin

Retrieved skin of UV-irradiated area at 32 weeks of age was fixed in
10% formalin. After hematoxylin and eosin staining, widths of epidermis
and dermis in random five different low magnification fields were
measured under a light microscope (magnification 100x) based on the
perpendicular line for the tangent line of the skin surface [27]. For
immunohistochemistry, additional tissue sections were stained with
rabbit anti-Melan-A monoclonal antibody (ab210546, 1:100 dilution;
Abcam, Cambridge, MA, USA) to evaluate melanocyte or keratinocyte
with melanin pigmentation. This antibody was confirmed to cross-react
with mice antigens by a datasheet provided by the manufacturer.
Deparaffinized and rehydrated sections were treated with 0.3% Hy04 in
methanol for 15 min at room temperature to block the internal peroxi-
dase activity. The sections were incubated over night with rabbit anti-
—Melan-A monoclonal antibody as a primary antibody using Histofine
SAB-PO (M) kit (Nichirei Bioscience, Inc., Tokyo, Japan) at 4 °C.
Peroxidase labeling goat anti-rabbit IgG (Nichirei, Tokyo, Japan) was
applied as a secondary antibody for 30 min at room temperature, and
antibody  binding was detected by the addition of
diaminobenzidine-containing substrate solution (Nichirei Bioscience,
Inc., Tokyo, Japan). Furthermore, we performed Ki67 immunohisto-
chemistry staining for additional tissue sections to examine the effects of
UVR on the cell proliferation. Deparaffinized and rehydrated sections
were treated with 0.3% H50, in methanol for 10 min at 4 °C to block the
internal peroxidase activity. The sections were incubated for 2 h at room
temperature with mouse anti-human Ki67 monoclonal antibody (M7240,
1:100 dilution; Dako, Glostrup, Denmark) as a primary antibody using
Histofine SAB-PO (M) kit (Nichirei Bioscience, Inc., Tokyo, Japan). Bio-
tinylated rabbit anti-mouse IgG, IgA, IgM (Nichirei, Tokyo, Japan) was
applied as a secondary antibody for 10 min at room temperature, and
antibody binding was detected by the addition of streptavidin-peroxidase
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reagents and diaminobenzidine-containing substrate solution (Nichirei
Bioscience, Inc., Tokyo, Japan).

2.9. Statistics

The results are presented as mean values + standard deviation. We
determined that the number was 4 per group after power and sample size
calculations for the unpaired t-test of the difference with a specified
power (0.8) and significance level (P = 0.05). We used mean levels of
serum 25(0OH)D of the D-UVR + group at a 305 nm wavelength and the
D- group at 1-week of UVR in our previous report [13]. Based on this
study, the total mean (SD) level of serum 25(OH)D was set as 55.5 (32.2)
nmol/L. The significant difference in serum 25(OH)D level has been
estimated as 73.4 nmol/L, according to the difference of mean levels of
serum 25(OH)D between both groups. One way analysis of variance
followed by post hoc test (Tukey HSD) was used for statistical analyses of
results from the micro-CT measurements at 32 weeks of age, mechanical
tests, and histological assays. Two way analysis of variance followed by
post hoc test (Bonferroni's test) was used for statistical analyses of serum
25(OH)D and 1,25(0H),D levels, and two way repeated measures

a
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analysis of variance followed by post hoc test (Bonferroni's test) was used
for statistical analyses of relative levels of main micro-CT parameters. All
statistical analyses were performed using SPSS statistics version 23 (IBM
Corp. Armonk, NY). Statistical significance was estimated at P < 0.05.

3. Results
3.1. Effects of UVR on serum metabolites

Serum 25(0OH)D level in the D+ group was nearly the same at each
time point. However, the level in the D- group decreased gradually from
12 weeks of age to the deficiency level at 28 weeks of age. At 20 weeks of
age, at the initiation of UVR, 25(OH)D levels in the D- and D-UVR+
groups were reduced by 56% and 60% compared to that in the D+ group,
respectively (D- group, P < 0.001; D-UVR+ group, P < 0.001). At 24 and
28 weeks of age, after 4- and 8-weeks of UVR, however, the 25(OH)D
level in the D-UVR+ group was almost two times higher than that in the
D- group (4-weeks, P = 0.007; 8-weeks, P = 0.002) (Figure 3a). Serum
1,25(0OH)2D level in the D+ group increased over time from 12 to 28
weeks of age. The level in the D- group significantly decreased after 20

Figure 3. Serum 25(OH)D and 1,25(0OH),D levels.
Serum was obtained at 12 weeks of age (initiation of

m D- O D-UVR+ oD+ vitamin D-deficient diet or vitamin D-containing
140 - 5 diet), 20 weeks of age (initiation of UV irradiation), 24
5 § weeks of age (4-weeks of UV irradiation), and 28
120 - A A T % § weeks of age (8-weeks of UV irradiation). Obtained
i § serum was tested for 25(OH)D and 1,25(0H),D levels.
- 100 - _1_ _[_ Serum levels were analyzed for four mice in each
% group. a, serum levels of 25(OH)D; b, serum levels of
= AB 1,25(0H),D. *P < 0.05, 'P < 0.01, P < 0.005, P <
5 80 - 0.001, and distinct letters (P < 0.05) determined by
o AB two way analysis of variance (ANOVA) followed by
f 60 — B post hoc test (Bonferroni's test). Distinct letters mean
@) B statistically significant differences within groups. D-,
H 40 - B vitamin D-deficient diet; D+, vitamin D-containing

N B diet; UVR+, ultraviolet irradiation.
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weeks of age. However, at 24 and 28 weeks of age, serum 1,25(0OH),D
level in the D-UVR+ group was 3.8 and 3.5 times higher than that in the
D- group (4-weeks, P = 0.002; 8-weeks, P = 0.013) (Figure 3b). The
results of two way ANOVA for 25(OH)D were as follows: Group: Fo 36 =
114.35, P < 0.001; Time: F3 3¢ = 40.04, P < 0.001; and Group x Time
interaction: Fg 36 = 10.21, P < 0.001. Those for 25(0OH),D were as
follows: Group: Fa, 36 = 21.08, P < 0.001; Time: F3 3¢ = 0.18, P = 0.91;
and Group x Time interaction: Fs 36 = 7.65, P < 0.001.

3.2. Analyses of bone morphology with micro-computed tomography

Regarding trabecular bone parameters, Tb.N in the D-UVR+ and D+
groups were 58% and 75% higher than those in the D- group at 32 weeks
of age, respectively (D-UVR+ group, P = 0.043; D+ group, P = 0.028).
There were no significant differences in other trabecular bone parame-
ters among D-, D-UVR+, and D+ groups. As for cortical parameters, there
were no significant differences in all parameters among D-, D-UVR+, and
D+ groups (Table 1). Regarding relative levels of main parameters based
on the values at 12 weeks of age, we observed that Tb.BV/TV, Tb.BMD,
and Tb.Th decreased across the duration from 12 to 32 weeks of age
(Tb.BV/TV, F5 54 = 97.26, P < 0.001; Tb.BMD, F5, 54 = 50.00, P < 0.001;
Tb.Th, F5, 54 = 28.88, P < 0.001), and Ct.Th increased across the same
duration (Fs, 54 = 3.47, P = 0.011). There were no significant differences
among D-, D-UVR+, and D+ groups regarding all main parameters
(Tb.BV/TV, Fy, 54 = 2.12, P = 0.183; Tb.BMD, F3 54 = 2.64, P = 0.132;
Tb.Th, Fy 54 = 0.71, P = 0.522; Ct.Th, F5 54 = 1.24, P = 0.340). However,
the relative level of Tb.BV/TV decreased faster in the D- group than in the
D-UVR+ and D+ group (Fy9, 54 = 2.25, P = 0.034). Moreover, only at 28
weeks of age, Tb.BMD was significantly higher in the D-UVR+ and D+

(a) Trabecular percent bone volume

1.2 q
1 14
2 0.8 1
©
X064  LINUNL L .
04 A -o-D- |1 i T
0.2 || A—D-UVR+ %3 ......... {)
~8-D+ [____UVRornot 4
O "2 16 "20 "24 " 28 ' 32
Weeks of age
(c) Trabecular thickness
1.2 ~
1 =
008 -
T
Xo0.6 -
04 1e-D-
0.2 - ——D-UVR+
£ D+
O T T T 1

12 "16 20 24 ' 28 ' 32
Weeks of age

Heliyon 6 (2020) e03499

Table 1. Micro-CT analyses for morphological parameters of trabecular and
cortical bone at 32 weeks of age.

Parameters D- D-UVR+ D+
Tb.BV/TV (%) 71+£1.9 13.2 £ 45 13.3 £ 4.0
Tb.Th (pm) 60.3 + 5.9 67.5 + 10.5 62.2 +12.8
Tb.N (1/mm) 1.2+0.2 1.9 + 0.5* 2.1 £+ 0.4*
Tb.Sp (pm) 628.6 + 191.3 492.8 + 20.7 492.2 + 66.2
Tb.BMD (mg/cm®) 120.1 +17.2 154.4 + 38.4 173.2 + 39.1
Ct.Ar (mm?) 1.19 + 0.05 1.21 £ 0.06 1.21 £ 0.07
Ma.Ar (mm?) 1.01 £+ 0.23 0.93 + 0.08 0.90 + 0.03
Ct.Ar/Tt.Ar (%) 544+ 6.1 56.7 + 2.2 57.3 + 2.0
Ct.Th (pm) 249.5 + 25.3 261.7 £ 10.7 264.5 + 14.3
Ct.BMD (mg/cm®) 973.3 £11.3 980.0 + 16.4 985.5 + 8.6

Statistical analyses were performed using by one way analysis of variance fol-
lowed by post hoc test (Tukey HSD). * P < 0.05; v.s. D- group. All parameters
were analyzed for four mice in each group. CT, computed tomography; D-,
vitamin D-deficient diet; D+, vitamin D-containing diet; UVR+, ultraviolet
irradiation; BV, bone volume; TV, tissue volume; Tb.BV/TV, trabecular percent
bone volume; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp,
trabecular separation; Tb.BMD, trabecular bone mineral density; Ct.Ar, cortical
area; Ma.Ar, marrow area; Tt.Ar; tissue area; Ct.Ar/Tt.Ar, percent cortical area;
Ct.Th, cortical thickness; Ct.BMD, cortical bone mineral density.

groups than in the D- group (D- group, 47%; D-UVR+ group, 61%, P =
0.048; D+ group, 63%, P = 0.043) (Figure 4). Figure 5 depicts the
extracted 3-dimentional digital images of the right femur in all groups
based on micro-CT data at 32 weeks of age.

(b) Trabecular bone mineral density
1.2 4
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Figure 4. Bone morphological parameters by micro-CT analyses. Relative levels of each parameter determined by micro-CT are compared with the values at 12 weeks
of age, set as 1.0. Values of each bone morphological parameter were determined at 12 weeks of age (initiation of vitamin D-deficient diet or vitamin D-containing
diet), 16 weeks of age (4 weeks of dietary control), 20 weeks of age (initiation of UV irradiation), 24 weeks of age (4-weeks of UV irradiation), 28 weeks of age
(8-weeks of UV irradiation), and 32 weeks of age (12-weeks of UV irradiation). All parameters were analyzed for four mice in each group. a, trabecular percent bone
volume [Tb.BV/TV]; b, trabecular bone mineral density [Tb.BMD]; c, trabecular thickness [Tb.Th]; d, cortical thickness [Ct.Th]. *P < 0.05 determined by two way
repeated measures analysis of variance (ANOVA) followed by post hoc test (Bonferroni's test). CT, computed tomography; D-, vitamin D-deficient diet; D+, vitamin

D-containing diet; UVR+, ultraviolet irradiation.



D. Morita et al.

Heliyon 6 (2020) e03499

Figure 5. Three-dimensional digital images of right femur. Three-dimensional images of right femur were reconstructed based on micro-CT data at 32 weeks of age
mice. a, D- image viewed from a distal viewpoint; b, D- image viewed from a lateral viewpoint; ¢, D- image viewed from a distal-lateral viewpoint; d, D-UVR+ image
viewed from a distal viewpoint; e, D-UVR+ image viewed from a lateral viewpoint; f, D-UVR+ image viewed from a distal-lateral viewpoint; g, D+ image viewed from
a distal viewpoint; h, D+ image viewed from a lateral viewpoint; i, D+ image viewed from a distal-lateral viewpoint. The number of trabeculae in the cancellous bone
of D- images (a—c) was less compared with that of D-UVR+ (d-f) or D+ images (g-i). Thinning of cortex bone was prominent at metaphysis in the D- image (b),
although thickness of cortex bone at the midshaft of D- images (b, c) was equivalent to that of D-UVR+ (e, f) or D+ images (h, i). CT, computed tomography; D-,
vitamin D-deficient diet; D+, vitamin D—containing diet; UVR+, ultraviolet irradiation.

3.3. Mechanical parameters of the femur

Between the D-UVR+ and D+ groups, all parameters were approxi-
mately equal. Between the D-UVR+ and D- groups, on the other hand,
ultimate load in the D-UVR+ group was increased by 11% compared to
that in the D- group (P = 0.036). There were no significant differences
among D-, D-UVR+, and D+ groups regarding stiffness, displacement of
fractures, or work to failure (Table 2).

3.4. Bone histology

Mean numbers of osteoclasts in a low magnification field (100x) in
the D-UVR+ and D+ groups were reduced by 35% and 56% compared to
that in the D- group, respectively (D-UVR+ group, P < 0.001; D+ group,
P < 0.001; Figure 6a-c, g). Furthermore, mean proportions of immature
bone in a low magnification field (100x) in the D-UVR+ and D+ groups
were reduced by 55% and 43% compared to that in the D- group,
respectively (D-UVR+ group, P < 0.001; D+ group, P < 0.001;
Figure 6d-f, h).

3.5. Adverse effects of UVR on skin

Skin epidermal and dermal thickness in the D-UVR+ group was
significantly thicker than that in the D- and D+ group (v.s. D- group, P <
0.001; v.s. D+ group, P < 0.001; Figure 7a-c, j). These differences were
more prominent in epidermal thickness than in dermal thickness

(Figure 7k, 1). Epidermal thickness in the D-UVR+ group was 2.6 and 5.6
times thicker than that in the D- and D+ group. As for immunohisto-
chemistry, there were no melanocytes or keratinocytes with melanin
pigmentation at epidermal areas in the D- and D+ groups (Figure 7d, f),
although we did observe a few keratinocytes with melanin pigmentation
at the border between epidermal and dermal area in the D-UVR+ group
(Figure 7e). Furthermore, there were no Ki67-positive cells in all groups
(Figure 7g-i).

4. Discussion

Several studies have attempted to improve bone morphology in ani-
mal models or human subjects using UVR [13, 28, 29, 30], although
many studies have demonstrated that UVR is effective on increasing the
supply of vitamin D [13, 28, 29, 30, 31, 32, 33]. Of these studies, only the
report by Guo [30] showed that long-term UVR (12-weeks) improved
bone mineral content and bone mineral density in young rats. However,
it was unclear whether long-term UVR could improve bone morphology
in senile osteoporotic bone metabolism. This is the first report demon-
strating, through analysis of bone morphology, mechanical strength, and
histological evaluation, that UVR by a UV-LED device is effective for the
prevention of negative bony changes associated with vitamin D defi-
ciency in senile osteoporotic mice model.

Our previous study did not show any apparent positive effects of UVR
on bone morphology [13]. This discrepancy between the results of the
present and previous studies may be attributable to the fact that the
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Table 2. Results of mechanical test at 32 weeks of age.

Parameters D- D-UVR+ D+
Ultimate load (N) 23.5 £+ 0.6 26.4 £ 1.7* 248 +£1.6
Stiffness (N/mm) 187.5 + 10.4 194.4 +11.2 206.2 + 5.6
Displacement of fracture (mm) 0.29 + 0.04 0.26 + 0.05 0.26 + 0.01
Work to failure (N*mm) 4.7 + 0.8 47 +£1.3 4.5 + 0.4

Statistical analyses were performed using by one way analysis of variance fol-
lowed by post hoc test (Tukey HSD). * P < 0.05; v.s. D- group. All parameters
were analyzed for four mice in each group. D-, vitamin D-deficient diet; D+,
vitamin D-containing diet; UVR+, ultraviolet irradiation; N, newton.

periods of the vitamin D-deficient diet and UVR were longer in the
present study than those in the previous one. The periods of the vitamin
D-deficient diet before UVR and UVR in the present study were 8-weeks
and 12-weeks, respectively, while either those in the previous study were
4-weeks. A second explanation may be related to the fact that a senile
osteoporotic mouse model was used in this study, while the mice used in
the previous study had normal bone metabolism. It was demonstrated
that long-term (14 months) vitamin D deficiency in older adult C57BL/6
does not affect bone morphology [34]. However, Duque [35] reported
that short-term infusion (6 weeks) of 1,25(OH)»D was effective for
preventing osteoporotic, particularly for periosteal ossification and BMD
in SAMP6 mice, which supports the results obtained in the present study.

Several in vivo studies reported that vitamin D decreases the pool of
osteoclast precursor cells [36], and inhibits osteoclast migration into
bone based on an original in vivo imaging method [37]. Results obtained
from TRAP stain in our histological assay showed inhibitory effects of
vitamin D on TRAP positive osteoclast expression in vivo, which were
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consistent with the results of previous reports [36, 37]. In this study,
changes in trabecular bone parameters resulting from UVR were more
apparent than changes in cortical bone parameters. The difference be-
tween trabecular and cortical bone may be relevant to variation in bone
metabolism according to the matrix volume and surface area. Trabeculae,
as thin plates, have a low matrix volume and large surface area. Thus,
bone metabolism signals within the matrix can promptly traverse the
matrix and locate a surface to initiate trabecular remodeling. By contrast,
cortical bone has a large matrix volume and small surface area. Thus,
signals deep within the matrix may not locate a surface as readily to
initiate remodeling, resulting in the accumulation of micro-damages
particularly in interstitial bone that is less remodeled [38, 39]. In line
with our results, Duque [35] reported that infusion of 1,25(OH),D was
effective for preventing osteoporotic changes in SAMP6 mice, particu-
larly in trabecular bone rather than cortical bone. Furthermore, results
obtained from Masson's trichrome staining showed less immature bone in
the D-UVR+ or D+ group than in the D-group. Osteomalacia-like
changes caused by long-term vitamin D deficiency could be also pre-
vented by UVR. This may be a reason that mechanical strength in the
D-UVR+ group was better than that in the D- group, although Ct.Ths
obtained from micro-CT analysis were equivalent between two groups.

More native vitamin D intake or much more sun exposure is rec-
ommended to improve the status of vitamin D deficiency [6, 40].
However, it seems to be difficult that the elderly takes in recommended
native vitamin D from food, which is at least 20 pg per day [41], and is
exposed to more sunlight, particularly in the institutionalized elderly
with low mobility. Although native vitamin D supplements may be
effective for vitamin D deficiency, the elderly might have difficulty in
taking in the adequate level of vitamin D every day even if they took in
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Figure 6. Results of bone histological assays. a-c, tartrate-resistant acid phosphatase (TRAP) stain for coronal sections of medial metaphysis of the left femurs
(original magnification 400x, bars indicate 100 pm). White arrows show osteoclasts stained with TRAP. d—f, Masson's trichrome stain for coronal sections of cortical
bone of the left femurs (original magnification 100x, bars indicate 200 pm). Immature bone is shown as blue area (white arrow head). g, quantification of
TRAP-positive cell numbers in ten low magnification fields (100x). h, quantification of immature bone areas to mineralized mature bone in ten low magnification
fields (100x). All parameters were analyzed for four mice in each group. *P < 0.001 by one way analysis of variance followed by post hoc test (Tukey HSD). TRAP,
tartrate-resistant acid phosphatase stain; MT, Masson's trichrome stain; D-, vitamin D-deficient diet; D+, vitamin D-containing diet; UVR+, ultraviolet irradiation.
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Figure 7. Results of skin histological assays. a-c, hematoxylin and eosin stain for epidermis and dermis, (original magnification 100x, bars indicate 100 pm). d-f,
immunohistochemical staining with anti-Melan-A monoclonal antibody for epidermis and dermis (original magnification 400x, bars indicate 100 pm). The black
arrow shows a keratinocyte with melanin pigmentation. g—i, immunohistochemical staining with anti-Ki67 monoclonal antibody for epidermis and dermis (original
magnification 400 x, bars indicate 100 pm). j, quantification of epidermal and dermal thickness in five low magnification fields (100 x). k, quantification of epidermal
thickness in five low magnification fields (100x). 1, quantification of dermal thickness in five low magnification fields (100x). All parameters were analyzed for four
mice in each group. *P < 0.01, 'P < 0.001 by one way analysis of variance followed by post hoc test (Tukey HSD). D-, vitamin D-deficient diet; D+, vitamin
D-containing diet; UVR+, ultraviolet irradiation; HE, hematoxylin and eosin stain; Melan, immunohistochemical stain with anti-Melan-A monoclonal antibody.

vitamin D with supplements [42]. Moreover, it is an important problem
that vitamin D supplements are expensive [43]. As to sun exposure, the
same effect could not be provided all the time by difference in location,
season, time, and atmospheric conditions [44]. UVR treatment with a
UV-LED device has advantages for these problems of vitamin D sup-
plementation and sun exposure. Regarding vitamin D medication, there
are several potential risks of negative effects of high-dose vitamin D
medication on bone metabolism [45, 46] and hypercalcemia [47].
However, UVR for vitamin D supply could reduce those risks, because
levels of active vitamin D [1,25(0H),D] synthesized endogenously are
regulated by renal la-hydroxylase and 24-hydroxylase through the
homeostatic response to levels of the vitamin D hormone and calcium
[11, 13, 48].

In this study, we applied a dose of 1 kJ/m? twice a week by using a
LED module emitting 305 nm wavelength. This dose was considered as a
suberythemal dose [13], and confirmed an increase in serum 25(0OH)D
levels. However, this dose corresponds to approximately a total dose of
UVB from sunlight per day in the summer in Japan (Tsukuba city, 36°N,

140°E) [49]. Vahavihu [50] reported that UVR with narrow-range
wavelengths of deep UV around 311 nm for 7 days (100 J/m? on the first
day and thereafter 200 J/m?/day) on the head and arms, increased serum
25(0OH)D levels in human. Regarding UV wavelength of UVR, according
to the reciprocal erythemal action spectrum which was often considered
as an index of risk for chronic skin damage, skin aging, and skin cancer
[51], those risk ratio was approximately ten times higher in 305 nm
wavelength selected in this study than in 316 nm wavelength, which was
the boundary wavelength between UVB and UVA. Although skin ery-
thema was not observed during the UVR period in mice, narrow-range
UVB irradiation used in the present study had the risk for skin damage. In
fact, results obtained from skin histology showed that UVR thickened
epidermis and dermis. Furthermore, we observed a few Melan—A positive
cells in epidermal areas only in the D-UVR+ group, which were consid-
ered to be keratinocytes with melanin pigmentation, although UVR used
in this study did not have effects on cell proliferation in epidermis and
dermis. Considering the high dose of UVR and the harmful wavelength,
the protocol shown in the present study could not be adapted to clinical
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use. We reported that UVR with 316 nm wavelength was also effective for
vitamin D supply in our previous study [13], although the positive effect
was slightly less than other wavelengths of UVB. Patients could avoid
unnecessary and harmful UVR wavelengths in vitamin D supply by using
a LED module emitting 316 nm wavelength, compared with other lamps
of broad-range UV or sunlight. In the future, we plan to evaluate the
effects of vitamin D supply and side effects such as DNA damages with
various lower doses of UVR than 1 kJ/m? twice a week by using 316 nm
wavelength, belonging to UVA, as the least harmful one in our modules.

There were several potential limitations in this study. First, we
measured only serum 25(0OH)D and 1,25(0H),D levels by RIA, because
the volume of blood sample obtained from a mouse was so small that
we could not estimate other biochemical parameters. Serum para-
thyroid hormone, calcium, and phosphate levels, which were closely
interacted with vitamin D and bone metabolism, should be measured
with serum 25(OH)D and 1,25(0OH),D levels to estimate the effects of
UVR on bone metabolism. In a study of 405 women with femoral neck
fracture and vitamin D deficiency, Di Monaco [52] reported that sec-
ondary hyperparathyroidism associated with vitamin D deficiency was
related to bone mineral density, rather than the severity of vitamin D
deficiency. We plan to evaluate these biochemical parameters with
25(0OH)D and 1,25(0H)2D in the future study for medium-sized ani-
mals. Second, the sample size was relatively small. Although we
determined the sample size after power and sample size calculations
for serum 25(0OH)D levels, larger sample size is desirable for assess-
ments of bone morphology, and bone mechanical strength. Further-
more, we did not set another experimental group of mice fed with a
vitamin D-containing diet with UVR. It was unknown whether UVR
increases vitamin D levels or not in vitamin D replete mice. Further
research is warranted to clarify the positive effect of UVR on bone
morphology and quality.

5. Conclusion

Long-term UVR delivered by the narrow-range UV-LED device is
effective on 1,25(OH),D supply as well as 25(OH)D in SAMP6 mice with
vitamin D deficiency. Furthermore, this UVR treatment may have also
possibility to improve bone metabolism associated with vitamin D defi-
ciency in SAMP6 mice. Microscopically, it was demonstrated that UVR
had inhibitory effects on TRAP positive osteoclast expression. Consid-
ering that many developed countries face an increasingly aged popula-
tion that is more susceptible to the burdens of bone brittleness associated
with vitamin D deficiency, UVR treatment with a UV-LED device may
represent a promising novel therapeutic approach to this disease. Further
studies for medium-sized animals are warranted before clinical use.
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