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Osteoporosis (OP) is a highly prevalent chronic disease. The anabolic agent parathyroid hormone (PTH) is
often prescribed for the treatment of OP to strengthen bone quality and decrease the risk of fracture,
although the specific mechanisms are still unclear. Lysyl oxidase (LOX) can stabilize the organic matrix
through catalyzing the cross-linking of collagen and elastin. In this study, we established osteoporotic
models via ovariectomizing C57BL/6J mice and treating them with PTH. We further aimed to determine
the expression changes of the LOX family, impacted by PTH, in ovariectomized mice. We observed that
bone mass was reduced and bone microstructure was deteriorative in ovariectomized mice. And PTH
attenuated the microstructural damage and accelerated bone remodeling, as confirmed via uCT and HE
staining. Serum levels of copper and zinc indirectly proved the results. The expression levels of five
members of the LOX family all declined in ovariectomized mice compared to in sham-operated control
mice (p < 0.05), and the daily injection of PTH successfully reversed the low expression of LOXs in OP.
The current study examined expression changes of LOXs in osteoporotic mice and PTH-treated
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Accepted 13th August 2018 osteoporotic mice for the first time, and provided an important piece of evidence that the aberrant
expression of LOXs had intimate associations with the occurrence and development of OP. And LOXs

DOI- 10.1039/c8ra04574g may act as the downstream effectors of PTH, contributing to unbalanced bone metabolism and
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Introduction

Osteoporosis (OP) is a systematic and disabling bone disease,
afflicting mainly elderly postmenopausal women, a conse-
quence of which is that the strength and toughness of bone
tissue get reduced and resistance to fracture becomes
impaired.* Abnormality of bone quantity and distribution is an
important feature of osteoporotic physiopathology. To be
specific, cortical bone is manifested as thin and even perforated
bone lamellae. As for trabecular bone, progressive decreases in
thickness, amount and connectivity can be observed. Moreover,
the enhanced formation of adipose tissue, as well as hemo-
poietic tissue, occurs in bone marrow, increasing the marrow
volume.”® It is generally accepted that these alterations are
mainly due to imbalanced bone turnover, and in this process,
decreased bone collagen synthesis and increased bone matrix
degradation lead to a deteriorating extracellular matrix (ECM).*
Despite highly morbidity and mortality, the present under-
standing of the exact OP pathogenesis is limited, and targeted
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damaged bone microstructure. Consequently, LOXs may act as promising therapeutic targets for OP.

proteins are sought to provide effective disease-modifying
approaches to overcome deficiencies in individuals with OP.
Currently, it is unclear how OP occurs and develops, however
bone-resorption inhibitors and anabolic agents have been
applied in anti-osteoporotic therapy on the basis of empirical
observations.® Bone-resorption inhibitors, also called anti-
resorptives, preserve bone strength through decreasing bone
resorption and suppressing bone turnover. They include
bisphosphonates, selective estrogen receptor modulators
(SERMs), an inhibitor of receptor activator of nuclear factor-x B
ligand (RANKL), estrogen, and calcitonin.® Among bone-
forming agents, parathyroid hormone (PTH) is the only one
approved by the American Food and Drug Administration
(FDA), and it acts as effective medication for OP.* Actually the
primary understanding of its function is that it mediates the
balance between calcium and phosphorus along with calcitonin
in vivo. The targeted organs are kidneys, bones and intestines.”
PTH has a catabolic effect on bone, contributing directly to
increased serum calcium and decreased serum phosphorus
levels.® As investigations proceeded, its capacity to mediate
osteogenesis was found out. Studies have elucidated that PTH
administration has therapeutic effects on osteoporotic animal
models/patients of normal or low bone mass,”* and intermit-
tent low doses of PTH lead to bone metabolism homeostasis
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being tipped in favor of matrix anabolism, which is the theo-
retical cornerstone of its clinic application to OP. To date, PTH
has been an efficacious alternative in the treatment of osteo-
porotic postmenopausal females in clinical settings, but the
exact mechanism still remains obscure ."*

Improving resistance to fracture is the primary goal of OP
treatment; this ability is greatly derived from bone toughness,
which is supplied primarily by the stability of the bone
ECM." ™ Cross-linked collagens, the main components of the
bone organic matrix, are critical for stabilizing the polymeric
network."' It has been evidenced that less mature collagen
cross-links are usually accompanied by the deterioration of
bone mechanical properties, regardless of whether there are
normal mineral quantities or not."” Lysyl oxidase (LOX) plays
a significant role in bone collagen biosynthesis and matura-
tion, due to its function of catalyzing cross-linking reactions.
More specifically, LOX initiates the covalent cross-linking of
elastin and collagen via catalyzing the oxidative deamination
of e-amino groups of lysine and/or hydroxylysine. Ultimately,
these extracellular proteins are insolubilized and resist
proteolysis."®*® Except for LOX, the LOX family (LOXs)
contains another four members, lysyl oxidase-like protein 1
(LOXL1), lysyl oxidase-like protein 2 (LOXL2), lysyl oxidase-like
protein 3 (LOXL3), and lysyl oxidase-like protein 4 (LOXL4).
Our previous review has compared the structure of each
member and summarized their role in tissue repair.*® The five
LOX family members show high similarity in their carboxyl
(C)-termini, including the copper binding domain, lysyl-
tyrosyl quinone (LTQ) residues, and the cytokine receptor-
like (CRL) domain. Besides, the C-terminal domains of LOXs
contain the active sites of the enzymes. By comparison, the
amino (N)-terminal regions of the LOXs are variable. LOX and
LOXL1 are closely related in structure, with both containing
a pro-region that is post-translationally processed, and both
lack the scavenger receptor cysteine-rich (SRCR) domain
present in LOXL2-LOXL4. The distinct sequences of each
member may contribute to their different substrates and
functions.'® The essential roles of LOXs have been recognized
in relation to multiple bone disorders. Nagaoka et al. postu-
lated that the directly up-regulated gene expression of LOX
could explain the role of 1,25(0OH),D; in many bone defects
like rickets, osteomalacia and OP .** McNerny et al. reported
that a reduction of collagen cross-linking and bone ECM
synthesis caused by the injection of B-aminopropionitrile
(BAPN), a potent inhibitor of LOX, resulted in destruction of
the toughness and strength of bone.”* In a study into bone
fracture healing, an examination of the transcriptome
demonstrated that all five LOXs were highly expressed during
the process.”” And the variability of the expressions of LOXs is
consistent with the alteration of mechanical strength at frac-
tured sites.”® In addition, up-regulated LOXL2 was considered
a protective response to promote anabolism in cartilage
affected by osteoarthritis (OA).>*

We therefore hypothesized that LOXs may participate in the
pathological process of OP. Moreover, PTH could influence the
expressions of LOXs under osteoporotic conditions, thus
promoting osteogenesis and improving bone microstructure.
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To address this issue, we ovariectomized mice to produce an
animal model of postmenopausal OP, and examined the
effects of PTH on bone metabolism and bone micro-
architecture. Most importantly, we examined the expressions
of LOXs in vivo, and compared their different expressions
under three conditions: sham-operated control conditions,
osteoporotic conditions and PTH-treated osteoporotic condi-
tions. To the best of our knowledge, our study is the first to
examine the expressions of five LOX family members in mice
treated with ovariectomization and PTH. We hope to shed
light on the role of LOXs in OP and provide a new targeted
protein for use in therapeutic strategies for OP.

Materials and methods
The development of a mouse OP model and PTH treatment

Animals were obtained according to ethical principles and
protocols were reviewed and approved by our Institutional
Review Board (the IRB at the West China Hospital of Stoma-
tology, No. WCHSIRB-D-2017-029), in accordance with national
guidelines: Regulations for the Administration of Affairs Con-
cerning Experimental Animals. Two-month-old virgin female
C57BL/6] mice of similar body mass were randomly divided into
three groups: (1) a sham-operated control group (Control) (n =
12); (2) an ovariectomized group (OVX) (n = 12); and (3) a PTH-
treated ovariectomized group (OVX + PTH) (n = 12), which was
ovariectomized and injected with PTH 4 weeks after the oper-
ation. Animals had free access to food and water and were
housed at 21 °C under a 12 hours light/dark cycle.

Ovariectomies were conducted as described in a previous
paper.® In short, mice were anaesthetized through intraperito-
neal injections using sodium pentobarbital (40 mg kg )
(Sigma-Aldrich, St. Louis, MO, USA). Since the ovaries are
located at the midpoint between the lower margin of the free
ribs and the iliac crest, we made a lumbar lateral incision
around this position. Before removing each ovary, the ovarian
artery and vein should be ligated. As for sham operations,
ovaries were not resected and we only took out some adipose
tissue adjacent to the bilateral ovaries. Finally, muscles were
repositioned in layers and sutured with resorbable sutures; the
skin was closed with nylon 4-0 sutures. 4 weeks after surgery,
mice were treated with daily intraperitoneal injections of either
recombinant human PTH (1-34) (40 pg kg™ ') (Bachem, Buben-
dorf, Switzerland) or the vehicle (0.9% sodium chloride, Abbott,
IL) for 4 weeks, 6 times a week. All mice were sacrificed after 4
weeks of treatment. We collected blood and knee joint
(involving whole femur and tibia samples) specimens for later
experiments. 600-800 microlitres of blood from the mouse
retro-orbital plexus was collected and centrifuged at 3000 rpm
for 10 min to isolate the serum. The serum samples for the
determination of biochemical indicators were frozen at —80 °C
and stored until measurements were done. Excessive soft
tissues were removed from knee joints, then the specimens
were fixed in 4% paraformaldehyde (PFA) for 48 h at 4 °C and
transferred to 70% ethanol for longer-term storage until micro-
computed tomography (uCT) scanning and histological evalu-
ation was undertaken.

This journal is © The Royal Society of Chemistry 2018
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The evaluation of bone morphometry via micro-computed
tomography (nCT)

To evaluate the alteration of bone structure, knee joints (n =
12/group) were scanned using nCT apparatus (Y. Cheetah,
YXLON International GmbH, Germany). The whole knee joint
was set in an immobile fashion inside the scanning tubes,
with the respective axes of the tibia and femur as perpen-
dicular as possible to the scanning plane. The parameters
were set as follows: voltage, 56 kV; current, 61 pA; and voxel
resolution, 0.012 mm. Subsequently, VGS Studio Max soft-
ware was used to reconstruct the microstructural images.
Sagittal and coronal cutting views were used to analyze the
structural alteration of trabecular bone. The bone volume
fraction (BV/TV) of the femoral diaphysis was also calculated
in this way.

Serum levels of biochemical indicators

Determinations of serum concentrations of copper (Cu) and
zinc (Zn) were conducted via atomic absorption spectrometer
(AAS) using a PerkinElmer spectrometer. Serum samples and
standard working solutions for calibration were prepared via
appropriate dilution with deionized water. Standard solu-
tions of Cu (1000 mg L™" in 0.3 M HNO;) and Zn (1000 mg L™
in 0.5 M HNOj;) were purchased from the Baker Chemical Co
(Phillipsburg, NJ, USA). Except for standard solutions,
a blank control was also determined at the same time for
quality control. The values of trace elements in the standard
solutions were within the ranges provided by the
manufacturer.

Histological evaluations

Mouse knee joints were used for histological evaluations.
Firstly, 15% ethylenediaminetetraacetate (EDTA)-buffered
saline solution was used to decalcify samples for 30 days. The
samples were bathed in a graded series of ethanol solutions for
dehydration and in xylene, and then embedded in paraffin
blocks. They were then sectioned into 5 pum-thick slices.
Paraffin-embedded samples were de-paraffinized in xylene,
rehydrated using graded alcohol, and immersed in PBS. Slices
were stained with H&E (Sigma-Aldrich, USA) for structural
analysis of the bone matrix.

Immunohistochemistry was carried out according to a stan-
dard SABC protocol from the manufacturer. De-paraffinized
slices were stained with rabbit antibodies against LOXs and
goat anti-rabbit IgG/biotin (No. SP-0023; Bioss, Beijing, China).
Rabbit monoclonal anti-LOX and anti-LOXL2 were purchased
from Abcam (ab174316 and ab179810; Cambridge, MA, USA).
Rabbit polyclonal anti-LOXL1 and anti-LOXL4 were purchased
from Abcam (ab60178 and ab130646; Cambridge, MA, USA).
Rabbit polyclonal anti-LOXL3 was purchased from Santa Cruz
(sc-68939; Santa Cruz, CA, USA). The rehydrated samples were
pretreated with 0.1% trypsin for antigen retrieval before stain-
ing. All stained slices were scanned with an inverted light
microscope (Olympus-IX71, Japan) and analyzed via software
(Aperio; Image Scope, USA).

This journal is © The Royal Society of Chemistry 2018
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Statistical analysis

Statistical analysis was performed via the Student's ¢-test and
one-way analysis of variance (ANOVA) to determine whether
significant differences existed between groups. All data were
evaluated via SPSS 20.0 software (SPSS, Chicago, IL, USA) and
the critical significance level was set at p < 0.05.

Results

The PTH attenuated microstructural damage of trabecular
bone contributed to by the ovariectomy

uCT was employed to elucidate the differences between bone
microstructure among the three groups, as it has the ability to
assess the quality and quantity of bone. Bone volume and bone
structure showed the same substantial changes, determined by
uCT analysis: relative to the sham-operated control mice and
the PTH-treated ovariectomized mice, the disruption to bone
connectivity and microarchitecture in the ovariectomized mice
was most remarkable (Fig. 1). Sagittal views of the epiphysis and
metaphysis from mouse femora and tibiae showed decreased
bone volume in the OVX group (Fig. 1A). The significant bone
loss was also exhibited through abnormality in the thickness,
amount and continuity of trabecular bone, indicating that dis-
rupted bone remodeling after ovariectomy surgery induced low
bone mass accompanied by unsubstantial bone micro-
architecture (Fig. 1B). The daily injection of PTH acted to
attenuate bone degeneration, manifesting through better
connectivity of trabeculae. Additionally, the amelioration of
trabecular thickness and amount resulted in a highly organized
bone structure in the OVX + PTH group (Fig. 1A and B). In the
OP mouse model, the bone volume fraction (BV/TV) of the
femoral diaphysis was the lowest, compared to either that of the
Control group (p < 0.05) or the OVX + PTH group (p < 0.05), and
no statistically significant changes were seen between the
Control group and the PTH group (Fig. 1C).

PTH improved the ovariectomy-induced homeostatic
imbalance of bone metabolism

Apart from an assessment of general tissue histomorphology,
HE staining can also display alterations in bone matrix
components, notably trabeculae. So we used HE staining to
further prove the mineral changes observed in pCT studies.
Fig. 2A shows views of HE staining of tibia and femur samples
from the Control group, OVX group and OVX + PTH group. We
could see typical bone structure (cortical bone and woven
trabeculae, as well as abundant connective tissues), with oste-
oblasts encapsulated in lacunas of bone matrix and sparsely
arranged. The morphology of trabeculae in the Control group
was distinct, manifesting as intact and dense. Besides, the
existence of fewer inflammatory cells, homogeneously stained
ECM, and more ECM deposition suggested stable and relatively
slow bone remodeling. In contrast, the boundaries and
morphologies of trabeculae in the other two groups were
obscure, which was attributed to a discontinuous structure.
Furthermore, bone tissue was poorly organized, with numerous
inflammatory cells, especially in the OVX group. Significantly,
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Fig. 1 Changes in bone microstructure in each group evaluated via micro-computed tomography (uCT). (A) Top: representative sagittal nCT
views of femoral epiphysis and metaphysis samples from 4 months-old control mice (Control), ovariectomized mice (OVX) and PTH-treated
ovariectomized littermates (OVX + PTH). Bottom: representative sagittal pCT images of tibial epiphysis and metaphysis samples from mice in the
Control group, OVX group and OVX + PTH group. The ovariectomized mice images were collected 2 months after surgery. Scale bar: 550 um. (B)
Three-dimensional high-resolution pCT images (coronal views) of femoral metaphysis (first two rows) and tibial metaphysis (last two rows)
samples. The black rectangles indicate regional magnified images, which are presented in the lower rows. The red areas symbolize higher
mineralized tissue, such as cortical bone, and the green parts represent low density tissue, like trabecular bone. Scale bar: 450 pm. Scale bar in
boxed area: 120 um. (C) A quantitative analysis of the structural parameters of cortical bone. The bone volume fraction (BV/TV) of the femoral
diaphysis indicates significant bone loss appears 2 months after ovariectomy. PTH administration tended to increase the low BV/TV to a level that
was comparable to data from the Control group. n = 12 per group. *p < 0.05: statistical differences existed between two groups. All statistical

significance was determined via one-way analysis of variance.

bone defects were more prominent in the OVX group, in
contrast with the OVX + PTH group in which the progressive
transformation of the bone matrix could be observed. So we
could predicate that PTH administration effectively resolved
bone defects, in spite of the existence of an inflammatory
response for the most part. The quantitative analysis of
trabecular amounts based on HE staining indicated the inten-
sity of disruption (Fig. 2B). Significant changes were observed
between the Control group and the OVX group (p < 0.05). And in
contrast to the OVX group, the OVX + PTH group presented
more trabeculae, owing to the PTH-mediated repair of bone
defects (p < 0.05).

Considerable disparities in the serum concentrations of Cu
and Zn, the most commonly investigated trace elements in OP,
existed between the three groups (Fig. 2C). Ovariectomy
resulted in a 43% decrease in the level of serum Cu (p < 0.01),
while PTH treatment could partly reverse the ovariectomy-
induced low level of Cu (p < 0.05). There was also a statis-
tical difference in serum Cu levels between the Control group
and the OVX + PTH group (p < 0.05). As for serum Zn levels, no
statistical difference existed between the Control group and
the OVX group (p > 0.05). The concentration of serum Zn was
greatly decreased, by 73%, in the OVX + PTH group compared
to the Control group (p < 0.01). The zinc difference was also

30632 | RSC Adv., 2018, 8, 30629-30641

significant between the OVX group and the OVX + PTH group
(p < 0.01). The imaging and biochemical results mentioned
above verified the success of the ovariectomy operation and
denoted that four weeks of PTH treatment at a dose of 40 pg
kg™ d~' did have a beneficial effect on bone mass and bone
microstructure.

PTH-induced expressions of LOXs in trabecular bone
contribute to improving bone integrity in the situation of OP

To validate the involvement of LOXs in the pathological process
of OP, as well as the role of LOXs in the PTH-mediated
improvement of bone quality, we applied immunohistochem-
istry techniques to demonstrate the expression levels of LOX
(Fig. 3A and C), LOXL1 (Fig. 4A and C), LOXL2 (Fig. 5A and C),
LOXL3 (Fig. 6A and C), and LOXL4 (Fig. 7A and C) in both
femoral and tibial trabecular bone. The positive areas of LOXs
were significantly less in the OVX group compared to in sham-
operated control mice (p < 0.05) and PTH-treated ovariecto-
mized mice (p < 0.05). Five members, LOX (Fig. 3B and D),
LOXL1 (Fig. 4B and D), LOXL2 (Fig. 5B and D), LOXL3 (Fig. 6B
and D) and LOXL4 (Fig. 7B and D), clearly showed the same
transformation when we calculated relative expressions in the
trabecular bone region. Notably, low expressions of LOXs in our

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Changes in bone histomorphology associated with concentrations of trace elements. (A). HE staining of epiphysis and metaphysis

samples of mouse femora (first two rows) and tibiae (last two rows) from control mice (Control), ovariectomized mice (OVX) and PTH-treated
ovariectomized littermates (OVX + PTH). The regional magnified images better exhibit the tissue microstructure (green rectangles). Scale bar:
500 pm. Scale bar in boxed area: 110 pm. (B). A quantitative analysis of changes in trabeculae amount for femur (left) and tibia (right) samples. n =
12 per group. *p < 0.05, **p < 0.01: statistical differences exist between two groups. (C). Concentration changes of copper (Cu?*, left) and zinc
(Zn?*, right). n = 12 per group. *p < 0.05, **p < 0.01: statistical differences exist between two groups. All statistical significance values were
determined via one-way analysis of variance, and all data are shown as the mean + s.d.

mouse OP model were completely reversed through the
administration of PTH. And increased levels of LOXs provided
protection from the degeneration of the bone matrix, as LOXs
were essential for the homeostasis of bone. Therefore, elevated
expressions of LOXs in trabecular bone after the daily applica-
tion of PTH might act as a downstream effector of PTH to
suppress aberrant bone metabolism and repair matrix defects.
The in vivo results firstly validated the distinct roles of LOXs in
OP; high concentrations of active LOXs stimulated by PTH led to
the formation of bone matrix and the reconstruction of
trabecular bone.

Discussion

Based on the mouse model of early menopausal OP, this study
has evaluated the improvement in osteoporotic condition with
the daily administration of PTH from the aspects of bone
microstructure, bone metabolism and histological morphology.
Notably, through characterizing the differential expressions of
LOXs between the Control group, OVX group and OVX + PTH
group, we seek to provide important insights into the connec-
tion between LOXs and the pathological process of OP, as well
as the role of LOXs in the PTH-mediated improvement of bone
quality. We found that: (1) PTH improved unbalanced bone
metabolism and damaged bone microstructure resulting from
ovariectomy; (2) OVX induced lower expressions of LOXs, which

This journal is © The Royal Society of Chemistry 2018

might contribute to the degradation of the bone organic matrix
and the progress of OP; (3) PTH treatment could reverse the low
expressions of LOXs contributed to by OP, which might explain
its promoting effect on bone metabolism and its effectiveness in
the treatment of OP. Combined, the up-regulated expressions of
LOXs directly promote anabolism after the administration of
PTH, and as a consequence, LOXs may act as novel therapeutic
targets for OP.

The loss of ovarian hormones during menopause is a major
trigger for perturbations in bone remodeling. Subsequently, the
decline in bone quantity and quality contributes to deteriorative
mechanical and structural integrity, ultimately leading to oste-
oporotic fractures, especially in those postmenopausal women
at high risk for OP.* Few effective medical therapies for OP have
been developed, as its pathogenesis is incompletely illustrated.
Antiresorptives are commonly used in the treatment of post-
menopausal OP. However, they do not reverse bone fragility,
even if the ability to reduce bone remodeling and increase BMD
arises during therapy.*® The anabolic agent PTH increases bone
mass and bone strength via stimulating bone formation and
improving trabecular microarchitecture.”” It also decreases the
risk of both vertebral and non-vertebral fractures, as verified by
animal and human trials.?*?*° Not only can it be used for OP, but
PTH can also improve implant osseointegration via increasing
the new formation of woven trabeculae in the empty interior
implant space.* A few investigators have reported the

RSC Adv., 2018, 8, 30629-30641 | 30633
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Fig. 3

Immunohistochemistry of LOX in femoral and tibial trabeculae. (A). Top: immunohistochemical staining for LOX in femoral trabeculae

from control mice (Control), ovariectomized mice (OVX) and PTH-treated ovariectomized littermates (OVX + PTH). The boxed areas at the site of
metaphysis represent regional magnified images, which are shown in the bottom row. Scale bar: 500 um. Scale bar in boxed area: 110 um. (B). A
quantitative analysis of LOX expressed in the region of the femoral trabecular bone. *p < 0.05: statistical differences exist between two groups.
(C). Top: immunohistochemical staining for LOX in tibial trabeculae from the Control group, OVX group and OVX + PTH group. Boxed areas at
the site of metaphysis represent regional magnified images, which are shown in the bottom row. (D). A quantitative analysis of LOX expressed in
the region of tibial trabecular bone. *p < 0.05: statistical differences exist between two groups. Statistical significance was determined via one-

way analysis of variance, and all data are reported as the mean + s.d.

mechanism by which the intermittent administration of PTH
increases BMD and calcium content. Bellido et al. put forward
that PTH resulted in increased osteoblast (OB) numbers and
bone mass via attenuating the apoptosis of OBs.** This argu-
ment was strengthened by Jilka, who reported that PTH
enhanced periosteal and cortical bone formation through anti-
apoptotic effects on mature OBs and the pro-differentiation of
osteoblast lineage cells, while it acted on trabecular bone via
anti-apoptotic mechanisms alone in OBs.*® Furthermore, it was
considered that PTH-mediated survival signaling was self-
limiting and required the activation of protein kinase A, the
inactivation of the pro-apoptotic protein Bad, and the media-
tion of cAMP response element-binding protein (CREB) and
Runt-related transcription factor 2 (Runx2), as well as the
transcription of survival genes like B-cell lymphoma-2 (Bcl-2).
The core of the negative feedback was Runx2, because the
attenuation of apoptosis depended on induced Runx2. At the

30634 | RSC Adv., 2018, 8, 30629-30641

same time, PTH also increased Smurfl-mediated proteasomal
proteolysis of Runx2.>* In order to further identify the down-
stream effector proteins of PTH in the treatment of OP, we
established an OP mouse model and analyzed the effects over
time.

Together with the mineral part, organic components, espe-
cially type I collagen, primarily consist of a hierarchical
composite - bone ECM. Active remodeling involving a large
number of cells (osteoclasts and osteoblasts) perpetually takes
place in the bone ECM. It is an orchestrated process in which
new structural components take the places of old ones.***” Most
importantly, balanced remodeling is one of the determining
factors in bone integrity. Thus it has a strong effect on bone size
and shape. Accelerated or unbalanced remodeling contributes
to the degradation of the matrix, ultimately leading to bone
disorders like OP. OP is characterized by bone loss and
a decayed microstructure. Cortical bone becomes thin and

This journal is © The Royal Society of Chemistry 2018
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Immunohistochemistry of LOXL1 in femoral and tibial trabeculae. (A). Top: immunohistochemical staining for LOXL1 in femoral trabeculae

from control mice (Control), ovariectomized mice (OVX) and PTH-treated ovariectomized littermates (OVX + PTH). The boxed areas at the site of
metaphysis represent regional magnified images, which are shown in the bottom row. Scale bar: 500 um. Scale bar in boxed area: 110 um. (B). A
quantitative analysis of LOXL1 expressed in the region of femoral trabecular bone. *p < 0.05: statistical differences exist between two groups. (C).
Top: immunohistochemical staining for LOXL1 in tibial trabeculae from the Control group, OVX group and OVX + PTH group. The boxed areas at
the site of metaphysis represent regional magnified images, which are shown in the bottom row. (D). A quantitative analysis of LOXL1 expressed in
the region of tibial trabecular bone. *p < 0.05: statistical differences exist between two groups. Statistical significance was determined via one-

way analysis of variance, and all data are reported as the mean + s.d.

porous, and trabecular bone becomes disconnected and lost.>*
In the current study, mouse tibiae and femora were scanned
using pCT to evaluated differences in bone mass and bone
structure among the three groups. As shown in Fig. 1, images of
the epiphysis and metaphysis reveal that OVX induced signifi-
cant bone loss, and subsequent PTH treatment improved the
bone structure from the aspects of the thickness, amount and
continuity of trabecular bone. Structural parameters, such as
BV/TV, showed consistent results. Differences in the mineral
component were unambiguous among the three different
groups, while it has long been understood that osteoporotic
bone fragility is not simply attributed to a loss of apatite, in
spite of the fact that BMD has been widely employed in the
predicting of fractures. The physical properties of bone tissue
also rely on the collagen fiber content and biochemistry,* so
considering alterations in the organic constituents should not
be neglected. In light of the strong association between the

This journal is © The Royal Society of Chemistry 2018

quality of the ECM and the resistance of bone to fracture, we
thereby focused our attention on variations in the bone matrix
with the assistance of HE staining, as it gives a decent exhibi-
tion of the quality of matrix components like collagen fibers and
trabeculae.***® The figures indicate that the degradation of
collagen and trabeculae, as well as an inflammatory response,
was most obvious in the OVX group compared to the other two
groups. The results from the OVX + PTH group were comparable
to those for the sham-operated control mice. A quantitative
analysis of trabecular bone amounts based on HE staining of
the femur and tibia further evidenced the trabecular changes
observed via pCT analysis.

One of the most important molecular properties of bone
collagen is its intermolecular cross-linking. It dominates the
pattern in which collagen molecules are arranged in fibrils, and
endows fibrillar scaffolds with mechanical properties such as
tensile strength and viscoelasticity. Concomitant with

RSC Adv., 2018, 8, 30629-30641 | 30635
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Fig. 5 Immunohistochemistry of LOXL2 in femoral and tibial trabeculae. (A). Top: immunohistochemical staining for LOXL2 in femoral
trabeculae from control mice (Control), ovariectomized mice (OVX) and PTH-treated ovariectomized littermates (OVX + PTH). The boxed areas
at the site of metaphysis represent regional magnified images, which are shown in the bottom row. Scale bar: 500 um. Scale bar in boxed area:
110 um. (B). A quantitative analysis of LOXL2 expressed in the region of femoral trabecular bone. *p < 0.05: statistical differences exist between
two groups. (C). Top: immunohistochemical staining for LOXL2 in tibial trabeculae from the Control group, OVX group and OVX + PTH group.
The boxed areas at the site of metaphysis represent regional magnified images, which are shown in the bottom row. (D). A quantitative analysis of
LOXL2 expressed in the region of tibial trabecular bone. *p < 0.05: statistical differences exist between two groups. Statistical significance was

determined via one-way analysis of variance, and all data are reported as the mean =+ s.d.

a decrease in collagen cross-links is a decline in mechanical
properties.”»*' Mature insoluble cross-links are intimately
related to catalysis from LOX and four lysyl oxidase-like
proteins. They stabilize the organic matrix through catalyzing
the cross-linking reaction of collagen and elastin, thus initi-
ating the formation of covalent cross-links. A body of studies
has revealed that aberrant expressions of LOXs could contribute
considerably to the abnormal tissue remodeling prevalent in
multiple diseases.?* Hence, the role of LOXs in preserving bone
integrity is self-evident. Generally speaking, we consider the
importance of LOXs to bone formation to mainly lie in their
catalytic capabilities to promote the maturation of collagen and
elastin. From in-depth studies, LOX was found to have other
novel functions in the bone matrix. For instance, LOX indirectly
promotes cell proliferation through enzymatically modifying
growth factor receptors, growth factors, or non-enzymatic
functions of the biologically active LOX propeptide.** Under

30636 | RSC Adv., 2018, 8, 30629-30641

normal physiological conditions, the positive targeting of LOX
by Wnt family member 3A (Wnt3a) is crucial in maintaining an
adequate supply of pluripotent cells, which can differentiate
into functional cells. However, while under inflammatory
conditions during OP, elevated tumor necrosis factor alpha
(TNF-o) inhibits the up-regulation of LOX mediated by Wnt3a,
resulting in a diminished pool of pluripotent cells and ulti-
mately contributing to osteopenia.”” We have made a table
wherein the role of each member of the LOX family is described
(Table 1). Other enzymes participating in the establishment of
tissue architecture are matrix metalloproteinases (MMPs).
Unlike LOXs, they are a group of endopeptidases capable of
degrading collagens and other components of the ECM, in this
way directly modulating tissue remodeling and ECM integrity.
Dysregulation of MMPs has been generally considered a prom-
inent feature of multiple bone disorders, since considerable
research has described the unusual expressions of MMPs

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04574g

Open Access Article. Published on 30 August 2018. Downloaded on 7/30/2025 4:32:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Femur

View Article Online

RSC Advances

o

(%)

100 +

of trabecular bone (femur)
(Pixel ratio: LOXL3 positive/total area)
a
o

Relative LOXL3 expression in the region

2 25 A
©
Q
©
bad _
g<') (\\\0\ OQ* ?’Qe\
[®) P Q‘Fx
om )
C c (%)
g 3 .
9] 5 100 -
Q ~F
o §%§ *
Qo e 75
= S22
5D
228 |
'5.53
‘ ™
© Q%_, 25
s 0
= (e} Re]
© 4% ®
3 275 o
o - o) o ™ L
@ . g ~ & OO{FX

Fig. 6

Immunohistochemistry of LOXL3 in femoral and tibial trabeculae. (A). Top: immunohistochemical staining for LOXL3 in femoral

trabeculae from control mice (Control), ovariectomized mice (OVX) and PTH-treated ovariectomized littermates (OVX + PTH). The boxed areas
at the site of metaphysis represent regional magnified images, which are shown in the bottom row. Scale bar: 500 um. Scale bar in boxed area:
110 um. (B). A quantitative analysis of LOXL3 expressed in the region of femoral trabecular bone. *p < 0.05: statistical differences exist between
two groups. (C). Top: immunohistochemical staining for LOXL3 in tibial trabeculae from the Control group, OVX group and OVX + PTH group.
The boxed areas at the site of metaphysis represent regional magnified images, which are shown in the bottom row. (D). A quantitative analysis of
LOXL3 expressed in the region of tibial trabecular bone. *p < 0.05: statistical differences exist between two groups. Statistical significance was

determined via one-way analysis of variance, and all data are reported as the mean + s.d.

exactly in the involved regions.** In a study of OA-related carti-
lage damage, Tchetina found out that MMPs played prominent
roles in exacerbation, through immoderately degrading aggre-
can and collagen fibers.*>*® Destruction of articular cartilage
arising from rheumatoid arthritis (RA) was similarly driven by
highly expressed MMPs. Given the above, it might be promising
to illuminate the pathological mechanism of OP and explore the
effector of PTH from the perspective of LOXs.

The main trace elements, such as Zn and Cu, also correlate
with the synthesis of bone collagen. They are responsible for the
normal maintenance of bone mass and act mainly as catalysts
in synthesizing the organic matrix.*” Deficiencies of Cu and Zn
would retard bone growth, cause fragility, and induce skeleton
development disorders, as well as bringing about OP.** As we
know, LOXs are Cu-dependent amine oxidases, and the Cu
binding domain is highly homologous in different family
members. A study demonstrated that a supplement of Cu

This journal is © The Royal Society of Chemistry 2018

augmented the mediation by LOXs of collagen cross-links
through improving activities.*” On the other hand, Cu is asso-
ciated with decreased bone remodeling, since it suppresses the
activities of both OBs and osteoclasts (OCs).* It's also worth
mentioning that MMPs are a family of Zn-dependent proteolytic
enzymes. Other bone metabolic enzymes, like alkaline phos-
phatase, sulfuricoylase and calcitonin, are also influenced by
Zn. Furthermore, compounds of Zn and fluorine constitute the
bone matrix and have promotive effects on the synthesis of
hydroxylapatite. It's also essential for skeletal growth through
stimulating the proliferation/differentiation of OBs and
diminishing the transformation of OCs.** Although it's
a controversial notion that element content values, like those of
Zn and Cu, are strongly associated with BMD, they are the most
investigated elements in relation to the development of OP.
We then measured serum levels of Cu and Zn, hoping to indi-
rectly reflect the transformation of bone mass and the

RSC Adv., 2018, 8, 30629-30641 | 30637
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Fig. 7

Immunohistochemistry of LOXL4 in femoral and tibial trabeculae. (A). Top: immunohistochemical staining for LOXL4 in femoral

trabeculae from control mice (Control), ovariectomized mice (OVX) and PTH-treated ovariectomized littermates (OVX + PTH). The boxed areas
at the site of metaphysis represent regional magnified images, which are shown in the bottom row. Scale bar: 500 um. Scale bar in boxed area:
110 um. (B). A quantitative analysis of LOXL4 expressed in the region of femoral trabecular bone. *p < 0.05: statistical differences exist between
two groups. (C). Top: immunohistochemical staining for LOXL4 in tibial trabeculae from the Control group, OVX group and OVX + PTH group.
The boxed areas at the site of metaphysis represent regional magnified images, which are shown in the bottom row. (D). A quantitative analysis of
LOXL4 expressed in the region of tibial trabecular bone. *p < 0.05: statistical differences exist between two groups. Statistical significance was

determined via one-way analysis of variance, and all data are reported as the mean =+ s.d.

expression/activity of LOXs and MMPs in each group. OVX
resulted in a decreased level of Cu, while the later PTH treat-
ment could increase the level comparative to that of the Control
group. The results were exactly in accordance with mineral
changes, since bone loss was frequently accompanied by a low
level of serum Cu. In addition, a low level of Cu in our OP mouse
model might imply the activities of LOXs decline during OP.
PTH administration may improve the condition via induced
LOXs. The level of Zn was greatly decreased, by 73%, in the OVX
+ PTH group in contrast to the OVX group, and we speculated
from this finding that there might be a decline in the activities
of MMPs after PTH treatment.

Finally, we directly examined the whole expression of LOXs
through immunohistochemistry in vivo. In accordance with the
variation in serum Cu, we found that the Control group and
OVX + PTH group manifested higher expressions of LOXs when
comparing with the OVX group. The remarkable reduction of

30638 | RSC Adv., 2018, 8, 30629-30641

LOXs validated our hypothesis that LOXs were involved in the
pathological process of OP. Another important implication of
this work is that up-regulated LOXs may act as effectors of PTH
to repair bone defects through stabilizing the organic matrix of
bone.

There are several limitations of the current study. Firstly, the
daily dose of PTH was 40 ug kg™ d~* in the study, which was
based on several experiments using the mouse OP model.
However, when we explored the correlation between PTH and
LOXs, results only from the best dosage of PTH were not so
convincing. So different doses of PTH should be applied and
then the corresponding expressions of LOXs should be detected
in follow-up research. Secondly, expression changes of MMPs
and the specific mechanism should be further verified to
explain the osteoporotically impaired matrix, together with our
results regarding LOXs. Thirdly, ovariectomy does not
completely simulate the natural conditions of elderly

This journal is © The Royal Society of Chemistry 2018
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Table 1 The roles of lysyl oxidase family (LOXs) members in bone

Family

member Distribution & roles References

Gene knockdown: deficient bone formation in
vivo; decreased mineral nodule formation and
osteoblastic differentiation in vitro; the
principal LOX isoform expressed in developing
osteoblasts

Osteoblast differentiation: related to collagen
expression/accumulation/deposition, fibril
diameter, and BMP-1 expression

Diabetic osteopenia & diabetes-induced
impaired bone healing

Pluripotent mesenchymal cell proliferation and 43
differentiation into osteoblasts

Differentiation of pluripotent mesenchymal 60
cells into adipocytes

Participating in the response of PDGF receptors
to PDGF-BB ligands in smooth muscle cells and
megakaryocytes

Regulating bone remodeling by binding to TGF- 62

B and suppressing its signaling

Bone metastasis: multiple isoforms and 63
multiple domains may have opposing functions,

which are only beginning to be understood

Gene knockdown: a trabecular deficiency in 64
females but hardly any abnormalities in males

in vivo; expressed primarily via growth plate
chrondrocytes

Diabetic osteopenia 58
Gene knockdown: no bone phenotypes have 65,66
been reported in vivo; deficient expression of
early and late chondrocyte differentiation
markers in vitro; having tissue-specific
distribution in chondrocytes
Chondrogenesis during long bone healing &
normal chondrocyte differentiation
Inducing angiogenesis and the stabilization of 67
vessels, promoting collagen IV assembly and
stabilization

Gene knockdown: cleft palate, mandibular 68
deformities, and spinal deformities in vivo;
expressed primarily via mesenchymal cells in

the palate and tongue, and in cartilage

The expression level is correlated with bone- 69
forming capacity in bone marrow progenitor

cells

LOX 53,54

55,56

57-59

42,61

LOXL-1

LOXL-2

22,65

LOXL-3

LOXL-4

postmenopausal women. This point should not be neglected
when comparing the data with clinical results. Fourthly, it is
still unclear which of the genes of LOXs is most important for
the progress of OP. Since this issue will be of vital importance
when designing therapies targeting LOX family members, this
obviously needs to be validated in future studies.

Conclusions

The LOX family stabilizes the organic matrix via catalyzing
cross-linking of collagen and elastin. The aim of this study was
to evaluate the expression of the different LOX gene family
members in long bone samples taken from osteoporotic mice
and PTH-treated osteoporotic mice. We found decreased

This journal is © The Royal Society of Chemistry 2018
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expression levels of each member in the ovariectomized mice
compared to the sham-operated control mice, and PTH
successfully reversed the low expressions of LOXs under the
circumstances of osteoporosis. Thus we conclude that LOXs
may act as the downstream effectors of PTH and may act as
promising therapeutic targets for osteoporosis.
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