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ABSTRACT

Importance: Endochondral ossification plays an important role in skeletal development. 
Recent studies have suggested a link between increased intracellular reactive oxygen species 
(ROS) and skeletal disorders. Moreover, previous studies have revealed that increasing the 
levels of myeloperoxidase (MPO) and osteopontin (OPN) while inhibiting NADPH oxidase 4 
(NOX4) can enhance bone growth. This investigation provides further evidence by showing a 
direct link between NOX4 and MPO, OPN in bone function.
Objective: This study investigates NOX4, an enzyme producing hydrogen peroxide, in 
endochondral ossification and bone remodeling. NOX4’s role in osteoblast formation and 
osteogenic signaling pathways is explored.
Methods: Using NOX4-deficient (NOX4−/−) and ovariectomized (OVX) mice, we identify 
NOX4’s potential mediators in bone maturation.
Results: NOX4−/− mice displayed significant differences in bone mass and structure. 
Compared to the normal Control and OVX groups. Hematoxylin and eosin staining showed 
NOX4−/− mice had the highest trabecular bone volume, while OVX had the lowest. Proteomic 
analysis revealed significantly elevated MPO and OPN levels in bone marrow-derived cells 
in NOX4−/− mice. Immunohistochemistry confirmed increased MPO, OPN, and collagen II 
(COLII) near the epiphyseal plate. Collagen and chondrogenesis analysis supported enhanced 
bone development in NOX4−/− mice.
Conclusions and Relevance: Our results emphasize NOX4’s significance in bone 
morphology, mesenchymal stem cell proteomics, immunohistochemistry, collagen levels, 
and chondrogenesis. NOX4 deficiency enhances bone development and endochondral 
ossification, potentially through increased MPO, OPN, and COLII expression. These findings 
suggest therapeutic implications for skeletal disorders.
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INTRODUCTION

A myriad of signaling routes stringently regulates skeletal maturation and growth, 
particularly through the process of endochondral ossification. This biological mechanism 
is pivotal in transforming the cartilaginous model of embryonic bones into mature bone 
tissue, contributing to their longitudinal growth and development [1]. The chondrocytes, 
specialized cells in cartilage, play a critical role in this process, undergoing a series of 
differentiation steps that lead to the growth of long bones [2,3]. The endochondral 
ossification process involves two major cell types, osteoblasts, and osteoclasts, with the 
epiphyseal plate in long bones being crucial for proper growth [1].

Recent research has indicated a potential link between skeletal diseases like osteoporosis and 
osteoarthritis and elevated levels of intracellular reactive oxygen species (ROS) [4-8]. These 
ROS, generated through various pathways, can disrupt the balance between prooxidants 
and antioxidants, leading to oxidative stress [9]. This stress is associated with tissue 
inflammation, aging, and degeneration and is increasingly being linked to bone biology 
and redox balance regulation [10]. The NOX family, particularly NADPH oxidase 4 (NOX4), 
is a predominant contributor to intracellular ROS production [11]. NOX4 is unique in the 
NOX family for its constant activity and predominant hydrogen peroxide production [12]. It 
differentiates many cell types and is particularly significant in bone modeling. The ongoing 
ROS production by NOX4 is suggested to be linked to skeletal pathologies. Modulating 
NOX4 levels could potentially reduce ROS concentrations and improve bone solidity [13-16]. 
Furthermore, NOX4 expression levels have been reported to influence bone conditions and 
regulate activities in the intercellular system, including the endochondral ossification process 
[17]. Although the impact of NOX4 on bone equilibrium is clear, comprehensive studies 
are needed to fully understand its role in endochondral ossification. The paper’s premise 
suggests a correlation between the progression of the epiphyseal plate and NOX4 expression 
levels. It hypothesizes that NOX4 expression might modulate endochondral ossification 
through certain intermediary agents. To explore this hypothesis, animal models, specifically 
NOX4-deficient (NOX4−/−) mice and ovariectomized (OVX) mice, were employed.

This research aims to deepen the understanding of NOX4’s role in bone health, potentially 
contributing to the development of treatments for skeletal diseases linked to ROS and 
oxidative stress.

METHODS

Experimental animals
C57BL/6J wild-type mice (n = 11; 16 weeks old female, 23 ± 1 g) and NOX4 knock out (KO) 
mice (n = 8; 16 weeks old female, 23 ± 1 g) from the Jackson Laboratory (Jackson Laboratory, 
USA) were used for the experiments. Mice were raised at constant temperature (22°C ± 2°C) 
and humidity (60%) under a 12-h light/12-h dark cycle (light cycle:dark cycle from 07:00 to 
19:00). All the mice were provided with available food (2018S; Harlan, USA) and distilled 
water (DW). The experimental protocol of this study (SCH23-0028) was approved by the 
Institutional Animal Care and Use Committee (IACUC) of Soonchunhyang University.
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Ovariectomy
Bilateral OVX was performed under 0.5% isoflurane inhalation (Hana Pharm, Korea) 
anesthesia in all OVX groups by removing both ovaries from the abdominal cavity. Control 
operation (ovary identification) was performed for mice in Control groups. After 8 weeks 
following OVX, blood was collected from the abdominal vein to confirm the success of OVX 
of the animals by estradiol test before sacrificing the animals.

Tissue preparation
All mice were euthanized at the same age. The animals were cardially perfused with 4% 
paraformaldehyde (PFA; Sigma-Aldrich, USA). The left side of the femur and tibia of each mouse 
was removed and post-fixed 4% PFA for 24 h in a refrigerated state. The tissues were decalcified 
for 3 days in a RapidCal Immuno (BBC Biochemical, USA). The fresh solution was used each day. 
Each bone sample was embedded in paraffin and sectioned to the thickness of 5-µm.

Proteome arrays
Bone marrow protein lysates sourced from both control and NOX4 KO groups were utilized 
for the Proteome Profiler Mouse XL Cytokine Array (R&D Systems, USA) to analyze 111 
soluble proteins, which comprised cytokines, chemokines, and growth factors. Nitrocellulose 
membranes, each containing 111 distinct capture antibodies printed in duplicate, were 
utilized to incubate the protein lysate samples overnight at 4°C. The detection antibody, 
being a cocktail of biotinylated antibodies, was then used to incubate the membranes for 2 
h at room temperature, followed by incubation with streptavidin conjugated to horseradish-
peroxidase (HRP) for 30 min at room temperature. Immunoreactive spots were detected on 
the membranes using Chemi Reagent Mix and exposed to X-ray film for 1–10 min. The results 
obtained were analyzed using image software (HLImage++ Version 25.0.0r, https://www.
wvision.com/QuickSpots.html; Western Vision Software, USA).

Staining for histomorphometry
Hematoxylin and eosin (H&E) staining
Using Harris hematoxylin (BBC Biochemical) and Eosin Y (pH 4.65; BBC Biochemical) dye, 
we stained the bone tissue embedded in paraffin using the general degenerative H&E staining 
method. For this purpose, the tissue was differentiated the hyperstained hematoxylin 
staining with 1% acid alcohol and blued using 1% ammonium water. After dehydration of 
70%–100% alcohol, it is sealed with Eukitt Quick-hardening mounting medium (Sigma-
Aldrich). Histomorphometry was used to analyze bone mass, structure, and resorption in a 
specific area of the femur, while cortical bone thickness was measured in another region.

Masson’s trichrome staining
Masson trichrome stain is the most widely used staining method for collagenic fiber dyeing 
and Masson Trichrome kit (PolyScience, USA) was used. The bone tissue is hydrated. After 
washing in running water, perform secondary fixation for 1 h in Bouin solution with picric 
acid heated to 50°C. After removing picric acid through 50%–70% alcohol each for 5 min, 
nuclear dyeing is performed in Weigert iron hematoxylin, which is blocked from light, for 5 
min. Dye the cytoplasm and muscle fiber in a Biebrich scarlet-acid fuchsin solution. Separate 
large collagenic fibers in a phosphomolybdic phosphotungstic acid solution for 5 min and dye 
them in a light-blocked aniline blue solution heated to 40°C for 5 min. After differentiating 
with 1% acetic acid, dehydration was performed using ascending series ethanol (70% to 
100%) and then air dried for 30 min. Afterward, it is sealed with Eukitt Quick-hardening 
mounting medium (Sigma-Aldrich).
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Safranin O-fast green staining
Safranin O-fast green staining is an experiment to compare the growth and differentiation 
degree of joint cartilage. Use the NovaUltra Safranin O Stain Kit (IHCWORLD, USA). The 
bone tissue is hydrated and dye it Weigert iron hematoxylin for 3 min and wash it in running 
water for 5 min. Dye at 0.005% fast green for 5 min and separate for 30 sec in 1% acetic acid. 
Dye it in 1% Safranin O solution for 5 min and wash it with DW, then the tissue slides and 
dehydrate with in 95%–100% alcohol and air dried for 30 min. The prepared tissue slides 
were coverslipped with Eukitt Quick-hardening mounting medium (Sigma-Aldrich).

Toluidine blue staining
To determine the ossification of tissue epiphyseal plates, Toluidine blue staining was 
performed using a Toluidine Blue Stain Kit (IHCWORLD). Basically, the staining followed 
the manufacturer's direction of the kit. Briefly, the bone tissue is hydrated and dyed with 1% 
Toluidine blue solution. Dyeing can be checked with a microscope. After that, it is washed 
three times with DW and dehydrated through 95% and 100% ethanol two times quickly. 
The slides were entirely dried in the air for 30 min, and then the prepared tissue slides were 
coverslipped with Eukitt Quick-hardening mounting medium (Sigma-Aldrich).

Plasma estradiol level measurement
To verify the accomplishment of OVX, plasma estradiol levels were measured using 
a mouse/rat estradiol ELISA kit (Calbiotech, USA) according to the manufacturer’s 
instructions. Briefly, the samples, estradiol (E2) standards, and controls in goat anti-rabbit 
immunoglobulin G (IgG)-coated 96-wells were incubated with estradiol-HRP conjugate 
reagent and rabbit-estradiol reagent at room temperature for 90 min. An established amount 
of HRP-labeled E2 was used to compete with the endogenous E2 in samples, standard, 
or quality control plasma for a fixed number of binding sites of the specific E2 antibody 
during the incubation. Unbound E2 peroxidase conjugate was removed, and then wells were 
washed. Next, a solution of TMB Reagent was added and incubated at room temperature for 
20 min for color development. The color development was then stopped with the addition 
of stop solution, and the absorbance was measured spectrophotometrically at 450 nm. After 
sacrificing the OVX-animals, data from animals that did not show significantly low estradiol 
levels were excluded from statistical analysis.

Immunohistochemistry for myeloperoxidase (MPO), osteopontin (OPN), and 
collagen II (COLII)
The bone tissue cut to 5-μm is deparaffinized, hydrated, and sequentially treated with 
0.3% hydrogen peroxide in phosphate-buffered saline (PBS) for 15 min. After washing 
with PBS 3 times, CAS-Block Histochemical Reagent (Invitrogen, USA) blocks non-specific 
reactions. Polyclonal rabbit anti-osteopontin (1:200; Proteintech, USA), polyclonal rabbit 
anti-myeloperoxidase (1:200; Dako, Denmark), polyclonal rabbit anti-collagen II (1:100; 
Abcam, UK) was used as the primary antibody and stored in a wet state at 4°C for 18 h. The 
secondary antibody is reacted at room temperature for 2 h using a biotinylated anti-rabbit 
(Vector Laboratories, USA). React for 30 min using the VECTASTAIN Elite ABC kit Peroxidase 
(Standard; Vector Laboratories) and color it with 3,3-diaminobenzidine tetrahydrochloride 
(DAB; Sigma-Aldrich).

Western blot
Proteins from C57BL/6J, OVX, and NOX4 KO mice were subjected to lysis in RIPA buffer 
(Sigma-Aldrich) containing phosphatase inhibitor (GenDEPOT, USA). The protein 
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concentration was ascertained using the bovine serum albumin (BSA) standard. After 
quantification, equivalent quantities of protein samples were loaded onto each lane with 
10% Tris-glycine and transferred to PVDF membranes (Bio-Rad, USA). Subsequently, 
the membrane was blocked with 1X TBST (10X TBS with Tween 20; Biosesang, Korea) 
supplemented with 5% BSA. The membranes were subjected to incubation with polyclonal 
rabbit anti-OPN (1:100 dilution; R&D Systems), rabbit anti-MPO (1:1,000 dilution; Dako), 
rabbit anti-collagen II (1:50; Abcam, UK) and polyclonal rabbit anti-GAPDH (1:10,000 
dilution; Cell Signaling, USA) at 4°C overnight. These membranes were then incubated 
with HRP-conjugated goat anti-rabbit IgG (1:2,000; Vector Laboratories) for 2 h at 
room temperature. Immunoreactive bands were visualized with a SuperSignal West Pico 
Chemiluminescent Substrate (Thermo Scientific, USA).

Statistics
To ensure objectivity, all measurements were performed under blinded conditions by two 
observers per experiment under identical conditions. All slide images were scanned with 
Ultra-high resolution image capture through MoticEasyScan One Slide Scanner (Motic, 
China) Stained bone sections were quantified with ImageJ software v1.52a (National 
Institutes of Health, USA). The data shown represents the experimental mean ± SD for each 
experimental group. Ordinary one-way analysis of variance calculated statistical significance 
and multiple comparison tests using Turkey’s Method. The p values < 0.05 were considered 
statistically significant.

RESULTS

Estradiol levels
The confirmation of the successful OVX surgery was assessed by measuring the estradiol 
levels in the animals’ blood. The results showed that the OVX group had significantly reduced 
estradiol levels compared to the Control and NOX4−/− mice (Fig. 1).
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Fig. 1. Evaluation of serum E2 levels in each group after OVX. It was confirmed that the proportion of E2 is 
significantly reduced in the OVX group compared to the non-surgical group. 
Error bars represent mean ± SD (n = 3 per each group). 
E2, estradiol; OVX, ovariectomy; NOX4−/−, NADPH oxidase 4-deficient. 
*p < 0.05.



Phenotypic analysis by the bone morphological features in the femur 
typically observed in NOX4−/− mice
The findings are derived from comparing bone mass and structure among the Control, OVX, 
and NOX4−/− groups, as visualized through H&E staining (Fig. 2A). Comparative analysis of 
trabecular bone volume revealed that the NOX4−/− group had the most pronounced volume. In 
contrast, the OVX group displayed a notably diminished volume relative to the Control group. 
Histomorphometric evaluations encompassing parameters such as trabecular bone volume (BV/
TV), trabecular bone number (Tb.N), trabecular bone length (Tb.Le), trabecular bone thickness 
(Tb.Th), and cortical bone thickness (Ct.Th) were undertaken (Fig. 2B, Table 1). Among the 
groups, the NOX4−/− group consistently exhibited the highest values for these parameters. 
Conversely, the OVX group displayed the lowest values in comparison to the Control group.

Femoral bone marrow-derived MSC proteomic profiling present in the 
thighbone of experimental animals
To closely investigate the role of the NOX4 gene in contributing to osteogenic potential, 
we conducted a proteome array analysis on bone marrow mesenchymal stem cells (MSCs) 
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Fig. 2. H&E staining of the animals’ femurs and histomorphometry of the femurs in the mice. (A) The cortical bone thickness and trabecular volumes were 
significantly higher in NOX4−/− groups compared to those in both Control and OVX groups. (B) Femur histomorphometry measurements in each group. 
Ordinary one-way analysis of variance calculated statistical significance and multiple comparison tests using Turkey’s Method. Error bars represent mean ± SD (n 
= 3 per each group). Scale bar = 300 µm. 
H&E, hematoxylin and eosin; NOX4−/−, NADPH oxidase 4-deficient; OVX, ovariectomy; BM, bone marrow; CT, cortical bone; EP, epiphyseal plate; TB, trabecular 
bone; BV/TV, trabecular bone volume (%); Tb.N, trabecular bone number (N/epiphyseal); Tb.Le, trabecular bone length (longitudinal thickness; mm); Tb.Th, 
trabecular bone thickness (cross thickness; µm); Ct.Th, cortical bone thickness. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Table 1. Femur histomorphometry measurements in each group
Groups Bone mass & bone structure

BV/TV (%) Tb.N (number) Tb.Le (mm) Tb.Th (µm) Ct.Th (µm)
Control 30.06 ± 0.33 14.25 ± 2.22 0.59 ± 0.09 54.06 ± 3.04 132.67 ± 10.03
OVX 19.36 ± 0.39**** 7.33 ± 0.58* 0.37 ± 0.07* 28.55 ± 0.27** 97.23 ± 5.43**
NOX4−/− 45.35 ± 0.35****, #### 20 ± 4.08***, # 0.81 ± 0.16*, ### 68.03 ± 7.50*, ### 165.24 ± 5.39**, ####

OVX, ovariectomy; NOX4−/−, NADPH oxidase 4-deficient; TB, trabecular bone; BV/TV, trabecular bone volume; Tb.N, trabecular bone number (N/epiphyseal); 
Tb.Le, trabecular bone length (longitudinal thickness; mm); Tb.Th, trabecular bone thickness (cross thickness; µm); Ct.Th, cortical bone thickness.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. Control, #p < 0.05; ###p < 0.001; ####p < 0.0001 vs. OVX. Ordinary one-way analysis of variance calculated 
statistical significance and multiple comparison tests using Turkey’s Method (n = 3 per each group).



extracted from the femur (Fig. 3A). Notably, in the NOX4−/− group, MPO and OPN levels were 
significantly elevated compared to those observed in the Control group (Fig. 3A). After the 
proteome array observation, the disparities discerned between the Control and NOX4−/− 
groups further substantiated the analysis of variations in the expression of MPO, OPN, and 
COLII, as assessed by western blot (Fig. 3B). The expression levels of MPO, OPN, and COLII 
were markedly higher in the MSCs derived from the NOX4−/− group than in those from the 
Control group.

Immunohistochemistry for MPO, OPN, and COLII expression
Immunohistochemistry (IHC) was executed to identify the expression sites and 
characteristics of MPO, OPN, and COLII near the femoral epiphyseal plate of the animals 
across the different groups. Significantly elevated positive signals for MPO, OPN, and COLII 
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Fig. 3. MPO and OPN are predominantly elevated in femoral MSCs. (A) Representative images and quantification of the proteome profiler murine XL cytokines 
array immunoblot analysis of 111 diverse cytokines, chemokines, growth factors, or extracellular signaling molecules of the mesenchymal cells of NOX4−/− group. 
(B) Protein expression of COLII, OPN, and MPO was significantly increased in the extracted mesenchymal cells in the bone marrow of NOX4−/− mice. The red-lined 
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Error bar represented mean ± SD (Control group n = 5; NOX4−/− group n = 5). 
*p < 0.05; **p < 0.01 vs. Control.



were observed around the epiphyseal plate in NOX4−/− animals in all groups. However, in OVX 
animals, a significant decrease in the expression of these three factors was noted compared to 
the other groups. Upon closer examination of the figure’s magnified views, high expression 
of these three factors was evident in the region just below the hypertrophic zone of the 
epiphyseal plate, where the metaphyseal bone begins (Fig. 4A-C). These results suggested 
that NOX4 deficiency leads to active participation of bone marrow cells’ MSC in endochondral 
ossification at both the hypertrophic zone and the metaphyseal bone, potentially facilitated 
by MPO and OPN. In NOX4−/− mice, COLII expression was notably stronger compared to the 
Control and OVX groups (Fig. 4C). Furthermore, the almost absent expression of NOX4 in 
NOX4−/− animals was confirmed (Fig. 4D). Notably, in the OVX group, a significant increase in 
NOX4 expression was observed compared to the Control group (Fig. 4D).
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Fig. 4. Immunohistochemistry to observe MPO, OPN, COLII, and NOX4 expression around the epiphyseal plates. (A) MPO around the epiphyseal plate is well 
expressed in NOX4−/− mice but not in OVX mice. (B) OPN in NOX4−/− is highly expressed in the epiphyseal plates; however, significantly downregulated in the OVX 
mice. (C) COLII is highly expressed in the chondrocyte layer in NOX4−/− mice. (D) NOX4 expression is elevated in the chondrocyte layer in OVX mice compared 
to control mice. The inset images in the right corner of each picture mean a black dotted square; the blue dotted circles stand for the ossification zone; the red 
dotted circles stand for the epiphyseal plate. 
Ordinary one-way analysis of variance calculated statistical significance and multiple comparison tests using Turkey’s Method. The arrowheads indicate OPN-
expressed points. Error bars represent mean ± SD (n = 3 per each group). Scale bar = 300 µm and 100 µm (at the magnified images). 
MPO, myeloperoxidase; OPN, osteopontin; COLII, collagen II; NOX4, NADPH oxidase 4; NOX4−/−, NADPH oxidase 4-deficient; OVX, ovariectomy; BM, bone marrow 
cells; CT, cortical bone; EP, epiphyseal plate; OZ, ossification zone; TB, trabecular bone. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Collagen amount and chondrogenesis in the femur
The amount of collagen expression and chondrogenesis in the epiphyseal plate of the 
femur was compared among the animals in each group (Fig. 5). When compared using 
Masson’s trichrome staining, it is readily apparent that the area occupied by cortical and 
trabecular bones is significantly increased in the NOX4−/− group. Additionally, there is a 
clear alteration in the area occupied by the epiphyseal plate (Fig. 5A). When staining for 
Safranin O-fast green and Toluidine blue in chondrocytes and comparing the epiphyseal plate 
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area among different groups, a notable increase in staining intensity was observed in the 
NOX4−/− group (Fig. 5B and C). Moreover, this staining was evident in the epiphyseal plate 
and the ossification area where metaphysis begins. The results of the OVX group exhibited 
significantly lower staining intensity compared to both the Control and NOX4−/− groups. 
This suggests a marked deficiency in endochondral ossification activity. These findings align 
closely with the IHC results depicted in Fig. 4.

DISCUSSION

The vertebrate skeletal system has evolved into a dynamic and multifunctional structure, 
serving a range of vital roles such as safeguarding internal organs, providing attachment sites 
for locomotor muscles, acting as a mineral reservoir, and functioning as a hematopoietic 
niche [18-20]. The regulation of this complex system involves numerous signalling pathways 
that oversee the development, growth, and maturation of skeletal structures, spanning from 
early embryonic stages to adulthood [21,22]. Dysregulation of these pathways can result in 
various skeletal diseases in humans.

The formation of the vertebrate bony skeleton involves two distinct processes. Most 
craniofacial bones are formed through a process known as intramembranous ossification 
[23]. In this process, mesenchymal condensations directly differentiate into osteoblasts, 
which are responsible for bone formation. On the other hand, all other bones in the 
vertebrate body are created through endochondral ossification. This process begins with 
forming cartilage templates, which serve as the initial scaffold for bone development [24]. 
This process initiates with the formation of cartilage templates, serving as the initial scaffold 
for bone development and gradually transitioning into bone tissue over time [18-20]. 
Particularly, it is widely recognized that significant longitudinal bone growth significantly 
influences the growth rate of young animals and plays a crucial role in maintaining bone 
homeostasis [25]. The bone formation processes and mechanisms still raise questions, and it 
is necessary to piece together the components for interpretation.

Previous research has already established that NOX4−/− mice exhibit increased bone density 
and a reduced number of osteoclasts (OCs) [14,15]. Particularly, Chen et al. [13] delve deeply 
into the role of NOX4 expression in the bone development of mice during their early life 
stages. NOX4 is one of the enzymes responsible for generating ROS within cells. The study 
highlights the necessity of NOX4 expression in osteo-progenitors for the differentiation, 
proliferation, and maturation of osteoblasts, the primary cells responsible for forming bone. 
The activities of these cells directly impact the health and development of bones. Focusing 
specifically on the regulation of bone development in the early stages of life, the research 
sheds light on the mechanisms by which NOX4 and ROS signaling pathways control the 
physiological functions of osteoblasts. This process is crucial for healthy bone growth and 
maintenance and could provide vital information for preventing and treating bone-related 
conditions like osteoporosis. The findings suggest that regulating the function of osteoblasts 
through NOX4 could promote bone development or reduce the risk of certain bone diseases. 
This underscores the potential role of NOX4 regulation in maintaining bone health and 
preventing bone loss. Furthermore, the study suggests therapeutic interventions targeting 
molecules like NOX4 could offer new methods for improving bone health and managing 
related diseases. Therefore, the study emphasizes the importance of NOX4 in the bone 
development of mice during early life stages, opening the possibility that these findings 
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could lead to new treatments for bone development disorders. Understanding how NOX4 
and ROS regulation affect osteoblast activity and bone health is expected to contribute 
significantly to preventing and treating bone diseases. This investigation is profoundly 
fascinating because it demonstrates that our research outcomes do not contradict or conflict 
with existing studies, but rather, they complement them. The findings obtained by Chen et 
al. [13], similar to ours, accentuate the critical influence of NOX4 alongside ROS agents in 
bone formation. Notably, our results shed light on the nuances of endochondral ossification 
that have yet to be previously articulated by other studies. The enhancement of MPO or OPN 
expression, evidenced in NOX4 KO mice, provides compelling evidence that their expression 
may be contingent upon NOX4 activity. This underscores a crucial discovery, indicating that 
NOX4’s influence extends beyond osteoblastogenesis and impacts chondrogenesis within 
the epiphyseal plate, marking it as an incontrovertibly significant finding. Furthermore, it is 
well-documented that the production of ROS in OCs depends on NADPH oxidase activity, 
directly impacting osteoclast formation [5]. In addition, MPO and OPN are also known to 
play a role in strengthening osteoclast adhesion and promoting osteoclast differentiation, 
migration, and activation, however, we believe that our results complement and extend the 
current understanding of OC function rather than challenge the validity of prior research. In 
the intricate process of endochondral ossification, therefore, which bears out the formation 
of new bone tissue, our study focuses on the pivotal roles of osteoblasts and MSCs. These 
cells are at the heart of bone formation, with MSCs differentiating into chondrocytes 
to create a cartilage template, which is the precursor to bone tissue. This cartilage then 
serves as a scaffold that, through the differentiation of osteoblasts, transitions into bone, 
highlighting the essential role of MSCs in skeletal development. Given this framework, 
our research investigates NOX4, MPO, and OPN expression levels in MSCs and osteoblasts 
explicitly. This focus aims to unearth the nuanced relationship between these biomolecules 
and the endochondral ossification process. Consequently, we hypothesized that NOX4 would 
play a significant role in bone formation in genetically deficient animals. Additionally, we 
postulated that chondroblast and osteoblast progenitor cells (MSCs) would display distinctive 
profiles of inflammatory mediators in comparison to those in normal animals. Since the 
OVX we performed significantly reduced the Estradiol level compared to other groups, the 
chronic state of Estrogen caused by OVX was believed to be well maintained (Fig. 1). However, 
according to Chen et al. [26], it also provides important insight into the relationship between 
the presence or absence of estrogen and the expression of NOX4. They explored how estrogen 
deficiency and aging contribute to bone loss through increased oxidative stress, focusing on 
the role of NOX4. Utilizing mice models with and without the Nox4 gene, undergoing OVX 
to mimic estrogen deficiency, the research found that estrogen (E2) treatment could reverse 
OVX-induced bone loss and senescence signaling in osteoblasts, independent of NOX4 
expression. Surprisingly, NOX4 KO mice also exhibited bone loss and osteoblast senescence, 
suggesting that NOX4’s role in these processes may be dispensable. This indicates that 
other mechanisms might compensate for the lack of NOX4, highlighting the complexity 
of bone loss and senescence pathways. For a comprehensive understanding, the full study 
details are available​. This study suggests that bone formation outcomes induced by NOX4 in 
OVX animals, when treated with estrogen, do not necessarily have to be regulated by NOX4 
expression [26]. Similar to the research group’s findings, our observations confirmed that 
NOX4 expression is influenced by OVX, but estrogen treatment can facilitate bone formation 
through alternative signaling systems independent of NOX4 stimulation. While we observed 
increased expression of MPO and OPN in NOX4 KO, suggesting a close association between 
NOX4 and these markers, it’s conceivable that estrogen could stimulate MPO and OPN 
independently of NOX4. However, this hypothesis requires further verification. Our results 
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confirmed a significant increase in bone density in NOX4−/− mice compared to other groups 
(Fig. 2). Furthermore, we have identified a high correlation between NOX4 and MPO as well 
as OPN, a finding not previously reported by other researchers (Fig. 3). In other words, there 
have been research reports suggesting that the NOX4 deficiency [4,5], overexpression of 
MPO [27], and OPN [28] may each be associated with increased bone formation. However, 
no reports have indicated that changes in MPO and OPN expressions can be dependent on 
the levels of the expression of NOX4 in bone marrow-derived cells. The involvement of OPN 
in bone formation is not particularly surprising [29,30]; however, the potential dependence 
of MPO on the expression of NOX4 is a highly intriguing fact. Generally, various types of 
tissue damage, along with bacterial clearance by white blood cells, have been reported to 
be associated with MPO-derived oxidants [31]. These oxidants are linked to several major 
chronic conditions, including rheumatoid arthritis, cardiovascular diseases, liver diseases, 
diabetes, and cancer [31]. Furthermore, in line with our recently published research, MPO has 
been identified as a crucial key factor in developing Parkinson’s disease [32]. Hence, elevated 
MPO activity levels may be considered a premier diagnostic tool for common inflammation-
related diseases and oxidative stress biomarkers.

In the context of longitudinal growth, observing the localization of MPO and OPN expressed 
in the epiphysis of NOX4−/− mice and the Control and OVX groups’ animals is essential. As 
evident in the IHC images, the expression of MPO and OPN is prominently stronger in the 
hypertrophic area in the epiphysis and the underlying metaphysis region of NOX4−/− mice 
compared to the other groups (Fig. 4). In particular, the expression of MPO and OPN in 
the OVX group appears to be relatively weaker, and their responsiveness to NOX4 is also 
high. This suggests a very strong correlation between NOX4 and MPO or NOX4 and OPN. 
For these reasons, it was observed that the thickness of the epiphyseal plate in the femur of 
NOX4−/− mice was the greatest, while animals in the OVX group exhibited lower results than 
the Control group (Fig. 5). Numerous studies have demonstrated the essential role of ROS 
in immune cells, and slight increases in ROS levels are known to activate signaling pathways 
that correspond to normal aging [33-35]. The arrival of immune cells at sites of bone 
injury marks a pivotal step in fracture healing, with enzymes such as MPO and eosinophil 
peroxidase (EPO), secreted by these cells playing a significant role in defending against 
bacterial threats through oxidative mechanisms [36]. Beyond this, several investigations 
reveal that peroxidase enzymes also actively encourage osteoblastic cells to produce collagen 
I and form a mineralized extracellular matrix, a process vital for bone repair and regeneration 
[36-38]. This stimulation of collagen production occurs post-translationally, driven by prolyl 
hydroxylase but notably without the need for ascorbic acid, suggesting a novel pathway of 
bone matrix formation [36]. Furthermore, osteoblasts quickly incorporate MPO and EPO, 
using their enzymatic action to facilitate collagen I synthesis and its release, underscoring the 
enzymes’ essential roles in skeletal health [39]. These enzymes contribute to the immediate 
repair mechanisms post-injury and influence bone remodeling and turnover by modulating 
ROS balance without affecting osteoclast viability [27]. This delicate equilibrium managed by 
MPO, and related enzymes ensures the prevention of excessive bone resorption by inhibiting 
osteoclast formation, thus playing a dual role in both the maintenance of bone health and 
the pathological progression of bone diseases where infiltrative immune cells introduce 
peroxidases to the bone environment [27]. Through these actions, peroxidase enzymes 
emerge as key players in the normal bone repair process and the complex interplay of factors 
governing bone pathology, offering new insights into their broader implications in bone 
health and disease management. In other words, ROS are pivotal in osteogenesis, stimulating 
osteoblasts while concurrently suppressing osteoclasts. The introduction of antioxidants, 
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however, dampens osteoblast activity and enhances osteoclast function, underscoring the 
crucial influence of ROS concentrations on skeletal development.

A deficit in NOX4, a crucial enzyme in ROS production, leads to diminished intracellular 
ROS. This decrease, attributed solely to the shortfall in the NOX4 enzyme among its 
family, ensures that the reduction in ROS does not reach detrimental levels. Such a deficit 
in NOX4 underscores its role in the nuanced modulation of intracellular ROS. While high 
ROS levels may precipitate cellular demise and disease, optimal ROS concentrations are 
vital for activating cellular signaling pathways essential for cellular endurance, equilibrium 
maintenance, and the aging response [33]. This delineates the critical nature of ROS 
modulation for skeletal health and genesis.

MPO plays a nuanced role in maintaining ROS balance during bone homeostasis and 
preserving bone integrity. Elevated MPO activity and other heme peroxidases facilitate 
osteoblast activation, markedly influencing bone development. The escalation in MPO, 
prompted by a NOX4-induced decrease in ROS, may directly affect bone formation processes, 
illustrating the intricate interplay between ROS generation, NOX4 activity, and MPO in 
skeletal biology.

OPN is widely recognized for its abundant presence in osteoblasts and mature osteoclasts, 
where it plays an essential role in various phases of bone structuring and formation. It’s 
observed that an increase in ROS can dampen the Wnt/β-catenin signaling pathway, a crucial 
conduit for promoting bone formation activities. Moreover, research has illuminated that a 
surge in β-catenin and RUNX2 expression correlates with heightened OPN levels, indicating 
osteoblast engagement [40]. This pattern intimates that a shortfall in NOX4, which is known 
to curtail ROS presence, might boost OPN expression by invigorating the Wnt/β-catenin 
pathway. This interaction hints at a potential indirect linkage between NOX4 and OPN, 
underscoring their roles in bone health modulation. Therefore, it is pivotal to explore how 
NOX4, MPO, OPN, and their relationship with bone contribute to our understanding of 
skeletal health and development. A deficiency in NOX4 triggers a regulatory mechanism that 
adjusts intracellular ROS levels, subsequently influencing MPO and OPN expression. This 
modulation plays a vital role in bone formation and structure processes, which are essential 
for maintaining overall bone health.

In summary, our study compared the enhanced bone density and phenotype of bone 
formation in the femur of NOX4−/− mice with that of normal mice and OVX mice. We 
observed an increase in the expression of inflammatory cytokines via proteome array, 
specifically MPO and OPN, in bone marrow-derived cells participating in bone formation in 
NOX4−/− mice. While previous reports have suggested that the inhibition of NOX4 and the 
increased expression of MPO and OPN may enhance longitudinal growth for bone formation 
activity, this study is the first to provide evidence for the mechanistic connection between 
NOX4 and MPO or NOX4 and OPN in the context of bone function. Consequently, it is 
anticipated that the expression of MPO and OPN may depend on NOX4 expression-regulated 
mechanisms. MPO and OPN are expected to serve as excellent markers for bone formation 
alongside NOX4 and should be further investigated for their additional functions related to 
bone metabolism.
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