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Aims

Gap junction intercellular communication (GJIC) in osteocytes is impaired by oxidative stress,
which is associated with age-related bone loss. Ageing is accompanied by the accumulation of
advanced oxidation protein products (AOPPs). However, it is still unknown whether AOPP accu-
mulation is involved in the impairment of osteocytes’ GJIC. This study aims to investigate the effect
of AOPP accumulation on osteocytes’ GJIC in aged male mice and its mechanism.

Methods

Changes in AOPP levels, expression of connexin43 (Cx43), osteocyte network, and bone mass
were detected in 18-month-old and three-month-old male mice. Cx43 expression, GJIC function,
mitochondria membrane potential, reactive oxygen species (ROS) levels, and nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase activation were detected in murine osteocyte-like
cells (MLOY4 cells) treated with AOPPs. The Cx43 expression, osteocyte network, bone mass, and
mechanical properties were detected in three-month-old mice treated with AOPPs for 12 weeks.

Results

The AOPP levels were increased in aged mice and correlated with degeneration of osteocyte net-
work, loss of bone mass, and decreased Cx43 expression. AOPP intervention induced NADPH
oxidase activation and mitochondrial dysfunction, triggered ROS generation, reduced Cx43 ex-
pression, and ultimately impaired osteocytes’ GJIC, which were ameliorated by NADPH oxidase
inhibitor apocynin, mitochondria-targeted superoxide dismutase mimetic (mito-TEMPO), and
ROS scavenger N-acetyl cysteine. Chronic AOPP loading accelerated the degradation of osteocyte
networks and decreased Cx43 expression, resulting in deterioration of bone mass and mechanical
properties in vivo.

Conclusion

Our study suggests that AOPP accumulation contributes to age-related impairment of GJIC
in osteocytes of male mice, which may be part of the pathogenic mechanism responsible for
bone loss during ageing.
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Article focus Key messages

This study aims to investigate the role of
the accumulation of advanced oxidation
protein products (AOPPs) in the age-related
impairment of gap junction intercellular
communication (GJIC) in the osteocytes of
male mice.

Age-related impairment of GJIC in osteo-
cytes is potentially linked to the accumu-
lation of AOPPs.

AOPPs induced reactive oxygen species
generation and activated nicotinamide
adenine dinucleotide phosphate oxidase
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signalling pathway in osteocytes, which is a potential
mechanism for impairment of osteocytes’ GJIC and
degeneration of cortical bone.

Strengths and limitations
To our knowledge, our study demonstrated firstly the
effect of AOPP accumulation on osteocyte GJIC and
degeneration of cortical bone in aged male mice.
The effect of AOPP accumulation on the osteo-
cyte network in aged female mice requires further
investigation.

Introduction

Osteocytes represent 90% to 95% of all bone cells in the
adult skeleton, are embedded within the bone mineral
matrix, and have a highly dendritic morphology.” The
long dendritic processes of osteocytes form a lacuno-
canalicular network connecting the neighbouring
osteocytes and the cells on the bone surface, such as
osteoblasts and osteoclasts.>* Gap junctions are formed
at the connection site between two dendrites of neigh-
bouring cells and allow cell-to-cell communication to
exchange small molecules (< 1 kDa).* This exchange is
known as the gap junctional intercellular communication
(GJIC).® Osteocytes play a critical role in regulating skel-
etal homeostasis, orchestrating osteoblasts and osteo-
clasts via GJIC.®” Emerging evidence shows that ageing
is associated with loss of osteocyte dendricity and degen-
eration of the lacuno-canalicular network, which further
impairs GJIC.21° Age-related impairment of GJIC in osteo-
cytes contributes to the deterioration of bone quality and
bone mass."

Connexins are the main structural proteins of gap
junctions.'? A hexameric array of six connexin subunits
forms a hemichannel.” Each apposed cell contributes a
hemichannel to the formation of a complete channel, the
gap junction.™ So far, at least 20 connexin isoforms in
humans and mice have been reported.” Among them,
connexin43 (Cx43) shows the most abundant expres-
sion in osteocytes.'® GJIC is mediated by connexins, in
particular Cx43.7 Cx43 mediated GJIC is essential for
the survival of osteocytes and bone remodelling.’ It has
been demonstrated that Cx43 expression is decreased in
osteocytes from aged mice compared to young mice.’
Oxidative stress acts as a key contributor to ageing.
Two studies have shown that oxidative stress results in
decreased Cx43 expression, accompanied by the impair-
ment of GJIC, which is responsible for age-related bone
loss and osteoporosis.”"”

Advanced oxidation protein products (AOPPs) are
dityrosine-containing protein crosslinking products
formed during oxidative stress.” The plasma level of
AOPPs is significantly higher in elderly people in compar-
ison with adults and children/adolescents.?® Accu-
mulation of AOPPs is also observed in patients with
osteoporosis.?’ Research has demonstrated that AOPP
accumulation is associated with the deterioration of bone
microstructure and bone loss in aged mice.?22* AOPPs are

not only a marker of oxidative stress but also a trigger
of oxidative stress. Previous studies have indicated that
AOPPs induce generation of reactive oxygen species
(ROS) and redox imbalance, affecting diverse cellular
functions such as proliferation,* differentiation,? apop-
tosis,?? inflammation,?® and autophagy.?’ However, the
effect of AOPP accumulation during ageing on the osteo-
cyte GJIC remains unclear.

In this study, we demonstrate that AOPP accumula-
tion is correlated with the impairment of osteocyte GJIC
and bone loss in aged male mice. AOPP intervention
reduced osteocyte dendrites and Cx43 expression, and
impaired osteocytes’ GJIC through disruption of redox
homeostasis.

Methods

Preparation and detection of AOPPs. AOPPs were pre-
pared as described by a previous study.? Briefly, the
mouse serum albumin (MSA) solution (20 mg/ml; Merck,
USA) was mixed with an equal volume of hypochloric
acid solution (40 mM; Fluka, Switzerland), and the reac-
tion was carried out in darkness at room temperature for
30 minutes. The prepared samples were then transferred
to a dialysis bag and free hypochloric acid was removed
with phosphate-buffed saline (PBS, pH = 7.4). To re-
move contaminated endotoxin, all samples were passed
through a Detoxi-Gel column (Thermo Fisher Scientific,
USA). Quantitation of AOPPs was performed according
to the previous description.? In brief, 200 pl of sample or
chloramine-T was added into a 96-well plate separately,
then mixed with 10 pl potassium iodide (KI) and 20 pl
acetic acid, and the absorbance at 340 nm was measured
immediately in the microplate reader (Molecular Devices,
USA). AOPP concentrations were expressed as mmol/I
(plasma) or nmol/mg protein (femur) of chloramine-T
equivalents.

Animal experiments. Both  three-month-old and
18-month-old male C57BL/6 ] mice were purchased from
the Animal Experimental Center of Nanfang Hospital,
Southern Medical University. The animals were housed
six per cage and maintained at a controlled room tem-
perature (22°C £ 2) on a 12-hour light/dark cycle. Food
and water were available ad libitum. All animals were al-
lowed to adapt to the environment for a week and were
then killed by an intraperitoneal injection of pentobarbi-
tal sodium (0.5 mg/kg). Blood samples and lower limbs
were collected and stored at -80°C for further study,
and right lower limbs were collected and fixed in 4%
paraformaldehyde.

In identical experiments, the three-month-old male
mice were randomly divided into the following four
groups (n =6 in each group) in a completely randomized
manner: 1) control group — daily intraperitoneal injection
of vehicle (PBS, pH = 7.4); 2) MSA group — daily intra-
peritoneal injection of unmodified MSA (50 mg/kg); 3)
AOPPs group — daily intraperitoneal injection of AOPPs
(50 mg/kg); and 4) AOPPs + NAC group — daily intra-
peritoneal injection of AOPPs (50 mg/kg) together with
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N-acetylcysteine (NAC, a free radical scavenger) at 2 mg/
kg in drinking water. After 12 weeks of administration,
all animals were killed and the samples were collected
as described above. Animal studies were conducted in
line with the ARRIVE guidelines; an ARRIVE checklist is
included in the Supplementary Material accordingly.
Cell culture. Murine osteocyte-like cells (MLOY4 cells)
were obtained from the Committee of Type Culture
Collection, and grown on collagen-coated dishes in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA) containing 10% fetal bovine serum (FBS, Gibco)
and 1% penicillin-streptomycin (Gibco) at 37°C in a hu-
midified atmosphere with 5% CO,, as reported in a previ-
ous study.? After two days, the cells reached a confluent
state and were subcultured.

Visualization of the osteocyte network. Visualization of
the osteocyte network was performed as described pre-
viously.? Briefly, all femora were removed and fixed in 4%
paraformaldehyde overnight at 4°C, then decalcified with
10% ethylenediaminetetraacetic acid (EDTA) for three
weeks and embedded with paraffin. Serial transverse sec-
tions were cut at 30 ym thickness using a Leica cryomi-
crotome (Leica Microsystems, Germany). Sections were
permeabilized with 1% Triton X-100 (Beyotime, China)
for 15 minutes, blocked with 5% goat serum for one hour,
and then incubated in tetramethylrhodamine (TRITC)-
conjugated phalloidine (1:200, Yeasen Biotechnology,
China) overnight followed by three PBS washes. Nuclei
were counterstained with 4,6-diamidino-2-phenylindole
(DAPI; Abcam, UK).

For confocal imaging, the images were obtained by
FV3000 confocal fluorescence microscopy (Olympus,
Japan). A tiled image of the slice was obtained with the
ten-fold objective magnification followed by collecting
detailed Z-stacks of 250 to 350 Z-planes with the 100x
oil objective lens (NA 1.44 zoom 1.7 with a 0.23 pm step
size). The phalloidin images were acquired by 555 nm
laser excitation.

Western blot. The cells and bone samples were homog-
enized in ice-cold radioimmunoprecipitation assay (RIPA)
buffer with T mM phenylmethylsulfonyl fluoride (PMSF),
protease and phosphatase inhibitors. The supernatant
was centrifuged at 4°C, 12,000 rpm for 20 minutes to
extract the protein. Protein concentration was detect-
ed by bicinchoninic acid (BCA) assay kit (Beyotime).
The samples were separated by electrophoresis on a
10% sodium dodecyl sulfate (SDS)-polyacrylamide gel
(PAGE), and then transferred to polyvinylidene fluoride
(PVDF) membranes (Merck, USA). The membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline
(Merck) with 0.1% TWEEN 20 (Merck) for one hour at
room temperature, then they were probed overnight
with the following primary antibodies: rabbit anti-Cx43
(1:2,000, Abcam, UK), rabbit anti-nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase 1 (NOX1;
1:800, Proteintech, China), rabbit anti-NADPH oxidase
2 (NOX2; 1:800, Proteintech), and rabbit anti-NADPH
oxidase 4 (NOX4; 1:800, Proteintech). The membrane

was washed three times with TBST for ten minutes, then
incubated with the appropriate secondary antibody for
one hour, followed by another three washes in TBST, and
rabbit anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:5,000, Merck, USA) was used as an internal
control for tissue samples. After incubation with prima-
ry and secondary antibodies, detection of protein bands
with enhanced chemiluminescence detection reagents
(Beyotime) was conducted.

Micro-CT analysis. The right femur was fixed with 4% par-
aformaldehyde for at least 24 hours and then scanned
with a micro-CT system (uCT80, Scanco Medical,
Switzerland). All samples were scanned with a nominal
resolution of 12 ym, a source voltage of 80 kV, and a tube
current of 0.1 mA. The volume of interest (VOI) of the two
regions (middle and distal scan regions of the femur) was
defined as 100 layers of the distal and middle femur. Two
VOlIs were chosen for cortical bone and distal cancellous
bone analysis. Reconstructed 3D images were analyz-
ed with CTvox software. The cortical bone parameters,
such as total cortical bone area (Tt.Ar), average cortical
area (Ct.Ar), cortical bone thickness (Ct.Th), and the pa-
rameters of the trabecular bone microstructure, such as
bone mineral density (BMD), bone volume/total volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), and trabecular spacing (Tb.Sp), were calculated.
Mechanical three-point bending test. Three-point bend-
ing tests were performed to evaluate the mechanical
quality of the tibia of mice, using a materials testing ma-
chine (ElectroPuls E1000, Instron, USA) with a load cell
of 100 N. The posterior side of the fresh tibia was placed
down between two frames spanning 10 mm. A preload
of 0.5 N was applied to the midpoint of the tibia to main-
tain the tibia in position. A compressive force was applied
to the tibia at a 2 mm/min rate. The test was stopped au-
tomatically in case of failure or displacement greater than
2 mm. The maximum bending force and stiffness were
calculated from the force-displacement curves.
Immunofluorescence staining. Immunofluorescence stain-
ing was performed as described previously.? Briefly, MLOY4
cells were cultured in 35 mm confocal dishes at a density
of 2 x 10° cells/dish for 24 hours. They were then fixed in
4% paraformaldehyde for 15 minutes, rinsed with PBS three
times, permeabilized with 0.5% Triton X-100 (Beyotime)
for 15 minutes, and blocked with 5% goat serum for one
hour. The samples were then incubated with the anti-Cx43
rabbit monoclonal antibody (1:1,000, Abcam, UK) over-
night at 4°C. The secondary antibody was fluorescein iso-
thiocyanate (FITC) fluorescent antibody (1:1,000, Abcam,
UK) and TRITC-conjugated phalloidine (1:200, Yeasen
Biotechnology), which was used to label the cytoskeleton.
Nuclei were counterstained with DAPI (Abcam, UK).

The optimal cutting temperature (OCT) compound
embedded femur was sliced into 10 um-thick transverse
sections. The slices were incubated with primary anti-
bodies against voltage-dependent anion channels (VDAC)
(1:1,000, Abcam, UK) at 4°C overnight. The secondary
antibody was CY5 fluorescent antibody (1:1,000, Abcam,
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UK), and the slides were sealed by mounting medium
with DAPI. Images were captured with a contained
confocal laser scanning microscope system (Olympus).
Immunohistochemical staining. Paraffin embedded bone
tissue was sliced into 5 pm-thick transverse sections.
The paraffin sections were deparaffinized in toluene,
rehydrated through degraded ethanol, and then rinsed
twice with distilled water. The slides were placed in 0.01
M citrate buffer to retrieve antigen. Then the slides were
blocked with 5% BSA and 0.3% Triton X-100 (Yeasen
Biotechnology) for 60 minutes, and incubated with the
antibody anti-Cx43 (1:800, Abcam, UK) at 4°C over-
night followed by the goat anti-rabbit antibody (1:1,000,
Abcam, UK) for 60 minutes. The immunostaining was ex-
amined by a Leica DM5000B microscope (Leica).

ROS detection. Intracellular ROS level was detected by
the fluorescent probe 2’,7’-dichlorofluorescein diacetate
(DCFH-DA) (Beyotime) according to the manufactur-
er’s instruction. Briefly, the MLOY4 cells were incubated
with 10 uM DCFH-DA for 20 minutes in the dark incu-
bator at 37°C. Fluorescence intensity (Ex/Em = 488/525)
was measured on a SpectraMax M5 system (Molecular
Devices) and visualized with I1X73 fluorescence microsco-
py (Olympus).

Moreover, the mitochondrial superoxide level was
determined by MitoSOX Red mitochondrial superoxide
indicator (Thermo Fisher Scientific). In brief, MLOY4 cells
were incubated with 5 uM MitoSOX reagent stock solution
for ten minutes in the dark incubator at 37°C. MitoSOX
fluorescence intensity (Ex/Em = 510/580) was measured
on a SpectraMax M5 system (Molecular Devices), and
observed with IX73 fluorescence microscopy.
Mitochondrial membrane potential assay. Mitochondrial
membrane potential was determined with fluorescent li-
pophilic carbocyanine dye JC-1 (KeyGen Biotech, China).
In brief, MLOY4 cells were seeded in the confocal dish,
and incubated with a mixture of 2 pl JC-1, 900 pl double
distilled H,O (ddH,0), and 100 ul incubation buffer for
20 minutes in the dark incubator at 37°C. The incubation
solution was then removed, and cells were washed twice
with incubation buffer and observed with an IX73 fluo-
rescence microscope.

Scrape loading and dye transfer assay. The scrape loading
and dye transfer assay were used to assess GJIC as de-
scribed previously.° Briefly, cells were seeded in six-well
dishes at a density of 2 x 10° cells/dish for 24 hours. The
fully confluent cells were washed with PBS, then scraped
using a surgical blade prior to the addition of Lucifer
Yellow (LY) fluorescent dye (1 mg/ml) (Merck). After incu-
bating at room temperature for seven minutes, cells were
washed with PBS three times and observed with the IX73
fluorescence microscope.

Statistical analysis. All experiments were repeated at
least three times. Continuous variables were presented
as mean and standard deviation (SD). One-way analy-
sis of variance (ANOVA) was used for multiple compari-
sons, and p-values less than 0.05 between groups were

considered statistically significant. Statistical analyses
were conducted with SPSS 22.0 software (IBM, USA).

Results

Accumulation of AOPPs was correlated with the im-
pairment of osteocyte GJIC in aged male mice. To clar-
ify the correlation between AOPPs accumulation dur-
ing ageing and GJIC in osteocytes, experiments were
performed in three- and 18-month-old male mice. As
shown in Figures 1a and 1b, the levels of AOPPs in plas-
ma and bone tissue were significantly higher in aged
mice than those in young mice. As shown in Figure 1c,
compared to young mice, the aged mice showed de-
generation of the osteocyte network, including loss of
dendritic processes in a single cell and decreased gap
junctions between adjacent osteocytes. As shown in
Figures 1d and Te, the expression of Cx43 in bone tis-
sue of aged mice was significantly lower than that in
young mice. We also examined VDAC in osteocytes
of mice, a marker recognized for evaluating total mi-
tochondrial mass.*' As shown in Figure 1f, the VDAC
expression in osteocytes of aged mice was significantly
lower than that of young mice. Furthermore, the micro-
CT analyses showed the deterioration of bone micro-
structure and low bone mass in aged mice (Figures 2a
to 2l). The maximum bending stress and stiffness were
significantly lower in aged mice compared to young
mice (Figures 2m and 2n).

AOPPs impaired the GJIC in osteocytes in vitro. To deter-
mine the effect of AOPPs on GJIC of osteocytes, MLOY4
cells were treated with or without AOPPs. First, the
scrape loading/dye transfer assay was performed to as-
sess GJIC. As shown in Figures 3a and 3b, after load-
ing of LY, the dye transmission speed among the living
osteocytes was slower during the initial seven minutes
in the AOPP-treated group compared with the control
group. Next, we analyzed the expression of hemichan-
nel protein Cx43. As shown in Figures 3c to 3e, the
immunofluorescence staining showed that dot-like
distributions of Cx43 were barely present in cell pro-
cesses and cytoplasm after AOPP intervention, and the
western blot showed that AOPP treatment resulted in
greatly diminished expression of Cx43 in a dose- and
time-dependent manner.

AOPPs induce ROS generation through NADPH oxidase
and mitochondrial pathways. To examine whether
AOPPs induced ROS generation and redox imbalance in
osteocytes, we determined the intracellular ROS level
by the fluorescent 2’7’-dichlorofluorescein diacetate
(DCFH-DA) probe and mitochondrial superoxide level
by MitoSOX Red staining in MLOY4 cells. As shown in
Figures 4a to 4d, AOPP intervention induced the gener-
ation of intracellular ROS and mitochondrial superoxide
in a dose- and time-dependent manner. NADPH oxidase
and mitochondria play a pivotal role in intracellular ROS
homeostasis.?>** As shown in Figures 4e to 4i, AOPP
treatment resulted in an increased expression of NADPH
oxidase 2 (NOX2) and NADPH oxidase 4 (NOX4), and
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Fig. 1

Advanced oxidation protein product (AOPP) accumulation and disruption of osteocyte gap junction intercellular communication (GJIC) with ageing.

a) The levels of AOPPs increased in femur of aged male mice (n = 6 ageing, n = 6 young). b) The levels of AOPPs increased in plasma of aged male mice

(n = 6 ageing, n = 6 young). c) Representative confocal microscope image of the number of dendritic processes in a single cell (white arrow) and gap
junctions between adjacent osteocytes (yellow arrow) stained by phalloidin (bar = 10 um). d) and e) In immunohistochemical staining of anti-connexin43
(Cx43) antibody, decreased expression of Cx43 was shown in femur cortical bone of aged male mice (bar = 20 um). f) Mitochondrial mass was labelled for
voltage-dependent anion channel (VDAC, red); VDACexpression was decreased in osteocytes of aged male mice (bar = 20 ym), nuclei were stained with
4,6-diamidino-2-phenylindol (DAPI) (blue). Data are represented as means (standard error of the mean (SEM)). *p < 0.05, ***p < 0.001 versus control group.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase. BOX area, enlarged image of the box area of merge images in Figures 1c, 1e, and 1f.

resulted in the loss of mitochondrial membrane poten-
tial (*Wm) in a dose- and time-dependent manner in
MLOY4 cells (JC-1 aggregate represents normal>¥m,
JC-1 monomer represents decreased =¥Wm).

In order to further confirm the pathway of AOPPs
inducing ROS generation, we pretreated cells with
NADPH oxidase inhibitors (apocynin), mitochondria-
targeted superoxide dismutase mimetic (mito-TEMPO),
and radical scavenger N-acetylcysteine (NAC). As shown
in Figures 4j and 4k, the presence of apocynin, mito-
TEMPO, and NAC significantly ameliorated the intracel-
lular ROS generation induced by AOPPs.

ROS signalling involved in AOPP-induced impairment of
GJIC in osteocytes. To elucidate the effect of ROS gener-
ation induced by AOPPs on the impairment of osteocyte
GJIC, the MLOY4 cells were pretreated with apocynin,
mito-TEMPO, and NAC. As shown in Figures 5a and 5b,
after pretreatment with apocynin, mito-TEMPO, and
NAC, the dye transmission speed in the living osteo-
cytes was significantly faster than that in cells with only
AOPP intervention. As shown in Figures 5c and 5d,
AOPPs decreased expression of Cx43, an effect which

was reversed by pretreatment with apocynin, mito-
TEMPO, and NAC.

Chronic AOPPs loading accelerated the impairment of os-
teocyte GJIC in vive. To further demonstrate the effect
of AOPPs on osteocyte GJIC, the young male mice were
injected intraperitoneally with AOPPs for 12 weeks.
Chronic AOPP loading resulted in loss of dendritic pro-
cesses in a single cell, decreased gap junctions between
adjacent osteocytes (Figure 6a), and reduced expression
of Cx43 in osteocytes (Figures 6b and 6c). Conversely,
the presence of NAC (2 mg/kg) reversed the degener-
ation of the osteocyte network and decreased expres-
sion of Cx43 induced by AOPPs (Figures 6a to 6c). The
micro-CT analyses showed that chronic AOPP loading
accelerated the deterioration of bone microstructure
and loss of bone mass, which were reversed by treat-
ment with antioxidant NAC (Figures 7a to 71). AOPP in-
tervention reduced the maximum bending stress and
stiffness of the tibia, which were improved by NAC
treatment (Figures 7m and 7n).
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Fig. 2

Deterioration of bone microstructure and mechanical properties in aged mice. a) The cortical bone of middle femur (solid line) and the cortical and
cancellous bone of distal femur (dotted lines) were reconstructed by 3D micro-CT (n = 6 ageing, n = 6 young). b) to d) Cortical bone thickness (Ct.th),
average cortical bone area (Ct.Ar), and total cortical bone area (Tt.Ar) were diminished in the middle femur in aged male mice. e) to g) Ct.th, Ct.Ar, and Tt.Ar
were decreased in the distal femur in aged mice. h) to I) Bone mineral density (BMD), bone volume/total volume (BV/TV), trabecular number (Tb.N), and
trabecular thickness (Tb.Th) decreased, and trabecular spacing (Tb.Sp) increased in cancellous bone in aged mice. m) and n) Maximal bending stress and
stiffness were decreased in the tibia in aged male mice (n = 6 ageing, n = 6 young). Data are represented as means (standard error of the mean (SEM)). *p <
0.05, **p < 0.01, ***p < 0.001 versus young group.
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Fig. 3

Advanced oxidation protein products (AOPPs) disrupt the gap junction intercellular communication (GJIC) in murine osteocyte-like cells (MLOY4 cells). a)
and b) The scrape loading/dye transfer assay showed that AOPP intervention resulted in decreased Lucifer Yellow (LY, green) transmission speed among the
living MLOY4 cells (n = 3 independent experiments), original magnification: 10x objective. c) Representative confocal microscope image of the expression
and distribution of connexin43 (Cx43, green) in the dendritic processes and cytoplasm of MLOY4 cells (bar = 10 pm) (n = 3 independent experiments), nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI, blue). d) and e) The expression of Cx43 was diminished by AOPPs (0 to 200 umol/I, O to 24 hrs) in

a time-dependent and dose-dependent manner (n = 3 independent experiments). Data are represented as means (standard error of the mean (SEM)). *p <
0.05, **p < 0.01, ***p < 0.001 versus control group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MSA, mouse serum albumin. BOX area, enlarged
image of the box area of merge images in Figure 3c.
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Fig. 4

Advanced oxidation protein products (AOPPs) induced reactive oxygen species (ROS) generation through nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase and mitochondrial pathways. a) and b) 2’,7’-dichlorofluorescein diacetate (DCFH-DA) fluorescent probe assay showed that AOPPs induced
intracellular ROS generation in a dose- and time-dependent manner (n = 5 independent experiments). c) and d) MitoSOX Red staining showed that AOPPs
induced mitochondrial superoxide generation in a dose- and time-dependent manner (n = 5 independent experiments). e) A confocal laser scanning
microscope system was used to visualize loss of mitochondrial membrane potential (+¥m) level in murine osteocyte-like cells (MLOY4) cells with the

use of JC-1 staining. JC-1 aggregate (red) represents normal »¥m, JC-1 monomer (green) represents decreased »¥m (bar = 50 ym) (n = 3 independent
experiments). f) and g) AOPPs (0 to 200 umol/l, 0 to 24 hrs) significantly augmented NADPH oxidase 2 (NOX2) and NADPH oxidase 4 (NOX4) expression in a
time-dependent and dose-dependent manner in MLOY4 (n = 3 independent experiments). h) and i) Numerical data were expressed in terms of the ratio of JC-
1 aggregates to JC-1 monomers. j) and k) AOPP-induced (200 pmol/I, 12 hr) intracellular total and mitochondrial ROS generation was declined by apocynin,
mitochondria-targeted superoxide dismutase mimetic (mito-TEMPO), and N-acetylcysteine (NAC). Data are represented as means (standard error of the mean
(SEM)). *p < 0.05, **p < 0.01, ***p < 0.001 versus control group or 0 hr group; ###p < 0.001 versus AOPPs group. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; MSA, mouse serum albumin.
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Fig. 5

Reactive oxygen species (ROS) signalling involved in advanced oxidation protein product (AOPP)-induced disruption of gap junction intercellular
communication (GJIC) in murine osteocyte-like cells (MLOY4 cells). a) and b) The scrape loading/dye transfer assay showed that the transmission speed

of Lucifer Yellow (LY, green) was increased after pretreatment with apocynin, mitochondria-targeted superoxide dismutase mimetic (mito-TEMPO), and N-
acetylcysteine (NAC) (n = 3 independent experiments); original magnification: 10x objective. c) Representative confocal microscope image of the expression
and distribution of connexin43 (Cx43, green) in dendritic processes and cytoplasm of MLOY4 cells (bar = 10 pm) (n = 3 independent experiments); nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI, blue). d) AOPPs decreased expression of Cx43, an effect which was reversed by pretreatment with
apocynin, mito-TEMPO, and NAC (n = 3 independent experiments). Data are represented as means (standard error of the mean (SEM)). ***p < 0.001 versus
control group; #p < 0.05, ###p < 0.001 versus AOPPs group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MSA, mouse serum albumin. BOX area,

enlarged image of the box area of merge images in Figure 5c.

Discussion

Bone is a dynamic tissue, and bone homeostasis is
maintained by numerous cells and factors.?*** GJIC in
osteocytes plays a critical role in regulating signal trans-
mission among different bone cells and maintaining
bone homeostasis.®”*% Emerging evidence has shown
that osteocyte GJIC is impaired during the ageing
process, which is closely associated with elevated levels
of oxidative stress.®'” AOPPs accumulate with age and
involve a variety of cellular pathological processes.?237-3
In the current study, we confirmed that AOPP accumu-
lation during ageing contributed to the impairment of
GJIC in osteocytes.

Gap junction channels, located at the tips of the
osteocyte cell processes and consisting of connexin,
especially Cx43, are responsible for GJIC in the osteo-
cyte network.'>'® Osteocyte GJIC plays a critical role
in integrating environmental cues, including essential
nutrients, survival factors, and mechanical stimuli. In
this study, we observed more decreased expression
of Cx43, increased degeneration of the cortical bone,
and increased impairment of the osteocyte network in
aged mice compared with young mice. These results
indicate that ageing is related to the degeneration of
the osteocyte network and decrease of Cx43 expres-
sion, which may impair the osteocyte GJIC. It has been
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Chronic advanced oxidation protein product (AOPP) loading accelerated the impairment of gap junction intercellular communication (GJIC) in osteocytes
in vivo. a) Representative confocal microscope images showed that chronic AOPP loading accelerated the loss of dendritic processes in a single cell and

decreased gap junctions among adjacent osteocytes (bar = 10 um); osteocyte was labelled with phalloidine (green), nuclei were stained with 4,6-diamidino-
2-phenylindole (DAPI, blue). b) and c) In immunohistochemical staining and western blot of anti-Cx43 antibody, chronic AOPP loading reduced expression of
connexin43 (Cx43) (bar = 20 ym). Furthermore, the antioxidant N-acetylcysteine (NAC) could alleviate the degeneration of osteocyte network and decreased

Cx43 expression induced by AOPPs (a) to c). Data are represented as means (standard error of the mean (SEM)), six mice in each group were analyzed.
**p < 0.01, ***p < 0.001 versus control group; #p < 0.05, ##p < 0.01 versus AOPPs group. DAPI, 4,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; MSA, mouse serum albumin. BOX area, enlarged image of the box area of merge images in Figures 6a and 6c.

demonstrated that the impairment of osteocyte GJIC
is a major factor for the reduction of Ct.Th and bone
strength in the elderly.’®*° We also discovered deteriora-
tion of bone microstructure and low bone mass in aged
male mice, and the maximum bending stress and stiff-
ness in aged male mice were lower than in young male
mice. Therefore, age-related impairment of osteocyte
GJIC may be involved in bone loss.

AOPPs are an endogenous marker of oxidative stress.
Ageing is accompanied by enhanced oxidative stress
and AOPP accumulation.**2 In this study, we observed

that the levels of AOPPs in plasma and bone tissues were
increased in aged mice compared with young mice.
AOPPs also serve as a pathogenic factor by triggering
ROS generation and disrupting redox homeostasis.
Previous studies have shown that AOPPs induce the
osteoblast apoptosis and neuro inflammation through
oxidative stress.??3%%% Emerging evidence shows that
oxidative stress is instrumental in the impairment of
osteocyte networks, and hydrogen peroxide (H,0,)
treatment decreases Cx43 expression and GJIC in osteo-
cytes.”’” We observed that AOPP intervention resulted
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Fig. 7

Chronic advanced oxidation protein product (AOPP) loading deteriorated bone microstructure and mechanical properties. a) 3D micro-CT reconstruction and
cross-sectional images showed that AOPP administration used a severe deterioration to bone microstructure of cortical and cancellous of distal femur, original
magpnification: 50x. b) to d) Chronic AOPP treatment has no effect on cortical bone thickness (Ct.th), average cortical bone area (Ct.Ar), or total cortical

bone area (Tt.Ar) in middle cortical bone. e) to g) AOPP loading decreased the Ct.th, Ct.Ar, and Tt.Ar in distal cortical femur. h) to ) Chronic AOPP loading
decreased bone mineral density (BMD), bone volume/total volume (BV/TV), and trabecular thickness (Tb.Th)), but there was no change in trabecular number
(Tb.N) and trabecular spacing (Tb.Sp) in distal cancellous femur. m) and n) Chronic AOPP loading reduced maximal bending stress and stiffness in tibia,
which was reversed by N-acetylcysteine (NAC) treatment. Data are represented as means (standard error of the mean (SEM)), and six mice in each group were
analyzed. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus AOPP group. Con, control.
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in an increase of intracellular ROS, decrease of Cx43
expression, loss of dendritic processes in a single cell,
and decreased gap junctions between adjacent osteo-
cytes. AOPP loading resulted in degradation of cortical
bone of mice, and decreased mechanical properties and
bone mass. Furthermore, AOPPs slow the dye transmis-
sion speed among the living osteocytes, which directly
indicates the impairment of GJIC among osteocytes.
Therefore, we hypothesized that AOPP accumulation
could play an important role in age-related impairment
of osteocyte GJIC.

Mitochondria are one of the primary sources of ROS.
Mitochondrial quality and activity have been associ-
ated with ageing and correlated with the development
of a wide range of age-related diseases. We observed
that the expression of VDAC, a marker of mitochondrial
mass, was lower in osteocytes of ageing male mice
compared with young male mice. Normal mitochon-
drial membrane potential (Wm) is necessary for main-
taining mitochondrial function.**** In our study, AOPP
stimulation significantly decreased Wm and increased
mitochondrial superoxide in osteocytes, which implied
that mitochondrial dysfunction is induced by AOPPs.
Furthermore, the NOX family of NADPH oxidase also
shares the capacity to transport electrons across the
plasma membrane and generate ROS.3? It has been
previously shown that AOPPs activated NADPH oxidase
to induce ROS generation in osteoblasts.?? The current
study demonstrated that AOPPs upregulate the expres-
sion of NOX2 and NOX4, and that apocynin, a NADPH
oxidase inhibitor, inhibits AOPP-induced ROS genera-
tion, which indicated that activation of NADPH oxidase
in osteocytes is induced by AOPPs. Importantly, anti-
oxidant treatment such as apocynin, mito-TEMPO,
and NAC reverse the AOPP-induced degeneration of
the osteocyte network, decrease of Cx43 expression,
and impairment of osteocyte GJIC. Interestingly, we
observed that NAC had a better reversal effect in osteo-
cyte GJIC than apocynin and mito-TEMPO, which may
be due to the fact that NAC is a non-selective ROS scav-
enger and has a better scavenging effect on the genera-
tion of ROS induced by AOPPs. Therefore, AOPPs induce
the activation of NADPH oxidase and mitochondrial
dysfunction, and ROS signalling is involved in AOPP-
induced impairment of GJIC in osteocytes.

Both ageing and oestrogen deficiency contribute to
bone loss in female osteoporotic patients.* Therefore,
in order to exclude the interference of oestrogen defi-
ciency, male mice were used as experimental subjects
in this study. A previous study demonstrated the age-
related degeneration of the osteocyte network and bone
microarchitecture in both male and female mice.? The
effect of AOPP accumulation on the osteocyte network
in aged female mice remains to be further investigated.

In conclusion, our study shows that the accumulation
of AOPPs is related to impairment of osteocyte GJIC and
bone loss during ageing. AOPPs induce degeneration
of the osteocyte network, decrease Cx43 expression,

and impair GJIC in the osteocytes of male mice. AOPP-
induced impairment of GJIC in osteocytes is mediated
by ROS generation and redox imbalance. Therefore,
reducing AOPP accumulation and its cascading effect
may be helpful for ameliorating age-related impairment
of osteocyte GJIC and bone loss.

Supplementary material
An ARRIVE checklist is included to show that the
ARRIVE guidelines were adhered to in this study.
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