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Advanced glycation end products promote osteoporosis
by inducing ferroptosis in osteoblasts

WEIWEI GE, JIAN JIEZ", JIE YAO®, WEI LI', YAHUI CHENG' and WENJUAN LU>

Departments of 1Radiology and 2Orthopedics, Pukou Branch of Jiangsu People's Hospital

(Nanjing Pukou District Central Hospital); 3Department of Radiology, Nanjing Central Hospital

(Nanjing Municipal Government Hospital), Nanjing, Jiangsu 210018, P.R. China

Received November 1, 2021; Accepted December 3, 2021

DOI: 10.3892/mmr.2022.12656

Abstract. Advanced glycation end products (AGEs) have been
widely reported to play an important role in osteoporosis (OP),
particularly in diabetes-related OP. The aim of the present
study was to investigate the effect of AGEs on osteoblast func-
tion and the underlying mechanisms. The level of bone mineral
density (BMD), serum AGEs and fasting blood glucose (FBG)
was measured in patients with OP and healthy individuals, and
the correlation between AGE levels and BMD or FBG was then
analyzed. For the in vitro experiments, the hFOBI1.19 osteo-
blast cell line was cultured in medium containing AGEs and
serum from healthy individuals or patients with OP, and with
or without type-2 diabetes mellitus (T2DM). Cell prolifera-
tion, differentiation, mineralization, apoptosis and ferroptosis
were evaluated using Cell Counting Kit-8 and alkaline phos-
phatase (ALP) assays, Alizarin red and TUNEL staining, iron
indicator, lipid peroxidation tests and western blot analysis,
respectively. In a separate set of experiments, the ferroptosis
inhibitor, deferoxamine (DFO), was also added to the culture
medium of cells treated with AGEs and serum from patients
with OP and T2DM. The results demonstrated that patients
with OP had a higher level of serum AGEs and FBG compared
with that in healthy individuals. The level of serum AGEs in
patients with OP was negatively correlated with BMD, but was
positively correlated with FBG. In addition, AGEs and serum
from patients with OP markedly inhibited hFOB1.19 cell
proliferation, ALP production and mineralized nodule forma-
tion. Apoptosis and ferroptosis were significantly promoted
by AGEs and serum from patients with OP. Moreover, serum
from OP patients with T2DM caused stronger effect than that
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from OP patients with normal FBG. However, DFO reversed
the effects induced by AGEs and serum from patients with
OP and T2DM on hFOBI1.19 cells. Collectively, AGEs could
disrupt the functions of osteoblasts by inducing cell ferrop-
tosis, thus contributing to OP.

Introduction

Osteoporosis (OP) is a systemic skeletal disease characterized
by decreased bone mass and microarchitectural deterioration
in the bone tissue, which predisposes affected individuals to
increased bone fragility and fracture risk (1). The diagnosis
of OP is based on bone mineral density (BMD) measurement
using dual-energy X-ray absorptiometry (DXA). According to
the World Health Organization, a BMD T-score of <-2.5, as
measured by DXA, is defined as OP (2). Approximately 50%
of women experience at least one bone fracture following
menopause worldwide in 2020; OP has become a significant
public health problem and received considerable attention
worldwide (3).

Type-2 diabetes mellitus (T2DM) has been hypothesized
to cause decreased BMD (4). A large prospective study
of post-menopausal women recruited into the Study of
Osteoporotic Fractures confirmed that female patients with
T2DM experienced higher fracture rates compared with
that in female patients without T2DM (5). In addition, BMD
decreased as diabetes progressed, suggesting that hypergly-
cemia is an important risk factor for OP (6).

Advanced glycation end products (AGEs) are a group of
modified proteins and/or lipids with damaging potential, that
are formed under hyperglycemic conditions (7). AGEs have
been largely reported to be involved in the pathogenesis of
T2DM and diabetic complications (7). In addition, increasing
evidence indicates that AGEs play a role in aggravating bone
fragility, as observed during the progression of classic diabetic
complications (8,9). AGEs have been found to significantly
inhibit osteoblast proliferation, differentiation and mineraliza-
tion and induce osteoblast apoptosis (10,11). AGEs can affect
osteoblast proliferation and function by modulating autophagy
via the receptor of AGEs (RAGE) pathway, indicating that
autophagy is involved in these processes (12). These observa-
tions suggest that the AGE/RAGE axis may play an important
role in bone formation.
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A recent study have revealed that another form of regulated
cell death, ferroptosis, may be involved in the pathogenesis of
OP (13). Ferroptosis (iron-dependent cell death) differs from
apoptosis, autophagy, necrosis, necroptosis and pyroptosis,
and is characterized by the accumulation of intracellular iron
and lipid reactive oxygen species (14). The increase in osteo-
blast ferroptosis plays an important role in hormone-induced
OP (15), and iron overload plays an important role in
general OP and osteoblast function (16). In a rat model of
T2DM-related OP (OP-T2DM), ferroptosis was observed in
the bone tissue (17). However, none of the aforementioned
studies directly studied the level and changes of ferroptosis in
osteoblasts.

Therefore, the aim of the present study was to investi-
gate the role of ferroptosis in AGE-regulated dysfunction
of human osteoblasts. Ex vivo experiments using clinical
samples from patients with OP and healthy individuals
were performed. In addition, in vitro experiments using the
hFOB1.19 osteoblast cell line, which was cultured in media
containing AGEs and serum from healthy individuals or
patients with OP and a normal fasting blood glucose (FBG)
level and patients with OP and T2DM to observe cell differ-
entiation, mineralization, apoptosis and ferroptosis, were
also performed.

Materials and methods

Sample collection. The present study was approved by the
Ethics Committee of the Nanjing Pukou District Central
Hospital (Nanjing, China). Written informed consent
was obtained from all participants. A total of 10 healthy
individuals and 10 patients with OP (among which 4 were
diagnosed with T2DM) were enrolled into the present study.
Participants with a femoral neck and/or lumbar spine T score
<-2.5 were considered to have OP, while a T score of >-1
was considered normal. Patients with malignancy, coronary
heart disease or other severe diseases in the previous 5 years
were excluded. Images of lumbar vertebra and femur, along
with the BMD from healthy individuals and patients with
OP, were obtained using DXA absorptiometry (Hologic,
Inc.). Blood samples from the enrolled participants were
centrifuged at 1,000 x g for 10 min at 4°C, and the serum
was stored at -80°C.

Measurement of AGEs and FBG. All the participants fasted
from 10:00 pm the previous night, and 10 ml venous blood
was collected at ~9:00 am the next morning. The blood
samples were centrifuged at 1,000 x g for 10 min at 4°C,
and the serum was used to assess AGEs and FBG or stored
at -80°C for subsequent experiments. The concentration of
AGEs and FBG in the serum samples was measured using an
AGE assay kit (cat no ab238539; Abcam) and a blood glucose
kit (Glucose Oxidase Peroxidase Assay; cat no WD-0108
Shanghai Rongbai Biotechnology Co., Ltd.), following the
manufacturer's instructions.

Preparation of AGEs. AGEs were prepared as previously
described (18). Briefly, human serum albumin (15 mg/ml,;
Sigma-Aldrich; Merck KGaA) was incubated with 1 mM
3-deoxygluconaldeone in distilled water at 37°C for 14 days.

Cell culture and grouping. The human hFOBI.19 osteoblast cell
line (American Type Culture Collection; ATCC) was cultured
in medium containing 1:1 mixture of Ham's F12 medium
and DMEM (both from Thermo Fisher Scientific, Inc.) with
2.5 mM L-glutamine (ATCC), supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin,
100 U/ml streptomycin (Merck KGaA) and 0.3 mg/ml G418
(Merck KGaA). The cells were cultured at 37°C in a humidi-
fied incubator with 5% CO,.

The hFOBI1.19 cells were divided into different groups:
Blank (cultured in normal medium), AGEs (cultured in medium
containing 50 pg/ml AGEs), control (cultured in medium
containing 10% serum from healthy individuals), OP-normal
(cultured in medium containing 10% serum from patients with
OP and a normal FBG level), OP-T2DM (cultured in medium
containing 10% serum from patients with OP and T2DM),
AGEs + deferoxamine (DFO; cultured in medium containing
50 pg/ml AGE and 80 M DFO), OP-T2DM + DFO (cultured
in medium containing 10% serum from patients with OP and
T2DM, and 80 uM DFO).

Cell counting kit (CCK)-8 assay. The hFOBI1.19 cell line,
in the logarithmic growth phase, were seeded into 96-well
plates, at a density of 3x10° cells/well, with five replicate
wells in each group. Following culture for 24 h in normal
medium, the medium was replaced with new medium
according to the aforementioned groups. Following culture for
0,24,48 and 72 h, 10 ul CCK-8 solution (Beyotime Institute of
Biotechnology) was added to each well and the samples were
incubated at 37°C in the dark for 2 h. The absorbance value of
each well was measured at 450 nm using a microplate reader
(Bio-Rad Laboratories, Inc.).

Alkaline phosphatase (ALP). The ALP level in the hFOB1.19
cell lysate from each group was measured using a commercial
ALP Assay kit (cat no ab83369; Abcam), following the manu-
facturer's instructions. Briefly, following culture in different
media for 48 h, the cell supernatant was removed and the
production of p-nitrophenyl phosphate was determined by
measuring the absorbance at 405 nm using a microplate reader
(Bio-Rad Laboratories, Inc.).

Alizarin red staining. The bone mineralization of the
hFOBI1.19 cells in each group was detected using Alizarin
red staining (Merck KGaA), following the manufacturer's
instructions. Briefly, the cells were stained with 2% Alizarin
red (pH 4.2) for 10 min at room temperature, then washed
with distilled water. The mineralized nodules were exam-
ined using phase-contrast microscopy after culturing for
21 days.

TUNEL staining. Cell apoptosis was evaluated using a
TUNEL assay (TUNEL Assay kit-FITC; cat. no. ab66108;
Abcam), according to the manufacturer's instructions.
Briefly, following culture in different media for 48 h, the
cells were trypsinized, washed with PBS and fixed in
1% paraformaldehyde at 4°C for 2 h. The cells were then
incubated with DNA labeling solution for 60 min at 37°C,
followed by the addition of PI/RNase A solution for 30 min.
The images of the TUNEL-labeled cells from 3 random
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fields were captured using a fluorescent microscope (magni-
fication, x200; Evos FL Cell Imaging System; Thermo
Fisher Scientific, Inc.).

Determination of iron level. The ferrous iron level in the cells
was determined using a commercially available indicator
(cat. no. P14312; Thermo Fisher Scientific, Inc.), as previously
described (19). Briefly, following treatment, the cells were
resuspended in normal medium, then Phen Green™ SK fluo-
rescent iron chelator was added for 15 min. The fluorescence
represented the release of free iron and was observed at the
excitation/emission values of 490/520 nm using a fluorescence
microscope (magnification x200; Evos FL Cell Imaging
System; Thermo Fisher Scientific, Inc.).

Malondialdehyde (MDA) and oxidized low density lipoprotein
(oxLDL) assessment. The relative MDA and oxLDL levels in
the hFOBI1.19 cells were detected using a Lipid Peroxidation
(cat. no. ab118970) and oxLDL (cat. no. ab242302) (both from
Abcam) assay kits, respectively, according to the manufac-
turer's instructions.

Glutathione (GSH)/oxidized GSH (GSSG) assay. The rela-
tive GSH concentration in the cells was assessed using a
GSH/GSSG Ratio Detection Assay kit (Fluorometric-Green;
cat. no. ab138881; Abcam), according to the manufacturer's
instructions. Briefly, the whole cell lysates were diluted
at 1:80 for GSH analysis, and a series dilution of GSH and
GSSG stock standards were prepared as standards. A one-step
fluorimetric reaction was performed, with the assay buffer
and probes, for 30 min at room temperature in the dark.
Fluorescence intensity was monitored at the excitation/emis-
sion values of 490/520 nm. GSH was calculated from the
standard curve. GSSG was determined using the following
equation: GSSG=(total GSH-GSH)/2.

Western blot analysis. Following treatment, the cells
were lysed in cold RIPA buffer (Beyotime Institute of
Biotechnology). The protein lysates were then centrifuged
at 12,000 x g for 10 min at 4°C and the supernatant was
collected. Protein concentration was determined using a
BCA assay kit (Beyotime Institute of Biotechnology). A
total of 10 pg total protein was separated using 10-15%
SDS-PAGE, then transferred onto PVDF membranes. The
membranes were then blocked for 1 h at room temperature
with 5% skimmed milk and subsequently incubated with the
primary antibodies overnight at 4°C. Finally, the membranes
were incubated with a HRP-conjugated secondary antibody
(goat anti-rabbit IgG; cat no. ab6721; Abcam; 1:10,000) for
2 h at room temperature. The bands were detected using the
ECL Advance reagent (Cytiva) and quantified using ImageJ
software (version 1.8.0; National Institutes of Health). The
following primary antibodies were used: GSH peroxidase
(GPX4; ab125066; Abcam; 1:5,000), solute carrier family 7
member 11 (SLC7A11; ab175186; Abcam; 1:5,000), nuclear
receptor coactivator 4 (NCOA4; ab86707; Abcam; 1:3,000),
acyl-CoA synthetase long-chain family member 4 (ACSL4;
ab15282; Abcam; 1:10,000), transferrin receptor (TFR1),
divalent metal transporter 1 (DMTI1; ab214039; Abcam,;
1:1,000) and GAPDH (ab181602; Abcam; 1:1,000).
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Statistical analysis. All the data are from 3 experiments
and are presented as the mean + SD. Comparisons between
two groups were analyzed using an unpaired Student's t-test.
Comparisons among multiple groups were evaluated using
one-way ANOVA followed by Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.
All statistical analysis was performed using SPSS software
(version 11.5; SPSS, Inc.).

Results

Level of serum AGEs and FBG is increased in patients with
OP. Fig. 1A shows the images of lumbar vertebra and femur in
healthy individuals and patients with OP, which were collected
during DXA absorptiometry. Compared with that in the healthy
individuals, patients with OP exhibited a decreased BMD in
both the lumbar vertebra and femur. Fig. 1B reveals the signifi-
cantly lower BMD in patients with OP compared with that in
the healthy individuals. Next, the level of AGE and FBG in
the serum of the participants were measured. Patients with OP
exhibited a significantly higher level of AGEs (Fig. 1C) and
FBG (Fig. 1D). The correlation between BMD and AGEs, and
between FBG and AGE:s in patients with OP was analyzed and
the results showed that in patients with OP, the higher the AGE
level, the lower the BMD level, but the higher the FBG level
(Fig. 1E and F, respectively). These results suggested that an
increase in the concentration of AGEs and FBG may be asso-
ciated with the decrease in BMD, and even contribute to OP.

AGEs and serum from patients with OP inhibit the proliferation,
differentiation and mineralization of hFOBI.19 osteoblasts. To
validate the aforementioned hypothesis in vitro, the hFOB1.19
osteoblast cell line was cultured in normal medium (blank),
medium containing AGEs (AGEs), or media containing
serum from healthy individuals (control), OP patients with a
normal FBG level (OP-normal) and OP patients with T2DM
(OP-T2DM). Cell proliferation, differentiation and mineraliza-
tion were then assessed. The cells that were treated with AGE,
and serum from patients with OP and T2DM exhibited signifi-
cantly reduced cell proliferation ability 24 h post-treatment,
compared with that in cells in the blank and control groups,
respectively (Fig. 2A). Compared with that in serum from
the healthy individuals, serum from patients with OP and a
normal FBG level had significantly lower cell proliferation 48 h
post-treatment (P<0.05). In addition, the serum from patients
with OP and T2DM resulted in a relatively higher decrease in
cell proliferation compared with that in serum from patients
with OP and a normal FBG level (Fig. 2A). A similar result was
found for ALP levels in the hFOBI1.19 cells (Fig. 2B), in which
ALP level was decreased by AGEs and serum from patients
with OP (OP-Normal and OP-T2DM). Alizarin red staining
was performed to determine the mineralization of osteoblasts.
Compared with that in cells in the blank and control groups,
cells in the AGE, OP-Normal and OP-T2DM groups exhibited a
decrease in the number of mineralized nodules (Fig. 2C). These
results suggested that AGEs and serum from patients with OP
could inhibit the proliferation, differentiation and mineraliza-
tion of hFOBI1.19 osteoblasts. In addition, the effect of serum
from patients with OP and T2DM was stronger compared with
that of serum from patients with OP and a normal FBG level.
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Figure 1. Patients with OP exhibit an increased level of serum AGEs and FBG compared with that in healthy individuals. (A) Images of lumbar vertebra and
femur in healthy individuals, patients with OP, and patients with osteopenia were collected using DXA absorptiometry. (B) The BMD of healthy individuals
and patients with OS was measured using DXA absorptiometry. (C) AGE and (D) FBG serum levels in healthy individuals and patients with OP. Correlation
between (E) BMD and AGEs, and (F) FBG and AGEs, in patients with OP. “P<0.01 and ““P<0.001. BMD, bone mineral density; AGEs, advanced glycation
end products; FBG, fasting blood glucose; DXA, dual-energy X-ray absorptiometry; OP, osteoporosis.

AGEs and serum from patients with OP induce ferroptosis
in hFOBI.19 osteoblasts. Subsequently, changes in cell
ferroptosis were investigated. TUNEL staining was used
to observe cell apoptosis. As shown in Fig. 3A, the AGEs
group had a higher percentage of apoptotic cells compared
with that in the blank group. The OP-Normal and OP-T2DM
groups also exhibited increased apoptosis compared with the
control group. Next, cellular free iron levels were analyzed
(Fig. 3B) and the results showed that AGEs and serum from
patients with OP significantly increased the cellular free iron
level of hFOBLI.19 osteoblasts. The concentrations of MDA
and oxLDL was also significantly increased by AGEs and
serum from patients with OP (OP-Normal and OP-T2DM),
compared with those in the blank and control groups, respec-
tively (Fig. 3C and D). However, the opposite effect was
caused by AGEs and serum from OP patients (OP-Normal

and OP-T2DM) on GSH/GSSG level (Fig. 3E). Following
the detection of the expression level of ferroptosis-associated
proteins, it was found that AGEs and serum from patients with
OP resulted in a decrease in the protein expression level of
GPX4 and SLC7AL11, but an increase in the protein expression
level of NCOA4, ACSL4, TFR1 and DMT]1 (Fig. 3F and G).
The results revealed that AGEs and serum from patients with
OP significantly increased ferroptosis in hFOBI1.19 osteo-
blasts, and that the effect of the serum from patients with OP
and T2DM was stronger compared with that from patients
with OP and a normal FBG level.

Ferroptosis inhibition reverses the effect of AGEs and serum
from patients with OP and T2DM on hFOBI.19 osteoblasts.
To determine the role of ferroptosis in the impairment of
hFOBI1.190steoblast biological activities induced by AGEs



SPANDIDOS
B) PUBLICATIONS

B

-»- Blank = AGEs Control

MOLECULAR MEDICINE REPORTS 25: 140, 2022 5

1.3 -~ OP-Normal - OP-T2DM T 1.5+
g T L
Q °
< 3 1.0
& & o
= < 05 AA
© o 7 H#HH
> = =L
9 s =
- £ & B3 T =
8 ¢ £ E ]
o << o [} =
(@) z '
] o
% (e}
Control OP-Normal OP-T2DM

Figure 2. AGEs and serum from patients with OP inhibit the proliferation, differentiation and mineralization of hFOB1.19 osteoblasts. (A) A Cell Counting
Kit-8 assay was used to detect cell proliferation. (B) The cellular ALP level of hFOB1.19 osteoblasts was measured using an ALP kit. (C) Alizarin red staining
was performed to observe the formation of mineralized nodules. “P<0.01 and ““P<0.001 vs. Blank; “P<0.05, #P<0.01 and *#P<0.001 vs. Control; **P<0.01
and ***P<0.001 vs. OP-Normal. AGEs, advanced glycation end products; OP, osteoporosis; ALP, alkaline phosphatase; OD, optical density; T2DM, type-2

diabetes mellitus.

and serum from patients with OP and T2DM, the ferroptosis
inhibitor, DFO was added to the culture medium in the
hFOBI.19 cells treated with AGEs and serum from patients
with OP and T2DM (20). The CCK-8 and ALP assays, and
Alizarin red staining results showed that the presence of DFO
promoted cell proliferation, ALP production and mineral-
ized nodule formation in the hFOB1.19 osteoblasts from the
AGE and OP-T2DM groups (Fig. 4A-C). Cell apoptosis was
measured using TUNEL staining, and the results showed
that DFO decreased the number of apoptotic cells in the
AGEs and OP-T2DM groups; however, the result was not
significant (P>0.05), (Fig. 4D). By contrast, DFO significantly
reduced cellular iron, MDA and oxLDL levels, and increased
GSH/GSSG levels in the hFOB1.19 osteoblasts from the AGE
and OP-T2DM groups (Fig. 4E-H), indicating a DFO-induced
inhibition of ferroptosis.

Discussion

OP is a common debilitating bone disease characterized by
loss of bone mass and degradation of bone architecture. The
involvement of AGEs in OP, particularly diabetes-related OP
has been previously reported (21-23). In the present study,
the inhibitory effect of AGEs on osteoblast proliferation,
differentiation and mineralization was demonstrated, and
the role of ferroptosis in these effects was identified. The
results suggested that therapeutically targeting AGEs and
AGE-induced ferroptosis in osteoblasts may promote bone
formation and even relieve OP.

Patients with T2DM are more susceptible to OP, and the
formation and accumulation of AGEs have been reported to
cause diabetes-related OP (24). Increased AGE production

is observed in diabetic rats, and AGE levels are negatively
correlated with BMD (25). Higher levels of serum AGEs are
found in patients with OP and osteopenia compared with
those in healthy women (26). Consistently, the results in the
present study showed increased serum AGE levels in patients
with OP and a negative correlation with BMD. Furthermore,
a higher concentration of FBG was observed in patients with
OP compared with that in healthy individuals, and a positive
correlation between AGEs and FBG was observed in patients
with OP. The results further confirmed the crucial role of
AGEs and hyperglycemia in OP.

OP is also a disease caused by an imbalance between
osteoclasts and osteoblasts. Osteoblasts can contribute to bone
formation by secreting various proteins that guide the deposi-
tion of bone extracellular matrix, such as ALP, osteocalcin and
osteopontin (27). The results from the present study showed that
AGEs and serum from patients with OP, which showed a higher
concentration of serum AGEs compared with that in healthy
individuals, significantly inhibited hFOB1.19 osteoblast prolif-
eration, differentiation and mineralization. Furthermore, the
effect of serum from patients with OP and T2DM was mark-
edly stronger compared with serum from patients with OP and
a normal FBG level, demonstrating the detrimental effect of
hyperglycemia on human bone formation. These results were
in accordance with those of previous studies, which showed
that hyperglycemia and AGEs suppressed osteoblast differ-
entiation and mineralization, accompanied by an enhanced
RAGE expression (28-30). It has been reported that AGEs are
diverse compounds that are generated via a non-enzymatic
reaction between reducing sugars and the amine residues on
proteins, lipids and nucleic acids (9). Intra- and extracellular
AGEs accumulate in an age-dependent manner in human


https://www.spandidos-publications.com/10.3892/mmr.2022.12656

Blank

- a N
o o0 O o O

o o

GE et al: ADVANCED GLYCATION END PRODUCTS PROMOTE OSTEOPOROSIS
A Blank AGEs Control OP-Normal OP-T2DM
- - - - - -
&£ 40
»
3 30
TUNEL o
Z 20
(72
[}
_]9- 10
w
Z 0
5
=
Merged
B Blank AGEs Control OP-Normal OP-T2DM
§6 §5 A’:#A
o o
= = =5 9 '
(9] [} ]
54 s 235 10
< 43 5L -
ne
S = Og
32 5 2§05
2 — o1 = ..(%—
© = 2 = ®
g 0 = % 0 == i 0.0
¥ @9 3 B = £ 9 3 ® = X
s ¢ £ E § © 5 4§ £ £ 3 5
m I 6 & m & &6 o [N o
°c =z 4 © = 4
o o
c © s ©
< é E 8 :zf %
< 2 S
o $ a oS zZg
&£ 05 g = c Zc
ok [mmmmen] 2] i i
g 2 0.0 EH o o 4 a
c @ g ¢ ¥ 9 3 ® = < § g ® 2
§§ £ EQ 5 ¥ £ E B8 s § £ E Q
M < Q9 O ¢ o b4 ) S N oM < Q o K
SEEa c =z 5 © = 4
o q o
c © g o g G
2.0
scsLs [Smmema—_| . - i _5
n =g
o210 g o ¥
>
o1 [=em— ] £: 5 g2
T 205 2 2 T2
00 A H  — o
£ 9 ° ® = U ox ) = = x (3} s
c w 2 ] T = < ©
8 g £ E ] § 8 £ E 0O s o = E B
N < Q O ¢ o Z S S (S m < o o —
© = 4 c =z 7 © =z 4
o ] o
c © & o g o

Control

x

c
<
m

Blank +

Control

OP-Normal

OP-Normal

D>
>
>

opr-12pM {[[[[h%

Control

©
£
S
=
o
(o]

©
£
o
=z

o
(o]

op-T2oMm {[[[[I

OP-T2DM

op-T20Mm I

Figure 3. AGEs and serum from patients with OP induces apoptosis and ferroptosis in hFOB1.19 osteoblasts. (A) Representative images and quantitative
analysis of TUNEL staining in hFOBI1.19 cells from different treatment groups. (B) Cellular free iron levels in hFOBI1.19 osteoblasts in different treatment
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DMT1, divalent metal transporter 1.
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tissue including cartilage, thus contributing to bone fragility
in patients with diabetes (31). Therefore, the disruption of
osteoblast function caused by serum from patients with OP
and T2DM may also be attributed to the high production of
AGE:s.

To elucidate the mechanisms underlying the destructive
effect of AGEs on bone function, ferroptosis was investigated,
as it is a process that has been found to be involved in OP
pathogenesis in recent years (13,15,17,32). The results from
the present study showed that AGEs and serum from patients
with OP triggered apoptosis, and increased the cellular level
of free iron, MDA and oxLDL levels, and reduced GSH/GSSG
level in hFOBI1.19 osteoblasts. Furthermore, AGEs and serum
from patients with OP resulted in a decrease in the protein
expression levels of GPX4 and SLC7AL11, but an increase in
the protein expression levels of NCOA4, ACSL4, TFR1 and
DMT1. The accumulation of intracellular iron and lipid perox-
idates, such as MDA, oxLDL and GSH, which are normally
synthesized by ACSL4 and dissipated by the antioxidant
enzyme GPX4, is a key feature of ferroptosis (33). In addition,
the downregulation of SLC7A11 ultimately leads to a suppres-
sion of GPX4 activity and ferroptosis activation. NCOA4 is an
autophagy cargo receptor, TFR1 is a transferrin receptor and
DMT!1 transports metal ions across membranes in mammals;
all are necessary for iron release into the cytoplasm (34). The
potential association between AGEs level and iron overload
has been suggested in previous studies (35,36). AGEs were
also reported to enhance heme oxygenase-1 (HO-1) mRNA
expression in endothelial cells (37) and inhibited Nrf2 acti-
vation in H9C2 cells (38). Nrf2 is a transcription factor that
regulates iron metabolism genes in response to oxidative
stress, and increased HO-1 activity has been shown to increase
cellular iron levels (39). The Nrf2/HO-1 signaling pathway has
been reported to increase the cellular iron levels and promote
ferroptosis (13,40). The aforementioned studies have found
an association between AGEs and ferroptosis; however, to
the best of our knowledge, the present study was the first to
demonstrate the effect of AGEs on ferroptosis. Subsequently,
the ferroptosis inhibitor DFO was found to not only suppress
ferroptosis, but also induce a recovery of hFOBI1.19 osteoblast
proliferation, differentiation and mineralization in the AGE,
and OP-T2DM groups. However, DFO had no significant
effect on apoptosis in the hFOB1.19 cells treated with AGE
and serum from patients with OP and T2DM. This may be
due to the specific inhibition of DFO on ferroptosis without
affecting apoptosis. This was in line with our hypothesis,
suggesting that AGEs may disrupt osteoblast function by
inducing ferroptosis. Nevertheless, the present results remain
to be validated using in vivo animal models, which will be
performed in future research.

In conclusion, the results from the present study demon-
strated the inhibitory effect of AGEs on bone formation in
OP. AGEs significantly suppressed proliferation, differentia-
tion and mineralization in hFOB1.19 osteoblasts. In addition,
ferroptosis influenced the effects of AGEs. To the best of
our knowledge, the present study was the first to uncover the
mechanisms mediating the effect of AGEs on osteoblast func-
tion and demonstrated the role of osteoblast ferroptosis in bone
formation. Therapies targeting AGEs and ferroptosis may be
valuable in relieving OP.
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