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Abstract

Iron overload has recently been associated with the changes in the bone microstructure that occur
in osteoporosis. However, the effect of iron overload on osteoblasts is unclear. The purpose of
this study was to explore the function of divalent metal transporter 1 (DMTI) in the pathological
processes of osteoporosis. Osteoblast hFOB1.19 cells were cultured in medium supplemented
with different concentrations (0, 50, 100, 200, 300, 400, 500 umol/L) of ferric ammonium citrate
(FAC) as a donor of ferric ions. We used western blotting and immunofluorescence to determine
the levels of DMT1 after treatment with FAC. Apoptosis was evaluated by detecting the levels of
cleaved caspase 3, BCL2, and BAX with western blotting. Autophagy was evaluated by detecting
the levels of LC3 with western blotting and immunofluorescence. Beclin-1 expression was also
assessed with western blotting. The autophagy inhibitor 3-methyladenine was used to determine
whether autophagy affects the apoptosis induced by FAC. Our results show that FAC increased
the levels of DMT 1, upregulated the expression of BCL2, and downregulated the apoptosis-related
proteins cleaved caspase 3 and BAX. Both LC3I/LC3II levels and beclin-1 were also increased,
indicating that FAC increases the accumulation of autophagosomes in hFOBI.19 cells.
FAC-induced autophagy was increased by the apoptosis inhibitor 3-MA but was reduced in DMT1
shRNA hFOBI1.19 cells. These results suggest that the increased expression of DMT1 induces iron
overload and iron overload induces osteoblast autophagy and apoptosis, thus affecting the
pathological processes of osteoporosis. Clarifying the mechanisms underlying the effects of DMT]
will allow the identification of novel targets for the prevention and treatment of osteoporosis.
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Introduction

Osteoporosis is the most common systemic
metabolic bone disease in the elderly. It is
characterized by microarchitectural deterioration, low
bone mass, and an increased risk of fracture. This
common disease occurs when bone breakdown occurs

whereas others have demonstrated a higher incidence
of osteoporosis in patients with iron overload
diseases, including hereditary hemochromatosis,
thalassemia, and sickle-cell anemia [4-8]. Iron
overload also reduces osteoblast function by inducing

more rapidly than bone formation [1]. The various
diverse complications of osteoporosis, including
fractures, affect the patient’s quality of life and health,
and the economic burden of osteoporosis is markedly
increasing as the world population ages [2].
Osteoporosis and iron overload are clearly
related. Some researchers have shown that iron
overload has an inhibitory effect on osteogenesis [3],

osteoblast apoptosis, which can cause osteoporosis
[9]. However, in osteoporotic patients, the processes
underlying the changes in the bone microstructure
and the precise mechanism of osteoblast iron overload
are unclear.

Divalent metal transporter 1 (DMT1) is a
12-transmembrane-domain protein found in a range
of tissues, including the duodenum, kidney, and
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bone, that transports a number of divalent cations
[10]. The cellular transport of Fe2+ is heavily
dependent on DMT1 [11]. In a previous study, we
found that osteoporosis was closely associated with
DMT1 [12], and Chew et al. reported that the
overexpression of DMT1 causes dramatic iron
overload [13]. Therefore, an intimate relationship
between DMT1 expression and iron overload has
been suggested. Several studies have also reported
that iron overload can induce either cell autophagy or
apoptosis [14, 15]. However, no study has reported
that the DMT1 expressed in osteoblasts affects cell
autophagy by regulating the concentration of Fe2+
ions, thereby affecting apoptosis.

Autophagy is the primary metabolic process by
which eukaryotic cells are degraded and damaged
macromolecules and organelles are salvaged [16, 17].
It plays a housekeeping role in eliminating old
organelles, misfolded proteins, and damaged
molecules, and a role in recycling limited nutrients
and oxygen [18]. Recent studies have shown that
autophagy plays a complex and important role during
osteogenesis [19]. Autophagy is closely associated
with apoptosis and the functional relationship
between apoptosis and autophagy is complex [20].
Autophagy sometimes constitutes a stress adaptation
that suppresses apoptosis, whereas in other cellular
situations, it constitutes an alternative cell-death
pathway [18, 21-25]. However, how autophagy affects
the pathology of iron overload in osteoblast cells
remains unclear.

All the data discussed above suggest close
associations between DMT1 expression, iron
overload, and osteoporosis. ~However, how
autophagy affects the pathology of iron overload
caused by DMT1 in osteoblast cells remains unclear.
The aims of this study were to determine the role of
autophagy in osteoporosis-related fracture by
examining the autophagy levels in osteoblasts
exposed to iron overload; to determine whether
autophagy acts through DMT1; and to explore the
relationship between autophagy and apoptosis in
terms of iron overload.

Materials and Methods

Cell culture and materials

The human fetal osteoblastic cell line hFOB 1.19,
kindly provided by Dr. M. Subramaniam [26], was
maintained in a 1:1 mixture of Ham’s F12 Medium
Dulbecco’s Modified Eagle Medium without phenol
red (Gibco, USA), supplemented with 10% fetal
bovine serum (FBS) (HyClone, USA) and 0.3 g/L
G418 (Sigma, USA), in a humidified 5% CO»
atmosphere at 33.5°C, and the medium was changed

every other day. The cell was subcultured using
trypsin-EDTA to replace the cells and begin the
experiment. The hFOB 1.19 cells were plated at 104
cells/cm? for 24 h before treatment.

The 3-(4,5-dimethyl-thiazol-2-yl)- 2,5-diphenyl-
tetrazolium bromide (MTT) and FAC were obtained
from Sigma. The DMT1-shRNA Ilentiviral was
purchased from Genechem (China). Primary
antibodies for LC3 was purchased from Cell Signaling
Technology (CST, USA) and for DMT1, beclin-1, BAX,
cleaved caspase 3 and BCL2 were purchased from
Abcam (USA).

Cell viability and proliferation analysis

Cell viability was measured using MTT. Briefly,
the cells were seeded onto 96-well plates (6000
cells/well) for 24 h, and the medium was the replaced
with 10% serum medium. After treatment, culture
media was changed for serumfree culture media.
MTT dissolved in phosphate buffer saline (PBS) was
added to each well and then incubated for 4 h. After
this interval, the serum-free culture media containing
MTT was discarded and dimethyl sulfoxide (DMSO)
was added to each well dissolving the precipitate. The
optical densities were measured at 490 nm spectral
wavelengths using a microplate reader (Spectra
Thermo, Switzerland). Cell proliferation was
estimated using a BrdU kit (Roche, China) following
the protocol of the manufacturer. Cell viability and
proliferation results were expressed as percentages.
The absorbency measured from untreated cells was
taken to be 100%.

Cell apoptosis analysis

Cell apoptosis was determined by detecting
phosphatidylserine exposure on the cellular plasma
membranes using the fluorescent dye Annexin
V-APC/7AAD apoptosis detection kit according to
the manufacturer’s protocols. In brief, the cells were
harvested, washed twice in ice-cold phosphate buffer
saline (PBS), resuspended in 500 pL of binding buffer,
incubated with 5 pL of Annexin V-APC and 5 pL of
7AAD solution for 15 min at room temperature in the
dark and then immediately analyzed by bivariate
flow cytometry using a FACScan-LSR equipped with
Cell Quest software. Approximately 5x10° cells were
analyzed in each of the samples. The experiment was
repeated three times.

Western blotting

After treatment, the cells were extracted with
lysis buffer (150 mm NaCl, 1% NP-40, 0.1% SDS, 2
pg/mL aprotinin, 1 mm PMSF) for 30 min at 4°C. The
supernatants were centrifuged at 12,000 g for 15 min
at 4°C. The supernatant containing total protein was
harvested. Aliquots containing 50 pg of proteins were
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separated by a 12% SDS-PAGE and transferred to
PVDF membranes at 60 V or 40 V for 2 h at low
temperature. The membranes were soaked in
blocking buffer (5% skimmed milk) for 2 h.
Subsequently, proteins were detected using primary
antibodies at 1:500 or 1:1000 dilution for overnight at
4°C, then visualized using anti-goat or anti-rabbit IgG
conjugated with peroxidase (HRP) at 1:6000 or 1:8000
dilution for 2 h at room temperature. The EC3
Imaging System (UVP Inc. Upland, CA, USA) was
used to catch up the specific bands, and the optical
density of each band was measured using an Image ]|
software (NIH, Bethesda, MD, USA). The rate
between interesting proteins and P-actin of the same
sample was calculated as relative content and
expressed graphically.

Transmission electron microscopy

The cells from each group were digested after 24
h of culture, followed by centrifugation, and the
floating cells were collected. The cells were washed
twice with cold PBS and fixed in 5% glutaraldehyde.
Subsequently, the cells were conventionally
dehydrated, embedded, sectioned, and stained, and
the formation of autophagosomes was observed using
transmission electron microscopy. The number of
intracellular autophagosomes in every ten fields was
counted.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde at
room temperature for 15 min. After washing with
PBS, cells were permeabilized with 0.2% Triton X-100
for 5 min. After washing with PBS, secions were
incubated in a blocking buffer containing 5% BSA for
30 min at room temperature, followed by incubation
with anti-LC3 (1:200) and anti-DMT1(1:200)antibody
overnight at 4 C. Secondary antibodies labeled with
fluorescein (1:500, Abcam, USA) were applied for 120
min. After incubating with 0.1% DAPI for 5 min and
another washing step with PBS, coverslips were
transferred onto glass slides. Images were captured
on a wide-field fluorescent microscopy (Olympus,
Japan). A CLSM was used to measure the green
fluorescence when excited at 492 nm and emitted at
517 nm.

RNA interference

For the gene knockdown experiments, we
obtained lentiviral sShRNA purchased from Shanghai
GenePharma. The shRNA was designed against
DMT1 (sense, 5-GAGCAGTGGCTGGATTTAAG-3;
antisense, 5-CGGTGACATACTTCAGCAAG-3).
DMT1-shRNA-lentivirus was added into target hFOB
1.19 cells at multiplicity of infection [27] with ENi.S
and 5 ng/mL polybrene to obtain stably- transfected

DMT1-shRNA.

Statistical analyses

The experiments were repeated 3 times. The
quantitative data are presented as means + S.E.M. The
Statistical Package for Social Science (SPSS) 17.0
software was used for analysis. Comparisons among
multiple groups were performed using one-way
analysis of variance (ANOVA). Pair-wise
comparisons were performed using the t test. P<0.05
indicated that the observed difference was significant.

Results

Effects of FAC on osteoblastic hFOB1.19 cells

To determine the influence of FAC on the
viability of osteoblasts, we treated human hFOB1.19
osteoblasts with different concentrations of FAC (0,
50, 100, 200, 300, 500 umol/L) for different time
periods (12, 24 h), and then assessed the viability of
the treated cells with a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Fig.1A,B). The viability of the cells treated with 300
pmol/L FAC for 24 h decreased by 50% relative to
that of the control cells. Therefore, a FAC
concentration of 300 pmol/L was used for subsequent
experiments (P < 0.001 vs. control cells).

To investigate the effect of autophagy on cell
viability, 3-methyladenine (3-MA), a classic inhibitor
of autophagy, was used to inhibit cell autophagy.
3-MA significantly enhanced the effect of 300 pmol/L
FAC in reducing the viability of hFOB1.19 cells
(Fig.1C), suggesting that the effect of FAC in
inhibiting cell viability is related to cell autophagy.

DMTI1 is upregulated in FAC-treated
hFOBI.19 cells

To measure the expression of DMT1 after
treatment with 300 umol/L FAC, we used a western
blotting analysis and immunofluorescence to confirm
that DMT1 was significantly upregulated in hFOB1.19
cells after exposure to FAC for 24 h (Fig.2A,B).

Transfection of hFOB1.19 cells with a DMT1-
encoding small hairpin RNA (DMT1-shRNA)
lentivirus

To verify the role of DMTl1 in human
osteoporosis, we altered the expression of DMT1 in
hFOB1.19 cells. More than 80% of the cells expressed
green fluorescent protein (GFP) (Fig.3A,B,C). We then
used a western blotting analysis to detect the
expression of DMT1 after the hFOB1.19 cells were
transfected with the DMTI1-shRNA lentivirus
(Fig.3D). The results confirmed that the cells were
successfully.
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Figure 1. Viability of hFOB1.19 cells treated with increasing concentrations of FAC and autophagy is involved in the effect of FAC was tested
via an MTT assay. A. Cells were treated with various concentrations of FAC for 12 h. B. Cells were treated with various concentrations of FAC for 24 h. C. Cells
were then treated with or without 5 mmol/L 3-MA and incubated with 300 pmol/L FAC for 24 h. Values represent the mean * S.E.M. of at least three independent
experiments. *P < 0.05 vs. control, ¥*P < 0.01 vs. control, #P<0.05 vs. FAC treatment, #P<0.01 vs. FAC treatment.
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Figure 2. Expression of DMTI in hFOBI.19 cells after treatment with FAC. A. Fluorescence intensity of DMT1 (green fluorescence) in hFOBI.19 cells
treated with 300 umol/L FAC for 24 h. Histogram shows the fluorescence intensity of DMT1 in the different groups. B. Western blot shows the DMT1 protein levels
in hFOBI.19 cells treated with 300 pmol/L FAC for 24 h. Histogram shows the expression of DMT]1 in the different groups, analyzed with western blotting. Values
represent the mean * S.E.M. of at least three independent experiments. *P < 0.05 vs. control.
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Figure 3. Expression of DMTI1 in hFOBI1.19 cells transfected with DMT1-shRNA-encoding lentivirus was analyzed using western blotting. A.
Expression of green fluorescent protein (GFP)-labeled DMT1 in hFOBI.19 cells was assessed under an inverted fluorescence microscope. B. hFOBI.19 cells were
observed with an optical microscope. C. Merging of A and B. D. Western blotting shows DMT protein levels in hFOB1.19 cells. Histogram shows the expression of
DMT1 in the different groups, analyzed with western blotting. Values represent the mean * S.E.M. of at least three independent experiments. *P < 0.05 vs. control.

Relationship between FAC and apoptosis

To determine whether the inhibitory effect of 300
umol/L FAC for 24 h on osteoblast viability is related
to cell apoptosis, an annexin V-APC/7AAD apoptosis
detection kit was used. The DNA fragmentation ratio
in the FAC-treated hFOB1.19 cells was higher than
that in the DMT1-shRNA hFOB1.19 cells and the
control group. In contrast, 3-MA markedly enhanced
the FAC-induced inhibition of cell viability and
promoted apoptotic cell death (Fig.4A).

A western blotting analysis was used to
investigate the mechanisms responsible for
DMT1-mediated cell protection. The expression of the
proapoptotic proteins BAX and cleaved caspase 3
increased, whereas the expression of the antiapoptotic
protein BCL2 deceased in the hFOB1.19 cells. The
addition of 3-MA increased BAX and cleaved caspase
3 even further and also further reduced the expression
BCL2. Compared with the past, this result was
opposite that observed in the DMTI1-shRNA
hFOB1.19 cells (Fig.4B). These findings demonstrate
that caspase-dependent FAC-induced apoptotic cell
death was significantly exacerbated by the inhibition
of autophagy, but was attenuated in the
DMT1-shRNA hFOB1.19 cells.

Relationship between FAC and the
accumulation of autophagosomes

We confirmed that FAC induced cell autophagy
by counting the number of autolysosomes present in

the cells with transmission electron microscopy (TEM)
and fluorescence microscopy. TEM is the gold
standard technique for monitoring autophagy [28].
After treatment with 300 umol/L FAC for 24 h, the
number of autolysosomes in the hFOB1.19 cells
increased significantly compared with those in the
controls (Fig.5A). LC3 is mainly located on the surface
of pre-autophagosomes and autophagosomes, and is
known as a general biomarker of autophagy [28]. We
used fluorescence microscopy to observe the punctate
aggregation (autolysosomes) of internal LC3. The
results were consistent with the results of TEM. The
punctate aggregation of both proteins increased
significantly after treatment with 300 umol/L FAC for
24 h compared with the controls, and when 3-MA was
added, the punctate aggregations decreased
significantly compared with those in the FAC-treated
cells without 3-MA(Fig.5B). These results suggest that
FAC increases the accumulation of autophagosomes
of hFOB1.19 cells.

The levels of LC3-II protein, which is formed by
the lipidation of the cytosolic LC3-I protein, and
beclin-1 ~ correlate  with  the number  of
autophagosomes present in cells [28]. Their
expression also correlates positively with the level of
autophagy. To determine whether FAC affects the
autophagy of hFOB1.19 cells, we examined the
changes in the expression of autophagy-associated
proteins, including LC3I/LC3II and beclin-1, with a
western blotting analysis. Treatment with 300 pmol/L
FAC for 24 h increased the expression of both LC3II
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and beclin-1 in hFOB1.19 cells to much higher levels
than those in the DMT1-shRNA hFOB1.19 cells. 3-MA
significantly inhibited the expression of both LC3II
and beclin-1 induced by 300 pmol/L FAC in
hFOB1.19 cells (Fig.5C). The concurrent increases in
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LC3II and beclin-1 in these cell types indicate that
FAC causes an accumulation of autophagosomes [28],
whereas DMT1 reduced the FAC-induced
accumulation of autophagosomes in hFOB1.19 cells.
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Figure 4. FAC-induced apoptosis in hFOBI1.19 cells. A. Cells were collected, stained with annexin V-APC/7AAD, and examined with flow cytometry.
Histogram shows the apoptosis rate in each group. B. Western blotting shows cleaved caspase 3, BCL2, and BAX levels in hFOBI1.19 cells treated with or without 5
mmol/L 3-MA and incubated with 300 umol/L FAC for 24 h. Histogram shows the expression of cleaved caspase 3, BCL2, and BAX in the different groups, analyzed
with western blotting. Values represent the mean + S.E.M. of at least three independent experiments. *P < 0.05 vs. control, #P<0.05 vs. FAC treatment.

http://www.medsci.org



Int. J. Med. Sci. 2017, Vol. 14

281

A

FAC

Control

Autophagosomes/field cell

E3 FAC
LC3 Nucieus Merge
Control LC3 puncta/cell
Control
* E3 FAC
e E3 FAC+3-MA
FAC S
SR #
S
FAC+3MA
\ w ‘\\ ..S.. B3 Control
& A g @ ic
& ; B3 FAC+3-MA
Ny <* <¥ Q“ % [0 FAC+DMT1 ShRNA
©
LC3 | - e  —.  — - - S 1BkDa E
LC3 || s SN S s — 6kDa -
Beclin=1 o (s s S — 57(Da
=
3
a
s
: —— 43kD T
B -actin -—r T — a g
o

Figure 5. FAC-induced accumulation of autophagosomes in hFOBI1.19 cells is blocked by 3-MA. A. Transmission electron microscopy shows
autophagosomes (bold arrows) in hFOBI.19 cells treated with 300 pmol/L FAC for 24 h. Quantitation of autophagosomes. B. Fluorescence microscopy shows
endogenous LC3 (green fluorescence) and nuclei (blue fluorescence) in hFOBI1.19 cells treated with or without 5 mmol/L 3-MA and incubated with 300 pmol/L FAC
for 24 h. Quantitation of LC3 puncta. C. Western blotting shows LC3 and beclin-1 levels in hFOB1.19 cells treated with or without 5 mmol/L 3-MA and incubated
with 300 umol/L FAC for 24 h. Histogram shows the expression of LC3 and beclin-1 in the different groups, analyzed with western blotting. Values represent the
mean * S.E.M. of at least three independent experiments. *P < 0.05 vs. control, #P<0.05 vs. FAC treatment.

Discussion

Osteoporosis is an important complication of
many diseases, including hemochromatosis, which is
associated with iron overload [29, 30], and one study
found that postmenopausal osteoporosis induces the
accumulation of Fe?* ions [31]. These data indicate

that iron plays a crucial role in osteoporosis. Iron
overload can induce apoptosis in osteoblasts and
impair osteoblast differentiation and mineralization,
as well as their bone-mineralizing capacity [32]. Some
researchers have shown that iron overload alters the
iron metabolism and suppresses the differentiation
and functions of cells in the osteoblast lineage, which
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is associated with increased apoptosis [33]. Other
researchers have reported that excessive iron can
increase apoptosis and reduce the mRNA expression
of collage-1 (COL-I) and osteocalcin (OCN) in
hFOB1.19 cells [9]. Kanako Yamasaki suggested that
iron overload gives rise to osteoporosis by inhibiting
osteoblast proliferation and differentiation [29]. In
summary, iron overload has been shown to reduce
osteoblast function by inducing osteoblast apoptosis.
In this study, we used the hFOB1.19 cell line as a
cellular model because it is homologous to human
osteoblasts and known to have a strong proliferative
capacity [34]. We found that 300 pmol/L FAC caused
the apoptosis of osteoblastic hFOB1.19 cells. FAC is
considered a supplier of Fe2+ ions, allowing an iron
overload environment to develop [32]. At the same
concentration of FAC, we also found that iron
overload induced the accumulation of autophago-
somes. When 3-MA was added, the accumulation of
autophagosomes decreased and the apoptosis
increased. Therefore, we suggest that the
iron-overload-induced accumulation of autophago-
somes, which adversely affects osteoblasts, interferes
with their apoptosis.

DMT1 is the major apical transporter responsible
for intestinal Fe2+ absorption, and is also
ubiquitously expressed in endosomal compartments,
where it is responsible for Fe2+ export from the
endosome during the transferrin cycle [10, 35].
Recently, a study found that the total iron content was
significantly elevated in PD patients, with a
corresponding increase in DMT1 transcripts in the
same region [36]. In a previous study, we found that
DMT1 is markedly increased in osteoporosis and the
loss of DMT1 can reduce the iron content of bone [12].
This suggests a close association between DMT1
expression and iron overload. It has already been
confirmed that iron overload promotes cell autophagy
[13, 37]. Therefore, there is also a close relationship
between DMT1 and autophagy. Consistent with
previous studies, we found that cells treated with
FAC expressed more DMT1 than untreated cells.
Therefore, we used DMT1-shRNA hFOB1.19 cells to
confirm that DMT1 affects the cellular accumulation
of autophagosomes by regulating the Fe?*
concentration in osteoblasts, which can affect
apoptosis. We found that the FAC-induced
accumulation of autophagosomes was reduced in the
DMT1-shRNA hFOB1.19 cells. We also found that
apoptosis was also reduced in the DMT1-shRNA
hFOB1.19 cells. Therefore, we hypothesized that
DMT1 regulates the Fe?* concentrations in osteoblasts,
which in turn affect the cellular accumulation of
autophagosomes. The accumulation of autophago-
somes then affects apoptosis.

Autophagy and apoptosis may be triggered by
common upstream signals, which sometimes results
in both autophagy and apoptosis. Under other
circumstances, the cell switches between the two
responses in a mutually exclusive manner. Therefore,
on the molecular level, the apoptotic and autophagic
response mechanisms share common pathways,
which either link or polarize the cellular responses
[20]. Although the interaction between apoptosis and
autophagy has not been studied comprehensively, it
is currently a topical research issue. We found that
autophagy can reduce the apoptosis of osteoblasts
through the intervention of autophagy. This result is
consistent with current related studies in osteoblasts
[38, 39]. Many factors can affect both the autophagy
and apoptosis of osteoblasts, including fluoride, high
glucose, and paxilitaxel [40-42]. However, the effect of
DMT1 on the apoptosis and autophagy of osteoblasts
is first reported here. Iron overload can induce
oxidative stress and increase reactive oxygen species
(ROS), and it has been reported that
ROS-induced apoptosis delays autophagy [43].
Therefore, we infer that DMT1 affects osteoblast
apoptosis and autophagy through ROS.

In summary, iron overload had an adverse effect
on the viability of hFOB1.19 cells in vitro. In this
study, we have demonstrated that DMT1 is increased
in osteoporosis and induces iron overload. Iron
overload affects osteoblast autophagy and apoptosis,
thus affecting the pathological processes of
osteoporosis. Clarification of the mechanism of DMT1
will allow the identification of novel targets for the
prevention and treatment of osteoporosis.
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