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Abstract
The incidence of type 2 diabetic osteoporosis (T2DOP), which seriously threatens elderly people’s health, is rapidly increasing in recent
years. However, the specific mechanism of the T2DOP is still unclear. Studies have shown the relationship between iron overload and
T2DOP. Mitochondrial ferritin (FtMt) is a protein that stores iron ions and intercepts toxic ferrous ions in cells mitochondria.
Ferroptosis, an iron-dependent cell injured way, may be related to the pathogenesis of T2DOP. In this study, we intend to elucidate
the effect of FtMt on ferroptosis in osteoblasts and explain the possible mechanism. We first detected the occurrence of ferroptosis in
bone tissue and the expression of FtMt after inducing T2DOP rat model. Then we used hFOB1.19 cells to study the influence of high
glucose on FtMt, ferroptosis, and osteogenic function of osteoblasts. Then we observed the effect of FtMt on ferroptosis and osteoblast
function by lentiviral silencing and overexpression of FtMt. We found ferroptosis in T2DOP rats bone. Overexpression of FtMt
reduced osteoblastic ferroptosis under high glucose condition while silent FtMt induced mitophagy through ROS / PINK1/Parkin
pathway. Then we found increased ferroptosis in osteoblasts after activating mitophagy by carbonyl cyanide-m-chlorophenyl-
hydrazine (CCCP, a mitophagy agonist). Our study demonstrated that FtMt inhibited the occurrence of ferroptosis in osteoblasts by
reducing oxidative stress caused by excess ferrous ions, and FtMt deficiency induced mitophagy in the pathogenesis of T2DOP. This
study suggested that FtMt might serve as a potential target for T2DOP therapy.
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Introduction

With the aging of the population, various chronic diseases
affect our health. The impact of diabetes on the elderly is
particularly serious, while type 2 diabetes accounts for ap-
proximately 90% of all diabetes cases [1]. However, about
425,000 new patients appeared every year in the past few
decades [2]. Osteoporosis has a great impact on the living
quality of the elderly among the complications of diabetes,

causing a serious economic burden. Compared with type 1
diabetes, type 2 diabetic osteoporosis (T2DOP) has not
decreased bone density, but increased bone fragility [3].
Therefore, we have not studied its complex pathological
mechanism.

Iron disorder is a representative ion disorder in diabetic
patients [4], and the imbalance of iron homeostasis is a mo-
mentous factors causing osteoporosis [5]. Studies showed that
increased divalent metal transporter 1 (DMT1) expression un-
der high glucose caused iron overload in osteoblasts and ox-
idative stress damage, which led to decreased osteogenic func-
tion [6, 7]. Ferroptosis, a cell damage mode closely related to
iron metabolism, was newly proposed and named by Dixon in
2012 [8]. In recent years, many studies have been carried out
in cancer, neurodegenerative disease, and ischemia-
reperfusion injury [9–11]. Ge et al. found ferroptosis in dia-
betic cardiomyopathy [12]. The main manifestation of
ferroptosis was the formation of abundant reactive oxygen
species (ROS) through Fenton reaction, which caused the lipid
peroxides accumulation and cell damage [13]. Therefore, the
imbalance of iron homeostasis and the ferroptosis of osteo-
blasts may be the mechanism of T2DOP.
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Mitochondrial ferritin (FtMt) stored iron in mitochondria.
Its structure was similar to ferritin heavy chain which also had
ferrous oxidase activity, and could intercept excessive iron
ions in mitochondria to reduce the production of oxygen-
free radicals [14]. Many studies showed that FtMt reduced
oxidative stress and maintained the stability of intracellular
iron [15–17]. Wang et al. suggested that FtMt inhibited the
ferroptosis in SH-SY5Y cells induced by erastin [18].
Therefore, FtMt may be played a considerable role in T2DOP.

Mitophagy decomposes damaged mitochondria and re-
duces cell damage, which belong to a selective autophagy in
cells [19]. Studies have shown that mitophagy is widely in-
volved in apoptosis, necrosis, and other terminal regulatory
processes [20, 21]. Wang and Wei et al. found that ROS in-
duced mitophagy via PINK1/Parkin pathway [22, 23].
Therefore, mitophagy was considered to reduce the produc-
tion of mitochondrial ROS [24]. However, increased mito-
chondrial ROS inhibited mitophagy in muscle tissue [25].
Meanwhile, the increased ROS in melanoma cells induced
mitophagy, which caused cell death due to more ROS pro-
duced [26]. Therefore, the relationship between mitophagy
and ROS needs further study. FtMt may be involved in the
occurrence of mitophagy because of regulating ROS.

Previous studies showed that FtMt stabilized iron ions in
mitochondria and inhibited oxidative stress, which indicated
that FtMt was related to the occurrence of mitophagy.
Ferroptosis, which was closely related to intracellular oxida-
tive stress, might also be related to mitophagy. These results
suggested that FtMt could regulate the occurrence of
ferroptosis in osteoblasts through mitophagy, and further af-
fect the osteogenic function in T2DOP.

Material and Methods

Experimental Animals Forty-five SD rats (3 months old, 200 ±
20 g) were obtained from the Department of Experimental
Animals in China Medical University (Animal Certificate
Number: SCXK (Liaoning) 2008-0005). Fifteen rats grew as
control while other thirty rats were established T2DOP model.
Themodel rats were given a high-fat feed and 12 h/day water for
2 months. Then streptozotocin was intraperitoneally injected at
30 mg/kg. Seventy-two hours later, the model was successfully
established when insulin sensitivity index decreased and fasting
plasma glucose exceeded 7.8mmol/L [27]. Then all rats continue
grew 3 months to cause osteoporosis. Thirty model rats were
divided into two groups. One was fifteen T2DOP rats only,
and other was fifteen T2DOP rats with deferoxamine (DFO)
treatment (60 mg/kg/day, intraperitoneally inject, last for the last
1 month). All the rats grew under standard laboratory conditions
and were killed at the 9th month by cervical dislocation. The
tibias were aseptically removed immediately, stored in 4%
phosphate-buffered formalin solution at 4 °C.

Cell Line The human osteoblast cell line hFOB 1.19 was
bought from Cell Bank of Chinese Academy of Sciences
(GNHu14, Shanghai, China). Cell line had been tested for
mycoplasma and short tandem repeat (STR). Cells were devel-
oped in the mixture of Dulbecco’s Modified Eagle Medium and
Ham’s F12 Medium (D-MEM/F-12) (SH30023.01; Hyclone;
GE Healthcare Life Sciences, Logan, UT, USA) which contains
10% fetal bovine serum (SH30070.03; Hyclone; GE Healthcare
Life Sciences, Logan, UT, USA) and 0.3 mg/ml G418 (A1720;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) under the
condition of humidified 5% CO2 and 33.5 °C. Cells were dis-
posed by trypsin/EDTA (SH30042.01; Hyclone; GE Healthcare
Life Sciences, Logan, UT, USA) for subcultivation. Themedium
was replaced every other day. Besides, cells grew in high con-
centration of glucose (HG, 35 mmol/l) for 72 h [28]. Carbonyl
cyanide-m-chlorophenyl-hydrazine (C2759; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) was used to activate
mitophagy in CCCP group, and ferrostatin-1 (Fer-1)
(SML0583; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was used to inhibit ferroptosis.

Lentiviral Transfection Small interfering RNA sequences
targeting human FtMt (ccTGGAAACCTACTACCTGAA)
was utilized. LV-FtMt-RNAi (73112-1; NM_177478) and
flag tag were used for transfection to knock down the expres-
sion of FtMt. The siRNA sequence (TTCTCCGAACGTGT
CACGT) was utilized as a negative control (LV-Ctrl). LV-
FtMt (44045-3; NM_177478) and flag tag were used for
FtMt overexpression, and the same lentiviral vector contain-
ing flag only was served as negative control. The lentiviral
was produced by GeneChem Corporation (Shanghai, China).

Mitochondrion Isolation Mitochondria were separated using
cell mitochondria isolation kit (C3601; Beyotime Institute of
Biotechnology, Shanghai, China). Osteoblasts were collected
and washed by cold phosphate buffer saline (PBS). We added
mitochondrion isolation reagents to cells on ice and waited 15
min. Then the cells were homogenized in a ground glass homog-
enizer. Solution was centrifuged at 1000×g at 4 °C for 10 min.
The supernatant was centrifuged again at 3500×g at 4 °C for 10
min. Sedimentwas themitochondria. After addingmitochondrial
lysis buffer, we collected mitochondrial protein.

Analysis of Intracellular ROS An oxidation-sensitive fluores-
cent probe (DCFH-DA) was used to detect intracellular ROS.
At first, partial osteoblasts grew in different conditions
for 72 h. We collected and washed cells twice using
PBS afterward. Osteoblasts were incubated using 10
μmol/l DCFH-DA at 37 °C for 20 min. Then DCF
fluorescence of 10,000 osteoblasts was detected at an
excitation wavelength of 488 nm and emission wave-
length of 535 nm by flowcytometry (BD Biosciences,
Franklin Lakes, NJ, USA).
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Western BlotApproximately 5 × 106 osteoblasts were washed
using PBS and lysed for 30 min by RIPA buffer. Then we
scraped to collect the protein and centrifuged at 12,000×g at 4
°C for 30 min. We measured and unified the protein concen-
tration of various samples by the bicinchoninic acid (BCA)
method and denatured proteins. Then the 30 μg total protein
was separated by SDS-PAGE under 80 V and transferred to
PVDFmembrane under 110mA for 60min.We dissolved 5%
skimmed milk in TBST and soaked the membranes for 1 h.
The membranes were incubated for 12 h at 4 °C with the
antibody. We washed the membranes three times using
TBST. Then they were incubated in peroxidase-conjugated
secondary antibody for 2 h. The membrane was detected by
the EC3 Imaging System (UVP; Analytik Jena AG, Jena,
Germany). The software Image J (National Institutes of
Health, Bethesda, MD, USA) was utilized to measure the
optical density of each membrane.

Lipid Peroxidation Detection According to the reaction be-
tween malondialdehyde (MDA) and thiobarbituric acid
(TBA), we used a lipid peroxidation MDA assay kit (S0131;
Beyotime Institute of Biotechnology, Shanghai, China) to
measure the change of lipid peroxidation. Supernatant was
collected after cells were lysed and centrifuged which proce-
dure is similar to western blot. Then 200 μl MDA working
solution was added to 100 μl supernatant. The mixture was
heated to 100 °C for 15 min. After cooled to room tempera-
ture, centrifuged at 1000×g for 10min, and 200 μl supernatant
was detected at 532 nm by a microplate reader.

Alizarin Red S Staining The bone nodule formation was de-
tected by Alizarin Red S Staining after osteogenic differenti-
ation. After washing three times by PBS, we fixed cells with
95% ethanol for 10 min. Then the cells were stained with 40
mmol/l alizarin red S solution for 40 min. We used phase-
contrast microscopy (Nikon, Japan) to take photos of the cells
and bone nodule. The density of staining was assessed by
Image J.

Alkaline Phosphatase Detection The floating cells were col-
lected after digested and centrifugation. Using lysis buffer to
lyse the cells after washing by PBS twice, we measured the
ALP activity by alkaline phosphatase activity assay kit
(Beyotime, China). Absorbance was showed using 96-well
plate reader at 405 nm.

Transmission Electron Microscopy The floating cells were col-
lected after digested and centrifugation. Cold PBSwas utilized to
wash the cells twice and the 5% glutaraldehyde was used to fix
the cells. Then cells were dehydrated, embedded, sectioned, and
stained conventionally. The morphology of mitochondria was
observed by transmission electron microscopy. The number of
injured mitochondria was counted in every 10 fields.

Immunohistochemistry (IHC) Bone tissues were fixed with
paraformaldehyde (4%, 15 min, room temperature) first,
and then permeabilized with Triton X-100 (0.2%, 5 min,
room temperature). Using a 5% BSA blocking buffer (30
min, room temperature) and then incubating the sections
with anti-GPX4 or anti-FtMt antibodies (4 °C, overnight)
were followed by secondary antibodies incubation for 120
min. Then sections were incubated with DAPI (0.1%, 5
min) and washed with PBS followed by transferring cover
slips onto the glass slides. A fluorescent microscope
(Olympus, Japan) was used to obtain the images, and a
imaging software (Image J) was utilized to perform the
semi-quantitative analysis.

Statistical Analysis The statistical analysis results were pre-
sented by GraphPad Prism 7 software (GraphPad Software,
Inc., La Jolla, CA, USA). We used Student’s t test to evaluate
the differences of every two groups and one-way analysis of
variance to analyze multiple groups. It was considered to be
statistically significant when p < 0.05.

Results

There Was Ferroptosis in T2DOP Rats We induced T2DOP
model rats by high-fat feeding and STZ. Then we evaluated
the model through bone mineral density (BMD), fasting blood
glucose (FBG), fasting insulin (FINS), and insulin sensitivity
index (ISI), which confirmed that the model was successfully
established (Fig. 1c–f) [6]. DFOwas used to treat T2DOP rats.
The results of western blot and immunohistochemistry sug-
gested that the content of glutathione peroxidase 4 (GPX4,
ferroptosis marker protein) in T2DOP group was significantly
decreased. After treatment with DFO, the content of GPX4 in
T2DOP rats recovered (Fig. 1a, b). The results suggested that
ferroptosis existed in T2DOP rat.

High Glucose Led to Ferroptosis and Decreased Osteogenic
Function After 72 h of treatment with high glucose, we found
the decreased expression of GPX4 (Fig. 2b), the increased
level of ROS (Fig. 5b), and the accumulation of lipid
peroxide (Fig. 2c). Electron microscopy showed that the
mitochondrial morphological was consistent with the
change of ferroptosis (Fig. 4a). These results showed
that high glucose promoted ferroptosis of osteoblasts.
At the same time, we detected the related indicators of
osteogenic function, and found a decreased expression
of osteoprotegerin (OPG) and osteocalcin (OCN) (Fig.
2b), a decreased activity of alkaline phosphatase (ALP)
(Fig. 2d), and decreased formation of mineralized nod-
ules (Fig. 4b). The results indicated that high glucose
decreased the osteogenic function of osteoblasts.
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FtMt Increased Under High Glucose Condition or in T2DOP
Rats Immunohistochemistry and western blot showed that
FtMt increased in T2DOP rats, but decreased after DFO treat-
ment (Fig. 1a, b). At the same time, we found that the expres-
sion of FtMt in osteoblasts was still increased under high
glucose condition (Fig. 2b). Studies have shown that high
glucose caused iron overload in osteoblasts by upregulating
the expression of DMT1. Wolff et al. have found that DMT1
was also expressed in mitochondria [29]. Therefore, we ex-
tracted the osteoblast mitochondria. The results showed that
the expression of mitochondrial DMT1 increased under high
glucose condition (Fig. 2a). These results suggested that high
glucose caused mitochondrial iron overload.

Effects of Overexpression of FtMt on Ferroptosis and Function
of Osteoblasts We observed the effect of FtMt on osteoblasts
by using FtMt lentivirus to upregulate the expression of FtMt
in osteoblasts. The results showed that overexpressed FtMt
reversed the changes of osteoblasts induced by high glucose
(GPX4 decreased, ROS level increased, lipid peroxide

increased, OPG and OCN decreased, ALP activity decreased,
mineralized nodules decreased) (Figs. 2b–d, 4b, and 5b).
These results suggested that upregulated FtMt reduced intra-
cellular ROS level and inhibited ferroptosis, then improved
osteoblast function under high glucose condition. At the same
time, it also indirectly indicated that the increased amount of
FtMt was still not enough to protect osteoblasts from ROS
damage, so ferroptosis stiil occurred in T2DOP model.

Downregulated FtMt Induced Mitophagy Via ROS/PINK1/
Parkin Pathway The effect of downregulated FtMt on osteo-
blasts was similar to that of high glucose treatment. Ferroptosis
and decreased osteogenic functionwas observed.However, these
results were changed after using ferroptosis inhibitor (Figs. 3a–d,
4b, and 5b). At the same time, we found that the expression of
PINK1, parkin, and LC3 increased, which indicated that FtMt
silencing might lead to mitophagy (Fig. 3b). After antioxidant
NAC inhibiting ROS, the expression of mitophagy-related pro-
teins decreased (Fig. 3b), which indicated that downregulated
FtMt induced mitophagy via ROS/PINK1/parkin pathway.

Fig. 1 There was ferroptosis and increased FtMt in T2DOP. a IHC
detected GPX4 and FtMt in Ctrl, T2DOP, T2DOP + DFO 3 group rats.
b Western blot showed GPX4 and FtMt expression level. c BMD
decreased in T2DOP group rats. d FBG increased in T2DOP and

T2DOP + DFO group rats. e FINS increased in T2DOP and T2DOP +
DFO group rats. f ISI decreased in T2DOP and T2DOP + DFO group
rats. n = 15 per group. IHC scale = 20 μm. Data are means ± SD. *p <
0.05 vs Ctrl, #p < 0.05 vs T2DOP
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Activation of Mitophagy Promoted Ferroptosis in Osteoblasts
To investigate the relationship between mitophagy and
ferroptosis, we used a mitophagy agonist (Carbonyl cy-
anide-m-chlorophenyl-hydrazine, CCCP). The results of
electron microscopy indicated that the ferroptosis of os-
teocytes in CCCP group significantly increased (Fig.
4a). Other results such as the decreased expression of
GPX4, OPG, and OCN (Fig. 5a), increased ROS level
(Fig. 5b), increased lipid peroxide (Fig. 5d), decreased
ALP activity (Fig. 5c), and decreased mineralized nod-
ules (Fig. 4b) were observed at the same time.
However, the ferroptosis was reversed after adding
ferroptosis inhibitor in CCCP group. The results showed
that mitophagy promoted the occurrence of ferroptosis
in osteoblasts.

Discussion

Compared with other types of osteoporosis, T2DOP has a
complex pathological mechanism, which is still unclear. Li
et al. found that iron overload had a great influence on the
function of bone tissue [30]. Another study showed that iron
overload aggravated diabetic nerve injury [31]. Iron overload
was considered as one dangerous factor of ferroptosis [32].
Therefore, it is of great significance to study the osteoblastic
ferroptosis caused by high glucose for explaining the patho-
genesis of T2DOP.

Mitochondrion is the place to synthesize intracellular heme
and Fe/S protein complexes, which requires a substantial
amount of iron ions [33]. Mitochondrion also generates ROS
during the process of producing ATP [34], which may bring

Fig. 2 Overexpressed FtMt reduced osteoblastic ferroptosis and
increased osteogenic function under high glucose. a Western blot
showed mitochondrial DMT1 expression level increased in high-
glucose (HG) group. bWestern blot showed upregulated FtMt, increased
GPX4, OPG, and OCN under high glucose. c Lipid peroxidation was

detected according to the reaction between malondialdehyde (MDA)
and thiobarbituric acid (TBA). d ALP activity increased when FtMt up-
regulated. The means ± SD of three independent experiments were uti-
lized to present all the values. *p < 0.05 vs Ctrl, #p < 0.05 vs HG, &p <
0.05 vs LV-Ctrl
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about ferroptosis. The structure of FtMt is similar to the heavy
chain structure of intracellular ferritin. Excess ferrous ions can
produce ROS through the fenton reaction, while FtMt has
ferrous oxidase activity that can reduce the amount of free
ferrous ions in the mitochondrion, thereby decreasing the con-
tent of ROS [35]. Wang et al. also found that FtMt had a
certain inhibitory effect on erastin-induced ferroptosis [18].
However, the effect of FtMt on ferroptosis of osteoblasts in-
duced by T2DOP and high glucose has not been studied. Our

study demonstrated that there was ferroptosis and increased FtMt
in T2DOP rats. After treatment of high glucose, the expression of
osteoblasts mitochondrial DMT1 and FtMt both increased,
which suggested high glucose caused mitochondrial iron over-
load. Moreover, high glucose caused the reduction of GPX4
while ROS and lipid peroxidation increased, leading to
ferroptosis and low osteogenic function. GPX4 was one reduc-
tase that reduced lipid peroxidation and ROS. The deficiency of
GPX4 and the increase of lipid peroxidation and ROS are

Fig. 3 Downregulated FtMt increased osteoblastic ferroptosis, decreased
osteogenic function, and induced mitophagy. a Western blot showed
GPX4, OCN, and OPG expression level which decreased when FtMt
was downregulated. b The deficiency of FtMt caused PINK1, Parkin,

and LC3 increase. c MDA increased after FtMt was downregulated. d
ALP activity decreased when FtMt was downregulated. The means ± SD
of three independent experiments were utilized to present all the values.
*p < 0.05 vs Ctrl, #p < 0.05 vs LV-FtMt-RNAi
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considered to be the occurrences of ferroptosis [36]. However,
the results were opposite when FtMt overexpressed. We deemed
that overexpressed FtMt decreased the degree of iron overload
and ROS generated by fendon reaction. Therefore, FtMt could
inhibit the occurrence of osteoblastic ferroptosis caused by high
glucose and recover osteogenic function.

Upregulated FtMt could reduce iron overload and ROS to
decrease cell damage [17] while FtMt deficiency caused op-
posite results [37]. However, increased ROS damaged mito-
chondrial membrane and induced mitophagy via PINK1/
Parkin pathway [38]. Interestingly, Basit et al. found that mi-
tochondrial complex I inhibition promoted mitophagy and
ROS production [26]. However, study showed that mitophagy
decreased ROS level [24, 39]. Zhang et al. explored the role of
autophagy in vascular smooth muscle cells and concluded that
autophagy could promote or inhibit cell death through

different pathways [40]. Accordingly, we guessed mitophagy
might play different roles through various pathways in differ-
ent cells. We have demonstrated that downregulated FtMt
enhanced mitophagy in osteoblasts via ROS/PINK1/Parkin
pathway. Through adding mitophagy agonist CCCP to osteo-
blasts, we found the increase of ROS and lipid peroxidation
while GPX4 decreased. Mitophagy might remove damaged
mitochondria but produced more ROS to increase cell oxida-
tive stress, which indicated that mitophagy promoted
ferroptosis. We guess the possible reason was that mitophagy
decomposed injured mitochondria causing excessive free iron
ions, which produced more ROS through fenton reaction and
induced ferroptosis. After adding Fer-1 to CCCP group, the
opposite results appeared. However, the specific mechanism
of mitophagy-inducing ferroptosis needs more studies. At the
same time, high glucose led to osteoblastic ferroptosis even

Fig. 4 Osteoblasts were observed by electron microscopy and ARS
staining. a Electron microscopy showed increased ferroptosis in HG
and CCCP groups. b ARS staining showed the mineralized
extracellular matrix of osteoblast cells under different conditions. The

means ± SD of three independent experiments were utilized to present
all the values. *p < 0.05 vs Ctrl, #p < 0.05 vs HG, &p < 0.05 vs LV-FtMt-
RNAi, &#p < 0.05 vs CCCP
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though the expression of FtMt increased. We thought the pos-
sible explanation was that the iron overload increased expres-
sion of FtMt, but actually free iron was still excessive, so it
also induced ferroptosis. Moreover, there are many ways to

induce ferroptosis in cells, including the increase of free fer-
rous ions caused by ferritinophagy, and the decrease of GPX4
caused by system Xc- [41–43]. Therefore, the roles of FtMt
and mitophagy in ferroptosis remain to be further studied.

Fig. 5 CCCP promoted ferroptosis and ROS variation after cells had
been treated. a Western blot showed GPX4, OCN, and OPG expression
levels decreased after adding CCCP. b Flowcytometry analysis of ROS
variation using fluorescent probe (DCFH-DA). c ALP activity decreased

after adding CCCP. d MDA increased after adding CCCP. The means ±
SD of three independent experiments were utilized to present all the
values. *p < 0.05 vs Ctrl, #p < 0.05 vs HG, &p < 0.05 vs LV-FtMt-
RNAi, &#p < 0.05 vs CCCP
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Conclusion

Iron is essential for maintaining cell function. The discovery
of ferroptosis offers a new direction for studies of various
diseases with iron homeostasis imbalance. Our study suggests
that FtMt can reduce the content of ROS and decrease the
occurrence of ferroptosis while FtMt deficiency do the oppo-
site through mitophagy, playing a vital role in intracellular
iron homeostasis regulation. Therefore, FtMt may be a valid
target for T2DOP therapy.
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