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Targeting ferroptosis suppresses osteocyte glucolipotoxicity
and alleviates diabetic osteoporosis
Yiqi Yang 1, Yixuan Lin1, Minqi Wang2, Kai Yuan1, Qishan Wang1, Pei Mu3, Jingke Du1, Zhifeng Yu1, Shengbing Yang1, Kai Huang1,
Yugang Wang4, Hanjun Li 1,5✉ and Tingting Tang1✉

Diabetic osteoporosis (DOP) is the leading complication continuously threatening the bone health of patients with diabetes. A key
pathogenic factor in DOP is loss of osteocyte viability. However, the mechanism of osteocyte death remains unclear. Here, we
identified ferroptosis, which is iron-dependent programmed cell death, as a critical mechanism of osteocyte death in murine
models of DOP. The diabetic microenvironment significantly enhanced osteocyte ferroptosis in vitro, as shown by the substantial
lipid peroxidation, iron overload, and aberrant activation of the ferroptosis pathway. RNA sequencing showed that heme
oxygenase-1 (HO-1) expression was notably upregulated in ferroptotic osteocytes. Further findings revealed that HO-1 was essential
for osteocyte ferroptosis in DOP and that its promoter activity was controlled by the interaction between the upstream NRF2 and
c-JUN transcription factors. Targeting ferroptosis or HO-1 efficiently rescued osteocyte death in DOP by disrupting the vicious cycle
between lipid peroxidation and HO-1 activation, eventually ameliorating trabecular deterioration. Our study provides insight into
DOP pathogenesis, and our results provide a mechanism-based strategy for clinical DOP treatment.
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INTRODUCTION
Diabetic osteoporosis (DOP), a leading cause of fragility fractures
and trabecular deterioration in individuals with diabetes, is
currently considered a long-term musculoskeletal complication
of diabetes mellitus (DM).1 Annually, more than 9 million
osteoporotic fractures occur worldwide, most of which are
associated with DOP. This imposes a major threat to human
health and the social economy.2 Since glucolipid homeostasis is
disrupted in DM, the unique diabetic microenvironment is
characterized by abnormally increased levels of extracellular
metabolites. Over the past decade, with extensive investigation
of the diabetic microenvironment and mineral homeostasis,
increased cortical porosity, imbalanced bone metabolism, and
distorted bone microarchitecture have been identified as the 3
main characteristics of DOP.3,4 Although accumulated evidence
from both the bench and the bedside has shown the devastating
influence of the diabetic microenvironment on bone metabolism,
the underlying pathophysiological mechanisms and effective
treatments of DOP remain to be investigated.
Osteocytes are the most abundant cells in mineralized bone

tissue. These cells communicate with other bone cells, such as
osteoblasts and osteoclasts, via the lacunar-canalicular system and
various secreted hormones.5,6 A previous study showed that
osteocyte function was strongly associated with bone health and
that osteocyte death could dramatically destroy the subchondral
bone microarchitecture in osteoarthritis.7 Moreover, numerous
recent studies have shown that osteocytes play a vital role in DOP.

Eckhardt et al. first reported that DM led to substantial
accumulation of injured osteocytes with a proinflammatory
signature.8 Yang et al. demonstrated that high glucose signifi-
cantly inhibited the biomechanical responses of osteocytes by
downregulating the expression of the gap junction protein
connexin 43 (Cx43).9 Despite these findings, the specific mechan-
ism of osteocyte injury in the diabetic microenvironment is still
unclear.
Ferroptosis is a new form of programmed cell death induced by

uncontrolled iron-dependent lipid peroxidation.10 Unlike other
forms of cell death, ferroptosis has unique biological hallmarks,
such as iron accumulation, increased lipid peroxide production,
and downregulation of glutathione peroxidase 4 (GPX4) expres-
sion.11,12 Accordingly, ferrostatin-1 (Fer-1), a small molecule drug,
was found to be an effective ferroptosis inhibitor because of its
ability to scavenge lipid peroxides.13 Emerging studies have
indicated that ferroptosis is involved in metabolic disease,
cardiomyopathy, neurodegeneration, ischemia-reperfusion injury,
and the effects of cancer immunotherapy.14–16 Targeting ferrop-
tosis may be an effective strategy to treat related diseases.
Recently accumulating evidence has confirmed the strong link

between glucolipid metabolism and ferroptosis.17 The progression
of DOP is always accompanied by impaired glucolipid home-
ostasis and elevated plasma glucolipid metabolites; hence,
ferroptosis may play a vital role in the pathogenesis of DOP.
However, little is known about the relationship between
osteocytes and ferroptosis in the diabetic microenvironment.
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In this study, a mouse model of DOP was established, and we
confirmed the crucial role of ferroptosis in DOP-induced osteocyte
death both in vivo and in vitro. Mechanistically, upregulated HO-1
expression led to heme degradation and intracellular iron
overload, triggering lipid peroxidation. This process was depen-
dent on the direct binding between nuclear factor-like 2 (NRF2)
and c-JUN. Furthermore, targeting ferroptosis significantly rescued
osteocyte death and trabecular deterioration. These results
provide insight into the underlying mechanism of DOP and
suggest a potential therapeutic target for future DOP treatment
strategies.

RESULTS
The diabetic microenvironment induced osteocyte ferroptosis
in vivo
To investigate the mechanisms underlying DOP, we first
established a mouse model of DOP by administration of a high-
fat diet (HFD) and injection of low-dose streptozotocin (STZ) (Fig. 1a).
Gross images of the control (CTL) and model (STZ&HFD) mice are
presented in Fig. 1b. Plasma glucose and body weight were
assessed biweekly, and the fasting insulin concentration was
determined on the day of euthanasia. As expected, plasma
glucose and body weight were persistently increased in the
STZ&HFD mice compared with the CTL mice during the research
period (Fig. S1a, b). The elevated fasting insulin indicated possible
insulin resistance in the STZ&HFD mice (Fig. S1c). The above
results confirmed the successful establishment of the DOP model.
To evaluate the influence of DOP on bone microarchitecture, we

performed microcomputed tomography (micro-CT) and X-ray
analyses of the distal femur (Fig. 1c). Compared with the CTL
mice, the STZ&HFD mice exhibited significant trabecular dete-
rioration and decreased bone mass. As shown in Fig. 1e–g, in the
STZ&HFD mice, the bone volume/total volume ratio (BV/TV),
trabecular number and trabecular thickness were decreased, while
the trabecular separation was increased. However, no significant
differences in cortical bone parameters were noted between the
CTL and STZ&HFD mice (Fig. S2). To evaluate osteocyte viability in
the diabetic microenvironment, we performed hematoxylin-eosin
(H&E) staining and terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) of tibial paraffin
sections. In the H&E-stained sections, a large number of empty
lacunae were observed in the STZ&HFD group. The fraction of
empty lacunae was calculated, as shown in Fig. 1h and i.
Moreover, consistent with the H&E staining results, the TUNEL
assay also showed that the number of TUNEL-positive cells in the
STZ&HFD group was increased approximately 2.5-fold (Fig. 1j).
GPX4 is a lipid hydroperoxidase that decelerates lipid peroxida-

tion, while prostaglandin-endoperoxide synthase 2 (PTGS2) is a
proinflammatory mediator that accelerates lipid peroxidation.18

Both are closely related to ferroptotic cell death.19 Here,
immunohistochemical (IHC) analysis of GPX4 and PTGS2 in bone
tissues was performed to detect whether ferroptosis occurred in
osteocytes (Fig. 1k). Quantitative analysis showed a reduction in
GPX4 expression and an obvious increase in PTGS2 expression in
the STZ&HFD mice, suggesting that ferroptosis may play an
essential role in osteocyte death (Fig. S3). Consistent with the IHC
results, western blot (WB) analysis of bone tissue also showed that
GPX4 expression was significantly decreased in the STZ&HFD mice
(Fig. 1l, m). Then, serum and bone samples were collected from
both groups for laboratory testing. Malonaldehyde (MDA) is the
final product of lipid peroxidation. As expected, the MDA levels in
both serum and bone tissue were significantly elevated in the
STZ&HFD group (Fig. 1n, o), indicating that substantial lipid
peroxidation occurred in vivo. Osteocalcin (OCN) is the biomarker
of active osteogenesis. Compared with that in the CTL group, the
serum OCN level was reduced in the STZ&HFD group (Fig. 1o),
indicating inhibited bone formation. Interestingly, the levels of

free fatty acids (FFAs), especially palmitic acid (PA), were
significantly increased in the STZ&HFD mice (Fig. 1p, q). The
concentration of PA in the STZ&HFD mice was increased to
65.25 μg·mL−1. PA has been reported to be the most abundant
saturated FFA and the dominant saturated FFA toxic to skeletal
muscle cells.20 This finding indicated that high glucose and FFA
levels were the main features of the diabetic microenvironment;
hence, in the following experiments, we aimed to mimic the
diabetic microenvironment by exogenous addition of glucose and
PA (HGHF treatment). Taken together, these results indicated that
the diabetic microenvironment induced osteocyte ferroptosis
in vivo.

HGHF treatment-induced osteocyte ferroptosis in vitro
According to previous reports, osteocytes were treated with
25.5 mmol·L−1 glucose, which was consistent with the diabetic
environment in vivo, while CTL osteocytes were treated with
5.5 mmol·L−1 glucose.21 Moreover, various PA concentrations were
employed separately to determine the optimal inducing concen-
tration (Fig. 2a). We found that HGHF treatment decreased
osteocyte viability in a time- and dose-dependent manner. After
24 h of treatment with 300 μmol·L−1 PA, osteocyte viability was
reduced to 64.88%. In addition, at this concentration, we observed
by light microscopy that a great number of osteocytes had
collapsed and were floating. When higher PA concentrations were
tried, not enough ferroptotic osteocytes could be collected to
perform subsequent experiments. Thus, a regimen of PA at
300 μmol·L−1 for 24 h was used in this study to facilitate the
observation of osteocyte death. Next, to study the relative
contributions of different forms of programmed cell death to
HGHF-induced osteocyte death, we evaluated the rescue effects of
various programmed cell death inhibitors using a CCK-8 assay
(Fig. 2b). These inhibitors included Z-VAD-FMK (an apoptosis
inhibitor), vitamin E [VitE; a reactive oxygen species (ROS)
scavenger], Fer-1 (a ferroptosis inhibitor), necrostatin-1 (Nec-1; a
necroptosis inhibitor) and 3-methyladenine (3-MA; an autophagy
inhibitor). The results showed that only Fer-1 significantly rescued
HGHF-induced osteocyte death, while the other inhibitors showed
little effect. Then, we studied the effect of Fer-1 on osteocyte
viability at different concentrations. As illustrated in Fig. S4, Fer-1
showed an obvious inhibitory effect at concentrations exceeding
10 μmol·L−1. Furthermore, we examined the optimal concentra-
tion for rescue of dying osteocytes within the cell-friendly
concentration range. The results demonstrated that Fer-1 rescued
osteocyte viability in a dose-dependent manner (Fig. 2c); hence,
Fer-1 was used at the highest concentration (10 μmol·L−1) in the
following rescue experiments.
Generally, ferroptosis is accompanied by a series of morphological

and biochemical changes, such as mitochondrial deformation, iron
overload, and lipid peroxidation. To further confirm the occurrence
of ferroptosis, we performed a TUNEL assay, C11-BODIPY staining,
FerroOrange staining and transmission electron microscopy (TEM) in
HGHF-treated osteocytes with or without Fer-1 rescue (Fig. 2d).
Consistent with the CCK-8 assay, the TUNEL assay confirmed that
HGHF-induced osteocyte death could be significantly rescued by
Fer-1 treatment (Fig. 2e). Intracellular lipid peroxides were detected
using the C11-BODIPY fluorescent probe. C11-BODIPY staining
showed obvious lipid peroxidation in response to HGHF stimulation,
and this effect was rescued by Fer-1 treatment (Fig. 2f). The same
trend was also observed in the production of MDA, which is the end
product of lipid peroxidation (Fig. 2j).
FerroOrange is an Fe2+-specific probe. Its fluorescence intensity

increased sharply upon HGHF stimulation, and this change was
reversed by Fer-1 treatment (Fig. 2g). Furthermore, the intracellular
iron level was quantified using an iron assay kit. The ferrous (Fe2+),
ferric (Fe3+), and total (Fe) iron concentrations increased sig-
nificantly in response to HGHF and were partially rescued by Fer-1
treatment. Surprisingly, the HGHF+DMSO and HGHF+ Fer-1
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groups did not show a significant difference in the Fe2+

concentration. This result might be due to persistent Fe2+ and
Fe3+ conversion in osteocytes. The morphological features of
ferroptosis include a decrease in the mitochondrial size with an
increase in the membrane density. By TEM, shrunken mitochondria

with ruptured membranes were apparent in the HGHF-treated
osteocytes. Fer-1 treatment partially restored the mitochondrial
structure. Finally, the results of WB analysis of GPX4 (an anti-
ferroptosis protein) and ACSL4 (a pro-ferroptosis protein) are
presented in Fig. 2h.
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In addition to Fer-1, the iron chelator desferrioxamine (DFO) is a
specific ferroptosis inhibitor. Here, we further investigated whether
DFO treatment can rescue HGHF-induced osteocyte death. First,
we determined the optimal osteocyte rescue concentration of DFO
using a CCK-8 assay and found that the rescue effect was best
when the DFO concentration was 20 μmol·L−1 (Fig. S5a, b). Next,
we performed MDA measurement, a TUNEL assay, C11-BODIPY
staining, and FerroOrange staining of HGHF-treated osteocytes
with and without DFO rescue (Fig. S5c–g). The results demon-
strated that DFO inhibited lipid peroxidation and iron accumula-
tion and finally rescued osteocyte death. Taken together, the
above results demonstrated that ferroptosis played a crucial role in
HGHF-induced osteocyte death in vitro.

HGHF treatment activated ferroptosis and promoted HO-1
expression in osteocytes
To further explore the molecular mechanism underlying HGHF-
induced osteocyte ferroptosis, we performed RNA sequencing to
determine which genes were differentially expressed between
the bovine serum albumin (BSA) and HGHF groups. The
experimental design and osteocyte preparation procedure are
schematically illustrated in Fig. 3a. Twenty-four hours after HGHF
treatment, a total of 2 362 differentially expressed genes (P value
< 0.05 and fold change >2) were identified, with 1 577 genes
showing upregulated expression and 641 genes showing down-
regulated expression (Fig. 3b, S6). Furthermore, we performed
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis based on the RNA sequencing data. As
expected, the ferroptosis pathway showed a significant change
based on the significantly differentially expressed genes (Fig. 3d).
A visual representation of the identified ferroptosis-related genes
is presented in Fig. 3e. Gene set enrichment analysis (GSEA) also
confirmed that the ferroptosis pathway was significantly
enriched and activated in the diabetic microenvironment (Fig.
3c). Next, we performed real-time quantitative polymerase chain
reaction (RT–qPCR) to verify the RNA sequencing results (Fig. 3f).
Among the ferroptosis-related genes, Hmox1 had the most
significantly upregulated expression. According to previous
studies, Hmox1 plays a crucial role in heme oxidation and iron
metabolism, which are closely related to ferroptosis.22 Therefore,
we speculated that Hmox1 may be essential for HGHF-induced
osteocyte ferroptosis.

HO-1 was essential for HGHF-induced ferroptosis
To verify the above hypothesis, we first analyzed HO-1 expression
in osteocytes and bone tissues. As shown in Fig. 4a, b, the number
of HO-1-positive osteocytes was significantly increased in STZ&HFD
mice compared with CTL mice. Consistent with the in vivo results,
the in vitro expression of HO-1 in IDG-SW3 cells also increased
sharply in response to HGHF treatment in a dose-dependent
manner, and this change was partially reversed by Fer-1 (Fig. 4c, d).
In addition, the mRNA level of HO-1 showed the same trend as its
protein level (Fig. 4e).
To explore the functional role of HO-1 in the pathogenesis of

HGHF-induced ferroptosis and DOP, we treated osteocytes with
zinc protoporphyrin IX (ZnPP; a competitive Hmox1 inhibitor). The
HGHF-induced increases in intracellular lipid peroxidation and iron
accumulation were strongly blocked by ZnPP (Fig. 4f). Next, we
performed HO-1 protein overexpression (HO-1 OE) in osteocytes
using the pcDNA3.1(+) expression plasmid and verified the
transfection efficiency by WB analysis (Fig. S7). In contrast to
inhibitor treatment, HO-1 OE significantly exacerbated HGHF-
induced lipid peroxidation and iron accumulation in osteocytes,
even blocking the effect of Fer-1 (Fig. 4g). The quantitative
analysis of the fluorescence intensity is presented in Fig. 4h, i.
Moreover, increased osteocyte injury with lipid oxidative stress
was observed along with the HGHF-induced changes in cell
viability and MDA production, and these changes were blocked by

ZnPP but exacerbated by HO-1 OE (Fig. 4j, k). Thus, the results of
both inhibition and activation of HO-1 suggested its essential role
in HGHF-induced osteocyte ferroptosis and DOP.

HGHF enhanced the NRF2–c-JUN interaction
As mentioned above, we explicitly demonstrated the essential role
of HO-1 in osteocyte ferroptosis, but how HO-1 expression is
upregulated in response to HGHF treatment is still unclear.
Previous studies have reported that HO-1 expression may be
modulated by the mitogen-activated protein kinase (MAPK) and
NRF2 signaling pathways.23,24 Therefore, we speculated that HO-1
expression could be driven by the MAPK and NRF2 signaling
pathways in the diabetic microenvironment. To verify this
hypothesis, we first analyzed the protein expression of the major
components of the three MAPK signaling cascade (ERK, JNK, and
p38), an upstream kinase (MKK4) and a major transcription factor
(c-JUN) under HGHF treatment. As shown in Fig. 5a, HGHF
treatment dose-dependently promoted the phosphorylation of
ERK, JNK, p38, and MKK4. More importantly, HGHF also directly
upregulated c-JUN protein expression. IHC staining of osteocytes
in vivo also showed increased c-JUN expression in the STZ&HFD
group (Fig. 5b). NRF2 is a well-known antioxidant-inducible
transcription factor. The function of NRF2 is dependent on the
degradation of its endogenous inhibitor, KEAP1, and its subse-
quent translocation into the nucleus.25 As shown in Fig. 3d, HGHF
treatment dose-dependently downregulated KEAP1 expression,
with obvious activation of the autophagy-related proteins LC3 and
P62. Furthermore, WB analysis of isolated nuclear proteins showed
that HGHF significantly promoted the nuclear translocation of
NRF2 (Fig. 5c). Consistent with the finding in vitro, NRF2
expression was also upregulated in STZ&HFD mice (Fig. 5e). The
quantitative analysis of c-JUN and NRF2 expression in vivo is
presented in Fig. S8. The above results indicated that HGHF
treatment activated the MAPK and NRF2 signaling pathways in
ferroptotic osteocytes.
Generally, once translocated into the nucleus, activated NRF2

forms heterodimers with specific sMaf proteins, and this
dimerization process is necessary for DNA binding. Thus, we
speculated that NRF2 can directly bind to c-JUN to form a
heterodimer in osteocytes in response to HGHF treatment. To
evaluate this ability, we performed coimmunoprecipitation (Co-IP)
and immunofluorescence (IF) assays. As shown in Fig. 5f, an
interaction between NRF2 and c-JUN was observed in osteocytes
transfected with the NRF2-HA and c-JUN-Myc plasmids. Next, an
endogenous Co-IP assay again demonstrated the interaction
between NRF2 and c-JUN in osteocytes under HGHF treatment
(Fig. 5g). Notably, the endogenous direct binding between NRF2
and c-JUN was abrogated in the absence of HGHF treatment,
although a slight interaction was still observed in transfected
osteocytes (Fig. S9). This finding indicated that the binding of
NRF2 and c-JUN was partially dependent on HGHF stimulation.
Moreover, IF staining revealed increased colocalization of NRF2
and c-JUN in response to HGHF treatment (Fig. 5h).
Furthermore, to identify the specific binding sites between the

two proteins, we constructed a model of the proposed NRF2:c-
JUN heterodimer by molecular modeling and docking (Fig. 5i).
Based on our docking and protein–protein interface analyses, we
found that amino acids 107–115 of NRF2 and amino acids
207–219 of c-JUN might be potential binding domains. To verify
the predicted binding sites, we constructed plasmids expressing
a truncated NRF2 mutant (ΔNRF2, lacking amino acids 107–115)
and a truncated c-JUN mutant (Δc-JUN, lacking amino acids
207–219) for a Co-IP assay. As shown in Fig. 5j, no direct binding
was detected in the truncation groups. Taken together, the
above results indicated that HGHF enhanced NRF2:c-JUN
heterodimer formation in osteocytes, and amino acids 107–115
of NRF2 and 207–219 of c-JUN might be essential for their direct
binding.
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HGHF-induced HO-1 expression was dependent on the NRF2–c-
JUN interaction
To further explore the molecular mechanism underlying the
promotion of HO-1 expression by the NRF2:c-JUN heterodimer, we

transfected osteocytes with NRF2 or c-JUN siRNA to knock down
the expression of these genes (Fig. 6a). As shown in Fig. 6b, the
2nd siRNA sequence targeting c-JUN and the 3rd siRNA sequence
targeting NRF2 showed the highest knockdown efficiencies;
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hence, these sequences were used in the following experiments.
Then, Hmox1 mRNA expression was determined. As demonstrated
in Fig. 6c, HGHF promoted Hmox1 mRNA expression, as expected,
but knockdown of either NRF2 or c-JUN significantly reversed the
increase in Hmox1 expression in the diabetic microenvironment.
Furthermore, the effect of the NRF2:c-JUN heterodimer on the

transcription of Hmox1 was investigated. To this end, a luciferase
reporter plasmid was constructed using a HO-1 promoter
fragment (−4 100/+50) containing the E1 enhancer region, which
is a major regulator of Hmox1 transcription.26 As shown in Fig. 6d,
HGHF treatment dose-dependently stimulated Hmox1 promoter-
driven luciferase expression in osteocytes. More importantly,
knockdown of either NRF2 or c-JUN obviously inhibited HGHF-
induced luciferase expression (Fig. 6e). Next, we found that the
promoter region of Hmox1 contains three antioxidant response
elements (AREs), which have been reported to be crucial
transcriptional regulators that bind to NRF2 (Fig. 6f).27 To
investigate the essential role of these AREs in activating the
Hmox1 promoter, we constructed a plasmid expressing a mutant
(ΔAREs) in which the three AREs were deleted. As shown in Fig. 6g,
HGHF treatment no longer significantly promoted Hmox1
transcriptional activity in ΔAREs cells, confirming that the HGHF-
induced increase in Hmox1 transcription was dependent on the
functionality of the AREs in the promoter region. Finally,
chromatin immunoprecipitation (ChIP) assays were performed
using osteocytes. Fragments of the regions containing the AREs
were precipitated by the anti-NRF2 antibody, and HGHF treatment
significantly promoted the recruitment of NRF2 to the AREs,
demonstrating that NRF2 directly binds to this region of
chromatin (Fig. 6h). However, this precipitation was partially
abrogated by c-JUN deficiency, suggesting that c-JUN is essential
for NRF2:c-JUN heterodimer binding to AREs. Taken together,
these results demonstrated that HGHF-induced HO-1 expression
was dependent on the NRF2–c-JUN interaction (Fig. 6i).

Targeting the ferroptosis pathway rescued DOP and osteocyte
death in diabetic mice
To confirm our findings in animal experiments, we administered
ZnPP (an HO-1 inhibitor) and Fer-1 (a ferroptosis inhibitor)
intraperitoneally (i.p.) to STZ&HFD-induced DOP mice. Since DFO
is a small water-soluble molecule whose direct injection leads to
its rapid degradation, we did not use DFO in these animal
experiments. As shown in Fig. 7a–c, STZ&HFD-induced trabecular
deterioration and bone loss were significantly rescued by ZnPP
and Fer-1 treatment. Interestingly, Fer-1 treatment consistently
had a better therapeutic effect than ZnPP treatment, suggesting
that scavenging of intracellular lipid peroxides by Fer-1 may be a
better therapeutic strategy for DOP. In addition to trabecular
homeostasis, lacunar emptying and osteocyte death were also
reversed by ZnPP and Fer-1 treatment in diabetic mice, as shown
by H&E staining and a TUNEL assay (Fig. 7d, e). The therapeutic
effect of Fer-1 was still quantitatively better than the effect of
ZnPP, as expected (Fig. 7h–j). At the molecular level, we detected
the expression of HO-1 and GPX4 in tibial paraffin sections from
the different groups (Fig. 7f, g). As shown in Fig. 7k, both ZnPP and
Fer-1 treatment significantly downregulated HO-1 expression in
diabetic mice, which disrupted the vicious cycle of HO-1-mediated
ferroptosis. Moreover, the expression of GPX4 in diabetic mice was
obviously upregulated by ZnPP and Fer-1 treatment, suggesting
that ZnPP and Fer-1 can restore redox homeostasis and enhance
ferroptosis resistance in osteocytes. Taken together, these data
showed that targeting the ferroptosis pathway was a feasible
strategy for rescuing DOP and osteocyte death in diabetic mice.

DISCUSSION
During the progression of DOP, excessive glucolipid metabolites
accumulate in bone tissue, reprogramming bone cell

metabolism.20 The deleterious effects of the diabetic microenvir-
onment on bone strength and bone mass have recently gained
more recognition.21 However, the underlying mechanism of
osteocyte death in the diabetic microenvironment has not been
fully elucidated, and no effective therapeutic strategy is currently
available for DOP. Herein, substantial osteocyte death with
obvious ferroptotic phenotypes, including lipid peroxide accumu-
lation, morphological changes in mitochondria, iron overload, and
ferroptotic gene activation, was observed in DOP. Then, we
demonstrated that the inducible heme oxygenase HO-1 played an
essential role in osteocyte ferroptosis and that the diabetic
microenvironment promoted its transcription by increasing the
interaction between NRF2 and c-JUN. Notably, targeting either
ferroptosis or HO-1 significantly reversed DOP-related bone loss
and osteocyte death, further disrupting the vicious cycle of
ferroptosis to restore the intracellular redox balance (Fig. 6i).
The concept of DOP was first proposed in 1984 and is currently

considered a prevalent type of secondary osteoporosis.28 Inter-
estingly, bone mineral density is significantly decreased in type 1
DOP but not in type 2 DOP. In addition, compared to type 1 DOP,
type 2 DOP shows more severe bone microarchitecture deteriora-
tion characterized by increased cortical porosity and bone fragility.
Therefore, the mechanism underlying type 2 DOP might be more
complex and deserves further investigation. In this study, a mouse
model of type 2 DOP was established using a HFD and injection of
low-dose STZ. Consistent with findings in other DOP models, no
cortical parameter changes were observed in our micro-CT
analysis.21,29 One possible explanation is that 8 weeks of modeling
was insufficient to allow cortical bone remodeling. Moreover, a
significant reduction in the BV/TV of trabecular bone was found in
STZ&HFD mice. This result was consistent with previous findings
showing that glucolipotoxicity may first affect the most active
region of bone remodeling.30,31

Trabecular deterioration in STZ&HFD mice is believed to result
from inhibited bone formation and/or excessive bone resorption.
Numerous studies have reported that hyperglycemia and
hyperlipidemia can directly inhibit osteogenesis in osteocyte
precursor cells (osteoblasts), but the detailed pathway by which
this process occurs is still unclear.32 In contrast to bone formation,
opinions vary greatly about the effect of the diabetic microenvir-
onment on bone resorption. Long-term HFD consumption alone
has no effect on osteoclastogenesis, but HFD consumption
combined with elevated blood glucose can significantly increase
osteoclast number and activity.33,34 However, it is quite difficult to
determine whether this pro-osteoclastogenic effect originates
directly from glucolipid metabolites or arises from the secretion of
damage-associated molecular patterns by dying osteocytes in the
diabetic microenvironment.35,36

In addition to trabecular deterioration, osteocyte death was
another significant finding in this study. Maintaining osteocyte
viability is considered an effective strategy to maintain bone
health.37–39 In previous studies, caspase-dependent apoptosis and
necrosis were regarded as the major forms of osteocyte death. For
example, Emerton et al. reported that estrogen loss increased
osteocyte apoptosis, further decreasing bone volume.40 However,
in our study, we found that classical cell death inhibitors, such as
Z-VAD-FMK and Nec-1, had no effect on HGHF-induced osteocyte
death and that only Fer-1 showed an effective rescue effect. Based
on these results, we realized that excessive lipid peroxidation
could be the major cause of cell injury in the diabetic
microenvironment and that ferroptosis might be closely related
to the underlying molecular mechanism.
Fer-1, which is a synthetic compound, acts as an efficient

hydroperoxyl radical scavenger in the presence of reduced iron,
producing an antiferroptotic effect similar to that of GPX4. The
scavenging action of Fer-1 occurs in two steps: (i) reduction of
alkoxyl radicals by Fer-1 and (ii) reduction of oxidized Fer-1 by
ferrous iron.13 This explained the decrease in ferrous iron in the
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Fer-1 rescue group. Notably, Fer-1 works in a paracatalytic manner
and is not consumed as it inhibits lipid peroxidation. In contrast to
Fer-1, DFO is an iron-chelating agent that inhibits ferroptosis by
binding to intracellular free labile iron. Therefore, compared with

DFO, Fer-1 displays better rescue effects. Moreover, unlike other
cell death inhibitors that target specific proteins in signaling
pathways, Fer-1 directly scavenges intracellular lipid peroxides,
rescuing osteocytes from the source of injury. Thus, considering
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the common pathogenesis of metabolic diseases, we speculated
that targeting lipid peroxidation with Fer-1 could also provide a
feasible therapeutic approach for other diseases.
HO-1 is a cellular inducible oxidative stress regulator that

oxidizes heme to yield biliverdin, carbon monoxide, and free
ferrous iron.23 ZnPP is a specific HO-1 inhibitor and competitively
inhibits the binding of heme. Currently, the function of HO-1 in
ferroptosis is still under debate. Several studies demonstrated that
increased HO-1 expression protected cells from ferroptosis by
suppressing oxidative stress.41 For example, Adedoyin et al.
reported that compared to HO-1+/+ renal proximal tubule cells,
HO-1−/− cells showed increased erastin-induced cell death.42

However, other researchers found that overexpressed HO-1
exacerbated ferroptosis and induced organ failure. Fang et al.
reported that suppressing HO-1 expression helped mitigate
ferroptosis in cardiomyopathy both in vivo and in vitro.14 Tang
et al. found that inhibiting HO-1 activity was a robust and efficient
method of protecting the retinal pigment epithelium from
ferroptosis.43 These studies indicated that HO-1 is a double-
edged sword, playing various roles in different tissues and
different disease models.
Our findings support the idea that HGHF-induced osteocyte

ferroptosis is mediated by HO-1, but whether HO-1 activation is
only a cause or also a consequence cannot be ascertained. In this
study, we found that the connection between HO-1 activation
and ferroptosis can cause a vicious cycle of mutual promotion
and that both factors are mutually causative. First, activated HO-1
in the diabetic microenvironment catalyzes heme oxidation to
release substantial amounts of free labile iron. Then, this iron
catalyzes the Fenton reaction, in which accumulated lipid acids
react with ROS, forming lipid peroxides and lipid peroxyl radicals.
Consequently, the large amount of lipid peroxides formed
oxidizes the cell membrane and organelles, releasing more heme
and ROS from damaged mitochondria. In this way, a vicious
ferroptotic cycle is formed (Fig. 6i). Based on our in vitro and
in vivo rescue experiments, we finally confirmed that HO-1
activation and lipid peroxidation are two key steps in the vicious
cycle of DOP.
This study indeed has certain limitations. Even though DOP

bone specimens are difficult to collect, the use of human tissues
and primary cells may further validate our conclusions. Moreover,
we confirmed that HO-1 is crucial for osteocyte ferroptosis in the
diabetic microenvironment, but the interactions of HO-1 with
other classical ferroptosis biomarkers are still unclear. For example,
we also noted changes in the expression of GPX4 and ACSL4 in
the diabetic microenvironment. In the future, we will seek to
unveil the inherent connections among GPX4, ACSL4 and HO-1 in
ferroptotic osteocytes.
In conclusion, we illustrated the molecular mechanism by which

ferroptosis mediates the pathogenesis of osteocyte death and
DOP through aberrant HO-1 activation both in vitro and in vivo.
Our findings indicated that the NRF2:c-JUN heterodimer is the
upstream activator of HO-1 transcription in the diabetic micro-
environment. Moreover, targeting ferroptosis or HO-1 could
efficiently rescue osteocyte ferroptosis in DOP by disrupting the
vicious cycle of lipid peroxidation and HO-1 activation, eventually
ameliorating trabecular deterioration. This study provides a series
of new targets and novel mechanisms for the treatment of DOP.
Future studies should focus on the potential clinical applications
of this therapeutic strategy.

MATERIALS AND METHODS
Chemical reagents and materials
PA and CTL BSA were purchased from Kunchuang Biotechnology
(Xian, China). ZnPP (HY-101193) was purchased from MedChem-
Express (Shanghai, China). STZ (S1312), Z-VAD-FMK (S7023), VitE
(S4686), Nec-1 (S8037), 3-MA (S2767), DFO (S5742), and Fer-1

(S7243) were purchased from Selleck Chemicals (Shanghai, China).
α-MEM cell culture medium and fetal bovine serum (FBS) were
purchased from Gibco (USA).

Animal experiments
All animal experiments were approved by the Animal Ethics
Committee of Shanghai Ninth People’s Hospital (SH9H-2020-A249-
1). Four-week-old male C57BL/6J mice were purchased from
Shanghai Laboratory Animal Research Center (Shanghai, China)
and housed under pathogen-free conditions at 24 ± 2 °C with 55%
± 5% humidity. A mouse model of type 2 diabetes was established
according to a previously published study.44 After 1 week of
adaptive feeding, mice were randomly divided into different
groups for further analysis. To explore the skeletal phenotype of
DOP mice, as shown in Fig. 1, mice were randomly divided into 2
groups: a normal control group (CTL; n= 6) and a type 2 DM
model group (STZ&HFD; n= 6). To confirm the rescue effect of
ZnPP and Fer-1 on DOP in mice, as shown in Fig. 7, mice were
randomly divided into 4 groups: a normal control group (CTL; n=
6), a type 2 DM model group (STZ&HFD; n= 6), a ZnPP treatment
group (STZ&HFD+ ZnPP; n= 6) and a Fer-1 treatment group
(STZ&HFD+ Fer-1; n= 6). The animal experiment shown in Fig. 1
and the rescue experiment shown in Fig. 7 were performed
independently using different individual animals. Mice in the CTL
group were fed a standard diet (Research Diet, D12450B, 10% kcal
from fat), and mice in the STZ&HFD, STZ&HFD+ ZnPP, and
STZ&HFD+ ZnPP groups were fed a HFD (Research Diet, D12492,
60% kcal from fat) during the experiment. After feeding for
4 weeks, the mice in the STZ&HFD, STZ&HFD+ ZnPP, and
STZ&HFD+ Fer-1 groups were fasted overnight and then injected
i.p. with STZ (25 mg·kg−1 dissolved in 0.1 mmol·L−1 ice-cold citrate
buffer, pH 4.6) for 4 days to induce type 2 DM. The mice in the CTL
group were injected with citrate buffer as a negative CTL. One
week after STZ injection, the mice in the STZ&HFD+ ZnPP and
STZ&HFD+ Fer-1 groups were injected i.p. with ZnPP (10mg·kg−1

dissolved in DMSO) or Fer-1 (1 mg·kg−1 dissolved in DMSO),
respectively, twice weekly for 6 weeks. Additionally, the mice in
the CTL and STZ&HFD groups were injected with DMSO. All mice
were sacrificed for further analysis 8 weeks after STZ injection. For
each mouse, body weight and fasting glucose were measured
weekly until the end of the animal experiment.

X-ray and micro-CT analyses
Plain radiography of the lower extremities of mice was carried out
using a Faxitron MX20 X-ray system (Faxitron Bioptics, Tucson,
USA). High-resolution micro-CT scanning of the lower extremities
was performed using a Scanco μCT80 system (Scanco Medical,
Brüttisellen, Switzerland).

Histological analysis
IHC staining was performed as described previously.45 Briefly,
mouse specimens were fixed with 4% buffered formalin for 48 h,
decalcified for 28 days and embedded in paraffin. Embedded
specimens were sectioned (5 μm thick) and stained with H&E. IHC
staining was carried out with antibodies against GPX4 (Santa Cruz
Biotechnology, sc-166570; dilution 1:100) and HO-1 (Proteintech,
10701-1-AP; dilution 1:200).

TUNEL assay
Osteocyte death in bone tissue was assessed by TUNEL assays
in situ using One-step TUNEL Assay Kits (C1086, Beyotime,
Shanghai, China) strictly according to the instructions. Briefly,
after deparaffinization and hydration, antigen repair was per-
formed using proteinase K (20 μg·mL−1) at 37 °C for 15min. Then,
the tissue sections were incubated with TUNEL working solution at
37 °C for 60 min. Finally, the sections were stained with DAPI
solution for 4 min at room temperature. Images were acquired
using a confocal microscope (TCS SP8, Leica).
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Serum OCN, FFA, and PA measurement
The serum OCN concentration was assessed using a mouse OCN
ELISA Kit (Qiyi Biotechnology, Shanghai, China), and the protocol
was performed according to the manufacturer’s instructions. The
serum FFA concentration was assessed using an FFA quantifica-
tion kit from Solarbio (Beijing, China), and the serum PA
concentration was assessed by high-performance liquid
chromatography.

Cell culture
The IDG-SW3 cell line was kindly provided by Dr. Lynda F.
Bonewald. Cells grown in α-MEM supplemented with 10% FBS,
100 U·mL−1 penicillin, 100 μg·mL−1 streptomycin and 50 U·mL−1

IFN-γ at 33 °C in 5% CO2. During mineralization, IDG-SW3 cells
were shifted to an environment of 37 °C in 5% CO2, and the
culture medium was supplemented with 50 μg·mL−1 ascorbic acid
and 4mmol·L−1 β-glycerophosphate.

CCK-8 assay
A CCK-8 (Bimake, Houston, USA) assay kit was used strictly
according to the instructions to evaluate cell viability. Briefly,
mineralized osteocytes were treated as indicated for 24 h, and the
culture medium was then replaced with CCK-8 working solution
containing 10% CCK-8 reagent. The cells were cultured at 37 °C for
1 h. The absorbance (450 nm) of each well was measured by a
microplate reader.

C11-BODIPY and FerroOrange staining
To prevent interference from Dmp1-GFP fluorescence in IDG-SW3
cells after mineralization induction, we used unmineralized IDG-
SW3 cells for fluorescence staining. A C11-BODIPY probe (D3861,
Invitrogen, USA) was used to evaluate cellular lipid peroxidation.
After the indicated treatments, osteocytes were incubated with
C11-BODIPY working solution (2.5 μmol·L−1) for 30min prior to
analysis. A FerroOrange probe (F374, Dojindo, Shanghai, China)
was used to detect intracellular Fe2+. After the indicated
treatments, osteocytes were washed with PBS solution and treated
with FerroOrange working solution (1 μmol·L−1) for 30min. Finally,
stained cells were observed using confocal scanning microscopy.

TEM
TEM was performed to observe alterations in mitochondrial
morphology. After the indicated treatment, osteocytes were fixed
with glutaraldehyde solution (2.5%, Electron Microscope Grade) at
4 °C for 16 h. After fixation, the cells were dehydrated, embedded,
sectioned, and stained. Finally, the TEM samples were visualized
using a Hitachi Model H-7650 transmission electron microscope.

Iron measurement
Intracellular ferrous iron, ferric iron and total iron were assessed
using an iron assay kit (MAK025, Sigma–Aldrich, USA). After the
indicated treatments, mineralized osteocytes were harvested and
lysed in iron assay buffer. The whole-cell lysate was centrifuged at
12 000 × g for 5 min, and only the supernatant was used in the
iron measurement assay. The experimental procedure strictly
followed the manufacturers’ instructions.

MDA measurement
Serum and tissue MDA concentrations were assessed using a Lipid
Peroxidation MDA Assay Kit (S0131, Beyotime, Shanghai, China).
Intracellular MDA concentrations were assessed using a Cellular
Lipid Peroxidation MDA Assay Kit (A003-4-1, Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China). After the indicated
treatments, mineralized osteocytes were harvested and lysed in
RIPA lysis solution. The cell lysate was centrifuged at 12 000 × g for
5 min, and the supernatant was collected for subsequent
experiments. The MDA measurement procedure strictly followed
the manufacturers’ instructions.

RNA sequencing
Whole-transcriptome sequencing was performed using miner-
alized IDG-SW3 osteocytes treated with HGHF (glucose
25.5 mmol·L−1 + PA 300 μmol·L−1) or CTL BSA (glucose
5.5 mmol·L−1 + BSA 300 μmol·L−1) for 24 h. Three independent
replicates per group were established. Total RNA was extracted by
the standard TRIzol extraction method, and cDNA samples were
sequenced using an Illumina NovaSeq 6000 system by Sinotech
Genomics Co., Ltd (Shanghai, China). KEGG enrichment analysis,
GSEA, and heatmap analysis were performed for all differentially
expressed genes. P < 0.05 was considered to indicate a significant
difference in KEGG enrichment analysis.

RT-qPCR assay
RT-qPCR was conducted as previously described.46 Briefly, total
RNA from each sample was extracted using TRIzol reagent and
reverse transcribed with a Script™ Reverse Transcription Kit
(A276A, Promega). SYBR Green qPCR Master Mix (B21202, Bimake)
was used for RT–qPCR with a 7500 real-time PCR instrument
(Thermo Fisher Scientific). The 2−ΔΔCt method was used to
calculate fold changes in mRNA expression. All primer sequences
used are listed in Table S1.

Cell transfection
For gene overexpression, the HO-1 overexpression plasmid
(pcDNA3.1-HO-1-GFP), NRF2 overexpression plasmid (pcDNA3.1-
NRF2-HA) and c-JUN overexpression plasmid (pcDNA3.1-c-JUN-
Myc) were constructed by cloning the corresponding coding
sequences into the pcDNA3.1(+) vector. The construction of the
plasmids expressing the truncation mutants was performed
according to a previous study.47 Lipofectamine® 3000 reagent
(Invitrogen, USA) was used for cell transfection according to the
manufacturer’s instructions. Seventy-two hours after transfection,
cells were harvested for further experiments.
For NRF2 and c-JUN knockdown, unmineralized osteocytes

were transfected with siRNA against NRF2 or c-JUN using
Lipofectamine® 3000 reagent. Three different siRNA oligonucleo-
tides were synthesized by Tsingke Biotechnology (Beijing, China)
to target each gene. All siRNA oligonucleotide sequences used are
listed in Table S2. Osteocytes were harvested for subsequent
experiments 48 h after transfection.

IF staining
To prevent interference from Dmp1-GFP fluorescence in IDG-SW3
cells after mineralization induction, we used unmineralized IDG-
SW3 cells for IF staining. Osteocytes were fixed with cold 4%
paraformaldehyde for 15 min, treated with 0.2% Triton for 5 min,
blocked with 10% goat serum at room temperature for 60 min,
and finally incubated with primary antibodies against c-JUN (Santa
Cruz Biotechnology, sc-74543; mouse mAb, dilution 1:50) and
NRF2 (CST, 12721; rabbit mAb, dilution 1:200) at 4 °C for 16 h. The
next day, the samples were washed 3 times with TBST and
incubated with anti-mouse IgG (CST; Alexa Fluor 594, dilution
1:1 000) and anti-rabbit IgG (CST; Alexa Fluor 488, dilution 1:1 000)
secondary antibodies at room temperature for 60min. Then,
nuclei were stained with DAPI solution for 10 min. Confocal laser
scanning microscopy was used for image acquisition.

WB analysis and Co-IP
Total cellular protein was extracted using SDS lysis buffer
(Beyotime, Shanghai, China) supplemented with protease and
phosphatase inhibitor cocktail (Boster, Shanghai, China). Then,
proteins were separated via electrophoresis, transferred to a 0.22-
μm PVDF membrane, blocked using 5% BSA for 1 h and incubated
with primary antibodies at 4 °C for 16 h. eBlot™ L1 Protein Transfer
System (GenScript Corporation, China) was used for protein
electrophoresis. The next day, the samples were washed 5 times
with TBST and incubated with fluorescent secondary antibodies at
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room temperature for 1 h. Finally, proteins were detected using an
Odyssey imaging system (Lincoln, NE).
Co-IP was performed with Protein A/G PLUS-Agarose (sc-2003,

Santa Cruz, USA). Briefly, total cell lysates were extracted using NP-
40 lysis buffer and separately incubated with primary antibodies
or normal IgG at 4 °C for 16 h with gentle shaking. The next day,
antibody–antigen complexes were captured with Protein A/G
PLUS-Agarose. After several washes, the samples were boiled and
analyzed by western blotting.

In silico molecular modeling and docking of c-JUN to NRF2
An in silico docking study of c-JUN to NRF2 was performed as
previously described.48 In brief, the crystal structure of c-JUN was
aligned to the crystal structure of NRF2 using PyMOL software
(http://www.pymol.org). Then, the docking study was performed
using RosettaDock software (Rosetta Suite 3.4; http://rosie.graylab.
jhu.edu/) for biased docking. Next, in the docking process, the
initial prediction of the c-JUN:NRF2 protein complex was
subjected to a rigid body docking search with flexible side chain
optimization. One thousand independent simulations were
performed, and all resulting protein complex models were ranked
by interaction energy. Finally, the docking results were visualized
using PyMOL software.

ChIP assay
A SimpleChIP® Plus Enzymatic Chromatin IP Kit (Magnetic Beads)
(CST, USA) was used in the ChIP assay. Briefly, chromatin was
crosslinked with 1% formaldehyde, digested into ~400 bp
fragments, immunoprecipitated for 24 h with an anti-NRF2 anti-
body or normal IgG and finally pulled down using ChIP-grade
magnetic beads. DNA spin columns from the ChIP assay kit were
used for DNA purification. Enrichment of specific DNA sequences
was assessed using RT-qPCR. The primers used in the ChIP-
RT–qPCR assay are listed in Table S3.

Luciferase reporter assay
The reporter plasmids Hmox1-WT-Luc and Hmox1-ΔAREs-Luc
were constructed using the pGL4.10 vector (Promega). The
luciferase reporter assay was performed as previously described.49

Briefly, osteocytes in 96-well plates were transfected with CTL
vectors and reporter plasmids using Lipofectamine® 3000 reagent.
Various treatments were applied 24 h after transfection. Forty-
eight hours after transfection, a dual-luciferase reporter assay kit
(Beyotime, Shanghai, China) was used to detect luminescence
signals according to the manufacturer’s instructions.

Statistical analysis
All data are presented as the mean ± SD values. GraphPad Prism
8 software (San Diego, CA, USA) was used for statistical analysis.
Student’s t test was used for comparisons between two groups.
One-way or two-way ANOVA with Sidak’s multiple comparison
test was used for comparisons among more than two groups. P <
0.05 was considered significant.

ACKNOWLEDGEMENTS
Y.Y. and Y.L. contributed equally to this research. This research was supported by
National Natural Science Foundation of China (NSFC) grants 92068205, 81802679,
and 82002328. This research was also supported by China Postdoctoral Science
Foundation grants 2018M632136 and 2019T120348.

AUTHOR CONTRIBUTIONS
Y.Y., H.L., and T.T. designed the experiments and prepared the manuscript. Y.Y., Y.L.,
K.Y., Q.W., J.D., K.H. and M.W. performed the experiments. Z.Y. assisted in the micro-CT
analysis. S.Y. and Y.W. assisted in the animal study. Y.Y. and Y.L. analyzed the data.
P.M. contributed to the supplementary experiments.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41413-022-00198-w.

Competing interests: The authors declare no competing interests.

REFERENCES
1. Napoli, N. et al. Mechanisms of diabetes mellitus-induced bone fragility. Nat. Rev.

Endocrinol. 13, 208–219 (2017).
2. Johnell, O. & Kanis, J. A. An estimate of the worldwide prevalence and disability

associated with osteoporotic fractures. Osteoporos. Int. 17, 1726–1733 (2006).
3. Shanbhogue, V. V., Hansen, S., Frost, M., Brixen, K. & Hermann, A. P. Bone disease

in diabetes: another manifestation of microvascular disease? Lancet Diabetes
Endocrinol. 5, 827–838 (2017).

4. Kim, J. H. et al. Tumor necrosis factor-α antagonist diminishes osteocytic RANKL
and sclerostin expression in diabetes rats with periodontitis. PLoS One 12,
e0189702 (2017).

5. Lai, X. et al. The dependences of osteocyte network on bone compartment, age,
and disease. Bone Res. 3, 15009 (2015).

6. Dallas, S. L., Prideaux, M. & Bonewald, L. F. The osteocyte: an endocrine cell… and
more. Endocr. Rev. 34, 658–690 (2013).

7. He, Z. et al. Irisin inhibits osteocyte apoptosis by activating the Erk signaling
pathway in vitro and attenuates ALCT-induced osteoarthritis in mice. Bone 141,
115573 (2020).

8. Eckhardt, B. A. et al. Accelerated osteocyte senescence and skeletal fragility in
mice with type 2 diabetes. JCI Insight 5, 9 (2020).

9. Yang, L. et al. High glucose downregulates connexin 43 expression and its gap
junction and hemichannel function in osteocyte-like MLO-Y4 cells through acti-
vation of the p38MAPK/ERK signal pathway. Diabetes Metab. Syndr. Obes. 13,
545–557 (2020).

10. Yao, X. et al. Chondrocyte ferroptosis contribute to the progression of osteoar-
thritis. J. Orthop. Translat. 27, 33–43 (2021).

11. Hadian, K. & Stockwell, B. R. SnapShot: ferroptosis. Cell 181, 1188–1188.e1 (2020).
12. Lee, H. et al. Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell

Biol. 22, 225–234 (2020).
13. Miotto, G. et al. Insight into the mechanism of ferroptosis inhibition by

ferrostatin-1. Redox Biol. 28, 101328 (2020).
14. Fang, X. et al. Ferroptosis as a target for protection against cardiomyopathy. Proc.

Natl. Acad. Sci. USA 116, 2672–2680 (2019).
15. Maher, P., Currais, A. & Schubert, D. Using the oxytosis/ferroptosis pathway to

understand and treat age-associated neurodegenerative diseases. Cell Chem. Biol.
27, 1456–1471 (2020).

16. Liang, C., Zhang, X., Yang, M. & Dong, X. Recent progress in ferroptosis inducers
for cancer therapy. Adv. Mater. 31, e1904197 (2019).

17. Cui, W., Liu, D., Gu, W. & Chu, B. Peroxisome-driven ether-linked phospholipids
biosynthesis is essential for ferroptosis. Cell Death Differ. 28, 2536–2551 (2021).

18. Zhou, Y. et al. Verification of ferroptosis and pyroptosis and identification of
PTGS2 as the hub gene in human coronary artery atherosclerosis. Free Radic. Biol.
Med. 171, 55–68 (2021).

19. Yang, W. S. et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 156,
317–331 (2014).

20. Al Saedi, A., Myers, D. E., Stupka, N. & Duque, G. 1,25(OH)D ameliorates palmitate-
induced lipotoxicity in human primary osteoblasts leading to improved viability
and function. Bone 141, 115672 (2020).

21. Ma, H. et al. Melatonin suppresses ferroptosis induced by high glucose via acti-
vation of the Nrf2/HO-1 signaling pathway in type 2 diabetic osteoporosis. Oxid.
Med. Cell Longev. 2020, 9067610 (2020).

22. Chiang, S. K., Chen, S. E. & Chang, L. C. A dual role of heme oxygenase-1 in cancer
cells. Int. J. Mol. Sci. 20, 39 (2018).

23. Loboda, A., Damulewicz, M., Pyza, E., Jozkowicz, A. & Dulak, J. Role of Nrf2/HO-
1 system in development, oxidative stress response and diseases: an evolutio-
narily conserved mechanism. Cell Mol. Life Sci. 73, 3221–3247 (2016).

24. Yang, C. C. et al. Induction of HO-1 by 5, 8-dihydroxy-4’,7-dimethoxyflavone via
activation of ROS/p38 MAPK/Nrf2 attenuates thrombin-induced connective tissue
growth factor expression in human cardiac fibroblasts. Oxid. Med. Cell Longev.
2020, 1080168 (2020).

25. Bellezza, I., Giambanco, I., Minelli, A. & Donato, R. Nrf2-Keap1 signaling in oxidative
and reductive stress. Biochim. Biophys. Acta Mol. Cell Res. 1865, 721–733 (2018).

26. Yoo, E. J. et al. TonEBP suppresses the HO-1 gene by blocking recruitment of Nrf2
to its promoter. Front. Immunol. 10, 850 (2019).

27. Zhang, Q. et al. DUB3 deubiquitinates and stabilizes NRF2 in chemotherapy
resistance of colorectal cancer. Cell Death Differ. 26, 2300–2313 (2019).

28. Takamoto, I. & Kadowaki, T. Diabetes and osteoporosis. Clin. Calcium 14, 255–261
(2004).

Targeting ferroptosis suppresses osteocyte glucolipotoxicity
Y Yang et al.

14

Bone Research           (2022) 10:26 

http://www.pymol.org
http://rosie.graylab.jhu.edu/
http://rosie.graylab.jhu.edu/
https://doi.org/10.1038/s41413-022-00198-w


29. Zhang, W. L., Meng, H. Z. & Yang, M. W. Regulation of DMT1 on bone micro-
structure in type 2 diabetes. Int. J. Med. Sci. 12, 441–449 (2015).

30. Botolin, S. & McCabe, L. R. Bone loss and increased bone adiposity in sponta-
neous and pharmacologically induced diabetic mice. Endocrinology 148, 198–205
(2007).

31. Motyl, K. & McCabe, L. R. Streptozotocin, type I diabetes severity and bone. Biol.
Proced. Online 11, 296–315 (2009).

32. Takanche, J. S., Kim, J. E., Han, S. H. & Yi, H. K. Effect of gomisin A on osteoblast
differentiation in high glucose-mediated oxidative stress. Phytomedicine 66,
153107 (2020).

33. Kim, S. et al. Osteoblastic glucocorticoid signaling exacerbates high-fat-diet-
induced bone loss and obesity. Bone Res. 9, 40 (2021).

34. An, Y. et al. Activation of ROS/MAPKs/NF-κB/NLRP3 and inhibition of effer-
ocytosis in osteoclast-mediated diabetic osteoporosis. FASEB J. 33, 12515–12527
(2019).

35. Andreev, D. et al. Osteocyte necrosis triggers osteoclast-mediated bone loss
through macrophage-inducible C-type lectin. J. Clin. Investig. 130, 4811–4830
(2020).

36. McHugh, J. Osteocyte death promotes bone loss. Nat. Rev. Rheumatol. 16, 539
(2020).

37. Han, Y., You, X., Xing, W., Zhang, Z. & Zou, W. Paracrine and endocrine actions of
bone-the functions of secretory proteins from osteoblasts, osteocytes, and
osteoclasts. Bone Res. 6, 16 (2018).

38. Maurel, D. B. et al. Characterization of a novel murine Sost ER Cre model targeting
osteocytes. Bone Res. 7, 6 (2019).

39. Li, M. C. M., Chow, S. K. H., Wong, R. M. Y., Qin, L. & Cheung, W. H. The role of
osteocytes-specific molecular mechanism in regulation of mechanotransduction
– a systematic review. J. Orthop. Translat. 29, 1–9 (2021).

40. Emerton, K. B. et al. Osteocyte apoptosis and control of bone resorption following
ovariectomy in mice. Bone 46, 577–583 (2010).

41. Jiang, T. et al. Gastrodin protects against glutamate-induced ferroptosis in HT-22
cells through Nrf2/HO-1 signaling pathway. Toxicol Vitro 62, 104715 (2020).

42. Adedoyin, O. et al. Heme oxygenase-1 mitigates ferroptosis in renal proximal
tubule cells. Am. J. Physiol. Ren. Physiol. 314, F702–F714 (2018).

43. Tang, Z. et al. HO-1-mediated ferroptosis as a target for protection against retinal
pigment epithelium degeneration - ScienceDirect. Redox Biol. 43, 101971 (2021).

44. Zhang, C. et al. Nuciferine ameliorates hepatic steatosis in high-fat diet/strepto-
zocin-induced diabetic mice through a PPARα/PPARγ coactivator-1α pathway. Br.
J. Pharmacol. 175, 4218–4228 (2018).

45. Wu, X. et al. Kindlin-2 deletion in osteoprogenitors causes severe chon-
drodysplasia and low-turnover osteopenia in mice. J. Orthop. Translat. 32, 41–48
(2022).

46. Xu, G., Hu, X., Han, L., Zhao, Y. & Li, Z. The construction of a novel xenograft
bovine bone scaffold, (DSS)6-liposome/CKIP-1 siRNA/calcine bone and its
osteogenesis evaluation on skull defect in rats. J. Orthop. Transl. 28, 74–82 (2021).

47. Hong, D. et al. Deletion of TMEM268 inhibits growth of gastric cancer cells by
downregulating the ITGB4 signaling pathway. Cell Death Differ. 26, 1453–1466
(2019).

48. Cheung Tung Shing, K. S. et al. EPO does not promote interaction between the
erythropoietin and beta-common receptors. Sci. Rep. 8, 12457 (2018).

49. Li, H. et al. FOXP1 drives osteosarcoma development by repressing P21 and RB
transcription downstream of P53. Oncogene 40, 2785–2802 (2021).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Targeting ferroptosis suppresses osteocyte glucolipotoxicity
Y Yang et al.

15

Bone Research           (2022) 10:26 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Targeting ferroptosis suppresses osteocyte glucolipotoxicity and alleviates diabetic osteoporosis
	Introduction
	Results
	The diabetic microenvironment induced osteocyte ferroptosis in�vivo
	HGHF treatment-induced osteocyte ferroptosis in�vitro
	HGHF treatment activated ferroptosis and promoted HO-1 expression in osteocytes
	HO-1 was essential for HGHF-induced ferroptosis
	HGHF enhanced the NRF2&#x02013;nobreakc-JUN interaction
	HGHF-induced HO-1 expression was dependent on the NRF2&#x02013;nobreakc-JUN interaction
	Targeting the ferroptosis pathway rescued DOP and osteocyte death in diabetic mice

	Discussion
	Materials and methods
	Chemical reagents and materials
	Animal experiments
	X-nobreakray and micro-CT analyses
	Histological analysis
	TUNEL assay
	Serum OCN, FFA, and PA measurement
	Cell culture
	CCK-8 assay
	C11-BODIPY and FerroOrange staining
	TEM
	Iron measurement
	MDA measurement
	RNA sequencing
	RT-qPCR assay
	Cell transfection
	IF staining
	WB analysis and Co-IP
	In silico molecular modeling and docking of c-nobreakJUN to NRF2
	ChIP assay
	Luciferase reporter assay
	Statistical analysis

	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




