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Abstract
Inflammation plays an important role in osteonecrosis. Obesity, a risk factor for osteonecrosis,
leads to a chronic inflammatory status. We hypothesized that inflammation mediated the effects of
obesity on osteonecrosis and tested our hypothesis in a mouse model of osteonecrosis. We fed
mice with a high-fat diet (HFD) for 12 weeks before osteonecrosis induction by methylprednisolone
and examined bone structure and IL-6 expression. Then we investigated the effects of IL-6 deletion
in mice with osteonecrosis on the HFD. Next, we isolated bone marrow cells and determined the cell
types responsible for HFD-induced IL-6 secretion. Finally, we investigated the roles of macrophages
and macrophage-driven IL-6 in HFD-mediated effects on osteonecrosis and osteogenesis of bone
marrow stromal cells (BMSCs). The HFD lead to exacerbated destruction of the femoral head in mice
with osteonecrosis and increased IL-6 expression in macrophages. Il-6 knockout or macrophage
depletion suppressed the effects of the HFD on bone damage. When co-cultured with macrophages
isolated from HFD-fed mice with osteonecrosis, BMSCs showed reduced viability and suppressed
osteogenic differentiation. Our results suggest that macrophage-driven IL-6 bridges obesity and
osteonecrosis and inhibition of IL-6 or depletion of macrophage may represent a therapeutic
strategy for obesity-associated osteonecrosis.
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Introduction
Osteonecrosis is a condition of bone destruction caused by
insufficient blood flow in the bones and bone marrow cells that
leads to reduced bone cell viability. Severe pain and disability
are frequently associated with osteonecrosis that adversely
impact the life quality of affected individuals. Each year, about
20 000 people are diagnosed with osteonecrosis with most of
them aged between 20 and 50 (1). Osteonecrosis occurs in
multiple locations including jaws, ankles, knees and shoulders, with the hip being the most commonly affected site. If
not properly controlled, femoral head osteonecrosis will gradually aggravate and eventually lead to destruction of the femoral head that requires surgical treatment (2). Unfortunately,
the underlying etiology has remained elusive and the involvement of other heath conditions makes the understanding of
the pathogenesis of osteonecrosis even more difficult.
One common osteonecrosis pathogenesis is the chronic
application of corticosteroids (3). About 35% of osteonecrosis cases are associated with long-term use of these drugs.

Increased osteocyte and osteoblast apoptosis and reduced
trabecular thickness have been observed in patients receiving glucocorticoids (4). Inflammation has been shown to
play important roles in the development and progression of
steroid-induced osteonecrosis. In a mouse model, steroidinduced osteonecrosis pathogenesis involves inflammatory
macrophage polarization mediated by pro-inflammatory
tumor necrosis factor-α (TNF-α) (5). Additionally, administration of anti-inflammatory IFN-β inhibited the IL-6 and suppressed the osteonecrosis (6).
One risk factor for osteonecrosis is obesity (7). Leptin, a
protein involved in the body mass maintenance, is abnormally regulated in both obese individuals and patients with
a juvenile form of osteonecrosis of the femoral head (8).
Additionally, it has been shown that administration with leptin significantly suppressed femoral head destruction in rats
with high-fat diet (HFD)-induced obesity and osteonecrosis
(9). Among the multiple theories underlying the pathogenesis
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the deformity. A score of 5 indicated severe destruction of
the bone and tissue structure, 4 indicated >2/3 destruction,
3 indicated 1/3–2/3 destruction, 2 indicated <1/3 destruction
of the femoral head while the articular cartilage and secondary ossification center were destroyed, 1 indicated relatively
intact structure with mild damage and 0 indicated intact tissue structure without any abnormality.

Methods

The mRNA levels of relevant genes were assessed by quantitative real-time PCR (qPCR) according to a previous procedure (15). Briefly, TRIZOL reagent was used to extract
RNA from femoral heads at indicated time points. The same
amount of RNA was used to synthesize cDNA by reverse
transcription according to the SuperScript™ III First-Strand
Synthesis System (Invitrogen, Waltham, MA, USA). qPCR
was formed on the LightCycler® 480 (Roche, Penzberg,
Upper Bavaria, Germany). The following primers were
used in the current study: IL-6 forward: 5′-gctaccaaactggatataatcagga-3′, reverse: 5′-ccaggtagctatggtactccagaa-3′;
β-actin forward: 5′-aaggccaaccgtgaaaagat-3′, reverse:
5′-gtggtacgaccagaggcatac-3′;
Osteocalcin
forward:
5′-aagcccagcgactctgagtct-3′, reverse: 5′-aggtagcgccggagtctattc-3′; Osterix forward: 5′-catctaacaggaggattttggtttg-3′, reverse: 5′-aagcctttgcccacctactttt-3′; OPN forward:
5′-gagacccttccaagtaagtcca-3′, reverse: 5′-gatgtcctcgtctgtagcatca-3′; Runx2 forward: 5′-tcttagaacaaattctgcccttt-3′,
reverse: 5-tgctttggtcttgaaatcaca-3′. β-Actin was used as an
internal control.

Mice and procedures
Male C57/BL6 mice were provided by the Animal Center in
Shanghai Jiao Tong University. IL-6 knockout mice were purchased from the Jackson Laboratory. Mice were housed in
an environmentally controlled animal facility of Shanghai Jiao
Tong University. Standard food was given for 1 week before
starting the HFD or control diet (CD) for the mice to acclimate to the facility. Starting from week -12 (12 weeks before
MPS treatment), mice were fed with the HFD or CD till the end
of experiments. The HFD was composed of 26.6% carbon
hydrate, 35.4% saturated fat, 26.5% protein, 0.4% sodium
cholate and 1% cholesterol. The CD was composed of 52%
carbon hydrate, 4.5% saturated fat and 21% protein. At week
0, 20 μg g−1 of methylprednisolone (MPS) was injected into
the gluteal muscle of each mouse to induce osteonecrosis
according to previous studies. To deplete macrophages,
mice were administered with 200 μl of clodronate liposomes
(CL-lip.) through intravenous injection from week -3 (3
weeks before MPS treatment) to week 4, once each week
as described previously (12, 13). Control mice were injected
with phosphate-buffered saline-liposomes (PBS-lip.). Mice
were euthanized at indicated time points for analysis. All procedures on mice were approved by the animal care and use
committee of Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital.
Micro-CT
Micro-CT was performed to assess the structure of the skeleton in the femoral head in mice with or without osteonecrosis as described previously (6, 9, 14). The region between
the femoral head margin and the femoral neck was scanned.
The bone volume percentage was calculated by the ratio of
bone volume over total tissue volume through the 3D reconstruction of the cross-sections in the CT scans. The trabeculae thickness was also measured.
Pathological staining and assessment
Hematoxylin and eosin (H&E) staining and Safranin-O staining were performed on fixed femur sections to assess the
histopathological status as described previously (9). A score
was assigned to each sample on the basis of the severity of

ELISA analysis
The IL-6 concentration in serum was detected by an ELISA
kit (R&D System, Minneapolis, MN, USA) according to the
manufacturer’s instruction and was represented as pg ml−1
of mouse serum.
Quantitative real-time PCR

Bone marrow cell isolation and flow cytometry
Bone marrow cells were isolated and sorted through flow
cytometry as described previously (16–18). Antibodies
used to label different cell types include anti-CD45, antiCD11b, anti-CD3, anti-Ly6C, anti-Ly6G and anti-F4/80.
CD45+CD3+CD11b− cells were sorted as T cells. All antibodies and isotype controls were purchased from BD
Bioscience or BioLegend. Monocytes were determined as
CD45+CD11b+Ly6C+Ly6G and macrophages were determined as CD45+F4/80+CD11b+.
Western blot analysis
The protein levels of IL-6 were assessed by western blot
analysis according a previous procedure (19). Briefly, macrophages in the bone marrow control and HFD-fed mice
were isolated and homogenized in lysis buffer. An equivalent
amount of protein from each sample was subjected to sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, transferred to a membrane and incubated with primary antibodies,
followed by secondary antibody incubation and detection
with enhanced chemiluminescence. The two antibodies
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of steroid-induced osteonecrosis, increased secretion of
pro-inflammatory cytokines may at least partially account for
obesity-related osteonecrosis. Obesity leads to development
of a chronic inflammatory status (10). A higher ratio of macrophages that are responsible for production and secretion
of pro-inflammatory cytokines such as IL-6 in adipose tissue
is found in obese humans and animals than that of control
individuals (11).
We thus hypothesized that the effects of obesity on steroidinduced osteonecrosis is mediated through IL-6 secretion
from bone marrow cells. In the current study, we investigated
HFD-induced obesity in a mouse model of steroid-induced
osteonecrosis and examined the role of IL-6. We also dissected out the cell types in the bone marrow responsible for
IL-6 secretion.
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used in this study were both from Cell Signaling Technology
(Danvers, MA, USA): anti-IL-6 and anti-β-actin.
Bone marrow stromal cell culture and osteoblast
differentiation

Transwell co-culture assay
A transwell co-culture system was used to study the effects
of macrophage-derived IL-6 in BMSC differentiation according to a previous protocol (20). BMSCs from mice with osteonecrosis were isolated and induced for osteogenesis in a
six-well plate. Macrophages were isolated from mice with
osteonecrosis and seeded on the transwell inserts which
were placed onto the six-well plate with BMSCs and co-cultured for 3 days before BMSCs were harvested for further
analysis.
To suppress the activity of IL-6 derived from macrophages,
the co-culture medium was treated with 0.8 μg ml−1 IL-6
neutralization antibody (#500-P56, PeproTech, Rocky Hill,
CT, USA) as described previously (19). Control culture was
treated with IgG.
MTT assay
Cell viability was assessed by MTT assay as described previously (19). BMSCs were treated with MTT for 4 h and analyzed with a microplate reader.
Statistical analysis
Data were analyzed by SPSS 21.0 (SPSS Inc., Chicago,
IL, USA) and presented as mean ± SEM. Analysis of variance was performed to determine the statistical difference
between two groups. P value <0.05 indicated that the difference reached statistical significance.
Results
The HFD exacerbates osteonecrosis in mice
To determine whether osteonecrosis was affected by obesity,
we fed mice with the HFD or CD and induced osteonecrosis by injecting MPS into the gluteal muscle (Fig. 1A). We
found that the HFD leads to more severe damage of the
femoral head (Fig. 1B) with a significantly higher damage
score assessed from histological staining (Fig. 1C). To further determine the bone structure in these mice, we imaged
the femoral heads with micro-CT (Fig. 1D) and quantified the
bone volume ratio and trabecular thickness (Fig. 1E and F).
The bone volume ratio was not significantly different between
CD and HFD-fed mice at 2 weeks after MPS administration
while the HFD significantly reduced the bone volume ratio 4

IL-6 mediates the effects of the HFD on osteonecrosis
To determine if the HFD leads to an inflammatory response
leading to aggravated osteonecrosis, we assessed the
level of the pro-inflammatory cytokine IL-6 in CD and
HFD-fed mice. We found that the IL-6 concentration was
significantly increased in the serum of HFD-fed mice
compared to that of CD-fed mice (Fig. 2A). Consistently,
we found that the HFD also significantly increased IL-6
mRNA levels (Fig. 2B).
We then investigated whether IL-6 was required for the
effects of the HFD on osteonecrosis. To address this, we fed
il-6 knockout (il-6−/−) mice and wild-type (WT) with the HFD
and first examined whether the body weight of these mice
increased differentially. It was found that HFD-fed mice
showed more weight compared to CD-fed mice, while we
did not observe a significant difference in the weight of WT
and il-6−/− mice within the 12 weeks of the HFD (Fig. 2C).
Next, we examined histological integrity of the femoral head
by H&E staining (Fig. 2D). We found that damage of the
femoral head was significantly alleviated in il-6−/− mice as
shown by a reduced damage score compared to WT mice
(Fig. 2E). Additionally, we also assessed bone structure by
micro-CT scans (Fig. 2F). We found that the bone structure
was better maintained in il-6−/− mice compared to that of
WT mice. The ratio of bone volume and trabecular thickness was significantly increased in il-6−/− mice compared
to that of WT mice at both 2 and 4 weeks after induction of
osteonecrosis (Fig. 2G and H). These results indicate that
HFD-induced aggravation of osteonecrosis is at least partially mediated through IL-6. To further determine whether
IL-6 plays any role on MPS-induced osteonecrosis, we
compared MPS-treated il-6−/− and WT mice fed with the CD
(Supplementary Figure S1A). Interestingly, we found that
il-6−/− mice showed slightly less severe bone destruction
(Supplementary Figure S1B). Although there was no significant difference in the damage score between il-6−/− and
WT mice (Supplementary Figure S1C), we found that il-6−/−
mice had significantly higher bone volume at week 4 and
higher trabecular thickness at week 2 post-MPS treatment.
Our results thus further confirm that IL-6 plays an important
role in MPS-induced osteonecrosis.
The HFD enhances IL-6 expression in macrophages
Next, we investigated the cell type in the bone marrow that
was responsible for HFD-induced IL-6 up-regulation. We
isolated and sorted cells into three types including T cells
(Fig. 3A), monocytes (Fig. 3C) and macrophages (Fig. 3E),
all with high purity. We did not detect any significant difference in IL-6 mRNA expression between CD and HFD mice in
T cells (Fig. 3B) or monocytes (Fig. 3D). Strikingly, we found
that the HFD significantly increased IL-6 mRNA expression
in macrophages compared to that of CD-fed mice (Fig. 3F).
Additionally, we found that the HFD significantly increased the
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Bone marrow stromal cells (BMSCs) were isolated from
mouse vertebrae sorted by flow cytometry following staining with anti-CD90, anti-CD105 and anti-CD45 antibodies, all from BD Bioscience as described previously (19).
CD90+CD105+CD45− cells were sorted as BMSCs. To
induce osteoblast differentiation, BMSCs were cultured for
21 days in osteogenic medium according to a previous procedure (15).

weeks post-osteonecrosis induction (Fig. 1E). The HFD significantly reduced trabecular thickness at both 2 and 4 weeks
post-MPS administration (Fig. 1F). These results suggest that
MPS-induced osteonecrosis is exacerbated by the HFD.
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Fig. 1. HFD-fed mice exhibited aggravated osteonecrosis (ON). (A) Procedure of steroid-induced ON with HFD-fed mice. Briefly, mice were
fed with the HFD from week -12 and control mice were fed with the CD. All mice were injected with 20 μg g−1 of MPS into the gluteal muscle at
week 0. Mice were sacrificed at week 1, 2, 4 and 5, respectively. (B) Representative images of histological sections of femoral heads from each
group at week 6 stained by H&E (top panels) or safranin-O (bottom panels). Scale bar = 200 μm. (C) Histological scores quantified from (B) are
shown. (D) Micro-CT scan images of femoral heads from each group at week 5 are shown. The left two images refer to three dimensional, and
the right two images refer to two dimensional analysis. (E) Bone volume percent [bone volume over total volume percentage (BV/TV%)] and (F)
trabecular thickness assessed by micro-CT at week (w) 2 and 4. Data are representative of three or more independent experiments with n ≥4
mice per group. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ns = not significant.
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ratio of macrophages in the bone marrow at the time of MPS
administration and 4 weeks following osteonecrosis induction
(Fig. 3G). Consistently, we also detected increased IL-6 protein expression in macrophages isolated from HFD-fed mice
at 4 weeks following osteonecrosis induction (Fig. 3H).
Depletion of macrophages suppresses HFD-induced
osteonecrosis aggravation
Since macrophages were responsible for enhanced IL-6
expression in HFD-fed mice, we investigated whether

HFD-induced osteonecrosis aggravation was mediated by
macrophages. We depleted macrophages by clodronate
liposome administration in HFD-fed mice with osteonecrosis
(Fig. 4A) and examined the histology of the femoral head
by H&E and safranin-O staining (Fig. 4B). Flow cytometry analysis with macrophage markers showed that macrophages were depleted 3 days after clodronate liposome
administration (Supplementary Figure S2). We found that
macrophage depletion significantly suppressed histological
damage of the femoral head in HFD-fed mice 5 weeks after
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Fig. 2. The HFD exacerbated osteonecrosis in an IL-6-dependent manner. (A, B) WT mice were fed with HFD from week -12. Control mice were
fed with the CD. All mice were injected with 20 μg g−1 of MPS into the gluteal muscle at week 0. The serum levels of IL-6 at week 5 were determined by ELISA (A). Total mRNA of femoral heads at week 5 was extracted and IL-6 mRNA expression was analyzed by qPCR (B). (C–G) WT
and il-6−/− mice were fed with the CD or the HFD from week -12 and injected with 20 μg g−1 of MPS into the gluteal muscle at week 0. The body
weight is shown at indicated times (C). Femoral head sections at week 5 were stained by H&E (D). Scale bar = 200 μm. Histological scores
from (D) (E). Micro-CT scan images (3D) of femoral heads at week 5 (F). Bone volume percent (G) and trabecular thickness (H) assessed by
micro-CT at week 2 and 4. Data are representative of three or more independent experiments with n ≥4 mice per group. Data are presented as
mean ± SEM. *P < 0.05, ns = not significant.
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Fig. 3. The HFD promoted IL-6 expression in macrophages. (A–F) WT mice were fed with the HFD from week -12 to week 0. Control mice
were fed with the CD. Cells in bone marrow were isolated and sorted. FACS analysis of T-cell purity is shown after sorting (gating on CD45+)
(A). The mRNA of T cells from each group was extracted and IL-6 expression was analyzed by qPCR (B). FACS analysis of monocyte purity
is shown after sorting (gating on CD45+CD3−) (C). The mRNA of monocytes from each group was extracted and IL-6 expression was analyzed
by qPCR (D). FACS analysis of macrophage purity is shown after sorting (gating on CD45+) (E). The mRNA of macrophages from each group
was extracted and IL-6 expression was analyzed by qPCR (F). (G, H) WT mice were fed with the HFD from week -12. Control mice were fed
with the CD. All mice were injected with 20 μg g−1 of MPS into the gluteal muscle at week 0. The mice were harvested at week 0 or week 4. The
frequency of macrophages (F4/80+CD11b+) in CD45+ from femurs was analyzed by FACS (G). IL-6 expression in macrophages at week 4 was
analyzed by western blot (WB) (H). Data are representative of three or more independent experiments with n ≥4 mice per group. Data are the
mean ± SEM. *P < 0.05, ns = not significant.
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osteonecrosis induction (Fig. 4C). We then examined bone
structure by micro-CT imaging and found that macrophage
depletion led to better preservation of bone structure in
HFD-fed osteonecrotic mice (Fig. 4D). While macrophage

depletion did not significantly change the bone volume
ratio at 2 weeks following MPS administration, the bone
volume ratio was significantly increased at 4 weeks after
osteonecrosis induction (Fig. 4E). Trabecular thickness
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Fig. 4. Macrophages played a key role in HFD-induced osteonecrosis (ON) aggravation. (A) Procedure of steroid-induced ON with HFD-fed
mice and CL-lip. administration. Briefly, mice were fed with the HFD from week -12 and injected with 20 μg g−1 of MPS into the gluteal muscle at
week 0. CL-lip. was injected (i.v.) from week -3 to week 4 (once a week, 200 μl each time). Control mice were injected with PBS-lip. Mice were
sacrificed at week 1, 2, 4 and 5, respectively. (B) Histological sections of femoral heads from each group at week 5 were stained by H&E (top
panels) and safranin-O (bottom panels). Scale bar = 200 μm. (C) Histological scores from (B). (D) Micro-CT scan images of femoral heads from
each group at week 5. The two images on the left refer to three dimensional, and the two images on the right refer to two dimensional analysis.
Bone volume percent (E) and trabecular thickness (F) assessed by micro-CT at week 2 and 4. Data are representative of three or more independent experiments with n ≥4 mice per group. Data are the mean ± SEM. *P < 0.05, **P < 0.01, ns = not significant.
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IL-6 secreted from macrophages suppresses BMSC
osteogenesis
Finally, we investigated the effects of macrophage-driven
IL-6 on the osteogenetic differential of BMSCs. We utilized
a transwell co-culture system by first culturing macrophages
and then BMSCs isolated from mice with osteonecrosis on
a six-well plate, respectively, and then placed the insert into
the six-well plate for 3 days (Fig. 5A). To determine the effect
of IL-6 from macrophage on BMSC viability, we blocked IL-6
activity with an anti-IL-6 antibody. We found that the viability
of BMSCs was significantly reduced when co-cultured with
macrophages isolated from mice with osteonecrosis than that
of control culture in the absence of macrophage (Fig. 5B).
Importantly, inhibition of IL-6 activity restored BMSC viability (Fig. 5B). Examination of osteogenic markers including
Runx2, OPN, Osteocalcin and Osterix in these cells showed
that co-culturing BMSCs with macrophages isolated from
mice with osteonecrosis significantly reduced the mRNA levels of osteogenic markers and this suppression was restored
by anti-IL-6 treatment (Fig. 5C). We did not find any significant changes in the mRNA level of Osterix (data not shown).
We then compared the effects of macrophages isolated from
CD- and HFD-fed mice and found that when co-cultured with
macrophages from HFD-fed mice, the viability of BMSCs
was significantly reduced (Fig. 5D). Finally, we examined
osteogenesis of BMSCs and found that the mRNA levels of
osteogenic markers including Runx2, OPN, Osteocalcin and
Osterix were significantly suppressed when BMSCs were cocultured with macrophages isolated from HFD-fed mice compared to that of CD-fed mice (Fig. 5E).
Discussion
While inflammation has been shown to be associated with
both obesity and osteonecrosis, whether obesity affected
the development and progression of osteonecrosis through
inflammation has not been explored previously. In this current
study, we provided the first line of evidence linking obesity
and osteonecrosis through inflammatory signaling. We found
that HFD-induced obesity exacerbated bone destruction in
mice with steroid-induced osteonecrosis through elevated
expression of the pro-inflammatory cytokine IL-6. Knockout
of il-6 significantly suppressed bone deformation induced
by the HFD without affecting body weight compared to WT
mice. Examination of different cell types in the bone marrow
revealed that IL-6 expression was significantly up-regulated
only in macrophages in HFD-fed mice with osteonecrosis.
Interestingly, we also found that the HFD led to a higher ratio
of macrophages, depletion of which suppressed the effects
of the HFD on bone destruction. Consistently, we found that
macrophages isolated from HFD-fed mice with osteonecrosis

and macrophage-derived IL-6 were important for the viability
and osteogenic differentiation of BMSCs.
Previously, it has been shown that IL-6 expression is
higher in subcutaneous adipose tissue of obese and overweight individuals compared to that of lean individuals (21).
Consistent with this previous study, our study also revealed
that the HFD enhanced plasma IL-6 levels. Importantly, IL-6
mRNA expression was found to be significantly up-regulated
in the femoral head of HFD-fed mice with osteonecrosis. This
result, together with previous studies, suggest that HFDinduced obesity not only leads to a systemic chronic inflammatory response, but also causes a local reaction that may
be highly related to bone destruction. In fact, deletion of il-6
in mice largely suppressed HFD-induced bone destruction.
One possibility is that the absence of IL-6 may prevent HFDinduced weight gain in mice. Our observations that WT and
il-6 knockout mice gained weight at a similar pace in response
to the HFD and no significant difference was observed in
the weight of WT and il-6 knockout mice before and after
the HFD ruled out this possibility. While obesity-induced
chronic inflammation has been associated with the etiology
of various diseases including cancer, type 2 diabetes and
cardiovascular diseases (10), our study thus suggests that
inflammation caused by the HFD may also be pathogenic
to osteonecrosis. Our results also indicate that IL-6 is a key
mediator of an HFD-induced inflammatory response that is
responsible for aggravation of steroid-induced osteonecrosis
of the femoral head. In fact, consistent with our results, it has
been previously shown that inhibition of inflammation, specifically, inhibition of IL-6 by IFN-β, alleviated osteonecrosis (6).
The bone marrow is composed of a group of heterogeneous cell types. To further identify the cellular source of IL-6, in
this current study, we isolated bone marrow cells and sorted
the T cells, monocytes and macrophages using specific surface markers (16–18). Examination of IL-6 mRNA expression
in these cell types revealed that macrophages were responsible for HFD-induced IL-6 up-regulation. Additionally, we
observed an enrichment of macrophages in the bone marrow
of HFD-fed mice at 0 and 4 weeks following osteonecrosis
induction. The macrophage is a master regulator of inflammatory responses (22). A plethora of literature has indicated
a key role of macrophages in osteonecrosis of various tissues
including the femoral head and the jaw. Macrophage polarization mediated by TNF-α has been shown to be involved
in the pathogenesis of osteonecrosis in a mouse model of
steroid-induced osteonecrosis (5). Macrophages also play
critical roles in the development and progression of osteonecrosis of the jaws (23). Importantly, our study suggests that
HFD-induced osteonecrosis aggravation involves the activity
of macrophages. Not only are macrophages enriched in the
bone marrow of HFD-fed mice, but depletion of macrophages
also substantially alleviated bone destruction in HFD-fed
mice with osteonecrosis. One complication that may interfere
with our observation is that glucocorticoid administration has
been shown to inhibit IL-6 production (24). In this study, we
compared the effects of the CD and HFD in mice treated with
glucocorticoid so that the only difference was the diet.
Cell death and osteoblast differentiation are two key
steps involved in osteonecrosis. Using a transwell co-culture system, in the current study, we explored the effects of
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was significantly increased by macrophage depletion at
both 2 and 4 weeks after osteonecrosis induction in HFDfed mice (Fig. 4F). Consistent with a role of IL-6 in osteonecrosis, we found that macrophage depletion significantly
reduced serum IL-6 levels as compared with PBS-lip. treatment (Supplementary Figure S3A). There was also a trend
of reduction in IL-6 mRNA levels in the mouse femoral heads
(Supplementary Figure S3B).
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macrophages isolated from HFD-fed mice with osteonecrosis on the viability and differentiation of BMSCs. Our study
showed that co-culturing BMSCs with macrophages isolated
from mice with osteonecrosis subtly but significantly suppressed the viability of BMSCs. Consistent with the role of

IL-6 in mediating histological damage, blocking of IL-6 activity rescued BMSC viability. Importantly, we found that mRNA
expression of several markers for osteogenic differentiation of
BMSCs including Runx2, Opn, Osteocalcin and Osterix was
drastically reduced in BMSCs isolated from HFD-fed mice,
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Fig. 5. Macrophage-driven IL-6 inhibited osteogenic differentiation. (A) A transwell co-culture system of macrophages and BMSCs was used
in this study. BMSCs from mice with ON were cultured and induced for osteogenesis. Macrophages separated from mice with ON were cocultured with BMSCs for 3 days. (B, C) Anti-IL-6 antibody or isotype was added to the co-culture system and BMSC viability was measured
by MTT assay. BMSCs cultured without macrophages were used as control (B). The mRNA levels of OPN, Runx2, Osteocalcin and Osterix
in BMSCs were determined by qPCR (C). (D, E) Macrophages separated from CD- and HFD-treated mice with ON co-cultured with BMSCs
for 3 days and BMSC viability was measured by MTT assay (D). The mRNA levels of OPN, Runx2, Osteocalcin and Osterix in BMSC were
determined by qPCR (E). Data are representative of three or more independent experiments. Data are the mean ± SEM. *P < 0.05, **P < 0.01,
***P < 0.001, ns = not significant.
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Conclusion
In summary, our study identified macrophage-derived IL-6 to
be the bridge connecting obesity and steroid-induced osteonecrosis of the femoral head in mice. Suppressing macrophage-derived IL-6 production and release may represent
an efficient approach for obesity-associated osteonecrosis.
Our promising results warrant further investigation of the

potential of targeting IL-6 or macrophages in the therapeutics
of osteonecrosis.
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suggesting osteogenic differentiation is greatly disrupted by
the HFD. Although beyond the scope of our current study,
one future direction will be to investigate the role of IL-6 in
osteoblast differentiation and whether inhibition of IL-6 will
restore the osteogenic differentiation capability of osteoblasts. In fact, consistent with our observation, recently it
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human mesenchymal stem cell osteogenic differentiation
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