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Necrosis and Osteocyte Apoptosis in Glucocorticoid-Induced
Osteonecrosis of the Femoral Head Model through
Reducing the Macrophage Polarization
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Background and Objectives: Apoptosis is an outstanding determinant of glucocorticoid (GC)-induced osteonecrosis of
the femoral head (ONFH). Human umbilical cord mesenchymal stem cells (hUC-MSCs) have been demonstrated to
be associated with apoptosis in diseases models. However, the role of hUC-MSCs in GC-induced ONFH via regulating
apoptosis still needs further study.

Methods and Results: In the present study, a GC-induced ONFH model was built i vivo through a consecutive injection
with lipopolysaccharide (LPS) and methylprednisolone. The necrosis and apoptosis of the femoral head was evaluated
by histological and Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling (TUNEL) assay. The level
of collagen and TRAP positive cells were determined by Masson and TRAP staining, respectively. M1 macrophage
polarization was assessed using immunofluorescence assay. The level of proinflammatory cytokines including tumor
necrosis factor (TNF)-a, Interleukin (IL)-1 8 and IL-6 of femoral head was determined by enzyme-linked im-
munosorbent assay (ELISA) kits. The protein expression of AKT, mTOR, p-AKT and p-mTOR was detected using
western blot assay. The results showed that hUC-MSCs treatment prominently promoted the GC-induced the decrease
of the collagen level and the increase of TRAP positive cells. Besides, hUC-MSCs treatment decreased necrosis and
apoptosis, macrophage polarization, the level of TNF-a@, IL-1 8 and IL-6, the protein expression of p-AKT and
p-mTOR, and the radio of p-AKT to AKT and p-mTOR to mTOR of femoral head in vivo.

Conclusions: Therefore, the present study revealed that hUC-MSCs improved the necrosis and osteocyte apoptosis in
GC-induced ONFH model through reducing the macrophage polarization, which was associated with the inhibition
of AKT/mTOR signaling pathway.
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Introduction

Osteonecrosis of the femoral head (ONFH) is a chronic
and disabling disease that mainly comprises traumatic and
non-traumatic ONFH (1). Use of glucocorticoids (GC) is
the main reason for non-traumatic ONFH (2). The ma-
jority of ONFH patients receive the long-term GC therapy
(3). Moreover, patients with GC-induced ONFH generally
obtain surgical treatment owing to the lack of effective
drugs. Thus, it is completely important to explore the po-
tential molecular mechanism involved in GC-induced
ONFH contributing to the underlying therapeutic targets
and strategies of ONFH.

Macrophages, as a type of immune cells, play an im-
portant role in both innate and adaptive immune response
that participate in the occurrence and development of var-
ious inflammatory and immune-related diseases (4).
Macrophages are classified into M1 and M2 phenotypes
according to the surface leukocyte differentiation antigen
(cluster of differentiation, CD) and its effects (5). M1 phe-
notype is involved in the host’s defense against pathogens
(6) that can secrete a large number of pro-inflammatory
cytokines such as TNF-a, IL-1 8 and IL-6. M2 phenotype
secretes IL-10 and TGF- 3, which promotes tissue repair
and inflammation subsides to exert the anti-inflammatory
function (7). The great mass of resident femoral head mac-
rophages can polarize to the M1 phenotype to cause the
increase of the level of the pro-inflammatory cytokines in-
cluding IL-1 8 and TNF-«, which facilitates the apopto-
sis of osteocyte (8, 9). Apoptosis of osteocytes is the pri-
mary cause of bone cell death in patients with GC-induced
ONFH accompanied with a prominent decrease of osteo-
cyte viability in the femoral head (10, 11). Therefore, the
macrophage polarization may be tightly associated with
the occurrence and development of GC-induced ONFH.

Human umbilical cord mesenchymal stem cells (HUC-
MSCs) are a category of mesenchymal stem cells that can
differentiate into diverse cells. Thus, hUC-MSCs have
been applied for a variety of diseases, such as cerebral is-
chemia (12), spinal cord injury (13) and traumatic brain
injury (14). Recent studies show that MSCs can sig-
nificantly increase the infiltration of M2 macrophages in
the area of myocardial infarction, reduce fibrosis, increase
angiogenesis, and improve heart function (15). Moreover,
MSCs have been reported to promote the conversion of
M1 to M2 in several extracardiac organs including bone
marrow and spleen (15). Besides, the MSCs transplanta-
tion has shown the potentially clinical application in the
treatment of inflammatory diseases (16). Furthermore,
hUC-MSCs relieve inflammatory response through the

transition from both intracardiac and extracardiac M1 to
M2 phenotype to reduce the level of inflammatory factor,
which ameliorates cardiac function and protects the in-
farcted myocardium in acute myocardial infarction model
(17). However, whether hUC-MSCs inhibit the GC-in-
duced ONFH via promoting the conversion of M1 to M2
is still unclear.

In the present study, the role of hUC-MSCs in the
GC-induced ONFH was investigated. The results showed
that hUC-MSCs could mitigate the inflammatory cell po-
larization through promoting the transition of M1 to M2
phenotype, which reduces necrosis and osteocyte apoptosis
in a GC-induced ONFH rat model. Mechanically, the pro-
tective role of hUC-MSCs in the GC-induced ONFH was
involved in the AKT/mTOR signaling pathway.

Materials and Methods

Preparation of hUC-MSCs

hUC-MSCs were separated from the umbilical cord
samples obtained from normal term cesarean section
neonates. The mother and child with any infectious dis-
eases and family genetic diseases were excluded, and in-
formed consent was obtained from the mother and the
family. The study was authorized by the Board and Ethics
Committee of Weihai Central Hospital Affiliated to
Qingdao University. Cells were passed until the confluent
of cells reached approximately 80%.

Animal model and experimental groups /n vivo

18 healthy female Sprague-Dawley (SD) rats (eight
weeks, 30020 g) were divided into three groups in ran-
dom (n=6): control group, model group and hUC-MSCs
group. All the experiments were performed with the ap-
proval of ethical standards as decided by the ethical com-
mittee of West China Hospital of Sichuan University
(20211302A). Rats were intraperitoneally injected with lip-
opolysaccharide (LPS) (40 «g/kg/d) for two consecutive
days, then intramuscularly injected with methylpredniso-
lone (40 mg/kg/d) from day 3 to day 7, and continuously
fed about 12 weeks to build the ONFH model. Rats in
the hUC-MSCs group were injected with 0.2 ml hUC-
MSCs (about 1x10° cells) via the tail vein once a week
for a total of 6 weeks, whereas rats in control and model
group were injected with 0.2 ml of phosphate buffer saline
(PBS) (Zhongshan Golden Bridge Biological Technology,
Beijing, China) via the tail vein. Rats were sacrificed six
weeks after the last injection. After the rats were intra-
peritoneally anesthetized with sodium pentobarbital (40
mg/kg), peripheral blood was taken, and serum was iso-



Gang Tian, et al: hUC-MSCs Improve the Necrosis and Osteocyte Apoptosis in GC-Induced ONFH 197

lated and stored at —80°C for further assays. The femoral
head tissues were fleetly removed for histological and
western blot analysis.

H&E, Masson and TRAP staining assays

The femoral heads were separated, fixed, decalcified,
embedded and cut into sections. 5 xm sections were
stained with hematoxylin and eosin (H&E), Masson and
TRAP. Pictures were obtained under a microscope (DMII,
LEICA, Germany).

TUNEL staining

Apoptosis in the femoral head tissues was determined
by TUNEL staining. In brief, the paraffin sections (5 /m)
were performed using TUNEL apoptosis detection kit
(49330900, Roche Applied Science, Switzerland) according
to the manufacturer’s instructions. Images were analyzed
with a light microscope (DMI1, LEICA). Apoptotic index
was exhibited as the ratio of the number of TUNEL pos-
itive cells to the total number of cells.

Immunofluorescence assay

The femoral head tissues were separated and rapidly
frozen in OCT using liquid nitrogen. The sections (5 xm)
were acquired by a cryostat, and then mounted on micro-
scope slides (Fisherbrand Superfros Plus, Fisher Scientific).
The sections were fixed with 4% paraformaldehyde for 15
min. Subsequently, the sections were blocked with goat se-
rum, and then incubated with the primary antibody (1 :
100, Rabbit monoclonal antibodies CD86, #48763, Signalway,
Maryland, USA; 1 :100, Rabbit monoclonal antibodies
CD206, ab64693, Abcam, Cambridge, UK; 1 : 100, Rat
monoclonal antibodies F4/80, ab16911, Abcam) at 4°C
overnight. After being washed with PBS thrice, the sec-
tions were incubated with Cy3-labeled goat anti-rat IgG
(GB21302; 1 : 100, Servicebio, Wuhan, China) and FITC-
labeled goat anti-rabbit IgG (GB22303, 1 : 100; Servicebio)
for 60 min at 37°C respectively. The nuclei were stained
with DAPI (ZLI-9557, Zhongshan Golden Bridge Biological
Technology, Beijing, China). The proportion of M1 and M2
was assessed with the mean optical density that was de-
termined using the Image] analysis software.

Enzyme-linked immunosorbent assay (ELISA)

The levels of TNF-«a, IL-1/8 and IL-6 in the femoral
heads were determined using Rat TNF-«¢ ELISA KIT
(ZC-37624, ZCi Bio, Shanghai, China), Rat IL-1 5 ELISA
Kit (ZC-36391, ZCi Bio), and Rat IL-6 ELISA KIT
(ZC-36404, ZCi Bio) according to the manufacturer’s
protocol. The absorbance of wells was determined with a

microplate reader (spectra max PLUS 384, Molecular
Devices, California, USA) at 450 nm wavelength to ana-
lyze the sample concentration.

Western blot assay

Protein samples from femoral head tissues were ob-
tained using a Total Protein Extraction Kit (BC3711,
Solarbio). Then, the protein concentration was determined
by a Protein Assay kit (Beyotime, Shanghai, China). Protein
samples were separated by 10% SDS-PAGE gel and electri-
cally transferred to PVDF membranes (Millipore, Billerica,
MA, USA). The membranes were hatched with the primary
antibodies at 4°C overnight after being blocked with 3%
bovine serum albumin (BSA, Sangon Biotech, Shanghai,
China) for 1 h at room temperature. The primary anti-
bodies were listed as followed: rabbit anti-AKT (ab179463,
1 : 10,000); rabbit anti-p-AKT (ab81283, 1 : 1,000); rabbit
anti-mTOR (ab2732; 1 :10,000); rabbit anti-p-mTOR
(ab63552; 1 : 1,000); rabbit anti-S-actin (ab8227; 1 :
1,000) (Abcam, Cambridge, UK). The membranes were in-
cubated with goat-anti-rabbit IgG (H+L)-HRP (1 :
10,000, ab6721, Abcam) for 1 h at room temperature after
washing with TBST thrice. Protein bands were visualized
with an Electrochemilluminescence (ECL) chemilumine-
scence kit (WBULS0500; EMD Millipore) and the bands
intensity were analyzed with Image-Pro Plus 6.0 software.

Statistical analysis

Data were shown as the means=*standard deviation.
Differences among multiple groups were analyzed using
one-way analysis of variance and Duncan’s test using the
SPSS 20.0 package (SPSS Inc. Chicago, IL, USA). The dif-
ferences were regarded as statistically non-significant and
significant when p>0.05 and p<0.05, respectively.

Results

hUC-MSCs mitigated osteonecrosis and apoptosis in a
GC-induced ONFH rat model

Flow cytometry analysis revealed that the passage three
of hUC-MSCs had a prominent expression of CD29,
CD44, CD73, CD90 and CD105, and almost did not ex-
press CD14, CD34, CD45 and HLA-DR (Supplementary
Fig. S1). The H&E staining showed the necrosis of the
femoral head chondrocytes, the disappearance of the col-
umnar arrangement, the collapse of the trabeculae of sub-
chondral bones and an increase of empty bone lacunas
number in the model group compared with that in the
control group. However, these pathological characteristics
were alleviated in the hUC-MSCs group as indicated with
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a less necrosis of the femoral head chondrocytes, a less col-
lapse of the trabeculae of subchondral bones and a de-
crease of empty bone lacunas number compared with that
in the model group (Fig. 1A). TUNEL staining revealed
that the apoptosis was dramatically increased in the model
group compared with that in the control group, which was
observably antagonized with hUC-MSCs treatment (Fig.
1B). Thus, the results indicated that hUC-MSCs inhibited
osteocyte apoptosis. Masson and TRAP staining revealed
that the hUC-MSCs treatment can significantly increase
the collagen level and decrease the TRAP positive cells in
the GC-induced femoral head (Fig. 1C and 1D). These re-
sults suggested that a GC-induced ONFH rat model was
successfully established, and hUC-MSCs could alleviate
osteonecrosis of the GC-induced ONFH rat model.

hUC-MSCs decreased M1 polarization in femoral heads

Immunofluorescence results exhibited that the percent-
age of CD86+ F4/80+cells/ F4/80+cells and the per-
centage of F4/80+cells/ DAPI cells in model group was
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prominently enhanced compared with that in control
group, which was significantly reversed with hUC-MSCs
treatment (Fig. 2A). On the contrary, the percentage of
CD206+ F4/80-+cells/ F4/80+cells in model group was
notably reduced compared with that in control group,
which was observably inverted with hUC-MSCs treatment
(Fig. 2B). These findings suggested that hUC-MSCs de-
creased M1 polarization in femoral heads.

hUC-MSCs reduced the level of proinflammatory
cytokines in the femoral heads

Moreover, the level of proinflammatory cytokines in-
cluding TNF-«, IL-1 8 and IL-6 in the femoral heads was
determined by ELISA kits. The results showed that all the
secretion of TNF-a, IL-1 8 and IL-6 was significantly ele-
vated in the femoral heads of GC-induced ONFH rat
model. However, the level of TNF-«, IL-1 8 and IL-6 was
notably decreased in the GC-induced ONFH rat model
treated with hUC-MSCs (Fig. 3). Therefore, the results in-
dicated that the level of proinflammatory cytokines was

Merge

Control

- o |

25
20
15
10

Apoptatic rate (%)

#

Control Model AUC-MSCs

hUC-MSCs

hUC-MSCs

No. of Trap positive cells

Control Model  hUC-MSCs

Fig. 1. hUC-MSCs mitigated osteonecrosis and apoptosis in a GC-induced ONFH rat model. (A) Histological analysis was determined by
H&E staining (magnification, x 100 or x400). Scale bar: 50 m. (B) The apoptosis rate of femoral head tissues was determined by TUNEL
(magnification, x400). Scale bar: 20 «m. (C) The collagen level of femoral head was determined by Masson staining (magnification, x400).
Scale bar: 20 #m. (D) The Number of osteoclasts was detected by TRAP staining (magnification, x400). Scale bar: 20 «m. The means+SD
of six independent samples were shown. *p<0.05 and **p<0.01, compared with control group; *p<0.05 and *p<0.01, compared with
model group.
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Fig. 2. hUC-MSCs reduced M1 polarization in femoral heads. (A) The CD86 and F4/80 of macrophages were stained using immuno-
fluorescence assay (magnification, x400). Scale bar: 20 #m. (B) The CD206 and F4/80 of macrophages were stained using immuno-
fluorescence assay (magnification, x400). Scale bar: 20 zm. The means+SD of six independent samples were shown. *p<0.05 and **p<
0.01, compared with control group; *p<0.01, compared with model group.
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Fig. 3. hUC-MSCs reduced the level of proinflammatory cytokines in femoral heads. The serum level of TNF-a (A), IL-18 (B) and IL-6

(C) was determined by ELISA kits. The means+SD of six independent samples were shown. **p<0.01, compared with control group;
#5<0.01, compared with model group.

enhanced, and hUC-MSCs decreased the expression of hUC-MSCs inhibited the AKT/mTOR signaling pathway
proinflammatory cytokines in the femoral heads of GC-in- It has been demonstrated that the AKT/mTOR signal-
duced ONFH rat model. ing pathway is closely associated with the M1/M2 polar-
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Fig. 4. hUC-MSCs repressed the activation of AKT/mTOR signaling pathway. The protein expression of AKT, mTOR, p-AKT and p-mTOR
was detected using western blot. The data were expressed after being normalized to B-actin. The means+SD of six independent samples
were shown. *p<0.05 and **p<0.01, compared with control group; *p<0.01, compared with model group.

ization (18). As illustrated in Fig. 4, the protein expression
of phosphorylated AKT and mTOR, the radio of p-AKT
to AKT and the radio of p-mTOR to mTOR were ob-
servably increased in the model group compared with that
in the control group, which was prominently antagonized
with hUC-MSCs treatment. The results suggested that
hUC-MSCs suppressed the activation of AKT/mTOR sig-
naling pathway.

Discussion

In the present study, hUC-MSCs reduce the necrosis
and apoptosis of the femoral head, the macrophage polar-
ization, the level of TNF-a, IL-1 8 and IL-6 in the femo-
ral heads, and the protein expression of p-AKT and
p-mTOR in viwo. Therefore, hUC-MSCs may prevent ne-
crosis and apoptosis through reducing M1 infiltration in
the GC-induced ONFH model, which is associated with
the AKT/mTOR signaling pathway.

GC-induced ONFH has multiple and complicated
pathogenesis including apoptosis, oxidative stress, aber-
rant lipid metabolism and vasospasm (19-21). Among
them, apoptosis is an outstanding determinant of GC-in-
duced ONFH. Previous studies have reported that GC in-
duces ONFH through osteoblast apoptosis (22, 23).
Similarly, our results showed that the osteocyte apoptosis
was notably increased in a GC-induced ONFH rat model,
which revealed the vital role of apoptosis in ONFH. In
addition, hUC-MSCs have exhibited the anti-apoptotic ef-
fect in a variety of disease models. For instance,
hUC-MSCs were effective for acute optic nerve injury in

the early time through the anti-apoptotic, anti-inflamma-
tory and proneuroregenerative roles (24). Ma et al. (14)
showed that hUC-MSCs could reduce the TUNEL-pos-
itive cells in traumatic brain injury model. Corresponding
to these findings, our results also revealed that hUC-MSCs
observably reversed the osteocyte apoptosis of GC-induced
ONFH rat model, which indicated hUC-MSCs could play
an anti-apoptotic role in GC-induced ONFH model.
Moreover, hUC-MSCs alleviated the pathological necrosis
shown in the model group, which suggested that hUC-
MSCs could prevent necrosis in the GC-induced ONFH
model. Taken together, hUC-MSCs may prevent necrosis
and osteocyte apoptosis in the GC-induced ONFH model.

Glucocorticoids play an important role in immune
regulation. On the one hand, glucocorticoids activate and
strengthen the innate immune system, thus promoting
inflammation. On the other hand, glucocorticoids inhibit
the adaptive immune system to help homeostasis, thereby
taking an anti-inflammatory effect (25). At the early stage
of GC-induced ONFH, abnormal activation and infiltra-
tion of proinflammatory macrophages were identified in
the necrotic sites (26, 27). As CD86 and CD206 are repre-
sentative markers of M1 and M2 phenotype (8), the aver-
age optical density of CD86 and CD206 can reflect the
number of M1 and M2 macrophage. F4/80 is mainly ex-
pressed on the surface of macrophages and used as a
marker for mature macrophage (28). Thus, in the present
study, the M1 and M2-type macrophages were increased
and decreased in a GC-induced ONFH rat model,
respectively. Meanwhile, hUC-MSCs antagonized the
change of CD86 and CD206 of model group, which in-
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dicated that hUC-MSCs reduced the polarization of Ml-
type macrophages in the GC-induced ONFH model. hUC-
MSCs have demonstrated the macrophage polarization ef-
fects in type 2 diabetes (29) and Sjogren’s syndrome dry
eye (30) disease models. Therefore, in line with these pre-
vious findings, our results indicated that hUC-MSCs
could reduce the polarization of Ml-type macrophages in
a GC-induced ONFH rat model.

AKT/mTOR signaling pathway is involved in various
biological processes including cell proliferation, cell cycle
and protein synthesis (31, 32). AKT/mTOR signaling path-
way has been reported to regulate the macrophage polar-
ization (33, 34). Furthermore, Zhao et al. (35) showed that
pinocembrin relieved GC-induced apoptosis through in-
hibiting the PI3K/AKT/mTOR signaling pathway in
osteocytes. Tang et al. (36) reveals that miR-27a mitigates
ONFH via modulating the PI3K/AKT/mTOR signaling
pathway. In the present study, the results showed an in-
crease of phosphorylation AKT and mTOR, which in-
verted with hUC-MSCs treatment. Taken together,
AKT/mTOR signaling pathway was upregulated in the
GC-induced ONFH model, which could be antagonized
with hUC-MSCs treatment.

In summary, in vivo studies revealed that hUC-MSCs
improved the necrosis and osteocyte apoptosis in GC-in-
duced ONFH model through reducing the macrophage
polarization, which was associated with the inhibition of
AKT/mTOR signaling pathway. However, there are some
limitations in the present study. For instance, although
the TUNNEL results showed that apoptosis notably pres-
ent in the model rats, the specific cell types really that
underwent apoptosis did not indicate definitely. Thus,
co-staining of osteocyte markers and TUNEL would be
performed in future research. In brief, we hope our study
can lay a firm basis for the prevention and treatment of
GC-induced ONFH.
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