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A B S T R A C T

Background: Osteonecrosis of the femoral head (ONFH) is a refractory disease due to its unclear pathomechanism.
Therapies during the early stage of ONFH have not achieved satisfactory results. Therefore, this study aims to
explore the available evidence for the therapeutic effect of human umbilical cord mesenchymal stem cells
(HUCMSCs) on early-stage traumatic ONFH.
Methods: Early-stage traumatic ONFH was established. The femoral heads of rats were then locally administered
HUCMSCs. Four weeks and eight weeks after surgery, bone repair of the necrotic area in the femoral head was
analyzed to evaluate the therapeutic effect of HUCMSCs using micro-CT, histopathological staining, immuno-
fluorescence staining, Luminex.
Results: HUCMSCs were still present in the femoral head four weeks later, and the morphological, micro-CT and
histopathological outcomes in the 4-week HUCMSC-treated group were better than those in the model, NS and 8-
week HUCMSC-treated groups. Local transplantation of HUCMSCs promoted bone repair and prevented bone loss
in the necrotic area of the femoral head.
Conclusions: HUCMSCs can survive and positively affect the femoral head through local transplantation in early-
stage traumatic ONFH. The conclusions of this study can provide a treatment option for patients who have ONFH
and can serve as basic research on the advanced development of this disease.
The Translational potential of this article: The study indicated that the positive effect of exogenous HUCMSCs in the
treatment of early-stage traumatic ONFH provides the solid basis and guidance for the clinical application of
HUCMSCs.
1. Introduction

Osteonecrosis of the femoral head (ONFH) is a refractory disease that
is characterized by subchondral microfractures, impaired microcircula-
tion and interrupted bone remodeling processes [1,2]. ONFH is a global
problem. In the United States [3], an estimated 20,000 to 30,000 patients
are diagnosed with osteonecrosis each year. In addition, 8.2 million pa-
tients over the age of 15 years have nontraumatic ONFH each year in
China [4]. As ONFH mostly occurs in young and active middle-aged
patients, the long-term outcomes after total hip arthroplasty (THA) are
not satisfactory due to the shortcomings of a high revision rate and short
prosthesis life. Therefore, to protect joint function, early intervention for
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ONFH is particularly important. At present, there are many clinical
methods of joint preservation, including medication, physical therapy
and surgery, such as core decompression (CD) and bone grafting with and
without vascularization [5]. However, studies of these methods have not
achieved consistent results, and their efficacy varies widely. Ongoing
efforts are needed to develop more effective treatments for ONFH.

As a promising therapy, many studies have concentrated on mesen-
chymal stem cell (MSC) treatment [6]. MSCs have been verified to play
an essential role in bone healing. A series of clinical studies have reported
on MSC transplantation, which has gradually become a prospective
treatment for ONFH [7–10].

Bone marrowmesenchymal stem cells (BMMSCs) are widely used in a
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variety of diseases. However, they have a low yield. The outcomes were
closely related to the number, biological activity, and proliferation po-
tential of the transplanted MSCs. Therefore, to obtain stable efficacy of
cellular therapy, it is necessary to determine and establish an exhaustless
and standardized source of MSCs. Among the various types of stem cells,
human umbilical cord mesenchymal stem cells (HUCMSCs) have obvious
advantages, such as easy access, low immunogenicity, high yield and
stable amplification [11], and are used as a treatment in many diseases
with no immunological rejection or toxic reaction [12]. Currently, there
are few basic research studies on the treatment of femoral head necrosis
with HUCMSCs, and most of them focus on glucocorticoid-induced
ONFH; thus, adequate research is needed. Hence, in this study, we
explored the precise effect of HUCMSCs on traumatic ONFH.

2. Materials and methods

2.1. Materials

HUCMSCs were purchased from Beijing Tuohua Biotechnology Co.,
Ltd.Co., Ltd.

2.2. Animals and experimental grouping

Thirty-six adult male SPF Sprague–Dawley (SD) rats (purchased from
the Animal Center of the General Hospital of the PLA, weighing 350� 50
g) were randomly divided into 7 groups: a 4-week model group (n ¼ 6),
8-week model group (n ¼ 6), 4-week normal saline group (NS group) (n
¼ 6), 8-week normal saline group (NS group) (n ¼ 6), 4-week HUCMSC-
treated group (n ¼ 6), 8-week HUCMSC-treated group (n ¼ 6) and
normal group, which consisted of the 6 normal hips from the model
Figure 1. The process of establishing a rat model of traumatic osteonecrosis of
the femoral head and local injection of HUCMSCs in the femoral head.

127
group. All rats were housed under the same standard laboratory condi-
tions (the same temperature and humidity) with unlimited access to
water and a standard diet. All the samples were harvested in the fourth
week and eighth week after surgery.

All experiments were approved by the Animal Care and Use Com-
mittee of the General Hospital of the PLA, according to the National In-
stitutes of Health guidelines for the use of experimental animals.
2.3. Establishment of the traumatic ONFH model groups, NS groups and
HUCMSC-treated groups

We adopted a model of traumatic ONFH [13]. All thirty-six rats were
anesthetized by injecting 2% pentobarbital (0.3 ml/100 g) into the
abdominal cavity; then, the rats were placed on the operating table. Once
the rats were deeply anesthetized, the fur was removed from the opera-
tive area; the skin was cleansed, sterilized, and covered with a sterile
sheet; and a right hip lateral incision of approximately 2 cm was made
from the center of the trochanter. The muscle was separated and pulled
along the direction of the muscle fibers, the hip joint capsule was cut to
expose the femoral head, and the hip joint was dislocated. The round
ligament was tightly wrapped with a 3-0 suture around the base of the
femoral head, sliding it side to side 5 times to disrupt the blood supply
nourishing the femoral head. According to the results of a preliminary
experiment, the volume of the rat femoral head was approximately 14 μl.
To ensure that enough HUCMSCs were retained in the femoral head in
the HUCMSC-treated group, approximately 100 μl (1 � 107/ml) of
HUCMSC suspension was injected into the channel, which was approxi-
mately 0.2 cm long, with the needle of a 2 ml syringe. In the NS group,
100 μl of normal saline was injected using the same methods. During the
operation, the sciatic nerve was bypassed to avoid injury, the joint
capsule was enhanced, and the integrity of the surrounding muscle of the
hip joint was maintained to avoid dislocation of the hip joint. To prevent
infection, the wound was rinsed with normal saline, and the incision was
sutured in layers. After awakening, all rats were active and fed without
any abnormalities (Fig. 1).
2.4. Preparation of tissue samples

The animals were sacrificed at 4 and 8 weeks after the operation or
treatment for the model groups, NS groups and HUCMSC-treated groups.
Blood samples were obtained from the retro-orbital sinuses of rats at the
time of sacrifice and centrifuged immediately. Then, the supernatant was
collected and stored at �80 �C until analysis. Whole femurs were har-
vested from each rat, and all samples were fixed in 10% neutral calcium
formaldehyde for 1 week and then decalcified in EDTA for 4 weeks. Next,
half of the specimens were embedded in paraffin and cut into 5 μm
sections for histopathology, and the other half were soaked in 30% su-
crose solution overnight for dehydration. Then, the specimens were
embedded in OCT gel and sectioned by a frozen microtome at a thickness
of 8 μm for immunofluorescence staining analysis.
Figure 2. H&E staining and micro-CT assessment of
the model group (A) Image in the coronal plane of the
femoral head stained by H&E at 20 � magnification.
The white arrow indicates empty lacunae, the
trabeculae were disordered, and the local trabeculae
were sparse and thin. (B) Image in the coronal plane
of the femoral head scanned by micro-CT. The white
arrow indicates where the bone became less dense
and more porous and that the trabecular continuity
was interrupted, disordered and thin (scale bars: 20 �
¼ 100 μm).



Figure 3. Morphometric evaluation of micro-CT images among the seven groups (n ¼ 42): A: normal group; B: 4-week model group; C: 4-week normal saline group; D:
8-week model group; E: 8-week normal saline group; F: 4-week HUCMSC-treated group; G: 8-week HUCMSC-treated group; H: comparison of the bone metrology
parameters of the seven groups. (★p < 0.05,★★p < 0.01,★★★p < 0.001).
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Figure 3. (continued).
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Figure 3. (continued).
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2.5. Assessment of the traumatic ONFH model

Four weeks after surgery, the femurs of rats in the 4-week model
group were removed from the body and soaked in 10% neutral calcium
formaldehyde. ONFHwas evaluated by using micro-CT and H&E staining
analyses.

2.6. Micro-CT evaluation

All the animals in each group were euthanized, the right and left
femoral heads were dissected, and the soft tissue on the femoral head was
carefully removed. All the samples were scanned and reconstructed with
a micro-CT scanner (GE eXplore Locus, USA) to assess the relevant bone
parameters, such as the bone mineral density (BMD), bone volume (BV),
BV/tissue volume (TV), bone surface (BS)/BV, trabecular space (Tb. Sp)
and trabecular thickness (Tb. Th). The region of interest (ROI) size was X:
2.8207; Y: 2.8413; Z: 2.2854 (millimeters), the position of ROI was above
and below the epiphyseal plate in the middle of the femoral head. the
scanning resolution was 27 μm, the scanning voltage was 74.01 kV, the
current was 133.0 μA, and the threshold was 75–255. All the data were
analyzed by GE Micro View software.

2.7. Histopathological staining

The specimens were fixed in 10% neutral calcium formaldehyde for 7
days and then decalcified with 10% EDTA solution for 28 days. Some
Figure 4. H&E staining analysis of coronal plane sections of the femoral head in the
week normal saline group; G–I: 4-week HUCMSC-treated group; J–L: normal grou
HUCMSC-treated group; V: Bone Trabecula in each group (scale bars: 4 � ¼ 500 μm
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specimens in each group were embedded in paraffin, sliced into 5 μm
sections in the coronary position, dewaxed in xylene, and rehydrated in
graded ethanol, and residual water was removed from the slide using
distilled water for hematoxylin and eosin (H&E) staining. Saffron O solid
green staining was performed according to the respective specifications
for histological observation.

2.8. Immunofluorescence staining

The other half of the specimens, which were prepared for immuno-
fluorescence staining, were incubated with normal goat serum for 2 h to
block nonspecific antibody interference and then incubated overnight at
4 �C with anti-mitochondria (1:400; Abcam), anti-SOX9 (1:200; Abcam),
and anti-SP7/Osterix (1:200; Abcam). The slices were incubated in sec-
ondary antibodies—goat anti-mouse fluorescein-conjugated antibodies
(1:100, Zhong Shan-Golden Bridge) or goat anti-rabbit fluorescein-con-
jugated antibodies (1:100, Abcam)—for 1 h at 37 �C. Next, these slices
were counterstained with the nuclear marker 4,6-diamino-2-phenylin-
dole (DAPI). All images were observed using a fluorescence microscope
(Olympus).

2.9. Luminex analysis

All the rats in each group were anesthetized at different time points
after treatment. The serum from each rat was isolated and centrifuged
immediately, the supernatant was collected, and the production of
seven groups with different magnifications: A–C: 4-week model group; D–F: 4-
p; M–O: 8-week model group; P–R: 8-week normal saline group; S–U: 8-week
, 10 � ¼ 100 μm, 20 � ¼ 100 μm).



Figure 4. (continued).
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specific cytokines in the serum was evaluated according to the in-
structions of Bio-Rad (USA).

2.10. Statistical analyses

All statistical analyses were performed by IBM SPSS Statistics 20
software. Values are presented as the mean � standard deviation, and
132
differences with a P value < 0.05 were considered statistically signifi-
cant. All data satisfying the normal distribution and the test of homo-
geneity of variance were analyzed using ANOVA for multiple
comparisons, and the data that did not satisfy the normal distribution and
the test of homogeneity of variance were analyzed using nonparametric
tests.
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3. Results

3.1. Assessment of the traumatic ONFH model

Micro-CT and H&E staining were used to evaluate the effect of the
traumatic ONFH model. All the right femurs from the 4-week model
group were analyzed by these two means. In the micro-CT images, the
trabecular continuity of the subchondral bone tissue was interrupted and
disordered, and the local trabeculae were sparse and thin. Furthermore,
corresponding with the results of bone mass formation from micro-CT,
histological outcomes based on H&E staining also showed conspicuous
osteonecrosis, in which many empty lacunae appeared. Sparse and thin
trabeculae were observed in the femoral head, bone mineral loss was
obvious in the subchondral area of the femoral head, and abnormal cystic
changes were observed in many femoral heads in the 4-week model
group (Fig. 2).
3.2. Quantitative analysis of the femoral head by micro-CT

To explore the therapeutic effect of HUCMSCs on early traumatic
ONFH, rat models were established by impairing the blood supply to the
femoral head with 3–0 sutures, followed by local administration of
HUCMSCs and normal saline to the femoral head in the HUCMSC-treated
groups and NS groups, respectively. The femoral heads of the traumatic
ONFH group showed significant changes compared to those of the
normal group, including a decrease in BMD in the subchondral area of the
femoral head and the appearance of cystic changes.

The femoral heads were scanned and analyzed by Micro CT. Quan-
titative analysis revealed that the internal structure and morphology of
the femoral head were significantly different among these groups. After
Figure 5. Safranin-O staining analysis of coronal plane sections of the femoral head in
4-week normal saline group; G–I: 4-week HUCMSC-treated group; J–L: normal grou
HUCMSC-treated group; V: cartilage area in each group (scale bars: 4 � ¼ 500 μm,

133
treatment with HUCMSCs, the bone trabeculae in the femoral head,
especially around the subchondral area, showed notable improvement
compared to those the NS groups and model groups. Therefore, a trend of
recovery in the femoral head was observed after treatment with
HUCMSCs. The results of micro-CT parameters proved that treatment
with HUCMSCs had an obvious therapeutic effect in early traumatic
ONFH. However, the femoral heads in the 8-week HUCMSC-treated
group did not exhibit better outcomes than those in the 8-week NS
group or the 8-week model group (Fig. 3).
3.3. Histopathological findings in all groups

The femoral heads of each group were collected 4 and 8 weeks after
surgery. The tissue was dehydrated and embedded in paraffin. The
thickness of each section was 5 μm, and H&E staining was performed.
Bone trabecular sparseness, fracture, continuity interruption and exten-
sive apoptosis of osteocytes were observed in the 4-week model group, 4-
week NS group, 8-week model group, 8-week NS group and 8-week
HUCMSC-treated group. In the normal group and 4-week HUCMSC-
treated group, bone trabeculae were dense and arranged in an orderly
manner, fewer empty bone lacunae were observed in the trabeculae, and
the thickness of trabeculae was improved. Safranin-o staining showed
that the cartilage of the 4-week HUCMSC-treated group was normal and
had little necrosis. The 8-week HUCMSC-treated group, NS groups and
model groups demonstrated obvious cartilage degeneration with almost
no staining (Figs. 4 and 5).
3.4. Cell tracking in the femoral head of the HUCMSC-treated groups

Anti-human mitochondrial antibody reacts only with antigen derived
the seven groups with different magnifications: A–C: 4-week model group; D–F:
p; M–O: 8-week model group; P–R: 8-week normal saline group; S–U: 8-week
10 � ¼ 100 μm, 20 � ¼ 100 μm,★★★p < 0.001).
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from humans. This property can be used to identify and track HUCMSCs
injected into the femoral head. Many HUCMSCs (green staining) were
detected in the femoral head in the 4-week HUCMSC-treated group, but
no HUCMSCs were found in that of the 8-week HUCMSC-treated group
(Fig. 6).
134
3.5. HUCMSCs enhanced osteogenesis and the chondrogenic ability in the
femoral head in a traumatic ONFH rat model

SOX9 and SP7/Osterix are important markers of cartilage growth and
bone tissue growth, respectively. We used an immunofluorescence



Figure 6. A–C: HUCMSCs; D–F: HUCMSCs in the femoral head of the 4-week HUCMSC-treated group; G–I: HUCMSCs in the femoral head of the 8-week HUCMSC-
treated group (scale bars: 20 � ¼ 100 μm).

J. Zhao et al. Journal of Orthopaedic Translation 37 (2022) 126–142
technique to identify chondrogenic and osteogenic capabilities in the rat
femoral head using an anti-SOX9 antibody and anti-SP7/Osterix.
Immunofluorescence staining showed that the expression of SOX9 was
higher in the 4-week HUCMSC-treated group than in the NS groups,
model groups and 8-week HUCMSC-treated group, and the expression of
SP7/Osterix was the same as that of SOX9. The results of the experiment
verified that HUCMSCs injected into the femoral head promoted chon-
drogenesis and osteogenesis in a 4-week period. However, over time, the
positive effect of HUCMSCs waned, as observed in the 8-week HUCMSC-
treated group. This indicated that HUCMSCs may no longer home to the
lesion site at 8 weeks (Figs. 7 and 8).
3.6. Cytokine levels in the serum of rats

The therapeutic effect of MSCs was generated mainly through para-
crine action, promoting secretion of a large number of cytokines. The
levels of cytokines in the serum of rats at 4 and 8 weeks after treatment
with HUCMSCs was measured by Luminex, along with the expression of
VEGF, MCP-1, IL-1β, IL-4, IL-6, IL-8, IL-10, TNF-α, and RANTES. As
shown in Fig. 9, the expression levels of cytokines in the serum of rats
were measured in both the 4-week HUCMSC-treated group and the 8-
week HUCMSC-treated group, and there was no significant difference
between the two groups. The results of Luminex indicated that local
administration of HUCMSCs in the femoral head was successful and that
HUCMSCs could survive in the femoral head and exert their function.
However, HUCMSCs were not detected in the femoral head in the 8-week
HUCMSC-treated group.

4. Discussion

The pathologic process of ONFH is characterized by ischemic death of
bone marrow and bone cells with a limited self-repairing capability.
Previous studies have shown that the osteogenic and proliferative
135
abilities of MSCs are significantly reduced in patients with ONFH caused
by alcohol and steroid use [14–17]. After ONFH, the balance of osteo-
genesis and osteolysis in the femoral head is impaired [18].

During the process of osteonecrosis, the number of osteoclasts
increased, and the process of bone absorption was active because of the
dead bone. Moreover, osteogenic ability was weakened, resulting in
changes in bone structure in the femoral head. Ultimately, bone trabec-
ular strength decreased, and the femoral head collapsed at the end.

Exogenous MSCs can be added to compensate for a reduction in cell
number and proliferation ability. The progression of the disease is
delayed, and even collapse can be avoided by improving and enhancing
the strength of bone trabeculae [8]. Allogeneic MSCs from healthy
humans are one treatment for ONFH. There is much evidence that MSCs
exhibit low immunogenicity [19], which allows them to be transplanted
into other individuals without immune rejection. Currently, MSCs have
been reported to be a promising method for regenerating various tissues.
MSCs that were first identified in human bone marrow are called
BMMSCs. MSCs can be isolated from many sources other than bone
marrow, including adipose tissue, the synovium and the umbilical cord
[20,21].

Among MSCs from various tissues, BMMSCs are the most used and
studied. Rastogi et al. [22] compared the therapeutic effects of isolated
monocytes and untreated bone marrow. Considerable improvement in
hip function was observed. However, the limited number of BMMSCs,
which is affected by patient age, trauma and pain, and their proliferative
capacity restrict their application in ONFH [23,24]. Thus, HUCMSCs may
be a better choice. Umbilical cord collection is simple, and no ethical
arguments around it. HUCMSCs have a high yield and low immunoge-
nicity [25,26]. Therefore, we chose HUCMSCs in view of their advan-
tages, such as easy access, no ethical controversy, high yield, strong
proliferative ability, and commercialization.

But the safety of stem cells is an unavoidable issue. Stem cells have
some features of cancer cells including relative apoptosis resistance, long
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lifespan, and ability to replicate for extended periods of time. In addition,
similar growth regulators and control mechanisms are involved in both
cancer and stem cell maintenance. Therefore, stem cells may undergo
malignant transformation which is often seen as a key obstacle to the safe
use of stem-cell-based medicinal products [27]. After reviewing many
studies that used stem cells to treat ONFH, we found that most of the
current studies reported that no severe complications were observed.
Only a few studies reported that patients had some complications, such as
mild headache, flushing, and fever [28–30]. Cai et al. [31] analyzed the
therapeutic effect of the transplantation of autologous BMMSCs and
allogeneic UCMSCs for treating ONFH and no severe adverse effects were
observed at 12 months after transplantation. Chenet al. [32] evaluated
the clinical effects of transplantingallogeneic HUCMSCs to treat ONFH
and obtained clear results in which no obvious side-effects were found
after a three-year follow-up. Compared to other therapies, trans-
plantation of the HUCMSCs could secret neurotrophic factors and
anti-inflammatory factors to improve the microenvironment in the
injured environment and has low immunogenicity and no side effects
were detected [33–35]. Zhang et al. demonstrated that HUCMSCs
transplantation improves the disorder of sexual cycle, modulates the
serum hormone expression to a better state and restores ovarian function
in a rat model of premature ovarian failure with no severe adverse effects
[36]. To verify the immunogenicity of allogeneic MSCs, we injected
HUCMSCs isolated from human umbilical cord into the right gastrocne-
mius muscle of nude mice and KM mice. Then, H&E staining and
immunohistochemical staining were performed on the muscle sections
Figure 7. The expression of SOX9 in the femoral heads of the seven groups: A–C:
treated group; J–L: normal group; M–O: 8-week model group; P–R: 8-week normal
group (scale bars: 20 � ¼ 100 μm, ★p < 0.05,★★p < 0.01).
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from the injection site on days 2, 3, 7 and 14. No obvious infiltration of
inflammatory cells, such as neutrophils and monocytes, was found. On
day 7, immunohistochemistry showed that many HUCMSCs were still
present in the gastrocnemius of KM mice without being rejected by their
immune systems. No abnormal cells, such as tumor cells, were found, and
the safety was verified. In terms of effectiveness, intravenous stem cell
therapy for early ONFH has some efficacy, but the results varied
considering the limited number of stem cells that reached the injured
area after intravenous injection [37].

To retain sufficient stem cells locally in the femoral head, we must
first maximize the stem cell concentration. Many studies have shown that
positive treatment results are closely related to high cell counts [38,39].
However, the ideal concentration of HUCMSCs has not been determined.
Preliminary experiments indicated that the most appropriate concen-
tration of HUCMSCs without blocking the needle was 1 � 106/100 μl.
Second, sufficient HUCMSCs were injected into the femoral head through
local injection. Since the volume of the rat femoral head is approximately
14 μl after calculation [13], we injected approximately 100 μl into each
femoral head, so 14 μl of HUCMSC suspension could be retained locally.
The survival of HUCMSCs was observed at 4 and 8 weeks after the
operation to evaluate the therapeutic effect. At 4 weeks after surgery,
many HUCMSCs were detected locally in the femoral head by immuno-
fluorescence and anti-human mitochondrial antibody staining, but a
large number of HUCMSCs could not be observed at 8 weeks after sur-
gery. It was reported that transplanted stem cells could proliferate and
divide in the early time period after translation, However, over time,
4-week model group; D–F: 4-week normal saline group; G–I: 4-week HUCMSC-
saline group; S–U: 8-week HUCMSC-treated group; V: SOX9 expression in each
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most of the cells showed either die or migrate elsewhere [40]. Therefore,
We speculated that HUCMSCs migrated out of the femoral head 8 weeks
after transplantation, so few HUCMSCs were detected in the femoral
head. H&E staining and Saffron O solid green staining showed that the
outcome of the HUCMSC-treated group at 4 weeks was better than that of
the ONFH model groups, normal saline groups and 8-week
137
HUCMSC-treated group. The results of bone parameters from micro-CT
were consistent with histological staining.

The expression of SOX9 and SP7/Osterix in the 4-week HUCMSC-
treated group was higher than that in the ONFH model groups, normal
saline groups and 8-week HUCMSC-treated group.

Luminex showed that there were human-derived cytokines, such as
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IL-1β, IL-8, IL-4, IL-6, IL-10, McP-1, TNF-α, RANTES and VEGF, in the
serum of rats in the 4-week and 8-week HUCMSC-treated groups. Much
recent evidence suggests that mesenchymal stem cell regeneration may
be mainly mediated by the secretion of some bioactive factors, such as
cytokines, exosomes, growth factors, and chemokines [41,42]. VEGF is
an essential angiogenic peptide that is predominantly secreted by oste-
oblasts in the bone environment. It affects angiogenesis by promoting
endothelial cell proliferation and migration and promotes bone devel-
opment and osteogenesis [43]. HUCMSCs inhibit the proliferation of
immune cells and reduce inflammation by secreting IL-4 (interleukin-4)
and IL-10 (interleukin-10). These changes in the immune response pro-
mote tissue repair [44]. HUCMSCs suppress cell apoptosis by inhibiting
expression of the inflammatory factors TNF-α (tumor necrosis factor-α),
IL-8 (interleukin-8), and IL-1β (interleukin-1β) [45,46].

These results indicated that HUCMSCs could survive in the hypoxic
and ischemic microenvironment of the femoral head and still have
secretory function, which has a positive impact on the pathological
process of ONFH and bone tissue metabolism and was consistent with
many research results.

The guidelines also indicated that for patients with Association
Research Circulation Osseous (ARCO) stages 1 and 2, core decompression
(CD) in combination with autologous BMMSCs or stem cell trans-
plantation was recommended [47]. Our research was more in depth,
providing a reliable reference for the treatment of ONFH in the early
stage.
Figure 8. The expression of SP7/Osterix in the femoral heads of the seven groups: A–
treated group; J–L: normal group; M–O: 8-week model group; P–R: 8-week normal s
each group (scale bars: 20 � ¼ 100 μm,★★★p < 0.001).
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Some researchers implanted BMMSCs containing 2% and 20% oxygen
through CD in rabbits, and the results showed that the apoptosis of tissue
treated with BMMSCs containing 2% oxygen was significantly reduced
and that the angiogenesis ability was significantly increased. BMMSCs
pretreated with hypoxia could reverse BMMSCs in the damaged site and
enhance the therapeutic effect [48]. Other studies have similarly
concluded that osteogenesis of MSCs was enhanced if they were exposed
to low oxygen levels in the early stage of differentiation [49–51]. How-
ever, with time, we found that the number of local HUCMSCs decreased
and that the bone structure in the femoral head was also changed, which
fully indicated that HUCMSCs play an important role in the bone meta-
bolism of ONFH; however, sufficient and intermittent infusions of
HUCMSCs were needed to maintain the therapeutic effect on ONFH. In
subsequent experiments, it is necessary to increase the sample size to
further evaluate the efficacy in the 8-week HUCMSC-treated group. Cai
et al. [31,32]. Evaluated the cotransplantation of autologous BMMSCs
and allogeneic UCMSCs for ONFH and observed a therapeutic effect 12
months after transplantation, and no serious adverse reactions were
found. Chen et al. analyzed the clinical effect of HUCMSC transplantation
in the treatment of ONFH. After 3 years of follow-up, the effect was clear
without obvious side effects. However, only 30 patients and 9 patients
were involved in the two studies [32]. To further evaluate the efficacy
and safety of HUCMSCs in ONFH, more studies with many patients and
longer follow-up times are needed.

After analyzing several clinical studies, Wang et al. [52] found that
C: 4-week model group; D–F: 4-week normal saline group; G–I: 4-week HUCMSC-
aline group; S–U: 8-week HUCMSC-treated group; V: SP7/Osterix expression in
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CD combined with BMMSCs had a better therapeutic effect on ONFH
than CD alone, and the combined therapy significantly reduced symp-
toms and had a positive effect on preventing collapse. However, the
author did not specify the degree of necrosis in the ONFH patients, and
there are still many problems to be further studied, such as tumorige-
nicity, performance of transplanted cells in vivo, and immune rejection.

There are still some further studies to be done in our research. First,
few molecular mechanisms of HUCMSCs were involved in the treatment
of early femoral head osteonecrosis in rats. Second, the molecular path-
ways involved in the effect of HUCMSCs on the pathological change
139
process of ONFH are still unclear. Regarding the result of HUCMSC im-
plantation at 8 weeks after surgery, we believe that with the extension of
time after surgery, HUCMSCs cannot remain in the femoral head for a
long time, but they can still survive and enter the blood circulation and
other parts of the body, which can be seen from the Luminex assay of
serum from the rats. Therefore, intermittent implantation of HUCMSCs
during treatment will be required to maintain their efficacy. At the same
time, we believe that it is still necessary to increase the sample size to
further evaluate the efficacy of HUCMSCs at 8 weeks after surgery, and
further studies will be carried out in future experiments.



Figure 9. Comparison of the levels of cytokines in the serum of rats between the 4-week HUCMSC-treated group and the 8-week HUCMSC-treated group. (★p <

0.05,★★p < 0.01,★★★p < 0.001).
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5. Conclusions

As a refractory orthopedic disease, ONFH needs to be further studied.
Stem cell therapy is a promising treatment, and local transplantation of
HUCMSCs in the femoral head can promote the stability of bone structure
and avoid further deterioration due to ONFH.
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