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Abstract

Introduction Osteonecrosis of the femoral head (ONFH) is a disease in which the blood supply of the femoral head is inter-
rupted or damaged, resulting in joint dysfunction. Hypoxic environments increase the expression of EPO, VEGF, and HIF
causes vascular proliferation and increases the blood supply. It also causes the organism to be in a state of hypercoagulabil-
ity and increases thrombosis. Therefore, the purpose of this study was to explore the occurrence of ONFH after the use of
glucocorticoids (GCs) under conditions of hypoxia tolerance for a long time.

Materials and methods Sprague-Dawley rats were fed in a hypobaric hypoxic chamber at an altitude of 4000 m, the whole
blood viscosity, and plasma viscosity were determined to analyze the blood flow and hemagglutination. Western blotting,
polymerase chain reaction, and immunohistochemistry were used to detect EPO, VEGF, CD31, and osteogenesis related
proteins. Femoral head angiography was used to examine the local blood supply and micro-CT scanning was used to detect
the structure of the bone trabecula.

Results Under hypoxic environments, the expression of EPO and VEGF increased, which increased the local blood supply
of the femoral head, but due to more severe thrombosis, the local blood supply of the femoral head decreased.

Conclusions Hypoxic environments can aggravate ONFH in SD rats; this aggravation may be related to the hypercoagulable
state of the blood. We suggest that long-term hypoxia should be regarded as one of the risk factors of ONFH and we need to
conduct a more extensive epidemiological investigation on the occurrence of ONFH in hypoxic populations.
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Introduction

Globally, more than 100 million people inhabit the high-alti-
tude regions, where the internal environment is deprived of
oxygen, which is also a characteristic of chronic obstructive
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caused by the administration of high doses of glucocorti-
coids (GCs) and alcohol abuse [2], which often requires sur-
gical treatment and imposes a huge burden on the patients
and society [3—6]. Although the mechanisms underlying
ONFH have not been fully and convincingly explained,
endothelial dysfunction, thrombosis [7], and a series of
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pathological changes caused by them have been identi-
fied as the important causes of ONFH [8]. Several studies
have shown that various physiological changes secondary
to hypoxia play important roles in ONFH. Certain epide-
miological studies also suggest that anoxia-related genetic
variations may help in identifying ONFH susceptibility [9].
However, the effects of long-term hypoxia on ONFH have
not been clarified yet.

The regulation of EPO expression by the liver and kid-
neys is one of the most classical physiological responses to
hypoxia [10]. In addition to increasing VEGF expression and
its mediated angiogenesis, EPO can also exert noteworthy
protective effects against bone loss [11], by inhibiting the
apoptosis of osteoblasts [12] and enhancing Runx2-mediated
osteogenesis [13]. Animal experiments have shown that the
simultaneous injection of EPO can partially prevent hor-
mone-induced ONFH [14].

Additionally, VEGF is another cytokine that is upregu-
lated following hypoxia and has a more obvious and definite
preventive effect against ONFH [15]. Studies have shown
that the polymorphism in the VEGF [9, 16, 17] and its pro-
moter [18] is related to the increased risk of ONFH. Immu-
nohistochemical staining also showed that the expression
of VEGF decreased significantly after the use of GC [19]
and the immune response of osteoblasts also changed cor-
respondingly [20]. Moreover, it has been reported that the
femoral head may be an anatomical site that is particularly
sensitive to GC, and such sensitivity will have an obvious
negative influence on the expression of VEGF [21], resulting
in a series of pathological changes. Varoga et al. observed
that compared with those from the periphery, osteoblasts
distributed in the reactive penumbra exhibited increased
immunoreactivity to VEGF. More importantly, in later-
stage osteonecrosis, VEGF might accelerate the ingrowth of
reparative arterioles into lesions [20]. Some researchers are
of the opinion that angiogenic factors might be candidates
for new therapeutic targets and diagnostic biomarkers for the
treatment of diseases such as ONFH [22].

However, not all studies on the effects of hypoxia on
ONFH had positive results. Jones [23] proposed the intra-
vascular coagulation (IC) theory in 1992, pointing out that
IC may be the final common pathway of ONFH caused by
various factors. Although this hypothesis is not comprehen-
sive, the view that hypercoagulability, which is characterized
by thrombophilias and/or low fibrinolysis [24], is a high-risk
factor for ONFH has been widely accepted [8, 25, 26], and
hence, anticoagulant therapy has achieved a certain theoreti-
cal basis [27, 28]. When humans are chronically exposed
to oxygen deprivation, there will be compensatory erythro-
cyte proliferation, increased blood viscosity, hemodynamic
changes, which puts the body in a hypercoagulable state [1],
increasing the risk of thrombosis [29], and thus raising the
incidence rate of ONFH.

However, the relationship between hypoxia and bone cells
is still unclear. Not only did an epidemiological survey show
that hypoxia-inducible factor (HIF) polymorphisms have
relationships with ONFH [30], but also showed a decrease
in HIF expression in animal models treated with GCs [21].
It has been confirmed that transplantation of HIF-1a trans-
genic bone marrow mesenchymal stem cells (BM-MSCs)
[31] and SDF-1a overexpression in BM-MSCs [32] can
potentially promote the bone generation and the repair of
the necrotic areas following corticosteroid-induced ONFH.
All these findings suggest that HIF produced in local tissues
may have a protective effect on ONFH, and after transfec-
tion of HIF-1a, both the proliferation and colony-forming
ability of hypoxia-exposed BM-MSCs were significantly
enhanced compared to those of BM-MSCs under conditions
of normoxia [33]. However, in vitro experiments reported
that hypoxia conditions may lead to the enhancement of the
effects of GC by upregulating GC-receptor activity [34] and
increasing the number of necrotic osteocytic cells through
the overexpression of Dickkopf-1 (Dkk-1), an inhibitor of
Whnt/p-catenin signaling [35].

These studies indicate that hypoxia may trigger a series
of physiological changes that either prevent or aggravate
ONFH. Therefore, in this study, we investigated the relation-
ship between hypoxia and ONFH.

Materials and methods
Animal models and grouping

Forty Sprague-Dawley (SD) rats (Shanghai Animal Experi-
mental Center, Shanghai, China), which were 8 weeks
old and weighed 295-305 g, were divided into four
groups—control, hypoxia, methylprednisolone (MP), and
MP + hypoxia. Neither the rats in the control group nor the
hypoxia group received any treatment; however, the control
group was raised in a conventional oxygen environment,
while the hypoxia group was raised in a hypoxic environ-
ment simulating an altitude of 4000 m. Rats in the (MP)
group received intramuscular injection of MP (20 mg/kg/
day) (Pfizer, USA) for three continuous days per week for
3 weeks (total MP 180 mg/kg), according to the method
described by Xu et al. [36]. The MP + hypoxia group was
firstly raised in a hypoxic environment (4000 m altitude) for
1 week, and then intramuscularly injected with methylpred-
nisolone (same as the MP group), and was then continu-
ously exposed to an hypoxic environment until the animals
were sacrificed. All the samples were obtained 6 weeks after
the first injection of MP. All experimental protocols were
approved by the Animal Research Committee of Shanghai
Jiaotong University School of Medicine.
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Hypobaric hypoxia exposure

The rats were exposed to hypoxic experiment in a hypo-
baric hypoxia chamber, which was decompressed at a veloc-
ity of 10 m/min until the simulated altitude of 4000 m was
achieved (O,, 12.5 kPa). Humidity in the chamber was main-
tained at 40-50% and the temperature ranged from 23 to
25 °C. The altitude was increased to 4000 m through the
adapter module and food and water were added to the sub-
jects daily. The altitude, temperature, and humidity of the
laboratory module remained unchanged [37].

Oxygen content, complete blood count,
and hemorheology

Firstly, the rats were anesthetized, and their abdominal aorta
and vein were dissected; then, their abdominal aortas were
punctured to extract three blood samples. One of the blood
samples was isolated from the air for arterial blood gas
(ABG) analysis including arterial oxygen partial pressure
(PaO,) and arterial oxygen saturation (Sa0,), and the rest
were administered heparin for anticoagulation. Finally, the
erythrocyte (RBC) count, hematocrit (HCT) values, platelet
(PLT) count, and whole blood viscosity (WBV) (high shear
rate, middle shear rate, low shear rate) and plasma viscosity
(PV) were determined by routine laboratory assays.

Western blot (WB)

Kidney tissue was ground, homogenized, and mixed with
cell lysis buffer and proteinase inhibitor. Proteins were
extracted by centrifuging the samples, and their concentra-
tions were tested with a BCA assay, and complete protein
denaturation was conducted at 95 °C for 5 min. SDS-PAGE
was performed on 30 pg of the protein samples, after which
the proteins were transferred to polyvinylidene difluoride
(PVDF) membrane. After blocking for 2 h with 5% non-fat
dry milk, the membranes were incubated overnight with the

primary-antibody of EPO (Abcam, Cambridge, MA, USA,
1:1000 dilution) and p-actin (CST, Danvers, MA, USA,
1:1000 dilution) at 4 °C, and then anti-rabbit IgG (CST,
Danvers, MA, USA, 1:1000 dilution) labeled with horse-
radish peroxidase was used as a secondary antibody. The
membrane was immersed with the secondary antibody for
2 h at 37 °C. The protein bands were visualized and detected
with a gel image-processing system.

Quantitative real-time polymerase chain reaction
analysis (qRT-PCR)

Total RNA was extracted from femoral head or kidney
with TRIzol reagent (Invitrogen) after the tissue was fully
ground. According to the manufacturer’s instructions,
RT was performed on 1 pg of total RNA with EasyScript
one-step gDNA Removal and cDNA Synthesis Supermix
(TransGen Biotech, Beijing, China), and was then quanti-
fied by real-time qRT-PCR with the TransStart Tip Green
gPCR SuperMix (TransGen Biotech, Beijing, China). The
relative expression of mRNAs was normalized to that of the
housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and the primers used are listed in Table 1.
The reaction conditions were 95 °C for 15 s and 60 °C for
60 s in all the 40 cycles, meanwhile, a 75-95 °C solubility
curve was constructed.

Serum EPO, serum alkaline phosphatase (ALP),
undercarboxylated osteocalcin (Glu-0C),
and carboxylated osteocalcin (Gla-OC)

Blood samples were obtained by abdominal aortic puncture,
centrifuged for 10 min at 4 °C, the serum was separated,
which was firstly measured by a specific assay (Nanjing
Jiancheng Biological Engineering Institute). The absorb-
ance at 405 nm was recorded as the relative ALP levels in
rats. Serum EPO levels were evaluated using the Mouse
Erythropoietin Quantikine ELISA kit according to the
manufacturer’s protocol (R&D Systems, California, USA).
And we tested serum Glu-OC and Gla-OC with enzyme

Table 1 The quantitative real-
time polymerase chain reaction

Gene

Forward primer

Reverse primer

prirner sequences GAPDH

CTGGAGAAACCTGCCAAGTATG
EPO AAGAATGAAGGTGGAAGAACAGG

GGTGGAAGAATGGGAGTTGCT
ACCCGAAGCAGTGAAGTGAGG

VEGF GAGCAGAAAGCCCATGAAGTG ACTCCAGGGCTTCATCATTGC
Runx2 CCTGAACTCAGCACCAAGTCCT TCAGAGGTGGCAGTGTCATCA
oC AATAGACTCCGCGCTACCTC GCTAGCTCGTCACAATTGGG
ALP GGACCCTGCCTTACCAACTCA GTGGAGACGCCCATACCATCT
CD31 GCACCACCTCGAAATCTAGGC ATCACGGTGCATTTGTACTTCC
PPARY CCCTTTACCACGGTTGATTTC CTTCAATCGGATGGTTCTTCG
Bmp2 CCTATATGCTCGACCTGTACCG CTGGCTGTGGCAGGCTTTAT
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immunoassay (EIA) kits (Takara, Shiga, Japan). We ana-
lyzed the absorption of the samples at 450 nm, plotted each
protein’s standard curve and found absolute concentrations
from the standard curve.

Micro-CT scanning

After samples were collected from the sacrificed rats, the
trabecular bone parameters of the upper outer subchondral
bone of the right femoral head were estimated with a micro-
CT scanner at a voxel of 9 pm. The parameters analyzed
included bone mineral density (BMD), bone volume (BV),
bone volume per tissue volume (BV/TV), trabecular thick-
ness (Tb.Th), trabecular number (Tb.N) [38], and the bone
structure of fractured femoral heads. The images were ana-
lyzed by CTAn software.

Angiography

After the rats were anesthetized, the abdominal aorta and
vein were dissected, and the distal abdominal aorta was
injected with heparin saline, 4% paraformaldehyde, and
Microfil (MV-112, Flow Tech, Inc., Carver, MA) succes-
sively. Finally, micro-CT scanning was implemented as
described above and 2-D images were transferred to CT Vol
and CTAn to reconstruct the 3-D images and calculate the
vascular volume and vascular volume/total volume.

Histological and immunohistochemical analyses

After micro-CT scanning, the femoral heads were decalci-
fied, paraffin-embedded, and sectioned at 5-pm thickness in
the coronal plane. Most of them were deparaffinized, anti-
gen retrieved, incubated with anti-OC (Abcam, Cambridge,
MA, USA), anti-CD31 (Abcam, Cambridge, MA, USA),
anti-Runx2 (Abcam, Cambridge, MA, USA) or anti-VEGF
(Boshide, Wuhan, China) primary antibodies and the appro-
priate secondary antibodies successively, while the others
were stained with hematoxylin and eosin (H&E) to evalu-
ate the trabecular structure. Finally, sections were visual-
ized with DAB and counterstained with hematoxylin. The
photomicrographs were acquired using a LEICA DM 4000
(Leica Microsystems, Germany) and the images of immu-
nohistochemical staining were analyzed with the software
Image-Pro Plus. We recorded the target protein’s integrated
option density (IOD) and the total area of trabecular bones,
and obtained the mean density (IOD/area).

Statistical analyses

All data were analyzed by SPSS 22.0 (Microsoft, Chicago,
IL, USA) and presented as the mean =+ standard deviation
(SD) with three independent experiments. Comparisons
of data among the groups were performed using one-way
analysis of variance (ANOVA) with Tukey’s post hoc test.
P<0.05 (*) and P<0.01 (**) were considered statistically
significant.
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Results
Hypoxia reduced the P,0, and Sa0,

Post hypoxia exposure and GC treatment, there was no sta-
tistical difference in weight between the groups, indicating
that hypoxia exposure and GC treatment had no effect on
the general condition of the rats (Fig. 1a). However, ABG
analysis reported that hypoxia resulted in significant reduc-
tions in both PaO, and SaO, (Fig. 1b, c).

Hypoxic exposure maintained the blood
in a hypercoagulable state

Hemorheology test results showed that low oxygen levels
significantly increased the PV or WBV of the blood sam-
ples with or without GC injection (Fig. 2a). The increase
in WBV was not only due to the changes of PV, but also
due to the RBC count and HCT increased caused by the
decrease in oxygen content, while the use of hormones also
increased the RBC count and HCT (Fig. 2b, c). The PLT
fluctuation was not statistically significant, although it did
occur due to the changes in drug administration or oxygen
levels (Fig. 2d).
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Fig.2 Hypoxia promotes the proliferation of red blood cells, and the
increase of PV and WBYV, makes the blood in a hypercoagulable state.
a Hemorheology showed that hypoxia not only increased PV, but also
significantly increased WBV in various cutting rates. b, ¢ GC treat-
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ment increased both RBC and HCT, while hypoxia had a more sig-
nificant effect on both. d The PLT of the four groups did not change.
(* indicated P <0.05; ** indicated P <0.01)
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Fig.3 Hypoxia stimulates the overexpression of EPO and VEGF.
a WB proved that hypoxia maybe change the concentration of
EPO (P<0.05), and it is more significant between the MP and
MP +hypoxia group (P<0.01). Even after GC was used, EPO
expression remained at the same level as that of the control group.
b Hypoxia also increased the expression of VEGF (P <0.01), sig-
nificantly improving the expression level of VEGF after GC expo-
sure (P<0.01), although it was still lower than the general level

(P<0.01). The arrow represents the target protein, that is, VEGF
staining. ¢, d The mRNA transcription level of both was consistent
with the protein expression trend, but the VEGF transcription level of
the MP +hypoxia group was higher than that of the control group. e
ELISA confirmed that hypoxia can effectively induce the overexpres-
sion of serum EPO (P <0.01), while the use of MP can reduce the
expression (P <0.05). (* indicated P <0.05; ** indicated P <0.01)
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Hypoxia increased the expression of EPO and VEGF

Hypoxia causes the kidney to overexpress EPO, while
GC exposure reduces EPO expression (Fig. 3a, c). We
observed from ELISA results that 1 week’s hypoxia treat-
ment in advance can effectively prevent GC from reducing
serum EPO and maintain EPO content at the same level as
that in the control group (Fig. 3e). PCR showed the same
trend as WB (Fig. 3c). Similar to EPO, VEGF expression
increased due to hypoxia and decreased with the use of
GC. Although rats pretreated with hypoxia still showed
lower VEGF expression level than those in the control
group due to the use of GC, it was still at a higher level
than that in the experimental subjects without hypoxia
(Fig. 3b). The PCR results of VEGF were similar, but the
mRNA transcription level of rats treated with hypoxia and
GC was higher than that of the control group (Fig. 3d).

Hypoxia can aggravate the blood supply damage
in ONFH

In the absence of GC, hypoxia exposure enhanced the blood
supply to the femoral head, resulting in a statistically signifi-
cant increase in vascular volume and vascular volume/total
volume. By analyzing the 3D-reconstruction of angiography,
we believe that this increase is mainly manifested in a large
increase in the number of tiny vessels (Fig. 4d—f). However,
in both the groups injected with GC, the hypoxia-exposed
group did not exhibit the same improvement in blood supply
but showed lesser vascular volume and vascular volume/total
volume (Fig. 4d—f). However, there was no such divergence
in CD31. We deduced from that hypoxia can increase CD31
expression, while GC can decrease it. It should be noted that
there was no significant difference in the immunohistochemi-
cal density between the MP +hypoxia group and the Control
group, but PCR showed that mRNA in the former group was
lower than that in the latter group (Fig. 4a—c).

Hypoxia impairs the osteogenic differentiation
of ONFH

In immunohistochemical and PCR experiments, hypoxia alone
did not have a significant effect on the osteogenesis of the
femoral head. Administration of GC significantly lowered the
amount of protein and mRNA expression in OC and Runx2,
and this change became more serious on hypoxic exposure.
The changes between the groups were the same in the immu-
nohistochemical analyses and PCR, making the results more
persuasive (Fig. Sa—d). Although hypoxia impaired the OC and
Runx2 expression, PCR results showed that it did not lead to
a statistically significant decrease in the transcription level of
ALP mRNA in the femoral head, which decreased with the use
of GC (Fig. 5d). Nevertheless, this disparity was not observed
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in serum ALP activity, in which there was no difference among
the groups (Fig. 6a).

Effect of hypoxia on Glu-OC and Gla-0OC

We expected to observe the reduction of Glu-OC and Gla-
OC in the blood samples with the use of GC, as has been
reported in many studies [39, 40]. However, we did not find
that lower oxygen content had a significant effect on either of
them, although we observed a decline (Fig. 6b—d).

Hypoxia aggravates the incidence of ONFH
in the subchondral area

Although H&E staining lacks quantifiable detection indi-
cators, histological evidences are still an important basis
for judging the occurrence and phase of the ONFH. The
structure and cell morphology of the femoral head in the
control group and hypoxia group were normal, including
epiphysis and regular trabeculae. In MP and MP + hypoxia
groups, we not only found the disappearance of trabecular
structure, but also observed empty lacunas and newly formed
osteoid, what’s more, hypertrophic fatty cells and necrotic
nuclei were observed at high magnification.

With MicroCT, both the control and hypoxia groups
showed normal trabecular structure, and imaging changes
were observed in 8 rats in the MP group, and 10 rats in the
MP + hypoxia group. Thus, it can be stated that compared
with 8 rats that showed mild necrosis in the MP group, all
the 10 rats in the MP+ hypoxia group showed different
degrees of necrosis (Fig. 7b). BMD, BV, and Tb.Th were
also recorded and analyzed to assess the transformations in
bone tissue (Fig. 7c—g). The BMD in the MP group was
significantly lower than that in the control group and the
damage was aggravated with the reduced oxygen in the
MP + hypoxia group, and all the other parameters except
trabecular count showed approximate fluctuations.

Discussion

ONFH is a debilitating disease often accompanied by
osteoporosis [41] and is caused by the excessive admin-
istration of GCs. In most of the cases, it progresses to the
collapse of the femoral head and degenerative arthritis [2,
5]. However, these lesions are originally formed due to
the reduced capacity for bone formation and differentia-
tion and impaired blood supply to the femoral head [8,
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«Fig. 4 Effect of hypoxia on local blood supply to femoral head. a, b
No matter whether GC is injected or not, hypoxia can significantly
improve the expression of CD31 (P<0.01), and CD31 still remains
at the general level after GC is applied through pre-hypoxia. The
arrow represents the target protein, that is, VEGF staining. The arrow
points to the staining of CD31 protein in endothelial cells. ¢ PCR
showed the same results. d, e Hypoxia did significantly improve the
blood vessel volume of femoral head (P <0.01). Through 3D recon-
struction, we observed that this improvement may be more caused
by microvascular angiogenesis, but after GC use, the MP +hypoxia
group had more serious blood supply impairment. f VV/TV support
the above results (** indicated P<0.01)

42]. In this series of pathological processes, the view that
endothelial cell injury is a key event in ONFH is increas-
ingly accepted and promoted [7, 17]. Hypoxia has been
reported to lower the hydroxylation of HIF at different
sites, enabling HIF to escape degradation and inactiva-
tion. HIF then forms active transcriptional complexes at
thousands of loci across the human genome, increases the
expression of EPO and VEGF above normal, promotes
capillary growth and vascular volume [10, 43, 44], all of
which are considered to have a protective effect on the
occurrence of ONFH [12, 20]. Through HIF-1a-induced
VEGF,hypoxia ameliorates the expression of Runx2 in
periodontal ligament stem cells [45]. VEGF is highly cor-
related with ONFH and largely responsible for maintain-
ing the fine vascular network that surrounds the highly
remodeling bone [20, 46] and EPO enhances the Runx2-
mediated osteogenesis, lessening bone loss in ONFH in
rats [13]. However, decreased oxygen content will lead
to compensated erythrocyte proliferation, increased blood
viscosity, and hemodynamic changes [1, 29]. All these
changes will make blood hypercoagulable, promoting
the formation of thrombosis, reducing the effective ves-
sel volume, and thus aggravating osteonecrosis [23, 47].
Hypoxia can also increase the effect of GC, which aggra-
vates osteonecrosis by increasing the expression of Dkk-1
and up-regulating GC receptor activity [34, 35]. Collec-
tively, hypoxia has diverse effects on ONFH and till date,
there are no studies which have clearly established the
relationship between hypoxia and ONFH.

In our study, we observed that the hypobaric hypoxia
chamber simulated the anoxic environment efficiently,
significantly increasing the expression of EPO and VEGF
in the femoral head. Chen and Jin have both reported that
EPO can exert noteworthy protective effects against bone
loss [11], by inhibiting the apoptosis of osteoblasts [12]
and enhancing the Runx2-mediated osteogenesis [13]. The
effects of VEGF on ONFH have been widely reported [19,
20, 31, 46]. And before using GC, we observed that hypoxia
caused a significant increase in the vascular network and
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the volume of blood vessels, and this increase was more
manifested in the smaller blood vessels which assist in the
prevention of osteonecrosis of the femoral head [48, 49].
Therefore, we can deduce that hypoxia may play a very
important role in improving blood supply and preventing
ONFH.

However, our results are not consistent with the above
assumptions. After GC administration, angiography
proved that this advantage of blood supply disappeared
completely, which showed that hypoxia did not increase
the volume of blood vessels, but significantly dam-
aged the blood supply of femoral head and significantly
reduced BV/TV.

Further, we also evaluated the expression of OC and
Runx2 in the femoral head, which showed the same trend in
the PCR and immunohistochemistry analyses. Ding H et al
observed that hypoxia stimulated the HIF expression, which
had a protective effect on ONFH [31], and Ciapetti et al.
[33] reported that the expression of bone-related genes was
significantly increased under hypoxia. Some authors also
suggested that hypoxia combined with GC can increase
its effect, thus aggravating ONFH [34, 35]. Our in vivo
results ultimately supported the latter, with a combination
of hypoxia and GC resulting in lower OC and Runx2 expres-
sion in the femoral head.

To explore the reasons, we think there are two main
points. First, although hypoxia had no effect on the general
condition of rats, we observed that hypoxia significantly
reduced PaO, and SaO,, which is consistent with the gener-
ally accepted consensus [1, 29], and may be a reason for
the low expression of osteogenesis-related proteins OC and
Runx2. Second, hypoxia increases RBC, HCT, WBV and
PV, which make the blood hypercoagulable and more prone
to thrombosis. We speculate that after the endothelial cell
injury caused by the use of GC, the hypercoagulable state of
blood leads to more extensive and severe thrombosis, which
leads to more vascular loss, resulting in more severe damage
of blood supply in the MP + hypoxia group than in the MP
group. In addition, the interruption of local blood supply, in
turn, aggravates local hypoxia and also aggravates the low
expression of bone differentiation protein, not to mention
that blood hypercoagulability is a recognized risk factor for
ONFH [26, 28].

In general, although pathological evidence showed
that ONFH will occur after MP treatment regardless of
hypoxia exposure, hypoxia caused the GC-treated rats to
exhibit lower BMD, lesser BV, dropped BV/TV and thin-
ner Tb.Th. Therefore, our in vivo experiments suggested
that the comprehensive effect of hypoxia on ONFH is its
aggravation.
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«Fig.5 Hypoxia aggravated the damage of osteogenic differentia-
tion in ONFH. a—c Hypoxia itself did not affect osteocyte differen-
tiation, but simultaneous exposure to hypoxia and GC resulted in a
decrease in OC (P <0.05),and the decrease of Runx2 was more obvi-
ous (P<0.01). The arrows represent stained target proteins, includ-
ing OC, which is mainly expressed in the cytoplasm, and Runx2,
which is expressed in the nucleus. d The PCR results of OC and
Runx2 showed the same trend as immunohistochemistry. (* indicated
P<0.05; ** indicated P <0.01)

Additionally, it should be noted that the expression of
the VEGF protein in the femoral head of rats exposed to
both GCs and hypoxia was lower than that in case of the
rats from the control group, but the PCR results showed
that the VEGF mRNA expression was increased, sug-
gesting that hypoxia may interfere with the translation

Fig. 6 Influence of hypoxia on
ALP activity, gla-oc and gla-oc.
a—d Hypoxia has no obvious
effect on ALP activity and Glu-
0OC,Gla-OC. b, ¢ The injection

) »

300

of GC reduced the content of
Glu-OC and Gla-OC (** indi-
cated P<0.01)
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process of VEGF. However, this conjecture needs to be
verified in future studies. Meanwhile, our experiment is
limited to macroscopic observation of the relationship
between hypoxia and ONFH. We observed a decrease in
bone tissue differentiation, but we were not able to deter-
mine whether it was directly caused by hypoxia or was
caused by decreased blood supply, which was secondary
to hypoxia. We deduced from that hypoxia can stimulate
the production of HIF, EPO, VEGF and other cytokines,
but how these factors regulate Runx2, OC and other osteo-
genic genes in bone cells. So, all these need further study
and explanation.

In conclusion, hypoxia makes the blood hypercoagulable,
reduces blood supply, counteracts the effects of EPO, VEGF,
and other protective factors, and eventually aggravates
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«Fig. 7 MicroCT scanning and H&E staining of the subchondral
region of the femoral head. a H&E staining of the femoral head. In
the control and hypoxia groups, there is the normal structure of the
femoral head, including epiphysis and trabeculae. While in the two
groups treated with MP, we can observe empty lacunas and newly
formed osteoid. The arrows identify hypertrophic fat cells and pyk-
notic necrotic nuclei. b 2-D images of the coronal section of the fem-
oral heads. c—g Morphometric analysis evaluated a series of param-
eters in the upper outer subchondral bone of the femoral heads (*
indicated P <0.05; ** indicated P <0.01)

ONFH. Hence, long-term hypoxia should be considered as
one of the risk factors of ONFH and further studies need to
be conducted on the epidemiological occurrence of ONFH
in hypoxic populations.
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