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Abstract

Background. The pathogenesis of glucocorticoid (GC)-induced osteonecrosis (ON) of the femoral head
remains unclear. Recent research has suggested that it is closely associated with injured bone microvas-
cular endothelial cells (BMECs). However, few studies have used BMECs to perform research pertaining ON
of the femoral head.

Objectives. The objective of this study was to investigate the functional changes of BMECs treated with
a GCand to detect the changes in related genes using microarrays.

Material and methods. Cells were isolated using an enzymatic method and identified with EC markers,
such as von Willebrand factor (vWF), CD31 and vascular endothelial cadherin (VE-cadherin). Bone micro-
vascular endothelial cells were treated with 0.1 mg/mL and 0.3 mg/mL of hydrocortisone to establish a GG-
damaged model of BMECs. The mRNA microarrays were used to detect the differential expression profiles
between BMECs with and without GC damage.

Results. Primary cells appeared as having a cobblestone-like morphology. Immunofluorescence staining
revealed that the cells were 100% positive for vWF and (D31, and near 100% positive for VE-cadherin.
It also confirmed that the cells were BMECs. Bone microvascular endothelial cells treated with 0.1 mg/mL
of hydrocortisone showed shrinkage, and those treated with 0.3 mg/mL of hydrocortisone mostly showed
apoptosis. The mRNA microarray showed that genes associated with endothelial cells, such as endothelin 1
(ET-1) receptor, angiotensin Il (All) receptor, intercellular adhesion molecule 1 (/CAM-T1), and plasminogen
activator inhibitor 1 (PA-T), were upregulated, and genes associated with endothelial nitric oxide synthase
(eNOS), endothelin 1 (£7-7), prostaglandin I, (PGly) synthase, PGl receptor, vascular endothelial growth factor
(VEGF), prostaglandin E (PGE) synthase, and PGE receptor were downrequlated. The results of quantitative
polymerase chain reaction (qPCR) validation were consistent with the findings of mRNA microarrays.

Conclusions. Glucocorticoids promoted BMECS to express vasoconstrictors and procoaqulant factors and
related receptors, and decreased the expression of vasodilators and their receptors.

Key words: glucocorticoids, microarray analysis, cell culture techniques, microvascular endothelial cells,
real-time polymerase chain reaction
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Introduction

Non-traumatic avascular necrosis of the femoral head
is a refractory hip joint lesion. The causes of the disease
are the use of glucocorticoids,! alcoholism,? decompres-
sion sickness,® sickle cell anemia,* and idiopathic causes.”
However, glucocorticoid (GC)-induced osteonecrosis (ON)
of the femoral head (ONFH) accounts for a large proportion
of this occurrence,®~ primarily occurs in young individuals,
and shows characteristics of short course and early collapse.
In addition, middle-aged and older people can have ONFH.
However, the pathogenesis of steroid-induced ONFH is still
not very clear. Presently, osteoblast apoptosis,'®!! lipid
metabolism abnormality,'? intravascular coagulation,!®
and vascular endothelial dysfunction!* are hypothesized
as factors causing ONFH. However, a study indicated that
the pathogenesis of steroid-induced ONFH was the result
of a comprehensive effect of multiple factors.!> Recently,
more and more authors believe that steroid-induced ONFH
is closely related to the damage to bone microvascular endo-
thelial cells (BMECs) in the femoral head. Vogt and Schmid-
Schénbein!® found that a large dose of dexamethasone could
induce apoptosis of mesenteric microvascular endothelial
cells. Li et al.'” pointed out that endothelial cell injury,
an increase of local procoagulant factors and low fibrino-
lysis could be responsible for GC-induced ON. Yang et al.!8
found that reactive oxygen species (ROS) concentration was
higher in the femoral head BMECs than in the control group;
there was a positive correlation between ROS concentration
and GC levels, suggesting that high GC levels lead to in-
creased ROS concentration in endothelial cells and cause
irreversible damage to cells, eventually leading to cell death.
The above studies showed that glucocorticoids damaged
the microvascular endothelial cells, leading to endothelial
dysfunction, apoptosis and death. However, only a few stud-
ies have been reported on the kind of changes that occur
after BMECs injury. Endothelial cells have endocrine func-
tions!®; they can synthesize and secrete various bioactive
substances and play an important role in regulating local
blood flow and body fluid balance. Their functions involve
vasoconstriction, coagulation and fibrinolysis, angiogenesis
and cell proliferation, oxidative stress, cell adhesion, and
inflammatory mediation, which include endothelial nitric
oxide synthase (eNOS), prostaglandin I, (PGI,), endothelin 1
(ET-1), intercellular adhesion molecule 1 (ICAM-I), vascu-
lar cell adhesion molecule 1 (VCAM-I), tissue plasminogen
activator (t-PA), plasminogen activator inhibitor 1 (PAI-1),
vascular endothelial growth factor (VEGF), von Willebrand
factor (vWE), fibroblast growth factor (FGF), interleukin 1
(IL-1), and IL-6. In addition, there are some vasoactive sub-
stances in the blood, such as angiotensin II (AIl); although
endothelial cells cannot be synthesized, they still play a role
in regulating vasoconstriction, coagulation and fibrinolysis
by binding with endothelial cell receptors.

Do BMEC:s in the femoral head have the same functions
as other endothelial cells? It was considered that steroid-induced
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ONFH was characterized by systemic coagulation and fibri-
nolytic dysfunction. For example, van Veldhuizen et al.?° and
Glueck et al.?! found that PAI-1 expression increased and t-PA
expression decreased in patients with ON. Asano et al.?? found
the polymorphism of PAI-1 gene in patients with ONFH af-
ter renal transplantation. They showed that the vasoactive
substances secreted by the endothelial cells of necrotic femo-
ral head had changed. Therefore, it can be speculated that
glucocorticoids may cause severe damage to BMECs. How-
ever, the abovementioned research was relatively rare, and
the cells used were either from animal models or from other
organ-derived endothelial cells. Our study was based on a few
previous experiments!'®?>** and involved hydrocortisone be-
ing used on in vitro-cultured human femoral head BMECs.
Herein, we established a GC-damaged model of BMECs and
detected differentially expressed genes using high-throughput
expression chips and real-time quantitative polymerase chain
reaction (RT-qPCR) to study function change of the cytokine
and the related receptor of GC-induced human femoral head
damage model of BMECs.

Material and methods
Ethics statement and patients
The protocol described herein was approved by the

ethics committee of the China-Japan Friendship Hospi-
tal, Beijing, China, and is in compliance with the tenets

Cancellous bone of femoral heads
from patients undergoing THA
with femoral neck fracture

Y

Cell isolation, culture, identification

Y
Establishment of GC-damaged
model of endothelial cells in femoral head
using hydrocortisone
(0.1 mg/mL and 0.3 mg/mL)

GC-damaged BMEC model
(0.1 mg/mL of hydrocortisone)

Control group without
hydrocortisone

A4

Detection of differentially expressed genes
in cells using a gene chip

Genes related to endothelial cell function
were selected to perform qPCR verification

v
Differential gene expression characteristics
of endothelial cells were verified
using RT-qPCR

Fig. 1. Flow diagram illustrating cell culture and gene chip experiments

THA - total hip arthroplasty; PCR — polymerase chain reaction; RT-qPCR
- real-time quantitative PCR; BMEC - bone microvascular endothelial cell;
GC - glucocorticoid.
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of the Declaration of Helsinki on ethical principles for
medical research involving human subjects (Institutional
Clinical Trials Register Number is 2014-34). All partici-
pants provided written informed consent. All patients were
enrolled at the China-Japan Friendship Hospital between
October 1, 2013 and February 28, 2014. Patients with femo-
ral neck fracture requiring hip arthroplasty were included.
Exclusion criteria were the following: patients with ONFH,
ankylosing spondylitis, rheumatoid arthritis, other inflam-
matory joint diseases involving the hip joint, hemophilic
arthropathy, hip tuberculosis, pyogenic infection, peri-
hip tumors, and systemic diseases (e.g., diabetes). A total
of 9 patients met the above criteria, including 1 man and
8 women (average age: 79.1 years, age range: 62—92 years).
Our entire experimental process was shown in Fig. 1.

Isolation of human femoral head bone
microvascular endothelial cells

The femoral heads were obtained from patients with
femoral neck fractures who underwent total hip arthro-
plasty. The soft tissue and cartilage of the femoral heads
were removed, and the cancellous bone was bitten into
granule with a rongeur under aseptic conditions in the op-
erating room (Fig. 2A). The cancellous bone was placed into
a centrifugal tube containing 30 mL of heparinized, serum-
free Dulbecco’s modified Eagle’s medium (DMEM; Hy-
clone Laboratories, South Logan, USA) and carefully trans-
ferred to the laboratory. Samples were shaken repeatedly
for 3—5 min and the medium was removed. Then, the cells
were transferred into a new centrifugal tube and washed
several times with Hanks’ balanced salt solution (HBSS;
Gibco, Carlsbad, USA) until the rinse was clear. Then,
the rinse fluid was removed from the bone, and DMEM
containing 1.5-2% collagenase type I (Solarbio, Beijing,
China) was added to the bone tissue, with the liquid level
slightly higher than that of bone granule; then, the sample
was incubated in a water bath for 30 min at 37°C. Thereaf-
ter, 0.25% trypsin and 0.53 mM ethylenediaminetetraacetic
acid (EDTA; Solarbio) were added, and incubation was
done in a water bath at 37°C for 5 min. Immediately, these
digestive juices were transferred to a 70-micrometer cell
strainer and then placed on a 50-milliliter Falcon tube.
Then, the suspension was subjected to centrifugation
at 200 x g for 10 min and the resulting pellet was collected.
The pellet was re-suspended in M199 culture medium
(Hyclone) supplemented with 20% fetal bovine serum (FBS;
Gibco), 10 ng/mL of VEGF (Sino Biological Inc., Beijing,
China), 100 ug/mL of streptomycin (Solarbio), 100 U/mL
of penicillin (Solarbio), and 40 U/mL of heparin (Xinbai
Pharmaceutical, Nanjing, China) in a Petri dish pre-coated
with gelatin 2% (Sigma-Aldrich, St. Louis, USA). The cells
were incubated at 37°C under 5% CO, conditions.

After 24 h of incubation, the cells started showing attach-
ment to the dish. Unattached blood cells and debris were
removed by changing the 20% FBS serum-supplemented
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medium. Medium change was performed every 3—-5 days
according to the color of the medium. Phase-contrast
microscope (Olympus IX71; Olympus Corp., Tokyo, Ja-
pan) was used to monitor cell growth. When about 80%
confluence was reached (about 7-10 days after primary
culture), the cells were treated with 1 mL 0.25% trypsin
and 0.53% EDTA for 3 min for harvesting. Trypsin was
carefully aspirated; the cells were subjected to centrifu-
gation at 200 x g for 10 min. Then, the pellet was resus-
pended with 10 mL of M199 culture medium (Hyclone).
The suspended cells were split in 1:2 ratio and cultured
using gelatin-coated plates; then, they were maintained
in M199 culture medium as described above.

Characterization of endothelial cells

Cells from 2 or 3 generations of patients were character-
ized using the endothelial cell characterization kit (Bioss
Antibodies, Woburn, USA) according to manufacturer in-
structions. The cells were grown on a glass coverslip, and
the coverslip was washed with phosphate-buffered saline
(PBS) 3 times for 5 min, and then the cells were fixed with
4% paraformaldehyde for 30 min at room temperature.
Next, the cells were washed (3 x PBS) for 5 min and in-
cubated at room temperature for 1 h with blocking buf-
fer comprising 0.05% Triton X-100 (Solarbio) and 10% FBS
in 3 x PBS. The primary antibody (rabbit anti-human IgG)
(Bioss Antibodies) was diluted with a working concentration
of the blocking buffer; next, the cells were incubated with
the primary antibodies vIWF, CD31 and vascular endothelial
cadherin (VE-cadherin; Bioss Antibodies) overnight at 4°C.
Then, secondary antibodies (goat anti-rabbit IgG; Bioss An-
tibodies) labeled with fluorescein isothiocyanate were add-
ed, along with Hoechst33342 stain solution (Sigma-Aldrich),
and the cells were incubated for 90 min. Next, the cells were
fixed on adhesive slides with an anti-fluorescence attenuat-
ing agent. Homologous antibodies were used as negative
controls. Finally, the cells were washed with 1 x PBS and
analyzed using a fluorescent microscope (Olympus Corp.).

Establishment of glucocorticoid-damaged
BMEC model

The 2™ or 3" generation cells of 8 patients (the cells
from a 92-year-old woman had poor cell growth and were
excluded) were selected to establish GC-damaged BMEC
model. When the cells reached about 80% confluence,
hydrocortisone (Tianjin Kingyork, Tianjin, China) was
introduced to the culture medium of the experimental
groups, and the final concentration was 0.1 mg/mL and
0.3 mg/mL. Hydrocortisone was not added to the con-
trol group. The cells were monitored under an inverted
microscope (Olympus Corp.) after being cultured for 6 h,
12 h, 18 h, and 24 h after drug administration. After 24 h,
the total RNAs of cell samples were extracted with TRIzol
reagent (Invitrogen, Germany).
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Detection and data analysis of gene chips

Total RNA was isolated using the TRIzol reagent ac-
cording to the manufacturer’s protocol. After the qualita-
tive and quantitative detection of mRNA, qualified crystal
core® mRNA expression profiling chip (CapitalBio, Beijing,
China) was used for detection. Specific experimental steps
refer to the biological experimental scheme of CapitalBio
Corporation (http://cn.capitalbio.com). The hybridization
pictures were acquired and analyzed using Agilent Feature
Extraction software v. 10.7 (Agilent Technologies, Santa
Clara, USA). The data were normalized and the differ-
ences between the groups were analyzed using Agilent
GeneSpring software (Agilent Technologies).

Quantitative real-time PCR assays

Differentially expressed genes associated with endothe-
lial cell function were selected for quantitative polymerase
chain reaction (qQPCR) verification. After the cells from
the experimental group with 0.1 mg/mL of hydrocorti-
sone and those from the control group were cultured for
24 h, TRIzol reagent was used to extract total RNA from
the cells. Thereafter, reverse transcription into cDNA
was performed according to the manufacturer’s proto-
col. The PCR amplification was done in 96-well plates.
The conditions of the PCR reaction were the following:
95°C for 10 min, and amplification for 40 cycles at 95°C for
15 sand 60°C for 60 s. In addition, a melting curve step was
performed at 95°C for 15 s and at 60°C for 1 min, and then
the temperature was increased at a rate of 0.11°C/s until
reaching 95°C to measure fluorescence signals. The experi-
ment was repeated 3 times to get the average value.

Statistics

The data was represented as mean + standard deviation
(SD) for n = 8. The expression level of each gene was calcu-
lated using the ACt method. To find significant differences,
the values were assessed with Student’s t-test using SPSS
v. 18.0 software (SPSS Inc., Chicago, USA). A p-value <0.05
was considered to indicate statistically significant differ-
ences between means.

Results
Observation of cell morphology

After 24 h in primary culture, spindle-shaped or po-
lygonal cells were scattered and occasionally reached
confluence as observed using phase-contrast microscopy.
Further, 7-10 days later, the cells showed a cobblestone-
like appearance reaching confluence, basically covering
the dish bottom (Fig. 2B) The cells grew densely, and
the fused cells were in a swirl shape. The morphology

Y. Lu et al. An experimental study of bone microvascular endothelial cells

of passaged cells was slightly different from that of pri-
mary cells as the former were mostly spindle-shaped,
polygonal or branched (Fig. 2C). After 6 h of treatment
with 0.1 mg/mL of hydrocortisone, cells in the experi-
mental group showed shrinkage and were thus smaller
than those in the control group. After 12-24 h, the cells
showed growth inhibition, poor state and decreased cell
density (Fig. 2D). However, most cells showed apoptosis
after 0.3 mg/mL of hydrocortisone treatment (Fig. 2E).
The cells in the control group grew well and gradually
fused (Fig. 2F). Therefore, we chose 0.1 mg/mL hydrocor-
tisone-treated cells for mRNA chip detection.

Endothelial cell characterization

Primarily, endothelial cells are observed and character-
ized based on the morphology observed under a phase-
contrast microscope, wherein endothelial cells were
confirmed by identifying the cobblestone morphology.
The expression of several endothelial cell-specific markers,
such as vWF (Fig. 2G), CD31 (Fig. 2H) and VE-cadherin
(Fig. 2I), was confirmed using immunocytochemistry
analysis. Corresponding to Hoechst 33342 cell nuclear
staining, immunofluorescence staining revealed that
the cells were 100% positive for vWF and CD31, and near
100% positive for VE-cadherin. The cells in the negative
control group were not stained, showing that the cells cul-
tured were BMEC:s.

mRNA microarray gene screening results

Compared with the control group, 519 genes were dif-
ferentially expressed in BMECs of the experimental group,
of which 337 genes were upregulated and 182 genes down-
regulated. These genes include vasoactive substances syn-
thesized by BMECs, coagulation and fibrinolytic cytokines,
and their related receptors. In addition, these are genes that
affect cell apoptosis, angiogenesis, cell signal transduction,
protein processing, and cell cycle regulation. Among these,
12 genes were associated with endothelial cell function
(Table 1).

qPCR results

According to the results of mRNA chip detection, we se-
lected the genes of ICAM-1, eNOS, ET-1, ET-1 receptor,
PGI, synthase, PAI-1, VEGE, All receptor, prostaglandin E
(PGE) synthase, and PGE receptor for qPCR verification
(primer sequence: see Table 2). The relative mRNA expres-
sion of ICAM-1, ET-1 receptor, PAI-1, and AlI receptor
in BMEC:s of the experimental group was significantly in-
creased compared with the control group, whereas eNOS,
ET-1, PGI, synthase, VEGF, PGE synthase, and PGE recep-
tor expression were significantly decreased (Fig. 3A-]).
The results of qPCR were consistent with those of mRNA
chip analysis.
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Fig. 2. Isolation and characterization of bone microvascular endothelial cells (BMECs) from human femoral head at x100 magnification. A. Cancellous
granules of the femoral head from patients undergoing total hip arthroplasty (THA) with femoral neck fracture. B. BMECs at PO form confluent monolayers
showing cobblestone morphology. C. BMECs at P3 with mostly fusiform, polygonal and branched cell morphology. D. After 24 h of 0.1 mg/mL hydrocortisone
treatment, the cell growth condition was poor and the density decreased. E. After 24 h of 0.3 mg/mL hydrocortisone treatment, most cells showed apoptosis.
F. Cells in the control group developed properly. G. Positively immunostained BMECs using rabbit anti-human von Willebrand factor (vWF). H. Positively
immunostained BMECs using rabbit anti-human CD31. I. Positively immunostained BMECs using rabbit anti-human VE-cadherin

Table 1. Differentially expressed genes in femoral head BMECs experimental Discussion
group and control group

Genbank accession Ratio Gene name | Regulation | p-value Non-traumatic femoral head necrosis is a common
NM_001955 —1.24+0.55 ETT down 0.002 disease. There were 8.12 million patients with this dis-
NM_001256283 2344117 | ET-1 receptor up 0.009 ease in China in 2013.%> Steroid-induced ONFH ac-
NM_000961 —0.55 £047 = PG, synthase down 0012 counts for 30—50% of all non-traumatic ONFH cases,°
NM_000960 ~040+032 | PGlyreceptor | down 0044 and thus far, its pathogenesis is not clear. However, there
NM_001287044 TR VEGE A down 0,003 has been increasing evidence confirming intraosseous
NM_005429 0304042 VEGF C down 0007 microvascular endothelial cell injury and microvas-

cular thrombosis as the pathogenesis of ONFH.!8:2728
NM_000686 044 £0.23 All receptor up 0.011 . . .

The microcirculatory vessels in the deep femoral head
NM_004878 —0.842045 | PGE synthase | down 0012 are mainly irregular sinusoidal capillaries, and the en-
NM_000956 137+071  PGEreceptor = down 0.010 dothelial cells in these structures are characterized
NM_001160111 -0.24 £0.19 eNOS down 0.042 by fenestration, large gaps and no septa. The basement
NM_000201 0.52 £0.39 ICAM-1 up 0.037 membrane of the bone microvessels was incomplete,
NM_000602 013 40.03 PAJ-] up 0,003 absent or intermittent, thus facilitating the passage

I , _ of mature red blood cells.*3° Yang et al.'® reported
eNOS - endothelial nitric oxide synthase; PGl, — prostaglandin I,; ET — endothelin; hat hvd . . L
ICAM-1 — intercellular adhesion molecule 1; VEGF - vascular endothelial growth that hydrocortisone at a concentration >0.1 mg/m

factor; All - angiotensin II; PAI-T — plasminogen activator inhibitor 1. could cause different degrees of damage and even
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apoptosis to BMECs of the femoral head cultured in vi-
tro. The degree of cell damage was directly proportional
to the concentration of hydrocortisone, and the cells
died at the concentration of 1 mg/mL. Reportedly, hy-
drocortisone concentration of 0.1-0.3 mg/mL is the most
suitable concentration of corticosteroids for establishing

>
-]

p =0.001

0.006 0.0051

a GC-damaged BMEC model. On the basis of this study,
we also established a model of GC-induced BMEC damage
in vitro and screened differentially expressed genes using
microarray analysis to detect the mRNA of the cell model.
We found that some genes related to endothelial cell func-
tion, such as ET-1, ET-1 receptor, ICAM-1, PGI, synthase,
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Fig. 3A-J. mRNA expression of eNOS, ICAM-1, ET-1, ET-1 receptor, PGl synthase, VEGF, PAI-1,

experimental group  control group All receptor, PGE synthase, and PGE receptor in the experimental group as compared with
PGE receptor the control group
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Table 2. Primer sequences of target genes and housekeeping genes

351

Primer
Gene
forward reverse

ICAM-1 5-AGCTTCGTGTCCTGTATGGC-3' 5-GACACTTGAGCTCGGGCAAT-3'
eNOS 5-ACCGGCATCACCAGGAAGA-3' 5-TTGTCGCCTTCACTCGCTTC-3'
ET-1 5-GAGCTCCAGAAACAGCAGTCTTA-3' 5-CTTTATCCATCAGGGACGAGCA-3'
ET-1 receptor 5-TCACTCCCACACCCAAGAAG-3’ 5'-AGTGCTGAATACAACACGCAG-3'
PGl, synthase 5-CTGCTCCCAATTCACCTCGT-3 5'-CGGGCCATGCTAGCTCATAA-3'
PAI-1 5-TTGCAGGATGGAACTACGGG-3' 5-GTGGCAGGCAGTACAAGAGT-3
VEGF 5-GGGAGCTTCAGGACATTGCT-3' 5-GGCAACTCAGAAGCAGGTGA-3'
All receptor 5-GCCTGTTTGTCCTCATTGCC-3' 5'-CCAGCTGACCATTGGGCATA-3'
PGE synthase 5-CCTCCCAAGGTTTGAGTCCC-3 5'-AGGGGACATTTGCAGTTTCCA-3'
PGE receptor 5-CCTTGGGTCTTTGCCATCCT-3' 5-GACCTCAAAGGTCAGCCTGT-3'
GAPDH 5-TGTTGCCATCAATGACCCCTT-3' 5'-CTCCACGACGTACTCAGCG-3'

eNOS - endothelial nitric oxide synthase; PGl, — prostaglandin |,; PGE — prostaglandin E; ET — endothelin; ICAM-1 — intercellular adhesion molecule 1;
VEGF - vascular endothelial growth factor; All - angiotensin II; PA-1 — plasminogen activator inhibitor 1.

PGI, receptor, eNOS, VEGEF, All receptor, PAI-1, PGE
synthase, and PGE receptor, were significantly changed.
The results of qPCR verification of changed gene expres-
sions were consistent with microarray results, indicating
a certain relationship between GC-induced ONFH and
expression changes of these genes.

Endothelial nitric oxide synthase and ET-1 are 2 vaso-
active factors secreted by vascular endothelial cells and
have opposite effects. An imbalance between them leads
to damaged endothelial cell function. Endothelial cells
synthesize and release ET-1, which is the strongest known
vasoconstrictor factor. Endothelin 1 binds to the recep-
tors on its endothelial cells and vascular smooth muscles
in the bone, and exerts a strong vasoconstrictive effect,
thus reducing intraosseous blood flow. A study by Dre-
scher et al.3! showed that ET-1 enhanced the contractile
effect of the intraosseous artery in the femoral head in vi-
tro in pigs treated with glucocorticoids; however, other
vasoactive substances, such as norepinephrine, substance
P and bradykinin, exerted no such effect. Endothelial ni-
tric oxide synthase is an endothelial-derived vasodilator
primarily synthesized by eNOS in endothelial cells. En-
dothelial nitric oxide synthase can inhibit the secretion
of endothelin and antagonize its effect on vasoconstric-
tion. In addition, eNOS has several anticoagulant actions,
such as blood vessel dilatation, platelet aggregation preven-
tion and monocyte—endothelium adherence inhibition.
Therefore, the GC-induced decrease in the bioavailability
of eNOS elicits vascular endothelial dysfunction, thus
causing insufficient peripheral circulation, which is a po-
tential mechanism for GC-induced ON. Angiotensin I
(AI) conversion to AII occurs through the removal of 2
C-terminal residues by angiotensin-converting enzyme.
Angiotensin II can damage endothelial cells by binding
to its receptors on endothelial cells. In addition, it can
inhibit eNOS expression and stimulate ROS production

by NADP/NADPH oxidase in smooth muscle cells.3?
Furthermore, research has shown that vasoconstrictor
enhancement (e.g., AII) and eNOS synthesis reduction
damaged endothelial cells and further reduced blood sup-
ply to tissues.?* Both PGI, and TXA, are important mem-
bers of the prostaglandin family. Prostaglandin I, is pro-
duced by PGI, synthase in endothelial cells; it strongly
dilates blood vessels and inhibits platelet aggregation
by stimulating IP receptors in vascular endothelial cells
and platelets. TXA, is produced by platelets and causes
vasoconstriction and platelet aggregation by activating
thromboxane (TP) receptors in vascular endothelial cells
and platelets. Both PGI, and TXA, are dynamically bal-
anced under physiological conditions. This imbalance
plays an important role in the occurrence of vascular dis-
eases. 6-ketone prostaglandin Fa (6-keto-PGF,), a PGI,
metabolite, is considered an endothelial cell injury marker.
He et al.?* reported that when compared to controls,
the level of 6-keto-PGF1la significantly decreased in a rab-
bit ON model induced by endotoxin and GC. This suggests
that ON presents with another endothelial cell impair-
ment, which is likely to be GC-mediated. The PGE has
the function of dilating blood vessels, increasing the blood
flow to organs and reducing the resistance of peripheral
blood vessels. A research study®” has found that PGE pro-
tects endothelial cells and upregulates eNOS mRNA and
protein expression. The results of our study suggested that
the expressions of ET-1 receptor and All receptor were
significantly upregulated, and the expressions of eNOS,
PGI, synthase, PGE synthase, and PGE receptor were sig-
nificantly downregulated after 24-hour GC treatment.
The results showed that the vasoconstriction effect is en-
hanced, whereas the vasodilator effect is decreased after
the GC-induced damage to BMECs. In addition, the ef-
fect on endothelial cell injury and the factors promoting
thrombosis was strengthened, whereas the protective
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function of endothelial cells was decreased. Therefore,
a vicious circle has been formed regarding the damage
of endothelial cells. Interestingly, our study showed that
ET-1 expression was significantly reduced, suggesting that
the effects of GC on BMECs damage and function were
exerted via a complex process. PAI-1 is a major inhibitor
of plasma t-PA. Abnormal expression of PAI-1 is instru-
mental in the formation of atherosclerosis. PAI-1 is mainly
produced by vascular endothelial cells. Increased expres-
sion of PAI-1 promotes the formation of not only intravas-
cular thrombosis but also atherosclerotic plaques. Zeng
etal.® performed a meta-analysis, identified 5 articles that
met the criteria for review and concluded that there was
an association between PAI-1 gene 4 G/5 G polymorphism
and increased susceptibility to ONFH. Yamamoto et al.?’
showed that dexamethasone could upregulate the expres-
sion of PAI-1 gene in human umbilical vein endothelial
cells, and they also pointed out that PAI-I could promote
coagulation in both dexamethasone exposure and tumor
necrosis factor a (TNF-a) stimulation. A study by Kim
et al.?® suggested that ON was associated with a decrease
in fibrinolytic activity induced by increased PAI-1 ex-
pression. This is in agreement with our current results.
Intercellular adhesion molecule 1, a protein also known
as cluster of differentiation 54, is encoded in humans
by the ICAM-1 gene. This gene codes for a cell surface
glycoprotein that is typically expressed on endothelial
cells. Intercellular adhesion molecule 1, an important ad-
hesion molecule, mediates the adhesion reaction. It is ex-
pressed at low levels in resting vascular endothelial cells,
and the intercellular adhesion mediated by it plays a role
in many aspects of the immune response. It enhances
the adhesion between leukocytes, inflammatory cells and
endothelial cells, promotes the activation of endothelial
cells and makes it easier for them to penetrate the endo-
thelium. A study by Lawson and Wolf?? showed that with
the increase in I[CAM-1 expression of endothelial cells,
atherosclerosis became more severe. A high dose of GCs
can damage BMECSs, increase the expression of ICAM-1
and promote the formation of microcirculatory throm-
bosis, which may be an important factor in the pathogen-
esis of steroid-induced femoral head necrosis. Vascular
endothelial growth factor acts directly on vascular endo-
thelial cells and induces angiogenesis. A research study
by Li et al.*° showed that high-dose GCs can reduce VEGF
synthesis in bone marrow progenitor cells. Vascular en-
dothelial cells can also produce VEGE. Our study showed
that a high dose of GCs decreased the expression of VEGF
in BMECs, but did not affect the expression of the VEGF
receptor.

There were several limitations in our study. Firstly,
the BMECs examined in this study were from the elderly
(>60 years), while most patients with GC-induced ONFH are
young. With the increase of age, the function of the BMECs
may weaken and the results might differ as well; therefore,
selection bias existed in the study. Secondly, our sample
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size was small. Only 8 patients were selected as the study
population. It is necessary to select more patients in a mul-
ticenter study to increase the accuracy of the study. Thirdly,
this is an in vitro study. The effect of GCs on bones in vivo
is much more complex than in vitro, and the disease-pro-
ducing dose of GCs is also different.

In conclusion, our study found that GCs promoted
the expression of vasoconstrictors, procoagulant fac-
tors and the related receptors secreted by BMECs, and
decreased the expression of vasodilator and correspond-
ing receptors. Therefore, it can be deduced that complex
functional changes happen after GC damage to BMECs,
resulting in intraosseous microvascular thrombosis, mi-
crocirculation failure, and ultimately bone tissue ischemia
and necrosis.
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