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ABSTRACT

Objective: This study aimed to investigate whether endostatin, a crucial anti-angiogenic factor, plays a negative role in angiogenesis and
osteogenesis and aggravates the progression of osteonecrosis of the femoral head induced by steroid use in a rabbit model.

Methods: 66 New Zealand white rabbits were randomly divided into four groups: glucocorticoid model (GC) group (GC group, n = 18),
glucocorticoid model and endostatin group (GC&ES group, n = 18), ES group (ES group, n = 18), and blank control group (CON group,
n = 12). In the GC group, 10 ug/ kg lipopolysaccharide (LPS) was intravenously injected into the ear margin, and 24h after LPS injection,
20 mg/kg GC methylprednisolone (MPS) was injected into the gluteus muscle three times, each time at an interval of 24h. The animals of
the GC&ES group were given as same treatment as the GC group, except for the addition of ES. MPS was not used in the ES group and
CON group. ES group was only given ES, while the CON group was only given the same amount of normal saline. All animals successfully
established models of femoral head necrosis, and then the difference among the Inmunohistochemistry, Quantitative polymerase chain
reaction (QPCR) analysis, Enzyme-linked immunosorbent assay, Biomechanical test, etracyclline-calcein double labeling, and Van Gieson
staining indices were compared among the four groups.

Results: The combination of MPS and LPS was successful in establishing the femoral head necrosis model in New Zealand white rabbits.
The incidence of osteonecrosis after MPS and LPS intervention was 70% (7/10), while that plus ES was 100% (10/10). At the same time,
after MPS and LPS intervention, while the empty bone lacuna rate of the femoral head was significantly increased, the number of osteo-
blasts was decreased. Also, the expressions of CD31 positive cells, Runx2, Osterix, COL1A1, and VEGF mRNA in the femoral head were
decreased, and the levels of osteogenesis-related protein b-ALP, OCN, and angiogenic factor VEGF in the femoral head were decreased.
The percentage of the trabecular bone area (%Tb.Ar), trabecular thickness (Tb.Th), trabecular number (Tb.N), labeled perimeter percent
(%L.Pm), mineral apposition rate (MAR), and bone formation rate (BFR/BS) in the femoral head after MPs and LPS intervention detected
by tetracycline calcein double labeling and Van Gieson staining decreased significantly, except trabecular separation (Th.Sp) increased
significantly. The compressive strength (CS), elastic modulus (EM), and strain energy (SE) of the femoral head examed by biomechanical
measurement decreased significantly. All the above changes were more obvious after adding ES intervention. ES mRNA in the femoral
head was undifferentiated and increased in the GC, ES, and GC&ES group compared with group CON.

Conclusion: This study has revealed that ES can inhibit angiogenesis and osteogenesis in the femoral head and aggravate the occurrence
and development of femoral head necrosis. Thus, antiangiogenic factors may play an important role in the pathogenesis of ONFH.

Introduction Bone tissue repair is closely related to angiogenesis,

and impaired angiogenesis can lead to tissue repair
Non-traumatic osteonecrosis of the femoral head failure.®'® Angiogenesis in tissue is regulated by
(ONFH) is a serious disease, and early intervention =~ many active factors, including proangiogenic and
is an effective treatment. Patients with ONFH are anti-angiogenic factors, which makes angiogenesis
often disabled because of late joint destruction, and  orderly."** Angiogenesis dysregulation leads to tis-
total hip replacement is often performed to treat late ~ sue repair failure.’'® Vascular endothelial growth
necrosis of the femoral head.! However, the exact factor (VEGF)is the most studied and the most active
etiology and pathogenesis of ONFH, which is related  angiogenic factor,” and it exerts a certain therapeutic
to bone cell apoptosis, vascular injury, intravascular  effect on femoral head necrosis.’®*' Meanwhile, end-
coagulation, dyslipidemia, increased intraosseous ostatin (ES) is the most widely studied and the most
pressure, and immune function disorder, remain active endogenous anti-angiogenic factor, and it is
unclear.”® In addition, tissue ischemia leads to necro-  used as an anti-tumor drug in clinical settings.?**! An
sis of bone cells and bone marrow cells and then imbalance in the expression of VEGF and ES leads
to ONFH.® During the process, the necrotic site is  to the development of many diseases.?** Many stud-
accompanied by bone repairment.”® Tissue repair ies suggested that vascular endothelial injury plays
failure aggravates the necrosis and eventually causes  a key role in the pathogenesis of ONFH, and angio-
cystic degeneration, sclerosis, and collapse of the genesis disruption leads to bone repair failure in
femoral head.? the necrotic area of the femoral head and then to
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osteonecrosis (ON).1?® Promoting angiogenesis can improve bone
repair and exert a therapeutic effect on ONFH.*"#

Endostatin can inhibit the proliferation and migration of vas-
cular endothelial cells by blocking the receptor of VEGF, thus
inhibiting angiogenesis, VEGF secretion, and vascularization of
vascular endothelial cells.® It can also inhibit the osteogenesis of
osteoblasts.*® Many cases of ON of the femur and tibia are caused by
bevacizumab, another anti-angiogenetic factor used to treat certain
types of cancer.** Therefore, ES may play an important negative role
in femoral head necrosis. Many studies have shown the beneficial
effect of VEGF on femoral head necrosis, but the negative effect of ES
on femoral head necrosis has not been verified.

This study aimed to establish steroid-induced femoral head necrosis
in New Zealand white rabbits and investigate the negative effects
of ES on the angiogenesis and osteogenesis of glucocorticoid (GC)-
induced ONFH.

Materials and Methods

Animals and grouping

The experimental protocol was approved by the Institutional Animal
Use and Care Review Board of Xi’an Jiaotong University. Sixty-six
adult female New Zealand white rabbits (weight: 3.2 + 0.55 kg; age:
28 weeks) were investigated. All rabbits were housed at the Animal
Centre of Xi'an Jiaotong University and maintained on a standard
laboratory feeding in separate cages with a day/night cycle of
12 h light/12 h dark, a temperature of 18°C-25°C, and a humidity
of 40-60%.

The 66 New Zealand white rabbits were randomly divided into
4 groups as follows: a glucocorticoid model group (GC group, n=18),
a glucocorticoid model and endostatin group (GC&ES group, n=18),
an ES group (ES group, n=18) and a blank control group (CON
group, n=12). No significant difference in body weight was found
among the 4 groups (P > .05). In the GC group, 10 pg/kg lipopoly-
saccharide (LPS; Pfizer Inc., NY, USA) was intravenously injected
into the ear margin. At 24 hours after LPS injection, 20 mg/kg GC
methylprednisolone (MPS) (Pfizer Inc.) was injected into the gluteus
muscle for 3 times at 24 hours intervals. During MPS injection, 400
000 U penicillin (Huabei Inc., Shijiazhuang, China) was injected
intraperitoneally to every animal daily to prevent infection. The ani-
mals in the GC&ES group received the same treatment as those in the

HIGHLIGHTS

Studies have shown the beneficial effect of VEGF on femoral head necrosis,
but the negative effect of Endostatin (ES) on femoral head necrosis has not
been verified.

This study aimed to establish steroid-induced femoral head necrosis in New
Zealand white rabbits and investigate the negative effects of ES on the angio-
genesis and osteogenesis of glucocorticoid (GC)-induced osteonecrosis (ON)
of the femoral head.

The rate of ON was 70% (7/10) in the GC group, 100% (10/10) in the GC&ES
group, 41.7% (5/12) in the ES group, and 0 (0/6) in the CON group. Addition
of ES increased the occurence and development of GC-induced ON of the
femoral head, which was also assessed by the decreased CD31 expression,
RT-PCR and ELISA parameters, bone morphometric testing results and as well
as biomechanical testing outcomes.

The results of this study suggest that ES can inhibit angiogenesis and osteo-
genesis in the femoral head and aggravate the occurrence and development
of femoral head necrosis, suggesting that anti-angiogenic factors may play an
important role in the pathogenesis of ONFH.

GC group plus ES. Methylprednisolone was not used in the ES and
CON groups. The animals in the ES group only received ES, whereas
those in the CON group only received the same amount of normal
saline. All animals were sacrificed by injecting excessive 10% chloral
hydrate via the ear vein 6 weeks after the last injection of MPS.

Recombinant human ES (Simcere Medgenn, Nanjing, China) injection
was performed as previously described.®* A 2 mg/kg dose of ES was
subcutaneously injected. Results of a pre-experiment confirmed that
this dose exerts no obvious adverse reaction on animals and inhib-
its the expression of serum VEGF (enzyme-linked immunosorbent
assay, ELISA). The animals in the GC&ES and ES groups were treated
once a day for 6 weeks from the day before modeling, whereas those
in the GG and CON groups only received the same amount of normal
saline.

Specimen collection and preparation

The 66 rabbits were divided into 2 parts composed of 42 and 24 rab-
bits. The 42 rabbits were used for immunohistochemistry, quantita-
tive polymerase chain reaction (qQPCR) analysis, ELISA, and other
analyses. Six rabbits were randomly selected from the CON group,
and 12 rabbits were randomly selected from the 3 other groups (GC
group, n=12; GC&ES group, n=12; ES group, n=12; CON group,
n=6). Animals were fasted for 12 hours before sacrifice, and 2 mL of
venous blood was collected through the ear vein and injected into a
centrifuge tube without an anti-coagulant, which was placed at room
temperature for 2 hours. The supernatant was centrifuged at 2000
rpm for 10 minutes, transferred to a new centrifuge tube, and then
stored at —20°C for experimental purposes. Bilateral femoral heads
were collected immediately after death. The left femoral head was
divided into 2 parts along the sagittal plane. One part was immedi-
ately fixed with 10% neutral formaldehyde for 3 days and then decal-
cified in 10% ethylenediamine tetraacetic acid (EDTA) decalcifying
solution. The specimen was waxed, embedded, and then sectioned
into 5-pm-thick slices until further use. The other part was quickly
stored in a —20°C refrigerator until PCR detection. Two pieces of
bone were obtained from the right femoral head according to the
gravity direction of the femoral head, and the length was measured
with a vernier caliper. One piece was a 4 mm X 4 mm X 3 mm sub-
chondral bone plate, and the other piece was a 6 mm X 6 mm X 6 mm
cancellous bone in the middle of the femoral head. Normal saline
was continuously used to wet the tissue block, and the direction of
loading was indicated. The tissue block was stored at —20°C for bio-
mechanical determination.

The other 24 rabbits were used for morphometric determination
(GC group, n=6; GC&ES group, n=6; ES group, n=6; CON group,
n=6). Tetracycline (TET, 8 mg/kg) (Xi’an Chemical Reagent Factory,
China) was injected intramuscularly 13 days before sacrifice, and
then calcein (50 mg/kg) (Xi'an Chemical Reagent Factory, China) was
injected intramuscularly 3 days before sacrifice. The femoral heads of
the sacrificed animals were obtained for TET calcein double labeling
and Van Gieson (VG) staining.

Assessment of osteonecrosis of the femoral head

A 4-um-thick section of each femoral head was cut in the coronal
plane and stained with hematoxylin and eosin (HE). The presence
or absence of ONFH was determined in whole areas of 2 sections for
each rabbit. The sections were examined by 2 blinded pathologists
using light microscopy (Nikon YS100; Nikon Corporation, Tokyo,
Japan). Osteonecrosis of the femoral head was identified based on
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the presence of empty lacunae or pyknotic osteocyte nuclei in the
bone trabeculae and the presence of necrosis in the surrounding
bone marrow or fat cells.* It was not classified as ONFH when empty
lacunae in the bone trabeculae were present but bone marrow or fat
cell necrosis was absent. Rabbits were considered to have ON when
ONFH was identified in at least 1 of the 2 sections analyzed. The
incidence of ON was calculated as the ratio of the number of rabbits
with ONFH to the total number of rabbits. Image-Pro Plus 6.0 was
used for analysis. We randomly selected 10 trabecular bone fields at a
magnification of 200, counted 50 bone lacunae continuously, and cal-
culated the rate of empty bone lacunae. The number of osteoblasts in
trabecular bone was measured as the average number of osteoblasts
per 1 mm of trabecular surface length.

Immunohistochemistry

Immunohistochemistry was performed using a 4-um-thick section
of each femoral head to assess the presence of CD31 using specific
antibodies in accordance with the manufacturer’s instructions. In
brief, deparaffinized sections were treated with 3% hydrogen perox-
ide for 20 minutes to inhibit endogenous peroxidase activity. Antigen
retrieval was then performed using 0.01 M citrate buffer (pH 6.0) at
80°C for 10 minutes. The sections were pre-incubated with normal
goat serum (Biosynthesis Biotechnology Co. Ltd., Beijing, China)
for 30 minutes at room temperature, incubated at 4°C overnight
with mouse anti-rabbit CD31 (ab212712; Abcam PLC, Cambridge,
Mass, USA) monoclonal antibodies and then diluted at 1:200 in
phosphate-buffered saline. The sections were then incubated with
secondary goat anti-mouse antibodies (Biosynthesis Biotechnology
Co. Ltd.) and with horseradish peroxidase-labeled streptavidin
(Biosynthesis Biotechnology Co. Ltd.). The final reaction product
was visualized using diaminobenzidine. Images were captured
using the QWin550CW Image Acquiring and Analysis system (Leica
Microsystems, Wetzlar, Germany). The intensity of CD31 immunos-
taining in the groups was quantitatively analyzed using Image-Pro
Plus (Media Cybernetics, Baltimore, Md, USA). One section was
obtained from each rabbit, and 10 images were captured from each
section and analyzed for positive staining at a magnification of 200x.
The total area of each analyzed section was the same. Integrated opti-
cal density (IOD) was assessed, in which “integrated” refers to the
sum of all the pixel intensity or density values in each image. The IOD
values obtained from the 10 images in each section were averaged
and compared with the averaged IOD values of each section.

qPCR analysis

Total RNA was isolated by homogenizing the femoral heads using the
TRIzol® protocol. cDNA was synthesized using the RevertAid™ First
Strand cDNA Synthesis kit (Fermentas, Burlington, ON, Canada)
in accordance with the manufacturer’s instructions. The samples
were analyzed using SYBR-Green® PCR Master mix (DRR820S;
Takara Bio, Inc., Shiga, Japan) and an ABI 7300 Real-Time PCR
system (Bio-Rad Laboratories, Hercules, Calif, USA). The primer
sequences used for qPCR were as follows: forward: 5“GGGGGCTG
CTGCAATGATGAAA-3" and reverse: 5-GCTGGCCCTGGTGAGGT
TTGAT-3’ for VEGF; forward: 5"TGGGGCTGGCGGGCACCTTC-3’
and reverse: 5“TCTCGGTCAGCCTGCGCCCG-3’ for ES; forward:
5-GTGGTGGCAGGTAGGTATGG-3’ and reverse: 5-GGCAGGTG
CTTCAGAACTGG-3’ for Runx2; forward: 5“TGAGCTGGAACGTC
ACGTGC-3" and reverse: 5“AAGAGGAGGCCAGCCAGACA-3’ for
Osterix; forward: 5-~CTCAGGGTTTCAGTGGTT-3" and reverse:
5“TTTCCACGAGCACCCATC-3’ for Collal; and forward: 5-GTG

CGGGACATCAAGGAGA-3’ and reverse: 5" AGGAAGGAGGGCTG
GAAGAG-3’ for p-actin. Relative mRNA expression was quanti-
fied using the 2724¢ method, in which AACt=(Ctgene-Ctp)A/B/C-
(Ctgene-Ctp)N. The relative quantities of VEGF, ES, Runx2, Osterix,
and Collal were normalized to the quantity of the f-actin transcript
in the same sample. All assays were performed in triplicate.

Enzyme-linked immunosorbent assay

Prior to sacrifice, blood was collected from all rabbits with a mix-
ture of protease inhibitors (0.30 M EDTA, 0.32 M dimercaprol, and
0.34 M 8-sulfhydryl quinoline sulfate) and then stored on ice. Blood
was then centrifuged at 2000 rpm for 10 minutes. The plasma was
obtained and stored at —80°C until use for VEGF, osteocalcin (OCN),
and beta-alkaline phosphatase (b-ALP) assays. The concentrations of
VEGF, OCN, and b-ALP were measured using ELISA with a commer-
cial ELISA kit (Biosynthesis Biotechnology Co. Ltd., Beijing, China).
The concentrations of VEGF, OCN, and b-ALP were expressed as pg/
mL plasma. All analyses were performed in duplicate.

Biomechanical test

The specimen was rewarmed at room temperature, and the bone
block was pressed with an MTS-858 biomaterial testing machine
at a set speed of 5 mm/min. The subchondral bone was compressed
with a round indenter with a diameter of 2 mm. The compres-
sion strength (CS) was the ratio of the pressure to the area of the
indenter, and the elastic modulus (EM) was the average slope of the
same range. The cancellous bone was loaded according to Brown’s
loading method. The area under the stress-strain curve from the
beginning to 0.8 strain was calculated, and then the strain energy
(SE) at 0.8 compression strain was calculated according to the area.
The CS and EM were expressed in MPa, and the SE was expressed
in MJ/mm?.

TET calcein double labeling and Van Gieson staining

The prepared femoral head specimens were embedded with plastic
embedding. The hard tissue embedded block was properly trimmed
and sectioned with a slicer (Leica 2500e, Leica Company). Then,
10-um-thick hard tissue sections were observed under a 200-fold
fluorescence microscope, and fluorescence bands with clear lines
and complete shapes were selected for photography. The distance
between the 2 fluorescent bands was measured using IPP 5.1 image
analysis software (Media Cybernetics, USA). Dynamic parameters
including labeled perimeter percentage (L.Pm%), mineral deposi-
tion rate (MAR, pm/day), and bone formation rate (BFR/BS, %) were
calculated.

Then, 5-pum-thick hard tissue sections were stained with VG. They
were observed under an inverted microscope and randomly photo-
graphed at a magnification of 100x. IPP 5.1 image analysis software
(Media Cvbemetrics) was used. Static parameters including trabecu-
lar bone area, trabecular thickness (Tb.Th, pm), trabecular separation
(Tb.Sp), and trabecular number (TB.N, #/mm) were calculated.

Statistical analysis

All statistical analyses were performed using SPSS 20.0 (IBM SPSS
Corp., Armonk, NY, USA). The incidence of ON was compared using
the y* test or Fisher’s exact test. Data were expressed as mean =+
standard deviation and compared using the 1-way analysis of vari-
ance or Kruskal-Wallis test. Statistical significance was considered
at P < 0.05.
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Results

Incidence of osteonecrosis of the femoral head

In this study, 2 animals each in the GC and GC&ES groups died; no
animals in the other groups died. The rate of ON was 70% (7/10) in
the GC group, 100% (10/10) in the GC&ES group, 41.7% (5/12) in the
ES group, and 0 (0/6) in the CON group. The incidence rates of the
GC&ES and GC groups were higher than that of the ES group (P <
.05). No significant difference in incidence rate was found between
the GC&ES and GC groups (P >.05, Pearson’s chi-square test), but
the incidence rate was higher in the GC&ES group than in the GC
group. Histological features of ON in the femoral head of the rabbits
showed condensed nuclei of osteocytes or empty lacunae within the
bone trabeculae and decreased osteoblasts in the trabecular margin;
medullary hematopoietic cells around the ON site were mixed with
necrotic and degenerated cells, and necrotic fat cells lost their cel-
lular structures (Figures 1A-C). However, normal bone tissue har-
vested from the CON group showed no ON (Figure 1D). The rates
of empty bone lacunae were higher in the GC and ES groups than
in the CON group, but that in the GC&ES group was significantly
higher than that in the GC or ES group (P < .05; Figure 1E). Compared
with that in the CON group, the number of osteoblasts in the GC, ES,
and GC&ES groups was significantly lower (P < .05), especially in
the GC&ES group. Significant differences were found between the ES
and GC groups (P < .05; Figure 1F).

CD31 expression in bone

In the 200x field of vision, the brown staining in the trabecular bone
was CD31 positive, and any single or clustered endothelial cells could

GC&ES

GC

be counted as a single vessel. Compared with that in the CON group
(n=6), the number of microvessels in the GC (n=10), ES (n=12), and
GC&ES (n=10) was significantly lower (P < .05), especially in the
GC&ES group (Figure 2).

Real-time quantitative PCR results

As shown in Figure 3A, the VEGF mRNA expression was lower in
the GC group (n=10) and ES group (n=12) than in the CON group
(n=6; P < 0.05) and decreased more obviously in the GC&ES group
than in the GC and ES groups. As shown in Figure 3B, the ES mRNA
expression in the femoral head increased in the GC, ES, and GC&ES
groups compared with the CON group. As shown in Figure 3C-E, the
expression levels of bone-generating related genes Runx2, Osterix,
and Colla1 significantly decreased in the GC and ES groups com-
pared with the CON group (P < 0.05), but the decrease in these genes
(except Col1a1) was more significant in the GC&ES group than in the
GC and ES groups (P < 0.05).

Bone morphometric determination results

All animals in each group (n=6) applied for bone morphometric
determination survived. As shown in Figure 4, the fluorescence
signals in the GC group (n=6) and the ES group (n=6) were sig-
nificantly lower than those in the CON group (n=6) and the gap
between calcein fluorescence (green) and TET fluorescence (yel-
low) was significantly narrower in the GC and ES groups than in the
CON group. Combined GC and ES intervention enhanced the effect
of GC. The fluorescence intensity was weaker and the gap between
calcein fluorescence (green) and TET fluorescence (yellow) was nar-
rower in the ES group than in the CON group. Bone morphometric
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Figure 1. A-F. Histological features of the femoral head in rabbits. (A, B, and C) Osteonecrotic (ON) lesion condensed nuclei of osteocytes or empty lacunae within the bone
trabeculae (white arrow) and decreased osteoblasts in the trabecular margin (black arrow). Medullary hematopoietic cells around the site of ON were mixed with necrotic
and degenerated cells, and necrotic fat cells lost their cellular structures. (D) Normal bone tissue harvested from group CON showing no ON. Stain: hematoxylin and eosin
(H&E), magnification: x200. (E) The rate of empty bone lacunae was increased in the GC group and ES group, and the increase in the GC&ES group was more obvious. (F)
The number of osteoblasts in GC or ES groups decreased, and the decrease in GC&ES group was more obvious. *Compared with CON group, P < 0.05; ‘compared with GC

group, P <.05. GC, glucocorticoid; ES, endostatin; CON, control.
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Figure 2. A-E. CD31 expression in the femoral head of rabbits. In the GC group and ES group, there were very few brown stained CD31 positive vessels (A and C), fewer
positive vessels in GC&ES group (B), but more CD31 positive vessels in the CON group (D). Any single or clustered endothelial cells could be counted as a single vessel (black
arrow). (E) The number of microvessels in each group was compared. The microvascular number was decreased in the GC group and ES group, which in the GC&ES group
was decreased more obviously. *Compared with CON group, P < 0.05; ‘compared with GC group, P < 0.05. GC, glucocorticoid; ES, endostatin; CON, control.
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Figure 4. Dynamic bone formation was detected by calcein tetracycline double labeling. GC, GC&ES, ES, and CON are the double labeling conditions of each group,
respectively. The fluorescence intensity and the width between yellow and green fluorescence represent the capability of bone formation. The small picture in the upper
right corner is the enlargement in the white box of the large picture to observe the width between yellow and green fluorescence. GC, glucocorticoid; ES, endostatin; CON,

control.

determination showed that the L.pm%, MAR, and BFR/BS of the GC,
ES, and GC&ES groups, especially those of the GC&ES group, were
significantly lower than those of the CON group (P < 0.05). Labeled
perimeter percentage and MAR were significantly different between
the GC and ES groups (P < 0.05), but no significant difference in BFR/
BS was found between the 2 groups (P > 0.05; Table 1).

The trabecular bone stained with VG appeared red (Figure 5).
Compared with that of the CON group, the bone mass values of the
GC&ES, GC, and ES groups were significantly lower (P < 0.05), espe-
cially in the GC&ES group (P < 0.05). Static parameters related to bone
morphometry, including BV/TV, Tb.Th, Tb.Sp, and Tb.N, were ana-
lyzed to accurately compare the changes in bone mass in each group.
Compared with those in the control group, the BV/TV and Tb.Th in
the 3 other groups, especially in the GC&ES group, were significantly
lower (P < 0.05). No significant difference in Th.N was found among
the 4 groups (P > 0.05), but they had the same trend as BV/TV and
Tb.Th. Conversely, an opposite trend was observed in Tb.Sp. (Table 2).

ELISA results
The serum levels of VEGF, b-ALP, and OCN were detected using
ELISA. Compared with those in the CON group (n=6), the VEGF,

Table 1. Comparison of dynamic parameters of bone morphometric in each group
(n=6/group)

Groups L.Pm% MAR (pm/d) BFR/BS (pm/d.100)
GC 17.56 + 4.07* 1.03 £ 0.17* 18.80 + 3.11*
GC+ES 12.11 + 3.54* 0.42 +0.07* 8.28 + 1.19*
ES 19.59 + 2.64* 1.46 + 0.31* 24.28 + 4.53*
CON 28.50 +£5.45 1.88 + 0.29 50.54 + 6.52

*Compared with CON group, P < 0.05; ‘compared with GC group, P < 0.05.
GC, glucocorticoid; ES, endostatin; CON, control; L.Pm%, labeled perimeter percentage; MAR, mineral
deposition rate; BFR/BS, bone formation rate.

b-ALP, and OCN levels were significantly lower in the GC (n=10), ES
(n=12), and GC&ES (n=10) groups, especially in the GC&ES group
(P < 0.05). The serum levels of b-ALP and OCN in the ES group were
still higher than those in the GS group (P < 0.05), but no significant
difference in VEGF was found (P > 0.05; Table 3).

Biomechanical test results

As shown in Table 4, compared with those in the CON group, the
CS, EM, and stress energy in the GC group significantly decreased by
46.5%, 44.4%, and 47.0%, respectively; by 33.8%, 33.6%, and 41.1%
in the ES group, respectively, and by 72.0%, 81.5%, and 56.8% in the
GC&ES group, respectively (P < 0.05). Compared with those of the
GC group, the CS and EM of the ES group decreased less (P < 0.05),
but no significant difference in stress energy was found between the
2 groups (P > 0.05).

Discussion

The exact mechanism of non-traumatic ONFH is unclear. Thus, many
types of animal models have been established to explain non-trau-
matic ONFH. However, a standardized and unified model remains
lacking, and clinical femoral head necrosis is difficult to stimu-
late.*® At present, non-traumatic ONFH animal models are mainly
established under the premise of known etiology, including GC,
alcohol, LPS, liquid nitrogen freezing, and decompression model.*”
Glucocorticoid is a key risk factor of ON. In this animal experiment,
the animal model established by Qin et al** was used. This study
showed a high incidence (93%) of ON and low mortality. The model
used in this study had a 70% (7/10) incidence rate and low animal
mortality rate, which lays a good foundation for the continuation of
this experiment.
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Figure 5. Static bone morphology was detected by Van Gieson staining. GG, GC&ES, ES, and CON were the staining conditions of each group. The red staining area was
bone trabecula, and the grey staining area was bone marrow. GC, glucocorticoid; ES, endostatin; CON, control.

Table 2. Comparison of static parameters of bone morphometric in each group
(n=6/group)

Groups BV/TV (%) Th.N (#/mm) Tb.Sp (pm) Th.Th (pm/d)
GC 21.55 + 4.49° 5.25 £ 2.01 162.98 + 32.21 4453 + 14.21
GC+ES 12.21 +2.13% 5.01+1.38 189.43 +£42.45 25.11 + 12.31%
ES 30.81 + 3.35" 5.13 +0.37 179.81 + 49.95 35.34 + 9.33"
CON 35.87 £ 6.69 5.87 £0.82 135.01 + 26.32 70.82 + 17.39

*Compared with CON group, P < 0.05; ‘compared with GC group, P < 0.05.
GC, glucocorticoid; ES, endostatin; CON, control; Tb.N, trabecular number; Tb.Sp, trabecular separation;
Tb.Th, trabecular thickness.

Table 3. Comparison of serum VEGF, b-ALP, and OCN levels in each group

Groups OCN (pg/L) VEGF (pg/L)
GC (n=10) 47.75 + 7.41° 26.21 + 6.76" 46.31 + 2,297
GC&ES (n=10) 26.75 + 3.57" 17.21 £5.71% 22.24 +4.21%
ES (n=12) 55.23 + 8.43" 23.11 + 2.22% 42.18 + 3.43"
CON (n=6) 85.42 + 9.01 53.12 + 3.46 61.32 + 6.59

*Compared with CON group, P < 0.05; “‘compared with GC group, P < 0.05.
GC, glucocorticoid; ES, endostatin; CON, control; VEGF, vascular endothelial growth factor; OCN,
osteocalcin; b-ALP, beta-alkaline phosphatase.

As an endogenous anti-angiogenic factor, ES exerts anti-angiogenic
properties. At present, its anti-angiogenic properties are mainly
used to inhibit tumor growth.*****> Endostatin is increased in
patients with coronary artery disease and is closely related to the
formation of damaged coronary artery branches.*® The decrease in
ES level is an important reverse marker of collateral formation in
coronary ischemic disease.” The above 2 studies have shown that

Table 4. Biomechanical results of femoral head

Groups CS (MPa) EM (MPa) SE (mJ/mm?)
GC (n=10) 19.04 + 3.19" 197.04 + 76.31" 253 +0.71
GC&ES (n=10) 9.96 + 1.09% 65.67 + 20.25% 2.06 + 0.34"
ES (n=12) 23.56 + 4.34" 235.86 + 75.93™ 2,71+ 0.62°
CON (n=6) 35.58 +3.25 354.43 + 96.21 4.77 + 1.01

*Compared with CON group, P < 0.05; “‘compared with GC group, P < 0.05.
GC, glucocorticoid; ES, endostatin; CON, control; CS, compressive strength; EM, elastic modulus; SE, strain
energy.

ES exhibits anti-angiogenic characteristics and its overproduction
means the occurrence of ischemia. In the present study, the detec-
tion of microvessel density through immunohistochemistry and the
expression of VEGF in serum and tissue showed that ES can reduce
the density of blood vessels and the expression of angiogenic factors
in the femoral head. Alexander et al** showed that ES can inhibit
choroidal angiogenesis. In addition, Bai et al*® reported that ES can
inhibit retinal angiogenesis in vivo and umbilical vein endothelial
cell proliferation in vitro and these processes are accompanied by a
decrease in VEGF, which is consistent with the results of the present
study. Joerg et al* used ES to intervene in the fracture model in mice
and found that ES can significantly reduce the angiogenesis of bone
healing site, thus affecting fracture healing. In the present study, ES
increased in non-traumatic ONFH animal models and ES interven-
tion strengthened the decrease in vascular density in the steroid-
induced femoral head necrosis model.

Blood vessels are important components of bone formation during
bone development and bone repair.** Osteogenesis plays an impor-
tant role in the occurrence and development of non-traumatic ONFH,
especially in the middle and late stages of bone repair.’® Endostatin
can inhibit bone formation by blocking VEGF, and it can also directly
affect bone formation.* Sipola et al*! established a mouse model of
ectopic calcification and found that ES can reduce bone formation.
They suggested that ES regulates endochondral osteogenesis in bone
growth and repair. They also found that ES could inhibit the prolif-
eration of osteoblasts induced by fluid shear stress and its upregu-
lated factors.** In the present study, HE staining showed that the
number of osteoblasts significantly reduced after the application of
ES. In addition, PCR was used to detect bone formation-related genes
Runx2, Osterix, and COL1A1, and serum determination was used
to detect bone formation-related proteins b-ALP and OCN. Results
showed that ES could further reduce these bone formation-related
indicators, which indicated that ES could inhibit bone formation in
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steroid-induced ONFH. In addition, TET calcein double labeling and
VG staining were used for bone morphometry. The BFR/BS and total
bone mass decreased during steroid-induced ON. In this study, the
addition of ES to steroids can reduce bone mass and bone formation,
indicating the negative effect of ES.

In the present study, the angiogenesis and osteogenesis in the femoral
head were blocked after the application of ES alone, which eventu-
ally decreased bone quality and biological performance. This result
indicated that ES alone could inhibit angiogenesis and osteogen-
esis, thereby confirming the negative role of ES on the occurrence
and development of ON. Based on the above facts, we assume that
ES-induced inhibition of angiogenesis induces ischemia of the femo-
ral head, leading to the death of bone cells, bone marrow cells, and
interstitial cells in bone tissue due to lack of blood. This phenomenon
results in failure of repair and collapse of the femoral head, which
opens a new direction for the future study of anti-angiogenic factors
in ONFH.

This experiment has many limitations. Firstly, this study only focused
on the factors related to the effect of ES on bone formation but did
not analyze the factors related to bone resorption, which is also
important in the repair of femoral head necrosis. Secondly, the spe-
cific mechanism by which ES inhibits angiogenesis and osteogenesis
was not studied in detail, and only the changes in angiogenesis- and
osteogenesis-related factors were considered. Thirdly, only 1 (i.e.,
ES) of many anti-angiogenic factors was studied. Thus, other anti-
angiogenic factors, such as angiostatin, chondromodulin-I, platelet
inhibitory factor-4, interleukin-12, matrix metalloproteinase, tissue
inhibitor of metalloproteinase, and urokinase inhibitor, must be stud-
ied in the future. Finally, whether the anti-angiogenic factors secreted
by cartilage in femoral head necrosis affect the progress of femoral
head necrosis still needs to be discussed because the cartilage, as a
nearly avascular tissue, can synthesize and secrete a large number of
anti-angiogenic factors (such as chondromodulin-I).

In conclusion, ES can inhibit angiogenesis and osteogenesis in the
femoral head and aggravate the occurrence and development of fem-
oral head necrosis, suggesting that anti-angiogenic factors may play
an important role in the pathogenesis of ONFH.
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