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Effect of Resveratrol on Preventing Steroid-induced
Osteonecrosis in a Rabbit Model
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Background: Prevention of osteonecrosis (ON) has seldom been addressed. The purpose of this study was to evaluate the effect of
resveratrol on preventing steroid-induced ON in rabbits.

Methods: Seventy-two rabbits were divided into four groups: (1) NEC (ON) group: thirty rabbits were treated with
lipopolysaccharide (LPS) once, then with methylprednisolone (MPS) daily for 3 days; (2) PRE (prevention) group: thirty rabbits
were given one dose of LPS, then MPS daily for 3 days, and resveratrol on day 0 and daily for 2 weeks; (3) RES (resveratrol) group:
six rabbits were given resveratrol for 2 weeks but without LPS/MPS; (4) CON (control) group: six rabbits were given alcohol for
2 weeks but without LPS/MPS. Levels of plasma tissue-type plasminogen activator (t-PA), plasminogen activator inhibitor 1 (PAI-1),
thrombomodulin (TM), vascular endothelial growth factor (VEGF), maximum enhancement (ME) by magnetic resonance imaging,
and ON incidence were evaluated.

Results: The PRE group had a lower ON incidence than the NEC group, but with no significant differences at 2 weeks and 12 weeks. The
RES and CON groups did not develop ON. TM and VEGF were significantly higher in the NEC group compared with the PRE group at
weeks 1, 2, and 4 (TM: 1 week, P =0.029; 2 weeks, P = 0.005; and 4 weeks, P =0.047; VEGF: 1 week, P = 0.039; 2 weeks, P=0.021;
4 weeks, P=0.014), but the difference disappeared at 12 weeks. The levels of t-PA and PAI-1 were not significantly different between the
NEC and PRE groups. The TM, t-PA, PAI-1, and VEGF concentrations in the RES and CON groups did not change over time. Compared
to the baseline, ME in the NEC group decreased significantly (P = 0.025) at week 1, increased significantly (P = 0.021) at week 2, and
was decreased at week 12. The variance was insignificant in the PRE group.

Conclusions: Resveratrol may improve blood supply to bone in a rabbit model of ON of the femoral head via anti-inflammatory effects
to protect the vascular endothelium and reduce thrombosis.
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of platelet aggregation and adhesion.[*”) Prevention of
ON has seldom been addressed. We hypothesized that
resveratrol may also have protective or curative properties
that would affect steroid-induced ON.

INTRODUCTION

Osteonecrosis of the femoral head (ONFH) is a refractory
disease, with 75,000—150,000 cases in China.["! Injury
of the vascular endothelium, abnormal coagulation,

dyslipidemia, and abnormal bone metabolism may lead Aldress for correspondence: Prof. Xi-Sheng Weng,

to thromboembolism in the femoral head, ultimately
resulting in osteonecrosis (ON).2 Resveratrol has curative
and/or preventive effects on coronary artery disease,
diabetes mellitus, renal disease, and cancer.*! The main
mechanisms include its antioxidative properties, improved
lipid metabolism and vascular endothelial function,
regulation of cytokine production, and/or inhibition
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MEeTHODS

Animals

Seventy-two healthy New Zealand white rabbits (aged
28 weeks, weighing 2-3 kg) from Beijing Haidian
Experimental Animal Farm were enrolled in this study
group. The experimental protocol was approved by the
Animal Experiment Ethics Committee of the Peking Union
Medical College Hospital. All rabbits underwent an adaptive
feeding schedule for 1 week and were weighed before each
experiment. The rabbits were randomly divided into four
groups: (1) NEC (ON) group: thirty rabbits were treated with
lipopolysaccharide (LPS) 10 pug/kg intravenously (i.v.) once,
then with methylprednisolone (MPS) 20 mg/kg i.v. at 24, 48,
and 72 h after the LPS injection. On the same day, LPS was
administered, the rabbits were also treated with 8% alcohol
4 mg/kg intraperitoneally (i.p.) every day for 2 weeks;
(2) PRE (prevention) group: thirty rabbits were treated with
LPS 10 pg/kgi.v. once, then with (MPS) 20 mg/kg i.v. at 24,
48, and 72 h after the LPS injection. On the same day, that
LPS was administered, the rabbits were also treated with
resveratrol (dissolved in 8% alcohol) 4 mg/kg i.p. every
day for 2 weeks; (3) RES (resveratrol) group: six rabbits
were treated with the same volume of normal saline instead
of LPS and MPS and were given resveratrol i.p. every day
for 2 weeks; and (4) CON (control) group: six rabbits were
treated with the same volume of normal saline instead of
LPS and MPS and were given 8% alcohol 4 mg/kg i.p. every
day for 2 weeks.

Rabbits were sacrificed (NEC group, n = 16; PRE group,
n=16; RES group, n=3; and CON group, n =3) at 2 weeks
and (NEC group, n = 14; PRE group, n = 14; RES group,
n=3;and CON group, n = 3) at 12 weeks after injection with
pentobarbital after the last MPS treatment. Bilateral femoral
and humeral bones were harvested and preserved in formalin.

Laboratory assessments

Before LPS injection and at 1, 2,4, and 12 weeks later, plasma
tissue-type plasminogen activator (t-PA), plasminogen
activator inhibitor-1 (PAI-1), thrombomodulin (TM), and

vascular endothelial growth factor (VEGF) were measured by
enzyme-linked immunosorbent assays. The bilateral proximal
femurs were evaluated by dynamic contrast-enhanced
magnetic resonance imaging (MRI, GE Medical System,
Fairfield, CT, USA) with a human knee joint coil and the
maximum enhancement (ME) was calculated.!'” Table 1
shows MRI scan sequences and parameters.

Histological and immunohistochemical assessment
The proximal third of the femur and humerus were harvested,
embedded in paraffin, and sectioned to 6-um-thick sections.
Sections were stained with hematoxylin and eosin (H&E)
to evaluate ON. Characteristic histopathological features
of ON were defined as a diffuse presence of lacunae or
pyknotic nuclei of osteocytes in the trabeculae accompanied
by surrounding necrotic bone marrow, adipocyte hypertrophy,
and vascular thrombosis. All rabbits that had at least one
osteonecrotic lesion in the examined sections were judged
to be ON". Those with no osteonecrotic lesions were deemed
ON". The incidence of ON was defined as the number
of ON" rabbits divided by the total number of rabbits.
Immunohistochemical staining was performed using a
streptavidin-peroxidase method. Vascular endothelial cells
and bone marrow cells containing brown granules and stained
darker than the background were defined as positive.!'!

Statistical analysis

Categorical variables were analyzed by Fisher’s exact
probability test. Numerical variables were expressed as a
mean + standard deviation (SD). Independent samples -test
was used to compare intergroup differences. The paired ¢-test
was applied to compare intragroup differences at the same
time point. A P < 0.05 was statistically significant. SPSS
version 17.0 (SPSS Inc., Chicago, IL, USA) was used for
statistical analysis.

ResuLts

Incidence of osteonecrosis
After 2 weeks of MPS treatment, the ON incidence was
75.0% (12/16) in the NEC group and 43.8% (7/16) in the PRE

Table 1: MRI scan sequences and parameters

Parameters AXxT,fs AxT, CorT,fs CorT, CorPD FSPGRT,
TE (ms) 74 20 74 20 358 Minimum
TR (ms) 2500 420 2500 420 1970 18.7
Matrix 256192 256x192 256192 256x192 256192 128x64
NEX 4 4 4 4 4 2
FOV (cm) 12 12 14 14 14 14
Thickness (mm) 3 3 2 2 2
Spacing 1 1 0 0 0 0
ETL 21 2 21 2 10 -
Scan time (min) 9/1:45 9/2:43 9/1:45 9/2:43 9/2:41 2/0.05
Bandwidth (kHz) 31.25 31.25 31.25 31.25 16.67 Flip angle 80
16.67

AXT,fs: Axial T, weighted fat-saturated imaging; AxT,: Axial T weighted imaging; CorT,fs: Coronal T, weighted fat-saturated imaging; CorT,: Coronal
T, weighted imaging; CorPD: Coronal proton density weighted imaging; FSPGRT : Fast spoiled gradient-recalled T, weighted imaging; TE: Echo time;
TR: Repetition time; NEX: Number of excitations; FOV: Field of view; ETL: Echo train length; — None.
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group but was not significantly different (P = 0.074). One
rabbit in the NEC group died after the third MPS injection.

At 12 weeks after MPS administration, the ON incidence
was 42.9% (6/14) in the NEC group and 28.6% (4/14) in the
PRE group but was not significantly different (P =0.347).
Two rabbits in the NEC group and three in the PRE group
died after injection of pentobarbital, MPS, or LPS. There
was no ON or death in the RES or CON groups at 2 weeks
or 12 weeks after MPS administration.

Laboratory results

At 1 week after MPS injection, the plasma TM concentration
was significantly increased in the NEC and PRE groups
but then decreased to pre-LPS injection levels. At 1,
2, and 4 weeks after MPS injection, the plasma TM
concentration was significantly higher in the NEC group
than in the PRE group (P < 0.05). However, at 12 weeks,
there was no significant difference between the two
groups (P > 0.05) [Table 2].

The plasma t-PA and PAI-1 concentrations showed variable
changes in the NEC and PRE groups. The t-PA/PAI-1 ratio
was lower than that before LPS injection [Tables 3 and 4].

Plasma VEGF increased after MPS injection in the NEC
and PRE groups and reached a peak at 2 weeks, which
then decreased to baseline levels at 12 weeks. The VEGF
concentration was significantly higher in the NEC group
than in the PRE group at 1, 2, and 4 weeks after MPS
injection (P < 0.05), but the difference had disappeared at
12 weeks (P > 0.05) [Table 5].

The plasma TM, t-PA, PAI-1, and VEGF concentrations in
the RES and CON groups showed no change at the different
time points studied [Tables 6-9].

Dynamic contrast-enhanced magnetic resonance
imaging results

MRI showed evenly distributed signals in normal bone,
and cystic changes in ON bones [Figure 1a and 1b]. In the
NEC group, ME was significantly decreased at 1 week after
MPS administration, significantly increased at 2 weeks, and
decreased at 12 weeks. ME did not change significantly in
the PRE group [Figure 2].

Histological results

ON* specimens with H&E stainings showed that osteocyte
lacunae or pyknotic nuclei were present in the trabeculae
accompanied by surrounding necrotic bone marrow, adipocyte
hypertrophy, and vascular thrombosis. Some specimens also
had dead bone, a disappearance of osteoblasts, and/or fibrous
tissue and capillary vessel hyperplasia [Figure 3].

Tissue factor (TF) and VEGF staining were positive (++)
or strongly positive (+++) in the ON* specimens [Figure 4a
and 4b] but were negative (—), weakly positive (+), or
positive (++) in ON specimens [Figure 4c and 4d]. TF and
VEGEF staining were positive (++) or strongly positive (+++)
in endothelial and bone marrow cells of the NEC group
but weakly positive (+) or positive (++) in the PRE group.

Table 2: Plasma TM concentration at different time in
NEC group and PRE group (ng/ml), mean = SD

Time points NEC group PRE group t P

Baseline 18.06 + 3.24 17.06 + 1.48 1.004 0.330
1 week 28.73 £3.02 24.80+3.18 2.451 0.029
2 weeks 23.15£5.65 17.59 +£2.42 3259 0.005
4 weeks 23.88 £8.51 15.41£2.89 2.305 0.047
12 weeks 21.59+7.49 16.17 +2.40 1.552 0.185

NEC group: Osteonecrosis group; PRE group: Prevention group; TM:
Thrombomodulin; SD: Standard deviation.

Table 3: Plasma t-PA concentration at different time in
NEC group and PRE group (ng/ml), mean = SD

Time points NEC group PRE group t P

Baseline 40.19 £ 40.78 23.84 +£35.08 1.096 0.284
1 week 29.77 £33.10 30.52+26.03  —0.480 0.962
2 weeks 10.38 £ 10.66 28.60+43.03  —1.482 0.151
4 weeks 26.35+15.42 18.98 + 35.94 0.424 0.681
12 weeks 430+3.74 3.52+2.70 0.403 0.696

NEC group: Osteonecrosis group; PRE group: Prevention group; t-PA:
Tissue-type plasminogen activator; SD: Standard deviation.

Table 4: Plasma PAI-1 concentration at different time in
NEC group and PRE group (ng/ml), mean = SD

Time points NEC group PRE group t P

Baseline 6.74 £ 3.56 7.60 £ 3.70 -0.599 0.555
1 week 9.78 +4.10 5.42+1.48 2.668 0.019
2 weeks 8.20 +3.92 6.86 +2.50 1.036 0.311
4 weeks 6.66 +2.34 9.86 +4.92 -1.324 0.218
12 weeks 8.14 + 1.40 6.80 +2.48 1.082 0.307

NEC group: Osteonecrosis group; PRE group: Prevention group; PAI-1:
Plasminogen activator inhibitor 1; SD: Standard deviation.

Table 5: Plasma VEGF concentration at different time in
NEC group and PRE group (ng/ml), mean = SD

Time points NEC group PRE group t P

Baseline 73.73 + 15.54 76.72+£ 1637 —0.476 0.638
1 week 128.82 + 12.73 11051 £18.06 2295 0.039
2 weeks 155.00 = 14.23 134.13£2623  2.522 0.021
4 weeks 118.70 + 7.89 101.97 + 9.86 3.056 0.014
12 weeks 83.92 +20.08 70.67 + 11.78 1.367 0.205

NEC group: Osteonecrosis group; PRE group: Prevention group; VEGEF:
Vascular endothelial growth factor; SD: Standard deviation.

Table 6: Plasma TM concentration at different time in
RES group and CON group (ng/ml), mean = SD

Time points RES group CON group t P

Baseline 18.71 +£0.41 18.31+0.53 1.380 0.314
1 week 19.19 +0.56 19.16 + 1.06 0.048 0.399
2 weeks 1830+ 1.18 17.00 + 1.73 1.419 0.643
4 weeks 18.75+0.56 18.26 +0.79 1.137 0.382
12 weeks 18.16 +0.97 17.63 £1.09 0.805 0.908

RES group: Resveratrol group; CON group: Control group;
TM: Thrombomodulin; SD: Standard deviation.
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Table 7: Plasma t-PA concentration at different time in
RES group and CON group (ng/ml), mean = SD

Time points RES group CON group t P

Baseline 39.37+1.22 34.96 +£2.85 1317 0.230
1 week 37.60 £ 1.82 37.06 £ 1.23 0.550 0.181
2 weeks 37.96 +1.53 37.58+1.19 0.439 0.488
4 weeks 38.02 £ 1.61 3846+£1.06  -0.509 0.255
12 weeks 39.14 £ 1.11 39.06 + 1.18 0.110 0.923

RES group: Resveratrol group; CON group: Control group;
t-PA: Tissue-type plasminogen activator; SD: Standard deviation.

Table 8: Plasma PAI-1 concentration at different time in
RES group and CON group (ng/ml), mean = SD

v 3 17:4]b
SR
Yo7

by ] 2.3mm

[3.8mm

0

Figure 1: Magnetic resonance imaging appearance of normal and
osteonecrosis specimen. (a) Normal femoral bone with evenly
distributed signal in both sides. (b) Cystic change in the bilateral femoral
head indicated osteonecrosis.

Time points RES group CON group t P

Baseline 7.99 +0.58 7.80 +0.55 0.543 0.974 300

1 week 7.58 +£0.99 8.24+0.53 -1.320 0.301 250

2 weeks 8.08 + 0.42 740049  1.463 0432 200 %

4 weeks 8.28 £0.47 8.40 £ 0.44 -0.418 0.933 150

12 weeks 7.92+0.58 8.04+0.22 —0.430 0.138 100 ——NEC

RES group: Resveratrol group; CON group: Control group; 50 —=—PRE

PAI-1: Plasminogen activator inhibitor 1; SD: Standard deviation. 0+ T T T )
Week 0 Week 1 Week 2 Month 3

Table 9: Plasma VEGF concentration at different time in
RES group and CON group (ng/ml), mean = SD

Time points RES group CON group t P

Baseline 75.25+1.48 76.06 = 3.14 —0.527 0.098
1 week 76.80 +2.17 75.60 +4.51 0.537 0.309
2 weeks 77.26 +3.14 75.20 + 2.05 1.231 0.177
4 weeks 76.60 +2.19 7420 +4.76 1.023  0.240
12 weeks 76.06 +3.14 75.60 £ 5.03 0.175 0.562

RES group: Resveratrol group; CON group: Control group;
VEGF: Vascular endothelial growth factor; SD: Standard deviation.

Discussion

Steroid-associated ONFH is the main cause of nontraumatic
ON. Numerous studies have attempted to establish an animal
model of steroid-associated ON. A previous study showed
that a small dose of LPS combined with high-dose MPS
produced a high rate of ON with a low mortality rate.!'* In
the current study, we modified the method of Qin ez al.'* by
administering a single i.v. injection of LPS, then three doses
of MPS. The ON incidence was 75.0% at 2 weeks in the NEC
group, with a mortality rate of 6.3% (1/16), suggesting that
this method successfully induced steroid-associated ON.
Resveratrol was diluted in 8% alcohol, and Con groups
received an i.p. injection of 8% alcohol alone. Considering
the small volume and low concentration of alcohol and that
ON did not occur in the RES or CON groups, we believe
that ON was induced by the LPS/MPS combination and that
the alcohol had no effect.

In H&E-stained ON* specimens, lacunae and/or pyknotic
nuclei were observed in osteocytes in the trabeculae.
This appearance was accompanied by surrounding
necrotic bone marrow, adipocyte hypertrophy, and

Figure 2: Maximum enhancement results in NEC group and PRE
group at different time. NEC group: Osteonecrosis group; PRE group:
Prevention group.

3 905 P §
Figure 3: ON* specimens (hematoxylin and eosin staining). There
were lots of osteocyte lacunae in the trabeculae, disappearance of
osteoblast, adipocyte hypertrophy, and tissue repair.

vascular thrombosis. Some rabbits also had a repair
response such as fibrous tissue and capillary vessel
hyperplasia.l'>!31 All of these characteristics are similar
to those of ON in humans, indicating this model will be
useful for medical research to prevent steroid-associated
ON. The incidence of ON in the NEC group at 12 weeks
was lower than that at 2 weeks, which could be related
to the repair process.!¥

Although the mechanism of ONFH is not fully understood,
a consensus was recently reached to accept that endothelial
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Figure 4: Immunohistochemical staining in the ON* and
ON- specimens. (a) Tissue factor staining in ON*+ specimens (x200).
Bone marrow laden with multiple brown granules indicated
positive (++). (b) Vascular endothelial growth factor staining in
ON* specimens (x80). Multiple brown granules laden in bone marrow
and endothelial cells indicated strongly positive (+ + +). (c) Tissue factor
staining in ON- specimens (x200). Negative immunohistochemical
staining presented with only background staining. (d) Vascular
endothelial growth factor staining in ON- specimens (x80). Bone
marrow and vascular endothelial cells stained background only
indicated negative (—). ON: Osteonecrosis.

cell injury, intravascular thrombosis, and vascularization
insufficiency contribute to its development.l'>) TM is a
glycoprotein expressed mainly on endothelial cell membrane
and is an excellent biomarker of endothelial cell injury.
In addition to protein C, it has a role in counteracting
hypercoagulation and hypofibrinolysis after endothelial cell
injury, thereby maintaining a balance between coagulation
and fibrinolysis. In this study, after 1 week of i.v. MPS, the
TM level was significantly increased in the NEC and PRE
groups. However, TM levels were significantly lower in
the PRE group than in the NEC group at 1, 2, and 4 weeks,
indicating a reduction of LPS/MPS-induced endothelial cell
injury. Possible mechanisms include inhibiting the release of
tumor necrosis factor-o (TNF-at) and liposomes, stabilizing
the liposomal membrane and prohibiting cyclooxygenase
and nuclear factor-kB (NF-kB) activation, thereby reducing
cytokine formation and tissue damage.*!®]

TF is a cell membrane glycoprotein and a type 2 cytokine
receptor and is the main factor in initiating the coagulation
cascade as well as being a biomarker of endothelial cell injury.
TF is up-regulated after endothelial damage and initiates
the coagulation process. Resveratrol dose-dependently
inhibited endothelium and monocyte NF-kB transcription
to reduce TF production. Resveratrol was also shown to
reduce LPS-, interleukin-1f3-, and/or TNF-a-induced TF
mRNA expression.*!”] Furthermore, resveratrol treatment
protected cultured endothelial cells against increases in the
expression of TNF-ot and attenuated inflammatory injury of
the vascular wall.? Resveratrol treatment also significantly
enhanced baboon arterial endothelial cell proliferation and
attenuated the TNF-c-induced impairment of proliferation

at optimal doses of 1-50 umol/L. The authors of that study
recommended resveratrol should be considered a candidate
drug for the prevention and treatment of inflammatory
vascular diseases.”!! In this study, TF expression was
positive (++) or strongly positive (+++) in the NEC group
but weakly positive (+) or positive (++) in the PRE group,
indicating that resveratrol reduced TF production and
thrombosis formation.

t-PA and PAI-1 levels are controlled by a dynamic balance,
and disturbance of the balance leads to thrombosis formation.
ON was significantly associated with elevated levels of
PAI-1 activity and elevated PAI-1/t-PA ratios. In the sera
of patients with ONFH, the levels of PAI-1 were increased,
whereas t-PA levels were significantly decreased. The
stimulation of PAI-1 and the inhibition of t-PA inhibited the
fibrinolytic system leading to increased coagulation.?>24
In a triple-blind, randomized, placebo-controlled, 1-year
follow-up trial, resveratrol prevented an increase in PAI-1
and inhibited atherothrombotic signals in peripheral blood
mononuclear cells.® In the current study, the t-PA and PAI-1
levels fluctuated in the NEC and PRE groups, but the t-PA/
PAI-1 ratio was consistently lower than at baseline. There
was no significant difference between the NEC and PRE
groups, indicating an absence of sufficient fibrinolysis and a
tendency toward thrombosis development. It also suggested
that a single resveratrol dose of 4 mg/kg had a limited effect
on t-PA and PAI-1 levels. Increasing the dosage of resveratrol
might improve its function, but whether it could reduce the
risk of thrombosis needs further study.

Dynamic contrast-enhanced MRI can reflect the extent
of vascularized tissue. ME declined in the presence of
insufficient vascularization and poor tissue perfusion.’*! In
this study, ME was significantly reduced at week 1 in the
NEC group but did not vary significantly in the PRE group,
indicating that resveratrol improved vascularization and
blood supply. VEGF is an important signaling protein for
angiogenesis under hypoxic conditions.'™ Tissue ischemia
or hypoxia-induced local increases in VEGF expression to
promote neovascularization and relieve local tissue ischemia
or hypoxia, indicating that VEGF is an important signaling
protein for physiologic and pathologic angiogenesis under
hypoxic conditions.?*?¥] Consistent with ME changes
by dynamic contrast-enhanced MRI, plasma VEGF
concentrations in the PRE group were significantly lower
than in the NEC group at weeks 1, 2, and 4. In addition,
VEGF staining was positive or strongly positive in the NEC
group but weakly positive or positive in the PRE group,
further indicating that resveratrol protected the endothelium
from MPS-induced damage and suggests it should improve
local blood flow and reduce tissue hypoxia.

This study used serology, dynamic enhanced MRI, and
immunohistochemical studies to show that resveratrol
improved local blood flow through its anti-inflammatory
effect, protection of endothelium, and reduction of
thrombosis formation, although there was no significant
difference in the incidence of ON between the NEC and
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PRE groups at week 2 and week 12. The reasons for this
might be explained by: (1) a repair reaction in ON bone;
(2) the lack of clarity as to whether the timing and dosage
of resveratrol applied in this study are appropriate and
therefore requires further study. Increasing the dosage of
icaritin further reduced the incidence of steroid-associated
ON.!1321 Resveratrol and icaritin are both polyphenols,
although resveratrol has a stronger bioactivity. Therefore,
increasing the resveratrol dosage might further reduce the
incidence of ON; (3) the number of rabbits in this study
was relatively small, and some rabbits died in some groups,
further reducing the group number. The difference in ON
incidence between the NEC and PRE groups might be found
to be exaggerated if more rabbits were included in this study.
This study demonstrated that the effects of resveratrol on
reducing the incidence of ON require further research.

The PRE group had a lower ON incidence than the NEC
group, but with no significant differences at 2 weeks and
12 weeks. The RES and CON groups did not develop ON.
TM and VEGF were significantly higher in the NEC group
compared with the PRE group at weeks 1, 2, and 4, but
the difference disappeared at 12 weeks. Resveratrol may
improve blood supply to bone in a rabbit model of ON of
the femoral head via anti-inflammatory effects to protect the
vascular endothelium and reduce thrombosis.
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