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Blockade of Vascular Endothelial Growth Factor
Activity Suppresses Wear Debris-Induced
Inflammatory Osteolysis 
WEIPING REN, RENWEN ZHANG, DAVID C. MARKEL, BIN WU, XIN PENG, MONICA HAWKINS, 
and PAUL H. WOOLEY

ABSTRACT. Objective. Aseptic loosening is a common complication of total joint replacement in humans. Our study
examined the hypothesis that wear debris may influence vascular endothelial grow factor (VEGF)
expression, and that blocking VEGF bioactivity might improve wear debris-induced inflammatory oste-
olysis in a mouse model.
Methods. Ultra high molecular weight polyethylene (UHMWPE) particles were introduced into estab-
lished air pouches on BALB/c mice, followed by implantation of calvaria bone from syngeneic litter-
mates. Mice were treated with recombinant VEGF, or VEGF inhibitor (VEGF R2/Fc chimera) or vehi-
cle control, and mice without UHMWPE stimulation were also included. Pouch tissues were harvested
2 weeks after bone implantation for molecular and histological analyses.
Results. Exposure of UHMWPE particles increased VEGF expression at both mRNA and protein lev-
els in pouch tissues. Immunostaining revealed intense VEGF staining predominantly in UHMWPE
deposit foci surrounded by inflammatory cells. VEGF inhibitor treatment strongly attenuated tissue
inflammation (cellular infiltration, membrane proliferation, and expression of interleukin 1ß and tumor
necrosis factor-α in UHMWPE-stimulated pouch tissues). Further, VEGF inhibitor treatment caused a
significant reduction in the number of TRAP+ cells, and effectively prevented UHMWPE particle-
induced bone resorption of implanted calvaria (assessed by extent of collagen depletion and frequency
of bone erosions).
Conclusion. The observation that VEGF inhibitor treatment prevented UHMWPE particle-induced
inflammatory osteolysis opens new possibilities for treatment of aseptic loosening, especially at an
early stage. (J Rheumatol 2007;34:27–35)
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The number of total joint replacements performed in the USA
is estimated at one-half million annually. Aseptic loosening
(AL) due to osteolysis induced by wear debris is the most
common cause of implant failure1,2. Cellular mechanisms
related to AL pathology are relevant both for identifying
patients at risk and developing novel treatment strategies. AL
is characterized by the formation of a chronic inflammatory
response to wear debris shed from the bone-implant interface,
leading to bone resorption (osteolysis) and loss of fixation3.

The periprosthetic tissue at the bone-implant interface shows
a high degree of vascularization4. A number of factors con-
tribute to angiogenesis; one of these, vascular endothelial
growth factor (VEGF), is produced by multiple cell types such
as macrophage and osteoblasts5,6; it represents an important
mitogen for endothelial cells. VEGF gene expression is regu-
lated by growth factors, hormones, and cytokines6-9. VEGF
exerts its biological activity through binding to 2 receptors,
VEGF receptor-1 (VEGFR-1; Flt-1) and VEGFR-2 (Flk-
1/KDR)10. VEGF is actively involved in the process of
inflammation11, osteoclastogenesis12,13, and bone resorp-
tion13. However, the role of VEGF in wear debris-induced
inflammatory osteolysis has not been examined. 

We recently developed a mouse osteolysis model14 that
allows us to quantitatively evaluate the molecular and histol-
ogy profiles of wear debris-induced inflammation, osteoclas-
togenesis, and osteolysis under controlled experimental con-
ditions. Our study examined the hypothesis that wear debris
may influence VEGF expression, and that blocking of VEGF
bioactivity may improve wear debris-induced inflammatory
osteolysis in this model.
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MATERIALS AND METHODS
Ultra high molecular weight polyethylene particles. High molecular weight
polyethylene (UHMWPE) particles were the generous gift of Dr. John
Cuckler (University of Alabama, Birmingham, AL, USA). Scanning electron
microscopy analysis demonstrated that 90% of the UHMWPE particles were
< 5.5 µm in diameter, with a mean size of 2.6 µm (range < 0.6 µm to 21
µm)15. UHMWPE particles were washed in 70% ethanol solution and resus-
pended in sterile phosphate buffered saline (PBS). The particle suspension
was determined to be endotoxin-free by the Limulus assay (Endosafe; Charles
Rivers, Charlestown, SC, USA).
Mouse osteolysis model. The murine model was used according to detailed
protocol as described14, and institutional approval was obtained for all animal
procedures. A detailed description of study design and the method of drug
administration are shown in Table 1. Air pouches were generated on female
BALB/c mice (age 8–10 weeks; Jackson Laboratory, Bar Harbor, ME, USA).
Six days later, mice with established air pouches were anesthetized by
intraperitoneal injection of pentobarbital (50 mg/kg; Fisher Scientific,
Pittsburgh, PA, USA). An incision of 0.5 cm overlying the pouch was made,
and a section of calvaria bone from syngeneic littermates was surgically
removed (about 0.4 × 0.25 cm) and inserted into the pouch using a sterile pro-
cedure. The pouch layers and the skin incision were then closed using 4-0
Prolene sutures. On the following day, pouches were injected with 0.5 ml
saline containing UHMWPE particles (10 mg/ml). Pouches injected with
saline alone were used as controls. Each experimental group comprised 10
mice. Mice were sacrificed in a carbon dioxide chamber 2 weeks after bone
implantation. The pouch membranes containing implanted bone were har-
vested. A small portion of the pouch tissue was collected for molecular analy-
sis. The remainder of the pouch tissue, with the intact bone implant, was
either snap-frozen for crystallized sectioning, or fixed in 10% buffered for-
malin for paraffin embedding.
Drug treatment. Both recombinant human VEGF 165 (293-VE, a 42-kDa
peptide with 97% homology to rabbit VEGF) and VEGF R2/Fc chimera (357-
KD, a 110-kDa peptide containing the extracellular domain of a VEGF recep-
tor linked to an IgG, which binds and inactivates free VEGF) were purchased
from R&D Systems (Minneapolis, MN, USA). One hundred microliters of
either VEGF or EGF R2/Fc chimera (1 µl/ml suspended in PBS with 0.1%
bovine serum albumin, final concentration 5 µl/kg/day) were injected into the
pouch tissue daily 2 days before UHMWPE injection.
Histological evaluation and image analysis. Pouch tissues were fixed in 10%
formalin. After decalcification in 10% EDTA, specimens were processed for
paraffin embedding and cutting by microtome. Tissue sections (6 µm) were
stained with hematoxylin and eosin (H&E) to evaluate general histology, and
4 separate sections per specimen were evaluated in a blinded fashion. Digital
images were acquired using a Zeiss light microscope equipped with a Toshiba
CCD, and analyzed using the Image Pro software package (Media
Cybernetics, Silver Spring, MD, USA). Pouch membrane thickness was
determined at 6 points on each section, with an even distribution of measure-
ments on the proximal side, distal side, and transition curve of the pouch. The
total number of cells (based upon nucleus count) was analyzed as
described14,16. Van Gieson stain was used to determine the implanted bone

collagen content, and bone collagen depletion was determined by image
analysis14. Briefly, images of modified Van Gieson-stained pouches with cal-
varia, at ×100 magnification, were analyzed with the software package
(Image-Pro Plus). Integrated optical densities (IOD) of the areas at the bone
surface contiguous with particles containing inflammatory pouch membranes
were recorded and normalized, with the IOD measured at the same-sized
inner part of the bone distal from the inflammatory membrane. Normalization
of IOD of bone surface areas in contact with inflammatory membranes with
IOD from the bone areas of the same section, but located away from the mem-
branes, provided an accurate measurement that avoided possible differences
due to section thickness and staining time variance. The obtained ratio was
expressed as percentage of collagen content preserved in response to particle-
stimulated inflammation. Six pairs of IOD readings at different regions of
each bone section were determined in a minimum of 8 mice per group.
Osteoclast-like cells in the pouch tissue were identified by tartrate-resistant
acid phosphatase (TRAP, EC3.1.3.2) stain using a commercial kit (Sigma)17.
Briefly, cryosections of pouch tissues (6 µm) were prepared and fixed in
buffered acetone for 30 s. Sections were incubated at 37°C for 1 hour in 100
mM acetate buffer (pH 5.2), containing 0.5 mM naphthol AS-BI phosphoric
acid, 2.2 mM Fast Garnet GBC, and 8 mM sodium tartrate. The sections were
then washed in several changes of distilled water, followed by brief counter-
staining with hematoxylin, and mounted in Crystal mount (Biomeda). The
presence of dark purple staining granules in the cytoplasm was considered as
the specific criterion for TRAP+ cells. Positive TRAP localization was quan-
tified by pixel area count and reported as a percentage of the total implanted
bone area in the pouch tissue.
Immunohistological staining for VEGF, interleukin 1ß (IL-1ß), and tumor
necrosis factor-α (TNF-α). Paraffin tissue sections were deparaffinized.
Rinsed sections were immersed in antigen retrieval buffer (BioGenex, San
Ramon, CA, USA), heated by microwave (600 kW for 2 min, followed by
300 kW for 5 min), and allowed to cool to room temperature. Sections were
blocked with 1.5% normal goat serum for 1 h, and incubated overnight with
rabbit anti-mouse VEGF and goat anti-mouse IL-1ß and TNF-α antibodies (2
µg/ml; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C. After
rinsing, sections were treated with biotinylated secondary antibody against
either rabbit or goat IgG (Vector Laboratories). As for control, primary anti-
bodies were replaced with nonimmune mouse IgG. After the reactions, the
sections were incubated with avidin-biotin-peroxidase complex, and color
was developed with 3.3’-diaminobezidine tetrahydrochloride (DAB). Digital
images of representative fields of view were captured and analyzed using the
Image-Pro software package. Computerized image analysis was used to ana-
lyze stained sections to obtain the percentage of cells positive to targeted pro-
tein. Using ×40 microscope objective, 8 randomly selected fields were ana-
lyzed for each section. Reproducibility of multiple sections from the same site
was checked through the analysis of duplicates in a blind manner.
Enzyme linked immunosorbent assay. ELISA assays were performed to exam-
ine the protein expression of VEGF, IL-1ß, and TNF-α in the homogenates of
pouch membrane using commercial kits (R&D) following manufacturer’s
instructions. 
Gene expression of VEGF, IL-1ß, and TNF-α. Total RNA from pouch
homogenates was reverse transcribed to cDNA as described18. Real-time
quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) was
used to determine the gene levels by using ABI Prism® 7700 Sequence
Detection System (PE-Applied Biosystems, Foster City, CA, USA). Primers
for mouse IL-1ß and TNF-α were used as described19. Primers for mouse
VEGF are: forward primer, 5’-TTA CTG CTG TAC CTC CAC C-3’, and
reverse primer, 5’-ACA GGA CGG CTT GAA GAT G-3’. Real-time RT-PCR
was performed using Sybr® Green PCR Master reagents (PE-Applied
Biosystems). Reactions were performed in a 25 µl volume with 0.5 µm
primers. PCR cycles consisted of an initial denaturation step at 95ºC for 5
min, followed by 40 cycles of a 95ºC denaturation for 15 s, 60ºC annealing
for 1 min. PCR amplification of the housekeeping gene, mouse GADPH, was
run concurrently with the target gene (e.g., VEGF) each time as a control of
sample loading and normalization between samples. The specificity of the
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Table 1. Study design and method of administration.

Group n Treatment

I 10 PBS (saline control)
II 10 PBS + VEGF (5 µg/kg/day, intra-pouch injection)
III 10 UHMWPE (0.5 mg per pouch)
IV 10 UHMWPE + VEGF (5 µg/kg/day, intra-pouch injection)
V 10 UHMWPE + VEGF inhibitor (VEGF F2/Fc chimera protein,

5 µg/kg/day, intra-pouch injection)

PBS: phosphate buffered saline; VEGF: vascular endothelial growth fac-
tor; UHMWPE: ultra high molecular weight polyethylene.
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amplification reactions was confirmed by agarose gel electrophoresis. To
determine the relative level of gene expression for both target and the house-
keeping genes, the comparative CT (threshold cycle) method with arithmetic
formulas was used. Subtracting the CT of the housekeeping gene from the CT
of target gene yields the ∆CT in each group (control and experimental
groups), which was entered into the equation 2-∆CT and calculated for the
exponential amplification of PCR. Gene activity in the control group (PBS)
was arbitrarily assigned the value of 1 to serve as reference. The expression
of the target gene from experimental groups therefore represents the fold-dif-
ference expression relative to the reference gene.
Statistical analysis. Statistical analysis among groups was performed by the
ANOVA test, with the Schafer formula for post hoc multiple comparisons,

using the SPSS software package (version 7.5; SPSS Inc., Chicago, IL, USA).
Data were expressed as mean ± standard error of the mean. A difference was
considered significant at p < 0.05. 

RESULTS
Effects of VEGF therapy. The mice used in this study tolerat-
ed both the surgery and drug treatment well. No mice were
excluded from this study because of body weight loss, drug
toxicity, or pouch infection.
Expression of VEGF in mouse pouch tissues. To determine the
extent to which VEGF was induced by in vivo UHMWPE par-
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Figure 1. VEGF gene expression in mouse pouch membranes. A. VEGF
immunostaining in mouse pouch membranes (original magnification ×200).
B, implanted bone; M, pouch membrane. Arrow indicates positive staining.
B. The percentage of VEGF+ cells; *p < 0.05 vs PBS and VEGF; **p < 0.05
vs UHMWPE and UHMWPE + VEGF. C. Real-time RT-PCR analysis of
mRNA gene copies of VEGF in mouse pouch tissues. A marked increase in
gene expression of VEGF (3.2-fold) was observed in pouch tissues with
UHMWPE stimulation compared to PBS control. This increase was signifi-
cantly reduced by VEGF inhibitor treatment, determined by ANOVA. *p <
0.05 vs PBS and VEGF; **p < 0.05 vs UHMWPE + VEGF. D. VEGF pro-
tein level measured by ELISA. *p < 0.05 vs PBS; **p < 0.05 vs UHMWPE
and UHMWPE + VEGF.
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ticle stimulation, we used semiquantitative immunostaining
techniques to evaluate the tissue location of VEGF in pouch
membranes. Figure 1A shows intense VEGF staining in
UHMWPE-stimulated pouches, compared with saline control
pouch membranes. VEGF staining was observed predomi-
nantly in the UHMWPE deposit foci surrounded by inflam-
matory cells. VEGF treatment exerted little effect on VEGF
staining, either in the presence or absence of UHMWPE stim-
ulation. However, VEGF staining was significantly dimin-
ished (p < 0.05) by VEGF inhibitor treatment (Figure 1B).
Real-time RT-PCR assay (Figure 1C) revealed that signifi-
cantly (p < 0.05) increased VEGF gene expression (3.2-fold)
occurred in UHMWPE-stimulated pouches, as compared to
saline controls. Although VEGF treatment slightly enhanced
UHMWPE debris-induced VEGF gene expression, VEGF
inhibitor treatment resulted in a remarkable (p < 0.05) reduc-
tion of VEGF gene expression, compared with untreated mice.
VEGF protein expression in pouch membranes as evaluated
by ELISA (Figure 1D) revealed that VEGF protein was
increased in UHMWPE-stimulated pouches, compared with
that seen in saline controls. VEGF inhibitor treatment sup-
pressed VEGF protein production. Together, these data indi-
cate that VEGF inhibition was effective in blocking UHMW-
PE-induced VEGF gene expression. 
Effects of VEGF inhibitor on UHMWPE-induced tissue
inflammation. Therapy using the VEGF inhibitor was
observed to ameliorate UHMWPE particle-induced pouch tis-
sue inflammation. As seen in Figure 2A, gross pathology ver-
ified that pouches injected with UHMWPE particles devel-
oped pronounced inflammatory changes, as compared with
pouches injected with saline. Local injection of VEGF caused
further deterioration of UHMWPE-stimulated tissue inflam-

mation. VEGF inhibitor treatment significantly suppressed
pouch tissue inflammation. Image analysis of sections (Figure
2B and 3) revealed that UHMWPE stimulation significantly
increased both membrane thickness and the number of infil-
trating cells in pouches, as compared to saline controls (p <
0.05). VEGF inhibitor treatment resulted in significant sup-
pression of UHMWPE-induced cellular infiltration and mem-
brane thickness (both p < 0.05). VEGF treatment slightly
increased cellular infiltration, compared with untreated mice,
although the increase did not reach statistical significance.
UHMWPE particle-stimulated tissue inflammation was
invariably accompanied by local accumulation of proinflam-
matory cytokines, such as IL-1ß and TNF-α14. As seen in
Figure 4A, immunostaining analysis revealed that increased
staining of both IL-1 and TNF occurred in pouches containing
UHMWPE, compared with saline controls. Staining for these
cytokines in UHMWPE stimulated pouches was predomi-
nantly located within the cytoplasm of inflammatory cell
aggregates. Intense staining of IL-1 and TNF was significant-
ly reduced by VEGF inhibitor treatment. Real-time RT-PCR
assay (Figure 4B) showed that exposure to UHMWPE parti-
cles significantly increased gene expression of both IL-1ß (3-
fold) and TNF-α (15-fold) in the pouch tissue, compared with
controls (both p < 0.05). VEGF treatment had little effect on
IL-1ß gene expression, but significantly increased TNF-α
gene levels in pouches containing UHMWPE. In contrast,
VEGF inhibitor treatment significantly reduced the gene lev-
els of both IL-1ß and TNF-α in pouches containing UHMW-
PE (p < 0.05). When IL-1ß and TNF-α protein were also
measured in the supernatants of pouch homogenates by
ELISA assay (Figure 4C), similar protein expression profiles
were found. These data verify that VEGF inhibitor treatment
reduced UHMWPE particle-stimulated inflammatory
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Figure 2. Representative pouch tissue histology of both macroscopic (A) and microscopic (B) appearance. All the main micrographs (B) are tissue sections stained
with H&E (original magnification ×100). B, implanted bone; M, pouch membrane. Note the significant inflammatory cellular infiltration, proliferated pouch mem-
brane, and foci erosions of implanted calvaria bone (arrows), while dramatic improvement of inflammatory osteolysis can be observed after VEGF inhibitor treatment. 
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cytokine production and significantly ameliorated tissue
inflammation.
Effects of VEGF inhibitor on UHMWPE-induced osteoclastic
bone resorption. Enhanced osteoclastogenesis has been rec-
ognized as a hallmark of various forms of osteoporosis,
including the bone loss that occurs in AL20. We recently
demonstrated an association of UHMWPE particle-induced
tissue inflammation and enhanced osteoclastogenesis in this
mouse model19. Histochemical TRAP staining was used to
address whether UHMWPE particle-induced inflammatory
osteoclastogenesis can be regulated by VEGF or VEGF
inhibitor treatment. Figure 5 shows a discrete focus of TRAP
staining observed on implanted calvaria bone surface in
pouches with saline injection (control). The bone morphology
remained essentially intact, and no resorption lacunae were
observed. Pouches stimulated by UHMWPE resulted in
intense TRAP staining on implanted bone surface, which
extended into adjacent areas. Regions where TRAP+ cells
localized were often pitted, suggesting active osteoclastic
bone resorption. VEGF inhibitor treatment caused a signifi-
cant reduction in the number of TRAP+ cells, and the bone

resorption lacunae were significantly ameliorated. We also
observed that VEGF treatment increased TRAP+ cells in
pouches with or without UHMWPE particle stimulation, sug-
gesting that VEGF orchestrates the development of osteoclas-
togenesis. As described14, analysis of H&E-stained bone-
implanted pouch sections revealed the frequent occurrence of
implanted bone cortex erosions that occurred in close contact
with particle-stimulated inflammatory pouch membranes
(Figure 2B). Bone erosions were essentially undetectable in
mice with VEGF inhibitor treatment, despite the exposure to
the UHMWPE particles. Van Gieson stain was performed to
quantify relative bone matrix collagen depletion using com-
puterized image analysis, and Figure 6A shows representative
images. UHMWPE particle stimulation dramatically
increased the loss of bone collagen content at the bone surface
in close contact with the inflammatory pouch membranes, in
comparison with the bone collagen changes in sections from
saline control pouches. VEGF inhibitor treatment resulted in
the marked preservation of bone collagen content, exhibiting
a pattern similar to results seen in saline controls.
Computerized image analysis quantitatively determined the
extent of collagen degradation (Figure 6B; p < 0.05). This
suggests that VEGF inhibitor treatment effectively prevented
bone collagen depletion stimulated by UHMWPE particles.

DISCUSSION
Our study revealed that exposure of UHMWPE particles
increases VEGF expression (both mRNA and protein) in a
mouse osteolysis model. Immunostaining revealed that
intense VEGF staining predominantly around deposits of
UHMWPE particles surrounded by inflammatory cells. VEGF
inhibitor treatment suppressed inflammation of pouch tissue
stimulated by UHMWPE particles, including activity of cellu-
lar infiltration, pouch membrane proliferation, and inflamma-
tory cytokine production. Moreover, VEGF inhibitor treat-
ment resulted in a significant reduction in the number of
TRAP+ cells, and effectively prevented UHMWPE particle-
stimulated collagen depletion and reduced the frequency of
bone erosions in implanted bone.

The progression of AL is associated with the formation of
a vascularized granulomatous tissue4. A pro-angiogenetic sta-
tus in the loosening periprosthetic tissue augments the inflam-
matory response to wear debris4,21. The cellular mechanisms
triggering this angiogenesis change are poorly characterized,
but numerous pro-angiogenetic factors have been detected21-23
in loosening periprosthetic tissues. VEGF is one of the most
powerful angiogenetic agents known5, and an association of
VEGF expression in loose periprosthetic tissues has been
recently observed. Jell and Al-Saffar24 found that VEGF was
expressed in all periprosthetic tissues, and intense VEGF
staining was found on both macrophages and multinucleated
giant cells within the implant lining layer, associated with the
deposit of wear debris. Miyanishi, et al21 reported that VEGF
is overexpressed in loosening periprosthetic tissues. Double
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Figure 3. Histological assessment of UHMWPE–stimulated pouch mem-
brane thickness (A) and total cell counts (B). Minimum of 3 separate sections
per specimen were evaluated in a blinded fashion using Image-Pro software.
A. *p < 0.05 vs PBS and VEGF; **p < 0.05 vs UHMWPE and UHMWPE +
VEGF. B. *p < 0.05 vs PBS; **p < 0.05 vs UHMWPE and UHMWPE +
VEGF.
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immunofluorescent staining demonstrated that VEGF staining
was colocalized with CD11b-positive macrophages. Further,
they found that supernatants from titanium particle-chal-
lenged monocyte/macrophages significantly increased
macrophage chemotactic activity, which could be inhibited by
anti-VEGF neutralizing antibody. Our study shows that VEGF
expression (mRNA and protein) is significantly increased
after UHMWPE particle stimulation. This may support the
concept that VEGF plays a significant role in the early events
of AL development, including implant wear-induced inflam-
matory osteolysis, as evidenced in our study. The reason why
VEGF inhibitor significantly reduced VEGF gene expression
might be due to the amelioration of the tissue inflammation.
Our data show that VEGF inhibitor significantly diminished
UHMWPE-induced tissue inflammation, including the reduc-
tion of inflammatory cells, predominantly macrophages, the

main VEGF-producing cells5,6. Using double immunofluores-
cent staining, we showed that CD68 (a macrophage marker)
was colocalized with VEGF staining, indicating that activated
macrophages comprise the major source of VEGF expression
in inflammatory pouch tissue (data not shown).

Multiple lines of evidence indicate that VEGF is critically
involved in the initiation and persistence of inflamma-
tion11,25–30: (1) Clinical studies have demonstrated a close
association of tissue VEGF expression with tissue inflamma-
tion status in osteoarthritis28 and rheumatoid arthritis25,27,
with similar findings in prosthetic loosening21,24. (2) Using
mouse collagen type II-induced arthritis as a model, Luttun, et
al30 reported that treatment with anti-VEGF receptor I anti-
body significantly reduced the incidence and severity of joint
disease. De Bandt, et al26 obtained similar results in a trans-
genic K/B×N mouse model of rheumatoid arthritis. Our data
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Figure 4. Gene expression of IL-1 and TNF in pouch membranes. A. Immunohistochemical staining of IL-1 and TNF in pouch membranes (original magnifica-
tion ×200). B. RT-PCR analysis of mRNA copies of IL-1 and TNF. UHMWPE particles increased gene expression of IL-1 (3-fold) and TNF (15-fold) in pouch
tissues compared to PBS control. This increase was significantly reduced by VEGF inhibitor treatment. *p < 0.05 vs PBS; **p < 0.05 vs UHMWPE and UHMW-
PE + VEGF; ***p < 0.05 vs PBS, VEGF, and UHMWPE + VEGF. C. The protein level of IL-1 and TNF in the supernatants of the pouch membrane homogenates
was measured by ELISA. *p < 0.05 vs PBS; **p < 0.05 vs UHMWPE and UHMWPE + VEGF.
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demonstrated that neutralization of VEGF activity significant-
ly diminished tissue inflammation, which is in good agree-
ment with these findings. VEGF gene expression is upregu-
lated by inflammatory cytokines, such as IL-131,32 and
TNF33,34. Since IL-1 and TNF are among the major cytokines
detected in periprosthetic tissue23,35 and are known to be

potent mediators of the bone resorption associated with AL36,
the regulatory mechanisms of VEGF by these cytokines in the
setting of progression of AL represents an area of significant
interest. This study shows that VEGF inhibitor treatment sup-
presses tissue inflammation stimulated by UHMWPE parti-
cles and reduces the level of IL-1ß and TNF-α in UHMWPE-
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Figure 5. TRAP+ cells are reduced by VEGF inhibitor treatment. A.
Representative TRAP staining in paraffin tissue sections (original magnifica-
tion ×200). B, implanted bone; M, pouch membrane. TRAP was stained dark
red and indicated by arrowheads. TRAP+ cells were quantified by image
analysis software as described in Materials and Methods. B. TRAP+ cell
location quantified as percentage of total implanted bone area.

Figure 6. Protective effect of VEGF inhibitor on bone collagen depletion.
Van Gieson stain was performed to evaluate bone collagen content (dark red
coloration). B, implanted bone; M, pouch membrane. Diminished coloration
is indicated by arrows (original magnification ×200). B. Collagen content of
implanted bone was quantified by image analysis software as described in
Materials and Methods. The value represents percentage of bone collagen
loss. *p < 0.05 vs PBS and VEGF; **p < 0.05 vs UHMWPE and UHMWPE
+ VEGF.
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stimulated pouch tissues. The molecular mechanism of the
effect of VEGF inhibitor is still unclear. VEGF appears to
exert inflammatory effects through binding to its receptors,
especially Flt-1. In addition to endothelial cells, Flt-1 is
expressed on cells of the monocyte-macrophage lineage and is
involved in macrophage activation (IL-1ß and TNF-α expres-
sion)37, migration38,39, and differentiation12,40. We hypothe-
size that the effectiveness of VEGF inhibitor treatment is due
to downregulation of VEGF/Flt-1 signaling activation
induced by wear debris. Our previous experiments (unpub-
lished data) have shown that UHMWPE particles first
increased Flt-1 gene expression in cultured mouse
macrophages, which was then inhibited by VEGF inhibitor
treatment. In addition, we also find that a positive association
does exist between the Flt-1 gene level and pouch tissue
inflammation status (unpublished data). The inhibition of
inflammation mediated by VEGF within the pouch tissue is an
attractive approach in treatment of AL, because it can prevent
the formation of chronic inflammation provoked by wear
debris in the periprosthetic tissue, especially at the early stage
of development of AL.

We have also demonstrated that VEGF inhibitor treatment
abrogated UHMWPE particle-stimulated osteoclastogenesis
and bone degradation. The biological role of VEGF in the
development of osteolysis may be related to its overlapping
interactions with endothelial cells, monocytes, and osteo-
clasts. VEGF increases both endothelial cell proliferation and
vascular permeability, which may contribute to the develop-
ment of high vascularization in loosening periprosthetic tis-
sues4,21. A chemotactic study21 revealed that supernatants
from titanium particle-challenged inflammatory cells signifi-
cantly increased macrophage migration, and anti-human
VEGF neutralizing antibody significantly suppressed this
chemotactic activity. This observation indicated that the local
accumulation of VEGF in the loosening periprosthetic tissue
may contribute to the recruitment of macrophages to the bone-
implant interface in an autocrine/paracrine manner. Recent
reports of a linkage between VEGF activity and osteoclasto-
genesis indicate that stimulated endothelial cells produce
receptor activator of nuclear factor-κB (RANK), a protein
critical in initiating osteoclastogenesis41 and the biological
activity of macrophage colony-stimulating factor40,42 in
osteoclastogenesis. VEGF may also stimulate osteoclast
recruitment40, differentiation43, activation, and survival12. We
hypothesize that the effectiveness of VEGF inhibitor treat-
ment in reduction of TRAP+ cells is due to the reduction of
infiltrating macrophages (the osteoclast precursor cells) and
the reduction of local RANKL production. We have found that
VEGF inhibitor treatment significantly decreased UHMWPE
particle-induced RANK and RANKL gene expression using
the same mouse model (data not shown), suggesting that
VEGF has a role in regulation of RANK/RANKL-mediated
osteoclastogenesis.

We should point out that one limitation of this mouse

model is the lack of blood supplies to implanted bone.
Implanted bone will deteriorate after extended periods of
implantation without vascular supply. We observed that
beyond 14 days of implantation, the overall degradation of
implanted bone collagen masked UHMWPE particle-associat-
ed bone resorption14. This observation restricts the model to
the study of acute osteolysis, rather than the chronic osteoly-
sis seen in aseptic loosening.

Despite this limitation, our model appears to be useful for
basic in vivo investigations of cellular response to wear debris
under controlled experimental conditions, and for screening
therapeutic agents/therapy for debris-associated bone resorp-
tion. As well, the potential complications of VEGF inhibitor
treatment need to be evaluated further.

In summary, the observation that VEGF inhibitor treatment
prevented UHMWPE particle-induced inflammatory osteoly-
sis opens new possibilities for treatment of AL, especially in
the early stages. Since other inflammatory cytokines such as
IL-1ß and TNF-α are known to be potent mediators of bone
resorption associated with AL36, it might be most effective if
an anti-VEGF therapy was combined with an antiinflammato-
ry therapeutic strategy such as TNF-α inhibition.
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