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OBJECTIVE: Endostatin is an anti-angiogenic agent that blocks matrix-
metalloproteinase-2 and inhibits endothelial cell proliferation. Currently, endostatin is
available through recombinant technology, which limits its broader use. In this study,
a synthetic endostatin fragment (EF) was analyzed to determine its anti-angiogenic
properties when locally delivered by controlled-release polymers and to establish its
effect as a treatment for experimental gliomas.
METHODS: Cytotoxicity of EF against 9L gliosarcoma and F98 glioma was determined in
vitro. EF was loaded into polyanhydride-poly-(bis-[carboxyphenoxy-propane]-sebacic-acid)
(pCPP:SA) polymers at increasing concentrations. Pharmacokinetics of the EF/polymer formu-
lations were defined in vitro. Anti-angiogenic properties of the EF/polymer formulations were
evaluated in the rat-cornea micropocket assay. Toxicity and efficacy of locally delivered EF
polymers either alone or combined with systemic bischloroethylnitrosourea (carmustine) were
determined in rats intracranially challenged with 9L gliosarcoma.
RESULTS: EF showed scarce cytotoxicity against 9L and F98 in vitro. EF/pCPP:SA
formulations showed sustained release by day 19. Mean corneal angiogenesis index
20 days after tumor implantation was 4.5 � 0.7 for corneas implanted with 40%
EF/pCPP:SA compared with controls (8.5 � 1.3, P � 0.02). Intracranial efficacy studies
showed that EF polymers alone did not prolong animal survival. Combination of 40%
EF/pCPP:SA polymers with systemic bischloroethylnitrosourea (carmustine) prolonged
survival (median survival of 44 d, P � 0.001) and generated 33% long-term survivors.
CONCLUSION: Controlled-release polymers can effectively deliver a biologically
active EF in a sustained fashion. EF inhibits angiogenesis in vitro and in vivo, and even
though EF does not prolong survival as a single agent, it exhibits a synergistic effect
when combined with systemic bischloroethylnitrosourea (carmustine) in the intracra-
nial 9L gliosarcoma model.
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Angiogenesis is an essential mechanism
for tumor progression and increasing ev-
idence validates the role of specific inhib-

itors of this process as efficient antitumor agents
(1, 14). Endostatin, a protein derived from colla-
gen XVIII, has been shown to inhibit endothelial
cell proliferation (11), angiogenesis (1, 14, 34),
tumor growth (35), and metastases (33). The cel-
lular mechanisms by which endostatin exerts its
anti-angiogenic activity have not been com-
pletely elucidated but include the inhibition of
matrix-metalloproteinases (24) and arrest of en-
dothelial and tumor cells in the G1 phase with

induction of apoptosis seen in some tumor lines
(10), among others (41, 48).

Malignant gliomas constitutively express
pro-angiogenic factors involved in several
pathways of neovascularization and exhibit
marked dependence on angiogenesis for
growth (27). Endostatin has proven to be ben-
eficial as an anti-angiogenic agent in experi-
mental gliomas (22, 40, 42, 48), specifically
decreasing tumor size and vascularization
without development of resistance or toxicity;
however, endostatin has not been proven to
prolong the survival of animals challenged
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intracranially with malignant gliomas when used locally as
single therapy in an animal model (7). Currently, recombinant
human endostatin is produced in limited amounts because of
high production costs, which limits the availability of the
protein. The endostatin obtained after recombinant synthesis
encompasses 184aa, which makes it vulnerable to denatur-
ation when placed in solution and limits its stability (8).

Our group has previously demonstrated that the antiangio-
genic effects of endostatin are retained by fragments of the parent
molecule (8, 9). Fragments corresponding to sequences 6 to 49
and 134 to 178 have been isolated, characterized by circular
dichroism spectroscopy and nuclear magnetic resonance spec-
troscopy, and evaluated for anti-angiogenic activity in vitro by
using human umbilical vein endothelial cells for proliferation
assays and Boyden chamber migration analysis. The anti-
angiogenic activity of the 6 to 49 endostatin fragment (EF) has
also been tested in vivo using the Matrigel assay in C57/b16
female mice (8, 9). Furthermore, EF 6 to 49 has been shown to
have better solubility and increased stability when compared
with full-length endostatin.

Local delivery of anti-angiogenic agents has been advanta-
geous in experimental models of malignant gliomas (22, 40, 45,
50). Local delivery of drugs at the tumor bed allows bypass of the
blood-brain barrier and results in higher concentrations in the
targeted location while minimizing undesired systemic effects
(25, 26). Furthermore, polymeric formulations of chemothera-
peutic agents have regulatory approval for clinical application (6,
31, 53), and the combination of this therapeutic strategy with
localized anti-angiogenic drug delivery could potentially result
in enhanced antitumor responses because of a synergistic effect.
Indeed, previous work by our group and others demonstrated
the benefit of combining locally delivered anti-angiogenic agents
such as the tetracycline derivative minocycline with chemother-
apeutic agents such as bischloroethylnitrosourea (BCNU, car-
mustine). This combination prolonged survival in animals chal-
lenged with intracranial 9L gliosarcoma (15, 52). Furthermore,
the combination of endostatin with a protein kinase C� DNA
enzyme (an inductor of apoptosis) was successful in prolonging
survival of rats with intracranial malignant glioma (47). This
strategy has also been successful in preclinical studies when a
combination of thalidomide (an anti-angiogenic agent) and either
carmustine or temozolomide has been administered and is cur-
rently undergoing further clinical testing (3, 13).

In the present study, we hypothesized that controlled-
release polymers loaded with EF were capable of delivering
bioactive concentrations of the fragment and would be effec-
tive to treat animals challenged intracranially with 9L gliosar-
coma either alone or combined with systemic chemotherapy.

MATERIALS AND METHODS

Polymer Preparation

Polyanhydride poly (bis-[carboxyphenoxy-propane]-sebacic-
acid) polymer (pCPP:SA) 20:80, by weight, was loaded with
synthesized EF at 1%, 10%, 20%, 30%, and 40% concentrations

(w:w), as previously described (16, 51). pCPP:SA and 6 to 49 EF
were dissolved in 0.5 ml of methylene chloride (Fisher Chemi-
cals, Fair Lawn, NJ) and placed in a vacuum desiccator for 2
hours. The resultant polymer mixture was pressed into 10 mg
wafers and stored at -20°C.

BCNU

BCNU was purchased as BiCNU for injection (Bristol-
Myers Squibb Company, Princeton, NJ) and reconstituted as
instructed by the manufacturer. Preparations were adminis-
tered intraperitoneally (IP) at a dose of 10 mg/kg. BCNU was
selected as the systemic agent for combined therapy to com-
pare the effects of this treatment with those previously ob-
tained with the combination of minocycline and BCNU (15).

In vitro Pharmacokinetics

Release kinetics were determined by using the bicincho-
ninic acid assay (Pierce, Chemical Co., Rockford, IL). Tripli-
cate samples of pCPP:SA polymers (10 mg wafers) loaded
with 6 to 49 EF at concentrations of 10%, 20%, and 40% were
suspended in separate glass vials each containing 1 ml of
phosphate-buffered saline at 37°C, following the methods pre-
viously described by Tamargo et al. for in vitro pharmacoki-
netic analysis of controlled-release polymers (51). Polymers
were sequentially transferred to fresh 1 ml aliquots of
phosphate-buffered saline at several time points up to 432
hours (19 d). The amount of EF was determined spectropho-
tometrically by comparison with a standard absorbance curve.

In vitro Cytotoxicity of 6-49aa EF in 9L Gliosarcoma
and F98 Glioma Cells

Cytotoxicity of the EF was evaluated in vitro against 9L and
F98 cells with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide assay (46). 9L and F98 cells were plated
in a 96-well plate (3500 cells/well) and incubated for 24 hours
at 37°C, with a total volume of 100 �l/well. EF was given at
concentrations of 1, 10, 25, 50, and 100 �g/ml, and percentages
of cell viability were determined. Absorbance was measured
with an enzyme-linked immunoadsorbent assay plate reader
(Beckman Coulter, model AD 340, Fullerton, CA) at 270 nm.

Toxicity of pCPP:SA/Endostatin Fragment Polymer in
Fischer 344 Rats

Animals (n � 18) were intracranially implanted with 10 mg
wafers of empty pCPP:SA and 5%, 10%, 20%, and 30% 6 to 49
EF-loaded pCPP:SA polymers. Rats were evaluated and
weighed preoperatively daily for 2 weeks, biweekly for 3
weeks, and weekly for 6 weeks to determine signs of local and
systemic toxicity. Animals were killed at 120 days, and their
organs were harvested, fixed, and processed for histopatho-
logical analysis.
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Rat Cornea Micropocket Angiogenesis Assay

Fischer 344 rats were used for this experiment (n � 8 rats,
n � 16 corneas). The corneal micropocket assay was used in
this study as previously described (38, 43). Loaded polymers
were implanted in the right eye of the animals, and empty
polymers were implanted in the left eye; therefore, every
animal had its own control. Animals were anesthetized as
previously described (50), and topical anesthesia was admin-
istered with Proparacaine-HCL, (0.5% Bausch and Lomb Phar-
maceuticals Inc, Tampa, FL). Under direct vision with a Zeiss
operating microscope with use of a 14G needle and a #11
blade, a 2 � 2 mm pocket was made by blunt dissection of the
corneal epithelium with a 2 mm spatula not penetrating the
anterior chamber. A fresh tumor piece of 9L gliosarcoma
grown in the flank of a carrier animal (rat) was harvested and
inserted followed by the polymer implant. Angiogenesis was
measured with a Zeiss slit lamp (Carl Zeiss, Thornwood , NY)
at 0, 5, 8, 12, 15, and 21 days after implantation. An angiogen-
esis index (AI), previously described (50), was used to evalu-
ate the corneas. The AI was obtained by multiplying the vessel
length from the sclerocorneal junction to the leading edge of
the new vessel by the vessel number represented in a four-
level scale in which 0 � 0 vessels, 1 � 1 to 10 vessels, 2 � more
than10 vessels loosely packed with the iris adequately visible
through the gaps, and 3 � more than 10 vessels tightly packed
without visualization of the iris.

Efficacy of EF/pCPP:SA Polymers in Rat 9L Gliosarcoma
Model

Experimental design

Female Fischer 344 rats (n � 64, 8 per group) were housed
in standard animal facilities, given free access to Baltimore city
water and rodent chow, and randomized into eight experi-
mental groups (Table 1). Animals in group 1 (controls) re-
ceived 9L intracranial tumor only. Animals in group 2 re-
ceived EF/pCPP:SA polymer only simultaneously with the
tumor implant (day 0), whereas animals in group 3 received
EF/pCPP:SA polymer only on day 3. Group 4 received EF/

pCPP:SA polymer on day 5 only, and group 5 received IP
BCNU only on day 5. Animals in group 6 received combina-
tion of EF/pCPP:SA polymers on day 3 and IP BCNU on day
5. Animals in group 7 received combination of EF/pCPP:SA
polymer on day 5 and IP BCNU on day 5, whereas animals in
group 8 received the combination EF/pCPP:SA polymer on
day 0 and IP BCNU on day 5. All implanted polymers were
40% loaded with EF by weight.

Surgical procedure

Anesthesia was administered as previously described (50).
The heads were shaved and prepared, and tumor and poly-
mers were implanted (51). A midline scalp incision was made,
the galea was dissected laterally, and a 3 mm burr hole was
made over the left parietal bone with its center 5 mm posterior
to the coronal suture and 3 mm lateral to the sagittal suture. A
small section of parietal cortex was removed with suction, and
a 40% EF/pCPP:SA polymer was placed into the brain paren-
chyma approximately 1 mm below the dura. After ensuring
hemostasis, the skin was closed with surgical staples, and
animals were returned to their cage and closely monitored
daily. Median survival and long-term survivors were consid-
ered as end points. The Animal Care and Use Committee of
the Johns Hopkins University approved all experimental pro-
tocols.

Statistical analysis

Statistical analysis was performed with SPSS version 8.0 for
windows (Chicago, IL). Cytotoxicity determined in vitro by
the MTT assay and angiogenic indexes calculated for the
cornea angiogenesis assay were analyzed with one-way anal-
ysis of variance, followed by a Student-Newman-Keuls test,
and values are expressed as mean � standard error of the
mean (SEM). Kaplan-Meier curves for the efficacy studies
were analyzed on the basis of survival algorithms, and signif-
icance was determined by the log-rank and Kruskal-Wallis
tests. All experimental groups were analyzed by comparing
their median survival with the median survival of the control
group. Further analysis was performed by comparing the
median survival of the groups treated with combination ther-
apies with the survival of the group treated with BCNU alone,
using the same statistical methodology. A probability value of
less than 0.05 was considered significant for all tests.

RESULTS

In vitro Pharmacokinetics

The release rate of the EF from pCPP:SA polymers 10, 20,
and 40% loaded (w:w) was measured in vitro over a 19 day
period. During this time, 10% loaded polymers released 12.8 �
0.004% of the loaded EF (128 � 0.04 �g), 20% polymers re-
leased 7.2 � 0.005% (144 � 0.1 �g), and 40% polymers released
3.8 � 0.0007% (152 � 0.28 �g) (Fig. 1). Taking into consider-
ation the total amount of fragment released and the fact that
biodegradable polymers theoretically improve their degrada-

FIGURE 1. Pharmacokinetics. The release rate of EF from pCPP:SA 10,
20, and 40% (w:w) measured over 19 days in vitro. Sustained release of
EF was observed with all polymer formulations.
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tion kinetics in vivo, the 40% loaded polymer was chosen for
subsequent experiments.

In vitro Cytotoxicity in 9L Gliosarcoma and F98
Glioma

Cytotoxicity of the EF on 9L and F98 cells in vitro was
determined with the MTT assay. Treatment with increasing
concentrations of the EF showed growth inhibition of 9L glio-
sarcoma cells at all concentrations tested, including 1 �g/ml
(lowest concentration) after 3 days of exposure (P � 0.01);
treatment with 100, 50, 25, and 10 �g/ml decreased the per-
centage of cell viability to 71 � 3%, 81 � 2.4%, 91 � 3%, and
91 � 4%, respectively, compared with control (Fig. 2A). Sim-
ilarly, treatment of F98 glioma cells with increasing concen-
trations of the EF showed a decrease in cell viability at con-

centrations of 100, 50, and 25
�g/ml, generating 65 �
1.7%, 78 � 2%, and 81 � 2%
cell viability, respectively, af-
ter 3 days of exposure (P �
0.001); treatment of F98 cells
with 10 and 1 �g/ml (lowest
concentrations) did not sig-
nificantly decrease the per-
centage of cell viability when
compared with control (Fig.
2B).

In vivo Toxicity in Fischer
344 Rats

Toxicity of the EF was
evaluated by following neurological status and weight gain in
animals implanted intracranially with 10 mg pCPP:SA poly-
mer alone and pCPP:SA polymers loaded with EF 5%, 10%,
20%, and 30% (w:w). Animals in all groups continued to gain
weight up to the day of euthanasia (120) without local or
systemic toxicity (Fig. 3). After euthanasia, full necropsies
were performed in all the animals. Analysis of histological
specimens confirmed the absence of focal and systemic toxic-
ity.

Rat Cornea Micropocket Angiogenesis Assay

The anti-angiogenic activity of 40% EF/pCPP:SA polymers
was determined in the corneas of Fischer 344 rats implanted
with 9L gliosarcoma. Angiogenesis was measured at 5, 8, 12,
15, and 20 days. At days 12, 15, and 20, animals implanted
with 40% EF/pCPP:SA polymers had mean AI of 2.9 � 0.58
compared with 4.6 � 0.52 in the control at day 12 (P � 0.038),

TABLE 1. Experimental groups: intracranial efficacy study in ratsa

Group Treatment groups
Median
survival

Mean
survival Range

1 (Control) 9L intracranial tumor only 11 12 11–13
2 Endostatin fragment/polymer (Day 0) 14 15 11–21
3 Endostatin fragment/polymer (Day 3) 12 13 11–18
4 Endostatin fragment/polymer (Day 5) 12 13 11–18
5 IP BCNU (Day 5) 26 26 20–31
6 Endostatin fragment/polymer (Day 3) � IP BCNU (Day 5) 28 40 27–100
7 Endostatin fragment/polymer (Day 5) � IP BCNU (Day 5) 24 32 11–100
8 Endostatin fragment/polymer (Day 0) � IP BCNU (Day 5) 44 70 31–120

a IP, intraperitoneally; BCNU, bischloroethylnitrosourea (carmustine).

FIGURE 2. Cytotoxicity of the endostatin fragment on 9L and F98 cells
in vitro was determined with the MTT assay. (A) 9L gliosarcoma. Signifi-
cant growth inhibition of 9L was achieved at all concentrations tested. (B)
F98 glioma. EF showed significant decrease in F98 cell viability at 100,
50, and 25 �g/ml but not at 10 and 1 �g/ml when compared with control.

FIGURE 3. Toxicity-weight gain correlation. Animals were treated with
different formulations of EF polymers. All animals showed weight gain up
to the day of euthanasia without local or systemic toxicity; no differences
were found between groups.
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4.0 � 0.7 compared with 6.0 � 0.64 in the control at day 15 (P
� 0.044), and 4.5 � 0.7 compared with 8.5 � 1.3 at day 20 (P
� 0.02) (Fig. 4A). Mean AI was not significant at both day 8
(1.5 � 0.48 in the EF group compared with 2.1 � 0.43 in the
control, P � 0.310) and day 5 (0 compared with 0.2 � 0.2 in the
control, P � 0.334) (Fig. 4B)

Efficacy of Endostatin Fragment/pCPP:SA Polymers in
the Rat 9L Gliosarcoma Model

Animals treated with single agents, either 40% EF/
pCPP:SA polymers implanted alone on day 0 (group 2), day 3
(group 3), or day 5 (group 4) and systemic BCNU adminis-
tered on day 5 (group 5) had median survivals of 14, 12, 12,
and 26 days, respectively (no statistical significance was found
with EF polymers alone compared to controls). Animals
treated with a combination of locally delivered EF and sys-
temic BCNU had significantly higher survival rates when
compared with either treatment alone and controls and pro-
duced long-term survivors (Fig. 6). Whereas combination ther-
apy with intracranial 40% EF/pCPP:SA polymer on day 0 and
systemic BCNU (group 8) significantly improved animal sur-
vival (median survival of 44 d, P � 0.001) and generated 33%
long-term survivors (survival �120 d), animals in the control
group (9L tumor no treatment, group 1) had a median survival
of 11 days. Similarly, treatment with a combination of 40%
EF/pCPP:SA polymer on day 3 and systemic BCNU on day 5
(group 6) had a median survival of 28 days (P � 0.001) and
generated 12.5% long-term survivors, and animals treated
with 40% EF/pCPP:SA polymer on day 5 and systemic BCNU
on day 5 (group 7) resulted in a median survival of 24 days (P
� 0.001) and generated 12.5% long-term survivors.

To further evaluate the benefit of combined therapy with EF
and BCNU, the survival of group 5 (BCNU alone) was com-
pared with that of groups 6, 7, and 8 combination groups. This
analysis showed that treatment with EF day 0 � BCNU day 5
and EF day 3 � BCNU day 5 significantly prolonged animal
survival when compared with BCNU alone (P � 0.001 and P
� .0368, respectively). The survival of animals treated with EF
day 5 � BCNU day 5, however, was not significantly greater
than the survival of animals treated with BCNU alone (P �
0.765).

DISCUSSION

In this study, a fragment of human endostatin correspond-
ing to sequences 6 to 49 was synthesized and incorporated into

FIGURE 4. Corneal angiogenesis: corneal angiogenesis index. The anti-
angiogenic activity of 40% EF/pCPP:SA polymers was determined in cor-
neas of rats implanted with 9L. Corneas treated with EF/pCPP:SA showed
significantly lower AI values compared with control corneas. (A) Progres-
sion of angiogenesis and tumor size in a cornea implanted with 9L and
treated with empty polymer. Arrows indicate the periphery of the tumor.
(B) Progression of angiogenesis and tumor size in a cornea implanted with
9L and treated with 40% EF/pCPP:SA. P, polymer implant; T, 9L tumor
piece.
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controlled-release polymers to determine the anti-angiogenic
and antitumor activity of the polymer formulations in an
experimental model of malignant glioma. We found that the
EF was released in a controlled fashion from pCPP:SA poly-
mers in vitro and that it maintained its anti-angiogenic poten-
tial in the rat cornea micropocket assay. Furthermore, EF-
loaded polymers implanted intracranially did not generate
local or systemic toxicity. Treatment with EF polymers alone
showed a trend toward prolonged animal survival, particu-
larly when polymers where implanted on day 0 (simulta-
neously with the tumor implant) but did not reach statistical
significance. When EF polymers were used in combination
with systemic BCNU, however, a statistically significant syn-
ergistic effect was obtained that prolonged the survival of
animals challenged intracranially with 9L gliosarcoma and
generated long-term survivors.

Vascularization of malignant gliomas requires increased an-
giogenesis, which depends greatly on endothelial cell prolif-
eration (21). Under physiological conditions, angiogenesis is
stringently regulated by a delicate balance between enhancing
and inhibitory modulators. Enhancers of angiogenesis such as
vascular endothelial growth factor (VEGF) , basic fibroblast
growth factor, and hepatocyte growth factor/scatter factor
among others are counterbalanced by inhibitors of angiogen-
esis such as endostatin (21). Angiogenesis inhibitors modulate
the interactions between endothelial cells and extracellular
matrix components such as collagen and integrins (i.e., �v�-3)
(4), which are required for new vessel formation.

We have previously tested the anti-angiogenic activity of
this EF using Matrigel assays in vitro as well as in vivo (9), and
in the present study, we confirmed this activity against an
experimental glioma using the rat cornea-micropocket assay.
Angiogenesis in the Matrigel assays previously performed
was induced through stimulation with VEGF and fibroblast

growth factor and the angiogenic stimuli in the rat cornea
micropocket assay was provided by the implanted tumor (9L).
Angiogenesis induced by 9L in particular has been shown to
be largely dependent on the presence VEGF (36) and fibroblast
growth factor (29) among other factors. Therefore, we believe
that the anti-angiogenic activity of this EF must be maintained
when the fragment is administered locally to the brain.

Endostatin is an endogenous antiangiogenic protein acti-
vated by proteolytic processing (12) that inhibits endothelial
cell proliferation, migration, invasion, and microvessel forma-
tion (1). Its inhibitory activity involves binding to the �5�1

receptor (49) and to glypican-1/4 among other mechanisms

FIGURE 5. Kaplan-Meier animal survival curve. Efficacy of 40%
EF/pCPP:SA polymers was tested in the rat 9L model. Animals treated
with a combination of locally delivered EF and systemic BCNU had signif-
icantly higher survival rates when compared with either treatment alone
and controls and produced long-term survivors.

FIGURE 6. Coronal section from the brain of a rat implanted with 9L
and treated with EF/pCPP:SA on day 0 and systemic BCNU on day 5
(H&E). A �4 magnification (A) shows the EF/polymer (P) matrix in its
biodegradation process, and the 9L gliosarcoma tumor (T) surrounding the
implant. Higher magnification is observed in B and C.
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(23). Endostatin reduces endothelial cell survival, motility, and
invasion possibly through blockade of VEGF/VEGF-receptor
signaling (19), inhibition of metalloproteinases (24), and
downregulation of c-myc and cyclin-D1 (20, 44). The efficacy of
endostatin as an anti-angiogenic/antitumor agent has been
extensively evaluated in animal models (18, 39); however, its
effect in survival of animals challenged with malignant glio-
mas has shown variable results (7, 33, 40, 48). Currently,
endostatin is available through recombinant technology that
generates the 184-amino acid parent molecule. To improve the
solubility and stability of endostatin and to facilitate its syn-
thesis the 6-49aa fragment of endostatin was synthesized by
our group and tested to establish its pharmacological proper-
ties and to determine its anti-angiogenic and antitumor activ-
ity (8, 9, 30). When compared with full-length human endosta-
tin and with other fragments of the parent molecule, 6 to 49 EF
was found to be fully biologically active and in some in-
stances, showed even greater potency and efficacy than full-
length human endostatin itself (8).

To enhance the potential activity of the 6 to 49 EF, adequate
bioactive concentrations must reach the tumor site. Because of
the nature of the blood-brain barrier, penetration to the tumor
site by systemic administration of the fragment is likely to be
inadequate. Therefore, a biodegradable polymer system, cur-
rently approved by the Food and Drug Administration for
direct delivery of BCNU to clinically treat malignant glioma,
was used to determine the pharmacokinetic properties of the
locally delivered EF. The pCPP:SA polymer system allows
diffusion of the fragment toward the interstitium and further
release through biodegradation of the polymer matrix.

Successful preclinical studies on anti-angiogenic agents
have resulted in clinical trials that tested diverse strategies of
anti-angiogenesis to treat several malignancies (2). Among
these strategies, monoclonal antibodies against VEGF-receptor
(5), EGF-receptor, and �v�3, as well as specific inhibitors of
pro-angiogenic factors such as matrix metalloproteinase inhib-
itors and integrin blockers (2) have been used with varied
results. In the present study, although the anti-angiogenic
activity of endostatin was not sufficient to significantly pro-
long animal survival when used as a single agent, the combi-
nation of locally delivered endostatin and systemic chemo-
therapy was synergistic and greatly prolonged survival.

The response to endostatin observed in vitro, as well as the
anti-angiogenic activity seen in the corneal assays, contrasts
the limited response to monotherapy with the EF polymers in
vivo. This phenomenon, however, has been observed with
several antiangiogenic therapies in a variety of tumors includ-
ing gliomas in experimental and clinical scenarios (17, 28, 32).
Our findings and those of other groups suggests that an-
giogenesis inhibitors behave primarily as cytostatic agents
that stabilize the disease, and therefore anti-angiogenesis
alone is unlikely to significantly decrease glioma growth in
vivo. Nevertheless, the temporal stasis in tumor growth
provided by anti-angiogenic agents is likely to enhance the
activity of conventional cytotoxic agents with proven anti-
glioma activity.

On the basis of the results of our toxicity study, an increase
in the dose of EF delivered can be pursued to enhance its
efficacy in vivo. This can be achieved by either increasing the
loading concentration of EF in the polymers, implanting more
polymers (limited by the size of the rat brain), or selecting an
alternative delivery system such as convection-enhanced de-
livery.

Experience gathered in preclinical studies by our group and
others has shown that combined therapy with cytotoxic alky-
lating agents such as BCNU and locally delivered anti-
angiogenic agents such as endostatin is an effective strategy
for treating experimental malignant gliomas (15, 37, 52). This
strategy is further supported by the results obtained in this
study, which show that combination of systemic BCNU and
locally delivered EF provides a synergistic and complemen-
tary approach that generates long-term survivors.

In conclusion, this synthetic EF demonstrates strong anti-
angiogenic properties; it is not efficacious for treatment of
intracranial experimental gliomas when used alone, but has a
synergistic effect when combined with BCNU for treatment of
experimental gliomas. When incorporated into controlled-
release polymers, the fragment maintained its biological ac-
tivity and exhibited no signs of local or systemic toxicity.
Further studies are required to evaluate the potential for syn-
ergistic activity of this EF when administered simultaneously
with other anti-neoplastic agents and radiotherapy to establish
its potential translation into clinical scenarios.

REFERENCES

1. Abdollahi A, Hahnfeldt P, Maercker C, Grone HJ, Debus J, Ansorge W,
Folkman J, Hlatky L, Huber PE: Endostatin’s antiangiogenic signaling net-
work. Mol Cell 13:649–663, 2004.

2. Albo D, Wang TN, Tuszynski GP: Antiangiogenic therapy. Curr Pharm Des
10:27–37, 2004.

3. Baumann F, Bjeljac M, Kollias SS, Baumert BG, Brandner S, Rousson V,
Yonekawa Y, Bernays RL: Combined thalidomide and temozolomide treat-
ment in patients with glioblastoma multiforme. J Neurooncol 67:191–200,
2004.

4. Brat DJ, Castellano-Sanchez A, Kaur B, Van Meir EG: Genetic and biologic
progression in astrocytomas and their relation to angiogenic dysregulation.
Adv Anat Pathol 9:24–36, 2002.

5. Braun AH, Achterrath W, Wilke H, Vanhoefer U, Harstrick A, Preusser P:
New systemic frontline treatment for metastatic colorectal carcinoma. Can-
cer 100:1558–1577, 2004.

6. Brem H, Piantadosi S, Burger PC, Walker M, Selker R, Vick NA, Black K,
Sisti M, Brem S, Mohr G: Placebo-controlled trial of safety and efficacy of
intraoperative controlled delivery by biodegradable polymers of chemother-
apy for recurrent gliomas. The Polymer-brain Tumor Treatment Group.
Lancet 345:1008–1012, 1995.

7. Brown M, Mandigo CE, Weicker M, Parsa AT, Bruce JN: Local delivery of
endostatin does not improve animal survival in an intracranial glioma
model. Presented at Meeting of the American Association of Neurological
Surgeons, Orlando, FL, May 1–6, 2004.

8. Cattaneo MG, Pola S, Francescato P, Chillemi F, Vicentini LM: Human
endostatin-derived synthetic peptides possess potent antiangiogenic prop-
erties in vitro and in vivo. Exp Cell Res 283:230–236, 2003.

9. Chillemi F, Francescato P, Ragg E, Cattaneo MG, Pola S, Vicentini L: Studies
on the structure-activity relationship of endostatin: Synthesis of human
endostatin peptides exhibiting potent antiangiogenic activities. J Med Chem
46:4165–4172, 2003.

PRADILLA ET AL.

1038 | VOLUME 57 | NUMBER 5 | NOVEMBER 2005 www.neurosurgery-online.com



10. Dkhissi F, Lu H, Soria C, Opolon P, Griscelli F, Liu H, Khattar P, Mishal Z,
Perricaudet M, Li H: Endostatin exhibits a direct antitumor effect in addition
to its antiangiogenic activity in colon cancer cells. Hum Gene Ther 14:997–
1008, 2003.

11. Eriksson K, Magnusson P, Dixelius J, Claesson-Welsh L, Cross MJ:
Angiostatin and endostatin inhibit endothelial cell migration in response to
FGF and VEGF without interfering with specific intracellular signal trans-
duction pathways. FEBS Lett 536:19–24, 2003.

12. Ferreras M, Felbor U, Lenhard T, Olsen BR, Delaisse J: Generation and
degradation of human endostatin proteins by various proteinases. FEBS
Lett 486:247–251, 2000.

13. Fine HA, Wen PY, Maher EA, Viscosi E, Batchelor T, Lakhani N, Figg WD,
Purow BW, Borkowf CB: Phase II trial of thalidomide and carmustine for
patients with recurrent high-grade gliomas. J Clin Oncol 21:2299–2304,
2003.

14. Folkman J: Role of angiogenesis in tumor growth and metastasis. Semin
Oncol 29:15–18, 2002.

15. Frazier JL, Wang PP, Case D, Tyler BM, Pradilla G, Weingart JD, Brem H:
Local delivery of minocycline and systemic BCNU have synergistic activity
in the treatment of intracranial glioma. J Neurooncol 64:203–209, 2003.

16. Fung LK, Ewend MG, Sills A, Sipos EP, Thompson R, Watts M, Colvin OM,
Brem H, Saltzman WM: Pharmacokinetics of interstitial delivery of
carmustine, 4-hydroperoxycyclophosphamide, and paclitaxel from a biode-
gradable polymer implant in the monkey brain. Cancer Res 58:672–684,
1998.

17. Griscelli F, Li H, Cheong C, Opolon P, Bennaceur-Griscelli A, Vassal G, Soria
J, Soria C, Lu H, Perricaudet M, Yeh P: Combined effects of radiotherapy
and angiostatin gene therapy in glioma tumor model. Proc Natl Acad Sci U
S A 97:6698–6703, 2000.

18. Hahnfeldt P, Panigrahy D, Folkman J, Hlatky L: Tumor development under
angiogenic signaling: A dynamical theory of tumor growth, treatment re-
sponse, and postvascular dormancy. Cancer Res 59:4770–4775, 1999.

19. Hajitou A, Grignet C, Devy L, Berndt S, Blacher S, Deroanne CF, Bajou K,
Fong T, Chiang Y, Foidart JM, Noel A: The antitumoral effect of endostatin
and angiostatin is associated with a down-regulation of vascular endothelial
growth factor expression in tumor cells. FASEB J 16:1802–1804, 2002.

20. Hanai J, Dhanabal M, Karumanchi SA, Albanese C, Waterman M, Chan B,
Ramchandran R, Pestell R, Sukhatme VP: Endostatin causes G1 arrest of
endothelial cells through inhibition of cyclin D1. J Biol Chem 277:16464–
16469, 2002.

21. Harrigan MR: Angiogenic factors in the central nervous system. Neuro-
surgery 53:639–660, 2003.

22. Joki T, Machluf M, Atala A, Zhu J, Seyfried NT, Dunn IF, Abe T, Carroll RS,
Black PM: Continuous release of endostatin from microencapsulated engi-
neered cells for tumor therapy. Nat Biotechnol 19:35–39, 2001.

23. Karumanchi SA, Jha V, Ramchandran R, Karihaloo A, Tsiokas L, Chan B,
Dhanabal M, Hanai JI, Venkataraman G, Shriver Z, Keiser N, Kalluri R, Zeng
H, Mukhopadhyay D, Chen RL, Lander AD, Hagihara K, Yamaguchi Y,
Sasisekharan R, Cantley L, Sukhatme VP: Cell surface glypicans are low-
affinity endostatin receptors. Mol Cell 7:811–822, 2001.

24. Kim YM, Jang JW, Lee OH, Yeon J, Choi EY, Kim KW, Lee ST, Kwon YG:
Endostatin inhibits endothelial and tumor cellular invasion by blocking the
activation and catalytic activity of matrix metalloproteinase. Cancer Res
60:5410–5413, 2000.

25. Legnani FG, Pradilla G, Wang PP, Brem H, Olivi DiMeco FA: Local delivery
of anti-neoplastic agents using biodegradable polymers for the treatment of
malignant brain tumors. Exp Rev Neurotherapeutics 3:533–546, 2003.

26. Lesniak MS, Brem H: Targeted therapy for brain tumours. Nat Rev Drug
Discov 3:499–508, 2004.

27. Machein MR, Plate KH: VEGF in brain tumors. J Neurooncol 50:109–120,
2000.

28. Mauceri HJ, Hanna NN, Beckett MA, Gorski DH, Staba MJ, Stellato KA,
Bigelow K, Heimann R, Gately S, Dhanabal M, Soff GA, Sukhatme VP, Kufe
DW, Weichselbaum RR: Combined effects of angiostatin and ionizing radi-
ation in antitumour therapy. Nature 394:287–291, 1998.

29. Miraux S, Lemiere S, Pineau R, Pluderi M, Canioni P, Franconi JM,
Thiaudiere E, Bello L, Bikfalvi A, Auguste P: Inhibition of FGF receptor
activity in glioma implanted into the mouse brain using the tetracyclin-
regulated expression system. Angiogenesis 7:105–113, 2004.

30. Morbidelli L, Donnini S, Chillemi F, Giachetti A, Ziche M: Angiosuppressive
and angiostimulatory effects exerted by synthetic partial sequences of
endostatin. Clin Cancer Res 9:5358–5369, 2003.

31. Moses MA, Brem H, Langer R: Advancing the field of drug delivery: Taking
aim at cancer. Cancer Cell 4:337–341, 2003.

32. Novak K: Angiogenesis inhibitors revised and revived at AACR. American
Association for Cancer Research. Nat Med 8:427, 2002.

33. Oga M, Takenaga K, Sato Y, Nakajima H, Koshikawa N, Osato K, Sakiyama
S: Inhibition of metastatic brain tumor growth by intramuscular adminis-
tration of the endostatin gene. Int J Oncol 23:73–79, 2003.

34. O’Reilly, MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS, Flynn E,
Birkhead JR, Olsen BR, Folkman J: Endostatin: an endogenous inhibitor of
angiogenesis and tumor growth. Cell 88:277–285, 1997.

35. Peroulis I, Jonas N, Saleh M: Antiangiogenic activity of endostatin inhibits
C6 glioma growth. Int J Cancer 97:839–845, 2002.

36. Plate KH, Breier G, Millauer B, Ullrich A, Risau W: Up-regulation of vas-
cular endothelial growth factor and its cognate receptors in a rat glioma
model of tumor angiogenesis. Cancer Res 53:5822–5827, 1993.

37. Plum SM, Hanson AD, Volker KM, Vu HA, Sim BK, Fogler WE, Fortier AH:
Synergistic activity of recombinant human endostatin in combination with
adriamycin: Analysis of in vitro activity on endothelial cells and in vivo
tumor progression in an orthotopic murine mammary carcinoma model.
Clin Cancer Res 9:4619–4626, 2003.

38. Polverini PJ, Bouck NP, Rastinejad F: Assay and purification of naturally
occurring inhibitor of angiogenesis. Methods Enzymol 198:440–450, 1991.

39. Ramachandran R, Karumanchi SA, Hanai J, Alper SL, Sukhatme VP: Cellu-
lar actions and signaling by endostatin. Crit Rev Eukaryot Gene Expr
12:175–191, 2002.

40. Read TA, Farhadi M, Bjerkvig R, Olsen BR, Rokstad AM, Huszthy PC,
Vajkoczy P: Intravital microscopy reveals novel antivascular and antitumor
effects of endostatin delivered locally by alginate-encapsulated cells. Cancer
Res 61:6830–6837, 2001.

41. Ren B, Hoti N, Rabasseda X, Wang YZ, Wu M: The antiangiogenic and
therapeutic implications of endostatin. Methods Find Exp Clin Pharmacol
25:215–224, 2003.

42. Schmidt NO, Ziu M, Carrabba G, Giussani C, Bello L, Sun Y, Schmidt K,
Albert M, Black PMcL, Carroll RS: Antiangiogenic therapy by local intrace-
rebral microinfusion improves treatment efficiency and survival in an or-
thotopic human glioblastoma model. Clin Cancer Res 10:1255–1262, 2004.

43. Seo K, Choi J, Park M, Rhee C: Angiogenesis effects of nerve growth factor
(NGF) on rat corneas. J Vet Sci 2:125–130, 2001.

44. Shichiri M, Hirata Y: Antiangiogenesis signals by endostatin. FASEB J
15:1044–1053, 2001.

45. Sills AK Jr, Williams JI, Tyler BM, Epstein DS, Sipos EP, Davis JD, McLane
MP, Pitchford S, Cheshire K, Gannon FH, Kinney WA, Chao TL, Donowitz
M, Laterra J, Zasloff M, Brem H: Squalamine inhibits angiogenesis and solid
tumor growth in vivo and perturbs embryonic vasculature. Cancer Res
58:2784–2792, 1998.

46. Sladowski D, Steer SJ, Clothier RH, Balls M: An improved MTT assay.
J Immunol Methods 157:203–207, 1993.

47. Sorensen DR, Leirdal M, Iversen PO, Sioud M: Combination of endostatin
and a protein kinase Calpha DNA enzyme improves the survival of rats
with malignant glioma. Neoplasia 4:474–479, 2002.

48. Sorensen DR, Read TA, Porwol T, Olsen BR, Timpl R, Sasaki T, Iversen PO,
Benestad HB, Sim BK, Bjerkvig R: Endostatin reduces vascularization, blood
flow, and growth in a rat gliosarcoma. Neurol Oncol 4:1–8, 2002.

49. Sudhakar A, Sugimoto H, Yang C, Lively J, Zeisberg M, Kalluri R: Human
tumstatin and human endostatin exhibit distinct antiangiogenic activities
mediated by alpha v beta 3 and alpha 5 beta 1 integrins. Proc Natl Acad Sci
U S A 100:4766–4771, 2003.

50. Tamargo RJ, Bok RA, Brem H: Angiogenesis inhibition by minocycline.
Cancer Res 51:672–675, 1991.

ENDOSTATIN FRAGMENT FOR GLIOMAS

NEUROSURGERY VOLUME 57 | NUMBER 5 | NOVEMBER 2005 | 1039



51. Tamargo RJ, Epstein JI, Reinhard CS, Chasin M, Brem H: Brain biocompat-
ibility of a biodegradable, controlled-release polymer in rats. J Biomed
Mater Res 23:253–266, 1989.

52. Weingart JD, Sipos EP, Brem H: The role of minocycline in the treatment of
intracranial 9L glioma. J Neurosurg 82:635–640, 1995.

53. Westphal M, Hilt DC, Bortey E, Delavault P, Olivares R, Warnke PC, Whittle
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COMMENTS

The authors have investigated the potential activity of synthetic
endostatin in vitro and in vivo and found some reduction in

vascularization without anti tumor activity unless combined with an
additional cytotoxic agent (BCNU). These findings are interesting and
may help to explain why, to date, antiangiogenic agents have been
disappointing in clinical trials. They propose that, as a cytostatic
agent, endostatin is best used in combination with other agents.
Although this strategy makes clinical use problematic, further work
with antiangiogenic agents will likely continue in the future, as this
approach addresses one of the fundamental characteristics of the
malignant phenotypes.

Joseph M. Piepmeier
New Haven, Connecticut

Vascular endothelial proliferation is a hallmark of malignant brain
tumors because brain tumor growth is dependent on the contin-

ued proliferation of new blood vessels, i.e., angiogenesis. Thus, one of
the new treatment strategies for tumors in general and brain tumors in
particular is the use of agents that inhibit angiogenesis. The rationale
for this is that tumors are somewhat more dependent on increased

blood supply than normal tissue, and, therefore, any interference with
angiogenesis might selectively affect the growth of tumor tissue.

In the present study, endostatin, an antiangiogenic agent that
blocks matrix-metallo-proteomase-2, was investigated both in vitro
and in vivo. The pharmacokinetics and cytotoxicity of a synthetic
endostatin fragment loaded into polymers was determined in vitro,
whereas the antiangiogenic properties were investigated in the in vivo
rat cornea. This treatment was then studied in an intracranial animal
tumor model, 9L gliosarcoma, as primary and as adjunctive therapy
with chemotherapy. The results demonstrate that angiogenesis, as
measured by a corneal assay was inhibited by polymers with endosta-
tin, but these polymers were not effective in prolonging survival in
animals bearing an intracerebral 9L gliosarcoma. There was, however,
some synergistic effect noted when animals bearing the 9L gliosar-
coma were treated both with systemic BCNU and polymers with
endostatin.

The fact that this study begins with in vitro analysis and then takes
the takes the relevant information to the in vivo model is the great
strength of this nicely performed study. However, it is disappointing
that although angiogenesis was demonstrated in the cornea and
looked promising, there was not a significant effect when used in-
tracranially against brain tumors. This is consistent with others that
have not shown significant effects of some agents that inhibit angio-
genesis in the treatment of brain tumors. However, recent studies of
individual different targeted antiangiogenesis molecules have shown
differential efficacy in the systemic versus intracranial administration,
so the rationale for further investigation is warranted. The route of
administration, the timing, and the addition of other therapies all
warrant further study. In addition, the finding of a synergistic effect of
the endostatin polymer with chemotherapy lends itself to further
investigation of this molecule. We commend the authors for their
thorough work and persistent studies, even in the face of a somewhat
negative finding.

Terry Lichtor
Roberta P. Glick
Chicago, Illinois
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