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Abstract Purpose: To determine the inhibitory nature of
sublethal doses of camptothecin (CPT) and topotecan
(TPT) treatments on normal human endothelial cells
in vitro, as well as the in vivo antiangiogenic activity as
compared to another antiangiogenic compound, TNP-
470 and to a nonspeci®c cytotoxic agent, cisplatin.
Methods: Growth inhibition was determined by the
crystal violet assay to measure relative cell numbers. 3H-
thymidine uptake was used to determine the inhibitory
e�ect of CPT and TPT on DNA synthesis in vitro. Cell
viability was determined using trypan blue exclusion
assays. Cell cycle response to CPT was determined by
¯ow cytometric analysis of propidium iodide-stained
nuclei. In vivo inhibition of angiogenesis was deter-
mined by the disc angiogenesis system (DAS), where
surgical sponge discs were placed subcutaneously in the
rat dorsum and the ability of systemic treatment with
liposomal CPT (LCPT), TPT, TNP-470 or cisplatin to
inhibit vascular growth into the discs was evaluated.
Quantitation of vascular growth was determined using

toluidine blue staining of sectioned discs followed by
digital image analysis. Results: Treatment with 50 nM
CPT or TPT inhibited human umbilical venular endo-
thelial cell (HUVEC) growth as shown by crystal violet
staining, but was not cytotoxic to the cells. This was
evidenced by the fact that cell numbers did not increase
or decrease with treatment, but remained static while
cells were viable for over 96 h posttreatment. 3H-thy-
midine uptake in HUVEC was inhibited as early as
5 min, reached a maximum inhibition at 24 h and lasted
over 96 h posttreatment. Cell cycle analysis of CPT-
treated HUVEC showed arrest in S-phase at 12 h with a
concurrent decrease in population of cells in G1. Accu-
mulation of cells at the G2/M-phase was discernible at
24 h along with the S-phase inhibition. Treatment of
rats with 1 mg/kg LCPT or TPT every other day for 14
days resulted in approximately 30% inhibition of vas-
cular growth into the discs. This inhibition was similar
to the inhibition seen with TNP-470, an established and
potent angiogenic inhibitor. In contrast, cisplatin was
not as e�ective in inhibiting vascular growth into the
discs. Conclusions: In this work we showed that CPT and
TPT inhibit human endothelial cell growth in vitro in a
non-cytotoxic manner and that this inhibition lasts more
than 96 h after drug removal. We also showed that
LCPT and TPT, unlike a nonspeci®c cytotoxic agent,
cisplatin, are as e�ective as TNP-470 in inhibiting an-
giogenic growth in the in vivo disc angiogenesis model.
From this observation we propose that in addition to
their proven tumoricidal activities, camptothecins may
have an indirect in vivo antitumor e�ect mediated
through the inhibition of angiogenesis.
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Introduction

Classic antineoplastic chemotherapy has focused on di-
rectly killing or inhibiting the growth of tumor cells.
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This approach, however, typically a�ects normal cells in
addition to tumor cells. More recently, innovative
strategies with greater selectivity for tumor versus host
tissues have been developed, with targets such as onco-
genes and elements of cell signaling pathways. Another
potential target is being realized based on the ®nding
that tumors are dependent on a switch to an angiogenic
phenotype and the subsequent formation of new vas-
culature [14, 17]. Thus, inhibition of tumor blood supply
has been realized as a unique approach to stop tumor
growth [11, 18], and hence research has focused on the
discovery of antiangiogenic agents [13]. Two of these
agents that have been shown to selectively inhibit en-
dothelial cell proliferation in vitro and tumor growth
in vivo are TNP-470 [40] and pentosan sulfate [39].
More recently, other agents such as angiostatin, endo-
statin, linomide, laminarin sulfate, thalidomide and
2-methoxy-estradiol have also been found to inhibit the
process of angiogenesis [7, 16, 20, 32, 38].

The increasing focus on antiangiogenic therapy has
led to the rational search for agents with selective e�ects
on endothelial cell proliferation with the assumption that
a high proliferation rate of endothelial cells within tumor
tissue will permit improved selectivity against tumor
versus normal tissues [14]. This ``angiosuppressive'' e�ect
could possibly be accomplished by using known chemo-
therapeutic agents such as ET-18-OCH3, paclitaxel,
¯avone acetic acid, bleomycin, methotrexate and mitox-
antrone [4, 25, 34], suggesting that a hidden ``antivascu-
lar'' e�ect may be operating in a number of conventional
anticancer therapies [35]. More recent work in our lab-
oratory has revealed that camptothecin (CPT), a topo-
isomerase I inhibitor, possesses in vitro cytotoxic activity
against tumor cells and antiproliferative activity against
endothelial cells [5, 23]. We have also reported that CPT
has e�ective antitumor activity in mice xenografted with
human breast carcinoma [9]. However, the reported
experimental results do not allow conclusions concerning
the extent to which potential antivascular e�ects con-
tribute to the in vivo antitumor e�ect of CPT.

In the study reported here, we showed that CPT and
its analog topotecan (TPT) inhibited the growth of hu-
man umbilical venular endothelial cells (HUVECs) at
drug concentrations that were not cytotoxic to these
normal human endothelial cells. We also showed that
this in vitro inhibitory e�ect was translated into an in-
hibition of angiogenesis in the disc angiogenesis model
(DAS) in vivo. The results from these experiments sug-
gest that CPT and its analogs may inhibit tumor growth
possibly by inhibiting tumor-induced angiogenesis as
well as by a direct cytotoxic activity against tumor cells.

Materials and methods

Chemicals and supplies

CPT (NSC 94600) and TPT (NSC 609699) were obtained from the
Drug Development Branch, National Cancer Institute, NIH
(Bethesda, Md.). They were dissolved in DMSO at 4 mM, ali-

quoted and stored at )20 °C. Further dilutions were made in
DMSO just before use. The ®nal concentration of DMSO in culture
did not exceed 0.1% (v/v) which is nontoxic to cells. TNP-470
(AGM-1470) was a gift from Dr. Deborah Milkowski, TAP
Pharmaceuticals (Deer®eld, Ill.). Cholesterol (CHOL) and vascular
endothelial growth factor (VEGF) were purchased from Sigma
Chemical Co. (St. Louis, Mo.), basic ®broblast growth factor
(bFGF) was obtained from Gibco BRL (Bethesda, Md.), and cis-
platin (CDDP; Platinol) was obtained from Bristol Myers Squibb
Laboratories (Syracuse, N.Y.).

Dipalmitoylphosphatidylcholine (DPPC), phosphatidylinositol
(PI) and sphingomyelin were purchased from Avanti Polar Lipids
(Birmingham, Ala.). [Methyl-3H]-thymidine (64 Ci/mmol) was
purchased from Andotech Life Sciences (Irvine, Calif.). Surgical
sponge was purchased from Shima America Corporation (Carol
Stream, Ill.). All other chemicals were reagent grade.

Cell culture

HUVEC were purchased from Clonetics (San Diego, Calif.) and
maintained in endothelial growth medium, EndoPack-UV, sup-
plied by Clonetics, in a humidi®ed incubator at 37 °C in an
atmosphere containing 5% CO2. Cells were passaged when sub-
con¯uent, and split 1:4. Cells were examined by phase contrast
microscopy daily and cultures were used within the ®rst ten pas-
sages.

Growth inhibition and antiproliferative assays

HUVECs were plated into 24-well tissue culture plates at 2 ´ 104

cells/well and grown under standard culture conditions with an
additional 30 ng/ml each of bFGF and VEGF. Following 24 h
treatment with 50 nM of CPT, 50 nM TPT or vehicle, cells were
washed and incubated in fresh medium. Relative cell numbers were
then determined using the crystal violet staining assay at 0, 24, 36,
48, 72 and 96 h following treatment.

The antiproliferative activities of CPT and TPT were mea-
sured by the loss of 3H-thymidine incorporation into cellular
DNA as described previously [17, 18]. Cells were plated and
treated with 50 nM CPT, 50 nM TPT, or vehicle. Samples were
processed at the same time-points as indicated in the crystal violet
assay, rinsed twice with phosphate-bu�ered saline (PBS, pH 7.4)
and radiolabeled with 1 mCi/ml 3H-thymidine for 4 h under
standard culture conditions. The cells were then ®xed with
methanol/acetic acid 3:1 for 2 h, rinsed twice with 80% methanol
and ®nally digested for 1 h with 0.1 M NaOH. The radioactivity
of each sample was measured in a TRI-CARB 2500 TR liquid
scintillation analyzer. The studies were carried out on quadru-
plicate samples and the results are expressed as the percentages
relative to the control counts.

Liposome preparation

Multilamellar liposome-incorporated camptothecin (LCPT) for
in vivo angiogenesis study was prepared as previously described
[5, 23].

Cell cycle analysis and ¯ow cytometry

Cells in 100-mm tissue culture dishes were treated with 50 nM
CPT or vehicle for 24 h. At selected time-points, cells were wa-
shed with cold PBS, pH 7.4, harvested by centrifugation and in-
cubated on ice in 70% ethanol. Following ®xation, cells were
washed twice with ice-cold PBS and incubated overnight at 4 °C
in PBS containing 50 lg/ml PI, 100 lg/ml RNase A and 0.1%
Triton X-100. Samples were analyzed with a FACScan ¯ow cy-
tometer (Becton Dickinson), and the fractions of cells in G0/G1, S
and G2/M phases were calculated using the software provided by
the manufacturer.
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In vivo angiogenesis

A modi®cation of the DAS was used for the quantitation of an-
giogenesis in an in vivo rat model [28, 31]. Discs were constructed
such that an angiogenic factor embedded in a polymer and placed in
the center of the disc could di�use out and induce vascular growth
within the disc. The discs were then surgically implanted under the
skin of a rat for a period of 14 days while various drug treatments
were administered. Following treatments, the discs were removed,
®xed, sectioned and stained for analysis of vascular growth.

Disc construction

Surgical polyvinyl sponge (2 mm) thick was cut into discs using a
10 mm round metal punch. A 2 mm plug was punched out of the
center of the disc and saturated with growth factor (2 lg bFGF) in
an acetate copolymer (Elvax, DuPont) and placed back into the
disc. The top and bottom of the discs were sealed with 10 mm
diameter ®lter paper impregnated with Plexiglas creating imper-
meable top and bottom covers for the disc. The covers were glued
to the disc under sterile conditions.

Surgery

Male Sprague-Dawley rats (280±300 g) were anesthetized with
ketamine (100 mg/kg) and four laterally alternating surgical inci-
sions were made on the dorsal surface. Pouches under the skin were
created by gentle probing and prepared discs saturated with PBS
were placed in these pouches. The incisions were closed with sur-
gical staples. After the 14-day experimental period, the rats were
sacri®ced and the discs removed.

Treatments

Two days following implantation of the discs in the rat, and every
other day for 2 weeks, the animals were given intramuscularly
LCPT (1 mg/kg), TPT (1 mg/kg), CDDP (1 mg/kg) or TNP-470
(15 mg/kg). Empty liposomes and saline were used as control
vehicles.

Disc analysis

Following removal of the disc, the impermeable covers were re-
moved and the disc placed in 10% neutral formalin for 48±72 h.
The discs were then embedded in para�n such that 6 lm planar
sections could be cut and mounted on slides. Slides were deparaf-
®nized followed by hydration in ethanol of decreasing dilution with
water (100±50%). The slides were then stained with 0.33 mg/ml
toluidine blue for 30 s to permit visualization of the area of the disc
penetrated by migrating cells, followed by three washes in water
and then dehydrated by reversal of the alcohol washes. The slides
were then rinsed with Clear Rite 3 and a coverslip mounted. The
total area of the disc in each section was calculated, as was the area
containing stained cells using a computerized image analysis system
(Imaging Research, St. Catherine, Ontario, Canada).

Statistical analyses

The results are expressed as means � SE (n = 8). Statistically
signi®cant di�erences between means for the DAS model were
determined using the paired Student's t-test. Signi®cant di�erences
between groups were determined using a P-value of £0.001.

Results and discussion

We have previously shown that CPT inhibits DNA
synthesis in normal endothelial cells, at noncytotoxic

concentrations [5, 23]. In order to gain a better under-
standing of the growth inhibitory e�ect of topoisomer-
ase I inhibitor drugs on normal endothelial cells, the
e�ects of CPT and TPT treatment on both the level and
the duration of growth and proliferation inhibition were
determined. Data from the crystal violet assay (Fig. 1A)
show that treatment of HUVECs with 50 nM CPT or
50 nM TPT for 24 h resulted in growth inhibition that
lasted for 96 h. This inhibition was maintained even in
the presence of excess (30 ng/ml) angiogenic factors
(bFGF, VEGF). Furthermore, the cells in these experi-
ments remained viable (90%) as detected by the trypan
blue exclusion assay (data not shown). Incorporation of
3H-thymidine into the cells over the same time and with
the same treatment showed that DNA synthesis was also
halted for 96 h (Fig. 1B).

These results show that the treatment of HUVECs
with 50 nM CPT or TPT results in growth inhibitory,
but not cytotoxic, e�ects. The inhibition of DNA syn-
thesis occurs very rapidly. 3H-thymidine uptake ap-
peared to be inhibited by 50% in the ®rst few minutes of
treatment and gradually decreased over 24 h to complete
inhibition, i.e. a biphasic response. It is possible that the
®rst portion of the curve (Fig. 1B, inset) resulted from
the inhibition of replicons that were about to initiate,
whereas the shallow component of the curve corre-
sponds to an e�ect on chain elongation in replicons that
had already initiated. We are currently investigating this
further.

Because components of angiogenesis such as endo-
thelial cell proliferation, migration, tube formation and
production of plasminogen activators and collagenase
[15] in vitro do not always correlate with angiogenesis
in vivo, we tested the antiangiogenic potential of CPT
and TPT using an in vivo rat disc angiogenesis system
(the DAS model) [28, 31]. For this type of study, the
chick embryo chorioallantoic membrane (CAM) [2, 26]
and the rabbit or rat cornea [19] are the most widely
used systems. However, because we were able to di-
rectly evaluate the e�ects of CPT and TPT (adminis-
tered systemically) on bFGF-induced vascular growth,
we believe the DAS to be a more clinically relevant
system that allows easy and accurate quantitation of
angiogenesis.

In this study we compared the antiangiogenic e�ects
of sublethal doses of CPT and TPT (1 mg/kg) to that
of TNP-470 (15 mg/kg) injected intramuscularly every
2 days for 2 weeks. TNP-470 has demonstrated potent
antiangiogenic activity [24, 30] and broad antitumor
activity in preclinical studies [36, 41] that have warranted
its testing in clinical trials [29]. Thus we used it in our
study as a positive control for angiogenesis inhibition.
Additionally, cisplatin which is a nonspeci®c cytotoxic
agent was also injected intramuscularly as a negative
control. Systemic administration of cisplatin at 1 mg/kg
every 2 days for 2 weeks, has been shown not to produce
undesirable side e�ects in rats [12, 27]. Thus its antian-
giogenic activity was tested in this model in comparison
to that of LCPT and TPT.
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As illustrated in Fig. 2, systemic administration of
LCPT or TPT caused about a 30% inhibition of vas-
cular growth into discs implanted in the rats
(P < 0.001). This inhibition compared well with the
inhibitory e�ect caused by the administration of TNP-
470. In contrast, systemic administration of subtoxic
doses of cisplatin did not produce any change in vas-
cular growth into the discs. This clearly indicates that
CPT and TPT inhibit not only endothelial cell prolifer-
ation in vitro, but also bFGF-induced in vivo angio-
genesis. It should be noted that these results do not
support the idea that CPT, TPT or TNP-470 exert their
antiangiogenic e�ect through suppression of bFGF since
the addition of excess bFGF did not reverse the inhibi-
tory e�ect of CPT or TPT on in vitro endothelial cell
proliferation (Fig. 1A, B).

The only known cellular targets for CPT and analogs
is mammalian topoisomerase I (TopoI) [33]. These
agents trap TopoI-cleavable complexes (TopoI-associ-
ated DNA single-strand breaks) by inhibiting their re-
ligation, and as a consequence generate DNA damage

Fig. 1A, B Growth Inhibition
and antiproliferative activity of
CPT and TPT HUVECs were
plated (2 ´ 104 cells/well) into a
24-well plate and allowed to
attach for 24 h followed by
treatment with 50 nM CPT (j)
or TPT (m) for 24 h. Control
cells (d) were treated with an
equal amount of vehicle. The
cells were then washed twice
with PBS and incubated in fresh
medium. Plates were then as-
sayed for crystal violet staining
(A) and 3H-thymidine uptake
(B) at 0, 24, 48, 72, and 96 h
posttreatment. 3H-thymidine
uptake was also measured at
several time-points between 0
and 24 h during treatment
(inset). Points are means �SE,
n = 8

Fig. 2 Inhibition of bFGF-induced angiogenesis in the rat DAS
model with the use of CPT (1 mg/kg), TPT (1 mg/kg), CDDP
(1 mg/kg) and TNP-470 (15 mg/kg): Values are means � SE of
eight determinations (P £ 0.001) comparing EL to LCPT and
control to TPT
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[21]. Recent work by Coll et al. [6] has shown that
multiprotein DNA replication complex (MRC)-intact
TopoI activity is inhibited by 50% at 50 nM CPT, in-
dicating that the MRC could be a target for inhibition of
DNA replication. In this study we showed that treat-
ment of HUVECs with 50 nM CPT caused about 95%
inhibition of DNA synthesis that persisted for 96 h. This
could be a direct e�ect on the MRC. This idea is further
supported by the cell cycle e�ect of CPT treatment of
HUVECs. As indicated in Fig. 3, exposure of HUVECs
to 50 nM CPT resulted in a slowdown in the rate of cell
progression through S phase leading to an increase in
the S phase population (40±60% compared to 25%
control) at 6, 12 and 24 h posttreatment. Similar cell
cycle observations have been reported in other normal
proliferating cells [1, 10].

CPT appears to have a biphasic e�ect on DNA syn-
thesis (Fig. 1) with the second phase lasting up to 96 h.
This e�ect could be due to the release of natural anti-
angiogenic e�ects that may result from inhibition of
DNA replication. For example, thrombospondin-1
(TSP-1), which is secreted by numerous cell types in-
cluding endothelial cells, enhances the growth of smooth
muscle cells and ®broblasts, whereas it inhibits endo-
thelial cell proliferation and angiogenesis in vitro and
in vivo [3, 22]. TSP-1 has been shown to be regulated by
the p53 oncoprotein, which when upregulated as a result
of inhibition of DNA replication can cause the release of
this naturally occurring inhibitor of angiogenesis [8, 37].
Further experiments are ongoing to unravel the precise
antiangiogenic mechanism of CPT and TPT.

The results of this investigation show that CPT and
TPT elicit potent, noncytotoxic, antiproliferative activ-
ity on human endothelial cells in vitro, and that this
activity cannot be overcome by the addition of exoge-

nous angiogenic growth factors. These results also show
that the antiproliferative action is very rapid, with e�ects
seen within 5 min of treatment, and the maximum e�ects
are seen within 24 h and last for several days following
removal of the drug. LCPT and TPT also showed good
in vivo antiangiogenic e�ects in the rat DAS model and
compare favorably with other antiangiogenic com-
pounds such as TNP-470. These results taken collec-
tively suggest that CPT and TPT may be valuable
therapeutic agents for the treatment of angiogenic
tumors and further investigation is warranted.
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