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Abstract

Captopril, an inhibitor of angiotensin converting enzyme, is
widely used clinically to manage hypertension and conges-
tive heart failure. Here captopril is shown to be an inhibitor
of angiogenesis able to block neovascularization induced in
the rat cornea. Captopril acted directly and specifically on
capillary endothelial cells, inhibiting their chemotaxis with
a biphasic dose-response curve showing an initial decrease at
clinically achievable doses under 10 uM and a further slow
decline in the millimolar range. Captopril inhibition of en-
dothelial cell migration was not mediated by angiotensin
converting enzyme inhibition, but was suppressed by zinc.
Direct inhibition by captopril of zinc-dependent endothelial
cell-derived 72- and 92-kD metalloproteinases known to be
essential for angiogenesis was also seen. When used system-
ically on rats captopril inhibited corneal neovascularization
and showed the antitumor activity expected of an inhibitor
of angiogenesis, decreasing the number of mitoses present in
carcinogen-induced foci of preneoplastic liver cells and
slowing the growth rate of an experimental fibrosarcoma
whose cells were resistant to captopril in vitro. These data
define this widely used drug as a new inhibitor of neovascu-
larization and raise the possibility that patients on long
term captopril therapy may derive unexpected benefits
from its antiangiogenic activities. (J. Clin. Invest. 1996. 98:
671-679.) Key words: neovascularization « gelatinases « en-
dothelial cells « chemotaxis « captopril

Introduction

Captopril (D-3-mercapto-2-methylpropanoyl-L-proline) is an
orally active competitive inhibitor of angiotensin-converting
enzyme (ACE),! a Zn’"-dependent carboxypeptidase that
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converts angiotensin I to the potent vasoconstrictor angio-
tensin IT and inactivates the bradykinins (1, 2). Due to its free
thiol group, captopril is also an effective radical scavenger and
antioxidant. The drug is taken by 5-10 million people world-
wide in the management of hypertension and heart failure (2-5).

In addition to its ability to reduce blood pressure, captopril
has a number of other biological activities (2). It can amelio-
rate arthritis (6), reverse diabetic retinopathy (7), enhance in-
sulin sensitivity (2), lower thrombotic risk (8, 9), decrease ath-
erosclerosis and renal failure (10-12), and lower the incidence
of radiation-induced pulmonary damage and radiation-induced
fibrosarcomas in rats (13, 14). This broad range of effects sug-
gests that captopril has multiple activities in vivo, only a por-
tion of which can be attributed to its hypotensive action.

Several of the diseases that respond favorably to captopril,
including arthritis, diabetic retinopathy, atherosclerosis and
cancer are angiogenesis dependent (15), raising the possibility
that captopril could be limiting their progression in part by in-
hibiting the new blood vessel growth on which their pathology
depends. Captopril can also have a negative effect on the sta-
bility of vessels, for long term systemic treatment increases ar-
teriolar rarefaction in both normotensive and hypertensive an-
imals (16). In addition, angiotensin II, the product of the
enzymatic reaction that captopril inhibits, induces neovascu-
larization in experimental systems (17-19) and enhances vessel
density in muscle tissue (20).

Here we demonstrate that captopril itself inhibits neovas-
cularization in vivo and interacts directly with cultured endothe-
lial cells in vitro to block their chemotaxis toward an inducer of
angiogenesis. The inhibition of the migration of endothelial
cells was not dependent on ACE inhibition, but may be the re-
sult of the ability of captopril to inhibit the activity of the Zr?*-
dependent metalloproteinases that endothelial cells require to
respond to an angiogenic stimulus. To determine if systemic
captopril could inhibit an angiogenesis-dependent disease, two
rat tumor models were used. Captopril was effective in both,
decreasing mitoses in foci of diethylnitrosamine-induced pre-
neoplastic liver foci and slowing the growth of syngeneic fibro-
sarcomas growing subcutaneously.

Methods

Drugs. Captopril was generously provided by Bristol Meyers/Squibb
(Princeton, NJ) and lisinopril by Merck Research Laboratory (West
Point, PA). Penicillamine and angiotensin II were purchased from
Sigma Chemical Co. (St. Louis, MO). Enalaprilat, the active deriva-
tive of enalapril, was a gift from Dr. Daniel Battle, Northwestern
University Medical School (Chicago, IL). Angiotensin II receptor 1
(AT)) antagonist L-158,809,000M (Merck Research Laboratory) was
provided by Dr. John Moulder, Medical College of Wisconsin (Mil-
waukee, WI). The AT, receptor antagonist PD123,319 ditrifluoroace-
tate came from Research Biochemicals, Inc., (Natick, MA).
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Endothelial cell migration assay. Bovine adrenal capillary endothe-
lial cells (kindly provided by Dr. J. Folkman, Children’s Hospital,
Boston, MA) were grown in DME containing 10% donor calf serum
(Flow Laboratories, McLean, VA) and 100 pg/ml endothelial cell mi-
togen (Biomedical Technologies, Stoughton, MA) and used between
passage 13 and 15. To measure migration, cells were starved over-
night in DME containing 0.1% BSA. The cells were then harvested,
suspended in DME with 0.1% BSA, and plated at 1.75 X 10* per well
on the lower surface of a gelatinized 5.0-puM filter (Nucleopore Corp.,
Pleasanton, CA) in an inverted modified Boyden chamber as de-
scribed previously (21). After 1-2 h at 37°C, during which time the
cells adhere to the filter, the chamber was reinverted, test solutions
were added to the top well, and the chamber was incubated for 3—4 h
at 37°C. The chambers were then disassembled, the filters fixed and
stained, and the number of cells that had migrated to the top of the
filter in 10 high power fields counted. DME containing 0.1% BSA
was used as a negative control, and 10 ng/ml of basic fibroblast
growth factor (bFGF) as a positive control. Where indicated ZnCl, or
other test substances were added to top wells. Each sample was tested
in quadruplicate in a single experiment, and each experiment was re-
peated at least twice. To test for toxicity, endothelial cells treated in
parallel with those in the Boyden chamber assay were evaluated for
trypan blue exclusion.

Neovascularization of the rat cornea. Female Fischer 344 rats (Har-
lan Industries, Indianapolis, IN) weighing 120-140 grams were
housed in the Northwestern University Center for Experimental Ani-
mal Resources in accord with National Institutes of Health guidelines
and operated upon using a research protocol approved by the Institu-
tional Animal Care and Use Committee. Hydron (Interferon Sci-
ences, New Brunswick, NJ) pellets of < 5 pl were formulated con-
taining, where indicated, captopril at a variety of concentrations and/
or bFGF at 0.15 uM. Pellets were implanted into the corneas of anes-
thetized rats (sodium pentobarbital, 30 mg/kg, i.p.) 1.0-1.5 mm from
the limbus as described previously (22). Neovascularization was as-

Table I. The Effect of Captopril on Neovascularization
Induced by bFGF in the Rat Cornea

Positive
bFGF Captopril corneas/ Percent
(0.15 uM) (mM) total implanted positive
Drug
implanted
in cornea
- 0.0 0/7 0
- 0.05 0/4 0
- 5.0 0/4 0
- 50 0/6 0
+ 0.0 9/9 100
+ 0.05 4/4 100
+ 5.0 2*/4 50
+ 50 0/7 0
+ 200 0/4 0
+ Systemic* 2%/6 33
treatment
with drug

Where indicated captopril and/or bFGF were incorporated into nonin-
flammatory pellets which were implanted into the rat cornea. Ingrowth
of vessels from the limbus into the normal avascular cornea was as-
sessed after 7 d. *Generalized suppression of neovascularization was
noted, but inhibition was only partial in two corneas. Rats received
captopril in their drinking water from 4 d before implant until death.
Pellets contained only bFGF.
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sessed 3, 5, and 7 d later. Vigorous sustained ingrowth of vessels from
the limbus to the pellet by day 7 was considered a positive response.
To provide a permanent record of the response, animals were anes-
thetized, then perfused via the abdominal aorta with colloidal carbon
to label vessels. Eyes then were fixed in formalin, and corneas ex-
cised, flattened and photographed. In one experiment animals re-
ceived drinking water containing 0.4 mg/ml captopril from 11 d be-
fore implant until death. All animals continued to gain weight and
appear healthy during treatment.

Metalloproteinase assays. Enzymes secreted by capillary endothe-
lial cells were obtained by collecting serum-free conditioned media
from bovine capillary endothelial cells as previously described (22),
and were tested for metalloproteinase activity by zymography (23).
Fifteen microliters of threefold-concentrated conditioned medium
was suspended in nonreducing Laemmli SDS-PAGE sample buffer
without B-mercaptoethanol. Samples were loaded without prior boil-
ing onto a 4% gel that contained 0.1% gelatin, and run at 125 V for

Figure 1. Inhibition of corneal neovascularization by captopril. (4)
Hydron pellet was implanted into the rat cornea 1.5 mm from the lim-
bus and 7 d later vessels visualized with colloidal carbon. Pellet con-
taining 0.15 wM bFGF. Note vigorous new vessels growing from lim-
bus toward pellet. (B) Pellet containing 0.15 pM bFGF plus 50 mM
captopril. Note absence of neovascularization.



1.5h at 4°C. After electrophoresis, gels were incubated twice for 30
min in 2.5% Triton X-100 to remove SDS and permit enzyme rena-
turation. Gels were then cut into single lane strips and incubated
overnight in substrate buffer (50 mM Tris-HCl, pH 7.6, 150 mM
NaCl, 10 mM CacCl,, 0.05% [wt/vol] Brij-35, and 0.02% sodium
azide), in the presence of various concentrations of captopril. Gels
were stained with 0.5% Coomassie blue, destained, and bands quanti-
tated by densitometry.

To test the effect of captopril on purified enzyme, a radio-labeled
gelatin substrate cleavage assay was used (24) with purified 72 kD ge-
latinase (a generous gift from W. Stetler-Stevenson, National Cancer
Institute, Bethesda, MD). From preliminary experiments, an enzyme
concentration of 5 ng/ml was chosen as being on the linear portion of
the dose-response curve and giving 75% maximal activity. For this
substrate, the enzyme was incubated for 4 h at 37°C in reactions con-
taining 2 X 10° cpm [*C]gelatin substrate plus various concentrations
of captopril. The reactions were then diluted into 10% trichloroacetic
acid, the uncleaved substrate pelleted at 10,000 g for 10 min at 4°C,
and aliquots of the supernatant counted. The enzyme activity was ex-
pressed as the TCA soluble cpm released per mg protein.

Chemical induction of tumors. The Solt-Farber model was used
to induce foci of preneoplastic liver cells in rats (25). Tumors were
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Figure 2. Inhibition of capillary endothelial cell migration by increas-
ing concentrations of captopril. (A) The effect of captopril concentra-
tions in the millimolar range on the migration of capillary endothelial
cells in a modified Boyden chamber in the presence (+bFGF) or ab-
sence (—bFGF) of a gradient of bFGF. Error bars indicate SEM. (B)
Expansion of the dose-response curve in the presence of bFGF at
low micromolar concentrations of captopril.

initiated on day 1 in Fischer-344 rats with 50, 100, or 150 mg of dieth-
ylnitrosamine (DEN) per kilogram body weight intraperitoneally and
on day 14 animals were put on chow containing 0.02% acetylamino-
fluorine. On day 21 animals were subjected to a 2/3 partial hepatec-
tomy, and killed on day 30. Control rats received water ad libitum,
and experimental animals received water containing captopril at 0.4
mg/ml which results in a dose of ~ 50 mg/kg per d from 3 d before
carcinogen injection until autopsy. Upon death, liver tissue was fixed
in formalin, sectioned at 6 pm, and stained with hematoxylin and
eosin. The surface area of basophilic foci representing clones of pre-
neoplastic cells was measured using a micrometer grid at a magnifica-
tion of 100, and the mitoses within these foci counted.

Implanted tumors. Fisher strain F344 female rats were injected
subcutaneously with 5 X 10° syngeneic methylcholanthrene-induced
sarcoma cells (26) in the right and left flanks and were examined daily
through day 29. The cross sectional area of each tumor was deter-
mined by measuring the tumor in two dimensions using a caliper.
Three to four rats were used per group. Captopril-fed rats were dosed
as described above with drug in their drinking water throughout the
experiment.

Statistical analysis. The significance of differences between group
means was determined by the Student’s ¢ test.

Results

Inhibition of in vivo neovascularization by captopril. Captopril
was incorporated into noninflammatory Hydron pellets and
the pellets were tested for ability to induce neovascularization
by implanting them in the normally avascular rat cornea (Ta-
ble I). Captopril by itself was unable to stimulate angiogenesis
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Figure 3. Captopril inhibition of both directional chemotaxis and
random chemokinesis. A checkerboard analysis of the migration of
capillary endothelial cells from the lower to the upper well of a Boy-
den chamber in the presence and absence of a positive gradient of
bFGF. (A) Millimolar concentrations of captopril. (B) Micromolar
concentrations of captopril. Clear box highlights the wells where cells
were migrating up a positive gradient towards bFGF.

Captopril and Angiogenesis 673



A
---------------------------------------------------------- bFGF
3 100 | :
2 ["1 compound alone
a Il + AT1 antagonist
s :
) 75
1y
@
o
E so4 T | .. W5~ -4-J--- I ---basal
o
2
£
@ 25
©
o
0
BSA +bFGF +Angll +bFGF +Angll +bFGF + Angll
Controls Captopril Captopril
5mM 20uM
B 70 -
RS it iatic a  (Bh--Euk b iats Sl tobing i e [ compound alone |-+ PFGF
o Il + ATz antagonist
& -
g 50
K~
e
v 40 -
@
Q.
2 30
£ ; -- pasal
2
£ 20
K]
3 10
0 -
BSA +bFGF +Angll +bFGF +Angll +bFGF +Angll
Controls Captopril Captopril
5mM 20uM

1 compound alone
+ AT1 antagonist
+ AT2 antagonist
Il + AT1 and AT2 antagonists

bFGF

Figure 4. Inability of angiotensin II receptor
antagonists to influence endothelial cell mi-
..basal gration or prevent captopril inhibition. In A
and B, endothelial cell migration toward
bFGF or toward angiotensin II at 1 pg/ml was
measured at high and low doses of captopril in
the presence (clear bars) or absence (dark
bars) of the angiotensin IT AT, receptor antag-
onist, L-158,809-000M, at 1 pM (A) or the
angiotensin II AT, receptor antagonist,
PD-123,319 ditrifluoroacetate at 1 pM (B). In
BSA bFGF bFGF Angll C, these angiotensin IT receptor antagonists

+ Captopril 20 uM were combined (dark bar). SEM is indicated.

Cells migrated per 10 h.p. fields ©

674  Volpert et al.



P | 1 compound alone
% I + Anglt 80
= 1004 T T T
g Pl
= 60 |
e
]
Q 40
s (B | BM.......5 B ol RS PO P
2
J
> 20
E
2
S 0 p—
+bFGF +bFGF +bFGF +bFGF
BSA Captopril BSA Captopril
20um 5mM
']
z
2
L
R S
£6-4 || = = T
T Figure 5. Ability of captopril but not
2 40 - S other ACE inhibitors to inhibit endo-
e thelial cell migration induced by angio-
= 20 tensin II. The effect of high and low
E’ concentrations of captopril on endothe-
2 9 lial cell migration in the presence and
g _ _ absence of bFGF and angiotensin II (1
+bFGF +bFGF +bFGF +bFGF (w/ml; dark bars) was compared to that
of other active ACE inhibitors lisinopril
BSA Lisinopril BSA Enalaprilat and enalaprilat.

when tested over a wide dose range. However, when the an-
giogenic stimulus bFGF was incorporated into pellets along
with captopril, the drug inhibited bFGF-induced corneal
neovascularization (Table I and Fig. 1). An increase in inhibi-
tory activity could be seen with an increase in captopril con-
centration. Systemic treatment with captopril in drinking wa-
ter from 4 d before implanting pellets to 7 d after also rendered
the animals unable to mount a vigorous corneal response to-
wards bFGF (Table I).

Inhibition of in vitro endothelial cell migration by capto-
pril. To determine if captopril was acting directly on endothe-
lial cells rather than on accessory cells such as mast cells and
macrophages that can be responsible for the development of
an angiogenic response in vivo, the effect of the drug on the
migration of cultured capillary endothelial cells was measured.
The inhibition of the migration of capillary endothelial cells to-
ward a positive angiogenic stimulus has correlated well with
the ability of a variety of agents to block neovascularization in
vivo (27, 28). Cells were plated on the bottom of a gelatinized
filter in a modified Boyden chamber and their migration to-
ward bFGF in the top well measured. In this assay captopril
was able to inhibit bFGF-induced migration at concentrations
ranging from 1 pM to 10 mM (Fig. 2). The dose-response
curve was biphasic, with a sharp drop in migration seen at cap-
topril concentrations < 10 uM, followed by a slower decline in
inhibitory activity as the concentration of captopril rose into
the millimolar range (Fig. 2 B). Control migrations using pro-
line, the parent compound for captopril, at 1 and 5 mM
showed no inhibition (data not shown). In the absence of stim-
ulatory bFGF, captopril had no effect on basal migration up to
concentrations of 5-10 mM (Fig. 2 A, left) indicating that it
was not toxic to the endothelial cells. In addition, viability, as

measured by trypan blue exclusion, did not fall when cells
were exposed to captopril concentrations up to 20 mM for the
3—4 h required for the migration assay.

Inhibition of migration showed some specificity for endothe-
lial cells, for doses of captopril ranging from 0.005 to 20 mM
failed to inhibit the migration of normal human foreskin fibro-
blasts toward bFGF and 5 mM captopril failed to block the mi-
gration of freshly isolated human neutrophils (29) toward the
chemoattractant f-met-leu-phe (data not shown). Basic FGF
stimulates both directional and random migration of endothe-
lial cells. A checkerboard analysis showed that millimolar
doses of captopril inhibited both the chemotaxis of cells mi-
grating up a gradient of bFGF (Fig. 3 A) and random chemo-
kinesis in the absence of the gradient in a dose-dependent
manner (shaded sections of Fig. 3 A). In patients taking capto-
pril, plasma concentrations do not exceed 15 wm (30). Even at
these low concentrations, captopril was still a potent inhibitor
of endothelial cell migration, exclusively blocking directional
chemotaxis (unshaded section of Fig. 3 B).

Mechanism of action of captopril on endothelial cells.
Angiotensin II, the product of ACE activity, can induce angio-
genesis in vivo (17-20). Since cultured endothelial cells can
contain the entire renin angiotensin system (31), it was possi-
ble that captopril suppressed endothelial cell migration by in-
hibiting ACE. But this did not seem to be the case for several
reasons. First, although exogenous angiotensin II could stimu-
late endothelial cell migration in our assay (Fig. 4), endoge-
nously produced compound did not play a major role for nei-
ther basal nor bFGF-induced migration was limited by
antagonists to angiotensin II receptor 1 or receptor 2, although
each was effective against exogenous angiotensin II (Fig. 4 and
5). The inhibition of migration by captopril was neither en-
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hanced or inhibited by these receptor blockers. Secondly, cap-
topril effectively inhibited migration induced by angiotensin II
itself (Fig. 5). Lisinopril and enalaprilat, ACE inhibitors that
resemble captopril in that they require no further metabolism
to be active, but differ in that they lack captopril’s free thiol
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Figure 7. Effect of captopril on the activity of gelatinases secreted by
capillary endothelial cells. (A) Serum-free media conditioned by bo-
vine adrenal capillary endothelial cells was run on a zymogram and
identical lanes were developed for enzyme activity in the presence of
the following concentrations of captopril: (1) 50 mM; (2) 25 mM; (3)
10 mM; (4) 5 mM; (5) 1 mM; (6) 0.1 mM; (7) and (8) no captopril. The
positions of the 72- and the 92-kD gelatinases are indicated. (B) The
ability of purified 72-kD gelatinase to digest collagen in a soluble as-
say system was measured in the presence of increasing concentrations
of captopril.
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group, were unable to block migration induced by angiotensin
II although they were effective against bFGF (Fig. 5). If capto-
pril were blocking migration by inhibiting angiotensin II pro-
duction, exogenous angiotensin II should have relieved this
block and not been inhibited itself. Penicillamine, an inhibitor
of neovascularization (32) structurally similar to captopril in
that it contains a free thiol but which had very little ACE in-
hibitory activity (IDs, for penicillamine inhibition of ACE was
1073 M compared to 107°-10~7 M for captopril; W.F. Ward,
unpublished data) behaved like captopril when tested in a sim-
ilar assay at 5 mM (data not shown).

The active thiol group present on captopril is not only es-
sential to its ability to inhibit Zn-dependent ACE but also en-
ables the drug to block some (33-35) but not all (36-38) other
enzymes with transition metals at their active sites. To deter-
mine if the thiol was essential to the inhibition of angiogenesis
by captopril, the drug was tested in the presence of increasing
concentrations of ZnCl, (Fig. 6). Although the presence of the
ion alone had no effect on basal migration or on the induction
of migration stimulated by bFGF, it was able to block the inhi-
bition of migration by captopril in a dose-dependent manner,
suggesting that inhibition of metal-dependent enzymes other
than ACE may be responsible for the effects of captopril on
endothelial cell behavior.

Captopril has previously been shown to block the activity
of two matrix metalloproteinases produced by kidney cells, an
action that could contribute to its renoprotective effects (33).
Similar enzymes secreted by endothelial cells have been
clearly shown to be essential for angiogenesis since inhibitors
specific for them block the migration of activated endothelial
cells in vitro and halt the formation of new vessels in vivo (39—
43). To determine if captopril could inhibit angiogenesis by in-
hibiting metalloproteinases secreted by endothelial cells, me-
dia conditioned by capillary endothelial cells were collected,
run out on a nondenaturing gel containing gelatin substrate,
and, after renaturing, the gel slices were assayed for enzyme
activity by zymography in the presence and absence of capto-
pril. Without drug, clear bands were seen where the 72- and
92-kD gelatinases had digested the substrate (Fig. 7 A, lanes 7
and 8). However, in the presence of increasing concentrations
of captopril, enzyme activity gradually decreased (Fig. 7 A,
lanes 6-1). To confirm these results, the effect of captopril on
the activity of the purified 72-kD gelatinase in a soluble assay
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was examined (Fig. 7 B), and again a dose-dependent inhibi-
tion was seen.

Captopril inhibition of tumors. If captopril is an effective
inhibitor of neovascularization in vivo, then systemic treat-
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ment with the drug might be expected to slow tumor develop-
ment, since active angiogenesis is essential for the progressive
growth of solid tumors beyond a diameter of a few millimeters
(44). This expectation was tested in two models. In one, a
chemically induced syngeneic rat fibrosarcoma was injected
subcutaneously into captopril-fed and control-fed rats. Tumor
growth was significantly retarded by the drug (Fig. 8). This in-
hibition is unlikely to be due to a direct effect of captopril on
the tumor cells themselves for they were able to clone with
> T75% efficiency in captopril concentrations from 1 pM to
1 mM (data not shown). If the slowing of tumor growth is in-
deed due to the inhibition of angiogenesis, then experimental
tumors developing in the presence of captopril would be ex-
pected to be affected by the drug only after they reach a size
where oxygen and nutrient diffusion becomes limiting, a size
defined experimentally as ~ 0.4 mm? for adenocarcinomas
growing in the mouse (45). Inhibition of cell division at a simi-
lar size was seen in diethylnitrosamine-induced foci of preneo-
plastic cells in rat liver using the Solt-Farber model (Fig. 9).
Mitoses per unit area in these foci were equivalent in treated
and untreated animals only until foci of cells reached an area
of between 0.4 and 0.5 mm?. In foci larger than this, numbers
of mitoses accelerated in the absence of the drug, but leveled
off in captopril-treated animals, as would be expected if
neovascularization was limiting.

Discussion

The data presented above clearly identify captopril as an effec-
tive inhibitor of angiogenesis. In vivo it prevented the induc-
tion of neovascularization in the rat cornea. It was effective
both locally and when administered orally. The ability of cap-
topril to block both directed chemotaxis and random chemoki-
nesis induced by angiogenic factors in cultured capillary endo-
thelial cells suggests that the drug acts directly on capillary
cells in the absence of accessory cells. Its failure to block the
migration of fibroblasts toward bFGF or of neutrophils toward
f-met-leu-phe indicates that it has some specificity for endothe-
lial cells and is not acting either by interfering with the access
of bFGF to its receptor or as a general inhibitor of the migra-
tory behavior of cells. The inhibition of endothelial cell migra-
tion by captopril at first seemed contrary to earlier reports
showing that captopril (46) and lisinopril (47) can stimulate the
migration of cultured large vessel endothelial cells away from a
confluent monolayer when a teflon fence restraining them is
removed. This stimulation of random migration occurred at
low micromolar concentrations of drug, reaching 154 % of con-
trol values after 6 d. It is likely that we did not see any stimula-
tion of random migration at similar doses because our assay
cells are microvascular and are exposed to drug for only 34 h.
It is possible that captopril is a slow acting stimulator of ran-
dom migration of cells cultured from large vessels but a fast
acting inhibitor of the directed chemotaxis induced by tumor
angiogenesis factors in capillary cells, the kind of movement
that is necessary for vessel growth toward developing tumors.
The ability of captopril to inhibit endothelial cell collagena-
ses may partially explain its antiangiogenic activity. These en-
zymes are induced in endothelial cells by angiogenic factors
(48) and localize to the leading edge of the migrating cell.
Their activity is essential for endothelial cell migration and for
a positive angiogenic response in a variety of in vivo models in-
cluding the cornea (39-43). We demonstrated inhibition of en-
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dothelial collagenases at millimolar concentrations of capto-
pril. Taking advantage of avidin-linked reagents, Sorbi et al.
(33) have shown that captopril can also inhibit the degradation
of type IV collagen by the 72- or the 92-kD gelatinases purified
from kidney cells at nanomolar concentrations that are well
within the levels achievable during systemic administration.
Although it is clear that metalloproteinase activity is essential
for new vessel formation (41-43), it is not yet possible to tell
whether the inhibition of these enzymes by captopril is a major
or minor contributor to the overall inhibition of angiogenesis
by the drug. Its antiangiogenic effects may result from the sum
of multiple activities, including, in addition to the inhibition of
metalloproteinases, the modulation of the production by vas-
cular tissue of a variety of molecules from NO to prostaglan-
dins (49-51) that also influence angiogenesis.

As might be expected from its ability to inhibit essential
metalloproteinases and depress chemotaxis at concentrations
achievable in vivo, systemic treatment of animals with capto-
pril inhibited corneal neovascularization and also had antitu-
mor effects. When rats were chronically dosed during an in
vivo carcinogenesis protocol, mitoses in the developing nests
of preneoplastic liver cells leveled off just as they reached a
size where tumor neovascularization becomes necessary. In
another model, systemic administration of captopril slowed
the overall growth of angiogenesis-dependent fibrosarcomas
growing subcutaneously. In longer term studies it has been
shown to significantly reduce the incidence of radiation-induced
sarcomas in rats (14).

Among patients on clinical trials captopril has been shown
to slightly lower the incidence of deaths due to cancer (3). Al-
though the overall effect was not statistically significant, it
could be an underestimate due to the fact that leukemias were
considered together with the more angiogenesis-dependent
solid tumors in calculating overall cancer deaths. Other anec-
dotal clinical effects are consistent with antiangiogenic effects
of captopril. For example, although the drug is not toxic to em-
bryo cultures (52), women taking it during pregnancy more
frequently bear babies that are undersize for gestational age
(53), a phenotype that could reflect a chronic deficit in placen-
tal or embryonic angiogenesis. These data coupled with those
presented in this paper raise the possibility that for many pa-
tients taking captopril for its hypotensive action, the drug may
have a hidden dividend, providing via its antiangiogenic activi-
ties a modest decrease in the incidence or severity of a variety
of angiogenesis-dependent diseases including neoplasia.
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