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We have examined the effects of the synthetic matrix
metalloproteinase inhibitor, batimastat (BB-94) and the an-
giotensin-converting enzyme inhibitor, captopril, on metallo-
proteinase activity of murine Lewis-lung-carcinoma cells (3LL)
in vitro, and on local growth and lung metastasis of the same
tumor implanted intramuscularly in syngeneic C57BL/6 mice.
The effect of BB-94 and captopril on the survival of the
3LL-tumor-bearing mice was also examined. Here we report
that captopril treatment resulted in decreased transcription
and protein levels of gelatinase A by 3LL cells. Both BB-94 and
captopril also prevented substrate degradation by gelatinase
A and B released in conditioned medium by cultured cells.
Treatment of tumor-bearing animals with BB-94 (i.p.) or
captopril (in drinking water) resulted in significant inhibition
of the mean tumor volume (25 and 33% respectively) and of
the mean lung metastasis number (26 and 29% respectively).
When both agents were given, they acted in synergy, result-
ing in 51 and 80% inhibition of tumor growth and metastasis.
The survival time of the mice treated with both BB-94 and
captopril was also significantly longer compared with the
groups treated with each agent alone or with the vehicle. Our
data support the hypothesis of an essential role of metallopro-
teinase(s) in the metastatic process. Moreover, blockade of
invasion, angiogenesis and other processes mediated by me-
talloproteinases may underlie the anti-tumor and anti-
metastatic effect of BB-94 and captopril and their combina-
tion. It is conceivable that this combination could be tested in
selected clinical conditions as an adjuvant modality to cyto-
toxic therapy. Int. J. Cancer 81:761–766, 1999.
r 1999 Wiley-Liss, Inc.

Matrix metalloproteinases (MMPs) are a multigene family of
enzymes involved in extracellular-matrix (ECM) degradation and
secreted by various cell lines in normal and pathological condi-
tions. The expression of MMPs and of their specific tissue
inhibitors (TIMPs) is controlled by growth factors and cytokines,
which either induce or repress transcription of MMP genes
(Birkedal-Hansen, 1995; Pronteraet al., 1996). Several classes of
enzymes, such as MMPs, that have been studied have been
implicated in tumor invasion. Among the MMPs, attention has
been focused on gelatinase A and gelatinase B, (also known as
MMP-2/MMP-9 and 72-kDa/92-kDa gelatinases) which specifi-
cally degrade the main structural component of the basement
membranes, type-IV collagen, considered to play a crucial role in
metastasis formation (Duffy, 1992). MMPs are involved in cell
invasion, migration and angiogenesis, and may be produced by
tumor cells or by stromal cells that degrade the extracellular matrix
around tumor cells (Liottaet al.,1991; Brown and Giavazzi, 1995).
MMPs are secreted in a soluble pro-enzyme form. The overall
activity of MMPs is regulated as a sequence of events which
includes pro-enzyme activation and interaction with the specific
inhibitors, TIMPs. The inhibition of invasion and metastasis in
cells transfected with the tissue inhibitors, TIMP-1 and TIMP-2,
have indirectly shown the role of MMPs in those processes
(DeClercket al.,1992). Thus, MMP-inhibiting drugs may be able
to suppress invasive and metastatic behavior of tumor cells.

Batimastat, known as BB-94, is a synthetic inhibitor of MMPs,
and was designed as an anti-invasive and anti-metastatic drug
(Brown and Giavazzi, 1995). It has been shown to inhibit lung
metastasis of B16 melanoma in mice (Chiriviet al.,1994) and local
and metastatic spread of human colon and breast cancers in nude
mice (Watsonet al.,1995; Sledgeet al.,1995). Moreover, BB-94

has been reported to reduce the angiogenic potential of murine
hemangioma (Tarabolettiet al.,1995).

Captopril, an inhibitor of the angiotensin-converting enzyme, is
widely used in the treatment of several cardiovascular diseases, due
to its ability to improve left ventricular function and reduce blood
pressure (ISIS-4, 1995). In addition, captopril has been reported to
affect atherogenesis, diabetic retinopathy and various tumor pro-
cesses by inhibiting new blood vessel growth (Jacksonet al.,
1992). Indeed, captopril inhibits endothelial-cell migration by
blocking the activity of Zn21-dependent metalloproteinases, such
as 72-kDa and 92-kDa gelatinases, required by endothelial cells to
respond to angiogenic stimuli (Volpertet al., 1996). Agents that
inhibit angiogenesis and extracellular-matrix degradation may
complement other anti-tumor therapies, such as chemotherapy, to
further inhibit tumor growth and metastatic spread (Teicheret al.,
1994).

Here, we have studied thein vitro and in vivo effects of BB-94
and captopril on MMPs secreted by 3LL cells. Our data show that
captopril decreased gelatinase-A protein level and gene expression.
Furthermore, captopril also prevented gelatin-substrate degrada-
tion by gelatinase A and B released in conditioned medium of cells
such as BB-94. Thein vivoeffects of combined therapy with BB-94
and captopril on 3LL tumor were also studied to establish whether
the combination of 2 different MMP inhibitors could be relevant in
reducing tumor invasion. Indeed, treatment with both BB-94 and
captopril significantly reduced 3LL-tumor growth and lung-
metastasis number and significantly prolonged survival in synge-
neic C57BL/6 mice implanted intramuscularly (i.m.) with 3LL
cells.

MATERIAL AND METHODS

Tumor cells

Lewis-lung-carcinoma cells (3LL) were propagated by i.m.
injection in female C57BL/6 mice. The 3LL cells were isolated
from primary tumor by digestion with collagenase (1 mg/ml) and
DNAse (0.1 mg/ml) and were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) plus 10% FCS, penicillin (100 units/ml),
streptomycin (100 units/ml) and L-glutamine (2 mM), all obtained
from GIBCO (Grand Island, NY). 3LL cells at the third to fourthin
vitro passage were seeded in 25-cm2 flasks (Costar, Cambridge,
MA) at a density of 23 105 and grown to confluence. The cells
were incubated for 24 hr in serum-free-DMEM with or without
captopril dissolved in sterile water, at the doses of 0.1 to 5 mM or
BB-94, dissolved in absolute ethanol at the concentration of 3 mM
(stock solution) and then diluted at the doses of 5 to 500 nM with
DMEM.
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Lewis-lung-carcinomain vivo model
3LL cells (53 104 cells/mouse) were injected i.m. in 5-week-old

female C57BL/6 mice, obtained from Charles River, Milan, Italy).
Animals were matched for age and weight in each experiment.

Drug preparation and schedule of treatment
BB-94 was generously provided by British Biotech (Oxford,

UK). It was suspended by sonication with PBS and 0.01%
Tween-80 (pH 7.2) at 3.0 mg/ml and given at a volume of 0.2
ml/mouse, corresponding to 30 mg/kg, and injected i.p. daily. This
dose gives therapeutic plasma concentration of about 20 ng/ml
after 24 hr (Brown and Giavazzi, 1995). Control mice received the
same volume of vehicle. Captopril was a generous gift from Dr.
G.B. Leproux (Bristol Meyers/Squibb, Rome, Italy). It was given at
the concentration of 0.4 mg/ml in drinking water, resulting in a
dose of 50 mg/kg per day. This dose has been reported to inhibit
angiogenesis and the growth of experimental tumors in rats
(Volpertet al.,1996).

Groups of 5 to 10 mice implanted i.m. with 3LL cells (53 104

cells/mouse) were treated with BB-94 (30 mg/kg), captopril (50
mg/kg) or with both agents at the same doses, from day 0 to day 21.
Control mice were treated with the vehicle alone. On days 15 and
21, 5 mice per group were killed by ether inhalation. Primary tumor
and lungs were then surgically resected, and tissue specimens were
snap-frozen in liquid nitrogen, then analyzed by gelatin zymogra-
phy and Western blot to detect 72-kDa-gelatinase activity and
protein expression. Lungs were fixed in Bouin’s solution and the
metastases were macroscopically counted. In parallel experiments,
diameter of the primary tumor was measured in groups of 10 mice,
twice a week with a caliper. At the end of treatments, the same mice
were left for evaluation of survival time.

Gelatin zymography
3LL cells (23 105/ml) were grown to confluence and then

incubated 24 hr in serum-free DMEM with appropriate treatments.
Conditioned medium was concentrated by centriprep MW 10,000
Da (Amicon, Beverly, MA). Specimens of tumor, muscle and lungs
of tumor-bearing and control mice were homogenized in non-
reducing sample buffer and centrifuged; the supernatant was
collected. They were also incubated for 3 hr in culture with DMEM
containing 10% of serum, then treated with captopril and BB-94 for
24 hr in serum-free DMEM. Protein concentrations in supernatants
and in conditioned medium were quantified using the Pierce
method. Equal amounts of protein were analyzed by zymography
on 10% polyacrylamide gels containing 1 mg/ml gelatin (Merck,
Darmstadt, Germany) as substrate. After electrophoresis, the gels
were rinsed twice in 2.5% Triton X-100 and incubated overnight in
substrate buffer (50 mM Tris-HCl, pH 8, containing 5 mM CaCl2
and 0.02% NaN3). Gels were stained with Coomassie brilliant blue
R-250 and de-stained with 20% methanol and 10% acetic acid in
distilled water.

In vitro inhibition of gelatinases A and B was obtained by adding
BB-94 and captopril to the buffer during the overnight incubation,
to prevent gelatinolytic activity. Gelatinases A and B were identi-
fied by molecular weight and inhibition of gelatinolytic activity
with the MMP inhibitor 1, 10-phenanthroline (Fluka, Buchs,
Switzerland) dissolved in the incubation buffer at a concentration
of 10 mM.

Western-blot analysis
Equal amounts of proteins from the cell or tumor-tissue superna-

tants were run on sodium-dodecyl-sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and electroblotted onto nitrocellulose
membranes. The membranes were pre-incubated with TBS buffer
(Tris 20 mM, NaCl 500 mM, pH 7.5) containing 5% skim-milk
powder, for 2 hr at room temperature, and then incubated overnight
at 4°C with a polyclonal antibody (2 µg/ml) against human 72-kDa
gelatinase, diluted in TBS containing 5% skim-milk powder, kindly
provided by Dr. W.G. Stetler-Stevenson (NCI, NIH, Bethesda,
MD). After extensive washing with TBS containing 0.1% skim-

milk powder and 0.1% Tween-20, membranes were incubated with
anti-rabbit-immunoglobulin peroxidase-conjugated antibodies (Cal-
biochem, La Jolla, CA) diluted 1:1000 for 1 hr at room tempera-
ture. Immunoblots were visualized by the enhanced chemolumines-
cence system (Amersham, Aylesbury, UK).

Northern-blot analysis
Total cellular RNA was isolated using the guanidinium-

isothiocyanate method. For Northern-blot analysis, 10 µg of total
RNA was separated by size on formaldehyde-agarose gels and
transferred overnight onto nitrocellulose filters. The filters were
pre-hybridized at 42°C for 3 hr in 50% formamide, 53 SSC, 0.1 M
sodium phosphate, 13 Denhardt’s solution (0.02% polyvinylpyr-
rolidone, 0.02% Ficoll and 0.02% BSA), and 250 µg/ml denatured
salmon sperm. Hybridization was performed at the same tempera-
ture, in buffer containing human32P-labeled cDNA probes, over-
night. Probes were radiolabeled with (a-32P)dCTP using a random
primer labeling kit (Amersham), specific for 72-kDa gelatinase,
TIMP-2 and 28 S. MMP-2-cDNA (1,582 bp) cloned into the KpnI
site of pGEM4Z vector (Promega, Madison, WI) was kindly
provided by British Biotech). TIMP-2 (675-bp), cloned into pGEM
vector, kindly provided by Dr. W.G. Stetler-Stevenson, was di-
gested with HindIII-EcoRI enzymes. 28S RNA was used as a
control for the amount of RNA transferred onto the nitrocellulose
filters. Membranes were washed in up to 0.13 SSC 1% SDS at
55°C and blots were exposed to Kodak XAR film at280°C with
intensifying screens. The relative mRNA levels on the nitrocellu-
lose filters were quantitated by Instant Imager (Canberra-Packard,
Zurich, Switzerland).

Statistical analysis
Data were examined using analysis of variance with Dunnett’s

t-test. Survival-time analysis was performed using the Kaplan-
Meier test. Hazard ratios, along with their 95% confidence intervals
(CI), were performed by the Cox proportional-hazards analysis.
The SAS (Cary, NC) statistical package was used.

RESULTS

Effect of captopril and BB-94 on gelatin-substrate degradation by
gelatinases A and B released in conditioned medium of 3LL cells

Samples from conditioned serum-free medium of 3LL cells were
run on a gelatin-zymography gel. Gelatinolytic activity was
analyzedin vitro by overnight gel incubation in a buffer containing
increasing concentrations of BB-94 (5 to 500 nM) and captopril (5
to 20 mM). Gelatinase-A and -B activity, released in 3LL condi-
tioned medium, was reduced by BB-94 at the concentrations of 50
and 500 nM, and by captopril at 20 mM (Fig. 1). Moreover, the 64-
and 62-kDa bands, representing the active forms of gelatinase A,
were also reduced in comparison with the control (Fig. 1).

Gelatinase-A expression
Cells treated with captopril at the dose of 5 mM showed a

decrease of the gelatinolytic activity of the gelatinase-A pro-
enzyme and of the 64- and 62-kDa active enzymes as compared
with untreated control samples (Fig. 2a, lanes 4, 1). Western-blot
analysis, using a specific polyclonal antibody, showed inhibition of
pro-gelatinase-A and gelatinase-A protein levels induced by capto-
pril at the same dose (Fig. 2b, lanes 4, 1). Complete inhibition of
gelatinase-A activity and of protein levels was achieved by
incubation of 3LL cells with 10 to 20 mM of captopril (data not
shown).

Northern-blot analysis, in the same experimental conditions,
showed inhibition of gelatinase-A expression with 5 and 10 mM of
captopril (Fig. 3a, lanes 2, 3) compared with the control (lane 1).
TIMP-2 mRNA of 3.5 kb and 1.0 kb was also decreased (Fig. 3b,
lanes 2, 3).

Tissue gelatinase activity and protein levels
We compared gelatinolytic activity and protein levels of gelatin-

ase A (72-, 64- and 62-kDa bands) in the supernatants of primary
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tumors and normal muscle specimens (Fig. 4, lanes 1, 2), lungs
with metastatic tumor deposits and normal lung specimens (lanes 3,
4) of tumor-bearing or normal mice respectively, at day 15 after
3LL-cell implantation and treatments.

Enzymatic activity of gelatinases A and B, as well as the amount
of activated enzyme, was higher in the untreated tumor than in
adjacent normal muscle. Lung specimens, containing metastatic
tumor deposits, had increased gelatinase B compared with normal
lungs, as assessed by zymography (Fig. 4a).

Western-blot analysis showed higher gelatinase A protein levels
in tumors compared to muscles (Fig. 4b). Gelatinase A activity and
protein levels in the lungs were unchanged (Fig. 4a,b). Incubation
with the specific gelatinase inhibitor 1,10 phenanthroline (10 mM)
inhibited the activity of all the samples (Fig. 4c). To determine
whether both agents were effective in the Lewis-lung-carcinoma
model, we treated tumor and lung specimens containing metastatic
tumor deposits for 24 hr with BB-94 (50 to 250 nM) and captopril
(10 to 20 mM). BB-94 did not modify 3LL tumor and lung-
associated gelatinolytic activity, confirming its direct and revers-
ible action on the zinc-related active site of MMPs. In contrast,
captopril at 20 mM decreased gelatinolytic activity of both
gelatinase A (40% by 64 kDa and 80% by 62 kDa) and pro-
gelatinase B (30%) compared with the control tumor specimens
(Fig. 5a, lanes 3, 1),in vitro. At the same concentration, captopril
decreased gelatinolitic activity of lung specimens containing
metastatic deposits (Fig. 5b, lanes 3, 1).

Tumor growth
Female C57BL/6 mice were injected i.m. with 3LL cells

(5 3 104 cells/mouse). Mice were randomized to 4 experimental
groups of 10 mice, and treated as follows: vehicle (controls),

batimastat (30 mg/kg i.p.), captopril (50 mg/kg in the drinking
water) and association of BB-94 and captopril, at the same doses,
from day 0 to day 21 after 3LL-tumor implantation, as shown in
Figure 6. At the end of treatments, we observed a mean tumor
volume reduction of 25% by BB-94 (2.9 cm3 6 0.22,p , 0.001)
and 33% by captopril (2.61 cm3 6 0.11,p , 0.001), as compared
with the vehicle-treated group (control, 3.9 cm3 6 0.26). The
combined therapy with both agents was significantly more effective
(51%) than with either agent alone (BB-94/captopril, 1.89
cm3 6 0.11, p , 0.001 compared with the vehicle-treated mice).
Moreover, the combined therapy was statistically significant com-
pared with single agents. Mean tumor-volume reduction with both
agents was 35% as compared with BB-94 and 28% as compared
with captopril (p , 0.05). These results are representative of 2
different experiments.

Spontaneous lung metastases
The murine Lewis lung carcinoma is known to produce sponta-

neous lung metastases. To determine whether treatment with

FIGURE 1 – Gelatinolytic activity from 3LL-cell-conditioned medium was inhibited by BB-94 at concentrations between 5 and 500 nM, and by
captopril at concentrations between 5 and 20 mM. During the gelatinolytic incubation period, the gels were incubated with buffer containing
BB-94 or captopril, at the above-indicated doses. These data are representative of 3 experiments.

FIGURE 2 – Zymographic analysis of gelatinase activity(a) from
conditioned medium of 3LL cells treated for 24 hr with captopril at
concentrations of 0.1 mM (lane 2), 1 mM (lane 3), 5 mM (lane 4). Lane
1 is the control sample.(b) shows Western-blot analysis, in the same
experimental conditions, where captopril, at the dose of 5 mM, was
also able to decrease the gelatinase-A pro-enzyme and the active bands
at 64 and 62 kDa (lane 4) as compared with the control (lane 1). These
data are representative of 3 experiments.

FIGURE 3 – mRNA expression of gelatinase A and TIMP-2 by 3LL
cells treated with captopril up to 24 hr. Treated and untreated cells were
harvested after 24 hr and RNA was analyzed by Northern blot to detect
gelatinase-A and TIMP-2 expression. Equal amounts of total RNA (10
µg) were loaded on 15% agarose gel, blotted to membrane and probed
with gelatinase A, TIMP-2 and 28S. Lane 1, control; lane 2, captopril 5
mM; lane 3, captopril 10 mM. The relative mRNA levels were
quantitated by Instat Imager (Canberra-Packard), and values are shown
after correction for variations in rRNA (28 S).(a) Gelatinase A;(b)
TIMP-2/3.5 kb;(c) TIMP-2/1.0 kb. The data shown are representative
of 3 experiments.
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batimastat and captopril also reduced the number and/or growth of
lung metastases, groups of 5-mice were implanted with 3LL cells
and killed on day 21 to count lung-metastasis number by the
macroscopic counting method. Figure 7 shows that captopril
reduced the mean lung-metastasis number by 26% (606 19.4 S.E.)
and BB-94 reduced it by 29% (586 13.5 S.E.), as compared with
vehicle-treated mice (81.46 10.3 S.E.). Combined therapy with
batimastat and captopril reduced the mean number of lung metasta-
ses by 80% (16.46 3.2 S.E.,p , 0.05) as compared with the
control group.

Survival time
At the end of treatments, the groups of 10 mice implanted with

3LL cells, after measurements of tumor volume, were left for
evaluation of survival time. As shown in Figure 8, treatment with
captopril or BB-94 alone resulted in a slight prolongation of
survival time, whereas, when given in combination, they signifi-
cantly increased survival time (Kaplan-Meier approach). Hazard
ratios of the group of mice treated with both agents were 0.27 (95%
CI, 0.14 to 0.54;p , 0.001). The 50% mortality rate was at day 28
for the vehicle-treated group and the BB-94-treated group, at day
30 for the captopril-treated group and at day 35 for the group that
received combined treatment.

DISCUSSION

Matrix metalloproteinases are considered to play a crucial role in
tumor invasion and metastasis as well as in new blood-vessel

FIGURE 4 – Zymographic analysis of surnatant from homogenized
specimens of tumor, muscle and lungs of tumor-bearing and control
mice (a). We compared gelatinase-A and -B activity of tumor
specimens (lane 1) with that of normal muscle (lane 2) and of normal
lung specimens (lane 4) and lungs with metastatic deposits (lane 3). In
the same experimental condition(b), we analyzed, by Western blot,
protein levels of gelatinase A in primary tumor (lane 1) and in muscle
(lane 2) also in normal lungs (lane 4) and in lungs containing metastatic
deposits (lane 3).(c) shows the gel incubated in the presence of the
broad-spectrum MMP inhibitor, 1, 10 phenanthroline (10 mM). These
data are representative of 3 experiments.

FIGURE 5 – Zymographic analysis of gelatinases A and B from
conditioned medium of 3LL tumor specimens(a) and lung specimens
containing metastatic tumor deposits(b), treated for 24 hr with
captopril at concentrations of 10 mM (lane 2), 20 mM (lane 3) and with
BB-94 at concentrations of 50 nM (lane 4) and 250 nM (lane 5). Lane 1
is the control sample. Results are representative of 2 different
experiments.

FIGURE 6 – Inhibition of i.m. injected 3LL cells (53 104 cells/
mouse). Tumor-bearing mice (10 mice per group) were treated with
vehicle (h), BB-94 (30 mg/Kg i.p.j), captopril (50 mg/kg in drinking
water s,) and with BB-94 and captopril combined (d) at the same
doses from day 0 to day 21 after tumor implantation. Results are the
mean volume of tumor1 S.D. Both single and combined therapy, at
day 21, resulted in significant reduction in the mean tumor volume
(*Dunnett’s t-test:p , 0.001). Results are representative of 2 different
experiments.
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formation (Birkedal-Hansen, 1995). Here we have studied the
effect of BB-94, a MMP inhibitor, and of captopril, an angiotensin-
converting enzyme inhibitor, onin vitro and in vivo MMP
expression and tumor growth of Lewis lung carcinoma. The
well-characterized Lewis-lung-carcinoma model was chosen for
these studies because the tumor is relatively resistant to many
cancer therapies, and spontaneously metastasizes to the lungs.

BB-94 is a broad-spectrum reversible inhibitor, active at nanomo-
lar concentrations against the Zn-related site of MMPs, and shows
little activity against the angiotensin-converting enzyme (Brown
and Giavazzi, 1995). Moreover, BB-94 was able to reduce the
angiogenic potential of a murine hemangioma (Tarabolettiet al.,
1995). The ability of captopril, mainly known as an inhibitor of the
angiotensin-converting enzyme, to inhibit cell-associated gelatin-
ase activity and new blood-vessel formation, has been demon-
strated in capillary endothelial cells (Volpertet al.,1996).

In agreement with these authors, we found that the gelatinolytic
activity of 3LL cells was inhibited by both BB-94 and captoprilin
vitro, showing that they were able to block the zinc-related active
site of MMPs.

It is important to note that captopril reduced expression of
gelatinase A mainly released by 3LL cells at transcriptional and
post-transcriptional level, as shown by Western-blot and Northern-
blot analysesin vitro. Therefore, in contrast with BB-94, captopril
appears to be an inhibitor of gelatinase-A synthesis. The catalytic
activity of gelatinase A is tightly regulated. Like other MMPs, it is
secreted as an inactive pro-enzyme, and tumor spread is correlated
with increased levels of the activated enzyme. Gelatinase A is
produced at low levels by normal cells, but is dramatically
over-expressed in many invasive, metastatic human cancers and
murine tumors, such as the Lewis lung carcinoma (Andersonet al.,
1996).

We show that the 3LL primary tumor increased gelatinases A and
B and their active forms, as compared with normal muscle. Lung
specimens containing metastatic tumor deposits had higher levels
of gelatinase B than normal lungs, whereas gelatinase A was
unchanged. Only traces of gelatinase B were released in condi-
tioned medium of 3LL cells. On the other hand, high levels of
gelatinase B were found in tumor tissue and metastatic lung. This
observation could be explained by the necessity of 3LL cells to be
in contact with other stromal cells in the tumor mass, in order to
express gelatinase B. Once the gelatinase B is activated by
gelatinase A and set free from its inhibitor TIMP, it may operate
within the connective-tissue compartment as well as in the
basement membrane of the extracellular matrix (Bernhardet al.,
1994; Fridmanet al.,1995). Indeed, gelatinase A has been closely
linked to the invasive phenotype of cancer cells (Ray and Stetler-
Stevenson, 1995).

Noel et al. (1998) have demonstrated a crucial role of stromal
MMPs in tumor progression. This hypothesis was supported by
observations that several MMPs, including interstitial collagenase,
stromelysin-3 and gelatinases A and B, involved in tumor progres-
sion, are produced not only by cancer cells, but also by stromal
cells (Heppneret al.,1996). Moreover, the interaction of cells with
the extracellular matrix, and the localization of gelatinase A to the
surface of invasive cells by interaction with integrinavb3, play an
important role in the regulation of cell behavior (Brookset al.,
1996).

On the basis of ourin vitro data, we investigated the effects on
murine Lewis lung carcinoma of single and combined therapy with
BB-94 and captoprilin vivo. Combined therapy with BB-94 and
captopril was able to affect 3LL primary tumor volume, metastasis
number and survival time. The strong anti-tumor effect of the
combination of BB-94 and captopril in the Lewis-lung-carcinoma
model may be due to the inhibition of tumor-cell-associated
gelatinases A and B, but also to the inhibition of neo-angiogenesis.
In fact, we observed a reduction of new vessel formation around the
tumor in the groups of mice treated with both agents, as compared
with control mice. Although it has been demonstrated that metallo-
proteinase activity is essential for new vessel formation (Tarabo-
letti et al.,1995; Volpertet al.,1996), it is difficult to evaluate the
relative contribution of metalloproteinase inhibition in the ability
of captopril to inhibit angiogenesis. The mechanism(s) underlying
the important effects of combined therapy with captopril and
BB-94 has/have not yet been defined. In this context, it is worth

FIGURE 7 – Inhibition of lung metastasis number induced by murine
Lewis lung carcinoma in mice. Tumor-bearing-mice were treated with
BB-94 (30 mg/kg i. p.) and captopril (50 mg/kg in drinking water) and
with both agents at the same doses, their combined effect being
compared with control mice. Results are the mean of lung metastasis
number6 ES. of 5 lungs per group removed at day 21 of therapy
(*Dunnett’s t-test: p , 0.01). These data are representative of 2
different experiments.

FIGURE 8 – Survival curve for mice bearing murine Lewis lung
carcinoma. Mice were treated with vehicle, with BB-94 (30 mg/kg
i.p.), with captopril (50 mg/kg in drinking water) or with both BB-94
and captopril daily from day 0 to day 21 after tumor implantation (as
described in ‘‘Material and Methods’’); subsequently the animals were
observed to evaluate survival. Results are the mean of 10 animals per
group and are representative of 2 experiments. Hazard ratios of the
group treated with both BB-94 and captopril were 0.27 (95% C.I 0.14
to 0.54;p , 0.001).
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mentioning that, in a retrospective cohort study, the risk of cancer
was found to be reduced in patients receiving acetyl-converting
enzyme inhibitors (Leveret al.,1998).

The most straightforward explanation for our findings is that
both agents act by inhibiting the breakdown of the extracellular
matrix by tumor-induced MMPs. Agents that either decrease
angiogenesis and/or inhibit MMPs can offer an alternative ap-
proach to arresting neoplastic progression at the stage of hyper-
proliferative non-invasive cancer. Cytotoxic therapy is often fol-
lowed by relapse; on the contrary, cytostatic therapy can potentially
retard recurrence and prolong survival (Kohn and Liotta, 1995).

In conclusion, we have observed that captopril inhibits the
expression of gelatinase A released by 3LL cells. Moreover, like
BB-94, it blocks the zinc-related active site of gelatinases A and B.
We have shown, in contrast, that the combination of BB-94 and

captopril in vivo induced strong inhibition of 3LL primary tumor,
reduced lung metastasis number and prolonged survival time. It is
therefore suggested that the effects detectedin vitro on gelatinase
production by tumor cells may represent one of the possible
mechanisms (inhibition through metalloproteases of angiogenesis)
of the anti-tumor effect observedin vivo.

ACKNOWLEDGEMENTS

We thank Dr. M.B. Donati for helpful discussions, Dr. R.
Marchioli and Dr. A. Di Castelnuovo for statistical analysis, M.P.
De Simone for English editing, R. Bertazzi, P. Di Nardo, and the
staff of the Gustavus A. Pfeiffer Memorial Library for their
valuable contributions in editing the manuscript.

REFERENCES

ANDERSON, I.C., SHIPP, M.A., DOCHERTY, A.J.P. and TEICHER, B.A.,
Combination therapy including a gelatinase inhibitor and cytotoxic agent
reduces local invasion and metastasis of murine Lewis lung carcinoma.
Cancer Res.,56,715–718 (1996).
BERNHARD, E.J., GRUBER, S.B. and MUSCHEL, R.J., Direct evidence linking
expression of matrix metalloproteinase 9 (92-kDa gelatinase/collagenase)
to the metastatic phenotype in transformed rat embryo cells.Proc. nat.
Acad. Sci. (Wash.),91,4293–4297 (1994).
BIRKEDAL-HANSEN, H., Proteolytic remodeling of extracellular matrix.
Curr. Opin. Cell Biol.,7, 728–735 (1995).
BROOKS, P.C., STROMBLAD, S., SANDERS, L.C.,VON SCHALSCHA, T.L., AIMES,
R.T., STETLER-STEVENSON, W.G., QUIGLEY, J.P. and CHERESH, D.A., Local-
ization of matrix metalloproteinase MMP-2 to the surface of invasive cells
by interaction with integrinavb3. Cell, 85,683–693 (1996).
BROWN, P.D. and GIAVAZZI , R., Matrix metalloproteinase inhibition: a
review of anti-tumour activity.Ann. Oncol.,6, 967–974 (1995).
CHIRIVI , R.G.S., GAROFALO, A., CRIMMIN , M.J., BAWDEN, L.J., STOPPAC-
CIARO, A., BROWN, P.D. and GIAVAZZI , R., Inhibition of the metastatic
spread and growth of B16-BL6 murine melanoma by a synthetic matrix
metalloproteinase inhibitor.Int. J. Cancer,58,460–464 (1994).
DECLERCK, Y.A., PEREZ, N., SHIMADA , H., BOONE, T.C., LANGLEY, K.E. and
TAYLOR, S.M., Inhibition of invasion and metastasis in cells transfected with
an inhibitor of metalloproteinases.Cancer Res.,52,701–708 (1992).
DUFFY, M.J., The role of proteolytic enzyme in cancer invasion and
metastasis.Clin. exp. Metastasis,10,145–155 (1992).
FRIDMAN, R., TOTH, M., PENA, D. and MOBASHERY, S., Activation of
progelatinase B (MMP-9) by gelatinase A (MMP-2).Cancer Res.,55,
2548–2555 (1995).
HEPPNER, K.J., MATRISIAN, L.M., JENSEN, R.A. and RODGERS, W.H.,
Expression of most matrix metalloproteinase family members in breast
cancer represents a tumor-induced host response.Amer. J. Pathol.,149,
273–282 (1996).
ISIS-4 (FOURTH INTERNATIONAL STUDY OF INFARCT SURVIVAL ) COLLABORA-
TIVE GROUP, ISIS-4: a randomised factorial trial assessing early oral
captopril, oral mononitrate and intravenous magnesium sulphate in 58,050
patients with suspected acute myocardial infarction.Lancet,345,669–685
(1995).
JACKSON, W.E., HOLMES, D.L., GARG, S.K., HARRIS, S. and CHASE, H.P.,
Angiotensin-converting enzyme inhibitor therapy and diabetic retinopathy.
Ann. Opthalmol.,24,99–103 (1992).

KOHN, E.C. and LIOTTA, L.A., Molecular insights into cancer invasion:
strategies for prevention and intervention.Cancer Res.,55, 1856–1862
(1995).

LEVER, A.F., HOLE, D.J., GILLIS, C.R., MCCALLUM , I.R., MCINNES, G.T.,
MACKINNON, P.L., MEREDITH, P.A., REID, J.L. and ROBERTSON, J.W.K., Do
inhibitors of angiotensin-I-converting enzyme protect against risk of
cancer?Lancet,352,179–184 (1998).

LIOTTA, L.A., STEEG, P.S. and STETLER-STEVENSON, W.G., Cancer metasta-
sis and and angiogenesis: an imbalance of positive and negative regulation.
Cell, 64,327–336 (1991).

NOEL, A., HAJITOU, A., L’H OIR, C., MAQUOI, E., BARAMOVA , E., LEWALLE,
J.-M., REMACLE, A., KEBERS, F., BROWN, P., CALDBERG-BACQ, M. and
FOIDART, J.-M., Inhibition of stromal matrix metalloproteases: effects on
breast-tumor promotion by fibroblasts.Int. J. Cancer,76,267–273 (1998).

PRONTERA, C., CRESCENZI, G. and ROTILIO, D., Inhibition by interleukin-4 of
stromelysin expression in human skin fibroblasts: role of PKC.Exp. Cell
Res.,224,183–188 (1996).

RAY, J.M. and STETLER-STEVENSON, W.G., Gelatinase-A activity directly
modulates melanoma cell adhesion and spreading.EMBO J.,14, 908–917
(1995).

SLEDGE, G.W., JR., QULALI , M., GOULET, R., BONE, E.A. and FIFE, R., Effect
of matrix-metalloproteinase inhibitor batimastat on breast cancer regrowth
and metastasis in athymic mice.J. nat. Cancer Inst.,87,1546–1550 (1995).

TARABOLETTI, G., GAROFALO, A., BELOTTI, D., DRUDIS, T., BORSOTTI, P.,
SCANZIANI , E., BROWN, P.D. and GIAVAZZI , R., Inhibition of angiogenesis
and murine hemangioma growth by batimastat, a synthetic inhibitor of
matrix metalloproteinases.J. nat. Cancer Inst.,87,293–298 (1995).

TEICHER, B.A., HOLDEN, S.A., ARA, G., ALVAREZ SOTOMAYOR, E., HUANG,
Z.D., CHEN, Y.-N. and BREM, H., Potentiation of cytotoxic cancer therapies
by TNP-470 alone and with other anti-angiogenic agents.Int. J. Cancer,57,
920–925 (1994).

VOLPERT, O.V., WARD, W.F., LINGEN, M.W., CHESLER, L., SOLT, D.B.,
JOHNSON, M.D., MOLTENI, A., POLVERINI, P.J. and BOUCK, N.P., Captopril
inhibits angiogenesis and slows the growth of experimental tumors in rats.
J. clin. Invest.,98,671–679 (1996).

WATSON, S.A., MORRIS, T.M., ROBINSON, G., CRIMMIN , M.J., BROWN, P.D.
and HARDCASTLE, J.D., Inhibition of organ invasion by the matrix-
metalloproteinase inhibitor batimastat (BB-94) in two human colon-
carcinoma metastasis models.Cancer Res.,55,3629–3633 (1995).

766 PRONTERAET AL.


	MATERIAL AND METHODS
	RESULTS
	 Figure 1
	 Figure 2
	 Figure 3
	 Figure 4
	 Figure 5
	 Figure 6
	 Figure 7
	 Figure 8

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES

