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ABSTRACT

We describe a new inhibitor of angiogenesis, minocycline, a semisyn-
thetic tetracycline antimicrobial with anticollagenase properties. Mino-
cycline was incorporated into controlled release polymers and tested in
the rabbit cornea against neovascularization in the presence of the VX2
carcinoma. Inhibition by minocycline was shown to be comparable to that
of the combination of heparin and cortisone, a potent inhibitor of angio-
genesis. Minocycline decreased tumor-induced angiogenesis by a factor
of 4.5, 4.4, and 2.9 at 7, 14, and 21 days, respectively. At the end of the
experiment, whereas the corneas with empty polymers had large, inva-
sive, exophytic tumors, none of the corneas with minocycline had such
vascular masses. Recently, studies of agents that disrupt collagen synthe-
sis and deposition have yielded several new angiogenesis inhibitors. We
suggest that investigation of agents that disrupt collagenolysis may
similarly identify other angiogenesis inhibitors and further clarify the
mechanisms of angiogenesis.

INTRODUCTION

Angiogenesis, the proliferation and migration of endothelial
cells that result in the formation of new blood vessels, is an
essential event in a wide variety of normal and pathological
processes. For example, angiogenesis plays a critical role in
embryogenesis, wound healing, psoriasis, diabetic retinopathy,
and tumor formation (1-4). Indeed, because angiogenesis ap-
pears to be a prerequisite of exponential tumor growth in the
brain, we became interested in agents that inhibit angiogenesis
in attempts to inhibit tumor growth by this means. Moreover,
identification of several agents that inhibit tumor angiogenesis
has provided a conceptual framework for the understanding of
angiogenesis in general. The inhibition of angiogenesis by cer-
tain steroids and heparin derivatives (5, 6) led to studies eluci-
dating the crucial role of remodeling of the extracellular matrix
in angiogenesis. These agents apparently prevent angiogenesis
by specifically disrupting the deposition and cross-linking of
collagen (6).

Theoretically, since remodeling of the extracellular matrix
can also be disrupted by preventing collagen breakdown, angi-
ogenesis could similarly be disturbed by inhibitors of collagen-
ase. There is precedence for such a supposition since cartilage,
the first inhibitor of angiogenesis to be described (7), was shown
to contain an inhibitor of collagenase (8-10). We therefore
chose to investigate minocycline, a semisynthetic tetracycline
antimicrobial (11, 12) with secondarily discovered anticollagen-
ase properties (13-16), to determine whether it could inhibit
angiogenesis.
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MATERIALS AND METHODS

Putative inhibitors of angiogenesis, impregnated into controlled re-
lease polymers, were assessed in the rabbit cornea, which allows direct,
quantitative observation of neovascularization.

Animals. New Zealand White rabbits weighing about 1.5-2.5 kg were
obtained from Bunnyville Farm (Littlestown, PA), kept in standard
animal facilities, 1 animal/cage, and given free access to food and water.

Anesthesia. For the corneal implantations, subsequent stereomicros-
copic examinations, and serial transplantation of the VX2 tumor in the
thigh, the animals were anesthetized with a mixture of xylazine, 15-17
mg/kg, and ketamine, 15-17 mg/kg, injected i.m.

VX2 Rabbit Carcinoma. The VX2 carcinoma (17), a serially trans-
plantable tumor syngeneic to the New Zealand White rabbit, was
propagated by serial transplantation in the flank of New Zealand White
rabbits.

Test Substances and Polymer Preparation. Ethylene-vinyl acetate co-
polymer (18) (40% vinyl acetate by weight, Elvax 40P) was obtained
from the Du Pont Co., Wilmington, DE. The polymer was washed
extensively in absolute ethyl alcohol, with total volume changes every
24 h, to extract the inflammatory antioxidant butylhydroxytoluene.
The presence of butylhydroxytoluene in the wash was monitored spec-
trophotometrically at 230 nm, and the washes were continued until the
absorbance fell below 0.03 unit. The polymers were then dried in a
vacuum desiccator for S days.

The agents to be tested for angiogenesis inhibition were incorporated
into the EVAc* matrix by a modification of the fabrication procedure
described by Rhine et al. (19). Minocycline and heparin crystals were
ground to a fine powder and sieved through a 200 mesh (74 um) screen
in a Cellector tissue sieve (Bellco Glass, Inc., Vineland, NJ), to obtain
a uniform sample consisting of particles less than 75 um in diameter.
The final concentrations (w/w) of the angiogenesis inhibitors in the
polymers were: (@) minocycline hydrochloride (Sigma Chemical Co.,
St. Louis, MO), 10 and 20%; (b) cortisone acetate (Sigma Chemical
Co.), 7.5 and 27%; (c) and heparin (Hepar Inc., Franklin, OH) and
cortisone acetate, 15 and 30% combined loading, with a fixed 1:8
heparin:cortisone ratio. No significant differences were observed in the
degree of angiogenesis inhibition between the two loading levels for
each drug.

Rabbit Cornea Angiogenesis Assay. The inhibition of angiogenesis
was determined by assaying the degree of angiogenesis in the rabbit
cornea in the presence of specified inhibitors (8, 9, 20). The cornea
provides an avascular matrix into which blood vessels grow and can be
quantitated. A total of 116 corneas were implanted as follows: 50
corneas with VX2 carcinoma and empty polymer; 16 with VX2 carci-
noma and minocycline polymer; 14 with VX2 carcinoma and heparin/
cortisone polymers; and 36 with VX2 carcinoma and cortisone poly-
mers. Five corneas were excluded from the study: three became infected,
one lost its polymeric implant, and one was lost when the rabbit died
prior to the first reading on day 7. The corneas were examined with a
Zeiss slit lamp stereomicroscope (Carl Zeiss, Inc., Thornwood, NY) on
days 7, 14, and 21 after implantation. A total of 111 corneas were
evaluated on days 7 and 14, and 77 corneas were assessed on day 21.
The angiogenesis response was quantitated by measuring both vessel
length and vessel number to provide an angiogenesis index. For vessel
length, the span of the blood vessels from the corneo-scleral junction
to the leading edge of the new blood vessel front was measured with an
ocular microscale eyepiece. The number of blood vessels present was
designated, based on the following 4-level scale: 0, 0 vessels; 1, 1-10
vessels; 2, >10 vessels, loosely packed so that details of the iris could

* The abbreviation used is: EV Ac, ethylene-vinyl acetate copolymer.
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be observed through the gaps between the vessels; and 3, >10 vessels,
tightly packed so that the iris could not be seen through the gaps
between the vessels. An angiogenesis index was then determined as
follows:

Angiogenesis index = vessel length X vessel density

Histological Examination of Corneas. The rabbits were sacrificed after
the last stereomicroscopic examination on day 21 by the i.v. adminis-
tration of T-61 Euthanasia Solution (Taylor Pharmacal Co., Decatur,
IL). Representative corneas were removed and placed in phosphate-
buffered formalin for 10-14 days, embedded in paraffin, sectioned with
a microtome, and stained with hematoxylin and eosin for histological
examination.

Statistical Analysis. The angiogenesis indexes for the four groups
were compared by using the Kruskal-Wallis test for nonparametric
single factor analysis of variance and the Newman-Keuls nonparametric
analogue for multiple comparisons (21). Independent analyses were
carried out for group values on days 7, 14, and 21.

RESULTS

Tumor angiogenesis was significantly inhibited (P < 0.05) by
the controlled release of minocycline, cortisone alone, and the
combination of heparin and cortisone at 7, 14, and 21 days
after implantation (Fig. 1). The degrees of inhibition obtained
with the three agents were comparable; there were no statisti-
cally significant differences among the three inhibitors at any
time. Minocycline decreased tumor-induced angiogenesis by a
factor of 4.5, 4.4, and 2.9 at 7, 14, and 21 days, respectively.
At the end of the experiment, whereas the corneas with empty
polymers had large, invasive, exophytic tumors, none of the
corneas with minocycline had such vascular masses (Fig. 2).
When implanted alone in the cornea, the polymers containing
minocycline, cortisone, and the combination of heparin and
cortisone did not induce angiogenesis. Polymers containing
heparin alone, however, were noted to promote a mild angi-
ogenic response in the cornea.

Histological examination of the corneas with tumor and
minocycline-EVAc polymers confirmed the presence of viable
tumor adjacent to the polymer, surviving in an avascular state
by day 21 (Fig. 2).
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Fig. 1. Inhibition of tumor angiogenesis in the rabbit cornea in the presence
of minocycline, cortisone, and the combination of heparin and cortisone. Points,
mean; bars, SEM.

DISCUSSION

The present study was designed to determine whether mino-
cycline, a semisynthetic tetracycline with anticollagenase activ-
ity, was an inhibitor of tumor angiogenesis in the rabbit cornea.
We found that minocycline inhibited angiogenesis to an extent
comparable to that of the combination of heparin and cortisone.
Histological evidence of viable tumor adjacent to the minocy-
cline-EVAc matrix at 21 days suggests that minocycline itself,
as previously reported, is not directly cytotoxic to mammalian
cells (22). Preliminary data from our laboratory shows that in
vitro minocycline significantly prolongs the doubling time of
bovine retinal endothelial cells but not C6 glioma, F98 glioma,
or 9L gliosarcoma tumor lines. We are currently exploring the
optimal route of administration. In the present study, the
combination of heparin and cortisone was only slightly better
than cortisone alone at the three time points and the difference
was not significant. This result is consistent with published
reports describing the variability in the antiangiogenesis syn-
ergism between heparin and steroids, which may be a result of
the chemical heterogeneity among the different types of hepa-
rin. Whereas several groups have reported that heparin en-
hanced the antiangiogenesis effect of steroids, other groups
have not noted this synergism (23).

The original description of angiogenesis inhibition in the
presence of cartilage (7-9) led to the isolation and purification
from bovine cartilage of a protein fraction that not only inhib-
ited angiogenesis but inhibited protease activity (10). Subse-
quently, an extract derived from the vitreous of rabbits was
shown also to inhibit tumor angiogenesis (24). The demonstra-
tion that heparin alone enhanced the angiogenesis response
buttressed the hypothesis that heparin produced by mast cells
that had migrated to the tumor site facilitated the development
of new capillaries (25).

Recent studies on inhibition of angiogenesis have highlighted
the importance of enzyme-mediated remodeling of the extra-
cellular matrix in capillary growth and proliferation (5, 6, 23,
26-28). It has been suggested that the steroid-heparin combi-
nation is involved in the dissolution of the capillary basement
membrane by inhibiting the deposition or cross-linking of col-
lagen (6, 27). The isolation of a collagenase inhibitor from
cartilage (8-10), the first source of an angiogenesis inhibitor
(7), was of interest since it suggested that angiogenesis may be
inhibited not only by disrupting collagen deposition, but also
by interrupting collagen breakdown. It is possible that a com-
bination of agents that interfere with both the anabolic and
catabolic phases of collagen metabolism will prove even more
effective in halting tumor angiogenesis. For these reasons we
considered that it would be of interest to examine the effects of
minocycline on angiogenesis.

Minocycline is one of the semisynthetic tetracyclines, first
described in 1967, derived from the naturally produced parent
compounds chlortetracycline and oxytetracycline (11, 12). The
tetracyclines are effective against a broad range of pathogens
(29). They bind to the bacterial 30S ribosome, block access of
the aminoacyl tRNA to the binding site on the mRNA-ribosome
complex, and thus inhibit protein synthesis by preventing the
addition of amino acids to the growing peptide chain. The
tetracyclines usually spare protein synthesis in mammalian
cells, however, since these cells lack the active transport system
found in bacteria (22).

Minocycline inhibits collagenase activity directly by a mech-
anism unrelated to its antimicrobial properties (13-16). Sub-
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Fig. 2. Sections of rabbit corneas, prepared as described in the text and stained with hematoxylin/eosin, showing extent of tumor growth and neovascularization
21 days after implantation. 4 and B (x12 and %65, respectively), show extensive tumor growth and vascularization in the presence of an empty polymer. C, (X16)
shows minimal tumor burden and vascularization in the presence of minocycline. D, at higher magnification (X115) demonstrates that the tumor cells adjacent to
minocycline-impregnated polymer are viable, although avascular. Thus despite the prevention of neovascularization through the cornea, the minocycline does not
appear to be directly toxic to the tumor cells.

sequently, minocycline was shown to inhibit collagenolysis and
cytolysis induced by melanoma-produced metalloproteases in
vitro (30) and also the collagenase activity in the synovial fluid
of patients with rheumatoid arthritis (31). The mode of action
of minocycline on collagenase is not well understood. Chelation
of calcium may be involved (32), but this cannot explain all the
inhibitory activity of minocycline. Direct complex formation
between minocycline and the protease has been postulated (31).

Minocycline is ideally suited for studying inhibition of angi-
ogenesis since it is readily available commercially, is innocuous
to mammalian cells, and has been in clinical use for several
years. Theoretically, one of the appealing features of anticolla-
genase agents as potential antineoplastic agents is that they
could be used to inhibit pathological collagenolytic processes,
while leaving physiologically necessary proteolytic processes
unaffected. If specific collagenase inhibitors with low systemic
toxicity can be identified, they may be very useful as modulators
of tumor growth.
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